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Abstract

The oncogenic fusion protein nucleophosmin-anaplastic lymphoma kinase (NPM-ALK) is
predominantly found in anaplastic large cell lymphoma (ALCL), a non-Hodgkin T cell
malignancy. Approximately 65% of systemic ALCL patients develop recurrent disease after
first-line chemotherapy or targeted ALK inhibition. Obtaining additional insight into the
mechanism of malignant transformation mediated by NPM-ALK will improve therapeutic

strategies to avoid the development of resistances and patient relapse.

Signal transducer and activator of transcription 5 (STATS5) is considered a proto-oncogene in
leukaemia/lymphoma, but its role in NPM-ALK-driven tumours has not been extensively
studied. Besides its role in cell cycle progression, Cyclin-dependent kinase 6 (CDK6) has been
shown to regulate transcription in multi-protein complexes. According to recent work in our
lab, NPM-ALK tumours express high levels of CDKG6, and its deletion is associated with a

delayed onset of NPM-ALK-mediated thymic lymphomas in mice.

Using Cdk6- and Stat5a- or Stat5b-deficient NPM-ALK*" mouse models, we show that the
combined absence of CDK6 and STAT5A or STAT5B entirely prevents the formation of thymic
lymphomas. Our observation of direct interaction between CDK6 and STAT5 implies the
existence of a transcriptional regulatory complex essential for NPM-ALK-mediated malignant
transformation. We found indications that NPM-ALK directly and indirectly — via JAK2 —
phosphorylates STAT5A and STAT5B, which function as direct effectors of malignant
transformation by promoting cell growth and survival. Due to cell-intrinsic and pharmacologic
limitations, we failed to observe synergistic effects when targeting kinase-independent and
kinase-dependent functions of CDK6 and STATS activation. Preforming RNA- and ChlP-
sequencing in NPM-ALK*T wt, Cdk67, Stat5b” and Cdk6” Stat5b” murine thymi — during early
transformation — will allow us to pinpoint essential direct downstream effectors of CDK6 and
STATS. We infer that specific combined targeting of STAT5 and CDK®6, or their common
downstream effector, could provide novel treatment opportunities, leading to a beneficial and

possibly curative outcome in refractory and relapsed ALK ALCL patients.
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1 Introduction

1.1 Blood cancers — leukaemia and lymphomas

In 2020, 19.3 million new cancer cases were diagnosed worldwide, accompanied by
10.0 million cancer-caused deaths (Sung et al., 2021). Compared to the most common cancer
types — lung (11.7% incidence) and breast (11.4% incidence) — blood cancers are considered
rare. Blood cancers are subdivided into four major categories: Leukaemia (2.5%), multiple
myeloma (0.9%), Hodgkin (0.4%) and non-Hodgkin lymphomas (2.8%). Nevertheless, they
make up a significant 6.6% of all cancer incidence worldwide (Sung et al., 2021). Due to the
heterogeneous nature of blood cancers, it has been impossible to develop targeted therapies
for all of them. Thus, despite significant advances in diagnosis and treatment for some blood
cancers, many lymphomas, leukaemias, and multiple myelomas remain a significant public

health concern.

1.2 Anaplastic large cell lymphoma

Non-Hodgkin lymphoma (NHL) is a lymphoid tissue neoplasm originating from precursor or
mature B, T or natural killer (NK) cells. T cell NHLs represent a heterogeneous spectrum of
lymphoid malignancies, with different immunophenotypic, genetic and clinical features, as well
as various aetiologies and responses to therapy. The most prevalent subtypes of T cell NHLs
are: peripheral Tcell lymphoma, not otherwise specified (PTCL-NOS; 26%),
angioimmunoblastic T cell lymphoma (19%), anaplastic large cell lymphoma (ALCL, 12%),
adult T cell leukaemia/lymphoma (10%) and extra-nodal NK/T cell lymphoma (10%) (Vose et
al., 2008).

ALCL is a very aggressive form of lymphoma, causing chemotherapy resistance and recurrent
disease in 40-65% of patients (Huang et al., 2018), most frequently in children. The
requirement for further treatment options leads us to focus on a specific subtype of ALCL driven
by aberrant anaplastic lymphoma kinase (ALK) rearrangements, in short, ALK-positive
(ALK*) ALCL.



1.2.1 Classification

ALCL is a biologically and clinically heterogeneous subtype of T cell lymphoma, affecting
children and adults. It is distinguished by its aberrant anaplastic cytology and constant high
membrane expression of the cluster of differentiation (CD)30 molecule, a member of the
tumour necrosis factor (TNF) receptor superfamily (Stein et al., 1985). ALCL characteristically
forms cohesive clusters of large pleomorphic cells with a high mitosis rate (ten Berge et al.,
2003). Large kidney-shaped cells are “hallmark cells” for this type of tumour, although
10-20% ALK" ALCL tumours have also been shown to contain small cells and

lymphohistiocytic variants (Klapper et al., 2008).

1.2.2 Primary Cutaneous and Systemic ALCL

ALCL presents as two distinct entities — a localised (primary) cutaneous disease or widespread
systemic disease (Figure 1) — each with different clinical and biologic features (Stein et al.,
2000). Primary cutaneous ALCL is a lymphoproliferative disease of the skin with 5-year
disease-free survival rates of > 90% (Querfeld et al., 2010). The systemic ALCL type is an
aggressive lymphoma that generally affects primary and secondary lymphatic organs (e.g.,
thymus and lymph nodes) but may secondarily involve the skin and other extra-nodal sites
(Savage et al., 2008).

1.2.3 ALK'and ALK" systemic ALCL

Systemic ALCL is further subdivided based on the expression of the ALK protein — into ALK-
positive (ALK") and ALK-negative (ALK") ALCL (Figure 1). ALK* ALCL exhibits a chromosomal
translocation involving the ALK gene, leading to its aberrant expression (S. W. Morris et al.,
1994). ALK* ALCLs shows a broad morphogenic spectrum, always manifesting in cells with

eosinophilic regions near their horseshoe- or kidney-shaped nuclei (Benharroch et al., 1998).

Alongside the common uniform CD30 expression, ALK" ALCL also morphologically resembles
ALK* ALCL but lacks the characteristic ALK protein expression (Medeiros & Elenitoba-
Johnson, 2007). Nevertheless, ALK ALCL differs from ALK* ALCL in a clinically worse survival
and higher expression of the immunophenotypical markers CD2 and CD3 (Savage et al.,
2008). The development of next-generation sequencing technologies has identified an
increasing number of mutations or enhanced expression of oncogenes, as well as lost tumour
suppressors in ALK ALCL. Loss of function alterations have been identified in the tumour

suppressors: Dual specificity phosphatase 22 (DUSP22) and Tumour protein p63 (TP63)



(Parrilla Castellar et al., 2014; Vasmatzis et al., 2012). Furthermore, gain of function alterations
of proto-oncogenes, more specifically activating rearrangements involving Ros proto-
oncogene 1 (ROST) and Tyrosine kinase 2 (TYK2), as well as overexpression of ERB-
B2 receptor tyrosine kinase 4 (ERBB4) (Scarfo et al., 2016) and hyperactivating mutations in
Janus kinase (JAK)1/Signal transducer and activator of transcription (STAT)3 genes

(Crescenzo et al., 2015; Luchtel et al., 2019) have also been recently identified.

/ ALK* Rearrangement: ALK
systemic
\ ALK Rearrangement: DUSP22,
TP63, ROS1, TYKZ
- Overexpression: ERBB4
cutanous| —— | ALK Mutations: JAKT/STAT3

Figure 1: Classification of ALCL subtypes and drivers of the disease (adapted from
(Gaulard & de Leval, 2016)

CD30" ALCL is subdivided into systemic and cutaneous ALCL, which are further differentiated
based on ALK expression. Systemic ALCL presents as ALK" or ALK", while cutaneous ALCL
mainly presents as ALK". ALK* ALCL is driven by rearrangements of the ALK kinase, mainly
the NPM-ALK ftranslocation. ALK ALCL may carry DUSP22, TP63, ROS1, TYK2
rearrangements, ERBB4 overexpression or even mutations of the JAK1/STAT3 axis (Gaulard
& de Leval, 2016).

1.3 NPM-ALK-driven ALCL

The ALK gene has been shown to fuse with multiple targets in ALK* ALCL, including the
TRK-fused gene (TFG), Clathrin heavy chain-like 1 (CLTCL) and Ran-binding protein
2 (RANBP2) (Duyster et al., 2001). However, ALK is most frequently activated through the
non-random t(2;5) chromosome translocation, which causes the fusion of the ubiquitously
expressed Nucleophosmin 1 (NPM1, also NPM) to the receptor tyrosine kinase ALK gene (S.
W. Morris et al.,, 1994; Shiota et al., 1994). The oncogenic NPM-ALK fusion protein is
considered to drive more than 70% of all CD30-positive (CD30") ALCL cases, leading to
enhanced proliferation and survival of tumour cells (Andraos et al., 2021). However, the
mechanism of malignant transformation mediated by the constitutively active NPM-ALK
tyrosine kinase is not yet fully understood. lts better understanding will improve therapeutic
strategies to avoid the development of resistances and relapses (Andraos et al., 2021; Sharma
etal., 2018).



1.3.1 NPM-ALK transgenic murine model

A vital model for dissecting the molecular mechanisms of ALK-mediated transformation was
developed in 2003 by Roberto Chiarle et al., in which the transcription of the human NPM-ALK
is driven by the CD4 promoter, thereby restricting its expression to T cells. These mice were
born with the anticipated Mendelian distribution and healthy lymphoid organs, including an
expected quantity and proportion of helper and suppressor T cells. However, all NPM-ALK
transgenic mice developed malignant lymphoproliferative diseases — primarily thymic
lymphomas — after a brief latency period. Interestingly, the thymic lymphomas displayed an
immature T cell phenotype and frequently expressed the CD30 surface marker (Chiarle et al.,
2003).

1.3.2 ALK deregulation through the NPM-ALK fusion protein

ALK is a transmembrane receptor tyrosine kinase (RTK) and belongs to the Insulin receptor
(IR) superfamily. It is transiently expressed in specific central and peripheral nervous systems
regions and reaches a maximum expression level around birth (reviewed by Chiarle et al.,
2008). The human ALK gene encodes a protein of 1,620 amino acids giving rise to a protein
of approximately 180 kDa (Figure 2a), which — through post-translational modifications (such
as N-linked glycosylation) — appears as 220 kDa on SDS-PAGE gels (lwahara et al., 1997).
As an RTK, ALK dimerises upon ligand binding, thereby bringing the intracellular kinase
domains into proximity. Similar to other IR family protein, the ALK kinase is activated by
tyrosine trans-autophosphorylation of YxxxYY motifs within the activation loop of the kinase
domain (Tartari et al., 2008).

a Signal Ligand Transmembrane Intracellular
peptide Stl:nrglani% domain domain
ALK NH; ) >—— > | KD | COOH
1 26 391 401 1031 1057 1116 1392 1620
| 1 1 1 : | = 1 1 :
b 1 117 680
NPM-ALK NH, | KD | COOH

Figure 2: Structure scheme of wild type ALK and NPM-ALK fusion protein

a) Wild type ALK protein consists of the N-terminal signal peptide, ligand-binding domain,
transmembrane domain and C-terminal intracellular domain. The intracellular domain also
includes a kinase domain, which becomes catalytically active upon ligand binding. b) The
NPM-ALK fusion protein consists of the ALK C-terminal intracellular domain — including the
kinase domain (KD) — fused to the NPM oligomerisation domain (OD) (Kourentzi et al., 2020).



The ALK kinase acquires oncogenic transforming capabilities through the t(2;5) chromosomal
rearrangement with NPM. The ALK fusion partner NPM is ubiquitously expressed in the
nucleus and has been implicated in several essential cellular processes, including cell division,

transcription, chromatin remodelling, genome stability and DNA repair (Lindstrom, 2011).

The fusion of the ALK intracellular domain to the NPM oligomerisation domain (OD) allows
NPM-ALK to become ligand-independent (Figure 2b). The OD-mediated dimerisation of NPM-
ALK leads to cross-autophosphorylation of the kinase domain activation loop motif, thereby
constitutively activating the NPM-ALK protein (Bischof et al., 1997).

1.3.3 Oncogenic NPM-ALK signalling

The introduction of aberrant constitutive active tyrosine kinase activity displays clear oncogenic
potential, as it leads to changes in numerous cellular processes (Duyster et al., 2001).
NPM-ALK has been shown to promote cell proliferation, survival, angiogenesis and
cytoskeletal rearrangements (Chiarle et al., 2003; Kuefer et al., 1997; Wellmann et al., 1997).
Similar to most normal and oncogenic tyrosine kinases, oncogenic ALK transformation is
mediated by altering numerous interconnected intracellular signalling pathways, including the
Rat sarcoma virus (RAS)-Extracellular signal-regulated kinase 1 (ERK1, also ERK), the JAK-
STAT (STAT3 being mainly studied) and the Phosphatidylinositol 3-kinase (PI3K)-Akt
serine/threonine kinase (AKT) pathway (summarised in Figure 3) (R. Y. Baietal., 1998; R. Y.
Bai et al., 2000; Chiarle et al., 2005; Zamo et al., 2002).

1.3.3.1 Proliferation

NPM-ALK has been shown to accelerate the cell cycle entry into the S phase (Wellmann et
al., 1997), accompanied by significant upregulation of Cyclin A and Cyclin D1 and enhanced
expression of proliferation genes — Fos proto-oncogene (FOS), V-jun avian sarcoma virus

17 oncogene homolog (JUN) and Myc proto-oncogene (MYC) (Chiarle et al., 2008).

Furthermore, NPM-ALK acts as a docking molecule for numerous adaptors and scaffolding
molecules, which aid to activate downstream signalling pathways, including the RAS—-ERK
pathway (Fujimoto et al., 1996; Pulford et al., 2004). Involvement of the Protein-tyrosine
phosphatase 2C (SHP2, also known as PTPN11) in NPM-ALK-mediated cell proliferation has
recently been described. NPM-ALK-activated SHP2 stimulates ALCL growth through ERK1/2

phosphorylation, probably as the result of its binding to Growth factor receptor-bound protein



2 (GRB2)-Son of sevenless 1 (SOS1) complex (Sattler et al., 2002; Voena et al., 2007). In
contrast to the increased activity of SHP2, a loss of the Protein-tyrosine phosphatase 1C
(SHP1, also known as PTPNG6), caused by hypermethylation of its promoter, occurs in
approximately 50% of ALCL cases (Honorat et al., 2006). SHP1 acts as a tumour-suppressor
gene, and its absence is usually correlated with uncontrolled cell growth, predominantly
through activation of the JAK3-STAT3 pathway (Han et al., 2006).

It has been shown that NPM-ALK phosphorylates JUN N-terminal kinase (JNK) and leads to
the upregulation of the Activator protein 1 (AP1) transcription factor family members. For
example, the upregulation of JUN leads to the downregulation of the Cyclin-dependent kinase
inhibitor (CDKN) 1A (p21) and simultaneous upregulation of Cyclins D3 and A, causing

uncontrolled cell-cycle progression (Leventaki et al., 2007; Wellmann et al., 1997).

Phospholipase C-gamma (PLCy) also binds to phosphorylated tyrosine residues of NPM-ALK
via its Src homology 2 (SH2) domain and contributes to NPM-ALK-mediated transformation
(R. Y. Bai et al., 2000).

1.3.3.2 Survival

Enhanced survival in ALCL is derived from ALK-mediated activation of numerous signalling
cascades, mainly JAK-STAT and PI3K-AKT, that promote the expression of several anti-
apoptotic gene products, including BCL-2-like 1 (BCL-x.) and Forkhead box O3A (FOXO3A)
(R. Y. Bai et al., 2000; Chiarle et al., 2008; Gu et al., 2004; Zamo et al., 2002; Zhang et al.,
2002).

In addition, STAT3 has a central role in numerous haematopoietic malignancies, including
NPM-ALK mediated tumorigenesis (Chiarle et al., 2005; Zamo et al., 2002). NPM-ALK can
directly phosphorylate STAT3 or JAK3, which can further contribute to STAT3 activation (Amin
et al., 2003; Zamo et al., 2002). Activated STAT3 promotes the expression of anti-apoptotic
factors and cell-cycle regulators, such as BCL-x., Survivin, Cyclin D3, CCAAT/Enhancer-
binding protein beta (C/EBP) and Myeloid cell leukaemia sequence 1 (MCL1) among many
other gene products (Coluccia et al., 2004; Piva et al., 2006; Zamo et al., 2002).

STAT5A and STAT5B have been shown to regulate the expression of anti-apoptotic factors —
such as B cell lymphoma 2 (BCL-2), BCL-x,, and MCL1 in various haematopoietic

malignancies (summarised by (Maurer et al., 2019)). Inhibition of STAT5B significantly impairs



NPM-ALK-induced transformation in vitro and in vivo by triggering apoptosis (Ruchatz et al.,
2003). STAT5B, but not STAT5A, has also been proposed as a mediator of the transforming
properties of NPM-ALK (Zhang et al., 2007), although studies suggest that JAK2 is required

for the mechanism of activation (Nieborowska-Skorska et al., 2001).

In ALCL cells, NPM-ALK binds to and activates PI3K via the regulatory p85 subunit, triggering
activation of its downstream effectors AKT1/2 (R. Y. Bai et al., 2000). Stimulation of PI3K-AKT
pathway results in the control of the cell cycle through the phosphorylation of the CDK inhibitor
p27, increasing its proteasomal degradation (Slupianek & Skorski, 2004). Moreover, NPM-
ALK-mediated AKT-activation leads to FOXO3A phosphorylation, its exclusion from the
nucleus, thereby preventing its transcriptional activity (Gu et al., 2004). This results in the
upregulation of Cyclin D2, downregulation of BCL-2-Like 11 (BCL2L11, also known as BIM)
and CDKN1B (p27) that together results in cancer cell survival and cell-cycle progression (Gu
et al., 2004). In ALCL, the activation of the mammalian target of rapamycin (mTOR) and its
target proteins are mainly transduced by the RAS-ERK cascade (Marzec et al., 2007). The
mTOR inhibitor rapamycin strongly affects cell growth and induces apoptosis in ALCL cells
(Marzec et al., 2007).

1.3.3.3 Cell migration and cytoskeletal rearrangements

ALCL is associated with peculiar anaplastic histomorphological features (including changes in
cell shape), which are associated with an increased cell migration rate of lymphoid cells in vitro
(Ambrogio et al., 2005; Armstrong et al., 2004; Chiarle et al., 2008; Stein et al., 2000; Voena
et al., 2007). These effects are the consequence of aberrant ALK tyrosine kinase activity on
key regulators of cytoskeletal rearrangements. Transformation by oncogenic ALK induces
actin filament depolymerisation and loss of cell-matrix adhesion (Ambrogio et al., 2005),
thereby influencing the morphology, migration and transformation of ALK-expressing tumour
cells (Ambrogio et al., 2005; Voena et al., 2007). A prime example is ALK-mediated modulation
of the Rhodopsin family GTPase activity, which results in RAS-related ¢3 botulinum toxin
substrate 1 (RAC1) activation, increasing cell migration and invasion (Chiarle et al., 2008;
Colomba et al., 2008).

1.3.3.4 Immunophenotype
ALCL is immunophenotypically characterised by the sustained expression of CD30, modulated
by ALK-mediated STAT3 phosphorylation, and ERK1/2 signalling, which induces the



expression of the JunB proto-oncogene (JUNB) (Hsu et al., 2006). The engagement of
CD30 by its natural ligand CD30L activates both the canonical and the alternative NFkB
pathways, resulting in pleiotropic effects, including proliferation, differentiation, cell-cycle
inhibition and apoptosis (Wright et al., 2007). Nevertheless, the full contribution of

CD30 expression to ALCL pathogenesis is still unclear.
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Figure 3: The oncogenic effects of constitutive NPM-ALK signalling in ALCL are
mediated by a complex network of redundant and interacting pathways

So far, only a few of the fusion protein's potential phosphorylation sites have been
characterised for ligand binding. NPM-ALK is linked to various signalling pathways, including
the PI3K, Mitogen-activated protein kinase (MAPK), and JAK-STAT pathways, through the
signalosome formation, attracted to the fusion protein. Their downstream effectors control
major cellular functions - proliferation, survival, angiogenesis and cytoskeletal
rearrangements. Full lines represent confirmed signalling mechanism in NPM-ALK-driven
ALCL, while dotted lines represent signalling mechanisms confirmed in other haematological
malignancies. Protein Kinase C (PKC), Vav proto-oncogene (VAV), Cell division cycle 42
(CDC42).

1.4 Treatment of ALK* ALCL

Anthracycline-based combination therapy leads to long-term event-free survival in about 60%
of cases. Besides haematopoietic stem cell transplantation, vinblastine monotherapy,

brentuximab vedotin (targeting CD30" cells), and ALK inhibitors have been reported in the



treatment of refractory ALK* ALCL (Prokoph et al., 2018). ALK is an ideal drug target, as its
endogenous expression is limited to neonatal neuron development (S. W. Morris et al., 1997).
Small molecular weight tyrosine kinase inhibitors of ALK, e.g. the 2011 FDA-approved agent
Crizotinib (Camidge et al., 2012), have been mainly used in ALK* non-small cell lung cancer
and are now approved and more frequently used in ALCL (Fukano et al., 2020; Pfizer, 2021).
ALK inhibitors bind to the ATP pocket of the abnormal ALK protein, thereby blocking its access
to energy and prevent trans-autophosphorylation of the ALK dimer and the downstream
effectors. However, ALK inhibitor therapy can lead to on-target (secondary mutations in ALK)
and off-target (e.g., the upregulation of epidermal growth factor receptor (EGFR), c-Kit proto-
oncogene (KIT) and MEK-ERK signalling) resistances (Pinto et al., 2020), increasing the
requirement for alternative combinatorial treatment strategies. For example, the combination
of ALK inhibition with blockade of the Interleukin (IL)-10/STAT3 (Prokoph et al., 2020) or the
mTOR pathways (Kim et al., 2020) were suggested.

1.5 Thymus and T cell development

The term T cells stem from the location of their development and maturation — the thymus. The
thymus is a specialised primary lymphoid organ of the immune system, consisting of a left and
a right lobe. It is subdivided into numerous smaller sections called lobules, each consisting of

a thymic cortex and the inner medulla (Murphy & Weaver, 2016).

1.5.1 Normal T cell development

Lymphoid progenitor cells (thymocytes) develop from haematopoietic stem cells in the bone
marrow (BM) and migrate through the blood to finally reach the thymus. When the progenitor
cells enter the thymus, they lack the most characteristic T cell surface markers. The interaction
with the thymic stroma starts the differentiation and first T cell-specific surface molecules like
CD2 and Thymocyte Antigen 1.2 (THY1.2) are expressed in human and murine T cells
respectively. Here, the developing cells are still negative for the CD3-receptor complex
(CD3 and T cell receptor (TCR) a- and B-chains) as well as the co-receptors CD4 and CD8 —
hence called double-negative (DN) thymocytes. At this stage, the precursors can give rise to
the a:p and y:d T cells as well as NKT cells (Murphy & Weaver, 2016).

