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Transcription-coupled repair

During mRNA synthesis, RNA polymerase may stall upon
encountering DNA damagein the transcribed strand,

triggering transcription-coupled repair to address the
lesion.



Transcription-coupled repair

* Thereis a preferential repair of the transcribed ASSOCia{tiC{n between .
strand of DNA for actively expressed genes. transcription and DNA repair

* RNA polymerase pauses when it encounters a e
lesion such as a pyrimidine dimer.

2. CSB recognizes
stalled Pol Il

 CSB protein recognizes the stalled enzyme and it

either allows it to continue or activates DNA repair pr s o N i b
by nucleotide excision repair. Pl N Ko
rollstalivg. PSS —
* The general transcription factor TFIIH and other Travséiptional bypass Triggers TC-NER

Mutationsin RNA

factors involving XP proteins carry out the incision,
excision, and repair reactions.

* Then, transcription can continue normally.



Cockayne’s syndrome

Somehouw like xeroderma pigmentosum ( recall the previous lecture ) but with different effects

Cockayne’s syndrome: a condition caused by

defects in XP proteins, but predominantly CSB.  JUEEEESEIENEE = S, , e
Hypomyelination 278 S §
» They recognize the RNA polymerase pausing at - Dzvelppmen?ol R

a site of mutation.

* Itis caused by a defect in preferential DNA L R . |
repair of transcriptionally active DNA genes. b, | i

- The genes affected by Cockayne’s syndrome are
not known.

dysmorphic

Joint

in B contractures ,
diffseprer?ces ' Abnormal liver

enzymes

* Patients are characterized by short stature, an
abnormally small head (microcephaly), and neurologic
abnormalities that can lead to intellectual disability
and may have skin that is sensitive to light

(photosensitivity). the doctor doesn't care about clinical features




Mismatchrepairandreplication-related repair



Mismatchrepairinhumans

 During replication, MSH and MLH bind to mismatched
bases within the lagging strand (Okazaki fragments) and
the leading strand.

* DNA is excised and replication continues.

« Mismatch repair is 3-4 times more effective on the lagging
strand than the leading strand, but DNA polymerase ¢
(synthesizes theleading strand) is more accurate than DNA
polymerase 0 (synthesizes thelagging strand).

* Theincreased effectiveness of mismatch repair in thelagging
strand addresses the higher frequency of errors introduced
during discontinuous synthesis.

 MSH and MLH proteins recognize mismatched base pairs
during DNA replication. Upon detectingan error caused by
DNA polymerase, they remove the mismatched section. DNA
polymerase fills the gap withthe correct sequence, and DNA
ligase seals the strand.

continues
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Hereditary nonpolyposis colon cancer (HNPCC)

« [taffects as many as one in 300 people.
« 15% of colon cancer cases.

« |tis mainly caused by mutations in MSH and MLH.
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COLON CANCERIis
expected to be the no.1
cancer globally !

Global estimates
(2018 and 2070) Diet & lifestyle

Colorectal
Breast Hormones
Lung Smoking

Breast (2.1 and 4.4 million)

Lung (2.1 and 3.8 million)

Prostate (1.3 and 2.9 million)

Stomach (1.0 and 1.3 million)

Cervix (0.57 and 0.63 million)
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Microsatellite instability (MSA)

e Microsatellites are segments of 1-6 base pairs

(e.g., CAGCAGCAG) repeats. These repeated BPs make DNA more susceptible to mutations and mistakes

e They are prone to errors (insertions/deletions) during
DNA replication, due to a defective mismatch repair
system leading to a phenomenon called mismatch
instability . (increasing the number of repeats )

e MSI is a biomarker, especially for colorectal (Lynch
syndrome) and endometrial cancers, indicating a specific
pathway of tumor development.

e (MSI-H) tumors in colorectal cancer often have better
prognoses and respond differently to treatment
than Microsatellite Stable (MSS) tumors.

¢ MSA can be confirmed by immunohistochemistry
and/or PCR ing and/or sequencing specific microsatellite
regions.

