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Purpose of the Course

• Introduction to cancer biology, treating cancer as an evolutionary 
process driven by yet-to-be fully understood driving forces

• Introduction to cancer omic data, and illustration of how useful 
information can be derived from the data

• Demonstration of hypothesis-driven cancer research through omic
data mining and statistical inference

• Case studies on what bioinformatics can do for cancer research: 
from biomarker prediction to mechanism studies  
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Main Topics

• Lecture 1: 肿瘤学入门：肿瘤研究简介、肿瘤Hallmarks、肿瘤代
谢、肿瘤组学数据

• Lecture 2: 肿瘤进化环境：慢性发炎、组织修复、氧化压力、微量
元素的作用

• Lecture 3: 肿瘤的重要推手：Fenton反应及在肿瘤发生、发展中的
作用

• Lecture 4: 肿瘤发展的重要助力：基因突变、表观基因组的应急作
用，及免疫反应

• Lecture 5: 肿瘤发展的过程：从慢性炎症到肿瘤、肿瘤转移及转移
后发展的推手
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Format

• Lectures: 13:30 – 17:00pm each day, June 26 – 30

• Hands-on training in solving practical cancer omic data analysis 
problems on computers (by 杜伟老师), 6 – 7:30 pm each day, June 
26 – 30,  in 第一教学楼 B302

• Reading: handouts posted online at 
http://csbl.bmb.uga.edu/mirrors/JLU/DragonStar2017/download.ht
ml

• Two-day workshop on cancer systems biology, July 1-2.

http://csbl.bmb.uga.edu/mirrors/JLU/DragonStar2017/download.html
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Reading Material and References

• All lecture and reading material are downloadable from online

• “Introduction to cancer biology” (a free on-line book), by Momna 
Hejmadi

• “Cancer Bioinformatics”, Springer (2014)
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Expectation of the Students

• Read the short book “Introduction to cancer biology” and the 
suggested literature

• Active participation in in-class discussions and no private in-class 
conversations

• Have your phones switched off and absolutely no phone calls in 
class!
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Introduction to Cancer Biology 

Lecture I
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Homework

• Reading Chapter 1 of the text book

• Reading “Hallmarks of cancer” (2000) and “Hallmarks of cancer: 
the next generation” (2011) by Hanahan and Weinberg
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Leading Causes of Death
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Cancer Statistics 

In 2010, 14.10 million new cases of cancer are reported worldwide

 In the same year, 8.2 million cancer patients died

Currently 32.6 million patients live with cancer

Over 1.16 trillion dollars are used for cancer related medical expenses

The chance for a man to develop cancer during his life time is ½  and 1/3 

for a woman
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What we see clinically is only the 
second half or possibly the end 
game of a tumor development;  
substantial changes  have taken 
placed at the cell/tissue levels. 
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What is Cancer?
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Cancer 

• A cancer is often defined as a collection of cells that grow 
uncontrollably by disregarding the rules imposed on normal 
cells/tissues, which can invade and colonize other tissues

• While the definition is simple, we do not have a detailed 
understanding about what causes a cancer and what drives the 
disease.

• Yet, as we will learn later, this definition may not capture the true 
essence of the disease. 
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A Historical Perspective 

• A case of breast cancer was identified and clearly documented by Egyptian 
physician Imhotep

• It is Greek physician who named the disease kartinos 2,200 years ago, 
Greek word for crab, now coming down to us as cancer

• Multiple theories were developed in the past 1,000 years, particularly since 
19th century when surgeries, along with anesthesia and antibiotics, were 
widely used to treat human illness

• The first major breakthrough in understanding of cancer at the cellular 
level is the observation by German biochemist Dr. Otto Warburg that 
cancer cells tend to use glycolytic fermentation pathway regardless of the 
level of available O2. 

4,500 years ago
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A Historical Perspective 

• In 1960’s, Warburg stated: Cancer … has countless secondary 
causes; but there is only one prime  cause, (which) is the 
replacement of respiration of oxygen in normal body cells by a 
fermentation of sugar.

