




matory pain and ischemia-reperfusion responses
of mammals (15, 21–23); the other two families,
cyclooxygenases and lipoxygenases, do not ap-
pear to be present in C. elegans (17, 24). To test
whether eicosanoids are regulated by EGL-9 and
CYP-13A12, we used high-performance liquid
chromatography (HPLC) coupled withmass spec-
trometry (MS) to profile steady-state amounts
of 21 endogenous eicosanoid species from cell
extracts of wild-type, egl-9(n586), and egl-9(n586);
cyp-13A12(n5590) strains. Only free eicosanoids
have potential signaling roles (21, 22, 24), so we
focused on free eicosanoids. The egl-9 mutation
caused a marked decrease in the overall amount
of free eicosanoids, whereas the total amount of
eicosanoids, including both free and membrane-
bound fractions, was unaltered (Fig. 4A and fig.
S6).Among the eicosanoids profiled, 17,18-DiHEQ
(17,18-diolhydroxyeicosatetraenoic acid) was the
most abundant species (fig. S6B). 17,18-DiHEQ
is the catabolic hydrolase product of 17,18-EEQ
(17,18-epoxyeicosatetraenoic acid), an epoxide
active in eicosanoid signaling (25). Free cytosolic

17,18-EEQ and 19-hydroxyeicosatetraenoic acid
(19-HETE) were present in the wild type but
undetectable in egl-9 mutants (Fig. 4, C to F).
egl-9(n586); cyp-13A12(n5590) mutants exhibited
partially restored free overall eicosanoid levels as
well as restored levels of 17,18-EEQ and 19-HETE
(Fig. 4, A to F, and fig. S6B). Thus, both EGL-9
and CYP-13A12 regulate amounts of free cyto-
solic eicosanoids.

We tested whether the O2-ON response re-
quires PUFAs, which are CYP substrates and
eicosanoid precursors. PUFA-deficient fat-2 and
fat-3 mutants (26) exhibited a complete lack of
the O2-ON response, although the acceleration
in response to anoxia preceding the O2-ON re-
sponse was normal (Fig. 4G and fig. S7, A to C).
The defective O2-ON response of fat-2 mutants
was restored by feeding animals arachidonic
acid, a C20 PUFA (Fig. 4H), but not oleate, a
C18 monounsaturated fatty acid that is processed
by FAT-2 to generate C20 PUFAs (fig. S7D).
These results demonstrate an essential role of
PUFAs for the O2-ON response.

We suggest a model in which CYPs, which
are strictly O2-dependent (27, 28), generate ei-
cosanoids to drive the O2-ON response (Fig. 4I
and fig. S8). In this model, EGL-9 acts as a
chronic O2 sensor, so that during hypoxic pre-
conditioning, the O2-dependent activity of EGL-9
is inhibited, HIF-1 is activated, and unknown
HIF-1 up-regulated targets decrease CYP pro-
tein abundance. The low abundance of CYPs
defines the hypoxic preconditioned state. With-
out hypoxic preconditioning, CYPs generate ei-
cosanoids, which drive the O2-ON response.
By contrast, with hypoxic preconditioning or in
egl-9 mutants, the CYP amounts are insufficient
to generate eicosanoids and the O2-ON response
is not triggered. Neither C20 PUFAs nor over-
expression of CYP-29A3 restored the defective
O2-ON response of egl-9 mutants (figs. S9 and
S10), indicating that this defect is unlikely to be
caused by a general deficiency in C20 PUFAs
or CYPs. Because the O2-ON response requires
EMB-8, a general CYP reductase, but only the
sustained phase requires CYP-13A12, we propose