In the DN stage, further differentiation stages can be attributed by CD25 (IL-2R a-chain) and

CD44 expression, an adhesion molecule involved in lymphocyte activation, by designating
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them to DN1 (CD44'CD25), DN2 (CD44*'CD25"), DN3 (CD44°“CD25), and DN4
(CD44-CD25") stage. During these development steps, DN2 cells start to rearrange the
B-chain locus (DB to JB rearrangements) and stay DN3 until VB to DJB rearrangement is
finished and pairs with the surrogate a-chain to form the pre-TCR, which is transported to the
cell surface. Pre-T cells begin to cycle and become DN4 cells, which eventually further
proliferate and express CD4 and CD8 — becoming double-positive (DP) thymocytes. Cells
failing to complete (3-chain rearrangement die. Next, DP thymocytes rearrange the a-chain
locus, allowing every cell with a functional B-chain can associate with various a-chains to

increase the variety (Murphy & Weaver, 2016).

Only 2% of DP a:B CD3* expressing thymocytes survive positive and negative selection,
maturing into CD4*or CD8" single-positive cells. Despite arising from a common precursor
during thymic development, CD4" or CD8" single-positive cells develop distinct functions and
make up the core of most adaptive immune responses (Vacchio & Bosselut, 2016). The T cells
that have undergone negative and positive selection are released into circulation of the
periphery and lymphoid organs. There, they have to find and fight their foreign antigen or
cancer cells that display neoantigens. It is only through antigen recognition through their TCR,
the T cells become activated, clonally expand and differentiate into effector and memory
T cells (Murphy & Weaver, 2016).

1.5.2 NPM-ALKin T cell development

It is now accepted that most ALCLs are derived from the expansion of transformed
T lymphocytes, which have undergone a clonal neoplastic transformation, as confirmed by
genomic studies of their TCR loci. Even in tumour cells that do not express any evident T cell-
associated surface markers, a clonally altered TCR 3 chain gene can be detected in 50—-60%
of cases. Furthermore, many molecules defining the T cell lineage and those involved in the
transmission of TCR signals (e.g., TCR, CD3 and the zeta-chain-associated protein kinase 70
(ZAPT70)) are downregulated or even absent in ALCL (Bonzheim et al., 2004).

Surprisingly, CD4 expression is frequently seen in > 50% of cases, whereas CD8 expression
is uncommon (Lamant et al., 2011; Malcolm et al., 2016). According to recent research, stem
cell-like features are enriched in a subpopulation of NPM-ALK-positive (NPM-ALK") ALCL cell
lines and primary tumours. Gene set enrichment analysis of NPM-ALK* ALCL cell lines

revealed a gene expression profile associated with early thymic progenitors and expression of
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pluripotency-associated transcription factors like the Octamer-binding transcription factor 4
(OCT4), SRY-box 2 (SOX2), and Nanog homeobox (NANOG) (Martinengo et al., 2014; Moti
etal., 2015).

Epigenetic alterations (e.g., DNA methylation) are critical in stem cell differentiation (Berdasco
& Esteller, 2011). NPM-ALK-activated STAT3 promotes the expression of DNA
methyltransferase 1 (DNMT1), which contributes to the significant loss of T cell lineage identity
seen in NPM-ALK* ALCL by epigenetically silencing several critical genes from the TCR
complex and its signalling pathway (Ambrogio et al., 2009; Hoareau-Aveilla & Meggetto, 2017).
The expression of T cell differentiation transcription factors — Lymphocyte-specific protein-
tyrosine kinase (LCK), GATA binding protein 3 (GATA3) and Lymphoid enhancer-binding
factor 1 (LEF1) — is tightly regulated, as they are critical for the development and function of
T cells. These genes are repressed and hypermethylated in T cell progenitors and are
demethylated upon differentiation (Kitagawa et al., 2015; Luo & Li, 2013). Interestingly, these
critical transcription factors remain hypermethylated in NPM-ALK* ALCL (Hassler et al., 2016).
A high throughput DNA methylation analysis was performed on patient samples with systemic
NPM-ALK* ALCL and normal human T lymphocytes. The obtained DNA methylation patterns
of NPM-ALK" ALCL were linked to particular thymic phases in T cell development, implying
that the disease originated from early thymic progenitor CD34* CD1a" cells (Hassler et al.,
2016; Moti et al., 2015).

Recent studies have revealed that the NPM-ALK transgene can transform mature human
peripheral CD4* T cells into ALCL by restoring a thymic progenitor-like pattern (Congras et al.,
2020; Zhang et al., 2013). Furthermore, the NPM-ALK-mediated induction of an
undifferentiated immunophenotype in thymic cells is accompanied by induction of the MYC-
Notch receptor 1 (NOTCH1) axis and dysregulation of critical epigenetic enzymes, such as
DNMT1 (Redl et al., 2021).

1.6 JAK-STAT signalling

The Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signalling
pathway controls many biological processes like proliferation, differentiation and is of particular
importance in immune cells (Liongue et al., 2016; Myllymaki & Ramet, 2014). It consists of four
principal components — cytokine, receptor, JAK and STAT — which allows for rapid integration

of signals from the cell surface to target gene transcription in the nucleus (Liongue et al., 2016;
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Myllymaki & Ramet, 2014). In most vertebrates, the family consists of four JAK (JAK1, JAK2,
JAK3, TYK2) and seven STAT (STAT1, STAT2, STAT3, STAT4, STATS5A, STATSB, STATG6)
genes, which integrate the signals of more than 50 cytokines, growth factors, chemokines and

their corresponding receptor chains (Liongue et al., 2016; Myllymaki & Ramet, 2014).

Signal transduction of the canonical JAK-STAT pathway is initiated upon the binding of
cytokines or growth factors to their respective cell-surface receptors (Figure 4). JAKs are
associated with the intracellular receptor chains and are activated upon binding cytokine or
growth factor. The binding leads to a conformational change of the receptors, bringing the
associated JAKs in close proximity, facilitating JAK activation via trans-autophosphorylation to
increase their catalytic activity. The activated JAK kinase domain phosphorylates the receptor
chains, thereby creating high-affinity SH2 docking sites for the STAT proteins (Hammarén et
al., 2018; R. Morris et al., 2018; Rani & Murphy, 2015; Waters & Brooks, 2015). The negative
feedback switching off the signal is provided mainly by Suppressors of cytokine signalling
(SOCS) proteins (Endo et al., 1997), Protein inhibitors of activated STAT (PIAS), and protein
tyrosine phosphatases (PTPs) (Wormald & Hilton, 2004). PTPs can mediate JAK
phosphorylation in the cytoplasm and STAT dephosphorylation in the nucleus.

i ]

s
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M Target gene
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Figure 4: Schematic overview on canonical JAK-STAT signalling

Upon dimerisation of receptors through cytokine or growth factor stimulation, JAKs are
trans-autophosphorylated and associated with unphosphorylated STAT dimers. STATs are
tyrosine phosphorylated (pY-STAT), which results in their parallel dimerisation and
translocation to the nucleus to activate gene transcription. JAK-STAT signalling is negatively
regulated through many different mechanisms. Shown are phosphatases and SOCS proteins,
which block further STAT activation in the cell cytoplasm. The Pim-1 proto-oncogene (PIM1,
also PIM) and SOCS protein are direct STAT target genes, where PIM phosphorylates SOCS,
thereby regulating its stability and function (adapted from B. Maurer and (D. E. Levy & Darnell
Jr, 2002)).

Pre-dimerised STATs reside in the cytoplasm or at the cytokine receptor in an inactive
anti-parallel confirmation. Upon JAK-mediated tyrosine phosphorylation, STATs change their
confirmation to parallel homo- or heterodimers (Bernado et al., 2009; Neculai et al., 2005;
Zhong et al., 2005). Phosphorylated STAT-dimers detach from the receptors, potentially
undergo additional post-translational modifications, and translocate to the nucleus, where they
initiate transcription of respective target genes (Figure 5). STATs can bind as dimers,

tetramers or in interaction with other proteins in multifactorial complexes (D. Levy & Marié,
2012; A. V. Villarino et al., 2017).

a b
Transcription Transcription
STAT-Site STAT-Site
- d
Transcription Transcription
non-STAT site non-STAT and STAT sites

Figure 5: STAT proteins induce transcription through four distinct mechanisms (Shuai,
2000)

Statb dimers are able to bind DNA and a) independently or b) as part of protein complexes
directly drive transcription at y-activation sites (GAS). The induction of transcription is also
possible via protein interactions at non-STAT DNA binding sites or through d) cooperational
binding of STAT and non-STAT transcription factors to clustered independent DNA regions
(Shuai, 2000).
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However, the JAK-STAT signalling cascade cannot solely be viewed as a linear model, as
interconnections to other signalling pathways are possible (e.g., STAT5 has been shown to
interact with PI3K via the scaffolding adaptor GRB2-associated-binding protein 2 (GAB2),
thereby influencing PI3K-AKT-mTOR pathway activation) (Yamada & Kawauchi, 2013).

1.6.1 STATS5A and STAT5B

The STAT5 locus comprises two highly homologous genes, STAT5A and STATS5B. The
complete genetic abrogation of STAT5A and STAT5B results in perinatal lethality on C57BL/6
or Balb/c backgrounds; but 1-2% mice devoid of STAT5 from heterozygous breedings on
mixed Sr129 x C57BL/6 backgrounds are suffering from dwarfism, severe microcytic anaemia,
and reduced numbers of CD8* T cells (Cui et al., 2004; Hoelbl et al., 2006). Mouse models
either lacking STAT5A or STATSB display different phenotypes, indicating non-redundant
roles in non-haematopoietic compartments. STAT5A, but not STATS5B, is required for
mammary gland development and prolactin signalling, whereas STAT5B is predominantly
involved in hepatic growth hormone signalling (Liu et al., 1995; Liu et al., 1997; Udy et al.,
1997; Yamaiji et al., 2009).

However, their functions are considered largely redundant in haematopoietic cells (A. V.
Villarino et al., 2017). STATS5B is expressed at higher levels in differentiated haematopoietic
cell types than STAT5A (Maurer et al., 2019). In normal haematopoiesis, STAT5A and
STATS5B are critical effectors of numerous cytokines, which signal through
JAK1, -2 or -3-bound surface receptors, as depicted in Figure 6. STAT5A and STAT5B are
fundamental for myelopoiesis, lymphoid development, megakaryopoiesis, macrophage,

basophil, eosinophil, and mast cell functions (Rani & Murphy, 2015; A. V. Villarino et al., 2017).

Furthermore, STAT5A and STAT5B also have important roles in apoptosis. They upregulate
the expression of pro-survival genes like Bcl-2, Bel-x. and Bcl-2-related protein A1 (Bcl2A1)
and downregulate the expression of Caspases 3 and 9. They also exhibit essential functions
in proliferation, such as the upregulation of D type Cyclins (de Groot et al., 2000; Debierre-
Grockiego, 2004).
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Figure 6: Cytokines and their respective JAKs signalling over STAT5

STAT5A/B operate as essential signalling molecules downstream of numerous cytokine and
growth factor receptors, e.g., IL-2, -3, -4, -5, -7, -9, -13, -15, Thymic stromal lymphopoietin
(TSLP), Erythropoietin (EPO), Thrombopoietin (TPO), Growth hormone (GH), Prolactin and
Granulocyte-macrophage (GM) Colony-stimulating factor (CSF) (Maurer et al., 2019;
Vainchenker & Constantinescu, 2013).

1.6.2 STATS5A/B regulation of T cell development

STAT5A and STATS5B proteins are critical downstream mediators of IL-2R and IL-7R
signalling, and hence play a vital role in T cell development, function, and survival (reviewed
by (Heltemes-Harris & Farrar, 2012; Kelly et al., 2003; Owen & Farrar, 2017)). Stat5a/b™" mice
display a severely decreased number of CD4*and CD8"*T cells and a higher fraction of
CD4~CD8™ thymocytes (Hoelbl et al., 2006; Yao et al., 2006). Recent studies investigating
STATS5A and STATSB target genes in T cells have revealed common STAT5A and STAT5B
binding sites at numerous proliferation and survival genes, including serum/glucocorticoid
regulated kinase 1 (SGK1), BCL-2 and MCL1, implicating STATS5 redundant functions in these
cell processes. Furthermore, both STAT5A and STATSB directly induce the expression of the
CD8 master regulator Runt-related transcription factor 3 (RUNX3) (Kanai et al., 2014). The
differentiation of CD8"and CD4"*T cells is regulated by STAT5A/B in a dose-dependent
manner, where the loss of Stat5b led to a more pronounced reduction of mature T cells
compared to Stat5a (Maurer, Nivarthi, et al., 2020; Nivarthi et al., 2015; Owen & Farrar, 2017;
Pham et al., 2018; A. Villarino et al., 2016).
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In addition to redundant functions in cell proliferation and apoptosis, STAT5A or STAT5B
specific roles have been described (Kanai et al., 2014). STAT5A binds to genes involved in
neural development and function, such as N-myc downstream regulated 1 (NDRG1), DnaJ
Hsp40 homolog, Subfamily C, Member 6 (DNAJC6), and Slingshot protein phosphatase
2 (SSH2), as well as other cell survival and proliferation-associated genes like Mitogen-
activated protein kinase kinase kinase 5 (MAP3K5) and BCL-x,. Meanwhile, STAT5B appears
to play a distinct role in T cell development and function by promoting the transcription of
Dedicator of cytokinesis 8 (DOCK8), Sorting nexin 9 (SNX9), FOXP3 and Interleukin
2 receptor, alpha (IL2RA). Their findings imply that one or more STAT5A and/or STAT5B co-
activators may play a key role in determining distinct binding capacities and gene regulatory

behaviours (Kanai et al., 2014).

1.6.3 The role of JAK-STATS5 in leukaemia and lymphoma

As mentioned, the JAK-STAT proteins are important pro-proliferative signalling molecules,
which can lead to cancer development upon deregulation (Bousoik & Montazeri Aliabadi,
2018). STAT5A and STAT5B may have distinct functions in leukaemia, as constitutive
activation of either protein can cause a disease with a unique phenotype — STAT5A has been
linked to aggressive multi-lineage leukaemia, whilst STATS5B has been linked to NKand T cell
leukaemia/lymphoma (Burchill et al., 2003; Moriggl et al., 2005; Onishi et al., 1998). More
recently, activating mutations were almost exclusively found in STAT5B and not in STAT5A,
mainly resulting in various forms of PTCL ((Pham et al., 2018) and summarised by (Maurer et
al., 2019)). Transgenic mouse models expressing gain-of-function mutants of STAT5A or
STAT5B in the haematopoietic system develop lethal CD8* T cell neoplasia (Maurer, Nivarthi,
et al., 2020; Pham et al., 2018). The gene expression profiles of these hyperactive STAT5A
and STAT5B model RNA-sequencing profiles share an overlap of 373 (28.8%) commonly
deregulated genes and are highly correlated to human peripheral T cell lymphoma (Maurer,
Nivarthi, et al., 2020). Furthermore, oncogenes such as the Abelson-breakpoint cluster region
(BCR-ABL), FMS-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) and NPM-ALK
can directly phosphorylate STAT proteins to induce proliferative or anti-apoptotic gene
expression (Brachet-Botineau et al., 2020). In the context of BCR-ABL-driven leukaemia,
STATSB has been attributed a more important role compared to STAT5A (S. Kollmann et al.,
2019).
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1.6.4 Inhibitors of JAK-STAT signalling

The inhibition of JAK-STAT signalling can be achieved by targeting JAKs or STATs. All of the
JAK inhibitors (JAKinibs) reported thus far are ATP competitive and bind to the active kinase
conformation (type | inhibitors) (Virtanen et al.,, 2019). JAKs are no longer capable of
phosphorylating substrates such as STATSs, preventing cytokine-dependent gene regulation
(Furumoto & Gadina, 2013). There are currently eight approved JAK inhibitors (JAKinibs)
successfully used to treat myeloproliferative neoplasms (MPNSs), rheumatoid arthritis and
psoriasis (Harrington et al., 2020). Ruxolitinib (JAK1- and JAK2-selective inhibitor) and
Fedratinib (selective JAK2 inhibitor) are mainly used for the treatment of MPNs, while
Tofacitinib (JAK1/3), Baricitinib (JAK1/2) and Upadacitinib (JAK1) are approved for the
treatment of rheumatoid arthritis and psoriasis. Due to the success of combination treatments
for MPNs, the use of Ruxolitinib has also been expanded to leukaemias, lymphomas and other

immune cell disorders (Dao et al., 2020).

Because of the expanding use of JAKinibs, it has become increasingly vital to address the
wide range of factors that may be influenced by JAK inhibition. As previously mentioned,
multiple immune-regulatory cytokines signal through JAK-STAT, making JAK signalling
indispensable for normal haematopoiesis and function of the immune system. Therefore,
JAKinibs often cause severe adverse effects (Figure 7), such as the development of anaemia,
thrombocytopenia, an increased incidence of infections and even the occurrence of
malignancies (Bottos et al., 2016; Gadina et al., 2018; Porpaczy et al., 2018; Schwartz et al.,
2017). Therefore, the development of more specific inhibitors targeting downstream
components of these pathways is desirable to prevent or minimise the occurrence of serious

adverse effects.

Cancer cells are more dependent on STAT activity than healthy cells, suggesting STAT
proteins as suitable targets for anti-cancer therapy. Numerous attempts of developing direct
STATS3 or STAT5S inhibitors have been previously described (reviewed by (Orlova et al., 2019)).
However, only very few compounds have been shown to target STATs directly. Wingelhofer
et al. (2018) have reported a novel selective and specific STATS SH2-domain-targeting
compound (AC-4-130), which directly binds to STATS, disrupts its activation, dimerisation and
nuclear translocation, thereby preventing STAT5-dependent gene transcription. Preclinical
evaluations have revealed that AC-4-130 efficiently blocks pathological levels of STAT5

activity and synergistically increases the cytotoxicity of the JAK1/2 inhibitor Ruxolitinib
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(Wingelhofer et al., 2018). The AC-4-130 STATS inhibitor represents a lead compound, which
is being further improved for clinical trials. As STAT5 plays a crucial role in regulating
haematopoietic stem cell self-renewal, the clinical approval of STATS5 inhibitors would provide
novel treatment opportunities to possibly eradicate the cancer stem cell pool (Tolomeo et al.,
2019).
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Figure 7: Adverse effects of JAK-inhibition (modified from (Schwartz et al., 2017))

Type | and Il cytokine receptors physically associate with JAKs, thereby allowing the
transduction of downstream intracellular signals. Because numerous cytokine signals
converge on the level of JAK signalling, inhibiting a single JAK interferes with multiple
biological functions. Therefore, JAKinibs may be used for numerous disease indications but
combined use could cause a wide array of side effects. For example, first-generation
nonselective JAKinibs broadly impact many JAKs and thus have adverse effects on
haematopoiesis or neurotoxicity. Meanwhile, a JAK3 selective inhibitor, for example, has a
more restricted action and will only affect T cell proliferation and memory (Gadina et al., 2018;
Schwartz et al., 2017). Leukemia inhibitory factor (LIF), oncostatin M (OSM), interferon (IFN)-
o/B, IFN-y.
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1.6.5 STATS5A/B as potential opponents in NPM-ALK* lymphoma

The roles of STAT5A and STATSB in NPM-ALK-driven lymphomagenesis have only been
addressed in a minimal number of studies. It was reported that NPM-ALK" cells express
predominately STAT5B, which controls proliferation and apoptosis (Ruchatz et al., 2003). The
NPM-ALK/STATS3 signalling axis has been shown to methylate the promoter of STAT5A,
resulting in epigenetic silencing. Forced expression of STAT5A resulted in NPM-ALK
downregulation via direct transcriptional inhibition (Zhang et al., 2007). Taken together, these
observations point to opposing functions — tumour-suppressive STAT5A and oncogenic
STAT5B — in NPM-ALK*" ALCL. NPM-ALK remains the only oncogene displaying antagonistic
roles for STAT5A and STAT5B (Nieborowska-Skorska et al., 2001; Zhang et al., 2007).
Despite having 94% structural similarity, it remains unclear how STAT5A and STATSB carry
out their separate tasks. Further studies to elucidate the roles of STAT5A/B in ALK* ALCL are

needed to elucidate its potential as a drug target.

1.7 CDKs and the cell cycle

The cell cycle consists of two distinct phases: mitosis (cell division) and the interphase (Figure
8). The interphase is further subdivided into the gap 1 (G1), DNA synthesis (S) and gap 2 (G2)
phase. Following mitosis (M), the cell returns to the quiescent GO phase. These cells can enter

G1 upon activation by mitogenic stimuli (Norbury & Nurse, 1992).
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Figure 8: Cell cycle phases and their essential CDK-Cyclin complexes (J. Bai et al.,
2017)

Each phase in the cell cycle is regulated by multiple CDK-Cyclin complexes and their
respective CDK-inhibitors. These complexes are composed of three interphase CDKs (CDK2,
CDK4, and CDK6), a mitotic CDK1 and ten Cyclins belonging to four distinct classes (A-, B-,
D-, and E-type Cyclins). G1 entry is mediated by D-type Cyclins associating with CDK4/6, while
CDK2-Cyclin E complexes regulate the late G1 phase and the G1/S phase transition. In later
stages, Cyclin A replaces Cyclin E as the partner of CDK2, thereby controlling DNA synthesis
and replication in the S phase. In G2, Cyclin A subsequently associates with CDK1, later
replaced by Cyclin B, thereby triggering mitosis (J. Bai et al., 2017).

Cell cycle progression is modulated by a family of serine/threonine kinases, called Cyclin-
dependent kinases (CDKs) (Sherr & Roberts, 1999). As the name suggests, CDKs require the
presence of regulatory subunits, the Cyclins, to become catalytically active (Sherr & Roberts,
2004). CDKs, in complex with their respective Cyclins, are essential for regulating cell-cycle
progression and have an important role in transcription (reviewed by (Malumbres & Barbacid,

2009)).

1.7.1 Kinase-dependent functions of CDK6

As mentioned, CDK4 and CDK®6 associate with D-type Cyclins (D1, D2, D3), thereby enabling
the cell to pass from the G1 to the S phase (K. Kollmann & Sexl, 2013; Matsushime et al.,
1994; Morgan, 1997). While the levels of most Cyclins fluctuate throughout the cell cycle
(Figure 9), the levels of D-type Cyclins reflect the presence of growth factors and mitogens
(Sherr & Roberts, 1999). In the G1 phase, cells with the opportunity to decide whether to initiate
DNA replication or not. Crosstalk between signalling pathways at the G1 phase enables cells
to take external and internal cues into account in coordinating higher-level functions such as

differentiation, growth, stress reactions and inflammation.
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Figure 9: Cyclin fluctuation in the cell cycle (UBC, 2021)

The Cyclin oscillations brought on by changes in Cyclin gene expression and degradation by
the ubiquitin-mediated proteasome system, cause oscillations in CDK activity, which drive the
cell cycle. D-type Cyclins do not behave like other Cyclins in that their concentrations rise
gradually (without oscillation) throughout the cell cycle in response to mitogenic cues (UBC,
2021).

