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Abstract 
NUDT22 is a hitherto unstudied family member of the NUDIX protein superfamily. Our 

group previously identified a specific substrate activity for NUDT22 towards uridine 

diphosphate (UDP)-glucose resulting in the generation of glucose 1-phosphate (G1P) 

and the pyrimidine precursor uridine monophosphate (UMP). Fast proliferating cells 

such as cancer cells can adapt the more energy-efficient nucleoside salvage pathways 

to maintain sufficient nucleotide pool levels for cell proliferation and to prevent DNA 

replication stress. Together with the observed NUDT22 expression alterations in 

cancer, we hypothesised a specific role of NUDT22 in nucleotide synthesis and the 

potential exploitation of NUDT22 as novel target in cancer therapy.  

Here, we assessed the effects of NUDT22 knockout in osteosarcoma U2OS, non-

cancer retinal pigment epithelial hTERT-RPE1, and in breast cancer MCF7 cells on 

cell proliferation, nucleotide levels, DNA replication stress, DNA damage induction, 

DNA replication fork speed and cell cycle progression. We determined synergistic 

changes in cell survival, DNA damage induction and cell cycle progression upon 

targeting pyrimidine de novo synthesis with nucleoside analogues and other anti-

cancer agents in NUDT22 KO cells and their respective controls. We performed gene 

expression database analysis of the cancer genome atlas (TCGA) as well as 

genotype-tissue expression (GTEx) program to assess changes in NUDT22 levels in 

cancer versus healthy tissue and determined the role of NUDT22 as potential cancer 

target in vitro and in a MCF7 breast cancer xenograft model. Furthermore, we 

exploited our group’s previously solved co-crystal structure of NUDT22 in complex 

with UDP-glucose in virtual screens for the development of NUDT22 inhibitors. The 

identified and chemically optimised compounds were further evaluated based on 

enzymatic and cellular activity as well as their target engagement with recombinant 

protein and in cell lysate. 

In conclusion, we propose the discovery of a novel pyrimidine salvage pathway 

through NUDT22 controlling pyrimidine levels for DNA replication stress prevention 

and cancer growth maintenance. Our in vitro and in vivo findings suggest that NUDT22 

is an emerging target for cancer therapy. In addition, we identified potential first-in-

class NUDT22 inhibitors that engage their target in both recombinant protein and cell 

lysate.  



1. Introduction

1.1 NUDT22 is a NUDIX protein family member 

1.1.1 The Nudix protein family and its role in cancer 

The NUDIX protein superfamily is a species-wide conserved protein family of 

pyrophoshohydrolases that convert nucleoside diphosphate linked to another moiety 

X (NDP-X) resulting in the synthesis of the corresponding nucleoside monophosphate 

(NMP) and phosphorylated moiety X (P-X) [1].  

Responsible for catalytic activity is the coordination and activation of divalent cations 

by the family-conserved NUDIX box motif located in the loop-helix-loop structural fold 

of the proteins, with Mg2+ as most prominent cation among the protein family members. 

The NUDIX box typically consists of a 23-amino acids sequence 

Gx5Ex5[UA]xREx2EExGU, where U represents an aliphatic, hydrophobic residue such 

as isoleucine, leucine or valine, and x can be any amino acid. The glutamine (E) 

residues REx2EE in the core of the motif direct the binding of the individual cation. 

However, other amino acid side chains and structural motifs located in different parts 

of the NUDIX protein structure coordinate substrate specificity and binding. One 

structural motif responsible for substrate coordination is the family-specific NUDIX fold 

domain, an α/β/α sandwich structural motif in the N-terminal region of the 

proteins (Fig. 1B).  

With the discovery of the antimutagenic 8-oxo-(deoxy)guanine triphosphatase (8-oxo-

(d)GTPase) MutT in Escherichia coli in 1954, the family was first known as MutT family

and family members were considered to act as sanitising enzymes to prevent the

accumulation and incorporation of toxic nucleotides and their corresponding

metabolites [2,3]. Decades of research have, however uncovered a more versatile

biological role of NUDIX hydrolases in metabolism and homeostasis as well as mRNA

processing [1,4,5]. In addition, due to the high variability of substrates between family

members as well as shared specificities to the same substrate of several NUDIX

hydrolases, the exact biological functions of some family members have yet to be

determined [4,6].
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Figure 1. The human NUDIX protein family. A Phylogenetic analysis of protein structures of all 22 human 

NUDT22 family members revealed three groups in between the NUDIX protein family with NUDT22 as most distant 

outlier. B Comparison of the structural domains shows the family-preserved NUDIX box motif (light blue) inside the 

NUDIX hydrolase domain (green) as well as additional domains responsible for substrate specificity and biological 

function. However, the length of the NUDIX hydrolase domain as well as the localisation of the NUDIX box varies 

among the different family members. This figure is adapted from Carreras-Puigvert et al., 2017 [4].  

The human NUDIX hydrolase family consists of 22 family members encoded by 24 

genes and 5 pseudogenes with the human equivalent to MutT, MutT homologue 1 

(MTH1) as hitherto best characterised family member (Fig. 1). MTH1 is encoded by 

NUDT1 and hydrolyses the oxidised purine bases 8-oxo-dGTP, 2-oxo-

(deoxy)adenosine triphosphate (2-oxo-(d)ATP) and 8-oxo-(deoxy)adenosine 

triphosphate (8-oxo-(d)ATP) to their corresponding monophosphates. To prevent DNA 

incorporation and genome instability, the corresponding monophosphates are rapidly 

degraded. Although MTH1 has the highest activity towards 2-oxo-dATP hydrolysis, 

due to the higher abundance of 8-oxo-dGTP, the hydrolysis of 8-oxo-dGTP is the most 

relevant mode of action of MTH1. MTH1 is therefore responsible for oxidised 

deoxynucleoside triphosphate (dNTP) pool sanitation and consequently, required for 

cell survival, especially under oxidative stress conditions [7,8].  

Another NUDIX protein family member responsible for oxidised nucleotide sanitation 

is NUDT15, often referred to as MTH2. Similar to MTH1, NUDT15 is responsible for 

the hydrolysis of 8-oxo-(d)GTP albeit with lower activity. However, newer studies have 

revealed its preferred role as thiopurine metabolite hydrolase, thereby playing an 

important role in the anti-cancer efficacy of 6-thioguanine or 6-mercaptopurine, two 

standard-of-care treatments in leukaemia. More specifically, dephosphorylation of 

active thiopurine metabolites mediated through NUDT15 results in DNA incorporation 

prevention and a lack in cancer drug efficiency [9,10].  

The family members NUDT5 and, to a lesser extent, NUDT9 are important key players 

in polyadenosine 5’diphosphoribose polymerase (PARP) activation in the DNA 

damage response as well as NAD+ pool recovery. Both NUDIX proteins catalyse the 

hydrolysis of modified nucleoside diphosphate esters such as adenosine 

5’diphosphoribose (ADPR) resulting in ribose 5-phosphate and adenosine 

monophosphate (AMP), which is an important precursor for adenosine triphosphate 

(ATP) production [4,11]. Especially NUDT5 plays thus an important role in a multitude 

3



of cellular processes such as cell proliferation, transcriptional regulation as well as 

chromatin remodelling [12].  

Whereas several NUDIX family members are important regulators in DNA replication 

and energy metabolism, other members are important key players in RNA synthesis 

regulation. NUDT21 is a novel post-transcriptional regulator through its 

polyadenylation activity and important for RNA synthesis. In contrast, NUDT3, 

NUDT16 and Dcp2 (NUDT20) mediate mRNA degradation through their decapping 

activities [1,4].  

Phylogenetic sequence analysis of both, the full length as well as the NUDIX fold 

domain of all NUDIX protein family members and available crystal structures revealed 

only recently the relationship between structure and activity by separating the family 

members into three general classes with the exception of the hitherto unstudied family 

member NUDT22 (Fig. 1). The three identified classes accurately represent the three 

main biological activities, diphosphoinositol polyphosphate phosphohydrolases (DIPP), 

NADH diphosphatases and diadenosine tetraphosphate (Ap4A) binding proteins [4].  

The upregulation of several NUDIX family members upon cellular stress and their 

genetic alterations in cancer versus normal tissue suggests a specific role of the 

protein superfamily in cancer and several family members are new and already 

established targets in cancer therapy (Fig. 2) [4,7,13]. The potential role of MTH1, 

NUDT2 and NUDT5 as anti-cancer target are discussed in the following (Fig. 3).  
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Figure 2. Overview of genetic alterations of NUDIX family members in cancer. Genetic alterations of all NUDIX 

family members in cancer were determined for selected subsets of The Cancer Genome Atlas (TCGA) and pan-

cancer atlas data with cBioportal [14,15]. Mutations are displayed in green, structural variants in purple, 

amplifications is red, deep deletions in blue, and multiple alterations in grey.  

In contrast to healthy tissue, cancer cells are especially prone to acquire malfunctioned 

redox regulation leading to reactive oxygen species (ROS) accumulation suggesting 

the importance of the NUDIX protein family member MTH1 for the prevention of free 

nucleotide and DNA damage due to oxidised nucleotide incorporation for cancer cell 

survival. Since MTH1 genetic alterations as well as MTH1 protein expression was 

observed in several cancer tissues as determined by The Cancer Genome Atlas 

(TCGA) and Human Protein Atlas (HPA) analysis, targeting MTH1 was proposed as 

promising new strategy in cancer therapy (Fig. 3A) [14–16]. Several small molecule 

inhibitors were developed resulting in the identification of karonudib as most promising 

and potent MTH1 inhibitor in cancer cell and xenograft models, which is currently being 

evaluated based on its efficacy, safety and tolerability in leukaemia as well as patients 

with advanced solid malignancies in two clinical Phase I trials (NCT04077307, 

NCT03036228) [7,17–19].  
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Nevertheless, recent studies uncovered discrepancies in the proposed mode of action 

and target specificity of previously proposed specific and potent MTH1 inhibitors 

questioning the suitability of MTH1 as target in cancer therapy [20]. Whereas MTH1 

siRNA induced cytotoxicity in human drug resistant bladder cancer NTUB1/P, DLD1 

and SW480 colorectal cancer cells, no cytotoxicity was observed upon MTH1 

depletion in osteosarcoma U2OS and human cervical HeLa suggesting context-

specific effects [7,8,17,21]. In addition CRISPR-mediated MTH1 knockout did not 

show impaired growth of SW480 cells questioning the previously proposed role of 

MTH1 in cancer [21].  

When considering MTH1 small molecule inhibitors, controversial effects were mainly 

observed upon treatment with the inhibitors TH287, TH588 and (S)-crizotinib in cancer 

cell models. Even though the two first-in-class MTH1 inhibitors TH287 and TH588 

were proposed to be target specific and to induce cytotoxicity via MTH1 inhibition 

through 8-oxo-guanine incorporation into the DNA, cytotoxic effects could not be 

rescued by MTH1 overexpression and their activity towards tubulin polymerisation 

inhibition was uncovered as main mode of action in vitro only recently [7,22]. Another 

study confirmed off-target effects of TH588 and proposed potential off-target effects 

of (S)-crizotinib based on observed cytotoxicity in MTH1 siRNA transfected U2OS cells 

[21]. One reason for the observed off-target effects of MTH1 inhibitors besides their 

previously considered target specificity and their proposed mode of action through 8-

oxoguanine incorporation could be the use of modified comet assay to assess 8-oxo-

guanine incorporation. If tested molecules act through ROS induction production 

thereby, raising the content of oxidised nucleotides in the DNA, the observed increase 

in genomic 8-oxoguanine could be induced in situ through off-target activity rather than 

on-target activity [20].  

However, the effects of MTH1 depletion as well as inhibition were assessed in a 

multitude of different cancer and non-cancer cell lines with different concentrations 

and siRNA sequences making the comparison between individual studies challenging 

and the potential role of MTH1 as anti-cancer target has to be further investigated.  
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Figure 3. MTH1, NUDT2 and NUDT5 expression alterations in cancer. A MTH1 genetic expression alterations 

in cancer based on The Cancer Genome Atlas (TCGA) (left). Overview of MTH1 protein expression levels based 

on the Human Protein Atlas (HPA) stained with MTH1 antibody HPA012636 (right). B Genetic expression 

alterations (left) as well as protein expression levels (right) of NUDT2 based on analysis of TCGA and HPA (NUDT2 

antibody CAB004684), respectively. C Overview of NUDT5 genetic alterations based on TCGA (left) as well as 

protein expression levels according HPA analysis (right, NUDT5 antibody HPA019827) in cancer. For genetic 

alteration frequency determination, TCGA and pan-cancer atlas studies, NCI-60 cell lines and Cancer Cell Line 

Encyclopedia were selected and analysed with cBioPortal [14,15]. Mutations are shown in green, structural variants 

in purple, amplifications in red, deep deletions in blue, and multiple alterations in grey, respectively. Figures 

showing protein expression levels were adapted from humanproteinatlas.org [16]. 

Another example of targeting the NUDIX protein family in cancer is the targeting of 

NUDT5 with small molecule inhibitors in breast cancer [11]. NUDT5 is especially high 

expressed in breast cancer tissue and associated with poor prognosis due to its role 

in cell proliferation, migration and invasion suggesting a promising new strategy to 

interfere with ADP-ribose metabolism as well as progestin-dependent gene regulation 

through NUDT5 inhibition [11,12,23]. More specifically, recent studies have identified 

NUDT5 as a key player in nuclear ATP synthesis in breast cancer after stimulation 

with either oestrogen or progesterone leading to first, the synthesis of ADPR from 

poly(ADP-ribose) (PAR) by poly(ADP-ribose) glycohydrolase (PARG), which can then 

be transformed to ATP by NUDT5 if a biphosphate is present [13]. Since ATP acts as 

co-factor of oestrogen and progesterone and both hormones have been linked to 

breast cancer development and growth, it is not surprising that high levels of NUDT5 

induce ATP-dependent breast cancer proliferation, chromatin remodelling and 

transcriptional changes resulting in poor prognosis in breast cancer patients [13,24]. 

Targeting NUDT5 is thus suggested to be especially interesting in patients with high 

NUDT5 expressing and/or ER+ breast cancer since small molecule NUDT5 inhibitors 

disrupt nuclear ATP synthesis thereby inhibiting hormone signalling and consequently 

cancer growth [11,13]. Even though recent studies mainly focussed on the role of 

NUDT5 as potential target in breast cancer, analysis of TCGA and HPA data revealed 

the presence of NUDT5 genetic alterations as well as NUDT5 protein expression in 

cancer in general suggesting that the described nuclear ATP synthesis mediated by 

NUDT5 might also play additional hormone-independent roles in other malignancies 

(Fig. 3C). Both, target validation to better understand NUDT5’s role in cancer and non-

cancer, and the suitability of targeting NUDT5 with the developed small molecule 

inhibitors in breast cancer has thus to be further evaluated [11].  
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The Ap4A hydrolase NUDT2 is another family member with a proposed role in breast 

cancer proliferation, invasion and metastasis. Recent studies have shown the 

correlation between the overexpression of NUDT2 with poor clinical outcome in breast 

carcinoma patients suggesting its exploitation as both, prognostic factor as well as 

target in breast cancer therapy [25]. In addition, both genetic alterations as well as 

protein expression was observed in several cancer tissues when analysing NUDT2 

RNA sequencing as well as protein expression TCGA and HPA data (Fig. 3B). 

However, NUDT2 is one of the less studied NUDIX proteins demonstrating the need 

of further research to better understand its mechanism as well as its potential role in 

cancer development and therapy.   

The above examples of MTH1, NUDT5 and NUDT2 together with the observed gene 

expression alterations of other family members in cancer demonstrate the need for 

further exploration of other family members as targets in cancer therapy [4]. Due to 

the still limited knowledge of the exact biological functions of most of the NUDIX protein 

family members except MTH1, further research is required to uncover their specific 

roles in cancer and non-cancer metabolism. 

1.1.2 NUDT22 is a UDP-glucose hydrolase 

NUDT22 is an unstudied family member of the NUDIX protein superfamily. With the 

identification of guanosine diphosphate (GDP)-D-mannose as substrate of the 

Arabidopsis thaliana NUDT22 sequence homolog, the unique catalytic activity of 

human NUDT22 towards uridine diphosphate (UDP)-glucose and galactose was 

discovered in a nucleoside diphosphate (NDP)-sugars substrate screen. Interestingly, 

even though other NUDIX protein family members such as NUDT14 were previously 

reported to be involved in UDP-glucose and -galactose hydrolysis, it was recently 

shown that NUDT22’s catalytic activity outperforms and is distinct among all NUDIX 

family members [26]. NUDT22 exhibits its catalytic hydrolase activity towards both, 

UDP-glucose as well as UDP-galactose resulting in the synthesis of uridine 

monophosphate (UMP) and, either glucose 1-phosphate (G1P) or galactose 1-

phosphate (Fig. 4B) [26].  
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Figure 4. NUDT22 is a UDP-glucose hydrolase. A Co-crystal structure of NUDT22 and uridine diphosphate 

(UDP)-glucose with N-terminal domain (magenta) and NUDIX fold (blue). Domain map of NUDT22 allocates NUDIX 

box (orange) in the NUDIX fold domain (blue). Adapted from Carter et al., 2018 [26]. B NUDT22 hydrolyses UDP-

glucose to uridine monophosphate (UMP) and glucose 1-phosphate (G1P). UDP-glucose is required for glycogen 

synthesis, glucose storage and protein glycosylation. Both, UMP and G1P have roles in nucleotide synthesis and 

DNA replication and repair. G1P has additional roles in glycolysis and the TCA cycle. Figure was prepared with 

Biorender.com.  

The identification of NUDT22’s substrate specificity contributed to successfully solving 

the first crystal structures of NUDT22 alone as well as in complex with UDP-glucose 

(Fig. 4A). Both crystal structures confirmed the previously observed differences 

between NUDT22 and its family members in phylogenetic sequence analysis (Fig. 1A) 
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[4,26]. More specifically, NUDT22 inherits a partially conserved NUDIX fold domain; 

its structure however, contains an additional N-terminal fold, which is required for 

substrate binding and coordination and is unique among the NUDIX protein family. 

The NUDIX box motif is annotated to the residues AA175-197 located in the NUDIX 

fold and contains the two glutamine residues Glu189 and Glu193, which coordinate 

the divalent cation Mg2+ required for NUDT22 hydrolase activity (Fig. 4A) [26].  

Even though the exact biological functions and significance of NUDT22 are largely 

unknown, the substrate of NUDT22, UDP-glucose as well as both, UMP and G1P, 

suggest important roles in a multitude of biological processes (Fig. 4B). UDP-glucose 

itself is directly required for both, protein glycosylation and glycogen synthesis, the 

latter being important for glucose storage as a quickly mobilised energy source upon 

high-energy required processes [27]. Glycogen storage has previously been identified 

in the liver and muscles but the distinct role of glycogen synthesis and storage in 

cancer has yet to be determined. However, recent studies suggest glycogen synthesis 

under high glucose conditions especially in hypoxic cancer cells as preparation for low 

nutrient and stress conditions and the consequent prevention of ROS formation and 

cell death. Furthermore, the transformation of glucose into glycogen, which is then 

further broken down for glycolysis, also known as glycogen shunt pathway, was 

proposed to be involved in tumour progression and metastasis [28].  

UMP is the direct precursor for both pyrimidines deoxythymidine triphosphate (dTTP) 

and deoxycytidine triphosphate (dCTP), and therefore involved in DNA replication and 

repair processes as well as mRNA transcription. G1P can be further converted to 

glucose 6-phosphate (G6P) by phosphoglucomutase (PGM) and is an important 

precursor for energy metabolism, oxidative phosphorylation as well as nucleotide 

synthesis through the pentose phosphate pathway (PPP) (Fig. 4B) [29–31]. More 

specifically G6P can directly enter glycolysis leading to the synthesis of the 

tricarboxylic acid (TCA) cycle precursor Acetyl Coenzyme A (Acetyl-CoA) via pyruvate 

production. The mitochondrial TCA cycle is an important pathway required for 

oxidative phosphorylation (OXPHOS) and ROS regulation (Fig. 4B) [29,30,32].  

In addition, comparison of NUDT22 gene expression in healthy versus tumour tissue 

by using RNA sequencing data of both, TCGA and HPA as well as NUDT22 protein 

expression in cancer tissue based on HPA, revealed the presence of NUDT22 in 
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several malignancies (Fig. 5A/B) [14–16]. More specifically, NUDT22 mRNA was 

expressed in all 17 analysed carcinoma tissues, albeit at relatively low levels indicating 

low cancer specificity (Fig. 5A). The low cancer specificity based on NUDT22 mRNA 

levels in cancer correlates with the low cancer cell line dependency as determined by 

the Cancer Dependency Map (DEPMAP) database. However, DEPMAP does not 

include non-cancer cell lines, which is especially important for the validation of a novel 

target in cancer therapy. Since NUDT22 is a novel enzyme with a suggested role in 

nucleotide synthesis as well as energy metabolism, the effects of NUDT22 depletion 

should be assessed in both, cancer and non-cancer cell lines to correctly assess 

NUDT22 dependency in cancer. Large scale CRISPR/Cas9-based screens like 

DEPMAP often only run for a short amount of time, which could make it impossible for 

cancer or non-cancer cells to adapt to potential metabolic changes due to the loss of 

the corresponding gene and, consequently, protein of interest.  

When comparing mRNA levels and protein levels of NUDT22 in cancer, the presence 

of NUDT22 mRNA levels could not be translated to NUDT22 protein expression in 

cancer (Fig. 5B). Here, medium to high levels of NUDT22 protein levels were detected 

in 9 out of 17 carcinoma types. However, protein levels of a maximum of 12 cancer 

patients of each carcinoma type were analysed, which could lead to a potential 

misinterpretation of the actual protein expression levels of NUDT22 in cancer due to 

limited patient sample availability.  

When considering genetic alterations of NUDT22 in different cancer tissues, TCGA 

analysis of RNA sequencing data revealed the presence of NUDT22 amplifications, 

mutations and deep deletions at different levels in cancer (Fig. 5C). Genetic alterations 

in cancer versus normal tissue play an important role in drug discovery processes and 

can contribute to target selection. For example, gene amplifications in cancer tissues 

could indicate a higher dependency or need for the target of interest in the specific 

cancer. NUDT22 could thus play a role in pancreatic cancer, uterine carcinoma or 

prostate adenocarcinoma due to observed amplification frequencies. However, it 

could also mean that a certain chromosomal region was amplified and that the positive 

selection is due to other gene(s) on that region. In addition, genetic amplifications do 

not always translate into elevated protein expression levels and could therefore be 

misleading for target selection.  

12



13



Figure 5. NUDT22 expression alterations in cancer. A NUDT22 mRNA expression levels based on RNA-seq 

data of The Cancer Genome Atlas (TCGA) extracted from the Human Protein Atlas (HPA). RNA-seq data is 

presented in number Fragments Per Kilobase of exon per Million reads (FPKM). B NUDT22 protein expression 

overview in cancer tissue based on the HPA. Protein expression of a maximum of 12 patients per cancer type were 

analysed and the percentage of patients with medium to high NUDT22 protein levels are displayed in the bar chart. 

Figures displaying HPA data were adapted from humanproteinatlas.org and samples were stained with 

HPA039334 antibody [16] C Analysis of TCGA database with cBioportal revealed altered NUDT22 expression 

levels in cancer [14,15]. Mutations are shown in green, amplifications in red and deep deletions in blue. D Lollipop 

scheme of NUDT22 mutations allocated to specific regions of the protein structure with N-terminal domain 

(magenta), NUDIX fold (blue) and NUDIX box motif (orange) based on TCGA data and analysed with cBioPortal 

[14,15]. Green lollipop represents missense mutations with unknown significance, yellow lollipop splice mutations 

with unknown significance and grey lollipop truncating mutations with unknown significance. 

Conversely, the presence of mutations or deep deletions could translate to differences 

or a lack in functionality of the gene of interest as well as changes in protein structure, 

which could impose difficulties in target validation and drug discovery. Especially 

mutations in regions involved in substrate binding or co-factor binding required for 

correct protein folding could lead to significant changes in protein functionality.   

NUDT22 mutations are especially frequent in primary central nervous system 

lymphoma as well as uterine carcinoma. Deep deletions can be found in metastatic 

melanoma (Fig. 5C). Targeting NUDT22 in these cancer tissues could therefore be 

less beneficial. When assessing the localisation of NUDT22 mutations based on 

TCGA RNA sequencing data, several mutations are located in the N-terminal domain, 

NUDIX fold and NUDIX box motif albeit with unknown significance (Fig. 5D). Especially 

the mutations located in the N-terminal domain and in the NUDIX box motif, both 

required for correct substrate binding and therefore hydrolase activity, could indicate 

changes in protein conformation and catalytic activity.  

Due to an increased need for nutrients and biomass, cancer cells can either upregulate 

or adapt different metabolic pathways to maintain fast cell proliferation. One example 

for the adaptation to a different pathway is the so-called Warburg Effect. Cancer cells 

acquire higher glucose uptake followed by a switch from TCA and OXPHOS towards 

glycolysis in presence of oxygen (aerobic glycolysis) to rapidly generate ATP and 

support biosynthesis of metabolites required for proliferation [29,33,34]. In addition, 

cancer cells can also adapt the more energy-efficient nucleoside salvage pathways 

for nucleotide synthesis and DNA replication to maintain cancer cell proliferation and 

survival [35].  
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Changes in nucleotide synthesis can lead to DNA replication stress and genome 

instability [36]. As metabolic pathway alterations as well as genome instability are 

described as hallmarks of cancer, changes in NUDT22 gene expression levels as well 

as its involvement in a multitude of biological processes suggests the necessity to 

further explore its specific role in cancer and non-cancer [37–40].  

1.2 Pyrimidine synthesis and cancer 

This chapter includes the below listed published literature review with me as first 

author. 

 

Walter, M.; Herr, P. Re-Discovery of Pyrimidine Salvage as Target in Cancer Therapy. 

Cells 2022, 11, 739, doi:10.3390/cells11040739. 
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Abstract: Nucleotides are synthesized through two distinct pathways: de novo synthesis and nu-
cleoside salvage. Whereas the de novo pathway synthesizes nucleotides from amino acids and
glucose, the salvage pathway recovers nucleosides or bases formed during DNA or RNA degradation.
In contrast to high proliferating non-malignant cells, which are highly dependent on the de novo
synthesis, cancer cells can switch to the nucleoside salvage pathways to maintain efficient DNA
replication. Pyrimidine de novo synthesis remains the target of interest in cancer therapy and several
inhibitors showed promising results in cancer cells and in vivo models. In the 1980s and 1990s, poor
responses were however observed in clinical trials with several of the currently existing pyrimidine
synthesis inhibitors. To overcome the observed limitations in clinical trials, targeting pyrimidine
salvage alone or in combination with pyrimidine de novo inhibitors was suggested. Even though
this approach showed initially promising results, it received fresh attention only recently. Here we
discuss the re-discovery of targeting pyrimidine salvage pathways for DNA replication alone or
in combination with inhibitors of pyrimidine de novo synthesis to overcome limitations of com-
monly used antimetabolites in various preclinical cancer models and clinical trials. We also highlight
newly emerged targets in pyrimidine synthesis as well as pyrimidine salvage as a promising target
in immunotherapy.

Keywords: nucleotide metabolism; cancer therapy; DNA replication; replication stress; pyrimidine salvage

1. Introduction

The essential building blocks of DNA, as well as RNA, consist of two classes of
nucleotides, purines, and pyrimidines. Both nucleotides are composed of nucleobases
such as the purine precursors adenine (A) and guanine (G), as well as the pyrimidine
nucleobases thymine (T), cytosine (C), and uracil (U), respectively. These nucleobases are
converted to nucleosides when linked to either ribose or deoxyribose, and nucleotides with
the further addition of one to three phosphate groups to the purine or pyrimidine moiety.

Nucleotides are synthesized via two distinct pathways: the de novo synthesis, which
utilizes amino acids and glucose, and the salvage pathway. The de novo biosynthesis
of nucleotides is a highly energy-intensive multistep process using six to ten molecules
of ATP per generated nucleotide and is the main source for nucleotide synthesis in non-
malignant cells [1]. A multitude of dedicated enzymes regulates not only the generation
of nucleosides but also maintains a fine balance in nucleotide pool composition through
allosteric inhibitory mechanisms [2]. To maintain high proliferation, cancer cells can switch
to the more energy-efficient nucleoside salvage pathways [1,3]. Whereas the role of purine
salvage has been reviewed previously, the significance of pyrimidine salvage in cancer
therapy has yet to be fully established [4–6].

With the discovery of pyrimidine de novo synthesis as an attractive target in cancer
therapy more than two decades ago, various anti-cancer agents and pyrimidine analogs
were developed and are still used in cancer therapy to date [7–10]. However, cancer cells can
escape pyrimidine de novo synthesis inhibition by adapting the nucleoside salvage path-
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ways leading to unsuccessful market approval of novel compounds as well as limitations
of currently used anti-cancer agents [11–13].

Here we focus on pyrimidine synthesis in cancer therapy and discuss the recent re-
discovery of targeting pyrimidine salvage to overcome observed limitations of currently
used anti-cancer agents and pyrimidine analogs. Furthermore, we highlight co-targeting of
pyrimidine de novo synthesis and salvage pathways as a novel strategy in cancer therapy.

2. Pyrimidine De Novo and Salvage Pathways

In mammalian cells, pyrimidines are derived through de novo synthesis as well
as salvage pathways (Figure 1) [14,15]. Pyrimidine synthesis in healthy non-malignant
fast proliferating cells relies predominantly on the de novo biosynthesis to maintain the
demand of pyrimidines for successful DNA replication. In contrast, differentiated non-
malignant cells use predominantly salvage pathways for the maintenance of pyrimidine
synthesis [1,15].
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Figure 1. Simplified schematic of pyrimidine synthesis divided into de novo synthesis (A) and salvage
pathways (B). Enzymes of interest for targeting approaches in cancer therapy are displayed in red.
Solid arrows display direct steps in pyrimidine synthesis. Dashed arrows represent multiple steps
leading to the synthesis of the corresponding pyrimidine. Created with BioRender.com (accessed on
20 January 2022).

Cancer cells have however frequently undergone metabolic rewiring to exploit the
more energy-efficient pyrimidine salvage pathway to maintain faithful DNA replication in
highly proliferating cells and, consequently, support genome integrity [1,15].

2.1. Pyrimdine De Novo Synthesis

Pyrimidine de novo synthesis requires glucose and the two amino acids glutamine
and aspartate as starting points for the synthesis of both, deoxythymidine triphosphate
(dTTP) and deoxycytidine triphosphate (dCTP). In the first committed step of pyrimidine
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synthesis, the trifunctional enzyme CAD converts glutamine and aspartate to N-carbamoyl-
aspartate and, dihydroorotate (DHOA) resulting in a pyrimidine ring formation. The
mitochondrial membrane protein dihydroorotate dehydrogenase (DHODH) catalyzes the
formation of orotate (OA), which is then transformed into orotidine monophosphate (OMP)
upon addition of 5-phosphoribosyl-1-phosphate (PRPP). OMP is further metabolized to
the main pyrimidine precursor uridine monophosphate (UMP) by UMP synthase (UMPS)
(Figure 1A) [14].

For dCTP synthesis, UMP is phosphorylated to uridine triphosphate (UTP) via cytidine
monophosphate kinase (CMPK) and nucleoside diphosphate kinase (NDPK) followed by
the formation of CTP by the bidirectional CTP synthase (CTPS). After dephosphorylation
of CTP to CDP by NDPK, CDP is further reduced to deoxycytidine diphosphate (dCDP) by
ribonucleotide reductase (RNR). NDPK then catalyzes the formation of dCTP, which can
then be incorporated in DNA (Figure 1A) [14].

In contrast to dCTP synthesis directly via RNR, dTTP synthesis is dependent on the for-
mation of deoxythymidine diphosphate (dTDP) via deoxyuridine monophosphate (dUMP)
formation. dUMP can be synthesized upon deoxyuridine triphosphate (dUTP) generation
catalyzed by dUTPase, which is then dephosphorylated to dUMP. In addition, dUMP
formation occurs upon the switch from dCMP to dUMP by deoxycytidylate deaminase
(DCTD). Thymidylate synthase (TS), as well as deoxythymidine monophosphate (dTMP)
kinase, are required to form dTMP and dTDP. NDPK phosphorylates dTDP to dTTP for
DNA incorporation (Figure 1A) [14].

2.2. Pyrimidine Salvage Pathways

Pyrimidine salvage utilizes extracellular nucleosides and nucleobases via uptake from
the bloodstream or intracellular recycled nucleic acids (UMP, CMP, TMP) derived from DNA
and RNA degradation, to synthesize nucleotides for efficient DNA replication and repair
as well as mRNA synthesis. Two different types of nucleoside transporter families have
been identified: the Na+-dependent SLC28 family of concentrative nucleoside transporter
(CNT) and the Na+-independent SLC29 family equilibrative nucleoside transporter (ENT)
(Figure 1B) [16].

After cellular uptake, free pyrimidines are converted to their corresponding nucleoside
and deoxynucleoside monophosphates (NMPs/dNMPs). Two enzyme classes are respon-
sible for this process: deoxycytidine kinase (dCK) as well as the thymidine kinases (TKs)
cytosolic thymidine kinase 1 (TK1) and mitochondrial thymidine kinase 2 (TK2). NMPs
are then further phosphorylated to their corresponding deoxynucleoside triphosphates
(dNTPs) as discussed above. Deoxycytidine (dC) can be converted to uracil (U) by cytidine
deaminase (CDA), which is then further phosphorylated to UMP by UCK. In addition,
this switch from C to U can also take place at the monophosphate level. DCTD, as men-
tioned previously, catalyzes the formation of UMP from CMP and, therefore, contributes to
pyrimidine salvage (Figure 1B) [14].

3. Limitations of Targeting Pyrimidine De Novo Synthesis in Cancer

Pyrimidine synthesis and, more specifically, targeting the de novo pyrimidine synthe-
sis pathways remains the backbone of cancer therapy for several decades. The hitherto
most prominent group of anti-cancer agents are the so-called nucleoside analogs/anti-
metabolites with 5-fluorouracil (5-FU), gemcitabine, and cytarabine as the most prominent
pyrimidine analogs (Table 1) [17–20]. Nucleoside analogs are structurally similar to their
physiological nucleoside counterparts and exhibit their mode of action either through
incorporation into DNA or RNA or via inhibition of enzymes involved in the nucleotide de
novo synthesis pathways.
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Table 1. Overview of pyrimidine de novo synthesis inhibitors used in cancer therapy.

Drug Name Mode of Action Current Use

5-Fluorouracil (Prodrugs:
Floxuridine, capecitabine)
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The inhibition of CAD to impair pyrimidine de novo synthesis in the first committed
step from glutamine was thought to be a promising strategy in cancer already in the
early 1970s (Figure 1A). One of the most studied CAD inhibitors is N-(phosphonacetyl)-
L-aspartate (PALA), which initially showed beneficial effects in vitro but failed in clinical
studies later on (Table 2) [21–23].

