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Uracil incorporation into DNA is implicated in several deleterious health 

outcomes including megaloblastic anemia, neural tube defects (NTDs), and 

neurodegeneration. Uracil incorporation can induce DNA strand breaks and 

apoptosis. There is emerging evidence that uracil incorporation also leads to 

transcriptional stalling, gene activation, and necrosis.  Accumulation of uracil 

into DNA is influenced by cytosine deamination, de novo thymidylate 

biosynthesis, salvage thymidylate biosynthesis, dUTPase, and DNA repair 

initiated by uracil DNA glycosylases (UDGs). Secondary roles of UDGs in DNA 

demethylation and transcriptional repression suggest that genomic uracil may 

impact gene expression.   

5-fluorouracil (5-FU) is a chemotherapeutic which targets the de novo 

thymidylate biosynthesis enzyme thymidylate synthase (TYMS). The 

mechanisms by which 5-FU inhibits cell growth, and the mechanisms of 

resistance, are reviewed. Nuclear localization of de novo thymidylate 



 

biosynthesis enzymes is predictive of chemoresistance. Because SUMOylation 

is critical for nuclear localization of the de novo thymidylate biosynthesis 

enzymes, targeting of SUMO may augment antifolate-based treatments. 

These studies examined the effects of SHMT1 ablation on uracil 

incorporation, salvage thymidylate biosynthesis, dUTPase, and uracil repair in 

HeLa and A549 cells. Notably, SHMT1 KO in HeLa cells is associated with 

unchanged levels of uracil in DNA, increased salvage thymidylate synthesis, 

and increased DNA repair. Conversely, treatment of A549 cells with SHMT1 

siRNA was associated with elevated uracil in DNA, decreased thymidylate 

salvage synthesis and decreased dUTPase expression. A novel assay was 

developed to measure uracil excision activity of cell lysates. Treatment of A549 

cells with the apoptotic drugs, etoposide and cisplatin, induced loss of thymidine 

kinase 1 (TK1) and dUTPase protein levels; this suggests that the loss of these 

enzymes seen in SHMT1 siRNA treatment is a result of apoptosis. Drug 

treatments led to increased uracil in DNA and apoptosis in A549 cells, both 

rescued by dT supplementation. Conversely, treatment of HeLa cells with 

etoposide or cisplatin induced apoptosis, without increasing uracil levels in 

DNA, or decreasing TK1 or dUTPase expression. This indicates uracil 

incorporation into DNA is critical to drug-mediated apoptosis in A549, but not 

HeLa cells. Loss of TK1 and dUTPase, and increased uracil incorporation 

induced by cisplatin treatment may explain the synergistic mechanism by which 

the combination chemotherapy of 5-fluorouracil and cisplatin occurs. 
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Abstract 

Genomic instability is implicated in the etiology of several deleterious health 

outcomes including megaloblastic anemia, neural tube defects, and 

neurodegeneration. Uracil misincorporation and its repair are known to cause 

genomic instability by inducing DNA strand breaks leading to apoptosis, but 

there is emerging evidence that uracil incorporation may also result in broader 

modifications of gene expression, including: changes in transcriptional stalling, 

strand break-mediated transcriptional upregulation, and direct promoter 

inhibition.  The factors that influence uracil levels in DNA are cytosine 

deamination, de novo thymidylate (dTMP) biosynthesis, salvage dTMP 
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biosynthesis, dUTPase, and DNA repair. There is evidence that the nuclear 

localization of the enzymes in these pathways in mammalian cells may modify 

and/or control the levels of uracil accumulation into nuclear DNA. Uracil 

sequencing technologies demonstrate that uracil in DNA is not distributed 

stochastically across the genome, but instead shows patterns of enrichment. 

Nuclear localization of the enzymes that modify uracil in DNA may serve to 

change these patterns of enrichment in a tissue-specific manner, and thereby 

signal the genome in response to metabolic and/or nutritional state of the cell.  

 
1. Introduction 

Deoxyuracil in DNA can originate from cytosine base deamination or 

from the misincorporation of dUTP during DNA synthesis by DNA polymerases 

(1). Genomic uracil is recognized and removed by DNA repair enzymes, and 

excessive levels of genomic uracil can lead to the accumulation of repair-

mediated strand breaks and apoptosis (2). Repair of uracil in DNA is known to 

induce p53-dependent apoptosis (2–4) and may induce PARP1-dependent 

necrosis (5, 6). Current literature suggests that strand breaks, apoptosis, and 

necrosis induced by repair of uracil in DNA likely contribute to the etiology of 

vitamin-deficiency related megaloblastic anemia, neural tube defects (NTDs), 

and neurodegenerative disorders.  This potential for deleterious effects of uracil 

in DNA, and the multiple pathways that affect its accumulation and repair, 

suggest the presence of evolutionally-conserved mechanisms to minimize its 

accumulation in DNA.  
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This review will focus on the mechanisms that determine uracil 

incorporation into DNA and explore the evidence that uracil accumulation in 

DNA is regulated and may be a genomic signal by influencing transcription.  The 

link between tissue-specific differences in uracil levels in DNA and transcription 

as now being realized.   DNA repair intermediates, which are known to be 

induced by uracil incorporation, have been shown to induce changes in gene 

expression (7–11). Uracil levels in DNA, and the expression of enzymes which 

influence it, have been shown to exhibit tissue-specific expression (12–15). 

Additionally, DNA sequencing has recently revealed that genomic uracil is not 

randomly distributed, but shows patterns of enrichment in the bacterial, yeast, 

and mammalian genomes (16, 17). In mammalian cells, but not in yeast cells, 

nuclear localization of the enzymes influencing uracil levels in DNA have been 

shown to be critical in limiting uracil accumulation in DNA (13).  Therefore, 

nuclear localization of these enzymes may modify both patterns of uracil 

accumulation in DNA and resulting changes in gene expression. Lastly, the 

impact of uracil-mediated changes in gene expression may underlie disease 

phenotypes associated with uracil accumulation in nuclear DNA.  

 

2. Overview of factors that influence uracil accumulation in DNA 

The presence of uracil in DNA results from spontaneous chemical 

deamination of cytosine, or enzymatic and metabolic processes governed by 

the expression, localization, and activity of several enzymes that ether catalyze 

cytosine deamination or generate biosynthetic intermediates in nucleotide 
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synthesis that control rates of DNA synthesis and repair.  Specifically, genomic 

uracil is generated via spontaneous or enzyme-catalyzed cytosine deamination 

or by misincorporation of dUTP in to DNA during DNA synthesis. 

Misincorporation occurs when DNA polymerases incorporate dUTP into DNA, 

in place of dTTP, and the rate of misincorporation is believed to be determined 

by the intracellular dUTP:dTTP ratio.  This ratio is influenced by rates de novo 

thymidylate (dTMP) biosynthesis, salvage dTMP biosynthesis, and dUTP 

degradation by dUTPase. Once uracil has been incorporated into DNA, it can 

be excised by one of several repair mechanisms. The levels of uracil in DNA 

vary across species and cell types (Table 1).  There are several methods to 

measure uracil levels in DNA including GC-MS, LC-MS, and DNA blotting-

based methods (18–20). Methodological differences introduce technical 

variation, making it difficult to compare measurements of uracil in DNA across 

studies (19). The relative contribution of cytosine deamination, uracil 

misincorporation, and uracil repair to steady state levels of uracil in DNA among 

tissues remains largely uncharacterized.  These mechanisms are described in 

detail in this section. 

 

2.1. Nonenzymatic and enzymatic cytosine deamination 

Both spontaneous and enzyme-catalyzed cytosine deamination results 

in U:G pairing in DNA. If not repaired, this can lead to a transition mutation 

(Figure 1). Cytosine deamination is estimated to occur at a rate of 400 

deaminations/day/human genome (1). 
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Outside of spontaneous deamination, the enzyme activation induced 

cytidine deaminase (AID) plays a critical role in antibody diversification via 

class switch recombination and somatic hypermutation of immunoglobin genes 

in immune cells. Additionally, the enzyme apolipoprotein B editing complex 

catalytic subunit 1 (APOBEC1) induces cytosine deamination in mRNA, 

generating a stop codon; APOBEC1 has also been shown to induce cytosine 

deamination in DNA, which is thought be critical in antibody diversification 

(24). However, low level AID expression has been shown in oocytes, 

embryonic germ cells, and embryonic stem cells (25), suggesting enzymatic 

cytosine deamination may influence uracil accumulation in DNA outside of the 

context of antibody diversification.  

 

2.2. Uracil misincorporation into DNA 

 Rates of uracil misincorporation into DNA is believed to be determined 

the dUTP:dTTP ratio. In vitro studies indicate that DNA polymerases incorporate 

both dTTP and dUTP into DNA, but preferentially incorporate dTTP. DNA 

polymerase from porcine liver incorporated approximately 3 times more dTTP 

than dUTP when both were present in equimolar concentrations; DNA 

polymerase from E. coli incorporated approximately 2 times more dTTP than 

dUTP (26, 27). Mitochondrial polymerases can also incorporate dUTP into 

mitochondrial DNA (28). Unlike cytostine deamination, uracil misincorporation 

into DNA is not inherently mutagenic. The pathways which influence the 
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dUTP:dTTP ratio are de novo dTMP biosynthesis, salvage dTMP biosynthesis, 

and dUTP degradation by dUTPase. 

The de novo dTMP synthesis pathway, which is dependent on the 

cofactor tetrahydrofolate (THF), is composed of four enzymes: serine 

hydroxymethyltransferase (SHMT1 and SHMT2α), dihydrofolate reductase 

(DHFR), dTMP synthase (TYMS) and methylenetetrahydrofolate 

dehydrogenase (MTHFD1) (Figure 1). SHMT1 transfers a one-carbon group 

from serine to the folate cofactor THF, synthesizing 5,10-methyleneTHF and 

glycine. TYMS transfers a one-carbon group from 5,10-methyleneTHF onto 

deoxyuridine monophosphate (dUMP), synthesizing deoxythymidine 

monophosphate (dTMP) and dihydrofolate. DHFR reduces dihydrofolate to 

THF, recycling it for another round of dTMP synthesis. Notably, SHMT1 is not 

the main catalytic contributor of 5,10-methyleneTHF incorporated into dTMP. 

Instead MTHFD1, which derives its one-carbon from formate instead of serine, 

produces up to 90% of the 5,10-methyleneTHF for dTMP synthesis in SH-SY5Y 

cells (29). 

Impairment of de novo dTMP biosynthesis and/or reduction of cellular 

folate pools results in elevated uracil content in DNA (3, 13, 18).  Folate-deficient 

individuals exhibit increased uracil in DNA in blood and bone marrow cells (18). 

Likewise, mice fed a folate-deficient diet also showed elevated genomic uracil 

in colon epithelial cells (30). In rats consuming a folate-deficient diet, uracil 

misincorporation in lymphocytes was elevated relative to incorporation in rats 

consuming a folate-sufficient diet (31).  
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A single-allele knockout of Shmt1 in mice increased uracil in liver and 

colon DNA, which was exacerbated when Shmt1-/+ mice consumed a folate-

deficient diet (32).  In fact, the two primary phenotypes of Shmt1+/- and Shmt1-/- 

mice were elevated uracil in DNA and development of  folate-responsive neural 

tube defects (NTDs), suggesting that uracil in DNA may be causal in 

development of folate-responsive NTDs (32, 33). SHMT1 siRNA treatment in 

A549 lung cancer cells also increased uracil in DNA; this phenotype was 

rescued by dTMP supplementation in culture medium, indicating that salvage 

pathway dTMP synthesis can compensate for impaired de novo dTMP 

synthesis (3). De novo dTMP synthesis is also impaired by anti-cancer drugs 

known as antifolates, which act to inhibit enzymes in this pathway.  These 

include 5-fluorouracil, methotrexate, pemetrexed, and raltitrexed, all of which 

have all been shown to increase uracil in DNA in several cell types (34–37). 

Similarly, MTHFD1-deficient fibroblasts exhibit reduced incorporation of formate 

into dTMP which results in increased uracil in DNA compared to control 

fibroblasts (38). 

Salvage dTMP biosynthesis is catalyzed by the enzyme thymidine kinase 

(TK1 and TK2). These enzymes catalyze the addition of a phosphate group to 

thymidine (dT), forming dTMP. The cytosolic/nuclear isoform is encoded by 

TK1, while the mitochondrial isoform is encoded by TK2. Knockdown of TK1 via 

siRNA has been shown to sensitize tumor cells to both 5-fluorouridine and 

pemetrexed (39).  This sensitization is likely the result of increased uracil in DNA 

caused by inhibition of both de novo dTMP synthesis (targeted by 5-
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fluorouridine and pemetrexed) and salvage dTMP synthesis (resulting from 

reduced TK1).  

The enzyme dUTPase catalyzes the conversion of dUTP to dUMP. It 

serves to both degrade dUTP and also to provide the substrate for de novo 

dTMP biosynthesis, dUMP (Figure 1). Knockdown of dUTPase via siRNA 

increased intracellular dUTP levels in HeLa and SW620 cells (40), although 

uracil levels in DNA were not measured.  

 

Figure 1. Pathways that influence uracil accumulation in DNA. In de novo dTMP biosynthesis, 

TYMS transfers a one-carbon unit from 5,10-methylenetetrahydrofolate, onto dUMP, synthesizing 
dTMP. SHMT1, DHFR, TYMS, and MTHFD1 are SUMOylated and form a lamin-bound nuclear 
complex at sites of DNA replication and repair. In the salvage pathway, TK1 generates dTMP via 
phosphorylation of the nucleoside dT. TYMK phosphorylates dTMP, synthesizing dTDP. NDPK 
phosphorylates dTDP and dUDP, generating dTTP and dUTP, respectively. DNA polymerases 
incorporate dUTP into DNA. dUTPase dephosphorylates dUTP into dUMP. Spontaneous and 
enzymatic cytosine deamination by the enzymes AID or APOBEC can lead to U:G mispairs in DNA. 
Incorporated uracil is excised primarily by UNG, initiating uracil repair.  AID, activation induced cytosine 
deamination; APOBEC, Apolipoprotein B Editing Complex Catalytic Subunit 1; DHFR, dihydrofolate 
reductase; dUTPase; dUTP phosphorylase; MTHFD1,methylenetetrahydrofolate dehydrogenase 1; 
NDPK, nucleoside-diphosphate kinase; S, small ubiquitin-related modifier (SUMO), SHMT1, serine 
hydroxymethyltransferase 1; TK1, thymidine Kinase 1; TYMK, thymidylate kinase; TYMS, dTMP 
synthase; UNG, uracil N-glycosylase. 
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2.3. Repair of uracil in DNA 

The excision of uracil from DNA is necessary to prevent its accumulation. 

Excision of uracil is primarily carried out by the base excision repair (BER) 

enzymes, uracil DNA glycosylases.   In humans these include uracil N-DNA 

glycosylase 1/2 (UNG1/2), single-strand selective monofunctional uracil DNA 

glycosylase (SMUG1), thymine DNA glycosylase 1 (TDG), and methyl-CpG 

binding domain 4 (MBD4) (41). UNG is considered the primary enzyme that 

excises uracil in DNA, responsible for >90% of uracil excision activity in human 

cell extracts (42, 43). SMUG1 has overlapping function with UNG and is also 

the primary enzyme which excises 5-hydroxymethyluracil from DNA. Both UNG 

and SMUG1 can excise uracil from U:G or U:A pairs in dsDNA or ssDNA. TDG 

primarily excises T from T:G mispairs, but also excises U from U:G mispairs to 

a lesser extent (44). MBD4 excises uracil and thymine primarily from CpG rich 

regions of DNA (41).  

These UDGs catalyze the initial step in base excision repair (BER) (45), 

excising the uracil base from the sugar-phosphate backbone, resulting in an 

abasic (AP) site (Figure 2). This site is then cleaved by AP endonuclease I 

(APE1), which cleaves 5’ to the abasic site creating a single-strand break, 

leaving a 3’ OH and a 5’ deoxyribose phosphate (dRP). DNA polymerase β 

synthesizes a single base at the newly created 3’ OH and excises the 5’ dRP 

with its AP lyase activity. DNA ligase III seals the remaining nick. This process 
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is known as short patch BER; uracil may also be processed by long patch BER, 

which involves replacement of several nucleotides (41).  

In addition to BER, uracil can be excised from DNA by mismatch repair 

(MMR) (46). Mismatch repair is initiated by the binding of MutSα to the 

mismatch. MutSα is a heterodimer consisting of the Msh2-Msh6. MutLα, a 

heterodimer consisting of Mlh1 and Pms2, is recruited to MutSα.  PCNA 

activates MutLα incision activity, nicking the strand on either side of the base. 

Exo1 degrades this double-nicked strand of DNA, and the gap is is filled through 

DNA synthesis by DNA pol δ or ε (47) (Figure 2).  
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3. Tissue specific differences in uracil regulation  

The levels of uracil in DNA vary among human tissues and cell culture 

conditions (12, 48). Accordingly, the enzymes that determine uracil levels in 

DNA also demonstrate tissue-specific expression patterns. For example, 

SHMT1, an enzyme whose expression affects uracil levels in DNA (3, 32), is 

present in mouse liver, colon, ileum, and kidney, while undetectable in brain 

Figure 2. Repair of uracil in DNA. Left: uracil in DNA is excised primarily by base excision repair. 

