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Abstract

Abstract

Burkitt lymphoma (BL) is an aggressively growing neoplasm owing to an over expression
of the MYC oncogene and exploitation of the tonic B cell receptor (BCR) signaling for its
survival. While it is known that the survival signaling is mediated by the phosphoinositide-
3-kinase (PI3K), the details of the rewired BL-specific BCR signaling network remain
poorly understood. A small-hairpin RNA (shRNA) based loss of function screen revealed
that the SH2 domain-containing 5-inositol phosphatase 2 (SHIP2) potentially influences
the survival of BL cells. Generation and characterisation of multiple SHIP2-deficient
BL cell lines revealed a perturbed proliferation and increased apoptosis. Furthermore,
these effects could not be observed in a surface BCR-negative BL cell line, suggesting
that SHIP2 activity is regulated by tonic BCR signaling. SHIP2 is generally described as
a negative regulator of AKT activity, but the phosphorylation levels of AKT remained
stable in the absence of SHIP2. Similarly, the activation of mitogen-activated protein
kinases (MAPK) were unaltered. In contrast, SHIP2 deficiency attenuated the ATP
production independently of glucose uptake. It was found that the enzymatic product
of SHIP2, phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2), is required for an efficient
energy metabolism. In addition, SHIP2-deficient cells exhibited lowered aspartate levels,
possibly due to inefficient glycolysis. Further, interference with the function of SHIP1
mirrored the effects observed in SHIP2-deficient cells, indicating a redundant function.
Consistently, interruption of SHIP1/2 activity in BL cell lines augmented the susceptibility
to inhibition of survival signaling mediated by the PI3K. This study provides a molecular
basis describing how tonic BCR signals are linked to an efficient energy metabolism,
which is particularly necessary to fuel a fast growing tumor such as BL. Moreover, these
discoveries may serve as a basis to potentially enhance the treatment efficiency of BL by
targeting the energy supply through the inhibition of SHIP proteins, thus increasing the
vulnerability to targeting survival signals.
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Introduction

Introduction

4.1 The human immune system at a glance

The human body is safeguarded from a plethora of pathogens by a remarkably complex
defense network in the form of its immune system. It comprises the innate and adaptive
immune systems, which are both characterised by their distinct abilities and mechanisms.

The innate immune system is comprised of anatomic and physiologic barriers such as
the skin, pH level and temperature, but also specialized cells predominantly stemming
from the myeloid lineage. Depending on their specialization, these cells reside either
in the tissue or circulate in the bloodstream and possess pattern recognition receptors
(PRR) that facilitate the detection of pathogen-associated molecular patterns (PAMPs).
Once a PAMP is identified, the innate immune cell may respond by phagocytosis of the
pathogen, production of pro-inflammatory cytokines or direct elimination of the pathogen
by secretion of destructive compounds. Furthermore, the uptake of a pathogen connects
the innate with the adaptive immune system, as the pathogen is processed intracellularly
and presented in the form of antigens to lymphocytes in the lymph nodes [1].

The adaptive immune system offers a more time-demanding, but highly specific and
tailored response to individual pathogens that also comprises a memory function. It
exclusively consists of cells of the lymphoid lineage, namely B and T cells. Activation of
these cells is conducted by antigens, which in the case of T cells requires the presenta-
tion as peptides by antigen-presenting cells (APC). The activation of cytotoxic CD8+ T
cells has a direct detrimental effect on the target cell, whereas the activation of CD4+ T
helper cells leads to the secretion of cytokines. One function of these cytokines is shape
the differentiation of B cells. B cells are responsible for humoral immunity, meaning the
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production and secretion of their antigen-specific receptors, referred to as "antibodies"
that bind to epitopes found in encountered antigens with high affinity. The binding of
antibodies to antigens disturbs vital functions of pathogens, such as preventing the in-
vasion into cells. Also it targets the pathogen for destruction by cells of the adaptive
immune system by a process called opsonisation. In contrast to the adaptive immune
system, the innate immune response incorporates a memory, thereby sustaining a specific
and long-term immunity to a vast array of pathogens [1].

Figure 4.1: Overview of the immune cells that compose the human immune system.
The overview shows the composition of the adaptive and innate immune system and how these
cells differentiate from their lymphoid and myeloid progenitors, respectively. CD8+ T cell =
cytotoxic T cell. CD4+ T cell = T helper cell. NK cell = natural killer cell.
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4.2 The intricacies of B cell antigen receptor signal-
ing

4.2.1 Structure of the B cell antigen receptor

The B cell antigen receptor (BCR) is composed of a transmembrane version of an im-
munoglobulin (Ig) formed by two identical heavy and light chains, respectively. These
chains are connected by disulfide bonds between the two heavy chains and between the
heavy and light chains. The gene segments encoding the heavy chain are designated as
variable (VH), diversity (DH), joining (JH) and constant (CH), while the light chain-coding
gene segments just comprise VL, JL and CL. The rearrangement of these V(D)J genes
enables a large antibody diversity, which in turn allows the immune system to recognize
and respond to a wide range of antigens [2].

In addition to the transmembrane Ig, a functional BCR also requires the presence of
CD79A and CD79B, also known as Igα and Igβ. CD79A and CD79B are directly con-
nected by disulfide bonds and form a heterodimer that associates with the transmembrane
Ig in a non-covalent manner [3]. Both, the surface expression of the BCR and the trans-
duction of signals requires the presence of the whole complex. The signal transduction is
facilitated by immunoreceptor-tyrosine-based activation motifs (ITAM) in the cytoplas-
mic tails of CD79A and CD79B [4]. Stimulation of the BCR triggers the phosphorylation
of the tyrosine residues within the ITAMs, thereby initiating an orchestrated down-stream
signaling by different pathways.

4.2.2 Stimulated BCR signaling

Several models compete to explain the BCR dynamics in resting, unstimulated B cells [5].
Yet, those models agree with the down-stream signaling processes initiated after binding
of the cognate antigen to the BCR. This engagement leads to phosphorylation of the ty-
rosine residues in the ITAMs of the CD79A-CD79B heterodimer, as well as a non-ITAM
tyrosine residue in CD79A, by Src-family kinases such as LYN[6, 7]. Phosphorylated
ITAMs serve as bona fide binding sites for the spleen tyrosine kinase (SYK) and enable
its full activation [8, 9].

3



Introduction

Moreover, the SH2 domain-containing leucocyte adapter protein of 65 kDa (SLP65) is
recruited to the phosphorylated non-ITAM tyrosine subsequently phosphorylated on mul-
tiple tyrosine residues by SYK [10, 11]. These phosphorylations on SLP65 then act as
docking sites for Bruton´s tyrosine kinase (BTK) and phospholipase Cγ2 (PLCγ2) to
form the Ca2+ initiation complex, which allows for the BTK-dependent activation of
PLCγ2 [9, 12]. PLCγ2 then converts phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)
into inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) [13]. IP3 acts as a second
messenger opening Ca2+ channels at the endoplasmic reticulum (ER) resulting in a Ca2+

flux into the cytoplasm [9, 14, 15]. Production of DAG eventually leads to activation
of the transcription factor nuclear factor of κ light polypeptide gene enhancer in B cells
(NFκB) that has importance in regulating genes controlling the proliferation, survival
and differentiation of B cells [16, 17].

Engagement of the BCR also leads to activation of the mitogen-activated protein ki-
nases of the extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK)
and mitogen-activated protein kinase 38 (p38) types, which are important for the prolif-
eration and survival of lymphocytes [18–20]. Activation of ERK can be facilitated by a
complex consisting of SLP65, the adaptor protein growth factor receptor-bound protein
2 (GRB2) and the guanine nucleotide exchange factor (GEF) son-of-sevenless (SOS) that
in turn activates the small G-protein RAS [10, 21–24]. In addition, SLP65 enables the
activation of JNK by recruitment of the small GEF VAV, which activates the Rho-family
GTPase RAC1, and PLCγ2 [25]. In contrast, p38 is activated by pathways targeted by
DAG-dependent PKCβ [26].

Another important signaling pathway down-stream of the BCR is referred to as the
phosphoinositide-3-kinase (PI3K) pathway. Engagement of the BCR results in phospho-
rylation of the co-receptor cluster of differentiation 19 (CD19) by SYK, FYN and BTK
that provide docking sites for the B cell adapter for PI3K (BCAP) and the regulatory
subunit p85 of PI3K [27]. The NCK adapter protein (NCK) is able to circumvent CD19
by binding to the phosphorylated non-tyrosine residue of CD79A to recruit BCAP and
thereby commence signaling via the PI3K pathway [28]. The activated PI3K catalyses
the conversion of PI(4,5)P2 into phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3) at
the plasma membrane. PI(3,4,5)P3 can be engaged by the PH domains of the protein
kinase B (PKB, typically referred to as AKT), the phosphoinositide dependent kinase 1
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(PDK1) and of the stress-activated protein kinase-interacting protein 1 (SIN1), which is
part of the mammalian target of rapamycin (mTOR) complex 2 (mTORC2) [29–32]. The
binding of AKT to PI(3,4,5)P3 is preceded by its phosphorylation at serine 473 facilitated
by mTORC2 [33]. This phosphorylation leads to a conformational change that exposes
the PH domain, enabling the recruitment to the plasma membrane, and exposing the
activation loop [33, 34]. AKT binding to PI(3,4,5)P3 is further phosphorylated by PDK1
at threonine 308 in its activation loop, thereby becoming fully active [35–38].
In turn, activated AKT promotes survival by mediating the deactivation of pro-apoptotic
BCL-2 related proteins, cysteine-dependent, aspartate-specific protease 9 (caspase-9) and
forkhead transcription factors (FOXO) [39–41]. Moreover, it contributes to prolifera-
tion and metabolism by activation of mTORC1 and deactivation of glycogen synthase
kinase 3 (GSK3) among many other targets [42–44]. PI(3,4,5)P3 at the plasma mem-
brane is converted by the SH2 domain-containing inositol 5-phosphatases (SHIP1/2) to
phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2) [29, 45]. The SHIP proteins were long
perceived as antagonists to AKT signaling due to the removal of membrane docking sites
[46]. While this is true for some cases, recent studies could provide evidence that PDK1
and certain AKT isoforms can also bind to PI(3,4)P2, suggesting that SHIP activity may
diversify AKT signaling or even has AKT-independent functions [29–31, 47].
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Figure 4.2: Overview of the processes down-stream of the BCR after antigen engage-
ment. Binding of the cognate antigen to the BCR results in phosphorylation of the ITAM and
non-ITAM tyrosine residues of the CD79A-CD79B heterodimer by LYN. The phospho-tyrosines
of the ITAM act as a docking site for SYK, which in turn phosphorylates SLP65. These phospho-
rylations serve as a binding motif for BTK and PLCγ2. BTK activates PLCγ2, which produces
DAG and IP3. IP3 acts as a second messenger on Ca2+ channels at the endoplasmic reticulum
causing release of Ca2+ into the cytoplasm. DAG serves as an anchor for PKCβ that enables
activation of p38 and NFκB, allowing the latter to translocate into the nucleus. SLP65 also
serves as starting point for the activation of JNK via VAV and RAC1, as well as ERK by GRB2
and SOS. Moreover, LYN and SYK phosphorylate CD19, which enables the binding of BCAP
and recruitment of the PI3K. CD19 can also be recruited independently of phosphorylations by
recruitment of NCK to the non-ITAM phospho-tyrosine of CD79A. The activated PI3K cataly-
ses the conversion of PI(4,5)P2 to PI(3,4,5)P3. This phosphoinositide serves as an anchor point
for the PH domains of AKT and PDK1. AKT is phosphorylated at serine 473 by mTORC2
and threonine 308 by PDK1, leading to full activation, thereby inhibiting GSK3 and FOXO and
promoting mTORC1 activity. PI(3,4,5)P3 is converted by SHIP1 and SHIP2 into PI(3,4)P2.
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4.2.3 Tonic BCR signaling

The BCR is able to also transduce a signal in the absence of a cognate antigen, which is
referred to as tonic BCR signaling. Studies from Wienands et al in 1996 already revealed
that the inhibition of protein tyrosine phosphatases (PTP) in resting B cells leads to
activation of SYK followed by BCR signaling independently of antigen engagement, im-
plicating the presence of preformed BCR transducer complexes [48]. Quickly thereafter,
Lam et al showed in an in vivo ablation experiment that the presence of surface BCR is
essential for the survival of mature B cells [49]. Stimulated BCR signaling is 4̃.3 times
stronger than tonic BCR signaling. Moreover, the strength of the tonic BCR signaling
correlates with the number of BCRs found on the cell surface [50].

Three models compete for the best explanation of the tonic BCR signaling. The Ho-
motypic pre-BCR-binding model proposes that the self-aggregation of BCR facilitates
down-stream signaling. This model is based on the existence of oligomeric BCR com-
plexes on the cell surface, which are facilitated by non-covalent interactions between polar
amino acid residues located in the heavy chains [51]. Indeed, mutation of these amino
acids results in tonic signaling incompetent BCRs [52]. However, the clear evidence for
the existence of these oligomeric BCR complexes is still pending [53].

The lipid raft compartmentalisation model suggests that a portion of the surface BCRs are
compartmentalised in lipid rafts. This promotes LYN activity leading to ITAM-dependent
down-stream signaling [54]. Supported is this model by the finding that BCRs increas-
ingly associate with lipid rafts during antigen engagement [55].

In contrast to the previous models, the equilibrium model is based on individual BCRs and
not on aggregation. Instead, the model postulates a homeostatic, dynamic equilibrium
of positively and negatively regulating factors that come into proximity of monomeric
BCRs on the cell surface. The positive regulation is facilitated by the close proximity of
CD45 to the BCR, thereby triggering LYN followed by phosphorylation of the ITAMs in
CD79A-CD79B and activation of SYK [6–8, 56]. The negative regulation is based on the
close proximity of CD22 that enables the recruitment of PTPs to their immunoreceptor-
tyrosine based inhibitory motifs (ITIM) that deactivate the signal by dephosphorylation
of the ITAMs and SYK [57]. In summary, the model proposes a continuous toggling be-
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tween the active and inactive states of the BCR, leading to a persistent signaling baseline
within the cell [58].

While the upstream process that initiates the tonic BCR signaling is still under dis-
cussion, some of the down-stream processes that are necessary to maintain B cell survival
have been addressed. Neither over-activation of NFκB, the ERK activating kinase MEK
nor over expression of BCL-2 could rescue the survival of mature B cells after ablation
of the BCR [49]. Instead, only the over-activation of the PI3K pathway resulted in an
AKT-dependent phosphorylation of FOXO1 could rescue the survival [59].

4.3 Germinal center reactions

The germinal center (GC) reaction occurs within secondary lymphoid organs, such as
lymph nodes and the spleen, during the adaptive immune response [60]. It is essential for
the generation of specialized B cells, including memory B cells and plasma cells, which
play a critical role in the immune system’s ability to respond to pathogens effectively.
The processes involved in the germinal center reactions are shown in a simple overview in
figure 4.3.
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Figure 4.3: Overview of the dynamics of B cells in the germinal center. Activated
germinal center (GC) precursor B cells undergo class switch recombination (CSR) followed by
clonal expansion leading to the formation of dark zone of the GCs. Afterwards, the clonal B
cells undergo somatic hypermutation (SHM), which introduces random mutations in the exons
encoding for the variable regions of the antibodies. Afterwards these cells migrate into the light
zone where they are positively selected according to the affinity of their BCR to engage and
internalise the antigen presented by follicular dendritic cells (FDC). Furthermore, the light zone
B cells present the antigen via their major histocompatibility complex class II to the follicular
TH cell. Positively selected cells recirculate into the dark zone where they again proliferate
and mutate to increase their affinity for the antigen. This process is repeated until the affinity
is sufficient to allow differentiation into either memory B cell precursors or plasmablasts that
produce and secrete high affinity antibodies. Adapted from DeSilva & Klein [61]. TCR = T cell
receptor.

As soon as the BCR on a B cell is engaged by its specific antigen in secondary lymphoid
organs, the B cell becomes activated, leading to internalisation of the antigen and presen-
tation of peptides on major histocompatibility complex class II (MHCII). Once a type 2
T helper cell binds to the MHCII-peptide complex, the B cell gets activated and migrates
into lymphoid follicles within the secondary lymphoid organs [60, 62–64]. The activated
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cell undergoes class switch recombination to enable production of functionally optimised
antibody isotypes [65]. Furthermore, and the activated B cell clonally expand, thereby
generating a germinal center. These centers consist of a transient and dynamic microen-
vironment with specific regions, dark zone and light zone, each full filing a distinct role [66].

In the dark zone, the clones of the initially activated B cell proliferate further and undergo
somatic hypermutation. In this process, the activation-induced cytidin desaminase (AID)
catalyses the conversion of cytidin to uracil in the complementary-determining regions
of the exons that encode for the immunoglobulin heavy (IgH) and immunoglobulin light
(IgL) chains [67]. The generated uracil-guanine mismatches are repaired by an interplay
of uracil-DNA-glycosylases and DNA polymerases, which eventually creates single point
mutations [68]. These random mutations introduce a diversity into the clonal B cell pop-
ulation, resulting in BCRs with varying affinities for the initially encountered antigen.
These BCRs are displayed on the cell surface and the cell migrates into the light zone
of the germinal center [69]. Errors in the somatic hypermutation process can result in
tumorigenesis of several lymphomas [70]

In the light zone, the B cell (LZ-B cell) undergoes an antigen- and T cell-dependent
selection process that tests the affinity of the LZ-B cell’s BCR [71, 72]. First, the LZ-B
cell bind via their BCR to an antigen supplied by follicular dendritic cells (FDC), which
are able to retain and display antigens in the form of immune complexes [73]. The binding
of the BCR results in the internalisation of the BCR-antigen complex, followed by subse-
quent processing and loading of the antigen onto MHCII proteins [74–77]. The resulting
antigen-MHCII complex is presented to follicular TH (THF) cells, which are located at
the LZ of GCs [78, 79]. This triggers the expression of MYC to mark it as a positively
selected LZ-B cell [80]. Whether antigen engagement of the BCR leads to BCR-dependent
survival signaling in LZ-B cells is still a matter of debate [81, 82]. However, the affinity of
its BCR to the antigen is tested, because the higher the affinity is the more antigen can
be internalized, eventually leading to more efficient help by the THF [83, 84]. If the LZ-B
cell is not able to engage an antigen via its BCR due to low affinity, it is not receiving
any survival signaling eventually leading to apoptosis [85, 86]. A similar fate awaits those
LZ-B cells that display no CD40 on their cell surface, as they are unable to receive T cell
help [87, 88]. In addition, LZ-B cells that respond to antigen binding with too strong
BCR signaling also enter apoptosis, presumably to maintain self-tolerance [89–91].
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The positively selected cells undergo different fates. Some cells can recirculate into the
dark zone where they again undergo proliferation and somatic hypermutation followed by
re-circulation into the light zone and selection [92, 93]. This process is repeated multiple
times to refine the affinity of the B cell, a process called affinity maturation [94, 95].
On the other hand, positive selection can also lead to the differentiation of the cell into
specialized B cells. Positively selected LZ-B cells that experience increased help from the
THF and exhibit a high affinity for the antigen may differentiate into short-lived plasma
blasts or longer-lived plasma cells [96–100]. In contrast, LZ-B cells that differentiate into
memory B cell precursors are characterised by relative quiescence and the current under-
standing is that these cells require less THF help [101, 102]. However, the details of the
differentiation process in the LZ of GCs remain to be elucidated.

4.4 Burkitt Lymphoma

4.4.1 A short history

Burkitt lymphoma (BL) is a malignant non-Hodgkin lymphoma first described in 1958
by the Irish surgeon Denis Parson Burkitt while working in equatorial Africa [103]. He
outlined an extremely fast-growing tumor in children that was unfailingly lethal and pre-
dominantly located at the jaw and head. While initially regarded as round-cell sarcoma,
histological analyses revealed a remarkable similarity to other lymphomas, confirming
that BL has a lymphoid origin [103, 104]. In contrast to most other types of cancer, it
quickly became obvious that BL is primarily found in equatorial regions and in particular
equatorial Africa, which suggested an association to endemic, infectious diseases [105]. It
took only two years to confirm this theory, as the oncogenic Epstein-Barr virus (EBV)
was discovered in lymphoblasts derived from BL patients [106, 107]. Further discover-
ies in BL were an increased size of chromosome 14 accompanied by a concurrent loss
of genetic material on chromosome 8 [108, 109]. Detailed analyses of this abnormality
revealed a translocation of the MYC oncogene from chromosome 8 to chromosomes 2,14
or 22 thereby causing an over expression of MYC that drives the rapid proliferation of
BL [110, 111].
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4.4.2 An epidemiological tumor

Apart from EBV, Kafuko and Burkitt quickly realised that BL is also prevalent in re-
gions with endemic malaria, suggesting a connection that was confirmed by significantly
lower BL cases in regions that successfully combated this infectious disease [112, 113]. On
this basis, the occurrence of BL was categorized by the WHO according to its associated
origin into endemic, spontaneous and immunodeficiency-associated BL [114]. While the
three variants exhibit similar morphological and immunophenotypic characteristics, such
as their "starry sky" appearance in histological preparations, they differ in terms of their
epidemiological and clinical attributes [114, 115].
Endemic BL, also known as African-type, commonly occurs in regions holoendemic for
Plasmodium falciparum [113]. As stated in the initial discovery, it predominantly man-
ifests as a fast-growing tumor in the head and neck, but can also be found in the ab-
dominal region [103, 116]. Endemic BL occurs virtually always in young children, with a
high burden of parasites being associated with an increased risk of developing BL [117–
119]. Though, asymptomatic malaria also increases the likelihood of emerging BL [120].
Moreover, endemic BL is almost exclusively associated with an EBV infection [121, 122].
Similar to malaria, increased titers of antibodies targeting EBV are linked to an increased
risk [123]. In contrast to the other types of BL, endemic BL occurs in large numbers,
especially in sub-Saharan countries and Papua-New Guinea where it accounts for 50 - 75
% of childhood cancers [124–126].
Sporadic BL, also known as spontaneous, American-type or non-Africa, is the type of
BL most commonly found in regions without endemic malaria such as Europe and North
America [127]. Compared to endemic BL, it has low incidence numbers, yet it is the most
common sub type of non-Hodgkin lymphoma in the USA [128]. The median patient age
lays at 10 years, while there is a second patient group between 40 and 75 years old [129].
Males exhibit a higher likelihood to develop sporadic BL compared to women [129]. In
contrast to endemic BL, sporadic BL typically manifests in the abdominal region and is
associated with EBV in only 20 - 30 % of the cases, predominantly in the older patient
group, and is not a defining feature of the sporadic type [130]. Furthermore, there is
mounting evidence suggesting that the paediatric form of sporadic BL differs strongly
from the one occurring in older patients, indicated by the increased association to EBV
and accumulated mutations [130, 131]. Sporadic BL is histologically indistinguishable
from endemic BL and both types show only slight alterations in their gene expression
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profiles [132–134].
Immunodeficiency-associated BL is usually found in patients suffering the acquired im-
munodeficiency syndrome (AIDS) but also occurs in post-transplant patients [135–137].
While incidence numbers are low compared to endemic BL, the immunodeficiency-associated
BL accounts for 4̃0 % of lymphomas in AIDS patients [138]. Apart from the association
to immunodeficiency, this type of BL does not differ from the previous types in terms of
EBV involvement or clinical manifestation [139]. The major difference compared to the
other types is found in the higher median age of the patient group at 40 - 45 years old [140].

BL is treated with a variety of different chemotherapies which consist of a mix of DNA
damaging, immunosuppressive compounds and recently also including monoclonal anti-
bodies [141–143]. While the efficiency of the therapy is rising constantly and the overall
cure rate is excellent, it still lacks an efficient application in elderly patients and those
with lacking medical care [127, 144]. Moreover, relapsed or refractory patients have a
poor prognosis highlighting the need for novel therapeutic approaches [145].

4.4.3 Molecular characteristics of BL

The hallmark of BL cells is the over expression of the MYC oncogene, which encodes
for the c-MYC transcription factor [146]. This over expression of MYC is caused by a
translocation event in germinal center B cells. According to the current opinion, this
translocation is an accidental process that takes place during somatic hypermutation or
class switch recombination and is based on an abnormal expression of AID that induces
chromosomal breaks [147–150]. In more detail, the MYC gene is placed under the regula-
tory control of the promoters of either the Ig-heavy chain (t(8;14)(q23;q32)), the kappa-
(t(2;8)(p12;q24)) or lambda- (t(8;22)(q24;q11)) light chain, with the first being the most
prevalent translocation as depicted in figure 4.4.
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Figure 4.4: Depiction of the most prevalent MYC translocation in BL. The
t(8;14)(q23;q32) translocation transfers the MYC oncogene from chromosome 8 to chromosome
14 and brings it under control of the promoter of the Ig heavy chain gene locus.

c-MYC facilitates the activation of 1̃5 % of the human genes, many of those involved
in metabolism and cell cycle [151]. Moreover, MYC is often mutated in its transactiva-
tion domain further contributing to tumorigenesis [152, 153]. However, the deregulation
of MYC alone is not sufficient for the generation of BL, which rely on further mutated
genes [152, 154]. The reason for this is that while some MYC mutations facilitate sur-
vival signaling, over expression of MYC generally leads to the activation of p53-mediated
apoptosis [153, 155]. Consequently, the encoding gene TP53 experiences inactivating mu-
tations in 3̃5 % of BL cases [156, 157].

BL cells typically display an IgM-based BCR, suggesting that BL cells undergo somatic
hypermutation but not class switch recombination [158]. In fact, a large portion of BL
cells relies on an intact BCR to transduce a tonic BCR signaling, which they exploit
for their survival [152, 159]. Accordingly, a substantial part of BL cells harbor muta-
tions in the transcription factor 3 (TCF-3 ) and inhibitor of binding 3 (ID3 ) genes [152,
160]. TCF-3 encodes for a transcription factor that facilitates a transcriptional program
similar to dark zone germinal center cells ensuring the survival and proliferation of BL
cells [161]. Partly this is due to the promotion of continuous BCR signaling caused by
down regulation of factors that negatively regulate the BCR signaling network [57, 152].
ID3 encodes for a repressor of TCF-3 and as such often carries inactivating mutations in
BL [162]. In addition, it was shown that specifically the tonic BCR signaling-dependent
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PI3K pathway is important to ensure the survival of BL cells [152]. An extensive, mass
spectrometry-based analysis of the phospho-proteome of BCR-dependent BL cell lines un-
veiled an intricate and expansive tonic BCR signaling network that extends well beyond
the PI3K pathway [163]. Moreover, it was shown that SYK is stabilised by the chaperone
heat-shock protein 90 (HSP90), thereby maintaining the BL-specific tonic BCR survival
signaling ([164]. The one-carbon metabolism is another factor BL cells use to sustain
survival as it was shown by increased apoptosis upon inhibition of the key one-carbon
metabolism enzyme serine hydroxymethyltransferase 2 (SHMT2) [165].

In terms of association with EBV, it is still unclear if EBV is an uninvolved passen-
ger virus due to its extremely high incidence of almost 90 % of the human population
[166]. However, its high association with BL, especially in the endemic type, and the fact
that EBV+ BL cells exhibit different mutations compared to non-EBV BL suggests some
contribution to lymphomagenesis from the virus [131, 167]. This is further supported by
the fact that EBV was shown to transform cells on its own [168, 169]. Furthermore, the
latent EBV infection leads to the production of anti-apoptotic proteins such as EBNA1,
which ensures the survival of the host cell and thus contributes to the formation or sever-
ity of BL [170].

Due to its mutational landscape, exploitation of diverse survival signaling pathways and
association to infectious diseases, BL can be regarded as an extremely heterogeneous
tumor.

