
Announcements

• Homework 2 will be published today or tomorrow

• Homework 1 marks will eventually appear in Moodle

• Journal club meetings:

group 4 done, group 2 agreed date,

group 5 ??, group 6 looking for date
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Recall: What information is stored in DNA?

Genes: Recipes for synthesis of proteins and functional RNAs.

Regulation of their expression: when and how much to synthesize

DNA:

RNA:

RNA:

RNA: protein:

transcription to RNA

RNA processing

to protein
translation

regulation

gene
replication

Regulation at the level of transcription, processing, translation,

posttranslational modifications, . . .
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Goals

• Determine under which conditions a gene is expressed

(related to gene function)

• Which genes regulate it

• Details of the regulatory mechanism

(binding sites, expression levels,. . . )
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Technology: expression array, microarray

known
genes

complementary
sequences hybridizes

gene 1 gene 2 gene 3

+

RNA sample

scan intensity

Measuring the amount of mRNA present in the sample for many

genes at the same time.

Repeated under different conditions.
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Technology: RNA-seq

Sequencing RNA extracted from the sample by NGS technologies,

mapping reads to the genome.

The depth of coverage corresponds to the expression level

RefSeq Genes

Burge Lab RNA-seq 32mer Reads from Brain

Burge Lab RNA-seq 32mer Reads from Brain, Raw Signal

SON
SON
SON

RNA-seq Brain Sig

Example from the UCSC genome browser
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Example of expression array data

Ratio of gene expression in sample and control fg/bg

15min 30min 1h 2h 4h . . .

W95909 0.72 0.1 0.57 1.08 0.66

AA045003 1.58 1.05 1.15 1.22 0.54

AA044605 1.1 0.97 1 0.9 0.67

W88572 0.97 1 0.85 0.84 0.72

AA029909 1.21 1.29 1.08 0.89 0.88

AA059077 1.45 1.44 1.12 1.1 1.15

. . .

Iyer et al 1999 The Transcriptional Program in the Response of Human

Fibroblasts to Serum

Fibroblasts: cells synthesizing components of extracellular matrix.

To divide, they need growth factors added as “fetal bovine serum”.
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Visualization

Red: fg>bg

Green: fg<bg

517 genes (out of 8600)

19 experiments
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This lecture: different type of data

Other lectures in this course: work with sequences

• genome assembly

• sequence alignment

• gene finding

• fylogenetic trees, population and comparative genomics

• structure and function of proteins and RNA

Today: table of numbers

• typical data in statistics

• we can use general methods of statistics and machine learning
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The first set of problems: preprocessing data

• Read intensity from microarray images, detect invalid

measurements

• Data aggregation from multiple measurements per gene

• Use of control probes

• Normalization to obtain data comparable across experiments

Microarray measurements are very noisy, many sources of errors

A simple result:

list of genes highly underexpressed/overexpressed

e.g. fg/bg> 2, or fg/bg< 0.5

often only these genes used for further analysis
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Clustering (zhlukovanie)

Goal: find groups of genes with similar expression profiles.

If many genes in the group have the same function,

the remaining genes may participate as well

Measuring profile similarity: e.g. Pearson correlation coefficient

Profile of gene 1: x1, x2, . . . , xn, mean x

Profile of gene 2: y1, y2, . . . , yn, mean y

C(x, y) =

∑n

i=1
(xi − x)(yi − y)

√

∑n

i=1
(xi − x)2

∑n

i=1
(yi − y)2

Number between -1 and 1, 1 for linearly correlated data

Distance d(x, y) = 1− C(x, y)

Also other options, e.g. Euclidean distance
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Hierarchical clustering

• Similar to neighbor joining method for building phylogenetic trees

• Start with each gene in a separate group

• Find two closest groups and join them to one

• Repeat until all genes are in one group

• Distance of two groups: e.g. distance of closest genes from one

and the other group or average of distances over all pairs

• The result is a tree representing hierarchy of clusters

A B C D E

gén A 0 0.6 0.1 0.3 0.7

gén B 0.6 0 0.5 0.5 0.4

gén C 0.1 0.5 0 0.6 0.6

gén D 0.3 0.5 0.6 0 0.8

gén E 0.7 0.4 0.6 0.8 0

A C D B E
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Hierarchical clustering - example

Distance of two groups: distance of closest genes from one and the

other group (single linkage clustering)

A B C D E
gén A 0 0.6 0.1 0.3 0.7
gén B 0.6 0 0.5 0.5 0.4
gén C 0.1 0.5 0 0.6 0.6
gén D 0.3 0.5 0.6 0 0.8
gén E 0.7 0.4 0.6 0.8 0

A C

A+C B D E
A+C 0 0.5 0.3 0.6
B 0.5 0 0.5 0.4
D 0.3 0.5 0 0.8
E 0.6 0.4 0.8 0

A C D

A+C+D B E
A+C+D 0 0.5 0.6
B 0.5 0 0.4
E 0.6 0.4 0 B E

A+C+D B+E
A+C+D 0 0.5
B+E 0.5 0

A C D B E
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Example: part of the microarray data

