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Transcrip:on	
  

Central Dogma of Biology: DNA is transcribed into RNA which is translated into protein 
 
	
  

DNA                                RNA                                 Protein	
  

Only	
  ≈	
  1%	
  of	
  genome	
  codes	
  for	
  proteins	
  



Transcrip:on	
  &	
  being	
  mul:cellular	
  

One genome:    à                 Different cell-types	
  



Transcrip:on	
  &	
  being	
  mul:cellular	
  

One genome:   à          Different transcriptomes	
  



Transcrip:on	
  performed	
  by	
  RNA	
  polymerases	
  

Eukaryotic RNA polymerase-II alone is unable to bind DNA and relies on 
transcription factors & cis regulatory elements to initiate transcription 

 
 

2 flavors: 
 

- General transcription factors (e.g. TATAA box binding protein (TBP)   
 
- Transcriptional regulatory factors that regulate the expression of individual genes	
  

               Promoter 
          	
  

Transcriptional 
Initiation	
  

RNA polymerase II	
  

Gene	
  X	
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Cis-­‐regulatory	
  elements:	
  Different	
  flavors	
  

Today	
  we	
  mostly	
  focus	
  on	
  cis	
  regulatory	
  elements	
  that	
  act	
  as	
  enhancers	
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a Enhancer

b Silencer

c Insulator

d Locus control region

X

X

1 21 2

Figure 4
Distal transcriptional regulatory elements. (a, b) Enhancers and silencers
function to activate and repress transcription, respectively. (c) Insulators
function to block genes from being affected by the transcriptional
regulatory elements of neighboring genes. (d ) Locus control regions are
typically composed of multiple regulatory elements that function together
to confer proper temporal- and/or spatial-specific gene expression to a
cluster of nearby genes.

different times or in different tissues, or in
response to different stimuli (reviewed in 7).
Enhancers are typically composed of a rela-
tively closely grouped cluster of TFBSs that
work cooperatively to enhance transcription.
The spatial organization and orientation of
TFBSs within an enhancer can be critical to its
regulatory activity (154, 178); thus, the prop-
erties of distance- and orientation indepen-
dence only apply to the enhancer cluster as a
whole.

Enhancers are functionally similar to prox-
imal promoter elements, and the distinction
between the two classes is somewhat blurred.
In fact, in many cases, the same activators
that bind enhancer elements also bind prox-
imal promoter elements in different genes.
However, unlike most proximal promoter el-
ements, enhancers are typically long-distance
transcriptional control elements that can be

situated quite distally from the core promoter
(Figure 4a). For example, enhancers can re-
side several hundred kilobase pairs upstream
of a promoter, downstream of a promoter in
an intron, or even beyond the 3′ end of the
gene (107 and reviewed in 20).

How do distal elements function over such
long physical distances? Data are accumu-
lating in favor of a DNA-looping model,
whereby the enhancer and core promoter
are brought into close proximity by “loop-
ing out” the intervening DNA. A number of
recent studies suggest that the DNA-looping
model may in fact be a general mechanism by
which enhancers function (reviewed in 184).
Interestingly, studies have also suggested that
PIC formation may begin at a distal enhancer
(175), not at the core promoter, as is usually
assumed. This would allow for more precise
control of the timing of transcription activa-
tion, and may be more common in cases in
which rapid gene activation is required.

Silencers
Silencers are sequence-specific elements that
confer a negative (i.e., silencing or repress-
ing) effect on the transcription of a target gene
(Figure 4b). They generally share most of the
properties ascribed to enhancers (reviewed in
140). Typically, they function independently
of orientation and distance from the pro-
moter, although some position-dependent si-
lencers have been encountered. They can be
situated as as part of a proximal promoter, as
part of a distal enhancer, or as an indepen-
dent distal regulatory module; in this regard,
silencers can be located far from their target
gene, in its intron, or in its 3′-untranslated re-
gion. Finally, silencers may cooperate in bind-
ing to DNA (74), and they can act synergisti-
cally (164).

Silencers are binding sites for negative
transcription factors called repressors. Re-
pressor function can require the recruitment
of negative cofactors, also called corepres-
sors (148), and in some cases, an activator can
switch to a repressor by differential cofactor
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Cis-­‐regulatory	
  elements	
  

cis	
  vs	
  trans:	
  

 cis regulatory                        TATA/Promoter 
      element  	
  

Gene	
  X	
  

Cis:	
  Directly	
  ac:ng	
  on	
  the	
  nearby	
  gene	
  



Cis-­‐regulatory	
  elements	
  

cis	
  vs	
  trans:	
  

 cis regulatory                        TATA/Promoter 
      element  	
  

Gene	
  X	
  

Trans:	
   	
  Transcrip:on	
  factors	
  produced	
  	
  
	
   	
  elsewhere	
  binding	
  to	
  cis-­‐regulatory	
  	
  
	
   	
  elements	
  to	
  control	
  gene	
  expression	
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factor 	
  



Transcrip:on	
  factors	
  and	
  transcrip:onal	
  regula:on	
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Transcription 
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         enhancer                           TATA/Promoter 
          	
  

Transcriptional 
Initiation	
  

Transcription 
factor 	
  

RNA polymerase II	
  

Gene	
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Transcrip:on	
  &	
  being	
  mul:cellular	
  

One genome:   à          Different transcriptomes	
  



How	
  to	
  explain	
  :ssue-­‐specific	
  expression	
  

http://bioinfo2.weizmann.ac.il 

Liu et al., Dev. Bio. 2001 

Cis regulatory    TATA/Promoter   
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Gene	
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Brain cell(s)	
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Initiation	
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factor  	
  

RNA 
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Gene	
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How	
  to	
  explain	
  :ssue-­‐specific	
  expression	
  

Some factors are ubiquitously expressed yet target genes are tissue specific 
 

http://bioinfo2.weizmann.ac.il 

Liu et al., Dev. Bio. 2001 

Microarrays	
  show	
  liRle	
  overlap	
  in	
  
transcrip:onal	
  regula:on	
  between	
  

different	
  cell	
  types	
  



TF	
  binding	
  sites	
  oTen	
  clustered	
  

 Conservation analysis can be used to identify enhancers.  
 
 

Typically larger stretches of sequence conserved 
 
 

Cis-regulatory modules (enhanceasomes)	
  

Petersen et al., Plos One (2009) 
 

Panne Curr. Opinion in Struc. Biol. (2008) 
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Enhancer     TATA/Promoter                          	
  
Gene	
  X	
  

       Enhancer       TATA/Promoter
 	
  

Transcriptional 
Initiation	
  

Transcription 
factor  	
  

RNA 
polymerase II	
  

Gene	
  X	
  

Modular nature of CRM 
à Different “switches” 	
  

How	
  to	
  explain	
  :ssue-­‐specific	
  expression-­‐II	
  



Distal	
  vs	
  promoter	
  proximal	
  

Nearby…..	
  

   cis regulatory   Promoter 
        element  	
  

Gene	
  X	
  

Nearby?	
  

± 1kb around TSS 

    Promoter 
 	
  

Gene	
  X	
  

 cis regulatory  

       element	
   ≥ 1000kb from TSS 

Traditionally people looked at the promoter……. 
 
