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Abstract  

The use of Next-Generation Sequencing and its technology and methods in canine 

oncology is established in this paper. There are many methods for tumour treatment in 

the veterinary field, however, target sequencing specifies therapy options, as well as 

earlier diagnosis and more precise prognosis.  

This paper contains the preparation methods and the extension techniques up to the 

appropriate control of samples and their quality and quantity inspection before 

sequencing. Additionally, it displays the various techniques for sequencing and its 

analytical methods. Furthermore, the application of Next-Generation Sequencing is 

portrayed to clarify the identification, testing and treatment of cancer. Moreover, the 

importance of sequencing is shown in canine tumour research for the early diagnosis 

of genomic alterations.  

 

Abstract in Hungarian 

Szakdolgozatomban bemutatom az ún. “Next-Generation Sequencing” alkalmazását, 

technológiáját és módszereit, különös tekintettel a kutyák daganatos betegségeiben. 

Az állatgyógyászatban számos módszer létezik a daganatok kezelésére, azonban a 

célszekvenálás meghatározza a terápiás lehetőségeket, valamint a korábbi diagnózist 

és a pontosabb prognózist. 

Sazkdolgozatom tartalmazza az előkészítési módszereket és az ún. “extension”, vagyis 

kiterjesztési technikákat egészen a minták megfelelő ellenőrzéséig és a szekvenálás 

előtti minőségi és mennyiségi ellenőrzésig. Ezenkívül bemutatja a különböző 

szekvenálási technikákat és annak analitikai módszereit. Továbbá bemutatják a 

következő generációs szekvenálás alkalmazását a daganatok azonosításának, 

tesztelésének és kezelésének tisztázása érdekében. Ezen túlmenően 

szakdolgozatomban megemlítem a szekvenálás fontosságát, amely kimutatható a 

kutyák daganatainak kutatásában, így a genomiális elváltozások korai 

diagnosztizálásában. 
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1. Useful Terms 
 

Next Generation Sequencing: 

Next Generation Sequencing, or NGS, is a sequencing method where millions of 

sequencing reactions are carried out in parallel, increasing the sequencing throughput. 

 

Reads: 

The output of an NGS sequencing reaction. A read is a single uninterrupted series of 

nucleotides representing the sequence of the template. 

 

Read Length: 

The length of each sequencing read. This variable is always represented as an average 

read length since individual reads have varying lengths. 

 

Coverage: 

Next Generation Sequencing, or NGS, is a sequencing method where millions of 

sequencing the number of times a particular nucleotide is sequenced. Due to the error-

prone sequencing reactions, random errors could occur. Therefore, 30x coverage is 

typically required to ensure each nucleotide sequence is accurate. 

 

Deep Sequencing: 

Sequencing where the coverage is greater than 30x. This is used in cases dealing with 

rare polymorphisms in which only a subset of the sample expresses the mutation. This 

method increases the range, complexity, sensitivity, and accuracy of the result. 

 

Adapter: 

Unique sequences are used to cap the ends of a fragmented DNA. The adapter’s 

functions are as follows: 1) allow hybridization to the solid surface; 2) provide a 

priming location for both amplification and sequencing primers; and 3) provide 

barcoding for multiplexing different samples in the same run. 
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Library: 

A collection of DNA fragments with adapters ligated to each end. Library preparation is 

required before a sequencing run. 

 

Alignment: 

Mapping a sequence read to a known reference genome. 

 

Reference sequence/genome: 

A fully sequenced and mapped genome is used for the mapping of sequence reads. 

 

Specificity: 

The percentage of sequences that map to the intended targets out of total bases per run. 

[40] 
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2. Abbreviations 
 

Next-Generation Sequencing NGS 

Base Pairs bp 

Unique Molecular Identifiers UMI 

Polyethene Glycol  PEG 

Emulsion PCR ePCR 

Quality Control and Quantification QCQ 

Quantitative PCR qPCR 

Copy DNA cDNA 

Genomic DNA gDNA 

Deoxyribonucleoside Triphosphate dNTP 

Promyelocytic leukaemia-retinoic acid receptor alpha PML-RARA 

Epidermal Growth Factor Receptor  

 

EGFR 

Non-small cell lung cancer NSCLC 

Sanger Sequencing SS 

Human epidermal growth factor receptor HER2 

Estrogen receptor ER 

Progesterone receptor PR 

Breast cancer gene 1  BRCA1 

Breast cancer gene 2 BRCA2 

Estrogen receptor modulator   SERM 

Tumour, Node, Metastasis  

 

TNM 

Internal tandem Duplications  
 

ITDs 

Copy Number Variants  CNVs 

Single-Nucleotide Variants  SNVs 
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3. Introduction 

Next Generation Sequencing is a modernized technology that can identify an enormous 

number of nucleotides of genetic material by adding fluorescent nucleotides with DNA 

polymerase to a growing DNA template strand. With the use of Next Generation 

Sequencing, scientists can use fragmented DNA or RNA and simultaneously sequence 

hundreds of thousands of genes at once and therefore can detect unusual or rare variations 

in genetic material in a short amount of time. It allows us to have insight into 

understanding diagnosing diseases, such as cancer, but also to determine nonspecific 

genetic diseases and treatment options.  

Next-Generation Sequencing is an improved DNA sequencing method and became more 

popular in the early 2000s. It is based on Sanger Sequencing, also called First Generation 

Sequencing, which was a method used to detect a complete human genome and selected 

animal and plant genomes.  

After Frederick Sanger identified chain termination in 1975, he was able to replicate the 

DNA by duplicating the nucleotides. Initially, he labelled the synthetic nucleotides with 

radioactive material but then changed it to fluorescent, which is a safer way to identify 

the nucleotides. [2] 

Sanger Sequencing started to be internationally acknowledged in 1990 when scientists 

started the Human Genome Project. It took until 2003 to sequence 85% of the human 

genome, but it only reached completion in 2022, meaning that it took 32 years to sequence 

the whole human genome, which consists of 3.2 billion base pairs. As this discovery had 

an impact on developing the healthcare system it also proved to be very time-consuming 

and inefficient. This led to a more advanced and accurate technology called Next 

Generation Sequencing, which can sequence the human genome within a day. [3] 

With Next Generation Sequencing it is possible to sequence billions of strands 

simultaneously within a day, whereas Sanger Sequencing could only do one at a time. 

