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Relative Impact of Nucleotide and
Copy Number Variation on Gene
Expression Phenotypes
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Extensive studies are currently being performed to associate disease susceptibility with one form
of genetic variation, namely, single-nucleotide polymorphisms (SNPs). In recent years, another type
of common genetic variation has been characterized, namely, structural variation, including copy
number variants (CNVs). To determine the overall contribution of CNVs to complex phenotypes,
we have performed association analyses of expression levels of 14,925 transcripts with SNPs and
CNVs in individuals who are part of the International HapMap project. SNPs and CNVs captured
83.6% and 17.7% of the total detected genetic variation in gene expression, respectively, but the
signals from the two types of variation had little overlap. Interrogation of the genome for both
types of variants may be an effective way to elucidate the causes of complex phenotypes and

disease in humans.

nderstanding the genetic basis of phe-

notypic variation in human popu-

lations is currently one of the major
goals in human genetics. Gene expression (the
transcription of DNA into mRNA) has been
interrogated in a variety of species and experi-
mental scenarios in order to investigate the
genetic basis of variation in gene regulation
(1-8), as well as to tease apart regulatory net-
works (9, 10). In some respects, a comprehen-
sive survey of gene expression phenotypes

(steady-state levels of mRNA) serves as a proxy
for the breadth and nature of phenotypic var-
iation in human populations (/7). Much of the
observed variation in mRNA transcript levels
may be compensated at higher stages of regu-
latory networks, but an understanding of the
nature of genetic variants that affect gene ex-
pression will provide an essential framework
and model for elucidating the causes of other
types of phenotypic variation. Single-nucleotide
polymorphisms (SNPs) have long been known

to be associated with phenotypic variation either
through direct causal effects or by serving as
proxies for other causal variants with which they
are highly correlated (i.e., in linkage disequi-
librium) (7, 2, 12). An understanding of this as-
sociation has been facilitated by the validation of
millions of SNPs by the International HapMap
project (13). However, during the last few years,
structural variants, such as copy number variants
(CNVs)—defined as DNA segments that are
1 kb or larger in size present at variable copy
number in comparison with a reference genome
(14)y—have attracted much attention (2). It has
become apparent that they are quite common in
the human genome (/5-79) and can have dra-
matic phenotypic consequences as a result of
altering gene dosage, disrupting coding se-
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quences, or perturbing long-range gene regu-
lation (20, 21). Evidence has been presented that
increased copy number can be positively (18, 22)
or negatively (23) correlated with gene expres-
sion levels (for example, deletion of a transcrip-
tional repressor could serve to elevate gene
expression) but the relative contribution of such
large genetic variants (i.e., CNVs) and smaller
variants (i.e., SNPs) to phenotypic variation has
not been evaluated. It is also still unknown
whether SNPs can serve as proxies to CNVs
(24, 25) and whether the complex nature of
some CNVs requires that they be surveyed
directly (26). We have used the phase I
HapMap SNPs (/3) and the recently described
CNV data ascertained in the same HapMap
populations (26) for correlation with genome-
wide gene expression variation in the same
individuals.

