Chapter 16

Gene Reqgulation in Eukaryotes
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Sections to study

16.1 Overview of eukaryotic gene regulation

16.2 Control of transcription initiation through promoters and
enhancers

16.3 Epigenetics: Control of transcription initiation through
DNA methylation

16.4 Regulation after transcription
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1.1 A3 E 3 Bl Key Regulatory Differences Between Eukaryotes and Prokaryotes

Characteristic Prokaryote Eukaryote
Control of transcription through specific DNA-binding proteins Yes Yes
Reutilization of same DNA-binding motifs by different DNA-binding proteins Yes Yes
Activator proteins Yes Yes
Repressor proteins Yes Yes
Specificity of binding to DNA by regulatory protein Specific Highly specific
Affinity of binding Strong Very strong
Role played by chromatin structure No Yes
Coordinate control achieved with operons Yes Rare
Differential splicing No Yes
Attenuation Yes No
mRNA processing No Yes
Differential polyadenylation No Yes
Differential transport of RNA from nucleus to cytoplasm No Yes
RNA interference carried out by micro-RNAs No Yes




In eukaryotes, three RNA polymerases transcribe different sets of
genes.
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m RNA polymerase Il transcribes all protein- and micro-RNA-
encoding genes.

= The cis-acting regulatory regions of RNA pol. II-transcribed genes
contain promoters and enhancers.

(c) Protein-enodiﬁg andmicro-'A'encoding enesre S
transcribed by RNA pol Il.
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= RNA polymerase Il transcribes tRNAs and other small RNAs
(5S rRNA, snRNAS).

(b) Small RNA genes are transcribed by RNA pol lil.

tRNA genes RNA pol IlI
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Promoter Promoter

18-8



16.2 Control of transcription initiation through
promoters and enhancers

Proteins act in trans, but DNA sites act only In cis.

m Cis-acting elements: Short DNA sequences that constitute the
control elements adjacent to genes. They can only influence
the expression of adjacent genes on the same DNA molecule.

m [rans-acting elements: Genes that code for DNA-binding
proteins. Thelr protein products can diffuse through
cytoplasm and act at target DNA sites on any DNA molecule In
the cell.

R

\
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Cis-acting elements of a gene

= Promoter (Z3h-5): DNA sequences near the beginning of genes
that signal RNA polymerase where to begin transcription.

= Promoters contain initiation site and TATA box.

s Enhancer (3§ 5%1): DNA sequences that augment or repress
basal levels of transcription from nearby genes.

= DNA seguences that bind transcription factors.
= Can lie far way from gene.
= Can be reversed.

Transcription
cis-acting elements of a gene start site

Enhancer Promoter Transcribed

region
[---I-

Promoter Transcribed Enhancer
region
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Reporter constructs are a
tool for identifying
promoters and enhancers

m Promoters and enhancers
under Investigation are
fused to the coding region
of reporter genes, such as
lacZ or GFP.

Fig. 16.3
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help identify
promoters and
enhancers.
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Trans-acting elements that control transcription initiation

m Basal factors: Proteins that bind to the promoter.

m Mediator

m [ranscriptional activators and repressors: Proteins that bind to
the enhancers.
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m Basal factors bind to
the promoter.

m [BP - TATA box-
binding protein

m TAF - TBP
assoclated factors

= RNA polymerase ||

binds to basal factors.

Fig. 16.5

Basal factors
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Mediator

= Mediator: A protein complex that bridges the RNA pol Il
complex at the promoter and transcription factors at the
enhancer. It is required for the transcription of some eukaryotic

genes.
= A complex that contains more than 20 proteins.

(a) Activators recruit RNA pol Il complex to basal promoter
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Activator proteins

= Interact with other proteins to activate and increase
transcription above basal levels.

