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Levels of regulation 

transcription: chromatin state, 
interactions of cis and trans regulators 
with transcriptional machinery determine 
if/when/where genes are transcribed 

post-transcription: alternative 
splicing, mRNA stability, RNA 
interference 

translation: differential rates of translation 
initiation, elongation 

post-translation: folding, chemical 
modifications of amino acids, protein 
sorting, protein degradation 



Induction of transcriptional activity by 
environmental and biological factors  

•  heat shock 
•  hormones 
•  light 
•  development 
•  metabolism 
•  immunity 
•  growth/maintenance 
•  many other factors 

book mentions only these 
(comparable to prokaryotic induction) 

but there are many more 
factors that affect transcription! 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 

– cis regulatory sequences and trans acting 
factors 

– chromatin organization 
•  post-transcriptional regulation 
•  regulation of whole chromosomes 

 



interaction of cis-regulatory sequences 
and trans-acting proteins 

•  trans-acting factors-- transcription factors (TFs) are 
regulatory proteins that: 
–  have DNA binding domains 
–  bind at transcription factor binding sites in cis-regulatory 

sequences 
 

•  cis-regulatory sequences come in different types 
with different properties: 
–  promoter 
–  enhancers / silencers 
 

•  Transcription factors bind cis-regulatory sequences 
to control gene expression 



transcription factors 

•  regulatory proteins that bind to cis-regulatory sequences 
such as enhancers 

•  TFs that repress gene expression are called repressors 

•  TFs that promote gene expression are called activators 

•  interact directly or indirectly with RNA Pol II and 
associated TFs at the promoter to affect gene 
expression 

•  can also interact with other TFs bound at other 
enhancers 



Transcription factors 
have different protein 
domains: 
 
1)  Structural motifs bind 

DNA – will bind specific 
sequences in DNA 

2)  Transcriptional activation 
domain (not pictured) 
interacts with other TFs/
RNA Pol II at promoter 

 
These domains can be in different 
parts of protein, or be overlapping 

Examples of structural 
domains in TFs  



Transcription factors bind specific DNA sequences 
in cis-regulatory regions 

The short sequences where TFs bind 
are known as transcription factor 
binding motifs  
 
The places in the genome where TFs 
bind are called transcription factor 
binding sites 
 
 
transcription factor binding sites are 
located in cis-regulatory elements such 
as enhancers/silencers 
 
This is because of specific DNA 
sequence in the DNA binding domain 
of the TF 

transcription 
factor binding motif 

Reddy, et al. (2007) PLOS Comp. Bio 



Transcription factors bind specific DNA sequences 
in cis-regulatory regions 

transcription 
factor binding motif 

AATGCCGTAATAGAAGCGTTACGCAACTAGAAGCCT 

HSF1 HSF1 

the HSF1 protein can bind to HSF1 transcription factor binding sites in the 
enhancer of a gene it will regulate  

promoter 

transcription 
start 

gene 

enhancer  

transcription factor 
binding site 

HSF1 
transcription 
factor protein 



interaction of cis-regulatory sequences 
and trans-acting proteins 

•  trans- acting factors: transcription factors (TFs) 
– DNA binding domains 
–  transcription factor binding sites 
 

•  types of cis-regulatory sequences 
– promoter 
– enhancers / silencers 
 

•  these proteins and sequences work together to 
control gene expression 



cis-regulatory sequences are DNA sequences 
involved in regulation of transcription 

•  promoter  
–  right next to transcription start site 
–  contains TATA box and other sequences that recruit 

DNA Pol II 
 

•  enhancers/silencers 
–  further away from transcription start than promoter, 

can act from longer distances  
–  binds TFs that interact with proteins bound to 

promoter 
–  can be upstream, downstream, in introns 
–  can function even when flipped in orientation (5’ to 3’) 



enhancers/silencers are DNA sequences 
involved in gene regulation 

•  enhancers promote transcription 

•  silencers repress transcription 

•  Some sequences can bind both activator and repressor TFs, 
and can either promote or repress transcription based on 
which TFs are bound. Confusingly, these sequences are still 
called enhancers. 

•  transcription factors (TFs) bind TF binding sites in enhancers/
silencers 

•  TFs bound at enhancers/silencers interact, directly or 
indirectly, with RNA Pol II and associated TFs to affect 
transcription 

•  different cis-regulatory sequences can affect transcription in 
different tissues or under different conditions 



transcription 
start 

gene 

transcript 

promoter 

transcription factor binding sites 

enhancer 

transcription factors 
protein 

RNA Pol II 



activators bound to enhancers can promote 
transcription by stabilizing transcription initiation 

Activators bound to enhancers stabilize the RNA Pol II complex at the TATA box, 
activating transcription	
 

 
    Enhancer 

activator TFs 



Lodish et al, Molecular Cell Biology, 4th ed. 2000 

How do 
repressors 
bound to cis-
regulatory 
sequences 
repress? 

Competitive binding with activator TF 

Interaction with bound activator TF     

Interaction with RNA Pol or its initiation TFs 



how to find enhancers? look for: 

•  computational methods 
– evolutionary conservation of non-coding regions 
– clusters of binding sites for transcription factors 
 

•  experimental methods 
– expression phenotypes associated with 

mutations in particular non-coding regions 
– where TFs bind 
– chromatin marks/state associated with active 

transcription 



use of reporter genes to find enhancers 

promoter 
 

putative 
enhancer 

transcription start 

reporter gene: gene produces a 
protein that reacts to make color or 
fluorescence 

this is what 
you are 
testing 

•  make a DNA construct (fusion gene) with a functional promoter upstream of a 
reporter gene 

•  this reporter gene will make a protein that you can see (color or fluorescence) 
•  put a DNA sequence that you think might be an enhancer upstream of the 

promoter + reporter gene 
•  does this DNA sequence drive transcription? Do you see the product of the 

reporter gene? 



PROMOTER GENE X in the genome 

which sequences here drive 
expression of Gene X? transcription start 

this is what 
you are 
testing 

ENHANCER? PROMOTER REPORTER GENE 

expression? 

yes 

ENHANCER? PROMOTER REPORTER GENE 

ENHANCER? PROMOTER REPORTER GENE 

ENHANCER? PROMOTER REPORTER GENE 

no 

no 

yes 

make reporter constructs with different pieces of non-coding DNA  
from nearby Gene X 

 

do they drive expression?   



enhancer-TF interactions can be 
differentially regulated 

•  different enhancers are used in different 
tissues, or at different times in 
development, or under different conditions 

•  different transcription factors are present 
in different tissues/times/conditions 

•  this produces differential gene expression! 



Modular tissue-specific enhancers of the 
Drosophila yellow gene 



different combinations of 
transcription factors binding to 
different enhancers/silencers 
can cause differential regulation 
of gene expression 
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Changes in gene regulation are thought to have contributed to the evolution of human
development. However, in vivo evidence for uniquely human developmental regulatory function
has remained elusive. In transgenic mice, a conserved noncoding sequence (HACNS1) that evolved
extremely rapidly in humans acted as an enhancer of gene expression that has gained a strong
limb expression domain relative to the orthologous elements from chimpanzee and rhesus
macaque. This gain of function was consistent across two developmental stages in the mouse and
included the presumptive anterior wrist and proximal thumb. In vivo analyses with synthetic
enhancers, in which human-specific substitutions were introduced into the chimpanzee enhancer
sequence or reverted in the human enhancer to the ancestral state, indicated that 13 substitutions
clustered in an 81–base pair module otherwise highly constrained among terrestrial vertebrates
were sufficient to confer the human-specific limb expression domain.

