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STEM For Youth 

Subject: Medicine 

 

GENOME EDITING 

Rewriting the book of life 

 

OBJECTIVES 

This module aims at drawing students attention on the fact that our genome is much less 

“crystallized” than we think: our DNA is continuously prone to a whole range of mutations, and 

continuously corrected by endogenous repair systems. Students will be involved in a “text editing” 

activity; a “metaphore” to help them recognize different types of mutations affecting our DNA 

(form “typos” like point mutations to editing of entire “paragraphs” like chromosome deletions). 

Furthermore, since the dawn of times, man has seeked the most convenient ways to modify the 

surrounding environment as needed, including the genetic background of other organisms, to 

select desired characteristics. The discovery of DNA, and the set up of new techniques to analyze it 

to a crescent level of detail, enabled the birth of genetic engineering first, and more recently of 

genome editing. A brand new scenario, that opens up almost-limitless possibilities, along with 

ethical questions. 

 

 

It’s all natural 

We have always been taught that DNA, the “manual of instructions” kept in each of our cells, is a 

very stable molecule that protects and conveys all information necessary to make our body 

functioning for all our life. Every day, our DNA is copied to be distributed to new cells, or 

translated into RNA molecules to produce a plethora of protein types. Nevertheless, none of these 

processes is immune to possible mistakes, just like when we write or copy a text. This is why 

sometimes spontaneous mutations arise and are brought about as we age. Furthermore, as every 

other part of our organism, also DNA is susceptible to external insults from physical, chemical or 
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biological agents, that could damage it or change its sequence. Fortunately, we are provided with 

several strategies in order to cope with most of the alterations that our precious genetic 

information experiences through life. 

 

1) Mechanisms of DNA mutation 

 Spontaneous mutations 

Our cells undergo spontaneous mutations with a rate of 1 mutation every 105-108 cells. This is due 

to DNA damage or mistakes along DNA replication. 

 

 

 

 

 

 

 

 

Figure 1. Two categories of bases compose our DNA: purines and pyrimidines. The latter group also includes uracile, 

which is physiologically used only in RNA sequences. 

 

 

 - Spontaneous lesions:  

- depurination: loss of an adenine or a guanine. A mammal cell spontaneously loses around 

10 thousand purines at every cell cycle! Also pyrimidines can be lost, but it usually happens 

at a much lower rate. 

- deamination: a cytosine becomes a uracile, or a 5-methylcytosine (a cytosine that 

underwent one of the main epigenetic modifications: methylation),  becomes a thymine. In 

both cases the new base will start to pair with ad adenine. 
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- oxidative damage: caused by reactive oxygen species (small oxygen-containing molecules 

which lost an electron, often generated as metabolism byproducts and usually disposed of 

by appropriate mechanisms), they can produce different types of alterations. 

- Errors in DNA replication: 

 - base substitution 

 - indels: insertion or deletion of a single base (often occurring upon repetitive sequences). 

 

 Induced mutations 

During our life we are continuously exposed to physical, chemical or biological agents, some of 

which have the ability to introduce mutations in our DNA (for example smoke, UV light, alcohol..). 

Every mutagen agent causes a specific type of alteration (a sort of “signature”), and often has 

preferential DNA areas where to strike (hot spots). Possible mutations include: 

- Base substitution: caused by base analogs, molecules similar to DNA bases but with 

different pairing properties. When they get incorporated into a new DNA strand, they can 

introduce a mutation in the next round of DNA replication. 

- Base alterations: caused by substances that modify the existing bases, such as alkylating 

agents (which add an alkyl group to guanines) or by intercalating agents (introducing 

themselves between two subsequent bases, paving the way for indels). 

- Base damage: causes a stop in DNA replication, which can be overcome only by insertion 

of aspecific bases. It can occur for example upon exposure to UV light (that can stick 

together subsequent guanines or cytosines) or to aflatoxin (a fungine poison, than can 

cause the loss of a guanine base). 

 

 

ACTIVITY: DNA… EDITORS! 

This activity will help students recognize and keep in mind the different types of possible DNA 

mutations by proofreading a collection of short texts containing a variety of grammar or layout 
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mistakes which have to “simulate” the different types of DNA mutations. We suggest to let 

students perform the activity singularly: each should be given a printout of the file, and be 

assigned 15 min to complete the exercises. 

 

2) Mechanisms of DNA repair 

DNA repair machineries differ depending on the entity of alteration to be corrected, and whether 

it involves one of the two DNA strands or both.  

 When our DNA experiences a damage to a single filament, three mechanisms may come 

into play: 

- Base Excision Repair (BER): can be used to repair point mutations (that is to say, 

mutations that involve a single base), like deaminations, oxidations, alkylations and so on. 

It depends on the activity of three enzymes, which subsequently:  

- recognize the mutated base and breaks the DNA filament; 

- remove the mutated base; 

- remove the other parts of the deoxyribonucleotide (ribose and phosphate group); 

- insert a correct base using the other DNA filament as a reference; 

- link the new base to the rest of the filament, repairing the initial break. 

 

- Nucleotide Excision Repair (NER): it can repair longer alterations, spanning 2 to 30 

nucleotides (such as UV damages). In a similar way to BER, also this machinery relies on 

different enzymes that: 

- recognize the area to be repaired; 

- unfold the DNA double helix; 

- excise the altered sequence; 

- synthesize a new sequence using the correct filament as a reference; 

- link the new sequence to the cut filament. 
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- DNA mismatch repair (MMR): it corrects mutations arising during the DNA replication and 

recombination processes. Highly studied in bacteria, it is still not well characterized in 

eukaryotes. 

 

 

Figure 2. DNA repair mechanisms 

 

 

 

 Whenever both strands of a DNA molecule undergo a cut (a very dangerous event for DNA 

stability), two possible mechanisms can be activated: 

- Homologous Recombination Repair (HRR): each of our chromosomes is present in double 

copy in our cells. The HRR process is based on the recombination of the broken filaments 

with the corresponding regions in the homologous chromosome, so that to use it as a 

reference for “filling the gap”. This is why this mechanism is generally error-proof.  
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- Non-Homologous End Joining (NHEJ): this mechanism simply trims and joins the cut 

filaments without referring to homologous chromosomes. It is therefore prone to errors, 

which could anyway allow the cell to survive. 

 

Mutations can be also caused by a defect in our DNA repair mechanisms (see table 1). 

