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Abstract 

Paola Drago 

Deciphering the function of the human Dihydrofolate Reductase 2 gene 

DHFR2 is part of the large Dihydrofolate reductase gene family, in which DHFR is the 
mainly characterised member. For a long time, DHFR was considered the only gene of 
the family able to make a functional protein, with the remaining members catalogued 
as pseudogenes. DHFR has been thoroughly studied, considering its crucial role in 
facilitating the entry of folic acid in the One-Carbon Metabolism pathway, and its 
implications in neural tube defects and cancer. In the past decade, DHFRP4 was renamed 
DHFR2 and classified as a protein-coding gene since it harbours an intact open reading 
frame that can result in a protein, in vitro. However, no information was available in the 
literature about the endogenous DHFR2 protein, its enzymatic activity, or cellular 
localisation. 

This thesis aimed to decipher the role of native DHFR2 and its overall function in relation 
to DHFR and the entire One-Carbon Metabolism. HepG2 knock out cell lines, lacking 
either DHFR or DHFR2, were established and comprehensively investigated. In 
particular, the effects of DHFR2 loss were examined in relation to DHFR and other OCM-
related genes. The analysis of RNA expression patterns, performed via RTqPCR and RNA 
microarray, indicated that the lack of DHFR2 directly impacted OCM-related genes, with 
particular attention on DHFR, whose RNA levels showed a drastic decrease in 
abundance. The loss of DHFR2 has a broader impact on the One-Carbon Metabolism, as 
demonstrated by the Folate Metabolite Profiling study. It revealed that the 
concentrations of folate intermediates halved in the DHFR2 KO line compared to the 
wild type. Pathway Analysis, performed upon RNA microarray data, indicated that DNA 
replication and repair pathways and pyrimidine metabolism were mainly downregulated 
after DHFR2 knock out. This can be explained as a direct consequence of DHFR down-
regulation and OCM reduced activity. In the light of the overall results, we propose that 
DHFR2 acts as a long non-coding RNA, primarily involved in regulating DHFR expression 
and, consequently, One-Carbon Metabolism. 
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1.1 Overview 

One Carbon Metabolism (OCM) is an intricate metabolic network which represents the 

hub for many fundamental cell pathways, such as purines and thymidylate synthesis, 

methylation, and metabolism of some amino acids. As the name implies, OCM facilitates 

the one-carbon groups to be processed and activated by chemical modification, starting 

with folate-derived donors (Fox & Stover, 2008). Natural or synthetic forms of folate can 

enter OCM solely through the reduction mediated by the enzyme Dihydrofolate 

Reductase. Ergo, it is considered of extraordinary importance for the maintenance of 

OCM and, in turn, of normal cell functions (Bailey & Caudill, 2012). The recent discovery 

of a second active Dihydrofolate Reductase (DHFR2), which is expressed and possibly 

localised to the mitochondria (Anderson et al., 2011; McEntee et al., 2011), opens up a 

whole new set of questions and opportunities to better understand the role of DHFR2 

and its influence in OCM. 

1.2 Folate cofactors: structure and biological relevance 

The generic term folate indicates a group of water-soluble compounds that present a 

similar chemical structure to folic acid or pteroylmonoglutamate (Lucock, 2000). Folic 

acid and its derivatives are all included in the class of vitamin B9 (Naderi & House, 2018). 

The discovery of folate is attributed to Lucy Wills in 1931 (Wills, 1931). Ten years after, 

Mitchell, Snell and Williams isolated the molecule for the first time from spinach leaves 

(Mitchell et al., 1941, 1944). Since then, many discoveries have been made on the role 

of folate in metabolic pathways and its involvement in health and disease (Bailey et al., 

2015; Bo et al., 2020; Molloy & Scott, 2001; Stover, 2004, 2012).  

Folate is an essential vitamin, necessary for normal cell functioning. Suboptimal folate 

intake can lead to various pathologies, i.e., some forms of anaemia, cardiovascular 

diseases and cancer (Blom & Smulders, 2011; Scaglione & Panzavolta, 2014). Therefore, 

optimal folate status is protective for such pathologies and has been shown to prevent 

neural tube defects during embryogenesis, a period of persistent cell division (Ebara, 

2017; Ohrvik & Witthoft, 2011; Viswanathan et al., 2017). 
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Neural tube defects (NTDs) are a major cause of neonatal deaths and lifelong severe 

pathologies (Greene & Copp, 2014). Periconceptional folate supplementation was 

proven to be a protective factor (Czeizel & Dudás, 1992; ‘Prevention of Neural Tube 

Defects’, 1991), but due to the unplanned nature of most pregnancies, this tool was not 

sufficient to reduce the burden of NTDs (Fischer et al., 2017). Considering that Western 

diets are often linked to malnutrition with suboptimal levels of folate (García-Montero 

et al., 2021), many countries have introduced mandatory food fortification in a broader 

attempt to reduce the impact of congenital birth defects and other pathologies (Crider 

et al., 2011; Mills, 2017).  

As mammals cannot synthesise the pteroylglutamic acid, which is the core of the 

vitamin, they rely on exogenous sources, such as food or supplements (Iyer & Tomar, 

2009). The folate core consists of three moieties – pterin, para-aminobenzoic acid and  

L-glutamic acid – as shown in Figure 1.1.  The natural forms of folate present a reduced 

pteridine ring and additional molecules of glutamic acid linked through gamma-peptide 

bonds (Finglas & Wright, 2002), making them polyglutamated. Food folates are naturally 

present in foods such as leafy vegetables, pulses, citrus fruits, and liver (Nazki et al., 

2014; Ohrvik & Witthoft, 2011). The synthetic form of folate occurs in a monoglutamyl 

state and is the most oxidised form of folate, making it very suitable for food fortification 

and supplementation (Iyer & Tomar, 2009; Naderi & House, 2018; Office of Dietary 

Supplements - Folate, n.d.) 

The polyglutamyl forms of folate are required to be hydrolysed into their monoglutamic 

forms prior to be absorbed in the intestines, whilst folic acid (a term referring to the 

synthetic variant only) can be absorbed immediately as it is not polyglutamated 

(Cochrane et al., 2020). Although folic acid is chemically stable, it cannot be actively used 

as a coenzyme. In fact, it needs to be reduced into tetrahydrofolate, the bioactive form 

of the vitamin (Fig. 1.1) (Shane, 2008) 

Once the monoglutamated serum folates are transported into the cells, five to eight 

glutamate residues are added through a γ-linked peptide bond by the enzyme Folylpoly-

gamma-glutamate synthetase (FPGS) (Hoffbrand et al., 1977; Moran, 1999). The aim is 

to increase their affinity for enzymes (Fowler, 2001) and prevent their immediate export 
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from the cell (Schirch & Strong, 1989). Therefore, cellular folate is predominantly 

polyglutamated. 

 

Folate is a particularly important molecule in cell metabolism due to its ability to accept 

and donate one-carbon (1C) groups (Bailey & Gregory, 1999). These activated groups 

can go through a series of oxidation and reduction reactions, varying their structure into 

Folic Acid 

Tetrahydrofolate 

Figure 1.1 Chemical structure of Folic Acid and Tetrahydrofolate. The three moieties composing 
the molecules are indicated in different colours: pterin (red), para-aminobenzoic acid (purple), L-
glutamic acid (black). N5 and N8 of the pterin ring are reduced in tetrahydrofolate (THF). THF is 
typically polyglutamated as indicated by the terminal -R. Image adapted from Naderi & House, 
2018 using Paint Pad Lite v. 6.0.3. 
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methanol, formaldehyde or formate (Shane, 2008; Stover & Field, 2011). Therefore, the 

folate molecule acts both as a carrier and coenzyme. The 1C groups, in diverse redox 

states, can eventually be donated to different substrates, feeding important cellular 

processes (Ducker & Rabinowitz, 2017). Figure 1.2 illustrates the main folate 

intermediates. The ensemble of reactions entailing the conversion of folate into its 

several intermediates is known as One-Carbon Metabolism.  

 

1.3 One-Carbon Metabolism 

One-carbon metabolism is an intricate network of metabolic reactions, which 

constitutes the hub for essential cell pathways such as purines and thymidylate 

synthesis, methylation processes, and amino acids homeostasis (Fox & Stover, 2008). 

OCM and annexed pathways work in a balanced manner responding to the cell's 

metabolic needs; therefore, they are tightly regulated (Clare et al., 2019; Stover, 2004). 

Imbalances within OCM are linked to several pathologies; cancer, neural tube defects, 

and cardiovascular diseases are among the most studied in this regard (Stover, 2012).  

Figure 1.2 Principal folate intermediates. Formyl-THF, the most oxidised coenzyme, carries a 
formyl group at N10.   In Methenyl- and Methylene-THF, the carbon group bridges between N5 
and N10. Methyl-THF is the most reduced form with a methyl group at N5. Images taken from 
PubChem (NCBI). 
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One-carbon metabolism is highly partitioned in Eukaryotes and takes place in three 

different cellular compartments: cytoplasm, mitochondria and nucleus (Fox & Stover, 

2008; Scotti et al., 2013; Tibbetts & Appling, 2010). Many enzymes come into play within 

OCM, aiding in the chemical rearrangement of one-carbon groups. Isozymes, which 

catalyse the same reactions, are often found in two distinct cellular compartments, i.e., 

cytoplasm and mitochondria (Anderson & Stover, 2009; Krupenko & Krupenko, 2018). 

Other folate enzymes, instead, can translocate to a separate organelle to respond to 

specific requests; for example, the migration of the thymidylate synthesis complex 

(dTMP-SC) to the nucleus during cell division (Chon et al., 2017).  

Tetrahydrofolate (THF) is able to carry one-carbon units at different oxidation states 

upon interconversion mediated by the OCM enzymes (Ducker & Rabinowitz, 2017). The 

different forms of folate are specifically required for particular pathways. For example, 

10-formyl-THF is utilised for synthesising the purine ring in the cytoplasm (Baggott & 

Tamura, 2015) and for formylating methionyl-tRNA in the mitochondria (Minton et al., 

2018); 5,10-methylene-THF mediates the conversion of dUMP to dTMP, in the nucleus 

and mitochondria (Anderson et al., 2011; Woeller et al., 2007); and the one-carbon 

moiety of 5-methyl-THF serves to re-methylate methionine from homocysteine in the 

cytoplasm (Crider et al., 2012). As the concentration of folate-binding proteins exceeds 

that of their substrates, each biosynthetic pathway is in constant competition for the 

limiting pool of folates (Herbig et al., 2002). In addition to the compartmentalisation 

(Appling, 1991) (discussed in detail in the next section), metabolic channelling was 

proven to be an efficient way to maintain continuity between groups of reactions and 

avoid the diffusion of the substrates. Folate channelling is also crucial for preventing 

oxidative degradation of the labile folate coenzymes; it was demonstrated that folate 

intermediates are protected from random oxidative events when bound to enzymes 

(Stover & Field, 2011; Swarbrick et al., 2008). 

1.3.1 Compartmentalisation of One-Carbon Metabolism 

In the 1950s, mitochondria were identified as the site of oxidation of the one-carbon 

donors. With the advent of genetic and biochemical approaches, an increasing number 

of enzymes involved in the one-carbon metabolism were identified (Tibbetts & Appling, 
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2010). The discovery of these metabolic components and their functions led to the 

proposal of an OCM model where the cytoplasmic and mitochondrial pathways run 

parallel and in opposite directions, creating a cycle (Appling, 1991).   

The compartmentalisation of OCM pathways can be accomplished via the physical 

separation of the enzymes, which localise to specific organelles due to their genetic and 

structural differences (Fig. 1.3). The composition of the folate pools differs between the 

cytoplasm and mitochondria (Horne et al., 1989; Lin et al., 1993; Shane, 2001). Such 

distinct separation is reached via polyglutamylation. In fact, polyglutamated folates are 

not subject to transportation across the mitochondrial membranes. Thus, FPGS activity 

traps folates in their respective compartments (Lawrence et al., 2014). Furthermore, the 

formation of metabolons - multi-enzyme complexes - helps maintain folate pools in 

specific compartments, supporting the orderly flux of the activated carbons (Nijhout et 

al., 2004; Scotti et al., 2013). Other than attaching glutamic tails to folates, FPGS is 

responsible for channelling folates to the metabolon compartments contrasting 

metabolites diffusion and random oxidation (Stark et al., 2021).  

The compartmentalisation, which occurs on a larger scale by separating the pathways in 

different cell compartments (as stated above), can be also achieved on a smaller scale 

by the formation of multi-enzyme complexes. As a result, spatial separation of the 

metabolic reactions is achieved. Moreover, metabolons that assemble solely in response 

to metabolic needs, create an additional temporal partition within the OCM (Lan et al., 

2018; Scotti et al., 2013). In fact, the cell cycle plays an essential role in regulating the 

retrieval of specific folate enzymes in a given cellular compartment, as demonstrated by 

the translocation of the dTMP-SC to the nucleus upon SUMOylation (Anderson et al., 

2007; Woeller et al., 2007), or the MTHFS-dependent delivery of 10-formyl-THF to the 

purinosome to enhance purine de novo synthesis (Field et al., 2011). 

Finally, mitochondria have a particularly relevant role within OCM as providers of one-

carbon units (in the form of formate). About 75 % of one-carbon groups involved in the 

cytoplasmic folate reactions come from mitochondria (Pike et al., 2010) via serine 

catabolism. Formate production is dependent on respiration, as well as the balance of 

the NAD+/NADH ratio (with MTHFD2L/1L producing NADH) (Garcia-Martinez & Appling, 

1993). Mitochondrial oxidation uses NADH cofactors, thus leading to the maintenance 
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of a differential electrochemical potential of NADH/NADPH that finally helps with 

shuttling formate to the cytoplasm (Ducker & Rabinowitz, 2017).  

The architecture of OCM follows the rule of compartmentalisation for maintaining high 

efficiency, implementing oxidation of one-carbon groups in the mitochondria with 

reduction of the same species in the cytoplasm (Ducker et al., 2016). Despite the 

compartmental design of OCM appearing to be highly efficient, the evolutionary 

advantages of this dual setting have yet to be fully understood. A recent study suggests 

that this composition enables major flexibility due to the possibility to uncouple the two 

pathways (Zheng et al., 2018). 

Figure 1.3 Schematic of One-Carbon Metabolism. Mitochondrial and cytoplasmic pathways are 
specular. Most of the reactions can work in both directions but the general sense of reaction 
proceeds toward oxidation in the mitochondria, and toward reduction in the cytoplasm. Image 
created with BioRender.com; adapted from Bryant et al., 2018. 
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1.3.2 One-Carbon Metabolism in Mitochondria 

Mitochondria contain roughly 40 % of the total cell folate (Lin et al., 1993; Shin et al., 

1976). Upon import mediated by MFT (mitochondrial folate transporter) (Lawrence et 

al., 2011; Titus & Moran, 2000) and polyglutamation by FPGS (Lawrence et al., 2014), 

the folate intermediates are activated via the addition of 1C groups derived from the 

catabolism of amino acids such as serine, glycine, sarcosine and choline (Pike et al., 2010; 

Tibbetts & Appling, 2010). The 1C flux proceeds toward oxidation to finally produce 

formate, which will serve as the primary substrate for the cytoplasmic OCM (Stover & 

Field, 2011). The mitochondrial OCM is mainly supported by serine catabolism, which in 

turn produces glycine, an amino acid involved in other cellular functions such as heme 

biosynthesis, transsulfuration pathway, and protein synthesis (Brosnan & Brosnan, 

2020; Meiser et al., 2016; Pietzke et al., 2020; Razak et al., 2017). As demonstrated by 

several studies (Ducker et al., 2016; Taylor & Hanna, 1982; Zheng et al., 2018), disruption 

of mitochondrial OCM leads to glycine auxotrophy, indicating that glycine production is 

a crucial part of the mitochondrial OCM. The mitochondrial enzymes can be variably 

expressed in different tissues and developmental stages; also, their chemical 

equilibrium can change in accordance with metabolic requests favouring different 

outcomes. For example, in embryonic development, the mitochondrial flux favours 

serine catabolism and formate production to supply 1C unit to the cytoplasmic purine 

biosynthesis. In contrast, in adult tissues, the OCM equilibrium in mitochondria may 

favour serine production (Christensen & MacKenzie, 2006). 

SHMT2 (Serine Hydroxymethyltransferase 2) converts serine to glycine, attaching the 1C 

moiety to THF, thus forming methylene-THF. Subsequently, the bifunctional enzyme 

MTHFD2/L (Methylenetetrahydrofolate dehydrogenase 2/L) oxidises methylene-THF to 

formyl-THF, passing through the intermediate methenyl-THF. The formyl-THF is the 

substrate of MTHFD1L, which frees THF by making formate, which in turn is released to 

the cytoplasm (Christensen & MacKenzie, 2006; Fox & Stover, 2008; Lan et al., 2018; 

Tibbetts & Appling, 2010). A schematic of the mitochondrial OCM reactions is illustrated 

in Figure 1.4. 
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In addition to the production of formate and glycine, the mitochondrial OCM was shown 

to accommodate de novo thymidylate synthesis. The enzyme TYMS (Thymidylate 

synthase) unidirectionally transfers the 1C group from methylene-THF to dUMP, forming 

dTMP, which is directly used in mitochondrial DNA replication and repair (Alonzo et al., 

2018; Anderson et al., 2011). TYMS is also the only enzyme able to change the chemical 

structure of the principal carrier THF; in fact, the donation of 1C to dUMP is accompanied 

by the loss of two electrons, with the formation of DHF (Ducker & Rabinowitz, 2017). 

The discovery of a mitochondrial Dihydrofolate reductase isozyme, DHFR2, able to 

reconvert DHF to THF, indicates the presence of a complete mitochondrial dTMP de 

novo synthesis pathway composed of SHMT2, TYMS and DHFR2 (Anderson et al., 2011). 

Figure 1.4 Mitochondrial One-Carbon Metabolism. The donation of 1C group to THF, from 
SHMT2, is followed by the oxidation of methylene-THF to formyl-THF via MTHFD2/L. Finally, 
MTHFD1L converts formyl-THF to formate, which is transported to the cytoplasm. Alternatively, 
methylene-THF can be used in the Thymidylate de novo synthesis pathway, with TYMS converting 
dUMP to dTMP and releasing DHF, which is recycled back to THF by DHFR2. Image adapted from 
Lan et al., 2018. 
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Finally, the production of fMet-tRNAMet is folate-dependent. The mitochondrial enzyme 

MTFMT (methionyl-tRNA formyltransferase) utilises the OCM product formyl-THF to 

create the modified tRNA used to initiate translation in the mitochondria (Dickerman et 

al., 1967). The supply of specifically activated 1C groups to mitochondrial tRNA links 

OCM to mitochondrial well-being, as demonstrated by Minton, (2018). Impairment of 

the mitochondrial branch of OCM led to decreased mitochondrial translation and 

proteins with defective N-terminal ends (Minton et al., 2018). The correlation between 

mitochondrial OCM and translation may subsequently lead to folate-mediated 

modulation of the OXPHOS pathway, as all mitochondria-coded proteins belong to the 

respiratory chain (Chial & Craig, 2008). Although this hypothesis has yet to be explored, 

the interdependence of mitochondrial OCM and oxidative phosphorylation has been 

largely demonstrated (Bao et al., 2016; Fiddler et al., 2021, 2021, 2022; Xiu & Field, 

2020). 

1.3.3 One-Carbon Metabolism in Cytoplasm 

The main form of circulating folate is 5-methyl-THF monoglutamated. Cellular uptake 

relies on several types of transporters, such as RFC (reduced folate carrier), FR (folate 

receptor) and PCFT (proton-coupled folate transporter). Each transporter is 

differentially distributed among tissues. Additionally, they present a distinct affinity for 

folate and operate at a specific pH (Shulpekova et al., 2021; Zhao et al., 2011). Once 

transported in the intracellular space, the folate molecules are quickly loaded with a 

variable number of glutamate residues (generally two to nine) by the FPGS enzyme 

(Lawrence et al., 2014; Shane, 1989; Wagner, 2001). Folate polyglutamates are, in turn, 

less prone to bind to transporters and more driven toward the OCM enzymes (D. W. Kim 

et al., 1996). Polyglutamylation represents an evolutionary adaptation as demonstrated 

by the higher number of glutamate residues in eukaryotes compared to bacteria (Leung 

et al., 2013; Lu et al., 2007). 

One branch of the one-carbon metabolism occurs in the cytoplasm, functioning as a 

fundamental metabolic network for purines and thymidylate synthesis and 

remethylation of homocysteine (Fox & Stover, 2008). The virtual journey of 1C groups 

across the cytosolic OCM starts with the efflux of mitochondrial formate, which 
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constitutes the most oxidised 1C group. Following the reductive flux typical of the 

cytoplasmic pathway, three of the main folate intermediates are encountered: formyl-

THF, methylene-THF and methyl-THF, respectively involved in purine synthesis, 

thymidylate synthesis and remethylation of homocysteine. However, these three 

pathways compete for the limiting pool of folate intermediates. Particularly, methylene-

THF is contended between dTMP synthesis and methylation cycle (Stover & Field, 2011). 

1.3.3.1 Folate-dependent de novo purine biosynthesis 

Purine de novo biosynthesis is a 10-step pathway, activated exclusively when the salvage 

pathway is insufficient to meet the nucleotide cellular demand (Hartman & Buchanan, 

1959; Yamaoka et al., 1997). The purine de novo pathway is folate-dependent, as formyl-

THF serves as the entry point by supplying the C2 and C8 carbons of the purine ring, 

mainly via the action of GAR (glycinamide ribonucleotide transformylase) and AICAR 

(aminoimidazolecarboxamide ribonucleotide transformylase) (Baggott & Tamura, 2015; 

Greasley et al., 2001; Manieri et al., 2007; Vergis et al., 2001).  

The salvage pathway is the preferential mode to obtain purines in a single step, where 

hypoxanthine (HT) is linked to phosphoribosyl pyrophosphate (PRPP), generating 

inosine-5-monophosphate, a purine precursor (Torres, 2013). When the salvage 

pathway is active, a feedback mechanism ensures the inhibition of de novo purine 

biosynthesis (Henderson & Khoo, 1965; Yamaoka et al., 2001).  

An additional requirement that limits the use of the de novo pathway is the formation 

of the purinosome (Pedley & Benkovic, 2017). The six enzymes involved in the 

nucleotide biosynthesis assemble in a metabolon and rapidly dissociate when exposed 

to purines (An et al., 2008). Although the enzymes are present in the cytoplasm, they 

are not functional unless arranged in a multienzyme complex. This mechanism enables 

the temporal compartmentalisation of a metabolic pathway within the same cellular 

compartment (Lan et al., 2018).  

Mitochondrial formate is transferred to THF by MTHFD1, thus producing formyl-THF 

(Fig. 1.5). It was hypothesised that MTHFD1 could deliver formyl-THF to the purinosome, 

even though no evidence has been found yet. Contrarily, MTHFS 

(methenyltetrahydrofolate synthetase) was shown to colocalise with the purinosome 
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(Field et al., 2011). Beyond its main function of converting 5-formyl-THF (an alternative 

form of formyl-THF) to methenyl-THF, MTHFS can tightly bind 10-formyl-THF, which acts 

as an inhibitor (Field et al., 2006). While the 5-formyl-THF does not serve as a coenzyme 

but as storage of formyl-THF (Stover & Schirch, 1993), the association with 10-formyl-

THF ensures that the formyl reserve (5-formyl-THF) is mobilised only in the event of 10-

formyl-THF depletion, that is during de novo purine biosynthesis. This regulatory 

mechanism enables the delivery of 10-formyl-THF to the purinosome only when 

necessary (Field et al., 2009). 

 

 

1.3.3.2 De novo thymidylate synthesis 

MTHFD1 is a trifunctional enzyme. In addition to the C-terminal domain, which can 

synthesise formyl-THF (discussed in the previous section), it possesses cyclohydrolase 

and dehydrogenase domains at the N-terminal. The cyclohydrolase activity is required 

Figure 1.5 Cytoplasmic OCM, Purine de novo synthesis. Mitochondrial-derived formate is 
transferred to a THF molecule by MTHFD1 producing Formyl-THF, which may be used in purine 
de novo synthesis. Image adapted from Lan et al., 2018. 
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in the formation of methenyl-THF (from formyl-THF), which is further transformed into 

methylene-THF by dehydrogenation (Hum et al., 1988). Alternatively to MTHFD1, 

SHMT1 can produce the same intermediate by transferring 1C groups from cytosolic 

serine to THF, with the production of methylene-THF and glycine (Fox & Stover, 2008). 

This reaction is analogous to that performed by the mitochondrial isozyme SHMT2, 

although SHMT1 cannot compensate for the lack of SHMT2 (Chasin et al., 1974). 

Methylene-THF is the key substrate for the interconversion of dUMP (uridylate 

monophosphate) to dTMP (thymidylate monophosphate) by TYMS (thymidylate 

synthase). TYMS is a unique enzyme due to its ability to transfer the activated carbon 

alongside two electrons resulting in the oxidation of the substituted THF to DHF. The 

enzyme DHFR reconstitutes THF by reducing DHF in an NADPH-dependent reaction (Fox 

& Stover, 2008). Figure 1.6 illustrates the pathway. 

Isotope tracer studies have shown the preferential incorporation of SHMT1-derived 

methylene-THF in thymidylate molecules (Herbig et al., 2002), therefore concluding that 

the de novo thymidylate synthesis is mainly sustained by the cooperating activity of 

SHMT1, TYMS and DHFR. Thymidylate biosynthesis also relies on a salvage pathway, 

where Thymidine Kinases (TKs) add a 5’-phosphate to thymidine restoring the dTMP 

pools. However, the salvage pathway is not sufficient to address the cell dTMP 

requirements, especially in preparation for cell division (Field et al., 2016). It has been 

demonstrated that pyrimidine biosynthesis is upregulated ahead of S-phase and 

reverted to standard expression immediately after (Ash et al., 1995; Ayusawa et al., 

1986). Impairments in the thymidylate pools cause the misincorporation of deoxyuridine 

nucleotides in the DNA due to the incapability of DNA polymerase to discriminate 

between dUTP and dTTP. This causes chromosome instability and eventual breakage 

with consequences for cancer development and neuronal damage (Blount et al., 1997; 

Hazra et al., 2010; Hori et al., 1984). 
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1.3.3.2.1 Nuclear de novo thymidylate synthesis 

During the S-phase of the cell cycle, SHMT1, TYMS and DHFR undergo nuclear 

translocation upon SUMOylation (Anderson et al., 2007; Woeller et al., 2007). The Small 

Ubiquitin-like Modifier is covalently attached to each enzyme, inducing their 

transportation to the nuclear compartment, where they assemble into a complex at the 

replication sites (Anderson et al., 2012). SHMT1 was shown to localise in the cytoplasm 

during the G1-phase and also in the nuclear periphery and nucleus in the S, G2, and M 

phases of the cell cycle. Evidence suggests that SUMOylation occurs at the nuclear pore 

leading to nuclear import (Woeller et al., 2007). Residual serine 

hydroxymethyltransferase activity was observed in SHMT1-/- cells due to the expression 

of a secondary cytoplasmic/nuclear enzyme, SHMT2a, encoded from SHMT2 via 

alternative splicing (Anderson & Stover, 2009). Similar mechanisms are activated for 

nuclear import of TYMS and DHFR, which were found to be modified by SUMO1 in vitro 

(Anderson et al., 2007, 2012) but also possess SUMO2 potential target sites (Hendriks et 

Figure 1.6 Cytoplasmic OCM, Thymidylate de novo synthesis. Methylene-THF, derived from either 
MTHFD1 or SHMT1/2a is used as a carbon donor in the dTMP synthesis reaction catalysed by 
TYMS. The discarded DHF is recycled into THF by DHFR. Image adapted from Lan et al., 2018. 
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al., 2015; Tammsalu et al., 2014). MTHFD1 was also found translocating to the nucleus, 

maximising its presence during phase S. The nuclear MTHFD1 increment responds to 

fluctuations in folate levels. In the event of folate depletion, the nuclear MTHFD1 

translocation happens at the expense of the cytoplasmic remethylation pathway due to 

the reduction of cytoplasmic methylene-THF pools (Field et al., 2014, 2015; Kamynina et 

al., 2017). Nuclear OCM is shown in Figure 1.7. 

Once translocated, SHMT1, TYMS, and DHFR assemble in a dTMP-synthesis complex 

(dTMP-SC) which anchors the nuclear lamina through SHMT1 (Anderson et al., 2012). 

Evidence suggests that the dTMP-SC assembles with DNA polymerase and other 

enzymes of the DNA replication (Stover & Field, 2011). Together, they form a mega-

complex called Replitase (Murthy & Reddy, 2006). The active participation of dTMP-SC 

at the replication fork was hypothesised to directly provide thymidylate units and lower 

the risk of uracil misincorporation (Stover & Field, 2011). 

 

 

  

Figure 1.7 Thymidylate de novo synthesis in nucleus. The main components of the dTMP-SC 
(TYMS, DHFR and SHMT1/2a) and MTHFDL1 translocate to the nucleus before DNA replication. 
The nuclear import is dependent on SUMOylation of the enzymes. Image adapted from Lan et 
al., 2018. 
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1.3.3.3 Homocysteine remethylation pathway 

MTHFR (5,10-MethyleneTHF reductase) catalyses the reduction of methylene-THF to 

methyl-THF, competing with TYMS for the aldehyde substrate (Selhub, 1999). The 

MTHFR reaction is irreversible; thus methyl-THF becomes an obligate substrate for the 

remethylation of homocysteine (Appling, 1991; Sumner & Matthews, 1992; Trimmer et 

al., 2001). Methionine synthase (MTR) catalyses said reaction with the contribution of 

vitamin B12. Methionine, upon conversion to SAM (S-adenosyl-methionine), serves as 

main donor of methyl groups to all macromolecules (DNA, RNA, lipid, protein) (Fig. 1.8) 

(Mudd et al., 2007; Sanderson et al., 2019). An accumulation of methyl-THF can cause 

purine and thymidylate synthesis impairments. Such an event occurs in the case of 

severe B12 deficiencies (Palmer et al., 2017; Wang et al., 2020). SAM regulates MTHFR 

in a negative feedback mechanism (Jencks & Mathews, 1987). Disruptions of the 

methionine cycle lower SAM levels with consequent methyl-THF accumulation.  

MTHFR is expressed in all tissue types, with a peak in testis where high levels of DNA 

methylation are required (Gaughan et al., 2000). Deficiencies of the MTHFR activity are 

generally associated with a common polymorphism, 677 C>T, which causes the 

substitution of Alanine 222 with Valine in the enzyme's catalytic site. This mutation leads 

to an unstable binding with the cofactor FAD (Pejchal et al., 2006). The MTHFR 677C>T 

mutation is associated with mild hyperhomocysteinemia (Jacques et al., 1996) and DNA 

hypomethylation (Tsang et al., 2015) and with a higher risk of cardiovascular diseases 

(Cortese & Motti, 2001) and neural tube defects (Tabatabaei et al., 2022). It was recently 

demonstrated that riboflavin (FAD) is able to modulate the MTHFR 677C>T phenotype 

in homozygous adults (MTHFR 677 TT), with subsequential effects on DNA methylation 

patterns (Amenyah et al., 2020). Specifically, alterations of DNA methylation of 

hypertension-related genes in response to riboflavin supplementation provide 

additional information on the direct link between OCM and epigenetic phenomena, such 

as DNA methylation (Amenyah et al., 2021). In addition, the Stover group proposed a 

stochastic model where MTHFR 677C>T polymorphism is causative for changed SHMT 

activity and consequent impaired de novo thymidylate synthesis (Misselbeck et al., 

2017). 
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Through the activity of MTHFR, the OCM is directly linked with the methylation cycle 

and relative cellular processes, such as the epigenetic regulation of gene expression 

(Froese et al., 2019; Raghubeer & Matsha, 2021; Van Winkle & Ryznar, 2019). OCM 

disturbances, either caused by enzymatic impairment (Yadav et al., 2021) or nutritional 

state (Crider et al., 2012; Kruman & Fowler, 2014) are linked to altered epigenetic 

patterns and disease (Clare et al., 2019; Ducker & Rabinowitz, 2017; Liew & Gupta, 

2015). 

 

 

1.4 Dihydrofolate Reductase (DHFR) 

Dietary folate from non-fortified foods is polyglutamated and chemically reduced, while 

folic acid (from fortified foods and supplements) comes in a fully oxidised 

monoglutamated form (Lucock, 2000; Scaglione & Panzavolta, 2014; Shane, 2001). 

Although the natural form of folate has a reasonable degree of intestinal absorbance, 

the synthetic molecule reaches a major absorption capacity (Bailey et al., 1984, 1988; 

Figure 1.8 Cytoplasmic OCM, Remethylation of homocysteine and Methionine cycle. The 
thymidylate synthesis pathway and methylation cycle compete for the substrate methylene-THF. 
When MTHFR use it, it irreversibly forms Methyl-THF, which serves to remethylate homocysteine 
and produce methionine, thus feeding the methylation cycle. Image adapted from Lan et al., 
2018. 
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Caudill, 2010; Gregory et al., 1991; Sauberlich et al., 1987). The limiting factor for the 

uptake of natural folate can be attributable to the process of de-conjugation (Melse-

Boonstra et al., 2002). At the luminal brush of the small intestine, the enzyme gamma-

glutamyl hydrolase eliminates the polyglutamine tail of folates to enable their 

transportation into the enterocytes (Shane, 1989). Once absorbed, the natural forms of 

folate are readily transformed into methyl-THF, which constitutes the main form of 

circulating folate. On the other side, even though monoglutamated folic acid can readily 

cross the enterocytes membrane, the cellular capacity to convert it to THF is not 

comparable to that expressed for the natural folate (Menezo et al., 2022). Therefore, 

the majority of folic acid arrives intact to the portal vein. The liver is the principal organ 

for the reduction of folic acid to THF through the action of the dihydrofolate reductase 

enzyme (DHFR) (Patanwala et al., 2014). However, it is important to note that the 

hepatic DHFR activity is slow and variable among human samples (Bailey & Ayling, 2009). 

This phenomenon could explain the presence of unmetabolised folic acid in plasma and 

urine. Although folic acid supplementation/fortification was demonstrated to be 

protective against cancer and useful for the prevention of neural tube defects (Czeizel 

& Dudás, 1992; ‘Prevention of Neural Tube Defects’, 1991), its activation is limited by 

liver saturation and can lead to high circulating levels of unmetabolised folic acid (UMFA) 

(Bailey & Ayling, 2009). Public and scientific debate has focused on the potential side 

effects of UMFA, yet rigorous investigation is still required to assess the causal relation 

between UMFA and adverse health outcomes (Field & Stover, 2018; Maruvada et al., 

2020).  

DHFR plays a crucial role in the bioavailability of folic acid. It is converted into THF in a 

double reaction that forms DHF as an intermediate product. DHFR exerts this function 

primarily in the liver (Wright et al., 2007). However, DHFR is a ubiquitous enzyme, found 

in all tissue types and cell compartments (Human Protein Atlas 

https://www.proteinatlas.org/ENSG00000228716-DHFR/tissue) (Sjöstedt et al., 2020). 

Its primary role is to convert DHF - discarded upon dTMP de novo synthesis – to THF, 

thus recycling the main 1C group carrier of the OCM. As discussed in the previous 

sections, THF carries 1C moieties at different oxidation states, thus providing several 

activated groups for anabolic pathways such as purine and thymidylate synthesis and 
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methylation reactions (Morellato et al., 2021). Due to its crucial role in normal cell 

physiology, inactivation of DHFR results in depletion of folate pools, impaired DNA 

synthesis and eventually cell death (Hsieh et al., 2013). DHFR function is essential in cell 

metabolism; therefore, it is maintained throughout evolution, as confirmed by the 

presence of Dihydrofolate Reductase enzymes from bacteria to humans. Also, due to its 

relevance in cell proliferation, DHFR has been largely characterised and examined as a 

pharmacological target (Abali et al., 2008). 

1.4.1 DHFR structure and kinetics 

The human DHFR enzyme consists of 187 amino acids organised into seven parallel β-

strands and a C-terminal antiparallel strand. Five α-helices interlayer against the β-

sheet. In addition, a polyproline-like helix, eight tight turns, and several loops contribute 

to the final structure of the enzyme (Blakley, 2006; Carugo & Argos, 1997; Davies et al., 

1990; Oefner et al., 1988), as shown in Figure 1.9. 

 

 

The reductase reaction catalysed by DHFR is shown in Figure 1.10 (Fischer et al., 2010) 

and can be summarised as follows: 

a b 

Figure 1.9 DHFR secondary and tertiary structure. a) Secondary structure diagram. β-strands 
are indicated by triangles, and α-helices by circles. α-C helix is indicated as a two-turn helix: 
its axis is perpendicular to the β-sheet, contrarily to all other helices, with axes parallel to the 
central β-sheet. The N and AD hexagons show the contact areas of the nicotinamide and 
adenine mononucleotide moieties of NADPH, respectively. Image adapted from Blakeley, 
1995. b) Tertiary structure diagram. β-strands in yellow, α-helices in pink, β-turns in blue and 
coils in white. Image taken from PBD. 



  21 

7,8-Dihydrofolate + NADPH + H+ ⇄	5,6,7,8-tetrahydrofolate + NADP+ 

 

The kinetics of the reaction can be divided into five steps, comprising the formation of 

several intermediate states. The holoenzyme E:NADPH sees DHFR binding the coenzyme 

NADPH; upon interaction with DHF, DHFR forms the so-called Michaelis complex, 

E:NADPH:DHF, followed by three product complexes E:NADP+:THF, E:THF and 

E:NADPH:THF, which is formed before THF can be released. In fact, after NADPH 

oxidation, THF cannot be discharged until a new NADPH molecule refills the active site. 

Molecular motions determine the interconversion of the enzyme into different catalytic 

intermediates, which are the basis of the reaction kinetics (Abali et al., 2008). These 

motions are controlled by residues of the active site and remote residues, which 

contribute to local and global effects. It has been proven that these amino acids are 

evolutionarily conserved among all phylogenetic groups, confirming the influence of the 

structure on enzymatic dynamics, kinetics and catalysis (Adesina et al., 2021; Francis et 

al., 2013; Francis & Kohen, 2014).  

DHFR binding and catalytic sites of E. coli and H. sapiens are sufficiently diverged 

(proteins share 26 % homology) with different catalytic efficiency. Comparative analysis 

of DHFR sequence from 233 species identified three mutation sites involved in the 

divergence of DHFR functions throughout evolution. The change of these sites on E.coli 

(with those of H.sapiens) was enough for the bacterial enzyme to acquire the human 

DHFR catalytic properties. This experiment suggests that the conformational motions 

Figure 1.10 DHFR catalytic reaction. DHF is reduced to THF via NADPH oxidation. Adapted from 
Fischer et al., 2010 
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are highly conserved and common between pro- and eukaryotes, despite sequence 

divergence (Liu et al., 2013). 

1.4.2 DHFR mechanisms of regulation 

DHFR expression is cell cycle-dependent, with a maximal transcriptional rate at the turn 

of G1 and S phase, when a broad pool of precursors is required for DNA duplication. 

DHFR contains a TATA-less promoter regulated by E2F and Sp1 factors when binding to 

their respective target sequences, 5’-TTTCGCGCCAAA-3’ and 5’-GGGGCGGGGC-3’ (Abali 

et al., 2008; Slansky & Farnham, 1996). Evidence suggests that  Sp1 is constantly bound 

to the DHFR promoter while E2F is a transcriptional regulator that can activate or repress 

transcription according to the interaction status (Good et al., 1996; Schilling & Farnham, 

1994). 

Another group of regulatory factors was found to regulate DHFR transcription. The Rb 

(retinoblastoma) factors Rb/p105, p107 and Rb2/p130 (collectively called ‘pocket 

proteins’) are responsible for the cell cycle checkpoint at G1. Rb factors generally repress 

gene transcription by binding E2F (Giacinti & Giordano, 2006). The Rb proteins change 

their phosphorylation status according to the cell cycle. Hyperphosphorylation of the 

pocket proteins induces inactivation and dissociation from E2F, which switches from 

repressive to activating form. As a result, DHFR expression increases tenfold at the 

entrance of the S-phase (Abali et al., 2008).  In vitro studies showed that DHFR E2F sites 

act primarily as repressive elements in G0 and G1, while Sp1 can induce transcription 

upon serum supplementation in quiescent cells. The S-phase activation of Sp1 in DHFR 

can be mediated by the cell-cycle responsive Rb proteins (Good et al., 1996; Jensen et 

al., 1997). 

The CpG islands along DHFR are unmethylated. The entirety of the gene is associated 

with nucleosomes except for the promoter region, which is instead covered with a multi-

enzymatic complex (Shimada et al., 1986). The DHFR promoter is actively involved in 

DHFR epigenetic regulation. The Rb proteins p107 and p130 can recruit the histone 

methyltransferase SUV39H1 at the E2F site and silence DHFR during the G0 and early G1 

phases of the cell cycle. In particular, Lysine 9 of Histone 3 changed from a 
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hypermethylated state (G0) to a hyperacetylated state during the G1/S transition, with a 

consequent transcriptional activation (Nicolas et al., 2003).  

Promoters are considered modulatory DNA structures, which, by assembling with cis-

regulatory elements, ensure flexibility in gene expression. The presence of multiple 

promoters was shown to be frequent in multicellular organisms. The use of alternative 

promoters can influence transcription itself and the turnover and translation efficiency 

of the mRNA (Ayoubi & Van De Yen, 1996). DHFR harbours a secondary promoter 

situated ~400 bp upstream of the main transcription start site. It produces an alternative 

transcript (long non-coding RNA) able to inhibit transcription from the major promoter. 

Blume et al. (2003) demonstrated that DHFR lncRNA could sequester Sp1 and Sp3 in 

vitro, thus altering the formation of the pre-initiation complex (PIC). PIC is made of 

general transcription factors bound to the core promoter; its formation is necessary for 

RNA Polymerase II to start the transcription (Petrenko et al., 2019).  

Further analysis showed the lncRNA stably annealed with the major promoter in a 

DNA:RNA triplex. This association resulted in the direct interaction of the lncRNA with 

the transcription factor IIB and the subsequent disassembly of the preinitiation complex 

from the main promoter (Fig. 1.11). This type of transcriptional repression was 

demonstrated in quiescent cells (Martianov et al., 2007). 

  

Figure 1.11 DHFR lncRNA-mediated transcriptional regulation. Transcription from the DHFR 
minor promoter produces a long non-coding RNA, which stably assemble with DNA. The 
formation of a DNA:RNA triplex leads to the dissociation of the pre-initiation complex at the 
major promoter due to TFIIB sequestration. Image adapted from Angrand et al., 2015. 
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DHFR regulation is also implemented by an auto-regulatory translational mechanism, by 

which DHFR binds its own mRNA, inhibiting translation. Methotrexate (MTX) is a 

common chemotherapeutic drug which acts as a folate antagonist (Rajagopalan et al., 

2002; Visentin et al., 2012). Upon MTX treatment, cells respond with an initial increase 

in DHFR protein levels (Bertino et al., 1962, 1963) despite the unaltered level of RNA 

(Cowan et al., 1986). This translational induction by MTX was further investigated, 

leading to the discovery of a translational suppression mechanism acted by DHFR on its 

own RNA. An area of ~100 bp, containing two stem-loops, was identified on DHFR mRNA 

as a contact point for DHFR (Ercikan et al., 1993). Site-directed mutagenesis studies 

identified amino acid residues involved in RNA recognition. Cys6 residue is crucial, as its 

substitution with either Ala or Ser completely disrupted DHFR's ability to bind its cognate 

mRNA (Tai et al., 2002). In addition, amino acids Glu30, Leu22, and Ser118 (all belonging 

to the NADPH binding site) were involved in the MTX-mediated upregulation 

mechanism. A model of autoregulation was proposed, where DHFR exists in an 

equilibrium of two conformers binding either NADPH or DHFR mRNA. When DHF or MTX 

associates with DHFR:NADPH, the equilibrium moves towards the catalytic form; 

otherwise, when the substrate binds to DHFR:mRNA, the mRNA is released and 

translated with a consecutive increase in the protein level (Fig. 1.12) (Abali et al., 2008). 
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Figure 1.12 DHFR auto-regulation model. DHFR exists in two conformers, in association with 
NADPH or mRNA. DHF binding induces the catalysis in the E:NADPH:DHF form; otherwise, DHF 
leads to mRNA dissociation and relative translation. As a result, the DHFR protein levels rise. 
Similarly, MTX induces a DHFR upregulation without a correspondent increase in THF (product of 
the DHFR reaction). Image created with BioRender.com; inspired by Abali et al., 2008. 
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1.4.3 Human Dihydrofolate Reductase gene family 

The DHFR gene is located on chromosome 5q11.2-q13.3. It is a 30 kb long gene 

consisting of six exons with five alternating introns. The primary processed mRNA is 3800 

bp long, but two additional transcripts can be produced as a result of the use of different 

polyadenylation signals on exon 6. The 564 bp-long open reading frame encodes for a 

21 KDa protein (187 aa) (Chen et al., 1984; Maurer et al., 1984).  

Several pseudogenes have been identified as part of the DHFR gene family. It is a widely 

held view that they originate from the genomic reintegration of DHFR mRNA since they 

are intronless and interspersed into the genome. DHFRP1 and DHFRP2 are located at 

chromosomes 18 and 6, respectively. They possess poly-A tail fragments, which confirm 

their origin as mRNA (Anagnou et al., 1984). DHFRP3 harbours just half of the coding 

sequence of the original DHFR gene, and it is located at chromosome 2 (Shimada et al., 

1984). Finally, DHFR2 (previously DHFRP4; DHFRL1), located at chromosome 3, was 

recently re-annotated as a functional retrogene, thanks to the work of the Parle-

McDermott and Stover’s groups (Anderson et al., 2011; McEntee et al., 2011). 

