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Popular science summary of the thesis 
Despite often being lumped together as one disease, cancer is in fact an umbrella term 
for many different diseases. It can affect blood cells as well as solid organs in the body. 
One key feature of cancer is uncontrollable cell growth, which requires duplication of the 
cells. In order to replicate themselves, cancer cells, like other cells, must copy their 
material. Among the things they duplicate is the genetic information of the cell, which is 

stored in the DNA. Once the genetic material has been copied, cells then split themselves 
once, to create two cells from one. Each new cell has an identical copy of the original cell's 
DNA. As cancer cells multiply so quickly, mistakes can and do happen as they replicate 

their DNA. 

Genetic information in the DNA is stored in the form of a sequence of four different 
building blocks. Human DNA exists as a double strand, which must be separated, and then 
each strand will be copied by adding a new complementary strand during replication. The 
four building blocks of DNA (the deoxyribonucleotides of adenine, guanine, thymine and 
cytosine) each have only one other building block that they can bind to, creating exact 

pairs in the sequence that must be read and copied correctly to avoid mistakes. The 
building blocks enter the newly synthesised strand of DNA in line as it gets longer, and in 
order for them to be able to be added, they need to go through a procedure called 
phosphorylation, where in three sequential steps, three phospho-groups will be added to 

them. 

Since cancer cell division occurs at a faster rate than in normal cells, mismatches of these 
building blocks occur more often. This can cause the so-called DNA mutations and leads 
to production of new cells with mistakes in the DNA that often promote more unchecked 
growth by the cancer cells. Because of this, cells employ several safety mechanisms to 

ensure proper DNA replication. 

One such mechanism is a protein called SAMHD1. This protein can recognise when cells 
do not need to duplicate and lowers the levels of the available building blocks by removing 
the three phospho-groups. This action prevents them from being added to the DNA, and 

if the DNA won’t double, then the cell will not. In many different types of cancer, it has 
been discovered that SAMHD1 does not function as it is supposed to, presenting its 

importance as a guardian of this process. 

One major group of drugs used for treatment in many cancer types are analogues of the 
4 normal building blocks. They have a similar, but not identical structure as the normal 
ones, and they can follow the same procedure of phosphorylation as mentioned before 
and be added to the DNA. Once incorporated, however, these pseudo-building blocks 
perturb replication which can lead to cell death. Since they share similarities with the 
physiological building blocks, they too can be recognized by SAMHD1 to remove the 



phospho-groups and stop their incorporation. Not all cells express the same proteins and 

not all cells express them at the same levels. Thus, high levels of SAMHD1 may inhibit 

effective treatment in cancer types where these kinds of drugs are used. 

With the present thesis, we discovered that patients with acute myeloid leukaemia, a type 

of blood cancer, undergoing treatment with the building block analogue cytarabine, fared 
better when they had low levels of SAMHD1. We also found a group of drugs that can act 
against SAMHD1 if it is present in high levels, leading to improved effect of cytarabine when 
used in combination. The combination of a SAMHD1-inhibitor with cytarabine improved 
outcome in patients with acute myeloid leukaemia. In addition, we found that in a different 

type of blood cancer (called T-lymphoblastic leukaemia) treated with the analogue 
nelarabine, SAMHD1 could block its toxicity and thus reduce its antileukemic effects. 
Therefore, combining SAMHD1-inhibition with certain types of traditional chemotherapy 

shows promising results and can help improve patient treatment and outcome. 

  



 

 

Abstract 
Cure rates for paediatric and adult cancer patients have improved within the last 
decades. This can partly be explained by implementation of new technologies and 

methodologies such as the identification of new mutations after sequencing that can be 
directly targeted for treatment or the introduction of immunotherapy. However, there is 
an urgent need for improvement of survival particularly for patients with relapsed 

metastatic disease.  

More than 20 years ago, SAMHD1 was discovered and even though its key role in 
preventing viral HIV-1 infections was initially established, it was only later classified as the 
first deoxynucleoside triphosphate triphosphohydrolase that can remove the three 
phosphogroups of the dNTPs in a single reaction, which contributes to the dNTP pool 
homoeostasis by limiting potentially hazardous expansion of the intracellular dNTP pool. 

SAMHD1 is a homotetramer that is strictly regulated by the dNTP levels, with two allosteric 

sites (AS1 and AS2) and one catalytic site responsible for the dNTPase activity. 

Cancer cells are, among other hallmarks, characterized by loss of proliferation inhibition. 

It is therefore not surprising that in many cancer types, deregulation, or mutations of 
SAMHD1 have been reported that allow cells to circumvent dNTP shortage to permit 
further DNA replication. Many chemotherapeutic drugs target uncontrolled cancer 
proliferation. For example, a large group of these compounds are analogues of 
physiological nucleosides leading to inhibition of DNA replication. SAMHD1 has the 
capacity to use many of these analogues as substrates and through its dNTPase activity, 

it dephosphorylates them and prevents their incorporation into the nascent DNA chain. 
This can lead to treatment resistance effectively inactivating chemotherapy. One of these 
analogues frequently used in regimens against haematological malignancies is cytarabine. 
However, its active metabolite ara-CTP is a substrate for SAMHD1, hence SAMHD1-
positive cancers might limit its cytotoxic efficacy. Therefore, SAMHD1 represents a 

promising therapeutic target, and its inhibition might enhance cytarabine efficacy. 

In the present thesis, we aimed to investigate whether there is an association between 
SAMHD1 expression and response to treatment with nucleoside analogues in two different 

haematological malignancies and whether SAMHD1 inhibition can improve current 

treatment protocols. 

In paper I, we performed a phenotypic screen of more than 33000 small molecules and 
discovered non-competitive inhibitors of ribonucleotide reductase to potentiate 

cytarabine in a SAMHD1-dependent manner. Inhibition of SAMHD1 activity towards ara-
CTP occurred in an indirect manner as RNR inhibition led to dNTP ratio imbalances 
affecting SAMHD1 substrate specificity. As dCTP outcompeted dATP as dominant AS2 
activator, SAMHD1 activity towards ara-CTP was gradually lost.  Functionally, the RNR 



inhibitors hydroxyurea or gemcitabine acted synergistically with cytarabine, and 

sensitized cells to treatment in a SAMHD1-dependent manner, both in cell lines and in 
patient derived AML blasts. Furthermore, combination treatment prolonged survival in 
murine AML models. As a result, with this study we discovered already clinically available 
drugs that could act synergistically with cytarabine and improve treatment outcome. 
Hence, SAMHD1 can act as a biomarker for AML patients and combining cytarabine with 

RNR inhibitors might overcome SAMHD1-mediated resistance.   

In paper II, we showed that another nucleoside analogue, nelarabine, that is specifically 
cytotoxic against malignant T-cells was both an allosteric activator and a substrate for 

SAMHD1, thus limiting its cytotoxic efficacy. SAMHD1 depletion led to treatment 
sensitization and addition of hydroxyurea in SAMHD1 expressing cells, inhibited SAMHD1 
catalytic activity and increased intracellular levels of the active metabolite ara-GTP. 
Finally, in T-ALL patient derived cells, addition of HU improved the efficacy of nelarabine 
treatment. All in all, we showed that SAMHD1 expression is a resistance factor in nelarabine 

treatment and inhibition with HU could have a potential clinical use. 

In paper III, based on our preclinical data we performed a small phase 1 clinical trial to 
validate the efficacy and safety of adding hydroxyurea to cytarabine-based treatment of 
AML patients. A total of nine patients were enrolled and they received a minimum of two 

cycles of treatment including daunorubicin, cytarabine and hydroxyurea. Analysis of 
blood mononuclear cells of patients showed that adding HU increased ara-CTP levels in 
vivo. All patients achieved complete remission (CR) without unexpected or unacceptable 
toxicities and MRD was negative in all eight patients that could be evaluated. Thus, CR of 
all patients combined with the pharmacokinetic studies, suggested that adding HU to 
alleviate the SAMHD1-based resistance barrier can be a rational strategy to improve 

treatment outcomes with cytarabine-based treatments,   

In paper IV, we investigated the correlation between SAMHD1 expression and its impact 
on induction and consolidation therapy of AML. In two independent patient cohorts (n=98 

and n=124), SAMHD1 protein expression levels were assessed via immunohistochemistry. 
SAMHD1 was differentially expressed in AML blasts but was not expressed in several 
physiological hematopoietic cells. Based on their SAMHD1 expression, samples were 
allocated to three different groups and although no effect of SAMHD1 expression was 
evident during induction therapy, patients with low SAMHD1 levels at diagnosis had 

significantly prolonged event-free and overall survival rates. Therefore, evaluation of 
SAMHD1 levels can serve as a prognostic marker and might stratify personalized 

treatment strategies including SAMHD1 inhibitors. 

In summary, the results of this thesis show that SAMHD1 can be used as a prognostic 

biomarker for AML treated with cytarabine-based regimens and might stratify patients 
for enhanced treatment protocols adding the SAMHD1 inhibitor hydroxyurea to 



 

 

cytarabine. SAMHD1 might have a similar role for the nucleoside analogue nelarabine in T-

lymphoblastic malignancies. Hence, SAMHD1 might constitute a universal resistance 
factor for a group of nucleoside analogues, irrespective of the specific oncological 
diagnosis. Targeting SAMHD1 thus promises to improve outcomes for a large group of 

cancers.  
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 1 

1 Introduction 
Even though in paediatric acute myeloid leukaemia (AML) and T-cell acute lymphoblastic 
leukaemia (T-ALL) the cure rates have improved during the past decades, not all patients 
are cured, and in particular relapsed or refractory disease remains a therapeutic 
challenge1,2. Although new techniques and treatment approaches have been developed, 

we believe that a better understanding of nucleoside metabolism could be beneficial for 
future targeted therapies and could improve prognosis, as drugs interfering with 

nucleotide metabolism are important for the treatment of leukaemias. 

Sterile alpha motif (SAM) and histidine (H)-aspartate (D) domain containing protein 1 

(SAMHD1) is an enzyme involved in nucleoside metabolism. It is the first enzyme described 
with a deoxynucleotide triphosphate triphosphohydrolase activity that can directly affect 
the concentration of intracellular deoxyribonucleoside triphosphate (dNTP) pools. 
Mutations of SAMHD1 have been reported in many cancer types, showing the important 
role in dNTP regulation and the ability to prevent uncontrollable cell proliferation. 

Furthermore, studies have shown that SAMHD1 can use as substrates members of a large 
group of antimetabolites used at cancer treatment. These are called nucleoside 
analogues (NAs), and SAMHD1 enzymatic activity makes them inactive, thus exhibiting 

treatment resistance. 

Through this thesis, a better overview of SAMHD1 functions will be discussed and how its 
ability to use NAs as substrates can alter treatment outcome. We will discuss the 
potential of SAMHD1 as a biomarker in different pathological conditions and how 
mutations and transcriptional and post-translational modifications effect its efficacy. 
Finally, druggable SAMHD1 inhibition and combinations with current treatment will be 

presented and the possibility of new targeted therapies will be described. 

 

 





 

 3 

2 Background 

2.1 Homeostasis of intracellular dNTP pools 

A very important feature for the proper function of all cells is the ability to maintain a 
balanced intracellular dNTP pool. Sustaining the levels of the dNTPs to physiological levels 
through homeostasis, depending on the cell’s needs and the cell cycle phase, is essential 
for the cell’s genomic integrity and the protection against uncontrollable proliferation3. 
Nonetheless, not only regulation of the total amount of dNTPs is important for genome 
stability, but also the ratios among the four canonical dNTPs. Imbalances among the dNTP 

levels have been associated with genetic syndromes and cancer development4. The dNTP 
pools are strictly regulated, and a plethora of different enzymes are involved for the 
generation of dNTPs. Since cancer cells proliferate faster and rely on dNTP abundance, 
targeting these enzymes is proven to be an important strategy for cancer treatment5,6. 
There are two distinct pathways for the generation of dNTPs and ample feedback 

mechanisms couple their activity to levels and balances in the dNTP pool. One is called 
“de novo pathway”, where the purine and pyrimidine rings are produced from precursor 
molecules, and the other one is called “salvage pathway”, where nucleosides are 
generated from pre-existing degraded deoxyribonucleic acid (DNA) molecules7. One of 
the enzymes that has been relatively recently discovered and plays an important role in 

dNTP pool integrity and stability is SAMHD1. 

2.2 Discovery of SAMHD1 
Human SAMHD1 protein was initially described as dendritic cell-derived interferon-

gamma (IFN-γ) induced protein (DCIP), which was the human homologue of mouse IFN-γ 
induced gene Mg118. SAMHD1 can be upregulated by tumour necrosis factor α (TNF-α) and 
mediate TNF-α proinflammatory responses in lung fibroblasts. Additionally, it was also 
reported this protein contains a SAM and an HD domain, after which the protein was 
named9. SAM domains are present in a large number of proteins that have a diversity of 

functions and they are involved in protein-protein interactions with other proteins that 
comprise either of a SAM or a SH2 domain10 and HD domains are involved among others 
in nucleic acid metabolism and have a phosphohydrolase activity11. Since that initial 
discovery many studies have scrutinized SAMHD1 expression, function and (de)regulation. 
It is expressed in all healthy human tissues, and the protein levels fluctuate from very high 

to very low depending on the tissue, largely due to the presence of SAMHD1-positive 
histiocytes/macrophages12. It should be noted that even though SAMHD1 was discovered 
as an interferon induced gene, the early follow up studies in human cells were not able to 
verify a change in SAMHD1 protein levels upon treatment with various cytokines and 
interferons in CD4+ T cells, monocyte-derived macrophages (MDMs) or monocyte-
derived dendritic cells (MDDCs)12,13. However, in a human monocytic cell line named 

Tohoku Hospital Paediatrics 1 (THP-1), permanent depletion of SAMHD1, displayed an 
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increased interferon type I (IFN-I) production followed by self-induction of interferon-

stimulated genes (ISGs), demonstrating the important role of SAMHD1 in controlling and 
restricting redundant responses of IFN-I14. 

SAMHD1 is located in the nucleus, and more specifically in the nucleoplasm and not the 
nucleolus and has been described as a typical non-shuttling nuclear protein15. The nuclear 
localization signal (NLS) is a 11KRPR14 motif in its N-terminus, and absence or mutations of 
this motif relocalise it to the cytoplasm16,17. This import occurs through binding of the 
aforementioned localization sequence to two proteins that belong to a family of nuclear 

import receptors, karyopherin α2 (KPNA2) and karyopherin β1 (KPNB1)18. It is of great 
importance to note though that some of the SAMHD1 functions that will be later described, 
appear to be more efficacious when SAMHD1 is experimentally shuttled in the cytoplasm19. 
The importance of the HD domain has been outlined for many functions of the protein 
including inhibition of viral infection, dNTP pool depletion, oligomerisation, and nucleic 

acid binding while the SAM domain appeared to be dispensable, even though full-length 

protein is required for the enzyme’s full efficacy20,21. 

SAMHD1 is comprised of 16 exons, however in some SAMHD1-expressing cell lines, 

different splice variants lacking some of these exons have been reported22,23. Albeit 
sharing some characteristics with the full-length protein, their functional properties were 
not clear as their half-life was shorter, and they did not show any enzymatic activity22. 
Most of the splice variants have been recorded both in healthy individuals and 
pathological conditions (including hepatocellular carcinoma-HCC and chronic 
lymphocytic leukaemia-CLL)23,24. Expression levels vary among the different tissues. Not 

only does SAMHD1 control the dNTP pools but also the relative proportions among the 
four individual dNTP pools. It is regulated in a cell cycle dependent manner and is mainly 
expressed outside of the S-phase of the cell cycle and accumulates in non-proliferating 
cells25. Silencing SAMHD1 in proliferating human fibroblasts affects cell cycle progression 
by disrupting the normal G1/S phase shift, due to expanded dNTP pools25. SAMHD1 

regulates cell proliferation most probably by pausing cell cycle progression through 
accumulation of cells in the G2/M phase. Silencing of SAMHD1 also revealed that SAMHD1 
knock out (KO) cells are less susceptible to apoptosis26. However, in immortalized cell lines 
in which SAMHD1 has been knocked out, differences in proliferation rates were not 

observed, as most probably cells adapt to the absence of SAMHD1. 

2.3 Initial connection to Aicardi-Goutières syndrome 

Mutations of SAMHD1 gene were identified in 13% - 17% of patients with Aicardi-Goutières 
syndrome (AGS), a severe neurodegenerative disorder that mimics congenital viral 
infection. Almost all SAMHD1 mutants described in AGS display mislocalisation of the 
protein from the nucleus to the cytoplasm and loss of function27. SAMHD1 was implicated 

in immune functions, as well as cerebral vasculopathies and strokes, with the latter being 
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debated whether it should be considered a manifestation of AGS or a separate entity of 

an artery disease28-35. A broad range of severity regarding neurological problems can arise 
in patients with AGS. In a cohort of 100 children, 12% of the patients carried a SAMHD1 
mutation but compared to the different groups clustered on the basis of different genes 
that were mutated, SAMHD1-related patients presented mild to intermediate neurological 
impairment, and they could develop higher neurological abilities, including speaking and 

moving36.  

2.4 SAMHD1 against viral infections 

2.4.1 HIV-1 infection is restricted by SAMHD1 activity, and the role of Vpx 

Amongst the first characterisations of SAMHD1 functions was its ability to restrict Human 
Immunodeficiency Virus type 1 (HIV-1) infections, although more retroviruses have been 

shown to be affected by SAMHD1 activity in later studies20,37. Two other retroviruses; 
Simian Immunodeficiency Virus (SIV) and Human Immunodeficiency Virus Type 2 (HIV-2) 
retained the ability to infect dendritic cells (DCs) thanks to expression of Viral protein X 
(Vpx). Vpx is not expressed by HIV-1 and possesses an integral role for promoting viral 
infection in DCs. Moreover, due to its cell type preference and specificity, it was evident 

that the mode of action for Vpx was not based on a common viral factor transferred by 
infection, but instead on a cell specific component38. Another fact pointing towards that 
direction was that Vpx could counteract the proteasome-dependent restriction in viral 
infections and bind DCAF1 protein [damage specific DNA binding protein 1 (DDB1) and 
cullin 4 (CUL4) associated factor 1] to an ubiquitin ligase complex called cullin-RING 

ubiquitin ligase 4 (CRL4) E3, which targets proteins for degradation39-42. 

Independent studies finally discovered that the protein responsible for the 
ineffectiveness of HIV-1 to infect DCs as well as resting CD4+ cells was SAMHD143. SAMHD1 
is highly expressed in all hematopoietic cells that HIV-1 targets for infection and acts as a 

defence barrier against that12. Through its C-terminal region with enzymatic hydrolytic 
activity, SAMHD1 lowers the intracellular dNTP pool levels to such an extent, that reverse 
transcription required for viral proliferation cannot be sustained44. However, as shown in 
HeLa (but not THP-1) cells, experimentally induced excess levels of dNTPs can saturate 
SAMHD1 activity26,45. There is a correlation between HIV-1 infection efficacy and SAMHD1 

expression within different subpopulations of CD4+ T cells46. Using an in vitro system 
where infected T-lymphocytes and MDDCs were co-cultured, high SAMHD1 protein levels 
in MDDCs prevented HIV-1 cell-to-cell infection47. Vpx can counteract SAMHD1 resistance 
through direct binding to it and then via ubiquitination, targeting it for proteasomal 
degradation48-50. Supporting this finding, Vpx treatment in MDM cells accelerated the 

proviral DNA synthesis within 8 hours after treatment51.  



 

6 

2.4.2 SAMHD1 in other viral infections 

Another viral defence mechanism that SAMHD1 is involved in, is against human T-cell 
lymphotropic virus type 1 (HTLV-1). Monocytes infected by HTVL-1 can be directed to 
apoptosis indirectly mediated by SAMHD1. Depletion of the dNTP pools causes an 
increase in reverse transcription intermediates (RTIs). This viral genetic material in turn 
leads to activation of a protein named STING (stimulator of interferon genes). STING 

interacts with the RTIs, binds to them, and triggers an apoptotic cascade52. 

In THP-1 cell line and human primary macrophages, SAMHD1 negatively controls the innate 
immune response to viral infections by suppressing two crucial signalling pathways, the 
nuclear factor kappa beta (NF-κB) and IFN-I pathways by interacting with various proteins 

involved in them53. Experiments with monocytic non-dividing cell lines, showed that the 
necessary function of SAMHD1 for this ability is the dNTPase hydrolytic activity and not 
nuclear localization. This contradicts earlier results in proliferating cells that suggested 
that dNTPase activity was dispensable for the inhibition of the innate immune response 

pathway53,54. 