Clustering helps to visualize data,

similar genes get close to each other
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SID112179  EST  T91987
EST  W04525
SID377004  EST  AA057780
SID40630  Paired basic amino acid cleaving system 4
ESTs, Highly  similar to ZINC FINGER PROTEIN 91 [Homo sapiens]
EST  W88695
SID32915  EST  R43729
EST  R51510
Homo sapiens GDP-L-fucose pyrophosphorylase (GFPP) mRNA, complete cds
SID471429  ESTs, Moderately similar to putative transcription factor CA150 [H.sapiens]
SID357806  ESTs, Highly  similar to HYPOTHETICAL 9.8 KD PROTEIN ZK652.3 IN CHROMOSOME III [Caenorhabditis elegans]
SID285946  EST  N66534
SID509503  Homo sapiens phospholipid scramblase mRNA, complete cds
Lamin B receptor
EST  AA025540
Human ATPase, DNA-binding protein (HIP116) mRNA, 3’ end
SID291087  EST  N72130
SID292326  DNA primase polypeptide 2A (58kD)
SID362500  EST  AA018594
EST  R70903
SID510006  Interferon-inducible 56-KDa protein
EST  AA037511
EST  AA052967
H.sapiens mRNA for hcgVIII protein
SID52705  Homo sapiens clones 24622 and 24623 mRNA sequence
SID287239  EST  N66980
SID302400  Epidermal growth factor receptor pathway substrate 15
EST  T91871
EST  R55334
EST  T89077
SID47767  EST  H11911
EST  H12318
SID127578  Human DEAD-box protein p72 (P72) mRNA, complete cds
SID79319  EST  T63170
EST  W95909
SID236277  EST  H61274
SID362009  ESTs, Highly  similar to GROWTH ARREST AND DNA-DAMAGE-INDUCIBLE PROTEIN GADD153 [Homo sapiens]
SID265750  X-LINKED HELICASE II
EST  W15407
SID362385  EST  AA018444
EST  AA031778
EST  N68337
SID39685  EST  R51896
SID509633  ESTs, Moderately similar to Kryn [M.musculus]
SID123567  EST  R00824
Human hSIAH1 mRNA, complete cds
SID45242  EST  H07905
Homo sapiens GBAS (GBAS) mRNA, complete cds
SID471535  Human lipid-activated, protein kinase PRK2 mRNA, complete cds
SID418128  Homo sapiens ring finger protein (FXY) mRNA, complete cds
SID488130  EST  AA047419
Homo sapiens HMG box containing protein 1 mRNA, complete cds
EST  N32165
SID252962  EST  H88517
ERF-2
SID346099  EST  W73942
H.sapiens ERF-2 mRNA
SID291571  Human mRNA for histamine N-methyltransferase, complete cds
CDK6 inhibitor p18
EST  N63536
Homo sapiens clone 24651 mRNA sequence
EST  H20847
EST  R43139
EST  H29270
DP2 (E2F dimerization partner 2)
EST  H92461
HEAT SHOCK FACTOR PROTEIN 2
SID221527  EST  H92076
SID221898  EST  H83658
EST  R73580
EST  AA013256
SID290479  EST  N67978
Human forkhead protein FREAC-2 mRNA, partial cds
SID278125  Dihydropyrimidine dehydrogenase
SID272155  EST  N31484
EST  AA035360
EST  H27880
EST  W74533
EST  N79013
SID471393  EST  AA034524
ADP-ribosylation factor 4-like
WEE1-LIKE PROTEIN KINASE
EST  AA057170
EST  R33609
EST  AA042944
EST  T72562
EST  N64669
SID469387  H.sapiens garp gene mRNA, complete CDS
EST  R60336
SID277996  EST  N63445
Human protein tyrosine kinase t-Ror1 (Ror1) mRNA, complete cds
SID162059  ESTs, Moderately  similar to ATP-BINDING CASSETTE TRANSPORTER 2 [Mus musculus]
SID469850  EST  AA028136
SID364033  EST  AA021607
EST  N47794
SID222387  EST  H86088
EST  AA045506
TISSUE FACTOR PATHWAY INHIBITOR PRECURSOR
SID357348  EST  W93502
Damage-specific DNA binding protein 2 (48 kD)
SID34346  Human mRNA for KIAA0203 gene, complete cds
EST  W92305
EST  H08856
SID380425  Adducin 3 (gamma)
SID509833  INTERFERON-INDUCED 54 KD PROTEIN
BINDING REGULATORY FACTOR
H.sapiens mRNA for Ndr protein kinase
SID122585  Homo sapiens mRNA for KIAA0602 protein, partial cds
SID25992  EST  R37278
EST  AA011444
SID297445  Homo sapiens DNA recombination and repair protein hNgs1 (hNGS1) mRNA, complete cds
Human DEAD-box protein p72 (P72) mRNA, complete cds
EST  N38985
SID346311  EST  W74140
SID299290  EST  N75545
Human Bruton’s tyrosine kinase-associated protein-135 mRNA, complete cds
SID429074  EST  AA005169
SID364715  Homo sapiens thrombospondin 3 (THBS3) gene, complete cds
SID197549  EST  R87731
SID297604  EST  N69835
Human B4-2 protein mRNA, complete cds
ESTs, Highly similar to alpha-adducin [H.sapiens]
SID328922  EST  W45465
EST  AA010624
SID281745  EST  N51744
EST  N79778
SID277895  EST  N64209
SID291387  EST  N72289
SID280659  EST  N50448
Aminolevulinate, delta-, synthase 2 (sideroblastic/hypochromic anemia)
Homo sapiens LIM domain binding protein (LDB1) 
High-mobility group (nonhistone chromosomal) protein 2
Homo sapiens antigen NY-CO-33 (NY-CO-33) mRNA, complete cds
Mast/Stem cell growth factor receptor
SID48320  EST  H14569
SID278241  EST  N63574
EST  H05133
EST  AA029451
SID160605  EST  H25014
SID273926  EST  N38765
SID284240  EST  N52170
SID381064  EST  AA057433
SID416134  EST  W86006
Cyclin-dependent kinase inhibitor 1C (p57, Kip2)