Genome sequence changes that altered the
molecular machinery of development
likely facilitated the evolution of unique-

ly human morphological traits (1, 2). Although
these geneticmodifications remain largely uniden-
tified, it has long been thought that they included
changes in gene expression due to positive selec-
tion for nucleotide substitutions that altered the
activity of cis-regulatory elements (3). Several cases
of putatively adaptive sequence change, includ-
ing polymorphisms among human populations

and apparently fixed differences between humans
and other primates, have been shown to affect in
vitro promoter or enhancer function in cell line
reporter assays (4–7). However, the impact of
human-specific nucleotide substitutions on the
in vivo activity of developmental regulatory ele-
ments remains obscure.

In vivo analyses of evolutionarily conserved
noncoding sequences have revealed them to be en-
riched in cis-regulatory transcriptional enhancers
that confer specific expression patterns during de-
velopment (8–11). Recent efforts have identified
conserved noncoding sequences that evolved rap-
idly on the human lineage, but it is not known
whether these sequences include regulatory ele-
ments with altered activities in humans (12–15).
Here, we focus on functionally characterizing the
most rapidly evolving human noncoding element
yet identified, whichwe termed human-accelerated
conserved noncoding sequence 1 (HACNS1) (12).
Although this 546–base pair (bp) element is highly
constrained in all sequenced terrestrial vertebrate
genomes, it has accumulated 16 human-specific

sequence changes in the ~6 million years since
the human-chimpanzee split (Fig. 1A).We evalu-
ated the significance of this evolutionary acceler-
ation by means of a test statistic that represents
the log-likelihood, or information theoretic “sur-
prisal,” of observing the human sequence given
the orthologous sequences from multiple ter-
restrial vertebrates. Assuming HACNS1 is under
functional constraint in humans, its rapid diver-
gence is highly unexpected given its strong con-
servation in these other species [surprisal test
P value = 9.2 × 10–12 (16)]. This divergence
also significantly exceeds the ~4 substitutions
expected if HACNS1 were evolving at the neu-
tral substitution rate in humans [surprisal test
P value = 1.3 × 10–6 (16)]. One explanation for
this marked acceleration is that HACNS1 has
undergone several instances of positive selection
during human evolution that may have altered its
function.

To test this hypothesis, we evaluated the
ability of HACNS1 and its orthologs from
chimpanzee and rhesus macaque to function as
transcriptional enhancers during development,
using a transgenic mouse enhancer assay in
which the activity of each sequence is assessed
through a b-galactosidase (lacZ) reporter gene
coupled to a minimal Hsp68 promoter (17). We
initially examined the potential enhancer activity
of HACNS1 at embryonic day 11.5 (E11.5). We
tested a 1.2-kb DNA fragment encompassing
HACNS1 that also contained nonconserved se-
quences flanking the element, in order to include
possible functional sequences near HACNS1 not
detected by conservation (table S1). At E11.5, the
human element drove strong and reproducible
reporter gene expression in the anterior limb bud,
pharyngeal arches, and developing ear and eye,
which suggests that HACNS1 acts as a robust
enhancer during development (Fig. 1, B and C,
and fig. S1). In striking contrast to the highly
reproducible staining driven by the human
enhancer, which extended into the most distal
region of the anterior limb bud in five of six lacZ-
positive embryos (Fig. 1C andHACNS1 embryos
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find the fastest evolving non-coding 
region between human and 
chimpanzee – is it an enhancer? 
 
place this piece of DNA from this 
region in human, chimp, and 
rhesus macaque in reporter genes 
 
make transgenic mice expressing 
those reporter genes 
 
determine where the gene affected 
by this enhancer is expressed 
 
only the human enhancer causes 
expression in the developing 
thumb 

1 to 5 in fig. S1), the chimpanzee and rhesus or-
thologs failed to drive reproducible reporter gene
expression in the distal limb bud, although they
did drive moderately reproducible expression at
the base of the limb (Fig. 1, B and C; chimpanzee
enhancer embryos 1, 2, 6, 7, and 8 and rhesus
enhancer embryos 1 to 4, 6 to 8, and 10 in fig. S1).

Two of the embryos that were transgenic for
the chimpanzee ortholog and showed this pattern
also exhibited diffuse, low-level staining that
extended into the anterior limb, which suggests
that the chimpanzee enhancer may possess a
weak capacity to drive expression in this struc-
ture (embryos 6 and 7 in fig. S1). However, this
infrequent pattern was in stark contrast to the
strong and highly reproducible pattern of the
human enhancer. Furthermore, pharyngeal arch,
eye, and ear expression was less reproducible and,
where present, generally weaker in multiple pos-
itive embryos for both nonhuman orthologs; these
findings suggest additional sites of reduced over-
all enhancer activity relative to the human ortholog.

To assess the HACNS1 limb expression pat-
tern at higher resolution, we sectioned HACNS1
transgenic embryos and found that staining in the
forelimb was restricted to the mesenchyme, form-
ing a continuous expression domain that extended
deep into the limb bud along the anteroposterior

axis at the handplate and shoulder while remaining
more anterior in between (fig. S3). These results
provide evidence that the human-specific se-
quence changes in HACNS1 have resulted in a
gain of function in this otherwise highly conserved
enhancer, increasing its overall robustness and
producing a strong human-specific expression do-
main in the anterior limb bud mesenchyme at
E11.5. Because the chimpanzee and rhesus or-
thologs yield similar patterns to each other and
show consistent differences relative to HACNS1,
a parsimonious conclusion would be that the
chimpanzee and rhesus patterns reflect the ances-
tral primate state from which the human-specific
pattern has evolved.

To explore the activity of HACNS1 at a more
advanced stage of limb development, we com-
pared the expression patterns of the human,
chimpanzee, and rhesus enhancers in E13.5 trans-
genic mouse embryos. At this stage, the human
element continued to drive reproducible reporter
gene expression in the anterior developing fore-
limb, particularly in the shoulder and the anterior
junction of the forearm and handplate, in 11 of 12
positive embryos (Fig. 2, A to C; embryos 1 to 10
and 12 in fig. S2). In four of these embryos, the
reporter gene activity extended into the future
anterior-most digit of the forelimb (Fig. 2B). Simi-

lar expression, although with weaker staining, was
also observed in the corresponding structures in
the hindlimb. Imaging of lacZ staining in a
representative HACNS1 transgenic embryo by
means of optical projection tomography [OPT
(18)] revealed that the anterior expression evident
in the whole mount extended deep inside the limb
at the forearm-handplate junction (fig. S4). The
orthologous chimpanzee and rhesus elements
failed to drive reproducible expression in the distal
limbs at this time point, although a subset of
positive embryos in each case (4 of 10 for
chimpanzee; 3 of 12 for rhesus) showed reporter
gene expression in the shoulder region of the limb
bud, thus recapitulating the proximal tip of the
expression domain of the human enhancer (Fig.
2A; chimpanzee enhancer embryos 2 to 5 and
rhesus enhancer embryos 1, 5, and 6 in fig. S2).
OPT imaging confirmed the absence of repro-
ducible lacZ staining inside the distal limb in
representative embryos transgenic for the rhesus
and chimpanzee enhancers (fig. S4). These results
indicate that the human-specific enhancer activity
persists across multiple developmental stages.
Moreover, they suggest that the robust anterior
limb expression pattern of HACNS1 evolved from
a weaker ancestral pattern that is largely confined
to the base of the limb bud, as evident in the

