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Chapter 1

1| CELL SIGNALING PATHWAYS - COMMUNICATION
IS KEY

Cell signaling is the molecular mechanism by which cells communicate. It allows
cells to perceive and relay information, generally coming from signals of the
extracellular environment, and to respond to this information by modifying
their cellular physiology [1]. All core cellular processes are regulated by signaling
pathways, including cell growth and metabolism, proliferation, differentiation,
migration, and programmed cell death. In healthy multicellular organisms, these
pathways culminate to ensure proper organization of cells into complex tissues
during development, and to maintain tissue homeostasis during adult life [2].
Deregulation of cell signaling pathways can disturb this balance and is associated
with diverse human pathologies. For example, insufficient cell proliferation can
lead to loss of tissue integrity and contribute to degenerative diseases and aging,
while unrestrained cell proliferation increases the risk of cancer [3,4].

1.1 | Cell signals to convey information

Cell signaling pathways can be categorized based on the main process they affect,
and include developmental pathways (e.g. Wnt signaling), growth factor pathways
(e.g. PI3K-Akt signaling), immune pathways (e.g. NFkB signaling), and hormonal
nuclear receptor pathways [5]. In healthy cells, activation of signaling pathways
is usually initiated by signals, which can be of diverse composition and include
proteins (e.g. cytokines, chemokines, and growth factors), small molecules like
lipids (e.g. steroid hormones), and dissolved gasses (e.g. NO) [6]. The majority
of cells are capable of both receiving signals and emitting signals by exocytosis
into the extracellular environment. Some signals, including hormones, are soluble
and can operate over long distances in the body by endocrine signaling (Figure 1).
But in most instances signals act locally, and can influence neighboring cells by
paracrine signaling, or directly affect the cells that produced the signal by means
of autocrine signaling [6].

1.2 | Signal transduction cascades - receive, transduce, adapt

Signals are capable of activating cell signaling cascades in the target cell, by binding
as a ligand to their cognate receptor (Figure 2). Most signals are hydrophilic and
bind to receptors that are present on external target cell surfaces. Only a few
signals, like steroid hormones, are hydrophobic and small enough to diffuse over
the target cell plasma membrane and bind to intracellular receptors [6]. Ligand
binding induces a conformational change in the receptor, resulting in activation of
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Figure 1 | Cells communicate via endocrine, paracrine, and autocrine cell signaling.
Cells use different forms of signaling for their communication. This communication starts by
the signaling cells, which emit signals into the extracellular environment. When these signals
bind to a receptor, the information is received by target cells. (A) In endocrine signaling, small
soluble signals can travel over long distances in the body to reach target cells, for example
by traveling via the bloodstream. (B) In paracrine signaling, signaling cells uses soluble or
membrane-bound signals to communicate with neighboring cells. (C) Alternatively, signaling
cells can respond to their own emitted signals via autocrine signaling.

its signal transduction capacity [7]. Cell surface receptors can be categorized based
on their mechanism of signal transduction. G-protein-coupled receptors and
receptor tyrosine kinases are present on the majority of cells, and use intracellular
molecules for subsequent signal transduction. These molecules comprise small
second messengers and large intracellular signaling proteins that relay signals
into the cells [8,9].

Intracellular signal transduction pathways are not just simple mechanisms by
which signals are passed on straightforward into target cells. Instead, they are
complex functional networks that can amplify signals, transduce the type of
signaling, integrate signals coming from multiple signaling pathways, or, the other
way around, spread signals from one to multiple signal transduction cascades [10].
The mechanism by which many of these intracellular signaling proteins function,
resembles that of a molecular switch; in most instances, when a signal is received
the protein switches “on” to a conformational active state, until it is switched “off”
againto a conformational inactive state [7]. Proteins that act like molecular switches
often cycle between their “on” and “off” conformation through phosphorylation
(Figure 3). Active protein kinases phosphorylate these target switches by adding
phosphate groups, and thereby induce a conformational change that, in most
instances, results in activation of the target. Protein phosphatases remove the
added phosphate groups, and thereby reset the target switch to its original status
[11]. The majority of kinases recognize and phosphorylate serine and threonine
target motifs, and are therefore referred to as serine/threonine kinases.
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Figure 2 | Signal transduction cascades adapt target cell behavior in response to
cell signals. Signal transduction cascades are activated when a cell signal binds to their
cognate receptor at the target cells. (A) Extracellular signals bind to transmembrane
receptors. The resulting conformational change in the receptor intracellular domain leads
to activation of the downstream signaling cascade. If the appropriate signal response only
requires adaptation of proteins that are already present in the cell, the cellular response
can be accomplished within seconds to minutes after receiving the signal. (B) A subset of
small hydrophobic signals, like hormones, diffuse over the target cell plasma membrane
and bind to intracellular receptors. These receptors shuttle from the cytosol to the nucleus
where they bind to the DNA of target genes. This DNA is transcribed to RNA, which forms
the blueprint for synthesis of new proteins. The cascade from cell signal to protein synthesis
takes multiple hours. Ultimately, both altered protein function and altered protein synthesis
result in altered cell behavior.

Effector molecules form the final stages of signal transduction pathways and
are the proteins that alter target cell behavior in response to the received signal.
Depending on the type of signal and the response that is required, effects on cell
behavior can be accomplished within seconds or after several hours [12]. For
example, adaptation of cell motility usually requires direct alterations of proteins
that are presentin the cell, and can therefore be fast [13]. More intricate processes
like cell division require changes in gene expression by transcription factors, and
therefore take more time [14]. In adult homeostasis, effects of cell signaling are
usually transient. Cell signaling intermediates are often subjected to continuous
turnover, meaning that their activity will decrease shortly after the initiation signal
fades. In highly regulated pathways, signaling cascades typically activate one or
multiple negative feedback loops to ensure a short-lived response [15].

10
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Figure 3 | Cell signaling cascades are managed by protein kinases and protein
phosphatases. The intracellular signaling proteins that are responsible for relay of the cell
signal into target cells are often regulated by phosphorylation. (A) When there is no signal
present, the target protein is not phosphorylated and is stable in its inactive conformation.
(B) When a signal activates the cascade, an activated upstream protein kinase phosphorylates
the target protein. ATP is used as a source of phosphate groups by the kinase, and is
converted to ADP in the process. (C) Phosphorylation results in an activating conformational
change of the target protein, and thereby switches the target protein on. (D) When the
signaling cascade becomes inactive, a protein phosphatase removes the phosphate group of
the target protein, and the target protein switches back to its inactive conformation as in A.
Although not shown, a subset of intracellular signaling proteins are inhibited by
phosphorylation, and activated by dephosphorylation.

1.3 | Cell signaling determines cell fate

In complex organisms like humans, cells are subjected to a myriad of signals
in all sorts of combinations. Still, cells should respond in a selective way that is
appropriate for the specific cell type they belong to. How cells respond to these
signals depends on many different factors, including the presence and cellular
localization of receptors and signaling mediators, concentrations of activating and/
or inhibitory signals, the target genes that are regulated by transcription factors,
epigenetics, and cross-talk between multiple cell signaling pathways. Ultimately,
all this information is integrated and determines cell fate [16]. For the majority
of human cells, a specific combination of survival signals and an appropriate pro-
survival response is required to maintain cell viability. Deprivation of pro-survival
signaling can activate the cell's suicide program, called intrinsic apoptosis [17].

11
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2 | CELL SIGNALING PATHWAYS IN CANCER -
OPPORTUNITIES FOR TARGETING

In healthy multicellular organisms, cells use signaling pathways to communicate
and coordinate their behavior. This means that they grow, divide, differentiate, rest,
and die as needed to serve the best interest of the organism. After differentiation,
highly specialized cells permanently stop dividing. In tissues that are subjected
to continuous cell turnover (e.g. the epithelial lining of the intestines, and the
white blood cells of the hematopoietic system), a pool of stem and precursor cells
is available to continuously replenish the required cell types. All these cells are
continuously subjected to events that damage their DNA, and this damaged DNA
can be passed on to their progeny by means of cell division. If the damaged DNA
affects genomic regions that encode for genes, or regions that (in)directly regulate
gene expression, this can result in altered cell behavior and thereby threaten
organismal homeostasis. Therefore, cells are equipped with signaling pathways
that act as safety mechanisms. These cell signaling pathways can sense DNA
damage and halt cell cycle to repair it, or ensure that cells permanently stop dividing
by inducing cellular senescence or by committing suicide via apoptosis, when the
DNA damage cannot be fixed. This intrinsic safety mechanism is complemented
by an extrinsic anti-cancer mechanism, called cancer immune surveillance. This
refers to the process in which cells of the immune system continuously scan the
organism for malignant cells, and eliminate these cancerous cells, for example by
inducing cell death, to prevent cancer outgrowth [18].

2.1 | Tumorigenesis and hallmarks of cancer

Cancer cells do no longer follow the critically defined rules to cooperate, but
compete for survival; they reproduce uncontrollably and spread beyond their
boundaries to invade the territory of other cells and tissues. The transformation of
ahealthy cell into a malignant cancer cellis a multi-step process thatis referred to as
tumorigenesis [19]. During these successive steps, cells acquire DNA damage that
can vary from single point mutations to gains or losses of complete chromosomes.
If these genetic lesions provide a selective advantage, it will promote tumorigenic
behavior of the cell and its descendants, and thereby facilitate progressive
outgrowth and dominance of this malignant cell clone (Figure 4) [20]. The initial
genetic lesions that drive tumorigenesis and facilitate uncontrollable growth of
cancer cells, frequently activate oncogenes or inhibit tumor-suppressor genes
[21]. The process is accelerated by the genomic instability that cancer cells typically

12



General introduction and thesis outline

15 mutation S 2"4 mutation
)

o o Veee

healthy stroma healthy stroma

pro-survival
signaling

./ 3 mutation

altered stroma cancer stroma

Figure 4 | Tumorigenesis is a multi-step process driven by clonal evolution. The
transformation from a healthy to a malignant cell requires multiple rounds of genetic
mutation and clonal selection. (A) The first mutation that marks the onset of tumorigenesis
often results in activation of an oncogene or suppression of a tumor-suppressor gene, and
thereby provides an advantage for the mutated cell. (B) This mutated cell divides more
rapidly or survives more readily and thereby gives rise to a clone of cells. At some point,
one of the descendants of the first clone acquires a second mutation that confers an extra
advantage. (C) The descending cells with 2 tumor-promoting mutations divide and/or survive
more readily than the surrounding healthy cells and the cells with only 1 tumor-promoting
mutation, and thereby give rise to a larger second clone of malignant cells. (D) When
tumorigenesis continues, the malignant cells start to infiltrate into the surrounding cell and
tissue territories, and oppress other cells. Malignant cells also intensify their interaction with
the cancer cell microenvironment, including the stromal cells. These cells provide additional
pro-survival signals that make the malignant cells thrive.

acquire during tumorigenesis. By compromising the signaling systems that
sense and repair DNA damage and/or by preventing cells to become senescent
or undergo apoptosis in response to unrepairable DNA damage, the cancer cell
mutability is increased [22].

The alterations in cell physiology that mark the progression to malignancy are
summarized as the hallmarks of cancer. These hallmarks comprise sustained
proliferative signaling, evasion of growth suppressors, enabling replicative
immortality, resistance to cell death, inducing angiogenesis, activation of invasion
and metastasis, deregulation of cellular energetics, avoiding immune destruction,
genome instability and mutation, and tumor-promoting inflammation [23]. These

13
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hallmarks are not solely acquired by genetic lesions resulting in altered cell-
autonomous behavior, but are also facilitated by the cancer cell microenvironment.
Non-malignant cells in this microenvironment can be instructed by the cancer cells
to facilitate its pro-tumorigenic behavior. For example, by secreting signals that
stimulate growth of the cancer cells, or by providing a niche that protect cancer
cells from elimination by drugs or by cells of the immune system [24].

2.2 | Targeted therapy and small-molecule inhibitors

Irrespective whether cancer cell behavior is initiated by intrinsic genetic lesions
and/or by interactions with the extrinsic microenvironment, the resulting effects
on cancer cell physiology are induced by modulation of the cell signaling pathways
that normally ensure homeostasis [25]. In fact, many mediators of cell signaling
pathways have been identified because their function was frequently altered in
cancer cells. These affected mechanisms include increased availability of signaling
ligands, receptor overexpression or mutation, increased or permanent activation
of protein kinases, altered gene regulatory protein activity, and inhibition of
negative feedback loops. The observation that cancer cells alter specific cell
signaling pathways, and rely or become addicted to those active pathways
for survival, formed the basis for development of targeted therapy [26]. By
specifically interfering with those mechanisms, targeted therapy aims to potently
affect malignant cells, while sparing healthy cells. This should result in less off-
target toxicity, compared to the systemic side-effects induced by conventional
chemotherapy [27].

Targeted drugs can be categorized based on their size (Figure 5). Macro-molecules
include monoclonal antibodies and antibody-drug conjugates which bind to targets
on external cell surfaces (e.g. the extracellular domains of cell surface receptors).
In contrast, small-molecule inhibitors penetrate the cells to target intracellular
cell signaling mediators [28]. Inhibition of intracellular signaling mediators by
small-molecules can be accomplished via multiple mechanisms. For enzymatic
proteins, including kinases, these mechanisms include competitive binding to
the ATP-binding pocket, or binding of the small-molecule to the allosteric pocket
to directly inhibit enzymatic activity [29]. Alternatively, small-molecules can bind
to a hydrophobic pocket to induce a conformational change or to directly inhibit
protein-protein interactions [30]. The tyrosine kinase inhibitor imatinib/Gleevec
was the first small-molecule targeted therapy approved by the US Food and Drug
Administration (FDA) in 2001 [31]. Since then, at least 89 small molecules have
been approved as targeted anti-cancer drugs, and a multitude of small-molecule
inhibitors are in clinical trials, representing the major shift in anti-cancer treatment
that took place during the past two decades [32].

14
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Figure 5 | Targeted therapy of cancer cells. The development of targeted drugs significantly
improved cancer treatment options during the last two decades. (A) Target therapies can
consist of macro-molecules, like monoclonal antibodies, that can bind to any antigen present
on the external cell surface, for example receptor extracellular domains. From left to right: 1,
the antibody can directly induce cell death of the cancer cell by blocking the availability of
pro-survival signaling receptors; 2, the antibody can be coupled to a toxin to create an
antibody-drug conjugate that potentiates cell death induction; 3, with its Fc-tail, the antibody
can recruit immune cells that subsequently kill the cancer cell by direct or indirect
mechanisms; 4, alternatively, the antibody F- tail can activate the complement system to
induce immune-mediated cell death; 5, small-molecule inhibitors diffuse over the target cell
plasma membrane to inhibit intracellular signaling proteins. (B) When the small-molecule
targetis an enzyme, the enzymatic function can be inhibited by binding to the ATP pocket, or
by directly interfering with the substrate-binding site. (C) Small-molecules can also disrupt
protein-protein interactions by inducing a conformational change in one of the interaction
partners, or by directly interfering with the protein-binding pocket.

3 | SCOPE AND OUTLINE OF THIS THESIS

The translational research described in this thesis focuses on pro-survival cell
signaling pathways as therapeutic targets for personalized treatment of newly-
diagnosed and relapsed-refractory multiple myeloma patients. Multiple myeloma
(MM) is a plasma cell malignancy of which curative treatment is frequently
hampered by drug toxicity, development of drug resistance, and relapse of
refractory disease. The aim of this research is to identify which pro-survival cell
signaling pathways are active in MM, and if these pro-survival pathways can be
targeted by currently available drugs to improve therapeutic options. Additional
research included in this thesis was performed to determine if and how cell
signaling pathways are altered by current standard-of-care treatments, if potential
therapy-induced alterations of pro-survival cell signaling pathways contribute to

15
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the development of drug resistance, and if targeting of these pro-survival pathways
is a potential strategy to overcome drug resistance in MM.

Chapter 2 introduces the stepwise transformation of a healthy plasma cell,
via the pre-malignant MGUS phase, to the overt malignancy MM. This process
is dependent on both the acquisition of genomic lesions and the development
of a permissive bone marrow microenvironment. This review summarizes the
molecular processes underlying MM tumorigenesis, including the cell signaling
pathways that are affected, and the implications of clonal evolution.

The Wnt pathway is one of cell signaling pathways that is affected in MM
pathogenesis. Chapter 3 reviews the relevance of deregulated Wnt signaling in
MM by summarizing the effects of Wnt signaling on osteolytic bone disease, and
by discussing recent studies that shed light on the role of intrinsic Wnt signaling
for survival of MM plasma cells. Based on this literature study, | hypothesize that
targeting of pro-survival Wnt signaling has therapeutic potential for MM. This
hypothesis is addressed in chapter 4, in which the effects of combined canonical
and non-canonical Wnt pathway inhibition in cell lines and primary patient samples
of MM is studied.

Pro-survival cell signaling pathways can be specifically targeted by small-molecule
inhibitors, but can also be affected as part of the mechanism-of-action of
conventional drugs. Chapter 5 unravels the molecular mechanism by which the
standard-of-care glucocorticoid dexamethasone inhibits pro-survival signaling,
and that underlies its synergistic drug effect with the novel pro-apoptotic MCL-1
inhibitor. A subgroup of MM patients is ineligible or insensitive to dexamethasone,
due to toxicity and drug resistance. Therefore, the replacement of dexamethasone
by a more targeted small-molecule inhibitor of the pro-survival pathway is
assessed, to induce apoptosis of MM plasma cells in combination with MCL-1
inhibition.

Although the combination of conventional therapy and novel agents improved
MM treatment, the majority of patients suffer from disease relapse and become
refractory to therapy. In chapter 6, a novel computational model is used to study
if MM disease relapse is associated with altered pro-survival cell signaling that
could form a potential target for therapy. This research is extended in chapter 7,
in which we study MM cell lines that are either sensitive or resistant to standard-
of-care proteasome inhibitors. The aim is to identify pro-survival cell signaling
pathways that are affected by proteasome inhibition, and to asses if these
pathways can be targeted to re-sensitize resistant cells to therapy.

16
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In chapter 8, | summarize the main results and insights obtained during these
studies, and discuss the future perspectives of targeting pro-survival cell signaling
pathways as personalized treatment for MM.
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Chapter 2

ABSTRACT

Multiple myeloma (MM) is a treatable, but incurable, malignancy of plasma
cells (PC) in the bone marrow (BM). It represents the final stage in a continuum
of PC dyscrasias and is consistently preceded by a premalignant phase termed
monoclonal gammopathy of undetermined significance (MGUS). The existence
of this well-defined premalignant phase provides the opportunity to study
clonal evolution of a premalignant condition into overt cancer. Unravelling the
mechanisms of malignant transformation of PC could enable early identification
of MGUS patients at high risk of progression and may point to novel therapeutic
targets, thereby possibly delaying or preventing malignant transformation. The
MGUS-to-MM progression requires multiple genomic events and the establishment
of a permissive BM microenvironment, although it is generally not clear if the
various microenvironmental events are causes or consequences of disease
progression. Advances in gene-sequencing techniques and the use of serial
paired analyses have allowed for a more specific identification of driver lesions.
The challenge in cancer biology is to identify and target those lesions that confer
selective advantage and thereby drive evolution of a premalignant clone. Here,
we review recent advances in the understanding of malignant transformation of
MGUS to MM.

1 | INTRODUCTION

Multiple myeloma (MM) is a malignant growth of clonal plasma cells (PC) primarily
located in the bone marrow (BM) and is the second most common hematological
malignancy [1]. Survival improved with the introduction of immunomodulatory
drugs and proteasome inhibitors in the previous decade, but the current 5-year
survival rate does not exceed 50% [2]. MM represents the most important
clinical manifestation in a spectrum of PC dyscrasias and it is unique in that it is
consistently preceded by a premalignant phase, termed monoclonal gammopathy
of undetermined significance (MGUS) [3,4]. MGUS is defined as the presence of
monoclonal immunoglobulin (Ig) in blood or urine (M protein), less than 10%
clonal PCin the BM and the absence of myeloma-related end-organ damage [4,5].
MGUS is found in 3% of the population above the age of 50 and its prevalence
increases with age [5]. The rate of progression from MGUS to MM is approximately
1% of patients per year, which means that the majority of MGUS patients are never
diagnosed nor progress to a symptomatic malignancy [3,5]. Some patients develop
an intermediate disease stage between MGUS and MM, termed smoldering
multiple myeloma (SMM). SMM patients have an M protein level of more than
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30 grams per liter and over 10% clonal PC in the BM, but are asymptomatic with
regard to myeloma-related end-organ damage. 10% of SMM patients progress to
MM during the first five years after diagnosis, after which the rate of progression
declines [6]. In the final stages of the disease MM cells can acquire the ability to
grow outside the BM, which is referred to as extramedullary MM or PC leukemia
(Figure 1).

Malignant transformation of a healthy cell into a cancer cell is a multistep and
multifaceted process. Advances in cancer biology have stipulated that tumors are
genetically heterogeneous and that clonal evolution drives tumor progression
[7]. The existence of a well-defined clinical spectrum of premalignant states that
defines MM provides the rare opportunity to study premalignant cells in their
clonal evolution, much like the progression of colorectal adenomas into colorectal
carcinomas has served as a model for the malignant transformation of epithelial
cells [8]. However, predicting progression of MGUS/SMM to MM remains a
challenge. Unravelling the mechanisms of malignant transformation of PC might
enable early identification of MGUS patients at a high risk of progression and may
point to novel early and more precise therapeutic targets. Here, we review recent
advances in the understanding of MGUS-to-MM progression, as these represent
two ends on the spectrum between a benign premalignant condition and an overt
cancer. We show that multiple mechanisms of MGUS-to-MM progression are
universal principles in malignant evolution.

2 | FROM PLASMA CELL TO MGUS

MGUS s believedto arise from post-germinal center (GC) PCthathaveregained their
capacity for proliferation. Two mostly non-overlapping modes of pathogenesis can
be discriminated that are thought to initiate PC proliferation. First, approximately
half of both MGUS and MM cases are hyperdiploid, usually with extra copies of
the odd-numbered chromosomes (typically 3,5,7,9,11,15,19,21) [9]. Second, most
non-hyperdiploid MGUS/MM cases are characterized by a primary translocation
involving the Ig heavy-chain gene at 14q32 [4,10]. The majority of translocations
g0 by unnoticed, except when an oncogene is juxtaposed near the potent Ig-
enhancers, most often involving cyclin D genes, MAF transcription factors, or
NSD2/FGFR3 [10]. Less than 10% of patients are non-hyperdiploid and are negative
for known translocations [11]. Dysregulation of the G1/S cell cycle transition
via overexpression of a cyclin D gene is present in both hyperdiploid and non-
hyperdiploid MM and is thought to be a common and early initiating event in MM
pathogenesis [12]. Overexpression of cyclin D genes has been reported in various
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Multiple Myeloma disease progression

Drivers of clonal evolution:
Clonal competition
Tumor microenvironment
Treatment
Immune system

Initiation MGUS-to-MM progression MM disease progression
Hyperdiploidy KRAS mutation Secondary genetic events
IgH translocations MYC activation Pattern of mutations
Genomic instability Del(17p)/TP53
TP53 inactivation

Remodeling of tumor microenvironment

Figure 1 | Clonal evolution of plasma cell dyscrasias. The malignant transformation of a
post-germinal center B cell or plasma cell into monoclonal gammopathy of undetermined
significance (MGUS) and subsequently multiple myeloma (MM) requires both an initiating
event and multiple secondary genetic events. Initiating events are broadly subdivided into
lgH-translocations or hyperdiploidy. Copy-number variants, mutations and epigenetic
changes are secondary genetic events that characterize progression. In the continuum of
disease stages, genetic lesions accumulate in the tumor clone. Progression of MGUS to
MM is promoted by a remodeling of the bone marrow microenvironment. Clonal evolution
is driven by clonal competition, the tumor microenvironment, immune cells and therapy
regimens. SMM, smoldering multiple myeloma; EMD, extramedullary disease.

solid tumors, including breast cancer and melanoma, but overexpression is
especially implicated in the pathogenesis of lymphomas and is for example
considered to be the molecular hallmark of mantle cell lymphoma [13,14].

Since the development of tumors generally requires multiple hits, overexpression
of cyclin D alone, either due to hyperdiploidy or IgH translocations, is not sufficient
for progression from MGUS to MM [4]. However, these primary genetic events in
myelomagenesis do have prognostic relevance upon diagnosis of MM. Generally,
hyperdiploid MM is associated with a better prognosis than MM with a primary
Ig translocation. Translocations t(14;16) and t(4;14) especially confer a high risk
of fulminant disease (Table 1). Within the premalignant PC clone, secondary
translocations, copy-number variants (CNVs), oncogenic mutations, epigenetic

24



From MGUS to multiple myeloma, a paradigm for clonal evolution of premalignant cells

alterations and microenvironmental changes drive clonal evolution from MGUS to
MM. Together, primary and secondary events produce the cancer phenotype and
are implicated in a differential disease course, prognosis and therapy response
(4.

Table 1 | Intrinsic drivers of malignant progression from MGUS-to-MM and their
prognosis in MM.

Type of event Potential Frequency in Frequency Prognosis in newly-
oncogenes MGUS (%) in MM (%) diagnosed MM
Initiating events
(11;14) CCNDT 12 19 +
1(12;14) CCND2 <1 <1
1(6;14) CCND3 0 1 0
t(14;16) MAF 3 4 -
(14;20) MAFB 3 1 *
t(4:14) NSD2/FGFR3 9 13 -
hyperdiploidy ° 50 55 n
Secondary cytogenetic aberrations
Amp 1q CKS1B, ILF2 25 50 -
Del(1p) CDKN2C, FAMA46C 6 40 -
Del(13) RB1 30° 70 +
Del(17p) TP53 1 12 -
translocations 8g24 MYC 34 20 -
Oncogenic pathways
MAPK activation NRAS 36 33
KRAS <1 33
BRAF 27 19
MYC dysregulation MYC <1 67 -
Constitutive NFkB activation  TRAF6, CYLD <1 20

* 1(14;20) is associated with poor prognosis in MM, but correlates with quiescence in MGUS. ° The
exact oncogenic mechanism of hyperdiploidy remains to be elucidated, but cyclin D1 is consistently
overexpressed. T The frequency of del(13) in MGUS is dependent on concomitant presence of specific
primary IgH translocations. It is high in patients with t(4;14), t(14;16), and t(14;20), but low in t(11;14)
and t(6;14). ¥ The prognosis of del(13) depends on the presence of specific IgH translocations.
- denotes a negative impact on survival, + denotes a positive impact on survival and 0 denotes no reported
impact on survival. Source references: [18, 36, 37, 41, 46].
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3 | COPY-NUMBER VARIANTS

The number of mutations in cancer varies from only several to many hundreds,
whereby a hematopoietic malignancy generally has less mutations than a solid
tumor. Most of the genetic events that are present in cancer are neutral mutations
thathave arisen from geneticinstability - so-called passenger lesions. The challenge
is to identify and consequently target those genetic changes that confer a selective
advantage to the cancer clone and thereby drive malignant evolution. A genetic
eventis considered a driver lesion when (i) its associated gene(s) are recognized to
play a role in malignant pathophysiology, (ii) the lesion itself has been associated
with clonal expansion and (iii) the frequency of the event exceeds the normal
background mutation rate [15]. Results from knockdown and overexpression
studies of genes in animal and in vitro models confer extra weight to the status of
potential driver lesions. Most of the studies discussed here compare genetics of PC
from healthy donors and MGUS, SMM or MM patients, occasionally accompanied
by animal studies. A more reliable method to identify driver lesions is the use of
sequential, paired MGUS-MM or SMM-MM samples from the same patient that
has progressed from one disease stage to another. We have tried to include these
studies when possible, however the number of completed studies and included
patients is limited. In addition, MGUS and SMM patients are often pooled. The
advent of liquid biopsies will allow for more convenient sequential sampling in the
near future [16].

Variations of gene copy numbers are common to both solid and hematological
cancers and are believed to contribute to tumor growth. Examining several
thousand cancer copy-number profiles revealed 158 regions of somatic CNVs
that are altered at significant frequency across multiple cancer types [17]. CNVs
are more frequently found in MM than MGUS and there is a greater median
number of CNVs in each MM versus MGUS patient [18]. Although CNVs can be
merely passenger events, some of them have an effect on MGUS progression and
MM prognosis [11]. In addition, sequential sequencing of MGUS/SMM patients
that progressed to MM and MGUS/SMM patients that did not progress to MM
within follow-up, revealed a greater number of CNVs at baseline in patients that
progressed to MM [19]. Consistently, loss-of-heterozygosity was much more
frequent at baseline in patients that were about to progress. This study suggests
that the degree of genomic instability is a driver of MGUS-to-MM progression
itself. CNVs are generally more frequent in patients with non-hyperdiploid MM,
contributing to the worse prognosis of these patients [11].

Amplification of the chromosomal region 1921 is the most common chromosomal
gain reported in MM, often occurring concomitantly with the deletion of 1p.
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Gain of 1921 is more frequent in MM (40%) than in MGUS (25%) (Table 1) [18].
It is associated with a higher risk of progression to MM in MGUS patients and
with a poor prognosis in MM patients [11]. Similarly, the transformation from
a myeloproliferative neoplasm to acute myeloid leukemia is associated with
amplification of chromosome 1q[20]. Remarkably, 30% of the GEP-70 gene set that
has been shown to predict high-risk disease in MM maps to chromosome 1 [21].
Despite its high prevalence and relation with high-risk disease, the oncogenes on
1921 responsible for malignant transformation are subject to debate. CKS7B was
originally proposed to be involved in disease progression, although a more recent
study found no association between CKS7B expression and clinical parameters
[22]. Recently, ILF2 was identified as a potential oncogene in 1921 amplification
[23]. ILF2 is involved in DNA damage repair and its overexpression enables
genomic instability, thereby enhancing MM cell survival and drug resistance. In
line, inhibition of ILF2 resulted in an increased frequency of apoptosis in MM cells
with a 1921 amplification, designating ILF2 as potential therapeutic target [23]. In
addition, multiple other candidates are located on 1g21 that may contribute to
disease progression, including MCLT and IL6R that are both known to play a role
in MM cell survival [4].

The frequency of 1p deletions in MM is approximately 30%, opposed to only 6% in
MGUS (Table 1) [18]. A majority of patients have interstitial deletions, but removal
of the entire short arm has also been observed. Two tumor suppressor genes
linked to the pathogenesis of del(1p) are CDKN2C and FAM46C [24]. Deletion of
1p32.3 (CDKN2C) increases from MGUS (5%) to MM (15%) and is associated with
adverse overall survival [25]. 1p12 (FAM46C) was found to be deleted in 19% of MM
patients and also confers an impaired risk of survival. Its frequency of deletion in
MGUS is unknown [24].

Half of MM patients show loss of the complete chromosome 13, but it is more
common in non-hyperdiploid MM (66%) than in hyperdiploid MM (34%) (Table
1) [26]. Its frequency in MGUS is dependent on the concomitant presence of
specific IgH-translocations. Del(13) is almost equally frequent in MGUS and MM
with t(4;14) and t(14;16) translocations, suggesting that it is an early event in these
patients [26]. In contrast, del(13) is practically absent in MGUS with t(6;14) and
t(11;14) translocations but common in MM patients carrying either translocation
(40% and 67%, respectively), implicating del(13) in MGUS-to-MM progression [26].
The retinoblastoma (RB1) tumor suppressor gene is located on chromosome 13.
Inactivation of RB7 is associated with both initiation and progression of many
solid and hematopoietic cancers, including the progression to invasive growth in
prostate and bladder cancer and the progression to a blast crisis in chronic myeloid
leukemia [27]. Experiments demonstrated that complete loss of RB7 increased
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proliferation in both MM cell lines and murine GC B cells, but was unable to initiate
malignant transformation by itself [28]. Therefore, loss-of-heterozygosity of RB7 in
case of del(13) could potentially contribute to MGUS-to-MM progression, although
other genes located on chromosome 13 may also be involved.

Deletions of the short arm of chromosome 17 are uncommon in MGUS, but 12%
prevalence was reported in untreated MM (Table 1) [18]. Multiple studies have
confirmed that del(17p) in MM is associated with extramedullary disease and with
very poor prognosis [11]. The prototypical tumor suppressor gene TP53 is located
on the short arm of chromosome 17 and functions to halt cell-cycle progression
and/or induce apoptosis in case of intracellular stress following DNA damage.
Additionally, more recent studies have recognized that p53 modulates its tumor
suppressing effects via other mechanisms, including regulation of metabolism
and autophagy [29]. Approximately half of all malignancies are affected by a TP53
mutation, making it the most common genetic change in human cancers [29].
Mutations of TP53 have been reported in 37% of MM patients with del(17p), but
are absent in cases without the deletion. This suggests that haploinsufficiency of
TP53 may be important for disease progression directly, or that it increases the
probability for loss or mutation of the remaining allele [30].

4 | RECURRENT MUTATIONS AND CELL SIGNALING
PATHWAYS

With the advent of gene expression profiling (GEP), molecular subclasses were
described for breast cancer based on distinctive interpatient expression of gene
clusters. Subsequently, molecular subgroups were recognized in other cancers,
including MM [31]. These molecular subgroups of MM were found to be already
present in MGUS [32], which is in line with the finding that genetic differences
between MGUS and MM are smaller than the differential gene expression
between healthy PC and MGUS cells [33]. Similarly, serial whole-exome sequencing
(WES) analyses of paired MGUS-MM or SMM-MM samples demonstrated that
most somatic mutations are present before the onset of clinical MM [19,34,35].
Nevertheless, the genetic complexity increases as MGUS progresses to MM and
the mutational load itself is associated with poor prognosis [36,37]. Eight driver
genes that are recurrently mutated on progression from MGUS to MM have been
identified using next-generation sequencing (NGS): KRAS, NRAS, BRAF, TP53, CCND1,
FAMA46C, IRF4 and LTB [37]. A study using WES reported the additional involvement
of HISTTHTE and EGR1, confirming the genetic heterogeneity of driver genes in MM
[36]. These results correspond with studies showing that all tumors have a variable
and increasing clonal heterogeneity during development [7]. In contrast, a more
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recent study does mention that most frequent mutations including NRAS, KRAS
and HISTTHTE in MM are in fact already present in MGUS [35]. Oddly, in 20% of
MM patients no mutations in any of the aforementioned driver genes were found,
suggesting that currently unknown mechanisms play a role in MM pathogenesis in
these patients [37]. Recent WES studies of paired MGUS-MM or SMM-MM patient
samples confirmed the widespread intraclonal heterogeneity of MM [38]. In 10
patients, 82 different genes were gained or lost during progression of MGUS to
MM. Beyond the previously identified driver genes, further potential genetic events
of MGUS-to-MM progression that were identified in this study include ICAMS5,
DUSP27, HERPUD1, NOD2 and TOP2A [38]. Surprisingly, the comparison of samples
from MGUS/SMM patients that progressed to MM with samples from patients that
did not progress revealed no difference in mutational load [19]. Additionally, de
novo acquired mutations at progression to MM were rare in studies using paired
SMM-MM samples specifically [34,35]. Although preliminary, these results indicate
that the specific pattern of mutations drives MM disease progression, especially
from SMM to MM. However, it needs to be mentioned that purification of PC using
markers CD138 (and CD38) in abovementioned studies does not discriminate
between healthy and (pre)malignant PC. Since healthy PC can constitute up to
2% of total leukocytes in the BM and MGUS never exceeds 10% there can be a
substantial contamination of healthy PC in the MGUS fraction.

An important feature of malignant cells is their acquired independence from
mitogenic signaling for cell proliferation, which is often achieved by constitutive
activation of one of the cell signaling pathways. Whole-genome sequencing
studies showed that 40-60% of MM patients have mutations in genes involved
in the MAPK-pathway, making it the most frequently mutated pathway in MM
[37]. Recent studies using NGS have shown that RAS protein family mutations
accumulate during disease progression, which is in line with earlier GEP results
that demonstrated increased expression of RAS proteins in MM compared to
healthy PC. NRAS and BRAF mutations that result in their constitutive activation
are found in both MGUS and MM cells, while for KRAS this is only the case in MM
cells. Interestingly, it was reported that only KRAS mutations are associated with
downstream pathway activation in MM, while NRAS mutations were not (Table 1)
[39]. These findings with respect to the MAPK-pathway were recently confirmed
by the aforementioned paired MGUS-MM WES. Combined, these results suggest a
critical role for MAPK-pathway signaling - and specifically KRAS - in MGUS-to-MM
progression.

Expression of MYC induces pleiotropic downstream effects that drive cell
proliferation and is under strict regulation in healthy cells. The activation of
MYC in cancer generally results from either constitutive activation of one of the
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pathways regulating MYC expression, or through chromosomal amplifications
or translocations, where the latter is more commonly seen in hematopoietic
malignancies [40]. MYCrearrangements involving chromosome 8g24 were detected
by FISH in 3% of MGUS and 15% of newly diagnosed MM patients, although a more
recentstudyusing comparative genomic hybridization found theserearrangements
in almost 50% of MM cases [41]. GEP of MYC showed MYC activation in the majority
of MM (67%), while little to no activation was demonstrated in healthy controls and
MGUS (Table 1) [42]. Transgenic mice with constitutive overexpression of MYC in
B cells develop post-GC PC tumors similar to human MM [42]. Suppression of the
MYC-activating LIN28B/let-7 axis significantly reduced tumor growth and prolonged
survival in a xenograft mouse model, thereby exposing a novel therapeutic target
[43]. Most MYC-driven MM mouse models are generated on the C57BL/6 genetic
background and MYC activation is generally believed to be less important in mice
with a different genetic background. Nevertheless, enforced expression of MYC,
together with IL-6, does result in the outgrowth of malignant PC in BALB/c mice
[44]. However, it is questionable whether the level of MYC expression in these
mouse models is comparable to the level of MYC expressed in MGUS/MM patients.

The NF-kB pathway regulates expression of many genes involved in inflammatory
and immune responses. NF-kB activation in cancer iscommon and can result either
from intrinsic mutations of NF-kB pathway-related genes or from extrinsic signals
from the tumor microenvironment. Intrinsic activation is more commonly found
in hematopoietic cancers, whereas activation of NF-kB by the microenvironment s
required as an anti-apoptotic survival factor for various types of solid cancers that
arise from chronic inflammation [45]. Ordinarily, the NF-kB pathway is activated
by extrinsic signals from BM stromal cells in healthy PC, MGUS and most MM cells.
However, 17% of untreated MM have mutations that constitutively activate part of
the NFkB pathway (Table 1) [46]. Intrinsic activation of NF-kB makes MM cells less
dependent on the BM microenvironment and thereby facilitates extramedullary
progression. A recent study demonstrated that TRAF6, implicated in regulating
NFkB and MAPK signaling, is significantly overexpressed in patients with active
MM compared to MGUS [47]. Inhibition of TRAF6 using a TRAF6 dominant-negative
peptide decreased NF-kB-related signaling, induced apoptosis of MM cells and
reduced MM growth [47].

Transcriptional silencing of genes by DNA methylation is an important epigenetic
method to regulate gene expression. Alterations in DNA methylation profiles are
known to affect oncogenic pathways and are thoughtto play a role in tumorigenesis.
Genome-wide hypomethylation was found to occur at the transition from MGUS
to MM, accompanied by hypermethylation of specific tumor suppressor genes
[48]. This aberrant methylation profile was shown to be a universal characteristic
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for many types of cancer [49]. Global hypomethylation is believed to result in
genomic instability and thereby facilitates chromosomal rearrangements, while
hypermethylation of tumor suppressor genes has been associated with aberrant
activation of Wnt and JAK/STAT3 signaling pathways in MM [50]. One study reported
that methylation status regulates expression of only a few genes, challenging
clinical relevance of DNA methylation in MM [51]. However, another study has
shown that changes in methylation status of 195 tumor suppressor genes are
significantly associated with adverse survival [52].