In contrast to CAD inhibitors, several DHODH inhibitors including brequinar (BRQ)
and teriflunomide as well as its prodrug leflunomide have reached market approval as im-
munosuppressive agents in rheumatoid arthritis and multiple sclerosis. As dihydroorotate
dehydrogenase (DHODH) converts dihydroorotate to orotate in UMP de novo synthesis
and antitumor properties were observed in several cancer tissues, the focus shifted to-
wards DHODH as a target in cancer therapy (Figure 1A) [9,11,24]. Preliminary studies
in vitro and in vivo showed promising results. However, the observed antitumor activity,
as well as tumor growth inhibitory effects, could not be reproduced in Phase II clinical
trials (Table 2) [25–29]. In recent years, multiple studies in different cancer cell and animal
models, as well as patient-derived cancer cells and xenograft models, once again elucidated
the importance of targeting DHODH alone or in combination with other anti-cancer agents.
This renewed interest in DHODH has led to the development of new inhibitors as well
as the re-discovery of BRQ and related agents. However, none of the novel nor already
developed inhibitors has gained market approval for anti-cancer therapy so far [30–32].
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Table 2. Overview of a selection of Phase II clinical trials of the CAD inhibitor PALA, the DHODH
inhibitor Brequinar, and the UMPS inhibitor Pyrazofurin.

Drug Name and Mode of Action Clinical Trials Status Observations and Side Effects

PALA
CAD Inhibition

Cells 2022, 11, x FOR PEER REVIEW 5 of 21 
 

 

Table 2. Overview of a selection of Phase II clinical trials of the CAD inhibitor PALA, the DHODH 
inhibitor Brequinar, and the UMPS inhibitor Pyrazofurin. 

Drug Name and Mode of Action Clinical Trials Status Observations and Side Effects 
PALA 

CAD Inhibition 

 

Kleeberg et al., 1982 
Advanced breast cancer 

not approved 

No response 
Mucocutaneous toxicity and diar-

rhea 

Paridaens et al., 1982 
Malignant melanoma 

7% complete response 
Mucocutaneous toxicity and ocular 

manifestations 

Brequinar 
DHODH inhibition 

 

Dodion et al., 1990 
Metastatic colorectal cancer 

not approved in 
cancer 

FDA-approved 
for rheumatoid 

arthritis and 
multiple sclerosis 

data 

No response 
Severe toxicity, thrombocytopenia 

Urba et al., 1992 
Advanced squamous-cell car-
cinoma of the head and neck 

No response 
Moderate toxicity, thrombocytope-

nia, diarrhea 
Cody et al., 1993 

Advanced breast cancer 
12% partial response 

Moderate toxicity 

Maroun et al., 1993 
Advanced lung cancer 

6% partial response 
Moderate toxicity, thrombocytope-

nia 

Moore et al., 1993 
Advanced gastrointestinal 

cancer 

3% response in colorectal 
carcinoma; 7% in gastric carcinoma; 

no response in pancreatic cancer 
Moderate toxicity; two treatment-re-

lated deaths 
Pyrazofurin 

UMPS inhibition 

 

Creagan et al., 1977 
Advanced colorectal carci-

noma 

not approved 

No response 
Nausea, vomiting, stomatitis 

Nichols et al., 1978 
Advanced breast cancer 

No response 
Moderate to severe stomatitis, 

thrombocytopenia 

Carroll et al., 1979 
Advanced colorectal carci-

noma 

No response 
Normochromic normocytic anemia 

In contrast to CAD inhibitors, several DHODH inhibitors including brequinar (BRQ) 
and teriflunomide as well as its prodrug leflunomide have reached market approval as 
immunosuppressive agents in rheumatoid arthritis and multiple sclerosis. As dihydrooro-
tate dehydrogenase (DHODH) converts dihydroorotate to orotate in UMP de novo syn-
thesis and antitumor properties were observed in several cancer tissues, the focus shifted 
towards DHODH as a target in cancer therapy (Figure 1A) [9,11,24]. Preliminary studies 
in vitro and in vivo showed promising results. However, the observed antitumor activity, 
as well as tumor growth inhibitory effects, could not be reproduced in Phase II clinical 
trials (Table 2) [25–29]. In recent years, multiple studies in different cancer cell and animal 
models, as well as patient-derived cancer cells and xenograft models, once again eluci-
dated the importance of targeting DHODH alone or in combination with other anti-cancer 
agents. This renewed interest in DHODH has led to the development of new inhibitors as 

Kleeberg et al., 1982
Advanced breast cancer

not approved

No response
Mucocutaneous toxicity and diarrhea

Paridaens et al., 1982
Malignant melanoma

7% complete response
Mucocutaneous toxicity and ocular

manifestations

Brequinar
DHODH inhibition

Cells 2022, 11, x FOR PEER REVIEW 5 of 21 
 

 

Table 2. Overview of a selection of Phase II clinical trials of the CAD inhibitor PALA, the DHODH 
inhibitor Brequinar, and the UMPS inhibitor Pyrazofurin. 

Drug Name and Mode of Action Clinical Trials Status Observations and Side Effects 
PALA 

CAD Inhibition 

 

Kleeberg et al., 1982 
Advanced breast cancer 

not approved 

No response 
Mucocutaneous toxicity and diar-

rhea 

Paridaens et al., 1982 
Malignant melanoma 

7% complete response 
Mucocutaneous toxicity and ocular 

manifestations 

Brequinar 
DHODH inhibition 

 

Dodion et al., 1990 
Metastatic colorectal cancer 

not approved in 
cancer 

FDA-approved 
for rheumatoid 

arthritis and 
multiple sclerosis 

data 

No response 
Severe toxicity, thrombocytopenia 

Urba et al., 1992 
Advanced squamous-cell car-
cinoma of the head and neck 

No response 
Moderate toxicity, thrombocytope-

nia, diarrhea 
Cody et al., 1993 

Advanced breast cancer 
12% partial response 

Moderate toxicity 

Maroun et al., 1993 
Advanced lung cancer 

6% partial response 
Moderate toxicity, thrombocytope-

nia 

Moore et al., 1993 
Advanced gastrointestinal 

cancer 

3% response in colorectal 
carcinoma; 7% in gastric carcinoma; 

no response in pancreatic cancer 
Moderate toxicity; two treatment-re-

lated deaths 
Pyrazofurin 

UMPS inhibition 

 

Creagan et al., 1977 
Advanced colorectal carci-

noma 

not approved 

No response 
Nausea, vomiting, stomatitis 

Nichols et al., 1978 
Advanced breast cancer 

No response 
Moderate to severe stomatitis, 

thrombocytopenia 

Carroll et al., 1979 
Advanced colorectal carci-

noma 

No response 
Normochromic normocytic anemia 

In contrast to CAD inhibitors, several DHODH inhibitors including brequinar (BRQ) 
and teriflunomide as well as its prodrug leflunomide have reached market approval as 
immunosuppressive agents in rheumatoid arthritis and multiple sclerosis. As dihydrooro-
tate dehydrogenase (DHODH) converts dihydroorotate to orotate in UMP de novo syn-
thesis and antitumor properties were observed in several cancer tissues, the focus shifted 
towards DHODH as a target in cancer therapy (Figure 1A) [9,11,24]. Preliminary studies 
in vitro and in vivo showed promising results. However, the observed antitumor activity, 
as well as tumor growth inhibitory effects, could not be reproduced in Phase II clinical 
trials (Table 2) [25–29]. In recent years, multiple studies in different cancer cell and animal 
models, as well as patient-derived cancer cells and xenograft models, once again eluci-
dated the importance of targeting DHODH alone or in combination with other anti-cancer 
agents. This renewed interest in DHODH has led to the development of new inhibitors as 

Dodion et al., 1990
Metastatic colorectal cancer

not approved in cancer
FDA-approved for

rheumatoid arthritis and
multiple sclerosis

data

No response
Severe toxicity, thrombocytopenia

Urba et al., 1992
Advanced squamous-cell

carcinoma of the head and neck

No response
Moderate toxicity,

thrombocytopenia, diarrhea
Cody et al., 1993

Advanced breast cancer
12% partial response

Moderate toxicity
Maroun et al., 1993

Advanced lung cancer
6% partial response

Moderate toxicity, thrombocytopenia

Moore et al., 1993
Advanced gastrointestinal cancer

3% response in colorectal carcinoma;
7% in gastric carcinoma; no response

in pancreatic cancer
Moderate toxicity; two

treatment-related deaths

Pyrazofurin
UMPS inhibition

Cells 2022, 11, x FOR PEER REVIEW 5 of 21 
 

 

Table 2. Overview of a selection of Phase II clinical trials of the CAD inhibitor PALA, the DHODH 
inhibitor Brequinar, and the UMPS inhibitor Pyrazofurin. 

Drug Name and Mode of Action Clinical Trials Status Observations and Side Effects 
PALA 

CAD Inhibition 

 

Kleeberg et al., 1982 
Advanced breast cancer 

not approved 

No response 
Mucocutaneous toxicity and diar-

rhea 

Paridaens et al., 1982 
Malignant melanoma 

7% complete response 
Mucocutaneous toxicity and ocular 

manifestations 

Brequinar 
DHODH inhibition 

 

Dodion et al., 1990 
Metastatic colorectal cancer 

not approved in 
cancer 

FDA-approved 
for rheumatoid 

arthritis and 
multiple sclerosis 

data 

No response 
Severe toxicity, thrombocytopenia 

Urba et al., 1992 
Advanced squamous-cell car-
cinoma of the head and neck 

No response 
Moderate toxicity, thrombocytope-

nia, diarrhea 
Cody et al., 1993 

Advanced breast cancer 
12% partial response 

Moderate toxicity 

Maroun et al., 1993 
Advanced lung cancer 

6% partial response 
Moderate toxicity, thrombocytope-

nia 

Moore et al., 1993 
Advanced gastrointestinal 

cancer 

3% response in colorectal 
carcinoma; 7% in gastric carcinoma; 

no response in pancreatic cancer 
Moderate toxicity; two treatment-re-

lated deaths 
Pyrazofurin 

UMPS inhibition 

 

Creagan et al., 1977 
Advanced colorectal carci-

noma 

not approved 

No response 
Nausea, vomiting, stomatitis 

Nichols et al., 1978 
Advanced breast cancer 

No response 
Moderate to severe stomatitis, 

thrombocytopenia 

Carroll et al., 1979 
Advanced colorectal carci-

noma 

No response 
Normochromic normocytic anemia 

In contrast to CAD inhibitors, several DHODH inhibitors including brequinar (BRQ) 
and teriflunomide as well as its prodrug leflunomide have reached market approval as 
immunosuppressive agents in rheumatoid arthritis and multiple sclerosis. As dihydrooro-
tate dehydrogenase (DHODH) converts dihydroorotate to orotate in UMP de novo syn-
thesis and antitumor properties were observed in several cancer tissues, the focus shifted 
towards DHODH as a target in cancer therapy (Figure 1A) [9,11,24]. Preliminary studies 
in vitro and in vivo showed promising results. However, the observed antitumor activity, 
as well as tumor growth inhibitory effects, could not be reproduced in Phase II clinical 
trials (Table 2) [25–29]. In recent years, multiple studies in different cancer cell and animal 
models, as well as patient-derived cancer cells and xenograft models, once again eluci-
dated the importance of targeting DHODH alone or in combination with other anti-cancer 
agents. This renewed interest in DHODH has led to the development of new inhibitors as 

Creagan et al., 1977
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Nausea, vomiting, stomatitis
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Pyrazofurin is a nucleoside analog that inhibits the orotidine monophosphate decar-
boxylase function of UMPS and showed initially promising results in in vitro studies in
several cancer cells lines (Figure 1A). Nevertheless, in the late 1970s, it has failed to proceed
beyond Phase II clinical trials in several cancers due to lack of efficacy and severe toxicity
(Table 2) [33–37].

Targeting thymidine synthase (TS) with 5-FU or its prodrug capecitabine remains the
backbone of anti-cancer therapy with its greatest impact in the prolongation of overall
survival in advanced colorectal cancer (Table 1; Figure 1A) [20,38]. After uptake into the
cell, 5-FU is metabolized to its active metabolites fluorodeoxyuridine monophosphate
(FdUMP), and fluorouridine triphosphate (FUTP). Whereas FUTP impairs RNA synthesis
via its incorporation into mRNA, FdUMP covalently inhibits TS resulting in pyrimidine
synthesis disruption and cancer cell death [20]. Even though 5-FU is still widely used in
clinical practice, it comes with certain limitations such as low response rates as well as
resistance in cancer patients [13,20].

One of the main reasons why initial in vitro findings of most inhibitors of the pyrim-
idine de novo synthesis could not be translated in clinical studies and the observed
low response rates of cancer patients is the ability of cancer cells to exploit the more
energy-efficient nucleoside salvage pathway to escape pyrimidine de novo synthesis inhibi-
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tion [2,9,11,39–41]. Pyrimidine salvage utilizes free nucleosides present in the extracellular
tumor environment to maintain efficient DNA replication and cell proliferation. Uridine
concentrations in human plasma and serum range from 5–20 µM, which makes it the most
dominant circulatory pyrimidine when compared to plasma levels of the other two pyrim-
idines cytidine and thymidine with 0.6 µM and 0.2 µM, respectively [42]. Uridine is not
only the most prominent circulatory pyrimidine but also the most prominent nucleoside
when compared with physiological purine plasma levels of approximately 0.5 µM for
adenosine and 0.9 µM for guanosine [43,44]. This highlights the need for novel strategies
targeting the pyrimidine salvage pathways.

4. Pyrimidine Salvage as Target in Cancer Therapy

Previous strategies to exploit pyrimidine de novo synthesis inhibition suffered mostly
from the unsuccessful translation of in vitro and in vivo findings to clinical trials. The cell’s
ability to shift to pyrimidine salvage to maintain DNA replication and cell proliferation
opened up a new field of novel targets in pyrimidine synthesis.

4.1. Nucleoside Transporter

Nucleoside transporters (NTs) are transmembrane proteins for the import and export
of free nucleosides and nucleobases from the extracellular environment of cancer and
non-cancer cells and, thus, are involved in nucleoside salvage (Figure 1B). NTs are mem-
bers of the solute carrier protein family and are classified in two structural unrelated NT
families; the human concentrative transporter (hCNT; SLC28) and the human equilibrative
transporter family (hENT, SLC29). Substrate specificity, uptake efficiency, expression levels,
and location of NTs vary between the different transporter families as well as between
family members. Whereas hCNTs are Na+-dependent unidirectional nucleoside import
pumps that transport nucleosides against their concentration gradients, hENTs function as
bidirectional Na+-independent NTs [45–50].

Even though all three members of the CNT family transport uridine as well as both,
hCNT1 and hCNT3 transport all pyrimidines; recent studies suggest the role of hCNTs as
transceptors in nucleoside sensing and signal transduction instead of nucleoside home-
ostasis [51]. Together with the observed decrease or loss in hCNT1 expression in different
tumors and the lack of currently developed hCNT inhibitors, nucleoside uptake and thus
nucleoside homeostasis via hENTs remains the target of interest to inhibit pyrimidine
uptake and therefore salvage in anti-cancer therapy [52,53]. Out of the four hENT family
members, only hENT1 and hENT2 are widely expressed at cell plasma membranes of
various tissues and both are required for pyrimidine transport [54]. Furthermore, hENT2
was identified as a key element to maintain the supply of nucleosides and nucleotides for
DNA replication and cell cycle progression [55].

The two hENT transporters can be differentiated by their activity towards the nucleo-
side analog nitrobenzylmercaptopurine riboside (NBMPR), a potent hENT1 inhibitor and
nucleoside analog (Figure 2A,D) [49].

Already in the 1980s and 1990s, the vasodilators dipyridamole and dilazep were
identified to inhibit nucleoside transport via targeting hENT1 and, however less potent,
hENT2 (Figure 2A,D) [56–58]. Even though targeting nucleoside uptake in combination
with other cytotoxic agents was thought to be a promising anti-cancer strategy, clinical
phase I studies did not show the desired efficacy, and targeting nucleoside uptake moved
out of the focus [59–64]. Only recently, the potential of dipyridamole to reduce triple-
negative breast cancer progression and metastasis in xenograft models was uncovered,
which has to be further evaluated in clinical trials [65].
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Figure 2. Targets in pyrimidine salvage and their corresponding inhibitors. (A) Inhibition of pyrim-
idine uptake transporter hENT1. (B) Targeting of either dCK with DI-39 and DI-87 or UCK with
cyclopentenyl uracil. (C) Silencing of TK1 with TK1siRNA leads to dTTP synthesis inhibition. (D)
Chemical structures of cyclopentenyl uracil (1), DI-39 (2), DI-87 (3), the tyrosine kinase inhibitor er-
lotinib (4), dilazep (5), dipyridamole (6), draflazine (7), JNK-IN-8 (8), and nitrobenzylmercaptopurine
riboside (NBMPR) (9). Solid arrows are direct steps and dashed arrows represent multiple steps in
pyrimidine salvage. Created with BioRender.com (accessed on 20 January 2022).
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The failure of dipyridamole in the clinics can be explained by its observed binding
to serum protein α1-acid glycoprotein (AGP) causing insufficient target engagement and,
therefore, the low response rate in vivo as well as in cancer patients [63,64]. To over-
come the observed limitations, new chemically optimized hENT1 and hENT2 inhibitors
were developed and identified. Structural analogs of the platelet aggregation and hENT1
inhibitor draflazine were developed to prolong the drug resiliency time leading to im-
proved binding affinity as well as kinetic properties compared to dipyridamole and dilazep
(Figure 2A,D) [66]. Furthermore, screens to assess off-target effects of tyrosine kinase
inhibitors revealed the potential of several tyrosine kinase inhibitors such as lorlatinib,
gefitinib, vandetanib, and erlotinib to not just inhibit their designated target but also hENT1
causing nucleotide transport inhibition in non-cancer and cancer cells (Figure 2A,D) [67–69].
In addition, hENT1 inhibition and, thus, impaired nucleoside uptake was observed upon
treatment with the C-Jun N-terminal kinase (JNK) inhibitor JNK-IN-8 in pancreatic cancer
cells demonstrating another potential drug class to target pyrimidine salvage in cancer
(Figure 2A,D) [70].

4.2. Uridine-Cytidine Kinase and Deoxycytidine Kinase

After uptake of free uridine from the extracellular tumor environment, UCK phos-
phorylates uridine to UMP, the main precursor for dUTP, dCTP, and dTTP (Figure 1B).
Whereas UCK is also required for the direct phosphorylation of cytidine, dCK phosphory-
lates deoxycytidine, representing another way to synthesize dCTP for DNA synthesis and
replication (Figure 1B).

Uridine has been shown to have a significant role in countering pyrimidine de novo
inhibition by several anti-cancer agents, leading to unsuccessful clinical trial outcomes.
Already in the mid-1980s and early 1990s, targeting of UCK by small molecule inhibitors
was proposed as a novel strategy in several cancers. Cyclopentenyl uracil was identified as
a selective inhibitor for UCK, reducing the salvage of uridine and to lesser extent cytidine,
making it an interesting candidate for use as chemotherapeutic (Figure 2B,D) [12,71].

However, even though cyclopentenyl uracil and other UCK and dCK inhibitors were
identified and their potential use as anti-cancer agents was proposed, this approach was not
followed up until recently with the discovery of the link between dCK and replication stress
in acute lymphoblastic leukemia (ALL). The knockout of dCK and, therefore, impaired
pyrimidine salvage in mouse models of hematological cancer, induced replication stress
followed by S phase arrest and DNA damage in hematopoietic progenitors due to a
decreased dCTP pool [2]. This observation resulted in the development of the small
molecule dCK inhibitor DI-39, which induced replication stress in ALL cancer cell models
through dCTP depletion (Figure 2B,D) [72].

Even though DI-39 showed promising results as a single agent and more prominently
as combination therapy with other inhibitors of pyrimidine de novo synthesis in ALL
cancer cells and mouse models, DI-39 has limited solubility and metabolic stability due
to a short half-life in vivo leading to the development of additional dCK inhibitors with
DI-87 being the most promising candidate (Figure 2B,D) [73,74]. The newly developed
small molecule DI-87 showed promising pharmacological effects in vitro as well as in vivo
ALL models [73].

4.3. Thymidine Kinases as a Prognostic Biomarker and Anti-Cancer Target

Thymidine kinases (TKs) convert free thymidine after its uptake from the extracellular
matrix into thymidine monophosphate, which is then further phosphorylated and incorpo-
rated into the DNA (Figure 1B). There are two thymidine kinase genes in humans, encoding
for the cytosolic cell-cycle dependent TK1 and the mitochondrial TK2. TK2 is continuously
expressed in low amounts during the cell cycle whereas TK1 expression and abundance are
increased in the S/G2 phase in proliferating cells [75,76]. TK1 expression is upregulated
during the early stages of cancer development and elevated levels are detected in the serum
of cancer patients making it an ideal biomarker [77–80]. Several studies showed that high
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expression of TK1 correlates with poor prognosis, reduced overall survival, and relapse in
patients with lung, breast, or pancreatic cancer [81–83].

Silencing of TK1 decreased cell proliferation in vitro and in vivo in pancreatic ductal
adenocarcinoma (PDAC) cell lines suggesting the exploitation of TK1 not just as a biomarker
but also as a potential anti-cancer target (Figure 2C) [82]. In addition, TK1 silencing in
thyroid carcinoma cell lines caused a decrease in cell proliferation, invasion, and migration
and induced apoptosis. These findings were supported by inhibition of tumor growth in
thyroid carcinoma xenograft studies, further highlighting the role of TK1 in cancer [84].
Strikingly, there are no TK1 inhibitors for the use in cancer described in the literature so far.

With the recent discovery that TK1 localizes to the plasma membrane of malignant
cells only, TK1 is now also considered a potential anti-cancer target suitable for immuno-
targeting [85,86]. Consequently, the effects of monoclonal antibodies targeting TK1 were
evaluated in lung, breast, colon, and prostate cancer cell models. The binding of TK1
monoclonal antibodies to their corresponding TK1 epitopes was observed in all cancer cell
models but not in normal lymphocytes suggesting the suitability of anti-TK1 antibodies as a
highly specific targeting approach in malignant cells. Furthermore, monoclonal antibodies
could potentially be exploited to detect TK1 on tumor cells, and, therefore, determine tumor
burden in cancer patients in a diagnostic approach. Furthermore, anti-TK1 antibodies in-
duced cytolysis of lung and breast cancer cells by effector cells demonstrating the potential
to be used as immunotargeting agents to eliminate high TK1 expressing tumor cells in
cancer therapy [87]. However, this approach has not been evaluated in animal models so
further studies are required to determine the translational aspect of targeting TK1 with
monoclonal antibodies in cancer.

In contrast to TK1, the mitochondrial thymidine kinase TK2 has lower substrate speci-
ficity. In addition to phosphorylating thymidine, TK2 can also phosphorylate deoxycytidine
to dCMP the precursor for dCTP [88,89]. The deoxycytidine analog gemcitabine (2′,2′-
difluoro-2′-deoxycytidine; dFdC) is activated through the activity of another pyrimidine
salvage pathway enzyme dCK via conversion to the monophosphate required for active
gemcitabine metabolite formation [90]. However, a high level of dCTP leads to decreased
cytotoxicity and anticancer activity of gemcitabine due to the negative feedback regulation
of dCK activity [91]. Diminishing dCTP synthesis via TK2 siRNA knockdown caused
an increase in anti-proliferative activity of gemcitabine upon an increase in dCK levels in
cervical carcinoma as well as breast cancer cell models in vitro. This effect was not observed
upon the siRNA-induced knockdown of the pyrimidine de novo synthesis enzyme TS
suggesting not just a potential role of TK2 as an anti-cancer target but also its specific role
in gemcitabine resistance [92].

5. Co-Targeting of Pyrimidine De Novo Synthesis and Salvage Pathways to Overcome
Limitations of De Novo Synthesis Inhibitors

Uncovering the impact of pyrimidine salvage in the rescue of pyrimidine de novo
synthesis inhibition as well as its potential as an anti-cancer target resulted in the rational-
ization of new strategies to co-target pyrimidine de novo synthesis and salvage pathways
to overcome the limitations of targeting pyrimidine de novo inhibition alone already in
the 1980s and 1990s [11,12]. Simultaneous inhibition of uridine salvage with cyclopentenyl
uracil and pyrimidine de novo synthesis with the CAD inhibitor PALA increased cancer cell
death in mouse models further highlighting the impact of nucleoside salvage on the efficacy
of anti-cancer agents targeting de novo synthesis. Co-targeting pyrimidine salvage and de
novo synthesis were therefore suggested to be beneficial in anti-cancer therapy [12]. As an
example, co-targeting of DHODH with BRQ and nucleoside transport with dipyridamole
increased the efficiency of DHODH in vitro and in vivo [11].

Even though preliminary results in vitro and in vivo demonstrated synergy of pyrimi-
dine de novo synthesis and salvage inhibition leading to a beneficial response compared
to pyrimidine de novo synthesis inhibition alone, this strategy was not followed up
until recently.
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5.1. Co-Targeting De Novo Pyrimidine Synthesis and Nucleoside Uptake

Even though anti-cancer agents targeting pyrimidine de novo synthesis via DHODH
inhibition failed to prove their effectiveness in clinical trials, with advancing technologies
and methodologies such as gene expression profiling and metabolomics, the importance
of DHODH as a target in cancer was rediscovered. Consequently, an old approach to
overcome the observed adaptations towards nucleoside salvage in cancer cells to escape
growth inhibition was once again investigated [11].

Several studies proposed co-targeting DHODH with BRQ and nucleoside uptake via
hENT1/2 with dipyridamole in different cancer cell models (Figure 3A). Synergistic effects
were observed in colon cancer and pancreatic cancer cells [40,93,94]. However, the in vitro
findings in colon cancer and pancreatic cancer cells could not be translated in in vivo
xenograft cancer models due to no significant differences in tumor sizes after co-treatment
with BRQ and dipyridamole compared to BRQ alone [40].
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or pemetrexed and siRNA knockdown of TK1/2. (F) Chemical structures of CPEC (1), hydrox-
yurea (2), and pemetrexed (3). Solid arrows represent direct steps in the pathway. Dashed arrows
display multiple steps leading to metabolite synthesis. Created with BioRender.com (accessed on
20 January 2022).

DHODH was identified to be an effective target in MYCN-amplified neuroblastoma
cell lines and mouse neuroblastoma models. However, in contrast to the combination of
BRQ and dipyridamole, DHODH inhibition with BRQ did not cause the suppression of
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proliferation and tumorigenicity of neuroblastoma cell lines when subjected to physio-
logical uridine levels demonstrating again the need for co-targeting pyrimidine salvage.
In addition, neuroblastoma growth was suppressed in animal models when subjected to
co-treatment with BRQ and dipyridamole [94].

Synergistic effects of DHODH and hENT1/2 inhibition were also observed in acute
myeloid leukemia (AML). Whereas the newly developed DHODH inhibitor MEDS433 had
limited efficacy in vitro when subjected to physiological concentrations of uridine, combin-
ing DHODH inhibition and dipyridamole caused an increase in toxicity and, therefore, cell
death in AML cells but not in non-cancer cells. High apoptotic rates were also observed in
patient-derived primary AML cells suggesting the suitability of co-targeting DHODH and
hENT1/2 in AML, which has to be further confirmed in vivo [93].

However, when combining pyrimidine de novo synthesis inhibitors with inhibitors of
nucleoside uptake, the choice of de novo inhibitor is crucial. NTs and, more specifically,
hENT1/2 are not only required for the uptake of free nucleosides and nucleobases but
also the uptake of nucleoside analogs [53,95,96]. Consequently, nucleoside analogs such
as gemcitabine that are depending on the uptake via hENT1/2 should not be used for
combination therapy with dipyridamole or related compounds to maintain their activity
and, thus efficacy in cancer therapy [95].

5.2. Co-Targeting of Ribonucleotide Reductase and Deoxycytidine Kinase

In pyrimidine de novo synthesis, ribonucleotide reductase is responsible for dCDP
synthesis, which is then further converted to dCTP for DNA and RNA synthesis (Figure 1A).
RNR activity can be impaired by either direct targeting with anti-cancer agents such as
hydroxyurea or gemcitabine or via allosteric regulation upon dTTP levels (Figure 3B) [2,97].
More specifically, upon a high concentration of dTTP, RNR activity is inhibited through
binding of dTTP to its regulatory site disabling CDP binding and, thus, interrupting dCTP
de novo synthesis [2]. This regulation of RNR was exploited as a strategy in cancer therapy
through the treatment with dT as a single dCTP-depleting agent via dTTP synthesis by
TK1. However, clinical trials showed only limited efficacy due to the ability of cancer cells
to exploit pyrimidine salvage for successful dCTP synthesis [2,98–100].

The ability of cancer cells to switch from pyrimidine de novo synthesis via RNR to
pyrimidine salvage, to maintain efficient DNA synthesis, and to escape allosteric RNR
inhibition with dT resulted in the development of a strategy to co-target RNR and the
pyrimidine salvage enzyme dCK.

Simultaneous targeting of dCK with the small molecule inhibitor DI-39 and RNR
with dT in acute lymphoblastic leukemia (ALL) cancer cells induced replication stress and
apoptosis confirming synergy between de novo dCTP inhibition and pyrimidine salvage
inhibition (Figure 2B). These findings were successfully translated to ALL in vivo models,
where co-treatment with DI-39 and dT caused a decrease in tumor size with limited host
toxicity [72].

These findings could also be replicated in glioblastoma cell lines. However, not all
glioblastoma cell lines were sensitive towards simultaneous de novo pyrimidine synthesis
and pyrimidine salvage inhibition highlighting the need for personalized treatment strate-
gies for glioblastoma cancer patients. The effects of targeting dCTP de novo synthesis with
DI-39 and salvage with dT could not be assessed in vivo due to poor blood–brain barrier
penetration of both anti-cancer agents. To further investigate targeting both pyrimidine
synthesis pathways in glioblastoma, alternatives for DI-39 and dT with good blood–brain
barrier penetration abilities will have to be developed [101].

5.3. Co-Targeting of SAMHD1 and RNR to Sensitize Cells towards Cytarabine

With the discovery of the ara-CTPase activity of the dNTP triphosphohydrolase
SAM and HD domain-containing protein-1 (SAMHD1) resulting in limited ara-C activity
in SAMHD1+ cancer cells as well as xenograft models, SAMHD1 was proposed as a
novel target in AML patients [102–104]. The deoxycytidine analog cytarabine (ara-C)
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in combination with anthracyclines remains the standard of care in AML patients [105].
After cellular uptake, dCK converts ara-C to its active metabolite ara-CTP, which is then
incorporated in DNA leading to DNA damage by perturbating DNA synthesis [106].
However, a lack in response followed by relapse and treatment failure is often observed
through the unsuccessful accumulation of ara-CTP demonstrating the need for novel
strategies in AML treatment in adults and children [105,106]. Several small-molecule
SAMHD1 inhibitors were developed in silico and validated in enzymatic assays; however,
none of them demonstrated cellular activity [107,108].

As small molecules failed to inhibit SAMHD1 in vitro, a novel approach was required
to sensitize AML cancer cells and xenograft models to cytarabine. Successful targeting
of SAMHD1 resulting in increased sensitivity of ara-C could be achieved with the simian
immunodeficiency virus (SIV) protein Vpx in AML cell and xenograft models as well as
in primary AML patient-derived blasts [103,109]. Vpx results in labeling SAMHD1 for
proteasomal degradation and reduces SAMHD1 protein levels [110].

The recent discovery of RNR as a regulator of SAMHD1 activity enabled a novel
strategy to overcome the limitations of ara-C. SAMHD1 ara-CTPase activity is dependent
on dNTP binding to the regulatory site of the enzyme. Upon RNR inhibition, dNTP
synthesis is disabled causing an imbalance in dNTP pools and a decrease in SAMHD1
activity. Pyrimidine RNR inhibitors such as hydroxyurea and gemcitabine were identified
to improve ara-C efficacy in SAMHD1 expressing in vitro and in vivo models as well as in
primary patient-derived blasts ex vivo. Surprisingly, no synergistic effects of RNR inhibition
with purine analogs and ara-C were observed demonstrating the importance of pyrimidine
de novo synthesis in the response rates of AML patients to ara-C (Figure 3C,F) [109].

5.4. Targeting of CTPS to Potentiate Gemcitabine and Cytarabin DNA Incorporation

The two human CTPS isoforms, CTPS1 and CTPS2 interconvert UTP to the dCTP
precursor CTP as the rate-limiting step in pyrimidine de novo synthesis for successful DNA
synthesis to maintain cell proliferation (Figure 1A) [111,112]. Already in the 1970s and 80s,
CTPS was suggested to be an attractive target in anti-cancer therapy due to its observed
increase in activity leading to elevated CTP levels in lymphocytic and non-lymphocytic
leukemia, liver as well as renal carcinoma, and in a variety of other cancers [113–115]. With
the discovery of increased levels of CTPS1 in lymphoblastic as well as other cancer tissues
compared to the unchanged levels of CTPS2 in malignant and healthy tissue, targeting
CTPS1 has received renewed interest only recently [116–119]. More specifically, proteomics
analysis of triple-negative breast cancer (TNBC) patient samples revealed an increased
expression of CTPS1 compared to para-tumor tissue, which is accompanied by a decrease
in disease-free and overall survival of TNBC patients with high levels of CTPS1. CTPS1
silencing in TNBC cancer cell lines decreased proliferation, migration, and invasion as well
as increased apoptosis. Furthermore, a reduction in tumor growth was observed in TNBC
xenografts upon CTPS1 silencing [116]. Consequently, selective targeting of CTPS1 with
small molecules could be a promising new anti-cancer strategy.

The first identified CTPS inhibitor cyclopentenyl cytosine (CPEC) showed initially
promising anti-tumor activity in human colon carcinoma, pediatric acute lymphocytic
leukemia (ALL) as well as in patient-derived pediatric acute non-lymphocytic leukemia
(ANLL) cells (Figure 3F) [120–123]. Furthermore, CTPS inhibition with CPEC caused a
decrease in tumor burden in colon carcinoma and leukemia xenograft models [122,123].

Since ara-C and gemcitabine efficacy is strongly dependent on dCK activity and dCTP
is a negative feedback regulator for dCK activity, co-targeting of CTPS with CPEC and either
gemcitabine or ara-C was suggested to improve DNA incorporation of both pyrimidine
analogs upon dCTP synthesis inhibition (Figure 3D) [90,106]. Inhibition of CTPS with
CPEC increased ara-C activity followed by apoptosis induction in T lymphoblastic as well
as human neuroblastoma cancer cells [124,125]. A similar effect was observed upon pre-
treatment with CPEC followed by gemcitabine leading to increased dFdCTP incorporation
accompanied by increased cytotoxicity in lymphocytic and myeloid leukemia cells [126].
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Even though initial in vitro and in vivo studies targeting CTPS alone or in combination
with cytidine analogs have shown promising results, the findings could not be translated
into the clinics. Treatment of colon cancer patients with CPEC in a single Phase I study
caused severe cardiovascular toxicity demonstrating the need for new selective CTPS
inhibitors [127].

Structural binding analysis of co-crystal structures of the newly developed CTPS1
inhibitors R80 and R80 structural analogs revealed specific binding to CTPS1 and all
R80 analogs were potent in enzymatic activity assays on recombinant CTPS1. However,
their potential as anti-cancer agents targeting CTPS1 alone or in combination with other
standard-of-care pyrimidine synthesis inhibitors must be further evaluated in vitro and
in vivo [119].

