Lecture II

A Model for Cancer Evolution:

Study of cancer from the perspective of chemical in-homeostasis
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Technological Advances and Over-Optimistic Views

* OnJune 26, 2000, US President Bill Clinton claimed: A revolution in
preventing, diagnosing, treating, and curing disease when announcing ¥
completion of the first human genome sequencing project

* Genomic medicine holds the ultimate promise of revolutionizing the
diagnosis and treatment of many illnesses.
- Frances Colins and Victor A. McKusick, JAMA, 2001

* We can cure all diseases with the help of Al, within the next decade or s§ -
- Demis Hassabis, CBS, 2025 .




Reality Check: Other Major Diseases

Major revolutions in medicine as we were promised,
are yet to happen with the enormous amounts of omic
data accumulated and the revolutionary technology

developments



Rapid Progress in Normal Biology Research

* Significant progress has been made in our understanding of biology under
physiological conditions in the past 50-60 years

* We now understand some of the most complex systems in our bodies, e.g.,
* the adaptive immune system of vertebrates
* the regulatory network of embryonic development

* the entire human single-cell homeostasis network, comprising tens of thousands of

different cell types, regulated by the endocrine, nervous, immune, and metabolic
systems



The Key: Conserved Biological Structures and Functions

* A key reason: High levels of conserved biological structures and functions exist across
different organisms, even among evolutionarily distant organisms

« Utilizing this conserved nature among structures and functions, scientists have gained
great amount of knowledge about human biology through studies of simpler model
organisms quickly

* Knowledge of the human metabolic system largely came from studies of yeast
* Knowledge of the human neural system largely came from studies of C. elegans

* Knowledge of the human developmental system largely came from studies of
Drosophila
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Disease Biology Is Different from Normal Biology

* A fundamental reason for the successful application of this approach is that cells
of model organisms share highly similar physicochemical microenvironments

with the relevant human cells.

* However, this similar physicochemical condition does not exist between chronic
disease cells and healthy cells

* This makes it difficult to use model organisms to obtain large amounts of
information for disease research, e.g.,

« All mouse cancers can be cured, but the corresponding treatments have limited effects on

human cancers.



Disease vs. Normal Biology

* Disease biology 1s essentially stress-response biology in a sustained manner

* Characteristic 1: majority of the regulation is done through epigenomic changes

or genomic mutations, rather than regulation programs encoded in the genome

* Characteristic 2: considerable reprogrammed metabolisms (RMs) take place;
these RMs have not been optimized via long-term evolution, hence may create

abnormal behaviors

* How should we study disease biology?

e Back to the basics



It Is Hard To Be a Cancer But Why?

* Cancer tissue cells consume up-to 20 to 30-fold more glucose than normal
matching cells

* They require significantly more ATPs than normal cells

* Their levels of stresses, e.g., ER stress, are significantly higher than the
normal cells

* Over 97% of cancer cells die soon after they are created

* Hence, energetically it does not seem to make sense for normal human
cells to take the route to become cancerous.

* Question: why do they still do it?



A Major Hypothesis

e All such cells are under the same yet-to-identify stressors that they must
take the cancerous route since otherwise they will die 100%?
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Red Queen Hypothesis: an example

» Paterson et al. designed two experiments to study coevolution of the bacterium
Pseudomonas and its antagonistic phage ©2

* Have them evolve to a dynamic equilibrium

* Then give one a slight competitive edge and keep the other unchanged

* The finding is that the equilibrium shifts towards increased population of the
organism with an advantage, leading to the evolution of the other one till the
original equilibrium is regained

* They concluded that antagonistic coevolution is a cause of rapid and divergent
evolution, and is likely to be a major driver of evolutionary change

Paterson et al. Nature 2010
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Tryptophan Degradation in Cancer

* Normal cells degrade tryptophan to acetyl-CoA via the following pathway but
cancer only uses part of the pathway to produce kynurenine and 3-

hydroxyanthrranliate
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=
= | * ATP generation by respiration
ol v * ADP3 + HPO, > — ATP# + OH"

