
Article
Intestinal Fork Head Regu
lates Nutrient Absorption
and Promotes Longevity
Graphical Abstract
Highlights
d Drosophila FKH biochemically interacts with AKT and TOR

d IIS- and rapamycin-induced longevity requires FKH

d Gut tissue, specifically differentiated cells, mediates FKH’s

pro-longevity effects

d FKH activity in the gut upregulates intestinal nutrient

transporters
Bolukbasi et al., 2017, Cell Reports 21, 641–653
October 17, 2017 ª 2017 The Author(s).
https://doi.org/10.1016/j.celrep.2017.09.042
Authors

Ekin Bolukbasi, Mobina Khericha,

Jennifer C. Regan, ..., Janet M. Thornton,

Nazif Alic, Linda Partridge

Correspondence
l.partridge@ucl.ac.uk

In Brief

Bolukbasi et al. identify the transcription

factor FKH as a mediator of nutrient-

sensing pathway signaling in Drosophila,

and they characterize FKH’s essential

involvement in increased longevity via

this network. They pinpoint FKH’s pro-

longevity effect to the gut, and they show

increased expression of nutrient

transporters and improvement of barrier

function by FKH activity.
Data and Software Availability
E-MTAB-6056

mailto:l.partridge@ucl.ac.uk
https://doi.org/10.1016/j.celrep.2017.09.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.09.042&domain=pdf


Cell Reports

Article
Intestinal Fork Head Regulates Nutrient
Absorption and Promotes Longevity
Ekin Bolukbasi,1,2 Mobina Khericha,1,2 Jennifer C. Regan,1,2 Dobril K. Ivanov,3 Jennifer Adcott,1 Miranda C. Dyson,1

Tobias Nespital,2 Janet M. Thornton,3 Nazif Alic,1 and Linda Partridge1,2,4,*
1Institute of Healthy Ageing, Department of Genetics, Evolution and Environment, University College London, Gower St, London WC1E 6BT,

UK
2Max Planck Institute for Biology of Ageing, Joseph-Stelzmann-Strasse 9b, 50931 Cologne, Germany
3European Molecular Biology Laboratory, European Bioinformatics Institute (EMBL-EBI), Wellcome Trust Genome Campus, Hinxton,
Cambridge CB10 1SD, UK
4Lead Contact

*Correspondence: l.partridge@ucl.ac.uk
https://doi.org/10.1016/j.celrep.2017.09.042
SUMMARY

Reduced activity of nutrient-sensing signaling
networks can extend organismal lifespan, yet the un-
derlying biology remains unclear. We show that the
anti-aging effects of rapamycin and reduced intesti-
nal insulin/insulin growth factor (IGF) signaling (IIS)
require the Drosophila FoxA transcription factor
homolog Fork Head (FKH). Intestinal FKH induction
extends lifespan, highlighting a role for the gut.
FKH binds to and is phosphorylated by AKT and
Target of Rapamycin. Gut-specific FKH upregulation
improves gut barrier function in aged flies. Addition-
ally, it increases the expression of nutrient trans-
porters, as does lowered IIS. Evolutionary conserva-
tion of this effect of lowered IIS is suggested by the
upregulation of related nutrient transporters in insulin
receptor substrate 1 knockout mouse intestine. Our
study highlights a critical role played by FKH in the
gut in mediating anti-aging effects of reduced IIS.
Malnutrition caused by poor intestinal absorption is
a major problem in the elderly, and a better under-
standing of the mechanisms involved will have
important therapeutic implications for human aging.

INTRODUCTION

The signaling network of nutrient-sensing, insulin/insulin growth

factor signaling (IIS) and Target of Rapamycin (TOR) influences

healthy lifespan in diverse eukaryotic organisms, includingmam-

mals (Alic and Partridge, 2011). Specific alleles of IIS genes (Li

et al., 2009; Pawlikowska et al., 2009; Suh et al., 2008; Willcox

et al., 2008) and transcriptional variation of genes encoding com-

ponents of the TOR pathway (Passtoors et al., 2013) are associ-

ated with survival to advanced ages in humans. Reduced

network activity can induce a broad-spectrum resistance to

age-related loss of function and disease in animal models

(Clancy et al., 2001; Kenyon et al., 1993; Selman et al., 2008;

Tatar et al., 2001), making it an attractive target for pharmacolog-

ical intervention to improve human health during aging (de Cabo
Cell
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et al., 2014). Indeed, attenuation of TOR signaling by rapamycin

extends lifespan in diverse species, includingmice (Bjedov et al.,

2010; Harrison et al., 2009), as does inhibition of the Ras-Erk

branch of IIS by the drug trametinib in Drosophila (Slack et al.,

2015).