5.5. Co-Targeting of Thymidine Synthase and Thymidine Kinases Sensitizes Cancer Cells towards
Traditional Anti-Cancer Agents

The activity of both, cytosolic (TK1) and mitochondrial thymidine kinase (TK2), is
upregulated by anti-cancer agents targeting thymidine synthase (TS) in the pyrimidine
de novo synthesis pathways. Consequently, co-targeting of pyrimidine salvage via TKs
and pyrimidine de novo synthesis via TS inhibition in different cancer cell models was
suggested to improve the efficacy of traditional anti-cancer agents.

The inhibition of the TK-mediated pyrimidine salvage is currently only possible via
siRNA-induced knockdown of the corresponding enzyme due to the lack of TK-specific
inhibitors [84,92,128,129]. Knockdown of the mitochondrial thymidine kinase TK2 via
siRNA increased the capacity of TS siRNA to sensitize cervical carcinoma cancer cells
as well as breast epithelial adenocarcinoma cancer cells towards the active metabolite 5-
fluorodeoxyuridine (5FUdR) of the traditional anti-cancer agent 5-FU. Interestingly, siRNA
knockdown of the cytosolic thymidine kinase TK1 but not TK2 caused an increased effect
of TS siRNA and increased sensitivity of both cell lines towards the TS targeting folate
analog pemetrexed (Figure 3E) [129].

As TK1 is the predominant thymidine kinase present in normal proliferating cells as
well as cancer cells, the role of mitochondrial cell-cycle independent TK2 in cancer must be
further investigated. The potential of TK1 and TK2 as anti-cancer targets in combination
with other pyrimidines de novo synthesis inhibitors has only been demonstrated in vitro
so that further in vivo experiments are required to fully understand the potential effect of
TKs in cancer.

6. Conclusions

Targeting nucleotide synthesis and, consequently, DNA synthesis remains the back-
bone of cancer therapy besides its limitations caused by the ability of cancer cells to adapt
to nucleoside salvage pathways to maintain successful DNA replication.

In recent years, pyrimidine salvage gained new attention leading to the development
of new inhibitors for already existing key players as well as to the discovery of novel
enzymes involved in pyrimidine salvage. Combination therapy is the go-to in current anti-
cancer therapy. This review opens a new perspective of combining inhibitors of pyrimidine
salvage and de novo synthesis to overcome the limitations of traditionally used anti-cancer
agents. We highlight current targets for the development of new inhibitors to improve
overall survival and prognosis in cancer patients.

Even though the targeting of key players of pyrimidine salvage with both new and
already established inhibitors alone or in combination with pyrimidine de novo synthesis
showed promising results in cancer cell models, it must be further evaluated in vivo as
well as in patients to uncover its full potential in cancer therapy.

We furthermore hypothesize that targeting of pyrimidine salvage could not just be
of advantage in combination with de novo pyrimidine synthesis inhibition but also with
other anti-cancer agents targeting different pathways such as cell cycle regulation or purine
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metabolism in cancer. However, more research must be completed to identify potential
co-targeting strategies in cancer.
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1.3 DNA replication stress and genome instability in cancer  

Cancer is a multifactorial disease derived from uncontrolled and abnormal cell 

proliferation caused by various factors, which are described as Hallmarks of Cancer. 

One of the major hallmarks is genome instability deriving from several intrinsic and 

extrinsic factors leading to a disruption in DNA replication and the induction of DNA 

replication stress [40–42]. Consequently, a tightly regulated signalling network is 

crucial to maintain faithful DNA replication to avoid malignant transformation in dividing 

cells. This tightly regulated signalling network is orchestrated by the 

phosphatidylinositol-3 kinase-related kinase (PIKK) family including the 

serine/threonine kinases ataxia telangiectasia and Rad3 related (ATR), ataxia 

telangiectasia mutated (ATM) and DNA-protein kinase dependent catalytic subunit 

(DNA-PKcs) [43]. Errors in DNA replication cannot only lead to neoplastic 

development in early stages of tumorigenesis but can also be exploited as target in 

anti-cancer therapy.  

Due to the potential role of NUDT22 in nucleotide synthesis, we will discuss the 

different signalling cascades responsible for DNA synthesis and repair upon DNA 

replication stress induction mediated through ATR and ATM with a focus on cancer. 

Furthermore, we highlight the targeting of pathways leading to DNA replication stress 

and the direct targeting of key players in the DNA replication stress response as 

strategy in cancer therapy.  

1.3.1 DNA replication and DNA replication stress response 

DNA replication in human combines DNA replication initiation, elongation and 

termination (Fig. 6). DNA replication is initiated in a two-step process starting at 

specific genomic regions, the so-called origins of replication. The first step involves 

the recognition of DNA replication sites, a process described as origin licensing. The 

second step involves DNA synthesis activation also known as origin firing [44].  

All potential origins are licensed through loading of pre-replication complex proteins in 

G1 phase of the cell cycle. More specifically, origin recognition complex (ORC) 

followed by CDC6 and the DNA replication factor CDT1 bind to origins of replication 

thereby enabling the recruitment of the chromosome maintenance MCM helicase 

complex consistent of the six subunits MCM2-7 (Fig. 6). The assembly of the pre-

35



replication complex is tightly regulated to prevent re-replication during S-phase of the 

cell cycle [44]. For example, in human cells, to prevent further origin licensing before 

mitosis is finished, both ORC and CDC6 are rapidly degraded at the onset of S phase. 

In addition to rapid degradation, the biggest subunit of ORC, ORC1 is phosphorylated 

through CDK1/cyclin A to disable additional binding to replication sites [45].  

 

Figure 6. DNA replication. Simplified overview of DNA replication steps. DNA replication is initiated through 

loading of pre-replication complex proteins such as ORC, CDC6 and CTD1 thereby initiating the binding of the 

chromosome maintenance MCM helicase complex. DBF4-dependent kinases (DDKs) and cyclin-dependent 

kinases (CDKs) initiate origin firing through phosphorylation of MCM2-7 resulting in DNA unwinding and DNA 

replication fork generation. CDKs and DDKs furthermore mediate the recruitment of DNA replication proteins such 

as GINS and CDC45, which form together with MCM the CMG complex required for further unwinding of the DNA 

and DNA replication initiation. Through the binding of DNA polymerase ε and δ the DNA is elongated and eventually 

terminated. Figure is adapted from Dewar et al., 2017 and created with Biorender.com [46]. 

During G1-S phase transition, pre-initiation complex assembly regulated through both, 

DBF4-dependent kinases (DDKs) and cyclin-dependent kinases (CDKs) initiate origin 

firing (Fig. 6). It should be added that, even though all origins of the replication unit are 

licensed, some origins remain silent and are not activated, which is suggested to be 

controlled by the activation of ATR and ATM followed by downstream pathways such 
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as cell cycle regulation by cell cycle checkpoint kinases. Origins chosen to be activated 

can differ from cell to cell in the same cell population uncoupling origin licensing from 

firing. Furthermore, there are three classes of origins present in cells. Flexible origins 

are the most common class and their activation varies from cell to cell. Constitutive 

origins represent the smallest class of origins and are characterised by their constant 

firing. The third class includes dormant origins, which are only activated in case of 

abnormal cell cycle progression following DNA damage and replication fork stalling 

thereby maintaining genome integrity [44].  

The MCM helicase complex is activated through MCM2-7 phosphorylation mediated 

by CDKs and DDKs causing DNA unwinding and the activation of the MCM hexamer 

complex thereby inducing the formation of two functional DNA replication forks moving 

in opposite directions from the activated origin [44].  

The activation of the MCM helicase complex activates and recruits additional proteins 

to the site of replication, which form part of the replisome protein complex required for 

DNA unwinding and elongation of the leading and lagging strand, the second step of 

DNA replication (Fig. 6). The functional helicase CMG complex present at each DNA 

replication fork includes the activated heterohexameric ring MCM helicase complex, 

the tetrameric GINS complex and CDC45 causing further unwinding of the DNA 

required for DNA synthesis [44]. Single stranded DNA (ssDNA) caused by DNA 

replication fork formation is immediately coated and thus stabilised by replication 

protein A (RPA). On the leading strand, DNA synthesis takes place through 

recruitment of proliferating cell nuclear antigen (PCNA) and DNA polymerase ε by 

replication factor A (RFA). Since DNA polymerases move in 5’-3’ directions, elongation 

of the lagging strand requires the insertion of a short DNA/RNA primer sequence by 

DNA polymerase α. More specifically, DNA polymerase α consists of four subunits, 

with either primase or polymerase function. Subsequently, the primase subunits first 

insert a short RNA primer, which is elongated to approximately 8-10 nucleotides by 

the DNA polymerase subunit. This switch from primase to polymerase activity is 

initiated by the ATP-dependent replication factor C (RFC). Polymerase α is then 

removed by RFA followed by the recruitment of PCNA/DNA polymerase δ complex by 

RFC extending the primer and thereby forming short sequences of DNA, the so-called 

Okazaki fragments consistent of approximately 20-30 nucleotides in human. To 
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synthesise double stranded DNA (dsDNA) of the lagging strand, polymerase δ 

displaces the initiator primer into a 5’ flap structure, which has to be cleaved by Flap 

endonuclease 1 (FEN1) or, in case of longer flap structures, by helicase-nuclease 

DNA synthesis defective protein for ligation with DNA ligase 1 regulated by PCNA [47]. 

In contrast to DNA replication initiation and elongation, the exact mechanisms and 

pathways leading to DNA replication termination have yet to be uncovered (Fig. 6). 

One suggested mechanism of DNA replication termination starts with the formation of 

supercoils due to overwinding of unreplicated DNA when DNA replication forks come 

too close to each other towards the end of the replicon, also known as convergence. 

An increase in supercoils ultimately causes a decrease in DNA replication fork speed 

and DNA replication in general. During convergence, supercoils can either be relaxed 

by DNA topoisomerases type I and type II or by clockwise rotation of DNA forks to the 

direction of fork movement resulting in the generation of pre-catenanes due to cross 

over of both replicated DNA strands. Pre-catenanes can then be removed by 

topoisomerase II. The eventual encounter of DNA replication forks terminates 

convergence, but does not cause DNA replication fork stalling due to by-pass of both 

CMG machineries. Once CMG is associated with dsDNA after gap filling between 3’ 

end of the leading strand and the last Okazaki fragment of opposing DNA replication 

fork, the replisome is unloaded and MCM7 ubiquitylation is initiated. The last step of 

DNA replication termination is suggested to be catenane formation after unwinding of 

the final part of parental DNA double-helix, which have to be resolved by 

topoisomerases before chromosome segregation [46]. 

Even though DNA replication is a tightly regulated process to preserve genome 

integrity, it can be impaired by multiple intrinsic as well as extrinsic obstacles leading 

to a stop in DNA replication machinery progression accompanied by ssDNA formation 

and/or transient slowing or stalling of DNA replication forks. This process is better 

known as DNA replication stress. Extrinsic obstacles such as UV or ionizing radiation, 

chemotherapeutics or hypoxia can cause DNA replication stress and, more specifically, 

ssDNA breaks (SSBs). In contrast, intrinsic, also known as endogenous factors such 

as ROS formation, oncogene activation, uncontrolled origin firing, the disruption of 

nucleotide synthesis or misincorporation of nucleotides and nucleotide analogues can 
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lead to DNA replication stress and the formation of both, ssDNA as well as SSBs (Fig. 

7) [48]. 

 

Figure 7. DNA replication stress. Simplified overview of DNA replication stress response with the focus on the 

ataxia telangiectasia and Rad3 related (ATR) and ataxia telangiectasia mutated (ATM) kinases. Exogenous and 

endogenous factors cause the formation of ssDNA breaks (SSBs) and/or stalling of DNA replication forks followed 

by ssDNA coating of RPA and DNA replication stress response induction (blue). Ataxia telangiectasia and RAD17 

complexes are assembled at ssDNA sites. The activation of cell cycle checkpoint kinase 1 (CHK1) by ATR then 

prevents cell cycle progression to enable DNA replication fork reverse and restart for DNA replication resumption. 

If DNA replication forks cannot be reversed or in case of DNA replication fork collapse, the DNA damage response 

(red) is initiated upon recruitment of ATM, which phosphorylates the DNA damage repair factor H2A.X for DNA 

repair induction or the cell cycle ckeckpoint kinase 2 (CHK2). CHK1 and CHK2 activate p53 to either induce 

senescence, apoptosis or DNA repair or via, p21 activation, induce cell cycle arrest. Figure adapted from Ngoi et 

al., 2020 and created with Biorender.com [49]. 

ssDNA gaps formed at replication fork junctions derive as a result from polymerase 

and MCM helicase uncoupling from the DNA replication complex, and are 

characteristic at sides of stalled DNA replication forks [50,51]. RPA binds exposed 
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ssDNA, thereby initiating the DNA replication stress response to maintain correct DNA 

replication and to resolve DNA replication stress. More specifically, ssDNA coating by 

RPA results in the recruitment of the sensor proteins ATR-interacting protein (ATRIP), 

the Rad9-Hus1-Rad1 (9-1-1) DNA clamp complex, toposiosmerase II binding protein 

(TOPBP1), and Ewing tumour-associated antigen 1 (ETAA1). This network of sensor 

proteins causes the stabilisation of stalled replication forks to ensure rapid restoring of 

DNA synthesis by the recruitment and activation of the central replication stress kinase 

ATR. ATR then induces the phosphorylation and therefore, activation of one of its 

downstream target, the main effector kinase checkpoint kinase 1 (CHK1) (Fig. 7) 

[52,53].  

ATR signalling can regulate nucleotide pool levels via nucleotide de novo synthesis 

and, more specifically, ribonucleotide reductase (RNR) activity regulation through 

CHK1, or via the regulation of the pyrimidine salvage kinase deoxycytidine kinase 

(dCK) activity for DNA repair [54–56]. In case of reduced nucleotide levels, ATR 

phosphorylates and thus, activates the fanconi anaemia (FA) group D2 (FANCD2) 

associated with MCM replicative helicase to decrease DNA synthesis speed and 

prevent the formation of long ssDNA [51].  

ATR-mediated activation of the DNA replication stress response also inhibits late-

stage origin firing and further ssDNA generation, which would lead to RPA exhaustion 

and the collapse of DNA replication forks causing DNA double strand breaks (DSBs) 

[57]. In addition, the activation of the ATR-CHK1 signalling cascade can lead to cell 

cycle arrest through WEE1 activation resulting in a delay in G2-M transition through 

inhibition of CDKs (Fig. 3) [58]. Consequently, DNA replication forks can be either 

repaired or restarted for complete replication of the affected region and to repair DNA 

lesions before entering mitosis [59,60]. Alternatively, DNA replication can resume from 

so-called dormant origins, which are non-licensed origins that act as backup in case 

of replication fork stalling [48]. 

DNA replication stress is the major source for the formation of DSBs, the most 

cytotoxic DNA lesions. In case of prolonged fork stalling or the failure to resume DNA 

synthesis resulting in DNA replication fork collapse, DSBs are formed causing the 

initiation of another tightly regulated signalling cascade, the DNA damage response 

(DDR) [61–63]. DDR upon DSBs requires the recruitment and activation of the ataxia-
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telangiectasia mutated (ATM) checkpoint kinase through interaction with the MRE11-

RAD50-NBS1 (MRN) complex [64]. ATM then phosphorylates and therefore, activates 

the cell cycle checkpoint kinase 2 (CHK2), which then dissociates from the DNA 

damage sites to interact with multiple targets responsible for cell cycle progression, 

DNA repair and apoptosis (Fig. 7) [65]. 

In addition, the activation of ATM initiates the phosphorylation of histone variant H2A.X, 

one of the major DNA repair factors, to its active form γH2A.X (Fig. 7) [66]. H2A.X is 

part of the nucleosome and is predominantly activated upon DSBs formation [66]. 

However, H2A.X can also participate in the surveillance of DNA replication through its 

activation by ATR upon SSBs formation induced by UV irradiation as well as the RNR 

inhibitor hydroxyurea (HU) [67].  

Depending on the type of DNA damage, cells have acquired several pathways to 

repair DNA damage for successful DNA replication and to prevent genome instability. 

Base excision repair (BER) is a repair pathway involved in the correction of small base 

lesions deriving from deamination, oxidation or methylation without inducing significant 

changes in DNA helix orientation. After chromatin remodelling, damaged single bases 

are recognised by specific DNA glycosylases creating an abasic site. The 

endonuclease-generated gap can then either be repaired by DNA polymerase β in 

non-proliferative cells or polymerase δ/ε in proliferative cells followed by flap cleavage 

and ligation in case of oxidised and reduced sites. In case of single base sites, DNA 

polymerase β and ligation mediated by ligase 1 or ligase 3 in complex with XRCC1 

are used for DNA damage repair [68]. In case of DNA helix distortion due to bulky 

lesions induced by exogenous sources such as UV radiation or chemotherapeutics, 

the damaged ssDNA segments can be repaired by nucleotide excision repair (NER). 

Here, the damaged sites are first removed by the two endonucleases XPF-ERCC1 

and XPG followed by gap filling mediated by DNA polymerase δ and ε and ligase 1-

initiated ligation. For the removal of mismatched nucleotides caused either during DNA 

replication or through exogenous factors such as hypoxia in the mismatch repair (MMR) 

pathway, either MSH2:MSH6 or MSH2:MSH3 recognise the DNA damage site 

followed by endonuclease-mediated cleavage. DSBs can either be repaired by non-

homologous end joining (NHEJ) or homologous recombination (HR). Whereas HR 

requires a template for successful DNA repair, NHEJ repair DSBs by direct ligation 
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enabling faster DNA damage repair. More specifically, DSBs are recognised by the 

Ku70/Ku80 heterodimer inducing the recruitment of DNA-PKcs, XRCC4, DNA ligase 

4 and other components for DNA damage repair to the damage site. In contrast, HR 

is a tightly regulated DNA damage repair process regulated by several co-factors such 

as BRCA1, BRCA2 and ATM, and less error prone due to the utilisation of a 

homologous template of the damaged DNA sites. 3’ overhangs are created through 

5’-to-3’ nucleolytic degradation, which are immediately coated by RPA. RPA is 

displaced by RAD51, which mediates the localisation of the required sequence for 

DSB repair in the template DNA [68]. 

Similar to DNA repair activation through γH2A.X upon both, SSBs and DSBs, the DNA 

replication stress response and the DDR are not separate pathways due to existing 

crosstalk between ATR and ATM especially during S and G2 phase of the cell cycle. 

In response to DSBs generated by irradiation ionisation, ATM-mediates DNA end 

resection to provide ssDNA for RPA coating and therefore, the activation of ATR/CHK1 

signalling for DNA repair (Fig. 7) [69–71].  

If DNA lesions persist and DNA replication does not resume, both ATR-CHK1 as well 

as the ATM-CHK2 signalling cascade can activate the tumour suppressor p53, which 

in turn induces several pathways to maintain genome integrity (Fig. 3). P53 activation 

can lead to both apoptosis and senescence, but it can also induce DNA repair 

pathways as well as cell cycle arrest. The p53-mediated activation of the tumour 

suppressor P21 and the retinoblastoma protein Rb, similar to WEE1, results in CDKs 

inhibition and consequently, cell cycle arrest through the prevention of G1/S and G2/M 

phase transition (Fig. 7) [72,73]. In addition, P21 can also interact with PCNA to 

prevent DNA replication in vitro [74].  

1.3.2 Differences in DNA replication stress response in cancer 

Precancerous and cancerous lesions are often associated with elevated levels of DNA 

replication stress to maintain high proliferation for cancer development and 

progression. Either, activation or overexpression of cancer promoting factors, the so-

called oncogenes, frequently trigger DNA replication stress in cancer. The activation 

of oncogenes, another Hallmark of Cancer, can directly interfere with DNA replication 

by inducing changes in DNA replication fork speed and either origin licensing or firing, 

thereby inducing DNA replication stress. In addition, mutations or reduced expression 
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of tumour suppressors as well as cell cycle checkpoints and other key players in both, 

the DNA replication stress response and DDR, can lead to premature entry into mitosis 

and the replication of unrepaired DNA risking genome instability [75].  

The three proto-oncogenes K-RAS, H-RAS and N-RAS of the RAS protein family 

belong to one of the best characterised and most often genetic altered oncogene 

family in cancer. These proteins act as GTPase signal transducers important for the 

regulation of cell metabolism, growth and survival [76]. Mutations often observed in 

cancer cells result in a constant activation of RAS and consequently, increased cell 

proliferation and metabolic reprogramming to escape cell death. Overexpressed 

oncogenic RAS promotes origin firing leading to asymmetric replication forks and the 

induction of DNA replication stress [77]. Furthermore, oncogenic RAS directly interacts 

with one of the RNR subunits responsible for nucleotide synthesis resulting in 

nucleotide pool depletion and the impairment of replication fork progression [78,79].  

Another example of oncogenes responsible for DNA replication stress induction, are 

cyclin E1 and E2, the two members of the cyclin E protein family. In healthy cells, 

these proteins regulate DNA replication during G1/S phase through phosphorylation 

of DNA replication factors. In cancer cells, overexpression of cyclin E can result in 

either increased or reduced origin firing due to its interference with the pre-replication 

complex assembly during G1 phase of the cell cycle [80–82]. Cell cycle progression 

and consequently, DNA replication induction by cyclin E, requires the presence of the 

cell cycle progression regulators CDKs. CDKs are activated through the binding of 

cyclin to induce cell cycle progression leading to premature entry into mitosis and 

potential genome instability [83]. Similar to RAS, cyclin E overexpression can lead to 

hyperproliferation and therefore, nucleotide depletion causing DNA replication fork 

collapse and DSBs [36]. The generated one-ended DSBs can be repaired by break-

induced replication (BIR) to maintain DNA replication and cell proliferation. DNA repair 

by BIR is, however associated with the induction of genomic rearrangements such as 

tandem duplications and copy number alterations, which can lead to genome instability 

and cancer development [84].  

The MYC family consistent of the three members c-, l- and mMYC is another important 

key player in oncogenic-induced DNA replication stress with altered cMYC expression 

in more than 50% of cancers. In healthy cells, this family of transcription factors are 
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responsible for correct cell proliferation, differentiation and apoptosis induction [85]. 

Similar to RAS and cyclin E overexpression, activated MYC can interfere with origin 

firing through the interaction with cyclins/CDKs and the transcription factor E2F, 

thereby inducing DNA replication fork stalling followed by DNA replication fork collapse 

and DNA damage induction. [79,86].  

Oncogene-induced DNA replication stress leads to the robust activation of DDR and 

irreversible cell cycle arrest, also known as oncogene-induced senescence (OIS). OIS 

is considered as a barrier for tumorigenesis but can be circumvented by often-

observed gene expression alterations or mutations of key players of the DNA 

replication stress pathways as well as tumour suppressors [77,87]. Tumour 

suppressors act as counterparts to the cancer driving oncogenes, resulting in a barrier 

for oncogene-induced DNA replication stress and damage and the maintenance of 

genome stability. In later cancer stages, tumour suppressor genes often acquire either 

loss- or gain-of-function mutations, which potentially lead to a loss in oncogene-

induced replication stress prevention and, more specifically, cell cycle progression of 

unrepaired DNA lesions, thereby causing genome instability. Mutations in the DDR 

kinase ATM, the tumour suppressor TP53 and the ubiquitin-ligase encoding MDM2 

often observed in cancer lead to the escape of apoptosis as well as senescence, and 

thus, cell death in cancer [75]. Since ATM plays a key role in the initiation of DSBs 

repair after replication fork collapse and recruits the TP53 product p53 to induce 

apoptosis or senescence upon unsuccessful DNA repair, both, TP53 and ATM are 

often downregulated or acquire loss-of-function mutations in cancer cells. In contrast, 

p53 degradation and therefore, inactivation is dependent on ubiquitin ligase MDM2 

activity resulting in the often overexpression of MDM2 in cancer cells to prevent cell 

death or senescence [88]. 

1.3.3 DNA replication stress as target in cancer therapy 

In contrast to healthy cells, cancer cells experience high rates of DNA replication 

stress to maintain high proliferation rates for cancer cell survival. However, DNA 

replication stress can also be exploited in anti-cancer therapy by introducing additional 

DNA replication stress, leading to DNA damage in a catastrophic manner or by 

promoting cell cycle progression besides DNA replication fork disruption and, thereby 

inducing cancer cell death.  
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Many traditional cancer drugs act through DNA replication stress or DNA damage 

induction albeit not being their proposed mode of action during drug development. 

However, they mostly exhibit their action through direct DNA damage and/or the 

depletion of cellular resources for successful DNA replication such as nucleotides. 

One example of DNA replication stress inducing compounds by nucleotide depletion 

as well as DNA incorporation, are nucleoside analogues, which were already 

extensively reviewed in Chapter 1.2, with 5-fluorouracil (5-FU), gemcitabine and 

cytarabine as the most famous examples. Both, cytarabine and gemcitabine, are dC 

analogues competing with the natural occurring nucleotide dCTP for DNA 

incorporation, thereby inducing a delay or termination in DNA replication fork 

progression [89,90]. In addition, gemcitabine inhibits RNR, an enzyme involved in both 

purine and pyrimidine synthesis to reduce general nucleotide levels, whereas 5-FU 

only impairs the synthesis of dTTP via thymidine synthase (TS) inhibition [89,91]. 

Platinum-based compounds such as cisplatin and carboplatin as well as alkylating 

agents such as decarbazine and temozolamide induce DNA replication stress and 

damage based on either the generation of intra- or interstranded DNA base crosslinks 

and/or alkylation of DNA bases. Intra- and interstrand crosslinks as well as DNA 

adducts form physical barriers that cause the disruption in DNA replication machinery 

progression [92,93]. Other agents creating an obstacle for DNA replication are PARP 

as well as topoisomerase targeting agents, which cause the disruption of DNA 

synthesis and the induction of the DNA replication stress response and, in case of 

DSB formation, the activation of the DDR. Topoisomerase inhibitors directly damage 

DNA through the formation of stable protein-DNA complexes, thereby blocking DNA 

replication fork progression and often cause DSBs [94–96]. One of the proposed 

mechanisms for PARP inhibition is the trapping of PARP on DNA after PARP 

recruitment to ssDNA sites. This creates a physical barrier for SSB repair prevention 

causing potential DNA replication fork collapse and DSBs in cancer cells [97].  

Even though the above-described DNA replication stress and damage inducing agents 

are still used in the clinics, they often come with limitations such as toxicity, lack in 

efficacy and tumour resistances due to the upregulation of key players in both, the 

DNA replication stress and DDR in cancer cells [98–100]. Therefore, in addition to 

amplifying DNA replication stress, the direct targeting of the S phase checkpoint 

response key players ATR and CHK1 was proposed to promote cell cycle progression 
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besides unrepaired ssDNA or DSBs, causing premature entry in mitosis and 

consequently, cancer-specific synthetic lethality [101]. After promising preclinical 

studies in several cancer models, multiple potent ATR and CHK1 inhibitors are 

currently assessed in Phase I and II clinical trials (Table 1) [102].  

Table 1. Overview of a selection of Phase I and II clinical trials of inhibitors targeting key players in the DNA 

replication stress response alone or in combination with other DNA damage inducing agents. Inhibitors included 

in this table are targeting ataxia telangiectasia and Rad3 related (ATR), ataxia telangiectasia mutated (ATM) 

kinases, the cell cycle checkpoint kinase 1 (CHK1) or the gatekeeper of G2-arrest and cell cycle progression 

WEE1.  

Drug name Target Clinical trials 

Ceralasertib (AZD6738) ATR 

In chronic myelomonocytic 
leukaemia (NCT03770429) 

 
Combined with olaparib or 

carboplatin in advances solid 
malignancies (NCT02264678) 

 
With olaparib in recurrent ovarian 

cancer (NCT03462342) 
 

With gemcitabine as combination 
therapy in cancer (ATRiUM) 

(NCT03669601) 

Phase I 
 
 

Phase I/II 
 
 
 

Phase I/II 
 
 

Phase II 
 

 

AZ20 ATM/ATR -  

MK8776 CHK1 

With cytarabine in acute leukaemia 
(NCT00907517) and relapsed acute 
myeloid leukaemia (NCT01970596) 

 
With gemcitabine in solid tumours or 

lymphoma (NCT00779584) 

Phase I/II 
 

 
 

Phase I 

AZD7762 CHK1 

Alone or with gemcitabine in 
advanced solid malignancies 

(NCT00413686) 
 

Combined with gemcitabine in solid 
tumours and advanced solid 

malignancies (NCT00937664) 
 

Phase I 
 
 
 

Phase I 
 
 
 

Prexasertib CHK1 

In advanced solid tumours 
(NCT02514603/NCT02778126) 

 
In combination with cytarabine or 

fludarabine in acute myeloid 
leukaemia (NCT02649764) 

 
With olaparib in advanced solid 

tumours (NCT03057145) 

Phase I 
 
 

Phase I 
 
 
 

Phase I 
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Adavosertib (MK-1775) WEE1 

Advanced solid tumours 
(NCT01748825)  

 
With gemcitabine in ovarian, primary 
peritoneal, or fallopian tube cancer 

(NCT02101775) 
 

With cisplatin in recurrent or 
metastatic head and neck cancer 

Carboplatin (NCT02196168) 

Phase I 
 
 

Phase II 
 
 
 

Phase II 
 
 

 

Since cancer cells can escape DNA damage induced by standard-of-care anti-cancer 

agents by upregulating key players in DDR, a novel strategy suggests the combination 

approach of ATR and/or CHK1 inhibition and standard-of-care DNA replication stress 

inducing agents. Preclinical studies in BRCA-mutant ovarian cancer cell and patient-

derived xenograft models have shown an increase in sensitivity towards co-targeting 

of PARP with olaparib and either targeting CHK1 with MK8776 or ATR with AZD6738 

(ceralasertib) alone or in combination [100].  

In addition, combining gemcitabine with the ATR inhibitors ceralasertib as well as 

AZ20 increased cancer cell death in pancreatic cancer cell models at low 

concentrations and ceralasertib significantly prolonged survival in pancreatic ductal 

adenocarcinoma (PDAC) in vivo models [103,104]. The efficacy of gemcitabine could 

also be improved by co-treatment with the CHK1 inhibitor AZD7762 in aggressive 

KRAS-driven Lkb1-deficient lung adenocarcinoma in vitro and in vivo [105]. 

Simultaneous targeting of cell cycle checkpoints as well as pathways leading to DNA 

replication stress opens up promising new strategies to improve cancer patients’ 

response and toxicity, which are currently evaluated in Phase I and II clinical trials in 

multiple cancers. For example, the ATR inhibitor AZD6738 is currently assessed in 

combination with carboplatin or olaparib for the treatment of advanced solid 

malignancies in a Phase I/II clinical trial. Moreover, a Phase I clinical trial assessing 

the CHK1 inhibitor prexasertib in combination with the nucleoside analogues 

cytarabine and fludarabine in AML opens up a promising new strategy for better 

prognosis in cancer patients (Table 1) [102].  

Another proposed strategy to overcome observed limitations of standard-of-care anti-

cancer agents involved in DNA replication stress and DDR induction is the targeting 

of the gatekeeper of G2-arrest, WEE1. Similar to ATR and CHK1 inhibitors, WEE1 
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inhibition leads to premature entry into mitosis by promoting G2-M phase transition 

besides uncompleted DNA replication causing mitotic catastrophe and cancer cell 

death [106]. Especially in p53-deficient cancers, which are more dependent on G2 cell 

cycle checkpoint due to the loss in G1-S phase checkpoint regulation, the inhibition of 

WEE1 was shown to be of advantage to promote cancer cell death in several 

preclinical studies as well as Phase II clinical trials with adavosertib (MK-1775)  

(Table 1) [106–109]. Adavosertib is currently the only WEE1 inhibitor assessed in 

clinical trials as monotherapy as well as in combination with other DDR targeting 

agents such as gemcitabine, cisplatin or carboplatin (Table 1) [109–112]. In addition, 

co-targeting of WEE1 with adavosertib and CHK1 in preclinical studies induced 

synergistic effects on cancer cell death in vitro as well as on tumour growth and 

survival in xenograft models in vivo suggesting the further exploration of combining 

WEE1 and CHK1 inhibition in cancer therapy [113–116].  

Taken together, targeting of pathways impairing DNA replication as well as key players 

involved in the response to both, DNA replication stress and damage alone or in 

combination remains an important strategy in cancer therapy. Consequently, the 

identification of novel targets and combination approaches are necessary for better 

treatment strategies and improved prognoses for cancer patients.  
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1.4 Objectives 

Our group previously identified NUDT22's hydrolase activity towards UDP-glucose 

resulting in the generation of G1P as well as UMP [26]. Whereas G1P can directly 

enter glycolysis upon phosphorylation to G6P, UMP is a known precursor for the 

synthesis of the two pyrimidines, dCTP and dTTP. Furthermore, analysis of the TCGA 

revealed the presence of NUDT22 genetic alterations in several cancer tissues 

suggesting a potentially specific role of NUDT22 in cancer. Cancer cells are known to 

frequently have altered metabolism and increased activity of nucleotide metabolising 

enzymes has been identified in cancer [117]. Here, we hypothesise a role for NUDT22 

in pyrimidine synthesis that can be exploited as a novel target for the development of 

anti-cancer drugs. 

To test this hypothesis, the following objectives have been set:  

(1) to determine the role of NUDT22 in pyrimidine synthesis in U2OS osteosarcoma 

and the non-cancer cell line hTERT-RPE1;  

(2) to clarify the effects of NUDT22 knockout (KO) on DNA replication stress in breast 

cancer MCF7 cells on their own as well as in combination with commonly used anti-

cancer agents;  

(3) to validate differences in tumour growth upon NUDT22 KO in MCF7 xenograft 

models. 

(4) to develop first-in-class small molecule NUDT22 inhibitors by computer-aided drug 

design (CADD); and,  

(5) to determine their biochemical activity, effects on DNA replication stress and cell 

proliferation; and to assess their target engagement with recombinant NUDT22 protein 

and in cell lysate.   
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2. Materials and Methods 

2.1 Antibodies 

Primary and secondary antibodies were used in the following experiments accordingly 

(Table 2).  
Table 2. Overview of antibodies used in western blot (WB), immunofluorescence (IF), DNA fibre and EdU 

incorporation experiments. 