Fig. 1. n5590 suppresses
thedefectofegl-9mutants
in theO2-ON response. (A)
Speed graph of wild-type
animals, showing a normal
O2-ON response. Average
speed values T 2 SEM (blue)
of animals (n > 50) are shown
with step changes of O2 be-
tween 20 and 0% at the
indicated times. The mean
speed within 0 to 120 s after
O2 restoration is increased
relative to that before O2
restoration (P < 0.01, one-
sided unpaired t test). The
dashed green line indicates
the approximate boundary
(30 s after reoxygenation)
between the initial and sus-
tained phases of the O2-ON
response. (B) Speed graph
of egl-9(n586)mutants, show-
ing a defective O2-ON re-
sponse. (C) Speed graph of
egl-9(n586); cyp-13A12(n5590)
mutants, showing a restored
O2-ON response mainly in
the sustained phase (right of
the dashed green line). The
mean speed within 30 to 120 s
after O2 restoration was signif-
icantly higher than that of
egl-9(n586)mutants (P < 0.01).
(D) Speed graph of egl-9(n586);
cyp-13A12(n5590)/+ mutants,
showing a restored O2-ON
response in the sustained phase.
(E) hif-1 but not cyp-13A12
(n5590) suppressed the ex-
pression of cysl-2::GFP by egl-9(n586) mutants. GFP fluorescence micrographs of five to seven worms aligned side by side carrying the transgene nIs470
[Pcysl-2::GFP] are shown. Scale bar, 50 mm.
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Fig. 2. n5590 is a gain-of-function allele of cyp-13A12. (A) Genetic
mapping positioned n5590 between the SNPs pkP3075 and uCE3-1426.
Solid gray lines indicate genomic regions for which recombinants exhibited
a defective O2-ON response, thus excluding n5590 from those regions. The
locations of n5590 and gk733685 are indicated in the gene diagram of
cyp-13A12. (B) Speed graph of egl-9(n586); cyp-13A12(gk733685)/+ ani-
mals, showing a defective O2-ON response. (C) Speed graph of egl-9(n586);

cyp-13A12(gk733685) mutants, showing a defective O2-ON response. (D)
Speed graph of egl-9(n586); nEx [cyp-13A12(+)] animals, showing a restored
O2-ON response in the sustained phase (right of the dashed green line). (E)
Speed graph of egl-9(n586); cyp-13A12(n5590); cyp-13A12(RNAi) animals,
showing a suppressed O2-ON response. (F) Fractions of animals expressing
CYP-13A12::GFP or CYP-13A12(n5590)::GFP [*P < 0.01, two-way analysis of
variance (ANOVA) with Bonferroni test, n = 4].

Fig. 3. Requirement of CYP-
13A12 for a normal O2-ON
response. (A) Speed graph of
cyp-13A12(gk733685) loss-of-
function mutants, showing an
O2-ON response with a normal
initial phase but a diminished
sustained phase (left and right,
respectively, of the dashed green
line). (B) Speed graph of cyp-
13A12(gk733685) mutants with
a rescuing wild-type cyp-13A12
transgene, showing the O2-ON
response with a normal initial
phase and sustained phase. The
mean speed within 30 to 120 s
after O2 restoration was higher
than that of cyp-13A12(gk733685)
mutants (P < 0.01, one-sided
unpaired t test, n > 50). (C) Speed
graph of emb-8(hc69) mutants
grown at the permissive temper-
ature of 15°C with simultaneous
E. coli–feeding RNAi against emb-8,
showing a normal O2-ON response.
(D) Speed graph of emb-8(hc69)
mutants grown post-embryonically
at the restrictive temperature of
25°C with simultaneous E. coli–
feeding RNAi against emb-8, show-
ing a reduced O2-ON response.
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that CYP-13A12 and other CYPs act as acute
O2 sensors and produce eicosanoids, which are
short-lived and act locally (22) during reoxygen-
ation to signal nearby sensory circuits that drive
the O2-ON response.

