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•�Eukaryotic organisms must respond to environmental changes with changes in gene 
expression to survive. �
�
•�Environmental responses include growth, movement, learning, homeostasis, immunity…�
�
•�All of these involve changes in gene expression in the relevant nuclei of the organism, and 
some of them may involve changes to the chromatin landscape that provide access to genes 
that are packaged in nucleosomes.�
�
•�The epigenomes of an organism can be challenged by many intrinsic and extrinsic stresses�
�
•�Stress can be at the organismal level but may affect specific tissues (and epigenomes) to 
different extents – with protection of the germ-cell and stem-cells�

 
 Chromatin as an Integrator of the Environment  
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 Chromatin is responsive to developmental, environmental �
and stress inputs 

Vernalisation (Polycomb)� Honey Bees (DNA methylation?)�

Environmentally and developmentally programmed changes 
are reprogrammed at every generation (COURS III, IV)�

    

  

  

stress 

nutrition toxins,  
polluants 

life-style 

Can intrinsic (due to cellular processes) or extrinsic (environmental) stress 
lead to heritable chromatin changes?�

X inactivation�



Stress and chromatin changes�
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Importance of chromatin in mediating speed and amplitude of stress responses in cells �
Chromatin is a critically important component of the cellular response to stress.�

(1) Stresses such as heat shock are sensed by factors located inside of or outside of the cell �
(2) In the case of heat shock a key factor (HSF1),  relays the message to the nucleus �
(3) to strongly induce transcription of genes involved in buffering changes eg protein folding�
(4)  RNA stability and (5) protein production levels are also important factors in the response to stress. �
(6) Protein activity, such as the chaperones induced by heat shock, is critical in mediating the response. �
(7) cells may send signals to neighboring cells to assist in mounting a larger stress response encompassing 
many cells and tissues.�



Drosophila polytene chromosomes :�
Transcription and decondensation at heat 

shock genes; silencing and chromatin 
condensation elsewhere�

Heatshock induced chromatin changes�
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Heat shock protein genes are highly induced –�
Release of paused RNA PolII, recruitment of HSFs…  �
�
The “stress proteins” or chaperones produced 
ensure accurate protein folding; target misfolded 
proteins for protease degradation etc�
�
�
The rest of the genome is shut down�

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDrrrrrrrrrrrrrrrrrrrrrrrrroooooooooooooooooooooooooooossssssooooooppppppphhhhhhhhhhhhhhhhiiiiiiiiilllllllllaaaaaaa pppppppppoooooolllllllllyyyyyytttttttteeeeeennnnnnnnneeeeeeeeeeeee  ccccccccchhhhhhhhhhrrrrrrrroooooooooommmmmmmmmmmooooooooooooosssssssssssssoooooooooooooommmmmmmmmmmmmmmmmmmmeeeeeeeeeeeeeeeesssssssssssss  :::::::::::
TTTTTTTTTTTTTTTTTTTTTTTTrrrrrrraaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnsssssssssscccccccccccccccccccccrrriiiiiippppptttiiiiiooooonnnnnnnnnn  aaaannndddddd ddddddddddeeeeeeeeeecccccoooooonnnnnnddddddddddeeeeeeeeennnnnnnnnnnnnssssssssssssssssssaaaaaaaatttttttttttttiiiiiiiiiiiiiiiiioooooooooooonnnnnnnnnnnnnnn aaaaaaaaaattttttttttttt  hhhhhhhhhhhhhheeeeeeeeeeeeeaaaaaaaaaaatttttttttttttt 

sssshhhhhhhhhhhhooooooooooccccccccckkkkkkkkkkkkk  gggggggggeeeeeennnnnnnnnneeeeeeeessssssss;;;;;;;;  ssssssssssiiiiiiiiiillllllllllllllleeeeeeeeeeeeeeeennnnnnnnnnnnnnncccccccccciiiiiinnnnnnnnngggggggggggg aaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnddddddddddd ccccccccccchhhhhhhhhhhhhrrrrrrrrrrrrrooooooooooooooommmmmmmmmmmmmmmmmaaaaaaaatttttttttttttttttttiiiiiiiiiiiiinnnnnnnnnnnnnnnn 
cccccccccooooooooooooonnnnnnnnnddddddddddeeeeeeeeeeeeennnnnnnnnnnnnnnnnnnnnnnnssssssssssssaaaaaaaaaaaaaaattttttttttttttttiiiiiiiiiiioooooooooooooooooonnnnnnnnnnnnnnn eeeeeeeeeeeeelllllllllllllllsssssssssssseeeeeeeeeeeeeeeeewwwwwwwwwwwwwwwwwhhhhhhhhhhhhhheeeeeeeeeeeeeeerrrrrrrrrrrrrrrrrreeeeeeeeeeee

Lampbrush chromosomes from oocytes heat shocked for 15 min at 35°C then cultured at 20°C�
for increasing periods of time – the loops gradually reform and by 70h are indistinguishable�

Flannery and Hill (1988) Experimental Cell Research 177 9-18�

except pericentric heterochromatin ….�



Heats hock induced heterochromatin changes�

E. Heard, March 2nd,  2015 

Nuclear stress bodies (nSBs) form in response to heat shock. Heat shock transcription factor 1 
(HSF1) binds and transcribes pericentric tandem repeats of satellite III sequences.�
�
Role unknown –required for regeneration of heterochromatin structure – to protect 
heterochromatic pericentric regions following heat-shock? �
�
Pericentromeric transcription induced in situations of epigenetic modifications (eg DNA 
hypomethylation) and with various cellular stresses: heat shock, exposure to heavy metals, 
hazardous chemicals, and ultraviolet light, as well as hyperosmotic and oxidative conditions�

From C. Vourch�
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Heats hock induced heterochromatin changes�



Heterochromatin changes and genetic instability�
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Defects in heterochromatin can promote genome instability and 
carcinogenesis:  �

Patients with ICF (immunodeficiency, centromeric instability, and facial anomalies) 
syndrome, which is caused by mutation in DNMT3B�
�
Mice lacking SUV39H146 or DNMT1 display genome instability�
�
DNA hypomethylation is frequent in cancer: genome-wide analysis has identified large 
blocks of hypomethylation affecting up to half of the genome in colon cancer �
�
Other chromatin changes observed in cancer include loss of H4K16ac and H4K20me3 
over repetitive regions and a reduction of H3K9me2 domains…�

Xu, G. L. et al. Chromosome instability and immunodeficiency syndrome caused by mutations in a DNA methyltransferase gene. Nature 402, 187–191 (1999). �
Peters, A. H. et al. Loss of the Suv39h histone methyltransferases impairs mammalian heterochromatin and genome stability. Cell 107, 323–337 (2001). �
Gaudet, F. et al. Induction of tumors in mice by genomic hypomethylation. Science 300, 489–492 (2003). �
Hansen, K. D. et al. Increased methylation variation in epigenetic domains across cancer types. Nature Genet. 43, 768–775 (2011). �
Fraga, M. F. et al. Loss of acetylation at Lys16 and trimethylation at Lys20 of histone H4 is a common hallmark of human cancer. Nature Genet. 37, 391–400 (2005). �
Wen, B., Wu, H., Shinkai, Y., Irizarry, R. A. & Feinberg, A. P. Large histone H3 lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic stem 
cells. Nature Genet. 41, 246–250 (2009). �

Consequences?�
Heterochromatin domains pose a particular challenge to genome stability. Failure to 

restore constitutive heterochromatin domains after replication owing to lack of histone 
deacetylation or chromatin remodelling can lead to chromosome breakages and 

aberrant chromosome segregation in mitosis.�
�

Heterochromatin instability can also lead to aberrant transposon repeat expression and 
mobility�
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Abnormal chromatin organisation (including loss of the Barr body) 
and nuclear architecture are hallmarks of cancer�

Chromatin and nuclear organisation appear massively 
disrupted in cancer cells�
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Heterochromatin changes in Cancer�

Satellite transcripts are greatly overexpressed in mouse and human epithelial cancers. �
(~40-fold increase in pancreatic cancer over that in normal tissue).�
�
Derepression of satellite transcripts correlated with overexpression of LINE-1 
retrotransposons and with aberrant expression of nearby neuroendocrine-associated genes.�
�
The overexpression of satellite and LINE-1 transcripts in cancer may reflect global 
alterations in heterochromatin silencing.�
�
Accumulation of satellite transcripts in mouse and human cell lines can arise from DNA 
demethylation, heat shock, or the induction of apoptosis, and their overexpression has been 
associated with genomic instability. �

RNAISH with HSATII probe 
(red stain): in  human 

Pancreatic IN (P) & normal 
tissue (N).�
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•�Role for Suv39h KMTs in depositing H3K9me3 at intact ERVs and LINEs�
• Suv39h KMTs specifically silence LINE1/L1Md A elements in mouse ESCs�
• DNA methylation silences these repeats in committed cells�

Heterochromatin control of repeat elements�

O�Interspersed repeats comprise �50% of the mammalian genome �
• Long interspersed element 1 (LINE1 or L1) retrotransposon =17% human genome. �
•�80–100 human L1 elements can potentially lead to changes in genomic information �
⇒ endogenous “mutagens” and can cause disease; potential generation epimutations�

• Certain stresses, such as gamma radiation, oxidative stress, and treatment with some agents, 
can induce transcription and/or mobilization of retrotransposons.�
�
•�Certain chemical- and drug-induced stresses might have the potential to cause genomic 
mutations by inducing L1 mobilization. �
=> Risk of induced L1 transcription and retrotransposition should be considered during drug 
safety evaluation and environmental risk assessments of chemicals. �



