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ABSTRACT 

 

 

 

  

Genome engineering is just about its dawn  

of golden age. New and exciting tools are  

arising and piling up to its arsenal. After  

TALENs and Zing-finger a new and lot worthy  

tool is coming to add up. The newest addition is the 

CRISPR system. A system that firstly discovered at 

the Streptococcus thermophilus and its natural role is 

the sequence-specific adaptive immunity against 

foreign DNA in bacteria. 

 

In the present report, CRISPR Cas9, type II system, is 

used in an attempt to knock out the HPRT1 gene 

expressed in lymphocytes as a proof of concept. HAT 

medium in combination with Thioguanine is used as 

a selection medium enabling a quick and simple 

read-out screening method. To verify that a 

successful editing event took place in the mammalian 

cells, a detection DNA cleavage kit is used in 

combination with an enzymatic assay. 
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Introduction 
In the present report the newest genome-editing tool, CRISPR, is used in a proof of 

concept study. Primary white mononuclear cells are cultured and treated with CRISPR 

in order to knockout the HPRT1 gene. Clustered respiratory interspaced short 

palindromic repeats, is abbreviated as CRISPR and is the new breakthrough of genome 

editing. CRISPR Cas9 type II system is the system that is most often used so far since it 

has unique advantages compared to the other two types of systems. The HPRT1 gene is 

responsible for the expression of hypoxanthine-guanine phosphoribosyl-transferase 

(HGPRT). As its name designates, it is a transferase enzyme used in the purine salvage 

pathway to degrade DNA and to reintroduce purines back to the synthetic pathway. 

HGPRTase has an important role in the generation of purine nucleotides. Mutations in 

the gene can lead to hyperuricemia with the most known disease Lesch-Nyhan 

syndrome.  

Lymphocytes are white blood cells expressing the HPRT1 gene in significant amounts. 

The selection medium HAT is used to grow and select only HGPRT+ cells. HAT 

medium consists from Hypoxanthine, Aminopterin and Thymidine. The Aminopterin 

inhibits the enzyme (dihydrofolate reductase, DHFR) that is responsible for the 

synthesis of nucleic acids. This forces the cells to use salvage pathway as an alternative 

way of growth, in which a functional HGPRT enzyme is essential. In HAT medium 

only the HGPRT+ cells survive and the HGPRT- cells die. HAT is used as a counter-

selection medium. HGPRT+ cells will be knocked out with the use of CRISPR Cas9 

system and the efficiency of this technique is evaluated by using the  

6-thioguanine (TG) resistant mutants’ analysis. TG is a selection medium for HPRT- 

negative cells. Therefore only knock out cells (HPRT-) will survive and the number of 

the mutant cells points out the efficiency of CRISPR tool. To enhance our observations 

a rapid award winning biochemical assay is used to monitor the HGPRTase activity and 

also a genome cleavage detection kit is used to detect the specific locus cleavage of 

genomic DNA.   
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1. Genome editing 

Genome engineering is at the dawn of its golden age. It is described as the ability to 

modify and manipulate precisely DNA sequences in living cells (Segal & Meckler, 

2003). A new era is emerging fast with new techniques able to engineer the genome 

with even greater impact. The ability to insert, remove or even edit DNA sequences 

easily and precisely has attracted the interest of the scientific community in a wide 

range of biotechnology areas, such as medicine, energy and even environmental studies. 

From a medical perspective this fascinating and emerging field in combination with 

preclinical and clinical trials can potential treat various diseases. Targetable nucleases 

are paving the way for this upcoming arena. Targetable nucleases enable scientists to 

target and modify theoretically any gene in any organism (Provasi, et al., 2012), 

(Takasu, et al., 2010). The nucleases are programmed with site-specific DNA binding 

domains and can have (i) enhanced performance, (ii) accelerated nuclease assembly and 

(iii) significantly lower cost of genome editing (Perez-Pinera, Ousterout, & Gersbach, 

2012).  Zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases 

(TALENs) and engineered homing 

endonucleases, which or also known as 

meganucleases, are the tools used for 

genome engineering nowadays and could 

also be labeled as true targeting tools. The 

newest addition to this list is a bacterial 

nuclease based on clustered regulatory interspaced short palindromic repeat (CRIPSR) 

Cas system (Segal & Meckler, 2003). The first two above-mentioned tools are using 

nucleases that are bound with modular DNA-binding proteins in order to induce DNA 

double-strand breaks. Whereas CRISPR Cas9 system uses a nuclease that is guided by a 

small, 20 nucleotide RNAs through Watson - Crick base pairing to target DNA (Ran A. 

, Hsu, Wright, Agarwala, Scott, & Zhang, 2013). The rapid growth of genome-editing 

field has resulted the availability of various commercially engineered targeted 

nucleases. However no method is faultless and each of them has its own pros and cons. 

In general the current approaches for genome engineering are hampered by (i) low 

efficiency and (ii) limited number of cell types and organisms that can be targeted 

(Walsh & Hochedlinger, 2013).  

The Nobel Prize in Physiology or Medicine 2007 

was awarded jointly to Capecchi, Evans and 

Smithies for their discoveries of how to introduce 

specific genome modifications in mice. Before 

2009 the only organism that was used for robust 

genome targeting was mice and budding yeast.  
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The ideal genome-editing tool should fulfill the following three criteria: (1) No off 

target mutation, (2) Rapid and efficient assembly of the nucleases, (3) High frequency 

of the desired sequence in the target cell population. Cas9 nuclease, ZFNs and TALENs 

are used for genome editing by stimulating a double strand break at the target genomic 

locus (Ran A. , Hsu, Wright, Agarwala, Scott, & Zhang, 2013). When DNA double-

strand breaks in eukaryotes it is often repaired by the error-prone non-homologous end-

joining pathway (NHEJ). The double-strand break facilitates engineering of targeting 

mutations by serving as a substrate for NHEJ repair mechanism (Walsh & 

Hochedlinger, 2013). This creates a band of indels at the cleavage site that can be 

detected by an electrophoresis. NHEJ mutagenesis is commonly used as a method for 

creating targeted knockouts. More than 30 species and 150 human genes and loci have 

been knocked-out by using this method (Segal & Meckler, 

2003). Moreover when an exonic sequence is targeted 66 % 

of indels would be expected to result in frame shift mutations 

(Segal & Meckler, 2003).    

1.1. Existing editing-tools 

Zinc-finger nucleases are using approximately a 30 amino-

acid finger that folds around a zinc ion to form a compact 

structure that recognizes a 3-base pairs of DNA. Consecutive 

finger repeats are able to recognize and target a wide area of 

the target DNA. Before the zinc fingers are assembled they 

are optimized to recognize a specific 3-base pair sequence. 

However not all sites are accessible meaning that the position 

of the targeted site is not determined by scientists but by 

DNA accessibility. This disability minimizes the application 

of zing-finger tool since enzyme active sites and single 

nucleotide polymorphisms cannot be targeted (Segal & 

Meckler, 2003).  

TALENs was first discovered in late 2009 when the TALE-DNA-binding code was 

discovered (Boch, Sholze, Schornack, Landgraf, & Hahn, 2009). For TALENs, two 

main high-throughput approaches were developed. From which the second one was a 

clever usage of type II’s restriction enzymes called “Golden Gate cloning”. Golden Gate 

cloning is a molecular cloning method, which uses multiple subunits in a designed 

Targetable Nucleases: 
synthetic nuclease engineered 
to target almost any site in 
genome with high precision 
Knock-out: 
introducing a mutation that 
inactivates completely a 
gene’s function 
Knock-in: 
introducing a new gene 
Reverse genetics: 
examines phenotypes that 
arise from mutating a gene; 
in contrast, forward genetics, 
examines genes that underlie 
a phenotype  
DNA- Repair Mechanism: 
there are two major pathways 
to repair the DNA double-
strand breaks in eukaryotes. 
Those are the non-
homologous end joining 
(NHEJ) and the homologous 
recombination (HR) 

(Perez-Pinera, et al., 2012), 
(Segal, et al., 2003) 
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order. Type IIs restriction enzymes are able to bind in one site and cleave at the adjacent 

site. This gives the advantage of designing a system and being able to predict where to 

cut the DNA. Quickly, it became obvious that TALENs had a significant advantage 

over Zing-finger nucleases. Almost all TALENs demonstrate some kind of activity on 

their chromosomal target site and in comparison with ZFNs it is greatly higher. Both 

techniques are restricted by the accessibility of the chromatin site, implying that not all 

sites can be approached. Though TALENs has a wider spectrum of sequences that can 

be targeted. Also both techniques can lead to potential off target sequence. However 

TALENs has fewer chances for off targeting since TALENs is designed to recognize 

30-36 base pair from the targeted site whereas ZFNs is designed to recognize 18-24 

base pairs (Segal & Meckler, 2003). Meganucleases is a term used to describe the 

targetable homing endonucleases that are tailored made to a specific target. The target 

site that these nucleases can recognize is approximately at 24 

base pair.   

2. Clustered Regulatory Interspaced 

Short Palindromic Repeats 

The research into the defense mechanisms of bacteria brought 

CRISPR to the scientific community. CRISPR stands for 

Clustered Regulatory Interspaced Short Palindromic Repeats 

and Segal et al describes it as a tool of choice for generating 

site-specific double-strand breaks in DNA (Segal & Meckler, 

2003).  

