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Class Topics

good morning!

(0) Genome context:
cells, DNA, central dogma
(1) Genome content / genome function:
genes, gene regulation, epigenetics, repeats, SARS-CoV-2
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Genes & Gene Regulation

» Gene = genomic substring that encodes
HOW to make a protein (or ncRNA).

» Genomic switch = genomic substring that encodes
WHEN, WHERE & HOW MUCH of a protein to make.

[0,1,1,1]
Nerve Cells

Calls Heart Nuscle Calls

3lood
[1,0,0,1] [1.1,0,0]
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Terminology

» Promoter: The region of DNA 100-1,000bp
immediately “upstream” of the TSS, which
encodes binding sites for the general
purpose RNA polymerase associated TFs,

T

e

and at times some context specific sites. R /
—There are as many promoters as there are mﬁr ‘ﬁm’>
TSS’s in the human genome. Many genes 1/, <
have more than one TSS. W/@@
Amamnw ¢ .
» Enhancer: A region of 100-1,000bp, up to ]
1Mb or more, upstream or downstream promoer o

from the TSS that includes binding sites for
multiple TFs. When bound by (the right)
TFs an enhancer turns on/accelerates

e TSS -
transcription. : :
; WSl
—Note how an enhancer (E) very far away in E
sequence (1D) can in fact get very close to =

the promoter (P) in space (3D).
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Imagine a giant state machine

Transcription factors bind DNA, turn on or off different promoters and
enhancers, which in-turn turn on or off different genes, some of which
may themselves be transcription factors, which again changes the
presence of TFs in the cell, the state of active promoters/enhancers etc.
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http://cs273a.stanford.edu [Bejerano Winter 2020/21] 8

A formidable state machine

~20,000 protein coding genes and >20,000 RNA genes

Turned on and off by >1,000,000 gene (or cis) regulatory elements
Cis elements are 100-1,000 bp long, code for TF binding sites
~1,600 human TFs, each with a binding site 4-20bp long
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Proteins
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Signal Transduction: distributed computing

Everything we discussed so far happens within the cell.
But cells talk to each other, copiously.
Ligand
i,
Q.0
O O Receptor
@

() Receptor o
ligand binding "." )
&,

9

second
messengers

e 74

(D Signal
transduction \ A

(@ Cellular responses

{via second
messengers
gene expression
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Enhancers as Integrators

IF the cellis
part of a certain tissue ®é

o, AND

O ) messengen receives a certain signal‘
0o THEN turn Gene ON
O Q ruenr :
() Resentor- o, o X
ligand birding Thg ".' i

second
messengers

A
(D Signal N
transduction A

{via second
messengers

(@ Cellular responses

gene expression
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The State Space

Discrete, but very very large.
All states served by same genome(!)
10"3 cells running for 10° seconds

1odkilﬂl’ﬁjﬁi

cell
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Transcription Activation:

Some measurements and observations
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Transcription Factor Binding Sites (TFBS)

* An antibody is a large Y-shaped protein used
by the immune system to identify and
neutralize foreign objects such as bacteria.

« Antibodies can be raised that instead
recognize specific transcription factors.

« Chromatin Immunoprecipitation followed by
deep sequencing (ChIP-seq): Take DNA
(region or whole genome) bound by TFs,
crosslink DNA-TFs, shear DNA, select DNA
fragments bound by TF of interest using
antibody, get rid of TF and antibody,
sequence pool of DNA.

-> Obtain genomic regions bound by TF.

3
i
b

£
§

http://cs273a.stanford.edu [Bejerano Winter 2020/21]

ChlIP-seq - Position Weight Matrix
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Computational challenge: 2,
The sequenced DNA
fragments are 200-500bp. #
In each is one or more T CA
i i T = =
instance of the 6-20bp motif. G e g 1O
Find it...
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Transfections

As far as we've seen, enhancers work “the same” irrespective
of distance (or orientation) to TSS, or identity of target gene.

n reporter gene E—

:)r:g‘rlnmoilzr in cellular
context
of choice

» Which enhancers work in what contexts?

» What if you mutate enhancer bases
(disrupt or introduce binding sites)
and run the experiment again?

» What if you co-transfect a TF you think
binds to this enhancer?