One of several uracil DNA glycosylases excise uracil, leaving an AP site. APE1 recognizes these sites 

and creates single strand breaks.   POL β fills in these sites, and LIG3 seals the nick. Right: Mismatch 

repair can excise repair uracil from DNA. Uracil is recognized by the MSH2-MSH6 heterodimer.  The 

MLH1-PMS3 heterodimer creates nick on either side of the uracil moiety. EXO1 degrades the nicked 

DNA. DNA is filled in by either POL δ or POL ε. BER = base excision repair. U, Uracil; UDG, uracil 

DNA glycosylase;.AP, abasic site; APE1, AP endonuclease 1; POL β, DNA pol beta; MSH2, MutS 

homolog 2; MSH6, MutS homolog 6; MLH1, MutL homolog 1; PMS2, PMS1 homolog 2; EXO1, 

Exonuclease 1; Pol δ, DNA polymerase δ; Pol ε, DNA polymerase ε. 
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(13). Similar observations have been made for TYMS (14) and UNG across 

tissue types. Using a uracil excision  activity assay, Alsøe et al showed that 

UNG was the dominant uracil DNA glycosylase in spleen, heart, muscle, and 

liver tissue, but SMUG1 was the dominant uracil DNA glycosylase in brain tissue 

(15). The constellation of factors that affect uracil levels in DNA and the 

differences in their expression among tissues raises the possibility that genomic 

uracil accumulation in DNA is a dynamic and regulated process, and its 

misincorporation and excision is not exclusively a housekeeping activity 

necessitated to manage spontaneous chemistries of cytosine deamination and 

dUTP misincorporation. 

4. Uracil and genome instability 

4.1. Repair of uracil induces strand breaks 

While uracil misincorporation into DNA is not inherently mutagenic, 

intermediates generated by repair can lead to genome instability and 

mutagenesis. The repair of uracil in DNA generates AP sites and subsequent 

single strand breaks. AP sites have been shown to induce transcriptional 

stalling, which has been shown to be highly mutagenic (7). Additionally, AP sites 

require mutagenic translesion DNA synthesis to bypass the lesion (49). Two 

single-strand breaks on opposing strands can induce a double-strand break 

(50),  which are known to induce DNA mutation when nonhomologous end-

joining (NHEJ) is chosen as the route of repair (51) (Figure 3). Additionally 

double-strand break repair is implicated in the expansion and contraction of 

tandem repeats in DNA (52). Although DNA damage and repair are normal 
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occurrences in cells, increased rates of uracil incorporation and subsequent 

generation of repair-mediated strand breaks may surpass a tolerable level, 

leading to genomic instability and mutagenesis. 

Impairment of the enzymes that influence uracil accumulation has been 

shown to be associated with strand breaks and DNA mutation. Folate deficiency 

has been shown to lead to double-strand breaks, and increased chromosome 

breakage (53). In the case of folate fragile sites (discussed in section 4.2), the 

chromosome breakage induced by folate deficiency occur at regular sites in the 

genome (54).  Genotoxic stress and chromosomal breakage can induce 

formation of micronuclei, which are extra-nuclear chromosomal fragments 

bound by nuclear membranes. Folate deficiency has been shown to induce 

micronuclei formation across several model systems. Human primary 

lymphocytes cultured in folate-deficient medium (containing 20 nM folic acid) 

exhibited induction of micronuclei formation, compared to lymphocytes cultured 

in folic acid-sufficient culture medium (55). Mice fed folic acid-deficient diets 

exhibited increased micronuclei formation in reticulocytes and red blood cells, 

compared to mice fed control diets (56). Reduction of dUTPase activity in yeast  

resulted in a strong mutator phenotype that is rescued by loss of UNG, indicating 

that the repair of uracil in DNA, not its accumulation, is mutagenic (57). 
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4.2. Folate fragile sites 

 Fragile sites are specific loci in the genome which are prone to breakage, 

when under replication stress. Unlike common fragile sites which are inherent 

in nearly all humans, folate fragile sites are heritable sites which are prone to 

breakage as a result of folate deficiency (2, 53, 54, 58) (Table 2). Common 

fragile site have been shown to be tissue specific; further studies are required 

to determine if folate fragile sites also occur in a tissue specific manner. Folate 

fragile sites are characterized by tandem CGG repeat expansion, leading to 

increased cytosine methylation and gene silencing (54). Loss of interrupting 

AGG triplets interspersed between CGG repeats is associated with CGG repeat 

expansion (59). The role of folate deficiency in repeat expansion has not been 

Figure 3. Consequences of uracil in DNA. Cytosine deamination induces U:G mispairs. In vitro 

replacement of thymine with uracil modifies transcription factor binding. Repair of uracil induces strand 

breaks, which can lead to mutation or apoptosis. Potentially, these strand breaks can induce necrosis, 

and modify gene expression through AP sites, single strand breaks, or Topo IIβ. MBD4 inhibits 

transcription, modifying gene expression. MBD4, Methyl-CpG binding domain ;protein 4. DSB, double 

strand breaks; PARP1, Poly (ADP-ribose) polymerase 1; AP, abasic sites; SSB, single strand breaks; 

Topo IIβ, Topoisomerase IIβ. 
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elucidated;  folate deficiency may induce uracil incorporation opposite these 

AGG triplets leading to strand breaks. Repair of strand breaks has been 

implicated in the expansion and contract of tandem repeats (52). Hence, folate 

deficiency induced repair-mediated strand breaks can result in repeat 

expansion and ultimately gene silencing. Folate fragile sites likely represent 

predictable genomic loci of uracil incorporation into DNA, but this has not been 

demonstrated experimentally.  

 

5. Evidence that uracil in DNA shows patterns of enrichment across the 

genome 

Whereas folate fragile sites may represent hotspots of uracil 

incorporation into DNA, single-base resolution sequencing of uracil in DNA has 

not yet been developed in eucaryotes. However lower resolution methods have 

revealed that uracil in DNA shows specific patterns of enrichment.  Notably two 

methods have been developed to examine the landscape of uracil enrichment 

throughout the genome. Excision-seq is a method for mapping modified 

nucleobases in DNA, yielding base-pair level resolution sequencing in E. coli, 

and read-level resolution sequencing in yeast (16). By replacing uracil with 

biotinylated dUTP in extracted DNA, Shu et al developed a method to localize 

uracil in DNA within hundreds of base pairs (17). 

Excision-seq revealed that uracil content in DNA correlated with 

replication timing in both E. coli and budding yeast. In ung∆ E. coli with a 

hypomorphic dUTPase, uracil content in DNA was found to negatively correlate 
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with origins of replication. In ung1∆ budding yeast with a hypomorphic 

dUTPase, total genome uracil content was found to be depleted in uracil at 

early-replicating regions, and at several origins of replication compared to the 

rest of the genome. Very late replicating regions also showed a more modest 

depletion of uracil in DNA in yeast. The authors suggest that the depletion of 

uracil in DNA in early replicating regions of DNA reflects higher dTTP availability 

at the start of replication (16). It is important to note that the pattern of uracil 

incorporation into DNA is the result of misincorporation, as opposed to the 

equilibrium between incorporation and excision in E. coli and yeast void of UNG. 

Overall these data suggest that uracil incorporation into DNA is depleted at 

origins of replication in E. coli and yeast due to increased dTTP availability at 

the start of replication. 

In three human cell lines, (K562, WPMY-1, and HEK293T), Shu et. al. 

found that uracil in DNA was enriched at the centromere, at centromere protein 

A (CENP-A) binding regions, and at intergenic regions. CENP-A is a 

centromeric histone variant critical in kinetochore assembly (17).  In Xenopus 

egg extracts, inhibition of UNG2 has been shown to block CENP-A assembly 

(60). Therefore, it is hypothesized that the uracil in DNA may serve as a platform 

for CENP-A assembly (17), though this has not been tested in mammalian 

systems.  Enrichment of uracil in DNA at intergenic regions may indicate 

regulated excision of uracil from DNA within genes and suggests one 

mechanism whereby excision and repair of uracil could lead to changes in gene 

expression. Thus, in the E.coli, yeast, and human cell lines, current uracil 
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sequencing technology has revealed distinct patterns of uracil enrichment in the 

genome.  Further studies are required to elucidate the effects of such site-

specific uracil incorporation on both genome stability and gene expression.   

6. Nuclear localization of components may modify uracil incorporation 

into DNA 

Nuclear localization of key enzymes associated with genomic uracil 

accumulation has been shown for every  pathway in mammalian cells, whereas 

in yeast they are localized exclusively to the cytosol (61). The de novo dTMP 

biosynthesis enzymes SHMT1, TYMS, DHFR, and MTHFD1, have been shown 

to be SUMOylated during S phase, leading to their nuclear translocation and to 

the formation of a lamin-bound multi-enzyme complex at sites of DNA 

replication and repair (29, 62). SHMT1 acts as a scaffold for this complex and 

is essential for proper localization of the other components (29). The salvage 

enzyme TK1 is found in the cytoplasm and nucleus, with increasing expression 

and nuclear localization during S phase (63). In the case of DNA repair, the 

gene Ung produces the mitochondrial isoform UNG1 containing a mitochondrial 

leader sequence, and the nuclear isoform UNG2 containing a nuclear 

localization signal, resulting from alternative splicing (64). Similarly, the 

mitochondrial and nuclear isoforms of dUTPase are generated from alternative 

splicing of a single gene (65). Expression of mitochondrial dUTPase is 

constitutive, whereas expression of nuclear dUTPase coincides with DNA 

replication (66). 
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Nuclear localization appears to play an important role in reducing uracil 

accumulation in DNA. Whereas de novo dTMP biosynthesis occurs in both the 

nucleus and cytosol, there is evidence show that nuclear synthesis of dTMP is 

required to meet the needs of replication. Loss of nuclear localization of SHMT1 

and TYMS was associated with increased uracil in liver DNA (13) in mice. 

Overexpression of SHMT1-DN2, an SHMT1 mutant that was catalytically 

inactive but could still act as a scaffold, was associated with increased de novo 

dTMP biosynthesis activity in SH-SY5Y cells, indicating that formation of the 

nuclear metabolic multienzyme complex, and not SHMT1 enzyme activity, is 

critical for de novo dTMP synthesis (29). Higher nuclear expression of TYMS 

was associated with poorer response to 5-FU in colorectal carcinoma (67), 

suggesting that nuclear dTTP synthesis prevents 5-FU incorporation into DNA. 

Similarly, increased nuclear expression of dUTPase was associated with tumor 

resistance to 5-fluorouracil (68), suggesting reduced dUTP availability may have 

enhanced dTTP incorporation into cells.  Localization of these enzymes at sites 

of replication may create local microenviroments with altered dUTP:dTTP ratios 

and affect probability of dUTP  incorporation into DNA.  

There is also evidence that nuclear localization of enzymes that influence 

uracil accumulation is responsive to challenges to uracil accumulation. 

Following folate deficiency, MTHFD1 is enriched in mouse liver, protecting liver 

from increased uracil incorporation into DNA (69). 
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7.  Uracil and Gene Expression 

Although mutation and apoptosis are well established consequences of 

excision and repair of uracil in DNA, transcriptomic analysis have revealed that 

folate deficiency is also associated with changes in gene expression. Maternal 

folate deficiency was associated with transcriptomic changes in liver tissue from 

male adult offspring; folic acid supplementation prevented changes in genes 

associated with reactive oxygen species response, and steroid hormone 

response (70).  Both folate and vitamin B12 status are known to affect chromatin 

methylation by influencing the concentrations of S-adenosylmethionine, the 

primary methyl donor in the cell (71–73).  It is unclear the degree to which uracil 

misincorporation in DNA is also responsible for changes to gene expression in 

folate deficiency. However, the repair intermediates triggered by uracil in DNA 

are known to affect gene expression at the transcriptional level by several 

mechanisms. 

 

7.1. AP sites and strand breaks modify gene expression 

AP sites and single-strand breaks generated by repair of uracil can 

induce transcriptional stalling (7, 8). Studies with uracil-substituted reporter 

plasmids show data consistent with these findings. Single uracil substitutions in 

the coding region of an EGFP reporter plasmid in HeLa cells results in 

decreased EGFP expression compared to the uracil-free control plasmid, in a 

strand-independent manner. EGFP expression was rescued by UNG1/2 
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shRNA. Together, these data suggest repair of uracil in DNA, but not stalling of 

RNA polymerase II at uracil bases, impairs gene expression (9) (Figure 3).   

Although strand breaks are known to impair gene expression, emerging 

literature shows double-strand breaks can be gene activating. Madabhushi et. 

al. showed that strand breaks mediated by Topoisomerase IIβ are critical in 

gene activation in dissociated cortical neurons, and that induction of double-

strand breaks is sufficient to stimulate gene expression (10). Ju et. al. showed 

that Topoisomerase IIβ-mediated strand breaks at the promoter were required 

for activation of the PS2 gene in MCF7 cells. It is thought that strand breaks 

alter DNA topology at promoters, enhancing transcriptional initiation (11). 

Together, these data show induction of strand breaks can increase gene 

expression. Therefore uracil-induced AP sites and strand breaks may modify 

gene expression either positively or negatively, throughout the genome (Figure 

3).   

There is evidence that strand breaks generated by uracil incorporation 

occur at specific loci. Rats fed folate deficient diets exhibited strand breaks in 

exons 5-8 of p53 gene, but not in other exons of p53, the Apc gene, or the β-

actin gene in colon tissue (74). Sohn et al found that folate deficiency reduced 

steady state levels of p53 mRNA in rat colon (75). These data suggest that 

strand breaks induced by folate deficiency occur in a nonrandom fashion, and 

also lead to changes in gene expression. Loci-specific incorporation of uracil 

would suggest a role and mechanism for uracil regulating gene expression.  

 



21 
 

7.2. Secondary function of MBD4 may affect global gene expression 

Uracil DNA glycosylases also exhibit secondary functions in regulating 

gene expression, though it is not clear whether this linked to their role in uracil 

excision. For example, methyl-CpG binding domain protein 4 MBD4) binds the 

Glucocorticoid-Induced TNFR-Related Protein (Gitr) promoter in T regulatory 

cells, directly inhibiting its transcription (76). MBD4 has also been shown to bind 

the hypermethylated promoters of p16INK4A and MLH1, repressing transcription 

from these promoters (77). Therefore, MBD4 is a uracil DNA glycosylase 

capable of regulating gene expression in a site-specific manner; it is unclear if 

the glycosylase activity of MBD4 has any role in recruiting MBD4 to specific loci 

or in repressing transcription of GITR. Proteins in the MBD family all have a 

methyl binding domain, and have been shown to repress transcription in other 

genes (78). However, conditions which modify MBD4 activity have the potential 

lead to transcriptional repression (Figure 3).  Because repair of uracil is DNA is 

both tissue-specific and responsive to challenges to uracil incorporation into 

DNA (15, 36), MBD4 expression may vary among tissue types or in response 

to challenges to uracil,  modifying the level of transcriptional repression, though 

this has not been rigorously assessed in mammalian cells.  

7.3. Uracil alters transcription factor binding in vitro 

Substitution of thymine for uracil in transcription factor binding sites has 

been shown to modify transcription factor binding in vitro (79, 80) (Table 3). 

Substitution of a T:A pair with a U:A pair in the cAMP response element (CRE) 

decreases binding of cAMP response element binding protein (CBP) in vitro, 
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while substitution of C:G with a U:G pair increases binding affinity for CBP (80). 

DNA uracilation has been also shown to alter the secondary structure of DNA 

through several mechanisms (81) (Table 3). Computational modelling suggests 

that uracil substitution in A-tracts of DNA widens the minor groove of DNA (82) 

(Table 3). Additionally, uracilation alters the cleavage pattern of DNA using both 

DNase I and micrococcal nuclease (83) (Table 3). Whether uracilation of DNA 

modifies interaction of DNA with proteins in vivo has not been assessed.; further 

RNA-seq and ChIP-seq studies will reveal if uracil in DNA leads to these in vivo 

changes. 

 

8. Hotspots of uracil repair may indicate targeted regulation of gene 

expression 

There is evidence that excision and repair of uracil in DNA does not occur 

stochastically across the genome, but instead is enriched at certain loci. Using 

ChIP-seq for γ-H2AX (a marker of DNA damage), Weeks et. al. showed that 

UNG-/- DLD1 human colon cancer cells have differential distribution  of γ-H2AX 

hotspots compared to UNG+/+ cells in response to the antifolate pemetrexed. 

Compared to UNG+/+ cells, UNG-/- cells showed increased peak enrichment 

(representing increased γ-H2AX binding) at transcription factor binding sites, 

origins of replication, transcription factor CTCF binding sites, and CpG islands, 

but decreased peak enrichment at lamin-associated domains  (84). These data 

suggest uracil is present in DNA in distinct patterns in the presence and absence 

of repair; excision and repair of uracil may contribute to targeted changes in 
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gene expression. AP sites and strand breaks generated at these regular sites 

may generate predictable changes in gene expression, or uracil in DNA may 

modify transcription factor binding (as described in the section 7.3). 