 

1.5 Dihydrofolate Reductase 2 (DHFR2) 

The previously reported DHFR2 pseudogene rose to a new life after McEntee and 

Anderson proposed a novel function for the DHFR2 gene, coding a mitochondrial 

reductase enzyme (Anderson et al., 2011; McEntee et al., 2011). 

DHFR2 mRNA was identified in several cell lines, confirming that DHFR2 transcription is 

active in many tissue types, including differentiating cell lines (H.sapiens DHFR2 

ensg00000178700 Expression Atlas) (Papatheodorou et al., 2020). Comparison between 

the amino acid sequence of DHFR and DHFR2 showed 92 % of identity with high 

conservation of four functional motifs. Residues involved in the creation and 

maintenance of the active sites are mostly conserved, except for three amino acids, 

including Arg25 (Fig. 1.13) (McEntee et al., 2011). A Trp occupies the same position in 

DHFR. This amino acid difference is particularly relevant since the additional NH3 moiety 

of Arg lodges in the proximity of the DHF and NADPH active sites. In addition, molecular 
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modelling predicted the decrease of the net electrostatic forces exerted by Arg32 and 

Gln35 on DHF (Gao et al., 2013). This data might explain the 30 % reduction in the 

catalytic activity of the recombinant DHFR2 compared to DHFR. In fact, despite having a 

similar Km value for NADPH, DHFR2 presents a 10-fold higher Km value for DHF 

(McEntee et al., 2011). 

 

 

The recombinant DHFR2-GFP protein was found to localise in mitochondria of 

unsynchronised HEK293 (McEntee et al., 2011). Anderson validated and extended this 

data by proposing DHFR2 as a member of the newly discovered mitochondrial de novo 

dTMP synthesis pathway. They demonstrated that intact mitochondria extracted from 

CHO and HepG2 cells could synthesise 3H-dTMP starting from unlabelled dUMP, NADPH 

and [2,3-3H]-L-serine. Upon silencing of DHFR2 RNA, depletion of reductase activity was 

observed in mitochondria. These results, together with confirmation of a DHFR2 

mitochondrial protein via immunoblotting, led to the conclusion that DHFR2 is a 

mitochondrial isozyme involved in OCM (Anderson et al., 2011) 

It is important to note that neither of the above studies investigated the presence of 

DHFR in mitochondria. This hypothesis was explored by the Parle-McDermott lab, which 

confirmed the presence of DHFR, as opposed to DHFR2, in HEK293 mitochondria 

(Bookey et al., unpublished), in a similar fashion to rodent DHFR (Hughes et al., 2015). 

These novel results may suggest that the reductase activity identified in mitochondria 

was due to DHFR, not DHFR2. To date, however, there has been little conclusive 

evidence on the dihydrofolate reductase role within the mitochondrial de novo 

Figure . Superposition of DHFR and DHFR2 binding sites.  DHFR and DHFR2 residues are pictured in green and purple, 
respectively. Arg24 of DHFR2 enter the active sites, localising its tail between NADPH and DHF. Hydrogen bonds between 
Arg24 and NADPH destabilise DHF, moving it away from Gln35 and Phe31. Taken from Gao et al., 2013. 

Figure 1.13 Clustal pairwise alignment of DHFR and DHFR2 predicted sequence. The folate 
(DHF/THF) binding site amino acids are enclosed in a purple box. The NADPH binding site is 
tridimentionally composed by the amino acids found in the blue boxes. Arg25 substitution is 
underlined in red. 
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Thymidylate synthesis, and the known data seem to be contradictory. Therefore, further 

work is required to gain a better understanding of the functional role of DHFR2. 

 

1.6 Gene-editing techniques 

Genome editing and gene editing are two terms commonly referring to a group of 

techniques for genome engineering. This term refers to the process of introducing site-

specific alterations to genomic DNA. From a single nucleotide to entire genes, this 

relatively recent group of biotechnologies concerns the insertion, deletion and 

modification of specific areas of the genetic code (Haimovich et al., 2015). To be more 

precise, the terms gene and genome editing carry slightly different meanings, even 

though they are often used interchangeably. Gene editing is referred to modifications 

occurring in a gene. In contrast, genome editing focuses on modifying non-gene areas 

(to insert new genes, for example) or regulatory regions to modulate the expression of 

downstream genes (Robb, 2019).  

Genome editing techniques are becoming increasingly accurate, efficient and 

straightforward to use. These characteristics, along with a decrease in processing time 

and costs, make genome-editing the most versatile tool for creating new disease models 

(Gupta & Musunuru, 2014), besides generating transgenic animals and performing gene 

functional analysis (Khalil, 2020).  

All genome editing techniques share the use of programmable nucleases, which work in 

a targeted manner. Four different types of nucleases have been discovered and adapted 

for editing purposes: Meganucleases, Zinc-finger, TALEN (transcription activator-like 

effector nucleases), and CRISPR/Cas (clustered regularly interspaced short palindromic 

repeats / CRISPR-associated protein). They all introduce a double-strand break (DSB) at 

the recognised genomic site. This is consequently tracked and adjusted by one of the 

endogenous repair systems of the cell: homology-directed repair (HDR), non-

homologous end joining (NHEJ), or other minor systems (Fernández et al., 2017; Khalil, 

2020). 
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Genome editing techniques based on meganucleases, zinc-fingers and TALEN require 

the engineering of new nucleases for any new target site, as the enzyme specificity for 

the DNA target resides in their structural motives. Conversely, the CRISPR/Cas enzymes 

are ribonucleoproteins that acquire their specificity by coupling with a small RNA. 

Therefore, the protein side of Cas remains unchanged, while different RNAs can be easily 

designed and assembled to work with it. This feature makes CRISPR/Cas exceptionally 

specific and easy to use (Jiang et al., 2013; Khalil, 2020; Lino et al., 2018). 

The most recent among the genome editing techniques, CRISPR/Cas, has already taken 

over the other methodologies due to its broad applicability: from agriculture and 

environment to medicine, spreading from basic research to clinical treatments (Hough 

& Ajetunmobi, 2017). On the molecular side, CRISPR/Cas can not only produce indels 

(insertions/deletions) but engineered versions of the Cas enzyme allow more subtle 

applications, like regulation of gene expression and monitoring of chromatin 

movements (Rodríguez-Rodríguez et al., 2019). 

1.6.1 CRISPR/Cas: from microbial immunity to genome editing technology 

CRISPR/Cas editing system represents the most recent significant revolution in 

molecular biology, as demonstrated by awarding the 2020 chemistry Nobel Prize to 

Emmanuelle Charpentier and Jennifer Doudna (Ledford & Callaway, 2020). The 

discovery of a bacterial adaptive immune system that can ‘memorise’ pieces of genetic 

material from viruses and later use it to target and destroy the same invading organism 

was rapidly exploited to develop a simple and accurate genome-editing technique 

(Lander, 2016).  

The first CRISPR locus was accidentally discovered in 1987 (Ishino et al., 1987). Most 

bacterial and archaeal species possess such a locus, made of short repeats interrupted 

by unique foreign DNA pieces. Twenty years after that initial discovery, Barrangou and 

team (2007) demonstrated that the spacer sequences represent an adaptive immune 

system, active upon re-infection. Short fragments of invading bacteriophages are 

promptly inserted into the CRISPR locus and, at a later time, used as a defensive 

mechanism (Barrangou et al., 2007; Wright et al., 2016).  
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The CRISPR system operates in three phases: adaptation, expression and interference. 

During adaptation, fragments of foreign DNA are incorporated into the CRISPR array as 

novel “spacers”, interspaced with the repeats. While the spacers are variable by nature, 

the repeats are copies of the same sequence. The expression phase sees the cas genes 

transcribed, along with the CRISPR repeat-spacer array, with the following formation of 

a long pre-crRNA. This precursor RNA is furtherly processed to give mature crRNAs, 

which, in the interference phase, assemble with the Cas proteins targeting and cleaving 

exogenous DNA (Barrangou, 2015; Jiang & Doudna, 2017; Rath et al., 2015) (Fig. 1.14). 

 

Figure 1.14 CRISPR/Cas-mediated DNA interference in adaptive immunity in Prokaryotes. When 
foreign DNA is introduced into a Prokaryotic cell, a portion of it is integrated into the CRISPR 
array as a spacer. The spacers (coloured boxes) are interspaces by repetitive sequences, the 
repeats (brown diamonds). Preceding the CRISPR array is the Cas operon, carrying all Cas 
enzymes’ genes and the tracrRNA, encoding a non-coding RNA complementary to the repeats. 
When the CRISPR locus is expressed, a long pre-crRNA originates from the CRISPR array, which 
associates with the tracrRNAs. The pre-crRNA goes through maturation thanks to the action of 
RNase III and other nucleases (from the cas operon), leading to the formation of a single 
functional RNA duplex (crRNA:tracrRNA). When associated with the tracrRNA, the crRNA binds 
to the Cas9 enzyme and, via complementarity, recognises the foreign DNA. The Cas9 
endonuclease can lead to the cut of foreign DNA, thus actively interfering with a viral infection. 
Image adapted from Jiang & Doudna, 2017. 
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The Prokaryotic CRISPR locus harbours a tracrRNA gene, in addition to the cas operon 

and the CRISPR array. In fact, the crRNA (CRISPR RNA), which carries the ‘invaders’ 

specific sequence, must form a duplex with the tracrRNA (trans-activating crRNA) to 

bind and activate the Cas enzyme. The Cas enzyme is a ribonucleoprotein endonuclease, 

which introduces DSB in a targeted manner, thanks to the association with its RNA 

components crRNA/tracrRNA (Jiang & Doudna, 2017; Mohamadi et al., 2020; Sternberg 

& Doudna, 2015).  

In 2012, the Doudna group showed that a chimeric molecule, called sgRNA (single guide 

RNA) or simply gRNA, made by the fusion of crRNA and tracrRNA, was able to assemble 

with and direct Cas to the target site and cut it (Fig. 1.15) (Jinek et al., 2012). Along with 

the complementarity to the target site, which is mediated by crRNA, Cas has to recognise 

a PAM sequence (Protospace Adjacent Motif) that can be located at the 5’ or 3’ of the 

target site and be composed of a different set of nucleotides depending on the species. 

For example, S.pyogenes Cas9 (one of the most commonly used) identifies the PAM 

sequence “NGG” at the 3’ end (Leenay & Beisel, 2017).  The Cas endonuclease uses PAM 

to discern between self and non-self, avoiding destroying the CRISPR locus itself (Jinek 

et al., 2012). 

  

Figure 1.15 Engineered Cas9 enzyme activated by synthetic single-guide RNA (sgRNA). The Cas9 
endonuclease is guided by the 20-nt sequence of the sgRNA, designed explicitly by researchers 
to target genomic DNA. Image adapted from Jiang & Doudna, 2017. 
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The extraordinary potentiality of the CRISPR system was immediately exploited. Doudna 

and Zhang groups were the first to engineer S. pyogenes and S. thermophilus Cas9 and 

test different combinations of sgRNAs or crRNAs/tracrRNAs on human and mouse cells 

(Cong et al., 2013; Jinek et al., 2013). Since 2013, an exponential number of papers 

contemplating the use of a CRISPR/Cas technology have been published (Adli, 2018), 

thus demonstrating an ongoing revolution in the field of genome editing. CRISPR/Cas 

indeed represents the most straightforward and cheap approach among all the genome 

editing techniques (Kouranova et al., 2016).  

1.6.2 CRISPR/Cas delivery systems 

The system’s primary key is the design of a target-specific RNA that guides the Cas9 

enzyme to virtually any sequence of any organism. These two elements -Cas9 and gRNA- 

can be delivered into cells in several ways. The heterologous Cas9 expression, along with 

the gRNA expression, can be obtained by lentivirus or plasmid transfection, direct 

DNA/RNA injection, or in vitro assembly of the entire ribonucleoprotein complex (Cas9 

+ gRNA). Different strategies can be equally accepted and effective according to the 

application and organism (Kouranova et al., 2016; Sternberg & Doudna, 2015). 

Plasmids have been largely used as Cas9 and gRNA carriers, primarily because of their 

reasonable cost and versatility. A plasmid could contain both the Cas9 gene and the 

gRNA. There is also a possibility to engineer plasmids to include several gRNA to carry 

out a multiplex genome editing (Sakuma et al., 2014). Plasmids resist cellular 

degradation for longer, consenting to a more thorough editing process but, at the same 

time, increasing the risk of introducing off-target modifications. Also, a definite 

possibility of plasmid integration into the genome exists and could lead to unwanted 

genomic rearrangements (Kouranova et al., 2016).  

A method that is starting to gain popularity due to its numerous advantages is Cas9 RNP 

(ribonucleoprotein). The Cas9 RNP consists of a purified Cas9 enzyme that can be easily 

assembled with any desired gRNA in vitro. Both elements -enzyme and RNA- can be 

purchased from specialised companies. Contrary to plasmid transfection, the adoption 

of RNP eliminates the risk of genomic integration and reduces expression variability (The 

Problems of Using Plasmids for CRISPR Genome Editing, n.d.). A plasmid may be 
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expressed or not, or differentially expressed depending on cell type and cell status (Al-

Dosari & Gao, 2009).  

Furthermore, as demonstrated by Kim and Kouranova, off-target modifications are less 

prone to occur when pre-assembled RNPs are delivered (Kim et al., 2014; Kouranova et 

al., 2016). To conclude, RNPs are very efficient because they don’t rely on the cell 

expression system; instead, they are ready to detect the target site and cut it. They are 

also degraded relatively quickly, reducing off-target activity (Mout et al., 2017; 

Vakulskas et al., 2018). 

1.6.3 DNA repair mechanisms 

As per CRISPR/Cas function, introducing a targeted double-strand break in the genome 

would not be sufficient to produce a permanent genomic modification. It is, however, 

the trigger that induces the engagement of the cell's repair mechanisms. Therefore, 

endogenous repair systems become an active and essential part of genome-editing 

technology (Cubbon et al., 2018).  

Eukaryotic cells have established a series of protective mechanisms to preserve their 

integrity and minimise the disruptive effect of genetic material damage. DNA is naturally 

exposed to many types of endogenous and exogenous stresses. Ionising radiation, ROS 

(reactive oxygen species), and chemotherapeutic drugs can all cause the break of one or 

both strands of DNA. Even some programmed cell events, like meiotic recombination, 

can cause fracture of the nucleotide chain. These events may compromise DNA stability 

and eventually lead to chromosomal aberrations, deletions, and apoptosis unless repair 

mechanisms are implemented. All Eukaryotes present two different main tools to repair 

DSB: homology-directed repair (HDR) and non-homologous end joining (NHEJ) (Cooper, 

2000; Featherstone & Jackson, 1999). 

The homology-directed repair pathway is a recombinational process that generally uses 

a second copy of the cleaved chromosome, or a piece of homologous DNA, as a template 

(Karran, 2000). Homologous recombination is not based on a single linear mechanism. 

Still, the enzymatic machinery assembling at the breaking point can vary depending on 

the type of DSB, the cell cycle phase, and even the cell type (Haber, 2000). This repair 
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mechanism is very complex and variable among organisms, but the core steps remain 

unchanged. Initially, the DSB is recognised and extended until forming two ssDNA ends. 

When sequence complementarity is found, the strands face a mutual exchange with the 

subsequent formation of a joint molecule –single or double Holliday junction– that will 

finally be resolved into two separated repaired chromosomes (Kowalczykowski, 2015). 

A recombination event cannot occur outside the S/G2 phase of the cell cycle, as DNA 

replication is not happening. Therefore, the cell relies on the non-homologous end 

joining (NHEJ) (M. Liu et al., 2019; Yang et al., 2020). NHEJ evolved to adapt to various 

DNA DSBs; hence, it is characterised by flexibility and iteration. Despite having a 

separate evolutionary origin, both Pro- and Eukaryotes show the same enzymatic 

machinery, made of DNA-binding proteins, nuclease, polymerase, and ligase. The 

objective of this repair machine is to directly join the DNA extremities, avoiding large 

deletions or chromosome loss at the expense of introducing errors. The terminal ends 

of the damaged DNA undergo a series of digestion/polymerisation steps independently 

until the ligase complex recognises that the strands are similar enough to be annealed 

and ligated (Lieber, 2010; Pannunzio et al., 2018). 

Depending on the nature of the breakpoint and the repair circumstances, HDR and NHEJ 

could either compete or interact. These mechanisms were considered the sole cell repair 

pathways for a long time. Recently, a third mechanism has been identified and 

denominated Microhomology-Mediated End Joining (MMEJ). Evidence suggests that 

MMEJ is a physiological repair process in normal cells and, despite being an error-prone 

system, is highly effective in protecting genome integrity. The critical feature of MMEJ 

is the ability to recognise and anneal short homologous sequences (5-25 bp) flanking the 

DSB. This mechanism facilitates the joining of the extremities, although leading to 

deletions (Kawahara et al., 2016; McVey & Lee, 2008; Seol et al., 2018). Although some 

aspects of the MMEJ remain unclear, the repair process can be summarised as follows. 

Initially, the ends resulting from the DSB are identified and partially resected until small 

homologies are met on both strands. These overlapping regions are now the core of the 

repairing site, leading to the trimming of the 3’ heterologous flap on each strand. Finally, 

a polymerase fills the remaining gaps, and a ligase restores the double-strand structure 

(Wang & Xu, 2017). A diagram of the three systems is shown in Figure 1.16. 
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1.7 Aims and Objectives 

Considering the limited scientific literature available on DHFR2, our research questions 

stemmed from the hypothesis that the endogenous DHFR2 protein might not be made 

or be functional (despite the possibility of producing a recombinant enzyme), as 

explained in Section 1.5 (last paragraph). In addition, evidence of interactions occurring 

between DHFR2 RNA and DHFR protein (McEntee et al., 2011) opened the possibility of 

a regulatory function for DHFR2 in form of RNA. Because of the fragmented knowledge 

on DHFR2, our study proposes to thoroughly investigate the function of endogenous 

DHFR2 (if any is found), either in form of protein or RNA and its implication in One-

Carbon Metabolism and Cell Growth. 

The primary limitation in the design of the experiments was due to the striking similarity 

between DHFR and DHFR2 proteins. This feature makes standard immunostaining 

techniques inadequate for the unequivocal identification of DHFR2 in environments 

Figure 1.16 Schematic of three DNA repair mechanisms: Non-homologous End Joining (NHEJ) (on 
the left), Microhomology-mediated End Joining (MMEJ) (in the middle), Homologous 
recombination (HR) (on the right). Image adapted from Kawahara et al., 2016. 



  36 

where DHFR is equally expressed. Furthermore, the methods employed in this research, 

part of which are described in this thesis, respond to the necessity to overcome this 

practical limitation.  

Although the amino acid homology between DHFR and DHFR2 amounts to 92%, the two 

genes differ significantly, in terms of length, number of exons and overall structure. 

These unique features have been exploited through the use of differential gene-editing 

strategies, thus implementing the specificity of the methodology (Fig. 1.17). The final 

goal was to create a loss-of-function model (DHFR2 knockout) in order to explore DHFR2 

function; alongside that, a DHFR knockout line would provide us with a DHFR-free 

environment to detect and localise DHFR2 unequivocally, other than exploring DHFR2 

compensatory functions (in relation to DHFR). 

 

  

Figure 1.17 Comparison between the gene-editing methods. The image indicates DHFR and 
DHFR2 genes’ structural features with relative gRNAs. A comparison of genes’ characteristics, 
and deployed repair and delivery systems are included. 
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The aims of this thesis can be summarised as follows:  

• To explore whether DHFR2 function is relevant to cell growth.   

• To verify the role of DHFR2 in One-Carbon Metabolism, with emphasis on the 

thymidylate de novo synthesis. 

• To examine the relation between DHFR and DHFR2 in terms of direct interaction 

and functional interdependence (if any). 

• To understand the molecular mechanisms that regulate DHFR2. 

• To investigate potential differences in localisation, interaction and function of 

DHFR2 RNA isoforms.   

 

The following objectives will help in reaching the goals of the investigation. 

• Establishment of a DHFR knockout cell line (HepG2) using CRISPR/Cas9. 

o Assessment of cell proliferation via cell count, plotting and statistical analysis. 

o Evaluation of the DHFR2 (and additional OCM genes) transcriptional level via 

RTqPCR. 

o Global transcriptomics screening via microarray for mRNAs and lncRNAs. 

o Profiling of folate metabolites in OCM via UPLC-MS/MS. 

 

• Establishment of a DHFR2 knockout cell line (HepG2) using CRISPR/Cas9. 

o Assessment of cell proliferation via cell count, plotting and statistical analysis. 

o Evaluation of the DHFR (and additional OCM genes) transcriptional level via 

RTqPCR. 

o Global transcriptomics screening via microarray for mRNAs and lncRNAs. 

o Assessment of DHFR:DHFR2 interdependence via DHFR enzymatic activity test. 

o Profiling of folate metabolites in OCM via UPLC-MS/MS. 

 

• Investigation of localisation and interactions of DHFR2 isoforms in HepG2 cell line 

and embryonic tissues via Hybridisation Chain Reaction methods. 

o Association with DHFR protein and RNA. 

o Association with ribosomes. 

o Association with nuclear components (paraspeckles). 
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The following chapters present the work in chronological order, starting with the 

establishment of the gene-edited lines, DHFR2 knockout (Chapter 3) and DHFR knock-

down (Chapter 4). Both gene-edited lines have been thoroughly screened (cell 

proliferation, transcriptome analysis, folate profiling, enzymatic assay). The results of 

the analyses are described in Chapter 5 for DHFR2 knockout and Chapter 6 for DHFR 

knock-down. Finally, Chapter 7 illustrates the investigation of DHFR2 RNA sequence and 

structural features and association with DHFR, ribosomes and paraspeckles. 
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Chapter 2    
Materials and 

Methods 
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2.1 Materials 

2.1.1 Reagents 

AbCam: Dihydrofolate Reductase Assay Kit (Colorimetric) (Cat. no. ab239705), Mouse 

monoclonal [1L4] to PSPC1 - C-terminal (Cat. no. ab214012), Rabbit monoclonal 

[EP1332Y] to alpha Tubulin (Cat. no. ab52866), Rabbit monoclonal [EPR7808] to RPS3 – 

Ribosome (Cat. no. ab128995). 

Addgene: plasmid pCRIS-PITChv2-FBL (Cat. no. 63672), plasmid pX330A-1x2 (Cat. no. 

58766), plasmid pX330A-FBL/PITCh (Cat. no. 63671), plasmid pX330S-2-PITCh (Cat. no. 

63670). 

Agilent: MycoSensor PCR Assay Kit (Cat. no. 302109). 

Ambion: RNaseZAP (Cat. no. AM9780). 

Bioline: 5x Reaction Buffer (Cat. no. MB-109I), BioScript (Cat. no. BIO-27036), Isolate II 

Plasmid Mini Kit (Cat. no. BIO-52056), MyTaq HS DNA Pol (Cat. no. BIO-21111), Oligo dT 

(Cat. no. BIO-38029), Random Hexamer Primers (Cat. no. BIO-38028). 

BioRad: Quick Start Bovine Serum Albumin Standard (Cat. no. 5000206), Quick Start 

Bradford 1x Dye Reagent (Cat. no. 5000205). 

Gibco: Dulbecco's phosphate-buffered saline (DPBS) (Cat. no. 14190094), Fetal Bovine 

Serum qualified (FBS)(Cat. no. 10270106), HT Supplement 100 X (Cat. no. 11067030), 

MEM Non-Essential Amino Acids 100 X (Cat. no. 11140035), Opti-MEM (Cat. no. 

11058021), Trypan Blue Solution 0.4% (Cat. no. 15250061), Trypsin-EDTA 0.25% (Cat. 

no. 25200056), Cell Culture Freezing Medium (Cat. no. 12648010), DMEM high glucose 

GlutaMAX Supplement (Cat. no. 61965026), Geneticin Selective Antibiotic (G418 

Sulfate) (50 mg/mL) (Cat. no. 10131035), HBSS calcium magnesium no phenol red 500 

mL (Cat. no. 14025050), Kanamycin Sulfate (Cat. no. 15160047), Poly-D-Lysine (Cat. no. 

A3890401). 

Greiner Bio-One: 24-well plate (Cat. no. 662160), 6-well plates (Cat. no.657160), T25 

flasks (Cat. no. 690175CI), T75 flasks (Cat. no. 658175CI). 
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Ibidi: µ-Slide 8 Well Glass Bottom (Cat. no. 80827) 

IDT: Alt-R CRISPR-Cas9 crRNA DHFR2 3' (Cat. no. 74905117), Alt-R CRISPR-Cas9 crRNA 

DHFR2 5' (Cat. no. 74905116), Alt-R CRISPR-Cas9 tracrRNA (Cat. no. 1072532), Alt-R S.p. 

HiFi Cas9 Nuclease (Cat. no. 1081060), gBlocks, Nuclease-Free Duplex Buffer (Cat. no. 

11-05-01-12). 

Invitrogen: Lipofectamine RNAiMAX (Cat. no. 13778100), PureLink RNA Mini Kit (Cat. 

no. 12183018A), SuperScript III First-Strand Synthesis SuperMix (Cat. no. 18080400), 

ezDNase Enzyme (Cat. no. 11766051), PureLink DNase Set 50 preps (Cat. no. 12185010), 

SYBR Safe DNA Gel Stain (Cat. no. S33102), Lipofectamine 3000 Transfection Reagent 

0.75ml (Cat. no. L3000008), Image-iT Fixative Solution (4% formaldehyde methanol-

free) (Cat. no. R37814), Image-IT LIVE Intracellular Membrane and Nuclear Labeling Kit 

(Cat. no. I34407), SlowFade Diamond Antifade Mountant (Cat. no. S36963), UltraPure 

SSC, 20X (Cat. no. 15557044). 

Mirus: MiraCLEAN Endotoxin Removal Kit (Cat. no. MIR 5910), Puromycin 

Dihydrochloride (Cat. no. MIR5940), TransIT-X2 (Cat. no. MIR6003). 

Molecular Instruments: GAPDH probe, DHFR2_201 probe, DHFR2_202 probe, DHFR 

probe, Amplifier B2, Amplifier B3, Amplifier B5, Probe Hybridization Buffer, Probe Wash 

Buffer, Donkey Anti-Mouse Secondary Antibody, Donkey Anti-Rabbit Secondary 

Antibody, Antibody Buffer. 

NanoEntek: AccuChip kit (Cat. no. AD4K-200). 

New England BioLabs: 100bp DNA Ladder (Cat. no. N3231L), 1kb DNA Ladder (Cat. no. 

N3232L), Bbs I – HF (Cat. no. R3539S), Bgl II (Cat. no. R0144S), Bsa I-HF (Cat. no. R3535), 

CutSmart Buffer (Cat. no. B7204S), Gel Loading Dye, Purple 6X (Cat. no. B7024S), Mlu I 

(Cat. no. R0198S), Nde I (Cat. no. R0111S), NEBuffer 3:1 (Cat. no. B7203S), Q5 High-

Fidelity DNA Pol (Cat. no. M0491S), Quick Ligation Kit (Cat. no. M2200S), T4 DNA Ligase 

Reaction Buffer (Cat No. B0202S), Xho I (Cat. no. R0146S), ssRNA Ladder (Cat. no. 

N0362S), RNA Loading Dye (2X) (Cat. no. B0363A). 
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Origene: pCMV6-AC-DHFRL1 (GFP-tagged) - transcript1 (10ug) (Cat. no. RG232027), 

pCMV6-AC-DHFRL1 (Myc-DDK-tagged) - transcript variant 2 (10ug) (Cat. no. RC208452), 

DHFR Mouse Monoclonal Antibody (Cat. no. TA500543S). 

Promega: Wizard SV Gel-PCR Clean-Up (Cat. no. A9281). 

Qiagen: DNeasy Blood & Tissue Kit (Cat. no. 69504), Plasmid maxi kit (Cat. no. 12162), 

Proteinase K (Cat. No. 19131), RNeasy Mini Kit (Cat. no. 74104). 

Roche: Ampicillin (Cat. No. 91084621), Faststart Essential Dna Probes Master (Cat. no. 

06402682001), Universal Probe Library Set, Human (Cat. no. 04683633001), LightCycler 

480 plates 96well (Cat. no. 04729692001). 

Sarstedt: 100mm Dish (Cat. no. 664160), 6-well plate (Cat. No. 833920), 96-well plate 

(Cat. no. 831835300). 

Sigma: 10X PCR buffer without Magnesium Chloride (Cat. No. P2317), Agarose (Cat. no. 

A9539), Cell Freezing Media W/ DMSO (Cat. No. S-002-D), DNase I kit (Cat. No. AMPD1), 

dNTPs Set 100 mM (Cat. No. DNTP100), Dulbecco’s Modified Eagle’s Medium DMEM hi-

glucose (Cat. No. D5796), Ethidium Bromide (Cat. no. E1510), LB broth (Cat. No. L3522), 

LB broth with agar (Cat. No. L2897), Magnesium Chloride (Cat. No. M8787), Orange G 

(Cat. no. O3756), Primers, Ribonuclease inhibitor human (Cat. No. R2520), Streptomycin 

(Cat. no. S6501), Taq DNA Polymerase 5U/µl (Cat. No.D4545), Water molecular biology 

reagent (Cat. No. W4502-1L). 

Takara: In-Fusion HD Cloning Plus (Cat. No. 638909), NucleoSpin Gel and PCR Clean-up 

(Cat. No. 740609), S.O.C. Medium (Cat. No. ST0215). 

Thermo Fisher Scientific: 12-well plate (Cat. no. 150628), 5-bromo-4-chloro-3-indolyl ß-

D-galactopyranoside (X-Gal) (Cat. no. 10113253), ExoSAP-IT Express PCR Product 

Cleanup Reagent (Cat. No. 75001), Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Cat. 

no. R0392), GeneJET Plasmid Miniprep Kit (Cat. no. K0503), M-PER Mammalian Protein 

Extraction Reagent (Cat. no. 78503), Halt Protease Inhibitor Cocktail EDTA-Free (100X) 

(Cat. no. 87785),  Ethanol 99%, absolute, extra pure (Cat. no. 10048291), Pierce 20X PBS 

Tween20 Buffer (Cat. no. 28352), TWEEN 20 (50% Solution) (Cat. no. 003005). 
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VWR: SuperFrost Microscope Slides (Cat. no. 631-0909), Cover glass 22 x 26 mm (Cat. 

no. 631-0131), Cover glass 15 mm Æ (Cat. no. 631-1579). 

2.1.2 Solutions 

Ampicillin: dissolved in molecular grade water. Stock solution 100mg/ml, working 

solution 100 µg/ml 

Streptomycin: dissolved in molecular grade water. Stock solution 50mg/ml, working 

solution 50 µg/ml 

LB Agar: 35 g of LB agar per litre of distilled water 

LB Broth: 20 g of LB broth per litre of distilled water 

TBE 10X: 48.44gTris HCl, 12.37g Boric Acid, 1.5g EDTA, 500ml H2O 

Agarose gel: unless differently specified, all gels are 1% agarose in TBE 1X 

IPTG: resuspended in molecular grade water to a final concentration of 100 mM 

X-Gal: resuspended in DMSO 99.5 % to a final concentration of 50 mM 

2.1.3 Mammalian Cell Lines 

Hep G2 Cell Line human (hepatocyte carcinoma): ATCC (Cat.no. 85011430) 

2.1.4 Prokaryote Cell Lines 

OneShot TOP 10 (Escherichia coli): Invitrogen (Cat.no.C4040) 

XL10-Gold Ultracompetent Cells (Escherichia coli): Stratagene (Cat.no.200314) 

Stellar Competent Cells (Escherichia coli HST08): Takara (Cat.no.ST0213) 
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2.2 Methods 

2.2.1 Microbial Culture 

Bacteria were cultured on the surface of LB agar plates supplemented with the specific 

antibiotic (100 µg/ml ampicillin; 50 µg/ml streptomycin; 1 X kanamycin) and grown 

overnight in a static incubator at 37°C. When requested from the adopted procedure, 

single colonies were isolated using a disposable loop and inoculated into liquid LB broth 

added with the antibiotic. The colonies were allowed to grow overnight in a shaking 

incubator at 225 rpm, 37°C. 

2.2.2 Plasmid Mini Prep 

A single colony was inoculated and cultured overnight in 3 ml LB broth containing either 

100 µg/ml ampicillin or 50 µg/ml streptomycin or 1 X kanamycin (according to the 

resistance gene harboured), then centrifuged at 1500 x g for 3 minutes. After removing 

the supernatant, the pelleted bacteria were lysed and the plasmids were extracted using 

either the Isolate II Plasmid Mini Kit (Bioline) or the GeneJET Plasmid Miniprep Kit 

(Thermo Fisher Scientific) as per manufacturer’s protocol. 

2.2.3 Plasmid Maxi Prep 

Overnight bacterial cultures, obtained inoculating a single colony into 100 ml of media 

(LB broth supplemented with either 100 µg/ml Ampicillin or 1 X Kanamycin) were 

harvested and pelleted by centrifugation at 6000 x g for 15 minuntes at 4°C. The DNA 

was isolated using Qiagen Plasmid Maxi Kit. The pellet was resuspended in buffer P1, P2 

and P3 before being filtered through the specific column (QIAGEN-tip). The plasmid 

DNA, trapped in the column membrane, was eluted in buffer QF and then precipitated 

using room-temperature isopropanol. After a centrifugation step at 15,000 x g for 30 

minutes at 4°C, the DNA pellet was washed with 70 % ethanol, centrifuged and finally 

dissolved in 50 µl molecular biology grade water. 
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2.2.4 Endotoxin Removal 

Plasmids isolated through a maxi prep were further purified using MiraCLEAN Endotoxin 

Removal Kit in a bid to remove bacteria outer membrane residues, as per 

manufacturer’s protocol. The plasmid DNA samples were diluted to a 1 µg/µl 

concentration and mixed with 0.1 volumes of MiraCLEAN Buffer. After a 5-minute 

incubation on ice, 0.03 volumes of EndoGO Extraction Reagent were added to the 

sample, followed by an additional 5-minute incubation on ice (intermittent vortexing 

was applied to the sample). The DNA samples were finally heated at 50°C, chilled and 

centrifuged for one minute at 14,000 x g. A distinct separation was formed between the 

clear upper aqueous phase containing the clean DNA and the lower pink phase 

containing the endotoxin, allowing the removal of the former. 

2.2.5 Restriction Enzyme Digestion 

2.2.5.1 Double Digestion 

Restriction enzyme digestions of plasmid DNA was performed to confirm identity.  After 

plasmid DNA was extracted, a double digestion was performed as a confirmation step. 

The following restriction enzymes were used and combined in sets of two for obtaining 

a distinctive pattern of bands resolved in an agarose gel (electrophoresis): Xho I / Bgl II 

for pX330A-1x2, Mlu I / Bgl II for pX330S-2-PITCh, Nde I / Bsa I – HF for pCRIS-PITChv2-

FBL and Mlu I / Bgl II for pX330A-FBL/PITCh. The reaction mix was as follows: ddH2O, 

10X NEBuffer 3:1/CutSmart, 1µg Plasmid DNA, 10U each Restriction Enzyme. The 

reaction mix was incubated at 37°C for 1 hour.  

2.2.5.2 Single Digestion 

Single digestions required only one restriction enzyme and the same reaction mix 

described for double digestion. As the fragments deriving from single digestions were 

used further for ligation reactions, the complete cut of the restriction sites was assured 

by incubating the reactions overnight (instead of 1 hour, as per manufacturer’s 

protocol). 

  



  46 

2.2.6 DNA Cloning Ligation 

2.2.6.1 Plasmid Modification by Annealed Oligo Cloning 

The insert harbouring the DHFR gRNA sequence was ligated into the linearised pX330A-

1x2 using the Quick Ligation kit (NEB). A molar ratio of 1:3 vector to insert was adopted 

and the following formula was used to calculate the correct amount of insert: [(ng of 

vector x size of insert) / size of vector] x (insert:vector ratio). The ligation mix was set as 

follows: ddH2O, 2X Quick Ligase Buffer, Linearised Vector, Insert, 1 µl Quick Ligase. The 

mix was incubated at 25°C for 5 minutes, chilled on ice and stored at -20°C until used for 

bacteria transformation. 

2.2.6.2 In-Fusion Cloning 

The donor vector backbone and the gene cassette were ligated together using an In-

Fusion reaction. Vector (50 ng) and Insert (100 ng) were mixed thoroughly with 5X In-

Fusion PreMix and ddH2O and incubated for 15 minutes at 50°C, chilled on ice and stored 

at -20°C until ready for bacteria transformation. 

2.2.6.3 Golden Gate Cloning 

The Golden Gate assembly was accomplished using a single digestion/ligation reaction,  

performed as follows: pX330A-1x2-DHFR and pX330S-2-PITCh (1:2 ratio), 10X T4 DNA 

Ligation Buffer, 10U Bsa I – HF, 1 µl QuickLigase, ddH2O. The reaction was carried out 

within a GeneAmp PCR System 9700 (AB) thermal cycler at the following conditions: 

37°C, 5 minutes; 16°C, 10 minutes for 25 cycles. An additional reaction was further 

digested with Bsa I – HF at 37°C for 30 minutes, followed by heat inactivation at 80°C for 

5 minutes. Both digestion/ligation mixes were used to transform bacteria. 

2.2.7 Bacteria transformation 

2.2.7.1 OneShot TOP10 competent cells 

A vial of OneShot TOP10 was let thaw on ice and immediately transformed with 10 ng 

plasmid DNA. After a 30-minute incubation on ice, a heat shock was performed by 

moving the cells to a 42°C water bath for 30 seconds and placed back on ice for 2 
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minutes. Cells were supplemented with 250 µl LB broth and incubated for 1 hour in a 

shaking incubator at 37°C, 225 rpm. Two different volumes (20 µl and 100 µl) of 

transformed bacteria were then plated (LB agar + Amp/Str) and let grow overnight in a 

static incubator at 37°C. Single colonies were picked to be inoculated in LB broth + 

Amp/Str and grown overnight. 

2.2.7.2 XL10 Gold Ultracompetent cells 

XL10 Gold (50 µl) was thawed on ice and supplemented with 2 µl Golden Gate Assembly 

reaction mix (pX330A-1x2-DHFR + pX330S-2-PITCh), then incubated on ice for 30 

minutes. After a 30-second heat shock at 42°C, the cells were placed back on ice for 2 

minutes, added with 300 µl S.O.C. medium (from In-Fusion kit) and placed into a shaking 

incubator for 1 hour at 37°C. Two different volumes of cells (20 µl and 100 µl) were 

streaked onto IPTG/X-Gal Ampicillin plates. These plates were prepared by spreading 40 

µl IPTG 100 mM on the surface of 100 µg/ml Ampicillin plates and let dry for 30 minutes 

in the proximity of a Bunsen burner. Then, 120 µl X-Gal 50 mM were added the same 

way. The plates were stored in the fridge wrapped in foil to avoid X-Gal degradation. 

2.2.7.3 Stellar competent cells 

Stellar Competent Cells (50 µl) were mixed gently after thawing and added with 2.5 µl 

In-Fusion reaction mixture. A 30-minute incubation on ice was followed by heat shock 

at 42°C for exactly 45 seconds and ice incubation for 2 minutes. The cells were 

supplemented with 450 µl S.O.C. and shaken at 225 rpm, 37°C for 1 hour. To assure the 

growth of colonies, all cells were plated in three different volumes (5 µl, 100 µl, all the 

remaining). 

2.2.8 Gel electrophoresis 

Unless indicated otherwise, all agarose gels were prepared by mixing 1% agarose (w/v) 

in either 50 ml or 100 ml TBE 1X. The solution was brought to a boil using a common 

microwave, then let cool on the bench until reaching a temperature of approximately 

55°C. Ethidium Bromide (stock solution 10 mg/ml) was added to a final concentration of 

0.1 µl/ml and poured into the mould. According to the expected product size, the PCR 

reaction mix was supplemented with either Orange G (5X) or Purple Gel Loading Dye 
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(6X) before being loaded into wells. Gels were run at 90-100 V for 45-60 minutes and 

visualised through DNR Mini-Bis Pro Bio-Imaging System. Conversely, gels described in 

Chapters 5 and 6 were stained with SYBR Safe (Invitrogen) and visualised through Azure 

200 Gel Imaging Workstation (Cambridge Bioscience). 

2.2.9 Purification of gel extracted PCR products and vectors 

Pictures taken by DNR Mini-Bis Pro Bio-Imaging System allowed the visualization of the 

desired DNA fragment and facilitated their excision using a scalpel. The gel slice was 

collected into a 1.5 ml tube and mixed with Membrane Binding Solution. The tube was 

incubated at 65°C for 10 minutes and together vortexed every few minutes to help the 

gel dissolve thoroughly. The DNA was purified by centrifugation using the Wizard SV Gel 

and PCR Clean-Up System as per manufacturer’s protocol. 

Contrarily, NucleoSpin Gel and PCR Clean-up was solely used to purify vector and insert 

DNA fragments to construct the Donor vector. After loading and running a 1% agarose 

gel with the two amplified DNA pieces (25 µl), the relative bands were excised out and 

dissolved in Buffer NTI (200 µl buffer per 100 mg gel). The sample was incubated at 50°C 

for 10 minutes and vortexed every 2-3 minutes until the slice was completely dissolved. 

The DNA was eluted from the agarose using the NucleoSpin columns and buffers as per 

manufacturer’s protocol. To increase the yield of DNA, two consecutive elution steps 

(20 µl and 15 µl) were performed with elution buffer pre-warmed at 70°C. 

2.2.10 Quantification of DNA and RNA concentration 

The concentration of all DNA and RNA samples were measured using either a NanoDrop 

1000 or NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Fisher 

Scientific). 

2.2.11 Sanger Sequencing 

All PCR products were sequenced by either Source BioScience (Tramore, Ireland) or 

Eurofins Genomics (Ebersberg, Germany). 
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2.2.12 Polymerase Chain Reaction (PCR) 

All reactions were performed in the Applied Biosystem GeneAmp PCR system 9700 

unless otherwise stated. 

2.2.13 Mammalian Cell Culture Methods 

2.2.13.1 Cell Maintenance 

HepG2 cells (hepatocyte carcinoma) were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) hi-glucose, supplemented with 10% Fetal Bovine Serum at 37°C, in a 

5% CO2 incubator. Cells were generally grown in 100 mm dishes containing 12 ml 

medium. At 80% confluence, cells were harvested using 3 ml Trypsin-EDTA 0.25% after 

one/two washing steps with DPBS 1X to eliminate the medium residues. When different 

vessels were used, the medium and trypsin volumes were changed accordingly. Cells 

were left detaching for 5 minutes in the incubator (37°C, 5% CO2), then the trypsin was 

deactivated by adding the same volume of medium followed by centrifugation at 150 x 

g for 3 minutes. 

2.2.13.2 Cell Count 

Pelleted cells were generally resuspended in 5.5 ml complete media. Cell suspension 

(0.5 ml) was transferred into an Eppendorf, to which 0.1 ml Trypan Blue was added. The 

mixture was intermittently vortexed for 10 seconds and incubated at room temperature 

for 5 minutes. An aliquot of cells (20 µl) was pipetted on one of the haemocytometer’s 

chambers and a coverslip was placed over the specimen. Cells were counted in the four 

corner squares and the average number was calculated. To determine the cell 

concentration, the average number was multiplied by the dilution factor (1.2) and by 

the area under the coverslip (104). 

Specifically to the Cell Growth Curve (Chapters 5 and 6), cells were counted using the 

ADAM Automated Cell Counter. Pelleted cells were resuspended in an appropriate 

volume of growth media to dilute to a final concentration of 5x104 cells/ml to 4x106 

cells/ml. To count total cells and viable cells, two different suspensions were prepared 

by adding 50µl of Accustain solution T and solution N to 50µl of cells. After brief 
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vortexing, 12µl of each suspension were loaded in the appropriate channel (T or N) of 

the Accuchip 4x slide.  

2.2.13.3 Recovery of cells from long term storage 

Cells stored in liquid nitrogen were resuscitated by rapidly transferring into the 

biological safety cabinet, where the cryovial lid was slightly twisted and tightened back 

(using a tissue soaked in 70% IMS) to remove nitrogen residues and immediately moved 

to a 37°C water bath. When a few ice crystals were still present (~ 2 minutes), the vial 

was moved back to the BSC and the whole content was transferred to a universal tube 

containing complete media. The tube was gently swung and centrifuged (150 x g, 3 

minutes). Cells were resuspended and counted before being seeded. 

2.2.13.4 Single-cell Cloning 

Cells were seeded into a 96-well plate at a 1 x 104 cells/ml concentration using regular 

media added with conditioned media in a 1:1 ratio Each well was filled with a final 

volume of 200 µl media. Cell populations from a single cell were selected and further 

passaged into a 12-well plate, then to a 6-well plate and finally to a 100mm dish upon 

reaching confluency per each used vessel. Cells were incubated and grown in a 5 % CO2 

incubator at 37 °C. Conditioned media was prepared from media in which cells had been 

grown for 24 hours, centrifuged at 10 x g for 10 minutes and filtered on a 0.2 µm filter. 