MSI-score all tumor samples
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Basically, they take a tissue from the
tumor and from the surroundings to
study the MSI , the more the MSI
(more repeats) the less aggressive
the tumor is, so its treatment
strategy and prognoses will be better
and vise versa. HOW ? Because MSI
tumors create antigens ( foreign
proteins ) that stimulate the immune
system .



Translesion DNA synthesis

Alesionisadefect or distortionin the DNA structure,
which can sometimes be bulky, such asthymine dimers or
interstrand crosslinks. Translesion synthesis (TLS) refers
to a process where specialized DNA polymerases replicate
over the lesion, allowing DNA synthesis to continue
despite the damage.



Translesion DNA synthesis

+ There are many more DNA polymerases beyond those
primarily involved in DNA synthesis. These additional
polymerases play crucial roles in DNA repair processes,
such as translesion synthesis and mismatch repair.

+ During normal DNA synthesis, if standard DNA polymerases
encounter a site of damage, such asthymine dimers, they
stall and dissociate from the DNA. Specialized DNA
polymerases then take over.

Specialized DNA polymerases (not the typical
lrep.licative enzymes) can then synthesize DNA over the
esions.

But they have low fidelity and lack proofreading
mechanisms, and, hence, are error-prone .

But they are selective toward the introduction of A
nucleotides, so that TT dimers are often replicated
correctly, through an“educated guess”.

= The advantage of this : no occurrence of sever mutations afterwards .

Normal replication
blocked by
thymine dimer

Normal replicative
polymerase
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Recombinationalrepalr

Recombinational repair involves using a segment from another
chromosome to repair the damaged chromosome. This process is similar
to the homologous recombination mechanism that occurs during
metaphase, where aligned chromosomes exchange genetic material.



lonizing radiation 2 sonasreaisge LD e samasre

Pyrimidine Dimer M

* lonizing radiation can cause different type B .. — Baseloss
of DNA damage: DNA Cross-Linkage —\. t «— Base Change
 Creation of AP sites, byloss of nitrogenous base. h
« Base damage, repaired by DNA / Cross-Linkage
glycosylases.
» Strand breaks due to phosphodiester bonds
breaking, either single (S5B) or double (DSB),
U)thh IS severe. -%—~ Single-Strand Break
. ) Protein Cross-Linkage s
» Repair of DSBs depends on the severity and
nature of the break (e.g., blunt ends or | |
Overh an gs) . - Single stranded DNA on both sides .
. . Straight cut Lo e because coetualy e
¢ TWO I'epalr meChanlsmS: More severe come to£ard eachgther
« Non-homologous gnd joining (NHEJ) Blunt Overhang
« Homologous repair O
Homologous: identical




Nonhomologous end joining (NHEJ) repair

* The DSB ends are first bound by the Ku70-Ku80
complex, which recruits additional factors
including a DNA ligase.

« If ligation is possible, The ligase will immmediately
ligate the two DNA strands and the original
sequence can be retained.

« |If direct ligation is not possible, additional
proteins are needed but insertions or deletions
(i.e., called INDELS) are introduced.

- INDELs (insertions and deletions) can cause mutations,
asthe addition or removal of basesis often necessary
o - for ligation during DNArepair. This process resolves
reren 3 kg o o9 the severeissue of double-strand breaks (DSBs) at the
cost of introducing less severe mutations.

Immediate ligation by LIG4
retains the original sequence

WO
aw
W
I
aw

2

g

ion of nuc
re ligation

<



Homology-Directed Repair(HDR) Homology Repair (HR)

« Homology-directed repair (HDR), or homologous

recombination, uses DNA sequences within the
undamaged homologous chromosome from the

other parent.

* More accurate than NHEJ.
In germline cells, HDR generates genetic diversity
by producing different combinations of gene
alleles
Exchange between two homologous chromosomes,
maternal and paternal, occurs as in recombination,
involuing the transfer of genetic material. The
chromosome with the broken strand uses an intact
strand from its homologous counterpart for repair,
creating “patches” of DNA. This results in the
repaired DNA incorporating a segment from the
other chromosome, leading to an exchange of
genetic material between the paternal and maternal

chromosomes.

