Data analysis

One- or two-way analyses of variance (ANOVAs) with genotype as between-subject factor
and session, block, day or quadrant as within-subject factor, followed by Fisher post-hoc
tests (when necessary) were performed. Data are mean * s.e.m.
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Chromosomes are divided into domains of open chromatin,
where genes have the potential to be expressed, and domains of
closed chromatin, where genes are not expressed'. Classic
examples of open chromatin domains include ‘puffs’ on polytene
chromosomes in Drosophila and extended loops from lampbrush
chromosomes™’. If multiple genes were typically expressed
together from a single open chromatin domain, the position of
co-expressed genes along the chromosomes would appear clus-
tered. To investigate whether co-expressed genes are clustered, we
examined the chromosomal positions of the genes expressed in
muscle of Caenorhabditis elegans at the first larval stage. Here we
show that co-expressed genes in C. elegans are clustered in groups
of 2-5 along the chromosomes, suggesting that expression from a
chromatin domain can extend over several genes. These obser-
vations reveal a higher-order organization of the structure of the
genome, in which the order of genes along the chromosome is
correlated with their expression in specific tissues.

We developed a method called messenger RNA tagging to isolate
muscle mRNA, because this tissue is difficult to isolate in C. elegans.
The basis of the technique is to use a characterized promoter to
express an epitope-tagged mRNA-binding protein, such as poly(A)-
binding protein (PAB-1), in cells or tissues of interest (Fig. 1).
Because poly(A)-binding proteins bind tightly to the poly(A) tail of
mRNAs*, mRNAs from specific tissues can be enriched by cross-
linking them to the tagged PAB-1, and co-immunoprecipitating the
complex of mRNA and tagged PAB-1 using an anti-epitope mono-
clonal antibody*. DNA microarrays can then be used to identify
which mRNAs have been enriched by co-immunoprecipitation,
indicating that the corresponding gene is expressed in the same cells
as the tagged PAB-1.

To isolate the mRNA expressed in muscle, we first generated
animals that express Flag::PAB-1 in non-pharyngeal muscles from
an integrated transgene using the myo-3 promoter® (myo-3p; see
Methods) (Fig. 2a). The mRNA-Flag::PAB-1 complex was co-
immunoprecipitated from cell lysate using anti-Flag monoclonal
antibodies. About 55% of the Flag::PAB-1 was immunoprecipitated
from the lysate (Fig. 2b). Experiments using dot blot techniques and
polymerase chain reaction with reverse transcription (RT-PCR)
show that unc-54, which is specifically expressed in muscle®, was co-
immunoprecipitated with the muscle-expressed Flag:PAB-1 but
that gld-1, which is specifically expressed in the germ line®, was not
(Fig. 2¢ and data not shown).

Next, we used DNA microarrays to analyse the ratio of the mRNA
enriched by co-immunoprecipitation with Flag::PAB-1 relative to
the mRNA present in the starting cell-free extract. Fluorescently
labelled probes (see Methods) were then hybridized to DNA
microarrays’ containing 90% of the 19,733 genes currently esti-
mated in the C. elegans genome®. We repeated the mRNA-tagging
experiment six times to assess statistically which genes are enriched.

We found that the rank order of genes that are enriched in each
immunoprecipitation experiment is more consistent than their
absolute level of enrichment. This indicates that the immunopre-
cipitation procedure enriches genes consistently relative to each
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other, but that the efficiency of immunoprecipitation is variable.
Hence, the percentile rank of enrichment for every gene from the six
repeats was averaged together. Genes that are not enriched by
mRNA tagging should have an average rank of about 50%, whereas
genes expressed in muscle should have a rank significantly higher. A
Student’s ¢-test identified 1,364 genes that are significantly enriched
in the muscle mRNA-tagging experiments (P < 0.001) (Fig. 3; see
Supplementary Information Table 1). In control experiments using
worms that do not express Flag::PAB-1 (see Methods), only 85 genes
are enriched (P < 0.001; Supplementary Information Table 1).