CDK4/6-Cyclin D complexes mediate the phosphorylation of the Retinoblastoma (RB) protein
family members, resulting in the dissociation of E2F transcription factors from RB-mediated
repression (Figure 10). The activation of E2F-dependent genes allows for G1 to S phase
progression and DNA synthesis (Classon & Harlow, 2002; Matsushime et al., 1994; Tigan et
al., 2016). The CDK interacting protein/Kinase inhibitory protein (CIP/KIP) family, which
includes Cyclin-dependent kinase inhibitors (CDKN) p21, p27, and p57, and the INK4 family,
which includes p15, p16, p18, and p19, control the activation and inhibition of CDK4/6-Cyclin D
complexes. CIP/KIP family members can inhibit a broader range of CDK-Cyclin complexes,
including CDKs 1, 2, 4, and 6, whereas INK4 proteins only inactivate CDK4/6-Cyclin D
complexes (Blain et al., 1997; James et al., 2008; LaBaer et al., 1997; Russo et al., 1998).
However, depending on their phosphorylation status — mediated by nonreceptor tyrosine
kinases — CIP/KIP family members can act as positive and negative cell cycle regulators
(James et al., 2008). The versatility of CIP/KIP proteins as regulatory subunits is highlighted
by their contribution to the assembly, stabilization, and nuclear translocation of CDK4/6-Cyclin
D complexes (Choi & Anders, 2014; LaBaer et al., 1997).
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Figure 10: Regulation of the G1/S transition (Goel et al., 2018)

a) Prior to phosphorylation, RB is associated with promoters via E2F, allowing it to recruit
chromatin-modifying enzymes that keep the chromatin compact and transcriptionally
repressed (Gordon & Du, 2011; Talluri & Dick, 2012). CIP/KIP family proteins inhibit CDK2-
Cyclin E complexes from RB phosphorylation, and CDK4/6 CDKs are inhibited by P16. b)
Upon satisfying external conditions — the presence of mitogens — p16 is replaced by Cyclin D
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in the CDK4/6 complex. This drives the hypo-phosphorylation of RB, resulting in partial
dissociation of the repressor complex, allowing for E2F-mediated transcription (Burke et al.,
2014; Choi & Anders, 2014; Harbour et al., 1999; Rubin et al., 2005). During the late G1 phase,
E2F activates numerous genes, including Cyclin E, which binds to CDK2 and leads to RB
hyper-phosphorylation and the E2F transcription factor release (Burke et al., 2014).
Meanwhile, CIP/KIP proteins — p21 and p27 — bind to the CDK4/6 complex, isolating
themselves from other CDKs, such as CDK2, to prevent further inhibition. ¢) This feedback
loop allows the activation of CDK-Cyclin complexes that act later during cell cycle progression
(Choi & Anders, 2014; Sherr & Roberts, 1999; Tigan et al., 2016), thereby ensuring the
irreversible progression of the cell cycle through the S phase (Dyson, 1998).

1.7.2 Kinase-independent functions of CDK6

CDKG®6 but not CDK4 has an additional function as a transcriptional regulator — where, amongst
others, the group of Veronika Sexl largely contributed to the advances of the field (Bellutti et
al., 2018; Buss et al., 2012; Handschick et al., 2014; K. Kollmann et al., 2013; Scheicher et al.,
2015; Uras et al., 2019). CDK6 has been demonstrated to form multiprotein complexes and
function as a chromatin-bound cofactor that induces transcription of genes controlling
angiogenesis, cell cycle inhibition, stem cell activation, and immunological response. CDK6-
containing transcriptional complexes induce the expression of the tumour suppressor p16/NK4a
and the pro-angiogenic Vascular endothelial growth factor A (VEGF-A). In haematopoietic and
leukemic stem cells (HSC and LSC), CDK6 regulates stem cell activation by interfering with
the transcription of a key stem cell regulator — Early growth response 1 (Egr1). The absence
of CDKG6 prevents the repopulation of the stem cell niche upon competitive transplantation
(Scheicher et al., 2015). Studies have shown that in the nucleus, CDK6 physically interacts
with the Nuclear factor kappa-B (NF-kB) subunit p65 and drives the transcription of several
NF-kB target genes. Its recruitment to certain chromatin regions of inflammatory genes is
critical in determining cytokine and chemokine repertoires in chronic inflammation and cancer
(Handschick et al., 2014; Uras et al.,, 2019). In summary, the kinase-dependent and
-independent roles of CDK6 have important roles in numerous vital cellular processes, as

described in Figure 11.
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CDKE6 functions as a chromatin-bound cofactor that stimulates transcription of genes affecting
angiogenesis, cell cycle inhibition, stem cell activation, and immunological response in a
kinase-independent way. By binding to D-type Cyclins, the kinase-dependent phosphorylation
functions of CDK6 are able to regulate cell cycle progression, survival, differentiation and
senescence (reviewed by (Nebenfuehr et al., 2020)).

1.7.3 The role of CDKG6 in T cell development

Thymocyte development is negatively affected in Cdk6-deficient mice (Malumbres et al.,
2004). Reduced proliferation and increased apoptosis during NOTCH1-dependent T-cell
development prevent immature thymocytes from undergoing normal expansion (Hu et al.,
2009). The differentiation capacity of HSCs into mature T cells is also impaired. Similar
observations of reduced proliferation were made in a mouse model expressing a CDKG6 kinase -
dead allele, indicating that CDK6 kinase activity is required for thymocyte development. In
mature thymocyte subsets, there was a striking contrast between the complete loss of CDK6
and the inactivation of its kinase function, where the presence of the kinase-dead allele

dramatically increased the frequency of DN T cells (Hu et al., 2011).
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1.7.4 The role of CDK®6 in leukaemia and lymphoma

Components of the CDKG6-Cyclin D complexes are frequently dysregulated (e.g., CDKG6
overexpression) in haematological malignancies — including T-cell lymphoblastic lymphoma
and leukaemia (Chilosi et al., 1998). CDKG is not only crucial in the development of leukaemia,
but it also modulates the response to oncogene-induced stress by antagonizing oncogene-
induced activation of the Tumour protein 53 (TP53, p53). In the absence of CDK6, lymphoid
cells are driven to alter or delete p53 in order to cope with the stress caused by the oncogene
(Bellutti et al., 2018). Studies have shown that Cdk6-deficient mice are resistant to AKT-driven
lymphomagenesis, implying that CDK6 involvement in NOTCH-AKT-dependent T cell

development and cancer is not compensated by CDK4 (Hu et al., 2009).

1.7.5 CDKG6 in NPM-ALK"* lymphoma

We and others have shown that human and murine NPM-ALK tumours express high levels of
CDK6 (K. Kollmann et al., 2013; Redl et al., 2021). Deletion of CDKG6 is associated with a
delayed onset of NPM-ALK-mediated thymic lymphomas in mice (K. Kollmann et al., 2013),
and human NPM-ALK cell lines are sensitive to CDK4/6 kinase inhibitors (Hoareau-Aveilla et
al., 2019). This positions CDK6 as a potential drug target in ALK* ALCL.

1.7.6 CDKG6 inhibitors and degraders

Cell cycle deregulation is one of the most common features of human cancer, caused by
aberrant CDK activation (Cordon-Cardo, 1995). CDKs have been a popular target for
pharmacological suppression due to their involvement in cancer initiation and progression
(reviewed by (Malumbres & Barbacid, 2009)). Since then, numerous CDK4 and CDK6 dual
kinase inhibitors, interfering with the ATP binding pocket, have successfully entered the clinics
(Nebenfuehr et al., 2020; Sherr et al., 2016).

Palbociclib, Ribociclib and Abemaciclib have been approved for the treatment of ERB-B2
receptor tyrosine kinase 2 (HER2)-negative breast cancer and are currently undergoing clinical
trials to test their efficacy in solid tumours and leukaemia (Sobhani et al., 2019). Palbociclib
not only interferes with the cell cycle but also targets other kinase-dependent functions of
CDK®6, thereby inducing a senescence-like phenotype and enhancing cancer cell
immunogenicity (Goel et al.,, 2018). Many side effects of CDK4/6 inhibitors, including
neutropenia, lymphopenia, anaemia and thrombocytopenia, are explained by the role of CDK6

in haematopoiesis (Maurer, Brandstoetter, et al., 2020).
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In addition to CDK4/6 inhibitors, specialized protein degraders called PROTACSs that hijack the
cell's proteasomal degradation machinery have recently been developed (Rana et al., 2019).
By selectively targeting CDK®6, these drugs not only target the kinase-independent regulatory
roles of CDK®6, but they also avoid the probable elevation of CDKG expression reported in
patients treated with CDK4/6 kinase inhibitors, which generally leads to therapy resistance
(Yang et al., 2017).

1.8 The connection between CDK6 and STAT5

It has been shown that CDKG6 directly interacts with STAT3 to regulate gene expression (e.g.,
p16 (K. Kollmann et al., 2013)). Our lab has generated various lines of evidence also
pinpointing to an interplay of CDK6 and STATS: In the absence of CDKG, the progression of
STAT5-dependent JAK2V8'"F- and BCR-ABL-driven haematopoietic diseases decelerates and
disease symptoms are ameliorated (Scheicher et al., 2015; Uras et al., 2019). This thesis will
present further evidence pointing towards the interaction of CDK6 and STAT5A/5B and
highlight the therapeutic potential of their combinatorial inhibition as alternative treatment

strategies for resistant or refractive NPM-ALK-driven ALCL.

1.9 Thesis aim

We have previously shown that in the absence of CDK6, a transgenic murine model of
ALK"ALCL exerts a later disease onset. STAT5 is considered a proto-oncogene in
leukaemia/lymphoma, but its role in NPM-ALK-driven tumours, and more precisely — the roles
of STAT5A and STAT5B — have not been extensively studied. Resistance mechanisms
towards ALK inhibitors have to be anticipated, and alternative treatment strategies are highly
needed to allow for a full molecular response. Understanding the mechanism of the disease
would allow us to pursue novel therapeutic strategies, leading to a beneficial or curative

outcome in NPM-ALK tumours.

In this thesis, we will address the necessity of CDK6 and STAT5A or STAT5B in
NPM- mediated-malignant transformation. We also aim to discover whether NPM-ALK directly
phosphorylates STAT5A or STAT5B, as has been shown for STAT3 (Zamo et al., 2002).
Finally, we aim to unravel the so-far unknown interplay of CDK6 and STAT5A/B in
NPM-ALK-driven tumours, which shall be directly applicable for pharmacologic intervention in
ALK* ALCL patients.
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents
Table 1: Reagents

Reagents Company
Roti Histofix (4% Formaldehyde) Roth
Proteinase K Sigma Aldrich
Propan-2-ol Roth

100% Ethanol Scharlau
Methanol Sigma Aldrich
Distilled water (ddH20) MiliQ

dNTP Mix Fermentas
Dream Tag DNA Polymerase Fermentas
Agarose peqLAB
Ethidium Bromide Roth

Gene Ruler™ 100 bp DNA ladder Fermentas
Gene Ruler™ 1 bk DNA ladder Fermentas
DNA Gel Loading Dye (6X) Fermentas
Histo-Clear Samova
Haematoxylin solution Merck

Eukitt® mounting medium Sigma Aldrich
Aquatex Merck

Dako Target Retreival Solution, Citrate buffer pH 6 Agilent
Avidin/Biotin Abcam

Superblock Thermo Scientific
Hydrogen peroxide (H20-) Roth

RPMI-1640 Medium Sigma Aldrich
Dulbecco’s Modified Eagles Medium (DMEM) Sigma Aldrich
Fetal Calf Serum (FCS) Capricorn




27

Penicillin Sigma Aldrich
Streptomycin Sigma Aldrich
[B-mercaptoethanol Sigma Aldrich

Recombinant murine IL-3, IL-10

R&D Systems (Biomedica)

Recombinant murine IL-7

StemCell Technologies

Recombinant murine IL-6

IMP

Stem Cell Factor (SCF) Preprotech
Dimethyl sulfoxide (DMSO) Sigma Aldrich
Etoposide Selleckchem
BSJ-03-123 (CDK6 degrader) Selleckchem

Ruxolitinib Cayman Chemical Company
Tofacitinib Selleckchem
Crizotinib Selleckchem
Alecetinib Selleckchem
Palbociclib Selleckchem
Imatinib Selleckchem
Crenolanib Selleckchem
Liquid nitrogen MVE
Methylcellulose StemCell
RNeasy Mini Kit Qiagen
iScript cDNA Synthesis Kit BioRad
RNAse-free H,O Qiagen
Formaldehyde Sigma Aldrich
30% Acrylamide (Bis-acrylamide) Roth
N,N,N’,N-Tetramethylethylenediamine (TEMED) Sigma Aldrich

10% Ammonium Persulfate (APS)

Thermo Scientific

Protease inhibitor cocktail (Complete Tablete)

Roche

Sodium Orthovanadate

Sigma Aldrich

BCA Protein Assay Kit

Pierce-Thermo Scientific

Bovine Serum Albumin (BSA)

Roth

Clarity™ Western ECL substrate

BioRad
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Page Ruler Protein ladder (10-180 kDa) Thermo Scientific
Pierce™ Western Blot Signal Enhancer Thermo Scientific
Cell-TiterGlo® Luminescent cell Viability Assay Promega
Polybrene Thermo Scientific
PowerUp SYBR Green PCR Master Mix BioRad

2.1.2 Buffers
Unless stated otherwise, the buffer solutions were created in house and the standard

chemicals were purchased from Sigma Aldrich, Carl Roth or Merck.

Table 2: Buffers

Buffer Final Concentration/Amounts Component
137 nM NaCl
2.7 mM KCI
xPBS 4.3 mM NazHPO4 * 2H,0
1.4 mM KH2PO4
150 mM NaCl
1.0% Triton X-100
RIPA buffer 0.5% Sodium Deoxycholate
0.1% SDS
50 mM TRIS (pH 8.0)
100 mM Tris/HCI (pH 6.8)
1x Laemmli buffer 2.5% SDS
10% Glycerol
29 DTT
4 ml 20% SDS
4x Laemmli loading 1 ml 1 M Tris-HCI (pH 6.8)
buffer, 20 ml 8 ml 99.9% Glycerol
800 pl Bromphenol blue
Add H20 to 20 ml
250 mM TRIS
10x SDS-PAGE 1920 mM Glycine
running buffer 10 mM EDTA-Na>
17.5 mM SDS Pellets
250 mM TRIS
10x Transfer buffer 1.92 M Glycine
Add H.Oto 1L
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300 ml 10x Transfer buffer
1x Transfer buffer 600 ml 100% EtOH
2100 ml H20
100 ml 1 M Tris/HCI (pH 8.0)
438¢ NaCl
10x pY-TBST 20 ml 500 nM EDTA
10 ml TWEEN-20
: . 5% Milk powder
Blocking solution Add 1x pY-TBST
96.8 g Tris-Base
21.8¢ Acetic acid
20x TAE 5.85g EDTA (pH 8.0)
Add H.Oto 1L
50 mM Tris/HCI
) 100 mM EDTA-Na>
DNA lysis buffer 100 mM NaCl
1% SDS
0.1% Eosin
Eosin Y 80% 100% EtOH
0.25% Acetic acid
e 113.9 mg 0.1% Na-Citrat dyhidrat
(Pplrslff'g;‘m lodide) 100 mg 0.1% Triton-X-100
100 ml 1xPBS
. 1% HCI
Acidic alcohol 70% EtOH
2% FCS (Capricorn)
Wash/Stain buffer 0.2% TWEEN-20
In 50 ml PBS
200 mM Tris/HCI
10x PCR buffer Il 450 mM KC|
2.1.3 Consumables
Table 3: Consumables
Material Company

Fisherbrand ™ Cell Strainer (70 um)

Fisher Scientific

Syringes (50 ml, 10 ml, 3 ml)

Henry Schein Medical
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Polyvinylidene fluoride (PVDF) Membrane

Merck

Whatman Paper

Hartenstein A.

Sterile filter (45 nm, 70 nm) Starstedt
Falcon tubes (15 ml, 50 ml) Starstedt
Flat bottom sterile cell culture plates Corning
(96-well, 48-well, 24-well, 12-well, 6-well)

Round Bottom Sterile Cell Culture Plates (96-well) Corning
Sterile Cell Culture Dish (3.5 cm, 10 cm) Corning
PCR Strips with Caps 4titude
PCR Plate (96 well) 4titude
gPCR Plate (96 well) 4titude
(q)PCR Plate Seal 4titude
Histology Cassettes VWR
Graduate Filter Tips (10 pl, 20 pl, 100 pl, 200 pl, 1000 pl) Starlab
Seriological Pipettes Starlab

(5 ml, 10 ml, 25 ml, 50 ml)

Superfrost Plus microscope slides

Menzel-Glaser

Eppendorf Tubes

Eppendorf

Falcon Tubes (15 ml, 50 ml)

Fisher Scientific

Magnetic Beads

BioRad

Cryogenic vials (Cryotubes)

Greiner Bio-One

Nitrille Gloves Hartmann
Round Bottom Polystyrene Tube (with Cell Strainer Snap Cap) | Corning
Round Bottom Polypropylene Tube Corning
2.1.4 Devices
Table 4: Devices
Devices/Apparatus Company

Rotina420 Centrifuge

Hettich Zentrifugen

Magnetic rack

MACS Miltenyi Biotec

PCR Detection System CFX96™ Real Time System

BioRad
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Thermocycler

BioRad

Nanodrop One

Thermo Scientific

BD FACS Aria BD Bioscience
CytoFLEX S Beckman Coulter
Heating block (Thermoheater Compact) Eppendorf
ChemiDoc™ Touch Imageing System BioRad

Enspire Microplate reader

Perkin Elmer

CytoFLEX Beckman Coulter
Sonicator Bandelin

Pipette (0.2-2 pl, 1-10 pl, 2-20 pl, 20-200 pl, 100-1000 pl) | Gilson

Pippete boy Integra

Zeiss Axioimager Z1 with PixeLINK camera Zeiss & Pixelink
Mr. Frosty Sigma Aldrich
Flourescent microscope Olympus

Fresco™ Microcentrifuges

Thermo Fisher Scientific

Gel Doc™ EZ Imager BioRad
Agarose Gel Caster BioRad
Mini-Sub GT Electrophoresis Cell BioRad
PowerPac Universal Power Supply BioRad
Microtome Leica

EnSpire plate reader

Perkin Elmer

Vortex IKA

BLACK and WHITE cel plates Crescent Scientific
Mini-PROTEAN System BioRad

Criterion System BioRad

Rotating shaker Stuart

Shaker

Labnet International

2.1.5 Celllines

The murine Ba/F3 cell line was kindly provided by Dr. Deininger (Huntsman Cancer Institute,
University of Utah, Salt Lake City, UT, USA) in 2013. ALK" ALCL cell line Mac2A were obtained

from Dr. Merkel (Medical University of Vienna) and have previously been derived from
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advanced cutaneous tumour nodules with anaplastic morphology (Davis et al., 1992;

Ehrentraut et al., 2013). The virus packaging cell line Platinum-E (Plat-E) was obtained from

Cell Biolabs, Inc.

Table 5: Cell lines

Name of the cell line

Type of the cell line

Ba/F3

IL-3-dependent murine pro B cell line

Mac2A

ALK ALCL cell line

Platinum-E (Plat-E)

Retroviral Packaging cell line

2.1.6 Animals

The mice were bred on C57BL/6N background and housed in a specific-pathogen free facility

under standardized conditions at the University of Veterinary Medicine Vienna according to

Federation for Laboratory Animal Science Association (FELASA) guidelines. All animal

experiments were carried out according to the animal license protocol approved by the

institutional Ethics Committee, Animal Welfare Committee of the University of Veterinary

Medicine Vienna and the Austrian Ministry of Education, Science and Research authorities.

Mice used for ageing experiments were monitored daily for signs of disease. For ex vivo

experiments the mice were age- (8—12 weeks) and gender-matched.

Table 6: Mouse strains

Mouse strain

Mouse background

NPM-ALK*T C57BL/6N
NPM-ALK"T Cdk6™” C57BL/6N
NPM-ALK"T Stat5a™ C57BL/6N
NPM-ALK"T Stat5b™ C57BL/6N
NPM-ALK"T Cdk6” Stat5a™ C57BL/6N
NPM-ALK"T Cdk6” Stat5b™ C57BL/6N
wt C57BL/6N
Cdk6™ C57BL/6N
Cdk6” Statb5a™ C57BL/6N
Cdk6™ Stat5b™ C57BL/6N




2.1.7 Primers

All primers were obtained from Eurofins MWG/Operon. All sequences are written in 5" to 3’

direction.

Table 7: Primers for gPCR

33

Gene Primer Sequence
Rolo0 Fw GCTTTCTGGAGGGTGTCC
pip Rv GCTTCAGCTTTGGCAGGG
NPM-Alk Fw GTTCAGGGCCAGTGCATATT
Rv TTGGGGTTGTAGTCGGTCAT

Table 8: Primers for genotyping

Gene Primer Primer sequence
cre fr TCCCTTGGGGGCTTTGAAATAACACC
NPM-Alk cre rev CGAGGTGCGGAGCTTGCTCAGC
myo fw TTACGTCCATCGTGGACAGC
myo rev TGGGCTGGGTGTTAGCCTTA
Statba fw GAGACCTTAGAAGTAGGCTTGGCT
Statba Stat5a m rev TGACGAGTTCTTCTGAGGGGAT
Statba wt rev GGAATGAGGGAGGAGCGTC
Statba fw CCAAGAGTACTTCATCATCCAGTACCAG
Statbb Statba m rev TGACTAGGGGAGGAGTAGAAGGTG
Stat5a wt rev GAACCAGGATCTCTTCTGCTTCCTC
Cdk6 m fw CTAAAGCGCATGCTCCAGAC
Cak6 Cdk6 wt rev AGAGATCTCCACAGGGTTCCAC
Cdk6 wt fw TCAGCTAGCGCTGCGCTCAT
Cdk6 m rev GCTCCACCCTTAAAGTTTCC

2.1.8 Antibodies

Table 9: Primary antibodies used for protein analysis by Western blot

Antibody Company Mouse/Rabbit | Catalogue Dilution
No.

pALK (Y1278/1282/1283) | Cell Signaling | Rabbit 3983S 1:500

ALK (D5F3) Cell Signaling | Rabbit 3633P 1:500
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PSTAT5 (Y694/699) Becton Mouse 611965 1:1.000
Dickinson

STAT5A/B R&D Systems Rabbit AF2168 1:1,000

pSTAT3 (Y705) Cell Signaling Rabbit 9131S 1:1,000

STAT3 (D322G) Cell Siganling Rabbit 12460 1:1,000

CDK®6 (H-96) Santa Cruz Rabbit sc-7180 1:1,000

CDK6 (DSC-90) Santa Cruz Mouse sc-56282 1:1,000

HSC-70 Santa Cruz Monoclonal | ¢ 7208 1:1,000
mouse

B-ACTIN Sigma Aldrich | Menecional 1 a3 11,000
mouse

A-TUBULIN Cell Signaling Rabbit 2144 1:1,000

Table 10: Secondary antibodies used for protein analysis by Western blot

Antibody Company Catalogue No. Dilution

Anti-mouse IgG HRP-linked antibody | Cell Signaling 7076 1:10,000

Anti-rabbit IgG HRP-linked antibody | Cell Signaling 7074 1:10,000

Table 11: Imnmunoprecipitation Antibodies

Antibody Company Catalogue No.
STAT5A R&D MAB2174
STAT5B Abcam Ab178941

All flow cytometry antibodies and dyes were obtained from eBioscience unless indicated

otherwise (Table 12).

Table 12: Flow Cytometry Antibodies and dyes

Antigen Fluorochrome Catalogue No.