 

9.  Uracil, cell fate and human disease 

9.1. Uracil repair triggers cell death 

A major consequence of high levels of uracil incorporation into DNA is 

apoptosis (Figure 3). Uracil in DNA is excised and induces repair-mediated 

strand breaks. In conditions of increased uracil incorporation, “futile cycles” of 

uracil excision and uracil re-incorporation into DNA occur resulting in continuous 

formation of strand breaks.  This excessive generation of strand breaks  can 

also signal p53, leading to p53-mediated apoptosis (85).  

Challenges to the pathways influencing uracil incorporation have been 

shown to induce apoptosis.  Paone et al showed knockdown of SHMT1 in A549 

lung cancer cells increases uracil in DNA and leads to p53-mediated apoptosis, 

and that dTMP supplementation in media rescued both uracil in DNA and 

apoptosis in these cells (3). Folate depletion has been repeatedly shown to lead 

to apoptosis across several cell culture and mouse models (4). Arsenic trioxide 

treatment was associated with proteolytic degradation of SHMT1 and MTHFD1, 

increased uracil incorporation into DNA and increased DNA damage in HeLa 

cells (86). Arsenic trioxide has also been shown to induce apoptosis in HeLa 

cells (87). Additionally loss of dUTPase is known to be lethal in both E. coli and 
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budding yeast (57, 88).  Thus, apoptosis has been established as a 

consequence of uracil incorporation into DNA. 

 

9.2. Necrosis 

In addition to apoptosis, induction of strand breaks can lead to PARP1-

dependent necrosis (Figure 3). Poly(ADP-ribose) polymerases (PARP) 

covalently modify proteins, by adding ADP-ribose (generated from NAD+) onto 

target proteins, a process known as PARylation. PARP1 and PARylation of 

proteins are critical in homologous recombination HR, NHEJ, and BER (89). 

Excessive activation PARP1 can lead to NAD depletion, which then leads to 

ATP depletion and subsequent necrosis (90). DNA damaging agents have 

shown to induce this PARP1-dependent necrosis (91, 92).  

Treatment with antifolates, which are known to increase uracil 

incorporation into DNA, have been shown to induce necrosis. 5-FU treatment 

induced necrosis HepG2 and Hep3B cells (5). Treatment with the methotrexate 

(an inhibitor of DHFR) showed increased PARP1 expression and increased cell 

death as measured by TUNEL in rat kidneys, while co-treatment with the PARP 

inhibitor ISO significantly reduced cell death (6). Considering the rescue effect 

of ISO, and that TUNEL is not apoptosis-specific (93), it may be that 

methotrexate is inducing PARP1-dependent necrosis. Therefore, these studies 

indicate that activation of PARP1 in the repair of uracil leads to necrosis. 
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9.3. Megaloblastic anemia 

 In megaloblastic anemia, impaired DNA synthesis prevents cell division, 

leading to larger but fewer red blood cells (94). Folate deficiency has been 

established as a cause of megaloblastic anemia; both folate deficiency and 

megaloblastic anemia are associated with apoptosis. Folate deficient 

erythroblasts cultured in folate deficient medium demonstrated increased uracil 

misincorporation into DNA and increased p53 and p21 accumulation compared 

to control cells (95). Patients with megaloblastic anemia often demonstrate 

primary folate deficiency or a secondary folate deficiency due to vitamin B12 

deficiency, as well as increased p53 accumulation in bone marrow, compared 

to non-megaloblastic anemia controls (96). Additional challenges to de novo 

dTMP biosynthesis, including deleterious mutations in DHFR and antifolate 

treatment, are associated with megaloblastic anemia (97, 98).  Furthermore, 

mutation of dUTPase also causes apoptosis and megaloblastic anemia in 

humans (99). Lastly, deoxyuridine incorporation into DNA correlated with 

megaloblastic scoring in the bone marrow of anemic patients (100, 101). 

Therefore, apoptosis induced by impaired de novo dTMP biosynthesis and 

uracil misincorporation is the primary cause of megaloblastic anemia.   

  

9.4. Neural tube defects 

 Increased apoptosis in the neural epithelium results in failure of the 

neural tube to close during embryonic development in animal models of neural 

tube defects (NTDs). Increased p53 accumulation, increased caspase cleavage 
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(a hallmark of apoptosis), and decreased Pax3 expression, have been 

associated with NTD affected births. Pax3, a homeobox transcription factor, 

enhances MDM2-mediated ubiquitination and degradation of p53 and its loss-

of-function has been associated with NTD risk. (102).  In mice, Inhibition of p53 

was also shown to rescue NTDs in embryos. Apoptosis was associated with the 

occurrence of NTDs in Pax3 deficient embryos; loss of p53 rescued both 

apoptosis and the occurrence of NTDs (103).   Central nervous tissue from NTD 

terminated human pregnancies exhibits increased apoptosis compared to 

nervous tissue from unaffected terminated pregnancies. Spinal cord from 

anencephalic human samples demonstrated increased expression of p53, 

cleaved caspase 3 and cleaved caspase 8, and decreased expression of Pax3, 

all biomarkers of elevated apoptosis (104). Therefore, p53-mediated apoptosis 

is associated with the occurrence of NTDs. 

 Folate deficiency is established as a risk factor of NTDs. Folic acid 

supplementation has been shown to reduce the risk of NTD affected births 

(105). Mouse models of folic-acid responsive NTDs indicate that impaired de 

novo dTMP biosynthesis is the mechanism by which folate deficiency causes 

NTDs. Treatment with the DHFR inhibitor methotrexate increased occurrence 

of NTDs in mice (106). Shmt1-/+ mice have folate responsive NTDs and 

increased uracil in DNA in liver and colon tissue (32, 33), linking DNA uracil-

induced apoptosis to folic-acid responsive NTDs.  
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9.5. Neurodegeneration 

 Recently, BER has been shown to be critical in mediating 

neurodegeneration. Hoch et al showed that single strand break repair was 

required for neurodegeneration to occur. Mutations in the BER protein Xrcc1 

were associated with ocular motor apraxia, axonal neuropathy, and cerebellar 

ataxia. Loss of Parp1 partially rescued the occurrence of neuronal cell death 

and ataxia in Xrcc1 deficient mice (107). This suggests apoptosis or PARP1-

mediated necrosis is the mechanism by which neurodegeneration occurs.  

Given that uracil in DNA is removed by BER, apoptosis or necrosis induced by 

uracil incorporation is linked to neurodegeneration.  

 Folate deficiency has been shown to be associated with 

neurodegeneration. Embryonic cortical neurons and SH-SY-5Y human 

neuroblastoma cells cultured in folate deficient media exhibited Alzheimer’s-like 

changes including increased ROS, phosphorylation of the protein Tau, and 

increased cell death (108). In this study, phosphatidylserine externalization and 

DAPI staining of pyknotic nuclei were used to measure cell death; neither of 

these methods distinguish between apoptosis and necrosis. Therefore, folate 

deficiency may be inducing apoptosis or necrosis via uracil incorporation, 

although direct measures of uracil in DNA in neurodegeneration are lacking. 

Conversely, loss of the repair enzyme UNG has also been shown to 

induce neurodegeneration in mice. Kronenberg et al showed that folate 

deficiency induced CA3 hippocampal neurodegeneration, impaired cognitive 

function, and alterations in mood, in UNG-/- but not UNG +/+ mice. Uracil in 
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DNA from brain tissue was increased in UNG-deficient mice, compared to 

control; this phenotype was further exacerbated by folate deficiency. Therefore, 

increased uracil incorporation, and not DNA repair following uracil incorporation, 

was associated with increased neurodegeneration. The authors suggest 

increased mitochondrial mutation induced by loss of the mitochondrial UNG1 

may lead to impaired mitochondrial function, leading to neurodegeneration 

(109).  

 

10. Uracil in DNA as a biochemical signal 

 More evidence is required to determine if uracil in DNA acts as more than 

a source of DNA damage. The relative contribution of cytosine deamination, 

uracil misincorporation, and uracil repair in maintaining steady state levels of 

uracil is still unclear. Studies looking at all these aspects simultaneously in a 

single model system are required. Understanding how these pathways are 

affected across different nutritional conditions and among tissues would help 

determine if uracil incorporation in DNA is simply “tolerated” or is being 

regulated at certain levels. 

 It is still unclear whether or not uracil in DNA, or its excision, induce 

meaningful changes in gene expression. In vitro transcription factor binding 

studies have revealed changes in binding capacity following uracil substitution 

(79, 80), but in vivo studies are required. Uracil in DNA may signal changes in 

gene expression through modified transcription factor binding and/or 

recruitment, or repair-mediated transcriptional stalling or gene activation.  Low 
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resolution uracil sequencing technologies have revealed that genomic 

distribution of uracil in DNA is nonrandom (16, 17).  Concurrent RNA 

sequencing and high resolution uracil sequencing, when this technology 

becomes available, will help reveal if uracil in DNA  regulates gene expression 

and contributes to disease etiology.   
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14. Figure legends and tables 

Figure 1. Pathways that influence uracil accumulation in DNA. In de novo 

dTMP biosynthesis, TYMS transfers a one-carbon unit from 5,10-

methylenetetrahydrofolate, onto dUMP, synthesizing dTMP. SHMT1, DHFR, 

TYMS, and MTHFD1 are SUMOylated and form a lamin-bound nuclear 

complex at sites of DNA replication and repair. In the salvage pathway, TK1 

generates dTMP via phosphorylation of the nucleoside dT. TYMK 

phosphorylates dTMP, synthesizing dTDP. NDPK phosphorylates dTDP and 

dUDP, generating dTTP and dUTP, respectively. DNA polymerases 

incorporate dUTP into DNA. dUTPase dephosphorylates dUTP into dUMP. 

Spontaneous and enzymatic cytosine deamination by the enzymes AID or 

APOBEC can lead to U:G mispairs in DNA. Incorporated uracil is excised 

primarily by UNG, initiating uracil repair.  AID, activation induced cytosine 

deamination; APOBEC, Apolipoprotein B Editing Complex Catalytic Subunit 1; 
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DHFR, dihydrofolate reductase; dUTPase; dUTP phosphorylase; 

MTHFD1,methylenetetrahydrofolate dehydrogenase 1; NDPK, nucleoside-

diphosphate kinase; S, small ubiquitin-related modifier (SUMO), SHMT1, 

serine hydroxymethyltransferase 1; TK1, thymidine Kinase 1; TYMK, 

thymidylate kinase; TYMS, dTMP synthase; UNG, uracil N-glycosylase. 

 

Figure 2. Repair of uracil in DNA. Left: uracil in DNA is excised primarily 

by base excision repair. One of several uracil DNA glycosylases excise 

uracil, leaving an AP site. APE1 recognizes these sites and creates single 

strand breaks.   POL β fills in these sites, and LIG3 seals the nick. Right: 

Mismatch repair can excise repair uracil from DNA. Uracil is recognized by the 

MSH2-MSH6 heterodimer.  The MLH1-PMS3 heterodimer creates nick on 

either side of the uracil moiety. EXO1 degrades the nicked DNA. DNA is filled 

in by either POL δ or POL ε. BER = base excision repair. U, Uracil; UDG, 

uracil DNA glycosylase;.AP, abasic site; APE1, AP endonuclease 1; POL β, 

DNA pol beta; MSH2, MutS homolog 2; MSH6, MutS homolog 6; MLH1, MutL 

homolog 1; PMS2, PMS1 homolog 2; EXO1, Exonuclease 1; Pol δ, DNA 

polymerase δ; Pol ε, DNA polymerase ε. 

Figure 3. Consequences of uracil in DNA. Cytosine deamination induces U:G 

mispairs. In vitro replacement of thymine with uracil modifies transcription factor 

binding. Repair of uracil induces strand breaks, which can lead to mutation or 

apoptosis. Potentially, these strand breaks can induce necrosis, and modify 

gene expression through AP sites, single strand breaks, or Topo IIβ. MBD4 



46 
 

inhibits transcription, modifying gene expression. MBD4, Methyl-CpG binding 

domain ;protein 4. DSB, double strand breaks; PARP1, Poly (ADP-ribose) 

polymerase 1; AP, abasic sites; SSB, single strand breaks; Topo IIβ, 

Topoisomerase IIβ. 

 

Cell type Uracil per 
genome 

Reference 

E. coli  <5 Lari et al (20) 

S. cerevisiae 300 -1200 Owiti et al (21) 

Rat colon 
epithelium 

36,000 Choi et al (22) 

Rat fetal liver 27,000 – 45,000 Tian et al (12) 

Rat fetal brain 87,000 – 153,000 Tian et al (12) 

Mouse liver 1600 – 4000 Marcfarlane et al (13)  
Martiniova et al (23) 

Human whole blood 90,000 - 400,000 Blount et al (18) 

Human bone 
marrow 

240,000 Blount et al (18) 

HeLa 10,000 -18,000 Martiniova et al (23) 

 

Table 1: Measurements of uracil in DNA across tissue type. 

 

Name Chromosome 
Location 

Name Chromosome 
Location 

FRA1M 1p21.3 FRA11A 11q13.3 

FRA2A 2q11.2 FRA11B 11q23.3 

FRA2B 2q13 FRA12A 12q13.1 

FRA2K 2q22.3 FRA12D 12q24.13 

FRA2L 2q22.3 FRA16A 16p13.11 

FRA5G 5q35 FRA19B 19p13 

FRA6A 6p23 FRA20A 20p11.23 

FRA7A 7p11.2 FRA22A 22q13 

FRA8A 8q22.3 FRAXA Xq27.3 

FRA9B 9q32 FRAXE Xq28 

FRA10A 10q23.3 FRAXF Xq28 
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Table 2: List of folate fragile sites. Adapted from HumCFS: A Database Of 
Human Chromosomal Fragile Sites. 
https://webs.iiitd.edu.in/raghava/humcfs/index.html 
 

Condition Effect of uracil substitution 

cAMP binding to CRE Decreased binding (U:A) (80) 

cAMP binding to CRE Increased binding (U:G) (80) 

DNA structure Widened minor groove (82) 

DNAse cleavage Increased cleavage (83) 

MNase cleavge Increased cleavage (83) 

 
Table 3: Effect of uracil substitution on DNA structure and protein interaction. 
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Abstract 

Thymidylate (dTMP) biosynthesis plays an essential and exclusive function in 

DNA synthesis and proper cell division, and therefore has been an attractive 

therapeutic target. Folate analogues, known as antifolates, and nucleotide 

analogs that inhibit the enzymatic action of the de novo thymidylate biosynthesis 

pathway and are commonly used in cancer treatment.  In this review, we 

examine the mechanisms by which the antifolate 5-fluorouracil, as well as other 

dTMP synthesis inhibitors, function in cancer treatment in light of emerging 

evidence that dTMP synthesis occurs in the nucleus. Nuclear localization of the 

de novo dTMP synthesis pathway requires modification of the pathway 

enzymes by the small ubiquitin-like modifier (SUMO) protein.  SUMOylation is 
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required for nuclear localization of the de novo dTMP biosynthesis pathway, and 

disruption in the SUMO pathway inhibits cell proliferation in several cancer 

models. We summarize evidence that the nuclear localization of the dTMP 

biosynthesis pathway is a critical factor in the efficacy of antifolate-based 

therapies that target dTMP synthesis.  

 

1. Overview of folate-mediated one-carbon metabolism (FOCM) 

Folate functions as a family of enzyme cofactors that chemically activate and 

transfer one-carbon units for fundamental cellular processes including DNA 

replication and repair, mitochondrial protein synthesis and amino acid 

interconversions and catabolism 1.  The single carbons carried by 

tetrahydrofolate (THF) are generated from the catabolism of the one-carbon 

donors that include serine, glycine, sarcosine, dimethylglycine and histidine.  

Folate-activated single carbons are required for de novo purine synthesis, de 

novo thymidylate (dTMP) biosynthesis, for the remethylation of homocysteine 

to methionine and for the synthesis of fmettRNAMet 1.  Collectively, these 

pathways are known as folate-mediated one-carbon metabolism (FOCM), which 

is a network of interconnected folate-dependent metabolic pathways that are 

compartmentalized in the mitochondria, cytosol and the nucleus.   

 

In mitochondria, the inner membrane folate transporter, SLC25A32, is essential 

for mitochondrial folate accretion 2, and the mitochondrial and cytoplasmic folate 

pools don’t freely exchange 3.  In mitochondria, one-carbon donors are 
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catabolized to generate formaldehyde in the form of 5,10-methylene-

tetrahydrofolate, which is subsequently oxidized to 10-formyl-tetrahydrofolate.  

Formate is then liberated from 10-formyl-tetrahydrofolate in an ATP-generating 

reaction, and translocates to the cytosol and nucleus to support FOCM in those 

compartments 4.  Mitochondria also contain an anabolic pathway to generate 

dTMP for mitochondrial DNA synthesis 5, and mitochondrial FOCM is also 

required for fmettRNAMet synthesis, which is involved in the initiation of 

mitochondrial protein synthesis.  

 

In the cytosol, serine and mitochondrial-derived formate are the two primary 

sources of folate-activated one-carbons for folate-dependent biosynthetic 

reactions.  Formate accounts for 70-90% of total one-carbon units for 

cytoplasmic FOCM in MCF-7 cells 6,7, whereas serine catabolism in the 

cytoplasm accounts for 10-30% of total one-carbon units.  Serine is a direct 

source of single carbons in the cytoplasm through the activity of serine 

hydroxymethyltransferase 1 (SHMT1) which catalyzes the transfer of the one-

carbon unit from serine to tetrahydrofolate to form glycine and 5,10-methylene-

tetrahydrofolate (Figure 1). 