 

© 2014 Nature Education Adapted from Pierce, Benjamin. Genetics: A Conceptual Approach, 2nd ed. All rights reserved. You may reproduce this 

material, without modifications, in print or electronic form for your personal, non-commercial purposes or for non-commercial use in an 

educational environment. 

.________________________________________________________________________________________________________________________ 

Table 1. Genetic diseases associated with defects in DNA repair systems. 

 

Correcting mistakes: first artificial attempts 

Although humanity had tried to genetically modify surrounding organisms (and even humans 

themselves) from around 12-14 thousand years, with the first animal domestications and crop 

selections, genetic engineering is far more recent. The term refers to the manipulation of DNA 
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using a set of techniques that directly modify its sequence, and/or transfer DNA between different 

organisms belonging to the same or different species. The era of genetic engineering started 

around the ‘70s, thanks to the many technologic advances that combined in the same decade. 

Among the most important ones, the discovery of “restriction enzymes”, bacterial proteins that 

can cleave DNA at specific sites (which granted the Nobel Prize in 1978 to Werner Arber, Daniel 

Nathans and Hamilton O. Smith), that along with other enzymes called “ligases” (sticking together 

different pieces of DNA, and discovered in 1967) allow for a sort of genetic “copy and paste”. 

Technical achievements immediately fueled bioethical and normative debate on how to face these 

brand new and powerful tools of genetic manipulation. 

 

 1972 - Paul Berg produced the first recombinant DNA molecule, by joining DNA from the 

monkey virus SV40 and from the lambda virus. Herbert Boyer and Stanley Norman were 

the first to create a genetically modified organism: they engineered bacteria cells to 

survive to a particular type of antibiotic. 

 1974- Rudolf Jaenisch gave origin to the first transgenic mouse by introducing viral DNA in 

mouse embryos, to study tumor formation. 

 1975 – The Asilomar Conference on Recombinant DNA, held in California, issued a set of 

voluntary recommendations on cautious application of the new DNA engineering 

techniques and genetically modified organisms. 

 1975 - Frederick Sanger invents the first simple and efficient method to sequence DNA. 

 1979 – Insulin-synthesizing bacteria were created. Commercialization of synthetic insulin 

(starting from 1982) enabled to obtain much higher quantities of enzyme (making it 

cheaper) at higher purity levels, and to stop extraction of insulin from animal sources. 

 1982 – The Organization for Economic Co-operation and Development (OECD) presented a 

report concerning potential risks of releasing modified organisms in the environment. 

 1983 – Michael W. Bevan, Richard B. Flavell and Mary-Dell Chilton created the first 

genetically modified plant (a strain of tobacco). 



 
 

 

8 

 1983 - Kary Mullis invented the Polymerase Chain Reaction (PCR), which will lead him to 

win the Nobel Prize in 1993. This simple and cheap technique enables to obtain many 

copies of a DNA segments, and is now routinely used in all research laboratories to analyze 

and manipulate DNA, as well as in hospitals for diagnosis, for genetic testing and for 

forensic analysis. 

 1990 - The Human Genome Project, aiming to obtain the complete sequence of human 

DNA, began: final results will be presented in 2003. 

 

Let’s see some of the techniques that made up the genetic engineering field: 

 

- Gene isolation: in order to be characterized from a structural or functional point of view, a gene 

usually needs to be first isolated from the rest of the genome. To do so, particular enzymes are 

used that recognize specific short sequences in the DNA and cut them (restriction enzymes): 

different enzymes will target different sequences, and if the genome sequence is known, it is 

possible to predict in which regions each enzyme will cut. This allows to choose for enzymes that 

will cut close to the gene of interest. Furthermore, by knowing the sequence length of the 

fragments originated from this reaction, it will be possible to select and isolate the fragment 

containing the desired gene (using a technique that separates all fragments according to their 

length). 

 

Usually, to be kept stable or to be introduced into a different cell/organism, the gene is then 

inserted into a circular piece of DNA, called plasmid. It is a rather short and stable molecule, 

generally containing all further elements that are needed to allow gene functioning. If more copies 

of the gene are needed, a technique called PCR (Polymerase Chain Reaction) will quickly originate 

many copies starting from a plasmid: this procedure might also be used to introduce small 

mutations inside the sequence. 
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Figure 3. PCR: reaction pattern 

 

- Molecular cloning: sometimes it might be necessary to originate new genes by fusing two 

different sequences coming from different parts of the genome, or from different species. Also in 

this case restriction enzymes and ligases might be very useful to “cut and seal” DNA sequences as 

desired. In other cases, PCR can be used to add to a gene a short sequence that will be 

complementary to the edge of a second gene, in order to subsequently “stick” the together. All 

these procedures are generally referred to as “molecular cloning”. 

- Introduction of a gene into an organism: to understand what a gene does, we need to see it in 

action and observe what does it do (in scientific jargon, what phenotype does it determine: what 

type of RNA and/or protein does it code for, is it functional, to what rate is it read, what 

phenomena does it cause in the cell). To do so, we need to introduce the isolated gene inside an 

organism. The simplest ones are bacteria: unicellular forms of life that grow fast and are cheap to 

be manipulated. In 1970, scientists discovered that Escherichia coli could be induced to uptake 

external DNA by treating cells with a solution containing calcium chloride, a salt that would 

transiently destabilize bacterial membrane, creating temporary pores allowing DNA uptake. Today 

many different techniques are available, based on different stimuli (heat shock, electric shock, 
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chemicals) that would achieve the same result. Introduction of foreign DNA in bacteria is a 

procedure called “transformation”. 

 

 

 

Figure 4. Molecular cloning 

 

External DNA can be also inserted in eukaryotic cells, plants or animals. In the first case, cells are 

usually exposed to chemical agents or electric shock to uptake DNA just as bacteria, or they can be 

infected by properly engineered viruses containing the desired gene. 

As for plants, the most common technique is based on Agrobacterium tumefaciens, a type of 

bacteria that will transmit to the host any plasmid containing a particular short sequence (along 

with a desired gene). Finally, when a sequence is to be introduced in animals, the usual procedure 

requires to microinject the DNA construct directly into early embryonic cells: development of the 

embryo will give rise to a chimeric animal (where only the cells descending from the progenitor 

cell that was injected will display the desired gene). After several breedings between two chimeric 

individuals, it will be possible to obtain animals containing the gene in every cell. 
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- Gene targeting: sometimes we just need to modify a gene already present in the right genome. 

