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Abstract

Recent work has identified changes in the metabolism of the aromatic amino acid tyrosine as a risk factor for diabetes and a
contributor to the development of liver cancer. While these findings could suggest a role for tyrosine as a direct regulator of
the behavior of cells and tissues, evidence for this model is currently lacking. Through the use of RNAi and genetic mutants,
we identify tatn-1, which is the worm ortholog of tyrosine aminotransferase and catalyzes the first step of the conserved
tyrosine degradation pathway, as a novel regulator of the dauer decision and modulator of the daf-2 insulin/IGF-1-like (IGFR)
signaling pathway in Caenorhabditis elegans. Mutations affecting tatn-1 elevate tyrosine levels in the animal, and enhance
the effects of mutations in genes that lie within the daf-2/insulin signaling pathway or are otherwise upstream of daf-16/
FOXO on both dauer formation and worm longevity. These effects are mediated by elevated tyrosine levels as supplemental
dietary tyrosine mimics the phenotypes produced by a tatn-1 mutation, and the effects still occur when the enzymes
needed to convert tyrosine into catecholamine neurotransmitters are missing. The effects on dauer formation and lifespan
require the aak-2/AMPK gene, and tatn-1 mutations increase phospho-AAK-2 levels. In contrast, the daf-16/FOXO
transcription factor is only partially required for the effects on dauer formation and not required for increased longevity. We
also find that the controlled metabolism of tyrosine by tatn-1 may function normally in dauer formation because the
expression of the TATN-1 protein is regulated both by daf-2/IGFR signaling and also by the same dietary and environmental
cues which influence dauer formation. Our findings point to a novel role for tyrosine as a developmental regulator and
modulator of longevity, and support a model where elevated tyrosine levels play a causal role in the development of
diabetes and cancer in people.
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Introduction

The aromatic amino acid tyrosine serves many metabolic roles

including being a building block for protein synthesis, a source of

energy, and a precursor for the synthesis of melanin and several

neurotransmitters including dopamine and other catecholamines.

Beyond these currently known functions for tyrosine, recent work

has suggested that tyrosine could also play regulatory roles in both

metabolism and the control of cell proliferation. Specifically, in

people elevated serum tyrosine levels occur with obesity and

represent a risk factor for the development of diabetes [1–6].

Additionally, the enzyme tyrosine aminotransferase (TAT), which

acts to normally convert tyrosine to energy, has been identified as

a tumor suppressor gene which acts to promote apoptosis and

prevent the development of hepatocellular carcinoma [7]. How

changes in tyrosine metabolism could contribute to these disease

processes is currently unknown, but it is possible that levels of this

amino acid could play a direct regulatory role for the behavior of

specific cells and tissues. While consistent with the available data,

direct evidence for this model is currently lacking.

The nematode Caenorhabditis elegans normally progresses through

four larval stages before developing into a reproductive adult
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animal. However specific cues, such as crowding, low food

availability, or elevated temperature, can be sensed by the

developing worm and lead to developmental arrest in a diapause

state called a dauer larva [8–11]. Entry into dauer permits worms

to delay the completion of development and the initiation of

reproduction in environments which are not favorable, and

instead the animals can survive as a dauer for up to several

months before resuming normal development when conditions

become favorable for reproductive success. This developmental

decision requires a complicated interplay of sensory neurons with

specific cGMP, TGF-b, and insulin-like signaling cascades

controlling the choice of reproductive versus dauer development

[9,10].

In the worm, the daf-2 insulin/IGF-1 receptor (IGFR) signaling

pathway is involved in both dauer development and adult

longevity [12–14]. Active signaling through the pathway during

development enables animals to reach reproductive adulthood

whereas reductions in daf-2/IGFR signaling due to either

environmental triggers or genetic mutations lead to arrest as a

dauer [9,14]. In adult worms, daf-2/IGFR signaling is a major

modulator of longevity and mutations impairing the pathway can

result in 100% increases in lifespan [13].

At a molecular level, the daf-2/IGFR pathway consists of daf-28

and other insulin-like peptides, which are thought to act as ligands

for the DAF-2 insulin/IGF-1 receptor [15–18]. Downstream of

daf-2/IGFR, is the age-1 PI3 kinase and a kinase cascade consisting

of the phosphoinositide-dependent kinase pdk-1 and the protein

kinase B genes akt-1 and akt-2 (Figure 1A) [19–22]. Both akt-1 and

akt-2 normally act to phosphorylate the DAF-16 FOXO

transcription factor which leads to its retention in the cytoplasm

[23–25]. Reductions in either daf-2/IGFR or combined akt-1 and

akt-2 activity result in the entry of DAF-16/FOXO into the

nucleus and strong activation of DAF-16/FOXO target genes

[23–25]. In contrast, loss of only akt-1 activity leads to the

translocation of DAF-16/FOXO into the nucleus but a lesser

increase in the expression of DAF-16/FOXO target genes

(Figure 1A and Table S1) [26,27]. This finding suggested that

additional pathways could be involved in controlling the

transcriptional activity of DAF-16/FOXO (Figure 1A). One

group of potential regulators is the eak (enhancer of akt-1 null)

genes, which were identified in a forward genetic screen and act in

a non-cell autonomous manner to control the transcriptional

activity of nuclear localized daf-16/FOXO (Figure 1A) [26–29].

The identified eak genes lack structural homology to one another

and appear to lie in one or more poorly characterized pathways

that act in parallel to akt-1. The identification of the eak genes

suggests that additional novel pathways either downstream or

parallel to insulin signaling may await discovery.

In both vertebrates and worms, there is data suggesting a link

between tyrosine metabolism and insulin signaling. TAT, which

catalyzes the first step in a conserved degradation pathway that

converts tyrosine to fumarate and acetoacetate (Figure 1B), has

been well studied as a target of regulation by insulin signaling in

vertebrates with insulin effects seen at both the transcriptional and

translational level [30–38]. Further, in C. elegans the hpd-1 gene,

which encodes the enzyme 4-hydroxyphenylpyruvate dioxygenase

and lies immediately downstream of TAT in the tyrosine

degradation pathway, is a target gene for the daf-16/FOXO

transcription factor and positively regulated by daf-2/IGFR

signaling [39]. The down-regulation of hpd-1 in daf-2/IGFR

mutants could lead to a reduction in tyrosine clearance and could,

at least in part, account for the increases tyrosine levels observed in

these animals [40]. Furthermore, the inhibition of hpd-1 by RNAi

was shown to both extend lifespan and delay dauer exit through

unknown mechanisms [39]. Hence, tyrosine metabolism appears

to be actively controlled by insulin signaling though the

consequences of this regulation are currently unclear.

In our work, we identify tatn-1, which is the worm ortholog of

TAT, to be a novel dauer formation regulator that is under the

control of several dauer-inducing stimuli, including daf-2/IGFR

signaling, and ultimately regulates tyrosine levels in the worm. We

further find that tatn-1 mutations enhance the dauer-formation

and lifespan phenotypes of both daf-2/IGFR and eak mutants

suggesting that elevated tyrosine levels have inhibitory effects on

insulin signaling. These effects require the aak-2/AMPK gene, and

tatn-1 mutants have elevated levels of the activated phospho-AAK-

2 protein consistent with activation of AAK-2 signaling in response

to elevated tyrosine. The activation of AAK-2 may lead to effects

on the downstream transcription factors daf-16/FOXO and crh-1/

CREB. We see a partial dependence on daf-16/FOXO for some

tatn-1 phenotypes and activation of daf-16/FOXO target genes,

and the loss of crh-1/CREB, which is inhibited by activated aak-2,

mimics some tatn-1 phenotypes. Together our findings establish a

novel role for tyrosine as a metabolic signal that influences insulin

signaling, development, and lifespan through effects on aak-2/

AMPK signaling. While further study is necessary, our results also

suggest that the recently observed associations between tyrosine

metabolism and both diabetes and cancer are due to elevated

tyrosine levels playing a direct causal role in disease pathogenesis.

Results

Reduced tyrosine aminotransferase activity promotes
dauer arrest

The eak genes were identified in a genetic screen as enhancers of

the weak dauer formation phenotype shown by akt-1 mutants, and

these genes normally act to suppress the transcriptional activity of

nuclear localized daf-16/FOXO [26–29]. To identify new genes

that act in parallel to eak genes to control dauer formation, we

performed a genome-wide RNAi screen for gene inactivations that

enhance the weak dauer-constitutive phenotype of the eak-

4(mg348) mutant. Since RNAi of dauer-constitutive genes typically

yields a weaker phenotype than the corresponding mutants, we

constructed an eri-3(mg408); eak-4(mg348) double mutant to

enhance the sensitivity of the eak-4 mutant to RNAi [41,42].

Author Summary

In people, elevated blood levels of the amino acid tyrosine
are seen in obese individuals, and these elevations
represent a novel risk factor for the development of
diabetes. The enzyme tyrosine aminotransferase, which
removes tyrosine from the body, has also been identified
as a tumor suppressor gene, and this enzyme normally acts
to prevent the development of liver cancer. In our work,
we identify tyrosine aminotransferase as a regulator of
larval development and adult longevity in the non-
parasitic worm Caenorhabditis elegans. Worms with muta-
tions impairing tyrosine aminotransferase activity show
elevated levels of tyrosine, are prone to arresting devel-
opment in a larval stage called a dauer, and show
increased longevity. Part of the effect of tyrosine amino-
transferase is due to inhibitory effects on an insulin-like
signaling pathway in the worms. Our work suggests that
levels of the amino acid tyrosine are sensed and can lead
to changes in cell signaling. These results may provide
insights into how tyrosine could be involved in obesity,
diabetes, and cancer in people.

Tyrosine Regulates Development in C. elegans
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Control experiments demonstrated that RNAi inhibition of daf-2/

IGFR, akt-1, or the 14-3-3 gene ftt-2 enhance dauer arrest by the

eri-3; eak-4 mutants whereas RNAi inhibition of daf-7, daf-9, or daf-

11, which encode components of TGF-b, dafachronic acid, and

cGMP pathways, respectively, do not (Figure 2A). These data

suggested that the screen could be enriched for genes that act in

the daf-2/IGFR pathway to control dauer arrest.

Among the RNAi clones identified from the screen was tatn-1,

which encodes the worm ortholog of tyrosine aminotransferase.

Inhibition of tatn-1 by RNAi enhanced dauer arrest by eri-3; eak-4

mutants to the same extent as akt-1 RNAi (Figure 2A) [43].

Tyrosine aminotransferase is the first enzyme in the conserved five

step tyrosine degradation pathway present in worms and other

eukaryotes, and this enzyme catalyzes the deamination of tyrosine

to produce 4-hydroxyphenylpyruvate (Figure 1B). The subsequent

steps in the degradation pathway convert 4-hydroxyphenylpyruvate

into fumarate and acetoacetate which can be ultimately metabo-

lized by the Krebs’ cycle (Figure 1B).

Similarly to the effects of tatn-1 RNAi, we also found that the

tatn-1(baf1) mutation, which has a P224S mutation in a conserved

region of the protein and is likely a partial loss of function allele

[43,44], also promoted dauer arrest by the eak-4(mg348) mutants

(Figure 2B and Table S2). Interestingly, the interaction between

tatn-1 and eak-4 was strongly influenced by worm diet with diets

consisting of the E. coli K12-derived HT115 or K12-B hybrid

HB101 bacterial strains showing the strongest interaction (Figure

S1). Additionally, we observed that a second tatn-1 allele, tatn-

1(qd182), both enhanced dauer arrest by the eak-4 mutant and also

had a weak effect on dauer formation in isolation (Figure S2). The

tatn-1(qd182) allele encodes a protein with a G171E mutation

affecting a highly conserved glycine residue (Figure S2). Together

these findings demonstrate a novel role for tyrosine aminotrans-

ferase as a regulator of the dauer development decision.

We then tested whether tatn-1 interacted with other eak genes via

the construction of tatn-1; eak mutants. We found that tatn-1(baf1)

enhanced the dauer-constitutive phenotype of all eak mutants

tested, including eak-4(mg348), eak-3(mg344),eak-5/sdf-9(mg337),

eak-2/hsd-1(mg433), and eak-7(tm3188) (Figure 2C and 2D). eak-7

showed a particularly strong interaction with tatn-1, with 92.4% of

the population forming dauers at 25uC (Figure 2D), and we

observed dauers in eak-7; tatn-1 in cultures growing at lower

temperatures or on other worm diets. These data suggest that tatn-

1 is a general enhancer of dauer formation by eak mutants.

In addition to enhancing dauer formation, eak-7 mutations, but

not other eak mutations, extend the lifespan of wild-type and akt-1

mutant worms [27]. We tested whether a tatn-1 mutation also

enhanced the lifespan of eak-7 mutants by conducting survival

assays using wild type N2, tatn-1(baf1), eak-7(tm3188), and eak-

7(tm3188); tatn-1(baf1) worm populations. We found that tatn-1,

eak-7, and eak-7; tatn-1 mutants all showed increased longevity

relative to N2 (mean survivals of 21.0, 23.0, 30.0, and 33.5 days,

respectively) (Figure 2E and Table S3). Specifically, tatn-1 extends

mean survival 10.4%, eak-7 extends mean survival 43.1%, and eak-

7; tatn-1 increases survival 59.2% over wild type (Figure 2E). These

findings demonstrate a novel role for tatn-1 in modulating lifespan

and also demonstrate that the effects of the eak-7 – tatn-1 genetic

interaction also influence adult longevity.