We verified the mRNA-tagging approach by first showing that the
list of 1,364 genes contains 16 of 18 muscle positive controls (89%)
(Supplementary Information Table 2). The two positive controls
that were not identified by mRNA tagging (hlh-1 and etr-1) also do
not show muscle expression by RNA in situ analysis (http://
nematode.lab.nig.ac.jp; Supplementary Information Table 2).
Second, the expression pattern for 47 of the 1,364 genes was
known from prior work, and 44 are expressed in body wall muscle
(94%) (Supplementary Information Table 3). In contrast, only 13 of
51 genes selected at random are expressed in muscle (25.5%; http://
nematode.lab.nig.ac.jp; Supplementary Information Table 4).
Third, we compared the list of 1,364 genes with two groups of
negative controls. The first group is 559 genes that are known not to
be expressed in larval stage 1 (L1) muscle. Of these, 13 are in the list
of 1,364 genes (2.3%) (Supplementary Information Table 5). The
second group is 7,681 genes that show undetectable hybridization
signals in DNA microarray experiments using RNA from L1
hermaphrodites. Of these, only 132 are in the list of 1,364 muscle-
expressed genes (1.7%) (Supplementary Information Table 6).
Finally, the mRNA-tagging approach is not strongly biased against
rare mRNAs. The distribution of the signal intensities of the 1,364
L1 muscle genes was found to be nearly identical to that of all genes
present on the microarray (Supplementary Information Fig. 1).
Taken together, these results demonstrate that the mRNA-tagging
technique specifically identified a large fraction of genes expressed
in C. elegans muscle.

We have shown that mRNA tagging is a powerful tool for
profiling gene expression in specific tissues in whole-genome
expression studies. There are many previously characterized pro-
moters that can direct the expression of epitope-tagged PAB-1 in
many cell types in C. elegans, so it is now feasible to identify mRNAs
expressed in any tissue at different developmental times, under
different growth conditions or in different genetic backgrounds.
Because poly(A)-binding protein is highly conserved from yeast to

ATG_ flag Stop

\hl--i]—wb

Poly(A)-binding protein (pab-1)

No mRNA
co-immunoprecipitated

Muscle mRNA
co-immunoprecipitated

Figure 1 Outline of the mRNA-tagging technique. a, Schematic of myo-3p.:flag.:pab-1.
The initiator methionine and stop codon are shown. Dark blue boxes show the predicted
pab-1 exons, white boxes show untranslated regions, and the light blue box represents
the Flag tag. b, Schematic of the muscle mRNA-tagging strain. myo-3p drives expression
of Flag::PAB-1 in non-pharyngeal muscle cells (red), but not in other tissues, such as the
intestine (grey). Thus, Flag::PAB-1 (blue) binds only to muscle-expressed mRNAs, and
only muscle-expressed mRNAs co-immunoprecipitate with Flag::PAB-1.
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humans’, mRNA tagging is applicable to other model organisms to
isolate mRNAs expressed in cells or tissues that were previously
inaccessible.

The list of 1,364 muscle-expressed genes is a global overview of
gene expression in C. elegans muscle, and provides a foundation for
understanding how this tissue functions at the molecular level. Five
genes encode transcription factors that may specify muscle cell
function, and fourteen genes encode receptors or other synapse-
associated proteins that may function at the neuromuscular junc-
tion. As expected, the list also contains housekeeping genes, such as
genes involved in energy production, chromatin structure, cyto-
skeletal function, RNA processing and protein expression (Fig. 3c).
This list also contains more than 500 genes with no known function.
A more complete discussion of the list of muscle-expressed genes
will be presented elsewhere.

We next looked for evidence for chromatin domains by investi-
gating the positions of the muscle-expressed genes along the
chromosomes. Specifically, we calculated how many muscle-
expressed genes had start positions® within 10kilobases (kb) of
the start position of another muscle gene (see Methods). This
number of clustered muscle genes was then compared with the
average number of clustered genes from 10,000 randomly sampled
gene lists of the same size as the muscle gene list. Before the number

