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What is the maintenance of genome stability?



It is the ability of living organisms to preserve its genetic 
material in time and across generations. 
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What are the challenges to genome stability?

What is more prevalent? Exogenous or endogenous damage?

Even-though, historically, exogenous DNA damage was 
considered to be the prime cause of mutagenesis, recently, 
as the methodology has progressed, the cellular DNA 
metabolism pathways (replication and transcription) are being 
recognised as the more prevalent cause of mutations.
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What are the challenges to genome stability?

Inability to repair properly the damage may lead to cancer, senescence, or 
apoptosis. 
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Transient summary I

Terms Genome stability, DNA damage response, DNA repair, DNA damage 
tolerance denote closely related, yet not interchangeable terms 

Cells are continuously exposed to wide variety of  DNA damage

Failure to properly deal with the damage may have fatal consequences to cells
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Hoeijmakers, 2001
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How do cells know genome stability has been compromised?

The challenges

- different types of DNA damage

- metabolic state

- cell-cycle stage

Hoeijmakers, 2001
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How do cells react to DNA damage?

A simplified picture

d’Adda d’Fagagna, 201216



How do cells react to DNA damage?

A more comprehensive picture

Aguilera and García-Muse, 201317
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Transient summary II

Cells possess specific factors - sensors - that recognise insults to DNA 
structure, DNA breaks, or stalled machineries like transcription and replication.
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Transient summary II

Cells possess specific factors - sensors - that recognise insults to DNA 
structure, DNA breaks, or stalled machineries like transcription and replication.

The sensors subsequently activate complex signalling pathways that lead to 
halt of cell-cycle, as well as to decision as of which pathway is to be used; 
balancing the cell-cycle stage and other needs of the cell.
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How do cell maintain genome stability?

DNA repair is prevalent outside the S-phase, in which DNA damage 
tolerance is preferred.

Hoeijmakers, 2001
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Curtin et al., 2012

How do cell maintain genome stability?
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Double-stranded DNA breaks (DSB) repair

Sebesta and Krejci, 2016

NHEJ: non-homologous end joining

SSA: single strand annealing

SDSA: synthesis-dependent strand-
annealing

DSBR: DSB repair 
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Non-homologous end joining

NHEJ is an error-prone pathway
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Transient summary III

Different types of DNA damage are repaired  
by specific repair pathway

The repair is generally error-free, except for NHEJ and SSA

In S-phase, cells activate tolerance mechanisms that allow 
timely completion of DNA replication
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How do cells organise their repair machineries to effectively repair 
DNA damage?

The challenges

- timely recruitment of repair factors to the sites of DNA damage

Yang et al., 2018 
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How do cells organise their repair machineries to effectively repair 
DNA damage?

The challenges

- timely recruitment of repair factors to the sites of DNA damage4 Nucleic Acids Research, 2018

Figure 1. Recruitment kinetics of potential DNA damage sensors. (A) The relocation kinetics of PARP1, Ku70, Ku80, NBS1, RPA2, and SIRT6 to the
DNA damage sites. GFP-tagged proteins were expressed in U2OS cells, and the relocation kinetics was monitored at different time points following laser
microirradiation. (B) The relocation kinetics of PARP1 to the DNA damage sites. GFP-PARP1 was expressed in wild-type (Ku70+/+) or Ku70−/− MEFs.
(C) The relocation kinetics of Ku70 to the DNA damage sites. The GFP-Ku70 was expressed in wild-type (Parp1+/+) or Parp1−/− MEFs. The GFP signal
intensity at the microirradiation area was measured with ImageJ and represented in the right.

irradiation. Moreover, it is difficult to accurately measure
the kinetics, especially for the early recruited DNA dam-
age sensors. Thus, we established a super-resolution fluores-
cence imaging system to monitor the recruitment of PARP1
and the Ku70/80 complex in more detail.

In this system, we firstly constructed a vector with a BFP
tag at the 5′ of LacI cDNA and expressed the BFP-LacI fu-
sion protein in the NIH/3T3 cell containing the LacO sites
as well as a single I-SceI site. As the BFP-LacI protein rec-
ognizes the LacO site, the localization of the unique I-SceI
site in the nucleus is able to be determined by monitoring the
blue fluorescence with highly inclined and laminated optical
sheet (HILO) microscopy (Figure 2A). The recombinant I-
SceI protein was microinjected into the nucleus along with
the recombinant PARP1 or the Ku70/80 complex proteins.
Based on the kinetics of I-SceI, the median time of cleav-
age at the I-SceI site in each injected cell is expected to be
within the millisecond range (41). When we determined the
relocation kinetics of PARP1, we found that its average re-

location time to the DSB was 812 ms (Figure 2B), which is
in a similar range as observed with laser microirradiation.
We similarly examined the Ku complex and found that it
reached the site of DNA damage with an average time of
737 ms (Figure 2C), which is slightly faster than PARP1,
but not statistically significant (Figure 2D). Thus, our data
suggest that PARP1 and the Ku complex are recruited to
the DSB almost at the same time.

