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from throughout the genome would yield a

cell-specific nuclear topology, resulting in de-

finable patterns of chromosome organization.

Recent evidence has indicated that the

chromosomal organization within a nucleus

is maintained upon cell division. FRAP

analysis with histone–fluorescent protein

fusions has revealed that chromosomes

appear to remain in their relative nuclear

positions (31). It is therefore possible the

nucleus of a particular cell type does have its

genome specifically organized for the ex-

pression of its relevant transcriptome. The

spectral karyotype (SKY, which allows the

simultaneous detection of all chromosomes)

(32) of an interphase nucleus in Fig. 1 would

therefore represent the topology that ensures

the overall regulation of that cell type.

Evidence supports the idea that chromo-

somes have specific positions within the

nucleus. For example, gene-dense and gene-

poor chromosomes have been shown to pre-

ferentially localize to the nuclear center and

periphery, respectively (33). Additionally, a

recent study focusing on a subset of chro-

mosomes has shown that lineage-specific

associations of certain chromosomes can

occur (34). What remains to be established,

however, is the organization of an entire

genome at the level of the chromosome.

Furthermore, whether a given nuclear topol-

ogy changes upon cell differentiation has yet

to be demonstrated.

With the idea of cell-specific nuclear

topology, we have clearly moved beyond

the realm in which bacteriophage 4 can lead

by example. The dynamic regulation of

hundreds to thousands of genes requires a

level of coordination unnecessary for a

simple phage. Still, it is important to remem-

ber that the functions of the nucleus, such as

transcription, are intertwined with its struc-

ture. If the principles of eukaryotic gene

regulation find basic parallels with a less

complicated example, then there is hope that

these principles, aided by the merging of tech-

nologies such as SKY and 3D microscopy,

may allow us to fully appreciate the dynamic

organization of a genome within its nucleus.

Note added in proof: A recent study has

provided evidence for the colocalization of

coregulated genes on the same chromosome

(35).
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R E V I E W

Cis-Acting Regulatory Variation in the
Human Genome

Tomi Pastinen and Thomas J. Hudson*

The systematic screening of the human genome for genetic variants that affect gene
regulation should advance our fundamental understanding of phenotypic diversity
and lead to the identification of alleles that modify disease risk. There are several
challenges in localizing regulatory polymorphisms, including the wide spectrum of
cis-acting regulatory mechanisms, the inconsistent effects of regulatory variants in
different tissues, and the difficulty in isolating the causal variants that are in linkage
disequilibrium with many other variants. We discuss the current state of knowledge
and technologies used for mapping and characterizing genetic variation controlling
human gene expression.

Expression profiling and genome-wide map-

ping studies have shown that strong heritable

factors govern differences in gene expression

levels within mammalian species such as the

mouse and human (1, 2). The concentration

of a given mRNA allele is controlled both by

cis-acting factors (such as DNA polymor-

phisms and methylation) in the flanking

DNA sequence of the gene and trans-acting

modulators (such as transcription factors)

that are themselves regulated by other

genetic and environmental characteristics of

the cell. Whereas heritable expression differ-

ences resulting from trans-acting mecha-

nisms appear to be quantitatively more

important, cis-acting variation may explain

up to 25 to 35% of interindividual differ-

ences in gene expression. This is likely an

underestimate, as physiological feedback

mechanisms can mask the impact of subtle

cis-acting variants on expression levels.

Evidence for the medical importance of cis-

acting polymorphisms has been provided by

recent positional cloning of susceptibility

genes that are not associated with protein

coding or splice-site polymorphisms for

common diseases such as stroke and type 2

diabetes (3, 4).

Regulatory polymorphisms are DNA ele-

ments that modify the expression level of a

transcript or its isoforms. Current techniques

can detect expression differences as low as

1.2-fold between samples or alleles; the

phenotypic consequences (if any) of such

small differences are likely to depend on the

function of the gene in question. Most

known regulatory polymorphisms are located

in gene promoter regions and function by

altering gene transcription. Coding poly-

morphisms are also known to affect the
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expression of alleles, as in the case of the

nonsense-mediated mRNA decay of tran-

scripts harboring early stop codons (5). The

emerging picture of regulatory sequences

distributed over long distances upstream

and downstream of a gene, including introns

as well as the 5¶ and 3¶ untranslated regions,

has led to the discovery of regulatory

variants located outside promoter regions

that can alter mRNA stability (6 ), mRNA

processing efficiency (7 ), or mRNA isoform

expression (4, 8) or induce epigenetic

changes (9). However, association of allelic

expression with heritable regulatory poly-

morphisms or epigenetic mechanisms may

not be straightforward. For example, differ-

ent mechanisms have been suggested to

underlie allelic expression of the human

TP73 gene in noncancerous cells and tissues

ranging from heritable polymorphisms (10)

to tissue-specific mono-

allelic expression (11).

