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Precise regulation of MHC gene expression is critical to vertebrate
immune surveillance and response. Polymorphisms in the 5� prox-
imal promoter region of the human class II gene HLA-DQA1 have
been shown to influence its transcriptional regulation and may
contribute to the pathogenesis of autoimmune diseases. We in-
vestigated the evolutionary history of this cis-regulatory region by
sequencing the DQA1 5� proximal promoter region in eight non-
human primate species. We observed unexpectedly high levels of
sequence variation and multiple strong signatures of balancing
selection in this region. Specifically, the considerable DQA1 pro-
moter region diversity was characterized by abundant shared (or
trans-species) polymorphism and a pronounced lack of fixed dif-
ferences between species. The majority of transcription factor
binding sites in the DQA1 promoter region were polymorphic
within species, and these binding site polymorphisms were com-
monly shared among multiple species despite evidence for nega-
tive selection eliminating a significant fraction of binding site
mutations. We assessed the functional consequences of intraspe-
cific promoter region diversity using a cell line-based reporter
assay and detected significant differences among baboon DQA1
promoter haplotypes in their ability to drive transcription in vitro.
The functional differentiation of baboon promoter haplotypes,
together with the significant deviations from neutral sequence
evolution, suggests a role for balancing selection in the evolution
of DQA1 transcriptional regulation in primates.

balancing selection � cis-regulatory evolution � major histocompatibility
complex � primate molecular evolution

Changes in cis-regulatory DNA sequence can alter the timing,
level, and tissue distribution of gene expression, potentially

modifying the emergence and expression of key phenotypic traits
(1, 2). However, despite its biological importance, relatively little
is known about the nature and patterns of extant cis-regulatory
variation, the evolutionary forces acting on such variation, or the
potential functional consequences of that diversity.

The MHC is a multigene family essential to the development
and activation of vertebrate adaptive immunity. Within the
MHC, the class II region contains the classical genes that encode
the distinct � (A) and � (B) subunits that constitute functional
class II molecules (in humans, HLA-DR, HLA-DQ, and HLA-
DP). A primary function of these heterodimeric cell-surface
molecules is to present short peptides from extracellular patho-
gens to helper T cells, an interaction that is essential for the
initiation and regulation of adaptive immune responses against
pathogens (3). Because of this, the class II region is genetically
associated with more diseases than any other comparably sized
region in the human genome (4). Furthermore, there is substan-
tial evidence, across multiple taxa, that class II gene coding
sequence has evolved in response to natural selection (5–7).

Cell surface expression of class II molecules is finely and
tightly regulated to balance an appropriately vigorous response
to pathogens with minimal collateral damage to self tissues (4).
Constitutive expression is normally restricted to specialized
antigen presenting cells, e.g., thymic epithelial cells, macro-

phages, and B cells, but expression on other cell types can be
induced by immune activators (3, 8). Class II expression is also
developmentally regulated during immune cell maturation (3, 8).
Precise regulation of class II expression is essential for normal
immune function; defects in proper regulation can have pro-
found immune consequences (9, 10).

Expression of class II molecules is regulated primarily at the
level of transcription (3, 4, 10). Conserved cis-regulatory se-
quence elements in the 5� proximal promoter region, i.e., the
300-bp region immediately upstream of translation start, direct
most aspects of constitutive and inducible expression in class II
genes (3, 8, 11). These elements are short sequences, typically
7–14 bp, that function as transcription factor binding sites.
Additional gene-specific cis-regulatory elements further affect
expression phenotypes (12) and may provide additional levels of
regulatory control. Overall, the proximal promoter region be-
haves as a single functional unit, with the sequence, spacing, and
orientation of the regulatory elements synergistically contribut-
ing to the expression phenotype (10).

Mutations in the proximal promoter region of the human class
II gene HLA-DQA1 (Online Mendelian Inheritance in Man
database accession no. 146880) significantly affect constitutive
and inducible expression in reporter assays (13). Furthermore,
DQA1 promoter region polymorphisms are associated with
quantitative expression differences in cell lines (14), and they
affect the strength of transcription factor binding (15). More-
over, specific human DQA1 proximal promoter alleles may be
associated with increased susceptibility to a number of autoim-
mune and infectious diseases (16–18).

The overall importance of proper immune regulation, the
observed population genetic diversity of the DQA1 promoter in
humans (19–21), and the demonstrated functional significance
of this diversity make the proximal promoter region of DQA1 a
likely target of natural selection (22). To explore this possibility,
we investigated the evolutionary history of the DQA1 proximal
promoter region in primates and characterized cis-regulatory
variation at both the nucleotide and functional levels. To assess
the functional importance of observed diversity, we used a cell
line-based reporter assay to quantify expression differences
between DQA1 promoter region haplotypes observed in the wild
Amboseli baboon population (23).

Results
Extensive Polymorphism but Not Fixed Divergence Characterizes the
DQA1 Promoter Region in Primates. We sequenced the 270-bp
region immediately upstream of the DQA1 translation start site
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