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Abstract

Glioblastoma multiforme (GBM) constitutes the most common primary malignant tumor
in the brain with a dismal prognosis. Whereas life expectancy after first-diagnosis with
GBM and under current state-of-the-art treatment regimens averages at 14.6 months, cur-
rent research and clinical trials have failed to introduce more effective treatment options.
In acute myeloid leukemia (AML), SAM and HD domain-containing protein 1 (SAMHD1)
has been shown to limit the therapeutic efficacy of specific nucleoside analogues including
cytarabine (ara-C) through cleavage of their biologically active, triphosphorylated form.
The potential role of SAMHD1 for the resistance of GBM for nucleoside analogue-based
chemotherapeutics has not been studied.

In this thesis, we aimed at addressing the following questions: (i) Is SAMHD1 expressed
in GBM? (ii) Does methylation of the Samhd! promoter contribute to its expression in this
tumor? (iii) Does the absence of SAMHD1 or loss of its dNTPase activity sensitize GBM
cells to ara-C by increasing cells’ ara-C triphosphate (ara-CTP) levels? (v) Do SAMHD1
mutations and polymorphisms found in GBM affect the cytotoxic efficacy of ara-C?

To this end, a broad panel of GBM cell lines were profiled for expression of SAMHD1
protein and mRNA using different immunoblotting and immunohistochemical approaches
as well as quantitative PCR, respectively. A bisulfite sequencing assay was established to
determine the DNA methylation status of cells’ Samhd1 promoter. In order to investigate
the role of SAMHDI1 for ara-C cytotoxicity in GBM, we interfered with SAMHD1 ex-
pression and function by treatment with Vpx-containing virus-like particles, which induce
proteosomal SAMHDI1 degradation, CRISPR/Cas9-mediated knockout (KO) of Samhd1
and treatment with a small molecule inhibitor of SAMHD1, respectively, followed by ara-
C treatment and luminescence-based evaluation of cells’ viability. Also, SAMHD1 wildtype
and a panel of functional and tumor-associated mutants were reintroduced into Samhd1
KO cells using lentiviral vector transduction. The resulting, SAMHD1-overexpressing cells
were assessed for mRNA and protein expression as well as ara-C sensitivity. Finally, liquid
chromatography—tandem mass spectrometry was used to determine intracellular ara-CTP
and AN'TP levels.

Here, we demonstrate that SAMHDI1 is broadly expressed in GBM cell lines, patient-
derived xenografts (PDXs) and GBM patient tissue. We uncover that the Samhdl pro-



xii Abstract

moter is unmethylated in SAMHD1-positive GBM cell lines, which demonstrates promoter
methylation as a regulatory factor for its expression. Importantly, we show that depletion
or inhibition of SAMHDI1 sensitizes GBM cells to ara-C treatment and that the increase
in ara-C cytotoxicity is linked to its dNTPase function and correlates with ara-CTP levels.
We show that reconstitution of Samhdl KO GBM cells with SAMHD1 mutants linked to
the enzyme’s functionality or associated with cancer is a powerful tool to study SAMHDI.
GBM-associated SAMHD1 mutations L244F, A565T and L620H sensitize GBM cells to
ara-C treatment compared to parental cells and SAMHD1 wildtype reconstitution, respec-
tively. For these specific mutants, virus-like particle-mediated SAMHD1 degradation and
small molecule-based inhibition of SAMHD1 activity do not further sensitize to ara-C,
indicating their potential clinical accessibility to an expanded, nucleoside analogue-based
therapy. Together, this thesis identifies SAMHDI1 as a regulator of chemoresistance in
GBM and suggests its targeted depletion or drug-based inhibition as a potential strat-
egy to expand the spectrum of chemotherapeutic options, including ara-C, for this highly
malignant brain tumor.
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Chapter 1

Introduction

1.1 dNTP homeostasis

Deoxynucleoside triphosphates (ANTPs) are the molecular precursors of the DNA and
RNA. They consist of a nucleobase (adenine, guanine, cytosine or thymine) bound to a
deoxyribose sugar at carbon 1, which again binds a triphosphate group at its carbon 5,
illustrated in figure [1]. The four different dNTPs are therefore dATP, dCTP, dGTP,
and dTTP, together referred to as dNTPs [2].

In order to survive, cells need to be able to react fast to different stimuli, including signals
of stress, growth and cell division. As dNTPs are essential for the DNA replication as
well as DNA damage repair and involved in signaling pathways, accurate regulation of the
biosynthesis and degradation of dANTPs is crucial in cell physiology and disease prevention
[3]. Imbalances in the intracellular ANTP pool may lead to DNA mutagenesis, elevated
cell proliferation or tumor cell growth in the case of abnormally increased dNTP levels as
well as impaired DNA damage repair, cell cycle arrest or apoptosis in cells that show lower
dANTP levels [2]. The maintenance of ANTP homeostasis is therefore not only crucial for
appropriate and sufficient DNA synthesis and repair, but also for genome stability.
Interestingly, the dNTPs are physiologically not represented in equal amounts as dTTPs
show a higher abundance compared to the other dNTPs followed by dATP, dGTP and

dCTP (table[1.1)) [4].

1.2 SAMHD1

1.2.1 Structural and functional domains of SAMHD1

Sterile alpha motif and histidine-aspartate domain containing protein 1 (SAMHD1) was
first identified as the human homologue of the mouse interferon (IFN)-v induced protein
expressed in human dendritic cells and its gene is located on chromosome 20 in humans
(chromosome 2 in mice) [5]. The enzyme’s molecular weight is 72.2 kDa and it triphospho-
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Figure 1.1: Chemical structure of deoxynucleoside triphosphate (dNTP).
dNTPs consist of the nucleobase adenine, guanine, cytosine or thymine bound to deoxyri-
bose at carbon 1 and a triphosphate group bound at carbon 5 [I].

hydrolizes ANTPs, meaning it cleaves ANTPs (i.e. dGTP, dATP, dCTP and dTTP) into
their respective 2’- deoxynucleosides (dNs) and triphosphate groups (figure [L.2A) [6].
The crystal structure of SAMHD1 was resolved in 2013 [7, 8] (figure [[.2B) and consists
of two domains, a sterile alpha motif (SAM) domain and a histidine-aspartate (HD) do-
main. A detailed domain organization is shown in figure [[.2C. The SAM domain corre-
sponds to residues 40-109 and its biological function is still poorly understood. In 2018,
Buzovetsky et al. indicated a role of the SAM domain in activation and regulation of
mouse SAMHD1 (mSAMHD1) function [9]. In their experiments, the SAM domain was
required for tetramerization of mSAMHD1, the HD domain of mSAMHD1 alone showed
decreased dN'TPase activity and emphasized the role of the SAM-HD domain interactions
for oligomerization and activity, but could not be recapitulated with human SAMHD1
[9]. The HD domain (residues 110-626) contains the catalytic core for dNTPase function
[10, [1T]. Residue D311 has been shown to be essential for functional dNTPase activity [6].
Together with the residues H167, H206 and D207, this residue is able to bind metal ions
[6].

In addition, several residues at the end of the C-terminus are involved in regulatory pro-
cesses of the enzyme. Two cyclin-binding motifs *'RXL*? and *°LF%*' bind a cyclin
A2/cyclin-dependent kinase (CDK) complex that is able to phosphorylate SAMHD1 at
residue T592 [12, [13]. The phosphorylation status at this residue determines the dNTPase
activity of the enzyme (section . Other direct protein interactions with SAMHD1
have been confirmed with CtIP, S-Phase kinase associated protein 2 (SKP2), PP2A-B55«,
cyclin L2, tripartite motif containing 21 (TRIM21) and nuclear import proteins [11]. In ad-
dition, SAMHD1 co-localizes with 53BP1, a marker for DNA double-strand breaks (DSBs)
- an observation that was later confirmed by Daddacha et al. [14].

1.2.2 dNTPase activity of SAMHD1

When SAMHDL1 is inactive, the protein exists in a monomer-dimer balance and tetramer-
izes upon binding to GTP/dGTP in order to constitute the catalytically active form. The
SAMHDI1 tetramer includes 8 allosteric sites (with one "A1" and one "A2" allosteric site
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Figure 1.2: Deoxynucleoside triphosphate (ANTP) hydrolase activity, domain
organization and active tetramer architecture of SAMHDI1. (A) Schematic re-
presentation of the dNTPase activity of SAMHD1 triphosphohydrolizing dNTPs into 2’-
deoxynucleosides (dNs) and triphosphate groups [6]. (B) Crystal structure of SAMHD1
monomer created in silico with PyMOL [7, [§]. (C) Schematic representation of the domain
organization of SAMHD1 consisting of two domains, the sterile alpha motif (SAM) domain
and the histidine-aspartate (HD) domain. Important residues and regions are indicated in
the graph [0, 10}, 15]. (D) Schematic representation of the enzymatically active SAMHD1
tetramer. Each of the four monomers consists of two allosteric sites ("A1" and "A2") as well
as one catalytic site. Binding of nucleosides to the allosteric sites is essential for tetramer
formation and stabilization, and is required for activation of SAMHD1 [I1}, [16].
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per monomer) in which eight molecules are able to bind, contributing to the stability of
the active enzyme (figure [1.2D) [16]. For tetramerization, GTP/dGTP act as cofactors
binding to "A1" allosteric sites in order to build inactive dimers. Then, dATP, dGTP,
dTTP or dCTP are able to bind the "A2" allosteric sites, triggering the tetramerization
of SAMHDI1. Interestingly, dNTPs show different binding affinities to the "A2" allosteric
site (table [[.I). Then, metal ions bind to the residues H167, H206, D207 and D311 in
order to support accurate dNTP substrate orientation and binding to the catalytic sites
[6]. Next, SAMHD1 hydrolyzes a ANTP into 2’-dN and a triphosphate following the sub-
strate preferences displayed in table [I.1] After successful initial activation of SAMHDI,
it does no longer depend on the activator GTP for ongoing hydrolyzation and can remain
as an active tetramer even after ANTP concentrations go below activating concentrations
of approximately 10 pM. This may explain the prolonged low dNTP concentrations in the
nm-range in non-cycling cells, resting CD4 T cells and macrophages [17].

Table 1.1: ANTP abundance and SAMHDI1 preferences for binding and hydrolysis [4] [11]

Substrate functions Order of dNTPs
Abundance in cycling cells dTTP > dATP > dGTP > dCTP
Binding in "A2" allosteric site dATP > dGTP > dTTP > dCTP

Hydrolysis rate of SAMHD1 (all dNTPs present) dGTP > dCTP > dTTP > dATP
Hydrolysis rate of SAMHD1 (only 1 ANTP present) dATP > dTTP > dCTP > dGTP

1.2.3 Expression and regulation of the Samhd1 gene
1.2.3.1 SAMHD1 expression, localization and regulation

Based on in vivo expression profiling, Samhdl is expressed in hematopoetic cells, highly
in non-dividing macrophages, dendritic cells and resting CD4 T cells; and it is slightly
expressed in B cells, activated CD4 T cells, monocytes and natural killer (NK) cells [I§].
In addition, it was shown to be expressed in most human tissues [18].

Despite its N-terminal nuclear localization signal (NLS) ""KRPR [I5] and the literature
stating an exclusive SAMHDI1 localization in the nucleus [I5] 19], more and more studies
show partial SAMHDI1 localization in the cytosol [20} 21] underscoring that SAMHDI is
not an exclusively nuclear protein.

With regard to expression regulation, many factors can influence SAMHD1 expression lev-
els in a cell. Firstly, SAMHD1 expression is dependent on the cell cycle stage, which the
particular cell currently undergoes [22]. Whereas SAMHD1 shows high expression levels
during Gg phase, its expression is low during DNA replication in S phase [22]. Cell cycle
studies in THP-1 Samhd! knockout (KO) cells indicated elevated cell proliferation and
altered G1/Gy as well as Gi/M population percentages compared to SAMHD1-proficient
control cells [23]. In addition, Batalis et al. recently showed that the single nucleotide
mutation SAMHD1 T592E inhibits the cell cycle S/G2 transition in the cell cycle [24].
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Secondly, SAMHD1 expression depends on the differentiation state of the cell: THP-1 cells
differentiated with PMA showed elevated SAMHD1 expression levels compared to non-
PMA-differentiated, cycling cells [23] 25].

Thirdly, it has been shown that the expression of certain single-stranded non-coding RNAs
called microRNAs (miRNAs) can influence the expression of SAMHD1 [26, 27]. Whereas
miRNA-181b expression levels inversely correlated with SAMHD1 protein levels in cuta-
neous T-cell lymphoma (CTCL) [26], reduced miRNA-181a and miRNA-155 expression
resulted in increased SAMHDI1 protein levels in astrocytes [27].

Finally, I[FNs have been described to stimulate SAMHD1 expression [2§]. Treatment with
type I and II IFNs were downregulating microRNAs miR-181a and miR-30a, which further
correlated with elevated SAMHDI expression in primary human monocytes [28]. Impor-
tantly, the upregulation of SAMHD1 through IFN treatment has been shown to be cell-type
dependent: whereas certain cell types elevate their SAMHD1 expression levels upon type
I IFN treatment, such as HEK 293T, HeLa, liver cells, monocytes, microglia and the as-
trocytoma cell line U-87 MG, other cell types like CD4 T cells, MDMs and MDDCs did
not show any change in SAMHD1 protein expression, but dephosphorylation at residue
T592 [29]. In addition, the IFN-stimulated genes (ISGs) MxA, MxB, HERC5, IRF7 and
IRF3 have been shown to induce SAMHDI1 expression in HIV-1 patients [30]. Interestingly,
the other way around, KO of Samhdl elevated the expression of type I IFNs and ISGs in
THP-1 cells [31], which has been shown to be facilitated through the PI3SK/AKT /IRF3
signaling pathway [32].

1.2.3.2 DNA methylation in the Samhd1 promoter

DNA methylation represents a major epigenetic mechanism for gene expression regulation.
It occurs at the carbon on position 5 of cytosines in CpG dinucleotides in CpG islands,
regions with a CpG dinucleotides percentage of at least 50% and a length of this region of
more than 200 bases [33]. Methylated promoter sites are generally associated with silenced
genes resulting in strongly reduced to undetectable gene expression. Unmethylated pro-
moter regions, on the other hand, are associated with active genes and protein expression
[33]. In 2013, Silva et al. reported that this regulation mechanism also takes place for the
Samhdl gene, shown in human CD4 T cells [34]. Whereas the Samhd! promoter of cer-
tain CD4 T cell lines (Jurkat, Sup-T1) was methylated leading to undetectable SAMHD1
protein expression, monocytic cell lines (e.g. THP-1) and primary CD4 T cells with high
SAMHDI1 expression levels showed an unmethylated Samhdl promoter. These findings
point to a direct connection between the DNA methylation status of the Samhdl pro-
moter and the regulation of SAMHD1 protein expression on a transcriptional level [34].

The downregulation of SAMHD1 expression through DNA methylation of its promoter has
been reported in association with disease in a subtype of CTCL [35] and in lung cancer
[36]. In both cases, Samhdl mRNA and protein expression levels were reduced compared
to healthy donors, which was correlated with increased DNA methylation levels in the
Samhdl promoter. In addition, it was shown that for lung cancer, the drug-based DNA
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methylation inhibition again increased SAMHD1 protein expression [36].

1.2.4 Post-translational modifications (PTMs) of SAMHD1
1.2.4.1 Phosphorylation of SAMHD1

The cyclin A2/CDK complex is able to add a phosphate group onto SAMHD1 at residue
T592 leading to the loss of HIV-1 restriction ability. The SAMHD1 mutant T592A can no
longer be phosphorylated thereby loses this level of regulation. When it comes to the regu-
lation of the dN'T'Pase activity, discrepancies in the literature are found. Whereas several
groups state that upon phosphorylation, cellular ANTP levels stay similar and SAMHD1
maintains its dANTPase activity [37), B8], other groups report tetramer destabilization due
to phosphorylated SAMHD1 (pSAMHD1) and impaired dNTPase activity [39]. Likewise,
SAMHDI1 can be dephosphorylated at residue T592 by the phosphatase PP2A together
with the regulatory subunit B55ac (PP2A-B55«) [40].

Similar to the expression of SAMHDI1, also its activity differs in the different stages of
the cell cycle [22]. Whereas it is unphosphorylated during most of the cell cycle stages,
SAMHDI1 gets phosphorylated at residue T592 during the DNA replication in S phase [22].

1.2.4.2 SUMUOylation of SAMHD1

SUMOylation is the binding of about 10 kDa small ubiquitin-like modifier (SUMO) pro-
teins to lysines (K) of proteins with a consensus motif [41]. This PTM can have effects on
the binding of the SUMOylated protein to other proteins as well as its function [41].
Very recently, Martinat et al. showed that SAMHD1’s ability to restrict HIV-1 is dependent
on the modification status of the residue K595. Here, they demonstrate that SUMOylation
at this residue is essential for the restriction of HIV-1 in non-cycling cells [42]. SAMHD1
is SUMOylated in both dividing and non-dividing cells and exhibits a SUMO-interacting
motif (SIM) [42]. Intensive SAMHD1 mutant studies revealed also that mutation at residue
K595 leads to impaired SUMOylation of SAMHD1 and loss of HIV-1 restriction ability,
but unchanged dNTPase activity [42]. Also, phosphorylation at T592 and SUMOylation
at K595 are most likely independent processes [42].

In addition, another study showed the E3 SUMO ligase PIAS1 as an SAMHDI1 interac-
tor that promotes SUMOylation. Also here in the context of Epstein-Barr virus (EBV),
SAMHDI1 viral restriction is dependent on its SUMOylated state [43].

1.2.4.3 Acetylation of SAMHD1

The acetyltransferase arrest defective protein 1 (ARD1) is able to acetylate SAMHDI at
residue K405. This modification has been linked with the enhancement of its dNTPase
activity n wvitro [44]. The mutant version SAMHD1 K405R was no longer able to be
acetylated and therefore lost this capacity for activity enhancement. SAMHD1 K405R
mutation in lung adenocarcinoma cell line A549 reduced the amount of released triphos-
phates, indicating reduced dNTPase activity and higher ANTP concentrations. As a result,
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the SAMHD1 K405R mutant showed elevated G1/Gy and reduced G;/S transition com-
pared to SAMHD1 wildtype, resulting in slower proliferation rates [44]. On the other hand,
SAMHD1 acetylated at residue K405 led to elevated dNTPase activity, a reduced dNTP
pool, elevated G;/S transition and elevated cell proliferation [44].

1.2.5 SAMHDI1 and its antiviral activity against HIV-1

Due to its dNTPase activity, SAMHD1 is a key factor in the degradation of ANTP molecules
and therefore reduces the dANTP pool in the cell. Cellular ANTP molecules are essential
building blocks for the viral reverse transcriptase (RT) in order to reverse transcribe the
viral positive-sense (), single-stranded RNA into double-stranded DNA [45]. Low cellu-
lar ANTP levels due to high SAMHDI1 activity therefore block viral reverse transcription
and restrict HIV-1 infection in non-cycling monocyte-derived dendritic cells (MDDCs) [46],
monocyte-derived macrophages (MDMs) [47] and resting CD4 T cells [20, 48]. Recently,
the antiviral activity of SAMHD1 has been also linked to its ability to bind nucleic acids
[49] (section [1.2.7). In HIV-2 and SIV, this mechanism can be counteracted by the viral
accessory protein X (Vpx, section [46 50]. SAMHD1 mutants including a mutation
in the NLS localize to the cytoplasma, but are still able to restrict HIV-2 and SIV to the
same extent as the wildtype protein [15].

Besides this most prominent restriction step, SAMHD1 and its dNTPase activity is also
able to restrict HIV-1 during integration [51] and endogenous reverse transcription (ERT)
[52]. During integration of proviral DNA into the host genome, the viral integrase leaves a
5’-end single-stranded gap between integration site and viral DNA. These two gaps need
to be filled up by internal repair mechanisms using cellular ANTP molecules. In case of
high SAMHD1 activity, and therefore low dNTP availability, the 5-end repair during in-
tegration is restricted [51].

Furthermore, endogenous reverse transcription (ERT) represents a cell-free possibility for
newly budded HIV particles to start reverse transcription within the particle itself and
synthesize proviral DNA in part prior to infecting a new target cell. The dNTP molecules,
present in the viral particle derived from the producer cell, are enclosed during the budding
process. When SAMHD1 activity is high, dNTP availability in the cell is low and dNTPs
are less likely to be packaged into the particle, reducing ERT activity and therefore re-
stricting HIV-1 infection [52].

As retroviruses typically depend on dNTP availability in the target cell in order to reverse
transcribe their viral genome, SAMHD1’s viral restriction is a broad phenomenon seen also
in other retroviruses, including equine infectious anemia virus (EIAV), feline immunode-
ficiency virus (FIV), Mason Pfizer monkey virus (MPMV), murine leukemia virus (MLV)
and Rous sarcoma virus (RSV) [11, (3].

Besides a large number of RNA viruses, SAMHD1 also influences infections of various DNA
viruses, in particular members of the virus family Herpesviridae including herpes simplex
virus 1 (HSV-1) [54, [55], human cytomegalovirus (HCMV) [56] and Epstein-Barr virus
(EBV) [57]. Whereas in RNA viruses SAMHD1 mostly interferes with reverse transcrip-
tion of the viral genome, in DNA viruses it influences viral DNA genome replication, which
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also depends on intracellular ANTP concentrations [55]. Apart from viruses of the family
Herpesviridae, SAMHD1 was also shown to restrict human papillomavirus 16 (HPV16)
[58], vaccinia virus [54] as well as hepatitis B virus (HBV) infection [59, [60].
Interestingly, whereas SAMHDI fulfills an antiviral role in the majority of viruses reported,
it also has been shown that SAMHDI can act as a proviral factor in Zika (ZIKV) and
Chikungunya (CHIKV) infections [61]. An overview of SAMHD1’s antiviral and proviral
roles is shown in table [.2]

Table 1.2: Antiviral and proviral roles of SAMHDI1 for RNA and DNA viruses [11]

Virus Family Genus Genome Phenotype
HIV-1 Retroviridae Lentivirus (+) ssRNA (RT) antiviral

20, 46, 47, 48]
EIAV Retroviridae Lentivirus (+) ssRNA (RT) antiviral [53]
FIV Retroviridae Lentivirus (+) ssRNA (RT) antiviral [53]
RSV Retroviridae a-retrovirus (+) ssRNA (RT) antiviral [53]
MPMYV  Retroviridae B-retrovirus (+) ssRNA (RT) antiviral [53]
MLV Retroviridae y-retrovirus (+) ssRNA (RT) antiviral [53]
HPV16  Papillomaviridae «-papillomavirus dsDNA antiviral [58]
Vaccinia Pozviridae Orthopoxvirus dsDNA antiviral [54]
virus
HBV Picornaviridae Hepatovirus partially dsDNA  antiviral [59, [60]
HSV-1 Herpesviridae a-herpesvirus dsDNA antiviral [54] [55]
HCMYV  Herpesviridae [B-herpesvirus dsDNA antiviral [56]
EBV Herpesviridae v-herpesvirus dsDNA antiviral [57]
ZIKV Flaviviridae Flavivirus (+) ssRNA proviral [61]
CHIKYV  Togaviridae Alphavirus (+) ssRNA proviral [61]

1.2.6 SAMHD1 and the viral protein X

The genomes of HIV-2 and SIV, e.g. SIVy, from sooty mangabey contain a gene that codes
for the Vpx, that counteracts SAMHD1 by facilitating its degradation in the nucleus [62].
By binding to SAMHDI at its C-terminus (for HIV-2 and SIV,,), Vpx recruits SAMHD1
to DCAF1 (DDB1-CUL4-associated factor 1), a complex is formed together with DDB1
(DNA damage-binding protein 1), CUL4 (cullin 4), ROC1/RBX1 (E3 ubiquitin-protein
ligase) and later E2 ubiquitin-conjugating enzyme, which leads to proteosomal degrada-
tion of SAMHD1 [46, 50} [63]. The SAMHD1 residues important for Vpx-binding are R617,
V618 and K622 [64].

Some SIVs like SIV,,,,4 from mandrill and SIV,.,, from red capped mangabey are not able
to degrade human SAMHD1 [65]. Virus-mediated degradation of SAMHDI1 increases the
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dNTP pool in the target cell, overcomes the viral restriction and enables viral RT activity.
In cell culture experiments, SAMHD1 degradation can be mediated using transduction
with virus-like particles (VLPs) containing Vpx (Vpx-VLPs).

In addition to the SAMHDI-dependent function of Vpx, the protein is also known to
enhance the nuclear import of viral genomes [66]. In 2020, Singh et al. showed first mech-
anistic insights, where they demonstrated that Vpx is interacting with nucleoporin 153
(Nup153), a host protein known to facilitate the docking of complexes at the nuclear pore
complex (NPC) [67]. The interaction between Vpx and Nupl53 has been shown to be
crucial for nuclear translocation of the viral genome, so that the reverse transcribed viral
DNA can be integrated into the genome of the host cell [67]. In addition, this has been
shown to depend on the phosphorylation of Vpx through the mitogen-activated protein
kinase 1 (MAPK1 or ERK-2) [67].

In contrast to Vpx, the viral accessory protein R (Vpr) is encoded by most of the HIVs and
SIVs, including HIV-1 [68]. Whereas it shows up to 50% sequence identity with Vpx, it
is able to load proteins onto the degradation complex, but is can not target SAMHD1 for
degradation and does not interfere with lentiviral infection in macrophages [50]. Instead,
Vpr has been shown to encompass different functions: It mainly facilitates the nuclear
import of the virus pre-integration complex, but also regulates the transcription of host
genes, stabilizes the expression of the structural protein Env that is forming the viral en-
velope, induces cell cycle arrest/apoptosis and facilitates the degradation of other proteins
than SAMHD1 [6§].

1.2.7 Alternative roles of SAMHD1

SAMHD1’s ability to cleave dANTPs serves as its best studied, major enzymatic activity.
Besides that, other dNTPase-independent functions and activities of SAMHD1 are de-
scribed in literature.

Firstly, SAMHD1 shows to have a role in retrotransposon regulation as it reduces the ac-
tivity of long interspersed elements 1 (LINE-1) [69]. At least 17% of the human genome
consists of LINE-1, the only retrotransposon that autonomously and actively creates inser-
tions into the genome [69]. The mechanism by which SAMHD1 inhibits LINE-1 retrotrans-
posons is not completely understood, but mutant SAMHD1 versions of Aicardi-Goutieres
syndrome patients (section showed a reduced ability to inhibit LINE-1 compared to
non-mutated SAMHD1 versions [69]. In line with this, truncated SAMHDI versions were
used to study the SAMHDI1 regions that impact LINE-1 inhibition. These experiments
indicated that the region between the SAM and the HD domain as well as the HD domain
itself are sufficient for LINE-1 inhibition. On the other hand, the SAM-domain deficient
version was still able to inhibit LINE-1 activity [69]. More recently, it has been shown that
SAMHD1’s LINE-1 inhibition is regulated through phosphorylation at residue T592 [70].
For instance, the SAMHD1 mutant T592A (unable to be phosphorylated) blocked LINE-1
activity, but not infection with a VSV-G-pseudotyped HIV-1 reporter in 293T cells. In
this mutant, the dNTPase activity of SAMHD1 was not impaired, pointing to two different
mechanisms for ANTPase and LINE-1 inhibiting activity [70].
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Secondly, another study demonstrated a role of SAMHD1 in DNA damage response. Dad-
dacha et al. showed that after DNA damage, SAMHDI1 localizes to the site of damage and
recruits DNA repair proteins, thereby promoting homologous recombination [14]. In de-
tail, SAMHD1 complexes with CtIP, a DNA damage repair protein essential for DNA end
resection, an important step in 5’-end processing for the repair of DSBs [I4]. In addition,
SAMHDI1 also has another way of promoting genome stability. It blocks the formation of
DNA:RNA hybrids, so-called R-loops that are byproducts of transcription [71]. Especially
in regions where the transcription and the replication machinery collide with each other
(transcription-replication conflicts (TRCs)), the R-loop blockage through SAMHDI pro-
motes genomic stability [71].

Thirdly, Coquel et al. showed that SAMHDI1 co-localizes with components of replication
foci and is involved in the stress response to DNA replication by promoting the restart
of stalled replication folks for DNA synthesis [72]. SAMHDI1 was shown to increase the
degradation of single-stranded DNA (ssDNA) by promoting MRE11, an exonuclease that
degrades nascent DNA, a step essential for replication fork restart. In SAMHD1-deficient
cells, ssDNA can accumulate in the cytosol inducing type I IFN expression. Therefore,
SAMHDL1 is also able to participate in the inhibition of IFN induction [72].

In addition, SAMHDI1 shows a connection to the STING pathway. SAMHD1 has been
shown to mediate apoptosis in infection with human T cell leukemia virus type 1 (HTLV-
1) through STING [73]. Another publication showed that SAMHDI1 prevents innate sensing
of viral infection through cGAS/STING [74]. STING as a downstream target of SAMHD1
was also described in lung adenocarcinoma cells [75].

Also, another way of blocking innate immune responses through SAMHD1 was suggested
through inhibition of the nuclear factor kB (NF-xB) and IFN pathways. As a response to
viral infections, SAMHDI interacts with NF-xB1/2 and lowers the phosphorylation levels
of IkBa, a protein that inhibits NF-xB [76].

Finally, SAMHD1 is known to bind nucleic acids with a preference for RNA over DNA
[77, [78]. This binding has been shown to contribute to the antiviral activity of SAMHD1
[79]. In 2015, SAMHD1 was postulated to exhibit RNase activity, which degrades retroviral
genomic RNA during infection [21],[80]. In contrast, other groups have provided strong data
evidence that question a ribonuclease activity as one of SAMHD1’s additional functions
[78, [ 81].

1.2.8 SAMHD1, innate immune response and Aicardi—Goutiéres
syndrome

Aicardi-Goutiéres syndrome (AGS) represents a rare neurological, inflammatory disor-
der with an elevated type I IFN response associated with mutations in genes that are
somehow involved in nucleic acid metabolism. There are seven AGS subtypes described,
which are categorized by the particular gene that inherits the mutations: 3’-5’ exonuclease
TREX1 (AGS1), parts of the endonuclease complex RNASEH2 A (AGS2), B (AGS3) and
C (AGS4), dsRNA editing protein ADAR1 (AGS6) and dsRNA sensor MDA5 (encoded
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by IFIH1, AGE7) [82, 83]. In addition, mutations in the SAMHDI1 gene (AGS5) were
described to be associated with AGS [84], [85].

In contrast to that, mice deficient for SAMHD1 are viable, healthy and apparently do
not develop any disease [80, 87]. Even though the expression of IFNs and ISGs as well
as intracellular ANTP levels were increased in comparison to wildtype mice, Samhdl KO
in mice did not result in neurological or autoimmunological damage. Understanding the

connection between SAMHD1 and the innate immune system will shed more light on the
SAMHDL1 in AGS and HIV-1 restriction [L1].

1.2.9 SAMHDI1, its expression in cancer and cancer-associated
mutations

SAMHDI1 plays a major role in regulating the dNTP pool, contributing to ANTP home-
ostasis as well as genome stability in the cell. Changes in the Samhdl sequence and sub-
sequently in SAMHD1 protein levels are frequently found in and connected with cancer
development. The Catalogue of Somatic Mutations in Cancer (COSMIC), the cBioPortal
for cancer genomics and the genomic data commons of the National Cancer Institute (NCI)
of the National Institute of Health (NIH) currently report more than 300 SAMHD1 mu-
tations found in patient samples from different types of cancers. In addition, an analysis
with the database of the International Cancer Genome Consortium (ICGC) even revealed
1542 mutations in SAMHD1 associated with cancer projects [88].

In the literature, SAMHD1 expression and/or activity impairment has been described both
for solid tumors such as lung adenocarcinoma [89] and colon carcinoma [90] as well as for
liquid tumors such as chronic lymphocytic leukemia (CLL) [91], cutaneous T cell lym-
phoma (CTCL) [35] and T cell prolymphocytic leukemia (T-PLL) [92], described in detail
in the following paragraphs.

Firstly, lung cancer is the leading cause of cancer mortality worldwide and lung adenocar-
cinoma represents its most common type. SAMHDI1 protein as well as Samhdl mRNA
expression levels showed to be lower in lung adenocarcinoma patient samples compared
to healthy tissue. This downregulation was shown to be mediated by DNA methylation
of the Samhd1 promoter [89]. In addition, genome sequencing of lung cancer also listed
SAMHD1 mutations [93].

Secondly, SAMHDI1 is frequently mutated in colon carcinoma, with many of these muta-
tions associated to the reduction of SAMHD1 dNTPase activity. Appearance of certain
mutations in a heterozygous fashion already showed huge impacts on SAMHD1 functio-
nality. Imbalances in the dNTP pool were shown to increase mutation rates in this type
of cancer [90], which may elevate cell proliferation and tumor cell growth [2].

Thirdly, CLL represents a liquid tumor with abnormal amounts of lymphocyte production
in the bone marrow. SAMHD1 protein as well as Samhdl mRNA expression levels were
also downregulated in patient cells compared to cells from healthy individuals. This phe-
nomenon could be connected with mutations in SAMHD1, which were found in 11% of
patients where CLL relapsed or where it did not respond to treatment (refractory) [91].



12 1. Introduction

Interestingly, one of this SAMHD1 mutations, L244F is also found in GBM patient tissue
[94].

Next, CTCL represents a cancer from the immune system, where malignant CD4 T cells
infiltrate into the skin. SAMHD1 protein as well as Samhdl mRNA expression levels have
been shown to be downregulated in Sézary syndrome patients, a very aggressive form of
CTCL [35]. This phenomenon could be mechanistically linked to DNA methylation in
the Samhd1 promoter, a way of SAMHDI1 expression regulation already observed in lung
adenocarcinoma (section [35], [89].