L1 regulation during neurogenesis. 
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LINE-1 activation in vivo�

• L1 transcription is repressed in neural stem cells (NSCs) by a complex 
of the transcription factor SOX2 and histone deacetylase 1 (HDAC1) – 
and DNA methylation?�
• SOX2 binds to sequence motif that also contains a LEF binding site. �
•�Derepression of the SOX2/HDAC1 complex occurs during the transition 
from NSCs to neural progenitor cells (NPCs); �
•�Subsequently L1 expression can be induced by Wnt signaling: WNT3A 
activates β–catenin, which then accumulates in the nucleus where it forms 
an activating complex with TCF/LEF �
•�binding to the LEF binding site (vacated by SOX2) leads to 
transcriptional activation and jumping (red arrows) of L1 elements.�

15 

• L1 trannnnnnnnnnnnnnnnnnnnsssssssssssssssssccccccccccriiiiiptttttiiiiionnnnnnnnnnnnnnnnnn iiiiiiiiiiiiiiiiiiiiiiis repressssssssssssed in neural ssssssssssssssssssssssssssssssssssssssssssssssstttttttttttttttttttttttttttttttttttttttttttttttteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeemmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeellllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy  aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccoooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooommmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmpppppppppppppppppppppppppppppppppppppppppppppppppllllllllllllllllllllllllllllllllllllllleeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeexxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
oooooooooooooooooooooooooooooooooooooooooffffffffffffffffffffffffffffffffffff tttttttttttttttttttttttthhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrraaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnsssssssssssssssssssssssssssssssssssssssssssssssssssscccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiippppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooonnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn fffffffffffffffffffffffffffffffffffffffffaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaacccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccttttttttttttttttttttttttttttttttttttttttttooooooooooooooooooooooooooooooooooooooooooooooooooooooorrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnndddddddddddddddddddddd histone deacetylasssssssssssssssssssssssssssssseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 111111111111111111111111 ((((((((((((((((((((((((((((((((((((((((((((HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC111111111111111111111111111111111111111111111111)))))))))))))))))))))))))))))))))))) ––––––––––––––––––––– 
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddd DDDDDNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA methhhhhylllllllllllaaaaaaaaaaattttttttttttttttttttiiiiion??????????????
• SOXXXXX222222222222222 bbbbbbbbbbbbbbbbbbbbbbbbbiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnds tttttoooooooooooooooooo sssssssssssssssssssssssssssssssssssssseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqquennnnnnnnnnnnnnnnnnnnnccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmooooooooooooooooooooooooooooooooooooooooooooooooooooooooottttttttttttttttttttttttttttttttttttttttttttttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiif that also connnttttttttttttttttttttttttttttttttttttttttttttttttttttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnsssssssssssssssssssssssssssssssssssssssssssss  aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa LEF bindiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnng site. 
••••••••• DDDDDDDDDDDDDDDeeeeeeeerrrreeepppppprrrreeession of the SOX2/HDAC1 coommmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmppppppppppppppppppppppplllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllleeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeexxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuurrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss dddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddduuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuurrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnggggggggggggggggggggggg tttttttttttttttttttttttttttttttttttttttttttthhhhhhhhhhhhhhhhhhhhhhhhhhhhhe trraaannnnnnssssssssiiiiiiiiiiiitttttttttttttttiiiiiiiiiiiiiiiiiiioooooooooooooooooooooooonnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
frommmmmmmmmmmmmmmmmmmmm NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCsssssssssssssssss tttttttttttttttttttttooooooooooooooooooo nnnnnnnnnnnnnnnnneeeeeeeeeeeeeeeeeuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuurrrrrrrrrrrrrrraaaaaaaaaaallllllll ppppppppppppppppprrrrrrrroooooooggggggggggggeeeeeeennnnniiiiiiiiiiiiiiitttttttttttttttttoooooooooooooooorrrrrrrrrrrrrrr cccccccccccceeeeeeeeeeeeeeeelllllllllllsss ((((((((NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCssss))))))));;;;;;; 
• Subsequently LLLLLLLLLLLLLLLL1111111111111111111111111111111111111111111111111  exxxxxxxppppppppppppppppppppppprrrrrrrrrrrrrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeessssssssssssssssssssssssssssssssssssssssssssssiiiiiiiiiiiiiiiiiiiiiiiiiiioooooooooooooooooooooonnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn cccccccccccccccccccccccaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnnnn bbbbbbbbbbbbbbbbbbbeeeeeeee iiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnddddddddddddddddddddddddddddddddddduuuuuuuuuuuuuuuuuuuuuccccccccccccccccccccccccccccccccccccccccccccccccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeddddddddddddddddddddddddddd bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbyyyyyyyyyyyyyyyyyyyyyyyy WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWnnnttttttttttttttttttt siiiiiiiiiiiiiiiignallllllllllllllllllllllllllllllllllllllllllllliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggg::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWNT3A tttt
activates β–cateninnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn, which thhhhhhhhhhhhhhhheeeennnnnnn accumulaaattttttttttttttttttttttttttttttttttttttttttttttttttttteeeeeeeeeeeeeeeessssssssssssssssssssssssss in thee nnnnnnnuucleussssss wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheeerrrrrrrrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiittttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt forms 
an activating complllllllllleeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeexxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitttttttttttttttttttttttttttttttttttttttttttttttttttthhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh TCFFFFFFFFFFFFFFFFFFFFFFFFFFFFF////////////////////////////////////////////////LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEFFFFFFFFFFFFFFFFFFFF 
• binding to the LEFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnndddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngggggggggggggggggggggggggggggggggg ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaattttttttttttttttttttttttttttttttttttttttttttttttttttttttttttteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddd bbbbyyyyyyyyyyyyyyy SSSSSSSSSSSSSSSSSSSSSSSSSOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX22222222222222222222222222222222222222222222222)))))))))))))))))))))))))))))))))) lllllleads tooooooooooooooooooooooooooooooooooooo  
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�
Stress (intrinsic or extrinsic) induced heterochromatin instability can lead to aberrant 