• He went on to further state: … the de-differentiation of life takes 
place in cancer development. The highly differentiated cells are 
transformed into non-oxygen-breathing fermenting cells, which 
have lost all their body functions and retain only the now useless 
property of growth … What remains are growing machines that 
destroy the body in which they grow

Otto Warburg 1931 
Nobel prize winner
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A Historical Perspective 

• The first oncogenic virus was discovered by Peyton Rous of 
Rockefeller Institute in 1916 (received Nobel Prize in 1966)

• Rous excised a sarcoma in a chicken, ground and injected the 
soluble filtrate into chickens; then a sarcoma would develop

• After years of intensive research, the transmissible agent was 
identified as the Rous sarcoma virus (RSV) 

• The actual oncogenic element in the retroviral genome was a 
mutated gene SRC
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A Historical Perspective 

• The concept of oncogene was coined in 1969 by NIH scientists, 
George Todaro and Robert Heubner

• The first confirmed oncogene was discovered in 1970 and was 
termed SRC by Dr. Steve Martin

• For demonstrating mutations in human SRC, MYC, RAS can 
transform normal cells to cancer  cells, Bishop and Varmus received 
Nobel Prize in 1989.

Bishop and Varmus, 1989 
Nobel prize winners
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• The discovery of (proto)oncogenes by Bishop and Varmus and 
tumor suppressor genes by AG Knudson,  both in 1970s, laid a 
foundation for the now popular theory that cancer is the result of 
genomic mutations. This theory has dominated the thinking in 
cancer research for ~40 years

• Philadelphia chromosome is believed to be the cause of CML, a 
type of blood cancer

A Historical Perspective 
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A Historical Perspective 

• The first mutation-driver model of cancer was proposed in 1990 by 
Fearon and Vogelstein based on the observation that vast majority 
of colorectal cancers have mutations in the APC gene

APC gene 

mutations

RAS gene

mutations
DCC gene

 mutations
P53 mutations

Normal

Epitheliu

Initial

Adenoma

Intermediate

Adenoma

Late

Adenoma
Cancer

Bert Vogelstein
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Phenotypic Characteristics of Cancer

• While substantial amount of information has been generated 
about cancer (over 1 million research articles), it remains largely 
unclear what really constitutes a cancer at the cellular and tissue 
level!

• Hanahan and Weinberg published two seminal papers “The 
Hallmarks of Cancer” and “The Hallmarks of Cancer: the next 
generation”, which for the first time defines the distinguishing 
molecular level characteristics of a cancer
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Hallmarks of Cancer

• Sustained proliferative signaling

• Evading growth suppressors

• Resisting cell death

• Enabling replicative immortality

• Inducing angiogenesis

• Activating invasion/metastasis

• Reprogramming energy metabolism

• Avoiding immune destruction
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I: Sustained Proliferative Signaling

• Normal cells will proliferate only when they receive “growth signals”

• Cancer cells, for “unknown” reasons, grow without necessarily having 
such signals
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Sustained Proliferative Signaling

• Abnormal signaling by Ras (as an oncogene)
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Oncogenes

• Oncogenes are genes whose over-expression or mutations can 
lead to cancer

• Over 200 oncogenes 
have been identified

• Different cancers may 
have their own main 
oncogenes
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II: Evading Growth Suppressors

• Like growth signals, there are anti-growth signals to stop cells from 
division

Cell cycle

Anti-growth signals can force dividing cells into  
the quiescent phase (G0) of the cell cycle
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Evading Growth Suppressors

• RB (retinoblastoma) protein is one such anti-growth protein, 
which binds to the regulators of the cell cycle

• Cancer cells somehow learn  to 
by-pass the anti-growth 
mechanism through having 
mutations or repression of 
proteins like RB
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Tumor Suppressor Genes

• Genes that encode proteins capable of inhibiting cell division, like 
RB, are called tumor suppressor genes