Homo sapiens mRNA for KIAA0623 protein, complete cds
SID35516  H.sapiens mRNA for cyclin G1
EST  AA011682
Homo sapiens mRNA for KIAA0623 protein, complete cds
H.sapiens DAP-kinase mRNA
EST  AA005212
EST  AA058747
SID365026  Human transmembrane receptor (ror2) mRNA, complete cds
EST  AA011388
EST  AA007439
Human mRNA for KIAA0188 gene, partial cds
SID50073  EST  H17482
SID49385  EST  H15535
EST  R60731
Fibromodulin
EST  H28360
AH-receptor
SID309231  ESTs, Moderately similar to zinc finger protein [R.norvegicus]
EST  N53427
SID44098  EST  H06287
Human cyclin-dependent kinase inhibitor p27kip1 mRNA, complete cds
Hs.648 Cut (Drosophila)-like 1 (CCAAT displacement protein)
SID298306  EST  N73953
EST  AA016001
EST  R43550
EST  H15273
SID49165  EST  H16592
SID381722  EST  AA059074
SID292678  Human mRNA for KIAA0355 gene, complete cds
SID417030  EST  W87769
SID365756  Human mRNA for CMP-sialic acid transporter, complete cds
Homo sapiens mRNA for protein phosphatase 2C (beta)
SID469194  Tropomodulin
Human clone 23693 mRNA sequence
SID365087  EST  AA024606
E3 UBIQUITIN-PROTEIN LIGASE (NEDD-4) protein
Homo sapiens mRNA for KIAA0643 protein, partial cds
Human G protein-activated inwardly rectifying potassium channel HGIRK1/Kir3.1 mRNA, complete cds
Meis1 (mouse) homolog
SID208950  Aldehyde dehydrogenase 10 (fatty aldehyde dehydrogenase)
SID149477  EST  H00168
Human syntaxin 7 mRNA, complete cds
SID236188  EST  H62361
Fibrillin 1 (Marfan syndrome)
SID29194  POLYPOSIS LOCUS PROTEIN 1
SID273078  ESTs, Highly  similar to HYPOTHETICAL 67.6 KD PROTEIN ZK637.3 IN CHROMOSOME III [Caenorhabditis elegans]
EST  AA045111
Alpha-1 type 3 collagen  
SID287028  Homo sapiens cAMP-specific phosphodiesterase 8A (PDE8A) mRNA, partial cds
Homo sapiens mRNA for putative progesterone binding protein
CYCLIN-DEPENDENT KINASE INHIBITOR 1
SID116819  Homo sapiens clone 23887 mRNA sequence
SID214028  Homo sapiens mRNA for stearoyl-CoA desaturase
SID21829  EST  T65590
SID137704  EST  R37986
SID61539  Cytochrome P450, subfamily IIC (mephenytoin 4-hydroxylase), polypeptide 9
EST  W78151
SID376951  EST  AA047641
EST  W69445
Spectrin, beta, non-erythrocytic 1
SID323555  FYN oncogene related to SRC, FGR, YES
Transforming growth factor, beta receptor III (betaglycan, 300kD))
SID365251  EST  AA024914
SID265868  EST  N21470
SID43006  EST  R59736
SID281146  EST  N50955
Homo sapiens clone 23785 mRNA sequence
EST N75026
EST  R71462
SID429409  EST  AA007609
SID42629  EST  R60996
SID299673  Homo sapiens clone 23645 mRNA sequence
Membrane metallo-endopeptidase (neutral endopeptidase, enkephalinase, CALLA, CD10)
Thymosin beta-4
EST  AA037718
SID366364  EST  AA025786
Catalase
SID484622  Homo sapiens clone 24636 mRNA sequence
EST  AA036947
EST  AA040147
EST  H85971
EST  H01236
SID257009  EST  N26801
SID128329  EST  R12563
Laminin, alpha 2 (merosin, congenital muscular dystrophy)
Wingless-type MMTV integration site 2, human homolog
SID131285  EST  R24284
SID360233  EST  AA012996
SID281493  GLUTAMATE RECEPTOR 1 PRECURSOR
Annexin III (lipocortin III)
EST  N20862
SID229535  EST  H66595
Asparagine synthetase
EST  W72188
ESTs, Highly  similar to PROBABLE PHOSPHOSERINE AMINOTRANSFERASE [Oryctolagus cuniculus]
SID415303  Human mRNA for KIAA0018 gene, complete cds
Cytochrome B561
Fibrillin 2
Squalene epoxidase
EST  N74313
EST  AA057199
3-HYDROXY-3-METHYLGLUTARYL-COENZYME A REDUCTASE
MAC30 (differentially expressed in meningiomas)
SID486055  Cytochrome P450 IB1 (dioxin-inducible)
EST  N95180
Cytochrome P450, 51 (lanosterol 14-alpha-demethylase)
EST  AA029996
FARNESYL-DIPHOSPHATE FARNESYLTRANSFERASE
SID347007  EST  W79450
Mesoderm specific transcript (mouse) homolog
SID208960  Dipeptidylpeptidase IV (CD26, adenosine deaminase complexing protein 2)
SID37021  EST  R49183
Human mRNA for DB1, complete cds
EST  W89018
Homo sapiens protein 4.1-G mRNA, complete cds
EST  H19324
Ribosomal protein L5
SID254433  Homo sapiens oligodendrocyte-specific protein (OSP) mRNA, complete cds
EST  H93791
Cellular retinoic acid-binding protein 2
H factor (complement)-like 1
EST  AA029995
IPP isomerase
SID376386  EST  AA039663
Homo sapiens insulin induced protein 1 (INSIG1) gene, complete cds
IPP isomerase
IPP isomerase
SID209731  EST  H52219
SID489285  Ribosomal protein L17
Carnitine palmitoyltransferase I (CPTI)
SID471855  Lumican
EST AA180272
SID428443  EST  AA004918
SID376416  Complement component C1r
SID416406  ESTs, Highly  similar to COMPLEMENT RECEPTOR TYPE 2 PRECURSOR [Homo sapiens]
Cytochrome B561
SID364730  Homo sapiens P8 protein mRNA, complete cds
Ribonuclease, RNase A family, 1 (pancreatic)