CD117 (KIT) PE-Cy5, APC 15-1171-83, 17-1171-82
CD11b FITC, eFluor® 450 11-0112-82, 48-0112-82
CD25 APC 17-0251-81

CD3 eFluor® 450 48-0032-82

CD3e PerCP Cy5.5 45-0031-82
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CD4 FITC, PE 11-0041-82, 12-0041-82

CD44 PE 12-0441-82

CD8a FITC, PE, 11-0081-82, 12-0081-82,
PerCP Cy5.5, APC | 45-0081-82, 17-0081-82

TER-119 eFluor 450 48-5921-82

TCRyd FITC 11-5711-81

SYTOX™ Green Nucleic Acid Stain | SYTOX™ Green S7020 (InvitrogenTM)

DAPI PB D9542 (Sigma)

Annexin-V PE A35111 (Invitrogen)

Propidium lodide (PI) PE P1304MP (Invitrogen)

pY-STATS (Tyr694) PE 12-9010-42

pY-STAT3 (Tyr705) FITC 11-9033-42

Table 13: Immunohistochemistry Antibodies

. Catalogue o L Unmasking
Antibody Company No. Dilution buffer
Ki67 (D3B5) | Cell Signaling Technology 12202 1:400 Citrate

2.1.8.1 Plasmids

The pMSCV-NPM-ALK vector was a gift from Lukas Kenner (Staber et al., 2007). The pLENC
vector backbone was a gift from Johannes Zuber (Addgene plasmid # 111163;
http://n2t.net/addgene:111163 ; RRID:Addgene_111163). Furthermore, the shStat5a,
shStatbb, shCdk6 and shRenilla plasmid derivates were synthesized in the lab as previously

described.

Table 14: Plasmids

Plasmid Backbone | Components

NPM-ALK pMSCV pMSCV-NPM-ALK-Internal ribosome entry site (IRES)-GFP

shStatba pLENC pMSCV-shStatba-PGK-NeoR-IRES-mCherry
shStatbb pPLENC pMSCV-shStatsb-PGK-NeoR-IRES-mCherry
shCdk6 pPLENC pPMSCV-shCdk6-PGK-NeoR-IRES-mCherry

shRen pLENC pMSCV-shRenilla(713)-PGK-NeoR-IRES-mCherry
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2.2 Methods

2.2.1 Generation of in vivo NPM-ALK*™ mouse models

The transgenic NPM-ALK mouse model (Chiarle et al., 2003) develops ALCL. The NPM-ALK
transgene is expressed under the CD4 promoter. Therefore, the fusion protein is only present
in thymocytes after CD4 promotor activation in the DP stage of thymocyte maturation. NPM-
ALK transgenic mice were crossed with Cdk6” (Malumbres et al., 2004), Stat5a™ (Liu et al.,
1997), and Stat5b” (Udy et al., 1997) mice. All NPM-ALK transgenic mice were hemizygous,
and non-transgenic littermates served as controls. The Statba and Statbb loci were bread
heterozygous to produce full-body homozygote knockouts. The Cdk6 locus was bread to be
homozygous. At weaning, ear punches served for labelling of mice and were used for

genotyping (described in chapter 2.2.4).

2.2.2 Ageing of NPM-ALK*T mouse models

NPM-ALK*”Twt, Cdk67, Statba”, Statbb”, Cdk6” Statsa’ and Cdk67 Statsb” mice were
utilised for ageing experiments and were monitored daily for signs of disease. The ageing
experiment endpoint was defined as the development of thymic lymphoma, which manifested
in breathing difficulties for the mice. At first signs of disease — breathing difficulties or any
disease indications according to FELASA guidelines — mice were sacrificed by cervical

dislocation, and the tissues of interest were collected.

2.2.3 Tissue collection and processing

The sacrificed mouse’s ear tissue was collected for re-genotyping in Eppendorf tubes and
stored at -20°C. Tissues of interest were excised, weighed, collected in ice-cold PBS or RPMI-
1640 medium (Sigma Aldrich) (e.g., for immediate flow cytometry and in vitro analysis) or
formalin-fixed and paraffin-embedded for histological and immunohistochemical examinations.
Formalin-fixation was done in Roti Histofix (4% Formaldehyde, Carl Roth) at 4°C for 24 h.
Afterwards, tissues were dehydrated by automated ethanol gradients (Scharlau) and placed in
disposable plastic histology cassettes (VWR) to hold tissue specimens during the paraffin

embedding process.
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2.2.3.1 Single-cell suspensions

Single-cell suspensions of thymocytes were obtained by mincing the excised thymi and thymic
lymphomas through 70 um cell strainers (Fischer Scientific) and washed twice with PBS to
remove any fat residue.

Murine BM cells were recovered by crushing of femora and tibiae in PBS using a mortar and
pestle. The single-cell suspension was filtered through a 70 um cell strainer (Fisher Scientific)

and washed once with PBS.

2.2.3.2 Downstream processing

The single-cell suspensions were either cultured in vitro (described in 2.2.6.1), directly used
for immediate downstream analysis, such as RNA (described in 2.2.17) or protein extraction
(described in 2.2.15) and flow cytometry (described in 2.2.14), cryo-preserved (described in
2.2.6.4) or pelleted and snap-frozen in liquid nitrogen, then stored at -80°C for RNA or protein

extraction at a later time.

2.2.4 Genotyping

Each mouse was genotyped by PCR and re-genotyped when sacrificed. Ear tissue of
sacrificed mice was digested with 500 pl DNA lysis buffer supplemented with 12.5 pl
Proteinase K (Sigma Aldrich). The digestion was performed for 2—3 h at 55°C on a constantly
shaking block heater (Eppendorf) at 800 rounds per minute (rpm) or o/n not shaking. Next,
200 ul of 5 M NaCl was added to the digestion and centrifuged for 10 min at 14,000 g. 450 ul
of the supernatant was transferred into a new Eppendorf tube (Eppendorf) with 300 pl of
Propan-2-ol (Roth) and incubated at -20°C for at least 5 min. After 15 min centrifugation at
14,000 G, the supernatant was discarded, and the pellet was washed with 1 ml 70% Ethanol
(EtOH, Scharlau) and centrifuged for 10 min at 14,000 g. After removing the supernatant, the
pellet was airdried for at least 30 min and then resuspended in 100-150 ul distilled water
(ddH20, MiliQ).

The PCR reactions were prepared on ice as described in Table 15. Each reaction was mixed
well in PCR 96-well-plates (4titude) and was run on the thermal cycler (BioRad) using the
following protocol: single step of 95°C (5 min); followed by 35 cycles of 95°C (30 sec), 60°C
(Cdk6, NPM-Alk) or 55°C (Statba, Statbb) (40 sec), 72°C (40 sec); a single step of 72°C
(5 min) and 20°C (hold).
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Table 15: PCR reaction mix

Reagent Volume per reaction
10 pM Primer mix variable

10x PCR buffer I 2.00 pl

15 mM MgCl, 2.00 pl

2 mM dNTPs 2.00 pl

DNA TAQ Polymerase 0.10 pl

ddH:0 Fill up to 18 yI

Each PCR product was mixed with 4 ul 6x DNA loading dye (Thermo Scientific). 15 pl were
loaded on a 1.5% (w/v) agarose gel immersed in 1x Tris Acetate (TAE) buffer until appropriate
separation occurred. DNA was visualized with ethidium bromide (Roth) in TAE Gel (1:20,000)
exposed to ultraviolet (UV) light in the ChemiDoc™ Touch Imageing System (BioRad). As a

reference marker, the Gene Ruler™ 100 bp DNA ladder (Thermo Scientific) was used.

2.2.5 Tissue histology

For histological or immunohistochemical analyses, 3 ym thick consecutive Formalin-Fixed
Paraffin-Embedded (FFPE) sections were cut using a standard microtome (Leica) and
transferred to “Superfrost Plus” microscope slides (Menzel-Glaser). Following H&E staining or
immunohistochemistry, light microscopic images were captured with a PixeLINK camera
(Pixelink) and the corresponding acquisition software on a Zeiss Aixolmager Z.1 (Zeiss,
magnification: x100, x200 and x400).

2.2.5.1 Haematoxylin and Eosin staining

Sections were stained with Haematoxylin and Eosin (H&E) using standard procedures.
Therefore, sections were deparaffinised in Histo-Clear (Samova) followed by rehydration in a
descending EtOH (Scharlau) gradient to ddH.O (MiliQ). Sections were incubated in
Haematoxylin solution (Merck) for 10 min and subsequently rinsed in tap water. The slides
were shortly exposed to acidic alcohol (1% HCI in 70% EtOH) and again rinsed in tap water.
Counter staining of nuclei was achieved by incubation in Eosin Y buffer for 2 min. Sections
were dehydrated in an ascending EtOH (Scharlau) gradient and mounted using Eukitt

mounting medium (Sigma Aldrich).
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2.2.5.2 Immunohistochemistry (IHC)

Tissue sections were deparaffinized with Aquatex (Merck) and rehydrated in Histo-Clear and
a descending EtOH (Samova) gradient to ddH.O (MiliQ). Heat-induced antigen retrieval was
performed in citrate buffer. Slides were processed and counterstained as previously described
(Hassler et al., 2012). In brief, the endogenous Peroxidase was blocked with 3% H.O- (Roth)
for 10 min, before sequentially treated with Avidin/Biotin block (Abcam) and Superblock
(Thermo Scientific) for 10 min each. Slides were incubated with primary antibody against the
marker of proliferation Ki67 (Table 12) diluted in 1% PBS/BSA over night at 4°C, incubated
with the corresponding HRP-bound secondary antibody and developed. Stainings were

performed in three biological replicates for each genotype.

2.2.6 Cell culture

All cells were grown at 37°C and 5% CO.in a humidified atmosphere. The cells were
split‘expanded 3—4 times a week. The centrifugation steps were carried out with the Hettich
centrifuge (Rotina 420) at 1000—1200 rounds per minute (rpm) for 5 min at room temperature

(RT). For dead-live centrifugation, the centrifugation speed was set to 500 rpm.

2.2.6.1 Generation of primary murine NPM-ALK*" cell lines

The NPM-ALK cell lines were established from primary thymic lymphomas. Single-cell
suspensions were resuspended in 2.5 ml of complete RPMI medium (RPMI-1640 medium
(Sigma-Aldrich); supplemented with 10% heat-inactivated FCS (Capricorn), 10 U/ml
Penicillin/Streptomycin (Sigma Aldrich), 50 nM B-mercaptoethanol (Sigma Aldrich)) and

monitored in culture for two weeks.

2.2.6.2 Cultivation of murine cell lines

The primary murine NPM-ALK cell lines, as well as the Ba/F3 cells (Palacios & Steinmetz,
1985) and its derivatives expressing the NPM-ALK transgene (Staber et al., 2007), were
cultured in complete RPMI medium. The parental Ba/F3 cells were additionally cultured with

recombinant murine IL-3 (1 or 2 ng/ml, R&D systems).
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2.2.6.3 Cultivation of human cell lines

The ALK ALCL cell line Mac2A was grown in complete RPMI medium. Platinum-E (Plat-E)
retroviral packageing cell line was cultured and maintained in complete DMEM medium (Sigma
Aldrich; 10% FCS (Capricorn), 10 U/ml Penicillin/Streptomycin (Sigma Aldrich)).

2.2.6.4 Freezing of single-cell suspensions

Single-cell suspensions of cell lines or primary murine tissue were pelleted and resuspended
in 2x Resuspension medium (DMEM medium, 40% FCS), followed by 1:1 addition of
2x Freezing medium (DMEM medium, 40% FCS, 30% DMSO). The cryogenic vials (Greiner
Bio-One) were filled with 1 ml of dissociated cells, labelled and stored at —80°C in a Mr. Frosty
(Sigma-Aldrich) to allow for a slow cooldown. The following day, the cryogenic vials were

transferred to a long term —80°C storage.

2.2.6.5 Thawing of single-cell suspensions

In brief, cryogenic vials (Greiner Bio-One) were placed into a 37°C degree water bath until
thawed. The freshly thawed cells were then dispersed into 10 ml of the respective culture
media and centrifuged at 200 g or 5 min at RT. After the centrifugation, the cells were cultured
and maintained as described previously in 2 and 3 or immediately used for downstream

processing.

2.2.6.6 Preparation of conditioned media

Primary murine cell lines of all four genotypes were grown in 6-well dishes (Corning) with
complete RPMI medium until the cells reached confluency (2—3 days). The cells were washed
with PBS and resuspended in 3 ml of fresh complete RPMI medium, and placed in one well of
a 6-well-plate (Corning). After an incubation period of 24 h at 37°C, the conditioned media was
filtered using a 0.45 um filter (Starstedt) and then diluted 1:1 by addition of respective primary
culture media. The final conditioned medium was aliquoted into 15 ml tubes (F and stored

at -80°C or immediately used for experiments.

2.2.7 Growth curve
Cells were washed and resuspended in complete RPMI medium. 5 x 103or 1 x 10* cells were

seeded per cell line in one well of a 48-well plate (Corning). Cells were counted via flow-
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cytometry (CytoFLEX, Beckman Coulter) over a period of 7-14 days and expanded if

necessary.

2.2.8 Limiting cell dilution assay

Cells were washed and resuspended in complete RPMI or conditioned medium. They were
seeded in technical triplicates in 96-well-plates in 200 yl medium, in the following numbers: 50,
100, 500, 1x10%, 5 x 10%. The cell number was monitored via flow cytometry (CytoFLEX,

Beckman Coulter) over a period of 7—14 days and expanded if necessary.

2.2.9 Pharmacological perturbations

2.2.9.1 Single drug treatments

3 x 103 5 x 10%0r 1 x 10* murine cells were seeded in complete RPMI medium in transparent
U-well 96-well-plates (Corning). Serial dilutions of Ruxolitinib (Cayman Chemical Company),
Tofacitinib, Crizotinib, Alecetinib, Palbociblib and Crenolanib (all Selleckchem) were added to
the cells in technical triplicates, mixed well by pipetting and incubated for 72 h. Additionally,
each cell line had a DMSO (Sigma Aldrich) only control and a positive Etoposide control
(10 pM, Selleckchem). The CDK6 degrader concentrations (BSJ-03-123, Selleckchem) were

renewed every 24 h.

2.2.9.2 CellTiter-Glo viability assay

CellTiter-Glo® (Promega) reagent was used to determine cell viability. For CellTiter-Glo®
measurement, 100 yl of the cells were transferred into white 96-well-plates (Crescent
technologies), mixed 1:1 with the 1:5 in PBS pre-diluted CellTiter-Glo® reagent and incubated
on thermoblock (Eppendorf) shaking on 37°C, protected from light, for 15 min. The
chemiluminescence was measured on an EnSpire plate reader (PerkinElmer). The
chemiluminescence measurements were normalised to the DMSO only control and the
positive control was set to 100% inhibition. The inhibitory concentrations (ICs) were

determined using GraphPad Prism® 8 by non-linear regression.

2.2.9.3 Combinatorial treatments
5x10°murine cells were seeded in complete RPMI medium in transparent U-well

96-well-plates (Corning). Combinatorial treatments were performed by simultaneously
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applying two drug treatments on the separate axis of the 96-well-plate. Serial dilutions of
inhibitors (Ruxolitinib (Cayman Chemical Company), Crizotinib, Palbociclib, both Selleckchem)
or CDK6 degrader (BSJ-03-123, Selleckchem) were added to the cells and incubated for 72 h.
Each cell line had one DMSO (Sigma Aldrich) only control and single-drug treatments for each
drug and concentration. As previously mentioned, the CDK6 degrader concentrations (BSJ-03-

123, Selleckchem) were renewed every 24 h.

Cell viability following combinatorial treatments was performed as previously described
(2.2.9.2). The Combinatorial treatment viability readouts were analysed and visualized using
SynergyFinder 2.0 (lanevski et al., 2020). The degree of synergy between inhibitors of interest
was determined by comparing the observed impact against the expected drug response,
calculated using the Bliss independence reference model. The Bliss model implies that the two
medications have independent effects and that the expected combination effect may be

estimated based on the likelihood of independent events (Bliss, 1939).

2.2.10 shRNA-mediated knockdown of NPM-ALK*7 cell lines

The short hairpin RNA (shRNA) plasmids mentioned in Table 14 were used in order to
generate and investigate single knockdown models, as well as double knockdown-knockout
models to mimic the in vivo double knockout models. The mCherry fluorescent marker is
genetically connected to the Neomycin resistance cassette and is used as a readout of

successful target cell infection (Figure 12).

=

Figure 12: Schematic map of pLENC vector

Schematic map of validated constitutive (pMSCV) retroviral shRNA expression vector with
optimised backbone, featuring different Neomycin resistance cassette and mCherry
fluorescent markers (Fellmann et al., 2013).

2.2.10.1 Plasmid transfection to Plat-E cells

Virus supernatants were produced using Plat-E cells that were separately transfected with a
PLENC retroviral vector containing the following shRNAs: shCdk6, shStatba, shStatbb and

shRenilla (shRen) (Table 14). The transfection was done using Turbofect according to the
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manufacturer’s instruction. In brief, Plat-E cells were grown in 10-cm-dishes with 10 ml of
complete DMEM media until the cells reached 70-80% confluency. 20 ug of the desired viral
vector and 40 pl Turbofect were resuspended in 2 ml of serum-free DMEM (Sigma Aldrich),
mixed thoroughly and set for 15 min incubation at RT. After the incubation, the mix was added
dropwise to the Plat-E cells, rocked to mix and incubated o/n at 37°C. The next day the viral
DMEM media was replaced by 7 ml of target cell medium (complete RPMI) and incubated o/n.
After 24 and 48 h, the viral supernatants were harvested, filtered (0.45 uym), and the Plat-E

cells were again incubated o/n with 7 ml of fresh complete RPMI media.

2.2.10.2 Target cell infection

Target cells were spin-infected with virus supernatant on each of the following two days. The
target cells were grown for two days after passage. 4 * 10° cells were resuspended in 500 pl
of complete RPMI medium and seeded in one well of a 6-well-plate (Corning). In the next step,
2.5ml of the filtered virus supernatant, supplemented with Polybrene (1:500, Thermo
Scientific), was added to the cells, and the spin infection was performed at 600 g for 1 h. After
the spin infection was completed, the plate was placed in the incubator at 37°C for 24 h. The
same procedure was repeated the following day on the infected cells with a fresh dose of the
viral supernatant. The cells were incubated at 37°C for 24 h before monitored for mCherry
expression using fluorescence microscopy. In the following days, mCherry-positive (mCherry*)
cells were regularly monitored by flow cytometry and eventually fluorescence-associated cell

sorting (FACS)-sorted to achieve a pure population.

2.2.11 Generation of Ba/F3 NPM-ALK-expressing cell line

The IL-3-dependent murine B-cell progenitor cell line Ba/F3 was used for testing the NPM-ALK
construct in vitro. The pMSCV-NPM-ALK-IRES-GFP vector, previously described by Gu et al.
(2004), was used for the generation of NPM-ALK-expressing Ba/F3 cells.

2.2.11.1 IL-3 deprivation

IL-3 deprivation of Ba/F3 cell lines was performed to ensure the IL-3 dependence of parental
Ba/F3 cells. The cells were washed twice and resuspended in RPMI medium without IL-3 or
lower concentrations of IL-3 (R&D Systems). Cells were monitored over 14 days by SYTOX™

viability staining (Invitrogen) analysed by flow cytometry at respective time points.
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2.2.11.2 Virus production and target cell infection

Viral supernatants were produced as previously described (2.2.10.1), with the difference of
using the pMSCV vector containing the NPM-ALK transgene. The target cell infection was also
performed as previously described (2.2.10.2) with the following changes. In brief,
3 *10°Ba/F3 cells were resuspended in 500 pl of complete RPMI medium and seeded in
one well of a 6-well-plate (Corning) for the infection. The target cell medium, as well as the
viral supernatant, were additionally supplemented with recombinant murine IL-3 (2 ng/ml, R&D
Systems) during the infection. The viral supernatant was removed 24 h after the second spin

infection, and the cells were resuspended in complete RPMI medium without IL-3.

2.2.11.3 Testing NPM-ALK construct in vitro

The cells were grown in complete RPMI medium with or without IL-3 (2 ng/ml, R&D Systems)
for 14 days, regularly monitored via flow cytometry and SYTOX™ viability staining (Invitrogen).
Furthermore, transgene expression analysis was performed via Western blotting or RNA

expression analysis.

2.2.12 Ex vivo NPM-ALK-mediated transformation of BM cells

The pMSCV-NPM-ALK-IRES-GFP vector was used for the NPM-ALK-mediated transformation
of single-cell suspensions of BM cells. Viral supernatants were produced as previously
described (2.2.10.1), with the difference of using the pMSCV vector containing the NPM-ALK
transgene. The target cell infection was also performed as previously described (2.2.10.2) with
the following changes: The viral supernatant was additionally supplemented with recombinant
murine IL-3 (R&D Systems), IL-6 (IMP), IL-7 (StemCell Technologies) (all 10 ng/ml) and stem
cell factor (SCF, 1:60, Preprotech) during the infection. The viral supernatant was removed
24 h after the second spin infection, and the cells were resuspended in complete RPMI

medium without cytokines.

2.2.13 Colony formation assay (CFA)

Following ex vivo NPM-ALK-mediated transformation of BM cells (2.2.12) 1x10*green
fluorescent protein (GFP)-positive (GFP*) cells were seeded in 2.5 ml of growth factor-free
methylcellulose (StemCell Technologies) and plated on cell culture dishes with a diameter of
35 mm (Corning). Formed colonies (GFP*) were analysed under the fluorescent microscope

after 21 days of incubation by colony counting per dish, and the pictures were taken using the
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ChemiDoc™ Touch Imageing System (BioRad). Next, the colonies were liquefied with PBS
and analysed via flow cytometry for total cell numbers and surface markers as previously
described (2.2.14.1).

2.2.14 Flow cytometry

Surface marker and intracellular flow cytometry were used in order to characterise cellular
components of thymic lymphomas, thymi and established cancer cell lines. The analyses were
performed on the CytoFLEX or the CytoFLEX S instrument (Beckman Coulter) and quantified
with the CytEXPERT software (Beckman Coulter), if not indicated otherwise.

2.2.14.1 Surface marker flow cytometry

Single-cell suspensions of organs or cell lines were stained with antibodies conjugated to
different fluorophores. For each staining, a master mix containing the desired antibodies was
prepared (1:100 dilution in 2% FCS (Capricorn) in PBS). All antibodies used in this study are
listed in (Table 12). The cell suspension was incubated 1:1 with the respective antibodies
(1:200 final dilution) for 30—-60 min, protected from light at 4°C. Unbound antibodies were
removed by another washing step with PBS, cells were resuspended in 100—200 yl PBS and
were analysed via flow cytometry. Compensations were done with single-antibody-stained

cells, and FMOs (fluorescence minus one) were included for gating purposes.

2.2.14.2 SYTOX viability analysis

Cells were washed and incubated with the SYTOX dye (1:2,000) for 10 min at RT in the dark.
The incubation was immediately followed by the measurement, performed using the CytoFLEX
S flow cytometer and the results were analysed with the CytEXPERT software (Beckman

Coulter).

