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Epigenetics

Epigenetics: study of all meiotically and
mitotically heritable changes in gene
expression that are not coded in the DNA
sequence itself

2 DNA methylation

2 RNA associated silencing

o Histone modification

Nature 2004;429:457-73



Histones

Proteins in eukaryotic cells that package DNA
into nucleosomes

nucleosome

histone

Chromatin




‘ Histone structure
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‘ Histone modifications

A: acetylation
M: methylation
P: phosphorilation

U: ubiquitylation
IF IF S: SUMOylation
H2B PEPSKSAPAPKKGSKKAITKAQKK-

H3 AR?KQTAR&Z t GG?APRTQLAT?AARK?APATGG\EKP-

H4 ?GRGKGG KGLGKGGAKRHRKVLR-

H2A ?G RGKQGGKARAKAK-

Lund and Lohuizen Genes Dev 2004



Histone modifications

H3 AR?KQTA@GG KAPRKQLATKAARK?APATGG\EKP-

« Gene activation correlated with H3-K9 acetylation
« Gene silencing associated with H3-K9 methylation




Histone Modifications and Human
Diseases

Coffin-Lowry syndrome is a rare genetic disorder characterized by
mental retardation and abnormalities of the head and facial and
other areas. It is caused by mutations in the RSK2 gene (histone
phosphorylation) and is inherited as an X-linked dominant genetic
trait. Males are usually more severely affected than females.

Rubinstein-Taybi syndrome is characterized by short stature,
moderate to severe intellectual disability, distinctive facial features,

and broad thumbs and first toes. It is caused by mutations in
CREB-binding protein (histone acetylation)



Detection of histone modifications

ChlIP: chromatin immunoprecipitation
o Similar to MeDIP assay

o Proteins are used to enrich for DNA that are
packaged by modified histones

o Co
o Ch
o Ch

lect, then
P-on-chip: analyze with microarray
P-seq: sequence
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‘ ChIP-seq

Sample fragmentation
Immunaoprecipitation

Mon-histane ChiP Histone ChiP
End repair and
adaptor ligation PolyA tailing
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Mature Reviews | Genetics

Peter J Park, Nat Rev Genet, 2009



‘ ChIP-seq
!
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Mature Reviews | Genetics

Peter J Park, Nat Rev Genet, 2009



‘Peaks: ChIP-chip vs ChIP-scq
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Peaks: ChIP-seq
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Peak calling

Segmentation algorithms

o HMMsegq, etc.

o Dynamic Bayesian Network based segmentation:
Segway (Hoffman et al., Nat Methods, 2012)

Poisson models and binomial distribution

o PeakSeq (Rozowsky et al., Nat Biotech, 2009)
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RNA FOLDING




RNA folding

Prediction of secondary structure of an RNA
given its sequence

General problem is NP-hard due to “difficult”
substructures, like pseudoknots

Most existing algorithms require too much
memory (2O(n2)), and run time (2O(n3)) thus
limited to smaller RNA sequences



'RNA Basics

= RNA bases A,C,G,U

= Canonical Base Pairs
0 AU —e——
0 G-C —e————
o0 G- —————
“wobble” pairing
o Bases can only pair with

one other base.

DNA H RNA M ?rﬂteil‘l

http://www.bioalgorithms.info/



http://www.bioalgorithms.info/

RINA Structural Levels

AAUCG...CUUCUUCCA
Primary

Secondary

Tertiary



RN A Basics

transfer RNA (tRNA)
messenger RNA (mRNA)
ribosomal RNA (rRNA)

small interfering RNA (siRNA)
micro RNA (mIRNA)

small nucleolar RNA (snoRNA)

http://www.genetics.wustl.edu/eddy/tRNAscan-SE/



http://www.genetics.wustl.edu/eddy/tRNAscan-SE/
http://www.genetics.wustl.edu/eddy/tRNAscan-SE/
http://www.genetics.wustl.edu/eddy/tRNAscan-SE/

RNA families

Rfam : General non-coding RNA database

(most of the data is taken from specific
databases)

http://lwww.sanger.ac.uk/Software/Rfam/

Includes many families of non coding RNAs and functional
Motifs, as well as their alignement and their secondary structures



RNA Secondary Structure
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‘ Example: 5§ rRNA
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‘ Example: E. coli 165 rRNA