2.5 Proteasomal degradation of SAMHD1 

2.5.1 Vpx targets SAMHD1 to the proteasome 

Even though binding occurs between the C-terminal region of SAMHD1 and the N-terminal 
region of Vpx, more SAMHD1 regions are required for its efficient degradation55,56. More 
specifically the presence of residue M626 is fundamental for this interaction, as well as 
other residues in this region are of importance, including R617, L620 and F621. Vpx initially 

binds to DCAF1, and this complex (DCAF1-Vpx) forms a new protein-protein interface. 
Residues from both DCAF1 and Vpx bind to the C-terminal region of SAMHD1, which will 
direct SAMHD1 for ubiquitination (figure 1). This interaction among Vpx with DCAF1 and 
SAMHD1 is necessary but not sufficient for its degradation42,57,58. Of note, Vpx both 
increases the association rate with the complex and makes the binding between SAMHD1 

and the complex stronger, which could potentially be an important step regarding 
SAMHD1 polyubiquitination by CRL4 E3 ubiquitin ligase59. Human cells express two CUL4 
proteins, named CUL4A and CUL4B and complexes that include either of the two proteins, 
have been shown to initiate SAMHD1 degradation60. Vpx-dependent degradation of 
SAMHD1 relies on a procedure called neddylation in CUL4A, one of the scaffold proteins. 

Indirect destabilization and disruption of the complex by inhibiting neural precursor cell 
expressed developmentally downregulated protein 8 (NEDD8), the responsible protein 

for neddylation, prevents SAMHD1 degradation, even in the presence of Vpx61,62. 
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Since the Vpx binding site on SAMHD1 is adjacent to the tetramerization and catalytic 

sites, recruitment of SAMHD1 to the complex renders it catalytically inactive and 
promotes homotetramer destabilization and subsequent disassembly to dimers and 
monomers57,59. Different studies yielded conflicting results regarding SAMHD1 localization 
upon infection. SAMHD1 is targeted by Vpx in the nucleus and degradation occurs in the 
cytoplasm as it is transported there55,63. However, despite that Vpx-mediated 

ubiquitination of SAMHD1 occurs in the cytoplasm, the ubiquitinated protein is less 
efficiently degraded18, so it should be hypothesised that even though SAMHD1 could be 
transferred at the cytoplasm for degradation, assembly of the complex still occurs in the 
nucleus. Finally, RNA interference (RNAi) for KPNA2 and KPNB1 nuclear transporters in 
MDM cells, resulted in SAMHD1 cytoplasmic localization which did not impact the efficacy 

of inhibiting HIV-1 infection18. 

2.5.2 Non-Vpx mediated degradation of SAMHD1 

Apart from Vpx, other proteins expressed by the cells have been discovered to guide 
SAMHD1 for proteasomal degradation. This can occur either as a response to an event, for 
example an infection, or as a natural degrading process. In both macrophages and 
hematopoietic cells, cyclin L2, similar to the role of viral Vpx can bind to both DCAF1 and 

SAMHD1 and lead the latter for proteasomal degradation64. Upon enterovirus 71 (EV71) 
infection, it was discovered that tripartite motif protein 21 (TRIM21), an E3 ubiquitin ligase, 
can bind to SAMHD1 at K622 residue and induce ubiquitination and proteasomal 

degradation65. 

Another molecule that is associated with SAMHD1 activity and degradation is tetraspanin 
CD81. This discovery occurred through its role against HIV-1 infection. Among all the 
different members of the tetraspanin family, SAMHD1 binds only to CD81 and not to any 
other member. What is more interesting is that since during the cell’s resting conditions 
SAMHD1 and CD81 are localized in different compartments, this binding should be a 

transient interaction. Indeed, CD81 was shown to be essential for proteasomal 
degradation of SAMHD1 which in turn creates an increase in dNTP concentrations. Deletion 

Figure 1. Vpx-dependent SAMHD1 degradation.  Vpx initially binds to DCAF1 and then this complex binds 
to SAMHD1, leading to ubiquitination of SAMHD1 by the CRL4 E3 ligase and subsequent proteasomal 
degradation of SAMHD1 (Image created with Biorender) 
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of CD81, showed that SAMHD1 is protected from proteasomal degradation in the 

cytoplasm by accumulation in early endosomes66. 

Apart from directing SAMHD1 to degradation, other proteins have been reported to 
function in the opposite direction. An indirect rescuing mechanism was described in AML 

cells where non-POU domain-containing octamer-binding (NONO) protein can bind to, 
and prevent SAMHD1 from ubiquitination by hijacking the DDB1-DCAF1 E3 mediated 
proteasomal degradation67. A direct deubiquitination of SAMHD1 happens via direct 
binding of ubiquitin specific protease 7 (USP7) that belongs to the deubiquitination 
enzyme (DUB) family. USP7 binds at SAMHD1 and by removing the ubiquitin group from 

residue K421 it rescues it from proteasomal degradation68.  

2.6 Structure of SAMHD1 

2.6.1 SAMHD1 structure and activation 

The structure of SAMHD1 is complex and tightly regulated. Two monomers bind together 
to create a homodimer and then two homodimers bind together to create the 
catalytically active SAMHD1. Homotetramer SAMHD1 can hydrolyse dNTPs into 

deoxynucleosides (dNs) and inorganic triphosphate (PPPi) in a single reaction via a bi-
metallic Fe-Mg centre. Absence of magnesium metal ions, destabilize the structure of the 
enzyme, thus impairing the interactions between the two homodimers69. This hydrolytic 
reaction can only be initiated in the presence of guanosine triphosphate (GTP) or 
deoxyguanosine triphosphate (dGTP)44,70-73. It should be noted as it will be later described, 

that dGTP but not GTP can be used as a substrate by the enzyme. Since intracellular levels 
of GTP are almost 1000 times higher than dGTP, GTP is considered the main activator of 
SAMHD172. In the presence of all four canonical dNTPs, they can all be hydrolysed at a 

similar rate71.  

2.6.2 SAMHD1 is an intracellular dNTP pool regulator 

Since the discovery that SAMHD1 contains an HD domain, it was speculated that this 
protein would act as a phosphohydrolase11. This hypothesis was ultimately confirmed by 
individual studies, recognizing SAMHD1 as a highly specific metal-dependent dNTPase 

(figure 2). It was also shown that murine SAMHD1 has the same hydrolytic and retroviral 
inhibition capacity as its human orthologue74. The dNTPase capability was also in 
accordance with the fact that SAMHD1 can restrict DNA proliferation of HIV-1 at the 
reverse transcription stage in DCs, resting CD4+ cells and MDMs, which correlates with 
high SAMHD1 protein levels and diminished intracellular dNTP pools44,48,70,75. Treating MDM 

cells with Vpx resulted in a rapid decrease of SAMHD1 protein levels within 4 hours and an 
inverse increase of intracellular dNTP pool levels at the same time51. Furthermore, 
treatment of DCs with Vpx increased all four individual dNTPs to a different extent for 
each species, and the total intracellular dNTP pool levels were enlarged within 24 hours 
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by 20-fold13. This agrees with other studies where Vpx treatment in MDM cells increased 

the dNTP pool between 5- and 33-fold, and in activated CD4+ cells between 2.5- and 7.8-
fold depending on the dNTP type44,76. In longer observations, that were conducted 14 days 
post-Vpx treatment, SAMHD1 levels still remained low, at 30% expression compared to 
untreated MDMs. Interestingly though, as early as 5 days after treatment, dNTP levels 
decreased to pre-treatment levels, even with hardly detectable SAMHD1 protein, 

highlighting the efficacy of this enzyme in minimal levels and maybe the possibility that 

other enzymes might be involved in adjusting dNTP values to physiological levels77. 

Furthermore, in a xenograft immune deficient mouse model, with the use of the 

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats / CRISPR 
associated protein 9) technique, THP-1 cells either expressing or lacking SAMHD1 were 
injected intravenously. Remarkably, 28 days post cell injection, no difference was 
observed in tumour size between the two groups78. Mice injected with SAMHD1 KO cells, 
displayed longer survival, which argues that SAMHD1 expression affects survival in vivo, 
however, subcutaneous injections of the cells did not show any difference in survival rates 

and mice injected with KO cells presented smaller tumour formation78-80. 

2.6.3 SAMHD1 is a stable homotetramer 

Structural studies initially presented that SAMHD1 is a homodimer in bacteria70. This 
discovery raised the question whether this is a shared feature in the mammalian cells. 
Many studies were performed, and different structures were suggested until the 
tetrameric form of SAMHD1 was verified. It was initially revealed to be forming oligomers 
that were described as complexes of higher order and that the responsible domain for 

this feature was the HD domain20,81. Eventually it was discovered that SAMHD1 is a 
homotetramer, with strong interactions among all four individual monomers82. Binding of 

Figure 2. SAMHD1 regulation of the dNTP pool. Deoxynucleosides can be phosphorylated in three 
sequential steps and form the dNTPs that can be incorporated in the elongating DNA strand. SAMHD1 can 
regulate the intracellular dNTP pool by hydrolysing the excess dNTPs into dNs and inorganic triphosphate 
in a single step (Image created with Biorender) 



 

10 

the individual monomers into this structural formation causes conformational changes in 

the enzyme and renders it a catalytically active dNTP triphosphohydrolase (figure 3)82,83. 
According to the very low dGTP dissociation rate from the allosteric site, it is also 

indicated that this structure has a very stable tertiary form84. 

In the absence of (d)GTP, SAMHD1 exists in an equilibrium between catalytically inactive 
monomers and dimers. It binds strongly with (d)GTP at allosteric site 1 (AS1) and creates 
a homodimer characterized as a “meso-stable structural entity”, and the ability to form 
tetramers mainly depends on the availability of deoxyadenosine triphosphate (dATP)84,85. 
Except for the phosphatase capacity, SAMHD1 has been described to have more 

functional abilities. Homotetramer disruption due to mutations in critical sites and 
residues diminished the hydrolytic activity, but the (largely questioned) nuclease activity, 
the ability to bind to RNA and the ability to block viral infection remained operational86,87. 

Vpx-driven degradation of SAMHD1 is independent of its oligomeric state86. 

Before the discovery of the two allosteric sites in SAMHD1, it was believed that SAMHD1 
required two dGTP molecules in its ASs to become active and it was speculated that one 
of the two could be replaced by dATP instead82. However, it was then discovered that 
SAMHD1 is a homotetramer that has two allosteric sites [allosteric site 1 (AS1) and allosteric 
site 2 (AS2)]. AS1 is guanine specific and can bind either GTP or dGTP but AS2 is dNTP 

specific and can bind any kind of dNTP but not nucleoside triphosphates (NTPs). In the 
absence of GTP/dGTP, the enzyme is in an equilibrium of inactive monomers and dimers. 
Binding of GTP/dGTP to AS1 promotes the homodimer formation, followed by a 
subsequent binding of any dNTP at AS2 that promotes the binding of two dimers to a 
homotetramer formation, which binds to any dNTP as a substrate and executes dNTP 

hydrolysis. 

SAMHD1 can bind to all four canonical dNTPs but at different rates. Based on a biochemical 
assay, when GTP is bound on AS1, the combination of GTP/dATP, compared to the other 
dNTPs is the one that created the optimal binding conditions for the enzyme, and it 

created a more active enzyme. On the other hand, when dCTP is bound at AS2, the formed 
GTP/dCTP tetramer is inefficient in hydrolysing dCTP at the catalytic site (CS) at low dCTP 
concentrations. These preferences are due to changes in structural configurations that 
are induced by nucleotide binding. When the tetramer is formed, any one dNTP can bind 
the catalytic site (CS) for hydrolysis. In CS, dCTP and deoxythymidine triphosphate (dTTP) 

appear to be favoured, with dATP presenting the lowest affinity. Furthermore, dCTP has 
the highest binding affinity at AS2 and the tetramers that are induced by dCTP binding 
have the longest lifetime83,88-92. Even after the dNTP pool is depleted, SAMHD1 remains 
active for a long period of time, pointing out the longevity and efficacy of a very stable 
enzyme, the lifetime of which is subject to the dNTP bound at AS288,93. As an example of 
this, as stated earlier, the GTP/dATP induced tetramers are the most stable and although 
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more than 90% of the total dATPs are hydrolysed within the first 5 minutes after the 

enzyme's activation, SAMHD1 can remain active for 3 hours94. 

SAMHD1 can be phosphorylated at residue T592. Phospho-SAMHD1 still has the capacity 
to hydrolyse dNTPs, but it is comparably less stable. When dNTP levels are high, both 

homotetramers exhibit effective hydrolytic activity. Contrary to that, in the presence of 
low dNTPs, only the unphosphorylated SAMHD1 can cleave dNTPs into dNs and PPPi. This 
occurs due to the conformational plasticity of the enzyme and the effect this phospho-
group has on the interactions of the individual monomer and homodimer units among 
each other. In more detail, the impact created by this phosphorylated amino acid makes 

phosphorylated enzymes not able to retain a dNTP bound at AS2 comparably long as the 
unphosphorylated ones94. With the use of SAMHD1 variants carrying phosphomimetic 
mutations at the T592 residue, it became evident that even though the kinetics of the 
homotetramer formation are influenced by the phosphorylation of this threonine, the 
overall effect is not relatively strong to connect the retroviral restriction capacity with the 

enzyme’s ability of tetramerization or dNTP hydrolysis95. 

2.6.4 Interaction with mitochondrial nucleoside metabolism 

In the salvage pathway of dNTP synthesis, phosphorylation of dNs to deoxyribonucleoside 
monophosphates (dNMPs) can be catalysed inside the mitochondria by thymidine kinase 
2 (TK2) and deoxyguanosine kinase (dGK). Moreover, hydrolase activity of SAMHD1 has 
also been associated with mitochondrial dNTP metabolism. When deoxyguanosine (dG) 
is cleaved from dGTP, it enters the mitochondria through nucleoside transporters and 

gets phosphorylated by dGK96. In normal cells unphysiological accumulation of dNTPs 
results in a toxic intracellular environment leading to cell death. More precisely, dG 

Figure 3. SAMHD1 is a homotetramer. Each SAMHD1 monomer can bind to three different (d)NTPs and 
through sequential binding can form a homotetramer. A) AS1 can be occupied by either GTP or dGTP, and 
then these monomers can bind to one dimer B) Any dNTP can bind to AS2 and the two dimers can bind 
together into forming the catalytically active homotetramer. C) dNTPs can bind to the CS of SAMHD1 and 
through the dNTPase activity, they can be cleaved into dNs and PPPi (Image created with Biorender) 
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(following phosphorylation to dGTP) is the species that confers highest toxicity at the 

lowest levels compared to the other dNTPs. So, presence of SAMHD1 prevents the 

accumulation of excess dNTPs and rescues cells from intrinsic apoptosis97. 

2.7 SAMHD1 binds to nucleic acids 

One of SAMHD1 functions which remains controversial to date, is the ability to bind on 
nucleic acids. Studies have reported that SAMHD1 has a stronger binding preference to 
RNA over DNA, however, there has been contradictory evidence on which species of 
genetic material SAMHD1 can bind to27,81. Some of the studies showed that interaction and 
complex formation strictly occurs with single stranded RNA (ssRNA) and single stranded 
DNA (ssDNA) but not the double stranded ones (dsRNA and dsDNA). Besides, through 

analysis of SAMHD1 protein structures with mutated residues known for their importance 
in nucleic acid binding, it was suggested that binding to single stranded nucleic acids is 
important for oligomerisation81. Contrary to that, another group argued that binding on 
dsRNA could inhibit the enzyme’s hydrolytic activity20 and this inhibitory function was 
later supported by a another study showing that ssDNA binds on the interface of the 

dimer-dimer complex, thus preventing the enzyme to reach its final oligomer form98. 
However, other studies presented contradictory results as the presence of single 
stranded nucleic acids, did not affect GTP/dGTP binding at AS1 thus its hydrolytic activity 
remained unchanged72. Another study ultimately claimed SAMHD1 to be a ribonuclease 
that binds and degrades ssRNA and speculated that the main reason for all the 

aforementioned conflicting findings could result from different assay conditions87. 

SAMHD1 binds directly to the nucleic acids and the HD domain is likely more important 
for this feature while SAM domain appears to be dispensable. Furthermore, other proteins 
presenting nucleic acid binding properties, could also demonstrate nuclease activity, but 

this feature could not be verified by two independent experimental approaches27,70. A 
study of Beloglazova et al, described SAMHD1 as a metal dependent 3´ 5´exonuclease, 
that cleaves one nucleotide at a time, with activity against ssDNA and ssRNA21. Addition 
of dGTP in vitro would inhibit the nuclease capacity of the enzyme, claiming that the 
dNTPase and exonuclease enzymatic processes, either function at the same protein site 
or dGTP binding interferes with the RNAse activity and it is the RNAse activity that 

regulates the HIV-1 infection restriction21,87. 

The nuclease ability of SAMHD1 was finally acknowledged as contamination from the 
techniques that were used, and supporting this, through using three sequential 

chromatography steps, the detected DNAse activity decreased by 30-fold, making it 
almost undetectable99. However, it was later argued once more by another group that 
using different buffers impacts the experimental outcome considerably. This group 
argued that SAMHD1 is a phospholytic and not hydrolytic RNAse, with preference for 
ssRNA and high affinity to adenine and/or uracil100. SAMHD1 RNAse activity was finally 



 

 13 

reported again in a study describing that SAMHD1 has a ssRNA 3´exonuclease activity, lack 

of which creates RNA accumulation and facilitates into an immune response101. 

The most extensively described SAMHD1 phosphorylated residue is T592, and it is 
involved in many of its abilities, including highly affecting its binding efficacy in ssDNA. It 

appears that ssDNA binding, (d)GTP binding and polymerization, are mutually competitive 
functions. Binding of ssDNA can occur in monomers, regardless of their phosphorylated 
status, but it is easier to dissociate if not phosphorylated. Probably, since the 
phosphorylated SAMHD1 polymers are not as stable as their unphosphorylated 
counterparts, ssDNA can bind easier at the protein. So, even at the presence of (d)GTP 

that might bind at AS1, the rest of the ssDNA will still remain attached at the dimer-dimer 

interface102. 

2.8 SAMHD1 role in DNA damage repair 

Fibroblasts derived from AGS patients carrying mutated SAMHD1, showed deregulation of 
dNTP pools, which eventually caused stress response that manifested with reduced 

proliferation rates and cell cycle progression arrest. This was one way to illustrate the 
importance of SAMHD1 activity in maintaining genome stability103. But besides controlling 
dNTPs to their physiological levels for proper cellular functions, SAMHD1 has also been 
discovered to play an important role in preventing cell death. In one study HeLa cells were 
treated with etoposide or camptothecin, two compounds that induce DNA double strand 

breaks (DSB). Whilst an increased rate of cell death was detected, SAMHD1 was found to 
be recruited to the site of damage24. SAMHD1 localization at the DSB sites happened upon 
damage. This required deacetylation at K354 residue by sirtuin 1 (SIRT1). This deacetylated 
SAMHD1 protein promoted homologous recombination (HR) and DSB repair 
predominantly in the S phase of the cell cycle through DNA end resection. Even though 

this acetylated residue is in proximity to AS2, the acetylation status did not affect either 

SAMHD1 dNTPase capacity or its ability to form homotetramers.  

However, SAMHD1 acts merely as a scaffold for other nucleases and appears to have no 
nuclease activity by itself in this setting. SAMHD1 through the HD region of the protein, 

recruits the nuclease CtBP – interacting protein (CtIP), and the complex moves to DSB 
sites to enable DNA end resection and HR, thus promoting genome stability. This attribute 
is universal for all cell types, therefore targeting SAMHD1 with an inhibitor to prevent CtIP 
recruitment, in combination with a DSB inducing agent, might be a good strategy in 
promoting cell death through DNA damage104-106. Furthermore, USP7, a DUB binding to 

SAMHD1 was discovered recently. This interaction causes SAMHD1 deubiquitination and 
instead of being degraded, it is stabilized and relocated to DSB sites. Then upon binding 
with CtIP it facilitates reactive oxygen species (ROS) - induced DSB damage repair, thus 
giving SAMHD1 a tumour promoting role, highlighting the importance of inhibiting SAMHD1, 

and preventing DNA repair even more68. 
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Other studies showed that SAMHD1-related cell proliferation is not only regulated by 

dNTP pool management, but also during S-phase. SAMHD1 is located at the same loci as 
the DNA replication sites and contributes to preventing ssDNA release from stalled forks. 
This is initiated by SAMHD1 phosphorylation by the cell cycle dependent kinases at T592 
residue as will be described later. Then, phosphorylated SAMHD1 promotes fork 
progression by resecting and repairing DSB via direct interaction and stimulation of either 

CtIP or meiotic recombination 11 (MRE11) which has exonuclease activity. On top of that, 
through this mechanism SAMHD1 activates the ataxia telangiectasia and Rad3 related 
protein (ATR)-checkpoint kinase 1 (CHK1) checkpoint and therefore contributes to 

avoiding genomic instability107. 