 
For many TFs majority of binding occurs >10kb away from promoters…………	
  



Distal	
  vs	
  promoter	
  proximal	
  

Lieberman-­‐Aiden	
  et	
  al.,	
  Science	
  2012	
  

Chroma:n	
  Conforma:on	
  capture	
  (3C	
  &	
  related	
  techniques):	
  



Distal	
  vs	
  promoter	
  proximal	
  

Lupianez	
  et	
  al.,	
  Cell	
  2015	
  



Muta:ons	
  in	
  cis	
  regulatory	
  elements	
  &	
  disease	
  ANRV285-GG07-02 ARI 8 August 2006 1:29

Table 1 Transcriptional regulatory elements involved in human diseases

Regulatory Element Disease Mutation (bound factor) Affected Gene Reference
Core promoter β-thalassemia TATA box, CACCC box,

DCE
β-globin (4, 94, 109)

Proximal promoter Bernard-Soulier Syndrome 133 bp upstream of TSS
(GATA-1)

GpIbβ (117)

Charcot-Marie-Tooth disease 215 bp upstream of TSS connexin-32 (187)
Congenital erythropoietic
porphyria

70, 90 bp upstream of TSS
(GATA-1, CP2)

uroporphyrinogen
III synthase

(167)

Familial
hypercholesterolemia

43 bp upstream of TSS (Sp1) low density lipoprotein
receptor

(92)

Familial combined
hyperlipidemia

39 bp upstream of TSS
(Oct-1)

lipoprotein lipase (195)

Hemophilia CCAAT box (C/EBP) factor IX (43)
Hereditary persistence of
fetal hemoglobin

∼175 bp upstream of TSS
(Oct-1, GATA-1)

Aγ-globin (62)

Progressive myoclonus
epilepsy

Expansion ∼70 bp upstream
of TSS

cystatin B (96)

Pyruvate kinase deficient
anemia

72 bp upstream of TSS
(GATA-1)

PKLR (120)

β-thalassemia CACCC box (EKLF) β-globin (130)
δ-thalassemia 77 bp upstream of TSS

(GATA-1)
δ-globin (125)

Treacher Collins syndrome 346 bp upstream of TSS
(YY1)

TCOF1 (123)

Enhancer Preaxial polydactyly 1 Mb upstream of gene SHH (107)
Van Buchem disease Deletion ∼35 kb downstream

of gene
sclerostin (116)

X-linked deafness Microdeletions 900 kb
upstream

POU3F4 (46)

Silencer Asthma and allergies 509 bp upstream of TSS
(YY1)

TFG-β (78)

Fascioscapulohumeral
muscular dystrophy

Deletion of D4Z4 repeats 4q35 genes (66)

Insulator Beckwith-Wiedemann
syndrome

CTCF binding site (CTCF) H19/Igf (147)

LCR α-thalassemia 62 kb deletion upstream of
gene cluster

α-globin genes (75)

β-thalassemia ∼30 kb deletion removing
5′HS2–5

β-globin genes (52)

and lymphomas, recent evidence indicates
they may also be involved in solid tumors.
For example, fusions between the androgen-
regulated TMPRSS2 gene and members of the
ETS family of transcription factors were re-
cently found to occur in most prostate cancers
(180).

A number of recent studies have un-
derscored the possibility of modulating
transcription for therapeutic benefit. For
instance, insulators have been used to over-
come chromatin-dependent repression and to
drive high-level, stable expression in gene-
therapy applications (reviewed in 153). There
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Polydactyly 
 

ß-Thalassemia 
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Cis-­‐regulatory	
  elements:	
  contain	
  zip	
  codes	
  for	
  TFs	
  

 cis regulatory                        TATA/Promoter 
      element  	
  

Gene	
  X	
  

A	
  A	
  A	
  T	
  A	
  A	
  A	
  C	
  A	
  n	
  n	
  



Transcrip:on	
  factors	
  

•  Approx.	
  3000	
  in	
  human	
  genome	
  (approx	
  1/6th	
  of	
  all	
  coding	
  genes)	
  
	
  

Lots of switches 
allowing cells to run all 

sorts of different 
“programs”. 	
  



Transcrip:on	
  factors	
  

Fine tuning:  Getting gene dosage just right is important 

Too much:  Trisomy 21 (down syndrome) 
(X-inactivation woman) 
Copy number variation linked to various disease: 
au=sm,	
  schizophrenia,	
  systemic	
  lupus	
  erythematosis,	
  Crohn's	
  disease	
  and	
  psoriasis 

 
Too little: p53 and cancer	
  



Transcrip:on	
  factors	
  

•  Approx.	
  3000	
  in	
  human	
  genome	
  (approx	
  1/6th	
  of	
  all	
  coding	
  genes)	
  
	
  

Common feature:  TFs recognize DNA using 
different types of DNA binding domains	
  

Basic leucine zipper domain    Zinc finger domain             Helix-turn-Helix 
            	
  



Transcrip:on	
  factors	
  

DNA recognition:  Specific contacts & non-specific contacts	
  

Specific contacts  
(recognize bases in major groove) 

Sequence specific 	
  

 

12 

 

 
 

Figure S5. Side chain differences of GR-DBD residues that interact directly with 
binding site sequences. (A and B) Residues K461, V462, and R466 of the GR-
DBD:Pal chain A make specific contacts with base G2, T4ʼ opposite conserved 
A4, and G5ʼ opposite conserved C5. The contacts made by chain B (B) of GR-
DBD:Pal differ from those made by chain A (A). The distance between V462 and 
the methyl of T4ʼ appears to be too long to make a strong van der Waals contact, 
and the positioning of K461 indicates a stronger interaction with G2. (C and D) 
The higher resolution GR-DBD:Sgk structure shows different positioning of 
specific contacts in the major groove, particularly by K461, for chains A (C) and B 
(D). The terminal amine of K461 is repositioned and poised to make water 
mediated contacts, perhaps extending which bases are recognized beyond G2, 
T4ʼ, and G5ʼ. 

Non-specific contacts  
(e.g. DNA backbone contacts) 

Not sequence specific	
  

G-3!
G-4!

3.5!

K514!



