ICONIP2006 _ & _

13th Intemational Conference on
Neural Information Processing <. )
October 3-6, 2008, Hong Kong b 4

— S

The Official Conference of the Asia Pacific Neural Metwork Assembly (APMNMNA)

Machine learning in
high-throughput genomics and
proteomics

(Part 1)

Xuegong Zhang, Ph.D.
Professor of Pattern Recognition and Bioinformatics
Tsinghua University
zhangxg@tsinghua.edu.cn

Xuegong Zhang 1
Tsinghua University

Outline

» Background
— Microarray and mass-spectrometry technologies
— Typical bioinformatics problems
— Basic concepts of machine learning
* Microarray data mining with learning machines
— Classification, clustering and gene selection
— Problems, solutions, and possible pitfalls
» Further topics
— Important considerations and open problems
— Systems biology study after microarray data mining
— New types of arrays
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Target Audience:

— Researchers/students in information
science, math or statistics who are
interested in biological applications and
bioinformatics

— Biologists who want to learn more about
the underlying concepts behind the widely-
used bioinformatics tools

Xuegong Zhang
Tsinghua University

Part I
Biological Backgrounds

* Microarray and mass spectrometry:
technologies and data

« Typical bioinformatics topics

» Basic concepts of Machine Learning

Xuegong Zhang
Tsinghua University




The Central Dogma

e o
mthe nucleus contains

genes that code for specific
proteins.

RADPD

DNA —=RNA

Under the right conditions,
these genes are transcribed
to make messenger RNA
(see Chapter 12).

Nucleus
Pre-mRNA

Pre-mRNA transcript
is produced.

Processed l
mRNA

Pre-mRNA is processed—parts
are removed, ends are added—
and the resulting mRNA is

exported to the cytoplasm, m] Cytoplasm
RNA — Protein mRNA

In the cytoplasm, ribosomes
translate the mRNA to make

a protein (polypeptide) coded
by the gene,

T Ribosome

- Protein

"
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The Central Dogma

DNA =$mRNA Protein =$Phenotype|
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DNA Microarrays
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Gene Expression and
Microarrays
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Gene Expression

* Gene - Primary Transcript
- nuc. MRNA - cytosolic mMRNA
-> protein - protein activity

» Basic cellular processes are realized by
tightly regulated gene expression programs

« Different cell types in a multicellular organism
express different sets of genes at different
time and with different quantities
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Measuring mRNA abundance in
cytosol (gene expression levels)

* Northern blotting
— The traditional method
— Considered as the gold standard
— Gene by gene
— Very time consuming

* Microarray

Xuegong Zhang 9
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<——— Gel electrophoresis

Southern Blot“ng [E.M. Southern, 1975, JMB, 98:508] for

detecting the presence of specific DNA sequences following gel
electrophoresis of a complex mixture of restriction fragments.

* The DNA to be analyzed is digested with restriction enzymes and
then separated by agarose gel electrophoresis.

« The DNA fragments in the gel are denatured with alkaline solution
and transferred onto a nitrocellulose filter or nylon membrane by
blotting, preserving the distribution of the DNA fragments in the gel.

« The nitrocellulose filter is incubated with a specific radiolabeled
DNA DNA probe. The location of the DNA fragment that hybridizes with
the probe can be displayed by autoradiography.

Cleave with
restriction enzymes

Nitrocellulose Autoradiogram

Nitrocellulose Hybridize with
Gel labeled DNA or
RNA probe

_

Capillary action transfers
DNA from gel to nitrocellulose




The Key Principle: Complementary Base-Pairing
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In RMA, the bases are attached to the ribose, The In DNA, the bases are attached to
bases in RNA are the purines adenine (A) and guanine deoxyribose, and the balse thymine (T) i
(G] and the pyrimidines cytosine (C) and uracil (U}, is found instead of uracil. Life: 47

* Northern Blotting
— Detecting RNA fragments, instead of DNA
fragments

— RNA fragments are treated with formaldehyde to
ensure linear conformation

— The amount of a specific RNA in a sample can
be estimated from a Northern blot

» Western Blotting
— Detecting a particular protein in a mixture
— The probe used is antibodies
— Also called immunoblotting
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Going high-throughput:
the basic idea of microarrays

Probe array Expression Levels:
LAL I i

= gene a mgh
geneb medium
— 11 genec low

cDNA
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Two ways of making microarrays

a b

Genai | [ Gemez || Gemes | - [Genez | | Genes |

Cy3 cDNA Cy5 cDMNA
Labelled cONA e * *
- . .
- - -

[&J.Lockhart & E.A. Winzeler, Genomics, gene expression and

DNA arrays, Nature, 405(15): 827-836, 2000
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Printed cDNA microarrays

cDNA clones
(probes)

excitation scanning

laser 2 (lx f laser 1
PCR product amplification
purification
MRNA target .
emission

printing

overlay images and normalise

W/sput

Hybridise target

microarray to microarray
15
analysis
Printed cDNA microarrays
Apo Al ko mRNA sample (target) M
Reverse transcription http://www.bio.davidson.edu/courses/
WMM genomics/chip/chip.html