Apart from HR, SAMHD1 was also revealed to participate in non-homologous end joining 
(NHEJ) on DNA breaks through regulation of dNTP pools by keeping them at low levels. 
This role was independent of the scaffolding attribute shown at HR DSB repairing. 
Mutations at key residues or absence of SAMHD1 caused duplications and insertions at 

DNA breakpoint junctions, thus producing longer intersections108. 

As mentioned earlier, a good strategy against rapidly proliferating cancer cells could be 
the combination of DNA damage inducing agents and SAMHD1 inhibitors. However, many 
cancer types develop resistance in poly(ADP-ribose) polymerase (PARP) inhibitors. PARP 

are enzymes with an essential role in DNA repair and inhibitors against their activity are 
used for cancer treatment. In one study, from one glioblastoma cell line, three resistant 
ones for three different PARP inhibitors were generated. All PARP-resistant cell lines 
presented elevated SAMHD1 protein levels and cytarabine (ara-C) resistance. This trait 
occurred as a response to increased DNA damage109. Ara-C is a NA used for treatment 
against many cancer types and as it will be described later, there is a direct reverse 

correlation between its efficacy and SAMHD1 protein levels. To sum up, increased DNA 
damage repair could increase SAMHD1 expression which eventually leads to diminished 

ara-C effectiveness.  

2.9 SAMHD1-induced apoptosis 

Contrary to the propensity of SAMHD1 to rescue cells by assisting in DNA damage repair, 
SAMHD1 expression can lead cells to apoptosis. When expressing low levels of exogenous 
SAMHD1 in HuT-78, a cutaneous T-cell lymphoma (CTCL) CD4+ cell line derived from a 
Sézary syndrome (SS) patient, cells presented cell growth inhibition and proliferation 
arrest. Additionally, although no immediate effect in cell cycle progression was displayed, 

an increased number of cells was detected in the sub-G1 phase. This subjected cells to 
spontaneous apoptosis via the extrinsic pathway, in a FasL-induced manner110. In a 
different cancer setting, overexpression of SAMHD1 in an adenocarcinoma cell line, 
presented similar results with reduced cell proliferation rates and induced apoptosis. Cell 
growth delay was also showed in vivo confirming SAMHD1 activity as a tumour 
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suppressor111. This could be possibly explained via the hydrolytic capacity of SAMHD1, 

where it depletes dNTP levels to minimum levels that are not adequate for the cells to 

duplicate. 

Using two different cell line models, THP-1 and Human embryonic kidney 293T (HEK293T), 

it became evident that SAMHD1 degradation in cycling cells, is very strictly regulated and 
it does not happen spontaneously. This controlled degradation was confirmed in three 

different pathways: the lysosomal, autophagosomal and proteasomal112. 

2.10 SAMHD1 regulation 

2.10.1 Protein modifications 

There have been many different mechanisms reported regarding SAMHD1 regulation, 
acting either at a transcriptional or a post-translational stage. One of these is methylation 
of the single CpG island in the SAMHD1 gene promoter region, which leads to 
transcriptional repression. Compared to resting and differentiated CD4+ T-lymphocytes, 
naïve CD4+ T-cells require high levels of dNTPs for their proliferation, which is in turn 

achieved by downregulation SAMHD1 activity through promoter methylation113. 

Moreover, acetylation of different residues has been reported to regulate different 
SAMHD1 activities. Acetylation of the highly conserved residue K405 by the self-
acetylated protein arrest defective protein 1 (ARD1, otherwise named as N-alpha-

acetyltransferase 10, NAA10) might enhance SAMHD1 hydrolytic activity. This acetylation 
switch probably regulates intracellular dNTP pool quantity by decreasing it to the desired 
levels for promoting the G1/S phase transition114. Another deacetylation mechanism of 
SAMHD1 takes place in residue K354 by SIRT1 and plays a pivotal role in DSB repair and 

HR106. 

At least three cysteine residues of SAMHD1, with the most important being C522, have 
been shown to be oxidized and act as an oxidation switch. Oxidation inhibits the formation 
of the tetramer even in the presence of dNTPs. But on the other hand, if dNTPs are already 
bound to the enzyme, oxidation is prevented. Another important feature of the oxidated 

SAMHD1 protein is the increase in the binding affinity to ssDNA by approximately 40 
times, which could implicate the significance of oxidated SAMHD1 for DSB repair. While 
oxidated SAMHD1 is localized in the cytoplasm, it is yet still unclear if this transportation 
from the nucleus to the cytoplasm is a result or a prerequisite of oxidation. Oxidation at 
C522 occurs in a cell cycle dependent manner and through one cell cycle it can be 

oxidized two times, once during S-phase and once during G2/M phase. Both of which times 

it is correlated to DNA repair, as replication fork repair and HR are active then115-117. 

Most modifications of SAMHD1 seem to be dependent on the cell cycle status. However, 
one post-translational modification of SAMHD1 that is not restricted by the proliferating 
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and/or differentiated stage of the cell can occur and that is SUMOylation (SUMO: small 

ubiquitin-like molecules). SAMHD1 can be SUMOylated at K595, a specific residue that is 
part of the same motif that is phosphorylated by cell cycle dependent kinases. This event, 
similar to T592 phosphorylation does not appear to influence the enzymatic dNTPase 
activity. However, even though phosphorylation and SUMOylation are two events that 
arise independently, and they do not regulate each other, the antiviral efficacy of SAMHD1 

seems to be under modulatory control of both modification switches118. 

2.10.2 Regulation by microRNAs 

Approximately, one third of the human genome has been predicted to be under regulation 
of micro-RNAs (miRNAs)119. One of them, microRNA 181 (miR-181), is an important factor 
regarding development, differentiation, and proliferation of various types of 
hematopoietic cells. It controls SAMHD1 post-transcriptionally through direct binding on 
the 3´-untranslated region (3´-UTR) and negatively regulates SAMHD1 protein 
expression120. Binding sites only at 3´-UTR but not the 5´-UTR or the promoter region have 

been associated with miRNA regulation. Likewise, in astrocytes and microglia of the 
central nervous system (CNS), numerous miRNAs with potential binding sites on SAMHD1 
have been identified, out of which miR-155 and miR-181a (more efficiently) can 
downregulate SAMHD1 expression121. Interferons IFN-α and IFN-γ, down-regulate miR-181a 
in both microglia and astrocytes (to a higher extent in astrocytes, probably due to higher 

baseline expression levels). Treatment with these interferons did not alter either total or 
phosphorylated SAMHD1 protein levels, but increased mRNA levels122. Another feature of 
IFN-α and IFN-γ is to activate the Janus kinase (JAK) / signal transducer and activator of 
transcription protein (STAT) pathway123. Treating cells with Ruxolitinib, a JAK1/2 inhibitor, 
followed by IFN-γ treatment, induced miR-181a expression thus decreasing SAMHD1 

expression122. 

Downregulation of SAMHD1 can also occur in CD4+ primary T-cells, an effect that can be 
reversed with the use of miR-181 inhibitors124. In primary human monocytes, both type I 
and type II IFNs can induce downregulation of miRNAs, which evidently leads to an 

increase in SAMHD1 expression levels. This regulation occurs by miR-181, miR-30 and to a 
lesser extent by miR-155. Also, this IFN-induced regulation is cell type specific, and does 

not occur in MDDCs and MDMs, and the limiting step is the lower expression of miRNAs125. 

2.11 Association with other proteins and signalling pathways 

Ribonucleotide reductase (RNR) and SAMHD1 have a very clear opposite expression 
profile within the same cells. RNR proteins are expressed in the cytoplasm, and they are 
abundant within the S-phase of the cell cycle, whereas SAMHD1 is expressed in the 
nucleus and has its lowest expression levels during S-phase. Analogous to SAMHD1 it is 
regulated by the presence of NTPs and dNTPs, and it forms a heterodimeric tetramer that 
comprises of two different subunits named R1 and R2. Contrary to the formation of the 
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most stable SAMHD1 tetramers in the presence of dATP, binding of dATP at the allosteric 

regulatory sites of RNR have an inhibitory effect. This illustrates that the enzymatic 
capacity of both enzymes can be regulated by the same molecule, thus a strict regulatory 
mechanism governs the dNTP formation and degradation126,127.  Treatment of MDM cells 
with Vpx, followed by gemcitabine (dF-dC) treatment, an RNR inhibitor, identified the 

contribution of RNR to dNTP pool expansion in the absence of SAMHD177.  

In the monocytic THP-1 cell line, generation of a SAMHD1 deficient clone exhibited 
elevated levels of interferon type I. In addition to that, genes associated with the immune 
system, and cytokine or interferon signalling were also upregulated. Upregulation of 

interferons occurred via the phosphoinositide 3-kinase (PI3K) / protein kinase B (AKT, also 
known as AKT serine-threonine kinase) / interferon regulatory factor 3 (IRF3) signalling 
pathway, however, this characteristic appeared to be cell type specific128. In the same cell 
line, SAMHD1 can also interfere with a different downstream target of the PI3K/AKT 
pathway, p27, and affect cell proliferation. THP-1 SAMHD1 KO clones presented elevated 
phosphorylated AKT levels and downregulated phosphatase and tensin homolog (PTEN) 

expression, reasoning that SAMHD1 suppresses PI3K signalling pathway. Moreover, this 
increased pathway signalling in the KO clones demonstrated p27 mislocalisation. This 
protein acts as a cyclin-dependent kinase (CDK) inhibitor and arrests cell cycle at G1, so 
accumulation of p27 in the cytoplasm instead of the nucleus, leads to increased cell 
proliferation rates79. Knocking out SAMHD1 in ovarian cancer (OC) cell lines also reflected 

in an increase of proinflammatory cytokines and an upregulation in IFN – induced 
signalling129. Except for its function in viral infections, STING association with SAMHD1 has 
also been recorded in a cancer setting. In a non-small cell lung cancer (NSCLC) cell line, it 
was shown that SAMHD1 suppresses STING expression as a downstream target, and it can 
regulate and restrict lung adenocarcinoma (LAC) cancer progression. On the other hand, 

overexpression of STING, had a direct effect on SAMHD1-regulated cancer inhibition and 
instead facilitated cell growth111. Supporting that, depleting SAMHD1 expression in LAC cell 
lines, induced ssDNA fragment accumulation, leading to upregulation of IFN-γ - inducible 
protein 16 (IFI16) and subsequent STING - IFN-I pathway activation for an immune 

response130. 

In gastric cancer (GC) cell lines, SAMHD1 KO induced cell proliferation and clone formation 
while on the other hand, overexpression of SAMHD1 had the exact opposite effects. 
Effects that were also presented in vivo in a xenograft mouse model. No differences were 
observed in total mouse body weight however, subcutaneously injected SAMHD1-

deficient cells developed tumours bigger in size compared to the SAMHD1-proficient 
ones. Downregulation of the proliferation rate occurs though binding of transcription 
factor Krüppel-like factor 4 (KLF4) at the SAMHD1 promoter. SAMHD1 in turn suppresses 
proliferation by inhibiting the mitogen - activated protein kinase (MAPK) p38 signalling 
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pathway via direct regulation of MAP2K6. But because in GC KLF4 is downregulated, this 

resulted in increased proliferation131. 

Recently, a study revealed a connection between IKAROS family zinc finger 1 (IKZF1) and 
SAMHD1. Generally, B-cell acute lymphoblastic leukaemia (B-ALL) lesions carrying 

mutations or deletions in IKZF1 gene relate to increased relapse risk and therapy 
resistance. However, there is only one instance that chemotherapy outcome becomes 
more favourable and that is with the introduction of ara-C. Ara-C has been thoroughly 
described as a SAMHD1 substrate and it will be later discussed here. SAMHD1 is under 
regulation of IKZF1 and knocking out the latter, although dNTP pool expansion is promoted, 

also led to ara-C sensitization132. 

2.12 Phosphorylation as a regulation mechanism for SAMHD1 

2.12.1 SAMHD1 phosphorylation 

One of the most studied regulation mechanisms of SAMHD1 is its phosphorylation which 
can take place in many residues. Even though several sites have been identified where 
SAMHD1 can be phosphorylated on, the one of greatest importance is T592. There is a 

shift in phosphorylation status of SAMHD1 protein between cycling and non-cycling cells. 
When this residue is phosphorylated, SAMHD1 appears to lose its ability to inhibit retroviral 
infections, nonetheless this seems to be an opposing mechanism to nuclear localization 
as T592 phosphorylated SAMHD1 appears to translocate in the cytoplasm. However, 
dNTPase capacity, oligomerisation, and binding to dsRNA abilities, remain unaffected133-

136. By using a phosphomimetic mutation at residue 592 (T592E), SAMHD1 tetramerization 
stability was weakened, alongside with a decrease in dNTPase efficacy. This feature was 
based on conformational changes in the structure of the tetramer driven by the mutated 
residue. Whether this important observation applies also to the normally phosphorylated 
threonine residue, or if this specific phosphorylation changes drastically the structure 

interface is yet unclear102,137.This phosphomimetic SAMHD1 protein was tested also in PC3 
cells (a prostate cancer cell line) and influenced drastically the cell cycle as cells 
accumulated in the transition between S and G2 and cell proliferation was inhibited136.  
T592 phosphorylation appears to modulate not only activity of hydrolysing intracellular 
dNTP pools but also for regulating DNA replication and cell proliferation since it promotes 

normal fork progression107. 

In CD4+ T cells, treatment with dasatinib, a tyrosine kinase inhibitor (TKI) can prevent 
SAMHD1 phosphorylation and thwart HIV-1 infection, presenting once more the 
importance of SAMHD1 against viral infections. The exact same result was described in 

peripheral blood mononuclear cells (PBMCs) retrieved from chronic myeloid leukaemia 
(CML) patients after treatment with several TKIs that are used in CML treatment regimens 
and dasatinib being one of them. PBMCs obtained from CLL patients that had been 
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treated with dasatinib for longer than 2 years, confirmed lower phosphorylation levels in 

comparison to untreated controls138-140. 

A group of interleukins, namely IL-2, IL-7 and IL-15 can induce SAMHD1 phosphorylation in 
CD4+ T cells, without altering total SAMHD1 levels, for at least 48 hours post treatment139,141. 

Increase of IL-7 mediated SAMHD1 phosphorylation in CD4+ cells was further confirmed 
in vivo139. Regulation of IL-7 and IL-15 is under the JAK pathway. Treating CD4+ cells with 
two JAK inhibitors, Ruxolitinib and Tofacitinib, abolishes SAMHD1 phosphorylation, but only 
when it is IL-15 induced, which stresses even more the alternate paths to SAMHD1 

phosphorylation141. 

Another residue that can be phosphorylated is S33 and it can be phosphorylated both in 
proliferating and quiescent cells. Phosphorylated S33 has only been shown to be required 
for inhibition of retrotransposition of the long-interspersed element 1 (LINE-1), but for 
none other of the main SAMHD1 functions including cellular localization, HIV-1 inhibition, 

dNTPase activity or oligomerisation142. Interestingly though, inhibition of endogenous 
retroelements can also happen by T592 phosphorylation and direct binding at the ORF2 
protein of the like LINE-1 elements (L1)143. Moreover, SAMHD1 can interact with LINE-1 also 
in a non-phosphorylated dependent manner. As mentioned earlier, even though SAMHD1 
contains a localisation signal and through that it is located at the nucleus, for some of its 

abilities it needs to be shuttled to the cytoplasm. So, in order to suppress LINE-1 
retrotransposition, it is transferred via exportins to the cytoplasm19. A total of 7 SAMHD1 
mutations have been found in CLL and/or colon cancer (CC) and they appear to have 
limited ability towards inhibiting LINE-1 retrotransposition. However, as described earlier, 
even though the enzyme’s hydrolytic ability is not related and does not affect the 
capacity to inhibit LINE-1 retroelements, the ability to bind and regulate ORF2, appears to 

be crucial for LINE-1 inhibition144. 

2.12.2 SAMHD1 dephosphorylation 

SAMHD1 dephosphorylation at the T592 residue occurs in a cell cycle dependent manner 
and more specifically during the mitotic exit in the M/G1 transition145,146. With the use of 
HEK293T cells as an in vitro model, the responsible phosphatase for this was serine / 
threonine protein phosphatase 2A (PP2A) which binds to the regulatory unit B55α and 
forms a holoenzyme which in turn removes the phosphatase from residue T592. This 
activity has been described both in cycling (HeLa and CD4+) and non-cycling (MDM) 

cells146. However, contradicting results from a different study named PP1 as the main 
SAMHD1 phosphatase instead, arguing that probably more than one phosphatases are 

involved in this process145. 
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2.12.3 Cell cycle regulation of SAMHD1 

SAMHD1 has been shown to be highly expressed during G1 phase of the cell cycle and is 
detected at its lowest levels during S phase. Knocking down SAMHD1 in skin and lung 
fibroblasts, resulted in cell cycle progress disruption, as the dNTP pools expanded to such 
an extent, that cells accumulated in G1 phase, and cell growth occurred at slower pace25.  
An early study that used HeLa cells as a model and mass spectrometry (MS) as a readout, 
recognized SAMHD1 as a substrate for cyclin dependent kinase 1 (CDK1). A finding that was 

later confirmed as it was discovered that SAMHD1 is phosphorylated by CDK1 kinase at 
the recognition motif 592TPQK595, and more specifically at residue T592133,147. Through MS, 
it was identified that SAMHD1 was associated with cyclin A2/CDK1 only in proliferating 
cells, in a cell cycle dependent manner. SAMHD1 was practically not detected in G1/S 
phase and was steadily increased by late S phase. It was also shown that it forms 

complexes with cyclin A, and treatment with etoposide elevated the interactions between 
cyclin A and SAMHD1 and that was followed by an induction in T592 

phosphorylation24,103,134. 

Even though initial studies presented CDK1 to be the sole phosphorylating kinase of 

SAMHD1 after interaction with cyclin A, and not the complexes of cyclin A / cyclin 
dependent kinase 2 (CDK2) or cyclin E / cyclin dependent kinase 3 (CDK3)103, it later 
became more apparent that more cell cycle regulated molecules could interact with 
SAMHD1, including CDK2 and S-phase kinase-associated protein 2 (SKP2). Nevertheless, 
CDK1/2 with cyclin A2 are the main kinases phosphorylating SAMHD1 at the T592 residue. 

Interestingly, many of these kinases exhibited distinct functional and expression patterns, 
which could implicate that more than one kinase can phosphorylate SAMHD1, but these 
different phosphorylations might be dependent on the cell cycle stage and/or the cell 
type. CDK2 presented constant expression levels in cycling and non-cycling U937, as well 
as THP-1 cell lines, even though in HIV-restricting non-cycling cells, proteins that interact 

with SAMHD1 phosphorylation are usually downregulated. Also, SKP2 despite being bound 

to SAMHD1, did not initiate phosphorylation at the T592 residue148. 

Cyclins A2 and E bind directly to residues located at the C-terminus of SAMHD1 for 
enabling CDK2 phosphorylation and as mentioned earlier the C-terminal of the protein is 

imperative for the formation of the homotetramer. Jang et al, showed that cyclin A2 can 
bind to SAMHD1, irrespectively of its tertiary form, with a preference however to 
monomers and dimers, in order to induce homotetramer dissociation and inhibit its 

hydrolytic activity92,149. 

Opposed to the study performed in non-transformed lung and skin fibroblasts that 
described altering levels of SAMHD1 protein expression during cell cycle, another study 
on monocytes and T-lymphocytes, showed that SAMHD1 expression remains stable 
throughout the entirety of the cell cycle but it is the phosphorylation levels that fluctuate 
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depending on the cell cycle phase. These contradictory results could be cell specific and 

depend on the expression levels of SAMHD1 in each cell line or correlate with different 
SAMHD1 regulatory mechanisms in different cell types. Another reason could be different 
experimental approaches, as changing the variables of an experiment could affect the 

outcome.  