Perils and Pitfalls in
the Identification of
Cis-Acting Variation

Isolating a true regulato-

ry variant is complicated

by linkage disequilibri-

um (LD) in the human

genome. This is high-

lighted by studies of the

lactase (LCT) persist-

ence phenotype, a com-

mon monogenic trait

caused by cis-acting reg-

ulatory variants. Genetic

studies in the Finnish

population have shown a

perfect correlation be-

tween LCT persistence

and the T allele in a

single-nucleotide poly-

morphism (SNP) approx-

imately 14 kb upstream

of the LCT gene (12). Whereas these

findings were supported by in vitro studies

showing functional differences between the

alleles (13), subsequent studies have identi-

fied individuals who are heterozygous for the

persistence allele but show equal expression

of LCT alleles (14). In addition, the –14-kb

SNP is not associated with LCT persistence in

some non-Caucasian populations (15); this

SNP shows very high LD with other variants

contained in a 1-Mb flanking region (16 ),

suggesting that it may be in LD with the

causative regulatory variant.

The modulation of gene expression

caused by epigenetic mechanisms can be

misconstrued to be due to regulatory poly-

morphisms. Classically imprinted autosomal

loci display preferential expression of a

single allele (monoallelic expression) that is

independent of sequence variation. This

unequal expression of transcripts, which is

often transmitted according to the allele’s

parent of origin, is usually accompanied by

different patterns of cytosine methylation or

posttranslational histone modifications. This

phenomenon has been best studied in mice, in

which nearly 50 imprinted genes localized to

15 genomic regions have been characterized

(17). For some genes, only one allele of a

gene is arbitrarily expressed in each cell: This

process is called random monoallelic expres-

sion and is reminiscent of X-chromosome

inactivation in females (18). Other naturally

occurring epigenetic mechanisms, which do

not follow strictly parent-of-origin or random

patterns, have also been described in mam-

mals (19). Interindividual variability in levels

of allele silencing in imprinted genes can be

observed in normal controls (20), and it has

been suggested that diet may influence DNA

methylation and allelic expression of epige-

netically regulated loci (21). Epigenetic

alterations are common in neoplastic cells,

which may even be detected in peripheral

blood samples as demonstrated in colon

cancer patients showing increased biallelic

expression of insulin-like growth factor 2

(IGF2) in comparison to that of healthy

controls (22).

Detecting Allele-Specific Expression

Allele-specific expression of a transcript can

be detected by in vitro and in vivo methods

that measure the cumulative effects on a

number of cellular processes (Fig. 1).

In vitro approaches. In vitro methods

(most commonly involving transient trans-

fection assays) monitor the transcriptional

activity of a synthetic reporter construct and

are best suited for testing whether a candi-

date regulatory polymorphism affects gene

expression (23). Most current studies target

putative promoter or upstream flanking

regions; these regions are often poorly

characterized and frequently do not represent

the complete promoter that is active in the

cell line of interest. Although experimentally

validated promoters can be found in the

Eukaryotic Promoter Database (www.epd.

isb-sib.ch), these comprise less than 10% of

human genes. The initial choice of allele-

specific constructs for transfection studies can

be refined by deletion experiments to delin-

eate the most important 5¶ regulatory sequen-

ces. Alternatively, information from long-

range regulatory sequences can be studied to

use constructs containing proximal promoter

regions and enhancer elements (24). More

faithful reproduction of natural gene regula-

tion can be achieved by cloning whole human

genes in bacterial artifi-

cial chromosomes (25).

Such studies are techni-

cally challenging and rel-

atively uncommon; most

published studies have

used relatively small pro-

moter constructs (G1 kb)

or oligonucleotide frag-

ments studied in the con-

text of heterotypic minimal

promoters.

Transient transfection

studies may be compli-

cated by trans-acting influ-

ences on allelic expression.

Studies are often per-

formed in preexisting an-

imal or human lines, but

there are concerns about

whether the observed

data can be extrapolated

to the human tissues of

interest. Even small trans-

acting differences result-

ing from other genetic variants in the host may

be important, as shown by the quantitative

variation of allele-specific responses in

fibroblasts obtained from unrelated individ-

uals (26 ).

