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(dsRNA) molecules between transcripts from the truncated LTR
promoter and the U6 promoter. To rule this out, we inverted the
orientation of the U6 cassette using a Gateway lentiviral construct
for two of the OASI-inducing U6 vectors (see Supplementary
Note online). Both shRNAs still induced OASI, indicating that the
effect does not depend on the orientation of the Pol III cassette
(data not shown).

The magnitude of OASI induction was greater at higher multi-
plicities of infection with all of the vectors tested. Together with
the observation that the MORF4L2 vector was able to potentiate
OASI induction by pAB319 (Fig. 1b), the dependence on vector
dose is consistent with a model in which shRNAs compete for pro-
cessing to siRNA, and the accumulation of unprocessed or aber-
rantly processed Pol III transcripts triggers interferon expression.
Northern blotting of cells expressing the pAB319 and pAB322 vec-
tors detected only the presence of the correctly processed siRNAs
(Fig. 1g), but this assay may not be sensitive enough to detect the
small amounts of dsRNA that are sufficient to trigger an interferon
response.

In conclusion, we show that a commonly used shRNA construct
can induce an interferon response. Although this may not be a con-
cern in initial screens with shRNA banks, we recommend testing
for interferon induction before attributing a particular response to
the gene targeted. One simple precaution to limit the risk of induc-

ing an interferon response is to use the lowest effective dose of
shRNA vector. Finally, we note that many commonly used tumor
cells have a defective interferon response®, which may explain why

these effects have not previously been reported.

Accession numbers. The GEO accession numbers for the microarray data are
GSM3891 and GSM3892.

Note: Supplementary information is available on the Nature Genetics website.
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Convergent evolution of
gene circuits

Gavin C Conant & Andreas Wagner

Convergent evolution is a potent indicator of optimal design.
We show here that convergent evolution occurs in genetic
networks. Specifically, we show that multiple types of
transcriptional regulation circuitry in Escherichia coli and the
yeast Saccharomyces cerevisiae have evolved independently
and not by duplication of one or a few ancestral circuits.

Figure 1 Circuit duplication is rare in yeast and E. coli. (a) Two indicators
of common ancestry for gene circuits. Each of n= 5 circuits of a given
type (a feed-forward loop for illustration) is represented as a node in a
circuit graph. Nodes are connected if they are derived from a common
ancestor, that is, if all k pairs of genes in the two circuits are pairs of
duplicate genes. A =0 if no circuits share a common ancestor (the graph
has n isolated vertices); A= 1 if all circuits share one common ancestor
(the graph is fully connected). The number C of connected components
indicates the number of common ancestors (two in the middle panel)
from which the n circuits derive. F,,, is the size of the largest family of
circuits with a single common ancestor (the graph’s largest component).
(b) Little common ancestry in six circuit types. We considered two circuits
to be related by common ancestry if each pair of genes at corresponding
positions in the circuit had significant sequence similarity. Each row of
the table shows values of C, A and F,,, for a given circuit type, followed
in parentheses by their average values + standard deviations and
Pvalues, as defined by a permutation test described in Supplementary
Methods online.
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Convergent evolution occurs on all levels of biological organization,
from organ systems to proteins. For instance, eyes and wings have
evolved independently multiple times, and many aquatic vertebrates
share a streamlined shape, despite their independent evolutionary ori-
gins'. On the smaller scale of proteins, lysozymes have been recruited
independently for foregut fermentation in bovids, colubine monkeys
and a bird>. Antifreeze glycoproteins in antarctic notothenioids and
northern cod (living at opposite ends of the globe) have indepen-
dently evolved similar amino acid sequences*.

Recent studies have identified abundant genetic circuit motifs in
transcriptional regulation networks of the yeast S. cerevisiae>® and
the bacterium E. coli®’. These circuit motifs include regulatory
chains, feed-forward circuits and a ‘bi-fan’ (Fig. 1). Such motifs may
have had two principal evolutionary origins. First, they may have
come about through the random duplication and subsequent diver-
sification of a few ancestral circuits. Given the high frequency at
which genes and genomes undergo duplication®, this is a plausible
scenario. It is equally possible, however, that these circuits arose
independently by recruitment of unrelated genes. If such convergent
circuit evolution is prevalent, then these circuits owe their abun-
dance to the action of natural selection.

To determine the evolutionary origin of transcriptional regulation
circuits, we defined two indicators of common circuit ancestry, A and
Fphax- Consider a genome containing n regulatory circuits, each with
k genes and identical topology (for details see Supplementary
Methods online). A pair of circuits shares a common ancestor if all
k gene pairs in the circuit pair are gene duplicates. We next defined a
‘circuit graph’ whose n nodes represent the n circuits and where an
edge connects two nodes (circuits) if the circuits have a common
ancestor. Our first indicator, A, of common circuit ancestry, is equal
to A =1— (C/n), where C is the number of components in the graph
(Fig. 1a). The greater A is, the greater is the fraction of circuits shar-
ing a common ancestor. Our second indicator is F,,,, the size of the
largest family of circuits with common ancestry (Fig. 1a).