* ATP generation by glycolysis
* glucose + 2ADP? + 2HPO,* — 2 lactate + 2 ATP#

produces 2 ATPs per * Hydrolysis of ATP

lucose ‘ i -
g mitochondria « ATP# + H,0 — ADP3 + HPO, > + H*

produces 36 energy units
(ATPs) per glucose

5 Warburg effect produces more protons than respiration
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Pyrimidine de novo synthesis:
5 ATP + 2 H,0 + 2 glutamine + aspartate + 5-phospho-D-ribose-diphosphate -> dCDP + H
5 ATP + H,0 + glutamine + aspartate + 5-phospho-D-ribose-diphosphate -> dTDP + H,CO

Pyrimidine salvage pathway:
2 ATP + H,0 + 2-deoxycytidine -> dTDP; AR G PTG, AR Ak 89 PR AR
2 ATP + 2-deoxycytidine -> dCDP + H*;
2 ATP + thymidine -> dTDP + H".

Purine de novo synthesis:
5 ATP + GTP + H,CO; + glycine + 2 aspartate + 5-phospho-D-ribose-diphosphate ->
5 ATPFNAD* + H,CO; + H,0 + glycine + aspartate + glutamine + 5-phospho-D-ribose-diphesphate -> dGDP +
NA.
Purine salvage pathway I:

ATP + 2-deoxyadenosine -> dAMP + H*;
ATP + 2-deoxyguanosine -> dGMP + H*;

o

WNBH OB Purine salvage pathway Il

2 ATP + adenosine -> dADP + H,0 + H*;

ATP + GTP + adenosine -> dADP + H,0 + H*;

2 ATP + NAD* + 2 H,0 + guanosine -> dGDP + NADH + 2 H*;
1 ATP + guanosine -> dGDP + H,0.




Increased Sialic Acid Production

 All cancers tend to gradually increase their sialic acid and ganglioside synthesis

as the disease advances
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Increased Ganglioside Synthesis

ceramide de nova biosyninesis
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Increased Phosphorylation in Cancer

* Cancer cells tend to considerably increase the activities of kinases, giving
rise to increase in phosphorylation

* The process of phosphorylation generally produces one proton for each
act as it requires the following ATP hydrolysis reaction

. ATP -> ADP + H*



Increased Glycosylation in Cancer
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Repressed/Inhibited Urea Cycle
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The Most Mutated Amino Acids

mutations around hotspot site in five typical genes and (v) distribution of silent
and missense substitutions. We observed that R — H substitution is dominant in
drivers followed by R — Q and R — C whereas E — K has the highest preference

in nnoonnmar mMmittatinne A ont AfF 17 maiitatinne inArhiidinAa D « VA . N AnA

Arginine: #1

Lysine: a distant #2.

Two most basic amino acids

Biochimica et Biophysica Acta (BBA) - Molecular

Basis of Disease

e

ELSEVIER Volume 1862, Issue 2, February 2016, Pages 155-165

Exploring preferred amino acid mutations in cancer
genes: Applications to identify potential drug targets

P. Anoosha, R. Sakthivel, M. Michael Gromiha & =



Extensive Metabolic Reprogramming in Cancer

* We have analyzed ~50 reprogrammed metabolisms across 14 cancer types,
7,000+ samples in TCGA SEESEE=Emsmams N

* Found that every reprogrammed metabolism
examined produces more protons than the original |
metabolism. Emm=EEm==

| erine
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* And yet cancer intracellular pH goes up, according to
the literature!
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Cell Division of Unicellular Organisms

* |t is considered that the concentration of UDP-sugar is the cue for cell
cycle initiation in unicellular organisms like yeast

* The possible reason that UDP-sugar is used is that it consists of carbon,
nitrogen and phosphate, i.e., when all the essential elements have
adequately high concentrations for cell division
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Hypothesis

* |s it possible that cancer cells utilize a program similar to the cell division
program driven by concentration of nucleotide-sugar, as way to remove
rapidly synthesized nucleotides?

* One issue is that human cell division is not driven by accumulation of
nucleotides or variants

* Question: what changes do human cells need to have, to make such cell
division possible?