Antibody Supplier 
Catalogue 

number 
Experiments and 

dilutions 

NUDT22 (H-9) SantaCruz Biotechnologoies sc-515491 WB (1 :1,000) 

P53 (DO-1) SantaCruz Biotechnologoies sc-126 WB (1 :1,000) 

P21 (H-164) SantaCruz Biotechnologoies sc-756 WB (1 :1,000) 

SOD1 SantaCruz Biotechnologoies sc-17767 WB (1 :10,000) 

ATM (11G12) SantaCruz Biotechnologoies sc-53173 WB (1 :1,000) 

P-ATM SAB Signalway Antibody  12701 WB (1 :1,000) 

β-Actin Abcam, Dallas ab8227 WB (1 :10,000) 

γH2A.X Millipore, Merck Life Science 05-636 
WB (1 :1,000) 

IF (1 :1,000) 

P-RPA Bethyl Laboratories, Inc.  A300-245A WB (1 :1,000) 

RPA Cell Signaling Technology 2208 
WB (1 :1,000) 

IF (1 :1,000) 

CHK1 Cell Signaling Technology 2G1D5 WB (1 :1,000) 

pCHK1 Cell Signaling Technology 133D3 WB (1 :1,000) 

CHK2 Cell Signaling Technology 3440S WB (1 :1,000) 
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pCHK2 Cell Signaling Technology 2661S WB (1 :1,000) 

Starbright Blue 
700 (mouse) 

Bio-Rad Laboratories 12004158 WB (1 :10,000) 

Starbright Red 
520 (rabbit) 

Bio-Rad Laboratories 12004161 WB (1 :10,000) 

HRP (mouse) Thermo Fisher Scientific 31430 WB (1 :10,000) 

HRP (rabbit) Abcam, Dallas ab6721 WB (1 :10,000) 

HRP (rat) Sigma-Aldrich A9037 WB (1:10,000) 

Alexa Fluor-488 
(mouse) 

Thermo Fisher Scientific A32723 
DNA fibre (1:500) 

IF (1:1,000) 

Alexa Fluor-488 
(rat) 

Thermo Fisher Scientific A21208 IF (1:1,000) 

Alexa Fluor 555 
(rat) 

Thermo Fisher Scientific A21434 DNA fibre (1 :500) 

Alexa Fluor-647 
(mouse) 

Thermo Fisher Scientific A32728 IF (1 :1,000) 

DAPI Sigma-Aldrich D9542 
IF (1 :1,000) EdU 

(1 :1000) 

Atto488 Sigma-Aldrich 41051 EdU (1 :1000) 

Rat anti-BrdU Abcam ab6326 DNA fibre (1 :1,000) 

Mouse anti-BrdU BD Biosciences 347580 DNA fibre (1 :500) 
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2.2 Cell lines and culturing conditions 

The osteosarcoma U2OS and the retinal pigment epithelial hTERT-RPE1 cell lines 

were originally purchased from the American Type Culture Collection (ATCC). Wild-

type and NUDT22 knockout U2OS and hTERT-RPE1 cells were cultured in GibcoTM 

Dulbecco’s Modified Eagle Medium (DMEM) Glutamax (cat. no. 11965092, Thermo 

Fisher Scientific) supplemented with 10% fetal bovine serum (FBS), penicillin (60-100 

μg/mL) and streptomycin (100 μg/mL).  

The breast cancer cell line MCF7 was obtained from ATCC and wild-type and NUDT22 

knockout MCF7 cells were cultured in Lonza® or GibcoTM RPMI 1640 medium 

supplemented with 10% FBS, penicillin (60-100 μg/mL), streptomycin (100 μg/mL) and 

2 mM L-glutamine.  

All cells were grown in a humidified incubator at 37℃ with 5% CO2. The cells were 

regularly assessed for Mycoplasma contamination (MycoAlert, Lonza, Basel, 

Switzerland) and short-tandem repeat (STR) profiling was performed for cell line 

validation. 

2.3 CRISPR/Cas9 gene editing 

CRISPR/Cas9 gene editing was performed as described in the method section in the 

manuscript in Chapter 3. Briefly, NUDT22 gene knockout (KO) in hTERT-RPE1 

(NUDT22 clones 1-5 and 2-1) and U2OS cells (NUDT22 clones 1-2 and 3-6) was 

performed and single KO clones were selected by Patrick Herr in collaboration with 

Thomas Helleday at Karolinska Institute, Stockholm, Sweden. The gene editing in 

MCF7 cells was either performed in-house (KO3) or by Synthego (Redwood City, CA, 

USA), here described as KO14. SgRNA sequences were used as described in Table 

2 and NT sgRNA was used for respective control cells. 

Table 3. sgRNA used for CRISPR/Cas9 gene editing in U2OS, hTERT-RPE1 and MCF7 cells. 

U2OS/hTERT-RPE1 5’-AUCCUCUACAACCGGGUUCAGGG-3’ 

 5’-GUCCCACUGGAGCGGCCCUAGGG-3’ 

 5’-ACUUUAUUCUUGGAUUCCGUUGG-3’ 

MCF7 KO3 5’-CCGGCUAAAGGCCCAACCC-3’ 

MCF7 KO14 (Synthego) 5’-GACAAGGAAGUCAUCGGCUG-3’ 
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The selection of transfected cells was performed with either puromycin (U2OS and 

hTERT-RPE1) or after transfection with Cas9-GFP (Sigma) by flow cytometry retaining 

the top-10% population (MCF7 KO3) performed by Patrick Herr and Victoria Cookson. 

Individual in-house and Synthego MCF7 KO clones were assessed based on the 

amplification of genomic DNA using Q5® Hot Start High-Fidelity DNA Polyermase 

(M0493L, New England Biolabs Inc., Ipswich, MA, USA) according to manufacturer’s 

protocol with the following primer sequences: 5’-ATCCTGAGGTGACCTTGCT-3’ and 

5’-ACTAGCCACAGCCGATGA-3’. Gene editing was further assessed by performing 

T7 Endonuclease 1 Assay (M0302, New England Biolabs Inc.) followed by purification 

of selected PCR products with Monarch® PCR and DNA Cleanup kit (T1030L, New 

England Biolabs Inc.) and Sanger sequencing.  

2.4 Growth curve 

300 MCF7 control and KO cells were seeded per well in twelve replicates to a 96 well 

plate and incubated for 10 days in total. To assess cell viability, after each 24 hours, 

resazurin (sc-206037, Santa Cruz Biotechnology) was added and the fluorescence 

was measured at 560 nm Ex/590 nm EM after 3 hours using a Molecular Devices ID5 

plate reader (Molecular Devices, San Jose, CA, USA).  

2.5 Glutamine starvation 

For glutamine starvation experiments, U2OS and hTERT-RPE1 control and KO cells 

were harvested and washed once in phosphate buffered saline (PBS) followed by 

resuspension in glutamine free GibcoTM DMEM medium. First, dilution series of 

glutamine (2 mM – 7.8 μM) in triplicate were spotted on 96 well cell culture plates. 

2000 cells per well were seeded and incubated at 37℃. After 4 days, cell viability was 

assessed using Resazurin (sc-206037, Santa Cruz) and a Molecular Devices ID5 plate 

reader. 

2.6 Drug exposure for cell viability assessment 

To assess cell viability in U2OS and hTERT-RPE1 control and NUDT22 KO cells, 

pyrazofurin (SML1502, Sigma-Aldrich) (200 μM – 5 μM), leflunomide (L5025, Sigma-

Aldrich) (400 μM – 10 μM), brequinar (5.08321, Sigma-Aldrich) (200 μM – 10 μM), and 

hydroxyurea (H8627, Sigma-Aldrich) (5 mM – 0.05 mM) were used. Cell viability in 

U2OS control and NUDT22 KO cells was assessed with NUDT22 inhibitors A1- A3 
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(100 μM – 0.05 μM) and A3 - A6 (100 μM – 1 μM). Pyrazofurin (200 μM – 2 μM) as 

well as brequinar and leflunomide, at the same concentrations as in U2OS and 

hTERT-RPE1 cells, were used to assess cell viability in MCF7 control and NUDT22 

KO cells. All drugs were dispensed at a log2 dilution series in triplicate on 384 assay 

well plates using a Tecan D300e dispenser (Tecan, Männedorf, Switzerland). 500 cells 

per well were seeded and incubated for 4 days. On day 4, cell viability was assessed 

by using Resazurin assay (sc-206037, Santa Cruz). Fluorescence intensity at 560 nm 

Ex/590 nm EM was read on a Molecular Devices ID5 plate reader. Data analysis was 

performed using GraphPad Prism.  

2.7 Western blotting 

Western blotting was performed according standard protocols. Briefly, cells were 

collected, washed in PBS and resuspended in RIPA lysis buffer (150 mM sodium 

chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 

50 mM Tris, pH 8.0) containing 1x cOmpleteTM protease inhibitor cocktail 

(04693159001, Roche, Basel, Switzerland) and incubated on ice for 10 min for cell 

lysis. The cell lysate was then sonicated with a needle sonicator (Sonics VibracellTM, 

20% amplitude, 3 cycles 1 sec ON-OFF). The samples were centrifuged at  

10,000 x g for 3 min to remove cell debris and protein aggregates.  

The protein concentration of the supernatant was determined by performing PierceTM 

BCA Protein Assay (cat. no. 23225, Thermo Fisher Scientific) according 

manufacturer’s protocol and the absorbance was read at 562 nm with an ID5 plate 

reader (Molecular Devices).  

20 μg of each sample in 1x Laemmli sample buffer (Bio-Rad Laboratories) 

supplemented with 10% β-mercaptoethanol was first boiled for 5 min at 95℃ and then 

loaded on a 4-20% Mini-PROTEAN® TGXTM Precast Protein gel (Bio-Rad 

Laboratories). In addition, Precision Plus ProteinTM-Dual Color Standard marker 

(#1610374, Bio-Rad Laboratories) was loaded as molecular weight marker. For 

protein separation by SDS-PAGE, the gel was run in 1x Tris/Glycine Buffer (Bio-Rad 

Laboratories) followed by transfer to a nitrocellulose membrane using the Trans-Blot® 

TurboTM transfer system (Bio-Rad Laboratories). After confirming the successful 

transfer by using Ponceau staining, the membrane was blocked for 1 hour in 3% 
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bovine serum albumin (BSA) in tris buffered saline + 0.05% Tween-20 (TBST). Primary 

antibodies were then added to the membrane and incubated overnight at 4℃. After 

washing the membrane in TBST, the corresponding secondary antibodies were added 

and incubated for 1 hour at room temperature. In case of goat anti-mouse/rabbit/rat 

IgG secondary HRP antibodies, protein bands were detected by chemiluminescence 

after adding enhanced chemiluminescent (ECL) substrate (#1705061, Bio-Rad 

Laboratories, #34094 and #34577, Thermo Scientific). The concentrations of primary 

and secondary antibodies used in our western blot experiments are listed in Table 2.  

ChemiDocTM MP Imaging System (Bio-Rad Laboratories) was used to take images 

followed by processing and analysing the protein bands with the Image Lab Software 

(Bio-Rad Laboratories). 

2.8 DNA fibre 

Duplicates of 500,000 MCF7 control and KO cells as well as duplicates of 500,000 KO 

cells were seeded. In addition, 500,000 KO cells in duplicate were exposed to 500 μM 

uridine (U3750, Sigma-Aldrich) for 24 hours. The next day, one well of each MCF7 

control, KO and KO + 500 μM uridine were puls-labelled with 25 μM 5-chloro-2’-

deoxyuridine (CldU) for 30 min, washed with warm PBS and pulse-labelled with 250 

μM 5-iodo-2’-deoxyuridine (IdU) for 30 min. After washing labelled and unlabelled cells 

two times in ice-cold PBS, the cells were harvested and 125,000 cells/mL of each 

unlabelled and labelled control, KO and KO + uridine to a final cell count of 250,000 

cells/mL were prepared for fibre spreading. Briefly, 2.5 μL of cell suspension were 

added to Superfrost Plus microscopy slides and incubated at room temperature for 6 

min. 30 μL of lysis buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA and 0.5% SDS) were 

then added for 10 min followed by slide tilting at approximately 45℃ for fibre spreading. 

DNA fibres were then air-dried for a minimum of 4 hours in the dark. The slides were 

fixed using methanol/acetic acid 3:1 for 10 min at room temperature, excess volume 

was removed and slides were air-dried for 30 min. The slides were then incubated at 

-20℃ for 24 hours.

For staining, DNA fibres were denatured with 2.5 M HCl for precisely 1 hour at RT. 

After neutralising in PBS, blocking with 2% BSA in PBS + 0.1% Tween-20 was 

performed for 1 hour at RT.  Next, rat anti-BrdU monoclonal antibody (1:1000, 2% BSA 

in PBS + 0.1% Tween-20; Abcam, ab6326) to detect CldU and mouse anti-BrdU 

monoclonal antibody (1:500, 2% BSA in PBS + 0.1% Tween-20; cat# 347580, BD 
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Biosciences, Franklin Lakes, NJ, USA) for IdU detection were added and incubated 

for 1 hour at 37℃. The slides were washed in PBS and fixed with 4% 

paraformaldehyde (PFA) at RT for 10 min. After another washing step, the slides were 

incubated with both, goat anti-rat Alexa Fluor 555 (1:500, 2% BSA in PBS + 0.1% 

Tween-20; Invitrogen, A21434) and goat anti-mouse Alexa Fluor 488 (1:500, 2% BSA 

in PBS + 0.1% Tween-20; Invitrogen, A32723) secondary antibodies at 4℃ for 1 hour. 

The slides were then mounted using ProLongTM Gold antifade reagent (Invitrogen, 

cat# P36934) and stored overnight at 4℃.  

DNA fibres were then examined using a 63x oil immersion objective of a LSM980 

Airyscan2 confocal laser scanning microscope (Zeiss, Jena, Germany). At least 250 

replication structures per experiment were counted and the lengths of red (AF 555) 

and green (AF 488) labelled DNA replication structures were measured using the 

ImageJ software (National Institutes of Health; http://rsbweb.nih.gov/ij/). To calculate 

DNA replication fork speed, measured lengths were converted into micrometers using 

the scale bars created by the microscope and divided by the pulse-labelling time. 

Graphpad Prism was used for statistical analysis of IdU and CldU speed.  

2.9 EdU incorporation 

2000 MCF7 control or NUDT22 KO cells were treated with 0.1 μM pyrazofurin for 4 

days on 96 well imaging plates. The nucleoside analogue 5-ethynyl-2’-deoxyuridine 

(EdU) (10 μM) was added for 20 min to all wells except a triplicate of both untreated 

MCF7 control and NUDT22 KO cells, which was later used as threshold to calculate 

the percentage of EdU positive cells. Cells were then fixed in 4% PFA for 20 min 

followed by permeabilisation with PBS + 0.3% Triton X-100 for 10 min. For click 

reaction, the reaction mix was first prepared by adding the following reagents in the 

exact order: 4.30 mL PBS, 200 μL CuSO4 (100 mM), 5 μL Atto488 (Sigma-Aldrich) 

and 500 μL ascorbic acid (100 mM). 50 μL of click reaction mix was added to each 

well and incubated for 30 min at RT. Cells were then washed three times in PBS and 

50 μL of DAPI (1:1000) were added for 10 min. After washing the cells in PBS three 

times 10 min, the cell plates were imaged at the CellDiscoverer7 (Zeiss). Data was 

analysed with Zen Blue (Zeiss) and statistical analysis was performed using Graphpad 

Prism.  
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2.10 Immunofluorescence and microscopy 

DNA replication stress and DNA damage induction was determined by 

immunofluorescence imaging in U2OS and MCF7 wild-type and NUDT22 KO cells 

alone or after treatment with pyrazofurin (50 μM in U2OS; 20 μM in MCF7), brequinar 

(80 μM in MCF7) or leflunomide (20 μM in MCF7). Briefly, 2000 cells per well were 

seeded and incubated for 4 days at 37℃ on 96-well imaging plates. On day 4, cells 

were first washed in PBS followed by extraction while fixation with 4% PFA in PBS + 

0.1% Triton X-100 for 20 min. The cells were then washed thrice in PBS for 10 min 

each. Cells were permeabilised using PBS + 0.3% Triton X-100 for 10 min followed by 

blocking with 3% BSA in PBS for 40 min. Primary antibodies γH2A.X (1:1,000, 3% 

BSA in PBS) and RPA-32 (1:1,000, 3% BSA in PBS) were added and incubated at 4℃ 

overnight. The next day, after washing in PBS + 0.05% Tween-20 thrice, both 

secondary antibodies, donkey anti-rat Alexa Fluor-488 (1:1,000, 3% BSA in PBS) and 

goat anti-mouse Alexa Fluor-647 (1:1,000, 3% BSA in PBS) were added 

simultaneously with DAPI (1:1,000, 3% BSA in PBS) and incubated for 60 min at room 

temperature. The cells were then washed 3 times in PBS for 10 min and high content 

images were taken using a Celldiscoverer7 (Zeiss). The data was then analysed with 

Zen blue (Zeiss) and statistical analysis was performed using Graphpad Prism. 

2.11 Mouse xenograft study 

The MCF7 mouse xenograft study to assess effects on tumour growth upon NUDT22 

KO was performed under supervision of Alanna Green and with support of Victoria 

Cookson. The study was performed in accordance with local guidelines and with Home 

Office approval under project licence PP9172663, University of Sheffield, UK. For the 

xenograft study, ten-week-old female NOD/SCID wild-type mice (Charles River, Kent, 

UK) were used and kept on a 12 h/12 h light/dark cycle with unlimited access to food 

and water. For the generation of luciferase transfected MCF7 (MCF7-GFP-Luc) cells, 

MCF7 cells were infected with LVP020 (Amsbio, Cambridge, MA, USA) followed by 

selection with 1 μg/ml puromycin.  

Each 800,000 cells in 20 μl media and 10% Matrigel were injected intra-nipple (4&9) 

on each side and the drinking water was supplemented with 4 mg/L 17-β-estradiol. To 

assess tumour growth, 30 mg/kg of D-Luciferin (Invitrogen, UK) was injected s.c. and 

incubated for 5 min before imaging by ventral exposure with an IVIS Lumina II system 

57



(Caliper Life Sciences, UK). Images were then analysed by first creating a region of 

interest (ROI) around the tumours in the Living Image software (PerkinElmer) resulting 

in the luminescence signal in radiance (photons/second).  

2.12 Computational drug design and compound evaluation 

2.12.1 Ligand source and compound database 

The compound library for virtual screening including 276,517 small molecule 

structures as structure-data file (SDF) was obtained from the compound database 

“NCI/DTP Open Chemical Repository” (http://dtp.cancer.gov). The top-40 hit 

compounds were purchased from the same compound database with a purity of >95% 

as certified by the supplier (Developmental Therapeutics Program, National Cancer 

Institute, Bethesda, MD, USA).  

16 Amide analogues of the, in the virtual docking identified, hit TH012008 and the six 

NUDT22 inhibitors A1, A2, A3, A4, A5 and A6 were synthesised and provided by 

Martin Scobie, Tobias Koolmeister and Thomas Helleday (Karolinska Institute, 

Stockholm, Sweden).  

2.12.2 Computational protein preparation 

After importing the co-crystal structure of NUDT22 and its substrate UDP-glucose 

(5LOR.pdb) from the protein data bank (pdb) into Schrödinger Suite 2019-3 

(Schrödinger, Inc., New York, NY, USA), the crystal structure was processed with the 

Protein Preparation Wizard. Briefly, hydrogen bond orders were assigned, missing 

hydrogen bonds and side chains were added and water molecules beyond 5 Å of 

hetero groups were deleted followed by the creation of potential disulphide bonds. 

Protonation states of the amino acid residues were calculated due to hetero state 

generation at pH 7.0. Protonation states and added amino acid side chains were 

visually inspected and the most likely residue configuration was selected. The final 

step of protein preparation involved minimisation of hydrogens at pH 7.0 of the altered 

species followed by hydrogen bond assignment. Water molecules with less than three 

hydrogen bonds to non-waters were removed and the protein was minimised with the 

restrained minimisation tool until the positions of the heavy atoms were converged to 

a root-mean-square deviation (RMSD) of 0.30 Å. 
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2.12.3 In silico screen of NCI/DTP compound database 

Before performing the in silico docking screen, a subset of structures included in the 

NCI/DTP compound library had to be generated by using a predefined Knime 4.0.1 

filtering workflow [118]. Structures with common motifs of rapid elimination of swill 

(REOS) or Pan Assay Interference (PAINS) compounds were removed, followed by 

filtering the remaining compounds based on numeric outliers regarding SlogP and 

AMW [119–121]. The implemented filtering cascade reduced the original input 

compound database from 276,517 to 98,513 structures. The generated subset of 

compounds was then prepared for docking using the LigPrep wizard implemented in 

Schrödinger Suite 2019-3. LigPrep uses Epik to generate possible ionisation states at 

pH 7.0 ± 2.0 followed by potential tautomer generation. The generation of 

stereoisomers was restricted to four per structure yielding 199,705 structures for 

docking [122].  

The ligand UDP-glucose was selected as centre for Glide docking grid generation and 

the virtual screen was performed with the, in Glide implemented, screening workflow 

[123–125]. The screening workflow consists of a cascade of three docking steps with 

increased accuracy (Glide HTVS  SP  XP). In this case, the top-10% ranked hits 

of each step were passed on to the next one resulting in the identification of a total of 

500 compounds in the last docking step Glide XP. The 500 compounds were filtered 

based on uniqueness and whether they were available to purchase from the NCI/DTP 

compound database using another Knime 4.0.1 workflow [118]. The remaining 

structures were assessed based on REOS and PAINS as well as based on Lipinski’s 

type descriptors leaving 261 compounds [121]. Visual inspection as well as sorting the 

compound subsection based on ascending ligand efficiency was used to select the 

top-40 compounds for further assessment based on their enzymatic activity.  
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2.12.4 Chemical optimisation of Compound A 

For chemical optimisation of the identified starting point for the development of 

NUDT22 inhibitors amide coupling with TH012008 was performed. A subset of amines 

consisting of aliphatic and aromatic primary and secondary amines was selected in 

the chemical inventory database KLARA (Karolinska Institute, Stockholm, Sweden) by 

substructure searching in an Instant Jchem (IJC 20.8)-based database (Chemaxon). 

The identified amines were then imported into a separate IJC database for filtering 

based on the following criteria: no carboxylic acid, no hydroxyl group, minimum one 

ring, as well as REOS, PAINS, and the Lipinski’s rule of 5 descriptors SlogP < 2.0 and 

AMW between 100 and 200 Da. The resulting structures were desalted and duplicates 

were eliminated using the RDkit nodes in Knime 4.2.1 [118].  

One stereoisomer and no tautomers per amine structure were generated using the 

LigPrep wizard implemented in Schrödinger Suite 2020-1. Amide coupling with 

Compound 1 was performed followed by reaction-based enumeration of the generated 

amide Compound 1 analogues creating a Compound 1 amide library. Then, potential 

ionisation states at pH 7.0 ± 2.0 of all optimised Compound 1 analogues were 

determined using the Epik function in the LigPrep wizard resulting in the generation of 

potential tautomers and a maximum of four stereoisomers per amide.  

For the virtual screen in Schrödinger Suite 2020-1, the co-crystal structure of NUDT22 

5LOR was prepared as described above. A glide docking grid with the substrate UDP-

glucose as centre for the docking procedure was selected and virtual docking was 

performed by using Glide SP without constraints. The top-100 identified compounds 

then entered Glide XP docking resulting in top-50 TH012008 amide derivatives. The 

top-20 amide analogues were selected based on both, visual inspection of the binding 

mode and position in the substrate-binding site of the protein and Ligand Efficiency. 

For enzymatic evaluation, 16 amide TH012008 amide derivatives were synthesised 

including six compounds directly identified in the virtual screen as well as 10 structural 

similar compounds to the previously identified top-20 analogues. 
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2.12.5 Enzyme activity assay 

The determination of enzymatic activity of the top-40 identified compounds in the first 

docking screen on the NCI/DTP database, the chemically optimised amide analogues 

of TH012008 and NUDT22 inhibitors A1 - A6 was performed in collaboration with 

Ingrid Almlöf and Prof Thomas Helleday at Karolinska Institute, Stockholm, Sweden. 

Briefly, two stock solutions (10 mM and 0.05 mM) were prepared for each compound 

and then nano-dispensed in 11 concentrations (1:3 dilution series) to 384-well assay 

plates using Echo liquid handler (Labcyte, San Jose CA, USA). A final DMSO 

concentration of ≤ 1% was achieved. A dilution series of a control substance was 

included on each assay plate as well as controls lacking the enzyme (negative control) 

or inhibitor (positive control) for quality control. After adding 20 μL per well of 15 nM 

NUDT22 and 10 U mL-1 alkaline phosphatase from bovine intestinal mucosa in assay 

buffer (100 mM Tris-acetate, 40 mM NaCl, 10 mM Mg-acetate, 1 mM DTT and 0.005% 

Tween-20), the plates were pre-incubated for 10 min. Then, 20 μL of UDP-galactose 

to a final concentration of 50 μM were added and incubated for 30 min at 22℃ followed 

by adding 10 μL of malachite green assay reagent and incubating for another 15 min 

at 22℃. The absorbance was read at 630 nm using a Hidex Sense plate reader (Hidex, 

Turku, Finland).  IC50 values were then calculated using the following equation Y = 

Ymin + (Ymax – Ymin)/(1 + 10(logIC50 – X) * Hillslope) with Y equals the read absorbance at 630 

nm and X log[compound]. 

2.12.6 Differential Scanning Fluorimetry 

Differential Scanning Flourimetry (DSF) was used to determine target engagement as 

previously described with slight adaptations [126]. Triplicates of TH012008 and each 

TH012008 amide analogue at a concentration of 100 μM, and inhibitor A3, A4, A5 and 

A6 at 10 μM, as well as a no protein control and DMSO only control were added to a 

96-well clear bottom Bio-Rad qPCR plate. Next, 5 μM of isolated NUDT22 protein and

5X SPYRO® Orange (Sigma-Aldrich, Saint-Louis MO, USA) in DSF buffer (20 mM

HEPES pH 7.5, 100 mM NaCl, 10 mM Mg-acetate, and 1 mM DTT) were added. The

samples were then exposed to a temperature gradient from 20 to 95℃ while

measuring the fluorescence intensity every 1℃ at 580 nm with an excitation

wavelength of 465 nm in a Bio-Rad CFX96 Real-Time System (Bio-Rad, Hercules CA,
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USA). Processing and analysing of the generated data were performed using the by 

Niesen et al. provided Excel analysis and GraphPad Prism templates [126]. 

2.12.7 Cellular Thermal Shift Assay 

Cellular Thermal Shift Assay (CETSA) was performed to assess the target 

engagement of A1, A2, A3, A4, A5 and A6 in U2OS cell lysate [127]. On the day of 

the experiment, 6 x 106 osteosarcoma U2OS cells were collected and washed once in 

PBS followed by resuspension in 1x Tris-buffered saline (TBS) with HaltTM protease 

inhibitor cocktail (cat. no. 78429, Thermo Fisher Scientific) at 80 μL/1 x 106 cells. Cell 

lysis was performed by freeze-thaw cycles of three times 3 minutes each in liquid 

nitrogen followed by water bath at 37℃. To remove cellular debris, the cell lysate was 

centrifuged at 17,000 x g at 4℃ for 20 min.  

For target engagement assessment of all six NUDT22 inhibitors, 200 μl of supernatant 

was then either treated with 0.5 μl DMSO or 25 μM of inhibitor. To assess target 

engagement of inhibitors A1, A2, and A3, each 20 μL of DMSO or NUDT22i treated 

samples were transferred to 8 individual PCR strip tubes and heated at 8 different 

temperatures (37.0℃, 40.9℃, 43.3℃, 46.2℃, 48.9℃, 50.9℃, 53.2℃, and 57.0℃). To 

perform CETSA in cell lysate with inhibitors A3, A4, and A5, first the melting 

temperature Tm of NUDT22 was assessed. 20 μl of cell lysate were transferred to their 

corresponding PCR strip tubes and each sample was heated at its designated 

temperature (37, 40, 43, 46, 49, 52, 55, 58, 61, 64, and 67℃) in a T100 Thermal Cycler 

(Bio-Rad Laboratories) for 3 min. For inhibitors A3, A4, A5 and A6, the control DMSO 

sample was heated at 37℃, whereas the second DMSO sample as well as the inhibitor 

cell lysate samples were heated at 48℃, the previously identified Tm of NUDT22, for 

3 min in a T100 Thermal Cycler (Bio-Rad Laboratories).  

Following the heating step, the samples were centrifuged at 17,000 x g for 20 min at 

4℃ to remove cellular debris and protein aggregates and prepared for western blotting. 

The western blot was performed according to the standard protocol described in 

Chapter 2.6 with slight adaptations. Protein separation was performed via SDS-PAGE 

with 4-20% CriterionTM TGXTM Precast Midi protein gels (Bio-Rad Laboratories). Anti-

NUDT22 (1:1,000 in 3% BSA in TBST) was used to detect NUDT22 protein 

stabilisation upon inhibitor binding and anti-SOD1 (1:10,000 in 3% BSA in TBST) was 
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used as loading control. After visualisation of the protein bands with ChemiDocTM MP 

Imaging System (Bio-Rad Laboratories), the western blots were processed and 

analysed with the Image Lab Software (Bio-Rad Laboratories). For analysis of target 

engagement of all six inhibitors, NUDT22 protein expression intensity was first 

normalised to SOD1 protein expression intensity. In case of A1, A2, and A3 non-linear 

regression analysis in GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA) was 

used to determine a shift in Tm of NUDT22 upon inhibitor binding. For inhibitors A3, 

A4, A5, and A6, which were heated at the specific Tm of NUDT22, the represented 

values are relative to NUDT22 band intensity of the DMSO control at 37℃.  

2.12.8 Immunofluorescence and microscopy 

To assess DNA damage induction in MCF7 cells, 10 μM of each A3, A4, A5 and A6 

(10 mM) were dispensed in triplicate on a CellcarrierTM-384 (PerkinElmer, Waltham, 

MA, USA) plate using the Tecan D300 plate dispenser. 500 cells per well were seeded 

and incubated for 4 days at 37℃. On day 4, cells were first washed for 2 times in PBS 

followed by extraction while fixation with 4% PFA in PBS + 0.1% Triton X-100 for 

20 min. The cells were then washed twice in PBS for 10 min each. Cells were 

permeabilised using PBS + 0.3% Triton X-100 for 10 min followed by blocking with 

3% BSA in PBS for 40 min. The primary antibody γH2A.X (1:1,000, 3% BSA in PBS) 

was then added and incubated at 4℃ overnight. The next day, the cells were washed 

three times in PBS + 0.05% Tween-20 followed by simultaneous incubation with DAPI 

(1:1,000, 3% BSA in PBS) and the secondary mouse antibody Alexa 647 (1:1,000, 3% 

BSA in PBS) for 60 min at room temperature. The cells were then washed 3 times in 

PBS for 10 min and high content images were taken using a Celldiscoverer7 (Zeiss). 

The data was then analysed with Zen blue (Zeiss). 
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2.13  Statistical analysis 

All statistical analysis was performed using GraphPad prism 8 (GraphPad, San Diego, 

CA, USA). For comparison between two groups, the data were first analysed based 

on whether the data points were following a normal distribution. If the data points 

followed a normal distribution, unpaired two-tailed students t-test was used to assess 

statistical significance. If data points did not follow a normal distribution, two-tailed 

Mann-Whitney test was used instead. Results were considered as statistical significant 

with *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, and ****p-value < 0.0001.  
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3. NUDT22 promotes cancer growth through pyrimidine 
salvage  

This chapter includes the below listed manuscript with me as sole main contributor. 

The manuscript was a collaborative work between Patrick Herr and myself at the 

University of Sheffield as well as Thomas Helleday at Karolinska Institute, Stockholm, 

Sweden and my specific contributions are described below.  

 
Walter M, Mayr F. Hanna BMF, Cookson V, Mortusewicz O, Helleday T, Herr P; NUDT22 

promotes cancer growth through pyrimidine salvage. Partially published as preprint 

(https://doi.org/10.21203/rs.3.rs-1491465/v1) and currently under review at Nature Oncogene.  

3.1 Context of research and contributions 

3.1.1 Context or research 

Targeting nucleotide synthesis and, more specifically, pyrimidine synthesis has 

remained the backbone of cancer therapy for more than 50 years and remains a key 

area of interest in the development of novel anti-cancer agents affecting DNA 

replication and cancer cell survival [128]. Disruption of nucleotide synthesis, and thus, 

the inaccurate supply of nucleotides at replication forks can further intensify oncogene-

induced DNA replication stress and genome instability [36]. Since cancer cells can 

switch to the more energy-efficient salvage pathways to maintain high cell proliferation, 

the understanding of nucleotide synthesis in cancer is crucial for target identification 

and the development of novel therapy strategies [35,128].  

We previously reported a unique UDP-glucose hydrolase activity for NUDT22 resulting 

in the synthesis of the pyrimidine precursor UMP and G1P suggesting a potential role 

of NUDT22 in both nucleotide synthesis for DNA replication, and energy metabolism 

and biomass production [26].  

In this work, we elucidated the role of NUDT22 in nucleotide synthesis and its potential 

exploitation as anti-cancer target. We established that NUDT22 is directly regulated 

by p53 upon cell stress leading to increased pyrimidine salvage from UDP-glucose. 

We propose that NUDT22 prevents DNA replication stress and maintains cell growth 

by promoting pyrimidine synthesis in cancer cells. NUDT22 depletion reduces 
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nucleotide pools with concomitant reduction in DNA replication fork speed and S 

phase progression leading to DNA replication stress and genome instability. 

Furthermore, we suggest that targeting NUDT22 has high potential in cancer therapy 

due to the, upon NUDT22 KO, increase in sensitivity towards pyrimidine de novo 

synthesis inhibition in vitro as well as due to reduced tumour growth in vivo.  

3.1.2 Contributions 

My main contribution to this work involved the assessment of the effects of NUDT22 

in response to cellular stress and on cell growth in U2OS, hTERT-RPE1 and MCF7 

breast cancer cells. More specifically, Patrick Herr and Bishoy Hanna performed 

CRISPR/Cas9 knockout in U2OS and hTERT-RPE1 cells in collaboration with Thomas 

Helleday at Karolinska Institute, Stockholm, Sweden. Patrick Herr and Florian Mayr 

assessed the transcriptional regulation of NUDT22 at Karolinska Institute. The in-

house generation and profiling of the CRISPR/Cas9 knockout in MCF7 cells was 

carried out by myself with help from Patrick Herr and Victoria Cookson. I performed 

western blot as well as immunofluorescence microscopy experiments to determine 

DNA replication stress and damage and determined cell viability upon treatment with 

several anti-cancer agents and upon glutamine starvation with support by Patrick Herr. 

Oliver Mortusewicz performed DNA fibre experiments to assess effects on DNA 

replication fork speed in U2OS cells at Karolinska Institute. I developed the DNA fibre 

method to assess DNA replication fork speed in MCF7 cells as well as EdU 

incorporation determination to assess effects on S phase progression here at the 

University of Sheffield. I performed gene expression analysis of the Trans Cancer 

Genome Atlas (TCGA) as well as Genomic Tissue Expression (GTEx) databases. The 

MCF7 mouse xenograft experiment was supervised by Alanna Green and a joint effort 

between Patrick Herr, Victoria Cookson and myself.  

