Gene Regulation and
Microarrays




Overview

* A. Gene Expression and Regulation

* B. Measuring Gene Expression: Microarrays

e C. Finding Regulatory Motifs



A. Regulation of Gene Expression



Cells respond to environment o

b
Various external
messages
Heat
Res_ponds tot | Food
environmenta supply

conditions




Genome Is fixed — Cells are dynamic

A genome Is static

Every cell in our body has a copy of same genome

* A cell is dynamic
Responds to external conditions
Most cells follow a cell cycle of division

« Cells differentiate during development



Gene regulation

* Gene reqgulation is responsible for dynamic cell

« (Gene expression varies according to:

Cell type

Cell cycle

External conditions
Location



Where gene regulation takes place
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Transcriptional Regulation

e Strongest regulation happens during transcription

 Best place to regulate:
No energy wasted making intermediate products

 However, slowest response time
After a receptor notices a change:
Cascade message to nucleus
Open chromatin & bind transcription factors
Recruit RNA polymerase and transcribe
Splice mMRNA and send to cytoplasm
Translate into protein



Transcription Factors Binding to DNA

Transcription
regulation:

Certain transcription
factors bind DNA

Binding recognizes
DNA substrings:

Regulatory motifs




Promoter and Enhancers

enthancer =

‘ﬂ . : s _ﬁ.—
enhancegs

basal factors

# DNA binding sites

« Promoter necessary to start transcription

« Enhancers can affect transcription from afar



Regulation of Genes
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Regulation of Genes
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Regulation of Genes

New protein
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Example: A Human heat shock protein

--158 0
SP1 CCAAT AP2 HSE CCAAT SP1 TATA AP2

- -

promoter of heat shock hsp70

« TATA box: positioning transcription start
« TATA, CCAAT: constitutive transcription
 GRE: glucocorticoid response

* MRE: metal response

e HSE; heat shock element



The Cell as a Regulatory Network

e GGenes
 Motifs

[f CthenD

C

If B then NOT D

= wires
= gates

If A and B then D

P

-

gene B

If D then B



The Cell as a Regulatory Network (2)
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B. DNA Microarrays

Measuring gene transcription in a high-
throughput fashion



What Is a microarray

TCCTTTOCG: AACGETTGGE GICTGHCGCAT GHROGETEIGE GECATEACAT
GOCGCCOCAGT GAMTAMICCT GACAMCGGTTT TAMXCCTCTC AdSTCGTTGET
AGACATCATC TTTACGTHCT TGGCTTGCCC THCCACCATT AGGGCTGTIC
COGCGACGAC TOGOCATTCA ACCTCAGTCC TTCGGETIGA GCGAGTGEET
COCGCGIANG FIGOGAATGG GTCGCGCGRL AAMGTETTGCG CTGECTETAT
TATATHETGC CTATAGCGAS ACTAACGACT CACACTTICA CACAAMGATT
TCCCGCTAAT GHEGTACCTCS CETCAGZACT TTFACGCAMS CGIGCCTTCG
GITFHFCOCCA AGCTTGCTAS GACTACTTAT CTTGAGCTCA TTTAACATCC
CEFIGCCTCT COGGAGOGE TOGTCFIGAL GAMFTCAMRC CORA MG

TTEACAMG COTGEAGACA TCGATACCTC THTGTCAGCG GUCACALATC




= . A 2D array of DNA sequences from
thousands of genes

&1 - Each spot has many copies of same
| gene

| - Allow mRNASs from a sample to
hybridize

 Measure number of hybridizations
per spot




How to make a microarray

 Method 1: DNA microarray (Stanford)
Use PCR to amplify a 1Kb portion of each gene
Apply each sample on glass slide

 Method 2: DNA Chip (Affymetrix)

Grow oligonucleotides (25bp) on glass
Several words per gene (choose unique words)

If we know the gene sequences,
Can sample all genes in one experiment!