= Also called transcription factors.
= [wo structural domains mediate these functions:

= DNA-binding domain, bind to enhancer DNA in specific ways.
= Transcription-activating domain

Dimerization
DNA-binding domain
DNA-binding

. domain
Transcription

UAS, N
(Upstream Activating CGGnnNNNNNNNNNNCCG
Sequence) (17 bp Gal4-binding site)
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m Transcriptional
activators bind to
specific enhancers
at specific times to
Increase
transcriptional
levels.

Fig. 16.6
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The locus control region (LCR) Is a cis-acting regulatory
sequence that operates sequentially on a cluster of related
ge n eS Hemc:& group

Fig. 9.1a, b

s Human [3-globin gene cluster contains five genes that can all be
regulated by a distant LCR (locus control region), 50 kb
upstream of B-globin gene.
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LCR is needed for activation of 3-globin gene

(b) Transgene

Region between genes . . .
— Transgene in mice fails

e —— to be transcribed at

e ™= proper levels, therefore
there is a missing cis-acting
regulatory element.

Edge of B-globin
next gene gene
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LCR could effect activation of distant globin genes
through DNA looping

(c) Mechanism of transcriptional activation

RNA polymerase

Activator proteins

Basal factors _ \T"al"lﬁﬂfiptiﬂﬂ
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3 globin
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Common DNA-binding motifs of transcription factors

m Helix-loop-helix
m Helix-turn-helix

m Zinc-finger: found mostly in eukaryotes

Fig. 16.7

4

Helix-loop-
helix protein :
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Some activators have a third domain that is responsive to
specific signals from the environment

m Coactivator: Proteins or other molecules that play a role in
transcriptional activation without binding directly to DNA.

c) Steroid hormone receptors

ﬂ (SH)

Y R 2

Binding of Receptor ==

)

Receptor: SH induces can now

Without steroid allosteric bind to
hormone (SH), the change in enhancer.
receptor can't bind receptor.
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Most transcription regulators are multimeric proteins

= Homomers — multimeric proteins composed of identical
subunits.

= Jun-Jun homodimer

m Heteromers — multimeric proteins composed of nonidentical
subunits

= Jun-Fos heterodimer

Homodimer Heterodimer
(Jun - Jun) (Jun - Fos)

Leucine zipper

=
b=
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=
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_ _ DNA-binding
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Repressors

m Repressors: Transcription factors that bind to specific cis-
acting elements and thereby diminish or prevent transcription.

= Some repressors can interact with RNA pol 11 basal complex and
prevent it from binding the promoter.

= Other repressors are enzymes such as histone deacetylases (HDACs) or
histone methyl transferases (HMTSs) that modify histone tail amino
acids, resulting in closed chromatin.

(a) Repressors can recruit corepressors that directly prevent
RNA pol Il complex from binding promoter
pol i

Corepressor — | e
7R TAF<TAF:

Repressor —§ |

Enhancer Promoter

(b) Repressors can recruit corepressors that close chromatin

Fig. 16.9 18-26



Indirect repression

m Indirect repressors:
Proteins that
Interferes with the
function of an
activator without
binding DNA.

Fig. 16.11

(a) Competition

(b) Quenching

(c) Cytoplasmic
sequestration

Nucleus :

(d) Heterodimerization

Enhancer
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Transcription factors may act as activators or repressors

m Action of transcription factor depends on:

= Cell type, the presence of interacting proteins.
= Gene that It Is regulating, promoter sequence.
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Insulators organize DNA to control enhancer/
promoter interactions

= Insulator: A transcriptional regulation element in eukaryotes
that stops communication between enhancers on one side of It
with promoters on the other side.

RFP and GFP transcribed

Promoter

Only GFP transcribed

P oy

Insulator —Enhancer

Fig. 16.15 18-29



How Insulators work?

m Insulators bind a protein called CTCF (CCCTC-binding factor)
and organize genomic DNA into loops. A promoter and an
enhancer can not interact with each other if an insulator lies
between them.

m [he functions of some insulators are more complex than simply
blocking enhancers.
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16.3 Epigenetics: Control of transcription initiation
through DNA methylation

Chromatin structure reduces basal transcription.