50 uM

Fraction: Lysate Super Eluate

Sample: 1 2 1 2 1 2
97 —
66— [ — - <

.
45—
MI’ (K)
31—
21—
c Probe: unc-54 gld-1
Sample: 1 2 3 1 2 3

Figure 2 Muscle mRNA tagging. a, Anti-Flag antibody staining of a worm expressing
myo-3p::Flag::PAB-1 showing specific expression in striated muscle. bwm, body wall
muscle. b, Western blot analysis of immunoprecipitation of Flag::PAB-1 (black arrow)
from cell-free extracts. Western blots were stained with anti-Flag antibodies. Samples 1
and 2 are extracts prepared from wild-type and Flag::PAB-1-expressing animals,
respectively. Lysate refers to the cell-free lysate, super refers to the supernatant after
immunoprecipitation of Flag::PAB-1, and eluate refers to immunoprecipitated material.
Red arrows denote the light and heavy chains of the anti-Flag antibodies. The eluate lanes
contain 1.6 X more sample than the lysate and supernatant lanes. M, relative molecular
mass. ¢, Dot blot analysis of the tissue specificity of mRNA tagging. Lane 1 is a 250-ng
poly(A) mRNA standard. Lanes 2 and 3 contain RNA that was co-immunoprecipitated from
wild-type and myo-3p::Flag::PAB-1-expressing animals, respectively. The left and right
blots were hybridized with an unc-54 probe, which is specifically expressed in body wall
muscles, and a gld-1 probe, which is expressed specifically in the germ line, respectively.
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Figure 3 Genes enriched from muscle by mRNA tagging. a, Histogram of the average
percentile rank of enrichment after mRNA tagging. The x axis shows the average
percentile rank of enrichment, and the y axis shows the number of genes. Open bars
represent the distribution for all genes; red bars represent the distribution of the 1,364
genes that are significantly enriched (Student’s ttest, P < 0.001). b, Graphical
representation of the percentile ranks of the 1,364 muscle-enriched genes. Each row
represents a single gene. Colour represents the percentile rank of enrichment. Columns
1-6 are the six repeats and column A is the average percentile rank. Genes are listed in
descending order of their average percentile rank. See Supplementary Information for
how the graphical representation was generated. ¢, Pie chart showing the types of genes
enriched in L1 muscle. The numbers in parentheses show the number of genes in the list
that are expressed in muscle, out of the total number of genes in that biological group.
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of clustered genes was calculated, however, special consideration
was given to neighbouring genes that reside in the same operon, and
those that may have resulted from a tandem duplication event.
Operons are composed of multiple genes that are expressed from
the same promoter and processed by trans-splicing to form separate
mRNAs'>!"". Thus, clustering of different genes from the same
operon on the chromosome would not be evidence for chromatin
domains, and so we used only the start site of the first gene in an
operon. Similarly, tandemly duplicated genes may be expressed
from duplicated regulatory elements, and clustering between these
genes was therefore excluded from our calculations. After removing
operons and tandemly repeated genes (see Methods and Sup-
plementary Information Figs 3 and 4), 1,304 genes remain on the
list of muscle-expressed genes, and 386 of these (29.6%) are within
10kb of another muscle-expressed gene. The number of clustered
muscle-expressed genes is significantly greater than would be
expected for a random distribution (310; P < 10~*) (Table 1, Fig.
4a). We also showed that the clustering of co-expressed genes is not
due to unrecognized operons or read-through transcription; we
repeated this analysis considering only those neighbours that are
convergently or divergently transcribed and found that they still
showed significant levels of clustering (P = 2.0 X 10™°).

The L1 muscle genes are positioned along the chromosomes in
small clusters of 2-5 genes each (Fig. 4b, ¢). Eighty-five of the 174
clusters that contain muscle-expressed genes (48.9%) are inter-
rupted by a gene that is not detectably expressed. The genes in
clusters contain approximately the same set of biological functions
(Supplementary Information Table 7), are enriched to about the
same extent by mRNA tagging, and are expressed at about the same
level as the rest of the muscle-expressed genes (Supplementary
Information Note 1). Hence, clustered genes have a wide variety of
functions and we found no evidence that they are a specific subset of
muscle-expressed genes.