The writing of the manuscript was a collaborative effort between myself and Patrick 

Herr. 
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3.2 Manuscript 
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Abstract 1 

The NUDIX hydrolase NUDT22 converts UDP-glucose into glucose-1-phosphate and 2 

the pyrimidine nucleotide uridine monophosphate1. Glucose-1-phosphate is an important 3 

metabolite for energy and biomass production through glycolysis and nucleotides required for 4 

DNA replication are produced through energetically expensive de novo or energy-efficient 5 

salvage pathways2,3.  6 

Here, we describe p53-regulated pyrimidine salvage through NUDT22-dependent 7 

hydrolysis of UDP-glucose to maintain cancer cell growth and to prevent replication stress in 8 

U2OS osteosarcoma and MCF7 breast cancer cells. NUDT22 expression is consistently 9 

elevated in cancer tissues indicating an increased dependency and NUDT22 transcription is 10 

induced under starvation, oncogenic stress, and DNA damage directly through p53. 11 

CRISPR/Cas9 knockout of NUDT22 induces growth retardation, S-phase delay, and slower 12 

DNA replication fork speed. Uridine supplementation rescues replication fork progression and 13 

alleviates replication stress. Conversely, NUDT22 deficiency sensitizes both, U2OS and MCF7 14 

cells to de novo pyrimidine synthesis inhibition in vitro and reduces cancer growth in MCF7 15 

xenograft models in vivo. In conclusion, NUDT22 maintains pyrimidine supply in cancer cells. 16 

Depletion of NUDT22 leads to genome instability and targeting NUDT22 therefore has high 17 

potential for therapeutic applications in cancer therapy. 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 
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 1 

Introduction 2 

Genetic instability in cancer is often caused by oncogene-induced replication stress4,5, 3 

which is in part a consequence of an inaccurate supply of deoxynucleotides (dNTPs) at 4 

replication forks6,7. Targeting the dNTP supply through anti-folates, thymidylate synthetase 5 

(TYMS) or ribonucleotide reductase (RNR) inhibitors has remained the backbone for 6 

anticancer treatments for over half a century, and provoking replication stress through 7 

inhibition of PARP or other DNA repair proteins remains a key area for future cancer 8 

therapies8. Thus, understanding dNTP synthesis pathways is important for our ability to 9 

identify novel cancer vulnerabilities.  10 

We recently reported that the NUDIX family gene NUDT22 encodes a UDP-glucose 11 

hydrolase that converts UDP-glucose to uridine-monophosphate (UMP) and glucose-1-12 

phosphate (G1P)1. Nudix family proteins were found to have a wide range of substrates9 and 13 

were previously suggested as anticancer targets10,11. However, phylogenetic sequence analysis 14 

revealed NUDT22 as a significant outlier12, and any biological role of this enzyme has yet to 15 

be uncovered.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 
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Materials and Methods 1 

Antibodies (s. Chapter 2.1) 2 

NUDT22 (H-9; sc-515491, Santa Cruz Biotechnology, Dallas, TX, US), β-Actin (ab8227, 3 

Abcam, Dallas, TX, USA), p53 (DO-1; sc-126), cMyc (C-33; sc-42), P21 (H-164; sc-756), 4 

γH2A.X (Millipore 05-636, Merck Life Science, UK Limited, Gillingham, UK), RPA (cs 2208, 5 

Cell Signalling Technology, Danvers, MA, USA), 53BP1 (ab36823), pCHK2 (cs2661S), 6 

CHK2 (cs3440S), pCHK1 (cs133D3), CHK1 (cs2G1D5), P-RPA (A300-245A, Bethyl 7 

Laboratories,Inc., Montgomery, TX, USA), GFP (ab290), ATM (11G12, sc-53173), P-ATM 8 

(SAB #12701, SAB Signalway Antibody, Greenbelt, Maryland, USA), Alexa Flour-488 9 

(Thermo Fisher Scientific, Paisly, UK), Alexa-Fluor-647, DAPI (Thermo Fisher Scientific), 10 

mouse & rabbit IRDye conjugated ab 680/800 (Licor Biosciences, Lincoln, Nebraska, USA), 11 

mouse & rabbit Starbright conjugated ab 520/700 (Biorad, Watford, UK), mouse-hrp (31430, 12 

Thermo Fisher Scientific) & rabbit-hrp (ab6721). 13 

 14 

Cell culture (s. Chapter 2.2) 15 

All cells were grown at 37°C containing 5% CO2, in a humidified incubator. U2OS and 16 

hTERT-RPE1 cells were grown in DMEM Glutamax with 10% FBS, penicillin (60-100 μg/ml), 17 

and streptomycin (100 μg/ml). HA1EBs were grown in DMEM with 10% FBS, penicillin (60-18 

100 μg/ml), streptomycin (100 μg/ml), BJ-MYCER in DMEM/F12 without phenol red with 10% 19 

FBS, penicillin (60-100 μg/ml), streptomycin (100 μg/ml) and HCT116 in McCoy’s 5a with 20 

10% FBS, penicillin (60-100 μg/ml), and streptomycin (100 μg/ml). MCF7 cells were grown 21 

in RPMI with 10% FBS, penicillin (60-100 μg/ml), and streptomycin (100 μg/ml) (Thermo 22 

Fisher Scientific). Cells were regularly checked for Mycoplasma contamination (MycoAlert, 23 

Lonza, Basel, Switzerland). All cell lines were validated using short-tandem repeat (STR) 24 
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profiling. For glucose and glutamine starvation cells were washed twice in warm PBS, and 1 

DMEM containing 10% FBS without glucose/glutamine was added for the indicated times. 2 

 3 

Immunofluorescence and microscopy (s. Chapter 2.10) 4 

Immunostaining was performed according to standard protocols in 96 well imaging plates and 5 

high-content imaging was performed with an ImageXpress XLS (Molecular Devices, San Jose, 6 

CA, USA) or a Celldiscoverer7 (Zeiss, Oberkochen, Germany). The data were analyzed with 7 

CellProfiler-3.0.0 or Zen blue (Zeiss). For quantitative DNA damage foci analysis, >500 nuclei 8 

per condition were analysed.  9 

 10 

Molecular cloning and plasmids 11 

pIRES2-EGFP-p53 WT was a gift from Dylan Taatjes (Addgene plasmid # 49242)13. The 12 

NUDT22 reporter was cloned by PCR amplification of the genomic region 13 

GRCh38:11:64224628:64227818:1 and ligated into pGL4.10 (Promega, Southampton, UK). 14 

The transfection control was CMV-driven control luciferase (pGL4.75-CMV-hRluc). PG13-15 

luc (wt p53 binding sites) was a gift from Bert Vogelstein (Addgene plasmid # 16442)14. 16 

sgRNA for NUDT22 knockout in U2OS and hTERT-RPE1 cells was cloned into pX330-U6-17 

Chimeric_BB-CBh-hSpCas9, a gift from Feng Zhang (Addgene plasmid # 42230)15.  18 

 19 

Gene editing (s. Chapter 2.3) 20 

For NUDT22 gene knockout in U2OS and hTERT-RPE1 cells the following sgRNA sequences 21 

were used: #1: 5’-AUCCUCUACAACCGGGUUCAGGG-3’; #2: 5’-22 

GUCCCACUGGAGCGGCCCUAGGG-3’; #3 5’-ACUUUAUUCUUGGAUUCCGUUGG-23 

3’. Transfected cells were selected with puromycin. Genomic DNA from individual knockout 24 

clones was amplified with primers flanking the sgRNA recognition sites 5’-25 
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CGAGTCTACAGGAATCTTCTTTGTGG-3’ and 5’-CCAAGTCACTTGTCCTGCC-3’. The 1 

same primers were used for sequencing. For NUDT22 gene knockout in MCF7 cells, the 2 

following sgRNAs were used: 5’-CCGGCUAAAGGCCCAACCC-3’ (Sigma 3 

HSPD0000120767) for MCF7 KO3 and 5’-GACAAGGAAGUCAUCGGCUG-3’ (Synthego, 4 

Menlo Park, CA, USA) for MCF7 KO14. Cells were transfected with Cas9-GFP (Sigma) and 5 

selected by FACS for the top 10% GFP+ cell population. gDNA from positive clones was 6 

extracted and sequenced using the following primers: 5’-ATCCTGAGGTGACCTTGCT-3’ 7 

and 5’-ACTAGCCACAGCCGATGA-3’. NT sgRNA and the identical selection process was 8 

used for the respective control cells. 9 

 10 

Dual Luciferase assay 11 

For the Dual-Luciferase® Assay (Promega), U2OS cells were seeded and transfected on a 12 

10 cm dish. Transfection was conducted using jetPEI® (Polyplus, Biopark, Illkirch, France) 13 

with a total amount of 5 μg DNA comprised of 9 parts NUDT22-luc2-pGL4.10 and 1 part 14 

CMV-hRluc-pGL4.75. Cells were reseeded on a 96-well plate after 24 h. For analysis cells were 15 

washed with PBS. Then, 20 µl of Passive Lysis Buffer was added, and the plate was incubated 16 

for 15 min at room temperature on a rocking device. Then, 15 µl of the cell lysate of each well 17 

was transferred onto an opti-96-well plate, and the plate was read with the dual luciferase 18 

setting on a Hidex Sense plate reader (Hidex, Turku, Finland). 19 

 20 

Cell transfection 21 

Cells were seeded in 12-well plates, and the siRNA pool (ON-Target plus SMARTpool, 22 

Dharmacon) was transfected to a final concentration of 5 nM according to the manufacturer’s 23 

protocol (INTERFERin, Polyplus). p53 (L-003329-00-0005), HK2 (L-006735-00-0005). 24 

AllStars negative control siRNA (Qiagen, Hilden, Germany) was used as a control siRNA. 25 
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Drug exposure (s. Chapter 2.5 and 2.6) 1 

Drugs were spotted using a Tecan D300e dispenser (Tecan, Mannedorf, Switzerland) at the 2 

following concentrations with log2 dilution series. pyrazofurin (SML1502, Sigma-Aldrich) 3 

(200 μM - 5 μM for U2OS and hTERT-RPE1; 200 μM – 2 μM for MCF7), MPA (M5255, 4 

Sigma-Aldrich) (100 μM - 0.05 μM), 6MP (38171, Merck) (100 μM - 0.05 μM), glutamine 5 

starvation (2 mM-7.8 μM), brequinar (5.08321 Sigma-Aldrich) (200 μM -10 μM), and 6 

leflunomide (L5025, Sigma-Aldrich) (400 μM - 10 μM), hydroxyurea (H8627, Sigma-Aldrich) 7 

(5 mM-0.05 mM). Five hundred cells per well were seeded on 384-well cell culture plates, and 8 

viability was assessed with a resazurin assay and read on a Hidex Sense or Molecular Devices 9 

ID5 plate reader after 4 days. Uridine (U3750, Sigma-Aldrich) rescue was performed at a 10 

concentration of 500 μM for 24 h. Doxorubicine (D1515, Sigma-Aldrich), actinomycin D 11 

(A1410, Sigma-Aldrich), olaparib (AZD2281, Selleckchem), camptothecin (C9911, Sigma-12 

Aldrich), nutlin3a (SML0580, Sigma-Aldrich). 13 

 14 

Western blotting (s. Chapter 2.7) 15 

Western blotting was carried out following standard protocols with Bio-Rad SDS gradient gels 16 

and the Trans-Blot Turbo transfer system (Bio-Rad). Cells were lysed in RIPA buffer for 20 17 

minutes on ice in the presence of protease inhibitor cocktail (Roche, Basel, Switzerland) 18 

followed by sonication with a needle sonicator (Hielscher UP100H (Teltow, Germany); 70% 19 

amplitude; 0.7 cycles; 3 cycles). Images were taken with a LI-COR Odyssey FC or Biorad 20 

Chemidoc MP.  21 

 22 

RNA Extraction and Quantitative RT-PCR 23 

Total mRNA was isolated from cells with the Direct-zol RNA Mini Prep kit (Zymo Research, 24 

Irvine, CA, USA) or ReliaPrep (Promega) according to the manufacturer’s instructions, and 25 
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cDNA was generated with the QuantiTect Reverse Transcription kit (Qiagen) or iScript (Bio-1 

Rad). qRT-PCR was performed using SYBR Green (Invitrogen/Life Technologies; Bio-Rad) 2 

and the reactions were performed on a Rotor-Gene Q (Qiagen) and Bio-Rad CFX96 qRT-PCR 3 

machine. β-Actin was used as a normalization control. Relative gene expression changes were 4 

calculated using the ΔΔCt method. Primers used are: NUDT22 (5’-5 

GGCAGCTGGTGGTACATGA-3’; 5’-GTCTCATTTCGGGCGATG-3’), β -Actin (5’-6 

CCTGGCACCCAGCACAAT-3’; 5’-GGGCCGGACTCGTCATACT-3’), cMYC (5’-7 

TCGGATTCTCTGCTCTCCT-3’; 5’-CCTCATCTTCTTGTTCCTCCTC-3’), p53 (5’-8 

CTTTCCACGACGGTGACA-3’; 5’-TCCTCCATGGCAGTGACC-3’), CCNE (5’- 9 

CTCCAGGAAGAGGAAGGCAA-3’; 5’-TCGATTTTGGCCATTTCTTCA-3’)16, GRP78 10 

(5’-CATCAAGTTCTTGCCGTTCA-3’; 5’-TCTTCAGGAGCAAATGTCTTTGT-3’), HRAS 11 

(5’-GCGATGACGGAATATAAGCTG-3’; 5’-TCAATGACCACCTGCTTCC-3’), HK2 (5’-12 

TCCCCTGCCACCAGACTA-3’; 5’-TGGACTTGAATCCCTTGGTC-3’), TK1 (5’- 13 

CAGCTTCTGCACACATGACC-3’; 5’-CGTCGATGCCTATGACAGC-3’), DCK (5’- 14 

ATATGAAAGTCTGGTTGAAAAGGTC-3’; 5’-AAAGCTGAAGTATCTGGAACCATT-15 

3’), DHODH (5’-GCGTGGAGACACCTGAAAA-3’; 5’-TCAGGTAGGAGGCGAAGAGA-16 

3’), UMPS (5’-GCATGAAACCAGAATTTCTTCAC-3’; 5’-17 

ACTGTTGGCCAAGATTATCTCC-3’), TYMS (5’-CCCAGTTTATGGCTTCCAGT-3’; 5’- 18 

GCAGTTGGTCAACTCCCTGT-3’), RNR (5’-TGGACCTCTCCAAGGACATT-3’; 5’-19 

GGCTAAATCGCTCCACCA-3’) 20 

 21 

ChIP-qPCR 22 

U2OS cells were transfected with plasmids encoding for GFP alone or p53-IRES-GFP. After 23 

24 h, the cells were processed for ChIP according to17. qPCR was performed as described 24 

previously with primers for P2118 and the NUDT22 5’ CpG region fwd: 5’-25 
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CCAGACTTGCCCAAGGTC-3’; rev: 5’-CCATGTCCCCCAAACC-3’. Fold enrichment was 1 

calculated over the input control and relative to the IgG mock IP. 2 

 3 

DNA Fibre assay (s. Chapter 2.8) 4 

Cells were exposed to either DMSO or 500 μM uridine for 24 hours, pulse-labelled with 25 5 

μM CldU for 30 min, washed with medium and pulse-labelled with 25 μM IdU for U2OS and 6 

hTERT-RPE1 cells or 250 μM IdU for MCF7 cells for 30 min. Labelled cells were harvested 7 

and DNA fibre spreads were prepared as described elsewhere19. CldU was detected by 8 

incubating acid-treated fibre spreads with rat anti-BrdU monoclonal antibody (AbD Serotec; 9 

cat# MCA2060; and Abcam; ab6326), whereas IdU was detected using mouse anti-BrdU 10 

monoclonal antibody (BD Biosciences; cat# 347580) for 1 hour at 37°C. Slides were fixed with 11 

4% PFA and incubated with goat anti-rat Alexa Fluor 555 or goat anti-mouse Alexa Fluor 488 12 

for 1-2 hours at 4℃. Fibres were examined using a Zeiss (Jena, Germany) LSM780 or LSM980 13 

Airyscan2 confocal laser scanning microscope with a 63x oil immersion objective. For 14 

quantification of replication structures, at least 250 structures were counted per experiment. 15 

The lengths of red (AF 555) and green (AF 488)-labelled patches were measured using the 16 

ImageJ software (National Institutes of Health; http://rsbweb.nih.gov/ij/) and arbitrary length 17 

values were converted into micrometers using the scale bars created by the microscope. 18 

 19 

EdU incorporation (s. Chapter 2.9) 20 

U2OS and hTERT-RPE1 cells were treated with 50 μM pyrazofurin for 4 days, and MCF7 21 

cells were treated with 0.1 μM pyrazofurin for 4 days in 96-well plates. EdU (10 μM) was 22 

added for 20 min. Cells were fixed in 4% PFA and permeabilized in 0.3% Triton X-100. The 23 

click reaction was performed as follows: 859 μl PBS, 40 μl CuS04 (100 mM), 1 μl Atto 488 24 

(Sigma-Aldrich), and 100 μl 100 mM ascorbic acid for 30 min at RT. Cells were then washed 25 
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and imaged at the ImageXpress XLS (Molecular Devices) or Celldiscoverer7 (Zeiss). Data 1 

were analyzed with CellProfiler-3.0.0 or Zen Blue (Zeiss). 2 

 3 

Statistical analysis (s. Chapter 2.13) 4 

Unpaired two-tailed Student’s t-test was used for comparisons between two groups. When the 5 

data points did not follow a normal distribution, a two-tailed Mann-Whitney test was 6 

performed. All statistical analyses were performed using GraphPad Prism. All experiments 7 

were repeated at least 3 times. 8 

 9 

LC-MS nucleotide measurements 10 

Measurements were carried out at Creative Proteomics (Shirley, NY, USA). To each cell pellet 11 

100 μL of water was added. Cells were lysed on a MM 400 mill mixer with the aid of two 12 

metal balls at a shaking frequency of 30 Hz for 1 min. Then, 400 μL of methanol was then 13 

added to each tube and the samples were homogenized again for 1 min twice, followed by 14 

sonication for 1 min in an ice-water bath. The samples were placed at -20 °C for 30 min before 15 

centrifugal clarification at 21,000 g and 5 °C for 5 min. The clear supernatants were collected. 16 

The protein pellets were used for the protein assay using the standard Bradford procedure. 17 

Serially diluted, mixed standard solutions of dNTPs were prepared at the concentrations of 18 

0.0002 to 10 μM in an internal standard solution containing 13C or D-labeled ATP, GTP and 19 

UTP. Twenty microliters of the supernatant of each sample solution was mixed with 180 μL 20 

of the same internal standard solution. Ten-microliter aliquots of the sample solutions and the 21 

standard solutions were injected onto a C18 UPLC column (2.1*100 mm, 1.8 μm) for UPLC-22 

MRM/MS runs with (-) ion detection on a Waters Acquity UPLC system coupled to a Sciex 23 

QTRAP 6500 Plus MS instrument, with the use of a tributylamine formate solution (solvent 24 

A) and acetonitrile (solvent B) as the mobile phase for gradient elution with an efficient 25 
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gradient of 5% to 50% B in 20 min at 0.30 mL/min and 50 °C. Concentrations of the detected 1 

analytes were calculated with internal standard calibration by interpolating the constructed 2 

linear regression curves of individual compounds, with the analyte-to-internal standard peak 3 

area ratios measured from the sample solutions in each assay. 4 

 5 

In vivo studies (s. Chapter 2.11) 6 

Ten-week-old female NOD/SCID wild-type mice (Charles River, Kent, UK) kept on a 12-h/12-7 

h light/dark cycle with free access to food and water were used in this study, and the study was 8 

carried out in accordance with local guidelines and with Home Office approval under project 9 

licence PP9172663, University of Sheffield, UK. MCF7-GFP-Luc cells were generated by 10 

infection with LVP020 (amsbio) and selected with 1 µg/ml puromycin.  11 

On day 0 800.000 cells in 20 µl Media, 10% Matrigel were injected on either side intra nipple 12 

(4&9). The drinking water was supplemented with 4mg/L 17-β-estradiol. Tumour growth was 13 

monitored in live mice using an IVIS Lumina II system (Caliper Life Sciences, UK). Here, 30 14 

mg/kg of D-Luciferin (Invitrogen, UK) was injected s.c. 5 min before imaging. Mice were 15 

imaged by ventral exposure. Images were analyzed in Living Image software by creating a 16 

region of interest (ROI) around the tumor(s); luminescence signal was acquired in radiance 17 

(photons/second). 18 

 19 

  20 
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Results 1 

NUDT22 is induced by cellular stress 2 

Both metabolic products of NUDT22 activity, UMP and G-1-P, are generated from 3 

UDP-glucose, originating from extracellular glucose. To interrogate the effects of constant 4 

glucose flux on NUDT22 expression we subjected cultured cells to glucose starvation. 5 

Indicative of a potentially common regulation of glucose metabolism and NUDT22 we detected 6 

continuous increase in NUDT22 expression alongside known glucose response genes cMyc and 7 

GRP78 (Fig. 1A). Similarly, blocking glycolysis through inhibition of the glucose 8 

phosphorylating enzyme hexokinase 2 (HK2) with 2-deoxy-D-glucose (2-DG) (Fig. 1B), or 9 

RNAi-mediated depletion of HK2 (HK2siRNA) (Fig. 1C) resulted in a significant upregulation 10 

of NUDT22. 11 

Glucose starvation is known to induce cMYC expression, resulting in the activation of 12 

genes involved in nucleotide metabolism, glucose uptake, and the serine biosynthesis 13 

pathway20, a critical mechanism for cancer cell survival21. Furthermore, cMYC overexpression 14 

leads to replication stress, as a result of nucleotide shortage22. To investigate whether the 15 

elevated expression of NUDT22 after interference with glycolysis was directly regulated 16 

through cMYC, we used cells with constitutively high23 (Fig. 1D, E) and tamoxifen-induced 17 

(4-OHT) short-term cMYC activation24 (Fig. 1F). qRT-PCR analysis revealed that both 18 

systems led to a significant increase in NUDT22 expression. This is, however, not due to 19 

oncogenic stress in general, as overexpression of the CCNE25 and HRASV12 24 oncogenes had 20 

no effect on NUDT22 expression (Supplementary Fig. 1A, B).  21 

 22 
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 1 

Fig. 1. A Increased NUDT22 gene expression after glucose starvation for 6, 12 and 24 h (NUDT22 2 

P=0.0082; cMYC P= 0.0021; GRP78 P=0.0006). B Increased NUDT22 gene expression after inhibition 3 

of HK2 with 2-DG (NUDT22 P=0.0254; cMYC P=0.0001; GRP78 P=0.0016). cMYC and GRP78 are 4 

positive controls. C Increased NUDT22 gene expression after HK2 depletion with siRNA (HK2 5 

P=0.006; NUDT22 P<0.001). D Elevated NUDT22 gene expression in four independent HA1EB-6 

cMYC clones measured by qPCR (NUDT22 P=2.4*10-8; cMYC P=7.48 *10-7). E cMYC-overexpressing 7 

cells induced NUDT22 protein expression. F cMYC-induced NUDT22 gene expression (cMYC 8 

P=0.0006; NUDT22 P=0.0346). P-values were calculated by paired t-test. Data are presented as the 9 

mean values with SD and all experiments were repeated at least 3 times.  10 

Transcriptional analysis by qRT-PCR and western blotting was performed by Patrick Herr and Florian 11 

Mayr at Karolinska Insitute (Stockholm, Sweden).  12 
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NUDT22 is a direct p53 target 1 

cMYC overexpression was previously shown to induce p53, p21 and senescence24. In 2 

a largely opposing role to cMYC in glucose metabolism, glycolysis is tightly regulated by p53, 3 

controlling the transcription of the glucose transporters GLUT1 and GLUT4 and reducing the 4 

expression of HK226 and 6-phosphofrukto-2-kinase 3 (PFKFB3), thereby decreasing glycolysis 5 

in favour of the pentose phosphate pathway (PPP)27. Nucleotide synthesis, on the other hand, 6 

is promoted through expression of the RNR gene p53R2 directly by p5328, and p53 was shown 7 

to promote DNA replication and prevent replicative stress29. 8 

To test whether NUDT22 expression is directly regulated by cMYC or rather through 9 

p53, we depleted p53 with RNAi (p53siRNA) in cMYC-overexpressing cells. Strikingly, the 10 

cMYC-induced expression of NUDT22 was completely dependent on p53 (Fig. 2A), and direct 11 

cMyc overexpression led to stabilized p53, p21 and NUDT22 (Fig. 2B). This is also consistent 12 

with the delay in the expression of NUDT22 after cMYC activation (Supplementary Fig. 2A-13 

C) and increased p53 expression after 2-DG exposure or HK2siRNA (Supplementary Fig. 2D, E). 14 

Furthermore, Nutlin3a-mediated p53 stabilization30 led to induction of NUDT22 in p53-15 

proficient cells only (Supplementary Fig. 2F) and direct overexpression of p5313 was sufficient 16 

to induce the expression of NUDT22 (Supplementary Fig. 2G).  17 

Nutlin3a exposure of cells transfected with a NUDT22 luciferase reporter construct 18 

(NUDT22-luc2) further confirmed our findings, again indicating direct activation of the 19 

NUDT22 promoter by p53 (Fig. 2C). Finally, we confirmed direct p53 binding in the NUDT22 20 

promoter region by chromatin immunoprecipitation followed by qRT-PCR (Fig. 2D and 21 

Supplementary Fig. 2H).  22 

 23 
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 1 

Fig. 2. A The depletion of p53 abolished the cMYC-mediated activation of NUDT22 in BJ-MYCER 2 

cells (NUDT22 P=0.0086; P=0.0119; P=0.0046; p53 P=0.012; P=0.0146; P=0.0022), as measured by 3 

qRT-PCR. B Stabilized p53 and p21 and increased NUDT22 protein expression in BJ-MYCER cells. C 4 

Relative luciferase levels of the NUDT22 reporter after stabilization of p53 with Nutlin3a in U2OS cells 5 

(NUDT22 P=0.0003, p53 P=0.0001). D qPCR for the 2 kb CpG 5’ region of the NUDT22 gene after 6 

ChIP with a p53(DO1) antibody in U2OS cells. GFP served as a transfection control (P=0.008). P-7 

values were calculated by paired t-test. Data are presented as the mean values with SD and all 8 

experiments were repeated at least 3 times.  9 

Experimental work was performed by Patrick Herr and Florian Mayr.  10 

 11 
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To test whether activation of p53 by different means would also influence NUDT22 1 

expression we exposed U2OS cells carrying NUDT22-luc or p53-luc reporters to a spectrum 2 

of chemotherapeutic drugs, which led to a significant increase in both (Fig. 3A, B). This was 3 

again recapitulated after actinomycin D and doxorubicine exposure of U2OS and hTERT-4 

RPE1 cells, correlating with the stabilization of p53 (Fig. 3C, D). Importantly, NUDT22 KO 5 

U2OS cells already have increased p53 and p21 levels compared to their respective controls, 6 

indicating elevated levels of metabolic stress and suggesting a p53-mediated positive feedback 7 

loop regulating NUDT22 expression. This was, however, not observed in hTERT-RPE1 8 

fibroblasts (Fig. 3E). Consistent with a role for NUDT22 in acute situations where 9 

nucleotide/energy shortage requires immediate salvage of pyrimidines and G1P, NUDT22 10 

itself has a very short half-life and is cleared through proteasomal degradation (Fig. 3F, G). 11 

  12 
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 1 

 2 

Fig. 3. A DNA damaging agents induce transcriptional activation of the NUDT22 reporter in U2OS 3 

cells after treatment with corresponding anti-cancer agents for 24 h. B The p53-luciferase reporter 4 

served as a control. Drug concentrations: doxorubicine (doxo) 5 μM, actinomycin D (actD) 5 nM, 5 

hydroxyurea (HU) 2 mM, olaparib 10 μM, camptothecin 10 μM, nutlin3a 2 μM (P-values calculated to 6 

DMSO control (NUDT22): doxo P=0.0094; actD P=0.0036; HU P=0.0088; olaparib P=0.0042; CPT 7 

P=0.0021; nutlin3a P=0.0003. (p53) doxo P=0.0068; actD P=0.0008; HU P=0.0344; olaparib P=ns; 8 

CPT P=0.0003; nutlin3a p<0.0001). C U2OS and D hTERT-RPE1 cells were treated with doxorubicin 9 

and actinomycin D for 24 h. NUDT22 gene expression was increased in both cell lines. This is 10 

consistent with the stabilization of p53 protein as determined by western blotting (C: doxo P=0.0013; 11 
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actD P=0.0013, D: doxo P=0.0004; actD P=0.0021). E NUDT22 CRISPR/Cas9 knockout increases p53 1 

stability and activity in U2OS cells but not hTERT-RPE1 cells. F NUDT22 protein levels were 2 

significantly reduced after 6 h of translation inhibition with 10 µg/ml CHX in U2OS osteosarcoma cells. 3 

RAD51 served as a positive control. G NUDT22 protein levels accumulate after proteasome inhibition 4 

with 5 µM MG132 in U2OS cells. P-values are calculated by paired t-test in GraphPad Prism. Data are 5 

shown as the mean with SD and all experiments were repeated at least 3 times.  6 

Dual luciferase assay as shown in Fig. 3A and B as well as determination of NUDT22 and p53 protein 7 

expression by western blot in Fig. 3C, D, F and G were performed by Patrick Herr. Patrick Herr and 8 

Bishoy Hanna generated CRISPR/Cas9 NUDT22 KO U2OS and hTERT-RPE1 cells. I determined 9 

NUDT22, p53 and p21 levels in U2OS and hTERT-RPE1 cells by western blotting as shown in Fig. 10 

3E.  11 

 12 

NUDT22 prevents replication stress 13 

Our biochemical data suggest that NUDT22 generates the pyrimidine synthesis 14 

precursor UMP from UDP-glucose1 (Fig. 4A). We therefore aimed to determine the biological 15 

significance of NUDT22 for dNTP production and DNA replication in cells. To compare the 16 

cellular role of NUDT22 in cancer and fibroblast cell lines we generated U2OS osteosarcoma 17 

and hTERT-RPE1 retina pigment epithelial NUDT22 KO cell lines (Fig. 4B, C). dNTP pool 18 

measurements by LC-MS confirmed that NUDT22 KO U2OS cells had reduced levels of all 4 19 

dNTPs but only marginal changes were observed in hTERT-RPE1 cells (Fig. 4D, E). The 20 

reduction in intracellular dNTPs in NUDT22 KO U2OS cells was reflected in a significantly 21 

reduced DNA replication fork speed. To test whether the reduced replication fork speed in 22 

NUDT22 KO cells is a consequence of attenuated UMP production, we supplemented NUDT22 23 

KO cells with uridine. Supporting our hypothesis, uridine supplementation completely restored 24 

replication fork speed, demonstrating that the lack of NUDT22-dependent hydrolysis of UDP-25 

glucose to UMP is required for normal replication fork progression (Fig. 4F and Supplementary 26 
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Fig. 3A). The attenuated replication fork speed is further reflected by reduced EdU 1 

incorporation during S-phase (Fig. 4G and Supplementary Fig. 3B) and a generally slower 2 

proliferation speed in NUDT22 KO U2OS but not hTERT-RPE1 cells (Fig. 4H, I).  3 

These findings prompted us to hypothesize that NUDT22 controls a novel pyrimidine 4 

salvage pathway and might therefore synergise with de novo pyrimidine synthesis (Fig. 4A). 5 

A key enzyme in the de novo synthesis of pyrimidines from glutamine is uridine 6 

monophosphate synthetase (UMPS), which converts orotidine 5’-phosphate to UMP31. 7 

Inhibition of UMPS with pyrazofurin32 caused a further reduction in EdU incorporation in 8 

NUDT22 KO cells progressing through S-phase (Fig. 4G and Supplementary Fig. 3B), 9 

demonstrating that NUDT22 is involved in a complementary pathway for UMP generation.   10 
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 1 

Fig. 4. A NUDT22 hydrolyses UDP-glucose to UMP as a pyrimidine salvage pathway. De 2 

novo UMP synthesis from glutamine can be inhibited by the nucleoside analogue pyrazofurin 3 

or rescued with uridine supplementation. B Two independent U2OS (1-2; 3-6) and C hTERT-RPE1 4 

(1-5; 2-1) NUDT22 knockout (KO) clones were generated. D Nucleotide pool levels are decreased in 5 

U2OS NUDT22 KO cells but E unchanged in hTERT-RPE1 NUDT22 KO cells compared to the 6 

corresponding ctrl cell lines. Nucleotide pool levels were determined by LC-MS in collaboration with 7 

Creative Proteomics. F NUDT22 KO (1-2 and 3-6) in U2OS cells reduces DNA replication fork speed, 8 

which was rescued by uridine supplementation. Replication fork speed in ctrl and NUDT22 KO cells 9 

was assessed by CldU and IdU incorporation in DNA fibre assay. At least 250 DNA fibre structures 10 
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were counted per experiment. This experiment was performed by Oliver Mortusewicz at Karolinska 1 

Institute, Stockholm, Sweden. G NUDT22 KO delays S phase progression in U2OS cells with and 2 

without pyrazofurin treatment for 4 days. The percentage of EdU-positive cells was quantified by 3 

immunofluorescence microscopy (ctrl::1-2 P=0.0109; ctrl::3-6 P=0.0003; 1-2 DMSO::1-2 pyrazofurin 4 

P=0.0227; 3-6 DMSO::3-6 pyrazofurin P=0.0109). P-values were calculated by unpaired t-test. Errors 5 

as the mean with SD. H NUDT22 U2OS KO clones have slower growth rates compared to their controls. 6 

I NUDT22 KO in hTERT-RPE1 cells does not induce changes in growth rates. All experiments were 7 

repeated at least 3 times. 8 

 9 

These findings further suggest that NUDT22 KO cells might be especially sensitive to 10 

pyrazofurin. Exposure of NUDT22 KO cells and their respective controls to pyrazofurin in 11 

dose-response survival assays revealed a clear sensitization in U2OS but not hTERT-RPE1 12 

cells (Fig. 5A, B). Similar combinatorial effects were observed after inhibition of RNR with 13 

hydroxyurea (HU) (Fig. 5C, D) or by starving cells from the de novo pyrimidine precursor 14 

glutamine (Fig. 5E, F), phenocopying the effect of pyrazofurin exposure and further supporting 15 

a shortage in nucleotide supply in NUDT22-deficient cells. Interestingly, glutamine starvation 16 

led to the upregulation of key pyrimidine biosynthesis enzymes and NUDT22, especially in 17 

U2OS cells (Fig. 5G).  18 

Pyrazofurin was shown to also affect purine biosynthesis33. We therefore tested whether 19 

the observed combinatorial effects are specifically related to a deficiency in pyrimidine 20 

synthesis. Inhibition of purine synthesis with MPA or 6-MP did not increase the sensitivity of 21 

NUDT22 KO U2OS or hTERT-RPE1 cells, further supporting a specific role for NUDT22 in 22 

pyrimidine biosynthesis (Supplementary Fig. 3C, D). Importantly the difference in response 23 

between U2OS and hTERT-RPE1 cells is not attributable to differential proliferation rates of 24 

the two cell lines (Fig. 5 H).  25 
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 1 

Fig. 5. Dose response curves of ctrl and NUDT22 KO U2OS cells exposed to A pyrazofurin, C 2 

hydroxyurea and E after glutamine starvation for 4 days. Dose response curves of ctrl and NUDT22 KO 3 

hTERT-RPE1 cells exposed to B pyrazofurin, D hydroxyurea and F after glutamine starvation for 4 4 

days. G Gene expression levels of pyrimidine synthesis genes after 24 h of glutamine starvation relative 5 

to β-actin. Statistical analysis between hTERT-RPE1 and U2OS cells (NUDT22 P=0.0135; TK1 6 

P=0.0071; DCK P=0.0132; DHODH P=ns; UMPS P=0.004; TYMS P=0.01; RNR P=0.0026). P-values 7 

were calculated by paired t-test. Data are presented as the mean values with SD. H Growth rate 8 

comparison between U2OS and hTERT-RPE1 cells. All experiments were repeated at least 3 times. 9 

  10 
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Nucleotide deficiency and reduced replication fork progression are often associated 1 

with replication stress. Consistent with the reduction in pyrimidine synthesis, we observed 2 

increased cell cycle checkpoint activation in NUDT22 KO U2OS but not hTERT-RPE1 cells 3 

(Fig. 6A-C) and an increase in markers for replication stress (RPA) and DNA damage 4 