LINE-1 transposon repeat expression (and mobility?)�

Muotri AR, et al (2009) Environmental 
influence on L1 retrotransposons in the 
adult hippocampus. Hippocampus 19: 
1002–1007.�

Reactivation of L1 expression:�
Impact on nearby gene expression?�

Impact of new L1 insertions?�



L1 regulation during neurogenesis. �

E. Heard, March 2nd,  2015 

LINE-1 activation in vivo can lead to cellular genetic mosaicism

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrreeeeeeeeeegulation duringggggggggggggggggggggggg neurrrrrrrrrrrrrooooooooooooooooooooooooooooooggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenesis. 

�
Stress (intrinsic or extrinsic) induced heterochromatin instability can lead to aberrant LINE-1 

transposon repeat expression (and mobility) with potentially advantageous and mutagenic effects�

Work and theories of�
F.H. Gage and colleagues�



Stribinskis V, Ramos KS (2006) Activation of human long interspersed nuclear element 1 
retrotransposition by benzo(a)pyrene, an ubiquitous environmental carcinogen. Cancer Res 66: 
2616–2620.�
�
Farkash et al (2006) Gamma radiation increases endonuclease-dependent L1 retrotransposition in 
a cultured cell assay. Nucleic Acids Res 34: 1196–1204.�
�
Banaz-Yasar F et al. (2012) LINE-1 Retrotransposition Events Regulate Gene Expression After 
X-Ray Irradiation. DNA Cell Biol 31(9): 1458–1467.�
�
Giorgi G, et al (2011) LINE-1 retrotransposition in human neuroblastoma cells is affected by 
oxidative stress. Cell Tissue Res 346: 383–391�
�
Okudaira N, et al. (2010) Induction of (L1) retrotransposition by 6-formylindolo[3,2-b]carbazole 
(FICZ), a tryptophan photoproduct. Proc Natl Acad Sci U S A 107: 18487–18492.�
�
Muotri AR, Zhao C, Marchetto MC, Gage FH (2009) Environmental influence on L1 
retrotransposons in the adult hippocampus. Hippocampus 19: 1002–1007.�
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Stress induced reactivation of LINE-1 activity�



Genotoxic stress and chromatin changes�

E. Heard, March 2nd,  2015 

Resetting the Epigenetic Landscape after DNA Repair�

Can genotoxic insults challenge 
epigenetic stability?�

DNA damage :�
single- and double-strand breaks�

loss of excision repair �
cross-linking�

alkali-labile sites�
point mutations�

structural and numerical chromosomal 
aberrations�

p g p

Caaaaaaaaaaaaaaaaaaaaaaaaaaaaannnnnnnnnnnnnnnnnnnnnnnnnn gggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnootttooxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuullltttttss ccccccccccccccccccccccccccccccccccccccccccccccccccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaalllllllllllllllllllllllllllllllllleeeennnnnnggggggggggggggggggggggggggggggggggggggggggggggggggggggggee 
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeepppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiigggeenneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeettttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc  sssssssssssssssssssssssssssssstttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaabbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbiilliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiittyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy??????????????????????????????????????????????????????????????????????????????????