• In cancer genomes, multiple tumor suppressor genes may have loss-
of-function mutations

• Over 150 tumor suppressor genes have been identified for different 
cancers
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III: Resisting Cell Death

• A cell constantly surveys its internal state including access to oxygen 
and nutrients, integrity of its genome and balance of its cell cycle 
pathways

• If malfunction or damage is detected, the cell activates cell death 
(apoptotic) pathway to kill itself
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Apoptosis and Associated Pathways
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Resisting Cell Death

• Cancer cells all learned to by-pass the apoptosis process to avoid 
to be killed

• They use two pathways to avoid apoptosis by impairing the 
sensing of and signaling about abnormal internal status or the 
execution apoptosis

• One main mechanism is through having mutations in the main 
regulator, p53, of apoptosis

– 50% of the cancer genomes have mutations in p53
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IV: Enabling Replicative Immortality

• Normal human cells can divide 60-70 times and then reaches the 
end of its natural life

• Cells all keep a biological clock that keeps track of their ages
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Enabling Replicative Immortality

• Cancer cells learned to protect their telomeres so they do not get 
shortened when cells divide, hence making cancer cells immortal

• They use telomerase to add to the ends of telomeres after each 
division to maintain their lengths

• This is an encoded mechanism in human cells but has been used 
only by embryonic stem cells
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V: Inducing Angiogenesis

• All cells, healthy or diseased, need oxygen and nutrients, which 
can be provided only through blood vessels 

• Human bodies are well designed so every cell is within 100 um of 
a capillary

• Cancer cells need additional blood supply to support its rapid 
growth
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Inducing Angiogenesis

• Angiogenesis is a process that grows new blood vessels from the 
existing ones, which is used during wound healing or menstruation 

• Cancer cells learned to send out angiogenic signals to endothelial 
cells lining nearby vessels to grow new vessels 
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Inducing Angiogenesis

• Without angiogenesis, a cancer will not be able to grow big nor able 
to spread to other parts of the body

• Cancer becomes dangerous only after it starts to have its own blood 
vessels

• One type of cancer treatment is to kill tissue cells 
with messy blood vessels
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VI: Reprogrammed Energy Metabolism

• Human cells have multiple ways to convert nutrients to energy (ATP)

• Oxidation of pyruvate through 
utilization of electron transport 
chain requires oxygen

• Glycolysis does not require 
oxygen and uses lactate as 
electron receiver
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Reprogrammed Energy Metabolism

• Otto Warburg observed in 1927 that cancer cells use glycolytic 
fermentation in addition to oxidation of pyruvate regardless of the 
O2 level  (Warburg effect)

• Oxidation of pyruvate is by far the most efficient energy 
metabolism per glucose

• It seems that all cancers utilize suboptimal energy metabolisms, 
which may be a key reason for their explosive growth – a paradox
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Reprogrammed Energy Metabolism

• While Warburg effect was widely observed in cancer tissues, no 
generally accepted explanation has been developed 

• This remains to be one of the most intriguing issues related to cancer 
development
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Reprogrammed Energy Metabolism

• Substantially increased lipid synthesis – associated with 
inflammation

• Substantially increased glutamine uptake – associated with 
glutaminolysis
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VII: Avoiding Immune Destruction

• Cancer development and immunity are linked at the root
• Cancer is often considered as a wound that will not heal

• Immune system responds to two things: (a) invasion of pathogens, and 
(b) tissue damages

• Cancer studies using immune-deficient mice may not 
necessarily lead to cancer related results; the same can be said 
about cell-based cancer research
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VIII: Activating Invasion/Metastasis

• What makes cancer really deadly is its ability to invade neighboring 
cells and spread to other organs

• Over 90% of the cancer related 
deaths are due to metastatic 
cancers

• … and yet, our previous view 
about metastatic cancers could 
be fundamentally wrong!
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Genome Instability 

• Genome instabilities are common in cancer cells, and they are 
considered a "trademark" for these cells.