We extended our analysis to determine whether other groups of
genes that are expressed together exhibited clustering along the
chromosomes. Previous microarray studies have identified 650
genes enriched in sperm, 258 genes enriched in oocytes, and 508
germline-intrinsic genes'. All three germline groups showed sig-
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Figure 4 Muscle genes are clustered in small groups of 2-5 genes along the
chromosomes. a, Histogram comparing 10,000 random samples with the observed
muscle gene clusters (red arrow). b, Distribution of the number of muscle-expressed
genes in each cluster. ¢, Schematic of 0.7 Mb of chromosome V, showing the positions of
all genes (black), and genes expressed in muscle (red).
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Table 1 Genes expressed in the same tissue tend to cluster along the chromosomes

Gene group Total genes Genes considered* Observed clusteredt Expected clusteredt P

L1 muscle-enriched genes 1,364 1,304 386 310.1 72x10°°
Sperm-enriched genes 650 616 198 112 <107'®
Oocyte-enriched genes 258 242 26 14.4 0.017
Germline-intrinsic genes 508 475 136 67.9 <107 1%
Mountain 00 2,703 2,377 962 868.9 58x107*
Mountain 01 1,818 1,662 435 465.9 0.89
Mountain 02 1,465 1,100 360 270.6 <107'®
Mountain 03 1,363 1,166 316 271.8 0.0017
Mountain 04 1,195 1,113 466 268.2 <107"®
Mountain 05 1,012 944 248 160.7 <107'®
Mountain 06 978 915 214 159.8 1.6x107%
Mountain 07 909 840 133 130.7 0.32
Mountain 08 810 761 225 119.8 <107'®
Mountain 09 786 744 172 102.8 <107"®
Mountain 10 635 555 97 64.8 0.0013
Mountain 11 587 546 133 715 <107%®
Mountain 12 462 435 86 35.9 <107'®
Mountain 13 396 368 49 27.3 1.3x107°
Mountain 14 353 331 46 22.1 44%x107°
Oxidoreductases 323 317 21 16.7 0.23
Transcription factors 255 214 8 8.6 0.56
Lipid, fatty acid and sterol metabolism genes 281 280 12 12.4 0.53

The genes in each group, except for the mountains, are given in Supplementary Information Table 1. The genes in each mountain can be accessed elsewhere (http://cmgm.stanford.edu/~kimlab/topomap/

c._elegans_topomap.htm).

*The number of genes considered, after removing operons, putative tandem duplicates, and genes with uncertain genomic positions.

1 The number of genes in the gene group that are within 10kb of another gene from the same group.

1 The number of clusters expected for a random distribution. Shown are the average number of clustered genes from 10,000 repetitions of randomly selecting the same number of genes from the genome
as the experimental gene group and counting how many genes are within 10 kb of another gene from the same randomly selected list.
§The probability that the observed number of genes that cluster could be matched or exceeded by chance.

nificant levels of gene clustering along the chromosomes (P < 0.05)
(Table 1). A different way to find genes that are expressed together is
to use expression profiles from a large number of microarray
experiments. Specifically, 553 diverse microarray experiments
were used to define 44 sets of co-regulated genes reflecting similar
expression during development, under different growth conditions
and in many different types of mutants'. In all, 13 of the 15 largest
gene clusters showed significant levels of gene clustering (P < 0.05)
(Table 1).

As a negative control, we analysed gene clustering using three
groups of genes that are predicted to be expressed in a variety of
different cell types at different times in development: genes encod-
ing oxidoreductases, transcription factors and proteins involved in
lipid, fatty acid and sterol metabolism (Table 1). None of these
groups of genes is clustered along the chromosomes (P > 0.2).

Opverall, we have found compelling evidence that genes expressed
together in the same tissues or co-regulated in diverse microarray
experiments are clustered in small groups along the chromosomes.
Recent work has shown that genes that are highly expressed in a
variety of human tissues or that are co-expressed in yeast are
clustered along the chromosomes'*". These results suggest that
gene clustering of functionally related genes may occur in all
metazoans.