4.5 The world of 5-inositol phosphatases

The two 5-phospho inositol phosphatases SHIP1 and SHIP2, now designated as SHIPs,
are encoded by two separate genes, inositol polyphosphate-5-phosphatase D (INPP5D)
and inositol polyphosphate-phosphatase like 1 (INPPL1 ) respectively [171]. The proteins
share a 51 % sequence homology thus exhibiting a similar domain structure, especially in
the N-terminus [47]. Both proteins possess an N-terminal Src-homology 2 (SH2) domain
that facilitates a regulated interaction with phosphorylated tyrosine residues of other
proteins, though the SH2 domains show significant sequence alterations between SHIP1
and SHIP2 [47]. The SH2 domains exhibit the same ligand specificity but SHIP1 showed
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an extremely fast association and dissociation rates compared to SHIP2 [172]. The SHIP
proteins contain the same enzymatic core consisting of a PH domain to bind PI(3,4,5)P3,
the catalytic phosphatase domain followed by a C2 domain to transiently bind PI(3,4)P2

[173]. The largest differences are located in the C-terminal regions. Here, SHIP1 retains
one additional tyrosine phosphorylation (NPXY)-motif and proline-rich (PXXP)-motif
that enable binding to SH3 domain-containing proteins [174, 175]. In contrast, SHIP2
has a ubiquitin interacting motif (UIM) that regulates the activity [176]. Moreover, the
sterile alpha motif (SAM) of SHIP2 enables homotypic or heterotypic interactions with
other SAM-containing proteins [177, 178]. An overview of the structure of SHIP proteins
is given in figure 4.5.

Figure 4.5: Domain structure of the 5-inositol phosphatases SHIP1 and SHIP2. Both
proteins possess a N-terminal Src-homolgy 2 (SH2) domain to facilitate protein interactions as
well as a Pleckstrin homology (PH-L) domain, catalytic phosphatase domain (5-PPase) and
C2 domain to facilitate its enzymatic function. SHIP1 and SHIP2 differ in their C-terminal
domains. SHIP1 contains two distinct NPXY-motifs and an additional PXXP-motif compared
to SHIP2. In contrast, the C-terminus of SHIP2 is composed of an ubiquitin interacting motif
(UIM) and a sterile alpha motif (SAM). Adapted from Pedicone et al [47].

SHIP1 is mainly expressed in cells of the hematolymphoid lineage which includes central
nervous system resident microglia cells, mesenchymal stem cells and osteoblasts where
it is a proven modulator of cell proliferation [179–185]. In contrast, owing to the more
ubiquitous expression of INPPL1, SHIP2 is found in almost all cells of the human body
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[186]. In the literature, SHIP2 is predominantly associated with the negative regulation
of insulin signaling [187, 188].

As mentioned in the previous chapter, both SHIPs primarily facilitate the enzymatic
conversion of PI(3,4,5)P3 to PI(3,4)P2 and are the sole proteins to do so at the plasma
membrane [29, 45]. However, SHIP1 has also been shown to occasionally use PI(4,5)P2

and phosphatidyl inositol-1,3,4,5-tetrakisphosphate (PI(1,3,4,5)P4 as substrate [189–191].
The recruitment process that targets SHIP1 to the plasma membrane in B cells is rel-
atively well understood. SHIP1 is mandatory for negative regulation of the activated
BCR signaling either by interaction with FCγRIIB or in a receptor-independent way via
interaction with docking protein 3 (DOK-3) and GRB2 [192–195]. Consequently, the ab-
sence of SHIP1 in B cells leads to hyper reactivity indicated by a strongly increased Ca2+

mobilisation after stimulation of the BCR [195] In contrast to SHIP1, the regulation and
function of SHIP2 in B cells is less understood.

4.6 Aims

The exact mechanisms employed by BL cells to exploit the tonic BCR signaling are still
poorly understood and require an in-depth analysis of the involved factors. Recent stud-
ies revealed that both SHIPs possess phosphosites that are activated during tonic BCR
signaling, suggesting a potential regulatory function [163]. Moreover, a shRNA screen
comparing BL cell lines with non-blood cell lines indicated a high relevance of SHIP2, but
not SHIP1 for the survival of BL cell lines [196]. Furthermore, the latest in-house study
demonstrated that SHIP2 is important for survival and proliferation in a single BL cell
line, though the underlying mechanisms are yet to be unraveled [197].

To improve the understanding of how SHIP2 could contribute to the fitness
of tonic BCR-dependent BL cells, I pursue the following goals:

(i) Validate that SHIP2 contributes to BL fitness by perturbation of SHIP2 function
via small molecule inhibitors and genetic targeting

(ii) Replication of SHIP2-dependent effects in multiple cell lines to represent the het-
erogeneity of BL
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(iii) Assess if the SHIP2 effects are based on tonic BCR signaling

(iv) Reveal the fitness-promoting mechanisms mediated by SHIP2

(v) Identify if SHIP2 is a promising drug target in BL

To achieve these goals I plan to generate SHIP2-deficient BL cell lines representing differ-
ent BL entities by utilizing the clustered regularly interspaced short palindromic repeat
(CRISPR) system. These SHIP2-deficient cell lines will be reconstituted with a Citrin-
SHIP2 fusion protein to exclude potential clonal effects. The generated cell lines will be
assessed for effects regarding proliferation and apoptosis. In addition, the signal trans-
duction in the absence of SHIP2 will be analysed in detail by analysis of single targets
but also phosphoproteomics to identify global changes. The results will be validated by
the application of selective small molecule inhibitors and induced expression of shRNA
targeting the SHIP2 coding gene.
The overarching goal of this study is to provide molecular details that may give rise to
new therapeutic approaches in the treatment of BL, since small molecule-based inhibition
of 5-inositol phosphatases may be a feasible option and such inhibitors have already been
established.
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Materials and Methods

5.1 Materials

5.1.1 Cell Culture

5.1.1.1 Eukaryotic cell lines

Ramos
The Ramos cell line was derived from the ascitic fluid of a 3-year-old Caucasian male,

showing symptoms of an American-type Burkitt lymphoma. The cell line is tested nega-
tive for presence of EBV [198]. Ramos cells contain the characteristic BL t(8;14)(q22;32)
translocation of the MYC gene. Further, the cells express an IgM with a λ-light chain
and the cell line is proven to be BCR-dependent [163, 199]. In addition, Ramos cells
carry mutations in tumor protein 53 (TP53 ) and other oncogenes such as B cell lym-
phoma 6 (BCL6 ), the BCR regulator TCF3 and SWI/SNF related, matrix-associated,
actin-dependent regulator of chromatin, subfamily A, member 4 (SMARCA4 ) [156, 200,
201]. Ramos cells were kept at a concentration of 0.6-1.2*106 cells/ml and split every day
1:3.5 or every second day 1:10.

Daudi
The Daudi cell line was derived in 1967 from B lymphoblasts isolated from peripheral

blood of a black, 16-year-old male. These cells exhibit the characteristic t(8;14)(q22;32)
translocation of MYC and express an IgM and κ-light chain on the cell surface [199, 202].
Furthermore, Daudi cells have been shown to be BCR-dependent [163]. Moreover, the cell
line carries mutations in TP53, the BCR regulator ID3 and FOXO1 among many others
[156, 200, 201]. In addition, Daudi cells are tested positive for a latent EBV infection [203].
Prior to this thesis, INPPL1 -/- as well as INPPL1 -/- + CitSHIP2 cells were generated by
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Dr. Vanessa Kruse [197]. Daudi cells were kept at a concentration of 0.8-1.4*106 cells/ml
and split every second day 1:5.

DG75
DG75 cells were established in 1975 from the pleural effusion of a 10-year-old Caucasian

male with clinical symptoms of Burkitt lymphoma[204]. This cell line also possesses the
typical t(8;14)(q22;32) translocation of MYC but are tested EBV-negative [205]. DG75
cells express an IgM paired with a κ-light chain on their cell surface and show no signs
of EBV infection [204]. Moreover, this cell line lacks BAK and BAX proteins which
effectively prevents their entry into apoptosis [206]. Further, TP53, TP53B1, TCF3 and
the PI3K pathway proteins PIK3CG, PIK3C2G and PIK3CB are mutated [207]. DG75
cells were kept at a concentration of 0.6-1.2*106 cells/ml and split every day 1:3.5 or every
second day 1:10.

Raji
The Raji cell line was established in 1963 from a black 12-year-old male suffering from

Burkitt lymphoma [208]. The cells exhibit the classical t(8;14)(q22;32) translocation of
MYC [199]. In addition, Raji cells carry a latent EBV infection [209]. Raji cells produce
mainly cytoplasmic IgM and show no BCR on their cell surface [210, 211]. The cell line
exhibits mutations in TP53, PIK3C2G and PIK3R3 [200, 201]. Raji cells were kept at a
concentration of 0.6-1.2*106 cells/ml and split every day 1:3.5 or every second day 1:10.

Cell lines
Cell lines used and generated as well as their genotype and modifications are shown in

table 5.1. Table 5.2 shows the different cell culture medias and the added components
while the suppliers of the supplements are listed in table 5.3.

Table 5.1: Used and generated cell lines.

Name
Genotype Description Biosafety

level

Refer-
ence

Ramos
WT Wild type 1

ATCC
CRL-
1596TM

20



Materials and Methods

Ramos
INPPL1 -/- CRISPR/Cas9 induced SHIP2 deficiency 1 This work

Ramos INPPL1 -/-+CitSHIP2
Reconstitution of a Citrine-SHIP2 con-
struct via PiggyBac

1 This work

Ramos
shNTC

Tet-On inducible shRNA construct for a
non-targeting control transfected via Pig-
gyBac

1 This work

Ramos
shINPP5D #1-2

Tet-On inducible shRNA targeting
INPP5D transfected via PiggyBac

1 This work

Ramos
shINPPL1 #1-3

Tet-On inducible shRNA targeting
INPPL1 transfected via PiggyBac

1 This work

Ramos
WT GFP

Stable GFP expression transfected via
PiggyBac

1 This work

Ramos
WT GFP-2xTAPP1-
PH

Stable GFP-2xTAPP1-PH expression
transfected via PiggyBac

1 This work

Ramos
WT Tet-On GFP

Tet-On GFP construct transfected via
PiggyBac

1 This work

Ramos
WT Tet-On GFP-
2xTAPP1-PH

Tet-On GFP-2xTAPP1-PH construct
transfected via PiggyBac

1 This work

Ramos
INPPL1 -/- GFP

Stable GFP expression transfected via
PiggyBac

1 This work

Ramos
INPPL1 -/- GFP-
2xTAPP1-PH

Stable GFP-2xTAPP1-PH expression
transfected via PiggyBac

1 This work

Ramos
INPPL1 -/- Tet-On
GFP

Tet-On GFP construct transfected via
PiggyBac

1 This work

Ramos
WT

Tet-on Myr-Cer-INPP4A construct trans-
fected via PiggyBac

1 N. Elbing

Ramos
WT

Tet-on Cer-PLCδ-PH construct trans-
fected via PiggyBac

1
M. En-
gelke

Ramos
INPPL1 -/- Tet-On
GFP-2xTAPP1-PH

Tet-On GFP-2xTAPP1-PH construct
transfected via PiggyBac

1 This work

Daudi WT Wild type 2
ATCC
CCL-
213TM
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Daudi INPPL1 -/- CRISPR/Cas9 induced SHIP2 deficiency 2 V. Kruse

Daudi
INPPL1 -/-+CitSHIP2

Reconstitution of a Citrine-SHIP2 con-
struct via PiggyBac

2 V. Kruse

Daudi shNTC
Tet-On inducible shRNA construct for a
non-targeting control transfected via Pig-
gyBac

2 This work

Daudi shINPP5D #1-2
Tet-On inducible shRNA targeting
INPP5D transfected via PiggyBac

2 This work

Daudi shINPPL1 #1-3
Tet-On inducible shRNA targeting
INPPL1 transfected via PiggyBac

2 This work

Raji WT Wild type 2
ATCC
CCL-
86TM

Raji INPPL1 -/- #1-2 CRISPR/Cas9 induced SHIP2 deficiency 2 This work

DG75 WT Wild type 1
ATCC
CRL-
2625TM

DG75 INPPL1 -/- CRISPR/Cas9 induced SHIP2 deficiency 1 This work

DG75
INPPL1 -/-+CitSHIP2

Reconstitution of a Citrine-SHIP2 con-
struct via PiggyBac

1 This work

DG75 WT Tet-On GFP
Tet-On GFP construct transfected via
PiggyBac

1 This work

DG75
WT Tet-On GFP-
2xTAPP1-PH

Tet-On GFP-2xTAPP1-PH construct
transfected via PiggyBac

1 This work

DG75
INPPL1 -/- Tet-On
GFP

Tet-On GFP construct transfected via
PiggyBac

1 This work

DG75
INPPL1 -/- Tet-On
GFP-2xTAPP1-PH

Tet-On GFP-2xTAPP1-PH construct
transfected via PiggyBac

1 This work

5.1.1.2 Cell culture media
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Table 5.2: Used Cell culture media and added components. Labeled and unlabeled amino
acids were obtained from Sigma.

Medium
Man-
ufac-
turer

FCS % Other components

RPMI-1640
Gluta-Max

Gibco
0, 1, 5,
10, 20

1 % Penicillin/Streptomycin, 50 mM L-glutamine, 50 µM
β-mercaptoethanol

DMEM Gibco 10 50 mM L-glutamine

SILAC RPMI-
1640 "light"

Gibco
10, dia-
lyzed

1 % Penicillin/Streptomycin, 50 mM L-glutamine, 50 µM
β-mercaptoethanol, non labeled 0.0115 mM L-arginine,
0.27 mM L-lysine, 0,2 g/l L-proline

SILAC RPMI-
1640 "heavy"

Gibco
10, dia-
lyzed

1 % Penicillin/Streptomycin, 50 mM L-glutamine,
50 µM β-mercaptoethanol, 0.0115 mM L-arginine,
(13C3,15N4)(+10) and 0.27 mM l-lysine (13C3,15N2)(+8),
0.2 g/l l-proline

RPMI
glucose-free

Gibco 0 Penicillin/Streptomycin, 50 µM β-mercaptoethanol

Table 5.3: List of supplements for the cell culture media.

Supplement Supplier
β-mercaptoethanol Sigma-Aldrich
L-Glutamine Roth
Penicillin/Streptomycin Sigma-Aldrich
Fetal Calf Serum Biochrom
Fetal Calf Serum, dialyzed PAN Biotech
L-Arginine:HCl 13C6

15N4 (Arg+10) Cambridge Isotope Lab.
L-Lysine:2HCl 13C6

15N2 (Lys+8) Cambridge Isotope Lab.
L-Arginine Sigma-Aldrich
L-Lysine Sigma-Aldrich
L-Proline Sigma-Aldrich

5.1.2 Inhibitors

Table 5.4: Inhibitors with their respective targets.

Inhibitor Target Supplier
AS1949490 SHIP2 Tocris
3AC SHIP1 MedChemExpress

23



Materials and Methods

GSK2334470 PDK1 MedChemExpress
Capivasertib AKT CaymanChemicals
Ipatasertib AKT MedChemExpress
2-deoxy glucose GPI and HK MedChemExpress
Copanlisib PI3K MedChemExpress

5.1.3 Antibodies

The antibodies and their specifications are listed according to their application either in
table 5.5 for Western Blot analysis or table 5.6 for flow cytometry.

Table 5.5: List of antibodies used for Western Blot analysis of proteins. Primary anti-
bodies were diluted 1:1000 while secondary antibodies were diluted 1:10000.

Antibody Clone / Identification Supplier
α-SHIP2 C76A7 CST
α-SHIP1 C40G9 CST
α-JNK 9252 CST
α-p-JNK(T183/Y185) G9 CST
α-ERK Clone16 BD
α-p-ERK(T202/Y204) D13144E CST
α-p-p38(T180/Y182) Clone36 BD
α-pan-AKT 40D4 CST
α-p-AKT(S473) D9E CST
α-p-AKT(T308) 244F9 CST
α-β-Actin 8H10D10 CST
α-mouse IgG-HRPO 1030-05 Southern Biotech
α-mouse IgG1-HRPO 1071-05 Southern Biotech
α-mouse IgG2a-HRPO 1081-05 Southern Biotech
α-mouse IgG2b-HRPO 1091-05 Southern Biotech
α-rabbit IgG-HRPO 4030-05 Southern Biotech

Table 5.6: List of antibodies used for flow cytometry.

Antibody Clone / Identification Supplier
α-hIgM-AF647 109-606-129 Jackson ImmunoResearch
α-Glut1 A-4 SantaCruz
α-Glut4 IF8 SantaCruz
α-cleaved Caspase 3-APC C92-605(RUO) BD
α-p-AKT(S473)-APC D9E CST
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α-p-AKT(T308)-AF647 B-5 SantaCruz
α-Cytochrome C-AF647 6H2.B4 BioLegend
α-mouse IgG1-AF647 1072-31 Southern Biotech

5.1.4 Enzymes

Table 5.7: List of enzymes utilized in this study.

Enzyme Manufacturer
Phusion®DNA polymerase NEB
Taq DNA polymerase NEB
Taq PCR Master Mix Quiagen
T4 DNA ligase NEB
Calf intestinal phosphatase (CIP) NEB
Restriction endocnucleases NEB
Proteinase K Macherey-Nagel
RNAse H NEB

5.1.5 Chemicals

Table 5.8: List of utilized chemicals.

Chemical Manufacturer
10x CutSmart buffer NEB
6x DNA loading buffer NEB
2-NBDG Thermo Fisher
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Roth
7-Aminoactinomycin D (7-AAD) Invitrogen / BioLegend
Acrylamide/bis-acrylamide Rotiphorese Gel 30 Roth
Agarose Peqlab
Alamethicin Enzo Life Sciences
Ammonium persulfate (APS) Roth
Ampicillin Serva
BH3-peptides JPT Peptide Technologies
Bovine serum albumin (BSA) Roth
Deoxynucleoside triphosphate (dNTP) mix NEB
Digitonin Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Thermo Fisher
Di-sodium hydrogen phosphate (Na2HPO4) Roth

25



Materials and Methods

Dithiothreitol (DTT) Roth
DNALadder GeneRuler 1 kb Roth
Doxycycline Thermo Fisher
Ethidium bromide NEB
Ethylendiaminetetraacetate (EDTA) Roth
4 % formaldehyde solution Süsse Labortechnik
Glycerol Roth
Glycine Roth
CytofixTM fixation buffer BD
Hoechst33342 Sigma-Aldrich
Hydrochloric acid (HCl) Roth
Hydrogen peroxide (H2O2) Roth
INDO-1 AM Life Technologies
Isopropanol Roth
Luminol Sigma-Aldrich
Magnesium chloride (MgCl2) Roth
Methanol Roth
MitoTrackerTM Deep Red Thermo Fisher
N-ethylmaleimide Sigma-Aldrich
PageRuler Plus protein ladder Thermo Fisher
p-coumaric acid Sigma-Aldrich
5x Phusion HF buffer NEB
Pluronic F-127 Life Technologies
Perm/Wash buffer I BD
Potassium chloride (KCl) Roth
Potassium dihydrogen phosphate (KH2PO4) Merck
Propidium iodide Sigma-Aldrich
Protease Inhibitor cocktail Sigma-Aldrich
Puromycin InvivoGen
Sodium azide (NaN3) Roth
Sodium deoxycholate (C24H39O4Na) Roth
Sodium dodecyl sulfate (SDS) Roth
sodium fluride (NaF) Roth
Sodium orthovanadate (Na3VO4) Sigma-Aldrich
Sodium pyrophosphate (Na4P2O7) Roth
T4 DNA Ligase buffer NEB
Tetramethylethylendiamine (TEMED) Roth
Tris(hydroxymethyl)-aminomethane (Tris) Sigma-Aldrich
Tween20 Roth
Trypan Blue solution (0.4 %) Sigma-Aldrich
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Tryptone/peptone Roth
Yeast extract Roth
Urea Thermo Fisher
Ethanol Roth
Triton X-100 Roth

5.1.6 Instruments

Table 5.9: List of instruments.

Instrument Manufacturer
Agarose Gel electrophoresis system Peqlab
Balance BP61 Sartorius
Balance H95 Sartorius
Cell culture incubator HeraCell150 Heraeus
CellDrop BF DeNovix
Centrifuge 5417R Eppendorf
Centrifuge 5430R Eppendorf
Centrifuge Multifuge 3SR Heraeus
Chemi Lux gel imager Intas Systems
Electrophoresis Power Supply EPS 301 Amersham Biosciences
Electrophoresis Power Supply EPS 601 Amersham Biosciences
Flow cytometer FACSCelesta Becton Dickinson
Flow cytometer LSR II Becton Dickinson
Flow cytometer LSRFortessaTM X-20 Becton Dickinson
Freezer Platilab 340 Angelantoni Industrie
Ice machine Ziegra
ImageStream X Mark II Amnis
Laminar flow cabinet HERA safe Heraeus
Light microscope TELAVAL 31 Zeiss
Magnetic stirrer m21/1 Framo
Mastercycler epgradient Eppendorf
Microplate reader PowerWave 340 BioTek
Mini PROTEAN®Tetra Cell Bio-Rad
MiniSpin Eppendorf
Neon Electroporation System MPK500 Thermo Fisher
pH-Meter inoLab WTW
Photometer NanoDrop 200 Thermo Fisher
Pipettes Eppendorf
Semi-Dry transfer unit TE 77 GE Healthcare
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Shaking incubator 3005 GFL
Thermomixer C Eppendorf
Thermomixer comfort Eppendorf
ThermoStat plus Eppendorf
UV-illuminator ChemoCam Intas Systems
Vortex Genie 2 Scientific industries
Water bath GFL
Water bath Memmert
Water Purification System Milli-Q Millipore Sartorius

5.1.7 Consumables

Table 5.10: List of consumables.

Consumable Supplier
Blotting Paper Whatman GE Healthcare
CELLSTAR 96/48/24/12/6-well suspension culture plates Greiner bio-one
CELLSTAR culture dishes 60 mm, 100 mm, 145 mm diameter Greiner bio-one
CELLSTAR serological pipettes 2 ml, 5 ml, 10 ml, 25 ml Greiner bio-one
CELLSTAR tubes 15 ml, 50 ml Greiner bio-one
384-well plates Corning®
Cryo tubes Greiner bio-one
Electroporation curvettes Invitrogen
Electroporation tips 10 µl, 100 µl Invitrogen
Filter pipette tips Greiner bio-one
Flow cytometry tubes, 5 ml Sarstedt
Luer-LokTM Syringe 50 ml BD
Nitrocellulose membrane ProtranTM supported 0.45 µm Amersham
PCR tubes 0.2 ml Sarstedt
Pipette tips Greiner bio-one
Reaction tubes 1.5 ml, 2 ml Greiner bio-one
Sterile filter Filtropur S 0.2 µm Sarstedt

5.1.8 Buffers

Table 5.11: List of buffers and their respective composition.

Name Composition
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5x Laemmli buffer
150 mM Tris-HCl pH 6.8, 15 % SDS, 50 % glycerol, 0.05 % bromophenol
blue, 0,5 M DTT, in ddH20

Krebs-Ringer solution
140 mM NaCl pH 7.4, 10 mM D-glucose, 10 mM HEPES, 4 mM KCl, 1
mM MgCl2, add fresh: 1 mM CaCl2

1x PBS
137 mM NaCl, 2.7 mM KCl, 4.3 mM NA2HPO4x12H2O, 1.4 mM KH2PO4,
in ddH20

Cleared cellular lysis
buffer

Produce fresh: 2x RIPA buffer, 1 % NP-40, 1 mM sodium orthovanadate,
5 mM NaF, 1:50 protease inhibitor cocktail, in ddH20

Urea lysis buffer
20 mM HEPES pH 8.0, 9 M urea, 1 mM sodium orthovanadate, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycerophosphate

TAG lysis buffer 10 mM Tris pH 8.0, 50 mM KCl, 0.45 % NP-40, 0.45 % Tween20, in ddH20
Blocking and antibody
dilution solution

5 % BSA, 0.01 % NaN3, in 1x TBS-T

Stacking gel buffer 0.5 M Tris-HCl pH 6.8, 14 mM SDS, in ddH20
Resolving gel buffer 1.5M Tris-HCl pH 8.8, 14 mM SDS, in ddH20
SDS-PAGE buffer 25 mM Tris, 192 mM glycine, 0.1 % SDS, in ddH20
1x TBS-T 20 mM Tris pH 7.6, 137 mM NaCl, 0.1 % Tween20, in ddH20
1x TAE 40 mM Tris, 20 mM glacial acetic acid, 1 mM EDTA, in ddH20
ECL solution 4 ml ECL SA, 400 µl ECL SB, 1.2 µl 30 % H2O2

ECL SA 100 mM Tris-HCl pH 8.6, 0.28 mM luminol in ddH20
ECL SB 6.7 mM p-coumaric acid in DMSO
Annexin staining buffer 2 % BSA, 0.01 % NaN3, in 1x PBS

MEB2 buffer
150 mM mannitol, 150 mM KCl, 10 mM HEPES-KOH, 5 mM succinate,
1 mM EGTA, 1 mM EDTA, 0.1 % BSA, pH 7.5, 0.002 % digitonin

N2 buffer 1.7 M Tris base, 1.25 M glycin, pH 9.1
BH3 profiling staining
solution

10 % BSA, 2 % Tween20, in 1x PBS

Blotting buffer
48 mM Tris, 39 mM glycine, 0.0375 % SDS, 0.001 % Na3, 20 % methanol,
in ddH2O

Lysogeny broth (LB)
medium

10 g/l tryptone/peptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7, in ddH2O

5.1.9 Kits

Table 5.12: List of utilized ready to use kits and their respective manufacturers.

Kit Manufacturer
Nucleospin®Gel and PCR Clean-up Kit Macherey-Nagel
Nucleobond®XTRA Midi EF Plasmid Kit Macherey-Nagel
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Nucleospin®Plasmid easy pure Kit Macherey-Nagel
TATM cloning Kit with pCRTM2.1 Invitrogen
APC Annexin-V apoptosis detection Kit with 7-AAD BioLegend
XTT Proliferation Assay Serva
Neon Transfection System 10 µl Kit Thermo Fisher
Neon Transfection System 100 µl Kit Thermo Fisher

5.1.10 Nucleic acids

5.1.10.1 CRISPR RNAs

The custom made CRISPR RNAs (crRNA) used for CRISPR/Cas9 targeting of genes are
shown in table 5.13 along with their sequence and target exon.

Table 5.13: List of custom made crRNAs obtained from IDT.

Sequence Target gene Target site Designer
5’-GGTCCGAGACAGCGAGAGCG-3’ INPPL1 Exon 1 V. Kruse
5’-GTCTCGCACGACTACCTGAA-3’ INPPL1 Exon 5 F. Mayr

5.1.10.2 shRNAs

The shRNAs used for inducible silencing of genes are listed in table 5.14. Designs of the
shRNAs were obtained from [212].

Table 5.14: List of shRNAs used in this study. All shRNAs were ordered as 97mer oligos
from Eurofins.

shRNA Sequence Target
shINPPL1 # 1 CCAAGTTCTTCATCGAGTTCTA INPPL1
shINPPL1 # 2 GCGGCGTGATGTCTTCAATAAA INPPL1
shINPPL1 # 3 GCCGCACCAAGTTCTTCATCGA INPPL1
shINPP5D # 1 GCAGCTCATTAAGTCACAGAAA INPP5D
shINPP5D # 2 TCAGGTGCTATGCCACATTGAA INPP5D

5.1.10.3 Primers

The primers used in this thesis are shown in table 5.15. The primers were designed
using Primer3Plus to have a melting temperature (TM) between 55 and 65 °C. While the
primer length varied according to application, the primer design adhered to the guidelines
published by Howard Judelson [213] in terms of 3’-binding, dimerization and hairpin
formation.

30



Materials and Methods

Table 5.15: List of primers and their respective sequence and application. Primers were
ordered from Eurofins.