Phosphorylation at the T592 residue was entirely abolished during G1 phase, which was in 
accordance with the change of cyclin A2 levels through the cell cycle, pointing out the 
role of cyclin A2 in SAMHD1 phosphorylation149. SAMHD1 phosphorylation is initiated prior 
to the beginning of S-phase by cyclin E/CDK2 complex and is therefore maintained 

through G2 phase until mitosis by cyclin A2/CDK2 complex, illustrating the complexity and 
strict regulation that SAMHD1 phosphorylation is under145. Finally, although T592 
phosphorylation can influence the intensity of the dNTPase activity, the hydrolytic activity 

of the enzyme remains functional irrespectively of the phosphorylation status145,149. 

The family of cyclins involved in SAMHD1 phosphorylation and cell cycle regulation, was 
extended by two more cyclins as downregulation of cyclin E2, a specific CDK2 binding 
partner, as well as cyclin D3 which can also bind at CDK2, decreased HIV-1 infection levels 
in MDM cells150. Inhibition of cyclin D3, led to reduced CDK2 activation and decreased 
T592 phosphorylation levels of SAMHD1150. T592 phosphorylation by the cyclin E2/CDK2 

complex also plays a more important role against hepatitis B virus (HBV) in HCC, 
compared to other cyclins, as co-immunoprecipitation (Co-IP) experiments showed a 

direct binding between SAMHD1 and CDK2151.  

Different studies including either the use of small interference RNA (siRNA) or CDK 

inhibitors, in HIV-1 infected MDM cells, verified that kinases CDK2 and CDK6, could 
simultaneously regulate cell cycle and phosphorylate SAMHD1. Something that could not 
be verified for kinases CDK1, CDK4 and CDK5152. Furthermore, CDK2 is downstream of 
CDK6 and that it could be either directly or indirectly regulated by CDK6152,153. To support 
this, in MDM cells infected with either HIV-1 or Herpes Simplex Virus type 1 (HSV-1), 

treatment with Palbociclib, a specific CDK4/6 inhibitor in a dose dependent manner, 
remarkably decreased CDK2 phosphorylation levels but not CDK6 expression levels and 

reduced intracellular dNTP pool levels153,154. 

In MDMs expression of p21, also known as cyclin dependent kinase inhibitor 1A (CDKN1A), 

inhibits CDK1 expression which consequently results in reduced SAMHD1 phosphorylation 
levels155. A direct correlation between reduced levels of SAMHD1 phosphorylation and p21 
was also observed in MDDCs, where p21 is highly expressed156. In granulocyte - 
macrophage colony-stimulating factor (GM-CSF) differentiated MDMs, where cells 
present a non-proliferating phenotype, cyclin D2, which is G1/S specific, can restrict HIV-

1 infection through a SAMHD1-dependent manner. In this specific cell type, a complex 
between Cyclin D2, CDK4 and p21 is formed, which blocks CDK4 from phosphorylating 
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SAMHD1157. SAMHD1 has a cyclin – CDK recognizing motif (RXL motif) that cyclin A2/CDK 

complex can bind to. This binding sequence has also been shown to be very important 

for the enzyme’s stability, tetramerization and hydrolase activity112,158. 

Treatment with two different topoisomerase inhibitors, etoposide and camptothecin that 

induce DNA damage, led MDM cells into cell cycle arrest and the cells’ return to G0 phase. 
Even though total SAMHD1 levels were not modified, a decrease in T592 phosphorylation 
occurred. This can be explained because these inhibitors upregulate p53, which in turn 
upregulates p21 that finally decreases phospho-SAMHD1 levels159. These results were 
supported with the use of another topoisomerase inhibitor, neocarzinostatin (NCS). It 

should be noted however that in the case of NCS-induced inhibition, SAMHD1 
dephosphorylation was DSB-specific and did not occur when DNA was damaged as a 

result from UV irradiation160. 

2.13 AML and T-ALL; Can we improve treatment, or have we reached a 
plateau? 

2.13.1 Acute Myeloid Leukaemia 

Acute Myeloid Leukaemia (AML) is a haematological malignancy characterized by the 
persistent proliferation of myeloid cells. These immature and poorly differentiated cells 
clonally expand in the bone marrow (BM), leading to BM insufficiency. The median age of 
diagnosis is approximately 70 years. Even though overall prognosis is poor, this fact is 
highly dependent on age, as prognosis deteriorates the older the patients are161. Paediatric 
AML consists of around one quarter of all recorded paediatric leukaemias162,163. 

Nonetheless, overall survival rates in paediatric AML have improved within the last 
decades to around 80%, mainly due to treatment intensification and the application of 
minimal residue disease (MRD) to stratify for haematopoietic stem cell transplantation1,164. 
Intensification of treatment may be a favourable solution for younger patients but on the 
other hand, it is a major drawback when treating older patients. Many of these patients 

do not tolerate intensive chemotherapy, so intensifying treatment is not applicable and 
even though many studies have been performed targeting these unfit for treatment 

patients, results remain unsatisfactory165. 

Current treatment protocols for AML induction therapy treatment usually combine 
anthracycline with cytarabine. In the so-called 7+3 protocol, the numbers refer to the total 
amount of days each compound is given to the patients. Anthracyclines are administered 
for 3 days with the one included in the protocols most often being daunorubicin (but 
idarubicin or mitoxantrone can also sometimes be included), while cytarabine is given for 
7 consecutive days. Cytarabine is a NA, and its active metabolite cytarabine triphosphate 

(ara-CTP) has a similar incorporation rate at the elongating DNA strands as dCTP. Ara-
CTP incorporation leads to DNA extension pause at the replication fork and therefore cell 
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death166. Consolidation therapy does not follow a universal protocol, but it usually includes 

high doses of cytarabine (HDAC)167,168. 

Protocols haven't altered significantly for many years, and the modifications and 
adjustments have only supplemented the ongoing standard treatment in the presence of 

a detected mutation. One such example is the addition of midostaurin, a kinase inhibitor, 
to treat patients with FLT3 (FMS-like tyrosine kinase 3) mutation169. Furthermore, since 
AML can have many genetic aberrations, due to the newest advances in sequencing 
techniques these genetic mutations can be timely diagnosed, and more precise and 

effective therapeutic approach can be given to patients170.  

2.13.2 T-cell lymphoblastic leukaemia 

Acute lymphoblastic leukaemia (ALL) can be divided in two distinct categories, T-cell and 
B-cell based on the affected lineage and both are characterized by rapid proliferation of 

immature lymphocytes and subsequent overpopulation by these ineffective cells in 
lymphoid organs and the BM. The applied treatment regimens are similar in both entities, 

nonetheless, the response and outcome can be different. 

Paediatric T-cell acute lymphoblastic leukaemia (T-ALL) represents around 15% of all 

diagnosed ALL cases and in the adult population they are higher as they consist of 25% 
of all ALL cases171,172. Older patients have worse prognosis. Although many protocols that 
were initially used for paediatric ALL treatment have been used as a scaffold and 
developed for adult treatment regimens, overall prognosis has not improved to the levels 
of Paediatric ALL 173. Even though event-free survival (EFS) has improved to over 85% in 

children, intensive chemotherapy is mostly required to reach it, and as in the case of AML, 
older patients might not tolerate intensive therapy171. Finally, even though it can be 
classified as an entity with high cure rates, prognosis for relapsed T-ALL patients is dismal, 

with only 1 out of 10 patients reaching 5-year survival174. 

Many different approaches have been introduced in treatment of T-ALL and relapsed / 
refractory T-ALL (R/R T-ALL) including chemotherapy, antibody targeted therapies and 
chimeric antigen receptor (CAR) T-cell therapy, with the latter one being still experimental 
and in early clinical trials174. One of the chemotherapeutic compounds that showed 
promising results in both paediatric and adult T-ALL was a NA named nelarabine and was 

explicitly toxic against T-cells even at low concentrations175. A very promising result, 
during the first phase I clinical trial where 93 patients (34 of which were children) were 
treated with nelarabine was reported. In patients suffering from T-cell malignancies, more 
than half achieved partial or complete remission even though most of them had already 
experienced at least two relapses. However, even as promising as these results could be, 

severe neurotoxicity events were reported in high and moderate doses, which could limit 
drug application. Patients were administered the drug in a range of 7 different doses, each 
treatment cycle was 5 days and the median number of cycles for the treatment per 
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patient was one. Higher doses of nelarabine were associated with neurotoxicity, but half 

of the children and 85% of the adults presented reversible neurotoxicity176. A systematic 
review later showed that use of nelarabine as a first line treatment of R/R T-ALL patients 
was effective and increased the percentage of patients that reach CR. It also showed that 
combining nelarabine with ongoing chemotherapy can increase survival and MRD levels 
were undetectable177. Eventually, a large phase 3 trial incorporating nelarabine in front-line 

T-ALL treatment has shown moderate survival benefits for patients treated with 

nelarabine178. 

2.14 SAMHD1 expression, mutations, and deregulation in various cancer 
types 

2.14.1 Impacts of mutated SAMHD1 

Many somatic mutations have been reported in SAMHD1 and they are frequently 
observed in cancer cases, as they are presented at the COSMIC (catalogue of somatic 
mutations in cancer) database. So, it is of no surprise that in many of the sequencing 
studies that have been performed, followed up by functional experiments, presence of 
mutated SAMHD1 could have a direct effect in pathophysiology of the disease, and its 
treatment thereof. In a study where primary skin fibroblasts acquired from AGS patients 

with inactivating mutations of SAMHD1, dNTP pools were imbalanced to a high extent and 
the levels of all respective dNTPs were unevenly enlarged, with purine dNTPs 
demonstrating the biggest difference. This promoted a mutagenic state with increased 
rates of mutations in the genome, naming SAMHD1 as a caretaker of the genome. This 
finding led to the assumption that the physiological function of SAMHD1 is of extreme 

importance regarding cell homeostasis and that the protein operates as a tumour 
suppressor. Nonetheless, SAMHD1 deficient fibroblasts could eventually adapt to these 
unbalanced intracellular pools and proliferate at a normal rate in vitro, however, with 
probable accumulation of somatic mutations179. In many cancer types, mutations of 
SAMHD1 have been reported and the most common effect presented is decrease in 
protein levels and deregulation of the dNTPase activity, which in turn elevates dNTP levels 

intracellularly. 

One interesting mutation is the K366C/H, that has been described in leukaemia and colon 
cancer cases but not AGS. It is structurally stable and can form homotetramers, total 

protein levels are not decreased, but remarkably displays loss of the dNTPase activity 
probably due to conformational changes in the tertiary structure. This finding highlights 
the importance of sequencing samples from patients and not just rely on tissue staining, 

if SAMHD1 is to be used as a biomarker for clinical diagnosis in different cancer types180.  
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2.14.2 Mutations in haematological malignancies 

PBMCs collected from a group of 8 patients with SS, a subtype of CTCL, showed 3 times 
lower SAMHD1 mRNA levels compared to healthy donors and the promoter of SAMHD1 
was methylated at a 51-fold rate more compared to healthy individuals181. Also, a case 
report presented one patient who suffered from AGS and had a homozygous mutation of 
SAMHD1 that later exhibited an aggressive type of epidermotropic CTCL182. In CD4+ cells 
derived from 15 SS patients, SAMHD1 protein expression levels were always lower 

compared to healthy donors, however, there was no variance in SAMHD1 transcript 
expression, which suggests the protein level difference was based on translational 
regulation. Furthermore, miR-181 levels were elevated compared to healthy donors and in 
all patients, and as expected there was an inverse correlation between miR-181 and 
SAMHD1 expression levels. These findings were independent of disease progression or 

current ongoing treatment124. 

Analysis of PBMCs from 22 AML patients, showed a differential expression pattern among 
all the samples. Based on the established levels from a known cell line as a comparison, 
levels on the PBMCs varied from no expression to very high expression. It is of great 

interest that the expression levels of SAMHD1 are inversely correlated with the myeloblast 
percentage in the isolated patient PBMCs79. Furthermore, in normal BM, SAMHD1 was not 
expressed while in AML blasts it was present, thus establishing SAMHD1 expression as a 
candidate for being a biomarker of malignancy183. Contrary to this finding, in a small group 
of 16 AML patients, cells derived from the BM displayed lower SAMHD1 levels compared 

to a non-AML group, which could be an indication that SAMHD1 expression can be 
assisting in suppressing AML development184. However, this study showed no correlation 
among SAMHD1 expression and either apoptotic or autophagic markers was reported, 

even though for more solid results, a bigger cohort study should also be evaluated184.  

In a cohort including 361 patients, carriers of the G allele in the SAMHD1 single nucleotide 
polymorphism (SNP) rs6102991 showed decreased risk of non - complete remission (CR) 
compared to the carriers of the A allele, after ara-C based induction therapy185. A bigger 
study that included three paediatric cohorts with children diagnosed with de novo AML, 
identified 3 more SNPs in the 3´-region of SAMHD1 to be significantly associated with the 

clinical outcome. The most interesting finding concerned SNP rs7265241, where presence 

of variant G allele, exhibited worse EFS and overall survival (OS) in all three cohorts186. 

From samples collected from a cohort of 108 paediatric leukaemia patients and 

comprised of AML, B-cell precursor acute lymphoblastic leukaemia (BCP-ALL) and T-ALL, 
a positive correlation between FLT3 kinase and SAMHD1 was established. FLT3 is 
deregulated in many cancer forms and two different cell lines expressing mutated FLT3 
showed a decrease in SAMHD1 phosphorylation. A finding that could not be replicated in 
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a cell line carrying a non-mutated FLT3, which highlights the connection between SAMHD1 

and FLT3 only in pathological conditions187. 

In a cohort of 53 relapsed CLL patients, SAMHD1 mutations were shown to have a 
detrimental role. These mutations were relapse gene drivers, they negatively affected 

treatment outcomes and they induced resistance in chemotherapy. Sub-clones of cells 
that harbour these mutations appear to be enriched after treatment, highlighting their 
contribution towards a negative outcome188. In R/R CLL, SAMHD1 mutations appear at a 
higher incidence. In a cohort of 92 patients with R/R CLL, 11 of them (10%) presented 
SAMHD1 mutations suggesting that resistant clones are more probable to carry SAMHD1 

mutations, and in 6 out of these patients, more mutated genes were also reported189. Germ 
line SAMHD1 mutations can also predispose for CLL. In SAMHD1 mutated CLL cells, 
significantly lower levels of SAMHD1 mRNA expression levels were detected and through 
sanger sequencing, it was discovered that there were patients that their transcripts were 
entirely comprised of mutated SAMHD1, as well as that patients with R/R CLL have a 4-
fold higher frequency in SAMHD1 mutation occurence24. Furthermore, in the same study it 

was displayed that mRNA levels and protein levels among CLL are heterogeneous and 
there are more regulatory mechanisms, since non-mutated SAMHD1 CLL also showed 

diminished SAMHD1 protein expression24. 

T-cell prolymphocytic leukaemia (T-PLL) is a very aggressive type of leukaemia. In a 
cohort comprised of 33 patients, SAMHD1 was found to be either mutated or have copy 
number variations in 24% of the cases. It was the second most frequently mutated gene 
regarding genes involved in DNA repairing, and most mutations were either frameshift or 
nonsense. These mutations affected both mRNA and protein expression levels and 
compared to T-PLL samples with wild type SAMHD1, dNTP levels were significantly 

elevated190. 

Recently, several studies have reported SAMHD1 mutations in mantle cell lymphoma 
(MCL), an aggressive type of B cell lymphoma with poor prognosis. A study of 82 patients 

identified SAMHD1 for the first time as a driver gene mutation. It was either mutated or 
deleted and these alterations were present in 10% of the cases but limited only in one of 
the two MCL subtypes191. One small study described four missense mutations for the first 
time. Three patients in that cohort shared the same R451H, interestingly though, the 
protein expression patterns were different in all of them. Whether this was due to 

additional mutations or because of other regulating proteins / mechanisms, is to be 
explored192. A larger study that involved 182 patients from two trials, identified that 7.1% of 
the patients carried at least one mutation and no correlation between SAMHD1 and failure 
free survival (FFS) or CR was identified. Biopsy samples from the patients, showed that 
SAMHD1 expression was mildly correlated with cell proliferation193. In a smaller cohort, 
SAMHD1 mutations were found in 8.5% of the patients, and most of them carried a 

mutation in another gene as well. Even though this cohort was small to predict any 
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potential association between treatment and survival rates, it did demonstrate in vitro, 

that patients carrying mutations in SAMHD1 developed resistance to either cytarabine or 

fludarabine treatment, two NAs that are currently used for treatment194. 

In a larger study, SAMHD1 protein expression varied to wide range (with median value of 

69% of the cells being stained positive) and there was a direct correlation between mRNA 
and protein levels, in contrast to the results derived from the CLL studies. Additionally, 
SAMHD1 was differentially expressed based on cell morphology, which is a standard 
classification method for MCL, with cells not having classical morphology (comprising 
around 10% of all cells), expressing higher levels of SAMHD1195. Another MCL study 

confirmed that almost two thirds of the patients show SAMHD1 expression, 20.7% out of 

which exhibited strong positive signal192. 

Hodgkin lymphoma (HL) is another type of haematological malignancy in which the 
potential role of SAMHD1 as a prognostic marker has been assessed. Lymph node biopsies 

were assessed from patients prior to treatment and in more than 30% of them, the 
characteristic Hodgkin and Reed Stenberg cells (HRS) were positive for SAMHD1. This 
expression was nevertheless unrelated to other clinical and pathological factors of the 
disease and protein expression in patients treated with standard of care regimens for 

classical HL associated significantly with disease specific survival (DSS) and OS196. 

2.14.3 SAMHD1 mutations in solid tumors 

In a panel of 5 different solid tumours primary cells were retrieved and SAMHD1 expression 
was assessed, with variable results depending on the cancer type being extracted, 

showing that there cannot be a universal approach for targeting SAMHD1 in all cancer 
types. In rectal carcinoma (RC) SAMHD1 levels were high in all patients while in pancreatic 
cancer the phenotype was the complete opposite with very low levels in all tested 
samples. Generally, SAMHD1 expression was linked to poor differentiated histology and 
high grade. In breast cancer (BC), OC and NSCLC, SAMHD1 acted as a negative prognostic 

marker197. Samples derived from GC patients showed that SAMHD1 is downregulated in 
comparison to the adjacent physiological tissues. Furthermore, protein expression levels 
were directly associated with the size and the stage of the tumour as well as with invasion 

depth131. 

In a small cohort of 34 patients with BC, half of the cases presented either lower levels of 
SAMHD1 protein or it was complete absent24. In one GC patient, one mutation that is 
present in the C-terminus of SAMHD1 (K484T), does not affect the hydrolytic activity of 
SAMHD1 but instead has a direct effect in promoting a DNA repair mechanism. Because 
of this mutation, the binding competence to other nucleases is disabled, thus genome 

integrity is compromised104. Furthermore, in OC patients, high levels of SAMHD1 linked with 
high grade serous histology. Nevertheless, all patients with mutated BRCA1/2 genes 
showed high SAMHD1 expression, but there was no significant association among these 
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genes. Finally, higher levels of SAMHD1 correlated with worse OS and progress free survival 

(PFS)129. 

In colorectal carcinoma (CRC), SAMHD1 has been identified as one of the most mutated 
genes involved in dNTP metabolism. Mutations appear non-randomly in functionally 

significant residues that play an integral part in the dNTPase activity, and this leads to 
imbalanced dNTP pools and elevated mutation rates. Deletion of one allele in CRC-related 
mutations in mouse embryos, presented a similar effect198. As with other cancer types 
expression of SAMHD1 is lower in CRC patients compared to healthy donors. Higher 
expression levels are correlated with poor prognosis, higher cell proliferation rates and 

significantly higher probability for metastasis199,200. More specifically, regarding stage II 
colon cancer, SAMHD1 can be treated as a prediction marker since low expression of 
SAMHD1 was associated with a better 5-year OS compared to the group expressing high 
levels of SAMHD1. Unrelatedly to the stage though, adjuvant chemotherapy appears to be 
beneficial for patients with low SAMHD1 levels. However, due to the study design that 
reported this, it was not possible to extract more focused data whether SAMHD1 could 

have a predictive role against specific drugs as there was limited information about which 
treatment was followed for each patient. Furthermore, because this was a retrospective 
study, validation of SAMHD1 via immunohistochemistry (IHC) was difficult to be 
performed for all the patients201. Finally, SAMHD1 expression has been shown to be 
negatively correlated with Kirsten rat sarcoma viral oncogene homologue (KRAS), a gene 

that is mutated in almost half of the CRC cases200.  