5 | CLINICAL PREDICTORS OF PROGRESSION

A number of clinical risk factors are recognized that allow stratification of the risk
of MGUS-to-MM progression. These parameters do not provide an account for
underlying causes of malignant progression, but have proven useful for predicting
risk of progression in individual patients [53]. Important and easy to determine
parameters are based on the size of the MGUS clone: both the percentage of BM
PC and the baseline level and rate of increased serum M-protein level predict
progression to MM [54,55]. Further risk factors include the heavy-chain isotype -
whereby the risk of progression is most prevalent for IgD and greater for IgA/IgM
MGUS than for IgG MGUS -, serum free light-chain (FLC) ratio, detection of focal
lesions by MRI, and Bence Jones proteinuria [53]. Combining these parameters
has led to the development of models predicting progression of MGUS to MM.
The first model that was proposed uses the M-protein level, heavy-chain isotype
and serum FLC ratio to stratify MGUS patients in four groups from low-risk to
high-risk of progression over a 20-year disease course [56]. Two other models are
based on the percentage of aberrant PC in the BM and either DNA aneuploidy
or development of M-protein level, both stratifying MGUS patients in three risk
groups at 5 and 7 years after diagnosis, respectively [54,57]. Similar models to
predict risk of progression have been developed for SMM [32].

Many of the genetic events that have been discussed above impart an influence
on an MGUS patient’s risk of progression to MM (Figure 1). It was found that
the aforementioned GEP-70 gene set not only predicts high-risk disease in MM,
but also independently signifies a higher risk of MGUS-to-MM progression [32].
The combination of conventional clinical risk factors with genomic predictors of
progression, such as the GEP-70 risk score, was used to identify new subsets of
high-risk SMM patients that require earlier therapy [32]. Incorporation of genomic
data in prediction models of MGUS progression should lead to more accurate
stratification of high-risk MGUS patients in the near future. This may allow for
specific and early treatment and may thereby delay or prevent clonal evolution of
a premalignant lesion.
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6 | TUMOR MICROENVIRONMENT IN MALIGNANT
PROGRESSION

It has become increasingly clear that reciprocal interaction between tumor cells
and the tumor microenvironment plays an essential role in the development
of cancer [7]. In solid tumors, the establishment of tumor-associated stroma
facilitates not only tumor growth and progression, but also invasive and metastatic
growth [58]. Similar to healthy PC, MM cells initially depend on signals from the BM
microenvironment for their survival [4]. Intricate interactions between MM cells and
cells from the BM microenvironment play an important role in MM proliferation,
survival, migration and drug resistance [4,59]. The nature and relevance of the
microenvironmentin MM has been described extensively elsewhere, including the
important role of bone and immune cells in MM pathophysiology [60,61]. This
is nicely illustrated by recent studies where MGUS cells were shown capable of
progressive growth in mouse models, and that immune surveillance and extrinsic
restraints from the endosteal niche are involved in MGUS dormancy [62,63]. Here,
we will primarily discuss differences that have been found in BM stroma when
comparing MGUS and MM patients. It is believed that malignant evolution of
MGUS is mediated by structural and functional alterations of the tumor-associated
stromal cells, making the BM microenvironment an active participant in malignant
transformation and thus an interesting target for therapy in early disease stages
[4,59-61,64] (Figure 1).

Tumor-associated stromal cells are active participants in structural and
functional remodeling and constitutive activation of angiogenesis in a cancer
microenvironment [58]. Endothelial cells (EC) in the microenvironment of solid
tumors overexpress genes related to the extracellular matrix (ECM), proliferation,
migration, and especially angiogenesis [58]. Similarly, GEP of BM EC in MGUS and
MM patients revealed differential expression of 22 genes involved in resistance to
apoptosis, ECM formation, bone remodeling, cell adhesion and angiogenesis, and
thus implicates a functional transformation of BM EC in MGUS-to-MM progression
[65].

A proteomic analysis of fibroblast-like cells and ECM demonstrated that ECM-
proteins, ECM-receptors, and ECM-modulating enzymes are progressively
up-regulated from MGUS to MM [59]. Two proteins, Annexin A2 (ANXA2) and
Galectin-2 (LGALS2), were identified in the BM ECM of MM but were absent in
BM from healthy donors or MGUS patients [59]. Remarkably, high expression of
these proteins was associated with decreased overall survival, suggesting that
remodeling of BM ECM contributes to a permissive tumor microenvironment [59].
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Angiogenesis results in tumor growth via increased blood flow and a greater supply
of nutrients to tumor cells and is widely recognized as vital to cancer progression
[58]. Angiogenesis in the BM microenvironment was shown to increase during
progression from MGUS to MM and is associated with poor prognosis and therapy
resistance [66]. Endothelial progenitor cells (EPC) mediate angiogenesis in the BM
microenvironment. It has been shown that levels of circulating EPC are significantly
higherin MM compared to healthy subjects and MGUS patients [64]. Targeting EPC
with a VEGFR2 antibody in mice effectively delayed MM growth only during early
disease progression. Additionally, the BM microvessel density (MVD) in mice with
spontaneous MM was twice as high as in mice with MGUS and strongly correlated
with the level of monoclonal g in blood [67]. In line with these findings it was found
that MVD in BM of MGUS patients who showed progression to MM at follow-up
significantly increased compared to MVD of patients with MGUS that remained
quiescent[67]. Since the FDA-approval of bevacizumab in 2004 many angiogenesis
inhibitors, alone or in combination with other drugs, have been introduced for the
treatment of a range of tumors. However, anti-angiogenic therapy, monotherapy
especially, proves not to be as effective as was predicted [68]. Aforementioned
results illustrate the need to further investigate anti-angiogenic drugs during early
stages of malignant transformation.

7 | CONCLUDING REMARKS

The 5-year survival rate of MM patients does not exceed 50%, notwithstanding
recent therapeutic advances [2]. Treatment of MGUS patients before progression
to MM is currently not considered beneficial. The high degree of genetic and
molecular heterogeneity makes it difficult to identify those patients who are at
imminent risk of progression and to decide on a choice of therapy that outweighs
the risks and costs. In an ongoing phase | clinical trial high-risk MGUS patients
are being treated with anti-CD38 monoclonal antibody daratumumab, which,
in contrast to chemotherapy, is believed to be non-mutagenic [69]. Further
delineating the molecular mechanisms that drive malignant transformation may
allow for a more precise definition of high-risk MGUS and may lead to prevention
or delay of MM development by targeting specific signaling pathways involved in
disease progression. The efficacy of targeting actionable mutations is hindered
by clonal heterogeneity, highlighting further difficulties in finding appropriate
therapeutic regimens.

Existence of the well-defined spectrum of disease stages that marks MM allows
for research on the transformation of premalignant cells. Sequential paired
MGUS-MM sequencing is an elegant method to study the genetics of MGUS-to-
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MM progression and should become more convenient with liquid biopsies in the
near future, yielding more precise data on the link between genomic events and
malignant evolution [16]. Ideally, this could be extended to monitoring virtually
any premalignant lesion in its progression towards overt cancer. Simultaneously,
there is a need to further characterize remodeling events of the tumor
microenvironment during early stages of cancer. Novel and precise targeting of
the BM microenvironment in MGUS should abrogate the effect of stromal cells on
tumor growth, survival and resistance to therapy, thereby preventing progression
from MGUS to MM. Rapid advances of genomic techniques to study premalignant
cells in their progression should enable identification and subsequent targeting of
driver events during clonal evolution in MM and cancer in general.
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Chapter 3

ABSTRACT

Multiple myeloma is the second most frequent hematological malignancy in
the western world and remains incurable, predominantly due to acquired drug
resistance and disease relapse. The highly conserved Wnt signal transduction
pathway, which plays a key role in regulating cellular processes of proliferation,
differentiation, migration and stem cell self-renewal, is associated with multiple
aspects of disease. Bone homeostasis is severely disturbed by Wnt antagonists
that are secreted by the malignant plasma cells in the bone marrow. In the vast
majority of patients this results in osteolytic bone disease, which is associated
with bone pain and pathological fractures and was reported to facilitate disease
progression. More recently, cumulative evidence also indicates the importance
of intrinsic Wnt signaling in the survival of multiple myeloma cells. However, Wnt
pathway-activating gene mutations could not be identified. The search for factors
or processes responsible for Wnt pathway activation currently focuses on aberrant
ligand levels in the bone marrow microenvironment, increased expression
of Wnt transcriptional co-factors and associated micro-RNA's and disturbed
epigenetics and post-translational modification processes. Furthermore, Wnt
pathway activation is associated with acquired cell adhesion-mediated resistance
of multiple myeloma cells to conventional drug therapies, including doxorubicin
and lenalidomide. In this review we present an overview of the relevance of
Wnt signaling in multiple myeloma and highlight the Wnt pathway as a potential
therapeutic target for this disease.

1 | BACKGROUND

Multiple myeloma (MM) is a neoplastic disorder that is characterized by the
infiltration and clonal proliferation of antibody-secreting post-germinal center
plasma cells (PCs) in the bone marrow (BM). It is the second most frequent
hematological malignancy, accounting for approximately 10% of all hematological
cancers, and particularly affects the elderly with a median age at diagnosis
of 69 years [1, 2]. MM is typically preceded by a pre-malignant state, which is
referred to as monoclonal gammopathy of undetermined significance (MGUS).
It is estimated that approximately 3-4% of the population above the age of 50
acquire this condition, but risk of progressing to MM is limited to 0.5-1% per year
[3]. When detected monoclonal protein is accompanied by a clonal BM PC count
exceeding 10% the diagnosis MM is set [3]. Intramedullary MM may first present
in an asymptomatic phase, often referred to as smoldering myeloma (SMM), but
progression to active disease is significant within the first five years after onset
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[4]. Active disease is characterized by myeloma-related end organ failure and
includes renal insufficiency, anemia, bone disease and subsequent hypercalcemia
as a result of the excess bone resorption [5]. Especially the presence of osteolytic
bone disease, which develops in 80-90% of patients, is a major disease burden
and often results in severe bone pain and detrimental pathological fractures [6].
Development of novel pharmaceutical agents has resulted in major advances
in the treatment of MM in the last two decades [7]. In particular co-treatment
strategies of immune-modulatory drugs, proteasome inhibitors, conventional
chemotherapy and recently also monoclonal antibodies resulted in substantial
progression in treatment outcome. However, despite the improvements in patient
survival rates and quality of life, MM remains an incurable disease, with a current
median survival of six to seven years [2].

The Wnt signal transduction pathway is a highly evolutionary conserved and
pleiotropic cell-to-cell communication route that regulates cellular processes
including proliferation, differentiation and fate determination. During
embryogenesis it functions as a concentration-dependent and long-range
morphogen in establishing body axis formation [8].In mature organisms Wnt
signaling is predominantly known for its role in the regulation of tissue-specific
stem cell populations, thereby maintaining adult tissue homeostasis [9]. This
has been confirmed in colon epithelium and skin tissue and has now also been
reported in the hematopoietic stem cells (HSCs) that give rise to all blood cell
lineages [10]. Deregulation of the Wnt pathway is associated with diverse human
pathologies, cancer in particular. Although it was primarily recognized for its role
in colorectal cancers, many more malignancies have been linked to aberrant Wnt
pathway activation. Mutations in crucial Wnt signaling components, including Apc,
AXin, B-catenin and Wnt ligands themselves have been reported in gastrointestinal
cancers [11], pancreatic ductal adenocarcinoma [12], melanoma [13], lung cancer
[14], cervical cancer [15], mammary carcinoma [16], prostate cancer [17] and
tumors of the central nervous system [18], and result in hyperactivation of the
Wnt pathway, ultimately increasing proliferation of malignant cells. Besides its
reported role in the initiation and development of these solid tumors there is
now an increasing body of evidence that indicates involvement of Wnt signaling in
hematological malignancies as well, including leukemias and MM [19].

The relevance of Wnt signaling in MM was first acknowledged for its regulating role
in bone homeostasis. Wnt signaling tightly controls the balance between bone-
forming osteoblasts and bone-resorbing osteoclasts, both by direct and indirect
mechanisms [20]. Malignant PCs in MM severely disturb this system by secretion
of Wnt antagonists in the BM microenvironment. This skews the balance towards
osteogenic bone resorption and results in development of the characteristic
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osteolytic bone lesions [21]. In this process, a plethora of growth factors that were
embedded in the bone matrix are released, which subsequently enhance MM cell
growth and survival [22]. This coupled interaction essentially creates a vicious
cycle of destructive bone disease and MM disease progression.

In recent years more emphasis was put on the biological significance of active
Wnt signaling intrinsic in MM malignant PCs. Human multiple myeloma cell
lines (HMCLs) were found to express multiple Wnt receptors, co-receptors and
downstream pathway mediators that stabilized in response to ligand-mediated
pathway activation [23]. Furthermore, HMCLs as well as primary PC isolates from
MM patients overexpress the transcriptional co-activator 3-catenin, including the
active non-phosphorylated variant which is key to Wnt target gene transcription
upon pathway activation [24]. The biological consequence of active Wnt signaling in
these cells remains a point of discussion however. Multiple invitro and in vivo studies
used various approaches to either activate or inhibit Wnt signaling in MM cells
and reported contradictory results on cell proliferation, morphology and disease
progression. Also, the mechanistic role of pathway activation remains elusive,
since no mutations in the genes of any of the major pathway mediators, including
APC, Axin and [-catenin itself, could be detected [24]. Current research focuses
on aberrant levels of ligands in the BM microenvironment, increased expression
of transcriptional co-factors, including BCL9 and associated micro-RNA’s, as well
as disturbed epigenetics and post-translational modification processes including
sumoylation, as factors contributing to malignant Wnt signaling in MM.

In addition to canonical 3-catenin mediated transcriptional effects, Wnt signaling
can also affect cell morphology, migration and adhesion in a more direct way via
the non-canonical Wnt/planar cell polarity (PCP) pathway. By acting on the small
GTPases that regulate cytoskeleton formation, Wnt signaling canincrease adhesion
of malignant PCs to BM stromal cells and thereby enhance drug resistance [25].
The acquisition of resistance to conventional therapies in disease relapse is an
emerging clinical problem. Targeting the Wnt pathway could therefore be an
interesting new avenue in the treatment of MM.

Here we present a complete overview of the relevance of Wnt signaling in MM.
We summarize the role of Wnt signaling in MM bone disease, discuss the relevant
studies performed in the context of intrinsic Wnt signaling in MM pathogenesis,
both focusing on the biological significance as well as mechanisms responsible for
signaling activation, and highlight the role of Wnt signaling in drug resistance and
its potential as a therapeutic target in the treatment of MM.
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2 | THE WNT SIGNALING PATHWAY

The Wnt family currently consists of 19 secreted lipid-modified glycoproteins that
can signal through one or more of the Wnt signal transduction pathways and can
do soin a paracrine or autocrine fashion. They exhibit unique expression patterns
and developmental functions, but were previously classified based on their ability
to induce transformation of the epithelial cell line C57MG. Highly transforming
members are thought to signal mainly through the (-catenin dependent canonical
Wnt pathway and include Wnt1, Wnt2, Wnt3 and Wnt3a, while the non-transforming
members Wnt4, Wnt5a, Wnt5b and Wnt7b were reported to have no effects on
transformation and are likely to signal towards the non-canonical Wnt pathways.
Several additional Wnts including Wnt6 and Wnt7a do not belong to these
categories and are classified as intermediate transforming members, resulting in
weak morphological changes [26]. There is only very little information about the
structure of Wnts, since they are by nature difficult to synthesize in a recombinant
setting, insoluble and problematically complex to purify. Only in 2012, researchers
succeeded in elucidating the X-ray crystal structure of Xenopus laevis XWnt8 [27].
Human Wnts are all very similar in size, between 39 and 46 kDa, and all contain
22 to 24 highly conserved cysteine residues that determine protein folding. All
Wnt ligands go through an extensive process of post-translational modification
before they become secreted. Both transforming and non-transforming members
become glycosylated in the endoplasmic reticulum (ER), however, glycosylation of
both Wnt1 and Wnt5a were reported to be indispensable for their functions [28].
In the ER, Wnts also become acylated. The membrane-bound O-acetyltransferase
Porcupine catalyzes the addition of palmitoleate groups to the conserved cysteine
residues, which were found to be essential for progression of Wnts trough the
secretory pathway. Also Wnt signaling capacity is diminished in absence of
palmitoylation, most likely because these acyl groups mediate the interaction
of the ligands with its receptors [29]. Additional post-translational modifications
have been reported in very specific subgroups of Wnt ligands and include GPI
anchorage to Wnt1 and Wnt3a and tyrosine sulfation of Wnt5a and Wnt11 [30].
Since Wnt proteins are so hydrophobic, they are mainly associated with the plasma
membrane and extracellular matrix (ECM) [19].Incorporation of Wnt ligands in
membrane enclosed vesicles, including exosomes, ensures adequate transport
over larger distances of extracellular space [31].

The canonical Wnt signaling pathway all revolves around the transcriptional co-
activator [3-catenin. When the Wnt pathway is inactive, continuously synthesized
[B-cateninis eliminated by a cytosolic destruction complex consisting of the scaffold
proteins APC and Axin1 and the kinases GSK3 and CK1 (Figure 1A). This destruction
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complex phosphorylates [3-catenin at specific and highly conserved serine and
threonine residues, thereby marking it for ubiquitination by the E3 ligase 3-TrCP
and subsequent proteasomal degradation [32]. Wnt signaling is activated upon
binding of a Wnt ligand to its cognate receptor complex, consisting of the seven-
span transmembrane protein frizzled (Fzd), of which ten isoforms are identified,
and its co-receptors LRP5 and LRP6. Upon activation, the receptor complex
recruits the effector protein dishevelled (Dvl) to the plasma membrane, which is
thought to result in subsequent recruitment of Axin1-GSK3, thereby disrupting
the cytosolic destruction complex (Figure 1B) [33]. Consequently, 3-catenin is no
longer phosphorylated and degraded but stabilized in the cytoplasm and able
to translocate to the nucleus. Upon association with the basal transcriptional
machinery and co-factorsincluding pygopus and BCL9, 3-catenin binds to members
of the LEF/TCF family of transcription factors [34]. In this way, 3-catenin facilitates
transcription of Wnt target genes. These include cell cycle regulators like CCND1
(encoding cyclinD1) and MYC and the survival molecule BIRC5, which translates into
the inhibitor-of-apoptosis family member survivin. Survivin is overexpressed in a
subset of MM patients and is correlated with multidrug resistance [35]. Also AXIN2,
a structural and functional homolog of Axin1, is transcribed upon [3-catenin-LEF/
TCF mediated transcription and thereby initiates a negative feedback loop upon
canonical Wnt pathway activation [36].

In contrast to the canonical pathway, [(-catenin-independent non-canonical
Wnt pathways signal through the Fzd receptor without the need of the LRP co-
receptor. Instead, association with other transmembrane proteins, including the
receptor tyrosine kinases Ryk and Ror, has been reported. Multiple Wnt ligands
including Wnt5a and Wnt11 are capable of doing so [37]. By recruiting Dvl these
Wnts can activate multiple signaling cascades, which are vastly intertwined. In the
Wnt/PCP pathway recruitment of Dvl results in activation of the small GTPases
RhoA, Rac and Cdc42, which actively rearrange the cell's cytoskeleton and control
cell polarity and motility (Figure 1C) [38]. Additionally, RhoA and Rac are capable of
activating Jun kinase (JNK), which can induce activation of AP1- and NFAT-mediated
transcriptional programs [37]. In the Wnt/Ca? pathway similar recruitment of
Dvl results in activation of heterotrimeric G-proteins, which ultimately induce a
calcium flux into the cytosol (Figure 1D). Calcium-dependent signaling molecules
such as PKC, camKIl and CaN subsequently become activated and influence a wide
variety of signaling cascades, reliant on the cellular context [38]. Like JNK, both PKC
and CamKiIl are capable of inducing NFAT-mediated transcription by facilitating its
nuclear translocation [37].
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nucleus

Figure 1 | Schematic depiction of the canonical and non-canonical Wnt pathways.
(A) When the canonical Wnt pathway is inactive, a cytosolic destruction complex consisting
of Axin, APC, GSK3 and CK1 is formed. By phosphorylating B-catenin, this complex marks
B-catenin for ubiquitination and subsequent degradation by the proteasome. The Wnt
transcription factors TCF/LEF remain repressed by Groucho. (B) Upon binding of a canonical
Wnt ligand to the Fzd receptor and LRP5/6 co-receptor, the canonical pathway becomes
activated. Dvl is recruited to the receptor complex and subsequently recruits Axin-GSK3,
thereby disrupting the destruction complex. Cytosolic levels of B-catenin stabilize and
translocate to the nucleus. Here, B-catenin associates with the transcriptional machinery,
transcriptional co-factors, and binds to TCF/LEF. This allows for active transcription of
Wnt target genes. (C/D) Non-canonical Wnt ligands bind to Fzd and other transmembrane
proteins such as Ryk and Ror, resulting in the recruitment of Dvl. (C) In the PCP pathway,
this can result in activation of the small GTPases RhoA, Rac, and CDC42, which influence
cytoskeleton function. RhoA and Rac can also activate JNK, and subsequent AP-1 and NFAT-
mediated transcriptional programs. (D) In the Ca?" pathway, Dvl activates heterotrimeric G
proteins, resulting in a cytosolic calcium flux. This activates calcium-dependent signaling
molecules including PKC, CamKIl and CaN. Both PKC and CamKIl can also promote NFAT
transcriptional activity.

The cellular outcome of active Wnt signaling is dictated by many factors, including
the type(s) of Wnts present, as well as the receptor and co-receptor it engages
with. Following the classification of Wnt ligands also Fzd receptors were divided
into separate groups based on their ability to activate either canonical or non-
canonical Wnt pathways upon overexpression [39]. However, from a biological
standpoint these classification systems provide only limited information. The
classical transforming Wnt3a is also capable of stabilizing [3-catenin via non-
canonical Rho [40], while the notorious non-canonical Wnt5a is able to activate the
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[3-catenin-driven canonical Wnt pathway in the presence of Fzd5 in Xenopus laevis
overexpression studies [41]. Many additional levels of regulation affect which
downstream signaling cascades become activated. Varying concentrations of Wnt
ligands in the microenvironment can induce differential target gene transcription.
This is a direct consequence of the fact that Wnts create gradients to function
as morphogens during embryonic development [9]. Expression of intracellular
pathway mediators, including basal levels of 3-catenin and differentially expressed
isoforms of the LEF/TCF transcription factors, can also influence Wnt signaling and
can even result in distinct cellular outcomes in identical Wnt ligand and receptor
conditions [42]. Furthermore, the Wnt pathway can be associated with, and
influenced by, other cell signaling pathways, including the PI3K/Akt, FGF, Notch and
Hedgehog signaling pathways [43]. In addition, a growing list of Wnt antagonists
are currently being identified. Extracellular inhibitors comprise soluble secreted
Fzd-related proteins (sFRP)1-5 that act as decoy receptors by directly binding to
extracellular Wnts, resulting in a concentration-dependent downregulation of
general Wnt pathway activation. This in contrast to Dkk1-4, which specifically
antagonizes canonical Wnt signaling by binding to extracellular subregions of the
LRP co-receptors. Other extracellular antagonists are Wnt inhibitory factor 1 (WIF1)
and the bone-specific Wnt inhibitor SOST/sclerostin [44]. The best characterized
intracellular Wnt pathway inhibitor is ICAT, which inhibits the interaction between
[3-catenin and the transcriptional complex members LEF/TCF and p300 [45]. All
these different levels of control combined ensure tight regulation of the potent
Wnt signal transduction pathway.

3 | WNT SIGNALING IN MULTIPLE MYELOMA BONE
DISEASE

MM cells preferentially home to the BM as their host organ, which is a very active
site of Wnt signaling. The BM is a soft, well vascularized and highly spatially
organized tissue that harbors a diverse cellular content consisting of bone-
forming osteoblasts and bone-resorbing osteoclasts, BM adipocytes, endothelial
cells, BM stromal cells, mesenchymal stem cells (MSC) and HSC [46]. The latter two
stem cell populations reside in specific BM niches, where their stemness potential
is tightly regulated by distinct niche signaling pathways that allegedly includes
canonical Wnt signaling [47]. Furthermore, the BM hosts a wide variety of innate
and adaptive immune cells including macrophages, neutrophils and diverse B and
T cell populations. All these cells are joint by an extensive network of ECM proteins
and fluid, which contain a variety of growth factors and cytokines [48]. Many of the
cells present in the BM produce a range of Wnts, both of the canonical and non-
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canonical branches. MSC do not only rely on intrinsic Wnt signaling to maintain
their stem cell features, they also secrete Wnt ligands, including Wnt2, Wnt4,
Wnt5a, Wnt11 and Wnt16 [49]. Additional major sources of Wnts are endothelial
cells and BM stromal cells. Several immune cells were also shown to be able to
contribute to Wnt signaling, including monocytes, dendritic cells and macrophages
[50]. When located in the BM, T cells also express the canonical ligand Wnt10b,
which is positively associated with bone formation [51]. Additionally, cells of the
osteoblast and osteoclast lineages themselves secrete Wnt5 and Wnt10b that
function as part of their intercellular communication pathways [52, 53].

3.1 | Wnt signaling is a master regulator of bone homeostasis

MM cells interrupt Wnt signaling in the BM and thereby severely disturb bone
homeostasis. Essentially, bone metabolism is controlled by three cell types:
osteoblasts, osteocytes and osteoclasts. Osteoblasts are derived from pluripotent
MSCs, which also produce fibroblasts, chondrocytes, myoblasts and adipocytes.
Wnt signaling has a major impact on this differentiation process by directing MSC
differentiation away from the chrondrocytic and adipocytic lineages, towards
differentiation into osteoblasts [54]. Additionally, Wnt signaling was proven to
promote survival of these osteoblasts, at least partly via signaling through the Src/
ERK and PI3K/Akt pathways [55]. Mature osteoblasts reside in specific niches that
are separated from the rest of the BM by a single layer of bone-lining canopy cells
[56]. The osteoblasts are responsible for the formation of new bone tissue during
the continuous bone modeling and remodeling processes and do so by secreting
bone matrix components, including collagen, and regulating mineralization of the
bone tissue [56]. During this process they can become embedded in the bone
tissue, which promotes their terminal differentiation into osteocytes.

Osteocytes comprise approximately 95% of all cells present in the bone matrix
and are the only cell type identified in bone that possess a significantly active
intrinsic canonical Wnt signaling pathway [57]. Within the mineralized matrix they
influence bone formation by secreting the Wnt antagonist SOST/Sclerostin [58].
These factors diffuse from the osteocyte lacuna, via a canalicular network, to the
bone surface, where they inhibit osteoblastic activity [57]. The main function of
osteocytes is to regulate bone mass in the context of mechanical loading. As a
result of the mechanotransduction pathway, significant mechanical stress directly
leads to a downregulation of Wnt inhibitor secretion levels and a subsequent gain
in bone mass to maintain skeletal integrity [59].

Osteoclasts are the natural counterpart of osteoblasts and facilitate the process of
bone remodeling by resorbing bone tissue. They do so by secreting lytic enzymes
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that degrade the bone matrix [60]. Osteoclasts arise from monocyte/macrophage
hematopoietic precursor cells that reach the BM via the vasculature [56]. Fusion of
multiple of these cells results in the characteristic multinucleated cells. However,
for osteoclasts to become fully differentiated, several osteoblast-secreted
factors including RANKL are required [61]. Like osteoblasts, osteoclasts and their
precursors are influenced by Wnt signaling. However, the biological consequences
of Wnt signaling are rather complex, since Wnt ligands were found to stimulate
early steps of osteoclastogenesis, while inhibiting the final differentiation stages
[62].

In healthy human adults bone remodeling is executed to replenish old bone,
strengthen bone tissue in response to physical stress, or at sites of injury.
Osteoclasts resorb the compromised bone tissue, after which adjacent cells, and
presumably also tissue specific macrophages called osteomacs, clean the affected
surface. The osteoclasts then recruit and stimulate osteoblasts to form new bone
tissue in order to fill the created space. To balance bone resorption with equal
bone formation, osteoblast and osteoclast activity is matched, which is referred
to as coupling (Figure 2, black arrows) [56]. The Wnt signaling pathway is found to
be directly involved in this coupling mechanism. Bone forming osteoblasts secrete
non-canonical Wnt5a, which is a ligand for the Fzd-Ror2 and Fzd-Ryk receptor
complexesthatare presentonthe cell surface of osteoclast precursors. Subsequent
activation of the downstream signaling cascade stimulates differentiation into
more mature bone resorbing osteoclasts [52, 63]. These osteoclasts in turn
express multiple factors, including chemoattractants that recruit osteoblast
precursors to the site of bone remodeling, and Wnt10b that stimulates bone
formation, creating an ingenious feedback/feedforward loop of bone remodeling
[53]. Besides these direct effects, Wnt signaling also plays a more indirect role in
bone remodeling by influencing the RANK/RANKL/OPG signaling axis; one of the
best characterized coupling routes [64]. The receptor RANK, which is present on
the plasma membrane of osteoclasts, can be activated by binding of its cognate
ligand RANKL that is predominantly expressed by osteoblasts. In addition,
osteoblasts are also capable of secreting the natural decoy receptor OPG, which
competes with RANK for the binding of RANKL. The balance between RANKL and
OPG determines the level of signal transduction and thereby regulates osteoclast
activation [65]. Both RANKL and OPG were shown to be direct Wnt target genes
in osteoblasts. Increased Wnt signaling is associated with high secretion levels of
OPG, but negatively regulates RANKL expression, which subsequently results in
impaired osteoclastogenesis [66, 67].
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Figure 2 | Bone homeostasis and multiple myeloma-induced osteolytic bone disease.
(In black) In the BM, Wnt ligands are expressed by MSCs, endothelial cells, BM stromal cells,
immune cells including macrophages and dendritic cells, osteoblasts and osteoclast. Wnts
promote differentiation of MSCs toward the osteoblastic lineage, stimulate osteoblast
proliferation, and promote osteoblast survival. Osteoblasts regulate osteoclast activity by
secreting the antagonistic molecules RANKL and OPG, and Wnt5. Osteoclasts also regulate
osteoblast function by secreting Wnt10b. Through this system, osteoblast and osteoclast
activity is coupled and bone homeostasis is maintained. Osteoblasts also inhibit MM cell
growth by expressing decorin. (In red) MM cells promote osteoclast function by secreting
RANKL. Osteoclasts stimulate MM cells by secreting IL-6 and Annexin Il. Enhanced bone
resorption also leads to increased IGF-1 and TGF-f3 levels. MM cells also inhibit osteoblasts
by secreting Wnt inhibitors sFRP2 and Dkk1. This disrupts the osteoblast-osteoclast balance
and bone homeostasis and leads to osteolytic bone disease.

3.2 | Multiple myeloma cells disrupt bone homeostasis by
interfering with Wnt signaling

Like their benign counterparts, malignant PCs in MM express high levels of CXCR4
on their cell surface in order to home the BM [68]. Here, they adhere to BM stromal
cells, that create a permissive environment by expressing adhesion molecules and
secreting an array of growth factors, chemokines and other molecules [69]. By this
direct cell-to-cell contact MM cells also instruct BM stromal cells to produce high
levels of osteoclastogenic stimuli, including RANKL, to augment bone resorption
[70]. More importantly, BM infiltration allows MM cells to exert their effects on

51



Chapter 3

osteoblasts and osteoclasts in a more direct fashion, which ultimately facilitates
tumor progression (Figure 2, red arrows).

MM bone disease is characterized by both an increase in osteoclast activity, as
well as a decrease in the number of osteoblasts. Osteoclastogenesis is stimulated
in a direct fashion by the expression and secretion of osteoclast-activating factors
such as RANKL by MM cells themselves, resulting in increased bone resorption
[71]. As a consequence of bone resorption, a plethora of immobilized growth
factors, including insulin-like growth factor and TGF-B3 [6], as well as calcium and
ECM proteins, are released from the bone matrix. All these factors contribute to
MM cell growth and survival [48]. Subsequent disease progression then results
in an additional gain in bone tissue lysis, giving rise to a vicious cycle. In addition,
osteoclasts themselves also secrete multiple factors to sustain MM cells, including
the growth factor IL6 and survival factors BAFF and APRIL, and are believed to
promote angiogenesis by secreting the pro-angiogenic factor osteopontin [72,
73]. Besides increased osteoclastogenesis, MM cells also reduce the number
and activity of osteoblasts [64]. This not only enhances osteolytic bone disease
by preventing new bone formation; osteoblasts were found to reduce MM cell
growth, i.a. by producing a proteoglycan called decorin that was reported to
induce apoptosis of MM cells [74].

Presumably the most important mechanism by which MM cells promote an
osteoblast/osteoclast disbalance is by attenuating active canonical Wnt signaling.
MM cells, but not PCs isolated from MGUS patients, were found to express high
levels of the canonical Wnt inhibitor Dkk1. Mouse model studies had previously
shown that Dkk1 plays a crucial role in bone homeostasis. Overexpression of Dkk1
resulted in a decrease in bone mass, leading to osteopenia, while increased bone
formation and bone mass was observed in single allele Dkk1 knockout mice [75].
Theincreased level of Dkk1 presentin serum of MM patients was found to correlate
with the presence and extend of bone lesions [76]. In vitro, serum of MM patients
was shown to inhibit osteoblast differentiation, which could be restored by the
addition of a Dkk1 neutralizing antibody [76]. In @ more recent study, Yaccoby et al.
used the murine SCID-rab model, in which mouse BM is substituted by rabbit BM
through subcutaneous implantation of rabbit bone, to study the effects of Dkk1.
Treatment with an anti-Dkk1 antibody, after engraftment of Dkk1 expressing
primary MM cells, resulted in a reduced number of osteoclasts, enhanced number
of osteoblasts, decreased bone resorption and a subsequent decrease in tumor
burden [77]. Edwards et al. reported similar results when C57BL/KaLwRij mice were
intravenously inoculated with murine 5TGM1 MM cells, after which Wnt signaling
was activated by treatment with the potent GSK3 inhibitor lithium chloride (LiCl).
Although tumor burden in the BM was reduced, increased tumor growth was
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observed when the 5TGM1 cells were engrafted subcutaneously [78]. Qiang et
al. showed that SCID-hu mice, which are comparable to the SCID-rab model but
transplanted with human fetal bone, could be engrafted with the HMCL NCI-H929,
which was stably transfected with either Wnt3a or empty vector control. Also in
this model, increased osteoblast/osteoclast ratios were reported, accompanied by
a reduction in tumor burden. In addition, recombinant Wnt3a treatment of SCID-
hu mice carrying primary MM cells resulted in attenuation of bone resorption and
MM cell growth [79]. These findings combined have culminated in clinical testing
of the human neutralizing anti-Dkk1 monoclonal antibody BHQ880. Results
from the phase 1b study, in which 28 patients with relapsed or refractory MM
were enrolled, showed a general trend towards increased bone mass over time,
particularly in the spine [80]. In 2013, a phase 2 study in SMM patients with high
risk of disease progression was completed and also in this study evidence of
anabolic bone activity in a subset of patients was reported [81].

Although the effects of Dkk1 secretion on MM pathogenesis are most extensively
characterized, MM cells have additionally been proven to express the Wnt
antagonists sFRP2, sFRP3 and SOST/Sclerostin. Serum levels of these Wntinhibitors
also correlate with the extend of MM bone disease [46]. Interestingly, in vitro
treatment of osteoblasts with sSFRP2 resulted in impaired differentiation capacity
of these cells, similar to what was observed for Dkk1 [82]. Additional studies are
required to elucidate the exact effects of these antagonists on MM pathogenesis.

4 | INTRINSIC WNT SIGNALING IN MULTIPLE
MYLOMA CELLS

In recent years, several studies were published indicating that MM cells do not
only disturb Wnt signaling in the BM by secreting Wnt antagonists, but also have
the potential of an active intrinsic canonical Wnt signaling pathway. This was
first evidenced by Qiang et al., who reported that HMCLs can express up to nine
isoforms of the Fzd receptor that are co-expressed with the canonical co-receptor
LRP6 and in most instances also LRP5 [23]. Although this was only studied on the
mMRNA level, treatment of these cell lines with Wnt ligand was found to stabilize
transcriptionally active (-catenin, suggesting that these receptors were also
functionally active [23]. In a similar study, the same HMCLs were found to also
produce a range of Wnt ligands [83]. The presence of Fzd1, Fzd6, Fzd7, Wnt5A and
Wnt11 was later confirmed in a panel of primary PC samples isolated from MM
patients and suggests that MM cells can stimulate their Wnt signaling pathway
in an autocrine fashion [84]. However, since this analysis was also performed on
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the mRNA level, it is difficult to estimate how the subsequent protein Wnt ligand
concentrations would relate to Wnts produced by other cells in the BM.

The presence of an active intrinsic Wnt signaling pathway in MM cells was proven to
be quite specific for malignant PCs. According to current hypotheses, the canonical
Wnt signaling pathway is active in B cells during early stages of development, but
is terminated upon expression of IgM by immature B cells [85]. In accordance with
this model, several malignant mature B cell lines only expressed high levels of Fzd3
and did not show any expression of LRP5 or LRP6 [23]. This suggests that the final
maturation step of activated mature B cells towards PCs, which is accompanied
by extensive genetic rearrangements, could be essential for the cells to be able to
reactivate the canonical Wnt signaling pathway during malignant transformation.

4.1 | Wnt signaling is indispensable for normal B cell
development

B cells, like all cells from the blood lineage, arise from multipotent HSCs that
have the ability of self-renewal, as well as the ability to differentiate into more
committed precursor cells through a processes referred to as asymmetric cell
division. Optimal regulation of these processes is required in order to maintain
tissue homeostasis and to prevent depletion of the stem cell pool. Therefore,
HSCs reside in specific BM stem cell niches, where their fate is tightly regulated
by several distinct microenvironmental cell signaling pathways [85]. The exact
role of Wnt signaling in this system is still under debate. The presence of an
active canonical Wnt pathway in HSC in vivo was first confirmed by Reya et al.
in 2003 [86]. However, several subsequent studies reported opposite results on
the effect of Wnt signaling on the processes of HSC self-renewal and the capacity
to reconstitute upon transplantation [87, 88]. Recent evidence now suggests
that these contradictory observations result from differences in signaling levels.
As Wnts function as morphogens and are normally present in concentration
gradients within tissues, varying signaling levels can have differential cellular
outcomes [89]. By introducing several distinct mutations in the APC gene in a
conditional mouse model, Luis et al. were able to create a gradient of five different
Wnt signaling levels. The results showed that a mild two-fold increase in Wnt
signaling level enhances HSC function through a six-fold increase in repopulation
capacity upon transplantation. This is in contrast with intermediate or higher Wnt
signaling levels, which completely impaired HSC self-renewal potential [89]. This
data, in combination with a previously published study that revealed that a nearly
complete blockage of the Wnt pathway in Wnt3a-deficient mice is detrimental for
HSC function, highlights the complexity of Wnt signaling in this system [90].
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In contrast to HSC biology, the role of canonical Wnt signaling in subsequent early
stages of B cell development was more robustly established (Figure 3). Already in
2000, Reya et al. reported that expression of LEF1 is confined to precursor B cells,
pro-B cells and IgM-negative pre-B cells [91]. Canonical Wnt signaling at these
stages is thought to solely occur through the LEF1 isoform of the TCF/LEF family,
since TCF members are the commitment factor for T cell development and are
therefore expected to be specifically downregulated during B cell development
[92]. Analysis of LEF1 knockout mice revealed an up to eight-fold decrease in the
number of pre-B and pro-B cells, accompanied by an increase in apoptotic cell
numbers, which could be partly rescued by treatment with the GSK3 inhibitor
LiCl. In addition, in vitro stimulation of isolated LEF1 knockout pro-B cells with
Wnt3a-conditioned medium only resulted in stabilization of free 3-catenin, while
this was accompanied by cell cycle activation and proliferation in wild-type pro-B
cells [91]. Similar findings were reported by Ranheim et al., who utilized a Fzd9
knockout mouse model to study the effects of canonical Wnt signaling on B cell
development. Fzd9 was found to be exclusively expressed in pro-B cells and large
pre-B cells. Knockdown of Fzd9 resulted in a depletion of developing B cells, which
was most pronounced in the large pre-B cell population [93].

