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Lecture IV

Genomic mutations, epigenomic alterations in response 
to stresses 



Homework

4



5

Genomic Mutations 
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• Single-point mutations or breaks tend to be the result of (micro-) 
environment such as ROS, which can oxidize DNA

•Copy-number changes and translocations are generally the results of 
DNA-repair machinery under emergency conditions
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Genomic Mutations in Cancer
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Knowledge Derived from Cancer Genomes
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•Widely observed oncogenic mutations
• RAS, WNT, MYC, Erk, TRK, SRC, RET, EGFR, β-Catenin, ERBB, JUN, MDM2, 

RAF, KIT

•Widely observed tumor suppressor gene mutations in
• P53, PTEN, RB1, VHL, SMAD4, MSH, KEAP1, BAX, NOTCH1

Knowledge Derived from Cancer Genomes
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•Different types of cancers tend to have different levels of mutations 
rates
• Lung cancer may have tens of thousands of mutations per genome 

• Pediatric cancers tend to have far fewer mutations, typically a few tens.

Analysis of Cancer Genomes



Possible Projects
• Explain why certain cancers tend to have higher mutation rates 

than the other cancer types

•What are the relationships between the average mutation rates 
and survival rates?

• How  do mutation rates increase as a cancer advances?
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•While a cancer genome may harbor thousands to tens of thousands of 
mutations, it is believed that only a small portion of them contribute to 
cancer development 
• B. Vogelstein suggests that a typical cancer needs only 2-8 key mutations 

•He speculates that out of all the mutations found in 
cancer genomes, only ~300 contribute to cancer 
development

Analysis of Cancer Genomes
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Driver vs Passenger Mutations

• In their review article “The Cancer Genome” published in Nature 
(2009), the authors stated
All cancers arise as a result of somatically acquired changes in the DNA of cancer 
cells. That does not mean, however, that all the somatic abnormalities present in a 
cancer genome have been involved in development of the cancer. Indeed, it is 
likely that some have made no contribution at all. 

To embody this concept, the terms 'driver' and 'passenger' mutation have been 
coined.
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A driver mutation is causally implicated in oncogenesis. It has been positively 
selected. A driver mutation need not be required for maintenance of the final 
cancer but it must have been selected at some point. 

A passenger mutation has not been selected, has not conferred clonal growth 
advantage and has therefore not contributed to cancer development.
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• The authors continue to state

•Currently there are no scientifically sound and operational criteria 
for determining “driver” vs “passenger” mutations

A central goal of cancer genome analysis is the identification of cancer genes that 
carry driver mutations. A key challenge will therefore be to distinguish driver 
from passenger mutations. 



Cancer Genomes
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Cancer Genomes



• The authors found that observed mutations tend to enrich 14 
pathways
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Cancer Genomes
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•We have recently examined two published sets of genomic mutation data 
of colon cancers
• One with 20 samples consisting of 1 polyp with 4 mutations, 8 mild and small 

adenoma samples harboring 272 mutations, 8 severe and large adenoma samples 
having 344 mutations and 3 adenocarcinoma samples with 198 mutations

• One with 131 samples, 18 stage-1 samples with 1,439 mutations, 47 stage-2 samples 
with 3,683 mutations, 43 stage-3 samples harboring 3,657 mutations and 23 stage-4 
samples having 2,061 mutations131 adenocarcinoma samples, 

•According to the published papers by original authors, the first data has 
nine driver mutations and the second set has 32 driver mutations

A Case Study of Passenger Mutations



21

•We have done a pathway enrichment analysis of the “passenger” 
mutations considered by the published studies
•Discovered that at least 20% of the “passenger” mutations contributing 
to cancer development
• In early adenoma, mutations enrich:  the composition of the extracellular matrix 

(ECM) and cell-ECM interactions, cell-cell adhesion, cell morphology and cell cycle

• In large adenoma, mutations enrich EGF-like (epidermal growth factor like) domain, 
ABC transporters, cadherin, and actin binding  in addition to above
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• In stage I adenocarcinoma, mutations enrich: ion transporters, plasma 
membrane, immunoglobulins and complement control in addition to the 
above