2.2.13.5 Dose-response curve for puromycin selection  

Cells were seeded into a 24-well plate at a 3 x 105 cells/ml concentration, containing 0.5 

ml each. Cells were grown into a 5 % CO2 incubator at 37 °C for two days when they 

reached a 60-70 % confluence. Media was replaced with fresh DMEM + 10 % FBS and 

puromycin at increasing concentrations: 0, 0.25, 0.5, 1, 1.5, 2, 4, 8 µg/ml final 

concentration, in duplicate. Puromycin-added media was replaced every two days. Cells 

were observed for six days. Optimal killing concentration was inferred by observation.  

2.2.14 Mycoplasma test 

Cell cultures were tested for Mycoplasma infection using the MycoSensor PCR assay kit 

(Agilent). The supernatant from cell cultures was used in the PCR reaction after being 
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boiled at 95°C and treated with the StrataClean resin. Alongside the test samples, 

negative and positive controls were also tested. The primer mix would generate a 315 

bp band in the positive control and in the samples if infected with any of the most 

common Mycoplasma species. An internal control (producing a 500bp band) was added 

to all tubes to confirm the absence of PCR inhibitors. Each 50 µl reaction included: 5 µl 

10X PCR Buffer, 0.5 µl Taq DNA Polymerase (5U/µl), 6 µl MgCl2 25mM, 1 µl dNTP/dUTP 

mix, 4 µl Internal control template, 2 µl Mycoplasma primer set, 5 µl Mycoplasma orale 

positive control template/Resin-treated supernatant, H2O. The PCR amplification was 

performed in a thermal cycler (GeneAmp PCR System 9700 AB), 35 cycles at the 

following temperatures: 94°C for 30 seconds, 55°C for 1 minute, 72°C for 1 minute. 

2.2.15 Transfection 

Cell transfection was employed to artificially introduce plasmid DNA into cells. At the 

moment of transfection, cells were between passage 5 and 25 post-thaw. They were 

passaged every three days to avoid them entering senescence. To ensure an efficient 

transfection, cells had to be actively growing; thus they were passaged the day before 

transfection. When counted, cells had to be over 90% viable. HepG2 cells were generally 

seeded at 1.5 x 105 cells/well in a 24-well plate, a concentration that allowed them to 

be 70-90% confluent on the following day. The seeding concentration was scaled up 

accordingly when larger vessels were used. To ensure the dissociation of clumps, cells 

were resuspended with the help of a p200 tip inserted on top of a 5ml/10ml serological 

pipette and pipetted up and down 5 times. Having single cells is essential to improve 

transfection efficiency. On the day of transfection, the lipid-DNA complexes were 

assembled in Opti-MEM. Lipofectamine 3000 Transfection Reagent (Invitrogen) was 

used (as per manufacturer’s protocol) along with 500 ng plasmid DNA per well. The 

mixture was added to the cells, which were incubated (37°C, 5% CO2) for 48 h before 

being analysed. 

2.2.16 Cell fixation and staining 

A 22 x 26 mm cover glass was placed onto a well of a 6-well plate (alternatively, 15 mm 

Æ cover glass for 24-well plate) for cells to be cultured on its surface. At 70-80% 
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confluence, cells could be fixed and stained for fluorescence microscopy. After media 

removal and PBS wash, cells were fixed with 1 ml 4% formaldehyde (Invitrogen Image-

iT Fixative Solution) for 15 minutes at 37°C. Cells were then washed three times with 

HBSS (Gibco) and covered with 1 ml staining solution (Invitrogen Image-IT LIVE 

Intracellular Membrane and Nuclear Labeling Kit) for 10 minutes at room temperature. 

The staining solution was removed, and the cells were washed twice in HBSS. The cover 

glass was carefully removed from the plate and mounted, facing down, into a slide with 

the aid of 30 µl mounting media (Invitrogen SlowFade Diamond Antifade Mountant). 

The edges were sealed with clear nail polish. The slides were stored in the dark until 

imaging. 

2.2.17 DNA extraction from mammalian cells 

The Qiagen DNeasy Blood & Tissue kit was used to purify total DNA from mammalian 

cells. Cultured cells were harvested at sub-confluence status (maximum 5 x 106 cells), 

pelleted and resuspended in 200 µl 1 X PBS. After adding 20 µl proteinase K (20 mg/ml) 

and 200 µl lysis buffer (buffer AL), cells were vortexed and incubated at 56°C for 10 

minutes. Ethanol 100 % (200 µl) was added before moving the whole lysate into the 

appropriate mini columns. The following centrifugation step allowed the DNA to bind to 

the membrane and eliminate the rest of the cell components in the flow-through. Two 

consecutive washing steps led to removing any residues from the membrane, 

consenting to the elution of pure DNA in molecular grade water (100 µl) 

2.2.18 RNA extraction from mammalian cells 

Working surfaces and pieces of equipment were thoroughly wiped with RnaseZap prior 

to the start of the extraction. Upon trypsinisation, cells were pelleted by centrifugation 

(300 x g, 5 minutes), snap-frozen (liquid nitrogen) and stored at -80°C for a short time. 

Total RNA was extracted using the Qiagen RNeasy Mini Kit (Chapters 3 and 4). The frozen 

pellet was resuspended in 600 µl RLT buffer by vortexing. The homogenisation of the 

lysate was achieved by passing the sample through the QIAshredder spin column using 

centrifugation. The sample was then washed with ethanol 70% and pipetted into the 

RNeasy spin column. A centrifugation step allowed the RNA to bind to the membrane 
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while the flow-through was discarded. Before the total RNA could be eluted in 40 µl 

RNase-free water, three washing steps were performed. 

The PureLink RNA Mini Kit was also used (Chapters 5 and 6). The frozen pellet was 

resuspended in an appropriate volume of Lysis Buffer added with a reducing agent (1% 

2-mercaptoethanol or 40 mM DTT). The lysate was then syringed 5-10 times through an 

18-21 gauge needle to obtain a homogenised suspension. The sample was added with 

one volume of 70% ethanol before being transferred to the Spin Cartridge and 

centrifuged. After three washing steps, the purified RNA was eluted in an appropriate 

volume of RNase-free water.  

Traces of genomic DNA were eliminated using DNase treatment performed either during 

(on-column PureLink DNase Treatment) or post RNA purification (DNase I; ezDNase). 

2.2.19 RNA integrity check 

The integrity of all RNA samples (both freshly extracted and frozen) was assessed prior 

to cDNA synthesis. An aliquot of RNA was diluted to 50 ng/µl. NEB RNA Loading Dye (2X) 

was added to 5µl of RNA and heated at 70°C for 2 minutes, then cooled on ice for at 

least 1 minute. The sample was loaded into a 1% agarose gel and electrophoresed at 

100 V for 1 hour. An intact total RNA sample would resolve as two bands (corresponding 

to the largest ribosomal RNAs: 18S and 28S), with the 28S band showing a 2 x higher 

intensity than the 18S band.  Degraded RNA resolves as a low molecular weight smear. 

2.2.20 Reverse-Transcription of RNA to cDNA (and genomic DNA removal) 

A DNase I (alternatively, ezDNase) treatment was performed before the reverse-

transcription, aiming to eliminate any DNA residues left from the RNA extraction. RNA 

(2 µg) was diluted in a total volume of 8 µl. DNase I (1 unit/μL) and DNase buffer -1 µl 

each- were added to the sample and incubated for 15 minutes at room temperature. 

The DNase activity was stopped by adding 1 µl DNase Stop Solution. The mixture was 

incubated at 70°C for 10 minutes and cooled on ice. The DNase-treated RNA had to be 

split in two to proceed with the reverse-transcription, thus working with 1µg RNA per 

tube. Each sample was added with 2µl random hexamers (50 ng/μL) + 1 µl oligo dT (270 
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ng/µL), incubated at 70°C for 5 minutes and cooled on ice for at least 1 minute. 

Ribonuclease inhibitor (1 µl, concentrated 30,000-50,000 units/ml) was added to the 

mixture, along with 1 µl dNTPs 10 mM, 1 µl BioScript, 4 µl 5X Reaction Buffer, 1.5 µl H2O. 

The reaction was incubated in a thermal cycler (GeneAmp PCR System 9700 AB) under 

the following conditions: 25°C for 10 minutes, 42°C for 60 minutes, 70°C for 15 minutes. 

The resulting cDNA was stored at -20°C. 

In addition, cDNA used in the experiments described in Chapters 5 and 6 was synthesised 

through the  SuperScript III First-Strand Synthesis SuperMix. Total RNA (1 µg) was 

combined with 1 µl Oligo-dT (50 µM) and 1 µl annealing buffer and incubated at 65°C 

for 5 minutes. After adding 2X First-Strand Reaction Mix and SuperScript III/RNaseOUT 

Enzyme Mix (2 µl), the mixture was incubated at 50°C for 50 minutes. The reaction was 

inactivated by increasing the temperature to 85°C for 5 minutes and then stored at 20°C. 

2.2.21 Genomic contamination assay 

A genomic contamination assay was performed on every cDNA sample to ensure the 

DNase treatment was effective. This PCR assay (MTHFD1 R653Q) (Appendix G) leads to 

the amplification of a 232bp band from the cDNA component and a 330bp band from 

genomic DNA, if any is present in the sample. The reaction mix is as follows: 10X PCR 

buffer, 0.2 µl Taq DNA Polymerase (5U/ μl), 3 µl MgCl2 (25mM), 4 µl dNTPs (2.5mM), 2.5 

µl MTHFD1 Fwd (10µM), 2.5 µl MTHFD1 Rev (10µM), 1 µl cDNA, H2O to a final volume 

of 50 µl. The PCR mixture was put in a thermal cycler (GeneAmp PCR System 9700 AB)at 

the following conditions: initial denaturation at 95°C for 3 minutes; 35 cycles at 94°C for 

30 seconds, 58°C for 1 minute, 72°C for 1 minute; final elongation at 72°C for 10 minutes.  

2.2.22 Quantitative Reverse Transcription PCR (RT-qPCR) 

All assays were designed using the Roche Universal Probe Library Design Tool 

(discontinued), which indicated the probes to use (Roche Universal Probe Library Set, 

Human) alongside the primers (manufactured by Sigma) and the master mix (Faststart 

Essential Dna Probes Master). A comprehensive list of the assays, with relative 

primer/probe sequence and concentration, can be found in the Appendix W. All assays 

were run in triplicate on the LightCycler 96 (Roche) under the following conditions: pre-
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incubation at 95°C for 10 minutes, 45 cycles of amplification divided into 30 seconds at 

95°C, 30 seconds at 60°C, 30 seconds at 72°C followed by a cooling step at 40°C for 10 

seconds. Amplification data were visualised and analysed through the Lightcycler 96 

software. 

2.2.23 Protein extraction 

Cells were cultured in T125 intending to obtain enough proteins. Cells were collected by 

trypsinisation when 80% confluent and snap-frozen (stored at -80°C for a short time). 

On the day of protein extraction, the pellet was washed with PBS to eliminate any traces 

of phenol red (from media and trypsin). The volume of lysis buffer (Thermo Fisher M-

PER Mammalian Protein Extraction Reagent) was calculated based on the estimated cell 

pellet weight, considering at least 1 ml M-PER Reagent for each 100 mg of wet cell pellet. 

The lysis buffer was supplemented with a protease inhibitor (Thermo Fisher Halt 

Protease Inhibitor Cocktail EDTA-Free, 100 X) and added to the cell pellet. After spending 

10 minutes in the shaking incubator, the resuspended/lysed cells were centrifuged at 

14000 x g for 15 minutes. The supernatant, which contained free proteins, was 

transferred to a clean tube and stored at -80°C for further analysis. An aliquot (25µl) of 

protein was used for estimating the sample concentration by Bradford assay. 

2.2.24 Bradford protein assay (protein quantification) 

Quick Start Bovine Serum Albumin (BioRad) was used to make a standard curve, in 

triplicate. The unknown samples were measured as neat and as 1:5 and 1:10 dilutions, 

each in triplicate. Both standards and samples were added to a 96-well plate with a 

volume of 4 µl. Quick Start Bradford 1x Dye Reagent was added using a multichannel 

pipette (200 µl per well), making sure to mix the content of the wells avoiding the 

production of bubbles. The plate was incubated for 5-10 minutes at room temperature 

before being read at the spectrophotometer (Tecan I-Control Infinite 200) at 595 nm. 

The average of the absorbance values of the triplicates was calculated, and the blank 

was subtracted from it. The standard curve was plotted, and the relative equation was 

generated. The absorbance values of the unknown samples were substituted into the 

standard equation to deduce the sample concentration (mg/ml).  
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2.2.25 DHFR enzymatic assay 

DHFR enzymatic activity was assessed using a colourimetric assay (Abcam Dihydrofolate 

Reductase Assay Kit), which exploits the natural ability of DHFR to reduce NADPH. 

NADPH consumption is read as a decrease in absorbance at 340 nm. The test was 

performed on a 96-well plate in the Tecan I-Control Infinite 200 spectrophotometer. The 

samples consisted of purified total proteins extracted from HepG2 cell lines (section 

2.2.23). An NADPH standard curve was prepared and analysed in endpoint mode. Each 

tested sample consisted of total protein, NADPH and DHF. An identical sample minus 

DHF was run alongside this, serving as background control. Each plate also contained a 

positive control made of purified DHFR (+ DHF, + NADPH), a negative control lacking the 

protein component (DHF and NADPH included in the reaction), and a Blank made solely 

of the buffer. All samples were read in kinetic mode for 60 minutes. The Blank 

absorbance values were subtracted from those of the samples, and a DOD was 

calculated between t0 and t60 for both test samples and background samples. The DOD 

values were applied to the standard curve equation to find the number of moles of 

NADPH used. The following equation was used to calculate DHFR activity: 

DHFR mU/mg = (n mol sample - n mol background / Δt) * mg protein in well 

where 1 U is the amount of DHFR that oxidises 1 µmol NADPH per minute at pH 7.5 at 

room temperature. 

2.2.26 Hybridisation Chain Reaction IHC + RNA-FISH 

The HCR (Hybridisation Chain Reaction) technology was applied to an 

Immunohistochemistry and RNA-FISH (Fluorescence in situ Hybridisation) multiplexed 

localisation experiment. The protocol consisted of three stages plus the initial 

preparation of fixed cells on a chambered slide. 

The description of the following steps refers to mammalian cells on a chambered slide. 

The protocol for tissue sections on a slide was slightly different, but the steps of the 

procedure remain the same. For detailed protocols, depending on the sample type, 

please see the Molecular Instrument HCR IHC + HCR RNA-FISH web page 

(https://www.molecularinstruments.com/hcr-ihc-hcr-rnafish-protocols). 
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The volume of all reagents used equals 300 µl per chamber unless otherwise stated. 

2.2.26.1 Fixation of HepG2 cells on a chambered slide 

A chambered slide (Ibidi µ-Slide 8 Well Glass Bottom) was coated with 0.01% poly-D-

Lysine (Gibco) and incubated for 30 minutes at room temperature. After removing the 

coating solution and washing twice with molecular grade water, cells were plated and 

grown until the desired confluence. Cells were fixed (as described in section 2.2.16) and 

permeabilised overnight with 70% ice-cold ethanol at -20°C. 

2.2.26.2 Protein Detection (immunochemistry) 

The chambers were washed off the ethanol with PBS (2 x 5 minutes) and added with 

Antibody Buffer. The slide was incubated at room temperature for 1 h with gentle 

agitation. The Antibody Buffer was replaced with Primary Antibody solution and 

incubated overnight at 4°C with gentle agitation. The excess antibodies were washed 

with PBS-Tween (3 x 5 minutes). Initiator-labelled secondary antibody solution (1 µg/ml) 

was added and incubated for 1 h at room temperature with gentle agitation. The excess 

antibodies were washed with PBS-Tween (3 x 5 minutes). 

2.2.26.3 RNA detection (RNA-FISH) 

The samples were post-fixed and washed with SSC. A pre-hybridisation step was done 

by adding Probe Hybridisation Buffer and incubating for 30 minutes at 37°C. The Probe 

Hybridisation Buffer was replaced with Probe Solution (16 nM) and incubated overnight 

at 37°C. The excess probes were washed with Probe Wash Buffer (4 x 5 minutes), and 

then washed again with SSC-Tween.  

2.2.26.4 Amplification (Hybridisation Chain Reaction) 

The Amplification Buffer was added and the sample was incubated for 30 minutes at 

room temperature. Then, it was replaced by the hairpin solution (60 nM), which 

contained all snap-cooled hairpins h1 and h2. The slide was incubated overnight in a 

dark place at room temperature. The excess hairpins were washed with SSC (5 x 5 

minutes). The slide was mounted by adding 150 µl mounting media per chamber and 

stored at 4°C protected from light before imaging. 
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2.2.27 Bioinformatic Resources 

2.2.27.1 Primer BLAST 

Primer-BLAST (Basic Local Alignment Search Tool) is a publicly available bioinformatics 

tool that helps to design and/or check the specificity of a pair of primers to be used in a 

Polymerase Chain Reaction (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

2.2.27.2 CRISPR gRNA design tools 

Several web tools have been consulted to analyse the most suitable gRNAs to use in 

DHFR and DHFR2 knock-out strategies. 

● DESKGEN Guide Picker (https://www.deskgen.com/guide-picker/#/) 
● PITCh designer 2.0 (http://www.mls.sci.hiroshima-

u.ac.jp/smg/PITChdesigner/index.html) 
● IDT Alt-R Custom Cas9 crRNA Design Tool 

(https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM) 

2.2.27.3 Geneious Prime 2019.2 and 2022.1.1 

Sequence analysis software used to visualise and compare Sanger sequenced products 

with their expected sequence. (https://www.geneious.com). 

2.2.27.4 SnapGene Viewer 

Molecular Biology software used to visualise plasmid sequences and annotate specific 

features such as restriction enzymes sites and primers locations.   

2.2.27.5 R Studio 

Statistical analysis of cell growth was performed using R Studio. Particularly, the growth 

of several Hep G2 populations (wild-type, DHFR knock-out, DHFR2 knock-out; 

±HT/NEAA) was monitored throughout a period of ten days, and a comparison was 

made using several statistical tools, i.e. t-test, ANOVA test, linear regression, 

permutation test. All statistical tests were accompanied by graphic visualisation so to 

understand better growth trends (for details, see Appendix S).  (RStudio Team (2015). 

RStudio: Integrated Development for R. RStudio, Inc., Boston, MA 

URL http://www.rstudio.com/). 
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2.2.27.6 Image J 

Java-based programme used for image analysis. The plugin JACoP was used for 

colocalisation studies. 
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3.1 Introduction 

3.1.1 DHFR2 knockout overview 

In loss-of-function studies, the disruption of a gene, and consecutively of its protein, is 

conducive to changes in the molecular phenotype, with alteration of specific cell 

functions. To fully understand the biological role of DHFR2, a knockout of the gene was 

planned. The disruption of DHFR2 was anticipated to potentially impact DHFR function, 

as its interaction with DHFR was previously demonstrated (McEntee et al., 2011). The 

discovery that DHFR2 RNA is able to bind the DHFR enzyme led to the hypothesis of a 

new player in the autoregulatory pattern of DHFR, in which the protein binds its own 

RNA and therefore modulates its translational levels (Abali et al., 2008; Ercikan-Abali et 

al., 1997; Tai et al., 2004). As a result of DHFR translational modulation, we expected 

consequent imbalances within the One-Carbon Metabolism, with potential effects on 

cell proliferation and death. 

DHFR2 is a retrogene derived from reverse transcription of a DHFR RNA back into the 

genome. The entire ORF resides within the same exon. That peculiarity, along with its 

relatively short length, makes DHFR2 the perfect target for a rapid and easy engineering 

method. The goal to produce a knockout is reached by a double-cut strategy, in which 

two DSBs, mediated by CRISPR/Cas, allow the complete deletion of the Open Reading 

Frame.  

The paper “Generation of Genomic Deletions in Mammalian Cell Lines via CRISPR/Cas9” 

by Bauer et al. 2015 describes a simple CRISPR/Cas approach to achieve genomic 

deletions in mammalian cells. The idea behind this strategy is very straightforward. If 

two double-strand breaks are introduced at the edges of a gene, this will be removed 

entirely, and the resulting extremities will be re-joined together by NHEJ. This technique, 

however simple, was able to produce the deletion of the entire Pim1 gene, 8 kb long, in 

MEL cells (Bauer et al., 2015). This strategy was adapted onto DHFR2, aiming to delete 

the ORF as a whole, bringing about the effective knockout of the gene.  

The similarity rate between DHFR2 and DHFR was a significant concern when it came to 

choosing the gRNAs targeting the DHFR2 ORF flanking regions. An accurate design, 
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coupled with a Cas9 RNP, increased the method’s specificity. We opted for the use of a 

HiFi Cas9 (IDT Alt-R S.p. Cas9) complexed with a tracrRNA (the constant part of a gRNA) 

and a crRNA (the target-specific part of a gRNA). While the tracrRNA has an invariable 

sequence - that adapts into the relative Cas9 activating it -the crRNA has to be 

specifically designed to detect the target sequence and guide Cas9 over it.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note to the Reader: This chapter discusses a collection of methods used to establish a 

knockout line. Therefore, the following sections will not be characterised by the standard 

partition in Methods and Results. The majority of the following sections will describe 

methods; occasionally, subsections of Methods and Results are integrated. 
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3.2 Construction of the Ribonucleoprotein complex 

3.2.1 crRNAs design 

The Custom Alt-R CRISPR-Cas9 guide RNA tool (CRISPR-Cas9 Guide RNA Design Checker 

| IDT, n.d., p. 9) was used to design two crRNAs that could allow a unique cut at both 

ends of DHFR2 ORF.  All possible target sites were visualised with the relative on- and 

off-target activity. The crRNAs shown in Table 3.1 were selected as presenting the best 

combination of highest on-target and off-target activity. 

Table 3.1 crRNAs selected to target DHFR2 gene. 

 

The two sequences are strategically located at either edge of the ORF, which starts at 

the beginning of exon 2. The sequence block below shows a section of DHFR2: in red 

exon 1 and 2, in black intron 1, highlighted in yellow the ORF, bold and underlined the 

two target sequences (crRNAs). 

CTCATTCAGATAGAGGTACCCAGCCGGGCCCCAGGTCTCACCTGGGTCAGCATTGTCCCGCTGAGAGCTT 
TCAAACAACAGGTGTACGCGAATCAGTATCAAAAAGCCTCCAGGGAACTGAAAAAAACAGTCTGACTTCC 
GGGATTCGCGGGCATCCACTTTCATTCTCACGTTTCCTCTTCAATTTCTCGCGAGATACTGATTTGCTCG 
CGCTATAGAATTCTTGTCGAAGAGGCTTAGCTCCCGCGGGAGATTTCGTGCGCAGTTACTTCCGGTAGCT 
GGTAAAGGCTGATACTTCCCAGGACGCGGAGGTAACGGGCCAGGGCCAAAGCGACTTTCGCTACTTGGAT 
TGGTCGGCGTAGCTTTGGGCGGCCGGACCTTAGAAAGTCACACATCTGCGCGCCTGTGCGGCCCCTGCTT 
CTGCGGATGCTGAGGTGGGAGGATCGCTTGGGCAGAAGTTTGAGGTTGCAGTGACCCGTGATCGCGCCAC 
TGCACTGCAGCGTGGGCGACAGAGCGAGGCTTTGTCTCAAAAATAAATAAAAAGTCGCATATTGTGCTGA 
ACAGTGTGTATATGCATGGGGCTCAATAAAGGAATGAGTTTTGGGGTTATGTTGTATGATGACTGATTTA 
AAATATTCTCAAAGCGAAGCTAGTTACTGACTTAATCTACCAAATCTAGTGACCCCTGTTAACCTAGACA 
TTCAGTACCCAAGGATAAAAGGGTGGAATATAATGAAAAAGAAATTAAGTCATGCTTTTCCCCAGACCTG 
GCCCATGGGGATAATCTCTCCTTTTAATGGAGAGTGTTAAACTGAAGTAGGCATGTAAAGCGGTTACAAC 
AGTGATTAGGAAACAGTAAATGCCCAAATGTTAGCTGCTATTATTTTCACTATTGTGATCATTGTGATTT 
TTGTCGCGTTGATACCAAATGCGTGAAGACCAAAAGGACCCTCCACTCTAGCCTCCCCAATTCACCTTTA 
CAAGGGAGCAATGTTTAATGGTTCTCCAAGGAAGATGTTTATTACACCTATTTTGACACGAATAGAAGTT 
TATTTGCTCTTTTGGTGTCATGCTTCAGTAACTATCATTTGTAGCAGCAATCAGCAATTAGAAAAAACCG 
GTTTGATATGGTCCCTGATAGTTAATAATCATCATTTTGAGTTGTTCCTTGATGCTCATATCAATATACG 
TACATGCTATAGGTACAAGTCTTATATTCATGTAAAAACATGTCTTTCCTTCTAATCTGATTTGAAGCTT 
AATATATTTATTTATTTAAACAAGTTTCCAAGTCACCTAAAAAATGCATCTTATTAGAATTTAGATTTGG 
TACAAAAGACTATGATAATCAGGAATGAAATGATGCCATCTCTTGGATGCCGTCTGTTTAATGTTTGTGG 
AAAAGTCGGTCTAACCTTTCAGCCTCTGTATTTTTTATAATTTTATAAATTTATATTTTATAAATATTTT 
ATAAATTTATACTTTATAAATATATTTTATATAATTTATTTTTCTATGTTCATTCCAGAATGTTGCAATT 
AATTAATACAGTGGTATTGTATTTGCAATGTAGGCACGTAAAAAAATTTGAAGAAGGGAATTTCGCGGCA 
TTCTTGGCCTGGCTTCCTGGCGTAGCCAGCAAGTTCGGAGGTGTTAACCGCTGCTGTCATGTTTCTTTTG 
CTAAACTGCATCGTCGCTGTGTCCCAAAACATGGGCATCGGCAAGAACGGGGACCTGCCCAGGCCGCCGC 

Name crRNA Strand Location Sequence PAM On-Target Off-Target 

5’ DHFR2  - Intron 1 TCAATATACGTACATGCTAT AGG 74 57 

3’ DHFR2  + Exon 2 CCTGGAACTTGCTATTGAGT AGG 73 54 
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TCAGGAATGAATTCAGGTATTTCCAGAGAATGACCACAACTTCTTCAGTAGAGGGTAAACAGAATCTGGT 
GATTATGGGTAGGAAGACCTGGTTCTCCATTCCTGAGAAGAATCGACCTTTAAAGGATAGAATTAATTTA 
GTTCTCAGCAGAGAACTCAAGGAACCTCCACAAGGAGCTCATTTTCTTGCCAGAAGTTTGGATGATGCCT 
TAAAACTTACTGAACGACCAGAATTAGCAAATAAAGTAGACATGATTTGGATAGTTGGTGGCAGTTCTGT 
TTATAAGGAAGCCATGAATCACCTAGGCCATCTTAAACTATTTGTGACAAGGATCATGCAGGACTTTGAA 
AGTGACACGTTTTTTTCAGAAATTGACTTGGAGAAATATAAACTTCTGCCTGAATACCCAGGTGTTCTCT 
CTGATGTCCAGGAGGGGAAACACATCAAGTACAAATTTGAAGTATGTGAGAAGGATGATTAATATGAAGG 
TGTTTTCTGGTTTAAGTTGTTCCCCCTCCCTCTGAGAAAAGTATGCATTTTTACATTAGAAAAGGGACTT 
TTGTTGACTTCAGATCTATGGATAATTATTTCTAAGCAACGTGTTTTTATTCCTCACTAATCTTGGCTAT 
ATCAGATACCATTTATGAAACATTCTTGCTATAACTGTCTCTCCAAGACCCCGACTGAGTCCCCAGCACC 
TGCTACAGTGAGCTGCCATTCCACACCCATCACATGTGGCACTCTTGCCACTCCTTGACATTGTCAGGCT 
TTTCTAATGTTGGTAGTATTTATTAAAGATGAAGATGCACATACCCTTCAGCTGAGCAGTTTCACTAGTA 
GGAAATACCAAAAGCTTCGTACATGTATATCCAGAGGTTTGTAGACAAATGTTGCAGCCTTTTTTGTAAC 
AGTGAAAAACTGAAAACAACCTGGAAGTCCAGTGATGGGAAAATGAATATATTTCTGTCTTAGATTGGGG 
AACCCAAAGCAGATTCCAAGACTGAAATTTAAGTGAAAGCAGTTTATTTGCTAGGTCATACCAGAAGTCA 
TCAATCGAAGTATGGAGAAATGGAACTGAGAAGGTAAAAACCAGTTCAAAATCAGTGAGGAGGTTCTCAA 
TGGTAACGAGCTCCATACTGCTGAGATACAGGGAAACGGAGGGGAGAAAGCTAGAGTATTTAACCCCCAC 
TCCTTGGTTGTCAGCTCCCTGTCCTGTGTGTGGGCAGAACGTACTCCACCTACTCAATAGCAAGTTCCAG 
GTGTTTGCTGAAAGAAGCTGCTGTAATGTACGGGAACGGTGAATGCCAAACACTTAAAGCAATTCCATGT 
TTAAGTATGTAAACTCTTCATACTTTTTTTTTTTTTTCTTTTTAAGACAGAATTTCACTCTTGTTGCCCA 
GGCGGAGTGCAATGGAACAACCTTGGCTCACGGCAACTTCAGCCTTCCCAGGTTCAAGCAATTCTCCTGC 
CTCAGGCTCCTGGGTGGCTGGGACTACAGGCGCGTGCCACCACGCCAGGCTAATTTTGTATTTTTGGTGG 
 

3.2.2 Ribonucleoproteins in vitro assembly 

Two distinct RNPs were assembled, one per cleavage site. An RNP comprises a crRNA, a 

tracrRNA and a HiFi Cas 9 (Fig. 3.1). The crRNA is the only variable piece of the complex, 

thus being specifically customised. The remaining components -tracrRNA and HiFi Cas 

9- are not variable; therefore, they were ordered directly from IDT. The IDT user guide 

“Cationic lipid delivery of CRISPR ribonucleoprotein complexes into mammalian cells” 

describes the protocol to assemble the ribonucleoproteins and transfect the cells. 

 

Figure 3.1 Formation of the crRNA:tracrRNA duplex, and its association with Cas9. The 
ribonucleoprotein, so formed, can recognise the target site through the target-specific portion of 
crRNA. Upon PAM site recognition by Cas9, the cleavage activity is triggered. Image adapted 
from IDT website. 
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The lyophilised RNAs were resuspended to a 100 µM stock concentration. The crRNA 

and tracrRNA were assembled first to obtain an RNA:RNA duplex. As this strategy 

requires the simultaneous cleavage of two DNA spots, we prepared two separate 

duplexes; one made of 5’ DHFR2 crRNA + tracrRNA, the other one having 3’ DHFR2 

crRNA + tracrRNA. The duplex complex was diluted in Nuclease-free Duplex buffer at a 

final concentration of 1 µM. Two duplex mixes were prepared and heated at 95 °C for 5 

minutes, then cooled down at room temperature. Mix composition as follows: 

5’ Duplex 3’ Duplex 

2 µl  100 µM 5’ DHFR2 crRNA 2 µl  100 µM 3’ DHFR2 crRNA 

2 µl  100 µM tracrRNA 2 µl  100 µM tracrRNA 

196 µl  Nuclease-free Duplex buffer 196 µl  Nuclease-free Duplex buffer 

 

The HiFi Cas 9 was provided at a 61 µM concentration. To obtain a 1 µM working 

concentration, the enzyme was resuspended in Opti-MEM in a final volume of 400 µl. 

The final step sees the joining of the enzyme with the crRNA:tracrRNA duplex. The 

relative amount of the reagents was defined in relation to the size of the well. The 

protocol is optimised for transfection on 96-well plates but, to save time, we performed 

the transfection on 100mm dishes, sure of the efficiency of the method (previous trial 

experiments were performed to assess the effectiveness of the whole knockout 

experiment). The surface of a 100 mm dish is approximately 128-fold bigger than a single 

well of a 96-well plate. Considering that, all reagents volumes were adapted accordingly 

(see below). The RNP mixes were incubated for 5 minutes at RT. 

5’ DHFR2 RNP 3’ DHFR2 RNP 

192 µl 1µM 5’ Duplex 192 µl 1µM 3’ Duplex 

192 µl 1µM HiFi Cas 9  192 µl 1µM HiFi Cas 9 

2816 µl OptiMEM 2816 µl OptiMEM 
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3.3 Transfection of CRISPR/Cas9 ribonucleoprotein (RNP) 

3.3.1 Preliminary steps 

HepG2 cells were used to obtain a DHFR2 knockout. Cells were recovered from long 

term storage (Chapter 2, Section 2.2.13.3) and grown for at least four passages before 

being tested for Mycoplasma infections (Chapter 2, Section 2.2.14). Cells were grown in 

DMEM hi-glucose media supplemented with 10 % FBS and maintained in a 5 % CO2 

incubator at 37 °C. 

3.3.2 Reverse transfection 

Reverse transfection is a way to transfect genetic material into cells by seeding the cells 

on top of the transfection reagent. Reverse transfection requires a shorter time than the 

more traditional forward transfection, in which cells need to be seeded a day before 

transfection.  

Transfecting an entire 100 mm dish required large volumes of reagents. Notably, 3.2 ml 

of RNPs was necessary for the transfection. The whole volume was reached by adding 

1.6 ml of 5’ DHFR2 RNP and 1.6 ml of 3’ DHFR2 RNP. These reagents were also added 

with 153.6 µl Lipofectamine RNAiMax transfection agent and 3046.4 µl OptiMEM. The 

mixture was incubated at RT for 20 minutes. The entire volume (6.4 ml) was spread onto 

a dish, topped by 12.8 ml HepG2 cells resuspended at a concentration of 400,000 

cells/ml in complete media (DMEM + 10 % FBS). Cells were incubated for 48 hours in a 

5 % CO2 incubator at 37 °C. The same amount of cells was seeded and grown in parallel 

as a negative control. Media was replaced every second day, allowing the cells to fully 

grow and recover from the toxic action of the lipofectamine. They reached full 

confluence in 10 days. Cell count was performed as described in Materials and Methods 

(Chapter 2, Section 2.2.13.2). An aliquot of 5 x 106 cells was collected to perform DNA 

extraction. Also, a 10 ml cell suspension (1 x 104 cells/ml) was prepared for the single-

cell serial dilution. 
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3.3.3 Single-cell cloning 

Single-cell serial dilution was carried out following the Corning protocol “Cell cloning by 

serial dilution in 96 well plates” (Ryan, n.d.) (Chapter 2, Section 2.2.13.4). All cell 

populations were screened for DHFR2 deletion by PCR assay. 

 

3.4 Multi-population screening for identification of positive 

transformants 

The DHFR2 knock out strategy described in this chapter is quite immediate in its 

application. Still, contrarily to most transfection methodologies, this one doesn’t exploit 

any selection marker to make the screening of the knock out cell lines more facile. 

Therefore, the screening process is entirely based on the PCR detection of the ORF 

deletion. DNA extraction cannot be performed on a low concentration of cells, which 

brings to the necessity to grow cells into large populations fully. A preliminary screening 

method was attempted to avoid growing cells that did not receive the intended 

knockout. It required no DNA extraction and could be applied to small volumes of cells. 

After confirming the intended DHFR2 deletion, the positive lines could be kept growing 

and further tested for genetic rearrangement. 

3.4.1 Direct PCR of genomic DNA from mammalian cells 

The direct PCR methodology was inspired by colony PCR, a method usually performed 

on bacteria. Similarly, a little aliquot of growing cells was treated and used directly in a 

PCR reaction as a source of DNA. The proof of concept was obtained working on 96 well 

plate transfected cells (HepG2 DHFR2 Knock out). Cells were detached by trypsinisation 

and collected by centrifugation at 15,000 x g for 1 minute. The supernatant was 

discarded, and cells were either resuspended in 50 µl of molecular grade water or Tris 

buffer (10 mM, pH 8.5). The cell suspension was boiled at 99 °C for 10 minutes, followed 

by an ice shock for 1 minute and centrifugation at 15,000 x g for 1 minute. The resulting 

supernatant, containing cellular DNA, was directly used in PCR. With water or Tris, both 

preparations were tested using either Taq DNA Pol or Q5 DNA Pol in a 25 µl reaction. 
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The details of the PCR can be found in Appendix T. The preliminary data showed that 

the DHFR2 deletion band was present in all samples, albeit requiring optimisation. 

Because of time constraints, the method was not fully employed to screen the 

populations, but it proved to be an excellent approach to simplify the screening of 

multiple populations. 

3.4.2 PCR confirmation of the DHFR2 ORF deletion 

The polyclonal line (post-transfection) and fourteen cell populations, derived from 

single-cell cloning, were kept growing until ready for DNA extraction (DNeasy Blood and 

Tissue kit, Qiagen). A PCR assay, called DHFR2 Deletion Detection assay (Appendix U), 

was used to assess the occurrence of the designed deletion over the DHFR2 gene. In the 

event of a double cut, an entire portion of the gene will be lost, leading to a 1797-bp 

deletion. The primers strategically bind to both deletion flanking regions, allowing the 

amplification of the deletion area. This assay was designed to be a diagnostic test, 

showing a 2250-bp band if the knockout did not occur and a 453-bp band in case of a 

successful deletion (Fig. 3.2). 

3.4.2.1 Methods 

The column-extracted DNA was used to perform the DHFR2 deletion detection assay as 

follows: 10X Taq buffer, 2.5 µl dNTPs 2.5 mM, 2 µl MgCl2, 0.5 µl of each primer DHFR2 

Fb and DHFR2 Re (both 10 µM), 1 µl DNA (100 ng/µl), 0.25 µl Taq DNA Pol (5U/µl) and 

H2O to a final volume of 25 µl. The PCR was run at the following conditions: pre-

incubation at 95 °C for 5 minutes, amplification for 35 cycles at 94 °C for 1 minute, 59.6 

°C for 1 minute, 72 °C for 2.5 minutes, and final elongation at 72 °C for 10 minutes. PCR 

products were electrophoresed on a 1 % agarose gel. 

3.4.2.2 Results 

Different volumes of DNA extracted from the polyclonal cell line were tested after 

transfection, showing the method's high efficiency. The transfection was highly 

successful, as demonstrated by the band at 453 bp indicative of deletion. The polyclonal 

cell line also showed the amplification of the full-length DHFR2 ORF (non-deleted alleles) 

(Fig. 3.3). This test defined the detection limit for the negative transfectants to 1:10 
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dilution of genomic DNA (corresponding to 10 ng DNA per reaction). The PCR reaction 

naturally favours the amplification of a shorter amplicon (deletion), hence the 

importance of assessing the minimum DNA concentration at which the longer band 

(non-deletion) can also be amplified. 

The same PCR assay was performed on all cell populations maturated upon serial 

dilution. Fourteen cell lines deriving from 1 and 2 cells were maintained. All monoclonal 

lines were screened first, showing all possible outcomes (Fig. 3.4). 

Lines A1, A3 and B1 were heterozygous, revealing amplification of both deletion and 

non-deletion options. A4 was the only line not presenting the deletion band; therefore, 

DHFR2 ORF was not excised. Finally, A2 showed amplification of the 453bp band alone, 

indicating the DHFR2 knockout on both alleles. 

3.4.3 RT-PCR confirmation of the DHFR2 ORF deletion 

The monoclonal cell lines were also tested for the presence of DHFR2 RNA. This assay 

was utilised as a confirmation step to prove the molecular phenotype of all monoclonal 

cell lines. DHFR2 presents two main isoforms, which differ just in their exon 1. Isoform 

DHFR2-201 and DHFR-202 share a small portion of their exon 1, with isoform 201 more 

extended at its exon 1 3’ end. The 201-202 assay is designed to amplify both isoforms as 

having a forward primer binding to their common sequence on exon 1 and the reverse 

primer binding at the start of exon 2. The expected size of the amplicons is 308 bp and 

185 bp for DHFR2-201 and DHFR2-202, respectively. The primers used are highlighted 

and described in Appendix V. 

3.4.3.1 Methods 

RNA was extracted from the A1, A2, A3, A4 and B1 cell lines using the Qiagen RNeasy 

Mini Kit as described in section 2.2.16 (Chapter 2). The RNA integrity was assessed 

before proceeding with reverse transcription. A genomic contamination assay was also 

performed on the freshly made cDNA to validate the removal of any genomic carry-over 

(Chapter 2, Sections 2.2.19/20/21).  
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Niamh Bookey optimised the 201-202 assay. The reaction mix was composed of the 

following: 10X Taq buffer, 0.6 µl dNTPs 10 mM, 1 µl MgCl2 25 mM, 0.6 µl 

FPDHFRL1Var1&2 10 µM, 0.8 µl RPDHFRL1Var1&2 10 µM, 1.5 µl cDNA, 0.25 µl Taq DNA 

Pol (5U/µl), H2O to a final volume of 25 µl. The samples were PCR amplified as follows: 

pre-incubation at 95 °C for 3 minutes, amplification for 35 cycles at 94 °C for 30 seconds, 

53 °C for 1 minute, 72 °C for 1 minute, and final elongation at 72 °C for 10 minutes. PCR 

products are separated through gel electrophoresis (Chapter 2, Section 2.2.8). 

3.4.3.2 Results 

Figure 3.5 serves as additional evidence of the molecular phenotypes of DHFR2 knock 

out monoclonal lines. Line A4, which didn’t show any sign of ORF deletion in the PCR, 

revealed two intense bands corresponding to the two main DHFR2 isoforms, confirming 

that the gene has not received an ORF deletion. A1, A3 and B1 lines, classified as 

heterozygous, displayed very faint bands. Although the RT-PCR is not a quantitative 

method, it can be speculated that the presence of just one functioning allele diminishes 

the total amount of DHFR2 RNAs. Finally, the A2 line does not show amplification, 

validating it as a homozygous recessive line for DHFR2. According to the PCR and RT-PCR 

results, A2 was the chosen monoclonal line to carry out the functional experiments 

described in Chapter 5. 
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c 

Figure 3.2 Schematic representation of the DHFR2 ORF deletion sites and PCR detection. a) The 
cleavage sites are located within intron 1 and exon 2. The successful cutting of both sites results 
in the deletion of 1797 bp inclusive of the entire DHFR2 ORF. b & c) Using primers sitting just 
outside the deletion sites, two different outcomes are possible: successful deletion resulting in 
the amplification of a 453 bp fragment (b); unsuccessful deletion resulting in the amplification 
of a 2250 bp fragment (c). Image created with BioRender.com. 
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1kb          1ul           2ul          1:10        1:100        1:1000          Neg          Pos 

453bp 

2250bp 2250bp 

Figure 3.3 DHFR2 deletion detection PCR assay on polyclonal line. gDNA serial dilution test to 
assess the detection limit for both bands. Resolution on a 1 % (w/v) agarose gel. 1kb ladder on 
the left. Genomic DNA extracted from wild-type HepG2 line was used as positive control. 
Negative control contains no DNA. Different final concentrations of genomic DNA from the 
DHFR2 KO polyclonal line were tested. The bands at 453 bp are indicative of successful DHFR2 
ORF deletion. The bands at 2250 bp indicate unsuccessful DHFR2 ORF deletion. 
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2250bp 

453bp 

Figure 3.4 DHFR2 deletion detection PCR assay on monoclonal lines. Resolution on a 1 % (w/v) 
agarose gel. 100 bp ladder on the left. Negative control contains no DNA. Genomic DNA 
extracted from five monoclonal lines was tested. Lines B1, A1 and A3 are heterozygous for DHFR2 
deletion, showing bands at both 2250 bp and 453 bp, with the latter indicating the successful 
deletion of the DHFR2 ORF. Line A4 shows the 2250 bp band corresponding to unsuccessful 
knockout, with no additional band indicating ORF deletion. Line A2 only presents the 453 bp 
band, indicating a successful deletion on both alleles. 
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Figure 3.5 RT-PCR DHFR2 201-202 assay on the five DHFR2 KO monoclonal lines. Resolution on a 
1 % (w/v) agarose gel. 100 bp ladder on the left. Negative control contains no DNA. RNA was 
extracted from the five DHFR2 KO monoclonal lines, reverse-transcribed into cDNA and tested 
using the 201-202 assay. Line A4 displays two bright bands corresponding to DHFR2 isoforms 
201 and 202. The two bands are also present in the B1 line at a lower intensity. Lines A1 and A3  
display only the 185bp band, corresponding to isoform 202. Line A2 shows no amplification, thus 
confirming the presence of a bi-allelic DHFR2 ORF deletion. 
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3.5 Discussion 

The knock out strategy discussed in this chapter is based on the 2015 paper “Generation 

of Genomic Deletions in Mammalian Cell Lines via CRISPR/Cas9” (Bauer et al., 2015). The 

paper describes the feasibility and facility of producing large deletions using a 

CRISPR/Cas genome engineering method by inducing two DSBs at the extremities of the 

gene targeted for deletion. Bauer and colleagues assembled two plasmids harbouring 

the specific gRNA sequences and Cas9 gene. Cells were transformed by electroporation, 

sorted into 96 well plates by FACS and finally screened by PCR. The results are 

auspicious, showing how even substantial deletions can be accomplished by this method 

(Bauer et al., 2015).  

We combined the rationale behind this study with a more efficient delivery element, 

such as the ribonucleoproteins (Burger et al., 2016; Gagnon et al., 2014; Hoshijima et 

al., 2019; Vakulskas et al., 2018). Introducing not one but two cuts to delete a piece of 

DNA is ingenious, but the use of plasmids as gRNA/Cas9 carriers could decrease the 

overall performance of the method (Chandrasekaran et al., 2018; S. Kim et al., 2014; 

Liang et al., 2015; Xu et al., 2021), as explained in Section 3.1.3. Using adequately 

designed RNPs, potential restrictions of plasmid delivery were overcome, and the overall 

strategy was brought to much higher efficiency. 