High SAMHD1 expression is correlated with poor prognosis in LAC130. In a small cohort of 5 
patients diagnosed with LAC, tissue collected from the cancer site showed significant 
downregulation both in mRNA and protein levels compared to healthy adjacent tissue. 

SAMHD1 promoter methylation was detected in the pathological tissue, explaining the low 
levels of SAMHD1202. Followed up by a larger study of over 200 LAC patients, mRNA levels 
were confirmed to be lower compared to the neighbouring healthy tissue and this trait 
was related to advanced disease111. Hypermethylation of SAMHD1 promoter and lower 
mRNA levels were also considered as a marker linked to poor prognosis in skin cutaneous 

melanoma (SKCM)203. 

Tumour samples collected from glioblastoma patients, illustrated a significantly higher 
SAMHD1 expression compared to normal samples. However, the main reason that 

treatment outcome was affected is not based on the dNTPase activity of the enzyme, but 
rather on its assistance towards HR. SAMHD1 presence induces cell proliferation both in 
vitro and in vivo. Vpx-mediated SAMHD1 depletion sensitized cells to PARP inhibitors, thus 
inhibiting the DSB repair function that SAMHD1 confers to the cells. In addition, SAMHD1 

depletion improved irradiation therapy which induces DNA DSB204. 
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2.15 Nucleoside analogues in cancer treatment 

2.15.1 Role and activation of nucleoside analogues 

Targeting nucleotide metabolism to inhibit cell proliferation, is a common goal in cancer 
treatment. One vast and very diverse category of compounds that has been used among 

the discovery of the first chemotherapeutic regiments are the NAs, a subclass of 
antimetabolites, as they have been used for treatment in both haematological 
malignancies and solid tumours. NAs share common characteristics and mimic 
physiological nucleosides; however, they have minor chemical alterations either at the 
sugar or at the base moiety (figure 4). Their main course of action is either to incorporate 

into the elongating DNA or RNA molecules or inhibit different enzymatic activities. 
Furthermore, some of them have been shown to be tissue specific, and their cytotoxicity 

could also differ among different pathological conditions166,205. 

Several studies have demonstrated that one reason behind this discrepancy could be the 

nucleoside transporters (NTs). There are two main transporter families: the equilibrative 
nucleoside transporters (ENTs) and the concentrative nucleoside transporters (CNTs). 
Their role is to import nucleosides (and their analogues) into the cell. Cytotoxic effects of 
the NAs can vary due to the differential tissue localization of the NTs as well as the 
variance among them in specificity and selectivity based on different chemical group 

uptake206-209. 

2.15.2 SAMHD1 efficacy against nucleoside analogues 

Since it was interesting to know whether NAs could interact with SAMHD1, sensitive 
techniques were required to be able to verify if NA-TPs could be bound to SAMHD1 either 
as allosteric activators or as substrates. These developed coupled enzyme techniques 
either used inorganic pyrophosphatase (PPase) from E. coli or exopoly-phosphatase Ppx1 
from S. cerevisiae. Both essays used as a template PPPi which is the product after the 
dNTP hydrolysis from SAMHD1. Both techniques have their respective advantages. PPase 

gives stronger signal since it cleaves PPPi into 3x inorganic monophosphate (Pi) and 
demands less time to purify the enzyme for the assay. On the other hand, since Ppx1 
cleaves PPPi into pyrophosphate (PPi) and Pi, not only can it be used for an endpoint 
assay, but it can also be used as a continuous assay to monitor quantitative kinetic 
parameters210,211. Later, another technique based on enzymatic activities was described, 

where SAMHD1 phosphorylase activity was coupled with the pyrophosphatase from E. coli 
as described before and included malachite green as a readout. With this high-
throughput technique compounds activating or inhibiting SAMHD1 or compounds that 

could act as substrates could be identified212. 

One of the first studies where the question whether SAMHD1 can affect HIV-1 NA 
treatment via its triphosphohydrolytic activity towards nucleoside reverse transcriptase 
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inhibitors (NTRIs), was performed by Amie et al. NRTIs are used against HIV-1 infection, 

and they lack the 3´-OH group at the ribose. Absence of this hydroxyl group was however 
a restrictive factor that prevented NRTI-TPs from SAMHD1 hydrolysis. 76. The same group 
also presented evidence for the first time that NA-TPs with different base modifications 
could be hydrolysed by SAMHD1, including the non-canonical deoxyuridine triphosphate 
(dUTP)72, followed by a study of Ballana et al, where they discovered that depending on 

the presence or absence of SAMHD1 in MDMs and PBMCs, NTRI thymidine analogues had 
a different outcome in viral infection restriction. When SAMHD1 was depleted, reduced 
viral sensitivity to the analogues was observed probably due to an increase of intracellular 
dNTPs that resulted in competition with the thymidine analogues213. Moreover, the 
triphosphates of two dG analogues called acyclovir and ganciclovir and are used against 

different viral infections demonstrated different results. Via an enzymatic assay, acyclovir 
was recognised as an allosteric activator, but ganciclovir was not, and both of them were 
refractory to SAMHD1 hydrolysis. On top of that, only at the presence of acyclovir-TP 
could other dNTPs be hydrolysed by SAMHD1 but not ganciclovir-TP. This inconsistency 
in the outcome of hydrolysis, clearly depicted the tight interactions among different sites 

of the enzyme with the different NAs, and in this case only the presence or absence of 

one hydroxyl group can drastically affect the enzyme’s catalytic activity210. 

Depleting SAMHD1 expression with Vpx treatment in differentiated THP-1 myeloid cells, 
altered HIV-1 infection rates, indicating that SAMHD1 expression and use of NAs can 

potentially alter the treatment outcome214. But the limiting factor towards SAMHD1 
dNTPase activity against NAs is that not all binding pockets allow incorporation of the 
same NAs. AS2 is more restricting compared to CS which allows a greater group of NAs 
to be hydrolysed215. Some NAs can act as substrates only for the CS and some for both 
AS2 and CS. Small alterations between dNTPs and their analogues do not influence CS 

binding since they cannot cause architectural changes at the enzyme, and they form 
similar conformations as per the canonical dNTPs inside the pocket. Even though they can 
act as substrates, one big discrepancy that can rise though depending on the 
modification is that they can have significantly lower hydrolysis rates compared to the 
canonical dNTPs, which could act beneficially for treatment as the NA-TPs would occupy 
SAMHD1 CS longer and allow the remaining active metabolites act in a cytotoxic manner. 

On the other hand, only minor modifications in the 2´-sugar moiety are permissive for NA 
binding at AS2, even though these (or even bigger) modifications are not restrictive 

regarding CS binding215. 
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2.15.3 Known compounds as SAMHD1 substrates 

There have been several studies in vitro that examined different NA compounds relevant 
to cancer treatment and for many of them, using THP-1 cells as a model, SAMHD1 depletion 
resulted in treatment sensitization to a greater or a lesser degree216. These observations 
can only prove the significance of the difference between NA-TPs and dNTPs as well as 
the specificity of each compound in the different cell systems where they are tested. On 
the other hand, it should be noted that not all active metabolites are affected by SAMHD1 

as no change at the active metabolites of gemcitabine or 6-thioguanine was reported, 
which is directly related on the incapacity of SAMHD1 to accept their modifications in their 

base or sugar ring compared to the physiological dNTPs80,217. 

One of the first compounds to be confirmed as a substrate for SAMHD1 was a compound 
used against leukaemias named clofarabine. Results showed that clofarabine could be 

Figure 4. Schematic representation of different categories of nucleoside analogues that can be used for 
treatment. Modifications in sugar moiety are presented in blue and base modifications are presented in 
red. 

(Source: Tsesmetzis N et al, Nucleobase and Nucleoside Analogues: Resistance and Re-Sensitisation 
at the Level of Pharmacokinetics, Pharmacodynamics and Metabolism, Cancers (Basel) 2018 Jul 

23;10(7):240. doi: 10.3390/cancers10070240) 
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hydrolysed at rates like those of canonical dNTPs210 and not only could clofarabine be 

used as a substrate but also as an activator at AS2. In a panel of 133 hematologic and 
lymphoid cells lines a significant correlation between low SAMHD1 expression and 
clofarabine cytotoxicity was revealed, showing the negative role of SAMHD1 towards 
treatment80,216. Ara-C, a cytosine analogue that has been used as a golden standard in 
AML therapy, can be used by SAMHD1 as a substrate but not as an activator, and its 

hydrolysis rate is less efficient compared to dCTP80. Fludarabine is another example of 
NAs that can be hydrolysed, but still not as efficient as ara-C. Even though SAMHD1 is the 
main protein affecting the treatment result, interactions with other proteins should be 
considered as they can also indirectly alternate the outcome. One such example is NONO, 
where it stabilizes SAMHD1 and increases its half-life, thus rendering AML cells resistant 

to ara-C treatment67.  

A great example of SAMHD1 use as a prediction marker for treatment regimens when using 
drugs that serve the same purpose is depicted with decitabine (DAC) and 5-azacytidine 
(5-aza). Both compounds are hypomethylating agents belonging in the family of cytidine 

analogues and are used in treatment against myelodysplastic syndrome (MDS) and AML. 
They share similarities with each and the only difference between them is an additional 
2´-hydroxyl group in the 5-aza ribose compared to the deoxyribose sugar of DAC. This 
distinction amongst these two compounds, renders DAC to act both as an allosteric 
activator for AS2 and a substrate for CS, while 5-aza cannot bind at any SAMHD1 site. BM 

samples from patients treated with either of the two compounds, confirmed an inverse 
correlation between SAMHD1 protein levels and DAC treatment, but not for 5-aza. 
Furthermore, xenotransplanted immunodeficient mice with AML cell lines, had prolonged 
survival when injected with SAMHD1 depleted cells followed by DAC treatment, compared 
to the parental cell line. As per with the ex vivo samples, no SAMHD1-dependent effect 

was shown in 5-aza treated mice218. This correlation between the predictive significance 
that SAMHD1 concurs can also be extended to solid tumours. In OC and NSCLC, increased 
levels of SAMHD1 are related to poor response to NA and platinum-based therapies. A 

correlation not found in BC treatment regimens197. 

In murine bone marrow derived macrophages (mBMDMs), SAMHD1-deficient cells were 
more sensitized to the combination treatment of forodesine and dG, compared to single 
drug treatment where no effect was displayed97. Forodesine is a highly specific inhibitor 
of purine nucleoside phosphorylase (PNP), that exhibits high specificity against T-cell 
derived malignancies in the presence of dG. PNP is the enzyme that under normal 

conditions degrades dG, so PNP inhibition leads to dG accumulation, which in turn is 
phosphorylated by dCK to dGTP. These escalating dGTP intracellular levels, result in dNTP 
pool imbalance-induced cell death219,220. This effect of synergistic treatment between 
forodesine and dG was extended also in PBMCs derived from CLL patients. Cells that 
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carried SAMHD1 mutations, were significantly more sensitized to treatment compared to 

non-mutated SAMHD1 cells97. 

Nelarabine is another example of SAMHD1 interference towards treatment outcome. It is 
the water-soluble prodrug of ara-G, and it has been shown to be explicitly cytotoxic 

against T-ALL but not against B-ALL. Nelarabine is converted to ara-G through 
demethoxylation by adenosine deaminase (ADA)221. After comparing multiple T-ALL and 
B-ALL cell lines, as well as patient samples collected from both malignancies, from various 
datasets, SAMHD1 levels in T-ALL cells were significantly lower reasoning to an explanation 
of this inconsistency in nelarabine treatment. In protein level, almost all T-ALL cell lines 

were negative for SAMHD1. Despite having higher protein levels, when B-ALL cells were 
treated with Vpx, they responded better to nelarabine. Finally, as stated earlier, SAMHD1 
promoter methylation downregulates protein expression, and in T-ALL SAMHD1 gene 
promoters were highly methylated, supporting the hypothesis of SAMHD1-controlled 

responses to nelarabine treatment222. 

In a group that consisted of 15 different cell lines from 3 different B-cell malignancies, 
SAMHD1 expression levels were evaluated, showing a wide range across the panel. 
Different drugs used for MCL treatment were tested, and out of them, cytarabine was the 
sole compound to illustrate correlation between SAMHD1 expression and treatment 

sensitivity. A correlation that was supported by another study as well192. However, none of 
the other compounds showed any association, including fludarabine, a purine NA, that is 
known to be hydrolysed by SAMHD1, showing once more that SAMHD1 activity is cell-type 

dependent and its effectiveness relies on the expression of other enzymes193,216. 

Finally, in a human colon cancer cell line that expressing SAMHD1 protein, cells that carried 
the D137N mutation that leads to SAMHD1 dNTPase deficiency, showed decreased levels 
of apoptotic markers, thus showcasing the importance of functional SAMHD1 in halting 
cancer development. On top of that, treatment with 5´-fluorouracil (5-FU), a NA used at 
CRC treatment, showed that in the dNTPase-depleted cell line, cell proliferation was 

enhanced and the expression levels of the apoptosis-related proteins were decreased, 

presenting the functional role of SAMHD1 in treatment sensitization for 5-FU200. 

2.15.4 The golden example of cytarabine 

As mentioned earlier, SAMHD1 has the potential of hydrolysing the active metabolites of 
NAs, thus preventing them from perturbing nucleic acid metabolism and allowing 
uncontrollable cell proliferation to endure in cancer cells223. Cytarabine, a nucleoside 
analogue of cytidine, has been used for leukaemia treatment since the 1960´s and to date 
it is characterized as part of the gold standard in AML treatment224. SAMHD1 recognizes 

the active form of cytarabine, ara-CTP, as a substrate but not as an activator and 
hydrolyses it, thus rendering it unable to be incorporated into the genomic DNA80,217,225. 
One of the first studies to elaborate the impact of SAMHD1 in antimetabolite treatment in 
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cancer therapy was from Herold et al. In a panel of 138 hematopoietic and lymphoid tissue 

derived cell lines, they showed that there was a direct correlation between low SAMHD1 
levels and better response to ara-C80. By depleting SAMHD1 expression with two 
mechanistically different approaches (Vpx treatment and SAMHD1 KO) in a monocytic 
cell line (THP-1), the half-maximal effective concentration (EC50) value for ara-C 
decreased by 130-fold80. With a similar approach, in a panel of 13 different AML cell lines, 

with varying range of SAMHD1 protein expression levels, using three different functional 
experimental procedures, a significant correlation between treatment toxicity of ara-C 
and SAMHD1 expression was shown. Higher protein levels led to treatment resistance and 
accordingly expansion of intracellular ara-CTP pools is found in SAMHD1 KO cell lines. Cells 
cultured continuously in low doses of ara-C can acquire resistance to treatment, but ara-

C resistant cell lines treated with Vpx, were resensitized to treatment, signifying the role 
of SAMHD1-based resistance217. Treating primary adult and paediatric AML blasts with Vpx 
before ara-C increased treatment sensitivity80. It should be stressed that the example of 
ara-C and the success in AML treatment based on the presence or absence of SAMHD1 
is cell type specific and cannot be universally applied, as in ALL cell lines, no difference in 

response to cytarabine treatment could be monitored222.  

In both orthotopic and heterotopic mouse models, mice that were initially injected with 
SAMHD1 KO cells followed by ara-C treatment presented prolonged survival in 
comparison to the mice that were injected with the SAMHD1 expressing 

counterparts80,216,226. Furthermore, in a cohort of 150 adult AML patients, SAMHD1 levels 
were inversely correlated to CR, where patients with high SAMHD1 levels did not reach CR. 
Levels of SAMHD1 can be highly predictive for EFS and relapse free survival (RFS) as these 
rates were lower in patients with higher SAMHD1 levels217. Similar to these results, in two 
cohorts, one including adults with de novo AML and one paediatric AML, there was a direct 

correlation between ara-C treatment response and low SAMHD1 levels, which was 
translated into better OS and EFS. It is of great interest that SAMHD1 levels were irrelevant 
to the outcome of AML induction therapy but on the other hand patients treated with 
HDAC in consolidation therapy might benefit more80. This could be probably reasoned by 
the fact that during induction therapy, anthracyclines are used in combination with ara-
C, and maybe they affect the outcome of patients with low SAMHD1 levels. This leads to 

the assumption that SAMHD1 could be used as a biomarker for treatment outcome in 

post-remission therapy183. 

It should be of note, that even though low SAMHD1 levels correlate with better clinical 

outcome in AML in ara-C treatment, this is not universal for all cancer types. SAMHD1 
expression did not shape the outcome of OS or PFS in MCL patients that were included 
in two different protocol treatments that cytarabine was part of it195. Regardless of the 

treatment protocol, lower expression of SAMHD1 did relate to better OS192. 
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2.15.5 Repurposing drugs 

Understanding SAMHD1 mechanism in depleting dNTPs and NAs, opened a new window 
of screening candidate molecules and already used drugs from different pathological 
conditions, into using them against other diseases. One example of this was cancer drug 
clofarabine, which in phorbol-12 myristate-13 acetate (PMA) - differentiated monocytes 
presented a 22-fold enrichment against HIV-1 infection, when SAMHD1 was expressed214. 
In MDM cells, a variety of NAs and anti-folate drugs that are currently used for cancer 

treatment were tested for determining their antiviral potential. Vpx-mediated SAMHD1 KO 
cells improved HIV-1 inhibition for some drugs (cladribine, clofarabine, nelarabine) and 
impaired it for some others (capecitabine, floxuridine, fluorouracil), showing that presence 
of SAMHD1 in antiviral treatment could have either a beneficial or a detrimental outcome. 
Addition of CDK4/6 inhibitors, such as Palbociclib, enhanced the phenotype even more, 

however this effect could be under the influence of other cell cycle dependent proteins, 

and SAMHD1 should be phosphorylated in advance227. 

2.16 Identifying SAMHD1 inhibitors 

From the first discoveries where SAMHD1 had the capacity to decrease dNTP levels and 
affect the replication of viral genetic material, the question arose whether SAMHD1 could 
be targeted with drugs228. So, SAMHD1 inhibition could have both a scientific, as well as a 
clinical potential. Furthermore, the many alternative possibilities of inhibition due to the 
large number of dNTP binding pockets made it a preferable target. One such molecule to 
be synthesized was 5´-methylene dUTP, which could bind to AS2 and inhibit 
tetramerization, thus making the enzyme inactive. However, its efficacy was restricted in 

in vitro applications due to poor cell permeability229. A study by Hollenbaugh et al, using 
computational modelling, proposed different clinically relevant compounds that could be 
utilized by SAMHD1 either as substrates or inhibitors based on the different modifications 
at the 2´-position of the sugar moiety of the respective NAs and the position of the 
individual residues that are located in close proximity to the catalytic pockets of the 

protein225. The significance of this study could be translated into whether approved drugs 
for different pathological conditions can be used as activators or substrates by SAMHD1 
and affect treatment outcome directly, under the assumption however, that these 
findings could be verified in vivo225. According to this study, it was later speculated that 
CNDAC could perform as a SAMHD1 inhibitor. On the contrary, SAMHD1 expression 

presented intrinsic resistance and used this cytosine analogue as a substrate instead of 
being an inhibitor. To support that, crystal structures showed that CNDAC could not bind 

to AS1 or AS2 but only at the CS, hence presenting no inhibitory properties230. 

A high-throughput assay not depending on coupled-enzyme properties identified 8 small 

molecules as potential inhibitors of SAMHD1. This assay was based on the hydrolytic 
activity of SAMHD1; however, it was not established if the molecules could act as 
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substrates or inhibitors for SAMHD1 by binding to the alternative sites. What is of great 

importance though and these results should be interpreted carefully, is that the inhibitory 
potential was evident when dGTP was used both as an activator and a substrate, and not 
dCTP, which could be explained that the inhibitory effect could only be present upon 
structural conformations that might appear upon dGTP binding. So, these small molecules 
might not bind at the AS or the CS but at a different protein site.231. Another high 

throughput assay that screened 69000 small molecules, was not able to detect any of 
them that could act as a potential SAMHD1 inhibitor as none of them presented strong 

inhibitory results and could be used at a biological setting232. 