Finally, T-PLL is a leukemia originating from mature T cells. Significant downregulation of
SAMHDI1 protein as well as Samhdl mRNA expression levels has been also observed in T-
PLL patient material including SAMHD1 mutations compared to those without SAMHD1
mutations. Interestingly, these mutations did not increase cytarabine (ara-C) sensitivity,
which generally is not very potent in T-PLL [92].

In addition to these tumor types described in literature, SAMHD1 mutations are also found
in sequencing data from tumor tissues of other cancer types such as pancreatic cancer [95],
myeloma [96] as well as GBM [97], summarized in [9§]. The functional relevance of these
SAMHD1 mutations is not described yet and further investigations are important to get a
better understanding of the SAMHD1-tumor interplay.

1.2.10 SAMHD1 and cancer chemotherapy

In general, tumor cells exhibit highly elevated proliferation rates, which represents one of
the hallmarks of cancer [99]. Subsequently, this made nucleotide metabolism an attractive
therapeutic target and especially nucleoside analogues promising drugs in the treatment
of several types of cancer [2]. Nucleoside analogues are intensively used to induce cell
death in cancer cells e.g. through incorporation into cellular RNA or DNA and mediating
termination of DNA and RNA synthesis [100].

In 2016, Schneider et al. identified SAMHD1 as a modulator of ara-C cytotoxicity [L01],
a chemotherapeutic drug used to treat acute myeloid leukemia (AML) [102]. SAMHDI1
can not only cleave triphosphates from dNTPs, but can also use the active form of ara-C,
ara-CTP, as a substrate [I03]. The strong structural similarities between the naturally
occuring nucleotide deoxycytidine triphosphate and its isomer ara-CTP are depicted in
figure SAMHDI1 converts the active metabolite ara-CTP back into its non-active
prodrug, reducing the toxicity in leukemic cells. In a large variety of SAMHD1-deficient
and down-regulated AML cell lines, the sensitivity to ara-C was increased compared to
SAMHD1-proficient cells. In addition, in a retrospective analysis, AML patients treated
with ara-C could be grouped into high SAMHD1 and no/low SAMHD1 expression in their
leukemic cells. Patients with no/low SAMHDI1 expressing leukemic cells showed signif-
icantly longer OS when treated with ara-C, compared to patients with high SAMHD1-
expressing leukemic cells. Therefore, SAMHD1 was proposed as a predictive biomarker for
the therapeutic response to ara-C [101].

Notably, ara-C is not the only SAMHDI1-dependent nucleoside analogue that is used
for cancer chemotherapy. Other nucleoside analogues including gemcitabine, nelarabine,
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decitabine, vidarabine, cladribine, clofarabine, fludarabine and trifluridine showed SAMHD1-
associated cytotoxicity and are summarized in table [102, 103, 104, T05].

One central publication by Oellerich et al. in 2019 analyzed nucleoside analogues that
work as hypomethylating agents in AML treatment. The active metabolite of decitabine,
decitabine triphosphate (DAC-TP), is a substrate of SAMHDI1 as they observed a negative
correlation between SAMHD1 expression and decitabine treatment efficacy as well as the
number of patients that reached complete remission (CR) in AML. This correlation was
not observed in patients treated with the SAMHD1-independent hypomethylating agent
azacytidine. These data emphasized a SAMHD1-dependent cytotoxicity for decitabine in
AML. As a result, SAMHD1 can be also used as a predictive marker for decitabine treat-
ment in AML [106].

More recently, Rothenburger et al. also characterized T-cell and B-cell acute lymphoblastic
leukemias (T-ALL, B-ALL) [107]. They also showed a negative correlation between the
nucleoside analogue nelarabine and SAMHD1 expression in B-ALL and T-ALL. SAMHD1
is able to convert the active metabolite of nelarabine, arabinosylguanine (ara-G), back
into its inactive prodrug. In addition, they propose a connection between low SAMHD1
expression in T-ALL and DNA methylation in the Samhd! promoter [I07]. These studies
emphasize that the SAMHD1 dependency of treatment outcome is not a single standing
phenomenon only observed with a certain nucleoside analogue or a specific type of cancer.
Besides SAMHD1 being a major player in the cytotoxicity of nucleoside analogues, there
is a list of other factors that can also influence the efficacy of nucleoside analogues [108].
Firstly, there are additional factors besides SAMHD1 that regulate the ANTP pool in the
cell such as the ribonucleotide reductase (RNR), which is important in the biosynthesis of
dNTPs [108]. Secondly, there are factors that interfere with the conversion of the analogue
into its metabolically active form such as cytidine deaminase (CDA) [109]. Also, insuffi-
cient membrane transport reduces the uptake and thus cytotoxicity of nucleoside analogues
(e.g. equilibrative nucleoside transporter (ENT-1), section [1.5.1]). Finally, elevated activ-
ities of chemically modifying enzymes like DNA methyltransferases (DNMT) can reduce
the potency of nucleoside analogues in cancer treatment [I08]. Besides internal factors,
also sufficient delivery and stability of the nucleoside analogues is an essential requirement
for treatment efficacy.

Concerning SAMHD1, likely many more chemotherapeutic treatments with nucleoside ana-
logues might suffer from this mechanism of resistance at current state, resulting in a poor
treatment outcome. Additional studies of SAMHD1-associated sensitivity to chemothera-
peutics in other cancer models will advance not only the field of personalized medicine, but
will open new treatment possibilities for cancer types with until now very limited treatment
options such as GBM.
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Figure 1.3: Structural similarity between physiological deoxycytidine triphos-
phate (ACTP) and arabinofuranosylcytosine triphosphate (ara-CTP), the ac-
tive metabolite of the prodrug cytarabine (ara-C). In comparison to dCTP, ara-CTP
carries a hydroxy group at the carbon 2 in the ribose ring [I}, 103].

Table 1.3: Nucleoside analogues that are currently used as chemotherapeutic agents in
tumor and other treatments as well as the respective substrate for SAMHD]1, if SAMHD1
dependency is known. AML: acute myeloid leukemia, ALL: acute lymphocytic leukemia,
MDS: myelodysplastic syndrome, CLL: chronic lymphocytic leukemia, T-ALL: T-cell acute
lymphoblastic leukemia, NHL: Non-Hodgkin lymphoma [103], 104! [T08] 110].

Analogues Application SAMHDI1 substrate Reference
Pyrimidine-based
Azacytidine MDS not SAMHD1-dependent  [106]
Cytarabine AML, ALL ara-CTP [T0T], 111]
Decitabine MDS DAC-TP [105], [106]
Gemcitabine pancreatic, Gemcitabine-TP ]
lung, breast,
bladder cancers
Trifluridine colorectal cancer tF-dTP [104]
Purine-based
Cladribine NHL, CLL Cladribine-TP [
Fludarabine CLL Fludarabine-TP [
Nelarabine T-ALL ara-GTP [107]
Vidarabine epithelial keratitis ara-ATP [T, 1T04]
Fluoropyrimidine
-based
Capecitabine relapsed breast, unknown SAMHD1 status [108]
colorectal cancer
Clofarabine ALL Clofarabine-TP [1, 102]
Fluorouracil gastrointestinal, skin unknown SAMHD1 status [108]

pancreatic, renal,
head /neck, prostate,
breast cancer
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1.3 Glioblastoma multiforme

1.3.1 Classifications and cell origin

Glioblastoma multiforme (GBM, also referred to as grade IV astrocytoma or glioblastoma)
represents the most common malignant primary tumor in the brain with a very poor pro-
gnosis [112), 113]. GBMs are classified as grade IV astrocytomas through the classification
of tumors of the central nervous system (CNS) by the World Health Organization (WHO)
[114]. GBMs can be distinguished into primary and secondary GBMs. Whereas primary
GBMs develop directly from healthy tissue, secondary GBMs advance from lower-grade
gliomas (LGG) I, IT or IIT [I15]. While most GBMs found in elderly patients classify
as primary GBMs, secondary GBMs are more common in younger patients. GBMs can
originate from three different cell types, i) neural stem cells (NSCs), ii) astrocytes that
derived from NSCs and iii) oligodendrocyte precursor cells (OPCs) [I16]. The major cell
type from which the tumor originated from has been shown to have major impact on
tumor development and prognosis, classifying GBMs into 3 subtypes: classical, proneural
and mesenchymal. In general, a GBM of the proneural subtype is associated with a better
prognosis compared to classical or mesenchymal subtypes. It is important to mention here
that genomic analysis of whole tumor material showed that all subtypes can co-exist in one
GBM and relative proportions need to be assessed to determine the major subtype present
in the particular tumor [I17]. Interestingly, the origin of cells also showed to affect drug
sensitivity in GBM [118].

1.3.2 Prevalence, risk factors and properties

The survival after diagnosis with current state of the art treatment regimens averages at
14.6 months, with a 5-year survival rate of only 5% of all patients [113] 115, 119]. Despite
the research done in this field for the past 40 years, the prognosis for GBM could barely
be improved. Therefore, there is an urgent need for therapy improvements and treatment
alternatives to fight GBM.

Primary brain tumors are tumors that originate in the brain and did not develop due to
metastasis from other tissues. Approximately one third of primary brain tumors is ma-
lignant, from which 48% appear to classify as a GBM, emphasizing GBMs as the most
common type of malignant primary brain tumor. GBM occurs in 3.19 out of 100.000 peo-
ple (numbers from US population in 2010-2016). The tumor has a higher prevalence on
the elderly population, where incidence increases with age with an average age of 64 years,
peaking at 79 years (figure [112, 113].

Concerning risk factors favoring the development of GBM, little is known. Increasing
age and male gender have shown to be factors where GBM presents with higher inci-
dence [IT3, 120]. While for most patients, no particular risk factor can be determined, a
few hereditary cancer predispositions have been reported. One example here represents
the familial tumor syndrome neurofibromatosis type 1, where high-grade gliomas such as
GBM are 10-15 times more frequent compared to the rest of the population [112]. Despite
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genetically-based risk factors, ionising radiation represents the only environmental risk fac-
tor with sufficient evidence [112].

GBMs are highly angiogenic (high vascularization within the tumor in order to secure
nutrient flow and tumor growth) adding to heterogeneity and tumor aggressiveness [119].
In addition, they are highly invasive and diffusive, as they have the ability to invade the
neighboring brain tissue and thereby destroy it [I15]. Additional features represent atypical
nuclei compared to healthy tissue, elevated mitotic activity, necrosis and microvascular pro-
liferation, which are described as clusters of endothelial and smooth muscle cells [112, 121].
Nevertheless, metastasis is found in only less than 2% of GBM patients. The many physical
and anatomic barriers in the brain are suspected to be responsible for this phenomenon.
Mainly, the outest brain membrane closest to the skull (dura mater) as well as larger blood
vessel membranes likely act as physical barriers to the tumor spreading. In addition, ex-
tracellular matrix proteins necessary for invasion of connective tissues are not present in
tumors of the CNS [I15].

31%
Malignant 1% Meningioma 79yrs

18% Others
Primary
brain
tumors

48%
Glioblastoma
(GBM)

Incidence Rate

Malign

33% tumors

other Glioma

69%
Benign

Age

Figure 1.4: Primary brain tumors, GBMs and age distribution in adults from
the central brain tumor registry of the United States of America (CBTRUS)
20102014 [112, 113].

1.3.3 Symptoms, diagnosis and biomarkers

Symptoms are very heterogeneous from patient to patient and are highly dependent on
the location of the tumor [122]. In general, symptoms involve headache, nausea, vomiting,
seizures, visual loss, general pain, cranial nerve disorders, weakness and numbness [122].
Diagnosis, prognosis and treatment strategies are closely connected in brain tumors. The
more exact the diagnosis of the GBM is, the more predictable the course will be as well
as more tailored and personalized the treatment can be. That is why, in addition to the
WHO, an additional society called cIMPACT-NOW informs about molecular and practical
approaches in CNS tumor taxonomy. They also introduced the terms NOS (Not Otherwise
Specified) and NEC (Not Elsewhere Classified) for individual GBM cases that are difficult
to categorize.

In general, biomarkers can be categorized into those that help to determine the exact
glioma type (diagnostic biomarker), biomarkers that indicate the prognosis of the patient
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(prognostic biomarker) and those biomarkers that predict how well a certain treatment
will work (predictive biomarker).

Diagnosis is mainly performed through neuroimaging followed by intensive diagnostics of
biopsy material or open tumor resection through histopathology and genomic/RNA /protein
profiling [120]. Typical characteristics for a GBM obtained from resection diagnostics are
chromosome aberrations such as gain of parts of chromosome 7 or loss of parts of chromo-
some 10. Aberrant expression of proteins (such as overexpression of the epidermal growth
factor receptor (EGFR)) or gene mutations (e.g. in PTEN) represent another diagnostic
approach for GBM [123].

The mutation status of the isocitrate dehydrogenase 1/2 (IDH1 at residue R132/IDH2 at
residue R172) is crucial for GBM classification and prognosis. IDH is present mostly as
wildtype in GBM [124], but in around 10% of diagnosed GBMs this gene is mutated result-
ing in an amino acid change to histidine (R132H/R172H), which is a marker for secondary
GBM and correlated with prolonged overall survival (OS) [I15].

The glioma GpG island methylator phenotype (G-CIMP) represents another characteris-
tic that improved the classification and prediction process of GBMs within the last years
[125]. The phenotype basically reflects the extent of DNA methylation in the tumor.
Whereas G-CIMP-high tumors display more methylated promoter regions associated with
gene silencing, G-CIMP-low tumors inherit loss of DNA methylation leading to chromatin
reorganization and dysregulated gene expression. The G-CIMP-high phenotype has been
shown to be enriched in the proneural subtype and associated with IDH-mutated gliomas,
both indicators for a better prognosis. Also within IDH-mutated GBMs, patients with a
G-CIMP-high status have a better prognosis in comparison to G-CIMP-low phenotypes
[175].

In addition, the methylation status of the MGMT promoter (O°-methylguanine-DNA
methyltransferase) is a major prognostic marker for GBM. An unmethylated MGMT pro-
moter is associated with MGMT gene expression, which reduces the treatment efficacy
with the gold-standard chemotherapeutic temozolomide (TMZ, figure . The methy-
lated form is quite common with 30-50% in primary GBMs; IDH wildtype GBMs show a
methylated MGMT promoter, which is also favoring a better outcome [I12]. The mode of
action for TMZ as well as the influence of MGMT promoter methylation on TMZ efficacy
is further described below in section On the other hand, an example for a negative
prognostic marker represents a mutation in the histone H3 K27M [112].

The glycoprotein antigen CD133 has been proposed as a marker for cells initiating the
brain tumor [126]. Nevertheless, contradicting publications question this notion and show
that CD133-negative cells can also initiate tumor growth [127].

Even though intensive research is done in finding blood-derived biomarkers contributing
to a liquid biopsy (such as circulating tumor DNA (ctDNA), microRNAs and DNA muta-
tions) in order to develop less invasive and early diagnosis possibilities, these technologies
are not ready to substitute classical biopsy and diagnostics [123].
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1.3.4 State of the art therapy

Despite the intense research and clinical trials performed in order to improve GBM therapy,
the overall procedure after diagnosis has barely changed over the past years. The main
procedure includes maximal tumor resection through surgery followed by radiation therapy
and chemotherapy, mainly with TMZ [120]. The current state of therapy for GBM is
summarized in figure [1.5] which shows again that detailed diagnostics before radiation
and chemotherapy make a difference in treatment decisions and efficiencies. The following
sections introduce the different current treatment options for GBM.

1.3.4.1 Surgical removal

As gold standard and first step after GBM diagnosis, surgery is being performed where the
maximal tumor material is removed, but also on a maximal tissue safety level for intact
healthy brain areas [120].

GBMs are found widespread throughout the brain. Nevertheless, the cerebrum of the brain
(frontal, temporal, parietal and occipital lobes) represents the major location where GBMs
are diagnosed. On the other hand, the cerebellum as well as the brain stem and the spinal
cord rarely exhibit GBMs [115]. Depending on the location of the tumor and its closeness
to particular brain areas, surgical resection may harbor difficulties.

In addition, the current state of the art visualization methods for tumor areas generally
underestimate the tumor size and make it more difficult to resect as much tumor material
as possible while not damaging healthy brain areas. Importantly, the higher the residual
volume of the tumor after surgery, the worse the outcome is for the patient [120]. Cur-
rent methods to localize and estimate the tumor size include magnetic resonance imaging
(MRI), perfusion-assisted MRI and positron emission tomography (PET), which map a
more realistic view of the tumor, including its heterogeneity [128]. Unfortunately, GBMs
are diffusely infiltrative, which makes it nearly impossible to fully resect the tumor [123].

1.3.4.2 Radiation therapy

After surgical resection of the tumor material and intensive diagnostics, radiation therapy
represents a standard treatment strategy for GBM (figure . The standard of care for
over 15 years has been to treat with radiotherapy up to 60 Gy as fractions over a duration
of 6 weeks adjuvanted with daily TMZ treatment (chemotherapy section below) [112]. The
radiation frequency may be adjusted in an age-dependent manner or in patients with a
poor profile for prognostic markers [120].

1.3.4.3 Chemotherapy

The major regimen used for chemotherapy in GBM is TMZ. It works as an alkylating agent
that induces DNA DSBs resulting in cell cycle arrest and cell death [129]. As a standard of
care since 2005, TMZ is given at the same time as radiation therapy with a TMZ extension
of 6 7.v. infusion cycles (5 days over 21 days) after radiation therapy is completed [112, [120].
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Figure 1.5: Current state of therapy approach for GBM. GTR: gross total re-
section, IDH: isocitrate dehydrogenase, KPS: karnofsky performance score, TTFs: tumor
treating fields, MGMT: O°-methylguanine-DNA methyltransferase, TMZ: temozolomide

[20].
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It has to be noted that while applied as a co-therapy to radiation, OS increases (so does
the percentage of patients alive 2 years after first diagnosis), but it unfortunately has a
very limited window of effect as compared to radiation therapy alone, as the median OS
can only be extended by 2.6 months (from 12 to 14.6 months) [129]. In extreme cases,
chemotherapy with TMZ alone might be the treatment of choice [120]. In addition, TMZ
has a short half-life, making it necessary to apply with high dosages accompanying major
side effects [129]. Notably, GBMs with a methylated MGMT promoter have been shown
to be more sensitive to TMZ, whereas GBMs with an unmethylated MGMT promoter
showed very limited TMZ treatment benefit [I120]. TMZ methylates guanines at position
O°® amongst others, which gets repaired by MGMT. Low MGMT levels due to promoter
methylation results in less repair and more mispairing leading to cell cycle arrest and
cell death [I30]. On the other hand, high MGMT levels due to an unmethylated promoter
repairs the methylated guanines resulting in less efficient TMZ treatment (figure [130].
Unfortunately, GBMs are incurable malignant brain tumors and will reoccur. In addition,
the outcome after relapse is very poor and there are no treatment strategies that provide a
better prognosis [120]. According to the current state of treatment, illustrated in figure
radiation therapy is applied if initial therapy was TMZ chemotherapy alone. In addition
to TMZ for recurring GBM, two more chemotherapeutics are used: bevacizumab and
lomustine (CCNU).

Bevacizumab is an anti-angiogenesis agent that is mainly used to treat recurrent GBM
[120]. While it is Food and Drug Administration (FDA)-approved in the United States of
America since 2009, it can not be used in the European Union, as it showed to only extent
progression-free (PFS), but not overall survival (OS) [120].

CCNU is an alkylating agent. It is FDA-approved in the United States of America since
2017 and increases progression-free survival (PFS) in combination with bevacizumab [112].
Similar to TMZ, also treatment with lomustine does not show any benefit for patients with
tumors that showed an unmethylated MGMT promoter [120].

The fact that the most effective and gold standard chemotherapeutic in GBM is a drug that
shows really limited effect in terms of survival benefit, emphasizes that the development
of alternative and improved treatment strategies for chemotherapy in GBM are essential
and urgent.

1.3.4.4 Tumor treating fields

Tumor treating fields (TTFs) represent a low-intensity alternating electric field therapy that
can be used to complement radiation- and chemotherapy, where intermediate frequencies
around 200 kHz are used to inhibit tumor cell division [120, I31]. In 2017, a randomized
clinial trial showed that adding TTFs to chemotherapy maintenance with TMZ signifi-
cantly improved overall (OS) and progression-free survival (PFS) [I31]. In order for it
to be effective, the device needs to be worn and active for a minimal of 18 hours per
day. Importantly, the positive effect could be seen in all patients independently of their
age, sex, KPS, MGMT DNA promoter methylation status or the degree of their resection
[112]. Since 2018, this treatment strategy is approved and used in Europe, Israel, Japan,
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Figure 1.6: Mode-of-action for temozolomide (TMZ) and Of-methylguanine-
DNA methyltransferase (MGMT). TMZ induces double-strand breaks by methylating
guanines at position O°, which increases mispairing and leads to cell cycle arrest and cell
death. In case the promoter of the MGMT gene is unmethylated, MGMT removes the
methyl-group again from guanine, DNA repair can take place and cell death is reduced

[130].

Australia and the United States of America (FDA-approved since 2011) [112].

1.3.5 Intra-, intertumoral heterogeneity and chemoresistance

While GBMs originate from astrocytes, NSCs or OPCs, they tumor consists of many more
cell types besides tumor cells, including macrophages, microglia and a small portion of
T cells [132] 133]. Together with stromal cells such as GBM-associated endothelial cells
(ECs) and vascular cells, they form the tumor microenvironment (TME) that surround
and interact with the cancer stem cells (CSCs) within the tumor. This contributes to the
high levels of heterogeneity within the tumor [119] 130, 134]. Intratumoral heterogeneity
in GBM occurs also because of selective pressures on the tumor cells including competi-
tion between cell clones and limited access to nutrients, which leads to optimal tumor cell
growth in the microenvironment [134].
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In addition to the high intratumoral heterogeneity, GBMs also differ immensely within
each and every patient. Intertumoral heterogeneity arises due to the different properties of
the cell from which the tumor originated from as well as the genetic and mutational shape
of the cell [I35]. The different microenvironment, in which the tumor resides, also strongly
influences the individual tumor development [135].

Chemoresistance is a major issue in GBM treatment. In general, a tumor can be resistant to
a chemotherapeutic treatment due to its genetic features and pro-tumor mutations already
before the beginning of the treatment, e.g. MGMT promoter DNA methylation [130), [134].
On the other hand, chemoresistance can occur as a response to treatment [I30]. In the
TME, a more acidic pH (acidosis) and lower oxygen levels (hypoxia) play an important role
in radio- and chemoresistance [130} [134]. In addition, one of the hallmarks of the TME is a
strong immunosuppression eliminating a major self-protection mechanism and promoting
tumor progress [130].

Another major phenomenon responsible for therapy resistance in GBMs is the constant
formation of new blood vessels (angiogenesis) together with vascular collapse [I115]. Con-
stant proliferation leads to a non-optimal environment for the cells. Low oxygen levels
result in both angiogenesis and migration of cells into a more optimal environment, which
shapes in a strongly dynamic tumor that is changing over time and difficult to treat [115].
In addition, the ability of the tumor cells to migrate leads to movement of cells within the
tumor and deep infiltration into neighboring brain areas [115, [I19]. The large diversity
of cells within the tumor as well as their high chemoresistance towards drugs represents a
key issue in successful and effective therapy. Finally, the blood-brain barrier (BBB) blocks
chemotherapeutics with certain characteristics from entering the brain, which rules out
many possible treatment regimen when not applied intracranially [130].

All this taken together emphasizes how diverse and dynamic GBMs are, which makes it
very difficult to correctly identify the tumor as well as to find an appropriate, successful
treatment for it.

1.3.6 Current research on potential treatment strategies

In order to develop new and improved treatment strategies for GBM, many obstacles have
to be overcome. The BBB represents a major barrier for the development of working ther-
apeutics as it carefully selects, which molecules can penetrate the brain. This makes drug
development and non-invasive application of chemotherapeutics an immense challenge for
the treatment of GBM [I12]. In addition, the heterogeneity of the tumor, the chemore-
sistance and the absence of well-established biomarkers represent major challenges for the
development of alternative treatment strategies [112].

Unfortunately, very few clinical trials for GBM treatment made it into phase III so far,
which is essential in the process of drug approval [I12} [I136]. The clinical trial database of
the National Institute of Health (NIH) listed 1661 clinical trials for interventional GBM
treatment, from which only 38 trials completed a phase III trial (https://clinicaltrials.gov/,
21st of December 2021). The trials contained both new therapeutic agents for GBM and
combinatory therapies with radiation therapy or TMZ.
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Using the patient’s immune system for immunotherapy is currently an emerging field of
research. One major branch here are oncolytic viruses [112]. Herpesvirus-based G207 or
adenovirus-based DNX-2401 are two examples for approaches in GBM therapy that have
been investigated in clinical trials, although with thus far very limited efficacy [137]. In
addition, targeting specific genes and pathways through chemotherapy have been shown
to be successful in the treatment of many cancers [I12]. In the case of GBM treatment,
promising candidates were molecules that inhibited tyrosine-kinase pathways as well as tar-
geted angiogenesis, but unfortunately did not show significant clinical improvement [138].
Moreover, gene therapy to specifically modify cancer cells has been suggested as a promis-
ing alternative for GBM treatment [112].

In order to overcome the BBB, but also to be able to provide non-invasive applications
for treatment, new technologies are developed that include the ability to bypass the BBB
and deliver the chemotherapeutic agent directly into the tumor site [112]. Packaging the
chemotherapeutically active component into a delivery system that can penetrate the BBB
represents a major branch in research for brain tumor treatment. It has been shown that
treatment with synthetic protein nanoparticles carrying the treatment regimen resulted
in sufficient concentrations in the brain and increased OS and long-term survival in mice
[139].

Whereas we more and more understand the biological mechanisms of oncogenesis in a
GBM, a major challenge will be to transform this new knowledge into effective treatment
strategies [I12]. As common consent, it has to be emphasized that no single therapy alone
will most likely be able to improve treatment for this complex tumor with dismal prognosis
[112].

1.4 Acute myeloid leukemia

1.4.1 Prevalence, risk factors and cell origin

Acute myeloid leukemia (AML) is a malignant blood cancer originating from myeloid pro-
genitor cells [140]. It includes genomic changes in the hematopoietic stem cells (HSCs)
resulting in atypical cell proliferation and impaired myeloid cell differentiation [I41]. While
AML represents the most common type of acute leukemia, it is also the leukemia with the
shortest survival rate (24% of patients alive 5 years after diagnosis) [140]. AML occurs in
4.3 out of 100.000 people (numbers from US population in 2016) and is with a median age
of 68 years mainly a cancer disease of the elderly [140].

Even though the individual cause of AML development cannot be identified, known risk
factors include exposure to radiation and mutagenic agents, such as alkylating drugs [141].
In addition, AML may develop from myelodysplastic syndrome (MDS), a bone marrow
disease with impaired maturation and production of blood cells (hematopoiesis) [141].
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1.4.2 State of the art chemotherapy

Ara-C represents the gold standard for chemotherapy of AML for over 40 years and is
usually administered intravenously (i.v.) [142]. Low-dose (LD) treatments with ara-C
represent the standard procedure and range of 100 to 200 mg/m?* leading to plasma con-
centrations of 0.5-1 M [109]. High-dose (HD) treatments with ara-C (2-3 g/m?) can reach
plasma concentrations higher than 10 gM [I09]. While intravenous standard LD treat-
ments for ara-C are not associated with CNS symptoms, HD ara-C can lead to severe side
effects such as neurological toxicity [I42]. On the other hand, HD ara-C has been associated
with higher rates of relapse-free survival [I43]. LD ara-C is used as a standard dosage for
induction therapy of AML, whereas HD ara-C is mainly administered as a post-remission
consolidation therapy [143]. Ara-C displays a very short half-life so that its concentration
in the blood drops under the therapeutic range already 3 hours post-infusion [142].

Other chemotherapeutics used to treat AML include the intercalating agent daunorubicin
or idarubicin (both anthracyclines), which show synergistic effects when given in combi-
nation with ara-C [144]. This therapy is usually referred to as 7+3 chemotherapy, where
ara-C is infused for 7 days in combination with an anthracycline, daunorubicin or idaru-
bicin, for the first three days [I41]. In order to target tumor cells more specifically and to
make sure that the majority of the drug concentration reaches the tumor cells, ara-C is
now also approved to be formulated into liposomal formations together with daunorubicin
[124].

Within the last years, a whole list of new chemotherapeutics were FDA-approved and
partly European Medicines Agency (EMA)-approved for AML treatment [144]. Many of
these newly approved therapies act as inhibitors and can be grouped into targeted ther-
apy approaches, such as IDH or kinase inhibitors. In addition, a monoclonal antibody
conjugated to a chemotherapeutically active metabolite is now approved against CD33, a
major antigen expressed on the surface of leukemic cells [144]. Which chemotherapeutic
strategy is optimal for the individual depends on age and general fitness of the patient,
diagnostic analysis and the differentiation between newly diagnosed, relapsed or refractory
AML [144].

After chemotherapy, a stem cell transplantation of hematopoietic stem cells can be an
additional treatment strategy and needs to be considered according to the characteristics
above as well as the donor-recipient fit [141].

1.4.3 Current research on potential treatment strategies

Even though many newly approved drugs for AML treatment entered the market over the
last years, major challenges in the treatment of AML remain, specifically targeting the
tumor cells, administration of the drug, chemoresistance and side effects arising from the
treatments [141].

At the moment, researchers are developing more alternative strategies to fight AML [141],
144]. For example, manipulating a certain factor in the target cells in order to sensi-
tize tumor cells to the chemotherapeutic treatment has been also shown by the example of
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SAMHDI1 protein expression in AML cells. As described before in section[I.2.10, SAMHD1
expression in target cells lowers the effectivity of ara-C in the treatment of AML [101] and
therefore contributes to the ara-C chemoresistance [145]. Temporarily inhibiting or deple-
ting SAMHD1 through combinational treatment with SAMHD1 inhibitors, Vpx-containing
VLPs or Samhd1 small interfering RNAs (siRNAs) represent a promising way to block the
tumor’s own influence on drug effectivity [I0I]. In addition, epigenetic therapy including
hypomethylating agents such as the nucleoside analogue decitabine represent promising
drug alternatives [105]. Whereas decitabine is still only FDA-approved for myelodysplastic
syndrome (MDS), it is EMA-approved since 2012 for the treatment of de novo AML in
elder patients [141].

Even though many chemotherapeutics target especially highly proliferating cells in the
body (such as tumor cells, but also rapidly dividing healthy cells), most drugs in AML are
given intravenously and thus systemically [I41]. In order to increase the targeting of tumor
cells, drugs conjugated with antibodies targeting specific tumor surface factors are deve-
loped such as the approved antibody conjugate for CD33 [144]. Basic research and clinical
trials are being conducted to identify additional tumor surface markers, for example for
the CD123 surface receptor [I141]. In addition, antibody-conjugated, tumor-targeted drugs
may reduce the currently massive side effects in AML.

Another major branch in AML treatment research is represented by nanocarrier technolo-
gies that can improve the contact between the compound and the target cells by increasing
the half-life of the drug [141]. Packaging drugs into liposomes constitutes by far the most
advanced technology, but other nanoparticles based on polymers or lipids are under devel-
opment [141].

Finally, drug resistance remains a major issue in AML [146]. Major sources for chemore-
sistance in AML are proteins, including SAMHDI1, that lower the effectivity of drugs. In
addition, overexpressed/repressed/altered genes that code for proteins relevant in targeted
therapy, impaired expression of miRNA that regulate cell division and DNA damage of the
cells as well as impaired signal pathways are favoring the treatment survival of individual
clones [145], 146]. Specific factors involved in ara-C chemoresistance are described in more

detail in section [L.5.1]

1.5 Cytarabine

1.5.1 Mode of action and chemoresistance

Cytarabine (also 1’--d-arabinofuranosylcytosine, cytosine arabinoside or ara-C) is a nucle-
oside analogue of the physiological nucleoside cytidine (figure[3.1)). Concerning chemoresis-
tance to ara-C, there are many factors that can influence its effectivity. Sufficient expression
of certain proteins is essential in the target cell. The expression of the equilibrative nucle-
oside transporter (ENT-1), for example, is very important for the treatment of target cells
as it facilitates the uptake of ara-C to the cell [109]. Ara-C is a prodrug, which needs to be
processed into the active metabolite ara-CTP through cellular factors: the deoxycytidine
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kinase (dCK) phosphorylates ara-C into ara-C monophosphate (ara-CMP); pyrimidine ki-
nases phophorylate ara-CMP into the metabolically active ara-CTP, which is cytotoxic in
cells as it has the ability to incorporate into DNA and thereby competes with dCTP (figure
and [109]. As a result, DNA synthesis terminates, DNA and RNA synthesis are
blocked and cell death is triggered [109]. If ENT-1 and dCK are not expressed or only in
low protein levels in target cells, ara-C is less effective [109].