Tyrosine aminotransferase interacts with insulin signaling
in worms

Mutations in the eak genes enhance the dauer formation

phenotype of loss-of-function mutations affecting genes in the daf-

2/IGFR signaling pathway, so we tested whether tatn-1 mutations

also enhanced daf-2/IGFR mutant phenotypes [28]. We used the

daf-2(e1368) allele which has a strong dauer-constitutive phenotype

when grown at 25uC but a weaker phenotype when grown at

lower temperatures. Compared to tatn-1(baf1) and daf-2(e1368)

alone, we found that daf-2(e1368); tatn-1(baf1) mutants showed

increased levels of dauer formation when grown at 23uC
(Figure 3A). Further, we found that the tatn-1 mutation extends

the adult lifespan of worms treated with daf-2 RNAi starting at day

1 of adulthood (Figure 3B). We used RNAi treatment due to the

high levels of dauer arrest that we observed with the daf-2(e1368);

tatn-1(baf1) animals. In these RNAi experiments, the mean survival

of worms were 22.0 days for N2 on control RNAi, 24.0 days for

tatn-1 on control RNAi, 30.5 days for N2 on daf-2 RNAi, and 37.0

days for tatn-1 on daf-2 RNAi (Figure 3B and Table S3). Hence,

while daf-2 RNAi treatment extends the survival of wild type N2

worms by 37.4%, the inclusion of the tatn-1 allele further extends

the lifespan of daf-2(RNAi) treated worms by an additional 21%.

These findings show a genetic interaction between tatn-1 and

daf-2/IGFR with impaired tyrosine degradation enhancing the

daf-2/IGFR dauer formation and lifespan phenotypes.

tatn-1 likely does not alter PI3 kinase or TGF-b signaling
Since the eak mutations interact with akt-1 mutations to enhance

dauer formation, the effects of tatn-1 mutations could be due to

inhibition of the PI3 kinase signaling pathway (Figure 1A) [20–

22,28,45]. To test this possibility, we looked for genetic

interactions between loss-of-function and gain-of-function muta-

tions affecting the PI3 kinase pathway with tatn-1. First, we

constructed tatn-1 mutants containing the loss-of-function muta-

tions affecting the PKB genes akt-1 and akt-2, and the related

kinase sgk-1. We found that none of these genes interacts strongly

with a tatn-1 mutation to enhance dauer arrest (Figure 4A). This

finding suggests that tatn-1 is not an upstream regulator of either

akt-1 or akt-2. To further test whether tyrosine affected the PI3

kinase signaling cascade, we tested whether the eak-4(mg348); tatn-

1(baf1) interaction was blocked by gain-of-function mutations in

either pdk-1 or akt-1. These mutations were identified in genetic

screens as suppressors of the dauer-constitutive phenotype of an

age-1/PI3K null mutant [20,21]. We constructed both eak-

4(mg348); pdk-1(mg142), tatn-1(baf1) and eak-4(mg348); akt-

1(mg144); tatn-1(baf1) mutants and examined the effects of these

mutations on dauer formation. We found that pdk-1(mg142), which

is a dominant gain-of-function allele of 3-phosphoinositide-

dependent kinase and lies upstream of akt-1, akt-2, and sgk-1,

Figure 1. Diagram of daf-2/IGFR signaling pathway and tyrosine metabolic pathway. (A) For dauer formation in C. elegans the daf-2/IGFR
receptor lies upstream of a PI3 kinase signaling cascade consisting of age-1/PI3 kinase, the phosphoinoside-dependent kinase pdk-1, and the protein
kinase B family kinases akt-1 and akt-2. Both AKT-1 and AKT-2 act to phosphorylate DAF-16/FOXO and prevent entry of this protein into the nucleus.
Inhibition of AKT-1 leads to entry of DAF-16/FOXO into the nucleus without the activation of DAF-16 target genes. This suggested that other
pathways acted to control the transcriptional activity of nuclear DAF-16/FOXO. The eak genes are a group of structurally unrelated genes which act in
a cell non-autonomous manner to restrain the transcriptional activity of nuclear DAF-16/FOXO through an undefined molecular mechanism. (B)
Tyrosine is degraded to fumarate and acetoacetate via a five step degradation pathway. Shown are the names and structures of the intermediates as
well as the names of the enzymes which catalyze each step. Also shown are mutant alleles affecting enzymes in the pathway that are studied in this
work.
doi:10.1371/journal.pgen.1004020.g001
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had little effect on dauer formation by the eak-4(mg348); tatn-

1(baf1) mutants (70% with pdk-1(mg142) versus 75% without)

(Figure 4B). We further found that akt-1(mg144) had at most a

modest effect on dauer formation by eak-4(mg348); tatn-1(baf1)

mutants (51% with akt-1(mg144) versus 77.6% without) (Figure 4C).

Together these results suggest that the interaction between eak-4

Figure 2. Tyrosine aminotransferase mutations enhance eak dauer and lifespan phenotypes. (A) Effect of treatment of eri-3(mg408); eak-
4(mg348) mutants with RNAi clones for daf-2, ftt-2, akt-1, daf-7, daf-9, daf-11, and tatn-1 on dauer arrest at 25uC. Bars represent mean percentage of
dauers observed in two trials, and the error bars represent standard deviation. The empty vector RNAi vector was used as a negative control. (B)
Enhanced dauer formation by eak-4(mg348);tatn-1(baf1) versus the eak-4(mg348) or tatn-1(baf1) mutations alone. ** p,0.001 for pairwise Fisher’s
exact test. (C) tatn-1 mutations enhance dauer arrest by eak-3(mg344), sdf-9(mg337), and hsd-1(mg337) mutants. ** p,0.001 for each double mutant
compared to its respective eak single mutant by Fisher’s exact test. (D) tatn-1 enhances eak-7(tm3188) dauer arrest. ** p,0.001 for comparisons
between eak-7;tatn-1 and either tatn-1 or eak-7 alone. (E) tatn-1(baf1) extends the lifespan of both wild type and eak-7 worms. Shown are survival
curves for wild type N2, tatn-1(baf1), eak-7(3188), and eak-7(3188); tatn-1(baf1), with error bars showing the 95% confidence intervals for each point.
The mean survival for N2, tatn-1, eak-7, and eak-7;tatn-1 are 21.0, 23.0, 30.0, and 33.5 days, respectively. p,0.001 for all comparisons by log-rank test.
doi:10.1371/journal.pgen.1004020.g002
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and tatn-1 likely does not involve changes in the PI3 kinase

signaling cascade.

In addition to the daf-2/IGFR signaling pathway, dauer

formation in worms is also regulated by a TGF-b signaling

pathway [9–11]. While traditionally these two pathways are

viewed as independent, more recent work has indicated that cross-

talk between the pathways may occur. Specifically, genes in one

pathway, such as sdf-9/eak-5 or pdp-1, have been shown to

augment the dauer formation phenotypes of genes in the other

pathway [46,47]. Notably, the pdp-1 phosphatase was identified

from an RNAi screen using daf-2/IGFR pathway mutants as was

tatn-1. To test whether tatn-1 could act in the TGF-b signaling

pathway, we blocked this pathway with either the daf-3/SMAD or

daf-5/Sno mutations [41,48,49]. We found that neither mutant

reduced dauer formation by the eak-4; tatn-1 mutants (Figure S3),

which is consistent with tatn-1 acting independently of the TGF-b
pathway.

AAK-2/AMPK is activated in tatn-1 mutants and required
for effects on dauer formation and longevity

Since tatn-1 did not interact with akt-1, akt-2, or sgk-1, we looked

for alternate signaling pathways that could be activated by a tatn-1

mutation, and then interact with the daf-2/IGFR signaling

pathway. The AMP-activated protein kinase (AMPK) ortholog

AAK-2 was considered as a candidate because aak-2 interacts with

daf-2 signaling, plays roles in dauer development, modulates worm

longevity, and acts in part through the daf-16/FOXO transcrip-

tion factor which is part of the daf-2/IGFR signaling pathway [50–

53]. To test the involvement of aak-2/AMPK, we compared dauer

formation between eak-4(mg348); tatn-1(baf1) and eak-4(mg348);

tatn-1(baf1), aak-2(gt33) mutants. We found that loss of aak-2

strongly reduced dauer arrest from 84.7% to 10.7% (Figure 5A

and Table S2). The aak-2 mutation also reduced dauer formation

by an eak-4(mg348); tatn-1(qd182) mutant though to a lesser degree

than with the tatn-1(baf1) allele (Figure S4). This may be due to the

tatn-1(qd182) allele being a stronger loss-of-function allele than tatn-

1(baf1) as suggested by the developmental delay phenotype shown

by tatn-1(qd182) and the higher tyrosine levels found in this mutant

(Figure S4 and below). Together these findings support a necessary

role for aak-2/AMPK for worms to respond to reductions in tatn-1

activity, especially with weaker alleles.

To further explore the role of aak-2/AMPK in dauer formation,

we treated worms with the AMPK agonist AICAR. Treatment of

wild-type N2 worms with 0.125 mM AICAR had no effect on

development or dauer formation, but eak-4 mutants treated with

AICAR showed a significant increase in dauer formation

compared to an untreated control (Figure 5B). This effect required

aak-2/AMPK as an eak-4(mg348); aak-2(gt33) mutant failed to

respond to AICAR (Figure 5B). These findings demonstrate that

aak-2 activity is both necessary and sufficient to promote dauer

formation by eak-4 mutants.

Our findings could suggest that AAK-2 is activated in the tatn-1

mutants. To test this possibility we used western blotting to

Figure 3. The tatn-1 mutant enhances dauer formation and lifespan of worms with impaired daf-2/IGFR signaling. (A) Enhanced dauer
formation by daf-2(e1368); tatn-1(baf1) compared to daf-2(e1368) grown at 23uC for 3 days. ** p,0.01 by Fisher’s exact test. (B) tatn-1 extends the
lifespan of worms treated with daf-2 RNAi from day 1 of adulthood. The mean survival for N2 control RNAi, tatn-1(baf1) control RNAi, N2 daf-2(RNAi),
and tatn-1(baf1) daf-2(RNAi) are 22.0, 24.0, 30.5, and 37.0 days, respectively. p,0.001 for N2 vs. tatn-1 on control RNAi and N2 daf-2(RNAi) vs. tatn-1
daf-2(RNAi) by log-rank test.
doi:10.1371/journal.pgen.1004020.g003
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measure levels of AAK-2 phosphorylated on the activating Thr243

residue, which is analogous to Thr172 in the vertebrate orthologs.

We found that treatment of N2 wild-type animals with either

sodium azide which inhibits mitochondrial function and depletes

ATP levels by approximately 50% at this dose or with 1 mM

AICAR leads to increases in phosphorylated AAK-2 levels

compared with untreated L2 larval N2 worms grown in parallel

(Figure 5C) [54]. Furthermore levels of phospho-AAK-2 were also

increased in eak-4; tatn1 mutant L2 larvae compared to the N2

control larvae (Figure 5C). Importantly, the phopho-AAK-2 signal

was lost in aak-2(gt33) mutants confirming the identity of this band

as AAK-2 (Figure 5C). These findings demonstrate that both tatn-1

mutations and AICAR treatment serve to activate AMPK in C.

elegans, and that this activation of AAK-2 is required for the effects

of tatn-1 mutations on development.

The requirement for aak-2/AMPK for the effects of tatn-1 could

reflect impaired tyrosine degradation leading to reduced produc-

tion of the TCA cycle precursors fumarate and acetoacetate and a

consequent decrease in energy production. To test this possibility

we analyzed worm lysates for levels of AMP and ATP. We found

that eak-4(mg348); tatn-1(baf1) mutants had a lower AMP/ATP

ratio than N2 worms grown in parallel (Figure S5). This suggests

that the role of aak-2/AMPK does not reflect reduced energy

production in the tatn-1 mutants.

Finally, we tested whether the effect of tatn-1(baf1) on adult

lifespan requires aak-2 activity, and we found that a tatn-1 mutation

increased wild-type lifespan by 17.8%, but decreased aak-2(gt33)

lifespan by 8.9% compared to aak-2(gt33) alone (N2 mean survival

18.0 days, tatn-1(baf1) 21.0 days, aak-2(gt33) 14.0 days, and tatn-

1(baf1), aak-2(gt33) 13.0 days) (Figure 5C and Table S3). Hence

aak-2 is both required for the tatn-1 lifespan increase and may even

play a protective role in animals with reduced tatn-1 activity.

tatn-1 acts by daf-16/FOXO dependent and independent
pathways

Since the effects of eak genes on dauer formation are dependent

on both the FOXO transcription factor DAF-16 and the nuclear

hormone receptor DAF-12, we tested whether these genes are

required for dauer formation by eak-4(mg348); tatn-1(baf1) mutants

through the construction of daf-16(mgDf47); eak-4(mg348); tatn-

1(baf1) and eak-4(mg348); tatn-1(baf1), daf-12(rh61rh411) mutants

[26–28]. We found that the genetic interaction is completely

dependent on daf-12 (Figure 6A). However, we identified both daf-

16 dependent and independent effects of tatn-1. The tatn-1 effects

on dauer formation are largely blocked by the daf-16(mgDf47)

mutation, but a small percentage of worms still form dauers

(Figure 6A). This daf-16 independent pathway was also seen in

experiments using the stronger tatn-1(qd182) allele (Figure S6).

These findings suggest that daf-16/FOXO does play a vital role in

the interaction between eak genes and tatn-1, but that daf-16/

FOXO independent pathways are also involved.

The daf-16/FOXO gene encodes multiple isoforms which have

been recently shown to have differential modes of regulation and

have distinct effects on development and longevity [24,55,56]. For

dauer development, three isoforms appear to be involved with

DAF-16A being the predominant isoform, DAF-16DF playing a

somewhat lesser role, and DAF-16B playing a modest role, at best

[55]. As a result, we tested whether the developmental effects of

eak-4 and tatn-1 are dependent on particular daf-16 isoforms

through the use of isoform-specific transgenes to rescue the dauer-

constitutive phenotypes lost in daf-16/FOXO mutants (Figure 6B).

