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Overview

The human body is complicated.
Cancer disrupts many normal processes.
Mathematical analysis of genetic data can identify the
biological factors in the disease
which can then be studied by biologists
to explain, prevent, and hopefully cure cancer.

This is joint work with Gordon Okomoto, Tom Wenska, Asmeeta
Achari, Jenna Maligro, Tammy Yoshioka, Emory Zitello from UH
Math Department, UH Cancer Center, Northeastern University,
Queen’s Hospital, Pali Momi Hospital
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Outline

1 How things work normally
2 What goes wrong in cancer
3 How analyzing data can identify various factors in the

progression of cancer for biologists to study ...
4 ... and possibly learn what to do about them
5 Results comparing different types of cancer
6 How interdisciplinary research is better
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How DNA works normally

DNA→ mRNA→ proteins→ tasks
Tasks include cell building and duplication, energy
conversion, immune response, apoptosis
MicroRNA and methylation affect protein expression
There is a balance between cell division and cell death

If things go South, e.g., mutations
DNA repair (elephants don’t get cancer!)
Apoptosis eliminates damaged cells
The immune system identifies and kills abnormal cells
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In cancer ...

Mutations accumulate faster than they can be repaired
Balance tips in favor of cell division and proliferation
(oncogenic genes vs. tumor suppressor genes)
Tumors form
This disruption is reflected in mRNA expression, which
regulates other processes
Everything gets dysfunctional, e.g., cell metabolism (the
Warburg effect)
The tumor initiates its own blood supply (angiogenesis)
Tumor cells avoid apoptosis
The tumor masks itself from the immune system using the
immune checkpoint system to disguise itself as normal
tissue
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What you can do

Cut out the tumor
Kill the cancer cells
Unmask the tumor and let the immune system do the job
Some combination of the above
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The Cancer Genome Atlas

TCGA
Data collected by NIH on 30 different types of cancer
Between 35 and 700 patients for a given cancer
Includes mRNA expression, microRNA expression,
methylation, mutations, other data
mRNA expression for 20,531 genes
Clinical data includes age and disease stage at diagnosis,
treatments, survival time

Analysis
The LUST mathematical algorithm enables us to compare the
mRNA expression of patients

across different types of cancer
variations among patients with the same cancer
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Distribution of mRNA expression for a typical gene
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Metagenes

A metagene is a collection of genes acting in concert.
For two genes X , Y in the metagene,

if gene X is over-expressed by a patient, then with high
probability gene Y is over-expressed by that patient,
the same holds for under-expression,
both these properties hold with X and Y interchanged.

The genes in a metagene are very probably connected by
their involvement in some common biological process (which
may or may not be related to the disease).
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Heatmap illustrating a small metagene
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Technical details

Metagenes

Log transform and quantile normalize expression data.
Discretize expression matrix: top quartile→ +1, bottom
quartile→ −1, middle→ 0.
Gene X regulates gene Y , written X → Y , if the
conditional probability that MYi = +1, given that MXi = +1,
is at least γ (a parameter), and the same for −1.
X is equivalent to Y , written X ↔ Y , if and only if X → Y
and Y → X .
GX = {Y : X ↔ Y}.
Merge groups with large overlap.
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Plan

Find the metagenes associated with 16 different kinds of
cancer by analyzing gene expression data from TCGA
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Types of cancer analyzed and number of samples

liver HCC 371

liver CHOL 36

pancreatic 178

kidney KICH 66

kidney KIRC 533

kidney KIRP 290

stomach 415

colon 283

rectum 72

colorectal 263

bladder 408

ovarian 304

uterine  177

uterine sarcoma 57

cervical 304

prostate 492
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Properties of metagenes

Each cancer produces from 4 to 15 non-overlapping
metagenes, some more important than others.
A randomized expression matrix yields zero metagenes,
so each metagene represents a real biological signal.
The metagenes tell us about differences in tumors, not
tumor vs. normal tissue.
We expect that some metagenes will be common across
cancers, while others will be characteristic of a particular
type or related types. This is correct.
The algorithm tells us which metagenes are associated
with which cancer strictly from the data, with no
extraneous assumptions.
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Metagene summary Part I: Common metagenes

metagene A B C D K L X_3

cancer

liver-HCC #4 - 28 #1 - 30 #2 - 37 #3 - 15 #5 - 9 #8 - 15

liver-CHOL #2 - 7 #4 - 10 #6 - 0 #3 - 9 #5 - 0

pancreatic #2 - 24 #5 - 21 #4 - 17

kidney-KICH #1 - 10 #2 - 13 #5 - 5 #3 - 10 #4 - 0 #7 - 10

kidney-KIRC #3 - 43 #5 - 54 #6 - 25 #2 - 43 #1 - 60 #7 - 29 #4 - 58

kidney-KIRP #1 - 23 #3 - 27 #5 - 16 #2 - 28 #4 - 19 #6 - 0 #8 - 10

stomach #2 - 19 #3 - 0 #4 - 13

colon #2 - 23 #1 - 16  #4 -  0 #3 - 9

rectum #2 - 0 #1 - 8 #3 - 4

colorectal #3 - 16 #1 - 17 #5 - 0 #2 - 12

bladder #1 - 22 #2 - 15 #5 - 17 #4 - 18 #6 - 4

ovarian #1 - 24 #2 - 11

uterine #1 - 12  #5 - 7 #3 - 12

uterine sarcoma #3 - 8 #4 - 9

cervical #1 - 22 #3 - 23 #4 - 11

prostate #5 - x #2 -x #3 - x #1 - x #7 - x
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Metagene summary Part II: Specific metagenes