Primer Sequence 5’-3’ Application
INPPL1_E5_for cactgaacaggagaccctttct CRISPR/Cas9 targeting validation
INPPL1_E5_rev agagatcatgccaccttcttct CRISPR/Cas9 targeting validation
INPPL1_E1_for atatcattgggagaactgagaagc CRISPR/Cas9 targeting validation
INPPL1_E1_rev atttttcgtcatcacagtcacact CRISPR/Cas9 targeting validation

Citrine_XhoI_for
TAATCTCGAGATGGTGAG-
CAAGGGCGAG

CitSHIP2 into PB

INPPL1_AsiSI_rev
TAATgcgatcgcTCACTTGCT-
GAGCTGCAGG

CitSHIP2 into PB

2xGFP-PH-
TAPP1_AgeI_for

TAATaccggtatggtgagcaagggcgag GFP-2x-TAPP1-PH into PB

2xGFP-PH-
TAPP1_NotI_rev

TAATgcggccgccgtgcgcttctgcctca GFP-2xTAPP1-PH into PB

GFP-2x-TAPP1-
PH_NheI_for

TAATgctagcatggtgagcaagggcgag GFP-2x-TAPP1-PH into PB-TRE

GFP-2x-TAPP1-
PH_AgeI_rev

TAATaccggtcgtgcgcttctgcctca GFP-2x-TAPP1-PH into PB-TRE

miRseq5 TGTTTGAATGAGGCTTCAGTAC
Sequencing primer for the inducible
shRNA construct

miRE-Xho-for
TGAACTCGAGAAG-
GTATATTGCTGTTGACAGT-
GAGCG

Amplification of 97mer oligos for the in-
ducible shRNA construct

miRE-EcoOligo-rev
TCTCGAATTCTAGCCC-
CTTGAAGTCCGAGGCAGTAGGC

Amplification of 97mer oligos for the in-
ducible shRNA construct

5.1.11 Plasmids

Table 5.16: List of plasmids generated in this study. PB=PiggyBac, TRE=Tetracycline
regulated element. Referenced constructs were supplied by Addgene.

Plasmid
Generated
from

Reference

PB-CitSHIP2 F. Mayr Insert is a Gift from Christophe Erneux
PB-TRE-shRNA S. Alsouri shRNA construct obtained from [212]
PB-TRE-GFP F. Mayr Original construct obtained from [214]
PB-GFP-2xTAPP1-
PH

F. Mayr Original construct obtained from [215]
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PB-GFP F. Mayr F. Mayr
PB-TRE-2xTAPP1-
PH

F. Mayr Original construct obtained from [215]

PB-TRE-Myr-Cer-
INPP4a

N. Elbing Generated by Naomi Elbing

PB-TRE-Cer-PLCδ-
PH

M. Engelke Generated by Michael Engelke

5.1.12 Software and databases
The software and databases used in this thesis are listed in table 5.17 and table 5.18.

Table 5.17: List of software used to generate this study.

Software Application Developer
FlowJo V10.6.2 Analysis of flow cytometry data Treestar

GraphPad Prism 10
Statistics and generation of
graphs

Dotmatics

SnapGeneViewer
Cloning and plasmid manage-
ment

Dotmatics

Fiji Image processing W.Rasband, NIH
FACSDiva Flow cytometry data acquisition BD
BioRender Generation of illustrations biorender.io
Overleaf Text processing Overleaf
Chemostar Profes-
sional

Western Blot image acquisition Intas

Citavi 6 Citation management Swiss Academic Software
Microsoft Excel 2016 Data management Microsoft
NEBioCalculator Ligation calculator NEB
Python Bioinformatics Python Software Foundation

MetaboAnalyst 5.0 Metabolomic analysis
Wishart Research Group, University of Al-
berta

metassist Metabolomic analysis MetaSys

Ideas 6.2
Analysis of imaging flow cytom-
etry data

Luminex

Table 5.18: List of databases consulted for this study.

Database Application Website

Primer3Plus Primer Design
https://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi
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Uniprot Protein data http://www.uniprot.org/

STRING-db
Protein-Protein inter-
actions

https://string-db.org/

Basic Local Alignment Search
Tool (BLAST)

Sequence alignment https://blast.ncbi.nlm.nih.gov/Blast.cgi

Ensembl Genomic and RNA data https://www.ensembl.org/index.html
Genebank Genomic and RNA data https://www.ncbi.nlm.nih.gov/genbank/
Pubmed Literature search https://pubmed.ncbi.nlm.nih.gov/
Protein atlas Protein expression https://www.proteinatlas.org/
cBioPortal Cancer genomics https://www.cbioportal.org/

KEGG Pathway Database
Biological pathway
analysis

https://www.genome.jp/kegg/pathway.html

DepMap Portal Cancer genomics https://depmap.org/portal/
canSAR.ai Cell line data https://cansar.ai/
Genomic Data Commons Data
Portal

Cancer genomics and
distribution

https://portal.gdc.cancer.gov/

Genotype-Tissue Expression
(GTEx)

Gene expression map-
ping

https://gtexportal.org/home/

5.2 Methods

5.2.1 Handling of cell cultures

5.2.1.1 Cell culture conditions

All cell lines were incubated in a humidified cell culture incubator at 37 °C and 5 %
CO2. Suspension cells were cultured in RPMI1640 GlutaMax medium (Gibco) with FCS
concentrations varying from 0 to 20 %, 1 % Penicillin/Streptomycin, 1 mM L-glutamine
and 50 µM β-mercaptoethanol. Under normal conditions, the cells were cultivated in
medium containing 10 % FCS (R10). All centrifugations in the cell culture were carried
out at room temperature, 300 g and 4 min if not indicated otherwise. Adherent cells were
cultivated in DMEM containing 10 % FCS, 1 % Penicillin/Streptomycin and 1 mM L-
glutamine. Splitting was carried out by first washing with 1x PBS followed by detaching
with 0.05 % trypsin. Cells were frozen by resuspending 3-5*106 cells in 1 ml of ice cold
freezing medium followed by 48 h at -80 °C and -150 °C for long term storage. Thawing
was carried out by incubating a cryo tube at 37 °C in the water bath with subsequent
dilution of the thawed cell suspension in 5 ml R10. The resulting cell suspension was
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centrifuged, the supernatant removed and the cell pellet was resuspended in fresh R10.

5.2.1.2 Cell counting

Cell counting was prepared by mixing cell suspension 1:2 with 0.4 % trypan blue to allow
discrimination between living and dead cells. The counting was then performed either
with a Neubauer improved counting chamber or with the automated cell counter DeNovix
CellDropTM.

5.2.1.3 Electroporation of suspension cells

Electroporation of CRISPR/Cas9-complexes
The clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 system

uses a single guide (sgRNA) to form a complex with the endonuclease Cas9. This RNA-
protein complex is then targeted to the DNA-sequence complementary to the sgRNA
where the Cas9 generates a double strand break in the DNA. This kind of DNA damage
is repaired by a complex, template-free mechanism called non-homologous end joining
which typically trims the 3’- and 5’-ends in the double strand break until the damaged
nucleotides are removed and the strands can rejoin. However, since this repair mecha-
nism lacks a template strand compared to other mechanisms, it always causes sequence
alterations at the damaged site. If the system targets an exon, this usually results in the
formation of a premature stop codon which leads to a shortened messenger RNA (mRNA)
and a non-functional protein.
Electroporations were carried out with the NeonTM Transfection system (Thermo Fisher
Scientific) and its associated buffers and materials. Prior to the electroporation proce-
dure, the CRISPR RNA (crRNA) (IDT), transactivating crRNA (trcrRNA) (IDT) and
enhancer (IDT) were diluted to 200 µM with IDT buffer pH 7.5. The enhancer is further
diluted to a working concentration of 10.8 µM with nuclease free water. Afterwards, the
crRNA/trcrRNA duplex mix is prepared by mixing 0.88 µl of crRNA and trcrRNA with
2.24 µl IDT duplex buffer followed by incubation at 95 °C for 5 min. Meanwhile, the Cas9
mix is prepared by adding 0.4 µl resuspension buffer (Buffer R) to 0.6 µl Cas9 nuclease
(IDT). For each following electroporation 1 µl of duplex- and Cas9-mix are mixed together
and incubated for 20 min at room temperature. The final electroporation mix consists of
4 µl diluted enhancer, 2 µl Cas9/duplex-mix and 1*106 cells in 16 µl buffer R. 10 µl of
the final electroporation mix were taken up with the electroporation pipette and added
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into the electroporation curvette containing 3 ml of buffer E. The electroporation is then
carried out according to the parameters for each cell line in table 5.19. After electropora-
tion the cells were carefully added to a 24-well containing pre-warmed R20 medium. The
electroporated cells were then given time to recover for up to 3 days.

Table 5.19: Parameters for the electroporation of the referenced cell lines. Voltage indi-
cates the intensity and width the duration of each respective pulse.

Cell line Voltage [v] Number of pulses Width [ms]
Ramos 1400 2 20
Daudi 1400 1 20
DG75 1350 1 30
Raji 1500 1 30

Electroporation of PiggyBac-transposon-transposase constructs
The PiggyBac-transposon-transposase system was employed for transfection and stable

integration of constructs into human-derived BL cell lines. The principle was first de-
scribed by Malcom Fraser in 1989 [216]. In this system, cells are electroporated with two
plasmids; one coding for the CitSHIP2 construct under control of a CMV promoter and
a puromycin selection marker, the other one expresses a transposase. In cells positive for
both plasmids, the transposase is expressed and identifies the inverted terminal repeat
sequences flanking the gene of interest and the selection marker. The transposase then
transposes the sequence into TTAA chromosomal sites [217], which, due to the CMV
promoter, should enable a constitutive expression of the gene of interest.
As for the CRISPR/Cas9 system, the NeonTM Transfection system and its associated
buffers and materials were used. The cells were counted and washed with warm 1x PBS.
Each electroporation reaction requires 3*106 cells, 1 µg transposase plasmid and 2 µg
construct plasmid in a total of 120 µl buffer R. To achieve this mixture, the cells and
plasmids mixes are separately prepared in 60 µl of buffer R each. After joining of both
mixtures, the resulting cell-plasmid mix is taken up in a 100 µl electroporation pipette tip
and the cells were electroporated according to table 5.19. After successful electroporation,
the cells were carefully added into 4 ml of pre-warmed R20 in a 6-well. The cells were
allowed to recover for up to three days, followed by selection and/or sorting.
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5.2.1.4 Single cell dilution

Single cell dilution was performed to generate clones with identical genotypes. After
cells have recovered from electroporation they were counted. Afterwards, 60 cells were
transferred from the cell suspension to 50 ml of R20. The resulting diluted cell suspension
was then transferred in a 96-well plate by adding 200 µl cell suspension into each well.
The plate was then monitored for growth for up to 14 days. If cells proliferated in a
well, the cells were expanded and the successful targeting was validated by Western Blot
analysis before freezing and storage of clones.

5.2.1.5 Cell sorting

Cell sorting was conducted at the cell sorting facility of the university medical center
Göttingen. At least 5*106 cells of the respective cell lines were collected and pipetted
through a Cell-Strainer cap (Falcon) to avoid aggregation of cells. The sorting was then
performed according to the intensity of the selection markers using a BD FACS Aria
II. The obtained cells were allowed to recover for multiple days in R20 containing 1 %
Penicillin/Streptomycin.

5.2.1.6 Stable isotope labeling with amino acids in cell culture

Ramos cells were subjected to stable isotope labeling with amino acids in cell culture,
which allows assessing their proteome and phospho-proteome. Therefore, Ramos INPPL1 -/-

+ CitSHIP2 cells were cultivated in SILAC medium containing "heavy" isotopes of the
amino acids L-arginine and L-lysine while SHIP2-deficient cells received non-isotope amino
acids (see table 5.2). After 7 days, the labeling process was finished and the cells were
heavily expanded. Once a sufficient amount of cells was reached, the cells were collected
and cells were lysed in urea lysis buffer with a concentration of 5*106 cells per 20 µl
buffer. The lysates were stored at -80 °C until shipment to the Johann Wolfgang Goethe
University in Frankfurt am Main for mass spectrometric analysis conducted by Dr. Björn
Häupl. Phosphoproteomic and proteomic analysis was performed according to [165, 218,
219].
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5.2.2 Biochemical methods

5.2.2.1 XTT Proliferation assay

The proliferation of cells can be monitored by using the colorimetric XTT proliferation
assay [220, 221]. This assay is based on the conversion of the yellowish tetrazolium
salt XTT (sodium 3´-[1- (phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-nitro)
benzene sulfonic acid hydrate) into orange formazan. This conversion can only be carried
out in living, metabolically active cells by mitochondrial dehydrogenases. Hence, the
conversion rate is a measure of cell proliferation [222]. The absorption rate of the formazan
can be measured at 450 nm and the reference at 650 nm. Therefore, cells have to be seeded
in 96-well plates in R5 medium, as a higher content of FCS can interfere with the XTT
reagents. Seeding densities depend on cell line and expected incubation time. To assess
the proliferation after 24 h, 2000 cells/well of Ramos/DG75 cells, 4000 cells/well Raji or
8000 cells/well Daudi cells were seeded. After the intended cultivation time, 50 µl/well
of the XTT assay mix, consisting of reagent A (XTT salt) and 1:50 reagent B (N-methyl
dibenzopyrazine methyl sulfate) which is an electron coupling reagent, were added on top
of the medium and the plate was further incubated for h in the cell culture incubator
to allow conversion of the XTT. After the incubation, the plate is immediately measured
in an plate reader (BioTek Powerwave). For final evaluation, the reference is subtracted
from the 450 nm readings and normalised to a control.

5.2.2.2 Seahorse Assay

The Seahorse assay is used to quantify the ATP production rate of living cells is a pro-
prietary assay developed by Agilent. The ATP production rate is the combination of the
glycolytic ATP production given by the extracellular acidification rate (ECAR) and the
mitochondrial ATP production indicated by the oxygen consumption rate (OCR). These
assays were performed by Dr Dominik Fuhrmann at the University Hospital in Frankfurt
am Main.

5.2.2.3 Cleared cellular lysates

The preparation of cleared cellular lysates (CCL) was performed by first spinning cells
down at 4 °C followed by washing with cold 1x PBS. All further steps are carried out
at 4 °C or on ice to limit protein degradation in the samples. After centrifugation, the
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cells were lysed using 20 µl of freshly produced cleared cellular lysis buffer for every 1*106

cells in the sample. The lysate was then incubated on ice for at least 15 min and up to
60 min depending on the pellet size. Afterwards, the nuclei are pelleted by spinning down
at full speed for 15 min and 4 °C. Subsequently, the supernatant is carefully transferred
into a fresh tube and 5 µl pre-warmed 5x Laemmli-buffer are added for every 20 µl of
lysate. The SDS in the Laemmli-buffer reduces disulfide bonds in the protein causing
linearization of the amino acid chain and, through accumulation on the protein, increases
the negative charge which allows analysis by gel electrophoresis [223]. The resulting
mixture is incubated for 10 min at 95 °C and stored at -20 °C.

5.2.2.4 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a technique
used to separate denatured proteins on a gel according to their size [224]. First, the poly-
acrylamide gel has to be casted. This gel consists of an upper stacking gel which focuses
the sample at the interface to the separation gel due to the lower percentage of acrylamide
and the resulting faster traveling of the linearized proteins. The higher acrylamide content
in the separation gel enables then the separation of the proteins according to the length
of the amino acid chains due to the different traveling times through the gel. The gels
were prepared as shown in table 5.20.

Table 5.20: Composition of the stacking and separation gel used for SDS-PAGE. The
indicated volumes are sufficient for one gel. The polymerisation reagents TEMED and
APS were added as the final components directly before pouring the gel.

Reagent Stacking gel Separation gel
Stacking gel buffer 934 µl -
Separation gel buffer - 2 ml
Acrylamide/bis-acrylamide Rotiphorese Gel 30 600 µl 2.65 ml
TEMED 3.75 µl 7.5 µl
10 % APS 37.5 µl 50 µl
ddH2O 2.2 ml 3.275 ml

After the polymerisation of the gel was finished, it was inserted into the Mini PRO-
TEAN®Tetra cell SDS-PAGE system. The electrophoresis chamber was filled with SDS-
PAGE running buffer and 25 µl of the samples obtained from the cell lysis were added per
pocket in the gel. Besides the samples, Page Ruler Prestained protein ladder was added,
which later allows determination of the molecular weight of the bands. Initially, the gel
was run at 10 mA/gel until the running front entered the separation gel, after which
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the electric current was increased to 25 mA/gel. Once the running front has left the gel
and diffuses into the running buffer, the electrophoresis was stopped. The electrophoresis
chamber was disassembled and the gel could be prepared for blotting.

5.2.2.5 Western Blot analysis

The Western Blot technique enables the selective visualization of proteins on a mem-
brane by utilizing specific antibodies. This method requires a transfer of proteins from a
polyacrylamide gel onto the membrane, which is called "blotting". The blotting on nitro-
cellulose membranes widely used today was first described in 1979 [225]. To assemble the
blot for a semi-dry transfer of proteins, the nitrocellulose membrane and the Whatman
papers were first equilibrated in blotting buffer. The final stack consists of a Whatman
paper at the bottom followed by the membrane, the gel and another Whatman paper at
the top. The assembled stack was carefully squeezed by rolling a roller across the top to
remove air bubbles. Afterwards, the lid of the blotting chamber was pressed on top of the
stack and weighed. Blotting was then conducted for 70 min at 16 V and 240 mA. After
the transfer was completed, the stack was disassembled and the membrane quickly washed
in 1x TBS-T followed by blocking in blocking buffer for 30 min on a rocking incubator.
The membrane was incubated with primary antibody over night at 4 °C and constant
agitation. The next day, the membrane was washed three times for 5 min with 1x TBS-T
followed by incubation with secondary antibody for 1 h at room temperature and agi-
tation. Excessive secondary antibody was removed from the membrane by washing four
times with 1x TBS-T for 10 min each. Finally, the membrane was incubated for 1 min
with ECL solution and imaged in a gel imager. The horse reddish peroxidase (HRPO)-
coupled to the secondary antibody, catalyzes the oxidation of luminol in the presence of
H2O2 which leads to emission of light. Images were acquired using the "Sequential Inte-
gration" option, which acquires a series of images in a time interval manner and stacks the
obtained signal of each image onto the next one. In case that another primary antibody
was to be used on the same membrane, the HRPO had to be inactivated by incubation
of the membrane in 1x TBS-T containing 0.1 % NaN3 for 10 min followed by two 5 min
washing steps with 1x TBS-T. Quantification of the protein bands in the acquired images
(.raw data format is required) was carried out with Fiji by measuring the signal intensity
of each band, followed by normalization to the respective reference band on the same lane.
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5.2.3 Molecular Biology

5.2.3.1 Plasmid purification

Plasmid purifications were carried out according to the manufacturers´ protocol. The
Nucleospin®Plasmid easy pure Kit was used for normal plasmid purification while the
Nucleobond®Midi EF plasmid Kit was used when larger amounts of plasmid were required
as it was the case for electroporation.

5.2.3.2 Restriction digest

Recombining of different genomic elements required utilization of restriction enzymes that
cut DNA at specific sequences [226]. Here, up to 500 ng of DNA (plasmid or PCR product)
were mixed with 1 µl per enzyme, 1 µl 10x CutSmart®buffer (NEB) and filled with ddH2O
to a final volume of 10 µl. The mix was incubated at 37 °C for up to 60 min and if not
directly used further, the enzymes were heat-inactivated according to the manufacturers´
requirements and stored at -20 °C.

5.2.3.3 DNA electrophoresis

DNA fragments can be separated in agarose gels according to their length. The DNA is
pulled through the gel by an electric field, with larger fragments traveling slower through
the pores of the gel due to their size. The DNA can be visualized in the gel by DNA
intercalating dyes such as ethidium bromide which is visible under UV light [227]. Prior
to electrophoresis, 1 % (w/v) agarose is dissolved in 1x TAE buffer by cooking, followed
by addition of 0.5 µg/ml ethidium bromide once the gel has cooled down to around 50 °C.
Subsequently, the gel was casted using a comb appropriate for the samples in number
and size. Once the casted gel has fully cooled down, the sample was mixed with 6x DNA
loading buffer and loaded. Agarose gels were run at 220 mA and 100 V for 25-45 min.
Visualization of DNA bands was carried out using UV light.

5.2.3.4 Gel and PCR clean-up

Gel and PCR clean up was performed on agarose gel fragments containing DNA or after
PCR to purify the DNA and remove unwanted protein contaminants. The clean-up was

40



Materials and Methods

conducted using the Nucleospin®Gel and PCR Clean-up kit according to the manufac-
turers´ protocol.

5.2.3.5 Ligation

DNA ligation is used to join DNA fragments, such as backbone and insert, together after
restriction digest. For DNA ligation, 50 ng of backbone are mixed in a 1:3 ratio with
the insert. The required insert mass was calculated using the NEB ligation calculator.
Backbone and insert DNA were mixed with ddH2O, T4 DNA-ligase buffer and T4 DNA-
ligase to a final volume of 10 µl. The ligation mix was incubated for 15 min at 37 °C and
stored at -20 °C if not used directly for transformation.

5.2.3.6 TA-cloning

TA-cloning was used for easy integration of DNA-fragments into the pCR.2.1 vector for
further analysis of the fragments by sequencing. The cloning was carried out according
to the manufacturers´ protocol.

5.2.3.7 DNA-sequencing

DNA sequencing was used to validate CRISPR/Cas9 targeting of genes as well as suc-
cessful cloning of constructs. For sequencing, 80 ng/µl DNA in 12 µl ddH2O were sent
if standard sequencing primers can be used. Otherwise, 4 µM custom sequencing primer
were added. Sequencing was performed by the Microsynth Seqlab using the Sanger se-
quencing technique.

5.2.3.8 Transformation of bacteria

Bacteria were used to amplify whole plasmids after generation of the constructs via re-
striction digest and ligation. First, 50 µl of chemically competent bacteria were thawed
on ice and carefully mixed with either the whole ligation approach or mixed with up to
5 ng of plasmid DNA in case of a re-transformation of an existing plasmid. Subsequently,
the bacterial-plasmid suspension was incubated for 30 min on ice. Afterwards, the trans-
formation of plasmids into the bacterial cells was carried out by heat-shock at 42 °C for
1 min. Following the heat-shock, the bacterial cell suspension was placed back on ice for
5 min followed by addition of 200 µl LB-medium (without antibiotics) and incubation at
37 °C and 450 rpm for up to 20 min to allow recovery of the bacteria. Finally, 200 µl of the
bacterial cell suspension was distributed on a LB-agar plate containing either ampicillin
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or kanamycin depending on the resistance gene of the transformed plasmid. Plates were
then incubated over night at 37 °C and checked for single colonies on the next day. The
different bacterial strains used are listed below in table 5.21.

Table 5.21: Bacterial strains used for cloning of constructs. TOP10F’ were used until
plasmid sizes of 1̃0 kb and GeneHog once plasmids were larger than 10 kb. Competent
bacteria were stored at -80 °C.

Bacterial strain Supplier
One Shot TOP10F’TM chemically competent E.coli Invitrogen
Electrocomp GeneTM Hogs®E.coli Invitrogen

Single colonies were picked and placed in 4 ml of LB-medium (containing respective
antibiotic) followed by incubation at 37 °C in a rocking incubator.

5.2.3.9 Polymerase chain reaction

The polymerase chain reaction (PCR) allows amplification of a stretch of DNA using spe-
cific primers and a DNA polymerase. The PCR requires a cycling of different temperatures
which allow annealing of the primers to the template strand followed by amplification via
the DNA polymerases and finally degradation of the resulting double strand into single
strands. In this study, the PCR technique was used to prepare inserts for restriction
digest by adding specific restriction sites on 5’ and 3’ ends of the inserts and to amplify
genomic regions of DNA to validate CRISPR-targeting of genes. Shorter DNA sequences
up to 1̃000 bp were amplified using a Taq polymerase. The composition of this approach
is shown in table 5.22.

Table 5.22: Composition of the PCR reaction using a Taq polymerase.

Reagent Volume [µl] Final concentration
Taq PCR master mix 5 1x
Primer forward (100 µM) 0.1 1 µM
Primer reverse (100 µM) 0.1 1 µM
Template 1 50-200 ng/µl
ddH2O fill up to 10 µl

The Phusion®polymerase was utilized to amplify DNA fragments longer than 1̃000 bp due
to its higher fidelity and can be applied on fragments up to 5000 bp long. The respective
composition of the PCR mix is shown in table 5.23.
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Table 5.23: Composition of the PCR reaction using the Phusion polymerase.

Reagent Volume [µl] Final concentration
5x Phusion HF buffer 10 1x
dNTPs (10 mM) 1 200 µM
Primer forward (10 µM) 2.5 0.5 µM
Primer reverse (10 µM) 2.5 0.5 µM
Template 1 50 ng
Phusion polymerase (2000 U/ml) 0.5 1 U/reaction
ddH2O fill up to 50 µl

The PCR cycle program used for the Taq- and Phusion®-PCR are shown in table 5.24.

Table 5.24: PCR program for Taq- and Phusion®-PCRs. The "X" acts as placeholder for
the primer dependent annealing temperature which was determined using the NEB TM
calculator.

Step Taq PCR Phusion®PCR
Initial denaturation 94 °C, 120 s 98 °C, 30 s

35x

Denaturation 94 °C, 20 s 98 °C, 10 s
Annealing X °C, 30 s X °C, 30 s
Extension 72 °C, 60 s/kb 68 °C, 30 s/kb
Final extension 72 °C, 2x extension time 68 °C, 2x extension time
Stop 20 °C, ∞ 20 °C, ∞

5.2.3.10 Extraction of genomic DNA

In the first step, up to 1*106 cells were harvested by centrifugation at 400 g for 4 min
followed by washing with 1x PBS. The cell lysis was performed by resuspension of the
cells in 200 µl TAG buffer containing 100 µg/ml proteinase K followed by incubation for
3 h at 56 °C. After lysis, the proteinase K was heat-inactivated at 95 °C for 15 min and
the DNA concentration and purity was measured via NanoDrop. The extracted genomic
DNA was stored at 4 °C.

5.2.4 Flow cytometry

5.2.4.1 Staining for cell surface proteins

For staining of cell surface proteins, 1*106 cells were harvested per sample. The cells were
washed twice with cold 1x PBS and subjected to staining. Primary antibody was diluted
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in 1x PBS and cells were resuspended in the staining solution and placed on ice for up to
45 min. If the primary antibody was conjugated to a fluorophore, the sample was washed
twice with 1x PBS followed by analysis via flow cytometry. If a secondary staining was
required, the cells were washed twice followed by 30 min staining with secondary antibody
on ice. Afterwards, the samples were washed again and analysed via flow cytometry.

5.2.4.2 Intracellular staining

To allow staining of intracellular proteins, 1*106 cells were harvested for each sample. The
cells were fixed by resuspending in 200 µl of Cytofix diluted 1:2 with FCS-free medium
and incubation for 15 min at 37 °C and 450 rpm. Afterwards, the cells were centrifuged
for 6 min at 500 g which was used for the rest of the protocol. The fixed cells were
permeabilised in 200 µl of Perm/Wash buffer I containing 1 % BSA at RT. After 10 min,
another 200 µl of Perm/Wash buffer I was added to dilute the BSA. The cells were spun
down after 10 min and resuspended in staining solution. The primary antibody was
diluted in Perm/Wash buffer I and the cells were resuspended in the staining solution.
The incubation was carried out at room temperature for 45 min and 450 rpm. Once
staining was complete, 1 ml of Perm/Wash buffer I was added to dilute the staining,
followed by centrifugation and another washing step. Finally, the pellet was resuspended
in 300 µl Perm/Wash I and analysed via flow cytometry.