 

Mitochondrially-derived formate is also a source of 5,10-methylene-

tetrahydrofolate.  It is condensed with tetrahydrofolate to form 10-formyl-

tetrahydrofolate (Figure 1) in an ATP-dependent reaction catalyzed by the 

synthase (S) activity of the trifunctional enzyme methylenetetrahydrofolate 
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dehydrogenase (MTHFD1).  10-formyl-tetrahydrofolate can serve as a cofactor 

that supplies the 2 and 8 carbon of the purine ring for de novo purine synthesis.  

Alternatively, MTHFD1 can further process 10-formyl-tetrahydrofolate to 5,10-

methenyl-tetrahydofolate through its cyclohydrolase (C) activity, and then to 

5,10-methylene-tetrahydrofolate through the NADPH-requiring dehydrogenase 

(D) activity of MTHFD1.  5,10-methylene-tetrahydrofolate exists at a branch-

point in the FOCM network.  It is the substrate for 5,10-methylene-

tetrahydrofolate reductase (MTHFR).  The NADPH-dependent synthesis of 5-

methyl-tetrahydrofolate by MTHFR is essentially irreversible in vivo, hence 5-

methyl-tetrahydrofolate is committed to serving as a cofactor for homocysteine 

remethylation to methionine, catalyzed by the vitamin B12-dependent enzyme 

methionine synthase (MTR).   Methionine is a precursor of S-

adenosylmethionine (SAM), which is a required cofactor for over 100 cellular 

methylation reactions including DNA, histone, protein, and phospholipid 

methylation and for neurotransmitter synthesis 1.  5,10-methylene-

tetrahydrofolate is also the source of one-carbons for de novo dTMP 

biosynthesis (Figure 1). 

 

1.1 Overview of dTMP biosynthesis pathways 

The de novo dTMP synthesis pathway catalyzes conversion of deoxyuridylate 

(dUMP) to dTMP, and involves four enzymes.  SHMT1 and MTHFD1 each 

independently generate 5,10-methylene-tetrahydrofolate from tetrahydrofolate 

using serine and formate as one-carbon sources, respectively, as described 
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above. Thymidylate synthase (TYMS) utilizes 5,10-methylene-tetrahydrofolate 

as a cofactor in the conversion of dUMP to dTMP (Figure 1), oxidizing 

tetrahydrofolate to dihydrofolate. Dihydrofolate reductase (DHFR) catalyzes the 

NADPH-dependent reduction of dihydrofolate to tetrahydrofolate (Figure 1).   

 

In addition to folate-dependent de novo synthesis, thymidylate synthesis can 

occur through a salvage pathway.  Salvage synthesis occurs through the action 

of thymidine kinase (TK), which catalyzes the ATP-dependent phosphorylation 

of the nucleoside thymidine to the nucleotide dTMP.   TK1 is found in the 

cytoplasm and nucleus whereas TK2 is found within the mitochondria 8.  Both 

TK1 expression and nuclear localization increase during S-phase of the cell 

cycle and in response to DNA damage 9, but TK1 activity is low in quiescent 

cells.  TK2 is not cell cycle regulated, rather it is constitutively expressed and 

contributes to the mitochondrial dTMP pool to support mitochondrial DNA 

synthesis, which is required even in post-mitotic tissues 10.  In animal cells, 

salvage pathway synthesis generally does not provide sufficient levels of dTMP 

to meet DNA synthesis requirements. 

 

2. Causes and consequences of impaired de novo thymidylate 

biosynthesis. 

Impaired de novo dTMP synthesis creates imbalances in dNTP pools, which are 

mutagenic 11, stall replication forks, and induce cell cycle arrest and apoptosis12.  

Impaired de novo dTMP synthesis also increases rates of uracil 
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misincorporation into DNA13,14.  DNA polymerases can incorporate either dTTP 

or dUTP during DNA replication when there is an “A” base on the template 

strand, and will increase dUTP incorporation into DNA when dTTP becomes 

limiting.   Both rates of cell division and of uracil accumulation into DNA may be 

affected by the dUTP/dTTP ratio15.   

 

The main consequence of uracil in DNA is DNA single- and double-strand 

breaks generated by DNA repair enzymes. Mammalian cells possess redundant 

pathways to both limit and repair uracil misincorporation.  Deoxyuridine 

triphosphatase (dUTPase) catabolizes dUTP making it unavailable for DNA 

synthesis15 .  Once dUTP is incorporated into DNA, one of several uracil DNA 

glycosylases initiate base excision repair. Uracil DNA glycosylase (UNG2 is the 

nuclear isozyme and UNG1 is the mitochondrial isozyme) is considered to be 

the primary glycosylase that targets uracil in DNA.  However, other glycosylases 

contribute to uracil excision including Single-Strand-Selective Monofunctional 

Uracil-DNA Glycosylase 1 (SMUG1).  In base excision repair, DNA glycosylases 

cleaves uracil from the sugar phosphate backbone, leaving an abasic (AP) site. 

This site is then cleaved by AP endonuclease (APE1) creating a single-strand 

break. Single-strand breaks can either be processed by short- or long-patch 

repair, removing a single or several nucleotides, respectively. DNA polymerase 

ß fills these sites 16,17  .  Hence, excision of uracil directly leads to the formation 

single- and double-strand breaks that can be lethal 18 . Excessive repair of 

double-strand breaks can lead to activation of p53-mediated apoptosis 19.  The 



54 

impact of altered expression of the enzymes that constitute the de novo dTMP 

pathway on the functioning of de novo dTMP biosynthesis and DNA stability has 

been studied in genetic knockout mouse models, and in studies of gene variants 

and inborn errors of metabolism (IEMs).  

 

2.1 Thymidylate synthase.  Mice homozygous for a single amino acid change 

at position 106 in TYMS, generated through N-ethyl-N-nitrosourea (ENU) 

mutagenesis, display an early embryonic lethal phenotype, demonstrating that 

TYMS is essential.  Interestingly, mice heterozygous for the mutation are viable 

but compensate for the mutation by increasing TYMS protein synthesis such 

that heterozygous mutants express more TYMS in the liver than wild-type 

littermates 20. 

 

TYMS expression is highly regulated at the transcriptional and translational 

levels.  TYMS transcription is regulated by activating factors that bind to 28-bp 

tandem repeats in the promoter.  The 28-bp tandem repeats in the 5’UTR most 

commonly exist as either two repeats (2R) or three repeats (3R), though some 

populations have been reported to have four to nine repeats 21,22.  These repeat 

sequences contain enhancer box (E-box) sequences, which bind numerous 

upstream stimulating factors to increase TYMS transcription 21.  TYMS 

expression is higher in individuals with the 3R allele compared to the 2R allele, 

and this affects both response to chemotherapeutic agents and risk for several 

types of cancer 21.  For instance, those carrying the 2R allele may have 
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increased risk for colorectal cancer and head and neck squamous cell cancer, 

though risk may be different among different populations 21.  Recent 

investigations have assessed the relationship between TYMS polymorphisms 

and cancer risk on treatment response, but findings are not consistent23-27. 

TYMS mRNA levels increase as much as 20-fold in S-phase for DNA synthesis 

28, driven by the E2F transcription factor 29.  E2F also drives expression of other 

proteins required for cell cycle progression, DNA damage response, and stress 

response 30.  E2F is regulated by the retinoblastoma (Rb) tumor suppressor 

protein.  In quiescent cells, hypophosphorylated Rb binds E2F and represses 

transcription.  However, in proliferating cells Rb becomes hyperphosphorylated 

which causes dissociation of Rb from E2F, allowing for E2F-activated 

transcription.  E2F hyperphosphorylation also contributes to stimulating the G1 

to S transition in some cell types 30-32. The TYMS protein binds to its own mRNA, 

which serves to suppress its own translation.  Interestingly, TYMS protein can 

only bind its mRNA when its active site is unoccupied by folate or nucleotide 

substrates. This regulatory response can modulate response to 5-FU and 

possibly other antifolate compounds by modulating rates of TYMS translation 

33.  

 

2.2 Dihydrofolate reductase. There are no reports characterizing a DHFR-

deficient mouse, although given its role in regenerating tetrahydrofolate 

cofactors from dihydrofolate, it is assumed to be essential for life.  Patients with 

IEMs in DHFR usually present with megaloblastic anemia as a result of 
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inadequate RBC precursor synthesis due to insufficient dTMP synthesis to 

support DNA replication, resulting in impaired cell division 34,35.  These patients 

also exhibit neurological and psychomotor impairments due to low folate levels 

within the cerebrospinal fluid.  Both hematological and neurological symptoms 

improve clinical symptoms in most cases treated with high doses of reduced 

folate such as folinic acid 34,35. 

  

Transcription of DHFR, like TYMS, in S-phase is driven by the E2F transcription 

factor which (for DHFR) works in concert with the Sp1 transcription factor 32. 

DHFR protein also binds its own mRNA when its active site is unoccupied and 

thereby autoregulates its translation.  One of the first successful and still widely 

used antifolates, methotrexate (MTX), targets DHFR 36.  Binding of MTX to 

DHFR inhibits DHFR activity, and also disrupts the interaction between DHFR 

and its own mRNA, relieving the repressed DHFR translation and leading to 

increased DHFR protein levels 32,37,38. Many cells develop resistance to MTX 

due to de-repression of DHFR translation by preventing DHFR from binding to 

its own mRNA 36.   A 19-bp deletion polymorphism in intron 1 of DHFR affects 

both DHFR transcription and translation, and has been linked to increased risk 

for several folate-associated pathologies, but not all studies agree and/or risk 

varies by population (reviewed extensively in Abali et al 32).   

 

2.3 Serine hydroxymethyltransferase. The Shmt1 knockout mouse is viable 

and fertile, and its primary phenotype is decreased rates of de novo dTMP 
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synthesis and increased incorporation of uracil in nuclear DNA 39,40.  The Shmt1 

mouse is the only FOCM enzyme knockout mouse model to develop folate-

responsive NTDs 41.  Shmt1 heterozygosity on the Apcmin/+ background 

increased tumor number and tumor load compared to Shmt1+/+ mice on the 

Apcmin/+ background. A common polymorphism in the SHMT1 gene, C1420T (rs 

1979277), exacerbated the effect of the MTHFR polymorphism that increased 

the risk of cardiovascular disease in the Nurses’ Health Study 42 and also 

contributed to reduced risk of ALL in individuals who are homozygous for the 

TYMS 3R allele 43.  

 

SHMT1 is translated through both a cap-dependent mechanism and through an 

internal-ribosome entry sequence (IRES) (cap-independent) mechanism 44-46.  

IRES-mediated translation of SHMT1 is mediated by the mRNA binding protein 

eIF2 and is responsive to several factors including heavy-chain ferritin binding 

and UV-induced DNA damage 44,46.  Interestingly, although the SHMT1 IRES is 

part of the 5’UTR of the mRNA, cooperation between ITAFs in both the 5’UTR 

and the 3’UTR work in concert to facilitate SHMT1 translation 45. 

 

2.4 Methylenetetrahydrofolate dehydrogenase.  Mthfd1gt/gt embryos exhibit 

an early embryonic lethal phenotype; Mthfd1gt/+  embryos are viable and do not 

develop NTDs 47. Recently, several IEMs in MTHFD1 in humans have been 

identified using exome-capture sequencing, and these mutations result in 

clinical phenotypes including severe combined immunodeficiency (SCID) 48,49.  
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One proband inherited two mutations resulting in decreased MTHFD1 protein 

levels and severely impaired cyclohydrolase/dehydroganse (C/D) enzyme 

activity.  Cultured fibroblasts from the proband exhibited elevated 

homocysteine, impaired de novo dTMP synthesis and DNA damage, while de 

novo purine biosynthesis was unaffected 50. The common MTHFD1 G1958A 

(R653Q) polymorphism (rs2236225) results in decreased 10-

formyltetrahydrofolate synthetase activity 51.  The rs2236225 polymorphism is 

associated with increased risk for neural tube defects and fetal loss as well as 

breast and gastric cancers 52-55.  

 

2.5 Mitochondrial thymidylate synthesis.  Mitochondria also synthesize 

dTMP from both salvage (via TK2) and de novo (via SHMT2, DHFRL1, and 

TYMS) pathways.  IEMs resulting from either compromised mitochondrial DNA 

(mtDNA) synthesis or nucleotide precursor synthesis lead to mitochondrial 

depletion syndromes (MDS).  IEMs in genes including TK2, TYMP, RRM2B, 

POLG, and DGUOK are some examples of genes associated with MDS, and 

this topic has been recently reviewed elsewhere 56.  Chinese Hamster Ovary 

(CHO) cells lacking SHMT2 exhibit increased uracil in mtDNA and impaired 

mitochondrial de novo dTMP synthesis 5. 

 

3. De novo thymidylate biosynthesis is a target for cancer therapy 

Shortly after the discovery of folate as an essential factor for mammalian DNA 

synthesis, folate antagonists were developed as anticancer agents to impair 
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DNA synthesis in transformed cells.  Pharmaceuticals that target enzymes in 

the folate-dependent dTMP biosynthesis pathway were developed including 

aminopterin, methotrexate, and nucleoside analogs 57.  5-fluorouracil (5-FU) is 

the most widely used of the therapeutic agents that target TYMS and is used in 

the treatment of breast, colorectal, epithelial, esophageal and pancreatic 

cancers 58.  The antifolates Pemetrexed and Raltitrexed also inhibits TYMS and 

are used to treat lung and colorectal cancer 57. 

 

3.1 TYMS inhibition. The canonical mechanism of 5-FU-mediated cell death is 

TYMS inhibition. Thymidine phosphorylase (TP) converts 5-FU into 5-

fluorodeoxyuridine (5-FdUrd), and TK1 phosphorylates 5-FdUrd, generating 5-

fluorodeoxyuracil monophosphate (FdUMP) (Figure 2).  The 5-FU metabolite, 

FdUMP, acts as a dUMP substrate analogue for TYMS.  FdUMP, TYMS, and 

5,10-methylene-tetrahydrofolate form a stable ternary complex 59,60 resulting in  

covalent bond formation between FdUMP and TYMS.  The inactivation of TYMS 

activity causes dUMP accumulation and depleted dTTP pools, resulting in 

“thymineless cell death” 61.  Impaired dTMP biosynthesis results in accelerated 

rates of genomic uracil incorporation 39,40 and DNA repair 16,17.  The resulting 

futile cycles of uracil misincorporation and excision result in an accumulation of 

DNA strand breaks, as described earlier.  

 

3.2 5-FU incorporation into DNA.  In addition to TYMS inhibition, FdUTP can 

be incorporated into DNA.  Thymidylate kinase (TMPK) converts FdUMP to 
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FdUDP, and nucleoside diphosphate kinase (NDPK) phosphorylates FdUDP to 

FdUTP (Figure 2). There is evidence to suggest that FdUTP incorporation 

contributes significantly to 5-FU-mediated toxicity. In mammalian cells, 5-FU 

treatment leads to 5-FdU incorporation into DNA at levels higher than uracil 

incorporation in DNA. However in yeast exposed to 5FU, uracil levels in DNA 

exceed genomic 5-FdUTP levels 62.  Inhibition of UNG expression sensitizes the 

ovarian cancer cell line OVCAR-5 to 5-FdU, but not to Raltitrexed. This suggests 

that 5-FdU in DNA has a significant toxic effect 63 compared to dU incorporation 

alone, as would be expected from Raltitrexed treatment.   

 

Current evidence suggests that cytotoxicity of 5-FdUMP present in the genome 

is a consequence of DNA repair and the resulting lesions. In vitro assays with 

DNA polymerase δ indicate that synthetic oligonucleotides containing 5-FdU do 

not decrease rates of DNA synthesis or stall DNA replication itself 63. 5-FdUTP 

that is incorporated into DNA is recognized and excised by base excision repair 

machinery by the same mechanisms that remove genomic uracil 64.  In the 

absence of UNG, 5-FdUMP in DNA is removed by another DNA glycosylase, 

thymine DNA glycosylase (TDG). TDG-mediated excision results in persistent 

strand breaks and delayed S-phase progression. Unlike other uracil DNA 

glycosylases, TDG is post-translationally modified by the Small Ubiquitin-like 

Modifier (SUMO), and SUMOylation is required for TDG dissociation from AP 

sites and subsequent APE1 loading 65. This requirement for SUMO modification 

is hypothesized to delay onset of base excision repair, leading to increased half-
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life of these intermediate sites which can lead to replication fork stalling and 

collapse.  Additionally, MEFs derived from Tdg-/- mice are resistant to 5-FU 66. 

Hence repair of repair of 5FdU in DNA by TDG plays a meaningful role in 5-FU 

mediated toxicity. 

