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Heritable variation in gene regulation

“Simple” Mendelian traits, e.g. thalassemias

Variation in expression is common in normal
individuals

Variation in expression may be a major contributor
to complex traits (including heart, lung, blood and
sleep disorders)



Deletions of noncoding DNA can affect gene expression

Forget and Hardison, Chapter in Disorders of Hemoglobin, 2nd edition



Substitutions in promoters can affect expression

Forget and Hardison, Chapter in Disorders of Hemoglobin, 2nd edition



Variation of gene expression among individuals
• Levels of expression of many genes vary in humans (and other

species)
• Variation in expression is heritable
• Determinants of variability map to discrete genomic intervals
• Often multiple determinants
• This variation indicates an abundance of cis-regulatory variation in

the human genome
• "We predict that variants in regulatory regions make a greater

contribution to complex disease than do variants that affect protein
sequence" Manolis Dermitzakis, ScienceDaily
– Microarray expression analyses of 3554 genes in 14 families

• Morley M … Cheung VG (2004) Nature 430:743-747
– Expression analysis of EBV-transformed lymphoblastoid cells from all

270 individuals genotypes in HapMap
• Stranger BE … Dermitzakis E (2007) Nature Genetics 39:1217-1224



Risk loci in noncoding regions

(2007) Science 316: 1336-1341



DNA sequences involved in regulation of
gene transcription

Protein-DNA interactions
Chromatin effects



Distinct classes of regulatory regions

Maston G, Evans S and Green M (2006) Annu Rev Genomics Hum Genetics 7:29-59

Act in cis, affecting
expression of a gene
on the same
chromosome.

Cis-regulatory modules
(CRMs)



General features of promoters
• A promoter is the DNA sequence required for correct initiation of

transcription
• It affects the amount of product from a gene, but does not affect the

structure of the product.
• Most promoters are at the 5’ end of the gene.

Maston, Evans & Green (2006) Ann Rev Genomics & Human
Genetics, 7:29-59

TATA box + Initiator:
Core or minimal
promoter. Site of
assembly of
preinitiation complex

Upstream regulatory
elements:
Regulate efficiency of
utilization of minimal
promoter

RNA polymerase II



Most promoters in mammals are CpG islands

TATA, no CpG island
About 10% of promoters

CpG island, no TATA
About 90% of promoters

Carninci … Hayashizaki (2006)
Nature Genetics 38:626



Enhancers
• Cis-acting sequences that cause an increase in expression of a gene
• Act independently of position and orientation with respect to the

gene.

Pennacchio et al.,
http://enhancer.lbl.
gov/

Tested UCE

Over half of ultraconserved noncoding sequences are
developmental enhancers
Pennacchio et al. (2006) Nature 444:499-502

lacZUCE prluciferaseprCRM

About half of the enhancers predicted by interspecies 
alignments are validated in erythroid cells
Wang et al. (2006) Genome Research 16:1480- 1492



CRMs are clusters of specific binding sites for
transcription factors

Hardison (2002) on-line textbook Working with Molecular Genetics http://www.bx.psu.edu/~ross/ 



Silencer
• Cis-acting sequences that cause a decrease in gene expression
• Similar to enhancer but has an opposite effect on gene expression
• Gene repression - inactive chromatin structure (heterochromatin)

• SIR proteins (Silent Information Regulators)
• Nucleates assembly of multi-protein complex

– hypoacetylated N-terminal tails of histones H3 and H4
– methylated N-terminal tail of H3 (Lys 9)



Insulators and boundaries
• A boundary in chromatin marks a transition from open to closed chromatin
• An insulator blocks activation of promoter by an enhancer

– Requires CTCF
• Example: HS4 from chick HBB complex has both functions
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Repression by PcG proteins via chromatin
modification

Polycomb Group (PcG) Repressor Complex 2:
    ESC, E(Z), NURF-55, and PcG repressor
    SU(Z)12
Methylates K27 of Histone H3 via the SET
     domain of E(Z)

me3
H3 N-tailK27 OFF



trx group (trxG) proteins activate via chromatin
changes

• SWI/SNF nucleosome remodeling
• Histone H3 and H4 acetylation
• Methylation of K4 in histone H3

– Trx in Drosophila, MLL in humans
• http://www.igh.cnrs.fr/equip/cavalli/link.PolycombTeaching.html#Part_

3

Me1,2,3

H3 N-tail

K4 ON



Histone modifications modulate chromatin structure

http://www.imt.uni-marburg.de/bauer/images/fig2.jpg Uta-Maria Bauer

H3K27me3H3K4me2, 3



Repressed and active chromatin

Dustin Schones and Keiji Zhao
(2008) Nature Reviews Genetics
9: 179



Biochemical features of DNA in CRMs

Pol IIaPol II

Coactivators

Accessible to cleavage: 
DNase hypersensitive site

Bound by specific transcription factors

Associated with RNA polymerase 
and general transcription factors

Nucleosomes with histone modifications:
Acetylation of H3 and H4
Methylation of H3K4

Clusters of binding site motifs



Chromatin immunoprecipitation: Greatly enrich
for DNA occupied by a protein

Elaine Mardis (2007) Nature
Methods 4: 613-614



ChIP-chip: High throughput mapping of DNA
sequences occupied by protein

http://www.chiponchip.org     Bing Ren’s lab



Enrichment of sequence tags reveals function

Barbara Wold & Richard M Myers (2008) “Sequence Census Methods” Nature Methods 5:19-21



ChIP-seq for chromatin modifications

Dustin Schones and Keiji Zhao (2008)
Nature Reviews Genetics 9: 179



Distribution of
histone

modifications and
factor binding

around regulatory
regions

• Symmetrical
• Promoters:

– H3K4me3, H3K4me2
– E2F1, E2F4, Myc, Pol II

• Distal HSs
– H3K4me1: enhancers
– CTCF: insulators

Birney et al. (2007) Nature, 447:799-816



Examples of genome-wide data on CRM features

• RNA polymerase II, preinitiation complex
– IMR90 cells: Kim TH …Ren B (2005) Nature 436: 876-880

• Start sites for transcription
– Carninci et al. (2006) Nature Genetics 38:626-635

• Histone modifications
– T cells: Roh ... Zhao K (2006) PNAS 103:15782-15878

• Insulator protein CTCF
– Primary fibroblasts: Kim TH … Ren B (2007) Cell 128:1231-1245

• DNase hypersensitive sites
– CD4+ T cells: Boyle… Crawford G (2008) Cell 132:311-322

• Data for many on hg18 human genome assembly
– http://www.bx.psu.edu
– Go to Hardison lab

• Many datastreams: ENCODE project
– Birney et al. (2007) Nature 477:799-816
– http://genome.ucsc.edu
– http://genome-test.cse.ucsc.edu



Genomic features at T2D risk variants

Overlap of SNP rh564398 with DHS suggests a role in transcriptional regulation,
but overlap with an exon of a noncoding RNA suggests a role in post-transcriptional
regulation. Different hypotheses to test in future work.



Occupancy by GATA1 and other TFs plus histone
modifications lead to global insights for erythroid gene

regulation

Weisheng Wu, Yong Cheng, Demesew Abebe, Cheryl Keller Capone,Ying Zhang, Ross, Swathi Ashok Kumar, 
         Christine Dorman, David King

Collaborating labs: Mitch Weiss and Gerd Blobel (Childrens’ Hospital of Philadelphia), James Taylor (Emory)
Webb Miller, Francesca Chiaromonte, Yu Zhang, Stephan Schuster, Frank Pugh (PSU), Greg Crawford (Duke)



G1E-ER4 cells

GATA-1 is required for erythroid maturation

Aria Rad, 2007 http://commons.wikimedia.org/wiki/Image:Hematopoiesis_(human)_diagram.png
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GATA1-induced changes in gene expression and
occupancy genome-wide

Genes induced or
repressed after restoration
of GATA1

Occupancy by TFs and histone modifications
along a 60 Mb region



High throughput occupancy matches known CRMs at Hbb
locus



High sensitivity and specificity of high
throughput occupancy data



Induced genes have GATA1 occupied segments
close to their TSS



Determinants of occupancy by GATA1: Binding
site motif WGATAR and H3K4me1

Ying Zhang



DNA segments occupied by GATA-1 were tested for
enhancer activity on transfected plasmids

Occupied
segments



Some of the DNA segments occupied by
GATA-1 are active as enhancers

Cheng et al. (2008) Genome Research 18:1896-1905



Binding site motifs in occupied DNA segments
can be deeply preserved during evolution
Consensus binding site motif for GATA-1: WGATAR or YTATCW

5997
constrained

7308
not constrained

2055
no motif



Constraint on a binding site motif in an occupied DNA
segment strongly correlates with enhancement

Cheng et al. (2008) Genome Research 18:1896-1905



All GATA1-occupied segments active as
enhancers are also occupied by SCL and LDB1



Candidate functions in T2D SNP intervals



ENCODE data generates
hypotheses for GWAS:
BCL11A and fetal Hb



Therapeutic value of gene reactivation

• Most hemoglobinopathies results from mutations
in the adult form of hemoglobin, HbA

• The fetal form, HbF, works in adults
• Level of HbF is a quantitative trait that is variable

in humans
• Individuals that are both homozygous for the

sickle cell allele (HBB-S) and have high levels of
HbF have significantly milder disease

• Can we engineer reactivation of HbF?



QTLs for HbF map to HBG, HBG1L_MYB, and BCL11A



SNP in BCL11A associated with F-cells

(2008) Blood Cells, Molecules and
Diseases 41:255-258



(2008) Science 322:1839



ENCODE data: Hints for regulation of BCL11A
SNPs associated with high HbF
Red=yes, blue=no

GenCode BCL11A

RNA seq

Histone H3 modifications

DNase HSs

ChIPseq TF binding

Mammalian conservation

Transcription is high in lymphoid GM12878 cell and low in K562, consistent with gamma-globin expression in K562

 25-state HMM model integrating
33 ENCODE consortium datasets



Antisense transcript in BCL11A
SNPs associated with high HbF
Red=yes, blue=no

GenCode BCL11A

RNA seq

Histone H3 modifications

DNase HSs

ChIPseq TF binding

Mammalian conservation

 25-state HMM model integrating
33 ENCODE consortium datasets



Intronic SNPs are close to predicted enhancers

The intronic enhancers are predicted by H3K4me1, DNase HSs and occupancy by Jun and Fos.

SNPs associated with high HbF
Red=yes, blue=no

GenCode BCL11A

RNA seq

Histone H3 modifications

DNase HSs

ChIPseq TF binding

Mammalian conservation

 25-state HMM model integrating
33 ENCODE consortium datasets



Summary: Genomics of Gene Regulation

• Genetic determinants of variation in expression levels may contribute
to complex traits - phenotype is not just determined by coding regions

• Biochemical features associated with cis-regulatory modules are
being determined genome-wide for a range of cell types.

• These can be used to predict CRMs, but occupancy alone does not
necessarily mean that the DNA is actively involved in regulation.

• Evolutionary preservation of binding site motifs within regions
containing other indicators of CRMs (e.g. regulatory potential or
protein occupancy) is a good predictor of function.

• Genome-wide data on biochemical signatures of functional
sequences (DHS, chromatin modifications, transcription factor
occupancy, transcripts, etc.) provide candidates for explaining how
variants in noncoding regions contribute to phenotypes
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