5.2.4.3 Cell cycle analysis

For the analysis of the cell cycle, 1*106 cells were harvested by centrifugation at 400 g
for min at 4 °C. Afterwards, cells were washed with cold 1x PBS and fixed. Fixation was
carried out by thoroughly resuspending the cell pellet in 300 µl ice cold 70 % ethanol
followed by incubation on ice for 60 min. Every 20 min the sample is gently vortexed to
avoid aggregation of fixed cells. The fixed cells were centrifuged for 4 min at 600 g and
4 °C followed by a washing step with cold 1x PBS. Afterwards, the cells were stained
for 1 h at 37 °C and 550 rpm in 300 µl 1x PBS containing 20 µg/ml PI, 0.05 % Triton
X-100 and 100 µg/ml RNAse A. PI is a non-membrane-permeable, DNA intercalating
dye that increases its fluorescence upon intercalation which allows the analysis of the cell
cycle phases based on the intercalated dye in the cells. The dye is excited at 488 nm
and shows its maximum emission at 617 nm [228]. Triton X-100 is used to permeabilise
the membranes, which allows passage of PI into the cells. The RNAse A is used to
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eliminate RNA, as it is also stained by PI and would falsify the analysis [228]. After the
staining, the cells were washed twice with cold 1x PBS and were finally resuspended in
300 µl 1x PBS for analysis via flow cytometry. The resulting data was analysed in FlowJo
and the PI profile of each sample was subjected to cell cycle analysis using the Watson-
Pragmatic model, which allows an unbiased determination of the cell cycle phases[229].
The underlying algorithm identifies the first peak of the PI profile as the G1/G0 peak and
assumes a normal distribution. It then models the rest of the PI profile accordingly to
produce an objective fit to the data [229].

5.2.4.4 Apoptosis assay

To assess apoptosis levels of suspension cells, 1*106 cells were first collected by centrifuga-
tion at 500 g for 4 min. All centrifugations were carried out with these parameters to also
collect the lighter apoptotic cells. Afterwards, the pellet was washed with Annexin-V-
staining buffer followed by staining. Staining was performed in 100 µl Annexin-V-binding
buffer containing 0.5 µl of Annexin-V-APC and 1.5 µg/ml 7-AAD. Annexin-V is a small
peptide, which selectively binds to phosphatidyl serine which is flipped to extracellular
leaflet of the plasma membrane upon early apoptosis [230]. 7-AAD is a DNA intercalat-
ing dye that cannot pass intact membranes [231]. Upon late apoptosis, membranes lose
integrity which allows 7-AAD to enter the cell. Cells were resuspended in the staining
solution and incubated at RT in the dark for 20 min. Subsequently, the stained cells
were diluted with 200 µl Annexin-V-binding buffer and measured at the LSRII using the
PerCP-Cy5 channel for 7-AAD and APC channel.

5.2.4.5 BH3-profiling

The BH3-profiling is used to identify the apoptotic pathway of cells and to determine
the sensitivity to enter apoptosis. Apoptosis is regulated on the mitochondrial level by
proteins that have either pro- or anti-apoptotic function, depending on their different
BCL-2 homology (BH) domains [232]. The BH3-profiling assay uses peptides that mimic
components of this complex regulation system to agonize or antagonize the pro- or anti-
apoptotic proteins. The effect of the peptides is measured by assessing the cytochrome
c release from the mitochondria, which is caused by mitochondrial outer membrane per-
meabilisation (MOMP) and triggers the formation of the apoptosome [233]. In addition,
using different concentrations allows to determine the sensitivity to certain peptides. The
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BH3-profiling in this study was performed by Dr. Jens Löber at the University Medical
Center Göttingen using an established protocol described below [234, 235].

384-well plates were coated in quadruplicates for each cell line and condition with 15 µl of
1:50 diluted BH3-peptides in MEB2 buffer containing controls DMSO and alamethicin.
1*106 cells were harvested and washed in MEB2 buffer, followed by incubation of 15 µl cell
suspension for 1 h at 25 °C in each well of the prepared plate. Afterwards, cells were fixed
for 10 min at 25 °C by addition of 10 µl 4 % formaldehyde solution, followed by quenching
with 10 µl buffer N2 for 10 min at 25 °C. Staining was performed over night by adding 10 µl
10x staining solution containing 25 µg/ml Hoechst33342 and 1.25 µg/ml Alexa Fluor® 647
α-Cytochrome C. Cells were subjected to flow cytometry the following day (LSRFortessa™
X-20). After gating on single cells and viability, the DMSO control was used as negative
control (no induced apoptosis) while alamethicin served as positive control for complete
cytochrome C release due to BAX/BAK-independent MOMP formation. Concentration
of the peptides (JPT Peptide Technologies) and controls used: BIM 10/1/0.1 µM, BAD
10/1 µM, HRKγ 10/1 µM, MS1 10/1 µM, FS1 10/1 µM, PUMA 10 µM, DMSO 1 %,
Alamethicin 25 µM.

5.2.4.6 Glucose uptake assay

The glucose uptake assay is based on the uptake of the fluorescent glucose derivative 2-
deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG). 2-NBDG is trans-
ported across the cell membrane in a similar manner to normal D-glucose and has an ex-
citation/emission maxima of 475/550 nm respectively [236, 237]. Therefore, the amount
of accumulated 2-NBDG and its resulting fluorescence are an indication of the physiolog-
ical glucose uptake of the assessed cells. For this assay, 1,25*106 cells are harvested by
centrifugation at 400 g for 4 min. The pellet was washed with 500 µl pre-warmed glucose
free RPMI followed by another centrifugation step. The cells were resuspended in 1050 µl
glucose-free RPMI and split into five sub-samples of 200 µl containing approximately
0.25*106 cells. Subsequently, the cells were starved for 60 min at 37 °C and 450 rpm.
Afterwards, 100 µl of glucose-free RPMI containing 300 µM 2-NBDG were added to each
subsample for a final concentration of 100 µM. Simultaneously, 100 µl of Glucose-free
RPMI are added to the unstained control. The glucose uptake was then terminated by
addition of 1 ml of cold 1x PBS at indicated time points of 5, 10, 20 or 30 min followed

46



Materials and Methods

by centrifugation at 4 °C. The pellet was again washed with cold 1x PBS followed by
resuspension in 100 µl of cold 1x PBS containing 5 µg/ml 7-AAD as counter stain for
dead cells. The samples are then incubated for 20 min at 4 °C in the dark followed by
addition of 200 µl cold 1x PBS and analysis at the BD FACSCelesta using the blue laser,
the FITC channel and a 530/30 nm filter (2-NBDG) and the PerCP-Cy5-5 channel and
a 695/40 nm filter (7-AAD). The unstained cells were used as negative control to set up
gates for 2-NBDG and 7-AAD. Only cells which appeared 7-AAD negative were included
in the final gate.

5.2.4.7 Cell counting proliferation assay

The proliferation of cells in culture can be measured by the increase of cell number
over time. Here, cells were seeded with a constant cell density in 48-well plates (5000
Ramos/DG75/Raji cells/well; 10000 Daudi cells/well; 1,5 ml R10/well) with two wells/cell
line for every planned day. Every day, including the seeding day, two wells of each cell line
were resuspended and 500 µl of the cell suspension were transferred into a FACS tube and
subjected to flow cytometry. The cells were counted by using a 30 sec acquisition time,
a constant flow rate throughout the whole experiment and by gating on living cells only
as indicated by the FSC-SSC. This ensures, that only the living cells were counted every
day which were normalised to the number of living cells at the seeding day. The resulting
fold-change in cell number over time was then used as a measure of proliferation.

5.2.4.8 GFP-tracking assay

The inducible shRNA expression system produced not only the shRNA upon induction but
also GFP, which allowed the tracking of GFP-positive, and therefore shRNA producing,
cells over time using flow cytometry. For this purpose, the shRNA cells including the
non-targeting control were seeded with a constant cell density in 48-well plates (5000
Ramos cells/well; 10000 Daudi cells/well; 1,5 ml R10/well). Each day, including the
seeding day, two wells of each cell line were resuspended and 500 µl of the cell suspension
were transferred into a FACS tube. The respective number of GFP-positive cells was then
assessed by flow cytometry using a 30 sec acquisition time, a constant flow rate throughout
the whole experiment and by gating on GFP-positive cells only. This experimental setup
enabled a combined readout of proliferation and apoptosis over time, indicated by increase
and/or decrease of the GFP signal and number of GFP-positive cells as GFP is lost during
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apoptosis [238]. For evaluation, the number of GFP-positive cells is normalised to the
initial cell number measured on the seeding day.

5.2.5 Imaging flow cytometry

5.2.5.1 MitoTracker assay

To determine the mitochondrial quantity in living cells, 3*106 cells were harvested by
centrifugation at 400 g for 5 min. Afterwards, the cell pellet was washed with room
temperature 1x PBS and stained in 500 µl FCS-free RPMI containing 5 nM MitoTrackerTM

DeepRed. The MitoTrackerTM are cell permeable allowing the staining of mitochondria
in living cells. The dyes bind specifically thiol-reactive chloromethyl groups found in the
mitochondrial membranes [239, 240]. The cells were incubated with the staining solution
for 30 min at 37 °C and 500 rpm, followed by another washing step with 1x PBS. For
the image stream analysis, the cell pellet was resuspended in 60 µl 1x PBS and analysed
using the Amnis Image Stream X MKII. Assessed was the overall signal intensity of
the MitoTrackerTM DeepRed and the signal area of each individual cell. Moreover, the
MitoTrackerTM DeepRed signal relative to the respective cell size was measured.

5.2.5.2 Quantification of PI(3,4)P2 on the plasma membrane

To measure the amount of PI(3,4)P2 at the intracellular leaflet of the plasma membrane,
3*106 GFP-2xTAPP1-PH expressing Ramos WT and Ramos INPPL1 -/- cells were har-
vested by centrifugation at 400 g, 4 °C and for 4 min. Afterwards, the pellets were washed
with ice-cold 1x PBS, resuspended in cold Krebs-Ringer (K-R) buffer containing 1 mM
CaCl2 and placed on ice until measurement at the Amnis Image Stream X MKII. After
exclusion of the cell debris and cell aggregates, only the cells in an optimal focus were
regarded for further analysis. The cells were then gated for a homogeneous GFP signal,
excluding cells with a too high or low signal. Afterwards, the plasma membrane localiza-
tion of GFP-2xTAPP1-PH was determined by blotting the entropy of the GFP signal on
the H correlation. The entropy is a parameter describing the randomness of the signal
intensities in an image. If an image has distinct areas with a focused intensity it has
a lower entropy than an image with a widely distributed signal. The correlation mea-
sures how similar pairs of pixels are and can be regarded as the opposite of the contrast.
Consequently, if the image has a high correlation, it is more homogeneous and lacking
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variant texture. Collectively, the cells that exhibited a low entropy and correlation were
measured.
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Results

6.1 SHIP2 is predicted as an important contributor
to BL fitness

The inositol phosphatase SHIP2 has been shown in previous studies to be involved in the
tonic BCR signaling network, which is crucial for survival of several Burkitt lymphoma
cell lines [152, 159]. However, the extent of the contribution of SHIP2 to this pathway
and the underlying mechanisms are largely unknown. The Cancer Dependency Map
database allowed for an extensive overview of the effects of targeting single genes in cell
lines. The database combines multiple CRISPR/Cas9 or RNAi screens to evaluate the
dependency of cell lines to specific genes as well as co-dependencies between genes [207].
The dependency to a certain gene is rated according to the relative effect on the cell line.
This relative gene effect characterises the outcome of the gene targeting with a positive
value representing improved proliferation and a negative value the opposite. Genes with
a value smaller than -1 are considered as essential. In this approach, all cell lines in the
database representing non-Hodgkins lymphoma, including BL cell lines, were analysed for
the effect of targeting the SHIP2 coding gene INPPL1 either by CRISPR/Cas9 or RNAi.
In a second approach, a recently published shRNA screen comparing BL and non-blood
cell lines was re-analysed for the effect of targeting the expression of INPPL1 [196].
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Figure 6.1: SHIP2 is predicted as an important contributor to BL fitness. Studies of
A. CRISPR and B. RNAi targeting of INPPL1 in multiple non-Hodgkin lymphoma cell lines.
The data was extracted from the database of the Cancer Dependency Map [207]. Red circles
indicate BL cell lines. The CRISPR database consists of three independent screens: DepMap
Public2302, Score and Chronos. The RNAi databases consists of the Achilles, DRIVE, Marcotte
and DEMETER2 screens. The gene effect describes the impact of the gene targeting on the
growth of the respective cell line. A gene with a gene effect <-1 is considered as essential. C.
Reassessment of the shRNA-based drop-out screen performed by Hüllein et al. [196] reveals
SHIP2 as a potentially important contributor for BL fitness. The screen compared the impor-
tance of 5045 genes in n=8 BL cell lines with n=6 solid cancer cell lines.

The CRISPR screens demonstrated that a loss of SHIP2 led to a reduction of prolifer-
ation in almost all tested non-Hodgkin lymphoma cell lines, as indicated by a negative
relative gene effect (Figure 6.1A). The RNAi screens validated these findings, indicating

51



Results

that while not being lethal, the loss of SHIP2 has a negative effect on the proliferation
of multiple non-Hodgkin cell lines (Figure 6.1B). Further corroborated are these findings
by the re-analysis of the BL-specific shRNA screen conducted by Hüllein et al. Here,
INPPL1 was placed on rank 151 of 5045 genes relevant for BL fitness with a significance
of p=0.019, which is two degrees of significance lower than that of the top-scoring gene
PAX5 with p=0.004 (Figure 6.1C) [196]. Hence, multiple studies provide evidence for an
important role of SHIP2 in the fitness of BL cell lines.

I wanted to confirm these findings experimentally by assessing the proliferation of multiple
BL cell lines after treatment with the SHIP2 inhibitor AS1949490. This inhibitor is
characterised by a high selectivity for SHIP2 compared to other inositol-phosphatases
and a sub-micromolar IC50 in a cell-free assay [241]. Four different cell lines were used to
represent the heterogeneity of BL: The Ramos and DG75 cell lines both originate from
spontaneous BL and possess the same t(8;14)(q22;32) translocation of MYC but differ in
the accompanying mutations [156, 200, 201, 206]. In contrast, the Daudi and Raji cell
lines have an endemic BL background and share the same MYC translocation, yet also
differ in other mutations [156, 200, 201]. Apart from Raji cells, which do not display
surface IgM levels, the other three cell lines are shown to be BCR-dependent [163]. The
proliferation was measured by using the XTT proliferation assay. This colorimetric assay
utilizes the conversion of the yellowish tetrazolium salt XTT into orange formazan by
mitochondrial dehydrogenases in living cells. Therefore, measuring the absorption rate of
formazan at 450 nm is an indicator for the amount of metabolically active, proliferating
cells [222]. For the experiment, the different cell lines were seeded equally and incubated
with increasing concentrations of AS1949490 for 24 h followed by determination of the
proliferation via XTT assay.
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Figure 6.2: Inhibition of SHIP2 decreases proliferation of multiple BL cell lines.
A. Molecular structure of the SHIP2 inhibitor AS1949490. B. Chemical principle of the XTT
proliferation assay that relies on the conversion of the XTT tetrazolium salt to XTT formazan
facilitated by mitochondrial dehydrogenases. C.. Dose-response curve of four different BL cell
lines treated with increasing concentrations of AS1949490 for 24 h. The relative proliferation
was assessed by XTT assay and normalisation to vehicle-treated samples. DMSO served as
negative control. The dose-response curve was calculated using a non-linear regression model
for normalised data. IC50 values were calculated using GraphPad Prism. Shown are the results
of n≥3 independent experiments. Error bars indicate the standard deviation.

Treatment with AS1949490 (Figure 6.2A) led to a dose-dependent decrease of proliferation
across all tested BL cell lines (Figure 6.2B,C). The strongest effect was observed in the
Daudi cells as indicated by the comparably low concentration of inhibitor required for
the decrease in proliferation. The proliferation of Ramos and DG75 cells was marginally
less effected compared to Daudi while the Raji cells only exhibited a reaction at the
highest concentration (Figure 6.2C). This experiment confirms that the loss of SHIP2
activity, either by targeting the expression or by inhibition, has a negative outcome on
the proliferation of BL cells.
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6.2 Generation of SHIP2-deficient BL cell lines

After it was confirmed that multiple Bl cell lines were dependent on SHIP2 activity, I
aimed to generate a SHIP2-deficient cell line by utilizing the clustered regularly inter-
spaced short palindromic repeat (CRISPR)/Cas9 system. As B cell lines are notoriously
difficult to transfect, a novel delivery technique was used. Here, the custom-made and
gene specific CRISPR-RNA (crRNA) was first hybridized with a generic trans-activating
crRNA (trcrRNA). The resulting RNA hybrid is mixed with a recombinant Cas9 endonu-
clease to form a RNA-protein complex, which can be electroporated into cells with high
efficiency. After electroporation, the cells were allowed to recover for up to 3 days followed
by single cell dilution to generate single clones. These clones were expanded and cleared
cellular lysates were screened for a loss of SHIP2 protein. Clones negative for SHIP2 were
subjected to isolation of their genomic DNA and a PCR of the crRNA target site followed
by sequencing were performed to confirm successful disruption of the gene on both alleles.
Using this workflow, the SHIP2-coding gene INPPL1 was targeted in Ramos and DG75
cells.
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Figure 6.3: Targeting of INPPL1 in Ramos cells using CRISPR/Cas9. A. Flow chart
depicting the workflow required for generation of a SHIP2-deficient Ramos cell line. B. Exon
structure of the INPPL1 consensus gene with the respective target site of the crRNA (blue) and
PAM site (red) in the first exon. C. Clones recovered from the single cell dilution were screened
for protein deficiency via Western Blot analysis. The membranes were probed with α-SHIP2 and
α-β-Actin as loading control. The apparent molecular weight is indicated as kDa. D. Genomic
sequencing identified 3 clones with genomic aberrations on both alleles, of which one clone is
shown. The clone exhibited 25 bp and 29 bp deletions on the two alleles, respectively, which led
to formation of a premature stop codon after 108 aa or 63 aa.
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Targeting the first exon of INPPL1 resulted in the identification of 45 clones negative
for SHIP2 protein as demonstrated by Western Blot analysis (Figure 6.3A-C). The DNA
sequence alterations in three of these clones were analysed by Sanger sequencing, of which
the alterations of one clone are shown as an example. This clone, further called Ramos
INPPL1 -/-, was characterised by a loss of 25 bp and 29 bp on the two alleles, resulting in
premature stop codons after 108 or 63 amino acids, respectively (Figure 6.3D).
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Figure 6.4: Targeting of INPPL1 in DG75 cells using CRISPR/Cas9. A. Flow chart
depicting the workflow required for generation of a SHIP2-deficient DG75 cell line. B. Exon
structure of the INPPL1 consensus gene with the respective target site of the crRNA (blue) and
PAM site (red) in exon 5. C. Clones recovered from the single cell dilution were screened for
protein deficiency via Western Blot analysis. The membranes were probed with α-SHIP2 and
α-β-Actin as loading control. The apparent molecular weight is indicated as kDa.
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Figure 6.4: Continued:

D. Genomic sequencing identified 2 clones with genomic aberrations on both alleles, of which
one clone is shown.

In DG75, the SHIP2-coding gene was targeted at exon 5 using a different crRNA as for
Ramos (Figure 6.4A,B). The Western Blot analysis of clones after single cell dilution iden-
tified 8 clones with a total loss of SHIP2 protein (Figure 6.4C). Two of these clones were
further analysed by Sanger sequencing, of which one clone, now called DG75 INPPL1 -/-,
is shown. DG75 INPPL1 -/- exhibited the same addition of one nucleotide at the target
site in both alleles (Figure 6.4D). No other alteration could be identified despite multi-
ple Sanger sequencing runs leading to the conclusion that both alleles suffered the same
alteration. The addition of one thymidin at the break site appeared to be a preferential
alteration as it was sequenced in different clones across different cell lines (data not shown).

The lack of SHIP2 protein levels combined with the sequence alterations at the targeting
sites and the predicted premature stop codons confirmed successful deletion of INPPL1
expression in the respective Ramos and DG75 clones.
To address clonal effects, the SHIP2-negative cells were reconstituted with a wild type
SHIP2 variant containing the fluorescent protein citrine [242] as an N-terminal tag (Cit-
SHIP2). The constitutive expression of the CitSHIP2 construct was achieved by applying
the PiggyBac-transposase-transposon system. The transfected cells were analysed for ex-
pression of CitSHIP2 by FACS and Western Blot analysis as well as for their surface IgM
levels.
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Figure 6.5: Successful reconstitution of SHIP2-deficient Ramos and DG75 cells with
a CitSHIP2 construct. A. Workflow depicting the steps from the transfection of the cells with
an N-terminally tagged Citrine-SHIP2 construct up to validation. B. FACS analysis showed a
citrine signal in the reconstituted Ramos and DG75 cells indicating successful reconstitution of
the CitSHIP2 construct. C. The Western Blot analysis validated the previous FACS analysis
showing a SHIP2-specific band in the reconstituted cells that was slightly larger than wild type
SHIP2. The membranes were probed with α-SHIP2 and α-β-Actin as loading control. The
apparent molecular weight is indicated at kDa. D. Surface IgM levels of Ramos and DG75 cells
remained unaffected by SHIP2-deficiency and reconstitution with CitSHIP2. The surface IgM
levels were analysed by FACS analysis of α-IgM-AF647 stained living cells.

Flow cytometry of electroporated SHIP2-negative Ramos and DG75 cells showed a stable
citrine signal indicating expression of the CitSHIP2 construct (Figure 6.5A,B). Western
Blot analysis confirmed expression of the construct as indicated by the appearance of a
SHIP2-specific band with increased molecular weight compared to WT SHIP2 due to the
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citrine tag (Figure 6.5C). Furthermore, as this study is particularly interested in tonic
BCR survival signaling, it was necessary to control the surface BCR levels, since changes
in BCR surface expression could alter the activity of downstream signaling components.
Hence, the full panel of each cell line, consisting of WT, INPPL1 -/- and reconstituted cells
was examined for their surface IgM levels, which directly reflect the surface BCR abun-
dance [4, 243]. Flow cytometric analysis revealed that the surface BCR levels remained
unaltered by loss of SHIP2 or re-introduction of CitSHIP2 (Figure 6.5D).
These data show that I was able to generate two different BL cell lines to study the effects
of SHIP2-deficiency. The cell panel of each model consisted of the respective WT, the
INPPL1 -/- and the reconstituted cells expressing CitSHIP2. Furthermore, I could show
that potential differences in tonic BCR signaling are not related to an altered surface
abundance of the BCR. Hence, these cell lines were the basis for the characterization of
SHIP2-specific effects as described in the following chapters.

6.3 SHIP2 is an important contributor to BL cell fit-
ness

The BL fitness is the sum of the proliferation rate and the amount of survival signaling
that the cell achieves. These parameters were addressed in the different generated BL cell
lines by using different assays to specifically determine the proliferation and the apoptosis
rates of the cells.
First, the proliferation was measured on a metabolic level by XTT assay. Previous studies
with the Daudi cells had already indicated that SHIP2-deficiency compromised the growth
of this BL cell line [197]. Hence, the Ramos and DG75 panels were tested for their
proliferation in the same manner. The cells were seeded in equal cell concentrations in
96-well plates and the XTT assay was performed on the following day. In addition, cell
counting was used as a simple but holistic approach to determine the proliferation of cell
lines. For this purpose, the cells were seeded in equal cell concentrations and the number
of living cells, indicated by FSC and SSC, were counted using flow cytometry. The cell
count of 4 consecutive days was normalised to the starting cell count, which resulted in a
fold-change of cell number that directly represents the proliferation. In this experimental
approach, the Daudi cell lines were included.
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Figure 6.6: SHIP2-deficiency decreases proliferation in Ramos and DG75 cells. XTT
assay based measurement of the proliferation of Ramos A. and DG75 B. cell lines. The prolif-
eration was assessed after one day of cultivation and the obtained data was normalised to the
respective WT controls. C. Gating strategy for the cell counting assay. Live cells were identified
by SSC and FSC and counted on every indicated day. The proliferation of Ramos D., DG75 E.
and Daudi F. cell lines as revealed by the cell counting assay. Shown are the living cells counted
on d4 (Ramos, DG75) or d7 (Daudi) followed by normalisation to d0. If not indicated otherwise
experiments were performed n≥3. Error bars indicate the standard deviation. Statistics were
performed using One-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001
***, p<0.0001 ****.

Loss of SHIP2 caused a decrease in proliferation in Ramos and DG75 cells as indicated by
the XTT assay, which confirmed the results previously observed in Daudi [197]. While the
reconstitution significantly rescued the proliferation in DG75 cells it only showed a mod-
erate effect in Ramos cells (Figure 6.6A,B). However, the compromising effect of SHIP2
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deficiency on the proliferation was validated in all three cell lines by the cell counting
assay. The reconstitution with CitSHIP2 significantly rescued the proliferation in Ramos
and DG75 cells while it only marginally improved the growth in Daudi cells (Figure 6.6C-
F).

Since the proliferation, as one contributor to the fitness, was markedly reduced by SHIP2
deficiency, I also assessed the impact on cell survival. In a different study it was already
shown that loss of SHIP2 increased the percentage of apoptotic cells in the Daudi cell
lines ([197]). The apoptosis was assessed by combining the properties of Annexin-V and
7-amino-actinomycin D (7-AAD) to identify apoptotic cells. Annexin-V is a small protein
which selectively binds to phosphatidyl serine, a phospho lipid, which upon early apop-
tosis is flipped from the intracellular leaflet of the plasma membrane to the extracellular
leaflet ([230]). 7-AAD is a DNA intercalating dye, which is unable to pass intact mem-
branes ([231]). During late apoptosis, cellular membranes lose integrity, which enables the
7-AAD to enter the cell and stain the nucleus. The combination of both reagents allows to
distinguish between living (Annexin-V-/7-AAD-), necrotic (Annexin-V-/7-AAD+), early
apoptotic (Annexin-V+/7-AAD-) and late apoptotic cells (Annexin-V+/7-AAD+). The
DG75 cell lines are not suitable for this kind of apoptosis assay due to absence of the pro-
apoptotic proteins BAK and BAX [206], which are essential to produce the alterations
detectable by Annexin-V/7-AAD staining ([244]). Consequently, this assay was performed
only in the Ramos cell lines, which were cultivated for 36 h in 1 % FCS medium prior to
the assay to induce apoptosis by starvation.
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Figure 6.7: Absence of SHIP2 increases apoptosis in Ramos cells. A. Gating strategy
for the Annexin-V-APC/7-AAD apoptosis assay. Cell debris was excluded and the cells were
separated according to their Annexin-V-APC and 7-AAD signal. B. Percentage of late and
early apoptotic Ramos WT, SHIP2-deficient and reconstituted cells. Apoptosis was induced by
cultivation in 1 % FCS medium for 36 h prior to staining with 6 ng/sample Annexin-V-APC and
150 ng/sample 7-AAD. Late apoptosis is indicated by Annexin-V-APC+/7-AAD+ cells while
early apoptotic cells are only Annexin-V-APC+. If not indicated otherwise experiments were
performed n≥3. Error bars indicate the standard deviation. Statistics were performed using
Two-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001
****.

In the gating strategy, the cell debris was excluded and the remaining cells were separated
according to their Annexin-V-APC and 7-AAD signal (Figure 6.7A). The assay revealed
a marginal but significant elevation of late apoptosis in the INPPL1 -/- cells compared
to WT or reconstituted counterparts. No difference was observed in the level of early
apoptosis (Figure 6.8B).

While there was a SHIP2-dependent apoptosis observable in two of three cell lines, two
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questions remained. First, in both circumstances the increase was marginal and only in
late apoptosis. Second, the utilized apoptosis assay was not suitable to detect apoptosis
in the DG75 cells due to the mutations in this cell line. Therefore, the findings were vali-
dated by staining the intracellular levels of cleaved cysteine-dependent, aspartate-specific
protease 3 (caspase 3) [245]. The sequential activation of caspases by cleavage plays
a central role in apoptosis as these proteases hydrolyse essential proteins rendering the
apoptosis irreversible [246]. Caspase 3 is one of the final caspases activated by the cascade
as it indiscriminately hydrolyses any protein, which makes it a marker for late apoptosis
[247]. Before the cells were intracellularly stained using α-cleaved caspase 3-APC they
were starved for up to 72 h as explained above followed by fixation and permeabilisation.
The results of this experiment are depicted in figure 6.8).
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Figure 6.8: Loss of SHIP2 coincided with increased activation of caspase 3 in BL
cell lines. A. Gating strategy for the intracellular staining of cleaved caspase 3 in fixed cells.
Following the exclusion of cell debris the cells were gated on single cells only, which were then
assessed for their cleaved caspase 3-APC signal. Levels of cleaved caspase 3 in Ramos B., DG75
C. and Daudi D. cell lines. Apoptosis was induced by cultivation in 1 % FCS medium for
36 h (Ramos, DG75) or 72 h (Daudi) prior to fixation and staining with α-cleaved caspase
3-APC. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using One-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The gating strategy relied on the exclusion of cell debris followed by the analysis of the
APC signal of single cells (Figure 6.8A). The loss of SHIP2 significantly increased the
levels of active caspase 3 in all BL cell lines, especially in Daudi cells. The expression
of CitSHIP2 decreased the cleavage of caspase 3 back on WT level, yet this rescue was
not statistically significant in the Daudi cells (Figure 6.8B-D). Collectively, the increased
activation of caspase 3 in SHIP2-negative cells corroborate the results of the Annexin-
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V/7-AAD assay.