TFs	
  in	
  turn	
  facilitate	
  RNA	
  pol-­‐II	
  recruitment	
  

            Enhancers                                   TATA/Promoter 
            	
  

Transcriptional 
Initiation	
  

Activation 
domain  	
  

RNA polymerase II	
  

Gene	
  X	
  

DNA binding 
domain  	
  

1:  Directly 
interacts with 

RNA Pol-II  	
  

Maston et al., Annu. Rev. Genom. Human Gent. (2006)  



TFs	
  in	
  turn	
  facilitate	
  RNA	
  pol-­‐II	
  recruitment-­‐2	
  

            Enhancers                                   TATA/Promoter 
            	
  

Transcriptional 
Initiation	
  

Activation 
domain  	
  

RNA polymerase II	
  

Gene	
  X	
  

DNA binding 
domain  	
  

1:  Directly 
interacts with 

RNA Pol-II  	
  

2: recruits 
mediator  

(à RNA pol-II)
 	
  

Maston et al., Annu. Rev. Genom. Human Gent. (2006)  



TFs	
  in	
  turn	
  facilitate	
  RNA	
  pol-­‐II	
  recruitment-­‐3	
  

           Enhancers                                    TATA/Promoter 
           	
  

Transcriptional 
Initiation	
  

Activation 
domain  	
  

RNA polymerase II	
  

Gene	
  X	
  

DNA binding 
domain  	
  

1:  Directly 
interacts with 

RNA Pol-II  	
  

2: recruits 
mediator  

(à RNA pol-II)
 	
  

3: recruits co-
activators  	
  

Co-activators: 
 

-  Interact with Mediator 

-  Interact with Pol-II 

-  Chromatin modifying enzymes	
  

Maston et al., Annu. Rev. Genom. Human Gent. (2006)  



TFs	
  in	
  turn	
  facilitate	
  RNA	
  pol-­‐II	
  recruitment-­‐4	
  

            Enhancers                                   TATA/Promoter 
            	
  

Transcriptional 
Initiation	
  

Activation 
domain  	
  

RNA polymerase II	
  

Gene	
  X	
  

DNA binding 
domain  	
  

4. (Non-coding) RNAs 
(eRNAs) produced at 
enhancers facilitate 

interaction with promoter 
(e.g. by interacting with 

mediator or keeping 
chromatin “open”)	
  

Li et al., Nature 2013 
Lai et al., Nature 2013 
 



Muta:ons	
  in	
  transcrip:on	
  factors	
  &	
  disease	
  

1:  Mutations resulting in loss of expression 
 
2:  Mutations resulting in loss/change of function 
 
3:  Translocations directing TFs to wrong genomic location 
 

Digits	
  in	
  wt	
  (leG)	
  and	
  Hoxd13	
  mutant	
  (right)	
  mice.	
  In	
  the	
  mutant	
  
the	
  N-­‐terminal	
  repeat	
  has	
  been	
  expanded	
  by	
  21	
  alanines	
  

Developmental defects Cancer: 

hNp://p53.free.fr/	
  

9/4/13 2:00 PMp53_cancer

Page 1 of 6http://p53.free.fr/Database/p53_cancer/all_cancer.html

p53 in all cancer

p53 in lung cancer

p53 in gastric cancer

p53 in breast cancer

p53 in colorectal cancer

p53 in liver cancer

p53 in prostate cancer

p53 in cervical cancer

p53 in brain cancer

p53 in oral cancer

p53 in esophagus
cancer

p53 in lymphoma /
leukemia

p53 in ovary cancer

p53 in bladder cancer

p53 in pancreatic
cancer

p53 in skin cancer

p53 in Li Fraumeni
syndrome

p53 database

p53 database

Database curation

Download the database

Improve p53 mutation
detection and report

p53 mutation and cancer

 

 

 

 

 

 

 

 

p53 MUTATIONS: ALL CANCER
Download a recent review:

Soussi T, Kato S, Levy PP, Ishioka C (2005) Reassessment of the TP53 mutation database in human disease
by data mining with a library of TP53 missense mutations. Hum Mutat 25: 6-17. -> Download

 

You have access to different types of cancer either via the menu on the left or by clicking
on a specific cancer name on the map below.

 



Muta:ons	
  in	
  transcrip:on	
  factors	
  &	
  disease	
  

1:  Mutations resulting in loss of expression 
 
2:  Mutations resulting in loss of function 
 
3:  Translocations can mess up the normal program induced by TF 

  ( & result in disease) 
 
Various types of cancer (MLL gene fusion proteins due to translocations result in various types of leukemia) 
 

Moldenhauer et al., JLB. (2004) 
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How	
  do	
  transcrip:on	
  factors	
  “know”	
  where	
  to	
  go?	
  
Prokaryotes:	
  

LacI	
  (transcrip:onal	
  repressor	
  of	
  lac	
  operon)	
  
	
  

Size	
  genome:	
  approx.	
  5	
  x	
  106	
  bp	
  
	
  

Mo:f	
  frequency	
  1/410	
  
	
  

	
  
Binding	
  sites	
  /	
  genome:	
  ≈5	
  

Binding	
  site	
  sequence	
  accurately	
  predict	
  where	
  TFs	
  bind	
  

 cis regulatory                        TATA/Promoter 
      element  !

Gene!X!

!!!A!T!A!A!A!C!A!n!n!



How	
  do	
  transcrip:on	
  factors	
  “know”	
  where	
  to	
  go?	
  
Eukaryotes:	
  

Smad3	
  (transcrip:onal	
  factor)	
  
	
  

Size	
  genome:	
  approx.	
  3	
  x	
  109	
  bp	
  
	
  

Mo:f	
  frequency	
  1/45	
  	
  	
  	
  	
  (1	
  every	
  kb)	
  
	
  

	
  
Binding	
  sites	
  /	
  genome:	
  >	
  3.000.000	
  

	
  
Transcrip:on	
  factors/	
  cell:	
  	
  20.000	
  

Typical recognition sequence for eukaryotic 
transcription factors is shorter 

 
 

Genome is larger………. (x1000) 



How	
  do	
  transcrip:on	
  factors	
  “know”	
  where	
  to	
  go?	
  

Something	
  is	
  missing……..	
  

chr8 (q13.2) 23.1 8p22 8p12 12.1 21.3 24.3

Scale
chr8:

RefSeq Genes

Human mRNAs

Spliced ESTs

RepeatMasker
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Interrupted Rpts
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ORegAnno

TS miRNA sites

Vista Enhancers
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ENCODE Enhancer- and Promoter-Associated Histone Mark (H3K4Me1) on 8 Cell Lines

ENCODE Promoter-Associated Histone Mark (H3K4Me3) on 9 Cell Lines

ENCODE Digital DNaseI Hypersensitivity Clusters

ENCODE Transcription Factor ChIP-seq

ENCODE Transcription Factor Binding Sites by ChIP-seq from HudsonAlpha Institute

HMR Conserved Transcription Factor Binding Sites

ENCODE Transcription Factor Binding Sites by ChIP-seq from Yale/UC-Davis/Harvard

Placental Mammal Basewise Conservation by PhyloP

Vertebrate Multiz Alignment & Conservation (44 Species)

Multiz Alignments of 44 Vertebrates

Simple Nucleotide Polymorphisms (dbSNP build 130)

Duke/NHGRI DNaseI Hypersensitivity Raw (GM06990)

Duke/NHGRI DNaseI Hypersensitivity Raw (CD4+)

Duke/NHGRI DNaseI Hypersensitivity Raw (HeLaS3)

Duke/NHGRI DNaseI Hypersensitivity Raw (HepG2)

Duke/NHGRI DNaseI Hypersensitivity Raw (H9)

Duke/NHGRI DNaseI Hypersensitivity Raw (IMR990)

Duke/NHGRI DNaseI Hypersensitivity Raw (K562)

Duke/NHGRI DNaseI Hypersensitivity P-Value (GM06990)
Duke/NHGRI DNaseI Hypersensitivity P-Value (CD4+)