The double deletion approach is a very effective and straightforward method (Bauer et 

al., 2015; Schmieder et al., 2018; Treuren & Vishwanatha, 2018), which, however, has 

to consider the structure and sequence of the target gene. DHFR2 retrogene layout, with 

the entire ORF harboured within one exon (human DHFR2 gene, ENSG00000178700) 

(Cunningham et al., 2022) and two accessible PAM sites, conveniently located at both 

sides of the ORF itself, made the application of this knockout method accessible. 

Furthermore, the repair of the 1.8 kb resulting deletion can be left to the NHEJ system, 

which does not require a DNA template to seal the gap (Gallagher & Haber, 2018; 

Pannunzio et al., 2018; Symington & Gautier, 2011). This implies that the overall design 

is rapid and straightforward since choosing the PAM sites (and relative gRNAs) is the 

only variable that requires planning. 
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The simplicity of the method, however, came with a cost. The lack of a selection marker, 

such as an antibiotic resistance gene or a fluorescent marker, made the screening 

process the longest part of the procedure. Many single cells had to be grown into 

relatively large monoclonal populations before they could be tested for the intended 

mutation. In fact, as reported by Foster et al. (2018), the use of a marker-less strategy 

becomes suitable when the targeted gene is associated with an easily identifiable 

phenotype (Foster et al., 2018). Even though our work did not include the use of 

organisms, the molecular phenotype (DNA, RNA) could be easily screened. This, in 

conjunction with the high editing frequency, enabled the selection of a monoclonal line 

without the use of a canonical selection marker (Agudelo et al., 2017; R. M. Martin et 

al., 2019). Direct PCR of genomic DNA showed the potential to ease the screening 

process by identifying potentially positive transformants in advance. With this method, 

negative transformants could be spotted in the early stage of the process and 

eliminated. Direct PCR could broaden the chance of focusing only on the positive 

samples (heterozygous or homozygous), thus redirecting the resources (time and effort) 

onto the worthwhile lines. 

An additional limitation of the screening process was the use of the single-cell cloning 

method. This way of manually seeding cells at very low concentrations in the hope of 

getting enough wells filled with just one cell is not the most efficient (Morley et al., 1983; 

Staszewski, 1990). On a total of 96 wells, an average of 5 wells contained a single cell, 

meaning the necessity to repeat the procedure multiple times in case of a negative 

outcome, both in terms of the number of monoclonal lines and associated positive 

transformants. The low probability of selecting single cells, associated with the human 

error rate -due to the difficulty of observing an individual cell at the microscope- (Soitu 

et al., 2020) invites preferring an alternative method, such as FACS (Gross et al., 2015; 

Herzenberg et al., 2002; S. Liu, 2020). 

The success of the ORF deletion was evaluated via PCR, with an assay able to discern 

between the intact and deleted form of the DHFR2 gene. This PCR assay also gave insight 

about mono- and biallelic knockouts, thus enabling the identification of homozygous 

and heterozygous lines. Despite the assay working quite well, in the condition of 

heterozygosity, it existed a higher chance of reduced amplification of the longer 
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amplicon (i.e. failed ORF deletion). The reason for this phenomenon is the competition 

between a short and a long template when competing for amplification in the same 

polymerase reaction, with a shorter amplicon favoured versus a larger one (Kleter et al., 

1998; Suzuki & Giovannoni, 1996). An additional PCR assay could be integrated into the 

screening process to avoid an uneven representation of the two alleles. The 

supplementary assay should amplify internally to the deletion area so that only the 

alleles with an intact ORF would generate an amplicon. Performing these two assays in 

parallel would enhance the possibility of a correct screening of the monoclonal lines. 

In summary, the double-cut deletion strategy associated with an RNP delivery system 

proves to be a simple and time-effective method. Indeed, some adjustments could be 

made to improve the screening process but, overall, this genome-editing technique 

offers an extremely valid option to quickly obtain a permanently edited cell line. 

To conclude, the DHFR2 knockout line represents a valuable tool for exploring DHFR2 

function. The functional analyses deployed to screen the DHFR2 knockout line will be 

described in Chapter 5, while the following Chapter (4) will illustrate the CRISPR/Cas 

strategy used to establish a DHFR knock-down line. 
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Chapter 4                 
An MMEJ-assisted 

CRISPR/Cas approach 
to generate a     

DHFR knock-down  
in HepG2 cells 
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4.1 Introduction 

4.1.1 Overview 

DHFR is a critical component of One-Carbon Metabolism. It is the only entry point for 

dietary folate to the metabolic cycle through its conversion into THF (Bailey & Ayling, 

2009). Over the past decade, a second active Dihydrofolate Reductase-like gene (DHFR2) 

was discovered, and a recombinant protein was constructed (McEntee et al., 2011). So 

far, the current literature does not report any clear identification of native DHFR2. 

Investigating DHFR2 properties, translatability and function remain a significant area of 

interest. That is especially important in the light of a possible DHFR/DHFR2 co-regulation 

and/or One-Carbon Metabolism modulation. 

The DHFR2 open reading frame produces a protein with 92 % homology to DHFR. The 

remarkable amino acid similarity between DHFR and DHFR2 brings along a series of 

technical challenges that have hindered a complete characterisation of the DHFR2 

endogenous protein. The difficulty of explicitly targeting the protein with standard 

techniques led us to attempt to generate a DHFR KO cell line to approach this problem. 

The permanent elimination of the DHFR gene and protein provides the ideal condition 

to investigate DHFR2 presence, activity, location and relation with OCM 

comprehensively. Another crucial aspect that can be explored using the knockout line is 

the DHFR2 capability to compensate for the lack of DHFR, as commonly featured by 

other OCM enzymes (Anderson & Stover, 2009; Krupenko et al., 2015; Nilsson et al., 

2019). In general, an established DHFR knockout cell line represents a powerful tool in 

advancing the research around the yet unanswered questions about DHFR2 function 

and relation with DHFR and OCM at large.  

The chosen genome-editing technique for seeking a DHFR knockout relied on 

CRISPR/Cas. The editing strategy, called PITCh, was designed to achieve the target gene's 

knockout by inserting a gene cassette. The cassette, carrying an antibiotic resistance 

gene and a fluorescent protein gene, facilitated the selection of the correctly-edited 

cells. This method was chosen over several others because of the intelligent design, easy 

selection and favourable location of the CRISPR/Cas target sites on DHFR. 
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4.1.2 The PITCh system 

Genome engineering by programmable nucleases facilitates the production of many 

different genomic rearrangements, such as knockouts and knock-ins. Depending on the 

type of intended mutation and adopted strategy, a preferential DNA repair system must 

be exploited to reach the desired outcome. 

A gene knockout is a genetic modification in which a gene is made dysfunctional. 

Knockouts can be obtained through different techniques. Historically, HDR was mainly 

used, with the first applications dating back to the eighties (Capecchi, 2005). It employed 

a DNA segment containing the desired modification, typically in combination with a 

selection marker (Brown, 2002). The construct also had to carry a homology section (6-

14 kb) to facilitate the recombination and thus the substitution of the target gene. 

However, this strategy appeared inefficient, with favourable recombinational events 

occurring at a meagre rate (Hall et al., 2009). 

Knockout strategies based on the NHEJ repair system seem to be more successful. In the 

occurrence of a DSB, the NHEJ mechanism is the principal pathway to be activated 

throughout the entire cell cycle. Being essentially an emergency repair system, the main 

objective of NHEJ is to re-join the loose extremities at the cost of introducing frameshift 

mutations (Chang et al., 2017; Gaj et al., 2013). 

A knockout strategy based on NHEJ repair is highly effective but screening the lines 

would be time-consuming. Contrarily, in the homologous recombination-based method, 

the possibility of a knockout via a selection marker's introduction represents an 

advantage in the screening step but producing a DNA construct with long homology 

arms is rather laborious. 

In 2014, a Japanese group (Nakade et al., 2014) developed a novel knockout system 

called PITCh, Precision Integration into Target Chromosome, which exploits the 

Microhomology-mediated End Joining repair pathway. This method was presented as a 

win-win strategy to maintain a certain level of precision with a facilitated design, as it 

tried to merge the pros of HDR and NHEJ-based methods into a brand new way. As 

explained in section 3.1.4 (Chapter 3), MMEJ uses short homologies to repair DSBs, with 

a certain deletion level. This feature would be perfect to exploit when a selection marker 
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is used to disrupt a native gene. That was accomplished by the Suzuki & Yamamoto 

group, who published “MMEJ-assisted gene knock-in using TALENs and CRISPR-Cas9 

with the PITCh systems” in 2016 (Sakuma et al., 2016). They described a protocol to 

insert an EGFP-2A-Puro cassette into a gene 

locus in HEK293T cells, therefore obtaining the 

knock out of a gene and the simultaneous 

insertion of a double selective marker. The 

PITCh system uses programmable nucleases to 

produce DSBs both in the target chromosome 

and the donor vector; with the latter 

presenting short homologous arms that are 

used by MMEJ to repair the scission in the 

genomic DNA, leading to a precise insertion of 

the donor vector into the chromosome (Fig. 

4.1) (Sakuma et al., 2016). For this procedure, 

two plasmids have been made: a donor vector 

containing the gene cassette flanked by the 

desired microhomologies, and a nuclease 

vector, containing the Cas9 gene and two 

gRNAs (one for the target gene and one for the 

gene cassette).  

4.1.3 Application of the PITCh strategy for DHFR gene editing 

The PITCh strategy was adopted to produce a DHFR knockout in Hep G2 cells. This gene 

editing experiment aimed to disrupt DHFR function by introducing a gene cassette to 

facilitate the selection and screening of the mutated population. The Sakuma protocol 

(Sakuma et al., 2016) was adapted to allow the coupling of the PITCh design with the 

CRISPR/Cas technology.  

The four plasmids described in the protocol were publicly available from Addgene. They 

were used as backbones to construct donor and nuclease vectors for the DHFR knockout 

experiment. The donor vector will henceforth be referred to as “µΩ vector”. It contained 

Figure 4.1 Diagram of the cassette 
insertion according to the PITCh system. 
CRISPR/Cas-mediated cuts are introduced 
both in the intended genomic site and at 
the edges of the gene cassette. 
Microhomologies, specifically designed at 
either side of the cassette, are exploited by 
MMEJ to repair the DSB and 
simultaneously integrate the cassette. 
Image adapted from Sakuma et al., 2016. 
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an EGFP-2A-Puro cassette flanked by 5’ and 3’ microhomologies for the DHFR locus and 

target sites for PITCh-gRNA. The nuclease vector, called from now on “all-in-one vector”, 

contained the Cas9 gene, preceded by a PITCh-gRNA (targeting the edges of the gene 

cassette) and a second gRNA –DHFR-gRNA– (targeting DHFR). 

Upon plasmid transfection in HepG2 cells, the all-in-one vector was expressed to give 

Cas9 enzyme assembling with either PITCh-gRNA or DHFR-gRNA, thus introducing cuts 

in both the DHFR gene and the gene cassette extremities. Once excised from the 

plasmid, the MMEJ system used the EGFP-2A-Puro cassette to repair the DSB on DHFR, 

thanks to the microhomologies flanking the cassette itself (Fig. 4.2). 

  

µΩ vector 

Figure 4.2 PITCh strategy applied to the DHFR knockout. DHFR-gRNA mediates the cut of 
DHFR at the end of exon 1 (top left).  A PITCh-gRNA mediates the excision of the cassette out 
of the PITCh Vector. The microhomologies flanking the cassette are exploited by MMEJ to 
repair the DNA break. The insertion of the gene cassette into DHFR results also in the gene 
knockout. Image created with BioRender.com 
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4.2 Selection of suitable gRNAs and generation of recombinant 

clones (Methods) 

4.2.1 Investigation and selection of DHFR suitable gRNAs 

The DHFR gene sequence was thoroughly screened for suitable PAM sites, using two 

different online tools: Deskgen Guide Picker (DESKGEN Cloud | Guide Picker, n.d.) and 

PITCh designer 2.0 (PITCh KnockIn | PITCh Designer 2.0, n.d.). Our initial analysis was 

conducted considering the usage of SpCas9 (from S.pyogenes). It is important to notice 

that the PAM site is not included in the gRNA sequence, despite being essential to the 

recognition of the target site by the Cas9 enzyme. After a PAM sequence was identified 

in a site of interest (i.e. within the ORF), a gRNA could be designed to complement the 

target site (cleavage site). Each possible gRNA was assessed for on and off-target activity 

of the relative Cas9. The selected gRNA was 5’ CGGCCCGGCAGATACCTGAG CGG 3’ with 

the terminal CGG as PAM. The corresponding target site is located at the 3’ end of DHFR 

exon 1. This specific gRNA was preferred as presenting the highest values of on- and off-

target activity, respectively, 76 and 90, on a scale of 1 to 100 (Appendix BB include a full 

list of PAM sites). Note that the selected 20-nt gRNA sequence refers to the variable part 

of the gRNA, carrying specificity for the cleavage site. The full gRNA contains an 

invariable part that binds to the endonuclease (Fig. 4.3). 

 
Figure 4.3 Representation of guide RNA (gRNA) structure and function. A gRNA is composed of a 
constant part (in yellow) which recognises the Cas9 enzyme, and a variable part (in pink), which 
anneals with the target DNA. This adaptable part is designed by the researcher. Image created 
with BioRender.com. 
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4.2.2 Adaptation of PITCh vectors to DHFR gene editing experiment (overview) 

The All-in-one and µΩ vectors were obtained by molecular cloning techniques starting 

from four Addgene plasmids deposited from the Takashi Yamamoto lab: pX330A-1x2, 

pX330S-2-PITCh, pCRIS-PITChv2-FBL and pX330A-FBL/PITCh (Appendices A, B, C, D, 

respectively). The plasmids arrived as bacterial stabs. Bacteria were recovered by 

streaking and subsequent inoculation. Plasmids were extracted using a commercial kit 

and double digested to confirm their identity (Chapter 2, Section 2.2.5.1). 

The All-in-One vector's construction necessitated two sequential molecular cloning 

procedures: the construction of a DHFR-specific gRNA and the assembly of DHFR-gRNA 

and PITCh-gRNA in a single plasmid. In the first step, the pX330A-1x2 was modified by 

inserting the variable part of the gRNA specific to DHFR into the vector. The gRNA ‘gene’ 

is composed of a constant part –already present in the pX330A-1x2 backbone– and a 

variable part specific to the target site (DHFR, in our case). In the second step, the Golden 

Gate Assembly method was required to excise the entire PITCh-gRNA out of pX330S-2-

PITCh and ligate it downstream to the previously made DHFR-gRNA plasmid 

(intermediate plasmid). Therefore, the All-in-One vector, obtained by these two cloning 

steps, finally contained DHFR-gRNA, PITCh-gRNA and the Cas9 gene. Each one of these 

three genetic elements possesses its own promoter.  

The development of the µΩ vector required the application of a single cloning technique.  

The microhomology sequences flanking the EGFP-2A-Puro cassette in pCRIS-PITChv2-

FBL had to be replaced with DHFR-specific microhomologies. The details of the three 

methods are illustrated in the following sections. 

4.2.3 Construction of the All-in-One vector – Intermediate Plasmid 

The pX330A-1x2 plasmid harboured the Cas9 gene, a gRNA scaffold and an Ampicillin 

resistance gene (Appendix A). It was designed to enable the insertion of the targeting 

part of the gRNA, just upstream of the scaffold, but it was also structured to allow the 

cloning of a second complete gRNA downstream of the first one. In my design, the 

upstream gRNA was DHFR-specific, followed by a PITCh-gRNA designed to target the 

EGFP-2A-Puro cassette on the µΩ vector. The Ran protocol (Ran et al., 2013) was 
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followed to insert the DHFR-specific gRNA between the U6 promoter and the gRNA 

scaffold (Fig. 4.4). Note that an additional G was added at the 5’ end of the insert 

because the U6 RNA Pol III promoter prefers a G as the first base of its transcripts. U6 

contains two adjacent Bbs I restriction sites used to ligate the DHFR-gRNA when 

presenting with the correct overhangs. Two oligos containing the DHFR-gRNA sequence, 

one forward and one reverse, were designed with additional Bbs I overhangs and 5’-

phosphorylated ends (“Top DHFR Insert” and “Bottom DHFR Insert”)(Appendix E).  

To prepare the insert, the two primers were resuspended at a final concentration of 100 

µM. A volume of 1 µl of each primer was added to 1 µl of T4 DNA Ligase buffer 10X to a 

final volume of 10 µl. Using a thermal cycler, the reaction mixture was heated at 95 °C 

for 5 minutes and then cooled down to 25 °C, 5 °C per minute. In addition, pX330A-1x2 

was digested with Bbs I, then run on a 1 % agarose gel to identify and separate the 

linearised from the undigested plasmid (Chapter 2, Sections 2.2.5.2 and 2.2.8). The band 

corresponding to the linearised plasmid was excised and purified using Wizard SV Gel 

and PCR Clean-Up System (Chapter 2, Section 2.2.9). The linearised plasmid and the 

DHFR-gRNA insert were then ligated using the QuickLigase kit and transformed into 

OneShot TOP10 cells (Chapter 2, Sections 2.2.6.1 and 2.2.7.1). Plasmids were isolated 

and Sanger sequenced by Source Bioscience (Chapter 2, Sections 2.2.2 and 2.2.11). 

“U6Fwd_Control DHFR insert” primer (Appendix E) was used to confirm the presence of 

the DHFR-gRNA in frame with promoter and gRNA scaffold. 

 

 

 

  

Figure 4.4 Double BbsI restriction site at U6 promoter 3' end. When both restriction sites are 
cleaved off, the desired gRNA, harbouring the correct overhangs, can be ligated in. The resulting 
construct will have in frame U6 promoter, gRNA target sequence and gRNA scaffold. Image 
adapted from Ran et al., 2013. 
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4.2.4 Construction of the All-in-One vector – Golden Gate Assembly 

This second step aimed to obtain the All-in-One vector with the DHFR-gRNA, PITCh-gRNA 

and Cas9 in series. The second cycle of digestion/ligation was applied to both the 

intermediate plasmid and pX330S-2-PITCh. The PITCh-gRNA (443bp), contained in the 

pX330S-2-PITCh plasmid (Appendix B), could be easily excised by an enzymatic cut 

catalysed by Bsa I – HF. The same restriction enzyme was used to create a gap (two cuts) 

downstream of the DHFR-gRNA on the intermediate plasmid to accommodate the 

PITCh-gRNA (Chapter 2, Section 2.2.5.2). These cleavage sites are located between LacZα 

and its promoter, thus leading to their excision (459bp, positions 8503 and 8962) (Fig. 

4.5). Both plasmids were digested and ligated in the same reaction mix, which was later 

used to transform XL10 Gold cells (Fig. 4.6) (Chapter 2, Sections 2.2.6.3 and 2.2.7.2). 

These E.coli cells allowed the Blue/White selection when grown with IPTG and X-Gal. 

Blue colonies were indicative of the original undigested plasmid, as the LacZα gene was 

still active and able to metabolise X-Gal, which eventually oxidises into a blue molecule. 

Contrarily, the white colonies could either contain the re-ligated DHFR-gRNA plasmid 

lacking the LacZα gene or the DHFR-gRNA plasmid containing the PITCh-gRNA. 

Transformants with just pX330S-2-PITCh were negatively selected by ampicillin, as they 

are streptomycin-resistant. To define 

which white colonies had the correct 

insert, twelve CFUs were screened by 

colony PCR. Each selected colony was 

also used to prepare a replica plate. 

MyTaq HS DNA Pol (Bioline) was used 

as polymerase suitable for colony PCR. 

The reaction mix was as follows: 1 µl 

MyTaq HS DNA Pol (5U/µl), 10 µl 5X 

MyTaq reaction buffer, 2 µl CRISPR-

step2-Fwd (10 mM), 2 µl CRISPR-

step2-Rev (10 mM), H2O to a final 

volume of 50 µl. The PCR was run at 

the following conditions: pre-

Figure 4.5 Section of the intermediate plasmid 
(previously pX330A-1x2), indicating the location of 
the Lac operon and Bsa I restriction sites. The Bsa I 
restriction sites are used to eliminate the Lac 
operon (made of lacZa gene, lac operator and 
promoter), and insert an additional gRNA. The 
extra gRNA will be located downstream the 
constitutive gRNA (U6 promoter and gRNA 
scaffold). Image created with SnapGene Viewer. 
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incubation at 95 °C for 1 minute, amplification for 28 cycles at 95 °C for 15 seconds, 67 

°C for 15 seconds, 72 °C for 50 seconds, and final elongation at 72 °C for 50 seconds. The 

PCR products were run on a 1% agarose gel (Chapter 2, Section 2.2.8), confirming that 

all amplicons had the intended product, which resolved in a 900 bp band. For further 

confirmation, four of the twelve tested colonies were prepped for plasmid isolation and 

sent to Sanger sequence (Chapter 2, Sections 2.2.2 and 2.2.11), adopting the same 

primers of the PCR reaction (Appendix E). 

 

   

Intermediate plasmid 

DHFR gRNA 

Figure 4.6 Construction of All-in-One vector by Golden Gate Assembly. After pX330A-1x2 was 
modified by inserting the DHFR gRNA (thus creating the intermediate plasmid), the PITCh gRNA 
was excised from the pX330S-2-PITCh vector and ligated into the intermediate plasmid. The 
resulting All-in-One Vector carried the DHFR gRNA, the PITCh gRNA and the Cas9 gene. Image 
adapted from Sakuma et al., 2016. 
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4.2.5 Construction of the µW vector (microhomology vector) 

The pCRIS-PITChv2-FBL plasmid (Appendix C) harboured the EGFP-2A-Puro cassette 

flanked by FBL (fibrillarin) - specific microhomologies and PITCh-gRNA target sites. The 

FBL-specific microhomologies were substituted with DHFR-specific microhomologies, 

which correspond to the 5’ and 3’ extremities forming on DHFR after Cas9 cleaving 

action (Fig. 4.7). These targeted microhomologies facilitated the repair of DHFR double-

strand break via MMEJ. To replace the current microhomologies on pCRIS-PITChv2-FBL, 

two separate PCR reactions were set: one to amplify the vector backbone and the other 

to amplify the cassette and, simultaneously, introduce the new DHFR homologous 

sequences.  

The vector was amplified starting from two generic primers, 5#-rev DonorVector and 3#-

fwd DonorVector (Appendix E). Instead, the second reaction required gene-specific 

primers that contained the desired DHFR microhomologies. These primers, 5Fwd 

DonorVect Mo and 3rev DonorVect Mo (Appendix E) were very long and prone to form 

secondary structures, making it necessary to use high annealing temperature and a 

robust polymerase (Q5 High-Fidelity DNA Pol). Both reactions, described below, 

presented the same reagents, except for the primer pairs.  The PCR mix was composed 

of 1.25 µl pCRIS-PITChv2-FBL (1 ng/µl), 5X Q5 reaction buffer, 5X Q5 high GC Enhancer, 

0.5 µl dNTPs (10 mM), 0.375 µl Q5 Pol (2000 units/ml), 2.5 µl of each primer 10 mM (5#-

rev DonorVector, 3#-fwd DonorVector; 5Fwd DonorVect Mo, 3rev DonorVect Mo), and 

H2O to a final volume of 25 µl. The cycling conditions were the following: pre-incubation 

at 94 °C for 2 minutes, amplification for 36 cycles at 98 °C for 10 seconds, 72 °C for 90 

seconds, and final extension at 72 °C for 4 minutes.  

The expected bands of ~1400 bp for the cassette and ~4600 bp for the vector backbone 

were confirmed by gel electrophoresis (Chapter 2, Section 2.2.8). The gel slices 

corresponding to the desired DNA fragments were excised with the help of a scalpel and 

purified using the NucleoSpin Gel and PCR Clean-up system (Chapter 2, Section 2.2.9). 

The vector backbone and the gene cassette, flanked now by DHFR microhomologies, 

were ligated together to restore the whole plasmid. An In-Fusion ligation was set, 

followed by transformation into Stellar competent cells (Chapter 2, Sections 2.2.6.2 and 
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2.2.7.3),. Four transformants were selected for plasmid isolation and sequencing 

(Chapter 2, Sections 2.2.2 and 2.2.11). Primers Contr DonorUpstr and Contr 

DonorDownst (Appendix E) were used to amplify the gene cassette's 5’ and 3’ end. 

  

Figure 4.7 Construction of the µW vector via PCR and In-Fusion ligation. The pCRIS-PITChv2-FBL 
plasmid backbone was amplified with primers starting from the PITCh gRNA target sites 
outwards. On the other hand, the primers amplifying the gene cassette carried DHFR specific 
microhomologies, which substituted the FBL ones. The very long  primers annealed with the 
PITCh gRNA target sites (in purple) and with a portion of the cassette (EGFP, in green, for the 5’ 
primer and Puromycin resistance gene, in light blue, for the 3’ primer). The central part of each 
primer contained the new DHFR microhomologies (in yellow, for the 5’ primer and in blue, for 
the 3’ primer). Once the two DNA segment were amplified, they were ligated together with an 
In-Fusion reaction. Image adapted from Sakuma et al., 2016. 
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4.3 Confirmation of the correct construction of the DHFR PITCh 

vectors (Results) 

4.3.1 Insertion of the DHFR-specific gRNA in the intermediate plasmid 

The annealing of the two 5’ phosphorylated oligos “Top DHFR insert” and “Bottom DHFR 

insert” (Appendix E) resulted in the following insert: 

5  C A C C g C G G C C C G G C A G A T A C C T G A G      3 

3      C G C C G G G C C G T C T A T G G A C T C C A A A  5 

 

The correct insertion of the DHFR insert into pX330A-1x2 was confirmed by Sanger 

sequencing (Appendix H), thus generating the intermediate plasmid.   

NNNNNNNNNNNCGANANNNGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACA

CAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCA

GTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT

CGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGGCCCGGCAGATAC

CTGAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA

AAAAGTGGCACCGAGTCGGTGC 

Legend:   U6promoter   21nt DHFR-gRNA   gRNA scaffold 

 

4.3.2 Sequential insertion of the DHFR gRNA and PITCh gRNA in the All-in-One 

vector 

The sequencing results showed the correct insertion of the PITCh-gRNA into the 

intermediate plasmid, effectively creating the All-in-One vector. The sequence also 

showed the presence of the DHFR-gRNA, giving additional proof that the intermediate 

DHFR-gRNA plasmid was correctly built (Appendix I). 
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NNNNNNNNNNNTGATTCTTCNTATTTGCATATACGATACAAGGCTGTTAGAGAGATAAT

TGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGT

AATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATG

CTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACG

AAACACCGCGGCCCGGCAGATACCTGAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTTTAGA

GCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCAATTCTGC

AGACAAATGGCTCTAGAGGCATGTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCA

TATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGA

TATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTA

AAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTT

CTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCATCGTACGCGTACGTGTTGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAG

TCCGTTTTTAGCGCGTGCGCCAATTCTGCAGACAAATGGCTCTAGAGGTACCCGTTACA

TAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTC

AATAGTAA 

Legend:  U6promoter   DHFR-gRNA  PITCh-gRNA   gRNA scaffold 

 

 

4.3.3 Substitution of the FBL 5’ and 3’ microhomologies with DHFR-specific 

sequences 

The gene cassette could not be entirely amplified due to its length (1.4 kb). Still, it was 

possible to amplify the two extremities separately, ensuring that DHFR microhomologies 

immediately flanked the cassette with PITCh target sites outwards (Appendices J and K). 

The replacement of the 5’ microhomology sees the PITCh-gRNA target sites immediately 

followed by the 5’ DHFR Microhomology. A few base pairs downstream, the EGFP 

starting codon is shown. Sequencing results are as follows:  
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NNNNNNNNNNNNNNCGTTNANNTTGATTATTGACTAGTTATTAATAGTAATCAATTACG

GGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAGCATCGTACGCGTAC

GTGTTTGGGACCTGCCCTGGCCACCGCTCCCCGGATCCATGGTGAGCAAGGGCGAGGAG

CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAA

GTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGT

TCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACC

TACGGCGTGCAGTGCTTCAGCCGTTACCCCGACCACATGAAGCAGCACGACTTC 

Legend: 5Fwd DonorVect Mo primer comprising  

 PITCh-gRNA target   5’DHFR microhomology   EGFP starting codon 

 

 

Similarly, but in the opposite direction, the replacement of the 3’ microhomology is 

composed of the end of the Puromycin resistance gene, the 3’ DHFR microhomology 

and the PITCh target site. Sequencing results are as follows: 

NNNNNNNNNNNNNNNNGCGGCCGANCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCG

CGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAG

GTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGAAGGTATCT

GCCGGGCCGGGGCCAAACACGTACGCGTACGATGCTCTAGAATGCTGATGGGCTAGCAA

AATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCAT 

Legend: 3rev DonorVect Mo (complementary sequence) comprising 

 End of PuroR   3’DHFR microhomology   PITCh gRNA target site 
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4.4 DHFR gene editing via PITCh: transfection and selection of 

monoclonal cell lines (Methods and Results) 

Creating a novel cell line model required thorough planning, spanning from the choice 

of the cell line to the gene-editing strategy, from the transfection system to the 

maintenance of the new line. 

The cell line chosen to generate a DHFR knockout was HepG2. HepG2 are human 

hepatocellular carcinoma cells; they present an epithelial morphology and are suitable 

for transfection (Hep G2 [HEPG2] ATCC® HB-8065TM, n.d.). HepG2 cells are non-

tumorigenic, with a 48-hour doubling time. Its robustness, stability and easy handling 

make HepG2 one of the most widely used cell lines for in vitro experiments (Donato et 

al., 2015). Despite all these qualities, it has to be considered that the novel cell line will 

be deficient in DHFR. Previous studies, including McEntee, 2011 (McEntee et al., 2011), 

demonstrated that DHFR lacking cells could not survive unless supplemented with 

Hypoxanthine and Thymidine (HT) (Urlaub et al., 1983; Urlaub & Chasin, 1980). Because 

of that, HepG2 cells subjected to DHFR knockout were permanently supplemented with 

HT. The impact of HT on cell growth has been assessed before gene-editing, with the 

result that no significant variation in number was observed (Appendix S). 

A diagram of the transfection and selection process is shown below, in Figure 4.8. Two 

populations were kept as a negative control, one of whom supplemented with HT. An 

FBL knockout was performed as a positive control, using the original plasmids purchased 

from Addgene (pCRIS-PITChv2-FBL and pX330A-FBL/PITCh). For the DHFR knockout, the 

All-in-One and µΩ vectors were transfected into HepG2 cells. Positive transformants 

were selected by puromycin. The resulting polyclonal population was screened via PCR 

and fluorescence observation. These same methods were employed to screen the 

selected monoclonal lines obtained from single-cell cloning. 

4.4.1 Dose-response curve for puromycin selection of HepG2 cells 

HepG2 cells were recovered from liquid nitrogen storage and grown for at least four 

passages. Before being transfected, cells were tested for Mycoplasma infection (Agilent 
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MycoSensor PCR assay kit). Unless otherwise stated, cells were grown into Sarstedt 

100mm Dishes.  

A puromycin kill curve was performed to assess the optimal puromycin concentration 

for drug selection (Chapter 2, Section 2.2.13.5). Cells treated with concentrations of 

puromycin below 1 µg/ml had no major impact on their growth. Puromycin was effective 

to kill the cells when above 1 µg/ml. Therefore, it was concluded that 1, 1.5, and 2 µg/ml 

are, respectively, low, optimal and high puromycin concentrations to use on HepG2 for 

drug selection. 

4.4.2 Transfection of All-in-One and µW vectors in HepG2 cells 

When exogenous DNA is artificially inserted into mammalian cells, it necessitates a high 

purity level. Hence, all plasmids used for transfection were isolated using Qiagen 

Plasmid Maxi Kit and cleaned from residual bacterial debris using Mirus MiraCLEAN 

Endotoxin Removal Kit (Chapter 2, Sections 2.2.3/4).  

Two plasmids (All-in-One and µΩ vector, for DHFR knockout; pCRIS-PITChv2-FBL and 

pX330A-FBL/PITCh for FBL knockout -positive control-) were co-transfected (Chapter 2, 

Section 2.2.15) with the help of Mirus TransIT-X2, a low-toxicity, high-efficiency 

transfection reagent. Cells were passaged the day before transfection to be 60-70 % 

confluent the following day. A 6-well plate was prepared alongside to be used as 

negative control (untransfected). A 4:1 TransIT-X2:DNA ratio was used (4µl transfection 

reagent per µg plasmid) and 12 µg of total plasmid DNA, divided into 8 µg All-in-One 

vector and 4 µg µΩ vector (2:1 ratio). The identical amounts for the positive control were 

8 µg pX330A-FBL/PITCh and 4 µg pCRIS-PITChv2-FBL. Transfection was performed in 

triplicates to allow each dish to be treated with a different concentration of puromycin: 

1, 1.5 and 2 µg/ml. The transfection mix (quantities refer to a 100 mm dish) was 

prepared following the manufacturer’s protocol. Warm OptiMEM (1.2 ml) was added to 

12 µg plasmid DNA and 48 µl TransIT-X2 and incubated at RT for 30 minutes. Each dish 

was supplemented with the transfection mix, added dropwise, and incubated for 72 

hours in a 5 % CO2 incubator at 37 °C. Observation of the transfected dishes, 24 hours 

post-transfection, revealed an unexpected growth compared with the negative control. 

This increase in the cell population impacted drug selection. 
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4.4.3 Puromycin selection 

Compared to the untransfected control, cells transfected with TransIT-X2 showed a 

rapid and unforeseen increase in proliferation. Puromycin effectiveness is directly linked 

to cell abundance; thus, it was supposed to not act effectively as a selection tool if cells 

were overnumbered. For this reason, cells were passaged 1:2, 48 hours after 

transfection. In contrast, cells transfected with FBL plasmids (positive control) were left 

growing.  

Puromycin selection was commenced 72 hours after transfection, using different 

antibiotic concentrations. The positive control dishes were treated with 1, 1.5 and 2 

µg/ml puromycin. Supplemented with puromycin, the media was replaced every two 

days for six days. Equal treatment was reserved for the 6-well plate negative control. As 

of DHFR transfection, the resulting six dishes (1:2 passaging) were treated as follows: 

two supplemented with HT and NEAA, and treated with puromycin 1 µg/ml; two 

supplemented with HT and NEAA, and treated with puromycin 2 µg/ml; two not 

supplemented with HT and NEAA, and treated with puromycin 1.5 µg/ml. Equal 

treatment was reserved for the 6-well plate negative control. As illustrated in Figure 4.9, 

three plates, one per treatment type, were supplied with fresh media and antibiotics 

every day; the other three had it replaced every second day, both groups for six days. 

After 6 days of puromycin administration, cells from positive control were not affected 

by the antibiotic treatment, confirming that fully confluent cells were resistant to 

puromycin, even at a high dose (2 µg/ml). Contrarily, cells from DHFR transfection, which 

were split in half before the treatment, were responsive to differential puromycin 

dosage. At the end of the 6-days treatment, cell populations were widely different in 

number, as shown in Table 4.1 

Cells treated with puromycin 2 µg/ml (both administration times) and 1.5 µg/ml (daily 

administration) were maintained and left recovering for four weeks, adding complete 

media regularly. The addition of HT/NEAA was continued only on cells initially treated 

with 2 µg/ml puromycin. Cells not supplemented with HT/NEAA had a granular 

morphology, less healthy than those receiving supplements. 
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4.4.4 Fluorescence Observation 

Cells that survived puromycin treatment were expected to have the gene cassette 

integrated in frame. Besides giving resistance to puromycin, the gene cassette provided 

the presence of eGFP. Fluorescence observation on living cells was attempted using a 

Nikon Ti-E epifluorescence microscope. Only a few green signals could be observed in 

correspondence to large clumps of cells. Unfortunately, pictures of fluorescence could 

not be taken due to technical reasons. 

4.4.5 EGFP-2A-PuroR cassette in frame insertion confirmed via PCR 

PCR confirmed the correct insertion of the EGFP-2A-PuroR cassette. Total DNA was 

extracted from DHFR knock out polyclonal lines using the Qiagen DNeasy Blood & Tissue 

Kit and eluted in 200 µl H2O (Chapter 2, Section 2.2.17). To avoid competitive 

amplification within the same assay, two different sets of primers were designed and 

used to separately amplify the 5’ and 3’ ends of the gene cassette embedded in the 

DHFR gene in frame with the gene promoter (Fig. 4.10). 

To amplify the cassette 5’ end, two primers called “DHFR KO Fwd” and “Invert cassette 

Rev” were used (in blue, in the above sequence block). The amplicon has an expected 

length of 151 bp. At the other extremity, the amplification of the 3’ end was obtained 

by the use of “DHFR KO Rev” and “Invert cassette Fwd”, with a resulting amplicon of 463 

bp (Appendix F).  

Both reaction mixes were set as follows: 0.5 µl Q5 Pol (2000U/ml), 5X Q5 buffer, 0.5 µl 

dNTPs 10mM, 1.25 µl Fwd primer 10 µM (either DHFR KO Fwd or Invert cassette Fwd), 

1.25 µl Rev primer 10 µM (either Invert cassette Rev or DHFR KO Rev), 1 µl DNA (200 

ng/µl) and H2O to a final volume of 25 µl. The PCR was run at the following conditions: 

pre-incubation at 98 °C for 30 seconds, amplification for 35 cycles at 98 °C for 10 

seconds, 64 °C (5’end assay) or 65 °C (3’ assay) for 30 seconds, 72 °C for 40 seconds, and 

final elongation at 72 °C for 2 minutes.  
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4.4.5.1 Results 

The 5’ and 3’ end assays performed on DNA extracted from cells initially treated with 

puromycin 2 µg/ml daily show the expected bands at 151 and 463 bp (Fig. 4.11). This 

confirms the successful integration of the EGFP-2A-Puro cassette on DHFR. 

The assays were repeated on the other polyclonal population treated with puromycin 2 

µg/ml alternate day, and they also amplified the expected bands at 151 bp and 463bp. 

Contrarily, the population treated with puromycin 1.5 µg/ml daily didn’t resolve any 

band at the 3’end, indicating a partial cassette insertion (not shown). 

4.4.6 Single-cell cloning 

Cells previously treated with 2 µg/ml puromycin daily were used to obtain monoclonal 

lines via single-cell cloning. The protocol for cell cloning by serial dilution in 96 well plates 

provided by Corning (Ryan, n.d.) was adopted (Chapter 2, Section 2.2.13.4). The top left 

well (A1) was filled with 200 µl of cell suspension, and 1:2 dilutions were performed from 

A1 downwards until all wells in the column had 100 µl of cells. The same type of dilution 

was performed to dilute cells from the first column to the last, using an 8-channel 

pipettor (Figure 4.12). It was possible to identify wells containing just a single cell after 

5-6 days. Three weeks were required to allow single cells to grow enough to passage 

into a 24-well plate. A week after, cells were moved to a 12-well plate and finally (two 

weeks later) to a 100mm dish. Four monoclonal lines have been selected and further 

screened. 
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4.5 Multi-population screening for identification of positive  

transformants (Methods) 

The four monoclonal lines, together with the polyclonal line, were screened to assess 

which of them harboured a biallelic knock out of the DHFR gene. Genomic DNA from all 

five populations was tested via PCR. In addition, RT-PCR was performed on cDNA 

reverse-transcribed from RNA extracted from all the samples. Finally, the presence and 

functionality of the DHFR enzyme were determined using Western blot and DHFR 

enzymatic activity assay, respectively. 

4.5.1 Genomic screening via PCR 

The assays used to screen the polyclonal line for the gene cassette insertion (Section 

4.4.5) were also utilised to screen the monoclonal lines. The primers used to amplify the 

cassette at the 5’ and 3’ ends were designed to be exchangeable; that is, primer ‘DHFR 

KO Fwd’ and ‘DHFR KO Rev’ could be coupled together, effectively detecting any wild-

type allele or a shorter insertion. The three PCR assays allowed me to screen for 

homozygous/heterozygous populations. A schematic of the three assays is shown in 

Figure 4.13. 

Total DNA was extracted from DHFR knock out monoclonal lines using the Qiagen 

DNeasy Blood & Tissue Kit and eluted in 200 µl H2O (Chapter 2, Section 2.2.17). 

All three reaction mixes were set as follows: 0.5 µl Q5 Pol (2000U/ml), 5X Q5 buffer, 0.5 

µl dNTPs 10mM, 1.25 µl Fwd primer 10 µM (either DHFR KO Fwd or Invert cassette Fwd), 

1.25 µl Rev primer 10 µM (either Invert cassette Rev or DHFR KO Rev), 1 µl DNA (200 

ng/µl) and H2O to a final volume of 25 µl. The PCR was run at the following conditions: 

pre-incubation at 98 °C for 30 seconds, amplification for 35 cycles at 98 °C for 10 

seconds, 64 °C (5’end assay) or 65 °C (3’ end assay and DHFR full-length assay) for 30 

seconds, 72 °C for 40 seconds, and final elongation at 72 °C for 2 minutes. The PCR 

products were run on a 1 % agarose gel (90V, 1 h) (Chapter 2, Section 2.2.8). Note that 

the initial concentration of positive control was unknown; therefore, the band’s 

intensity is not correlated to that of the other samples. 
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All PCR products from the ‘DHFR full-length’ assay were cleaned using ExoSAP-IT and 

sent to sequence (Chapter 2, Section 2.2.11). 

4.5.2 DHFR RNA expression confirmation via RT-PCR 

The screening of the four monoclonal lines and the polyclonal line was continued by 

analysing the DHFR RNA expression levels. As described in Section 2.2.18 (Chapter 2), 

total RNA was extracted using the PureLink RNA Mini Kit followed by ezDNase 

treatment. After checking the RNA integrity (Chapter2, Section 2.2.19), 5 μg RNA from 

each population was reverse-transcribed into cDNA (Chapter 2, Section 2.2.20) and 

examined for genomic contamination (Chapter2, Section 2.2.21) (Appendix G for 

primers sequence).  

The cDNA was tested on the assay ‘DHFR mains’, designed to detect all main DHFR RNA 

isoforms. The reaction mix was set as follows: 10X PCR buffer, 0.2 µl Taq DNA 

Polymerase (5U/µl), 2 µl dNTPs 2.5 mM, 1 µl Fwd DHFR mains, 1 µl Rev DHFR mains, 1.5 

µl MgCl2 (25mM), 62.5 ng cDNA and H2O to a final volume of 25 µl. The RT-PCR was run 

at the following conditions: pre-incubation at 94 °C for 2 minutes, amplification for 35 

cycles at 94 °C for 30 seconds, 57.5 °C for 30seconds, 72 °C for 30 seconds, and final 

elongation at 72 °C for 5 minutes. The PCR products were then run onto a 2 % agarose 

gel (90 V, 90 minutes) (Chapter 2, Section 2.2.8). 

4.5.3 DHFR enzyme presence confirmation via Western Blot 

Further confirmation of DHFR expression was obtained verifying if a protein could be 

made. To address this, cells from each monoclonal, polyclonal, and wild-type line were 

pelleted and lysed to isolate total protein (Chapter 2, Section 2.2.23). Proteins were 

quantified using a Bradford assay (Chapter 2, Section 2.2.24), and 25 µg of protein per 

sample was loaded into a 4-20 % Tris-Glycine gel. Following the separation of the bands 

via electrophoresis, the proteins were transferred into a PVDF membrane ready for 

Western Blot. Niamh Bookey carried out the entire procedure; thus, this thesis will not 

report the detailed methods. 
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4.5.4 DHFR enzymatic activity assessment 

All cell lines were tested for DHFR enzymatic activity, in the case of compromised 

enzyme function. Total proteins were extracted from each cell line (including 

monoclonal, polyclonal and wild-type) and quantified (Chapter 2, Sections 2.2.23/24). A 

colorimetric assay was used to measure DHFR reductase activity based on NADPH 

consumption (Chapter 2, Section 2.2.25). 

 

4.6 Multi-population screening for identification of positive 

transformants (Results) 

4.6.1 DNA screening points out frequent indels around the DHFR cleavage site 

The 5’end assay did not give a clear amplification of any of the tested samples (not 

shown). The 3’end assay confirmed the cassette insertion at that extremity for the 

polyclonal line (as seen in the previous section) and the monoclonal line A1. None of the 

other monoclonal lines presented amplification of the cassette as per the planned 

design. Three prominent bands were amplified from monoclonal line A4 instead, 

indicating possible rearrangements at the insertion site (Fig. 4.14, left). The DHFR full-

length assay would give a 236 bp band if no large rearrangements were made. All 

monoclonal and polyclonal lines amplified a band at around 250 bp. Even though it is 

impossible to assess minor length differences via gel electrophoresis, all the amplified 

bands seem to correspond to the band resolved for the positive control (Fig. 4.14, right). 

However, the possibility of point mutations introduced after the Cas9 cleavage remains. 

That would be the case of NHEJ activation in the place of MMEJ.  This hypothesis was 

verified via sequencing. Although the sequencing results present a certain number of 

unidentifiable bases, the overall picture shows various small indels and point mutations, 

which, despite not impacting on the length of the amplicon, may produce severe 

mutations (i.e. missense, frameshift, etc.) reflecting on the protein structure and 

function. An example is reported below, in Figure 4.15. For the sequencing data of all 

lines, please see Appendices L to R. 
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4.6.2 DHFR transcription is not compromised 

The assay ‘DHFR mains’ produces an amplicon of 78 bp, detecting all DHFR isoforms. All 

monoclonal lines displayed the said band, similarly to the positive control (Fig. 4.16). 