Sample Data

| sample.cdt - WordPad

File Edit Wiew Insert Format Help

bzl &k #A By

GID GENE MNAME GWEIGHT cdels 250 cdels 290 cdels 270 elusd alpha? alphal eluild elul elusld cdcig 10 cdezZd 0 cdels 10 cdclS_“
AID ARRY43X ARRY45Y ARRY44% ARRYGEEXH ARRYEX ARRY4X ARRY&4Y ARRYE3X ARRY&EX ARRY47H ARRY46%
EWEIGHT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
GENETZ6XE THLO49C THLO49C - Unknown 1 -0.54 -0.42 -0.62 0.32 0.z a 0.35 o0.1% 1,03 1.23 -0.32 0.192 -0.42 -0.52 -0.34 -0.34
GENETZ1X TOLO17w TOLO17W - Unknowt 1 -0.64 -0.36 -0.36 0,05 -0.08 0.45 -0.04 -0.37 0.07 0.39 0,54 0.3z -0.78 -0.31 0.02 0.03
GENEZ35XE TLRAATW ¥TRF1-5 - TY'helicase with near identity to other subtelomerically-encoded proteins including Yerl89p, VYmlil33p, and TJj1225p 1
GENE1X TOROS4W TOROS4W - Unknowt 1 -0.5 -0.59 -0.66 0.43 0.19 1.04 -0.05 -0.73 -0.31 -0.15 -0.05 0.49 0.3 0,91 0,02 0.2 0.,z29
GENE477E TOLOTOC TOLO7O0C — Unknown 1 0.15 -0.06 -0.31 0 -0.13 -0.24 -0.26 0.13 0.08 -0.52 0.04 0O.11 0.43 -0.29 -0.45 0.21 0.06
GENE475X TIRO43C POL3Z - Small (55 kDa) subunit of DHNA polyvimerase delta, involved in error-prone DNA repair 1 -0.1 -0.11 0,19 -0.08 -0.3¢6
GENEZ 58X TER118C 3HO1 - Osmwosensor in the HOG1 MAP kinase, high-osmolarity signal transduction pathway, has an 3H3 domain i -0.73 -0.5 -0.75
GENE3OBX TLE413W TLE413W - Unknowt 1 -0.06 0.0 -0.37 -0.4% -0.14 -0.5% -0.1 0.7 0.47 -0.34 -0.4% -0.04 -0.14 -0.93 -0.14 -0.09 0,22
GENESO0BXE YTHNL111C CYBE - cytochrome hE 1 -0.03 0.01 -0.02 -0.35% 0.45 0.0% ©0.31 0.092 0O0.37 0.13 -0.31 -0.92 ©0.21 -0.1% -0.07 -0.41 -0.04
GENE7E0X TIL119C RPI1 - MNegatiwve regulator of ras—-ciAMP pathway, downregulates normal but not mutant ras function 1 -0.15 0.03 0 -0.18
GENE400XE YTLR3IOZC YTLR3IOZC - Unknown 1 -0.13 o.02 -0.35 -0.12 -0.13 -0.23 -0.06 -0.22 0.29 -0.45 -0.42 0.Z6 0.4 0.01 0.34 0.46
GENEGSVE TELOGTW TNE1l - HNucleoside diphosphate kinase, responsible for synthesis of all nucleoside triphosphates except ATE 1 -0.1 -0.3
GENESZX TIRO17C METZS - Transcriptional activator regulating sulfur amino acid metsbolism that functions with Metdp and Chflp, member of the hasic
GENE4S5XE THR149C THR149C - Unknown 1 o.09 0.8 0.2%7 -0.16 0.02 -0.29 -0.54 2.42 0.2494 -1.2Za6 -1.97 0.06 -0.21 0.32 -0.04 -0.03