In 2007 Danisco team, a Copenhagen-based food ingredient 

company discovered a way to boost the defenses of the 

bacterium they were using against phages. S. thermophilus is a 

bacterium commonly used in dairy industries to ferment milk 

into yogurt and cheese. Danisco team exposed bacteria to a 

phage and showed that the bacteria were somehow vaccinated 

against that virus (Pennisi, 2013), (Barrangou, et al., 2013). 

This established, the natural role of CRISPR/ Cas system in 

bacteria and Achaea. The system provides a kind of adaptive 

immunity from invading nucleic acids by guiding 

At 1987 the first signs of this 
amazing tool where found 
when a team of researchers 
observed a peculiar sequence 
at the end of a bacterial gene.  

Ten years later biologists 
were keep founding similar 
odd patterns where a DNA 
sequence was followed by 
approximately a 30 bp in 
reverse while they were 
decoding microbial genomes. 
This pattern was keep 
appearing and was found in 
40% of bacteria genome and 
more than 90% of microbes. 
Many researchers assumed 
that those sequences were 
junk DNA, but in 2005 three 
different bioinformatics 
group reported that those 
spacer DNA were often 
matched with sequences 
attained from phages 
genome.  

By the year 2011 two groups, 
Barrangou and Doudna, were 
investigating the CRISPR 
system. Martin Jinek a 
postdoc from Doudna group 
was one of the first to find 
and prove that CRISPR/ Cas 
system could be simplified 
into a single protein, Cas9, 
which could be combined 
with a single chimeric guide 
RNA.  
(Pennisi, 2013) 
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endonucleases to cut a specific non-host sequence (Segal & Meckler, 2003). This 

protects bacteria and Achaea against viruses and plasmids. In short the immunity is 

based on small RNA molecules that are merged into protein complexes and can target 

specifically viral nucleic acids by base pairing. In general CRISPR/ Cas defense has 

three steps (Figure 1). In the first one, the injected viral DNA is discovered and a part of 

its DNA is inserted to the host CRISPR array as a new spacer. This sequence is usually 

short and it is about 2-5 nucleotide and called protospacer adjacent motif (PAM). The 

second step of the response is the transcription of a CRISPR cluster into a long 

precursor-crRNA (pre-crRNA). The third and final step is the interference reaction. The 

mature crRNA is merged with a larger Cas protein complex and used to identify and 

destroy the viral genome (Richter, Randau, & Plagens, 2013).   

 

Figure 1: Natural role CRISPR Cas system in bacteria and Archaea by James Atmos 2009. 

Three different types of CRISPR Cas system (type I, II, III) have been found from the 

bacterium S. thermophilus (Figure 2) and all of them demonstrate the same architecture 

design (Barrangou, et al., 2013). The CRISPR cluster can be considered as a genomic 

DNA element whose first part consists of a series of short repeats, usually 24-37 base 
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pairs that are separated by an exclusive spacer sequence with similar length. Those 

sequences are the ones that provide bacteria with adaptive immunity. Usually they 

originate from a viral genome. The second part of the CRISPR/ Cas system is the Cas 

endonuclease. It differs between the different types, and fulfills the function of 

providing immunity to bacteria.  

The type I and type III systems use Cas3 and Cas6 endonuclease to cleave pre-crRNA. 

In type I the DNA that invades is recognized by Cascade:crRNA complex. A PAM 

motif helps to identify the foreign DNA and nuclease Cas3, is used to cleave the target 

DNA. The type III system uses the nuclease Cas6, on which crRNA is bound and 

recognize the invading DNA or RNA. The type II CRISPR/ Cas system drafts Cas9 

endonuclease. The Cas9 enzyme is a nuclease; a protein with the ability to cut DNA 

strands, and is equipped with two active cutting sites, one site for each strand of the 

DNA’s double helix (Richter, Randau, & Plagens, 2013). A great deal of structural 

literature is already available and has been important to understand the structural 

biology of the CRISPR system. It offers a great deal of information about the 

mechanisms and the evolution of the proteins that are involved (Reeks, Naismith, & 

White, 2013).  

 

Figure 2: Three different types of CRISPR/ Cas system representing the interference step (Richter, Randau, & 
Plagens, 2013). 

The type II system uses a completely different mechanism that requires only the use of 

Cas9 endonuclease to cleave the target sequence. In the type II system, Cas9 is 

expressed with two more RNAs called crRNA (CRISPR RNA) and tracrRNA (trans-

activating crRNA). Together they form the sequence-specific endonuclease, which 

cleaves foreign genetic sequences to protect the host cells (Reeks, Naismith, & White, 
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2013). A double strand break is induced, cleaving DNA at a site that is complementary 

to the sequence of the guide RNA. In order for the type II system to be functional Cas9 

endonuclease and a small guide RNA sequence are required (Jinek, East, Cheng, Lin S, 

Ma , & Doudna, 2013).  

Until now only type II system is commercially available and widely used for genome 

editing. There are differences among the different type of systems. One of these is in the 

interference reaction of both type I and III, which relies on multi-protein complexes. 

This complicates the system and makes it hard to optimize. Another difference is that 

type III does not need a PAM sequence. That makes it more versatile but less specific 

(Richter, Randau, & Plagens, 2013).  

CRISPR is a new hot tool that has recently been included in the tool kit with the other 

genome editing techniques. So far it displays advantages that cannot be neglected. (i) 

Assembly speed, (ii) target efficiency, (iii) potential multi-targeting and (iv) low costs 

are a few of the many pros (Pennisi, 2013). The biggest advantage of all is the (v) 

simplicity of its method. Until recently genome engineering required the production of 

proteins that would have the power to recognize and bind to a specific DNA locus. With 

this bacterial endonuclease, Cas9, only a small RNA sequence needs to be designed and 

can target almost every part of DNA (Jinek, East, Cheng, Lin S, Ma , & Doudna, 2013). 

 

Figure 3: CRISPR genome editing system (Image by The Doudna Lab). 

Comparing to TALEN and ZNF, a single Cas9 protein can be retargeted by changing 

the sequence of the single guide RNA (gRNA) making the system really easy to use 

(Richter, Randau, & Plagens, 2013). An ordinary TALEN needs two new 1800 base 

pairs repeat to be assembled for every new target site whereas CRISPR/ Cas system 
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require just 20bp. One potential weakness 

of CRISPR could be that the 8 base pairs 

that are furthest away from the PAM 

sequence, which is a NGG motif, are 

tolerant of single base mismatches. This could raise some concerns regarding the 

specificity of the system (Segal & Meckler, 2003). The limiting step of CRISPR 

technology is the level of RNA expression and assembly into the Cas9 system (Jinek, 

East, Cheng, Lin S, Ma , & Doudna, 2013).   

So far, all the reported CRISPR approaches have generated double strands breaks 

(DSB) to the target sequence.  Those breaks can be repaired either by homologous 

recombination (HR) either by non-homologous end joining (NHEJ). HR repairs fully 

the break since it uses the wild type allele as a donor template. However NHEJ is a 

mechanism that creates mistakes, which can lead to insertion, deletion, frame shift and 

so on (Richter, Randau, & Plagens, 2013).  

2.1. CRISPR/ Cas9 system 

CRISPR refers to system type II that was first discovered at the bacterium  

S. thermophilus. A short section of nucleotides also referred as protospacer adjacent 

motif (PAM) is identified by the crRNA (Figure 4). With the help of tracrRNA Cas9 

nuclease specific double strand breaks are caused. Commercially, those two RNA 

elements are combined into a single chimeric molecule termed guide RNA (gRNA) that 

enables the simultaneous expression alongside with Cas9 protein (Walsh & 

Hochedlinger, 2013).  

 

Figure 4: CRISPR/ Cas9 system (Jinek, East, Cheng, Lin S, Ma , & Doudna, 2013) 

The efficiency and the ease of use that CRISPR is 

displaying outplays almost anything says George 

Church from Harvard University. His lab was one 

of the first to prove that this technique can be 

used in human cells (Pennisi, 2013). 
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The Cas9 nuclease is localized in this way and targets the DNA sequence by a 20 

nucleotides guide sequence (Ran F. , et al., 2013).  This short guide uses common 

Watson Crick base pairing matching in order to identify the desired genomic locus. 

Moreover this guided sequence can tolerate a certain amount of mismatches to the DNA 

target and this has a drawback since unwanted off-site mutagenesis occur (Walsh & 

Hochedlinger, 2013). In this way, the chimeric guide RNA can direct the Cas9 nuclease 

to almost any genomic locus which is followed by a 5’-NGG PAM motif (Ran F. , et al., 

2013). The double strand breaks occurred from CRISPR are preferably repaired by 

NHEJ mechanism. As already explained NHEJ is an error prone mechanism that helps 

introducing insertions, deletion or even frame shifts into mammalian cells. One more 

interesting fact about CRISPR is the ability of multiplexing. The generation of up to 

five mutations with a single transfection event has been observed (Walsh & 

Hochedlinger, 2013).  

3. HPRT1 gene  

HGPRT [E.C. 2.4.2.8.] is the abbreviation for hypoxanthine-guanine phosphoribosyl-

transferase which is the enzyme encoded by the HPRT1 gene (Caskey & Kruh, 1979). 

The hypoxanthine phosphorybol transferase (HPRT) gene is located on the long arm of 

the chromosome X of mammalian cells at Xq26-Xq2.7 position and generally is used as 

a gene model to investigate possible mutations in various mammalian cell lines (Parry 

& Parry, 2012). HPRT consists of 44 kb of DNA and is spread over 9 exons, as can be 

seen in Figure 5.  