2.2.14.3 Cell cycle analysis

Cell cycle analysis was performed with propidium iodide (PI) fluorescent DNA intercalating
agent. For each sample, 500 ul of PI buffer was mixed well with Pl dye (1:50) and RNAse
(10 mg/ml). Single-cell suspensions of organs or cell lines were washed once with PBS, and
100 pl cells were incubated with the propidium iodide staining mixture for 30 min at 37°C. The

stained cells were then washed and analysed by flow cytometry.
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2.2.14.4 Apoptosis analysis

Annexin-V/DAPI staining was performed for analysis of apoptosis. All steps were performed in
Annexin-V Binding Buffer (1x). Single-cells suspensions were washed and resuspended in
binding buffer. 100 yl of the cell suspension was incubated with 2 yl of fluorochrome-
conjugated Annexin-V for 15 min in the dark at RT. The cells were then washed, centrifuged
at 500 g for 5 min and resuspended in 100 ul of the Binding Buffer containing 2 ug/ml DAPI.

After a 15 min incubation in the dark, the stained cells were analysed by flow cytometry.

2.2.14.5 Intracellular staining

Intracellular staining of STAT3, STATS5, pY-STATS3, pY-STATS on cell lines was carried out
using the antibodies described in (Table 12). Cells were washed once with PBS and fixed by
2% formaldehyde (Sigma Aldrich)/PBS at 37°C for 10 min. Cells were permeabilized with 90%
ice-cold methanol (Sigma Aldrich) in wash/stain buffer for 30 min at 4°C. Cells were washed
twice with the wash/stain buffer and incubated with e.g., phosphoryated-STAT5-APC
antibodies (diluted in wash/stain buffer) on ice, in the dark for 90 min. After two washing steps

with incubation on ice for 10 min samples were analysed via flow cytometry.

2.2.14.6 FACS sorting

FACS sorting thymocytes or thymic lymphoma cell lines were performed at 4°C on a
FACSAriall (BD Biosciences) equipped with a 488, 561, 633 and 395 nm laser and FACSDiva
software (BD Biosciences). Ex vivo thymocytes were stained with CD4, CD8, TER-119 and
THY1.2 antibodies. TER-119°, THY1.2* DN or DP cells were sorted in FACS tubes. A purity
check of the sorted samples resulted in 99% purity of the respective cell type. (Single-cell)
sorts of cell lines (e.g., mCherry*) were directly sorted into U-shaped 96-well-plates

(Capricorn).

2.2.15 Western blotting

2.2.15.1 Protein extraction

Cell pellets were obtained by 5 min centrifugation at 1,200 rpm from single-cell suspensions
of murine organs or cell lines and washed once with ice-cold PBS. The pellets were
resuspended in 150-350 pl of ice-cold 1x Laemmli lysis buffer, supplemented with protease

inhibitor cocktail (Roche, 1:20) and the Sodium Orthovanadate phosphatase inhibitor (Sigma



47

Aldrich, 1:200). Protein lysates were vigorously vortexed (IKA) for 5 seconds, followed by a
5 min incubation at 95°C in a termoshaker (Eppendorf) at 600 rpom and 15 min sonication
(Bandelin).

2.2.15.2 Protein concentration measurement

The protein concentration was measured using the BCA assay (Pierce-Thermo Scientific).
Therefore, 5 pl of the protein lysates were added to 45 pl of ddH.O (MiliQ). After addition of
200 pyl BCA reagent (1:50 mixture of Buffer A and Buffer B), the flat-bottom 96-well-plate
(Corning) was incubated at 37°C in the dark for 15 min. The absorbance was measured at
595 nm using the EnSpire plate reader (Perkin Elmer) and concentrations were calculated
from a corresponding BSA (Roth) standard curve (0—2 ug/ml). Protein extracts were stored at

—20°C before use, they were thawed on ice incubated at 95°C for 5 min.

2.2.15.3 Preparing polyacrylamide gels

For all Western blots, a 5% stacking and an 8-10% separation polyacrylamide gels were
prepared. For each polyacrylamide gel, the separation gel recipe was scaled-up for 20 ml. A
gel pouring apparatus from the mini-PROTEAN System (Biorad) was assembled per
manufacturer’s instructions. First, all components of the separation gel, finishing with TEMED
(Sigma Aldrich), were thoroughly mixed in a 50 ml falcon tube (Fisher Scientific). The mixture
was immediately poured between the glass plates of the gel pouring apparatus (Biorad) and
sealed with propan-2-ol (Roth). After 20 min incubation time, the propan-2-ol was removed,
the stacking gel mixture was prepared as described for the separation gel, mixed well and
immediately poured on top of the separation gel. Finally, a comb of interest from the

Mini-PROTEAN System (Biorad) was inserted, and the gel was left to polymerize for 20 min.

Table 16: Recipe for stacking and separation gels

Component 5% Stacking gel 8% Separation 10% Separation
ddH20 8.4 ml 9.3 ml 7.9 ml

1.5 mM Tris pH8.8 / 5.0 ml 5.0 ml

0.5 mM Tris pH6.8 3.7 ml / /

30% Acrylamide 2.5ml 5.3 ml 6.7 ml

10% SDS 150 200 pl 200

10% APS 150 pl 200 pl 200
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TEMED 15 pl 20yl 20 pl

2.2.15.4 SDS-PAGE and immunoblotting

Samples were thawed on ice, and 10-30 ug of the protein extracts were mixed with 4x Laemmli
protein loading buffer. Before loading, samples were briefly vortexed (IKA) and heated up to
95°C for 5 min on a shaking heating block (Eppendorf). For later determination of the correct
bands, 8 ul of a pre-stained molecular weight standard (protein ladder 10—180 kDa; Thermo
Scientific) was loaded. The samples (20—40 pul) were loaded on 8—10% polyacrylamide gels
depending on the size of the protein of interest. Gels were run in 1x SDS-PAGE running buffer
in Mini Format 1-D electrophoresis systems (BioRad) at 70 V for 1 h and then increased to
100 V until the desired protein separation grade. Proteins were transferred onto PVDF
membranes (Merck) by wet blotting o/n at 4°C in 1x transfer buffer (16 h at 200 mAmp and 2 h
at 400 mAmp) using a Trans-Blot® Cell (BioRad).

2.2.15.5 Probing the PVDF membrane

After blotting, membranes were either washed for 15 min in 1x pY-TBST buffer or treated with
the Signal Enhancer (Thermo Scientific) per manufacturer’s instructions before incubated in
5% milk powder pY-TBST blocking solution for 1 h at room temperature on a shaker (Labnet
International). After three 10 min washing steps, the membranes were incubated with primary
antibody solutions (Table 9) (diluted in 3% BSA in 1x pY-TBST) at 4°C overnight. After
overnight incubation, the membranes were washed 3 times with pY-TBST for 10 min, then
further incubated with HRP-conjugated secondary antibody (diluted 1:10,000 in 3% BSA in 1x
TBST, Table 10) at room temperature for 1 h on a shaker (Labnet International). The
membrane was again washed three times with pY-TBST for 10 min. To detect antibody
binding, membranes were incubated with the ECL substrate solution A+B (Clarity™ Western
ECL substrate BioRad) in a 1:1 ratio. The ECL solution acting as a substrate for the peroxidase
leads to the formation of chemiluminescence within 3-5min incubation at RT.
Chemiluminescence was detected using the ChemiDoc™ Touch Imageing System (BioRad).

Protein levels were quantified using the ImagelLab software.

2.2.15.6 Stripping and re-probing PVDF membranes
Stripping and re-probing were utilised to remove already existing signals from PVDF

membranes, allowing us to look at other target protein. The membranes were placed upside
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down in a microwave-stabile plastic dish with plenty of ddH,O and microwaved the membrane
at 800W for 15 min. The membranes were briefly washed with 1x pY-TBST buffer, incubated
with 5% milk powder pY-TBST blocking solution for 45 min at RT on a shaker (Labnet
International), washed three times with 1x pY-TBST for 10 min and incubated with primary
antibody solutions (Table 9) (diluted in 3% BSA in 1x pY-TBST) at 4°C overnight. If possible,
the membranes were incubated with primary antibodies, which required a different secondary
antibody for the analysis, to avoid background signals. After the overnight incubation, the

analysis was performed as previously described (2.2.15.5).

2.2.16 Co-immunoprecipitation (co-IP)
Co-immunoprecipitation of STAT5A and STAT5B was performed to analyse the specific
protein-protein interactions of STATS. The anti-STAT5A and anti-STAT5B antibody mentioned

in Table 11, were used for the IP.

50 ml of the radioimmunoprecipitation (RIPA) buffer were supplemented with the protease
inhibitor cocktail (1 Complete Tablet, Roche). 6 * 107 cells were collected, washed and pelleted
for each target cell line. The pellet was lysed with 500 pl supplemented RIPA buffer and
incubated on a shaker for 1 h at 4°C. The lysate was centrifuged at 14,000 g for 45 min, and
the protein concentration was measured via the BCA assay (Pierce-Thermo Scientific) as
previously described (2.2.15.2). For each IP reaction, 3 ug of either anti-STAT5A or anti-
STAT5B antibody was added to 1000 ug protein lysate. The volume was added up to 300 pl
with the supplemented RIPA buffer, and the reactions were incubated at 4°C o/n on a rotating
shaker. In order to have a comparison for the co-immunoprecipitate, whole lysate samples

were prepared (input).

For each sample, 30 ul of magnetic beads (BioRad) were used. The beads were washed three
times with supplemented RIPA buffer on a magnetic rack (SureBeads™, Bio-Rad). The beads
were added to each antibody bound sample, appropriately sealed with parafilm and incubated
on a rotating shaker (Stuart) for 2 h at 4°C. Next, the sample tubes were again put on the
magnetic rack, and the supernatant containing unbound protein was collected (supernatant).
The immunoprecipitated samples were washed three times with supplemented RIPA buffer
using the magnetic rack. The bound protein was eluted from the magnetic beads with 30 pl of

4x Laemmli loading buffer and heated up at 95°C for 5 min (Eppendorf). The magnetic beads
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were discarded, and the eluant was collected (immunoprecipitant) for Western blotting (as
described 2.2.15).

2.2.17 mRNA expression analysis

2.2.17.1 mRNA extraction

For RNA extraction, the RNeasy Mini Kit (Qiagen) was used according to the manufacturer’s
protocol. In brief, the cell pellets were kept on ice after being removed from -80°C, where they
were directly lysed in an appropriate amount of Buffer RLT Plus, supplemented with
1:100 B-mercaptoethanol (Sigma Aldrich). The samples were then further processed by the
manufacturer’s guidelines. The RNA was eluted in 30 yl of RNAse free water (Qiagen), the
concentration and the purity were measured using a nanodrop photometer (Nanodrop One;
Thermo Scientific). The RNA samples were stored at -80°C. Only after receiving satisfactory
results (concentration > 50 ng/ul and A260/280 > 2.0), could the RNA be stored at —80 °C or
directly used for cDNA synthesis.

2.2.17.2 cDNA synthesis

cDNA synthesis was performed using the iScript™ cDNA Synthesis Kit (BioRad). Between
100 and 500 pg of the target RNA was used for cDNA synthesis, depending on the RNA
availability. The reactions were prepared per manufacturer's instructions as described in Table
17. The thoroughly mixed complete reaction mix was incubated in a thermal cycler (MyCycler;
BioRad) using manufacturer’s guidelines: 25°C for 5 min, 46°C for 20 min, 95°C for 1 min and
4°C for hold. Depending on the amount of RNA used for the cDNA synthesis, the cDNA was
then usually diluted 1:5 with RNAse free water (Qiagen) and stored at -20°C.

Table 17: iScript cDNA synthesis reaction mix

Reagent Volume per reaction
5x iScript RT reaction mix 4 ul

IScript reverse transcriptase 1wl

RNA 100-500 ng

ddH.0O Fill up to 20 pl
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2.2.17.3 Quantitative real time PCR

Gene-specific forward and reverse primers for SYBR Green real-time qPCR were designed
with online tools and then synthesized by Microsynth Inc. Upon arrival, the primers were
resuspended in RNAse free water (Qiagen) to achieve 10 yM solutions and stored at -20 °C.
The gPCR reactions were set up in triplicates, in a 96-well-plate (4titude), using PowerUp
SYBR Green PCR Master Mix (BioRad) according to the manufacturer’s instructions. A
non-template control (NTC) was included for each target gene. The polymerization was
performed and analysed using a CFX96 Touch™ Real-Time PCR Detection System (BioRad),
the standard protocol used was: (1) 95°C for 3 min, (2) 95°C for 10 sec, (3) 58°C or 60°C for
10 sec, (4) 72°C for 30 sec, (5) repeat step 2—4 for 39 additional cycles, (6) 60°C for 10 sec
and (7) 0.5°C per cycle until 95°C. The utilised primers are listed in Table 7. The relative mRNA
expression of the genes of interest was determined by normalising to the expression of the
Rplp0 housekeeping gene, which served as an internal control. The analysis was performed
with the CFX Manager™ software (BioRad).

Table 18: gPCR reaction mix

Reagent Volume per reaction
10 pM Primer mix (forward and reverse) 0,4 pl

Sybergreen mix gPCR Master Mix 10 ul

ddH.O 7,6 ul

cDNA 2 ul

2.2.18 Statistical analysis and reproducibility

Unless indicated otherwise, all experiments were performed in technical and biological
triplicates. Sample sizes and animal numbers were determined from pilot laboratory

experiments and previously published literature.

Statistical calculations were performed using GraphPad Prism 8.00 (GraphPad Software) and
reported as mean values + SEM. Pairwise comparisons between two normally distributed
groups were performed using an unpaired two-tailed Student’s t-test. For testing whether the
population means of several groups are equal, the Kruskal-Wallis test was performed (the non-
parametric equivalent of the analysis of variance), followed by Dunn’s multiple comparison

test, which was applied for pairwise comparison of subgroups when the Kruskal-Wallis test



52

was positive. The log-rank test was performed for the Kaplan-Meier survival analysis. For
statistical analysis of contingency tables (e.g., thymic lymphoma incidence), we used the Chi-

square test.

Data points excluded were only those that were clear outlier due to technical problems in
assays done in triplicate experiments. P-value <0.05 was accepted as statistically significant
and p-values are considered as follows: * p-value < 0.05; ** p-value <0.01; *** p-value < 0.001,
**** p-value < 0.0001.
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3 Results

3.1 Combined absence of CDK6 and STAT5A or STAT5B inhibits
NPM-ALK-driven thymic lymphoma development

Our group provided several hints that CDK®6 interferes with STAT5-driven diseases (Scheicher
et al., 2015; Uras et al., 2019). Based on the observation that the transgenic NPM-ALK model
(Chiarle et al., 2003) develops thymic lymphomas significantly later in the absence of CDK6
(K. Kollmann et al., 2013), we asked the question whether STATS5A or STAT5SB also interplay.
Therefore, we crossed NPM-ALK transgenic mice with Cdk6”- (Malumbres et al., 2004) Stat5a
"(Liu et al., 1997) or Cdk6’-and Stat5b™ (Udy et al., 1997) mice. These combined mice were
viable and fertile. However, Cdk6”- NPM-ALK*T Statba”-and Cdk6”- NPM-ALK*T Stat5b” mice
are born at a submendelian ratio (Figure 13a). The observed occurrence of
Cdk6”- NPM-ALK"T Stat5a” and Cdk6” NPM-ALK"™ Stat5b” offspring are 2.02% and 4.76%,

respectively, which is significantly lower than the expected 12.5% (Figure 13b).

a Observed offspring Observed offspring
(Cdk67- NPM-ALK*'T Stat5a7") (Cdk67- NPM-ALK*T Stat5b7/-)  Expected offspring

Total=247 Total=189

B Cdk67- NPM-ALK*T Stat5g/- @ Cdk67- NPM-ALK*/T Stat5b7- 1 Other

Genotype Expected | Observed | p-value | Significance
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Figure 13: Cdk6- NPM-ALK*" Stat5a’ and Cdk6- NPM-ALK*" Stat5b™" are born at a
submendelian ratio

Offspring data collected from  Cdk6” NPM-ALK"" Stat5a”™ (or  Stat5h”*)  and
Cdk6” NPM-ALK'* Statsa”* (or Stat5h”*) matings. a) Pie chart of observed offspring
proportions from the Statba (n = 189) and Stat5b (n = 247) matings, highlighting the observed
Cdk6” NPM-ALK*T Stat5a”and Cdk6” NPM-ALK"™ Stat5b™ offspring respectively, and the
expected offspring proportions for both matings at weaning day 21. b) Table showing expected
and observed birthing rates of Cdk6” NPM-ALK*" Stat5a”and Cdk6” NPM-ALK"" Stat5b-
mice. Levels of significance were obtained by a two-tailed binomial test for comparing the
observed distribution with the expected Mendelian distribution.

To determine the implications of STAT5A/B and CDKG6 in the context of NPM-ALK-driven
lymphomagenesis, we followed disease development of NPM-ALK*T — from now on referred
to as NPM-ALK'-— wt,  Cdk6",  Statsa”,  Statsb”,  Cdk6’ Stat5a’-and
Cdk67 Stat5b” mice for more than one year. While wild type (wt) and Stat5a” mice developed
a thymic lymphoma with almost 100% penetrance, Stat5b” and Cdk6” mice only developed a
thymic lymphoma in 45% and 65% of cases, respectively (Figure 14a). The wt mice, on
average, displayed a median survival of 104 days of age, while the absence of STAT5A slightly
prolonged the disease/free survival to 132.5 days. The lower thymic lymphoma incidence of
Cdk6” or Stat5b” mice is also reflected in significantly prolonged survival of mice developing
a thymic lymphoma to 206.5 and 240 days, respectively. Strikingly, the combined absence of
CDK®6 and STAT5A or STAT5B prohibited NPM-ALK-driven transformation of thymi — not a
single mouse developed a thymic tumour within more than one year of analysis (Figure 14b-

c).
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c Genotype Median Survival (days) | p-value Significance
wt 104 NA NA
Cdk6™ 206.5 0.0006 e

Figure 14: The concomitant absence of CDK6 and STATSA or STAT5B prevents NPM-
ALK-driven transformation

a) Incidence of thymic lymphoma development in the respective NPM-ALK* genotypes:
wt (n = 19), Statsa™ (n = 17), Statsb™ (n=9), Cdk6™" (n = 17), Cdk6’ Statsa’ (n = 5) and
Cdk6™ Stat5b” (n=12). Levels of significance were obtained by a Chi-square test. b) Survival
of NPM-ALK-transgenics in the Kaplan-Meier plot showing no thymic lymphoma development
of NPM-ALK* Cdk6' Statsa’ and Cdk6™ Statsb”mice within one vyear of analysis
(n =5-19/genotype). c) Table depicting median survival for each genotype, with corresponding
p-values and significance levels, calculated using the log-rank test. * p < 0.05, ** p < 0.01,
***p <0.001, and **** p < 0.0001.

To confirm the observed phenotype, we analysed H&E-stained thymi samples of
NPM-ALK* wt, Cdk6”-, Statsa’and Stat5b” mice at the ageing experiment endpoint —
development of thymic lymphoma — in addition to age-matched thymi samples from
NPM-ALK* Cdk6™ Stat5a’ and Cdk6™ Stat5b” mice. The analysis of histology revealed that all
NPM-ALK* Cdk6™, Statsa’, Stat5b” samples were more similar to the NPM-ALK* wt thymic
tissue, while NPM-ALK* Cdk6™ Stat5b™ thymic samples were more similar to the control
healthy thymic tissue obtained from age-matched NPM-ALK- Cdk6™- Stat5b” mice (Figure 15).
Additionally, NPM-ALK* Cdk6™ Stat5b™-and NPM-ALK- Cdk67- Stat5b”- thymic tissues appear
to retain histological features of healthy thymic tissue — separation of the medulla and cortex.
Ki67 IHC staining revealed that NPM-ALK* wt, Stat5a” and Stat5b” thymic tissues appear to
be in a higher proliferative state compared to NPM-ALK*" Cdk6”, Cdk6” Stat5b” and the

healthy control — NPM-ALK- Cdk6 Stat5b” thymic tissue.
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Figure 15: H&E staining of experiment endpoint samples

Representative phase-contrast images of H&E- and KI67-stained thymi samples of
NPM-ALK*wt, Cdk6”, Statsa”, Stat5h” and Cdk6™ Stat5h” mice at ageing experiment
endpoint. As controls, we include age-matched H&E-stained thymi samples from NPM-ALK"
Cdk6” Stat5b” mice. The scale bar always represents 100 um.
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3.2 NPM-ALK is present in NPM-ALK* Cdk6”- Stat5a’-and NPM-
ALK* Cdk6” Stat5b”-thymi

To exclude the suppression of transgenic NPM-ALK in double knockout thymi as a potential
reason for the lack of lymphoma onset, we investigated NPM-ALK protein levels in
NPM-ALK* Cdk6’- Statsa’ and Cdk6™ Stat5b-mice. Western blotting of 8-10-week-old
NPM-ALK* Cdk6™' Stat5a™and Cdk6’ Stat5b” murine thymi samples confirmed that the ALK
protein levels are not affected in the combined absence of CDK6 and STAT5A or CDK6 and
STAT5B (Figure 16). We concluded that NPM-ALK is expressed in Cdk6” Statsa’ and
Cdk6™ Stat5b” mice, excluding impaired expression as a reason for the lack of ALK-driven

tumours.
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Figure 16: NPM-ALK protein is present in the thymi of NPM-ALK* Cdk6” Stat5a” and
Cdk6™- Stat5b” mice

Representative immunoblot showing NPM-ALK transgene expression in NPM-ALK*
Cdk6™ Statsa” (n = 2), Cdk6™- Stat5a’ (n = 1), and wt murine thymi (n = 2). An age-matched
transgene-negative Cdk67 murine thymus was used as negative control. A-TUBULIN was
used as the loading control.

3.3 NPM-ALK* Cdk6’- Stat5a’”-and NPM-ALK* Cdk6”- Stat5b”- thymi
have an unaltered cell-type composition

Next, we investigated the thymic tissue as a potential cause for the absent thymic
lymphomagenesis in NPM-ALK* Cdk6” Stat5a” and Cdk6” Stat5b” mice. Due to the high

number of genotypes and mouse breeding limitations, we focused on the more severe
phenotype (NPM-ALK* Stat5b” and Cdk6” Stat5b”). As CDK6 and STAT5B are implicated in
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T cell development, we analysed the cellular composition of thymi at eight weeks of age. No
significant alteration in the main cell types — double-negative (DN, CD4"CD8"), double-positive
(DP, CD4*CD8"), CD8*and CD4*thymocytes — was observed (Figure 17a-b). The most
immature cells can be further subdivided into DN1-4 stages based on CD25 and
CD44 expression — also here the genotypes did not differ significantly (Figure 17¢). We
concluded that there are no gross changes in T cell development in Cdk6- Stat5b” mice, which

could interfere with ALK-driven tumorigenesis.
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Figure 17: No significant changes in thymic cell populations in the absence of CDK6
and/or STAT5B in the NPM-ALK transgenic model

a) Representative dot plots and b) quantification of thymi composition of 8-week-old mice
analysed via flow cytometry. CD4/CD8 expression on TER-119/THY1.2* thymocytes is shown
(n = 4/genotype). The T cell stages are shown as they develop during thymus maturation.
¢) Quantification of further gating on the DN cells to classify in DN1-4 based on CD25 and
CD44 expression (n = 4/genotype). Levels of significance were calculated by Kruskal-Wallis
tests, followed by Dunn’s multiple comparison test. The error bars represent mean values *
standard error of the mean (SEM).
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In summary, NPM-ALK-expressing Stat5b” Cdk6” and Statsa’ Cdk6” mice exert largely
unaltered thymic cell composition but lack entirely thymic lymphoma onset. Consequently, we
hypothesised that the combined action of CDK6 and STAT5A or STAT5B is required for NPM-

ALK-driven transformation.