We found that a transgene encoding a DAF-16A:mRFP fusion

protein was able to strongly rescue the formation of dauers by a

daf-16(mgDf50); eak-4(mg348); tatn-1(baf1) mutant, whereas a

transgene encoding a DAF-16DF:GFP fusion protein only weakly

rescued dauer formation (Figure 6B). These data suggest that the

daf-16a isoform is most involved in the developmental effects

produced by tatn-1 mutants.

To further explore the role of daf-16/FOXO in tatn-1

phenotypes, we examined the effects of eak-4 and tatn-1 mutations

on both daf-16/FOXO target gene expression and DAF-16

Figure 4. tatn-1 effects on development do not require changes
in PI3 kinase signaling. (A) tatn-1(baf1) does not augment dauer
arrest by mutants with loss-of-function mutations in the protein kinase
B genes akt-1, akt-2, or sgk-1. (B) The pdk-1(mg142) gain-of-function
allele minimally affects dauer formation by eak-4(mg348); tatn-1(baf1)
mutants. % dauers observed was 75.6% in eak-4; tatn-1 and 70.7% in
eak-4; pdk-1(mg142); tatn-1. ** p,0.001 by Fisher’s exact test. (C) The
akt-1(mg144) gain-of-function allele weakly inhibited dauer formation
by eak-4(mg348); tatn-1(baf1) mutants. % dauers observed was 77.6% in
eak-4; tatn-1 and 51% in eak-4; akt-1(mg144); tatn-1.
doi:10.1371/journal.pgen.1004020.g004
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subcellular localization. We used a sod-3:GFP transgene to

examine the effects of eak-4 and tatn-1 mutations on expression

of the daf-16 target gene sod-3, which encodes a manganese

superoxide dismutase enzyme [57,58]. We generated combina-

tions of eak-4(mg348) and tatn-1(baf1) with the transgene, and

examined GFP expression in L2 larvae. We found that the

combination of eak-4 and tatn-1 mutations resulted in the highest

expression of sod-3:GFP even prior to dauer formation (Figure 6C).

Furthermore, aak-2/AMPK was required for this enhanced

activation of the sod-3:GFP reporter (Figure 6C). Similar effects

of tatn-1 and eak-4 on sod-3 expression were also seen when

mRNA levels for the endogenous gene were measured by Q-PCR

in L2 larvae, and this effect on sod-3 expression also required aak-

2/AMPK (Figure 6D). Together these findings demonstrate that

tatn-1 and eak-4 act in an aak-2/AMPK dependent manner to

promote at least some aspects of daf-16/FOXO transcriptional

activity.

Since the eak genes act to inhibit DAF-16/FOXO within the

nucleus, a possible explanation for the enhancement of dauer

formation in eak; tatn-1 double mutants may be explained by the

tatn-1 allele causing increased nuclear localization of DAF-16 as do

mutations affecting akt-1 [26]. We tested for changes in DAF-16

localization via the use of transgenic animals expressing a DAF-

16A:GFP fusion protein [59]. We found that eak-4; tatn-1 mutants

failed to show clearly visible nuclear localization of DAF-16:GFP

in synchronized L2 worms grown at 25uC (Figure 6E). In contrast,

exposure of animals to a 1 hour heat-shock at 35uC led to strong

nuclear localization of DAF-16A:GFP (Figure 6E). Together these

findings suggest that the tatn-1 enhancement of the eak dauer

formation phenotype could be due to an increase in daf-16

transcriptional activity without an accompanying significant

change in DAF-16 subcellular localization.

We then used daf-16 RNAi treatment to test whether daf-16/

FOXO is required for the lifespan extension of tatn-1 mutants. We

found that silencing of daf-16 through RNAi results in a shortened

lifespan for both tatn-1 and wild-type N2 worms compared to

control RNAi treatment (Figure 6F). However in daf-16 RNAi

treated worms, tatn-1 still produces lifespan extension over wild

type (mean survival for N2 control RNAi 21.0 days, tatn-1(baf1)

control RNAi 24.0 days, N2 daf-16(RNAi) 14.5 days, and

Figure 5. aak-2 activity is necessary and sufficient for tatn-1 effects on development and longevity. (A) The effects of tatn-1(baf1) on
dauer formation require the aak-2/AMPK gene. ** p,0.001 by Fisher’s exact test. (B) Activation of aak-2 with the AMPK agonist AICAR (0.125 mM)
mimics the effects of tatn-1 on eak-4(mg348) mutants. The effect of AICAR depends on aak-2/AMPK because an eak-4; aak-2 mutant fails to respond
to AICAR. ** p,0.001 for comparison of eak-4 with and without AICAR by Fisher’s exact test. (C) Levels of phospho-AAK-2 are increased in eak-
4(mg348); tatn-1(baf1) L2 larval worms or N2 L2 larval worms treated with 1 mM AICAR compared to untreated N2 L2 larval worms. Levels of
phospho-AAK-2 was detected using an anti-phospho-T172 specific antibody, and actin was a loading control. The ratio represents the level of
phospho-AMPK normalized for the actin level in each lane. N2 larval worms treated with 10 mM sodium azide to deplete ATP levels and the AMPK
positive control extract (+) (Cell Signaling Technologies) were included as positive controls. (D) aak-2 is required for tatn-1 effects on lifespan. Mean
survival for N2, tatn-1(baf1), aak-2(gt33), and tatn-1(baf1); aak-2(gt33) were 18.0, 21.0, 14.0, and 13.0 days, respectively. p,0.001 for all pairwise curve
comparisons by log-rank test.
doi:10.1371/journal.pgen.1004020.g005
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tatn-1(baf1) daf-16(RNAi) 17.0 days). Specifically, tatn-1(baf1)

produced a 13.7% increase in lifespan in control RNAi treated

worms, but a 17.8% increase in lifespan in daf-16 RNAi treated

worms. These data suggest that the increased lifespan resulting

from tatn-1 is either independent of daf-16 or occurs in a site

resistant to the effects of daf-16 RNAi.

Figure 6. tatn-1 acts by daf-16/FOXO dependent and independent mechanisms. (A) Mutations in daf-16 (daf-16(mgDf47)) or daf-12 (daf-
12(rh61rh411)) inhibit dauer formation by eak-4(mg348); tatn-1(baf1) mutant worms. ** p,0.001 by Fisher’s exact test. (B) The daf-16(mgDf50)
mutation also inhibits dauer formation by eak-4; tatn-1(baf1) mutants, and a transgene expressing the DAF-16A isoform largely rescues dauer
formation by daf-16(mgDf50); eak-4; tatn-1 mutants while a transgene expressing the DAF-16DF isoform only weakly rescues. (C) eak-4; tatn-1 mutants
activate expression of the daf-16 target gene sod-3 as indicated by expression of a sod-3p:GFP reporter gene in L2 larvae, and this induction requires
the aak-2/AMPK gene. * p,0.05 for t-test comparisons of eak-4 vs. eak-4; tatn-1, and eak-4; tatn-1 vs. eak-4; tatn-1; aak-2. (D) Induction of the
endogenous sod-3 gene in eak-4; tatn-1 mutants is seen by quantitative RT-PCR, and this induction also depends on the aak-2/AMPK gene. (E) DAF-
16A:GFP is not nuclear localized in either L2 stage WT or eak-4; tatn-1 larvae, but exposure to a 1 hour 35uC heat shock produces clear nuclear
localization of DAF-16A:GFP (arrow). (F) tatn-1 effects on lifespan are daf-16 independent. Treatment of N2 and tatn-1(baf1) mutants with daf-16 RNAi
reduces mean survival, but tatn-1(baf1) still lives longer than N2. The mean survival of N2 control RNAi, tatn-1 control RNAi, N2 daf-16(RNAi), tatn-1
daf-16(RNAi) are 21.0, 24.0, 14.5, and 17.0 days. p,0.001 for comparison of N2 control RNAi vs. tatn-1 control RNAi, and tatn-1 daf-16 (RNAi) vs. tatn-1
control RNAi by log-rank test.
doi:10.1371/journal.pgen.1004020.g006
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crh-1/CREB shows overlapping gene expression and
phenotypes with tatn-1

To explore the effects of impaired tyrosine metabolism in C.

elegans, we performed whole transcriptome RNA sequencing

(RNA-seq) to identify genes that are differentially regulated in

the tatn-1 mutants. To maximize the gene expression changes seen,

we used the stronger tatn-1(qd182) allele and compared its

transcriptome to that of wild-type N2 animals. Using ANOVA

testing with a false-discovery rate of 5%, we identified 890 up-

regulated and 3732 down-regulated genes in the tatn-1(qd182)

mutant relative to N2 (Table S4).

To understand how the tatn-1 mutants might affect the daf-2/

IGFR pathway, we used this data set to examine whether changes

in the expression of genes in pathway are seen. We found that

there was no change in the expression of daf-2/IGFR, daf-16/

FOXO, aak-2/AMPK, eak-4, or akt-2 (Table S4). However we did

find that levels of the age-1 PI3-kinase are reduced almost 76% and

levels of akt-1 are reduced almost 70% compared to N2 while

levels of the daf-18/PTEN tumor suppressor, which normally

inhibits signaling through the PI3-kinase signaling pathway, is

reduced almost 95% compared to wild-type animals (Table S4).

Despite the observed changes in the expression of genes in the PI3-

kinase signaling pathway, there is likely little net effect on the

regulation of downstream targets by the pathway as we failed to

observe differences in DAF-16:GFP localization, which would

translocate to the nucleus if the pathway was inhibited (Figure 6E).

We then used both the DAVID program and the Panther

database both to identify biologic themes within the up-regulated

and down-regulated genes by testing for over-represented gene

classes based on structural and functional annotations and to

visualize the gene classes seen in both groups of genes (Figure S7

and Table S5) [60,61]. Within the up-regulated set, we found that

genes involved in tyrosine metabolism and neuropeptide signaling

were strongly over-represented (7–10 fold) (Table S5). Specifically,

we found that every gene in the tyrosine degradation pathway is

up-regulated in the tatn-1(qd182) mutant suggesting that the

altered metabolism is detected and leads to a compensatory

change in expression of the pathway (Table S4). The significance

of the changes in neuropeptide signaling gene expression is

currently unclear, but could suggest that impaired tyrosine

metabolism or the resulting increased in AAK-2/AMPK activity

produces direct changes in neuronal activity or that these changes

could be the direct downstream effectors responsible for the tatn-1

phenotypes. Graphically, we saw a greater percentage of genes

which were expressed in the extracellular compartment and had

catalytic or receptor activity among the up-regulated genes

compared to those that were down-regulated in the tatn-1 mutants

(Figure S7). In contrast, within the down-regulated genes, we

identified over-representation of a broad range of genes involved

in germline development, cell cycle, DNA replication, and larval

development (Table S5). Further, these genes were more likely to

be expressed in the intracellular compartment and to have

regulatory effects on translation or enzyme activity (Figure S7).

The expression changes in genes involved in cell cycle regulation

and development could perhaps account for the developmental

delay observed in the tatn-1(qd182) mutant compared to N2

(Figure S4).

Given the requirement we found for daf-16/FOXO for aspects

of the tatn-1 phenotypes, we used Gene Set Association Analysis

(GSAA) to test for enrichment of genes known to be regulated by

daf-16/FOXO in the context of daf-2/IGFR signaling [62,63]. Via

this approach, we found both the up-regulated and down-

regulated daf-16/FOXO target genes identified by Murphy

et. al. to be enriched within the tatn-1(qd182) transcriptome

(Figure 7A). This suggests that the expression of a subset of

daf-16/FOXO target genes is altered by changes in tyrosine

metabolism.

Since our genetic studies suggested the involvement of a daf-16-

independent pathway, we also used GSAA to test whether target

genes recently identified for the CREB transcription factor crh-1

are enriched in the tatn-1(qd182) mutant [53]. We chose to focus

on crh-1 because recent work has demonstrated that crh-1/CREB

lies downstream of aak-2/AMPK [53]. crh-1/CREB and aak-2/

AMPK are mechanistically linked because AAK-2 directly

phosphorylates and inactivates the crh-1/CREB coactivator crtc-1,

and as a result both aak-2/AMPK over-expressing and crh-1/CREB

mutant animals are long-lived and share gene expression profiles

[53]. We found that in the tatn-1(qd182) mutants, there is differential

expression of both genes up-regulated and genes down-regulated in

crh-1/CREB mutants (Figure 7B). This suggests that altered tyrosine

metabolism could lead to changes in crh-1 target gene expression

and could suggest a role for crh-1/CREB in the tatn-1 phenotypes.

To test for crh-1/CREB involvement, we combined the crh-1(tz2)

null allele with tatn-1 and eak-4 and examined the effects on

dauer formation. We found that crh-1 showed a similar interaction

as tatn-1 with eak-4, but did not promote dauer formation by the

tatn-1 mutant (Figure 7C). Together these findings suggest that tatn-1

mutants share phenotypes and gene expression profiles with crh-1/

CREB mutants and could be consistent with crh-1/CREB acting as

an additional downstream effector of the response to impaired

tyrosine metabolism.

Tyrosine aminotransferase expression is controlled by
diet and environment

In vertebrates, tyrosine aminotransferase has been reported to

be an insulin target gene with insulin treatment leading to reduced

expression [32–35,38]. As a result, we asked whether tatn-1 could

also be regulated by daf-2/IGFR signaling in worms. To test the

effects of daf-2 signaling on tatn-1 expression, we generated

transgenic worms with an integrated transgene expressing a

TATN-1:GFP fusion protein under the control of the tatn-1

promoter. This transgene rescues the tatn-1(baf1) mutation and

blocks dauer formation by eak-4(mg348); tatn-1(baf-1) mutants,

which demonstrates that the fusion protein is both functional and

expressed in the correct anatomical locations (Figure 8A).

GFP fluorescence representing the TATN-1:GFP fusion protein

is observed in the intestine and hypodermis of worms (Figure 8E).