 

Figure 5: Molecular biology of HGPRTase  (Nyhan, 2007) 
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The gene is copied into the mRNA which is 1,6 kb long. The protein is a tetramer and 

each subunit consists of 217 amino acids (Yamada, Nomura, Yamada, & Wakamatsu, 

2007). It is inherited as an X-linked gene therefore males are generally affected, 

whereas females are heterozygous carriers and usually are asymptomatic. Up to date 

more than 300 disease-associate mutations in the HPRT1 gene have been identified 

(Nyhan, 2007). The diagnosis is based on clinical findings but also on enzymatic and 

molecular tests (Torres & Puig, 2007). The HPRT locus lies on chromosome X, hence 

only primary male cell lines can conveniently be studied to detect mutagenic effects. As 

its name suggests, HGPRT is a transferase that catalyzes the conversion of 

hypoxanthine to inosine mono-phosphate (IMP) and also guanine to guanosine mono-

phosphate (GMP), as can be seen in Figure 6 (Nyhan, 2007). HGPRTase is actively 

expressed in the cytoplasm of every cell of the body with the highest levels to have been 

found in the basal ganglia (Nyhan, 2007). HGPRT is a purine salvage enzyme, which 

transfers a 5-phosphoribosyl group from 5-phosphoribosyl 1-pyrophosphate (PRPP) to 

the purine. As an example HGPRT catalyzes the reaction between guanine and 

phosphoribosyl pyrophosphate (PRPP) to form GMP (Figure 6 & Figure 7). In other 

words it converts preformed purine bases to their respective nucleotides (Caskey & 

Kruh, 1979). HGPRT has a central role during the generation of purine nucleotides 

through the purine salvage pathway (Torres & Puig, 2007). Primarily HGPRT deals 

with purines that come from salvage pathway that occur from the degradation of DNA 

and purines are re-introduced into the purine synthetic pathways in this way (Figure 6).  

 

Figure 6: Metabolic scheme of purine metabolism (Torres & Puig, 2007). 
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Figure 7: Reactions catalyzed by HPRTase  (Nyhan, 2007). 

A selective readout assay has been developed (see section 3.3) where since HPRT-

mutants can be seen as viable colonies when mutations destroy the functionality of the 

HPRT gene. This HPRT methodology assists in identifying positive selection, when 

mutations destroy the functionality of the HPRT gene; since the HPRT- mutants can 

actually be seen as viable colonies (Parry & Parry, 2012). There are three main benefits 

for making the HPRT gene mutation assay widely used. (i) The target gene is encoded 

on the mammalian X chromosome, something that makes it easy to select for loss of 

function mutants in cells derived from males. (ii) There are simple and efficient systems 

for proving the loss of function with cells that survive in presence of 6-thioguanine (6-

TG). (iii) The HPRT gene is conserved among various cell lines and can easily be 

compared between other animal and human cells (Parry & Parry, 2012).  

3.1. Mutations in the HPRT1 gene lead to hyperuricemia 

Deficiency of hypoxanthine-guanine phosphoribosyltransferase (HGPRT) activity is 

generally associated with purine metabolism and can lead to increased excretion of the 

degradation product uric acid and a wide range of neurological disorders that depends 

on the level of the enzyme insufficiency 

(Nyhan, 2007). It has been observed that 

a portion of the male population with a 

partial HGPRT deficiency has higher 

uric acid levels in their blood. Uric acid 

overproduction triggers the development 

of gouty arthritis and the formation of 

HPRT deficiency is estimated to be at 1/380.000 live 

births in Canada and 1/235.000 live births in Spain. 

Lesch-Nyhan syndrome affects more than 380.000 

live births every year. Medical student Michael 

Lesch and his mentor, pediatrician William Nyhan, 

was the first who discovered and clinically 

characterized the syndrome. Their research paper 

was published in 1964 (Torres, et al., 2007). 

Salvage pathway is a metabolic path that helps 

mammalian cells to obtain precursors for DNA 

synthesis and repair. More specifically it refers to 

the pathway from which, purines and pyrimidines 

are synthesized as intermediated from the 

degradative pathway of nucleotides. In other 

words, salvage pathway recovers and re-

introduces bases during the degradation of DNA 

and RNA (Camara, et al., 2013). 
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uric acid stones in the urinary tract (Torres & Puig, 2007). Patients with partial 

deficiency at HGRPT enzyme display symptoms in different intensities. HGPRT is 

associated with two OMIM items, OMIM 300322 & OMIM 300323 caused by 

mutations that occur at the HPRT locus. Lesch-Nyhan syndrome (LNS, OMIM 300322) 

has the more severe inefficiency of the enzyme activity and it is caused by mutations 

that occur at the HPRT locus. The other condition linked with HGPRT deficiency is 

named as Kelley-Seegmiller syndrome (OMIM 300323) and it corresponds to a partial 

deficiency of the enzyme. Patients display some degree of neurological association but 

not as severe as LNS (Torres & Puig, 2007).  

3.2. Lesch–Nyhan syndrome 

Deficiency of the enzyme hypoxanthine-guanine phosphoribosyltransferase (HGPRT) 

causes a rare inherited disorder in different extend with syndromes like Lesch–Nyhan 

syndrome (LNS) or Kelley-Seegmiller syndrome (Gemmis, et al., 2010). Deficiency in 

the HGPRT enzyme can occurs as a consequence of mutation in the HPRT1 gene take 

place. The most severe deficiency in HPRT and most common disease of purine 

metabolism is the Lesch-Nyhan syndrome. When HGPRT is partially deactivated it 

allows uric acid to be accumulated in all body fluids and results in hyperuricemia and 

hyperuricosuria (linked with severe kidney and gout difficulties). Neurologically, 

reduced muscle control and adequate intellectual disability has been observed to 

patients (Nyhan, 2007). The insufficiency of HGPRT can result in poor utilization of 

vitamin B12 something that may lead to the development of megaloblastic anemia in 

boys. Most, but not all, patients with this deficiency have severe physical and mental 

problems through their entire life.  

Lesch-Nyhan syndrome (LNS) is an inborn X-linked inherited disease (Figure 8) or in 

other words HPRT gene is a sex-linked locus. It affects infants’ development for the 

first 4 to 6 months (Nyhan, 2007). The classical form of the disease is a complete 

deficiency of the HGPRT enzyme and patients appear to have cognitive impairment, 

spasticity, dystonia, self-injurious behaviors and also increased concentrations of uric 

acid in blood and urine that can lead to nephropathy, urinary tract calculi and 

tophaceous gout. The most distinctive feature of all is the aggressive, self-injury 

behavior. Patients with this kind of phenotype never learn to stand unassisted or to walk 

normal (Nyhan, 2007). Individuals that are predominantly hemizygous males are 

affected while heterozygous females are usually asymptomatic carriers. 
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During cell division, formation of 

DNA takes place and nucleotides 

are essential. Adenine and guanine 

are purine bases and thymidine and 

cytosine are pyrimidines bases. All 

of them are bound to deoxyribose 

and phosphate. Usually nucleotides 

are synthesized from amino acids. 

However a small part is recycled 

from degraded DNA of broken-

down cells. This pathway is called 

salvage pathway. HGPRT is a 

salvage pathway enzyme for the 

purines. It channels hypoxanthine 

and guanine back into DNA 

synthesis. Deficiency of this 

enzyme has two main results. Firstly 

the cell breakdown products cannot 

be reused, so they are degraded. 

This increases the level of uric acid; 

a purine breakdown product. The 

second result is that the de novo 

pathway is stimulated due to an 

excess of PRPP (5-phospho-D-

ribosyl-1-pyrophosphate or simply 

phosphoribosyl-pyrophosphate). 

 

Figure 8: X- linked inherited disease (This image is a work of the 
National Institutes of Health). 

These females have an unaffected copy of HPRT that 

prevents the disease from developing. The gene 

mutation is carried by the mother and passed to her son. 

The father of an affected male cannot have transmitted 

the disease and was not be the carrier of the mutant 

allele (Gemmis, et al., 2010). However in one-third of 

all cases that have been examined from new mutations it seems that there are not any 

family history records. The HPRT1 gene codes the enzyme hypoxanthine-guanine 

phosphoribosyltransferase (HGPRT, EC 2.4.2.8) (Gemmis, et al., 2010). The HGPRT 

enzyme is involved in the biochemical pathways that the body is using to produce 

purines, one of the compounds of DNA and RNA. There are a large number of 

mutations of known HPRT mutations (Gemmis, et al., 2010), (Nyhan, 2007). Usually 

mutations that marginally decrease the enzyme functionality by little do not cause 

severe syndromes like LNS but do produce a milder form of the disease. It seems that 

there is a hot spot localized in exon 3 where mutations were found in 25.7 % of the 

families. Exons 1, 4 and 9 have been implicated in deletion mutations that develop the 

disease.  Amino acid Arginine 51 appears to be a hot spot for mutations in the HPRT1 
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gene (Gemmis, et al., 2010). There are also reported ten sites of mutation that have 

resulted in the loss of exon 7 from the cDNA. The research team has commented that 

the base sequences flanking exon 7 may have caused the mutation that provoked the 

splicing errors (O'Neill, Rogan, Cariello, & Nicklas, 1998).  