3.4 Cdk6” Stat5a’-and Cdk6- Stat5b”- BM cells fail to undergo NPM-
ALK-mediated transformation

To substantiate our in vivo findings, we next investigated the effect of Cdk6 and Stat5a or
Statsb deficiency on ex vivo NPM-ALK-mediated transformation (Figure 18a). BM cells were
infected with a retrovirus encasing the NPM-ALK-IRES-GFP vector and were plated in growth
factor-free methylcellulose. A similar infection efficiency, varying from 5-7% (not shown), was
observed among the genotypes. While the absence of Statba or Statsb did not have a
substantial effect on colony numbers, Cdk6 deficiency strikingly reduced the number of
colonies. Hardly any colonies were derived from NPM-ALK-infected Cdk6- and Stat5a- or
Stat5b-deficient BM cells, revealing a severe disadvantage during transformation (Figure 18b
and 18c). These observations further substantiated the presumption that the combinations of
CDK®6 and STAT5A or CDK6 and STATS5B are required for NPM-ALK mediated transformation.
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Figure 18: Cdk6™ Stat5a’ and Cdk6” Stat5b”- BM cells fail to transform during ex vivo
NPM-ALK-infection

a) Experimental setup scheme of ex vivo NPM-ALK-mediated transformation (n < 3). NPM-
ALK-infected wt (n = 4), Stat5a™ (n = 3), Stat5b™ (n = 3), Cdk6™ (n = 3), Cdk6” Stat5a” (n = 2)
and Cdk6™ Stat5b” (n = 2) BM cells were plated in growth factor-free methylcellulose. After an
incubation of 21 days, the colonies were liquified and analysed via flow cytometry for GFP
fluorescent and CD11b, CD3, THY1.2, TER-119, KIT, spinocerebellar ataxia type 1
(SCA-1) surface marker expression. b) Representative pictures of the CFA are depicted.
¢) Quantification of GFP* colonies of the CFA. The bar graph summarises the data obtained
from the biological replicates (n = 2). Error bars represent mean + SEM. Levels of significance
were calculated using Kruskal-Wallis test followed by Dunn’s multiple comparison test. * p <
0.05.

The differences in the colony numbers were reflected by the absolute number of GFP+ cells
stemming from the methylcellulose assay. A strikingly lower number of GFP+ cells were
obtained from Cdk6”, Cdk6” Statsa”and Cdk6” Stat5b” cells (Figure 19a), with
Cdk6™ Stat5b” showing the most drastic effect. We further analysed the transformed
GFP+ cells for their surface marker expression. The NPM-ALK infected GFP™ cells displayed
no expression of any lineage-specific marker (including CD11b, CD3, THY1.2 or TER-119; not
shown) but expressed KIT*and SCA-1", both markers for haematopoietic stem/progenitor
cells (Figure 19b). Due to the low numbers of transformed GFP+ cells in the Cdk6” Stat5a”
and Cdk6” Statsb” samples, we were unable to obtain reliable measurements of the
SCA-1 median fluorescence intensity (MFI). Nevertheless, we observed a significant positive
correlation between SCA-1 expression and the absolute number of colonies (Figure 19c).
Regardless of the genotype, 56.3% of the colony number variance is explained by

SCA-1 expression. BM cells carrying a Cdk6 and Stat5a or Statbb deficiency failed to undergo
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NPM-ALK-mediated transformation. This experiment confirmed in another cellular system that
both CDK6 and STAT5A or STATS5B have to be expressed to allow for NPM-ALK-mediated

transformation.
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Figure 19: Colony formation is positively correlated with SCA-1 expression on

GFP* cells

a) The absolute number of GFP+ cells obtained from the CFA per genotype (n = 2—
4/genotype). Error bars represent mean + SEM. b) Background-subtracted SCA-1 MFI of
GFP+ cells per genotype (n = 2—4/genotype). Error bars represent mean + SEM. ¢) Correlation
of normalised SCA-1 MFI value and the absolute number of colonies in the CFA. The p-value
was calculated under the null hypothesis of »Slope is significantly non-zero«. * p < 0.05.
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3.5 Generation of primary murine NPM-ALK* cell lines

To investigate the molecular consequences of CDK6 and STAT5A/B on already transformed
NPM-ALK*thymic lymphomas, we established cell lines from thymic lymphomas of
NPM-ALK*wt, Cdk6”, Statba’and Stat5b” mice. Due to the failure of NPM-ALK*
Cdk6” Statba” and Cdk6” Statsb™ mice establishing a thymic lymphoma, we were unable to
generate NPM-ALK-expressing double knockout cell lines. Through the span of 8 months, we
successfully established between 2—7 cell lines per genotype by culturing thymic lymphoma
cells of the NPMALK™* mice in vitro (Figure 20a). Regardless of the genotype, the primary cell

lines were successfully established with a 40-50% probability rate (Figure 20b).
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Figure 20: Numbers of established primary murine cell lines

a) Absolute number and b) the relative quantification of the established cell lines compared to
the total number of primary thymic lymphomas that were subjected to in vitro outgrowth for
NPM-ALK*wt (n = 10), Cdk6™ (n = 7), Stat5a’ (n = 10), Stat5b™ (n = 4) genotypes.

3.6 NPM-ALK* Stat5a’-and Stat5b” cells regain the expression of
transcriptionally silenced Cdk6

We performed another a further attempt to generate CDK6/STAT5A/B double-knockout NPM-
ALK-expressing cell lines. We investigated the consequences of shRNA-mediated Cdk6
knockdown on the established murine NPM-ALK* wt, Statsa” and Stat5b” cell lines (Figure
21a). We successfully retrovirally infected NPM-ALK*wt, Stat5a”and Stat5b” cells with
ShRNAs against Renilla (used as control) and Cdk6 with similar infection rates of 3—-5% (Figure
21b). The % mCherry* cells stagnated for the first 14 days — independent of the genotype —
after which the % shRenilla infected cells enriched in the population, while the % of shCdk6
infected cells declined. The Cdk6 knocked-down NPM-ALK* wt cells (NPM-ALK* wt + shCdk6)



63

recovered over time, while the % mCherry* Cdk6 knocked-down Stat5a’and Stat5b” cells
(NPM-ALK* Stat5a™ + shCdk6 and NPM-ALK* Stat5b” + shCdk6) continued to decline but

persisted in low numbers.
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Figure 21: shCdk6 infected NPM-ALK® cells display a growth disadvantage compared
to shRenilla controls
a) Experimental setup of shRNA-mediated knockdown of Cdk6 and Renilla, followed by sorting

of mCherry*cells and CDK6 knockdown validation by Western blotting.
b) Representative competitive growth curve of shRNA infected cells (n = 1/genotype).

After maintaining a population of Stat5a”or Stat5b” cells carrying a Cdk6 knockdown
(mCherry®) for six weeks, the mCherry* cells were FACS-sorted, cultured for 14 days and
regularly checked for the expression of the fluorescent marker. The mCherry expression of the
shCdk6 infected cell lines behaved similarly to their controls. The majority of the newly
established cell lines maintained the mCherry expression, with the exception of one Stat5a™
cell line, where both shRNA infected derivatives appeared to be losing the fluorescent marker

(Figure 22a). This observation caused us to further investigate and validate the shRNA-
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mediated Cdk6 knockdown in those cell lines. The knockdown efficiency of Cdk6 was validated
in NPM-ALK™* wt cells, which showed a substantial depletion of the CDK®6 protein. Although the
shCdk6-infected NPM-ALK* Stat5a” or Stat5b” cells also showed a very high % of
mCherry* cells (identical to their shRenilla controls), they failed to downregulate CDK6

expression (Figure 22b-c).

Summing up, all our experimental approaches indicate that it is not possible to generate an
NPM-ALK-driven cell line deficient in both Cdk6 and Stat5a or Stat5b.
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Figure 22: shRNA-mediated knockdown of Cdk6 is incompatible with Stat5a or Stat5b
loss

a) Representative flow cytometry histograms showing % mCherry* cells of live shRNA (against
Cdk6 and Renilla) infected and purity-sorted NPM-ALK* wt, Stat5a” and Stat5b” cells. b)
Representative immunoblots and ¢) quantification showing CDK6 expression in shRNA (Cdk6
and Renilla) infected and purity-sorted NPM-ALK* wt, Stat5a”- and Stat5b” cell lines. The heat
shock protein 70 (HSC-70) was used as a loading control.
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Taken together, we conclude that a deficiency in CdK6 and Stat5a or Statsb not only prevents
lymphomagenesis in NPM-ALK* mice but is also incompatible to establish transformed murine
NPM-ALK* ALCL cell lines.

3.7 NPM-ALK* cell line characterisation
As we were unable to generate an NPM-ALK* Cdk6” and Stat5a” or Stat5b” double-knockout

model, we investigated the consequences of single Stat5a, Statbb or Cdk6 deficiency in
NPM-ALK" cell lines.

3.7.1 The absence of STAT5A or STAT5B results in a proliferation defect

It is important to note that at the time of the following analysis, we were limited with the number
of established cell lines. Compared to NPM-ALK* wt cell lines, the loss of STAT5A or STAT5B
in NPM-ALK?" cells confers a growth disadvantage, where STAT5B loss displays a more drastic
phenotype. Contradictory to our expectation of NPM-ALK* Cdk6™ cell lines having a growth
disadvantage (later disease onset and lower incidence), we observed a trend that the
NPM-ALK* Cdk67 cell lines proliferate faster than NPM-ALK* wt cell lines (Figure 23a-b).

To further address the observed growth differences of NPM-ALK* cell lines, a cell limiting
dilution assay was performed. This revealed a severe growth disadvantage of
NPM-ALK* Statsa” and Stat5b™ cell lines compared to NPM-ALK*wt and Cdk6™ cell lines
(Figure 23c). The effect was more prominent in low cell number dilutions, as depicted by the
absolute cell count and fold-change of NPM-ALK' Statsa”and Stat5b” relative to
NPM-ALK* wt cell numbers (Figure 23d). Our observations indicate that the growth
disadvantage of NPM-ALK"* Stat5a” and Stat5b” cells is firmly dependent on cell density.
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Figure 23: NPM-ALK* Stat5a’ and Stat5b™ cell lines display a growth disadvantage
compared to NPM-ALK* wt

a) Growth curve analysis and b) the calculated average cell doubling time of NPM-ALK* wt,
Cdk6", Statba’and Stat5b™ cell lines (n = 2/genotype, mean+SEM) from day 0 to day 3.
5,000 cells were seeded per genotype per well in 96-well-plates for each biological replicate
and monitored over a period of six days. ¢) Cell dilution assay for NPM-ALK* wt, Cdk6™",
Stat5a’ and Stat5b” (n = 2/genotype). 50, 100, 500, 1,000 and 5,000 cells were seeded for
each biological replicate of each genotype, and absolute cell counts were obtained after seven
days in culture. Heatmap illustrating the average absolute cell counts per genotype. d)
Heatmap illustrating the fold change of absolute average cell numbers per genotype relative
to those of NPM-ALK* wt cells.

3.7.2 Cell cycle shift and increased apoptosis in Stat5b™ cells

Next, we determined if the observed growth defect of NPM-ALK* Stat5a” and Stat5b™ cells is
attributable to a change in cell cycle state or due to a higher rate of apoptosis. NPM-ALK*
Statba’ and Stat5b” cells harbour a cell cycle disadvantage (Figure 24a-c): The % of cells in
S and G2/M phase trend indicate a delayed cell cycle entry, where Stat5b” cells displayed a
more severe phenotype. The quantification of the sub-G0/G1 phase shows an increase in
apoptosis/cell cycle arrest in NPM-ALK* Stat5a” and Stat5b™ cells (Figure 24d). The Annexin-
V/DAPI staining confirmed an increase of primary apoptosis and secondary necrosis in Statba
~and Stat5b™ cells (Figure 24e-i). However, due to limited sample numbers, no statistically
significant changes in cell cycle phase distribution and apoptosis were depictable. We
concluded that the severity of the growth disadvantage imposed on the cells by a Statba and
Statbb deficiency is most likely due to a decrease in cell cycle progression and an increase in

apoptosis.
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Figure 24: NPM-ALK* Stat5a’ and Stat5b™ cells display a growth disadvantage and
undergo increased apoptosis

5,000 cells of NPM-ALK* wt, Stat5a™ and Stat5b” (n = 2/genotype) cell lines were seeded per
well in 96-well-plates for each biological replicate in technical triplicates. The cells were used
for cell cycle and Annexin-V/DAPI analysis five days (120 h) after the start of the experiment.
Quantification of cell cycle phase distributions analysis: a) % cells in the G0/G1-, b) S-, ¢)
G2/M- and d) sub-G0/G1-phase. e) Annexin-V/DAPI staining showing the distribution of living
(Annexin-V'/DAPI"), early apoptotic (Annexin-V*/DAPI") and secondary necrotic (DAPI*) cells
(n = 2/genotype). f) Quantification of % early apoptotic cells (Annexin-V*/DAPI’) per genotype.
g-i) Representative flow cytometry plots Annexin-V/DAPI analysis for each genotype.

3.7.3 Conditioned medium rescues the growth defect of Stat5a”- or Stat5b” cell
lines
Figure 23c and d showed that the severe growth defect by Stat5a or Statbb deficiency is highly
dependent on the cell density. This prompted us to investigate whether factors secreted by the
cells influence cell growth and whether these factors are genotype-dependent. Therefore, we
tested the effect of conditioned medium (complete RPMI medium obtained from dense cell
culture dish) on Statba- and Statbb-deficient cells. NPM-ALK" wt-conditioned medium resulted
in higher NPM-ALK* wt, Stat5a”and Stat5b” cell numbers, rescuing the Stat5a” growth defect
to wt level and increasing the Stat5b” cell number up to 3.5-fold after five days (Figure 25a).
The rescue effect of conditioned medium was higher with cells seeded at a lower density and

was more pronounced in Stat5b” cells compared to Stat5a” cells (Figure 25b).

To test the genotype dependency of the secreted factors, we repeated the cell dilution
experiment with various medium conditions, including complete RPMI medium (normal
medium), wt-, Stat5a”- and Stat5b”"-conditioned medium. The rescue was possible with wi-,
Statba”- or Statsb”-conditioned medium (Figure 25c), but to a lower extent with
Stat5b”"-conditioned medium. Based on recent studies by Prutsch et al. (2019), we additionally
tested whether the addition of IL-10 rescues the growth defect in non-dense cultures (Figure
25c). However, the addition of IL-10 neither improved the effects of normal nor
Stat5b”-conditioned medium on cell growth — at least at the concentration tested (10 ng/ml)
(Figure 25c).
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Figure 25: The growth disadvantage of NPM-ALK"* Stat5a* and Stat5b™ is partially
rescued by conditioned medium

Limited dilution assay with 50, 500 and 5,000 cells of NPM-ALK* wt, Stat5a’and Stat5b”
(n = 1/genotype) cell lines were seeded per well in 96-well-plates. The cells were incubated in
normal or conditioned complete RPMI-medium. The cells were monitored over a period of
five days. a) Competitive growth analyses represented in absolute cell numbers. b) Absolute
cell number fold-change of wit-conditioned medium incubated cells compared to normal RPMI
medium at day 5 of the analysis. ¢) Absolute cell number fold-change of respective conditioned
medium treated cells compared to normal RPMI medium at day 5 of the analysis for seeded
cell density of 500.

3.7.4 Increased pY-STAT3/5 levels in the absence of CDK6
Knowing that the Stat5a or Statbb deficiency leads to a growth disadvantage and increased

rate of apoptosis in NPM-ALK?* cells, we next interrogated the consequence of Cdk6 deficiency.
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By overcoming their disadvantage in thymic lymphoma onset (Figure 14b), the generated
NPM-ALK* Cdk6™ cell lines on average decrease their cell doubling time and tend to perform
better in limiting cell dilution assays compared to NPM-ALK" wt cells (Figure 23b-d). We
quantified tyrosine-phosphorylated STAT3 (pY-STAT3) and STATS5 (pY-STATS) -levels in the
generated Cdk6™ cell lines by intracellular flow cytometry. Cdk6” cells exhibited higher levels
of pY-STAT3 and pY-STATS compared to wt cells (Figure 26). pY-STAT3 levels were also
increased in Stat5a” and Sta5b”" compared to wt cells, while pY-STATS5 levels were increased

exclusively in Cdk6™ cells.
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Figure 26: Transformed Cdk6™ cell lines harbour increased levels of pY-STAT5 and
pY-STAT3

a) pY-STAT5A/B and b) pY-STAT3 levels of generated wt (n = 3), Cdk6” (n = 3), Statsa™
(n =2) and Stat5b” (n = 1) cell lines derived from primary thymic lymphomas, determined by
intracellular flow cytometry staining.

Next, we asked whether increased pY-STAT3/5 levels are already present in non-diseased
thymic tissue. We found NPM-ALK* Cdk6” thymi to have higher pY-STAT5 levels compared
to wt, Cdk6”-and NPM-ALK"* wt cells (Figure 27a). The increase in pY-STAT5 levels cannot
be attributed to an overall increase in total STATS5 levels (Figure 27b). Conversely, we instead
found a trend of decreased total STATS5 levels in NPM-ALK* cells. The pY-STAT5/total STATS
ratio underlines the increased pY-STAT5 levels in Cdk6-deficient NPM-ALK" cells (Figure

27c).
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Figure 27: Healthy NPM-ALK"* Cdk6” thymic tissue express high levels of pY-STAT5
Quantification of a) pY-STAT5A/B and b) STAT5A/B immunoblot analysis normalised to
A-TUBULIN in wt (n = 1), Cdk6™ (n = 1), NPM-ALK* wt (n = 4) and NPM-ALK* Cdk6™ (n = 8)
thymic tissue. ¢) Normalised pY-STAT5A/B levels relative to total STAT5A/B levels in wt
(n=1), Cdk6” (n = 1), NPM-ALK* wt (n = 2) and NPM-ALK* Cdk6” (n = 4) thymic tissue. Each
data point represents a biological replicate. Levels of significance were calculated using an
unpaired two-tailed Student’s t-test. ** p < 0.01.

3.8 Pharmacological inhibition of NPM-ALK* cell lines

As a next step, we aimed to translate the observed phenotype and genotypic vulnerabilities

into novel treatment opportunities.

3.8.1 Statb5a, Stat5b or Cdk6 deficiency does not sensitise NPM-ALK* cells to
ALK inhibition

First, we determined the sensitivity of the cell lines to ALK inhibitors. Treating cell lines with
increasing concentrations of Crizotinib or Alecetinib showed that NPM-ALK* Stat5a” and
Stat5b™ cell lines react similarly to ALK inhibition compared to NPM-ALK* wt cells lines (Figure
28a). At lower cell densities, NPM-ALK* Cdk6” cells appear to react less to ALK inhibition
compared to wt cells (higher ICso). Nevertheless, when seeding the cells at a slightly higher
density, there is no observable difference in the ICsoupon Crizotinib or Alecetinib treatment
between Cdk6” and wt NPM-ALK" cells (Figure 28b-c).
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Figure 28: All NPM-ALK* genotypes react similarly to ALK inhibition

Determination of ICsq via the CellTiter-Glo cell viability assay. The cells were seeded in 96-
well-plates and treated with increasing concentrations of ALK-inhibitors in technical triplicates.
The response was recorded after 72 hours and normalised to the DMSO ftreated control. a)
5,000 cells of NPM-ALK* wt (n = 3), Cdk6” (n = 3), Stat5a” (n = 2) and Stat5b” (n = 1) cell lines
were seeded per well and treated with increasing concentrations of Crizotinib. b) Table
depicting calculated ICsovalues for Crizotinib per each genotype. ¢) 10,000 cells of
NPM-ALK* wt and Cdk67 cell lines (n = 2/genotype) were seeded per well and treated with
increasing concentrations of Crizotinib or d) Alecetinib. The depicted viability assay also shows
calculated ICsp values.

3.8.2 Stat5a or Stat5b deficiency fails to sensitise NPM-ALK* cells to kinase
inhibition or degradation of CDK6
To mimic the phenotype observed in vivo (Cdk6” Statsa”or Cdk6” Statsb”) via

pharmacological perturbations, we treated the wt, Statsa” and Stat5b” cells with a CDK6
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kinase inhibitor or CDK6 degrader. The CDK6 inhibitor Palbociclib or the CDK6 degrader
BSJ-03-123 displayed no statistically significant difference in cell viability or ICso values
(Figure 29a-b). As observed in other cellular systems used in our group (unpublished data by
B. Schmalzbauer or T. Brandstoetter, data not shown), the CDK6 degrader BSJ-03-123 does
not entirely diminish CDKG6 protein levels (Figure 29c-d).
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Figure 29: No genotype difference is observed in response to CDKG6 inhibitor or
degrader treatment

Determination of ICso via the CellTiter-Glo cell viability assay. a) 10,000 cells of NPM-ALK* wt
(n = 2, mean + SEM), Stat5a” (n = 1) and Stat5b” (n = 1) cell lines were seeded per well of
96-well-plate and treated with increasing concentrations of Palbociclib in technical triplicates.
The response was recorded after 72 h and normalised to the DMSO treated control. b)
Similarly, 10,000 cells of NPM-ALK* wt, Stat5a” and Stat5b” (n = 1/genotype) cell lines were
seeded per well of 96-well-plate and treated with increasing concentrations of the
BSJ-03-123 CDK6 degrader in technical triplicates. The degrader dose was re-administered
every 24 h until the response was recorded after 72 h and normalised to the DMSO treated
control. Table depicting calculated ICsovalues for Palbociclib and BSJ-03-123 for each
genotype, respectively. ¢) Immunoblot of CDK6 and HSC-70 in NPM-ALK* wt, Stat5a”and
Stat5b” (n = 1/genotype) cell lines after 24 h treatment with 0.5 uM, 1.5 uM or5 uM of the
BSJ-03-123 CDK6 degrader and DMSO as control. d) Quantification of CDK6 expression
normalised to HSC-70.

3.8.3 Cdké6 deficiency fails to sensitise NPM-ALK* cells to (pan-)JAK inhibition

NPM-ALK has been shown to activate STAT5 through JAK2 (Nieborowska-Skorska et al.,
2001). Therefore, we investigated whether the absence of Statba, Stat5b or Cdk6 in the
NPM-ALK" transformed cell lines influence JAK inhibitor sensitivity. After initial treatment of wt,
Cdk6™, Statsa”and Stat5b™ cells with the JAK inhibitors Tofacitinib (Figure 30a) and
Ruxolitinib (data not shown), we observed that the cells are not responding to the treatment.
We repeated the experiment with a relevant subset of genotypes (wt, Cdk67) together with the
human NPM-ALK" ALCL control cell line Mac2A (Figure 30b-d). Indeed, the Mac2A cell line
responded to JAK inhibition, while the wt and Cdk6” cell lines only responded at a very high
ICs0, with no difference between the genotypes. We conclude that the established
NPM-ALK" cell lines are insensitive to JAK1/2/3 inhibition.
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Figure 30: NPM-ALK®* cells lines are not sensitive to JAK-inhibition

Determination of ICsp via the CellTiter-Glo cell viability assay. Cells were seeded in 96-well-
plates and treated with increasing concentrations of JAK-inhibitors in technical triplicates. The
response was recorded after 72 h and normalised to the DMSO treated control. a) 10,000 cells
of NPM-ALK*wt (n = 3), Cdk6” (n = 3), Statba” (n = 2) and Stat5b” (n = 1) cell lines were
seeded per well and treated with increasing concentrations of Tofacitinib. b) Table depicting
calculated ICsp values for Tofacitinib and Ruxolitinib for NPM-ALK* wt, Cdk6” and Mac2A cells.
10,000 cells of the Mac2A and NPM-ALK* wt, Cdk6” (n = 2/genotype) cell lines were seeded
per well and treated with increasing concentrations of ¢) Tofacitinib or d) Ruxolitinib.