A
1000-¢ %
c-c
720 §-¢ 1100 110 1130
700 i 08 1
*yacy 710 et u-ec, sShA da0 ‘AG
d T
hued ucuseastant S e WGl T S
. . [REEEXN] e || 2 .
G
UsGUGCUCG GGG G
UGBGE 5, gUGBAGCUL g4, . 6 COF 2y T A A :GU AGGAGA“\ACUCAAM Sofn
690 680 g7p-S°5 730 790 1080-4_ 8 1070¢,_ ¢ £ & 1150 1140
G=C | g-c g 61160
g g AG A UC Gu GA ,Cc
° -
G- u-740 A L] 5,4
R K 1030 1060 u- a*1200 4%
Ao G c Come. s % s
U~ oA ¢ WG G- ug i
560-8- & d c- g P ALl
£ g 5800 1020 &7 5 ai-it 1170
[N N °Y &t A1050%.
- A AUGAGAAU 1040 U- 6
530 G- £-750 s LR AT neo g
.
! 540 650§ © H SACUUULG, 5057 Ugy Ug— g
ahe Sua ML g Ca/8, 6-£-1210
arccucect*Cuccaucucbucocance & 4 g €l oAy
620-d Fiotil i thiit b s i iteT ey € 810 ' A
UsGGGECE  GUGUAGACUGAUUGUUUGE. /. U°C & ygo gt
LI { ekl e b A ‘eg, Gu s A
P 600 580 eg Y 980 ° &8
et Vo Um A
610 G Accf A cCUUc—-5-1220
580 ¢ £.820 & iy
c % ¢ c
GUCGACUU™. " U
AAug\c/‘po s L4 e 970 ou= 2
U, oy A6%Cs, &y (CAGCUGA, S 860 ‘CEC‘-\cul‘JAAU G- Cp
Gty E; [ G- g\ _ B870-Y G, A dgs0 £-§
7o, 480 I %-530570° G- €880 Yae” sty A i &
Ay 5204 I L] CEa) cou*  g5p-E S
4600 Vgl o cAuy e c U galla o A u-g
A i\; Cg. uASEQ Ve (‘BG‘G Geceg, g G
H Ty u : ol i-g00 i
cGy, ~ A AU
6, Y 400 51 S ¢ A £UCa aUuees &o ACAAUGGC\
g &7 vE-e A AA 220 a30
450 Agg s ang- &540 & 20, Yg,,l i
a6’ G c Ga S, G
6 % Su,MeuusacsesacecacacAR’
.’ & “sec- g uts ce%la LR L) e
430 G ks £ 5550 0 gactfh s B e uauucesage CH
N s uos U c
una, Yt 208 M U eATTue AT 1390 © ° ug
£~ u A
sosuf Fouac %0 al0 1m0 ¢ 13800 A1350 &
o S E G L '
uecag  wausuge U u E yaag e, Uf,a‘-'c 133074
o g A0 e 2 i-g A CUaasTel Ry
il BT e 2 Soe ok 13704 %Ay
arsccusfuccacch i | G 6 1510 A
INEEEENER] o 5! & A G [} A
scacou AcGuAl Co B s UAACCGUAGGG, Up a®
I ¢ UA c 5 SUT G
TN S 1410- %~ 5-1490 g 1360
380 370%&; Ueg - guUGGCEUCE &
2 i3
o & A6 A 1530
3507 5 € 0, g0 b 4 ta3e
i Gt el feascansAnsE, B-E i
350 -6 DAE“I\I-\I\I\IU G oA c
oG | A8 €4 @St casucuuucuuca A in e
£ Ooag AU, s aG g| 420-5° 41480 ¢
330 q0tUc ‘e 100 < i -1540
3407 & H ELu I
= & u-a
acse At & i I
g W S
L c G, [} 3
a as6u% Ao os® "110 -0 3
hoyct 31044 x-n
300" chc | C-6 1430~ a-u-1470
accal Gasc A L
% =t G G A
u A
ueuc cugs Y A e
280 290U A-120 9=k
~ & I
cGa Cw » A
£
b, e Ay 1440-57 €
G Ut oanuy Az - c-1460
ﬁs'\CGA g8 c-g
; i- ¢
270 o yta-250 &3 % w0 E,
AN G u- 4a-130 Ac- g
A 230-4- & S8
ul u L 1450
Gt ¢ G Uye®
8 .6 af uc
L g4
AU, =
260 g g
220 & G-140 190 dases
GC~ Gy P EAUA
GGG CCUCUU GUGG Acuacucs
210 PP T falio aliil-] 2160
ueggossag gacoy corUmOCK
200 i
. o810 0
i-g
190 -4, .

ac




‘ Example: E.