3.3. Application 

B-lymphocytes express the enzyme that enables them to survive when fused to 

myeloma cells when growing on HAT medium in order to produce monoclonal 

antibodies. Hybridoma cells produce the monoclonal antibodies. A specific antigen is 

injected into a mammal and procures the antibody production from the mouse spleen. If 

spleen cells are fussed with cancerous immortalized immune cells then myeloma cells 

are derived. This hybrid cells is then 

cloned to produce identical daughter 

clones. From those daughter clones the 

desired antibody product is secreted. In 

order to select hybridomas HAT medium 

is used. HAT consists of hypoxanthine, 

aminopterin and thymidine. The 

aminopterin inhibits the enzyme 

dihydrofolate reductase (DHFR), which is necessary for the de novo synthesis of nucleic 

acids. The cell has no other way to survive but to use the salvage pathway as an 

alternative. The salvage pathway needs functional HGPRT. In HAT medium HGPRT- 

cell lines will die since they are not able to synthesize nucleic acids from the salvage 

pathway. Only HGPRT+ cell lines, which are the hybridoma cells and plasma cells, will 

survive in presence of aminopterin. Plasma cells will eventually die as they are not 

immortal cell lines, however hybridoma cells that are immortalized will survive. Those 

hybridoma cells will be cloned to produce identical daughter clones secreting the 

monoclonal antibody product. 

4. Lymphocytes 

In the last decade the interest for B cells development has been revitalized. The 

molecular and cellular events that direct the development of B-lymphocytes are a 

subject of intense study (Galloway, Ray, & Malhotra, 2003), (Youinou, 2007). B-

lymphocytes play a role in the development, regulation and the activation of the 

Hybridoma is a technology that refers to the 

production of hybrid cell lines, or else called 

hybridomas. This is done by merging a specific 

antibody-producing B-lymphocyte with a cancerous 

B cell that is selected for its ability to grow in tissue 

culture and for an absence of antibody chain 

synthesis. The produced antibodies are all of the 

same single specificity and therefore are called 

monoclonal antibodies. 



[15] 
 

lymphoid architecture. B cells belong to a group of white blood cells known as 

lymphocytes. They are a vital part of the immune system. B cells derive from 

hematopoietic stem cells (HSC) in the bone marrow where they pass through a set of 

sequential stages in order to mature. Gene segments V, D and J of the Ig heavy chain 

locus, rearrange and produce the substantial diversity of the BCR receptor. Pro-B cells 

have productively rearranged their Ig genes and proceed to the pre-B cell stage (Figure 

9). That stage, in which B cells leave the bone marrow, is also referred to as immature 

B-lymphocytes and they migrate to the periphery to reach the spleen where they will 

further develop and mature (Youinou, 2007), (Carsetti, 2004). The life span of a cell is 

defined as the time difference between its generation and its death. Experiments on the 

life span of B cells give different estimates, but in generally found to have a life span 

exceeding several weeks (Förster, 2004). B cells can be distinguished from other 

lymphocytes, like T cells and natural killer cells (NK cells). The presence of a unique 

protein on the B cells outer surface also known as a B cell antigen receptor (BCR) is a 

distinctive characteristic. 

 

Figure 9: Scheme of B-cell differentiation in bone marrow (Rolink, 2004). 

The B cell antigen receptor (BCR) is a specialized receptor protein that has a central 

role in the development and functionality of B-lymphocytes. It allows a B cell to bind to 

a specific antigen, interact with it and shape its future (Galloway, Ray, & Malhotra, 

2003). Human cells are readily available and studies have been shown that HPRT test 

methodology succeeds in identifying mutations such as knock-out in cell lines (Parry & 

Parry, 2012). It is possible to restore the integrity of the HPRT locus with the use of a 

replacement vector (Casola, 2004). In Lesch-Nyhan disease the activity of HGPRT in 

erythrocytes is approximately zero (Nyhan, 2007). 

5. HAT medium 

HAT is a selection medium, ordinarily used for mammalian cell culture and most often 

used for monoclonal antibody preparation. HAT medium consists of hypoxanthine (a 

purine source), aminopterin (an inhibitor of purine and thymidine synthesis) and 
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thymidine (a pyrimidine source) (Caskey & Kruh, 1979). Hypoxanthine is a purine 

derivative whereas thymidine is a deoxynucleoside and both are intermediates in 

synthesis of DNA. Aminopterin however, is a drug that acts as a folate metabolism 

inhibitor by inhibiting dihydrofolate reductase. The idea behind the HAT selection 

medium is that aminopterin blocks de novo synthesis of DNA whereas hypoxanthine 

and thymidine provide the building blocks to escape this blockage by using a different 

pathway, the salvage pathway. In order to do so the right enzymes are required and only 

cells having functioning copies of genes that can encode those proteins can survive. The 

aminopterin in HAT medium blocks the salvage pathway, leading cell to use their 

endogenous pathway that is dependet on the functionality of HGPRT enzyme (Parry & 

Parry, 2012). Cells lacking HGPRT activity are unable to survive in HAT medium 

(Caskey & Kruh, 1979). The ability to select HPRT+ cells in HAT medium was a major 

tool in the late 70s for the establishment of human gene chromosome positions by 

analysis of interspecies cellular hybrids (Caskey & Kruh, 1979). 

 

Figure 10: HAT selection medium in different situations according to genotype. 

After treatment with CRISPR the HPRT- mutant cells will be selected for using 6-TG. 

HPRT+ cells will incorporate 6-TG in their DNA and eventually will die. Only HPRT- 

cells will survive since they won’t be able to absorb this toxic analogue.  
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Materials & Methods 
The experimental part took place at the Center of Molecular Medicine (CMM) at 

Karolinska University Hospital within Magnus Nordenskjöld laboratory, L08:02. All 

plastics were bought from SARSTEDT™ and the different kits and chemicals were 

bought from LifeTechnologies™, Sigma Aldrich™ and Novocib™.  

1. Primary white mononuclear cell Culture 

Peripheral human blood was obtained by the clinic from male anonymous donors. 

Lymphocytes are grown in a suspension in an incubator at 37oC with 5% CO2. The 

medium used is 1640 RPMI with 15% heat deactivated fetal bovine serum (FBS).  Cell 

flasks with vented caps of 25 cm2 and 75 cm2 have been used.  For protocols concerning 

the culture and treatment of B cells, refer to Appendices (Lymphocytes Culture), 

(Helgason & Miller , 2012), (Helgason & Miller, 2013), (Hua & Rajewsky, 2004). The 

medium working volume for the 25 cm2 cells flask is 10-12 ml whereas for the 75 cm2 

is 20 ml.  

2. HAT selection medium 

A 50X HAT medium from LifeTechnologies™ was used to ensure that only HGPRT+ 

cells could grow. For every 100 vol. of prepared medium 2 vol. of 50x HAT medium 

stock solution is used. For additional information regarding HAT selection medium 

stock solution preparation, please refer to Appendix (HAT Medium Preparation). 

3. Experimental Outline 

The experimental outline can be divided into four different steps. The first step is to 

grow white mononuclear cell in 1640 RMPI medium with 15 % of fetal bovine serum 

(FBS) for about 3 to 5 days or until the wanted cell concentration is reached (approx. 

106 cells). In the next step cells are allowed to grow in HAT medium for another 7 to 10 

days in order only for only HGPRT+ cells to survive (refer to HAT medium chapter for 

more information). Afterwards the lymphocytes are ready for transfection with the 

CRISPR plasmid. Cultivation of cells continues in the presence of an appropriate 

concentration of 6-thioguanine for 4 to 7 days. The appropriate concentration of 6-

thioguanine can be determined by means of a killing curve experiment (refer to 
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Appendix: Determine the kill curve for TG in the cell line of interest section). The final 

step is to detect if any changes occurred such as potential insertions, deletions or single 

nucleotide changes. Three different protocols have been recruited to help with the 

detection process. The first one is a genomic cleavage detection kit that uses cleavage 

enzymes, which will cleave any mismatching DNA and can be visualized with gel 

electrophoresis. An enzymatic approach is also used in order to detect a drop in 

HGPRTase enzyme activity. This approach uses a spectrophotometer to detect loss of 

activity between control and treated samples. The third and fastest way to detect if the 

treatment worked out or not is via microscopy observation of cells in HAT medium. 

The anticipated outcome is the cell density to be dropping comparing to other 6-TG 

treated controls. The following figure (Figure 11) outlines the different steps of the 

experimental process.  

 

Figure 11: Experimental process divided in four big steps. Primary white mononuclear cell grow in HAT 
medium to ensure that only HGPRT+ cells survive. Blood cells are treated with CRISPR system and three 
different protocols are established to detect the changes.  

4. CRISPR treatment 

Design of gRNA  

In order to design the oligonucleotide that will be used as the gRNA the following 

website was used (http://crispr.mit.edu). It is a web based CRISPR design tool to 
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simplify the selection process for a CRISPR guide sequence in a DNA input. To avoid 

off-target events, it identifies any sequences similar to the target sequence and it also 

highlights guides with high specificity. In order to use this web tool one simply needs to 

enter in the desired DNA sequence and choose the target genome (human, mouse, 

zebrafish etc). This web tool provides guidance for the off target events but also a 

nickase analysis combined with scoring rates to enable the choice of sequence that will 

be used. Optimally the oligonucleotide sequence should be 21 base pair (bp), however it 

can be around 18 - 25bp.  For this project a CRISPR vector equipped with orange 

fluorescent protein (OFP) in a kit from LifeTechnologies™ was used. Two single-

stranded DNA oligonucleotides with suitable overhangs to complement the linearized 

vector (Figure 12) had to be designed to complete the vector, as can been seen in Table 

1 below.  

Table 1: Single-stranded DNA oligonucleotides with suitable overhangs order sequence. 