Chr2

Level of
sequence

conservation

Chimpanzee
Rhesus
Mouse

Rat
Dog

Chicken

236438500 236438600 236438700 236438800 236438900

Frog

Human-specific substitutions

HACNS1

Chr2 236.2 Mb 236.4 Mb 236.6 Mb 236.8 Mb

CENTG2
GBX2

81 bp

HACNS1

Chimpanzee
ortholog

Rhesus
ortholog

anterior of fore- and hindlimb bud

pharyngeal arch

eareye
A B

C

0

3

6

9

12

15

Human Chimp Rhesus

Tr
an

sg
en

ic
 F

0 
em

br
yo

s 
at

 d
ay

 1
1.

5

HACNS1 ortholog

Full anterior limb staining

Proximal and reduced limb staining

No reproducible limb staining

Fig. 1. Human-specific gain of function in HACNS1. (A) Top: Location
of HACNS1 in NCBI build 36.1 of the human genome assembly.
Bottom: Sequence alignment of HACNS1 with orthologs from other
vertebrate genomes; positions identical to human are shown in black.
A quantitative plot of sequence conservation is shown in blue above
the alignment (26–28). The location of each human-specific
substitution is indicated by a vertical red line, and the depth of
nonhuman evolutionary conservation at human-substituted positions
is shown by a vertical yellow line that indicates whether each sequence
is identical to chimpanzee and rhesus at that position. The cluster of 13
human-specific substitutions in 81 bp is also indicated. (B) Expression
patterns obtained from the HACNS1 enhancer and orthologous
sequences from chimpanzee and rhesus driving expression of a lacZ
reporter gene in E11.5 mouse embryos. Arrows indicate positions in
the anterior limb bud where reproducible reporter gene expression is
present or absent. A representative HACNS1 embryo is shown at top to
illustrate the relevant anatomical structures. Three embryos resulting from independent transgene integration events are shown for each orthologous
sequence tested. (C) Number of embryos transgenic for each sequence displaying the limb expression patterns described in the text.
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Changes in gene regulation are thought to have contributed to the evolution of human
development. However, in vivo evidence for uniquely human developmental regulatory function
has remained elusive. In transgenic mice, a conserved noncoding sequence (HACNS1) that evolved
extremely rapidly in humans acted as an enhancer of gene expression that has gained a strong
limb expression domain relative to the orthologous elements from chimpanzee and rhesus
macaque. This gain of function was consistent across two developmental stages in the mouse and
included the presumptive anterior wrist and proximal thumb. In vivo analyses with synthetic
enhancers, in which human-specific substitutions were introduced into the chimpanzee enhancer
sequence or reverted in the human enhancer to the ancestral state, indicated that 13 substitutions
clustered in an 81–base pair module otherwise highly constrained among terrestrial vertebrates
were sufficient to confer the human-specific limb expression domain.

Genome sequence changes that altered the
molecular machinery of development
likely facilitated the evolution of unique-

ly human morphological traits (1, 2). Although
these geneticmodifications remain largely uniden-
tified, it has long been thought that they included
changes in gene expression due to positive selec-
tion for nucleotide substitutions that altered the
activity of cis-regulatory elements (3). Several cases
of putatively adaptive sequence change, includ-
ing polymorphisms among human populations

and apparently fixed differences between humans
and other primates, have been shown to affect in
vitro promoter or enhancer function in cell line
reporter assays (4–7). However, the impact of
human-specific nucleotide substitutions on the
in vivo activity of developmental regulatory ele-
ments remains obscure.

In vivo analyses of evolutionarily conserved
noncoding sequences have revealed them to be en-
riched in cis-regulatory transcriptional enhancers
that confer specific expression patterns during de-
velopment (8–11). Recent efforts have identified
conserved noncoding sequences that evolved rap-
idly on the human lineage, but it is not known
whether these sequences include regulatory ele-
ments with altered activities in humans (12–15).
Here, we focus on functionally characterizing the
most rapidly evolving human noncoding element
yet identified, whichwe termed human-accelerated
conserved noncoding sequence 1 (HACNS1) (12).
Although this 546–base pair (bp) element is highly
constrained in all sequenced terrestrial vertebrate
genomes, it has accumulated 16 human-specific

sequence changes in the ~6 million years since
the human-chimpanzee split (Fig. 1A).We evalu-
ated the significance of this evolutionary acceler-
ation by means of a test statistic that represents
the log-likelihood, or information theoretic “sur-
prisal,” of observing the human sequence given
the orthologous sequences from multiple ter-
restrial vertebrates. Assuming HACNS1 is under
functional constraint in humans, its rapid diver-
gence is highly unexpected given its strong con-
servation in these other species [surprisal test
P value = 9.2 × 10–12 (16)]. This divergence
also significantly exceeds the ~4 substitutions
expected if HACNS1 were evolving at the neu-
tral substitution rate in humans [surprisal test
P value = 1.3 × 10–6 (16)]. One explanation for
this marked acceleration is that HACNS1 has
undergone several instances of positive selection
during human evolution that may have altered its
function.

To test this hypothesis, we evaluated the
ability of HACNS1 and its orthologs from
chimpanzee and rhesus macaque to function as
transcriptional enhancers during development,
using a transgenic mouse enhancer assay in
which the activity of each sequence is assessed
through a b-galactosidase (lacZ) reporter gene
coupled to a minimal Hsp68 promoter (17). We
initially examined the potential enhancer activity
of HACNS1 at embryonic day 11.5 (E11.5). We
tested a 1.2-kb DNA fragment encompassing
HACNS1 that also contained nonconserved se-
quences flanking the element, in order to include
possible functional sequences near HACNS1 not
detected by conservation (table S1). At E11.5, the
human element drove strong and reproducible
reporter gene expression in the anterior limb bud,
pharyngeal arches, and developing ear and eye,
which suggests that HACNS1 acts as a robust
enhancer during development (Fig. 1, B and C,
and fig. S1). In striking contrast to the highly
reproducible staining driven by the human
enhancer, which extended into the most distal
region of the anterior limb bud in five of six lacZ-
positive embryos (Fig. 1C andHACNS1 embryos
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gene expression? 