(a) Naked promoter binds RNA polymerase and basal factors.
HRMNA pol 1]

Basal factors—, High levels of transcription

B —— e

Promoter

(b) Chromatin reduces binding to basal factors and RNA pol 1l
to very low levels.

MNucleosome —Promoter
I—l {

Nucleosomes Sit atop the promoters of most Inactive genes.
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Remodeling of chromatin mediates the activation of transcription.

(e} Chromatin remodeling can expose promoter.
E"'-'J_‘.:EJ_I factor

) . DDD

Hemodeling proteins

(d) DMNase hy r[:u:rn:nﬁn:m e sites are at 5' ends of -I_:p:l'lE':.

DD ... DG
Al T THTTT E“““

DMase hypersensitive sites
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DNA methylation at CpG islands silence gene expression.

Fig. 16.18Db, c

(b) () = unmethylated
@ = methylated

CpG island

Open chromatin
Transcription

Closed chromatin
No transcription
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Hypercondensation over chromatin domains
causes transcriptional silencing

m Heterochromatic regions on the chromosome are characterized by
modified histone H3 and methylated CpG dinucleotide in DNA.

(a) } .‘J H} -.-J 43 1...1 H}q’-" Maormal
ﬁ.”-._'-.,':f} "ﬁ 1@__] 'lf*vf, chromatin

H1 H1 H1
rH. C |-| '-”. CH, =

= "-.' 1.::.

heterochromabn

ﬁd#'H\‘i{f} H'ﬁ:;as)

oH, cH.  CH, CH, GH, ¢ H
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= DNA methylation is particularly important to the control of the
expression of housekeeping genes in vertebrates. It also plays a
role in regulating some cell-type-specific genes.

= In the human genome, ~70% of the C residues in CpG dinucleotides are
methylated.

SAM

(SAH-CH3;) SAH

NH, NH,

H\ﬁlﬂ E f H:,c\]\)ilﬂ

M N
H H
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= DNA methylation patterns are copied during DNA replication by
a special DNA methyl transferase (DNMT) at the replication fork
that recognizes hemi-methylated DNA and methylates the newly

synthesized DNA strand.

) S A, ¢ oo S
5 e CG e C G e CG 5'——CG—CG—CG—

E—
3 =—GC=—GC=—GC— 3'—GG—GC—GEII—
o ®@ ® &

® 9 o
B e m—Ua—0E—— pNA
3 e GC—GC—GC— Polymerase
&
k ® ¢ 9
S =G =00 05— . D' v DG e DG e G e
3'—-—G(;3-—GC—GC— 3=—GC—GC—GC—
@ © o @ o o

Fig. 16.19 18-36



Determine the methylation state of CCGG using
restriction enzymes

= Mspl cleaves CCGG and CC*GG; Hpall cleaves CCGG but not
CC*GG.

Hpall
digestion

Aspl

Run Southam
blot
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Sex-specific DNA methylation is responsible for
genomic imprinting
1. Inthe 1980s, in vitro fertilization experiments demonstrated:

= Mouse embryos with one maternal pronucleus and one
paternal pronucleus can develop into normal, viable, and
fertile adult mice.

= Mouse embryos with pronuclel from two females or two males
could not develop normally.

?® ¢ §® & 2 ® £

Hydatidiform mole Teratoma
(1 %) B6) (%7 A6 98)

Normal embryo 18.33



2. Mice inheriting 1gf2 deletion from father were weighing 40%o
below average whereas mice inheriting deletion from mother
were normal.

a) Deletion of Igf2 causes mutant phenotype only when
transmitted by father.

P- paternal chromosome
M-maternal chromosome

Deletriﬁh-ihﬁér'iiéd 7f7r70m rﬁéther

¥ Normal levels of /gf2 expression.
Normal size

Deletion inherited from father.
No active Igf2.
Small size
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= Genomic imprinting (Z£ B 28 ¥72): The phenomenon in which
the expression of an allele depends on the parent that transmits
It.

