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Systems biology approaches identify
ATF3 as a negative regulator of Toll-like
receptor 4
Mark Gilchrist1, Vesteinn Thorsson1, Bin Li1, Alistair G. Rust1, Martin Korb1, Kathleen Kennedy1, Tsonwin Hai2,
Hamid Bolouri1 & Alan Aderem1

The innate immune system is absolutely required for host defence, but, uncontrolled, it leads to inflammatory disease.
This control is mediated, in part, by cytokines that are secreted by macrophages. Immune regulation is extraordinarily
complex, and can be best investigated with systems approaches (that is, using computational tools to predict regulatory
networks arising from global, high-throughput data sets). Here we use cluster analysis of a comprehensive set of
transcriptomic data derived from Toll-like receptor (TLR)-activated macrophages to identify a prominent group of genes
that appear to be regulated by activating transcription factor 3 (ATF3), a member of the CREB/ATF family of
transcription factors. Network analysis predicted that ATF3 is part of a transcriptional complex that also contains
members of the nuclear factor (NF)-kB family of transcription factors. Promoter analysis of the putative ATF3-regulated
gene cluster demonstrated an over-representation of closely apposed ATF3 and NF-kB binding sites, which was verified
by chromatin immunoprecipitation and hybridization to a DNA microarray. This cluster included important cytokines
such as interleukin (IL)-6 and IL-12b. ATF3 and Rel (a component of NF-kB) were shown to bind to the regulatory regions
of these genes upon macrophage activation. A kinetic model of Il6 and Il12b messenger RNA expression as a function of
ATF3 and NF-kB promoter binding predicted that ATF3 is a negative regulator of Il6 and Il12b transcription, and this
hypothesis was validated using Atf3-null mice. ATF3 seems to inhibit Il6 and Il12b transcription by altering chromatin
structure, thereby restricting access to transcription factors. Because ATF3 is itself induced by lipopolysaccharide, it
seems to regulate TLR-stimulated inflammatory responses as part of a negative-feedback loop.

The innate immune system is the body’s first line of defence against
infection. It identifies foreign invaders using pattern recognition
receptors, which detect highly conserved microbial-specific struc-
tures (PAMPs)1–4; the TLRs are prototypic pattern recognition
receptors5. Macrophages, activated via TLRs, unfold a tightly con-
trolled pathogen-specific immune response6. Much is known about
the activation of macrophages leading to the transcription of single
genes. For example, it is well known that the transcription factor
NF-kB has a central role in TLR4-induced transcription of cytokines
such as IL-6 and IL-12b. However, TLR activation involves a complex
transcriptional programme with changes in .1,000 genes, and our
overall understanding of both positive and negative transcriptional
control is woefully inadequate7. The tools of systems biology are well
suited to investigate the complex interactions induced in macro-
phages by TLR activation; global transcription can be measured
using complementary DNA microarrays, and computational analysis
of this information can lead to a deeper understanding of the system
as a whole2,3. We report here on a novel self-regulatory mechanism in
the TLR pathway identified by global analysis of successive waves of
transcriptional activity induced during macrophage activation.

Transcriptional profiling of LPS-stimulated macrophages

Temporal activation of macrophages by the TLR4 agonist bacterial
lipopolysaccharide (LPS) was analysed using cDNA microarrays.
These data were clustered to reveal prominent groups of genes with

similar changes in expression pattern using a k-means algorithm
(Fig. 1). Eleven clusters comprising regulated ‘waves’ of transcription
with early, intermediate and late phases were defined. We were
particularly interested in identifying early clusters of transcription
factors, because these were likely to control subsequent rounds of
transcriptional activation. Cluster 6 met these criteria; it contained
several transcription factors (ATF3, Btg2, Egr1, Egr2, Fos, Ier2, Jun and
Rel) whose mRNA expression peaked at 1 h (Fig. 1 and Supplementary
Data 1). We hypothesized that these clustered genes are co-regulated8