In humans, a low uptake of PUFAs or an
imbalanced ratio of w3-to-w6 PUFAs is associ-
ated with elevated risk of stroke, cardiovascular
disease, and cancer (21, 23, 29, 30). Cytochrome
P450s and eicosanoid production also have been
implicated in mammalian ischemia-reperfusion
(15, 21). Nonetheless, little is known concerning
the causal relationships among and mechanisms
relating O2 and PUFA homeostasis, CYP, and

PUFA-mediated cell signaling and organismal
susceptibility to oxidative disorders. Our results
identify a pathway in which EGL-9–HIF-1 regu-
lates CYP-eicosanoid signaling, demonstrate that
PUFAs confer a rapid response to reoxygenation
via CYP-generated eicosanoids, and provide di-
rect causal links among CYPs, PUFA-derived
eicosanoids, and an animal behavioral response
to reoxygenation. Because the molecular mech-
anisms of O2 and PUFA homeostasis are fun-
damentally similar and evolutionarily conserved
between nematodes and mammals (7, 11, 26),
we suggest that the C. elegans O2-ON response
is analogous to themammalian tissue and cellular

response to ischemia-reperfusion injury and that
the molecular pathway including EGL-9–HIF-1
and CYPs in controlling responses to reoxygenation
after anoxia is evolutionarily conserved.

References and Notes
1. A. S. Go et al., Circulation 127, e6–e245 (2013).
2. H. K. Eltzschig, T. Eckle, Nat. Med. 17, 1391–1401 (2011).
3. A. C. Epstein et al., Cell 107, 43–54 (2001).
4. W. G. Kaelin Jr., P. J. Ratcliffe, Mol. Cell 30, 393–402

(2008).
5. C. Trent, N. Tsuing, H. R. Horvitz, Genetics 104, 619–647

(1983).
6. G. L. Semenza, Cell 148, 399–408 (2012).
7. J. A. Powell-Coffman, Trends Endocrinol. Metab. 21,

435–440 (2010).

F

B

C

A D

E

Fr
ee

 e
ic

os
an

oi
ds

 
(n

g/
m

g 
pr

ot
ei

ns
)

17.2±1.4 4.4±0.11.8±0.6

AA (20:4 n-6)
COOH

OH

19-HETE

p<0.01

Wild type

19-HETE
17,18-EEQ

egl-9(n586)      egl-9(n586);
cyp-13A12(n5590)

Wild type egl-9(n586)      egl-9(n586);
cyp-13A12(n5590)

COOH

O

17,18-EEQ
COOH

EPA (20:5 n-3)
COOH

p<0.01

G H

I J

C
ou

nt
s 

(a
.u

.)

4.0

6.0

10.0 10.4

egl-9(n586)
8.0

Normal behavioral state Behavioral state in egl-9 mutants or 
wild-type animals after hypoxic preconditioning

Wild type

10.8 11.2 11.6

C
ou

nt
s 

(a
.u

.)

4.0

6.0

8.0

C
ou

nt
s 

(a
.u

.)

4.0

6.0

8.0

          egl-9(n586);
cyp-13A12(n5590)

17,18-EEQ 
       216

17,18-EEQ
      53

17,18-EEQ
      0

21 eicosanoids
overall (ng/mg)

O2-ON response suppressed

Time (min)

A
ni

m
al

 s
pe

ed
 (

µm
/s

ec
) fat-2(wa17) No PUFA

A
ni

m
al

 s
pe

ed
 (

µm
/s

ec
) fat-2(wa17)              + C20 PUFA (AA)

O2-ON response restored

Time (min)

Acquisition time (min)