2.17 The "double-edged" sword 

One of the hallmarks of cancer is the ability to evade proliferation control233. For cancer 
cells to replicate, they need an accessible intracellular dNTP pool, so the role of SAMHD1 
in depleting expanded pools and hindering cancer progression is of great importance. In 
the absence of SAMHD1, the homeostatic mechanism of the cell can be deregulated, and 
this can lead to a series of problematic events. Increased dNTP pools and imbalanced 

dNTP ratios will be the first to be observed. This could be followed by decrease in the 
efficacy of DNA repair, probably increase in the number of somatic mutations and 
eventually all these events will lead to tumorigenesis. Hence, SAMHD1 plays a very 
important role as a tumour suppressor. Furthermore, regarding use of chemotherapy, low 
or no SAMHD1 expression in proliferating cells could potentially increase the competition 
between NA-TPs and canonical dNTPs for incorporation in the newly synthesized DNA 

molecule. This can lead to the need of increased doses of chemotherapy in order to 
overcome this SAMHD1-mediated resistance barrier which could potentially increase 
toxicity, causing this compound not to be very effective and thus suitable for treatment 

from a clinical perspective. 

On the other hand, SAMHD1 expression can be detrimental in the efficacy of a specific 
group of NAs that are use at chemotherapy. If that NA is a SAMHD1 substrate, its treatment 
potential will decrease as SAMHD1 will present a resistant mechanism. The only way to 
overcome this obstacle, could be with the use of a SAMHD1 inhibitor as a combination 
treatment that could sensitise cells to chemotherapy. Finally, in many pathological 

conditions, SAMHD1 mutations have been reported. This is an additional factor to be 
acknowledged when applying chemotherapy as mutated residues in the binding pockets 

of SAMHD1 or at adjacent areas could affect drug efficacy.  

All in all, even though SAMHD1 inhibition could be beneficial for chemotherapy treatment, 
advantages and disadvantages should be considered, for the best possible outcome, 

when chemotherapy treatment is to be assessed226. 
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3 Research aims 
The overall aim of this thesis was based on the insight that even though many 
antineoplastic cytotoxic therapies have led to an improved survival and more favourable 
prognosis for many different types of cancer, there is still the need for improving targeted 
therapies for many patients. We believe that better understanding of cancer drug 

metabolism and resistance mechanisms could lead to: 

 Development of prognostic and diagnostic biomarkers 

 Stratification of patients that could have a better or worse response to a specific 

therapeutic regimen, with the opportunity of modifying ongoing treatments 

 Readjustment of treatment doses upon evaluation of initial response and the 

sequencing profile of expressed proteins in each patient 

 Sensitization to treatment by targeting and inhibiting proteins that contribute to 
nucleotide metabolism and alter the efficacy of antimetabolites that follow the 

same activation pathway 

The above aims have been evaluated with SAMHD1 as the focus, as it has potential to act 
as a biomarker for specific cancers where it could also be used as a target to improve 

therapy effect. 
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4 Ethical considerations 
My PhD projects focus on translational research and our main goal was to evaluate 
ongoing therapies and discover new, more efficacious ones, that could be brought from 
the lab bench to the clinic. Following the preliminary results of each study acquired by in 
vitro experiments on immortalized cancer cell lines, we would eventually proceed to 
evaluate them initially ex vivo, in samples collected from patients suffering from the 
respective malignancy or in vivo, by using an animal model trying to mimic the 

circumstances around our hypothesis. 

Use of animal models is thoroughly planned with focus not only on research aims but also 
on animal well-being. An ethical application is mandatory to describe the reasoning for 
this experiment and what is the benefit from it. All procedures followed are according to 

the rules and guidelines at the animal facilities and everything was stated in detail and 
approved beforehand in the ethical application. Animal experiments are performed only 
because at present no other alternative is available to recapitulate the complex 
pharmacokinetic properties of a drug used in an organism as well as the interplay of 
cancer cells with their host. The welfare of all animals was always the highest priority and 

to ensure optimal well-being, animals were housed in a controlled setting with 
environmental conditions being constantly observed, food and water being always 
supplied, and a variety of different additional equipment was always included for the 
mental stimulation of the animals. All animals were regularly monitored, and all procedures 
including health checks were recorded comprehensively. Everybody working with animals 

has been trained by qualified personnel and acquired a certificate before coming into 
contact with the animals. For procedures we were not very familiar with, as well as for any 
questions that may have risen during the process, assistance and advice from qualified 
personnel was always asked, to minimize any signs of pain and discomfort and in general 
any unpleasant conditions. We effectively applied the 3R principles (refinement, 

reduction, and replacement), as our experiments were always preceded by small pilot 
experiments for establishing the most efficient experimental conditions while enrolling 
the least animals possible. Since we studied haematological malignancies, which are 
systemic diseases, we relied on tail vein injections, for cells to circulate in the blood 
stream and with that in mind future applications for replacing animals with in vitro 

practices, such as 3D organ printing may not be very efficient for this line of research. 

In order to be able to work with patient samples, an ethical application needs to be 
submitted. It needs to be reasoned why we want to perform experiments on these 
samples, what will be the nature of these experiments and what is the benefit that rises 

from our hypothesis. All patient samples used for our ex vivo experiments, were collected 
from biobanks where the patients had already given their consent for using this material 
in future experimental research. Furthermore, cells from healthy donors are also used as 
a control, so also these donating individuals should be similarly aware about the research 
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and the importance of written consent. Use of patient samples could be as close to 

testing your new treatment compounds hypothesis as possible. However, it should always 
be considered that it is only the pathological cells that are being examined and any 
probable interactions with other cell types inside the body are excluded from the 
research. Furthermore, trying to establish a relation between protein expression and 
treatment response is of great importance, so inclusion of patient samples upon 

information about expression of different proteins and previous or ongoing treatment is 

noteworthy for the research outcome. 

Finally, as our ultimate goal in the present thesis was to verify whether our results can be 

verified and applied in clinical practice, the role of the patients enrolled in a phase I clinical 
trial is vital for the future of this research. They need to be thoroughly informed about the 
new treatment regimen and the risk of any potential side effects. It needs to be explained 
to them based on what criteria they have been chosen to participate and what could be 
the benefit for them to be enrolled in this trial and not follow other existing treatments 
protocols. Moreover, it needs to be clear that this is the first step of a clinical trial and 

there is a risk of unpredicted risk toxicity. From my perspective, this is the most integral 
part when doing translational research and admission of patients should be very well 
designed and very thoroughly explained. Obtaining consent from patients should only 
occur after every aspect of the study has been explained and every risen question has 
been clearly answered. Finally, it should be clearly stated that at any given point, the 

patient has the possibility to withdraw from the ongoing study without any repercussions.  
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5 Materials and methods 

5.1 Phase 1 clinical study design 

The aim of this study was to evaluate whether HU could be added in an ongoing standard 
treatment protocol and if there was any beneficial outcome towards its efficacy and 
feasibility. Patients enrolled in this trial should have been older than 18 years of age, fit for 
intensive chemotherapeutic treatment and newly diagnosed with non-promyelocytic 
AML. The study was overviewed by the centre for clinical cancer studies at Karolinska 
University Hospital and the treatment protocol was reviewed by both institutional and 

national ethics boards (Dnr 5.1-2019-4650). The treatment protocol was established as 
follows: ara-C was administered twice per day, on days 1-5 for 2 to 4 cycles, depending 
on the patient. The anthracycline daunorubicin was administered only on cycles 1 and 2, 
once per day during days 1-3. HU was always administered 1 hour prior to ara-C and the 
dose was intensified in a 3+3 design. Inclusion of additional compounds occurs only in the 

event of diagnosed mutations, so patients with FLT3-mutated AML also received 
midostaurin twice per day, on days 8-21 of each cycle. All patients provided a written 
informed consent in advance before treatment initiation and the study was conducted 
according to the Declaration of Helsinki. Primary endpoints of the study were safety and 
permissiveness after each treatment cycle. Secondary endpoints were based on 

response to treatment based on European LeukaemiaNet (ELN) criteria and guidelines, 

accumulation of ara-CTP after the first treatment cycle and MRD levels. 

i. MRD measurement 

MRD levels were measured either with flow cytometry following the second treatment 
cycle or with real-time quantitative polymerase chain reaction (RT-qPCR). Sensitive deep 
sequencing after cycle 2 was also used to confirm MRD levels in patients that did not have 

a standard validated genetic marker. 

ii. Pharmacokinetic study 

During the first day of the first treatment cycle, HU was administered to patients 1 hour 

before cytarabine infusion. Patients were divided into three groups, and they were 
administered either with different doses of HU or they were administered at a different 
infusion. Administration in one of the two infusions occurred only to exclude a possible 
accumulation of ara-CTP which could lead to a bias towards ara-CTP levels in the analysis 
and could be interpreted as an overestimation of HU efficacy. Upon treatment, peripheral 
blood was extracted from the patients, mononuclear cells (MNCs) were isolated and ara-

CTP levels were measured as described at the respective section. 
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iii. Ex vivo drug sensitivity and ara-CTP measurements 

AML MNCs were also collected and cultured ex vivo and were further tested for cell 
viability rates in combination treatments with ara-C and HU or dF-dC, and ara-CTP 
measurement after treatment. Both technique protocols were as mentioned in their 

respectively described sections. Culturing conditions differed depending on the assay. 
For the ara-CTP measurements cells were cultured in IMDM medium supplemented with 
10% heat-inactivated foetal bovine serum (FBS) and 1% penicillin – streptomycin 
(PenStrep) and a combination of 4 different cytokines, GM-CSF, IL-3, IL-7 and 
thrombopoietin (TPO) (all were at a concentration of 20ng/ml apart from TPO that was 

100ug/ml). Regarding the drug sensitivity assays, cells were cultured in RPMI-1640 
medium, supplemented with 10% heat inactivated FBS and 1% PenStrep and 12.5% of 

conditioned cell culture supernatant from confluent HS-5 cell line. 

5.2 Primary blasts culture 

Experiments with primary Paediatric and adult AML blasts, as well as blasts derived from 
T-ALL patients were approved by the regional ethical review board in Stockholm (no.03-

810, no.02-445 and no.2013/1248-31/4). Informed consent was acquired for all samples. 

i. AML-derived cells 

For paper I, cells were thawed and cultured in a dilution of 1 million cells per ml, in StemPro-
34 medium supplemented with StemPro nutrient supplement, 10% heat-inactivated FBS, 
1% PenStrep and a combination of 4 different cytokines: GM-CSF, IL-3, IL-7 and TPO. All 
cytokines were resuspended in the medium in a 20ng/ml concentration. At a 24h time-

point, 10x106 cells were collected and resuspended in 2ml of the supplemented medium. 
In a 24-well plate they were equally distributed and treated either with 50ul of empty 
virus-like particles (VLPs) (control) or 50ul of Vpx-VLPs, to knock down SAMHD1 
expression. After 3 hours of incubation at the same conditions as described at the human 
cell culture section, all cells treated with the same type of VLPs were pooled together and 

resuspended in a 0.5x106 concentration and incubated overnight. The following day, 

15000 cells were plated in each well, on a white 384-well plate. 

ii. T-ALL cells 

In paper II, cells were thawed and cultured in IMDM medium supplemented with 10% heat-
inactivated FBS, 1% PenStrep and 25ng/ml recombinant human IL-7. Cells were incubated 
for 4 hours in a 2x106 cells per ml concentration in the supplemented medium and then 
diluted in 1x106 cells per ml concentration and incubated overnight. The following day 

12500 cells were dispensed in each well on a white 384-well plate. 
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5.3 Patient sample collection and therapeutic analysis 

A group of 222 de novo AML patients that had tissue samples collected and were available 
for immunohistochemical evaluation of SAMHD1 protein expression were enlisted in the 

paper IV study. All samples had been collected by two different institutions: the 
University of Texas MD Anderson Cancer Center (MDACC) and the National University 
Hospital of Singapore (NUH). From all abovementioned patients BM specimens were 
collected and out of those, 189 had validated immunohistochemical results. The research 
use of all samples was according to the Declaration of Helsinki, and it had been approved 

by the Review Boards of the respective institutions. Both groups presented a 
heterogeneous image in regard to SAMHD1 protein expression in AML blasts, treatment 
protocols and cytogenetic risk groups. This study was purposely designed this way for a 
better understanding and validation of the importance of SAMHD1 expression in a clinical 

setting. 

i. Tissue microarray construction and immunohistochemistry 

For the generation of the TMAs in paper IV, tissue was obtained in duplicates from tumour 

areas that were rich in AML blasts and all samples were collected preceding induction 
therapy of the patients. Two different types of controls were used for this method, 
paraffin embedded tissue blocks of cell lines and tissue sections from reactive BM 
specimens. All analyses were performed at the same laboratory following the same 
staining protocols for consistency, and stainings were performed using an automated 
detection system. To verify SAMHD1 expression in normal hematopoietic cells, double 

stainings of SAMHD1 and specific markers expressed in those cells were applied. In 
summary immunohistochemistry technique was performed through the following steps. 
First, the slides containing the samples were deparaffinized and rehydrated. Then samples 
were treated with antigen epitope retrieval to allow the antibody to detect the protein of 
interest. Samples were then incubated with blocking buffer to minimize unspecific 

binding, followed by overnight incubation with the primary antibody. After washing to 
remove the excess antibody, detection of the primary antibody occurred by an HRP-
bound secondary antibody which was finally detected by DAB (3,3´-diaminobenzidine) 
chromogen. Samples were then counterstained with haematoxylin and eosin, dehydrated 
with increasing concentrations of ethanol solution, and they were mounted before 

assessment under the microscope. In paper III different double stainings were performed 
at diagnosis and at remission. In both papers the evaluation of the results was blind and a 
total of at least 500 blasts were included per sample by two haematopathologists 
independently. The final value of protein expression was determined as a percentage of 

SAMHD1 positively stained blasts in relation to the total number of blasts. 
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5.4 Orthotopic mouse models 

Two mouse models were used in paper I. All animal experiments and procedures were 
carried out according to the rules and guidelines formed by the Swedish Board of 

Agriculture. All practices were stated at the ethical applications #N89/14 and 5718-2019 
and were approved by the regional ethical committee. Mice were housed in a 
continuously monitored controlled environment, with food and water always at their 
disposal. Experimental planning and execution always followed the “3R” principles and 
there were always pilot experiments performed towards refinement, with the welfare of 

the animals being always at the frontline of our considerations. Female NOD/SCID (non-
obese diabetic / severe combined immuno-deficiency) mice were injected with human 
cells expressing SAMHD1 or their SAMHD1-deficient generated clones diluted in PBS, 
intravenously at the tail. Mice were randomly assigned to treatment groups and 6 days 
post cell injection, drug treatment was initiated with the assigned compounds being 
administered intraperitoneal, according to the protocol referring to their respective group. 

Disease progression was monitored via a bioluminescence imaging system by injecting 
intraperitoneally D luciferin. All experimental and humane endpoints were registered at 
the ethical applications and were also governed by established regulations of the facility. 
One major consideration regarding these experiments is treatment toxicity. Even though 
based on the preliminary data from the pilot experiment that should be prevented, if any 

animal died within a timeframe of two weeks from treatment starting point, it was 
considered due to treatment toxicity since onset of leukemic symptoms had not yet 
appear, so the animals were censored. During autopsy all abnormalities were recorded, 

and samples were collected for further examination. 

Another mouse model used for the study at paper I was CD45.2 C57BL/6J. All procedures 
were approved by the local ethical committee (ethical application #1869). MLL-AF9 
murine cells were injected in the tail vain of the animals and 20 days after cell injection, 
mice were injected intraperitoneally with the compounds that were assigned in their 
respective groups, with doses and time of injection, stated at the protocols. Read-out of 

leukemic burden and disease progression was monitored by flow cytometry and a 
haematology analyser. Experimental and humane endpoints of the experiments were 

appointed as mentioned above in the orthotopic mouse model injected with human cells. 

5.5 Human cell line culture 

A variety of different human cell lines have been used for these studies. Among these, for 
the AML studies our main model was a childhood AML cell line called THP-1. This cell line 
expressed high levels of SAMHD1, and this was our first line of conclusions after testing 
new compounds or performing functional experiments. Regarding the T-ALL project, two 
cell lines were used; MOLT-16 and Sup-T11, a childhood and an adult T-cell acute 

lymphoblastic leukaemia cell line respectively. All cell lines were cultured in IMDM medium, 
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supplemented with 10% heat inactivated FBS and 1% PenStrep and they were incubated 

in a humidified incubator at 37oC with 5% CO2 concentration. All cell lines are suspension 
cells, so upon splitting, cell concentration was between 0.3 and 0.5 million cells per ml. 
Cells were regularly tested for mycoplasma contamination by commercially available kits. 
SAMHD1 deficient cell lines were generated with the use of two different protocols. 
Regarding THP-1 and MOLT-16 cell lines, exon 1 was targeted with gRNAs and for Sup-T11 

exon 2 was targeted. 

i. VLP production 

For papers I and II, Virus like particles (VLPs) containing Vpx were used in vitro to deplete 
SAMHD1 expression and evaluate the difference of NA treatment in the presence or 
absence of SAMHD1. VLPs were produced by transfecting HEK293T cells either with 
plasmids encoding VLPs containing Vpx, or with plasmids encoding VLPs absent of Vpx 
as a control. After 24 hours, cell culture medium was changed with fresh, and 48 hours 

post change, the supernatant was collected and filtered. The collected supernatant was 
afterward purified through sucrose and the product was then resuspended in 300μl of 
RPMI-1640 medium, supplemented with PenStrep. All VLPs were quantified and 

normalized based on a modified qPCR assay80. 

ii. Compound preparations 

All compounds used at papers I and II were directly diluted in dimethyl sulfoxide (DMSO) 
in stock solutions with higher concentrations than the ones used for the experiments and 

stored at -20oC. Regarding all working solutions, compounds were diluted into lower 
concentrations before plating, avoiding this way repeating freezing – thawing cycles of 

the higher concentration stock vials that could lead to diminished efficacy of the drugs. 

iii. Phenotypic screening 

For paper I, in order to verify potential SAMHD1 inhibitors, a phenotypic screening was 
performed using 4 different compound libraries. Compounds were placed in white 384-
well plates in 10mM concentrations diluted in DMSO. Cytarabine was used as a positive 

control and DMSO was used as a negative control. Plates were heat-sealed and stored at 
-20oC until further use. Before adding THP-1 SAMHD1 proficient cells, plates were 
equilibrated at room temperature for 30 minutes and mildly centrifuged before removing 
the seal. With the use of a multidrop device, 1000 cells were added in each well, and all 
plates were incubated in a plastic chamber for 72 hours, with wet paper placed at its inner 

side walls to prevent evaporation of the cell samples. Plates were removed from the 
incubator and equilibrated at room temperature (RT) for 30 minutes before adding the 

luminescent cell viability assay and then cell viability was measured with a plate reader. 
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iv. Proliferation inhibition assays and drug synergy analysis 

For papers I and II, with the use of a digital dispenser, compounds were distributed in 
serial dilutions in white 384-well plates, with the range of dilutions fluctuating depending 
on compound and cell line. Furthermore, by using the synergy wizard software of this 

machine, matrices of combinations between two different compounds could be designed 
for analysing potential synergistic or antagonistic interactions among them. The values 
from the wells with cultured cells treated with high concentrations of the compounds 
tested were used as a control for 0% cell viability. On the other hand, the values from the 
wells where cells were treated only with 1% DMSO were used as a 100% cell viability 

control. All the other results were normalized as a percentage of cell viability based on the 
range created from these two values. DMSO was used as a control since all drugs were 
diluted in DMSO for being compatible to use at the digital dispenser, and all wells were 
normalized to 1% DMSO concentration. Depending on the cell line and their respective 
doubling time, different cell numbers were plated, and the endpoint of the experiment 
could also differ. All plates were incubated in a humidity chamber in the humidified 

incubator to minimise evaporation. Plates were removed from the incubator and 
equilibrated at room temperature for 30 minutes before adding the luminescence cell 
viability assay and measuring signal intensity via a plate reader. All measurements were 
analysed using a four-parameter logistic nonlinear regression model in Prism GraphPad 

software.  

Combination treatment results obtained from the luminescence assay were analysed 
with the online Synergy Finder application. By using a zero-interaction potency (ZIP) 
model, an average synergy score was calculated to determine synergistic (delta score > 
0), antagonistic (delta score < 0) or zero interaction (delta score =0) effects among the 

compounds. Delta scores of > 5 denote strong synergy234. 