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDNNAA dddddddaaaamagggggggeeeeeeeeeeeeeeeeeeeeeeee :::::::::::::::::::::::::::::::::::::::
single- andddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddd douuuuuuuuuuuuuuubbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbble-stttttttttttttttttttttttttttttttttttttttrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrand breaks

alkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkali-laaaaaaaaaaaaaaaaaaaabbbbbile siiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitttttttttttttttttttttttttttttttttttttes
point mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuutationssssssssssssss

ssssttttrrrruuuccccctttttttttttttttttttttttttttttttttttttttttttttuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuurrrraaaalllll aaaannnnddddd nnnnuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuummmmmmmmmmmmmmmmmmmmmeeeeeeeeeeeeeeeeeeeerrrrriiiiiiccccccccccccccccccaaaalllll cccchhhhhrrrroooommmmoooooooooooooooooooooooooooooooosssssssssssssssssssssssssssssssssssssssssssssssoooommmmaaaalllll 
aabbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrraaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaattttttttttttttttttttttttttttttttttttttttttttttttiiioonnss

single  anddddddddddddddddd doubbbbbbbbbbbbbbbbbbble strrrrrrrrrrrrrrrrrrrrrrand breaks

crossssssssssssssssssssssssss llllllllllllllllllllllllliiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnking
lllllllllllllllllllllllllllllllloooooosssssss ooooooffffffffffffffffffffffffffffffffffffffff eeeeeeexciiiiiiiisiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiooooonn reeeeeeeppppppair 

crosssssssssssssssssssssss-llllllllllllllllllllllllllllliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnkkkkkkiiiiiing
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Chromatin memory?�
(or loss!)�
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Genotoxic stress and chromatin changes�

E. Heard, March 2nd,  2015 

Resetting the Epigenetic Landscape after DNA Repair�

From Groth, Verreault and Almouzni, Cell 2007�

Can genotoxic insults challenge 
epigenetic stability?�

The lesion has to be 
made accessible for 
DNA  repair machinery�
(Homologous Recombination, �
Non-homologous end joining�
Nucleotide excision repair…�

�
Restoring chromatin 
states requires new 
histone incorporation 
and recruitment of the 
epigenetic machinary�

Chromatin 
surrounding the 

lesion�
is reorganised/

modified to recruit�
checkpoint/repair 

factors.�
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E. Heard, March 2nd,  2015 

Genotoxic stress and chromatin changes�
How are chromatin states affected and then re-established in the 

face of DNA repair�

Roles for �
histone variants, histone chaperones�

And chromatin remodeling complexes�
that help to “heal the wound” or trigger destruction 

 
(Topic for Future Course!)�

�
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Talbert and Henikoff, Trends in Cell Biology, 2014�
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H2A can be replaced by H2AZ (leads to reduced nucleosome
stability), H2AX (associated with DNA repair and T cell 

differentiation), macroH2A (enriched on inactive X). �

Genotoxic stress and chromatin changes�



Replication stress may induce chromatin memory loss�

E. Heard, March 2nd,  2015 

Interference with DNA 
replication fork progression can 

jeopardize chromatin 
maintenance and challenge 

epigenetic silencing. �

Sarkies et al (2010) Epigenetic instability 
due to defective replication of structured 
DNA. Mol. Cell 40, 703–713.�

Chromatin abnormalities can also result from 
replication defects�

Loss of pre-existing histones during stalled DNA replication or  DNA repair 
represents a potential threat to maintenance of chromatin information �

the fate of parental histones & chromatin proteins is still unclear�



Replication stress, chromatin changes and genetic instability�

E. Heard, March 2nd,  2015 

Chromatin abnormalities may be the consequence of replication defects �
Replication stress can lead to epigenetic changes which can impact on:�

 gene expression, repeat element activity, centromere function… �
 leading to further genetic and epigenetic aberrations�
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Gut and Verdin, Nature 2013�

Kaelin, W. G. & McKnight, S. L. Influence of metabolism on epigenetics and disease. Cell 153, 56–69 (2013). �
Lu, C. & Thompson, C. B. Metabolic regulation of epigenetics. Cell Metab. 16, 9–17 (2012). �
Wellen & Thompson. A two-way street: reciprocal regulation of metabolism and signalling. Nature Rev. Mol. Cell Biol. 13, 270–276 (2012). �
Katada, S., Imhof, A. & Sassone-Corsi, P. Connecting threads: epigenetics and metabolism. Cell 148, 24–28 (2012). 
Teperino, R.et al Histone methyl transferases and demethylases; can they link metabolism and transcription? Cell Metab. 12, 321–327 (2010) �

Is gene transcription 
influenced by 

intermediary metabolism 
products through 

epigenetic mechanisms?�

Cellular concentrations of 
metabolites can fluctuate as a 
function of a cell’s metabolic�
 => the activity of chromatin 
regulators may change as a 
function of metabolic status 

and so transduce a homeostatic 
transcriptional response?�

Nutritional stress and chromatin changes�



A representative histone 
methyltransferase with 
SAM (red) and peptide 
undergoing methylation 
(orange). �

E. Heard, March 2nd, 2015 

S�adenosylmethionine (SAM) 
affect global DNA and histone 

methylation 
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Metabolic pathways linked to methylation (DNA, histones, etc) 
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Nutrition can influence the availability of methyl-donors to a cell: 