 

3.3 5-FU incorporation into RNA. 5-FU incorporation into RNA may or may 

not make meaningful contributions to its cytotoxicity. 5-FU is converted to 5-

fluorouracil triphosphate (FUTP), through the collective actions of orotate 

phosphoribosyltransferase (ORPT), uridine monophosphate kinase (UMPK), 

and uridine diphosphate kinase (UDPK) (Figure 2). Alternatively, 5-fluorouridine 

(5-FUrd) can be administered and converted to FUMP via uridine kinase (UK), 

and subsequently converted to FUTP via UMPK and UDPK.  FUTP can be 

incorporated into newly synthesized RNA. Following exposure to 5-FU, its 

incorporation into RNA is reported to be 3,000 – 15,000 times higher than its 

incorporation into DNA; furthermore, 5-FU cytoxicity is partially rescued by 

ribonucleosides, but not dexoyribonucleosides in HeLa cells and SW480 colon 

cancer cells 67. HeLa cells exposed to 5-FUrd, but not 5-FdUrd, exhibit stress 

granule formation. Stress granules are cytosolic aggregations of RNA and 

protein formed under stress, which house stalled translation complexes 68.  

Stress granules are hypothesized to be a defense to prevent improper 

translation, and can undergo re-initiation of translation or degradation. This 

effect is also seen with other RNA incorporating drugs 68.  
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The cytotoxicity of 5-FU in RNA appears to be caused by impaired RNA 

processing, as opposed to direct translational inhibition as 5-FU substitution in 

mRNA does not affect the rate of in vitro translation 69. 5-FU incorporation into 

rRNA in vitro prevents its degradation by exoribonuclease Rrp6, suggesting 

turnover of rRNA is impaired in yeast cells 70. 5-FU incorporation into mRNA 

also alters splicing in vitro 71, as 5-FU treated HeLa cells exhibited impaired 

splicing of pre-mRNA.   Injection of 5-FU synthesized mRNA did not exhibit 

impaired splicing 72, rather incorporation of 5-FU into snRNA impairs the 

function of the splicing machinery.  However, investigations of 5-FU tumor 

resistance have not revealed a role for 5-FU incorporation into RNA as having 

a primary effect in 5-FU efficacy as a chemotherapeutic agent. 

 

4. Mechanisms of 5-FU resistance. 

4.1 5-FU catabolism. Cancer cells can become resistant to 5-FU by increasing 

rates of 5-FU catabolism or by increasing rates of de novo dTMP biosynthesis.  

Dihydropyrimidine dehydrogenase (DPD) in the liver catabolizes 5-FU into 

dihydrofluorouracil (DHFU), metabolizing 80% of the 5-FU 73 (Figure 2). 

Mutations in the DPYD gene, which encodes DPD, result in impaired liver DPD 

activity, a condition known as DPD deficiency. DPD deficiency is linked to 

increased cytotoxicity in 5-FU treated patients 74. Conversely, the efficient 

degradation of 5-FU by DPD limits the usefulness of the drug. The oral 5-FU 

prodrug Capecitabine circumvents this degradation.  
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4.2 Salvage enzyme and TYMS expression. TYMS levels can increase in 

response to 5-FU treatment 58, and increased TYMS gene expression is 

associated with poor response to 5-FU treatment 75-78. Elevated levels of DPD, 

TYMS, and thymidine phosphorylase (TP)  are correlated with increased 5-FU 

chemoresistance and decreased survival Bai, et al. 79. However, Li et al found 

there was no correlation observed between mRNA levels of TP, DPD, or TYMS 

and breast carcinoma tumor size, node status, or histological grade, although 

elevated TYMS mRNA levels were found to be correlated with shorter survival. 

The mRNA expression of these genes had high variation, which may have 

obscured significant correlations80. Increased TYMS and TP levels were 

correlated with lymph node recurrence in advanced gastric cancer 81, and 

consistent with observations that injected TP overexpressing cells in BALB/c 

mice are sensitized to 5-FU 82. As extensively reviewed in Bronckaers et al, TP 

promotes tumor growth and metastasis, but is also necessary to activate 5-FU 

prodrugs 73. 

 

4.3 Folate status modifies 5-FU sensitivity.  In humans the addition of 

leucovorin to 5-FU treatment has been shown to be more effective than 5-FU 

alone 83.  Leucovorin, which is a natural form of folate, 5-formyl-tetrahydrofolate, 

can be converted to 5,10-methylene-tetrahydrofolate in the cell, supporting the 

formation of the TYMS-5-FdUMP-5,10-methylene-tetrahydrofolate ternary 

complex 59,60. The addition of leucovorin has been shown to sensitize cancer 

cells to 5-FU 84.  Leucovorin supplementation has been shown to increase 
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ternary complex formation in MCF-7 breast cancer cells and NCI H630 colon 

cancer cells 85.  These findings indicate that elevated cellular folate levels 

increase 5-FU efficacy. The FOLFOX regimen, which is formulated to include 

oxaliplatin, (a platinum-based agent which forms intra- and inter-strand 

crosslinks in DNA), leucovorin and 5-FU, has been shown to further increase 5-

FU efficacy in the treatment of metastatic colorectal cancer 86. 

 

5. Emergence of nuclear OCM as the source of thymidylate synthesis in 

mammals. 

Until recently, it was assumed that dTMP synthesis occurred in the cytoplasm, 

with dTMP translocating to the mitochondria or nucleus for DNA replication.  The 

enzymes that constitute the de novo dTMP synthesis pathway were originally 

localized to the cytosol in both mammalian cells and yeast.  However, in the 

1980s, there were reports demonstrating that TYMS could also be localized to 

the nucleus.  Thereafter, co-sedimentation and co-fractionation experiments in 

mammalian cells indicated that some, but not all, of the enzymes involved in 

deoxynucleotide biosynthesis were found to co-localize in a multiprotein 

complex with the DNA replication machinery, and this complex was referred to 

as the “replitase”87-89.  Interestingly, the nuclear localization of TYMS was not 

observed in yeast, rather S. cerevesiae TYMS was found to localize to the 

nuclear periphery 90.  Hence, it was not clear whether the entire de novo 

biosynthesis pathway was present in the nucleus, or if dTMP biosynthesis 

occurred in the nucleus. 
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Radiolabeling experiments using isolated nuclei from S-phase blocked cells 

demonstrated that nuclei are capable of de novo thymidylate biosynthesis using 

either serine (via SHMT) or formate (via MTHFD1) as one-carbon donors 7,91. 

This raises the possibility that dTMP synthesis occurs exclusively in the nucleus 

only during S phase. Formation of a multienzyme complex and the associated 

protein-protein interactions are essential for the functioning of the de novo 

dTMP synthesis pathway, as sonicated nuclei have greatly reduced de novo 

dTMP biosynthesis activity92.  Furthermore, the de novo dTMP biosynthesis 

complex was found to localize to sites of DNA synthesis and associate with 

nuclear lamin proteins and other components of the DNA replication machinery 

including PCNA 92.  The co-localization of the de novo dTMP synthesis pathway 

to cellular compartments associated with DNA synthesis is not unique to the 

nucleus, as the de novo dTMP synthesis pathway also has been found to 

function in purified mitochondria, involving the enzymes TYMS, DHFR2, and 

SHMT2 5. 

 

The mammalian enzymes that constitute the de novo dTMP biosynthesis 

pathway including DHFR, SHMT1, TYMS, and MTHFD1 undergo SUMOylation 

at the G1/S boundary and in response to UV-induced DNA damage leading to 

SUMO-dependent nuclear import 46,93,94.  The multienzyme complex 

responsible for nuclear de novo dTMP biosynthesis is essential to prevent high 

levels of uracil incorporation into DNA in mice 40.  Previous studies have 
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demonstrated that SHMT1 expression can determine rates of de novo 

thymidylate biosynthesis in cultured cells  95 and expression of catalytically-

inactive SHMT1 mutants also stimulate de novo dTMP biosynthesis 92.  Yet, 

formate, through the activity of MTHFD1, is the primary source folate-activated 

one-carbons for de novo dTMP synthesis 6.  These experimental findings were 

explained by the observation that SHMT1 acts as a scaffold protein that is 

essential for the co-localization of MTHFD1, TYMS and DHFR, and that SHMT1 

nuclear localization is necessary for de novo dTMP complex formation 44,50,92.  

SHMT1 binds tightly to lamin A and lamin B proteins, and serves to tether 

TYMS, DHFR and MTHFD1 to the nuclear lamina 50,92.  Interestingly, 

overexpression of the SHMT1 cDNA in mice results in high levels of SHMT1 

protein in liver, but impaired nuclear localization of SHMT1, leading to 

depressed rates of de novo dTMP biosynthesis in isolated nuclei, and up to 10-

fold increased levels of uracil in mouse liver nuclear DNA40.  These studies 

demonstrate the importance of nuclear localization of the de novo dTMP 

synthesis complex in preventing uracil accumulation in DNA and maintaining 

genome stability. 

 

Formation of a nuclear de novo dTMP synthesis complex appears to be unique 

to mammalian cells, and the evolution of nuclear dTMP synthesis may provide 

several advantages in limiting genome instability. In response to DNA damage, 

yeast increase dNTP concentrations 6-8 fold 96 and E. coli increase dNTP 

concentration 1.8-3.7 fold 97, whereas mammalian cells do not show increased 
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dNTP concentrations following DNA damage 11,98.  In both S. cerevesiae and E. 

coli, the increase in dNTP levels results in higher rates of mutagenesis 96,97. 

Thus, dTMP synthesis localized to sites of DNA synthesis may lower mutation 

rates.  Nuclear dTMP synthesis at sites of DNA synthesis allows for selective 

concentration of this deoxyribonucleotide at its only site of utilization, thereby 

limiting unnecessary synthesis and its incorporation into RNA in the cytosol.  

Provision of dTTP directly at sites of DNA synthesis may also permit the 

regulated and selective incorporation of dTTP or dUTP into DNA, although there 

is no evidence currently that uracil incorporation into the genome is regulated 

or selectively incorporated. 

 

6.0  Role of SUMOylation in cancer.  

SUMOylation of proteins is known to affect protein-protein interactions, cellular 

localization, and substrate stability 99. SUMOylation is necessary for proper 

functioning of many proteins involved in critical cellular processes such as DNA 

replication and repair 100-102, transcriptional regulation 103-105, maintenance of 

chromosomal structure 106, nuclear morphology, and nuclear import. For 

example, the E3 SUMO ligase PIASy stimulates SUMOylation of both p53 and 

Rb, inducing premature senescence 107, indicating SUMOylation is used as a 

regulator of gene transcription by the cell.  Disruption of SUMOylation 

machinery results in DNA replication and repair defects, suggesting 

SUMOylation of these components is critical. Loss of the SUMO-conjugating 

protein ligase Ubc9 leads to chromosome condensation and segregation 



68 

defects in mouse embryos, and Ubc9-deficient blastocysts have defects in 

nuclear and subnuclear architecture. Loss of Ubc9 leads to a collapse in the 

RanGDP-GTP gradient, which is critical for nuclear import and export 108.  

Cancer models show upregulation of the various SUMO components. Ubc9 is 

upregulated in HPV-positive cervical lesions 109, and in malignant and 

peritumoral squamous cell carcinoma tissues 110. As reviewed in Mattoscio et. 

al., upregulation of several SUMO proteases, which remove SUMO 

modifications (SENP1, SENP3, SENP5), has been shown to be critical for some 

cancer cell proliferation 111-114, whereas SENP2 is downregulated in 

hepatocellular carcinoma and bladder cancer 115,116.  

 

The SUMO machinery has been suggested to be an attractive target for the 

development of anticancer therapies, as disruption of SUMO components has 

been shown to affect cancer cell proliferation. Reduced Ubc9 expression 

suppresses growth of KRAS mutant colorectal cancer cells 117, and 

Spectinomycin B1,  an inhibitor of Ubc9, inhibits proliferation of MCF-7 breast 

cancer cells 118.  Reduced expression of the SUMO-activating enzyme subunit 

2 (SAE2) and Ubc9 impair cell proliferation in cancer cells as does reduced 

expression of SAE2 alone in U2OS osteosarcoma cells.  HCT116 colorectal 

carcinoma cells with reduced SAE2 expression exhibit elevated rates of 

apoptosis and senescence, with xenografts exhibiting lower rates of tumor 

growth in mice 119.  Disruption of deSUMOylating enzymes also impairs cancer 

cell proliferation.  Reduced expression of SENP1 leads to growth arrest and 
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apoptosis in multiple myeloma cells 120 and inhibits cell proliferation in prostate 

cancer cells 121.  Reduced SENP5 expression inhibits cell proliferation and 

causes defects in nuclear morphology in HeLa cells 122.  

 

7. Reevaluating mechanisms of 5-FU toxicity and its function in the 

nucleus. 

Advances in the fundamental understanding of the nuclear compartmentation 

of de novo dTMP biosynthesis prompts a reevaluation of the mechanisms of 5-

FU cytotoxicity. There is evidence that nuclear compartmentation of the de novo 

dTMP synthesis pathway modifies 5-FU efficacy.  A higher ratio of 

nuclear:cytoplasmic TYMS was shown to be significantly correlated with 

decreased survival in colorectal cancer123. Additionally, increased nuclear 

TYMS expression is associated with poor response to 5-FU in colorectal 

carcinoma 124. Other antifolates may function to impair nuclear dTMP synthesis, 

as MTX has been shown to almost completely block nuclear translocation of 

DHFR in acute myeloid leukemia cells 125. Thus, nuclear localization of the de 

novo dTMP biosynthesis pathway may be a critical predictor of 5-FU mediated 

toxicity. Interestingly, a common SHMT1 variant, SHMT1 C1420T (rs 1979277), 

results in an amino acid substitution (Leu474Phe) located at the interface where 

Ubc9 and SHMT1 interact when SHMT1 undergoes SUMOylation 93. This 

SHMT1 polymorphism impairs the post-translational SUMO modification of 

SHMT1 and its nuclear localization 94, and hence would be expected to 

decrease total dTMP synthesis capacity. SHMT1 C1420T was associated with 
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better response and longer progression-free survival in patients with metastatic 

colorectal cancer treated with bevacizumab+ FOLFIRI (5-FU, leucovorin, 

irinotecan) 126. Barcelos et. al. also found that SHMT1 C1420T was associated 

longer progression-free survival with FOLFIRI treatment in metastatic colorectal 

cancer 127. The discovery of SUMO-dependent nuclear de novo dTMP synthesis 

in mammalian cells raises the possibility of novel strategies to target de novo 

dTMP biosynthesis, with a focus on SHMT1 SUMOylation as it is essential for 

formation of the metabolic complex responsible for nuclear dTMP synthesis.   

 

8. Concluding remarks and future studies.  

To improve efficacy of antifolate based therapies, subcellular localization and 

the factors which modify localization of target proteins must be taken into 

account. Considering that nuclear localization of the de novo dTMP biosynthesis 

complex is critical for proper dTMP synthesis, further studies are needed to 

determine if pharmaceuticals that target enzymes in dTMP synthesis affect 

nuclear localization of TYMS (as shown with DHFR and MTX), and if nuclear 

localization of the pathway enzymes influences drug efficacy and cancer 

survival.  At a more fundamental level, further studies are needed to determine 

if antifolate binding to their respective enzymes induce conformational changes 

that could affect SUMOylation and nuclear import.  Because of SHMT1’s critical 

role in nuclear localization of the de novo dTMP biosynthesis complex, impairing 

SHMT1 nuclear import or lamin-binding capacity may improve antifolate based 

therapies. Considering that SUMOylation plays a critical role in nuclear 
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localization of the de novo dTMP biosynthesis complex, and in DNA replication 

and repair in general, targeted SUMO-based inhibitors could be used to 

augment antifolate treatments.  

 

 

Figure 1: Overview of folate-mediated one-carbon metabolism. Folate carries one-carbon 
units required for de novo thymidylate synthesis, de novo purine synthesis, and methylation 
reactions. THF, tetrahydrofolate; DHF, dihydrofolate; dUMP, deoxyuracil monophosphate; 
dTMP, deoxythymidine monophosphate; SAM, S-adenosylmethionine; SAH, S-
adenosylhomocysteine; MTHFD1, methylenetetrahydrofolate dehydrogenase; (S), synthase; 
(C), cyclohydrolase; (D), dehydrogenase; SHMT1, serine hydroxymethyltransferase; TYMS, 
thymidylate synthase; DHFR, dihydrofolate reductase; MTHFR, methylenetetrahydrofolate 
reductase. 
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Figure 2:  Known and potential mechanisms of 5-FU mediated cell death. 5-FU can be 
incorporated into DNA, RNA, or bind to TYMS, increasing uracil in DNA. It is unknown whether 
FdUMP binding impairs TYMS nuclear localization. It is also unknown how TYMS inhibition and 
impaired formation of the complex of de novo dTMP synthesis enzymes each contribute to uracil 
incorporation in DNA. Noncoding RNA refers to snRNA and rRNA incorporation, as described 
in section 3.3. 5-FU, 5-fluorouracil; 5-FdUrd, 5-fluorodeoxyuridine; FdUMP, 5-fluorodeoxyuracil 
monophosphate; FdUDP, 5-fluorodeoxyuracil diphosphate; FdUTP, 5-fluorodeoxyuracil 
triphosphate; FUMP, 5-fluorouracil monophosphate; FUDP, 5-fluorouracil diphosphate; FUTP, 
5-fluorouracil triphosphate; OPRT, orotate phosphoribosyltransferase; UMPK, uridine 
monophosphate kinase; UDPK, uridine diphosphate kinase; TK1, thymidine kinase 1; TMPK, 
thymidylate kinase; NDPK, Nucleoside diphosphate kinase; TYMS, thymidylate synthase. 
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Abstract 

Uracil accumulation in DNA varies among tissues. Uracil 

misincorporation results from imbalances in the dTTP/dUTP ratio and/or 

insufficient rates of uracil excision.  Elevated rates of excision repair can lead to 

DNA repair-mediated cell death. The enzyme SHMT1 is an important 

determinant of de novo dTMP synthesis capacity and uracil accumulation in 

DNA in mice.  The factors that affect uracil accumulation in DNA upon reduced 

SHMT1 expression were compared in HeLa and A549 cells; these factors 

include de novo dTMP biosynthesis, salvage dTMP biosynthesis, dUTP 

degradation by dUTPase and base excision repair.  Loss of SHMT1 expression 

in HeLa cells did not change DNA uracil levels, despite exhibiting decreased de 

novo dTMP synthesis activity, elevated TK1 expression and increased uracil 

excision repair activity. Reduced SHMT1 expression in A549 cells elevated 

uracil levels in DNA, decreased de novo dTMP synthesis activity and decreased 
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expression of TK1 and dUTPase without changes in uracil excision activity. 