» What if you instead add siRNA for that TF?
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Transcription factors bind synergistically,
often with preferred spacing

Transcription factor complexes

Sox:1 bp:Pax e .
prefer specific spacings!
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- [soelrae NN AN

[ [ T I T | T I | |
0 5 10 60 80 100 120 140 160 180
{+2}

Fold activation
Sox:3 bp:Pax

"

[ T I T | | [ |
5 10 60 80 100 120 140 160 180

o—

Adapted from Kamach et al., Genes Dev, 2001 Fold activation
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Strict spacing between binding sites is
important for structural interactions
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Massively parallel reporter assays

A Short enhancer library (<170-bp) B Longenhancer library (>170-bp)

—_— ™ ucodes
e

T )

E ANAseq DNAseq
Earer 2. Awoe (JUAEC! A

Rm—

Utk arccrt

sene espctively.
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Different Enhancer Structures

a Enhanceosome b Billboard © TF collective
Enhancer 1 Enhancer 1
.
m 1Y
LJ
L

Enhancer 1 A Enhancer 2

M - \@ J:: s \CM:\\_/

Protein  + Highly cooperative DNA binding e itive bindi e i bind;
DNA = DNA sequence acts s seaffol + Both DNA andl protein may act s scaffold
Protein » Fixed (formed fram a higher-order * Variable * Variable
interface TF-DNA complex)
Morif = Fixed motif composition (sites for all + Fixed motif composition * Flexible motif composition (as different
factors most be there] TFs direetly bind to DNA)
~Fixed grammar + Flexible motif grammar
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Single gene in situ hybridization
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Transgenics

[ [reportergene |

minimal
promoter

Observe enhancer behavior in vivo.
Qualitative (not quantitative) assay.
Can section and stain to obtain more specific cell-type information.
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Gene Regulation: Enhancers are modular and additive

- e
Temporal gene expression pattern “equals”
sum of promoter and enhancers expression patterns.
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BAC transgenics: necessity vs sufficiency

Gene X

You can take 100-200kb segments out of the genome, insert a reporter
gene in place of gene X, and measure regulatory domain expression.

You can then continue to delete or mutate individual enhancers.
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Genome Editing via CRISPR/Cas9

CRISPR/Cas9 =

NHEJ

Repair dsDNA \
HIIHIIII!IIHIT“ TITTTIITTITTTTTT! lﬁ
‘d_l LU 1L NV ‘d_lmuumnm 1L I%N

l Donor DNA | 1111111 H
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25
Chromosome conformation capture (3C)
People are also developing methods to detect 2
when two genomic regions far in sequence
are in fact interacting in space.
cross-linking
Ultimately this will allow to determine '
experimentally the regulatory domain of S z
each gene (likely condition dependent). i
4
ligation
& |
Eye Br e—
reverse cross-linking
0
0
O. detect interactions
O - . process \:Eera([iuns
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Wiggle Track from Discrete Reads
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4C example result (in a single biological context)

a 'I;SS probe

au.

Sample A ' 'n“I * u
au

Sample B " Hﬂ“l“ ‘II '

D?Mﬂ& I 1 [} L RERTT (I ] memorim
positive areas. \
f 8 s E 128
b Chromosomal position (Mb)
au
Sanple II b T L iy i .
au, tIrreproduciblejpeaks
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TADs: Topologically Associated Domains
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Transcription Activation

Terminology:

* RNA polymerase

« Transcription Factor

« Transcription Factor Binding Site
» Promoter

» Enhancer

» Gene Regulatory Domain

{.‘vTF - Tss (—' /
: * ® E Y
DNA =

o L/ @ s
Activaior E - -,l— »
o—o—oE?o\-l/—\lE 0-0-0— Lo
S1ss iz
s enhancers for Core
different contexts L
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Enhancer Prediction

provide the activity of an enhancer? R
A network of genes?

Trans input

How do TFs “sum” together to " 20
'

t

P
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P
21 / \
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ot AR Y ounTh
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The cis-regulatory code

Given a sequence of DNA predict:

« Isit an enhancer? le, can it drive gene expression?

« If so, in which cells? At which times?

» Driven by which transcription factor binding sites?

Given a set of different enhancers driving expression in the
same population of cells:

* Do they share any logic? If so what is it?

« Can you generalize this logic to find new enhancers?