In addition to its effect on aging, the IIS/TOR network regu-

lates growth, metabolism, stress responses, and fecundity,

potentially resulting in undesired side effects of reduction of

network activity. For example, at some doses, rapamycin is a

strong immunosuppressant (de Cabo et al., 2014) and can

also impair wound healing (Squarize et al., 2010), while trameti-

nib is a Mek1/2 inhibitor with anti-proliferative properties

(Yamaguchi et al., 2011). Therefore, we need to uncover molec-

ular and mechanistic outputs of nutrient-sensing networks in or-

der to triage apart the positive effects of intervention from the

negative effects inherent in manipulating upstream network

nodes. In particular, we need to determine the tissue-specific

effect of signaling activity in lifespan extension and the physio-

logical processes underlying it.

Recent studies identified the intestinal tissue as pivotal in

aging (Alic et al., 2014; Biteau et al., 2010; Rera et al., 2012),

and they have mainly focused on hyperplastic intestinal pathol-

ogy resulting from age-dependent intestinal stem cell (ISC)

over-proliferation as a major determinant of lifespan (Biteau

et al., 2010). However, while stem cell maintenance is no doubt

important for intestinal homeostasis, hyperplasia may not occur

early enough to influence the early tipping point between young

and old metabolic states. Therefore, other aspects of intestinal

physiology that determine lifespan still remain to be elucidated.

Outputs of the IIS/TOR signaling network are mediated by

several transcription factors (TFs). For instance, in C. elegans

andDrosophila, the single Fork Head BoxO (FoxO) TF is required

for extended lifespan from lowered IIS (Giannakou et al., 2004;

Hwangbo et al., 2004; Murphy et al., 2003; Slack et al., 2011;

Willcox et al., 2008). In C. elegans the heat shock TF HSF-1

(Hsu et al., 2003) and the Nrf-like xenobiotic response factor

SKN-1 (Tullet et al., 2008) are also required. In Drosophila, low-

ered IIS increases lifespan through both the canonical IIS

pathway and its FOXO effector, and through the Ras-Erk-ETS

branch and its transcriptional repressor effector anterior open

(AOP) (Slack et al., 2015). In Drosophila, at least one other TF

is also likely to play a role, because the TF-binding sites
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Figure 1. Ubiquitous Overexpression of

FKH Extends Lifespan

(A and B) Survival curves of female flies expressing

the UAS-fkh transgene under the control of the

daGS driver at different RU486 concentrations.

Ubiquitous overexpression of FKH extended life-

span (A) at 10 and 50 mM RU486 (p = 6.94 3 10�6

and p = 0.017, respectively) and (B) at 10 and

20 mM RU486 (p = 0.003 and p = 6.33 3 10�6,

respectively). See also Table S1.
upstream of genes regulated by lowered IIS imply the involve-

ment of a FKH box family member other than dFOXO (Alic

et al., 2011).

The Fork Head box (FOX) family of TFs shares a conserved

DNA-binding domain, whose sequence assigns them to sub-

classes from FoxA to FoxS (Lam et al., 2013). The Drosophila

FoxA homolog FKH is the founding member and namesake,

and it plays an essential role in embryonic development (Weigel

et al., 1989). FKH also regulates larval cell size in a rapamycin-

and TOR-dependent manner (B€ulow et al., 2010). Mammalian

FoxAs regulate glucose metabolism in the liver, pancreas, and

adipose tissue (Friedman and Kaestner, 2006), and liver-specific

knockout of FoxA2 results in a premature aging phenotype and

increased mTOR activity in mouse (Bochkis et al., 2013).