Therefore, DHFR continued to be transcribed. However, this method cannot indicate the 

expected presence of point mutations passed from the DNA to the RNA. In addition, 

transcripts arising from the allele receiving the gene cassette might be hard to amplify 

with RT-PCR due to the transcript’s length or possible rearrangements in the area where 

the primers sit.  

4.6.3 Monoclonal line A5 displays a reduced expression of DHFR protein 

The Western Blot analysis revealed that the DHFR protein is present in all the samples 

(Fig. 4.17). Nonetheless, the monoclonal line A5 showed a meagre amount of DHFR 

protein compared to the other samples. This may indicate regulatory pathways acting 

on DHFR expression, effectively reducing its translatability. Alternatively, the  

CRISPR/Cas activity on DHFR could have introduced a non-sense mutation making the 

protein more prone to degradation. To note that a white-light picture of the membrane, 

inclusive of a protein ladder was taken to estimate the molecular weight of the bands 

(not shown). 

4.6.4 Monoclonal line A5 presents 90 % less reductase activity 

DHFR activity is expressed in mU/mg, where 1 U is the amount of DHFR that oxidises 1 

µmol NADPH per minute at pH 7.5 at room temperature. The analysis of the lines 

showed that the A5 monoclonal line presents the least DHFR activity, showing a 90 % 

decrease in reductase activity compared to the wild-type (Fig. 4.18). These results, 

concurring with the Western Blot data, led to the conclusion that A5 is the most suitable 

line to perform further experiments, despite being a knock-down cell line. 
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Figure 4.8 DHFR Knockout model of transfection and selection in HepG2 cell line. HepG2 cells 
were transfected with All-in-One and µW vectors in Mirus TransIT-X2 transfection reagent, in 
triplicate. Two untransfected negative controls were seeded at the same concentration, and 
treated alternatively with or without HT supplements. After 72 hours from transfection, positive 
transformants were selected by puromycin. The resulting polyclonal lines were tested for EGFP 
expression via fluorescence observation. DNA samples were also extracted and amplified via PCR 
in search of the integrated gene cassette. Monoclonal lines were obtained from the polyclonal 
one, through a single-cell cloning methods. Similarly to the polyclonal line screening, all 
monoclonal lines were tested via fluorescence observation and PCR. Image created with 
BioRender.com 
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Figure 4.9 Puromycin selection of HepG2 cells post-transfection. Because of an unexpected 
growth post-transfection, each of the three cell populations was split in two. Four dishes were 
supplemented with HT, two were maintained in complete media only. The supplemented 
populations were treated with either 1 or 2 mg/ml puromycin, while the non-supplemented cells 
were treated with 1.5 mg/ml puromycin. To further differentiate the antibiotic exposure and cell 
response, three dishes, one per treatment type, had the media changed every day; while the 
other three dishes, one per treatment type, were supplied with fresh media every second day. All 
cell populations underwent puromycin treatment for a total of six days. In parallel, untransfected 
cell populations were treated with HT and puromycin at the same conditions as the transfected 
cells. In addition, two untransfected cell populations, with and without HT, were maintained as 
negative controls. Image created with BioRender.com 
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Table 4.1 Status of transfected cells after six days of puromycin administration at different 
frequency and concentration. 

 

 

  

 Puromycin Administration 

Daily Alternate day 

Pu
ro

m
yc

in
 C

on
ce

nt
ra

tio
n 

1 µg/ml  80 % confluent with large 

portion of detached cells 

100 % confluent and moderately 

healthy morphology 

1.5 µg/ml Over 90 % dead cells 65 % confluent but apoptotic 

morphology; large portion of 

detached cells  

2 µg/ml Over 95 % dead cells. A few 

cells remain attached with 

healthy morphology 

40 % confluent but apoptotic 

morphology 
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Figure 4.10 PCR amplification of gene cassette extremities in continuity with DHFR. On the 
occasion of correct gene cassette insertion, two distinct PCR assays could detect the merging 
sites at both sides of the cassette and DHFR. To amplify the 5’ end of the integrated cassette, 
two primers, in blue, were used: the forward primer sitting on DHFR and the reverse primer 
sitting on the cassette. Vice versa, the 3’end primers, indicated in red, were designed with the 
forward on the cassette and the reverse on DHFR. Image created with BioRender.com. 
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100bp     5’end       Pos         Neg       3’end         Pos         Neg        100bp 

151bp 

463bp 

Figure 4.11 Cassette extremities amplification. Resolution on a 1 % (w/v) agarose gel. Positive 
control contains DNA from HepG2 untransfected cells. Negative control has no added DNA. 
100bp ladder has been loaded on both sides. The amplified bands, relative to the 5’ and 3’ end 
of the gene cassette inserted into DHFR gene, correspond to the expected length, 151bp and 463, 
respectively. 
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Figure 4.12 Single-cell cloning technique. Well A1 was filled with 200µl of cell suspension. All 
other wells were filled with 100µl complete media with supplements. Starting from A1, 100µl of 
cell suspension was moved downwards, mixing well at each passage. The final 100µl of diluted 
cells were wasted. Line 1 was then topped up with 100µl conditioned media per well. Using the 
same rationale, cells were diluted horizontally, from lines 1 to 12. At the end of the procedure, 
each well contained 200µl of resuspended cells. Image adapted from Ryan, n.d. and created with 
BioRender.com.  
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5’ end assay 

 

3’ end assay 

DHFR full 
length assay 

 

Figure 4.13 PCR assays used to identify the status of DHFR knockout. At the top, the 5’ and 3’ end 
assays (also described in Fig. 4.10) were used to detect the cassette insertion sites on DHFR (in 
blue and red, respectively). With the same annealing temperature, the forward primer from the 
5’end assay (DHFR Fwd, in blue) and the reverse primer from the 3’ end assay (DHFR Rev, in red) 
could be coupled in a third PCR assay. This assay, named DHFR full-length assay (bottom), helped 
detect the native DHFR sequence in case of failed knockout; therefore, it was essential to identify 
DHFR +/+ or +/- lines. In addition, the DHFR full-length assay detected any minor rearrangements 
that occurred in that area upon CRISPR/Cas9 activity. Large rearrangements, such as the cassette 
insertion, were not likely detected because of the length of the amplicon (> 1.5 kb). Image created 
with BioRender.com. 
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100bp    A1        A2        A4        A5      Poly      Pos 100bp    A1        A2        A4        A5      Poly      Pos 

463bp 463bp 

~250bp 

Figure 4.14 PCR amplification of the 3' end assay and DHFR full-length assay on DHFR KO mono- 
and polyclonal lines. Resolution on a 1 % (w/v) agarose gel. 100bp ladder on the left side of both 
gels. Positive control contains DNA from HepG2 untransfected cells. The picture on the left side 
shows the bands relative to the 3’ end assay, amplified in all monoclonal and polyclonal lines. 
Only the polyclonal and monoclonal A1 lines display the expected band at 463bp, indicating the 
insertion of the gene cassette at the 3’ extremity. The DHFR full-length assay (picture on the 
right) showed amplification in all the samples. The ~250bp band was expected in the wild-type 
DHFR, thus indicating the failed cassette insertion in at least one allele.    
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Figure 4.15 Sequencing data of DHFR cleavage area from the polyclonal line and alignment with 
DHFR wild-type. The top sequence block indicates the amplicon deriving from the amplification 
of a HepG2 wild-type line using the DHFR full-length assay. The primers sequence is shown in 
blue and red. Highlighted in green and purple, the extremities deriving after CRISPR/Cas9 cut. 
The second sequence block corresponds to the sequencing results from the polyclonal line. As 
evidenced by the alignment, the region surrounding the CRISPR/Cas9 cleavage site shows several 
mutations, such as deletions (indicated by the red D), insertions (indicated by the green I) and 
substitutions (indicated by the orange asterisk). Moreover, additional areas didn’t resolve into a 
clear sequencing (indicated by N). 
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    100bp   A1       A2       A4       A5     Poly     Neg     WT   

78bp 

Figure 4.16 RT-PCR amplification of DHFR main isoform assay. Resolution on a 1 % (w/v) agarose 
gel. 100bp ladder on the left side. Negative control contains no DNA. All samples show the 78bp 
band, indicative of standard DHFR RNA expression. 
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         WT                      Poly                    A1           A2           A4           A5   

21 kDa 

Figure 4.17 Western Blot imaging. Antibody-bound proteins were detected using SuperSignal 
West Pico PLUS Chemiluminescent Substrate and imaged using Syngene’s GeneGnome Bio 
Imaging System. All samples show the presence of DHFR protein. However, A5 monoclonal line 
displays the lowest intensity among the lines. 
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Figure 4.18 DHFR enzymatic assay. The DHFR activity to reduce NADPH was measured in wild-
type, mono- and polyclonal lines. The graph shows increased activity in the polyclonal line 
compared to the wild-type. Contrarily, all monoclonal lines show a significant reduction in 
activity, with a peak of -90 % presented by the A5 line. 
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4.7 Discussion 

This Chapter discussed the process of creating a novel HepG2 cell line harbouring a DHFR 

knockout. The lack of DHFR would provide the perfect molecular environment to 

investigate the presence and function of DHFR2 without risking misdetection due to the 

remarkable amino acid similarity between DHFR and DHFR2. CRISPR/Cas was the chosen 

gene-editing method to introduce a DSB at the level of the DHFR gene. The CRISPR/Cas 

machinery elements were introduced through a plasmid. An additional plasmid, carrying 

a gene cassette with DHFR-homologous arms, was also transfected. The resulting 

polyclonal line was screened for the effective cassette insertion, alongside the four 

monoclonal lines deriving from it. The aim was to select one line presenting a biallelic 

cassette insertion, thus including a complete DHFR disruption. 

The PITCh strategy exploits homologous micro-arms to facilitate the insertion of a gene 

cassette in a specific genomic site, i.e. DHFR. In this case, the EGFP-2A-PuroR cassette 

represented the tool for simultaneous gene disruption and transformants selection. The 

antibiotic resistance gene allowed the survival of the correctly edited cells upon 

puromycin treatment; the EGFP gene was a fast and direct tool to confirm the occurred 

insertion (Nakade et al., 2014; Sakuma et al., 2014, 2016). The cassette was designed to 

be introduced downstream of the DHFR exon 1 in frame and under control of the DHFR 

promoter. Therefore, the antibiotic treatment would have negatively selected cells with 

a non-specific cassette insertion. To further confirm the correct insertion site, two PCR 

assays were designed to amplify the 5’ and 3’ insertion spots into DHFR. 

The screening and selection of the ideal DHFR KO cell line have seen a multilevel analysis, 

in which DNA, RNA, protein and enzyme activity were examined in search of DHFR 

impairment. 

The investigation of the DHFR cleavage site in the polyclonal line clearly showed the 

insertion of the gene cassette. Unfortunately, the PCR amplification of the 5’/3’ cassette 

ends in the monoclonal lines was not equally clear, with failed amplification of the 5’ 

insertion extremity. The 3’ end PCR showed a specific band in the A1 line only. In 

addition, all the mono- and polyclonal lines proved to have maintained a “normal” allele, 

with no cassette insertion. However, the sequencing of the relative amplicons revealed 
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that the DHFR gene has been subject to random mutations, as shown in other studies 

(Bennett et al., 2020; Kosicki et al., 2022). We can conclude that all monoclonal lines are 

heterozygous, with at least one allele presenting minor rearrangements (indels/point 

mutations). The other allele seems to have a partial cassette insertion in A1. For the 

remaining lines, the condition of the cassette insertion remains unclear. 

Rearrangements on the site remain possible (dependent on the simultaneous activation 

of NHEJ and MMEJ) (M. Liu et al., 2019; Miyaoka et al., 2016) but undetectable due to 

the sequence-specific nature of PCR primers. Nonetheless, these data confirm the 

efficacy of the CRISPR/Cas technology.  

To explain why the cassette appeared to be present in the polyclonal line but then lost 

in the monoclonal lines, we can consider three factors: number of screened lines, 

functional adaptation, and target gene function. 

Upon single-cell cloning, only four monoclonal cell lines could be detected. It is plausible 

that, despite the promising results shown by the polyclonal line, each of the monoclonal 

lines presented an entirely different profile, with none of them amplifying both cassette 

extremities. Screening a larger set of monoclonal lines could have resulted in the 

expected outcome. The limitation deriving from the manual isolation of single cells could 

be overcome by employing sorting machines like FACS (Gross et al., 2015; Herzenberg 

et al., 2002). 

DNA from the polyclonal line was extracted and tested immediately after transfection 

and over time. Only the 3’end of the gene cassette consistently amplified, contrary to 

the 5’ end band seen in the post-transfection sample only. This data suggest that the 

polyclonal population changed over time, losing those cells carrying the entire cassette, 

or portions of it, confirming that the loss of transgenes is a common phenomenon (Kong 

et al., 2009; Nakanishi et al., 2002). The loss of the transgene could be due to the 

lethality associated with the importance of the DHFR gene or to recombination events 

(Bravo et al., 2020). This hypothesis is also corroborated by the annotation of cells’ 

changed morphology. The aspect of the cells, either poly- or monoclonal, improved 

gradually, going from very granular and compact to less grainy and elongated. Also, the 

cells’ ability to firmly adhere seemed compromised initially and moved towards normal 

behaviour over time. By the time the single cells were seeded and grown into full 
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monoclonal populations, those cells harbouring a complete DHFR KO could not have 

survived, despite the addition of supplements. Therefore, the loss of severely impaired 

cells can explain why the surviving monoclonal lines had minor rearrangements, still 

compatible with life. Overall, the cells have demonstrated an incredible plasticity, 

making cell adaptation a key for survival (Fodale et al., 2011; McGarry & Olson, 2016). 

The small number of monoclonal lines and the change and adaptation of the cell 

population over time can all be related to the nature of the target gene, DHFR. From the 

literature, we know that DHFR -/- lines are not viable unless supplemented with HT 

(Urlaub et al., 1983; Urlaub & Chasin, 1980). More recent studies employing CRISPR/Cas 

technology coupled with bioinformatic analysis (Blomen et al., 2015; Hart et al., 2015; 

T. Wang et al., 2015) indicate DHFR as one of the ~3000 essential human genes, whose 

loss of one or both alleles are not tolerated, leading to lethality (Bartha et al., 2018). 

However, the Online GEne Essentiality database (OGEE v.3) shows variable essentiality 

for DHFR depending on tissue-type and deployed experimental method, indicating that 

gene essentiality is not a static but context-dependent feature (Gurumayum et al., 

2021). I speculate that cells with a total DHFR KO did not survive despite the 

supplementation, and the number of monoclonal lines was too small to find a positive 

bi-allelic knockout. 

The lines were tested for DHFR RNA expression to assess if any of the DNA mutations 

had affected the nature of the DHFR transcripts. From the RT-PCR data, the transcript’s 

length did not change compared to the wild-type. That, however, does not reflect the 

nature of the RNA sequence, which could carry small mutations. Sequencing the 

amplicons would have facilitated the analysis, but it was not performed. However, if any 

partial insertion of the cassette was present on the other allele, the PCR could not have 

amplified it due to the specific design of primers. 

Despite the unclear picture of the genetic rearrangements and the maintained RNA 

expression of DHFR, the Western Blot analysis and the DHFR enzymatic activity assay 

showed a differential abundance and functionality of the enzyme. The monoclonal line 

A5 appeared to express very little enzyme, with consequent low enzymatic activity 

compared to the other KO lines and wild-type. Therefore, for the aim of this research, 

the choice of A5 became obvious. A DHFR knock-down line still proves to be a very 
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powerful tool for investigating the function of a gene, particularly when essential (Fei et 

al., 2016; S. Sun et al., 2007, 2011).  

To sum up, a homozygous DHFR -/- line was not obtained. This could have been related 

primarily to the nature of the gene. In fact, the complete elimination of DHFR could be 

related to non-viable cells, as demonstrated by Li et al. (2019), where murine DHFR 

biallelic knockouts were lethal, whilst the correspondent heterozygous mutants 

developed hypertension and abdominal aortic aneurysm (Li et al., 2019).  

Limitations of the method can also be listed starting from the cleavage site. Despite 

being the best site along the DHFR gene, the cleavage happened at the very end of exon 

1, overlapping with the splicing site. This may have facilitated the elimination of the 

cassette (if partial insertion occurred just at the 3’end, with consequential disruption on 

the intronic sequence only) during RNA processing, thus limiting the efficacy of the 

overall method. An alternative design could have considered different PAM sites, 

employing Cas enzymes from microorganisms other than S. pyogenes (most commonly 

used) (Nidhi et al., 2021) or engineered versions with improved specificity and efficiency 

(Ledford, 2020; M.-S. Liu et al., 2020; Tsuchida et al., 2022). Finally, relying on MMEJ as 

a repair system might not be the safest solution. The knockout of a gene prone to induce 

cell death when functionally impaired, like DHFR, should rely on a more robust repair 

mechanism, less susceptible to sequence mistakes. Using a gene cassette with very long 

homology arms could have produced better insertion rates (Rozov et al., 2019; J.-P. 

Zhang et al., 2017) yet a higher death rate.  

The PITCh strategy is a smart strategy, presented as an improvement of the classical 

knockout methods (Aida et al., 2016; Ezaki et al., 2022; Kawabe et al., 2018; Sakuma et 

al., 2016). The use of microhomologies simplified the construction of the insert. In 

addition, the nature of CRISPR/Cas consented to the transfection of a single plasmid 

carrying the Cas gene and as many gRNA as needed, allowing the cleavage of multiple 

sites (i.e. DHFR and the gene cassette). Cutting the gene cassette out of the plasmid 

(linearised DNA) increased the chances of recombination, balancing the reduced efficacy 

of short homology arms. 
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Nevertheless, creating a monoclonal line was proven to be more difficult than expected. 

This is primarily due to the nature of the target gene and some technical limitations. The 

production and screening of monoclonal lines required the most time and energy. 

Replacing single-cell cloning with FACS sorting would have enormously increased the 

number of monoclonal lines to screen for cassette insertion. 

In conclusion, the crucial role of DHFR in cell metabolism and viability does not make it 

an ideal target for a knockout, thus turning the task into a very arduous process. Beyond 

the nature of the target gene, the method can be considered pretty solid if also 

accompanied by technical improvement. So much for DHFR knockout specifically, the 

use of a different Cas enzyme -and associated PAM sites- could have opened to more 

suitable cutting sites. Finally, extending the homologous arms in length could have had 

a more significant impact on the likelihood of accurate cassette insertion. The associated 

analysis of the DHFR knock-down line will be thoroughly discussed in Chapter 6, in line 

with the investigation of the DHFR2 knockout line, reported in Chapter 5. 

 

 

 

 

 



  119 

 

Chapter 5   
Functional analysis 
of DHFR2 knockout 
in HepG2 cell line. 
Effects of loss-of-
function on DHFR 
and One-Carbon 

Metabolism 
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5.1 Overview 

Loss-of-function (LOF) approaches are a powerful tool for understanding the genetic 

mechanisms behind cell functions and behaviour. The loss of a specific cellular function, 

either partial or complete, can be obtained by targeting DNA, RNA or protein. The 

disruption of the normal cell physiology produces phenotypic effects that need to be 

interpreted. The chosen method to achieve a loss-of-function, the nature of the 

outcome (total or partial loss), and the complexity of the manipulated gene/genes must 

be considered when it comes to the analysis of the novel phenotype. Furthermore, 

robust and broad analyses should be carried out to produce a comprehensive 

understanding of the gene function and avoid inaccurate conclusions (Hartenian & 

Doench, 2015; Housden et al., 2017; Mullenders & Bernards, 2009; Teng et al., 2013). 

The creation and validation of the DHFR2 knockout cell line were followed by extensive 

analysis (in order to characterise the line) ranging from cell viability to screening of the 

transcriptomic and proteomic profiles. Some analyses were chosen based on the current 

literature and the function assigned to DHFR2, its homologue DHFR and the One-Carbon 

Metabolism pathway.  

The aims of this Chapter are to explore whether DHFR2 function is relevant to cell 

growth; to verify the role of DHFR2 within OCM; to assess if functional interdependence 

exists between DHFR and DHFR2. These aims were achieved via the use of the following 

methods: Cell growth analysis, RTqPCR, RNA microarray, Folate Profiling, Enzymatic 

Assay, Complementation and Overexpression. 

5.1.1 Rationale for cell proliferation analysis 

DHFR2 was annotated as a mitochondrial reductase, possibly reducing DHF to THF, 

similarly to its cytoplasmic counterpart DHFR (Anderson et al., 2011; McEntee et al., 

2011). As DHFR is an essential enzyme for life, and its disruption is not compatible with 

viability (Huennekens, 1994; Raimondi et al., 2019; Schweitzer et al., 1990; Urlaub & 

Chasin, 1980), we intended to test if a similar effect could be attributed to DHFR2 as 

well. Therefore, a proliferation assessment was carried out, ensuring also to determine 
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a possible rescue effect on behalf of HT (as occurs with DHFR-deprived cell lines, 

surviving only in presence of HT) (Urlaub et al., 1983).  

5.1.2 Targeted transcriptome analysis: choice of genes 

Continuing with the investigation of the effects of the DHFR2 absence, we tried to 

evaluate the role of DHFR2 on the OCM. Assuming DHFR2 is a constituent part of the 

mitochondrial OCM (Anderson et al., 2011), the loss of its function would create 

unbalances in this very complex pathway. In addition, McEntee, 2011  demonstrated the 

capacity of the DHFR2 RNA to bind to the DHFR enzyme, proposing a regulatory 

mechanism (McEntee et al., 2011). In order to investigate how the lack of DHFR2 

impacted DHFR expression along with that of other OCM components, a limited set of 

genes was chosen for the investigation of the transcriptional patterns. The selection was 

finalised with the help of the STRING database (version 11.0), where only predicted 

interactions were reported for DHFR2.  

By thoroughly examining the DHFR2 gene structure, we noticed that DHFR2 shared the 

promoter with the neighbouring gene NSUN3, coding for a mitochondrial RNA 

methyltransferase (EPD, Eukaryotic Promoter Database – new version 006) (Fig. 5.1). 

Since the late eighties, many studies have reported the presence of divergent promoters 

throughout the species, from Bacteria to humans (Beck & Warren, 1988; Lepoivre et al., 

2013; Seila et al., 2009; Trinklein et al., 2004). The analysis of the transcripts arising from 

divergent promoters revealed several different combinations, among which 

coding/non-coding bidirectional transcription, with an increasingly high number of 

studies reporting functionality associated with these, once dismissed as ‘junk’, ncRNAs 

(non-coding RNAs). Some of the functions of these ncRNAs are associated with the 

reorganisation of local chromatin, regulation of neighbouring genes or influence on 

distal genes (Wei et al., 2011). The gene pair could be co-expressed and co-regulated, 

sharing function and tissue specificity or be unidirectionally expressed and functionally 

unrelated (Chen et al., 2007; Jiménez-Badillo et al., 2017; Voth et al., 2009). Given the 

above, we considered the hypothesis of DHFR2 acting as a lncRNA (long non-coding 

RNA), potentially regulating flanking genes or distant genes (e.g., OCM-related genes). 
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Hence, DHFR2 flanking genes (NSUN3 and ARL13B) were added to the list of OCM-

related genes to screen for transcriptional changes. 

 

 

5.1.3 Global transcriptomic and proteomic analysis: DHFR2 LOF broader effects 

Investigating potential new targets of the DHFR2 activity - beyond OCM genes and 

DHFR2 neighbouring genes- was considered the next logical step. To achieve a broader 

inspection of the molecular phenotype of the DHFR2 knockout line, we implemented 

the use of omics technologies, specifically microarray (lncRNAs and mRNAs) and mass 

spectrometry-based proteomics (this method and relative results will not be discussed 

in this thesis). The microarray technology allows the quantification of a pre-defined set 

of RNA via hybridisation with anti-sense probes. This may look like a limitation, 

especially when compared with RNA sequencing, which can capture the entirety of the 

RNAs in a sample (Lowe et al., 2017). However, despite RNA sequencing presenting 

higher sensitivity and the capacity to detect novel transcripts, the amount of data 

produced would be particularly large, thus requiring massive data processing (expert 

personnel and high power computing facilities). Meanwhile, microarrays offer well-

defined hybridisation protocols and analysis pipelines, as well as a relatively low cost (S. 

A. M. Martin et al., 2016). Also, bearing in mind that the investigation of the DHFR2 

knockout can be considered a small study, the microarray method was deemed the most 

suitable choice.  

 

 

Figure 5.1 DHFR2 and NSUN3 shared promoter. Image created using the Ensembl platform 
(release 107). 
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5.1.4 Assessment of the OCM state upon DHFR2 loss: investigation of the Folate 

Profile 

In addition to the RT-qPCR investigation of the OCM-associated genes (discussed at the 

beginning of this section), a further examination of the One-Carbon Metabolism was 

planned, with emphasis on the metabolites. As described in several studies, folate 

metabolite profiling is an effective method to provide evidence of variations in the One-

Carbon Metabolism (Burren et al., 2006; Leung et al., 2013, 2017; Pai et al., 2015). The 

OCM is a complex network whose primary action is to provide one-carbon units to 

interlinked metabolic pathways. As a result, subtle alterations in OCM functionality can 

result in more critical outcomes (Stover, 2009). For example, 10-formyl-THF acts as a 

precursor for purines biosynthesis, while 5-methyl-THF is employed as a methyl donor 

in the methylation cycle. Imbalances of specific folate intermediates (in relation to total 

folate) may suggest disturbances of certain steps of the OCM and help predict the 

impact on the cellular function (i.e., DNA synthesis, methylation, etc.) (Leung et al., 

2013). The analysis of the OCM metabolites was therefore used to estimate if specific 

reactions were compromised by the loss of DHFR2. 

5.1.5 Restoration of the original phenotype: complementation test 

Once all the characterisation experiments were carried out, a genetic complementation 

experiment was attempted, testing if a DHFR2 expressing transgene was able to rescue 

the DHFR2-/- phenotype. The simplicity and robustness of the method make the genetic 

complementation test a fundamental genetic tool for gene assignment since mutations 

occurring in different genes can result in similar phenotypes (Yook, 2005). The 

transcriptional levels of the previously tested genes were assessed, along with the global 

proteomics profile of the complemented line. Unfortunately, due to time constraints, I 

was not able to repeat the entire set of experiments carried out for the DHFR2 knockout 

characterisation on the complemented line. 

5.1.6 Evaluation of opposing effects in DHFR2 overexpression model 

Finally, DHFR2 overexpression was performed on the HepG2 cell line to fully understand 

the role of DHFR2. Overexpression is a powerful tool that allows exploring how an 
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increase in gene products (either RNA or protein) can lead to dysregulation of a different 

set of pathways compared to those impacted in a knockout model. In fact, gene 

overexpression may be as disruptive as gene loss (Prelich, 2012). 

To conclude, although extensive examination of the DHFR2 knockout has been 

accomplished, more experiments could be performed in the future. The creation and 

maintenance of a permanent DHFR2 knockout line indeed represent a beneficial long-

term tool for advancing research in the field.  

 

5.2 Methods 

5.2.1 Generation of Cell Growth Curves 

The growth of the DHFR2 knockout cell line was tested with and without 

supplementation (HT/NEAA). A wild-type HepG2 cell line was used as a control and 

grown either in the presence or absence of supplementation. Each experiment was run 

in triplicate. Cell viability and number were monitored every three days for a total of ten 

days using the ADAM automated cell counter (Chapter 2, Section 2.2.13.2). Total and 

viable cells were counted, with only the latter considered in the growth analysis.  

The comparison of the cell growth of the two cell populations was assessed via 

‘compareGrowthCurves’, an algorithm included in the ‘statmod’ package for statistical 

modelling in RStudio, created by Gordon Smyth (Baldwin et al., 2007; Elso et al., 2004). 

This algorithm enables one to run pairwise comparisons between two or more groups 

of growth curves through a permutation test. A data frame is returned upon data 

submission containing the observed statistics (Stat), an estimated p-value and an 

adjusted p-value (for multiple testing).  

The data from the cell count was plotted into graphs to facilitate the comprehension of 

the growth trends of the tested cell lines and relative comparison. The data visualisation 

package ‘ggplot2’ was employed to produce all the graphs in RStudio.   
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5.2.2 Investigation of the OCM-associated genes and DHFR2-neighbouring 

genes RNA expression via RT-qPCR 

RNA was extracted from the DHFR2 knockout and HepG2 wild-type lines, and copied 

into cDNA, according to the methods described in Chapter 2, Sections 2.2.18/19/20/21. 

The RT-qPCR experiments were performed as stated in Chapter 2, Section 2.2.22. The 

comprehensive list of primers and probes used for the assays can be found in Appendix 

W. 

Four different endogenous control genes (GAPDH, GUS, RPS13 and TBP) were tested to 

identify the more stable reference gene shared by both cell populations. GUS and TBP 

were both chosen to normalise the expression levels of the tested assays and used in 

accordance with each assay’s Cq values. The relative fold gene expression of samples 

was calculated using the 2–∆∆Ct method (LightCycler 96 software - Roche). Statistically 

significant differences in the relative expression ratios were assessed using a one-way 

ANOVA test (Microsoft Excel), with a p-value threshold of 0.05 or below.  

5.2.3 mRNA and lncRNA global expression profiling via microarray 

RNA was isolated from the HepG2 wild-type and the DHFR2 knockout cell lines in 

triplicate according to Section 2.2.18 (Chapter 2). The purity and concentration of total 

RNA were determined (Chapter 2, Section 2.2.10). Only the samples presenting 

A260/280 and A260/230 above 2 and concentrations above 1 µg/µl (40 µl total volume) 

were considered eligible for microarray analysis. The samples were shipped to Arraystar 

Inc. (MD, USA) to perform the mRNA/lncRNA expression profiling. Upon sample receipt, 

Arraystar performed total RNA quality control once more and subsequently proceeded 

with cRNA synthesis and labelling (passing through a cDNA step). The labelled cRNA was 

then hybridised onto the array (Human LncRNA Array v5.0, Arraystar), washed and 

scanned (Agilent Scanner G2505C). Raw data were extracted (Agilent Feature Extraction 

software v. 11.0.1.1) and finally analysed (normalisation and processing by GeneSpring 

GX v12.1 software package, Agilent). A comprehensive report including a list of 

differentially expressed mRNAs/lncRNAs, Scatter Plots, Pathway analysis and Gene 

ontology analysis was returned.  
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5.2.4 Quantification of OCM intermediates via mass spectrometry 

Folate metabolite profiling was performed via ultraperformance liquid chromatography-

tandem mass spectrometry (UPLC-MS/MS) by Dr Kit-Yi Leung at the Institute of Child 

Health, UCL, London. Cells were grown in our lab until confluency, harvested by 

trypsinisation and counted (Chapter2, Sections 2.2.13.2). Each sample consisted of 

around 2x107 pelleted cells that were snap-frozen and stored at -80 °C until ready for 

shipment in dry ice. Cell pellets were resuspended in a buffer containing 20mM 

ammonia acetate, 0.1 % ascorbic acid, 0.1 % citric acid and 100mM DTT at pH 7. Cell 

suspensions were sonicated using a hand-held sonicator at 40 % amplitude, on ice, for 

10 seconds. Total proteins were extracted by precipitation with 2 volumes of 

acetonitrile. The samples were mixed for 2 minutes and centrifuged at 12,000 x g, 4 °C, 

for 15 minutes. Supernatants, containing the proteins, were lyophilised and stored at -

80 °C prior to mass spectrometry (Leung et al., 2013).  

Samples were re-hydrated with 30 µl ultrapure water, centrifuged (at 12’000 x g, 4 °C, 

for 5 minutes) and transferred into glass vials for UPLC-MS/MS. Folate metabolites were 

resolved by reversed-phase chromatography. The system used Acquity UPLC BEH C18 

columns (50mm x 2.1mm; 1.7µm bead size, Waters Corporation, UK) and two buffers as 

solvents (Buffer A: 5 % methanol, 95 % Milli-Q water and 5mM dimethylhexylamine at 

pH 8.0; Buffer B: 100 % methanol). The column was equilibrated using Buffers A+B on a 

95:5 ratio, and then 20 µl of sample was injected. Subsequently, the buffers were 

injected as follows: Buffers A+B (95:5) for 1 minute, Buffer B 5-60 % gradient for 9 

minutes, Buffer B for 1 minute. Afterwards, the columns were re-equilibrated for 4 

minutes. Folate metabolites were eluted at a flow rate of 200 nl/min and run through a 

XEVO-TQS mass spectrometer (Waters Corporation, UK) operating in negative-ion mode 

(Capillary 2.5kV, Source temperature 150oC, Desolvation temperature 600oC, Cone gas 

flow rate 150 L/h and Desolvation gas flow rate 1200 L/h). Folate intermediates were 

measured by Multiple Reaction Monitoring (MRM), using optimised cone voltage and 

collision energy for precursor and product ions (Leung et al., 2013).  

MassLynx software (Waters) was used to extract the peak areas of the individual folate 

metabolites. The total peak area of each folate intermediate was then indicated as a 

percentage of the total folate, in each sample (Leung et al., 2013). 
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5.2.5 Complementation test of the DHFR2 knockout line: plasmid preparation 

and succeeding cell line analysis 

To validate if the phenotypic effects discovered in the DHFR2 knockout line could be 

reverted, a complementation test was performed in order to rescue the DHFR2-deficient 

cell line. The following plasmids were used for the complementation test: pCMV6-AC-

DHFRL1 (GFP-tagged) (transcript 1) (also referred to as pCMV6-AC-DHFR2) and the 

empty vector  pCMV6-AC-GFP (Appendices X and Y). All plasmids were transformed into 

OneShot TOP10 cells and plated (Chapter 2, Section 2.2.7.1). Single colonies were 

inoculated (Chapter 2, Section 2.2.1) and grown in volumes as large as to allow the 

plasmids isolation by Maxi prep (Chapter 2, Section 2.2.3). An aliquot of plasmid was 

Sanger sequenced by Eurofins, and after confirmation of the correct sequence, the 

plasmids were used for complementation. DHFR2 knockout cells were transfected as 

indicated in Chapter 2, Section 2.2.15. Cells were grown for 9 days after transfection, 

during which aliquots of cells were collected to be tested for tGFP expression via 

Fluorescence observation (after cell fixation and staining, Chapter2, Section 2.2.16), RT-

PCR and RT-qPCR (Chapter 2, Sections 2.2.18/22 and 2.2.12), Western Blot (Chapter 2, 

Sections 2.2.23-24 and Chapter 4, Section 4.5.3) and Proteomics Analysis (performed by 

Niamh Bookey; this thesis will not report the details of this specific analysis). The 

complemented line was finally tested for OCM gene expression (RT-qPCR) to examine 

the possibility of reversion to the wild-type expression profile.  

 

5.3 Results 

5.3.1 The loss of DHFR2 does not significantly impact cell proliferation 

The assessment of growth differences in the DHFR2 knockout cell population was firstly 

performed to evaluate if the loss of DHFR2 impacted cell viability and proliferation. In 

the hypothesis of DHFR2 being involved in the Thymidylate de novo pathway, the impact 

of HT/NEAA (Hypoxanthine Thymidylate / Non-essential amino acids) addition to cell 

growth was also investigated (Urlaub & Chasin, 1980).  The cell growth trends of the 

DHFR2 knockout, with and without supplementation, were compared to those of the 
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HepG2 wild-type, under the same conditions.  The comparison among the six possible 

pairwise combinations of DHFR2 knockout (DHFR2KO) and HepG2 (WT) treated with or 

without HT/NEAA supplementation (Suppl) were investigated, returning p-values above 

0.5 (Fig. 5.2). The adjusted p-values for all the comparisons were equal to 1, indicating 

no statistical significance in the differences between the growth curves of DHFR2 

knockout and HepG2 wild-type cell lines, regardless of the supplementation status. 

The growth trends are illustrated in Figure 5.3. The four samples show an almost 

identical growth pattern, with a sudden diversification on day 10. This unexpected twist 

seems particularly impressive in the HepG2 wild-type line supplemented with HT/NEAA, 

while the other three samples seem to maintain a more similar course. 

5.3.2 The loss of DHFR2 down-regulates the genes involved in the de novo 

thymidylate synthesis 

The DHFR2 knockout cell line offers a unique environment to investigate DHFR2 function 

and how the lack of it impacts the cell’s transcriptional levels. The focus was mainly 

placed on DHFR and other OCM-associated genes. As the number of genes involved in 

the One-Carbon Metabolism is considerably large, the choice fell onto a limited number 

of them, particularly those showing up- or down-regulation in the MS-based proteomics 

analysis of the same line (conducted by Niamh Bookey). The following six OCM-related 

genes were investigated using relative quantification by RT-qPCR: DHFR, SHMT1, 

SHMT2, TYMS, ALDH1L1 and SARDH. In addition, gene expression of DHFR2 flanking 

genes NSUN3 and ARL13B were also included in the investigation of gene expression 

changes via RT-qPCR. Expression levels were detected in all the tested genes, with 

significant down-regulation effects (relative to HepG2 wild type) in most samples 

(SHMT2 and ALDH1L1 expression levels did not show any significant difference). As 

expected, no DHFR2 expression was detected in the DHFR2 knockout sample. Regarding 

the investigated OCM-related genes, the expression levels of DHFR, SHMT1 and TYMS 

showed a dramatic reduction in the DHFR2 knockout compared to HepG2 wild-type, as 

shown in Figure 5.4. These findings suggest that DHFR2 is involved in the regulation of 

the de novo thymidylate synthesis complex, formed by DHFR, SHMT1 and TYMS.  
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5.3.3 OCM downstream pathways are down-regulated in the DHFR2 knockout 

RT-qPCR is the golden standard for expression analysis, and it is the best solution when 

the targets to investigate are known. In the case of a broader screening for 

transcriptome analysis, especially when investigating a novel cell model, global methods 

such as microarrays become the most suitable solution (Camarillo et al., 2011). The 

choice to use the Arraystar Human LncRNA Arrays V5 sprang from the possibility of 

systematically profiling mRNAs and lncRNAs, simultaneously. An extensive number of 

probes, divided between about 20,000 for mRNA and 40,000 for lncRNAs, are included 

in the array. The Arraystar proprietary database extensively collects RNA sequences 

from all major public databases and knowledge-based mining of scientific publications 

and their ‘lncRNA discovery pipeline’ searching through over 47 Tb of RNA-Seq data. 

Finally, the array probes (60 nt in length) detect individual transcripts by identifying 

specific exons or splice junctions.  

Raw lncRNA and mRNA data were normalised, and low-intensity signals were filtered. 

After filtering, the lncRNA and mRNA array data quality was assessed and shown through 

scatter plots. This first analysis of the DHFR2 knockout transcriptome showed the up-

regulation of 1154 lncRNAs and 671 mRNAs and a down-regulation of 790 lncRNAs and 

712 mRNAs (Fig. 5.5). The correlation between the DHFR2 KO transcriptome profile and 

that of the control (HepG2) appears to be strong, as indicated by Pearson’s correlation 

coefficient. 

Differentially expressed lncRNAs and mRNAs between the two samples were filtered 

based on the Fold Change filtering, set at ³ 2.0 and p-values of £ 0.05. The elaborated 

data, shown in the form of Volcano plots, demonstrated that 1155 lncRNAs and 1048 

mRNAs were differentially regulated in the DHFR2 knockout line (Fig. 5.6). 

To assign biological significance to the list of genes found to be differentially expressed 

in the knockout model, two different analyses have been performed: Pathway and Gene 

Ontology analyses. Pathway analysis is a functional analysis that maps genes to KEGG 

pathways, using p-values below 0.05 to indicate the statistical significance of the 

pathway in function of the studied condition (Reimand et al., 2019). Pathways are 

considered more significant the lower the p-value is. The biological pathways that are 
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enriched among the DE (differentially expressed) genes were visualised through an 

enrichment score for both down- and up-regulation gene sets. The down-regulated 

pathways seem to be related to DNA replication and repair, and cell cycle regulation.  

On the other side, the up-regulated pathways show a more heterogeneous pattern with 

several signalling pathways involved (Fig. 5.7). 

Similarly to Pathway Analysis, Gene Ontology (GO) Enrichment analysis is commonly 

used to interpret high-throughput data and form valid hypotheses about the observed 

changes in the investigated samples (Tomczak et al., 2018). Gene Ontology is a 

ubiquitously used vocabulary encompassing three independent domains: biological 

process, molecular function and cellular component. Through this systematic approach, 

every gene and gene product can be universally recognised and described (Ashburner 

et al., 2000).  

For each of the three GO categories, a pie chart was used to indicate the number of 

biological processes, molecular functions or cellular components affected by the up- or 

down-regulation of specific gene sets in the DHFR2 knockout model. Fisher’s exact test 

was employed to evaluate the level of correspondence between the DE list and the GO 

annotation list. The resulting p-values are indicative of the significance of the GO Terms. 

The p-values were used to extrapolate an enrichment score plotted onto bar charts 

relative to up- and down-regulated gene sets.  

Examination of the down-regulated gene sets showed that the major impact of loss of 

DHFR2 expression is suffered by the cell cycle and cell division, alongside DNA replication 

and DNA metabolic processes (Fig. 5.8a). This effect was also observed in the Pathway 

Analysis. According to these results, the cell components mainly influenced are the 

nucleus and chromosomes, and organelles lumen (Fig. 5.8b). Concerning the molecular 

functions, nucleotide and nucleoside binding are affected, together with enzymatic 

activities linked to DNA, such as helicase, ATPase and DNA-binding activities (Fig. 5.8c). 

The GO Enrichment score bars can be visualised in Figure 5.9. 

Regarding the up-regulated gene sets, the biological processes more highly affected by 

the DHFR2 knockout are those of cell signalling and cell communication, comprising 

response to organic and oxygen-containing compounds, and secretion and export (Fig. 
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5.10a). Consequently, the vesicles and endomembrane systems are the cellular 

components that experience the major rearrangements (Fig. 5.10b). Finally and 

correspondingly, the most significant proportion of enriched genes falls in signalling 

receptor binding for the GO Molecular Function Classification (Fig. 5.10c). The 

Enrichment Score bar chart relative to the just described GO domains can be consulted 

in Figure 5.11. 

 

5.3.4 DHFR2 loss induces a global decrease in Folate Metabolites 

The status of OCM was tested in the DHFR2 knockout line to assess if imbalances in any 

of the folate intermediates were present.  The main monoglutamated forms of folates 

were primarily evaluated. These include DHF, THF, CHO-THF (5-formyl-THF), 5-CH3-THF 

(5-methyl-THF), 5,10-CH2-THF (5,10-methylene-THF), 5,10-CH=THF (5,10-methenyl-

THF). The same intermediates' polyglutamated forms (with 2 to 7 glutamates attached) 

were also investigated. Folate concentration was calculated as pmol/mg protein. In 

addition, the percentage of each form of folate in relation to total folate was calculated.  

Comparing the concentration of all different types of folate between DHFR2 Knockout 

and HepG2 wild-type, it is evident that there is an overall reduction in folate 

concentration. However, they seem to maintain the same proportions. All forms of 

folate are present at halved concentration in the knockout line, except for formyl-THF, 

which decreases to around 20 % compared to the wild-type (Fig. 5.12). 

A similar trend is observed in the polyglutamated forms of folate, with a sharp 

concentration drop in the DHFR2 knockout sample, as shown in Figure 5.13. 

When the concentrations of the folate intermediates are correlated to total folate, it 

becomes clear that the proportions are pretty similar, with slightly higher percentages 

in THF and 5’-methyl-THF in the DHFR2 knockout. Contrarily, the rate of formyl-THF had 

lowered in the knockout line compared to the wild-type (Fig. 5.14). 
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5.3.5 Normal DHFR transcript levels are restored upon complementation 

5.3.5.1 Transfection of DHFR2 recombinant clone and relative analysis 

In order to assess if the new phenotype (i.e., reduction of the thymidylate de novo 

synthesis, impairment of the OCM)  observed in the DHFR2 knockout line was due to the 

loss of DHFR2, a complementation test was the right tool to test this hypothesis by re-

inserting the missing gene. Hence, the DHFR2 knockout cells were transfected with 

pCMV6-AC-DHFR2 plasmid (along with pCMV6-AC-GFP used as a control), which 

harboured the DHFR2 ORF. The plasmid expressed a fusion protein made of DHFR2 with 

a C-terminal turboGFP (tGFP). To determine the success of the complementation 

experiment, the presence of tGFP was extensively examined under different facets: 

fluorescence observation and tGFP RNA and protein detection. 

The observation of fixed and stained cells (DAPI) expressing either  pCMV6-AC-DHFR2 or 

pCMV6-AC-GFP at the fluorescence microscope indicated that the plasmids show the 

highest expression level on day 2 post-transfection. The fluorescence seems to reduce 

over time, with little green (tGFP) fluorescence observed on day 9. Fluorescence due to 

pCMV6-AC-DHFR2 expression was particularly low, with just a few sparse signals on day 

2, which entirely disappeared by day 9 (Fig. 5.15). 

The presence of the tGFP RNA was confirmed by RT-PCR (not shown) and quantified by 

RT-qPCR (relative quantification, normalised to GAPDH) (primers and probe listed in 

Appendix W). The trend observed through fluorescence observation appears to be 

consistent, as shown in Figure 5.16. The expression levels of pCMV6-AC-DHFR2 are 

relatively high on days 2 and 6, dropping on day 9. On the other hand, pCMV6-AC-GFP 

expression is impressively high on day 2 but significantly decreases the following days. 