• It is widely believed that sporadic tumors (non-familial ones) are 
originated due to the accumulation of several genetic errors 
(mainstream thinking but it may not be correct)

• Studies of cancer genomes, to learn about “driver mutations” have 
been popular but also disappointing as not many new insights have 
been gained about cancer initiation and development
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Microenvironment of Cancer

• Cancer cells seem to have created their own microenvironments 
supporting their rapid growth while being hostile to neighboring 
healthy cells

• Cancer microenvironment 
includes disease cells, immune 
and stromal cells, inflammatory 
cells, low pH, hypoxia among 
other features

• Increasingly more studies have 
been focused on relationships 
between microenvironments 
and cancer development
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Cancer Hallmarks

• The two papers have been widely used as the guiding framework in 
cancer research

• They have clearly captured some of the key phenotypic 
characteristics of cancers in general 

• They may represent the state of the art understanding of cancers

• BUT they did not touch on the root issue of cancer: what drive 
cancers to evolve?
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Fighting Against Cancer

• The US congress declared “War on cancer” in 1972, based on a 
recommendation from President Richard Nixon

• Hundreds of billions of dollars have been invested into cancer 
research worldwide but our abilities in treating cancer have 
not advanced substantially 

• The war on cancer, after almost forty years, must be deemed 
a failure with a few notable exceptions 

James Watson, NY Time, 2009
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从1975到2005，美国每十
万人的肿瘤死亡率的变化

肿瘤死亡率降低的
一个重要原因是早
期发现，早期治疗
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Why We Have 
Failed So Badly?
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Some Thoughts

• We now understand that some aspects of the microenvironment of 
cancer or cancer-forming cells are integral parts of cancer 
development and cannot be separated from cancer studies such as

• Extracellular matrix

• Immune and stromal cells

• We also understand that cancer is largely a tissue-level problem rather 
than just a cell-level problem but many of the published studies have 
been treating cancer as a cellular problem solely!



• The essence of cancer is an evolutionary problem, i.e., the tissue 
has to evolve to adapt the increasingly challenging environment 
but virtually no studies have been done on what stresses the 
diseased cells must overcome

• Traditional cancer studies are highly reductionist in nature, which 
aim to identify “bad parts” in a functional system; in reality the 
initial challenges encountered by the functional system may not 
be bad parts but instead some fundamental balances among 
different ingredients of the system might have been altered

49

Some Thoughts
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• Hence the traditional model based studies may have only limited 
value for understanding cancer

We may need to study cancer 
tissues directly, which has all 
the relevant information 

There are already large projects 
to produce omic data from 
cancer tissues
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• Cancer transcriptomic data

• Cancer genomic data

• Cancer epigenomic data

• Cancer metabolomic data

• …….
The hope is that by mining these omic data, we can start to 
see the big and the whole picture of cancer development as 
an evolutionary process

Omic Data Collected on Cancer Tissues



Information from the Omic Data

• Substantial amount of information is to be uncovered from the cancer omic

data that has been generated through large consortia such as TCGA, the 

largest cancer tissue omic database

• We will study the following issues over the next few lectures

• Cancer central metabolism

• Inflammation and altered lipid metabolism

• Iron metabolism, Fenton reaction and chronic inflammation 

• Micro-environmental stresses resulted from Fenton reactions

• Genomic mutations and implications 

• Epigenomic alterrations and stress response

• Cancer models

52



Gene Expression Data Analyses

53
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Homework

• Reading

• Chapters 2 and 3 of the text book “Cancer Bioinformatics”

• Read “Causal Analysis Approaches in Ingenuity Pathway Analysis (IPA)”, 
Bioinformatics, 2013. 