These data demonstrate that distinct cells types respond differently to reduced 

SHMT1 activity with respect to regulating uracil levels in DNA.  Finally, the role 

of uracil accumulation in DNA during etoposide- and cisplatin-mediated 

apoptosis was investigated.  In A549 cells, but not HeLa cells, etoposide and 

cisplatin exposure elevated uracil levels in DNA, and reduced TK1 and 

dUTPase levels. Deoxythymidine treatment rescued drug-induced apoptosis 

and uracil incorporation in DNA. These results link DNA uracil accumulation and 

the promotion of apoptosis following etoposide and cisplatin-exposure in A549 

but not HeLa cells.  

 

Introduction 

Uracil incorporation into DNA occurs during folate deficiency in many cell 

types, as a result of impaired de novo thymidylate (dTMP) biosynthesis (1).  

Mice lacking the de novo dTMP biosynthesis enzyme serine 

hydroxymethyltransferase (Shmt1) develop folic acid-responsive neural tube 

defects (NTDs) (2, 3) and exhibit increased uracil levels in liver and colon DNA 

(2, 4).  Uracil accumulation in DNA may play a causal role in development of 

folic acid-responsive NTDs (5), but the mechanisms and candidate pathways 

that link uracil accumulation in DNA and NTD pathogenesis remains an active 

area of investigation. 

The de novo dTMP biosynthesis pathway consists of four enzymes:  

SHMT1, dihydrofolate reductase (DHFR), dTMP synthase (TYMS), and 
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methylenetetrahydrofolate dehydrogenase 1 (MTHFD1). SHMT1 transfers a 

one-carbon unit from serine to tetrahydrofolate (THF), synthesizing 5,10-

methyleneTHF: the substrate required for TYMS. TYMS transfers a one-carbon 

unit from 5,10-methyleneTHF to deoxyuridine monophosphate (dUMP), 

synthesizing dTMP (Figure 1a). De novo dTMP biosynthesis occurs in both the 

cytosol  and the nucleus (6). In the nucleus, SHMT1 functions as a scaffold for 

the assembly of the nuclear lamin-bound de novo dTMP biosynthesis complex, 

which consists of SHMT1, DHFR, TYMS, MTHFD1, and several DNA replication 

and repair enzymes (6, 7). Studies in cell culture and animal models suggest 

that nuclear localization of the dTMP biosynthesis multi-enzyme complex is 

required to meet dTMP synthesis needs for DNA replication and repair (6, 8, 9).  

Recently, arsenic trioxide exposure has been shown to be associated with 

impaired de novo dTMP biosynthesis,  elevated uracil in DNA, and apoptosis in 

HeLa cells, resulting from proteolytic degradation of SHMT1 and MTHFD1 (10).  

The salvage dTMP synthesis pathway, catalyzed by TK1, has also been shown 

to be present in both the nucleus and cytosol (11), and may be a component of 

the nuclear de novo dTMP synthesis multienzyme complex (12).   

Excessive uracil incorporation into DNA results in repair-mediated strand 

breaks and apoptosis (1). Uracil accumulation in DNA varies among tissues and 

cell types. HeLa cells are relatively resistant to uracil accumulation. Treatment 

of HeLa cells with methotrexate, a DHFR inhibitor that inhibits de novo dTMP 

synthesis, was not associated with detectable increases in uracil incorporation 

(13). Additionally, folic acid depletion in HeLa cells did not elevate uracil 
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incorporation into DNA (14).   Conversely, uracil accumulation in A549 lung 

cancer cell DNA is sensitive to SHMT1 ablation, with increased rates of uracil 

accumulation in DNA and p53-mediated apoptosis, which was rescued by 

dTMP supplementation (15). 

In addition to de novo dTMP biosynthesis, uracil accumulation in DNA is 

influenced by other pathways: salvage dTMP biosynthesis catalyzed by 

thymidine kinase 1 (TK1), dUTP degradation catalyzed by dUTP diphosphatase 

(dUTPase) (Figure 1B), and excision and repair of uracil in DNA catalyzed 

primarily by the enzyme uracil N-glycosylase (UNG).  These pathways have 

been shown to be upregulated in response to impaired de novo dTMP 

biosynthesis in some experimental systems.  For example, Shmt1-/- mice 

demonstrate increased TK1 protein levels in colon (4). UNG siRNA has been 

shown to rescue growth inhibition induced by the TYMS inhibitor 5-

fluorodeoxyuridine in HeLa cells, suggesting that DNA repair is an important 

pathway in 5-fluorodeoxyuridine toxicity (16).  

In addition, the tumor suppressor protein p53, which is responsive to 

DNA damage, has been shown to modify expression of genes that influence 

uracil incorporation, including repressing dUTPase expression (17). Reduction 

of p53 expression in IMR90 and WI38 non-immortalized fibroblast cell lines 

increased TK1 protein expression (18). Therefore, changes in pathways that 

influence uracil incorporation may be linked to mechanisms of apoptosis. Using 

HeLa and A549 cell lines, we investigated the factors that determine uracil 
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accumulation in DNA during repressed de novo dTMP synthesis, as well as the 

role of DNA uracil accumulation in apoptosis.  

 

Results 

 

SHMT1 expression differentially affects uracil accumulation in HeLa and 

A549 cells 

HeLa cells have been shown to be resistant to perturbations in de novo 

dTMP biosynthesis capacity with respect to uracil accumulation in DNA (13, 14). 

In contrast to this, reduced SHMT1 expression in A549 cells has been shown to 

increase uracil in DNA and  p53-mediated apoptosis; both of which were 

rescued by dTMP supplementation (15). 

To investigate factors that resist DNA uracil accumulation in HeLa cells, 

SHMT1 knockout (KO) HeLa cells were generated using CRISPR Cas9 (Figure 

2A). SHMT1 KO HeLa cells exhibited impaired de novo dTMP biosynthesis 

activity compared to control HeLa cells (Figure 2B), but without increased uracil 

in DNA when cells were cultured in high- or low-folate media (Figure 2C). 

In contrast, A549 cells treated with SHMT1 siRNA exhibited impaired de 

novo dTMP biosynthesis (Figure 2D) with elevated uracil in DNA when cultured 

in low-folate media   (Figure 2E), confirming previous findings (15).  To examine 

why these two cell types responded differently to reduced SHMT1 expression, 

the pathways that influence uracil accumulation in DNA were investigated; these 
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include dTMP salvage pathway expression, dUTPase expression, and uracil 

excision repair. 

 

dTMP salvage synthesis is upregulated in SHMT1 KO HeLa cells and lost 

in siSHMT1-treated  A549 cells 

TK1 phosphorylates thymidine to generate dTMP, known as the salvage 

dTMP biosynthesis pathway. TK1 protein levels were elevated by 32% in 

SHMT1 KO HeLa whole-cell lysates compared to control cells, with a 

proportional increase in TK1 in the nuclear fraction (Figure 3A, 3B), indicating 

that salvage dTMP biosynthesis is compensating for loss of de novo dTMP 

biosynthesis in HeLa cells.  Conversely, SHMT1 siRNA (siSHMT1) treatment of 

A549 cells led to a 98% loss of TK1 protein levels (Figure 3C, 3D). SHMT1 is 

not detectable in the nuclear fraction A549 cells treated with either control or 

SHMT1 siRNA(Figure 3C). In contrast to HeLa cells, TK1 localized exclusively 

to the cytosol in A549 cells. 

 

 

 

dUTPase is a key regulator of uracil misincorporation in DNA of HeLa cells 

dUTPase degrades dUTP to generate dUMP and prevent uracil 

incorporation into DNA (19). The localization of dUTPase was exclusive to the 

cytosol for both cell types. In HeLa cells, dUTPase protein levels were not 

affected by loss of SHMT1 (Figure 3A). In contrast, A549 cells treated with 
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SHMT1 siRNA exhibited  a 61% decrease in dUTPase protein expression 

(Figure 3C, 3D). Interestingly, HeLa cells exhibited 25-fold higher dUTPase 

expression compared to A549 cells (Figure 3E, 3F).  This relatively high level of 

dUTPase protein in HeLa cells (compared to A549 cells) may account for their 

resistance to dUTP misincorporation into DNA.  In support of this hypothesis, 

uracil levels in DNA from HeLa cells were sensitive to dUTPase knockdown, 

showing a 2.5-fold increase in DNA uracil levels when dUTPase levels were 

decreased 72% (Figure 3G, 3H, 3I). This suggests a high basal level of 

dUTPase expression may be the primary means of regulating uracil in DNA in 

HeLa cells by degrading dUTP and modulating the dUTP:dTTP ratio. 

 

A novel assay for detection of uracil DNA glycosylase activity 

Uracil levels in DNA are regulated by several repair enzymes known as 

uracil DNA glycosylases, limiting the availability to determine total uracil 

cleavage capacity by measuring expression of individual repair enzymes. A 

novel cell lysate assay was developed to measure total uracil excision activity 

in cells when dTMP synthesis capacity or dUTPase levels were altered (Figure 

4A). As shown, the probe does not fluoresce when either UNG activity, which 

promotes uracil base excision, or incubation at 95oC, which promotes 

oligonucleotide cleavage, is absent (Figure 4B). As a proof of principle, a time 

course of this assay is shown when the probe is incubated with HeLa cell lysate. 

Uracil excision shows a linear relationship with respect to time (Figure 4C).  

Compared to other methods of measuring UNG activity, this assay uses a 
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fluorescent probe, forgoing the need for radioactive oligonucleotides and 

requires only 1.25 µg of cell lysate per replicate. 

 

Uracil excision activity is increased during de novo dTMP biosynthesis 

disruption in HeLa, but not A549, cells 

Uracil in DNA is excised by one of several uracil DNA glycosylases, 

initiating base excision repair. SHMT1 KO HeLa cells exhibited a 27% increase 

in uracil excision activity compared to control cells (Figure 5A), and this effect 

was not modified by dT supplementation in the culture medium (Figure 5B). In 

contrast, knockdown of SHMT1 via siRNA did not affect UNG activity in A549 

cells (Figure 5C, 5D). These data suggest that uracil excision activity is elevated 

during states of impaired de novo dTMP biosynthesis, but the effect is cell-type 

specific. Additionally, the provision of thymidine in the culture medium did not 

affect uracil excision activity in either cell type. 

 

Uracil excision activity is elevated during dUTPase disruption in HeLa and 

A549 cells 

Changes in uracil excision activity were determined as a function of 

changes in dUTPase expression. Reduced dUTPase levels lead to a 2.2-fold 

increase in UNG activity in HeLa cells and 2.9-fold increase A549 cells (Figure 

5B, 5E), demonstrating that uracil repair activity is responsive to changes in 

dUTPase expression.   
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Apoptosis-inducing drugs etoposide and cisplatin reduce TK1 and 

dUTPase levels independent of p53-dependent transcriptional regulation 

The role apoptotic pathways in the reduction of TK1 or dUTPase protein 

levels in A549 cells with reduced SHMT1 expression was investigated.  To 

confirm that reduced SHMT1 expression was associated with increased 

apoptosis as shown previously (15), markers of apoptosis were measured in 

siSHMT1 A549 cells. A549 cells treated with SHMT1 siRNA exhibited loss of 

PARP1, a known marker of apoptosis. This effect was exacerbated in cells 

cultured in 2 nM folate (folate-deficient) media, when compared to cells cultured 

in 25 nM folate (folate-replete) media (Figure 6A). To confirm western blot 

analysis, Annexin V/PI dual-staining was used to quantify apoptosis in A549 

cells treated with SHMT1 siRNA by flow cytometry.  Externalization of 

phosphatidylserine to the outer leaflet of the plasma membrane is an 

established marker of apoptosis, which is detected using a fluorescent Annexin-

V probe. Propidium Iodide-positive cells are considered necrotic and not 

apoptotic. A549 cells with reduced SHMT1 expression exhibited increased 

apoptosis; this effect was also exacerbated by culturing cells in folate-deficient 

medium (Figure 6B). 

To determine if reduced SHMT1 expression affected TK1 and dUTPase 

mRNA levels, TK1 and dUTPase mRNA was quantified in A549 cells treated 

with SHMT1 siRNA. Compared to control, A549 cells treated with SHMT1 

siRNA exhibited increased dUTPase mRNA levels and decreased TK1 mRNA 

levels (Figure 6C). 
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The effects of reduced SHMT1 expression were compared to apoptotic 

drug exposure, with respect to apoptosis, TK1 expression, and dUTPase 

expression. A549 cells treated with etoposide or cisplatin exhibited loss of 

PARP1 (Figure 6A), confirming that both drug treatments induced apoptosis. 

Etoposide- and cisplatin-treated cells exhibited reduced TK1 and dUTPase 

protein levels (Figure 6A). Cells treated with etoposide, but not cisplatin, 

exhibited loss of SHMT1 protein levels (Figure 6A). These data demonstrate 

that reduction of SHMT1 levels in A549 cells phenocopies the effect of apoptotic 

drugs with respect to reduced TK1, dUTPase levels, and induction of apoptotic 

markers. 

To understand if p53 regulates TK1 and dUTPase expression in A549, 

cells were co-treated with cisplatin and the p53 inhibitor pifithrin-α. Treatment 

with pifithrin-α reduced cisplatin-mediated cleavage of PARP1 and Caspase 9 

in A549 cells (Figure 6D), suggesting pifithrin-α  inhibited p53-mediated 

apoptosis induced by cisplatin treatment. Pifithrin-α rescued loss of dUTPase 

protein levels, suggesting that p53 transcriptionally suppressed dUTPase 

expression in A549 cells (Figure 6D).  Conversely, pifithrin-α exacerbated 

cisplatin-induced loss of TK1 expression, suggesting p53 transcriptionally 

enhanced TK1 expression in A549 cells (Figure 6D). Neither cisplatin treatment 

nor pifithrin-α treatment modified SHMT1 protein levels (Figure 6D). These data 

suggest the loss of dUTPase and TK1 protein levels in A549 cells with reduced 

SHMT1 expression is not mediated by p53 transcriptional regulation, and that 

SHMT1 is not regulated by p53.   
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Etoposide- and cisplatin-induced apoptosis occurs with elevated uracil in 

DNA in A549 cells, but not HeLa cells. 

The decreased levels of TK1 and dUTPase protein in the presence of 

apoptotic drugs suggest that uracil incorporation may play a role in the induction 

of apoptosis. To determine if impaired dTMP biosynthesis was necessary for 

the induction of etoposide- and cisplatin-induced apoptosis, A549 and HeLa 

cells were co-treated with either etoposide or cisplatin and the nucleoside dT, 

the substrate for the dTMP salvage pathway. A549 cells treated with etoposide 

exhibited increased cleavage of Caspase 9 and PARP1, and co–treatment with 

dT reduced this induction, without rescuing loss of TK1 or dUTPase protein 

levels (Figure 7A). Etoposide treatment was associated with loss of SHMT1 

protein, and dT supplementation did not rescue this loss (Figure 7A). 

Additionally, A549 cells treated with etoposide exhibited significantly increased 

Annexin V/PI staining, and the effect of etoposide on this marker of apoptosis 

was significantly diminished by dT supplementation (Figure 7B). Similarly, A549 

cells treated with cisplatin exhibited a significant, but small, increase in Annexin 

V/PI staining, which was also rescued by dT supplementation (Figure 7C). 

These data suggest that dT supplementation is able to rescue drug-mediated 

apoptosis in A549 cells. 

In agreement with these apoptotic assays, A549 cells treated with either 

etoposide or cisplatin exhibited significantly increased uracil in DNA in A549 

cells; these elevated uracil levels in DNA were significantly reduced by dT 
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supplementation (Figure 7D). This suggests uracil incorporation in DNA 

contributes to the induction of apoptosis in A549 cells.  

The effect of etoposide and cisplatin on TK1, dUTPase and SHMT1 

protein levels was also determined in HeLa cells. Neither etoposide nor cisplatin 

treatment affected dUTPase expression (Figure 7E). HeLa cells treated with 

either drug exhibited increased TK1 protein levels (Figure 7E). SHMT1 protein 

expression was not affected by drug treatment nor dT supplementation in HeLa 

cells (Figure 7E). Unlike A549 cells, treatment of HeLa cells with etoposide or 

cisplatin did not reduce TK1 or dUTPase expression. 