Considering the expression level on day 2, it was expected to find an equal fluorescent 

tGFP signal, even though that is not the case. This might indicate a certain difficulty for 

DHFR2 RNA to be translated, as demonstrated by the Western Blot analysis. Figure 5.17 

shows the antibody detection of tGFP on the DHFR2 KO sample complemented with the 

empty vector pCMV6-AC-GFP. Still, no fluorescent fusion protein detection was 

observed on the sample complemented with pCMV6-AC-DHFR2. However, the 

proteomics analysis of the complemented samples showed a small amount of the 
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recombinant DHFR2 protein (data not shown), indicating a low translation rate of 

recombinant DHFR2 despite an abundance of mRNA.  

The ensemble of these results gives evidence of successful transfection and restored 

DHFR2 expression, with additional confirmation that the translation of DHFR2 protein is 

somehow hindered, in line with the current data showing no evidence of an endogenous 

DHFR2 protein in human adult tissues (proteomics data, not shown in this thesis). 

 

5.3.5.2 Investigation of transcriptome profile in relation to the DHFR2 KO altered gene 

expression 

The analysis of the DHFR2 knockout complemented line was continued with the RT-qPCR 

investigation of the OCM genes (and DHFR2 flanking genes) that were found to be up- 

or down-regulated in the knockout line in an attempt to establish whether the restored 

DHFR2 expression has an effect in reverting the observed transcriptional changes. 

The complementation with pCMV6-AC-DHFR2 induced DHFR, SHMT1 and TYMS RNA 

expression levels to increase (Fig. 5.18). It is interesting to notice that even the 

complementation with pCMV6-AC-GFP produced an up-regulation of said genes. 

However, in the case of SHMT1 and TYMS, the expression increment is equivalent in the 

samples transfected with either pCMV6-AC-DHFR2 or pCMV6-AC-GFP, indicating that 

the more abundant expression of SHMT1 and TYMS is likely due to the incorporation of 

a plasmid, and not to the specific effect of the DHFR2 ORF. On the contrary, DHFR 

exhibited a more significant rise in the sample receiving the pCMV6-AC-DHFR2 plasmid 

than the empty vector (pCMV6-AC-GFP). This may indicate that the regulatory target of 

DHFR2 is only DHFR, with SHMT1 and TYMS indirectly regulated upon DHFR down-

regulation. 

5.3.6 DHFR2 overexpression leads to increased DHFR transcriptional levels 

In order to verify the hypothesis that DHFR2 acts as a regulatory RNA on DHFR (Sections 

5.3.2 and 5.3.5.2), a transient DHFR2-overexpressing HepG2 line was created. The 

transfection procedure and following analyses were performed as described in Section 
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5.2.5, using pCMV6-AC-DHFR2 and pCMV6-AC-GFP on the HepG2 wild-type line. Upon 

transfection, the cell line was screened for tGFP expression via RT-PCR, RT-qPCR and 

Western Blot (not shown), thus confirming the success of the procedure. cDNA, copied 

from RNA extracted on day 2 post-transfection, was interrogated on the DHFR 

expression levels. As illustrated in Figure 5.19, DHFR relative expression appeared to be 

significantly raised compared to both HepG2 wild-type and HepG2 transfected with the 

empty vector. These findings suggest and further confirm that DHFR2 has a role in the 

regulation of DHFR. 
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Figure 5.2 Permutation test for pairwise comparisons. Test run between groups of growth curves 
using the algorithm ‘compareGrowthCurves’ in RStudio. DHFR2KO, HepG2 DHFR2 Knockout line; 
WT, HepG2 wild-type line; Suppl, Hypoxanthine + Thymidine (HT) / Non-essential Amino acids 
(NEAA) supplementation 
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Figure 5.3 Growth curves of HepG2 DHFR2 knockout line compared to HepG2 wild-type Cellular 
growth curves determined by PI (Propidium Iodide) staining method combined with advanced 
image analysis by the automated fluorescence cell counter ADAM-MC. All measures were 
performed in triplicate. DHFR2KO, HepG2 DHFR2 Knockout line; WT, HepG2 wild-type line; Suppl, 
Hypoxanthine + Thymidine (HT) / Non-essential Amino acids (NEAA) supplementation. 
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Figure 5.4 Endogenous levels of DHFR2, DHFR, TYMS and SHMT1 RNAs in DHFR2 KO and HepG2 
lines. Expression of DHFR2 RNA is absent in the DHFR2KO line, confirming the validity of the cell 
model. DHFR, TYMS and SHMT1 showed a drastic drop in expression compared to the wild-type 
line. Differences in relative expression ratios were compared using one-way ANOVA. P-value 
threshold was set at £ 0.05, yet the statistical significance of the expression differences was 
markedly higher. The asterisks designate the statistical significance expressed by the p-value as 
follows: *P£ 0.05, **P£ 0.01, ***P£ 0.001, ****P£ 0.0001, *****P£ 0.00001. Error bars shown 
in all graphs are SEM (n=3). 
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lncRNAs 

mRNAs 

Figure 5.5 Scatter Plot of DHFR2 KO lncRNA and mRNAs after filtering. Raw signal intensities 
were normalised by quantile normalisation method, and low-intensity RNAs were eliminated. 
The filtered RNAs were plotted. The expression variation between DHFR2KO and HepG2 can 
be visualised via a Scatter plot. The values of the X and Y axes are the averaged normalised 
signal values of the groups (log2 scaled). The grey dash lines are Fold Change Lines (default 
fold change value is 2.0). The RNAs above and below the grey dash lines indicated more than 
2.0 fold change. 
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lncRNAs mRNAs 

Figure 5.6 Volcano Plot of DHFR2 KO lncRNA and mRNAs. Differentially expressed lncRNAs and 
mRNAs with statistical significance were identified through Volcano filtering between DHFR2 KO 
and HepG2. The threshold is Fold change ³ 2 and p-value £ 0.05. The Volcano plot displays large 
magnitude changes which are also statistically significant. On the y-axis is plotted the -log10 (p-
value) and on x-axis the log2 fold change in RNAs expression between the two samples. 
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Figure 5.7 Pathway analysis of the differentially expressed (DE) RNAs in DHFR2 KO.  a) Down-
regulated pathways, b) Up-regulated pathways. Pathway analysis maps genes to KEGG 
pathways. This analysis allowed determining the biological pathways with significant enrichment 
of DE genes. The bar plot shows the top ten Enrichment score values of the significant enrichment 
pathway.  
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Figure 5.8 GO analysis of the down-regulated RNAs in DHFR2 KO (Pie Charts). GO (gene 
ontology) analysis associates DE genes with the three GO categories Biological Processes 
(a), Cellular Component (b) and Molecular Function (c). The pie charts show the top ten 
counts of the significant enrichment terms per each category. 
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Figure 5.9 GO analysis of the down-regulated RNAs in DHFR2 KO (Bar Chart). The bar plot 
shows the top ten Enrichment Score values of the significant enrichment terms per each 
category: Biological Process in red, Cellular Component in green and Molecular Function in 
blue. 
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Figure 5.10 GO analysis of the up-regulated RNAs in DHFR2 KO (Pie Charts). GO (gene 
ontology) analysis associates DE genes with the three GO categories Biological Processes 
(a), Cellular Component (b) and Molecular Function (c). The pie charts show the top ten 
counts of the significant enrichment terms per each category. 
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Figure 5.11 GO analysis of the up-regulated RNAs in DHFR2 KO (Bar Chart). The bar plot shows 
the top ten Enrichment Score values of the significant enrichment terms per each category: 
Biological Process in red, Cellular Component in green and Molecular Function in blue. 
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Figure 5.12 Folate metabolites profile  in DHFR2 ko and HepG2 wild-type lines. The 
concentrations were normalised to protein content and expressed as pmol/mg protein. The 
measures were performed in duplicate (as indicated by A+B). 
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Figure 5.13 Concentration of Folate Intermediates and their relative polyglutamated forms in 
DHFR2 ko and HepG2 wild-type lines. Glu2-7 indicate the number of glutamate molecules 
attached. The concentrations were normalised to protein content and expressed as pmol/mg 
protein. The measures were performed in duplicate (A+B). 
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Figure 5.14 Relative proportions (expressed as  % of total folate) of folate metabolites in 
DHFR2 KO and HepG2 wild-type lines. The percentages for each folate intermediate were 
calculated considering the sum of all glutamated forms (n1–7). 
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Figure 5.15 DHFR2-GFP expression in DHFR2 knockout line (Fluorescence). Cells transfected with 
pCMV6-AC-DHFR2(gfp) and pCMV6-AC-GFP (control) were fixed and counter-stained with DAPI at 
days 2, 6 and 9. Fluorescence was observed using a Leica DFC 500 and pictures taken via the Leica 
Application Suite software. 
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Figure 5.16 DHFR2-GFP RNA expression in DHFR2 knockout line. RNA samples were isolated 2, 6, 
and 9 days post-transfection (DHFR2-GFP and GFP only) and GFP relative expression was 
measured against GAPDH. DHFR2ko + DHFR2 indicates the DHFR2 knockout line transfected with 
pCMV6-AC-DHFR2(gfp). DHFR2ko + EV indicates the same line transfected with the empty vector 
pCMV6-AC-GFP (negative control). 
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b-Actin tGFP 

Figure 5.17 DHFR2-GFP protein expression in DHFR2 knockout line. Western blot analysis testing 
the detection of tGFP in DHFR2 knockout line transfected with either DHFR2 vector (DHFR2-GFP) 
or Empty Vector (GFP only). No band corresponding to DHFR2-GFP was identified. Pure tGFP was 
included as a positive control, and b-Actin as quality control. 25 µg protein loaded per sample. 
Origene tGFP antibody (TA150071), CST b-Actin antibody (8H10010). 
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Figure 5.18 Gene expression after transfection with pCMV6-AC-DHFR2 in DHFR2 knockout cells. 
DHFR relative expression is the only gene to present a significant increase upon DHFR2 
transfection, comparing it to the +EV sample. No significant differences were observed for the 
other genes, comparing the +EV and +DHFR2 samples. Differences in relative expression ratios 
were compared using one-way ANOVA. The asterisks designate the statistical significance 
expressed by the p-value as follows: *P£ 0.05, **P£ 0.01, ***P£ 0.001, ****P£ 0.0001, *****P£ 
0.00001. Error bars shown in all graphs are SEM (n=3).  
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Figure 5.19 DHFR gene expression after transfection with pCMV6-AC-DHFR2 in HepG2 cells. 
DHFR relative expression presents a significant increase compared to both HepG2 wild-type and 
HepG2 + EV (gfp-only), indicating a direct regulatory activity of DHFR2 on DHFR. Differences in 
relative expression ratios were compared using one-way ANOVA. The asterisks designate the 
statistical significance expressed by the p-value as follows: *P£ 0.05, **P£ 0.01, ***P£ 0.001, 
****P£ 0.0001, *****P£ 0.00001. Error bars shown in all graphs are SEM (n=3).  
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5.4 Discussion 

The characterisation of DHFR2 dates back to 2011, when two concurrent papers agreed 

that the previously annotated pseudogene DHFRL1 (later renamed DHFR2) was actually 

expressed and active as a dihydrofolate reductase enzyme, in the mitochondria. Both 

papers demonstrated that a recombinant version of DHFR2 protein was functional as a 

reductase enzyme and localised in the mitochondria (Anderson et al., 2011; McEntee et 

al., 2011).  

The mitochondrial localisation of the DHFR2-GFP fusion protein in HeLa cells (Anderson 

et al., 2011) and HEK293 cells (McEntee et al., 2011) led to the conclusion that the 

immunoblot bands resolved in mitochondrial fractions from HepG2 cells were specific 

to DHFR2 (Anderson et al., 2011). However, as highlighted in both studies, DHFR and 

DHFR2 primary sequences are 92 % identical making it impossible for a polyclonal 

antibody to distinguish between the two isozymes. Therefore, the identification of a 

DHFR2 protein in HepG2 mitochondria could have been due to DHFR, even though the 

current literature does not report any mitochondrial localisation for this enzyme. 

Following the publication of the McEntee paper in 2011, the Parle-McDermott 

laboratory pursued further analysis of isolated mitochondria from HEK293 cells via 

mass-spectrometry to guarantee the specific characterisation of peptides that were 

unique to either of the two proteins. The results demonstrated that no DHFR2 protein 

was present, but DHFR was identified in the mitochondria for the first time (Bookey et 

al., in progress).  

Considering that a recombinant DHFR2 protein could be made (albeit at a relatively low 

level) (proteomics data, not shown), but no native enzyme could be found, the 

experiments presented in this thesis were built to explore the function of the 

endogenous DHFR2 protein, if it could in fact be detected. Generation of the DHFR2 

knockout cell line made it possible to assess DHFR2 function and the pathways 

connected to it, confirming that its functionality is exerted through its RNA form. 

Our overall results suggested that DHFR2 can regulate DHFR expression and indirectly 

modulate SHMT1 and TYMS, making it an important player in regulating the dTMP 

synthesis complex for the de novo thymidylate synthesis. Results from the RT-qPCR 
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investigation resonate with the proteomics profile of the DHFR2 knockout line (results 

not shown), which finds a significant down-regulation in the RNA and protein levels of 

these three folate-dependent enzymes.  

The de novo dTMP synthesis relies on the subsequential activity of the three OCM 

enzymes SHMT1, TYMS and DHFR. In particular, SHMT1 is able to convert serine to 

methylene-THF by transferring a 1C group from the amino acid to a molecule of THF. 

The methylene-THF is the substrate of TYMS, which passes the activated 1C to dUMP, 

thus creating dTMP. This reaction releases DHF, which is again converted into THF by 

DHFR, closing the cycle (Field et al., 2016b). Upon SUMOylation, the three enzymes 

translocate to the nucleus and assemble into a dTMP synthesis complex (dTMP-SC). The 

dTMP-SC has been found anchored to the nuclear lamina and in DNA replication sites, 

providing DNA precursors on-site (Anderson et al., 2007, 2012; Hendriks & Vertegaal, 

2016; Murthy & Reddy, 2006; Woeller et al., 2007). This might be especially important 

in preventing uracil misincorporation (Anderson et al., 2012; MacFarlane et al., 2008, 

2011; Paone et al., 2014) and subsequent DNA damage (Blount et al., 1997). The 

complex has been seen migrating in the nucleus during DNA replication and repair (Field 

et al., 2018), but it was also found in the cytoplasm (Spizzichino et al., 2020); finally, 

dTMP synthesis was observed in mitochondria, although using the mitochondrial 

isozyme SHMT2 (Anderson et al., 2011).  

Therefore, we can associate the DHFR2 regulatory function to the nuclear/cytoplasmic 

de novo dTMP synthesis pathway since all three enzymes of the complex undergo 

significant down-regulation due to DHFR2 removal. However, it is curious that the 

complementation test did not restore SHMT1 and TYMS expression levels, yet it does 

for DHFR. This result may suggest that the main DHFR2 regulatory trait is exerted on 

DHFR, and only after, the DHFR regulation leads to altered SHMT1 and TYMS levels. This 

apparently ambiguous result could be due to the timing of the analysis; in fact, the 

complemented line was tested 48 hours post-transfection, and this could not have been 

enough for the DHFR increased RNA levels to induce a subsequent increase in TYMS and 

SHMT1. 

Although further evidence may be required to clarify the relation between DHFR2 and 

TYMS/SHMT1, the direct interdependence of DHFR from DHFR2 seems evident. This 
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evidence is also corroborated by the overexpression study, where adding a DHFR2-

expressing vector to a HepG2 wild-type line caused the up-regulation of DHFR, at both 

RNA and protein levels. Overall, these results prove that DHFR2 directly modulates DHFR 

expression in a proportional way.  

A further confirmation that DHFR2 is required to maintain optimal levels of the enzymes 

of the One-Carbon Metabolism arrives from the Pathway and Gene Ontology analysis 

obtained from the RNA microarray data. It was shown that cell division, DNA replication 

and repair pathways, and pyrimidine metabolism are significantly down-regulated. 

These cellular functions are tightly linked to the OCM network and its dependent 

pathways. OCM can be considered the central hub for several metabolic reactions, such 

as purine and thymidylate synthesis, amino acids homeostasis and methylation 

reactions (i.e. epigenetics) (Xiu & Field, 2020). In synthesis, the OCM's primary function 

is to integrate, activate and transfer 1C groups at different oxidation states, using THF 

as a carrier and enzymatic cofactor (Ducker & Rabinowitz, 2017). Our previous results 

(RT-qPCR) showed that the main affected pathway is the pyrimidine metabolism, which 

would be sufficient to compromise DNA replication, repair and subsequent cell division. 

It is worth noticing how despite the down-regulation of these pathways, the growth of 

cells does not seem to be significantly impaired. A possible explanation for this might be 

that we are dealing with a cancerous line - HepG2 – which might have found alternative 

ways (i.e., salvage pathways) to suppress apoptosis and keep growing despite the 

possible misincorporation of uracil (MacFarlane et al., 2011). In addition, the chosen 

statistical method for analysing the growth curves took into account growth trends in 

their entirety. In contrast, significant differences between DHFR2 knockout and wild-

type were found on days 7 and 10 when a traditional ANOVA test was applied (data not 

shown).   

Even though other components of OCM do not demonstrate significant expression 

imbalances - beyond DHFR, SHMT1, and TYMS - the global OCM equilibrium could be 

impaired due to the uneven distribution of folate intermediates (Stover & Field, 2011). 

The folate enzymes are present in cells at exceeding concentrations compared to their 

substrates, leading to substrate competition (Clifford et al., 1990; Horne et al., 1989; 

Kim et al., 1996). Therefore, regulating the metabolic flux among interconnected 
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pathways is vital and achieved via several mechanisms. The folate intermediates present 

variable-length polyglutamated tails to keep them inside the cells and improve their 

affinity for the relative enzymes (Suh et al., 2001). Furthermore, metabolic channelling 

prevents folate diffusion and improves the overall performance (Stover & Field, 2011). 

Due to the architecture and multi-layer regulation of OCM, impairment of an enzyme 

(or enzymatic complex) reflects back to the functionality of the entire network. A 

prominent example of this phenomenon is the MTHFR genetic variant 677 C→T. The 

reduced efficiency of MTHFR to oxidise methylene-THF to methyl-THF leads to an 

enlarged pool of methylene-THF, which, in turn, favours the de novo dTMP synthesis at 

the expense of homocysteine re-methylation (Misselbeck et al., 2017; Quinlivan et al., 

2005). 

Applying this knowledge to the folate metabolite profiling of the DHFR2 knockout line, 

it becomes clear that the overall OCM activity is diminished, with a general pattern of 

halved concentration for all folate intermediates, in either native or polyglutamated 

forms. This general reduction of folates can be attributable to the lowered DHFR activity. 

In particular, the conversion of unmetabolised folic acid (from FBS, in the case of 

cultured cells) to DHF represents the main supply of extracellular folate to the OCM. 

Hence, when this contribution collapses, the total amount of cellular folate drops.  

In terms of the proportion of the single intermediates, we noticed a reduction in the 

levels of methylene-THF. We suggest that this is due to the lowered SHMT1 activity, 

which does not convert THF to methylene-THF at an efficient rate. In addition, the 

reduced TYMS activity leads to minor incorporation of 1C groups from methylene-THF 

to dUMP (to form dTMP). The impaired efficiency of the dTMP-SC shifts the equilibrium 

towards the methionine cycle, with a consequent increase in the percentage of methyl-

THF. At the other end of the cytoplasmic OCM reactions, formyl-THF is produced starting 

from mitochondrial formate. We propose that the overall levels of formate decrease 

because of DHFR impairment and subsequent minor provision of THF. Therefore, the 

formyl-THF levels are drastically reduced in an attempt to feed the thymidylate de novo 

pathway (MTHFD1 equilibrium towards methylene-THF). Cells’ attempt to support the 

metabolic pathways can be observed in the 22-fold decreased expression of ALDH1L1 

(proteomics data), which converts formyl-THF to THF and CO2+H2O. This reaction, 
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which eliminates the activated 1C groups (-formyl) from the OCM is tremendously 

down-regulated in order to redirect formyl-THF towards the cytoplasmic pathways; 

thus, contributing to its moderate increase despite DHFR's reduced activity. 

The ensemble of these results clearly demonstrates that the activity of DHFR2 is 

essential in regulating the One-Carbon Metabolism. Although DHFR2 regulatory effects 

seem to be directly played on DHFR, this single modulation has repercussions on the 

entire network, with extensive downstream consequences. Even though a regulatory 

function can be assigned to DHFR2, the form through which this regulation is 

accomplished has yet to be understood. As per our proteomics data (mass-spectrometry 

global and targeted approach for DHFR2 unique peptides), HepG2 cells (plus several 

other adult tissue types) do not possess a DHFR2 protein. These findings, along with the 

functional evaluation of the DHFR2 knockout phenotype, support the hypothesis that 

DHFR2 acts as a long non-coding RNA. Moreover, the 2011 Anderson paper reported 

that DHFR2 silencing via siRNA in HepG2 turned into abolished reductase activity in the 

mitochondria (Anderson et al., 2011). Although they logically associated this event with 

the silencing of the DHFR2 protein, we propose that the inactivation of the DHFR2 RNA 

interfered with the endogenous levels of DHFR, with the consequent withdrawal of the 

mitochondrial DHFR pools. Nevertheless, further investigation is required to confirm this 

theory and better understand the mechanism of action of DHFR2. 

After examining the DHFR2 knockout line, the DHFR knock-down line was investigated 

in an equivalent fashion. The details of the analyses and relative results can be found in 

the following chapter. 
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6.1 Overview 

Establishing the relation between genotype and phenotype is key in molecular biology. 

By using a cause-effect paradigm, gene knockout approaches have been central in loss-

of-function studies, where the function of a gene could be easily identified. However, 

uncovering the function of essential genes via gene knockout was not an option due to 

the resulting lethality associated with the phenotype (Du, 2020). Knock-down models 

are also included in loss-of-function studies, even though the obtained effect is a partial 

suppression of the gene function (hypomorphic LOF mutations). The knock-down 

models were generally obtained by targeting RNAs or proteins (e.g., RNA interference 

and protein inhibitors), making the phenotypic effect temporary and reversible.  

Nevertheless, the genome can also be targeted, inducing a permanent perturbation, 

with long-term effects on the cell phenotype (Housden et al., 2017). 

The creation of a DHFR knock-down model was not intentional. The design of the 

CRISPR/Cas strategy was, in fact, intended to produce a DHFR gene knockout. However, 

due to the vital function of DHFR, cells with severe disruption of the gene were lethal. 

On the other hand, cells with a non-efficient expression of DHFR, supplemented with 

non-essential amino acids and DNA precursors, were maintained in culture. The 

resulting DHFR knock-down model was an equally powerful tool to explore the influence 

of the DHFR impairment on DHFR2 and produce supporting evidence of their 

interconnection and further confirm the essential role of DHFR within One-Carbon 

Metabolism. 

The DHFR knock-down cell line was tested in parallel with the DHFR2 knockout line; 

therefore, the same set of analyses was performed as described in Chapter 5. This 

chapter will report the results and discussion relative to the study of the DHFR knock-

down line. Specifically, the main aim addressed in this Chapter is to explore the impact 

of DHFR down-regulation on Cell Growth, OCM and DHFR2.  
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6.2 Methods 

The methods used to investigate the DHFR knock-down cell line are listed in the previous 

chapter (Chapter 5, Section 5.2). 

 

6.3 Results 

6.3.1 The reduced DHFR activity does not impact the HepG2 cell growth 

Similarly to the analysis done on the DHFR2 knockout line, the DHFR knock-down line 

was investigated for cell proliferation (Chapters 2 and 5, Sections 2.2.13.2 and 5.3.1).  

The permutation test – run via ‘compareGrowthCurves’ –  of all pairwise combinations 

of the samples displayed p-values considerably above the significance limit, implying the 

absence of major differences between the DHFR knock-down line and the relative wild-

type cell line (Fig. 6.1). Likewise, no substantial difference was observed between 

samples treated with additional HT/NEAA versus non-supplemented ones. 

In addition, Figure 6.2 graphically illustrates the analogous growth trends for DHFR 

knock-down and HepG2 wild-type, both with or without HT/NEAA supplementation. The 

plot shows minor differences in proliferation, with a moderate increase in cell numbers 

for the supplemented wild-type on day 10. 

6.3.2 DHFR imbalances significantly impact SHMT2, ALDH1L1 and DHFR2 

expression 

The monoclonal DHFR knock-down line was selected for its reduced DHFR presence and 

reductase activity. Despite the translational levels of the protein appearing to be 

decreased (Chapter 4, Section 4.5.3), the RNA could easily be detected via RT-PCR 

(Chapter 4, Section 4.5.2). An RT-qPCR method was employed to quantify the relative 

expression of the DHFR RNA in the DHFR knock-down cell model compared to the HepG2 

wild-type. Unexpectedly, the DHFR RNA levels were significantly up-regulated, 

indicating a self-regulating mechanism attempting to compensate for the drop in the 

enzymatic levels (Fig. 6.3).  
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The same six OCM-related genes tested in the DHFR2 knockout line (Chapter 5, Section 

5.3.2) were investigated in the DHFR knock-down model to assess if the increment in 

DHFR RNA and/or the reduction in the cognate enzyme had an influence on regulating 

the homonymous pathway. It was found that SHMT2 and ALDH1L1 presented a 

significant decrease in the RNA levels, while DHFR2 displays a moderate up-regulation, 

as illustrated in Figure 6.3. In addition, SHMT1 (down-regulated) and SARDH (up-

regulated) show a modest yet significant expression change (data not shown). 

6.3.3 DHFR knock-down produces rearrangements of the cellular metabolic 

pathways 

RNA samples from the DHFR knock-down cell line were tested for transcriptome 

profiling alongside the control line HepG2 wild-type. The global transcriptomic analysis 

was performed by Arraystar lnc., using their proprietary Human LncRNA Arrays V5, 

which covers over 60,000 transcripts between mRNAs and lncRNAs. Raw data were 

normalised and filtered for low-intensity signals. Figure 6.4 illustrates the correlation 

between HepG2 and DHFR knock-down RNA pools, with 699 up-regulated and 833 

down-regulated lncRNAs. The mRNA change in expression is shown in Figure 6.4, 

indicating 373 up-regulated and  477 down-regulated mRNAs. In both correlations, 

Pearson’s coefficient is above 0.98, indicating a strong positive correlation between the 

two RNA pools.  

These data were subsequently filtered for Fold Change (³ 2) and p-value (£ 0.05) to 

obtain the list of differentially expressed genes. The data were displayed through 

Volcano plots (Fig. 6.5). The lncRNAs with a significantly different expression profile 

amount to 542 (307 up-regulated and 235 down-regulated), while the mRNAs are 458 

(234 up-regulated and 224 down-regulated). 

The differentially expressed (DE) genes were clustered into biological pathways, and 

each pathway was then evaluated for statistical significance via Pathway Analysis. The 

relevant pathways were assigned with an enrichment score derived from the p-value, 

indicative of the change that occurred in the pathway itself compared to the control.  
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The significant pathways of DE genes for down-regulation presented a relatively low 

enrichment score range, with highest values of 1.5-2 (enrichment score corresponds to 

-log10(p-value)). Signalling and cancer-associated pathways were the most affected. On 

the other hand, pathways affected by the over-expression in DHFR knock-down had a 

higher enrichment score overall. Drug metabolism pathways presented the biggest 

change, especially those involving cytochrome p450 and other cellular metabolic 

pathways. Refer to Figure 6.6 for the specific pathways and relative enrichment score. 

Gene Ontology Analysis allowed for a more comprehensive investigation of the 

biological mechanisms influenced by a particular condition: the DHFR abnormal 

expression, with enzymatic impairment and RNA up-regulation. GO analysis permitted 

the study of the significant differential expression patterns within three domains: 

biological process, molecular function and cellular component.  

The GO Biological Process classification indicated that the down-regulated genes in 

DHFR knock-down line are involved in cell signalling, communication, and adhesion. 

Consequently, the Cellular Components mostly affected are the membrane and the 

extracellular space. Finally, the category of Molecular Function sees cation-binding and 

receptor activity as the functions with the largest number of differentially expressed 

genes. Pie charts relative to the classification of the three GO domains are displayed in 

Figure 6.7. The enrichment score for the significant entries of the three domains 

expressed as a bar chart can be found in Figure 6.8. 

Moving to the GO analysis of the up-regulated genes in the DHFR knock-down line, it 

becomes clear that many metabolic pathways are significantly influenced, such as those 

relative to small molecules, organic acids (carboxylic acids), and purine and uronic acid 

metabolic processes. The cellular component mostly affected is the endomembrane 

system, with molecular functions associated mainly with transferase and 

homodimerization activity. The pie and bar charts relative to the GO classifications and 

relative enrichment score are shown in Figures 6.9 and 6.10. 
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6.3.4 DHFR impairment induces a global decrease in Folate Metabolites 

DHFR is a principal constituent of the One-Carbon Metabolism, thanks to its ability to 

reduce DHF to THF, the main carrier of 1C units. In the DHFR knock-down line, the levels 

of the DHFR protein are reduced, with a consequent reduction of enzymatic activity. To 

assess if and how this enzymatic impairment affects the OCM, a Folate Metabolite 

Profiling was conducted on the cell line at different growth stages and with/without 

HT/NEAA supplementation. Six types of folate intermediates, among which DHF, THF, 

CHO-THF (5-formyl-THF), 5-CH3-THF (5-methyl-THF), 5,10-CH2-THF (5,10-methylene-

THF), 5,10-CH=THF (5,10-methenyl-THF), and their relative polyglutamated forms were 

investigated via UPLC-MS/MS methods. The concentration of each metabolite was 

calculated (in duplicate) and normalised to protein content. Also, the folate 

concentration was determined in relation to total folate content. 

The folate concentrations declined in the DHFR knock-down line at all stages compared 

to the HepG2 wild-type (Fig. 6.11). The trends of folate concentration seem to maintain 

a certain proportion for all folate intermediates. The reduction of folate metabolites 

concentration was more prominent in the non-supplemented DHFR knock-down (yellow 

bar). Also, the supplemented cells seem to partially recover over time, with higher folate 

concentrations at passage 33 compared to passage 23 (orange and grey bars). These 

data are consistent with the microscope observation of cells improving their general 

aspect over time (cells showed an unhealthy appearance after the knock-down was 

established). Despite the cells showing a clear recovery tendency throughout time, 

which can be observed through the general status of the OCM, the sudden subtraction 

of the HT/NEAA supplementation has caused a rapid reversal of the trend. The total 

folate of the non-supplemented sample amounts to just ~24 % of that of the wild-type 

line. A similar trend can be observed in the polyglutamated folate forms, as shown in 

Figure 6.12. 

The proportions of the folate intermediates in relation to total folate showed a discreet 

consistency, with a few exceptions. THF and Methenyl-THF display the highest 

percentages in the non-supplemented DHFR kd line; contrarily, those two intermediates 

show slightly lower rates in DHFR Knock-down P33 and wild-type. Regarding the 

Methylene-THF, DHFR Knock-down P33 and wild-type seem to have a more similar trend 
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with higher percentages than the other two samples again. Also, DHFR Knock-down P33 

displays the highest percentage of 5’methyl-THF and the lowest percentage of formyl-

THF among the four samples (Fig. 6.13). 

6.3.5 Transfection of DHFR ORF does not revert the transcriptional profile 

A complementation test was performed on the DHFR knock-down cell line to reverse 

the molecular phenotype and determine if the observed changes were uniquely due to 

the reduction of DHFR activity. The complementation was obtained by transfecting the 

pCMV6-AC-DHFR plasmid (Appendix Z) into the DHFR kd line alongside a transfection 

control (pCMV6-AC-GFP). The pCMV6-AC-DHFR plasmid expressed a DHFR fusion 

protein with a C-terminal tGFP, while pCMV6-AC-GFP (control) expressed tGFP only. The 

outcome of the complementation was assessed by examining the presence of green 

fluorescence and the expression of tGFP RNA and protein. 

The observation of transfected cells at the fluorescence microscope indicated the 

presence of tGFP, proof of successful transfection. As also observed in the DHFR2 

complementation experiment, the plasmids presented a peak of expression 

immediately after transfection (day 2), tending to decrease over time, despite the 

antibiotic selection (neomycin/G148) (Fig. 6.14). 

The tGFP RNA expression was evaluated via RT-PCR (picture not shown) and RT-qPCR 

(Fig. 6.15), where a maximum relative expression could be observed on day 2 in both 

transfected lines. The RNA levels drastically dropped on days 6 and 9. For this reason, a 

Western Blot analysis was conducted on protein samples extracted on day 2 only (Fig. 

6.16). The tGFP was identified in both samples, with the band corresponding to DHFR-

tGFP fusion protein at a higher molecular weight. Both lanes presented an additional 

band (at a proportional distance) indicating the formation of dimers. 

The investigation of the expression profiles of OCM-related genes (Section 6.3.2) was 

repeated in the complemented line. Relative expression of DHFR, DHFR2, SHMT1, 

SHMT2, ALDH1L1 and TYMS was assessed in the DHFR knock-down line, in parallel with 

the complemented line (+ pCMV6-AC-DHFR) and the control (pCMV6-AC-GFP). 
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As shown in Figure 6.17, DHFR relative expression skyrocketed in the complemented 

line compared to DHFR knock-down and DHFR knock-down plus the empty vector 

pCMV6-AC-GFP. Despite such a significant increase in the levels of DHFR RNA (ORF only 

+ tGFP), none of the genes found to be up- or down-regulated in the DHFR knock-down 

line recovered their original transcriptional pattern. In particular, DHFR2 RNA was up-

regulated equally in the complemented sample and the control, indicating that pCMV6-

AC-DHFR does not produce any significant change in DHFR2 expression. In contrast, 

SHMT2 and ALDH1L1 presented a further decrease in expression levels in the 

complemented samples. These findings may suggest that the down-regulation of SHMT2 

and ALDH1L1 in the DHFR knock-down line was due to the increased levels of DHFR RNA 

and by adding more DHFR RNA via plasmid transfection, the down-regulation of SHMT2 

and ALDH1L1 was exacerbated, leading to a further drop in their RNA levels. 
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Figure 6.1 Permutation test for pairwise comparisons. Test run between groups of growth curves 
using the algorithm ‘compareGrowthCurves’ in RStudio. DHFRkd, HepG2 DHFR Knock-down line; 
WT, HepG2 wild-type line; Suppl, Hypoxanthine + Thymidine (HT) / Non-essential Amino acids 
(NEAA) supplementation. 
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Figure 6.2 Growth curves of HepG2 DHFR knock-down line compared to HepG2 wild-type. Cellular 
growth curves determined by PI (Propidium Iodide) staining method combined with advanced 
image analysis by the automated fluorescence cell counter ADAM-MC. All measures were 
performed in triplicate. DHFRkd, HepG2 DHFR Knock-down line; WT, HepG2 wild-type line; Suppl, 
Hypoxanthine + Thymidine (HT) / Non-essential Amino acids (NEAA) supplementation. 
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Figure 6.3 Endogenous levels of DHFR, DHFR2, SHMT2 and ALDH1L1 RNAs in DHFR kd and 
HepG2 lines. Expression of DHFR RNA is unexpectedly increased in the DHFR kd model. Similarly, 
the levels of DHFR2 undergo a more moderate rise. Contrarily SHMT2 and ALDH1L1 are 
significantly down-regulated in the DHFR kd line compared to the HepG2 wild-type line. 
Differences in relative expression ratios were compared using one-way ANOVA. P-value 
threshold was set at £ 0.05, yet the statistical significance of the expression differences was 
markedly higher. The asterisks designate the statistical significance expressed by the p-value as 
follows: *P£ 0.05, **P£ 0.01, ***P£ 0.001, ****P£ 0.0001, *****P£ 0.00001. Error bars shown 
in all graphs are SEM (n=3). 
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mRNAs 

lncRNAs 

Figure 6.4 Scatter Plot of DHFR kd lncRNA and mRNAs after filtering. Raw signal intensities were 
normalized by quantile normalization method and low intensity RNAs were eliminated. The 
filtered RNAs were plotted. The expression variation between DHFR kd and HepG2 can be 
visualised via Scatter plot. The values of X and Y axes are the averaged normalized signal values 
of the groups (log2 scaled). The grey dash lines are Fold Change Lines (default fold change value 
is 2.0). The RNAs above and below the grey dash lines indicated more than 2.0 fold change. 
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lncRNAs mRNAs 

Figure 6.5 Volcano Plot of DHFR kd lncRNA and mRNAs. Differentially expressed lncRNAs 
and mRNAs with statistical significance were identified through Volcano filtering between 
DHFR kd and HepG2. The threshold is Fold change ³ 2 and p-value £ 0.05. The Volcano 
plot displays large magnitude changes which are also statistically significant. On the y-
axis is plotted the -log10 (p-value) and on x-axis the log2 fold change in RNAs expression 
between the two samples. 
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Figure 6.6 Pathway analysis of the differentially expressed (DE) RNAs in DHFR kd. a) Down-
regulated pathways, b) Up-regulated pathways. Pathway analysis maps genes to KEGG 
pathways. This analysis allowed determining the biological pathways with significant enrichment 
of DE genes. The bar plot shows the top ten Enrichment score values of the significant enrichment 
pathway. 
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Figure 6.7 GO analysis of the down-regulated RNAs in DHFR kd (Pie Charts). GO (gene 
ontology) analysis associates DE genes with the three GO categories Biological Processes 
(a), Cellular Component (b) and Molecular Function (c). The pie charts show the top ten 
counts of the significant enrichment terms per each category. 
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Figure 6.8 GO analysis of the down-regulated RNAs in DHFR kd (Bar Chart). The bar plot shows 
the top ten Enrichment Score values of the significant enrichment terms per each category: 
Biological Process in red, Cellular Component in green and Molecular Function in blue. 
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Figure 6.9 GO analysis of the up-regulated RNAs in DHFR kd (Pie Chart). GO (gene 
ontology) analysis associates DE genes with the three GO categories Biological Processes 
(a), Cellular Component (b) and Molecular Function (c). The pie charts show the top ten 
counts of the significant enrichment terms per each category. 
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Figure 6.10 GO analysis of the up-regulated RNAs in DHFR kd (Bar Chart). The bar plot shows 
the top ten Enrichment Score value of the significant enrichment terms per each category: 
Biological Process in red, Cellular Component in green and Molecular Function in blue. 
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Figure 6.11 Folate metabolites profile in DHFR kd and HepG2 wild-type lines. The DHFR kd line 
was tested at different points in time (passages 23, 33, 38); HepG2 wild-type line and DHFR kd 
p38 were grown without supplementation, while DHFR kd p23 and p33 were treated with 
HT/NEAA supplements. The concentrations were normalised to protein content and expressed as 
pmol/mg protein. The measures were performed in duplicate.  
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Figure 6.12 Concentration of Folate Intermediates and their relative poly-glutamated forms in 
DHFR kd (at different times and conditions) and HepG2 wild-type lines. Glu2-7 indicate the 
number of glutamate molecules attached. The concentrations were normalised to protein 
content and expressed as pmol/mg protein. The measures were performed in duplicate. 
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Figure 6.13 Relative proportions (expressed as % of total folate) of folate metabolites in DHFR kd 
(at different times and conditions) and HepG2 wild-type lines. The percentages for each folate 
intermediate were calculated considering the sum of all glutamated forms (n1–7). 
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Figure 6.14 DHFR-GFP expression in DHFR knock-down line (Fluorescence). Cells transfected with 
pCMV6-AC-DHFR(gfp) and pCMV6-AC-GFP (control) were fixed and counter-stained with DAPI 
at days 2, 6 and 9. Fluorescence was observed using a Leica DFC 500 and pictures taken via the 
Leica Application Suite software. 
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Figure 6.15 DHFR-GFP RNA expression in DHFR knock-down line. RNA samples were 
isolated 2, 6, and 9 days post-transfection (DHFR-GFP and GFP only) and GFP relative 
expression was measured against RPS13. DHFRko + DHFR indicates the DHFR knock-down 
line transfected with pCMV6-AC-DHFR(gfp). DHFRko + EV indicates the same line 
transfected with the empty vector pCMV6-AC-GFP (negative control). 
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(1) Protein Ladder 
(2) DHFR kd + EV – Day 2 
(3) DHFR kd + DHFR-GFP – Day 2 

(1) Protein Ladder 
(2) DHFR Kd + EV - Day 2 
(3) DHFR Kd + DHFR-tGFP  - Day 2 

b-Actin tGFP 

Figure 6.16 DHFR-GFP protein expression in DHFR knockout line. Western blot analysis testing 
the detection of tGFP in DHFR2 knockout line transfected with either DHFR2 vector (DHFR-gfp) 
or Empty Vector (gfp only). No band corresponding to DHFR2-GFP was identified. Pure tGFP was 
included as positive control, and b-Actin as quality control. 25 µg protein loaded per sample. 
Origene tGFP antibody (TA150071), CST b-Actin antibody (8H10010).  



  182 

 

  

Figure 6.17 Gene expression after transfection with pCMV6-AC-DHFR in DHFR knock-down line. 
DHFR RNA levels skyrocketed compared to the DHFR knock-down line and the same transfected 
with empty vector (EV). The expression levels relative to DHFR2, SHMT2, ALDH1L1 are not 
restored upon DHFR expression, with similar increase between samples transfected with DHFR 
and GFP-only vectors. The mild rise in expression is, therefore, not attributable to the specific 
effect of DHFR. Differences in relative expression ratios were calculated using one-way ANOVA. 
P-value threshold was set at £ 0.05.  None of the tested genes passed the threshold, comparing 
+EV and +DHFR samples. Error bars shown in all graphs are SEM (n=3). 
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6.4 Discussion  

Studying the gene's function using loss-of-function approaches can be particularly 

arduous in the case of pleiotropic and essential genes, where even a partial suppression 

of expression can result in alteration of unrelated functions (Housden et al., 2017). The 

Chinese Hamster Ovary (CHO) DG44 cell line (Urlaub et al., 1983) has been the dominant 

mammalian cell model with a complete deficiency in DHFR activity. However, since the 

advent of CRISPR/Cas, a few more DHFR knockout models have been attempted (Lee et 

al., 2021; Li et al., 2019; Mensah et al., 2019). 

The HepG2 DHFR knock-down line established in our lab presented a significantly 

reduced amount of DHFR protein, with a consequent reduction in the reductase activity. 

Several indels have been reported in the region between exon 1 and intron 1 (Chapter 

4, Section 4.6.1). Although we cannot exclude the presence of significant mutations on 

exon 1 (sequencing reported two ambiguous bases at exon 1)(Appendix P), the majority 

of mutations are carried by intron 1, which is associated with translational rate and 

protein stability (Lee et al., 2021; Li et al., 2019; Mensah et al., 2019). Therefore, we 

proposed that our cell model has an unstable DHFR protein, thus more susceptible to 

degradation.  

DHFR deficient cells would be the ideal system to investigate the presence and function 

of a hypothetical DHFR2 protein. Furthermore, in the case of an inefficient DHFR activity, 

cells could be prompted to up-regulate the alternative Dihydrofolate reductase (2) to 

sustain their metabolic requests, as occurs for SHMT2a (Anderson & Stover, 2009). 

Hence, the main goal of creating a DHFR-defective line was to use it as a unique system 

for investigating DHFR2 properties. 

Cell viability was assessed before exploring the impact of DHFR knock-down on DHFR2 

and other genes and pathways. To our surprise, the effect of the DHFR knock-down on 

cell growth seems to be marginal, either with or without HT/NEAA supplementation. 

Comparing this result with the well characterised CHO DG44 line, we knew that cultured 

cells lacking DHFR necessitated purine and pyrimidine precursors, such as hypoxanthine 

and thymidine, and glycine to thrive (Urlaub & Chasin, 1980). However, cells will keep 

growing even without supplements as they can acquire enough nutrients from the 
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culturing media (CHO/DhFr- 94060607 | Sigma-Aldrich, n.d.). Therefore, a (deoxy-) 

ribonucleosides-depleted media could have been employed to assess better the real 

impact of the DHFR impairment on cell proliferation. 

The experimental evidence on the relative expression of OCM-related genes in the DHFR 

knock-down line showed the most significant decrease in expression for ALDH1L1 and 

SHMT2. ALDH1L1 is a cytosolic enzyme that converts formyl-THF to THF and CO2. It is 

considered a general regulator of the OCM due to its ability to irreversibly remove 1C 

groups from the folate pool, reducing the overall OCM metabolic capacity (Krupenko et 

al., 2015). Because of its tumor suppressor activity, ALDH1L1 was found to be down-

regulated in cancer (Krupenko & Krupenko, 2018). The drastic reduction in DHFR activity 

represents a deficit for the highly proliferating cancerous cells (HepG2). The subsequent 

down-regulation of ALDH1L1 can be explained as an attempt to maintain sustainable 

levels of folate intermediates by avoiding the elimination of formyl-THF, which, in turn, 

can keep feeding the purine de novo biosynthesis pathway.  