= DNA methylation is involved in genomic imprinting..

= Methylation of cytosine in CG dinucleotides within imprinted region.

= Methylated C’s silence genes in the region by preventing RNA
polymerase and other transcriptional factors from binding to DNA.
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Genomic Imprinting and human disease

m For sex-linked genetic traits that are imprinted, the sex of the
Individual inheriting a mutant allele does not matter. The parental
origin of the mutant allele matters.

m Incomplete penetrance may reflect genomic imprinting.

(a) Paternal imprinting -0
.

@)

1

(i‘) mom ootdndood
boo duédm Elm

Some individuals
Inherit the
mutation but do
not develop into
disease.

(b) Maternal imprinting

o] OL1 @
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Genomic Imprinting Is an
epigenetic phenomenon

s Epigenetic (R AE #9):
A state of gene
functionality that Is not
encoded within the DNA
sequence but that is still
heritable from one
generation to the next.

= Genomic imprinting are
reset during meiosis.

Fig. 16.21
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Somatic cell

Germ cell

Old imprints erased

New imprints made




How genomic imprinting works?

m Insulator mechanism

(a) Insulator mechanism of imprinting

= An insulator bound to . :
CTCF blockg the enhancer eIy _L_ I e
to Interact with 1gf2 R
prornoter_ Insulator

= Noncoding RNA (NnCRNA) [k
mechanism
- e ?® Methylated C
- IlrrT]]:)I:'Ien\{le(é: nglél}'/]:Sf iﬁg‘e (b) ncRNA mechanism of imprinting

. . . ! . /"._——-—‘H_\"\\\ T o
Imprinting control region X’ " ]
(ICR) encodes an ncRNA [ E————___Em_z_

whose transcription is —
controlled by a CpG island.

Paternal /gfr2 5
The ncRNA suppresses the sl it %_::[%_;ﬁ
expression of the e S " "

Imprinted genes.

CpG island
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Genomic Imprinting Is unigue to mammals

~ 100 of approximately 25,000 genes in the human genome
exhibit imprinting.

Among vertebrate animals, only mammals imprint their
genomes.

Many of the imprinted genes uncovered to date are involved In
regulating embryonic growth.

Most genes imprinted in one mammalian species are also
Imprinted in other mammal species.
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Why imprinting?

The Halig hypothesis

m In 1991, David Haig and colleagues.
= [0 explain how genomic imprinting
get to evolve in mammals.
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= Why in mammals?

= Embryos develop inside mother’s body. Conflicting interests Iin
transferring nutrients from mother to embryos.

= Polygamous — A female mammal can mate with several males
and generate multiple embryos fathered by different males.
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The incentive:

m Fromt

m Fromt
faster t

ne mother side: Keep embryonic growth under control.
ne father side: The embryos sired by him should grow

nan other embryos even at the expense of the mother.
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The hypothesis:

= Maternal genes that normally enhance fetal growth would be
down-regulated.

= The genes that a fetus receives from its mother are most interested In
mom’s survival and reproduction in the future.

m Paternal genes that normally promote embryonic growth
should be active to help a fetus to outgrow its half-sibling fetus.

m Genes that a fetus receives from its father are most interested In
getting more resources from its mother.
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16.4 Regulation after transcription

1. Alternative RNA splicing
2. Small RNAs regulate mRNA stability and translation
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1. Sequence-specific RNA binding proteins can
regulate RNA splicing

(a) Early embryo

Transcription factors
activate expression of Sx/

Pe

Transcription l J No transcription

Intron— " No Sxl protein

AA S
A AAA P_ RNA

Splicing l

l

Sxl protein J

mRNA

Sx| protein is essential to the female-specific

Fig 16.28 developmental program. .