and that they share cis-regulatory elements. Cis-regulatory analysis
using MotifMogul (http://labs.systemsbiology.net/bolouri/Mogul/; see
below) predicted over-representation of ATF/CREB binding sites in
cluster 6. Although it is not yet possible to differentiate computa-
tionally between the DNA binding sites of the ATF/CREB transcrip-
tion factors, ATF3 was the likely candidate as it was the only member
of the family that was induced after LPS stimulation of macrophages
(Supplementary Data 2, Fig. 2S1). ATF3 has not previously been
implicated in regulation of the immune response. It is a member of
the CREB family of basic leucine zipper transcription factors, and has
been shown to act both as a transcriptional activator or repressor
depending on the cell type and stimulus9. The biological role of ATF3
is also obscure. It has been reported to function in the stress response,
the regulation of the cell cycle, and in apoptosis9–14, although the
details of how this occurs are scant and contradictory. For example,
ATF3 has been implicated both as a tumour suppressor10 and as an
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augmenter of metastasis in a murine melanoma model11. It has also
been implicated to be either pro- or anti-apoptotic. For example, on
the one hand, mouse embryonic fibroblasts derived from Atf32/2

mice are partially protected from stress-induced apoptosis12. On the
other hand, ATF3 protects endothelial cells from tumour-necrosis
factor (TNF)-induced apoptosis by decreasing the transcription of
p53 (ref. 13).

ATF3 regulatory complex and transcriptional targets

In order to determine the role of ATF3 in TLR signalling we first
needed to identify the components of the putative ATF3 regulatory
complex. Our strategy was to use computational tools to predict
members of the complex, and then to validate the prediction using
biological methods. Potential ATF3-interacting proteins were identi-
fied using a protein–protein interaction map displayed in Cytoscape
(http://www.cytoscape.org/), a network analysis and visualization
tool4,15 (Fig. 2a; the nodes (circles) represent proteins and the edges
(lines) represent direct interactions between the proteins). The
protein–protein interactions visualized in Cytoscape are largely
curated from the literature, and, as such, they represent possible
interactions. Notably, ATF3 is predicted to interact with two major
transcriptional complexes known to be involved in TLR signalling:
NF-kB (p50) and AP1 (Jun, Junb, Jund1 and Fos) (Fig. 2a). We chose
Rel as a surrogate for NF-kB as it co-segregated with ATF3 in cluster
6. Jun and Fos are also members of cluster 6 and they were therefore
chosen to represent AP1. Again we used MotifMogul, this time to
identify enriched ATF3, NF-kB and AP1 binding site densities and
their proximity to each other and to the transcriptional start sites of
potential target genes in cluster 2 (that is, the cluster of genes that was
activated immediately after the induction of the transcription factors
in cluster 6). Using these constraints we identified 30 target genes that
contained putative ATF3 sites within 100 base pairs (bp) of NF-kB
binding sites and located within 500 bp of the transcriptional start
site (Supplementary Data 3 and 4). Of this subset, IL-6 and IL-12b
were chosen for further investigation because of their biological
relevance (Fig. 2b).

ATF3 kinetic model in LPS-induced gene transcription

We then validated the predicted ATF3 and Rel binding sites on the
regulatory regions of the genes encoding IL-6 and IL-12b using
chromatin immunoprecipitation (ChIP) (Fig. 3a). Rel bound to the
Il6 and Il12b promoters within 1 h of LPS stimulation, and this
binding declined after 2 h. ATF3 binding occurred more slowly, with
maximal binding at 4 h. In contrast to Rel, ATF3 binding did not
decline, and remained constant at 6 h (Fig. 3a). The binding of ATF3
and Rel to their cognate promoters mirrored the nuclear concen-
tration of these transcription factors (Fig. 3b).