To assess the apoptotic pathways that are related to the function of SHIP2 in BL, the
cells were subjected to a BH3 profiling. This assay focuses on the interaction of pro- and
anti-apoptotic proteins of the BCL-2 family, which contain the BCL-2 homology 3 (BH3)
domain [232, 248, 249]. The multi domain anti-apoptotic proteins such as BCL-2 and
BCL-XL inhibit the multi domain pro-apoptotic proteins BAK and BAX, which them-
selves can be activated by engagement of their BH3 domain through BIM or BID [250–252]
resulting in formation of mitochondrial outer membrane permeabilisation (MOMP) and
cytochrome C release [233]. Similarly, the inhibition of apoptosis by the anti-apoptotic
proteins can be prevented by binding of their BH3 domain to sensitizers such as BAD,
HRK, MS-1, FS-1 and PUMA [253]. This principle is exploited by treatment of the cells
with BH3-mimicking peptides, which represent either the activators of the pro-apoptotic
proteins or the sensitizers binding to the anti-apoptotic proteins. The resulting response
allows to determine dependencies on specific proteins, which may be deduced to the un-
derlying signaling [234, 235].
Since the BH3 profiling measures the cytochrome C release, only the intrinsic apopto-
sis pathways can be addressed. Hence, the Daudi cell line was chosen due to its strong
apoptosis and the lack of mutations in involved proteins. The DNA intercalating dye
Hoechst33342 was used to determine cell viability [254]. Beyond the sensitising BH3
peptides, DMSO and alamethicin served as negative and positive control for MOMP,
respectively [255, 256].
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Figure 6.9: Daudi cells exhibit increased sensitivity to apoptosis upon loss of SHIP2.
A. Gating strategy for the BH3-profiling. Cell debris was excluded and the single cells were
assessed for their viability by Hoechst33342 signal followed by quantification of the released
cytochrome C. The staggered histogram shows the cytochrome C release after DMSO or alame-
thicin treatment. B. BH3-profiling of Daudi WT, SHIP2-deficient and reconstituted cells.
DMSO and alamethicin served as negative and positive control, respectively. Shown is one
representative replicate. n=3 independent experiments were performed. Statistical analysis was
conducted using Two-Way-ANOVA. Error bars indicate the standard deviation.
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Figure 6.9: Continued:

C. The scheme depicts the specificity of the respective inhibitors for the anti-apoptotic proteins.
Red cells indicate release of cytochrome C.

The gating strategy excluded cell debris, non-viable cells and doublets. The cytochrome
C release is the inverse of the cytochrome C signal because release of cytochrome C, which
rendered it unavailable for the α-Cytochrome C antibody (Figure 6.9A). The evaluation
of the profiling confirmed a complete cytochrome C release by alamethicin in the whole
Daudi panel. The negative control already revealed a significant increase of cytochrome
C release in the SHIP2-deficient Daudi cells compared to WT or reconstituted. The same
pattern was observable after treatment with any of the BH3 mimetic peptides, which
indicates that the SHIP2 deficiency coincided with an increased sensitivity of these cells
to enter apoptosis which was not dependent on one specific anti-apoptotic BCL2-family
protein (Figure 6.9B). Though, the sensitivity for inhibition of BFL-1 by FS1 peptides
showed the strongest overall potential to increase the sensitivity to apoptosis the ratio
between the cells was comparable to inhibition of other anti-apoptotic proteins (Figure
6.9B,C).

Taken together, these data provide evidence that SHIP2 plays an important role for the
fitness of tonic BCR signaling dependent BL cell lines by contributing to the proliferation
and survival signaling.

6.4 shRNA-mediated ablation of SHIP2 confirmed
results of CRISPR targeting

To exclude potential adaption effects caused by the complete disruption of the INPPL1
expression in the SHIP2-negative cells, I aimed to generate cell lines with an inducible
small hairpin RNA (shRNA) expression to down regulate the SHIP2 protein levels. After
expression of a shRNA, it is modified by cellular enzymes producing a mature small in-
terfering RNA (siRNA). The gene-specific guide strand of the siRNA allows the targeting
and hybridisation to the messenger RNA (mRNA) of the selected gene. The hybridisation
prevents the translation at the ribosome due to targeted degradation effectively silenc-
ing the gene expression [257]. Based on the PiggyBac system, constructs were generated
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that allowed for a doxycycline-inducible, simultaneous expression of the shRNA targeting
INPPL1 (shINPPL1 ) and a simultaneous GFP expression [212]. These plasmids were
stably transfected into Ramos cells, which were examined for a functional shRNA expres-
sion by checking the cellular GFP levels via flow cytometry and the SHIP2 protein levels
by Western Blot analysis. Following, proliferation and apoptosis were assessed after the
induced silencing of INPPL1 using the XTT and an Annexin-V staining. Cells with a
non-targeting control shRNA (shNTC) served as control.
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Figure 6.10: shRNA-based ablation of SHIP2 attenuates the fitness of Ramos cells.
A. Histogram of Ramos cells carrying either a doxycycline-inducible non-targeting control
shRNA (shNTC) or an shRNA targeting INPPL1 (shINPPL1#1-3) before and after one day
of treatment with 250 ng/ml doxycycline. Induction of the constructs produces the respective
shRNA and GFP, which allows monitoring of shRNA-positive cells. B. Western Blot analysis
confirmed proper induction of the construct indicated by the GFP band and SHIP2 protein
levels were reduced by induction of shINPPL1#1-3. The cells were treated with 250 ng/ml
doxycycline for 4 days followed by lysis and subjection to Western Blot analysis. The mem-
branes were probed with α-SHIP2, α-GFP and α-β-Actin as loading control. The apparent
molecular weight is indicated as kDa. C. Proliferation of Ramos cells after induced expression
of shINPPL1. The cells were treated with 250 ng/ml doxycycline for 5 days followed by a XTT
assay and normalisation to non-induced cells. D. Percentage of Annexin-V-APC-positive cells
after induced expression of shINPPL1.
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Figure 6.10: Continued:

The cells were induced in the before described manner followed by subjection to Annexin-V-APC
staining. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using One-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Addition of doxycycline to the transfected cells resulted in an increased GFP signal in-
dicating that the shRNA system was functional and stably integrated (Figure 6.10A). In
addition, induction of the three different shINPPL1 for 4 days reduced the SHIP2 protein
levels markedly compared to the non-targeting control shRNA (shNTC), which confirmed
the efficiency of the shRNAs (Figure 6.10B). The shRNA-mediated depletion of SHIP2
in the Ramos cells lowered the proliferation in a manner comparable to the respective
INPPL1 -/- cells (Figure 6.10C). Correspondingly, the induced silencing significantly ele-
vated the percentage of Annexin-V-positive cells compared to the control (Figure 6.10D).
The strong GFP expression in the induced cells prevented the use of 7-AAD due to spill
over of the GFP signal.
Short-term ablation of SHIP2 produced the same effects observed in the INPPL1 -/- cells,
which further solidifies the evidence that SHIP2 is an important contributor to the fitness
of BL cell lines.

6.5 SHIP2 deficiency does not affect the fitness of
BCR-negative BL cells

While the BL cell lines that were analysed in this study have been reported to be BCR-
dependent, this is not a proof that the effects observed in SHIP2-deficient cells are part
of the tonic BCR signal network [163]. Hence, the INPPL1 gene was targeted via the
CRISPR/Cas9 system in the surface BCR-deficient Raji cell line to address this question
[210, 211]. The disruption of the INPPL1 gene was carried out using the same crRNA
as in the DG75 cells, which targeted the fifth exon. The successful application of the
CRISPR/Cas9 system was validated via Western Blot analysis and sequencing of the site
of incision.
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Figure 6.11: Fitness of surface IgM-negative Raji cells remained unaltered upon loss
of SHIP2. A. Exon structure of the INPPL1 consensus gene with the respective target site
of the crRNA (blue) and PAM site (red) in the exon 5. Clones recovered from the single cell
dilution were screened for protein deficiency via Western Blot analysis and subsequent genomic
sequencing identified 2 clones with genomic aberrations. B. Western Blot analysis of the two
clones confirmed the loss of SHIP2. The membranes were probed with α-SHIP2 and α-β-Actin
as loading control. The apparent molecular weight is indicated as kDa.
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Figure 6.11: Continued:

C. The surface IgM levels of Raji WT and SHIP2-deficient cells were quantified by FACS
analysis of α-IgM-AF647 stained living cells. Unstained Daudi and Raji WT and stained Daudi
WT served as negative and positive control respectively. D. Cell counting assay of SHIP2-
deficient Raji cells compared to WT cells. Shown are the living cells on each day normalised
to d0. E. Annexin-V-APC/7-AAD assay comparing the apoptosis of SHIP2-negative Raji cells
with WT cells. Apoptosis was induced by cultivation in 1 % FCS medium for 48 h prior
to staining with 6 ng/sample Annexin-V-APC and 150 ng/sample 7-AAD. Late apoptosis is
indicated by Annexin-V-APC+/7-AAD+ cells while early apoptotic cells are only Annexin-V-
APC+. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The screening for clones negative for SHIP2 protein level revealed two clones, which were
further analysed by genomic sequencing. While two different sequence aberrations could
be identified in INPPL1 -/- #2, which led to the generation of premature stop codons only
one mutation was found in clone #1. However, clone #1 appeared to be negative for
INPPL1 expression as indicated by the Western Blot analysis. Hence it was suspected
that the sequence aberration on one allele spanned into the primers used for initial ampli-
fication of the target site, which prevented the sequencing (Figure 6.11A,B). As expected,
the flow cytometric analysis of surface IgM-stained cells confirmed that Raji cells pos-
sess no BCR on the cell surface especially when compared to the Daudi cell line (Figure
6.11C). As revealed by cell counting, the proliferation of SHIP2-deficient Raji cells differed
insignificantly compared to the WT, which sets it apart from the attenuated proliferation
observed in the BCR-dependent cell lines (Figure 6.11D). The apoptosis assay showed
ambiguous results with clone #1 exhibiting slightly increased and clone #2 decreased
levels of late apoptosis compared to the parental Raji cells (Figure 6.11E).
These data imply that the BCR-negative BL cell line Raji is insensitive to SHIP2 de-
ficiency, hence suggesting that the supportive role of SHIP2 is part of the tonic BCR
signaling network.
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6.6 SHIP2 is not involved in the regulation of major
tonic BCR signaling pathways

6.6.1 SHIP2 does not control the signaling efficiency of MAPKs

The network of mitogen activated protein kinases (MAPK) influences the proliferation
and survival in B cells [18, 258]. This network consists of three independent pathways
named after the most downstream kinase: Jun N-terminal kinase (JNK), extracellular-
signal regulated kinase (ERK) and p38 MAPK (p38). To test if SHIP2 regulates the
activity of MAPKs I analyzed their regulating phosphosites in the generated Ramos cell
lines.
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Figure 6.12: MAPK signaling remained unaltered in SHIP2-deficient Ramos cells.
Western Blot analysis showing the phosphorylation levels of the MAP kinases A. JNK, B. ERK
and C. p38 upon loss of SHIP2 in Ramos cells. Ramos WT, INPPL1 -/- and reconstituted cells
were subjected to lysis followed by Western Blot analysis. The membranes were probed with
α-p-JNK (T183/Y185), α-panJNK, α-p-ERK (T202/Y204), α-panERK, α-p-p38 (T180/Y182)
and α-β-Actin as loading controls. The apparent molecular weight is indicated as kDa. Relative
expression was calculated after densiometric evaluation of the membranes and normalisation
to either the non-phosphorylated protein or the loading control. If not indicated otherwise
experiments were performed n≥3. Error bars indicate the standard deviation. Statistics were
performed using One-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001
***, p<0.0001 ****.

In contrast to previous findings in Daudi cells, SHIP2 deficiency did not influence the
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phosphorylation levels of JNK as demonstrated by Western Blot analysis (Figure 6.12A).
Also, the phosphorylation state of ERK and p38 remained stable (Figure 6.13B,C), show-
ing that the activity of the MAPK signaling network remained unaffected by SHIP2
deficiency in Ramos cells, which suggests that the SHIP2-dependent regulation of JNK in
Daudi might be cell line specific.

6.6.2 Phosphorylation of AKT remained stable in the absence
of SHIP2

After having shown that MAPKs were not involved in the supportive function of SHIP2
in BL cells. other BCR-dependent signaling pathways were investigated. Of particular
interest was the PI3K-AKT axis due to two different reasons: First, as mentioned above
SHIP2 is considered as a negative regulator of AKT through its 5-inositol phosphatase
activity [46]. Second, the tonic BCR-dependent survival signaling via AKT is crucial for
the survival of B cells as it was shown that over-activation of the PI3K-AKT axis restored
survival after ablation of the BCR [49]. Hence, the phosphorylation of AKT at serine
473 (p-AKT(S473)), which is facilitated by mTORC2 and directly responsible for the
activation of the kinase was examined [33].
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Figure 6.13: AKT phosphorylation was unaffected by loss of SHIP2. A. Western
Blot analysis could not detect AKT phosphorylated at S473 in Ramos cells. B. p-AKT(S473)
levels in the DG75 cells lines as revealed by Western Blot analysis. Ramos and DG75 WT,
INPPL1 -/- and reconstituted cells were subjected to lysis followed by Western Blot analysis. The
membranes were probed with α-p-AKT(S473) and α-panAKT as well as α-β-Actin as loading
control. The apparent molecular weight is indicated as kDa. Relative expression was calculated
after densiometric evaluation of the membranes and normalisation to the non-phosphorylated
protein. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using One-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The Western Blot analysis of the Ramos cells revealed very low phosphorylation levels
in this cell line, which prevented the densiometric analysis (Figure 6.13A). However, p-
AKT(S473) could be detected in cleared cellular lysates from the generated DG75 cell
lines. Analysis of the obtained signals revealed similar intensities, which is against a
function of SHIP2 in regulating AKT activity. Instead, the levels remained stable in the
whole panel (Figure 6.13B).
To corroborate these findings, the different cell lines were subjected to intracellular stain-
ing of p-AKT(S473) and p-AKT(T308). AKT requires phosphorylation of two amino acid
residues, serine at position 473 and threonine at 308, to be fully activated [38]. Therefore,
the p-AKT(T308) levels were assessed by flow cytometry of intracellularly stained cells.
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Figure 6.14: Flow cytometry confirms the Western Blot analysis by showing no
changes in intracellular p-AKT(S473,T308) in SHIP2-deficient BL cells. A. Gating
strategy for quantification of intracellular phosphorylated AKT(S473) in fixed cells. Following
the exclusion of cell debris the cells were gated on single cells only which were then assessed
for their p-AKT(S473)-APC signal. Quantification of the p-AKT(S473) levels in Ramos B.,
DG75 C., and Daudi D. cell lines relative to the respective WT cells. E. Cartoon depicting the
regulation of the serine 473 and threonine 308 phosphosites of AKT by PDK1 and mTORC2.
Intracellular staining for p-AKT(T308) in Ramos F. and Daudi G. cell lines.
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Figure 6.14: Continued:

Prior to measuring, the cells were fixed, permeabilised and stained with α-p-AKT(S473)-APC
or α-p-AKT(T308)-AF647 followed by FACS analysis. The obtained MFIs were normalised to
the respective WT of each cell line. If not indicated otherwise experiments were performed n≥3.
Error bars indicate the standard deviation. Statistics were performed using One-Way-ANOVA.
Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The exemplary gating strategy for the Ramos cell lines showed how the inclusion of cell
debris in the analysis was avoided (Figure 6.14A). Similar to Western Blot analysis, loss of
SHIP2 did not alter the phosphorylation levels of AKT(S473) in any of the cell lines (Fig-
ure 6.14B-D). There is a minor, though statistically significant increase of p-AKT(S473)
in the Ramos INPPL1 -/- cells, which however is not altered by reconstitution. SHIP2-
deficient Ramos and Daudi cells exhibited no dysregulations of p-AKT(T308) compared
to the respective WT cells. While, the SHIP2-negative Daudi cells showed a slight but
significant increase compared to the reconstituted cells, this does not correlate with re-
duced survival of these cells (Figure 6.14F,G).

These findings imply that SHIP2 does not regulated AKT activity in BL cell lines, thereby
suggesting that the SHIP2-dependent survival function is AKT-independent.

6.6.3 SHIP2 deficiency sensitized BL cells to inhibition of PI3K
and mTOR

Since the previous results indicate a pro-survival role of SHIP2 that is independent of
the PI3K effector protein AKT, I assessed, if SHIP2 relies on PI3K activity in general to
support BL cell fitness. The functions of PI3K and SHIP2 are directly connected as the
PI3K generates PI(3,4,5)P3, which serves as substrate for SHIP2 to produce PI(3,4)P2

[46]. Hence, the next experiments aimed at elucidating, if the fitness of SHIP2-deficient
cells converge with that of parental cells after inhibition of PI3K.
First, the effects of inhibition of PI3K by the small molecule copanlisib [259] were assessed
in WT BL cells via the XTT assay. For this purpose, Ramos, Daudi and DG75 WT cells
were treated with increasing concentrations of copanlisib for 24 h. Furthermore, it was
validated whether the copanlisib treatment is PI3K-specific and does not affect other
survival-related pathways such as the MAPK signaling [260–262]. Hence, the phospho-
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rylation levels of ERK and JNK upon treatment with copanlisib were assessed via flow
cytometry in the Ramos WT cells. In addition, the levels of p-AKT(S473) were quantified
to see if the inhibition of PI3K led to the expected decrease of AKT activity, and which
effects an additional inhibition of SHIP2 has. Therefore, parental and SHIP2-deficient
Ramos, Daudi and DG75 cells were treated for 30 min with either 200 nM copanlisib, 5
µM AS1949490 or a combination of both.
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Figure 6.15: Copanlisib decreases proliferation of BL cells in a dose- and PI3K-
dependent manner and decreases AKT activity A. Chemical structure of the selective
PI3K inhibitor copanlisib. B. Proliferation of Ramos, DG75 and Daudi WT cells treated with
increasing concentrations of copanlisib for 24 h. The relative proliferation was assessed by XTT
assay and normalisation to vehicle-treated samples. The dose-response curve was calculated
using a non-linear regression model for normalised data. IC50 values were calculated using
GraphPad Prism.
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Figure 6.15: Continued:

p-ERK(T202/Y204) C. and p-JNK(Ty183/Y185) D. levels of Ramos WT cells treated with
copanlisib or 5 % TFA as vehicle control followed by fixation, permeabilisation and intracellu-
lar staining with either α-p-ERK(T202/Y204) or α-p-JNK(T183/Y185). p-AKT(S473) levels
of Ramos E., Daudi F. and DG75 G. cell lines after treatment with copanlisib, AS1949490
or a combination of both. The cells were treated as indicated with either a vehicle control
(mixture of DMSO and 5 % TFA), 200 nM copanlisib, 5 µM AS1949490 or a combination of
both inhibitors for 30 min followed by fixation, permeabilisation and intracellular staining with
α-p-AKT(S473)-APC. MFIs of the respective signals were normalised to the vehicle control.
If not indicated otherwise experiments were performed n≥3. Error bars indicate the standard
deviation. Statistics were performed using paired t-test. Significance is indicated by p<0.05 *,
p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Treatment with copanlisib revealed a negative effect on proliferation in all three BL cell
lines even at the starting concentration of 0.125 µM. The Ramos cells showed a par-
ticularly pronounced dose response while the effect was mild in the DG75 cells (Figure
6.15A,B). Consequently, a concentration of 200 nM of copanlisib was used for further ex-
periments as this concentration ensured an effect on proliferation p-ERK(T202/Y202) and
p-JNK(T183/Y185) levels (Figure 6.15C,D). Copanlisib treatment significantly reduced
the p-AKT(S473) levels in all of the tested cell lines regardless of the SHIP2 status. Ap-
parently for Daudi cells this effect was escalated by absence of SHIP2. Inhibition of SHIP2
decreased the p-AKT(S473) levels in parental cells while the inhibitor caused ambiguous,
but minor alterations in the SHIP2-deficient cells. Combined use of both inhibitors did
not yield an additional effect on p-AKT(S473) levels beyond copanlisib only treatment
(6.15E-G).

To test for the effect of PI3K inhibition in the absence of SHIP2, the proliferation of
the different BL cell lines after 48 h treatment with 200 nM copanlisib or TFA as vehicle
control was assessed by XTT and cell counting assays. In addition, these experiments were
complemented by treatment of WT cells for 48 h with with copanlisib or a combination
of copanlisib and AS1949490. These experiments are depicted in figure 6.16.
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Figure 6.16: Loss of SHIP2 sensitizes BL cell lines to inhibition of PI3K. A. Prolifer-
ation of Daudi, Ramos and DG75 cell lines after treatment with the PI3K inhibitor copanlisib.
The cells were treated with 200 nM copanlisib or 5 % TFA as negative control for 24 h followed
by determination of the remaining proliferation by XTT assay. The proliferation of treated cells
was normalised to the respective TFA controls. Cell counting assay of Daudi B., Ramos C. and
DG75 D. cell lines showing the fold change in cell number after treatment with 200 nM copan-
lisib for 48 h. Daudi E., Ramos F. and DG75 G. WT cells were treated with either copanlisib
or a combination of copanlisib and the SHIP2 inhibitor AS1949490.
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Figure 6.16: Continued:

Shown are the living cells counted after 48 h of treatment with 200 nM copanlisib (B-G), 5 µM
AS1949490 (E-G) or a combination of both (E-G). 5 % TFA (A-G) or DMSO (E-G) served as
vehicle controls. Fold-change indicated the increase of living cells compared to d0. Shown are the
results of n≥3 independent experiments. Error bars indicate the standard deviation. Statistics
were performed using Two-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **,
p<0.001 ***, p<0.0001 ****.

Both assays showed that treatment with copanlisib affected the proliferation of SHIP2-
deficient Daudi and Ramos cells significantly stronger, than parental and reconstituted
cells (Figure 6.16A-C). Consistent with the low sensitivity to PI3K inhibition (Figure
6.15B), no changes in proliferation were observed in DG75 cells, regardless of SHIP2
expression (Figure 6.16A,D). The treatment with AS1949490 also sensitized for inhibition
of PI3K confirming the observations in the SHIP2-deficient Ramos and Daudi but not
DG75 cells (Figure 6.16E-G).
To corroborate these findings, the copanlisib-sensitive Daudi and Ramos cells were again
treated with 200 nM copanlisib and the level of apoptotic cells was determined by an
Annexin-V-APC staining.
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Figure 6.17: SHIP2 deficiency renders BL cells more susceptible to apoptosis after
copanlisib treatment. Annexin-V-/7-AAD staining to assess the apoptosis of Daudi A. and
Ramos B. cell lines after copanlisib treatment. The cells were treated for 48 h with 200 nM
copanlisib or 5 % TFA as negative control followed by subjection to Annexin-V-APC/7-AAD
staining. Fold-change indicates increase of Annexin-V-APC-positive cells compared to the neg-
ative control. If not indicated otherwise experiments were performed n≥3. Error bars indicate
the standard deviation. Statistics were performed using One-Way-ANOVA. Significance is indi-
cated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

In absence of SHIP2, copanlisib treatment led to a significantly stronger increase in
Annexin-V-positive cells in Daudi compared to WT and reconstituted cells (Figure 6.17A).
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While the same effect was observed in Ramos cells it could not be significantly rescued
by reconstitution (Figure 6.17B).
The increased sensitivity of SHIP2-deficient cells to inhibition of PI3K suggests that the
absence of SHIP2 rendered the cells more sensitive to inhibition of tonic BCR survival
signaling. Consequently, the setup of the previous proliferation experiments was repeated
with inhibition of AKT directly by using capivasertib [263] or by inhibition of the AKT ac-
tivator mTOR with rapamycin [264, 265]. The cells were treated for 48 h with either 1 µM
capivasertib, 100 nM rapamycin or DMSO as vehicle control followed by determination
of the proliferation by cell counting.
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Figure 6.18: Loss of SHIP2 sensitizes for mTORC2 inhibition but not AKT inhibi-
tion. Cell counting assay to determine the proliferation of Daudi A,D., Ramos B,E. and DG75
cell lines C,F. in response to inhibition of AKT by capivasertib or mTORC2 by rapamycin.
Depicted are the living cells after treatment for 48 h with DMSO as vehicle control or 1 µM
capivasertib (A-C) and 100 nM rapamycin (D-F). Fold-change indicated the increase of living
cells compared to d0. If not indicated otherwise experiments were performed n≥3. Error bars
indicate the standard deviation. Statistics were performed using Two-Way-ANOVA. Significance
is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The cell counting reveals that inhibition of AKT had little to no effect on the proliferation
of any of the BL cell lines. Moreover, SHIP2 deficiency did not increase the sensitivity
to AKT inhibition (Figure 6.18A-C). In contrast, treatment with rapamycin lowered the
proliferation of Daudi and Ramos cells, which was significantly exaggerated by absence
of SHIP2 (Figure 6.18D,E). The DG75 cells remained insensitive to rapamycin treatment
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regardless of SHIP2 presence (Figure 6.18F).

Taken together, Ramos and Daudi cells exhibited a SHIP2-dependently increased sen-
sitivity to inhibition of PI3K and mTOR, which are both part of the tonic BCR survival
signaling that contribute to the survival of BL cells. In contrast, inhibition of AKT did
not affect the proliferation of BL cell lines regardless of INPPL1 expression.

6.6.4 Phosphoproteome analysis did not reveal SHIP2-dependent
changes in the tonic BCR signaling network

The previous experiments suggested that SHIP2 is part of the tonic BCR survival sig-
naling, but the detailed mechanism remained elusive. Since activity of the key survival
kinase AKT was not affected by SHIP2, I assessed if SHIP2 regulates other components of
the tonic BCR signaling network. This was addressed by quantitative mass spectrometry
of phospho-peptides. To achieve stable isotope labeling with amino acids in cell culture
(SILAC), the cell lines were cultured in media containing normal amino acids ("light")
and amino acids with carbon and nitrogen isotopes ("heavy"). By continuous culture,
the supplemented amino acids were integrated into the proteome [266, 267]. Expanded
cells were lysed and the lysates were mixed in a 1:1 ratio, followed by further process-
ing and eventual subjection to mass spectrometry and analysis of the data according to
[165, 218, 219]. The identified tyrosine phosphatome (pYome) and global phosphatome
(gPome) consisting of the threonine and serine phosphosites were then cross-referenced
via a Python script to a list of phosphosites known to be involved in tonic BCR signaling
and extract matched phosphosites [163]. This complete workflow, including the SILAC,
was carried out for the Ramos INPPL1 -/- and reconstituted cells while the data obtained
from Daudi cells in previous studies were re-evaluated.
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Figure 6.19: Phospho-sites involved in tonic BCR signaling were not altered by
SHIP2 deficiency in Ramos and Daudi cells. A. Global phosphatome (gPome) and B.
tyrosine phosphatome of Ramos INPPL1 -/- cells versus reconstituted cells after SILAC and mass
spectrometry. Log2 ratios >0.8 were considered as significant with red indicating down- and blue
up-regulation of the respective phosphosite in the INPPL1 -/- cells. D. Bioinformatic analysis
of the phosphatome data from Ramos and Daudi cells. The data was searched for phosphosites
published to be involved in tonic BCR signaling [163] and hits were extracted.
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Figure 6.19: Continued:

E. The comparison revealed no consistent alterations in the phosphosites involved in the tonic
signaling of SHIP2-negative cells. Red indicated down- and blue up-regulated phosphosites in
INPPL1 -/- compared to reconstituted cells.