When we crossed the transgene into the daf-2(e1368) mutant, and

we found that the presence of the daf-2/IGFR mutation led to a

20% decline in GFP expression in adult worms grown on OP50-1

at 20u (Figure 8B and Figure 8E). This is consistent with daf-2/

IGFR signaling acting positively to promote TATN-1 expression

in adult worms. Interestingly, the effect of daf-2/IGFR signaling

on TATN-1 expression likely occurs either at the translational or

protein stability level because Q-PCR experiments demonstrated

almost a 50% increase in tatn-1 mRNA expression in the daf-2

mutant animals (Figure S8). As a result of the divergent regulation

of tatn-1 mRNA and protein levels, we focused on TATN-1:GFP

expression in our subsequent experiments.

Beyond daf-2/IGFR signaling, we found that both diet and

environmental temperature affected TATN-1 levels to a similar or

even greater degree. Specifically, adult worms grown on OP50-1,

HB101, or HT115 show decreases in TATN-1:GFP expression

when shifted from 20uC to 25uC for 24 hours with worms grown

on OP50-1 showing a 26.2% decrease, on HB101 a 44.7%

decrease, and on HT115 a 24.2% decrease (Figure 8C and

Figure 8E). Further, we found that the OP50-1 fed worms showed

greater TATN-1:GFP expression compared to HB101 and
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Figure 7. tatn-1 mutants and crh-1/CREB mutants share gene expression profiles and effects on dauer formation. (A) Shot-gun whole
transcriptome sequencing (RNA seq) was used to used to characterize and measure the transcriptome of N2 and tatn-1(qd182) mutants. From these
experiments a total of 20,408 mRNA and other RNA transcripts were detected. To test for evidence of a daf-16/FOXO gene expression signature in the
tatn-1(qd182) mutants Gene Set Association Analysis (GSAA) was used to determine whether the expression of daf-16/FOXO target genes regulated in
the context of daf-2/IGFR signaling are associated with the tatn-1(qd182) mutant gene expression profile. GSAA calculates a differential expression
score for each gene in the entire 20,408 gene RNA-seq dataset, and then uses a running weighted Kolmogorov-Smirnov test to examine association
of an entire gene set with each phenotypic class. The strength of the association is measured by the association score (AS) where positive scores
indicate association of the gene set with the phenotype, and statistical significance is measured by a false discovery rate (FDR) that is adjusted for
multiple testing. From 225 genes down-regulated in daf-2/IGFR mutants, 140 showed association with the tatn-1(qd182) profile, and from 230 genes
up-regulated in daf-2/IGFR mutants, 120 showed evidence of association by GSAA analysis. AS represents the association score with positive values
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HT115 fed worms. This difference was especially apparent in

worms grown at 25uC, due to the variability of GFP intensity seen

at 20uC, with HB101 and HT115 fed animals showing a 25.3%

and 17.3% decrease, respectively, compared to OP50-1 fed worms

(Figure 8C and Figure 8E).

The effects of diet on TATN-1:GFP expression suggests that the

E. coli bacterial strains vary in nutrient composition in a way that

can be detected by the worms. Prior work has demonstrated that

protein is the primary component of these bacteria but that the

overall protein levels are not significantly different between strains

[64]. However, this work also suggested that specific amino acids

could vary between the strains and account for differences in fat

content in worms fed each strain. Specifically, pept-1 mutants,

which lack an intestinal peptide transporter, fail to show the

expected differences in fat content when fed different bacterial

strains [64]. In vertebrates, tyrosine aminotransferase expression is

controlled by dietary amino acid intake, most notably for

tryptophan [65–67]. To test whether dietary amino acid intake

could affect TATN-1:GFP expression, we supplemented HB101

spotted NGA plates spotted with either tyrosine or tryptophan at a

final concentration of 1 mg/mL, and compared TATN-1:GFP

expression to worms fed HB101 alone or OP50-1. This

concentration is 8 times the level found in standard NGA media

(0.125 mg/mL). We found that the addition of tyrosine or

tryptophan increases the GFP expression level in HB101 fed

worms up to that seen in worms grown on OP50-1 (Figure 8D and

Figure 8E). Together these data demonstrate that TATN-1 levels

are dynamic and under the control of both daf-2/IGFR signaling

as well as dietary and environmental cues. Importantly many of

these signals that control TATN-1 expression also influence dauer

formation suggesting that tatn-1 could be a regulated modulator of

daf-2/IGFR signaling and developmental decisions.

Tyrosine mediates the effects of tatn-1 mutations
Since TATN-1 is the first enzyme in the tyrosine degradation

pathway, decreased activity should both increase the levels of

tyrosine and also decrease the levels of the downstream meta-

bolites (Figure 1B). The tatn-1 mutant phenotypes could be a direct

result of changes in the level of a particular metabolite. For

example, elevated fumarate levels are known promote hypoxia

inducible factor (HIF) activity in certain renal cancers [68].

Alternately, tatn-1 could have a novel function that is independent

of its metabolic activity. For example, subunits of the phenylal-

anine hydroxylase enzyme are known to have an additional, non-

enzymatic role as a transcriptional co-activator [69]. To explore

whether either of these models accounts for the tatn-1 phenotypes,

we tested for interactions between eak-4 and mutant alleles of other

enzymes in the tyrosine degradation pathway (Figure 1B) by

constructing pah-1; eak-4 and hpd-1; eak-4 mutants. These mutants

lack pah-1, which encodes the enzyme phenylalanine-4-hydroxylase

that converts phenylalanine into tyrosine, or hpd-1, which encodes

4-hydroxyphenylpyruvate dioxygenase and catalyzes the step

immediately downstream of tatn-1 [39,43,70]. We found that -

pah-1 did not enhance dauer arrest by the eak-4 mutants (Figure 9A)

whereas both tatn-1 and hpd-1 increased dauer formation. Lower

numbers of eak-4; tatn-1 dauers were seen because the experiment

was scored after 3 days due to the slower development of the hpd-1

mutant. Additionally, when we used the pah-1 mutant to block the

synthesis of tyrosine in a tatn-1; eak-4 mutant, we found that this

reduced dauer formation (Figure 9B). These results suggested that

the effects of tatn-1 on dauer formation were directly linked to the

metabolic effects of tatn-1, and that the accumulation of tyrosine

instead of deficiency of a downstream metabolite could be

responsible for the tatn-1 phenotype.

As a result, we measured the levels of amino acids in wild-type

N2, tatn-1(baf1), and tatn-1(qd182) larval animals grown at 25uC
on HB101 plates by liquid chromatography mass spectrometry

(LC-MS/MS). We found that wild-type N2 worms contained an

average of 78.1 pmol of tyrosine per 100 worms whereas tatn-

1(baf1) worms contained 237.4 pmol per 100 worms (Figure 9C).

Hence the tatn-1(baf1) mutation produced a roughly three fold

increase in tyrosine levels in the mutant animals. Further to

compare the effects of tatn-1(qd182) on tyrosine levels compared to

tatn-1(baf1), we measured tyrosine levels in additional samples

grown and prepared in parallel. We found in these samples that

wild-type N2 worms contained an average of 99.6 pmol of tyrosine

per 100 worms, tatn-1(baf1) contained an average of 327.2 pmol

per 100 worms, and tatn-1(qd182) contained an average of

470.2 pmol per 100 worms, which is an 43.7% increase over

tatn-1(baf1) (Figure 9D). However, we noted that the tatn-1(qd182)

worms were smaller than N2 or tatn-1(baf1) and the levels of many

other amino acids measured in parallel were lower in tatn-1(qd182)

compared to tatn-1(baf1). This suggested that the tatn-1(qd182)

samples may have contained less overall biomass, and hence our

normalization to worm counts alone may underestimate the effect

of the tatn-1(qd182) mutation on tyrosine levels. To correct for this

difference, we normalized tyrosine levels to the levels of all non-

aromatic amino acids in the samples with the assumption that the

net effect of these mutations on the levels of these amino acids is

neutral. After normalization, we found that tatn-1(baf1) produced a

3.4 fold increase in tyrosine levels compared to N2 whereas tatn-

1(qd182) produced a 12.6 fold increase compared to N2, which is

also a 3.7 fold increase over tatn-1(baf1) levels (Figure 9E). These

findings demonstrate that both tatn-1 alleles increase tyrosine levels

compared to wild-type animals, and that the stronger phenotypes

of the tatn-1(qd182) allele are likely due to the further increases in

tyrosine levels observed.

To directly test whether elevated tyrosine levels are responsible

for the tatn-1 phenotype, we treated worms with exogenous

tyrosine cast into the NGA plates at 1 mg/mL. This treatment

results in tyrosine levels in the worms that are elevated compared

to untreated animals, but lower than those seen in the tatn-1

mutants (Figure S9). We found that supplementation had no effect

on the development of wild-type worms but lead to dauer arrest by

the eak-4 mutants (Figure 9F). These results directly demonstrate

changes in tyrosine levels alter the development of eak-4 mutant

worms and are responsible for the tatn-1 phenotype.

Amino acids are known to antagonize insulin actions in

vertebrates, so our results could represent either the non-specific

effects of any amino acid or a tyrosine-specific effect [71,72]. To

test these possibilities we directly compared the ability of a variety

of amino acids to enhance dauer formation by eak-4 mutants. We

indicating association, and FDR represents the false discovery rate for the association. (B) To test for evidence of a crh-1/CREB gene expression
signature in the tatn-1(qd182) mutants Gene Set Association Analysis (GSAA) was used to determine whether the expression of crh-1/CREB target
genes identified through microarray studies using wild-type and crh-1 mutant worms associate with the tatn-1(qd182) expression profile. From 534
genes down-regulated in crh-1/CREB mutants, 315 showed evidence of association, and from 544 genes up-regulated in crh-1/CREB mutants, 323
showed evidence of association by GSAA analysis. AS represents the association score with positive values indicating association, and FDR represents
the false discovery rate for the association. (C) crh-1/CREB mutants enhance dauer formation by eak-4 mutants but not by tatn-1 mutants.
doi:10.1371/journal.pgen.1004020.g007
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Figure 8. Control of TATN-1 protein expression by daf-2/IGFR signaling, diet and temperature. (A) Rescue of tatn-1 mediated dauer arrest
by a tatn-1p:tatn-1 cDNA:GFP transgene (bafIs131). (B) daf-2 signaling positively regulates TATN-1:GFP expression. Box and whiskers plot showing
comparison of GFP fluorescence between day 1 adult wild-type and daf-2(e1368) mutants expressing the TATN-1:GFP transgene and grown on OP50-
1 bacteria. N$15 worms, ** p,0.001 by t-test. (C) Bacterial food source and temperature regulate TATN-1:GFP expression. Wild-type worms
expressing the TATN-1:GFP transgene were grown on the indicated bacteria until adulthood and then either kept at 20uC or shifted to 25uC overnight.
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grew eak-4 mutants on HB101 spotted NGA supplemented with

tyrosine, glycine, leucine, isoleucine, glutamate, glutamine, aspar-

agine, or aspartate, each at the concentration of 1 mg/mL. Since

tyrosine is the largest of these amino acids, this resulted in worms

being treated with higher molar equivalents of the other amino

acids compared to tyrosine. We found that while other amino

acids do increase the formation of dauers by eak-4 mutants, none

was as potent as tyrosine (Figure 9G). This suggests that the effect

on dauer formation shows selectivity for the presence of tyrosine.

The effects of tyrosine and to a lesser extent the other amino acids

is not due to a toxic effect of the amino acid supplementation as

treated worms showed a similar lifespan to untreated worms

(Figure S9).

Besides being a building block for proteins, tyrosine serves as a

precursor for the synthesis of catecholamine neurotransmitters. In

vertebrates, there is evidence that the levels of tyrosine as a

precursor influences the synthesis of these neurotransmitters [73].

Hence, one possibility is that tatn-1 mutations raise tyrosine levels

and facilitate its conversion into the neurotransmitters dopamine,

octopamine, or tyramine which could produce the observed

phenotypes. To test this possibility, we blocked dopamine synthesis

with the cat-2 mutation, which affects the worm tyrosine

hydroxylase gene, and we blocked octopamine and tyramine

synthesis with the tdc-1 mutation, which removes the enzyme

tyrosine decarboxylase [74,75]. We found that both cat-2; eak-4;

tatn-1 and tdc-1; eak-4; tatn-1 mutants are similar to eak-4; tatn-1

mutants with regards to the formation of dauers (Figure 9H and

Figure 9I). These data demonstrate that excessive synthesis of

dopamine, octopamine, or tyramine is not responsible for the tatn-

1 phenotype. Instead tyrosine is directly sensed by the worms and

acts as a developmental regulator.

Discussion

Tyrosine as a modulator of daf-2 insulin/IGF-1 signaling
effects

Together our results identify tyrosine and tyrosine aminotrans-

ferase activity as a modifier of daf-2/IGFR effects in C. elegans

(Figure 10). While the control of tyrosine aminotransferase

expression and activity has been extensively studied as a target of

insulin signaling in vertebrates [30–34,36,38], a connection between

tyrosine aminotransferase or tyrosine metabolism and insulin action

has not been demonstrated. Prior work in C. elegans has suggested

that the hpd-1 gene, which encodes 4-hydroxyphenylpyruvate

dioxygenase, is repressed in daf-2 mutants and that knock-down of

hpd-1 by RNAi delayed dauer exit and extended lifespan [39].

However, the mechanism involved has been unclear. Our work

shows that both tatn-1, and likely hpd-1, impact on daf-2/IGFR

signaling through increasing tyrosine levels in the animal.