Duke/NHGRI DNaseI Hypersensitivity P-Value (HeLaS3)
Duke/NHGRI DNaseI Hypersensitivity P-Value (HepG2)

Duke/NHGRI DNaseI Hypersensitivity P-Value (H9)
Duke/NHGRI DNaseI Hypersensitivity P-Value (IMR90)
Duke/NHGRI DNaseI Hypersensitivity P-Value (K562)

University of North Carolina FAIRE Signal

University of North Carolina FAIRE Peaks (PeakFinder)

University of North Carolina FAIRE Peaks (ChIPOTle)

C8orf34
C8orf34

GTTTGGCTATTGA
ATTATTTATAAGCTTG

C8orf34
C8orf34

GPAX5-N19
GPAX5-C20

U2OS_alpha_GR_peaks

50 _

1 _

GR

10 _

0 _

Enhanced H3K4Me1

50 _

0 _

Promoter H3K4Me3

100 _

0 _

GM12878 PAX5c R1

GM12878 PAX5c R2

GM12878 PAX5n R1

GM12878 PAX5n R2

GM12878 SRF R1

GM12878 SRF R2

K562 SRF R1

K562 SRF R2

HepG2 p300 R1

HepG2 p300 R2

HepG2 SRF R1

A549 CTCF Et R1

A549 CTCF Et R2
A549 GR Et R1
A549 GR Et R2

A549 GR R1

A549 Pol2 Et R1

A549 Pol2 Et R2
A549 Et Ctrl R1

A549 Ctrl R1
A549 Ctrl R1

GM12878 c-Fos Sg

GM12878 JunD Sig

GM12878 Max Sig

GM12878 Pol2 Sig

GM12878 Pol3 Sig

GM12878 TR4 Sig

GM12878 YY1 Sig

K562 c-Fos Sig

K562 JunD Sig

K562 Max Sig

K562 Pol2 Sig

K562 Pol3 Sig

K562b TR4 Sig

K562b YY1 Sig

Mammal Cons

3 _

-0.5 _

Mammal Cons
Vertebrate Cons

DNase GM069 Raw

DNase CD4 Raw

DNase HeLa Raw

DNase HepG2 Raw

DNase H9 Raw

DNase IMR90 Raw

DNase K562 Raw

FAIRE Signal
0.7 _

-0.6 _

FAIRE PeakFinder
3.7 _

0.4 _

FAIRE ChIPOTle
3.7 _

0.4 _

Scale
chr8:

RefSeq Genes

Human mRNAs

Spliced ESTs

RepeatMasker

Segmental Dups

Interrupted Rpts

EIO/JCVI CD34+ NAS
EIO/JCVI CD34- NAS

CpG Islands

ORegAnno

TS miRNA sites

Vista Enhancers

Microsatellite

Self Chain

34
17
2
3
3

21
5
2

27
10
2
2
2

21
6
4

GM12878 PAX5c P1

GM12878 PAX5c P2

GM12878 PAX5n P1

GM12878 PAX5n P2

GM12878 SRF P1

GM12878 SRF P2

K562 SRF P1

K562 SRF P2

HepG2 p300 P1

HepG2 p300 P2

HepG2 SRF P1

A549 CTCF Et P1

A549 CTCF Et P2

A549 GR P1

A549 Pol2 Et P1

A549 Pol2 Et P2

TFBS Conserved

GM12878 c-Fos Pk

GM12878 JunD Pk

GM12878 Max Pk

GM12878 Pol2 Pk

GM12878 Pol3 Pk

GM12878 TR4 Pk

GM12878 YY1 Pk

K562 c-Fos Pk

K562 JunD Pk

K562 Max Pk

K562 Pol2 Pk

K562 Pol3 Pk

K562b TR4 Pk

K562b YY1 Pk

Mammal El
Vertebrate El

Rhesus
Tree_shrew

Mouse
Rat

Kangaroo_rat
Guinea_pig

Squirrel
Rabbit

Pika
Alpaca

Dolphin
Cow

Horse
Cat

Dog
Microbat
Megabat

Hedgehog
Shrew

Elephant
Rock_hyrax

Tenrec
Armadillo

Sloth
Opossum
Platypus
Chicken

Zebra_finch
Lizard

X_tropicalis
Tetraodon

Fugu
Stickleback

Medaka
Zebrafish
Lamprey

SNPs (130)

10 kb
69705000 69710000 69715000 69720000 69725000 69730000 69735000 69740000 69745000

U2OS_alpha_GR peaks from MACS

MatScan GR

RefSeq Genes

UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics

Human mRNAs from GenBank

Human ESTs That Have Been Spliced

Repeating Elements by RepeatMasker

Simple Tandem Repeats by TRF

Duplications of >1000 Bases of Non-RepeatMasked Sequence

Fragments of Interrupted Repeats Joined by RepeatMasker ID

Eur. Inst. Oncology/J. C. Venter Inst. Nuclease Accessible Sites

CpG Islands (Islands < 300 Bases are Light Green)

Regulatory elements from ORegAnno

TargetScan miRNA Regulatory Sites

Vista HMR-Conserved Non-coding Human Enhancers from LBNL

Microsatellites - Di-nucleotide and Tri-nucleotide Repeats

Human Chained Self Alignments

ENCODE Gencode Manual Gene Annotations (level 1+2) (Oct 2009)
ENCODE Gencode Automated Gene Annotations (level 3) (Oct 2009)

ENCODE Enhancer- and Promoter-Associated Histone Mark (H3K4Me1) on 8 Cell Lines

ENCODE Promoter-Associated Histone Mark (H3K4Me3) on 9 Cell Lines

ENCODE Digital DNaseI Hypersensitivity Clusters

ENCODE Transcription Factor ChIP-seq

ENCODE Transcription Factor Binding Sites by ChIP-seq from HudsonAlpha Institute

HMR Conserved Transcription Factor Binding Sites

ENCODE Transcription Factor Binding Sites by ChIP-seq from Yale/UC-Davis/Harvard

Placental Mammal Basewise Conservation by PhyloP

Vertebrate Multiz Alignment & Conservation (44 Species)

Multiz Alignments of 44 Vertebrates

Simple Nucleotide Polymorphisms (dbSNP build 130)

Duke/NHGRI DNaseI Hypersensitivity Raw (GM06990)

Duke/NHGRI DNaseI Hypersensitivity Raw (CD4+)

Duke/NHGRI DNaseI Hypersensitivity Raw (HeLaS3)

Duke/NHGRI DNaseI Hypersensitivity Raw (HepG2)

Duke/NHGRI DNaseI Hypersensitivity Raw (H9)

Duke/NHGRI DNaseI Hypersensitivity Raw (IMR990)

Duke/NHGRI DNaseI Hypersensitivity Raw (K562)

Duke/NHGRI DNaseI Hypersensitivity P-Value (GM06990)
Duke/NHGRI DNaseI Hypersensitivity P-Value (CD4+)

Duke/NHGRI DNaseI Hypersensitivity P-Value (HeLaS3)
Duke/NHGRI DNaseI Hypersensitivity P-Value (HepG2)