(human) 



promoter 
 

human 
enhancer 

transcription start 

gene produces a protein that 
reacts to make color or 
fluorescence 

promoter 
 

chimp 
enhancer 

gene produces a protein that 
reacts to make color or 
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reacts to make color or 
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Changes in gene regulation are thought to have contributed to the evolution of human
development. However, in vivo evidence for uniquely human developmental regulatory function
has remained elusive. In transgenic mice, a conserved noncoding sequence (HACNS1) that evolved
extremely rapidly in humans acted as an enhancer of gene expression that has gained a strong
limb expression domain relative to the orthologous elements from chimpanzee and rhesus
macaque. This gain of function was consistent across two developmental stages in the mouse and
included the presumptive anterior wrist and proximal thumb. In vivo analyses with synthetic
enhancers, in which human-specific substitutions were introduced into the chimpanzee enhancer
sequence or reverted in the human enhancer to the ancestral state, indicated that 13 substitutions
clustered in an 81–base pair module otherwise highly constrained among terrestrial vertebrates
were sufficient to confer the human-specific limb expression domain.

Genome sequence changes that altered the
molecular machinery of development
likely facilitated the evolution of unique-

ly human morphological traits (1, 2). Although
these geneticmodifications remain largely uniden-
tified, it has long been thought that they included
changes in gene expression due to positive selec-
tion for nucleotide substitutions that altered the
activity of cis-regulatory elements (3). Several cases
of putatively adaptive sequence change, includ-
ing polymorphisms among human populations

and apparently fixed differences between humans
and other primates, have been shown to affect in
vitro promoter or enhancer function in cell line
reporter assays (4–7). However, the impact of
human-specific nucleotide substitutions on the
in vivo activity of developmental regulatory ele-
ments remains obscure.

In vivo analyses of evolutionarily conserved
noncoding sequences have revealed them to be en-
riched in cis-regulatory transcriptional enhancers
that confer specific expression patterns during de-
velopment (8–11). Recent efforts have identified
conserved noncoding sequences that evolved rap-
idly on the human lineage, but it is not known
whether these sequences include regulatory ele-
ments with altered activities in humans (12–15).
Here, we focus on functionally characterizing the
most rapidly evolving human noncoding element
yet identified, whichwe termed human-accelerated
conserved noncoding sequence 1 (HACNS1) (12).
Although this 546–base pair (bp) element is highly
constrained in all sequenced terrestrial vertebrate
genomes, it has accumulated 16 human-specific

sequence changes in the ~6 million years since
the human-chimpanzee split (Fig. 1A).We evalu-
ated the significance of this evolutionary acceler-
ation by means of a test statistic that represents
the log-likelihood, or information theoretic “sur-
prisal,” of observing the human sequence given
the orthologous sequences from multiple ter-
restrial vertebrates. Assuming HACNS1 is under
functional constraint in humans, its rapid diver-
gence is highly unexpected given its strong con-
servation in these other species [surprisal test
P value = 9.2 × 10–12 (16)]. This divergence
also significantly exceeds the ~4 substitutions
expected if HACNS1 were evolving at the neu-
tral substitution rate in humans [surprisal test
P value = 1.3 × 10–6 (16)]. One explanation for
this marked acceleration is that HACNS1 has
undergone several instances of positive selection
during human evolution that may have altered its
function.

To test this hypothesis, we evaluated the
ability of HACNS1 and its orthologs from
chimpanzee and rhesus macaque to function as
transcriptional enhancers during development,
using a transgenic mouse enhancer assay in
which the activity of each sequence is assessed
through a b-galactosidase (lacZ) reporter gene
coupled to a minimal Hsp68 promoter (17). We
initially examined the potential enhancer activity
of HACNS1 at embryonic day 11.5 (E11.5). We
tested a 1.2-kb DNA fragment encompassing
HACNS1 that also contained nonconserved se-
quences flanking the element, in order to include
possible functional sequences near HACNS1 not
detected by conservation (table S1). At E11.5, the
human element drove strong and reproducible
reporter gene expression in the anterior limb bud,
pharyngeal arches, and developing ear and eye,
which suggests that HACNS1 acts as a robust
enhancer during development (Fig. 1, B and C,
and fig. S1). In striking contrast to the highly
reproducible staining driven by the human
enhancer, which extended into the most distal
region of the anterior limb bud in five of six lacZ-
positive embryos (Fig. 1C andHACNS1 embryos
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rhesus macaque in reporter genes 
 
make transgenic mice expressing 
those reporter genes 
 
determine where the gene affected 
by this enhancer is expressed 
 
only the human enhancer causes 
expression in the developing 
thumb 

1 to 5 in fig. S1), the chimpanzee and rhesus or-
thologs failed to drive reproducible reporter gene
expression in the distal limb bud, although they
did drive moderately reproducible expression at
the base of the limb (Fig. 1, B and C; chimpanzee
enhancer embryos 1, 2, 6, 7, and 8 and rhesus
enhancer embryos 1 to 4, 6 to 8, and 10 in fig. S1).

Two of the embryos that were transgenic for
the chimpanzee ortholog and showed this pattern
also exhibited diffuse, low-level staining that
extended into the anterior limb, which suggests
that the chimpanzee enhancer may possess a
weak capacity to drive expression in this struc-
ture (embryos 6 and 7 in fig. S1). However, this
infrequent pattern was in stark contrast to the
strong and highly reproducible pattern of the
human enhancer. Furthermore, pharyngeal arch,
eye, and ear expression was less reproducible and,
where present, generally weaker in multiple pos-
itive embryos for both nonhuman orthologs; these
findings suggest additional sites of reduced over-
all enhancer activity relative to the human ortholog.

To assess the HACNS1 limb expression pat-
tern at higher resolution, we sectioned HACNS1
transgenic embryos and found that staining in the
forelimb was restricted to the mesenchyme, form-
ing a continuous expression domain that extended
deep into the limb bud along the anteroposterior

axis at the handplate and shoulder while remaining
more anterior in between (fig. S3). These results
provide evidence that the human-specific se-
quence changes in HACNS1 have resulted in a
gain of function in this otherwise highly conserved
enhancer, increasing its overall robustness and
producing a strong human-specific expression do-
main in the anterior limb bud mesenchyme at
E11.5. Because the chimpanzee and rhesus or-
thologs yield similar patterns to each other and
show consistent differences relative to HACNS1,
a parsimonious conclusion would be that the
chimpanzee and rhesus patterns reflect the ances-
tral primate state from which the human-specific
pattern has evolved.