On the other hand, there are cellular factors that reduce ara-C efficacy when expressed at
high levels. Ara-CMP can be dephosphorylated back to ara-C by the enzyme 5’-nucleoti-
dase II (NT5C2), which hinders ara-C of being processed into ara-CTP and lowers treat-
ment efficacy [109]. In addition, the enzymes cytidine deaminase (CDA) and deoxycytidy-
late deaminase (DCTD) also lower ara-C efficacy; while CDA converts ara-C into the ara-U,
DCTD converts ara-CMP into the ara-UMP and therefore removes ara-C molecules from
the conversion pipeline into active metabolites (figure [T09]. Finally, also high levels
of adenylate kinase isoenzyme 1 (AK1) reduce the efficacy of ara-C as it lowers the levels
of the active ara-CTP by transferring a phosphate group from ara-CTP to ara-CMP [147].
High levels of intracellular dCTP itself also contribute to ara-C resistance. It competes
with ara-CTP during the incorporation into DNA as well as inhibits dCK in a feedback
loop [142]. Another point why chemotherapy with ara-C can be insufficient is the rather
long time window of 12 hours between infusions. Ara-C is mostly active in the S phase
during DNA replication [142]. While it has been shown that the S phase of AML cells from
certain patients can last only 8 hours, there is a high likelihood that a certain fraction of
AML cells will undergo their S phase during the treatment pause and thereby escape ara-C
treatment [142].

1.5.2 Cytarabine in glioblastoma multiforme treatment

The chemotherapeutic agent ara-C is originally FDA-approved for treatment of AML.
Taking an existing, approved drug and repurposing it for the treatment of another disease
setting has many advantages: Toxicological studies have been completed, safety profiles
have been established through already completed clinical trials and extensive data for pa-
tient applications are available. In the early 70s, a publication studied ara-C treatment of
5 different human GBM cell cultures isolated from different patients. The study indicated
an effective ara-C-mediated growth inhibition in GBM cells that was dose-dependent [148].
Interestingly, ara-C has been shown to penetrate the BBB successfully [149]. In the past
years, one clinical trial aimed to investigate the effect of ara-C treatment in recurrent GBM.
Under the clinical trial number NCT01044966, ara-C encapsulated in liposomes (DepoCyt)
was administered directly into a brain ventricle. Unfortunately, the study was terminated
due to low recruitment numbers. In a case report from 2020, data was presented for two of
these patients. MR imaging of the brain before and after DepoCyt treatment cycles showed
promising results as the tumor volume was largely decreased after treatment and not longer
detected through MR imaging [I50]. This state was prolonged by constant treatment with
a potential survival benefit, whereas repeated tumor progression was observed 4-6 weeks
after termination of treatment [150].
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Figure 1.7: Metabolic pathway of the prodrug ara-C into its active metabolite
ara-CTP. The prodrug ara-C is taken up into the cell by the equilibrative nucleoside
transporter (ENT-1). The deoxycytidine kinase (dCK) phosphorylates ara-C into ara-C
monophosphate (ara-CMP) and then pyrimidine kinases phophorylate ara-CMP into the
metabolically active ara-CTP. On the other hand, 5’-nucleotidase II (NT5C2) dephospho-
rylates ara-CMP back to ara-C. In addition, cytidine deaminase (CDA) converts ara-C into
ara-U, deoxycytidylate deaminase (DCTD) converts ara-CMP into ara-UMP and adenylate
kinase isoenzyme 1 (AK1) converts ara-CTP into ara-C diphosphate (ara-CDP) [147]. The
active metabolite ara-CTP then enters the nucleus, incorporates into DNA, DNA synthesis
gets blocked and the cell enters apoptosis [101], 109].
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Chapter 2

Aim of the Thesis

Glioblastoma multiforme (GBM) represents the most common, malignant tumor with ori-
gin in the brain [112] 113]. Despite the effort in research and clinical trials within the past
centuries, treatment of GBM has remained very limited and ineffective - barely increas-
ing the overall survival. In terms of GBM chemotherapy, TMZ still represents the gold
standard, a chemotherapeutic which barely improves overall survival when administered
together with radiotherapy in comparison to radiotherapy alone [129]. This emphasizes an
essential need for advancing the chemotherapy options with additional treatment strategies
in GBM. The absence of the dNTPase SAMHD1, a restriction factor well known in HIV-1
and other retro- and DNA viruses [53], has been shown to sensitize to cytarabine (ara-C)
treatment in the chemotherapy of acute myeloid leukemia (AML) [I01]. By recognizing the
nucleoside analogue ara-C’s active metabolite ara-CTP as a substrate, SAMHD1 converts
ara-CTP back into its inactive prodrug ara-C, thus reducing its antitumoral efficacy [103].

The aim of this thesis is to validate whether SAMHD]1 affects ara-C treatment also in the
context of GBM. Therefore, we first analyze the protein expression profile of SAMHD1 in
GBM cell lines, patient-derived xenografts (PDXs) and primary GBM tumor material. In
addition, the Samhdl promoter methylation status is studied as a modulator for SAMHD1
expression in the context of GBM. Then, the role of SAMHDI1 and its importance in the
chemosensitization to the nucleoside analogue ara-C in the context of GBM chemotherapy
is investigated. Therefore, different SAMHD]1-proficient and -deficient GBM models are
examined for ara-C toxicity. Finally, SAMHD1 mutant studies including mutations with
relevance in SAMHD1 function and cancer as well as mutations found in GBM patients
are studied for their impact on ara-C sensitivity and potential clinical relevance.
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Chapter 3
Material and Methods

3.1 Material

3.1.1 Chemicals and reagents

Product Article number Vendor

Acetic acid, glacial 2234.1000 Chemosolute, Th. Geyer
Agarose 3810.3 Carl Roth

Albumin fraction V (BSA) 8076.3 Carl Roth

Ampicillin K029.4 Carl Roth
(D-a-Aminobenzylpenicilline

sodiumsalt)

Calcium chloride A119.1 Carl Roth

Carbenicillin (a-Carboxypenicilline 6344.3 Carl Roth
disodiumsalt)

CellTiter-Glo® 2.0 assay G9243 Promega

Ciprofloxacin Kabi, solution for PZN: 3506088 Fresenius Kabi Austria
infusion, 200 mg/100 ml GmbH

Clarity western ECL substrate 1705061 Biorad
Dimethylsulfoxide (DMSO) 4720.2 Carl Roth

dNTP mix, 10 mM R0192 Thermo Fisher Scientific
1,4-Dithiothreit (DTT) 6908.2 Carl Roth

Dulbecco’s phosphate buffered saline P04-36050P Pan-Biotech

(PBS)

EDTA-free protease inhibitor cocktail 11836170001 Roche

cOmplete, Mini

Ethylenediaminetetraacetic acid 2216.1000 Chemsolute, Th. Geyer
disodiumsalt-dihydrate (EDTA)

Fetal bovine serum (FBS) F7524 Sigma-Aldrich

Continued on next page



32

3. Material and Methods

Product

Article number Vendor

Gel loading dye purple, 6x
Gylcerin

Human methylated and
non-methylated (WGA) DNA set
Hydrochloride acid (HCI, 32%)
Kanamycinsulfate

Linear polyethylenimine (PEI)
Lipofectamine™ 2000 transfection
reagent

Lipopolysaccharides (LPS) from
Escherichia coli

Lysogenic broth (LB) acc. Miller
powder

Magnesium chloride hexahydrate
Methanol, 100%

Milk powder

Nonidet P40 (NP-40)
Nuclease-free Hy,O

NucleoZOL

PageRuler™ plus prestained protein
ladder, 10 to 250 kDa
Paraformaldehyde (PFA)
Penicillin/Streptomycin (P/S),
10.000U /ml

Proteinase K (recombinant PCR
grade), 20 mg/ml

Recombinant human M-CSF
RNase-free H,O

SmartLadder, 200 to 10000 bp
Sodium azide (NaNj)

Sodium chloride (NaCl)

Sodium hydroxide (NaOH, 50%)
SuperSignal™ west pico PLUS
chemiluminescent substrate

SYBR safe DNA gel stain
TagqMan fast advanced master mix
Terrific broth (TB) medium
Tris(hydroxymethyl)aminomethane
(Tris)

B7024S
2050.1011
D5013

P074.3
T832.2
23966
11668019

L6529-1MG
8885.0500

105833
1437.2511
T145.3
A1694
129114
740404.200
26619

A3813.1000
P0781-100ml

EO0491

300-25-50g
B-003000-WB-
100
MW-1700-10
4221.1

9265.2

8655.1

34577

533102
44-449-64
8049.0500
T1503-1KG

New England Biolabs
Th. Geyer
Zymo Research

Carl Roth

Carl Roth

Polysciences

Thermo Fisher Scientific

Sigma-Aldrich
ChemSolute, Th. Geyer

Merck

ChemSolute, Th. Geyer
Carl Roth

PanReac Applichem
Qiagen

Macherey-Nagel
Thermo Fisher Scientific

Applichem
Sigma-Aldrich

Thermo Fisher Scientific

Peprotech
Dharmacon

Furogentec

Carl Roth

Carl Roth

Carl Roth

Thermo Fisher Scientific

Thermo Fisher Scientific
Applied Biosystems
ChemSolute, Th. Geyer
Sigma-Aldrich

Continued on next page
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Product Article number Vendor
Triton X-100 39795.01 Serva
Trypsin-EDTA solution, 10x T4174-100ml Sigma-Aldrich

3.1.2 Buffers and solutions

3.1.2.1 Commercial buffers

Product Article number Vendor

BD cytofix fixation buffer 554655 BD Biosciences

BD perm buffer III 558050 BD Biosciences

BD perm/wash Buffer 554723 BD Biosciences
CutSmart buffer, 10x B7204S New England Biolabs
NuPAGE LDS sample buffer, 4x NPO0007 Thermo Fisher Scientific
NuPAGE MOPS SDS running buffer,  NP0001 Thermo Fisher Scientific
20x

NuPAGE Transfer Buffer, 20x NP0006 Thermo Fisher Scientific
Phusion HF buffer, 5x F518L Thermo Fisher Scientific
Phusion GC buffer, 5x F519L Thermo Fisher Scientific
T4 DNA ligase reaction buffer, 10x B0202S New England Biolabs

3.1.2.2 Buffer preparations

Buffer Composition

Direct lysis buffer 10 mM Tris pH 7.5, 1 mM CaCly, 3 mM
MgCly, 1 mM EDTA, 1% Triton X-100

FACS buffer 1xPBS, 1% inactivated, sterile-filtered FBS, 2
mM EDTA

Hunt lysis buffer 20 mM Tris-HCI pH 8.0, 100 mM Sodium

chloride, 1 mM EDTA, 0.5% NP-40
Tris-acetate-EDTA (TAE) buffer, 50x = 242 g Tris, 57.1 ml Acetic acid, 18.6 g EDTA
Tris buffered saline (TBS) buffer, 10x, 121 g Tris, 175.2 g Sodium chloride
pH 7.5
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3.1.2.3 Solution preparations

Solution

Composition

Antibody solution
50 mg/ml Antibiotic stocks

4% Paraformaldehyde (PFA), pH 7.2

1 mg/ml Polyethylenimine (PEI,
linear), pH 7.0

1xTBS, 1% BSA, 0.09% Sodium azide

2 g of antibiotic in 40 ml Milli-Q H>O, sterile
filtered

20 g PFA in 450 ml 60°C warm Milli-Q H,O
under constant stirring for 10 minutes, 50 ml
of 10xPBS at room temperature, sterile
filtered

250 mg PEI in 250 ml 70°C warm Milli-Q
H-5O, sterile filtered

3.1.3 Media

3.1.3.1 Commercial media

Product

Article number Vendor

Dulbecco’s modified eagle medium
(DMEM), high glucose, GlutaMAX™
supplement, pyruvate

Iscove’s liquid medium with stable
glutamine (IBM)

Iscove’s modified dulbecco’s medium
(IMDM), GlutaMAX™ supplement
Opti-MEM™ T reduced serum
medium

Roswell park memorial institute
medium 1640 (RPMI), GlutaMAX™
Supplement

SOC outgrowth medium (super
optimal broth with catabolite
repression )

31966047 Thermo Fisher Scientific
FG0465 Merck

31980048 Thermo Fisher Scientific
31985070 Thermo Fisher Scientific
64870-010 Thermo Fisher Scientific
B9020S New England Biolabs
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3.1.3.2 Media preparations

Bacterial media

Composition

Agar plates

Lysogenic broth (LB) medium

Terrific broth (TB) medium

6.25 g Agar in 500 ml LB medium, 1:500

50 mg/ml antibiotic stocks

25 g in 1000 ml heated Milli-Q H»O,
autoclaved at 121°C for 15 minutes, 1:1000
50 mg/ml antibiotic stocks

47.6 g in 1000 ml heated Milli-Q HO, 4 ml
Glycerin, autoclaved at 121°C for 15 minutes,
1:1000 50 mg/ml antibiotic stocks

Freezing media for cell lines

Composition

AML cell lines

Jurkat
LN-18
All other GBM cell lines

IBM/IMDM (no additives), 20% FBS, 5%
DMSO

RPMI (no additives), 20% FBS, 10% DMSO
DMEM (no additives), 5% FBS, 5% DMSO
DMEM (no additives), 20% FBS, 10% DMSO

Special cell culture media

Composition

Collection medium for sorting

Respective cell culture medium, 20% FBS,
1% Penicillin/Streptomycin, 1:500 200 mg/
100 ml Ciprofloxacin Kabi solution

3.1.4 Commercial kits

Product

Article number Vendor

CloneJET PCR cloning kit
DNeasy blood and tissue kit
EZ DNA methylation kit

High-capacity RNA-to-cDNA kit

K123 Thermo Fisher Scientific
69506 Qiagen

D5002 Zymo Research

4387406 Thermo Fisher Scientific

Continued on next page
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Product Article number Vendor

NucleoBond xtra midi plasmid DNA 740410.100 Macherey-Nagel

purification

NucleoBond xtra maxi plasmid DNA 740414.100 Macherey-Nagel

purification

Neon™ transfectionsystem 100 pl Kit  MPK10025 Invitrogen, Thermo
Fisher Scientific

NucleoSpin® gel and PCR clean-up 740609.250 Macherey-Nagel

Pierce bicinchoninic acid (BCA) 23227 Thermo Fisher Scientific

protein assay kit

QIAprep spin miniprep kit 27106 Qiagen

TagMan™ RNase P control reagents 4316844 Thermo Fisher Scientific

kit, 20x

3.1.5 Enzymes

Product Article number Vendor

Antarctic phosphatase, 5 units/ul M0289S New England Biolabs

BamHI-HF, 20 units/ul R3136S New England Biolabs

Dpnl, 20 units/pul RO176S New England Biolabs

EcoRI-HF, 20 units/ul R3101S New England Biolabs

HotStarTaq DNA polymerase, 203203 Qiagen

5 units/ul

Phusion high fidelity DNA F530L Thermo Fisher Scientific

polymerase, 2 units/ul

SbfI-HF, 20 units/ul R3642S New England Biolabs

Spel-HF, 20 units/ul R3133S New England Biolabs

T4 DNA ligase, 400 units/ul MO0202S New England Biolabs
3.1.6 Drugs

Product Article number Vendor

Cytosine p-D-arabinofuranoside C6645-500MG Sigma-Aldrich

hydrochloride (cytarabine, ara-C)

Continued on next page
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Product Article number Vendor
3¢, ara-C C998102 Toronto Research
Chemicals
3.1.7 Cell lines
3.1.7.1 Bacterial cell lines
Name Description Source
DHb5« chemical competent MAX efficiency™ DH5a
Escherichia coli for cloning  competent cells,
18258012, Thermo Fisher
Scientific
STBLII chemical competent MAX efficiency ™

Escherichia coli for cloning
with unstable inserts

Stb12™ competent cells,
10268019, Thermo Fisher
Scientific

3.1.7.2 Human cell lines

All GBM and AML parental cell lines used in this thesis were provided by Jindrich Cinatl
laboratories (University Hospital Frankfurt, Germany). THP-1 Samhd! KO B7 was gen-
erated in collaboration with the Veit Hornung laboratories (LMU Munich, Germany) for
the publication Schneider et al. [101]. All PDX lines were cultivated by the Prof. Rainer
Glafl laboratories (LMU Munich, Germany) for Linell, NCH421k, NCH441 and NCH644
as well as by the Dr. Massimo Squatrito laboratory (CNIO, Madrid, Spain) for H543, H561,
BTSC268, BTSC409, BTSC349, BTSC380 and BTSC407.

GBM cell lines Description Cultivation
A-172 Grade IV
G62 Grade IV
GMS-10 Grade IV
GOS-3 Grade IV
HROG17 Grade IV

Continued on next page
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GBM cell lines

Description

Cultivation

LN-18 Grade IV from right DMEM, 10% FBS,
temporal lobe 1% P/S for all lines

LN-229 Grade IV

LN-405 Grade IV

MZ-18 Grade IV

T98-G Grade IV

TU132 Grade IV

TU140 Grade IV

U-87 MG Grade IV

U-138 MG Grade IV

U-251 MG Grade IV

AML cell lines Description Cultivation

HEL
HL-60
Jurkat

Monomac6
MV4-11

OCI-AML3
THP-1

Acute erythroid leukemia
Adult AML

T lymphocyte cells derived
from T cell leukemia
Adult acute monocytic
leukemia (AMOL)
Pediatric AMOL

Adult AML

Monocytic cell line derived
from AMOL

IBM/IMDM, 10% FBS,
1% P/S for all lines

Other cell lines Description Cultivation

ANA-1 Murine macrophage cell line DMEM, 10% FBS, 1%
P/S

HEK 293T Embryonic kidney cells DMEM, 10% FBS, 1%

encoding SV40 T-antigen
and neomycin resistance

P/S
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3.1.8 Plasmids

Name of construct

Description

Source/Publication

pMini_ U6 gRNA 1
SAMHD1_ CMV_ mCherry
- T2A Cas9

pCMVAS.9

pMD2.G VSV-G

pDEST.H2B.iRFP670

pCDH-EF1a-BFP-1

pGEX-4T-1 His-SAMHD1

pCDH-EF1a-SAMHD1
WT-BFP-1 natural
sequence
pCDH-EF1a-SAMHD1
mutations-BFP-1 natural

sequence
SIV-3+ R-

SIV-3+ R-X-

Mammalian expression
vector containing Cas9 and
gRNA for KO generation in
Samhd1 gene

Packaging vector for
lentiviral vector production

VSV-Glycoprotein,
Envelope vector for
lentiviral vector production

HIV transfer vector
expressing iIRFP670
localized in nucleus

HIV transfer vector
expressing mtagBFP

Bacterial expression vector
expressing human SAMHD1

HIV transfer vector
expressing SAMHD1
wildtype

HIV transfer vector
expressing SAMHD1
mutations

SIV packaging vector
containing Vpx

Empty SIV packaging
vector

Veit Hornung laboratories
(LMU Munich, Germany)

Wolfgang
Hammerschmidt
laboratories (Helmholtz
Center Munich, Germany)
Wolfgang
Hammerschmidt
laboratories (Helmholtz
Center Munich, Germany)
Wolfgang
Hammerschmidt
laboratories (Helmholtz
Center Munich, Germany)
Wolfgang
Hammerschmidt
laboratories (Helmholtz
Center Munich, Germany)
Yong Xiong laboratories
(Yale School of Medicine,
USA)

Cloned within this thesis

Cloned within this thesis

Thomas Gramberg
laboratories (University
Hospital Erlangen,
Germany) [I51]
Thomas Gramberg
laboratories (University
Hospital Erlangen,
Germany) [151]
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3.1.9 Primers

3.1.9.1 Primers for bisulfite sequencing

Primer Sequence 5 — 3’ Ty (°C)
STS19 SAMHD1 3 fwd AGGTTTTTTTTAAGTTTGGGGTATTT 55.5
STS20. SAMHD1 3 rev.  CAAACTCACTAACAATTAAACCCTTC 55.5
3.1.9.2 Primers for cloning
Primer Sequence 5 — 3’ Ty (°C)
STS27 fwd CCTAGGATCCCTTCATTGGGTCATCT 62.0
TTAAAAAGCTGG
STS28 rev CCTAGAATTCGCCACCATGCAGCGAG 62.0

CCGATTCCG

3.1.9.3 Primers for directed mutagenesis

For the annealing temperatures indicating a "gradient pooled', the temperatures 62-72°C

were used.

Primer

Sequence 5’ — 3’

Ty (°C)

STS85 D311A_ fwd

STS86 D311A rev

STS42 D137N  fwd
STS43 D137N rev
STS44 T592A fwd

STS45 TH92A rev

GAGATAGTATCTAATAAAAGAAATGG
CATTGATGTGGCCAAATGGGATTATT
TTGCCAGGGACTG
CAGTCCCTGGCAAAATAATCCCATTT
GGCCACATCAATGCCATTTCTTTTAT
TAGATACTATCTC
CTCTCCTCGTCCGAATCATTAATACA
CCTCAATTTCAACGTCTTC
GAAGACGTTGAAATTGAGGTGTATTA
ATGATTCGGACGAGGAGAG
CGATGTTATAGCCCCACTCATAGCAC
CTCAAAAAAAGGAATGGAACG
CGTTCCATTCCTTTTTTTGAGGTGCT

gradient
pooled

gradient

pooled

gradient
pooled

Continued on next page
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Primer

Sequence 5’ — 3’

Ty (°C)

STS46 ThH92E  fwd
STS47 _TH92E  rev
STS48 T5h92D_ fwd
STS49 T592D rev
STS50__D207N_ fwd
STS51 D207N _ rev
STS52_ (QH48A_ fwd
STS53 Q548A rev
STSH4  K405R_ fwd
STS55_K405R__rev
STS56_ K484T  fwd

STS57_K484T _rev

STS58 R451A /L453A

~ fwd

STS59 R451A/L453A

_rev
STS60 V133l fwd
STS61 V1331 rev

STS62 A338T fwd

STS63 A338T rev

ATGAGTGGGGCTATAACATCG
CGATGTTATAGCCCCACTCATAGAAC
CTCAAAAAAAGGAATGGAACG
CGTTCCATTCCTTTTTTTGAGGTTCT
ATGAGTGGGGCTATAACATCG
GGCGATGTTATAGCCCCACTCATAGA

TCCTCAAAAAAAGGAATGGAACGACAG

CTGTCGTTCCATTCCTTTTTTTGAGG
ATCTATGAGTGGGGCTATAACATCGCC
CAGATTGCTGGACTTTGTCATAATCT
CGGTCATGGGCCATTTTC
GAAAATGGCCCATGACCGAGATTATG
ACAAAGTCCAGCAATCTG
CTGCCAGAGAAATTTGCAGAGGCGCT
GATTCGAGTATATTGTAAGAAGGTGG
CCACCTTCTTACAATATACTCGAATC
AGCGCCTCTGCAAATTTCTCTGGCAG
GAGATTACAGGTGCTGGAGGAAGAAA
GTATCGCATTTCTACAGCAATTG
CAATTGCTGTAGAAATGCGATACTTT
CTTCCTCCAGCACCTGTAATCTC
CAAAAGAGGTTGCCAGTGCTACACCC
AAAGTATTGCTAGACGTG
CACGTCTAGCAATACTTTGGGTGTAG
CACTGGCAACCTCTTTTG
GCACGAGAGATTTTAAAACAAATTGA
ATACGCTAATGCATTCAAGTATGTGG
GTGAGACG
CGTCTCACCCACATACTTGAATGCAT
TAGCGTATTCAATTTGTTTTAAAATC
TCTCGTGC
GAGCTCCACCCTCTCCTCATCCGAAT
CATTGATACACCTCAATTTCAAC
GTTGAAATTGAGGTGTATCAATGATT
CGGATGAGGAGAGGGTGGAGCTC
CAAAATAATTTTGATTACAAGCGCTT
TATTAAGTTTACCCGTGTCTGTGAAG
TAGACAATGAG
CTCATTGTCTACTTCACAGACACGGG
TAAACTTAATAAAGCGCTTGTAATCA

gradient
pooled

58.7

gradient
pooled

58.7

gradient

pooled

58.7

gradient
pooled

95.5

gradient
pooled

Continued on next page
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Primer Sequence 5’ — 3’ Ty (°C)
AAATTATTTTG

STS64  R366H  fwd CTGTATGACATGTTCCACACTCACAA gradient
CTCTTTACACCGTAGAGCTTATC pooled

STS65 R366H rev

STS66__D497Y  fwd

STS67 D497Y rev

STS68 R145Q)_ fwd
STS69 R145Q rev
STS82 S33A  fwd
STS83 S33A rev
STS125  L244F  fwd
STS126  L244F rev
STS147 _A30T _ fwd
STS148 A30T rev
STS129 R531S_ fwd

STS130 R531S rev

STS131 A565T  fwd

STS132 A565T rev
STS133 F578L  fwd
STS134 F578L rev

STS135_ L620H_ fwd

GATAAGCTCTACGGTGTAAAGAGTTG
TGAGTGTGGAACATGTCATACAG
GACGTGAAACTGAAGGCTGAATATTT gradient
TATAGTGGATGTTATCAACATGGATT pooled
ATGG

CCATAATCCATGTTGATAACATCCAC
TATAAAATATTCAGCCTTCAGTTTCA

CGTC
GATACACCTCAATTTCAACGTCTTCA gradient
ATACATCAAACAGCTGGGAGG pooled

CCTCCCAGCTGTTTGATGTATTGAAG
ACGTTGAAATTGAGGTGTATC
CCGCAGAGGCAGACTGGGCCCCGGGC gradient
CTGGAACTCC pooled
GGAGTTCCAGGCCCGGGGCCCAGTCT
GCCTCTGCGG
CAGTTATGATGTTTGAGCACTTTATT gradient

AATTCTAATGGAATTAAG pooled
CTTAATTCCATTAGAATTAATAAAGT
GCTCAAACATCATAACTG
CAAACACCCCTTCCGCAGAGACAGAC gradient
TGGTCCCCGGGCCTGG pool
CCAGGCCCGGGGACCAGTCTGTCTCT
GCGGAAGGGGTGTTTG
CCCCAACAGAGCAATCAGCATTACTA gradient
AAAACCAGG pooled
CCTGGTTTTTAGTAATGCTGATTGCT
CTGTTGGGG
GAAAGAGTTTGTATGCCACAAGACAA gradient
TATTTTGTTCAG pooled
CTGAACAAAATATTGTCTTGTGGCAT
ACAAACTCTTTC
GTGTGCAGACAGAAATTTGACCAAGC gradient
CGCAGGATG pooled
CATCCTGCGGCTTGGTCAAATTTCTG
TCTGCACAC

CAAAAGCAGAGTCCAGCATTTTAAAG gradient

Continued on next page
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Primer Sequence 5’ — 3’ Ty (°C)
ATGACCCAATG pooled

STS136_L620H_rev CATTGGGTCATCTTTAAAATGCTGGA
CTCTGCTTTTG

3.1.9.4 Primers for deep sequencing

Primer Sequence 5 — 3’ Ty (°C)

STS1 _SAMHD1 1_fwd ACACTCTTTCCCTACACGACGCTCTTC  60.0
CGATCTTTCTTGACTGCTGTGCCGGAC

STS2 SAMHDI1 1 rev TGACTGGAGTTCAGCGTGTGCTCTTCC  60.0
GATCTGCCGCTACCTCGGATGTTCTTCA

3.1.9.5 Primers for sanger sequencing

Primer sequences for primers STS113 and STS114 were taken from CloneJET PCR Cloning
Kit.

Primer Sequence 5’ — 3’

STS32 pCDH_ fwd GTTACAGATCCAAGCTGTG
STS33_pCDH_ rev CAGCTCGCTCATATGCATA

STS113 pJET1.2_ fwd CGACTCACTATAGGGAGAGCGGC
STS114. pJET1.2_ rev AAGAACATCGATTTTCCATGGCAG

3.1.10 Antibodies and dyes

Antibody and dye dilutions labeled with IB were used for immunoblotting, Wes for quan-
titative immunoblotting, FC for flow cytometry and THC for immunohistochemistry.

For a-SAMHD1 antibodies, the regions that each of the antibody recognizes are not known.
All of them were generated by immunization with the whole human SAMHD1 protein. For
the 5 customized a-SAMHD1 antibodies made by Eurogentec, the purified SAMHD1 pro-
tein from the vector pGEX-4T-1 His-SAMHD1 was used to generate the antibodies. For
the commercial antibodies, the immunogen for the a-SAMHD1 antibody from Origene
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was full length human recombinant protein of human SAMHD1 (NP-056289) produced in
HEK 293T cells. For the a-SAMHD1 antibody from Proteintech, the immunogen was not

specified.
Primary antibody Species  Dilution Article number Vendor
a-GAPDH mouse 1:500 (IB)  sc¢-365062 Santa Cruz
Biotechnol-
ogy
a-Phospho SAMHD1 rabbit 1:10.000 8005 ProSci
Thr592 (IB)
a-Rabbit IgG Isotype  rabbit 1:3760 02-6102 Thermo
control (FC) Fisher
Scientific
a-SAMHD1 rabbit 1:1000 12586-1-AP Proteintech
(IB), 1:100
(FC), 1:50
(IHC)
a-SAMHDI1 1FG mouse 1:1000 (IB) TA501953 OriGene
Technologies
a-SAMHD1 mouse 1:250 (IB), Customized Eurogentec
EGT986-11G6ES 1:200
(Wes), 1:50
(FC)
a-SAMHD1 rb1245 rabbit 1:2000 Customized Eurogentec
(IB), 1:100
(FC)
a-SAMHD1 rb1246 rabbit 1:2000 Customized Eurogentec
(IB), 1:100
(FC)
a-SAMHD1 H153 chicken 1:2000 (IB) Customized Eurogentec
a-SAMHD1 H154 chicken 1:4000 Customized Eurogentec
(IB), 1:100
(IHC)
a-tRFP (mtagBFP) rabbit 1:500 (IB)  AB233-EV Evrogen,
Biocat
a-Vinculin mouse 1:2000 (IB, V9264-100pul Sigma-
Wes) Aldrich
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Secondary antibody Species Dilution Article number Vendor

a-Chicken-Biotin IgY  goat 1:300 ab6876 Abcam

(H and L) (IHC)

a-Chicken-HRP IgY goat 1:10.000 ab6877 Abcam

(H and L) (IB)

a-Chicken IgY (H and  goat 1:200 (FC)  ab150169 Abcam

L) Alexa Fluor®

488nm

a-Mouse-HRP IgG (H  goat 1:10.000 115-035-062 Jackson

and L) (IB) Immuno
Research,
Dianova

a-Mouse-IgG (H and goat 1:200 (FC)  A11001 Life

L) cross-adsorbed Technologies

Alexa Fluor® 488nm

a-Rabbit IgG (H and  goat 1:10.000 111-035-144 Jackson

L) (IB) Immuno
Research,
Dianova

a-Rabbit IgG (H and  goat 1:200 (FC)  A11008 Life

L) cross-adsorbed Technologies

Alexa Fluor® 488nm

Dyes Species  Dilution Article number Vendor

LIVE/DEAD™ - 1:50 (FC) L10119 Invitrogen
fixable near infrared

dead cell dye,

excitation 633/635 nm

3.1.11 Plastics and other material

Product Article number Vendor

Amersham protran® transfer 4675.1 Carl Roth
membrane, 0.45 pm NC

Continued on next page
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Product

Article number Vendor

Bolt™ bis tris gel 4-12%, 10 well and
17 well

Neubauer improved counting chamber
Polyallomer tube for
ultracentrifugation

Round bottom high clarity PP test
Stericup-HV sterile vacuum filtration
system, 0.22 ym

Stericup-HV sterile vacuum filtration
system, 0.45 pum

Tube with cell filter cap with 35 pm
nylon mesh

24-well plate (flat bottom)

96-well plate (flat bottom)

96-well plate (round bottom)

10 cm dish

15 cm dish

T25 flask

T75 flask

T175 flask

SafeSeal 1.5 ml tube

SafeSeal 2.0 ml tube

CyroPure 2.0 ml cryotube

NWO04120BOX, Thermo Fisher Scientific
NW04127BOX

0640010 Marienfeld Superior
5052 Beranek Laborgerate
352063 Falcon, Omnilab
S2GPUO5SRE Sigma-Aldrich
S2HVUO5RE Sigma-Aldrich
10585801 Corning, Omnilab
83.3922 Sarstedt

83.3924 Sarstedt

83.3925 Sarstedt

83.3902 Sarstedt

83.3903 Sarstedt
83.3910.002 Sarstedt
83.3911.002 Sarstedt
83.3912.002 Sarstedt

72.706.400 Sarstedt

72.695.400 Sarstedt

72.380 Sarstedt

3.1.12 Analytical devices and software

All illustrations in this thesis were created autonomously with Adobe Illustrator CC 2019.
Background references are indicated in the figure legends.

Device

Vendor

BD FACS Aria Fusion (5 laser configuration) BD Biosciences
BD FACS Lyric (3 laser configuration, red 640 nm, blue BD Biosciences

488 nm, violet 405 nm)
BD FACS Melody cell sorter

BD Biosciences

Biometra compact DNA gel electrophoresis Analytik Jena

(846-025-100)

Eclipse Ti2 microscope with DS-Qi2 camera Nikon

Continued on next page
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Device Vendor
Mantis liquid handler Formulatrix
Mastercycler Vapo.protect Eppendorf

Mini gel tank for immunoblotting (A25977)

Microplate reader CLARIOstar plus
MiSeq benchtop sequencing system
Nanodrop One

Neon transfection system

Quantstudio 3 real-time PCR-system, 96 Well 0.1 ml

Block

Rotor SW28

Sorvall WX+ ultracentrifuge
UVP UVsolo touch

Vi-Cell XR cell viability analyzer

Invitrogen, Thermo
Fisher Scientific

MGG Labtech

[llumina

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Beckman Coulter
Thermo Fisher Scientific
Analytik Jena

Beckman Coulter

Vilber fusion FX Vilber

Wes quantitative western blot device ProteinSimple
Software Vendor /Publication
Adobe Illustrator CC 2019 (Version 23.0.1) Adobe

BiQ Analyzer for DNA methylation analysis [152]

Compass for SW

Epidesigner

Excel 2016

FlowJo flow cytometry analysis (Version 10.4.2)
GraphPad Prism (Version 6.01)

Outknocker (Version 2.0)

Quantstudio Design and Analysis Software 2016
(Version 1.4.3)

PyMOL (Version 2.4.1)

SnapGene (Version 2.6.2)

ProteinSimple Analysis
Agena Bioscience
Microsoft Office

FlowJo

GraphPad

[153]

Thermo Fisher Scientific

Schrodinger
SnapGene
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3.2 Methods

3.2.1 Cell culture conditions and maintenance

Cells were cultivated in corresponding cell culture medium with 10% FBS (heat-inactivated
at 65°C for 30 minutes and filtered to remove protein aggregates) and 1% P/S at 37°C
with 5% CO, and were split according to confluence or experimental setup. For splitting of
adherent cell lines, medium was removed, cells were washed with 1x PBS, detached by 1x
Trypsin-EDTA solution in 1x PBS. Trypsinization was stopped using at least the double
amount of complete, appropriate medium volume and cell suspensions were seeded into
new cell culture ware for maintenance. Cells were counted using a Neubauer improved
counting chamber.