In these cases, we can exploit the mechanism of homologous recombination in order to exchange 

the endogenous gene with another copy of the same gene, modified as needed. This technique 

can be actually also used to delete a gene, or part of it. The procedure might vary, but it generally 

requires the construction of a proper plasmid containing the modified (or truncated) copy of the 

gene, that must contain at least part of the sequence to be targeted. This is because the two 

homologous DNA sequences (in the genome and in the plasmid) will contact each other and 

“exchange” themselves, so that the genome will end up carrying the copy that was initially on the 

plasmid.  

In 2007 Mario R. Capecchi, Martin J. Evans and Oliver Smithies won the Nobel prize for having set 

up the technique to obtain genetically modified mice. Also in this case, the plasmid must be 

microinjected in embryonic stem cells in order to give origin to a chimeric individual: the 

difference will be that the new genetic information will not insert randomly in the genome, but 

will substitute a specific DNA region. 

 

Genome editing: a new era 

In the ‘90s, scientists discovered that cutting DNA in correspondence to a region to be modified by 

homologous recombination strongly improves the efficacy of the process: this is due to the fact 

that, upon DNA cut, the repair machineries are recruited faster and more precisely upon the 

damage site. This apparently simple concept opened whole new scenarios: researchers started to 

look for tools to perform an accurate cut to obtain a simpler and more efficient method to apply 

different types of genome modifications. In other words, they were seeking to make a shift from 

“genetic engineering” to “genome editing”, a new set of technologies allowing for easy, precise 

and punctual DNA correction (pretty much like the “find and substitute” options in computer 

writing programs).  

They came up with several genome editing techniques, all based on different nucleases (enzymes 

capable of cutting DNA) combined to specific proteins. Among the most important ones: 
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- Zinc-Finger Nucleases (ZFNs): the first programmable genome editing tool, set up in 2001 on 

Xenopus laevis (african clawed frog) and Drosophila melanogaster (fruit fly) model organisms. It is 

based on a molecule created by fusing two proteins: a nuclease and a set of 2-4 “zinc fingers”. A 

zinc finger is a chain of around 30 amino acids bound to a zinc atom: each of these “fingers” are 

able to bind DNA on a specific base triplet. Therefore, by properly designing each zinc finger, it is 

possible to direct the nuclease activity in a desired region of the genome. The obtained cut will be 

repaired by NHEJ cell mechanisms, which will introduce a few random bases and will therefore 

often mutate the desired protein. Alternatively, it is possible to provide the cell with a homologous 

DNA to correct the nip as wanted. 

Unfortunately, binding efficiency of each zinc finger is influenced by the surrounding fingers, so 

DNA targeting is not always very efficient and therefore requires a long optimization step. 

- Transcription Activator-Like Effectors Nucleases (TALENs): developed in 2009, it’s a technique 

based on TALEs, proteins coming from plant pathogenic bacteria: these proteins target and 

activate host genes that will support the infection. Each TALE protein recognizes a DNA nucleotide: 

therefore, by synthesizing a proper array of TALE proteins, and binding it to a nuclease, it is 

possible to cut any DNA region. This procedure is more efficient than the previous one based on 

ZNFs, but TALENs complexes are quite big (bigger molecules have more troubles reaching places in 

cells and nuclei) and TALE protein sets rather laborious to be customized for each modification.  

 

 

Figure 5. ZNFs e TALENs complexes 
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- Clustered Regularly Interspaced Short Palindromic Repeats with CRISPR ASsociated protein 9 

(CRISPR/Cas9): this technique, born in 2012, is relatively similar to TALENs but more simple and 

efficient. In this case DNA binding does not rely on a protein, but on a short RNA sequence called 

“guide RNA”: RNAs are much easier and cheaper to be synthesized and manipulated than proteins, 

making this technique the most popular at present time and daily used in laboratories of all the 

world. The guide RNA is loaded on a particular nuclease called Cas9: by providing different guide 

RNAs at once, it is possible to edit multiple genome sites at the same time.  

CRISPR/Cas9 has already been used for several applications. On February 2014, a group of Chinese 

researchers used it to obtain genetically modified monkeys.  

In March of the same year, CRISPR/Cas9 method was able cure its first human-related gene (called 

Fah) in mice. By correcting a mutation on this gene in the mouse liver, mice have been relieved 

from a disease called tyrosinemia (a metabolic condition which impairs break down of the amino 

acid tyrosine).  

 

 

 

Figure 6. CRISPR/Cas9 molecular scissors 

 

On May 2014, by combining genome editing and induced pluripotent stem cells (that is to say, 

stem cells obtained by bringing adult cells back to the progenitor state, and then stimulated back 

to differentiate in a desired type of mature cell) techniques, scientists created an artificial “heart-
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on-chip” from samples of patients affected by Barth syndrome (a rare disease striking 

mitochondria), and discovered that the disease is due to a single gene (TAZ) mutation. 

Being simple and cheap, CRISPR/Cas9 system is amenable to be applied to a variety of contexts. 

Many scientists hypothesized that in a not-so-far future it will be possible to use this tool to cure a 

variety of yet-incurable genetic diseases. Nevertheless, this perspective also opens the possibility 

to change a person’s genome as desired, raising bioethical discussions on what would be 

appropriate to change and whether a limit has to be imposed to possible genetic makeups. 

The debate is still open. 
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      MUTATIONS: CODE MISTAKES
Every day, our DNA is copied to be distributed to new cells, or translated into RNA molecules to 
produce a plethora of protein types. Nevertheless, none of these processes is immune to possible 
mistakes, just like when we write or copy a text. This is why sometimes spontaneous mutations 
arise and are brought about as we age. Furthermore, as every other part of our organism, also DNA 
is susceptible to external insults from physical, chemical or biological agents, that could damage it 
or change its sequence.

 SPONTANEOUS MUTATIONS

INDUCED MUTATIONS

Chemical agents 
Smoke

Radiation
Alcohol
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GENOME EDITING

      WHEN DO SPONTANEOUS MUTATIONS CAN OCCUR?
Our cells undergo spontaneous mutations with a rate of 1 mutation every 100.000-1.000.000 cells. 
This is due to DNA damage or mistakes along DNA replication or transcription.

TRANSCRIPTION: TRANSLATION:

Proteins are big 
molecules consisting 
of one or more chains 
of amino acids.

There are 20 kinds of 
amino acids that make up 

proteins, each having  a specific 
weight and charge.

The amino acids sequence constitutes 
the primary structure of the protein, 
The secondary is strongly related to 

their characteristics and 
their spatial disposition.

REPLICATION:
The process in which ribosomes 

synthesize proteins encoded by genes.
The first step of gene 

expression: a segment of coding 
DNA is copied into RNA by the 

RNA-polymerase enzyme.