We find the effects of tyrosine on daf-2/IGFR signaling to be

complex with roles for both the daf-16/FOXO transcription factor

and the aak-2/AMPK seen (Figure 10). One way that high tyrosine

levels could interact with daf-2/IGFR signaling would be for

tyrosine to somehow activate aak-2/AMPK. AMP kinases are a

known regulator of both daf-16 and the vertebrate homolog

FOXO3 [51,76]. AMPK regulates FOXO transcriptional activity

through the phosphorylation of up to six sites on these proteins. In

our work, aak-2/AMPK mutations suppress the dauer promoting

effects of tatn-1 mutations, treatment of worms with the AMPK

agonist AICAR is able to mimic the effects of tyrosine, and

increases in the active phosphorylated form of AAK-2 are seen in

the tatn-1 mutant. These findings demonstrate that elevated

tyrosine levels activate aak-2/AMPK which could then phosphor-

ylate daf-16/FOXO. This phosphorylation event could then

interfere with the inhibitory effects of an intact daf-2/IGFR

pathway on daf-16/FOXO activity. Further work would be

needed to test this model, and the ability of mutants lacking aak-

2/AMPK or daf-16/FOXO to still respond to elevated tyrosine

levels also supports the presence of alternate, currently unknown

downstream pathways.

These alternate pathways could either lie in parallel to daf-16/

FOXO or could be the dominant response pathway with daf-16/

FOXO only playing a permissive role, especially at lower tyrosine

levels. One possible alternate pathway involves the CREB

transcription factor crh-1 (Figure 10). The crtc-1 co-activator for

the CREB transcription factors has been shown to be a target of

regulation by aak-2/AMPK, and in vertebrates, CRTC co-

activators are known to interact with insulin signaling in

mediating the hepatic metabolic adaptation to the fed versus

fasting state [53,77,78]. We find that tatn-1(qd182) mutants show

evidence of crh-1/CREB-regulated gene expression, and a crh-1/

CREB mutant mimics the interaction of eak-4 and tatn-1. Perhaps

elevated tyrosine levels lead to the activation of aak-2/AMPK

which then results in the activation of daf-16/FOXO and

inhibition of crtc-1 and crh-1/CREB (Figure 10). The presence

of paired downstream pathways could explain the partial

requirement for daf-16/FOXO, especially at higher tyrosine

levels.

Beyond effects on daf-16/FOXO and crh-1/CREB, elevated

tyrosine, especially at high levels, could also have hormetic effects

via changing cellular redox status, producing ER stress, or

perturbing the protein folding environment [79]. These effects

could account for the positive effects of increased tyrosine on

longevity, and some of the genes involved in sensing hormetic

stresses, such as the HSF-1 ortholog hsf-1, also interact with daf-

16/FOXO and play roles in dauer formation [80–82]. Alternately,

tyrosine could act via a novel pathway that operates independently

of daf-16/FOXO or crh-1/CREB, especially at higher levels. For

example, the vertebrate calcium-sensing receptor, PPARc nuclear

receptor, and aryl hydrocarbon receptor (AHR) have all been

shown to respond to aromatic amino acids, though their

connection to insulin action is currently unclear [83–85]. The

recent finding that Akt and Foxo1 are largely dispensable for the

control of hepatic metabolism by insulin in vivo has suggested that

FOXO- independent pathways exist and play important roles in

metabolic control [86].

Our work also provides insights into the eak genes which are

known to act via unclear mechanisms to reduce daf-16/FOXO

transcriptional activity while not significantly affecting the

subcellular localization of DAF-16/FOXO [26,27,29]. We find

that beyond enhancing the inhibitory effects of akt-1 on daf-16/

FOXO activity, the eak genes also suppress the effects of amino

acids and AMPK activity on daf-16/FOXO activity. Additional

work will be needed to understand if the eak genes normally

represent a control point where the effects of these metabolic

signals on insulin signaling can be enhanced or suppressed.

N$15 worms, ** p,0.001 for 20uC versus 25uC for each bacterial strain by t-test, and ` p,0.001 for 25uC treatment of OP50-1 versus HB101 or
HT115. (D) Supplementation of HB101 with 1 mg/mL tyrosine or tryptophan increases TATN-1:GFP expression. Wild type worms expressing the TATN-
1:GFP transgene were grown until adulthood on the indicated diet. N$15 worms, ** p,0.001 for comparison between HB101, and HB101+Tyr or
HB101+Trp by t-test. (E) Representative photos showing the effects of the treatments graphed in panels B-D.
doi:10.1371/journal.pgen.1004020.g008
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Figure 9. tatn-1 acts by increasing tyrosine levels. (A) Both tatn-1 and hpd-1 mutations augment dauer arrest by eak-4(mg348) mutants after
three days at 25uC, whereas a pah-1 mutation does not. ** p,0.001 for comparisons between eak-4 and eak-4; tatn-1, and hpd-1; eak-4 by Fisher’s
exact test. (B) Inhibiting tyrosine synthesis with the pah-1 mutation reduces dauer formation by eak-4; tatn-1 mutants. (C) tatn-1(baf1) has a higher

Tyrosine Regulates Development in C. elegans

PLOS Genetics | www.plosgenetics.org 15 December 2013 | Volume 9 | Issue 12 | e1004020



concentration of tyrosine compared to wild type N2. The bars represent the mean tyrosine concentration from four independent samples, and the
error bars show the standard error of the mean. ** p,0.001 by t-test. (D) tatn-1(qd182) and tatn-1(baf1) have higher tyrosine levels compared to wild
type N2. (E) tatn-1(qd182) has higher tyrosine levels than N2 and tatn-1(baf1) when the measured tyrosine levels are normalized to the levels of non-
aromatic amino acids in each sample. (F) Treatment of eak-4(mg348) mutants but not N2 with tyrosine results in dauer arrest. ** p,0.001 for
comparison of eak-4 + and - tyrosine using Fisher’s exact test. (G) Tyrosine (1 mg/mL) is more potent than other amino acids in producing dauer
arrest by eak-4(mg348) mutants. ** p,0.001 for comparison between eak-4 vs eak-4+tyrosine and eak-4+tyrosine and eak-4+asparagine using Fisher’s
exact test. (H) Impaired dopamine synthesis in cat-2(e1112) mutants does not block the effect of tatn-1 on dauer formation. (I) Impaired tyramine and
octopamine synthesis in tdc-1(ok914) mutants does not block the effect of tatn-1 on dauer formation.
doi:10.1371/journal.pgen.1004020.g009

Figure 10. Model for the regulation of TATN-1 expression, tyrosine levels, and the resulting effects of tyrosine effects on cell
signaling pathways. Shown is the daf-2/IGFR signaling pathway and eak genes from Figure 1A with the addition, shown in blue, of the effects of
tyrosine identified in this work and the control of TATN-1 expression by daf-2/IGFR signaling and by dietary and environmental cues as demonstrated
in Figure 8. In summary, worms sense the available diet and environmental temperature and these factors both contribute to the dauer decision and
the regulation of TATN-1 protein levels. Conditions which promote the dauer decision also tend to reduce the expression of TATN-1. The reductions
in TATN-1 expression lead to reduced removal of tyrosine through degradation and increase free tyrosine levels in the animal. These increases in
tyrosine activate aak-2/AMPK and disrupt the effects of normal daf-2/IGFR signaling through positive effects on daf-16/FOXO and perhaps inhibitory
effects on crh-1/CREB. The effects of tyrosine are particularly pronounced when the daf-2/IGFR pathway is compromised, such as through mutations
in the daf-2/IGFR gene or the eak genes which lie in a parallel pathway. This may be due to further reductions in TATN-1 expression or reductions in
inhibitory regulators of daf-16/FOXO activity.
doi:10.1371/journal.pgen.1004020.g010
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The complex control of tyrosine aminotransferase
We find that the regulation of tatn-1 expression in worms is

complex with daf-2 activity, diet, and environmental conditions

each contributing to the expression level (Figure 10). In

vertebrates, tyrosine aminotransferase has also been shown to

undergo regulation at the transcriptional, translation, and

degradation levels in response to hormonal and nutritional cues

[66]. We find that daf-2/IGFR activity inhibits tatn-1 gene

transcription but raises TATN-1 protein levels. This is consistent

with work in vertebrates showing that insulin shows complex

effects on tyrosine aminotransferase expression with actions at

both the transcriptional and translational level [30–34,36,38].

Nutritional cues appear to also be an important regulator because

we find that the E. coli strain used as food has a powerful effect on

the expression of tatn-1 and these effects parallel the effects of the

weaker tatn-1(baf1) allele on dauer formation. In rats, the activity

of hepatic tyrosine aminotransferase varies several-fold during the

day with a peak during the evening and nadir in the early morning

[87]. Studies of the cyclic variation have demonstrated that dietary

protein intake is a prime inducer of tyrosine aminotransferase

levels [65]. Feeding animals a protein-free diet results in a constant

low level of tyrosine aminotransferase, whereas feeding animals

protein meals at differing times produces corresponding shifts in

enzyme production. Among amino acids, some such as tryptophan

are potent inducers of tyrosine aminotransferase expression [66].

The mechanisms accounting for the dietary effects of amino acids

on tyrosine aminotransferase are currently unclear. This could

suggest a role for additional nutrient sensitive pathways which may

well be conserved as we find that both tryptophan and tyrosine act

as tatn-1 inducers in worms. Finally, we find a novel role for

environmental conditions on tatn-1 expression as lower tempera-

tures promote expression and higher temperatures inhibit it. How

changes in temperature translate into the observed effects is

unclear but perhaps hormonal changes mediated by the

cytochrome P450 daf-9 and the nuclear hormone receptor daf-12

or changes mediated by thermosensory neurons are involved [88].

Together this suggests that the control of tyrosine aminotransfer-

ase activity, which modulates tyrosine levels, could be controlled

via a complex network of internal and external cues. Our finding

that changes in tyrosine levels alter both signaling pathways and

gene expression patterns could suggest that carefully controlling

tyrosine metabolism and ultimately tyrosine levels plays an

important role in overall homeostasis (Figure 10).

Aromatic amino acids in human disease
Recent work has suggested that levels of specific amino acids,

particularly branched chain and aromatic amino acids, could

influence insulin sensitivity in people and mice [1–6]. While the

exact role of aromatic amino acids in metabolic disease is

unknown, our results suggest that these could play a causal role

in either insulin-resistance or the development of diabetes [89].

Given the complex nature of tyrosine aminotransferase regulation,

subtle changes in hormone levels, diet, and perhaps other factors

could lead to changes in hepatic tyrosine metabolism and

contribute to changes in serum aromatic amino acid levels. There

may also be significant changes during the day due to dietary

intake or release from internal stores such as muscle. As tyrosine

levels increase, it is possible that, as in worms, the increases modify

responses to insulin signaling and augment pre-existing insulin

resistance in a harmful way (Figure 10). The connection between

insulin signaling and tyrosine metabolism could potentially even

lead to a vicious cycle of reduced insulin signaling producing

elevated tyrosine levels which then lead to a further reduction in

insulin signaling

Tyrosine aminotransferase has also been found to be a tumor

suppressor gene in human hepatocellular carcinoma (HCC) [7].

The human tyrosine aminotransferase gene is located on 16q,

which is frequently deleted in HCC, and analysis of tumors reveals

that gene deletion or silencing via hypermethylation is common

[7]. Consistent with an inhibitory role in the pathogenesis of liver

cancer, transfection of HCC cancer cell lines with a tyrosine

aminotransferase transgene suppressed malignant behavior such as

growth in soft agar and the formation of tumors in nude mice. In

these cells, tyrosine aminotransferase expression also acted to

inhibit tumor formation via the stimulation of apoptosis, but the

exact molecular events are still unclear [7]. Our data would

suggest that the activation of AMPK or the downstream effects of

AMPK on FOXO transcription factors, such as FOXO3, or

CREB would be attractive targets for future study. Alternately, we

also saw down-regulation of genes involved in DNA repair so the

elevated tyrosine levels could also promote the accumulation of

additional cancer promoting mutations (Table S5). Together these

findings suggest that extracellular or intracellular tyrosine levels

could act as signaling molecules involved in the control of cell

growth, differentiation, and physiology.

Materials and Methods

C. elegans strains and maintenance
All C. elegans strains were propagated on standard nematode

growth agar (NGA) plates containing streptomycin (200 mg/mL)

and spotted with OP50-1, as previously described [90]. For

specific experiments, worms were fed HB101, OP50, or HT115 E.

coli strains using NGA containing streptomycin (HB101) or no

antibiotics (OP50 and HT115).

The following C. elegans mutants were obtained from the C. elegans

Genetics Center, which is supported in part by NIH Office of

Research Infrastructure Programs (P40 OD010440): daf-16(mgDf50)

I, cat-2(e1112) II, pah-1(ok687) II, tdc-1(ok914) II, crh-1(tz2) III,

daf-2(e1368) III, hpd-1(ok1955) III, unc-119(ed3) III, akt-1(mg144) V,

akt-1(mg306) V, aak-2(gt33) X, akt-2(ok393) X, daf-12(rh61rh411) X,

pdk-1(mg142) X, sgk-1(ok538) X, muIs84[pAD76(sod-3::GFP)], lpIs14

[daf-16f::GFP+unc-119(+)], and lpIs12 [daf-16a::RFP+unc-119(+)].

tatn-1(baf1) X has been described previously, and tatn-1(qd182)

was identified in an unrelated mutagenesis screen and is a gift from

Daniel Pagano and Dennis Kim [43,44]. muIs109[daf-16::GFP] X

has been described previously and is a gift from Malene Hansen

[59]. daf-16(mgDf47), hsd-1(mg433) I, eak-3(mg344) III, eak-4(mg348)

IV, eak-7(tm3188) IV, sdf-9(mg337) V have been described

previously [26–28,91]. Double and triple mutants were generated

by standard genetic crosses, and the genotypes of strains were

confirmed by PCR using oligos which detect gene deletions or

RFLP’s associated with the mutation (Table S6). Throughout this

work tatn-1 is implied to refer to the tatn-1(baf1) allele except

specifically as noted otherwise.