Gene expression was interrogated in lympho-
blastoid cell lines of all 210 unrelated HapMap
individuals (/3) from four populations (CEU: 60
Utah residents with ancestry from northern and
western Europe; CHB: 45 Han Chinese in
Beijing; JPT: 45 Japanese in Tokyo; YRI: 60
Yoruba in Ibadan, Nigeria) in four technical rep-
licates (see Methods). Out of the 47,294 tran-
scripts that were interrogated, the normalized
values for 14,925 transcripts (14,072 genes) were
included in the analysis [see Methods and (27)].
The SNP genotypes from phase 1 HapMap (28)
were used in the analysis (see Methods). CNV
data were represented by log, ratios from com-
parative genomic hybridization (CGH) of each
HapMap individual against a common reference
individual on an array comprising 26,574 large-
insert clones covering 93.7% of the euchromatic
portion of the genome (26, 29). Log, ratios from
two sets of clones were analyzed: the whole set
of 24,963 autosomal clones (CGH clones) and
the 1322 autosomal clones corresponding to
CNVs present in at least two HapMap individ-
uals (CNV clones) (26). We excluded genes on
sex chromosomes because of their imbalance in
males and females. We performed linear regres-
sion (on each of the four populations separately)
between normalized quantitative gene expression
values and SNP genotypes or clone log, ratios
that were near the gene (SNP position or clone
midpoint within 1 Mb and 2 Mb, respectively, of
the probe midpoint position). We used different
window sizes for SNPs and clones because
clones are large (median size of ~170 kb) and
structural variants can exert long-range effects
(21), so a 2-Mb window is more appropriate.
Statistical significance was evaluated through the
use of permutations (30), as previously described
(1), and a corrected P value threshold of 0.001
was applied (see Methods). Repeated permuta-
tion exercises showed that our permutation
thresholds were very stable (see table S1). We
tested a large number of genes so an additional
correction was required. This could be done
either by adjusting the threshold to a new cor-
rected threshold above which all genes are

www.sciencemag.org SCIENCE

expected to be significant (e.g., Bonferroni cor-
rection) or by setting the threshold to a value that
generates a satisfactory false-discovery rate
(FDR). We have used the second, and we have
estimated the FDR on the basis of the number of
genes tested and have required that, in all cases,
at least 80% of the genes called significant are
estimated to be truly significant. Given that there
are 14,072 genes that lie within 1 Mb of SNPs
and within 2 Mb of the full set of CGH clones,
and ~7150 genes that lie within 2 Mb from the
CNV clones (from 7135 to 7191 depending on
the population, owing to missing data), we ex-
pect this analysis to generate false-positive as-
sociation signals for approximately 14 and 7
genes, respectively, in each population.

Of the 14,072 genes tested, we detected sig-
nificant associations with at least one SNP for
323, 348, 370, and 411 genes for CEU, CHB,
JPT, and YRI, respectively (e.g., Table 1 and
table S1). These comprise a total of 888 non-
redundant genes of which 331 (37%) were
replicated at the same significance level in at
least one other population, and of those, 67 (8%)
were significant in all four populations (Table 2
and table S2). As expected, we have limited
power to detect weak effects because of the
small sample sizes: The minimum detected
squared regression coefficient (*)—which
reflects the proportion of expression variance
accounted for by the linear association with
allele counts—was 0.27. However, some very
strong effects were detected that, in some cases,
had an #* close to 1 (Fig. 1 and fig. S1). We
detected a strong preference for associated SNPs
to be close to their respective genes, most of
which were within 100 kb of the interrogated
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expression probe (Fig. 1, A and C). In summary,
we detected a large number of regions that ap-
pear to carry genetic variation affecting gene
expression. To evaluate the effect of experimen-
tal variation and, hence, the robustness of our
associations, we compared the list of gene ex-
pression associations from our previous study (/)
in which we detected 63 expression associations
significant at the 0.05 permutation threshold in
the CEU population. Of those 63 expression
phenotypes, 47 went into the current analysis, of
which 43 (91.5%) were called significant at the
same permutation threshold (0.05) in the same
population. The previous study was performed
with different batches of cells, by using RNA
extracted in a different laboratory, with RNA
levels quantified on a different type of array
(custom versus genomewide array), so the high
degree of experimental and statistical replication
strongly suggests that the signals we detected are
robust and stable to experimental variation in
expression measurements.

Of the 14,072 genes tested, we detected sig-
nificant associations with at least one of the
24,962 autosomal CGH clones in 85, 44, 58, and
96 genes in CEU, CHB, JPT, and YRI, re-
spectively (238 nonredundant genes), of which
28 (12%) were replicated at the same signifi-
cance level in at least one other population, and
of those, 5 (2%) were significant in all four
populations (Fig. 2, Table 1, and table S3 and
figs. S2 and S3). Not all associated clones were
within CNVs defined using the stringent criteria
of (26) [119 out of 303 (39%) associated clones
were previously defined as CNVs], and it is
likely that some of these clones encompass
smaller CNVs that are detectable though asso-

Table 1. Numbers of genes with significant associations to SNPs (SNP-probe distance < 1 Mb), all
CGH clones (clone-probe distance < 2 Mb), or CNV clones (clone-probe distance < 2 Mb) as assessed
by permutations, together with the numbers of overlaps between SNP-associated genes and CGH or
CNV clone-associated genes (probe-variant distance < 1 Mb for both SNPs and clones) (see table S4).