To determine if dT supplementation rescued etoposide- or cisplatin-

induced apoptosis, western blot analysis and Annexin V/PI staining were 

performed. Treatment of HeLa cells with either etoposide or cisplatin has been 

shown to induce cleavage of Caspase 3 (20). However, dT supplementation did 

not rescue the induction of cleaved Caspase 3 or cleaved PARP1 in drug-

treated HeLa cells in contrast to the rescue effect seen in A549 cells (Figure 

7E).  Annexin V/PI staining revealed that HeLa cells treated with etoposide or 

cisplatin did not exhibit an increased  percentage of Annexin V-positive, PI-

negative cells. However, HeLa cells treated with either drug treatments 

exhibited an increase in the percentage of double positive cells, which are 

considered late apoptotic or necrotic; dT supplementation increased the 

percentage of double positive cells in etoposide-treated HeLa cells (Figure 7F). 

Thus dT supplementation did not rescue etoposide- or cisplatin-mediated 

apoptosis in HeLa cells. 
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HeLa cells treated with etoposide or cisplatin did not exhibit significantly 

affected uracil levels in nuclear DNA in HeLa cells without dT supplementation. 

However, drug-treated HeLa cells exhibited elevated DNA uracil levels in the 

presence of dT supplementation, which is contrary to expectations (Figure 7G). 

In summary, dT supplementation reduced drug-mediated apoptosis and uracil 

accumulation in DNA in A549 cells, but increased drug-mediated apoptosis and 

uracil accumulation in DNA in HeLa cells  (Figure 7H).  

 

Discussion 

This study demonstrates that factors that contribute to uracil 

incorporation into DNA are cell type-dependent. In HeLa cells, loss of SHMT1 

expression does not affect uracil incorporation in DNA, despite a decrease in 

de novo dTMP biosynthesis capacity (Figure 2B, 2C); this may be due to the 

TK1 upregulation (Figure 3A), uracil repair upregulation (Figure 5A), and high 

levels of dUTPase (Figure 3D), all of which compensate for decreased de novo 

dTMP biosynthesis capacity. Conversely, diminished SHMT1 expression in 

A549 cells is associated with downregulation of TK1 and dUTPase protein 

levels (Figure 3C) and no change in uracil repair capacity (Figure 5C).  Hence, 

the elevated uracil levels in nuclear DNA seen in folate-deficient A549 cells with 

reduced SHMT1 expression (Figure 2E) are likely the results of reduced de novo 

and salvage dTMP synthesis, as well as reduced dUTPase protein levels.   

Mechanisms responsible for minimizing uracil accumulation in DNA 

during states of  impaired de novo dTMP synthesis (e.g. folate deficiency) are 
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not fully characterized. Nuclear compartmentation of uracil-regulating enzymes 

may determine this response. Nuclear localization of de novo dTMP enzymes 

in HeLa cells has previously been established, and nuclear TK1 levels comprise 

a significant fraction of total TK1 levels in HeLa cells (Figure 3A). Conversely 

SHMT1, MTHFD1, and TK1 are undetectable in the nuclear fraction of A549 

cells (Figure 3C). Nuclear localization of de novo and salvage dTMP 

biosynthesis enzymes may allow for a more robust response to challenges to 

uracil in DNA, as is seen in HeLa cells (Figure 2C, 3A). 

The mechanisms by which apoptotic drugs repress TK1 and dUTPase 

protein levels in A549 cells also require further investigation. Treatment of A549 

cells with apoptotic agents, etoposide or cisplatin, resulted in a similar loss of 

TK1, dUTPase and PARP1 protein (Figure 6A). This suggests loss of TK1 and 

dUTPase is an effect of apoptosis in these cells; loss of these enzymes may 

increase uracil levels in DNA, contributing to the initiation of apoptosis.  This 

agrees with previous studies, showing oxaliplatin treatment lead to p53-

dependent transcriptional loss of dUTPase expression in HCT116 cells (17). In 

contrast, findings from pifithrin-α treatment of A549 cells suggests dUTPase, 

but not TK1, is suppressed by p53 (Figure 6C). However, mRNA analysis shows 

SHMT1 siRNA treatment results in elevated dUTPase mRNA, and loss of TK1 

mRNA (Figure 6D). This suggests that loss of dUTPase and TK1 seen in 

SHMT1 siRNA A549 cells is not mediated by p53-dependent transcriptional 

regulation. 



 

106 
 

We established that uracil excision activity is cell type-dependent and 

can be responsive to changes in uracil levels in DNA. Uracil repair rates 

determine whether increased uracil misincorporation leads to a higher steady-

state level of uracil in DNA, and rates of uracil excision in DNA which can 

increase strand breaks and rates of apoptosis. There are five uracil DNA 

glycosylases (UDGs) in mammalian cells which excise uracil from DNA, 

creating an abasic site that leads to initiation of base excision repair: UNG1 

(mitochondrial) UNG2 (nuclear), single-strand selective monofunctional uracil 

DNA glycosylase (SMUG1), thymine-DNA glycosylase (TDG), and methyl-CpG-

binding domain protein 4 (MBD4). UNG2 has been shown to be the primary 

uracil excision activity in human cells, with SMUG1 demonstrating functional 

redundancy. SMUG1 has been shown to be the primary UDG in brain tissue 

extract, but not in spleen, heart, muscle or liver tissue extract (21), and such 

tissue-specific differences in UDG activities may result in differential response 

to uracil accumulation in DNA.  

Uracil accumulation in DNA occurs during apoptosis in A549 cells.  Both 

loss of SHMT1 expression and etoposide treatment induced loss of TK1 and 

dUTPase and increased uracil incorporation into DNA. Supplementation with 

the nucleoside dT partially rescued both apoptosis and uracil incorporation into 

DNA, but dT did not rescue the reduction in TK1 or dUTPase protein levels 

(Figure 8A). Increased uracil levels in DNA may induce DNA repair and strand 

breaks, and ultimately amplify the effect of apoptosis, as shown previously (10). 

In contrast, apoptosis induced by etoposide in HeLa cells was not associated 
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with an increase in uracil in DNA unless cells were cultured in media 

supplemented with dT (Figure 8B). The mechanisms underlying the differential 

effects of dT supplementation on uracil levels in DNA between these two cell 

types requires additional investigation. Understanding the regulation and cross-

talk among pathways involved in uracil accumulation in DNA and subsequent 

induction of apoptosis may lead to a better understanding of the role of folate 

and de novo dTMP synthesis in the etiology of neural tube defects and colon 

cancer, and it the responsiveness of cancer treatments that involve the use of 

antifolates. 

It is likely that loss of TK1 and dUTPase following cisplatin treatment in 

A549 cells explains the effectiveness of the combination chemotherapy 

comprised of the TYMS inhibitor 5-fluorouracil (5-FU) and cisplatin. This 

combination therapy was found to have a synergistic antitumor effect (22, 23). 

Johnston et. al. found that combination treatment with these drugs in human 

colon carcinoma cells increased DNA fragmentation to a greater degree than 

either drug alone; additionally dT supplementation rescued this effect (24). As 

we have shown here, cisplatin can increase uracil incorporation into DNA, 

resulting in repair-mediated strand breaks; both of these phenotypes would be 

rescued by dT supplementation. Loss of TK1 and dUTPase would complement 

the effect of impaired de novo dTMP biosynthesis induced by 5-FU, hindering 

the cell’s capacity to compensate for uracil incorporation. 
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Experimental procedures 

Cell culture 

HeLa and A549 cells were cultured in Minimal Essential Medium (MEM), 

alpha modification (Hyclone), 10% FBS (v/v), 1X penicillin/streptomycin 

(complete media). For specified experiments, cells were cultured in modified 

MEM for four doublings, consisting of modified MEM, 0.25% sodium 

bicarbonate (w/v), 200uM methionine, 1 mg/L pyridoxine (w/v), 1X  

penicillin/streptomycin, 10% dialyzed FBS (v/v), and either 25 nM (6S)-5-

formyltetrahydrofolate or 2 nM (6S)-5-formyltetrahydrofolate.  

Generation of CRISPR lines. 

CRISPR lines were generated as described previously (25). The 

pSpCas9(BB)-2A-Puro (PX459) vector was purchased from Addgene. The 

sgRNA was generated using the online CRISPR design tool at crispr.mit.edu. 

Cloning was performed as described by Ran et al. using the following primers 

purchased by IDT: SHMT1KOF – (5’-CACCGGCCAGTCAACGGGGCCCACA-

3’) SHMT1KOR – (5’- AAACTGTGGGCCCCGTTGACTGGCC-3’). The cloned 

vectors were transformed into One Shot TOP10 Chemically Competent E. coli 

(Thermo Fisher #C404003). Plasmids were harvested using the QIAprep Spin 

Miniprep Kit (Qiagen #27104). Prior to transfection, HeLa cells were grown to 

80% confluency in 6-well plates. HeLa cells were transfected with 4 µg of either 

the backbone vector pSpCas9(BB)-2A-Puro (for CRISPR control cells) or the 

cloned pSpCas9(SHMT1KO)-2A-Puro using 8 µL of Lipofectamine 2000 

(Thermo Fisher #11668027). 24h post transfection, media was removed and 
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complete media with puromycin 2 µg/mL (Thermo Fisher #A1113802) was 

added for 48h. Puromycin- containing media was then removed and cells were 

grown in complete media until 90% confluency. Cells were then seeded at 0.25 

cells/96-well for clonal isolation. Loss of SHMT1 was assessed by western blot 

analysis. 

Immunoblotting 

Cells were harvested by trypsinization and rinsed with 1x PBS. Cells 

were resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM 

EDTA, 0.1% SDS, 0.1% Sodium Deoxycholate, Sigma Protease Inhibitor 

Cocktail P8340.) Lysates were sonicated for 5s, incubated on ice for 15m, and 

centrifuged at 15,000g for 15m at 4°C.  The supernatant was collected for 

protein quantification using the Lowry method (26). Protein was resuspended in 

6X loading buffer (375 mM Tris-HCl, 10% SDS, 50% glycerol, 9% ß-

mercaptoethanol, 0.03% bromophenol blue), and boiled at 95°C for 5m. 

50 μg of sample protein was used for immunoblotting. Proteins were 

separated on nUView 4-20% Tris-Glycine gels and transferred onto Immobilion-

P PVDF membranes (Millipore). Membranes were blocked in 5% nonfat dry milk 

in PBS-T (0.1%) for 1h. Membranes were washed with twice in PBS-T (0.1%) 

for 5m before incubating with primary antibody diluted in 3% BSA (w/v), PBS-T 

(0.1%), 0.02% NaN3 for 1h. Membranes were washed with four times PBS-T 

(0.1%) for 5m before incubating with secondary HRP-conjugated antibody 

diluted with 1:100,000 in 5% nonfat dry milk in PBS-T (0.1%) for 1hr. 

Membranes were washed with four times PBS-T (0.1%) for 5m. Bands were 
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detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce) 

and X-ray film. Densitometric analysis was performed using ImageJ software. 

Primary antibodies and dilutions were used as follows: β-Actin 1:1000 (Li-Cor 

926-42212), Caspase-3 1:1,000 (Cell Signaling 9662), Caspase-9 1:1,000 (Cell 

Signaling 9502), dUTPase 1:10,000 (abcam ab137097), GAPDH 1:50,000 

(Novus Biologicals NB300-328), laminB1 (Cell Signaling 12586), PARP1 

1:1,000 (Cell Signaling 9542), SHMT1 1:10,000,  TK1 1:5,000 (abcam 

ab76495). 

Thymidylate synthesis activity measures using the dU suppression assay 

1.5 x 105 cells were seeded in 6-well plates in culture medium consisting 

of 25 nM folate-containing media, 50 nM 3H-thymidine, 5 µM14C-deoxyuridine 

and cultured for four doublings. Cells were harvested using trypsin and rinsed 

twice with 1XPBS. Cell pellets were resuspended in 200uL 1XPBS and 

sonicated for 5s. 1ul of Invitrogen PureLink RNase A (20mg/mL) was added to 

the lysate for incubation at 37°C for 15m. DNA was isolated using the Roche 

High Pure PCR template preparation kit.  3H and 14C incorporation into DNA 

were quantified using a Beckman Coulter LS 6500 Multi-Purpose Scintillation 

Counter in dual DPM mode as previously described (REF). 

Uracil quantification in nuclear DNA 

DNA was isolated from cells as described for the dU suppression assay. 

5 μg of DNA was incubated with 0.5 units of recombinant E. coli  Uracil DNA 

glycosylase (New England Biolabs M0280) for 1 h at 37 °C. UDG was diluted 

1:100 in HPLC grade water, and 10ul was used per reaction. 50 pg of internal 
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standard uracil (13C4, 99%; 15N2, 98%, Cambridge Isotopes CNLM-3917-0.1) 

was added to each sample after incubation. Samples were desiccated until 

completely dry. Samples were then derivatized and analyzed as previously 

described (9), with the addition of correction using an internal standard.   

siRNA treatment of A549 cells 

A549 cells were transfected with siRNA using the Lipofectamine 

RNAiMAX Transfection Reagent, as specified by the manufacturer. 24h prior to 

transfection, cells were seeded at 1.5 x 105 cells/well in 6-well plates in either 

MEM, modified MEM containing 25 nM folate, or modified MEM containing 2 nM 

folate as specified. 6 µL of RNAiMAX reagent was used per reaction. For 

SHMT1 knockdown, 45 pmol of each siRNA was used (FlexiTube SHMT1 

#1027416, a package of four preselected siRNAs per gene). For control, 180 

pmol of AllStars Negative Control siRNA were used (Qiagen #1027280). Cells 

were harvested for assays 96 h post transfection. 

 

Uracil Excision Activity Assay 

A novel assay was developed to measure uracil excision activity in whole 

cell lysates.  The assay uses a single-stranded oligonucleotide with an internal 

deoxyuridine, a 5’ FAM fluorophore, and a 3’ Black Hole Quencher. The 

oligonucleotide produces no fluorescence on its own due to the Black Hole 

Quencher. However, when incubated with cell lysate, UNG will excise the 

internal deoxyuridine. Further incubation at 95 °C for 20 m will lead to 

simultaneous cleavage and cell lysate inactivation, resulting in signal 
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proportional to UNG activity, which can then be quantified on any high 

throughput PCR platform. The probe used for this assay was produced by IDT 

as follows /56-FAM/AATAATAA TA/ideoxyU/ TAATAATAAT/3BHQ_1/.  Freshly 

harvested cells were resuspended in 1x PBS with Protease Inhibitor and 

sonicated for 5s. The Lowry assay was used to quantify protein concentration 

of cell lysates. Lysates were diluted to 0.25 µg/µL. 5 µL of diluted lysates was 

added to 2X Master Mix(1 µL NEB Buffer 4, 1 µL 10 µM probe, 3 µL H2O) in 

quadruplicates. Two replicates were used to establish a zero time point at 95 

°C for 20 m, and two for incubation at 37 °C for 30 m and then 95 °C for 20 m. 

A positive control using 2 μL of UDG was also included. After incubation, 25 µL 

of H2O was added to each sample. 10 µL of each sample was loaded in 

triplicates on 96-well qPCR plates. Plates were read on the Roche Lightcycler 

480 II. Activity was calculated as follows Uracil Excision Activity = 

((Fluorescence30m time point – Fluorescence0m time point)/(FluorescenceUDG treatment – 

Fluorescence0m time point))*100% 

 

Drug treatments 

Etoposide (Sigma E1383) was dissolved to 85 mM (1000x) in DMSO and 

used immediately. Cisplatin (Sigma C2210000) was dissolved to 1 mg/mL 

(100x) in 0.9% NaCl (w/v) and stored at -20°C until use. Pifithrin-α (Sigma 

P4359) was dissolved to 25 mM (1000x) in DMSO and stored at -20°C until use. 

Thymidine (Calbiochem #6060) was dissolved to 5 mM (100x) in H20 and stored 

at -20°C until used. Cells were seeded and grown in their respective media for 
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2 doublings before adding drug treatments. Cells were harvested 48 h post drug 

treatment.  

 

Annexin V/PI staining 

Annexin V, Alexa Fluor™ 488 conjugate (Thermo Fisher A13201) was 

used as per manufacturer’s instructions.  After treatment, cells were trypsinized, 

rinsed with Annexin Binding Buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM 

CaCl2, pH 7.4), and resuspended in 100 µL of Annexin Binding Buffer with 

Annexin V diluted 1:10, and propidium iodide 1 µg/mL for 20 m at RT. Cells were 

then rinsed once and resuspended in 200 µL in Annexin Binding Buffer. 