Duke/NHGRI DNaseI Hypersensitivity P-Value (H9)
Duke/NHGRI DNaseI Hypersensitivity P-Value (IMR90)
Duke/NHGRI DNaseI Hypersensitivity P-Value (K562)

University of North Carolina FAIRE Signal

University of North Carolina FAIRE Peaks (PeakFinder)

University of North Carolina FAIRE Peaks (ChIPOTle)

C8orf34
C8orf34

GTTTGGCTATTGA
ATTATTTATAAGCTTG

C8orf34
C8orf34

GPAX5-N19
GPAX5-C20

U2OS_alpha_GR_peaks

50 _

1 _

GR

10 _

0 _

Enhanced H3K4Me1

50 _

0 _

Promoter H3K4Me3

100 _

0 _

GM12878 PAX5c R1

GM12878 PAX5c R2

GM12878 PAX5n R1

GM12878 PAX5n R2

GM12878 SRF R1

GM12878 SRF R2

K562 SRF R1

K562 SRF R2

HepG2 p300 R1

HepG2 p300 R2

HepG2 SRF R1

A549 CTCF Et R1

A549 CTCF Et R2
A549 GR Et R1
A549 GR Et R2

A549 GR R1

A549 Pol2 Et R1

A549 Pol2 Et R2
A549 Et Ctrl R1

A549 Ctrl R1
A549 Ctrl R1

GM12878 c-Fos Sg

GM12878 JunD Sig

GM12878 Max Sig

GM12878 Pol2 Sig

GM12878 Pol3 Sig

GM12878 TR4 Sig

GM12878 YY1 Sig

K562 c-Fos Sig

K562 JunD Sig

K562 Max Sig

K562 Pol2 Sig

K562 Pol3 Sig

K562b TR4 Sig

K562b YY1 Sig

Mammal Cons

3 _

-0.5 _

Mammal Cons
Vertebrate Cons

DNase GM069 Raw

DNase CD4 Raw

DNase HeLa Raw

DNase HepG2 Raw

DNase H9 Raw

DNase IMR90 Raw

DNase K562 Raw

FAIRE Signal
0.7 _

-0.6 _

FAIRE PeakFinder
3.7 _

0.4 _

FAIRE ChIPOTle
3.7 _

0.4 _

Scale
chr8:

RefSeq Genes

Human mRNAs

Spliced ESTs

RepeatMasker

Segmental Dups

Interrupted Rpts

EIO/JCVI CD34+ NAS
EIO/JCVI CD34- NAS

CpG Islands

ORegAnno

TS miRNA sites

Vista Enhancers

Microsatellite

Self Chain

34
17
2
3
3

21
5
2

27
10
2
2
2

21
6
4

GM12878 PAX5c P1

GM12878 PAX5c P2

GM12878 PAX5n P1

GM12878 PAX5n P2

GM12878 SRF P1

GM12878 SRF P2

K562 SRF P1

K562 SRF P2

HepG2 p300 P1

HepG2 p300 P2

HepG2 SRF P1

A549 CTCF Et P1

A549 CTCF Et P2

A549 GR P1

A549 Pol2 Et P1

A549 Pol2 Et P2

TFBS Conserved

GM12878 c-Fos Pk

GM12878 JunD Pk

GM12878 Max Pk

GM12878 Pol2 Pk

GM12878 Pol3 Pk

GM12878 TR4 Pk

GM12878 YY1 Pk

K562 c-Fos Pk

K562 JunD Pk

K562 Max Pk

K562 Pol2 Pk

K562 Pol3 Pk

K562b TR4 Pk

K562b YY1 Pk

Mammal El
Vertebrate El

Rhesus
Tree_shrew

Mouse
Rat

Kangaroo_rat
Guinea_pig

Squirrel
Rabbit

Pika
Alpaca

Dolphin
Cow

Horse
Cat

Dog
Microbat
Megabat

Hedgehog
Shrew

Elephant
Rock_hyrax

Tenrec
Armadillo

Sloth
Opossum
Platypus
Chicken

Zebra_finch
Lizard

X_tropicalis
Tetraodon

Fugu
Stickleback

Medaka
Zebrafish
Lamprey

SNPs (130)

10 kb
69705000 69710000 69715000 69720000 69725000 69730000 69735000 69740000 69745000

U2OS_alpha_GR peaks from MACS

MatScan GR

RefSeq Genes

UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics

Human mRNAs from GenBank

Human ESTs That Have Been Spliced

Repeating Elements by RepeatMasker

Simple Tandem Repeats by TRF

Duplications of >1000 Bases of Non-RepeatMasked Sequence

Fragments of Interrupted Repeats Joined by RepeatMasker ID

Eur. Inst. Oncology/J. C. Venter Inst. Nuclease Accessible Sites

CpG Islands (Islands < 300 Bases are Light Green)

Regulatory elements from ORegAnno

TargetScan miRNA Regulatory Sites

Vista HMR-Conserved Non-coding Human Enhancers from LBNL

Microsatellites - Di-nucleotide and Tri-nucleotide Repeats

Human Chained Self Alignments

ENCODE Gencode Manual Gene Annotations (level 1+2) (Oct 2009)
ENCODE Gencode Automated Gene Annotations (level 3) (Oct 2009)

ENCODE Enhancer- and Promoter-Associated Histone Mark (H3K4Me1) on 8 Cell Lines

ENCODE Promoter-Associated Histone Mark (H3K4Me3) on 9 Cell Lines

ENCODE Digital DNaseI Hypersensitivity Clusters

ENCODE Transcription Factor ChIP-seq

ENCODE Transcription Factor Binding Sites by ChIP-seq from HudsonAlpha Institute

HMR Conserved Transcription Factor Binding Sites

ENCODE Transcription Factor Binding Sites by ChIP-seq from Yale/UC-Davis/Harvard

Placental Mammal Basewise Conservation by PhyloP

Vertebrate Multiz Alignment & Conservation (44 Species)

Multiz Alignments of 44 Vertebrates

Simple Nucleotide Polymorphisms (dbSNP build 130)

Duke/NHGRI DNaseI Hypersensitivity Raw (GM06990)

Duke/NHGRI DNaseI Hypersensitivity Raw (CD4+)

Duke/NHGRI DNaseI Hypersensitivity Raw (HeLaS3)

Duke/NHGRI DNaseI Hypersensitivity Raw (HepG2)

Duke/NHGRI DNaseI Hypersensitivity Raw (H9)

Duke/NHGRI DNaseI Hypersensitivity Raw (IMR990)

Duke/NHGRI DNaseI Hypersensitivity Raw (K562)

Duke/NHGRI DNaseI Hypersensitivity P-Value (GM06990)
Duke/NHGRI DNaseI Hypersensitivity P-Value (CD4+)

Duke/NHGRI DNaseI Hypersensitivity P-Value (HeLaS3)
Duke/NHGRI DNaseI Hypersensitivity P-Value (HepG2)

Duke/NHGRI DNaseI Hypersensitivity P-Value (H9)
Duke/NHGRI DNaseI Hypersensitivity P-Value (IMR90)
Duke/NHGRI DNaseI Hypersensitivity P-Value (K562)

