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An enzyme that senses foreign and mislocated
DNA in the cell cytoplasm acts as an alarm that
triggers host defense responses.
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T

o immunologists, DNA has always
had a dark side. Long before it was
shown to be the genetic material, it
was known to stimulate immune responses
(1). When DNA is in the wrong place, it is
a sign of danger. The danger can be in the
form of infection where microbial DNA is
sensed, or cellular damage that leaks DNA
into the cytoplasm from the nucleus or mitochondria. In the latter scenario, DNA can
cause havoc, provoking autoimmune conditions such as systemic lupus erythematosus. On pages 826 and 786 of this issue,
Wu et al. (2) and Sun et al. (3), show that
an enzyme called cyclic guanosine monophosphate–adenosine monophosphate
(cGAMP) synthase (cGAS) detects cytoplasmic DNA and triggers a signaling system never before observed in metazoans, to
galvanize host defense, inﬂammatory, and
autoimmune responses.
There are several candidate DNA sensors in mammalian cells [including DNAdependent activator of interferon regulatory
factors (DAI), DEAD box polypeptide 41
(DDX41), and interferon inducible protein
16 (IFI16)] (4), all of which activate a cytoplasmic protein called stimulator of interferon genes (STING). STING then turns on
two protein kinases called IκB kinase (IKK)
and TANK binding kinase 1 (TBK1), which
in turn, respectively, activate the transcription factors nuclear factor κB (NF-κB) and
interferon regulatory factor 3 (IRF3). Both
signaling cascades lead to the production of
type I interferons and other cytokines that
participate in host immune responses. However, the precise mechanism of STING activation has not been clear, nor the relative
importance of the possible DNA sensors.
Wu et al. and Sun et al. searched for a
cytosolic sensor of DNA through an in vitro
assay based on two mammalian cell lines—
one that was screened for a sensor(s), and
one that acted as a reporter cell line to detect
the sensor(s). Factors in the cytoplasm of
the screened cells gained access to the cytoplasm of reporter cells that were permeabilized. Activation of the transcription factor IRF3 in the reporter cells served as the
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DNA sensor. (A) A well-characterized signaling pathway involves adenylate cyclase, which is activated by
many hormones via G protein–coupled receptors (GPCRs) at the cell surface. Adenylate cyclase produces the
second messenger molecule cAMP, which activates protein kinase A (PKA) and many cellular processes. (B)
DNA from diverse microbes is sensed in the cytosol of infected cells as a danger signal. The cyclase cGAS binds
this DNA, becomes catalytically active, and generates cGAMP as a second messenger. cGAMP binds to STING,
which activates two signaling pathways that increase the expression of immune and inﬂammatory genes,
thereby promoting host defense. The same process is likely to sense host DNA that leaks out of mitochondria
or the nucleus in damaged cells, acting as a danger signal. Certain microbes make c-di-GMP or c-di-AMP,
which activate STING; other microbes (and protozoa) can also synthesize cGAMP. How other DNA sensors ﬁt
into this process is unclear.

readout for activation of the STING pathway. In this assay, exposure of the screened
cells to multiple types of DNA resulted in
cytoplasm that could activate the STING
pathway in the reporter cells. Through biochemical puriﬁcation, a factor that activates
STING was identiﬁed as the cyclic dinucleotide cGAMP. This is intriguing because two
other bacterial molecules, cyclic diadenylate monophosphate (c-di-AMP) and cyclic
diguanylate monophosphate (c-di-GMP),
also bind to STING and induce the production of type I interferons (5, 6). It is also
interesting that cGAMP acts as a signaling
molecule in the bacterium Vibrio cholerae
(to control motility) (7). Wu et al. report that
treating the screened cell line with chemi-

cally synthesized cGAMP at concentrations
as low as 10 nM stimulated the production of
interferon-β—an effect much more potent
than that of c-di-GMP or c-di-AMP. Exposure of the screened cells to herpes simplex virus I or vaccinia virus also caused an
increase in cytoplasmic cGAMP concentration. Wu et al. also show that STING binds
to cGAMP directly. Whereas c-di-GMP produced by bacteria [and by the protozoan
Dictyostelium (8)] acts as a pathogen-associated molecular pattern (PAMP) molecule
that activates STING, cGAMP could be
described as a danger-associated molecular
pattern (DAMP), although the term “second messenger” is more biochemically correct given that it resembles the well-known
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than that achieved by the ectopic expression
of other DNA sensors such as DAI, IFI16,
and DDX41. In vitro and in cells, DNA
interacted directly with cGAS.
Wu et al. and Sun et al. provide compelling new insights into how DNA is sensed
in the cytoplasm of mammalian cells. DNA
binds to the enzyme cGAS, which catalyzes the production of the second messenger molecule cGAMP. This molecule
in turn binds to STING, which triggers two
different signaling cascades that launch the
expression of host defense and inﬂammatory proteins (see the ﬁgure). Moreover,
some bacteria appear to bypass cGAS by
producing dicyclic nucleotides that bind
to STING directly. The discovery of cGAS
means that any microbe with DNA that
stimulates gene expression by the transcription factors NF-κB and IRF3 will also
signal via a cyclic dinucleotide, this time
made by the host cell via cGAS. The pathway is also likely to be important for the
sensing of self DNA, which can lead to
autoimmunity.