One interpretation of the results presented here is that gene
clusters may correspond to regions of active chromatin. Because
opening chromatin for one gene can result in the opening of
neighbouring chromatin'®", transcriptional machinery may access
two co-expressed genes more efficiently if they are neighbours than
if they are far apart. In this model, the fortuitous juxtaposition of
co-expressed genes would be selected over an evolutionary time-
scale. An alternative interpretation of clustering is that genes
expressed in the same tissue appear in clusters because neighbour-
ing genes share a single DNA enhancer element. In this model,
neighbouring genes appear clustered depending on the strength of
nearby enhancers and would not require genomic rearrangements.
In conclusion, our observations that co-expressed genes are clus-
tered along the chromosomes of C. elegans provide direct evidence
that there is a higher-order organization of genes within the
genome. |

Methods

Molecular biology

Standard techniques of molecular biology and worm culture were used to respectively
generate the myo-3p::flag:pab-1 construct (pPRSK9) and the resulting SD1075 strain (see
Supplementary Information for details).

Messenger RNA tagging

The mRNA-tagging protocol is a modification of a formerly published protocol'®. For each
sample, 1 ml of packed worms was resuspended in M9 buffer, and then fixed in 0.5%
formaldehyde in M9 for 1h at 4 °C. Animals were rinsed in homogenization buffer (HB),
and then resuspended in 3 ml of HB. HB is prepared by diethyl pyrocarbonate (DEPC)
treatment of 300 mM NaCl, 50 mM Hepes buffer at pH 7.6, 10 mM MgCl,, 1 mM EGTA,
30mM EDTA, 0.2mgml ™" heparin (sodium salt) and 10% glycerol, and then adding
dithiothreitol (DTT) to 1 mM, vanadyl ribonucleoside complex to 8 mM (Sigma),

50 Uml ' RNasin, and half a protease inhibitor cocktail tablet (Roche). Animals were
lysed with two or three passes on a French press at 8,000 p.s.i. (~55MPa), and then 25
passes on a Wheaten homogenizer. Large debris was sedimented by centrifugation at
4,300¢ for 6 min, and then smaller debris was separated from the supernatant by
centrifugation at 48,000 for 20 min. At this point, the lysate could be flash frozen and
stored for future use.

RNA bound to Flag::PAB-1 was enriched with anti-Flag-M2 affinity gel beads (Sigma).
The affinity beads were prepared by rinsing twice in RNase-free glycine HCI (pH 3.5) and
then four times in HB at 4 °C. The beads were collected by centrifugation, and stored at
4°C. We mixed together 1 ml of lysate, 50 U of RNasin, 8 pl of 200 mM vanadyl
ribonucleoside, and 75 pl of pelleted anti-Flag-M2 affinity gel beads for 2-3 h at 4 °C. The
affinity beads were washed four times with cold HB, and then the RNA—protein crosslinks
were reversed by incubating the beads in 125 pl of elution buffer (50 mM Tris/HCl at pH
8.0, 10 mM EDTA, 1.3% SDS; 20 U RNasin) at 65 °C for 30 min. We collected the
supernatant containing the RNA, repeated the elution once more, and then combined the
two supernatants.

RNA was isolated by mixing 250 pl of the immunoprecipitation supernatant (or cell
extract) with 1 ml of trizol, and then mixing 250 pl of chloroform. After letting the mixture
stand for 10 min, it was spun in a microfuge at 12,000 g for 15 min at 4 °C, and then the
supernatant was extracted with chloroform. RNA was precipitated by adding 600 pl of
isopropanol, incubating at room temperature for 10 min and then centrifuging in a
microfuge for 20 min at 12,000 g at 4 °C. The RNA pellet was rinsed twice with 1 ml of 70%
ethanol.

RNA was linearly amplified as previously described'. The DNA microarrays, probe
preparation, and microarray hybridization are described in Supplementary Information.