SID415669  EST  W84708
SID343119  EST  W67250
SID486735  Human peptidyl-prolyl isomerase and essential mitotic regulator (PIN1) mRNA, complete cds
SID469959  EST  AA029909
SID487537  H.sapiens mRNA for selenoprotein P
EST AA021170
Lipoprotein lipase
Apolipoprotein D
Caldesmon
SID377346  Complement component 1, s subcomponent
SID381721  EST  AA059077
Human mRNA for dihydropyrimidinase related protein-3  complete cds
SID46127  EST  H09359
SID375479  EST  AA026761
SID488947  EST  AA047080
SID381836 EST
Activating transcription factor 3 (ATF3)
SID254436  IMMEDIATE-EARLY RESPONSE PROTEIN NOT
P55-C-FOS PROTO-ONCOGENE PROTEIN
Early growth response protein 1
SID120386  EST  T95837
EST  AA016305
SID512337  Ribosomal protein S5
SID469297  Homo sapiens mRNA for DEC1  complete cds
SID61419  EST  T40920
Human Gem GTPase (gem) mRNA, complete cds
SID129778  Transferrin receptor (p90, CD71)
SID238621  EST  H65122
EST  T50056
Vascular endothelial growth factor
SID512204  ESTs, Highly  similar to AAC-RICH MRNA CLONE AAC3 PROTEIN [Dictyostelium discoideum]
SID343061  GRAVIN
Connective tissue growth factor
SID428028  ATP citrate lyase
SID489156  EST  AA056549
SERINE/THREONINE-PROTEIN KINASE SGK 
SERINE/THREONINE-PROTEIN KINASE SGK 
Myeloid cell leukemia sequence 1 (BCL2-related)
Myeloid cell leukemia sequence 1 (BCL2-related)
SID488548  Human pre-B cell enhancing factor (PBEF) mRNA, complete cds
Interleukin 6 (B cell stimulatory factor 2)
Endothelin 1 {alternative products}
MAP KINASE PHOSPHATASE-1
MAP KINASE PHOSPHATASE-1
MAP KINASE PHOSPHATASE-1
MAP KINASE PHOSPHATASE-1
MAP KINASE PHOSPHATASE-1
DNA-binding protein CPBP (CPBP)
Homo sapiens clone 23767 and 23782 mRNA sequences
Platelet-derived growth factor receptor, beta polypeptide
SID376394  Protein phosphatase 4 (formerly X), catalytic subunit
Jun B proto-oncogene
Mitogen induced nuclear orphan receptor (MINOR)
IEX-1
Human TGF-beta inducible early protein (TIEG) mRNA, complete cds
TGF-beta inducible early protein
DUAL SPECIFICITY MITOGEN-ACTIVATED PROTEIN KINASE KINASE 3
PUTATIVE DNA BINDING PROTEIN A20
Protein-tyrosine-phosphatase (tissue type: foreskin)
EST  H02832
EST  T48819
Stanniocalcin precursor
HUMAN IMMUNODEFICIENCY VIRUS TYPE I ENHANCER-BINDING PROTEIN 2
Bone morphogenetic protein receptor, type II (serine/threonine kinase)
EST AA688119
EST W25116
ETS-2
Macrophage inflammatory protein-2-alpha precursor (MIP-2 alpha)
ETS-2
Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase)
Coagulation factor III (thromboplastin, tissue factor)
Fibroblast growth factor 2 (basic)
Fibroblast growth factor 2 (basic)
Interleukin 8
Fibroblast growth factor 7 (keratinocyte growth factor)
SID306147  EST  N90531
EST  R36703
Coagulation factor III (thromboplastin, tissue factor)
Homo sapiens HuUAP1 mRNA for UDP-N-acetylglucosamine pyrophosphorylase, complete cds
Human guanine nucleotide regulatory protein (NET1) mRNA, complete cds
Plasminogen activator, urokinase receptor
EST AA053251
Human RGP4 mRNA, complete cds
SID52519  EST  H24396
SID162077  EST  H26271
Thrombomodulin
SID346510  Homo sapiens hCPE-R mRNA for CPE-receptor, complete cds
EST  AA053251
SID47424  EST  H11257
S-ADENOSYLMETHIONINE SYNTHETASE GAMMA FORM
SID364959  Hexosaminidase B (beta polypeptide)
Small inducible cytokine A2 (monocyte chemotactic protein 1, homologous to mouse Sig-je)
SID428844  Human mRNA for KIAA0157 gene, partial cds
Interleukin 1, beta
Intercellular adhesion molecule 1 (CD54), (ICAM1)
EST  W51763
SID487232  Homo sapiens actin-binding protein homolog ABP-278 mRNA, complete cds
SID509643  Human mRNA for KIAA0034 gene, complete cds
Homo sapiens regulator of G-protein signalling 12 (RGS12) mRNA, complete cds
Plasminogen activator inhibitor  type I
Plasminogen activator inhibitor, type I
Fc fragment of IgG, low affinity IIa, receptor for (CD32)
SID376725  Tropomyosin alpha chain (skeletal muscle)
EST  N40987
SID145292  Collagen, type IV, alpha 1
EST  AA044617
SID509525  DESMOPLAKIN I AND II
N-ACETYLLACTOSAMINE SYNTHASE
SID73878  EST  T54874
Homo sapiens clone 24589 mRNA sequence
T-COMPLEX PROTEIN 1, EPSILON SUBUNIT
Prothymosin alpha
Protein-tyrosine-phosphatase (tissue type: foreskin)
ESTs  Highly  similar to GRPE PROTEIN HOMOLOG PRECURSOR [Drosophila melanogaster]
SID301487  Homo sapiens mRNA for DEC1, complete cds
EST AA054706
Human Gu protein mRNA, partial cds
AMINOPEPTIDASE N
EST  W74639
Plasminogen activator inhibitor-2, placental
CTP synthetase
PEPTIDYL-PROLYL CIS-TRANS ISOMERASE, MITOCHONDRIAL PRECURSOR
Homo sapiens lysosomal neuraminidase precursor  mRNA  complete cds
TUMOR-ASSOCIATED ANTIGEN L6
EST  W86798
EST  R53619
Vimentin