GENE408XE YELOG4C YELOG4C — Unknown 1 0.1 o.43 ©o0.21 -0.32 0.7 -0.65 -0.27 0.51 o0.02 -1.4 -0.56 -1.5 0.08 -0.62 0,26 0.26 0.27
GENE7S4X TDROSEC LFR1 - Protein involved in morphogenesis of the wmating projection 1 0.28 0.36 0.18 -0.44 -0.27 0.09 0.1 i.0z2 -0.1
GENE345X TIROS4W TIROS54W - Unknown 1 -0.02 -0.04 -0.09 -0.17 0.11 0.08 -0.1%9 0.29 -0.1%2 -0.67 0.03 -0.68 0,11 -0.2% 0.05 0.2% 0.13
GENE317E TPR156C TPR156C - Unknown 1 et B -0.13 -0.37 -0.28 0.15 0.17 -1.08 -0.18 o.04 0.22 0.04
GENEZ30XE TGLO3EC OCH1 - membrane-bound alpha-1, é-mannosyltransferase 1 -0.05 0.11 o.07 -0.15 0.47 -0.14 0.12 ©0.35 -0.25 -1.07 -0.95 -0.93
GENE7S6XE TER188C BUE1l - Serine/threcnine protein kinase and checkpoint protein reguired for cell ecycle arrest in response to loss of microtubule fur
GENEZ 49X TOLOSSW ARGl - Argininosuccinate synthetase (citrulline--aspartate ligase), catalyzes the penultimate step in arginine synthesis 1
GENE3V0XE TIR154W TIR154W - Unknown 1 -0.63 -0.53 0.26 -0.34 -0.1 -0.61 -0.45 -0.59 -0.34 -0.11 0.53 -0.5 -0.14 0.05 -0.05 -0.52 -0.22
GENE3X TPLZ53C VIK1 - Probable coiled-coil protein that interacts with Karip 1 -1.26 -0.63 -0.% 0.29 0.07 0,01 0.05 -0.& 0.03 -0.08
GENE375XE TLLOGVC TLLOGVC - Protein similar to other subtelowerically-encoded proteins 1 -0.%91 -0.58 0.27 0.09% -0.2 -0.23 -0.04 -0.27 -0.05
GENE1583X TGRO3S5C TGRO35C - Unknown 1 -0.4% -0.08 -0.23 -0.04 -0.02 0.52 -0.11 -0.06 0 -0.42 -0.458 -0.54 0.01 -0.09 -0.54 0.02 0.05
GENEZ59X TOROGEW TOROGEW — Unknown 1 -0.55 -0.43 -0.43 0.52 0.0 O0O.07 -0.450.11 -0.14 -0.25 -0.44 -0.25 0.02 -0.15 -0.58 -0.34 0.19
GENETSZXE TLR455W YTLRE455W - Unknown 1 -0.5 -0.32 -0.26 -0.21 -0.59 1.87 -0.73 -0.47 0.01 -0.82 -0.53 -0.68 0,85 -0.43 -0.92 -0.35 0.2
GENE&OSXE TLRZSEC MEC3 - Checkpoint protein redquired for arrest in G2 phase after DNA dawacge and for delay in ¢1 and 5 phases during DNA datadge
GENE3 15X TMRZ53C TMRZ53C - Unknown 1 -0.45 -1.36 -0.43 0.08 -0.07 -0.6&2 -0.2 0,04 0.1%8 -0.36 -0,02 0,31 -0.43 -0.55 -0.5 0,21
GENE1Z26X FTELOSZC 3453 - Catalytic subunit of Nul3 histone acetyltransferase complex, influehces silencing at HMR locus, has a single CZHZ-type zine