NGS does not specify DNA only but can also read RNA, which then is transcribed 

backwards to DNA. The DNA or RNA is collected from either a blood or tissue sample 

or cell cultures and then purified and centrifuged.  

The next step is the library preparation. The short DNA fragments are collected from long 

DNA stretches, which then get cut into a specific size. After the DNA is cut by enzymes, 
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so-called adaptors connect to the DNA fragments. These adaptors contain the necessary 

information for sequencing but also contain an index that aids in identifying the sample. 

The sample must have a precise size and a high enough concentration for the sequencing.  

Following the library preparation, the sequencing can start. On a glass surface of a flow 

cell the short pieces of DNA, also called oligonucleotides, bind to the surface of the flow 

cell. The oligonucleotide matches the adaptors of the library. This happens because the 

library gets denatured to form a single DNA strand, which then gets added to the flow 

cell and connects with the oligonucleotides. This will result in a strand called the forward 

strand. After that, the reverse strand is replicated, and the forward strand is washed away. 

This means that the library is now bound to the flow cell. Then fluorescence and PRC are 

added to bind and identify the neighbouring oligonucleotides which then form a 

connection. This process is also called Annealing. After that, the Extension happens, 

where the strands get copied and then denatured or melted. This process is repeated. These 

localized clusters are made, and the reverse strand gets cut off and washed away. With 

that, the forward strand stays connected to the flow cell and the sequencing can start.  

The first step is that the sequencing primer binds to the forward strand. Following that the 

fluorescence nucleotides, guanine (G), adenine (A), cytosine (C), and thymine (T) get 

added to the flow cell with the DNA polymerase enzyme. Each nucleotide has a different 

colour or fluorescence tag and a terminator, therefore only one nucleotide gets sequenced 

at a time. Following that the first complementary base binds to the sequence which then 

gets read by the camera and records the colours of each cluster. A new solution is added 

and with that, the terminator is flushed away. Another solution with fluorescence 

nucleotides and DNA polymerase is added again and another nucleotide gets sequenced. 

This cycle is continued as often as it is set on the camera or sequencing system. At the 

end of the cycle, the sequences and the first index get washed away. In case more 

sequencing is needed the paired end of the bridge forms again and the oligonucleotide is 

used as a primer which then is sequenced as a second index and reverse strand of the 

library. This is called the unique dual indices which allows up to 384 samples in one flow 

cell. The DNA polymerase makes the reverse strand, and the forward strand is cut but 

also washed away. This allows the sequencing of the reverse strand.  

Once the sequencing is complete, the system continues to filter and map out the 

unreadable DNA such as overlapping, leader sequences, or which are of low intensity. 
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After the filtering process, the samples are identified and sorted by reading the indices 

and referenced to the genome. This is also called mapping. Longer stretches of DNA or 

RNA can be analysed better by showing the correct alignment. The data is then 

demultiplexed which sorts the sequence reads into separate files for each sample in a 

sequenced run. 

Sequencing aims to have coverage across the target DNA without missing any areas. 

When reading the nucleotides, the number of reads is 30x. The read depth is suitable for 

detecting mutation events in cancer at an average of 1500x.  

Not only is Next Generation Sequencing used for diagnosing cancer and rare diseases but 

can also serve to find the optimal and specific treatment for cancer. It is also applied in 

various fields such as ecology, botany, and medical sciences. [4] 
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4. Library Preparation 

4.1 Fragmentation 

For the genomic material to be sequenced, it is necessary to extract the nucleic acids and 

fragment them into smaller pieces to make it readable for the sequencing technologies. 

This is commonly done by mechanical force by using nebulization where the air pressure 

can break down the DNA between 700-1330 bp within a few minutes. Due to high 

pressure, the mist is formed by pushing the DNA solution into a small hole, which then 

gets collected in the nebulizing unit. The size of the DNA can be changed by altering the 

gas pressure, the viscosity of the solution and the temperature. [5] 

Another method of fragmenting DNA is by using sonication. The DNA is exposed to 

short durations of sonication, which causes hydrodynamic shearing. The DNA in the 

solution is degraded by breaking the hydrogen bonds which ruptures the helix. The 

disadvantage of sonication is that most machines cannot shear more than 300-500 bp. [6] 

An effective alternative to mechanical fragmentation is enzymatic digestion. This method 

is less cost-effective and processes samples quickly at the same time and therefore reduces 

sample loss. However, the major issue with this method is sequence bias, since many 

enzymes that cleave the DNA have a recognition sequence or sequence preferences. 

Commonly used enzymes are transposases which create nicks on the DNA strand or move 

segments of the DNA, leading to fragmentation. [7] 

 

4.2 Adaptor Ligation 

To make the library complete, ligase enzymes covalently connect the adaptor to the DNA 

fragments. Adaptors have multiple functions such as attaching the sequences to a flow 

cell or making the platform compatible with the sequencing system. Adaptors may 

contain indexes that function like a barcode for identification and enrichment of samples. 

For better sampling adaptors can contain unique molecular identifiers (UMIs) which 

provide variant identification but correct errors and increase the accuracy by uniquely 

tagging each molecule in the library sample. To match the oligonucleotides of the flow 

cell, the adaptors connect to both ends of the DNA. This step is needed to bind the library 

to the flow cell. 
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4.3 Size Selection 

Following adaptor ligation, the nucleic acid fragments need to be arranged according to 

size. This is a profound step to increase the quality of the data leading to increased 

capacity and improving the workflow of the sequencing. This cost-effective step 

eliminates the inadequate fragments from the library before the sequencing starts. This 

ensures that the library fragments are within the ideal size range for the sequencing 

instruments, being between 200-700 bp. Low molecular weight fragments, undesired 

enzymes, nucleotides, or buffer components are concurrently eliminated as selected 

fragments are placed into certain size ranges. Size selection should not be confused with 

fragmentation, which is a previous step of the library preparation, where mechanical force 

is used to shear the DNA. The most common ways used for size selection are gel-based 

size selection and magnetic bead-based size selection. 