3.2.2 Thawing and freezing of mammalian cells

For thawing, cells stored in liquid nitrogen tanks were incubated in a water bath (37°C)
for 1-2 minutes, transferred into complete, corresponding cell culture medium (adding to a
volume of 5 ml) and centrifuged at 500 g for 5 minutes. Supernatants were removed, cells
were resuspended in complete cell culture medium and plated onto a cell culture dish.
For freezing, cells were trypsinized (for adherent cell lines), resuspended in complete cell
culture medium and centrifuged at 500 g for 5 minutes. Supernatants were removed,
cells were resuspended in freezing medium (section and frozen down 1 degree/min
at -80°C as 1 ml aliquots in cryo-vials. The next day, cells were transferred into liquid
nitrogen tanks for long-time storage.

3.2.3 Plasmid DNA amplification
3.2.3.1 Transformation into STBII/DH5« cells

50 pl STBII/DHb5a cells were thawn slowly on ice, mixed with 1 ul plasmid DNA and
incubated on ice for 20 minutes. Cells were heat-shocked at 42°C for 2 minutes and cooled-
down on ice for 5 minutes. The mix was added to 500 pul SOC outgrowth medium and
shaken at 37°C for a minimum of 30 minutes. After incubation, samples were centrifuged
at 13.000 rpm for 1 minute. Supernatant was removed and cells were resuspended in the
residual supernatant. The cell suspension was then plated on prewarmed LB agar plates
containing 100 ug/ml of the respective antibiotic solution and kept overnight at 37°C to
allow growth of single colonies.

3.2.3.2 Plasmid DNA preparation

For plasmid DNA preparation, a single clone colony was picked from transformation plates,
inoculated in 3 ml LB medium containing 50 pg/ml of the respective antibiotic solution and
incubated overnight at 37°C under constant shaking. The next day, the small bacterial
culture was transferred into 300 ml TB medium containing 50 pg/ml of the respective
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antibiotics in a 2 1 Erlenmeyer flask in order to shake overnight at 37°C. Plasmid DNA
preparation was performed using Nucleobond Xtra midi or maxi plasmid DNA purification
kit according to the manufacturer’s procedure.

3.2.4 DNA gel electrophoresis

PCR quality was validated through DNA gel electrophoresis. Therefore, 1% agarose in 1x
TAE buffer were mixed and shortly heated in a microwave in order to dissolve the powder
completely. SYBR safe DNA gel stain was added 1:10.000, the solution was filled into an
electrophoresis chamber with inserting combs and cooled down for solidification. Samples
were loaded after being mixed with 6x gel loading dye purple for a final concentration of 1x
and 5 pl SmartLadder was used as size reference. Electrophoresis was performed at 80 V
for 30 minutes and gels were documented with UVP UVsolo Touch.

3.2.5 Bisulfite sequencing

Total DNA from cell cultures was extracted using the silica-based DNeasy blood and tis-
sue kit according to the manufacturer’s procedure. Sample quality and DNA concentration
was measured photometrically with Nanodrop One.

Bisulfite conversion of 1 ug total DNA /sample was performed using the EZ DNA methy-
lation kit according to the manufacturer’s procedure. A human methylated and non-
methylated (WGA) DNA set was used as methylated and non-methylated control, respec-
tively. A representative part of the endogenous promoter of the Samhd1 gene was amplified
by polymerase chain reaction (PCR, tables and . The PCR reaction was loaded
on a 1% agarose gel (section , the respective band was cut out of the gel and purified
using the NucleoSpin® gel and PCR clean-up kit according to the manufacturer’s proce-
dure. Samples were eluted in 20 ul sterile, nuclease-free HoO and the sample quality was
assured photometrically with Nanodrop One.

The purified PCR fragment was cloned into the vector pJET1.2 using the sticky end cloning
protocol for Taq polymerase with the CloneJET PCR cloning kit. Therefore, the reaction
was pipetted according to the pipetting scheme in table [3.30] Reactions were vortexed,
spun down and incubated at 70°C for 5 minutes. After cooling down on ice, the ligation
reaction was prepared by adding 1 ul pJET1.2 (50 ng/pul) and 1 ul T4 DNA ligase to the
reaction mixture. Reactions were vortexed, spun down and incubated at room temperature
for 5 minutes. Ligations were transformed into STBLII cells according to the description
in section The isolated DNA from different clones was sent for Sanger sequencing to
Eurofins Genomics. Sequences were analyzed using BiQ) Analyzer Software [152].
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Table 3.28: Pipetting scheme for Samhdl promoter amplification

Amount Substance

10 pl Reaction buffer, 10x
2 ul Primer fwd, 100 uM
2 pul Primer rev, 100 M
2 pul 10 mM dNTP mix

0.5 pul HotStarTaq DNA polymerase
ad 100 ul  Nuclease-free H,O
x pl Bisulfite converted DNA

Table 3.29: PCR program for Samhdl promoter amplification

Step Temp. Time

95 °C 15 minutes

95 °C 60 seconds

55.5 °C 60 seconds, increasing 1°C/cycle for first 5 cycles
72 °C 60 seconds, return to step 2, 18 cycles

72 °C 10 minutes

12 °C Infinite

O UL W N+~

3.2.6 Cloning and directed mutagenesis
3.2.6.1 Cloning of Samhd1 sequence into transfer vector pCDH-EF1a-BFP-1

For cloning the natural Samhdl sequence from the bacterial expression plasmid pGEX-
4T-1 GST SAMHDLI into the transfer vector pCDH-EF1a-BFP-1, the Samhdl sequence
was amplified by the PCR reaction shown in table [3.31] and [3.32] A clear PCR prod-
uct was validated through DNA gel electrophoresis (section and purified using the
NucleoSpin® gel and PCR clean-up kit according to the manufacturer’s procedure with an
elution volume of 20 pl nuclease-free HyO. The purified PCR product as well as the target
vector pCDH-EF1a-BFP-1 were digested separately by the restriction enzymes BamHI-
HF and EcoRI-HF at 37°C for 1 hour according to table and the reaction with the
PCR product was stopped at 65°C for 20 minutes. The target vector pCDH-EF1a-BFP-1
was dephosphorylated by addition of 2 ul antarctic phosphatase buffer and 1 ul antarctic
phosphatase and incubated at 37°C for at least 15 minutes followed by inactivation at
65°C for 5 minutes. Whereas the target vector was gel extracted, the insert reaction was
purified directly using the NucleoSpin® gel and PCR clean-up kit according to the manu-
facturer’s procedure with an elution volume of 20 ul nuclease-free HyO. Target vector and
insert were ligated at 16°C overnight followed by inactivation of the ligation reaction at
65°C for 10 minutes (table[3.34). In order to remove self-ligated target vectors that do not
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Table 3.30: Pipetting scheme for sticky end cloning of PCR fragment into pJET1.2 vector

Amount Substance

10 pl Reaction buffer, 2x
1 pl Purified PCR fragment
6 pul Nuclease-free HoO
1wl DNA blunting enzyme

Table 3.31: Pipetting scheme for cloning of Samhd1 sequence into transfer vector pCDH-
EFla-BFP-1

Amount Substance

5 pul Phusion GC buffer, 10x
5 pl Phusion HF buffer, 10x
1wl 10 mM dNTP mix

2.5 ul Primer STS27_fwd, 10 uM

2.5 pl Primer STS28 rev, 10 uM

1.5 pl DMSO, 100%

1 pl Phusion high fidelity DNA polymerase

1l 10 ng/pul pGEX-4T-1 GST SAMHDL1 as template
ad 50 ul  Nuclease-free H,O

contain the insert, the reaction was additionally digested by 0.5 ul Agel-HF with 1.5 ul 10x
CutSmart buffer at 37°C for 1 hour. Agel-HF only cuts in the Luc2 cassette of the original
target vector, a part that the final vector will not longer contain. Afterwards the reaction
was transformed into STBLII cells according to section [3.2.3] Clones were validated with
Sanger sequencing using Eurofins Genomics and the primer pair STS32/STS33.

3.2.6.2 Directed mutagenesis of Samhd1 wildtype sequence

For directed mutagenesis of the Samhd1 gene, overlapping primers with the mutated nu-
cleotides in the middle of the primers were used in order to introduce the mutation (section
. Amplification was checked by DNA gel electrophoresis (section and purified
using the NucleoSpin® gel and PCR clean-up kit according to the manufacturer’s proce-
dure. The PCR product was eluted in 21 ul nuclease-free H,O. 2.5 ul CutSmart buffer as
well as 1.5 pul Dpnl was added and the sample was incubated overnight at 37°C followed
by transformation into STBLII competent bacteria (section |3.2.3). DNA was isolated from
6 ml bacterial cultures with the QIAprep spin miniprep kit and successful mutagenesis
was determined by Sanger sequencing through Eurofins Genomics. From the successfully
mutated clones, larger cultures were inoculated and DNA extracted for further procedures
described in section and 3.2.12
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Table 3.32: PCR program for cloning of Samhdl sequence into transfer vector pCDH-
EFla-BFP-1

Step Temp. Time

1 95°C 30 seconds

2 98°C 15 seconds

3 55°C 30 seconds

4 72°C 90 seconds, return to step 2, 5 cycles
) 98°C 15 seconds

6 gradient® 30 seconds

7 72°C 90 seconds, return to step 5, 30 cycles
8 72°C 120 seconds

9 12°C Infinite

*62-72°C Gradient PCR was used for optimal annealing and condition 62°C was used for
further proceeding after validation with DNA gel electrophoresis.

Table 3.33: Restriction digest of PCR product and transfer vector pCDH-EF1a-BFP-1

Amount Substance

2 ul CutSmart buffer, 10x
1 pl BamHI-HF

1 pl EcoRI-HF

10 pg Target vector or

1 ug Purified PCR product

ad 20 ul  Nuclease-free H,O

3.2.7 Drug treatments and cell viability assay

Cells were counted and seeded in duplicates into 384-well white multiwell plates (27 pl
cell-medium suspension). Control wells with medium or cells only were included. 3 ul/well
ara-C (figure in 1xPBS with 5% DMSO was added using the Mantis Liquid Handler in
a dilution series of 1:3 with a starting concentration of 2.5 mM (highest final concentration
in well 250 M). The number of viable cells was determined using the CellTiter-Glo® 2.0
assay by quantification of ATP, indicating metabolically active cells [I54]. The Ultra-Glo
luciferase converts luciferin to oxyluciferin using ATP, resulting in a luminescent signal,
illustrated in figure [154]. Therefore, 10 pul/well CellTiter-Glo® 2.0 assay was added
using the Mantis Liquid Handler, samples were shaken at room temperature for 2 minutes
and incubated in the dark for an additional 10 minutes. Afterwards, plates were centrifuged
at full speed for 5 minutes, followed by luminescence-based measurement with Microplate
Reader CLARIOstar Plus according to the manufacturer’s procedure.
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Figure 3.1: Structure of physiological cytidine, the prodrug cytarabine (ara-C)
and its labeled version '>Cj3 ara-C. Ara-C represents an isomer of the physiological
nucleoside cytidine, where the hydroxy group at carbon 2 is flipped in the ribose ring.
13C4 ara-C contains three 13-carbon atoms instead of the regular 14-carbon atoms in the
cytosine ring [1, [103].
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Figure 3.2: CellTiter-Glo® 2.0 assay to determine cell viability. The Ultra-Glo
luciferase converts luciferin to oxyluciferin using ATP, resulting in a luminescent signal that
can be measured by a plate reader [I54]. The measured luminescence directly indicates
the viable cells in the sample and can be used to determine the cytotoxicity of a drug
treatment and its effective dose 50 (EDj).
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Table 3.34: Ligation of insert Samhdi and target vector pCDH-EF1a-BFP-1

Amount Substance

1 pl T4 DNA ligase reaction buffer, 10x

50 ng Digested, dephosphorylated, purified target vector
30 ng Digested, purified insert

1 pl T4 DNA ligase

ad 10 I Nuclease-free H,O

Table 3.35: Pipetting scheme for directed mutagenesis

Amount Substance

5 pul Phusion GC buffer, 10x
5 pl Phusion HF butffer, 10x
1l 10 mM dNTP mix

2.5 pl Primer fwd, 10 uM

2.5 pl Primer rev, 10 uM

2.5 pl DMSO, 100%

1 pl Phusion high fidelity DNA polymerase

50 ng pCDH-EF1a-SAMHD1-WT-BFP-1 natural sequence as template
ad 50 ul  Nuclease-free H,O

3.2.8 Liquid chromatography—tandem mass spectrometry
(LC-MS/MS)

In order to determine the ara-CTP levels in cells, equal cell numbers were seeded and
treated with 40 M '*C; ara-C for 6 hours at 37°C. Afterwards cells were counted, equal cell
numbers were harvested in SafeSeal 1.5 ml tubes and frozen at -80°C. In order to be able to
measure ara-CTP levels, three carbon atoms in the ara-C are replaced with three 13-carbon
atoms instead of the regular 14-carbon atoms (figure . For determination of dANTP
levels, equal cell numbers of untreated cells were harvested. Samples were processed and
measured in collaboration with the laboratory of Prof. Gerd Geifilinger (University Hospital
of the Goethe University, Frankfurt am Main, Germany). Shortly, samples were extracted
and the solvent was evaporated using nitrogen. Samples were directly reconstituted in the
adequate mobile phase. For determination of ANTP levels, reconstitution of the samples
was done using alkaline medium containing ammoniac.

3.2.9 Production of lentiviral vectors

For production of lentiviral vectors, HEK 293T cells were seeded 1 day before transfection
in 12x 15 cm dishes (2x 107 cells/dish). On the day of transfection, the DNA /PEI mix
was prepared as shown in table incubated at room temperature for 20 minutes and
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Table 3.36: PCR program for directed mutagenesis

Step Temp. Time

98°C 2.5 minutes

98°C 45 seconds

T 60 seconds

72°C 5 minutes, return to step 2, 18 cycles
72°C 10 minutes

12°C Infinite

DO W N~

Table 3.37: Cell seeding and incubation times for cell viability assay

Cell line Cell number per well Incubation time until analysis

LN-18 1000 cells 4 days
U-87 MG 750 cells 4 days
THP-1 7500 cells 3 days

added dropwise onto the cells (2 ml/dish). Three days after transfection, medium con-
taining lentiviral vectors was harvested and filtered through a Stericup-HV sterile vacuum
filtration system with the pore size 0.45 pum. Polyallomer tubes for ultracentrifugation
were filled with 6 ml 25% sucrose and then carefully overlayed with 28 ml of lentiviral
supernatant, tubes were balanced with a scale and samples were centrifuged at 28.000 rpm
at 4°C for 1.5 hours in a Sorvall WX+ ultracentrifuge with the rotor SW28. After ultra-
centrifugation, the supernatant was discarded and lentiviral vectors were resuspended in
100 pl 1xPBS/tube. Lentiviral vectors were dissolved at 4°C for at least 1 hour, aliquoted
and stored at -80°C. In case lentiviral vectors were not concentrated, viral supernatants
were centrifuged at 1.200 rpm for 10 minutes followed by a second centrifugation at 5.000
rpm for 20 minutes and aliquots were stored at -80°C.

Table 3.38: Pipetting scheme for lentiviral vector production

Amount Substance

7 g pCMVAS8.9 (packaging vector)

8 ug pMD2.G (VSV-G, envelope vector)
11 pg Transfer vector

2 ml DMEM (no additives)

104 pl 1 mg/ml Polyethylenimine (PEI)
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3.2.10 Transfections with Lipofectamine™ 2000

For transfection with Lipofectamine™ 2000 transfection reagent, adherent cells were seeded
in a 12-well plate one day prior transfection to achieve 80% confluence. For suspension
cells, cells were seeded on the day of transfection into a 96-well plate (u-shaped). 50 ul
Opti-MEM were mixed with 1 ug plasmid in tube A, whereas additional 50 pl Opti-MEM
were mixed with 2.5 ul Lipofectamine™ 2000 transfection reagent in tube B (plasmid to
Lipofectamine™ 2000 ratio of 1:2.5). After incubation of 5 minutes, tube A and B were
pooled, incubated for 25 minutes and the mixture was added to the culture. Cells were
incubated at least 48 hours before analysis or further procedure.

3.2.11 Samhd1l CRISPR/Cas9 knockout generation in cell lines

For CRISPR/Cas9-mediated Samhdl KO generation, the GBM cell lines LN-18, U-87 MG
and U-251 MG were seeded at optimal cell density one day before. In order to KO Samhd1,
the cells were transfected with a plasmid containing a Cas9 cassette and the respective
guideRNA (gRNA) for Samhd1 (figure[3.3) together the fluorescence cassette for mCherry
(section [3.2.10]). 48 hours after transfection, cells were bulk sorted for the highest fluores-
cence positivity and single cell seeded into 96-well plates. Cells were incubated at least 2
weeks before wells were manually screened for cell colonies originating from 1 clone. Re-
spective wells were marked, cell colonies were expanded and split into 2 wells when reaching
confluence. One well was used for culture maintenance whereas the other well was used for
deep sequencing. Therefore, the cell clones were lysed in 50 ul direct lysis buffer (section
containing 0.2 mg/ml proteinase K and incubated on ice for 10 minutes. For lysis,
20 pl of the mix per clone was incubated in the Mastercycler at 65°C for 10 minutes and
at 95°C for 15 minutes. In order to amplify the edited region in the genome, PCR1 and
PCR2 were performed according to table [3.39] [3.40] and [3.41] Primer sequences for PCR1
are listed in section and primer sequences for PCR2 were taken from Schmid-Burke
et al. [I53]. Samples were processed by the laboratory of Prof. Veit Hornung (LMU Mu-
nich, Germany) and deep sequencing was performed using the MiSeq benchtop sequencing
system [I53]. Analysis was performed using Outknocker 2.0 [153].

3.2.12 Production of SAMHD1 wildtype and mutant reconstitu-
tions in SAMHD1-deficient cell clones

3.2.12.1 Transductions of SAMHD1-deficient cell clones

In order to reconstitute SAMHD1-deficient cell clones with SAMHD1 wildtype or mutants,
cells were transduced with lentiviral vectors with corresponding SAMHD1 wildtype and
mutated sequences (sections [3.2.6 and [3.2.9) for a SAMHDI1 mutation overview see table
in results section . SAMHDI1-deficient cell clones were seeded according to table
and 24 hours later, cells were transduced with filtered, non-concentrated lentiviral
supernatants followed by centrifugation at 1.200 g at 37°C for 90 minutes. Medium was
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CRISPR target site
5'-... AGCCCGAGAACCCCCTCAAACACCCCTTCCGCAGAGGCAGACTGGT ...- 31
3’-... TCGGGCTCTTGGGGGAGTTTGTGGGGAAGGCGTCTCCGTCTGACCA ...-5’

Exon 1 PAM | GAGTTTGTGGGGAAGGCGTC |
AN

gRNA Samhd1

Figure 3.3: Samhdl gRNA sequence and CRISPR target site for
CRISPR/Cas9-mediated KO generation of Samhdi. The gRNA sequence is in-
dicated in blue, followed by the respective protospacer adjacent motif (PAM) sequence
5’-NGG-3’ indicated in green and the CRISPR target site indicated in purple. The gRNA
used for Samhdl in this study binds at the beginning of the Samhdi gene in Exon 1.

Table 3.39: Pipetting scheme for PCR1

Amount Substance

0.6 pl Phusion GC buffer, 10x

0.6 pl Phusion HF buffer, 10x

0.12 pl 10 mM dNTP mix

0.03 pl Primer fwd, 100 M

0.03 pl Primer rev, 100 pM

0.06 pl Phusion high fidelity DNA polymerase
1 pl Lysis as template

ad 6 pul Nuclease-free HoO

changed the next day and cells were expanded for up to two weeks.

3.2.12.2 Bulk sort of transductions

Transduced cell populations were bulk sorted for mtagBFP positivity using fluorescence-
activated cell sorting (FACS) by BD FACS Melody cell sorter and BD FACS Aria Fusion
cell sorter. On the day of sorting, cells were prepared in FACS buffer (section ,
incubated on ice and meshed through a 70 pm cell strainer prior to sorting. Collection
tubes were pre-coated with serum over night at 4°C to reduce surface charge and filled
with 0.5 ml fresh collection medium before sorting. Cells were gated and sorted for viable,
single and mtagBFP-positive cells using the BV421 channel. Sorted cells were seeded and
expanded in sorting medium for 1 week and then cultivation was continued with standard,
complete medium. The mtagBFP positivity was confirmed by flow cytometry analysis us-
ing BF FACS Lyric flow cytometer. Heterogeneous cell populations were resorted until a
homogeneous, mtagBFP positive cell population was obtained. Cell populations were mon-
itored for mtagBFP positivity throughout the cultivation process to assure stable protein
expression.
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Table 3.40: Pipetting scheme for PCR2

Amount Substance

2 ul Phusion GC buffer, 10x

2 ul Phusion HF buffer, 10x

0.4 pl 10 mM dNTP mix

2 ul Primer fwd, 100 M

2 pul Primer rev, 100 pM

0.2 pl Phusion high fidelity DNA polymerase
2 pl PCR product from PCR1

ad 20 ul ~ Nuclease-free H,O

Table 3.41: PCR program for PCR1/PCR2

Step Temp. Time

1 98°C 3 minutes
2 98°C 20 seconds
3 60°C 20 seconds
4 72°C 30 seconds, return to step 2
18 cycles (PCR1), 25 cycles (PCR2)
72°C 3 minutes
6 12°C Infinite

ot

3.2.13 Production and validation of virus-like particles

For production of virus-like particles (VLPs), HEK 293T cells were seeded 1 day before
transfection in 12 x 15 cm dishes (5.6x 10° cells/dish). On the day of transfection, the
DNA/PEI mix was prepared as shown in table , vortexed, incubated at room tem-
perature for 45 minutes and added dropwise into the dish (2 ml/dish). 48 hours after
transfection, medium containing VLPs was harvested and filtered through a Stericup-HV
sterile vacuum filtration system with the pore size 0.45 ym. VLPs were concentrated using
sterile-filtered 25% sucrose. 6 ml 25% sucrose were provided into a polyallomer tube for ul-
tracentrifugation, overlayed carefully with 28 ml of viral supernatant, tubes were balanced
with a scale and samples were centrifuged at 28.000 rpm at 4°C for 1.5 hours in a Sorvall
WX+ ultracentrifuge with the rotor SW28. After ultracentrifugation, the supernatant was
discarded and VLPs were resuspended in 100 ul 1xPBS/tube. VLPs were dissolved at 4°C
for at least 1 hour, aliquoted and stored at -80°C.

To titrate the VLPs containing Vpx (Vpx-VLPs), the Vpx-dependent SAMHD1 degradation
capacity was determined by ara-C toxicity analysis. For this, a SAMHDI1-proficient cell
line (e.g. LN-18 parental) was seeded into a 384-well plate (1000 cells in 21 ul per well) and
six different volumes of Vpx-VLPs (0.15 ul/0.1 p1/0.075 p1/0.05 p1/0.025 p1/0.0 pl) in 6 pl
total volume were added in duplicate rows onto the cells. As an additional, non-treated con-
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Table 3.42: Cell seeding for SAMHD1 reconstitutions

Cell clone Format Cell number per well
LN-18 SAMHD1 KO SKO1 12-well plate 120.000

U-87 MG SAMHD1 KO KO1 24-well plate 40.000

U-251 MG SAMHD1 KO H3  24-well plate 60.000

THP-1 -/- SAMHD1 KO B7  96-well plate (u-shaped) 500.000

trol, a corresponding SAMHD1-deficient line (e.g. LN-18 SAMHD1 KO SKO1) was seeded
in duplicate rows. Plates were centrifuged at 500 g at room temperature for 5 minutes.
24 hours later, ara-C was added in a dilution series of 1:3 with a starting concentration
of 2.5 mM (highest final concentration in well 250 uM) and plates were processed 4 days
later with CellTiter-Glo® 2.0 assay according to section The amount of Vpx-VLPs
that showed a similar ara-C toxicity phenotype to the corresponding SAMHD1-deficient
line was chosen for future Vpx-VLP treatment with this stock.

Table 3.43: Pipetting scheme for VLP production

Amount Substance

198 ug SIV3+ vector

54 ug VSV-G envelope vector

29.52 ml  DMEM (no additives)

751 pl 1 mg/ml Polyethylenimine (PEI)

3.2.14 Quantitative mRINA expression analysis
3.2.14.1 RNA isolation

Total RNA isolation was performed using NucleoZOL according to the manufacturer’s
procedure. Shortly, the cell pellets were lysed in 1 ml NucleoZOL /sample by pipetting up
and down. Contaminants (e.g. DNA, proteins) were precipitated with 400 ul RNase-free
H50/1 ml NucleoZOL in the lysate. Samples were shaken for 15 seconds, incubated at
room temperature for 15 minutes and centrifuged at 12.000 g at 4°C for 15 minutes. 1 ml
of supernatant was transferred into a fresh 2.0 ml SafeSeal 2.0 ml tube, 400 ul 75% ethanol
was added and samples were incubated at room temperature for 10 minutes. Afterwards,
samples were centrifuged at 12.000 g at 4°C for 8 minutes, the RNA was washed by adding
500 pl 75% ethanol/1ml supernatant. After centrifugation at 8.000 g at 4°C for 3 minutes,
the supernatant was removed and the RNA was reconstituted in 20 pul RNase-free H5O.
To ensure efficient reconstitution of the RNA, samples were vortexed 2 minutes and then
put on ice.
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3.2.14.2 Reverse transcription

Reverse transcription of total RNA was performed using the high-capacity RNA-to-cDNA
kit. Reactions were prepared according to table and incubated at 37°C for 60 minutes
followed by incubation at 95°C for 5 minutes. Reactions were either stored at -20°C or
processed for quantitative PCR right away.

Table 3.44: Pipetting scheme for reverse transcription

Amount Substance
10.0 pl 2x RT buffer mix
1.0 pl 20x RT enzyme mix

Up to0 9.0 ul 1 pug of RNA sample
ad 20.0 ul RNase-free HyO

3.2.14.3 Quantitative PCR

Quantitative PCR (qPCR) was performed using Quantstudio 3 real-time PCR-system with
a 96-well/0.1 ml block. Reactions were prepared and run according to table and

Data was analyzed using Quantstudio Design and Analysis Software as well as Excel 2016.

Table 3.45: Pipetting scheme for gPCR

Amount Substance

5 pul TagMan fast advanced master mix, 2x

0.5 pul TagMan gene expression assay of target gene, 20x or
0.5 pl TagMan RNase P control reagents kit, 20x

1.0 pl cDNA

3.5 pl RNase-free H,O

Table 3.46: PCR program for qPCR

Step Temp. Time

50°C 2 minutes

95°C 20 seconds

95°C 1 second

60°C 20 seconds, return to step 2, 40 cycles
12°C Infinite

Uk~ W N+~
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3.2.15 Immunoblotting
3.2.15.1 Total protein extraction and concentration measurement

Cell samples were harvested, washed once with 1xPBS and pellets were frozen at -80°C.
Total protein extraction was performed by resuspension of the cell pellet with hunt lysis
buffer (section with freshly added 1x EDTA-free protease inhibitor cocktail cOm-
plete. For physical disruption and cell lysis, the samples were frozen in liquid nitrogen and
thawed again at room temperature. The freeze-thaw procedure was repeated twice and
cells were centrifuged at full speed at 4°C for 30 minutes. Supernatants were transferred
into fresh SafeSeal 1.5 ml tube and stored at -20°C. Purified protein controls such as His-
SAMHD1 and GST-SAMHD1 protein were kindly provided by Dr. Paul R. Song Wratil
(in-house) and His-SS19 protein was provided by Saskia Schmitt (Hopfner laboratory, Gene
Center Munich, Germany).

Protein concentrations were measured using Pierce bicinchoninic acid (BCA) protein assay
kit. Therefore, a standard using different concentrations of bovine serum albumin (BSA)
from 0 to 2.0 mg/ml was pipetted into a flat bottom 96-well plate. For sample measure-
ment, 10 pl of protein lysis samples (or 1:10 dilution in HyO respectively) were pipetted
into free wells. 100 pl/well of solution A and B was added in a 50:1 dilution, the plate
was incubated at 37°C for 20 minutes and total protein quantification was colorimetrically
measured using the Microplate Reader CLARIOstar Plus.

3.2.15.2 Conventional immunoblot analysis

Equal protein amounts from each sample (for cell lysates 25 ug if not indicated otherwise
and for purified protein 0.05 pg) were mixed with 4x NuPAGE LDS sample buffer to a final
concentration of 1x and DTT was added to a final concentration of 50 mM. To achieve equal
volumes, H,O was added to 20 ul. The mix was incubated at 70°C for 10 minutes. Precast
gels with neutral pH using bis-tris chemistry were used for SDS gel electrophoresis, e.g.
Bolt™ bis tris gel 4-12% with 10 well and 17 wells. Samples were loaded onto the gel and
5 pl of PageRuler™ plus prestained protein ladder were loaded as size reference. SDS gel
electrophoresis was performed at 150 V for 1.5 hours in 1x NuPAGE MOPS SDS running
buffer. Then, the proteins were blotted from the gel to a 0.45 pum nitrocellulose membrane
at 30 V for 1 hour in 1x NuPAGE transfer buffer with 10% methanol. After blotting,
the membrane was blocked in 5% milk in 1xXTBS at room temperature for 30 minutes and
washed three times in 1xTBS for 10 minutes. The membrane was incubated overnight at
4°C in the primary antibody diluted in antibody solution (section . On the next day,
the membrane was washed three times in 1xTBS for 10 minutes and incubated with the
corresponding secondary antibody conjugated with horseradish peroxidase (HRP) diluted
in 5% milk in 1xTBS (1:10.000) at room temperature for 1 hour. The membrane was
washed three times in 1xTBS for 10 minutes and developed using the Clarity western ECL
substrate kit. Digital imaging was proceeded using the Vilber Fusion FX. To increase the
protein detection sensitivity, the SuperSignal west pico PLUS chemiluminescent substrate
was used for development. After development, the membrane was washed three times in
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1xTBS for 10 minutes and incubated in the next primary antibody, respectively.

3.2.15.3 Quantitative immunoblot analysis using Wes

Quantitative immunoblot analysis was performed using Wes according to the manufac-
turer’s procedure. 0.3 pug protein lysate in 3 pl per sample was used for loading. 10x
sample buffer was diluted 1:10 with HyO and used to dilute the lysates accordingly. Data
was analyzed using Compass for SW analysis software.

3.2.16 Immunohistochemistry (IHC)

Sample preparation, immunohistochemical staining and histopathological evaluation was
performed by Dr. Rupert Egensperger and colleagues (Center for Neuropathology Munich,
Germany). Shortly, tissue from first-diagnosed glioma and GBM patients (grades II, III
and IV) was fixed with 4% buffered formalin and embedded in paraffin. 3 pm sections
were stained with rabbit a-SAMHD1 12586-1-AP from Proteintech or chicken a-SAMHD1
#H154 antibody (section with the UltraView DAB (3,3’-Diaminobenzidine) detec-
tion system of Roche-Ventura on a Benchmark Ultra staining system and routinely stained
with hematoxylin and eosin. The histological diagnosis of all tissue specimen was made
according to the WHO classification of tumors of the CNS, 4" Edition, 2007 [114]. Pictures
were taken with an Eclipse Ti2 microscope.

For analysis of SAMHD1 protein expression in the glioma and GBM tissue sections, the
intensity of SAMHD1 nuclear staining for protein expression levels was blindly scored using
the following criteria: 0 = no staining, 1 = 5 - 35% staining, 2 = 36 - 70% staining and
3 > 70% staining compared to highly SAMHDI1-positive cells at blood vessels, which were
taken as a positive control.