To explore the activity of HACNS1 at a more
advanced stage of limb development, we com-
pared the expression patterns of the human,
chimpanzee, and rhesus enhancers in E13.5 trans-
genic mouse embryos. At this stage, the human
element continued to drive reproducible reporter
gene expression in the anterior developing fore-
limb, particularly in the shoulder and the anterior
junction of the forearm and handplate, in 11 of 12
positive embryos (Fig. 2, A to C; embryos 1 to 10
and 12 in fig. S2). In four of these embryos, the
reporter gene activity extended into the future
anterior-most digit of the forelimb (Fig. 2B). Simi-

lar expression, although with weaker staining, was
also observed in the corresponding structures in
the hindlimb. Imaging of lacZ staining in a
representative HACNS1 transgenic embryo by
means of optical projection tomography [OPT
(18)] revealed that the anterior expression evident
in the whole mount extended deep inside the limb
at the forearm-handplate junction (fig. S4). The
orthologous chimpanzee and rhesus elements
failed to drive reproducible expression in the distal
limbs at this time point, although a subset of
positive embryos in each case (4 of 10 for
chimpanzee; 3 of 12 for rhesus) showed reporter
gene expression in the shoulder region of the limb
bud, thus recapitulating the proximal tip of the
expression domain of the human enhancer (Fig.
2A; chimpanzee enhancer embryos 2 to 5 and
rhesus enhancer embryos 1, 5, and 6 in fig. S2).
OPT imaging confirmed the absence of repro-
ducible lacZ staining inside the distal limb in
representative embryos transgenic for the rhesus
and chimpanzee enhancers (fig. S4). These results
indicate that the human-specific enhancer activity
persists across multiple developmental stages.
Moreover, they suggest that the robust anterior
limb expression pattern of HACNS1 evolved from
a weaker ancestral pattern that is largely confined
to the base of the limb bud, as evident in the
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Fig. 1. Human-specific gain of function in HACNS1. (A) Top: Location
of HACNS1 in NCBI build 36.1 of the human genome assembly.
Bottom: Sequence alignment of HACNS1 with orthologs from other
vertebrate genomes; positions identical to human are shown in black.
A quantitative plot of sequence conservation is shown in blue above
the alignment (26–28). The location of each human-specific
substitution is indicated by a vertical red line, and the depth of
nonhuman evolutionary conservation at human-substituted positions
is shown by a vertical yellow line that indicates whether each sequence
is identical to chimpanzee and rhesus at that position. The cluster of 13
human-specific substitutions in 81 bp is also indicated. (B) Expression
patterns obtained from the HACNS1 enhancer and orthologous
sequences from chimpanzee and rhesus driving expression of a lacZ
reporter gene in E11.5 mouse embryos. Arrows indicate positions in
the anterior limb bud where reproducible reporter gene expression is
present or absent. A representative HACNS1 embryo is shown at top to
illustrate the relevant anatomical structures. Three embryos resulting from independent transgene integration events are shown for each orthologous
sequence tested. (C) Number of embryos transgenic for each sequence displaying the limb expression patterns described in the text.
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Changes in gene regulation are thought to have contributed to the evolution of human
development. However, in vivo evidence for uniquely human developmental regulatory function
has remained elusive. In transgenic mice, a conserved noncoding sequence (HACNS1) that evolved
extremely rapidly in humans acted as an enhancer of gene expression that has gained a strong
limb expression domain relative to the orthologous elements from chimpanzee and rhesus
macaque. This gain of function was consistent across two developmental stages in the mouse and
included the presumptive anterior wrist and proximal thumb. In vivo analyses with synthetic
enhancers, in which human-specific substitutions were introduced into the chimpanzee enhancer
sequence or reverted in the human enhancer to the ancestral state, indicated that 13 substitutions
clustered in an 81–base pair module otherwise highly constrained among terrestrial vertebrates
were sufficient to confer the human-specific limb expression domain.

Genome sequence changes that altered the
molecular machinery of development
likely facilitated the evolution of unique-

ly human morphological traits (1, 2). Although
these geneticmodifications remain largely uniden-
tified, it has long been thought that they included
changes in gene expression due to positive selec-
tion for nucleotide substitutions that altered the
activity of cis-regulatory elements (3). Several cases
of putatively adaptive sequence change, includ-
ing polymorphisms among human populations

and apparently fixed differences between humans
and other primates, have been shown to affect in
vitro promoter or enhancer function in cell line
reporter assays (4–7). However, the impact of
human-specific nucleotide substitutions on the
in vivo activity of developmental regulatory ele-
ments remains obscure.

In vivo analyses of evolutionarily conserved
noncoding sequences have revealed them to be en-
riched in cis-regulatory transcriptional enhancers
that confer specific expression patterns during de-
velopment (8–11). Recent efforts have identified
conserved noncoding sequences that evolved rap-
idly on the human lineage, but it is not known
whether these sequences include regulatory ele-
ments with altered activities in humans (12–15).
Here, we focus on functionally characterizing the
most rapidly evolving human noncoding element
yet identified, whichwe termed human-accelerated
conserved noncoding sequence 1 (HACNS1) (12).
Although this 546–base pair (bp) element is highly
constrained in all sequenced terrestrial vertebrate
genomes, it has accumulated 16 human-specific

sequence changes in the ~6 million years since
the human-chimpanzee split (Fig. 1A).We evalu-
ated the significance of this evolutionary acceler-
ation by means of a test statistic that represents
the log-likelihood, or information theoretic “sur-
prisal,” of observing the human sequence given
the orthologous sequences from multiple ter-
restrial vertebrates. Assuming HACNS1 is under
functional constraint in humans, its rapid diver-
gence is highly unexpected given its strong con-
servation in these other species [surprisal test
P value = 9.2 × 10–12 (16)]. This divergence
also significantly exceeds the ~4 substitutions
expected if HACNS1 were evolving at the neu-
tral substitution rate in humans [surprisal test
P value = 1.3 × 10–6 (16)]. One explanation for
this marked acceleration is that HACNS1 has
undergone several instances of positive selection
during human evolution that may have altered its
function.

To test this hypothesis, we evaluated the
ability of HACNS1 and its orthologs from
chimpanzee and rhesus macaque to function as
transcriptional enhancers during development,
using a transgenic mouse enhancer assay in
which the activity of each sequence is assessed
through a b-galactosidase (lacZ) reporter gene
coupled to a minimal Hsp68 promoter (17). We
initially examined the potential enhancer activity
of HACNS1 at embryonic day 11.5 (E11.5). We
tested a 1.2-kb DNA fragment encompassing
HACNS1 that also contained nonconserved se-
quences flanking the element, in order to include
possible functional sequences near HACNS1 not
detected by conservation (table S1). At E11.5, the
human element drove strong and reproducible
reporter gene expression in the anterior limb bud,
pharyngeal arches, and developing ear and eye,
which suggests that HACNS1 acts as a robust
enhancer during development (Fig. 1, B and C,
and fig. S1). In striking contrast to the highly
reproducible staining driven by the human
enhancer, which extended into the most distal
region of the anterior limb bud in five of six lacZ-
positive embryos (Fig. 1C andHACNS1 embryos
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(human) 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 

– cis regulatory sequences and trans acting 
factors 

– chromatin organization 
•  post-transcriptional regulation 

–  factors that affect mRNA stability 
– RNA interference 

•  regulation of whole chromosomes 

 



organization of eukaryotic DNA 



chromatin state varies across the chromosome 

Di Tomaso, et al, 2013 

•  G-banded CHO9 metaphase (left) and a male human peripheral lymphocyte 
karyotype exhibiting G-bands (right). 