 

4.3.1 Gel Based Size Selection 

This approach has a limited throughput but is dependable and efficient for size selection 

and therefore a preferred option. The fragments of certain sizes are manually removed 

from an agarose gel. The fragments are divided by using a molecular weight marker which 

helps select the preferred size. Automated gel-based methods are also used and offer 

improved reproducibility and are less time-consuming. With gel-based size selection 

larger fragments from the DNA sample bigger than 100 bp or smaller RNA fractions from 

RNA samples, which are very close in size to adaptor dimers, can be removed. [8] 

 

4.3.2 Magnetic Bead-Based Size Selection 

Using inert beads with polystyrene cores that are covered in magnetite and a layer of 

carboxyl molecules, magnetic bead-based size selection is a practical method. Nucleic 

acids bind to the beads reversibly when polyethene glycol (PEG) and salt are present. By 

adjusting the proportion of PEG, salt and beads to the nucleic acids, it is possible to 

regulate the sizes of fragments that bind to the beads. The magnetic force is applied after 

the nucleic acids bind to the beads. This allows the separation of the beads and therefore 

the bound fragments from the rest of the material. The fragments can then be obtained 

according to their size by either direct collection in the supernatant, which is typically the 
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case for smaller fragments, or indirectly from the beads via elution brought on by a change 

in buffer, which is typically the case for larger fragments. The advantage of magnetic 

bead-based size selection is that is automatic and has a high throughput. This method is 

suggested for fragments of over 100 bp in length and above. [9] 

 

5. Amplification 

After the library preparation, the DNA fragments are amplified on a solid phase, which 

helps increase the detection during sequencing. The DNA fragments are bound to a flow 

cell and then PCR is performed to create a set of identical fragments. To produce enough 

DNA to be sequenced, amplification is required to accurately quantify the fragments to 

obtain the optimal cluster density. [10] These fragments are also called cluster generation, 

where millions of copies of single-stranded DNA are produced. Amplification can be 

done by using bridge PCR or emulsion PCR. [12] 

5.1 Bridge Amplification  

For bridge PCR, the generation of DNA clusters takes place on a flow cell.  On the flow 

cell, two types of oligonucleotides can be found. The oligonucleotides are complementary 

to the adaptor region of the fragment strand. The strand from the library, which is the 

forward strand, attaches to the oligonucleotide of the flow cell. After adding the 

polymerase, it makes the reverse strand of the fragment. This forms a double-stranded 

molecule, which gets denatured, and the forward strand is washed away. The strand is 

Diagram 1: Library Preparation 

 

The genome is fragmented into smaller 

pieces by mechanical force or sonication.  

Adaptors are added to the DNA fragments 

through enzymatic reactions with DNA 

ligase. 



14 
 

amplified through bridge PCR and can now fold over to the adaptor region of the 

oligonucleotide next to it on the flow cell. Following this step, the polymerase forms the 

complementary strand, forming a double-stranded bridge. After denaturing the bridge, 

two single-stranded copies of the molecule are fixed on the flow cell. This procedure is 

carried out for each cluster on the flow cell at the same time. After the amplification, the 

reverse strands are removed from the flow cell and washed off, leaving only the forward 

strand.   

 

Diagram 2: Bridge Amplification 
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5.2 Emulsion PCR 

When using the emulsion PCR method, the DNA fragments are mixed with beads that 

have forward primers attached to them. Beside the beads and the DNA fragments, there 

is a buffer which gets mixed with oil creating an emulsion. The DNA double-strand gets 

denatured, and the single-strand anneals with the primer of the bead. The other strand 

connects with the reverse primer which is also added to the emulsion. Following the 

Annealing, the primers extend to form new strands with the help of the polymerase 

enzyme. As this cycle continues, the DNA fragments are amplified on the bead. For 

sequencing, the bead can be used with the attached fragments. [13] 

 

 

 

  

Diagram 3: Emulsion PRC 

The beads, containing primers, and the DNA fragments are mixed with a buffer and oil, 

creating an emulsion. The DNA get denatured and connects to the primer of the bead.  
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6. Quality Control and Quantification  

This is a crucial step before starting to sequence. It determines the library size and the 

distribution and concentration of the sample but can also reveal whether the samples are 

deteriorated or contain potential contaminants.  

The quality control gives information about the size and distribution of the library, Larger 

DNA fragments are more likely to be sequenced more often than smaller DNA fragments, 

therefore this is a crucial procedure for larger DNA fragments as more polymerases can 

be attached compared to smaller fragments. Poor quality libraries can be signs of potential 

contaminants or preparation-related artefacts.  

The amount of DNA in the sample is measured during the quantity control procedure to 

determine whether the concentration is accurate for sequencing since under-clustering 

could result in additional costs. On the other hand, excessive clustering in a highly 

concentrated library can damage the flow cell and result in sequencing failures, which 

might lead to resending the sample.  

When preparing the libraries, there are three primary methods for the quality and quantity 

control. Microfluidics is used for quality analysis, while the quantity of the library is 

checked with quantitative PCR and fluorometric methods.  

6.1 Quantitative PCR (qPCR) 

A polymerase chain reaction called quantitative PCR or in short qPCR is used to amplify 

and measure fragments of the copied DNA and genomic DNA. Real-time monitoring of 

DNA amplification is possible with qPCR and is finished after measuring the DNA 

concentration. Because the adaptor attached to the DNA fragments already contains 

primers, that can be used in qPCR, it is practical to include the qPCR in your library 

preparation. At the same time, you can quantify only the adaptor-ligated DNA. Since 

qPCR only measures templates containing both adaptor sequences, it can give 

information about the concentration and whether the library size is appropriate. In 

addition, qPCR is a very sensitive way to measure DNA in comparison to other methods. 

In the case of PRC-free library kits, the qPCR allows to amplify and quantification of the 

DNA, whereas other methods such as fluorometric would not be able to increase the DNA 

concentration.  
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6.2 Fluorometric techniques 

The fluorescence dyes which bind specifically to the double-stranded DNA molecules 

can be detected with the fluorometric technique. However, these methods are unspecific 

as they can bind to incomplete DNA fragments or residual primers. As such, 

fluorometric systems only give information about the concentration of the DNA but 

cannot tell anything about the purity of the samples. [14][15] Common dyes used for 

this method include Pico Green and Hoechst dyes as they have better affinity for DNA 

but little affinity for RNA. This means, that is possible to see if the DNA samples are 

contaminated with RNA, as they show increased emission when bound to DNA.  