The phosphoproteomic approach in Ramos identified a total of 7291 unique threonine or
serine and 704 tyrosine phosphorylations. Many of these phosphosites were augmented in
INPPL1 -/- compared to reconstituted cells. Significant down regulation of a phosphosite
in the SHIP2-negative cells is indicated by red colour and up regulation by blue (Figure
6.19A,B). The phosphoproteomic analysis did also not reveal augmented phosphorylation
levels of ERK, JNK and AKT, which validated the previous results. The Ramos data
set as well as the existing data from Daudi cells was then compared to the tonic BCR
regulated phosphosites according to the cartoon (Figure 6.19C). As the plots for the tonic
BCR signaling specific phosphosites revealed, only few phosphosites were significantly
changed by SHIP2 deficiency. While some of the significantly changed phosphosites were
found in crucial tonic BCR signaling proteins such as SYK [268], these changes were not
consistent between the two BL cell lines 6.19D).
Consequently, this evaluation indicated that the absence of SHIP2 might not regulate
known tonic BCR signaling processes, including the MAP kinases ERK and JNK as well
as AKT, suggesting that the SHIP2-dependent contributions to BL cell fitness has a
different cause.

6.7 SHIP2 is required for an efficient ATP produc-
tion in BL cell lines

Complementary to the phospho-proteomic analysis, the global proteome (gProt) of the
different Ramos cell lines was compared to address potential alterations of the tonic BCR
signaling network on the protein abundance. The identified proteins were again compared
to the proteins involved in the tonic BCR signaling [163] followed by a pathway analysis
via the STRING database. For this purpose, the data set was analysed according to the
alterations of the proteins and whether specific pathways were affected stronger in the
INPPL1 -/- or the reconstituted cells.
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Figure 6.20: Absence of SHIP2 altered the proteome of Ramos cells. A. The pre-
viously labelled Ramos cells were used to analyse changes to the global proteome (gProt) of
INPPL1 -/- versus reconstituted cells. Red indicated up- and blue down-regulation of proteins
in the INPPL1 -/- cells. B. Cross-referencing of the Ramos gProt data set with the STRING
database to search for dysregulated pathways. The significantly altered pathways were extracted.
Each point represents a changed abundance of a protein involved in the respective pathway. The
further a protein is located on the left side the higher is the abundance in SHIP2-deficient cells.
The y-axis indicates the typical protein abundance in the human body.

The proteomic analysis identified a total of 4721 unique proteins with 42 having a sig-
nificantly altered abundance in INPPL1 -/- or reconstituted cells. Of these proteins only
three corresponded to the list of proteins involved in the tonic BCR signaling and all of
them were down regulated: The lysine demethylase 5A (KDM5A), the pleckstrin homol-
ogy domain containing A2 (PLEKHA2) protein and the helicase with zinc finger (HELZ).
In addition, the cross-reference with the STRING database revealed multiple significantly
changed pathways, of which two were of particular interest, namely Cell cycle and carbon
metabolism. Both would explain lowered proliferation levels and increased sensitivity to
apoptosis, which prompted a detailed analysis of both pathways.

Changes in the cell cycle, also called arrests, can severely hamper cell proliferation as
the cell is unable to progress from one cell cycle phase to the next. For analysis of the
cell cycle staining with the DNA intercalating dye propidium iodide (PI) was performed.
Based on the current stage of its cell cycle, the cell contains different amounts of DNA,
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meaning twice as much in G2/M phase than in G1/G0 due to the doubling of the genome
required for cell division while the S phase is characterised by intermediate DNA levels.
Accordingly, the PI signal reflects the DNA content of the cell and thus the current cell
cycle phase [269]. To avoid subjectivity, the distribution of the cell cycle phases was anal-
ysed using the Watson pragmatic model. This model assumes that the data of the G1/G0

and G2/M peak are normally distributed and the G1/G0 is clearly identifiable. The al-
gorithm then objectively fits the data to the model allowing an unbiased discrimination
between the phases [229].

Figure 6.21: The cell cycle remained unaffected by loss of SHIP2. A. Gating strat-
egy to evaluate the cell cycle phases in cell cultures. Cell debris was excluded and single cells
were analysed for their PI signal followed by determination of the phases utilizing the Watson-
Pragmatic model [229]. Quantification of the distribution of the different cell cycle phases of
Ramos B. and Daudi C. WT, SHIP2-deficient and reconstituted cells. 1*106 cells were fixed,
permeabilised and stained with 20 µg/ml PI followed by FACS analysis. If not indicated oth-
erwise experiments were performed n≥3. Error bars indicate the standard deviation. Statistics
were performed using Two-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **,
p<0.001 ***, p<0.0001 ****.
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After exclusion of cell debris the single cells were analysed for their PI signal followed
by determination of the cell cycle phases (Figure 6.21A). SHIP2 deficiency did not cause
any alterations of the cell cycle in the Ramos cell lines (Figure 6.21B), specifically no
changes that could explain the reduced proliferation such as arrests in G1 or G2/M phase.
In contrast, the absence of SHIP2 caused a mild but significant increase of cells in the S
phase, which was recovered by reconstitution with CitSHIP2 (Figure 6.21C).

To assess SHIP2-dependent changes in energy metabolism I first analysed the glucose
metabolism. The glycolytic pathways are based on a steady but controlled influx of glu-
cose into the cell. The transport of glucose across the cell membrane is the starting point
of glycolysis and the first rate limiting step [270]. A diminished import of glucose would
coincide with a decreased energy supply and thus proliferation. The underlying basis of
this connection is the Warburg effect, which describes cancer cells as notoriously depen-
dent on the metabolism of vast amounts of glucose in the anaerobic glycolysis to satisfy
their energy demand [271]. Therefore, the glucose import was analysed first by measuring
the uptake of 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG),
which is a fluorescent 2-deoxyglucose derivative often used to study the glucose import
rate [236]. 2-NBDG is imported in a similar manner to normal D-glucose, however, it
abrogates the glycolysis after the hexokinase step due to negative feedback inhibition.
This leads to accumulation of 2-NBDG in the cell, which, when measured over time, is
an indicator for the import rate of glucose [272]. For this assay, the cells were cultured in
glucose free medium followed by addition of 2-NBDG for regular time intervals. At each
indicated time point, the cells were harvested and counter stained with 7-AAD to ex-
clude dead cells. The CitSHIP2 expressing cells were not included as the citrine strongly
overlaps with the 2-NBDG emission spectrum.
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Figure 6.22: Uptake of 2-NBDG is unaltered in SHIP2-deficient cells. A. Gating
strategy to quantify the uptake of 2-NBDG into cells. Cell debris was excluded and living cells
indicated by a negative 7-AAD signal were analysed for their content of fluorescent 2-NBDG.
Quantification of the uptake of 2-NBDG in Ramos B. and Daudi C. WT and SHIP2-deficient
cells. The cells were starved in glucose-free medium followed by addition of 100 µM 2-NBDG. At
indicated time points, the reaction was stopped with ice-cold 1x PBS and subsequent counter
staining with 5 µg/ml 7-AAD followed by quantification of up taken 2-NBDG by FACS. If
not indicated otherwise experiments were performed n≥3. Error bars indicate the standard
deviation.

The gating strategy of an exemplary glucose uptake rate of Ramos WT cells is shown
in Figure 6.22A, and the quantification of the results did not reveal SHIP2-dependent
differences in the uptake of 2-NBDG in Ramos and Daudi cells (Figure 6.22B,C).
Complementary to the glucose import, the surface abundance of the glucose importers
GLUT1 and GLUT4 was analysed. Both transporters are the predominant glucose trans-
porters found on B cells [273]. To examine their surface expression, cells were stained
with antibodies targeting either GLUT1 or GLUT4.
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Figure 6.23: Surface abundance of glucose transporters remained unchanged in ab-
sence of SHIP2. A. Gating strategy for the surface staining of the glucose transporters GLUT1
and GLUT4. Cell debris of living cells was excluded followed by analysis of either GLUT1 or
GLUT4 surface signal. Surface abundance of GLUT1 B. and GLUT4 C. on Ramos and Daudi
WT, SHIP2-deficient and reconstituted cells. 1*106 cells were washed, blocked and stained with
either α-GLUT1-APC (B) or α-GLUT4-APC (C) followed by FACS analysis. If not indicated
otherwise experiments were performed n≥3. Error bars indicate the standard deviation. Statis-
tics were performed using One-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **,
p<0.001 ***, p<0.0001 ****.

This approach revealed that the surface levels of GLUT1 and GLUT4 remained unaltered
in the Ramos cell lines (Figure 6.23A-C). In the SHIP2-deficient Daudi cells the surface
expression of both transporters was markedly reduced compared to parental cells, but
this reduction was not reestablished after reconstitution (Figure 6.23B,C). These results
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imply that SHIP2 does not regulate the import of glucose.

An important factor for energy metabolism are mitochondria, which also have important
other functions such as regulation of oxidative stress and apoptosis [274]. The mitochon-
dria of different Daudi cell lines were stained with MitoTrackerTM-Deep Red followed by
imaging flow cytometry for the analysis. The MitoTrackerTM dyes are cell permeable and
bind specifically thiol-reactive chloromethyl groups found in the mitochondrial membranes
[239, 240]. MitoTrackerTM uptake correlates with the oxygen consumption and used to
simultaneously assess mitochondrial mass and respiration [275, 276].
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Figure 6.24: Absence of SHIP2 did not alter the quantity of mitochondria in Daudi
cells. A. Images and gating strategy after exclusion of cell debris followed by quantification
of the intensity, mitochondrial area and mitochondrial area relative to the cell Images of the
cell lines from the Daudi cell lines include the bright field, the side scatter (SSC) and the
MitoTrackerTM Deep Red signal. Mitochondrial intensity relative to the WT B., area relative
to the WT C. and area relative to the cell D.. 3*106 cells were washed and stained with 5
nM MitoTrackerTM Deep Red followed by image-stream analysis. The intensity and area was
normalised to WT cells. If not indicated otherwise experiments were performed n≥3. Error bars
indicate the standard deviation. Statistics were performed using One-Way-ANOVA. Significance
is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

MitoTrackerTM Deep Red signal intensity, signal area and area relative to the cell size were
determined (Figure 6.24A). While the mitochondrial intensity was subject to strong vari-
ation, no consistent SHIP2-dependent alteration was observed between Daudi cell lines
(Figure 6.24B). Accordingly, neither the mitochondrial area nor the area relative to the
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cell size was changed by SHIP2 deficiency compared to the WT (Figure 6.24C-D). These
data suggest that SHIP2 does not affect mitochondrial function.
To further assess, if energy-providing processes downstream of glucose uptake may be in-
volved in the fitness-supporting function of SHIP2, the Ramos cell lines were treated with
the glycolysis inhibitor 2-deoxy glucose (2-DG) and subjected to Annexin-V-APC/7-AAD
staining. This inhibitor abrogates the glycolysis in the early stage after the hexokinase
[277].

Figure 6.25: SHIP2 deficiency did not correlate with increased sensitivity to inhibi-
tion of glycolysis. The cells were treated for 24 h with 10 mM 2-DG or ddH2O as negative
control followed by staining with Annexin-V-APC and 7-AAD to distinguish between apoptotic
phases. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Expectedly, the apoptosis assay showed a strong increase of apoptosis upon treatment in
the whole cell panel. Notably, the inhibition of glycolysis resulted in similar apoptosis
levels regardless of INPPL1 expression, which indicates that the supporting SHIP2 func-
tion in BL cells involves processes downstream of glucose-6-phosphate production (Figure
6.25.
To validate this suggestion, a SHIP2 dependency of the general ATP production in the
different cell lines was assessed. For this purpose, the Seahorse assay was employed [278].
The cellular ATP production rate is the sum of the glycolytic and mitochondrial activity.
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The glycolytic activity is measured by the extracellular acidification rate (ECAR) while
the mitochondrial activity is determined by the oxygen consumption rate (OCR). The
ATP production rate was determined in all three BL cell lines in collaboration with Dr.
Dominik Fuhrmann at the University Hospital in Frankfurt. The results of this assay are
shown in 6.26.

Figure 6.26: Loss of SHIP2 coincided with a decreased ATP production. Seahorse assay
to determine the glycolytic (glycoATP) and mitochondrial (mitoATP) ATP production rate in
Daudi A., Ramos B. and DG75 C. WT cells compared to SHIP2-deficient and reconstituted
cells. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

SHIP2 deficiency impaired the glycolytic and mitochondrial ATP production compared to
parental cells. The reconstitution revealed an improved albeit not complete re-establishment
of ATP production compared to the SHIP2-deficient counterparts (Figure 6.26A-C).
To gain information about the processes underlying the more efficient ATP production in
the presence of SHIP2, I employed a global approach utilizing mass spectrometry analysis
of metabolic compounds in the Ramos and Daudi cell lines. First, the parental cells of
both lines were compared with each other.
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Figure 6.27: The metabolomes of Daudi and Ramos cells exhibited a pronounced
disparity. A. The Venn diagram shows that 102 of the 103 identified unique metabolites are
shared between Daudi (blue) and Ramos (red) cells. B. Volcano plot comparing the abun-
dance of metabolites in Daudi and Ramos WT cells. Metabolites with a p-value <0.05 were
regarded as significant. C. Heat-map and clustering of the previously identified, significantly
altered metabolites. D. Pathway analysis revealed significant changes in multiple metabolic
pathways particularly, the taurine/hypotaurine biosynthesis as well as biosynthesis of alanine
(A), aspartate (D), glutamate (E), phenylalanine (F), tyrosine (Y) and tryptophan (W). The
metabolome analysis was conducted with n=4. Evaluation of the data was performed with the
web-based metassist tool from metaSysX. The heat-map and pathway analysis were generated
using MetaboAnalyst 5.0 [279].

A total of 103 unique metabolites were identified, of which 102 were found in both cell
lines (Figure 6.27A). Of these metabolites, 41 are significantly different in Ramos com-
pared to Daudi cells (Figure 6.27B). Clustering of these significantly changed metabolites
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for Daudi versus Ramos cells in a heat map revealed an increased abundance in all amino
acids apart from tryptophan, serine and cysteine. In contrast, glucose-6-phosphate and
fructose-1-phosphate, both intermediates of glycolysis, were over represented in the Ramos
cells (Figure 6.27C). A pathway analysis of the identified metabolites concurred a differ-
ent regulation of taurine/hypotaurine- and biosynthesis of multiple amino acids (Figure
6.27D).
The comparison of the metabolomes of Daudi and Ramos cells demonstrated the hetero-
geneity of Burkitt lymphoma on the metabolic level. In which way the presence of these
metabolites is affected by SHIP2 was assessed by comparison of SHIP2-negative versus
reconstituted cells.
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Figure 6.28: Absence of SHIP2 causes dissimilarities in metabolic profiles of Ramos
and Daudi cells. A. Venn-diagrams show the identified metabolites shared between INPPL1 -/-

cells (turquoise) and SHIP2-negative cells reconstituted with CitSHIP2 (orange). B. Volcano
plots of the metabolites identified in the Daudi B. and Ramos C. cells. Metabolites with a
p-value <0.05 were regarded as significant. Heat-mapping of the identified metabolites in Daudi
D. and Ramos E. cells with corresponding pathway analysis. Chosen were pathways with a
p-value < 0.001.
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Figure 6.28: Continued:

The pathway analysis revealed changes in the pentose phosphate pathway, galactose metabolism,
arginine biosynthesis, alanine (A), aspartate (D), glutamate (E), glycin (G), serine (S) and
threonine (T) metabolism. Additionally, the purine metabolism was affected only in the Daudi
cells. F. SHIP2 deficiency led to a consistent decrease of L-aspartic acid, benzoic acid and
D-gluconic acid in Ramos and Daudi cells. The metabolome analysis was conducted with n=4.
Evaluation of the data was performed with the web-based metassist tool from metaSysX. Heat-
maps and pathway analyses were generated using MetaboAnalyst 5.0[279].

111 and 102 metabolites were identified in the analysed Daudi and Ramos cells, respec-
tively (Figure 6.28A). Most of the significantly changed metabolites in Daudi cells had
an increased abundance in the absence of SHIP2 (Figure 6.28B). In contrast, in Ramos
cells almost all metabolites had increased concentrations in the presence of SHIP2 (Fig-
ure 6.28C). Heat mapping and pathway analysis of the metabolites found in both cell
lines revealed a SHIP2-dependent regulation of multiple metabolic pathways, of which
those with a p-value < 0.001 were chosen for further analysis. In Daudi, the absence of
SHIP2 coincided with enrichment of metabolites involved in the pentose phosphate path-
way, galactose metabolism, biosynthesis and metabolism of various amino acids as well
as purine metabolism (Figure 6.28D). The same pathways were affected in Ramos with
the major differences that most of the metabolites were enriched in the reconstituted cells
and no difference in the purine metabolism could be observed (Figure 6.28E). Comparison
of SHIP2-deficient Daudi and Ramos cells with their reconstituted counterparts revealed
three distinct amino acids, which were found in decreased abundance in both cell lines:
L-aspartic acid, benzoic acid and D-gluconic acid.
While the metabolomic approach revealed certain SHIP2-dependent alterations, most of
the observed differences were cell line specific. Hence, hampering a clear conclusion with
regard to the role of SHIP2 in energy metabolism.

6.8 The SHIP2 product PI(3,4)P2 promotes BL fit-
ness

The enzymatic function of SHIP2 is to dephosphorylate the PI3K product PI(3,4,5)P3 to
PI(3,4)P2 [46]. While the PI3K is the only producer of PI(3,4,5)P3, PI(3,4)P2 can be gen-
erated by the two SHIP proteins, SHIP1 and SHIP2. Therefore, I aimed at analysing the
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impact of SHIP2 on PI(3,4)P2 levels at the intracellular leaflet of the plasma membrane.
For this purpose, a biological sensor was utilized that is composed of PI(3,4)P2-specific
tandem PH domains originating from the pleckstrin homology domain containing protein
1 (PLEKHA1 also known as TAPP1), conjugated with GFP [215](Figure 6.29A). The
expression of the GFP-2xTAPP1-PH construct in parental and SHIP2-deficient Ramos
cells, respectively, revealed a band close to an apparent molecular weight of 100 kDa,
which corresponds to the computed molecular weight of 98.78 kDa. Moreover, the mem-
brane did not exhibit free GFP, which could have indicated an instability of the construct
and premature degradation (Figure 6.29B). To quantify the levels of membrane recruited
biosensor, which correlates with the amount of PI(3,4)P2 at the plasma membrane, cells
were subjected to imaging flow cytometry.
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Figure 6.29: Loss of SHIP2 concurs with decreased abundance of PI(3,4)P2 on the
intracellular leaflet of the plasma membrane. A. Cartoon depicting the selectivity of the
GFP-2xTAPP1-PH construct to exclusively bind to PI(3,4)P2 generated by SHIP2. B. Western
Blot analysis revealed a GFP specific band at 1̃00 kDa. Ramos cells, which constitutively
expressed either GFP or GFP-2xTAPP1-PH were subjected to lysis and Western Blot analysis.
The membrane was probed with α-GFP. The apparent molecular weight is indicated as kDa.
C. Image-stream analysis showing the intracellular localization of GFP-2xTAPP1-PH in Ramos
WT and SHIP2-deficient cells. D. These cells were analysed according to the depicted gating
strategy. After exclusion of cell debris and cell aggregates, the cells in optimal focus were
subjected to quantification of the signal at the plasma membrane using homogeneity and entropy
parameters. E. Percentage of membrane localized GFP-2xTAPP1-PH in Ramos WT and SHIP2-
deficient cells. Data shown consists of n=4 experiments with up to 1*105 analysed cells. Error
bars indicate the standard deviation and the statistics were performed using a paired t-test with
significance indicated by p<0.01 **.

This analysis revealed a clear GFP signal in the transfected cells, which was not restricted
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to the plasma membrane, but present to a large extent in the cytoplasm (Figure 6.29C).
This could be caused by the low amounts of PI(3,4)P2 in the plasma membrane which may
result in unbound biosensor. To quantify the membrane-bound levels of GFP-2xTAPP1-
PH the analysed cells, a specific gating was established. After exclusion of cell debris and
aggregates, the cells in an optimal focus were gated on GFP-positive and side scatter-low
cells. To assess the texture of the signal, the entropy and correlation parameters of the
IDEAS software were utilized. A homogenous signal would reveal a high level of entropy,
whereas a more specific structured localization emanating from plasma membrane-located
biosensor correlates with a decrease in entropy. The correlation parameter increases with
the signal´s homogeneity and is lower for signals with significant texture. Hence, for
this analysis entropylow and correlationlow images were considered to show cells with re-
cruited biosensor (Figure 6.29D). As depicted in Figure 6.29E, this gate included less
SHIP2-deficient cells compared to parental Ramos cells, thereby indicating compromised
production of PI(3,4)P2 in the absence of SHIP2.

During the generation of the biosensor-expressing cells, it appeared that the percent-
age of GFP-2xTAPP1-PH-positive cells constantly declined in a matter of days. This
decline suggested a toxic property of the biosensor construct, which could be caused by
shielding of PI(3,4)P2-based binding motifs. To specifically monitor, if the constitutive
expression of GFP-2xTAPP1-PH is toxic in BL cell lines, Ramos, DG75 and Raji cells
were electroporated with constructs encoding either the biosensor construct or GFP as
control followed by observation of the amount of GFP-positive cells in the following four
days.
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Figure 6.30: Obstruction of PI(3,4)P2 severely diminished the survival of BL cells.
A. Histograms depicting the GFP levels at indicated time points after electroporation of either
GFP (grey) or GFP-2xTAPP1-PH (green) into Ramos and DG75 WT cells. Non-electroporated
WT cells served as negative control (dashed line). The percentage of GFP+ cells of three
independent replicates are shown on the right hand side B. Same experimental set up in the
surface IgM-negative Raji WT cells. The cells were electroporated with a PiggyBac construct
enabling constitutive expression of either GFP-2xTAPP1-PH or GFP-only. The transfected cells
were then analysed for their GFP content at indicated time points followed by normalisation to
the baseline at 24 h. No selection pressure was applied to the cultures. If not indicated otherwise
experiments were performed n≥3. Error bars indicate the standard deviation. Statistics were
performed using Two-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001
***, p<0.0001 ****.

This approach revealed that the GFP-positive proportion of biosensor-expressing cells
declined markedly faster compared to the GFP-only control. This may reflect a negative
impact of GFP-2xTAPP1-PH expression on BL cell survival, and hence these cells are
overgrown by biosensor-negative cells (Figure 6.30A). Interestingly, the SHIP2-insensitive
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and surface IgM-negative cell line Raji showed a similar effect suggesting that PI(3,4)P2

has survival-related functions in BL independently of BCR activity (Figure 6.30B).
To exclude potential side effects caused by the electroporation process and constitutive
expression, it was decided to validate these findings by generation of cell lines with a
doxycycline-inducible GFP-2xTAPP1-PH or GFP-only expression. Therefore, the con-
structs were generated based on a PiggyBac backbone and containing a doxycycline-
responsive element, which allowed for a controlled expression of the gene of interest.
After generation of stable cell lines, the expression of the constructs was induced by ad-
dition of doxycycline followed by monitoring of GFP-positive cells as described in the
prior experiment. In addition to the parental cells, their SHIP2-negative counterparts
were also included to evaluate, if the absence of SHIP2 had an effect on the impact of
GFP-2xTAPP1-PH expression.
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Figure 6.31: Occluding PI(3,4)P2 caused rapid loss of fitness in BL cell lines in-
dependent of SHIP2 activity. A. Histograms showing the decrease of the GFP levels in
Ramos and DG75 WT cells after induction of GFP-2xTAPP1-PH or GFP-only expression. B.
Quantification of the median fluorescence intensity of the GFP signal in the Ramos and DG75
WT and SHIP2-deficient cells expressing either GFP or GFP-2xTAPP1-PH. Expression of GFP-
2xTAPP1-PH and the GFP-only control was induced by addition of 250 ng/ml doxycycline for
4 h. Afterwards, the cells were washed vigorously to remove residual doxycycline and the GFP
levels were measured at indicated time points to analyse the fate of GFP-positive cells. If not
indicated otherwise experiments were performed n≥3. Error bars indicate the standard devia-
tion. Statistics were performed using Two-Way-ANOVA.

In all generated cell lines the proportion of biosensor-positive cells decreased markedly
faster than that of GFP-positive control cells. (Figure 6.31A,B). Notably, no additive
effects of SHIP2 deficiency on the sensitivity to GFP-2xTAPP1-PH expression were ob-
served indicating that shielding of PI(3,4)P2 overrules the effects caused by absence of
SHIP2 (Figure 6.31B). Collectively, these findings imply that SHIP2 promotes BL fitness
via production of PI(3,4)P2.
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To exclude that the findings described above are not reflecting different stabilities of GFP
and PH-GFP fusion proteins, I generated a biosensor-encoding construct with a different
phosphoinositide specificity. The most abundant phosphoinositide at the inner leaflet of
the plasma membrane is PI(4,5)P2. I utilized the PI(4,5)P2-selective properties of the
PLCδ PH domain and expressed this domain with a N-terminally fused cerulean[280,
281]. After generation of a Ramos cell line with doxycycline-inducible expression of Cer
Cer-PLCδ-PH, image stream analysis of doxycycline-induced cells was performed show-
ing a cerulean signal, which is enriched at the plasma membrane (Figure 6.32A). The
ensuing Western Blot analysis showed a GFP-specific band at 4̃5 kDa corresponding to
the calculated molecular weight of the construct, which, combined with the image stream
analysis, demonstrated proper function of the biosensor (Figure 6.32B). A competitive
growth assay was employed to compare the effects of GFP-2xTAPP1-PH to those of Cer
Cer-PLCδ-PH expression. For this purpose, both cell lines were mixed in equal parts
followed by induction of the constructs with doxycycline. The respective percentages of
GFP- and cerulean-positive cells were determined via FACS in the following days followed
by normalisation to the starting percentage.

110



Results

Figure 6.32: PI(3,4)P2 is more important for the fitness of Ramos cells than
PI(4,5)P2. A. Image-stream analysis showing the localization of the Cer-PLCδ-PH construct
in Ramos cells. The cells were induced with 250 ng/ml doxycycline 24 h prior to measurement.
B. Western Blot analysis of Ramos cells expressing the Cer-PLCδ-PH construct revealing a
band at 45 kDa. The cells were treated similar to A. followed by generation of cleared cellular
lysates and Western Blotting. The membrane was probed with α-GFP. The apparent molecular
weight is indicated as kDa. C. The scatter plots show a competitive growth assay of an equally
mixed population consisting of cells expressing either GFP-2xTAPP1-PH or Cer-PLCδ-PH. D.
Quantification of the GFP-2xTAPP1-PH or Cer-PLCδ-PH-positive populations. Both cell lines
were mixed in equal parts followed by induction of both constructs through addition of 250
ng/ml doxycycline. After 4 h, the cells were washed vigorously to remove residual doxycycline
and the GFP and cerulean levels were measured at indicated time points to analyse the fate
of the respective positive cells. If not indicated otherwise experiments were performed n≥3.
Error bars indicate the standard deviation. Statistics were performed using Two-Way-ANOVA.
Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

This approach revealed that obstruction of both phosphoinositides has toxic implications
for the cells. However, because the percentage of GFP-positive cells declined markedly
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faster than their cerulean-positive counterparts, shielding of PI(3,4)P2 appears to be more
toxic in this assay.