 
•  dark bands correspond to heterochromatin 
•  light bands correspond to euchromatin 



organization of eukaryotic DNA 



nucleosomes are histone proteins + DNA 

contains eight histone 
proteins 
one each of H2A, H2B, 
H3, H4 



transcription RNA Pol II    

no transcription 
X 

Open chromatin = transcription can occur  

Closed chromatin = transcription unable to occur 
nucleosome 
density confirms 
chromatin state 



Chromatin state effects gene expression 

w+ gene = 
red eyes 

nearby chromatin state affects gene expression! 

inversion moves w+ 
gene close to 
heterochromatic region, 
which can spread = 
variegated  
(red & white) eye 



DNase I sensitivity assay 

Wang, et al. (2012) PLOS One 

open chromatin is cut by DNase I: DNA is open and can be cut by DNase I 
 

closed chromatin is not cut by DNase I: DNA bound tightly by nucleosomes is 
protected from cutting by DNase I 



chromatin organization affects transcription 
through these mechanisms: 

•  control of nucleosome density  

•  histone modifications 

•  DNA methylation 



control of nucleosome density 

•  constitutively active genes have promoters 
that are generally “open”  

•  inducible genes have nucleosomes that 
need to be moved 

•  chromatin remodeling complexes control 
positioning of nucleosomes to allow or 
disallow access to promoters 



Petty & Pillus (2013) 

functions of chromatin remodelers 

replace histones 
with easier to 
move variants of 
those histones 



examples of types of  
chromatin remodeling complexes 

•  SWI/SNF- sliding or ejection of nucleosomes 
opens chromatin 

•  SWR1- replaces a stable histone protein for 
one more easily displaced, opening chromatin 

•  ISWI- controls position of histones to keep 
chromatin closed 



chromatin organization affects transcription 
through these mechanisms: 

•  control of nucleosome density  

•  histone modifications 

•  DNA methylation 



Histone tail modifications 
control chromatin stability 
and condensation 
 

chemical groups are 
added to particular amino 
acids on particular histone 
proteins 
 

this is a type of post-
translational modification 
of the histones 

chemical modifications of histone proteins  



Mahr, J., 2014 



Histone Acetylation 

•  The most common chemical modification 
associated with opening chromatin structure is 
addition of acetyl (COCH3) groups by histone 
acetyltransferases (HATs) 

•  These add acetyl groups to positively charged 
residues in the N-terminal histone tails; the 
acetylation neutralizes the positive charge and 
relaxes the histone/DNA interaction 

•  Acetyl groups are removed by histone 
deacetylases (HDACs) 



Histone Methylation 

•  Methyl (CH3) groups are added to N-terminal 
histone tails by histone methyltransferases 
(HMTs) 

•  Lysine and arginine are both targeted for 
methylation 

•  Methylation plays a role in converting open to 
closed chromatin 

•  Demethylation is carried out by histone 
demethylases (HDMTs) 



Different amino acids on the histone tails of different 
histone components can be targeted for modification  

histone 

amino acids in 
polypeptide 
sequence 

modifications 



The “histone code” 
hypothesis  

 
 

Different combinations of modifications 
have different “meanings” for chromatin 
structure and transcriptional regulation   
 
no real success “solving” the histone 
code 
 

just too complicated? For example, 
histone H3 has 10+ lysines (K) that can 
have 4 methylation states (un-, mono-, 
di-, and tri-), so each H3 K alone has 410 
(= about 1 million) possible states 
relative to methylation alone (K can also 
be acetylated!) 

Strahl & Allis (2000) Nature 



chromatin organization affects transcription 
through these mechanisms: 

•  control of nucleosome density  

•  histone modifications 

•  DNA methylation 



DNA methylation is important for regulation of genes, 
especially mammals 

5’ mCpG    3’ 
3’    GpCm 5’ 

C’s are methylated 

p’s refer to the 
phosphodiester bonds 
between the C and G 

•  methyltransferases add methyl groups to cytosines located in CpG dinucleotides 
•  Sequences rich in CpG, CpG islands, are targeted for methylation; these islands 
are clustered at promoters in mammals 

•  Unmethylated CpG islands = chromatin structure is open, active transcription can 
take place 
•    

•  Methylated CpG islands = promoter regions are closed, transcription is repressed 



nucleotide methylation 



DNA methylation is mechanism for 
imprinting 

•  with imprinting, genes are expressed 
differently depending upon the parent of 
origin 

•  For imprinted genes, expression occurs from 
only one parent’s allele - the other parent’s 
allele is silenced 

•  silencing of one parent’s allele usually occurs 
through DNA methylation 

•  this is a required part of normal development, 
primarily in mammals (also in some plants, fungi) 



somatic 
development 

methylation 
maintained 

Alleles of Igf2 imprinted in 
parental germ lines, mom’s 
copy is methylated, dad’s copy 
isn’t 
 
 
Imprinted alleles in Igf2 are 
combined in zygote at 
fertilization 
 
 
 
In somatic cells, the 
methylation of maternal allele is 
maintained and thus this allele 
is not expressed 
 
the paternal allele maintains 
unmethylated state, so is 
expressed 

Imprinting of Igf2 in mouse 
silences maternal allele in 

somatic cells 



differential effects of mutation  
of maternal or paternal allele 

http://publications.nigms.nih.gov/thenewgenetics/chapter2.html 

Igf2 = Insulin growth factor 2, regulates growth during development  

wild-type 

Igf2 mutant phenotype 



germ-line 
development 

Alleles of Igf2 imprinted in parental 
germ lines, mom’s copy is methylated, 
dad’s copy isn’t 
 
Imprinted alleles in Igf2 are combined 
in zygote at fertilization 
 
 
 
during development of the germ-line, 
the imprint is erased 
 
 
methylation is reestablished in 
oogenesis but not spermatogenesis- if 
mouse is female, all her oocytes will 
have methylated Igf2, all males will 
produce sperm with unmethylated Igf-2 
 

methylation 
erased 

Imprinting of Igf2 in mouse 
is reset in germline 



a short note on epigenetics 
•  epigenetics are functionally relevant changes that 

do not alter DNA sequence 

•  histone marks, DNA methylation are examples of 
these kinds of changes 

•  most epigenetic marks are involved in establishing 
and maintaining cell identity 

•  most epigenetic marks are erased in the germline, 
so are not passed to offspring 

•  evidence of some epigenetic changes transmitted 
over short numbers of generations in plants 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 
•  post-transcriptional regulation 

– alternative splicing 
–  factors that affect mRNA stability 
– RNA interference 

•  regulation of whole chromosomes 

 



Alternative splicing 

Cartegni, et al., (2002) Nature Reviews Genetics 



Alternative pre-mRNA processing of the  
rat α-tropomyosin gene. 