-  Global effects? 
-  Certain regions more sensitive to such fluctuations? 
-  Impact during development and throughout life? 
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Nutritional stress and chromatin changes�
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From Gut and Verdin, Nature 2013�

β-OHB can either directly inhibit 
histone deacetylases (HDACs) or 
increase nuclear acetyl-CoA 
levels – leading to a permissive 
state for transcription of several 
genes (eg Foxo3a and Mt2) of the 
oxidative damage response. �

Ketone bodies  �
(β-hydroxybutyrate - β-OHB) 
are produced in the liver as 
alternative energy substrates 
when glucose supply drops 
critically during fasting. �
�
Neurons and other peripheral 
tissues avidly resorb and 
consume ketone bodies as a 
carbon source for ATP 
production. �
�
Fasting, calorie restriction, 
exercise result in significantly 
raised serum concentrations of - 
β-OHB (uM to mM) – and 
ketogenic diets have a protective 
effect on survival of neurons in 
models of Alzheimer’s and 
Parkinson’s models�
�

Nutritional stress and chromatin changes�
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Influence of environmental fluctuations during early 
mammalian development? 

Nutritional conditions during uterine development may have effects later in life, and 

influence the occurrence of adult metabolism and diseases  
(Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20 (2001).  
 
Developmental origins of health and disease’ (DOHaD)’: proposes that a wide range of 
environmental conditions during embryonic development and early life determine 
susceptibility to disease during adult life.  

From http://learn.genetics.utah.edu/content/epigenetics/nutrition/ 
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Influence of environmental fluctuations during early 
mammalian development? 

Nutritional conditions during uterine development may have effects later in life, and influence 
the occurrence of adult metabolism and diseases  
(Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20 (2001).  
 

The evolution of developmental plasticity, which enables an organism to adapt 
to environmental signals during early life, can also increase the risk of 

developing chronic diseases when there is a mismatch between the perceived 

environment and that which is encountered in adulthood. 

A contrast between gestational and adult nutritional environments 

increases the risk of metabolic disease  

Eg Dutch famine – at the end of WWII, individuals exposed to famine during gestation had 
a poorer glucose tolerance than those born the year before the famine. 

“Phénotype d’Epargne" 
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Nutritional stress can have different consequences at 
different time in the life cycle�
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Assessing the impact of nutritional stress and its impact  
on metabolic disorders and obesity across generations�

Obesity – global incidence is almost 1 billion in humans�
Intense research for both genetic and epigenetic risk factors �

Using Model Organisms �
Maternal and paternal induction of intergenerational responses�

Short and long term fasting, calorie restriction, modulation of dietary 
protein, fat and methyl-donor content�
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Cancer. Heart disease. Obesity. Depression. The new science of 
fetal origins traces adult health to our experience in the womb 
 
What makes us the way we are? Why are some people 
predisposed to be anxious, overweight or asthmatic? How is it 
that some of us are prone to heart attacks, diabetes or high 
blood pressure? 
 
There’s a list of conventional answers to these questions. We 
are the way we are because it’s in our genes: the DNA we 
inherited at conception. … 
http://www.kidspot.com.au/epigenetics-you-and-your-kids/
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 Can stress induce heritable chromatin changes in humans?  

It is premature to conclude that heritable chromatin 
changes can be induced and transmitted across 

generations in humans: too many confounding effects, 
particularly DNA sequence polymorphisms.�

�
It is even unethical to “advise” or even “treat” future 

parents from a chromatin-based epigenetic perspective…�
�



Exploring Epigenetic Inheritance across Generations 

E. Heard, March 2nd, 2015 

Laboratory models allow epigenetic changes to be distinguished from DNA sequence changes 
ideally would like individuals that are: 
-  Genetically identical => uniform genetic information 
-  Can identify specific effects of different environmental influences  
-  Can identify the precise time at which sensitivity to the environment may occur 
-  Can identify the extent to which stochastic events contribute to phenotypic change 
-  Father – to – offspring transmission excludes variable oocyte and gestational effects 



Nutritional Influence and Inter-generational Effects 

• Progeny of males that had been fed on a low protein diet showed increased expression of 
genes involved in fat and cholesterol synthesis corresponding to lipid metabolism  
• The sperm epigenome was modestly altered by diet 
• Trans-generational effects (F2 and beyond) not demonstrated… 



Ng, S.F. et al. (2010) Chronic high-fat diet in fathers programs beta-cell dysfunction in female rat offspring. Nature 467, 963–966 33  
Pentinat, T. et al. (2010) Transgenerational inheritance of glucose intolerance in a mouse model of neonatal overnutrition. Endocrinology 151, 
5617–5623 34  
Dunn, G.A. and Bale, T.L. (2009) Maternal high-fat diet promotes body length increases and insulin insensitivity in second-generation mice. 
Endocrinology 150, 4999–5009 35  
Dunn, G.A. and Bale, T.L. (2011) Maternal high-fat diet effects on third-generation female body size via the paternal lineage. Endocrinology 152, 
2228–2236  

E. Heard, March 2nd, 2015 

Nutritional Influence and Inter-generational Effects 

Metabolic Risk Can Be Conferred via the Paternal Lineage: 
 
• Alterations in current paternal diet, including high-fat or low-protein diets (B), or prior history of intrauterine exposure 

to maternal caloric restriction, even with normal postnatal nutrition (C), result in increased metabolic risk in offspring.  
 