CNV (1 Mb) +
Gene population CNV (2 Mb) SNP SNP overlap
CGH clones CNV clones CGH clones CNV clones
Permutation threshold 0.01
CEU 362 138 643 14 15
CHB 221 110 673 10 9
JPT 319 134 752 13 14
YRI 481 166 815 14 11
Nonredundant 1246 451 1886 28 16
Permutation threshold 0.001
CEU 85 40 323 9 8
CHB 44 32 348 5 6
JPT 58 40 370 8 6
YRI 96 42 411 7 6
Nonredundant 238 99 888 15 12
Permutation threshold 0.0001

CEU 32 18 198 5 6
CHB 14 19 204 4 4
JPT 23 20 217 6 5
YRI 27 16 251 2 2
Nonredundant 69 39 526 8 8
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ciations of log, ratios across a population, but
cannot be detected as extreme outliers in their
log, ratios in any one individual [as is required
for classification as a CNV in (26)]—(see ex-
ample below). For 36 common (minor allele
frequency > 0.05) CNVs (encompassing 99
CGH clones), accurate CNV genotypes were
available. We used these genotypes to validate
the statistical power of performing association
analysis using log, ratios directly rather than
genotypes. There was strong correlation be-
tween 7~ values or P values generated using the
log, ratio signals or the CNV genotypes
(Pearson correlation coefficients > 0.9), indicat-
ing that log, ratios can be used directly.

Little prior data exists on CNV-expression
associations against which to compare and
demonstrate the robustness of our associations.
One recent study (/8) demonstrated three asso-
ciations between common deletions and gene
expression in a subset of the CEU. Two of these
deletions are covered by our CGH data. The re-
ported expression association caused by the
largest of these two deletions is also captured
in our analysis (influencing UGT2B17), and we
extend this observation to show that this deletion
also affects the expression of three other nearby
genes (UGT2B7, UGT2B10,and UGT2B11) and
that these associations replicate across all four
populations. The smaller deletion of only 18 kb,
reported previously (/8) as affecting expression
of GSTM1, is below the expected resolution of
the CGH data. Nonetheless, we observe an as-
sociation that, although it does not pass our
stringent permutation threshold (0.001), has
significant nominal P values in all four pop-
ulations (PCEU = 00292, PYRI = 00018, PJPT =

0.0408; Pcyp = 0.0185). This suggests that
effects of CNVs far smaller than genomic
regions that met our criteria to be called a
CNV within the CGH platform can be detected
and replicated in multiple populations with our
analysis.

Having investigated the potential contribu-
tion of CNV to variation in gene expression by
using data from all CGH clones, we interrogated
the nature of CNV effects on gene expression in
finer detail by performing association tests of
1322 clones within high confidence CNVs (see
above) with expression of the 14,072 genes, in
order to generate a set of high stringency asso-
ciations for which the presence of an underlying
CNV has already been validated. Significant as-
sociations with at least one of the 1322 CNV
clones were detected for 40, 32, 40, and 42
genes in CEU, CHB, JPT, and YRI, respectively
(99 nonredundant genes) (table S4). Thirty-four
of the 99 genes (34%) associated with CNV
clones have a significant signal in at least two
populations (Table 2), of which 7 (7%) were as-
sociated in all populations. Some CNV clones
were associated with more than one gene in the
same population; a notable example was a single
CNV clone associated with expression of four
genes in all populations (UGT2B genes, see
above). CNVs detected by CGH can be classified
into five classes: deletion, duplication, deletion
and duplication at the same locus, multiallelic,
and complex (26); we find all classes of CNV
represented among the significant associations.
Despite the clear preference for genes to lie close
to their associated CNVs (Fig. 1, B and D), 53%
of the expression probes associated with a CGH
clone were located outside the CNVs encom-

Table 2. Sharing of associations between populations.