• In stage II - IV adenocarcinoma, mutations enrich: Rho guanyl-nucleotide 
exchange factor activity (stage 2), GTPase binding (stage 4); cell motion 
(stages 2, 3 and 4); differentiation (stages 3 and 4); embryonic 
development; and a tyrosine kinase (stages 3 and 4)
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•Overall, these passenger mutation data provide substantially more 
information than just cell proliferation or tumor suppression 

•A combination of both “driver” and “passenger” mutations provides a 
whole picture about cancer evolution of a specific type

•Current analysis studies of cancer genomes have been somewhat 
misguided as they tend to focus on the so called driver mutations, which 
are largely determined based on cellular level data
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Some Thoughts
• The original definition of driver mutations: a mutation that gives a 
selective advantage to a clone in its microenvironment, through either 
increasing its survival or reproduction

•Oncogenes and tumor suppressor genes are originally both defined in 
terms of their relevance to cancer tissue development 

•Over the years, their original meanings have evolved to a cellular level 
function, which has limited our vision when analyzing cancer genome 
data



•Overall, mutations are probably the results of ROS, including hydroxyl 
radicals

• Some mutations are selected to help the host cells adjust to the 
changing microenvironments (rather than giving them a growth 
advantage as widely believed)
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Some Thoughts
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Mutations in Other Diseases



Mutations in Other Diseases
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Mutations in Other Diseases



•… After testing an independent cohort of 2,009 cases of ulcerative 
colitis and 1,580 controls, we identified 13 loci that were significantly 
associated with ulcerative colitis (P < 5 × 10−8)
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Mutations in Other Diseases
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Mutations in Other Diseases



Questions
•Why are cancer considered as a disease of genomic mutations but 
other diseases are not?

• Is it possible that this is a result of 先⼊为主; i.e, genomic mutations 
were first abnormalities detected in the disease? If epigenomic 
irregularity was first discovered in cancer before other irregularities, 
it may be considered as an “epigenomic disease”?

• It is worth thinking!
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Oncogenic Mutations 
We consider oncogenic mutations as those that offer assistance to 
enable proliferating cells to divide fast enough to keep up with the 
rate of Fenton reactions



Tumor Suppressor Mutations
•We consider tumor suppressor mutations as those that enable 
neoplastic cells to overcome gate keepers so they can survive
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Functional Gain/Loss by Mutations
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Epigenomic Changes and Stresses
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Homework
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Stresses Encountered by Cancer
•As the disease evolves, cancer (or cancer forming) cells have to 
overcome tremendous stresses encountered

• The defining stresses of a cancer are probably those induced by 
Fenton reactions
• overcoming increased pH
• coping with continuous damages to cellular components, including DNA
• riding of continuously synthesized nucleotides
• coordinating different aspects of cell division, which is not driven by top down 

signals
• ROS associated stresses
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•Hypoxia due to tumor growth and continuous production of ROS; 
and even more challenging is intermittent hypoxia (hypoxia and 
angiogenesis) 
•Acidosis due to continuous release of lactic and other acids 
•Destruction by cellular surveillance such as apoptosis
•Destruction by immune attack
•Cell-cell competition in growing tissue
•Major internal stresses such as mitochondrial and ER stresses due 
to massive (and local) changes in metabolisms
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Stresses Encountered by Cancer



Responses to the Stresses
• Some of these stresses are responded through regulatory mechanisms such 

as 
• activation of glycolytic ATP synthesis and nucleotide synthesis to produce 

protons for neutralizing continuous OH- production

• utilization of more powerful mitogenic factors, such as cholesterol and steroidal 
derivatives, to accelerate cell division to keep pace with nucleotide synthesis

• Some of these stresses are responded through selection of mutations such 
as 
• P53 to avoid immune attacks as well as cell-cell competition

• MYC to accelerate cell cycle progression to meet the need to rid of synthesized 
nucleotides at a rate comparable to that of their synthesis
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• Some stresses are adapted through changes at the epigenomic level

•Compared to regulatory responses, changes at the epigenomic 
levels are kept and can be applied to future similar stresses

•Compared to genomic changes (mutations), epigenomic changes are 
not permanent and can be refined. 
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Responses to the Stresses



Epigenomics in Human 
•DNA can have chemical modifications, such as methylation and 
histone modification, which can affect transcription of the relevant 
genes.
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• These modifications are collectively defined 
as the epigenome of a cell.
•Unlike genomes, epigenomes can be 
modified by environmental conditions
• Like genomes, some epigenomic 
modifications can be inherited by future off-
springs but for a limited number of 
generations.