Although both abovementioned studies suggest that canonical Wnt signaling is
terminated when the final major round of pre-B cell division is completed, Yu et al.
found evidence that canonical Wntsignalingis also required for normal PC function.

HSC Fraction A Fraction B Fraction C Fraction D
precursor-B cell pro-B cell large pre-B cell small pre-B cell

B220+

CD43+
CD24int
6C3-

CD24int/hi
6C3-

LEF1
FZD9

Figure 3 | Wnt signaling in hematopoietic stem cells and early B cell development.
Wnt signaling is essential for HSC self-renewal capacity and is also active in precursor cells
from fraction A. Fraction B pro-B cells, that undergo IgH rearrangement, have an active Wnt
pathway and express high levels of LEF1 and Fzd9. Also large pre-B cells from fraction C, that
greatly expand their population, express LEF1 and Fzd9 and have an active Wnt pathway.
Small pre-B cells from fraction D stop proliferating and start rearranging IgL genes. Upon
expression of IgM, Wnt pathway activity is expected to be terminated.
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When B-catenin was specifically deleted in the B cell lineage in a conditional mouse
model, a small but significant reduction in PC generation was observed upon
stimulation with bacterial LPS. Further analysis showed that the reduction in PC
formation was accompanied by decreased expression levels of the transcription
factors Blimp-1 and IRF-4, which are both essential for PC differentiation [94].

4.2 | Activation of Wnt signaling in multiple myeloma cells is
facilitated by multiple processes

With previous studies taken into account, one could state that canonical Wnt
signaling is of importance during many of the major proliferative stages in the
development and activation of B cells: HSC self-renewal, population expansion
of developing B lymphocytes and PC generation upon antigenic stimulation
of mature B cells. From this perspective, (re)activation of the canonical Wnt
pathway in MM cells, which evidently have an active cell cycle, seems intuitive.
In addition, aberrant Wnt pathway activation is very often implicated in cancer.
This accounts for solid tumors, as well as different types of leukemia [10, 19].
Indeed, Derksen et al. showed that both HMCLs and primary PC isolates from MM
patients overexpress (3-catenin, including the transcriptionally active subset. This
is in contrast to mature B cells, memory B cells and healthy PC populations [24].
However, it currently remains unclear what drives activation of the intrinsic Wnt/(3-
catenin pathway in MM cells. Extensive sequencing experiments did not reveal any
detectable mutations in the major Wnt pathway mediators, including [3-catenin
itself (encoded by CTNNBT), AXIN1, or the tumor suppressor APC, as is normally
observed in canonical Wnt-driven tumors like colon cancer [8].

First studies indicated a role for BCL9 in the activation of intrinsic Wnt signaling in
MM. The BCL9 gene, which is located on the frequently amplified 1q chromosomal
region, was first identified in B-cell acute lymphoblastic leukemia as a result of
the t(1;14) translocation [95]. The nuclear protein was shown to be an important
co-factor for transmission of downstream Wnt signaling by facilitating effective
[-catenin-LEF/TCF cooperation [96]. Mani et al. reported that BCL9 transcript levels
were specifically enhanced in a subset of HMCLs and primary PC samples from
MM patients, compared to normal PCs. This was accompanied by a perinuclear
localization of B-catenin, enhanced transcriptional activation and an increase in
cell proliferation, migration and invasion. Furthermore, murine xenograft models
transplanted with the HMCL MM1.s in which BCL9 was knocked down by shRNA,
showed reduced tumor burden, decreased metastasis and prolonged survival
compared to shRNA control mice [97]. A follow-up study in 2014 identified the
oncogenic BCL9 as a direct target of the tumor suppressor microRNA miR-30-5p.
Levels of miR-30s are downregulated in a large subset of MM PC samples, which
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is thought to result from adhesive interactions of MM cells to BM stromal cells,
and is inversely correlated with BCL9 expression. Ectopic expression of miR-30c in
malignant PCs was associated with reduced levels of BCL9 mRNA and BCL9 protein
and decreased Wnt target gene transcription, as was assessed by functional
promoter-reporter assay and CD44 and Axin2 mRNA levels. Furthermore,
HMCLsSNCI-H929 and OPM1 overexpressing miR-30c showed a clear reduction
in cell proliferation, migration and invasion, accompanied by a mild increase in
the number of apoptotic cells. In addition, miR-30c, as well as a miR-30mix could
resensitize the NCI-H929 cells to dexamethasone treatment, thereby revealing
great therapeutic potential. These results were validated in vivo by the use of
murine xenograft models [98].

Several studies also suggested a role for dysregulated post-translational
modification of Wnt pathway mediatorsin aberrantintrinsic Wnt pathway activation
in MM cells. In 2015, Huang et al. reported that 3-catenin is subject to sumoylation
[99]. Previous studies already indicated that SUMO protein expression levels are
upregulated in carcinogenic cellular processes, including oxidative stress and
apoptosis [100]. Furthermore, sumoylation is known to be aberrantly activated
in a large subset of MM patients and hyperactive sumoylation is correlated with
adverse patient prognosis [101]. By siRNA-mediated downregulation of the effector
protein SUMO-1, Huang et al. were able to interfere with the sumoylation process
in MM cells in vitro. This resulted in a proteasome-mediated downregulation of
[3-catenin protein levels, which was accompanied by a reduction in canonical Wnt
signaling and decreased expression of Wnt target genes. Combined, this results in
increased numbers of apoptotic cells and subsequent growth inhibition of HMCLs
[991.

Aberrant epigenetics were suggested to be responsible for intrinsic Wnt pathway
activation in MM cells by Chim et al, who analyzed DNA methylation of CpG
islands, indicative of transcriptional repression and subsequent gene silencing, in
the promoter regions of the Wnt antagonists WIF1, Dkk3, APC and sFRP1,sFRP2,
sFRP4 and sFRP5. Of the 50 MM patients enrolled in this study, 42% showed
abnormal methylation of at least one of these genes. Within this group, more than
two-thirds of the patients even showed methylation of two or more inhibitors.
This is in contrast to healthy PC control samples, in which no methylation of any of
these genes was detected [102].

Very recently, van Andel et al. proposed two additional mechanisms for Wnt/(3-
catenin activation in MM cells. The first hypothesis concerns the loss of the tumor
suppressor deubiquitinating enzyme CYLD, which is a known negative regulator
of NFkB, TGFB and Notch signaling [103-105]. A previous study by Tauriello
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et al. already reported that loss of CYLD results in hyperubiquitination of Dvl,
thereby augmenting active complex formation at the plasma membrane upon
Wnt stimulation and enhanced downstream [-catenin signaling levels [106]. The
current study reports highly variable CYLD levels in both HMCLs and primary PC
isolates from MM patients and correlates loss of CYLD, either by mutation or
complete deletion of the locus, to MGUS progression and poor clinical prognosisin
MM patients. Loss of CYLD in HMCLs was found to enhance (-catenin stabilization
and localization to the nucleus, increase [(3-catenin-LEF/TCF reporter activity and
enhance MM cell growth and survival. Overall, loss of CYLD was associated with
a Wnt-signaling gene expression signature [107]. Another study published by Van
Andel et al. in 2017 put more focus on the role of the BM microenvironment as
a supportive niche for MM development. Numerous previous studies already
showed the presence of R-spondins in the BM microenvironment, which are
essential factors for osteoblastogenesis and thereby play an important role in bone
development and homeostasis [108]. R-spondins are Wnt/{3-catenin agonists and
function by binding to their cognate receptors LGR4, LGR5 and LGR6 at the plasma
membrane and subsequently regulate Wnt (co)-receptor turnover dynamics
via the E3 ubiquitin ligases Rnf43 and Znrf3 [109]. The current study revealed
aberrant expression of LGR4 in the majority of HMCLs, as well as primary PC
isolates from MM patients. Interestingly, LGR4 overexpression is at least partially
regulated via STAT-3 signaling, which in turn is mediated by IL-6, another cytokine
that is vastly present in the BM microenvironment of MM patients. Simultaneous
stimulation of LGR4-positive HMCLs with Wnt ligand and R-spondin resulted in a
major increase in LRP6 phosphorylation, 3-catenin stabilization and translocation
to the nucleus, activation of a Wnt reporter construct and an increase in MM cell
proliferation, while the LGR-4 negative HMCL L363 did not show this. Stimulation
with R-spondin alone did not result in Wnt pathway activation in the majority of
cell lines [110]. This underlines the fact that aberrant R-spondin-LGR signaling only
causes Wnt hypersensitivity in the context of an already active Wnt pathway, and
not as a primary pathway activation event. In a very recent follow-up study Ren et
al. indicated an important role for the heparan sulfate proteoglycan syndecan-1
in MM Wnt signaling activation. Syndecan-1 is an ECM-related transmembrane
protein that is expressed by malignant PCs and to a lesser extent healthy PCs as
well. It has previously been shown to be important for the connection between
PCs and the BM microenvironment and furthermore impacts MM cell growth
and survival [111]. In this study Ren et al. showed that the heparan sulfate chains
that decorate syndecan-1 are able to bind Wnt ligands, as well as R-spondin, and
thereby facilitates active and efficient Wnt-receptor complex formation on the
MM plasma membrane. Knockdown of the enzyme responsible for functional
syndecan-1 assembly was found to result in a reduction of Wnt signaling and
impaired cell growth of a panel of HMCLs [112].
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4.3 | Intrinsic canonical Wnt signaling is crucial for multiple
myeloma cell survival

Besides the controversial mechanism that is responsible for activation of the
canonical Wnt pathway in MM cells, there are some additional observations that
remain unclear. Although Derksen et al. showed that MM PCs have an aberrantly
active Wnt pathway due to [3-catenin overexpression, signal transduction in
response to Wnt ligands remained functional. Additional stimulation by Wnt3a-
conditioned medium, purified Wnt3a, treatment with LiCl, or ectopic expression of
constitutively active 3-catenin, all resulted in a further two to four-fold increase in
proliferation of HMCLs [24]. MM cells thus still respond to Wnt ligands, irrespective
of an already constitutive active pathway. However, it is not clear if stimulation
occurs in a paracrine fashion, as a result of microenvironment-derived Wnts, or
in an autocrine fashion by the canonical ligands that are expressed by MM cells
themselves, or combinations thereof.

The major topic for discussion, however, concerns the biological consequences
of intrinsic canonical Wnt signaling in MM. In 2003, Qiang et al. reported that
Wnt pathway stimulation of HMCLs by Wnt3a-conditioned medium resulted in
activation of the canonical Wnt pathway. This was demonstrated by increased levels
and activation of DvI2 and DvI3, cellular stabilization of transcriptionally active
[-catenin and an approximate six-fold increase in Wnt activity using a TopFlash
reporter assay that is indicative of TCF/LEF-mediated transcription. However,
they did not report an effect on the level of cell proliferation. Instead, major
morphological changes were observed: the MM cells acquired a fibroblast-like
phenotype, started to become adherent and developed filopodia-like protrusions
[23]. This was in strong contrast to what was published by Derksen et al. in 2004.
Here, stimulation of the Wnt pathway by purified Wnt3a, subsequent stabilization
of transcriptionally active -catenin and increased TopFlash reporter activity was
accompanied by a two to four-fold increase in cell proliferation. In this study, no
morphological changes of MM cells were reported [24]. Interestingly, both authors
included NCI-H929 in their panel of HMCLs, so these contradictory results cannot
be explained by a differential use of cell lines. However, it is known that the exact
cellular outcome of Wntsignalingisinfluenced by many additional factors, including
the level of Wnt ligands present like was observed for HSC self-renewal capacity.
Especially in the case of Wnt-conditioned medium, the actual concentration of
Wnt ligand is difficult to determine. In 2007, in accordance with the last study,
Sukhdeo et al. reported that termination of Wnt/B-catenin signaling inhibited MM
cell proliferation. By treating HMCLs with the small molecular compound PKF115-
584, which interferes with the transcriptionally active (3-catenin-TCF/LEF complex,
cell cycle arrest in the G1 phase was induced. This resulted in increased levels of
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cleaved caspases 3, 8, and 9 and a subsequent gain in the number of apoptotic
cells [84].

Since all previous observations are based on in vitro experiments, several
independent research groups used genetically engineered mouse models to
gain more insight into the in vivo mechanism of action. Both Yaccoby et al. and
Qiang et al. reported a reduction in MM tumor growth upon forced activation of
the Wnt signaling pathway. Yaccoby et al. used the SCID-rab model and, upon
transplantation with primary MM cells, treated these mice with antibodies to
neutralize the canonical Wnt inhibitor Dkk1. This resulted in a general reduction
of MM tumor burden [77]. In a slightly different approach, Qiang et al. stably
transduced the HMCLNCI-H929 with a Wnt3a expression construct. Although
subsequent stabilization of 3-catenin was confirmed, this again did not result in
increased cell growth in vitro or in vivo upon subcutaneous transplantation into
SCID mice [79]. Edwards et al. used the C57BL/KaLwRij model, which was engrafted
with murine 5TGM1 MM cell line, followed by treatment with the GSK3 inhibitor LiCl
to stimulate canonical Wnt signaling. This resulted in a decrease in tumor burden
in bone, but concurrently resulted in increased tumor growth when MM cells
were inoculated subcutaneously. Furthermore, expression of dominant negative
TCF4 did not affect the LiCl-induced reduction in tumor burden in bone [78]. This
suggests that the reported observations might result from interference with
molecular processes distinct from canonical Wnt signaling, which seems plausible
since GSK3 is involved in many additional cellular processes. More recently, two
similar studies that address Wnt signaling in MM mouse models were published
by Dutta-Simmons et al. and Ashihara et al., that used a rather different approach.
Instead of enforcing active Wnt signaling, the canonical pathway was inhibited by
specific knockdown of B-catenin. The first study used a shRNA-mediated approach
for efficient knockdown of [3-catenin. After the in vitro observation that treatment
with Wnt3a-conditioned medium enhanced cell proliferation in HMCLs, [3-catenin
knockdown was found to greatly reduce this effect. When these MM cells were
intravenously injected into NOD/SCID mice, the (-catenin knockdown group
showed a mean survival of 94 days, versus 25 days for control mice that were
treated with a scrambled shRNA. In addition, the experimental group showed
a significant reduction in tumor burden with less tumor nodules in the BM, as
well as a dramatic decrease in the occurrence of metastasis compared to control
mice [113]. A similar trend was reported by Ashihara et al., who subcutaneously
inoculated BALB/c albino nude mice with HMCLs. After 3-4 weeks, mice were
injected around the site of active tumor development with either B-catenin siRNA
or a control scrambled siRNA. Efficient 3-catenin knockdown on the protein level
was found to be correlated with significantly reduced MM tumor volume. This was
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accompanied by decreased expression levels of the direct 3-catenin target c-Myc
and increased levels of cleaved caspase 3 [114].

Although the additional use of in vivo mouse models could not elucidate the exact
molecular mechanism of Wnt signaling or its relevance for tumor growth, these
studies, when combined with in vitro data, did reveal an interesting trend. Extra
stimulation of the Wnt pathway did not confer a growth advantage for MM per
se. However, almost complete termination of canonical Wnt signaling, either by
knockdown of 3-catenin or disruption of the transcriptionally active 3-catenin-TCF/
LEF complex, induced MM cell apoptosis and significantly reduced tumor growth.
This is similar to what was observed for Wnt signaling in HSC biology and could be
the direct result of essential growth factor deprivation.

The ultimate purpose of the canonical Wnt/(3-catenin pathway is to activate
transcription of Wnt target genes. In vitro, this process is studied by the TopFlash
reporter assay, in which the cells are transfected with a promoter-reporter
construct that contains multiple Wnt responsive elements (WRE) followed by the
sequence encoding the luciferase enzyme. After addition of substrate, the amount
of measurable product formed by the enzyme reflects the level of Wnt/3-catenin
transcriptional activity. Some studies additionally analyze expression levels of
up to three Wnt target genes, often including MYC, CD44 and CCND1. Although
these are all direct Wnt target genes, MYC and CD44 are both a-specific, since
their activity is incorporated in and influenced by many other cell signaling
pathways [115, 116]. Additionally, in MM CCNDT1 is not an ideal candidate, since
upregulation of this gene is very often observed, either due to gene duplication
or chromosomal translocations involving the cyclin-D locus [117]. When Wnt
target gene activation upon stimulation of MM cells with Wnt3a was studied on
a larger scale by microarray, no significant increase in the expression level of the
Wnt target gene panel was observed [64]. One explanation for this observation is
that Wnt/[3-catenin-mediated transcription in MM cells is thought to occur solely
through LEF1 of the TCF/LEF family. The LEFT gene is however quite distinct from
the TCF genes. Whereas all TCFs are able to produce an “E” tail isoform at their
carboxyl terminus, the LEFT gene does not encode such a tail at all. This “E” tail,
which encodes a DNA-binding domain and a region that facilitates interaction with
p300, was shown to be essential for the regulation of multiple Wnt target genes.
The TopFlash reporter, with the multimerized WREs, is however so optimally
constructed that reporter activation is tail-independent [118]. This could at least
partially explain why a positive TopFlash assay is not necessarily accompanied by
robust Wnt target gene expression upon Wnt stimulation. However, Sukhdeo et
al. showed that several HMCLs additionally express TCF-4, further complicating
the matter [84]. Another explanation could be that almost all Wnt target genes
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are identified from studies performed in colon cancer. The intestine, as well as
the skin, is a site of very active canonical Wnt signaling by nature. These levels are
more modest in mammary tissue and the central nervous system, but even lower
in the hematopoietic system [89]. Since the concentration of Wnt ligands at least
partially determine which Wnt target genes are transcribed, it could very well be
that canonical Wnt signaling in MM does result in active transcription, but that
these Wnt target genes have not yet been identified because they differ from the
Wnt target genes that are activated in colon tissue. Of note, also no Wnt target
genes have yet been identified in developing B cells, which also have an active
canonical Wnt signaling pathway. Furthermore, MM cells are derived from the
hematopoietic lineage and therefore genes which are present in epithelial tissues,
including Wnt target genes, could be epigenetically silenced.

4.4 | Active Wnt signaling in multiple myeloma cells promotes
drug resistance

Besides the possible effects of Wnt signaling on MM cell proliferation and
subsequent MM disease progression, two studies suggest a role for Wnt in cell
adhesion-mediated drug resistance (CAM-DR) of MM. Qiang et al. already reported
that Wnt ligands can induce migration and invasion of MM cells by activating the
non-canonical Wnt pathway mediators RhoA and PKC [83]. In 2007, Kobune et al.
followed up on this study by showing that levels of Wnt3 ligand, produced in an
autocrine fashion by the HMCLs, positively correlated with adhesive properties of
MM cells to BM stromal cells in vitro. This finding was accompanied by stabilization
of [B-catenin protein levels and activation of RhoA [25]. It is generally accepted
that MM cell adhesion to BM stromal cells does not only contribute to MM
bone disease, but also plays a critical role in CAM-DR [119]. In accordance with
this hypothesis, Kobune et al. reported that the level of Wnt3-mediated MM cell
adhesion negatively correlated with the degree of drug sensitivity of MM cells to
doxorubicin. Furthermore, Wnt pathway inhibition by treatment with the Wnt
antagonist sFRP1, siRNA-mediated knockdown of Wnt3 ligand, or inhibition of the
effector RhoA kinase ROCK by Y27632, rescued MM cell sensitivity to doxorubicin
[25]. In 2011, Bjorklund et al. reported that long term exposure of HMCLs to
lenalidomide increased the level of drug resistance to lenalidomide up to 2500-
fold. Extensive analyses showed that this was accompanied by an up to 20-fold
increase in 3-catenin protein levels, a significant gain in TopFlash reporter activity
and enhanced expression of the Wnt target genes cyclin-D1 and c-Myc. This was
found to result from a general suppression of CK1qa, one of the members of the
[-catenin destruction complex, and inactivation of GSK3a/3 due to increased
phosphorylation of inhibitory residues. Additional treatment with recombinant
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Wnt3a ligand resulted in an even further increase of MM lenalidomide resistance,
while shRNA-mediated knockdown of (3-catenin greatly rescued drug sensitivity
[120]. More recently, a follow-up study by the same group was published in which
they identified the direct Wnt target gene CD44 as the downstream effector
molecule of Wnt-mediated lenalidomide resistance in MM. This hyaluronan-
binding protein was found to be overexpressed by lenalidomide-resistant HMCLs
in vitro, and these cells showed increased adhesive potential to BM stromal cells,
indicative for CAM-DR. Inhibition of CD44 reduced the adhesive properties of MM
cells and rescued sensitivity to lenalidomide, reflected by an increase in apoptotic
cell numbers. Interestingly, in vitro treatment of lenalidomide-resistant HMCLs
with the pharmaceutical agent ATRA resulted in decreased [-catenin mRNA and
protein, as well as downregulated CD44 transcription and expression. In addition,
the combinatorial treatment of ATRA with lenalidomide in NOD/SCID mice that
were subcutaneously engrafted with lenalidomide-resistant HMCLs, resulted in
significant reduction of tumor growth and a trend towards increased survival.
Also in primary PC isolates from lenalidomide-treated MM patients with relapsed
or refractory disease, this combinatorial treatment of ATRA with lenalidomide
showed a clear reduction in MM cell viability [121].

5| THE WNT PATHWAY AS A POTENTIAL
THERAPEUTIC TARGET IN MULTIPLE MYELOMA

It seems counterintuitive that MM cells require an active intrinsic canonical
Wnt pathway to maintain cell survival and tumor growth, but at the same time
also upregulate the canonical Wnt inhibitor Dkk1. However, Dkk1 was found to
be a direct gene target of canonical Wnt signaling as well and could therefore
function in a negative feedback loop, like is established for Axin2 [122]. In this
perspective, Dkk1 could be acknowledged as a tumor suppressor protein. Indeed,
Dkk1 expression was found to be high in early stages of active MM, but was lower
or even undetectable in a subset of patients with advanced disease. This was
found to be the direct result of acquired CpG island promoter methylation and
resulted in increased intrinsic Wnt signaling activity in MM cells [123]. Targeting
the Wnt pathway could therefore be an interesting new avenue to treat MM: 1)
it could increase apoptosis of MM cells and thereby decrease tumor growth; 2) it
could reduce Dkk1 levels secreted by MM cells and thereby reduce osteolytic bone
disease and subsequent bone-related symptoms; 3) it could reduce MM acquired
CAM-DR and thereby increase the response to established treatment regimens.

Although Wnt signaling is extensively studied and its role in malignancies is well
established, biologicals targeting this cascade have not yet entered the standard-
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of-care procedures. This is primarily due to concerns about drug safety, as Wnt
signaling is required for stem cell maintenance and tissue homeostasis during
the complete course of adult life [124]. However, also the complexity of the
pathway, its subtle regulation and cellular outcome makes it difficult to develop a
successful strategy. Levels of 3-catenin are not just under control of the Wnt-Fzd-
LRP-DvI axis, but are also regulated by alternative pathways, including HGF-Met,
prostaglandin PGE2-EP2/4 and estrogen E2-ERa [125-127]. Environmental factors
such as hypoxia and glucose levels were also shown to affect 3-catenin activation
[128, 129]. In addition, 3-catenin not only facilitates the transcription of Wnt target
genes by association with the LEF/TCF family members, but also co-operates with
FOXO, multiple SOX transcription factors and SMADs to regulate cellular functions

[130-132].

5.1 | Molecular Wnt pathway inhibitors in the clinic

Despite the aforementioned challenges, many compounds that modulate Wnt
pathway activity have been identified and developed in the past decade and some
have now made it to the first phases of clinical trials. The compounds LGK974
and ETC-159, also referred to as ETC-1922159,are small molecules that block
the secretion of Wnt ligands by inhibition of porcupine. This membrane-bound
O-acetyltransferase is required for Wnt palmitoylation, which is an essential
step in ligand secretion [133]. Both drugs were initially identified by screening
large libraries of small molecule compounds. Testing of LGK974 in vitro showed
that this drug blocks secretion of all canonical Wnt ligands, inhibits Wnt-driven
phosphorylation and activation of LRP6 and reduces Wnt target gene expression
as assessed by Axin2 mRNA levels in a large panel of human head and neck cancer
cell lines. Additional in vivo experiments in a Wnt-driven murine tumor model
showed significant tumor reduction upon treatment with a well-tolerated dose
of LGK974 [134]. Similar results were obtained for ETC-159. In vivo experiments
showed that this orally-available drug reduces tumor growth in a Wnt-sensitive
murine mammary cancer model, accompanied by a reduction in nuclear (3-catenin
levels and decreased expression of Wnt target genes, including Axin2 [135]. Both
LGK974 and ETC-159 are now in phase | clinical trials for advanced Wnt sensitive
solid tumors.

For the antibody-based inhibitor OPM-54F28 the first dose-escalating phase |
clinical trial in solid tumors has been completed in 2016. OPM-54F28 consists of
the cysteine-rich domain of Fzd8 fused to the IgG1 Fc region and thereby acts as
a decoy receptor for extracellular Wnt ligands. Also for this compound, efficacy
was validated in a Wnt-sensitive murine cancer model and additional in vivo data
showed synergy in combination with the chemotherapeutic agent gemcitabine.
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Furthermore, a reduction in the cancer stem cell population was reported [136].
Currently, three phase | clinical trials are ongoing in which OPM-54F28 is combined
with standard-of-care drugs for hepatocellular, ovarian and (advanced) pancreatic
cancer.

Several monoclonal antibody therapies that directly target the membrane-bound
receptor complex have also been developed. OMP-18R5, also referred to as
vantictumab, binds to a conserved epitope of the canonical Fzd1, Fzd2, Fzd5, Fzd7
and Fzd8 receptors. Binding studies showed that this blocks the binding of Wnt3a
to the extracellular domain of Fzd5, which subsequently leads to inhibition of
downstream Wnt/[-catenin signaling. Treatment of human solid tumor xenografts
in mice showed a clear reduction in tumor growth in a subset of the tumors
and also reported significant synergistic effects in combination with standard
chemotherapeutic agents, including taxol and gemcitabine [137]. Three phase |
clinical trials are currently testing this compound in combination with standard-of-
care chemotherapy in advanced solid tumors.

Most compounds developed to inhibit canonical Wnt signaling function by
interfering with the downstream (-catenin-LEF/TCF complex [138]. One of the
most successful agents in this category are the (-catenin-LEF/TCF antagonists
PKF115-584 and the structurally-related small molecule inhibitor CGP049090.
These natural compounds of fungal origin were first identified by a high-
throughput ELISA-based screen. Although the exact molecular mechanism of Wnt
interference has yet to be established, both compounds were found to reduce
[-catenin immunoprecipitation efficiency and also inhibited the (-catenin-APC
complex, suggesting a direct binding affinity for B-catenin [139]. PKF115-584 was
also thoroughly characterized in a pre-clinical MM study by Sukhdeo et al. This
compound was found to reduce B-catenin-LEF/TCF transcriptional activity and
Wnt target gene expression, disrupts cell proliferation and induces cytotoxicity in
HMCLs and primary PC isolates of MM patients. Additional in vivo data reported
a decrease in tumor growth and prolonged survival in a murine xenograft model
using a HMCL [84]. Although many [3-catenin-LEF/TCF antagonists have proven to
be successful in pre-clinical research, most of them have not yet entered clinical
trials. The small molecule inhibitor PRI-724, which blocks the transcriptional co-
factor CBP, is an exception. Although therapeutic specificity could be questioned,
pre-clinical studies and a dose escalating phase | clinical trial in advanced/
metastatic pancreatic cancer did not show major adverse events at a therapeutic
dosage [140]. In 2015, a phase I/ll clinical trial of PRI-724 in acute myeloid leukemia
and chronic myeloid leukemia was completed. No study results have been
published yet.
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It is yet too early to determine which strategy of inhibiting Wnt signaling in
cancer patients will be most successful and targeting the Wnt signaling pathway
for the treatment of MM is still at the preclinical stage. Multiple studies have
been published in the last years suggesting a range of molecules that inhibit
Wnt signaling in MM, either as a single agent or in combination with currently
used therapies. An example is the 3-catenin inhibitor BC2059 that was shown to
induce apoptosis of HMCLs, even in the presence of the protective feeder cell line
HS5. Apoptosis of malignant PCs from relapsed and/or refractory MM patients
induced by BC2059 was reported to be synergistically enhanced when combined
with the proteasome inhibitor Bortezomib. Furthermore, NOD/SCID/gamma mice
transplanted with HMCL U266 intravenously, that were treated with BC2059
showed an impaired tumor burden and an increased survival when compared
to the vehicle control [141]. In addition, drugs that have been approved by the
US Food and Drug Administration for the treatment of other diseases have been
reported as candidates for treatment of MM. Pyrvinium pamoate (PP) is an oral
anthelmintic drug that was recently reported to inhibit Wnt signaling through
activation of the destruction complex member CK1q, thereby diminishing active
[B-catenin levels. Treatment of both the HMCL RPMI-8226 as well as primary MM
cells with PP resulted in an increase in apoptosis. Combinatorial treatment with
Bortezomib was also reported in this study to result in a synergistic effect on
MM cell viability [142]. Although the results of these and many other studies are
hopeful, challenges for moving these drugs towards treatment of MM lie ahead.
As discussed previously, the Wnt pathway has an important role in keeping adult
tissue homeostasis by regulating multiple stem cell populations. Long-term Wnt
blockage could very well result in disruption of these processes and ultimately lead
to severe side effects. In addition, resistance to Wnt inhibiting agents should also
be taken into account. Whereas treatment with monoclonal antibodies can result
in the occurrence of drug resistance due to downregulation of the target from the
MM cell membrane, treatment of the Wnt pathway at a more downstream level
can put extensive selective pressure on cells. This has indeed been described for
the colorectal cancer cell line VACO6, which harbors a constitutively active Wnt
pathway due to translocation of R-spondin3, resulting in a PTPRK(e1)-RSPO3(e2)
fusion. Although clear sensitivity to the Porcupine inhibitor LGK974 was observed
in vitro and in vivo in a murine xenograft model, long-term treatment led to the
emergence of a resistant population. This resistant population was characterized
by two novel frame-shift deletions in AXINT, resulting in protein loss [143].
Although no mutations in Wnt pathway components in MM have been reported,
treatment of the active Wnt signaling pathway can thus result in emergence of
such mutations. This stresses the need for further research in order to determine
specificity and safety of targeting the Wnt pathway in the treatment of MM.
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Figure 4 | The Wnt signaling pathway is a central player in MM. MM cells have an active
intrinsic Wnt pathway. This can be stimulated by Wnt ligands produced by BM cells including
MSC, or in an autocrine fashion via at least Wnt5a and Wnt11. Canonical Wnt pathway
activation via Fzd1, Fzd6, or Fzd7 leads to active LEF/TCF mediated transcription of Wnt
target genes that promote tumor growth. The transcribed Wnt antagonist Dkk1 is secreted
into the BM microenvironment and inhibits osteoblast proliferation, differentiation and
survival. Combined with stimulation of osteoclast activity, this results in disruption of bone
homeostasis and increased osteolytic bone resorption. The growth factors IGF-1 and TGF-3
that are released from the bone matrix, together with osteoclast-secreted factors IL-6 and
Annexin Il, further stimulate MM cells. Expression of the Wnt target gene CD44, together
with stimulation of the non-canonical Wnt pathways, stimulate adhesive properties of MM
cells to BM stromal cells. This induces cell adhesion-mediated resistance of MM cells to
conventional drug therapies.

6 | CONCLUSION

The Wnt signaling pathway is implicated in multiple aspects of MM disease
(Figure 4). By secreting Wnt antagonists including Dkk1, MM cells disturb the
balance between bone-forming osteoblasts and bone-resorbing osteoclast.
The subsequent disruption of bone homeostasis results in the development of
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osteolytic bone lesion. This does not only provide the MM cells with a direct and
indirect growth advantage, resulting in tumor progression, but also causes MM
patients to suffer from bone pain and pathologic fractures. Intrinsic canonical
Wnt/(3-catenin signaling has been reported to promote MM cell survival and
thereby establishes disease progression. This is at least partially achieved via
autocrine stimulation. In addition, both canonical and non-canonical Wnt signaling
pathways are associated with acquired drug resistance. This is most likely
mediated by adhesive properties of MM cells to BM stromal cells. The acquisition
of MM resistance to conventional therapies is an emerging clinical problem and
negatively influences patient outcome. Targeting the Wnt pathway could therefore
be an interesting new avenue to treat MM. It would increase apoptosis of MM
cells and as such decrease tumor growth, it would reduce secretion of Dkk1 in the
BM microenvironment and thereby restrict osteolytic bone disease, and it would
reduce CAM-DR in MM and thereby facilitate a more successful and prolonged
response to already established drug treatment options.
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Chapter 4

ABSTRACT

Multiple myeloma (MM) is a neoplasm of clonal plasma cells that, despite many
treatment options, remains incurable due to development of therapy resistance
and relapse of disease. Aberrant Wnt signaling is key to MM. In addition to its well
described role in osteolytic bone disease, Wnt signaling activity was reported to
be intrinsic in MM cells. The biological significance of this intrinsic Wnt signaling,
however, remains a point of debate; multiple studies using MM cell lines in vitro
and in mouse models reported contradictory effects on cell proliferation and
disease progression. As an increasing number of Wnt-modulating agents are
entering clinical trials for solid tumors and leukemia, we aimed to provide clarity
concerning the relevance of Wnt signaling in MM and the therapeutic potential
of targeting this pro-survival pathway. For the first time, we assessed the effects
of two established Wnt pathway inhibitors on primary human MM cells, isolated
from bone marrow (BM) aspirates. We demonstrate that Wnt targeting by dual
inhibition of tankyrase and porcupine promotes cell death of primary MM cells by
inhibition of the unfolded protein response pathway.

1| INTRODUCTION

The Wnt signal transduction pathway is one of the main regulators of cell growth,
and essential for both embryonic development and adult tissue homeostasis [1].
During canonical Wnt signaling, Wnt ligands bind and activate Frizzled receptors
and LRP5/6 co-receptors to recruit components of the [(-catenin destruction
complex. Subsequent inhibition of destruction complex activity results in
stabilization of non-phosphorylated (3-catenin which, upon nuclear translocation,
associates with LEF/TCF to activate transcription of Wnt target genes [2]. In
addition, multiple Wnt ligands can activate 3-catenin-independent Wnt pathways,
that are activated via Frizzled and alternative Wnt receptors Ror and Ryk. This non-
canonical Wnt signaling can control cell motility and polarity, and activate JNK and
calcium-dependent signaling pathways [2].

Dysregulation of the Wnt pathway is causative for many types of carcinomas
[1], but is also associated with leukemia and MM [3]. Human myeloma cell lines
(HMCL) express mRNA encoding for multiple Frizzled and LRP isoforms and Wnt
ligands [4,5]. HMCL stimulation with Wnt ligand results in upregulation of pathway
mediators, stabilization of 3-catenin, and transcriptional Wnt-reporter activation
[4,5]. Aforementioned studies, however, reported contradictory results on the
biological consequence of this Wnt signaling. Reported in vitro responses to Wnt
stimulation varied between increased cell proliferation [4], and stable proliferation
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with altered cell morphology [5]. Stimulation of Wnt signaling in MM cells engrafted
in mouse models resulted in reduced tumor burden in bone without effects on
subcutaneous growth [6], while a second study reported increased subcutaneous
growth [7]. In addition to the results in this last study, Wnt inhibition did not
affect Wnt-induced reduction in bone tumor burden [7], while two other studies
reported decreased tumor burden [8,9], and improved survival after knockdown
of B-catenin [9]. The opposing biological responses can be attributed to many
different factors, including (non)-canonical signaling activity and the chosen model
system [2]. To obtain a better understanding of the biological consequence of
intrinsic Wnt signaling in MM cells, we made use of primary MM cells to stimulate
and inhibit Wnt pathway activity.

2 | RESULTS AND DISCUSSION

MM is characterized by extensive inter- and intra-patient heterogeneity, mainly
due to the complex clonal evolution that is required for malignant transformation
[10]. In this study we included MM patients with varying clinical characteristics and
cytogenetics (Supplemental Table 1). The mononuclear cells, that were isolated
from BM biopsies at diagnosis, contained MM cell percentages varying between
10-60%. Since primary MM cells lack essential growth factors outside their BM
microenvironment, the cells were cultured in the continuous presence of growth
factors IL-6 and APRIL.

Canonical Wnt signaling can be stimulated with Wnt3a ligand conditioned medium
(WCM). In HMCL MM1.s and L363, exposure to WCM resulted in stabilization
of [-catenin protein expression and transcriptional Wnt-reporter activation
(Supplemental Figure 1A-B). For a subset of primary samples (MM1-3), IL-6 and
APRIL was not sufficient to maintain MM cell viability for the culture period of 14
days. However, supplementation with WCM promoted viability of MM cells (Figure
1A-B) and resulted in a significant increase in the number of viable MM cells at day
14 (Figure 1C). For the remainder of primary samples (MM4-7), MM cell viability did
not reduce during the 14 days of culture, and these cells did not benefit from extra
WCM supplementation (Supplemental Figure 1C). This indicates that canonical
Wnt stimulation increases survival of low-viability primary MM cells.
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Figure 1 | Canonical Wnt pathway stimulation increases survival of low-viability
primary multiple myeloma cells. (A) Representative flow cytometry analysis plots of a low-
viability MM sample. Viability of CD38* primary MM cells was assessed after 14 days of
exposure to the indicated concentrations of Wnt3a conditioned medium (WCM) or L-cell
control medium (LCM), in the presence of IL-6 and APRIL. Gates represent viable (DiOC6'/
TO-PRO-3) cells. (B) Percentage of viability in CD38* primary MM cells of low-viability MM
samples. Viable cells were identified as DiOC6*/TO-PRO-3 by flow cytometry after 24 hours,
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7 days, and 14 days of exposure to indicated concentrations of WCM, in the presence of IL-6
and APRIL. Bars represent the mean of the 3 included low-viability MM samples. (C) Absolute
viable CD38* primary MM cells, represented as fold-change relative to LCM-treated control
cells per timepoint, after 24 hours, 7 days, and 14 days of exposure to indicated concentrations
of WCM, in the presence of IL-6 and APRIL. Viable cells were identified as DiIOC6'/TO-PRO-3
and cell counts were determined using flow cytometry beads. Solid lines indicate the mean
of the 3 included low-viability and 4 included high-viability samples. Statistical significance
was determined by two-way ANOVA using Sidak correction for multiple testing.

Blocking of aberrant Wnt signaling has been a focus of anti-cancer therapy
development for the last decades, but has been hampered by the limited number
of pathway mediators susceptible to small-molecule interference [1]. An indirect,
but successful, approach to inhibit canonical Wnt signaling was found in tankyrase
inhibition (TNKSi) by XAV939. TNKSi promotes degradation of (-catenin due
to stabilization of Axin, which is the concentration-limiting component of the
[-catenin destruction complex [11]. Inhibition of porcupine, an enzyme required
for the secretion of all human Wnt ligands, by porcupine inhibitor (PORCi) C59
also reduced Wnt signaling both in vitro and in a mouse model [12]. We tested the
functionality of these two Wnt inhibitors on HMCL by assessing [3-catenin protein
expression. WCM-induced stabilization of 3-catenin was significantly blocked by
TNKSi in both HMCL (Figure 2A and Supplemental Figure 2A). Exposure to PORCi
also significantly reduced endogenous [(-catenin in MM1.s, but not L363 cells
(Figure 2B and Supplemental Figure 2B). This indicates a potential autocrine Wnt
signaling loop in MM1.s cells.