Later in development

Female Male
PL Feo P Pe
D]V — — - — | Y 7', Y " _—— O - - - - —

A _,.--'aﬁ"“'--.,._u""l._.""'._,.""u_.f'l._ A A A A A NAA

RMNA - . . . RNA R Sl eSS S - - - -
g SR
Sx| protein —~ Full-length Truncated open ~ Stop codon
from early open reading reading frame
development (indicated by

binds to later purple boxes)
RMNA at exon 3

—— —
Productive Unproductive
splice splice

l |

More Sxl protein Mo Sxl protein

Alternative splicing: Production of different mature mRNAs from
the same primary transcript by joining different combinations of
exons.
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2. Small RNAs regulate mRNA stability and translation

m 1998-2005 — micro-RNAs identified and characterized in C.
elegans, 20-23 nucleotides in length.
m Several classes of small regulatory RNAs:
m Micro-RNAs (miRNAS)
m Small interfering RNAs (SiRNAS)
m Piwi-interacting RNASs (pIRNAS)

TABLE 16.1 | Small RNAs in Eukaryotes

Targets Effects

miRNAs « mRNAs + Block mRNA translation
(micro-RNAs) « Destabilize mRNAs

siRNAs - mRNAs « Block translation/Destabilize mRNAs
(small interfering RNAs) + Nascent transcripts of chromosomal regions » Recruit histone-modifying enzymes to DNA,
destined to become heterochromatin resulting in heterochromatin formation

piRNAs - Transposable element transcripts « Degradation of transposable element mRNA
(Piwi-interacting RNAs) - Transposable element promoters + Facilitate histone modifications that inhibit
transposable element transcription
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The 2006 Nobel Prize in Physiology or Medicine

1"1Fi_ V
u" .'

4]

For the discovery of
RNA interference

Andrew Z. Fire Craig C. Mello
Stanford U. U of Massachusetts

RNA interference (RNAI): Trans-acting single-stranded micro-
RNAs or small interfering RNAs prevent the expression of
specific genes through complementary base pairing.
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Micro-RNAS

m ~ 120 mIRNAs In plants, ~ 150 In invertebrate animals, ~ 500 In
humans.

m Micro-RNAs are products processed from longer transcripts.
= Y from Introns of protein coding transcripts
= % from products of primary transcripts devoid of ORFs
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Examples of primary transcripts from micro-RNA-
containing genes

(a) Primary transcripts from different types of miRNA genes

- Stem-loop structure

%

™ Protein-coding region

Fig. 16.24
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MIRNA processing

= After transcription, pri-miRNAs are recognized by Drosha which
crops out pre-miRNA stem loops from larger RNA.

= Pre-miRNAs undergo active transport from nucleus to cytoplasm
where they are recognized by Dicer.

= Dicer reduces the pre-miRNA into a short-lived miIRNA*:miIRNA
duplex which is released and picked up by RISC.

= mIRNA* strand is degraded, miRISC Is formed.

Nucleus Cytoplasm

- Drosha

miRNA i _
gene 7 G - {k k:

R E i B ) Functional
Transcription Cropping Nuclear E miRNA* miRISC
= | degradation

pri-miRNA pre-miRNA miRNA™: miRNA miRNA
duplex (guide)

Fig. 16.25 18-57



Mechanism of RNA interference

. MRNA cleavage: If mIRNA and target mRNA contain perfectly
complementary sequences, miRISC cleaves the mMRNA. RNase

rapidly degrades cleavage product.

. Translational repression: If mIRNA and its target mRNA have only
partial complementarity, cleavage does not occur. miRISC remains
bound to Its target and represses Its movement across ribosomes.

1. mMBNA cleavage 2. Translational repression

miRISC miRISC miRISC

5'ca|:ruuu.|.u.|.uu.|muum.uum.."""”””"""MWA"'.nf-'-.."-"x.-ﬁ. 5'cap T T s A A AA

Parfect complemeantarity Incomplete complemeantarity

Ribosomes

miRISC binds to another target mRMA.