To characterize further the function of ATF3 in the TLR pathway
we searched for functionally predictive kinetic relationships between
the binding of Rel and ATF3 to the Il6 promoter and Il6 expression.
Using a generalized multivariate regression model16,17, Il6 transcrip-
tion levels are determined by the amount of promoter-bound ATF3
and Rel; these combine additively with weight coefficients bRel and
bATF3, the numerical values of which can be estimated by fitting the
model to the data (see Methods). These parameters describe the
relative influence of each transcription factor in determining Il6
expression, and are estimated from the Il6 expression and transcrip-
tion factor occupancy on the Il6 promoter. A positive coefficient
implies that the transcription factor has the role of an activator,
whereas a negative coefficient implies repression. Fitting the par-
ameters yields bRel ¼ 7.8 and bATF3 ¼ 24.9, suggesting that Rel and
ATF3 are both important in determining Il6 expression levels, and
that Rel is a transcriptional activator (consistent with current knowl-
edge) whereas ATF3 is a negative regulator of Il6 expression (Sup-
plementary Data 5a). To explore further this prediction we simulated
Atf3-null conditions by removing the corresponding term in the
kinetic equation (Fig. 3c). The model predicts that Il6 expression is
substantially increased inAtf3-null conditions, and, in contrast to the
wild type, the transcription of Il6 is not inhibited, but continues to
rise (Fig. 3c). An exhaustive search of the biologically plausible range
of values for these parameters revealed only one possible answer: that
ATF3 is a negative regulator of LPS-induced Il6 expression (Fig. 3d).
Similar conclusions were derived from analysis of the Il12b gene with

Figure 1 | Macrophage genes regulated by LPS form distinct kinetic
clusters. Macrophages were stimulated with 10 ngml21 LPS and RNA was
isolated at the indicated times and subjected to microarray analysis. Genes
were clustered by their kinetic profiles using a k-means algorithm using

average log10 values of normalized gene expression ratios. Data represent the
average of three independent experimental values ^ standard error. The
transcription factor constituents of cluster 6, which show an early peak of
mRNA expression, are ATF3, Btg2, c-Jun, c-Fos, Egr1, Egr2, Ier2 and c-Rel.
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fitting parameters of bRel ¼ 18.5 and bAtf3 ¼ 29.6 (Supplementary
Data 5, Figs S51 and S52).

Biological effects of ATF3

To clarify the function of ATF3 in TLR4 signalling and to test our
predictions, we obtained Atf32/2 mice for further study14. These
mice develop normally and show no overt immunological phenotype
in specific pathogen-free conditions. Quantitative real-time poly-
merase chain reaction with reverse transcription (RT–PCR) revealed
a substantial increase in LPS-induced Il6 and Il12b mRNA levels in
Atf32/2 bone-marrow derived macrophages (BMMs) (Fig. 4a). LPS
induction of iNOS andTnfmRNA was similarly enhanced inAtf32/2

mice. However, mRNA levels encoding MIP2 were unaffected in
Atf32/2 mice, demonstrating selectivity of the ATF3 effect (Fig. 4a).
The increases in mRNA were mirrored by cytokine secretion and NO
production (Fig. 4b). Similar effects were noted in resident peritoneal
macrophages as well as in liver (Supplementary Data 2, Figs 2S2 and
2S3). The inhibitory role of ATF3 in LPS-induced responses in BMMs
in culture was even more pronounced in vivo. Circulating levels of IL-6

and IL-12b were increased more than 10-fold in Atf32/2 mice
receiving LPS intraperitoneally (Fig. 4c) compared with wild-type
counterparts. Serum TNF levels were similarly increased (Sup-
plementary Data 2, Fig. 2S4). Survival in this in vivo endotoxic
shock model was also substantially altered: whereas 100% of Atf32/2

Figure 2 | Predicting ATF3 target genes using protein interaction network
and promoter analysis. a, ATF3-associated transcription factors are
determined from the known transcription factor protein–protein
interaction network using Cytoscape. ATF3 (red) is predicted to interact
with a number of transcription factors, including members of the AP1 (light
blue) and NF-kB (light green) transcription factor complexes.
b, Computational analysis of the regulatory elements of Il6 and Il12b.
ATF3/CREB and NF-kB binding sites were identified by scanning the 5 0

promoter regions of the Il6 and Il12b genes withMotifMogul. Each coloured
block represents a match: red blocks are ATF/CREB sites; green blocks are
NF-kB sites. The numbers on the axis refer to bases 5 0 upstream from
transcription start site.