Transient transfection assays were re-

cently applied in a systematic, stringent

survey to study proximal promoter (–0.5 kb)

haplotypes from 38 human genes. Significant

allele-specific expression could be repro-

duced in 13 out of 17 (75%) cases when

independent clones were used, suggesting

that 930% of proximal promoters may

harbor cis-acting variants (27 ).

In vivo approaches. In vivo monitoring of

allelic RNA transcripts (28) is possible in

tissues or cells of individuals heterozygous

for an informative marker within the locus.

There are several advantages to observing

relative expression of the two alleles within

Fig. 1. Cellular phenomena associated with and measured in allele-specific expression
studies. PII, RNA polymerase II.
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the same tissue sample: (i) Alleles are

expressed in their normal environment in-

cluding genomic and chromatin context; (ii)

comparison of alleles is made within rather

than between samples, maximizing the sen-

sitivity of detecting cis-acting effects; (iii)

the developmental and physiologic history of

the tissue is unlikely to be perturbed by the

presence of two low- or two high-expressing

alleles; and (iv) population-based studies

allow sampling of haplotype diversity within

each locus.

The approach has been applied in the

context of rare monogenic diseases to

demonstrate underexpression of the disease

allele (29). Similarly, underexpression of the

wild-type allele may explain variable pene-

trance in dominantly inherited Mendelian

traits (30). Evidence for cis-acting regula-

tory polymorphisms in candidate genes for

complex diseases has also been sought by

allelic expression measurements (8). Demon-

stration of parent-of-origin specific expres-

sion in tissues (or cells) (31) and monoallelic

expression in cells (32) provide commonly

used assays to establish imprinting and ran-

dom monoallelic expression, respectively.

Direct methods of visualizing allelic

expression are challenging, thus measure-

ments are commonly performed with ampli-

fied cDNA [reverse transcription polymerase

chain reaction (RT-PCR)] from tissues or

cell lines of interest and require the pres-

ence of an informative polymorphism in the

processed transcript. Increased informativity

can be achieved with the use of nuclear pre-

mRNA [heteronuclear RNA (hnRNA)] (33).

In our experience, assays performed with

hnRNA have slightly higher variability and

failure rates as compared with those that

use mRNA, likely reflecting the lower con-

centration of hnRNA in total RNA prepa-

rations. Successful hnRNA assays not only

increase the informativity of the allelic ex-

pression measurements but also provide

evidence for transcriptional causes of al-

lelic expression, because RNA processing

differences (such as alternate splicing) can

be excluded. The role of transcription in

causing allele-specific expression can also be

determined by the recently introduced poly-

merase loading assay [haplotype-specific

chromatin immunoprecipitation (‘‘Haplo-

ChIP’’)] (34), which is based on isolating

transcriptionally active DNA fragments by

immunoprecipitation DNA bound to RNA

polymerase II enzyme. The isolated DNA

fragments can be assessed for polymorphisms

in heterozygous samples to determine relative

transcriptional activity of the alleles as a

surrogate for relative allelic expression.

Allelic expression studies also require

quantitative genotyping assays and most

commonly primer extension methods have

been employed for relative allelic quantita-

tion. Imbalanced allelic expression is de-

tected when the heterozygote allele ratio in

RNA (cDNA) differs from the correspond-

ing 1:1 ratio in genomic DNA. The cut-off

for calling allelic imbalance would optimally

be based on the variability of cDNA hetero-

zygote ratios in samples known to express

the alleles in equal proportions; in practice,

such information is not available and thresh-

olds are commonly derived from the analysis

of variability in heterozygote genomic DNA

samples. The potential biases introduced by

the application of genomic standards are far

less serious than the artefactual allelic

imbalance caused by stochastic RT-PCR

amplification of one allele in low copy

number targets. Stochastic effects are a

particular concern in single-cell studies (32).

Recent in vivo screening studies of

relative allelic expression in normal tissues

or cell lines for hundreds of human genes

suggest that 25 to 50% of genes and 5 to

25% of heterozygotes show evidence of

unequally expressed alleles (10, 33, 35).

The abundance of allele-specific differences

in expression is notable, though variable

study designs preclude consensus estimates

of its prevalence in the human genome.

Furthermore, the allelic expression demon-

strated in informative heterozygotes has not

been correlated with total expression levels

across all genotypic groups; some allelic

differences could be compensated if the

expression of the gene were under direct

negative feedback control.