To test if the TNKSi and PORCi effects on 3-catenin expression are accompanied by
a downstream biological response on cell growth in these HMCL, we assessed both
short-term effects on cell death, as well as altered proliferation during long-term
treatment. Single TNKSi exposure did not impact cell viability, while single PORCi
exposure resulted in an induction of apoptosis of 29.1% in MM1.s and 18.6% in
L363 at 72 hours (Figure 2C). The combination of both inhibitors induced a more
potent effect on cell death, especially in MM1.s with a maximum of 57.3% specific
apoptosis at 72 hours. The observed apoptosis at this condition was significantly
higher than expected from an additive drug response, indicating synergy between
both Wnt inhibitors in MM1.s (Supplemental Figure 2C). In addition to a direct
effect on cell death, Wnt inhibition may also decrease cell division. We therefore
assessed numbers of viable MM cells during long-term cultures in the presence
of TNKSi and PORCi. Exposure to single PORCi or combinations of PORCi and
TNKSi significantly reduced viable cell numbers in MM1.s at 3 and 7 days of
culture (Figure 2D and Supplemental Figure 2D). At day 7, L363 only showed
a significant reduction of viable cells at the highest drug dose combination.
At 10 days of culture, single TNKSi and PORCi at the highest dosages, and all
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Figure 2 | Small molecule inhibitors of tankyrase and porcupine inhibit Wnt signaling
and reduce cell growth in multiple myeloma cell lines. (A) Quantification of B-catenin
protein expression as assessed by western blot in HMCL MM1.s and L363, after overnight
exposure to increasing concentrations of tankyrase inhibitor (TNKSi) XAV939, in the presence
of Wnt3a conditioned medium (WCM) or L-cell control medium (LCM). Bars show the mean
of 3 individual experiments as fold change to untreated LCM control cells, indicated by the
dashed lines. Error bars represent the standard error of the mean, and statistical significance
was determined by two-way ANOVA using Sidak correction for multiple testing. (B)
Quantification of B-catenin protein expression as assessed by western blot in MM1.s and
L363, after overnight exposure to increasing concentrations of porcupine inhibitor (PORCi)
C59 in the presence of LCM, or WCM as a positive control. Bars show the mean of 3 individual
experiments as fold change to untreated LCM control cells, indicated by the dashed lines.
Error bars represent the standard error of the mean, and statistical significance was
determined by one-way ANOVA using Dunnett correction for multiple testing. (C) Heatmaps
showing specific apoptosis in MM1.s and L363 induced by serial dilution of TNKSi and PORCi,
individual or combined. Viable cells were determined by flow cytometry as DiOC6'/TO-
PRO-3- and analyzed after 48 and 72 hours of drug exposure. Values represent the mean of
3 individual experiments. (D) Absolute viable cells, represented as fold-change relative to
untreated control cells per timepoint, after long-term culture in the presence of TNKSi and
PORCi, individual or combined. Viable cells were identified as TO-PRO-3, cell counts were
determined using flow cytometry beads, and were analyzed after 3 and 7 days of exposure
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for MM1.s, and 7 and 10 days of exposure for L363. Bars show the mean of 3 individual
experiments, error bars represent the standard error of the mean, and statistical significance
was determined by two-way ANOVA using Sidak correction for multiple testing; ns, not
significant.

combinations of TNKSi with PORCi, were sufficient to significantly reduce viable
cell numbers in L363. Since in L363 single PORCi exposure did not affect 3-catenin
expression (Figure 2B), this suggests a potential role for non-canonical Wnt
signaling in this HMCL. Combined, these results show that TNKSi and PORCi, and
especially the combination of both inhibitors, significantly impact cell growth in
HMCL. These results are accompanied by a significant reduction in transcriptional
Wnt-reporter activity (Supplemental Figure 2E).

Previous studies have shown that the biological consequences of Wnt pathway
alteration in MM cell lines is dependent on the context of the model system. We
therefore verified the biological response to TNKSi and PORCi in primary MM cells.
Exposure to TNKSi significantly reduced viable MM cells at 24 hours and 7 days of
culture (Figure 3A). However, the responses varied between 5.0-fold decrease in
MM7 and 1.4-fold increase in MM13. This variation in response was also observed
after 7 days of culture with PORCi, ranging between a complete reduction in MM1
and a 1.5-fold increase in MM12 (Figure 3B). The variability in response observed
in primary MM samples seems to resemble the variable results obtained in MM
cell lines. This indicates that the MM clones differ in their dependency on (non)-
canonical Wnt ligands, which are either the result of autocrine stimulation or, in
the case of primary cells, can be secreted by additional mononuclear cells that are
presentin the BM aspirate.

In an attempt to minimize the variability in responses, we tested the combinatorial
effect of both inhibitors on MM cell viability in a subset of primary samples. Seven
days exposure to the combination of TNKSi and PORCi resulted in a significant
decrease of viable MM cells, with all samples showing a reduction compared to
control (Figure 3C-D). This decrease in viable cell numbers was accompanied by a
significant reduction in the average MM cell viability at 72 hours, and at day 7 with
a reduction from 70.2% in control cells to 32.5% in cells treated with the inhibitor
combination (Figure 3E). To elucidate the mechanism underlying this combinatorial
TNKSI-PORCi effect, the MM cells from samples MM09-MM13 were subjected to
single cell RNA sequencing after 72 hours of exposure to the inhibitor combination
orcontrol. Clustering of the transcriptome by tSNE analysis showed thatthe samples
clusterindividually, withsample MM12divided over clusters 1and5(Figure4-B).Only
in cluster 2, corresponding to sample MMQ9, treated versus control cells grouped
separately within the cluster (Supplemental Figure 3A). Analysis of treated and
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Figure 3 | Wnt targeting by dual tankyrase and porcupine inhibition promotes cell
death of primary multiple myeloma cells. Absolute viable CD38* primary MM cells,
represented as fold-change relative to untreated control cells per timepoint, after 24 hours
and 7 days of exposure to (A) 20 pM tankyrase inhibitor (TNKSi) XAV939, or (B) 5uM porcupine
inhibitor (PORCi) C59. Both drug treatments were performed in the presence of IL-6 and
APRIL. Viable cells were identified as DiOC6'/TO-PRO-3- and cell counts were determined
using flow cytometry beads. Solid lines indicate the mean of the 14 included MM samples.
Statistical significance was determined by one-way ANOVA using Dunnett correction for
multiple testing. (C) Flow cytometry analysis plots of viability in CD38* cells of a primary
MM sample after 72 hours of exposure to 20 pM TNKSi, 5 pM PORCi, and the combination
thereof, or untreated control cells, in the presence of IL-6 and APRIL. Gates represent dead
(DiIOC6/TO-PRO-3%) cells. (D) Absolute viable CD38* primary MM cells, represented as fold-
change relative to untreated control cells per timepoint, after 24 hours, 72 hours, and 7 days
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of exposure to the combination of 20 uM TNKSi and 5 pM PORCi, in the presence of IL-6 and
APRIL. Viable cells were identified as DiOC6'/TO-PRO-3- and cell counts were determined
using flow cytometry beads. Solid lines indicate the mean of the 7 included MM samples.
Statistical significance was determined by one-way ANOVA using Dunnett correction for
multiple testing. (E) Percentage of viability of CD38* primary MM cells after 24 hours, 72
hours, and 7 days of exposure to the combination of 20 pM TNKSi and 5 uM PORCi, or
untreated control cells, in the presence of IL-6 and APRIL. Viable cells were identified as
DiOC6*/TO-PRO-3 by flow cytometry. Solid lines indicate the mean of the 7 included MM
samples. Statistical significance was determined by two-way ANOVA using Sidak correction
for multiple testing. ns, not significant.

control cells of the combined samples, identified 153 differentially expressed
genes with an adjusted P-value of <0.01 (Figure 4C). Top hits, including XBP1,
MZB1, SEC61G, and HSP90B1 (Figure 4D) are all associated with the unfolded
protein response (UPR) pathway, and were also significantly reduced in the
treated MM cells of individual samples MM09, MM12, and MM13, compared to
untreated control cells (Supplemental Figure 3B). As the UPR pathway is crucial
for cellular functionality of both healthy and malignant plasma cells, due to their
high antibody production load [13], we hypothesize that inhibition of the UPR is
the mechanism underlying apoptosis of primary MM cells by dual tankyrase and
porcupine inhibition.

3 | CONCLUSION

In conclusion, the current study shows that tankyrase and porcupine inhibition,
two established methods to block the Wnt pathway, reduces Wnt signaling in
HMCL, and promotes cell death of HMCL and primary MM cells by inhibition of the
UPR. As the UPR is crucial for cellular functionality of both healthy and malignant
plasma cells, we hypothesize that inhibition of the UPR by TNKSi and PORCi, in
combination with standard-of-care proteasome inhibitors like bortezomib, will
have therapeutic potential and could be a new avenue in the treatment of MM.
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Figure 4 | Dual tankyrase and porcupine targeting in primary multiple myeloma cells
inhibits the unfolded protein response pathway. Transcriptome analysis by single-cell
RNA sequencing of viable CD38* CD138* primary MM cells of samples MM09-MM13 after 72
hours of exposure to a combination of 20 uM tankyrase inhibitor XAV939 and 5 uM porcupine
inhibitor C59, or untreated control cells, in the presence of IL-6 and APRIL. (A) Dimensionality
reduction and clustering of transcriptome analysis by tSNE, and (B) cluster distribution of
the individual MM samples. The 6 clusters are denoted by digits 0-5 and corresponding
colors. (B) Volcano plot of genes differentially expressed (DE) between MM cells exposed
to the inhibitor combination versus control. Blue datapoints indicate significant DE genes
with an adjusted P-value <0.01, grey datapoints indicate not-significant DE genes with an
adjusted P-value >0.01. The top 17 DE have been annotated with their corresponding gene
name. (D) Violin plots showing expression of mediators of the unfolded protein response
pathway: XBP1, MZB1, SEC61G, and HSP90B1, in MM cells exposed to control or the inhibitor
combination. Individual datapoints represent the sequenced single cells, and the adjusted
P-value is annotated as Padj, for which <0.01 is considered statistically significant.
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SUPPLEMENTAL TABLES

Supplemental Table 1 | Overview of clinical characteristics and cytogenetics of the 14
MM patients included in the study.

cytogenetics

Sample Age,y Sex IgH type  IgL type ISS HD amp/del translocations
MMA1 66 F IgA K 1 yes no no
MM2 66 M IgG+IgA K 1 yes 13g-,169- no
MM3 74 M IgA K 1 yes 13g- no
MM4 74 M no K 3 nd nd nd
MM5 38 M IgG K 2 yes no no
MMé6 64 M 19G K 1 yes no no
MM7 68 M nd A 1 no no no
MM8 60 M 19G K 3 yes no no
MM9 51 M I9G K 3 no 13g- t(14;16)
MM10 80 M IgA K 2 yes no no
MM11 74 F IgA A 1 yes 13g- no
MM12 80 F IgA K 2 no 13q- t(11;14)
MM13 63 M [e[€] K 2 no 19+ t(11;14)
MM14 60 M 19G K SMM no no t(11;14)

MM: multiple myeloma; y: years; F: female; M: male; IgH: immunoglobulin heavy chain; IgL immunoglobulin light
chain; ISS: international staging system; SMM: smouldering multiple myeloma; HD: hyperdiploidy; amp: amplifi-
cantions; del: deletions; nd : not determined
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1 | Wnt3a conditioned medium activates canonical Wnt signaling,
but is not required for survival of high-viability primary multiple myeloma cells. (A)
Representative western blot showing B-catenin protein expression in HMCL MM1.s and L363
after overnight exposure to 50% Wnt3a conditioned medium (WCM) or 50% L-cell control
medium (LCM). Alpha-tubulin was used as a loading control. (B) Transcriptional Wnt reporter
activity as determined by TopFlash after overnight exposure to 50% WCM or 50% LCM. Data
is normalized to internal Renilla control and shown as fold change to FOP negative control.
Bars show the mean of 3 individual experiments, error bars represent the standard error of
the mean, and statistical significance was determined by Student t-test; ns, not significant.
(C) Percentage of viability of CD38* primary MM cells after 24 hours, 7 days, and 14 days of
exposure to indicated concentrations of WCM, in the presence of IL-6 and APRIL. Viable cells
were identified as DiOC6*/TO-PRO-3 by flow cytometry. Bars represent the mean of the 4
included high-viability MM samples.

»Supplemental Figure 2 | Small molecule inhibitors of tankyrase and porcupine inhibit
Wnt signaling and reduce cell growth in multiple myeloma cell lines. (A) Representative
western blot showing 3-catenin protein expression in HMCL MM1.s and L363 after overnight
exposure to indicated concentrations of tankyrase inhibitor (TNKSi) XAV939, in the presence
of 50% Wnt3a conditioned medium (WCM) or 50% L-cell control medium (LCM). Alpha-tubulin
was used as a loading control. (B) Representative western blot showing B-catenin protein
expression in HMCL MM1.s and L363 after overnight exposure to indicated concentrations
of porcupine inhibitor (PORCi) C59, in the presence of 50% LCM, or 50% WCM as positive
control. Alpha-tubulin was used as a loading control. (C) Plots comparing observed (OBS)
specific apoptosis to hypothetical expected (EXP) specific apoptosis that assumes an additive
effect of the combination of 40 pM TNKSi and 10 pM PORCi. The 3 connected datapoints
show the data obtained from 3 individual experiments. Statistical analysis was performed
by Student t-test; ns, not significant. (D) Representative growth curves showing absolute
viable cells of MM1.s and L363 after 3 - 10 days of culture in the presence of indicated
concentrations of TNKSi, PORCi, or untreated control. Viable cells were identified as TO-
PRO-3;, and cell counts were determined using flow cytometry beads. (E) Transcriptional
Wnt reporter activity as determined by TopFlash after 12 - 24 hours of exposure to the
combination of 20 uM TNKSi and 5 yM PORCi in MM1.s. Data is normalized to internal Renilla
and FOP negative control, and shown as fold change to untreated control cells. Bars show
the mean of 3 individual experiments, error bars represent the standard error of the mean,
and statistical significance was determined by Student t-test.
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Supplemental Figure 3 | Dual tankyrase and porcupine targeting in primary multiple
myeloma cells inhibits the unfolded protein response pathway. Transcriptome analysis
by single-cell RNA sequencing of viable CD38+ CD138+ primary MM cells of samples MMO09-
MM13 after 72 hours of exposure to a combination of 20 uM tankyrase inhibitor XAV939 and
5 puM porcupine inhibitor C59, or untreated control cells, in the presence of IL-6 and APRIL.
(A) Dimensionality reduction and clustering of transcriptome analysis by tSNE, as shown in
Figure 4A, of control MM cells (N = 1001), MM cells exposed to the inhibitor combination (N =
1066), and overlay of the two groups. (B) Volcano plots of genes differentially expressed (DE)
between MM cells exposed to the inhibitor combination versus control, of samples MMO09,
MM12, and MM13. Blue datapoints indicate significant DE genes with an adjusted P-value
<0.01, grey datapoints indicate not-significant DE genes with an adjusted P-value >0.01. The
mediators of the unfolded protein response pathway: XBP1, MZB1, SEC61G, and HSP90BT1,
are annotated and indicated by the red datapoints.
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ABSTRACT

Novel combination therapies have markedly improved the lifespan of multiple
myeloma (MM) patients, but drug resistance and disease relapse remain major
clinical problems. Dexamethasone and other glucocorticoids are a cornerstone
of conventional and new combination therapies for MM, although their use is
accompanied by serious side-effects. We aimed to uncover drug combinations
that act in synergy and as such allow reduced dosing while remaining effective.
Dexamethasone and the MCL-1 inhibitor S63845 (MCL-1i) proved the most
potent combination in our lethality screen and induced apoptosis of human
myeloma cell lines (HMCLs) that was 50% higher compared to an additive drug
effect. Kinome analysis of dexamethasone-treated HMCLs revealed a reduction
in serine/threonine peptide phosphorylation, which was predicted to result
from reduced Akt activity. Biochemical techniques showed no dexamethasone-
induced effects on FOXO or GSK3, but did demonstrate a 50% reduction in P70S6K
phosphorylation, downstream of the Akt-mTORC1 axis. Replacing dexamethasone
by the P70S6K1 isoform-specific inhibitor PF-4708671 (S6K1i) showed similar and
statistically significant synergistic apoptosis of HMCLs in combination with MCL-
1i. Interestingly, apoptosis induced by the P70S6K1i and MCL-1i combination
was more-than-additive in all 9 primary MM samples tested, while this effect was
observed for 6 out of 9 samples with the dexamethasone and MCL-1i combination.
Toxicity on stem and progenitor cell subsets remained minimal. Combined, our
results show a strong rational for combination treatments using P70S6K inhibitor
in MM. Direct and specific inhibition of P70S6K may also provide a solution for
patients ineligible or insensitive to dexamethasone or other glucocorticoids.

1 | INTRODUCTION

Despite the development of increasingly effective therapies in the last decades,
multiple myeloma (MM) is still considered to be incurable, characterized by
acquired drug resistance and relapse of disease [1]. One mechanism by which MM
cells circumvent cell death is resistance against the intrinsic apoptosis pathway,
in which the BCL-2 family of pro-survival proteins, including BCL-2, MCL-1 and
BCL-XL, play an important role [2]. By binding and sequestering pro-apoptotic
BH3-only proteins, e.g. BIM, or apoptotic effectors BAX/BAK, the BCL-2 proteins
regulate the balance between apoptosis and cell survival [3]. Overexpression of
pro-survival proteins, in particular MCL-1, is common in MM and associated with
disease relapse and impaired patient survival [4]. This resulted in development
of BCL-2 homology domain 3 (BH3)-mimetics that inhibit BCL-2 family proteins

98



Direct P70S6K1 inhibition to replace dexa in synergistic combination with MCL-1 inhibition in MM

and thereby overcome intrinsic apoptosis resistance [5]. Multiple BH3-mimetics,
including the specific MCL-1 inhibitor S63845, are currently being tested in clinical
trials for MM [6]. Even though MCL-1 inhibitors show potent single-agent activity,
recent in vitro studies reported that combinations with dexamethasone resulted
in synergistic apoptosis of MM cells [7,8].

Dexamethasone is a synthetic glucocorticoid (GC) that forms an integral
component of conventional and new combination therapies for both newly
diagnosed and relapsed-refractory (RR) MM patients [5,9]. Binding of GCs to the
glucocorticoid receptor (GR) alters the cells transcriptional program either directly
by binding to glucocorticoid responsive elements (GRE) in the DNA, or indirectly
by interacting with other transcription factors, such as NFkB [10]. Synthetic GCs
are widely recognized for their significant anti-inflammatory, immune-suppressive
and cytotoxic effects [11]. Although the precise molecular mechanisms remain
unclear, treatment of MM cells with single-agent dexamethasone results in intrinsic
apoptosis activation [12]. Its effectiveness, however, is accompanied by serious
side-effects including muscle weakness, increased infection rate, cardiovascular
problems, hyperglycemia, mental health problems, osteoporosis, respiratory
problems and fatigue [13]. This makes administration of dexamethasone
challenging; dose reduction is required in many patients, especially the elderly
and more fragile patients, thereby limiting its potential [14]. As an alternative,
dexamethasone might be replaced by the synthetic GC prednisone, which is often
better tolerated [15,16].

The PI3K-Akt pathway is the most frequently activated signal transduction pathway
in human cancers and also plays a crucial role in MM [17,18]. Akt is the central
signaling node in this pathway and mainly acts through regulation of three key
downstream mediators: FOXO, GSK3 and mTORC1 [19]. By doing so it regulates
multiple cellular processes, including cell growth, survival and apoptosis [20]. The
family of FOXO transcription factors control a diverse set of target genes, including
(pro-)apoptotic mediators such as BIM [21]. The kinase GSK3 phosphorylates a
plethora of proliferation mediators and pro-survival substrates, including MCL-
1, thereby marking them for inactivation and/or proteasomal degradation [22].
Upon phosphorylation Akt can inhibit FOXO and GSK3 activity, but also activate
mTORC1, resulting in activation of the two mTORC1 targets 4E-BP1 and P70S6K
[23]. Although primarily known for its role in metabolism and cell growth, the
mTORC1-P70S6K axis has a pleiotropic function in regulation of cell survival and
apoptosis [24].

The continued efforts to improve MM treatment has resulted in the development
of many new agents, including the BH3-mimetics [25]. However, there is an unmet
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need for a strategy to rationally combine these new agents with current standard-
of-care therapies to reach synergistic effects that allow for reduced dosing and
toxicity. In this study we perform a small-scale lethality screen to test for synergistic
effects between novel and conventional MM drugs. We report the highest synergy
for the combination of dexamethasone and MCL-1 inhibitor S63845 (MCL-1i) and
reveal the molecular mechanism underlying this synergistic combination. These
results provide a strong rational to replace dexamethasone by the P70S6K1
isoform inhibitor PF-4708671 (S6K1i) to induce synergistic apoptosis of MM with
the advantage to reduce the vast amount of side-effects experienced with GCs.

2 | METHODS

2.1 | Cell culture and chemicals

The human multiple myeloma cell lines (HMCLs) MM1.s, OPM-2 and L363 were
cultured in RPMI 1640 GlutaMAX HEPES (Life Technologies), supplemented with
10% fetal bovine serum (FBS; Biowest) and 100 pg/ml penicillin-streptomycin (Life
Technologies). MS-5 feeder cells (DSMZ) were cultured in MEMa (Life Technologies),
supplemented with 10% FBS, 2 mM L-glutamine (Life Technologies) and 100 pg/
ml penicillin-streptomycin. All cells were maintained at 37 °C and 5% CO,. An
overview of all drugs incorporated in this study, including titrations, can be found
in Supplemental Table 1 and Supplemental Figure 1, respectively.

2.2 | MM patient samples

Frozen vials with mononuclear cells (MNC) isolated from bone marrow (BM)
aspirates of newly diagnosed MM patients were requested from the “Parelsnoer”
Institute biobank. All samples were obtained after written informed consent and
protocols were approved by the local ethics committee of the Utrecht University
Medical Center and contributing partners of the Dutch “Parelsnoer Project”. An
overview of clinical characteristics and cytogenetics can be found in Supplemental
Table 2. Primary MM cells were cultured on near-confluent monolayers of MS-5
feeder cells as previously described [26]. For flow cytometric analysis primary
MM cells were discriminated by positive surface staining using CD38-PerCP.CY5.5
monoclonal antibody (Biolegend).
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2.3 | Healthy donor primary cells

CD34* stem and progenitor cells were isolated from umbilical cord blood as
previously described [27]. In short, MNC were isolated using Ficoll-Paque and
CD34* cells were isolated using magnetic bead separation (Miltenyi Biotec)
resulting in a 80-95% pure population. CD34* cells were cultured in X-VIVO 15
(Lonza), supplemented with 50 ng/ml FIt3L, 50 ng/ml SCF, 20 ng/ml IL-3 and 20 ng/
ml IL-6 (all Miltenyi). For flow cytometric analysis CD34" cells were discriminated by
monoclonal antibody CD34-FITC (BD Biosciences).

Endothelial progenitor cells (EPC) were isolated from cord blood MNC as
previously described and cultured in EGM-2 medium (Lonza), supplemented
with 10% FBS, SingleQuot kit (Lonza), and 100 pg/ml penicillin-streptomycin on
collagen-I (BD Bioscences) coated surfaces [28]. Multipotent mesenchymal stem
cells (MSC) were isolated from MNC of healthy donor BM aspirates as previously
described and cultured in MEMa, supplemented with 10% FBS, 0.2 mM L-ascorbic
acid 2-phosphate (Sigma Aldrich) and 100 pg/ml penicillin-streptomycin [28]. All
samples were obtained after informed consent and protocols were approved by
the local ethics committee of the Utrecht University Medical Center.

2.4 | Preclinical 3D MM model

MSC, EPC and OPM-2 cells were combined in a 3D co-culture using growth-factor
reduced Matrigel 50% (Corning) in a 4:1:1 cellular ratio, respectively, containing
equal ratios of culture medium as previously described by Braham et al. [28]. To
discriminate the three cell populations, OPM-2 cells were labeled with CellTrace-
violet (Invitrogen) and EPC with Vybrant DiO (ThermoFisher Scientific).

2.5 | Apoptosis assays

Cellviability of HMCLs, primary MM cells, CD34* cells, MSC and EPC was determined
after 48 hours of drug exposure by staining with 15 nM DiOC6 (Thermo Fisher
Scientific) and/or 20 nM TO-PRO-3 (Thermo Fisher Scientific) unless stated
otherwise and measured by flow cytometry (FACS Canto Il, BD Biosciences) using
FACSDiva software (BD Biosciences). Data was analyzed using FlowJo software (BD).
Specific apoptosis was calculated by relating the reduced percentage of viable cells
(DiOC6*/TO-PRO-3) upon drug exposure to the percentage of viable control cells,
as follows: ([% cell death in treated cells - % cell death in control] / % viable cells
control) X 100%. The drug combination effects were determined by comparing
observed (OBS) specific apoptosis to hypothetical expected (EXP) specific
apoptosis that assumes an additive effect of the two combined drugs. This was
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calculated as previously published by Nijhof et al.: ([apoptosis drug A + apoptosis
drug B] - (apoptosis drug A x apoptosis drug B)] [29]. Synergy was assessed using
isobolograms. All drug combinations that caused 50% specific apoptosis (IC_) or
25% specific apoptosis (IC,.) were included to create isobolograms. Combination
indexes (Cls) were calculated using the Chou-Talalay method [30].

2.6 | Kinome analysis

For kinomic profiling HMCLs were lysed in M-PER mammalian protein
extraction reagent (Thermo Fisher Scientific) containing Halt protease and Halt
phosphatase inhibitor cocktails (Thermo Fisher Scientific). Analysis of serine/
threonine kinase (STK) activity was performed using the high-throughput peptide
microarray system of the PamsStation 12 platform (PamGene), according to the
manufacturer’'s instructions. Initial sample and array processing and image
captures were performed using Evolve software (PamGene). Raw data processing,
quantification and statistical analysis of peptide phosphorylation was performed
using BioNavigator software (PamGene). Prediction of upstream kinases was
performed on peptides with dexamethasone-induced statistically significant
altered phosphorylation using the Kinexus Kinase Predictor (www.phosphonet.ca)
and identified by scoring kinase prevalence in the top10 list per peptide.

2.7 | SDS-PAGE, immunoblotting and antibodies

Total cell lysates were prepared in lysis buffer containing 1% NP-40. Cytosolic and
nuclear fractions were separated by subsequent exposure to lysis buffer containing
0.1% NP-40 (cytosolic fraction), 1% NP-40, and RIPA lysis buffer in combination
with mechanical disruption (nuclear fraction). Proteins were separated using
mini-protean TGX (Bio-Rad) SDS-PAGE electrophoresis and transferred to low-
fluorescence PVDF membranes (Bio-Rad). An overview of all primary antibodies
incorporated in this study can be found in Supplemental Table 3. Detection was
performed using secondary antibodies goat-anti-mouse 680RD and goat-anti-
rabbit 800CW (LI-COR Biosciences) and infra-red imaging (Odyssey Sa, LI-COR
Biosciences). Image capture was performed using Image Studio software (LI-COR).
Image processing and quantification was performed using ImageJ2 (Fiji) software.

2.8 | ImageStream flow cytometry

HMCLs were fixed by 4% PFA, permeabilized using 100% ice-cold methanol and
incubated with rabbit anti-FOXO1, rabbit anti-FOX0O3a, or an equal antibody
concentration of rabbit IgG isotype control (R&D systems). Subsequently, cells
were incubated with FITC-conjugated goat-anti-rabbit (Jackson ImmunoResearch)
in 1% BSA. For nuclear staining, DRAQ5 (1 uM; BioLegend) was added directly
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before sample analysis. Flow cytometry was performed on an ImageStreamX MKII
(Amnis, Luminex). Bright-field and immunofluorescent images were captured at
60x magnification using Inspire software (Amnis, Luminex). Per sample 20.000
cells were analyzed and selected for round, single cells in focus. The Similarity
feature of Ideas analysis software (Amnis, Luminex) was used to determine
nuclear localization of FOXO.

2.9 | Intracellular staining flow cytometry

HMCL fixation, permeabilization and antibody incubation were performed as
described for ImageStream flow cytometry, using rabbit anti-pS6 Ser235/236,
rabbit anti-pS6 Ser240/244, rabbit IgG isotype control and FITC-conjugated goat-
anti-rabbit.

2.10 | Statistical analysis

Data bars are represented as mean and error bars indicate standard error of the
mean. Data of synergy experiments visualized as heatmaps show the mean of
3 individual experiments. Datapoints of experiments comparing EXP and OBS
specific apoptosis are obtained from the same 3 individual experiments. Statistical
analysis was performed using GraphPad Prism8 (GraphPad software Inc.). Sets
of 2 groups were compared using paired t-tests and comparison of 3 groups was
performed by 2-way ANOVA using Sidak correction for multiple comparison. For
all tests a p-value of < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Dexamethasone synergizes with MCL-1 inhibitor S63845
to induce apoptosis

Eight drugs representing 5 drug classes (Figure 1A), that are available or in clinical
trials for (RR) MM and have a direct effect on apoptosis induction in vitro, were
tested in combinations of 2 for synergistic apoptosis of HMCLs. Of the resulting
28 drug combinations, 13 combinations showed a more-than-additive effect
on apoptosis of all 3 HMCLs (Figure 1B-C). The most potent drug combinations
included combinations of BH3-mimetics and combinations of a BH3-mimetic
with dexamethasone (Figure 1C). The drug combination with the most potent
synergistic response was dexamethasone with MCL-1i. The average specific
apoptosis induced by this combination was more than 50% higher compared to
the sum of the individual drugs.
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To verify this result, the HMCLs were exposed to dilution series of dexamethasone
and MCL-1i, individual and combined (Figure 1D and Supplemental Figure 2).
Specific apoptosis at the optimal drug concentrations was significantly increased
compared to an additive effect of the two drugs (Figure 1E). In addition, average
Cls below 0.2 (MM1s.), 0.6 (OPM-2) and 0.4 (L363) confirmed synergy between
dexamethasone and MCL-1i in HMCLs with varying sensitivity to the single drugs
(Supplemental Figure 3).

Expression of pro-survival BCL-2 family members has been shown to influence
sensitivity to MCL-1 inhibition [26], and thus potentially also affects synergy
between dexamethasone and MCL-1i. Therefore we measured their expression
in dexamethasone-treated HMCLs. Exposure of HMCLs to dexamethasone did not
reduce protein levels of MCL-1, BCL-2 or BCL-XL (Figure 1F). This excludes direct
reduction of pro-survival proteins by dexamethasone as a general underlying
mechanism of synergy in combination with MCL-1i.

»Figure 1 | Dexamethasone synergizes with MCL-1 inhibition to induce apoptosis of
HMCLs. (A) Overview of the drugs that were implemented in the in vitro lethality screen,
including their abbreviations and representing drug class. (B) Matrices showing the
combined effect of 2 drugs in inducing specific apoptosis of HMCLs MM1.s, OPM-2 and L363.
Observed (OBS) specific apoptosis is compared to expected (EXP) specific apoptosis and
represented by a color scale in which blue indicates an antagonistic effect, white an exact
additive response and red a synergistic effect. Drug abbreviations as represented in panel
A. Drug concentrations are described in Supplemental Table 1. Viability is analyzed after 48
hours of drug exposure. (C) Data as shown in panel B, ranked by the average effect of the
drug combinations on OBS-EXP specific apoptosis of the 3 HMCLs. Mean values are indicated
by solid black lines. The dashed line indicates an exact additive effect. (D) Heatmaps showing
specific apoptosis of indicated HMCLs induced by serial dilution of dexamethasone (DEX)
and MCL-1i, individual or combined. Viability was analyzed after 48 hours of drug exposure,
values represent the mean of 3 individual experiments. (E) Plots comparing EXP to OBS
specific apoptosis induced by DEX and MCL-1i combinations. Per HMCL the drug combination
that resulted in the highest average OBS-EXP ratio was selected from the data obtained in
panel D. The 3 connected datapoints show the data obtained from 3 individual experiments.
Statistical analysis was performed by paired t-tests. (F) Representative western blot showing
MCL-1, BCL-2 and BCL-XL protein expression of indicated HMCLs after 24 hours of exposure
to 1 yM dexamethasone or negative control. Alpha-tubulin was used as a loading control.
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3.2 | Kinome analysis reveals dexamethasone-mediated
reduction of Akt signaling as potential underlying mechanism
of synergy with MCL-1i

To further investigate the mechanism underlying synergy between dexamethasone
and MCL-1i, kinome analysis on dexamethasone-treated HMCLs was performed. A
comprehensive decrease in STK phosphorylation was observed in dexamethasone-
treated samples compared to their paired controls (Figure 2A). Statistical analysis
revealed 11 peptides with significantly reduced phosphorylation in both HMCLs,
25 unique peptides for MM1.s and 26 for OPM-2 (Supplemental Figure 4). More
than 30% of these peptides belong to established Akt targets: 7 unique Akt
targets in MM1.s and 5 in OPM-2, and 7 Akt targets, including the well-established
downstream mediator mTOR, S6 and Bad, were identified in both HMCLs (Figure
2B). Additional analysis of the significant peptides by database-driven software
predicted a reduction in Akt1 kinase activity as the single significant effect of
dexamethasone shared between both HMCLs (Figure 2C).

3.3 | Dexamethasone exposure does not affect FOXO and
GSK3 activity

Two potent downstream mechanisms by which Akt regulates survival and
apoptosis are inactivation of FOXO and GSK3 [19]. Western blot analysis showed
that HMCLs either express FOXO1 (L363), FOXO3a (MM1.s) or a combination of
both (OPM-2) (Supplemental Figure 5). To test if the predicted dexamethasone-
mediated reduction in Akt1 activity also results in nuclear translocation and thus
re-activation of FOXO, the 3 HMCLs were exposed to dexamethasone or copanlisib,
a pan-class | PI3K inhibitor that strongly reduces Akt activity and downstream
signaling [31]. Exposure of the HMCLs to dexamethasone did not alter nuclear
FOXO1 or FOXO3a levels (Figure 3A). Visualization and quantification of FOXO
expression relative to nuclear positions by image-based flow cytometry showed
a predominant cytosolic localization of FOXO in untreated HMCLs, characteristic
of FOXO inhibition by active Akt (Figure 3B-C). Exposure to dexamethasone did
not alter these FOXO localization patterns. Only copanlisib exposure increased
nuclear FOXO localization in the 3 HCMLs.

In addition to FOXO activation, we investigated if dexamethasone could reduce
Akt-mediated inhibition of GSK3. Hereto the phosphorylation status of the GSK3[3
isoform on inhibitory serine 9 residue was assessed. Exposure to dexamethasone
did not alter GSK3 phosphorylation in the 3 HMCLs (Figure 3D and Supplemental
Figure 6). This in contrast to copanlisib, which reduced pGSK3[3 S9 expression
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by more than 40%. Combined, this indicates that dexamethasone does not alter
FOXO and GSK3 activity downstream of Akt.
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Figure 2 | Exposure of HMCLs to dexamethasone reduces phosphorylation of Akt1
substrates. (A) Heatmap showing serine/threonine kinase (STK) phosphorylation of peptides
in lysates of MM1.s and OPM-2 exposed to 1 pM dexamethasone (DEX) or DMSO control for
4 hours. Columns represent 3 technical triplicates per HMCL and treatment condition. Every
row represents a unique peptide motif. The log STK phosphorylation is indicated by a color
scale in which low phosphorylated peptides are indicated by blue and high phosphorylated
peptides by orange/red. (B) Venn diagram depicting total number of peptides with statistically
significant reduced phosphorylation in dexamethasone-treated MM1.s (23 unique hits) and
OPM-2 (24 unique hits; 13 hits shared between both HMCLs), compared to control cells.
Significant hits belonging to Akt1 downstream substrates are specified per HMCL (7/23
unique hits for MM1s; 5/24 unique hits for OPM-2; 7/13 hits shared between both HMCLSs).
For original data see Supplemental Figure 4. (C) Volcano plot of predicted STK activity based
on statistically significant dexamethasone-mediated reduction of peptide phosphorylation
as shown in Supplemental Figure 4, showing fold-difference (x-axis) and specificity (y-axis).
Statistical significance with a p-value < 0.05 is indicated by the dashed line. Details are
provided for the significant STK's per HMCL, Akt1 is indicated by the red mark.
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Figure 3 | Exposure to dexamethasone does not alter FOXO or GSK3B activity in
HMCLs. (A) Representative western blot showing FOXO1 and FOXO3a protein expression
in nuclear and cytosolic fractions of the indicated HMCLs after 4 hours of exposure to 1 pM
dexamethasone (DEX), 100 nM copanlisib (COP) or negative control (ctr). Alpha-tubulin and
lamin B1 were used as loading controls for cytosolic and nuclear fractions, respectively. (B)
Representative image-based flow cytometry image captures by ImageStream at original 60x
magnification from indicated HMCLs exposed for 4 hours to 1 pM dexamethasone, 100 nM
copanlisib or negative control. Single images were taken for nuclear dye DRAQ5 and FOXO
(FOX03a for MM1.s and OPM-2 and FOXO1 for L363) and overlayed with bright-field images.
(C) Histograms showing co-localization between DRAQ5 and FOXO of ImageStream data as
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obtained in panel B. A positive value indicates similar pixel occupancy, and therefore co-
localization, between DRAQ5 and FOXO, while a negative value indicates no similarity in pixel
occupancy between both signals. (D) Representative western blot showing expression of
GSK3pB phosphorylated on serine residue 9 (pGSK3[ S9) in indicated HMCLs after 4 hours of
exposure to 1 pM DEX, 100 nM COP or control. Alpha-tubulin was used as a loading control.
For quantification see Supplemental Figure 6.

3.4 | Dexamethasone inhibits the mTORC1-P70S6K axis which
underlies its synergistic effects with MCL-1 inhibition

An alternative for Akt-mediated inhibition of FOXO and GSK3 to regulate cell death
and survival is Akt-mediated activation of mMTORC1 [19]. To determine the activity
of this complex, the phosphorylation status of its 2 direct targets, 4E-BP1 threonine
37/46 and P70S6K threonine 389, was assessed. Although dexamethasone
did not alter 4E-BP1 phosphorylation, it reduced P70S6K phosphorylation by
approximately 50% in all 3 HMCLs (Figure 4A and Supplemental Figure 7). To assess
whether P70S6K activity is indeed inhibited, we measured phosphorylation of its
direct substrate ribosomal protein S6. As expected, the dexamethasone-treated
HMCLs showed a clear reduction in S6 phosphorylation on both serine 235/236
and 240/244 residues (Figure 4B). This data is in concordance with the reduction
in mMTOR and S6 phosphorylation that was observed in the kinome analysis of
dexamethasone-treated HMCLs (Figure 2B). Furthermore, prednisolone, the
active metabolite of the GC prednisone, recapitulated dexamethasone effects. In
combination with MCL-1i, prednisolone induced synergistic apoptosis of the HMCLs
MM1.s and L363 (Supplemental Figure 8A-C) and reduced S6 phosphorylation on
serine 235/236 and serine 240/244 residues to a similar extent as dexamethasone
(Supplemental Figure 8D).