(γH2A.X, 53BP1) (Fig.6 D-F), which was further increased when combined with low doses of 5 

pyrazofurin (Fig. 6G). 6 

 7 

Fig. 6. A, B Cell cycle checkpoint activation (P-Chk1 and P-Chk2) in NUDT22 KO U2OS cells (1-2 8 

and 3-6). C No significant cell cycle checkpoint activation in NUDT22 KO hTERT-RPE1 cells (1-5 9 
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and 2-1). D Increased single stranded DNA (nuclear RPA intensity) and DNA damage (nuclear gH2AX 1 

E and 53BP1 F intensity) in U2OS NUDT22 KO cells (1-2 and 3-6) compared to U2OS ctrl cells as 2 

determined by immunofluorescence imaging. G Quantification of gH2A.X DNA damage foci in ctrl 3 

and NUDT22 KO U2OS cells with and without pyrazofurin (P<0.0001). P-values were calculated by 4 

the Mann-Whitney test. Data are presented as the mean values with SEM. All experiments were 5 

repeated at least 3 times. 6 

 7 

NUDT22 deficiency reduces cancer growth 8 

To better understand the overall significance of NUDT22 in cancer, we interrogated the 9 

TCGA and GTEx databases for differential gene expression of NUDT22 and other genes 10 

involved in pyrimidine biosynthesis. Pan-cancer analysis clearly indicated increased NUDT22 11 

expression levels in cancer tissue compared with normal tissue (Fig. 7A). This pattern was 12 

further reinforced in breast cancer, with all major pyrimidine metabolism enzymes following 13 

the same trend (Fig. 7B). This correlates with the previously described role of other members 14 

of the NUDIX protein superfamily in breast cancer34. In addition, breast cancer patients35 with 15 

NUDT22 alterations have a worse prognosis in overall survival (Fig. 7C). To test whether our 16 

results in U2OS cells also translate in breast cancer cells we generated NUDT22 KO MCF7 17 

cells. Similar to NUDT22 KO U2OS cells, NUDT22 KO MCF7 cells exhibited an increase in 18 

the phosphorylation of replication stress markers, which was rescued by uridine 19 

supplementation (Fig. 7D). NUDT22 KO MCF7 cells also had reduced growth rates 20 

(Supplementary Fig. 4A) and reduced EdU incorporation compared to control cells, which was 21 

further exaggerated by UMPS inhibition with pyrazofurin (Fig. 7E and Supplementary Fig. 22 

4B). The reduced replication fork speed observed in U2OS cells was again recapitulated in 23 

NUDT22 KO MCF7 cells, which was rescued by uridine supplementation (Fig. 7F and 24 

Supplementary Fig. 4C). NUDT22 KO MCF7 cells have increased DNA damage (γH2A.X), 25 

further exaggerated by low doses of DHODH (brequinar, leflunomide) and UMPS 26 
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(pyrazofurin) inhibitors (Fig. 7G), and NUDT22 KO MCF7 cells were significantly sensitized 1 

to inhibition of UMPS and DHODH (Fig. 7H-J). 2 

To transfer our findings into an orthotopic mouse breast cancer xenograft model, we 3 

injected engineered luc2 NUDT22 KO MCF7 cells into female NOD/SCID mice and monitored 4 

tumour growth by IVIS imaging in live animals. Recapitulating our data on cultured cells, 5 

NUDT22 KO MCF7 cells grew significantly slower than the control cells over the course of 6 

the experiment (Fig. 7K). These findings underscore the significance of NUDT22 for cancer 7 

cell growth in vivo with a functional tumour microenvironment and access to nutrients through 8 

vascularization. 9 
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 1 

Fig. 7. A RSEM expected count analysis of NUDT22 expression in the panCancer TCGA and GTEx 2 

datasets (P<0.0001; Mann-Whitney test, mean with SD). B RSEM expected count analysis of 3 

pyrimidine metabolism gene expression in breast cancer TCGA and GTEx datasets (P<0.0001; Mann-4 

Whitney test, mean with SD). C Overall survival of breast cancer patients with NUDT22 gene 5 
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alterations (TCGA). D Cell cycle checkpoint activation of ctrl and NUDT22 KO MCF7 cells was 1 

rescued by uridine supplementation. E NUDT22 KO MCF7 cells have reduced EdU incorporation, 2 

which is further reduced by pyrazofurin (0.1 μM) exposure for 4 days. F Reduced replication fork speed 3 

in NUDT22 KO MCF7 cells can be rescued by uridine supplementation. At least 250 DNA fibre 4 

structures were counted per experiment. G NUDT22 KO MCF7 cells have increased gH2A.X foci 5 

formation, which was further increased with brequinar (80 μM), leflunomide (20 μM) and pyrazofurin 6 

(20 μM) treatment for 24h (P<0.0001). P-values were calculated by the Mann-Whitney t-test. Data are 7 

shown as the mean with SD. H Dose-response curves of ctrl and NUDT22 KO MCF7 cells treated with 8 

pyrazofurin, I brequinar and J leflunomide for 4 days. K In vivo mammary cancer xenograft model 9 

with ctrl and NUDT22 KO MCF7 cells. Luc2+ ctrl and Luc2+ NUDT22 KO MCF7 cells were injected 10 

into mammary fat pads of 7 ten-week old female NOD/SCID wild-type mice per cell line and imaged 11 

weekly for six weeks (P<0.0023; Mann-Whitney test, mean with SEM). All experiments were repeated 12 

at least 3 times. 13 

 14 
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Discussion 1 

Taken together, we present evidence that NUDT22 is a previously unknown important 2 

regulator of a cellular salvage pathway that appears to be of special significance in cancer. We 3 

show that cancer tissues have elevated levels of NUDT22 and that NUDT22 expression is 4 

regulated by p53 following metabolic stress, cMYC overexpression, and DNA damage, all of 5 

which cause depletion of the nucleotide pool. We show that NUDT22-deficient cancer cells 6 

have lower nucleotide pools and display hallmarks of replication stress, such as reduced 7 

replication fork speed, delayed S-phase progression, cell cycle checkpoint activation, increased 8 

DNA damage and single-stranded DNA.  9 

Nucleotide salvage through recycling from intermediates in the degradative pathway is 10 

an energy-efficient way to generate nucleotides. While pyrimidines have been shown to be re-11 

phosphorylated inside the cell through DCK and TK136, no true pyrimidine salvage pathway 12 

has been described to date that resembles the well-known purine salvage pathway around the 13 

HPRT gene that has been exploited extensively therapeutically and as a biological tool37. Co-14 

targeting of pyrimidine salvage and de novo synthesis for cancer therapy has recently received 15 

renewed attention, and our data suggest that targeting pyrimidine de novo synthesis combined 16 

with NUDT22 inhibition might be an interesting novel therapeutic approach in the future. Our 17 

data that glutamine starvation synergizes with NUDT22 KO in U2OS cells (Fig. 3f) therefore 18 

further supports this idea. UDP-glucose, the substrate for NUDT22, has been linked to 19 

metastatic progression of lung cancer cells by directly interfering with translation of the EMT-20 

promoting gene SNAI138. Inhibition/deletion of NUDT22 could therefore potentially suppress 21 

the metastatic potential and simultaneously increase the DNA damage burden in cancer cells 22 

by reducing UMP and keeping UDP-glucose levels high (Fig. 1c, d). 23 

There seems to be a distinct difference in the level of dependence on NUDT22 in 24 

different cell types. We consistently observed much more severe effects in the cancer cell lines 25 
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(U2OS and MCF7) than in the fibroblast cell line (hTERT-RPE1). It is tempting to hypothesize 1 

that this difference may be due to an increased metabolic demand in cancer, which is also 2 

suggested by the increased NUDT22 expression in cancer tissues but needs to be further 3 

investigated. Although the majority of phenotypes in NUDT22 KO could be rescued by uridine 4 

supplementation and are clearly directly attributable to UMP, and therefore pyrimidine, 5 

deficiency, the significance of G-1-P generated by NUDT22 for the maintenance of cellular 6 

growth in fast proliferating cancer cells needs to be addressed. The attack on nucleotide 7 

synthesis through a complementary salvage pathway, which cancer cells seem to be more 8 

reliant on, might prove advantageous over previous nucleoside inhibitors. Finally, our in vivo 9 

findings provide a clear rationale for the preclinical translation of targeting NUDT22 in cancer. 10 
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3.3 Supplementary material 
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Supplementary Fig. 1  

A Overexpression of CCNE had no significant effect on the expression of NUDT22 (CCNE P=0.0126). 

B Overexpression of HRASV12 had no effect on either NUDT22 or p53 expression (P=0.0028). P-values 

were calculated by paired t-test. Data are shown as the mean with SD. 
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Supplementary Fig. 2  

A Short-term activation of cMYC induced expression of the direct target gene CCNE (P=0.0089) but 

not of NUDT22 or p53. B Increased expression of both NUDT22 and p53 after cMYCER activation with 
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tamoxifen (4-OHT) for 24 h (NUDT22 P=0.038; p53 P=0.0006; CCNE P=0.01). C Activation of 

cMYCER (4-OHT) for 72 h increased the expression of CCNE and p53 (cMYC P=0.0041; CCNE 

P=0.0007; p53 P=0.0047). D The exposure of hTERT-RPE1 cells to 2-DG for 48 h induced cMYC and 

p53 expression (cMYC P=0.0037; p53 P=0.0033). E Increased p53 expression after HK2siRNA 

transfection (HK2 P=0.0314; p53 P=0.0234). F Nutlin3a exposure induced NUDT22 expression only 

in the p53+/+ HCT116 cell line and not in the isogenic p53-/- HCT116 cell line (NUDT22 P=0.001). G 

Increased NUDT22 expression after p53 overexpression (hTERT-RPE1 P=0.0314; U2OS P=0.0144). 

H qPCR for the P21 promoter after ChIP with a p53(DO1) antibody. GFP served as a transfection 

control, (P21 P=0.034 and 0.033). P-values were calculated by paired t-test. Data are presented as the 

mean values with standard deviation. 
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Supplementary Fig. 3 

A Replication fork speed (CldU incorporation) in ctrl and NUDT22 KO cells. B Quantification of the 

percentage of EdU-positive cells (ctrl::1-2 P=0.0109; ctrl::3-6 P=0.0003; 1-2 DMSO::1-2 pyrazofurin 

P=0.0227; 3-6 DMSO::3-6 pyrazofurin P=0.0109)|. P-values were calculated by unpaired t-test. Errors 

as the mean with SD) and representative images. C Dose response curves of ctrl and NUDT22 KO 

U2OS and hTERT-RPE1 cells exposed to MPA and D 6-MP for 96 h. 
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Supplemental Fig. 4 

A MCF7 NUDT22 KO cells grew slower than their parental control cells. B NUDT22 KO MCF7 cells 

have reduced EdU incorporation, which is further reduced by pyrazofurin exposure C Reduced 

replication fork speed in NUDT22 KO14 MCF7 cells can be rescued by uridine supplementation. 
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4. Development of NUDT22 small molecule inhibitors with
computer-aided drug design

4.1 Introduction 

Improving overall survival and prognosis of cancer patients relies on the discovery of 

novel anti-cancer agents targeting well-established and newly emerging drug targets 

with exquisit specificity. Drug discovery pipelines usually start with the identification 

and validation of a suitable molecular target. Physical and virtual screening is then 

used to identify active drug candidates, the so-called hits, followed by lead optimisation. 

More specifically, hit compounds are transformed into biologically active lead 

compounds through optimising physicochemical properties to identify drug candidates 

for preclinical development. The best drug candidate enters clinical trials and, if 

successful, the market (Fig. 8) [129].  

Figure 8. Drug discovery pipeline. Drug discovery starts with the identification and validation of a drug target 

followed by hit identification. Hit –to-lead optimisation results in the identification of one or several drug candidates 

entering preclinical development and, if successful, clinical trials. Drug development from target identification until 

market approval lasts on average around 10 – 15 years and costs $1 – 3 billion USD. 

Developing a new drug from identification until market approval is a highly time and 

cost intensive process with an average duration of 12 years and a cost of 

approximately $1 - 3 billion USD [130,131].  

The use of high throughput screening (HTS) as go-to starting point for hit identification 

in drug discovery programs especially in pharmaceutical industry is one of the reasons 

for the long and expensive drug development process. In HTS, a library of chemical 

synthesised drug-like compounds is assessed based on the potential to interact with 

a given target to identify hits for further hit-to-lead optimisation [132].  
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The introduction of computer-aided drug design (CADD) and the possibility to analyse 

millions of molecules through virtual screening even before their chemical synthesis 

enabled a faster and more cost-effective approach for the identification of promising 

new small molecules [133,134]. With the discovery of the HIV protease inhibitor 

Viracept as first drug identified in a structure-based virtual screen in 1997, 

computational tools moved into the spotlight for successful drug discovery [135]. Since 

then, several anti-cancer agents identified with CADD approaches such as the 

hepatocellular growth factor c-MET and anaplastic lymphoma kinase (ALK) inhibitor 

crizotinib have received market approval and are used in cancer therapy today 

[130,136].  

However, in comparison to HTS, chemical synthesis of the compounds identified in 

virtual screens adds another potentially time-consuming step towards hit identification. 

Whereas all compounds in HTS are already chemically synthesised and are being 

assessed on their drug-likeliness and biochemical activity towards the target of interest, 

compounds identified with computational tools have to be synthesised prior to their 

actual activity assessment for hit identification. Chemical synthesis of the compounds 

identified in virtual screens is often time-consuming and can be limited due to chemical 

resources and storage capacities posing a risk to potential hit elimination even before 

biochemical assessment [133].  

A robust biochemical assay close to the target’s activity is required for either hit 

selection in HTS or hit identification of compounds pre-selected in virtual screens. The 

development of such an assay can be challenging and can pose another time and 

cost-intensive step to drug discovery. In contrast to HTS, where compounds are 

usually only assessed in single concentrations, in CADD, due to the pre-selection of 

potential hits, the biochemical assay can be used to directly determine the half 

maximal inhibitory concentration (IC50) for hit selection, which is usually done at a later 

step in HTS-based drug discovery [137,138]. 

Another parameter to consider when deciding on performing a virtual screen on a 

defined compound database to identify hit candidates is the restriction to only being 

able to exploit one protein crystal structure for molecular docking at the time. The 

availability of a well-defined and characterised protein structure and/or ligand is crucial 

to be successful in CADD. In contrast, HTS can also be utilised in case of targets 
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without well-defined crystal structures and hit identification can be performed on a 

broad range of targets at the same time [132].  

In addition, virtual screening only predicts the binding of ligands to the target by using 

mathematical calculations based on the position of the compound in the active site of 

the target protein and both, protein and ligand confirmations are only estimated 

representations of their corresponding natural forms. To be successful in CADD, the 

selection and careful preparation of the virtual ligand database as well as target protein 

crystal structure is of high importance to be able to translate computational findings 

into biochemical and biological hit identification [139].  

The rapid growth of computational tools, however, led to more and more accurate 

predictions of ligand-protein interactions and a higher success rate in identifying a 

promising starting point as well as, in later stages, enabling hit-to-lead optimisation for 

the development of novel anti-cancer agents. Several virtual screening approaches 

are available with structure-based and ligand-based drug discovery as the most 

prominent among others. Whereas ligand-based drug discovery exploits molecular 

similarity, which means structural information obtained from active ligands in case of 

no available 3D target structure, structure-based drug design relies on a known and 

well-defined protein structure to identify interaction patterns between ligands and 

receptor-protein [130].  

In settings with more limited resources such as academia and smaller biotechnological 

companies, computational tools can be used to speed up and reduce costs to identify 

novel promising drug compounds. In addition, computational tools potentially reduce 

in vitro and in vivo studies through simulation and prediction of essential factors such 

as bioavailability, activity, toxicity and overall efficacy [134].

4.1.1  Aims 

Here we exploited our previously solved co-crystal structure of NUDT22 and its 

substrate UDP-glucose to perform an in silico structure-based screen on an open 

access compound database to identify novel starting points for the development of 

first-in-class NUDT22 inhibitors [26]. Hit-to-lead optimisation was performed, resulting 

in a subset of lead compounds. We further evaluated the identified leads based on 

their enzymatic activity and target engagement towards recombinant NUDT22 protein. 
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4.2 Results 

4.2.1 In silico screening of NCI/DTP to identify starting point for NUDT22 
inhibitors 

For the identification of potential NUDT22 interactors for further chemical optimisation, 

we performed a molecular docking study of the co-crystal structure of NUDT22 bound 

to its substrate UDP-glucose (5LOR.pdb, Fig. 9) on the NCI/DTP compound database 

in Schrödinger Suite 2019-3 (Fig. 10; Chapter 2.12).  

Figure 9. Co-crystal structure of NUDT22 with its substrate UDP-glucose (5LOR.pdb). UDP-glucose is located 

in the active site located in between the N-terminal domain and NUDIX fold domain of NUDT22. Adapted from 

Carter et al., 2018 [26]. 

In preparation for the virtual screen, we generated a subset of 98,513 compounds by 

implementing a filtering cascade to identify drug-like and novel compounds for 

successful hit identification. Firstly, we eliminated small molecules with reactive and 

interfering groups, so-called PAINS and REOS using a predefined Knime filtering 

workflow (Fig. 10) [118]. PAINS compounds are often associated with high reactivity 

as well as non-specific interactions with proteins in both virtual screens and bioactivity 

assays leading to frequent hitters in drug discovery processes [120]. In contrast to 

PAINS, the REOS filter selects compounds with functional groups that cause virtual 
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screen and/or assay interference and that usually have poor ADMET (absorption, 

distribution, metabolism, excretion and toxicity) properties [119]. Secondly, we applied 

a chemical property filter excluding compounds with a molecular weight (AMW) > 300 

Da and filtered the compounds based on SlogP < 3.0, an important parameter to 

predict hydrophobicity and consequently, cell permeability (Fig. 10). Even though 

larger molecules tend to have higher mathematically calculated binding affinities, the 

so-called docking scores (DScores), due to stronger molecular interactions with 

residues in the active site of the target protein, smaller molecules are usually preferred 

as starting points for the development of drug candidates. Smaller molecules can be 

optimised by adding new groups to the chemical scaffold without the risk of violating 

Lipinski’s Rule of 5, a rule used to assess drug-likeliness of small molecules based on 

chemical properties [121,140]. 

111



112



Figure 10. Virtual screen workflow leading to the identification of the two hit compounds TH012002 and 
TH012008. Briefly, before performing the virtual screen, the protein was prepared using the protein preparation 

wizard implemented in Schrödinger Suite 2019.3. A ligand library was prepared based on the National Cancer 

Institute/Developmental Therapeutics Program (NCI/DTP) compound database by eliminating potential interfering 

compounds (REOS and PAINS) from the 276,517 structures followed by filtering based on the chemical descriptors 

molecular weight (AMW) and SlogP with Knime 4.0.1. The remaining 98,513 structures were then further prepared 

based on their protonation states and 3D conformation, and potential tautomers and stereoisomers were generated 

using LigPrep implemented in Schrödinger Suite 2020.1 generating a total of 199,705 structures for virtual docking. 

A Glide docking grid was defined based on UDP-glucose in the ligand binding site of the prepared NUDT22 protein 

structure (5LOR.pdb) followed by performing the virtual docking screen consisting of a cascade of three docking 

steps with increased accuracy (Glide HTVS  SP  XP). The top-500 compounds were then filtered based on 

uniqueness and availability to purchase from the NCI/DTP compound database followed by eliminating potential 

REOS and PAINS compounds. After sorting the remaining structures based on ascending ligand efficiency, the 

top-40 compounds were selected for further assessment based on their enzymatic activity. Two hit compounds, 

TH012002 and TH012008, were identified to inhibit recombinant NUDT22 protein in the Malachite Green activity 

assay. 

To identify all representative states of each structure, i.e. protonation states, 3D 

conformation, tautomers and stereoisomers, the remaining 98,513 compounds were 

further prepared using the LigPrep wizard implemented in Schrödinger Suite 2019-3, 

which generated 199,705 structures for the actual docking procedure (Fig. 10).  

After importing the co-crystal structure of NUDT22 5LOR (5LOR.pdb) from the protein 

databank to Schrödinger Suite 2019-3, we first processed the protein to obtain the 

most accurate 3D conformation as a high-quality starting point for the docking process 

(Fig. 10) [134]. The prepared compounds entered the virtual Glide docking screen 

comprised of a cascade of three docking steps with increased accuracy resulting in 

the identification of 500 possible NUDT22 interactors. The determined docking scores 

(DScores), where lower is better, ranged from -12.34 to -6.1 kcal/mol. 

To narrow down the top-500 compounds, we filtered them based on duplicates, 

compounds that were unavailable for purchase of the NCI/DTP compound database, 

and REOS as well as PAINS compounds (Fig. 10) [141]. This yielded 261 ligands with 

corresponding DScores in between -12.03 and -6.31 kcal/mol. As next step, we sorted 

the 261 compounds based on ascending Ligand Efficiency (LE) [20–22].  

The consideration of LE is a valuable tool to overcome the earlier described selection 

of higher AMW compounds due to their often-occurring higher DScores instead of 

smaller compounds, which are more favourable for hit-to-lead optimisation in drug 
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discovery. LE predicts the binding affinity of each individual non-hydrogen atom in a 

chemical structure under consideration of both, the binding affinity DScore and AMW. 

It therefore normalises binding affinities for a better comparison of individual ligands 

in hit as well as lead selection processes [142–144]. 

The LE ranged from 0.21 to 0.72 kcal mol-1, where the lower the more potent. After 

narrowing down the list of compounds based on their chemical structure and their 

position in the binding site of NUDT22, we again sorted the list based on ascending 

LE. A selection of top-40 commercially available compounds with a LE ranging from 

0.41 to 0.60 kcal mol-1 with corresponding DScores in between -8.98 and -6.31 kcal 

mol-1 was further evaluated based on biochemical activity (Fig. 10).  

4.2.2 Biochemical evaluation of top compounds identified in in silico 
screen 

For further experimental evaluation of the top-40 compounds, we performed a high 

throughput-biochemical assay based on the malachite green assay approach on 

recombinant NUDT22 protein (Fig. 10; Chapter 2.12.5). This assay was performed in 

collaboration with Ingrid Almlöf and Thomas Helleday at Karolinska Insitute, 

Stockholm, Sweden. The principle of the malachite green assay is based on the 

colorimetric determination of inorganic phosphate due to complex formation of the 

brown coloured Malachite Green with phosphomolybdate at a lower pH resulting in a 

colorimetric change towards green colour and consequently, a shift of the absorption 

maximum [145]. As NUDT22 only hydrolyses UDP-glucose and –galactose to UMP 

and the corresponding sugar 1-phosphate, alkaline phosphatase was added for 

inorganic phosphate generation. In addition, due to UDP impurities in the UDP-glucose 

samples leading to background signal in the performed malachite green assay 

approach, we used UDP-galactose as substrate to assess biochemical activity of our 

identified compounds [26].  

Out of the top-40 compounds, two hits, TH012002 and TH012008 were identified to 

inhibit NUDT22 each with an IC50 of > 650 μM. Both identified hits have similar 

DScores of -7.61 kcal mol-1 and -7.19 kcal mol-1 and LE of 0.59 kcal mol-1 and 0.51 

kcal mol-1, respectively (Table 4). Considering chemical properties, TH012002 has an 

AMW of 188.16 Da, SlogP of -1.68 and a topological polar surface area (TPSA) of 70 

Å2. In contrast, TH012008 has an AMW of 210.21 Da, a SlogP of 0.58 and a TPSA of 
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107 Å2. Both compounds have two hydrogen bond donors (HBD) and five hydrogen 

bond acceptors (HBA) as part of their chemical structure (Table 4).  

Due to the similarity of TH012002 to the established nucleoside analogue 5-FU, which 

has shown to be inactive towards NUDT22 inhibition in a previously performed 

biochemical screen, we decided to continue with the pyrimidothiophene TH012008 for 

further chemical optimisation to potentially increase its relatively weak activity towards 

NUDT22 inhibition (Table 4) [91].  
Table 4. Overview of 5-Fluorouracil and the two identified hit compounds TH012002 and TH012008. 

MW 
[Da] 

SlogP 
TPSA 
[Å2] 

HBD HBA 
Binding 
Affinity 

[kcal mol-1] 

Ligand 
Efficiency 
[kcal mol-1] 

IC50 

5-Fluorouracil

130.08 -0.9 58 3 2 - - - 

TH012002 

188.16 - 1.68 70 2 5 - 7.61 0.59 > 625 μM

TH012008 

210.21 0.58 107 2 5 - 7.19 0.51 > 625 μM
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4.2.3 In silico Hit optimisation 

As TH012008 only exhibited weak NUDT22 inhibitory activity in the previous 

performed biochemical assay approach, we suggested the chemical optimisation of 

the identified scaffold to improve the potency towards NUDT22 inhibition. The 

carboxylic acid residue of TH012008 is an ideal starting point for chemical optimisation 

through amide bond formation so that we performed in silico enumeration of amine 

derivatives of the in-house chemical library KLARA (Karolinska Institute, Stockholm, 

Sweden) (Fig. 11; Chapter 2.12.4) [146,147].  
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Figure 11. Chemical optimisation of TH012008 by amide coupling and second virtual screen to identify 
TH012008 analogues with improved activity towards NUDT22. We performed in silico enumeration of amine 

derivatives of the in-house chemical library KLARA. 3,075 aliphatic and aromatic primary amines were identified 

by substructure search followed by a Knime filtering workflow removing derivatives with > 1 amine, carboxylic acids 

as well as REOS and PAINS structures. 716 amines were then desalted, neutralised and one stereoisomere but 

no tautomere were generated followed by ligand preparation with LigPrep implemented in Schrödinger Suite 

2020-1 retaining 692 amines. Amide coupling with TH012008 was then performed via reaction-based enumeration 

resulting in a TH012008 amide library of 675 substructures. The TH012008 amide library was prepared in LigPrep 

via charge enumeration, stereoisomere/tautomere and 3D conformation generation for virtual docking. NUDT22 

protein in complex with UDP-glucose was prepared using the, in Schrödinger Suite 2020-1 implemented Protein 

Preparation wizard and the Glide docking grid was selected based on ligand binding site. Virtual docking was then 

performed resulting in 50 compounds, which were scored based on docking score, ligand efficiency and binding 

mode compared to UDP-glucose. The top-6 identified compounds as well as 10 structural similar compounds were 

chemically synthesised and their biochemical activity was assessed in the Malachite Green assay approach with 

recombinant NUDT22 protein. None of the identified TH012008 amides did show an effect towards recombinant 

NUDT22 inhibition. 

We identified 3,075 aliphatic and aromatic primary amines by substructure search in 

an IJC-based database followed by a Knime filtering cascade including the elimination 

of derivatives containing more than one amine, carboxylic acids as well as PAINS and 

REOS compounds resulting in a total of 716 amines. After desalting, neutral amines 

with only one stereoisomer as well as no tautomers were prepared using the LigPrep 

wizard implemented in Schrödinger Suite 2020-1 retaining 692 amines. A reaction-

based enumeration with TH012008 was performed via amide coupling generating an 

amide library consisting of 675 TH012008 amide derivatives (Fig. 11).  

To assess their interaction potential with NUDT22, we performed another in silico 

docking screen on the prepared and optimised NUDT22 co-crystal structure 5LOR.pdb. 

For the actual docking screen, the 675 amides were again prepared using LigPrep to 

yield 1,578 structures, which were then docked using Glide SP and XP docking. 50 

unique amides were selected based on their binding mode assessment in the active 

site of NUDT22. The top-50 compounds had calculated LE in between 0.27 and  

0.40 kcal mol-1, and DScores ranging from -9.16 to -7.16 kcal mol-1 for further 

experimental evaluation. Out of the top-50 TH012008 amide derivatives, six 

compounds were synthesised in addition to 10 structural similar compounds based on 

reagent availability (Fig. 11). 
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4.2.4 Binding interactions of TH012008 and its amide derivatives with 
NUDT22 

To evaluate the identified TH012008 amide analogues, we assessed their position in 

the binding site of NUDT22 compared to the natural substrate UDP-glucose in silico 

(Fig. 12).  

Figure 12. Binding model of NUDT22 with UDP-glucose and TH012008. A The uracil moiety of UDP-glucose 

is positioned between the two aromatic amino acids Tyr87 and Phe56 of the N-terminal domain forming π-π 

interactions coordinated by additional hydrogen bonding with Phe56. A complex hydrogen bond network formed 

between Tyr87, Glu145 and Arg139 and the β-phosphate as well as another hydrogen bond formed between 

His156 and the oxygen forming a bridge between the uracil moiety and the diphosphate moiety in the NUDIX fold 

domain. B Glu145 Asp151, Ser247 and Arg218 coordinate glucose moiety binding in the NUDIX fold of NUDT22. 

Figure A and B are adapted from Carter et al., 2018 [26]. C and D The pyrimidothiophene scaffold of TH012008 is 

stacked (blue) between Tyr87 and Phe56 and additional hydrogen bonds (yellow) are formed between the carboxyl- 

and amino-moieties and Phe56 in the N-terminal domain. Additional hydrogen bonds are formed between the 

carboxyl-moiety and Ala144 as well as Arg139 coordinating ligand binding. A salt bridge (purple) is formed between 

Arg139 and the negatively charged oxygen of the carboxyl moiety of TH012008.  
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Similar to the uracil moiety of UDP-glucose, the pyrimidothiophene scaffold of 

TH012008 and its amide analogues is positioned between the two aromatic amino 

acids Tyr87 and Phe56 in the flexible loop of the N-terminal domain of NUDT22 

forming π-π interactions, also known as aromatic stacking. The scaffold is further 

coordinated by hydrogen bond (H-bond) formation between the carboxyl- and amine-

moieties of the pyrimidine ring and the amino acid backbone of Phe56 (Fig. 12; Table 

5). 

In the case of TH012008, the carboxylic acid residue forms H-bonds between the 

carboxylic oxygen and the basic amino acid Arg139 as well as the negatively charged 

oxygen and the aliphatic amino acid Ala144. The negatively charged oxygen further 

interacts via salt bridge with Arg139. The carboxylic oxygen of all TH012008 

analogues except TH012565 and TH012568 establishes H-bonds with Ala144, but no 

salt bridges are formed (Fig. 12C,D; Table 5).  

The amide residues of TH012556, TH012558, TH012560 and TH012565 are 

coordinated via salt bridges with the acidic amino acids Glu189, Glu193 and Glu247. 

A further direction occurs via H-bond formation between the amine residues with either 

Glu189, Glu193 or Glu247 (Table 5).  

Two salt bridges between the amide residue and Glu189 and Asp151 coordinate 

TH012568. The amide residue of TH012564 does not form any salt bridges, but is 

directed by H-bond formation with Ser140 (Table 5). 

120



Table 5. . Binding affinity, ligand efficiency and ligand interactions of TH012008 and its amide analogues 

identified in the virtual docking screen. 

π -π interactions are displayed in green, hydrogen bonds (H-bonds) in pink arrows and salt bridges in purple. 

Compound 

Binding 
Affinity 

[kcal 
mol-1] 

Ligand 
Efficiency 
[kcal mol-

1] 

2D-Interactions 

Amino 
acids 

involved in 
interactions 

TH012008 - 7.19 0.51 

 

Phe 56 

Tyr 87 

Arg 139 

Ala 144 

TH012556 - 9.16 0.37 

 

Phe 56 

Tyr 87 

Ala 144 

Glu 189 

Glu 193 

Glu 247 
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TH012558 - 8.87 0.37 

 

Phe 56 

Tyr 87 

Ala 144 

Glu 189 

Glu 193 

Glu 247 

TH012560 - 8.76 0.40 

 

Phe 56 

Tyr 87 

Ala 144 

Glu 189 

Glu 193 

Glu 247 

TH012564 - 7.89 0.34 

 

Phe 56 

Tyr 87 

Ser 140 

Ala 144 
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TH012565 - 8.22 0.32 

 

Phe 56 

Tyr 87 

Glu 193 

Glu 189 

Glu 247 

TH012568 - 8.23 0.33 

 

Phe 56 

Tyr 87 

Asp 151 

Glu 189 
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4.2.5 Enzymatic activity of TH012008 amide derivatives 

The synthesised TH012008 amide derivatives were evaluated based on their 

enzymatic activity towards recombinant NUDT22 protein in the above-described 

Malachite Green Assay approach (Fig. 11; Chapter 2.12.4). Based on chemical 

optimisation, we were expecting an increase in potency compared to TH012008. 

However, none of the TH012008 analogues showed an inhibitory effect towards 

NUDT22 protein in the performed enzymatic assay (Table 6). The compounds were 

assessed in the highest possible concentration range based on their stock 

concentrations of either 10 or 50 mM with a DMSO content < 1% as limiting factor. 

If no effect was observed in the highest possible concentration, the IC50 has, thus, to 

be > 125 μM (10 mM) or > 625 μM (50 mM), respectively.  

Table 6. IC50 and chemical structures of TH012008 amide analogues. IC50 determination was performed by 

Ingrid Almlöf at Karolinska Instutet, Stockholm, Sweden.  

Compound IC50 

TH012556 

No effect, IC50 > 625 μM 

TH012557 

No effect, IC50 > 625 μM 

TH012558 

No effect, IC50 > 125 μM 
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TH012559 

 

No effect, IC50 > 625 μM 

TH012560 

 

No effect, IC50 > 125 μM 

TH012561 

 

No effect, IC50 > 125 μM  

TH012562 

 

No effect, IC50 > 125 μM  

TH012564 

 

No effect, IC50 > 125 μM 

TH012565 

 

No effect, IC50 > 125 μM 
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TH012567 

 

No effect, IC50 > 625 μM 

TH012568 

 

No effect, IC50 > 125 μM 

TH012669 

 

No effect, IC50 > 125 μM 

TH012670 

 

No effect, IC50 > 125 μM 

TH012671 

 

No effect, IC50 > 125 μM 

TH012673 

 

No effect, IC50 > 125 μM 
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TH012725 

 

No effect, IC50 > 625 μM 

 

4.2.6 Target engagement of TH012008 amide derivatives 

Next, we assessed the ability of TH012008 and its amide analogues to stabilise 

NUDT22 protein over a defined temperature gradient and therefore, to directly engage 

their target. We used the so-called differential scanning fluorimetry (DSF) approach to 

detect changes in the protein unique melting temperature (Tm) upon inhibitor binding 

(Chapter 2.12.6) [126]. When exposed to a temperature gradient above Tm, the protein 

starts to unfold resulting in the exposure of hydrophobic sites of the protein structure. 

The Sypro Orange fluorescent dye can then bind to these sites causing an increase in 

fluorescent signal. 

Neither TH012008 nor any of the further optimised amide analogues significantly 

stabilised recombinant NUDT22 protein and consequently, did not induce a shift in Tm 

when compared to DMSO (Fig. 13).  
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Figure 13. NUDT22 stabilisation upon NUDT22 inhibitor binding. Target engagement assessment of 

TH012008 and analogues with differential scanning fluorimetry (DSF). Isolated NUDT22 protein was treated with 

100 μM NUDT22 inhibitors and Tm was calculated. Data are means ± SEM of three biological replicates and 

represent one of three independent experiments. p > 0.05; unpaired t-test analysis. 