Order Sequence 5' to 3' 
Note: 5 bp 3' overhang are for cloning into the  

GeneArt® CRISPR Nuclease vectors 
Exon target Length (bp) 

Forward 5’-………....GGCTTATATCCAACACTTCG GTTTT-3’ 
Exon 7 25 

Reverse 5’-GTGGC CCGAATATAGGTTGTGAAGC.............-3’ 

    

Forward 5’-...............TCTTGCTCGAGATGTGATGA GTTTT-3’ 
Exon 3 25 

Reverse 5’-GTGGC AGAACGAGCTCTACACTACT.............-3’ 

 

While designing the target sequence three things generally must be taken into account. 

First is the length of the sequence and availability of an NGG motif. It should be around 

19 to 20 nucleotides in length and that it is adjacent to an NGG proto-spacer adjacent 

motif (PAM) sequence. Second and equally important is that the homology of the target 

sequence to other genes is not significant since this could lead to off target effects. Last 

but not least the orientation of the target locus must be noted; is it encoding the sense or 

the antisense sequence. Oligonucleotides were ordered from Thermo scientific™ and 

received as lyophilized. The designed and synthesized single-stranded DNA 

oligonucleotides, anneal to produce double-stranded oligonucleotides (ds 

oligonucleotides) that can fit perfectly to the linearized vector provided by the kit.  

Appropriate stock solutions of ds oligonucleotides are prepared and taken to the ligation 

reaction step. 
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Ligation Reaction 

The plasmid is supplied linearized with 5 base pair 3’ overhangs on each strand as can 

be seen in the Figure 12 below. At nucleotides 6732 and 6752 an OFP gene is added for 

easier sorting. The ligation mixture is incubated for at least 10 minutes at room 

temperature (25-27oC). The incubation time can be extended up to 2 hours resulting in 

higher yields. After incubation time One Shot® TOP10 Competent E. coli are transformed 

with the resulting CRISPR nuclease construct.   

 

Figure 12: GeneArt® CRIPSR Nuclease Vector (from LifeTechnologies). 

Transform Competent E. coli Cells 

One Shot® TOP10 Competent E. coli are transformed with the resulting CRISPR nuclease 

construct.  S.O.C Medium is used to ease the transformation procedure. E. coli cells are 

spread on pre-warmed LB agar plates containing 100 µg/ ml ampicillin. The LB 

concentration for 500 ml was 5 g Tryptone, 2.5 g Yeast extract and 5 g NaCl. An 

efficient ligation reaction may produce over a hundred colonies in total.  

Plasmid Isolation 

In order to isolate the desired plasmid and use it for the transformation of  

lymphocytes the PureLink®HiPure Plasmid Filter DNA Purification Kit from 

LifeTechnologies™ was used. Transformed E.coli were left to grow in LB medium 

overnight, 25-100 ml were used for the purification process. The process is divided in 

two phases. The first phase consists of 8 easy steps where the isolation of the plasmid 

DNA takes place. Purified DNA is obtained in the final elution tube. The second phase 

is to precipitate the plasmid DNA. Ten steps are needed for this phase and by the end of 
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it the plasmid DNA is ready to be used in the transfection protocol or be stored at -20oC 

for later use. 

Transfection of Lymphocytes  

There are different methods to transfect plasmids into mammalian cell lines. Some 

include calcium phosphate, some are liquid-mediated techniques and others 

electroporation. For this set of experiments the cationic lipid-based Lipofectamine®2000 

reagent from LifeTechnologies™ was used. The seed cells must be 70% confluent on the 

day of transfection. The transformation procedure is simple and it takes only one day 

with 6 steps. The diluted DNA is added to a mixture with the Lipofectamine®2000 

reagent in a ratio of 1:1 and is left to be incubated for 5 minutes at room temperature. 

After incubation the mixture is added to the cells and in the forthcoming 2-4 days the 

transfected cells are analyzed through fluorescent microscopy. The efficiency of the 

transfection protocol has to be examined. To do so, the OFP marker contained in the 

plasmid sequence (Figure 12) has to be taken into advantage. If cells had accumulated 

the plasmid then the OFP marker would be expressed and could be seen under a 

fluorescent microscope using the appropriate filters. The advantage of OFP is that 

orange as a color lies between green and red (Figure 13) and so it can be detected by 

both kinds of filters (red and green). 

 

Figure 13: Spectrum of the visible light wavelength.  

Cells from the 6-well plate were placed onto microscopy slides and shield with a cover 

slip. The DPI Vectashield® mounting medium for fluorescence was used to stain the 

nucleus and make cells easier to see. 

5. Detection assays 

TG killing curve 

6-well plates were set up and the chemical Thioguanine was added to the cultures at 

pre-defined concentrations. A killing curve was done with the use of 6- Thioguanine 
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from Sigma Aldrich™. Three different concentrations were used to find and optimize the 

killing dose, 30mM, 41 mM and 60mM. Cells were plated in 6-well plates with the 

appropriate concentrations of Thioguanine and left to grow for 5-7 days. For more 

information refer to Appendix (Determine the kill curve for TG in the cell line of 

interest).  

Viability count 

To assay the viability of the cell culture a Trypan Blue Exclusion protocol was used. 

Trypan Blue Solution with 1X PBS at dilution 1:10 was prepared. Two different 

dilutions of 1:5 of the cell suspension were made using the trypan blue solution buffer. 

Approximately 1 minute waiting time was given to stain the dead cells. 10 µl from each 

tube was taken to a different chamber of a hemocytometer. The cells were observed 

under the microscope at 10x magnification. The total number of live and dead cells in 

quadrants was counted.  The percentage of viability and the average cells per ml are 

calculated as described in Appendix.  

DNA Cleavage Kit 

To detect a specific cleavage of genomic DNA the GeneArt® Genomic Cleavage Detection 

Kit from LifeTechnologies™ was used. This simple and rapid assay uses genomic DNA 

that is extracted from transfected cells that were previously engineered with a genome 

editing technique like CRISPR/ Cas9. Genomic insertions or deletions are created by 

the cellular repair mechanisms. Loci where the gene-specific double-strand breaks occur 

are amplified by PCR. The PCR product is denaturated and reannealed. The occurring 

mismatches are detected and cleaved by a detection Enzyme. Any cleavage product can 

be detected as an extra band by gel electrophoresis. 

Design of primers for PCR 

Primers had to be designed for the PCR. UCSC Genome Bioinformatics website 

(http://genome-euro.ucsc.edu/index.html) was used to retrieve the genome sequence of 

the HPRT gene around the desired exons area. The Primer3 software 

(http://bioinfo.ut.ee/primer3/) was used to pick primers from the inserted DNA 

sequence. NCBI’s Primer-BLAST, (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) 

tool was also used to verify the choice of primers and minimize the off target event of 

amplifying a different locus than the desired during PCR. Figure 14 and Figure 15 show 

the forward and the reverse primer target locus and also the expected amplicon of PCR 
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product for exon 7 and exon 3 respectively. The product length for exon 7 is 349 base 

pairs whereas for exon 3 it is 368 bp.  

 

Figure 14: Forward and reverse primer with amplicon region for exon 7 from HPRT gene.  

 

 

Figure 15: Forward and reverse primer with amplicon region for exon 3 from HPRT gene.  

There are some prerequisites in the primers design for yielding better PCR product: 

(i) The primers must have a Tm>55oC, 

(ii) The length of them should be between 18 and 22 base pairs and have a 45 to 60 % GC 

content, 

(iii) For efficient amplification the primers must be designed in a way to yield amplicon 

lengths between 400 and 500 base pairs 

(iv) Also the design must be in a way so that the potential cleavage site is not in the center 

of the amplicon otherwise the detection enzyme that will be used will yield two distinct 

product bands. 

A detailed report regarding the primers of exon 7 and exon 3 can be seen in Table 2.   
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Table 2: Detailed primer report for exon 7 and exon 3 of the HPRT gene. 

Exon 7 primer report 

    Sequence (5’->3’) Length Start Stop Tm GC% 
Forward primer TGCTGCCCCTTCCTAGTAATC 21 39628 39648 59.23 52.38 
Reverse Primer ACTGGCAAATGTGCCTCTCT 20 39976 39957 59.60 50.00 

Product length 349  

Exon 3 primer report 

    Sequence (5’->3’) Length Start Stop Tm GC% 
Forward primer CCAGGTTGGTGTGGAAGTTT 20 16509 16528 58.22 50.00 
Reverse Primer TGAAAGCAAGTATGGTTTGCAG 22 16876 16855 57.76 40.91 

Product length 368  

HGPRT assay kit 

PRECICE® HPRT Assay Kit by NovoCIB is an enzymatic tool to continuously monitor the 

activity of HGPRT in an easy spectrophotometric way. With this assay the activity of 

HGPRT it is measured as a rate of production of IMP. IMP is oxidized by the 

recombinant IMPDH enzyme by reducing NAD+ to NADH as can been seen at Figure 

16. This assay is developed for measuring HGPRT activity in vitro or in lysates of cells. 

 

Figure 16: PRECICE® HPRT Assay Kit enzymatic approach 

A 96 well plate is used for the (PRECICE® HPRT Assay Kit) enzymatic assay. The 

microplate are prepared according to the provided protocol. The optical density (OD) at 

340 nm is used and the reaction is monitored at 37oC for 2h with data collection every  

5 min. Generally enzymatic assays are really picky and can be affected by the 

environmental conditions.  In this assay, HGPRT activity is measured by absorbance at 

340 nm. PRPP (α-D-5-phosphoribosyl-1-pyrophosphate) is highly unstable once 

dissolved. It is used in this enzymatic assay. The HGPRT activity is calculated and the 
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control samples with the transfected are compared as can be seen in Figure 17. HGPRT 

activity is calculated by the following formula: 

(3) HPRT  Activity  (in  nmol/ml/hour) =    !"!"!!!!"!"#$%
!∗!