Data analysis (mRNA tagging)

To identify genes that are significantly enriched by mRNA tagging, we first normalized the
total amount of cy3 and cy5 signal to each other in each hybridization. We measured the
ratio of the signals from the co-immunoprecipitated RNA (Cy-5) to total RNA in the cell
extract (Cy-3), and then calculated the percentile rank for each gene relative to all genes in
each hybridization. The mRNA-tagging experiment was repeated six times, and the mean
percentile rank from all repeats was determined. A Student’s ¢-test was used to determine
which genes showed a mean enrichment significantly greater than the mean enrichment
for all genes. Mock mRNA tagging was done using four repeats with wild-type (N2)
worms.
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Data analysis (chromosomal cluster analysis)
A gene from the muscle gene list was counted as clustered if its start position was within
10kb of the start position of another muscle gene. We also varied the distance criteria
between 1 kb and 1 Mb and observed significant clustering (P < 0.001) from 1 to 25kb.
A detailed explanation of the calculations used to measure gene clustering is given in
Supplementary Information. Briefly, the calculations included only those genes that were
present on the microarray and for which we could determine a chromosomal position®.
The calculations used only the first gene in an operon, and only one gene of tandem
repeats. The number of clusters expected for a random distribution was calculated
separately for each chromosome, and then summed to give the total number. This was
done so that the number expected for a random distribution reflected any bias in the
experimental list. Finally, because the germline data were obtained from experiments using
microarrays containing 11,917 genes'?, lists of genes were randomly selected from only
these genes to avoid bias.
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Most current models propose Sonic hedgehog (Shh) as the
primary determinant of anteroposterior development of amniote
limbs'. Shh protein is said to be required to direct the formation
of skeletal elements and to specify digit identity through dose-
dependent activation of target gene expression. However, the
identity of genes targeted by Shh, and the regulatory mechanisms
controlling their expression, remain poorly understood. Gli3 (the
gene implicated in human Greig cephalopolysyndactyly syn-
drome) is proposed to negatively regulate Shh by restricting its
expression and influence to the posterior mesoderm*™. Here we
report genetic analyses in mice showing that Shh and Gli3 are
dispensable for formation of limb skeletal elements: Shh ™/~
Gli37' limbs are distally complete and polydactylous, but
completely lack wild-type digit identities. We show that the
effects of Shh signalling on skeletal patterning and ridge main-
tenance are necessarily mediated through Gli3. We propose that
the function of Shh and Gli3 in limb skeletal patterning is limited
to refining autopodial morphology, imposing pentadactyl con-
straint on the limb’s polydactyl potential, and organizing digit
identity specification, by regulating the relative balance of Gli3
transcriptional activator and repressor activities.

In Drosophila, signalling by Hedgehog (Hh) is necessarily
mediated through the regulation of opposing activator and repres-
sor activities of the bifunctional transcription factor cubitus inter-
ruptus (Ci)>*. Ci undergoes default proteolysis to truncated forms
(CiR) that repress expression of hh target genes’; stimulation of Hh
prevents CiR formation and generates a full-length transcriptional
activator (CiA) that upregulates expression of hh target genes®. Shh
signalling in vertebrates is mediated by the GLI family (Gli1-3) of Ci
orthologues, and evidence suggests that the activator and repressor
functions of Ci have been uncoupled and partitioned among
distinct GLI proteins'.

Anteroposterior (A/P) patterning in the limbs of amniotes is
controlled by posterior limb bud mesoderm, called the zone of
polarizing activity (ZPA), through secretion of Shh protein; ectopic
Shh or ZPA tissue grafted to the anterior border induces mirror-
image digit duplications®. Gain- and loss-of-function studies
suggest that Shh signalling progressively specifies increasing num-
bers of digits, with more-posterior identities, through dose-depen-
dent activation of putative Shh target genes®'?, but the identity and
function of Shh effector genes remain unclear'. Glil has been
proposed to positively mediate Shh signalling (reviewed in ref. 1),
but analysis of single- and double-mutant combinations of Glil-3
demonstrates that Glil and Gli2 perform no significant limb A/P
patterning function'. Studies in vivo and in vitro suggest that Gli3,
normally expressed in an anterior domain complementary to Shh?,
negatively regulates the expression of both Shh and its target genes
through generating a repressor form (Gli3R) in a manner analogous
to that in Drosophila®*'. Xenopus'>'® and cell culture studies
provide evidence that Gli3 may positively mediate Shh signalling
in the limb; Shh stimulation prevents Gli3R formation*'*, and Gli3
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