1000

coli 23S rRNA
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‘ Example: HIV
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Binary Tree Representation of RNA
Secondary Structure
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Images — Eddy et al.



‘ Circular Representation
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‘ Examples of known interactions of
RNA secondary structural elements

These patterns are

Pseudoknot excluded from the
prediction schemes as
e their computation is too
""""""""" H HecG intensive.
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Predicting RNA secondary structure

Base pair maximization

Minimum free energy (most common)
o Fold, Mfold (Zuker & Stiegler)
o RNAfold (Hofacker)

Multiple sequence alignment

o Use known structure of RNA with similar
sequence

Covariance
Stochastic Context-Free Grammars



'Sequence Alignment as a method
to determine structure

= Bases pair in order to form backbones and
determine the secondary structure

= Aligning bases based on their ability to pair with
each other gives an algorithmic approach to
determining the optimal structure




Simplifying Assumptions

RNA folds into one minimum free-energy
structure.

There are no knots (base pairs never cross).

The energy of a particular base pair in a
double stranded regions is sequence
independent

o Neighbors do not influence the energy.

Was solved by dynamic programming, Zuker
and Stiegler 1981



Base Pair Maximization

cleic Acids Research 9(1) 133-149



Base Pair Maximization — Dynamic
Programming Algorithm

S(i,j) is the folding of the subsequence of the RNA
strand from index i to index j which results in the

highest number of base gairs

(—5(1' +1,j—1) +1 [if i,j base pair] S(ik) Sk+1/)
S(i+ 1)
S(i,j—1)

LInaXi<k<j S(l,k) 5 S(k =} 1,])

ﬂ@zmw<

http://bioalgorithms.info



Base Pair Maximization — Dynamic Programming
Algorithm

Alignment Method
e Align RNA strand to itself

e Score increases for feasible
base pairs

Each score independent
of overall structure

Bifurcation adds extra
dimension
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Base Pair Maximization — Dynamic Programming
Algorithm

e Alignment Method
e Align RNA strand to itself

e Score increases for feasible e’
base pairs

e Each score independent
of overall structure ;‘

e Bifurcation adds extra ‘
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Base Pair Maximization - Drawbacks

Base pair maximization will not necessarily
lead to the most stable structure

o May create structure with many interior loops or
hairpins which are energetically unfavorable

Comparable to aligning sequences with
scattered matches — not biologically
reasonable



Energy Minimization

Thermodynamic Stability

o Estimated using experimental techniques
o Theory : Most Stable is the Most likely

No Pseudoknots due to algorithm limitations
Uses Dynamic Programming alignment technique

Attempts to maximize the score taking into account
thermodynamics

MFOLD and ViennaRNA




Free energy model

Free energy of a structure is the sum of all
interactions energies

CCGGGGGAAAACCCAAAAGCGAAAACGCCCGG

Free Energy(E) = E(CG)+E(CG)+.....

Each interaction energy can be calculated thermodynamically



‘ Why 1s MFE secondary structure
prediction hard?

= MFE structure can be found by
calculating free energy of all possible
structures

= BUT the number of potential structures
grows exponentially with the number, n,

of bases




‘ RNA folding with Dynamic programming
(Zuker and Stiegler)

= W(i,j): MFE structure of substrand from i to |




RNA folding with dynamic programming

Assume a function W(i,j) which is the MFE for the sequence
starting at i and ending at j (i<j)

~N
4 \

/ \
7 W(ij)
0-0-0-‘-0-0-0-0-0-0-5—0—0—0—0—0
i (i+1) (-1) j
Define scores, for example base pair (CG) =-1 non-pair(CA)=1
(we want a negative score )

Consider 4 possibilities:

o i,j are a base pair, added to the structure for j+17..j-1
o iis unpaired, added to the structure for j+17..j

o jis unpaired, added to the structure for i..j-1

o i,J are paired, but not to each other;

Choose the minimal energy



'Energy Minimization Results

Images — David Mount



Trouble with Pseudoknots

upper |
sechon

Pseudoknots cause a breakdown in the Dynamic
Programming Algorithm.