6.3 Microfluidic techniques  

For the evaluation of the quality of the library size and distribution, the microfluidic 

technique is used, which is an electrophoresis system. The library size is significant 

because it enables sequencers to focus on the DNA fragments which are most complaisant 

to generate the longest reads. Smaller fragments would downstream the analysis, making 

it more difficult to assemble. Although this method has low accuracy with broad-sized 

library distribution, this technique can also be used for quantification, but only for narrow-

sized libraries, for example for ligation-based RNA libraries. This method is 

recommended for assessing sample quality because it provides accurate information 

about the concentration and quality of the samples. [16] 
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7. Sequencing  

7.1 Sequencing by Synthesis 

At the end of the amplification, the reverse strands are washed off, leaving only the 

forward strand on the flow cell. Then a primer is added which can attach to the adaptor 

primer binding site of the forward strand. The primer is needed to initiate the DNA 

synthesis, where the polymerase adds a nucleotide which is tagged with fluorescence dye. 

The fluorophore acts as a blocking agent, so the enzyme can only connect one base per 

round to the forward strand. For every nucleotide, a different colour is used, creating a 

unique emission to each of the four base pairs. If a base is added, no other nucleotide can 

attach to the DNA strand until the fluorophore, which is also used as a terminator, is cut 

off. [17] After the template is terminated the DNA is loaded onto the sequencing machine 

and gets electrophoresed. This sorts the DNA according to size, having the smaller 

fragments at the bottom and the larger ones at the top of the capillary. Now the DNA 

sequence can be read through the fluorescence emission, which flows through the gel. 

The Sequencer can identify the colour of the dye with the help of a laser, and therefore 

records which nucleotide was added. Modern systems can analyse around 8-96 

sequencing reactions at once. [18] After the read is completed, the sequenced 

complementary strand is washed off. In the following step the first index read primer is 

introduced to the DNA fragment. This allows the nucleotides to bind to the DNA again 

and generate another sequence. Then the read is washed off, allowing the DNA fragment 

to fold over and build a bridge to the oligo on the flow cell. This way index 2 can continue 

and the polymerase can extend the second strand. After the formation of the double-

stranded DNA gets denatured and the primer end is blocked. The original forward strand 

is cut off and washed away. Now the second read can begin with the sequencing. This is 

repeated until the length of the read is achieved. The product of the second read is also 

washed away. The process is repeated until all the fragments are represented. [19] 

7.2 Pyrosequencing  

This technique can only achieve chain lengths of around 300-500 nucleotide base pairs 

but is more affordable and commercially available, compared to other sequencing 

methods. Millions of identical copies of each fragment are produced by PCR and 

distributed throughout thousands of wells, with just one kind of DNA fragment per well. 

The enzymes DNA polymerase, ATP sulfurylase, apyrase, and substrates luciferin and 
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adenosine 5´ phosphosulfate are added to the DNA fragments. One of the four types of 

nucleotides, which make up the DNA, are put into the wells. The DNA polymerase starts 

to integrate the nucleotides into each single-strand DNA template, which results in 

pyrophosphate production. The pyrophosphate is then transformed into adenosine 

triphosphate (ATP) with the help of adenosine 5´ phosphosulfate and ATP sulfurylase. 

The next step is the conversion of luciferin to oxyluciferin by luciferase with the 

involvement of ATP. This reaction emits light which can be detected and relates to the 

quantity of ATP involvement in the conversion. Apyrase is produced when unused 

nucleotides and ATP break down, enabling the reaction to continue with another 

nucleotide. Until the synthesis is finished, this process is repeated by adding each 

nucleotide one at a time. The detector picks up the light emission and determines the kind 

of quantity of nucleotides that are added. The light produced from the identical fragment 

will be three times brighter if three cytosine nucleotides are added consecutively than 

from DNA fragments that only have one cytosine added. If adding cytosine results in no 

release of light, then the next complementary base in the single-strand DNA template 

must be one of the other three nucleotides.  

Pyrosequencing is used to obtain a segment of the DNA´s genetic code but also for 

identification of nucleotide polymorphisms, insertion deletions and other alterations. It is 

possible to further narrow down genomic areas linked to a genetic condition to discover 

certain genes or variants or to distinguish hereditary adverse responses to a given 

treatment before prescribing it. [20] 

 

 

Diagram 4. Pyrosequencing  

In Pyrosequencing ATP is formed which is needed for the conversion of luciferin to 

oxyluciferin. This process emits light which can be detected.  
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7.3 Sequencing by Ligation  

This method is different to the previously mentioned techniques as it does not include the 

DNA polymerase enzyme, but instead the DNA ligase enzyme. The enzyme is used to 

identify the DNA sequence´s specific position. To discover the underlying sequence of 

the wanted DNA molecule the sensitivity of the ligase enzyme is used. [21] 

The DNA ligase enzyme can connect two ends of the DNA molecule and therefore reacts 

to base-pairing mismatches. For the preparation of the sample emulsion PRC is used and 

their beads are put on a glass surface. The more beads are present the better the throughput 

of the technique.  For sequencing a library of oligonucleotide probes with four different 

fluorescent dyes attached to their end, are ligated to each other. Six degenerate bases and 

two specific bases are included in each probe. To start the sequencing process, the primer 

binds to the adaptor sequence and synthesises the correct probe to the DNA fragment, 

meaning that the unknown DNA is matched with the bases. The enzyme then ligates the 

sequence to the primer. The remaining oligonucleotides are washed away, and the 

fluorescent signal is recorded. After the signal detection, the degenerate bases are cleaved, 

so that new probes can be added, and the next cycle can begin. The ligation continues for 

seven cycles until the DNA strand is denatured and another primer is added to repeat the 

sequencing until the reading of the DNA fragment is complete.  

The primary disadvantage of Sequencing by Ligation is, that it is only suitable for short 

read length, which is not appropriate for many applications. [22] 

Diagram 5. Sequencing by Ligation 

The probes contain the oligonucleotides 

with their different dye. The primer binds 

to the sequence and the DNA Ligase fuses 

the primer and the probe together. This 

creates a signal which can be recorded. 