SID488223  Homo sapiens down syndrome candiate region 1 (DSCR1) gene, alternative exon 1, complete cds
EST  H01822
ATP SYNTHASE LIPID-BINDING PROTEIN P1 PRECURSOR
Homo sapiens lysyl hydroxylase isoform 2 (PLOD2) mRNA, complete cds
Human elastin gene, partial cds and partial 3’UTR
Cyclin D1 (PRAD1; parathyroid adenomatosis 1)
TISSUE FACTOR PATHWAY INHIBITOR 2 PRECURSOR
EST H49897
SID130482  EST  R21877
TISSUE FACTOR PATHWAY INHIBITOR 2 PRECURSOR
SID296087  Heparin cofactor II
Metallothionein from cadmium-treated cells
Stromal cell-derived factor 1
Human leukemia virus receptor 1 (GLVR1) mRNA, complete cds
SID510189  HEAT SHOCK PROTEIN HSP 90-ALPHA
Human G2 protein mRNA, partial cds
EST  AA037351
ESTs, Highly  similar to TRANSLOCON-ASSOCIATED PROTEIN, GAMMA SUBUNIT [Rattus norvegicus]
ESTs, Highly  similar to OPIOID BINDING PROTEIN/CELL ADHESION MOLECULE PRECURSOR [Bos taurus]
SID253397  Human mRNA for KIAA0368 gene, partial cds
Cadherin 2, N-cadherin (neuronal)
Metallothionein 1A
EST  H73480
Human metallothionein (MT)I-F gene
Endothelial Cell-specific Molecule ESM-1
SID31489  Human mRNA for KIAA0165 gene, complete cds
SID220183  EST  H85111
SID266995  EST  N23200
SID259642  GTP cyclohydrolase 1 (dopa-responsive dystonia) {alternative products}
Tissue inhibitor of metalloproteinase 3 (Sorsby fundus dystrophy, pseudoinflammatory)
SID200577  Human mRNA for KIAA0186 gene, complete cds
SID201350  EST  R99596
SID489175  Acid phosphatase 1, soluble
Cyclin-dependent kinase 7 (homolog of Xenopus MO15 cdk-activating kinase)
SID470455  ESTs, Highly  similar to HYPOTHETICAL 52.9 KD PROTEIN IN SAP155-YMR31 INTERGENIC REGION [Saccharomyces cerevisiae]
SID489127  Stromal cell-derived factor 1
SID509631  FK506-binding protein 1 (12kD)
Endothelial differentiation protein (edg-1)
Human metallothionein I-B gene
Metallothionein 1L
SID344083  EST  W73776
Cytochrome c-1
Homo sapiens mRNA for nucleolar protein hNop56
Phosphofructokinase, platelet
SID294134  Homo sapiens brain expressed ring finger protein mRNA, complete cds
SID306539  RAN binding protein 1
SID469990  Adenine nucleotide translocator 2 (fibroblast)
SID254428  Integrin, alpha 6
SID51894 GTP binding nuclear protein RAN
HEAT SHOCK COGNATE 71 KD PROTEIN
SID512247  Enolase 1, (alpha)
Antigen identified by monoclonal antibody Ki-67
SID510332  Human cytoskeleton associated protein (CG22) mRNA, complete cds
Eukaryotic translation initiation factor 4A (eIF-4A) isoform 1
Prothymosin alpha
Inhibitor of DNA binding 3, (ID3)
FOS-RELATED ANTIGEN 1
Paired basic amino acid cleaving enzyme (furin, membrane associated receptor protein)
SID296240  ESTs, Highly  similar to HYPOTHETICAL 14.6 KD PROTEIN IN REC104-SOL3 INTERGENIC REGION [Saccharomyces cerevisiae]
SID509983  Human nucleolar protein p40 mRNA, complete cds
SID60664  EST  T40595
SID150692  EST  H02191
SID510597  Pyruvate kinase, muscle
SID487930  Human clone 23748 mRNA, complete cds
SID470101  Oxytocin receptor
Human transglutaminase mRNA, 3’ untranslated region
SID363599  EST  AA020014
EST  W79392
SID357161  Homo sapiens mRNA for CRM1 protein, complete cds
SID470008  Homo sapiens thyroid receptor interactor (TRIP7) mRNA, 3’ end of cds
Brain-expressed HHCPA78 homolog [human  HL-60 acute promyelocytic leukemia cells  mRNA  2704 nt]
Brain-expressed HHCPA78 homolog [human, HL-60 acute promyelocytic leukemia cells, mRNA, 2704 nt]
EST  W04611
SID39144  EST  R51770
Human mRNA for KIAA0039 gene, partial cds
SID245840  Homo sapiens geminin mRNA, complete cds
Proliferating cell nuclear antigen
Proliferating cell nuclear antigen
ESTs, Highly  similar to UBIQUITIN-CONJUGATING ENZYME E2-17 KD [Drosophila melanogaster]
SID245209  EST  N54485
SID418097  Centromere protein E (312kD)
Human mRNA for KIAA0175 gene, complete cds
SID43644  EST  H04812
SID140677  EST  R67964
alpha importin
SID365627  EST  AA009683
SID32790  DNA repair protein MSH2
Cyclin A
SID510231  Ribonucleotide reductase M2 polypeptide
RIBONUCLEOSIDE-DIPHOSPHATE REDUCTASE M1 CHAIN
SID49950  FLAP ENDONUCLEASE-1
Cyclin A
DNA topoisomerase II alpha
DNA topoisomerase II alpha subunit
SID212374  EST  H68298
Mitotic feedback control protein Madp2 homolog
EST  R40626
EST  T52152
CDC28 protein kinase 2
Cell division cycle 2, G1 to S and G2 to M
Human occludin mRNA, complete cds
Human mRNA for KIAA0069 gene, partial cds
CENP-F kinetochore protein
Cyclin B1
UDP-GLUCURONOSYLTRANSFERASE 2B7 PRECURSOR  MICROSOMAL
SID302922  Human mRNA for KIAA0159 gene, complete cds
Human mRNA for KIAA0092 gene, complete cds
Coagulation factor II (thrombin) receptor
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Classification