metagene E I J M N O P R X_8 X_9

cancer

liver-HCC #7 - 13

liver-CHOL #1 - 12

pancreatic #1 - 21 #3 - 6

kidney-KICH

kidney-KIRC

kidney-KIRP

stomach #1 - 14

colon

rectum

colorectal

bladder #7-14 #3 - 26

ovarian #5 - 20 #3 - 9

uterine #2 - 9

uterine sarcoma #1 - 11 #2 - 9  

cervical #2 - 15 #6 - 8

prostate
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Metagenes I

Metagene A

Metagene A consists of genes regulating immune response.
Each cancer yields a large subset of this, with variations.

Metagene B
Metagene B occurs in liver, kidney, pancreatic and prostate
cancer. It contains genes with functions related to cell division
and the mitotic cell cycle.

Metagene C

Metagene C, in almost all cancers, has genes associated with
the extracellular matrix, collagen process and cell adhesion,
and the integrin pathway.
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Metagenes II

Metagene D
Metagene D is associated with liver, kidney, bladder, women’s
reproductive and prostate cancers. Its genes regulate protein
kinase activity, metal ion binding and DNA transcription.

Metagene K
Metagene K shows up with kidney, colorectal and prostate
cancers. It includes genes associated with mitosis, glucose
metabolism, signaling and some non-protein coding genes.

Metagene L

Metagene L is a collection of about 15 genes associated with
liver, kidney, stomach, colorectal and bladder cancers. These
are azoospermia factor genes which are coded from the AZF
region of the male Y chromosome.
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Metagenes III

Metagene X3
Metagene X3 is associated with liver, kidney, stomach, colon
and bladder cancers. It includes genes involved in tyrosine
kinase activity, cell adhesion and extracellular matrix synthesis.

Metagene E

Metagene E for the liver cancers regulates lipid and small
molecule metabolism.

Metagenes I and J

Metagenes I and J for pancreatic cancer are related to synaptic
transmission, insulin secretion and digestion.
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Postcard
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Signatures

Now re-run the LUST algorithm, but this time
use mRNA expression data only for the genes in one
metagene,
include the clinical data on each patient,
find the subset of the metagene that best predicts survival.

A small set of genes that predicts clinical outcomes (in our case
survival) is called a signature.

Signatures enable us to determine how much each metagene
affects a patient’s prognosis.
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Kidney cancer, metagene K
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Cervical cancer, signature for metagene A
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Cervical cancer, all patients
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Pancreatic cancer, all patients
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Pancreatic cancer, signature from metagene I
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Pancreatic cancer, signature from metagene I

The signature from metagene I is a good predictor of survival
for pancreatic cancer.

21 genes

INA, ABCC8, CFC1B, CHGA, CHGB, CPLX2, CRYBA2,
FFAR1, FLJ43390, G6PC2, GAD2, GJD2, KCNK16, LRRTM3,
NEUROD1, PCSK2, RFX6, RXRG, SCG3, SCGN, SLC30A8
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Stage 1 liver cancer (HCC)

Prognosis

About 15% of patients diagnosed with stage 1 liver cancer
(HCC) die within the first 500 days after resection.
Another 10% die over the next 31

2 years.
The remaining 75% of the stage 1 HCC patients live longer
than five years.
The signature based on metagene A identifies the stage 1
short-term survivors (under 500 days) fairly accurately.

Questions
What are the differences between the short-term and
long-term survivors?
If you could identify them, are the patients in the
poor-prognosis group candidates for alternative treatment?
If so, what?
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Personalized medicine

Problem
Most cancer treatments are effective for some patients, not
others.
These treatments have serious side effects.
Can we find genetic tests that will identify which patients
who would respond which treatment?

Example
Researchers at Queen’s Hospital in Honolulu have identified a
particular aggressive form of liver cancer.

A six-gene signature can be used to identify patients with
this type of liver cancer.
These patients have high expression levels of TIM-3, a
potential drug target.
Clinical trials are proposed with TIM-3 for this liver cancer.
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Conclusions

Small lessons
We have seen how the LUST algorithm gives a
comparative analysis of 16 different types of cancer.
Other mathematical methods (such as JAMMIT, D-Basis)
can yield additional insights.
The results are entirely data-driven, not based on
preconceptions of what to look for.
The metagenes and signatures indicate which factors are
important in each type of cancer.
It is up to biologists and medical researchers to follow up
on these leads.
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Conclusions

Big lessons

Finding cures for cancer is a complex problem.
Other diseases, such as Alzheimers and Parkinson’s
disease, could be analyzed similarly.
A multi-disciplinary approach is more likely to succeed
than a single approach.
Biologists of the future will need to learn more
sophisticated mathmatics.
Mathematicians of the future will need to understand more
biology.
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MAHALO!
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