Todetermineifthe dexamethasone-mediated reductionin mTORC1 signaling could
be the molecular mechanism responsible for synergy with MCL-1i, dexamethasone
was replaced by the allosteric mTORC1 inhibitor rapamycin. Although sensitivity to
rapamycin varied, the combination with MCL-1i substantially increased apoptosis
of the 3 HMCLs (Figure 4C and Supplemental Figure 9). Specific apoptosis induced
by this drug combination was significantly higher than could be expected by an
additive effect of the two drugs in MM1.s and L363 (Figure 4D). A similar trend
was observed for OPM-2, even though this HMCL was sensitive to single-agent
rapamycin. Taken together, these data indicate that dexamethasone inhibits the
mTORC1-P70S6K axis downstream of Akt and that this inhibition could explain the
synergy with MCL-1i.
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Figure 4 | Dexamethasone reduces mTORC1 signaling and mTORC1 inhibitor rapamycin
synergizes with MCL-1i. (A) Representative western blot showing total 4E-BP1 and 4E-BP1
phosphorylation on threonine residue 37/46 (p4E-BP1 T37/46), and total P70S6K and P70S6K
phosphorylation on threonine residue 389 (pP70S6K T389) in indicated HMCLs after 4 hours
of exposure to 1 yM dexamethasone (DEX) or negative control. Alpha-tubulin was used as
a loading control. For quantification see Supplemental Figure 7 (B) Representative western
blot showing total S6 and S6 phosphorylation on serine residues 235/236 (pS6 S235/6) and
240/244 (pS6 S240/4) in indicated HMCLs after 4 hours of exposure to 1 pM DEX or negative
control. GAPDH was used as a loading control. (C) Heatmaps showing specific apoptosis of
indicated HMCLs induced by serial dilution of rapamycin (RAPA) and MCL-1i, individual or
combined. Viability was analyzed after 48 hours of drug exposure, values show the mean of
3individual experiments. (D) Plots comparing expected (EXP) specific apoptosis to observed
(OBS) specific apoptosis induced by RAPA and MCL-1i combinations. Per HMCL the drug
combination that resulted in the highest average OBS-EXP ratio was selected from the data
obtained in panel C. The 3 connected datapoints show the data obtained from 3 individual
experiments. Statistical analysis was performed by paired t-tests.
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3.5 | Specific P70S6K1 inhibitor PF-4708671 can replace
dexamethasone in the synergistic combination with
MCL-1 inhibition

To further assess the role of the P70S6K signaling axis as a mechanism of synergy
between dexamethasone and MCL-1i we investigated the effects of the specific
P70S6K1 isoform inhibitor PF-4708671 (S6K1i). Titration of S6K1i on MM1.s showed
thatitreduces phosphorylation of S6 in a dose-dependent manner, with an optimal
effect at a dosage of 10 uM, similar to what was previously described (Figure 5A)
[32]. This was comparable to inhibition mediated by 1 pM dexamethasone (Figure
5B). Similar to dexamethasone, S6K1i exposure resulted in a dose-dependent
induction of apoptosis of the 3 HMCLs (Figure 5C and Supplemental Figure 10).
Combination of S6K1i with MCL-1i significantly increased specific apoptosis of
MM1.s and L363 compared to the additive effect of the individual drugs (Figure
5D). In addition, average Cls below 0.6 (MM1.s), 0.7 (OPM-2) and 0.8 (L363)
confirmed synergy between S6K1i and MCL-1i for all 3 HMCLs (Supplemental
Figure 11). Together, these data show that dexamethasone could be replaced
by S6K1i in the combination with MCL-1i to synergistically induce apoptosis of
HMCLs. A potential pitfall of inhibiting molecules downstream in the Akt pathway
is release of the negative feedback loop between S6K and IRS1, which can result
in hyperactivation of Akt [33], and could therefore reverse anti-myeloma effects
of S6K1i. Therefore, we compared the effects of dexamethasone and S6K1i on Akt
kinase activity by assessing the phosphorylation status at the activating serine 473
residue (Supplemental Figure S12A-B). S6K1i exposure, single or in combination
with MCL-1i, did not result in increased phosphorylation of Akt S473 compared
to dexamethasone and therefore poses no increased risk of Akt hyperactivation.

One mechanism by which dexamethasone and other GCs induce apoptosis of MM
and other hematopoietic cancers is by induction of the pro-apoptotic BH3-only
protein BIM [10,34]. As expected, exposure to dexamethasone induced a dose-
dependent increase in BIM expression in all 3 HMCLs (Supplemental Figure 13A-
B). However, exposure to S6K1i only resulted in an increase in BIM expression in
MM?1.s, but not in the other HMCLs (Figure 5E). BIM expression in S6K1i-treated
OPM-2 and L363 remained stable or even decreased compared to untreated
control cells. Statistical analysis showed that expression of all 3 main BIM
isoforms was significantly lower in S6K1i-treated OPM-2 and L363, compared to
their dexamethasone-treated counterparts (Figure 5F). Combined, this indicates
that BIM induction is not required for S6K1i-induced apoptosis of HMCLs or its
synergistic effect in combination with MCL-1i. In addition, we assessed expression
of pro-survival proteins MCL-1, BCL-2 and BCL-XL and of the pro-apoptotic BH-3 only
protein NOXA, thatwas alsoidentified to playanimportantrolein MM treatment[35].
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Figure 5 | S6K1i inhibits S6 phosphorylation and synergizes with MCL-1i in apoptosis
induction of HMCLs, independent of BIM protein induction. (A) Western blot showing
total S6 and S6 phosphorylation on serine residues 235/236 (pS6 S235/6) and 240/244 (pS6
S240/4) in MM1.s after 4 hours of exposure to indicated concentrations of S6K1i. GAPDH
was used as a loading control. (B) Histograms comparing expression of S6 phosphorylation
on serine residues 235/236 (pS6 S235/236) and 240/244 (pS6 S240/244) in MM1.s after
4 hours of exposure to 1 pM dexamethasone (DEX) or 10 uM S6K1i, determined by flow
cytometric analysis. Expression was relative to medium-treated control cells (ctr) and
corrected for isotype control, indicated by the dashed line. (C) Heatmaps showing specific
apoptosis of indicated HMCLs induced by serial dilution of S6K1i and MCL-1i, individual or
combined. Viability was analyzed after 48 hours of drug exposure, values show the mean of
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3individual experiments. (D) Plots comparing expected (EXP) specific apoptosis to observed
(OBS) specific apoptosis induced by S6K1i and MCL-1i combinations. Per HMCL the drug
combination that resulted in the highest average OBS-EXP ratio was selected from the data
obtained in panel C. The 3 connected datapoints show the data obtained from 3 individual
experiments. Statistical analysis was performed by paired t-tests. (E) Representative western
blot showing expression of 3 BIM isoforms in indicated HMCLs after 24 hours of exposure to
1 UM DEX, 10 uM SeK1i or negative control (ctr). Alpha-tubulin was used as a loading control.
(F) Comparison of BIM isoform expression in HMCLs treated with 1 uM DEX or 10 pM S6KTi.
Values show the mean quantification of 3 individual western blot experiments, normalized
to a-tubulin and relative to untreated control cells, indicated by the dashed line. Statistical
analysis was performed by 2-way ANOVA using Sidak correction for multiple testing; ns, not
significant.

Interestingly, no consistent alterations in protein expression were observed
when HMCLs were exposed to dexamethasone or S6K1i as single agents, or in
combination with MCL-1i (Supplemental Figure 14A-B). Also, activity of the pro-
apoptotic BH-3-only protein Bad, as assessed by phosphorylation on the serine
136 residue that has previously been linked to P70S6K-mediated regulation of cell
survival [36], showed no consistent decrease in these conditions (Supplemental
Figure 15A-B). Together, these data provide no indication for a conserved
mechanism of apoptosis induction in HMCLs exposed to dexamethasone or S6K1i.

3.6 | S6K1i and MCL-1i synergistically induce apoptosis of
primary MM plasma cells with minimal toxicity on stem
and progenitor cells

Next, we investigated the apoptosis-inducing effects of the dexamethasone-
MCL-1i and S6K1i-MCL-1i drug combinations on ex vivo cultured plasma
cells from 9 untreated MM patients. MNC isolated from BM aspirates were
exposed to dexamethasone, S6K1i, and MCL-1i, individual and combined, and
specific apoptosis of CD38* plasma cells was assessed. Exposure to MCL-1i
resulted in a dose-dependent increase of specific apoptosis ranging from 0% -
37% (average 22%) at 10 nM, and 10% - 72% (average 49%) at 100 nM (Figure
6A and Supplemental Figure 16). For single dosages of dexamethasone and
S6K1i, specific apoptosis varied between 0%-37% (average 10%) and 0% - 25%
(average 9%) respectively. In 5/9 MM samples, combination of dexamethasone
with low-dose MCL-1i resulted in an increase of specific apoptosis that was
higher than could be expected from an additive response (Figure 6B). A similar
effect was observed for 6/9 MM samples when dexamethasone was combined
with high-dose MCL-1i. Importantly, in all 9 MM samples S6K1i resulted in
an additive or more-than-additive effect on apoptosis in combination with
low-dose MCL-1i. In combination with high-dose MCL-1i a significant more-
than-additive effect on apoptosis was reached in all examined MM samples.
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«Figure 6 | S6K1iand MCL-1isynergistically induce apoptosis of exvivo cultured primary
MM plasma cells. (A) Representative plots of flow cytometric analysis of apoptosis induction
in CD38* primary MM cells after 48 hours of exposure to the indicated concentrations MCL-
1, dexamethasone (DEX) or S6KTi. Gates represent viable (DiOC6*/TO-PRO-3") and dead
(DiOC6/TO-PRO-3*) cells. (B) Plots comparing expected (EXP) specific apoptosis to observed
(OBS) specific apoptosis induced by 48 hours of exposure to 100 nM DEX or 10 uM S6K1i, in
combination with 10 nM or 100 nM MCL-1i in CD38* primary MM cells as indicated in panel
A. Statistical analysis was performed by paired t-tests. (C) Representative histogram and
quantification plot showing S6 phosphorylation on serine residues 240/244 (pS6 S240/244)
in CD38* primary MM cells exposed to 100 nM DEX or 10 uM S6K1i for 8 hours, assessed
by flow cytometry. The geometric mean fluorescent intensity (gMFI) was normalized to IgG
isotype control and relative to untreated control cells (ctr).

Three of the included MM samples (MM1, MM3 and MM4) were subjected to a
more extensive range of drug concentrations (Supplemental Figure 17A). With
average Cl of 0.4-0.7 for dexamethasone-MCL-1i combinations and Cl of 0.6-0.7
for S6K1i-MCL1i combinations, synergy in primary MM was confirmed for both
drug combinations.

We also analyzed S6 phosphorylation in 2 of the MM samples, since this was
reduced in HMCLs after dexamethasone or S6K1i treatment. Exposure of both
MM2 and MM6 to single dexamethasone or S6K1i reduced S6 phosphorylation by
30%-60%, compared to untreated control cells (Figure 6C). These results underline
the molecular mechanism-of-action shared between dexamethasone and S6K1i to
reduce P70S6K activity.

To explore a potential therapeutic window for the S6K1i-MCL-1i drug combination
we assessed its toxicity compared to the dexamethasone-MCL-1i drug combination
in CD34*stem and progenitor cells that were isolated form umbilical cord blood
MNC of 2 healthy donors. Exposure of CD34* cells to S6K1i in combination with low
dose MCL-1i resulted in 8% average specific apoptosis (Supplemental Figure 18). In
combination with high dose MCL-1i toxicity increased to 33%, which was similar to
specific apoptosis induced by combination of dexamethasone with low dose MCL-
1i. To compare the apoptosis-inducing effects on myeloma cells to potential toxic
side-effects on microenvironment stem and progenitor cells we assessed both
S6K1i-MCL-1i and dexamethasone-MCL-1i drug combinations in a pre-clinical 3D
MM modelthatwas previously published by Braham et al.[28]. S6K1iin combination
with high dose MCL-1i diminished the viable OPM-2 population, while no reduction
of the viable EPC or MSC population could be observed. (Supplemental Figure 19A)
Importantly, quantification of specific apoptosis showed near-complete killing of
OPM-2 cells (97%) with only limited toxic effects on EPC and MSC populations (10%
and 14% respectively; Supplemental Figure 19B). This was similar to the effects of
dexamethasone in combination with high dose MCL-1i. Since these combinatorial
dosages of S6K1i and MCL-1i were sufficient to induce synergistic apoptosis of
primary MM cells, this indicates a potential therapeutic window for intervention
by the S6K1i-MCL-1i drug combination.
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4 | DISCUSSION

The rapid development of new drugs for the treatment of MM holds a promising
outlook for patient survival and quality of life. However, for these novel drugs to
be effectively incorporated in MM treatment regimens, it is essential to investigate
which drugs act in synergy, by which mechanisms, and how this affects toxicity.
In this study we performed a lethality screen to assess synergy between 2 drugs,
both new and conventional, and reported MCL-1i and dexamethasone as the most
potent synergistic combination. The successful combination of dexamethasone
and MCL-1 inhibition in MM has recently been recognized by in vitro studies
[7,8], and might be explained by their converging effects on intrinsic apoptosis
activation. However, although dexamethasone and other GCs are a cornerstone
of MM therapy, the mechanism(s) by which they induce apoptosis have been a
long standing question. Dexamethasone treatment of MM1.s cells has been
shown to reduce transcription and expression of pro-survival proteins [8,37], but
we observed no dexamethasone-induced reduction in MCL-1, BCL-2 or BCL-XI
protein levels. A central role has also been assigned to dexamethasone-induced
expression of pro-apoptotic BIM [10,38]. Indeed, we observed increased BIM
expression in HMCLs after dexamethasone exposure, but direct transcriptional
regulation by the dexamethasone-GR complex seems unlikely due to lack of GREs
in the BIM promotor region [39].

Bydirecttranscriptional modulationvia GREsand (in)directinteraction with multiple
additional transcription factors, dexamethasone and other GCs can impact various
cellular signaling systems [40]. By kinome analysis of dexamethasone-treated
HMCLs we observed that 30% of the peptides with significantly reduced STK
phosphorylation belong to known Akt substrates. By regulating both pro-apoptotic
and pro-survival molecules, the PI3K-Akt pathway is one of the major signaling
pathways balancing cell survival and apoptosis [17]. FOXO transcription factors
can regulate BIM transcription in a variety of cell types, including lymphocytes
[41]. In addition, GSK3 can regulate BIM activation [42], and the GSK3[3 isoform
was also shown capable of regulating MCL-1 protein stability [43,44]. Our data,
however, shows no dexamethasone-induced downstream Akt effects on FOXO
or GSK3[ activation, and the molecular mechanism of BIM induction therefore
remains unclear.

Aberrant Akt-mTORC1 signaling is a common feature in many malignancies,
including MM [45]. Although the predicted dexamethasone-mediated reduction in
Akt activity was not accompanied by effects on FOXO or GSK3[3, we could confirm
a potent reduction in mTORC1 signaling. Dexamethasone could be replaced by
rapamycin to mimic the synergistic effects on apoptosis in combination with MCL-
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1i. Interestingly, MM1.s and L363 were insensitive to single-agent rapamycin, while
the combination with MCL-1i resulted in up to 5.5-fold more apoptosis compared
to single-agent MCL-1i. The potentiating effects of rapamycin to induce cell
death and overcome drug resistance in combination with other agents, including
bortezomib and dexamethasone, have previously been recognized in clinical trials
for MM [45]. Downstream of mMTORC1 we observed a 50% reduction of P70S6K
phosphorylation, but only a 10% reduction in phosphorylation of 4E-BP1. This
suggests that dexamethasone, similar to rapamycin and rapalogues, most strongly
reduces activity of rapamycin-sensitive mTORC1 substrates (i.e. P70S6K) but less
of rapamycin-insensitive mTORC1 substrates (i.e. 4E-BP1) [46].

The mTORC1-P70S6K1 axis is an important regulator of cell death and survival. It
controls protein biosynthesis, an essential process required for cell growth and
proliferation, and thereby indirectly affects cell survival [24]. In addition, P70S6K1 is
capable of binding to mitochondrial membranes and subsequent phosphorylation
of Bad, phosphorylation of Mdm2 upstream of p53, and phosphorylation of GSK3,
thereby inhibiting the activity of these mediators in senescence and apoptosis
[36,47,48]. Together, this makes P70S6K1 an interesting anticancer target, which
resulted in the development of the first specific P70S6K1 inhibitor PF-4708671
[32]. We found that 10 pM S6K1i was equally potent as 1 pM dexamethasone in
inhibiting P70S6K activity. In addition, dexamethasone could be replaced by S6K1i
to induce synergistic apoptosis of HMCLs in combination with MCL-1i, although
not to the extent of the dexamethasone-MCL-1i combination. This discrepancy
might be explained by differences in apoptosis activation by both agents.
Exposure of HMCLs to S6K1i did not result in BIM induction as was observed for
dexamethasone, suggesting that BIM induction is not required for the synergistic
killing of HMCLs in combination with MCL-1i. More likely, one or multiple P70S6K1-
dependent mechanisms are responsible for the synergistic effect observed with
MCL-1i. Dexamethasone-induced BIM could, however, still contribute to the
overall apoptotic process, explaining the observed difference in potency between
dexamethasone and S6K1i.

Although the synergistic S6K1i-MCL-1i combination was found to be somewhat
less potent than the dexamethasone-MCL-1i combination in HMCLs, S6K1i did
outperform dexamethasone in inducing apoptosis in a subset of primary MM
cells in combination with MCL-1i. Interestingly, MM samples that showed no
synergistic effect upon exposure to the dexamethasone-MCL-1i combination,
did show more-than-additive apoptosis upon exposure to the S6K1i-MCL-1i
combination. This effect was significant in combinations with high dose MCL-
1i. A possible explanation for this difference is the more direct mechanism of
action of S6K1i. Whereas dexamethasone is likely dependent on a transcription-
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mediated inhibition of P70S6K, S6K1i can directly block kinase activity. This is of
particular interest in the light of GC resistance. A significant subpopulation of
patients experience resistance to dexamethasone and other GCs, due to a variety
of molecular mechanisms resulting in altered GR function and/or GR-mediated
transcription [49]. S6K1i could potentially circumvent this GC resistance and
induce synergy with MCL-1i. This could also be of interest for other hematological
malignancies that are treated with GCs, such as acute lymphoblastic leukemia
(ALL) and non-Hodgkin lymphoma [50]. In addition, many of the GC-induced toxic
side-effects are suggested to be the result of GR transactivation [51]. By replacing
GCs by S6K1i in the synergistic combination with MCL-1i, GR-associated toxicity
would be diminished.

Clinical studies combining MCL-1i and S6K1i could be a next step to prove the
relevance of our findings. MCL-1 inhibitors, both single-agent and in combination
with dexamethasone, are currently in clinical trials for MM [6]. Also, the first
clinical trials using the ATP-competitive pan P70S6K inhibitor LY2584702 tosylate
for treatment of patients with advanced solid tumors were completed [52,53]. A
recently reported single dose study in healthy participants showed that this pan
P70S6K inhibitor causes no serious adverse events (ClinicalTrials.gov Identifier:
NCT01372085). The P70S6K 1 isoform inhibitor used in this study has proven to
be specific with no identified off-target effects at 10 pM dosages [32]. In addition,
two studies with mouse solid tumor xenograft models reported no signs of toxicity
or suffering at therapeutic dosages [54,55]. We also observed limited toxicity of
healthy donor stem and progenitor cells in combination with MCL-1i at dosages
that caused significant synergistic apoptosis of primary MM cells. Observed
toxicity by the S6K1i-MCL-1i combination did not exceed the effects induced by the
dexamethasone-MCL-1i combination. Combined, our findings provide a strong
rationale to combine MCL-1 inhibitors and P70S6K(1) inhibitors in the treatment
of MM to induce synergistic apoptosis of MM cells, with limited toxicity to stem
and progenitor cells, and devoid of GR-induced toxicity and resistance.
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SUPPLEMENTAL TABLES

Supplemental Table 1 | Overview of drugs.

Drugs Manufacturer Concentrations

Drugs in screen MM1.s OPM-2 L363
Melphalan Sigma-Aldrich 2.5 uM 5 uM 10 uM
Vincristine Selleck Chemicals 20 nM 3nM 3nM
Dexamethasone Sigma-Aldrich 100 nM 12.5 nM 100 nM
Bortezomib Tebu Bio 4 nM 4 nM 8 nM
Panobinostat (LBH589) Selleck Chemicals 5nM 5nM 20 nM
BCL-2i ABT-199 / Venetoclax LKT Laboratories 100 nM 100 nM 100 nM
MCL-1i S63845 Servier 100 nM 10 nM 10 nM
BCL-XLi A-1155463 MedChemExpress 100 nM 100 nM 100 nM

Other drugs in study

Rapamycin (Sirolimus) Selleck Chemicals

P70S6K1 inhibitor (PF-4708671) Selleck Chemicals

Copanlisib (BAY 80-6946) Selleck Chemicals

Prednisolone Sigma-Aldrich

Supplemental Table 2 | Overview of clinical characteristics and cytogenetics of MM
patients.

Characteristics MM1 Mm2 Mm3 Mm4 MM5 MM6 Mm7 MM8 MM9
Age at diagnosis, y 53 52 59 66 80 55 51 68 48
Sex female male male male male male male male male
Plasma cells, % 38 70 67 70 20 75 34 36 37
Immunoglobulin type 19G 19G nd 1gG IgA IgA 1gG nd 19G
Light chain type lambda kappa lambda lambda kappa lambda kappa lambda lambda
ISS stage at diagnosis 1 1 3 1 1 2 3 1 3
Cytogenetics

hyperdiploidy no yes no yes yes nd no no no
amplifications / deletions  1q",13q°  no 19°13¢°  no 13q° 19%, 139" 13q no no
translocations (14;20) no no no no t(4;14) t(14;16) no no

ISS, international staging system; y, year; nd, no data.
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Supplemental Table 3 | Overview of primary antibodies used for western blots in the

study.

Antibody
rabbit anti-MCL-1
mouse anti-BCL-2
rabbit anti-BCL-XL
rabbit anti-FOXO1
rabbit anti-FOXO3a
rabbit anti-pGSK3p3 Ser9
rabbit anti-4E-BP1
rabbit anti-p4E-BP1 Thr37/46
rabbit anti-P70S6K
rabbit anti-pP70S6K Thr389
mouse anti-S6
rabbit anti-pS6 Ser235/236
rabbit anti-pS6 Ser240/244
rabbit anti-pAkt Ser473
mouse anti-Akt
rabbit anti-BIM
rabbit anti-pBad Ser136
mouse anti-NOXA
mouse anti-a-tubulin
mouse anti-lamin B1
mouse anti-GAPDH

Clone
Y37
124
54H6
C29H4
D19A7
D85E12
53H11
236B4
49D7
108D2
54D2
D57.2.2E
D68F8
D9E
40D4
C34C5
D25H8
114C307,1
DM1A

GA1R

Manufacturer
Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Novus Bio
Cell Signaling
Cusabio
Invitrogen
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SUPPLEMETAL FIGURES
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Supplemental Figure 1 | Specific apoptosis induced by increasing concentrations of
indicated drugs in HMCLs. The HMCLs MM1.s, OPM-2 and L363 were exposed to indicated
concentrations of melphalan, vincristine, dexamethasone, bortezomib and panobinostat for
48 hours. In addition, HMCLs were exposed to indicated concentrations of BH-3 mimetics
BCL-2 inhibitor ABT199, MCL-1 inhibitor S63845 and BCL-XL inhibitor A1155463 for 24 hours.
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Supplemental Figure 2 | Induction of apoptosis by dexamethasone and MCL-1i.
Representative flow cytometric analysis plots of apoptosis induction in HMCLs after 48
hours of exposure to the indicated concentrations of dexamethasone (DEX) or MCL-1i. Gates
represent viable (DiOC6*/TO-PRO3’) and dead (DiOC6/TO-PRO3*) MM1.s cells.
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Supplemental Figure 3 | Dexamethasone synergizes with MCL-1i to induce apoptosis
of HMCLs. Representative isobolograms of indicated HMCLs exposed to combinations of
dexamethasone (DEX) and MCL-1i for 48 hours. Blue dots indicate the drug combination that
induced 50% specific apoptosis (IC,;) for MM1.s and OPM-2 or 25% specific apoptosis (IC,,)
for L363. The blue squares indicate the IC, (MM1.s and OPM-2) or IC,, (L363) of the single
drugs. The black lines connecting both single drug datapoints indicate an exact additive
effect with a combination index (Cl) of 1. All datapoints to the left of this line have a Cl < 1,
indicating synergy for the drug combination.
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Supplemental Figure 4 | Dexamethasonesignificantly reduces peptide phosphorylation
by STKs in HMCLs. Heatmap showing peptides with significantly reduced phosphorylation
by serine/threonine kinases (STK) in MM1.s and OPM-2 exposed for 4 hours to 1 pM
dexamethasone (DEX) or DMSO control (ctr). Per treatment group 3 technical replicates were
included. Statistical analysis was performed by paired t-tests. Grey fields indicate no
statistically significant results for the specific peptides in the indicated HMCL.
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Supplemental Figure 5 | FOXO protein expression in HMCLs. Western blot showing
FOXO1 and FOXO3a protein expression in untreated HMCLs. Alpha-tubulin was used as a
loading control.
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Supplemental Figure 6 | Exposure of HMCLs to dexamethasone does not reduce
inhibitory GSK3p phosphorylation. Quantification of GSK3B phosphorylation on serine
residue 9 (p GSK3B S9) in indicated HMCLs exposed to 1 pM dexamethasone (DEX) or 100 nM
copanlisib (COP) for 4 hours. Quantification was performed on Western blots of 2 individual
experiments, normalized to a-tubulin for loading control and relative to untreated control
cells, indicated by the dashed line
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Supplemental Figure 7 | Dexamethasone reduces phosphorylation of mTORC1
substrates 4E-BP1 and P70S6K. Quantification of 4E-BP1 phosphorylation on threonine
37/46 residues (p4E-BP1 T37/46) and P70S6K phosphorylation on threonine residue 389
(pP706SK T389) in indicated HMCLs exposed to 1 pM dexamethasone for 4 hours.
Quantification was performed on western blots of 2 individual experiments, normalized to
total 4E-BP1 or total P70S6K protein expression for loading control and relative to untreated
control cells, indicated by the dashed line.
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Supplemental Figure 8 | Prednisolone synergizes with MCL-1i to induce apoptosis of
HMCLs and reduces phosphorylation of S6. (A) Heatmaps showing specific apoptosis of
indicated HMCLs induced by serial dilutions of prednisolone and MCL-1i, individual or
combined. Viability was analyzed after 48 hours of drug exposure, values represent the
mean of 3 individual experiments. (B) Plots comparing EXP to OBS specific apoptosis induced
by prednisolone (PSL) and MCL-1i combinations. Per HMCL the drug combination that
resulted in the highest average OBS-EXP ratio was selected from the data obtained in panel
A. The 3 connected datapoints show the data obtained from 3 individual experiments.
Statistical analysis was performed by paired t-tests. (C) Representative isobolograms of
indicated HMCLs exposed to combinations of prednisolone and MCL-1i for 48 hours. Blue
dots indicate the drug combination that induced 50% specific apoptosis (IC,), the blue
squares indicate the IC,; of the single drugs. The black lines connecting both single drug
datapoints indicate an exact additive effect with a Cl of 1. All datapoints to the left of this line
have a Cl < 1, indicating synergy for the drug combination. (D) Histograms comparing
expression of S6 phosphorylation on serine residues 235/236 (pS6 S235/236) and 240/244
(pS6 S240/244) in indicated HMCLs after 4 hours of exposure to 1 yM dexamethasone (DEX),
100 uM PSL for MM1.s or 300 uM PSL for L363, determined by flow cytometric analysis.
Expression was relative to untreated control cells (ctr) and corrected for isotype control,
indicated by the dashed line.
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Supplemental Figure 9 | Induction of apoptosis by rapamycin and MCL-1i. Representative
flow cytometric analysis plots of apoptosis induction in HMCLs after 48 hours of exposure to
the indicated concentrations of rapamycin (RAPA) and MCL-1i. Gates represent viable
(DiOC6*/TO-PRO3’) and dead (DiOC6/TO-PRO3*) MM1.s cells.
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Supplemental Figure 10 | Induction of apoptosis by S6K1i and MCL-1i. Representative
flow cytometric analysis plots of apoptosis induction in HMCLs after 48 hours of exposure to
the indicated concentrations of S6K1i and MCL-1i. Gates represent viable (DiOC6*/TO-PRO3)
and dead (DiOC6/TO-PRO3*) MM1.s cells.
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Supplemental Figure 11 | S6K1i synergizes with MCL-1i to induce apoptosis of HMCLs.
Representative isobolograms of indicated HMCLs exposed to combinations of S6K1i and
MCL-1i for 48 hours. Blue dots indicate the drug combinations that induced 50% specific
apoptosis (IC,). The blue squares indicate the IC, of the single drugs. The black lines
connecting both single drug datapoints indicate an exact additive effect with a Cl of 1. All
datapoints to the left of this line have a Cl < 1, indicating synergy for the drug combination.
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Supplemental Figure 12 | Dexamethasone and S6K1i have similar effects on Akt kinase
activity. (A) Representative western blot showing phosphorylation of Akt on the activating
serine 473 residue (pAkt S473) in indicated HMCLs after 4 hours of exposure to 100 nM
dexamethasone (DEX; D), 1 uM S6K1i (S), MCL-1i (Mi; 100 nM for MM1.s and 25 nM for OPM-
2 and L363) and combinations thereof, relative to pan Akt and GAPDH as a loading control.
Ctr indicates untreated control cells. (B) Quantification of pAkt S473 expression, normalized
to pan Akt protein expression and relative to untreated control cells (ctr). All datapoints show
the mean quantification that was performed on western blots of 2 individual experiments as
described for panel A. The black lines indicate the mean value of the 3 indicated HMCLs.
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Supplemental Figure 13 | Exposure of HMCLs to dexamethasone increases BIM protein
expression in a dose-dependent manner. (A) Representative western blot showing protein
expression of 3 BIM isoforms in indicated HMCLs exposed to indicated concentrations of
dexamethasone (DEX) for 24 hours. (B) Quantification of 3 BIM isoforms protein expression
in indicated HMCLs exposed to 1 pM dexamethasone for 24 hours. Quantification was
performed on western blots of 3 individual experiments, normalized to GAPDH for loading
control and relative to untreated control cells, indicated by the dashed line. Statistical
analysis was performed by paired t-tests; ns, not significant.
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Supplemental Figure 14 | Exposure of HCMLs to dexamethasone, S6K1i, and MCL-1i do
not consistently alter protein expression of BCL-2 family members. (A) Representative
western blot showing protein expression of pro-survival proteins MCL-1, BCL-2 and BCL-
XL and BH-3-only pro-apoptotic protein NOXA in indicated HMCLs exposed for 24 hours
to 100 nM dexamethasone (DEX; D), 1 pM S6K1i (S), MCL-1i (Mi; 100 nM for MM1.s and 25
nM for OPM-2 and L363) and combinations thereof in the presence of 10 uM pan caspase
inhibitor Q-VD, relative to a-tubulin as a loading control. Ctr indicates untreated control cells.
(B) Quantification of MCL-1, BCL-2, BCL-XL and NOXA protein expression, normalized to
a-tubulin protein expression and relative to untreated control cells (ctr). All datapoints show
the mean quantification that was performed on western blots of 2 individual experiments
as described for panel A. The black lines indicate the mean value of the 3 indicated HMCLs.
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Supplemental Figure 15 | Exposure of HCMLs to dexamethasone, S6K1i, and MCL-1i do
not consistently alter pro-apoptotic Bad activity. (A) Representative western blot showing
phosphorylation of Bad on the activating serine 136 residue (pBad S136) in indicated HMCLs
exposed for 4 hours to 100 nM dexamethasone (DEX; D), 1 pM S6K1i (S), MCL-1i (Mi; 100 nM
for MM1.s and 25 nM for OPM-2 and L363) and combinations thereof, relative to GAPDH as a
loading control. Ctr indicates untreated control cells. (B) Quantification of pBad S136 protein
expression, normalized to GAPDH protein expression and relative to untreated control
cells. All datapoints show the mean quantification that was performed on western blots of 2
individual experiments as described for panel A. The black lines indicate the mean value of
the 3 indicated HMCLs.
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Supplemental Figure 16 | Induction of apoptosis by dexamethasone, S6K1i and MCL-1i
in individual primary MM samples. Specific apoptosis of CD38* primary MM cells after 48
hours of drug exposure. (A) Treatment with 100 nM dexamethasone (DEX), 10 nM MCL-1i,
100 nM MCL-1i or DEX-MCL-1i drug combinations. (B) Treatment with 10 pM S6K1i, 10 nM
MCL-1i, 100 nM MCL-1i or S6K1i-MCL-1i drug combinations. Mean values of the 9 primary
MM patient samples (AVE) are represented by bars separated by the dashed line.
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Supplemental Figure 17 | Dexamethasone and S6K1i synergize with MCL-1i to induce
apoptosis of primary MM cells. A) Heatmaps showing specific apoptosis induced by single
and combined serial dilutions of dexamethasone (DEX) and MCL-1i (left) or single and
combined serial dilutions of S6K1i and MCL-1i (right). Viability of CD38* primary MM cells was
analyzed after 48 hours of drug exposure, values represent the mean of 3 unique MM patient
samples. (B) Isobolograms of the indicated drug combinations as described for panel A. Blue
dots indicate the drug combination that induced 50% specific apoptosis (IC), the blue
squares indicate the IC, of the single drugs. For dexamethasone the IC, was > 7000 nM, but
it was set to 7000 nM to be able to calculate Cl values. The resulting Cl (<1) therefore
underestimates the synergistic effect with MCL-1i. All datapoints show the mean values of
the 3 unique MM patient samples included, as in panel A.
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Supplemental Figure 18 | Dexamethasone and S6K1i induce limited toxicity in
combination with MCL-1i in healthy donor CD34* precursor cells. Specific apoptosis
induced by 100 nM dexamethasone (DEX) or 10 yM S6KTi as single drug dosages or in
combination with 10 nM and 100 nM MCL-1i (Mi), relative to untreated control cells. Viability
of CD34* cells was analyzed after 48 hours of drug exposure by negative TO-PRO3 staining.
The bars show the mean of the 2 unique healthy donor umbilical CB samples that were
included, represented by the individual datapoints.
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Supplemental Figure 19 | Dexamethasone-MCL-1i and S6K1i-MCL-1i combinations Kkill
myeloma cells but induce minimal toxicity of progenitor cells in a pre-clinical MM
model. (A) Representative flow cytometric analysis plots showing relative contribution of
OPM-2 (labeled with CellTrace-violet), EPC (labeled with DiO) and MSC (unlabeled) to the
viable population of cells (pre-gated on TO-PRO3 negative cells) after 48 hours of exposure
to 100 nM dexamethasone (DEX), 10 uM S6K1i, and 100 nM MCL-1i as single drug dosages or
combinations thereof. (B) Quantification of specific apoptosis induced in OPM-2, MSC and
EPC analyzed as described for panel A after 48 hours of exposure to DEX, S6K1i, and 10 nM
or 100 nM MCL-1i (Mi), relative to untreated control cells. The plot combines the results of 2
individual experiments.
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ABSTRACT

Multiple myeloma (MM) is a hematological malignancy that is still considered
incurable due to development of therapy resistance and subsequent relapse
of disease. MM plasma cells (PC) use NFkB signaling to stimulate cell growth,
disease progression, and for protection against therapy-induced apoptosis.
Amongst its diverse array of target genes, NFkB regulates expression of pro-
survival BCL-2 proteins BCL-XL, BFL-1 and BCL-2. A possible role for BFL-1 in MM
is controversial, since BFL-1, encoded by BCL2A1, is downregulated when mature
B-cells differentiate into antibody-secreting PC. NFkB signaling can be activated by
many factors in the bone marrow microenvironment and/or induced by genetic
lesions in MM PC. We used the novel signal transduction pathway activity (STA)
computational model to quantify functional NFkB pathway output in primary
MM PC from diverse patient subsets at multiple stages of disease. We found that
NFkB pathway activity is not altered during disease development, is irrespective
of patient prognosis, and does not predict therapy outcome. However, disease
relapse after treatment resulted in increased NFkB pathway activity in surviving
MM PC, which correlated with increased BCL2A1 expression in a subset of
patients. This suggests that BFL-1 upregulation, in addition to BCL-XL and BCL-
2, may render MM PC resistant to therapy-induced apoptosis, and that BFL-1
targeting could provide a new approach to reduce therapy resistance in a subset
of relapsed-refractory MM patients.

1| INTRODUCTION

Multiple myeloma (MM) is a hematological malignancy that is characterized by
clonal proliferation of antibody-secreting plasma cells (PC) that typically reside
in the bone marrow (BM) [1]. The clonal evolution that underlies malignant
transformation in MM results in extensive intra- and interpatient heterogeneity.
Gene expression profiling identified 10 distinct molecular clusters in newly
diagnosed MM. These include 4 translocation clusters (CD-1, CD-2, MS, MF), a
hyperdiploid cluster (HY), a cluster with proliferation-associated genes (PR), a cancer
testis antigens overexpressing cluster (CTA), and a cluster that is characterized by
high expression of genes involved in the NFkB pathway [2]. Mutations in NFkB
genes are reported to be most prevalent in MM compared to all other human
malignancies [3]. Two studies by Keats et al. and Annunziata et al. demonstrated
that approximately 20% of MM patients and 40% of MM cell lines harbor at least
one genetic lesion in MM PC that results in increased or constitutive NFkB pathway
activation [4,5]. Two more recent studies, using next-generation sequencing,
confirmed recurrent mutations in MM PC that either result in down-regulation
or loss-of-function of NFkB negative regulators, or over-expression or gain-of-
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function of positive NFkB regulators [6,7]. The majority of mutations in NFkB
genes exhibit low individual frequency, indicating that NFkB pathway activating
mechanisms are heterogeneous between patients [8].

In addition to clonal evolution of MM PC, disease progression is accompanied by
development of a permissive BM microenvironment. Various BM components
physically bind to MM PC or secrete cytokines and growth factors to promote
NFkB signaling. These include APRIL and BAFF, which are important survival
factors for healthy and malignant PC [9,10]. In MM PC, NFkB signaling regulates
cell proliferation via cell cycle regulators, immortalization via telomerase,
angiogenesis via VEGF, and intrinsic apoptosis resistance via pro-survival proteins.
In addition, NFkB-mediated upregulation of adhesion molecules and matrix
proteases intensifies the interaction with the BM microenvironment, thereby
promoting malignant transformation, disease progression, and therapy resistance
[11]. Vice versa, MM PC stimulate NFkB signaling in cellular components of the BM
microenvironment to promote a MM-permissive niche. This results in increased
pro-survival IL-6 expression by BM stromal cells, promotion of osteolytic bone
disease by osteoclasts, and facilitates immune evasion by activation of myeloid-
derived suppressor cells [8].

The numerous processes that contribute to aberrant NFkB signaling in MM and
the pivotal role of NFkB signaling on various aspects of disease emphasizes the
need to target this pathway for MM treatment. Current therapeutic regimens
generally consist of multiple cycles of triple-drug combinations that include a
proteasome inhibitor (Pl), a glucocorticoid, and an immunomodulatory drug (IMID)
or chemotherapy. This is combined with high-dose melphalan and an autologous
stem cell transplant (ASCT) for eligible patients [12]. Many of the effective anti-
myeloma drugs that are included in this therapeutic armamentarium affect NFkB
signaling as their primary or secondary target. The frequently administered PI
bortezomib and IMID thalidomide were both reported to inhibit NFkB signaling in
MM [13,14]. Although these treatment regimens improved the life expectancy of
MM patients during the last decades, the majority of patients gradually develop
resistance to all available agents, relapse, and eventually become refractory to
therapy [15].