• A typical machine learning problem

• We might want to for example distinguish different types of

tumors according to gene expression

• We are given examples with known expression and tumor type

• We want to find a formula which from the expression produces

positive number for tumor type 1 and negative number for type 2

• We choose a family of functions with unknown parameters

(hypothesis class)

• Find parameters that give the best accurracy on training data

• Accuracy of the resulting classifier tested on testing data

(not used for training)

• The classifier then used on expression data with unknown tumor

type

16



Toy example: expression of 2 genes

Training data with a known type:

0 1 2 3 4

gene 1

0.0

0.2

0.4

0.6

0.8

1.0

ge
ne

 2 type 1
type 2

Hypothesis class: linear functions (linear discriminant)

type 1 tumor if ax+ by + c < 0

The goal is to find a, b, c that work well on training data
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Toy example: expression of 2 genes

Resulting classifier:

0 1 2 3 4

gene 1

0.0

0.2

0.4

0.6

0.8

1.0

ge
ne

 2 type 1
type 2

a = 1, b = 3, c = −2.85

type 1 tumor if x+ 3y − 2.85 < 0

18



Popular classification techniques

Logistic regression:

linear discriminant, assigns probability to each class, well-known

method from statistics

Support vector machines

(SVM): find linear discriminant

with no training error which is most

distant from all training examples

0 1 2 3 4

gene 1

0.0

0.2

0.4

0.6

0.8

1.0

ge
ne

 2 type 1
type 2

Can be generalized to non-linear functions by mapping vectors to a

higher-dimensional space

19



Popular classification techniques

Neural networks:

“neurons” connected by “synapses”,

output of each neuron is a weighted combination of its inputs

Bayesian networks:

probabilistic model generating random expression profiles

tumor type also a random variable in the model with unknown state

similarly to a state in an HMM
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Gene regulation network from expression data

Input: Expression profile for each gene, perhaps under known

conditions (time series, deletion mutants)

Output: Regulation network; nodes are genes,

directed edge A → B if A regulates B

Expression profile similarity may provide undirected edges

The goal is to remove edges resulting from transitivity

and to direct edges correctly (difficult)

A

B

C D

E

F

G

A

B

C D

E

F

G
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Transcription factors (TFs)

Regulation of transcription initiation by transcription factors:

DNA binding proteins which help to attract RNA polymerase

RNA
polymerase

DNA

Gene

 factors
Transcription

Transcription

Human genome has over 2000 TFs.

They can increase or decrese expression.