 



21 
 

7.4 Ion Semiconductor Sequencing  

Ion semiconductor sequencing uses the hydrogen ion release that occurs throughout the 

sequencing operation to identify a cluster's sequence. Every cluster is situated precisely 

above a semiconductor transistor that can identify variations in the solution's pH. A single 

H+ is released into the solution during nucleotide integration, and the semiconductor 

detects this. This method is based on the reaction of Pyrosequencing but is less cost-

sensitive than Pyrosequencing itself. [23] 

Naturally, when the deoxyribonucleoside triphosphate is added to a growing DNA strand 

a covalent bond is formed which releases a pyrophosphate and a hydrogen ion with a 

positive charge. The ion semiconductor can signal if a positive hydrogen ion is released 

after a deoxyribonucleoside triphosphate is added to the reaction. Single-stranded- DNA 

samples and DNA polymerase are added to microwells on a semiconductor. Once the 

nucleotides A, C, G or T are added, the polymerase incorporates these, and a biochemical 

reaction takes place.  As a result, the hydrogen ion is released and the pH of the solution 

changes. All nucleotides that were not incorporated are washed out and with the 

introduction of new nucleotides, sequencing can continue. This is detected by the 

conductor, which contains an electronic chip and can be translated to a computer system. 

Therefore, it is not necessary to label the nucleotides with dyes, as the signal will be 

processed directly to the software.  

This method proves to have increased sequencing speed and little operational and upfront 

expenses. The sequencing rate is limited by the cycling rate of nucleotide substrate that 

goes through the system. [24] 

 

 

Diagram 6. Ion-Semiconductor 

Sequencing 

Primer attachment releases 

positively charged hydrogen 

which alters the pH. This can be 

measured with the ion 

semiconductor. 
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8. Filtering and Mapping 

Not all sequences are of importance and sometimes only a few can be used for analysis. 

To reduce downstream analysis and requirements the unwanted sequences are removed 

so only the desired sequences are utilised. [25] The cause for bad reads is low quality, 

reads that do not align due to mismatched bases, or alignment in the wrong place of the 

genome. Another reason for filtering the sequence sample is to remove the adaptors and 

reduce technical errors that might lead to a lower quality of the reads. [26]  

To fully analyse the data, the genetic phenotype relationship must be distinguished. First, 

the chromosomes are broken up into smaller pieces that may be analysed and replicated. 

Next, the fragments are arranged in a certain order to their specific positions on the 

chromosomes. [27]  

The method where NGS reads are allocated to their sample of origin based on their 

matching molecular barcode is known as demultiplexing. Demultiplexing creates a single 

sequence by selecting the appropriate sequence from each file, forming them into a single 

sequence. [28] This step includes a certain software which reads the barcode and sorts the 

sequences into files. Only identifiable barcodes are processed and not too like each other, 

to avoid any mismatch. 

The readings overlap each other when they are matched to the reference genome. Two 

sequencing reads are produced from the same library using paired-end sequencing. The 

algorithm recognizes that these readings belong together during sequence alignment. 

Greater reliance may be placed on the accuracy of the alignment when analysing longer 

segments of DNA or RNA.  

 

9. Metrics 

One crucial sequencing statistic is read depth, which is the quantity of reads for a 

nucleotide. An ideal read depth for whole genome sequencing is 30x. For example, a 

1500x average read depth can be used for uncommon mutation events in cancer.  

Coverage is an additional critical measure in sequencing. The goal is to ensure that the 

target DNA has no gaps, for the completion of the sequence. [29] 
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10. Application of Next-Generation Sequencing in Clinical Oncology  

10.1 Identification of Cancer Mutations using NGS 

Uncommon somatic mutations can be efficiently and accurately detected by NGS 

methods. Numerous tumours such as bladder cancer, renal cell carcinoma, small cell lung 

cancer, prostate cancer, acute myelogenous leukaemia, and chronic lymphocytic 

leukaemia have been effectively treated with NGS to find new mutations. A unique 

genetic recombination known as PML-PARA was successfully detected using whole-

genome sequencing in individuals suffering from a rare type of acute promyelocytic 

leukaemia, which was not identifiable through conventional cytogenic approaches.[30] 

Numerous novel genetic abnormalities and related potential therapeutic targets have been 

discovered in several malignancies by using whole-genome sequencing. These 

discoveries have shed an important light on the process behind carcinogenesis. 

The most common genetic changes affecting the Epidermal Growth Factor Receptor 

(EGFR) in non-small cell lung cancer (NSCLC) are microdeletions at exon 19, which are 

closely linked to the patient's reaction to tyrosine kinase inhibitor therapy. Deep Next 

Generation Sequencing was performed on a set of 116 NSCLC DNA samples that were 

examined by Sanger Sequencing (SS), of which 106 samples had exon EGFR deletions 

and 10 samples, which were control samples had no deletions. However, NGS was able 

to discover deletions in thirteen instances (12 %) which SS was unable to define. 

Furthermore, NGS revealed the existence of complicated (double/multiple) frameshift 

deletions that resulted in an alteration in 21 (20%) of cases. In addition to that, NGS 

showed the existence of subpopulations of DNA molecules with EGFR deletions distinct 

from the primary one in 46 (43%) of tumours with possible pathogenetic and clinical 

implications. [31] 
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10.2 Genomic Testing for Hereditary Cancer Syndrome 

Around five to ten per cent of malignancies are inherited. Next Generation Sequencing is 

now the most used genetic testing technique and is regarded as a gold standard for finding 

mutations in the United States and Europe. Numerous types of changes including single-

nucleotide substitutions, tiny insertions and deletions or huge genomic duplications might 

be found. [32] Commercial testing for breast cancer in the US and Europe is based on 

Sequencing, and polymerase chain reaction amplification of individual exons. NGS is a 

useful method for identifying uncommon variants. The variant detection rate is 

significantly increased since it permits the testing of several genes simultaneously. 

Although many hereditary cancer patients have tested negative for genetic abnormalities, 

NGS makes it simpler to identify the mutated genes that cause the disease. In a study, 52 

probands out of 300 high-risk breast cancer families had mutations that had not been 

discovered before. [33] The earliest and most direct step towards NGS´s introduction into 

clinical practice will be its application in genetic testing for hereditary cancer disorders. 

Clinical trials have employed whole-genome or whole-exome sequencing of malignant 

tumours for individualised treatment.  