What role does cGAS play relative to the
other DNA sensors? This is not yet clear, and
it is possible that cell type speciﬁcity will be
found. Because cGAS has catalytic activity,
it is possible that a small-molecule inhibitor
could have therapeutic potential for autoimmune diseases. Whether that would leave the
patient vulnerable to infection would need to
be evaluated.
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EVOLUTION

A molecular phylogeny of the animal kingdom
published 25 years ago was the precursor
to today’s widely accepted phylogeny
of all animal phyla.

The Animal Tree of Life
Maximilian J. Telford

I

n a letter to T. H. Huxley written on 26
September 1857, Charles Darwin imagined a time to come “though I shall
not live to see it, when we shall have very
fairly true genealogical trees of each great
kingdom of nature” (1). The publication of
On the Origin of Species, two years later,
prompted a century and a half of disagreement among zoologists proposing often
wildly contradictory schemes of animal evolution. Clarity began to emerge with Field
et al.’s landmark publication 25 years ago of
an analysis of animal relationships based on
ribosomal RNA (rRNA) sequences (2). The
paper made zoologists realize that molecular
biology could and should be applied to traditional zoological questions.
The earlier disagreements derived from
varying interpretations of the morphological and embryological characteristics of
animals. Many of these characters have
evolved repeatedly in unrelated lineages as
adaptations to similar selective pressures or
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have been lost from certain groups through
disuse. Today’s strengthening consensus is
almost entirely thanks to the use of molecular genetic data in reconstructing trees.
Heritable changes in nucleotides and amino
acids are abundant and generally much less
prone to the problems of convergent evolution and loss than are morphological characters (3).
Field et al.’s sequencing of 18S rRNAs
from species across the animal kingdom
narrowly predates the polymerase chain
reaction (PCR) era (4). The authors instead
produced their sequence data by direct
reverse transcriptase sequencing of rRNA
(5). They sequenced three regions of the 18S
rRNA molecule from species representing
10 of the ~30 animal phyla. This approach
produced ~1000 nucleotides of sequence per
taxon, almost an order of magnitude greater
than previous work using 5S rRNA (6).
If we consider a summary of the trees
produced from these data (see the ﬁgure,
panel A), we find some familiar groups
(arthropods, chordates, and echinoderms),
as well as some surprises. For example,
almost all premolecular phylogenies sup-

posed a close link between the brachiopods
(lamp shells) and the deuterostomes (chordates and echinoderms). Yet in Field et al.’s
tree, the brachiopods are placed far from
the deuterostomes in the Lophotrochozoa,
which include annelids and mollusks. This
major rearrangement suggests that certain
“deuterostomian” characters of brachiopods
may have evolved more than once.
Similarly, premolecular phylogenies
agreed on a close relationship of the annelids and arthropods (collectively the Articulata in reference to a body divided into segments that is typical of both groups). Field et
al.’s tree provided the ﬁrst hint that the annelids and arthropods are in fact independent
groups, each more closely related to unsegmented phyla (see the ﬁgure, panel A).
Other surprises in the tree were less welcome. Probably the most striking result, and
the one that provoked the strongest reaction at the time, was the conclusion that the
multicellular animals evolved on two separate occasions from unicellular relatives
(see the ﬁgure, panel A). It quickly became
clear that this conclusion was incorrect and
that it resulted from the cnidarians being
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second messenger signaling molecule cyclic
adenosine monophosphate (cAMP).
To identify the enzyme generating
cGAMP, Wu et al. and Sun et al. carried out
three independent routes of puriﬁcation of
cytoplasm, each consisting of four steps of
chromatography. Many proteins copuriﬁed
with cGAS activity, but only three copuriﬁed in all three routes. One of the three is a
member of the nucleotidyltransferase family, which includes adenylate cyclase, the
enzyme that generates cAMP. This is especially interesting because cGAS would
be predicted to be a cyclase on the basis
of its amino acid sequence. The expression of endogenous cGAS was high in the
screened cell line of the assay and in macrophages (immune cells that are critical for
innate immunity) but very low in a cell line
that does not contain an endogenous STING
pathway. Among the many experiments carried out in both studies, the ectopic expression of cGAS and STING in the latter cell
line fully restored responsiveness to DNA—
an effect several orders of magnitude greater