The down-regulation of SHMT2, on the other hand, could corroborate the idea of a DHFR 

mitochondrial localisation and participation in the mitochondrial dTMP de novo 

synthesis, even though a concomitant drop in TYMS RNA levels was not reported. In 

addition, the SHMT2 RT-qPCR assay was designed to amplify an area comprised between 

exons 2 and 3. This results in the impossibility of distinguishing between SHMT2 and 

SHMT2a, which localise in the mitochondria and cytoplasm/nucleus, respectively 

(Anderson & Stover, 2009). SHMT2 is not uniquely needed in the mitochondrial de novo 

thymidylate synthesis. Still, it also catalyses the first reaction (of four) to produce 

formate, which is used as a 1C donor in the cytoplasmic side of the One-Carbon 

Metabolism (Ducker & Rabinowitz, 2017). Serine catabolism initiated by SHMT2 is also 

crucial in downstream pathways dependent on the OCM, such as methionine 

formylation of mitochondrial initiator tRNAs. It has been demonstrated that the loss of 

SHMT2 disturbs the translation of mitochondrially encoded proteins, with consequences 

for the mitochondrial respiration (Minton et al., 2018; Morscher et al., 2018). The link 

between mitochondrial OCM and respiration has been further demonstrated in mouse 

embryonic fibroblast cells, where the impact was less severe in a folate-sufficient diet. 

Furthermore, SHMT2 heterozygosity and folate-deficient diet impaired dTMP synthesis, 
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as demonstrated by the mtDNA uracil misincorporation (Fiddler, Xiu, et al., 2021a). 

Therefore, SHMT2 down-regulation can significantly impact mitochondrial fitness, 

overall OCM and cellular well-being.  

Despite the significant SHMT2 RNA down-regulation in DHFR knock-down, a parallel 

reduction in the protein levels was not observed (results not shown). A possible 

explanation could be the recently discovered SHMT1 regulation via SHMT2 RNA binding. 

This regulatory system has a double effect, as fine-tuning the levels of mitochondrial 

SHMT2 while modulating SHMT1 activity. Moreover, the SHMT1 substrate/s and the 

RNA compete for the binding (Guiducci et al., 2019). In the light of this evidence, we can 

suggest that the down-regulation of SHMT1 (RNA and protein) in the DHFR knock-down 

line is causative of the more sustained SHMT2 RNA drop. As a possible consequence of 

SHMT2 down-regulation, an increase of SARDH (RNA) was observed. SARDH catalyses 

sarcosine oxidation to glycine, which, in turn, can be used as a 1C donor by the Glycine 

Cleavage System (GCS) with the final formation of methylene-THF (same product of the 

SHMT2 reaction) (Ducker & Rabinowitz, 2017; Kikuchi et al., 2008; Lionaki et al., 2022). 

It is plausible to suggest that SHMT2 down-regulation is at least partially compensated 

by SARDH activity. 

Finally, DHFR2 RNA shows a moderate up-regulation. Considering the conclusions put 

forward in Chapter 5 about the regulatory function of DHFR2 RNA on DHFR, the up-

regulation of DHFR2, consecutive to the DHFR knock-down, corroborates the hypothesis 

of a co-regulation of the two genes. Hence, the low levels of DHFR protein could induce 

an increase in DHFR2 RNA, which, in turn, produces a rise in DHFR RNA levels, as also 

demonstrated by the RT-qPCR results. The rise in DHFR RNA, not followed by the same 

increase in the protein levels, can additionally be explained by the auto-regulatory 

mechanism typical of DHFR. DHFR can bind its own RNA, which will be released when 

the equilibrium favours the DHF substrate. As a result, the free RNA could be translated, 

supporting the cellular need for DHFR enzymatic activity (Abali et al., 2008). Although, 

in the DHFR knock-down model, the instability of the DHFR protein or its inability to bind 

its own RNA, coupled with a possible up-regulation due to DHFR2 modulation, could all 

contribute to the actual scenario where RNA and protein levels are not proportional, or 

rather, antithetical (RNA up-regulation and protein down-regulation). 
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Another essential aspect to consider is the DHFR knock-down's overall effect on cellular 

pathways and functions. The transcriptomic profile analysis emerged that signalling 

pathways (Wnt, Hippo, Rap1) tend to be down-regulated with consequences for cell 

receptors, cell communication, and adhesion. In particular, a significant connection 

between OCM and the Wnt signalling pathway was recently demonstrated  (Albrecht et 

al., 2019). The Wnt signalling pathway is an intricated and conserved transduction 

pathway that coordinates paracrine and autocrine communication, modulation of 

protein catabolism, and control of endolysosomes (Acebron et al., 2014; Albrecht et al., 

2018; Hartung et al., 2017; Nusse, 2005; Nusse & Clevers, 2017). The correct functioning 

of the Wnt pathway relies on SAM (S-adenosylmethionine); therefore, methionine 

depletion or methotrexate treatment inhibits it (Albrecht et al., 2018, 2019). Other 

signalling pathways are down-regulated in the DHFR knock-down line. Signalling 

pathways, in fact, heavily depend on methylation reactions, where SAM is the principal 

contributor. Together, OCM and methionine cycle allow the redistribution of 1C groups 

to control cell fate and homeostasis via energy and redox power modulation, genetic 

and epigenetic control, and signalling (Rosenzweig et al., 2018). We speculate that the 

drastic reduction in Dihydrofolate Reductase activity determines a re-arrangement of 

the OCM fluxes, with consequent effects on cell transduction pathways. 

On the other hand, the up-regulated pathways encompass a diverse metabolic profile, 

more typical of a hepatic cell line. Steenbergen (2018) demonstrated that culturing 

hepatoma cells in human serum (HS) instead of FBS leads to metabolic reprogramming 

by restoring cellular functions proper to hepatic cells, such as an increase in glycogenesis 

and b-oxidation, increase in cytochrome p450 metabolic rates, restoration of secretory 

processes, in addition to a reverse of the cancer metabolic profile (reduction of Warburg 

effect) (Steenbergen et al., 2018). Although the DHFR knock-down line does not present 

a differentiation input, its metabolism seems to swap towards the re-establishment of 

lipid and carbohydrate metabolism and some liver-specific functions, like degradation 

of xenobiotics and bile secretion in a similar fashion to the HS-cultured cells. Some of 

the enriched pathways include steroid hormone biosynthesis, pentose and glucuronate 

interconversions, and ascorbate and aldarate metabolism. As our cells were kept 

growing in media + FBS, thus, under the effect of growth factors, the cancerous 
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phenotype was maintained. Still, significant metabolic re-arrangements were made, 

possibly to sustain the high energy requirement of the cells upon OCM impairment. 

A pattern of metabolic adaptation was also inferred by the microscopic observation of 

DHFR knock-down cells over time. Shortly after the knock-down was established, the 

cells appeared stressed, with a granular morphology and a higher mortality rate (despite 

the proliferation rate being sustained). The longer the cells survived in culture, the 

healthier they looked. Because of this, the folate metabolite profiling was carried out on 

cells at different moments in time (passages 23 and 33). Moreover, after the cell line 

was fully stabilised (passage 38), we removed HT/NEAA supplementation and carried 

out this additional test. The data demonstrate a deficit in all folate intermediates in the 

three conditions, yet their relative range differs significantly.  A severe drop in THF, 

methylene-THF, formyl-THF and total folate is evident in the early stage knock-down 

(p23), which appears to be partially rescued after ten passages. Despite the cells being 

put on a path of recovery, the elimination of HT/NEAA from the media provoked an even 

more drastic drop in the folates population. These results align with the findings of the 

implementation of alternative metabolic pathways discussed in the previous paragraph. 

It could also provide an additional explanation of why the growth curve analysis did not 

show significant differences.  

In summary, the reduction in DHFR activity creates conspicuous impairment of the OCM 

and subsequent metabolic re-arrangements to ensure cell survival, with promising 

results in terms of proliferation. Despite the division rate remaining almost unchanged, 

the DHFR diminished activity closely affected some OCM genes in an attempt to 

maintain a sufficient functioning of the metabolic network. For example, ALDH1L down-

regulation saved formyl-THF from being degraded, and SHMT2 under-expression might 

have compromised mitochondrial OCM in favour of the cytoplasmic counterpart, 

ensuring genomic DNA replication.  

Despite the application of a mass-spec targeted method, no DHFR2 specific peptides 

were identified, thus concluding that DHFR2 is not able to compensate for the 

lack/reduction of DHFR. On the other hand, surprisingly, DHFR2 RNA levels underwent 

up-regulation. As the rise in RNA was not accompanied by a corresponding 

increase/display in protein, our hypothesis of DHFR2 functioning as a lncRNA is further 
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supported by this data. In particular, we speculate that the decline in DHFR activity 

triggers the up-regulation of DHFR2 lncRNA, which - being a direct modulator of DHFR – 

induces an increase in DHFR expression. This leads to a rise in DHFR RNA not followed 

by an equal surge in the corresponding enzyme (in our cell model). This mechanism 

would close the regulatory cycle, creating a feedback loop where DHFR is regulated by 

DHFR2, which in turn is modulated by DHFR (Fig. 6.18). However, the transfection of the 

DHFR ORF (pCMV6-AC-DHFR) did not lower DHFR2 expression, as expected. This could 

be due to the lack of regulatory parts of DHFR (e.g., introns or UTRs) that could mediate 

the sensing response from DHFR2. However, further work is required to confirm the 

details of the proposed DHFR/DHFR2 regulatory model and resolve the aspects that 

remained unclear. 

 

 

 

 

Figure 6.18 DHFR/DHFR2 feedback loop regulation. DHFR2 RNA regulates DHFR RNA (and 
protein, consecutively). Low levels of DHFR enzyme trigger an increase in DHFR2 which, in turn, 
leads to a DHFR RNA rise. DHFR enzyme level are intrinsically regulated by the protein ability to 
bind its own RNA in an auto-regulatory mechanism. DHFR2 RNA might be involved in the auto-
regulatory mechanism or act on DHFR RNA/protein independently. 
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7.1 Introduction 

The analysis of the DHFR2 knockout and DHFR knock-down HepG2 cell lines (Chapters 5 

and 6) led to the conclusion that DHFR2 actively regulates DHFR, possibly as a long non-

coding RNA. This hypothesis comes from a joint screening of the transcriptional and 

translational patterns of the edited cell lines. The search for the DHFR2 endogenous 

protein did not give positive results, despite the use of a powerful mass spectrometry 

apparatus (Orbitrap Fusion Tribrid Mass Spectrometer for LC-MS/MS and PRM LC-

MS/MS) and a targeted approach aimed at DHFR2 specific peptides. The investigation 

was also carried out on several adult tissue types and stem cells (HepG2, iPSC, IMR32, 

Huh7, 101B, NEP, placenta, umbilical cord, ovary and testis) to assess the possibility of 

a tissue-specific expression of the DHFR2 protein. This search was equally unsuccessful.  

Several DHFR2 mRNA isoforms contain an intact ORF, which is able to produce a protein 

(at a low rate), as demonstrated by the proteomics analysis of recombinant DHFR2 in 

the complementation experiments (Bookey et al., unpublished). Despite the 

translational potentiality of DHFR2, the endogenous protein could not be identified. 

Together with the consistent RNA expression (observed in all tissue types) (Chapter 1, 

Section 1.5), this phenomenon led to the hypothesis that regulatory mechanisms are in 

place to inhibit DHFR2 RNA translation in order to facilitate its function as a regulatory 

RNA. Therefore, our research moved towards investigating the untranslated regions (5’ 

and 3’ UTRs) of the gene, emphasising secondary structure and post-transcriptional 

modifications.  

Untranslated regions are known to modulate post-transcriptional regulation, including 

RNA stability, transport and subcellular localisation. Nucleotide patterns forming at 

UTRs can impact the association with Ribonucleoproteins or regulatory RNAs, leading to 

specific outcomes (Mignone et al., 2002). In addition, RNA modifications were shown to 

have a large impact on the formation of higher-order structures, making them an 

important component in the analysis of UTR-related functions (Leppek et al., 2018). 

Our investigation was primarily directed at the two main DHFR2 transcripts, 201 and 

202. GenBank (Benson et al., 2015) reports only two transcripts for DHFR2 

(NM_176815.5; NM_001195643.2), while Ensembl (Cunningham et al., 2022) shows six 
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of them (DHFR2 ENSG00000178700). Experimental and bioinformatic data collected by 

our lab confirmed the existence of Ensembl transcripts, plus additional variants (not 

shown). Even though most DHFR2 transcripts could be classified as rare, due to their low 

abundance and tissue-specificity, isoforms 201 and 202 harboured a consistent 

expression in most of the PCR-screened tissues (HepG2, iPSC, Coriell, HEK 293, HT-29). 

DHFR2 201 and 202 are almost identical in sequence, with a 123bp additional fragment 

carried by transcript 201, as shown in Figure 7.1. 

 

 

7.1.1 RNA modifications are crucial to RNA function 

Similarly to DNA, RNA molecules are subject to modifications that play a role in cellular 

processes. More than 160 types of RNA modification have been identified, opening up 

the emerging field of epitranscriptomics (Kadumuri & Janga, 2018; Kumar & Mohapatra, 

2021). The regulation of RNA stability can be pursued via RNA modification, with 

consequent regulation of cellular processes such as transcription, splicing, RNA export, 

translation and degradation. Therefore, RNA modifications can be considered one of the 

keys to the regulation of gene expression (Boo & Kim, 2020; Nachtergaele & He, 2018). 

RNA modifications can be divided into two main groups: chemical modifications and 

nucleotide substitution. The former encompasses modified bases like N6-

methyladenosine, pseudouridine and 5-methylcytidine. The chemical modification of 

RNA bases may induce structural remodelling leading to altered accessibility for RNPs 

(ribonucleoproteins). In addition to the type of modification, its position has a role in 

the interaction with certain protein domains, which generally leads to stabilisation or 

degradation of the RNA (Roundtree et al., 2017; Zhao et al., 2017). On the other hand, 

Exon 1                                        ORF                                  Exon 2  

Figure 7.1 Schematic of DHFR2 201 and 202 isoforms. Exon 2, containing the open reading frame, 
is identical between the two transcripts. Intron 1 of DHFR2 201 is slightly longer than that of 202. 
Image taken from Ensembl. 
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the nucleotide substitutions are predominantly mediated by deaminase enzymes which 

convert Cytidine to Uridine and Adenosine to Inosine (Gu et al., 2012). This type of 

modification is involved in proteomic diversity due to alternative splicing and recoding. 

It is also associated with RNA stability and degradation due to changes in the secondary 

structure and miRNAs accessibility. For this reason, nucleotide substitutions are 

particularly relevant in development, tissue-specificity, immunity and diseases like 

cancer (Christofi & Zaravinos, 2019; Eisenberg & Levanon, 2018). 

7.1.2 A-to-I editing changes the RNA fate 

The deamination of Adenosine to Inosine (A-to-I) is a common phenomenon occurring 

in all Metazoans (Porath et al., 2017; Yablonovitch et al., 2017), which sees Alu elements 

as the major target of this phenomenon (Athanasiadis et al., 2004). Primates genomes 

have seen a massive expansion of these transposable elements (DeCerbo & Carmichael, 

2005; Deininger & Batzer, 2002; Lander et al., 2001), and as a natural consequence, their 

transcriptome goes through a vast number of A-to-I substitutions, precisely at the level 

of Alu elements (Bazak et al., 2014; Chen et al., 2008; Schaffer & Levanon, 2021). 

The A-to-I editing is mediated by the ADAR (adenosine deaminase acting on RNA) 

protein family. These enzymes specifically recognise double-stranded RNA (dsRNA) 

structures, which occur in the presence of Inverted Repeat Alus (IRAlus) (Levanon et al., 

2004; Savva et al., 2012). A-to-I editing has vital importance, as demonstrated in a study 

where patients with mutations in ADAR1 and consequently an impaired A-to-I editing 

system, presented an abnormal activation of the interferon signalling pathway, leading 

to Aicardi–Goutières syndrome (Rice et al., 2012). 

The editing occurring in the coding region is named recoding-type editing, as it reshapes 

protein functions (i.e., truncated protein) (Khermesh et al., 2016). This phenomenon is 

relatively common for ion channels and neurotransmitter receptors (Hood & Emeson, 

2012; Rosenthal & Seeburg, 2012). However, the total of mammalian genes subject to 

this type of modification accounts for ~80 genes (Nishikura, 2016). The majority of the 

editing sites are located in introns and UTR sequences. Despite the modifications 

occurring in non-coding regions, A-to-I editing has a major impact on cell biology (Bahn 

et al., 2012; Hundley & Bass, 2010). Some of the implications are the suppression of the 
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interferon response, gene silencing via heterochromatin formation, degradation by 

endonucleases, exonisation of intronic Alus, and paraspeckle retention (Nishikura, 2016; 

Slotkin & Nishikura, 2013). 

7.1.3 A-to-I modifications in the 3’UTR of RNAs mediate paraspeckle retention 

The control of gene expression is built on the dynamic interactions between DNA, RNA, 

and proteins. Specific cell factors play important roles in this interplay through their 

ability to mediate protein-protein and protein-nucleic acid interactions. The DBHS 

(Drosophila behaviour/human splicing) protein family act as a molecular scaffold for 

many cell functions involving gene regulation. The human orthologues are PSF, PSPC1 

and p54nrb (Knott et al., 2016). These three proteins were among the first to be identified 

as components of the paraspeckles (Nakagawa et al., 2018), which are mammalian-

specific subnuclear bodies found in the interchromatin space, where they exert a role in 

control of gene expression (Bond & Fox, 2009). Paraspeckles assemble around the 

lncRNA NEAT1 (Yamazaki & Hirose, 2015). NEAT1 bears an architectural role; in fact, 

embryonic stem cells, which do not express NEAT1, lack paraspeckles (Chen & 

Carmichael, 2009).  

In 2001, Zhang and Carmichael demonstrated that A-to-I hyper-edited dsRNAs were 

retained in the nucleus by p54nrb, which holds a binding specificity to Inosine (Z. Zhang 

& Carmichael, 2001). Specifically, the IRAlus contained in the RNA 3’UTR are subject to 

A-to-I modifications by ADAR via the formation of dsRNA structures. Upon editing, the 

Inosines are recognised and bound by p54nrb and retained in the nucleus (Nishikura, 

2016). Figure 7.2 schematically illustrates the binding mechanism. The murine gene 

mCAT2, which encodes for an arginine transporter, possesses two mRNAs; one 

cytoplasmic transcript that provides for basal levels of the protein; the other, named 

CTN-RNA, is retained in the nucleus in association with p54nrb. This alternative RNA 

presents the same ORF but an extended 3’UTR with embedded Alu elements that 

mediate the nuclear retention. When a stress response is activated, the 3’UTR gets 

cleaved, and the RNA is quickly transported to the cytoplasm implementing the 

production of the arginine transporter (Prasanth et al., 2005). A similar mechanism of 

gene expression regulation was demonstrated in the human gene Nicn1, with one 
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isoform retained in paraspeckles and the other exported in the cytoplasm (Chen et al., 

2008).  

Comprehensive bioinformatics analysis of the human cDNA and EST databases led to 

identifying 333 human genes with IRAlus in their 3’UTR (Chen et al., 2008). DHFR2 was 

one of those genes, with three IRAlus in its 3’UTR, shown to be susceptible to A-to-I 

editing. This discovery makes it plausible to assume that DHFR2 may be subject to 

paraspeckle retention, thus explaining the absence of DHFR2 protein regardless of the 

substantial transcriptional levels that are observed in most cells and tissues.  

 

  

Figure 7.2 Paraspeckle retention mechanism. RNA harbouring Alu elements are prone to form 
stem-loop structures, targeted by ADAR enzymes leading to A-to-I editing. p54nrb leads to RNA 
retention by binding to the Inosines (shown as orange dots on the dsRNA). Image created with 
BioRender.com 
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7.1.4 Secondary structure impacts RNA stability and function 

RNA is a versatile molecule, easily adaptable to many interactions, from ions and 

vitamins to more complex molecules such as protein and other RNAs. All RNAs can shift 

among different conformations, with a variable extent of stability (Chełkowska-Pauszek 

et al., 2021). RNA heterogeneity in shape and interaction can be achieved via the 

formation of secondary structures (Sharp, 2009; Wan et al., 2011). Intramolecular base 

pairing is the basic level of secondary structure formation. In conjunction with cofactors 

and the association of RNPs, the RNA can acquire a tertiary structure and, in turn, a 

function (catalysis, scaffolding, regulation) (Vandivier et al., 2016). RNA structure is a 

crucial feature of gene regulation, as RNA dynamic changes can alter the interaction 

with other cell components, thus impacting biological functions (Wang et al., 2021). 

RNA structure forms during transcription and then undergoes modification while 

migrating from chromatin to cytoplasm. In this process, post-transcriptional 

modifications and RNPs binding represent the major impact on structural change and 

the associated function (Lorenz et al., 2016; Mauger et al., 2019; Wong & Pan, 2009). 

The primary structure of a nascent RNA is thought to influence the RNA polymerase 

activity with consequent modulation of the transcriptional rate. The more structured 

5’UTRs tend to show a lower transcriptional rate. Moreover, RNA secondary structure 

at ribosome binding sites affects translational rate and capacity. Finally, a higher rate of 

secondary structure correlates with a shorter half-life (L. Sun et al., 2019). 

Since the detection of the DHFR2 protein in many adult tissue types could not be 

accomplished, the ability of the DHFR2 RNA to bind the ribosomes was investigated. 

Bioinformatic Analysis of Riboseq Data confirmed that DHFR2 RNA was found to be 

associated with ribosomes in most human tissues. Experimental confirmation was 

attempted via Sucrose Cushion Ultracentrifugation on HepG2 cells (experiments 

performed by Niamh Bookey). The ribosome-bound and ribosome-free fractions were 

tested for the presence of both DHFR2 main transcripts, 201 and 202. It was found that 

201 is predominantly bound to the ribosomes, while 202 is more evenly distributed 

between the fraction, with a predominance in the ribosome-free fraction.  
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The differential distribution of the DHFR2 isoforms may indicate possible different 

functions associated with each transcript. As DHFR2 201 and 202 only differ in a small 

portion of the 5’UTR, we speculate that they could fold into unique secondary 

structures, involved in differential functionality. 

7.1.5 DHFR2 interactions may be indicators of function 

Studying DHFR2 has always been puzzling due to the complexity and peculiarity of the 

gene. DHFR2 is expressed, with substantial levels of RNA reported for most human 

tissues (data available from Protein Atlas) (Karlsson et al., 2021). Despite the remarkable 

RNA pool, its cognate protein could not be identified. Furthermore, of the two main 

transcripts - 201 & 202 – the former has been found in association with ribosomes. Both 

isoforms possess an intact ORF, able to produce a functional protein. Their 3’UTR 

harbours IRAlus, prone to A-to-I modification and leading to possible paraspeckle 

retention. In addition, 201 & 202 differ exclusively in their 5’UTRs, which fold in 

distinctive secondary structures, possibly involved in transcript regulation. Although not 

in the form of protein, DHFR2 RNA regulates DHFR expression (Chapter 5), likely by 

interacting with the enzyme itself (McEntee et al., 2011).  

Mechanisms of action, regulatory pattern and functionality may be deducted by the 

localisation and interactions of the DHFR2 transcripts. This final set of experiments 

aimed to assess the interactions between DHFR2 201/202 and the ribosomes, the 

paraspeckles, and DHFR. The experiments were carried out on cultured cells first and 

then repeated on embryonic tissue, addressing a potential divergent behaviour by 

DHFR2 in the early stages of development. In particular, if the retention in paraspeckles 

were a correct hypothesis, the absence of these nuclear bodies in embryonic cells could 

have shown a yet unobserved function of DHFR2. 
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7.2 Materials and Methods 

7.2.1 Hybridisation Chain Reaction (HCR) 

RNA-FISH and IHC methods are essential tools to investigate the spatial organisation of 

molecules in their native environment. The traditional methods use probes labelled with 

fluorophores or reporter enzymes (i.e., horseradish peroxidase (HRP)-labelled 

oligonucleotide probes). These methods present limitations, especially for multiplexing 

experiments (serial amplification of the targets, qualitative staining, diffusion of 

reporter molecules). On the other hand, the hybridisation chain reaction offers a 

superior alternative for multiplexed, high-resolution and quantitative IHC and RNA-FISH 

experiments. The method relies on fluorophore-labelled DNA probes, which self-

assemble in an enzyme-free, isothermal polymerisation reaction. In the RNA-FISH, the 

specificity is acquired via metastable DNA hairpin pairs; once annealed, in couple, with 

the target RNA, they are recognised by the initiator probe. The IHC specificity depends 

on the antibodies, with the secondary antibody labelled with the initiator probe. For 

both RNA-FISH and IHC, the initiator triggers an amplification reaction in which two 

alternating hairpins (fluorophore-labelled) assemble into a fluorescent amplification 

polymer (Schwarzkopf et al., 2021). An illustration of the method can be found in Figure 

7.3. 

7.2.2 HCR experimental design and execution 

The design of the experiments revolved mainly around the multiplexing of probes. The 

best combinations of fluorophores were chosen to not cross-react. Each fluorophore 

was associated with an HCR amplifier pool, which consisted of the fluorophore-labelled 

hairpins. It was essential to select the correct amplifiers, with the specific fluorophore 

targeting the intended molecule. Secondary antibodies, RNA probes and HCR amplifiers 

were ordered from Molecular Instruments Inc., along with proprietary buffers required 

for the procedure. Primary antibodies were ordered from separate companies (Chapter 

2, Section 2.1.1). A schematic of the probes combinations and relative fluorophores is 

shown below in Table 7.1. 
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To address some of the open questions about DHFR2, colocalisation experiments were 

performed on HepG2 cultured cells and human embryonic tissues. The protocol can be 

found in Chapter 2, Section 2.2.26. The hybridised and fixed cells were visualised 

through a Leica TCS SP8 Confocal & STED Super-Resolution Microscope at Nano 

Research Facility (NRF), DCU. Images were acquired via the Microscope Software 

Platform LAS X Life Science (Leica) by Dr Úna Prendergast (NRF, DCU). Human embryonic 

material was obtained from the MRC-Wellcome Trust Human Developmental Biology 

Resource (HDBR) located at the Institute of Child Health, London. Sections of paraffin-

embedded early-stage embryos were prepared by Chloe Santos (ICH, UCL). One to four 

sections were mounted per slide and de-paraffinized prior to in situ Hybridisation. The 

HCR IHC + RNA-FISH protocol for FFPE tissue sections was followed (link at Chapter 2, 

Section 2.2.26). The fluorescence was observed through a ZEISS Axio Observer 

Microscope (pictures acquired by Chloe Santos). The HCR experiments on human 

embryonic material were performed at the Institute of Child Health, UCL, London 

(Professor Nicholas Greene laboratory). 

All images were analysed via the JACoP algorithm (Bolte & Cordelières, 2006) in ImageJ 

(Schneider et al., 2012). Manders’ and Pearson’s coefficients were calculated to evaluate 

the degree of colocalisation between two channels. The statistical significance of the 

resulting coefficients was assessed via the Costes’ test. 
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Figure 7.3 HCR IHC + RNA-FISH mechanism of action. The method is divided in three phases which 
are performed consecutively. 1.Protein detection: standard IHC method with primary antibody 
targeting the protein of interest; the secondary antibody is labelled with HCR initiator probe. 2. 
RNA detection: split-initiator probes detect the RNA target in pairs. 3. Amplification: specific 
initiators trigger self-amplification creating a fluorescent polymer per each targeted molecule. 
Image adapted from the Molecular Instrument webpage. 
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Table 7.1 Different probe combinations with relative fluorophore and amplifier pool. 
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7.3 Results 

7.3.1 DHFR2 201 and 202 fold into unique secondary structures 

A sequence comparison (Ensembl release 106) revealed that DHFR2 201 and 202 RNAs 

uniquely differ in their 5’UTR, with isoform 201 owning an additional 123bp. IPknot, 

software for predicting RNA secondary (Sato et al., 2011), unveiled a notable diversity 

in secondary structure, with a 202 5’UTR more compactedly structured (Fig. 7.4). The 

difference in the 5’UTR secondary structure could provide an explanation for the 

reduced ribosome association by isoform 202 (discussed in Section 7.1.4). Furthermore, 

certain stem-loops, hairpins and pseudoknots have been reported to pause or stall 

ribosome movement (Bao et al., 2020; Caliskan et al., 2017; Yan et al., 2015). This 

phenomenon might explain the binding of DHFR2 201 to the ribosomes, not followed by 

its translation into protein. 

7.3.2 HCR probes specifically bind to their targets 

The first step in the in-situ hybridisation experiment was to test each probe individually 

(and relative HCR amplifier), following the HCR RNA-FISH and HCR IHC protocols. The 

targeted proteins were PSPC1 (paraspeckles), RPS3 (ribosomes), and DHFR (enzyme), 

whilst the targeted RNAs were GAPDH (control), DHFR, DHFR2 201, DHFR2 202. As 

shown in Figure 7.5, all probes produced realistically specific signals as evidenced by 

their correct localisation (evident for protein targets) and relative abundance 

(noticeable in RNA targets). Despite the RNA probes are designed to be highly specific, 

an additional indication of their efficiency is deduced from the consistency between 

observed fluorescence and the expression level. Using data from the Consensus dataset 

for hepatic tissue (The Human Protein Atlas) (Sjöstedt et al., 2020), we assessed the 

proportionality between normalised RNA expression (nTPM) and fluorescence (by eye). 

The following RNA expression values, DHFR2 nTPM 6.7; DHFR nTPM 60.1; GAPDH nTPM 

2557.9, are consistent with the observed fluorescence.  
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7.3.3 DHFR2 201 colocalises with DHFR RNA 

The HCR RNA-FISH + IHC protocol was designed to allow multiplexed experiments in 

which both proteins and RNAs could be subjected to hybridisation simultaneously. We 

tested probes in pairs at first to check if the detection was possible. DHFR2 RNA isoforms 

201 and 202 were tested for colocalisation with ribosomes (Fig. 7.6 and 7.7), 

paraspeckles (Fig. 7.8 and 7.9), the DHFR enzyme (Fig. 7.10 and 7.11), and cognate RNA 

(Fig. 7.12 and 7.13). The detection of protein targets appeared to be particularly 

abundant, despite the minimal working concentration for primary antibodies. The 

signals coming from the DHFR2 RNA targets were less ubiquitous, making it easier to 

detect possible interactions as per DHFR RNA and DHFR2 201, which show overlapping 

localisation (Fig.7.12). To ensure the colocalising signals are accurate, the images were 

exported in ImageJ, and the colocalising signals were analysed using the JACoP function 

in ImageJ. A comprehensive list of the statistical tests for each probe pair is supplied in 

Appendix AA. In addition to the probe pairs listed above, DHFR protein + DHFR RNA 

colocalisation was tested and served as a control due to the documented interaction 

between the two (image not shown) (Abali et al., 2008; Ercikan-Abali et al., 1997; 

McEntee et al., 2011). In fact, Pearson’s coefficient amounted to 0.94, indicating a strong 

correlation. Contrarily, none of the investigated pairs showed Pearson’s coefficient 

above 0.9, except for ‘DHFR RNA + DHFR2 201’ with a coefficient equal to 0.989. This 

data highly suggest that this interaction could be the key to the regulatory mechanism 

by which DHFR2 regulates DHFR. 

7.3.4 Successful multiplexed detection of four protein/RNA probes  

The HCR technology is suitable for multiplexing, with several probes used at once 

(Schwarzkopf et al., 2021). A four-probe experiment was attempted aiming to reduce 

variability among the samples and have all probes hybridise the same group of cells. 

Figures 7.14 and 7.15 illustrate the multiplexed detection of PSPC1, RPS3, DHF2 201 & 

202, and DHFR (enzyme & RNA), DHFR2 201 & 202, respectively. The images show the 

same expression patterns compared to the previous experiment and no additional 

information. Thus, this can be interpreted as an indicator of the robustness of the 

method. 
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7.3.5 DHFR and DHFR2 colocalise in human embryonic heart 

The HCR experiment was originally designed to compare the localisation of DHFR2 

transcripts in both HepG2 and embryonic cells, particularly concerning paraspeckle 

retention. While we performed the above experiments in HepG2 cells, cultured 

embryonic cells could not be easily provided within a restricted time. Alternatively, 

paraffin-conserved embryos were investigated. Even though the two sets of 

experiments are not directly comparable, exploring DHFR2 behaviour in embryonic 

tissues was deemed a unique opportunity.  

The initial hypothesis of DHFR2 being retained in the paraspeckles could not be strongly 

confirmed in HepG2 cells, even though PSPC1 and DHFR2 201 presented a Pearson’s 

coefficient of 0.683, which indicates a certain degree of correlation. Since paraspeckles 

do not assemble in embryonic cells (Chen & Carmichael, 2009), the DHFR2 RNAs could 

exhibit a particular activity in undifferentiated cells.  Two multiplexed experiments were 

performed on human embryos (whole mount). DHFR2 201 & 202 were tested in one 

experiment along with PSPC1 (paraspeckles); in another experiment, the two DHFR2 

RNAs were multiplexed with DHFR RNA and protein. Unfortunately, a software issue 

related to the detection of fluorophore AF 514 did not allow the observation of PSPC1 

and DHFR RNA. Therefore, the only available images are those relative to DHFR2 201, 

202 and DHFR protein. As shown in Figure 7.16, the major expression of all three probes 

is concentrated at the heart level. Although this initial discovery needs to be further 

investigated, it provides precious data on DHFR2 tissue-specificity during embryonic 

development. Moreover, this observed differential expression may be likely linked to a 

specific function exerted by DHFR2 in embryonic development only. 
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DHFR2_201 DHFR2_202 

Figure 7.4 DHFR2 201 & 202 secondary structure prediction. The 5’UTRs are circled in red. Image 
created with IPKnot web server. 
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Figure 7.5 Confocal imaging of proteins and RNAs detected via HCR IHC and HCR RNA-FISH for 
single probes in HepG2 cells on a slide. Target proteins: RPS3 (AlexaFluor 488), PSPC1 (AlexaFluor 
514), DHFR (AlexaFluor 488). Target RNAs: GAPDH (AlexaFluor 594), DHFR RNA (AlexaFluor 514), 
DHFR2 201 (AlexaFluor 546), DHFR2 202 (AlexaFluor 594). Magnification 100X. 
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Figure 7.6  Confocal imaging of RPS3 and DHFR2 201 protein:RNA 2-plex detected via HCR IHC + 
RNA-FISH in HepG2 cells on a slide. 65×65 μm pixels. Targets: RPS3 (AlexaFluor 488) and DHFR2 
201 (AlexaFluor 546). a. RSP3 (cyan); b. DHFR2 201 (yellow); c. Merge. Magnification 100X. 

a b 

c 

8 𝜇m 

5 𝜇m 5 𝜇m 



  207 

 

  

Figure 7.7 Confocal imaging of RPS3 and DHFR2 202 protein:RNA 2-plex detected via HCR IHC + 
RNA-FISH in HepG2 cells on a slide. 65x65 μm pixels. Targets: RPS3 (AlexaFluor 488) and DHFR2 
202 (AlexaFluor 546). a. RSP3 (cyan); b. DHFR2 202 (red); c. Merge. Magnification 100X 
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Figure 7.8 Confocal imaging of PSPC1 and DHFR2 201 protein:RNA 2-plex detected via HCR IHC 
+ RNA-FISH in HepG2 cells on a slide. 52x52 μm pixels. Targets: PSPC1 (AlexaFluor 514) and 
DHFR2 201 (AlexaFluor 546). a. PSPC1 (green); b. DHFR2 201 (yellow); c. Merge. Magnification 
100X. 
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Figure 7.9 Confocal imaging of PSPC1 and DHFR2 202 protein:RNA 2-plex detected via HCR IHC 
+ RNA-FISH in HepG2 cells on a slide. 52x52 μm pixels. Targets: PSPC1 (AlexaFluor 514) and 
DHFR2 202 (AlexaFluor 594). a. PSPC1 (green); b. DHFR2 202 (red); c. Merge. Magnification 100X. 
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Figure 7.10 Confocal imaging of DHFR and DHFR2 201 protein:RNA 2-plex detected via HCR IHC 
+ RNA-FISH in HepG2 cells on a slide. 52x52 μm pixels. Targets: DHFR (AlexaFluor 488) and DHFR2 
201 (AlexaFluor 546). a. DHFR (cyan); b. DHFR2 201 (yellow); c. Merge. Magnification 100X. 
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Figure 7.11 Confocal imaging of DHFR and DHFR2 202 protein:RNA 2-plex detected via HCR IHC 
+ RNA-FISH in HepG2 cells on a slide. 52x52 μm pixels. Targets: DHFR (AlexaFluor 488) and DHFR2 
202 (AlexaFluor 594). a. DHFR (cyan); b. DHFR2 202 (red); c. Merge. Magnification 100X. 
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Figure 7.12 Confocal imaging of DHFR RNA and DHFR2 201 RNA:RNA 2-plex detected via 
HCR RNA-FISH in HepG2 cells on a slide. 33x33 μm pixels. Targets: DHFR RNA (AlexaFluor 
514) and DHFR2 201 (AlexaFluor 546). a. DHFR RNA (green); b. DHFR2 201 (yellow); c. 
Merge. Magnification 100X. 
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Figure 7.13 Confocal imaging of DHFR RNA and DHFR2 202 RNA:RNA 2-plex detected via HCR RNA-
FISH in HepG2 cells on a slide. 52x52 μm pixels. Targets: DHFR RNA (AlexaFluor 514) and DHFR2 
202 (AlexaFluor 594). a. DHFR RNA (green); b. DHFR2 202 (red); c. Merge. Magnification 100X. 
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Figure 7.14 Confocal imaging of RPS3, PSPC1, DHFR2 201 and DHFR2 202 protein:RNA 4-plex 
detected via HCR IHC + RNA-FISH in HepG2 cells on a slide. 92x92 μm pixels. Targets: RPS3 
(AlexaFluor 488), PSPC1 (AlexaFluor 514), DHFR2 201 (AlexaFluor 546), DHFR2 202 (AlexaFluor 
594). a. RSP3 (cyan); b. PSPC1 (green); c. DHFR2 201 (magenta); d. DHFR2 202 (red); E. Merge. 
Magnification 100X. 
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Figure 7.15 Confocal imaging of DHFR, DHFR RNA, DHFR2 201 and DHFR2 202 protein:RNA 4-plex 
detected via HCR IHC + RNA-FISH in HepG2 cells on a slide. 155x155 μm pixels. Targets: DHFR 
(AlexaFluor 488), DHFR RNA (AlexaFluor 514), DHFR2 201 (AlexaFluor 546), DHFR2 202 (AlexaFluor 
594). a. DHFR RNA (green); b. DHFR protein (cyan); c. DHFR2 201 (magenta); d. DHFR2 202 (red); 
e. Merge. Magnification 100X. 

a b c d 

e 

5 𝜇m 



  216 

 

  

a b c 

d 

Figure 7.16 Confocal imaging of DHFR, DHFR2 201 and DHFR2 202 protein:RNA 3-plex detected 
via HCR IHC + RNA-FISH in embryo sections on a slide. Magnification: 10X. Targets: DHFR 
(AlexaFluor 488), DHFR2 201 (AlexaFluor 546), DHFR2 202 (AlexaFluor 594). a. DHFR protein 
(green); b. DHFR2 201 (red); c. DHFR2 202 (white); d. Merge. 
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7.4 Discussion 

The present chapter of the thesis was designed to determine the localisation of DHFR2 

main isoforms, 201 and 202 and their possible interaction with DHFR, the ribosomes and 

paraspeckles. After a careful evaluation of the more traditional methods to investigate 

RNA-protein interactions (EMSA, RNA pull-down, RPA, FISH + IHC), the novel 

Hybridisation Chain Reaction was deemed to be the best choice to assess many targets 

simultaneously and have a more general indication of the cellular fate of DHFR2, both 

in adult and embryonic cells. HCR is a revolutionary way of performing joint IHC and 

RNA-FISH, with a unified approach for multiplexing. This is facilitated by DNA hairpins 

and initiator molecules and allows the method to reach automatic background 

suppression with highly-specific signals. Due to the fluorescence amplification (iso-

thermal reaction), the signal increases linearly with the amount of target, leading to a 

quantitative and high-resolution method (Choi et al., 2018; Schwarzkopf et al., 2021).  

The differential association of DHFR2 201 and 202 with the ribosomes (Section 7.1.4) led 

to a deepened investigation of the differences between the two isoforms, with the 

consequent discovery of possible regulatory patterns associated with the 5’ and 3’ UTRs. 

The 5’UTRs of the two transcripts are different, with the DHFR2 202 upstream sequence 

more highly folded than that of 201 (Section 7.3.1). The divergent secondary structures 

could explain the differential behaviour in relation to the ribosomal association; in fact, 

highly structured RNAs tend to have a shorter half-life and could compromise translation 

by ribosome stalling (L. Sun et al., 2019). Although the 201 preferential interaction was 

already proven using a sucrose cushion method, a confirmation experiment was 

attempted with HCR. This was also used as quality control for the rest of the 

experiments.  

On the other hand, both isoforms possess an identical 3’UTR with IRAlus, making them 

prone to A-to-I modifications (experimentally demonstrated by Niamh Bookey) and 

subsequent paraspeckle retention. This hypothesis was the most intriguing, providing a 

logical explanation of why the DHFR2 protein could not be identified despite the 

significant RNA levels. Furthermore, the lack of paraspeckles in embryonic cells made 

the hypothesis even more appealing in the possibility of detecting the DHFR2 protein 
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uniquely in embryos. For this reason, the entire set of HCR experiments was repeated 

on human embryos. To note that due to the lack of specific legislation on the matter of 

stem cell research in Ireland, this part of the study relating to human embryonic material 

was entirely carried out in the United Kingdom, at the Institute of Child Health, 

University College London. 

The knockout DHFR2 cell line analysis indicated a robust regulatory pattern of DHFR2 on 

DHFR (Chapter 5). Due to the missed identification of the DHFR2 protein in the DHFR 

knock-down cell line (and additional other adult and stem cell lines) (Chapter 6), the 

DHFR2 regulatory function was believed to be due on its RNA. The response elicited by 

DHFR2 RNA upon complementation (DHFR2 ORF plasmid) on DHFR indicated that the 

regulation occurred through the DHFR2 Open Reading Frame (possibly containing 

interaction sites). With the DHFR2 RNA + DHFR enzyme association demonstrated in 

previous studies (McEntee et al., 2011), our goal was to determine if the DHFR2 mRNA 

isoforms 201 and 202 could differentially bind DHFR protein. To make the investigation 

complete, DHFR RNA was also tested. 

Although the HCR method proved to be very efficient, the results had to be carefully 

interpreted. A strikingly evident colocalisation could not be subjectively identified by 

observing the superimposed images of two probes. The nature of the tested proteins 

can partially explain this. Contrarily to structural proteins that localise orderly, enzymes 

like DHFR and ribosomal proteins can be found all over the cells. Also, PSPC1 was 

considered the golden standard for paraspeckle detection (Fox & Lamond, 2010), but it 

can also be found in other nuclear areas and, occasionally, in the cytoplasm (Lang & Jou, 

2021; Wang et al., 2017). Therefore, HCR's high specificity and amplified resolution of 

the signals probably did not help identify the most significant clusters exclusively.  

A solution came from the use of imaging software able to reduce human error and 

analyse colocalising signals with high confidence. Colocalisation can be intended as the 

ensemble of co-occurrence, the spatial juxtaposition of two signals, and correlation, 

which regards the overlapping of the signals plus their proportional distribution within 

cellular structures (Dunn et al., 2011). The combined examination of the Pearson’s (r) 

and Mander’s (M1, M2) coefficients underlined a clear association between the DHFR 

RNA and DHFR2 201 RNA (r=0.989; M1=0.998, M2=0.992). This unexpected but thrilling 
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result provides new information on the DHFR-DHFR2 interaction and regulatory 

mechanism. Even though the possibility of a DHFR2 201-DHFR interaction remains open 

(Pearson’s coefficient of 0.617 indicates a certain degree of correlation), the DHFR 

regulation via RNA-RNA interaction enhances the support for the DHFR2 lncRNA 

hypothesis (Sebastian-delaCruz et al., 2021). 

Additionally, a moderate correlation was found between DHFR2 201 RNA and PSPC1 

protein (r=0.683; M1=0.998, M2=0.8), therefore maintaining the possibility of 

paraspeckle retention for this isoform. In general, cancerous cell lines could be 

considered a limiting model due to their unique genetic patterns and relative 

functioning, which may actually differ from that of “normal” cells (Carter & Shieh, 2010). 

While DHFR2 201 RNA seems to be correlated to a few targets at different degrees, it is 

surprising that DHFR2 202 presents correlation coefficients close to 0 for most of the co-

tested targets. This is an unforeseeable outcome considering the high sequence 

similarity between 201 and 202. This result indicated that the 5’UTR, possibly via 

secondary structure formation, is key to a distinct functionality for the two isoforms. It 

may also suggest a novel function for DHFR2 202, which we could not point out, or it 

may indicate no function. Undoubtedly, the possibility of technical issues linked to the 

experimental procedure remains plausible. 

The HCR investigation of the DHFR2 RNAs and DHFR enzyme in embryos sees them all 

colocalising predominantly in heart tissue and the surrounding lungs and liver. The low 

magnification power did not allow us to investigate the probe localisation at the 

intracellular level, thus restricting the comparison with the HepG2 samples. 

Nevertheless, discovering a tissue-specific colocalisation of DHFR and DHFR2 RNAs in 

human embryos was very promising. This result gained even more importance in light 

of the unprecedented identification of the DHFR2 protein in embryonic heart tissue. 