Epigenomic Machinery
•Human cells have at least two sets of enzymes that execute DNA 
methylation and histone modifications that impact on DNA-protein 
interactions, folding, packing and nucleosome positioning, thus facilitating 
or inhibiting various DNA-related functions such as transcription or DNA 
replication , namely 
• a number of DNA methylation and demethylation enzymes  and

• a large collection of histone modification enzymes (at least 65) , including acetylation, 
deamination, methylation, phosphorylation, sumoylation and ubiquitination
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Functions of Epigenomes 
• The epigenome of a cell is largely responsible for the dynamic 
reorganization of chromosomes to modulate transcriptional 
accessibility of genes and pathways

• T
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• The current understanding is that epigenomic 
level activities such as DNA methylation and 
histone modification are largely regulated by long 
non-coding RNAs (lncRNAs) through utilizing 
the RNA structures as scaffolds for organizing 
DNA-modifying proteins 

45



• In addition, miRNAs have also been found to play regulatory roles in 
epigenomic activities 

• For example, miRNAs have been found to regulate DNA 
methyltransferases, histone deacetylases and polycomb group genes.
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Examples of Epigenomic Functions
• Early-life stress (ELS) is known to be associated with an increased risk of 
neuropsychiatric disease in later life. 

•Using a cohort of 83 men, who experienced ELS in the form of 
separation from their parents during childhood, and a group of 83 
matched controls, researchers found differences in DNA methylation in 
association with the development of at least mild depressive symptoms 
over the subsequent 5–10 years, at genes with roles in brain development 
and/or function in association with depressive symptoms. 
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•Neuralogy research has found that there are DNA methylation as 
well as chromatin marks in memory-associated genes
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Elucidated Functions of Epigenomes



General Purpose of Epigenomes

•While the genomic sequence data record many “IF-THEN” commands, 
the epigenome of a cell, which is essentially 3D organization of the 
chromosomes, probably records the key information about how the IF-
THEN commands collectively accomplish complex functions
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General Purpose of Epigenomes



Stresses and Epigenomes
•A variety of studies have reported relationships between stresses and 
transgenerational epigenomic level changes, such as restraint stress 
and forced swimming promoted preterm birth risk and adverse 
newborn outcomes generationally

•One specific mechanism is through generation of stress hormones 
such as glucocorticoid and corticosterone, which can regulate changes 
at the epigenomic level of HPA axis genes in the hippocampus 

• Interestingly longer exposure to stresses and hence stress hormones 
tend to leave longer lasting epigenomic changes
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• Researchers have detected a distinctive epigenomic 'signature' in the 
DNA of children born in the aftermath of the massive Quebec ice 
storm.
• Five months after the event, researchers recruited women who had been 

pregnant during the disaster and assessed their degrees of hardship and distress

• Thirteen years later, the researchers found that DNA within the T cells of 36 
children showed distinctive patterns in DNA methylation.

•A variety of stress types, such as physical stress, mental stress, maternal 
stress, all seem to leave marks on the epigenomes
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•Multiple cellular and micro-environmental stresses have been found to 
leave marks in the relevant epigenomes
• Oxidative stress

• Hypoxia

• pH stability 

• Inflammation associated stresses

• ER stress

• Mitochondrial stress

• ….