 

10.3 Next-Generation Sequencing for Individualised Cancer Treatment 

NGS is used not only to detect novel somatic and genetic changes but also to enhance 

personalised medical care. Numerous studies have shown that individual treatment of 

cancer can be done by using NGS. 

Research has found that pancreatic cancer poses several technological challenges for 

genetic studies. The utilisation of Next-Generation Sequencing has demonstrated efficacy 

in investigating diverse cancer forms by revealing the intricate relationship between 

distinct DNA and RNA alterations inside the tumour. Despite the various obstacles 

presented by pancreatic tumours specifically clinical sequencing-based diagnostics, NGS 

and analysis are now applicable in in-patient treatment-related research to find therapy 

choices to enhance the patient’s outcome. [34] 

The most common genetic changes affecting the Epidermal Growth Factor Receptor 

(EGFR) in non-small cell lung cancer (NSCLC) are microdeletions at exon 19, which are 

closely linked to the patient's reaction to tyrosine kinase inhibitor therapy. Deep Next 
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Generation Sequencing was performed on a set of 116 NSCLC DNA samples that were 

examined by Sanger Sequencing (SS), of which 106 samples had exon EGFR deletions 

and 10 samples, which were control samples had no deletions. However, NGS was able 

to discover deletions in thirteen instances (12 %) which SS was unable to define. 

Furthermore, NGS revealed the existence of complicated (double/multiple) frameshift 

deletions that resulted in an alteration in 21 (20%) of cases. In addition to that, NGS 

showed the existence of subpopulations of DNA molecules with EGFR deletions distinct 

from the primary one in 46 (43%) of tumours with possible pathogenetic and clinical 

implications. [35] 

After 510 breast cancer exomes were sequenced by the Cancer Genome Atlas Network, 

four different subtypes were found. These were categorised into basal-like (ER-, PR-, 

HER2-), Human epidermal growth factor receptor 2-enriched (ER-, PR-, HER2+), 

luminal B (ER+ and/or PR+, HER2+) and luminal A (ER+ and/or PR+, HER2-). 40% of 

luminal A cancers had a PIK3CA gene mutation and among luminal B tumours, TP53 

and PIK3CA were mutated in 29%. With TP53 mutated in 80% of instances, the basal 

subtype showed a more consistent pattern of mutation than either the luminal A or luminal 

B subtypes. HER2 amplification which is present in 80% of these tumours, is what defines 

the HER2-enriched subtype. Studies suggest that tumours of the basal type often have the 

highest frequency of mutations, whereas tumours of luminal A type usually have the 

lowest rates of mutations. [36] 

 

  

Diagram 7. Molecular Subtypes of Breast Cancer  
Categorization of the subtypes based on their hormone receptor expression. 
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Next Generation Sequencing technologies provide information that helps clinicians to 

make better decisions about diagnosis and treatment. For instance, a physical 

examination, histology, and mammography have been used to diagnose breast cancer. 

Genetics became a significant factor after the identification of breast cancer gene 1 

(BRCA1), breast cancer gene 2 (BRCA2) and other biomarkers.[37] More precise 

treatment is possible based on the genetic markers including HER2, ER and PR. 

Beneficial to diagnostics, the discovery of genes linked to cancer has prompted the 

creation of drugs that target particular molecules, including trastuzumab, which is one of 

the first treatments for HER2+ breast tumours. [38] Trastuzumab binds to an extracellular 

domain as a monoclonal antibody, preventing the signalling of HER2. Moreover, it may 

promote antibody-dependent cellular cytotoxicity, which kills HER2-expressing cells. 

[39] Tamoxifen demonstrates estrogenic agonist and antagonist properties. It is a selective 

estrogen receptor modulator (SERM) that is patient-specific due to its dual activity of 

preferentially binding to estrogen receptors and exerting both estrogenic and anti-

estrogenic effects. It produces antiestrogenic and anticancer actions in breast tissue by 

antagonistically competing with estrogen-binding sites. By inhibiting subsequent 

intracellular mechanisms that slow down the cell cycle it is categorized as cytostatic. [40] 

10.3.1 The Use of NGS in Target Therapy 

For diagnosis, the tumour subgroups that were formerly identified by morphologic criteria 

are now identified by genetic alteration. For instance, an oncogenic fusion between 

DNAJB1 and PRKACA in 15/15 patients in a research examination of fibrolamellar 

hepatocellular carcinoma. [41] 

The second is identifying a suitable therapy which targets these genetic alterations, as 

more and more treatments have indications derived from the results of DNA sequencing. 

Inappropriately targeted medicines may fail to be beneficial for patients and may cause 

damage.  

Next-Generation Sequencing can also benefit patients when they stop responding to their 

target therapy. This could be due to an issue known as resistance mutation. Resistance 

mutations may occasionally be restricted to one or a few loci. For instance, a single point 

mutation is usually the cause of resistance to EGFR-targeted therapy in cancer, and this 

resistance may be addressed by simply using an alternative medication. [42] 
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However, through a complex process of epigenetic regulation, glioblastoma can develop 

resistance to EGFR-targeted therapy. Compared to a single gene assay, NGS provides a 

more thorough picture of tumour dynamics and has a higher chance of illuminating 

idiopathic resistance mechanics. Clonal EGFR mutations in extrachromosomal DNA 

reappear after the medication is discontinued. These findings point out that a very 

particular, dynamic, and adaptable mechanism via malignancies might sidestep 

treatments that aim to eliminate oncogenes that are on extrachromosomal DNA. [43] 

 

 

  

Diagram 8: Food and Drug Administration-approved drugs 

Each medication has a unique genetic result which is included in the list of approved uses.  
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11. Next-Generation Sequencing in Canine Oncology 

11.1 Importance of NGS in Canine Oncology 

Tumours in dogs are as common as human tumours. Tumours in dogs not only develop 

spontaneously to those in people, but many of them also exhibit biological and 

histological characteristics. Both the clinical appearance and certain elements of clinical 

pathology are frequently comparable between dogs and humans. [44] There is 

comparatively significant homogeneity in dogs since many pure breeds have confined 

populations. Due to the absence of genetic variation, pure breeds require fewer harmful 

alleles to cause cancer and as a result mapping these alleles, identifying which are 

causative and contrasting them with the human genome that has the same cancer type are 

made easy. Furthermore, the lifespan of dogs is much shorter compared to people, 

therefore the clinical trials and research may be faster than in human oncology. [45]  