We have investigated the role of Drosophila FKH in the

IIS-and-TOR-signaling network and, in particular, its key role

in intestinal aging. We find that FKH interacts with and is phos-

phorylated by both dAKT and dTOR, placing it as a central

transcriptional regulator. Concordantly, we demonstrate an

essential requirement for FKH for both IIS- and rapamycin-

induced longevity, as well as IIS-induced starvation resistance,

a phenotype previously shown to be dFOXO independent

(Slack et al., 2011). We locate the longevity effects of FKH to

intestinal tissue and specifically to differentiated intestinal

cells. We establish that the anti-aging effects of rapamycin

and intestinal IIS downregulation both require, and can be

recapitulated by, FKH induction in the gut. Gut barrier function

loss over aging is improved by intestinal FKH upregulation,

while ISC proliferation remains unaffected. Transcriptomic

analysis of adult guts revealed FKH-dependent upregulation

of nutrient transporters upon reduced IIS. Consistent with

this finding, we demonstrate an FKH-dependent increase in

nutrient absorption upon reduced IIS and gut-specific FKH

overexpression, suggesting improved gut absorption as a

possible underlying longevity mechanism. Concordantly, star-

vation resistance declines over age, but it is rescued by intes-

tinal FKH upregulation in young and old flies. Additionally, we

show upregulation of related nutrient transporters in irs1

knockout mouse intestine, suggesting evolutionary conserva-

tion of this mechanism. Overall, our results demonstrate

FKH-dependent functional consequences of reduced IIS for

intestinal absorption, and they imply that FoxA is an evolution-

arily conserved regulator of lifespan and gut function, pointing

to new directions for therapeutic intervention into aging-related

loss of function.
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RESULTS

FKH Overexpression Results in Increased Longevity
FOXO overexpression can increase longevity in both worms and

flies (Alic and Partridge, 2011), and overexpression of the FoxA

homolog pha-4 can also do so in C. elegans (Panowski et al.,

2007). To determine whether Drosophila FKH plays a similar

role, we assessed the effect of ubiquitous, adult-onset FKH over-

expression on lifespan.

We used the inducible daughterless Gene Switch (daGS)

driver to produce a graded increase in FKH expression, by vary-

ing the concentration of the activating drug RU486. Strong FKH

induction led to short-lived flies (Figure 1A), whereas weaker in-

duction resulted in lifespan extension (Figure 1A; 10 mM median

survival + 9%, p = 6.943 10�6). Intermediate induction at 50 and

100 mMRU486 resulted in early life mortality, and upregulation at

200 mM RU486 resulted in significantly short-lived flies. To more

precisely define the range of induction that maximized lifespan,

we used 10 and 20 mM RU486, and we found significant exten-

sion at both concentrations (Figure 1B; 10 mM RU486 median

survival +9%, p = 0.003 and 20 mM median survival +14%,

p = 6.333 10�6). Moderate, ubiquitous, adult-specific upregula-

tion of FKH expression is thus sufficient to extend Drosophila

lifespan in a dose-dependent manner.

Weakening immune response and hence lowered defense

against infection contribute to decline of health during aging

(Zerofsky et al., 2005). FKH was recently proposed to act as a

regulator of innate immune response in Drosophila larvae (Varma

et al., 2014). As an indicator of healthspan, we assessed the

survival upon systemic infection with Erwinia carotovora caroto-

vora15 (Ecc15), a Gram-negative bacterium that has been used

as a model of natural infection in Drosophila larvae and adults

(Basset et al., 2000). Systemic Ecc15 infection at 1 week of age

resulted in lower mortality than did infection at 7 weeks of age

(p = 0.00052), suggesting a decline in immune response over

age. Overexpression of FKH led to increased survival at both

ages (Figure S1; p = 0.00014 and p = 0.0001 for young and old co-

horts, respectively). Hence, FKH activity results in more efficient

immunity and attenuates age-related decline in immune function.

IIS Induces Phosphorylation and a Marked Decrease in
Nuclear Localization of FKH
IIS activity results in phosphorylation and nuclear exclusion of

dFOXO by Drosophila AKT (dAKT), and, thereby, it controls the

expression of dFOXO target genes. We first determined whether



Figure 2. Activation of IIS Results in FKH

Phosphorylation, and FKH Interacts with

AKT and TOR In Vitro

(A) S2 cells were transfected with HA-tagged

FKH construct and stimulatedwith insulin for 5, 15,

20, and 30 min. A band above 64 kDa was de-

tected in extracts pre-insulin stimulation. A slower

migrating band at�98 kDawas present in extracts

isolated post-insulin stimulation.