3.8.4 PDGFR inhibition

Based on the work of Laimer et al. (2012), showing that the AP-1 family members JUN and
JUNB promote lymphoma development and tumour dissemination through transcriptional
regulation of platelet-derived growth factor receptor (PDGFR), we next interrogated the
inhibition of the PDGFR on NPM-ALK" cell lines. The NPM-ALK" cell lines did not display any
difference between genotypes in their response to PDGFR inhibitors (Figure 31). All
genotypes reacted to Imatinib and Crenolanib only at very high concentrations. The high

ICso indicates the insensitivity of our NPM-ALK* cell lines to PDGFR inhibition.
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Figure 31: NPM-ALK® cells lines do not respond to PDGFR inhibition

Determination of ICso via the CellTiter-Glo cell viability assay. 10,000 cells of NPM-ALK* wt,
Cdk67, Stat5a”and Stat5b™ (n = 1/genotype) cell lines were seeded per well of 96-well-plate
and treated with increasing concentrations of a) Imatinib and b) Crenolanib (PDGFR inhibitors)
in technical triplicates (mean + SEM). The response was recorded after 72 h and normalised
to the DMSO treated control. ¢) Table depicting calculated 1Csovalues for Imatinib and
Crenolanib per genotype.

3.9 Pharmacological perturbations of CDK6 and STAT5 activation
do not result in synergistic effects

Failing to observe sensitisation of established transformed murine Stat5a”, Stat5b” or Cdk6™
cell lines to ALK, JAK, PDGFR and CDKG® inhibition as well as CDK6 degradation, we further
elucidated the independent or converged pathways orchestrated by CDK6 and STAT5A/B
proteins in NPM-ALK-transformed cells. We hypothesised that the established Cdk67, Stat5a
~and Stat5b” cell lines develop compensatory mechanisms, thereby becoming independent
of the targeted pathways. We aimed to determine whether the combined pharmacological
inhibition of CDK6 and STATS activation has a synergistic effect on “non-compensated” murine

cell lines established from primary NPM-ALK* wt thymic lymphomas.
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3.9.1 Combined inhibition of JAK1/2 and CDK6

As clinical-grade direct STAT5 inhibitors are not available, we first used the JAK1/2 inhibitor
Ruxolitinib to target the STAT5 axis. However, this is not an ideal setting as it is not clear
whether NPM-ALK directly phosphorylates STAT5A or STATSB circumventing JAK activation.
Nevertheless, we combined the Ruxolitinib treatment with the CDKG6 kinase inhibitor
Palbociclib. The combined CDK6 and JAK1/2 kinase inhibition resulted in a slightly additive
but not synergistic effect (Figure 32a-b). Next, we investigated the combinatorial effects of
Ruxolitinib and the CDK6 degrader BSJ-03-123. Similarly, the combined degradation of CDK6
and JAK1/2 kinase inhibition display only a slightly additive effect (Figure 32c-d).
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Figure 32: Kinase inhibition or degradation of CDK6 combined with JAK1/2 kinase
inhibition results in an additive but not a synergistic effect

Determination of combinatorial inhibition effects on murine wt NPM-ALK*cell lines.
10,000 cells of NPM-ALK* wt (n = 2) were seeded per well of 96-well-plate and treated with
increasing concentrations of inhibitors or degraders. The BSJ-03-123 dose was
re-administered every 24 h until the response was recorded after 72 h and normalised to the
DMSO treated control. The CellTiter-Glo viability assay was used as a readout for
determining the inhibition elicited by the combinatorial treatment. The Bliss synergy score is
calculated as the difference between expected and observed drug response under the
hypothesis of the independent action of drugs and no synergy. Averaged dose-response matrix
(inhibition) of a) Ruxolitinib-Palbociclib and ¢) Ruxolitinib-BSJ-03-123 combinatorial
treatments. 3D Synergy plots Vvisualising the Bliss synergy score of the
b) Ruxolitinib-Palbociclib and d) Ruxolitinib-BSJ-03-123 combinatorial treatment.
(Antagonism: -20 to -10, Additivity: -10 to 10, Synergy: 10 to 20).

3.9.2 Targeting ALK alongside CDK6

Due to the above-mentioned caveat of direct or indirect phosphorylation of STAT5A or STAT5B
by NPM-ALK, we decided to repeat the experiment by targeting NPM-ALK alongside CDKG6.
Therefore, we combined the ALK inhibitor Crizotinib with the CDK®6 kinase inhibitor Palbociclib
and the CDKG6 degrader BSJ-03-123. Again, combining CDKB6 kinase inhibition or degradation

with ALK kinase inhibition resulted in an additive but not synergistic effect (Figure 33).
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Figure 33: Kinase inhibition or degradation of CDK6 combined with ALK inhibition
results in an additive but not a synergistic effect

Determination of combinatorial inhibition effects on murine wt NPM-ALK'cell lines.
10,000 cells of NPM-ALK* wt (n = 2) were seeded per well of 96-well-plate and treated with
increasing concentrations of inhibitors or degraders. The BSJ-03-123 dose was
re-administered every 24 h until the response was recorded after 72 h and normalised to the
DMSO treated control. The CellTiter-Glo viability assay was used as a readout for
determining the inhibition elicited by the combinatorial treatment. The Bliss synergy score is
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calculated as the difference between expected and observed drug response under the
hypothesis of the independent action of drugs and no synergy. Averaged dose-response matrix
(inhibition) of a) Crizotinib-Palbociclib and ¢) Crizotinib-BSJ-03-123 combinatorial treatments.
3D Synergy plots visualising the Bliss synergy score of the b) Crizotinib-Palbociclib and
d) Crizotinib-BSJ-03-123 combinatorial treatment. (Antagonism: -20 to -10, Additivity: -10 to
10, Synergy: 10 to 20).

When comparing the synergy scores of different combinatorial treatments, we observe that the
Crizotinib combinatorial treatments resulted in a higher synergy score compared to Ruxolitinib
combinatorial treatments, indicating higher additivity of the drugs (Figure 34). A similar trend
was also observed with CDK6 degradation combinatorial treatments, which displayed higher
additivity compared to kinase inhibitory (Palbociclib) combinatorial treatments. Crizotinib-BSJ-
03-123 combinatorial treatment displayed the highest Bliss synergy score, indicating that best
inhibition is achieved by targeting CDK6 kinase-dependent and independent functions,
together with ALK-mediated signalling.
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Figure 34: ALK inhibitor Crizotinib and the CDK6 degrader BSJ-03-123 show the
highest Bliss synergy score.

2D Synergy plots visualising the Bliss synergy score of various drug combinations
(Antagonism: -20 to -10, Additivity: -10 to 10, Synergy: 10 to 20).

3.10 ALK- or pan-JAK-inhibition diminishes pY-STATS5 levels

Combinatorial treatments utilising CDKG6 inhibitors or degraders and inhibitors of STAT5
activation did not result in synergistic inhibitory effects in NPM-ALK-transformed cells. We
postulate that synergy was not observed due to incomplete inhibition of kinase-dependent and
-independent functions of CDK®6, as well as incomplete inhibition of the STAT5 activation axis.
As a next step, we further interrogated STAT5 activation in NPM-ALK* wt cells upon
pharmacological perturbation. Compared to DMSO-treated controls, ALK inhibitors Crizotinib

and Alecetinib diminished pY-STATS levels before affecting p-ALK or pY-STAT3 levels
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(Figure 35). High concentrations of the JAK1/2 inhibitor Ruxolitinib inhibited the majority of
STAT5 phosphorylation, leaving a small portion of pY-STATS5 intact. However, PDGFR
inhibitor Crenolanib, BCR-ABL inhibitor Imatinib (also targets KIT and PDGFR), and pan-JAK
inhibitor (JAK1/2/3) Tofacitinib did not have a detrimental effect on pY-STATS5 levels of all three
NPM-ALK"* wt cell lines at the tested concentrations. We thus conclude, that ALK-inhibition
diminished pY-STATS5 levels to a higher degree than pan-JAK inhibition.
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Figure 35: NPM-ALK inhibitors diminish pY-STATS5 levels

Immunoblot of p-ALK, total ALK, pY-STATS5A/B, total STAT5A/B, pY-STAT3, total STAT3 and
A-TUBULIN in NPM-ALK* wt (n = 3) cell lines after 4 h treatment with 100 nM Crizotinib, 50 nM
Alecetinib, 500 nM Crenolanib, 3 yM Imatinib, 5 uM Ruxolitinib, 5 yM Tofacitinib and DMSO

as control. The used drug concentrations were chosen according to the I[Csoon
NPM-ALK"* wt cells.

3.11NPM-ALK - directly and indirectly — phosphorylates STAT5
proteins

The effect of ALK- and JAK-inhibitors on pY-STATS levels caused us to further interrogate
mechanisms of how NPM-ALK phosphorylates STAT5 proteins. It was shown that NPM-ALK
indirectly phosphorylates STAT5 proteins via JAK2 (Nieborowska-Skorska et al., 2001).
However, based on our observations that pan-JAK inhibition fails to completely diminish
pY-STATS levels in NPM-ALK*cells, we hypothesised that NPM-ALK also directly
phosphorylates STATS5 proteins. In order to test our hypothesis, we needed a system of

parental — NPM-ALK-negative — cells in addition to an NPM-ALK expressing sub-cell line. For
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this purpose, Ba/F3 cells were infected with a retrovirus containing the NPM-ALK-transgene
and processed as depicted in Figure 36a. After seven days in culture, we obtained a pure
population of NPM-ALK expressing Ba/F3 cells (Figure 36b). The NPM-ALK-infected
Ba/F3 cells were IL-3-independent, while parental Ba/F3 cells depend on IL-3 (Figure 36c¢).
The immunoblot depicts differences in protein levels after NPM-ALK infection of Ba/F3 cells
(Figure 36d). We validated NPM-ALK expression in NPM-ALK-infected Ba/F3 by pY- and
total-ALK immunobilotting, indicating a strong presence of the transgene. Furthermore, the
NPM-ALK-infected Ba/F3 cells exhibit an overall similar signalling pattern — pY- and total-
STAT3/5 levels — compared to the established murine NPM-ALK-expressing (NPM-ALK") wt

cell line.
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Figure 36: NPM-ALK-infected parental Ba/F3 cell line exhibits increased protein levels
of the transgene

a) Parental Ba/F3 cell line experimental setup scheme. b) Representative flow cytometry
histograms of parental and NPM-ALK-infected Ba/F3 at day 7 post-infection. c)
Representative flow cytometry plots of parental and NPM-ALK* Ba/F3 cells at day 0 and day
4 after IL-3-deprivation. d) Immunoblot of p-ALK, total ALK, pY-STATS5A/B, total STAT5A/B,
pY-STAT3, total STAT3, CDK6 and A-TUBULIN in parental Ba/F3 and NPM-ALK"* Ba/F3 cells,
including a positive (NPM-ALK* wt cell line) and negative (BCR-ABL p185 cell line) control.

After confirming NPM-ALK expression in the Ba/F3 cells, ICsovalues for JAK-inhibitors
Ruxolitinib and Tofacitinib were determined. From the cell viability assay, we observed that the
ICs0 value is highly dependent on the addition of IL-3 to the cell culture medium. The addition
of IL-3 to the culture of NPM-ALK"* Ba/F3 cells increased the ICso concentration of Ruxolitinib
by 6-fold (Figure 37a). A similar effect was observed after Tofacitinib treatment (Figure 37b),

indicating that IL-3 holds an important role when interrogating pY-STAT5 levels.
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Figure 37: ICso concentration of Ba/F3 cells is highly dependent on the addition of IL-3
Determination of ICsq via the CellTiter-Glo cell viability assay. The cells were seeded in 96-
well-plates and treated with increasing concentrations of JAK-inhibitors in technical triplicates.
The response was recorded after 72 h and normalised to the DMSO treated control. a)
5,000 cells were seeded per well of the parental Ba/F3 cell line in the presence of IL-3,
NPM-ALK* Ba/F3 cell line with and without IL-3, as well as an NPM-ALK* wt control cell line
and treated with increasing concentrations of a) Ruxolitinib and b) Tofacitinib.

Due to the incomplete inhibition of pY-STAT5 levels following JAK1/2-inhibition, we further
investigated the mechanism of STAT5 phosphorylation. Based on the high volatility of the
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ICs0 concentration, we included multiple controls when interrogating pY-STATS5 levels in
Ba/F3 cells with and without NPM-ALK (Figure 38a). In a starved state, NPM-ALK increases
the baseline pY-STATS5 levels (Figure 38b). Upon the addition of Ruxolitinib, the pY-STAT5
levels of the Ba/F3 parental cells are strongly diminished, while Ba/F3 cells expressing
NPM-ALK still contain high levels of pY-STATS5. A similar observation was made when parental
Ba/F3 and NPM-ALK-expressing Ba/F3 cells were cultured in IL-3. The addition of
IL-3 strikingly increased pY-STATS levels in NPM-ALK*Ba/F3 cells, while parental
Ba/F3 displayed a slight increase in pY-STAT5. Ruxolitinib completely diminished pY-STAT5
levels of IL-3-cultured Ba/F3 cells, while NPM-ALK-expressing cells sustained 20-fold higher
pY-STATS levels. In summary, the presence of NPM-ALK drastically increased baseline pY-
STATS levels in NPM-ALK-expressing Ba/F3 cells, which retained high pY-STATS levels after
Ruxolitinib treatment. Since Ruxolitinib inhibits the IL-3/JAK2 signalling axis, as well as the
NPM-ALK-mediated STAT5 phosphorylation via JAK1/2, we concluded that STATS is
phosphorylated by NPM-ALK at least partly JAK1/2-independent. In other words, we conclude
that STATS is also directly phosphorylated by NPM-ALK.
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Figure 38: NPM-ALK phosphorylates STAT5 directly and indirectly via JAK2

a) Experimental schematic depicting the treatment timeline. b) Quantification of flow-cytometry
intracellular staining of pY-STAT5 levels in parental Ba/F3 and NPM-ALK*Ba/F3 cells in
3 different conditions (starved, IL-3 cultured and starved followed by IL-3 stimulation) upon
Ruxolitinib treatment and DMSO as control.



85

3.12STAT5A and STATS5B physically interact with CDK6

To further investigate the function of the concomitant Cdk6 and Statba or Stat5b dependency,
we interrogated physical interactions between the two proteins in transformed wt
NPM-ALK" cells (Figure 39). Co-immunoprecipitation revealed that both STAT5A and
STAT5B physically interact with CDK6 in NPM-ALK* cell lines. By including Cdk6™ cells as a
control, we excluded unspecific antibody binding. This data indicates the existence of an
essential CDK6-STATS5A or -STAT5SB protein complex in NPM-ALK* cells.
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Figure 39: CDKG6 physically associates with STAT5A and STAT5B

a) Co-immunoprecipitation assays in NPM-ALK"cell lines (n = 3). Protein extracts were
immunoprecipitated with anti-STAT5A and anti-STAT5B antibody and immunoblotted with an
anti-STAT5 and anti-CDK6 antibody. An NPM-ALK* Cdk6” control was added to exclude
unspecific  antibody  binding of anti-CDK6  antibody for  immunoblotting.
b) Co-immunoprecipitation assays in NPM-ALK*wt and Cdk6” cell line (n = 1/genotype).
Protein extracts were immunoprecipitated with anti-STAT5A and anti-STAT5B antibody and
immunoblotted with an anti-STAT5 and anti-CDK6 antibody. An NPM-ALK* Cdk6™ cell line was
added as a negative control — in the absence of CDK6, STAT5A and STAT5B
co-immunoprecipitate. Loaded: input (In), supernatant from anti-STAT5A antibody (Sa),
supernatant from anti-STAT5B antibody (Sg), wash of magnetic-bead-bound STAT5A
immunoprecipitate complex (Wa), wash of magnetic-bead-bound STAT5B immunoprecipitate
(Ws), immunoprecipitate of anti-STAT5A antibody (IP») and immunoprecipitate of anti-STAT5B
antibody (IPg).
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4 Discussion

NPM-ALK is an oncogenic fusion protein driving more than 70% of all ALCL cases. 40-65%
of ALCL patients develop resistance to first-line chemotherapy or ALK-inhibition (Huang et al.,
2018), driving the need for further targeted treatment opportunities for relapsed or resistant
ALCL. We show that the combined absence of CDK6 and STAT5A or STAT5B inhibits NPM-
ALK-mediated malignant transformation, thereby preventing thymic lymphoma development.
Our results also suggest that their combined deletion prohibits NPM-ALK tumour progression,
predisposing their combined inhibition for pharmaceutical interventions. We found STAT5A
and STATS5B to physically interact with CDK®, indicative of a transcriptional complex essential
for NPM-ALK-mediated malignant transformation. We were not able to replicate this effect with
existing pharmacological inhibitors. One potential explanation is the direct phosphorylation of
STAT5A/B by NPM/ALK, which we demonstrated in a Ba/F3 model.

4.1 STATS5A and STAT5B display oncogenic properties in NPM-
ALK*lymphoma

NPM-ALK* Statsa” mice display a slightly delayed thymic lymphoma onset compared to
NPM-ALK"* wt mice, which is even further increased in the absence of STAT5B. We speculate
that this is due to a higher expression of STAT5B than STAT5A in T cells (A. Villarino et al.,
2016). Zhang et al. (2007) claimed that — in human ALK"* T cell lymphoma cell lines — STAT5B
shows oncogenic potential, while STAT5A acts as a tumour suppressor. However, our
investigated murine NPM-ALK* model has revealed literature-opposing effects, where both
STAT5A and STAT5B show oncogenic potential, as their absence delays the onset of murine
NPM-ALK* thymic lymphomas. In addition to known discrepancies between the murine and
human immune and haematopoietic systems (Mestas & Hughes, 2004; Parekh & Crooks,
2013), we speculate that opposing effects were observed due to different experimental settings
— in vitro human cell lines (Zhang et al., 2007) vs in vivo mouse models (Figure 14). Zhang et
al. (2007) highlighted the tumour suppressor functions of STAT5A based on its inhibitory
potential of NPM-ALK; however, no other indications for the opposing roles of STAT5A/B have
yet been described in T cells. Another explanation may be provided by the Stat5a-deficient
environment of our constitutive knockout mouse models influencing the disease. Excluding the
environmental effects by utilising a thymocyte specific depletion of Cdk6, Statba or Statbb or

transplantation of disease initiating cells into a wt environment would provide us with definite
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cell-intrinsic effects. Irrespective, we conclude that STAT5A and STAT5B act redundantly in
the context of the NPM-ALK-CDK6-STAT5 oncogene axis.

4.2 CDK6 and STATS5A or STATSB deficiencies are incompatible in
NPM-ALK-driven transformation and disease

We found an inability of NPM-ALK* Cdk6” Stat5a” or Stat5b” mice to develop a thymic
lymphoma and NPM-ALK" Cdk6” Stat5a”or Statsb”"BM cells to undergo ex vivo
NPM-ALK-mediated transformation. The first indication for the incompatibility of the combined
Cdk6 and Stat5a or Stat5b deficiency was the submendelian ratio of NPM-ALK* Cdk6” and
Stat5a” or Stat5b” mice at weaning. We postulate that some mice die during embryonic
development or early after birth, and the survivors potentially developed compensatory
mechanisms. The cause of the submendelian ratios could be further investigated by analysing
the offspring at embryonic day 18.5 (E18.5) to determine if combined STAT5A/B and CDK6
deficiency causes perinatal lethality, and which potential compensatory mechanisms take
place to allow for complete embryogenesis. Since all three knockout models used are whole-
body (constitutive) knockouts, it is hard to speculate which defect may cause this embryonic
or perinatal lethality if STAT5A or STAT5B absence is combined with CDK6 loss.
Nevertheless, we propose that the submendelian ratio may occur as a result of impaired
glucose metabolism or insulin signalling, which has to be further investigated for confirmation.
Despite the roles of STATS5A/B and CDKG6 in T cell development (Villarino et al., 2016; Nivarthi
et al., 2015; Pham et al., 2018; Maurer et al., 2020; Malumbres et al., 2004; Hu et al., 2019;
Hu et al., 2011), the cellular composition of thymi isolated from NPM-ALK" double-knockout
mice did not significantly differ from those of single NPM-ALK* Cdk67 or Stat5b” mice. Hence,
we exclude that differences in the thymi are the sole reason for the absence of thymic
lymphomas in the double knockout mice. In addition, we concluded that the compensatory

mechanisms do not extend to NPM-ALK mediated transformation.

The incompatibility of a Cdk6 and Stat5a or Stat5b deficiency was also demonstrated utilising
shRNA-mediated knockdown of Cdk6 in NPM-ALK* Stat5a” or Stat5b™ cells. Despite getting
mCherry* (the fluorescence marker for the Cdk6 shRNA) NPM-ALK* Stat5a” or Stat5b” cells
— indicative of a successful Cdk6 shRNA expression —we proved that these cells counteracted
and regained CDKG6 expression or prevented its silencing. We assume that the cells, which
down-regulated Cdk6 expression did not survive. The data suggest that the concomitant

absence of CDK6 and STAT5A or STAT5B might also play significant roles in disease
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maintenance (e.g., proliferation and survival). Therefore, combined pharmacological
interventions targeting CDK6 and STAT5A/B in established NPM-ALK* ALCL represents a

potential treatment strategy.

4.3 The absence of CDKG6 triggers compensatory mechanisms in
NPM-ALK* cells

The substantial disadvantage of Cdk6” cells in NPM-ALK mediated transformation indicates
that the absence of CDKG6 leads to more drastic consequences compared to Stat5a or Stat5b
deficiencies. In contrast, established Cak6™ thymic lymphoma cell lines proliferate the fastest
indicative of a novel developed secondary event in those Cdk6” cell lines or alternatively,
indicative of a difference in their immunosuppression in mice. Our group previously observed
that CDKG6 drives a complicated transcriptional program in haematopoietic cells to block p53
and that cells lacking CDK6 kinase capabilities must mutate p53 to acquire a fully transformed
immortalised state (Bellutti et al., 2018). We can therefore assume that our Cak6” cell lines
have most likely acquired additional mutations (e.g., silencing tumour suppressors) to by-pass
their Cdk6 deficiency. Further insight into the necessary “hits” could be gained by genome

sequencing of established Cdk6™ cell lines, which was beyond the scope of this thesis.

We found increased pYSTATS5 levels in established NPM-ALK*' Cdk6” murine cell lines.
Elevated STAT5 activation in Cdk6” compared to wt haematopoietic cells has also been
observed in other haematopoietic cell types ((Uras et al., 2019); unpublished data by B.
Maurer, S. Kollmann, K. Kollmann). Hence, this effect seems to be NPM-ALK-independent
and applicable for various cell types. This effect is already present in the thymi of 10-12-week-
old NPM-ALK* Cdk6™ mice, already exhibiting hyperplastic thymi indicative of early stages of
transformation. We speculate that STAT5 (hyper)activation might be a compensatory
mechanism for a Cdk6 deficiency and that the additional absence of STAT5A or STAT5B

prevents this “rescue” during transformation.