∗   10!, 

ε = molar extinction coefficient of NADH at 

340 nm : 6220 M-1cm-1 

l = is the path-length : 0.789 for 200 µl round 

bottom well of 96 well microplate. 

Figure 17: Expected HPRT activity diagram. Time course 
of IMP formation by human HPRT incubated in the 
presence of PRPP in standard reaction buffer or its 
absence (NovoCIB).   
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Results 

1. Gene search and target sequence selection 

To gather data for the gene, the genome locus, its structure and so on; different websites 

were used. Initial information regarding the HPRT1 gene were gathered, as presented at 

3. HPRT1 gene section, from the Genetics Home Reference website 

(http://ghr.nlm.nih.gov/gene/HPRT1).  

 

Figure 18: Molecular Location on the X chromosome for the HPRT1 gene. Cytogenetic Location: Xq26.1 

Online Mendelian Inheritance in Man® (OMIM®) website gave a better, more in depth 

understanding about the gene and the expressed HGPRTase. The OMIN® entry code 

for the Hypoxanthine Guanine Phosphoribosyltransferase is 30800 

(http://omim.org/entry/308000).  

The National Center for Biotechnology Information (NCBI) website provided additional 

knowledge regarding the genome sequence, the number of exons and the transcripted 

sequence (http://www.ncbi.nlm.nih.gov/nuccore/M26434), for further information refer 

to section 3. HPRT1 gene. The accession number for HPRT gene in GenBank is 

M26434.1.  

Ensembl is a genome database used to retrieve data regarding the genome sequence and 

the number of gene transcripts. HPRT has 3 transcripts of which only one gives a 

protein product. The Ensembl version id for the HPRT gene is ENSG00000165704 

(http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000165704;r=X:1

33594183-133654543). 
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Figure 19:Ensembl image showing information regarding the gene transcripts.   

 

Figure 20: image taken from Ensembl displaying HPRT1 protein coding part and HPRT processed transcript 
on the genome locus.  

After genome analysis the next step is to decide which sequence to target. In order to do 

that the CRIPSR Design tool (http://crispr.mit.edu) was used, keeping in mind the 

prerequisites described in 4. CRISPR treatment section. The analysis showed that guide 

sequences for exon 3 and exon 7 scored the highest quality score in terms of low off 

locus targeting and nickase efficiency.  The analysis of exon 3 is presented in Figure 21 

(http://crispr.mit.edu/job/67502154097707190), whereas the analysis for exon 7 is 

presented in Figure 21 (http://crispr.mit.edu/job/6040241423828172). In accordance 

with the literature study that had been conducted and is described in 3.2 Lesch–Nyhan 

syndrome section, exon 3 and exon 7 seem the right sequences to target. Exon 7 has an 

overall quality scoring of 89 and exon 3 has 74. The guide sequence for exon 3 has 

higher probability for an off target event comparing to the guide sequence for exon 7, 

but compared to other parts of the gene both sequences have relatively low off target 

event probabilities. The exonic parts of the off target loci that potentially can be targeted 

have been investigated and none is involved with pathways that are essential for cell 

growth, salvage pathway or even HAT medium metabolism. 
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Figure 21: Exon 3 target sequence analysis. Guide 1 scores the highest quality score (74) and is indicated on the 
chromosome X in a sense orientation. The possibility of off target events is also shown in this graph. The potential off 
target locus are marked and the related probability is shown as score.  

 

Figure 22: Exon 7 target sequence analysis. Guide 1 scores the highest quality score (89) and is indicated on the 
chromosome X in an antisense orientation. The possibility of off target events is also shown in this graph. The potential 
off target locus are marked and the related probability is shown as score. 
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A ready-made plasmid with the sequence for Exon 7 as can be seen in Table 1 was 

ordered from LifeTechnologies™. Oligonucleotides for Exon 3 guide sequence were 

ordered and the ligation procedure was followed as described in section 4, CRISPR 

treatment, to transform E. coli competent cells. 

2. Primary white mononuclear cell Culture  

Primary white mononuclear cells from peripheral blood were obtained by the clinic 

from a male anonymous donor at an amount of approximately 2 ml. The whole amount 

was transferred to a 25-cm2 cell flask with 1640 RPMI medium and 15 % FBS. The cell 

flask was incubated at 37oC with 5% CO2 and treated with the protocols described in 

Appendix (see Lymphocytes Culture) for almost 3 weeks. After 3 weeks all cells died. 

Prior to that, between day 13th and 16th, cells started to lose their shape and become 

smaller and smaller.  

 

Figure 23: Peripheral blood obtained by the clinic. 

From the preliminary data that were conducted to determine the viability of cells, the 

lifespan and also establish the protocols for the first time at the lab the following growth 

sheet was taken, see Figure 24. The number of cells is decreasing rapidly after 

consecutive splitting and intense treatment of cells was taking place to determine best 

protocol approaches. However it must be noted that the initial cell concentration 

retrieved by the clinic is rather high and completely satisfactory to conduct research. 

Approximately 2 * 107 cells was the starting concentration. Figure 25 shows another 

growth sheet and it can be seen that lymphocytes were able to maintain or even expand 

themselves with the appropriate treatment. The preliminary data indicate that the 

lifespan of lymphocytes in cell culture can be extended up to three weeks. The killing 
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curve experiments shows that the highest concentration of Thioguanine is the 

appropriate to use since after 7 days of culture less than 5% of cells survive.  

  

Figure 24: Data from cell growth sheet. Starting concentration corresponds to the number of cells the clinic 
provided. Cell grew at 1640 RPMI medium with 15 % FBS in a 25-cm2 cell flask. 

   

Figure 25: Data from cell growth sheet. Cell grew at 1640 RPMI medium with 15 % FBS in a 75-cm2 cell 
flask. 

After establishing the different protocols and getting a hand with the cells treatment a 

second round of experiments was carried out now including CRISPR treatment. Once 

again peripheral blood buffy coat cells were obtained by the clinic from a male 

anonymous donor at an amount of approximately 2 ml. The whole amount was 

transferred to a 25-cm2 cell flask with 1640 RPMI medium and 15 % FBS. The cell 

flask was incubated at 37oC with 5% CO2. The starting concentration at day one of the 

experimental procedure of viable cells was at about 2,2 * 107 cells, as can be seen in 

Figure 26. The cells were left to expand for 4 days and then were split into two different 

75-cm2 cell flasks (Figure 29); one was intended as a stock for CRISPR treatment that 
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contained 15 % FBS and the other cell flask was used as a control sample containing 

only 1640 RPMI medium.   

 

Figure 26: Day one of the experimental procedure. Lymphocytes have been transferred to a 25-cm2 cell flask 
and are incubated at 37oC with 5% CO2. 

Both cultures have been monitored through the experimental process measuring the 

viability of the culture and the cell concentration. In Figure 27, the growth sheet from 

the cell flask that is intended for CRIPSR treatment can be seen.  

 

Figure 27: Experimental data from cell growth sheet intended for CRISPR treatment. Cell grew at 1640 RPMI 
medium with 15 % FBS at a 75-cm2 cell flask. 

The lymphocytes seem to be growing efficiently. From optical observations it seems 

that cells are growing but becoming smaller and smaller in time and especially after day 
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14th. The cells are not stimulated in any way by the immune-response system and the 

consecutive splitting makes the cells smaller. One more interesting result can be 

inferred from comparing the cell growth curve of the two cell flasks (see Figure 27 & 

Figure 28). The two different culture growth sheets were created by the same 

preliminary culture. Both were grown with the same conditions but only the one 

intended for CRISPR treatment (Figure 26) had be growing in presence of 15 % FBS. It 

seems that FBS has a beneficiary effect on the growth of lymphocytes and can maintain 

the culture in viable numbers of cells.  

 

Figure 28: Experimental data from cell control culture growth sheet. Cell grew at 1640 RPMI medium at a 75-
cm2 cell flask. 

 

Figure 29: 75-cm2 cell culture flaks. One intended for CRISPR treatment and the other one as a control.   
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Every time a new cell culture was tested, a thioguanine test had to be done to check the 

killing concentration (Figure 30). From both cell cultures (preliminary studies and final 

run) the concentration of thioguanine that seemed to be killing more than 95% of the 

cells was the highest administrated dose, 10µg/ml. There is a possibility of random 

mutation that will lead to the survival of cells and it is calculated to be around 2% of the 

total population, (Jacobs & DeMars, 1984).  

 

Figure 30: Killing curve experiment. 6-well plates with three different TG concentrations in triplicates were 
plated   

3. E. coli growth & plasmid isolation 

In order to make the transfection of mammalian cells and treat successfully the cells 

with the CRISPR system sufficient amounts of vector must be produced. We use E. coli 

bacterial culture to produce it. As previously explained in the “Gene search and target 

sequence selection” chapter from the result section, two exons were targeted, exon 3 

and exon 7. Two oligonucleotide sequences had to be ligated and transformed to 

competent E. coli cells. One Shot® TOP10 Competent E. coli were transformed with 3 µl 

from the resulting CRISPR nuclease construct.  S.O.C Medium was used to ease the 

transformation procedure. E. coli cells are spread on pre-warmed LB agar plates 

containing 100 µg/ ml ampicillin. An efficient ligation reaction may produce over a 

hundred colonies in total. Several different efforts carried out from the construct that 

corresponds to exon 3 but they did not yield sufficient number of colonies. Different 

amount of ligation reaction was tried, incubation time was extended and also the 

amount of S.O.C. Medium was increased to lift this barrier of low efficiency yield. The 

endeavors did not succeed; probably the CRISPR vector was denatured and could not 
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yield the expected amount of colonies. Possibly a fresh, adequately cold-stored ligase 

with a replacement of all buffers could bring the wanted result. Exon 7 was targeted by 

a custom made plasmid. The plasmid arrived in a glycerol stock from which only a 

small portion was transferred with the use of a stick to plate bacteria cells on LB agar 

plates containing 100-µg/ ml ampicillin. Bacteria were left overnight in an incubator to 

grow and next day were ready to pick a colony and proceed to liquid culture and 

plasmid extraction as described in 4. Plasmid Isolation section. After the plasmid was 

isolated a Nanodrop spectrophotometer was used to quantify the amount of plasmid 

extracted. A high concentration was isolated, 659,12 µg/ µl and the ration 260:280 was 

at 1.88 indicating a relatively pure with high ratio of DNA to protein sample.  