5.6 In silico analysis of RNA correlation with drug sensitivity 

For paper II, we investigated the correlation between SAMHD1 and ADA RNA expression 
in T-ALL cell lines against sensitivity to different compounds including nelarabine. Two 

different datasets were downloaded from the DepMap portal. The first dataset was the 
RNA expression data for protein coding genes from the Cancer Cell Line Encyclopaedia 
(CCLE)235. It was released through the fourth quarter of 2022 (22Q4) and contained 1408 
cell lines and 19193 genes. The second dataset comprised of drug response data including 
the area-under-concentration (AUC) response curve sensitivity scores from the Cancer 

Therapeutics Response Portal (CTRP)236,237 for 1107 cell lines and 545 chemical compounds 
and was released in 2015. Expression data for SAMHD1 and ADA were plotted against the 
AUC data of nelarabine using R statistical software (v 2022.12.0+353)238. Plots were 
generated using the ggplot2 package239, with Pearson’s correlation and the P values 

calculated using the stat_cor() command. 
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5.7 Laboratory molecular biology techniques 

i. Enzyme-coupled SAMHD1 activity assay 

With the use of an enzyme-coupled malachite green biochemical assay, the enzymatic 
activity of SAMHD1 against different NAs and the canonical dNTPs, as well as the likelihood 
that some NAs can act as allosteric activators was validated (papers I and II). SAMHD1-
mediated dNTP hydrolysis produces dNs and inorganic triphosphates. These 
triphosphates can be used as a substrate by PPase and produce inorganic phosphate, 

which in turn is measured by an absorbance assay performed by a plate reader211,212. A 
standard curve of inorganic phosphate was used to measure the inorganic phosphate 
produced by the PPase. Background signal was initially subtracted, and phosphate 
released from the SAMHD1 reaction was calculated using the equation created from the 
phosphate standard curve. Substrate-velocity curves were fitted using the Michaelis-

Menten model and GraphPad software was used for results visualization. Recombinant 
SAMHD1 protein and E.coli PPase was produced by Protein Science Facility at Karolinska 

Institutet. 

ii. HPLC-MS/MS assay for intracellular dNTP and NA-TP measurements 

The intracellular levels of the active metabolites of the NAs as well as the levels of the 
individual dNTPs were measured in papers I, II and III. Cells were treated with the 
respective compounds, in sub-lethal doses and they were incubated for the indicated 

time. After incubation, 2x106 cells were collected and after being washed with DPBS, they 
were immediately resuspended in 65% ice cold methanol and placed on ice. Samples 
were vigorously vortexed, followed by heating at 95oC. After centrifugation the 
supernatant was collected and was vacuumed dried. The amounts of intracellular dNTPs 

and NA-TPs were measured using ion pair chromatography tandem mass 
spectrometry. Results were verified by using student unpaired t-test with Prism 
GraphPad software. 

iii. Western blot analysis 

Western blot is one of the most trivial techniques regarding protein levels visualisation. 
Many different protocols and alterations have been developed; however, the sequence of 
the different steps remain standard. First, the protein cell lysate is separated with gel 

electrophoresis and then the proteins are transferred from the gel to a membrane. With 
the use of a primary antibody against the protein of interest and then with a secondary 
antibody against the species the primary was raised, the presence or absence of a protein 
can be established, as well as its relative expression levels. Expression levels can be 
visualized either by a direct fluorophore at the secondary antibody or via enhanced 

chemiluminescence (ECL) via detecting the conjugated horseradish peroxidase (HRP) 
enzyme at the secondary antibody. In papers I and II, through western blotting, protein 
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expression levels of SAMHD1 in the parental cell lines or after different treatment protocols 

were established, as well as SAMHD1 depletion of the knockout clones. Furthermore, 
expression of apoptotic markers upon treatment was also validated with this technique. 
Finally, estimation of SAMHD1 levels in primary cells was quantified including the change 

in levels followed by Vpx treatment. 

iv. Cellular thermal shift assay 

In paper I, we were interested to determine whether the potential SAMHD1 inhibitors bind 
directly to the protein and affect its activity either by destabilizing the enzyme or by 

occupying the catalytic site, thus preventing dNTP or NA-TP binding. This binding can be 
easily viewed by CETSA through a shift in the melting curves of a protein, since direct 
binding, increases that melting temperature240. Following compound treatment, cell 
pellets were collected, resuspended in a standardized cell number to lysis buffer ratio and 
placed in PCR tubes. After heating each tube in a different temperature, samples were 

equilibrated at room temperature, followed by three freeze-thaw cycles and vigorous 
vortexing at the end of each cycle. Cell lysates were collected after centrifugation and the 

melting temperature of the samples was validated by western blot. 

v. In situ chemical cross-linking 

The dNTPase activity of SAMHD1 is directly correlated with its ability to form very stable 
homotetramers. So inevitably in paper I, incubating SAMHD1 with numerous different 
compounds for inhibiting its phosphatase ability, raised the question of whether these 

compounds act through dissociation of the homotetramer. After treating the cells with 
individual compounds, they were washed, aliquoted and each aliquot was resuspended 
in a solution of decreasing concentrations of a cross linker. The cross linker was prepared 
in anhydrite DMSO and diluted in PBS to reach the decided concentration. After 30 
minutes of incubation, the reaction was quenched with Tris-HCl, and samples were 

centrifuged and processed for protein visualization with western blot. Cross-linking 
techniques allow us to distinguish complex formations from sole proteins according to 
molecular weight separation and based on the molecular weight of the protein of interest, 
it can be seen whether it is present as a monomer or if it is bound to other monomers or 

other proteins.  
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6 Results and discussion 
Paper I: Identifying RNR inhibitors as SAMHD1 inhibitors and improving treatment 

outcome in AML through combination treatment with cytarabine. 

As SAMHD1 expression can be used as a predictive biomarker for cytarabine efficacy in 
AML, enhancing its pharmacological potential could be favourable for patients. Several 
studies have tried to discover a compound that could inhibit SAMHD1 activity, but even 
though preliminary results in vitro showed promising inhibitory potential against 
recombinant SAMHD1, they were not effective in cells. Towards this direction, we applied 
a phenotypic screen of more than 33000 different small molecules in order to discover 

potential SAMHD1 inhibitors. 

Our strategy was based on two central pillars. Firstly, cell proliferation inhibition by these 
molecules should be SAMHD1-dependent. So, all molecules were tested combined with a 

non-toxic ara-C concentration in both parental THP-1 cells and their SAMHD1-deficient 
clones, and the ones that had an effect independently of SAMHD1 presence were 
excluded. Secondly, the compounds should illustrate this inhibitory effect only when 
combined with ara-C. So, they were tested both in presence and absence of ara-C, and 
the ones that had a toxic effect independent of ara-C presence were also excluded. As a 
final step, we performed experiments with serial dilutions in both SAMHD1 proficient and 

deficient cell lines, both with and without ara-C (figure 5). Out of all the positive hits, we 
focused on gemcitabine (dF-dC), a clinically approved deoxycytidine analogue. 
Gemcitabine had been previously discovered to initiate two different regulatory roles 
regarding nucleotide metabolism. When diphosphorylated (dF-dCDP), it acts as a non-
allosteric RNR inhibitor241,242, and when triphosphorylated (dF-dCTP) it stalls DNA 

replication243. Furthermore, dF-dC, even though it is a NA, it is not a SAMHD1 substrate, so 

it’s activity could not be compromised by SAMHD180. 

Figure 5. SAMHD1-inhibitor screen: 
Schematic representation of the methodology 
that was followed for the high-throughput 
phenotypic screen of more than 33000 small 
molecules that led to the identification of 
gemcitabine as a SAMHD1 inhibitor. 

(Source: Rudd SG, Tsesmetzis N, Sanjiv K et al, 
Ribonucleotide reductase inhibitors 
suppress SAMHD1 ara-CTPase activity 
enhancing cytarabine efficacy, EMBO Mol 

Med. 2020 Mar 6;12(3):e1049. doi: 
10.15252/emmm.201910419. Epub 2020 Jan 17.) 
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Based on our initial experiments that included cellular thermal shift assay (CETSA) and in 

situ chemical cross linking we extrapolated that this inhibition was not due to direct 
binding of the compound to the enzyme. If dF-dC directly bound on the SAMHD1, this 
interaction might change the thermostability of the protein and would change the 
aggregation temperature (Tagg)244, however in this case, Tagg temperatures were similar, 
arguing against a direct binding between the drug and the protein. Furthermore, with the 

in situ cross linking assay, we were able to determine that the SAMHD1 tetramer structure 

levels remained unaltered upon treatment. 

It was previously described that the diphosphorylated dF-dC is an RNR inhibitor (RNRi)241. 

RNR is an allosterically regulated enzyme, and it is responsible for catalysing the 
conversion of NDPs to dNDPs and is a rate limiting enzyme for the de novo dNTP 
synthesis126. Since dF-dC did not directly bind to SAMHD1, we hypothesized that more 
RNR inhibitors could affect SAMHD1 activity and two more allosteric inhibitors of RNR, 
hydroxyurea (HU) and triapine (3-AP), were confirmed to present the same results245. as 
addition of either of these two compounds, sensitized cells to ara-C treatment. For all 3 

compounds, their ability to sensitise to ara-C treatment was directly correlated to 
SAMHD1 protein levels. Cell lines that expressed higher SAMHD1 levels showed a bigger 
shift towards ara-C treatment sensitization. Moreover, they all presented synergistic 
results in SAMHD1-proficient cells treated with combination treatments of ara-C and RNRi 
based on ZIP-scores, a feature that was not seen in SAMHD1-deficient cells. ZIP-score is 

a developed method that compares the dose response curves that are generated from 
single drug treatments with the combination treatment and can validate the synergistic 
or antagonistic potency of the drug combination. This is based on the assumption that if 
both compounds do not interact with each other, then there would be small changes in 
the respective dose response curves. Then, based on the difference form this zero 

interaction, a delta score is calculated to measure the combination treatment potency. 
Furthermore, in a panel of 9 haematological cell lines, a direct significant correlation 
between treatment synergy and SAMHD1 protein levels was evident (p=0.0045 for HU 
and p=0.0311 for dF-dC). Also, by using the same CETSA and in situ cross linking 

techniques, we verified that HU was also not directly bound to SAMHD1.  

The synergy between RNRi and ara-C was also confirmed with experiments monitoring 
DNA damage and apoptotic markers. Single drug treatment of sublethal doses of ara-C 
had no effect on them, but combination treatments with RNRi induced DNA damage and 
cell death. This was evaluated through Western blotting, and it was indicated by an 

observed increase in expression levels of apoptotic marker PARP and DNA damage 
markers pChk1, pChk2 and γH2Ax when cells were treated with a combination treatment, 
but there was no change in levels when cells were treated with either of the two 
compounds in single treatment. Furthermore, addition of RNRi did not affect anthracycline 
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efficacy, which was of great importance since ara-C is used in combination with 

anthracyclines in induction therapy. 

With this data, our group was the first one to show SAMHD1 inhibition at living cells. 
Following these results, we wanted to verify if this SAMHD1-dependent barrier could also 

be relieved in vivo. We performed our in vivo experiments by testing two of the 
discovered SAMHD1 inhibitors. Due to low cost, as well as the long precedence in AML 
treatment, HU was chosen as one of the RNRi to be used for this study. In two orthotopic 
mouse models where two different cell line models were used, combining ara-C with HU, 
significantly prolonged the survival of the mice in a SAMHD1-dependent fashion. In the 

first mouse mode, NOD/SCID mice were subjected to tail injections with THP-1 or HL60 
wild type cells expressing SAMHD1 or their SAMHD1 depleted counterparts, and 6 days 
post cell injection they were split in four different treatment groups where they were 
administered with PBS, ara-C alone, HU alone or a combination of ara-C and HU for five 
consecutive days. All cells were expressing firefly luciferase so the leukemic growth could 
be monitored through an imaging system. No differences were observed in the control 

groups treated with PBS with respect to survival. Interestingly, in mice injected with 
SAMHD1 proficient THP-1 cells, treatment with ara-C showed no different effect compared 
to the PBS-treated control group, but in SAMHD1 deficient mice, survival was prolonged 
significantly (from a median survival of 50 days at the control mice to 68 days in this 
group, p=0.0018). Furthermore, in mice injected with wt THP-1 cells, combination 

treatment increased median survival at 64 days (p=0.0141, compared to the ara-C single 
drug treatment). These results were confirmed when testing the efficacy of the treatment 
on HL-60 injected cells. Furthermore, these results were recapitulated with the use of the 
other RNR inhibitor, dF-dC. The experimental protocol was similar as before, but due to 
toxicity issues, dF-dC was administered only two times, once on day 1 and once on day 3 

while ara-C and PBS was administered for 5 days. Animals treated with PBS, ara-C alone 
and dF-dC single drug treatment displayed similar median survival between 44 and 49.5 
days. However, combination treatment prolonged median survival to 65 days (p=0.0014 
and p=0.0097 compared to ara-C and dF-dC single drug treatments respectively). It 

should be noted that in both models, transient loss of weight was shown. 

Because in xenograft models, mice need to be immunocompromised to accept human 
cells, we used another additional model where we injected MLL-AF9 murine cells in 
CD45.2 C57BL/6J mice, to also monitor the development of any BM toxicity. These cells 
express SAMHD1 and were intravenously injected at the mice. Twenty days after injection 

mice were divided in 4 groups and were treated with normal saline, ara-C, HU or a 
combination treatment. This is a very aggressive AML model and median survival for each 
of the groups treated with normal saline, ara-C, HU or a combination treatment was 6, 12, 
8 and 14 days respectively. Significance in survival was reached when comparing the 
combination treatment with the control group (p=0.0026) but it was not detected when 
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comparing the ara-C or the HU treated groups with the control group. Once more, 

combination treatment prolonged survival in a SAMHD1-based manner and furthermore, 
myelotoxicity was not increased compared to the single drug treatment. The latter was 
of great importance since both HU and ara-C create myelotoxicity, and increased toxicity 
could render this combination treatment highly toxic. Unchanged myelotoxicity levels 
were detected by comparing blood markers via flow cytometry one day after the 

conclusion of chemotherapy or by assessing spleen size and BM cellularity at sacrifice. 

Combination treatment efficacy was also shown ex vivo in both paediatric and adult AML 
samples with varying expression of SAMHD1 protein levels. A correlation was established 

between SAMHD1 protein expression levels and response to combination treatment base 
on the ZIP-synergy scores (p=0.0466), as increasing treatment concentrations of the RNR 
inhibitors, sensitized cells more to ara-C treatment.  Furthermore, in most of the samples 
where SAMHD1 was depleted with Vpx treatment followed by either single drug or 
combination treatment, response to ara-C remained similar, showing that in the absence 
of SAMHD1, no sensitization to ara-C treatment was observed when adding HU. On the 

contrary, upon addition of RNR inhibitors, sensitization to ara-C was observed in cells 
expressing SAMHD1 incubated with control VLPs, with EC50 values, decreasing up to a 
magnitude of two. Finally, comparison of the ZIP-synergy scores between the Vpx-VLP 
treated and the control treated groups, illustrated a significant decrease in synergy of the 
two compounds in the absence of SAMHD1 (p=0.0046) suggesting that this drug 

combination is effective and acts synergistically in a SAMHD1-dependent effect manner 

All results pointed out that SAMHD1 activity is affected by RNR inhibitors. However, the 
actual mode of action was not clear. Many studies have shown that post translational 
modifications occur in SAMHD1 and influence its catalytic capability. However, functional 

experiments excluded SAMHD1 phosphorylation or tetramerization inhibition as the 

reason behind the enzyme's activity depletion. 

When inhibiting RNR, intracellular dNTP levels decrease, and the cell cycle can be affected. 

As mentioned before, SAMHD1 has been discovered to be regulated and phosphorylated 
by CDKs in a cell cycle dependent manner. Also, phosphorylated SAMHD1 has been shown 
to have a lower efficacy when the intracellular dNTP pools are low. To that end, when 
expressing either phosphomimetic T592E SAMHD1 mutant or a mutant that cannot be 
phosphorylated (T592A SAMHD1) in SAMHD1-depleted THP-1 cells, we did not detect any 

difference in the synergistic potential of the RNRi with ara-C, indicating that it is not 

phosphorylation that affects SAMHD1 ability. 

Instead, the cause of SAMHD1 deregulation was linked to intracellular dNTP pool 
imbalance. Treatment with dF-dC or HU did not affect either the homotetramer formation 

as shown by CETSA experiments or its proportions as was depicted the in situ cross 
linking experiments. Treating cells with low concentrations of RNR inhibitors resulted in an 
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alteration of the dNTP ratios, where dCTP levels increased after treatment, thus altering 

the dCTP to dATP ratios by 3- to 6-fold, a finding that was not observed when treating 
the cells with ara-C single drug treatment. This increase in levels, led dCTP into binding at 
a higher rate to AS2. This change in ratios led to a reduced ara-CTPase capacity of the 
homotetramer and subsequent increase of ara-CTP levels by 4-fold. These levels were 

equally relevant to SAMHD1 negative THP-1 cells. 

Finally, we wanted to detect how this elevated concentration leads to inhibition of ara-
CTP hydrolysis. To that end, recombinant SAMHD1 was incubated with GTP that can only 
bind at AS1, ara-CTP that can bind at the CS of SAMHD1 and increasing concentrations of 

non-hydrolysable dNTPαS that can bind at AS2. It should be noted that dNTPαS can also 
bind at SAMHD1 CS, but they cannot be hydrolysed. Even though 3 out of these 4 dNTP 
analogues (dTTPαS, dGTPαS and dATPαS) did not affect SAMHD1 capacity to hydrolyse 
ara-CTP, when dCTPαS was used ara-CTP hydrolysis could not be initiated, even in 
concentrations 20- to 100-fold higher compared to those needed by the other 3 
analogues to initiate ara-CTP hydrolysis. However, the homotetramer could still be 

assembled since incubation of SAMHD1 with dCTP could activate its dCTPase ability.   

Finally, since RNR inhibition affects the de novo synthesis pathway of dNTPs, we tested 
whether it is the salvage pathway that could be involved in this occurrence of dNTP ratio 

imbalance. Supporting this hypothesis, quantification of phosphorylated dCK in serine 74 
residue, which marks the activated form of the enzyme showed increased levels of 

phosphorylated dCK between 8- and 20-fold depending on the RNRi treatment. 

To summarize, with this study we were able to establish an indirect SAMHD1 inhibition at 

a cellular level and we were able to do so with the use of RNR inhibitors including dF-dC 
and HU. More importantly, HU is already used in the clinic for AML patients with known 
toxicity effects and its cost is not a limiting factor for introducing it in treatment regimens. 
Our preclinical findings presented strong results regarding the efficacy of combining HU 
with ara-C and becomes a candidate treatment for being able to be tested at a clinical 

setting in a small cohort. Furthermore, SAMHD1 could be introduced as a predictive 

biomarker for personalized medicine in AML patients. 
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Paper II: SAMHD1 inhibition sensitizes T-lymphoblastic acute leukaemia to nelarabine. 

Following our findings in AML, we hypothesized that SAMHD1 expression could have an 
unfavourable impact in another haematological malignancy, T-ALL. An earlier study 
showed in a panel of various T-ALL cell lines, that upon nelarabine treatment, two distinct 
groups could be identified. One that was resistant and one that was sensitive to 
treatment246. Our initial hypothesis was that this divergence could be possibly related to 
SAMHD1 expression, and it was verified by testing the levels of two cell lines that belonged 

in each respective group. Later, another study verified that T-ALL cells respond better to 
nelarabine treatment compared to B-ALL, which was also explained by the fact that T-

ALL cell lines largely express less SAMHD1222. 