Fluorescence was measured on the BD FACSAria Fusion Fluorescence 

Activated Cell Sorter, which is administered by the Cornell University Institute 

of Biotechnology Imaging Facility
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Figures and Legends 

 

 

Figure 1. Uracil incorporation in DNA. (A) A one-carbon unit is transferred from 5,10-

methylenetetrahydrofolate, to dUMP, synthesizing dTMP. SHMT1, DHFR, TYMS, and MTHFD1 undergo 
SUMOylation and nuclear import to form a  multienzyme complex at sites of DNA replication and repair. 
MTHFD1, methylenetetrahydrofolate dehydrogenase 1; S, small ubiquitin-related modifier (SUMO), 
SHMT1, serine hydroxymethyltransferase 1; DHFR, dihydrofolate reductase; TYMS, dTMP synthase. (B) 
The relationship among the pathways that influence uracil accumulation in DNA. De novo dTMP 

biosynthesis generates dTMP from dUMP as described in Panel A. TK1 synthesizes dTMP by 
phosphorylation of dT. dUTP is degraded into dUMP via dUTPase. dUTPase; dUTP phosphorylase; TK1, 
thymidine Kinase 1 
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Figure 2.  Loss of SHMT1 expression has different effects on uracil accumulation in HeLa and A549 cell 
nuclear DNA.  (A) Western blot analysis of isogenic CRISPR control and CRISPR SHMT1 KO HeLa cell 
lines, confirming loss of SHMT1. Molecular weight indicators are shown. (B) CRISPR SHMT1 KO cell lines 
have impaired de novo dTMP biosynthesis and increased salvage dTMP biosynthesis, compared to 
CRISPR control HeLa cell lines. The dU suppression assay involves incorporation of radioactive tracers 
into DNA to measure relative rates of de novo dTMP biosynthesis (14C-dU) to salvage dTMP biosynthesis 
(3H-dT). Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed by 
student t test.  ***P < 0.001. (C) Loss of SHMT1 does not affect uracil levels in DNA in HeLa cells. Cells 
were cultured in modified MEM containing either 25 nM folate or 2 nM folate. Data are shown as mean ± 
SEM; n = 3 per condition. Statistical significance was assessed by student t test.  (D) A549 cells treated 
with SHMT1 siRNA exhibited impaired de novo dTMP biosynthesis. The dU suppression assay was 

performed as in Panel B. Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was 
assessed by student t test. ***P < 0.001. (E) SHMT1 siRNA in A549 cells is associated with elevated uracil 
levels in DNA. In 2 nM folate, SHMT1 siRNA cells showed 67% elevated uracil in DNA, compared to 
control. Data are shown as mean ± SEM; n = 4 per condition. Statistical significance was assessed by 
student t test. *P < 0.05.  
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Figure 3.  SHMT1 ablation has different effects on dUTPase and TK1 protein levels in HeLa and A549 
cells.  (A) Western blot analysis in CRISPR control and CRISPR SHMT1 KO HeLa whole cell lysates and 

nuclear fractions.  TK1 and dUTPase localized exclusively to the cytosol.  TK1 protein was elevated in 
SHMT1 KO HeLa cells, compared to control, whereas dUTPase levels were not affected by changes in 
SHMT1 expression. GAPDH and laminB1 were used cytoplasmic and nuclear markers, respectively. 
Molecular weight indicators are shown. * Bands represent previous dUTPase blotting. (B) Densitometry 
analysis of whole cell TK1 and GAPDH expression from blots in Panel A. TK1 protein levels were elevated 
32% in CRISPR SHMT1 KO HeLa cells, compared to control. Data are shown as mean ± SEM; n = 3 per 
condition. Statistical significance was assessed by student t test.  *P < 0.05. (C) Western blot analysis of 
TK1, dUTPase, and SHMT1, in control siRNA and SHMT1 siRNA A549 whole cell lysates and nuclear 
fractions. TK1 and dUTPase protein expression were decreased in SHMT1 siRNA A549 cells 98% and 
61% respectively, compared to control.  Molecular weight indicators are shown. * Shown in the SHMT1 
blot, the previously blotted laminB1 nonspecific band appears in the nuclei slightly under 50kDa. (D) 
Densitometry analysis of whole cell the TK1 and dUTPase expression (normalized to GAPDH) from blots 
in Panel C. (E) Western blot analysis of dUTPase in HeLa cells and A549 cells.  HeLa cells exhibited 25-
fold higher dUTPase protein levels compared to A549 cells.  Molecular weight indicators are shown. (F)  
Densitometry analysis of whole cell dUTPase (normalized to GAPDH) from blots in Panel E. (G)  HeLa 
cells treated with dUTPase siRNA exhibited elevated uracil levels (2.5-fold) in DNA. Data are shown as 
mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t test.  **P < 0.01. (H) 

Western analysis of dUTPase siRNA in HeLa cells. Molecular weight indicators are shown. (I) 
Densitometry analysis of dUTPase (normalized to GAPDH) from blots in Panel H. dUTPase protein 
expression is decreased by 72% in dUTPase siRNA HeLa cells, compared to control cells. Data are shown 
as mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t test.  ***P < 0.001.  
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Figure 4.  A novel assay for detection of uracil DNA glycosylase activity in cell extracts. (A) Workflow for 

the activity assay. FAM = fluorescein fluorophore. U = uracil. AP = abasic site. (B) Demonstration of the 
assay using recombinant 0.5 μg UNG.  The assay requires both uracil DNA glycosylase activity to excise 
the uracil base, and heat treatment to promote cleavage of the abasic oligonucleotide as described in 
materials and methods. The probe was treated at the temperatures and times indicated, and fluorescence 
was measured using the Roche Lightcycler 480 II. Statistical significance was assessed by student t test. 
***P < 0.001.  (C) The assay is time dependent and functions with whole cell lysates. The probe was 
incubated with 1.25 μg HeLa cell lysate for varying lengths of time at 37 °C, and at 95 °C for 20 m. Purified 
0.5 μg UNG was used as a positive control to determine 100% activity. Data are shown as mean of 
triplicates. 
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Figure 5. Uracil excision activity is elevated in de novo dTMP biosynthesis disruption in HeLa, but not 

A549 cells. (A-E) Uracil excision activity was determined in HeLa and A549 cells as a function of dUTPase 
and SHMT1 expression. (A) CRISPR SHMT1 KO HeLa cells exhibited increased relative uracil excision 
activity, compared to CRISPR control cells. Data are shown as mean ± SEM; n = 3 per condition. Statistical 
significance was assessed by student t test. *P < 0.05.  (B) dT supplementation did not modify relative 
uracil excision activity in CRISPR control or CRISPR SHMT1 KO HeLa cells. Cells were cultured in 
modified MEM containing 25 nM folate ± 50 uM dT.  Data are shown as mean ± SEM; n = 3 per condition. 
Statistical significance was assessed by student t test. *P < 0.05. (C) A549 cells treated with dUTPase 

siRNA, but not SHMT1 siRNA, exhibited elevated relative uracil excision activity, compared to control. 
Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t 
test. *P < 0.05. (D) dT supplementation did not modify relative uracil excision activity in A549 cells treated 
with control or SHMT1 siRNA. Cells were cultured in modified MEM containing 25 nM folate ± 50 uM dT.  
Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t 
test. (E) HeLa cells treated with dUTPase siRNA exhibited elevated relative uracil excision activity, 
compared to control. Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was 
assessed by student t test.  *P < 0.05. 
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Figure 6. Apoptosis-inducing drugs etoposide and cisplatin reduce TK1 and dUTPase levels independent 

of p53. (A) Western blot analysis of whole cell extracts from A549 cells treated with control siRNA, SHMT1 
siRNA, 85 μM etoposide treatment (48 h), or 10 μg/mL cisplatin treatment (48 h). Cells were incubated in 
either 25 nM or 2 nM folate media for 4 doublings. TK1, dUTPase,  and PARP1 protein levels are 
decreased in etoposide- and cisplatin- treated A549 cells. SHMT1 is decreased in SHMT1 siRNA- treated, 
and etoposide- treated A549 cells. Molecular weight indicators are shown. * Bands represent previous 
dUTPase blotting. (B) Flow cytometry analysis of Annexin V/Propidium Iodide staining in control siRNA 
and SHMT1 siRNA, incubated in either 25 nM or 2 nM folate media for 4 doublings. Annexin V positive, PI 
negative cells are considered apoptotic, but not necrotic. SHMT1 siRNA treatment of A549 cells elevated 
markers of apoptosis, which is exacerbated by incubation in 2 nM folate. Data are shown as mean ± SEM; 
n = 3 per condition. Statistical significance was assessed by student t test.  *P < 0.05, **P < 0.01. (C) The 

effect of SHMT1 expression and folate status on TK1 and dUTPase mRNA levels.  Treatments were 
performed as in Panel A and B, before extracting RNA for one-step qRT2-PCR. TK1 and dUTPase mRNA 
expression were normalized to GAPDH expression. The mRNA levels of dUTPase are elevated 
upregulated by low folate and reduced SHMT1 expression, whereas TK1 mRNA levels are decreased by 
reduced SHMT1 expression, compared to control. Data are shown as mean ± SEM; n = 3 per condition. 
Statistical significance was assessed by student t test.  ***P < 0.001. (D) Western blot analysis of A549 
cells treated with 10 μg/mL cisplatin ± 25 μM pifithrin-α for 48 h. Pifithrin-α treatment rescued cisplatin-
induced reduction of dUTPase protein levels, but not cisplatin-induced reduction of TK1 protein levels 
A549 cells. SHMT1 protein expression was not affected by cisplatin or pifithrin-α treatment. Cisplatin-
treated cells exhibited cleavage of Caspase 9 and PARP1; co-treatment with pifithrin-α reduced cleavage 
of Caspase 9 and PARP1. Molecular weight indicators are shown. * Bands represent previous dUTPase 
blotting.  
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Figure 7. Etoposide- and cisplatin-induced apoptosis occurs with elevated uracil in DNA in A549 cells, but 

not HeLa cells. (A) Western blot analysis of A549 cells cultured with 25 nM folate and treated with 85 μM 
etoposide ± 50 μM dT for 48 h. Supplementation with dT partially rescues cleaved Caspase 9 and cleaved 
PARP1 levels in A549 cells. Cleaved Caspase 9 appears as two bands, indicated by arrows. Molecular 
weight indicators are shown. * Bands represent previous dUTPase blotting. ** Nonspecific bands from 
Caspase 9 blotting are indicated. (B) Flow cytometry analysis of Annexin V/Propidium Iodide staining in 
A549 cells in 25 nM folate media treated with 85 μM etoposide ± 50 μM dT for 48 h.  Etoposide-treated 
cells exhibited an increased % apoptotic cells and the effect was rescued by dT supplementation. Data 
are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t test.  *P 
< 0.05, ***P < 0.001. (C) Flow cytometry analysis of Annexin V/Propidium Iodide staining in A549 cells in 
25 nM folate media treated with 10 μg/mL cisplatin ± 50 μM dT for 48h. Cells treated with cisplatin exhibited 
and increased % apoptotic cells and the effect was rescued by dT supplementation. Data are shown as 
mean ± SEM; n = 3 per condition. Statistical significance was assessed by student t test.  **P < 0.01, ***P 

< 0.001. (D) Uracil in DNA was measured from A549 cells cultured in medium containing 25 nM folate and 
treated with ± 85 μM etoposide ± 10 μg/mL cisplatin ± 50 μM dT for 48 h. Etoposide and cisplatin treatment 
resulted in increased uracil levels in DNA, which was rescued by dT supplementation in A549 cells but not 
HeLa cells. Data are shown as mean ± SEM; n = 3 per condition. *P < 0.05, ***P < 0.001. (E) Western blot 

analysis of HeLa cells cultured in medium containing 25 nM folate and ± 85 μM etoposide ± 10 μg/mL 
cisplatin ± 50 μM dT for 48h. Supplementation with dT did not rescue cleaved Caspase 3 or cleaved 
PARP1 expression in HeLa cells. Cleaved Caspase 3 appears as two bands, indicated by arrows. HeLa 
cells treated with etoposide or cisplatin exhibited increased TK1 protein levels. Neither dUTPase nor 
SHMT1 protein levels were not affected by etoposide or cisplatin treatment. Molecular weight indicators 
are shown. * Nonspecific bands from previous PARP1 blotting are indicated. (F) Flow cytometry analysis 
of Annexin V/Propidium Iodide staining in HeLa cells in 25 nM folate media treated with with ± 85 μM 
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etoposide ± 10 μg/mL cisplatin ± 50 μM dT for 48 h.  (Top) Neither etoposide nor cisplatin treatment 
affected % apoptotic cells.  (Bottom) Etoposide- and cisplatin-treated HeLa cells exhibited increased % 
Late Apoptotic/Necrotic cells; this effect was exacerbated by dT supplementation in etoposide-treated 
cells. Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed by student 
t test.  **P < 0.01, ***P < 0.001. (G) Etoposide and cisplatin treatment do not affect uracil in DNA in HeLa 
cells, unless supplemented with dT, which elevated uracil in DNA. Uracil in nuclear DNA was measured in 
HeLa cells cultured in medium containing 25 nM folate and ± 85 μM etoposide ± 10 μg/mL cisplatin ± 50 
μM dT for 48 h. Data are shown as mean ± SEM; n = 3 per condition. Statistical significance was assessed 
by student t test.  ***P < 0.001. (H) Summary table on the effects dT supplementation on apoptosis and 
uracil incorporation in HeLa and A549 cells. 
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Figure 8.  Effect of reduced SHMT1 expression and etoposide treatment in A549 and HeLa cells. (A) 

Proposed model for the role of uracil in apoptosis in A549 cells. Treatment of A549 cells with SHMT1 
siRNA or etoposide induces loss of TK1 and dUTPase protein levels. Loss of these enzymes increases 
uracil incorporation in DNA. Uracil incorporation leads to apoptosis. Supplementation with the nucleoside 
dT rescues uracil incorporation.  (B) Proposed model for the role of uracil in apoptosis in HeLa cells. 
CRISPR SHMT1 KO in HeLa cells does not increase uracil in DNA. Etoposide treatment in HeLa cells 
induces apoptosis but does not affect uracil in DNA. 
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CHAPTER 4: FUTURE DIRECTIONS 

 

 We have established that maintenance of uracil levels is DNA is dynamic, 

and that challenges to uracil incorporation elicit responses in other pathways. 

Studies using genetic knockouts or RNA interference rely on the assumption 

that compensation does not occur: here we see that the pathways that influence 

uracil accumulation in DNA do not follow this principal. Therefore, despite the 

technical difficulties associated with measuring uracil in DNA, neither the 

dUTP:dTTP ratio nor uracil excision activity are adequate indicators of uracil 

levels in DNA. 

 We have established that challenges to de novo thymidylate biosynthesis 

induce different responses, according to cell type. The mechanism by which cell 

type determines response is still unknown. Epigenetic differences, such as DNA 

or histone methylation, may determine differential response. Cell type-specific 

nuclear localization of the enzymes which influence uracil accumulation in DNA 

may also modify the cell’s capacity to compensate for changes in any given 

pathway.  

The trigger for modified UDG activity is still unclear. We have shown that 

challenges to de novo thymidylate biosynthesis and loss of dUTPase can modify 

uracil excision activity. However, it is unclear whether uracil incorporation or the 

dUTP:dTTP ratio is the trigger for increased uracil excision activity. 

Measurements of the dUTP:dTTP ratio would help to clarify this. qPCR-based 

assays exist to measure intracellular dNTP pools (1). To determine if 
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incorporated uracil can modify uracil excision activity, cells could be transfected 

with either uracilated plasmids or cytosine deaminases. 

Further work is needed to determine if uracil incorporation leads to 

downstream changes in gene expression. Using the novel uracil excision 

activity assay, we have established that repair of uracil is responsive to 

challenges of uracil incorporation into DNA. As mentioned earlier, roles in DNA 

demethylation have been demonstrated for UNG, SMUG1, TDG, and a role 

transcriptional repression has been demonstrated for MBD4 (2–6). If challenges 

to uracil excision modify expression of uracil DNA glycosylases, this may lead 

to global changes in gene expression. By virtue of its repair intermediates, uracil 

in DNA may modify gene transcription via repair-mediated stalling or Topo IIβ-

mediated gene activation (7–10). If uracil incorporation into DNA is regulated 

and not stochastic, then these induced changes in gene expression may play a 

regulatory role (e.g., a signal to compensate for increased uracil incorporation). 

Particularly, if chemotherapeutics such as antifolate drugs affect uracil DNA 

glycosylase expression, then this may reveal secondary effects of anticancer 

treatments, or possible mechanisms of resistance.  

More work is required to establish a definitive link between uracil and 

necrosis. While antifolate evidence suggests uracil induces necrosis, these 

drugs have several mechanisms of toxicity. Definitive studies parsing the 

occurrence of apoptosis and necrosis are required. This would include assays 

for phosphatidylserine externalization, HMGB1 localization, PARP1 cleavage, 

and microscopy (11). 
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One major technological hurdle is single base resolution of uracil 

incorporation into DNA. Once this technology becomes available, several 

questions can be answered; (1) if uracil accumulation in DNA occurs in a 

regular pattern, (2) what the relative contributions of cytosine deamination and 

uracil incorporation are, (3) if there is correlation between uracil accumulation 

in DNA and changes in gene expression. 

 Overall, uracil incorporation in DNA may prove to be an important 

modifier gene expression through one or many of the avenues discussed. This 

may account help explain the mechanisms by which deleterious health 

outcomes such as megaloblastic anemia, NTDs, or neurodegeneration occur. 

Considering chemotherapeutics depend on uracil incorporation, this modified 

gene expression may help explain resistance.  
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