Chromosome with DSB
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Breast Cancerand BRCA Genes

* 15% of breast cancer cases are
hereditary. Therestare

environmentally and hormonally Transcription regulation
induced.
DNA

* 10% of the15% are caused by A RNA polymerase Il

mutations inBRCA1 and BRCA2 genes R

are responsible for a portion of BRCAT

hereditary breast and ovarian cancers. @ Phosphorylated @)

These 2 genes areinvolved in DNA ® @ ®

recombinational repair. +IBRCAT | =
« BRCA1 activates homologous | AMkinase )

recombination repair of DNA double- activation

stranded breaks. - diation Double-strand break | RADS2

. ONONVINONON' MR UNONOUNUNUN N

¢ BRCAZ can recruit Rad51 to the SSDNA. N ONONTN OO N D v> NONONONIN NN
« BRCAT1 is also involved in transcription Homologous Efﬁoﬁﬁggous 'geoprgig'ogous

and transcription-coupled DNA repair. recombination

 BRCA2isalsoinvolved inovarian
cancer.



BRCA Genes: KeyPlayersin DNA Repair

and Genomic Stability

» BRCAland BRCA2 are essential for DNA repair. When a double-
strand break occurs, the ATMkinase protein is activated,
initiating a cascade of repair mechanisms. BRCAlis activated by
ATM and participatesin repairing transcriptionally active
genes. Additionally, BRCAlactivates BRCA2 and another protein,
RADSI1, both of which areinvolved in recombinational DNA
repair.

» Insummary, BRCAland BRCA2are two critical genesinvolved in
DNArepair, specificallyrecombinational DNArepair. BRCATf
activates BRCA2 and also plays arole in repairing
transcriptionally active genes. Understanding the roles of these

genes is essential, asthey are key players in maintaining
genomic stability.



Wrap-up

Important table !

Typeof DNA repair Mechanism Genes/proteins

Base excisionrepair Removalofabnormalbases DNA glycosylases

Nucleotide excision Removal ofthymine dimersand XP proteins,CSB

repair largechemicaladducts

Mismatch repair Correction of mismatched bases MLH1,MSH2
caused by DNA replication

Post-replicationrepair Removalofdouble-strand breaks by HRorNHEJ BRCA1, BRCA2




CRISPR-Cas9 o
THEREVOLUTION
OF THE CRISPR-CAS9 SYSTEM.

(o)

Martina Fabyri
abricei and Dr. Christos E
-vangeloy

= CRISPR

casper the ghost



wondering where you
heard this term before ?

Whatis CRISPR/Cas9?

_\;\} AAJ:uA ‘_g u.\lxs_m Spaces ?@""‘" Q

- CRISPR: clustered regularly interspaced short palmdromlc repeats

* |t is a bacterial genetic system that constitutes the immune system of
bacteria against phages.

e Cas9isa RNA-guided nuclease (enzyme that cleaves neucleic acids) that can
introduce double-strand breaks creating blunt-ended DNA
fragments.

* The nuclease is directed to its target sequence by a short RNA fragment known

as a guide RNA (gRNA) or single guide RNA (sgRNA), which is complementary
to the target segment of the genome.

3 Foreign DNA
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Modified #3, Slide #6 :

+ The term “palindromic” means these sequences can be read the same way in
the 5’ to 3’ direction on complementary strands.

» Cas9is an enzyme associated with CRISPR and is classified as a
ribonucleoprotein. It has both protein and RNA components. The

RNA part, called guide RNA (gRNA), directs Cas9 to the specific
DNA sequence to be cut.

» The repeats (black regions in the image) are

Foreign DNA identical and separated by variable DNA sequences,
q.@:c_ﬂ.‘ % hence “interspaced.” Theyaregrouped together,
a0 ‘L Integration or “clustered,” in the genome.

