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editing levels. The enlarged set of nonrepetitive
RNA editing targets may help unravel rules of
RNA editing in human diseases and behavior.
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Unstable Tandem Repeats
in Promoters Confer
Transcriptional Evolvability

Marcelo D. Vinces,»*3* Matthieu Legendre,™** Marina Caldara,*

Masaki Hagihara,® Kevin J. Verstrepen’?3+

Relative to most regions of the genome, tandemly repeated DNA sequences display a

greater propensity to mutate. A search for tandem repeats in the Saccharomyces cerevisiae genome
revealed that the nucleosome-free region directly upstream of genes (the promoter region) is
enriched in repeats. As many as 25% of all gene promoters contain tandem repeat sequences.
Genes driven by these repeat-containing promoters show significantly higher rates of
transcriptional divergence. Variations in repeat length result in changes in expression and local
nucleosome positioning. Tandem repeats are variable elements in promoters that may facilitate
evolutionary tuning of gene expression by affecting local chromatin structure.

he genomes of most organisms are not

I uniformly prone to change because they
contain hotspots for mutating events. An
abundant class of sequences that mutate at higher
frequencies than the surrounding genome is com-
posed of tandem repeats (TRs, also known as
satellite DNA), DNA sequences repeated adja-
cent to one another in a head-to-tail manner (7).
Errors during replication make TRs unstable,
generating changes in the number of repeat units
that are 100 to 10,000 times more frequent than
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point mutations (2). Variable TRs are often dis-
missed as nonfunctional “junk” DNA. However,
some TRs located within coding regions (exons)
have demonstrable functional roles. For exam-
ple, TR copy numbers in genes such as FLO! in
Saccharomyces cerevisiae generate plasticity in
adherence to substrates (3). In canines, variable
repeats located in Alx-4 and Runx-2 confer var-
iability to skeletal morphology, which may have
facilitated the diversification of domestic dogs
bred by humans (4). Thus, repeats located in coding
regions may increase the evolvability of proteins.

There is also evidence that repeats influence
expression of certain genes (5—7). To investigate
the involvement of TRs in gene expression var-
iation, we first mapped and classified all repeats
in the S288C yeast genome (8) (data set S1).
TRs are enriched in yeast promoters (table S1).
Of the ~5700 promoters in the genome, 25%
(1455) contain at least one TR. Many TRs in
promoters consist of short, A/T-rich sequences
(table S2, fig. S1, and data set S2). Comparison
of orthologous regions in genomes of different
S. cerevisiae strains showed that many of the TRs
are variable (data set S1). For example, 24.1% of

orthologous TR loci in promoters differ in the
number of repeat units between the two fully
sequenced strains, S288C and RMI11 (§). To
confirm this, we sequenced 33 randomly chosen
promoter repeats in seven S. cerevisiae genomes
(Fig. 1A, figs. S2 and S3, and data set S3).
Twenty-five of the 33 TRs differed in repeat units
in at least one of the seven strains. The repeat
variation frequency is 40-fold higher than the
frequency of insertions and deletions (indels) and
of point mutations in the surrounding non-
repetitive sequence (P < 10~ %) (figs. S2 and S3).

To determine whether promoter TR variation
affects gene expression, we compared repeat var-
iablity to expression divergence (ED), which
represents how fast the transcriptional activity of
each gene evolves (9—11). Promoters containing
TRs showed significantly (P < 1.75 x 107%)
higher amounts of ED than did promoters lacking
TRs when comparing yeast species (S. cerevisiae,
S. paradoxus, S. mikatae, and S. kudriavzevii)
(Fig. 1, B to D, and fig. S4A) and S. cerevisiae
strains (S288C and RM11) (Fig. 1, E to G, and fig.
S4, B and C). This difference was independent of
factors known to affect transcriptional divergence,
for example, the presence of TATA boxes (fig. S5).
Only promoters containing variable numbers of
repeat units between strains or species showed
the elevated ED (Fig. 1, D and G). Furthermore,
when variable TRs were binned into variable and
highly variable (10% most variable) groups,
highly variable repeats displayed even higher
ED. Hence, ED correlates not merely with TRs in
promoters but more specifically with repeat num-
ber variation.

To directly test whether changes in promoter
TRs affect transcriptional activity, we varied the
TR repeat number in the promoters of yeast genes
YHBI, MET3, and SDTI (Fig. 2 and fig. S6A).
For each construct, expression increased as the
length of the TR increased from zero, until a certain
size was reached, after which expression dropped
off. To determine whether natural variation between
strains corresponded to similar changes in gene ex-
pression, we cloned promoters of several strains
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