Denature and label wi en Denature and label with red
¥ fluorescent dye fluorescent dye

I @

Scanfot Red
Wavelength

<DNA

ke y

(probes)
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Oligonucleotide microarrays
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PM/MM Probes, Probe-pairs, Probe-sets
. / mRN& reference
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Example: Data for one gene in many arrays
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Getting the expression from the

probes: the Li-Wong Model

An multiplicative model for one gene :
Y; =PM; —-MM;, = 0,4, +¢;

6, . expression levelindex for array i,

comparable to PM/MM differnece level,

assumed to be proportional to true expresion level
¢, : probe sensitivity index for probe pair j,

subject to constraint Z¢j = J for identifiability
j

&; - random normal errors

1 SInyriua Vinversity

oligonucleotide arrays: Expression index computation and

Cheng Li & Wing H. Wong, Model-based analysis of
outlier detection, PNAS, vol.98, no.1, pp.31-36, 2001

dChip (DNA-Chip Analyzer)

» Data Processing

* Probe-level Analysis
— Normalize arrays
— View data

— Model-based expression
values

— Outlier array

— Exon and tiling array
analysis

Xuegong Zhang
Tsinghua University

www.dchip.org

» High-level Analysis
— Clustering

Time course analysis

Classification

Significant genes

Gene mapping

Pathway analysis

* SNP Array Analysis
— LOH and copy number
— Linkage analysis

22
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Overview of microarray analysis
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sample “targets” and wash fluorescence intensities  “sample expression vector”
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Example Data Sheets

[x]
i) k@) B E %FLEI&J HmAD HBEROQ IEQ #FE@ HFO0) HBho 1=l =]
D=l S]]z &fws G 2|+ [z s BU B-A- 2
125 B -8
S O O O 7 O O O O =
| 1 probe setgene Nl Nl call N3 N3 call N4 N4 call N5 NS call—
| @ APFX-BicE]04423 E 416,831 A 205. 358 A 238,595 A 230, 837 A
| 3 APFX-BicE]04423 E 545, 043 A 411,155 A 285,102 A 330. 669 A
| 4 APFX-BicE]04423 E 511,734 A 406, 043 A 318,278 A 539,333 A
| 5 APFX-Bio(]04423 E 478, 5264 7 472 4 A1 B2 4 A3 1334
| 6 APFX-Bio(J04423 E | 473.0E _ dchip
T |AFFY-Bio[]04423 F 1.4 (B ZHO &80 980 @0 #X0 TAD #E0 sOw BHW e
| & AFFE-Biol]o4d23 E 1806 (D B R & (@]~ [t =@ 2| wE <z B o &-A-
| 8 APFX-Crer03453 Bz 278.9 Al | =| probe set
| 10 |AFFY-Crer¥03d53 Bz 352. 8 Y o R 2 S O T O T =]
| 11 APFX-BicEJ04423 E| 4271 | 988 |HG4243-Hlzine fing 2491.71 & 1701.09 A 1598, 78/A 1821, 22(4
| 12 |AFFY-BioE]04423 E| 1063 | 939 |HCAZ45-HTForkhead 64. 4325 A 20.2353 A 3. 27954 77. 9543|4
13 |AFFE-BicE]04423 B 297, 9| 990 [H04758-Hlcyelin—de 1060.69 4 227,234 785. 727 |4 1061, 78 4
EAFFX‘BiDCJU4423 E 346, 4| 991 HG4263-HIkiller ce -187.202 A 541. 866 P 532,496 P —5. 02465 A o
15 AFFY-Biol]04423 E | 823, 8| 992 |He4272-Hlmet protc 2062.79 P 121111 P 1233, 74P 1259, 49 P
| 16 | AFFY-Pio[ 04423 E | 3391, | 998 [HC429-HT:B—cell gz 302.068 A 241.16 & 146. 675 & 117, 718/4
= ; 994 [HG4297 Hlactivates 12738.1D 8521, 28 P 6587.35 P 5086. 26 P
%gggi;ggg:gg gf 5340 995 |HG4310-HIretinol L 250,603 & 315.14 & 161, 97|A 249, 856 /A
E= 996 |HG4316-HITransketc 9.71485 & B5. 1484 /A 77.1753/4 183.319/4
| 19 AFFY-CrerX03453 Bz 403.3) o7 fncys) 9-Hiribosomal 29197.4F 27325, 4 P 22305, 7 P 22250, 6 P
| 20 hum_alu_eUL4573 Hu 19496 | ggp |ncasy) 11 ARNAE rel 172. 938 & 83. 5688 & 60, 7865 A 1. 49643 &
| 21 APFX-DaprL38424 B 93.62| g99 |Hp4332-HIzine fing -155. 452 P -13.1821|P -17. 0572 F 41. 6591 P
e 1000 [H64333-Hlzine fine 70,8934 & 128. 284/A 157.39 4 168, 305 A
chip expression ing
= 1001 1134336 -HIBacterici 961,995 D 420,113 A 495. 647 & 665, 436 4
1002 (14390 -HIRibosomal 451, 337 D 465, 853 P 524, T68|P 481, T9B|A
1003 (164411 -HMuein, Gz 75214 & 535. 755 A 508, 405 & 521, 908 /A
Xuegong Zhang | 164 |64433-H1Cyelin DI 934, 596 4 716. 102 A 739, 156 & 858, 959 4
Tsinghua University | 1005 [HG4458-HI Tnmunoglc -24. 4426 & 78. 8925 A 135. 338/A -43. 6455 &
100 HCAAR 0T Tompnoa] 1369 _2R.4 {4 Y 14735 B4 Lo} kA