3.2.17 Flow cytometry analysis
3.2.17.1 Preparation of cells for flow cytometry

For analysis of cells by flow cytometry, cells were pipetted into a 96-well plate (v-shaped),
centrifuged at 500 g for 5 minutes, washed once with 1xPBS followed by staining with
LIVE/DEAD™ fixable near infrared dead cell dye (1:50 dilution in 1xPBS) at 4°C for
20 minutes. Afterwards, cells were centrifuged at 500 g for 5 minutes, supernatant was
removed, cells were resuspended in 100 pl 4% PFA and incubated at 37°C for 10 minutes
(biosafety 1) or 90 minutes (biosafety 2) for fixation. Cells were centrifuged at 500 g
for 5 minutes, supernatant was removed and cells were resuspended in FACS Buffer for
flow cytometry measurement. Data was analyzed using FlowJo flow cytometry analysis
software.
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3.2.17.2 SAMHDI1 staining for flow cytometry

In order to analyze SAMHD1 protein expression by flow cytometry, cells were prepared as
described above, but fixed with prewarmed BD cytofix fixation buffer at room temperature
for 10 minutes (biosafety 1) or 90 minutes (biosafety 2). Cells were centrifuged at 600 g
at 4°C for 7.5 minutes, put on ice, supernatant was removed and cells were resuspended
thoroughly in 100 pul BD perm buffer III per well followed by incubation on ice for 10
minutes. 150 ul BD perm/wash buffer was added per well and cells were centrifuged
at 600 g at 4°C for 7.5 minutes. Cells were washed with 150 pul BD perm/wash buffer
and centrifugation was repeated. The supernatant was removed and cells were incubated
in an a-SAMHD1 primary antibody (section in BD perm/wash buffer at 4°C for
30 minutes. Extra wells were incubated with respective a-species IgG control primary
antibody, secondary antibody only and unstained with BD perm/wash buffer only. 150 pl
BD perm/wash buffer was added for washing, cells were centrifuged at 600 g at 4°C for 7.5
minutes and incubated in the dark at 4°C in the respective secondary antibody conjugated
with an fluorophore for 30 minutes. 150 pl BD perm/wash buffer was added for washing,
cells were centrifuged at 600 g at 4°C for 7.5 minutes, supernatant was removed and cells
were resuspended in 100 pul FACS buffer for flow cytometry measurement.

3.2.18 Statistical analysis

The significant differences between samples were determined using an unpaired Student’s
t-test with GraphPad Prism 6. P- and r’>-values were also determined with GraphPad
Prism 6, standard deviation (s.d.) is shown. P-values are defined as following: *P < 0.05,
P < 0.01, ***P < 0.001. P values higher than 0.05 were termed not significant (ns).
For qPCR analysis, values were normalized with the respective parental sample set to 1
if not indicated otherwise. Relative quantification Rg is defined as 2722¢7. Therefore,
target values are divided by the mean of the corresponding values of the housekeeping
gene RNase P and the parental value is subtracted for normalization. Then the negative
potence 2 of this value is calculated to receive the relative quantification Rg.

For quantitative immunblotting by Wes, a standard curve for SAMHDI1 protein expression
was generated using 1:2 dilutions of SAMHD1 protein starting from 10 ng and used to
normalize SAMHD1 protein expression of lysate inputs in ng/ul.

For the correlation dot plots, data was analyzed in R (version 4.1.1) by Prof. Lars Kaderali
(University Medicine Greifswald, Germany). Values were log-transformed, linear regression
modeling was used to analyze dependencies between variables. Pearson’s correlation was
used to analyze linear correlations.
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Chapter 4

Results

4.1 Establishment of customized o-SAMHD1 antibod-
ies

As SAMHDI1 is an important protein of interest to study in the Keppler laboratory, custom
a-SAMHD1 antibodies were produced together with Eurogentec. Customized antibodies
have lots of advantages in comparison to commercially available antibodies, but mainly,
they are very cost-effective and can possibly cover a broad spectrum of assay applications
(e.g. immunoblotting, flow cytometry analysis, immunohistochemistry analysis). Three
different species were selected for antibody production: rabbit, chicken and mouse. For all
species, the bacterially produced human His-SAMHD1 full length protein from the vector
pGEX-4T-1 His-SAMHD1 (section was used for immunization. Whereas for rabbit
and chicken, a polyclonal approach was followed, the SAMHD1 antibody production in
mice was done monoclonally by generating hybridoma cells.

Figure 4.1 summarizes the validation of the generated antibodies in conventional im-
munoblotting as well as flow cytometry analysis. Whereas the commercially available
mouse a-SAMHD1 antibody TA501953 from OriGene Technologies (figure [1.1JA) served
as a positive control for conventional immunoblotting, the commercially available rabbit
a-SAMHD1 antibody 12586-1-AP from Proteintech (figure 4.1D) served as a control for
flow cytometry analysis. The figure shows the validation of the customized a-SAMHD1
antibodies using the above described full length SAMHDI1 as an immunogen for rabbit
#1245 (figure and E), rabbit #1246 (figure and F), mouse (figure and
J), chicken H153 (figure and K) and chicken H154 (figure and L). Cell lysates
from SAMHD1-deficient and -proficient THP-1 and LN-18 cells as well as purified, tagged
SAMHDI1 proteins were used to validate the antibodies.

For conventional immunoblotting, antibody dilution series revealed antibody working con-
centrations of 1:500 - 1:4.000 (data not shown). Respective antibody concentration used
is indicated in figure 4.1} In order to validate a-SAMHDI1 antibody performance with cell
lysates, SAMHD1-deficient and -proficient cell lysates from THP-1 were used. The Samhd1
KO clone showed no band in all tested antibodies, whereas a single band at the molecular
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weight of 72.2 kDa for SAMHD1 was detected in the lysate of SAMHDI1-proficient THP-1
cells. In addition, when loading purified His-SAMHD1 and GST-SAMHD1 protein, single
bands were detected at the predicted molecular weight for every tested antibody and con-
dition. On the other hand, the a-SAMHD1 antibodies did not react with His-SS19 protein,
a His-tagged control protein, but a band at the respective molecular weight for His-SS19
was visible when an «a-His antibody was used. Unspecific, faint bands were detected at
120 kDa height for rabbit a-SAMHD1 #1245 antibody in both SAMHDI1-proficient and
-deficient THP-1 cell lysates and at about 100 kDa for rabbit a-SAMHD1 #1245, #1246
and chicken a-SAMHD1 #H153 in the GST-SAMHD1 sample. These results verified the
a-SAMHD1 antibodies for sufficient use to detect SAMHD1 in conventional immunoblot-
ting.

All a-SAMHDI1 antibodies were also validated for their use as primary antibodies in flow
cytometry analysis in combination with an a-IgG or IgY-Alexa Fluor 488nm-conjugated
secondary antibody. Primary antibody dilution series revealed antibody working concen-
trations for flow cytometry staining of 1:50 - 1:200 (data not shown). Respective antibody
concentration used is indicated in figure 4.1, SAMHD1-deficient and proficient LN-18 cells
were used to verify antibody performance for flow cytometry staining. All antibodies were
able to distinguish between SAMHD1-positive and negative cell populations, for the rabbit
a-SAMHDI control antibody from Proteintech (figure ), for rabbit a-SAMHD1 #1245
and #1246 from Eurogentec (figure and F) as well as for mouse a-SAMHD1 from
Eurogentec (figure [4.1J) and for chicken a~-SAMHD1 #H153 and #H154 antibodies from
Eurogentec (figure and L). These results indicated the utility of these antibodies for
sufficient use to detect SAMHD1 in flow cytometry analysis.

Alternatively to the immunization with the whole SAMHD1 protein, a synthetic peptide-
based antigen approach for SAMHD1 was carried out in rabbit using the peptide sequence
5’-VSNKRNGIDVDKWDY-3". The 15 amino acid long sequence from SAMHD1 was deter-
mined through algorithm-based in silico analysis. Unfortunately, both antibodies produced
in two rabbits (#1243 and #1244) were insufficient for analysis with both low specificity
and sensitivity (data not shown) and were therefore excluded in further analysis.

In addition, the antibody sets were tested for their ability to detect murine SAMHD1. For
that purpose, a cell lysate from the mouse macrophage cell line ANA-1 was used for im-
munoblotting together with the human SAMHD1-proficient cell line THP-1. a-SAMHD1
antibodies chicken #H153 and #H154 as well as two commercially available antibodies
from Proteintech and Origene were able to detect murine SAMHD1 in ANA-1 cells, rabbit
1245 and 1246 showed weaker bands (figure . On the contrary, the mouse a-SAMHD1
antibody produced by Eurogentec was not able to detect murine SAMHD1 (figure .
Taken together, the customized a-SAMHD1 antibodies generated together with Eurogen-
tec performed well compared to the commercially available a-SAMHD1 antibodies in both
conventional immunoblotting and flow cytometry analysis. In addition, all a-SAMHD1 an-
tibodies, except the mouse monoclonal a-SAMHD1 antibody from Eurogentec, were able
to detect murine SAMHD1 by immunoblotting.



4.1 Establishment of customized a-SAMHD1 antibodies

67

A rabbit 1245 (1:2000) rabbit 1246 (1:2000)
- = 5 o
2,2 fos
koal  tpq  F A% (Oal tHpn  H 32
A - 2 2K
sAMHDT - +1x 2 2§ SAMHD1 +'XE £ ~
250 - 1]
control blot 130
mouse Origene (1:1000) 130 — 100
e -—
100 — 70
— 5 -
a e 70 =1 N 55
s s = SAMHD1 SAMHD1
al THp g 488 554
SAMHD!1 - +'xz £ 8 35
35 -
100 25
SAMHD1
70 N
5 D i
70 . is
55 . .
130 - Vinculin 130 {EE Vinculin 130 Vinculin
D )
control stain
o] rabbit Proteintech (1:100) rabbit 1245 (1:100) rabbit 1246 (1:100)
E LN-18 - + - + - + SAMHD1
©
<
[v]
()
v 15.2% 95.8% 48.9% 0.4% 81.8%
c ; . .
()
S
g
&
SAMHD1-Alexa Fluor 488nm
G chicken H154 (1:4000)
chicken H153 (1:2000) 5 o
I I
. 5 s 2 2
mouse Eurogentec (1:500) e z kDal  typp  F G @
5 (kDa] § = SAMHDT " — +1x £ 2 3 3
z SAMHD1 £ 2h 260 4
[kDa] THP-1 < _ 125 —
SAMHD1  + - X £ 260 90 — SAMHD1
260 = . 125 70 —
125 = o SAMHD1 _
2 B =
90 — ,
I - ==| |SAMHD1 70 i
55 — B .
35 = . 90 90 — d His
i L
2 His o
B —
1304 — ] Vinculin 130_l:| Vinculin [E Vinculin
J
K] mouse Eurogentec (1:50) chicken H153 (1:50) chicken H154 (1:200)
g LN-18 - + - + - + SAMHD1
©
<
v 7.0% 913% ,
g 6.2% 62.5% ) ; 11.2% 70.6%]
4 : - "
Ll s
S
g
7]
[a's

Figure 4.1: Continued on

SAMHD1-Alexa Fluor 488nm

next page.



68 4. Results

Figure 4.1: Customized a-SAMHD1 antibody validation with purified, tagged
SAMHD1 and SAMHD1-deficient and -proficient THP-1 and LN-18 cells for
immunoblotting and flow cytometry analysis, respectively. (A) Immunoblot with
commercially available, monoclonal a-SAMHD1 TA501953 clone 1FG from Origene Tech-
nologies as well as flow cytometry analysis with polyclonal rabbit a-SAMHD1 antibody
12586-1-AP from Proteintech (D) were used as controls. Conventional immunoblotting as
well as flow cytometry analysis is shown for the polyclonal rabbit a-SAMHD1 antibodies
#1245 (B and E) and #1246 (C and F) as well as monoclonal mouse a-SAMHD1 antibody
from Eurogentec EGT986 clone 11G6ES (G and J) and polyclonal chicken a-SAMHD1 anti-
bodies #H153 (H and K) and #H154 (I and L). His-SAMHD1 and GST-SAMHD1 proteins
served as a control to verify antibody binding to the bacterial expressed human SAMHD1
protein. As a specificity control, the His-tagged protein His-SS19 was used. Flow cyto-
metric analysis of SAMHD1 protein expression was performed using a secondary a-IgG
or IgY antibody conjugated with the fluorophore Alexa Fluor 488nm. APC served as a
reference channel. Immunoblots were loaded with 15 ug per cell lysate and 0.05 ug per
purified protein. Immunoblots were performed by Katharina Hofmann (in-house) under
my supervision.

4.2 Samhdl promoter DNA methylation as a modu-
lator for expression and activity

After evaluating SAMHD1 protein detection with the series of new a-SAMHD1 antibodies,
the regulation of SAMHDL1 itself was investigated in more detail. DNA methylation of the
promoter represents a major regulation mechanism for expression of Samhdi, introduced
in section [34]. In this section, AML cell lines facilitated the establishment of the
assay and then, GBM cells were used in addition to determine the DNA methylation of
the Samhdl promoter. Whereas all parental GBM cell lines used in this thesis showed
positive SAMHD1 protein expression, AML cell lines included high SAMHD1 expressors
(Monomac6, MV4-11, OCI-AML3) as well as those with no detectable SAMHD1 expression
(HL-60, HEL).

4.2.1 Establishment of bisulfite sequencing to determine Samhd1
promoter methylation status

In order to be able to determine the DNA methylation status of the Samhd! promoter, a
bisulfite sequencing strategy was established that allowed to quantitatively determine the
DNA methylation status in single CpG resolution.

Figure shows the workflow for the procedure. As described in section [3.2.5] genomic
DNA isolated from cell lines was bisulfite-converted and a region in the CpG island of the
Samhdl promoter was amplified by PCR. The region was cloned into a bacterial expres-
sion plasmid and Sanger-sequenced to analyze the DNA methylation status of the Samhd1
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Figure 4.2: Customized o-human-SAMHD1 antibodies detect murine
SAMHD1. Cell lysates from the murine macrophage cell line ANA-1 were used as murine
SAMHDI1 source (labeled as m) for SAMHDI1 protein expression analysis by conventional
immunoblotting, whereas the human SAMHD1-proficient monocytic cell line THP-1 served
as a positive control (labeled as h). ch: chicken, rb: rabbit, m: mouse. The following «-
SAMHD1 antibodies were used: polyclonal chicken H153 and H154, polyclonal rabbit
1245 and 1246, monoclonal mouse from Eurogentec, polyclonal rabbit from Proteintech
and monoclonal mouse from Origene.

promoter. The human T cell leukemia cell line Jurkat showed no detectable SAMHD1
protein expression whereas THP-1 cells were highly SAMHD1-positive. In these cell lines,
the link between promoter methylation and SAMHD1 protein expression was documented
[34] used as positive and negative control for the SAMHD1 promoter methylation assay,
respectively (figure ) In addition, commercial human methylated as well as unmethy-
lated DNA was used to determine PCR conditions, where methylated and unmethylated
DNA are amplified equally to assure that no specific methylation status is favored during
PCR amplification. Figure shows the agarose gel with the loaded PCR promoter am-
plification for all four samples, with different annealing temperatures. As the methylated
and unmethylated controls showed similar band intensities with the annealing temperature
55°C, these samples were further processed.

The amplified DNA was sequenced at the single bacterial clone level through Sanger se-
quencing and analyzed with BiQ) analyzer software [152]. The methylated control as well as
the SAMHD1-negative cell line Jurkat were confirmed as methylated. On the other hand,
the unmethylated control and the SAMHDI1-positive cell line THP-1 were shown to be
unmethylated in the assay (figure [4.3D), mirroring the literature [34]. These experiments
verified the workflow for bisulfite sequencing for further evaluations.
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Figure 4.3: Establishment of bisulfite sequencing to determine SAMHD1 pro-
moter methylation status. (A) Workflow to determine the promoter DNA methylation
status. (B) SAMHDI1 protein expression in Jurkat and THP-1 determined by conven-
tional immunoblotting using the a-SAMHD1 antibody EGT986-11G6ES. (C) Agarose gel
showing the PCR promoter amplification using different annealing temperatures. NTC:
non-target control. (D) Samhd1 promoter DNA methylation status on the CpG level. The
numbers 1-19 indicate the individual CpG positions evaluated in the Samhdl promoter.
Methylated CpGs are indicated in yellow, unmethylated CpGs in blue. Insufficient deter-
mination for unmethylated or methylated state at a certain CpG is indicated in grey. The
methylation status of 5 sequences from 5 individual clones per condition are shown. Mix-
colored status means that there were both unmethylated and methylated CpGs detected
at this position. Sanger sequences were analyzed with BiQQ analyzer software [152].
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4.2.2 SAMHD1 promoter is methylated in SAMHD1-negative
and unmethylated in SAMHD1-positive parental glioblas-
toma multiforme and acute myeloid leukemia cell lines

In order to profile DNA methylation in the promoter as a modulator of SAMHD1 expres-
sion and activity, the DNA methylation status of the Samhd! promoter was determined in
AML and GBM cell lines. Figure [4.4] shows DNA methylation in the Samhd1 promoter on
the CpG level. For AML cell lines, the SAMHD1-negative cell line HL-60 was methylated
in this specific sequence, whereas the SAMHD1-positive cell lines Monomac6, MV4-11
and OCI-AML3 were unmethylated (figure [1.4A). In addition, two GBM cell lines, MZ-18
and U-87 MG, were evaluated. Both are SAMHD1-positive with MZ-18 as a rather low
SAMHDI1 protein expressor and U-87 MG as a rather high SAMHD1 protein expressor.
Despite these quantitative differences, both MZ-18 and U-87 MG showed unmethylated
CpGs in the CpG island of the Samhdl promoter (figure ) Cell’s SAMHD1 protein
expression status is indicated on the right.

Figure shows one exception: the AML cell line HEL showed no detectable SAMHD1
protein expression in conventional immunoblotting, but appeared to have an unmethylated
Samhdl promoter, which does not go in line with an exclusively methylation-regulated ex-
pression regulation pattern. These experiments indicated that, besides a well established
expression regulation by DNA methylation in the promoter, SAMHD1 protein expression
can most likely be regulated by additional mechanisms. It is not known whether the
Samhdl gene in HEL is intact, whereas undetectable SAMHD1 protein levels in this cell
line are confirmed in various publications [101], [107].

Taken together, bisulfite sequencing was successfully established in the lab and quanti-
tatively recapitulated the known regulation basis for SAMHD1 expression through DNA
methylation in the Samhdl promoter in AML cell lines. In addition, the Samhdl promoter
was unmethylated in the tested SAMHD1-positive GBM cell lines.
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Figure 4.4: DNA methylation status in the Samhd1 promoter on the CpG level.
(A) AML cell lines HL-60, Monomac6, MV4-11, OCI-AML3 and HEL were analyzed for
their Samhd1 promoter DNA methylation status. (B) Samhd! promoter DNA methylation
status in GBM cell lines MZ-18 and U-87 MG. Numbers 1-19 indicate the individual CpG
positions evaluated in the Samhdl promoter. Methylated CpGs are indicated in yellow,
unmethylated CpGs in blue. Insufficient determination for unmethylated or methylated
state at a certain CpG is indicated in grey. Mix-colored status means that there were both
unmethylated and methylated CpGs detected at this position. Sanger sequences were
analyzed with BiQ analyzer software [I52]. SAMHDI1 protein expression for each cell line
was evaluated by conventional immunoblotting by Dr. Ernesto Mejias Pérez (in-house)
and is indicated on the right.

4.3 SAMHD1 expression in glioblastoma multiforme

4.3.1 SAMHDI1 is abundantly expressed in glioblastoma multi-
forme cell lines

In order to obtain a broad SAMHD1 protein expression profile in GBM, SAMHD1 pro-
tein expression was determined in GBM cell lines. Therefore, 15 different, in the neuro-
oncology field widely excepted, cell lines were analyzed for Samhd!l mRNA expression
through quantitative PCR (shown at the top, figure ) and SAMHD1 protein expres-
sion through immunoblotting (shown at the bottom, figure ) All tested cell lines
showed detectable Samhdl mRNA and SAMHD1 protein expression levels, but differences
in the intensity of SAMHD1 expression levels. Whereas some cell lines (e.g. MZ-18 and
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U-138 MG) looked like low SAMHD1 expressors, others like GMS-10, LN-18 and TU140
showed higher SAMHD1 protein levels. Of note, blotting Samhd? mRNA and SAMHD1

protein levels showed no statistically significant correlation (r* = 0.1824, P = 0.0717, figure
15B).

4.3.2 SAMHDLI1 is expressed in patient-derived xenografts of glio-
blastoma multiforme

Patient-derived xenografts (PDXs) are isolated cells from GBM tumor patient tissue. They
grow in spheres and mimic the primary tumor better than conventional, immortal cell
lines [155]. In collaboration with Prof. Rainer Gla (LMU Munich, Germany) and Dr.
Massimo Squatrito (CNIO, Madrid, Spain), we were able to test 11 different GBM PDXs for
SAMHDI1 protein expression by immunoblotting (figure and D). Except for "Linell",
all tested GBM PDXs showed detectable SAMHD1 protein expression levels. Whereas the
PDXs from Prof. Rainer Glaf} in figure differed in SAMHD1 protein levels, the PDXs
from Dr. Massimo Squatrito showed comparable levels (figure [4.5D).

4.3.3 SAMHDL1 is expressed in glioma and glioblastoma multi-
forme patient tissue

In order to elucidate SAMHD1 expression in the in vivo context, tumor biopsy sections
from 30 different first diagnosed GBM /glioma patients (10 with grade IV, 10 with grade III
and 10 with grade II) were stained for SAMHD1 and histologically analyzed for SAMHD1
protein expression in collaboration with Dr. Rupert Egensperger and colleagues (LMU
Munich, Germany). This analysis served as a first step to profile SAMHDI1 protein ex-
pression in vivo. Figure 4.6/A shows the percentages of SAMHD1-stained cells for each
tumor sample - categorized with the grading system of the World Health Organisation
(WHO) [114]. All of the stained sections showed SAMHDI1-positive cells in the tumor
mass. With increasing WHO grade, there were statistically significant higher numbers of
SAMHD1-positive cells in the tumor mass of grade IV GBM compared to grade II glioma
(P = 0.0246). On the other hand, when we looked at the intensity of SAMHDI1 nuclear
staining, significantly higher SAMHD1 staining was observed in the nucleus of grade IV
GBM in comparison to grade II glioma (P = 0.0340, figure [£.6B).

Also, representative pictures of grade IV GBM sections are shown in figure[4.6(C. These pic-
tures as well as the bar graph in figure |4.6|A showed that the fraction of strongly SAMHD1-
positive cells varied among the different grade IV patients (2 - 20% SAMHD1-positive cells).
This observation emphasizes an intertumoral heterogeneity of SAMHD1 protein expression
in GBM. In addition, we saw that the intensity of SAMHD1 expression differed within the
tumor mass, reflecting intratumoral heterogeneity.

Taken together, we created a SAMHD1 expression profile in the context of GBM and
showed that SAMHD1 is broadly expressed in GBM, shown with GBM cell lines, PDXs
and primary tumor tissue.
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Figure 4.5: SAMHDL1 is expressed in established GBM cell lines and PDXs.
(A) Top: Samhdl mRNA expression levels for 15 different GBM cell lines were determined
by qPCR. RNaseP was used as a housekeeping gene and samples were normalized to U-
87 MG, which was set to 1. Factor of difference to U-87 MG parental is shown. Statistical
analysis: Student’s unpaired t-test: ***P < 0.001, **P < 0.01, *P < 0.05, ™P > 0.05.
Bottom: SAMHD1 protein expression levels for the 15 GBM cell lines were determined
with conventional immunoblotting and was performed by Dr. Ernesto Mejias Pérez (in-
house). (B) Dot plot comparing Samhdl mRNA levels (x-axis) with SAMHD1 protein
levels (y-axis). (C,D) SAMHDI1 protein expression levels were determined in GBM PDXs
with immunoblotting using the a-SAMHD1 antibody EGT986-11G6ES. PDX samples
from (C) were kindly provided by Prof. Rainer Glaffi (LMU Munich, Germany). LN-18
SAMHD1 KO clone SKO1 served as negative control, LN-18 parental cells as positive
control for SAMHDI1 expression. Immunoblotting in (D) was performed by Dr. Massimo
Squatrito (CNIO, Madrid, Spain). U-87 MG parental cells were loaded as a positive control
for SAMHD1 expression.
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Figure 4.6: Continued on next page.
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Figure 4.6: SAMHDL1 is expressed in grade IV GBM patient tissue, is higher in
WHO grade IV GBM compared to grade II and III glioma and varies between
patients in grade IV GBMs. (A,B) Tumor sections of grade IT and III gliomas as well as
grade IV GBM were stained for SAMHD1 protein expression and are shown as percentage
of SAMHD1-stained cells in (A) and intensity of SAMHDI nuclear staining in (B). The
percentages show strongly SAMHD1-stained cells in the section: 0 = no staining, 1 = 3-
35%, 2 = 36-70%, 3 > 70%. Statistical analysis: Student’s unpaired t-test: *P < 0.05. (C)
Tumor sections of 6 different grade IV GBM first-diagnosed patients stained with the rabbit
a-SAMHD1 antibody 12586-1-AP from Proteintech verified SAMHD1-positive cells in the
tumor mass. The DAB (3,3’-Diaminobenzidine) staining and the histological analysis was
performed by Dr. Rupert Egensperger and colleagues (LMU Munich, Germany). Brown
staining represents SAMHD1 expression. Analysis in (A ,B) was performed by Dr. Ernesto
Mejias Pérez (in-house). All shown material is classified according to the guidelines for
classification of CNS tumors by the WHO, 4th Edition from 2007 [114]. Objective: 20x.

4.3.4 Characterizing SAMHD1-positive cells in glioblastoma mul-
tiforme tumor mass

For further characterization of SAMHD1-positive cells in sections of the tumor mass, neigh-
boring slices of the same section were stained for cell identification markers of major cell
types in GBM, namely CR3-43 (for microglia and macrophages), CD68 (for macrophages),
CD8 (for T cells) and NeuN (for neurons, figure[£.7). Firstly, an image of the whole section
stained with chicken a-SAMHD1 antibody #H154 was created and assembled by merged
consecutive recording in order to choose a representative area in the section (figure [1.7A).
In figure [4.7B, a zoom into a representative section shows staining of SAMHDI and cell
identification markers for the same position. Whereas microglia and macrophages were
frequently present in the tumor mass [I32], cells from neighboring tissue are known to
not infiltrate immensely into the GBM tumor site [I15] and therefore can not account for
the complete SAMHD1-positive cells. As expected, CD8 T cells and neurons were barely
present in the tumor mass [132].

Notably, the customized antibody chicken a-SAMHD1 #H154 (SAMHD1 (ch)) showed a
good sensitivity in immunohistochemical staining and less background compared to the
commercially available rabbit a-SAMHD1 antibody (SAMHD1 (rb)) used in parallel (fig-
ure [4.7B).

Taken together, even though a specific tumor cell marker is not available in the GBM
field, the stainings of neighboring slides with standard cell identification markers mirrored
the cell types known in GBM [I32] and gave a first hint to the SAMHD1-expressing cell
composition in GBM tissue. Whereas CD8 T cell marker and NeuN neuron marker were
negative in the sections, a high fraction of microglia and macrophages was detected, which
may explain partly but not entirely the SAMHD1-positive cells in the tumor mass. Never-
theless, if the tumor cells in GBM patient tissue are indeed SAMHDI1-positive can not be
concluded from these sections.
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Figure 4.7: Profiling of SAMHD1-positive cells in the GBM tumor mass. (A)
Whole tumor section from grade IV GBM patient 1043, stained for SAMHD1 with the
chicken a-SAMHD1 antibody #H154. Objective: 10x. (B) A representative section from
the whole tumor section shown in (A); neighboring slices of the same section were stained
for different cell markers in order to further characterize the origin of the SAMHD1-positive
cells in the tumor mass. Parallel sections were stained for SAMHD1 with two differ-
ent antibodies as well as the cell markers CR3-43 (microglia and macrophages), CDG68
(macrophages), CD8 (T cells) and NeuN (neurons). ch: chicken a-SAMHDI1 antibody
#H154, rb: rabbit a-SAMHD1 antibody 12586-1-AP from Proteintech. Objective: 20x.
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4.4 Manipulation of SAMHD1 protein expression in
glioblastoma multiforme cell lines

4.4.1 Vpx-containing virus-like particles sensitizes glioblastoma
multiforme cell lines to cytarabine

First, we were interested whether sensitivity to ara-C correlated with SAMHD1 protein
levels in GBM cell lines. Therefore, we treated parental GBM cell lines with a dilution
series of ara-C and analyzed culture viability 4 days later using the luminescence-based
viability assay Cell Titer Glo 2.0. Figure shows the dot plot for ara-C sensitivity
against SAMHDI1 protein expression, which showed no statistically significant correlation
(1? = -0.04542, P = 0.4865). As all GBM cell lines were SAMHD1-positive (figure 4.5A),
we reasoned that the differences in SAMHDI1 levels may be too small in contrast to AML
cells [I0T] to establish a significant correlation.

To further test for SAMHD1-dependent ara-C sensitivity and to see whether the absence
of SAMHD1 in GBM cell lines may sensitize to ara-C treatment, we employed the tool
to temporarily degrade SAMHDI in cell culture by treatment with Vpx-VLPs (section
. Therefore, GBM cell lines were pre-treated with either Vpx-VLPs or medium only
(mock) for 24 hours before initiation of ara-C treatment. Figure shows that all cell
lines displayed significantly lower effective dose 50 (EDj5y) values for ara-C when treated
with Vpx-VLPs in comparison to mock-treated cells. Successful Vpx-dependent SAMHD1
degradation was verified by immunoblotting (data not shown). This means that the ab-
sense of SAMHD1 sensitized GBM cells to ara-C, which goes along with the SAMHD1
dependency observed for ara-C treatment in AML [I0I]. Depending on the cell line, the
difference of treatment with either Vpx-VLPs or mock showed factors of ara-C sensitization
ranging from 6- to 63-fold.

These results report SAMHD1-associated ara-C sensitivity in GMB context for the first
time. In addition, we establish that SAMHD1-associated ara-C sensitivity is not limited
to a certain cell line, but rather a broad phenomenon.

4.4.2 CRISPR/Cas9 indels result in Samhd1 knockout in glioblas-
toma multiforme cell lines

In order to study SAMHD1-dependent ara-C sensitivity in a KO setting, Samhdl KO
clones of three different GBM cell lines, LN-18, U-251 MG and U-87 MG, were generated
using CRISPR/Cas9-mediated genome editing. Figure shows the workflow including
cell seeding and transfection with a vector-based Samhdl gRNA, Cas9 and a mCherry flu-
orescence cassette. After mCherry-positive sort and single cell seeding, single clones were
picked 2 weeks later, lysed and the target site was amplified through PCR. The successful
generation of Samhd1 KO monoclones was validated by MiSeq sequencing [153]. Figure
shows Samhd1 KO validation for (B) LN-18, (C) U-251 MG and (D) U-87 MG represented
in pie charts. Whereas Samhd1 KO clones displayed two different out-of-frame mutations
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Figure 4.8: GBM cell lines are sensitized to ara-C treatment when pre-treated
with SAMHD1 degrading Vpx-containing virus-like particles. (A) Cell viability
of 13 GBM cell lines was analyzed 4 days after ara-C treatment and is shown as a dot plot
together with SAMHD1 protein levels established by Wes immunoblotting. EDsq of ara-
C is shown in pM. (B) Cells were treated with Vpx-VLPs for 24 hours prior to ara-C
treatment. Cell viability was analyzed 4 days later. Error bars indicate standard deviation
(s.d.). n=2 (technical duplicates). A representative experiment from 5 biological replicates
is shown. Statistical analysis: Student’s unpaired t-test: *P < 0.05; **P < 0.01; ***P <

0.001. Experiments were performed by Dr. Ernesto Mejias Pérez (in-house).
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at the gRNA binding site in the Samhdl exon 1, indicating both alleles were successfully
edited, Samhd1 control (CTRL) clones, which went through the same KO generation pro-
cedure as the KO clones, showed no indels at the side of editing. The following number of
individual clones were generated: for LN-18, 9 Samhd1 KO and 6 CTRL clones; for U-251
MG, 7 Samhdl KO and 3 CTRL clones and for U-87 MG, 1 Samhdl KO and 1 CTRL
clone.

Samhdl KO and CTRL clones were also validated at the protein level. Conventional
immunoblotting showed complete loss of SAMHD1 protein in all monoclonal Samhd1 KO
clones, whereas all respective Samhdl CTRL clones displayed detectable levels of SAMHD1
protein expression. As these cells were monoclonal, SAMHD1 protein levels varied some-
what between the different CTRL clones.

All in all, CRISPR/Cas9-mediated Samhd1 KO generation was validated on the genomic
and protein level and established a set of monoclonal SAMHD1-deficient KO and SAMHD1-
proficient CTRL GBM monoclones.

4.4.3 Sensitivity to cytarabine is significantly increased in
Samhd1 knockout cell lines of glioblastoma multiforme

In order to further examine the SAMHD1-dependent ara-C sensitivity observed upon Vpx-
VLP treatment in section , CRISPR/Cas9-generated Samhdl KO and CTRL clones
were treated with increasing concentrations of ara-C. Figure displays the ED5q values
for ara-C and shows that knocking out Samhdl markedly sensitizes all three GBM cell lines
to ara-C treatment compared to Samhdl CTRL cells. The individual clones showed slightly
different EDj5y values within the groups of Samhdl KO or CTRL clones, respectively. If
possible, a minimum of three different clones was included in these studies to exclude
clonal, SAMHD1-independent effects. E.g. LN-18 Samhd! KO clone D7 displayed a higher
EDs value than the other Samhdl KO clones and would thus not be a good choice for a
representative KO clone. Taken together, these data validated that absence of SAMHD1
protein significantly sensitized GBM cells to ara-C.

4.4.4 SAMHDI1 reconstitution in SAMHD1-deficient glioblas-
toma multiforme cell lines reduces sensitivity to cytarabine

Based on the Samhdl KO validation at DNA and protein level as well as their sensitivity
to ara-C described in section [4.4.2 and |4.4.3], representative clones were chosen to be used
for SAMHD1 reconstitution. LN-18 Samhd! KO clone SKOT1 as well as U-251 MG Samhd1
KO clone H3 and U-87 MG Samhd1 KO clone SKO1 showed a clear Samhd1 KO in both
alleles on the DNA level and no detectable protein in immunoblotting. In addition, they
show average sensitivity enhancement to ara-C compared to all Samhdi KO clones (figure
and [4.10)).