Development of therapy resistance is a continuous threat in MM treatment,
with sub-clonal heterogeneity that evolves during disease progression through
selection of drug-resistant clones [16]. One mechanism to promote MM PC
survival is by developing resistance to the intrinsic apoptosis pathway. This can
be accomplished by overexpressing pro-survival BCL-2 proteins, of which the
members BCL-XL (BCL2L1), BFL-1 (BCL2A1), and possibly BCL-2 (BCL2) are direct
NFkB target genes [17]. BCL-XL and BCL-2 are known to contribute to apoptosis
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resistance in MM, but a role for BFL-1 in MM PC is far more controversial. Several
studies have demonstrated BFL-1 in development and activation of B-lymphocytes,
and reported BFL-1/BCL2A1 overexpression in B-cell malignancies [18]. However,
the transcriptional repressor Blimp-1, that is required for differentiation of B-cells
into antibody-secreting PC, inhibits BFL-1/BCL2A1 expression [19].

To gain more insight into the role of NFkB signaling and its pro-survival BCL-2
target genes in MM, we used the novel signal transduction pathway activity (STA)
model that was described by Verhaegh et al. and Van de Stolpe et al. [20,21]. This
Bayesian computational model infers NFkB pathway activity from measurements
of MRNA encoding direct target genes of the NFkB transcription factors. This model
thus allows for quantification of functional NFkB pathway activity, irrespective of
the mode of pathway activation, which could vary from increased signaling at
the receptor level, intrinsic pathway mutations, or activation by cross-talk with
additional signaling pathways. Using this STA model we determined NF«B pathway
activity in Affymetrix microarray datasets that include purified PC at multiple
stages of disease and from diverse MM subsets, and correlated NFkB pathway
activity to mRNA expression encoding pro-survival BCL-2 family members.

2 | MATERIALS AND METHODS

2.1 | NFkB Signal Transduction pathway Activity (STA)
analysis

The development of Bayesian network models to measure signal transduction
pathway activity (STA), and development and validation of the STA test to measure
activity of the NFkB signaling pathway have been described in detail previously
[20,21]. In brief, the computational network model for signaling pathways is
constructed to infer the probability that the pathway-driving transcription factor is
actively transcribing mRNA of its target genes. The Bayesian network describes the
causal relation that the measured intensity of micro-array probesets is dependent
on the activity of target gene transcription, which is in turn causally related to
the activity of the transcription complex. These relations are probabilistic in
nature. Selection of target genes of the pathway-driving transcription factors have
been based on literature insights from in vitro and in vivo studies assessing if the
gene promotor region contains a transcription factor response element, if the
transcription factor binds to this response or enhancer element, the promotor
functionality, and differential expression upon pathway activation [21]. The NFkB
STA contains 50 probesets representing 29 unique target genes and was calibrated
on Affymetrix HG-U133Plus2.0 data of samples with ground-truth information
about their pathway activity state [20].
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2.2 | Micro-array datasets

We used the Gene Expression Omnibus (GEO; https://www.ncbi.nim.nih.gov/geo/)
for publicly available datasets containing Affymetrix HG-U133Plus2.0 microarray
data of gene expression in PC samples from specified donor/patient subsets at
various disease stages. In all datasets, samples were enriched for PC by anti-
CD138 immuno-magnetic bead selection, resulting in a purity of >80% PC. All
samples were subjected to extensive quality control before the data was used
as input for the STA model to calculate the probability of the NFkB pathway to be
active, as previously described [20]. Details of the datasets and included samples
are summarized in Table 1.

Table 1 | Samples included in STA NFKB analysis per dataset

Dataset Reference Description Included samples
GSE5900 Zhan et al. Untreated samples from healthy donors, hdPCn=18
[22] MGUS, and SMM patients MGUS n = 40
SMMn =12
GSE19784 Broyl et al. Newly diagnosed MM with specified ISS stage 1SS 1 n=71
[2] defining clinical prognosis ISS2n=36
ISS3n =41
Newly diagnosed MM with specified molecular CD-1n=7
clusters ! CD-2n=18
MFn=14
MS n =21
PRNn=6
HY n=37
NFkB n =22
CTAn=11
GSE68871 Terragna etal. Newly diagnosed MM with clinical responseto CRn =14
[23] subsequent first-line VTD induction therapy nCRn=13
VGPR n =38
PRn =39
SDn=5
GSE19554  Zhou et al. Longitudinal MM samples during first-line and diagnosis n =19
[24] second-line total therapy including ASCT 1st-line induction n =17

2nd-line inductionn =8
maintenancen =7

GSE82307  Weinhold et al. Matched MM samples at diagnosis and after  diagnosis n =33
[25] progression/relapse to first-line total therapy ? relapse n =33

" The SOCS3/PRL3 cluster contained only 3 samples and was therefore not included. The previously
reported contaminated myeloid cluster was excluded from further analysis. 2 Samples were not
analyzed by STA but on individual probeset intensity. MGUS, monoclonal gammopathy of undetermined
significance; SMM, smoldering multiple myeloma; hd, healthy donor; MM multiple myeloma; ISS,
international staging system; VTD bortezomib-thalidomide-dexamethasone; CR, complete response; nCR,
near complete response; VGPR, very good partial response; PR, partial response; SD, stable disease; ASCT
autologous stem cell transplant
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2.3 | Statistical analysis

The STA pathway activity score was normalized to a score ranging from 0 to
100, which can be used in a quantitative manner to identify differences in NFkB
pathway activity between samples, and visualized in violin plots. All included
samples are represented by individual datapoints, solid red lines indicate the
median, and dashed lines indicate the quartiles of the population. Statistical
analysis was performed by GraphPad Prism 8. Multiple groups within one
dataset were compared using one-way ANOVA using Tukey's correction for
multiple comparison. Correlation was determined by linear regression analysis
and reported as correlation coefficient (R) values. For all tests, a P value <.05 was
considered statistically significant.

3 | RESULTS

3.1 | NFkB pathway activity is stable during MM development
and prognosis, but is significantly higher in a subgroup
of MM patients with a molecular NFKB signature

MM is consistently preceded by a pre-malignant phase that is referred to as
monoclonal gammopathy of undetermined significance (MGUS) [26], and a subset
of patients also go through a still asymptomatic phase called smoldering MM
(SMM) [27]. Since NFkB signaling activation is one of the events associated with
MGUS-to-MM progression [28], we quantified NFkB signaling activity during MM
development. We performed NFkB STA analysis on dataset GSE5900 that contains
CD138-purified samples of healthy donors, MGUS, and SMM patients. The SMM
samples showed a median NFkB activity score of 29.2 (range 14.0-57.9), which did
not significantly differ from NF«B activity scores in MGUS samples (median 31.4,
range 16.2-55.5) and healthy donor PC (median 29.6, range 17.0-49.6; Figure 1A).
This indicates that functional NFkB pathway activity remains stable during early
phases of disease development from healthy PC to malignant MM PC.

Symptomatic MM patients can be stratified into 3 risk groups using the
international staging system (ISS), varying between a median survival of 62 months
in stage 1 to a median survival of only 29 months in stage 3 [29]. We analyzed
NFkB STA on dataset GSE19784 that contains CD138-purified samples of newly
diagnosed MM patients with a specified ISS stage. Samples in the poor prognosis
ISS 3 stage showed a median NFkB activity score of 37.4 (range 18.8-60.5), which
did not significantly differ from NFkB activity scores in ISS 2 (median 35.1, range
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24.4-56.2) and ISS 1 (median 36.0, range 17.0-60.4; Figure 1B). This indicates that
functional NFkB pathway activity in MM PC from newly diagnosed patients is
stable, irrespective of patient prognosis.

The samples of newly diagnosed MM patients from dataset GSE19784 could
also be stratified based on molecular clusters as performed by Broyl et al. The
NFkB molecular cluster identified in this study is defined by high expression
of genes involved in the NFkB pathway, and was reported to have significantly
greater NFkB indexes as reported by Keats et al. and Annunziata et al., compared
to the other molecular clusters [2]. STA analysis of samples in the NF«B cluster
showed a median NFkB activity score of 44.0 (range 36.6-60.5; Figure 1C). This was
significantly higher than NFkB activity scores in clusters HY (median 37.4, range
22.7-56.9), MS (median 33.0, range 25.9-51.5), PR (median 31.6, range 18.8-44.1),
MF (median 31.4, range 17.0-48.2), and CD-1 (median 31.2, range 22.1-44.0). This
data shows that high expression of NFkB-associated genes is accompanied by
high functional activity of the NFkB pathway. In addition, when NFkB scores were
compared between all included molecular clusters, no statistical differences could
be observed, except for the increase in the NFkB cluster compared to clusters CD-
1, MF, MS, HY, and PR (Supplemental Figure 1). However, the NFkB activity score
in the NFkB molecular cluster was not significantly higher compared to clusters
CD-2 (median 37.2, range 24.4-60.4), and CTA (median 35.6, range 26.7-53.9).
This further underlines the significance of measuring functional pathway output
by STA, on the target gene expression level, to allow identification of all patient
samples with high NFkB signaling activity.

3.2 | NFkB pathway activity does not predict therapy
response, but is significantly increased after MM
relapse

We hypothesized that the heterogeneity in NFkB signaling activity that was
observed in MM PC of newly diagnosed patient samples in GSE19784, could also
be reflected in the heterogeneous clinical response of MM patients to treatment.
We therefore performed NFkB STA analysis on dataset GSE68871, that contains
CD138-purified samples of newly diagnosed MM patients which were subsequently
treated with first-line VTD (bortezomib-thalidomide-dexamethasone) induction
therapy. MM PC from patients with a complete response (CR) had a median NFkB
activity score of 50.8 (range 27.0-79.0) before start of therapy (Figure 2A). This was
not significantly different from patients with a near clinical response (nCR; median
57.0, range 32.8-74.0), very good partial response (VGPR; median 56.4, range 33.4-
79.3), partial response (PR; median 55.5, range 27.8-82.3), or stable disease (SD;
median 61.8, range 46.4-71.7).

147



Chapter 6

A ns B ns
I
60 - ] 60 - n
LYW N N
o 30 o 30 @ V
LR AV
15 15

T T T
hdPC MGUS SMM ISS1 ISS2 ISS3

. f

P

wév ajup
B

molecular cluster

Fekkk
*k

NFkB activity score

Figure 1 | Violin plots showing NFkB activity score as analyzed by signal transduction
pathway activity (STA) analysis in plasma cells (PC) from (A) healthy donors (hdPC), pre-
malignant monoclonal gammopathy of undetermined significance (MGUS) patients, and
asymptomatic smoldering multiple myeloma (SMM) patients, as incorporated in dataset
GSE5900; (B) newly diagnosed MM patients, stratified by the international staging system
(ISS) into good-prognosis ISS 1, intermediate-prognosis ISS 2, and poor-prognosis ISS 3, as
incorporated in dataset GSE19784; (C) newly diagnosed MM patients, stratified by molecular
clusters, as incorporated in dataset GSE19784. Included samples are represented by
individual datapoints, solid red lines indicate the median, and dashed lines the quartiles of
the population. ns, not significant, *P <.05, **P <.01, ***P <.,001, ****P <,0001.

The observation that the NFkB pathway activity has no significant impact on
response to first-line therapy was validated by analysis of a second dataset,
GSE19554. This dataset includes CD138-purified longitudinal samples that were
isolated from MM patients undergoing total therapy, consisting of chemotherapy-
based induction therapy, ASCT, and maintenance/consolidation therapy. For all
included patients, samples were taken at diagnosis, and after induction therapy
prior to the first ASCT. A subgroup of patients relapsed after the first ASCT, and
extra samples were taken after second-line induction therapy, and after the second
ASCT before starting maintenance/consolidation therapy. STA analysis showed no
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significant difference in NFkB activity score between patients undergoing 1 ASCT
and patients requiring 2 ASCT when samples were taken at diagnosis (1 ASCT:
median 36.0, range 27.0-61.1; 2 ASCT: median 38.4, range 28.3-57.7), or after first-
line induction therapy (1 ASCT: median 50.8, range 35.1-57.4; 2 ASCT: median 45.5,
range 27.0-62.7; Figure 2B).

For the subgroup of patients that relapsed after first-line total therapy, extra
samples were taken after administration of second-line induction therapy. STA
analysis of these samples showed a significant increase in NFkB activity score with
a median score of 69.8 (range 54.5-75.0), compared to samples taken at diagnosis
(median 38.8, range 27.0-63.8), or samples taken after first-line induction therapy
prior to the first ASCT (median 45.7, range 27.0-62.7; Figure 2C). This elevated
NFkB activity score remained high after the second ASCT prior to administration
of maintenance/consolidation therapy (median 69.5, range 59.4-77.3).

By analyzing the longitudinal samples per individual patient, we observed a
consistent increase in NFkB activity score after second-line induction therapy,
irrespective of the NFkB activity score at diagnosis or after first-line induction
therapy before the first ASCT (Figure 2D).

Combined, these data show that NFkB pathway activity at diagnosis has no
impact on the effectivity of first-line treatment and can therefore not be used as a
prediction marker for therapy response. However, after relapse to first-line total
therapy and administration of second-line induction therapy, NFkB pathway activity
was significantly increased in the surviving MM PC, and this activity remained high
after second ASCT. This indicates that MM PC with high NFkB pathway activity have
a survival advantage over MM PC with low NFkB pathway activity.

3.3 | BCL2A1 is the most frequently increased pro-survival
BCL-2 member after MM relapse

Increased expression of pro-survival BCL-2 proteins, of which BCL-XL (BCL2L1), BFL-
1 (BCL2A1T) and possibly BCL-2 (BCL2) are direct NFkB target genes, is a frequently
used mechanism to overcome therapy-induced apoptosis [17]. We therefore
analyzed gene transcript expression of these three BCL-2 family members in
samples of the 8 MM patients that relapsed after first-line total therapy, as
included in dataset GSE19554. Per individual patient we compared the difference
in transcript expression between the sample taken at diagnosis (timepoint 1) to
the sample taken after second-line induction therapy (timepoint 3). We observed
that in all samples at least one of the three analyzed transcripts was increased,
suggesting that relapse is accompanied by increased expression of pro-survival
BCL-2 members (Figure 3A).
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Figure 2 | Violin plots showing NFkB activity score as analyzed by STA analysis in PC from (A)
newly diagnosed MM patients with a quantified clinical response to subsequently
administered first-line VTD (dexamethasone-thalidomide-bortezomib) induction therapy:
complete response (CR), near-complete response (nCR), very good partial response (VGPR),
partial response (PR), and stable disease (SD), as incorporated in dataset GSE68871; (B) MM
patients at diagnosis, and after first-line chemotherapy-based induction therapy, that were
stratified into two groups based on clinical response to subsequent total therapy: patients
that required 1 ASCT, and patients that relapsed after the first ASCT and required a second
ASCT (2 ASCT), as incorporated in dataset GSE19554; (C) MM patients at diagnosis, after first-
line chemotherapy-based induction therapy prior to the first ASCT (1st induction), after
second-line chemotherapy-based induction therapy prior to the second ASCT (2nd induction),
and after the second ASCT before start of maintenance/consolidation therapy (maintenance),
as incorporated in dataset GSE19554. Included samples are represented by individual
datapoints, solid red lines indicate the median, and dashed lines the quartiles of the
population. ns, not significant, ****P <,0001. (D) Bar graph showing NFkB activity score as
analyzed by STA analysis in longitudinal PC samples of 8 individual MM patients at diagnosis,
after first-line chemotherapy-based induction therapy prior to the first ASCT (1st induction),
and after second-line chemotherapy-based induction therapy prior to the second ASCT (2nd
induction), as incorporated in dataset GSE19554. BM, bone marrow.

To assess if increased pro-survival BCL-2 expression was specific for members
that are direct NFkB target genes, we also analyzed transcript expression of pro-
survival BCL-2 members that are not directly regulated by NFkB: BCL-B (BCL2L10),
MCL-1 (MCL1), and BCL-W (BCL2L2). In dataset GSE19554, relapse was associated
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with >2-fold increased expression of NFkB targets BCL2A1 in 62.5% of samples,
and BCL2L1 and BCL2 each in 25% of samples (Figure 3B). For NFkB-independent
BCL-2 members a >2-fold increased transcript expression was observed for
BCL2L10in 25% samples, MCL1 in 0% of samples and BCL2L2 in 12.5% of samples.
These results were verified in a second dataset GSE82307, that contains CD138-
purified longitudinal samples of MM patients at diagnosis, and after relapse or
progression to first-line total therapy, but before receiving second-line treatment.
Also in samples of this second dataset, relapse/progression was more often
associated with a >2-fold increased expression of NFkB-mediated pro-survival
BCL-2 members, than with NFkB-independent pro-survival BCL-2 members. This
suggests that MM therapy resistance is associated with increased NF«kB pathway
activity, and increased expression of pro-survival BCL-2 members that are direct
NFkB target genes.
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Figure 3 | (A) Plots showing relative mRNA transcript expression of BCL2A1 (BFL-1), BCL2L1
(BCL-XL), and BCL2 (BCL-2), in PC taken at diagnosis (timepoint 1), and after second-line
chemotherapy-based induction therapy after relapse to first-line total therapy (timepoint 3),
from 8 individual MM patients, as included in dataset GSE19554. (B) Bar graphs showing the
percentage of MM PC patient samples that showed >2-fold increased mRNA transcript
expression of NFkB-regulated pro-survival targets BCL2A1, BCL2L1, and BCL2, and NFkB-
independent pro-survival members BCL2L10 (encoding BCL-B), MCL1 (encoding MCL-1), and
BCL2L2 (encoding BCL-W), after relapse to first-line total therapy, with (dataset GSE19554) or
without (GSE82307) subsequent administration of second-line induction therapy, in
comparison to mRNA transcript expression at diagnosis.
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3.4 | Increased BCL2A1 expression correlates with increased
NFkB target gene expression after relapse

Although mRNA expression encoding for pro-survival BCL-2 family members
is heterogeneous, in both datasets with longitudinal samples GSE19554 and
GSE82307, BCL2A1 (BFL-1) was the most frequently upregulated pro-survival BCL-
2 member after MM relapse/progression. Since a role for BFL-1 in MM is still under
debate, we tested if differential BCL2A1 expression after relapse is associated with
differential expression of NFkB target genes at this timepoint. In GSE19554 we
observed a significant correlation between differential BCL2A1 expression and
differential expression of 16 NFkB target genes that were incorporated in the STA
model (Figure 4A). Eight of these 16 significantly correlating NFkB target genes
were also identified in GSE82307, as well as 3 additional NFkB target genes of
which differential expression after relapse significantly correlated with differential
BCL2A1.

The NFkB molecular cluster in newly diagnosed MM patients included in dataset
GSE19784 (Figure 1C), also showed significantly higher expression of BCL2AT,
compared to 3 out of 5 additional molecular clusters that did not have a significantly
increased NFkB activity score (Figure 4B). We observed no such relation between
increased NFkB pathway activity and increased BCL2L1 expression, and even an
inverserelation with BCL2 transcript expression. Since intrinsicapoptosisis not only
mediated by pro-survival BCL-2 family members, but also by intricate interactions
with pro-apoptotic BCL-2 family members, we analyzed the expression of pro-
apoptotic effectors proteins Bak and Bax [17]. Expression of mRNA encoding for
Bak and Bax did not significantly differ between the NFkB molecular clusters and
the 5 additional molecular clusters with significantly lower NFkB pathway activity
(Supplemental Figure 2).

Taken together, this data indicates that increased NFkB target gene expression is
correlated with increased BCL2A1 (BFL-1) expression. In addition to BCL-XL and
BCL-2, BFL-1 induction could be a potential mechanism by which NFkB signaling
protects MM PC from therapy-induced apoptosis, resulting in disease re-lapse.
Direct or indirect targeting of BFL-1 could therefore provide a novel approach to
reduce therapy resistance in a subset of relapsed-refractory (RR)-MM patients.

4 | DISCUSSION

In this study we used the novel STA model, that allows for quantification of
functional NFkB pathway activity on individual sample gene expression data.
We applied this computational model to Affymetrix gene expression microarray
datasets containing MM PC samples from diverse patient subsets at multiple stages
of disease. Our analysis shows that NFkB pathway activity is very heterogeneous.
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This is observed in PC from MM patients, and is also visible in asymptomatic SMM
or pre-malignant MGUS patients, and in PC from healthy donors. By comparing
samples from these donor/patient populations, we observed no significant
increase in NFkB pathway activity during early stages of disease development.
Although activation of NFkB signaling has been suggested in MGUS-to-MM
progression [28], our observations confirm results of an earlier publication by
Annunziata, who showed that an 11-gene NFkB signature was similar in healthy
PC, MGUS, and MM samples [4]. These results potentially reflect the dependency
on NFkB-activating stimuli from the BM microenvironment that are required for
survival of both healthy PC and early-phase (pre)-malignant MM PC [30].
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Figure 4 | (A) Heatmap showing correlation coefficient (R value) between differential BCL2A1
expression and differential expression of NFkB target genes included in the STA analysis, as
determined by mRNA transcript expression in PC from MM patients at diagnosis versus
MRNA transcript expression after relapse to first-line total therapy, with (dataset GSE19554)
or without (GSE82307) subsequent administration of second-line induction therapy. (B)
Violin plots showing BCL2A1, BCL2L1, and BCL2 mRNA transcript expression in PC of newly
diagnosed MM patients, as incorporated in dataset GSE19784, in molecular cluster NFkB,
and molecular clusters HY, MS, PR, MF, and CD-1 that all showed a significant lower STA NFkB
activity score compared to molecular cluster NFkB in Figure 1C. Included samples are
represented by individual datapoints, solid red lines indicate the median, and dashed lines
the quartiles of the population. ns, not significant, *P <.05, **P <.01, ***P <001, ****p
<.0001.
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By stratification of newly diagnosed MM samples based on molecular clusters we
could confirm that the NFkB molecular cluster, which is defined by high expression
of genes involved in the NFkB pathway, also showed the highest STA NFkB pathway
activity with a median score of 44.0, compared to a combined median score of
35.2 in the other molecular clusters. The NFkB molecular cluster is characterized
by hyperdiploidy in 66% of cases [2], but NFkB pathway activity in the NFkB
molecular cluster was significantly higher compared to NFkB pathway activity in
the HY hyperdiploidy molecular cluster, confirming the discriminatory potential of
functional NFkB pathway activity scores. In the TC classification by Bergsagel et al.,
which discriminates 8 TC (translocation/cyclin D) groups, the majority of samples
in the NFkB molecular cluster are assigned to the D1 group [2]. This D1 group
is characterized by overexpression of cyclin D1 compared to healthy PC, without
presence of the 5 recurrent immunoglobulin translocations that are associated
with increased cyclin D expression. Patients within the D1 group showed extensive
osteolytic bone disease, but were underrepresented in relapsed versus untreated
MM and extramedullary PC leukemia, and were suggested to be particularly
dependent on BM microenvironment interactions [31]. This favorable prognosis
is in accordance with our results, showing that the NFkB activity score is not
significantly altered in newly diagnosed MM samples with poor prognosis, or with
a poor response to first-line induction therapy.

By analyzing longitudinal samples of MM patients undergoing total therapy we
identified a significant increase in NFkB pathway activity in MM PC that survived
first-line total therapy, and second-line chemo-therapy-based induction therapy
after relapse. The median NFkB score in this group was increased by 80%
compared to samples taken at diagnosis, and 53% compared to samples taken
after first-line induction therapy. This increase in NFkB pathway activity during
treatment was observed in samples from all individual MM patients included.
Based on our analyses we cannot conclude if this increase is due to therapy-
mediated positive selection of MM PC with high NFkB signaling, or if NFkB signaling
is increased in all surviving MM PC due to treatment-induced activation of the
BM microenvironment. Data of previous studies are more in accordance with the
first clonal selection hypothesis. Mutations resulting in constitutive NFkB pathway
activation that render MM PC less dependent on the BM microenvironment for
survival are more common in MM cell lines, which often represent more advanced
disease, than in primary MM PC [30]. In addition, the Pl bortezomib was shown to
result in activation, rather than inhibition of NFkB signaling, at late timepoints of
exposure in MM PC from cell lines and primary patient samples [32].

Irrespective of the mechanism underlying increased NFkB pathway activity at
relapse, MM PC surviving first-line total therapy and second-line induction therapy
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are likely to be more resistant to therapy-induced cell death. We observed that the
increase in NFkB pathway activity during therapy progression was ac-companied
by increased mRNA expression encoding for at least one member of the pro-
survival BCL-2 protein family. Upregulation of these pro-survival BCL-2 transcripts
was confirmed but less pronounced in a second dataset containing paired samples
of MM patients at diagnosis and after progression/relapse to first-line total
therapy. As these patients did not receive second-line therapy before sampling,
this may indicate additional therapy-induced clonal selection by increasing
selective pressure. In both datasets, increased expression of the direct NF«B
target genes (encoding BCL-XL, BFL-1, and BCL-2) was more frequent compared
to the NFkB-independent pro-survival BCL-2 members (encoding BCL-B, MCL-1,
and BCL-W). Although expression levels were heterogeneous, BCL2A1 (BFL-1) was
most frequently upregulated in samples taken after relapse, and this significantly
correlated with differential expression of NFkB target genes included in the STA
NFkB model.

BCL-XL and BCL-2 are known for their contribution to intrinsic apoptosis resistance
in MM, and the BCL-2 targeting BH3-mimetic Venetoclax was shown to have clinical
efficacy in RR-MM patients harboring a t(11;14) translocation [33]. A potential
role for BFL-1 in MM is less clear, since BFL-1 expression is down-regulated
by transcriptional repressor Blimp-1, which is required for differentiation of
B-cells into anti-body-secreting PC [19]. Indeed, a study by Tarte et al. showed
that BCL2A1 is strongly repressed in both healthy PC and MM PC purified from
patient BM biopsies and cell lines, as compared to peripheral blood and tonsil
B-cells. In addition, stimulation of an IL-6-dependent MM cell line with NFkB
stimulating cytokines APRIL and BAFF did not result in BCL2A1 upregulation [34].
On the other hand, two studies by Mitsiades et al. reported contradictory results.
Exposure of a MM cell line to the cytokine IGF-1 stimulated NFkB signaling, which
was accompanied by upregulation of anti-apoptotic proteins including BFL-1 [35].
In addition, a specific NFkB inhibitor induced apoptosis in MM PC isolated from
patients and cell lines. In at least one cell line this was the result of down-regulated
NFkB signaling and subsequent reduction of apoptosis inhibitors including BFL-1
[36]. As MM cell lines are known to harbor more mutations in the NFkB pathway
and are able to rapidly proliferate without presence of a BM microenvironment,
these studies further underline the importance of primary patient samples to
study potential effects of NFkB-induced BFL-1 expression in MM.

If BFL-1 expression is indeed a significant mediator of NFkB-induced therapy
resistance in MM, (in)direct inhibition of BFL-1 could have therapeutic potential
for treatment of RR-MM patients. Especially since direct and selective targeting
of NFkB signaling upstream of BFL-1 has been proven challenging. The NFkB
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transcription factor dimers lack accessible hydrophobic pockets that could be
exploited for direct inhibition by small molecule inhibitors. Alternative strategies
therefore focused on interfering with upstream pathway regulation by IKK and
NIK, or even at the receptor signaling level by BCMA and TACI [8]. Despite these
efforts, constitutive blocking of NFkB signaling resulted in dose-limiting side-
effects, including severe infections due to silencing of the immune system [3].
It is hypothesized that inhibiting one of the canonical or non-canonical NFkB
pathways is safer, but clinical studies using IKKB inhibitors, which are expected
to specifically block canonical signaling, also showed severe adverse effects [3].
In addition, blocking a signaling pathway can result in unwanted inhibition of the
pathway negative feedback-loop(s), resulting in increased upstream signaling
and additional downstream activation of associated pathways [8]. Blocking the
downstream effect of active NFkB signaling by inhibition of BFL-1 could therefore
be a preferred option, and this might induce less systemic toxicity compared to
general NFkB pathway targeting. Development of BFL-1 inhibitors is still in a pre-
clinical phase [37], and additional research is required to prove the efficacy and
safety of BFL-1 targeting in MM.

4.1 | Future Perspectives

In the current study we utilized an in silico approach and revealed an increase in
NFkB signaling after MM relapse to first-line therapy. In addition, we demonstrated
that this was accompanied by increased expression of pro-survival BCL-2
family members BFL-1, BCL-XL, and BCL-2, which are also targets of the NFkB
pathway. Future studies should focus on the molecular mechanism to validate
the relevance of elevated NFkB signaling and BFL-1 expression in MM relapse,
and to demonstrate a potential correlation between these observations. It would
be of interest to isolate longitudinal samples of MM patients at diagnosis and
after consecutive lines of therapy, to be able to analyze NFkB pathway activity
using the STA model over a longer disease course. This could be combined by
BH3-profiling, to determine the level of mitochondrial apoptotic priming, and to
analyze the dependence on pro-survival BFL1, BCL-XL, and BCL-2 expression to
resist apoptosis [38]. In addition, pharmaceutical inhibition of the NFkB pathway
by targeted drugs in relapsed primary MM samples ex vivo could be used to assess
potential changes in BCL2A1/BFL-1, BCL2L1/BCL-XL, and BCL2/BCL-2 mRNA and
protein expression.

The STA model for diverse signal transduction pathways are currently being
investigated in a multitude of solid tumors and hematological malignancies.
Previous publications have already shown that the STA model is a useful tool to
discriminate cancer cells from healthy tissue [20,21], and to discriminate cancer
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patient populations with diverse prognostic outlooks [39]. For multiple signaling
pathways this assay is now adapted for use by quantitative PCR, and commercially
available. One of the great advantages of the STA model is that it is not only able
to identify aberrant pathway activity, but that these pathways can also be clinically
targeted by therapy. This resulted in the implementation of the STA model in a
phase 3 clinical trial for recurrent ovarian carcinoma (NCT03458221). In this clinical
study STA analysis will be performed on histological tumor biopsies, and patients
will be treated with targeted drugs to inhibit the pre-dominant pathway. Future
studies will have to indicate if the STA model can also be implicated in clinical
diagnosis and treatment of MM.

5 | CONCLUSIONS

In this study we quantified functional NFkB pathway activity in healthy PC or (pre)-
malignant MM PC from specific patient subgroups at various stages of disease
using the computational STA model. We found that the NFkB pathway activity was
higher in MM PC from newly diagnosed patients in the NFkB cluster compared to
other molecular clusters, but observed no additional differences in NFkB pathway
activity in relation to early disease development, patient prognosis, or response
to first-line therapy. However, MM PC that survived first-line total therapy showed
significantly increased NFkB pathway activity at relapse, compared to the MM
PC from samples taken in the pre-treatment phase. In a subset of relapsed
samples, this increase in NFkB pathway activity was accompanied by increased
expression of the BCL2A1 transcript encoding pro-survival BFL-1. We hypothesize
that upregulation of BFL-1, in addition to NFkB targets BCL-XL and BCL-2, could
contribute to therapy resistance of MM PC, and propose that (in)direct targeting of
BFL-1 may provide a new approach for a subset of RR-MM patients.
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Supplemental Figure 1 | Matrix showing statistical signficant differences in NFkB activity
score as analyzed by signal transduction pathway activity (STA) analysis in plasma cells (PC)
from newly diagnosed MM patients, stratified by molecular clusters, as incorporated in
dataset GSE19784. ns, not significant, *P <.05, **P <.01, ***P <,001, ****P <,0001.
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Supplemental Figure 2 | Violin plots showing BAK1 and BAX mRNA transcript expression in
PC of newly diagnosed MM patients, as incorporated in dataset GSE19784, in molecular
cluster NFkB, and molecular clusters HY, MS, PR, MF, and CD-1 that all showed a significant
lower STA NFkB activity score compared to molecular cluster NFkB in Figure 1C. Included
samples are represented by individual datapoints, solid red lines indicate the median, and
dashed lines the quartiles of the population. ns, not significant.
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Chapter 7

ABSTRACT

Proteasome inhibitors (PI), including bortezomib, have become a cornerstone
in the treatment of multiple myeloma (MM), and significantly contributed to the
improvement of patient survival in the past two decades. However, a sustained
effect of Pl treatment in MM is hampered by acquired drug resistance. Pl induce
cellular stress responses by continuous inhibition of proteasomal degradation,
that ultimately promote apoptosis of MM cells. Importantly, proteasome inhibition
can also lead to accumulation of pro-survival mediators in MM cells that escape
from Pl-induced apoptosis. The aim of this study is to uncover and potentially
target Pl-induced mediators of pro-survival signaling, and to assess if inhibition of
these pro-survival pathways could re-sensitize resistant cells to Pl. Using kinome
analysis of Pl-naive MM cell lines, we identified a bortezomib-induced increase of
constitutively active pro-survival PIM kinases. Targeting PIM kinases in these MM
cells by the small-molecule pan-PIM inhibitor PIM447 resulted in an additive effect
on apoptosis induction in combination with bortezomib. However, after acquiring
bortezomib resistance, MM cell lines lost sensitivity to PIM447, both as a single
agent and in combination with PI. To conclude, we demonstrate that bortezomib-
resistant cells cannot be re-sensitized to bortezomib by PIM inhibition, and that
targeting PIM kinases would be ineffective in Pl-refractory MM patients.

1| INTRODUCTION

Multiple myeloma (MM)is a genetically heterogeneous malignancy of clonal plasma
cells (PC) that primarily proliferate in the bone marrow. The malignant MM-PC
are characterized by production and secretion of monoclonal immunoglobulins,
which are referred to as M-protein [1]. This high intracellular protein production
is inevitably accompanied by the presence of misfolded and unfolded proteins.
MM-PC therefore particularly rely on the proteasome for degradation of these
unwanted protein products [2]. The proteasome is a large multi-protein complex
that contains three catalytic core units: the 5 subunits with chemotrypsin-like
activity, the 1 subunits with caspase-like activity, and the (32 subunits with
trypsin-like activity [3]. By recognizing proteins that are marked for degradation,
the proteasome degrades proteins that are misfolded, damaged, redundant, or
that are tightly regulated due to their role in critical cellular processes, like cell
cycle control and apoptosis [4].

Bortezomib is the first-in-class proteasome inhibitor (Pl) approved for treatment
of both newly diagnosed and relapsed-refractory MM patients [5]. Bortezomib
is a boronic acid dipeptide that selectively and reversibly inhibits the 35 subunit
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and, to a lesser extent, the 31 subunit of the proteasome. Two additional second-
generation PI, the irreversible PI carfilzomib and the oral Pl ixazomib, have been
approved for second-line therapy and beyond [6]. By inhibition of proteasomal
activity, Pl induce the accumulation of undegraded proteins. This leads to a
plethora of cellular stress responses, including endoplasmatic reticulum stress,
production of reactive oxygen species, activation of JNK and p53, inhibition of
cyclin-dependent kinases, and induction of pro-apoptotic proteins, that ultimately
result in MM cell death [7]. In addition, bortezomib inhibits the NFkB signaling
pathway, thereby preventing expression of NFkB target genes that are involved
in cell proliferation, immortalization, angiogenesis, intrinsic apoptosis resistance,
and interaction with the MM-permissive bone marrow microenvironment [8].

The combination of Pl with an immunomodulatory drug and dexamethasone are
among the most active current triplet regimens, and resulted in the significant
improvement of MM patient survival during the last two decades [9]. Despite
the effective initial response, MM relapses after PI treatment are frequent, and
acquired resistance hampers sustained Pl effects [10]. A plethora of Pl resistance
mechanisms have been described in literature, and include de novo mutations
in the Pl binding pocket of the (5 proteasome subunit, overexpression of
proteasomal subunits, increased autophagy, reduced cellular stress responses,
activation of drug efflux pumps and nuclear export proteins, metabolic
adaptation, and increased adhesion to components of the protective bone marrow
microenvironment [11,12].

We hypothesize that escape from Pl-induced apoptosis after prolonged
proteasome inhibition may result in accumulation of proteins involved in pro-
survival signaling in MM-PC. This pro-survival signaling potentially contributes to
acquired therapy resistance of MM-PC. In the current study, we performed kinome
analysis to identify Pl-induced mediators of pro-survival signaling, analyzed the
therapeutic targetability of these mediators to improve the PI response, and
assessed if inhibition of these pro-survival pathways could re-sensitize resistant
MM-PC to PI.
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2 | METHODS

2.1 | Cell culture and reagents

All human multiple myeloma cell lines (HMCL) were cultured in RPMI 1640
GlutaMAX HEPES (Life Technologies), containing 100 pg/ml penicillin-streptomycin
(Life Technologies). MM1.s and L363 cultures were supplemented with 10% fetal
bovine serum (FBS; Biowest). NCI-H929 cultures were supplemented with 20%
FBS, 1 mM sodium pyruvate (Thermo Fisher Scientific), and 50 pM [3-mercapto-
ethanol (Life Technologies). RPMI-8226 cells were obtained and cultured as
previously published by Franke et al. and Zaal et al. [13,14]. In brief, cells were
maintained at a density of 3x10° cells/ml twice weekly. Bortezomib-resistant cells
were continuously cultured in the presence of 7 nM bortezomib (Tebu bio) for
BTZ7, and 100 nM bortezomib for BTZ100, which was removed from cultures 4-6
days prior to the experiments. All cells were maintained at 37 °C and 5% CO,,.

2.2 | Kinome analysis

For kinomic profiling HMCL were lysed in M-PER mammalian protein extraction
reagent containing Halt protease and Halt phosphatase inhibitor cocktails (all
Thermo Fisher Scientific). Analysis of serine/threonine kinase (STK) activity
was performed using the high-throughput peptide microarray system of the
PamStation 12 platform (PamGene), according to the manufacturer’s instructions.
Initial sample and array processing and image captures were performed using
Evolve software (PamGene). Raw data processing, quantification, and statistical
analysis of peptide phosphorylation was performed using BioNavigator software
(PamGene). Prediction of upstream kinases was performed on peptides with
bortezomib-induced statistically significant altered phosphorylation using the
Kinexus Kinase Predictor (www.phosphonet.ca) and identified by scoring kinase
prevalence in the top10 list per peptide.

2.3 | Datasets

PIM transcript expression was assessed in samples from newly diagnosed MM
patients using publicly available datasets GSE2658 [15] and GSE87900 [16] from
the Gene Expression Omnibus, and analyzed using the R2 Genomics Analysis and
Visualization Platform.
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2.4 | Apoptosis assays

Cell viability of HMCL was determined after 48 hours of exposure to bortezomib
and/or PIM447 (LGH447; SelleckChem) by staining with 15 nM DiOC6 and 20 nM
TO-PRO-3 (both Thermo Fisher Scientific) and measured by flow cytometry (FACS
Canto Il, BD Biosciences) using FACSDiva software (BD Biosciences). Data was
analyzed using FlowJo software (BD). Specific apoptosis was calculated by relating
the reduced percentage of viable cells (DiOC6*/TO-PRO-37) upon drug exposure
to the percentage of viable control cells, as follows: ([% cell death in treated cells
- % cell death in control] / % viable cells control) X 100%. The drug combination
effects were determined by comparing observed (OBS) specific apoptosis to
hypothetical expected (EXP) specific apoptosis that assumes an additive effect of
the two combined drugs. This was calculated as previously published by Nijhof et
al.: ([apoptosis drug A + apoptosis drug B] - (apoptosis drug A x apoptosis drug
B)] [17]. Synergy was assessed using isobolograms showing drug combinations
that caused 25% specific apoptosis (IC,.). Combination indexes (Cl) were calculated
using the Chou-Talalay method [18].