Since the previous experiments suggested that PI(3,4)P2 is critical for BL fitness, it was
tried to validate this finding by enzymatic targeting of the PI(3,4)P2 pool at the plasma
membrane. PI(3,4)P2 is targeted with a high selectivity by two 4-inositol phosphatases,
INPP4A and INPP4B, both generating PI(3)P [282, 283]. These phosphatases are widely
distributed throughout the cell with INPP4A being present at endosomes and at the
plasma membrane after growth factor stimulation [284, 285]. The selective phosphatase
activity of INPP4A was exploited to artificially drain the PI(3,4)P2 pool at the plasma
membrane of BL cells. For this purpose, the INPP4A protein was N-terminally fused with
the myristoylation sequence of LYN, which enables the localization to the plasma mem-
brane and a cerulean to track the location of the construct in the cells [281]. The resulting
Myr-Cer-INPP4A construct was expressed in Ramos cells in a doxycycline-inducible man-
ner.
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Figure 6.33: Enzymatic reduction of PI(3,4)P2 perturbed the fitness of Ramos cells
comparable to obstruction. A. Cartoon showing the intended function of the Myr-Cer-
INPP4A construct. The myristoylation facilitates the anchoring of the cerulean-INPP4A con-
struct to the intracellular leaflet of the plasma membrane were it dephosphorylates PI(3,4)P2 to
PI(3)P. B. Western Blot analysis showed a larger, INPP4A and GFP specific band at 1̃40 kDa
in the Myr-Cer-INPP4A expressing cells compared to the WT. The cells were prepared as for
the FACS analysis followed by generation of cleared cellular lysates and Western Blotting. The
resulting membranes were probed with α-GFP, α-INPP4A and α-β-Actin as loading control.
The apparent molecular weight is indicated as kDa. C. FACS analysis confirmed a cerulean
signal after induction of the cells with 250 ng/ml doxycycline 24 h prior to measurement. D.
Image-stream analysis giving the intracellular localization of the Myr-Cer-INPP4A construct
after induction of the expression.
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Figure 6.33: Continued:

E. The surface IgM levels of Myr-Cer-INPP4A expressing cells were determined by FACS analy-
sis. The cells were induced with 250 ng/ml doxycycline 48 h prior to staining with α-hIgM-APC
followed by FACS analysis. Obtained MFIs were normalised to the cerulean-negative WT con-
trol. F. Cell counting assay to assess the proliferation of Ramos WT cells compared to Ramos
cells carrying Myr-Cer-INPP4A with or without induction by doxycycline. The histogram shows
the cerulean signal and cell count after 4 days. The cells were induced at d0 with 250 ng/ml
doxycycline followed by counting the living cells at the indicated time points. The cell counts
of each day were normalised to the starting count at d0. If not indicated otherwise experiments
were performed n≥3. Error bars indicate the standard deviation. Statistics were performed us-
ing Two-Way-ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001
****.

The intended mode of action of the Myr-Cer-INPP4A fusion protein at the plasma mem-
brane is depicted in (Figure 6.33A). Western Blot analysis of lysates from doxycycline-
induced cells revealed a GFP band at 140 kDa that corresponded to the expected molec-
ular weight (Figure 6.33B). Imaging flow cytometry confirmed a cerulean signal, located
on the outer rim of the cells indicating proper localization of the fusion protein (Figure
6.33C,D). Furthermore, the expression of Myr-Cer-INPP4A had no significant impact on
the surface IgM abundance (Figure 6.33E). Notably, the presence of Myr-Cer-INPP4A
at the plasma membrane severely diminished the proliferation compared to parental cells
(Figure 6.33F). Hence, this approach revealed further evidence that PI(3,4)P2 supports
the survival of BL cells.

6.9 Down-regulation of SHIP1 mirrors SHIP2 defi-
ciency

Due to their equal enzymatic function, SHIP1 and SHIP2 both may contribute to the
PI(3,4)P2 pool and hence, contribute to the fitness of BL cells. To test this hypothesis,
the published effects of targeting INPP5D gene expression in non-Hodgkin lymphoma
via RNAi were explored using bioinformatics. Analysis of the Cancer Dependency Map
revealed that down-regulation of INPP5D exhibited a negative effect on the proliferation
of many, but not all tested non-Hodgkin lymphoma cell lines (Figure 6.34A). Notably, the
relative gene effect of INPP5D appeared to be lower than for INPPL1 suggesting that
the loss of SHIP2 is more difficult to compensate for these cell lines (Figure 6.34A).
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Figure 6.34: Inhibition of SHIP1 lowered the proliferation of BL cell lines. A. RNAi
targeting studies of INPP5D showing the importance of INPP5D in nHL cell lines. The data
was extracted from the database of the Cancer Dependency Map [207]. The RNAi databases
consists of the Achilles, DRIVE, Marcotte and DEMETER2 screens. The gene effect describes
the impact of the gene targeting on the growth of the respective cell line. A gene with a gene
effect <-1 is considered as essential. B. Chemical structure of the small molecular inhibitor 3-
α-aminocholestane (3AC) that selectively inhibits SHIP1. C. XTT assay based dose escalation
of the SHIP1 inhibitor 3AC in multiple BL cell lines. The cells were treated with increasing
concentrations of 3AC or DMSO as control 24 h prior to readout. The relative proliferation
was established by normalisation to the DMSO control. The dose-response curve was calculated
using a non-linear regression model for normalised data. IC50 values were calculated using
GraphPad Prism. D. Western Blot analysis showing the SHIP1 protein levels in the SHIP2-
deficient Ramos and Daudi cells.
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Figure 6.34: Continued:

The membranes were probed with α-SHIP1 and α-β-Actin as loading control. The apparent
molecular weight is indicated as kDa. E. Combination of 3AC and AS1949490 treatment in
Ramos WT, SHIP2-deficient and reconstituted cells after XTT assay. The cells were treated
with either 10 µM 3AC, 5 µM AS1949490, a combination of both or DMSO as control for 24 h
followed by assessment of the proliferation through XTT assay. Proliferation was normalised to
the DMSO control of the WT cells. If not indicated otherwise experiments were performed n≥3.
Error bars indicate the standard deviation. Statistics were performed using Two-Way-ANOVA.
Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

In line with these findings, treatment of multiple BL cell lines with increasing concentra-
tions of the small molecule inhibitor of SHIP1, 3-α-aminocholestane (3AC) [286], on the
proliferation revealed sensitivity to the inhibition of SHIP1, especially for Daudi cells as
indicated by their low IC50 value (Figure 6.34B,C). The SHIP1 protein levels remained
stable in absence of SHIP2 in Ramos and Daudi cells, which indicated that the cells did
not upregulate INPP5D expression to compensate for the loss of SHIP2 activity (Figure
6.34D). While 3AC treatment more efficiently compromised the proliferation of Ramos
cells than SHIP2 inhibition with AS1949490, SHIP2 deficiency did not appear to result in
a significantly higher sensitivity to 3AC treatment. Combined treatment with both SHIP
inhibitors revealed an additive effect when compared to SHIP2 inhibition only (Figure
6.34E). However, the combination of inhibitors does not augment the 3AC effect, indi-
cating either greater importance of SHIP1 or a lower selectivity of 3AC, also inhibiting
SHIP2. Hence, the potential redundancy between SHIP1 and SHIP2 had to be addressed
with an experimental setup with a higher degree of selectivity.
Consequently, the expression of INPP5D was down-regulated using the doxycycline-
inducible shRNA system already utilized for transient targeting of INPPL1. Beyond
single targeting of SHIP1, the system also enabled studying the effect of SHIP1 reduction
in INPPL1 -/- cells. The proliferation was assessed after induction of shRNA in parental
as well as INPPL1 -/- Daudi and Ramos cells.
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Figure 6.35: Targeting SHIP1 by RNAi reduced the proliferation of Ramos and
Daudi cells. A. Example of Ramos WT (grey) and INPPL1 -/- (turquoise) cells expressing
either shRNA targeting the SHIP1 coding gene (shINPP5D#1-2 or a non-targeting control
(shNTC) under control of a doxycycline inducible promoter, which simultaneously produces
GFP. The cells were treated 24 h prior with 250 ng/ml doxycycline. B. Western Blot analysis
showed a reduction of SHIP1 protein levels by the induced expression of shRNA targeting
INPP5D. The cells were treated with 250 ng/ml doxycycline for 4 days followed by generation of
cleared cellular lysates and Western Blotting. The membranes were probed with α-SHIP1 and α-
β-Actin as loading control. The apparent molecular weight is indicated as kDa. The proliferation
of Daudi C. and Ramos D. WT and SHIP2-deficient cells expressing either shINPP5D or shNTC
was assessed by XTT assay. The cells were treated with 250 ng/ml doxycycline for 5 days to
ensure reduction of SHIP1 protein levels followed by determination of the proliferation by XTT
assay. The proliferation was normalised to the respective non-induced cells. If not indicated
otherwise experiments were performed n≥3.
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Figure 6.35: Continued:

Error bars indicate the standard deviation. Statistics were performed using One-Way-ANOVA.
Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Flow cytometric analysis revealed a strong GFP expression indicating proper expression
of the construct (Figure 6.35A). The Western Blot analysis of the same cells after 4
days of induction showed reduction of SHIP1 protein levels, which was more efficient
in Daudi than in Ramos cells (Figure 6.35B). These reduced SHIP1 amounts had only
minor impact on the proliferation of Daudi WT and INPPL1 -/- cells as revealed by a XTT
assay, whereas the proliferation of the Ramos cells was markedly compromised (Figure
6.35C,D). Notably, INPP5D#1 had a comparably lower effect on proliferation, which
could be based on the inferior efficiency of protein depletion thereby suggesting a dose-
dependent effect of depleting SHIP1 (figure 6.35B,D). Nevertheless, shRNA-mediated
abrogation of SHIP1 appeared to further decrease the proliferation of INPPL1 -/- cells,
which suggests an additive effect of both 5-inositol phosphatases.
Because the XTT assay was brought to its methodical limits due to the long incubation
times required for the efficient depletion of SHIP1 protein levels, the proportion of GFP-
positive and therefore shRNA producing cells was directly determined by flow cytometry
in regular time intervals after induction. This approach had multiple advantages: First,
the cells could easily be cultured over longer time periods and directly analysed from the
culture, and second, this assay only considers shRNA producing cells. Thus, I sought to
confirm the previous proliferation assay using this "GFP tracking" approach.

118



Results

Figure 6.36: SHIP1 and SHIP2 contribute to the fitness of BL cells. A. Staggered
histogram showing the distribution of GFP-positive, and therefore shRNA-positive, Ramos cells
after 5 days of doxycycline treatment. The GFP-positive Daudi B. and Ramos C. cells were
tracked over time to monitor the proliferation upon induction of the shRNA. The cells were
seeded with equal cell numbers and induced with 250 ng/ml doxycycline followed by counting
the GFP-positive cells at indicated time points. The fold-change represents the increase of
GFP-positive cells compared to d0. If not indicated otherwise experiments were performed
n≥3. Error bars indicate the standard deviation. Statistics were performed using Two-Way-
ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The induction of shINPP5Ds led to a decreased count of GFP-positive cells in the Ramos
WT and INPPL1 -/- cells compared to the control as visualized by the smaller peaks.
Simultaneously, abrogation of SHIP1 also resulted in the formation of secondary peaks of
increased size compared to the control, which suggested an increase of apoptosis (Figure
6.36A). The quantification of GFP-positive cells over time revealed a significantly lower
fold change (normalised to d0) caused by reduction of SHIP1 compared to controls in the
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Daudi and Ramos WT cells. In the SHIP2-deficient backgrounds, this effect was mild
in Daudi cells, which appeared to be extensively affected by the loss of SHIP2, but pro-
nounced in Ramos cells (Figure 6.36B,C).
In summary, these results indicate that the anti-proliferating effect in absence of SHIP2
is aggravated by down-regulation of the other PI(3,4)P2 producing phosphatase, which
further supports the crucial role of this phosphatidyl inositol for the fitness of Burkitt
lymphoma.

To test, that the observed effect is not caused by affected survival signaling the p-
AKT(S473) levels in the SHIP1 depleted cells were measured using flow cytometry. The
obtained results are depicted in figure 6.37.
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Figure 6.37: Reduction of SHIP1 slightly elevated phospho-AKT levels. A. Exemplary
gating strategy of Ramos cells used to quantify the levels of phosphorylated AKT(S473) after
induction of shRNA targeting INPP5D. Cell debris was excluded and single cells were catego-
rized according to their GFP content followed by quantification of the p-AKT(S473)-APC signal.
Quantification of the normalised median fluorescence intensity (MFI) of the p-AKT(S473)-APC
signal in Ramos B. and Daudi C. cell lines. The cells were treated for 5 days with 250 ng/ml
doxycycline prior to fixation and intracellular staining using α-phospho-AKT(S473)-APC fol-
lowed by FACS analysis. The MFI of APC in the GFP-positive cells was normalised to the
respective non-targeting controls. If not indicated otherwise experiments were performed n≥3.
Error bars indicate the standard deviation. Statistics were performed using Two-Way-ANOVA.
Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.
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While analysis of the GFP- and APC-positive cells showed no effects after SHIP1 down-
regulation in Ramos cells, a slight but significant increase of p-AKT(S473) in SHIP1 down-
regulated and SHIP2-deficient Ramos cells was observed (Figure 6.37A,B). shINPP5D
expression in Daudi led to a slight overall increase of p-AKT(S473) levels regardless of
SHIP2 (Figure 6.37C). While these results imply some regulation of p-AKT(S473) by
SHIP1 the effects on the phosphorylation are mild and apparently opposed to the cell
fitness. Hence, this data further supported that the SHIPs contribute to BL fitness not
via modulation of AKT activity.

Since the loss of SHIP1 mirrored the effects caused by SHIP2 deficiency it was tested
if it also sensitizes for inhibition of PI3K via copanlisib and if this effect could be exacer-
bated by loss of both SHIPs. Accordingly, the cells were subjected to GFP tracking for 6
days with addition of 200 nM copanlisib for the last two days.
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Figure 6.38: Loss of SHIP1 led to an increase of sensitivity to copanlisib mirroring
SHIP2 deficiency. Daudi A. and Ramos B. WT and SHIP2-deficient cell lines expressing
either a non-targeting control (shNTC) or a shRNA targeting INPP5D (shINPP5D) were treated
with copanlisib and subjected to GFP tracking assay to monitor the proliferation. The cells were
induced with 250 ng/ml doxycycline for a total of 6 days with addition of 200 nM copanlisib
or 5 % TFA as vehicle control on day 4. Shown in the column plots are the fold changes of
the GFP-positive cells at day 6 relative to d 0. The histograms show the distribution of the
GFP levels in the cells at day 6 with a notable increase of GFP-negative cells that underwent
treatment and were missing both SHIPs. If not indicated otherwise experiments were performed
n≥3. Error bars indicate the standard deviation. Statistics were performed using Two-Way-
ANOVA. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

The GFP tracking revealed an increased sensitivity to copanlisib treatment in the WT cells
expressing shINPP5D. SHIP1 down-regulation in SHIP2-deficient Ramos cells sensitised
stronger to copanlisib treatment, while this sensitivity in SHIP2-deficient Daudi cells was
not increased by down-regulation of SHIP1 (Figure 6.38A,B). This may be explained by
an in general lower contribution of SHIP1 to the fitness of Daudi compared to Ramos
cells. To corroborate these observation, cells were also subjected to an Annexin-V-APC
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staining which enabled the selective monitoring of the proportion of apoptotic cells.

Figure 6.39: Absence of SHIPs rendered cells more susceptible to copanlisib-induced
apoptosis. Daudi A. and Ramos B. WT and SHIP2-deficient cell lines expressing either a
non-targeting control (shNTC) or a shRNA targeting INPP5D (shINPP5D) were treated with
copanlisib and subjected to Annexin-V-APC staining. The cells were induced with 250 ng/ml
doxycycline for a total of 6 days with addition of 200 nM copanlisib or 5 % TFA as vehicle control
on day 4. On day 6, the cells were subjected to Annexin-V-APC staining to assess the apoptosis.
The histograms show the distribution of the Annexin-V-APC signal in the respective cells with
a notable increase of APC-positive cells after loss of both SHIPs combined with copanlisib
treatment. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Loss of INPP5D expression combined with copanlisib treatment correlated with an in-
crease of Annexin-V-positive Daudi and particularly Ramos cells. Consistent with the
results from the proliferation assay, SHIP2-deficient Ramos cells with down-regulated
SHIP1 responded to copanlisib treatment with markedly elevated apoptosis levels com-
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pared to either SHIP2-deficient or SHIP1 down-regulated cells (Figure 6.39A,B).

Based on these findings it was assessed how SHIP1 down-regulation affects the suscep-
tibility of Ramos cells to inhibition of other components of the PI3K-AKT axis. First,
the effect of AKT inhibition was assessed. The previously used capivasertib (6.18 was
complemented with another ATP-competitive inhibitor, ipatasertib, which exhibits com-
parable selectivity and IC50 values for AKT [287]. The different Ramos cell lines were
treated with both AKT inhibitors and the proliferation was determined by GFP tracking.
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Figure 6.40: shRNA targeting of INPP5D in Ramos cells moderately increased
the sensitivity to AKT inhibition. WT and SHIP2-deficient cell lines expressing either a
non-targeting control (shNTC) or a shRNA targeting INPP5D (shINPP5D) were treated with
either ipatasertib A. or capivasertib B. and subjected to a GFP tracking assay to monitor the
proliferation. The cells were induced with 250 ng/ml doxycycline for a total of 6 days with
addition of 1 µM ipatasertib (A) and 1 µM capivasertib (B) or DMSO as vehicle control on
day 4. Shown in the column plots are the fold changes of the GFP-positive cells at day 6
relative to d 0. The histograms show the distribution of the GFP levels in the cells at day 6
with a notable increase of GFP-negative cells that underwent treatment and were missing both
SHIPs. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

Inhibition of AKT with ipatasertib or capivasertib had little overall impact on the prolifer-
ation of the Ramos cells, confirming earlier results. Although, the effect of AKT inhibition
on the proliferation was further augmented by SHIP1 down-regulation in SHIP2-deficient
cells, the effect was marginal compared to copanlisib treatment (Figure 6.40A,B). These
results further support the hypothesis that the survival promoting functions of both SHIPs
are independent of AKT activity in BL cells.
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Similar to the approach described for Figure 6.18, the sensitivity to the mTORC1 in-
hibitor rapamycin was assessed. Loss of SHIP1 increased the susceptibility to rapamycin
treatment in a comparable manner to SHIP2 deficiency. However, the absence of both
SHIPs almost completely diminished the proliferation. Also this loss of proliferation was
accompanied by an extreme loss of GFP signal indicating that the cells suffered from
elevated apoptosis in response to rapamycin treatment (Figure 6.41A). Another impor-
tant effector in the survival signaling is phosphoinositide-dependent kinase 1 (PDK1),
which facilitates the T308 phosphorylation of AKT and, moreover, activates PKC, S6K
and SGK, which are all involved in promoting proliferation [36, 38, 288–291]. Its activ-
ity is dependent on prior recruitment to PI(3,4)P2 [35, 37] and is selectively inhibited
by GSK2334470 in sub-micromolar concentrations [292, 293]. The effect of GSK2334470
on the proliferation of the control cells was only moderate. However, all cells with tar-
geted SHIP expression, particularly SHIP1 down-regulated and SHIP2-deficient cells were
sensitive to PDK1 inhibition as revealed by almost complete abrogation of proliferation
(Figure 6.41B).
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Figure 6.41: Absence of SHIPs in Ramos cells increased the susceptibility to ra-
pamycin treatment and PDK1 inhibition. WT and SHIP2-deficient cell lines expressing
either a non-targeting control (shNTC) or a shRNA targeting INPP5D (shINPP5D) were treated
with either rapamycin A. or GSK2334470 B. and subjected to a GFP tracking assay to monitor
the proliferation. The cells were induced with 250 ng/ml doxycycline for a total of 6 days with
addition of 100 nM rapamycin (A) and 2.5 µM GSK2334470 (B) or DMSO as vehicle control
on day 4. Shown in the column plots are the fold changes of the GFP-positive cells at day 6
relative to d 0. The histograms show the distribution of the GFP levels in the cells at day 6
with a notable increase of GFP-negative cells that underwent treatment and were missing both
SHIPs. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA. Significance is indicated
by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001 ****.

These findings provide evidence that interference with the activity of SHIP1 or SHIP2 and
particularly a complete loss of PI(3,4)P2 production due to absence of SHIPs increases
the susceptibility to inhibition of multiple factors of the tonic BCR signaling network.
Moreover, the results hint at a redundancy of SHIP proteins in their supporting function
for BL cell fitness.
To test if down-regulation of SHIP1 also affects the cellular ATP production, the shINPP5D
expressing Daudi and Ramos cells were subjected to a Seahorse assay.
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Figure 6.42: SHIP1 contributes to energy metabolism mirroring SHIP2. Daudi A.
and Ramos B. WT and SHIP2-deficient cell lines expressing either a non-targeting control
(shNTC) or a shRNA targeting INPP5D (shINPP5D) were subjected to a Seahorse assay. The
shRNA expression was induced by addition of 250 ng/ml doxycycline 5 days prior to the assay.
The energy production is given by the mitochondrial (mitoATP) and glycolytic (glycoATP) ATP
production. If not indicated otherwise experiments were performed n≥3. Error bars indicate the
standard deviation. Statistics were performed using Two-Way-ANOVA only for the glycolytic
ATP production. Significance is indicated by p<0.05 *, p<.0.01 **, p<0.001 ***, p<0.0001
****.

Down-regulation of SHIP1 significantly decreased the glycolytic ATP production rate in
Daudi and Ramos WT cells in a similar manner to SHIP2-deficient cells but had no effect
on the mitochondrial ATP production rate. SHIP1 down-regulation in absence of SHIP2
did not further reduce the ATP production rate. Collectively, the fact that SHIP1 appears
to have the same promoting effect on the ATP production like SHIP2 further highlights
the importance of their enzymatic product PI(3,4)P2 for the energy production of BL
cells.
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Discussion

A large portion of Burkitt lymphomas exploit the tonic BCR signaling network to maintain
their survival. Therefore, identification and unravelling of the dysregulated processes and
involved proteins could provide an opportunity for improved treatment strategies. This
study provides evidence that the 5-inositol phosphatases SHIP1 and SHIP2 contribute to
the fitness of BL cells by ensuring an efficient energy metabolism in dependency of the
tonic BCR signaling.

7.1 SHIP2 activity may be dependent on tonic BCR
signaling

Interfering with the activity of SHIP2 via CRISPR, RNAi or small molecule inhibitors
markedly attenuated the proliferation and augmented the apoptosis of different tonic
BCR signaling-dependent BL cell lines. Interestingly, SHIP2 deficiency in the surface
IgM-negative cell line Raji did not yield similar effects. In addition, Raji cells remained
almost unaffected by treatment with the SHIP2 inhibitor AS1949490. Collectively, these
results suggested that the survival promoting function of SHIP2 is likely dependent on in-
tact tonic BCR signaling. Indeed, there is evidence that the phosphorylation of the serine
at position 132 of SHIP2 is part of the tonic BCR signaling network [163]. Moreover, this
particular phosphosite is associated with an induction of enzymatic activity and switch
of the intracellular localization, which suggests an active role of SHIP2 in the tonic BCR
signaling network [294, 295]. While SHIP2 may be dependent on tonic BCR signaling,
the phosphatome exhibited only few modulations of phosphosites involved in the tonic
BCR signaling network. Collectively, this indicates that SHIP2 may be regulated by the
tonic signaling but does not regulate other components of this network.
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In contrast to SHIP2, SHIP1 is known as a negative regulator of the activated BCR
signaling since SHIP1 deficiency is associated with hyper activation of B cells [193–195,
296]. However, the loss of SHIP1 mirrored strongly the effects observed in SHIP2-deficient
cells, suggesting an involvement also in tonic BCR signaling. Interestingly, SHIP1 also
exhibits tonic BCR signaling-dependent phosphorylation at the tyrosine 1021 and 1160
[163]. While the function of Y1160 is unknown, Y1021 is part of one of the NPXY-motifs
of SHIP1 and an important regulatory site, as it enables protein-protein interactions that
control the activity of SHIP1 [194, 297, 298]. In conjunction with its role in promoting
the fitness, SHIP1 appears to have an important role in the tonic BCR signaling network
of BL cells, similar to SHIP2.

7.2 AKT signaling is not affected by absence of SHIP2

After their discovery, the SHIP proteins were initially regarded as tumor suppressors ow-
ing to their apparent negative regulation of AKT. However, this view has changed in
recent years as it was found that both SHIP proteins often promote tumorigenicity. High
SHIP2 levels are associated with a poor prognosis in non-small lung cancer, breast can-
cer, laryngeal squamous cell carcinoma and also colorectal cancer among many others
[299–302]. While the oncogenic role of SHIP2 has been shown mostly in solid tumors,
this study is the first to describe it in a B cell lymphoma, particularly Burkitt lymphoma.
Since SHIP1 is restricted to few tissues, predominantly hematopoietic cells, it was found as
a promising target in acute myeloid leukemia and chronic lymphocytic leukemia [286, 303].

In contrast to SHIP2 being regarded as a negative regulator of AKT, the p-AKT lev-
els of SHIP2-deficient BL cell lines were not altered. PI3K activity enables activation of
AKT, known as the central kinase to trigger pro-survival and anti-apoptotic processes as
well as induction of genes involved in energy metabolism [304]. Full activation of AKT
is based on a two-step process. First, the phosphorylation at S473 in the carboxyl tail is
facilitated by mTORC2 and is considered as the major factor that regulates AKT activity
as it enables recruitment to the plasma membrane via its PH domain and exposes the
activation loop [33, 34]. In addition, phosphorylation of T308 in the activation loop is
facilitated by PDK1, which enables the full activation of AKT [35–37]. While the serine at
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473 can be phosphorylated even when AKT is not recruited to the plasma membrane, the
p-T308 is only present at plasma membrane-located AKT [33]. Since the plasma mem-
brane localization of AKT was long thought to be directly dependent on PI(3,4,5)P3, both
5-inositol phosphatases were regarded as tumor suppressors according to their enzymatic
conversion of PI(3,4,5)P3 to PI(3,4)P2, which opposes PI3K and thus BL survival [305].
Accordingly, SHIPs were viewed similar to the 3-inositol phosphatase PTEN, which con-
verts PI(3,4,5)P3 to PI(4,5)P2. PTEN has a tumor suppressor function in many cancers
where it acts as a negative regulator of AKT signaling, thereby preventing uncontrolled
growth and resistance to apoptosis [306–309].

The recent growing evidence is reported that SHIPs can be tumor-promoting proteins
thus changing the view of inositol phosphatases as general tumor suppressors and giving
rise to the "Two PIP Hypothesis" [310]. In this hypothesis, the PI(3,4)P2 is not merely the
product of hydrolysing PI(3,4,5)P3 but rather a way to diversify and multiply the PI3K
signaling by balancing the levels of PI(3,4,5)P3 and PI(3,4)P2 at the plasma membrane.
The diversification is facilitated by PI(3,4,5)P3 being regulated at the plasma membrane
by two different classes of inositol phosphatases leading to two different outcomes as ex-
plained before. The multiplication is based on the specificity of the PH domains of the
AKT isoforms. While AKT1 and AKT3 prefer binding to PI(3,4,5)P3, AKT2 predomi-
nantly binds PI(3,4)P2 [29]. Consequently, SHIP activity diversifies and thus promotes
the anchoring and activation of AKT at the plasma membrane. In addition, the PH
domain of PDK1 is able to bind to both phosphatidyl inositols, yet it prefers PI(3,4)P2

and since PDK1 is required to fully activate AKT at the plasma membrane, this might
be another level of regulation offered by the SHIPs [30, 31].