Cell Division in Human

 Cell division is a top-down process, which is initiated by growth signals and
coordinated among cell cycle progression, nutrient balance, cell size, and

redox homeostasis . ... Glcose
0. factor ]
GLUT1
@L PtdIns(4, S)P 1—Ptdln5(345)P /pokb@_/m)k. 3
L PIBK/ com—JHK
- PI3K/PTEN are the Nutrients
key regulator of cell 4
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- Amino acids
- Lipids
- Nucleotides

Cell size



Cell Polarity

 Cell polarity provides the supporting infrastructure to functions related to
localization, transportation, organization of molecular machinery

* E.g., protein localization, transport (import, export, secretion, endocytosis, exocytosis),
placement of organelles

* Cytoskeletal structures

* Lysosome and Golgi are centers of endocytosis and exocytosis, respectively

* Cell polarity is dynamic; in different phases of a cell, different functions need
to be performed, hence a different type of cell polarity is built

 Static state, division, differentiation, migration ....

* Conversely, different cell polarities support a different set of functions



Cell Polarity

* Cells that do complex functions require a sophisticated cell polarity

* Like freeway, subway, high-speed train system, overpass in a big city like
Shenzhen while a village needs only a few roads to support its simple functions

* Cell polarity defines a cell type!



Human Cell Polarity

* In human, the foundation of cell polarity is differential electric charges at
the two poles
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Apical-Basal Polarity

The actin filaments and microtubules serve as the infrastructure for localization, transportation
and cell shape (along with intermediate filaments), which are regulated by PIPs
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Mutations in Cancer Genome

* We have conducted a systematic analysis of all the mutated genes across all
genomes of a cancer type in TCGA

* We found that 30-40% of the mutated genes are part of the polarity system
in support of cell division of human cells



Cell Polarity in Yeast

* Yeast has a more complex cell polarity system compared to bacteria

* Actin-like proteins provide the basis for polarity structure for yeast cells
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Cancer’s Polarity System

e Mutations to simplify cell polarity, hence cell complexity: at least 50% of all
the genomic mutations in a cancer are related to simplification of human’s
cell polarity machinery to one like in a unicellular organism (X).

* Many of them have been referred to as “tumor suppressor genes” such as TP53,
PIK3CA, APC

e Our analyses revealed that the set of unmutated polarity genes in support
of cell division is similar to that of yeast



Cell Division of Yeast

Nutrient sensing and related signaling genes

Their human homologs
are all oncogenes
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Cell cycle program

Yeast cell division is driven by nutrient concentrations



o« L A ARSI B G T AR R G —

I e 38 78 64 A R IR 6
B R

‘ 4w PR3 Kl 27
FAFAAKR by 38 { g 4o )

TH OGP R S

o B
S -
(N g

=~

o/
—+

p:
PPPP

M.

1
P——
\

_
P Sok2) r— B | E
il ol |
! » | :
ML IME2 + EMGs Ei M i . & Py, I .
I y ARSI . W s W P~ N
: - A B/’ i ‘ i = ¥
& 4 = »
IME2 + EMGs | S \ / y . RT( NCR Strei 1 RibiRP
des  —— T S — y N Genes  Genes .. Gemes  Genes 4

N
Rim 11 Rim 1

e ———

=

AR 2 I
- FE2RE - &



Bt I8 o1 feAd B 7 S tm it B Az & A JF 69 77 RCRBEF)
g L Bl AR, BPAE R & RN IR RIRF) ta i JE 2R ?



Cancer as a “Unicellular” Organism

* Oncogenes are predominantly nutrient sensing genes in yeast as it has been
reported by multiple authors

* Majority of the proto-oncogenes are from unicellular organisms and key oncogenes such as
RAS, MYC, MTOR, are related to nutrient sensing

* We predict that cancer cells are highly simplified cells, like unicellular organisms
to enable that nutrient concentrations can drive cell cycle for survival!
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Reprogrammed metabolisms from glucose
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Inflammation-to-cancer Transformation: Finding
Metabolic Exits for Nucleotides Synthesized for Survival

Cells initiate sialic acid synthesis and transfer for
stabilizing pH and sialic acids drive cell migration

Nucleotide synthesis increases and
nucleotide concentration drives cell division

Nucleotide synthesis is used to keep pH
stable; nucleotides are released via cell
division mediated by tissue repair signals

Progressive increase in

Fenton reaction and OH™
production

Cancerous
transformation

Fatty acid metabolism is
induced to keep pH stable

Persistent Cell migration

. . Precancer Cancer in progression
inflammation FROgE

When the rate of nucleotide synthesis exceeds the rate of cell proliferation driven by tissue
repair, it leads to nucleotide accumulation and a decrease in synthesis rate, casting a major
stress. The affected cells start the somatic hypermutation program to produce a large number
of mutations, some being selected to simplify cell polarity, enabling the simplified cells to
use nucleotide concentration to drive cell division, to rid off the synthesized nucleotides.
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Mitochondrial Fenton Reactions

* Cancer utilizes considerably more ATPs than normal matching cells. Where do
the ATPs come from?