4. Transfection efficiency 

The cationic lipid-based Lipofectamine®2000 reagent from LifeTechnologies™ was used 

for the transfection protocol. Four different concentrations of Lipofectamine®2000, 6; 9; 

12 and 15 µg/ml were tested. A control sample with only lymphocytes and a control 

sample with the cells and vector, without Lipofectamine®2000, were also seeded in a 6-

well plate. After 4 to 6 days the cells were ready to for the detection protocol assays. 

Unexpectedly cells from the control sample without even the plasmid seemed to be 

auto-fluorescent and cells could not clearly be detected in the sample.     

5. Detection assays 

The quickest way to have an indication of whether or not the treatment worked is 

through a viability count assessment. The expected result is for the treated sample to 

have a higher concentration of cells compared to the control sample and also to observe 

a cell concentration gradient for the different concentrations of Lipofectamine that were 

used. Also the control sample from the 6-well plate should match in viable cell number 

with the one from the stock solution. In Figure 31, these assumptions can be fulfilled. 

However the number of viable cells in both controls samples is rather high comparing 

with the one of the lowest concentration of Lipofectamine. The transfection sample with 

15 µg of Lipofectamine seems to have a higher cell concentration compared to the 

control samples and also the expected dose dependent cell concentration gradient 

among the different amounts of Lipofectamine can be observed. It must be noted that 

Lipofectamine in high concentrations is toxic and provoke cell death. Another 

interesting fact is the comparison between the two different control samples. The one 
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sample is taken from the 6-well-plate, where the CRISRP treatment was conducted and 

the other one from the 75-cm2 cell flask that was used for inoculation. In Figure 31, it 

can be observed that the two control samples do not deviate much and seem to be at the 

same range of viable cells, meaning that the cells grew in similar ways.    

 

Figure 31: Comparison between two different control samples and four different concentrations of 
Lipofectamine. 

Two assays were followed to more efficiently detect the possible gene mutations. The 

first one is a genomic cleavage of DNA (GeneArt® Genomic Cleavage Detection Kit) 

assay and the other one is an enzymatic kit assay (PRECICE ® HPRT Assay Kit). For 

both assays the first step was to harvest the cells. In order to do so the culture was 

centrifuged at 200 g for 5 minutes and the suspension was aspirated. Cell pellets were 

stored at -80oC for further use.  

DNA Cleavage Kit 

The GeneArt® Genomic Cleavage Detection Kit assay can be divided into two parts. The 

first part has to do with cell lysis and DNA extraction whereas the second part has to do 

with the cleavage assay. For both parts the manual was followed. In short the lysis of 

cell, extraction of DNA and PCR amplification (refer to: Design of primers for PCR) 

takes place in the first part. An electrophoresis with a 2% agarose gel for 30 minutes at 

low voltage is needed to verify the PCR product, as can be seen in Figure 32. A single 

clear band of the correct size (350 bases) must be present in order to move on to the 

second part. If not a single band of the expected size is seen then optimization of the 

PCR conditions including primers, annealing temperature and amount of lysate volume 
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needs to be reconsidered until a good quality of PCR product is obtained. In our case the 

15 µg of Lipofectamine sample, row 3 in gel electrophoresis (Figure 32), appear to have 

a faint single band of the appropriate size. The control sample at row 2 is there to verify 

that the PCR conditions were optimum. The faint band that we receive probably is due 

to the low number of cells that were used for the experiment. The minimum required 

number of cells that should be used were 50.000 cells and for the experiment we used 

around 30.000 cells.  

 

Figure 32: PCR verification product. DNA ladder, control sample, 15 µg of Lipofectamine sample, 9 µg of 
Lipofectamine sample 

The second part is to set up and run the denaturating and re-annealing reaction and 

cleave the potential insertion, deletion or mismatched DNA. The amplified PCR product 

can be used in cleavage assay without further purification. A negative enzyme control 

for each sample is included as a good practice in order to distinguish the background 

bands from the expected cleavage product. The heteroduplex DNA containing the 

potential insertion, deletion or mismatched DNA is cleaved by the Detection Enzyme 

allowing for quantification of the percent of gene modification over a gel analysis. The 

electrophoresis runs for 30 minutes at low voltage and the gel is viewed using a UV 

transilluminator. The cleavage efficiency is determined by the following formula: 

(1) Cleavage efficiency= 1-[(1-fraction cleaved)1/2]  

(2) Fraction cleaved= sum of cleaved band intensities/ (sum of the cleaved and 

parental band intensities) 
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Figure 33 shows the cleavage detection assay for HPRT gene whereas Figure 34 shows 

an example of genomic cleavage detection assay gel. The expected result should be to 

see a clear band at the size of 350 base pair and one or two more bands with smaller 

sizes. However that was not the case since the appropriate number of cells was not 

available for this set of experiments. 

 

Figure 33: Cleavage detection assay. DNA ladder, control sample, 15 µg of Lipofectamine sample, 9 µg of 
Lipofectamine sample 

 

Figure 34: Gel image of genomic cleavage detection assay using transfected cells (LifeTechnologies)  
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Discussion 
Genome engineering is the main topic of this report. The hosting lab had no prior 

knowledge concerning the topic and the different techniques that were used. A lot of 

effort had to be made to understand and deal with each individual protocol at a time.  In 

the present report we have shown that primary white human mononuclear cell are able 

to grow in cell flasks for about 3 weeks, in a 1640 RPMI medium with 15 % FBS. Even 

though the novelty of this outcome is exciting, probably the choice of cells was wrong 

for our experimental purposes. Lymphocytes have a limited lifespan (3 weeks) and 

cannot be stored and expanded after a successful genome-editing event. However they 

are primary cells and the experimental process give hopes that primary cells can be 

treated successfully. This is hope inspiring for both e.g. leukemia research where actual 

patient material with mutations is very scarce, and precious cells can only be taken to 

the most important experiments. It would constitute a break through if genome editing 

could be used to construct new, mutated and possibly immortalized cells for leukemia 

research. The Thioguanine killing curve raised some concerns regarding the actual 

concentration of thioguanine that is used in the 6-well plate and if it can be estimated 

precisely. The uncertainty lies in the fact that thioguanine stock solutions are filtered 

before being stored and so it is uncertain whether the full amount was transferred to the 

solution or not. In order to examine the transfection efficiency a fluorescence 

microscope was used but the result were inconclusive. Due to insufficiency in time the 

transfection efficiency couldn’t be better determined. However it is believed to be at 

about 15-20% according to literature data. From the viabilities studies it seems that the 

concentration of Lipofectamine had an effect on the transfection efficiency, which 

seemed to be dose dependent. The highest concentration of Lipofectamine that was used 

yielded the most living cells. In our intention it was to examine two different detection 

assay protocols, an enzymatic and a genome cleavage kit. The enzymatic kit could in 

the end not be used since a heated spectrophotometer with desired heating range was 

not available. The DNA genome cleavage kit showed only one faint band of 

approximately 350 bases length at the PCR verification product, meaning that the 

process is working. However it needs to be optimized and standardized. Except from the 

visual observations the detection protocols could not be of any help in order to verify or 

not our hypothesis of whether the CRISPR system is working. In summary we 
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demonstrate that a genome-editing event can take place in primary white human 

mononuclear cell with the use of CRISPR system in a laboratory without prior 

knowledge. Further experiments are needed to optimize the pipeline; nevertheless the 

first step has been made to engineer and change the genome.   
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Summary/ Conclusion 
In the present report, CRISPR Cas9, type II system, was used in an attempt to knock out 

the HPRT1 gene expressing the HGPRTase enzyme in human lymphocytes. We have 

shown that primary white mononuclear cell were able to grow for 3 weeks in a 1640 

RPMI medium with 15 % FBS. HAT medium was used as a counter selection medium 

in order to select only HGPRT+ cells. Thioguanine was later used as a selection 

medium to identify only HGPRT- cells. The appropriate concentration of Thioguanine 

was chosen after doing a killing curve experiment. E. coli cells were transformed with 

the CRISPR vector. The plasmid was isolated according to protocol at rather high 

concentrations. The transfection of cells took place under four different concentrations 

of Lipofectamine, with the highest concentration showing the best results. To verify that 

a successful editing event took place in the mammalian cells, a detection DNA cleavage 

kit and also an enzymatic assay were used. The enzymatic assay should show a 

significant decrease in the enzymatic activity of HGPRT whereas the DNA cleavage kit 

should show one clear band of approximately 350 bases length in a electrophoresis gel 

and probably one or two more bands with much smaller sizes. Genome engineering is 

progressing rapidly and we are just seeing the beginning of an exciting potential. A 

golden area is approaching fast, ease of access and high specificity enzymes that are 

able to manipulate directly genomic sites of interest are some of the advantages. Six 

years after its discovery gRNA and Cas9 complexes are used for efficient genome 

editing (Richter, Randau, & Plagens, 2013). New kind of CRISPR Cas Nucleases are 

emerging e.g nucleases that have the ability of nicking one strand of DNA and not 

provoking a double strand as in type II system that was used in the present report. 