DNA

mRNA
PROTEIN

 The biological process to 
produce two identical 

replicas of DNA from one 
original DNA molecule.

mRNA is the genetic 
messenger arising from 
the DNA and direct to 
the cellular
protein-synthesizing
machinery: ribosomes.

Causes Effects
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POINT MUTATIONS
They concern a single base and may relate to:

-INSERTION-

       -DELETION-
     

      
          -BASE SUBSTITUTION-

      POINT MUTATIONS
Point mutations are a group of DNA modifications caused by indels (addition or loss of a 
nucleotide), or by a substitution, alteration or damage of a base. This type of alteration always 
causes a change in the resulting RNA, but not necessarily in the encoded protein.

2c
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Chromosomal mutations can result in modifications of the structure or number of chromosomes.
Structural alterations may concern coding sequences (exons) or DNA non-coding regions called introns.

      CHROMOSOME MUTATIONS
DNA is tightly packaged into a complex series of coils and loops to form a chromosome. Human 
genome is composed by 46 chromosomes, 23 inherited from the father and 23 from the mother. 
Some special proteins constitute a solid scaffold for the DNA folding and this structure can be 
broken by mutagens. If a mistake happens during parental mitosis or meiosis the full number 
of chromosomes can be modified and this can cause severe genetic diseases.

.

ST
RU

CT
U

RE

N
U

M
BE

R

-DELETION-
Part of a chromosome is lost 
during DNA replication.

-DUPLICATION-
Duplication of a chromosome
segment.

-INVERSION-
Part of a chromosome is 
reversed end to end.

-TRANSLOCATION-
A segment from a 
chromosome is transferred 
to another chromosome.

Aneuploidy is a modification of the 
chromosome number caused by a mistake  
during parental gametes mitosis or 
meiosis.
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      WHAT HAPPENS IF A MUTATION ARISES IN CODING DNA?
Point mutations can results in a variety of effects on the encoded protein. These consequences can
be almost irrelevant, or they can be catastrophic for the protein production, sequence, and function.

CAT

BAT

MISSENSE

SILENT

The DNA sequence changes but not the
encoded amino acid (the genetic code
is redundant).

Mutation can cause a replacement in the 
original amino acid with a different one:
the protein could structurally or functionally 
change. Nucleotide

Substitution
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Stop codon
UAG
UGA 
UAA

Start codon
AUG

DNA

RNA

TRANSCRIPTION

       WHAT HAPPENS IF A MUTATION ARISES IN CODING DNA?
If a base change occurs in a DNA coding region, the resulting protein can be altered or prematurely 
terminated (due to a stop codon formation). Sometimes a nucleotide is added or deleted in the DNA 
sequence and the reading frame can slide (frameshift mutations): this mistake can  change completely 
the encoded protein.

     NONSENSE

It is the consequence of the mutation of a coding triplet 
to a stop codon. It causes the abnormal termination in 
the resulting protein. The shorter protein is often 
non-functional.

      FRAMESHIFT

Base indel of a nucleotide causes a slide in the 
reading frame (genetic code is based on triplets) and, 
consequently, the alteration of the whole protein.

Base indel
Base substitution
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      AND WHAT HAPPENS IF A MUTATION ARISES IN NON-CODING DNA?
Sometimes mutations do not occur inside the genes (the codifying units of our genome), but rather 
in the spaces between them, or in the parts of text that are extracted from the final, mature text 
just before synthesizing a protein. These DNA regions are far from unuseful, in that they are often 
crucial to maintain DNA stability or to regulate genes activity: they might dictate where a gene is to 
be read from, when to pause or when to stop reading. Just like punctuation does in our sentences: 
without this important tools, the meaning of our text might change completely.

3c



Although almost all characters of this text have been altered, most people is still able to read it 
and understand what its meaning. Also DNA might undergo mutations that can change one or 
more letters, without modifying the final protein that is codified. This happens because in the 
codons alphabet, some slightly different codons are associated to the same amino acid (that 
means, the code is “redundant”), exactly to limit damages from possible mutations.

7H15 M3554G3
53RV35 7O PR0V3
H0W 0UR M1ND C4N
D0 AM4Z1NG 7H1NG5!
1N 7H3 B3G1NN1NG!
17 W45 H4RD BU7
Y0UR M1ND 15
R34D1NG 17
4U70M471C4LLY
W17H0U7 3V3N
7H1NK1NG 4B0U7 17,
B3 PR0UD! 0NLY
C3R714N P30PL3 C4N
R34D 7H15
PL3453 F0RW4RD 1F
U C4N R34D 7H15

H3LL0! 
1’M 5P34K1NG 70 Y0U D34R 

57UD3N7, 17’5 4M4Z1NG H0W 

Y0UR M1ND 15 R34D1NG 
7H15 73X7 W17H0U7 4NY PR-
08L3MY0UR BR41N 1S 4N 4M4Z1NG 

M4CH1N3 4ND S7UDY1NG 
G3N3 M3D1C1N3 1S G01NG 70 

M4K3 17 3V3N GR3473R!
ST4Y CUR10US!t

CAN YOU STILL READ THIS? THEN EDIT IT:
    Substitutions (silent mutations)



Sometimes small base insertions or deletions occur (called “indels”), corresponding to addition 
or removal of a single letter from a term. This might result in words that can still be recognized 
for their original meaning, unintelligible terms, or brand new words carrying a different message.

 Gene editing is the insertion, 
deletion or replacement of DNA 
at a specific site in the genome 
of an organism or cell. 
Do you getg whatt we ar talking 
about? It’s all abouut the 
innovationd of science
We definitely thinks that you shoul 
be part of this progress, so: Keeep 
on developin your genuine interestd in 
things that really matter and start 
usingt that amazing brain which is 
right abbove your neckst!

CAN YOU STILL READ THIS? THEN EDIT IT:
    Indels



Our DNA has plenty of repetitive sequences, both inside and outside of genes: these parts are 
particularly tricky for our cell machinery to be read or copied, and sometimes mistakes can occur 
in the number of repeats (that can be both decreased or increased). This type of alterations are 
called gene/chromosomic amplifications or deletions, or repeat expansion.