CRISPR locus
(AR REEE




Thebiological function

* When a phage infects a bacterial
cell, the cell degrades the phage
DNA into smaller pieces using
restriction endonucleases and
integrates one of these fragments
into the CRISPR cluster.

* Theblack repeatsintheimageare
separated by bacteriophage DNA
fragments.

* When the phage infects the cell
again, the cell transcribes the DNA
into RNA (guide RNA or gRNA),
which is integrated into the Cas9
nuclease and guides it to the phage
DNA to degrade it.
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CRISPR MechanisminBacteria

- When a bacteriophage infects a bacterium, the bacterial CRISPR system incorporates a
segment of the bacteriophage’s DNA into its genome as a memory of the infection. This
segmentis stored within the CRISPRregion of the bacterial DNA.

1. Transcription and RNA Formation:

+ Thebacterium transcribes the CRISPRregion into RNA, producing fragments that each contain
a repeat sequence and a segment of the bacteriophage DNA.

2. Loadingonto Cas9:

+ These RNA fragments are loaded onto the Cas9 enzyme. The guide RNA (gRNA) directs Cas9 to the
complementary DNA sequence in the bacteriophage.

3. Targeting and Cutting:

+ When the bacteriophage reinfects the bacterium, the gRNA recognizes the matching DNA
sequence in the bacteriophage genome. Cas9 binds to the target DNA and acts as a nuclease,
cutting the bacteriophage DNA.

4. Destruction of Bacteriophage DNA:

+ The Cas9-mediated cut disables the bacteriophage DNA, preventing further infection and
effectively “eliminating” the threat. This mechanismis akin to the immune system’s memory
cellsin humans.
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Theexperiment

5
3

o Start with cells.

cel e Tl « Plasmids carrying genes for Cas9 and a gene expressing
Teigebiganem, SoRLELP a guide RNA (gRNA), i.e. sequences homologous to the

%Z%> target gene, are introduced into the cells.
—r » The gRNA directs Cas9 to the target gene and Cas9
1 creates a double-stranded break.
@ In the presence of a homologous copy of the
gene, homology-directed repair replaces the

broken target gene with the mutated copy.

@ In the absence of a homologous copy
of the gene, non-homologous end

) Target DNA
| cleavage

Mutated
ooy joining reseals the broken DNA
— introducing Insertion/deletion
pecific mutations .
rhociced i ooy Nor-fomalogous mutations (INDELS) that make the
' qm gene nonfunctional.

I
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Cell carrying normal
copy of gene

The experiment (Dr’s Notes) R

P\ 20

)

< cﬁ/

> We start with normal human cells; & L UL\ Cas9 .

» A plasmid is introduced into the cell containing: Casd + gRNA

 The gene encoding Cas9

* A gene expressing the guide RNA (gQRNA) Casg\/\L o

» The gRNA undergoes transcription only (no " 3 g —
3 5

&

translation) and is complementary to the target gene
Target DNA
I cleavage

“* Let’s assume we have a gene that causes cancer and we want to stop it from working.
> After plasmid entry:

1. Cas9is expressed

2. The complementary gRNA is expressed

3. The gRNA binds to Cas9, forming a complex.

4. This complex is directed to the target gene, where Cas9 performs cleavage.
» As a result, the gene becomes inactive due to a double-strand break.



The experiment (Dr’s Notes)

% Assume that in the same plasmid we introduced:

1. the Cas9 gene

2. the DNA sequence that produces the gRNA which
guides Cas9 to the target gene

3. and a good (normal) copy of the same gene

dWhat does Cas9 do?

1. Cas9 is guided to the target gene in the genome
and performs cleavage.

2. After this cleavage, we now have a double-strand

break.

This leads to activation of the repair system.

4. The cell uses the homologous copy as a template
and performs

5. homology-directed repair, replacing the broken
gene with the correct copy.

w

Cell carrying normal
Target gene~_ COPY of gene

Cas9 + gRNAl

Important: listen to Dr’s explanation



Theconsequences of DNA damage repair

Genome editing: harnessing natural repair mechanisms to modify DNA

BUBEEARIEEDRRREBARARAWMEIMA

!