53



Stress and Epigenomic Markers

•A recent study reported a computational tool for predicting the 
age of a tissue using methylation data (DNA methylation age of 
human tissues and cell types, Genome Biology, 2013)

• This suggests the possibility for predicting the relationships 
between methylation patterns and stresses experienced
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Epigenomic Changes in Cancer
• Various observations have been made regarding epigenomic changes 
in cancer genomes
• Examples: 
•DNA hypermethylation tends to occur in tumor suppressor genes
• The majority of DNA methylation changes are located at the non-
promoter CGI shores, defined as regions next to CGIs (CpG islands), 
up to 2 kb long rather than in CGIs in cancer
•Global reduction of trimethyl-H4K20 and acetyl-H4K16 in 
hypomethylated repeat sequences has been reported in several 
cancer types
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•Overall cancer genomes tend to have a global reduction in DNA 
methylation, while promoter regions of protein-encoding genes generally 
have increased methylation compared with the matching noncancerous 
genomes
•A global reduction in mono-acetylated and tri-methylated histone H4 
has been observed in the epigenomes of numerous cancer types 
•Over-production of histone methyltransferases for methylation of the K4 
or K27 residue of histone H3 has been found across multiple cancer 
types
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Epigenomic Changes in Cancer



Reduced DNA Methylation in Cancer
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Epigenomic Changes in Cancer



A Model Potentially Useful
•A group of researchers in Israel has conducted an interesting study aiming 
to elucidate the mechanism of (a) how epigenomic level activities may be 
regulated and (b) what type of epigenomic information may be passed on 
to the future generations

• They prepared a toxin G418, which can kill the cells of fruit-fly larva if 
injected and not pumped out
• They also developed a genetic system to insert a gene into larva cells, 
which encodes a transporter and can pump out the toxin if activated, plus 
a random promoter associated with development 
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• They prepared two sets of cultures, one being generally engineered and one 
being wild type; for the genetically engineered one, they tried 8 different and 
randomly selected promoters

• Then they injected the toxin into each cultured larva

• All the ones without the inserted gene are killed

• 7 out of the 8 groups of larvae with the inserted gene and promoter pumped 
out the toxin and developed into the adulthood fruit-flies but with a long delay. 

• The off-springs of the survived larvae all pumped out the toxin after insertion 
and develop into adulthood without any delays, but only for four generations. 
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• Speculations and proposal by the authors:
• Larva has an encoded mechanism to allow the cells to “broaden” the 
application of development-associated “IF-THEN” response systems, 
in a systematic manner, through epigenomic level changes
• This system is probably activated under persistent and unfamiliar 
stresses
• The authors even suggest that Polycomb is the master regulator of 
this general stress-response system at the epigenomic level
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Gastric cancer melanoma Lung cancer



Issues to Think About 
• Functional inference of epigenomic activities through association 
studies between stresses and, e.g., methylation patterns 

64Finding specific and strong associations. 



• Mechanism studies of epigenomic level response to stresses through co-
expression analyses, possibly using Polycomb as a starting point
• To identify regulators of various epigenomic related enzymes

• To identify functional links between these regulators and stresses, including stress 
hormones

• May need to include lncRNA and miRNA as they have been found to be heavily 
involved in regulation of epigenomic activities 

• There are some major discoveries to be made in cancer epigenomics as the 
state of the art is cancer epigenomics is behind other epigenomics studies, 
particularly plant epigenomic studies
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Possible Links between Epigenomic 
and Genomics

•One early study found that decreasing the level of DNA methylation on a 
genomic scale by activating methylation inhibitors can lead to the 
instability of the CTG·CAG repeat in the genome.

•Other studies found that hypo-methylation tends to be associated with 
increased genomic instability in general.

•A more recent study suggests that it is the activity of DNA demethylation 
rather than the hypo-methylation state of a genome that correlates with 
genome instability, an observation made on colon cancer.
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• In addition, there seems to be a deep connection between DNA 
repair and methylation mechanisms, by sharing common 
components

• Improved understanding on the relationships between epigenomic 
activity levels and genomic mutations could have profound impact 
not just in cancer research but also in human biology in general.
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Summary
•Cancer is a survival process by way of cell proliferation

• Specific genomic mutations  are selected overcome specific stresses 
to enable cancer cells survival

•General stress response via the epigenomic level has been actively 
used by cancer cells to overcome highly stressful conditions

•Association analysis between stresses and epigenomic activities can 
possibly 
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