  Since there is no time like the 
present, he thought it was time 
to present the present present 
the present present the present 
present the present present 

   When shot at, the dove into the 
bushes

  I did not object to the object 
to the object to the object to 
the object 

  The insurance was invalid for 
the invalid for the invalid

  The bandage was wound around 
the wound wound around the wound 
wound around the wound

  The farm was used to produce 

  The dump was so full that it had 
to refuse more refuse refuse more 
refuse refuse more refuse

  The soldier decided to desert 
his dessert in the desert his 
dessert in the desert

CAN YOU STILL READ THIS? THEN EDIT IT:
     Amplifications, repeat expansion, deletions



Mutations do not always come on a small scale (the so-called “point mutations”, changing only 
one base): they might span along a gene, or an entire chromosome chunk. An inversion is a type 
of chromosomal rearrangement where a portion of genome is reversed. It often occurs if the 
chromosome undergoes breakage, and in an attempt to repair itself sticks a region of DNA in an 
inverted fashion.

AS WE WERE TELLING YOU EARLIER 
YOUR BRAIN IS SUPER COOL!
THIS IS THE REASON WHY YOU CAN 
READ THIS TEXT EVEN IF IT’S NOT 
ORIENTED IN YOUR REGULAR WAY OF 
READING.
WE’RE CURIOUS TO KNOW: WHAT IS 
THE HARDEST INVERTED WORD TO 
READ?

CAN YOU STILL READ THIS? THEN EDIT IT:
    Inversions



Each of our chromosomes in our cells is present in double copy (one coming from our mother and 
one from our father). Translocations are chromosomal alterations where two non-homologous 
chromosomes exchange. 

As Gregor Samsa awoke one morning from uneasy dreams he found himself transformed 
in his bed into a gigantic insect. He was lying on his hard, as it were armor-plated, back 
and when he lifted his head a little he could see his domelike brown belly divided into 
stiff arched segments on top of which the bed quilt could hardly stay in place and was 
about to slide off completely. His numerous legs, which were pitifully thin compared to 
the rest of his bulk, waved helplessly before his eyes.
What has happened to me? he thought. It was no dream. His room, Winston was 
dreaming of his mother. He must, he thought, have been ten or eleven years old when 
his mother had disappeared. She was a tall, statuesque, rather silent woman with slow 
movements and magnificent fair hair. His father he remembered more vaguely as dark 
and thin, dressed always in neat dark clothes (Winston remembered especially the very 
thin soles of his father’s shoes) and wearing spectacles a regular human bedroom, only 
rather too small, lay quiet within its four familiar walls. Above the table on which a 
collection of cloth samples was unpacked and spread out—Samsa was a traveling 
salesman-hung the picture which he had recently cut out of an illustrated magazine 
and put into a pretty gilt frame. It showed a lady, with a fur hat on and a fur stole, 
sitting upright and holding out to the spectator a huge fur muff into which the whole 
of her forearm had vanished!

CAN YOU STILL READ THIS? THEN EDIT IT:
    Translocations
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      MECHANISMS OF DNA REPAIR
DNA repair is an essential survival process. This mechanism is constantly active in cells and 
protects the genome from damage and harmful mutations. It can take action on a single strand 
or on the double strand depending on the entity of alteration to be corrected.

     NHEJ (Non-Homologous End Joining)
This mechanism simply trims and joins the cut filaments 
without referring to homologous chromosome. It is 
therefore prone to errors, which could anyway allow 
cell survival.
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T       NER (Nucleotide 
Excision Repair) can 
repair alterations spanning 
2 to 30 nucleotides.

      BER (Base Excision 
Repair) can repair
mutations in a single 
nucleotide.

      MMR (DNA mismatch 
repair) corrects mutations 
arising during DNA replication 
and recombination processes.
  

      HRR (Homologous Recombination Repair)
Each of our chromosomes is present in double 
copy in our cells. The HRR process is based on the 
recombination of the broken filaments with the 
corresponding regions in the homologous chromosome.
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      WHAT HAPPENS IF THE DAMAGE IS NOT REPAIRED?
DNA repair is a very efficient process. However, over time it is possible that repair mechanisms 
can no longer tackle the accumulation of DNA damage. In this case cell undergoes one of these 
three possible destinies:

SENESCENCE

Irreversible arrest of 
cell proliferation. 

APOPTOSIS

Programmed cell death.

ONCOGENESIS

Process leading to a tumor
formation:  the injured cell 

acquires the ability to migrate 
and proliferate 
without control.
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Although humanity had tried to genetically modify surrounding organisms (and even humans themselves) 
from around 12-14 thousand years, with the first animal domestications and crop selections, genetic en-
gineering is far more recent.Technical achievements immediately fueled bioethical and normative debate 
on how to face these brand new and powerful tools of genetic manipulation.

• 1972  Paul Berg produced the first recombinant DNA 
molecule, by joining DNA from the monkey virus SV40 and 
from the lambda virus. Herbert Boyer and Stanley Norman 
were the first to create a genetically modified organism, 
a bacteric strain engineered to survive to a particular 
antibiotic.

• 1974  Rudolf Jaenisch gave origin to the first transgenic 
mouse by introducing viral DNA in mouse embryos, to 
study tumor formation.

• 1975  The Asilomar Conference on Recombinant DNA 
issued a set of voluntary recommendations on cautious 
application of the new DNA engineering techniques 
and GMOs.

• 1975  Frederick Sanger invents the first simple and 
efficient method to sequence DNA.

• 1979  Insulin-synthesizing bacteria were created. 
Commercialization of synthetic insulin (1982) enabled to 
obtain much higher quantities of enzyme, at higher purity 
levels, and to stop extraction of insulin from animal sources.

• 1983   Michael W. Bevan, Richard B. Flavell and 
Mary-Dell Chilton created the first genetically modified 
plant (a strain of tobacco).

• 1983   Kary Mullis invented the Polymerase Chain 
Reaction (PCR), which will lead him to win the Nobel Prize 
in 1993. This simple and cheap technique enables to obtain 
many copies of a DNA segments, and is now routinely used 
to several DNA analysis in all laboratories worldwide.

• 1990  The Human Genome Project, aiming to obtain 
the complete sequence of human DNA, began: final results 
will be presented in 2003.

REWRITING THE BOOK OF LIFE: first artificial attempts
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      GENETIC ENGINEERING: COPY AND PASTE 
 “Genetic engineering” refers to the DNA manipulation using a set of techniques that directly 
modify its sequence, and/or transfer DNA between different organisms belonging to the same or 
different species. They can be applied ranging from DNA study to the creation of new organisms!