• Ingenuity Knowledge Base
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RNA-seq Basics

1) Fragmentation and tagging of cDNA fragments 

– provides universal primer allowing a 

transcriptome to be amplified with common 

PCR primers

2) Template immobilization – DNA separated into 

single strands and captured onto beads

3) Clonal Amplification – bridge amplification of 

the immobilized template with primers to form 

clusters providing free ends to which a 

universal sequencing primer can be hybridized 

to initiate NGS reaction

4) Sequencing
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Assembly of Short Reads

• Short RNA reads are mapped to the correct locations in the 
underlying genome

• The depth of the mapped reads reflects the expression level of 
the relevant gene 
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RNA-Seq Data

• Sequencing depth refers to the number of RNA-seq reads 
covering each nucleotide on average.

• 100X denotes that each nucleotide in the target genome is covered 100 
times by different RNA-seq reads on average

• The higher the sequencing depth, the more sensitive the data 
so they can detect more lowly-expressed genes

• … and the more expensive the sequencing will be



58

Normalization of RNA-Seq Data
• Gene X seems to be quite interesting. What is the expression 

level of the gene by your sequencing data? 

Gene X

I did 10X RNA-seq 
and got 9 reads

In my 10000X data 
it has 9671 reads

• A popular way to normalize 
the data is to assume that 
the total RNA is the same

• But it has its own limitations
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Differentially Expressed Genes

• Consider two sets of samples 

• one being colon cancer tissues and the other being adjacent non-cancerous 
tissues so one can study genes possibly involved in cancer formation and 
progression

• one being colon cancer samples with drug resistance and the other without 
drug resistance

• We are interested in finding out if a gene is differentially 
expressed between the two sets of samples
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Differentially Expressed Genes
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Estimate the statistical 
significance of an predicted 

differentially expressed gene
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Differentially Expressed Genes
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Differentially Expressed Genes

• By comparing the average number of differentially expressed genes 
for each cancer type and its five year survival rate, one can get the 
following
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• The grade of a cancer refers to the level of differentiation of 
cancer cells in the cancer tissue: highly (1), moderately (2), lowly 
(3) and un- differentiated (4)

• Generally, the higher the grade, the more aggressive the cancer 
is

• Up till this point, no published studies have suggested what 
determines the grade of a cancer for any cancer type

• Four undergraduate students have found the following

• Cancer grades are strongly associated with the number of up-regulated 
genes that are used only in embryos 
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• This number is strongly correlated with the total expression  
level of non-normally used collagens in extracellular matrix  

• This number is further strongly correlated with the (estimated) 
level of Fenton reactions in extracellular matrix

• Putting these data together, along with previously established 
knowledge, it gives an interesting story regarding what may 
contribute to the malignancy level of a cancer

Differentially Expressed Genes
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Co-Expressed Genes

• Certain genes may show coordinated expression patterns across 
different samples, which are referred as co-expressed genes
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Co-Expressed Genes



68

• All co-expressed genes in a set of samples (e.g., colon cancer or E. 
coli treated with ethanol) can be identified using a clustering
method.

Co-Expressed Genes

• The figure shows 80 genes falling 
into 4 clusters across 110 colon 
cancer samples (column)

• Red means up-regulation; green for 
down-regulation and black for no 
changes between cancer and 
matching control
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• Question: Substantially increased degradation activities of proteins 
are widely observed across ALL cancer types with public gene-
expression data. Co-expression analyses detected strong 
correlation between the level of cell cycle progression. What are the 
possible relation between the two?

• Detailed analyses coupled with functional association analyses 
suggest that that some ubiquitin proteins (used to label proteins to 
be degraded) have direct functional relations with cell cycle 
progression.

Information Derivation through 
Gene-Expression Analysis
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Classification Analysis of Samples

• While clustering is to discover “clusters” sharing similar gene-
expression patterns, classification is a “reverse” problem, i.e., for 
given a collection of “clusters”, to find gene-expression patterns 
shared by elements in the same cluster but distinguishing 
between clusters. 
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• Given one set of primary cancer samples without metastasis and 
another set of primary cancer samples which have been 
metastasized to a distant location, can we possibly find a set of 
genes whose expression patterns distinguish these two sets? 

• If we can do this, we can possibly predict if a given cancer sample 
(with gene-expression data) has already metastasized or not.