University of North Carolina FAIRE Signal

University of North Carolina FAIRE Peaks (PeakFinder)

University of North Carolina FAIRE Peaks (ChIPOTle)

C8orf34
C8orf34

GTTTGGCTATTGA
ATTATTTATAAGCTTG

C8orf34
C8orf34

GPAX5-N19
GPAX5-C20

U2OS_alpha_GR_peaks

50 _

1 _

GR

10 _

0 _

Enhanced H3K4Me1

50 _

0 _

Promoter H3K4Me3

100 _

0 _

GM12878 PAX5c R1

GM12878 PAX5c R2

GM12878 PAX5n R1

GM12878 PAX5n R2

GM12878 SRF R1

GM12878 SRF R2

K562 SRF R1

K562 SRF R2

HepG2 p300 R1

HepG2 p300 R2

HepG2 SRF R1

A549 CTCF Et R1

A549 CTCF Et R2
A549 GR Et R1
A549 GR Et R2

A549 GR R1

A549 Pol2 Et R1

A549 Pol2 Et R2
A549 Et Ctrl R1

A549 Ctrl R1
A549 Ctrl R1

GM12878 c-Fos Sg

GM12878 JunD Sig

GM12878 Max Sig

GM12878 Pol2 Sig

GM12878 Pol3 Sig

GM12878 TR4 Sig

GM12878 YY1 Sig

K562 c-Fos Sig

K562 JunD Sig

K562 Max Sig

K562 Pol2 Sig

K562 Pol3 Sig

K562b TR4 Sig

K562b YY1 Sig

Mammal Cons

3 _

-0.5 _

Mammal Cons
Vertebrate Cons

DNase GM069 Raw

DNase CD4 Raw

DNase HeLa Raw

DNase HepG2 Raw

DNase H9 Raw

DNase IMR90 Raw

DNase K562 Raw

FAIRE Signal
0.7 _

-0.6 _

FAIRE PeakFinder
3.7 _

0.4 _

FAIRE ChIPOTle
3.7 _

0.4 _

Sequence	
  found	
  in	
  genome	
  more	
  than	
  once	
  every	
  
1000bp	
  

Binding	
  site	
  sequence	
  alone	
  insufficient	
  to	
  predict	
  where	
  TFs	
  bind	
  

Smad3	
  

Poten:al	
  Smad3	
  recogni:on	
  sequences	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Actual	
  Smad3	
  binding	
  sites	
  



Chroma:n!	
  

1/25/12 10:15 AMSha01.jpg 600!529 pixels

Page 1 of 2http://www.stembook.org/sites/all/files/pubnode/9f82a6e695df6084e39d3197b7a575c2f95316e9/The_chromatin_signature/Sha01.jpg

	
  
In	
  Eukaryotes	
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  binding	
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Heintz (1928) /  Belyaeva et al., PNAS (1998)  



Cis-­‐regulatory	
  element	
  func:on	
  

Most	
  transcrip:on	
  factors	
  bind	
  to	
  „open“	
  chroma:n	
  



How	
  do	
  transcrip:on	
  factors	
  “know”	
  where	
  to	
  go?	
  

chr8 (q13.2) 23.1 8p22 8p12 12.1 21.3 24.3

Sequence	
  found	
  in	
  genome	
  more	
  than	
  once	
  
every	
  1000bp	
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Pioneering	
  factors	
  

-­‐	
  Most	
  transcrip:on	
  factors	
  bind	
  to	
  „open“	
  chroma:n	
  
	
  
-­‐	
  So	
  called	
  pioneering	
  factors	
  can	
  bind	
  to	
  closed	
  chroma:n	
  
and	
  open	
  cis	
  regulatory	
  elements	
  for	
  „business“	
  example:	
  
FoxA1	
  

How	
  do	
  so-­‐called	
  pioneering	
  factors	
  gain	
  excess	
  to	
  closed	
  regions????	
  



Histone	
  modifica:ons	
  mark	
  different	
  classes	
  of	
  cis-­‐
regulatory	
  elements	
  	
  

Func:on(s)	
  of	
  these	
  histone	
  modifica:ons?	
  



Histone	
  modifica:ons	
  mark	
  different	
  classes	
  of	
  cis-­‐
regulatory	
  elements	
  	
  

Different	
  cis	
  regulatory	
  elements	
  are	
  marked	
  with	
  specific	
  histone	
  modifica:ons	
  

Calo and Wysocka. Molecular Cell (2013) 

Func:on(s)	
  of	
  these	
  histone	
  modifica:ons?	
  



Histone	
  modifica:ons	
  provide	
  informa:on	
  
(“Epigene:c”)	
  

Network	
  of	
  enzymes	
  deposit	
  /	
  erase	
  or	
  recognize	
  histone	
  modifica:ons	
  



Histone	
  modifica:ons	
  &	
  ac:va:on	
  

Example	
  Reader:	
  	
  TFIID	
  binds	
  to	
  H3K4me3	
  mark	
  found	
  at	
  promoter	
  

     enhancer                       TATA/Promoter  	
  

Gene	
  X	
  

RNA polymerase II	
  

Transcriptional 
Initiation	
  

TFIID	
  

H3K4me3	
  

Vermeulen et al.,  Cell (2007) 



Histone	
  modifica:ons	
  &	
  repression	
  

Example	
  Reader:	
  HP1	
  (heterochroma:n	
  protein	
  1)	
  binds	
  H3K9me	
  to	
  
assemble	
  heterochroma:c	
  regions	
  that	
  are	
  not	
  transcribed	
  	
  



Take-­‐home	
  messages:	
  

-  Transcriptional regulation allows cells with essentially the same 
genome to have very different functions 

 (tissue-specific expression / combinatorial regulation) 

-  RNA polymerase critically depends on the help of transcription 
factors to initiate, elongate & terminate transcription 

-  Chromatin plays an important role in specifying where in the 
genome TFs & RNA polymerase can bind 



(Big)	
  unknowns	
  out	
  there	
  

-  Linking binding to transcriptional regulation in genomic context 

-  Integration of 3000 TFs & transcriptional output…? 

-  Inheritance of transcriptional programs (e.g. though cell cycle) 

-  Large part of genome encodes ncRNAs what is their function 

-  TF are not acting as on off switches but modulate expression levels quite precisely 
how is this accomplished 

 
-  Role of histone modifications in gene regulation (moving beyond correlations….) 
 
-  Dynamics 

-  How can TF that recognize the same sequence bind to different genomic regions & 
regulate different sets of genes 

 

-  ………………… 
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SUMMARY

In animals, Hox transcription factors define regional
identity in distinct anatomical domains. How Hox
genes encode this specificity is a paradox, because
different Hox proteins bind with high affinity in vitro
to similar DNA sequences. Here, we demonstrate
that the Hox protein Ultrabithorax (Ubx) in complex
with its cofactor Extradenticle (Exd) bound specif-
ically to clusters of very low affinity sites in enhancers
of the shavenbaby gene of Drosophila. These low
affinity sites conferred specificity for Ubx binding
in vivo, but multiple clustered sites were required
for robust expression when embryos developed
in variable environments. Although most individual
Ubx binding sites are not evolutionarily conserved,
the overall enhancer architecture—clusters of low
affinity binding sites—is maintained and required
for enhancer function. Natural selection therefore
works at the level of the enhancer, requiring a partic-
ular density of low affinity Ubx sites to confer both
specific and robust expression.