Dauer assays
Worm embryos were isolated by sodium hypochlorite treatment,

and eggs were transferred to plates, and grown at the indicated

temperature in a designated incubator. The plates were scored two

or three days later under a dissecting microscope for the presence of

L2, dauer, and L3/L4 and older worms. We conducted control

experiments to determine the robustness and reproducibility of

visual scoring by having several scorers evaluate a series of still

images and corresponding movies of larvae of different develop-

mental stages. We then compared the correlation between the

scorers for the entire series via the use of a kappa statistic [92]. These

experiments indicated that scoring was consistent between raters
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within the lab with all comparisons showing ‘‘substantial’’ to

‘‘almost perfect’’ agreement (Table S7) [92].

For each assay, approximately 100 worms were scored from

each of two to three plates set up in parallel for each genotype used

in an experiment. This resulted in 200 to, more typically, 300

animals being scored for each genotype within an experiment.

Each experiment was repeated at least once with comparable

results, which resulted in between 400–600 worms being scored

per genotype in total. The percentages of each stage were graphed

using Prism5 software, and the graphs show pooled data from a

single trial. To perform pairwise comparisons between mutant

strains, a contingency table was set up using the counts for L2,

dauer, and L3/L4 categories, and p-values were calculated using

Fisher’s exact contingency test within SAS version 9.3. To

determine SDS resistance, worms were washed from plates with

1% SDS, and then incubated for 20 minutes with gentle rocking.

Worms were then pelleted and washed with water. Aliquots were

scored for survival as demonstrated by movement, and each

experiment was repeated at least once. The percentages of living

worms were graphed with Prism5.

Lifespan assays
Lifespan assays were conducted as previously described at 20uC

using either NGA or RNAi plates containing 50 mM FUDR [93].

Lifespan assays for N2, tatn-1(baf1), eak-7(tm3188), and eak-

7(tm3188); tatn-1(baf1) used NGA plates spotted with HB101, and

worms were grown from eggs at 16uC to minimize larval arrest.

Lifespan assays for N2, tatn-1(baf1), aak-2(gt33), and tatn-1(baf1), aak-

2(gt33) used NGA plates spotted with HB101. Lifespan assays for

amino acid treated N2 worms used either NGA plates or NGA

plates supplemented with 1 mg./mL tyrosine, glycine, or isoleucine,

and then spotted with HB101. Lifespan assays using daf-2 and daf-16

RNAi treatment used NGA media supplemented with carbenicillin

(50 mg/mL) and isopropyl b-d-thiogalactopyranoside (IPTG,

1 mM). RNAi treatment for daf-16 was started at egg hatching

while daf-2 RNAi treatment started on day 1 of adulthood with

larval development occurring on NGA plates spotted with HB101 at

20uC.

For all lifespan assays three plates containing 40 worms each,

for each genotype were set up, as well as an extra plate, with

worms to replace worms that had crawled off the plate, bagged, or

exploded, to reduce the number of censored events. Prism5

(Graphpad Software) was used to generate graphs and perform

log-rank testing for curve comparisons. SAS was used to create

lifetables and calculate mean survival.

Amino acid supplementation
Amino acids (Sigma-Aldrich) were dissolved as 45 mg/mL stock

solutions in water, and then added to molten NGM to obtain a

1 mg/mL final concentration. These plates were dried and spotted

with HB101 before use.

Amino acid analysis
Worms were grown on HB101 spotted NGM plates for two days

at 25uC before being washed from the plates and then being rinsed

twice with miliQ water. For Figure S9A, NGM plates either with or

without 1 mg./mL tyrosine cast into the agar were used to grow the

worm culture. To normalize the samples for worm number, a 5 mL

aliquot was removed and scored for worm number. Amino acids

were then extracted using aqueous methanol and crushing with a

mortar and pestle as previously described [94]. The methanol

solution was removed by evaporation and the residue stored frozen

at 280uC. Amino acid analysis was performed via liquid chro-

matography tandem mass spectrometry following reconstitution of

the residue in 0.1 mL water as described previously for urine [95].

Amino acid content was then either normalized to total worm

number in the sample (Figure 9B, Figure 9C, and Figure S9A) or

normalized to the levels of individual non-aromatic amino acids and

then divided by the average normalized level observed in the wild-

type N2 samples (Figure 9D).

AICAR treatment
Aliquots from a 250 mM AICAR solution dissolved in water

(Cell Signaling Technology) were spotted onto NGA plates spotted

with HB101 to give a final concentration of 0.125 mM 1 hour

before eggs were added to the plates. A comparable volume of

water alone was used as a negative control.

AMP and ATP measurements
Worm embryos were isolated by sodium hypochlorite treatment

from N2 and eak-4(mg348); tatn-1(baf1) adults, and the eggs were

transferred to NGA plates spotted with HB101. The plates were

incubated at 25uC for 24 hours so most of the population was L2

larvae. The worms were washed from plates with water and

washed with water to remove bacteria. Nucleotides were then

extracted from the worms as previously described [50]. The

resulting extract was stored at 280uC until analysis. ATP, ADP,

and AMP levels were measured by HPLC with UV detection of

individual nucleotides.

Fluorescent imaging
Images of worms were obtained with a BX51 fluorescence

microscope and quantified using ImageJ software as previously

described [44].

Quantitative RT-PCR
For sod-3 expression, worm embryos were isolated by sodium

hypochlorite treatment, and eggs were transferred to NGA plates

spotted with HB101 and incubated at 25uC for 24 hours. The

worms were washed from plates in water, pelleted by centrifuga-

tion, washed with water, and frozen for storage. RNA extraction,

reverse transcription, and quantitative PCR were performed as

previously described [27,44]. The geometric mean level of the

control genes pmp-3, cdc-42, and Y45F10D.4 were used to

normalize the samples, and the relative levels of sod-3 expression

were determined using the 22DDCt approach [96,97].

For tatn-1 expression, N2 and daf-2(e1368) embryos were isolated

by sodium hypochlorite treatment, and eggs were transferred to S-

basal to arrest the worms at the L1 stage. L1 larvae were added to

NGA plates spotted with OP50-1 and the plates were incubated at

20uC for 3 days. Adult worms were washed from plates and RNA

was isolated as described above. The geometric mean level of the

control genes pmp-3, cdc-42, and Y45F10D.4 were used to normalize

the samples, and the relative levels of tatn-1 expression were

determined using the 22DDCt approach [96,97].

The oligos used to detect pmp-3, cdc-42, and Y45F10D.4 have

been previously described [98]. The expression of sod-3 was detected

using the oligos 59-CCAACCAGCGCTGAAATTCAATGG-39

and 59-GGAACCGAAGTCGCGCTTAATAGT-39 [99]. The

expression of tatn-1 was detected using 59-CTTGATCAGAGAA-

GAATCAGTG-39 and 59-GAGTGTTGATTGAAGTTGCG-39.

These oligos were designed to cross intron-exon boundaries using

the PerlPrimer program [100].

Whole transcriptome RNA sequencing
N2 wild-type control and tatn-1(qd182) mutant worms were

synchronized via the use of hypochlorite treatment and grown on
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HB101 spotted NGM plates at 25uC for 2 days. These conditions

and time point correspond to the conditions used for the amino

acid analysis separately performed using these strains. The worms

were washed from the plates and were then washed twice with

miliQ water. The worm pellet was then suspended in QIAzol lysis

reagent (Qiagen, Valencia, CA) and frozen at 280uC. Total RNA

was isolated using the Qiagen miRNeasy mini kit and the RNA

yield was measured by spectrophotometry. Total RNA was sent to

Expression Analysis (Durham, NC) for analysis including bioanalyzer

electrophoresis to ensure RNA quality followed by library prepa-

ration using the Illumina TruSeq RNA sample prep kit. The

resulting library was subjected to high-throughput 50 nucleotide

paired end sequencing using an Illumina sequencer at a depth of 17

million reads per sample.

The resulting sequence data was clipped using internally

developed software from Expression Analysis and matched to

the C. elegans genome using RSEM [101]. The resulting transcript

counts were then normalized using the upper quartile normaliza-

tion approach [102]. Differentially expressed genes were then

identified through the use of ANOVA testing and genes with a

FDR score of 5% or lower were considered to be differentially

expressed. This lead to the identification of 4622 genes as being

differentially expressed (890 up-regulated and 3732 down-regulated)

between tatn-1(qd182) and wild-type N2.

Over-represented gene classes were identified in the up-

regulated and down-regulated genes through the use of DAVID

[60]. Analysis of the transcriptome data for daf-16/FOXO and crh-

1/CREB regulated genes was performed using the Gene Set

Association Analysis for RNA-seq program (available at http://

gsaa.unc.edu/login/index.html) [63]. GSAA calculates a differen-

tial expression score for each gene in the entire RNA-seq dataset,

20408 genes in all, and then uses a running weighted Kolmogorov-

Smirnov test to examine association of an entire gene set with each

phenotypic class. The strength of the association is measured by

the association score (AS) where positive scores indicate association

of the gene set with the phenotype, and statistical significance is

measured by a false discovery rate (FDR) that is adjusted for

multiple testing. The daf-16/FOXO regulated genes were from

previously published microarray data from Murphy et. al., and the

crh-1/CREB regulated genes were from recently published

microarray data from Mair et. al. [53,62].

Generation of TATN-1:GFP transgenic animals
Clones for the tatn-1 promoter and cDNA where purchased

from Open Biosystems and verified by sequencing [103,104]. A

tatn-1p:tatn-1 cDNA:GFP transgene was generated using Gateway

cloning and the vector pDEST-MB14 [104]. The resulting

transgene or punc-119cbr, which contains the unc-119 gene from

Caenorhabditis briggsae, was used to bombard HT1593 (unc-119(ed3))

as previously described [105,106]. From bombardment we

obtained bafIs130 from punc-119cbr, which carries the unc-119

gene from Caenorhabditis briggsae, and bafIs131 from the tatn-1p:tatn-1

cDNA:GFP transgene [106]. Both transgenes were outcrossed with

N2 and then mated with eak-4(mg348); tatn-1(baf1) to test for rescue

of the dauer formation phenotype. The bafIs131 transgene was

also crossed into a daf-2(e1368) mutant to generate daf-2(e1368);

bafIs131.

Anti-phospho AMPK western blotting
Worm embryos were isolated by sodium hypochlorite treatment,

and eggs were transferred to NGA plates spotted with HB101 and

incubated at 25uC for 24 hours. For treatment with AICAR, the

plate was spotted 1 hour before adding the eggs with aliquots from a

250 mM AICAR stock that was dissolved in water. As a positive

control, N2 wild-type worms were grown as above, washed off in S-

basal, and then exposed to 10 mM sodium azide in S-basal. This

dose of S-basal has been previously shown to result in a 50%

decrease in ATP concentrations in treated worms [54]. The worms

were washed from plates in water, pelleted by centrifugation,

washed with water, and suspended in 16 LDS loading buffer

(Invitrogen) before being heated to 70uC in a Bransonic sonicator

waterbath (Branson) for 30–40 minutes [107]. After heating the

samples were centrifuged and the supernatant retained for analysis.

The protein levels were measured using the CB-X protein assay kit

(G-Biosciences), and 30 mg of protein was run on a 10% Nupage

SDS-PAGE gel (Invitrogen) and blotted to a nitrocellulose

membrane. Phospho-AAK-2 was detected using a rabbit monoclo-

nal antibody (Cell Signaling Technology #2535), and actin was

detected using a rabbit anti-actin antibody (Cell Signaling

Technology #4967) followed by detection by an anti-rabbit HRP

secondary antibody and visualization using chemiluminescence

(Bio-Rad). The resulting X-ray film was scanned and quantified

using gel analysis tools in ImageJ [108].

Supporting Information

Figure S1 The interaction between tatn-1 and eak-4 is modified

by bacterial diet. Shown are the effects of HB101, HT115, OP50,

or OP50-1 bacterial diets on dauer formation by eak-4(mg408);

tatn-1(baf1) mutants. These results represent one of two trials, and

the shadings represent the percentages of L2, Dauer, or L3/L4 or

older animals within each population. ** p,0.001 for pairwise

Fisher’s exact contingency tests comparing OP50 versus HB101 or

HT115 and OP50-1 versus HB101 or HT115.

(EPS)

Figure S2 The tatn-1(qd182) allele enhances dauer formation by

eak-4 mutants. (A) The point mutation in the tatn-1(qd182) allele

produces a G to E change in a conserved residue of tyrosine

aminotransferase as indicated by the arrow. This change is

predicted to have an .89% chance of impairing protein function

based on analysis using the coding SNP scoring tool available at

the Panther database. (B) Enhanced dauer arrest by the eak-4; tatn-

1(qd182) mutant compared to eak-4 or tatn-1(qd182) alone, or the

N2 wild type strain. ** p,0.001 for pairwise Fisher’s exact test.

(EPS)

Figure S3 tatn-1 acts independently of the TGF-b signaling

pathway. Inhibiting the TGF-b-like signaling pathway involved in

dauer formation with mutations affecting daf-3/SMAD or daf-5/

Sno genes does not block dauer formation by the eak-4; tatn-1 mutants.

(EPS)

Figure S4 The effects of the tatn-1(qd182) allele on dauer

formation depend on aak-2/AMPK. (A) The effects of tatn-

1(qd182) on dauer formation also require aak-2. ** p,0.001 by

Fisher’s exact test. (B) The tatn-1(qd182) allele is likely stronger

than tatn-1(baf1) because the tatn-1(qd182) allele shows delayed

development compared to tatn-1(baf1) and wild type N2 worms.

The curves show the percentage of adults present at each

timepoint after synchronization. (C) SDS selection, which kills

animals which have not fully completed dauer development

including synthesis of the dauer cuticle and cessation of pharyngeal

pumping, reveals a stronger effect of aak-2/AMPK mutations on

dauer formation by the eak-4(mg348); tatn-1(qd182) mutants

compared with scoring based on morphology.