4.4 Cytokines facilitate growth and survival of transformed NPM-
ALK* Stat5a’-and Stat5b”- cells in overcoming their proliferation
disadvantage

We demonstrated that Statba or Stat5b deficiency results in a proliferation defect (delayed cell
cycle entry and increased rate of apoptosis) of NPM-ALK® cell lines, which is more pronounced

at lower cell densities. The effect is partially overcome when seeded in higher densities or
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when cultured in conditioned medium, indicating the existence of autocrine cytokine
production. Specific cytokines may lead to further signalling, promoting survival and
proliferation. To further address which cytokines are secreted by our NPM-ALK*thymic
lymphoma cell lines, a proteome profiler murine cytokine array on conditioned medium of NPM-
ALK*wt, Stat5a” and Stat5b” thymic lymphoma cell lines would provide us with first insights.
We would gain an indication of differentially secreted cytokines, where the cytokines secreted
in higher quantities by the NPM-ALK*wt cells compared to Statsa” or Sta5b” cell lines

represent potential rescue candidates of the Stat5a”- or Stat5b”-specific proliferation defect.

This observation could also be applicable in vivo: During transformation, already transformed
thymocytes are sparsely seeded throughout the thymus. This “limiting cytokine” environment
may cause a latent disease state, enhancing genotype-dependent effects (e.g., later disease
onset). When the transformed cells reach a specific density, the disease seems to drastically
progress — leading to fast-developing symptoms in mice. We speculate that a certain cytokine
threshold is required in the lymphoma microenvironment, which leads to a fast disease
progression by allowing the NPM-ALK*Statba”and Stat5b” cells to overcome their

proliferation disadvantages.

We speculate that during later disease stages, a cytokine-dependent reinforcement loop forms,
possibly signalling over JAK2-STAT5 or otherwise synergising with growth-factor-receptor-
mediated STATS activation (via KIT, EGFR, PDGFR, Fibroblast growth factor receptor
(FGFR), Mesenchymal-epithelial transition factor (MET) receptor, AXL receptor tyrosine
kinase (AXL), etc.), to promote disease progression. A similar autocrine signalling mechanism
has recently been proposed as a resistance mechanism of ALK* ALCL cells towards ALK
inhibition. Elevated IL-10 receptor and IL-10 levels induce STAT3 signalling, rendering cells
independent of STAT3 activation by ALK (Prokoph et al., 2020). Our preliminary experiment
of IL-10 stimulation did not positively affect the proliferation of the NPM-ALK* Stat5a™ or Stat5b-
- cells. We hypothesise that either different cytokines are involved in the rescue effect or too
high IL-10 concentrations used in the experimental setting led to over-activation. Therefore,
we cannot exclude positive effects of IL-10 concentrations. To conclude, JAK inhibitor
treatment should be tested and considered as a possible option to prevent the formation of

cytokine-mediated positive reinforcement loops.
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4.5 Targeting of CDK6 and STATS in transformed NPM-ALK" cells

We followed up on our shRNA-mediated Cdk6 knockdown with pharmacological perturbations
targeting CDK6 and STAT5 activation in established NPM-ALK*wt, Cdk6”, Stat5a” and
Stat5b™ cell lines. Against our expectations, the absence of CDK6, STAT5A or STAT5B failed
to sensitise NPM-ALK* cells to ALK or pan-JAK inhibition. Interestingly, all NPM-ALK" cell lines

appeared insensitive to pan-JAK inhibition.

4.5.1 NPM-ALK directly phosphorylates STAT5A/B, thereby contributing to
JAK-inhibitor insensitivity

The used JAK inhibitors were not sufficient to mimic the effects of Statba or Stat5b deficiency
in NPM-ALK* Cdk6™ cells. As Ruxolitinib only inhibits JAKs in active confirmations (Zhou et al.,
2014), we speculate that the insensitivity may occur due to heterodimerisation between
JAK2 and JAK1 or TYK2, resulting in persistence and reactivation of JAK-STAT signalling
(Koppikar et al., 2012). We hypothesise direct phosphorylation of STAT5A/B by ALK — as it
has been shown for STAT3 (Zamo et al., 2002) — explaining why Cdk6” NPM-ALK" cells
tolerate JAK inhibition.

To investigate the direct STAT5A/B phosphorylation by NPM-ALK, we used the
Ba/F3 NPM-ALK expressing system. The high levels of pY-STAT5 after inhibiting
JAK1/2 signalling argues for ALK’s ability to directly phosphorylate STAT5A/B.

IL-3 stimulation in NPM-ALK-expressing Ba/F3 cells leads to an unproportionate increase in
pY-STATS levels, indicating a higher sensitivity to IL-3 or synergistic interaction between
NPM-ALK and IL-3 mediated signalling. The higher sensitivity or synergistic interaction might
additionally contribute to the cells’ insensitivity to JAK-inhibition. Murine NPM-ALK*thymic
lymphoma cell lines also do not react with a complete pY-STAT5 diminishment to
JAK1/2 inhibition via Ruxolitinib, indicating that NPM-ALK directly activates STAT5 or by
means other than via JAK1/2. High residual pY-STAT5 levels and insensitivity of
NPM-ALK* murine cell lines to Tofacitinib (JAK1/2/3 inhibitor) treatment insinuate that STAT5
activation also does not occur via JAK3 signalling. However, alternative STAT5
phosphorylation may occur via NPM-ALK-mediated activation of a JAK2-TYK2 heterodimer,
as STATS5 has been described as their downstream effector in some cell types (Parham et al.,
2002). As Crizotinib diminishes pY-STATS levels to a higher degree than pan-JAK inhibitors,

we hypothesise that the main alternative mechanism of STAT5 activation takes place through



direct phosphorylation by ALK. In summary, we postulate that Ruxolitinib failed to sensitise
NPM-ALK* Cdk6™ cells to the inhibition of STAT5 activation, as NPM-ALK can directly
phosphorylate STAT5 by-passing the canonical JAK-STAT pathway (Figure 40).
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Figure 40: NPM-ALK uncouples canonical JAK2-STATS5 signalling
NPM-ALK regulates STAT5 activation by direct phosphorylation of STAT5 and indirectly via
JAK2 phosphorylation.

4.5.2 CDKG6 kinase-independent functions seem to be important in

NPM-ALK* lymphoma progression
Statba or Statbb deficiencies failed to sensitise NPM-ALK*cell lines to the inhibition of
kinase-dependent functions of CDK6 by Palbociclib treatment. Palbociclib inhibits the
kinase-dependent functions of CDK6 and CDK4 while leaving the kinase-independent
functions of CDKG intact. We hypothesise that kinase-independent functions of CDK6 have an

essential role in NPM-ALK-mediated disease progression.

Recent studies have shown that the sequence of pharmacological treatments influences the
efficacy of Palbociclib. CDK4/6 inhibitors lead to an early cell cycle arrest, which might play a
role in the cell susceptibility to other pharmacological perturbations (e.g., DNA-damaging or
antimitotic chemotherapies) (Salvador-Barbero et al., 2020). This aspect of a sequential

treatment should be investigated in further studies.
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We aimed to target the kinase-independent function of CDK6 by the use of CDK6 degraders
— which ideally would mimic the Cdk6” situation. However, we (my own and also other
unpublished data by B. Schmalzbauer or T. Brandstoetter) have observed that BSJ-03-
123 fails to degrade CDKG6 proteins completely, most likely due to the inability to target CDK6
in protein complexes. This probably explains why Stat5a’ or Stat5b”- NPM-ALK* cells showed

no increased sensitivity when treated with the CDK6 degrader.

4.5.3 Combinatorial treatments resulted in additive but not synergistic effects
We speculated that the selective pressure during the in vitro outgrowth of the primary thymic
lymphomas might have increased their mutational burden, thereby possibly having a significant
role in the inhibitory response. To overcome this issue, we needed to simultaneously tackle
CDKG6 and STAT5A or STAT5B in an NPM-ALK* wt setting.

A combination of several treatment strategies is considered beneficial in cancer treatment:
Resistance mechanisms can be avoided, and dosages/side effects can be reduced (Bayat
Mokhtari et al., 2017). Thus, we proceeded with combinatorial treatments targeting STAT5
activation and CDK®6 kinase-independent and/or -dependent functions in NPM-ALK* wt cells.
The combinations of Ruxolitinib or Crizotinib with Palbociclib or the CDK6 degrader
demonstrated additive, but not synergistic effects. We hypothesise that our combinatorial
treatments were not successful due to various limitations of pharmacologic or cell-intrinsic

origin (as described above).

In summary, we have shown that the ALK inhibitor Crizotinib is able to successfully inhibit
NPM-ALK-dependent STATS5 activation. However, it does not target the intrinsic JAK2-STAT5
activation axis. Targeting JAK1/2 activation via Ruxolitinib should be able to inhibit the intrinsic
cytokine-inducible JAK1/2-STATS signalling axis, as well as the NPM-ALK-mediated activation
of STATS via JAK1/2 — but it does not account for direct NPM-ALK-mediated phosphorylation
of STATS. We postulate that a combinatorial treatment including ALK- and JAK1/2-inhibition —
targeting cell-intrinsic and NPM-ALK-mediated STAT5 activation — on NPM-ALK* Cdk6™ cells
might reveal favourable (synergistic) effects. Nevertheless, JAK inhibitors like Ruxolitinib are
imperfect treatment candidates due to off-target kinase- and toxic side effects at high

concentrations.

Our combinatorial treatments revealed that higher synergy is obtained upon gross inhibition of
the kinase-independent and kinase-dependent functions of CDK6 by BSJ-03-123 and STAT5
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activation through Crizotinib treatment compared to Palbociclib and Ruxolitinib combinations.
To conclude, our treatment attempts did not mimic the observed effects in vivo; however, we
believe that novel improved CDK6 degraders and specific STATS inhibitors would provide us

with more favourable results.

4.6 STAT5A and STATS5B directly interact with CDKG6, driving NPM-
ALK-mediated transformation and disease maintenance

We found a direct interaction between STATS5A and STAT5B with CDK6 in murine

NPM-ALK" cell lines. When interrogating CDK6 and STATS interactions in hematopoietic

progenitor cells without NPM-ALK, we failed to observe a comparable interaction. This

indicates that the interaction is dependent on the NPM-ALK oncogene, nevertheless further

experiments are necessary to confirm this finding and determine whether the interaction also

extends to other oncogenic drivers.

This led us to speculate about these complexes driving gene expression patterns essential for
NPM-ALK-mediated transformation and disease maintenance (e.g., proliferation and survival)
— for simplicity referred to as gene pattern X (Figure 41). It is known that STATS5B is present
in higher concentrations in haematopoietic cells compared to STAT5A (Maurer et al., 2019).
We also found indications that NPM-ALK"* Stat5b” cells contain a lower amount of STAT5A
compared to STAT5B levels in Stat5a” cells. Thereby, the thymic lymphoma onset and the
median survival of mice, as well as the proliferation rate of NPM-ALK* Statsa” and Stat5b
~cells, is positively correlated with total STAT5 levels. In the absence of CDK6, the cell
upregulates the relative pY-STATS levels, thereby increasing the probability of STAT5 dimers
binding to the gene pattern X promoter and driving transcription even in the absence of CDKB6.
Therefore, we hypothesise that the strength of gene pattern X transcription is positively
correlated with the presence of CDK6 and higher levels of total or pY-STAT5. This mechanism
would explain the combined necessity of Cdk6 and Statba or Statbb in NPM-ALK-mediated

malignant transformation.
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Figure 41: Proposed regulation mechanism of NPM-ALK-mediated malignant
transformation via CDK6 and STATS5 proteins

In NPM-ALK* wt cells, STAT5A/B dimers form larger protein complexes with CDK6 (and
possibly other proteins), thereby driving the expression of an unknown gene pattern (gene
pattern X), which regulates transformation-essential and disease-maintenance genes. In
NPM-ALK* Stat5a” cells, STAT5B forms homodimers and bind to CDK6 to drive the
expression, while in Stat5b™ cells, STAT5A homodimers are complexed with CDK6 to drive
the gene pattern X expression. We hypothesise, that the absence of CDK6 destabilizes the
regulatory complex, thereby preventing transcription of the gene pattern X. However, through
our proposed compensatory mechanism — higher pY-STATS levels in the absence of CDK6 —
a larger number of pY-STATS heterodimers increases the likelihood of STATS binding to the
regulatory subunit (promotor) and driving the transcription. In the absence of CDK6 and
STAT5A or STAT5B, we postulate that the pY-STAT5-mediated compensation is not possible
due to the decreased overall STATS levels or the decreased binding ability of STAT5A or
STAT5B homodimers in the absence of CDK6. In summary, we propose that the strength of
gene pattern X regulation is correlated with the presence of CDK6 and the levels of total
STAT5A/B or pY-STATS.

4.7 The interplay between STAT5A/B, CDK6 and NPM-ALK

We have demonstrated that in NPM-ALK" cells, CDKG6 interacts with STAT5A and STAT5B.
We have also shown that NPM-ALK* Cdk6” cells display increased levels of STAT5
phosphorylation, indicating that the presence of CDK6 in some way regulates STAT5
activation. Investigating whether CDK6 directly phosphorylates STAT5A/B at vital Serine
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residues (e.g., Serine 726/731), would also give us an indication on the functional importance
of the CDK6-STAT5 complex. In T cells, IL-2-activated STAT5 binds to the CDK6 super-
enhancer, indicating that pY-STAT5 drives CDKG6 expression and activation by promoting D-
type cyclin expression (Li et al., 2017; Kanakura et al., 1999). Nevertheless, it remains
unknown whether CDKG is a direct STAT5A/B target gene.

NPM-ALK-mediated signalling has been shown to cause CDKG6 activation by promoting the
expression of various D-type Cyclins. We have also shown that NPM-ALK directly and
indirectly phosphorylates STAT5A/B. As previously mentioned, literature states that STAT5A
functions as a tumour suppressor by blocking NPM-ALK expression, while STAT5B functions
as a downstream effector of NPM-ALK-mediated signalling (Zhang et al., 2007). However, our
observations contradict the existing literature, indicating that further interrogation of the roles
of STAT5A and STATSB in the context of NPM-ALK are required.
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5 Outlook

Due to time limitations, we were unable to obtain a more detailed characterisation of the thymic
development and composition, as well as the submendelian ratio of NPM-ALK* Cdk6” Stat5a’
- or Stat5b” mice. To further interrogate the possible consequences of the concomitant Cadk6
and Stat5a or Statbb deficiency on the thymic composition and development we plan on
performing Terminal deoxynucleotidyl transferase (TdT) and BCL-2 staining, as well as a
quantification of the thymic medulla und cortex. Furthermore, to determine whether the
absence of CDK6 and STAT5A or STAT5B is detrimental during embryogenesis or perinatally,
we plan on investigating the NPM-ALK* Cdk6” Stat5a™ or Stat5b™ offspring/embryo ratios at
birth or at E18.5, respectively. To gain further insight the potential cause of embryogenic
lethality, we could also analyse haematocrit levels in NPM-ALK* Cdk6” Stat5a” or Stat5b”
mice, which - when impaired - would indicate a defect in erythropoiesis. Taken together, we
believe that also investigating the developmental and physiological roles of CDK6 and STAT5A
or STAT5B might be of interest.

To further investigate the function of the CDK6-STATS complex, further characterisation of the
interaction is needed. By preforming functional mapping of CDK6 to the C- or N-terminus of
STAT5A and STATS5B might provide indication regarding the purpose of the interaction.
Mapping to the C-terminus might indicate a role in CDK6-mediated serine phosphorylation of
STATS.

A better understanding of the mechanism of CDK6/STAT5A/B-mediated NPM-ALK-driven
transformation or disease progression is needed to suggest targeted treatments. To further
test our hypothesis of potential common gene patterns downstream of CDK6 and STAT5A/B,
essential in NPM-ALK mediated transformation and disease progression, we aim to identify

transcriptional alterations in NPM-ALK* lymphoma-initiating cells.

To isolate the correct cell type for future RNA sequencing (RNA-Seq) experiments, we
controlled for NPM-ALK transgene expression in different T cell development stages.
NPM-ALK transgene expression is under the Cd4 promoter, and hence, the expression should
be induced in the DP stage. Recently, it has been shown that the DN population of
NPM-ALK* thymocytes is required for inducing thymic lymphomagenesis (Kreutmair et al.,
2020). In order to confirm the presence of NPM-ALK in DN cells, we analysed NPM-ALK
expression in the DN and DP population of the NPM-ALK transgenic thymocytes. We found
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the highest expression in the DN stage (Figure 42a) and plan an RNA-Seq of this cell type.
As the NPM-ALK* Stat5b™ Cdk6™ and Stat5a” Cdk6” mice display the same phenotypic effect
but only differ in severity, we decided to further focus on NPM-ALK* Stat5b™ mice (Figure 42b).

The RNA-Seq analyses will be done on primary FACS-sorted DN thymocytes obtained from
8-10-week-old NPM-ALK*wt, Cdk6”, Statsb” and Cdk6” Stat5b” mice (Figure 42c). We
were able to collect all samples besides the NPM-ALK* Stat5b”samples (due to lack of
available mice). Therefore, the results of the RNA-Seq were not yet available at the time of
thesis submission. Nevertheless, the generated data will help us to uncover critical target
genes and signalling pathways governed by CDK6 and STAT5B in ALK*thymic lymphoma

development.
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Figure 42: The NPM-ALK transgene is expressed in DN and DP thymocytes

a) gPCR showing NPM-ALK transgene expression of FACS-sorted DN and DP population of
thymocytes derived from NPM-ALK*wt and Cdk6” mice, including negative (NPM-ALK
Cdk6™- Stat5b”") and positive control (NPM-ALK* wt cell line). b) Murine models and ¢) the
experimental setup of the mRNA sequencing experiment. In brief, thymic tissue is isolated
from 8-week-old NPM-ALK*wt, Cdk6”, Stat5b”-and Cdk67 Stat5b” mice and stained for
TER-119, THY1.2, CD4 and CD8. mRNA is isolated from 2-5 * 10°DN (TER-119", THY1.2",
CD4-, CD8") FACS-sorted thymocytes and sent for mMRNA sequencing. The obtained reads are
processed and analysed for differential gene expression.

One way to identify common direct targets of CDK6 and STAT5A/B in NPM-ALK* cells is to
perform a chromatin immunoprecipitation sequencing (ChlP-Seq) of STAT5A and STATSB, as
well as CDK6. ChlIP-Seq would allow us to obtain binding sites of each protein, map them to
gene regulatory regions and by overlaying the obtained peaks, we would be able to identify
common targets of both CDK6 and STAT5A/B proteins in NPM-ALK-driven thymic lymphomas.
Furthermore, we would be able to overlay our differentially expressed genes in
NPM-ALK* Cdk6™ Stat5b™ cells relative to wt cells, with the ChIP peak overlaps, thereby
narrowing down the list of genes of interest. The identification of common critical downstream
targets for therapeutic intervention will improve strategies to avoid the development of

resistances and patient relapses.

To validate the hits, we can proceed with in vifro and in vivo target validation in
NPM-ALK* mouse models, as well as the interrogation of targeted therapies in NPM-
ALK* human cell lines and patient-derived cells. For example, a common RNA and ChlIP-Seq
hit/peak that is possibly connected to cytokine regulation might represent an interesting target
for pharmacological inhibition. Subjecting mice to increased amounts of this cytokine might
accelerate disease progression, indicating the existence of a positive autocrine reinforcement
loop. The disruption of such a loop might delay disease onset and present a novel therapeutic
opportunity for NPM-ALK* ALCL patients.

Based on our obtained data, we propose further interrogation of the following combination

therapies and novel treatments:

(1) The identification of common downstream effectors of CDK6 and STAT5A/B could provide
a novel specific target, whose inhibition will most likely not exhibit drastic effects in normal
healthy cells. Treatment opportunities targeting this common downstream effector might also
extend to other oncogenic drivers (e.g., BCR-ABL) that display a similar CDK6 and STAT5

dependency. To find potential responders, the significance of the identified “common effector”
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can be confirmed in different oncogenic backgrounds by knockdown, knockout or

pharmacological treatments.

(2) A more refined approach to target both STAT5A/B and CDKG6 in NPM-ALK driven thymic
lymphomas has to be developed. As previously mentioned, it has been shown that the order
of treatment matters in combinatorial treatments with Palbociclib. Therefore, we believe a more
thorough investigation of treatment dosage and timing (sequential or concomitant exposure)

may reveal opportunities to sensitise NPM-ALK™* cells to our targeted therapies.

(3) Novel STATS5 inhibitors can provide an excellent targeting tool without having excessive

adverse effects on normal haematopoiesis (compared to JAK inhibitors).

(4) Targeting protein-protein interactions — via small molecule inhibitors — has emerged as a
promising therapeutic approach for several types of cancer (lvanov et al., 2013). Therefore,
another opportunity to target NPM-ALK-mediated transformation is to disrupt the STAT5A/B-
CDK6 complex by protein-protein interaction inhibitors. First, the actual presence of the
hypothesised STAT5A/B/CDK6 complex — and the potential additional participating proteins —
could be proven by performing mass spectrometry. Utilising computational modelling methods
to predict interacting domains of CDK6 and STATS5A or STAT5B — based on high-resolution
three-dimensional structures — would allow the development or repurposing of small molecule
inhibitors aiming to disrupt the CDK6 and STAT5A or STAT5B complexes.

To conclude, the identification of common critical downstream targets for therapeutic
intervention will improve therapeutic strategies to avoid the development of resistances and

patient relapses.



100

6 Conclusion

Using a transgenic ALCL mouse model and primary murine cell lines, we demonstrated that
the combined absence of CDK6 and STAT5A or STATS5B inhibits NPM-ALK-mediated
malignant transformation and progression, thereby predisposing their combined inhibition for
pharmaceutical interventions. In addition, we report that both STAT5A and STAT5B show
oncogenic potential in NPM-ALK-driven lymphomagenesis, which is opposing to old literature
(Nieborowska-Skorska et al., 2001), and that NPM-ALK can phosphorylate STAT5 without the

implications of JAKSs.

Due to various cell-intrinsic and pharmacologic limitations — such as a Cdk6 deficiency-induced
activation of STAT5 and the direct phosphorylation of STAT5A/B by NPM/ALK — we failed to
replicate the effect of combined Cdk6-and Statba- or Statbb- deficiencies with existing
pharmacological inhibitors. However, we believe that novel, improved CDK6 degraders and

specific STATS inhibitors or degraders would provide us with more favourable results.

Nevertheless, the combinatorial treatments indicated that CDK6 kinase-independent functions
are potentially crucial in NPM-ALK" lymphoma progression. Indeed, we found STAT5A and
STATSB to directly interact with CDK®, indicative of a transcriptional complex essential for
NPM-ALK-mediated transformation and disease maintenance. The planned RNA- and
ChlIP-sequencing in NPM-ALK* wt, Cdk6”, Stat5b” and Cdk6” Stat5b” murine thymi during
early transformation should pinpoint to essential direct downstream effectors of CDK6 and
STATS.

In summary, the identification of a successful therapeutic combination targeting CDK6 and
STATS activation or their common downstream effector could contribute to a beneficial and
possibly curative outcome in not only refractory and relapsed ALK* ALCL patients but might
also be extended to other oncogenic drivers that display a similar CDK6 and STAT5

dependency.
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