FAT-2 PUFA Eicosanoid O2-ON response

CYP-13A12 and other CYPs
2acute O -sensor

HIF-1
HIF-1
target

FAT-2 PUFA

EGL-9

Eicosanoid O2-ON response

CYP-13A12 and other CYPs

chronic O -sensor
2EGL-9

HIF-1
HIF-1
target

chronic O -sensor
2

2acute O -sensor

Fig. 4. Modulationofeicosanoidcon-
centrations by EGL-9 and CYP-13A12.
(A) Overall levels of free eicosanoids,
calculated by adding the values of the
profiled 21 eicosanoids in the wild type
and in the egl-9(n586) and egl-9(n586);
cyp-13A12(n5590) strains. (B) Schematic
illustrating the conversion of arachidonic
acid (AA) to 19-HETE and of eicosapen-
taenoic acid (EPA) to 17,18-EEQ by CYPs.
(C) Quantification of 19-HETE and 17,18-
EEQ concentrations in the wild type
and in egl-9(n586); cyp-13A12(n5590)
and egl-9(n586) mutant strains. Amounts
of free (membrane-unbound) forms of
17,18-EEQ and 19-HETE from extracts
of age-synchronized young adult her-
maphrodites are shown (P < 0.01, two-
way ANOVA post hoc test, n = 3). Error
bars are SEM. (D to F) Representative
HPLC-MS traces indicating free 17,18-
EEQ levels based on the spectrograms
of three MS samples: (D) wild type,
(E) egl-9(n586), and (F) egl-9(n586);
cyp-13A12(n5590). Peaks of 17,18-EEQ
at its transition m/z (mass-to-charge ratio) were measured and extracted
(MassHunter). The x axis shows the retention time (minutes); the y axis
shows the abundance (counts), with specific integral values over indi-
vidual peaks indicated above each peak. (G) Speed graph of fat-2 mu-
tants, showing a defective O2-ON response. Animals were supplemented
with the solvents used in (H) as a control. (H) Speed graph of fat-2 mu-

tants, showing the O2-ON response rescued by C20 PUFA (AA) supple-
mentation. (I and J) Model of how EGL-9 and CYPs control the O2-ON
response under (I) normoxic conditions and (J) conditions of hypoxic pre-
conditioning or in egl-9 mutants (see text for details). Light blue indicates
low protein activity, low amounts of eicosanoids, or a defective O2-ON
response.

www.sciencemag.org SCIENCE VOL 341 2 AUGUST 2013 557

REPORTS

 o
n 

S
ep

te
m

be
r 

17
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


8. G. L. Semenza, Biochim. Biophys. Acta 1813,
1263–1268 (2011).

9. J. Aragonés et al., Nat. Genet. 40, 170–180 (2008).
10. D. K. Ma, R. Vozdek, N. Bhatla, H. R. Horvitz, Neuron 73,

925–940 (2012).
11. D. K. Ma, N. Ringstad, Front. Biol. 7, 246–253 (2012).
12. M. W. Budde, M. B. Roth, Genetics 189, 521–532

(2011).
13. D. R. Nelson et al., Pharmacogenetics 6, 1–42

(1996).
14. O. Gotoh, Mol. Biol. Evol. 15, 1447–1459

(1998).
15. R. A. Gottlieb, Arch. Biochem. Biophys. 420, 262–267

(2003).
16. M. Kosel et al., Biochem. J. 435, 689–700 (2011).
17. J. Kulas, C. Schmidt, M. Rothe, W. H. Schunck, R. Menzel,

Arch. Biochem. Biophys. 472, 65–75 (2008).
18. B. S. Berlett, E. R. Stadtman, J. Biol. Chem. 272,

20313–20316 (1997).
19. R. C. Zangar, D. R. Davydov, S. Verma, Toxicol. Appl.

Pharmacol. 199, 316–331 (2004).

20. C. A. Rappleye, A. Tagawa, N. Le Bot, J. Ahringer
R. V. Aroian, BMC Dev. Biol. 3, 8 (2003).

21. J. Szefel et al., Curr. Mol. Med. 11, 13–25 (2011).
22. M. P. Wymann, R. Schneiter, Nat. Rev. Mol. Cell Biol. 9,

162–176 (2008).
23. R. S. Chapkin, W. Kim, J. R. Lupton, D. N. McMurray,

Prostaglandins Leukot. Essent. Fatty Acids 81, 187–191
(2009).

24. D. Panigrahy, A. Kaipainen, E. R. Greene, S. Huang,
Cancer Metastasis Rev. 29, 723–735 (2010).

25. C. Arnold et al., J. Biol. Chem. 285, 32720–32733
(2010).

26. J. L. Watts, Trends Endocrinol. Metab. 20, 58–65
(2009).

27. D. R. Harder et al., Circ. Res. 79, 54–61 (1996).
28. J. P. Ward, Biochim. Biophys. Acta 1777, 1–14

(2008).
29. M. Gerber, Br. J. Nutr. 107 (suppl. 2), S228–S239

(2012).
30. D. Mozaffarian, J. H. Wu, J. Am. Coll. Cardiol. 58,

2047–2067 (2011).