In the past twenty years, the areas of genomics have grown rapidly, especially after the 

Human Genome Project was completed and after that, in 2005 the first canine genome 

was made public. Since then, a great deal of progress has been made in the fields of 

genomics which allowed us to sequence and comprehend the genetic composition of the 

genome and its encoded proteins. Breeding decisions, species categorization, disease 

resistance, pathophysiology, diagnostics, and biomarker identification have all been 

improved by the utilization of sequencing in the veterinary industry. In both humans and 

dogs predisposing factors such as environmental but also hereditary factors contribute to 

the explanation of why, in the US 1.6 million new cases are registered per year, in a 

population of 330 million people, whereas 4-6 million dogs of a population less than 90 

million receive a cancer diagnosis annually. Similar to humans, dogs are more likely to 

develop cancer as they are and therefore up to 50% of dogs over 10 years of age develop 

cancer for the remaining lifespan. [46] Because many tumours are discovered at a late 

stage, when there has been microscopic or macroscopic dissemination, treatment is no 

longer possible and therefore canine cancer poses a considerable mortality risk. The 

enormous cost of canine cancer extends beyond physical consequences for the animal but 

also adds to the emotional and financial impact on the owner.  
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11.2 Differentiation of Genomic Alteration 

Most genomic medical advancements have not yet been used in veterinary care, and 

development in canine genomics has not been nearly as quick as in human genomics. 

Very little of the scientific advances in human oncology have been applied to the field of 

cancer in dogs. For the standards of cancer care in veterinary medicine to catch up with 

standards in human medicine, there is an urgent need for additional research and 

development regarding the genetic predispositions underlying canine cancer syndromes 

as well as the detection, characterisation, and management of cancer in dogs.  

Many somatic changes are quickly fixed by intracellular DNA repair mechanisms or, if 

severe enough cause the cell to die with no negative effects on the organism. However, 

when these changes happen at sites in the genome and are left uncorrected, a series of 

events result in the development of cancer.  These changes provide the affected cells an 

advantage in terms of growth and/or survival by either inducing enhanced cell replication 

or by blocking the mechanism that blocks cell division. Over time the accumulation of 

additional somatic mutations might accelerate the development of tumours. This leads to 

cancer cells replicating more quickly, invading surrounding tissues, reaching distant 

organs through lymphatic vascular pathways, and evading the immune system’s 

surveillance and control mechanism. [47] 

The malignant mass is approximately 1 cm in size and weighs approximately when the 

number of cancer cells reaches 1 billion. At this point, the mass is usually detectable 

through physical and imaging examinations and might have already begun to cause 

clinical symptoms. The tumour spread is defined by the TNM (Tumour, Node, 

Metastasis) staging system. However, at its core, cancer is a genetic illness since it arises 

from genomic changes directly and cannot occur in the absence of such modifications. 

[48] 

Changes linked to cancer can be either somatic, which are acquired after birth and only 

found in a portion of the body cells, or germline which are inherited and found in all cells. 

Humans are more susceptible to breast cancer due to germline changes that result in a 

predisposition to cancer, such as variations in the BRCA1 and BRCA2 genes. Dogs with 

mammary tumours have also been shown to have similar gene changes. [49]  

Proactive cancer screening which can identify such malignancies at earlier stages is 

beneficial for patients with germline changes since they are typically diagnosed at a 
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younger age. Proactive screening in younger dogs, guided by the existence of germline 

mutations, is expected to exhibit growing therapeutic value and improve clinical 

outcomes. [50] 

 

 

 

 

 

 

 

 

 

 

 

Diagram 9: Germline and Somatic Mutations 

Somatic mutations are acquired after birth and can be found in part of the 

body cells, whereas germline mutations are hereditary and found in all body 

cells. 
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11.3 Target Sequencing for Diagnosis and Detection  

Before becoming clinically evident, many tumours in humans develop for years, mostly 

inside the organ. This period offers a sizable window of opportunity for early diagnosis 

which may enable a circumscribed tumour to be surgically removed to cure the patient. 

This model also applies for canine cancer as with early discovery and appropriate surgical 

excision, clinical results are frequently favourable in cases of certain canine malignancies 

such as mast cell tumours and soft tissue sarcomas. [51] 

Numerous genetic changes are present in every patient´s cancer, and no malignancies are 

the same even within the same cancer kind. There is no proven relationship between a 

certain genetic mutation and a specific tumour type. For instance, the canine BRAF 

V600E mutation is frequently seen in transitional cell carcinoma but is also prevalent in 

several canine cancer types, and similarly, the mutation is most frequently observed in 

human melanoma but can also be found in other malignancies. [52] 

Different cancer types may respond differently to a given mutation, depending on the 

treatment implications. For instance, vemurafenib, a medication that targets the BARF 

gene, is more successful in treating melanomas in humans than in other cancer types. [53] 

Uncertain diagnosis is a significant difficulty for veterinarians treating cancer patients. 

It is challenging to establish a clear treatment plan and prognosis in the absence of a 

conclusive diagnosis. A histopathology and/or a cytopathology assessment of the 

suspected tumour or mass is usually the first step towards a clear diagnosis, which is 

essential to establish the best course of therapy and prognosis. A pathologic diagnosis, 

however, may not always be attainable for several reasons, including insufficient 

differentiation of neoplastic cells, or lack of distinctive characteristics in the sample. 

Even with extra tests, a diagnosis can still be challenging which complicates the case 

management for clinicians by impeding the creation of a conclusive treatment plan and 

avoiding an accurate prognosis. Thus, more techniques are required to get beyond these 

diagnostic challenges. 

Mutations of the tumours are essential to the characteristics of cancer that determine 

how the disease behaves clinically. Understanding the role of genomic alterations in 

cancer makes it possible to develop genomic biomarkers to help with the diagnosis, as 

well as implement precision medicine to target mutations and dysregulations of specific 

pathways in cancers in individual patients.  
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By Sequencing specific genes, it is possible to use small and cost-effective panels that 

concentrate on mutations with a high amount of biomarker evidence. This method is 

relatively low-cost and has high clinical actionability, which makes it valuable for 

veterinary oncology. Genomic testing can benefit especially with the use of a reporting 

framework that incorporates structured, comprehensive, and peer-reviewed genomic 

biomarker data, which are closely followed and regulated in the field of human cancer 

genomic diagnostics. A pathogenic mutation that is known to be enriched in, a 

particular tumour type in people or dogs is what makes up a diagnostic genomic 

biomarker. A brief, informative report for the veterinarian can include a description of 

each tumour’s mutations, evidence statements indicating their function as biomarkers, 

and a qualitative assessment of the genomic results concerning the pathology findings 

and clinical history of the patient.  