CUTTING

DNA 
STITCHING

RECOMBINATION

Restriction
enzyme

Ligase

The era of genetic engineering 
opened up thanks to the many 
technological advances. Among 
the most important ones, the 
discovery of “restriction enzymes”, 
that along with other enzymes 
called “ligases,” allow for a sort of 
genetic “copy and paste”.
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      GENETIC ENGINEERING TECHNIQUES: DNA AMPLIFICATION
DNA is a very complex molecule that can be examined only indirectly, through the protein expression 
profiling, RNA sequencing or genetic analysis. Today it is possible to isolate specific regions of DNA 
and produce many copies, so that we can study and manipulate it through genetic engineering 
techniques. This process is called “DNA amplification”.

One of the most 
important methods 
to amplify the DNA
exploits a host cell 
to replicate it: we can 
use bacteria, plants 
or eukaryotes. 

The simplest cellular 
system is constituted 
by bacteria: they are
unicellular organisms 
that grow fast and are 
easy and cheap
to manipulate. 
. 

Plasmids are small circular DNA molecules naturally found in bacteria.
They are widely used in science as vector for DNA cloning.
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      GENETIC ENGINEERING TECHNIQUES: DNA CLONING
DNA cloning allows to get many copies of the fragment we are interested to. The DNA sequence is 
isolated and placed in a biological container (a vector) that will be introduced into a host cell able 
to replicate it.

The DNA vector and the DNA of interest are 
cut with the same restriction enzyme, in order 
to have compatible extremities. 

The recombinant vector 
is introduced into bacteria 
with a procedure called 
“transformation”.

Vector and DNA fragment are joined with a 
ligase: the recombinant vector is ready!

Bacteria having the 
recombinant vector 
are selected and 
scientists can isolate 
many identical copies 
of the DNA of interest.

Bacteria are placed in an ideal growth-medium, and they 
start to replicate, multiplying also the recombinant vector.

2 -  INTRODUCTION 
OF FOREIGN DNA
IN BACTERIA

3 - BACTERIA SELECTION

1 - RECOMBINANT VECTOR CREATIONDNA DNA
vector

Gene 
of interest 
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       GENETIC ENGINEERING TECHNIQUES: PCR (POLYMERASE CHAIN REACTION)
PCR is another very important method to create many DNA copies in vitro. With PCR we can 
synthesize millions of copies of a specific segment starting from a very small sample of DNA.

Each PCR amplification process consists of 3 steps:
in the first two cycles the ends of the DNA of interest 
are established and in the third the fragment starts to 
be multiplied. This step is repeated many times and the 
fragment of DNA is replicated exponentially.

PCR is like a copy machine able to amplify the DNA. Using 
primers (small well-known DNA sequences) as start and end 
label, nucleotides as ink and DNA-polymerase as a printer, 
scientists can multiply the DNA fragment.

DNA 
polymerase

Primers

Nucleotides

First cycle

Many copies 
of the DNA 
of interest

DNA of interest

Second cycle
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ZFNs: Zinc-Finger Nucleases
This genome editing tool was set up in 2001 on Xenopus 
laevis and Drosophila melanogaster model organisms. It is 
based on a molecule created by fusing two proteins: a 
nuclease and a set of 2-4 “zinc fingers”. A zinc finger is an 
amino acid chain bound to a zinc atom: each of these 
“fingers” are able to bind DNA on a specific base triplet.

      GENOME EDITING: ZFNS E TALES
Genome editing techniques are all based on different types of nucleases (enzymes able to cut 
DNA) combined with specific proteins: they allow a targeted and precise DNA correction!

TALE 
proteins

Nuclease

TALENs: Transcription Activator-Like Effectors Nucleases
Developed in 2009, it’s a technique based on TALEs, 
proteins coming from plant pathogenic bacteria.
Each TALE protein recognizes a single DNA nucleotide:
therefore, by synthesizing a proper array of TALE
proteins, and binding it to a nuclease, it is possible to cut 
any DNA region.

The obtained cut will be repaired by NHEJ cell 
mechanisms, which will introduce a few random bases 
and will therefore often mutate the desired protein. 

This procedure is more efficient than the previous one 
based on ZNFs, but TALENs complexes are quite big and 
TALE protein sets rather laborious to be customized. 

Zinc finger proteins

Nuclease

Zinc atom

ACTIVE ZFN
COMPLEX

ACTIVE TALEN
COMPLEX
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      PRESENT AND FUTURE OF GENOME EDITING: CRISPR/Cas9
None of the previous techniques combines simplicity and precision like CRISPR / Cas9. Originally 
discovered in bacteria (where it is a defense against viral infections) this complex of molecular 
scissors can cut specific fragments of DNA and precisely and efficentely replace them. 

The guide RNA is loaded on a particular nuclease called Cas9: by providing different guide RNAs at once, it is 
possible to edit multiple genome sites at the same time. 

ADVANTAGES

Precise
Economic
Versatile

RNA guide

CAS9

DNA  

In 2014 this system was used to obtain genetically modified monkeys and to repair the first human gene 
(called Fah) inserted into mice. Today the CRISP / Cas9 is commonly used in laboratories, and scientists hypothesize in 
the future it can cure genetic diseases still incurable.

In this case the recognition and contact 
of a specific region of DNA is based on a 
short sequence of RNA called “guide RNA”: 
RNAs are much easier and less expensive 
to synthesize respect to proteins, and they 
make this technique easy and versatile 
than previous ones.
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THANK YOU! 

Follow us on Facebook and Twitter:  
#stemforyouth
@stemforyouth 

Visit our website:  www.stem4youth.eu
Register to our newsletter: www.stem4youth.eu/register

http://www.stem4youth.eu
http://www.stem4youth.eu/register
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DNA... EDITORS!

7H15 M3554G3 53RV35 7O PR0V3 
H0W 0UR M1ND C4N D0 AM4Z1NG 
7H1NG5!
1N 7H3 B3G1NN1NG!
17 W45 H4RD BU7 Y0UR M1ND 15
R34D1NG 17 4U70M471C4LLY
W17H0U7 3V3N 7H1NK1NG 4B0U7 
17, B3 PR0UD! 0NLY C3R714N P30PL3 
C4N R34D 7H15 PL3453 F0RW4RD 1F
U C4N R34D 7H15

H3LL0! 

1’M 5P34K1NG 70 Y0U D34R 
57UD3N7, 17’5 4M4Z1NG H0W 
Y0UR M1ND 15 R34D1NG 7H15 

73X7 W17H0U7 4NY PR08L3M
Y0UR BR41N 1S 4N 4M4Z1NG 

M4CH1N3 4ND S7UDY1NG G3N3 

M3D1C1N3 1S G01NG 70 M4K3 

17 3V3N GR3473R!ST4Y CUR10US!