Acknowledgments: We thank C. Bargmann, A. Fire, A. Hart,
Y. Iino, J. Powell-Coffman, and C. Rongo for reagents and
the Caenorhabditis Genetics Center and the Million Mutation
Project for strains. H.R.H. is an Investigator of the Howard
Hughes Medical Institute. Supported by NIH grant GM24663
(H.R.H), German Research Foundation grant ME2056/3-1
(R.M.), a NSF Graduate Research Fellowship (N.B.), the MIT
Undergraduate Research Opportunities Program (S.Z.), and
a Helen Hay Whitney Foundation postdoctoral fellowship (D.K.M.).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1235753/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S11
Table S1
References (31–70)

28 January 2013; accepted 10 June 2013
Published online 27 June 2013;
10.1126/science.1235753

Robustness and Compensation of
Information Transmission of
Signaling Pathways
Shinsuke Uda,1 Takeshi H Saito,1 Takamasa Kudo,1 Toshiya Kokaji,2 Takaho Tsuchiya,1
Hiroyuki Kubota,1 Yasunori Komori,1 Yu-ichi Ozaki,1* Shinya Kuroda1,2,3†

Robust transmission of information despite the presence of variation is a fundamental problem
in cellular functions. However, the capability and characteristics of information transmission in
signaling pathways remain poorly understood. We describe robustness and compensation of
information transmission of signaling pathways at the cell population level. We calculated the
mutual information transmitted through signaling pathways for the growth factor–mediated
gene expression. Growth factors appeared to carry only information sufficient for a binary
decision. Information transmission was generally more robust than average signal intensity
despite pharmacological perturbations, and compensation of information transmission occurred.
Information transmission to the biological output of neurite extension appeared robust. Cells may
use information entropy as information so that messages can be robustly transmitted despite
variation in molecular activities among individual cells.

Signaling pathways transmit signals from
growth factors to downstream gene ex-
pression, influencing various cell fate de-

cisions such as cell differentiation (1). To control
cellular responses by stimulation intensity, sig-
naling pathways must reliably transmit stimula-
tion intensity through their signaling activities.
The reliability of signal transmission depends
on the balance between signal intensity and var-
iation. The smaller the signal variation, the more
information can be transmitted through a path-
way with the same dynamic range of signal in-

tensity. Even high-intensity signals cannot be
reliably transmitted if the variation in signal
intensity is large. In contrast, even signals with
low intensity can be reliably transmitted if the
variation in signal intensity is small (Fig. 1A).
Thus, the reliability of signal transmission de-
pends on both average (mean) intensity and var-
iation. As a consequence, the number of controllable
states of cellular responses is determined by the
number of reliably transmitted signals. Intui-
tively, the larger the number of reliably trans-
mitted signals, the more information the signal
pathway can transmit. If cellular signaling path-
ways are treated as communication channels in
the framework of Shannon’s information theory
(2–12), the amount of information that can be
reliably transmitted through a cellular signaling
pathway can bemeasured bymutual information,
which corresponds to the logarithm of the av-
erage number of controllable states of a cellular
response that can be defined by varied upstream
signals (13–15).

We evaluated the information transmission
from growth factors to the immediate early genes
(IEGs) through various signaling pathways in
PC12 cells. Nerve growth factor (NGF), pituitary
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Fig. 1. Information transmission of signaling
pathways. (A) Reliability of information transmis-
sion depends on both signal intensity and varia-
tion. More information can be transmitted with the
same dynamic range of signal intensity if signal var-
iation is smaller. Dots denote intensities of pERKs
in individual cells, and lines denote the average
intensity of pERKs. p(pERKs|NGF) denotes the distri-
bution (a normalized histogram) of pERKs for a
given dose of NGF. (B) Signaling pathways from
growth factors, such as NGF, PACAP, and PMA to
the IEGs, such as c-FOS and EGR1. Solid lines in-
dicate the reported pathways for each growth fac-
tor, and gray dashed lines indicate other possible
pathways. The colored boxes are the measured mol-
ecules, and white ovals are unmeasured molecules
in this study.
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