CGH clone CNV clone SNP
(2 Mb) (2 Mb) (1 Mb)
CEU-CHB-]PT-YRI 5 7 67
CEU-CHB-]PT 2 4 48
CEU-CHB-YRI 1 0 11
CEU-JPT-YRI 1 0 12
CHB-JPT-YRI 3 3 28
CEU-CHB 1 3 18
CEU-]PT 2 0 15
CEU-YRI 6 6 36
CHB-JPT 4 5 51
CHB-YRI 1 3 18
JPT-YRI 2 3 27
CEU only 67 20 116
CHB only 27 7 107
JPT only 39 18 122
YRI only 77 20 212
Sum 238 99 888
Gene associations in at
least two populations 28 34 331
Percentage of total 0.12 0.34 0.37
Gene associations in
single populations 210 65 557
Percentage of total 0.88 0.66 0.63

passing that clone (26). This suggests that rather
than altering gene dosage, about half the CNV
effects are caused by disruption of the gene
(some parts of the gene, but not the probe, are
within in the CNV) or affect regulatory regions
and other functional regions that have an impact
on gene expression. When we extended our
analysis to consider associations between genes
and CNVs up to 6 Mb apart, we detected a few
significant long-distance associations beyond
2 Mb (table S5). These types of long-range effects
are becoming more apparent through recent
studies looking in detail at specific genomic
regions (20, 31). A small minority (5 to 15%) of
the significant CNV-expression associations
have a negative correlation between copy num-
ber and gene expression, which suggests that
not all the detected effects are of the conventional
type, wherein gene expression levels increase
with gene copy number (table S3). Almost all (32
out of 34) of the associations that are shared
between populations also exhibit the same di-
rection of correlation in all populations. The two
exceptions could result from the CNVs being in
linkage disequilibrium with different regulatory
variants in different populations or because of
SNP x CNV interactions. However, the strong
bias toward positive correlations between copy
number and expression levels implies that the
vast majority of these associations are attrib-
utable to the CNV itself, and not to a linked
variant.

We next determined whether the same as-
sociations were also captured by SNPs (Fig. 2
and figs. S3 and S4). We only considered those
CGH clones or CNVs within 1 Mb of the probe
so that the analysis is comparable to that of the
SNPs (total of 188 and 84 genes for CGH clones
and CNVs, respectively). We expect some of the
CNVs to be correlated with SNPs via common
genealogical history (linkage disequilibrium)
and therefore their effect on gene expression
would also be captured by SNP associations.
Fewer than 20% (in all populations) of the de-
tected CGH clone associations overlapped with
SNP associations (Table 1), even when we in-
cluded CGH and SNP associations with the
same gene but in different populations [28 out of
188 (14%) genes with significant CGH clone
associations also had a SNP association in any
population]. The same is true of CNV clone as-
sociations: Only 15 of 84 genes (18%) with
CNYV clone associations within 1 Mb also had a
SNP association in any population, and if we
required the association in the same population,
only 12 (14%) of genes had a SNP association.
On the basis of previous work characterizing the
patterns of linkage disequilibrium around CNVs
(26), we considered that this low overlap be-
tween CNV or CGH clone associations with SNP
associations might be due in part either to a low
density of successfully genotyped SNPs around
some CNVs or to the suppression of apparent LD
by recurrent mutation at some CNVs. Segmental
duplications (SDs) are the primary cause of low
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SNP densities in HapMap Phase [ because of the
difficulties in developing robust SNP genotyping
assays within them (/3). We did not observe en-
richment of segmentally duplicated sequences
within the CGH and CNV clones that did not
share signals with SNPs relative to those CGH
and CNV clones that did share signals with
SNPs. However, we observe a 2.5-fold excess of
compound CNVs [CNVs with more than one
mutation event, on the basis of classification of
the CNVs in (26)] in associations that are not
shared with SNPs relative to those that are
shared (Fisher’s exact test: P <0.001). Thus our
analysis suggests that recurrent mutation is a
likely factor reducing overlap between CNV
and SNP associations.