The Problem of Normalization

26
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The M-A plot

* LogR vs. LogG plot
* Mvs. A plot (M-A plot)

A=(log(Cy5)+log(Cy3))/2
M=log(Cy5/Cy3)

* An MA-plot amounts to a
45° couterclockwise
rotation of a logR vs. logG
plot followed by scaling

Xuegong Zhang
Tsinghua University

References for Normalization

» Housing keeping genes / spot-in genes
» Average or Median
« Rank-invariant genes

Xuegong Zhang
Tsinghua University
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Example: Pin-wise Normalization (budoit et al. 2000)

Pin-wise normalization using all the genes

Requires the assumption that up- and down-regulated
genes with similar average intensities are roughly
cancelled out or otherwise most genes remain unchanged

Lowess (locally weighted least squares) smooth

logR/G —> .
logR/G —¢;(A)

= log(k; (A)R/G) - -

Xuegong Zhang

Tsinghua University

Bioinformatics analysis of microarrays

‘ Biological question %

Statistics and
. [ Microarray experiment ]
Microarrays 1

| Image analysis |

v

{ Normalization ]

Estimation Testing ......[ Clustering ] [ Discrimination
Biological verification

| and interpretation I

From slides of Sandrine Dudoit & Robert

15



cDNA microarray High-density oligonucleotide microarrays

Studying Samples

cDNA collection

AMKARARAL mRNA refernce

/-7--\ sequence

FFFEFERRFFRRRRER) 727 ™ prone st

5 Mismatch
‘g Insert amplification by PCR l
e Vector-specific primers
a8 Gene-specific primers % E E?
& In situ synthesis
hotolithagral

< Printing Eo - - by p graphy

Coupling i

Denaturing
Ratio Cy5/Cy3 +— B — Ratio array 1/aray 2
i Staining
Hybridization hybridization
= mixing —
S RN S I S
k] . a u Biotin-labellied
] Cy3 = o i S CANA
g -
B Iahg\?‘:d‘:ﬂplri 3 ICRLITL SO '[ In vitro transeription I
‘g —A——TTTTITTT Double-stranded
2 TP HEHY CDNA
= T First-strand cDNA T ] ) o
synthesis cDNA synthesis
Total RANA PolyA+ RNA

Cels/tissue - S

@ @ Cellsftissue

A. Schulze & J. Downward, Navigating gene expression using

microarrays - a technology review, Nature Cell Biology, 3:E190-

 E195, Aug, 2001

g

Local approach Global appoach

Studying Genes

Condition/phenotype Different conditions

l

./ Experiment

Microarray analysis

|

List of
up- and downregulated genes

or phenotypes

& T T

Expression profiling

Compendium of data from different experiments

N

|Cluster 1
Analysis of selected genes

Overexprassion
Gene knockout |Clu5ter2
RNAi T
| Cluster 3
T g
g Cluster 4
& s

Experiments

Identification of genes
potentially imolved in l
condifion/phenotype
Identification of:
Co-regulated genes
Genes with related functions
Pathway signatures
Tumour classification

A. Schulze & J. Downward, Navigating gene expression using

, Nature Cell Biology, 3:E190-

lew

- a technology rev

o E195, Aug, 2001

N

microarrays
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Classification study with multiple arrays
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Xuegong Zhang 33

Tsinghua University

Proteomics and
Mass Spectrometry

Xuegong Zhang 34

Tsinghua University
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Revisit the Central Dogma