(EPS)

Figure S5 tatn-1 mutations do not impair energy production and

increase the AMP/ATP ratio. L2 larval wild-type N2 and eak-

4(mg348); tatn-1(baf1) worms were collected and nucleotides were
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extracted for measurement using HPLC with UV detection.

Shown is the average AMP/ATP ratio for three separately grown

worm preparations (N2 mean 0.036 and eak-4; tatn-1 mean 0.029,

p = 0.73 by t-test).

(EPS)

Figure S6 The effects of the tatn-1(qd182) allele on dauer forma-

tion depend on daf-16/FOXO. (A) Loss of daf-16 in the daf-16(mgDf47)

mutant partially inhibits dauer formation by eak-4(mg348);

tatn-1(qd182) based on morphology, but SDS selection, which kills

larvae which have not fully completed dauer development (B) reveals a

stronger inhibitory effect of the daf-16(mgDf47) mutation on dauer

formation.

(EPS)

Figure S7 Pie charts representing gene ontology categories of

differentially expressed genes in the tatn-1(qd182) mutant com-

pared to wild-type N2. Genes as being differently expressed where

divided into up-regulated and down-regulated groups and then

analyzed using the tools within the Panther database. Pie charts

were generated for each group using the ‘‘biologic process’’, ‘‘cellular

component’’, and ‘‘molecular function’’ gene ontology perspectives.

(EPS)

Figure S8 daf-2/IGFR signaling inhibits the expression of tatn-1

mRNA. Measurement of tatn-1 mRNA levels in N2 and daf-

2(e1368) mutants reveals that the daf-2 mutants show a 40–50%

increase in tatn-1 expression compared to N2. Shown are the

results of two independent trials using RNA isolated from daf-2

and N2 adult animals.

(EPS)

Figure S9 Tyrosine supplementation raises tyrosine levels but

does not affect worm lifespan. (A) Growth of N2 worms on NGA

supplemented with 1 mg./mL tyrosine leads to an increase in

tyrosine levels as shown by liquid chromatography and tandem

mass spectrometry. The untreated N2 average is 74.3 mmol per

100 worms and the tyrosine treated average is 163.6 mmol per 100

worms, which is a 2.2 fold increase. (B) Lifespan assays performed

with N2 worms supplemented with tyrosine, glycine, or isoleucine

show no effect of tyrosine supplementation on lifespan compared

to untreated N2 animals (Untreated N2 mean survival 19.5 days,

tyrosine treated 20.0 days, glycine treated 19.0 days, and

isoleucine treated 21.5 days). The isoleucine treatment produces

a small, but consistent effect on worm lifespan in two separate trials.

(EPS)

Table S1 Function and human homologs for genes studied.

Table showing the function and human homolog identified using

HomoloGene, or Wormbase if not hits were identified, for each of

the genes studied.

(DOCX)

Table S2 Effects of tatn-1 on dauer formation. Excel spreadsheet

showing the genetic and dauer formation assay data used to create

each panel.

(ZIP)

Table S3 Effects of tatn-1 on longevity. Excel spreadsheet showing the

lifetable analysis for lifespan experiments shown in Figure 2, 3, 5, and 6.

(ZIP)

Table S4 Genes differentially expressed between tatn-1(qd182)

mutants and N2 worms. Excel spreadsheet showing genes

identified as up-regulated or down-regulated at a 5% false

discovery rate through RNA-seq experiments with three tatn-

1(qd182) and three wild-type N2 RNA samples.

(ZIP)

Table S5 Gene classes identified as enriched via use of the

DAVID program. The lists of up-regulated and down-regulated

genes where searched for evidence of enriched functional or

structure gene classes via use of the DAVID computer program.

Shown is an Excel spreadsheet showing the DAVID output for

each gene list.

(ZIP)

Table S6 List of oligos and enzymes used to genotype progeny

of crosses. Excel spreadsheet containing the oligo sequences and

when needed restriction enzymes used to genotype the progeny of

crosses involving the listed mutations. For all experiments, multiple

rounds of self-fertilization and PCR genotyping were used to

identify progeny homozygous for all mutations.

(ZIP)

Table S7 Correlation between raters for a set of control images

depicting worm larval stages. A group of raters independently

viewed a series of 60 images and accompanying movies of larval

worms of differing developmental stages in random order. Raters

scored each animal as L2 or below, dauer, or L3 or above.

Correlation between the raters was determined via the kappa

statistic. Note that one rater had never previously worked with C.

elegans and learned to perform scoring via a brief tutorial prior to

scoring the image set.

(DOCX)

Acknowledgments

We thank Dennis Kim and Daniel Pagano for sharing the tatn-1(qd182)

mutant worms, sharing unpublished data, and for discussion of our results

and draft manuscripts. We thank Qing Xiong for help with getting started

with the GSAA program. We also thank Gordon Lithgow and Arjumand

Ghazi for discussions and critical comments, and thank Malene Hansen for

her gift of the muIs109 strain.

Author Contributions

Conceived and designed the experiments: AAF SR YK VBR DM PJH

ALF. Performed the experiments: AAF SR KNK YK KJD VBR ALF.

Analyzed the data: AAF SR YK KJD VBR DM PJH ALF. Contributed

reagents/materials/analysis tools: VBR DM. Wrote the paper: AAF SR

DM PJH ALF.

References

1. Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, et al. (2009) A

branched-chain amino acid-related metabolic signature that differentiates obese

and lean humans and contributes to insulin resistance. Cell Metab 9: 311–326.

2. Wurtz P, Tiainen M, Makinen VP, Kangas AJ, Soininen P, et al. (2012)

Circulating Metabolite Predictors of Glycemia in Middle-Aged Men and

Women. Diabetes Care.

3. Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, et al. (2011) Metabolite

profiles and the risk of developing diabetes. Nat Med 17: 448–453.

4. Stancakova A, Civelek M, Saleem NK, Soininen P, Kangas AJ, et al. (2012)

Hyperglycemia and a Common Variant of GCKR Are Associated With the

Levels of Eight Amino Acids in 9,369 Finnish Men. Diabetes.

5. Cheng S, Rhee EP, Larson MG, Lewis GD, McCabe EL, et al. (2012)

Metabolite profiling identifies pathways associated with metabolic risk in

humans. Circulation 125: 2222–2231.

6. Wurtz P, Makinen VP, Soininen P, Kangas AJ, Tukiainen T, et al. (2012)

Metabolic signatures of insulin resistance in 7,098 young adults. Diabetes 61:

1372–1380.

7. Fu L, Dong SS, Xie YW, Tai LS, Chen L, et al. (2010) Down-regulation of

tyrosine aminotransferase at a frequently deleted region 16q22 contributes to

the pathogenesis of hepatocellular carcinoma. Hepatology 51: 1624–1634.

8. Cassada RC, Russell RL (1975) The dauerlarva, a post-embryonic develop-

mental variant of the nematode Caenorhabditis elegans. Dev Biol 46: 326–342.

Tyrosine Regulates Development in C. elegans

PLOS Genetics | www.plosgenetics.org 20 December 2013 | Volume 9 | Issue 12 | e1004020



9. Riddle DL, Albert PS, Riddle DL, Blumenthal T, Meyer BJ, et al. (1997)

Genetic and environmental regulation of dauer larva formation. C elegans II.

Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. pp. 739–

768.

10. Hu PJ (2007) Dauer. WormBook: 1–19.

11. Fielenbach N, Antebi A (2008) C. elegans dauer formation and the molecular

basis of plasticity. Genes Dev 22: 2149–2165.

12. Riddle DL, Swanson MM, Albert PS (1981) Interacting genes in nematode

dauer larva formation. Nature 290: 668–671.

13. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R (1993) A C. elegans

mutant that lives twice as long as wild type. Nature 366: 461–464.

14. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G (1997) daf-2, an insulin

receptor-like gene that regulates longevity and diapause in Caenorhabditis

elegans. Science 277: 942–946.

15. Pierce SB, Costa M, Wisotzkey R, Devadhar S, Homburger SA, et al. (2001)

Regulation of DAF-2 receptor signaling by human insulin and ins-1, a member

of the unusually large and diverse C. elegans insulin gene family. Genes and

Development 15: 672–686.

16. Li W, Kennedy SG, Ruvkun G (2003) daf-28 encodes a C. elegans insulin

superfamily member that is regulated by environmental cues and acts in the

DAF-2 signaling pathway. Genes Dev 17: 844–858.

17. Michaelson D, Korta DZ, Capua Y, Hubbard EJ (2010) Insulin signaling

promotes germline proliferation in C. elegans. Development 137: 671–680.

18. Cornils A, Gloeck M, Chen Z, Zhang Y, Alcedo J (2011) Specific insulin-like

peptides encode sensory information to regulate distinct developmental

processes. Development 138: 1183–1193.

19. Malone EA, Inoue T, Thomas JH (1996) Genetic analysis of the roles of daf-28

and age-1 in regulating Caenorhabditis elegans dauer formation. Genetics 143:

1193–1205.

20. Paradis S, Ruvkun G (1998) Caenorhabditis elegans Akt/PKB transduces

insulin receptor-like signals from AGE-1 PI3 kinase to the DAF-16

transcription factor. Genes and Development 12: 2488–2498.

21. Paradis S, Ailion M, Toker A, Thomas JH, Ruvkun G (1999) A PDK1

homolog is necessary and sufficient to transduce AGE-1 PI3 kinase signals that

regulate diapause in Caenorhabditis elegans. Genes and Development 13:

1438–1452.

22. Morris JZ, Tissenbaum HA, Ruvkun G (1996) A phosphatidylinositol-3-OH

kinase family member regulating longevity and diapause in Caenorhabditis

elegans. Nature 382: 536–539.

23. Lin K, Hsin H, Libina N, Kenyon C (2001) Regulation of the Caenorhabditis

elegans longevity protein DAF-16 by insulin/IGF-1 and germline signaling.

NatGenet 28: 139–145.

24. Lee RY, Hench J, Ruvkun G (2001) Regulation of C. elegans DAF-16 and its

human ortholog FKHRL1 by the daf-2 insulin-like signaling pathway. CurrBiol

11: 1950–1957.

25. Henderson ST, Johnson TE (2001) daf-16 integrates developmental and

environmental inputs to mediate aging in the nematode Caenorhabditis

elegans. CurrBiol 11: 1975–1980.

26. Zhang Y, Xu J, Puscau C, Kim Y, Wang X, et al. (2008) Caenorhabditis

elegans EAK-3 inhibits dauer arrest via nonautonomous regulation of nuclear

DAF-16/FoxO activity. Dev Biol 315: 290–302.

27. Alam H, Williams TW, Dumas KJ, Guo C, Yoshina S, et al. (2010) EAK-7

controls development and life span by regulating nuclear DAF-16/FoxO

activity. Cell Metab 12: 30–41.

28. Hu PJ, Xu J, Ruvkun G (2006) Two membrane-associated tyrosine

phosphatase homologs potentiate C. elegans AKT-1/PKB signaling. PLoS

Genet 2: e99.

29. Dumas KJ, Guo C, Wang X, Burkhart KB, Adams EJ, et al. (2010) Functional

divergence of dafachronic acid pathways in the control of C. elegans

development and lifespan. Dev Biol 340: 605–612.

30. Spencer CJ, Heaton JH, Gelehrter TD, Richardson KI, Garwin JL (1978)

Insulin selectively slows the degradation rate of tyrosine aminotransferase. J Biol

Chem 253: 7677–7682.

31. Reshef L, Greengard O (1969) The effect of amino acid mixtures, insulin,

epinephrine and glucagon in vivo on the levels of rat liver tyrosine

aminotransferase. Enzymol Biol Clin (Basel) 10: 113–121.

32. Nitsch D, Boshart M, Schutz G (1993) Activation of the tyrosine

aminotransferase gene is dependent on synergy between liver-specific and

hormone-responsive elements. Proc Natl Acad Sci U S A 90: 5479–5483.

33. Moore PS, Koontz JW (1989) Insulin-mediated regulation of tyrosine

aminotransferase in rat hepatoma cells: inhibition of transcription and

inhibition of enzyme degradation. Arch Biochem Biophys 275: 486–495.

34. Messina JL, Chatterjee AK, Strapko HT, Weinstock RS (1992) Short- and

long-term effects of insulin on tyrosine aminotransferase gene expression. Arch

Biochem Biophys 298: 56–62.

35. Lee KL, Isham KR, Johnson A, Kenney FT (1986) Insulin enhances

transcription of the tyrosine aminotransferase gene in rat liver. Arch Biochem

Biophys 248: 597–603.

36. Gelehrter TD, Tomkins GM (1970) Posttranscriptional control of tyrosine

aminotransferase synthesis by insulin. Proc Natl Acad Sci U S A 66: 390–397.

37. Gelehrter TD, Emanuel JR, Spencer CJ (1972) Induction of tyrosine

aminotransferase by dexamethasone, insulin, and serum. Characterization of

the induced enzyme. J Biol Chem 247: 6197–6203.

38. Crettaz M, Muller-Wieland D, Kahn CR (1988) Transcriptional and

posttranscriptional regulation of tyrosine aminotransferase by insulin in rat

hepatoma cells. Biochemistry 27: 495–500.

39. Lee SS, Kennedy S, Tolonen AC, Ruvkun G (2003) DAF-16 target genes that

control C. elegans life-span and metabolism. Science 300: 644–647.

40. Fuchs S, Bundy JG, Davies SK, Viney JM, Swire JS, et al. (2010) A metabolic

signature of long life in Caenorhabditis elegans. BMC Biol 8: 14.

41. Tewari M, Hu PJ, Ahn JS, yivi-Guedehoussou N, Vidalain PO, et al. (2004)

Systematic interactome mapping and genetic perturbation analysis of a C.

elegans TGF-beta signaling network. MolCell 13: 469–482.

42. Duchaine TF, Wohlschlegel JA, Kennedy S, Bei Y, Conte D, Jr., et al. (2006)

Functional proteomics reveals the biochemical niche of C. elegans DCR-1 in

multiple small-RNA-mediated pathways. Cell 124: 343–354.