Through this study, via an enzyme-coupled assay, we were able to identify that ara-GTP 
belongs to the category of NAs that can be both an allosteric regulator and a substrate 
for SAMHD1. Inorganic triphosphate was detected when SAMHD1 was incubated with ara-
GTP and GTP. However, since GTP can only bind at AS1 but not AS2, this could only lead 
to the assumption that ara-GTP can also occupy the space in the AS2 pocket and initiate 

Figure 6. Graphical representation of SAMHD1's negative effect in nelarabine/ara-G treatment. After 
ara-G is phosphorylated into the active metabolite of ara-GTP, it can incorporate into the elongated DNA 

strand, stop the DNA replication process and subsequently lead the cell to apoptosis. SAMHD1 expression 
can recognise ara-GTP as a substrate at the CS and cleave ara-GTP into ara-G and PPPi, thus promoting 
resistance to treatment. Addition of HU as a combination treatment, inhibits SAMHD1, thus sensitising cells 
to nelarabine/ara-G treatment, which will lead the cell to apoptosis. (Image created with Biorender) 
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the formation of the active homotetramer and thus its own mediated hydrolysis. Also, 

with ara-GTP being a guanosine analogue, it was not very surprising that it had the 
capacity to bind at AS1 as well. This introduces an additional problem about nelarabine 
treatment in T-ALL. Since ara-GTP can bind at AS2 it would compete with physiological 
dNTPs for that position thus needing higher concentrations to be applied for treatment. 
Also, binding at AS2 activates its own hydrolysis, which means that compared to drugs 

that can only bind at CS, relatively higher concentrations of the drug should be 
administered for the cells to be sensitized to treatment. So, that increase in concentration 
could render the drug unavailable for treatment due to possible toxicities. In simple terms, 
due to inducing its own hydrolysis, ara-GTP might be even more affected by SAMHD1 

resistance as compared to ara-CTP. 

As mentioned earlier, the active metabolite of nelarabine is ara-GTP, however ara-G is not 
water soluble, which renders its application more complicated. Drugs used for patient 
treatment are diluted either on saline or water, but in the case of ara-G this was not 
feasible, so without a solution to this problem, use of ara-G would not become possible 

for patient treatment. For this reason, the pro-drug nelarabine was developed, which is 
water soluble and through the enzymatic activity of adenosine deaminase (ADA), it is 
demethoxylated into ara-G and subsequently phosphorylated via sequential steps to 
ara-GTP. In standard cell culture protocols, the use of heat-inactivated serum reduces 
ADA activity to a great extent. So, if the cell line used for in vitro experiment testing does 

not express ADA, a lack of conversion to ara-G will reduce its efficacy. Experimentally, this 
can be circumvented by using ara-G instead of nelarabine, as cells will be probably more 
sensitized to treatment247. Most probably this observation should not have relevance 
while performing in vivo experiments as most animals should express ADA. However, it 
should point out the limitations and differences that can occur when one performs 

experiments in such a controlled environment as testing a cell line in vitro, and 
extrapolates results based on them for following steps. In one of the cell lines used for this 
study, ADA was not expressed and there was a difference in response to nelarabine 
compared to ara-G. More specifically in ADA-deficient cells, even in high concentrations 
of nelarabine the cell line remained resistant to treatment, while treatment with ara-G at 
the same concentration range, showed response. In comparison, an ADA expressing cell 

line presented similar IC50 values between nelarabine and ara-G treatment. Both 
compounds for these in vitro studies were diluted in DMSO, which is a limitation of this in 
vitro technique and cannot be applied for future in vivo procedures. We broadened this 
search into more cell lines, and in a group 10 T-ALL cell lines that were analysed in silico, 
there was a significant negative correlation between ADA mRNA expression and 

sensitivity to nelarabine treatment based on the area-under-the-curve (AUC) values 
(p=0.0072). Furthermore, there was also a correlation between resistance to nelarabine 
and SAMHD1 mRNA expression in T-ALL cell lines (p=0.02), but this correlation could not 

be reproduced in AML cell lines (p=0.28). 
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Among the few cell lines that express SAMHD1, two of them, one of paediatric and one of 

adult origin, were chosen for further functional analyses. Depletion of SAMHD1 in both cell 
lines with two different approaches (VLP-Vpx treatment or CRISPR/Cas9) resulted in 
sensitization to treatment, thus rendering SAMHD1 as a resistance factor towards 
nelarabine treatment in T-ALL. Treatment with Vpx sensitized MOLT-16 and Sup-T11 cell 
lines by decreasing the IC50 values by 2-fold and 40-fold respectively. Similarly, SAMHD1 

KO via CRISPR/Cas9 editing sensitized cells to treatment by 10-fold and 100-fold 
respectively based on the IC50 values. Of note, Vpx treatment only incompletely 
decreased SAMHD1 expression, however it was sufficient to increase treatment 

sensitivity. 

Based on our previous studies in AML, we were able to show that addition of HU can 
indirectly affect SAMHD1 enzymatic activity and sensitize cells to ara-C treatment. 
SAMHD1 expressing cells were slightly more sensitive to HU treatment. When combined 
with nelarabine or ara-G, it led to a HU dose-dependent sensitization to treatment 
compared to single drug treatment in both T-ALL parental cell lines that expressed 

SAMHD1 by up to 10-fold for MOLT-16 and 5-fold for Sup-T11. This was not observed in the 
SAMHD1-deficient cell lines. Furthermore, to support our findings, we measured ara-GTP 
levels in all cell lines, and we were able to identify vastly larger levels of ara-GTP in the 
non-expressing SAMHD1 cell lines compared to their wild type counterparts. On top of 
that, addition of HU in the SAMHD1 proficient MOLT-16 and Sup-T11 cell lines, significantly 

increased ara-GTP levels by 3-fold (p=0.0402) and 2-fold (p=0.0007) respectively, 
showing that HU-mediated inhibition of SAMHD1 sensitizes cells to treatment. On the 
contrary, this increase in ara-GTP levels was not observed in SAMHD1-depleted cells 

(p=0.9461 and p=0.5321 for MOLT-16 and Sup-T11 respectively). 

Adding HU to a combination treatment with nelarabine, also showed a sensitization to 
nelarabine treatment in ex vivo T-ALL patient samples. All samples were chosen based 
on SAMHD1 mRNA expression. However, because previous studies had shown that 
SAMHD1 promoter can be methylated and decrease partially or completely protein 
expression222, in parallel with the cell proliferation assays, cells were collected and SAMHD1 

protein expression was also validated. The IC50 values of nelarabine in these five samples 
ranged from 0.1μM to 29μM, however similar to our results from the AML study, the protein 
levels of SAMHD1 and IC50 values acquired from nelarabine treatment were not 
correlated80. This could be explained probably by the small number of samples used for 
this experiment, but most likely indicates that comparing IC50 values across primary cells 

is difficult due to interpatient variability. Finally, addition of HU sensitised cells to 
nelarabine and reduced the IC50 values by a factor of 1.2 to 2.2, suggesting that even at a 
moderate amount, inhibition of SAMHD1 still occurs in primary T-ALL cells thus rendering 

nelarabine treatment more efficacious.  
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Taking everything into account, it appears that SAMHD1 can be used as a predictive 

biomarker for nelarabine treatment in T-ALL, as higher protein expression levels increase 
resistance to treatment. This is of outmost importance since nelarabine is an important 
drug for treatment in patients with R/R T-ALL248. Addition of RNR inhibitors such as HU, 
appear to remove this SAMHD1-based barrier and sensitise cells. Combination treatments 
of nelarabine and HU can be of great importance, since lower levels of nelarabine would 

be able to have the desired outcome without the risk of treatment related side effects 

such as neurotoxicity that have been reported in some cases178,249. 

 

Paper III: Newly diagnosed AML patients enrolled in a phase 1 clinical trial combining 

hydroxyurea with cytarabine achieved complete remission. 

As mentioned earlier, OS for AML patients is below 30% but this number is highly 
dependent on the patient’s age, as older people have a dramatically worse prognosis due 
to intolerability of intensive chemotherapeutic regimens161. The backbone of AML 
treatment consists of cytarabine and anthracyclines. and although various studies have 
included additional compounds to improve treatment efficacy, most of them had 

negative results, with the only exceptions being FLT3 inhibitors250. We wanted to validate 
whether addition of HU to standard AML treatment is beneficial and safe. Eligibility criteria 
for inclusion in this study were that all patients should be newly diagnosed with non-
promyelocytic AML, all patients should be over 18 years of age, and all patients should be 
competent to tolerate intensive chemotherapy. During this trial, all patients received at 
least two full cycles of chemotherapy, with the only exception being one patient that due 

to age, the second cycle was 80% of the initial first cycle dosage. 

Addition of HU resulted in no additional severe toxic side effects in any of the patients. 
Regarding observed toxicities due to treatment, it is notable to mention that only 

haematological grade 3/4 toxicities were reported. Furthermore, haematological recovery 
was not delayed by HU-induced SAMHD1 inhibition as shown by the recovery of 
neutrophil values to pre-treatment values within a median time of 19 days (range 16-23) 
after the first cycle of chemotherapy and the recovery of platelet values after within a 
median time of 22 days, which shows that addition of HU does not significantly increase 

haematological toxicity. No non-haematological grade 3/4 toxicities were observed. 

Based on the treatment protocol, HU was given to patients in increasing doses in a 
controlled manner comprised of three steps, with the first one being at 500mg twice per 
day, the second one being one dose of 1000mg and one of 500mg and the last step being 

at 1000mg twice per day. According to the results that no toxicities related to increased 
HU dosages were observed, the highest dose at step 3 was established as the 
recommended dose for the upcoming phase 2 trial that will register more patients. It 
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should be noted however, that dose titration to dose-limiting toxicities was not a goal for 

this phase 1 trial. 

All monitored patients in this phase 1 trial achieved CR. Eight of them achieved it already 
after the first cycle and the ninth patient following the second cycle of chemotherapy. 

Regardless of the readout technique used to assess MRD, eight evaluable patients, were 
all negative for MRD after the second treatment cycle. No measurements were obtained 
for the remaining patient because they did not have the specific leukaemia associated 
immunophenotype (LAIP) nor a marker suitable for PCR-based MRD assessment. Based 
on the already published data retrieved from the Swedish AML registry, patients that 

received the same treatment regimen as with this study but without the inclusion of HU 
had rates of CR and MRD negativity at 92%/80% for the favourable risk group, 84%/64% 
for the intermediate risk group and 71%/60% for the adverse risk group of patients. On the 
contrary in this study all patients in this phase 1 trial achieved CR and presented MRD 
negativity. So, compared to this data, although this phase 1 study, is small in number, it 
showed promising results and enhanced effectiveness on both CR and MRD negativity. 

With the follow up phase 2 study, these promising results might become more solid251.  

In BM biopsies that were collected from the patients at the time of diagnosis, SAMHD1 
protein levels were established with IHC. Patients expressed a wide range of protein levels, 

and based on this expression they were clustered in three groups, therefore categorized 
as low, intermediate, and high. In the absence of HU, SAMHD1 expression and ara-CTP 
levels were not correlated in vivo (n=9, p=0.83). Similarly, SAMHD1 expression and ara-C 
IC50 values were not associated ex vivo (n=7, p=0.13). As we would expect a correlation 
between SAMHD1 and ara-C, in both of these experimental procedures, lack of correlation 

could be explained by the small size of samples that has been used. 

Finally, Inclusion of 500mg HU in the treatment did not alter ara-CTP levels in PBMCs (n=3, 
p=0.45), however, doubling the dose to 1000mg significantly raised levels to a median of 
150% (n=6, p=0.04). Besides, increase in ara-CTP measurements was also detected in ex 

vivo BM-derived blasts after HU treatment compared to the ara-C single treatment (n=8, 
p=0.02). This was also illustrated in BM-derived mononuclear cells where IC50 values of 
ara-C decreased upon adding HU for combination treatment by a median value of 2.1 
(p=0.0047). These results were also supported by combination treatment with dF-dC, 
another RNR inhibitor, where ara-C IC50 values decreased by a median factor of 1.6 

(p=0.01).  Verification of these results also occurred with the calculation of ZIP scores that 
define whether a combination treatment is synergistic or not, and in this case, they were 

similar with the THP-1 control measurements. 

All in all, based on this small phase 1 trial it appears that addition of HU could increase the 

efficacy of cytarabine when administered as a combination treatment. This could be 
helpful in paediatric cases of AML and in adult AML where the patients are fit for intense 
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chemotherapy. Treatment tolerance was one of the criteria for enrolment in this trial. 

Older patients however, over the age of 70, where OS rates are the worst usually are unfit 
for treatment and cannot tolerate intensive chemotherapy. So, with adding HU to the 
current treatment protocol, even though our results presented no additional toxicity 
effects, it could still be detrimental for the health of these frail patients. Many factors can 
be taken into account to find a solution towards a better outcome for these patents. 

Initially, SAMHD1 could be used as a biomarker, and based on our data, cells expressing 
higher levels of SAMHD1 react better to HU inclusion. So, there might be a potential in 
adjusting the dose of ara-C by decreasing it, which could partially alleviate the intensity 
of the current treatment. This could also be validated at future studies, by monitoring the 
half-life of ara-CTP, as sequential measurements of ara-CTP could allow dose adjusting 

in patients and it will also allow to establish how long patients will be exposed to ara-CTP. 

 

Paper IV: Establishing a correlation between low SAMHD1 expression and cytarabine 

treatment in AML patients. 

Even though there has been a great improvement in AML treatment, prognosis remains 

unsatisfactory as there are still many patients that will succumb to their disease. This bad 
prognosis is age related, as the OS rates in paediatric AML is greater than 70%, while in 
adults it is around 25% only, thus making the mortality rate of AML patients one of the 
worst compared to other cancer types252.  New treatment protocols in induction therapy 
for paediatric AML have shown CR rates over 90%, but still 1 out of 3 children might still 
relapse with the OS rates then decreasing to approximately 30%253,254. Besides, our group 

and others had already shown that in AML, SAMHD1 could potentially act as a biomarker, 
since there was an inverse correlation between its expression levels and cytarabine 
efficacy in a variety of cell lines and SAMHD1-depletion could reverse the effect of ara-C 

treatment resistance and sensitize cells in vitro, in vivo and ex vivo80,217. 

In two de novo AML cohorts that were collected from two different institutions, the 
University of Texas MD Anderson Cancer Center (USA) and the National University 
Hospital of Singapore, we evaluated SAMHD1 expression and whether there is a correlation 
between expression and cytarabine therapy efficacy, both following induction therapy 
and consolidation therapy. With immunohistochemistry (IHC), we were able to identify 

that SAMHD1 stainings were negative in the normal hematopoietic stem cells and 
progenitors, but on the contrary, all AML blasts were positive for SAMHD1 expression, with 
a median and a mean value being 30% and 42% respectively and with a range of 1% to 
100% for SAMHD1-positive blasts per sample. So, presence of SAMHD1 in myeloblasts 

could be directly considered as a pathological finding. 

As expected, levels of SAMHD1 were not correlated to the administered ara-C dose during 
induction therapy. Based on the frequency distribution, a cut-off was introduced to 
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distinguish three different groups depending on SAMHD1 expression. Based on visual 

examination of the SAMHD1 expression, low SAMHD1 was established at a 25% cut-off 
whereas high SAMHD1 was determined by a 75% cut-off. The remaining blasts were 

considered as intermediate. 

After induction treatment, no association could be established between SAMHD1 
expression and CR achievement, either when all patients were analysed as a complete 
group (p=0.76) or when analysing the subgroup of patients that received HDAC at 
consolidation therapy (p=0.32). Furthermore, there were no differences detected in CR in 
patients that received ara-C based treatment as induction therapy according to SAMHD1 

expression in either of the two cohorts from both institutions (p=0.77 for MDACC and 
p=0.12 for NUH respectively). Notably, there was a discrepancy among the two cohorts in 
the percentage of patients that accomplished CR (85% in MDACC vs 21% in NUH), which 

might be explained by recruitment bias and more intensive induction therapy at MDACC.  

While no differences with respect to SAMHD1 expression were evident during induction 
treatment, 5-year EFS in patients with low SAMHD1 was higher with 47% compared to the 
20% for the group of patients expressing high SAMHD1 (p=0.0086). Similarly, 5-year OS 
was 44% for patients with low SAMHD1 compared to 34% for patients expressing high 

levels of SAMHD1 (p=0.0114).  

The lack of effect during induction treatment probably stems from the potent 
contribution of anthracyclines to therapeutic outcome. As SAMHD1 does not confer 
resistance to anthracyclines, SAMHD1's role for overall outcome of induction therapy is 
limited. However, during consolidation therapy without anthracyclines, SAMHD1 appears 

to impact outcomes of ara-C. So, since anthracyclines are only part of induction and not 
consolidation treatment, the effect of SAMHD1 on a treatment that only contains NAs, 
such as HDAC, is expected to be greater as SAMHD1 does not affect outcome of 

anthracyclines. 
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7 Conclusions and future perspectives 
Since the discovery of SAMHD1, numerous studies have been conducted regarding its 
regulation, known functions, and possible therapeutic applications. SAMHD1 has been 
shown to, among other functions, adjust intracellular dNTP pools, participate in cell cycle 
progression, restrict viral infections, and assist in DNA repair. It has also become apparent 

that SAMHD1 is an important player in cancer treatment as in many cancer types it is 
found to be mutated, deregulated, or post-translationally modified. This survival 
mechanism obtained by cancer cells could have been developed since expression of wild 
type SAMHD1 could negatively affect tumour progression. Contrary to that, SAMHD1 
expression can be a regulator of cancer treatment potential, especially when NAs are 
included in the chemotherapeutic protocols. In this thesis, we tried to shed some light in 

mechanistic and functional aspects of SAMHD1, the interactions with other proteins and 
enzymes in the cell cycle and the nucleotide metabolism pathway. We also tried to 
decipher whether SAMHD1 can be assigned the role of a prognostic biomarker, initially for 
AML and in the future for other types of malignancies, as well as if it could be targeted for 

developing treatment protocols of personalised medicine.  

 We were able to establish SAMHD1 as a predictive biomarker for AML progression and 
showed a strong correlation between SAMHD1 expression and event-free survival and 

overall survival rates in patients treated with high doses of cytarabine during their 
consolidation therapy. 

 We were the first to discover small molecule inhibitors that could be applied at a 
cellular level and inhibit SAMHD1 activity via an indirect but effective manner. Also, we 

demonstrated the SAMHD1-mediated resistance barrier to cytarabine can be 
overcome by inhibiting SAMHD1 in AML. 

 Survival was prolonged in vivo in a SAMHD1-related way in animal models treated with 
combination treatment of RNR inhibitors and cytarabine. 

 Imbalances of the dNTP pool play an important role towards function and efficacy of 
SAMHD1. Depleting SAMHD1 expression in AML and T-ALL cells can increase 
intracellular concentrations of the active metabolites of cytarabine and nelarabine 
respectively.  

 Implementing hydroxyurea in the treatment protocol of newly diagnosed AML 

patients did not exhibit any additional side effects. All enrolled patients achieved 
complete remission and MRD was below detection levels. Ex vivo analysis from patient 
derived samples developed an increase of ara-CTP levels both in PBMCs as well as in 

BM derived cells. 

Following the initial results obtained from the phase 1 clinical trial, it became apparent that 
the highest applied dose of HU did not show any additional or unexpected side toxicity 
effects while it showed highest increase in the ara-CTP concentration levels. These 
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results, however, should be validated in a phase 2 study, where a larger number of patients 

will be enrolled, and this high HU dose will be the established dose. Furthermore, for a 
more precise evaluation of this synergistic effect and for the development of more 
targeted therapies, it should be beneficial to have more than one ara-CTP measurement. 
This could allow to determine the half-life of the circulating drug, adjust, and refine the 

optimal dose as well as have a better assessment towards clinical responses. 

During the phenotypic screening, more compounds were positive hits as potential 
SAMHD1 inhibitors. These hits should be followed up with mechanistic studies, to verify 
whether they have an inhibitory effect towards SAMHD1. If this is confirmed, then is should 

be examined if they can directly bind to it, which could be more efficacious since they 
could either prevent enzyme tetramerization or substrate binding at the catalytic site. 
Furthermore, as in the case of RNR inhibitors it would be of great importance to determine 

any other relations among the enzymes involved at nucleotide metabolism. 

SAMHD1 appears to have a similar role in developing treatment resistance in T-ALL and 
RNR inhibitors seem to have a similar effect in SAMHD1 enzymatic activity depletion. This 
study should be followed up, if possible, with in vivo studies to verify whether SAMHD1 
expression affects nelarabine efficacy and based on that to validate if RNR inhibitors can 

prolong survival in animals in a SAMHD1-dependent manner. 

Finally, regarding AML, cytarabine appears to be the chemotherapeutic drug that in 
combination with hydroxyurea or gemcitabine can drastically improve prognosis and 
survival. In T-ALL though, as nelarabine is the only compound that has been approved for 
R/R patients, more studies should be conducted with potential candidate drugs against 

T-ALL that could have a better outcome in the absence of SAMHD1. 
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