• Such paternal-lineage risk must be conferred via sperm, potentially via alterations in DNA methylation, chromatin 
properties, or small noncoding RNAs (NB no global alterations in sperm methylation) 
 
• Alterations in gene expression and metabolic risk in offspring indicate either the possible persistence of epigenetic marks or 
effects on early postimplantation embryos, modulating developmental trajectories. 

From Ferguson-Smith and Patti, Cell Metabolism, 2011 

Examine potential role of DNA 
methylation as the carrier of epigenetic 

memory for  metabolic disease risk�



E. Heard, February 23rd, 2015 

Nutritional Influence and Inter-generational Effects 

Analyse sperm of F1 male offspring from females (dams) that were undernourished during a 
specific window of gestation (period of DNA methylation re-acquisition in the male germ line)�

And analyse the metabolic state of the F2 offspring of these males�

Radford et al (2014) In utero undernourishment perturbs the adult sperm methylome and 
intergenerational metabolism. Science 345, 785-790.�



E. Heard, February 23rd, 2015 

Nutritional Influence and Inter-generational Effects 

Analyse sperm of F1 male offspring from females (dams) that were undernourished during a 
specific window of gestation (period of DNA methylation re-acquisition in the male germ line)�

And analyse the metabolic state of the F2 offspring of these males�

Radford et al (2014) In utero undernourishment perturbs the adult sperm methylome and 
intergenerational metabolism. Science 345, 785-790.�
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E. Heard, February 23rd, 2015 

Nutritional Influence and Inter-generational Effects 

Radford et al., Science 345, 785-789 (2014).�

Validation of hypomethylated differentially methylated regions 
(DMRs) in F1 males’ sperm. Seventeen genomic regions validated.�

Several DMRs correspond to nucleosome 
retaining regions in sperm (see last week – 
COURS IV)�
�
Do these germline DMRs play cell-specific 
regulatory roles in the modulation of 
transcription?�
�
In some cases, neighboring genes show 
significant expression differences in under-
nourished F2 brain, liver and pancreas�
�
Several genes (eg Sstr3, C1qntf6, Tbc1d30, 
Kcnj11, Sur1)  have known roles in glucose 
tolerance and metabolism => are candidate 
contributors to F2 phenotype�



Some of the DMRs may be regulatory sequences of genes involved in metabolic 
disorders?  5/6 tested showed repressive effects on transcription in reporter assays 
in tisue culture cells.�
⇒  Germline DMRs may play cell-specific regulatory roles in the modulation of 

transcription.�

E. Heard, February 23rd, 2015 

Nutritional Influence and Inter-generational Effects 

Radford et al., Science 345, 785-789 (2014).�

Validation of hypomethylated differentially methylated regions 
(DMRs) in F1 males’ sperm. Seventeen genomic regions validated.�

The nutritionally induced DNA methylation state was NOT 
transmitted to F2�

Analysis of methylation at F1 sperm DMRs in F2 brain and liver at E16.5. 
F2 E16.5 CC and CU brain and liver methylation of F1 sperm previously 

validated hypomethylated DMRs�
�
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Nutritional Influence and Inter-generational Effects 

Radford et al., Science 345, 785-789 (2014).�

•�Identified several DNA hypomethylated regions in F1 males undernourished in 
utero – some of which may be putative regulatory regions of genes involved in 
the metabolic phenotypes (in F1 males and in their F2 progeny)�
�
•�43% of these DMRs correspond to regions that normally acquire DNA 
methylation late during germ cell development (comparison with previous 
studies by Surani and Reik labs data) �
=> more sensitive to “missing out” on DNA methylation if nutrients are 
restricted during this phase of gestation?�
�
•�DNA methylation difference in sperm following nutritional stress is lost in F2 
embryo however and so cannot account directly for gene expression differences 
in brain, liver etc�
-  either hypomethylation of DMRs reflects other more stable altered chromatin states�
-   or altered sperm methylation results in subsequent chromatin changes in 

development �
=> DNA methylation alone is not the memory…�
�
• How stable are these changes? F2 sperm and F3 progeny not examined�
�
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Paternal Diet defines Offspring Chromatin state and 
Intergenerational Obesity�

Drosophila model of paternal-diet-induced 
intergenerational metabolic reprogramming 
(IGMR) and identify genes implicated.�
�
• Just 2 days of dietary intervention in fathers 
elicits obesity in offspring. �
�
�

High sugar diet to males prior to 
mating�Drosophila model of paternal-diet-induced 

intergenerational metabolic reprogramming 
(IGMR) and identify genes implicated.�
�
• Just 2 days high sugar diet in fathers elicits obesity 
in offspring, but only if offspring are fed an 
obesogenic high sugar diet (ie not normal food)�
�
•�Paternal sugar acts as a physiological suppressor of 
variegation, de-silencing chromatin-state-defined 
domains (PEV assay) in both mature sperm and in 
offspring embryos. �
�
• Involvement of H3K9/H3K27me3-dependent 
reprogramming of metabolic genes in two distinct 
germline and zygotic windows. �
�
• Similar system may regulate obesity susceptibility 
and phenotype variation in mice and humans (NB 
only detected correlation in human monozygotic 
twin cohorts!)�

NB can be reversed by heat shock!�



Paternal Diet defines Offspring Chromatin state and 
Intergenerational Obesity�
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 Chromatin Inheritance across Generations 

Nuclein from salmon 
sperm by Miescher�

Dahn, Dev. Biol. 2005�
(Photo Alfonso Renz, �

University of Tübingen)�

“If one (. . .) wants to assume that a single substance (. . .) is the 
specific cause of fertilization,  then one should undoubtedly first and 

foremost consider nuclein” (Miescher, 1874). �
�

The Nucleic acid or the Protein? �
Maybe both!�

F. Miescher (1871) described a strong phosphorus-rich acid ‘nuclein’ which 
contained a protein and non-protein component�
�
A. Kossel (1884) described the non-protein component (nucleic acids) and 
later the basic ‘histon’ in acidic extracts from avian erythocyte nuclei….�

Friedrich Miescher �
(1844-1895)�
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 Can stress induce trans-generational chromatin changes?  

Environmentally and developmentally programmed changes 
are reprogrammed at every generation�

So far there is NO evidence that any of the known examples of stable (trans-
generational) epimutations were stress/environmentally induced�

(Cubas et al, Nature, 1999) 

Lcyc� Lcyc�

peloric 

Vernalisation (Polycomb)� Honey Bees (DNA methylation?)�X inactivation�



(Manning et al, Nat Genet, 2006) 

COPIA 

SBP SBP 

COPIA 

cnr 

SBP encodes a transcription factor that allows 
ripening (red). In the cnr mutant a TE is 
integrated upstream  of the promoter of SBP. The 
TE is constitutively methylated but its 
methylation can spread to the promoter of the 
gene and correlates with its silencing preventing 
ripening (yellow).�
�Silencing is metastable in somatic tissues – but 
fully stable through meiotic transmission.�

The origins of known trans-generational epimutations are unclear but are usually 
linked to the presence of a repeat / retrotransposon�

 
 Can stress induce heritable chromatin changes?  

(Rakyan et al, PNAS  2003) 

Axin(Fu) Axin(Fu) 

(Morgan et al, Nat. Genet. 1999) 

Avy Avy 

Two bone fide trans-
generational 
epimutations  in 
mammals (Axin-fused 
and Agouti) are also 
associated with  IAPs 
(retrotransposons)�

Although there is no evidence in plants or mammals that stress-induced 
chromatin changes can be stably trans-generational, �

stress-induced derepression of repeat elements may lead to new 
genomic insertions that:�

- are susceptible to chromatin-mediated silencing�
-can influence nearby gene expression�

�
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Gustav Klimt 
The three ages of a woman 

(1905) 

“human cultural evolution, in strong opposition to our 
biological history, is Lamarckian in character. What we learn 

in one generation we transmit, by teaching and writing…”�
 (S.J. Gould, 1980)�

 The best non-DNA sequence based heritable changes in 
mammals may be cultural! 
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 Conclusion 

Stability and plasticity of chromatin states 

1) Chromatin memory is essential to buffer against changes in cell identity / fate, and ensure 
heterochromatin stability (prevent aberrant gene expression, repeat activity, centromeric 
instability..)�
�
2) Chromatin plasticity is also essential during development and in some tissues to respond 
to hormonal and other signals => equilibrium vs epigenetic stability (“domains” rather than 
single nucleosomes are the functional units of chromatin)�
�
3) Stress-induced changes can impact chromatin states – that are usually reversed but may 
sometimes lead to heritable changes in the soma or even the germ line�
�
4) Chromatin states are globally erased in the germ line of all organisms. �
Evolution appears to have gone to great lengths to prevent the carry-over of irrelevant (or 
deleterious) epigenetic information that would destabilise organisation of the next generation�
�
5) Stress induced changes can impact on the next generation (maternal and inter-
generational effects) in rodents, flies, worms although the chromatin basis is still not clear�
�
6) There is no evidence that stress-induced chromatin changes can be inherited trans-
generationally (ie in absence of initial stress) in mammals and plants – worms may be 
another matter�
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