Figure 3 | Kinetic analysis predicts a negative regulatory role for ATF3 in
LPS-stimulated responses. a, Temporal recruitment of ATF3 and Rel to the
Il6 and Il12b promoters. Macrophages from wild-type mice were stimulated
with 10 ngml21 LPS for the indicated times. ChIP assays were performed.
DNA from input or immunoprecipitated (IP) fractions was measured by
PCR amplification of specific promoter sequences. b, Protein expression and
localization of ATF3 and Rel. Macrophages from wild-type mice were
stimulated with 10 ngml21 LPS for the indicated times. Nuclear and
cytosolic extracts were analysed by immunoblotting. c, Kinetics of Il6
regulation by Rel and ATF3. Kinetic transcription factor binding data for Rel
and ATF3 in LPS-stimulated macrophages was determined from chromatin
immunoprecipitation (Rel (dotted purple line) and ATF3 (dashed purple
line)), and plotted together with Il6mRNA levels as determined by real-time
PCR (blue solid line). Two parameters were optimized, bRel ¼ 7.8 and
bATF3 ¼ 24.9, representing the relative contributions of Rel and ATF3 levels
in determining Il6 transcription. Shown by the green solid line are the
predicted Il6 levels derived from the kinetic model. Omitting the ATF3 term
in the model gives a prediction of Il6 levels in an Atf3 knockout (red solid
line). d, Visualization of the parameter space of the kinetic model of Il6
regulation. The space of biologically plausible parameter values was
visualized as a three dimensional grid. The fit is best in the red region to the
top and right of the plot, andworst in the dark blue region (to the bottom left
of the figure).
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mice had succumbed by 24 h after LPS administration, none of the
wild-type mice had expired at this early time point (Fig. 4d).

Functional mechanism of ATF3

We next explored the mechanism by which ATF3 inhibits LPS-
induced transcription. Chromatin remodelling regulates transcrip-
tion by allowing, or preventing, access of transcription factors to
their cognate binding sites. The protein–protein interaction map
demonstrates connectivity of ATF3 with histone deacetylase (HDAC;
yellow nodes) via the NF-kB complex (Fig. 2a). HDAC has a critical
role in chromatin remodelling by participating in the acetylation/
deacetylation cycle of histones: acetylation relaxes chromatin structure
thereby allowing access of transcription factors to DNA, conversely,
deacetylation alters chromatin structure to limit transcription factor
access. LPS treatment of macrophages resulted in a substantial increase
in HDAC activity that could be co-precipitated with ATF3 (Fig. 5a, left
panel), and western blotting demonstrated the presence of HDAC1 in
the immunoprecipitated complex (Fig. 5a, right panel). We assessed
the effect of ATF3-dependent chromatin remodelling on the Il6 and
Il12b promoters by determining histone acetylation status using
ChIP. Acetylated histone H4 (H4ac), an indicator of open chromatin
structure, bound to the Il6 promoter within 1 h of LPS treatment
(Fig. 5b). The kinetics of the association of H4ac with the Il6
promoter mirrored the binding of Rel to this promoter (compare
Figs 5b and 3a), strongly suggesting that the open chromatin
structure permits access of Rel to its DNA binding site. After 2 h
the amount of promoter-bound H4ac decreased, with a temporal
response similar to the decrease in Rel binding (Figs 5b and 3a).
These kinetics mirror the association of ATF3 with the Il6 promoter,
and the observation that deacetylation of histone H4 does not occur
in Atf32/2 macrophages strongly suggests that ATF3-associated
HDAC1 is responsible for this deacetylation (Figs 5a, b and 3a).
Similar results were obtained for the association of H4ac with the
Il12b promoter, and for acetylated histone H3 on both promoters (data
not shown). The observation that the HDAC inhibitor trichostatin A
increased LPS-induced transcription of Il6 and Il12b in a similar
manner to that seen in Atf32/2 macrophages further suggested that
ATF3 inhibits transcription via chromatin remodelling (Fig. 5c).