Nine distinct 
mature mRNAs 
produced by 
different types 
of muscle, 
brain, and 
fibroblast cells 
each produce a 
different 
tropomyosin 
protein. 
 



regulation of sex-specific development via 
alternative splice forms in Drosophila 

female specific splice form: transformer and 
transformer 2 (produced only in females) 
bind to exon 4, recruiting splicing factors to 
the 3’ splice site of exon 4 
 
male specific splice form: without these 
proteins, 3’ splice site on exon 5 is used 
instead 
 

female-specific 
mature mRNA 

male-specific 
mature mRNA 

splicing 

splicing 

http://www.bio.miami.edu/dana/pix/sxl_splicing.jpg 

present in 
females only 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 
•  post-transcriptional regulation 

– alternative splicing 
–  factors that affect mRNA stability 
– RNA interference 

•  regulation of whole chromosomes 

 



control of mRNA stability 

•  mRNA stability is influenced by several 
factors 
– The poly(A) tail 
– The sequence of the 3’UTR 
– Chemical factors (e.g., hormones) 
– Small interfering RNAs (siRNAs) or microRNAs 

(miRNAs) 
 

•  stability of mRNA will affect the level of that 
mRNA in the cell 
–  less stable mRNA can lead to fewer mRNAs and 

thus fewer proteins produced 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 
•  post-transcriptional regulation 

– alternative splicing 
–  factors that affect mRNA stability 
– RNA interference 

•  regulation of whole chromosomes 
 



first noted as a phenomenon termed  
“co-suppression” 

•  In the 1990’s, Jorgensen and colleagues added an 
additional copy of a pigment gene to a petunia 

•  instead of having more pigment, the flowers were 
variegated with regions of little or no pigment 

•  they called this “co-suppression” as these pigment-less 
regions reflected suppression of both the added copy and 
the original native copy of the gene 

Matzke & Matzke, 2004 
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and 10 Na3HP2O7. FV solution also contained 0.2 NaF and 0.1 Na3VO4. Rarely,
irreversible current rundown still occurred with FVPP. The total Na+ concen-
tration of all cytoplasmic solutions was adjusted to 30 mM with NaOH, and pH
was adjusted to 7.0 with N-methylglucamine (NMG) or HCl. PIP2 liposomes
(20–200 nm) were prepared by sonicating 1 mM PIP2 (Boehringer Mannheim)
in distilled water. Reconstituted monoclonal PIP2 antibody (Perspective
Biosystems, Framingham, MA) was diluted 40-fold into experimental solution.
Current–voltage relations of all currents reversed at EK and showed charac-
teristic rectification, mostly owing to the presence of Na+ in FVPP and possibly
also residual polyamines. Current records presented (measured at 30 8C,−30 mV
holding potential) are digitized strip-chart recordings. Purified bovine
brain Gbg29 was diluted just before application such that the final detergent
(CHAPS) concentration was 5 mM. Detergent-containing solution was washed
away thoroughly before application of PIP2, because application of phos-
pholipid vesicles in the presence of detergent usually reversed the effects of
Gbg; presumably, Gbg can be extracted from membranes by detergent plus
phospholipids.
Molecular biology. R188Q mutation was constructed by insertion of the
mutant oligonucleotides between the Bsm1 and BglII sites of pSPORT–
ROMK1 (ref. 11). A polymerase chain reaction (PCR) fragment (amino acids
180–391) from pSPORT–ROMK1 R188Q mutant was subcloned into pGEX-
2T vector (Pharmacia) for expression of R188Q mutant protein of GST–RKC.
The construction, expression and purification of GST–IKC (amino acids 182–
428 of IRK1), GST–GKC (180–462 of GIRK1), GST–IKN (1–86 of IRK1) have
been described21,22.
In vitroPIP2 bindingassay. 3H-PIP2 in chloroform-methanol (1:1) (American
Radiolabeled Chemicals; 0.4 mCi nM−1 specific activity) was dried under N2

and sonicated in 100 ml phosphate buffered saline (PBS) to form pure 3H-PIP2

liposomes. Purified GST fusion protein (100 nM) was incubated with 3H-PIP2

(0.2–1 mM) and precipitated by glutathione 4B-Sepharose beads. After 1 wash
with PBS, the precipitates were dissolved in SDS gel loading buffer and counted
in a beta-scintillation counter using a window for 3H. The bound 3H
radioactivity was typically in the range ,2–8% of the total added. For co-
immunoprecipitation, 25% PIP2 or PIP in 75% phosphatidylcholine (PC)
background (30 mg PIP2 or PIP (Boehringer Mannheim) and 90 mg
phosphatidylcholine (Sigma)), both in chloroform, were dried down together
and sonicated in 300 ml PBS to form mixed liposome. GST fusion proteins were
first incubated with 25% PIP2 or PIP liposome (100 mM) and PIP2 antibodies
(1:100 dilution) for 2 h and with protein A–Sepharose for a further 30 min.
After one wash with PBS, the immunoprecipitates were separated by 10% SDS–
PAGE, probed with specific antibodies21,22, and visualized by ECL (Amersham).
Each experiment was performed at least twice with similar results. The relative
amount of immunoreactivity in each lane was quantified by serial dilutions of
sample21.
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Experimental introduction of RNA into cells can be used in
certain biological systems to interfere with the function of an
endogenous gene1,2. Such effects have been proposed to result
from a simple antisense mechanism that depends on hybridiza-
tion between the injected RNA and endogenous messenger RNA
transcripts. RNA interference has been used in the nematode
Caenorhabditis elegans to manipulate gene expression3,4. Here we
investigate the requirements for structure and delivery of the
interfering RNA. To our surprise, we found that double-stranded
RNA was substantially more effective at producing interference
than was either strand individually. After injection into adult
animals, purified single strands had at most a modest effect,
whereas double-stranded mixtures caused potent and specific
interference. The effects of this interference were evident in
both the injected animals and their progeny. Only a few molecules
of injected double-stranded RNA were required per affected cell,
arguing against stochiometric interference with endogenous
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and 10 Na3HP2O7. FV solution also contained 0.2 NaF and 0.1 Na3VO4. Rarely,
irreversible current rundown still occurred with FVPP. The total Na+ concen-
tration of all cytoplasmic solutions was adjusted to 30 mM with NaOH, and pH
was adjusted to 7.0 with N-methylglucamine (NMG) or HCl. PIP2 liposomes
(20–200 nm) were prepared by sonicating 1 mM PIP2 (Boehringer Mannheim)
in distilled water. Reconstituted monoclonal PIP2 antibody (Perspective
Biosystems, Framingham, MA) was diluted 40-fold into experimental solution.
Current–voltage relations of all currents reversed at EK and showed charac-
teristic rectification, mostly owing to the presence of Na+ in FVPP and possibly
also residual polyamines. Current records presented (measured at 30 8C,−30 mV
holding potential) are digitized strip-chart recordings. Purified bovine
brain Gbg29 was diluted just before application such that the final detergent
(CHAPS) concentration was 5 mM. Detergent-containing solution was washed
away thoroughly before application of PIP2, because application of phos-
pholipid vesicles in the presence of detergent usually reversed the effects of
Gbg; presumably, Gbg can be extracted from membranes by detergent plus
phospholipids.
Molecular biology. R188Q mutation was constructed by insertion of the
mutant oligonucleotides between the Bsm1 and BglII sites of pSPORT–
ROMK1 (ref. 11). A polymerase chain reaction (PCR) fragment (amino acids
180–391) from pSPORT–ROMK1 R188Q mutant was subcloned into pGEX-
2T vector (Pharmacia) for expression of R188Q mutant protein of GST–RKC.
The construction, expression and purification of GST–IKC (amino acids 182–
428 of IRK1), GST–GKC (180–462 of GIRK1), GST–IKN (1–86 of IRK1) have
been described21,22.
In vitroPIP2 bindingassay. 3H-PIP2 in chloroform-methanol (1:1) (American
Radiolabeled Chemicals; 0.4 mCi nM−1 specific activity) was dried under N2