INTRODUCTION

Diversity along the anterior-posterior axis of animals results from
differential expression of Hox transcription factors, which regu-
late different sets of target genes to determine the features spe-
cific to each anatomical region (McGinnis and Krumlauf, 1992).
For example, in Drosophila, Sex combs reduced (Scr) deter-
mines anterior thoracic segments (Struhl, 1982; Wakimoto and
Kaufman, 1981), whereas Ultrabithorax (Ubx) and abdominalA
(abdA) specify thoracic and abdominal segments (Lewis, 1978;
Sánchez-Herrero et al., 1985).
Hox protein specificity is paradoxical, because all Hox pro-

teins have similar DNA binding domains (the homeodomain),

particularly for residues that contact DNA directly (Akam, 1989;
McGinnis and Krumlauf, 1992). As a result, all Hox proteins
bind similar DNA sequences with high affinity (Berger et al.,
2008; Mann et al., 2009; Noyes et al., 2008). In principle,
one solution to this paradox is that sequences outside of the
homeodomain, which have diverged among Hox proteins, allow
interactions with a diversity of cofactors to confer specificity.
However, only two cofactors, the homeodomain proteins Extra-
denticle/Pbx (Exd) and Homothorax/MEIS (Hth) (Moens and
Selleri, 2006), are known to interact with Hox proteins (Chan
et al., 1994; Chang et al., 1995; Mann et al., 2009). Exd dimerizes
with Hox proteins and Hth facilitates nuclear localization
and DNA binding of Exd (Pai et al., 1998; Rieckhof et al., 1997;
Ryoo et al., 1999). Thus, Hox specificity is unlikely to arise from
interactions with a diversity of cofactors.
However, Hox protein structure is altered when bound to DNA

with Exd, resulting in increased binding site specificity of Hox-
Hth-Exd complexes in comparison with Hox monomers (Joshi
et al., 2007; Slattery et al., 2011). In vivo support for this latent
specificity model came from studies of artificial enhancers con-
taining multimerized Hox-Exd binding sites (Ryoo and Mann,
1999). Therefore, it is not clear whether this mechanism is suffi-
cient to account for the high degree of regulatory specificity ex-
hibited by Hox proteins on native enhancers.
One clue that may inform the Hox specificity paradox is that

many enhancers, including Hox-regulated enhancers, contain
multiple binding sites for the same transcription factor (Arnone
and Davidson, 1997; Gotea et al., 2010; Lifanov et al., 2003;
Ochoa-Espinosa et al., 2005; Papatsenko et al., 2002; Stanojevic
et al., 1991). These so-called homotypic binding site clusters are
widespread, but the functions of clustered binding sites are un-
derstood in only a few cases. For example, homotypic clusters
can fine-tune the response to graded transcription factors levels
(Driever et al., 1989; Gaudet andMango, 2002; Jiang and Levine,
1993; Rowan et al., 2010; Struhl et al., 1989), control the timing of
enhancer activation (Gaudet and Mango, 2002), or determine
whether binding results in repression or activation (Ramos and
Barolo, 2013). However, elimination of individual binding sites
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Model system:

Hox-cluster: 

TFs that are expressed at 
specific positions along the 

anterior-posterior axis 
depending on their location 

within the cluster

TFs in turn are responsible 
for the regional identity of 

distinct anatomical domain 
by regulating Hox-subtype-

specific target gene 
expression  



The	
  Hox	
  paradox:	
  Same	
  mo:f,	
  different	
  func:on….	
  

UBX Scr

Same concensus recognition sequence..... 

Yet different target genes & functions.......
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these position-dependent effects resulted from the creation or
destruction of binding sites for additional factors.
Taken together, these results indicate that Hox-Exd sites with

higher affinity than the native sites alter the specificity of the svb
enhancer, demonstrating that the affinity-specificity tradeoff that
was inferred from in vitro data also pertains in vivo.

High Affinity Hox Binding Sites Decreased the
Specificity of Enhancer Function
Replacement of native sites with high affinity sites caused
ectopic expression mostly outside of the domains of Ubx and
abdA expression (Figure S5), suggesting that these high affinity
sites bound transcription factors other than Ubx and AbdA.
Indeed, in embryos deficient for Ubx, the E3N enhancers with
high affinity binding sites showed the expected reduction of
expression in A1 (where Ubx is the only Hox gene active), but
they also continued to drive ectopic expression in anterior
segments (Figures 5A–5D).
Sex comb reduced (Scr) was an attractive candidate for

driving some of the ectopic anterior expression of svb enhancers
carrying high-affinity sites. Scr is expressed in anterior segments
(Kuroiwa et al., 1985) and SELEX-seq data indicated that Scr-
Exd can bind to high-affinity Ubx/Exd binding sites (Slattery
et al., 2011). When assayed on the E3N svb enhancer, Scr-Exd
showed little or no in vitro binding to the native E3N sites, but it
bound to the high affinity sites even more strongly than Ubx-
Exd bound to the native sites (Figure 5E). In vivo, uniform expres-
sion of Scr produced no obvious changes in the expression of
wild-type E3N (Figures 5F and 5G), but drove ectopic expression
of E3N variants that carried one high-affinity site (Figures
5H–5K). Thus, replacing low affinity Ubx/AbdA-Exd sites with
high-affinity sites enabled the E3N enhancer to respond to Scr.
In addition to Scr, it is likely that other homeodomain transcrip-
tion factors bind and activate the E3N enhancers carrying
high-affinity sites to generate their broad domains of ectopic
expression.
Together, our results indicate that the native low affinity

Ubx/AbdA-Exd binding sites in the E3N enhancer confer spec-
ificity for Ubx-Exd and AbdA-Exd over other Hox proteins,
such as Scr, and probably over additional homeodomain
factors.

Clusters of HOX Binding Sites Confer Robustness to
Genetic and Environmental Variability
As discussed earlier, some of the Ubx/AbdA-Exd binding sites in
the E3N and 7H enhancers can be mutated with minimal effects
on reporter gene expression (Figures 2 and S4). It is not clear,
therefore, why these enhancers contain multiple Hox binding
sites. We wondered if the multiple, apparently redundant, Ubx-
Exd binding sites within individual svb enhancers contribute to
transcriptional robustness, in the same way that multiple en-
hancers of svb confer robustness in the face of environmental
and genetic variation (Frankel et al., 2010).