They can work in groups.
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Example: E2F1 transcription factor

• Regulates cell cycle

• Binds TTTCCCGC, TTTCGCGC,

and similar variants

A 0 0 0 0 0 0 0 0

C 0 0 0 4 2 10 0 9

G 0 0 0 6 8 0 10 1

T 10 10 10 0 0 0 0 0

• Goal: represent DNA sequences

bound by a certain TF

as a sequence motif,

then search for additional occurrences

in the genome
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Representation of binding motifs

String with mismatches (consensus):

motif is a string, occurrences can have a certain number of

mismatches given in advance

Example: motif TTTGGCGC + 1 mismatch

TTTGGCGC, TTAGGCGC, TTTGCCGC are motif occurrences

TTTCCCGC not an occurrence

Choosing motif: take the most frequent letter at each position

A 0 0 0 0 0 0 0 0

C 0 0 0 4 2 10 0 9

G 0 0 0 6 8 0 10 1

T 10 10 10 0 0 0 0 0
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Representation of binding motifs 2

Regular expression:

some positions specify character sets

[GC] means position where C or G is allowed

N means any base

Example: motif TTT[CG][CG]CGC

TTTGGCGC, TTTCCCGC, TTTGCCGC are motif occurrences

TTAGGCGC is not an occurrence

Choosing motif: allow several most frequent letters at each position

A 0 0 0 0 0 0 0 0

C 0 0 0 4 2 10 0 9

G 0 0 0 6 8 0 10 1

T 10 10 10 0 0 0 0 0
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Representation of binding motifs 3

Position specific scoring matrix (PSSM, PWM):

scoring matrix, score for each letter at each position

occurrences achieve score higher than threshold T

Example: T = 8

A -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0

C -1.6 -1.6 -1.6 0.6 0.0 1.5 -1.6 1.4

G -1.6 -1.6 -1.6 1.0 1.3 -1.6 1.5 -0.5

T 1.1 1.1 1.1 -2.0 -2.0 -2.0 -2.0 -2.0

TTTCCCGC is an occurrence: 1.1+1.1+1.1+0.6+0.0+1.5+1.5+1.4=8.3

TTTGGCGG is an occurrence: 1.1+1.1+1.1+1.0+1.3+1.5+1.5-0.5=8.1

TTAGGCGC is not: 1.1+1.1-2.0+1.0+1.3+1.5+1.5+1.4=6.4

Construction of PSSM: next lecture
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Finding occurrences in the genome

• Consider motif in one of the representations:

– Consensus, e.g. TTTGGCGC + 1 mismatch

– Regular expression, e.g. TTT[CG][CG]CGC

– Scoring matrix, e.g. threshold T = 8 and matrix:

A -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0

C -1.6 -1.6 -1.6 0.6 0.0 1.5 -1.6 1.4

G -1.6 -1.6 -1.6 1.0 1.3 -1.6 1.5 -0.5

T 1.1 1.1 1.1 -2.0 -2.0 -2.0 -2.0 -2.0

• Test each position in the genome if it is an occurrence

• Occurrences are potential binding sites
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Finding occurrences in the genome: problem

• Test each position in the genome if it is a motif occurrence

• Besides binding sites, often also many random occurrences

• E-value of a motif: how many occurrences are expected in a

random sequence

• For example TTT[CG][CG]CGC appears about once in 30,000

bases

• To improve specificity, we can search for

– clusters of binding sites

– sites validated by experiments

– evolutionarily conserved sites

• Motif databases, e.g. TRANSFAC, JASPAR
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How to find binding sites experimentally?

Chromatin immunoprecipitation (ChIP)

Using an antibody specific to a given TF, we can determine

approximate locations of its binding sites

• TF and DNA crosslinked by formaldehyde

• DNA cut to shorter segments

• Segments with crosslinked TF are bound by the antibody

• DNA is isolated and sequenced (ChIP-seq)

Problem: we find only approximate location of the binding site

Scale
chr20:

2 kb hg38

62,794,000 62,795,000 62,796,000 62,797,000 62,798,000 62,799,000 62,800,000 62,801,000
GENCODE v32 Comprehensive Transcript Set (only Basic displayed by default)

Transcription Factor ChIP-seq Peaks of E2F1 in K562 from ENCODE 3 (ENCFF445VTT)

MRGBP
OGFR-AS1
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How to find motifs by computational methods?

. . . without having several examples of a binding site

• Assume we have a group of sequences, each containing a binding

site of the same TF, but binding preferences of this TF not known

• The goal is to find the most specific motif, occurring in all

sequences or occurring more frequently than expected

• Currently: using ChIP-seq obtain regions of DNA surrounding

binding sites, find motifs to refine the binding site position

• Originally: take a group of genes with similar expression profiles,

thus possibly regulated by the same TF

find motifs in DNA regions upstream of these genes
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Consensus Pattern Problem (CPP)

Simple formulation of the motif finding problem

Input: motif length L, sequences S1, S2, . . . , Sk

Output: motif (string) M of length L

and motif occurrence in each Si (string si of length L)

such that the overall number of mismatches between M and si) is

smallest possible

Example:

Input: CAAACAT, AGTAGC, TAACCA, TCTCCTC, L = 4

Output: motif TAAC

Occurrences and mismatches AAAC 1, TAGC 1, TAAC 0, TCTC 2

Total mismatches 4
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Solving CPP

NP-hard problem

• Idea 1: Try all possible motifs of length L

Problem: Not practical — why?