Taken together, the data suggest that LPS-induced acetylation of
histones opens chromatin structure to allow access of Rel to the
Il6 and Il12b promoters and activation of transcription. ATF3
subsequently binds to these promoters, and ATF3-associated
HDAC1 deacetylates histones, resulting in the closure of chromatin
and the inhibition of transcription. This mechanism is indirectly
supported by a recent publication demonstrating that ATF3DZip2, a
splice variant of ATF3 lacking DNA-binding activity, sensitizes cells
to apoptosis by sequestrating CREB-binding protein–p300 (ref. 18).
Because CREB-binding protein–p300 form a scaffold for histone
acetyltransferase (HAT)19, their sequestration would indirectly result
in a lack of histone acetylation. Thus, it is possible that ATF3 may
modify transcription by two independent mechanisms involving
histone acetylation: first, in a DNA-dependent manner by directly
recruiting a histone deacetylase to promoters containing an ATF3
binding site, and second, in a DNA-independent manner by ATF3D
Zip2, which sequesters the HAT complex, thus indirectly preventing
histone acetylation.

ATF3 transcriptional network

Our data demonstrate that ATF3 and Rel jointly regulate LPS-induced
Il6, Il12b and iNOS transcription. We used ChIP-to-chip analysis (see
below) to examine whether ATF3 binds to the cis-regulatory elements
of the remaining 27 genes (listed in Supplementary Data 3, Table S3.1)
that were computationally predicted to be its targets. DNA segments
bound by ATF3 were chromatin immunoprecipitated (ChIP) and
hybridized to a DNA microarray (chip) containing 25-mer oligo-
nucleotide probes tiling the proximal promoters of selected genes at a
density of approximately every 20–30 bases. Eleven genes with
significantly increased ATF3 binding were identified (Supplementary
Data 8, Fig. S8a–c). We cross-validated this set against a set of 15 genes
that are upregulated in Atf32/2 macrophages, obtained using Affyme-
trix microarrays. As shown in Fig. 6a, 11 genes are significantly

Figure 4 | Role of ATF3 in in vitro and in vivo LPS responses. a, BMMs were
stimulated with 10 ngml21 LPS for 4 h and the indicated cytokines were
measured by quantitative real-time RT–PCR analysis. Data represent the
average of three independent experimental values ^ standard error. WT,
wild-type mice (C57BL/6). b, BMMs were stimulated with 10 ngml21 LPS
for 4 h and cytokine levels determined by ELISA (left) and nitric oxide
determined by Griess assay (right). Data represent the average of three
independent experimental values ^ standard error. c, Wild-type or Atf32/2

mice were injected intraperitoneally with LPS (20mg kg21), serum was
drawn at 12 h and analysed by ELISA. Data represent the average of three
values ^ standard error. d, Age-matched wild-type and Atf32/2 mice
(n ¼ 10) were injected intraperitoneally with LPS (20mg kg21) and then
monitored for survival.