A

B

C

D

E

F

G

H

I

    WT: TTGCTGATTTGTTGACCCGATAAAAAATGGGACTTTAAGCCTCGCTGGCATGCACATAATTTGTAGTTTTTGG
 Site1: ---A------A---C----------------------------------------------------------
 Site2: ------------------C-----TC-----------------------------------------------
Site3-A: ---------------------------------------------------------G----A-G--------
Site3-B: -----------------------------------------------------------A-CA----------
Site3-C: -----------------------------------------------------------A-CT----------
Site3-D: -----------------------------------------------------------A-TT----------
Site3-E: ---------------------------------------------------------G----A-TAC------

Site 1 Site 2 Site 3

Figure 4. Conversion of Low Affinity Ubx-Exd Binding Sites to
Higher Affinity Sites Results in Ectopic Expression
(A) Aligned E3N sequences from wild-type and mutated sequences. Dashes

and red letters indicate unaltered and modified sequence, respectively.

(B–I) Embryos carrying E3N::lacZ constructs, with Ubx-Exd sites altered as

indicated in (A). The numbers in the top right of each panel indicate the average

levels of expression in the regions outlined in (I) (n = 10 for each genotype),

measured in arbitrary units of fluorescence intensity. Numbers in parantheses

indicate ±1 SD. White arrows and brackets denote expression in domains

anterior to segment A1 (B–G). The red asterisk marks ectopic staining in the

intestine; red arrows indicate ectopic dorsal and lateral expression (C).

See also Figure S6 and Table S1.
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-  High affinity (based on SELEX-seq):  increased expression & now also mis-
expressed in anterior section (specificity lost....)

-  Low affinity (based on SELEX-seq):  selective expression where Ubx & AbdB are present
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Role for low affinity binding sites to drive Hox specificity???

-  High affinity (based on SELEX-seq):  all HOX TFs tested bind

of each of the three Ubx-Exd binding sites did not modify the ac-
tivity of 7H in embryos, either qualitatively (Figures S4C, S4G,
S4K, and S4O) or quantitatively (Figures S4D, S4H, S4L, and
S4P). In contrast, simultaneous mutation of sites 1 and 2, or sites
2 and 3, decreased 7H activity (Figures S4E–S4N) and mutation
of all three sites almost completely abrogated 7H expression
(Figures S4Q and S4R). Collectively, these results indicate that,
as observed for E3N, the 7H svb enhancer uses at least three
low affinity Ubx-Exd sites to drive expression along the AP axis
of embryos. The absence of Ubx-Exd sites in E3N or 7H that
match those detected by SELEX-seq (Slattery et al., 2011) im-
plies that these sites have very low affinity for Ubx-Exd (see
below).
In addition to Ubx, the E3N and 7H enhancers are regulated

in vivo by abdA (Figure S5). Therefore, we tested whether the
Ubx-Exd sites we identified could also bind AbdA-Hth-Exd
(AbdA-Exd). In vitro, AbdA-Exd bound to the same E3N and
7H binding sites as Ubx-Exd did, and binding was abrogated
when these sites were mutated (Figure S5). Thus, Ubx-Exd and
AbdA-Exd directly regulate the E3N and 7H enhancers through
the same binding sites.
Taken together, these data show that both the E3N and 7H

svb enhancers contain clusters of low affinity Ubx/AbdA-Exd
binding sites that are required to drive svb expression in ventral
abdominal stripes. They further indicate that these sites mediate
the action of Ubx in segment A1 and Ubx plus AbdA in segments
A2–A8.

Proper Regulation of a svb Enhancer Requires Low
Affinity Ubx Binding Sites
While our in vivo assays demonstrated that all of the Hox-Exd
sites in E3N and 7H are required for proper function, it is not clear
why these enhancers employ low affinity rather than higher affin-
ity binding sites. We hypothesized that the low affinity of these
binding sites may be part of the solution to the Hox specificity
paradox. To explore this idea, we analyzed previously published
data in which the DNA sequence preferences of all Drosophila
Hox-Exd complexes were measured using SELEX-seq, resulting
in relative affinity scores from 0.03 to 1 (Slattery et al., 2011).
Using these data, we asked if there was any correlation between
affinity and specificity. For example, do sequences with low
affinity versus high affinity for Ubx-Exd display preference

for Ubx-Exd compared to other Hox-Exd complexes? The
results of this analysis were striking; only sequences with a rela-
tive affinity lower than 0.3 bound Ubx/AbdA-Exd specifically
compared to the other Hox-Exd complexes (Figure 3). Moreover,
as the relative affinity for Ubx/AbdA-Exd decreased, the num-
ber of sequences that bound specifically to Ubx/AbdA-Exd
increased (Figure 3). These data imply that Hox-Exd complexes
display, at least in vitro, a tradeoff between binding affinity and
specificity.
To test whether this affinity-specificity tradeoff holds in vivo,

we generated E3N transgenic variants in which we varied the af-
finity of the Ubx-Exd binding sites according to the relative affin-
ities predicted by SELEX-seq (Figure 4A) (Slattery et al., 2011).
Although none of the binding sites found in the native svb
enhancer were identified by SELEX-seq, we estimate (based
on the core 8-mer) that they have relative affinities <0.03 (Slattery
et al., 2011). Every mutation that increased the affinity of Ubx-
Exd sites resulted in qualitative or quantitative changes in E3N
enhancer expression (Figure 4). For example, converting either
native sites 1 or 2 to high-affinity sites (scores of 0.87 or 0.79,
respectively) resulted in increased expression in the normal
domain of E3N and ectopic expression anteriorly and dorsally
(Figures 4C and 4D). Replacing site 3 in E3N with the highest
affinity site (score of 1.0) also resulted in ectopic expression in
anterior segments and in the intestine (Figure 4B). We further
explored the functional consequences of gradually increasing
the affinity of a Hox-Exd binding site by replacing site 3 with sites
that have a range of relative affinities, from 0.06 to 0.72. A
small increase in affinity to 0.06 resulted in higher levels of E3N
expression within its normal expression domain (Figures 4H
and 4I). Increasing the affinity to 0.25, 0.65, and 0.72 altered
levels of expression in the normal domains of E3N and induced
ectopic expression in anterior segments (white arrows in Figures
4E–4G).
We also observed strong position effects of a high affinity site,

similar to observations in a previous study (Swanson et al., 2010).
Placing the highest affinity site 50 of the E3N enhancer resulted in
ectopic expression in anterior segments, but decreased expres-
sion in the normal domain (Figure S6B). In contrast, placing this
site inside the enhancer increased expression in the normal
domain and generated ectopic expression in multiple regions
(Figure S6C). We cannot rule out the possibility, however, that
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Figure 3. Inverse Correlation between
Sequence Affinity and Specificity
The proportion of 12mer sequences bound by

various Hox-Exd complexes versus relative affinity

of these 12mers for Ubx/AbdA-Exd is shown as

colored bars (specificity groups). The number of

12mers in each affinity bin is plotted as a gray line.

Average relative affinities of 12mers were calcu-

lated for four pairs of Hox-Exd complexes with

similar binding profiles: (1) Labial and Pb, (2) Dfd

and Scr, (3) AbdB and Antp, and (4) Ubx and AbdA.

Sequences specific for Ubx/AbdA-Exd (green

bars) are more prevalent in lower affinity bins than

in higher affinity bins.
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-  Low affinity (based on SELEX-seq):  Ubx & AbdA selectively bind

-  Low affinity binding sites selectively bound by Ubx (& AbdA)!

-  High affinity binding sites: bound by all Hox proteins...