(B) Following phosphatase treatment of the same

extracts, a single band corresponding to non-

phosphorylated FKH-HA was present (lower

panel).

(C) S2 cells were visualized for FKH-HA protein

(green), Actin (red), and nuclei stained by DAPI

(blue) pre-and post-insulin treatment for 20 min.

Quantification of nuclear FKH revealed a signifi-

cant difference between two conditions (Fisher’s

exact test, p < 0.0001).

(D) Ex vivo insulin-stimulated guts were stained for

endogenous FKH (green) and DAPI-stained nuclei

(blue) and in two different sections of midgut: R2

(left panel) and R4 (right panel). Initially strong

nuclear FKH staining was markedly decreased in

both R2 (t test, p = 0.045; n = 4) and R4 (t test,

p = 0.0014; n = 4) upon insulin stimulation. Error

bars represent SD.

(E) S2 cells were transiently transfected with the

indicated cDNAs in expression vectors. Anti-HA

immunoprecipitates were prepared, and cell

lysates were analyzed by immunoblotting with

either anti-HA or anti-FLAG antibodies.

(F and G) Recombinant FKH-HIS was incubated in

an in vitro kinase reaction with active recombinant

(F) Akt1 or (G) mTORC1 radiolabelled [g-33P]ATP.

Reactions lacking either the substrate or the ki-

nase served as negative controls. Proteins were

separated by SDS-PAGE and phosphorylated

proteins were visualized by autoradiography. In

reactions with mTORC1, the incorporation of

[g-33P]ATP was also observed at a higher mo-

lecular weight (�160 kDa), which probably re-

flected the previously reported phosphorylation of

raptor by mTOR (Wang et al., 2009).

(H) S2 cells were transiently transfected with the

dTOR-FLAG vector. Anti-FLAG immunoprecipi-

tates were prepared, and cell lysates were

analyzed by immunoblotting with either anti-FKH

or anti-FLAG antibodies.
IIS activity has similar effects on FKH, by searching for the

appearance of a slow-migrating FKH protein band on polyacryl-

amide gels (Puig et al., 2003). Drosophila S2 cells were trans-

fected with an HA-tagged FKH construct, serum starved, and

then stimulated with insulin, and protein extracts were run on

polyacrylamide gels containing PhosTag (Kinoshita et al.,

2006). Immunoblotting of unstimulated cell extracts revealed a

band just above 64 kDa, while extracts from insulin-stimulated

cells contained a slower migrating band of around 98 kDa,

already apparent at 15 min post-insulin stimulation, with the

highest intensity at 30 min (Figure 2A). Phosphatase treatment

resulted in a single band at 64 kDa for all time points (Figure 2B),

indicating that phosphorylation caused the appearance of the

slow-migrating FKH band.
We next assessed if the subcellular localization of FKH was

changed by IIS, using transiently overexpressed FKH-HA protein

and immunofluorescence of S2 cells pre- and post-stimulation

with insulin.Around20%ofunstimulated transfectedcells showed

strong nuclear staining of HA-tagged FKH protein, which was lost

upon stimulationwith insulin (Figure 2C). To determinewhether in-

sulin affected localization of endogenous FKH in adult tissue, guts

were isolated from 5-day-old flies and stimulated with insulin

ex vivo for 20 min. The Drosophila gut is regionalized in

morphology and function (Buchon et al., 2013), and wemeasured

FKH localization in two regions of the midgut, R2 and R4. In both,

insulin stimulation led to reduced nuclear FKH staining (Figure 2D).

IIS activity thus results in phosphorylation of FKH in cell culture

and a substantial decrease in nuclear localization of FKH in both
Cell Reports 21, 641–653, October 17, 2017 643



cell culture and gut ex vivo, demonstrating IIS regulation of FKH

function.

FKH Interacts with AKT and TOR In Vitro
We next determined where FKH is integrated into the IIS/TOR

network. Since mammalian FoxA2 interacts with mAKT1

in vitro (Wolfrum et al., 2003) and FKH genetically interacts

with dTOR in Drosophila larval fat body (B€ulow et al., 2010), we

investigated AKT and TOR kinases as candidates for a potential

interaction with FKH.