CNV associations that were also detected
with SNPs were clearly biased toward large
effect sizes (tables S1 and S3). Of the 12 genes
with both SNP and CNV associations in the
same population, § shared the association in two
or more populations (giving a redundant total
across the four populations of 26 shared CNV
and SNP associations). The ratio of 8 out of 12
(67%) population shared associations is larger

than that observed in all CNV associations (34
out of 99 = 34%) potentially suggesting that
associations with higher frequency, older CNVs
are more likely to be captured by SNPs. For the
26 associations (representing 12 genes; see
above) captured both by CNVs and SNPs in
the same population, we observed that SNPs and
CNVs were themselves highly correlated for 23
out of 26 SNP-CNV pairs (Pearson correlation,
P < 0.001) suggesting that for these cases the
CNVand SNP captured the same effect, and that
only a small fraction of the associations captured
both by SNPs and CNVs occurs by chance. In
summary, 87 out of 99 (87%) of genes with a
significant CNV association are not associated
with SNPs.

The large-scale (typically > 100 kb) copy
number variation analyzed here appears to be
associated with about 10 to 25% as many gene
expression phenotypes as captured by ~700,000
SNPs, and the majority of these effects cannot be
explained by altered dosage of the entire gene,
but by gene disruption and its impact on the
regulatory landscape of the region where these
CNVs occur. When we restrict the analysis to

REPORTS

within 1 Mb of the probe of the expressed gene,
we detected 1061 genes associated with CGH
clones or SNPs, 17.7% of which are associated
with CGH clones, 83.6% with SNPs, and 1.3%
with both. Of the 972 genes associated with
CNV clones or SNPs, 8.75% are associated
with CNV clones, 92.5% with SNPs, and 1.25%
with both. Whereas the phase I HapMap SNPs
likely capture a large fraction of the SNP effects
in the genome (/3), only a small minority of the
CNVs in the genome were considered here:
CNVs < 100 kb in length are far more numerous
than CNVs >100 kb in length (79). As a con-
sequence, 8.75 to 17.7% is a minimal estimate
of the proportion of heritable gene expression
variation that is explained by copy number
variation.

Our study has attempted to evaluate the rel-
ative impact of CNVs and SNPs on phenotypic
variation in human populations. Within the limi-
tations of our samples, tissue type, SNP cover-
age, and CNV resolution, each type of genetic
variation captures a substantial number of large-
ly mutually exclusive effects on gene expres-
sion. We also demonstrate that both CNV and
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Fig. 1. Strength of association as a function of distance between (A) SNP
and probe and (B) CNV and probe. Positive associations between mRNA
levels and clone log, ratios are shown in red, negative associations in
black. Distance equal to zero corresponds to the probe residing within the
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CNV. In each population panel, only the details for the most significant
association per significant gene are shown. Distribution of r? values for
the most significant association per significant gene for (C) SNP-
expression associations and (D) clone-expression associations.
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Fig. 2. Examples of SNP-expression and clone-expression associations in the
four HapMap populations. (A) Clone-expression association for SMNZ;
chromosome 5 (chr 5). Significant associations between clones and ex-
pression are observed in CEU, CHB, and ]PT, but not in YRI. (B) SNP-
expression and clone-expression association for GBP3; chr 1. Both SNPs and
clones are significantly associated with expression of GBP3 in CEU, CHB, and
JPT, but not in YRI. In each plot, dotted lines show the 0.001 permutation
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significance threshold. For clone-expression associations, all clones in the
window are shown; however, the significance threshold was determined by
permuting data only from those clones in CNVs where the CNV was present
in at least two HapMap individuals. All coordinates shown are from Build 35
of the human genome. Inset panels show the relation between mRNA levels
and SNP genotypes or clone log; ratios, for the most significant clone or SNP
in that population, which may differ across populations.
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SNP associations are replicated across popula-
tions. Replication of association signals is the
sine qua non of association studies, and the fact
that we observe this even between diverse pop-
ulations and with small sample sizes highlights
the relevance and robustness of the associations
we detect. Gene expression is the basis for many
crucial functions in the cell, so the relative con-
tribution of these two types of variants is an in-
dication of the nature of the mutational and
natural selection processes that contribute to
phenotypic diversity and divergence. It is, there-
fore, essential that we interrogate both SNPs and
CNVs (of all types) to perform a comprehensive
exploration of genetic effects on phenotypic var-
iation and disease. It is possible that, if a larger
number of SNPs were analyzed or a higher reso-
Iution of CNVs was available, we would
observe more overlap between the effects attri-
buted to CNVs and SNPs. However, the difficulty
of designing robust SNP genotyping assays in
structurally dynamic regions of the genome (26)
suggests that even with more comprehensive
interrogation of SNPs and CNVs, the overlap
may not be high enough for one type of variation
to be sufficient for exploring the genetic causes
of disease. We have also demonstrated that it is
not necessary to perform such studies with CNV
calls or CNV genotypes, but it is possible to use
filtered CGH log, ratios or any other type of
high-quality quantitative signal that reflects un-
derlying CNV. It has also become apparent that
there are many more structural variants that con-
tribute to phenotypic variation than our stringent
criteria for what is a CNV reveal and that higher-
resolution methods are necessary to elucidate
their structure and function. Last, but not least, is
the fact that we have only considered simple