CRISPR could also be used as a multi targeting system. There are occasions in which 

multiple targets were successfully engineered (Walsh & Hochedlinger, 2013). A final 

possibility to increase specificity and decrease off-target cleavage is the isolation of 

alternative CRISPR-Cas systems with more stringent interactions between gRNA, target 

sequence, and PAM from other strains of archaea or bacteria (Walsh & Hochedlinger, 

2013). CRISPR and all other tools for targeted genome engineering are an invaluable 

research tool that can be used in cells and organisms and potentially could provide a 

path to revolutionary applications in human therapies, agricultural biotechnology and 

microbial engineering (Jinek, East, Cheng, Lin S, Ma , & Doudna, 2013).  
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Appendix 

Lymphocytes Culture 

Thawing Cells 

i. Medium is pre-warmed in 37°C water bath. 

ii. Frozen cells are placed in 37°C water bath for approximately 2 minutes or until 

cells are thawed. submerse the cryovial in a pre-warmed sterile double distilled, 

deionized water (37° C, 1-2 min.) in order to rapidly thaw the cells.  

iii. Always wipe the vial with 70% EtOH before opening it. 

iv. Transfer vial content to 15 ml tube with fresh culture medium (RPMI 1640). 

v. Centrifuge at 200 g for 5 minutes at room temperature. 

vi. Supernatant is discard and cells are re-suspended with 5ml fresh medium. 

vii. New flasks with fresh culture medium are prepared. Cell culture is transferred 

into a 25-cm2 tissue culture flask in a total 10 ml medium (RPMI 1640 + 15% 

fetal bovine serum) and mix cells well by pipetting or steering.  

viii. Examine the flask on the microscope. 

ix. Incubate the cells at 37° C, 5% CO2.  

x. In order to check the viability of the culture do a Trypan blue viability count on 

the cells - 1:5 dilutions. 

xi. After 24 hours, change 50% of the medium to further dilute the original 

cryopreservative, DMSO. At day 2-3 of culture or when the appropriate cell 

density has been achieved, expand the B cells to a 75-cm2 flask in 20 ml culture 

medium. 

Culturing the Cells 

i. Place approximately 2.5 x 106 cells per culture flask and close the flask lid, but 

not too tightly. Preferably in a vented flask. 

ii. Incubate over night at 37° C, 5% CO2. The cells should be incubated in vented 

filter cap tissue culture flasks oriented in the upright position (flasks standing 

upright on the bottoms; not laying down in the typical orientation when used for 

anchorage type cells). 

iii. Check the flasks daily for changes in media color. The medium should be 

allowed to become acidic, pH 6.5 to 6.8. 
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Culture and passage cells 

i. Take cell flask out of the incubator. 

ii. Collect cells in a 15ml tube. 

iii. Centrifuge at 200 g for 5 minutes. 

iv. Aspirate supernatant. 

v. Re-suspend in 5 ml culture medium in a 15ml tube. 

vi. Add 5 ml cell culture medium to a new flask. 

vii. Take 2.5ml from the 15 ml tube into the flask and mix well. 

viii. Incubate at 37° C, 5% CO2. 

ix. Replace with fresh culture medium every 2-3 days. 

Changing the Cell Culture Media 

i. Cultures should be fed every 2 or 3 days. Once the media starts to change color. 

Take off 5 ml medium and add 5 ml fresh growth medium by letting the cells 

settle in the flask and carefully pipetting off the upper volume of medium. 

ii. Take the culture flasks out of the incubator and place in the laminar flow hood. 

iii. Remove 50% to 75% of current media from the flask.  Replace the amount taken 

with room temperature medium (RPMI 1640 + 15% fetal bovine serum). 

iv. Place the flask back into the incubator. 

Counting Cells 

i. Transfer cell suspension to 15 ml tube. 

ii. Transfer a small amount (1 ml) of cells to an eppendorf. 

iii. Prepare a trypan blue solution with 1x PBS (1:10 dilution). 

iv. Mix 10 µl of cells with 40 µl of trypan blue (dilution factor is 5) for one minute.  

v. Transfer 10 µl trypan blue-cell suspension to the hemocytometer. 
vi. Concentration (cells/ml) = Counting # of cells/ 5 (squares) * Dilut. Factor * 104 

Total number of cells = Concentration (cells/ml) * Volume of samples (ml) 

Freeze Cells 

i. In order to keep the cells “young”, a low number of passages is neede to avoid 

moving towards oligoclonal and monoclonal cultures. Expand as quickly as 

possible and cryopreserve six vials of 1 ml with cells. One week later, pull one 

of the vials for a recovery and performance test. 
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ii. Change the medium with fresh, 24 hours prior to freezing. Cells should be 

healthy and at the edge of confluence at time of freezing.  

iii. Count cells and determine the amount per vial to be frozen. Typically a good 

cell number per vial should be between 1 and 5 x 106 cells). 

iv. Centrifuge at 200 g for 5 minutes. 

v. Discard the supernatant. 

vi. Prepare appropriate amount of cryomedium (10% DMSO + 90% FBS) in a 15 

ml tube and mix.  

vii. Place 1 ml aliquot into the cryovial. 

viii. Put the vial in a freezing container. 

ix. Put the container in the -80 °C freezer overnight for slow cooling. 

x. Then put it into vapor phase of liquid nitrogen for long-term storage. 

Sub culturing Cells 

i. Remove present culture media. 

ii. Add 10 ml of 0.025% - 0.25% trypsin, and let the cells sit for 10 minutes at 

room temperature.  It may be necessary to bang the culture flasks on the hood 

counter to remove any “sticky” cells from the flask surface. 

iii. Directly after the ten minutes have passed – add RPMI 1640 + 20% FBS to 

inactivate the trypsin. 

iv. Perform a trypan blue viability count - 1:5 dilution. 

v. Add 2.5 x 106 cells per culture flask and close the flask lid. 

vi. Place culture flasks back into the incubator, check daily for media changes.  
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Determine the kill curve for TG in the cell line of interest 

To perform a 6-Thioguanine killing curve experiment; approximately 10.000 cells must 

be plated in a 6-well plate and grow in the presence of increasing concentrations of 

Thioguanine for about 7 to 10 days. Typically the concentration that will kill all cells 

except from the pre-existing TG resistant mutants is between 1 – 10 µg/ml (6 - 60 µM) 

in both suspension and attached cells, (Jacobs & DeMars, 1984). 

 

Figure 35: Different concentration of TG where tested in triplicates using 6-well plates. 30 mM, 41 mM and  
60 mM of TG were used. 

 

Figure 36: Different concentration of TG where tested in triplicates using 6-well plates. 30 mM, 41 mM and  
60 mM of TG were used. 
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The Thioguanine stocks are stored at -20 oC or -80oC and are diluted via filtration into 

the medium just before their use. It is not recommended to store diluted stocks of TG 

for long periods of time. However, it is easy to test the quality of Thioguanine with the 

use of a spectrophotometer over 220-340 nm. A good quality sample should have a ratio 

of 320:260 higher than 2.5, (Fenwick, 1985). It is recommended every 5-7 days to 

change the medium with fresh Thioguanine solution, (Thilly, DeLuca, Furth, Hoppe , & 

Kaden, 1980). Thioguanine stocks are prepared by dissolving 6-Thioguanine powder 

(Sigma Aldrich) with appropriate amount of sterile water. If needed dilute prior with 

smallest amount of fresh 0.1 N NaOH. The solution is filtered through a 0.22 µm filter 

and stored at -20oC.  

HAT Medium Preparation 

 HAT, is a selection medium for HPRT(+) cells. It consists from Hypoxanthine, 

Aminopterin, and Thymidine.  

Typically 1X “HAT” refers to 100µM hypoxanthine (H), 1µM aminopterin (A) and 

20µM thymidine (T). 

HAT medium can be found commercially in concentrations of 100X or 50X from 

LifeTechnologies or SigmaAlrdich. However if a bigger amounts of 100X HAT are 

needed, 100X stock of hypoxanthine including thymidine and 100X stock of 

aminopterin can be prepared. 

• 100X Hypoxanthine-Thymidine (HT) stock (100ml): 

Hypoxanthine: 136 mg /100 ml 

Thymidine: 48.4 mg /100 ml  

Hypoxanthine is dissolved by stirring in 98 ml deionized water at 45°C for 

approximately 1 hr. Cool down and add thymidine. Agitate to dissolve. Adjust 

volume to 100 ml and pass the mixture through a sterile filter. Store as 1 ml 

aliquots at -80°C. 

• 100X Aminopterin (A) stock (100ml): 

Aminopterin: 4.4 mg /100ml 
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Aminopterin is dissolved in a few ml of sterile 0.1N NaOH. Dilute up to 98 ml 

with deionized water. Adjust pH to 7.0 with HCl and final volume is adjusted to 

100 ml always with deionized water. Pass the mixture through a sterile filter and 

store in 1 ml aliquots at -80°C, protect from light. 

HAT medium: 

Medium can be labeled as “+HAT” when adding 2 volumes of 50X HAT medium to 

every 100 volumes of the medium of your choice.   
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