* We predict that all cancers have Fenton reactions in mitochondria.

Mitochondria
P-value of up P-value of
Cancer Averaged
regulated damage obtained
response Feunln R2 value
BLCA 0.91896 0.81373 0.381
BRCA 0.00024 0.82401 0.215
COAD <1e-5 0.83769 0.076
ESCA 0.65235 0.83374 0.1
HNSC 0.00178 0.84992 0.033
KICH <le-5 0.98533 <1e-5
KIRC <1e-5 0.91672 <1e-5
KIRP <1e-5 0.91075 <1e-5
LIHC 1 0.90053 <1e-5
LUAD 0.05117 0.85152 0.03
LUSC <1e-5 0.83877 0.066
PRAD 0.00621 0.92561 <1e-5
STAD 0.03263 0.85049 0.032
THCA <ie-5 0.95903 <1e-5




Oxidative Phosphorylation

* Question: where do the OH-s go inside inner membrane of mitochondria

e Oxidative phosphorylation: The proton gradient drives ATP synthesis Peter Michell

. glucose [ Electron Transport and Oxidative Phosphorylation)
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Experimental Validation

e André Jagendorf demonstrated in 1966 that cross-membrane proton
gradient can directly drive ATP synthesis by ATP synthase

* ... hence experimentally validated Peter Michell’s model, and helped Michell
to win Nobel Prize in 1978
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ATP Production by Mitochondria

* |t has been established that cancer mitochondria continue to produce ATP
through part of the electric transfer chain

e But the TCA cycle is also known to be largely repressed so where the fuel
comes from to generate ATP




glucose

Normal cell Fenton reactions in mitochondria generate

H+H+H+ o+ H* more ATPs than normal aspiration chain, to
NABH T provide additional ATPs needed by cancer
TCA .
cycle

Cancer cell
glucose
ATP M
H+H+

lactate Ht

Innate immune cells

H,0, , 03




Fenton Reactions in Extracellular Matrix

» All TCGA cancers have Fenton reactions in their extracellular matrix (ECM)

* The hydroxyl radicals produced by persistent Fenton reactions in ECM
continuously damage ECM and the tissue structure

* The so damaged tissues attract innate immune cells to the sites and keep
inflammation going



e BIX R ERBMY KT T s
FEJ/E\?’%Q/J re S , bf%ﬁ‘j'f‘-’j./,‘?’:’f&@hi*‘ﬁéﬁ



%

2

5 kAR B A

« ZAMPTT THHEE

L0 L G

R R AR B e K 6908 R K R 2 LAY

HRRIE, RIARENEITZENA: MHEOGFMA LK,
i je Z iR AL S

o
©

Level of Fenton reaction

o
Q

o
»

o
W

.
-
. @

uuuuu

Disease

— s:seae
= Hepatitis B Viru
—I tblbwlyd ome

riasis
—Rh umatoid Arthritis
== Ulcerative Colitis



% P& e P 89 2R B M RORE

40 4245 B 64 tm LY 5

A& P BR % fid DNA 4 7%,

28 2404 B 04 ta fie,

1) WIHRE ) B 1)
R Ry B2 A A%, HEL G MR K M A BR A AR
( Il ) ( |
2, i s PE AL 2 il R PE AL

BhHERK + sRE BhERK + sARmE




Inflammation-to-cancer Transformation: Finding
Metabolic Exits for Nucleotides Synthesized for Survival

When nucleotide synthesis rate exceeds the
rate of cell division for tissue repair, the stress
level goes up greatly, resulting in high level of
mutations, some being selected to enable that

nucleotide concentration drives cell division

Use nucleotide synthesis to keep pH
stable, and rid of the nucleotides via
cell division for tissue repair