These findings may explain the observed stable p-AKT levels in SHIP2-deficient cells.
In these cells, the increase of PI(3,4,5)P3 could be accompanied with an elevation of phos-
phorylation of AKT1 and AKT3, while the opposite effect would be observed for AKT2.
Accordingly, the total phosphorylation levels of AKT could remain stable, but the compo-
sition of activated AKT would have changed with potential consequences on downstream
signaling. Since this theory is difficult to prove on a molecular level, the question remains,
if this change in composition could explain the lowered fitness of SHIP2-deficient BL cells.
However, inhibition of AKT using two different small molecule inhibitors exhibited mild to
no effects on the proliferation of BL cells, which was exacerbated only slightly by absence
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of both SHIPs. Therefore, even if the absence of SHIPs would change the composition of
AKT isoforms at the plasma membrane, it is unlikely that this change concludes in the
lowered fitness. Since AKT signaling is generally associated with increased survival, the
low sensitivity to its inhibition opens the question whether AKT is actually important in
BL cells.
While there is evidence that the inhibition of the PI3K-AKT axis has a negative effect
in BL cells, a recent CRISPR/Cas9-based "drop-out" screen did not reveal any sensitivity
of BL cell lines to AKT deficiency, as it is the case for other BCR-dependent lymphomas
such as diffuse large B cell lymphoma cells [165, 311–313]. Moreover, over-activation of
AKT was shown to be lethal in primary Burkitt lymphoma cells, indicating that the AKT
signaling in BL cells needs to be tightly controlled [314]. On the other hand, refractory
BL can gain sensitivity to AKT inhibition [315]. This suggests that their original survival
signal is less dependent on AKT, while further adaption processes can lead to a change in
the source of the survival signaling. In all BL cell lines used in this study, SHIP2-deficiency
did not correlate with altered p-AKT levels as demonstrated by Western Blot analysis, in-
tracellular staining and phosphoproteomic analysis. Consequently, the fitness-promoting
effect of SHIP2 may be exerted beyond AKT signaling. Coincidentally, a recent review on
targeting the SHIPs in cancer by Pedicone et al came to a similar conclusion, stating that
"Thus, SHIP2 could be a cancer target independent of its ability to promote AKT activa-
tion by PI(3,4)P2 production." [47]. However, one should consider that even if AKT is not
controlled by SHIPs in BL, this could be context-dependent since the inhibition of SHIP1
causes hyper activation of AKT in CLL cells [303]. In support of this, the p-AKT(S473)
levels are not elevated in BL cells treated with the SHIP2 inhibitor AS1949490, which
was shown to augment the p-AKT(S473) levels in the rat skeletal muscle cell line L6, as
well as in podocytes [241, 316].

7.3 SHIP2 deficiency increases the sensitivity to in-
hibition of components of the PI3K-AKT axis

The PI3K inhibitor copanlisib was used to determine, if the supportive SHIP2 effect di-
rectly depends on active PI3K signaling, which was expected to cause a similar fitness of
inhibitor-treated BL cells regardless of SHIP2 expression. SHIP2 deficiency increased the
sensitivity to inhibition of PI3K, indicating that SHIP2 contributes to the fitness of BL
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cells independently of PI3K activity. Consistently, the same effect was observed in the
absence of SHIP1, followed by exacerbation through expression of shINPP5D in SHIP2-
deficient cells. These data further confirm that the survival-promoting functions of the
SHIP proteins in BL cells occurs beyond regulation of the PI3K-AKT axis. Inhibitors
targeting the PI3K are applied for the treatment of numerous different tumors due to the
central role of this kinase in the survival signaling facilitated by receptor tyrosine kinases,
G-protein coupled receptors and the B cell receptor [317–321]. Consequently, inhibition
of PI3K has already found an efficient use in treatment of several other non-Hodgkin
lymphomas, such as indolent, follicular and small lymphocytic lymphoma [116, 322, 323].
Furthermore, PI3K inhibitors are also under investigation for treatment of BL, as indi-
cated by an ongoing clinical trial and experimental treatments with different inhibitors
[324, 325]. Notably, there is indication that this sensitizing effect of SHIP deficiency is
not restricted to BL cells, as a cross-reference of CRISPR- and drug-screens exhibited
synergistic effects of SHIP2-deficiency and copanlisib treatment in many different cancer
cell lines [207].

Interestingly, SHIP-deficient cells exhibited increased sensitivity to rapamycin, which may
be contradictory to the findings discussed above, because mTORC1 is a major target of
AKT. mTORC1 is an important regulator of cell growth as it is involved in the sensing
of nutrient availability, cellular energy status, growth factor signaling and cellular stress
responses among many other critical processes [326, 327]. Even though rapamycin se-
lectively targets mTORC1 over mTORC2, prolonged exposure, which was the case in
this study, can also inhibit mTORC2 [264]. However, mTORC2 can also facilitate sur-
vival signaling independently of AKT, for example via the direct activation of serum-
and glucocorticoid-induced kinases (SGK) [328]. Consequently, a decreased activity of
mTORC1 and 2 could explain the increased sensitivity to rapamycin of SHIP2-deficient
BL cells. A SHIP2-dependent positive regulation of mTORC1 itself is unlikely, even
though mTORC1 is able to bind to PI(3,4)P2. However, this binding was reported to
be restricted to endosomes and lysosomes where it has an inhibitory effect on mTORC1
activity [329].
Interestingly though, mTORC2 can directly localize to PI(3,4,5)P3 at the plasma mem-
brane through the PH domain of its component SIN1, which in turn leads to a PI3K-
dependent activation of mTORC2 [32]. While this would not explain the lowered fitness
of SHIP2-negative cells, it could contribute to the increased sensitivity to inhibition of
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the PI3K. In absence of SHIP2, BL cells could still maintain some survival signals via
PI3K-dependent activation of mTORC2. In line with this finding, rapamycin exhibits
potent anti-cancer effects in BL. In a murine BL-like mouse model, rapamycin treatment
significantly reduced the tumor burden [330]. In addition, combination of α-CD19 anti-
bodies and rapamycin induced an autophagic cell death of the BL cell line SKW6.4 in a
mouse xenocraft model and in patient-derived primary BL cells in vitro [331]. However,
the mass spectrometry analysis revealed that SHIP deficiency does not cause alterations
of the components of mTORC2 or any of its known substrates on protein or phosphoryla-
tion levels in the Ramos cell line. Thus, mTORC2 might facilitate a SHIP2-independent,
but PI3K-dependent survival pathway in BL cells. This suggestion is supported by the
fact that treatment of chemotherapy-sensitive and -insensitive BL models with a dual
inhibitor of PI3K and mTOR showed strong anti-tumor capabilities in vitro and in vivo
[332].

Intriguingly, SHIP deficiency particularly sensitises to inhibition of the serine/threonine
kinase PDK1. The PDK1 coding gene PDPK1 is over expressed in almost half the cases
of acute myeloid leukemia and promotes tumorigenesis and growth of ovarian and breast
cancer [333–335]. In addition, over expression of PDPK1 is able to transform mammary
epithelial cells [336]. Nevertheless, the mechanisms leading to activation of PDK1 are
still poorly understood and are probably context-dependent. While there is evidence for
PDK1 translocation and activation upon insulin- or growth hormone-induced signaling,
there are also contradictory studies [337–340]. Apparently, PDK1 can also be activated
in the absence of engaged receptors by auto phosphorylation dependent on phosphoinosi-
tides [37]. The PH domain of PDK1 shows affinity to PI(3,4,5)P3 and PI(3,4)P2, and
accordingly SHIP2 could facilitate the plasma membrane localization and subsequent ac-
tivation of PDK1. However, similar to mTORC2, the survival promoting function of
PDK1 is suggested to be mainly facilitated by activating AKT [35, 341]. Yet, PDK1 has
also shown the ability to maintain a survival signal in cells with low AKT activation via
activation of SGKs and in particular SGK3 [342, 343]. In addition, PDK1 can directly
activate p70S6K, p90RSK and members of the PKC family proteins, providing possibil-
ities for a more diverse survival signaling maintained by PDK1 [288–291]. Therefore,
modulation of PDK1 activity at the plasma membrane based on changes in the composi-
tion of phosphoinositides could not only increase the susceptibility to inhibition of PDK1
in SHIP-deficient BL cells, but also explain their generally lower fitness. However, the
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protein and phosphorylation levels of PDK1 and the different SGKs were not affected by
SHIP2 deficiency in Ramos cells, suggesting that the positive SHIP2 effect on BL survival
does not rely on PDK1 activity. Nevertheless, the inhibition of PDK1 effectively reduced
BL cell proliferation, indicating that PDK1 could be another mainstay of BL survival
signaling. This theory is supported by the CRISPR- and RNAi-screens found in the Can-
cer Dependency Map, which highlights the role of PDK1 in many BL and non-Hodgkin
lymphoma cell lines [207].

Beyond the PI3K-AKT axis, also MAPK may contribute to the fitness of BL cells. In
activated BCR signaling, MAPK activation requires the recruitment of effector proteins
such as PLCγ2, BTK and SOS, which all have PH domains binding to PI(3,4,5)P3 [10, 23,
344]. Eventually this leads to activation of the MAPKs JNK, p38 and ERK that promote
survival and proliferation in normal B cells [10, 18–20, 23, 26, 345]. An earlier study has
shown that the JNK phosphorylation was down regulated in SHIP2-deficient Daudi cells
[197]. Since JNK is required for maintenance of the c-MYC levels in Burkitt lymphoma
and therefore necessary for the survival, it was reasoned that SHIP2 could modulate
the JNK activity via an unknown mechanism, possibly recruitment of PI(3,4)P2-specific
membrane adaptors [197, 261]. However, I could not confirm these findings in other BL
cell lines. Moreover, analysis of the phosphoproteome data of SHIP2-deficient Ramos
and Daudi cells did not reveal substantial and consistent alterations in phosphorylation
levels of these MAPKs. Based on this data, it is unlikely that SHIP2 promotes the fitness
through regulation of the MAPK network, especially JNK.

Collectively, these data indicate that SHIP2 does not take part in regulation of any of the
BCR pathways that are typically associated with increased survival and proliferation.

7.4 PI(3,4)P2 contributes to BL fitness by promoting
the energy metabolism

Instead of the described role of SHIPs in disrupting PI(3,4,5)P3 to regulate plasma
membrane-tethering of BCR effectors, the SHIP product PI(3,4)P2 appears to contribute
to the fitness of BL cells. Since it is exclusively produced from PI(3,4,5)P3 at this local-
ization, an important part of PI3K-mediated BL cell survival might be plasma membrane
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localized PI(3,4,5)P3 [29, 45]. This is already implied by the fact that SHIP1 and 2, which
are the only producers of PI(3,4)P2 at the plasma membrane, have redundant function.
Evidently, shielding of PI(3,4)P2 by GFP-2xTAPP1-PH had a remarkable effect on the
survival of BL cell lines, also in the absence of SHIP2. The importance of PI(3,4)P2 in
BL cells was further highlighted by the decline in proliferation caused by its enzymatic
conversion via a myristoylated, hence plasma membrane-located version of the inositol-4-
phosphatase INPP4A. Consistently, INPP4A along with its sister protein INPP4B have
been described as tumor suppressors, albeit because of a PI3K-opposing activity [346].

Moreover, the competitive growth assay demonstrated that blocking of PI(3,4)P2 had
a comparably stronger impact on the survival than the blocking of PI(4,5)P2 through the
PH domain of PLCδ. Nevertheless, Cer-PLCδ-PH-expressing cells also exhibited a mild
survival disadvantage, indicating a role of PI(4,5)P2 in the BL-specific survival signaling.
In fact, PI(4,5)P2 at the plasma membrane serves signaling-related and unrelated func-
tions such as association to the actin cytoskeleton [347]. PI(4,5)P2 serves as basis for two
signaling networks: First, it is required as substrate for the PI3K to generate PI(3,4,5)P3.
Second, it is hydrolyzed by PLCγ2 to produce inositol-1,4,5-triphosphate (IP3) and diacyl-
glycerol (DAG), which enables the mobilization of Ca2+ and PKC activation, respectively
[13, 14]. Therefore, in BL cells PI(4,5)P2 may be required for maintenance of the PI3K
pathway. Shielding of PI(4,5)P2 could compromise the substrate pool of PI3K leading to
a decrease in PI3K activity and thus down regulation of the associated survival signaling.

While the data provided in this thesis clearly imply that PI(3,4)P2 is an important sig-
naling component, it may appear peculiar that its contribution to the fitness of BL cells
occurs without changes in associated signaling pathways.

Proteomics analysis revealed that SHIP2 deficiency correlated with an altered abundance
of proteins involved in the carbon metabolism, indicating adaption processes of SHIP2-
deficient BL cell clones. Abrogation of glycolysis by 2-DG strongly perturbed BL cell
survival regardless of presence of SHIP2, indicating that the SHIP2 effect relies on intact
energy metabolism. In addition, the loss of either SHIP resulted in a decrease of the
cellular ATP production rate, particularly from glycolysis. BL is an aggressively growing
lymphoma that requires an efficient energy metabolism to sustain its rate of proliferation.
Hence, dysregulation of the energy metabolism could result in the observed phenotypes.
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SHIP2 was shown to be an important modulator of the insulin signaling where it pre-
vents type 2 diabetes [187, 348]. However, B cells do not rely on insulin signaling for
glucose uptake. Instead, engagement of the BCR facilitates increased glucose uptake via
the PI3K pathway, leaving the connection of SHIP2 and its enzymatic product to the en-
ergy metabolism in a AKT-independent manner elusive [273]. It has been reported that
PI(3,4)P2 is involved in trafficking of intracellular vesicles leading to alteration of glucose
transporters on the plasma membrane [349]. In BL cells, however, despite exhibiting a
lowered pool of PI(3,4)P2 on the plasma membrane, SHIP2 deficiency does not alter the
surface abundance of the glucose transporters GLUT1 and GLUT4. In line with these
findings, no changes were observed in the glucose uptake. Nevertheless, this phospho-
inositide could also be involved in trafficking of other transporters, for example to import
certain amino acids that indirectly feed glycolysis.

In other cell types, PI(3,4)P2 is inherently required for the formation of membrane ruffles
and as such essential for clathrin-mediated and -independent endocytosis, particularly
macropinocytosis, that enables scavenging of nutrients from the extracellular space [350,
351]. In this process, PI(3,4)P2 is locally produced by SHIPs and facilitates the closure
of the dorsal ruffles through membrane binding of TAPP1 and subsequent recruitment
of cytoskeleton effectors and eventually dynamin to pinch off the macropinocytic vesicle
[350, 352, 353]. The resulting early endosome is then still covered in PI(3,4)P2, which
is eventually targeted by 4-inositol phosphatases [352]. In fact, PI(3,4)P2 is also found
on lysosomal and late endosomal membranes where it is produced by different classes of
PI3K [329, 354]. This may explain why the TAPP1-PH containing PI(3,4)P2 biosensor is
not exclusively localized at the plasma membrane, but is also found at in the cytoplasm,
though without obvious vesicular localization. Nevertheless, a decrease in SHIP activity
might restrict endocytosis in BL cells and as such also nutrient scavenging, which could
reflect negatively on the ATP production rate. It is difficult to support this hypothesis
due to the fact that very little is known about endocytosis in B cells, with the exception
of BCR internalisation after antigen engagement [74, 75, 355, 356]. However, this process
did not appear to be SHIP2-dependent because surface BCR levels were unaltered in ab-
sence of SHIP2.

Even though SHIP deficiency clearly correlated with a lowered glycolytic ATP production
rate, mass spectrometry did not reveal alterations in protein- or phosphorylation levels of
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proteins involved in the glycolysis. In fact, of the proteins involved in tonic BCR signaling,
the expression of only three were significantly changed, more precisely down regulated,
upon SHIP2 deficiency. The first was the lysine methyltransferase 5 A (KMT5A), which
is a histone modifier associated with acute megakaryoblastic leukemia without down syn-
drome according to the MalaCards human disease database, but has no implication in
BL or B cells in general [357]. Secondly, the helicase with zinc finger (HELZ), which was
shown to promote cell proliferation by regulating the activity of the ribosomal protein
S6 in HeLa cells, but has not been described in B cells [358]. Finally, the level of pleck-
strin homology domain containing A2 (PLEKHA2, also known as TAPP2) protein was
decreased in absence of SHIP2. PLEKHA2, is a sister protein of TAPP1 and exhibits
the similar selectivity of its PH domain to bind PI(3,4)P2. Consequently, its localization
at the plasma membrane is dependent on PI3K and SHIP activity [359, 360]. The bind-
ing of the TAPP proteins to PI(3,4)P2 at the plasma membrane is considered a negative
feedback loop to constrict PI3K activity, as it was shown in the case of insulin signal-
ing [360–362]. If this PI3K regulatory function of TAPPs can be translated to the BCR
signaling, it would make sense for SHIP2-deficient cells to down regulate the expression
of PLEKHA1/2 to adapt to the already decreased PI(3,4)P2 level. Moreover, membrane
located TAPPs have been found to interact with actin-binding proteins, which suggests
a role in signaling-dependent cytoskeleton remodeling [353]. Furthermore, PLEKHA2 is
associated with some types of lymphoma, its tumor promoting role is poorly understood
[357]. Despite the SHIP2-dependent changes in these proteins, they are not obviously
involved in pathways that are associated to the energy metabolism. Therefore, based on
the current knowledge it appears more likely that PI(3,4)P2 affects the ATP production
by controlling the transport of glycolysis- or TCA-feeding components but not glucose.

7.5 SHIP2 could promote BL fitness via aspartate
synthesis

BL cells exhibit an increased consumption of glucose and glucose-derived carbon in the
tricarboxylic acid cycle (TCA) based on the characteristic over expression of MYC [363].
In contrast to other B cell lymphomas such as DLBCL, BL cells appear to rely strongly on
the one-carbon metabolism and show increased sensitivity to inhibition of this metabolic
pathway [364, 365]. To gain a larger overview of the potential metabolic changes, the
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Daudi and Ramos cell lines were subjected to a metabolome analysis, which revealed a pro-
nounced difference in the biosynthesis of amino acids and taurine/hypotaurine. Dysregu-
lation of the latter was found as an early marker for the diagnosis of breast cancer [366].
Consequently, the distinct metabolic profiles of Ramos and Daudi WT cells underline the
heterogeneity of BL. Absence of SHIP2 caused alterations of several metabolic pathways,
including amino acid metabolism and biosynthesis. However, the SHIP2-dependent dif-
ferences were not consistent in Ramos or Daudi cells and gave no clear implication for a
dysregulated one-carbon metabolism.

Nevertheless, SHIP2 deficiency in all analysed BL cell lines correlated with the down
regulation of three metabolites: Benzoic acid, D-gluconic acid and D-aspartic acid. Little
is known about benzoic acid in the context of cancer, however benzoic acid derivatives
have been shown to possess anti-cancer abilities [367]. Similarly, D-gluconic acid is largely
considered as physiologically inactive, though recent publications hint that it might be dis-
advantageous for cancer cells due to its ability to block the plasma membrane embedded
citrate transporters [368]. More promising in the context of how PI(3,4)P2 might regulate
the BL-specific energy metabolism is the observed decrease in aspartic acid. This metabo-
lite is known to be a limiting factor for the proliferation of tumor cells despite the ability
to satisfy their aspartic acid supply via de novo synthesis [369, 370]. The production of
aspartate in cancer is glucose-dependent and fueled by an efficient glycolysis and TCA
[371]. The growth limiting aspect of aspartate is most likely based on the requirement
of this amino acid for the production of nucleotides and protein biosynthesis [369, 372].
Consequently, a lower aspartate level could cause an altered cell cycle due to inadequate
supply of nucleotides, which was not observed in SHIP2-deficient BL cell lines. On the
other hand, the decrease in cellular aspartate might just be a symptom of the reduced
efficiency of the glycolysis and has no direct physiological consequences as not all cancers
are aspartate-dependent [369, 370]. Nevertheless, lower aspartate levels may be linked to
the reduction in fitness found in SHIP2-deficient BL cells.

The details of how SHIP2 could influence aspartate levels is a matter of speculation,
especially since the mass spectrometry analyses did not reveal major alterations in re-
spective transporter proteins or proteins involved in glycolysis or the TCA. Potentially,
BL cells may maintain their demand of important amino acids like aspartate by salvaging
extracellular nutrients through phagocytosis or macropinocytosis as many other cancer
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cells do [373–375]. While B cells in general are not known to perform phagocytosis or
macropinocytosis like other antigen presenting cells, the exception to this rule are the
follicular B cells in the germinal center. These cells have been observed to phagocy-
tose antigen covered particles via internalisation of the BCR, a process implicated with a
strong and efficient germinal center reaction [376]. Since BL cells originate from erroneous
germinal center cells, one might think that these cells could have repurposed this ability
to satisfy their nutrient demand. Despite the different implications discussed here, the
exact role of PI(3,4)P2 in energy metabolism needs to be further addressed, especially
its putative role in the provision of amino acids that may be linked to the production of
ATP.

7.6 SHIP1 and SHIP2 may be therapeutic targets
due to their redundant functions in BL cells

Simultaneous interference with both 5-inositol phosphatases had an additive effect on
proliferation and apoptosis compared to silencing of single SHIPs, which suggests that
both enzymes exhibit a redundancy based on their enzymatic function. This is particu-
larly interesting as these proteins are not isoforms, but proteins encoded from different
genes located on different chromosomes [171]. Consistently, the redundancy of SHIP
proteins has already been implicated as an important contributor to obesity due to the
higher treatment efficiency of pan-SHIP inhibitors compared to single SHIP inhibitors
[377]. This redundancy could also serve as an explanation as to why the SHIP1-coding
gene INPP5D did not appear in the reported shRNA screens [196]. However, considering
that the shINPP5D expression had a comparably lower impact in Daudi than in Ramos
implicates that cells could depend differently on the SHIPs. Nevertheless, loss of total
SHIP activity was always associated with a negative outcome in the tested BL cell lines,
suggesting a pharmacological potential in targeting SHIP proteins in in the treatment of
BL. This potential was also subject of multiple reviews in recent years indicating that
SHIPs could be an interesting target in other cancers besides BL [47, 378, 379].

This study is the first to describe an increased sensitivity to inhibition of multiple com-
ponents of the PI3K-AKT pathway in the context of SHIP deficiency. In line with these
findings, drug-perturbation screens in multiple BL cell lines have shown synergistic ef-
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fects between a large variety of small molecule inhibitors targeting BTK but also es-
pecially mTOR and PI3K [380]. Combinatorial treatments are already in use and under
investigation for a variety of different cancers, though BL is still often treated with a varia-
tion of the CHOP (cyclophosphamid-hydroxydaunorubicin-vincristin-prednison) scheme-
containing potent cytostatic agents, which can be combined with the α-CD20 antibody
rituximab to increase the efficiency [381]. Because SHIP proteins attenuate the energy
metabolism, inhibition may be beneficial in combinatorial therapies. This is implied by
my findings that the absence of SHIP markedly increased the sensitivity of BL cell lines to
PI3K inhibition, which may be valid also for the combination with other, already estab-
lished drugs. Here, SHIP inhibitors could be employed to lower the dosage of regimes to
treat BL, thus possibly expanding the applicability to patient groups that were hitherto
excluded from treatment due to the associated lethality [144].

Inhibitors selectively targeting either SHIP1 or SHIP2 or both simultaneously are cur-
rently under investigation for different tumors but also dietary-associated diseases such
as diabetes and obesity [377, 382, 383]. However, the side effects of targeting the SHIP
proteins in the human body are poorly understood and can only be speculated on based
on animal and cell line models. SHIP1-deficient mice show increased mortality caused by
an augmented infiltration of myeloid cells into the lungs followed by severe inflammation
[384, 385]. While SHIP1 is restricted to hematopoietic and certain brain tissue, SHIP2 is
ubiquitously expressed in the human body. Its role is particularly highlighted as a neg-
ative regulator of insulin signaling and thus, an important role for the insulin-dependent
energy metabolism [187, 386–388]. Furthermore, SHIP2-deficient mice are resistant to
obesity induced by high-caloric diets despite normal blood glucose levels and insulin tol-
erance, though exhibit mild skeletal defects [188]. Consequently, the use of small molecule
inhibitors targeting SHIP2 are under investigation for the treatment of diabetes. In ad-
dition, it was also shown that the already used anti-diabetes drug metformin facilitates
its pharmacological function partly through inhibition of SHIP2 [383, 389].
Collectively, inhibition of SHIP proteins may be a promising therapeutic target to treat
BL patients, despite the yet unclear side effects. Especially the combination with estab-
lished chemotherapeutics could strongly increase the efficiency of the treatment and thus
include BL patients, such as the elderly or those with limited access to sufficient medical
infrastructure.
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7.7 Outlook

The mechanism that connects SHIP activity to the energy metabolism still requires fur-
ther attention. While there are hints connecting PI(3,4)P2 to metabolic processes, mostly
by intracellular trafficking and endocytosis, it would be interesting to understand the un-
derlying details. Especially in the case of endocytotic events such as macropinocytosis for
scavenging of extracellular nutrient, which is so far unclear in B cells, and in particular
in BL cells. For this purpose, the uptake of labeled dextran has been proven to be an
excellent marker to ascertain the macropinocytotic processes in cell cultures [390–392].
To address if the lowered aspartate levels are a direct consequence of the deficient glycol-
ysis it would be interesting to see if supplementation of aspartate or respective metabolic
precursors could amend loss of fitness caused by absence of SHIPs.

The fact that limiting access to PI(3,4)P2 at the plasma membrane proved to be lethal
for multiple BL cell lines could be further corroborated. Coincidentally, PIT-1, a non-
phosphoinositide small molecule agonist targeting PI(3,4,5)P3 thereby preventing binding
of PH domains, has displayed strong anti tumoral activity by induction of metabolic
stress and apoptosis [393, 394]. This principle may also be exploited to target PI(3,4)P2.
While targeting of phosphoinositides could harbour enormous pharmacological potential
it has to be noted that these phospho-lipids are significantly relevant for the cellular signal
transduction, and unwanted side effects have to be considered.

Finally, the pharmacological potential of inhibition of the SHIP proteins to treat BL
should be explored in more detail. Since the inhibition of SHIP2 caused the same in-
crease in sensitivity to inhibition of PI3K as SHIP2 deficiency, the respective inhibitors
appear to be specific and may be used in further studies. Consequently, the next step
would be to replicate the results in mouse models to validate the cell culture findings be-
fore stepping into clinical trials. For this purpose, a genetically engineered mouse model
with tumors that resemble BL could be employed to test the efficacy of SHIP2 inhibitors
and combinatorial treatments in vivo. These tests may be spearheaded by xenocrafts of
multiple BL cell lines in WT mice to enable a more realistic tumor microenvironment
compared to cell cultures [395]
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7.8 Conclusion

Figure 7.1: The SHIP proteins contribute to BL fitness by production of PI(3,4)P2.
Loss of PI(3,4)P2 at the intracellular leaflet of the plasma membrane either by interfering
with SHIP function, targeted degradation by INPP4A or obstruction by GFP-2xTAPP1-PH-
negatively impacts BL fitness. While the specific mechanism that connects PI(3,4)P2 to the
glycolysis is yet to elucidate, a decreased pool of PI(3,4)P2 at the plasma membrane restricts
the ATP production and coincides with reduced aspartate levels.

Burkitt lymphoma is an aggressive neoplasm requiring equally aggressive chemotherapy,
which cannot be applied to a large patient group. This study could prove a redundant
survival and proliferation-promoting effect in tonic BCR signaling-dependent BL cells
by SHIP1 and 2. Contrary to the current understanding, these positive effects on BL
fitness were independent of AKT activity. Instead, stable plasma membrane levels of the
SHIP product PI(3,4)P2 proved to be crucial for multiple BL cell lines as demonstrated
by targeted degradation and obstruction of PI(3,4)P2 at the plasma membrane. Loss of
SHIP2 caused a decrease in PI(3,4)P2 levels at the plasma membrane, which coincided
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with a deficient ATP production mainly via glycolysis. While the glucose uptake and
mitochondria remained unchanged by SHIP2 deficiency, the reduced efficiency of the
glycolysis may resulted in the observed lowered levels of aspartate, which is crucial for
cancer cell proliferation (Figure 7.1). In addition, the loss of SHIP proteins rendered BL
cell lines susceptible to inhibition of PI3K, mTOR and PDK1, which may facilitate the
development of more efficient combinatorial therapies to combat BL (Figure 7.2).

Figure 7.2: SHIP1/2 deficiency sensitises BL cells to inhibition of other survival
signals. SHIP-deficient cells were markedly more susceptible to inhibition of the PI3K, PDK1
and rapamycin treatment. Despite SHIPs being regarded as negative regulators of AKT activity,
the two major phosphorylations of AKT remained mostly unaffected in SHIP-negative cells.
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