43. Fisher AL, Page KE, Lithgow GJ, Nash L (2008) The Caenorhabditis elegans

K10C2.4 Gene Encodes a Member of the Fumarylacetoacetate Hydrolase

Family: A CAENORHABDITIS ELEGANS MODEL OF TYPE I TYRO-

SINEMIA. J BiolChem 283: 9127–9135.

44. Ferguson AA, Springer MG, Fisher AL (2010) skn-1-Dependent and

-independent regulation of aip-1 expression following metabolic stress in

Caenorhabditis elegans. Mol Cell Biol 30: 2651–2667.

45. Hertweck M, Gobel C, Baumeister R (2004) C. elegans SGK-1 is the critical

component in the Akt/PKB kinase complex to control stress response and life

span. Dev Cell 6: 577–588.

46. Jensen VL, Albert PS, Riddle DL (2007) Caenorhabditis elegans SDF-9

enhances insulin/insulin-like signaling through interaction with DAF-2.

Genetics 177: 661–666.

47. Narasimhan SD, Yen K, Bansal A, Kwon ES, Padmanabhan S, et al. (2011)

PDP-1 links the TGF-beta and IIS pathways to regulate longevity,

development, and metabolism. PLoS Genet 7: e1001377.

48. Patterson GI, Koweek A, Wong A, Liu Y, Ruvkun G (1997) The DAF-3 Smad

protein antagonizes TGF-beta-related receptor signaling in the Caenorhabditis

elegans dauer pathway. Genes Dev 11: 2679–2690.

49. da Graca LS, Zimmerman KK, Mitchell MC, Kozhan-Gorodetska M,

Sekiewicz K, et al. (2004) DAF-5 is a Ski oncoprotein homolog that functions

in a neuronal TGF beta pathway to regulate C. elegans dauer development.

Development 131: 435–446.

50. Apfeld J, O’Connor G, McDonagh T, DiStefano PS, Curtis R (2004) The

AMP-activated protein kinase AAK-2 links energy levels and insulin-like signals

to lifespan in C. elegans. Genes Dev 18: 3004–3009.

51. Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K, et al. (2007) An

AMPK-FOXO pathway mediates longevity induced by a novel method of

dietary restriction in C. elegans. Curr Biol 17: 1646–1656.

52. Narbonne P, Roy R (2009) Caenorhabditis elegans dauers need LKB1/AMPK

to ration lipid reserves and ensure long-term survival. Nature 457: 210–214.

53. Mair W, Morantte I, Rodrigues AP, Manning G, Montminy M, et al. (2011)

Lifespan extension induced by AMPK and calcineurin is mediated by CRTC-1

and CREB. Nature 470: 404–408.

54. Lagido C, Pettitt J, Flett A, Glover LA (2008) Bridging the phenotypic gap:

real-time assessment of mitochondrial function and metabolism of the

nematode Caenorhabditis elegans. BMC Physiol 8: 7.

55. Kwon ES, Narasimhan SD, Yen K, Tissenbaum HA (2010) A new DAF-16

isoform regulates longevity. Nature 466: 498–502.

56. Robida-Stubbs S, Glover-Cutter K, Lamming DW, Mizunuma M, Narasim-

han SD, et al. (2012) TOR signaling and rapamycin influence longevity by

regulating SKN-1/Nrf and DAF-16/FoxO. Cell Metab 15: 713–724.

57. Honda Y, Honda S (1999) The daf-2 gene network for longevity regulates

oxidative stress resistance and Mn-superoxide dismutase gene expression in

Caenorhabditis elegans. FASEB J 13: 1385–1393.

58. Libina N, Berman JR, Kenyon C (2003) Tissue-specific activities of C. elegans

DAF-16 in the regulation of lifespan. Cell 115: 489–502.

59. Berman JR, Kenyon C (2006) Germ-cell loss extends C. elegans life span

through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. Cell

124: 1055–1068.

60. Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative

analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:

44–57.

61. Mi H, Muruganujan A, Thomas PD (2013) PANTHER in 2013: modeling the

evolution of gene function, and other gene attributes, in the context of

phylogenetic trees. Nucleic Acids Res 41: D377–386.

62. Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath RS, et al. (2003)

Genes that act downstream of DAF-16 to influence the lifespan of

Caenorhabditis elegans. Nature 424: 277–283.

63. Xiong Q, Ancona N, Hauser ER, Mukherjee S, Furey TS (2012) Integrating

genetic and gene expression evidence into genome-wide association analysis of

gene sets. Genome Res 22: 386–397.

64. Brooks KK, Liang B, Watts JL (2009) The influence of bacterial diet on fat

storage in C. elegans. PLoS ONE 4: e7545.

65. Zigmond MJ, Shoemaker WJ, Larin F, Wurtman RJ (1969) Hepatic tyrosine

transaminase rhythm: interaction of environmental lighting, food consumption

and dietary protein content. J Nutr 98: 71–75.

66. Wurtman RJ (1974) Daily rhythms in tyrosine transaminase and other hepatic

enzymes that metabolize amino acids: mechanisms and possible consequences.

Life Sci 15: 827–847.

Tyrosine Regulates Development in C. elegans

PLOS Genetics | www.plosgenetics.org 21 December 2013 | Volume 9 | Issue 12 | e1004020



67. Ross DS, Fernstrom JD, Wurtman RJ (1973) The role of dietary protein in

generating daily rhythms in rat liver tryptophan pyrrolase and tyrosine
transaminase. Metabolism 22: 1175–1184.

68. Isaacs JS, Jung YJ, Mole DR, Lee S, Torres-Cabala C, et al. (2005) HIF

overexpression correlates with biallelic loss of fumarate hydratase in renal
cancer: novel role of fumarate in regulation of HIF stability. Cancer Cell 8:

143–153.
69. Citron BA, Davis MD, Milstien S, Gutierrez J, Mendel DB, et al. (1992)

Identity of 4a-carbinolamine dehydratase, a component of the phenylalanine

hydroxylation system, and DCoH, a transregulator of homeodomain proteins.
ProcNatlAcadSciUSA 89: 11891–11894.

70. Calvo AC, Pey AL, Ying M, Loer CM, Martinez A (2008) Anabolic function of
phenylalanine hydroxylase in Caenorhabditis elegans. FASEB J 22: 3046–

3058.
71. Tremblay F, Lavigne C, Jacques H, Marette A (2007) Role of dietary proteins

and amino acids in the pathogenesis of insulin resistance. Annu Rev Nutr 27:

293–310.
72. Tremblay F, Marette A (2001) Amino acid and insulin signaling via the

mTOR/p70 S6 kinase pathway. A negative feedback mechanism leading to
insulin resistance in skeletal muscle cells. J Biol Chem 276: 38052–38060.

73. Wurtman RJ, Larin F, Mostafapour S, Fernstrom JD (1974) Brain catechol

synthesis: control by train tyrosine concentration. Science 185: 183–184.
74. Lints R, Emmons SW (1999) Patterning of dopaminergic neurotransmitter

identity among Caenorhabditis elegans ray sensory neurons by a TGFbeta
family signaling pathway and a Hox gene. Development 126: 5819–5831.

75. Alkema MJ, Hunter-Ensor M, Ringstad N, Horvitz HR (2005) Tyramine
Functions independently of octopamine in the Caenorhabditis elegans nervous

system. Neuron 46: 247–260.

76. Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, et al. (2007) The
energy sensor AMP-activated protein kinase directly regulates the mammalian

FOXO3 transcription factor. J Biol Chem 282: 30107–30119.
77. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, et al. (2005) The CREB

coactivator TORC2 is a key regulator of fasting glucose metabolism. Nature

437: 1109–1111.
78. Dentin R, Liu Y, Koo SH, Hedrick S, Vargas T, et al. (2007) Insulin modulates

gluconeogenesis by inhibition of the coactivator TORC2. Nature 449: 366–
369.

79. Cypser JR, Johnson TE (2002) Multiple stressors in Caenorhabditis elegans
induce stress hormesis and extended longevity. J Gerontol A Biol Sci Med Sci

57: B109–114.

80. Walker GA, Thompson FJ, Brawley A, Scanlon T, Devaney E (2003) Heat
shock factor functions at the convergence of the stress response and

developmental pathways in Caenorhabditis elegans. FASEB J 17: 1960–1962.
81. Morley JF, Morimoto RI (2004) Regulation of longevity in Caenorhabditis

elegans by heat shock factor and molecular chaperones. Mol Biol Cell 15: 657–

664.
82. Hsu AL, Murphy CT, Kenyon C (2003) Regulation of aging and age-related

disease by DAF-16 and heat-shock factor. Science 300: 1142–1145.
83. Conigrave AD, Quinn SJ, Brown EM (2000) L-amino acid sensing by the

extracellular Ca2+-sensing receptor. Proc Natl Acad Sci U S A 97: 4814–4819.
84. Bittinger MA, Nguyen LP, Bradfield CA (2003) Aspartate aminotransferase

generates proagonists of the aryl hydrocarbon receptor. Mol Pharmacol 64:

550–556.
85. Schumacher U, Lukacs Z, Kaltschmidt C, Freudlsperger C, Schulz D, et al.

(2008) High concentrations of phenylalanine stimulate peroxisome proliferator-
activated receptor gamma: implications for the pathophysiology of phenylke-

tonuria. Neurobiol Dis 32: 385–390.

86. Lu M, Wan M, Leavens KF, Chu Q, Monks BR, et al. (2012) Insulin regulates
liver metabolism in vivo in the absence of hepatic Akt and Foxo1. Nat Med 18:

388–395.

87. Wurtman RJ, Axelrod J (1967) Daily rhythmic changes in tyrosine

transaminase activity of the rat liver. Proc Natl Acad Sci U S A 57: 1594–1598.

88. Lee SJ, Kenyon C (2009) Regulation of the longevity response to temperature

by thermosensory neurons in Caenorhabditis elegans. Curr Biol 19: 715–722.

89. Langenberg C, Savage DB (2011) An amino acid profile to predict diabetes?

Nat Med 17: 418–420.

90. Sulston JE, Horvitz HR (1988) Methods. In: Wood WB, editor. The nematode,

Caenorhabditis elegans. Cold Spring Harbor, NY: Cold Spring Harbor

Laboratory Press. pp. 587–606.

91. Patel DS, Fang LL, Svy DK, Ruvkun G, Li W (2008) Genetic identification of

HSD-1, a conserved steroidogenic enzyme that directs larval development in

Caenorhabditis elegans. Development 135: 2239–2249.

92. Landis JR, Koch GG (1977) The measurement of observer agreement for

categorical data. Biometrics 33: 159–174.

93. Powolny AA, Singh SV, Melov S, Hubbard A, Fisher AL (2011) The garlic

constituent diallyl trisulfide increases the lifespan of C. elegans via skn-1

activation. Exp Gerontol.

94. Geier FM, Want EJ, Leroi AM, Bundy JG (2011) Cross-platform comparison

of Caenorhabditis elegans tissue extraction strategies for comprehensive

metabolome coverage. Anal Chem 83: 3730–3736.

95. Held PK, White L, Pasquali M (2011) Quantitative urine amino acid analysis

using liquid chromatography tandem mass spectrometry and aTRAQ reagents.

J Chromatogr B Analyt Technol Biomed Life Sci 879: 2695–2703.

96. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:

402–408.

97. Hoogewijs D, Houthoofd K, Matthijssens F, Vandesompele J, Vanfleteren JR

(2008) Selection and validation of a set of reliable reference genes for

quantitative sod gene expression analysis in C. elegans. BMC Mol Biol 9: 9.

98. Hochbaum D, Zhang Y, Stuckenholz C, Labhart P, Alexiadis V, et al. (2011)

DAF-12 regulates a connected network of genes to ensure robust developmen-

tal decisions. PLoS Genet 7: e1002179.

99. Li J, Ebata A, Dong Y, Rizki G, Iwata T, et al. (2008) Caenorhabditis elegans

HCF-1 functions in longevity maintenance as a DAF-16 regulator. PLoS Biol 6:

e233.

100. Marshall OJ (2004) PerlPrimer: cross-platform, graphical primer design for

standard, bisulphite and real-time PCR. Bioinformatics 20: 2471–2472.

101. Li B, Dewey CN (2011) RSEM: accurate transcript quantification from

RNA-Seq data with or without a reference genome. BMC Bioinformatics 12:

323.

102. Bullard JH, Purdom E, Hansen KD, Dudoit S (2010) Evaluation of statistical

methods for normalization and differential expression in mRNA-Seq

experiments. BMC Bioinformatics 11: 94.

103. Lamesch P, Milstein S, Hao T, Rosenberg J, Li N, et al. (2004) C. elegans

ORFeome version 3.1: increasing the coverage of ORFeome resources with

improved gene predictions. Genome Res 14: 2064–2069.

104. Dupuy D, Li QR, Deplancke B, Boxem M, Hao T, et al. (2004) A first version

of the Caenorhabditis elegans Promoterome. Genome Res 14: 2169–2175.

105. Hochbaum D, Ferguson AA, Fisher AL (2010) Generation of transgenic C.

elegans by biolistic transformation. J Vis Exp.

106. Ferguson AA, Cai L, Kashyap L, Fisher AL (2013) Improved Vectors for

Selection of Transgenic Caenorhabditis elegans. Methods Mol Biol 940: 87–

102.

107. Zanin E, Dumont J, Gassmann R, Cheeseman I, Maddox P, et al. (2011)

Affinity purification of protein complexes in C. elegans. Methods Cell Biol 106:

289–322.

108. Abramoff MDM, P.J.; Ram, S.J. (2004) Image Processing with ImageJ.

Biophotonics International 11: 36–42.

Tyrosine Regulates Development in C. elegans

PLOS Genetics | www.plosgenetics.org 22 December 2013 | Volume 9 | Issue 12 | e1004020