DNA
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Transcription Regulation
is not just about activation
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Transcriptional Repression

An equally important but less visible part of -
transcription (tx) regulation is transcriptional £

e
repression (that lowers/ablates tx output). Modnr S m:"““
« Transcription factors can bind key genomic kab_
sites, preventing/repelling the binding of 4 /
—The RNA polymerase machinery Yo T W
—Activating transcription factors ! )
(including via competitive binding) ,/-*'@'Av o
» Some transcription factors have stereotypical ra ) ‘ | ;
roles as activators or repressors. Likely many i gf E g .
can do both (in different contexts). TATA 155
* DNA can be bent into 3D shape preventing promoter S
enhancer — promoter interactions.
« Activator and co-activator proteins can be TS
maodified into inactive states. 5 §
Note: repressor thus can relate to specific {5

DNA sequences or proteins.
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Insulators

Insulators are DNA sequences that when a
placed between target gene and enhancer
prevent enhancer from acting on the gene.
*The handful known insulators contain
binding sites for a specific DNA binding
protein (CTCF) that is involved in DNA 3D
conformation.

*However, CTCF fulfills additional roles
besides insulation. |.e, the presence of a
CTCF site does not ensure that a genomic
region acts as an insulator.

A & RSN
— 0o om0,
TSS1 TS82
B 0 ~ AN
— ceofos o0
Insulator
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Transcription & its regulation
happen in open chromatin
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Transcription Regulation

Conceptually simple:

1. The machine that transcribes (“RNA polymerase”)

2. All kinds of proteins and ncRNAs that bind to DNA and
to each other to attract or repel the RNA polymerase
(“transcription associated factors”).

3. DNA accessibility — making DNA stretches in/accessible
to the RNA polymerase and/or transcription associated
factors by un/wrapping them around nucleosomes.

(Distinguish DNA patterns from proteins they interact with)
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Nucleosomes, Histones, Transcription

Chromatin/ Proteins » 1 i

Relaxed Chromatin = Increased Transcription

Genome packaging
provides a critical layer
of gene regulation.

DNA / Proteins

1
T coreoramtone oo
I Nuctoosome
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Gene Activation / Repression via Chromatin Remodeling

A dedicated machinery opens and closes chromatin.

Interactions with this machinery turn genes and/or gene
regulatory regions like enhancers and repressors on or off
(by making the genomic DNA in/accessible)

ZL,,_Q*)_ . %@W@bm
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Insulators revisited

Insulators are DNA sequences that when a

placed between target gene and enhancer

prevent enhancer from acting on the gene.

*Known insulators contain binding sites for a
specific DNA binding protein (CTCF) that is
involved in DNA 3D conformation. b A //L\

*However, CTCF fulfills additional roles %{)_ﬂmm \
besides insulation. l.e, the presence of a oy & \%
CTCF site does not ensure that a genomic =™ \> A\ etvematin
region acts as an insulator.

A - RN
- 20 0B Py
TSS1 TSS2
B o Ao\
— cofos o0
Insulator
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Epigenomics
The histone code
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Histone Tails, Histone Marks

DNA is wrapped around nucleosomes.

Nucleosomes are made of histones.

Histones have free tails.

Residues in the tails are modified in specific patterns
in conjunction with specific gene regulation activity.

Nucleosome
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Histone Mark Correlation Examples

Active gene promoters are marked by H3K4me3
Silenced gene promoters are marked by H3K27me3

p300, a protein component of many active enhancers
acetylates H3k27Ac.

Dy

H3K4me3

Nucleus

RNA pol Il
complex,

H3K27me3
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Measuring these different states

a WPseq b HPseq  c DNase-seq d FARE-seq

AT

Note that the DNA itself doesn’t change. We sequence different portions of it that
are currently in different states (bound by a TF, wrapped around a nucleosome etc.)
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Epigenomics: study all these marks genomewide

A
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Histone Code Hypothesis

Histone modifications serve to recruit other proteins by
specific recognition of the modified histone via protein
domains specialized for such purposes, rather than through
simply stabilizing or destabilizing the interaction between
histone and the underlying DNA.

histone Histone Histone
modification: acetylation lysine methylation
R R My Mo
H_-\Ts\. K_Aipacs HMTs\ K ~HDMs
writer eraser
Ka Kme
reader Bromo Chroftio; Tudor
PHD MBT, AKR,
PHD, PWWP
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Epigenomics is not Epigenetics

Epigenetics is the study of heritable changes in gene expression or
cellular phenotype, caused by mechanisms other than changes in the
underlying DNA sequence

There are objections to the use of the term epigenetic to describe
chemical modification of histone, since it remains unknown whether
or not these modifications are heritable.

3 5
- (&)
- |
|ae
ae
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Gene Regulation

Chromatin/ Proteins » 1 i

Relaxed Chromatin = Increased Transcription

Extracellular signals

BMPA Wt UF

DNA / Proteins

j Nucleus.