In order to reintroduce SAMHD1 into the KO clones, the natural Samhd1 ¢cDNA sequence
from the bacterial expression vector pGEX-4T-1 His-SAMHD1 was cloned into the plas-
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Figure 4.9: CRISPR/Cas9-generation of Samhd1 KO clones in GBM cell lines.
(A) Workflow of Samhdi1 KO generation through CRISPR/Cas9. (B-D) Characterization
of Samhd1 KO and CTRL clones (B) LN-18, (C) U-251 MG and (D) U-87 MG by next
generation sequencing (NGS) analysis and immunoblotting. The pie charts represent the
editing efficiencies at the gRNA target site in the Samhdl gene for each clone indicated.
Grey charts show Samhdl CTRL clones with no indels at this site; red/orange charts
show Samhdl KO clones with two different out-of-frame mutations for the two alleles;
red/orange/yellow charts represent Samhdl KO clones with three different out-of-frame
mutations detected. For KO validation on the DNA level, pie charts were generated with
Outknocker 2.0 based on Miseq data [153]. For Samhdl KO verification on the protein
level, SAMHD1 expression levels were analyzed by immunoblotting using the commercially
available a-SAMHD1 antibody 1FG TA501953 from OriGene Technologies. Samhdl KOs
were partially established together with Dr. Ernesto Mejias Pérez and Dr. Paul R. Song
Wratil (in-house).
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Figure 4.10: Samhd1 KO in GBM cells increases sensitivity to ara-C. Cytotoxi-
city assay for Samhd! KO and CTRL clones in GBM cell lines (A) LN-18, (B) U-251 MG
and (C) U-87 MG. Bar charts show the ED5q of ara-C in M for individual clones (on the
left) and group analysis for Samhdl KO and CTRL clones (on the right). Cell viability
was analyzed 4 days after ara-C treatment. Error bars indicate standard deviation (s.d.).
Statistical analysis: Student’s unpaired t-test: *P < 0.05; ***P < 0.001. The experiment
in B was performed by Dr. Ernesto Mejias Pérez (in-house).
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mid pCDH-EF1a-BFP-1, a lentiviral transfer vector expressing mtagBFP that was kindly
provided by Prof. Wolfgang Hammerschmidt (Helmholtz Center Munich, Germany).

In the pCDH-EF1a-SAMHD1-BFP-1 plasmid, the Samhd1 wildtype sequence is followed
by a self-cleaving T2A-site and a mtagBFP fluorescence cassette. Both genes are under
the same promoter, the EF1a promoter. After the transfer vector was successfully cloned,
the Samhdl wildtype sequence was mutated in a site-directed manner at position D311
to generate a Samhdl D311A mutant plasmid. Samhdl D311A represents a dNTPase-
inactive mutant [6] and is used as an additional control in the following experiments.

The Samhdl KO clones from LN-18, U-251 MG and U-87 MG were then transduced with
lentiviral vectors containing either pCDH-EF1a-SAMHD1 WT-BFP-1 (+ SAMHD1 WT)
or pCDH-EF1a-SAMHD1 D311A-BFP-1 (+ SAMHDI1 D311A), sorted for mtagBFP-positi-
vity, expanded and validated in order to have a stable SAMHD1 /mtagBFP protein express-
ing population for further characterization (workflow in figure 4.11JA).

Figure shows mtagBFP protein levels analyzed by flow cytometry. Whereas the
untransduced parental and Samhdl KO clones are negative for mtagBFP, the transduced
populations for SAMHD1 wildtype and D311A showed almost 100% mtagBFP positiv-
ity in all three cell lines. For the U-251 MG Samhdl KO reconstituted with SAMHD1
D311A, the majority of cells were mtagBFP-positive (83.8%) and 16.2% of cells still showed
no mtagBFP signal in flow cytometry. As already this somewhat impure U-251 MG
+SAMHD1 D311A mirrored the dNTPase-function-dependent ara-C sensitivity, under-
going another sorting round was not pursued at this point of evaluation.

Looking at their cytotoxicity to ara-C, Samhdl KO cells reconstituted with pCDH-EF1a-
SAMHD1 WT-BFP-1 mimicked the parental cells’ ara-C sensitivity, while Samhdil KO
cells reconstituted with pCDH-EF1a-SAMHD1 D311A-BFP-1 mirrored the Samhdl KO
sensitivity for ara-C in all three GBM cell lines (figure [4.11/C, top).

In addition, conventional immunoblotting confirmed the SAMHD1 protein reintroduction
through transduction with the transfer vector pCDH-EF1a-SAMHD1 WT/D311A-BFP-1
(figure [4.11] bottom). mtagBFP protein was also detected by immunoblotting and con-
firmed the mtagBFP expression levels obtained by flow cytometry (figure bottom).
Taken together, SAMHD1 wildtype reconstitution markedly reduced sensitivity to ara-C in
all three Samhdl KO GBM cell lines, whereas reconstitution with the dNTPase-inactive
SAMHD1 mutant D311A recapitulated the phenotype of the Samhdi KO cells. This
demonstrated that the sensitivity to ara-C is not only dependent on SAMHDI1, but di-
rectly associated to its dNTPase function.

4.4.5 Ara-CTP levels are higher in Samhd1 knockout cells com-
pared to parental glioblastoma multiforme cell lines

To confirm whether the higher ara-C cytotoxic sensitivity in SAMHD1-deficient compared
to SAMHD1-proficient GBM cells is due to the dNTPase activity of SAMHDI1 against the
metabolically active, toxic form of ara-C (ara-CTP), ara-CTP levels were quantified by
LC-MS/MS in collaboration with Prof. Gerd Geifllinger’s laboratory (University Hospital
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Figure 4.11: Continued on next page.
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Figure 4.11: Reconstitution of Samhd1l KO with SAMHD1 wildtype decreases
sensitivity to ara-C in LN-18, U-251 MG and U-87 MG GBM cells. (A) Work-
flow for reconstitution of Samhdl KO clones. (B) Flow cytometry analysis for mtagBFP,
measured in the BFP channel. LN-18 and U-251 MG cells were sorted twice, U-87 MG cells
were sorted three times. The vertical line in the flow cytometry plots separates mtagBFP-
negative from positive events. (C) Top: Cell viability was analyzed 4 days after ara-C
treatment. EDjq of ara-C is shown in pgM. Error bars indicate standard deviation (s.d.).
n > 3 (biological replicates). Statistical analysis: Student’s unpaired t-test: ***P < 0.001,
**P < 0.01, *P < 0.05, ™P > 0.05. Bottom: SAMHDI1 and mtagBFP protein expression
levels were analyzed by immunoblotting.

of the Goethe University, Frankfurt am Main, Germany). Figure shows significantly
elevated Ara-CTP levels in the GBM LN-18, U-251 MG and U-87 MG Samhd! KO cells
compared to parental cell lines, which goes along with their ara-C sensitivity displayed in
figure[d.T1] Importantly, it reinforces that the increased cytotoxicity of ara-C in SAMHD1-
deficient GBM cells was associated with increased levels of ara-CTP and confirms [I01] that
SAMHDI1 recognizes ara-CTP as a substrate.

4.5 SAMHD1 mutant reconstitutions as a toolbox to
study SAMHDI1

After reintroducing SAMHD1 wildtype and the dNTPase-inactive mutant D311A into
Samhdl KO clones of different cell lines, SAMHD1 mutants with functional and cancer-
related relevance were studied. In order to select meaningful SAMHD1 mutants, an exten-
sive literature research was performed. SAMHD1 mutations were included that have been
shown to be relevant for dANTPase-dependent and alternative functions, activity regulation
through phosphorylation, tetramer formation as well as single nucleotide polymorphisms
(SNPs) found in colon carcinoma (table [£.1)).

The monocytic cell line THP-1 as well as GBM cell lines LN-18 and U-87 MG were chosen
to be used for SAMHD1 mutant reconstitutions. Firstly, THP-1 was chosen, because the
phenotype of SAMHD1-dependent chemosensitization to ara-C was very strong in this cell
line (with a factor of difference between Samhd1 parental and Samhd1 KO cells of approx-
imately 200-fold). This dynamic range made THP-1 the ideal cell line to screen SAMHD1
mutants for effects on ara-C cytotoxicity. Secondly, we were interested to study SAMHD1
mutations also in a GBM background. That is why we decided to include LN-18 and
U-87 MG for SAMHD1 mutant reconstitutions.
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Figure 4.12: 'C3; Ara-CTP levels are increased in SAMHDI1-deficient LN-
18, U-251 MG and U-87 MG GBM cells compared to the parental cell lines.
LC-MS/MS analysis of Ara-CTP in LN-18 Samhd! KO clone SKO1, U-251 MG Samhd1
KO clone C4 and U-87 MG Samhdl KO clone SKO1 as well as their parental counter-
parts. Cells were treated with 40 uM '*Cj ara-C for 6 hours at 37°C. Equal cell numbers
were harvested and frozen at -80°C. Nucleotides were measured in collaboration with the
Prof. Gerd Geifllinger laboratory (University Hospital of the Goethe University, Frank-
furt am Main, Germany). Error bars indicate standard deviation (s.d.). n=3 (biological
triplicates). Statistical analysis: Student’s unpaired t-test: ***P < 0.001, *P < 0.05.
Experiment was performed by Dr. Ernesto Mejias Pérez (in-house).

4.5.1 Reconstitutions with SAMHD1-mtagBFP mutants are sta-
ble over time

After reintroducing different mutant versions of SAMHDI1 into representative Samhd1 KO
clones of THP-1, LN-18 and U-87 MG cells and subsequently sorting for mtagBFP-positive
cells, clones were analyzed by flow cytometry for mtagBFP protein expression. Figure
shows histogram blots of mtagBFP expression for all 16 SAMHD1 mutants in-
cluding SAMHD1 wildtype reconstitution and untransduced Samhdi KO cells (negative
control shown in light colors). Overall, the mutants showed a clear shift into mtagBFP-
positive protein expression with mostly one population detected (exception: U-87 MG
Samhdl KO +SAMHD1 T592E and R366H displayed two distinct populations, but both
mtagBFP-positive). While sorting, a more narrow gating strategy for high expressors
may have prevented biphasic reconstituted cell lines. Unfortunately, THP-1 Samhdil KO
+ SAMHD1 T592D reconstitution still remained mostly mtagBFP-negative in the flow
cytometry analysis. As the THP-1 set was sorted only once, an additional round of sorting
would likely enhance the fraction of mtagBFP-positive cells in this mutant. Also, many LN-
18 Samhdl KO SAMHDI1 reconstitutions showed a small fraction of mtagBFP-negative
cells after 2 rounds of sorting. We decided here that as the great majority of cells was
mtagBFP-positive, it was sufficient for our initial functional assessment.
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Table 4.1: SAMHDI1 mutants with direct functional and cancer-related relevance that
were used in this study. Mutants were described in the literature and publications are
indicated on the right.

SAMHD1 mutation Description Publication/Source
D311A dNTP-inactive mutant [6]
D137N Allosteric mutant [21]
T592A Phosphorylation mutant [37]
T592E Phosphomimetic mutant [38]
T592D Phosphomimetic mutant [38]
D207N Allosteric mutant [21]
Q5H48A Allosteric mutant [21]
K405R Acetylation mutant [44]
K484T DNA damage mutant [14]
R451A /L453A Cyclin-binding mutant [12]
V1331 Colorectal cancer SNP [90]
A338T Colorectal cancer SNP [90]
R366H Colorectal cancer SNP [90]
D497Y Colorectal cancer SNP [90]
R145Q) AGS-associated mutant [156]
S33A LINE-1 retrotransposon SNP [157]

Next, it was tested whether the mtagBFP signal remained stable over time during cell
cultivation. Therefore, we monitored mtagBFP expression levels by flow cytometry over a
period of 2 months. Figure [4.13B shows representative flow cytometry plots at 1, 2 and
8 weeks of cultivation. Here, the percentage of mtagBFP-positive cells remained stable at
nearly 100%. Looking at the mean fluorescent intensity (MFT), also this parameter was
stable in the mtagBFP-positive populations over the observation period (figure ).
Therefore, it was concluded that the cell lines generated stably expressed mtagBFP from
the SAMHD1 mutant-expressing vector and that their maintenance in culture (up to 2
months) did not markedly alter their mtagBFP expression in the reconstituted cell popu-
lations.

4.5.2 Uncoupling of mtagBFP and SAMHD1 in stable SAMHD1
mutant reconstituents from Samhd1 knockout cells dis-
plays in part mutant-specific expression levels

After stable mtagBFP expression linked to co-encoded expression of the respective SAMHD1
mutants was achieved, SAMHDI1 protein expression was evaluated extensively. Therefore,
both quantitative immunoblotting through Wes and conventional immunoblotting were
used to obtain a comprehensive picture of SAMHD1 protein expression. Figure shows
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Figure 4.13: SAMHD1 mutant reconstitutions with functional and cancer-
related relevance show positive and comparable mtagBFP protein expression
within each cell line. (A) Flow cytometry analysis of THP-1 , LN-18 and U-87 MG
Samhd1 KO cells after transduction with a lentiviral vector expressing SAMHD1 /mtagBFP
following mtagBFP-positive sorting. mtagBFP expression was measured in the BFP chan-
nel. Untransduced LN-18 Samhdl KO cells served as negative control. The vertical line
in the histogram blots divides mtagBFP negative from positive cells. (B) Flow cytome-
try blot showing mtagBFP protein expression levels in U-87 MG Samhd! KO +SAMHD1
wildtype reconstitution as a representative example for the mtagBFP levels over time.
Percentages indicate mtagBFP-positive cells. APC was used as reference channel. Time
points: untransduced Samhdl KO cells before transduction and transduced, sorted and
stably mtagBFP-expressing cells at 1, 2 and 8 weeks of cell cultivation. (C) Mean fluores-
cent intensity (MFT) corresponding to (B). Median of MFI and factor of difference relative
to week 1 is shown.

the expression analysis for the SAMHD1 mutants analyzed by quantitative Wes (shown at
the top) and conventional immunoblotting (shown at the bottom) in (A) THP-1, (B) LN-
18 and (C) U-87 MG cells. It could be observed that SAMHD]1 protein expression levels
varied between different SAMHD1 mutants within a cell line. Factors of difference describe
SAMHDI1 protein expression compared to the SAMHD1 wildtype reconstitution. Also, the
differences in SAMHD1 protein expression were in part mutant-specific and differed be-
tween cell lines. This can be observed when plotting the SAMHD1 protein expression of
the different cell lines relative to each other. The dot plots show a trend that is statistically
significant, but the positive correlation was not very strong (r* = 0.3146/0.159/0.2679, fig-
ure [4.14D).

Despite similarly high mtagBFP levels, some SAMHD1 mutants exhibited low SAMHD1
levels, including D311A, T592A, Q548A, R451A /L453A, A338T, D497Y and R145Q for
THP-1 cells, D311A, R451A /1.453A and V133l for LN-18 cells and T592A, R451A /L453A,
V1331, D497Y and R145Q) for U-87 MG cells. Whereas the mutant R451A /L453A showed
low SAMHDI1 levels in all three cell lines tested, other mutants like T592A showed SAMHD1
levels comparable to SAMHD1 wildtype in LN-18 cells, but not in THP-1 and U-87 MG
cells.

Reassuringly, analyzing the mtagBFP expression using conventional immunoblotting re-
capitulated the levels observed by flow cytometry (figure —C at the bottom). This
can be seen especially with the reconstituted cell line THP-1 Samhdi KO + SAMHDI1
T592D, which showed low mtagBFP expression in both assays compared to the rest of the
SAMHD1 mutants studied.

Notably, LN-18 parental and LN-18 Samhd1 KO +SAMHD1 K405R showed no detectable
Vinculin band in conventional immunoblotting, which likely originates from a sample-
specific issue in this particular assay. Therefore, the SAMHD1 protein expression for these
samples was mainly assessed through quantitative immunoblotting.
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Taken together, this analysis of the SAMHD1 mutant reconstitutions showed that SAMHD1
expression levels differed among each other as well as among the different cell lines.

4.5.3 Evaluation of SAMHD1 mutants with 7 different
a-SAMHD1 antibodies

We observed different SAMHD1 protein expression levels among the set of SAMHD1 mu-
tants reconstituted in Samhdl KO cell lines. As for both quantitative and conventional
immunoblotting, the same a-SAMHD1 antibody was used (mouse a-SAMHDI1 antibody
EGT986-11G6ES), we wondered whether some of the SAMHD1 mutations might have im-
paired the binding of the antibody. To test this, the detection patterns of all 7 a-SAMHD1
antibodies available in the laboratory were analyzed with a subset of THP-1 SAMHD1 mu-
tant reconstitutions. Figure [4.15| shows a conventional immunoblot of THP-1 SAMHD1
mutants incubated with all 7 «-SAMHD1 antibodies. Notably, the different antibodies dis-
played similar SAMHD1 band patterns and intensities. We realized, however, that rabbit
a-SAMHD1 antibody #1245 had troubles detecting the SAMHD1 S33A mutant in com-
parison to the other 6 antibodies. In addition, we saw that chicken a-SAMHD1 antibody
#H153 seemed to be more unspecific as it showed an apparent SAMHD1 band in the
Samhdl KO clone as well as for SAMHD1 D497Y and R145Q mutants, which turned out
to be low SAMHD1 expressors with the other a-SAMHD1 antibodies tested. As mouse
a-SAMHDI1 from Origene also detected the SAMHD1 D497Y and R145Q mutants more
intensely, we cannot exclude that both of these antibodies may specifically detect these mu-
tants with higher sensitivity. It is important to mention here that for all of the a-SAMHD1
antibodies tested, the epitope(s) which are recognized are unknown as all of them were
generated by immunizing with the whole SAMHD1 protein (section [3.1.10)).

It is necessary to stress that the a-SAMHD1 antibodies rb #1246 and ch #H154 showed
faint shadows in the Samhdl KO clone. Size-wise the band at a-SAMHD1 antibody
rb #1246 looked like a slightly lower, unspecific band, whereas the band for a-SAMHD1
antibody ch #H154 has the predicted molecular weight. Comparing this with the vali-
dation of the antibodies in figure and G, which showed no detectable band in the
THP-1 Samhd1 KO cell lysate, supported a potential spillover as an explanation for the
faint bands.

Even though this immunoblot did not include all SAMHD1 mutants used in this study
and only the THP-1 set of reconstitutions, we established that band intensities and thus
steady-state protein levels are recapitulated by different a-SAMHD1 antibodies. As no
distinct abnormalities in band detection and intensities were observed using the mouse a-
SAMHD1 antibody from Eurogentec for all mutants and cell line sets, we concluded that
this blot was appropriate to exclude differential antibody binding as a factor for the low
SAMHDI1 protein levels determined for a variety of mutants.
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Figure 4.14: Continued on next page.
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Figure 4.14: SAMHD1 mutant reconstitutions display different SAMHD1 pro-
tein levels. SAMHDI1 protein expression was analyzed in (A) THP-1, (B) LN-18 and (C)
U-87 MG cells using Wes quantitative immunoblotting - bar graph on the top - (n > 2 (bi-
ological replicates) for THP-1 and LN-18, n=1 for U-87 MG cells) as well as conventional
immunoblotting - pictures on the bottom. The customized mouse a-SAMHDI1 antibody
EGT986-11G6ES was used in both assays. Statistical analysis: Student’s unpaired t-test:
AP < 0.001, **P < 0.01, *P < 0.05, "P > 0.05. Error bars indicate standard deviation
(s.d.). (D) Dot plots comparing the mean of SAMHDI1 protein expression determined by
Wes among the different cell line sets. Bioinformatical analysis in (D) was performed in
collaboration with Prof. Lars Kaderali (University Medicine Greifswald, Germany).

4.5.4 SAMHDI1 mutant reconstitutions display different Samhd1
mRNA levels that do not correlate with protein levels

After showing that the different SAMHD1 protein levels in the SAMHD1 mutant recon-
stitutions are not a result of a mutant-specific impairment of binding of the specific a-
SAMHD1 antibody, we were wondering whether the Samhdl mRNA levels would mirror
the different SAMHD1 protein levels. Therefore, Samhdl mRNA levels of all SAMHD1
mutant reconstitutions were evaluated by qPCR. Figure shows the respective data for
(A) THP-1, (B) LN-18 and (C) U-87 MG cells. We observed that also Samhd! mRNA ex-
pression levels differed both among the SAMHD1 mutant reconstitutions within a cell line
and comparing the same SAMHD1 mutant in different cell lines. Importantly, comparing
Samhdl mRNA with SAMHD1 protein levels, no statistically significant correlation could
be observed (r* = 0.08846, P = 0.1158, figure [4.16]D).

Taken together, this expression analysis reveals that along with SAMHD1 protein expres-
sion, also Samhdl mRNA expression significantly differs among the SAMHD1 reconsti-
tutions. For functional assays of mutants, this indicates a complex scenario where the
observed differences will need to be studied in detail.

4.5.5 SAMHD1 mutant reconstitutions show heterogeneous sen-
sitivity to cytarabine and segregate into specific groups

After characterizing the SAMHD1 mutant reconstitutions for their expression levels of
mtagBFP, SAMHD1 protein and Samhdl mRNA, the set of SAMHD1 mutants were an-
alyzed with functional assays. One of the main questions was how the different SAMHD1
mutants affect the sensitivity to the chemotherapeutic drug ara-C. In addition, ara-CTP
levels were measured for the THP-1 set only as this technique is costly and the dynamic
range of the SAMHD1-dependent ara-C cytotoxicity was biggest in this cell line. SAMHD1
mutants were also analyzed for their phosphorylation status at residue T592. In addition,
transduction efficiencies and dCTP levels were analyzed in the THP-1 reconstituents.

Finally, transient Vpx-VLP-mediated degradation (LN-18 cells) or SIK0001-mediated in-
hibition (THP-1 cells) of SAMHD1 was performed, respectively. In THP-1 cells, overex-
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Figure 4.15: Differences in steady state expression levels of SAMHD1 mutants
are largely recapitulated by 7 different a-SAMHD1 antibodies. SAMHD1 protein
expression was tested in THP-1 lysates from the same harvest using 7 different a-SAMHD1
antibodies. The loading control Vinculin was incubated on all blots and showed a compa-
rable loading pattern. The displayed Vinculin signal was obtained by reprobing the blot
incubated with the mouse a-SAMHD1 antibody from Origene.
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Figure 4.16: Samhdl mRNA expression in SAMHD1 mutant reconstitutions
differs within and between the cell lines. Samhdl mRNA expression was analyzed by
qPCR in (A) THP-1, (B) LN-18 and (C) U-87 MG cells. n=3 (technical triplicates). (D)
Dot plot comparing Samhdl mRNA (x-axis) and SAMHDI1 protein expression levels (y-
axis). Sample values were normalized to the SAMHD1 wildtype reconstitution, which was
set to 1, and is indicated by the horizontal line. Factor of difference to the SAMHD1
wildtype reconstitution is shown. Error bars indicate standard deviation (s.d.). Statistical
analysis: Student’s unpaired t-test: ***P < 0.001, **P < 0.01, *P < 0.05, ™P > 0.05.
Bioinformatical analysis in (D) was performed in collaboration with Prof. Lars Kaderali
(University Medicine Greifswald, Germany).
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pressed SAMHD1 protein levels turned out to be too high for sufficient Vpx-VLP-mediated
degradation, seen by remaining SAMHD1 protein levels in immunoblotting and insuffi-
cient sensitization to ara-C (data not shown). On the other hand, SIK0001 did not inhibit
SAMHDI1 activity in LN-18 cells (data not shown). As the SAMHDI1 protein levels differed
among the same mutant in different cell lines, the mutants are represented as groups by
the respective cell lines.

4.5.5.1 SAMHD1 mutant reconstitutions in THP-1 cells

As mentioned before, the SAMHD1 mutant set in the monocytic cell line THP-1 had high
priority in this project as the SAMHD1-dependent ara-C chemosensitization was most pro-
nounced. For evaluating ara-C sensitivity, equal cell numbers were treated with different
drug concentrations and incubated for 3 days before luminescence-based viability analysis.
Figure shows EDj5, values for ara-C in the set of THP-1 SAMHD1 mutants. The
4 first displayed cell lines from the left, i.e. THP-1 parental, Samhdl KO B7, SAMHD1
wildtype and D311A reconstitutions, followed the described pattern of ara-C sensitivity
(figure [T0I): Whereas the KO of Samhdl significantly reduced the EDsy value, re-
constitution with SAMHDI1 wildtype elevated the EDj, value again to a parental cell-like
value. The dNTPase-inactive mutant SAMHD1 D311A, expectedly, behaved like Samhd1
KO in ara-C chemosensitization [I0I]. The rest of the SAMHDI mutants showed ara-C
sensitivity within the phenotypic range between Samhdl KO and SAMHDI1 wildtype re-
constitution /parental cells.

In order to be able to interpret the data in a meaningful way, the SAMHDI1 protein ex-
pression levels were included in this data set. In figure [L.17B, the relation between ara-C
sensitivity (by uM EDjq) and the SAMHD1 protein expression levels (by ng/ul SAMHD1
protein) is represented. Bioinformatical analysis revealed no strong positive correlation be-
tween the two parameters (r* = 0.2695). Even though the P-value showed significance
(P = 0.01327), the weak positive correlation might be due to the outliers D207N and
R366H that behaved differently than the rest of the SAMHD1 mutants.

In addition, we grouped the mutants into the following categories: "neutral' mutations
that behaved like the SAMHD1 wildtype reconstitution, including TH92E, V133I, S33A,
K484T and K405R, "medium" phenotypic mutants that showed highly reduced SAMHD1
protein expression and EDs5q levels that range between those of Samhd! KO and wildtype
reconstitution, including A338T, D137N, T592D and Q548A, and "weak" phenotype mu-
tants that showed low SAMHDI1 protein expression and low ED5q levels comparable to the
Samhd1 KO, including R451A /L453A, R145Q, T592A, D311A and D497Y.

The two SAMHD1 mutations R366H and D207N showed high SAMHD1 protein expression
but low EDs5q levels, which groups them into a loss-of-function phenotype. If SAMHDI1 in
cells inherits one of these mutations, these cells sensitize to ara-C, making the drug more
efficient in chemotherapeutic treatment.

In addition to the ara-C toxicity assays, we wanted to show that the increased cytotoxicity
is associated with increased levels of ara-CTP. Therefore, we treated the mutant panel with
labeled ara-C and determined ara-CTP levels in cells 6 hours after incubation. Figure[d.17IC
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shows labeled ara-CTP levels of all SAMHD1 mutants in THP-1 cells. Again the 4 cell
lines from the left, i.e. THP-1 parental, Samhd! KO B7, SAMHDI1 wildtype and D311A
reconstitutions showed the expected pattern [101] of ara-CTP levels in the cells. Whereas
cell lines that include wildtype SAMHDI1, including parental and the SAMHD1 wildtype
reconstitution, displayed low levels of ara-CTP due to their dNTPase activity, Samhdl
KO and the dNTPase-inactive SAMHD1 D311A reconstitution showed significantly higher
ara-CTP levels. The rest of the SAMHD1 mutants showed ara-CTP levels within this
dynamic range. Figure combines the ara-CTP levels with SAMHDI1 protein expres-
sion levels indicating a modest inverse correlation (r* = 0.2274) with statistical significance
(P = 0.0225), similar to figure [1.17B.

The dot plot in figure establishes the relationship between ara-CTP levels and EDs5q
values and emphasizes a strong negative correlation between the two parameters (1* =
0.6415) with high statistical significance (P = 2.299e-05). These results underline that the
toxicity observed in the viability assay correlates with ara-CTP levels in the cell as well as
SAMHD1’s capacity to recognize ara-CTP as a substrate.

In order to estimate whether the mutations of SAMHD1 affect PTMs such as phospho-
rylation, the SAMHD1 mutants were examined for their phosphorylation status at threo-
nine 592 (T592). Whereas the SAMHD1 mutant T592A can no longer be phosphorylated
and served as negative control, the mutants T592E and T592D display phosphomimetic
mutants that can no longer block HIV-1 infection compared SAMHD1 wildtype reconsti-
tution. It can be concluded that the phosphorylation levels of SAMHD1 mirrored the total
SAMHDI1 protein expression levels and no marked alterations in phosphorylation at T592
were detected.

To sum up, the intense characterization of THP-1 SAMHD1 mutants showed that the
interpretation of functional assays needs specific care as the SAMHD1 expression levels
between the SAMHD1 mutants were highly variable. In addition, the screening process for
ara-C sensitivity revealed two SAMHD1 mutants, R366H and D207N, that may serve as
relevant biomarkers in ara-C chemotherapy as they showed a similarly high sensitization to
drug treatment as the SAMHD1-deficient cell line. In the end, SAMHD1 phosphorylation
at residue T592 could be largely excluded as an explanation for different enzyme activities
of the mutants.

4.5.5.2 SAMHD1 mutant reconstitutions in LIN-18 cells

In order to see how the SAMHD1 mutants behave in a GBM setting, the LN-18 SAMHD1
mutants were analyzed for their sensitivity to ara-C. Therefore, same as for THP-1, equal
cell numbers were treated with different drug concentrations and incubated over a period of
4 days before luminescence-based analysis. Figure displays the sensitivity to ara-C
shown as EDj5q values in combination with the SAMHD1 protein expression information
through conventional immunoblotting in figure [4.18B. As before with THP-1 cells, also in
the GBM cell line LN-18, ara-C sensitivity of the first 4 displayed cell lines from the left
behaved like expected [101]. Whereas SAMHDI1 wildtype containing cell lines, like parental
and SAMHD1 wildtype reconstitution, showed high EDsq values for ara-C, sensitivity to
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Figure 4.17: Characterization of THP-1 SAMHD1 mutant set for ara-C sensi-
tivity, SAMHD1 protein expression, ara-CTP levels and SAMHD1 phosphory-
lation status. (A) Cell viability of THP-1 cells was analyzed 3 days after ara-C treatment.
EDs of ara-C is shown in pM. Error bars indicate standard deviation (s.d.), n > 4 (bi-
ological replicates). Factor of difference to SAMHD1 wildtype reconstitution is shown.
(B) Dot plot comparing SAMHDI1 protein expression (x-axis) and EDjq levels for ara-C
(y-axis). (C) LC-MS/MS analysis of *Cs-labeled ara-CTP. n=3 (biological triplicates).
Error bars indicate s.d. Statistical analysis: Student’s unpaired t-test: ***P < 0.001,
P < 0.01, *P < 0.05, ™P > 0.05. (D) Dot plot comparing SAMHD1 protein expression
(x-axis) and '*Cy ara-CTP levels (y-axis). (E) Dot plot comparing EDsq levels for ara-C
(x-axis) and *Cy ara-CTP levels (y-axis). (F) Conventional immunoblot using a-phospho
SAMHD1 T592 as well as a-SAMHD1 and a-mtagBFP antibodies. Bioinformatical analy-
sisin (B), (D) and (E) was performed in collaboration with Prof. Lars Kaderali (University
Medicine Greifswald, Germany).

ara-C was significantly increased by 38.5 to 43.3-fold in Samhdi KO and dNTPase-inactive
SAMHD1 mutant D311A. The ara-C sensitivity of the other SAMHD1 mutants could be
found in this dynamic range. The 7.1-fold higher ara-C ED5y value in the SAMHD1 K484T
reconstitution exhibited high variety between the biological replicates and was not statis-
tically significant.

The dot plot in figure compares SAMHD1 protein expression (x-axis) obtained from
Wes analysis and EDsq levels for ara-C (y-axis) with no strong statistical significant corre-
lation (r* = 0.0071, P = 0.303). In contrast to the THP-1 set, it was more difficult to clearly
group the LN-18 SAMHD1 mutants into phenotypic categories. One explanation might
have been the smaller dynamic range between Samhdil KO and SAMHD1 wildtype recon-
stitution in LN-18 (43.3-fold) compared to THP-1 cells (192.8-fold). When trying to group
LN-18 reconstituents, we identified "neutral" mutations that behaved like SAMHD1 wild-
type, including T592D, Q548A, K405R, K484T, A338T and S33A, mutants that showed
"medium" SAMHDI1 protein expression and EDjy levels between the ones from Samhdl
KO and SAMHD1 wildtype reconstitution, including V1331, T592E and D137N and hints
for "weak" ED5q phenotypes that showed low SAMHD1 protein expression and low EDg
levels like the Samhd1 KO, including R451A /L453A, R145Q, D311A, T592A and D497Y.
Nevertheless, this categorization needs to be handled with caution, as SAMHD1 protein
levels showed a high variance among the same SAMHD1 mutants in the different cell lines
(figure [£.14D).

Same as in the THP-1 set of SAMHD1 mutants, also LN-18 cells reconstituted with
SAMHD1 D207N and R366H showed significantly higher sensitivity to ara-C compared
to the SAMHD1 wildtype reconstitution (21.0-fold for D207N and 14.1-fold for R366H).
This showed that SAMHD1 mutants D207N and R366H were sensitizing to ara-C treat-
ment in two different cell lines, excluding a cell line-specific phenomenon. In addition,
the dot plot in figure emphasizes that sensitivity to ara-C did not correlate with
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SAMHDI protein expression in the mutants in LN-18 cells (r* = -0.004822) and was not
statistically significant (P = 0.3526).

LN-18 SAMHDI1 mutant K484T also stood out from the dot plot in figure [{.I§C as it
showed decreased sensitivity to ara-C compared to the SAMHD1 wildtype reconstitution,
although this difference did not reach statistical significance.