Figure 5 | Role of HDAC in ATF3-mediated gene regulation. a, Left panel:
BMMs fromwild-type mice were stimulated with 10 ngml21 LPS for 6 h and
immunoprecipitation with relevant antibody and associated HDAC activity
measured by colorimetric assay. Data represent the average of three
independent experimental values ^ standard error. Right panel: complex
formation of ATF3 and HDAC1 in vivo. BMMs from wild-type mice were
stimulated with 10 ngml21 LPS for 6 h and nuclear extracts were isolated
and immunoprecipitated with anti-ATF3 antibody and immunoblotted with
anti-HDAC1. b, Dynamics of H4 acetylation on the Il6 promoter.
Macrophages from wild-type or Atf32/2 mice were stimulated with
10 ngml21 LPS for the indicated times. ChIP assays were performed using
anti-acetyl H4 antibody as described in the Methods. c, Treatment with
HDAC inhibitor potentiates macrophage cytokine gene transcription.
BMMs from wild-type mice (C57BL/6) were treated with the HDAC
inhibitor trichostatin A (TSA, 100 ngml21) and 10 ngml21 LPS for 4 h and
the cytokines measured by quantitative real-time RT–PCR analysis. Data
represent the average of three independent experimental values ^ standard
error.
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upregulated in Atf32/2 macrophages and directly bound by ATF3.
Taken together, these data suggest that ATF3 is a transcriptional
repressor of the genes in Fig. 6a. Figure 6b is a network diagram
incorporating the findings reported in this paper. Thus, ATF3 and
NF-kB are both induced by TLR4 signalling and jointly regulate a
battery of downstream genes. Because ATF3 is itself induced by LPS,
it seems to regulate TLR-stimulated inflammatory responses as part
of a negative feedback loop.

METHODS
Mouse bone-marrow-derived macrophages. Atf32/2 mice in the C57BL/6
background were generated by backcrossing Atf32/2 mice in the 129SVJ back-
ground to C57BL/6 mice, ten times14. Bone marrow was collected from femurs in
complete RPMI containing 10% heat-inactivated FCS (Hyclone Laboratories),
100 U ml21 penicillin, 100 mg ml21 streptomycin, 2 mM L-glutamine and
50 ng ml21 rmM-CSF (R&D Systems). BMMs were stimulated with high purity
LPS (10 ng ml21) for the indicated times. As a model of LPS-induced septic
shock, mice were injected intraperitoneally with 20 mg kg21 LPS. The University
of Washington and Institute for Systems Biology’s Institutional Animal Care and
Use Committees approved all animal protocols.
Affymetrix GeneChip analysis and quantitative real-time PCR. Total RNA was
isolated using Trizol (Invitrogen) and analysed by real-time PCR with probes
(IDT) labelled with 5 0 FAM and 3 0 TAMRA. Data were normalized by the level of
EF1a expression in individual samples. Primer sequences are available upon
request. The Affymetrix protocol was essentially as described. cRNA was
hybridized for 16 h to Affymetrix MG-U74Av2 arrays (Affymetrix), which
contain ,45,101 mouse probe sets, half of which correspond to expressed
sequence tags (ESTs) and half to characterized genes. Normalization was
performed using GeneChip robust multi-array analysis, followed by GC-robust

multi-array average (GC-RMA) normalization. Identification of significantly
perturbed genes was done using significance analysis of microarrays. The false
positive rate was 0.1%.
Immunoblotting. Whole-cell and nuclear/cytosolic extracts of BMMs were
prepared as previously described20. Antibodies against the following proteins
were purchased as indicated: ATF3 (Santa Cruz), Rel (Santa Cruz), acetylated
histone H3 (Upstate) and acetylated histone H4 (Upstate).
Chromatin immunoprecipitation assay. After stimulation, BMMs were fixed in
formaldehyde and ChIP assay was performed. The antibodies used for immuno-
precipitation were as listed above. The purified DNA was analysed by PCR using
primers specific for the Il6 and Il12b promoters. The PCR products were
visualized on an ethidium bromide gel. The levels of promoter-bound ATF3
and Rel were determined by band densitometry for use in kinetic modelling. A
detailed protocol is noted in Supplementary Data 6.
ELISA. Cytokine release were determined with a sandwich enzyme-linked
immunosorbent assay (ELISA) technique (Duoset; R&D Systems) using the
manufacturer’s recommended protocol.
MotifMogul. We scanned the promoter regions of genes from 23,000 bp to
þ500 bp of the transcriptional starting site (NCBI m33 mouse assembly). Three
scanning methods—MotifLocator21, MotifScanner21 and Clover22—were applied
using known TRANSFAC motifs to search ATF/CREB, NF-kB and AP1 binding
sites (Professional version 8.3)23. Because ATF binding sites have strong overlap
with CREB binding sites, we scanned using a combined matrix set including
three ATF matrices and nine CREB matrices. MotifMogul is used to integrate the
three scanning methods, and default parameters of each individual algorithm
were applied. Only statistically significant sites, as determined against a ran-
domly derived DNA sequence, are filtered and examined. Matrix matches were
visualized using the Apollo genome annotation viewer24.
Cytoscape. Cytoscape, our network visualization program, overlays cDNA
expression profiles on a matrix of protein–protein and protein–DNA interaction
networks. Our Cytoscape database contains 5,200 known protein–protein and
protein–DNA interactions, and 17,600 relationships between these proteins
(mostly curated from the literature). For a comprehensive description of these
programs, see http://www.systemsbiology.org.
Kinetic model. We used a generalized multivariate regression model16,17 to
model the kinetics of transcriptional regulation of Il6 or Il12b by ATF3 and Rel:

t
dðIl6Þ

dt
¼2Il6þ gðbRelRelþbATF3ATF3Þ ð1Þ

In equation (1), the term Il6 represents the level of Il6 mRNA expression as
determined by real-time PCR, whereas the terms Rel and ATF3 represent the
levels of Rel and ATF3 bound to the Il6 promoter, as determined by ChIP. The
weight parameters bRel and bATF3, estimated from the data, are the relative
contributions of Rel and ATF3 in determining Il6 transcription according to the
model. The function g is a sigmoidal transfer function17, incorporating lower and
upper bounds on Il6 expression. The parameter t was fixed for consistency
with T1/2 ¼ 600 min, a representative mRNA half-life in mammalian cells25. The
kinetic equation was discretized at the measured time intervals17, and the
optimal parameters were found to be bRel ¼ 7.8 and bATF3 ¼ 24.9, by least
squares regression. We verified that the signs of the two terms were preserved for
a range of mRNA half-lives. Results for Il12b were obtained by a similar process.
Assay for HDAC activity. HDAC activity was measured by a non-isotopic assay
(Biomol) using a chromagen linked acetylated substrate according to the
manufacturer’s protocol.
ChIP-to-chip analysis. We designed a custom oligonucleotide array containing
densely tiled 25-mer oligonucleotide sequences designed to interrogate genes
that were identified to be of probable importance for immune activation. For
ChIP-to-chip binding analysis, we used an approach similar to previous
publications26,27, including quantile normalization26 and median-based filtering
with identification of ATF3 binding sites27.
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In Fig. 3a, the descriptions of the continuous and dotted curves were
inadvertently swapped. The continuous line corresponds to the
modified synthetic thermal profile (storms reaching the 60 mbar
level). The dotted line corresponds to the Cassini CIRS thermal pro-
file (storms reaching the 160 mbar level).
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In this Letter, some axis labels in Figs 3 and 4 were inadvertently
mislabelled. In Fig 3d, the labels on the x axes of the three graphs
should read ‘Hi Low Nil’ instead of ‘Hi Low Ni’. The x axes of the bar
graphs in Fig. 4a (right and left panels) and Fig. 4b (right panel)
should read ‘Hi Low Nil’ instead of ‘Hi Low Hi’.
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The experiment measures the differential laser transmission through
the quantum dot between the on- and off-exciton resonance
condition. As a result, the origin in Fig. 2a–h corresponds to the
zero of the measured differential transmission and does not exclude
the existence of constant background absorption. It is therefore
important to note that the undershoot in the Fano spectra does
not correspond to a negative absorption (that is, an optical gain),
but is consistent with the continuum broadband background
absorption, as analysed in our observation of the nonlinear Fano
effect. Similarly, the theoretical graphs in Fig. 2i–n are also given
for the differential transmission.
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In this Article, Jared C. Roach was inadvertently omitted from the list
of authors. He was responsible for designing the immune-specific
array for ChIP-to-chip analysis. J.C.R. received support from the
National Institute of Allergy and Infectious Diseases, National
Institutes of Health.
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