Level of Fenton reaction

—»>  Cancer prone diseases

Use fatty acid (pH 4.5)
synthesis to keep pH stable

» Cancer independent

+

diseases

Chronic Pre-

o

Disease progression

Cancer

inflammation cancerous Cancerous
transformation



Fundamentals to Cancer Research

e Cancer is about survival under persistent alkaline stress
e ...through induction of acidifying reprogrammed metabolisms
* The induction of these metabolisms is through
* epigenomic activity, genomic mutations, and life/death selection — 7~ &~ K & il ¥

&

* So, in addition to the basic metabolic knowledge, we need to know the
chemical conditions where the metabolisms are induced
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Systems Engineering from Data to Knowledge: Step 1

* Developing marker genes for individual key events and cellular states: Based on
omics data, discover and characterize the major stressors, metabolic
reprogramming, and aberrant cellular behaviors by diseased tissues and cells,

using marker genes for

 Stressors: intracellular alkaline stress, extracellular acidic stress, oxidative stress, hypoxic

stress, respectively

* Metabolic reprogramming: the Warburg effect, de novo nucleotide synthesis, over-synthesis

and utilization of sialic acids, and others.

* Aberrant cellular behaviors: sustained cell proliferation, cell migration, T-cell inactivity

Identification of key individual events



Systems Engineering from Data to Knowledge: Step 2

* Example: All RMs conserved across two or more TCGA cancer types produce more
H* than the corresponding normal metabolic processes (nucleotide de novo synthesis

vs. salvaging nucleotides from the blood). Question: why?

 Through linear regression, we found R(FR, OH") = }; a; R(RM;, H"), namely the
rate at which all acidifying RMs produce H* (R(RM;, H")) is strongly correlated with
the rate of OH™ production by Fenton reaction (R(FR, OH))

* By using structural equations, it can be statistically demonstrated that “R(FR, OH")”
1s the cause of each RM; — causal analysis

Derive pairwise causal relationships



Systems Engineering from Data to Knowledge: Step 3

* During the inflammation—cancer transformation o

 Fenton reaction: converts oxidative stress into cytoplasmic alkaline

Tissue \«
repair

stress
Cilga
* Drives system-level acidic RMs, including de novo nucleotide itgax
synthesis (purine synthesis produces 8—9 H*) (i0ge

* Activate a somatic hypermutation program that generates a large .,

number of mutations in the genome 124 v

. . 0 0 . qu1
* Selected mutations simplify the polarity system of cancer cells into ,; ~

a yeast-like unicellular polarity system

*
Fenton
reaction

Causal diagram of the Fenton reaction
induced by DEN in mouse liver disease
Construct causal networks caused by the chemical carcinogen DEN

 Allow nucleotide concentration to drive cell proliferation —

completing the inflammation—cancer transformation



Systems Engineering from Data to Knowledge: Step 4

 Using this method, we can construct a mechanistic model for the development of a disease

* The figure shows drivers and core mechanism
of our predicted model of cancer development

* It can be used to explain a series of causes
and possible mechanisms related to cancer

Reprogrammed glucose metabolisms

Nucleotide
synthesis

Simplification of cell

Activation of somatic

polarity program = hypermutation prog.

Cell division driven
by nucleotide levels

Cancerous cell
division

N

development
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synthesis
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H* production

* The model has been validated using mouse
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Cell migration



Systems Engineering from Data to Knowledge: Step 5

* Metabolic flux analyses

* The acidic RMs in cancer cells mainly originate from glucose

* The level of glucose flux into different metabolic branches determines many cellular behaviors:

proliferation rate, prone to metastasis or not, their relationship with T cells, redox state,

extracellular acidic environment

Reprogrammed metabolisms from glucose
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Summary

e Cancer and cancer-forming cells are under persistent cytosolic alkaline
stress

 For survival, the cells utilize acidifying metabolisms to keep the pH stable
* These reprogrammed metabolisms dictate the behaviors of the host cells

* In addition to cytosolic alkaline stressor, cancer cells also face other less-
threatening stressors such as extracellular acidity, hypoxia, oxidative stress
and competition for limited nutrients, which may drive some metabolic
reprogramming