Considering that the proteomics targeted analysis of adult tissues did not include cardiac 

tissues, the tissue specificity of DHFR2 protein remains to be explored. The paraspeckle 

retention hypothesis could still stand in place in the case of DHFR2 being a cardiac 

protein in embryogenesis only or throughout life.  
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Undoubtedly, further analysis must be carried out to elucidate the apparently 

multifaceted nature of DHFR2, which has proven to act as a regulatory RNA in adult 

(cancerous) cells and as a protein in developing embryos. Several ongoing experiments 

will help clarify the regulatory mechanisms involved in the DHFR2 functions in the form 

of RNA and protein. For example, RNA immunoprecipitation is a powerful technique to 

explore the physical association between a specific protein and RNAs (Gagliardi & 

Matarazzo, 2016). Applied to paraspeckle-specific proteins, it will allow us to understand 

if nuclear retention is a mechanism by which DHFR2 RNA is modulated. Furthermore, 

testing different cell types, including non-cancerous lines, would guarantee a thorough 

evaluation of the regulatory mechanism, which is variable per se, as the retention is 

directly proportional to the amount of A-to-I edited bases (Chen et al., 2008).  

One limitation of the HCR study was the impossibility of using a nuclear stain, such as 

DAPI, as it would have interfered with the acquisition of the other signals (Leica TCS SP8 

specific issue). This means that we could not establish whether the DHFR-DHFR2 RNA 

interaction took place in the cytoplasm or in the nucleus. Furthermore, in the future, the 

DHFR-DHFR2 RNA:RNA interaction could be explored via specific low-throughput 

methods such as SPR (surface plasmon resonance), co-sedimentation and single-

molecule FRET. Note that an investigation of the RISE database (RNA Interactome from 

Sequencing Experiments) (Gong et al., 2018; Ju et al., 2018) did not show evidence of a 

DHFR-DHFR2 interaction. 

An additional note concerns the specificity of antibodies. Even though both primary and 

secondary antibodies have been validated by the supplier companies, further proof of 

specificity could have been provided. Western Blots using purified target protein 

alongside a cell lysate (from the same cell line to be tested) could offer an indication of 

specificity for primary antibodies (Pillai-Kastoori et al., 2020). Furthermore, repeating 

the HCR experiment while omitting the primary antibody would provide a control test 

for unspecific binding of the secondary antibodies (Hewitt et al., 2014). These two 

methods are deemed to be the easiest and most rapid ways to confirm the validity of 

our antibodies, although other methods could be deployed to further test antibody 

efficiency and specificity (Brooks & Lindsey, 2018; Daneshtalab et al., 2010; Torlakovic 

et al., 2015). 
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An additional strategy to assess probe specificity (either antibody or RNA) is to use siRNA 

to silence the expression of the target molecule and determine if the tested probe will 

bind to unspecific targets (Olds & Li, 2016). However, the innovative design of the HCR 

RNA probes guarantees the highest specificity and suppression of background 

(Schwarzkopf et al., 2021); in other words, even in the occurrence of unspecific binding, 

the amplification reaction will not take place, thus enhancing the overall performance. 

In summary, considering the characteristics of the novel HCR methodology, the 

companies’ antibodies validation and the consistency of the probes hybridisation across 

different experimental setups, we are confident about the accuracy of the reported 

results. 

To conclude, this study did not respond fully to all the original questions on DHFR2; it 

even added some more. However, the data has given additional support to some of the 

hypotheses including the DHFR:DHFR2 interaction, the DHFR2 201/202 differential 

association with ribosomes, the possible retention of 201 into paraspeckles, and the 

embryonic heart-specific expression of DHFR2. Preliminary data has been gathered via 

the HCR study but requires confirmation and validation by more specific methods, i.e. 

paraspeckle immunoprecipitation, RNA:RNA interaction studies, etc. DHFR2 RNAs, and 

201 particularly, seem to be regulated through their own structure and multiple 

interactions. Each part of the DHFR2 RNA sequence and structure own the key to its 

function, with essential modulator moieties found in the 5’UTR (secondary structure 

may explain 201 & 202 different behaviour), 3’UTR (A-to-I editing possibly leading to 

paraspeckle retention), and ORF (translation into a protein, and modulation of DHFR). 

Therefore, a more rigorous bioinformatic screening of the DHFR2 sequence searching 

for RNPs interaction signals and post-transcriptional modification sites coupled with a 

search for lncRNA mechanisms of action may help advance the understanding of this 

simple yet very complex gene. 
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Chapter 8       
General discussion 

and conclusions 
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8.1 General discussion 

The present study was designed to determine the function of the human DHFR2 gene. 

Two previous studies had identified DHFR2 as a mitochondrial reductase whose function 

was analogous to the cytoplasmic/nuclear isozyme DHFR. Although the annotated 

DHFR2 function and organelle localisation fit the OCM design perfectly, the published 

results presented limitations. McEntee investigated only the recombinant form of 

DHFR2 (McEntee et al., 2011) and Anderson used standard immunostaining techniques 

which could not clearly distinguish between DHFR and DHFR2 (Anderson et al., 2011). 

The additional discovery of DHFR localising in the mitochondria of HEK293 cells (Parle-

McDermott lab, unpublished) urged a further investigation to elucidate the nature of 

the native DHFR2 protein. 

To circumvent the technical limitations due to the outstanding similarity between DHFR 

and DHFR2, the creation of a DHFR knockout line was thought to provide an ideal model 

for the detection and study of endogenous DHFR2. Such a cell line would have offered 

the opportunity to test the capacity of DHFR2 to compensate for the lack of the main 

enzyme DHFR as demonstrated previously in relation to another OCM enzyme, SHMT2a 

(Anderson & Stover, 2009). Unfortunately, cells with biallelic DHFR knockout were not 

viable; thus, we had to rely on a DHFR knock-down model instead. The selected mutated 

DHFR cell line had indels between the end of exon 1 and the beginning of intron 1, with 

the latter involved in protein stability (Noé et al., 2003). The line presented a residual 

presence of the DHFR enzyme and a 90 % decrease in reductase activity, as 

demonstrated by Western Blot, Proteomics analysis and DHFR enzymatic assay (Chapter 

4).   

A DHFR2 knockout line was also established to investigate DHFR2 properties within the 

cellular environment (Chapters 3 and 5). This loss-of-function model enabled the 

evaluation of DHFR2 importance for cell proliferation, its involvement in the OCM and 

interdependence with DHFR, other than assessing DHFR2 possible roles as a trans-acting 

factor. Therefore, creating two knockout cell lines aimed to study DHFR2 structure, 

localisation and compensatory abilities via the DHFR knock-down model and its overall 

function via the DHFR2 knockout line. 
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A mass spectrometry-based global and targeted analysis was carried out to assess 

whether the drastic DHFR decrease in the DHFR knock-down line led to a compensatory 

increase in the DHFR2 levels. No DHFR2 specific peptides were identified and this 

precluded any further investigation of the endogenous DHFR2 protein itself. However, 

the DHFR knock-down line was useful to assess the effects of reduced DHFR activity on 

OCM and DHFR2 expression (discussed in Chapter 6 and summarized in the following 

sections).    

On the OCM side, a few genes were majorly dysregulated. First of all, ALDH1L1, which 

eliminates the activated carbon of formyl-THF, was down-regulated in an attempt to 

maintain the folate pools. In fact, the DHFR decreased activity is responsible for lowering 

the overall pool of THF, the main carrier of activated 1C groups. SHMT2 was also down-

regulated, possibly favouring cytoplasmic OCM over the mitochondrial counterpart. 

However, to not fully compromise the mitochondrial pathway, SARDH increase would 

explain the provision of an alternative source of carbon groups derived from the 

oxidation of sarcosine to glycine (Chapter 6, Sections 6.3.2 and 6.4).  

Major metabolic rearrangements were identified via transcriptomics profiling. The 

partial loss of the DHFR activity seems to have pushed the cells towards a metabolic 

profile more typical of hepatic cells. Therefore, an increase in glycogenesis, b-oxidation 

and cytochrome p450 metabolic rates were observed, in addition to the restoration of 

secretory processes. Moreover, the Warburg effect (increased glucose uptake and 

fermentation typical of cancer cells) (Liberti & Locasale, 2016) appeared to be reduced, 

in line with the reversing of the cancer metabolic profile (Chapter 6, Sections 6.3.3 and 

6.4). 

A pattern of metabolic adaptation was also hypothesised by microscopic observation 

and confirmed by folate metabolite profiling. Cells tested immediately after establishing 

the knock-down cell line were particularly deficient in folate intermediates and looked 

unhealthy. Over time, cells appeared to recover, as demonstrated by the overall folate 

increase. The cells showed an extraordinary power of adaptation, leaning on diversified 

metabolic pathways and exploiting any source available, such as the NEAA/HT 

supplements. Therefore, the elimination of the additional nutrients from the media led 
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to a drastic setback in the availability of folate intermediates, as demonstrated by the 

Folate metabolite Profiling (Chapter 6, Sections 6.3.4 and 6.4). 

Despite the DHFR2 protein was not detected in several adult tissue types, including our 

DHFR knock-down model, the loss-of-function study (Chapter 5) has revealed surprising 

implications for DHFR2. In the first place, the lack of DHFR2 induced a drastic down-

regulation of DHFR, TYMS and SHMT1, major components of the thymidylate de novo 

synthesis in the cytoplasm and nucleus (Chapter 5, Section 5.3.2). However, the 

complementation test exposed a restoration of normal expression levels solely for DHFR 

(Chapter 5, Section 5.3.5); thus, hypothesising that the regulatory response observed on 

the dTMP-SC was directed to DHFR and secondarily to TYMS and SHMT1 (via DHFR) 

(Chapter 5, Section 5.4). The overexpression study further confirmed the 

interdependence between DHFR and DHFR2, as an up-regulation of DHFR2 RNA caused 

a proportional rise in DHFR RNA (and protein) (Chapter 5, Sections 5.3.6 and 5.4). 

The effects of DHFR2 loss on thymidylate synthesis were also observed in the 

transcriptomic profiling, where DNA replication and repair pathways, plus pyrimidine 

metabolism were primarily down-regulated (Chapter 5, Section 5.3.3). This trend is 

easily explained by the overall folate pools, which are reduced by half (Chapter 5, Section 

5.3.4). The reduction of the DHFR levels can explain this drastic effect. In relation to the 

proportions of folates, the reduced activity of SHMT1 causes the decrease of methylene-

THF and the final impairment of dUMP to dTMP conversion, both for reduction of the 

substrate (methylene-THF) and relative enzyme (TYMS). This behaviour was consistent 

with the impairment of the dTMP de novo pathway (Chapter 5, Section 5.4). 

Both the cell models that were generated in this thesis endured a DHFR impairment, 

direct in the case of the DHFR knock-down and indirect for the DHFR2 knockout. 

However, it was surprising to observe how the broader effects were different despite 

the common alteration of the OCM. This could be explained by the residual DHFR 

activity, which hovered around 50 % in the DHFR2 knockout compared to ~10 % in the 

DHFR knock-down, as shown in Figure 8.1. As expected, the irreversible genetic 

modification of DHFR caused a drastic activity reduction with global consequences for 

cell metabolism. However, the distinctive decline in DHFR activity was unforeseen for 

the DHFR2 knockout. These results reflect the remarkable impact of the DHFR2 gene on 
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the regulation of DHFR. The regulatory response exerted by DHFR2 can be recognised in 

one of the crucial experiments performed by Anderson. They used a DHFR2-specific 

siRNA to silence it. The result was the complete abolition of reductase activity from 

mitochondria (Anderson et al., 2011). Even though the authors explained this outcome 

by the loss of DHFR2 enzymatic activity in the mitochondria (our lab subsequently 

showed that it is DHFR in the mitochondria and not DHFR2), we suggest that DHFR2 

silencing caused DHFR to withdraw from the mitochondrial compartment, restricting the 

remaining pool of enzymes in the cytoplasm. 

 

 

  

d 

Figure 8.1 DHFR enzymatic assay. The DHFR activity to reduce NADPH was measured in wild-type 
HepG2, DHFR knock-down and DHFR2 knockout lines. The graph shows a significant reduction in 
activity of both edited lines, with DHFR2 KO and DHFR Kd retaining 46% and 11 % reductase 
activity, respectively. 
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The examination and comparison of the folate metabolite profiling between the two cell 

models showed a maintained pattern of dysregulated folates, as illustrated in Figure 8.2. 

A drastic drop in all forms of folate is observed in both lines. In particular, the folate 

levels of the DHFR2 knockout place midway between early-stage (in orange) and post-

recovery DHFR knock-down (in grey) but remain higher than unsupplemented DHFR 

knock-down (in yellow). The fact that DHFR is the main altered enzyme in both cell 

models could resonate with the similar oscillations of folate intermediates. However, 

when considering the unsupplemented DHFR knock-down, all folate metabolites are 

around half concentration compared to DHFR2 knockout. This evidence suggests that 

DHFR2 is an excellent modulator of DHFR and overall OCM activity, but its loss is not 

equivalent to that of DHFR itself. 

 

 

  

Figure 8.2 Folate metabolites profile in DHFR kd, DHFR2 KO and HepG2 wild-type lines. The DHFR 
kd line was tested at different points in time (passages 23, 33, 38); HepG2 wild-type, DHFR2 KO 
and DHFR kd p38 were grown without supplementation, while DHFR kd p23 and p33 were 
treated with HT/NEAA supplements. The concentrations were normalised to protein content and 
expressed as pmol/mg protein. The measures were performed in duplicate. 
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Further investigation of the interdependence between DHFR and DHFR2 involved 

analysing the RT-qPCR and proteomics data jointly. Figures 8.3 and 8.4 summarise the 

effects of the DHFR impairment and DHFR2 loss on DHFR2 and DHFR, respectively. The 

DHFR knock-down model possesses an altered DHFR enzyme with 90 % less reductase 

activity. While a reduced cellular concentration of the enzyme (proteomics data) was 

expected, it was surprising to observe a 1.6x increase in the relative RNA expression. 

This phenomenon was explained via the autoregulatory mechanism, typical of DHFR 

(Abali et al., 2008). Therefore, we hypothesised that because of DHFR instability and 

poor functionality (in the knockdown model), a feedback mechanism was signalling to 

make more protein, leading to increased RNA levels. Note that DHFR2 RNA levels also 

undergo a moderate increase due to potential involvement in the regulatory feedback 

(Fig. 8.3). On the other side, the DHFR2 knockout completely eliminates the DHFR2 RNA 

expression. As a result, DHFR levels (RNA and protein) considerably dropped, indicating 

a direct dependence on DHFR2 (Fig. 8.4).  

 

 

  

Figure 8.3 DHFR knock-down model: effects of DHFR impairment on DHFR and DHFR2. DHFR and 
DHFR2 relative expression and protein abundance were measured in comparison with HepG2 
wild-type. 
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To comprehensively elucidate the link between DHFR and DHFR2, the complementation 

test and overexpression experiment provided additional data supporting this regulatory 

mechanism (Fig. 8.5). If DHFR2 loss created down-regulation of DHFR, the 

complementation of the DHFR2 KO line with a DHFR2 plasmid restored the DHFR levels 

(RNA and protein). Equally, the overexpression of DHFR2 via plasmid transfection in a 

wild-type HepG2 line induced an increase of both DHFR RNA and protein.  

  

Figure 8.4 DHFR2 knockout model: effects of DHFR2 loss on DHFR. DHFR and DHFR2 relative 
expression and protein abundance were measured in comparison with HepG2 wild-type. 
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In the light of the collective findings, we envisaged a regulatory model, as shown in 

Figure 8.6. According to this model, DHFR2 RNA directly regulates DHFR RNA in a 

proportional way, with similar effects on the enzyme itself. Therefore, low levels of 

DHFR2 RNA correspond to decreased levels of DHFR; similarly, high concentrations of 

DHFR2 lead to a rise in DHFR RNA and protein. Moreover, drops in DHFR enzymatic levels 

signal back to DHFR2, which, by incrementing its transcription, prompts an upturn in 

DHFR RNA levels, thus coordinating a regulatory response. This operating system reveals 

a feedback loop mechanism in which the principal regulator, DHFR2, is in its turn 

regulated by its target, DHFR. The HCR localisation experiments and the results of the 

EMSA test described by McEntee (2011) indicate that DHFR2 RNA (201) has the capacity 

to bind the DHFR enzyme. In addition, DHFR2 201 was also found colocalising with DHFR 

RNA. We hypothesise that DHFR2 could be an additional player in the DHFR auto-

regulatory mechanism, or alternatively, interact with DHFR RNA and/or protein 

independently; additional regulatory factors could also be involved in the regulatory 

mechanism. However, the available data is not sufficient to determine how DHFR2 

regulates DHFR. Despite the delineation of the DHFR2 mechanism of action requiring 

further investigation, the discovery of DHFR2 RNA regulatory function on DHFR could 

Figure 8.5 DHFR expression levels in response to DHFR2. Comparison among DHFR2 knockout, 
DHFR2 KO complemented line and overexpression model. In the absence of DHFR2, DHFR levels 
drop, but they are restored when a DHFR2 plasmid is expressed. Similarly, a HepG2 line 
(expressing normal levels of DHFR2 RNA) experiences an increase in DHFR levels following the 
DHFR2 plasmid transfection. 
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open the way toward more natural and balanced therapies to control and modulate 

DHFR activity in diseases like cancer or rheumatoid arthritis. 

 

 

The DHFR2 protein could not be identified using targeted mass spectrometry in the 

following adult tissues: HepG2, HepG2 DHFR knock-down, HepG2 DHFR2 knockout, 

undifferentiated iPSC, iPS-derived hepatocytes (101B), HuH7 (hepatocyte-derived 

carcinoma), IMR32 (neuroblastoma), NEP (neuroectodermal progenitor stem cells). 

Kidney, heart, lung, liver and brain tissues from human embryos (Carnegie stage 21-22) 

and foetuses at weeks 9-10 and 15-17 were analysed using the same methodology, 

resulting in identifying DHFR2 protein only in embryonic and foetal hearts. Similarly, the 

recombinant DHFR2 protein was detected, at low concentrations, in the complemented 

line. Despite considering potential technical constraints relative to the instruments' 

sensitivity limit, which could have led to not detecting the DHFR2 protein in adult tissues, 

we are confident to suggest that DHFR2 plays a critical regulatory role in DHFR regulation 

in the form of lncRNA in HepG2 cells. 

Figure 8.6 DHFR/DHFR2 feedback loop regulation. DHFR2 RNA regulates DHFR RNA (and protein, 
consecutively). Low levels of DHFR enzyme trigger an increase in DHFR2 which, in turn, leads to 
a DHFR RNA rise. DHFR enzyme level are intrinsically regulated by the protein ability to bind its 
own RNA in an auto-regulatory mechanism. DHFR2 RNA might be involved in the auto-regulatory 
mechanism or act on DHFR RNA/protein independently. 
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However, the discovery of the DHFR2 protein in embryonic heart opens the possibility 

of a dual function, as described already for other genes (Konina et al., 2021; Nam et al., 

2016): reductase enzyme during embryonic heart development and DHFR regulatory 

lncRNA in adult tissues. This possibility highlights the versatility and multifaceted nature 

of some genes, including DHFR2.  

The RNA sequence could be the key to a gene function, especially when that function is 

strictly associated with the ribonucleic form. The sequence itself is intrinsically related 

to structure, equally to post-transcriptional modifications. The RNA sequence, with or 

without certain post-transcriptional modifications, folds into specific structures that 

mediate certain functional roles. The function is often carried out through interaction 

with other molecules. Therefore, investigating DHFR2 RNAs localisation and interactions 

could help unravel their specific functions. The sequence analysis of DHFR2 led to the 

identification of particular secondary structures at the 5’UTR and A-to-I modifications 

within the 3’UTR Alu elements (as discussed in Chapter 7). 

The two main DHFR2 isoforms, 201 and 202, are identical except for ~100 bp at the 5’ 

end. This minor difference is reflected in a more substantial structural variation, which, 

in turn, could be the cause for a differential association with ribosomes (Chapter 7, 

Section 7.3.1). These data, primarily found via sucrose cushion ultracentrifugation of 

cycloheximide-blocked ribosomes, were confirmed by the HCR IHC + RNA-FISH. In both 

experimental settings, DHFR2 201 was found to be moderately associated with 

ribosomes, compared to DHFR2 202, which showed little to no association (Chapter 7, 

Section 7.3.3). Despite the apparent DHFR2 201 ribosomal binding, no protein was 

identified. The hypothesis of ubiquitin-based degradation of DHFR2 protein was tested 

using a proteasome inhibitor with negative results (Bookey et al., unpublished).  

The discovery of DHFR2 as one of the 333 human genes that undergo A-to-I modification 

in their 3’UTR makes it a potential candidate for paraspeckle retention. Again, by testing 

the localisation and interactions of 201 and 202, we could infer that 201 is in part 

associated with PSPC1, one of the main components of paraspeckles. On the other hand, 

DHFR2 202 does not seem to associate with paraspeckle, having a predominantly 

cytoplasmic localisation (Chapter 7, Section 7.3.3). 
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Finally, the interaction with DHFR was tested as key to the regulatory role. We 

hypothesised that DHFR2 RNA (either isoform) would associate with DHFR, as already 

demonstrated by McEntee (McEntee et al., 2011). To our surprise, DHFR2 201 seems to 

closely co-localise with DHFR RNA (Chapter 7, Section 7.3.3). At the same time, DHFR 

RNA was found colocalising with DHFR protein confirming the autoregulatory 

mechanism by which DHFR traps its own RNA until it binds its DHF substrate (Abali et 

al., 2008). These two events can find significance in light of DHFR2 being a non-coding 

RNA. In fact, among the various mechanisms of action, some lncRNA work by 

simultaneously interacting with RNAs and proteins, for example, by anchoring 

themselves to the RNA and summoning factors to the near protein (Sebastian-delaCruz 

et al., 2021).  

 

8.2 Conclusion and Future work 

To conclude, we discovered that DHFR2 works as a direct regulator of DHFR (in HepG2 

cells), possibly in the form of a long non-coding RNA. We established that DHFR2 201 

colocalises with DHFR RNA and to a minor extent with PSPC1 (paraspeckles) and 

ribosomes. None of the tested targets seems to interact with DHFR2 202, prompting the 

hypothesis of it being the isoform responsible for producing the DHFR2 protein in 

embryonic heart and subject to some repressive regulation in the rest of the tissues. 

Despite these overall promising results, we just started exploring the many possible 

scenarios that would explain DHFR2 regulation and function. Several questions remain 

unanswered at present; therefore, the following studies are recommended. 

• Mass spectrometry-based proteomics analysis of adult heart tissues. 

Heart tissue was not included in the targeted proteomics investigation. A mass 

spectrometry analysis must be performed on adult heart tissues to assess if 

DHFR2 is a tissue-specific protein, i.e., cardiac protein or a protein required 

exclusively at developmental stages.  

• Testing recombinant DHFR2 activity (NADPH vs NADH; DHF vs BH2; MTX). 

While assessing if it is possible to obtain heart protein extracts, the DHFR2 

recombinant protein can be tested for functionality. In addition to the standard 
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enzymatic reaction (which was already performed by McEntee et al., 2011), it is 

advisable to test the coenzyme NADH, as the three amino acid differences at the 

binding sites (NADPH and DHF) between DHFR and DHFR2 could be indicative of 

a different coenzyme usage. On the same note, the main substrate of DHFR2 

could be dihydrobiopterin (BH2). Recent studies have found evidence of a 

secondary function of DHFR, which can convert BH2 to BH4 

(tetrahydrobiopterin) (Crabtree et al., 2009). The minor structural differences in 

the active sites could make BH2 the perfect substrate for DHFR2. Testing the 

reductase activity of DHFR2 using BH2 as a substrate could help clarify this 

possibility. Finally, DHFR2 inhibition by methotrexate should be investigated, 

following the similarity with DHFR.   

• Validating DHFR2 201 paraspeckle retention with RIP experiments. 

The HCR experiment provided partial information about the nuclear retention of 

DHFR2 201. A more specific investigation, such as RNA immunoprecipitation 

(RIP), could address this question. By using a PSPC1 (or p54nrb) antibody 

anchored to magnetic beads, a cell lysate could be filtered for paraspeckles. The 

retained enriched RNA pool can be screened for the presence of DHFR2 201. 

Multiple cell types can be screened with this method. 

• Testing in vitro association of DHFR, DHFR RNA, and DHFR2 RNA (+ MTX). 

The interaction between DHFR (RNA/protein) and DHFR2 can be proven in vitro 

using an EMSA test (electrophoretic mobility-shift assay). The DHFR/DHFR2 

RNA:RNA interaction and the triple association among DHFR protein, RNA and 

DHFR2 RNA can all be investigated. In the hypothesis of a positive result of the 

triple association, the action of MTX in disrupting the complex can also be 

evaluated. 

• Bioinformatic investigation of post-transcriptional modification and associated 

secondary structure.  

As discussed in Chapter 7, RNA sequence and structure are intimately correlated. 

Investigating possible sites of post-transcriptional modifications could indicate 

changes in secondary structure and associated interactions. Understanding how 

the structure mediates the contact with other molecules (DNA, RNA, protein) in 

the context of lncRNA functions would unveil the mechanism of action and 
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function of DHFR2, whether involving DHFR alone or, more likely, multiple 

factors. 

 

• Bioinformatic investigation of DHFR2-associated miRNAs. 

LncRNAs have been reported to have roles at multiple regulatory levels (X. Zhang 

et al., 2019). One of them involves micro RNAs, with lncRNAs acting like sponges. 

A hypothesis is that DHFR2 could act as endogenous target mimics, sequestering 

miRNAs which otherwise would target DHFR. Alternatively, DHFR2 could be the 

precursor of miRNA and siRNA itself. Perhaps, DHFR2 201 and 202 present 

diverse functional mechanisms. A bioinformatic investigation on DHFR2-

associated miRNAs could help add supplementary data to unravel the function 

of DHFR2. 
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A. pX330A-1x2, CRISPR/Cas9 vector backbone. 
Plasmid containing the Cas9 gene and the gRNA scaffold. Used to construct the DHFR-
gRNA plasmid by annealed oligo cloning (http://n2t.net/addgene:58766). 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

pX330A-1x2 
Vector backbone pUC ori vector 
Vector type Mammalian Expression, CRISPR 
Selectable markers n/a 
 
Bacterial Resistance Ampicillin 
Growth Temperature 37°C 
Growth Strain Stbl3 
Copy number High Copy 
 
Gene/Insert name humanized S.pyogenes Cas9 nuclease 
Alt name SpCas9 
Species S. pyogenes 
Insert Size (bp) 4272 
Promoter CBh 
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B. pX330S-2-PITCh, CRISPR/Cas9 plasmid targeting the extremities of the EGFP-2A-
PuroR cassette.  

Plasmid containing the Cas9 gene and a PITCh gRNA to target the edges of the gene 
cassette. The PITCh gRNA was excised and cloned into the DHFR gRNA plasmid to build 
the multiplexed All-in-One vector (http://n2t.net/addgene:63670).  

 

pX330S-2-PITCh 

Vector backbone pUC ori vector 
Vector type Mammalian Expression, CRISPR 
 
Bacterial Resistance Spectinomycin/Streptomycin 
Growth Temperature 37°C 
Growth Strain Stbl3 
Copy number High Copy 
 
Gene/Insert name humanized S.pyogenes Cas9 
Species S. pyogenes 
Insert Size (bp) 4272 
Promoter CBh 
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C. pCRIS-PITChv2-FBL, PITCh donor vector for EGFP-2A-PuroR insertion into human 
FBL locus. 

Plasmid used directly as a positive control in the transfection experiment for DHFR knock 
out. Also, used as a template to construct the µΩ vector by replacing FBL 
microhomologies with DHFR-specific microhomologies 
(http://n2t.net/addgene:63672).  

 

pCRIS-PITChv2-FBL 

Vector backbone pUC ori vector 
Vector type CRISPR 
Selectable markers Hygromycin 
 
Bacterial Resistance Ampicillin 
Growth Temperature 37°C 
Growth Strain Stbl3 
Copy number High Copy 
 
Gene/Insert name EGFP-2A-PuroR 
Species Synthetic 
Promoter Promoterless 
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D. pX330A-FBL/PITCh, CRISPR/Cas9 plasmid targeting FBL.  
Plasmid used uniquely for positive control in the DHFR knockout experiment, along with 
pCRIS-PITChv2-FBL. Plasmid containing the Cas9 gene, an FBL-specific gRNA and a PITCh 
gRNA to target the edges of the gene cassette (http://n2t.net/addgene:63671).  

 

pX330A-FBL/PITCh 

Vector backbone pUC ori vector 
Vector type Mammalian Expression, CRISPR 
 
Bacterial Resistance Ampicillin 
Growth Temperature 37°C 
Growth Strain Stbl3 
Copy number High Copy 
 
Gene/Insert name humanized S.pyogenes Cas9 
Species S. pyogenes 
Insert Size (bp) 4272 
Promoter CBh 
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E. PCR Primers used to construct CRISPR/Cas Recombinant Clones. 
 
 

DHFR-
gRNA 

plasmid 

Top DHFR insert 5’-[Phos]CACCGCGGCCCGGCAGATACCTGAG-3’ 
  

Bottom DHFR insert 5’- [Phos]AAACCTCAGGTATCTGCCGGGCCGC-3’ 
  

U6Fwd_Control DHFR 
insert 

5’-GAGGGCCTATTTCCCATGAT-3’ 

 
 
 

Golden 
Gate 

Assembly 

CRISPR-step2-Fwd 5’-GCCTTTTGCTGGCCTTTTGCTC-3’ 

  

CRISPR-step2-Rev 5’-CGGGCCATTTACCGTAAGTTATGTAACG-3’ 

 
 
 

µΩ vector 

5#-rev DonorVector 5’-TGCTATGTAACGCGGAACTCCATATATGGG-3’ 
  
3#-fwd DonorVector  5’-CAAACACGTACGCGTACGATGCTCTAGAATG-3’ 

  
 

5Fwd DonorVect Mo 5’-CCGCGTTACATAGCATCGTACGCGTACGTGTTT 
GGGACCTGCCCTGGCCACCGCTCCCCGGATCCAT 
GGTGAGCAAGGG-3’ 
 

3rev DonorVect Mo 5’-ACGCGTACGTGTTTGGCCCCGGCCCGGCAGAT 
ACCTTCAGGCACCGGGCTTGCG-3’ 

  

Contr DonorUpstr 5’-GCCCTTAATTGTGAGCGGATAAC-3’ 
  

Contr DonorDownst 
 

5’-CACCAGGGCAAGGGTCTG-3’ 
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F. PCR Primers used to control the insertion of the EGFP-2A-Puro cassette. 
 
 

FBL Knock 
out 

Fwd FBL KIn 5’-CTGGGGACCCTCCTTCATCAC-3’ 
  

Rev FBL KIn 5’-CGCAATCCTGACAGCGCTGAAC-3’ 

 
 
 

DHFR 
knock out 

DHFR KO Fwd 5’-GTCGCTGTGTCCCAGAAC-3’ 

  

DHFR KO Rev 5’-GCAGAAATCAGCAACTGGG-3’ 
  

Invert cassette Fwd 5’-CGCAGCAACAGATGGAAGG-3’ 
  

Invert cassette Rev 5’-AACTTGTGGCCGTTTACG-3’ 
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G. PCR Primers used to check for genomic DNA contamination of RNA samples 
(MTHFD1 R653Q Assay). 

 
 

MTHFD1 
R653Q 
Assay 

MTHFD1 Fwd 5’-CACTCCAGTGTTTGTCCATG-3’ 

  

MTHFD1 Rev 5’-GCATCTTGAGAGCCCTGAC-3’ 
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H. Sanger sequencing of DHFR gRNA. 
DHFR-specific gRNA inserted by annealed oligo cloning between U6 promoter and gRNA 
scaffold into pX330A-1x2 plasmid, thus creating DHFR-gRNA plasmid. The green bar 
“identity” shows the level of similarity between the sequenced product and the 
expected sequence (Geneious version 2019.2 created by Biomatters). 
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I. Sanger sequencing of the All-in-One vector.  
The All-in-One vector was obtained by Golden Gate Cloning, inserting the PITCh gRNA 
from pX330S-2-PITCh plasmid into DHFR-gRNA plasmid. The resulting All-in-One vector 
harbours the DHFR gRNA, followed by the PITCh gRNA and the Cas9 gene (Geneious 
version 2019.2 created by Biomatters). 
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J. Sanger sequencing of the 5’end of the Ωµ vector.  
DHFR-specific microhomologies replaced the FBL-specific microhomologies of pCRIS-
PITChv2-FBL by PCR, thus obtaining the Ωµ vector (Geneious version 2019.2 created by 
Biomatters). 
 

 
  



  248 

K. Sanger sequencing of the 3’end of the Ωµ vector.  
The FBL-specific microhomologies of pCRIS-PITChv2-FBL were replaced by DHFR-specific 
microhomologies by PCR, thus obtaining the Ωµ vector (Geneious version 2019.2 
created by Biomatters). 

 

 
 
 
 
  
  



  249 

L. Sanger sequencing of DHFR cleavage area from the polyclonal line and alignment 
with DHFR wild type. 

DNA extracted from the DHFR KO polyclonal line. The amplicon, obtained via the DHFR 
full-length assay, was purified and Sanger sequenced. The alignment between the 
sample (Poly_DHFR) and the DHFR wild type reference sequence is shown. The 
mismatches are highlighted in the Poly_DHFR sequence. Gaps are indicated with 
hyphens in either of the two sequences. Ambiguous bases are marked with an N 
(Geneious Prime® 2022.1.1). 
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M. Sanger sequencing of DHFR cleavage area from the A1 monoclonal line and 
alignment with DHFR wild type. 

DNA extracted from the DHFR KO A1 monoclonal line. The amplicon, obtained via the 
DHFR full-length assay, was purified and Sanger sequenced. The alignment between the 
sample (A1_DHFR) and the DHFR wild type reference sequence is shown. The 
mismatches are highlighted in the A1_DHFR sequence. Gaps are indicated with hyphens 
in either of the two sequences. Ambiguous bases are marked with an N (Geneious 
Prime® 2022.1.1). 
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N. Sanger sequencing of DHFR cleavage area from the A2 monoclonal line and 
alignment with DHFR wild type. 

DNA extracted from the DHFR KO A2 monoclonal line. The amplicon, obtained via the 
DHFR full-length assay, was purified and Sanger sequenced. The alignment between the 
sample (A2_DHFR) and the DHFR wild type reference sequence is shown. The 
mismatches are highlighted in the A2_DHFR sequence. Gaps are indicated with hyphens 
in either of the two sequences. Ambiguous bases are marked with an N (Geneious 
Prime® 2022.1.1). 
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O. Sanger sequencing of DHFR cleavage area from the A4 monoclonal line and 
alignment with DHFR wild type. 

DNA extracted from the DHFR KO A4 monoclonal line. The amplicon, obtained via the 
DHFR full-length assay, was purified and Sanger sequenced. The alignment between the 
sample (A4_DHFR) and the DHFR wild type reference sequence is shown. The 
mismatches are highlighted in the A4_DHFR sequence. Gaps are indicated with hyphens 
in either of the two sequences. Ambiguous bases are marked with an N (Geneious 
Prime® 2022.1.1). 
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P. Sanger sequencing of DHFR cleavage area from the A5 monoclonal line and 
alignment with DHFR wild type. 

DNA extracted from the DHFR KO A5 monoclonal line. The amplicon, obtained via the 
DHFR full-length assay, was purified and Sanger sequenced. The alignment between the 
sample (A5_DHFR) and the DHFR wild type reference sequence is shown. The 
mismatches are highlighted in the A5_DHFR sequence. Gaps are indicated with hyphens 
in either of the two sequences. Ambiguous bases are marked with an N (Geneious 
Prime® 2022.1.1). 
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Q. Sanger sequencing of gene cassette insertion at its 3’ end on DHFR from the 
polyclonal line and alignment with expected amplicon. 

DNA extracted from the DHFR KO polyclonal line. The amplicon, obtained via the 3’ end 
assay, was purified and Sanger sequenced. The alignment between the sample 
(Poly_3’cassette) and the reference sequence (3’cassette) is shown. Gaps are indicated 
with hyphens. Ambiguous bases are marked with an N (Geneious Prime® 2022.1.1). 
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R. Sanger sequencing of gene cassette insertion at its 3’ end on DHFR from the A1 
monoclonal line and alignment with expected amplicon. 

DNA extracted from the DHFR KO A1 monoclonal line. The amplicon, obtained via the 3’ 
end assay, was purified and Sanger sequenced. The alignment between the sample 
(A1_3’cassette) and the reference sequence (3’cassette) is shown. Gaps are indicated 
with hyphens. Ambiguous bases are marked with an N (Geneious Prime® 2022.1.1). 
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S. R Studio Analysis on the effects of HT/NEAA on HepG2 cell growth.  
A preliminary test on cell growth has been conducted to assess the influence of HT/NEAA 
supplementation on native cells. Cell count has been performed every day on two 
groups of cells, supplemented and non-supplemented, over 9 days. HepG2 doubling 
time is 48-hours, so the expected growth has also been considered. R Studio was used 
to visualise the growth trends (normal and linear regression model) and assess whether 
statistically relevant differences were present. 
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T. Direct PCR of genomic DNA from mammalian cells. 
Direct PCR was employed to facilitate the screening of multiple cell populations in search 
of DHFR2 KO positive transformants. The use of this method allows skipping the DNA 
extraction step, which can only be performed on cell amounts larger than those typical 
of 96 well plates. The cell suspension was boiled in either water or Tris, buffer, ice 
shocked and centrifuged. The supernatant was directly added to the PCR reaction mix 
as follows:  

 
DHFR2 Deletion Detection Assay - Taq DHFR2 Deletion Detection Assay – Q5 

5 µl 5X Q5 Buffer 2.5 µl 10X Taq Buffer 

0.5 µl 10 mM dNTPs 2.5 µl 2.5 mM dNTPs 

1.25 µl 10 µM Fwd primer DHFR2 Fb 2 µl 25 mM MgCl2 

1.25 µl 10 µM Rev primer DHFR2 Re 0.5 µl 10 µM Fwd primer DHFR2 Fb 

0.25 µl Q5 DNA Pol 0.5 µl 10 µM Rev primer DHFR2 Re 

2 µl Supernatant (DNA) 0.25 µl Taq DNA Pol 

14.75 µl H2O 2 µl Supernatant (DNA) 

  14.75 H2O 

PCR cycling conditions 

98°C, 30 seconds 94°C, 5 minutes 

98°C, 10 seconds  

35 cycles 

94°C, 1 minute  

35 cycles 56.9°C, 30 seconds 59.6°C, 1 minute 

72°C, 1.5 minutes 72°C, 2.5 minutes 

72°C, 2 minutes 72°C, 10 minutes 

 
 
All reactions produced bands at the expected length (453bp), even though the Tris 
buffer treatment coupled with Taq amplification seems to give the most promising 
results. However, the assay required further optimisation. 

  

 

  1kb    H20    Tris     Neg    H2O    Tris     Neg   

Taq                         Q5 
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U. Primers used for the DHFR2 Deletion detection Assay (and direct PCR).  
 
 

DHFR2 
Deletion 

Detection 

DHFR2 Fb 5’-TACCAAATGCGTGAAGACCA-3’ 

  

DHFR2 Re 5’-GGTTGTTCCATTGCACTCCG-3’ 

 
 

 
 

 
 

V. RT-PCR primers used for the 201-202 Assay (Detection of DHFR2 201 & 202 
isoforms). 

 
 

201-202 
Assay 

FPDHFRL1Var1&2 5’-CTTCCGGTAGCTGGTAAAGG-3’ 

  
RPDHFRL1Var1&2 5’-CCCATGTTTTGGGACACAG-3’ 
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W. RT-qPCR primers used to test the DHFR2 knockout and DHFR knock-down cell 
lines. 
 

PRIMER SEQUENCE UPL PROBE 

GUS 
Fwd 

Rev 

5ʹ -GGTACGAACGGGAGGTGAT - 3ʹ 

5ʹ -CACGATGGCATAGGAATGG - 3ʹ 
#73 

 

GAPDH 
Fwd 

Rev 

5ʹ- CTCTGCTCCTCCTGTTCGAC -3ʹ 

5ʹ- ACGACCAAATCCGTTGACTC -3’ 
#60 

 

TBP 
Fwd 

Rev 

5ʹ- TTGGGTTTTCCAGCTAAGTTCT -3ʹ 

5ʹ- CCAGGAAATAACTCTGGCTCA -3’ 
#24 

 

RPS13 
Fwd 

Rev 

5ʹ- GGTTGAAGTTGACATCTGACGA -3ʹ 

5ʹ- TGTGCAACACCATGTGAATCT -3’ 
#68 

 

DHFR2_All 
Fwd 

Rev 

5ʹ- AATTTCGCGGCATTCTTG -3ʹ 

5ʹ- GGTTAACACCTCCGAACTTGC -3’ 
#72 

 

DHFR 
mains 

Fwd 

Rev 

5ʹ- CGCGAGCACGCCGCGACCCTGCGT -3ʹ 

5ʹ- CGCCCCCCTCGTCCCCATT -3’ 
#87 

 

SHMT1 
Fwd 

Rev 

5ʹ- TGGTGTAGAAATGGCCTCCT -3ʹ 

5ʹ- TCTCACACCAGGATGGGACT-3’ 
#58 

 

SHMT2 
Fwd 

Rev 

5ʹ- GATCCTGAGATGTGGGAGTTG -3ʹ 

5ʹ- CAGCTCGGCTGCAGAAGT-3’ 
#1 

 

TYMS 
Fwd 

Rev 

5ʹ- CCCAGTTTATGGCTTCCAGT-3ʹ 

5ʹ- GCAGTTGGTCAACTCCCTGT-3’ 
#43 
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ALDH1L1 

 
 

Fwd 

Rev 

5ʹ- ACCGCAACCTGACCTTGA-3ʹ 

5ʹ- TTCCAGGACAGCATCATCAG-3’ 
#12 

 

SARDH 
Fwd 

Rev 

5ʹ- CACCGAGAGTGACCTGACTG-3ʹ 

5ʹ- GCCCATGGCCAGGTAGTA-3’ 
#83 

 

NSUN3 
Fwd 

Rev 

5ʹ- CGGAGATGCCTGGAATACA-3ʹ 

5ʹ- CAAAAGGATAATTGAATCGGTTAAG-3’ 
#56 

 

ARL13B 
Fwd 

Rev 

5ʹ- TTGAGCCTCTTGGTGAAACAC-3ʹ 

5ʹ- TCACTGTTAGGTCGCTGTGG-3’ 
#16 

 

tGFP 
Fwd 

Rev 

5ʹ- ACGATCTGGATGGCAGCTTC-3ʹ 

5ʹ- TCCACCACGGAGCTGTAGTA-3’ 
#41 
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X. pCMV6-AC-GFP. Mammalian expression vector (Origene).  
Plasmid used in complementation experiment as quality control. 

 

 
 

  

C-Tag TurboGFP 
E. coli 
Selection 

Ampicillin 

Cell Selection Neomycin 

Features • TurboGFP (excitation/ emission max = 482/ 502 nm).  
• Structually it forms dimers.  
• Such clones are the best for monitoring protein 

expression, localization, translocation and co-localization 
with other protein(s). 
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Y. pCMV6-AC-DHFR2-GFP (variant 1). Mammalian expression vector (Origene).  
DHFR2 (NM_001195643) Human Tagged ORF Clone. Plasmid used to complement 
DHFR2 knockout cell line. 

 
Type Human Tagged ORF Clone 
Tag TurboGFP 
Symbol DHFR2 
Synonyms DHFRL1; DHFRP4 
Vector pCMV6-AC-GFP 

E. coli Selection Ampicillin (100 ug/mL) 
Cell Selection Neomycin 
ACCN NM_001195643 
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Z. pCMV6-AC-DHFR-GFP. Mammalian expression vector (Origene).  
DHFR (NM_000791) Human Tagged ORF Clone. Plasmid used to complement DHFR 
knock-down cell line. 

 
Tag TurboGFP 
Symbol DHFR 
Synonyms DHFRP1; DYR 
Vector pCMV6-AC-GFP 

E. coli Selection Ampicillin (100 ug/mL) 
Cell Selection Neomycin 
ACCN NM_000791 
ORF Size 561 bp 
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AA.  Coefficients of intensity correlation of colocalizing objects in a dual-colour image. 
Analysis of HCR IHC + RNA-FISH on cultured HepG2 cells. The probe pairs are indicated 
in the first column. Pearson’s and Mander’s coefficients indicate the degree of 
correlation and co-occurrence, respectively. The statistical significance of Pearson’s 
coefficient is calculated via Costes’ test. 

 
 Pearson’s 

coefficient 
Manders’ coefficients Costes’  

test  M1 M2 
RPS3 + DHFR2 201 0.379 0.998 0.728 0.0 
RPS3 + DHFR2 202 0.05 0.385 0.434 0.251 
PSPC1 + DHFR2 201 0.683 0.998 0.8 0.473 
PSPC1 + DHFR2 202 0.118 0.469 0.116 0.581 
DHFR + DHFR2 201 0.617 0.999 0.576 0.384 
DHFR + DHFR2 202 0.087 0.923 0.165 0.0 
DHFR RNA + DHFR2 201 0.989 0.998 0.992 0.877 
DHFR RNA + DHFR2 202 0.491 0.323 0.053 0.94 
DHFR RNA + DHFR 0.94 0.893 0.999 0.889 
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BB. Screening of suitable PAM sites across DHFR gene (zoom on exon1-intron1). 
DHFR gene screened via DESKGen online tool to selected the most suitable PAM/gRNA 
for knockout. The image shows a section of the gene where the best PAM site was 
located, followed by the list of other suitable PAMs. The chosen PAM and relative gRNA 
sit on the splice junction between exon 1 and intron1; it presents the highest on- and 
off-target activity. 
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