2.5 | Statistical analysis

Data bars are represented as mean and error bars indicate standard error of the
mean. Data of drug combination experiments visualized as heatmaps show the
mean of multiple individual experiments. Datapoints of experiments comparing
expected and observed specific apoptosis, and datapoints included in the
isobolograms are obtained from the same individual experiments. Statistical
analysis was performed using GraphPad Prism8 (GraphPad software Inc.). Sets
of two groups were compared using paired t-tests and comparison of multiple
groups was performed by one-way ANOVA using Dunnett correction for multiple
comparison. For all tests a P-value of < 0.05 was considered statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | Proteasome inhibition by bortezomib induces PIM kinase
activity in human myeloma cell lines

To assess if proteasome inhibition by Pl induces accumulation of active mediators

that could contribute to pro-survival signaling in MM, we performed kinome

analysis of Pl-naive HMCL that were exposed to bortezomib for 6 hours, at
concentrations known to induce apoptosis at prolonged 24 hour exposure.
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A comprehensive increase in peptide phosphorylation by STK was observed in
bortezomib-treated HMCL MM1.s and L363, compared to their paired DMSO
control samples (Figure 1A). Statistical analysis identified 12 peptides with
significantly increased phosphorylation in both HMCL, 5 peptides unique for
MM1.s, and 15 peptides unique for L363 (Supplemental Figure 1). Interestingly,
nearly 60% of the peptides with significant bortezomib-induced phosphorylation
are substrates of PIM kinases; 3/5 peptides unique for MM1.s, 6/15 peptides
unique for L363, and 10/12 peptides that were identified in both HMCL (Figure 1B).
These peptides include mediators of the PI3K/Akt pathway (RS6), NFkB pathway
(REL), and intrinsic apoptosis pathway (BAD), that are associated with PIM kinase
signaling [19]. Additional analysis of the peptides with significant bortezomib-
induced phosphorylation by database-driven software predicted a statistically
significant increase in PIM1, PIM2, and PIM3 isoforms in MM1.s, and PIM2 and
PIM3 in L363 (Figure 1C).

PIM kinases are a family of three isoforms with oncogenic potential that play a
critical role in cell cycle progression, cell survival, and tumorigenesis [20]. PIM
kinases are constitutively active and require no post-translational modifications
to achieve an active conformation. Their activity is therefore primarily regulated
by balancing its synthesis and degradation by the proteasome [19]. PIM2 is
significantly increased in MM-PC isolated from newly diagnosed multiple myeloma
patients (Figure 1D) [21], and proteasome inhibition by bortezomib has previously
been demonstrated to result in accumulation of catalytically active PIM2 in vitro
[22].

»Figure 1 | Exposure of HMCLs to bortezomib induces phosphorylation of PIM
substrates. (A) Heatmap showing serine/threonine kinase (STK) phosphorylation of peptides
in lysates of MM1.s exposed to 12 nM bortezomib (BOR; left panel), and L363 exposed to 24
nM BOR (right panel), or DMSO control for 6 hours. Columns represent 3 technical triplicates
per HMCL and treatment condition. Every row represents a unique peptide motif. The log
STK phosphorylation is indicated by a color scale in which low phosphorylated peptides
are indicated by blue and high phosphorylated peptides by orange/red. (B) Venn diagram
depicting total number of peptides with statistically significant increased phosphorylation in
bortezomib-treated MM1.s (5 unique hits) and L363 (15 unique hits; 12 hits shared between
both HMCLs), compared to control cells. Significant hits belonging to PIM downstream
substrates are specified per HMCL (3/5 unique hits for MM1s; 6/15 unique hits for L363;
10/12 hits shared between both HMCLs). For original data see Supplemental Figure 1. (C)
Volcano plot of predicted STK activity based on statistically significant bortezomib-induced
peptide phosphorylation as shown in Supplemental Figure 1, showing fold-difference (x-axis)
and specificity (y-axis). Statistical significance with a P-value <0.05 is indicated by the dashed
line. Details are provided for the significant STK per HMCL, PIM isoforms are indicated by the
red marks. (D) Scatter plots showing transcript expression of PIM1, PIM2, and PIM3 isoforms
in two publicly available datasets GSE2658 and GSE87900 containing 542 and 180 samples
of newly diagnosed MM patients, respectively. All samples are represented by individual
datapoints, solid red lines indicate the mean of the population.
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In addition to the PIM isoforms, kinome analysis of dexamethasone-exposed HMCL
also predicted a statistically significant increase in PKG1 activity (Figure 1C). PKG1
is a member of the protein kinase G family that is regulated by the nitric oxid (NO)-
cyclic GMP pathway. PKG has previously been identified as a positive regulator
of proteasome-mediated degradation of misfolded proteins in cardiomyocytes
[23]. In addition, the NO-cyclic GMP-PKG pathway is recognized as an endogenous
apoptotic pathway with anti-neoplastic properties in several solid cancers [24].
Further studies should reveal if PKG activation is a compensatory mechanism for
proteasome inhibition by bortezomib, and indicate clinical significance of PKG

activation in MM.

3.2 | Pan-PIM inhibition by PIM447 increases bortezomib-
induced apoptosis in Pl-naive HMCLs

PIM447 is a potent and highly selective small molecule inhibitor of all three PIM
isoforms. Pan-PIM inhibition by PIM447 was well tolerated and showed single-agent
anti-tumor activity in relapsed/refractory MM patients, with a clinical benefit rate
of 25% and median progression-free survival of 10.9 months at the recommended
dose [25]. To test the combinatorial effect of Pl and pan-PIM inhibition, Pl-naive
HMCL were exposed to dilution series of PIM447 and bortezomib, both as single-
agents and combined. Exposure to these drugs resulted in a dose-dependent
induction of apoptosis in all three HMCL, with NCI-H929 as the most sensitive cell
line for both agents (Figure 2A). Combinations of PIM447 and bortezomib increased
specific apoptosis compared to their single-agent activity, resulting in average
combination indexes (Cl) of 0.98 (range 0.81-1.28) for MM1.s, 1.05 (range 0.93-
1.13) for L363, and 0.99 (range 0.85-1.22) for NCI-H929 (Figure 2B), indicating an
additive effect of PIM447 and bortezomib. This data is in accordance with previous
in vitro studies showing that pan-PIM inhibition by AZD1208 and PIM447 improves
efficiency of standard-of-care drugs for MM, including bortezomib [22,26].
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Figure 2 | Combination of bortezomib and PIM inhibitor induces additive apoptosis in
HMCL naive to proteasome inhibition. (A) Heatmaps showing specific apoptosis of
indicated HMCL induced by serial dilution of bortezomib and PIM447, individual or combined.
Viability was analyzed after 48 hours of drug exposure, values represent the mean of 2
individual experiments. (B) Isobolograms of indicated HMCL exposed to combinations of
bortezomib and PIM447 for 48 hours. Blue dots indicate the drug combination that induced
25% specific apoptosis (IC25), the blue squares indicate the IC25 concentrations of the single
drugs. The black lines connecting both single drug datapoints indicate an exact additive
effect with a combination index (Cl) of 1. All values represent the mean of 2 individual
experiments.

3.3 | Sensitivity to PIM447 in HMCL is lost after acquired
bortezomib resistance

To determine if PIM kinases contribute to Pl resistance, and to assess if PIM
targeting improves Pl responses in Pl-resistant MM-PC, we compared the effects
of PIM447 in HMCL RPMI-8226 that are either naive or resistant to bortezomib.
Previous publications by Franke et al. and Zaal et al. demonstrated that RPMI-8226
resistant ton7 nM bortezomib (BTZ7) and 100 nM bortezomib (BTZ100) utilize at
least two complementary resistance mechanisms. First, they harbor mutations in
the PSMB5 gene that map to the bortezomib-binding pocket of the proteasomal
B5 subunit, thereby hindering bortezomib binding to the proteasome and
resulting in reduced proteasomal activity [13]. Secondly, the bortezomib-resistant
cells showed rewired glucose metabolism, ultimately resulting in increased anti-
oxidant capacity as a coping mechanism to survive despite continuous proteasome
inhibition [14].
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Exposure of the bortezomib-naive RPMI-8226 (wild-type, WT) to PIM447 and
bortezomib resulted in a dose-dependent induction of apoptosis (Figure 3A). This
was similar to the effect that was previously observed in Pl-naive HMCL MM1.s,
L363, and NCI-H929 (Figure 2A). As expected, BTZ7 and BTZ100 were less sensitive
to bortezomib-induced apoptosis (Figure 3A). However, in addition to bortezomib
resistance, sensitivity to single-agent PIM447 was also lost in BTZ7 and BTZ100
cell lines, with a maximum of < 2% specific apoptosis at a dose of 30 pM PIM447.
In RPMI-8226/WT, combinations of PIM447 and bortezomib increased specific
apoptosis compared to their single-agent activity, resulting in an average Cl of 1.1
(range 0.83-1.41; Figure 3B). This additive drug effect was no longer observed in the
bortezomib-resistant cells, in which average Cl increased to 1.27 (range 1.08-1.45)
for BTZ7, and 1.48 (range 1.19-1.74) for BTZ100. The observed specific apoptosis
induced by the optimal PIM447-bortezomib combination was significantly higher
than the expected additive specific apoptosis in RPMI-8226/WT, but not in BTZ7
and BTZ100 (Figure 3C). In addition, PIM447 significantly reduced bortezomib IC,,
values in RPMI-8226/WT, which was lost in BTZ7 and BTZ100 (Figure 3D). Taken
together, this data indicates that the apoptosis-inducing effects of PIM447, both as
a single agent and in combination with bortezomib, is lost in bortezomib-resistant
cells.

»Figure 3 | Bortezomib resistance disrupts apoptosis-inducing effects of PIM inhibition.
(A) Heatmaps showing specific apoptosis induced by serial dilution of bortezomib and
PIM447, individual or combined, in HMCL RPMI-8226 sensitive to bortezomib (wild-type, WT),
resistant to 7 nM bortezomib (BTZ7), or resistant to 100 nM bortezomib (BTZ100). Viability
was analyzed after 48 hours of drug exposure, values represent the mean of 4 (WT) or 3
(BTZ7 and BTZ100) individual experiments. (B) Isobolograms of indicated RPMI-8226 variant
exposed to combinations of bortezomib and PIM447 for 48 hours. Blue dots indicate the drug
combination that induced 25% specific apoptosis (IC25), the blue squares indicate the IC25
concentrations of the single drugs. The black lines connecting both single drug datapoints
indicate an exact additive effect with a combination index (Cl) of 1. All values represent the
mean of 4 (WT) or 3(BTZ7 and BTZ100) individual experiments. (C) Plots comparing expected
(EXP) to observed (OBS) specific apoptosis induced by 48 hours of exposure to bortezomib
and PIM447 combinations in RPMI-8226 variants. The connected datapoints show the data
obtained from 4 (WT) or 3 (BTZ7 and BTZ100) individual experiments. For bortezomib the
concentration nearest to the 1C25 was selected per experiment, which was combined with 3
MM PIM447 for WT, 10 uM PIM447 for BTZ7, and 30 uM PIM447 for BTZ100. Statistical analysis
was performed by paired t-tests. (D) Plots comparing bortezomib IC25 concentrations in
RPMI-8226 variants in combination with increasing concentrations of PIM447. All bars show
the mean and individual datapoints of 4 (WT) or 3 (BTZ7 and BTZ100) individual experiments
after 48 hours of drug exposure. Bortezomib single IC25 concentrations are indicated by
the dashed lines. Statistical analysis was performed by one-way ANOVA using Dunnett
correction for multiple comparison.
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The reduced effect of the PIM447-bortezomib combination in bortezomib-resistant
RPMI-8226 cells could be explained by insensitivity to proteasome inhibition.
In turn, this would result in reduced accumulation of constitutively active PIM
kinases, and thereby reduced sensitivity to PIM447. This hypothesis could be
tested by comparing PIM protein expression in bortezomib-exposed RPMI-8226/
WT, BTZ7, and BTZ100. In addition, other HMCL with acquired Pl resistance should
be generated and tested in a similar manner to examine whether this observation
is common between different HMCL.

Future experiments should focus on the mechanism underlying loss of sensitivity
to single-agent PIM447 upon Pl resistance. Previous studies suggest proteasome
subunit overexpression as a compensatory mechanism for impaired proteasomal
activity, either due to mutations or continuous Pl exposure [11,13]. Additional
experiments should verify if this potential compensatory mechanism leads to
more efficient proteasomal function in the absence of PI, resulting in increased
PIM kinase degradation. Furthermore, the efficacy of PIM447 in Pl-refractory MM
patient samples should be studied, as PSMB5 mutations are expected to occur
only in a subset of MM patients [27], and therefore additional mechanism of Pl
resistance should also be taken into account.

4 | CONCLUSIONS

In this study we demonstrated that bortezomib exposure in Pl-naive HMCL
results in increased activity of pro-survival PIM kinases. Inhibition of PIM kinases
by the pan-PIM inhibitor PIM447 in combination with bortezomib resulted in
an additive effect on apoptosis induction. However, when the HMCL RPMI8226
acquired bortezomib resistance, sensitivity to PIM447 was lost, both as a single
agent and in combination with bortezomib. Our data indicate that PIM inhibition
cannot re-sensitize bortezomib-resistant cells to PI-mediated cell death (Figure 4),
and suggests that PIM targeting would be mostly ineffective in Pl-refractory MM

patients.
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BOR single BOR + PIM447
PIM447

BOR sensitive

BOR resistant

Figure 4 | Sensitivity to pan-PIM inhibitor PIM447 is lost when HMCL become resistant
to PI. Proposed model of the relation between bortezomib (BOR) and PIM447 sensitivity in
HMCL RPMI-8226. When BOR-naive cells are exposed to single agent BOR (left upper panel),
BOR inhibits the proteasome, resulting in accumulation of pro-survival PIM kinases. If the
pro-apoptotic effects of Pl exposure are balanced by the pro-survival effects of PIM kinases,
the cell can escape Pl-induced apoptosis. When BOR-naive cells are exposed to a combination
of BOR and PIM447 (right upper panel), the accumulated PIM kinases are inhibited by PIM447
and the pro-survival signal is inhibited, resulting in Pl-induced apoptosis. When cells become
resistant to BOR (lower panels), PIM kinases are continuously degraded by the active
proteasome. As a result, there is no pro-survival signaling via PIM, but also no Pl-induced cell
stress, and the cell remains viable. Adding PIM447 to BOR-resistant cells has no additive
effect, since there is no accumulation of PIM kinases to be inhibited.

175



Chapter 7

ACKNOWLEDGEMENTS

The authors thank the support facilities of the University Medical Center Utrecht
and are grateful to Jaqueline Cloos for the RPMI-8226 bortezomib-resistant cell
lines. This research was funded in part by a Bas Mulder Award from the Dutch
Cancer Foundation (KWF)/Alped’'HuZes foundation, grant number UU 2015-7663
(V.P.) and a project grant from the Dutch Cancer Foundation (KWF)/Alped’'HuZes
foundation, grant number 11108 (V.P.).

176



Bortezomib resistance in multiple myeloma is independent of PIM kinases

REFERENCES

10.

11.

12.

13.

14.

15.

van de Donk, N.; Pawlyn, C.; Yong, K.L. Multiple myeloma. Lancet 2021, 397, 410-427.

Nikesitch, N.; Lee, J.M.; Ling, S.; Roberts, T.L. Endoplasmic reticulum stress in the
development of multiple myeloma and drug resistance. Clin Transl Immunology 2018,
7,e1007.

Adams, J. The proteasome: a suitable antineoplastic target. Nat Rev Cancer 2004, 4, 349-
360.

Burger, A.M.; Seth, A.K. The ubiquitin-mediated protein degradation pathway in cancer:
therapeutic implications. Eur J Cancer 2004, 40, 2217-2229.

Guerrero-Garcia, T.A.; Gandolfi, S.; Laubach, J.P.; Hideshima, T.; Chauhan, D.; Mitsiades,
C.; Anderson, K.C.; Richardson, P.G. The power of proteasome inhibition in multiple
myeloma. Expert Rev Proteomics 2018, 15, 1033-1052.

Besse, A.; Besse, L.; Kraus, M.; Mendez-Lopez, M.; Bader, J.; Xin, B.T.; de Bruin, G.;
Maurits, E.; Overkleeft, H.S.; Driessen, C. Proteasome Inhibition in Multiple Myeloma:
Head-to-Head Comparison of Currently Available Proteasome Inhibitors. Cell Chem Biol
2019, 26, 340-351.e343.

Ito, S. Proteasome Inhibitors for the Treatment of Multiple Myeloma. Cancers (Basel)
2020, 12.

Traenckner, E.B.; Wilk, S.; Baeuerle, P.A. A proteasome inhibitor prevents activation of
NF-kappa B and stabilizes a newly phosphorylated form of | kappa B-alpha that is still
bound to NF-kappa B. Embo j 1994, 13, 5433-5441.

Gandolfi, S.; Laubach, J.P.; Hideshima, T.; Chauhan, D.; Anderson, K.C.; Richardson, P.G.
The proteasome and proteasome inhibitors in multiple myeloma. Cancer Metastasis Rev
2017, 36, 561-584.

Gonzalez-Santamarta, M.; Quinet, G.; Reyes-Garau, D.; Sola, B.; Roué, G.; Rodriguez, M.S.
Resistance to the Proteasome Inhibitors: Lessons from Multiple Myeloma and Mantle
Cell Lymphoma. Adv Exp Med Biol 2020, 1233, 153-174.

Bai, Y.; Su, X. Updates to the drug-resistant mechanism of proteasome inhibitors in
multiple myeloma. Asia Pac / Clin Oncol 2021, 17, 29-35.

Wallington-Beddoe, C.T.; Sobieraj-Teague, M.; Kuss, BJ.; Pitson, S.M. Resistance to
proteasome inhibitors and other targeted therapies in myeloma. Br / Haematol 2018,
182, 11-28.

Franke, N.E.; Niewerth, D.; Assaraf, Y.G.; van Meerloo, J.; Vojtekova, K.; van Zantwijk, C.H.;
Zweegman, S.; Chan, E.T.; Kirk, CJ.; Geerke, D.P.; et al. Impaired bortezomib binding to
mutant B5 subunit of the proteasome is the underlying basis for bortezomib resistance
in leukemia cells. Leukemia 2012, 26, 757-768.

Zaal, E.A.;; Wu, W.; Jansen, G.; Zweegman, S.; Cloos, J.; Berkers, C.R. Bortezomib resistance
in multiple myeloma is associated with increased serine synthesis. Cancer Metab 2017,
5 7.

Hanamura, I.; Huang, Y.; Zhan, F.; Barlogie, B.; Shaughnessy, J. Prognostic value of cyclin
D2 mRNA expression in newly diagnosed multiple myeloma treated with high-dose
chemotherapy and tandem autologous stem cell transplantations. Leukemia 2006, 20,
1288-1290.

177



Chapter 7

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

178

Kuiper, R.; Zweegman, S.; van Duin, M.; van Vliet, M.H.; van Beers, E.H.; Dumee, B,;
Vermeulen, M.; Koenders, J.; van der Holt, B.; Visser-Wisselaar, H.; et al. Prognostic and
predictive performance of R-ISS with SKY92 in older patients with multiple myeloma:
the HOVON-87/NMSG-18 trial. Blood Adv 2020, 4, 6298-6309.

Nijhof, I.S.; Lammerts van Bueren, J.J.; van Kessel, B.; Andre, P.; Morel, Y.; Lokhorst, H.M,;
van de Donk, N.W.; Parren, P.W.; Mutis, T. Daratumumab-mediated lysis of primary
multiple myeloma cells is enhanced in combination with the human anti-KIR antibody
IPH2102 and lenalidomide. Haematologica 2015, 100, 263-268.

Chou, T.C. Drug combination studies and their synergy quantification using the Chou-
Talalay method. Cancer Res 2010, 70, 440-446.

Brault, L.; Gasser, C.; Bracher, F.; Huber, K.; Knapp, S.; Schwaller, J. PIM serine/threonine
kinases in the pathogenesis and therapy of hematologic malignancies and solid cancers.
Haematologica 2010, 95, 1004-1015.

Nawijn, M.C.; Alendar, A.; Berns, A. For better or for worse: the role of Pim oncogenes in
tumorigenesis. Nat Rev Cancer 2011, 11, 23-34.

Keane, N.A.; Reidy, M.; Natoni, A.; Raab, M.S.; O'Dwyer, M. Targeting the Pim kinases in
multiple myeloma. Blood Cancer ] 2015, 5, e325.

Adam, K.; Lambert, M.; Lestang, E.; Champenois, G.; Dusanter-Fourt, |.; Tamburini, J.;
Bouscary, D.; Lacombe, C.; Zermati, Y.; Mayeux, P. Control of Pim2 kinase stability and
expression in transformed human haematopoietic cells. Biosci Rep 2015, 35.

Ranek, M.J.; Terpstra, E.J.; Li, J.; Kass, D.A.; Wang, X. Protein kinase g positively regulates
proteasome-mediated degradation of misfolded proteins. Circulation 2013, 128, 365-
376.

Tuttle, T.R.; Mierzwa, M.L.; Wells, S.I.; Fox, S.R.; Ben-Jonathan, N. The cyclic GMP/protein
kinase G pathway as a therapeutic target in head and neck squamous cell carcinoma.
Cancer Lett 2016, 370, 279-285.

Raab, M.S.; Thomas, S.K.; Ocio, E.M.; Guenther, A.; Goh, Y.T.; Talpaz, M.; Hohmann,
N.; Zhao, S.; Xiang, F.; Simon, C.; et al. The first-in-human study of the pan-PIM kinase
inhibitor PIM447 in patients with relapsed and/or refractory multiple myeloma.
Leukemia 2019, 33, 2924-2933.

Paino, T.; Garcia-Gomez, A.; Gonzalez-Méndez, L.; San-Segundo, L.; Hernandez-Garcia, S.;
Lopez-Iglesias, A.A.; Algarin, E.M.; Martin-Sanchez, M.; Corbacho, D.; Ortiz-de-Solorzano,
C.; et al. The Novel Pan-PIM Kinase Inhibitor, PIM447, Displays Dual Antimyeloma and
Bone-Protective Effects, and Potently Synergizes with Current Standards of Care. Clin
Cancer Res 2017, 23, 225-238.

Barrio, S.; Stihmer, T.; Da-Via, M.; Barrio-Garcia, C.; Lehners, N.; Besse, A.; Cuenca, |.;
Garitano-Trojaola, A.; Fink, S.; Leich, E.; et al. Spectrum and functional validation of

PSMB5 mutations in multiple myeloma. Leukemia 2019, 33, 447-456.



Bortezomib resistance in multiple myeloma is independent of PIM kinases

SUPPLEMENTAL FIGURES
A

ctr BOR

ANDR_785_797
CFTR_730_742
CFTR_761_773
CREB1_126_138
GRIK2_708_720
KAP3_107_119
KCNA6_504_516
KPB1_1011_1023
NCF1_296_308
NCF1_321_333
PTN12_32_44
REL_260_272
RS6_228 240
RYR1_4317_4329
SCN7A_898_910
TOP2A_146_158
TY3H_65_77
VASP_150_162
VASP_271_283
VTNC_390_402

ACM1_421_433
ADDB_696_708
ADRB2_338_350
ANDR_785_797
ART_25_37
BAD_69_81
BAD_112_124
CAC1C_197_209
CDN1A_139_151
CFTR_730_742
CFTR_761_773
CREB1_126_138
ESR1_160_172
GBRB2_427_439
K6PL_766_778
KCNA3_461_473
KCNA6_504_516
NCF1_321_333
P53_308_320
PLM_76_88
PPR1A_28_40
PTN12_32_44 -1.5
RBL2_655_667
REL_260_272
RS6_228_240
RYR1_4317_4329
TOP2A_146_158 0

TY3H_65_77
VASP_150_162
VASP_271_283 15

Supplemental Figure 1 | Bortezomib significantly increases peptide phosphorylation
by STK in HMCL. Heatmaps showing peptides with significantly increased phosphorylation
by serine/threonine kinases (STK) after 6 hours exposure to (A) 12 nM bortezomib (BOR) in
MM1.s, or (B) 24 nM bortezomib in L363, or DMSO control (ctr). Per treatment group 3
technical replicates (n1-3) were included. Statistical analysis was performed by paired t-test.
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Chapter 8

1 | TARGETING PRO-SURVIVAL SIGNALING
PATHWAYS AS PERSONALIZED TREATMENT FOR
MULTIPLE MYELOMA

Therapeutic options for multiple myeloma (MM) have rapidly evolved over
the past years. For decades, MM treatment consisted of chemotherapy
and corticosteroids, which were combined with an autologous stem cell
transplantation for eligible patients. Since 2006, the therapeutic armamentarium
gradually expanded with the approval of immunomodulatory drugs (thalidomide,
lenalidomide, pomalidomide), proteasome inhibitors (bortezomib, carfilzomib,
ixazomib), monoclonal antibodies targeting CD38 (daratumumab, isatuximab) and
SLAMF7 (elotuzumab), an antibody-drug conjugate targeting BCMA (belantamab-
mafodotin), and small-molecule inhibitors for histone deacetylase (panobinostat)
and nuclear exportin-1 (selinexor). Conventional therapies are nowadays
combined with these novel agents, resulting in therapeutic regimens that combine
two, three, or even four drug classes at a time [1]. Despite the high initial efficacy
of these combination treatments, the majority of MM patients relapse. As a result,
most patients receive on average five or more lines of sequential therapy over
several years, often leading to gradual development of drug resistance to multiple
agents or drug classes [2]. Relapsed refractory disease not only limits further
therapeutic options, but also patient prognosis. Especially MM patients that are
triple-class refractory to immunomodulatory drugs, proteasome inhibitors, and
anti-CD38 monoclonal antibodies, show a median overall survival of only 5.6
months [3]. This highlights the need for novel and more effective therapies. The
translational research described in this thesis shows opportunities for targeting
pro-survival signaling pathways in MM. In this chapter, | will summarize the main
findings of these studies and discuss the future perspectives for targeting pro-
survival signaling pathways as personalized treatment for newly-diagnosed (ND)
and relapsed-refractory (RR) MM.

1.1 | Targeted therapy as a new era in treatment of
hematological malignancies

Targeting pro-survival signaling pathways that drive or support oncogenic behavior
of cancer cells is a promising therapeutic strategy that gained a lot of interest
since the approval of imatinib for treatment of chronic myeloid leukemia (CML)
by the FDA in 2001. Imatinib was one of the first tyrosine kinase inhibitors (TKI)
developed, and specifically targets the BCR-ABL fusion gene t(9;22), also known
as the Philadelphia chromosome, that is characteristic for CML. By inducing
a spectacular complete hematologic response in 98% of chronic-phase CML
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patients, imatinib converted CML from a fatal cancer to a manageable chronic
condition [4]. To date, additional TKI have been approved for frontline treatment
of chronic-phase CML, and second and third generation TKI are available for CML
after first-line treatment failure [5]. Even in patients with a cytogenetic relapse
after failure on second and third generation TKI, these TKI continue to contribute
to long-term survival.

Since the successful use of imatinib in CML, more hematological malignancies
were treated with targeted therapy of pro-survival signaling pathways. Well-known
examplesinclude vemurafenib for hairy cell leukemia (HCL), which targets the BRAF
V600E mutation that drives HCL pathogenesis. As monotherapy, vemurafenib
induced a response in 91% of patients, of which 35% showed a complete response
[6]. Because single agent vemurafenib could not prevent post-therapeutic early-
relapse due to persisting residual disease, recent clinical trials investigated its
clinical effects in combination with rituximab. This monoclonal antibody targets
CD20 surface molecules that are highly expressed by the malignant B-cells, and in
combination with vemurafenib improved the depth and duration of response to a
relapse-free survival of 85% at median follow-up of 34 months [7].

A final example worth mentioning in the context of successful integration of
targeted therapies is that of BTK inhibitors for B-cell malignancies. BTK is a non-
receptor tyrosine kinase that signals downstream of the B-cell receptor (BCR)
and is crucial for survival of both healthy and malignant B-cells. In addition,
BTK is involved in signaling pathways that regulate proliferation and retention
in supportive microenvironmental niches [8]. lbrutinib is the first available
BTK inhibitor, and was approved by the FDA in 2013 for treatment of chronic
lymphocytic leukemia (CLL). As monotherapy, ibrutinib improved progression-free
and overall survival compared to conventional chemo-immunotherapy in newly
diagnosed CLL patients [9]. In addition to CLL, ibrutinib and second-generation BTK
inhibitors are approved for treatment of mantle cell lymphoma and Waldenstrém
macroglobulinemia, and are in clinical trials for follicular lymphoma, marginal
zone lymphoma, and diffuse large B-cell ymphoma. In order to manage ibrutinib
resistance, additional clinical trials focus on combination therapies with BTK
inhibitors to achieve deeper remissions within a shorter treatment time [8].

1.2 | Multiple myeloma heterogeneity warrants personalized
treatment

The above examples of targeted therapies that inhibit pro-survival signaling
pathways in cancer cells, and thereby improve the outcome of patients with a
variety of hematological malignancies, shows an optimistic perspective for MM
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treatment. The foremost complexity in applying similar strategies for the treatment
of MM is the heterogeneity of this disease. Compared to CML and HCL, MM is not
characterized by a dominant genetic lesion that is responsible for pathogenesis
and that can be targeted by a specific inhibitor. In addition, MM plasma cells (PC)
are not addicted to one dominant pathway for survival.

As described in chapter 2 of this thesis, MM is characterized by extensive
heterogeneity. The pre-malignant MGUS phase is not initiated by a single
driver lesion, but in the vast majority of patients is either due to hyperdiploidy,
characterized by extra copies of the odd-numbered chromosomes 3, 5,7, 9, 11,
15, 19, and 21; or the result of one of six recurrent translocations that juxtapose
the potent immunoglobulin heavy chain enhancer near a diverse set of (proto)
oncogenes. MGUS progression to overt MM is frequently accompanied by
secondary genetic events, including extra gains and/or deletions of chromosomes
or chromosomal arms, secondary translocations, and increased activation of
pro-survival signaling pathways by genomic lesions and/or altered epigenetics.
In contrast to MGUS-initiation events, secondary and subsequent driver lesions
often occur in a sub-clone of cells, which are subjected to evolution-based selective
pressure. As a result, there are only a few genetic lesions that are shared among
a significant fraction of patients. In a recent study by Walker et al., sequencing of
1273 newly-diagnosed MM patient samples and combined frequency-based and
functional-based analysis identified 63 unique driver genes [10]. Only 8 of the 63
driver lesions were frequent enough to occur in >5% of the samples, and while
most samples contained 2 or more driver lesions, 16% of samples did not contain
any of the identified mutated driver genes.

In addition to the complex mutational landscape, the oncogenic behavior of MM PC
is affected by reciprocal interactions with the bone marrow microenvironment. By
both secretory and adhesive interactions, the various components of this dynamic
niche impact a plethora of cellular processes and signaling pathways. The bone
marrow microenvironment derived signals are indispensable for MM PC survival
and also significantly contribute to the heterogeneity between MM patients.

The heterogeneity of MM is reflected by the outcome of early-phase clinical trials
that analyzed MM patient response to kinase inhibitors. Several small molecule
inhibitors for pro-survival signaling kinases have been tested in phase | and Il
clinical trials for RR-MM, including multi-kinase inhibitors like sorafenib [11], and
more targeted kinase inhibitors like the c-MET inhibitor tivantinib and the mTORC
inhibitor TAK-228/MLN0128 [12,13]. Unfortunately, the results of kinase inhibitors,
either as monotherapy or in combination with the conventional corticosteroid
dexamethasone, were limited. A recent meta-analysis showed that the 95%
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confidence interval (Cl) of the overall response rate (ORR) for kinase inhibitors
was 2.9-13.7% for phase | trials, and 1.6-7.2% for phase Il trials in MM [14]. These
results are especially disappointing when compared to currently approved and
implemented drug classes, like proteasome inhibitors (95% ClI ORR 15.6-44.6%
for phase |, 21.1-45.9% for phase Il), and immunomodulatory drugs (95% Cl ORR
10.9-36.8% for phase I, 23.7-35.8% for phase Il). Rather than incorporating these
targeted therapies into pre-existing combination regimens for unselected RR-MM
patients to assess their added value, as is often suggested for kinase inhibitors
with acceptable tolerability but limited single-agent activity, the potential of these
targeted drugs should be re-evaluated in the context of personalized medicine.
This strategy should aim to identify the pre-dominant pro-survival pathway(s) per
subgroup of patients, irrespective if this results from genetic lesions or interactions
with the bone marrow microenvironment, and match the targeted therapy that
specifically interferes with this pathway.

1.3 | Personalized targeting of multiple myeloma pro-survival
pathways

Determining the optimal treatment for individual patients with a disease that is
characterized by heterogeneity and for which increasing numbers of therapeutic
options are available, often relies on the identification of biomarkers. Several
studies have aimed to link biomarkers, varying from metabolites to molecular
subtypes, to treatment responses, in order to predict the individual chances of
benefit from a specific therapy. A recent example is the use of venetoclax, a BH3-
mimetic that inhibits the pro-survival BCL-2 protein, for RR-MM patients. In the
randomized and double-blinded phase 3 BELLINI trial, standard-of-care agents
bortezomib and dexamethasone were combined with either venetoclax or placebo
[15]. Although the addition of venetoclax significantly improved the response
rate and progression-free survival in the triple treatment-group, the mortality
rate was also increased in comparison to the placebo-group and resulted in an
unfavorable risk-benefit ratio in unselected RR-MM patients. Additional subset
analysis showed that patients with a t(11;14) translocation were an exception to
this observation. These patients showed improved response and progression-free
survival without increased mortality, and venetoclax was therefore suggested
as potentially the first biomarker-driven therapy for RR-MM [15]. Although the
t(11;14) translocation indeed enriches for venetoclax-sensitive MM, not all patients
with this translocation respond well, while there are also patients negative for
t(11;14) that do show a response benefit. Ongoing research is now focusing on the
downstream mechanisms that determine venetoclax sensitivity. Multiple studies
reported that the ratio between BCL-2 expression and other members of the
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BCL-2 family, especially pro-survival BCL-XL, is of importance [16]. Another recent
ex vivo study suggested that a molecular B-cell signature of the MM PC predicts
venetoclax sensitivity, independent of the t(11;14) translocation status [17].

The applicability of a biomarker to predict therapy response is for a large part
dependent on how closely this readout parameter is linked to the druggable
target of interest. In chapter 7 of this thesis we used a human myeloma cell line
(HMCL) with acquired multi-modal resistance to proteasome inhibitors (PI) [18,19],
and identified that Pl resistance is associated with additional resistance to the pro-
apoptotic effects of PIM447, an inhibitor of all three pro-survival PIM isoforms [20].
We hypothesize that these two events are directly related, since the proteasome
is required for degradation of the otherwise constitutively active PIM kinases
[21]. In these types of direct cause-consequence interactions, the biomarker can
predict the response to a specific targeted therapy. When confirmed by additional
in vivo data, this means that patients refractory to Pl should not be treated with
PIM447, because of predicted lack of clinical benefit. However, there is additional
merit in mapping these types of interactions when it comes to predicting the
effectiveness of newly developed therapies. The RR-MM patients included in the
PIM447 phase | trial were heavily pre-treated, of which 89.9% had received prior
therapy with at least one PI, and at minimum 34% of patients were refractory to
multiple PI [22]. In the entire study population, a clinical benefit rate of 25.3% and
an overall response rate of 8.9% were observed, with a median progression-free
survival at the recommended drug dose of 10.9 months [22]. The benefit seems
rather modest, but if these results are indeed negatively influenced by the patient
group refractory to PI, the chances of benefit from PIM447 treatment for the PI-
sensitive population would increase, and perhaps provide a new perspective on
the administration of PIM447 for (RR)-MM.

Another factor that should be taken into account when analyzing potential
biomarkers for predicting therapy response, is that not all patients respond in a
similar way to comparable molecular events. In chapter 6 of this thesis we used
an in silico approach to quantify NFkB pathway activity [23,24], and showed that
pro-survival NFkB pathway activity in MM PC significantly increases when patients
relapsed to first-line total therapy, independent of the NFkB activity status at
diagnosis. The downstream mechanisms of NFkB-mediated survival, however, is
less uniform. Even in these small datasets, we observed that increased pro-survival
NFkB activity after relapse can be associated with increased BCL-XL, BCL-2, or BFL-
1 expression. Although all three proteins are NFkB target genes and members of
the pro-survival BCL-2 family, targeting these anti-apoptotic mediators requires
different BH-3 mimetics [25]. Since constitutive inhibition of the NFkB pathway
results in dose-limiting side effects, more specific downstream inhibition would
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be preferable [26]. In this instance, quantification of NFkB pathway activity should
be combined with analysis of the different BCL-2 protein ratios as described for
predicting venetoclax sensitivity, BH3-profiling [27], or BH3-mimetic profiling [28],
in order to determine the most effective downstream target per patient.

The superiority of selecting downstream over upstream pro-survival pathway
mediators for therapeutic targeting, as described above in the context of the NFkB
pathway, was also highlighted in chapter 5. In this study we demonstrated that
the glucocorticoid dexamethasone inhibits the constitutively active pro-survival
mTORC1/P70S6K pathway in HMCL, and that this mechanism underlies synergy
with S63845, a BH3-mimetic that inhibits pro-survival MCL-1 [29]. When applied
to ex vivo cultured ND-MM patient samples, the dexamethasone and S63845 drug
combination indeed induced synergistic apoptosis in a subset of samples. We
then replaced dexamethasone by PF-4708671, a direct small-molecule inhibitor of
the P70S6K1 kinase that is located downstream in the dexamethasone-inhibited
pro-survival pathway [30]. Interestingly, the more specifically downstream
targeting PF-4708671 and S63845 drug combination showed synergy in all patient
samples tested. Based on these results we hypothesize that replacement of
dexamethasone by the P70S6K1 inhibitor can reduce the vast amount of toxic
side effects that are associated with glucocorticoid treatment [31,32]. In addition,
this more specific downstream targeted approach can potentially be used to treat
patients with glucocorticoid resistance that are insensitive to dexamethasone
administration due to altered glucocorticoid receptor (GR) function and/or GR-
mediated transcription [33].

The differential response of treatment-naive ND-MM samples to upstream
inhibitors of pro-survival signaling, as was seen for the previous dexamethasone
and S63845 drug combination, was also observed in chapter 4. In this study, ex
vivo cultured ND-MM samples were either exposed to tankyrase inhibitor XAV939,
to inhibit the canonical 3-catenin mediated Wnt pathway at the intracellular level
[34], or to porcupine inhibitor C59, to inhibit the secretion of Wnt ligands that
have the potential to activate both the canonical and non-canonical Wnt pathway
receptors [35]. However, even when the MM PC were insensitive to both single
agents, the combination of both tankyrase and porcupine inhibitors resulted in an
uniform response of reduced long-term survival. Single-cell sequencing of the MM
PC transcriptome after combinatorial drug exposure showed that this response
was associated with a reduced capacity of the unfolded protein response (UPR)
pathway. As the UPR pathway is crucial for cellular functionality of healthy and
MM PC, due to their high protein production load [36], we hypothesize that
combinatorial inhibition of the UPR pathway by XAV939 and C59, together with a
Pl, could be successful to target an universal MM mechanism of survival.
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2 | CHALLENGES AND OPPURTUNITIES IN MM
PERSONALIZED THERAPY

Personalized treatment has gained a lot of interest from researchers during the
last decades, with citations increasing from approximately 75,000 in 1990 to almost
268,000 in 2020. To date, the research community is making progress in tackling
some of the most significant obstacles in personalized targeted therapy, including
the availability of tumor material, mapping of signaling activity in this material,
and targeting these signaling pathways for therapeutic benefit. In light of these
new advancements, future perspectives for personalized targeted treatment of
MM are encouraging.