A recent study showed records of client-owned dogs with clinical genomic findings 

from results conducted for cancer or suspected malignancy, where the diagnosis was 

unclear and if the documented medical history or pathology report included any of the 

following terms: anaplastic, poorly differentiated, likely, potential, suspicious, 

suggestive, malignant neoplasm, round-cell tumour, atypical, and probable. If the 

pathologist offered at least one other differential diagnosis in addition to the diagnosis 

that did not contain a particular histotype (such as lymphoma, histiocytic sarcoma, or 

squamous cell carcinoma), the diagnosis was deemed equivocal. Regardless of whether 

a full pathology evaluation was carried out, dogs with strongly suspected malignancies 

for example dogs with pulmonary lesions with a history of distinct tumour histology, 

were included. Dogs with a clear diagnosis (i.e., a precise histotype diagnosis) were not 

included. After confirming that the samples met quality standards, the targeted genomic 

regions were enriched using a proprietary custom panel of hybridization-based capture 

probes, which allowed for the sequencing of the regions. This allowed for the evaluation 

of the presence of multiple mutation types, such as internal tandem duplications (ITDs), 

copy number variants (CNVs), and single-nucleotide variants (SNVs). 

The study showed quantitative proof of the high value of genetic diagnostic assay that 

provides information that was previously unavailable and therapeutically relevant. 

Patients with ambiguous cancer diagnoses were included and 46% had already 

undergone at least one previous diagnostic test without receiving a clearer diagnosis. In 

the absence of a diagnosis, the clinician is forced to treat the patient empirically, which 
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makes prognosis estimation more difficult. In this case, more than half of patients (54%) 

were able to receive a clear diagnosis. Prognostic and/or therapeutic information was 

offered for patients for whom the diagnosis remained difficult. 

It can be difficult to convert a list of genetic mutations—even with biomarker 

annotations—into clinically actionable information, thus for every sample, a qualitative 

analysis is regularly carried out and shared with the veterinarian. This procedure is 

comparable to that used in pathology reports when a clinical history and microscopic 

findings are combined by a qualified specialist. A brief synopsis and an interpretation of 

the mutations for clinical use are included in this investigation. A brief synopsis and an 

interpretation of the mutations for clinical use are included in this investigation. 

Because different mutations have varying degrees of diagnostic specificity, a qualitative 

analysis is especially relevant for patients with ambiguous diagnoses. This means that to 

support a diagnosis of cancer and/or a particular cancer type, it is necessary to evaluate 

an aggregate of mutations (i.e., the presence, absence, and combination of various 

mutations) within the sample's mutational milieu considering the tumour location, 

pathology reports, and clinical history. Consequently, the study particularly examined 

each case's qualitative analysis to see whether diagnostic clarity was attained. This 

research is particularly useful for veterinarians as genomics is used more and more in 

veterinary treatment, regardless of the diagnosis of cancer. [54] 
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12. Conclusion 

The research aimed to target the development of canine tumour research and its 

diagnostic, therapeutic and prognostic factors using more targeted methods such as 

Next-Generation Sequencing. Targeted genome sequencing has been progressing and 

increasing its importance in the veterinary field due to the increase in fatalities linked to 

somatic mutations of cancer.  

Exact genomic sequencing is used to detect mutations such as single nucleotide 

substitution, insertions, deletions, or duplications. Detection of unusual mutation 

modifications is increased by using Next-Generation sequencing as this method is 

capable of testing multiple genes at once. Additionally, it can be used for spotting innate 

cancer disorders from very early on as it is the most direct way to test hereditary 

tumours.  

Furthermore, it is not only used for diagnostic purposes but also for therapeutic 

parameters, which can determine the patient's outcome. Formerly tumours were 

identified by their morphological appearance, however, it is possible to identify cancer 

by genetic variations with the help of Next-Generation Sequencing. In addition to that, 

one can target these genetic alterations with specific medication. Not only is it possible 

to use appropriate therapy, but also confirm if a drug is drug is ineffective, or even if the 

cancer has developed resistant mutations to the therapy. All in all, veterinarians have the 

option to distinguish if a drug is more adverse than beneficial for the patient as the drug 

will target the mutation of the cancer.  

On the other hand, it might be challenging to comprehend the information related to 

canine tumours as the database is not as developed as in human oncology. The 

development regarding the detection, characterisation, and management in canine 

oncology is still growing and therefore only a few scientific advances have been 

progressing in the veterinary field of oncology. Nonetheless, since the publication of the 

canine genome in 2005, the progress has been increasing making it more efficient and 

comprehensible to understand the resistance, pathophysiology, breed disposition and 

biomarker identification.   

Unfortunately, elderly dogs develop cancer which remains for the rest of their lifetime, 

and if there is microscopic or macroscopic spreading, treatment can no longer assist the 

animal, which poses a significant chance of casualty. It is of great importance that owners 
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are aware of the genetic predispositions which allow early testing for dogs and therefore 

prevent the risks of early somatic changes which not only cause mutation and the 

development of tumour formation but also the invasion of tissues and lymphatic 

pathways. 

Overall Next-Generation Sequencing is a useful tool in canine tumour research for early 

diagnosis, as new prognostic tests and cancer therapy by using targeted sequencing. It 

benefits the outcome of an even more accurate diagnosis which leads to a more exact 

prognosis. In addition to that, Next-Generation Sequencing allows patient-specific 

tailored therapy by targeting the mutation of individualised and unique tumours. With 

target identification of cancer, more accuracy and efficiency can be approached not only 

for better treatment options but also to provide precise a diagnosis which will impact the 

course and the outcome of the patient. With its extremely high throughput, scalability and 

speed, Next-Generation Sequencing is a method that can sequence full genomes of 

multiple patients in a short time, making it possible to reduce the number of tests to find 

the causative mutation.  
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