  

128



4.3 Discussion 

For the identification of potential small molecule NUDT22 inhibitors, we exploited our 

previously identified co-crystal structure of NUDT22 and its substrate UDP-glucose to 

perform a virtual docking screen on the open access compound database provided by 

DTP/NCI [26]. This database includes more than 200,000 small molecules and has 

been exploited for molecular docking studies before [148–150]. In addition, several 

molecules provided by DTP/NCI has served as starting points for the development of 

anti-cancer agents such as entrecitinib, ivosidenib and lorlatinib, which are currently 

used in anti-cancer therapy [130].  

For the structure-based virtual screen on our preselected compound library and 

NUDT22, the docking site was set based on the binding site of the natural ligand UDP-

glucose. We applied a ligand-grid without the implementation of restriction factors to 

avoid the biased interpretation of ligand-target binding due to lower flexibility. Out of 

500 compounds identified in the virtual screen, the most promising top-40 compounds 

were selected and further evaluated based on their biochemical activity in the 

previously described malachite green assay. We identified two hits, TH012002 and 

TH012008 that inhibited recombinant NUDT22, albeit in the high micromolar range  

(> 625 μM) (Table 4). Considering ligand-target interaction metrics, both hits do not 

differ in their corresponding binding affinity nor LE metrics. Comparison of drug-like 

molecules with an average AMW of 500 Da and Ki of 10 nM identified in drug 

screenings performed by Pfizer revealed an average LE of 0.29 kcal mol-1 per non-

hydrogen atom and LE ≤ 0.3 is usually considered as a good indicator for candidate 

selection in drug discovery [137,142]. Due to their relatively small AMW and low 

number of non-hydrogen atoms, TH012002 and TH012008 have LE > 0.3 (Table 4). 

TH012002 and TH012008 are relatively small compounds (< 250 Da) and follow 

Lipinski’s Rule of 5 parameters such as HBD < 5 and HBA < 10. However, both hits 

differ in their TPSA and SlogP, which are important parameters to assess permeability 

and solubility of a molecule (Table 4). Since TPSA predicts the polarity of a compound, 

it is associated with membrane transport and therefore, the uptake and circulation of 

a small molecule. In contrast, SlogP is an important parameter for lipophilicity and 

solubility assessment of small molecules. Ideal small molecule drugs should have a 

SlogP < 5 and a TPSA ≤ 140 Å2 for optimal drug-likeliness [121]. As our identified hits 
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did not exceed a TPSA of 140 Å2 nor SlogP of 5, they were ideal starting points for hit-

to-lead optimisation. Due to the structural similarities of TH012002 to the nucleoside 

analogue 5-FU, we decided to proceed with TH012008 [91]. In addition, compounds 

with similar scaffolds to the pyrimidothiophene scaffold of TH012008 have been 

identified to be potent inhibitors of various enzymes involved in cancer further 

suggesting the potential of TH012008 for lead optimisation [151–153].  

TH012008 consists of a pyrimidothiophene scaffold attached to a carboxylic acid 

residue. The replacement of carboxylic acids, the so-called bioisosteric replacement, 

is a prominent strategy in hit-to-lead optimisation. Carboxylic acids are replaced by 

surrogate structures such as primary amines to improve physicochemical properties, 

molecular ligand-protein interactions and activity of the parent compound [147]. Thus, 

we suggested replacing the carboxylic acid residue with primary aliphatic and aromatic 

amines for a second virtual screen to identify TH012008 amide analogues with 

improved activity to inhibit NUDT22. We identified 50 amides with improved DScores 

and increased, and consequently, improved LE compared to the parent compound 

TH012008.  

We selected the top-20 compounds for biochemical evaluation. However, based on a 

shortage of chemical resources, we could only synthesise six compounds and 

included 10 structurally similar compounds to the top-20 identified ones for chemical 

synthesis and further assessment of their potential activity to inhibit recombinant 

NUDT22.  

Understanding binding mechanisms of small molecules to the active site of the target 

protein is crucial to assess their potential as lead compounds for further biochemical 

and preclinical assessment. Comparing the parent compound TH012008 to its 

optimised amide analogues showed that in all cases, the pyrimidothiophene scaffold 

was positioned in the flexible loop in the N-terminal domain of NUDT22. Due to the 

similarity of our identified scaffold to pyrimidines, we were not surprised to find π-π 

interactions between the aromatic amino acids Phe56 and Tyr87 to be responsible for 

pharmacophore coordination (Table 5). These interactions are common in nucleotide-

receptor interactions responsible for the correct orientation directed by aromatic amino 

acids in the active sites of the corresponding protein [154,155].  
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In contrast to TH012008, additional chemical interactions such as H-bonds and salt 

bridges formed with several amino acid residues in the active site of NUDT22 are 

responsible for the coordination of the different amide residues of the corresponding 

TH012008 amide analogues (Table 5). H-bonds are usually generated due to 

electrostatic attraction between a so-called H-bond acceptor and H-bond donor. More 

specifically, a weak bond is formed between a hydrogen atom attached to an 

electronegative atom, the H-bond donor, and another electronegative atom, i.e. 

oxygen, nitrogen, or fluorine, the H-bond acceptor. Due to the specificity and 

directionality of H-bonds, these interactions are important in receptor-ligand 

recognition and for correct ligand-binding [156]. In comparison, salt bridges are the 

strongest interactions in proteins or protein and ligands, and are formed by combining 

electrostatic interactions and H-bond formation. In the case of ligand-receptor 

interaction, positively and negatively charged residues can built salt bridges. More 

specifically, the aliphatic amino acids Asp and Glu can form a bond with positively 

charged residues. Basic amino acids such as Lys and Arg interact via salt-bridge 

formation with negatively charged residues of either, other amino acids in the protein 

structure or a ligand [157]. 

When comparing the interaction pattern of the carboxyl group of TH012008, no salt 

bridge was formed between Arg139 and the carboxylic oxygen in the TH012008 amide 

analogues, the additional interactions present in the Nudix fold domain are the reason 

for the improved binding affinity of the TH012008 analogues compared to TH012008 

(Fig. 12).  

Based on the improved binding affinity due to increased or stronger chemical 

interactions of the TH012008 amide analogues, we expected an increase in potency 

compared to the previously identified hit in our biochemical activity assay. Surprisingly, 

the chemical optimisation of TH012008 did not lead to an increase in potency towards 

NUDT22. In fact, none of the TH012008 analogues identified in the virtual screen and 

chemically synthesised showed any activity towards recombinant NUDT22 inhibition 

(Table 6). In contrast to the virtual screen, in which UDP-glucose was used to define 

the binding site for molecular docking, when assessing inhibitory activity in the 

biochemical assay approach, our identified NUDT22 inhibitors have to compete with 

the natural substrate UDP-galactose to bind and therefore, inhibit NUDT22 activity. 
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More specifically, a higher activity, which means a lower IC50 or inhibitory constant (Ki) 

towards NUDT22 compared to its natural ligand is required for compounds to be 

identified as potent NUDT22 inhibitors. We used an UDP-galactose concentration of 

50 μM in our approach, which corresponds to the experimental determined Michaelis-

Menten constant (Km), the substrate concentration at which the enzymatic rate is half 

of its maximal value [26]. For future experiments, the determination of changes in Km 

for UDP-galactose upon NUDT22 inhibitor treatment could be crucial for the 

successful development of new NUDT22 inhibitors.  

In addition, a co-crystal structure of UDP-galactose as ligand instead of UDP-glucose 

could be of advantage for the identification of novel NUDT22 inhibitors. For correct 

catalytic activity of an enzyme, the substrate induces a conformational change of the 

active site of the protein [131]. As NUDT22 hydrolyses both, UDP-glucose and  

-galactose, for catalytic activity, its active site has to be correctly aligned based on the 

substrate. This means that the amino acid positions in the binding site of NUDT22 

slightly differ depending on the presence of either of the natural ligands. As we 

selected the hit compounds as well as optimised TH012008 amide analogues based 

on ligand-grid generation around UDP-glucose, the identified small molecules might 

not bind effectively to NUDT22 in the presence of UDP-galactose in the biochemical 

approach.  

To confirm whether our compounds could be active without the presence of a natural 

substrate, we assessed TH012008 and its analogues based on their ability to stabilise 

isolated NUDT22 protein over a defined temperature gradient upon inhibitor binding. 

Neither the biochemically active hit TH012008 nor any of its amide analogues engaged 

with NUDT22 directly confirming the loss in activity based on amide formation  

(Fig. 13). 

The failure of amide formation to improve TH012008 activity could be explained by 

comparing chemical interactions of the biological ligand UDP-glucose in the active site 

of NUDT22 (Fig. 13). Whereas our compounds formed a strong π-π, salt bridge and 

H-bond interaction network with several amino acids also involved in UDP-glucose 

binding, UDP-glucose forms strong chemical interactions with an increased number of 

amino acids in the active site. More specifically, the uracil moiety is positioned in a 

similar way between the two aromatic amino acids Tyr87 and Phe56 compared to our 
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developed NUDT22 inhibitors. However, Tyr87, Arg139, Glu145 and His165 

coordinate the phosphate and diphosphate moieties of UDP-glucose, whereas the 

carboxyl-residue of our developed compounds only interacted with Arg139. In addition, 

the glucose part of the natural ligand forms a strong network with Glu145, Asp151, 

Arg218 and Ser274 of the Nudix fold domain of the protein [26].  

Being successful in virtual drug design strongly depends on the quality of the protein 

used for molecular docking. X-ray protein structure determination is usually the way 

forward for a high quality starting point for structure-based drug discovery and a 

resolution of < 3.5 Å is beneficial to succeed in hit identification [158]. In our case, 

NUDT22 was co-crystallised with its natural ligand UDP-glucose with all residues fully 

visible in the active site of the protein and a resolution of 2.19 Å [26].  

For protein crystallisation, choosing the appropriate organism for recombinant protein 

expression is important. In our case, NUDT22 protein was expressed in a bacterial 

expression system. Although these systems are efficient due to quick expression and 

scale up especially for simpler proteins, bacteria are incapable of performing 

mammalian-like posttranslational modifications (PTMs), which are important for a 

biological active conformation of a protein [159]. Even though there are several 

computational approaches available to map PTMs after protein crystallisation, parts of 

the protein could still be wrongly aligned or missing [160]. To increase the accuracy of 

a human NUDT22 protein crystal structure for drug discovery purposes, several other 

protein expression systems could be used to obtain a functional, correctly folded and 

aligned NUDT22 protein and co-crystal structure. To preserve PTMs, the use of 

mammalian protein expression systems such as human embryonic kidney (HEK293) 

or Chinese hamster ovary (CHO) cells with intact posttranslational machinery could 

be of advantage. However, protein expression in mammalian cells can be time-

consuming and often results in non-homologous protein mixtures due to different 

glycosylation sites imposing a challenge for protein crystallisation and, consequently, 

correct alignment of the protein crystal structure. Similar to mammalian protein 

expression systems, the use of insect cells transfected with a previously generated 

baculovirus vector transfection construct could be of advantage to yield a functional 

protein with PTMs present for protein crystallisation. Both mammalian and insect 

protein expression systems use viral transfection of the required gene construct, which 
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can result in the release of proteases upon transfection thereby risking protein quality 

due to protein degradation as well as the synthesis of non-human by-products 

[161,162]. An alternative approach could therefore be the use of cell-free protein 

expression systems, which utilise whole cell extracts with components required for 

translation, transcription and PTMs. Upon addition of the gene template and cofactors 

such as nucleotides, the corresponding protein can be synthesised albeit in relatively 

low quantity imposing another challenge for protein crystallisation and the use for 

future enzymatic characterisation of the protein or potential inhibitors [163].  

In addition, during co-crystallisation processes, co-factors important for the right 

alignment of the active site of the protein could be missing causing a misinterpretation 

of the biological conformation of the protein [133]. In our case, NUDT22 activity is 

strongly dependent on its co-factor Mg2+ that coordinates the two amino acids Glu189 

and Glu193 [26]. The used co-crystal structure of NUDT22 for the identification of 

potential small molecule inhibitors does not include the co-factor Mg2+, which could 

cause a wrong 3D conformation of the protein after protein preparation for virtual 

docking of our compound database. More specifically, it could also cause an 

inaccurate positioning of amino acids in the active site, which are involved in ligand 

binding. In our case, most of the TH012008 analogues formed salt bridges with both 

Glu189 and Glu193, which are responsible for co-factor binding and could be 

positioned differently in the biological form of NUDT22 causing the observed lack in 

activity of all compounds. Therefore, solving a novel NUDT22 co-crystal structure with 

both UDP-glucose and the co-factor Mg2+ could be of advantage for the identification 

of potential NUDT22 inhibitors with CADD. 

In addition, computational approaches only use approximations to predict 

confirmations of ligands and proteins and often result in the calculation of inaccurate 

binding energies that cannot be translated into biochemical activity. One way to 

improve CADD is the inclusion of positive and negative controls of known ligands to 

estimate the binding, and consequently, the potential of new compounds to be suitable 

for hit-to-lead development. Protein 3D structures co-crystallised with established 

drug-like ligands tend to be more successful in identifying potential drug candidates 

compared to co-crystal structures with natural ligands [134]. For future studies, the 

use of the co-crystal structure of NUDT22 with our unpublished inhibitor A3 could lead 
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to better starting points for the development of novel NUDT22 inhibitors compared to 

the used co-crystal structure of NUDT22 and its natural ligand UDP-glucose.  

Alternatively, we could exploit our developed malachite green assay in a high 

throughput approach to determine bioactive compounds based on already established 

and chemically synthesised drug-like molecules to identify novel starting points and 

scaffolds for the development of small molecule NUDT22 inhibitors. 

In conclusion, we identified a novel starting point, the pyrimidothiophene TH012008, 

for the development of NUDT22 inhibitors by computer-aided drug design. However, 

hit-to-lead optimisation by amine coupling did not cause an increase in biochemical 

activity nor direct target engagement and further chemical optimisation is required for 

the successful development of a novel NUDT22 inhibitor series.  
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5. Evaluation of first-in-class NUDT22 inhibitors

5.1 Introduction 

Recently, due to late stage failures in drug discovery based on a lack in molecular 

understanding of target modulation by small molecules on disease phenotypes, the 

use of highly specific chemical probes has become the preferred choice for target 

validation purposes [164,165]. Chemical probes can give insights into the function of 

genes and proteins as well as their physiological and pathophysiological roles in cell 

and preclinical animal models. Consequently, they are key players in both, validating 

potential new targets for therapeutic intervention alone or in combination with often-

used gene editing techniques as well as to assess the druggability of a desired target. 

To be successful in target validation with a chemical probe, considering the so-called 

four pillars of survival in vitro as well as in vivo was suggested to lead to a better 

understanding of the effects of target perturbation in relation with relevant 

pharmacological modulation leading to the desired disease phenotype (Fig. 14).  

Figure 14. Four pillars of survival for target validation with a chemical probe. Pillar 1 covers the necessity of 

drug exposure at the target of interest. Pillar 2 includes selectivity assessment of the chemical probe in relation to 

target engagement, which is an important parameter for Pillar 4, the assessment of the relevant phenotype. Pillar 

3 describes the assessment of functional pharmacology of a drug. 
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Pillar 1 describes the necessity of chemical probe exposure at the target site, which is 

crucial to observe a response in the selected cell or animal model. To understand on- 

versus off-target effects and to assess selectivity of a chemical probe, pillar 2 includes 

the assessment of target engagement, thereby confirming the observed phenotype 

upon targeting the desired protein and contributing to the interpretation of the 

biological function of a target. Pillars 3 and 4 cover the assessment of functional 

pharmacology and of specific effects of target perturbation in a relevant human 

disease model, which can be further supported by using patient-derived samples [166]. 

Subsequently, chemical probes developed for target validation purposes should be 

potent in biochemical assays (< 100 nM) and cellular assays (< 1 μM) and highly 

selective based on demonstrated cellular target engagement. Cell permeability as well 

as optimal aqueous solubility for optimal drug exposure at the target site is another 

requirement for the successful exploitation of a chemical probe in target validation. 

The access to multiple chemical classes of highly selective and potent chemical 

probes as well as the availability of inactive probes as negative control are of 

advantage to confirm on-target activity [164,167].  

This concept should not only be considered for the development of conventional small 

molecule enzyme inhibitors but also for the newer protein degrading agents such as 

proteolysis targeting chimera (PROTAC). PROTACs are heterobifunctional molecules 

that induce intracellular proteolysis through linking a small molecule protein ligand to 

an E3 ubiquitin ligase ligand, thereby inducing a ternary complex required for 

ubiquitination of the protein of interest. However, due to the often not ideal 

physicochemical properties such as their high lipophilic nature, higher polar surface 

area, molecular weight and number of rotable bonds, PROTACs can fail to enter the 

cell and reach their target of interest. The utilisation of the four pillars of survival can 

therefore be crucial for candidate selection for both, target validation and therapeutic 

intervention keeping in mind the differences between protein inhibition and 

degradation. Similar to conventional small molecule enzyme inhibitors, PROTACs 

need to occupy and engage their target directly to induce the desired pharmacological 

response (Pillar 2). Even though PROTACs do not cause protein stabilisation, the 

determination of target engagement is still of necessity to avoid off-target effects and 

to determine target specificity. More specifically, highly specific and selective 
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PROTACs should engage not only the protein of interest and E3 ligase but should 

form a ternary complex required for ubiquitination.Different phenotypes (Pillar 4) upon 

protein degradation compared to protein inhibition should be considered when 

assessing PROTACs with the four pillars of survival model. Protein inhibition only 

inhibits a specific function of the protein but other potential catalytic interactions 

independent of the target site could still be present. On the other hand, protein 

degradation not only interferes with the function of a protein in downstream signalling 

cascades but also removes potential protein-protein interactions and other catalytic 

activities [168]. 

In comparison with protein degrading agents and gene editing techniques such as 

CRISPR/Cas9 or interfering RNA (RNAi), conventional enzyme inhibiting probes can 

be used for the functional and selective inhibition of a target protein, thereby 

preserving protein-protein interactions. Both, knockdown with either small hairpin RNA 

(shRNA) or siRNA as well as gene KO with CRISPR/Cas9 result in the complete 

removal of the target protein and risks the wrong interpretation of a phenotype due to 

multiple effects through disturbed protein complexes. However, using an allosteric 

inhibitor as chemical probe can also induce conformational changes in the protein 

structure risking the loss in essential protein-protein interaction [169]. 

Although the development of a chemical probe is a time- and cost-intensive process, 

once developed, it can be used as a more controlled approach to directly inhibit the 

target of interest compared to the delayed knockdown observed upon RNAi as well as 

the time-intensive process of generating CRISPR/Cas9 KO cell lines [169,170].  

Both, gene editing with RNAi as well as CRISPR/Cas9 can result in off-target effects. 

Even though on-target efficacy and specificity of gene KO and knockdown can be 

directly evaluated on mRNA and protein level, the direct determination of potential off-

target effects of either RNAi or CRISPR/Cas9 remains limited. Due to potential 

sequence homologies of shRNA or siRNA and physiological RNA encoding for other 

proteins than the target, RNAi can lead to undesired gene knockdown and the 

misinterpretation of an observed phenotype [169]. In contrast, the introduction of 

mutations, translocations, deletions or insertions at undesired genomic sites can 

cause off-target effects during CRISPR/Cas9 gene editing [171].  
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Since chemical probes are also limited by potential off-target effects, the combination 

with RNAi or CRISPR/Cas9 is the preferred approach to validate a novel target for 

therapeutic exploitation as well as to determine potential biological functions of a target 

gene or protein. Hence, the parallel use of several techniques can limit the risk of 

wrong interpretation of observed phenotypes [164,169].  

In addition, chemical probes can also contribute in developing relevant biochemical 

and biological screening cascades for the selection of potential drug molecules in drug 

discovery. Consequently, the development of chemical probes targeting NUDT22 is 

crucial for further target validation to understand how NUDT22 can be exploited in 

cancer therapy. We used both structure-based and ligand-based computer-aided drug 

design approaches to maximise our chances for the identification of potent and 

selective NUDT22 inhibitors (NUDT22i). We performed a second virtual screen on an 

in-house chemical library comprised of approximately 8,000 compounds by targeting 

the UDP-glucose binding site of NUDT22. In addition, a NUDIX family selectivity panel 

identified Inhibitor A, which originated from our NUDT15 project, as a 19 μM NUDT22 

inhibitor and was selected for ligand-based drug discovery by structure-activity 

relationship (SAR) expansion. The combination of both approaches identified 

inhibitors A1 - A3 as potent NUDT22 inhibitors with IC50s of 30, 17 and 10 nM, 

respectively. 

5.1.1  Aims 

Here, we evaluate the biochemical as well as cellular effects of inhibitors A1 - A3 as 

well as the chemically optimised inhibitors A4 - A6 on cell proliferation, target 

engagement with recombinant protein or in cell lysate and induction of DNA replication 

stress.   
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5.2 Results 

5.2.1 Effect of inhibitors A1, A2 and A3 exposure on enzymatic activity 
and cell viability 

Since all three developed NUDT22i A1, A2 and A3 were active in the previously 

performed optimised malachite green assay with IC50s in the nanomolar range, we 

assessed their effects on cell viability in both, the U2OS control (ctrl) and NUDT22 KO 

clones (1-2 and 3-6) by using the Resazurin assay approach (Chapter 2.6). However, 

none of the tested NUDT22i induced significant changes in cell viability in neither, the 

control nor the KO clones in the low concentration range (Fig. 15). In addition, 

exposure with the top concentration of 100 μM caused only a partial reduction in cell 

viability. More specifically, 100 μM of A1 and A2 reduced the percentage of viable cells 

to approximately 65% in all tested cell lines. In contrast to A1 and A2, the two U2OS 

NUDT22 KO cell lines 1-2 and 3-6 were less sensitive towards inhibitor A3 when 

compared to U2OS control. Top-concentrations of A3 reduced viable cell levels to 30% 

in U2OS control compared to 80% in NUDT22 KO clone 1-2. In addition, treatment 

with A3 did not induce any changes on cell viability in U2OS NUDT22 KO clone 3-6 

(Fig. 15).  

 
Figure 15. . Exposure with inhibitors A1, A2 and A3 reduced cell viability only at top concentrations. 
Changes in cell viability after exposure with A1, A2 and A3 (100μM – 0.05 μM) in U2OS Ctrl and NUDT22 KO cells 

for 4 days was assessed using Resazurin assay. Data are shown as means ± standard deviation of three biological 

replicates and represent one of three independent experiments.  
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5.2.2 Target engagement of NUDT22 inhibitors A1, A2 and A3 

Since treatment with all three NUDT22i only induced changes in cell viability at high 

concentrations, we assessed whether A1, A2 and A3 actively reach and bind their 

desired target NUDT22 in a cellular setting using the so-called CETSA approach in 

U2OS cell lysate (Chapter 2.12.7). CETSA can detect changes in the protein inherited 

melting temperature Tm, and consequently a stabilisation of the desired target upon 

inhibitor binding when exposed to a defined temperature gradient [127].  

Since we did not use target engagement assessment to determine dose-response 

relationships but rather whether our developed compounds reach and stabilise their 

target, we chose 25 μM, a concentration 1000x higher than the biochemical 

determined IC50s, which is sufficient for protein saturation.  

After incubation with 25 μM of each NUDT22i, all three developed compounds 

stabilised NUDT22 protein when considering the visualised protein bands (Fig. 7). 

However, only treatment with A3 resulted in a significant shift of ΔTm of 0.9℃ and, 

more specifically, from 46.9 to 47.7℃ (p < 0.05, Fig. 7C).  

Figure 16. Inhibitor A3 stabilises NUDT22 in U2OS cell lysate. The cellular thermal shift assay (CETSA) was 

used to assess target engagement for A1, A2 and A3 in U2OS cell lysate. A Inhibitor A1 does not significantly 

stabilise NUDT22 (p > 0.05). B No NUDT22 stabilisation over a defined temperature gradient was observed upon 

treatment with inhibitor A2 (p > 0.05). C Inhibitor A3 induces a thermal shift of ΔTm 0.8℃ and engages its target 

directly (*p < 0.05). Data represents one experiment out of three individual experiments. Linear regression analysis 

was performed to assess statistical significance after normalisation of NUDT22 protein intensities to the loading 

control SOD1. 
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5.2.3 Dose-response evaluation of Inhibitor 4, 5 and 6 

Even though A3 did only marginally impair cell viability in either, U2OS control or the 

two NUDT22 KO clones in the previous used concentration range, due to its ability to 

stabilise NUDT22 and therefore, directly engage its target, we proposed its further 

chemical optimisation performed in collaboration with Thomas Helleday at Karolinska 

Institute, Stockholm, Sweden. Briefly, additional chemical residues were added to the 

A3 scaffold resulting in an increased molecular weight, thereby proposing improved 

compound binding in the active site of NUDT22. The chemical optimisation resulted in 

the identification of three novel NUDT22i A4, A5 and A6 with improved biochemical 

activity and IC50s of 7, 5 and 4 nM, respectively (Fig. 17). 

 

 
Figure 17. Inhibitors A3, A4, A5 and A6 are potent NUDT22 inhibitors. The adapted malachite green assay 

(Chapter 2.11.4) was performed by Ingrid Almlöf at Karolinska Institute, Sweden and used to assess recombinant 

NUDT22 protein inhibition of A3 and the chemically optimised NUDT22 inhibitors A4, A5 and A6. Inhibitor A3 

inhibits NUDT22 at 10 nM, whereas A4, A5 and A6 have IC50s of 7, 5 and 4 nM, respectively. 

Further dose response analysis of the newly identified NUDT22i and A3 in control 

versus NUDT22 KO U2OS cells, however did not cause an increase in sensitivity 

except at high concentrations compared to A1 and A2 (Fig. 18). The top-concentration 

of 100 μM of A4 and A6 reduced viable cell levels in all three tested cell lines to 30% 

and 20%, respectively. In addition, a decrease in cell viability was observed starting at 

a concentration of 40 μM of A3, A4 and A5 compared to the previously observed start 

upon a concentration of 50 μM of A1 and A2 (Fig. 18). None of the tested cell lines 

was sensitive towards exposure with A5 even at top-concentrations (Fig. 18).  
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Figure 18. Effects of A3, A4, A5 and A6 on cell viability. Dose response of NUDT22 inhibitors A3, A4, A5 and 

A6 (100 μM – 1 μM) in U2OS ctrl and NUDT22 KO clones was assessed by Resazurin assay (Chapter 2.6). Data 

represent means ± standard deviation of three biological replicates and one of two independent experiments is 

shown.  
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5.2.4 Target engagement of NUDT22 inhibitors A3, A4, A5 and A6 

To determine whether the chemically optimised NUDT22i A4, A5 and A6 bind and 

reach their desired target NUDT22 more efficiently than A3, two different target 

engagement approaches, DSF with isolated NUDT22 protein as well as CETSA in 

U2OS cell lysate were performed (Chapter 2.12.6 and 2.12.7).  

Similar to the previously performed CETSA, we chose 10 μM, a concentration 1000x 

higher than the IC50s of each compound as well as 2x the used protein concentration 

of 10 μM, to establish target engagement of A3, A4, A5 and A6 on protein level.  

No significant differences in recombinant NUDT22 protein stabilisation were observed 

in between the four identified NUDT22i A3, A4, A5 and A6. All four inhibitors engaged 

NUDT22 and induced a significant thermal shift of ΔTm of approximately 3℃ when 

compared to the DMSO control (Fig. 19A).  

To assess NUDT22 stabilisation on a cellular level, we first identified an optimal 

screening temperature of 48℃ by assessing NUDT22 levels with SOD1 as loading 

control by western blot after subjecting U2OS cell lysate to a defined temperature 

gradient (Fig. 19B). All four NUDT22i, A3, A4, A5 and A6, significantly stabilised 

NUDT22 at 48℃ in U2OS cell lysate, thereby confirming our previous findings in 

recombinant protein (Fig. 19C). The highest NUDT22 stabilisation, and therefore, 

protein binding was observed with 25 μM of A6, which did not induce a reduction in 

NUDT22 stabilisation levels compared to DMSO control at 37℃. After incubation with 

inhibitor A3, 75% of NUDT22 were still stabilised followed by A4, with 55% stabilised 

NUDT22 levels. Inhibitor A5 also engaged with NUDT22 as determined by 38% 

stabilised NUDT22 at 48℃. However, compared to the remaining stabilised NUDT22 

levels of 27% of the DMSO control at 48℃, inhibitor A5 induced the least NUDT22 

stabilisation, and consequently, has the lowest target engagement among all 4 tested 

NUDT22i (Fig. 19C). 
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Figure 19. Inhibitor A3, A4, A5, and A6 directly engage NUDT22. A Thermal stabilisation of recombinant 

NUDT22 by NUDT22 inhibitors as determined by Differential Scanning Fluorimetry (DSF). Left, isolated NUDT22 

protein was treated with 10 μM NUDT22 inhibitors and Tm was calculated. Right, normalised fluorescence data of 

DMSO control versus NUDT22 inhibitors. Data are means ± SEM of three biological replicates and represent one 

of three independent experiments. **p < 0.01, ***p < 0.001, ***p < 0.0001; unpaired t-test analysis. B Thermal 

melting curve to identify the ideal temperature for determining cellular target engagement of NUDT22 inhibitors in 

U2OS cell lysate. C NUDT22 stabilisation at 48℃ upon NUDT22 inhibitor binding in U2OS cell lysate measured 

with Cellular Thermal Shift Assay (CETSA). Values are relative to NUDT22 band intensity at 37℃ and normalised 

to the loading control SOD1. The data shown are means ± SEM and represent n =2 experiments. *p < 0.05, **p < 

0.01; one-way ANOVA. 
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5.2.5 Inhibitor A3, A4, A5 and A6 and DNA damage 

Since NUDT22 is involved in pyrimidine synthesis and we observed an increase in 

DNA damage upon NUDT22 KO in the osteosarcoma cell line U2OS as well as the 

breast cancer cell line MCF7, we assessed whether our developed NUDT22i A3, A4, 

A5 and A6 would lead to DNA damage induction (Chapter 2.12.8).  

Treatment with 10 μM of each NUDT22i in MCF7 cells significantly increased the 

number of phosphorylated and therefore, activated DNA damage marker H2A.X foci 

compared to DMSO control γH2A.X foci numbers per cell (****p value < 0.001). 

Interestingly, cells treated with A4 experienced the highest increase in γH2A.X foci 

followed by inhibitor A3. In comparison, A5 and A6 only marginally increased γH2A.X 

foci indicating the least DNA damage induction (Fig. 20A).  

Since there was only a slight increase in γH2A.X foci upon treatment with all four 

NUDT22i when analysing the data based on γH2A.X foci/cell, we re-analysed the data 

by first determining the average number of γH2A.X foci in DMSO control to serve as 

a background level to assess DNA damage induction. Subsequently, we calculated 

the percentage of nuclei with > 7 γH2A.X foci in MCF7 cells treated with A3, A4, A5 or 

A6 (Fig. 20B). Interestingly, only inhibitor A4 caused significantly more nuclei with > 7 

γH2A.X foci compared to DMSO control (** p value < 0.01).  
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Figure 20. All four NUDT22 inhibitors induce DNA damage. ATreatment of MCF7 breast cancer cells with 10 

μM of either A3, A4, A5 or A6 increased γH2A.X focis per cell. At least 1500 cells were analysed, data are means 

± SD of three biological replicates and show one of two independent experiments. Statistical significance (**** p < 

0.001) was calculated by Mann-Whitney test. B Only NUDT22 inhibitor A4 increased the percentage of nuclei with > 

7 γH2A.X foci. Average γH2A.X foci numbers in DMSO controls (7) served as threshold to calculate the percentage 

of nuclei > 7 γH2A.X foci after inhibitor treatment. One data point represents the % of nuclei with > 7 foci of one 

well and data is shown as mean ± SD. Statistical significance (** p < 0.01) was calculated with unpaired t-test. C 
Example images of MCF7 DMSO ctrl or treated with each of the four NUDT22 inhibitors stained for γH2A.X (red) 

and DAPI (blue). 
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5.3 Discussion 

The involvement of NUDT22 in a novel pyrimidine salvage pathway, which is 

especially important in cancer cells compared to healthy cells, suggests the potential 

exploitation of NUDT22 as novel anti-cancer target and the need for the development 

of potent chemical probes to further validate its role in cancer [164].  

We identified the potent NUDT22i A1, A2 and A3 by combining structure-based and 

ligand-based drug design, which we evaluated based on their effects on cell 

proliferation and cellular target engagement. Besides their half maximal inhibitory 

activities (IC50s) in the low nanomolar range, only A3 was identified to induce both 

changes in cell viability in U2OS control cells, albeit at high concentrations, as well as 

NUDT22 protein stabilisation in cell lysate (Fig. 15, Fig. 16C). Since no effect on cell 

proliferation was observed upon A3 treatment in NUDT22 KO cells, we hypothesised 

that A3 is specific towards NUDT22 inhibition and the ideal starting point for the 

development of a high affinity and selective chemical probe for NUDT22 target 

validation.  

We therefore suggested the chemical optimisation of A3 resulting in the identification 

of the NUDT22i A4, A5 and A6 with improved activity towards recombinant NUDT22 

protein inhibition (Fig. 17). Even though all four inhibitors still inherit the chemical 

scaffold of A3 and we hypothesised to have improved their activity in cell models, no 

major changes in cell viability were observed after treatment with any of the three 

optimised inhibitors (Fig. 18). Surprisingly, A5 did not induce any changes in cell 

viability besides its similarities in biochemical activity as well as chemical structure 

compared to the other four NUDT22i (Fig. 18). Since NUDT22 KO in U2OS and MCF7 

cells did not induce cell death but a reduction in cell proliferation (Chapter 3, Fig. 4H 

and Supplmentary Fig. 4A), we did not expect to induce cell death upon treatment with 

our NUDT22i after 4 days. Moreover, if our developed inhibitors were directly targeting 

NUDT22, we would expect to see a decrease in cell viability in control cells to similar 

levels compared to NUDT22 KO cells upon inhibitor treatment. However, the observed 

differences in sensitivities towards NUDT22 inhibition in control and the KO cell lines 

could be due to potential metabolic adaptations in response to NUDT22 KO, which 

could lead to different phenotypes and, therefore, sensitivities compared to the control 

cells.  
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To determine whether the lack in sensitivity, except at high concentrations for A4 and 

A6, and lack in response for the NUDT22i A5 could be due to a decrease in target 

engagement, we assessed the ability of our compounds to stabilise NUDT22 in the 

biophysical DSF approach utilising recombinant NUDT22 protein as well as in CETSA 

in cell lysate. Target engagement assessment has been introduced in drug discovery 

only recently and is considered a valuable strategy for lead identification and 

optimisation purposes for the development of high quality and effective drug 

compounds [172]. Here, A3, A4, A5 and A6 stabilised recombinant NUDT22 protein 

and therefore, directly engaged NUDT22 in the protein-based DSF assay in a 

comparable manner recapitulating the similarities in biochemical inhibitory activity 

towards recombinant NUDT22 protein (Fig. 19A, B). However, these findings could 

not be translated into cellular target engagement. CETSA in U2OS cell lysate identified 

A6 as strongest NUDT22 stabilising agent followed by A3 and A4. Inhibitor A5 

stabilised NUDT22 only marginally compared to DMSO control, which could be a 

reason for the observed lack in sensitivity in the cellular dose response experiments 

(Fig. 19C).  