Also in the LN-18 set, SAMHD1 mutants were investigated for their phosphorylation status
at Th92. The phosphorylation mutant SAMHD1 T592A, which can no longer be phospho-
rylated, was used as a negative control, whereas TH92E and T592D are phosphomimetic
mutants that mimic a constant phosphorylated state at T592. Different to THP-1 cells,
the SAMHD1 mutant T592A in LN-18 cells showed a band with the respective molecular
weight for the a-phospho SAMHD1 T592 antibody, but this band was most likely the result
of a spillover from the neighboring lanes as repeated verification of the sample showed no
band for the SAMHDI1 phosphorylation mutant T592A in LN-18 cells (data not shown).
In general, the phosphorylation levels of SAMHD1 mirrored the total SAMHD1 protein
levels. SAMHD1 mutant R145Q was an exception, which showed very low SAMHD1 phos-
phorylation levels but higher overall SAMHD1 protein levels (figure [4.14B), an observation
that could not be recapitulated in the THP-1 set of SAMHD1 mutants.

Notably, the SAMHD1 mutants in the second GBM cell line U-87 MG showed high vari-
ance for sensitivity to ara-C between the biological replicates (data not shown). This phe-
nomenon in combination with the different SAMHD1 protein expression levels among the
mutants made it difficult to conclusively evaluate this data set, which was therefore ex-
cluded for sensitivity analysis of ara-C.

4.5.6 SAMHDI1 mutant reconstitutions show heterogeneous trans-
duction efficacies with a lentiviral vector

Next, we wanted to know whether the viral restriction associated with SAMHD1 and retro-
/lentiviruses is affected by the SAMHD1 mutants. For LN-18 cells, we saw no statistically
significant difference in transduction levels between LN-18 parental, Samhd1 KO, SAMHD1
wildtype and D311A reconstitution (data not shown), excluding LN-18 cells as a suitable
model for lentiviral vector transduction evaluation in the context of the SAMHD1 mutants.
As parental, Samhdl KO, SAMHD1 wildtype and D311A reconstitution in THP-1 cells,
on the other hand, showed statistically significant differences in transduction efficacies, we
decided to proceed with THP-1 cells as the model to study lentiviral vector transduction
in SAMHD1 mutant reconstitutions.

Therefore, we used a VSV-G-pseudotyped lentiviral vector coding for GFP, transduced
THP-1 SAMHDI1 mutants and analyzed GFP protein expression by flow cytometry 48
hours later. In figure [4.19A, the percentage of GFP-positive cells after transduction with
the pLenti-based lentiviral vector coding for GFP is shown. When wildtype SAMHDI1
was present (either in the parental or in the SAMHD1 wildtype reconstitution), the per-
centage of GFP-positive cells was significantly lower compared to the SAMHD1-deficient
KO clone. When SAMHD1 was knocked out or the dNTPase-inactive SAMHD1 mutant
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Figure 4.18: Characterization of LN-18 SAMHD1 mutants for ara-C sensitivity,
SAMHDI1 protein expression and SAMHD1 phosphorylation status. (A) Cell
viablity of LN-18 cells was analyzed 4 days after ara-C treatment. ED5q of ara-C is shown in
M. Error bars indicate standard deviation (s.d.), n > 4 (biological replicates). Statistical
analysis: Student’s unpaired t-test: ***P < 0.001, **P < 0.01, ™P > 0.05. Factor of
difference to SAMHD1 wildtype reconstitution is shown. (B) Conventional immunoblot
using a-phospho SAMHD1 T592 as well as a-SAMHD1 and a-mtagBFP antibodies. (C)
Dot plot comparing SAMHDI protein expression (x-axis) and EDjq levels for ara-C (y-
axis). Bioinformatical analysis in (C) was performed in collaboration with Prof. Lars
Kaderali (University Medicine Greifswald, Germany).

D311A was expressed [6], the transduction lead to significantly higher GFP-positive cells
compared to parental or SAMHD1 wildtype reconstitution (3.5-fold for Samhdl KO and
2.7-fold for Samhdl KO +SAMHD1 D311A, respectively). These experiments recapitu-
lated the already known restriction of lentiviral vector transduction through SAMHD1 and
its dNTPase activity [53]. For the rest of the SAMHD1 mutants, lentiviral transduction
efficacies positioned within this dynamic range of the Samhdl KO and the parental or
SAMHD1 wildtype reconstituted population (figure [£.194A).

As the lentiviral restriction by SAMHD1 is mainly facilitated through its dNTPase ac-
tivity, a low dNTP pool in the cell due to high SAMHD1 dNTPase activity will likely
limit reverse transcription and restrict the transduction with the lentiviral vector. There-
fore, the level of ANTPs in the cell presents a surrogate of SAMHD1’s dNTPase activity
and, in turn, the restriction potential of the SAMHD1 mutants. Looking at the dCTP
concentrations in the cells, we observed 2.0-fold higher levels in the Samhd1 KO cells com-
pared to SAMHD1 wildtype reconstitution, which was not statistically significant due to
high variance in the biological replicates (figure [£.19B). Also here, parental and SAMHD1
wildtype reconstitution showed lower dCTP levels in comparison to Samhd1 KO cells and
the dNTPase-inactive SAMHD1 mutant D311A. For the rest of the SAMHD1 mutants,
dCTP levels fell into this small dynamic range. Of note, the ara-CTP levels (figure [1.17[C)
showed much higher differences and a broader dynamic range than the dCTP levels (i.e.
18.9-fold for ara-CTP compared to 2.0-fold for dCTP). The other ANTPs, namely dGTP,
dATP and dTTP, resembled the differences seen with dCTP (data not shown). In figure
MC, a dot blot with dCTP levels (x-axis) and the percentage of VSV-G GFP-positive
cells (y-axis) shows no statistically significant correlation between the two parameters (r2
= -0.004822, P = 0.3526).

All in all, SAMHD1 mutant reconstitutions transduced with a lentiviral vector expressing
GFP revealed higher transduction efficacies in Samhd1 KO compared to SAMHD1 parental
and wildtype reconstitution in THP-1 cells. Transduction efficiencies of the SAMHD1 mu-
tant reconstitutions were found to lie within this dynamic range. In line with this finding,
dCTP levels inversely mirrored the transduction efficacies, but were not statistically sig-
nificant.
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Figure 4.19: Transduction of SAMHD1 mutant reconstitutions with a VSV-G-
pseudotyped lentiviral vector shows a small functional dynamic range. (A) THP-
1 cells were seeded in triplicates and transduced with a VSV-G-enveloped lentiviral vector
encoding GFP. Cells were cultivated for 48 hours before flow cytometric analysis. Shown
is the percentage of pLenti VSV-G GFP-positive cells. n=3 (technical triplicates). (B)
LC-MS/MS analysis of dCTP levels in ng per 2 million cells. n=2 (biological duplicates).
Factor of difference to SAMHD1 wildtype reconstitution is shown. FError bars indicate
standard deviation (s.d.). Statistical analysis: Student’s unpaired t-test: ***P < 0.001,
P < 0.01, *P < 0.05, ™P > 0.05. (C) Dot plot comparing dCTP levels (x-axis) and
the percentage of VSV-G GFP-positive cells (y-axis). Bioinformatical analysis in (C) was
performed in collaboration with Prof. Lars Kaderali (University Medicine Greifswald,
Germany).

4.5.7 Vpx-VLP-mediated degradation and small molecule-medi-
ated inhibition of SAMHD1 mutant reconstitutions sensi-
tize to cytarabine treatment

After assessing the transduction efficacy, we wanted to know whether Vpx is able to tar-
get SAMHD1 mutants for degradation. Therefore, equal cell numbers were transduced
with VLPs containing Vpx. Empty VLPs and 1xPBS only-treated (mock) cells served as
controls. Cells were incubated for 24 hours before treatment with an ara-C dilution se-
ries. Figure shows EDj5( values 4 days after ara-C treatment in the LN-18 SAMHD1
mutants. In low SAMHDI1 expressors or mutants with a low EDgy value, also Vpx treat-
ment could not significantly reduce the EDsg, including D311A, D207N, R451A/L453A
and R145Q. The rest of the mutants were sensitized to ara-C upon Vpx-VLP treatment
compared to the SAMHD1 wildtype reconstitution. To sum up, all SAMHD1 mutants
with SAMHD1 protein levels comparable to SAMHD1 wildtype reconstitution were able
to be degraded by Vpx-VLPs, whereas Vpx-VLP treatment of SAMHD1 mutants with low
SAMHDI protein levels and/or reduced ara-C EDso values could not be sensitized further
to ara-C.

Another way of transiently reducing SAMHDI1 activity is by treatment with a small
molecule SAMHD1 inhibitor. As part of another project in the Keppler group, a large-
scale SAMHDI1 interactor screen revealed a small molecule that inhibits SAMHD1, named
SIKO0001. Interestingly, SIKOOO1 treatment itself does not effect SAMHD1 protein expres-
sion (data not shown). Thus, in order to see whether SIK0001 is able to inhibit the differ-
ent SAMHD1 mutants, THP-1 SAMHD1 mutants were seeded the same day in equal cell
numbers and treated with 25 pM SIK0001 or 1xPBS only (mock) together with a dilution
series of ara-C. Figure shows the EDs5y values after 3 days of incubation. SIK0001
was able to inhibit SAMHD1 wildtype reconstitution potently with a factor of difference
of 200-fold compared to 1xPBS-treated (mock) cells. On the other hand, SIK0001 treat-
ment in the Samhd1 KO cells was not able to further sensitize cells to ara-C. Concerning
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the SAMHD1 mutants, if SAMHD1 expression was low, including D311A, T592A, T592D,
Q548A, R451A/L453A, D497Y and R145Q), or the sensitivity to ara-C was high, includ-
ing D207N and R366H, then the sensitivity to ara-C could not be enhanced by SIK0001
treatment. For the rest of the SAMHD1 mutants tested in this setting, including TH92E,
K405R, K484T, V1331, A338T and S33A, SIK0001 was able to sensitize cells to ara-C to
levels comparable to the Samhdl KO clone.

Taken together, both Vpx-VLP-mediated SAMHD1 protein degradation as well as SIK0001-
mediated inhibition of SAMHDI1 activity are potent tools to transiently reduce its protein
expression or activity, respectively, and therefore to increase the sensitivity to ara-C.

All in all, the generated toolbox is able to recapitulate already published phenotypes, which
makes the workflow trustworthy and suitable to study novel SAMHD1 mutants. In a next
step, this workflow was used to investigate SAMHD1 mutants and their dNTPase activity
not described in literature thus far (section [4.6)).

4.6 Studying SAMHD1 mutations found in patients
with glioblastoma multiforme

After the characterization of already described SAMHD1 mutations, the methodological
approach was used to study SAMHD1 mutations that have not been described in literature
yet. A database search was performed in the cancer genomics cBIOPortal, the catalogue
of somatic mutations in cancer (COSMIC) and the genomic data commons (GDC) data
portal of the national cancer institute (NCI). The search revealed mutations in the Samhd1
gene that were found in whole genome sequencing (WGS) analyzes of GBM patient tissues
(table [4.2). As these SAMHDI1 mutations are found in GBM patient tissue, they were
primarily studied in the GBM cell line LN-18 for their impact on ara-C chemoresistance.

Table 4.2: SAMHDI1 mutants that were found in GBM patients and were used in this
study. WGS: whole genome sequencing.

SAMHD1 mutation Publication/Source

L244F WGS [94]
A30T WGS [158]
R531S Cancer genomics cBIOPortal
A565T WGS [158]
F578L Cancer genomics cBIOPortal

L620H Cancer genomics cBIOPortal
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Figure 4.20: Vpx-VLP transduction and SIK0001-treatment in SAMHD1 mu-
tants show different levels of SAMHD1 degradation and inhibition. (A) LN-18
cells were seeded and treated with Vpx-VLPs for 24 hours prior to ara-C treatment and
cell viability was analyzed 4 days after ara-C treatment. EDj, values of ara-C are shown
in uM. Vpx-VLP treatment is indicated in green, treatment with empty VLPs in dark grey
and treatment with 1xPBS (mock) in light grey. n=2 (technical duplicates). (B) THP-1
cells were seeded and treated with the SAMHD1 inhibitor SIK0001 with a final concentra-
tion of 25 uM in the well. On the same day, ara-C was added. Cell viability was analyzed
using the CellTiter-Glo® 2.0 Assay 3 days later. EDsq values of ara-C are shown in uM.
Purple: treatment with SIKO0001, grey: treatment with 1xPBS (mock). n > 3 (biological
replicates). Error bars indicate standard deviation (s.d.). Factor of difference for Vpx-VLP
or 25 pM SIK0001 compared to mock is shown. Statistical analysis: Student’s unpaired
t-test: **P < 0.01, *P < 0.05, P > 0.05.

4.6.1 Reconstitution of cancer-related SAMHD1 mutants shows
variable SAMHD1 expression

In order to study SAMHD1 mutants first described in GBM patient tissue, they were
reconstituted in GBM LN-18 Samhdl KO cells according to the first set described ear-
lier (section [3.2.12). SAMHDI mutations L244F [94], A30T [I58], A565T [I58], R531S,
F578L and L620H were used for reconstitution. The flow cytometric analysis in figure
mainly shows two things: firstly, the two-times sorted cell populations showed homogeneous
mtagBFP-positive protein expression; and secondly, the SAMHD1 mutant reconstitutions
displayed consistent and comparable mtagBFP-positive signals. Untransduced Samhd1
KO cells were used as negative control. Analyzing mtagBFP expression by conventional
immunoblotting mirrored the comparable mtagBFP expression throughout the panel of
SAMHD1 mutations (figure £.2IB). Also shown in figure £.21[B, a SAMHDI1 protein ex-
pression analysis by both conventional and quantitative immunoblotting showed equal
mtagBFP expression, but significantly different SAMHD1 expression among the mutants.
While SAMHD1 mutants A30T, R531S, F578L and L620H displayed expression levels com-
parable to SAMHD1 wildtype reconstitution, the SAMHD1 mutation L620H showed lower
expression signal in the conventional immunoblotting. A a-SAMHD1-antibody comparison
could later show that the low band intensity for SAMHDI1 in L620H may be due to the
recognition of the a-SAMHD1-antibody used in this assay (data not shown). Importantly,
SAMHD1 mutations L244F and A565T showed significantly lower SAMHD1 expression
levels compared to SAMHD1 wildtype, but similar expression levels as the parental cell
line.

Finally, the phosphorylation status of SAMHDI1 at T592 was estimated by conventional
immunoblotting (figure ) The band pattern for the a-phospho SAMHD1 T592 anti-
body mirrored the SAMHD1 general protein expression band pattern.

Taken together, whereas consecutive mtagBFP expression-based sorting of Samhdil KO
cells transduced with a lentiviral vector containing SAMHD1/mtagBFP resulted in equally
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mtagBFP-positive cell populations, SAMHD1 protein expression in these reconstituted cell
populations differed among the SAMHD1 mutants.
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Figure 4.21: Reconstitution of LN-18 Samhd1 KO cells with SAMHD1 mu-
tants found in GBM patient tissue. (A) Flow cytometry analysis of LN-18 cells
after transduction with lentiviral vectors expressing SAMHD1/mtagBFP and two rounds
of mtagBFP-positive cell sorting. mtagBFP expression was measured in the BFP channel.
Untransduced LN-18 Samhdl KO cells served as negative control. (B) Top: SAMHDI1
protein expression analysis using Wes quantitative immunoblotting. n=3 (biological trip-
licates). Bottom: One representative out of three independent experiments was also ana-
lyzed by conventional immunoblotting using a-SAMHD1, a-phospho SAMHD1 T592 and
a-mtagBFP antibodies. (C) Samhdl mRNA expression levels were measured by qPCR.
Samples were normalized to the SAMHD1 wildtype reconstitution, which was set to 1.
The horizontal line indicates Samhdl mRNA levels for the SAMHD1 wildtype reconsti-
tution. Factor of difference to SAMHD1 wildtype reconstitution is shown. n=3 (technical
triplicates). (D) Top: Dot plot comparing Samhdl mRNA expression levels (x-axis) and
SAMHDI protein expression (y-axis). Bottom: Same plot, but without SAMHD1 mu-
tants L244F and A565T. Error bars indicate standard deviation (s.d.). Statistical analy-
sis: Student’s unpaired t-test: ***P < 0.001, **P < 0.01, *P < 0.05, ™P > 0.05. Wes
immunoblots in B on the top were performed by Johanna Déring (in-house) under my su-
pervision. Bioinformatical analysis in (D) was performed in collaboration with Prof. Lars
Kaderali (University Medicine Greifswald, Germany).

4.6.2 Samhdl mRNA expression levels are elevated in low-
SAMHD1 protein-expressing mutants L244F and A565T

After observing different SAMHD1 protein levels in the mutant reconstitutions, we decided
to study Samhdl mRNA expression in these cells. Interestingly, Samhd! mRNA expression
levels mirrored the SAMHD1 protein expression levels in general, but both low-SAMHD1
protein-expressing mutants L244F and A565T had significantly higher Samhdl mRNA
expression levels compared to wildtype (figure [1.21]C). Figure compares SAMHD1
protein and Samhdl mRNA levels with no statistically significant correlation (shown at
the top, r* = 0.1382, P = 0.1745). When plotting the same data without SAMHD1
mutants L244F and A565T, all other mutants lined up together in a statistically significant
positive correlation (shown at the bottom, r* = 0.8435, P = 0.00219). Taken together,
whereas SAMHD1 protein and Samhd! mRNA levels showed a positive correlation for
most SAMHD1 mutants, L244F and A565T displayed lower SAMHDI1 levels and higher
Samhd1l mRNA levels compared to wildtype and other SAMHD1 mutant reconstitutions.

4.6.3 Cytarabine sensitivity is dependent on SAMHD1 protein
levels in cancer-related SAMHD1 mutants
After expression analysis, we wanted to study the mutants and their effect on ara-C sen-

sitization in the GBM cell line LN-18. Cytotoxicity studies in the reconstituted SAMHD1
mutants showed ara-C sensitivities similar to SAMHD1 wildtype for SAMHD1 mutants
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A30T, R531S and F578L, which goes in line with their comparable SAMHDI1 protein ex-
pression levels and groups them as "neutral" ara-C sensitivity phenotypes (figure )
Sensitivity to ara-C reflected by EDj5q levels (y-axis) positively correlated with SAMHD1
protein levels (x-axis) with statistical significance (figure ; r? = 0.4966, P = 0.0205).
On the other hand, the SAMHD1 mutations L244F and A565T showed significantly lower
EDsy levels compared to SAMHD1 wildtype reconstitution. As described above, the
SAMHD1 protein levels of these two mutants were significantly lower compared to SAMHD1
wildtype reconstitution (2.9-fold for L244F and 2.4-fold for A565T, figure [£.21B), but
showed SAMHD1 expression levels comparable with the parental cell line, grouping them
as loss-of-function phenotypes compared to the parental cell line. In addition, the fact
that the parental cell line showed similar ED5q levels, but much lower SAMHD1 protein
levels compared to SAMHD1 wildtype reconstitution, indicated that even low amounts of
SAMHD1 wildtype protein were sufficient to desensitize to ara-C in LN-18 cells.
Interestingly, SAMHD1 mutation L620H showed significantly increased sensitivity to ara-C
while SAMHD1 protein levels did not significantly differ compared to the wildtype recon-
stitution. Whereas Samhd1 KO cells were 24.8-fold more sensitive to ara-C, mutant L620H
showed 8.0-fold more sensitivity to ara-C compared to the wildtype reconstitution and can
therefore be grouped as a medium loss-of-function phenotype compared to the SAMHD1
wildtype reconstitution.

In addition to the ara-C toxicity assay, we wanted to show that the increased cytotoxicity
is associated with increased levels of ara-CTP in the cells. In line with previous reports,
figure shows that ara-CTP levels significantly increased in SAMHD1-deficient KO
cells (figure [T01] as well as SAMHD1 L244F, A565T and L620H mutants compared
to wildtype reconstitution. Plotting ara-CTP levels and SAMHDI1 protein levels showed a
statistically significant inverse correlation (figure , r? = 0.5588, P = 0.01248). Com-
paring ara-CTP and EDs5q levels in figure emphasized a strong inverse correlation
between these two parameters (r* = 0.9487), which was statistically highly significant
(P = 5.666e-06), proving that the cytotoxicity observed in figure strongly correlated
with ara-CTP levels in the cells.

Taken together, whereas the SAMHD1 mutants A30T, R531S and F578L found in GBM
patient tissue displayed ara-C sensitivity comparable to the wildtype reconstitution, the
SAMHD1 mutants L244F and A565T showed SAMHDI1 protein levels comparable to the
parental cell line, but EDs5q levels were comparable to Samhd1 KO cells. On the other hand,
SAMHD1 mutant L620H showed comparable SAMHDI1 protein levels, but a significantly
higher sensitivity to ara-C compared to the wildtype reconstitution. Finally, ara-CTP
levels inversely correlated with ED5y levels in the SAMHD1 mutant reconstitutions with
statistical significance.
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Figure 4.22: SAMHDI1 mutants found in GBM patient tissue show different
sensitivity to ara-C which correlates with ara-CTP levels in cells. (A) Cell
viability of LN-18 cells was analyzed 4 days after ara-C treatment. ED5q of ara-C is shown
in uM. Error bars indicate standard deviation (s.d.), n=4 (biological replicates). (B)
Dot plot comparing SAMHD1 protein expression (x-axis) and EDsq levels for ara-C (y-
axis). (C) LC-MS/MS analysis of ara-CTP using labeled '*Cj ara-CTP. Factor of difference
to the SAMHD1 wildtype reconstitution is shown. n=3 (biological triplicates). Error
bars indicate standard deviation (s.d.). Statistical analysis: Student’s unpaired t-test:
P < 0.001, P < 0.01, *P < 0.05, ™P > 0.05. (D) Dot plot comparing SAMHDI1
protein expression (x-axis) and '*Cs ara-CTP levels (y-axis). (E) Dot plot comparing
EDsq levels for ara-C (x-axis) and *Cs ara-CTP levels (y-axis). Bioinformatical analysis
in (B), (D) and (E) was performed in collaboration with Prof. Lars Kaderali (University
Medicine Greifswald, Germany).

4.6.4 Vpx-VLP transduction and small molecule inhibitor treat-
ment in SAMHD1 mutants show different sensitivity to
SAMHD1 degradation and inhibition, respectively

To investigate whether SAMHD1 protein expression or activity of the thus far unreported
SAMHD1 mutants can be manipulated transiently, cells were transduced with Vpx-VLPs
or treated with the SAMHD1 inhibitor SIK0001 followed by ara-C toxicity evaluation as
an endpoint readout. SAMHD1 mutants categorizing for the "neutral" ara-C phenotype,
including A30T, R531S and F578L, could be downregulated by Vpx-VLPs (figure ),
seen by reduced SAMHDI1 protein levels (at the bottom) and increased ara-C sensitivity (at
the top) for the Vpx-VLP-treated cells in comparison to cells treated with 1xPBS (mock).
On the other hand, in SAMHD1 mutants L.244F and A565T, with the loss-of-function phe-
notype compared to the parental cell line, SAMHD1 protein levels could not be decreased
further by Vpx-VLP treatment.

SAMHD1 mutant L620H exhibits a special role. Even though its starting ara-C EDsg
value was similar compared to parental cells and the SAMHD1 wildtype reconstitution,
SAMHD1 L620H could not be targeted for degradation by Vpx-VLP treatment and EDj
levels for ara-C consequently remained unchanged.

Finally, treatment with the SAMHD1 inhibitor SIK0001 showed a similar pattern. Whereas
the activity of GBM SAMHD1 mutants A30T, R531S and F578L could be inhibited by
SIK0001 treatment, the already low ara-C EDs5q value in SAMHD1 L244F and A565T could
not be further decreased by SIK0001 treatment (figure[4.23B). Remarkably, SIK0001 treat-
ment did not lead to an increase in ara-C sensitivity in SAMHD1 mutant L620H compared
to wildtype SAMHDI1 reconstitution.

Taken together, Vpx-VLP or SIKO0001 treatment sensitized to ara-C in parental cells,
SAMHD1 wildtype reconstitution as well as SAMHD1 mutants A30T, R531S and F578L,
but were not able to further sensitize SAMHD1 mutants L244F, A565T and L620H. In
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addition, SAMHD1 mutant L620H showed higher SAMHD1 protein levels than L.244F and
A565T, but still could not be affected by Vpx-VLP-mediated SAMHD1 degradation or
SIK0001-mediated SAMHD1 inhibition.



4.6 Studying SAMHD1 mutations found in patients with glioblastoma

multiforme 113

A
1007
*
*
6.2x
4.3x ns
— - mock
6.0 ns
o] —— - 15« [l empty VLP
= . 32.1x B Vpx-vLP
=
O 14.9x
CANNE
<C
DR ns
(] ns 2.5x 1n3s
014 _1.2x —
0.01
parental SAS'\IQSP +wildtype| +L244F | +A30T | +R531S | +A565T | +F578L | +L620H
0.0
=
B’t 024 1.0x
S
1.9x
£ 1.0x
L
2.2x
e 0.4 1
S
-
a
= 3.0
Ox
E 0.6 4
wv
4.9x 4.0x
3.4x 1 5%
0.8 -
B
104
. ns ns
2.2x
345 4.6x . B mock
. — B sikooot
=
= ] ns
v i 1.4x
fIG 4
S
<C
o
wn
()
w01

0.01

SAMHD1 reconstitutions

Figure 4.23: Continued on next page.



114 4. Results

Figure 4.23: Vpx-VLP transduction and SIK0001-treatment in SAMHD1 mu-
tants found in GBM patient tissue show different degrees of SAMHD1 degra-
dation and inhibition. (A) LN-18 cells were treated with Vpx-VLPs for 24 hours prior to
ara-C treatment. Cell viability was analyzed 4 days after ara-C treatment. ED5q of ara-C
is shown in M. The graph represents one out of two independent experiments. Vpx-VLP
treatment is indicated in green, treatment with empty VLPs in dark grey, treatment with
1xPBS (mock) in light grey. (B) Cells were treated with the SAMHDI inhibitor SIK0001
at a final concentration of 25 yM. On the same day, ara-C treatment was performed.
Purple: treatment with SIK0001, grey: treatment with 1xPBS (mock). n=3 (biological
triplicates). Error bars indicate standard deviation (s.d.). Factor of difference for Vpx-VLP
or 25 pM SIK0001 compared to mock is shown. Statistical analysis: Student’s unpaired
t-test: ***P < 0.001, **P < 0.01, *P < 0.05, ™P > 0.05.



Chapter 5

Discussion

5.1 «a-SAMHDI1 antibody generation provides a broad
application profile for SAMHD1 protein expres-
sion analysis

Within this thesis, customized a-SAMHD1 antibodies were generated by Eurogentec and
validated by us for the usage in different immunological assays. The five a-SAMHD1 an-
tibodies generated in mouse (EGT986), rabbit (#1245 and #1246) and chicken (#H153
and #H154) showed good performance in both immunoblotting as well as flow cytometric
stainings compared to commercial a-SAMHD1 antibodies (figure . Also, the mouse
a-SAMHD1 antibody EGT986 was optimized for quantitative immunoblotting by Wes
and used extensively in this thesis. Moreover, most of the antibodies were also capable
of detecting mouse SAMHD1, even though immunizations were performed against human
SAMHDI1 (figure[4.2)). This is not surprising as human and mouse SAMHD1 exhibit a high
degree of sequence similarity (72% (isoform 1) and 74% (isoform 2) compared to human)
[9,[159]. In addition, both SAM and HD domain are quite conserved among the two species
[9] and specific immunodominant regions of SAMHDI are not described in literature yet.
Chicken a-SAMHD1 #H154 was optimized to detect SAMHD1 expression in immunohisto-
logical stainings of GBM tumor sections with less background than commercial a-SAMHD1
antibodies (figure[4.7B). All in all, the customized a-SAMHD1 antibody generation broad-
ened the applications for SAMHD1 protein evaluation and provided the protein detection
tools for the upcoming years of SAMHDI1 research in the Keppler lab.

5.2 The Samhd1 promoter is unmethylated in glioblas-
toma multiforme cell lines

DNA methylation at the promoter of the Samhd! gene is an established regulatory mecha-
nism for SAMHDI1 protein expression in different cell models [34], which was also connected
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to disease environment in CTCL [35] and lung cancer [36]. To be able to test this regulatory
level for SAMHD1, a bisulfite sequencing assay was established within this thesis in order to
determine the DNA methylation status in the Samhd1 promoter in a quantitative manner.
The method was successfully verified with SAMHD1-negative Jurkat cells, which have been
reported to have a methylated Samhd! promoter [34] and with SAMHD1-positive THP-1
cells, which display an unmethylated Samhd! promoter [34] (figure [4.3)). Crucial for this
method was the PCR step, which amplifies the region in the Samhdl promoter as PCR
conditions needed to be optimized to amplify unmethylated and methylated DNA to an
equal extent. Due to the bisulfite conversion, the GC-content in the methylated samples
is higher than in the unmethylated samples and so is the optimal melting temperature.
Using a melting temperature for PCR, which for both methylated and unmethylated DNA
assures comparable conditions for amplification, provided a solid technical foundation for
the assay.

The correlation between positive SAMHD1 protein levels and an unmethylated Samhdl
promoter was further validated in AML cell lines Monomac6, MV4-11 and OCI-AMLS3,
whereas the SAMHD1-negative AML cell line HL-60 showed a methylated promoter status
(figure [4.4A). In contrast to that, AML cell line HEL showed no detectable SAMHD1 pro-
tein expression, but an unmethylated Samhd! promoter profile (figure[4.4]A), which points
out that there are likely additional regulatory mechanisms that determine SAMHD1 pro-
tein levels besides Samhdl promoter methylation. A mutation in the Samhdl gene of HEL
may interfere with this regulation mechanism, but is not confirmed yet.

As established in the SAMHDI1 protein expression profile in GBM, all immortalized cell
lines showed detectable SAMHDI protein expression to a different extent (figure [1.5A).
In this assay, the GBM cell lines MZ-18 and U-87 MG showed an unmethylated DNA
methylation profile in the Samhdl promoter, demonstrating that promoter methylation is
as a regulatory factor for its expression in these cell lines.

5.3 SAMHDL1 is broadly expressed in glioblastoma
multiforme

In this thesis, the SAMHDI1 expression in the GBM context was analyzed in detail. For
this purpose, GBM material from different sources was used to generate a broad SAMHD1
expression profile. In total 15 GBM immortalized cell lines, 11 GBM PDXs and 30 tumor
tissues from first-diagnosed glioma and GBM patients were analyzed for SAMHD1 protein
levels and emphasized that SAMHDI is broadly expressed in GBM (figure and [4.6)).
In literature, such a broad SAMHDI1 expression characterization for GBM does not exist
until now and elucidates the expression landscape of the protein SAMHDI1 in this highly
malignant solid tumor.

In general, SAMHDI1 has been shown to be expressed in most human tissues [I8]. Con-
cerning its expression specifically in cancer cells, a downregulation of SAMHD1 compared
to healthy tissue was observed in different types of leukemia [91) 107], lymphoma [35],
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melanoma [160] and lung cancer [89, [I61]. On the other hand, upregulation of SAMHD1
expression compared to healthy tissue was reported for colorectal cancer [161, 162]. The
fact that SAMHD1 was broadly expressed in the tested material allowed the deeper char-
acterization of SAMHD1’s role in ara-C toxicity in the GBM context.

Beyond that, the SAMHDI1 levels varied among the different cell lines, PDXs and patient
tissues. In order to represent SAMHDI1 expression in GBM properly, large numbers of each
cell model were used to exclude cell line- and patient-specific phenomena. The differences
observed for SAMHDI1 levels also reflected the heterogeneic nature of the tumor itself [I135].
In addition, patient tissue from different glioma grades was evaluated for SAMHD1 expres-
sion. For this purpose, tissue samples from 10 different patients each for grade II, IIT and IV
were stained for SAMHD1 protein expression by IHC. In general, grade II gliomas belong
to the low-grade gliomas (LGGs), whereas grade III and IV gliomas (GBMs) are described
as high-grade gliomas (HGGs) [115]. This classification was made due to the proliferative
nature of the tumors; LGGs exhibit a low proliferative potential in comparison to the
highly proliferative HGGs [115]. Interestingly, the percentage of SAMHD1-positive cells as
well as the intensity of SAMHDI1 nuclear staining significantly increased with the glioma
grade (figure and B). In addition, a database evaluation by Dr. Ernesto Mejias Pérez
revealed that SAMHD1 protein levels were significantly increased in GBM tumor cells com-
pared to healthy brain tissue (data not shown). Both data sets indicate that SAMHDI is
altered in GBM tumor cells, which motivated us to further investigate SAMHD1’s role in
GBM chemotherapy.

Whereas working with GBM cell lines revealed many insights into ara-C sensitivity,
these cell lines do not mirror the tumor environment in vivo. Also, the heterogeneity dis-
played in the in vivo tumors is better maintained in primary cells compared to immortal
cell lines, which display more homogeneity over time [I16]. In terms of immortal cell lines,
including a high number of different cell lines was essential to get a representative overview.
That is why 15 different GBM cell lines, all well accepted in the field, were chosen to per-
form in initial experiments. In addition, in cellula monolayers display significantly reduced
malignancy compared to the in vivo scenario [119]. Even though sphere-growing GBM
PDXs showed more complex cultivation conditions and the access to in vivo immunohisto-
logical sections of first-diagnosed GBM patients was limited, these two models immensely
supported the SAMHD1 protein expression analysis in the GBM context.