• If we apply this idea to multiple cancer types, we can potentially 
derive the common set of genes or pathways that are essential to 
metastasis (a good project problem).

Classification Analysis of Samples
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• Cancer biology problems that can potentially be solved using this 
type of technique:

• Key differences among cancers of the same type but of different grades

• Distinguishing characteristics among primary cancers of the same type but 
spread to different organs

• Common characteristics among “slow growing” cancers as well as among 
“very fast growing” cancers

• Distinguishing characteristics between pediatric cancers and adult cancers

• Why certain organs do not or rarely develop cancers?

Classification Analysis of Samples

All are possible project problems. 
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Prediction of Possible Causalities
• Can we possibly predict causal relationships among co-expressed 

genes?

• Prediction of causal relationships is always difficult!

• Even for cases with seemingly obvious causal relationships, it is 
difficult to prove “causality”

• E.g., smokers have substantially higher lung cancer rates than 
non-smokers. This does not necessarily mean that there is a 
causal relation between smoking and lung cancer.
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Prediction of Possible Causalities
• Consider a pair of associated genes X and Y, we want to determine 

if they have a causal relationship, i.e., one of the following six

• E1 – E3 can be checked directly by assessing P(X<-Y), P(X->Y) and 
P(X, Y independent) against available data 

• E4 – E6 can be checked by assessing P(X<- Y | H), P(X- >Y | H) and 
P(X, Y independent | H) against available data 
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Prediction of Possible Causalities

• There are more sophisticated techniques for assessing 
“causalities” 

• A network-based method for predicting disease-causing genes, J. Comp. 
Biology, 2009

• Causal Analysis Approaches in Ingenuity Pathway Analysis (IPA), 
Bioinformatics, 2013 

• Identifying Gene Regulatory Networks from Gene Expression Data, 
Chapter 27 in Handbook of Computational Molecular Biology, 2005.



Cancer Central Metabolism
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Cancer Central Metabolism

• Altered glucose metabolism 

• Altered lipid metabolism 

• Altered amino acid metabolism 
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Cellular Metabolism
• All human cells use glucose, lipids and amino acids as the basic 

energy source
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Proliferating Cell Metabolism
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Glucose 
Metabolism
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Reprogrammed Energy Metabolism

• Otto Warburg observed in 1927 that cancer cells use glycolytic 
fermentation in addition to oxidation of pyruvate regardless of the 
O2 level  (Warburg effect)

• Oxidation of pyruvate is by far the most efficient energy 
metabolism per glucose

• It seems that all cancers utilize suboptimal energy metabolisms, 
which may be a key reason for their explosive growth – a paradox



Cancer Glucose Metabolism
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Current Explanations

• Glycolysis is faster than 
respiration pathway

• Not enough oxygen, 
which is consumed by 
other cellular activities 

• …. 



Lipid and Functions
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Signaling



Lipid Metabolism

• Lipids

• Fatty acids

• Glycerolipids

• Phospholipids

• Sphingolipids
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Lipids

• Sterol lipids

• Saccharolipids

• Polyketides (secondary metabolites)

88



Lipid Synthesis 
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Inner membrane

Inflammation



• Substantially increased lipid synthesis – associated with 
inflammation

• Increased utilization of lipids as energy source through beta-
oxidation

• Increased utilization of cholesterol and derivatives such as sex 
hormones as growth signals

90

Cancer Lipid Metabolism 



Amino Acids 
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Amino Acid Metabolism
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Cancer Amino Acid Metabolism

• Cancer tends to use certain amino acids more frequently than 
normal & proliferating cells
• Glutamine 

• Tryptophan

• Histidine 

• Cysteine and methionine 

• Serine 

• Proline 

• Phenylalanine 

• Tyrosine 

• for different reasons 
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• Cancer cells use glutamine to make other amino acids and 
proteins (and also for energy production)
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Cancer Amino Acid Metabolism
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Cancer Amino Acid Metabolism

glutaminolysis