models of association in small samples, so it is
very likely that if we apply more complex and
realistic models (e.g., epistatic interactions)
and/or larger population samples, a larger num-
ber of effects would be revealed. The results
presented here reinforce the idea that the com-
plexity of functionally relevant genetic variation
ranges from single nucleotides to megabases, and
the full range of the effects of all of these variants
will be best captured and interpreted by complete
knowledge of the sequence of many human
genomes. Until this is possible we need to survey
all known types of genetic variation to maximize
our understanding of human evolution, diversity,
and disease.
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Evidence That Focal Adhesion
Complexes Power Bacterial

Gliding Motility

Tam Mignot,** Joshua W. Shaevitz,? Patricia L. Hartzell,> David R. Zusman™*

The bacterium Myxococcus xanthus has two motility systems: S motility, which is powered by type
IV pilus retraction, and A motility, which is powered by unknown mechanism(s). We found that A
motility involved transient adhesion complexes that remained at fixed positions relative to the
substratum as cells moved forward. Complexes assembled at leading cell poles and dispersed at the
rear of the cells. When cells reversed direction, the A-motility clusters relocalized to the new
leading poles together with S-motility proteins. The Frz chemosensory system coordinated the two
motility systems. The dynamics of protein cluster localization suggest that intracellular motors and
force transmission by dynamic focal adhesions can power bacterial motility.

uring the exhibition of gliding motility,
bacteria move across solid surfaces with-
out the use of flagella (7). Gliding motility
is important for biofilm formation and bacterial
virulence. Motility in Myxococcus xanthus, a
Gram-negative rod-shaped bacterium, relies on

two separate but coordinated motility engines. S
motility is powered by type IV pili that are as-
sembled at the leading cell pole; movement is
produced as the pili bind to surface exopolysac-
charides and are retracted, thereby pulling the cell
forward (2). A motility, on the other hand, is not

associated with pili or other obvious structures
and is not well understood.

To investigate the A-motility system, we
studied AglZ, a protein that is essential for A
motility but dispensable for S motility (fig. S1, A
and B) (3). AglZ is similar to FrzS, an S-motility
protein that oscillates from one cell pole to the
other when cells reverse direction (4) (fig. S1A).
To track the localization of AglZ in moving cells,
we constructed an M. xanthus strain containing a
chimeric aglZ-yfp gene in place of the endoge-
nous aglZ gene (fig. S2A). This chimeric gene
encodes an AglZ-yellow fluorescent protein
(YFP) fusion protein that was stable and func-
tional (fig. S2, B and C). We followed AglZ-YFP
localization using time-lapse video microscopy:
In fully motile cells, AglZ-YFP was localized in
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