Drosophila S2 cells were transiently transfected with HA-

tagged FKH and/or a FLAG-tagged dAKT. Following 15 min of

insulin stimulation, FKH-HA protein was co-immunoprecipitated

as part of a complex with FLAG-tagged dAKT (Figure 2E). Since

FKH could physically interact with dAKT, we next assessed

whether AKT could phosphorylate FKH. Recombinant, His-

tagged FKH was expressed in E.coli and purified. An in vitro

kinase assay was carried out using mammalian recombinant

active mAKT, and phosphorylation of FKH was assessed by

the incorporation of [g-33P]ATP. FKH-His was phosphorylated

upon incubation with active mAKT (Figure 2F).

To assess whether FKH interacted physically with dTOR, S2

cells were transfected with FLAG-tagged dTOR, which was

co-immunoprecipitated with endogenous FKH protein (Fig-

ure 2H). An in vitro kinase assay with recombinant active

mTORC1 and purified FKH-His resulted in the phosphorylation

of FKH (Figure 2G).

FKH can interact physically with both AKT and TOR and can

be phosphorylated by them, and it could thus integrate signals

from these two kinases.

FKHFunctionsDownstreamof IIS toDetermine Lifespan
In Drosophila, the reduction of IIS in adult flies results in a com-

plex array of phenotypes, including resistance to starvation,

oxidative stress and xenobiotics, reduced fecundity, and

increased longevity (Slack et al., 2011).

To determine the contribution of FKH function to longevity, we

knocked down fkh using RNAi in wild-type flies and flies with a

dominant-negative version of the single-fly IIS receptor InRDN.

Assessment of transcript levels by qPCR showed that ubiquitous

RNAi against fkh resulted in an�65% reduction in fkh expression

(Figure S2A). Ubiquitous, adult-specific expression of InRDNwith

the inducible daGS driver resulted in a significant lifespan exten-

sion in flies with co-overexpression of GFP RNAi, to control for

possible titration of GAL4 (Figure 3A; median survival +14%,

p = 4.45 3 10�10). However, RNAi against fkh both substantially

reduced the lifespan of wild-type flies and blocked the extension

of lifespan by InRDN (Figure 3B; p = 0.08). Cox Proportional Haz-

ard (CPH) analysis established that the response to the presence

of the activating drug RU486 in daGS;UAS-InRDN flieswas signif-

icantly different in the presence and absence of fkh RNAi (Table

S3; p = 0.0432). To confirm that IIS was biochemically active

upon FKH RNAi, we assessed expression levels of the dFOXO

target 4EBP, and we found a significant increase upon reduced

IIS on both wild-type and FKH knockdown background (Fig-

ure S2E; t test, p < 0.05).

We examined the role of FKH in the extension of lifespan by a

second IIS mutant, heterozygous chico1, which has lost a single
644 Cell Reports 21, 641–653, October 17, 2017
copy of the insulin receptor substrate and is long-lived (Clancy

et al., 2001). chico1 heterozygotes were long-lived with control

GFP RNAi (Figure 3C; median survival +8%, p = 2.71 3 10�6),

but they lost this lifespan extension with RNAi against fkh (Fig-

ure 3D; p = 0.61), confirmed by CPH analysis (Table S3;

p = 0.00452). To confirm the specificity of the effect of fkh

RNAi, we used a second fkh RNAi line (B€ulow et al., 2010)

(referred to as UAS-fkh RNAi 2) that also prevented lifespan

extension upon overexpression ofUAS-InRDN and heterozygous

chico1 mutation (Figures S2B–S2D).

These data show that FKH function is essential for mediating

the lifespan-extending effects of reduced IIS in Drosophila.

FKH Mediates Lifespan Extension by Rapamycin, but
Not by Dietary Restriction
TOR is a conserved serine/threonine kinase that is present as

two distinct protein complexes, TORC1 and TORC2. TORC1 ac-

tivity can be directly inhibited by rapamycin (Cornu et al., 2013;

Kapahi et al., 2004), which can also extend lifespan in yeast

(Powers et al., 2006), C. elegans (Robida-Stubbs et al., 2012),

Drosophila (Bjedov et al., 2010), and mice (Harrison et al.,

2009). Our results showed biochemical interaction between

FKH and TOR, and we therefore examined whether FKH is

required for rapamycin-induced longevity.