• Idea 2: Try all substrings of length L

of input strings S1, . . . , Sk

Problem: Sometimes gives wrong answer — why?

But this always finds a solution

with cost at most twice the optimum

(2-approximation algorithm)

• Further improvements:

Try consensus sequences

of all samples of r substrings from input

PTAS (polynomial-time approximation scheme)

Input: L = 4

CAAACAT,

AGTAGC,

TAACCA,

TCTCCTC

Output:

motif TAAC

Occurrences

and mismatches:

AAAC 1,

TAGC 1,

TAAC 0,

TCTC 2

Total mismatches 4
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A more practical approach to motif finding

Probabilistc model generating sequence S

using matrix W of base frequences in the motif

and background frequences q outside the motif

A 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

C 0.01 0.01 0.01 0.39 0.19 0.97 0.01 0.01 0.89

G 0.01 0.01 0.01 0.59 0.79 0.01 0.97 0.97 0.09

T 0.97 0.97 0.97 0.01 0.01 0.01 0.01 0.01 0.01

q(A) = 0.3, q(C) = 0.2, q(G) = 0.2, q(T ) = 0.3

Motif position in S is chosen randomly and each base is then

generated according to q or one column of W

This model defines Pr(S |W ).
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Motif finding based on probabilistic models

Input: motif length L, sequences S1, . . . , Sk, frequencies q

Output: motif as a frequence matrix M maximizing likelihood

Pr(S1|W ) · . . . · Pr(Sk|W )

• Hard problem, addressed by heuristic algorithms

• For example EM (expectation maximalization)

• Local optimization, converging to a local maximum of likelihood

• Software: MEME
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EM algorithm overview

• Initialization:

Choose initial matrix W

(e.g. based on one input substring of length L)

• Iteration:

1. Assign each position j in sequence Si weight pi,j corresponding

to probability that Si[j] is a start of the motif W .

2. Compute W from all possible occurrences in S1, . . . , Sk

weighted by pi,j

Iterations increase likelihood until convergence.

Repeat, starting from many different starting values W
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Example of the EM algorithm

A 0.10 0.10 0.10 0.10 0.10

C 0.10 0.10 0.10 0.70 0.70

G 0.10 0.10 0.10 0.10 0.10

T 0.70 0.70 0.70 0.10 0.10

A 0.31 0.14 0.06 0.07 0.07

C 0.06 0.10 0.19 0.71 0.61

G 0.12 0.17 0.29 0.14 0.25

T 0.51 0.60 0.46 0.08 0.07

ց ր

T T T C C C G G T T G C G T C T A C A A

A C C C C G G A T G C A T T C C T C G T

G G G C C C A A T G C C G C G T A C T A

G T A T G C A T T C C C G A T A C G G A

C A T A A T G A A A T A C A T G G C G A

A A A G G C T A T C G C G A A C T T A A

A A G G C T C G T G G C G C C A G C G G

A G A G T A T T C G C G T G T T G A G C

A T G C C G A C T T T A G T G A T T T C

G C T T T A T C T G T C A A G G C G A G
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Example of the EM algorithm: next iteration

A 0.31 0.14 0.06 0.07 0.07

C 0.06 0.10 0.19 0.71 0.61

G 0.12 0.17 0.29 0.14 0.25

T 0.51 0.60 0.46 0.08 0.07

A 0.47 0.09 0.01 0.02 0.03

C 0.02 0.11 0.20 0.80 0.58

G 0.08 0.22 0.48 0.15 0.35

T 0.42 0.58 0.30 0.03 0.03

ց ր

T T T C C C G G T T G C G T C T A C A A

A C C C C G G A T G C A T T C C T C G T

G G G C C C A A T G C C G C G T A C T A

G T A T G C A T T C C C G A T A C G G A

C A T A A T G A A A T A C A T G G C G A

A A A G G C T A T C G C G A A C T T A A

A A G G C T C G T G G C G C C A G C G G

A G A G T A T T C G C G T G T T G A G C

A T G C C G A C T T T A G T G A T T T C

G C T T T A T C T G T C A A G G C G A G
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Example of the EM algorithm: after 20 iterations

A 0.10 ǫ ǫ ǫ ǫ

C 0.12 0.52 0.48 1− 3ǫ ǫ

G ǫ 0.48 0.52 ǫ 1− 3ǫ

T 0.78 ǫ ǫ ǫ ǫ

T T T C C C G G T T G C G T C T A C A A

A C C C C G G A T G C A T T C C T C G T

G G G C C C A A T G C C G C G T A C T A

G T A T G C A T T C C C G A T A C G G A

C A T A A T G A A A T A C A T G G C G A

A A A G G C T A T C G C G A A C T T A A

A A G G C T C G T G G C G C C A G C G G

A G A G T A T T C G C G T G T T G A G C

A T G C C G A C T T T A G T G A T T T C

G C T T T A T C T G T C A A G G C G A G
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Summary

• Microarrays or RNA-seq can characterize expression levels of many

genes at once, but produce noisy data

• Clustering (zhlukovanie) can find similar genes

no prior training set is necessary (unsupervised learning)

• Classification can distinguish e.g. diseases according to expression

needs training data with known answers (supervised learning)

• Expression data help to build regulatory networks

• Binding motifs can be represented in various forms

(string, regular expression, scoring matrix)

• These motifs are not sufficiently specific, therefore it is hard to

recognize binding sites in the genome

• EM algorithm for finding new motifs in sequences
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