 Substitutions (silent mutations)

GENE EDITING IS THE INSERTION, DELETION OR REPLACEMENT OF 
DNA AT A SPECIFIC SITE IN THE GENOME OF AN ORGANISM OR 
CELL. DO YOU GETG WHATT WE AR TALKING ABOUT? IT ’S ALL 
ABOUUT THE INNOVATIOND OF SCIENCE WE DEFINITELY THINKS 
THAT YOU SHOUL BE PART OF THIS PROGRESS, SO: KEEEP ON 
DEVELOPIN YOUR GENUINE INTERESTD IN THINGS THAT REALLY 
MATTER AND START USINGT THAT AMAZING BRAIN WHICH IS 
RIGHT ABBOVE YOUR NECKST!

Can you still read this? Then edit it!

Can you still read this? Then edit it!
Indels



DNA... EDITORS!
Amplifications, repeat expansions, deletions

Inversions

Can you still read this? Then edit it!

   Since there is no time like the 
present, he thought it was time 
to present the present present 
the present present the present 
present the present present 

   I did not object to the object 
to the object to the object to 
the object 

   The insurance was invalid for 
the invalid for the invalid 
      

     The bandage was wound around 
the wound wound around the wound 
wound around the wound

   The farm was used to produce 

   The dump was so full that it had 
to refuse more refuse refuse more 
refuse refuse more refuse 

   The soldier decided to desert 
his dessert in the desert his 
dessert in the desert

What is the original message?

AS WE WERE TELLING YOU EARLIER YOUR 
BRAIN IS SUPER COOL!
THIS IS THE REASON WHY YOU CAN READ 
THIS TEXT EVEN IF IT’S NOT ORIENTED IN 
YOUR REGULAR WAY OF READING.
WE’RE CURIOUS TO KNOW: WHAT IS THE 
HARDEST INVERTED WORD TO READ?
AS WE WERE TELLING YOU EARLIER YOUR 
BRAIN IS SUPER COOL! THIS IS THE REASON 
WHY YOU CAN READ THIS TEXT EVEN IF IT’S 
NOT ORIENTED IN YOUR REGULAR WAY OF 
READING. WE’RE CURIOUS TO KNOW: WHAT 
IS THE HARDEST INVERTED WORD TO READ?
BUT BEAR IN MIND: CELLS ARE NOT ABLE 
TO IDENTIFY WHEN DNA IS INVERTED! THEY 

READ IT “AS USUAL”, SO THE MESSAGE (AND 
THE PROTEIN) COULD RESULTS COMPLETELY 
MEANINGLESS.



DNA... EDITORS!

As Gregor Samsa awoke one morning from uneasy dreams he found himself 
transformed in his bed into a gigantic insect. He was lying on his hard, as it were 
armor-plated, back and when he lifted his head a little he could see his domelike 
brown belly divided into stiff arched segments on top of which the bed quilt could 
hardly stay in place and was about to slide off completely. His numerous legs, which 
were pitifully thin compared to the rest of his bulk, waved helplessly before his eyes.
What has happened to me? he thought. It was no dream. His room, Winston was 
dreaming of his mother. He must, he thought, have been ten or eleven years old when 
his mother had disappeared. She was a tall, statuesque, rather silent woman with slow 
movements and magnificent fair hair. His father he remembered more vaguely as dark 
and thin, dressed always in neat dark clothes (Winston remembered especially the very 
thin soles of his father’s shoes) and wearing spectacles a regular human bedroom, 
only rather too small, lay quiet within its four familiar walls. Above the table on 
which a collection of cloth samples was unpacked and spread out—Samsa was a 
traveling salesman-hung the picture which he had recently cut out of an illustrated 
magazine and put into a pretty gilt frame. It showed a lady, with a fur hat on and a 
fur stole, sitting upright and holding out to the spectator a huge fur muff into 
which the whole of her forearm had vanished!

Can you correctly divide the original texts?

Traslocations

Scientific and educational contents: Agnese Collino, Giulia Sacchi, Chiara Segré, Alessandro Vitale
Graphic design: Eva Scaini
Scientific illustrations and storyline: Dania Puggioni
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STEM For Youth 

Subject: Medicine 

 

GENOME EDITING 

Rewriting the book of life 

 

TEACHER WORKSHEET - ACTIVITY: DNA… EDITORS! 

DNA can undergo many different types of mutations, upon spontaneous or artificially induced 

events. Just like mistakes introduced in a text, mutations might not change the information stored 

in a particular DNA region, or viceversa they could alter the meaning of what is written to different 

degrees of severity. With the following activity, to be carried out by each student singularly, 

different types of mutations will be represented along with their possible consequences on the 

information transmission. Students will be asked to edit each text, as if they would correct a 

portion of DNA. 

 

CAN YOU STILL READ THIS? THEN EDIT IT AND REWRITE IT USING CONVENTIONAL LETTERS 

 

1. Substitutions (silent mutations) 

Can you still read this? Then edit it! 

7H15 M3554G3 53RV35 7O PR0V3 H0W 0UR M1ND C4N D0 AM4Z1NG 7H1NG5! 1N 7H3 

B3G1NN1NG! 17 W45 H4RD BU7 Y0UR M1ND 15 R34D1NG 17 4U70M471C4LLY W17H0U7 3V3N 

7H1NK1NG 4B0U7 17, B3 PR0UD! 0NLY C3R714N P30PL3 C4N R34D 7H15 PL3453 F0RW4RD 1F U 

C4N R34D 7H15 

H3LL0!  

1’M 5P34K1NG 70 Y0U D34R 57UD3N7, 17’5 4M4Z1NG H0W Y0UR M1ND 15 R34D1NG 7H15 73X7 

W17H0U7 4NY PR08L3M Y0UR BR41N 1S 4N 4M4Z1NG M4CH1N3 4ND S7UDY1NG G3N3 

M3D1C1N3 1S G01NG 70 M4K3 17 3V3N GR3473R! ST4Y CUR10US! 

 

Although almost all characters of this text have been altered, most people is still able to read this 

text and understand what its message. In addition, DNA might undergo mutations that can change 



 
 

 

2 

one or more letters, without modifying the final protein that is codified. This happens because in 

the codons alphabet, some slightly different codons are associated to the same aminoacid (that 

means, the code is “redundant”), exactly to limit damages from possible mutations. 

 

2. Indels 

Can you still read this? Then edit it! 