Visualization Tools
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Goal of Microarray Experiments

 Measure level of gene expression across many different
conditions:

Expression Matrix M: {genes}x{conditions}:
M; = [geng| in condition,

« Deduce gene function
Genes with similar function are expressed under similar conditions

* Deduce gene regulatory networks — parts and
connections-level description of biology



Analysis of Microarray Data

e Clustering
ldea: Groups of genes that share similar function have similar expression
patterns
Hierarchical clustering
k-means
Bayesian approaches

Projection techniques
* Principal Component Analysis
* Independent Component Analysis

 Classification

Idea: A cell can be in one of several states
(Diseased vs. Healthy, Cancer X vs. Cancer Y vs. Normal)

Can we train an algorithm to use the gene expression patterns to
determine which state a cell is in?

Support Vector Machines

Decision Trees

Neural Networks

K-Nearest Neighbors



Hierarchical Agglomerative Clustering

Michael Eisen, 1998

« Hierarchical Agglomerative Clustering

Step 1: Similarity score between all pairs of genes
Pearson Correlation

INCAES

5
(12— 1)5,5,

mr=

Step 2: Find the two most similar genes, replace with a node that
contains the average

Builds a tree of genes
Step 3: Repeat.

Can do the same with experiments



Results of Clustering Gene Expression

— uﬁﬁjﬁgm\m[ﬁ - CLUSTER is simple and

fe-nuenr Hatha ol gl oo easy to use
ht,—;:'__:_:;'::_:gE:::::EEE__;EEEEE;EEEEEEiE;EEEE;‘?.EEE‘ééEE;;
GE829350555549492595544499550449995590549999060529595548

 De facto standard for
microarray analysis

Time: O(N2M)

N: #genes
M: #conditions




K-Means Clustering Algorithm

 Randomly initialize k cluster means

* |terate:
Assign each genes to the nearest cluster mean
Recompute cluster means

e Stop when clustering converges

Notes:

* Really fast

« Genes are partitioned into clusters
 How do we select k?



K-Means Algorithm

 Randomly Initialize

Clusters

o o
@
® O
TR



K-Means Algorithm

« Assign data points
to nearest clusters
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K-Means Algorithm

e Recalculate
Clusters

O
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K-Means Algorithm

e Recalculate

Clusters
o@o
O
00 O ®
© o O 0O



K-Means Algorithm

 Repeat



K-Means Algorithm

 Repeat



K-Means Algorithm

 Repeat ... until
convergence

Time: O(KNM)
per iteration

N: #genes
M: #conditions




Multiple-pass K-Means clustering

(A Gasch, MB Eisen 2002)
« Each gene can belong to many clusters

e Soft (fuzzy) assignment of genes to clusters

Each gene has 1.0 membership units, allocated amongst clusters based
on correlation with means

« Cluster means are calculated by taking the weighted average of all
the genes in the cluster

Algorithm:
« Use PCA to initialize cluster means

« 3 applications of k-means clustering, find k/3 clusters per application
In each application, start with brand new clusters and initializations

« And a few more heuristic tricks



Initialization

Use PCA to find a few
eigenvectors for
Initialization

These features capture
the directions of maximum
variance

Must be orthonormal
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Example

Initialization

» k/3 centroids defined
from k/3 first
eigenvectors




Example

* First application of
clustering

N oK

D)

*
L L £ ] e
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"-- - - . ]
. Y
sl ¥ -
‘_.-""'r . F
T L -
&+ +* LSy
-t-'*'..l: :". -

Objective function to minimize, J(F, V)

X genes

F assignment of genes to clusters
m,, assign. coeff. of gene X; to cluster V,
dy, distance of gene X; with centroid V;



Iteration of the approach

Remove genes that have
a Pearson Correlation
with a particular cluster
greater than .7

Intuition: These strong
signal from these genes has
been accounted for

Repeat

* 5




Removing Duplicate Centroids

e Remove centroids with

Ard clustering cycle

Pearson correlation > 0.9

* Allows selecting a large
Initial number of clusters,

(e)

. &

since duplicates will be
removed

(f)

o




Repeat 3 times

Output

1) Cluster
means

2) Gene
assignments
to clusters

1st clustering cycle

2nd clustering cycle 3rd clustering cycle
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e ¥
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Final cluster means

Membership table




4. Analysis of Clustered Data

 Statistical Significance of Clusters
Gene Ontology/ KEGG databases

* Regulatory motifs responsible for common
expression

* Regulatory Networks

e EXxperimental Verification



C. Finding Regulatory Motifs




Finding Regulatory Motifs

S

Given a collection of genes with common
expression,

Find the TF-binding motif in common



Characteristics of Regulatory Motifs

— ATATAAA Tr =

CIGAta A . ~CAG
Glga  1aCA__»