Nucleus.
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Cis-Regulatory Components

.
Low level (“atoms”): ?Lﬁ%x
» Promoter motifs (TATA box, etc) 3 :

« Transcription factor binding sites (TFBS)
Mid Level:

» Promoter

» Enhancers

* Repressors/silencers

* Insulators/boundary elements

« Locus control regions

High Level:

« Epigenomic domains / signatures

* Gene regulatory domains

» Gene regulatory networks Gene X
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One genome to rule them all

.
Low level (“atoms”): ?Lﬁ%x
» Promoter motifs (TATA box, etc) 3 :

« Transcription factor binding sites (TFBS) P

Mid Level:
* Promoter

High Level
« Epigenol

* Gene regulatory domains
* Gene regulatory networks Gene X
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Remember: It's All Empirical Science

.
Low level (“atoms”): ?%wfx
» Promoter motifs (TATA box, etc) 3 i

« Transcription factor binding sites (TFBS)
Mid Level:
* Promoter

High Level:
« Epigenomic domains / signatures
* Gene regulatory domains

* Gene regulatory networks Gene X
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Inferring Gene Expression Causality

Measuring gene expression over time provides sets of
genes that change their expression in synchrony.

» But who regulates whom?

* Some of the necessary regulators may not change their
expression level when measured, and yet be essential.

“Reading” enhancers can provide gene regulatory logic:
« If present(TF A, TF B, TF C) then turn on nearby gene X

expression level
A

time
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Obtain a network of all active genes & DNA

“Ridicilogram” . g e ot
RNAT . e
N 'n ncor
Genos §
° =
Poen2 A2
Now what?
(to be revisited)
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Transcription Factors have Large “fan outs”

We could have had one TF regulate two TFS, each of
which regulates two other TFs, etc. and each of those
contributing to the regulation of a modest number of target
genes (that do the real work).

Instead TF's reproducibly bind to thousands of genomic
locations almost anywhere we’ve looked.

Gene regulation forms a dense network.

.
B < 4
G
2 =
e m
= l<u
o SNy pathway >
et . <\5 genes -
N
B =
e )
=
@G
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Some important genes have large “fan ins”

Mouse July 2007 (NCBI37/mmd)
| mmo.

55,500,000 | 56,000,000

1 Mo}
54,000,000 | 54,500,000 | 55,000,000 |
a0_ E14.5 Cortcal Plate mANA-Seaq (Ayoub et al.2011)

005_
) E14.5 SVZ4Z mANA-Seq (Ayoub etl. 2011)

005
w0 E14.5VZ mRNASeq (Ayoub et al2011)

00s_
UCSCGenes

cepr2o Hll Z1pe08 Rl

Gankios HHH
€14.5 Dorsal Cerebral Wall p300 ChiPseq pesl
el4dew 3002892 | et4dew_p3002895 | el4dcw_p300.2906 elddew_p3002916 | elddew p3002929 |
elddaw 3002693 | - etddow p3002696 | elddow 93002907 | etadow p3002917 | etddew_p3002930 |
eladow p3002694 | elddow 3002897 | etédow_p3002008 | clddow p3002918 | eladew p3002932 |
etadow._ 3002698 | eladow_p3002909 | elddow_p3002919 | etédon_p30029%3 |
el4dow_p300.2899 el4dow_p3002910 | el4dew_p3002920 |
etadew 3002900 | etddcw pi002911 | etadew p3002921 |
el4dow_p3002901 | el4dcw_p300.2912 el4dow_p3002922 |
etadw 3002902 | elddew 3002913 | etddew pa002923
el4dcw_p300.2903 | elddcw_p3002914 | elddew_p3002924 |
eladow 3002904 | elddaw p3002915 etadow 3002525 |
el4dew_p3002905 | el4dew_p3002926 |
etadew p3002927 |
el4dow_p3002928 |
<14dow_p3002931 |
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We are technically DONE with genome function

Biology — not that complicated!!

Functional part list &
* Inour genome: X
+ Gene

» Protein coding
» Non coding / RNA genes
» Gene regulatory elements
+ “Atomic” event: transcription factor binding site
» Build up: promoters, enhancers, silencers, gene reg. domain
* “Around” our genome
+ Chromatin — open / closed
+ Epigenomic (and some epigenetic) marks
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A Quiz!

Let’s quiz Gill on the board...
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