DNA =£mRNA @:}Phenowpel

wv\[ ‘l.n.ﬁx_; '?:l"\
il okl

I IIHI [N

Mass Spectrometry

Xuegong Zhang 35
Tsinghua University

Detecting Proteins

ELECTROTRANSFER 8] ANTIBODY DETECTION
Incubate with
Ab, (] and then wash axcess Ab,

» Southern Blotting
— Detecting DNA sequences =

« Northern Blotting e ) B

|I.anq’ and i eﬂw\uh cau.ln
roas

— Detecting RNA fragments B ;——:‘”’“,—,-
/r 52 /L’.‘.“.::m,.-” b4
* Western Blotting r=] #./

— Detecting a particular protein in a mixture
— The probes used are antibodies
— Also called immunoblotting

Xuegong Zhang 36
Tsinghua University
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2D gel electrophoresis

<—SDS electrophoresis

(a) Protein pH 4.0 {b)
mixture
_Seg:‘rtation Isoelectric
n 4
dimension focusing (IEF)
o
{by charge) 'E
X
Apply first gel pH 10.0 'E:
to top of second -‘g
T
=3
8
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[ —— . — =
.o .
-
o -
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Separation . sSDS )
in second = electrophoresis
dimension . >
(by size) -
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TOF-MS (Time-Of-Flight Mass Spectrometry)

lon Acceleration Region lon Drift Region

Potential V

o
= =i
?—L M, <M, 12|
Sm — Pk
5 =1 # S \‘\.\
7 < X D 1 > ' l
m i
TR * —'* "
§ m, /

M/z=at’+b

A mass spectrometry system uses 3 components

— an ionization source, an analyser and a detector
39

SELDI-TOF-MS: ProteinChip® from Ciphergen

Surface Enhanced Laser Desorption/lonization -
Time Of Flight - Mass Spectrometry

40

“Hard wash”
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SELDI-TOF-MS

Serum Sample Loading

One Microliter of Serum
Robotic handling
Improved Reproducibility
Better Sample Handling
Increased Thronghput

Reduce Cross Contunination

x Vincent Fusaro and Sally Ross

1
L
Typical Data Processing Steps
| Baseline —
E' subtraction and # ]

: calibration e
Baseline
removed

(a) (b)
Multi-spectra
normalization and
clustered paak
detection
_ — = -
IR O NP0 TP K
V’Is‘l.lﬂllzalnn E. P N | u(,_;_.. - J’ e
L]
i .
20 L]
A ° =4 I il
Box and whisker plot = ; i ﬂ'-
(d) of a peak cluster = (0 “ihdatihil, oo S
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Data Processing

« Baseline subtraction =
* Filtering EWWM
e Calibration o
* Normalization mm
« Peak Detection
+ Peak Alignment and MMM
Biomarker Detection 0
» Assessment of the »
Expression Indexes o ML

Xuegong Zhang 5000 10000 15000

Tsinghua University

Biomarker discovery
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Mass-spectrometry data sheets

* Mass Spectrums
— Time serieses

— Could be discretized as expression profiles

* Biomarkers

— Protein profiles at certain "meaningful” molecular weights
— Still looks like gene expression data in format

marker # | Case 1 |Case2 |Case3 m/z Casel |Case?2

1 123.4 | 3456 |234 2345.6 123.4 | 345.6

2 23.1 1234.6 | 3245.2 2347.2 23.1 1234.6

3 123.2 |987.4 |654.3 2349.1 123.2 |987.4
Xuegong Zhang 45

Tsinghua University

Peptide
Identification and
AA Sequencing
with MS/MS

Xuegong Zhang
Tsinghua University
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Basic Concepts of
Machine Learning

Xuegong Zhang
Tsinghua University

47

Machine Learning (ML):

basic concepts

* A system (unknown but existent)
* A set of observable features (input)
» An interested property (output)

* The Learning Machine

* Predictions

* Training Samples

* The Learning Algorithm
features

Xuegong Zhang

SYSTEM

£

Tsinghua University

Learning Machine

trgin'ingI

property

prediction
48
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Pattern Recognition (PR)

» ML for classification properties,

e.g., normal vs. cancer, good vs. bad prognosis,
subtypes of a disease, ......
- Pattern Classification

features class labels
SYSTEM -_—
1
training
« ~ prediction
Learning Machine
Xuegong Zhang 49

Tsinghua University

Examples of PR systems

Xuegong Zhang
Tsinghua University

Speech
Recognition
System
é
Speech Corpus

Annotated
emails

“Pattern recognition
is a specific case of
machine learning ...

50
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Let Machines to Learn the Central Dogma

DNA

__ mRNA

. Protein

Xuegong Zhang
Tsinghua University

ﬁPhenotype I
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