AceG.GGe A< Cg

AA aAA_xA_-AA

TTxaalT  aA_AA
G.AA-CG. TTGCa

A A TITAA_ T A
xIT.A _.x.-A_ T _ _A.A

-GGGACGaG =
AsAARATTT

T axchAAa__ IT. o

aAA aA aAAAA

TIT=a A AA -A

=ATaAT. .. ATxA
ATxaAAaATT

Tiny

Highly Variable

~Constant Size

Because a constant-size
transcription factor binds

Often repeated

Low-complexity-ish



Sequence Logos

————————— +++++++++
9876543210123456789

-------------------

1 TAT T TAT
2 T T T T
3 T T
4 TTATCTCT TETT
5 TTAT T ™T
6 T ToT T T
7 TAT T
8 TTAT ™T T T
9 T T ToT™T
10 T TGETT
11 7T TCT T T
12 TTAT T

oy e ot LY e

OO TIN - r-NITDONDOD

12 Lambda cI and cro binding sites

« Information at pos’'n I, H(i)
« Height of x at pos'ni, L(a, 1)
Examples:
Prob(A, i) = 1;
A: Y, C.Va, G Ya,

o = = ==
~ONMTHOMOODO~NMMTWLOMNOIO —NM
DOOOOOOOOMNMMMMMMMMMMNDOCROCRDR

Aligned Globin Sequences

= — Zyeer ) PTOD(a, i) log, Prob(a, i)
= Prob(a, i) (2 — H(i))

HGi)=0; L(A i)=2
H(i) = 1.5; L(A, i) = Y4; L(not T, i) = %



Problem Definition

Given a collection of promoter sequences
Sy,..., SNy Of genes with common expression

Probabilistic Combinatorial
Motif: M;; 1<i<W Motif M: m,...m,,
1<j<4
M; = Prob[ letter J, pos 1] Some of the m/s blank
Find best M, and positions Find M that occurs in all s;
P, Py IN SEQUENCES with < k differences




Essentially a Multiple Local Alignment

« Find “best” multiple local alignment

Alignment score defined differently in
probabilistic/combinatorial cases



Algorithms

e Probabilistic

Expectation Maximization:
MEME

Gibbs Sampling:
AlignACE, BioProspector

e EXxhaustive
CONSENSUS, TEIRESIAS, SP-STAR, MDscan



Discrete Approaches to Motif Finding



Discrete Formulations

Given sequences S = {x%, ..., x"}
* A motif W Is a consensus string w;...wy

e Find motif W* with “best” match to x%, ..., xn

Definition of “best”:
d(W, x) = min hamming dist. between W and a word in X

d(W, S) = 2. d(W, X))



	Gene Regulation and Microarrays
	Overview
	A. Regulation of Gene Expression
	Cells respond to environment
	Genome is fixed – Cells are dynamic
	Gene regulation
	Where gene regulation takes place
	Transcriptional Regulation
	Transcription Factors Binding to DNA
	Promoter and Enhancers
	Regulation of Genes
	Regulation of Genes
	Regulation of Genes
	Example: A Human heat shock protein
	The Cell as a Regulatory Network
	The Cell as a Regulatory Network (2)
	B. DNA Microarrays
	What is a microarray
	What is a microarray (2)
	How to make a microarray
	Sample Data
	Visualization Tools
	Goal of Microarray Experiments
	Analysis of Microarray Data
	Hierarchical Agglomerative Clustering
	Results of Clustering Gene Expression
	K-Means Clustering Algorithm
	K-Means Algorithm
	K-Means Algorithm
	K-Means Algorithm
	K-Means Algorithm
	K-Means Algorithm
	K-Means Algorithm
	K-Means Algorithm
	Multiple-pass K-Means clustering
	Initialization
	Example
	Example
	Iteration of the approach
	Removing Duplicate Centroids
	Repeat 3 times
	4. Analysis of Clustered Data
	C. Finding Regulatory Motifs
	Finding Regulatory Motifs
	Characteristics of Regulatory Motifs
	Sequence Logos
	Problem Definition
	Essentially a Multiple Local Alignment
	Algorithms
	Discrete Approaches to Motif Finding
	Discrete Formulations