GENE EDITING IS THE INSERTION, DELETION OR REPLACEMENT OF DNA AT A SPECIFIC SITE IN THE 

GENOME OF AN ORGANISM OR CELL. DO YOU GETG WHATT WE AR TALKING ABOUT? IT’S ALL 

ABOUUT THE INNOVATIOND OF SCIENCE WE DEFINITELY THINKS THAT YOU SHOUL BE PART OF 

THIS PROGRESS, SO: KEEEP ON DEVELOPIN YOUR GENUINE INTERESTD IN THINGS THAT REALLY 

MATTER AND START USINGT THAT AMAZING BRAIN WHICH IS RIGHT ABBOVE YOUR NECKST! 

 

Sometimes small base insertions or deletions occur (called “indels”), corresponding to addition or 

removal of a single letter from a term. This might result in words that can still be recognized for 

their original meaning, unintelligible terms, or brand new words carrying a different message. 

 

3. Amplifications, repeat expansion, deletions 

Can you still read this? Then edit it! 

- The bandage was wound around the wound wound around the wound wound around the wound 

- The farm was used to produce  

- The dump was so full that it had to refuse more refuse refuse more refuse refuse more refuse 

- The soldier decided to desert his dessert in the desert his dessert in the desert 

- Since there is no time like the present, he thought it was time to present the present present the 

present present the present present the present present the present 

- When shot at, the dove into the bushes 

- I did not object to the object to the object to the object to the object to the object 

- The insurance was invalid for the invalid for the invalid 

- I had to subject the subject to subject the subject to a series of tests 
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[Key: 

- The bandage was wound around the wound 

- The farm was used to produce produce 

- The dump was so full that it had to refuse more refuse 

- The soldier decided to desert his dessert in the desert 

- Since there is no time like the present, he thought it was time to present the present 

- When shot at, the dove dove into the bushes 

- I did not object to the object 

- The insurance was invalid for the invalid 

- I had to subject the subject to a series of tests] 

[Source: BoredPanda] 

 

Our DNA has plenty of repetitive sequences, both inside and outside of genes: these parts are 

particularly tricky for our cell machinery to be read or copied, and sometimes mistakes can occur 

in the number of repeats (that can be both decreased or increased). This type of alterations are 

called gene/chromosomic amplifications or deletions, or repeat expansion. 

 

 

4. Inversions 

Can you still read this? Then edit it! 
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[Key: 

AS WE WERE TELLING YOU EARLIER YOUR BRAIN IS SUPER COOL! THIS IS THE REASON WHY YOU CAN READ 

THIS TEXT EVEN IF IT’S NOT ORIENTED IN YOUR REGULAR WAY OF READING. WE’RE CURIOUS TO KNOW: 

WHAT IS THE HARDEST INVERTED WORD TO READ?  

BUT BEAR IN MIND: CELLS ARE NOT ABLE TO IDENTIFY WHEN DNA IS INVERTED! THEY READ IT “AS USUAL”, 

SO THE MESSAGE (AND THE PROTEIN) COULD RESULTS COMPLETELY MEANINGLESS.] 

 

Mutations do not always come on a small scale (the so-called “point mutations”, changing only 

one base): they might span along a gene, or an entire chromosome chunk. An inversion is a type of 

chromosomal rearrangement where a portion of genome is reversed. It often occurs if the 

chromosome undergoes breakage, and in an attempt to repair itself sticks a region of DNA in an 

inverted fashion. 

 

5. Translocations 

Can you still read this? Then edit it! 

As Gregor Samsa awoke one morning from uneasy dreams, he found himself transformed in his bed into a 

gigantic insect. He was lying on his hard, as it were armor-plated, back and when he lifted his head a little 

he could see his domelike brown belly divided into stiff arched segments on top of which the bed quilt 

could hardly stay in place and was about to slide off completely. His numerous legs, which were pitifully 

thin compared to the rest of his bulk, waved helplessly before his eyes. What has happened to me? he 

thought. It was no dream. His room, Winston was dreaming of his mother. He must, he thought, have been 

ten or eleven years old when his mother had disappeared. She was a tall, statuesque, rather silent woman 

with slow movements and magnificent fair hair. His father he remembered more vaguely as dark and thin, 

dressed always in neat dark clothes (Winston remembered especially the very thin soles of his father's 

shoes) and wearing spectacles a regular human bedroom, only rather too small, lay quiet within its four 

familiar walls. Above the table on which a collection of cloth samples was unpacked and spread out—

Samsa was a traveling salesman—hung the picture which he had recently cut out of an illustrated magazine 

and put into a pretty gilt frame. It showed a lady, with a fur hat on and a fur stole, sitting upright and 

holding out to the spectator a huge fur muff into which the whole of her forearm had vanished! 

 

[Key: 
As Gregor Samsa awoke one morning from uneasy dreams he found himself transformed in his bed into a 
gigantic insect. He was lying on his hard, as it were armor-plated, back and when he lifted his head a little 
he could see his domelike brown belly divided into stiff arched segments on top of which the bed quilt could 
hardly stay in place and was about to slide off completely. His numerous legs, which were pitifully thin 
compared to the rest of his bulk, waved helplessly before his eyes. 
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What has happened to me? he thought. It was no dream. His room, a regular human bedroom, only rather 
too small, lay quiet within its four familiar walls. Above the table on which a collection of cloth samples was 
unpacked and spread out—Samsa was a traveling salesman—hung the picture which he had recently cut 
out of an illustrated magazine and put into a pretty gilt frame. It showed a lady, with a fur hat on and a fur 
stole, sitting upright and holding out to the spectator a huge fur muff into which the whole of her forearm 
had vanished! 

The Metamorphosis, Franz Kafka 

 

Winston was dreaming of his mother. He must, he thought, have been ten or eleven years old when his 

mother had disappeared. She was a tall, statuesque, rather silent woman with slow movements and 

magnificent fair hair. His father he remembered more vaguely as dark and thin, dressed always in neat dark 

clothes (Winston remembered especially the very thin soles of his father's shoes) and wearing spectacles. 

1984, George Orwell] 

 

Each of our chromosomes in our cells is present in double copy (one coming from our mother and 

one from our father). Translocations are chromosomal alterations where two non-homologous 

chromosomes exchange portions of DNA between each other, or they stick together forming a 

new chromosome. 

 
 
 
 
Scientific and educational contents: Agnese Collino, Giulia Sacchi, Chiara Segré, Alessandro Vitale 
Graphic design: Eva Scaini 
Scientific illustrations and storyline: Dania Puggioni 
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