Genetic Mapping Combined with
Expression Profiling
Genome-wide expression profiling technolo-

gy has developed to a level at which even

routine clinical applications have been con-

templated. This, along with improved geno-

typing technologies, would allow large-scale

correlations of marker genotypes to gene

expression levels modeled as quantitative

traits (eQTLs). When genetic linkage of the

eQTL coincides with the genomic location of

the gene, the presence of cis-acting regulatory

variants can be deduced (1, 2). Alternatively,

panels of moderate sample size may have

sufficient power to permit whole-genome

association studies with eQTLs. The draw-

backs of both approaches are that the

detection of subtle cis-acting effects may

require large sample sizes (i.e., thousands of

RNA samples from different individuals) and

that epigenetic variation is not assessed.

Furthermore, without direct allele-specific

expression measurements, the correlation of

a marker genotype with gene expression level

does not guarantee that the effect is cis-

acting; a polymorphism in a trans-acting

regulator in linkage disequilibrium with the

marker genotype can explain the associa-

tion. This may prove to be important even

with high-density mapping, because anti-

sense transcription may be a common regula-

tory mechanism of human gene expression

(36 ).

Elucidating the Causal Mechanism of
an Allelic Imbalance

Heritable cis-acting effects can be demon-

strated by cosegregation of unequal allelic

expression with marker genotypes in pedi-

grees (10, 29). The lack of Mendelian in-

heritance of an allelic imbalance phenotype

may point toward epigenetic mechanisms

(33). Measurable phenomena associated with

epigenetic allele-specific expression include

replication asynchrony (32), differential meth-

ylation of the genomic loci (37 ), and allele-

specific posttranslational histone modification

(37). Common heritable allelic imbalance phe-

notypes can be mapped in unrelated individ-

uals to establish regulatory haplotypes (34).

For example, we demonstrated a strong reg-

ulatory haplotype in the human BTN3A2

locus, which spanned at least 15 kb flanking

the gene (33).

A tempting approach is to use existing

bioinformatic tools to identify functional

regulatory variants, but despite advances in

the field (38), these computer predictions

have relatively poor specificity. In vitro

methods may also help find the functional

SNP(s); however, their role is restricted by

the inability of plasmid constructs to mimic

the role of the natural genomic context in

establishing allele-specific expression. Most

of the transient transfection studies to date

have been corroborated with other in vitro

assays. For example, allele-specific DNA-

protein interaction assays have been used to

demonstrate that the putative regulatory

polymorphism shows allele-specific differ-

ences in recruiting nuclear transcriptional

activators or repressors. Similarly, indirect

support for the functionality of the putative

regulatory polymorphism may be sought by

correlating genotypes with altered protein

activity. Finally, the direct observation of

cis-acting effects in vivo, as demonstrated

for the human LTA gene with the use of the

HaploChIP technology, provides corrobora-

tion of transcriptional events mediating

allele-specific gene expression (34, 39).

Allelic Expression: Next Steps

The rapidly evolving data sets, technologies,

and knowledge of regulatory variation por-

tend the generation of genome-wide map-

ping and characterization of allelic variants

affecting gene expression. The large-scale in

vivo screening studies carried out to date are

generally limited to descriptions of allele-

specific differences in expression, leaving the

underlying mechanisms largely unexplored.

A more complete picture will require

genome-wide in vivo allelic expression analy-
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ses followed by a systematic classification

into probable genetic or epigenetic mecha-

nisms with the use of family-based samples.

The genetic basis of allele-specific expression

phenotypes can subsequently be mapped to

regulatory haplotypes. The most limiting

factor for such a study is the lack of suitable

panels of human tissues. In the short term,

existing collections of immortalized cell lines

can provide useful starting material, al-

though these cells may express the genes of

interest at low level or under abnormal

transcriptional control.

Alternatively, genome-wide assessment

of DNA protein interaction for transcription-

ally active genes in vivo combined with

allele quantitation of the protein-bound

genomic fragments (34, 39) could be used

to determine cis-acting polymorphisms un-

derlying interindividual differences in re-

sponse to key transcriptional regulators.

The latter approach may provide a short-cut

to the identification of the causative regula-

tory polymorphism and shift the focus to

cellular processes of interest. The intersec-

tion of multidisciplinary efforts to develop

tools and characterize the regulatory compo-

nent of the human genome [such as the

ENCODE project (40)] with genome-wide

allelic expression studies and regulatory

haplotype characterization will provide a

wealth of data for understanding cis-acting

variation affecting the regulation of human

genes and its contribution to phenotypic

variance.
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