Our proposed mode of action to induce DNA damage via NUDT22 inhibition involves 

nucleotide synthesis disruption followed by DNA replication stress and DNA damage 

induction as observed upon NUDT22 KO especially in cancer cells (Chapter 3). Even 

though at relatively high concentrations, all four NUDT22i, A3, A4, A5 and A6, induced 

DNA damage in MCF7 breast cancer cells with inhibitor A4 as most potent compound 

when considering the number of foci per nuclei (Fig. 20A). However, only treatment 

with inhibitor A4 resulted in a statistically significant increased percentage of nuclei 

with more than average γH2A.X foci levels of DMSO control cells (Fig. 20B). Therefore, 

it is unsure whether NUDT22i A3, A5 or A6 are able to induce DNA damage and further 

experiments are required to confirm the observed increase in γH2A.X foci numbers 

upon NUDT22i exposure (Fig. 20). Assessing DNA damage induction upon NUDT22 

inhibition with our developed inhibitors should also be performed in MCF7 NUDT22 

KO cells to preclude potential off-target effects as main reason for the observed 

increase in γH2A.X foci and therefore, DNA damage.  

Nonetheless, we did not determine whether our developed NUDT22i actively engage 

NUDT22 in live cells. Accordingly, we cannot conclude whether the observed effects 
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on cell proliferation and DNA damage induction are results from direct targeting of 

NUDT22 or due to off-target effects. Consequently, further target engagement 

assessment in live cells has to be performed to confirm the successful development 

of selective NUDT22 targeting agents.  

Since our previous studies showed some activity towards the hydrolysis of both UDP-

glucose and -galactose upon high concentrations of the NUDIX family member NUDT5, 

we should also assess target specificity of our compounds in a NUDIX selectivity panel 

[26]. Even though the protein structure of NUDT22 differs from the structures of other 

NUDIX protein family members through an additional N-terminal fold required for 

substrate, especially interactions with NUDT15 should be ruled out due to the use of 

Inhibitor A, which was previously identified to inhibit NUDT15, as starting point for the 

development of our NUDT22 inhibitor series [26].  

 

In conclusion, we identified inhibitor A3 followed by A4 and A6 as potential chemical 

probes to proceed with the validation of NUDT22 as anti-cancer target. However, 

further research is required to assess the cellular activity as well as selectivity of our 

developed compounds towards NUDT22. 
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6. General discussion 
Even though targeting nucleotide synthesis and the DNA damage response has 

remained the backbone of cancer therapy for several decades; the identification of 

new targets is crucial to overcome limitations. These include a lack in efficacy, side 

effects and resistances often observed in cancer patients receiving dNTP synthesis 

interfering and therefore, DNA replication stress inducing agents [128]. Our previously 

performed work identified a distinct UDP-glucose hydrolase activity for NUDT22 

resulting in the generation of both, the pyrimidine precursor UMP and G1P, an 

important intermediate in energy metabolism and biomass generation through 

glycolysis and the TCA cycle [26]. Since NUDT22 gene expression alterations are 

present in several cancers, we hypothesised a potential role of NUDT22 in cancer. 

However, neither the biological function of NUDT22 nor its genomic regulation has 

been identified previously [4,26].  

In this work, we investigated the role of NUDT22 in pyrimidine synthesis and its 

transcriptional regulation in cancer and non-cancer cell models followed by the 

characterisation of NUDT22 as potential anti-cancer target in breast cancer cell and 

xenograft models. The second part of our work focused on the identification, 

development and enzymatic and cellular evaluation of chemical probes for further 

target validation as well as for subsequent exploitation as potential anti-cancer agents 

through virtual screens on our previously solved co-crystal structure of NUDT22 and 

its substrate UDP-glucose.  

6.1 Transcriptional regulation of NUDT22 by p53 in cancer 

The first aim of this work was to determine how NUDT22 expression is regulated in 

cancer and non-cancer cells. We observed an increase in NUDT22 gene expression 

upon cellular stress induced by either glucose starvation, glycolysis inhibition or the 

overexpression of the oncogene cMYC (Chapter 3, Fig. 1). However, no increase in 

NUDT22 gene expression was observed upon overexpression with the two oncogenes 

CCNE and HRAS, which are both known to be involved in DNA replication stress 

induction in cancer cells suggesting that NUDT22 gene regulation is not dependent on 

oncogenic stress per se (Chapter 3 Supplementary Fig. 1A, B). We identified the direct 

regulation of NUDT22 through p53 and, moreover, a p53-mediated positive feedback 

loop regulating NUDT22 gene expression upon induction of metabolic stress, which 
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was exclusively present in the two NUDT22 KO osteosarcoma (U2OS) clones but not 

in hTERT-RPE1 fibroblasts (Chapter 3, Fig. 2, 3 and Supplementary Fig. 2).  

Conversely, NUDT22 was expressed in the p53-deficient cell line HCT116 suggesting 

additional inputs regulating NUDT22 expression, which remain to be identified 

(Chapter 3 Supplementary Fig. 2F). Based on eukaryotic promoter database search 

(epd.epfl.ch), we identified the hypoxia-inducible factor 1-α (HIF1α) as one potential 

candidate to be involved in transcriptional NUDT22 regulation. HIF1α is an important 

adaptive regulator in response to hypoxia, thereby inducing the transcriptional 

modulation of multiple key metabolic pathways such as glycolysis and the TCA cycle 

to overcome reduced oxygen levels and maintain sufficient ATP production [173]. 

Moreover, the potential role of NUDT22 in both glycolysis as well as TCA and 

OXPHOS regulation through the production of G1P strengthen the potential regulation 

of NUDT22 expression by HIF1α in response to oxidative stress, which has to be 

investigated further.  

However, the transcriptional regulation of NUDT22 by p53 upon metabolic stress has 

to be further determined to consider the exploitation of NUDT22 as anti-cancer target 

in the future. TP53 is the most frequent mutated tumour suppressor leading to either 

gain-of-function or loss-of-function mutations in more than 50% of cancer [75,174]. 

Thus far, we limited our mechanistic studies to the two cancer cell lines with wild-type 

p53, U2OS and MCF7, to generate NUDT22 KO clones to exclude the p53 mutational 

status from the initial characterisation of the biological function of NUDT22. It was 

recently shown that mutant P53 (mtP53) regulates nucleotide pool levels to maintain 

cancer cell proliferation by inducing a switch towards nucleoside salvage through dCK 

upregulation in several mtp53 breast cancer cell lines [175]. Since NUDT22 is involved 

in nucleotide synthesis, and more specifically, pyrimidine synthesis, it is important to 

further assess the effects of different p53 mutations on the expression and biological 

activity of NUDT22 in a larger number of cell models including cell lines with either 

P53 gain-of-function or loss-of-function mutations. If we observe different responses 

of cell lines based on p53-status, the mutational status of p53 could then be used as 

a potential biomarker to stratify patient populations that will be responsive and benefit 

from targeting NUDT22.  
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6.2 Biological function of NUDT22 in cancer versus non-cancer 
cell lines 

Since our previously performed biochemical studies suggested the generation of the 

pyrimidine precursor UMP upon hydrolysis of UDP-glucose catalysed by NUDT22, the 

next part of our work aimed at the identification of the biological function of NUDT22 

in nucleotide synthesis and DNA replication in cancer and non-cancer cells [26].  

NUDT22 KO in the osteosarcoma cell line U2OS but not in the non-cancer fibroblasts 

hTERT-RPE-1 reduced both purine and pyrimidine pool levels, which was reflected by 

reduced DNA replication fork speed and reduced cell proliferation. DNA replication 

fork speed could be restored through uridine supplementation, thereby rescuing 

pyrimidine synthesis via the direct production of UMP (Chapter 3, Fig. 4). Together 

with the observed synergy between glutamine starvation and NUDT22 KO in U2OS 

cells, we propose the role of NUDT22 in pyrimidine synthesis and the discovery of a 

novel pyrimidine salvage pathway independent of de novo synthesis to maintain DNA 

replication and repair (Fig. 21). Whereas the purine salvage pathway mediated by 

HRPT has been described extensively and is already exploited in cancer therapy, no 

real pyrimidine salvage pathway besides the re-phosphorylation of extracellular 

derived pyrimidines has been described to date underlining the importance of our 

discovery [117,176]. 

An internal standard calibration consisting of the three nucleotides ATP, GTP, and 

UTP was used to assess changes in nucleotide levels upon NUDT22 KO. 

Consequently, CTP and TTP levels were predicted based on biological abundances 

in relation to the directly detected concentrations of ATP, GTP and UTP. Another 

quantitative method for the direct detection of changes in pyrimidine levels upon 

NUDT22 KO could be beneficial to confirm our observed findings as well as the 

proposed role of NUDT22 in pyrimidine salvage. One proposed method could be the 

combination of enzymatic and click reactions for the specific quantification of all four 

canonical dNTPs (dATP, dTTP, dGTP, and dCTP) in microplate format. More 

specifically, dNTP-specific oligonucleotide templates are pre-annealed with a biotin-

labelled primer sequence. They are then added to the corresponding sample together 

with DNA polymerase and an excess amount of either 5-ethynyl-dUTP or C8-alkyne-

dCTP, which is specific for dTTP quantification. During the following DNA polymerase 
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reaction, the specific olignonucleotide template-predefined amount of molecules of 

alkyne-modified dNTPs is incorporated per molecule of incorporated dNTP. After 

pulldown of the oligonucleotides and removal of the template, the biotin-labelled 

strands with incorporated 5-ethynyl-dUTP or C8-alkyne-dCTP are conjugated to an 

azide-fluorophore probe via click chemistry and the fluorescence intensity can be 

measured using a plate reader. Consequently, due to the specific templates for each 

canonical dNTP, the concentration of dATP, dTTP, dGTP and dCTP can be quantified 

in relation to alkyne-modified dNTP incorporation [177].  

 

 
Figure 21. NUDT22 mediates a novel pyrimidine salvage pathway. In healthy cells, glucose transporters (GLUT) 

are responsible for the uptake of glucose into the cell, which is further phosphorylated to glucose 6-phosphate 

(G6P) by hexokinase 2 (HK2) and regulated by both cMYC and p53. G6P can directly enter glycolysis or synthesise 

nucleotides via the pentose phosphate pathway (PPP) for DNA synthesis and repair. Upon glucose starvation or 

in response to cellular stress, p53 activates cMYC resulting in an upregulation in cell cycle progression followed by 

nucleotide depletion and replication stress induction. Replication stress induces p53, which in turn promotes either 

cell cycle arrest and apoptosis or NUDT22 upregulation. NUDT22 then hydrolyses UDP-glucose to UMP to 

maintain nucleotide synthesis and DNA synthesis and repair. 
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Nevertheless, we observed DNA replication stress and damage induction, activation 

of cell cycle checkpoint kinases as well as a delay in S phase progression upon 

NUDT22 KO in both, U2OS osteosarcoma and MCF7 breast cancer cells (Chapter 3, 

Fig. 6; 7D, E, F). Since a disruption in nucleotide synthesis or changes in nucleotide 

pool levels are both intrinsic factors contributing to DNA replication fork stalling, and 

consequently, cell cycle arrest, our observed findings further endorse the role of 

NUDT22 to maintain pyrimidine levels for DNA replication and cell proliferation.  

Although NUDT22 KO decreased both purine and pyrimidine levels, we only observed 

an increase in sensitivity of U2OS NUDT22 KO cells towards anti-cancer agents 

interfering with pyrimidine de novo but not purine synthesis (Chapter 3, Fig. 5 A-E, 7 

H-J, Supplementary Fig. 3C, D). Nevertheless, a potential impact of NUDT22 KO on 

purine synthesis cannot be ruled out based on the second, NUDT22-mediated, UDP-

glucose hydrolase product G1P. G1P is the precursor of G6P, an important metabolite 

for both purine and pyrimidine synthesis via the PPP.  

Cancer cells often experience changes in metabolism through deregulated glucose 

and amino acid uptake as well as changes in glycolysis and TCA cycle regulation to 

maintain cancer cell proliferation and survival. Similar to the DNA replication stress 

and DNA damage response, targeting these metabolic pathway alterations provides a 

promising strategy in cancer therapy [37]. G1P to G6P conversion catalysed by PGM 

was proposed as requirement in cancer cells to maintain cell proliferation in response 

to nutritional stress such as changes in glucose levels [178]. Since G6P is an important 

metabolite in glycolysis and therefore, energy and biomass generation, NUDT22 might 

play an important role in other metabolic pathways [29]. We identified, in fact, 

increased NUDT22 levels upon the inhibition as well as depletion of hexokinase 2 

(HK2), which is required for glucose phosphorylation in the first step of glycolysis 

(Chapter 3, Fig. 1B, C) [29,32]. However, this work did not involve establishing the 

importance of G1P derived from NUDT22-mediated UDP-glucose hydrolase in 

glycolysis and other metabolic pathways such as the TCA cycle.  

In addition, besides its role in glycogen synthesis and glycosylation, the biological 

significance of UDP-glucose in both nucleotide synthesis and energy metabolism has 

yet to be determined. Stable isotope labelling in combination with liquid 

chromatography – mass spectrometry (LC-MS) to determine metabolic flux could be 
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exploited to understand the importance of UDP-glucose hydrolysis via NUDT22 in 

cancer versus non-cancer cells [179].  

Furthermore, UDP-glucose has been linked to metastatic progression in lung cancer 

cells through interference with translation of the epithelial-mesenchymal transition 

(EMT) factor SNAI1 as well as in breast cancer mouse models upon knockout of UDP-

glucose 6-dehydorgenase (UGDH) [180,181]. In contrast, a reduced synthesis in UDP-

glucose through UDP-glucose pyrophosphorylase 2 (UGP2) depletion and 

consequently reduced glycogen synthesis has shown to be beneficial in PDAC cell 

and xenograft models [182]. However, NUDT22 inhibition, thereby impairing 

downstream processes from UDP-glucose could still be beneficial in cancer and, 

especially for the suppression of tumour metastasis, which has to be further 

investigated in cancer cell and xenograft models. 

To establish the biological function of NUDT22 in cancer and non-cancer, we used 

CRISPR/Cas9 to create NUDT22 knockout in cancer and non-cancer cells. Even 

though CRISPR/Cas9 is well established and routinely used in basic research, off-

target effects through Cas9-mediated DNA cleavage at unspecific sites can cause the 

introduction of mutations at unwanted genomic loci [171]. Off-target effects can also 

be introduced through translocations, deletions or inversions, which can lead to 

chromosomal rearrangements [183]. Nevertheless, the risk of unwanted off-target 

effects decreases with the quality of the designed single guided RNA (sgRNA) as well 

as the use of multiple sgRNA’s, thereby observing similar phenotypes [184]. For the 

generation of our NUDT22 KO clones in U2OS, hTERT-RPE1 and MCF7, we used 

several different sgRNA’s that were designed to target the first exon to disrupt the 

gene early on and used a non-targeting sgRNA in each cell line as negative control. 

We assessed on-target specificity by confirming the KO with PCR and western blotting 

followed by Sanger sequencing to verify that the intended region had been deleted. 

Although we observed a similar response upon NUDT22 KO in U2OS as well as MCF7 

cells compared to both control cell lines, we cannot exclude the potential risk of off-

target effects at other sites than the target gene. Off-target effects can be assessed 

by performing a rescue experiment of the KO. More specifically, KO cells are 

transfected with a wild-type plasmid and phenotypic rescue/reversal is assessed. To 

study the significance of the enzymatic function for the observed phenotype, a catalytic 
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dead rescue construct with point mutations encoding for amino acids that are 

necessary for enzymatic activity, can be design and transfected.  

We see similar effects on cell proliferation and DNA replication fork speed, ssDNA as 

well as DNA damage accumulation, and an increase in sensitivity towards pyrimidine 

de novo synthesis inhibition upon NUDT22 KO in the two cancer cell lines U2OS and 

MCF7 with a total of 5 different sgRNA’s. In contrast, the non-cancer cell line hTERT-

RPE1 seems to be less affected by a loss in UMP synthesis via NUDT22 suggesting 

a difference in NUDT22 dependency in different cell lines. Since we also observed an 

increase in NUDT22 expression in cancer compared to normal tissues, the higher 

dependency on NUDT22 in cancer cells could be attributed to a higher demand of 

metabolites, and, more specifically, nucleotides to maintain DNA replication in fast 

proliferating cancer cells. This however, has to be further evaluated in a bigger subset 

of cancer and non-cancer cell lines based on either NUDT22 KO or after the successful 

development of a highly specific and active chemical probe. In case we can confirm a 

higher dependency towards NUDT22-mediated pyrimidine salvage in cancer cells, 

selective targeting of NUDT22 could be a promising new strategy in cancer with limited 

effects in healthy tissue. 

6.3 NUDT22 as target in breast cancer  

Pyrimidine de novo synthesis remains a frequently exploited target in cancer therapy 

besides often observed limitations such as side effects, resistance and lack in efficacy 

partly caused by the switch of cancer cells towards the more energy efficient 

pyrimidine salvage pathways. Accordingly, co-targeting pyrimidine de novo synthesis 

as well as pyrimidine salvage kinases was proposed to improve response rates in 

cancer patients [128]. Due to the discovery of a novel pyrimidine salvage pathway 

mediated by NUDT22 in combination with the observed increase in sensitivity towards 

pyrimidine de novo synthesis inhibition in NUDT22 KO cancer cells, we evaluated the 

suitability of NUDT22 as anti-cancer target as well as the co-targeting of NUDT22 and 

pyrimidine de novo synthesis in this part of the work.  

Based on the observed increase in NUDT22 expression in breast cancer versus 

healthy tissue as well as a decrease in overall survival in breast cancer patients with 

altered NUDT22 levels, we focussed on the evaluation of NUDT22 as potential breast 

cancer target (Chapter 3, Fig. 7B, C). Similar to the increase in NUDT22 levels, we 
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also observed an increase in gene expression levels of other enzymes involved in 

pyrimidine synthesis (Chapter 3, Fig. 7B). Even though gene expression alterations 

do not necessarily translate into changes in activity or dependency of the 

corresponding protein, the general increase in the expression of key players in 

pyrimidine synthesis could, however support our hypothesis to co-target pyrimidine de 

novo synthesis and salvage in breast cancer.  

In addition to the increased sensitivity towards pyrimidine de novo synthesis inhibition, 

we observed a further increase in DNA damage induction upon dihydroorotate 

dehydrogrenase (DHODH) and uridine monophosphate synthetase (UMPS) inhibition 

in NUDT22 KO MCF7 cells (Chapter 3, Fig. 7G, H-J). Low doses of pyrazofurin in 

NUDT22 KO MCF7 cells induced an additional delay in S phase progression and 

supports our hypothesis that NUDT22 is not only involved in a novel pyrimidine 

salvage pathway, but can also be targeted to improve the efficacy of pyrimidine de 

novo synthesis inhibition in breast cancer (Chapter 3, Fig. 7E).  

To translate our in vitro findings into an in vivo model with functional tumour 

microenvironment and the access to biological concentrations of nutrients, we 

performed a MCF7 xenograft study with our previously engineered NUDT22 KO and 

control cells. Initially, we had planned to include the treatment with either pyrazofurin 

or brequinar to observe effects on tumour growth upon co-targeting pyrimidine salvage 

and de novo synthesis in vivo. Due to the slow growth rate observed especially in 

NUDT22 KO tumours, we were only able to measure the tumour growth over 6 weeks 

without including additional treatment with either of the inhibitors. However, we can 

conclude that based on the slower growth rates of tumours with NUDT22 KO MCF7 

cells, NUDT22 is required for cancer cell growth in vivo, which provides a clear rational 

for the preclinical translation of NUDT22 in cancer (Chapter 3, Fig. 7K). Additional in 

vivo studies are required to confirm the increase in sensitivity of pyrimidine de novo 

synthesis upon NUDT22 KO by carefully selecting additional cancer cell models to 

assess tumour growth and overall survival.  

We selected the estrogen (ER) and progesterone receptor (PR) positive breast cancer 

cell line MCF7 to determine the suitability of NUDT22 as target in breast cancer without 

consideration of the effect of hormone receptors or human epidermal growth factor 

receptor 2 (HER2) status on overall survival in breast cancer patients with altered 
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NUDT22 expression levels. Further gene expression database analysis should be 

performed to select breast cancer subsets, which are especially dependent on 

NUDT22 for survival. 

Since NUDT22 expression is elevated in cancer in general, we propose the exploration 

of a wider cancer cell panel to assess the effects of either CRISPR/Cas9 NUDT22 KO 

or NUDT22 inhibition with a chemical probe to clarify the suitability of targeting 

NUDT22 in additional cancer tissues.  
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6.4 Identification of first-in-class NUDT22 inhibitors to be used as 
chemical probes 

Our work has demonstrated the suitability of NUDT22 as cancer target based on our 

in vitro and in vivo findings using CRISPR/Cas9 KO to assess the roles of NUDT22 in 

pyrimidine synthesis. However, due to the limitations of gene editing, in the next part 

of this work, we aimed at the development of a chemical probe targeting NUDT22 for 

further target validation as well as the potential use in anti-cancer therapy in the future 

(Chapter 4, 5).  

We identified two individual NUDT22 inhibitor series starting from two independent 

compound libraries by performing virtual screens on our previously identified co-crystal 

structure of NUDT22 and its substrate UDP-glucose (5LOR.pdb). We used the open 

access NCI/DTP compound database consisting of more than 200,000 molecules, 

which we filtered based on different parameters such as the compound size to avoid 

larger molecules to enable further chemical optimisation and, thereby risking low 

binding affinities translating to lower activity in enzymatic assays for a fragment-based 

virtual screen (Chapter 4). Conversely, we used Inhibitor A with an IC50 of 19 μM 

towards recombinant NUDT22 protein, as starting point for a ligand-based virtual 

screen in combination with a structure-based screen on an in-house chemical library 

for the development of the second inhibitor series (Chapter 5).  

Comparing the enzymatic activity with IC50s > 625 μM of the two active hits, TH012006 

and TH012008, identified in the first virtual screen with Inhibitor A explains the higher 

likelihood of failure to identify active compounds after chemical optimisation of 

TH012008 compared to the second inhibitor series. The availability of a potent probe 

to establish SAR for the development of new inhibitors with CADD has been exploited 

extensively and is the method of choice especially in hit and lead optimisation steps in 

drug discovery [134,185]. To identify the second NUDT22i series, we could assess the 

link between the chemical structure, the calculated binding affinity as well as 

biochemical activity, the so-called SAR, of inhibitor A to predict the activity of 

compounds identified in the structure-based screen on the in-house chemical library. 

In addition, we could also exploit SAR expansion to predict the effects of the exchange 

of chemical entities in or the addition of chemical groups to the chemical structure of 
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Inhibitor A on the biochemical activity leading to the identification of inhibitors A1, A2 

and A3 with low nanomolar activity towards recombinant NUDT22 inhibition.  

The proposed chemical optimisation of TH012008 through amide coupling did not 

result in improved biochemical activity besides improved binding affinity and LE 

calculated in the docking screen compared to TH012008. Since TH012008 is a 

relatively small molecule (210 Da) with low biochemical activity (> 625 μM), coupling 

of amines with AMW of 100 – 200 Da and TH12008 generated compounds with nearly 

double the molecular weight of the initial hit making SAR predictions not as effective 

in comparison to the ligand-based screen for the second NUDT22 inhibitor series.  

Due to the missing biochemical activity confirmed by a lack in target engagement of 

the optimised TH012008 inhibitor series, we limited further evaluation on effects in 

cancer cells as well as target engagement with recombinant protein and in cell lysate 

to the second NUDT22i series (Chapter 5).  

Even though all six identified NUDT22i, A1, A2, A3, A4, A5 and A6 have IC50s in the 

low nanomolar range, effects on cell viability were missing (A1, A2, A5) or could only 

be observed upon exposure to the top concentrations of each inhibitor. One could 

argue that the relatively low effects on cell viability observed upon treatment with all 

compounds could be due to the unsuccessful uptake of the inhibitors into the cell, 

thereby not engaging with their target of interest. This might be the case for A1 and 

A2, which failed to stabilise NUDT22 upon a defined temperature gradient in cell lysate 

(Fig. 16A, B). Since we did not assess target engagement in live cells, we cannot 

confirm that our developed inhibitors are able to reach their target inside cancer cells. 

However, we did observe a significant but mild increase in γH2A.X and therefore, DNA 

damage upon treatment with all four NUDT22i, but especially with A4 (Fig. 20). We 

also observed DNA damage induction upon NUDT22 KO in MCF7 cells suggesting 

that our inhibitors reach NUDT22 and consequently, reduce pyrimidine levels leading 

to DNA replication stress and damage. To confirm our findings, it would be interesting 

to determine the effects of NUDT22 inhibition with A3, A4, A5 and A6 on ssDNA 

induction, DNA replication fork speed as well as cell cycle progression.  

In addition, as described in Chapter 3, NUDT22 KO did not induce cancer cell death 

but reduced cell proliferation as well as tumour growth in vitro and in vivo. 
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Consequently, we were not surprised to observe no significant changes on cell viability 

upon treatment with our developed inhibitors, except at very high concentrations. The 

effects of NUDT22 KO on cell proliferation and tumour growth could also indicate that 

NUDT22 inhibition induces cytostatic rather than cytotoxic effects. In contrast to 

cytotoxic agents, cytostatic agents inhibit tumour growth through interfering with 

mechanisms required for successful cell division without inducing direct cell death and 

are therefore less prone to side effects such as toxicities on healthy cells [186]. 

Currently, several targeted therapies are being developed with suggested cytostatic 

effects to be used for disease maintenance and to prevent metastasis formation. 

However, cytotoxic effects cannot be ruled out completely as agents often act through 

both cytostatic and cytotoxic mechanisms depending on dose and exposure times. To 

establish whether novel compounds act through cytostatic or cytotoxic mechanism 

choosing the right in vitro and in vivo assays by assessing a wide range of 

concentrations, doses and exposure times is crucial [186].  

In our performed growth curve experiments, we observed a reduction in cell 

proliferation speed upon NUDT22 KO after 4 days (Chapter 3, Fig. 4A and 

Supplementary Fig. 4A). Hence, we suggest to either repeat our performed drug 

exposure experiments over a longer period of time or assess the effect of inhibitor A3, 

A4, A5 and A6 on cell viability in another approach such as the colony formation assay. 

The colony formation assay or also known as clonogenic assay assesses the effects 

on drug exposure on cell survival upon the ability of single cells to grow into a colony 

of more than 50 cells over an incubation period of one to three weeks and could 

therefore be an important asset for cellular evaluation of our NUDT22i [187].  

In Chapter 3, we propose the co-targeting of NUDT22 and pyrimidine de novo 

synthesis with already established antimetabolites due to the observed increase in 

sensitivity towards pyrimidine de novo synthesis inhibition upon NUDT22 KO in the 

osteosarcoma as well as breast cancer cell line (Chapter 3, Fig. 5A-E, 7H-J). To 

validate the suitability of our developed NUDT22i A3, A4, A5 and A6 as chemical 

probes for further target validation and potential anti-cancer agents, we propose to 

combine our inhibitors with pyrimidine de novo synthesis interfering agents to 

recapitulate previous observed changes in cell viability and DNA replication stress and 

damage induction upon NUDT22 KO.  
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One of the major limitations of our developed NUDT22i is the lack in demonstrated 

selectivity. Even though we confirmed target engagement of A3, A4, A5 and A6 with 

recombinant NUDT22 protein as well as in cell lysate, we have not demonstrated 

whether our compounds reach their target in live cells. Besides the proposed NUDIX 

selectivity panel in Chapter 5, other approaches are necessary to confirm high 

selectivity of our compounds towards NUDT22 in enzymatic as well as cellular assays. 

In Chapter 6.2 discussed generation of NUDT22 kinase dead mutants with altered 

amino acids in the active site, thereby preventing UDP-glucose binding but retaining 

the protein conformation and its potential participation in protein complexes could also 

be of benefit for selectivity assessment of our developed NUDT22i. These mutants 

could be exploited to simulate inhibitor binding and therefore assessing changes on 

cell viability, DNA replication stress and damage induction, DNA replication fork speed 

and cell cycle progression alone or in combination with agents targeting pyrimidine 

synthesis. Nevertheless, it would be interesting to determine whether exposure with 

our developed probes would cause any effects, more specifically off-target effects, in 

these kinase dead mutants.  

Moreover, if we can confirm cellular activity as well as target engagement in live cells, 

we could perform trans-proteomic profiling (TPP) by combining CETSA with LC-MS to 

detect the interactions of our chemical probe with NUDT22 as well as potential off-

target binding. This would provide important insights towards the safety of our 

compounds for future use in preclinical and clinical development. The use of CETSA-

MS and an active and selective chemical probe can also give insights into drug-

induced stress responses as well as drug metabolism [188]. With the development of 

an active and highly selective chemical probe, we could therefore exploit CETSA-MS 

to uncover the role of NUDT22 in cancer and non-cancer cell metabolism for target 

validation.  

Overall, in this chapter we provide three compounds, A3, A4 and A6, with the potential 

to be exploited as chemical probes for further validation of NUDT22. However, 

additional biological evaluation has to be performed to fully uncover the specificity as 

well as activity of our developed compounds in cancer and non-cancer cells. The 

successful development of a chemical probe provides a future asset for cancer therapy 
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especially in cancers with high dependencies on nucleoside salvage and glycolysis for 

cancer progression.  

7. Conclusion and future perspectives 
This thesis explored the biological function and significance of NUDT22 in nucleotide 

synthesis and its potential to be exploited as novel anti-cancer target with a focus on 

breast cancer. We identified a novel, p53-regulated, pyrimidine salvage pathway 

mediated by NUDT22 for DNA replication stress prevention and cancer cell survival. 

Cancer cells have been shown to switch to nucleoside salvage pathways to escape 

nucleotide de novo synthesis inhibition by standard-of-care cancer therapy. This work 

describes novel co-targeting strategies to improve drug efficacies with potential future 

impact on patient responses. In addition, the identification and development of 

chemical probes targeting NUDT22 lay the foundation for further target validation and 

the development of selective NUDT22i for cancer therapy. However, future research 

is required to uncover the significance of NUDT22 in other processes than nucleotide 

synthesis, to confirm the observed differences in dependencies of cancer and non-

cancer cells, and to evaluate targeting NUDT22 alone or in combination with other 

anti-cancer agents in a broader subset of cancer cell and animal models.  

 

Future experiments to establish NUDT22 as an anti-cancer target could involve: 

• Determining effects on nucleotide synthesis, DNA replication and damage, cell 

cycle progression and DNA replication fork speed of NUDT22 CRISPR/Cas9 

KO on wider cancer and non-cancer cell line panel.  

• Cell line panel could include cell lines with different TP53 mutational status to 

assess effects of gain- or loss-of-function mutations on NUDT22 expression 

and transcriptional regulation. 

• Changes on dNTP levels upon NUDT22 KO should be assessed in another 

approach such as the above described template-dependent nucleotide 

incorporation assay to confirm the observed changes in dNTP levels. This 

should also be done in a wider cancer and non-cancer cell line panel to confirm 

the observed changes between U2OS and the non-cancer fibroblasts hTERT-

RPE1. 
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• Generation of NUDT22 kinase dead mutants to confirm observed effects of 

NUDT22 KO with CRISPR/Cas9. This way, potential important protein-protein 

interactions could be maintained. 

• Performing additional xenograft models to assess effects of NUDT22 KO on 

tumour growth alone or in combination with pyrimidine de novo inhibition in 

other cancer subtypes based on effects observed in cancer and non-cancer cell 

line panel.  

• Establishing the significance of NUDT22-mediated UDP-glucose hydrolysis in 

other pathways than pyrimidine synthesis. These pathways include glycolysis, 

TCA cycle, glycogen synthesis and protein glycosylation. A first step could be 

a metabolomics approach to assess changes in metabolites involved in 

pathways upon NUDT22 CRISPR/Cas9 KO in cancer and non-cancer cell lines. 

• Stable isotope labelling of UDP-glucose in combination with LC-MS could be 

performed to assess metabolic flux and to determine the so-far unknown 

significance of UDP-glucose.  

• Assessing the potential transcriptional regulation of NUDT22 by HIF1α in 

response to oxidative stress due to the potential role of NUDT22 in glycolysis 

and the TCA cycle.  

• Establishing the role of NUDT22-mediated hydrolysis of UDP-glucose in tumour 

metastasis by performing migration assays in cancer cell models or assessing 

metastatic potential in xenograft models.  

• Generating a constitutive NUDT22 KO mouse model to determine the role of 

NUDT22 in vivo.  

For the development of potent first-in-class NUDT22 inhibitors to be used in target 

validation and as potential anti-cancer agents future steps include: 

• NUDT22 recombinant protein expression in non-bacterial protein expression 

system to obtain a functional protein with required PTMs. 

• Solving a novel co-crystal structure with UDP-glucose and the co-factor Mg2+, 

which is required for correct protein folding and catalytic activity. This structure 

could then be used for another virtual docking screen with already chemical 

synthesised and enzymatic as well as cellular evaluated compounds for 

compound optimisation. Alternatively, another virtual docking screen with a new 
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ligand library could be performed to obtain new hit candidates for a novel 

starting point for inhibitor design.  

• Solving a co-crystal structure of NUDT22 with UDP-galactose as comparison 

to already existing structure in complex with UDP-glucose to determine 

changes in protein folding and NUDT22 inhibitor binding virtually. 

• Developing an enzymatic activity assay with UDP-glucose instead of UDP-

galactose for existing compounds to determine differences in activity upon 

different substrates, which could play a role in cell models.  

• Assessing NUDT22i A3, A4, A5, and A6 based on their target engagement in 

live cells.  

• Performing cell viability and proliferation assessment with NUDT22i A3, A4, A5, 

and A6 in cancer and non-cancer cells over an extended amount of time. 

Resazurin assay as well as colony formation assays could be used.  

• If NUDT22i show target engagement in live cells and effects on cell viability and 

proliferation could be determined, assessing the effects of the compounds on 

DNA replication fork speed and cell cycle progression could be performed.  

• Co-treatment with NUDT22i and pyrimidine de novo synthesis interfering 

agents to assess cell viability, proliferation and DNA damage induction and to 

recapitulate our previous findings upon NUDT22 KO in U2OS and MCF7 cells 

• Determining the effects of NUDT22 inhibition in NUDT22 kinase dead mutants 

to detect potential off-target effects.  

• Trans-proteomic profiling by combining CETSA with LC-MS to detect NUDT22 

target specificity and potential off-target effects could be performed with 

promising NUDT22 inhibitors. 

• To detect changes in metabolites such as dNTPs or intermediates in glycolysis 

and TCA cycle upon NUDT22 inhibition, metabolomics could be performed. 

• In vivo studies could be performed in case NUDT22i prove to be potent and 

target specific in cell models.  
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ORAL 
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minutes flash presentation (June 2021) 

• The Medical School Annual Research Day, University of Sheffield. 1 minute 
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POSTER 
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• 19th Symposium on Purine and Pyrimidine Metabolism in Men, virtual (June 

2021) 

• The Medical School Annual Research Day, University of Sheffield, UK (June 
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• IECC2021: The first international electronic conference on cancers: Exploiting 

cancer vulnerability by targeting the DNA damage response, virtual (February 
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• North East Postgraduate Conference 2020, virtual, (November 2020) 

• SYNTRAIN Conference: Genomic Instability in Cancer, virtual, international 
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OTHER INVITED TALKS/SEMINARS 

• First year presentation, University of Sheffield (June 2020) 

• Oncology and Metabolism Departmental Seminar Series, University of 

Sheffield, virtual (March 2022) 
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2020), virtual (January 2021), University of Sheffield, UK (May 2022) 
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