In order to form a pseudoknot, checks must be made to
ensure base is not already paired — this breaks down the
recurrence relations

Images — David Mount



Sequence dependent free-energy

Nearest Neighbor Model
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Energy is influenced by the previous base pair
(not by the base pairs further down).




Sequence dependent free-energy

values of the base pairs

5,

>0 P

uu

CGAC 3

5!

>OPCcCoO

(-
|>c
(@)

|
cocCcr

CGAC 3’

These energies are estimated experimentally from small synthetic RNAs.

Example values:

GC GC GC GC
AU GC CG UA
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Adding Complexity to Energy

Calculations

Stacking energy - Assign negative energies to
these between base pair regions.

o Energy is influenced by the previous base pair (not by
the base pairs further down).

o These energies are estimated experimentally from
small synthetic RNAs.

Positive energy - added for destabilizing regions
such as bulges, loops, etc.

More than one structure can be predicted



‘ Mfold

= Positive energy - added for destabilizing
regions such as bulges, loops, etc.




‘ Free energy computation
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‘ Mfold

= Positive energy - added for destabilizing
regions such as bulges, loops, etc.

= More than one structure can be predicted




More than one structure can be predicted for the

same RNA
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Energy Minimization Drawbacks

Compute only one optimal structure

Usual drawbacks of purely mathematical
approaches

o Similar difficulties in other algorithms
Protein structure
Exon finding



‘RNA fold prediction based on
Multiple Alignment

Information from multiple sequence alignment (MSA) can
help to predict the probability of positions i,j to be base-

= g




Compensatory Substitutions

Mutations that maintain the secondary
structure can help predict the fold

— C

CGAC %




‘RNA secondary structure can be revealed by

identification of compensatory mutations
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Insight from Multiple Alignment

Information from multiple sequence alignment
(MSA) can help to predict the
probability of positions i,j to be base-paired.

Conservation — no additional information
Consistent mutations (GC—-> GU) — support
stem

Inconsistent mutations — does not support
stem.

Compensatory mutations — support stem.



RN Aalifold

Predicts the consensus secondary
structure for a set of aligned RNA
sequences by using modified dynamic
programming algorithm that add
alignment information to the standard
energy model

Improvement in prediction accuracy



‘ Alternative Algorithms - Covariaton
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Covariance Model

HMM which permits flexible alignment to an RNA structure —
o emission and transition probabilities
Model trees based on finite number of states

o Match states — sequence conforms to the model:
MATP — State in which bases are paired in the model and sequence

MATL & MATR — State in which either right or left bulges in the
sequence and the model

o Deletion — State in which there is deletion in the sequence when
compared to the model

o Insertion — State in which there is an insertion relative to model
Transitions have probabilities

o Varying probability — Enter insertion, remain in current state, etc
o Bifurcation — no probability, describes path



Covariance Model (CM) Training
Algorithm

S(i,j) = Score at indices i and j in RNA when aligned to the
Covariance Model

(S(i+1,j—1) + M(i,j)
Cn S(i+ 1)
5(2,7) = ma <

=M g1y

LIl'laXi<k<]' S(l,k) =+ S(k an 1,])

f Frequency of seeing the symbols
Ve o Z feig ] ziz;  (RIRPRdeNt IealRPGY R-SA8INg R |
i) z,;z, 1089 LIRS o sFinefn locations i or |
Zi.T, f-t.‘ fr_, depending on symbol.

e Frequencies obtained by aligning model to “training data” — consists
of sample sequences

e Reflect values which optimize alignment of sequences to model



Alignment to CM Algorithm

Calculate the probability
score of alighing RNA to CM

Three dimensional matrix —

O(n?)

o Align sequence to given
subtrees in CM

o For each subsequence
calculate all possible states

Subtrees evolve from

Bifurcations

o For simplicity Left singlet is
default

Images — Eddy et al.



‘Alignment to CM Algorithm

*For each calculation take into

account the
*Transition (T) to next state
Emission probability (P) in the
state as

determined by training data

Si,j.y(y = B’FURC) = max ,[Si.mt'd.m.;. + Sﬂlid‘l"loj-l'ri’ht]

1-1<=mid<=)



Covariance Model Drawbacks

Needs to be well trained

Not suitable for searches of large RNA

o Structural complexity of large RNA cannot be
modeled

o Runtime
o Memory requirements