For the SAMHD1 expression profile, resected tumor tissue from GBM patients was
histologically stained for SAMHD1 protein expression; large differences within each tissue
sample were observed regarding the SAMHD1 expression in cells (figure ) Now, besides
tumor cells, there are many different cell types found in the tumor mass of GBMs [119].
The question therefore is whether the heterogeneous SAMHDI1 expression, determined
within each GBM, points to different cell types in the tumor, which express different levels
of SAMHDL1 (e.g. tumor cells and macrophages) or tumor cells with different SAMHD1
levels. In order to shed light on the identity of the SAMHDI1-positive cells in the histo-
logical material, neighboring slides stained for common cell types found in GBM identified
microglia and macrophages in the tumor section and could largely exclude T cells and
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neurons in the tissue sections analyzed (figure [£.7B). This detected cell composition in the
GBM patient tissues mirrors the finding by other groups [132, [133]. Very recently, shown
through single-cell RNA transcriptomics, Cui et al. sequenced tumor biopsies from 9 dif-
ferent GBM patients and reported following cell type composition in percentages: 62.31%
tumor cells, 20.29% macrophages, 16.10% microglia and 1.30% T cells [132]. Same as for
our immunohistological stainings, they also excluded T cells as a major cell type in GBM,
but detected high fractions of macrophages and microglia [I32]. Whereas the single-cell
RNA sequencing identified tumor cells through their distinct oncogenic expression profile
[132], there is thus far no histological tumor marker available to specifically visualize and
detect tumor cells in GBM tissue. Nevertheless, with tumor cells being the major cell type
in GBM tissue [132], GBM being a cold tumor [I15] with rather low infiltration of cells
and a high majority of SAMHD1-positive cells in the tumor mass (seen in our immunohis-
tological stainings in figure as well as RNA sequencing databases (data not shown)),
we expect most of the SAMHD1-positive cells to be tumor cells. Consequently, this data
provides a hint at the composition of the individual GBM patient material. Co-staining
with SAMHD1 and the already used (e.g. CR3-43 for macrophages/CD8 for macrophages)
as well as other cell identification markers (e.g. GFAP for astrocytes) will determine the
individual cell identity of SAMHD1-positive cells on a single cell basis. This will verify
the hypothesis of SAMHD1-positive tumor cells in the GBM tumor mass, which will help
to understand how a SAMHDI1-depleting agent can be efficiently implemented in GBM
treatment.

5.4 SAMHD1 depletion sensitizes glioblastoma mul-
tiforme cells to cytarabine

In this thesis, the influence of SAMHDI1 on the cytotoxicity of ara-C in the context of
GBM was investigated. In a variety of approaches to compare SAMHDI1-deficient to
SAMHD1-proficient GBM cells, SAMHDI1 deficiency sensitized to ara-C treatment. Tran-
sient SAMHD1 degradation mediated by Vpx-VLPs (figure and SAMHD1 inhibition
by SIK0001 treatment (figure as well as stable Samhd1 KOs (figure resulted in
a higher sensitivity to ara-C. Conversely, this sensitization could be decreased by SAMHD1
wildtype reconstitution in Samhd1 KO clones (figure [£.11]).

Additional experiments with Samhd! KO clones reconstituted with dNTPase inactive
SAMHDI1 D311A emphasized that the observed difference in ara-C toxicity is associated
with the dNTPase activity of SAMHDI1 (figure [6]. Also, LC-MS/MS measurements
emphasized that a Samhd1 KO resulted in increased levels of the active metabolite ara-CTP
supporting that SAMHDI1 recognizes ara-CTP as a substrate in GBM cells (figure [£.12)),
in line with previous reports [101].

Importantly, the GBM cell line LN-18 exhibited generally low SAMHD1 expression levels,
but in comparison to LN-18 Samhdl KO cells, the endogenous SAMHDI1 in the parental
cell line was still able to significantly decrease ara-C sensitivity. In comparison to the
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highly SAMHDI1-positive monocytic cell line THP-1, in cell lines like LN-18, already low
levels of SAMHD1 were enough to have a significant effect on ara-C sensitivity. This direct
negative correlation between SAMHDI1 levels and ara-C toxicity has not been described
for GBM thus far and opens the possibility for future GBM treatment approaches in the
context of SAMHDI1.

In addition to SAMHD1, also other factors can influence the toxicity to ara-C. In AML,
SAMHDI1 protein levels correlated with the sensitivity to ara-C in the parental cell lines
[T0T]. In GBM, there was no direct correlation between ara-C toxicity and SAMHD1 levels
in parental cell lines (figure [£.5A), but when manipulating Samhd! by CRISPR/Cas9 KO
generation or Vpx-VLP treatment, a strong positive correlation between ara-C sensitivity
and SAMHDL1 levels was observed (figure and [4.10). In contrast to the more homoge-
nous cancer AML, GBMs have a more heterogenic profile, which makes it more difficult
to determine mono-specific correlations. In addition, it shows that, whereas SAMHD1
deficiency in GBM sensitizes to ara-C treatment, there are other factors also influencing
ara-C effectivity among GBM parental cell lines. One example might be a diverse expres-
sion profile of ara-C entry and processing factors. In order for ara-C to be effective in the
target cells, the entry factor ENT-1 and processing factor dCK need to be expressed and
functional [109]. On the other hand, low or no protein expression of processing factors
CDA, NT5C2 and DCTD help to increase the concentration and toxicity of the active
metabolite ara-CTP in the cancer cells (figure [T09]. Differential expression of these
factors may influence ara-C toxicity, which makes it more difficult to establish a general
correlation between SAMHD1 protein levels and ara-C toxicity in GBM parental cell lines.

5.5 Combinatory SAMHD1 manipulation and cytara-
bine treatment are proposed as a glioblastoma
multiforme treatment strategy

Until now, the chemotherapy landscape for GBM is very limited. The alkylating agent
TMZ is mainly used as an adjuvant to radiation therapy, which barely improves overall
survival of patients compared to radiation therapy alone [129]. Concerning SAMHDI,
the efficacy of TMZ was shown to not correlate with SAMHD1 expression in T-ALL cell
lines [107], which was also confirmed by us (data not shown). In addition, due to the
extensive heterogeneity of GBMs, most chemotherapy approaches have failed their clinical
trials [116]. The data in this thesis indicates that SAMHD]1 depletion sensitizes to ara-
C treatment in the context of GBM. Therefore, ara-C treatment in combination with a
SAMHDI1-degrading/inhibiting factor such as Vpx-VLPs, SAMHDI1 inhibitors or Samhd1
siRNAs is being proposed as an alternative treatment strategy for GBM to sensitize GBM
cells to ara-C (figure . Very few is known about ara-C treatment in the context of GBM
[148, 150]. A publication from the 70ies [148] as well as a more recent case study [150]
provided first hints to an ara-C treatment in GBM, but without the context of SAMHDI.
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Determining the SAMHDI1 levels in the tumor material prior to treatment decision will
be essential and can be performed by either a-SAMHD1 antibody-based immunohistolog-
ical stainings of tumor sections or SAMHDI1 protein level evaluation using minced tumor
material. The findings in this thesis will act as the groundwork for alternative treatment
implementations in GBM and will, together with further experiments in vivo as well as
clinical trials, help to develop SAMHDI1 as a therapeutic target combined with ara-C or
other SAMHD1-dependent nucleoside analogues as alternative treatment to fight GBMs.

Combinatory treatment Predictive biomarker

SAMHD1 mutation status

S

L244F
A565T
* L620H
SAMHD1 manipulation
degradation through Vpx-VLPs
inhibition of enzymatic activity
siRNA interference W“dtype mutated
combinatory ara-C
treatment alone

Figure 5.1: Potential predictive biomarker and novel treatment strategy in
GBM. On the left: A combinational treatment proposal of ara-C together with a com-
pound that temporarily reduces SAMHD1 protein levels or activity for GBM treatment is
being proposed. For the manipulation of SAMHD1, several strategies are possible, ranking
from SAMHD1 degradation through Vpx-VLPs, inhibition of SAMHD1’s enzymatic activ-
ity through small molecules like SIK0001 and with Samhdl expression interference using
siRNAs. On the right: SAMHD1 mutations as potential predictive biomarkers for the com-
binatory treatment stratification. In case of a wildtype status at the residues 1.244, A565
and L620, the combinatory treatment is proposed, whereas in case of one of the mutations
L244F, A565T or L620H, SAMHD1-manipulating compounds might not further improve
ara-C treatment.

Whereas the side effects for intravenous administration of ara-C are already well as-
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sessed in the case of AML treatment (high dose ara-C is known to lead to severe neurological
toxicity [142]), depleting SAMHDI1 as part of a chemotherapeutical treatment represents
a novel strategy and needs to be assessed in a clinical setting.

Firstly, targeting SAMHD1 may lead to general genomic instability in cells where ara-
CTP is active [163]. This can increase mutational rates in ara-C-surviving cells through
long term treatments. SAMHD1 depletion likely also increases the ANTP pool in ara-C-
surviving tumor cells. As a consequence, DNA replication, already elevated in the tumor
cells, might even more increase as more building material is available in the cell. This
could lead to an elevated tumor cell proliferation in the remaining tumor cells [2] as THP-
1 Samhd1l KO cells have been shown to exhibit elevated proliferation rates [23]. This
enforces treatment resistance and acts against successful elimination of all tumor cells.
Nevertheless, tumor biology is very complex and such monocausal relationships might not
apply directly. In addition, contradicting both elevated genomic instability and tumor cell
proliferation, Samhdl KO mice do not develop any associated pathologies [86, [87]. These
mice are viable and healthy, which indicates that even though SAMHD1 exhibits diverse
functions in the body, cells are capable to overcome the lack of SAMHD1, which may not
lead to major disadvantages of a transiently SAMHD1-inhibiting treatment.

Secondly, in AML treatment, ara-C is mostly administered intravenously and distributes
into the whole body [141]. Depleting SAMHDI also in other cells of the body may con-
tribute to more severe side effects of the treatment. A local delivery approach targeting
the tumor will contribute to reduce possible side effects of overall SAMHD1 depletion in
non-cancerous cells. Intracranial injection, administration after surgery or intrathecal in-
jection into the spinal canal are possible local administration routes that are also already
licensed for ara-C [164) [165].

Finally, another side effect of depleting SAMHD1 might be a higher risk for viral infections
that are usually restricted by the antiviral role of SAMHD1. This may affect in particular
the infection with HIV-1 [20} 46, 47, 48], but also for other viruses, for which SAMHD1
acts antivirally, including HSV-1 [54, b5], HCMV [56], EBV [57], HPV16 [58], vaccinia
virus [54] and HBV [59, 60]. Nevertheless, cancer patients undergoing chemotherapy are
in a very controlled and closely monitored environment, which by itself will reduce the risk
of an infection exposure. In addition, the risk-benefit ratio might be beneficial towards
the treatment. In this particular treatment strategy, the risk of a viral infection, which
mostly exhibits a time-delayed disease development, might be negligible in contrast to the
treatment benefit and the option of possible prolongation of overall survival.

Even though we do not know yet how SAMHDI1 depletion as part of a cancer treatment
will affect a patient, we currently believe that the beneficial effects of SAMHD1 depletion
in combination with ara-C administration outweigh possible side effects. Advanced pre-
clinical and early clinical studies should help to clarify this.

Efficient and non-invasive drug delivery systems for ara-C and SAMHD1-depleting com-
pounds in GBM will be also important when proposing an alternative strategy for brain
tumor chemotherapy. The BBB represents a major obstacle in the chemotherapy of tumors
in the brain and complicates non-invasive drug administration techniques. Importantly,
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ara-C has been shown to penetrate the BBB successfully [149]. Whereas BBB permeabil-
ity is a crucial compound characteristic when using non-invasive administration of drugs
treating GBM (such as oral or intravenous administration), it is important that the drug
reaches concentrations at the site of treatment that are clinically effective [139]. In the case
of AML, low dose ara-C treatments through 7.v. infusions are standard (100-200 mg/m?)
and lead to plasma concentrations of 0.5-1 pM [109]. Effective and realistic working con-
centrations of ara-C for GBM treatment will need to be assessed.

In general, SAMHD1 depletion can be achieved by different approaches such as Vpx-VLP-
mediated SAMHDI1 protein degradation, SIK0O001-mediated SAMHD1 activity inhibition
or Samhdl siRNA interference. For these compounds to overcome the BBB through non-
invasive treatment applications, new technologies are currently under development that
bypass the BBB, enter the brain and deliver the chemotherapeutic agent to the tumor
site [I12]. Packing such components into a delivery system that can penetrate the BBB
represents a major branch in research for brain tumor treatment. It has been shown that
treatment with synthetic protein nanoparticles from polymerized human serum albumin,
that carry the treatment regimen resulted in sufficient concentrations in the brain and
increased overall survival as well as long-term survival in mice, making them a promising
source for compound delivery to the brain in the future [139].

5.6 Reconstitution of Samhdi1 knockout with
SAMHD1 mutants is a powerful tool to study
SAMHD1 function and regulation

In this thesis, a workflow was established that allowed the in cellula study of mutations in
the Samhdl gene, with special focus on functional and regulatory relevance. Implementing
the workflow of Samhd1 KO reconstitution using lentiviral vectors including a fluorescence-
based transfer vector and consecutive enrichment of reconstituted cells by sorting provided
an approach with many technical advantages (figure )

Firstly, SAMHD1 expression under the constitutively active promoter EF1la allowed the
Samhdl gene as well as the mtagBFP gene after it to be continuously transcribed, but a
self-cleaving T2A peptide derived from thosea asigna virus was expressed between the two
sequences. Expressing SAMHD1 and mtagBFP right next to each other, but cleaving them
after transcription ensures that both proteins are expressed under the same promoter and
that the majority of the SAMHDI1 protein will be present in an unmodified form, without
fusion to another protein. From prior evaluations in literature, we know that none of the
2A peptides cleaves the fusion proteins completely, but that the T2A peptide, which was
used in this study, is the most efficient among them [I66]. A classical fusion protein of
SAMHD1 and mtagBFP would have created additional questions as how the relatively
large 26.7 kDa mtagBFP protein might influence the function and activity of SAMHDI1.
In addition, the presence of the fluorophore mtagBFP allows the enrichment of transduced
cells through sorting, which both selects for transduced cells as well as avoids possible side
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effects associated with a selection through drugs.

Secondly, directed mutagenesis enabled us to generate a transfer vector with any mutation
of interest in the Samhdl sequence in a fast and cost-effective manner. Also, this method
is not limited to SAMHDI1, but can be used to clone any gene sequence of interest into the
pCDH-EF1a-BFP-1 transfer vector.

Finally, with this approach, it was possible to generate uniform, stably reconstituted cell
populations in cell lines even with unconcentrated lentiviral stocks that showed low initial
transduction efficiencies (data not shown).

When characterizing SAMHD1 mutants, one part was to quantitatively determine
SAMHD1 protein and Samhdl mRNA levels in the SAMHD1 mutant reconstitutions.
As shown in figure [4.14] and [4.16] the SAMHD1 mutant reconstitutions displayed both
different SAMHDI1 protein as well as Samhdl mRNA expression levels. Interestingly, the
expression parameters of SAMHDI1 protein and Samhd!l mRNA did not correlate with
each other (figure [1.16D). Within these cell sets, mutants were generated and handled
identically. In particular, seeding, lentiviral transduction and sorting was performed in
parallel among the mutants in a set. Subsequent monitoring of the SAMHD1 mutants also
assured comparable mtagBFP expression levels (ﬁgure. Nevertheless, both SAMHD1
protein and Samhdl mRNA levels differed significantly. Reasons for this phenomenon can
be diverse:

Firstly, the question arose whether the percentage of mtagBFP-positive cells actually was
a sufficient quantitative parameter for sorting and monitoring the expression of SAMHD1
mutants. Due to SAMHD1 and mtagBFP being expressed under the same promoter, it
was assumed that mtagBFP levels will directly reflect SAMHDI1 levels. Similar mtagBFP
levels, but different SAMHD1 protein levels might suggest mutation-specific SAMHD1 reg-
ulation on the translational or post-translational level.

Secondly, simultaneous sorting of the mutants may not have been sufficient enough to
unify expression levels. When sorting the transduced cells, differences in the percentage of
mtagBFP-positive cells were seen (data not shown), emphasizing that the lentiviral vec-
tor productions showed different levels of transduction efficiencies. For transduction of
SAMHD1-deficient cell clones, non-concentrated lentiviral supernatants in medium with
identical volumes were used when applied for all SAMHD1 mutations from the same cell
line (200 ul in 96-well plate for the suspension cell line THP-1 and 500 pl in 24-well plate
for the adherent cell lines LN-18, U-251 MG and U-87 MG). Nevertheless, using non-
concentrated lentiviral supernatants without any further evaluation of potency lacks the
information of a lentiviral titer. Even though comparable and narrow gating throughout
sorting was ensured, determining the RT activity using SYBR Green I-based product-
enhanced reverse transcription (SG-PERT) [167] as well as titrating the lentiviral stocks
[T68] prior to transduction may have helped to unify protein expression levels.

Thirdly, the different SAMHD1 protein levels might be a result of different stability and
possible proteasomal degradation of certain SAMHD1 mutants, which could explain low
SAMHDI1 expression levels compared to wildtype reconstitution (figure and was also
described by Bowen et al. [169]. Treatments with components inhibiting key players in
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proteosomal degradation such as MG-132, ALLN and clasto-lactacystin beta-lactone [170]
as well as cellular thermal shift assays (CETSA) [I71] will elucidate stability and degra-
dation processes for the SAMHD1 mutants.

Finally, SAMHD1 mutants might localize differently in the cell. An aberrant SAMHD1
localization or a different ratio of distribution between cytoplasm and nucleus ratio might
also affect proteosomal degradation [I72]. In addition, ara-C is processed into its active
metabolic ara-CTP mainly in the cytoplasm (figure [1.7). Elevated cytosolic SAMHD1
protein levels due to increased cytoplasmic localization might also further decrease ara-C
sensitivity to an even higher extent than 'regularly" localized SAMHD1. Immunofluo-
rescent stainings of SAMHD1 will therefore shed light on the subcellular localization of
SAMHD1 mutants.

loss-of-function

D207N R366H
left right
Q548A
THP-1 LN-18 D137N A338T
T592D
R145Q| D311A D497Y | T592A
‘ ‘ R451A/L453A‘
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Figure 5.2: Schematic representation of SAMHD1 with the mutations investi-
gated in this thesis. Mutations indicated in grey on the bottom were "neutral" mutations
in terms of ara-C toxicity compared to the SAMHD1 wildtype reconstitution. Mutations
indicated in purple were grouped into "weak', mutations indicated in blue into "medium’
and mutations indicated in pink into "strong" loss-of-function phenotypes. In case muta-
tions behaved differently in the two cell lines tested, this is indicated by the two different
colors for THP-1 on the left and LN-18 on the right, respectively.

Beyond that, this study was able to recapitulate mutational phenotypes that have
been reported in literature, which further validated the system established. Whereas the
SAMHD1 mutants showed phenotypes in diverse settings and output assays in literature,
for this project, the influence of the particular SAMHD1 mutation was investigated espe-
cially for the sensitization of ara-C. Table summarizes the SAMHD1 mutants investi-
gated in this study. The SAMHD1 mutant D311A was the optimal control as it is known



5.6 Reconstitution of Samhd1 knockout with SAMHD1 mutants is a powerful
tool to study SAMHD1 function and regulation 125

to be dNTPase-inactive [6]. In the sensitization model for ara-C, whose efficacy negatively
correlates with the dNTPase activity of SAMHD1 (figures and [101], SAMHD1
D311A behaved like the Samhd1 KO cells and validated the workflow on a functional level.
Categorizing the different SAMHD1 mutants was more difficult due to the different SAMHD1
expression profiles. All mutations from this set are summarized in figure for their sen-
sitivity to ara-C. Concerning the THP-1 SAMHD1 mutants, T592E [38], V1331 [90], S33A
[157], K484T [14] and K405R [44] were grouped as a "neutral" ara-C toxicity phenotype
as the sensitivity to ara-C was not significantly increased compared to the wildtype re-
constitution (figure ,B). Also, "medium" ara-C sensitization phenotypes that showed
intermediate SAMHD1 protein expression and intermediate EDsq levels in comparison
to Samhdl KO could be seen for A338T [90], D137N [2I], T592D [38] and Q548A [21]
(figure [£.17A,B). Other SAMHD]1 mutations displayed such low SAMHD1 protein expres-
sion levels that the SAMHDI1 present was not able to sensitize to ara-C and a statement
about an ED5y decrease due to SAMHD1-mediated sensitization was not possible (figure
[1.17A,B). This was seen for SAMHD1 mutations R451A /L453A [12], R145Q [156], D497Y
190], T592D [38] and D311A [6] in THP-1 cells (figure [4.17A,B).

For LN-18 cells, grouping into ara-C sensitization phenotypes was more difficult as the
dynamic range was not as broad as in THP-1 cells. Preliminary assessment suggests that
some mutants behaved similar in LN-18 and THP-1 cells, including K405R, K484T and
S33A for the "neutral" phenotype, D137N for the "medium" phenotype and R451A /L 453A,
D311A, T592A, R145Q and D497Y for the "weak" phenotype. Importantly, not all mutants
behaved similarly in the two mutant sets for both SAMHD1 protein levels as well as ara-C
sensitivity.

Finally, two SAMHD1 mutations stood out in both THP-1 and LN-18 cells: SAMHDI1
D207N [21] as well as R366H [90] displayed significantly elevated ara-C sensitivity paired
with similar SAMHD1 protein levels compared to the SAMHD1 wildtype reconstitution
(D207N: 137.9-fold in THP-1 cells and 21.0-fold in LN-18 cells; R366H: 139.4-fold in THP-
1 cells and 14.1-fold in LN-18 cells, figure [£.17A,B and - EDj levels similar to the
sensitization phenotype of both Samhdl KO clones.

SAMHD1 mutation D207N was described by Ryoo et al. in 2015 as an allosteric mutant
that could no longer restrict HIV-1 infection and did not longer cleave dNTP levels com-
pared to wildtype SAMHDI in U937 cells [21I]. Interestingly, ANTP level measurements
in the THP-1 SAMHD1 D207N mutant showed no significantly reduced dCTP levels com-
pared to the wildtype reconstitution (figure [£.19B), which did not go in line with the
findings by Ryoo et al. Nevertheless, ANTP levels in the THP-1 mutants generally showed
a small dynamic range. For example, in the dNTPase-inactive SAMHD1 mutant D311A,
dCTP levels only increased by 3.2-fold compared to SAMHD1 wildtype reconstitution. As
a result, even when the dNTPase activity of SAMHDI1 is impaired, the cell may balance
the additional load of ANTPs through alternative mechanisms to assure counter cell home-
ostasis.

The SAMHD1 mutation R366H was described by Rentoft et al. in 2016 as a single nu-
cleotide polymorphism (SNP) in colorectal cancer [90]. The purified protein SAMHD1
R366H inherited decreased dNTPase activity and increased dN levels in vitro [90]. The
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data in this thesis recapitulated R366H’s decreased dN'T'Pase activity in cellula in the two
different cancer cell models. Nevertheless, dCTP measurements also showed no significant
differences between SAMHD1 R366H and the wildtype reconstitution (figure ) In
addition, very recently, Bowen et al. published structural and functional insights about
the loss of dNTPase activity in the SAMHD]1 mutation R366H [169]. Here, they demon-
strate that SAMHD1 R366H looses its dNTPase activity through the absence of the dGTP
substrate in its active site, but preserves dNTPase-independent, alternative functions of
SAMHDI1 [169]. The publication recapitulated our results as they showed abundant and
comparable SAMHD1 R366H protein levels as well as sensitization to ara-C relative to the
wildtype reconstitution due to the lack of dNTPase activity of SAMHD1 R366H [90].
Taken together, reconstitutions of Samhd1 KO with SAMHD1 mutants using lentiviral vec-
tors is a powerful tool to study SAMHD1 function and regulation. Concerning the impact
of single nucleotide changes in SAMHD1 on ara-C chemosensitivity, the carefully performed
correlation and statistical analysis helped to group SAMHD1 mutants and in part reca-
pitulated mutant characteristics already reported. The SAMHD1 mutations D207N and
R366H sensitized to ara-C in both AML cell line THP-1 as well as GBM cell line LN-18.

5.7 SAMHD1 mutations L244F, A565T and L620H
found in glioblastoma multiforme patients may
have clinical relevance

In this thesis, the SAMHD1 mutations L244F, A30T, R531S, A565T, F578L and L620H
have been selected for ara-C sensitization studies due to their occurrence in WGS analysis
of GBM patient material (figure [94], [158]. Therefore, the mutant SAMHDI1 versions
were stably overexpressed in GBM LN-18 Samhd1 KO cells and evaluated for sensitization
to ara-C.

All six SAMHD1 mutations and their sensitivity to ara-C are summarized in figure[5.3] The
three SAMHD1 mutants A30T, R351S and F578L showed no difference in ara-C sensitivity
compared to wildtype reconstitution with similar SAMHDI1 protein levels ("neutral" ara-
C sensitization phenotype, figure [£.22). SAMHD1 mutations L244F and A565T showed
SAMHDI1 protein levels comparable to the parental cells, but ED5q values comparable to
Samhd1l KO (figure and [£.22). Interestingly, the SAMHDI mutation L620H was
shown to partly sensitize GBM cells to ara-C as it displayed a statistically significant,
8-fold lower ED5 value compared to the SAMHD1 wildtype reconstitution (figure 4.22/A,
B). SAMHDI1 protein levels have been shown to be slightly lower in SAMHD1 L620H com-
pared to the wildtype reconstitution, but the difference was not statistically significant in
the quantitative expression analysis (figure .21[B). As the investigated SAMHD1 muta-
tions were found in GBM patient tissue, this could be a first hint that ara-C alone might be
sufficient to have therapeutic relevance in GBM patients carrying the SAMHD1 mutations
L244F, A565T or L620H in their tumor. In addition, the SAMHD1 mutation L244F has
been also reported in CLL, indicating that this mutation might be inherent to a wider
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range of cancers [91].

loss-of-function
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Figure 5.3: Schematic representation of SAMHD1 with the mutations found
in GBM patients that were investigated in this thesis in LN-18 cells. Muta-
tions indicated in grey on the bottom were "neutral" mutations in terms of ara-C toxicity
compared to SAMHD1 wildtype reconstitution. Mutations indicated in blue on the top
were loss-of-function mutations compared to the parental population and the L620H mu-
tation indicated in red was a loss-of-function mutation compared to SAMHD1 wildtype
reconstitution.

Treatment with either Vpx-VLP or SIK0001 revealed that, in comparison to SAMHD1

A30T, R351S and F578L, these interventions were not able to further sensitize to ara-C in
the SAMHD1 mutants L244F, A565T and L620H. This was demonstrated in the GBM cell
line LN-18, where SAMHDI1 protein/activity of these mutant versions could not further be
reduced by Vpx-VLP-mediated degradation or SIK00O1-mediated inhibition, respectively
(figure [4.23). In contrast to L244F and A565T, which already displayed significantly lower
SAMHDI1 protein levels compared to the wildtype reconstitution, the SAMHD1 mutant
L620H showed protein levels comparable to wildtype, but still could not be degraded by
Vpx-VLPs or inhibited through SIK0001. As the residues essential for the interaction of
SAMHD1 with Vpx are very close to residue R620, namely R617, V618 and K622, we spec-
ulate that the mutation R620H impairs this interaction [64]. It is important to mention
that the protein Vpx from SIV,,..251 was used in this thesis [I51]. The question arises as
to which extent Vpx proteins of other origin would be able to mediate SAMHD1 L620H
degradation. These experiments will be essential to elucidate the Vpx-mediated degrada-
tion of this SAMHD1 mutant.
Concerning the small molecule SIK0001, colleagues (in-house) showed that SIK0001 treat-
ment does not alter SAMHDI1 protein expression itself (data not shown), indicating a
regulatory mechanism likely targeting the dNTPase activity of the enzyme. Nevertheless,
the mode-of-action of how SIK0001 is inhibiting SAMHD1 activity and therefore increases
sensitivity to ara-C is still under study. In vitro binding assays and in silico analysis will
shed light on the SAMHD1-inhibitoring mechanism of SIK0001 and contribute to the un-
derstanding of the role of the SAMHDI1 residues L.244, A565 and L620.
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These findings in SAMHD1 mutations L244F, A565T and L620H found in GBM patients
point at them as possible predictive biomarkers for ara-C combinatory treatment in GBM,
as patients carrying these SAMHD1 mutations in their tumor may not need an additional

Vpx/SIK0001 treatment to sensitize for ara-C (figure [5.1)).

5.8 Methodical limitation of the thesis

Whereas the lentiviral vector-based SAMHD1 reintroduction of SAMHD1 in Samhd1 KO
clones including a mtagBFP expression cassette divided by a self-cleaving T2A site was
the optimal available decision for our project at the particular time, the different protein
expression levels among the SAMHD1 mutants in comparison to wildtype SAMHDI1 as well
as the overexpressed system with a constitutively active promoter EF1a were limitations we
had to face. An overexpressed system does not fully represent the natural endogenous state
of the cell, as highly overexpressed SAMHD1 might misrepresent phenotypes. Especially
in the Vpx-VLP treatments, the high SAMHD1 expression levels in the reconstituted cell
populations technically limited the assay as the maximal amount of concentrated Vpx-
VLPs added to the cells was not able to fully degrade SAMHDI.

An alternative to our approach would be to introduce the desired mutation directly in the
endogenous Samhdl gene. This is possible through a CRISPR/Cas9-based knock-in (KI)
strategy where the mutation is introduced by a specific gRNA for the mutational region
and a Cas9 protein that cuts directly at the desired mutation site [I73]. One advantage of
this system is that we most likely would fear less SAMHD1 protein expression differences
as there would be no differences in transduction efficiencies. We would expect SAMHD1
expression levels to be more comparable to each other than in the overexpressed system
as most importantly, all the mutants would be expressed under the control of the natural
promoter. In addition, the generation of the endogenous mutation KI would be faster as
it can be performed directly from the parental population and no Samhd1 KO needs to be
generated beforehand. Finally, the system would remain endogenous and polyclonal from
the start. As we would only edit single nucleotides in the endogenous Samhdl sequence, we
would work with the natural parental polyclonal population and avoid the more artificial
overexpressed system based on a monoclonal Samhdl KO clone.

5.9 Outlook

Even though a multitude of research publications and clinical trials have been executed to
understand and successfully treat GBM within the last decades, state of the art chemothera-
py in GBM and corresponding survival rates have barely improved. Finding and imple-
menting new chemotherapeutic strategies to improve survival of GBM patients is therefore
crucial to fight this malignant brain tumor.

This thesis showed that depletion of Samhdl sensitizes GBM to ara-C. Ara-C in combina-
tion with SAMHD1 manipulation is therefore proposed as an effective treatment strategy
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in GBM. Besides SAMHDI1 acting as a potential predictive biomarker for ara-C treatment,
it would also broaden the drug portfolio for the thus far very limited chemotherapeutic
strategies in GBM. As a result, this thesis provides a solid foundation towards the path of
an alternative treatment strategy to fight GBM.

In addition, the SAMHD1 mutants established provide a basis for many future projects and
can be used to approach different scientific questions. In this thesis, the focus was on ara-C
cytotoxicity, but SAMHD1 was firstly described as an antiviral factor and the SAMHD1
mutants could also be used e.g. in infection studies with different SAMHD1-dependent
viruses, including e.g. HIV-1 [20], 46, [47], 48], HSV-1 [54], 55] or ZIKV [61].

In order to shed more light on the functional effects of the single nucleotide changes,
SAMHD1 mutations could also be introduced into a bacterial expression vector for human
SAMHDI1 such as pGEX-4T-1 His-SAMHD1. Mutant SAMHD1 protein could be purified
and investigated in wvitro through SAMHDI1 activity assays in order to collect valuable
information e.g. whether the particular SAMHD1 mutation interferes with the dNTPase
activity of SAMHDI1. In order to use a human background to produce human SAMHD1, it
would be also possible to use human cell lines for protein production of SAMHD1 mutants.
In addition, cellular thermal shift assays (CETSA) [I71] can be performed in order to in-
vestigate the protein stability of the SAMHD1 mutants as well their interaction capability
with STK0001.

In order to advance these studies towards more in vivo-like systems, the SAMHD1 muta-
tions can be also studied in the GBM PDXs by either reintroducing the SAMHD1 muta-
tions into already generated Samhdl KO clones of PDX line H561 or directly mutating
endogenous SAMHD1 using the CRISPR/Cas9 KI strategy [I73]. In addition, in vivo ex-
periments using intracranial injection of human GBM cells with either SAMHD1 wildtype
or SAMHD1 mutations into mouse brains followed by ara-C and Vpx-VLP /SIK0001-single
and combinatory treatment will help to shed more light on therapeutic relevance. In the fu-
ture, a treatment decision towards a combinatory ara-C and SAMHD1-degrading/inhibiting
molecule could be proposed by determining the mutation state in the tumor of the patient
for SAMHDI1 residues L244, A565 and L620 prior to treatment start (figure . As
the SAMHD1 L620H mutant already showed partial increased sensitivity to ara-C (figure
, B), ara-C might be also effectively administered without Vpx-VLP or SIK0001 in
this particular case. Additional experiments are required in order to estimate the SAMHD1
mutations L244F, A565T and L620H as predictive markers for combinatory treatment of
ara-C with a SAMHD1-manipulating compound.

Taken together, this thesis provides the groundwork for the role of SAMHD]1 in the context
of ara-C toxicity in GBM for future research studies and clinical trials in the fight against
one of the deadliest brain tumors that currently challenge human health. In addition,
SAMHD1 mutants were established as a useful tool that will benefit various SAMHD1-
focused projects in the future and will enhance the functional knowledge about SAMHDI.
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