Double-stranded break

LI 111&1 1INREN

-

Non-homologous end-joining: error-prone

* double strand DNA break — non-homologous o I I
end joining might reconnect DNA (super glue), S— random indels

but causes indel mutation — so gene works but

we’re 4

Knock out gene



Theconsequences of DNA damage repair

Genome editing: harnessing natural repair mechanisms to modify DNA

BURBAALI DRI EEWOEARIMUBRS

y

Double-stranded break

LT 1T !IM&IH [1]]}
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Homology-directed repair: template with specific alterations

Or: activation of homology-directed

T 'un\/<_: e repair (HDR)
/ \ * In this case — we do replacement

! « Targeted gene undergoes cleavage
HENRERNIREERN RENINEERN _)replacedwith anothercopg of the
gene, so gene gets swapped, not just

4 A

Correct mutation Introduce mutation Insert gene



Geneediting
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Target cleavage
(DSB formation)

L
Non-homologous

end joining (NHE)) /
Normal TR i)
Insertion TETHTTyavny
Deletion HTTITRNN]
Frameshift LT

Through either mechanism,
the function of a gene can
be studied by mutating it.

o Complex formation
gRNA i and target binding

/ Target

>

1. In case of non-homologous end
joining, DNA repair may restore
continuity, but it often results in
insertions, deletions, or frameshift

" mutations in the genes

llike M targeting.

mechanism ) s & cpall cy a3 25




Geneediting

4

- Complex formation il
gRNA C&\ and target binding (
”"\.s u”"“\‘ —p m
/ Target

Target cleavage
(DSB formation)

Ly Wikl

”

Homology directed
2. If homology-directed repair (HDR) occurs, we can \4 repair (HDR)

perform gene replacement. YT QT
The gene present on our chromosomes can be removed and
replaced with another gene.

This replacement gene may be a normal (wild-type) gene

This DNA is
introduced into cells,
so the DNA repair

_ : . : =/ | mechanism uses it for
inserted instead of a defective one, S+lL 5l the original recombination.
~ gene may be normal and we replace it with a mutated gene, ~ A
Through either mechanism, \
the function of a gene can Specifically in this mechanism, a
be studied by mutating it. mutated gene is replaced by a normal

one (or the opposite).



Using CRISPR-Cas6 for Gene Editing:

Further Explanation, u can skip

1. Gene Knockout for Studying Functions:

* CRISPR-Cas9 can disrupt a gene to study its function. Cas9, guided by gRNA, cuts the
DNA, and the repair via non-homologous end joining (NHEJ) introduces mutations.

« Application: In diseases caused by a specific gene, disrupting it can stop the
production of harmful proteins. For example, in oncoqemc cells, disabling the mutant
gene ensures only the normal gene remains functional.

2. Gene Replacement Using Homology-Directed Repair (HDR):

* CRISPR-Cas9 can also replace defective genes by activating the HDR pathway with a
provided homologous DNA template.

* Mechanism: Cas9 makes a targeted cut in the DNA, and the cell uses the

homologous template to insert a functional gene, replacing the damaged or
defective gene.

- Additional Capability: HDR can also be used to introduce specific mutations or edits,
in addition to replacing or adding new genes.



OtherCas enzymes

m Cas9: introduces cuts on both DNA strands, resulting in blunt ends.

Engineered Cas9: can make single-stranded DNA cuts.
Cas12a: can make staggered cuts, resulting inoverhangsinthe DNA strands.

Cas13a: an RNA endonuclease, targets specific RNA molecules.

A casg Ruvc ®) cas12a Ruve (© Casl3a
i dsDN " v dsDNA or
Y =~ ssDNA ssRNA
Va, & '
3 PFS /--——-'7-'-3'

chNA ™~
Spacer HNH *s \. ngNA . ‘ \ 1 A
/ f crRN 5 trans- ERtin HEPN
Protospacer chN A cleavage
e trans-

Staggered cut ssRNA



Othercreativeuses

 Transcriptional regulatory factors can be added to
an enzymatically inactive or “dead” Cas9 (dCas9),
enabling these factors to turn genes on or off.