2.1 Availability of tumor material

Up until today, the retrieval of MM tumor material for all diagnostic and prognostic
purposes is dependent on bone marrow aspirates and biopsies. These techniques
suffice to confirm presence of disease, and provide some additional prognostic
information based on the status of recurrent genetic lesions in combination
with high-risk disease features. However, in the context of personalized targeted
treatment, extra data is required. As described in chapter 2 of this thesis, MM
heterogeneity is not only observed between patients, but also between different
clones within one patient. A study by Rasche et al. reported spatial genomic
heterogeneity in >75% of patients, which included the activation status of tumor-
suppressor TP53 and the pro-survival MAPK pathway [37]. In addition, the in silico
quantification of NFkB pathway activity in MM samples taken at diagnosis and
after relapse to first-line total therapy, as described in chapter 6, emphasizes the
merit of longitudinal sample analysis. Unfortunately, bone marrow examination
does not readily allow for analysis of spatiotemporal clonality, due to the invasive
nature of these techniques.

A potential solution in this context may come from recent advancements in
liquid biopsy testing, in which circulating tumor components are analyzed in
body effluents, e.g. blood or urine, and thereby provide a far less invasive, safer,
and real-time method to study disease. The biological material that can serve as
a template for this type of analysis comprises circulating tumor cells, cell-free
nucleic acids including DNA (cfNDA) and (micro)-RNA, and secreted extracellular
vesicles / exosomes [38]. Since 2016, the FDA approved the use of liquid biopsies
for cfDNA analysis in several solid cancers, including non-small cell lung cancer
[39]. Currently, multiple clinical trials are evaluating the use of liquid biopsies for
MM, in regards to diagnostic and prognostic information, treatment response, and
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disease progression (NCT03702309 and NCT03657251) and to monitor minimal
residual disease (NCT04108624). Increased availability of these samples will not
only provide more complete information about the real-time disease status
of patients, but can also facilitate the analysis of active pro-survival signaling,
including the identification of relevant biomarkers.

2.2 Mapping pro-survival signaling activity

Our knowledge of signaling pathways that can drive or contribute to oncogenic
behavior of cancer cells is increasing, and so is the number of available agents to
target these pathways. Now the availability of patient tumor material is expected
to improve, another important interconnecting factor is to accurately map which
pathways are active, and therefore targetable, in the malignant cells. As described
previously in this chapter, many studies have aimed to link biomarkers to treatment
responses. However, due to the complex nature of most signaling pathways,
biomarkers that are associated with events upstream in a signaling pathway (e.g.
receptor amplification status), are not necessarily accompanied by a matching
downstream signaling response. An increasing number of platforms are therefore
exploring the opportunities for downstream pathway activation mapping. Two of
those techniques have been utilized in the conducted research of this thesis. The
PamStation 12 platform of PamGene (chapter 5 and chapter 7) allows for kinomic
profiling by applying cell lysates to microarrays with immobilized peptides that
contain specified tyrosine or serine/threonine phosphorylation motifs. The signal
transduction pathway activity (STA) model of Philips (chapter 6) uses an in silico
model to quantify pathway activity and is based on transcription of a defined set
of downstream pathway target genes. For multiple signaling pathways, the STA
model is now adapted for use by quantitative PCR and commercially available,
and the clinical application of the NFkB STA is currently being evaluated in a phase
3 clinical trial for recurrent ovarian carcinoma (NCT03458221). In addition to
these two techniques, transcriptome sequencing (bulk or single cell, as applied
in chapter 4) also becomes more readily available, and allows for a complete
analysis without the need to anticipate for specific pathways.

The most important factor that should be taken into account when using either of
these techniques to map signaling pathway activity is crosstalk within a pathway
and between multiple pathways. Most peptides incorporated in the PamStation
microarrays can be phosphorylated by a multitude of kinases that function in
multiple pathways. A software prediction tool therefore estimates which kinases
are most likely responsible for the total phosphorylation pattern that was
quantified. Additional variables in this case include the activity of phosphatase that
can counteract kinase activity, and the subcellular localization that is prerequisite
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for some kinases to activate downstream signaling but that is lost during cell lysis.
Similar considerations apply to the STA model, in which multiple downstream
target genes can be activated by multiple upstream pathways, and a pre-defined
selection has been made to distinguish between those. Defining this selection of
target genes is required for practical feasibility, but makes it challenging to apply
the same model to various heterogeneous diseases. In addition, not all relevant
pro-survival pathways have a transcriptional output, as for example the mTORC-
P70S6K pathway described in chapter 5. If MM PC are manipulated ex vivo before
pathway analysis is performed, the loss of microenvironmental context should also
be considered, as both the reciprocal adhesive and soluble interactions impact
the cell signaling profile. Of interest in this regard is the improvement of MM PC
ex vivo culturing techniques, which mimic the microenvironment and thereby
promote cellular persistence, and allow for prediction of treatment responses
with increasing accuracy [40,41].

2.3 Direct targeting of pro-survival pathways as the Achilles
heel of MM

Based on the average number of genetic aberrations in MM PC, and the extensive
interactions with the bone marrow microenvironment, mapping of pro-survival
pathways likely results in identification of multiple concurrently active signaling
pathways. Targeting of these pathways would therefore most probably also
require a combinatorial approach. As seen in the research conducted in
chapter 4, chapter 5, and chapter 7, such a combinatorial treatment approach
canresultina more-than-additive or synergistic drug effect. This allows for reduced
dosing of the individual drugs, while their combination remains therapeutically
effective, and can be of particular interest when considering dose-limiting toxicities
of individual agents.

An additional attempt to reduce toxicity while maintaining therapeutic effectivity
can be made by inhibiting the active pro-survival pathways on a downstream
level, rather than an upstream level. As discussed in paragraph 1.3 and
chapter 6, the pro-survival NFkB pathway is a relevant therapeutic target for (RR)-
MM. However, constitutive inhibition results in dose-limiting side effects, including
severe infections due to silencing of the immune system [26]. In addition, many
oncogenic transcription factors that are relevant for MM, including NFkB dimers,
are difficult to target due to their lack of targetable hydrophobic pockets [42].
Targeting the key downstream pro-survival mechanisms could therefore be an
approach to circumvent both practical limitations.
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As was also discussed in paragraph 1.3 and chapter 5, downstream inhibition
of the pro-survival mTORC1/P70S6K pathway by PF-4708671, a small-molecule
inhibitor of P70S6K1, is also preferred over upstream pathway inhibition by
dexamethasone. Although dexamethasone is an integral component of MM
therapeutic regimens, its effectiveness is accompanied by serious side-effects,
including muscle weakness, increased infection rate, cardiovascular problems, and
mental health problems [32]. High grade toxicity might require dose reduction,
especiallyin the elderly and frail patients, and limits its therapeutic potential [31]. In
addition, a subset of MM patients suffers from intrinsic or acquired dexamethasone
resistance, due to altered GR function and/or or GR-mediated transcription [33].
Replacing dexamethasone by the specific and downstream P70S6K1 inhibitor, in
combination with MCL-1 inhibition by S63845, may therefore provide a solution
for patients ineligible or insensitive to dexamethasone or other glucocorticoids.
A potential pitfall that should be taken into account when targeting pro-survival
pathways by inhibition of downstream mediators, is the release of negative
feedback loops that can result in unwanted upstream pathway stimulation. This
also accounts for the negative feedback loop between P70S6K1 and IRS1, which
can result in hyperactivation of Akt, and could therefore reverse the anti-myeloma
effects of PF-4708671 [43]. However, comparison of upstream pathway inhibition
by dexamethasone and downstream pathway inhibition by PF-4708671, as single
agents or in combination with S63845, showed no increase in Akt phosphorylation
status and therefore poses no increased risk of Akt hyperactivation.

3 | CONCLUDING REMARKS

The translational research described in this thesis shows the relevance of mapping
active pro-survival signaling pathways during diagnosis and treatment, and after
resistance and relapse of MM. Comparable to other hematological malignancies,
there are increasing opportunities to successfully target these pro-survival
signaling pathways in MM, but due to heterogeneity of disease this will have to
be conducted in a personalized approach. As the ex vivo analysis techniques are
improving, future research should focus on assessing the clinical effects of pro-
survival inhibitors in a pre-selected group of MM patients, that are predicted
to benefit from therapy based on their pro-survival signaling profile. In my
hypothesis, incorporation of more directed downstream targeting of pro-survival
signaling pathways into current and future treatment combinations will improve
patient outcome and reduce toxic side-effects.
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NEDERLANDSE SAMENVATTING

In meercellige organismen communiceren lichaamscellen via een moleculair
mechanisme dat cellulaire signalering wordt genoemd. Dit mechanisme stelt de
cellen in staat om informatie te ontvangen vanuit hun omgeving, deze informatie
door te geven, en om op relevante informatie te reageren door hun fysiologie aan
te passen. Alle belangrijke processen in de cel worden gereguleerd middels deze
signaleringsroutes. Denk hierbijaan vermeerdering door celdeling, het ontwikkelen
van gespecialiseerde functies door differentiatie, en geprogrammeerde celdood
door apoptose. Al deze verschillende signaleringsroutes zijn noodzakelijk voor
het goed laten functioneren van een meercellig organisme. Als deze regulatie niet
goed verloopt, dan kan dat leiden tot diverse ziektebeelden, zoals degeneratieve
aandoeningen of allerlei vormen van kanker.

Cellulaire communicatie via signaleringsroutes

Cellulaire signaleringsroutes kunnen worden verdeeld in drie verschillende stadia:
de ontvangst van het initiérende signaal vanuit de omgeving, de intracellulaire
cascade om deze informatie binnen de cel te verwerken, en de response waarbij de
cellulaire fysiologie wordt aangepast naar aanleiding van de verwerkte informatie.
Informatie wordt door cellen ontvangen wanneer een signaalmolecuul als ligand
bindt aan een bijbehorende receptor. Deze receptoren bevinden zich hoofdzakelijk
in de celmembraan aan de oppervlakte van een cel, maar kunnen in specifieke
gevallen ook intracellulair aanwezig zijn. Binding van het betreffende ligand
leidt tot een vormverandering in de receptor, ook wel conformatieverandering
genoemd. Deze verandering is de start van een intracellulaire cascade, waarbij
de geactiveerde receptor één of meerdere vervolgmoleculen, mediatoren
genoemd, activeert. Na conformatieverandering activeren deze mediatoren op
hun beurt ook weer een set van één of meerdere mediatoren, waardoor een soort
domino-effect ontstaat. Tijdens deze cascade wordt de informatie niet alleen
doorgegeven, maar ook bewerkt. Bijvoorbeeld door het signaal te versterken, of
om te zetten naar een ander type signaal. Ook kunnen signalen vanuit meerdere
signaleringsroutes worden geintegreerd in één informatiestroom, of andersom,
waarbij één signaal verschillende cascades activeert. Een belangrijke groep van
mediatoren in deze cascades zijn de kinases. Deze eiwitten met een enzymatische
functie hebben een snel functionerende schakelcapaciteit, welke noodzakelijk
is voor een efficiénte signaaloverdracht. De signaleringscascades bereiken hun
eindpunt bij de intracellulaire effectoren. Dit zijn de eiwitten die het gedrag van de
ontvangende cel aanpassen op basis van het verkregen signaal. Afhankelijk van de
aard van het signaal en de bijbehorende respons, kunnen deze aanpassingen al
na enkele seconden plaatsvinden, of meerdere uren in beslag nemen.
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Verstoorde cellulaire signalering in kanker en therapie

In een gezond meercellig organisme zorgt de communicatie via signaleringsroutes
ervoor dat cellen hun gedrag op elkaar kunnen afstemmen. De cellen delen,
differentiéren, en sterven af in een gecodrdineerd proces waarbij homeostase
wordt gehandhaafd. Zodra een gezonde cel muteert tot een kankercel raken
deze processen verstoort. De kankercel concurreert met gezonde cellen om te
overleven, en verspreidt zich middels metastasering buiten het eigen leefgebied,
of niche, om zich te vestigen in het territorium van andere cellen en weefsels.
De transformatie van een gezonde cel tot een kankercel wordt tumorgenese
genoemd. Dit proces bestaat uit meerdere stappen, waarvoor mutaties in het
DNA de grondslag vormen. Als deze genetische schade in het voordeel van de
kankercel is, dan bevordert het de onafhankelijke celdeling en vaak verminderde
apoptose. De getransformeerde cel beinvioed ook niet-maligne cellen die in
de niche aanwezig zijn, en kunnen deze cellen instrueren om bij te dragen aan
processen die de verdere ontwikkeling van kankercellen stimuleren.

De transformaties die in de gemuteerde kankercel plaatsvinden beinvioeden
de signaleringsroutes die normaal de homeostase handhaven. De kankercel
is afhankelijk van deze veranderende cellulaire signaleringsroutes, die dan ook
steeds vaker gezien worden als een mogelijk doel voor anti-kanker therapie. Deze
zogenoemde “targeted” therapieén richten zich op de signaleringsroutes waarvan
de kankercellen het meest afhankelijk zijn, met als doel om deze maligne cellen
hun groei- en overlevingsvoordeel te ontnemen, terwijl de gezonde cellen zoveel
mogelijk gespaard blijven. De beschikbare “targeted” therapieén zijn op basis
van hun molecuulgrootte in te delen in twee categorieén. De macromoleculen,
waaronder antistoffen, zijn erg groot en binden aan extracellulaire onderdelen
van de signaleringsroutes, zoals de receptoren, om deze te inactiveren. De
zogenoemde “small-molecule” remmers zijn klein genoeg om de cellen binnen te
dringen, en binden aan de intracellulaire mediatoren van de cascades, zoals de
kinases. Deze “small-molecule” remmers hebben een revolutie teweeggebracht
in de behandeling van kanker. Sinds de eerste goedkeuring van imatinib voor
chronisch myeloide leukemie in 2001, zijn tenminste 89 van deze remmers
geregistreerd voor de behandeling van verschillende type tumoren.

Behandeling van multipel myeloom

Multipel myeloom, in Nederland ook wel bekend als de ziekte van Kahler, is een
kanker die ontstaat door mutaties in de antistof-producerende plasmacellen van
het immuunsysteem. Tijdens het proces van tumorgenese hebben deze cellen
opnieuw de capaciteit tot celdeling verworven, en zijn daardoor vaak in meerdere
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haarden in het beenmerg te vinden. Door hun ongereguleeerde groei verstoren
de myeloomcellen de aanmaak van gezonde immuun- en bloedcellen, die
normaal ook in het beenmerg plaatsvindt. Bloedarmoede is daardoor een vaak
voorkomend symptoom van deze ziekte. Daarnaast stimuleren de myeloomcellen
de osteoclasten (verantwoordelijk voor botafbraak), en remmen myeloomcellen de
osteoblasten (verantwoordelijk voor botaanmaak), waardoor het botweefsel wordt
aangetast. Dit kan leiden tot botbreuken op alle plaatsen waar beenmergaanmaak
plaatsvindt, zoals het centrale skelet, de ruggenwervels, ribben, het bekken, de
schedel, en de bovenarmen en benen. Door het bij de botafbraak vrijkomende
calcium kan er ook nierschade ontstaan.

In de afgelopen decennia zijn de behandelmogelijkheden voor multipel myeloom
sterk verbeterd. Voor lange tijd bestond deze slechts uit systemisch gegeven
chemotherapie en corticosteroiden, eventueel in combinatie met een hoge dosis
melfalan en autologe stamceltransplantatie bij de jongere niet-fragiele patiénten.
Sinds 2006 zijn de beschikbare therapieén gestaag uitgebreid met onder andere
de goedkeuring van immunomodulatoire middelen, proteasoomremmers,
en monoclonale antistoffen tegen verschillende extracellulaire antigenen. De
eerdergenoemde behandelingen worden tegenwoordig vaak gecombineerd met
deze nieuwe therapieén, wat resulteert in combinatiebehandelingen met twee,
drie, of zelfs vier middelen tegelijkertijd. Patiénten krijgen gemiddeld vijf of meer
lijnenvan deze combinatietherapieén over meerderejarenverspreidt. De prognose
is hierdoor sterk verbeterd, maar de ziekte wordt zelden genezen. Gedurende
het behandeltraject treedt vaak resistentie tegen verschillende middelen
op, voornamelijk door nieuwe mutaties en selectie van resistente myeloom-
subklonen. De terugkeer van resistente ziekte beperkt niet alleen de beschikbare
behandelmogelijkheden, maar ook de prognose voor de patiént. Met name
patiénten waarvan de myeloomcellen resistent zijn tegen immunomodulatoire
middelen, proteasoomremmers, en monoclonale CD38-antistoffen, hebben
een zeer beperkte levensverwachting van slechts 5,6 maanden. Dit gegeven
onderstreept de noodzaak voor nieuwe en meer effectieve therapieén. Het
translationele onderzoek beschreven in dit proefschrift richt zich op het remmen
van signaleringsroutes die belangrijk zijn voor de overleving van myeloomcellen,
voor behandeling-op-maat van patiénten met nieuw gediagnosticeerde of
terugkerende resistente multipel myeloom.

Samenvatting van de belangrijkste resultaten

Hoofdstuk 2 bestaat uit een review artikel waarin de verschillende processen
staan beschreven die een rol spelen bij de transformatie van een gezonde tot een
maligne plasmacel. Multipel myeloom wordt gekenmerkt door grote genetische
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heterogeniteit, ook al in de premaligne MGUS fase. Vaak voorkomende mutaties
zijn extra kopieén van de oneven chromosomen 3, 5, 7, 9, 11, 15, 19, en 21; of
één van de zes meest voorkomende chromosomale translocaties, waarbij een
moleculaire activator van de antistofproductie voor een gen wordt geplaatst
dat de celdeling bevordert. Gedurende de ontwikkeling van de ziekte ontstaan
er vaak secundaire mutaties. Deze secundaire mutaties kunnen variéren van
het verkrijgen of verliezen van complete of gedeeltes van chromosomen, extra
translocaties, en verhoogde activiteit van signaleringsroutes die de overleving
van de myeloomcellen stimuleren als gevolg van DNA mutaties of veranderde
epigenetica. Daarnaast is ook de interactie tussen de myeloomcellen en de niche
van belang. De cellen en componenten uit deze niche stimuleren het gedrag
van de myeloomcellen middels uitgescheiden factoren en directe interacties.
Op basis van deze grote heterogeniteit verwacht ik dat er niet één vaststaande
therapie beschikbaar komen die geschikt is voor iedere patiént. Toekomstige
behandelingen zullen daarom steeds meer op maat gemaakt moeten worden,
afhankelijk van de precieze kenmerken van de gemuteerde plasmacel.

Hoofdstuk 3 bestaat uit een uitgebreid review waarin het belang van de
Wnt signaleringsroute voor multiple myeloom wordt beschreven. De Wnt
signaleringsroute is onder andere betrokken bij de regulering van celdeling,
differentiatie, migratie, en de vernieuwing van stamcellen. Het belang van deze
cascade is met name erkent in de ontwikkelingsbiologie en verschillende vormen
van kanker, zoals colorectale kanker en leukemie. In dit review is te lezen dat
verstoring van de Wnt signaleringsroute ook een centrale rol speelt in multipel
myeloom pathogenese. De myeloomcellen scheiden verschillende Wnt remmers
uit, waardoor de Wnt signaleringsbalans in het beenmerg verstoort raakt. Dit heeft
als gevolg dat er meer botweefsel wordt afgebroken dan dat er nieuw botweefsel
wordtaangemaakt, wat leidt tot de botlaesies die zo karakteristiek zijn voor multipel
myeloom. Naast de extracellulaire verstoring van Wnt door de myeloomcellen,
is er ook steeds meer bewijs dat de Wnt signaleringsroute abnormale activiteit
vertoont intracellulair in de myeloomcellen, en dat dit bijdraagt aan de overleving
van deze maligne cellen. Daarnaast is de Wnt signaleringsroute geassocieerd
met een toename in adhesie-gemedieerde resistentie van myeloomcellen tegen
verschillende therapeutische middelen. Op basis hiervan verwacht ik dat de Wnt
signaleringsroute een mogelijk effectief doel zou zijn voor “targeted” therapie in
multiple myeloom.

In hoofdstuk 4 wordt de bovenstaande hypothese in het laboratorium getest.
We gebruiken hiervoor onsterfelijk gemaakte myeloomcellijnen, en primaire
myeloomcellen die zich in de beenmergafnames van patiénten met nieuw
gediagnosticeerde ziekte bevinden. Tijdens onze experimenten observeerden
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we dat extra toevoeging van Wnt ligand, om de Wnt signaleringsroute te
stimuleren, de overleving van primaire myeloomcellen verbeterd, als deze in de
controles over verloop van tijd afneemt. Het behandelen van de cellen met een
combinatie van tankyrase-remmer en porcupine-remmer blokkeerde de Wnt
signaleringsroute in myeloomcellijnen, en zorgde voor een afname van overleving
van primaire myeloomcellen. Analyse van het transcriptoom van deze behandelde
myeloomcellen, door middel van sequencen, leerde ons welk mechanisme hieraan
ten grondslag ligt: afname van een stress-signaleringsroute die normalerwijs
actief wordt bij grote hoeveelheden ongevouwen of verkeerd gevouwen eiwit.
Deze stress-signaleringsroute is in gezonde en maligne plasmacellen van groot
belang, om te kunnen omgaan met de hoge productie van antistoffen. Op
basis van deze resultaten verwacht ik dat Wnt blokkering door de tankyrase-
en porcupine-remmers goed gecombineerd kan worden met andere middelen
die deze specifieke stress-signaleringsroute nog verder afremmen. Onder deze
middelen vallen de proteasoomremmers, die nu al een vast onderdeel zijn van de
combinatietherapieén voor multipel myeloom.

In hoofdstuk 5 ga ik nader in op de remming van cellulaire signaleringscascades
die de overleving van myeloomcellen stimuleren. Deze remming kan specifiek
plaatsvinden door middelvande“targeted”remmers, maar deze signaleringsroutes
kunnen ook worden geblokkeerd als onderdeel van het werkingsmechanisme
van standaardtherapieén. Het artikel begint met een experiment waarbij we
combinaties van nieuwe middelen en standaardmiddelen hebben beoordeeld
op het vermogen om de overleving van myeloomcellijnen te verminderen. Onze
analyse laat zien dat de combinatie van de corticosteroide dexamethason met
de MCL-1 remmer S63845 het meest succesvol was. Individueel hebben deze
middelen een beperkt effect, maar gecombineerd is het effect vele malen groter.
Dit versterkende effect wordt aangeduid als synergie. Van de MCL-1 remmer
S63845 is bekend dat het apoptose, ofwel geprogrammeerde zelfdoding van
cellen, stimuleert. Het onderliggende mechanisme van de synergie tussen
S63845 en dexamethason werd duidelijk tijdens de vervolgexperimenten. In
myeloomcellijnen observeerden we dat dexamethason de mTORC1/P70S6K
signaleringsroute blokkeert die normaal bijdraagt aan de overleving van
myeloomcellen. Deze mTORC1/P70S6K signaleringsroute kan ook specifiek
worden geblokkeerd met een “targeted small-molecule” remmer van het P70S6K1
kinase, genaamd PF-4708671. Wanneer we de synergie vergeleken tussen de
dexamethason en S63845 combinatie, en de meer specifieke PF-4708671 en
S63845 combinatie, observeerden we dat de specifieke PF-4708671 en S63845
combinatie zelfs effectiever was in het induceren van celdood van primaire
myeloomcellen. De potentiele vervanging van dexamethason door PF-4708671, in
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deze combinatietherapie met S63845, is mogelijk goed nieuws voor patiénten met
multipel myeloom. Corticosteroiden geven door hun brede werkingsmechanisme
vaak vele bijwerkingen, en een subgroep van de patiénten heeft te maken met
resistentie tegen dexamethason.

In hoofdstuk 6 richten we ons specifiek op de behandelopties voor patiénten
waarbij de multipel myeloom terugkeert na eerstelijns totaal-therapie, welke
bestaat uit inductietherapie, en een autologe stamceltransplantatie, gevolgd
door onderhoudstherapie. In dit artikel gebruiken we een computermodel om
de activiteit van bekende signaleringsroutes te kwantificeren, op verschillende
tijdspunten tijdens de behandeling. We observeerden dat de activiteit van de NFkB
signaleringsroute significant stijgt in myeloomcellen bij progressie van de ziekte na
totaal-therapie, ongeacht de mate van activiteit voordat behandeling plaatsvond.
Hoewel dit effect duidelijk zichtbaar was, observeerden we dat het onderliggende
mechanisme dat verantwoordelijk is voor de toename in overleving van deze
myeloomcellen meer divers was. Dit kon namelijk berusten op een toename
in BCL-XL, BCL-2, of BFL-1. Hoewel deze drie eiwitten inderdaad geactiveerd
kunnen worden door NFkB, en allen deel uitmaken van dezelfde familie van
anti-apoptotische eiwitten, is deze informatie toch relevant. Voor het remmen
van deze eiwitten zijn namelijk verschillende “targeted small-molecule” remmers
noodzakelijk. Mijn advies is daarom om de NFkB analyse altijd te combineren
met het opstellen van een profiel voor BCL-XL, BCL-2, en BFL-1 eiwitexpressie of
remming.

Hoofdstuk 7 bevat de beschrijving van een specifiek onderzoek naar
myeloomcellijnen die resistent zijn geworden tegen proteasoomremmers,
welke vaak onderdeel uitmaken van de huidige combinatietherapieén. In onze
experimenten observeerden we dat resistentie tegen proteasoomremmers
gepaard gaat met resistentie tegen de pan PIM kinase remmer PIM447. De PIM
kinases dragen bij aan de signaleringsroutes die overleving van myeloomcellen
stimuleren, en zijn constitutief actief. Dit betekent dat de activiteit afhankelijk is
van hun concentratie, en wordt gereguleerd door aanmaak en afbraak van het
kinase eiwit. Aangezien voor de afbraak van PIM een functioneel proteasoom
vereist is, verwacht ik dat beide resistentiemechanismen direct met elkaar
verbonden zijn. Als onze data wordt bevestigd, dan zou dit betekenen dat
patiénten met multipel myeloom dat resistent is voor proteasoomremmers, niet
behandeld zouden moeten worden met PIM447. Dit is mogelijk goed nieuws voor
patiénten met multipel myeloom dat wel gevoelig is voor proteasoomremmers,
aangezien de effectiviteit van PIM447 in een fase | klinische studie is bepaald op
een patiéntenpopulatie waarvan tenminste 34% resistent was tegen meerdere
proteasoomremmers. |k verwacht daarom dat de patiénten met multipel
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myeloom dat wel gevoelig is voor proteasoomremmers een betere response na
behandeling met PIM447 zullen hebben dan de gerapporteerde totale response
van 8,9%, met een gemiddelde progressie-vrije overleving van 10,9 maanden bij
de geadviseerde dosis.

In hoofdstuk 8 worden tot slot de bovenstaande resultaten bediscussieerd en in
een breder perspectief geplaatst. Concluderend zie ik verschillende mogelijkheden
voor het remmen van signaleringsroutes die bijdragen aan de overleving van
multipel myeloomcellen, met behulp van “targeted small-molecule” remmers. Dit
geldt zowel voor nieuw gediagnosticeerde ziekte, als bij terugkeer van resistente
multipel myeloom. Gezien de grote heterogeniteit van de ziekte verwacht ik dat
deze behandelingen zullen plaatsvinden in op-maat-gemaakte therapieén
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DANKWOORD

Na het schrijven van dit dankwoord is de inhoud van mijn proefschrift (eindelijk)
compleet. lets waar ik ontzettend blij mee ben, en trots op ben! De totstandkoming
van dit proefschrift was niet mogelijk geweest zonder de steun van een heel aantal
mensen die direct of indirect aan dit promotiewerk hebben bijgedragen.

Ik begin graag met een hartelijk woord van dank aan mijn begeleidingsteam.

Geachte dr. Peperzak, beste Victor, ik ben blij dat ik als tweede promovenda
jouw onderzoeksgroep mocht komen versterken in 2016. Ondanks dat onze
achtergronden nogal verschillend waren, denk ik dat er een aantal mooie projecten
tot stand zijn gekomen waarin apoptose en celsignalering zijn verenigd. Ik heb je
interesse altijd enorm gewaardeerd. Zo werden er niet alleen laat in de avond
nog foto’s gedeeld van net gescande western blots of nieuwe microarray analyses,
maar vergat je ook nooit te informeren hoe het met mij ging. Bedankt ook voor
conclusies zag in data die ik als onbruikbaar beschouwde. Ik denk dat ik tot ons
beider blijdschap kan mededelen dat dit het laatste epos van mijn hand is om te
lezen.

Geachte dr. Raymakers, beste Reinier, zonder jouw herhaaldelijke voorstel om het
literatuuronderzoek van mijn masterscriptie voort te zetten als promotieonderzoek
was dit proefschrift er vermoedelijk nooit gekomen. Bedankt voor je vertrouwen
en steun in de afgelopen jaren. Met jouw aanwezigheid was ik er altijd van
verzekerd dat mijn belangen werden behartigd. Ook veel dank voor je interesse in
mijn projecten, het geven van een klinisch perspectief op de uitkomsten hiervan,
en je altijd snelle feedback. Ik vermoed dat je menig treinrit van Nijmegen naar
Utrecht bezig bent geweest om mijn teksten van commentaar te voorzien, zodat
ik die de volgende ochtend om 8 uur weer in mijn inbox vond.

Geachte prof. dr. Minnema, beste Monique, bedankt dat jij in 2018 mijn
promotiecommissie als promotor bent komen versterken. |k bewonder hoe jij
al je kennis, van het lab tot de kliniek, samen laat komen en het enthousiasme
waarmee je dit overdraagt. Ik kon altijd rekenen op nieuwe ideeén en suggesties
tijdens de werkbesprekingen, en kritische opmerkingen op mijn manuscripten om
ook de klinische relevantie van de projecten te bewaken. Ik prijs mezelf gelukkig
dat onze samenwerking na dit proefschrift nog niet stopt, en ik hoop ook in de
toekomst nog veel van je te mogen blijven leren.

Geachte prof. dr. Maurice, beste Madelon, toen duidelijk werd dat (Wnt) signalering
een belangrijke plaats in mijn promotieonderzoek zou gaan innemen, was het een
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grote wens om ook jou als promotor toe te mogen voegen aan mijn commissie.
Tijdens mijn masterstage heb ik je leren kennen als een gedreven onderzoeker
die, ondanks een drukke agenda, altijd tijd had voor één-op-één begeleiding van
iedere (PhD-)student. Bedankt dat ik ook de afgelopen jaren op jouw kennis en
begeleiding mocht vertrouwen.

Ookeenhartelijkwoordvandankaandeledenvanmijn AIO begeleidingscommissie,
prof. dr. Jurgen Kuball, dr. Stefan Nierkens, en dr. Nieke Vrisekoop, voor al jullie
input tijdens onze jaarlijkse gesprekken en voor het bewaken van de focus en de
praktische uitvoerbaarheid van dit promotieonderzoek.

Ik vond het een voorrecht om mijn promotieonderzoek binnen de Peperzak-groep
uit te mogen voeren. Zowel voor inhoudelijke en praktische hulp, als voor de
nodige gezelligheid en uitjes kon ik op jullie rekenen.

Laura, ik heb jou altijd beschouwd als het opperhoofd van de uitvoerende tak van
de Peperzak-groep. Jouw organisatorische skills en technische kennis maakten het
lab-leven vaak net iets gemakkelijker. Dank ook voor alle uren die je met mij heb
doorgebracht bij het cel-sorten van weer een setje platen.

Marta, | consider myself lucky that you joined the group shortly after | started.
You were a tremendous help with flow cytometry, from difficult compensations to
excellent FlowJo skills. Thank you for all our late-afternoon lunches, and for being
my roomie at the last real-life DHC.

Anne, toen ik als PhD student bij de Peperzak-groep startte kende ik je alleen
van naam. Wat een opluchting toen bleek dat het zo goed klikte! Je bent werkelijk
mijn steun en toeverlaat geweest tijdens deze 5 jaar. Voor praktische zaken, maar
vooral ook om successen mee te vieren en teleurstellingen mee te verwerken. Ik
ben blij dat onze vriendschap is blijven bestaan, ondanks dat we inmiddels allebei
een andere baan zijn gestart. Bedankt dat je me als paranimf wilt bijstaan tijdens
de verdediging van dit proefschrift.

Thomas, met jouw entree kwam er altijd gezelligheid in het lab. Hoe complex of
lang experimenten ook waren, jij neuriede je overal doorheen. Dank voor al je
hulp rondom Akt, en de uitwisseling van microscopie-gedachten.

Laura, toen jij op het Dex project startte kreeg ik niet alleen praktische hulp, maar
ook een goede vriendin erbij. Fijn dat we samen zowel hoogte- als diepte punten
kunnen delen. Ik bewonder je doorzettingsvermogen en fanatieke instelling, en
ik weet zeker dat je je doelen gaat bereiken. Ik hoop maar dat het winnen van elk
bordspel dat we spelen niet tot één van die doelen behoort.
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Niels, van masterstudent zonder pipetteerervaring tot gewaardeerde PhD-collega
met ambitieuze projecten. Ik ben blij dat je onder mijn supervisie de interesse
in het doen van onderzoek niet bent verloren. Ik laat de afronding van het Wnt
project bij jou achter, en heb er het volste vertrouwen in dat je ook dit manuscript
tot een goed einde weet te brengen.

Patrick, misschien hoor je eigenlijk meer bij de Boes-groep dan bij de Peperzak-
groep, maar toch mag je in dit rijtje niet ontbreken. Veel succes met het vervolg
van je PhD, en bedankt voor je essentiéle bijdrage aan ons Kubb-team. Gelukkig is
jouw richtingsgevoel beter ontwikkeld dan dat van mij.

Saskia, dank voor jouw hulp op het Pim project tijdens je bachelorstage. Jij bent
misschien wel de meest gedreven student die ik in deze tijd ben tegengekomen.
Veel succes met het afronden van je master, en bij al je toekomstige plannen.

Daarnaastwil ik nog een aantal anderen bedanken voor de prettige samenwerking.
Anja van de Stolpe, hartelijk dank voor de nauwe samenwerking op het “signal
transduction pathway activity” model. Margot Jak, dank voor alle input tijdens
de werkbesprekingen. Ingrid Jordens, hartelijk dank voor alle ondersteuning op
het Wnt project. Dank aan alle medewerkers van de Flow faciliteit voor de FACS
ondersteuning. Dank aan Corlinda ten Brink voor de hulp bij de imaging faciliteit.
Kris Reedquist, Savithri Rangarajan and Almar Willekes, thank you for your help on
the Pamstation experiments.

Gedurende mijn promotieonderzoek was kantoor “G.02.wie weet het nummer?”
mijn home-away-from-home. A big thank you to all my office roommates. Inez, it
was much fun sharing a desk, as well as the PhD experience, with you. I'm sorry
for each time that you walked into me eating apples in the office, while | thought
you were at the mice facility. Eline, bedankt dat je me op één van mijn eerste
werkdagen mee op sleeptouw nam om koffie te gaan drinken, en dat je mijn
bunkie wou zijn op de van Kinsbergen. Succes met de laatste loodjes! Anna, zal ik
ditin het Nederlands, in English, oder auf Deutsch sagen? Ik bewonder hoe snel en
vloeiend jij de Nederlandse taal onder de knie hebt gekregen. Ik vind nog steeds
dat wij één van de beste pompoenen hebben gemaakt tijdens de PhD retreat.
Kim, dank voor de vele gezellige uitwisselingen, van microscopieprotocollen tot
recepten en muziek. Froso, Angelo, Patricia, en alle kamergenootjes in de back-
office, thank you as well for the nice time and all the fun we had together during
our PhD/CTl/dinner-outings.

Het CTI bestaat uit een grote groep van fijne mensen. Daarom wil ik alle collega’s
die ik hier niet met naam en toenaam heb genoemd ook hartelijk danken voor de
samenwerking, praktische hulp, wetenschappelijk input, en de gezellige tijd.
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Daarnaast wil ik ook graag mijn nieuwe collega’s bedanken, Frank, team Q4 en
team B5, voor de tijd die jullie mij hebben gegund om dit proefschrift af te maken,
en jullie bemoedigende woorden tijdens deze “laatste loodjes”.

Tijdens mijn promotieonderzoek kon ik gelukkig ook rekenen op de onuitputtelijke
steun van het thuisfront.

Manon, onze vriendschap stamt nog uit de tijd van de box. En al zijn onze levens
misschien nu zo verschillend, onze band is altijd hecht gebleven. Jij hebt mijn hele
studieperiode gevolgd, met interesse en soms ook verbazing. Ik bewonder jouw
onbevangenheid, het vermogen om je aan te passen en in te leven, maar ook je
eigen keuzes te blijven maken. Bedankt dat je me ook als paranimf bij wilt staan
tijdens de verdediging van dit proefschrift. Daarnaast wil ik graag Hilda, Jos, Kirsten
en Anouk bedanken. Ik heb me altijd erg welkom gevoeld in jullie gezin.

Wiebe, Claudia, Sharon, en de drie-eenheid Nadja, Niels en Matthijs. Samen als
MLO’ers doorstromen naar het HLO schept een band. Dank voor alle gezelligheid,
tijdens en buiten de colleges om, en de vele feesten & partijen, ook samen met
Bas en Nima.

Ans en Edwin, Vincent, Sjoerd en Esther, Silas en Suzanne, en de nieuwe generatie:
Luka, Noah, Annabel, Samuel en Jonathan. Met z'n allen bij elkaar staat altijd
garant voor chaos en gezelligheid. Bedankt dat jullie me hebben opgenomen in
jullie familie. Ik hoop dat ik voldoende uit heb kunnen leggen wat ik nou hele
dagen deed. Hierbij ook nog een naslagwerk voor in de boekenkast.

Pap en mam, jullie hebben me altijd gestimuleerd om het beste uit mezelf te halen.
Hoeveel vervolgstudies ik ook wilde doen, jullie hadden altijd vertrouwen in mij en
in een goede afloop. Bedankt voor de steun en ondersteuning in de afgelopen
jaren. Qua wetenschappelijke titels houdt het hier wel even op, maar ik denk dat
jullie trots zullen zijn.

Lieve Niek, ik ben ontzettend blij dat we zo snel een goede band hebben
kunnen opbouwen. Ik hoop dat dit boekje je kan laten inzien dat je met
doorzettingsvermogen meer kunt bereiken dan je van tevoren had kunnen
bedenken. Maar vooral ook dat het belangrijk is om je eigen keuzes te maken, en
je in te zetten voor een doel waar je in gelooft. Je zal blij zijn om te lezen dat, nu
het af is, het werken in weekenden en tijdens feestdagen voorbij is. Ik ben trots
op je, en kijk er naar uit om je tijdens je verdere ontwikkeling te mogen bijstaan.
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En tot slot, lieve Guido, jouw bijdrage aan dit traject is groter dan je zelf ooit zal
toegeven, en misschien wel groter dan je zelf beseft. Jij voelt altijd feilloos aan
wanneer ik een duwtje in de rug nodig heb om door te zetten, of juist afleiding en
ontspanning kan gebruiken om op te laden voor de volgende piek. Bedankt voor
het vertrouwen en de rust die je me geeft, je luisterende oor voor mijn dromen en
ideeén, je sterke armen om in te schuilen voor mijn zorgen, en het geduld dat je
altijd weer op weet te brengen terwijl ik me op mijn volgende project stort. Samen
zijn wij een sterk team, en ik kijk uit naar alle avonturen die ons nog te wachten
staan. Ik zal proberen om dan niet altijd voor de moeilijkste weg of de hoogst
haalbare doelen te kiezen, beloofd!
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