and sonicated in 100 ml phosphate buffered saline (PBS) to form pure 3H-PIP2

liposomes. Purified GST fusion protein (100 nM) was incubated with 3H-PIP2

(0.2–1 mM) and precipitated by glutathione 4B-Sepharose beads. After 1 wash
with PBS, the precipitates were dissolved in SDS gel loading buffer and counted
in a beta-scintillation counter using a window for 3H. The bound 3H
radioactivity was typically in the range ,2–8% of the total added. For co-
immunoprecipitation, 25% PIP2 or PIP in 75% phosphatidylcholine (PC)
background (30 mg PIP2 or PIP (Boehringer Mannheim) and 90 mg
phosphatidylcholine (Sigma)), both in chloroform, were dried down together
and sonicated in 300 ml PBS to form mixed liposome. GST fusion proteins were
first incubated with 25% PIP2 or PIP liposome (100 mM) and PIP2 antibodies
(1:100 dilution) for 2 h and with protein A–Sepharose for a further 30 min.
After one wash with PBS, the immunoprecipitates were separated by 10% SDS–
PAGE, probed with specific antibodies21,22, and visualized by ECL (Amersham).
Each experiment was performed at least twice with similar results. The relative
amount of immunoreactivity in each lane was quantified by serial dilutions of
sample21.
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Experimental introduction of RNA into cells can be used in
certain biological systems to interfere with the function of an
endogenous gene1,2. Such effects have been proposed to result
from a simple antisense mechanism that depends on hybridiza-
tion between the injected RNA and endogenous messenger RNA
transcripts. RNA interference has been used in the nematode
Caenorhabditis elegans to manipulate gene expression3,4. Here we
investigate the requirements for structure and delivery of the
interfering RNA. To our surprise, we found that double-stranded
RNA was substantially more effective at producing interference
than was either strand individually. After injection into adult
animals, purified single strands had at most a modest effect,
whereas double-stranded mixtures caused potent and specific
interference. The effects of this interference were evident in
both the injected animals and their progeny. Only a few molecules
of injected double-stranded RNA were required per affected cell,
arguing against stochiometric interference with endogenous

one strand  
of RNA 

the other 
strand of RNA 

double-stranded 
RNA 

wild type wild type twitcher mutant phenotype 

Fire & Mello, Nobel 2006 

•  injected worms with single 
and double stranded RNA of 
unc-22 muscle gene 

•  those injected with only 
double stranded unc-22 RNA 
had a unc-22 mutant 
phenotype (twitchy worms) 

•  the native unc-22 mRNAs 
were being degraded when 
double-stranded unc-22 
RNAs were injected 



RNA Interference
•  Double stranded RNA that has one strand 

complementary to a particular target mRNA is 
supplied

•  This causes destruction of the target mRNA or 
can block its translation 

•  this results in reduction or elimination of the 
protein that the mRNA codes for

•  RNAi has been documented in a number of 
organisms, including C. elegans, Drosophila, 
Arabidopsis, and in mammals, including 
humans.



why can cells do RNAi? 

•  surely not just to make the lives of 
scientists easier 

•  small RNAs have regulatory functions in 
normal cellular processes 

•  small RNAs play a big role in immune 
response in plants and some animals  

•  small RNAs have been demonstrated to 
be critical to normal development 



Ghildiyal & Zamore, 2009, Nat. Rev. Gen  

RNAs capable of RNAi are numerous 



double-stranded RNA (dsRNA) is cut by Dicer into 
small RNA 21-28bp long 
 

The small dsRNA assemble with proteins, and 
is unwound or cleaved to produce a single 
stranded RNA (ssRNA)  
 

This produces an RNA-Induced Silencing 
Complex (RISC) 
 

The RISC targets a sequence in a mRNA that 
is complementary to the ssRNA in the RISC 

The target mRNA is either cleaved and degraded, 
its translation is repressed, or it is sequestered 

general features of RNAi pathways 

The ssRNA in the RISC base-pairs with its 
target mRNA  



common features of RNAi 
•  Dicer activity cleaves double stranded RNA 

(dsRNA) molecules to 21-28 bp dsRNA fragments, 
these are the active form of small RNA 

•  RNA-Induced Silencing Complex (RISC) binds ds 
small RNA, cleaves or unwinds dsRNA into a 
single-stranded “guide strand” 

•  RISC-guide strand binds target mRNA by 
complementary base pairing 

•  target mRNAs are degraded, sequestered, or 
otherwise prevented from being translated 



target mRNA 
is destroyed or 
sequestered  

Dicer processing 
and RISC loading 

RISC associated small 
RNA is cleaved (siRNA) 
or unwound (miRNA)  

dsRNA pre-miRNA 
Dicer Dicer 

Dicer Dicer 

RISC RISC 

RISC RISC 

mRNA 
cleavage 

Translational 
repression 

mRNA 
degradation 

small RNA in  
RISC base pairs 
with mRNA target 
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de Fougerolles et al. (2007) Nature Reviews 

siRNA and miRNA  
RNAi pathways 



where do double-stranded RNAs come from? 

•  microRNAs (miRNAs) are present in the 
genome 
–  transcribed by RNA Pol II 
–  produce transcript that fold back up on 

themselves to produce dsRNA 
–  imperfect base-pairing with target mRNA 
– Target mRNA is prevented from being translated, 

stored, or degraded 
•  small interfering RNAs (siRNAs) 

–  start as dsRNA 
–  can be exogenous or endogenous 
–  perfect base-pairing with target 
– Target mRNA is degraded 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 
•  post-transcriptional regulation 
•  regulation of whole chromosomes 

 



activation and inactivation  
of whole chromosomes 

•  Transcription from entire chromosomes can be activated or 
inactivated 

 
•  This is most often observed with sex chromosomes 
 
•  This is necessary to equalize transcription between females 

and males 
–  in XY systems, females have two X’s and males have one (as they 

are XY) 
–  in ZW systems, males have two Zs and females have one (as they 

are ZW) 
 

•  Different organisms have evolved distinct ways of 
compensating for different dosages of X/Z chromosomes in 
males and females 



X chromosome 
dosage compensation 

entire chromosomes are 
activated or inactivated 

 

to equalize transcription 
between females and males  

transcription increases 2x 

transcription decreases by 1/2 



X-inactivation in mammals 
•  X inactivation begins at 

the X inactivation center 
(XIC) and spreads toward 
the ends of the 
chromosomes 

•  The X inactive specific 
transcript (XIST) gene 
remains active 

•  XIST encodes a 
functional RNA that coats 
the inactive X 
chromosome 

•  inactive X has establishes 
very compact chromatin 
structure, forms Barr 
body 

HPRT = example gene for comparison 

Xist 



In Drosophila, a protein complex made up of different proteins (including 
the MSL or male-specific lethal proteins) and non-coding RNAs (roX 
RNAs) bind the single male X 
 
This protein complex permits hypertranscription from the single male X 
by opening up chromatin on this chromosome, through histone 
modifications 



regulation of gene expression in 
eukaryotes 

•  overview 
•  transcriptional regulation 

– cis regulatory sequences and trans acting 
factors 

– chromatin organization 
•  post-transcriptional regulation 

– alternative splicing 
–  factors that affect mRNA stability 
– RNA interference 

•  regulation of whole chromosomes 

 