» GFP can be added to dCas9 to find a particular
stretch of DNA in the cell or even visualize the
three-dimensional architecture of a chromosome.

dCas9- EGFP
f\ <« Sequence-specifically
enriched EGFP signals
Delivery // Imagmg //
&7 s
sgRNA

Aclwator

dCas9 | Q mﬁ

mANA

Gene actwatlon

Repressor

d® O\

L

Gene repression

GFP
dCas9
| 2

Visualisation



Applications of Modified Cas6 Enzymes:

1. Dead Cas9 (dCas9):

* dCas9is an enzymatically inactive version of Cas9 that can still bind to
DNA but does not cut it. By guiding dCas9 to a specific region with gRNA,
various functional proteins can be attached to dCas9 to manipulate gene
expression or study chromatin structure.

2. Gene Activation:

* Transcription activators can be attached to dCas9 to activate a specific
gene. This approach can be used to study gene expression or reprogram
cells by activating desired genes.

« Example: In oncogenic cells, the same technique can be applied, but with
transcriptional inhibitors attached to dCas9, effectively repressing
oncogenic gene expression.

3. Chromosomeand Chromatin Study:

« By attaching GFP (Green Fluorescent Protein) to dCas9, specific regions of
the genome can be visualized. This allows researchers to study chromatin
structure (e.g., condensed vs. relaxed states) in real-time, as only targeted
regions become visible.



The rest of the slides, starting from this one, illustrate some examples on uses for

@& techniques previously discussed; understand the concept of gene therapy.
Specific details about each study are not part of the lecture. /?

FDANEWS RELEASE

FDA Approves First Gene Therapies to Treat
Patients with Sickle Cell Disease

For Immediate Release: December 08 2023

https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-
disease

B-globin Gene Type B-globin Gene
CRISPR/Cas9 editing
of B globin Gene
H H H H H —_— Engraftin

Selection-free genome editing of the sickle mutation in Bonemm

E &* = :
human adult hematopoietic stem/progenitor cells
MARK &, DEWITT, WENDY MAGIE NICOLAS L. BRAY, TIANJIAD WANG, JENMIFER R. BERMAN, FABRIZIA URBINATI, 3EOK-JIM HEQO, THERESE MITROE. DEMISE R MUﬁDZ, [..].AHD /
JACOBE. CORN +5 authors  Authors Infio & Affiliations ’ ’ .
SCIENCE TRANSLATIOMAL MEDICINE « 12 Oct2016 - Vol lesue 360 - po360ra134 - DOL10.1126/ecitranelmed.aafaz 26 .

Sickle Cell Disease Sickle Cell Red Healthy Red

Patient Blood Cells Blood Cells
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The bright side of science

https://www.healthline.com/health-news/ crispr-study-is-first-to-change-dna-in-participants

— SUBSCRIBE healthline

CRISPR Study Is First to Change DNA
in Participants

_—
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Controversialissue
Generepair

UK scientists ready to genetically
modify human embryos

Researchers awaiting approval to use gene editing in embryos, which they hope
will help them understand early stage life and improve fertility treatment

https://www.theguardian.com/science/2016/
jan/13/uk-scientists-ready-to-genetically-
modify-human-embryos
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© This article is more than 3 months old

Chinese scientist who edited babies'
genes jailed for three years

He Jiankui was guilty of illegal practices in trying to alter the
genetic makeup of twin girls

China’s CRISPRtwins
might have had their
brains inadvertently
enhanced
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Thisis molecularbiologyinanutshell
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For any feedback, scan the code or click on it.

Corrections from previous versions:

the tumor is

Versions Slide # and Place of Error Before Correction After Correction
Slide 8 the more the MSI (more the more the MSI (more
VO S V1 repeats) the more aggressive | repeats) the less aggressive

the tumor is

V1 ->V2
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