When we compared the average dwelling time for PARP1
and Ku complex at the break site, we observed that neither
PARP1 nor the Ku complex stayed at the DSB for a pro-
longed time. The average dwell time of PARP1 at the DSB
is 902 ms, whereas that of the Ku complex is 938 ms, only
insignificantly longer (Figure 2E). It is possible that other
secondary DNA damage sensors or DSB repair machinery
have been loaded onto the DSB by this time, which in turn
replaced the primary sensors, such as PARP1 and the Ku
complex, for damage-induced signal transduction or lesion
repair. Alternatively, the recognition of the DSB by these

Downloaded from https://academic.oup.com/nar/advance-article-abstract/doi/10.1093/nar/gky088/4852810
by Graff Medical & Sceintific Lib,  Shichen@coh.org
on 19 February 2018

Yang et al., 2018 
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How do cells organise their repair machineries to effectively repair 
DNA damage?

Liquid-liquid phase separation (a.k.a condensation with liquid-like properties)

A substantial portion of DNA repair factors contain intrinsically-disordered 
regions (IDR)

Liquid-liquid phase separation may promote the efficiency of DNA repair 
pathways by organising the proteins into dedicated “repair factories”
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Transient summary IV

Despite highly dense environment in the nuclei, DNA repair 
factors are recruited to the sites of DNA damage within seconds

Complexes may be formed by group modifications (e.g., by SUMO) 
to form transient repair complexes at the sites of DNA damage

A novel concept – liquid-liquid phase separation may provide a 
clue, whereby proteins may be self-organising into repair 
factories, promoting efficient DNA repair 
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How to study genome stability maintenance?
(Case study on Homologous recombination)
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How to study genome stability maintenance?
(Case study on Homologous recombination)

Different strategies exist
Genetic tools

Enable us to identify genes 
and the relationships among, 
thereby building a pathway

Microscopic tools
Give us a glimpse at spacial 
and temporal relationships 
of genes of interests

Biochemical tools
Enable us to understand 
mechanisms and complex 
formations within a studied 
pathway

Structural tools
Enable us to understand 
molecular mechanisms 
at atomic resolution

Single molecule techniques
Enable us to understand behaviour at of single 
molecules as compared to bulk biochemical 
reactions
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How to study genome stability maintenance? 
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How to study genome stability maintenance? 
Step1: identify the genes

Using a thorough genetic analysis of the 
isolated mutants, they were able to build a first 
model of multiple pathways dealing with DNA 
damage.
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How to study genome stability maintenance? 
Step1: identify the genes

Using a genetic approach Mimitou and Symington, were 
able to show for the first time the mechanism by which 
cells resect the ends of broken DNA.
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How to study genome stability maintenance? 
Step2: purify and study the proteins alone
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How to study genome stability maintenance? 
Step2: purify and study the proteins alone

Using a purified protein, Patrick Sung was able to show that Rad51 is a bona fide recombinase.



40

How to study genome stability maintenance? 
Step2: purify and study the proteins in assemblies



40

How to study genome stability maintenance? 
Step2: purify and study the proteins in assemblies

Using purified proteins, Cejka et al., were able to 
reconstitute end resection in vitro.
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How to study genome stability maintenance? 
Step3: study the proteins in time and space

Using life-cell microscopy, Lisby et al., were 
able to study the spatiotemporal interactions 
among recombination factors.
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How to study genome stability maintenance? 
Step4: study the role of protein complex formation?

Using SILAC approaches, Psakhye and 
Jentsch showed that majority of HR proteins 
are Sumoylated upon DSBs induction.
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How to study genome stability maintenance? 
Step5: study the molecular mechanisms by the 
means of structural biology

By comparing the two structure a detailed, molecular 
mechanism of the strand exchange reaction can be inferred.



48

How to study genome stability maintenance? 
Step6: study the molecular mechanisms by the 
means of single-molecule techniques.
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Transient summary V

There are different techniques that allow us understand any given 
pathway

The techniques must be combined, in order to get a full picture of 
the pathway

Use whatever technique at hand that will help you answer your 
scientific question
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Summary

Maintenance of genome stability is a complex endeavour, which 
requires intricate interplay of multiple pathways 

Cells use sophisticated mechanisms in deciding which pathway to 
use at any given moment

Majority of factors responsible for maintaining genome 
stability acts in complexes, let those be dynamic or not 
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