We identified duplicate genes using BLASTP? at a significance
threshold of E < 107> (E values between 1073 and 107!! yield the same
results). Using this criterion, neither of two circuit types in E. coli
showed evidence of common ancestry (A = 0 and F,,,, = 1 for both;
Fig. 1b). We also studied 18 yeast circuit types, and only three (feed-
forward loops, multi-input modules of size 2 and bi-fans) showed evi-
dence of common ancestry (A >0 and F,,,, > 1; Fig. 1b). This may be
due to chance alone, however, simply because duplicate genes are
abundant in the yeast genome. Therefore, we used permutation tests
(described in Supplementary Methods online) to assess the statistical
evidence of A and F,,,. For no circuit type was A significantly differ-
ent from the chance expectation. For example, yeast contains 542 bi-
fan motifs with A = 0.197. The probability of observing A = 0.197 by
chance is P = 0.18: too large to reject the null hypothesis. We observed
a marginally significant value of F,,, = 5 for feed-forward loops (P =
0.05). Even for this circuit type, however, most circuits (43 of 48)
showed independent ancestry.

Our analysis of yeast circuits rests on genome-scale chromatin
precipitation experiments that use a statistical error threshold (P,)
to identify true regulatory interactions®. The results reported in
Figure 1b are based on P, = 1073, but we found the same results
when varying P, between 1072 and 10~>. As above, only feed-for-
ward loops yielded a marginally significant value of A = 0.11 (P =
0.03) and F,,,, = 3 (P=0.03) at P, < 10~%. Lowering P, further to P,
=107 yielded A=0and F,,, = 1.

We also asked whether members of one gene family preferentially
occurred in one type of gene circuit. This would be expected if many
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Table 1 Gene families are not over-represented in circuit types

Organism Circuit type Proti®  Protifiduplicate®  P°

S. cerevisiae Bi-fan 0.82 0.80 NA
Feed-forward 0.38 0.42 0.21
Multi-input motif 0.77 0.76 NA
Regulator chains 0.64 0.67 0.30

E. coli Bi-fan 0.50 0.67 0.11
Feed-forward 0.82 0.67 NA

3Probability of a randomly chosen regulatory gene occurring in a given circuit type.
bProbability of a regulatory gene occurring in a circuit type given that one of its
duplicates occurs in that circuit type (see Supplementary Methods online). ¢P value
for one-sided exact binomial test of the null hypothesis Pyotit = Protif | quplicate NA
indicates that a test has not been carried because Pqtit > Protif | duplicate: 1he num-
ber of transcriptional regulators was n =112 and n = 22 for the yeast and E. coli
analyses, respectively.

circuits originated through duplication. Specifically, we asked whether
the likelihood of a gene occurring in a given circuit type increases if
one of its duplicates occurs in that type. The answer is no (Table 1).

In sum, we found no common ancestry among the E. coli circuit
types, the yeast regulatory chains or the yeast multi-input motifs
with more than two regulators. Of the remaining three yeast circuit
types, two showed common ancestry indistinguishable from that
expected by chance. Only feed-forward loops showed marginally sig-
nificant values of either A or F,,,, but this finding is not statistically
robust. Moreover, most (43 of 48) feed-forward loops have clearly
independent origins. We also note that the probability of falsely
identifying a pair of circuits as duplicates decreases with increasing
circuit size. The larger a circuit is, the less evidence of duplication it
shows in our analysis.

Multiple lines of evidence indicate that duplicate genes diverge
rapidly in function'®2. Our findings that gene circuits do not
share common ancestry and that duplicate regulatory genes are
randomly distributed across gene circuit types underscore this
point, because they imply that duplicate transcriptional regulators
can readily evolve new interactions. The short DNA binding sites of
transcriptional regulators account for much of this plasticity. In
microbes like yeast and E. coli, new regulatory interactions can
arise rapidly!3, even on the time scale of laboratory evolution
experiments'*. Transcriptional regulation circuits are thus ideal
systems for studying convergent evolution, because natural selec-
tion has much raw material (variation in regulatory interactions)
to shape such circuits.

The finding that gene circuits have evolved repeatedly makes a
strong case for their optimal design. For example, the design of a feed-
forward loop may serve to activate the regulated (downstream) genes
only if the farthest-upstream regulator is persistently activated.
Moreover, the same design rapidly deactivates genes once this regula-
tor is shut off”. Our results also suggest that convergent evolution,
probably rare in protein sequences, may have an important role in the
higher organizational level of gene circuits. Stephen Jay Gould
famously asked what would be conserved if life’s tape, its evolutionary
history, was replayedlS. Transcriptional regulation circuits, it seems,
might come out just about the same.

Note: Supplementary information is available on the Nature Genetics website.
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