Treatment of control flies with 100 mM rapamycin resulted in

significant lifespan extension (Figure 3E; median survival +6.5%,

p = 2.373 10�8), which was abolished by ubiquitous, adult-spe-

cific RNAi against fkh (Figure 3E; p = 0.81), confirmed by CPH

analysis (Table S3; p = 5.5 3 10�4). The biochemical effect of

rapamycin upon FKH RNAi was confirmed by assessing phos-

phorylation levels of S6K, which were decreased on both wild-

type and FKH knockdown backgrounds following rapamycin

treatment (Figure S2F). FKH thus functions downstream of

TOR to mediate the extension of lifespan by rapamycin.

TOR kinase can play a role in the extension of lifespan by die-

tary restriction (DR) (Grandison et al., 2009), and the C. elegans

homolog of fkh is required for DR-induced longevity (Panowski

et al., 2007). We subjected flies overexpressing fkh RNAi and

uninduced controls to DR, and we found that DR promoted

longevity in both (Figures S3A and S3B; at 0.53 versus 13 yeast

concentration, for +RU486 condition median survival +18%,

p = 1.02 3 10�10, and for �RU486 condition median sur-

vival +3%, p = 0.03, respectively). Importantly, since ubiquitous

RNAi again fkh shortened lifespan, the extension of lifespan in

these flies by DR indicates that the failure to extend in response

to reduced IIS and rapamycin was specific to these

interventions.

Together these results indicate that FKH is required for rapa-

mycin-induced, but not DR-induced, longevity.

FKH Is Required for IIS-Induced Starvation Resistance
In addition to its effect on lifespan, lowered IIS is associated with

resistance to starvation, oxidative stress, and xenobiotics. We

therefore determined whether these types of stress resistance

require FKH function.

Flies were subjected to oxidative stress by supplementing

their food with paraquat, a superoxide generator. Flies express-

ing InRDN were resistant to paraquat (Figure 4A; p = 0.00058).



Figure 3. FKH Is Required for Reduced IIS-

and Rapamycin-Induced Longevity

(A) daGS;UAS-InRDN > UAS-GFP RNAi females

showed increased lifespan in the presence of

RU486 (p = 4.453 10�10). Survival of daGS>UAS-

GFP RNAi females was not different between

–RU486 and +RU468 conditions (p = 0.508). See

also Table S2A.

(B) daGS > UAS-fkh RNAi and daGS;UAS-InRDN >

UAS-fkh RNAi flies showed significantly

decreased lifespan in the presence of RU486

(p = 1.97 3 10�54 and p = 2.59 3 10�63, respec-

tively). No significant difference in survival was

detected between daGS > UAS-fkh RNAi +RU486

and daGS;UAS-InRDN > UAS-fkh RNAi +RU486

flies (p = 0.08). See also Table S2B.

(C) chico mutation increased lifespan of

daGS>UAS-GFP RNAi females in the absence

(p = 6.28 3 10�7) and in the presence (p = 2.71 3

10�6) of RU486. See also Table S2C.

(D) chico mutation extended lifespan in daGS >

UAS-fkh RNAi female flies in the absence of

RU486 (p = 3.86 3 10�8), but not in its presence

(p = 0.61). See also Table S2D.

(E) Rapamycin extended the lifespan of daGS >

UAS-fkh RNAi female flies in the absence of

RU486 (p = 2.37 3 10�8), but not in its presence

(p = 0.81). See also Table S2E.
Ubiquitous RNAi against GFP or fkh did not affect the resistance

of either wild-type (Figure S4A) or InRDN-expressing flies (Fig-

ure 4A; Table S3). Resistance to xenobiotic treatment was tested

by supplementing fly food with dichlorodiphenyltrichloroethane

(DDT). Ubiquitous RNAi against GFP or fkh did not affect resis-

tance of wild-type flies to DDT (Figure S4B). Reduction of IIS

by InRDN expression resulted in a small, but significant, increase

in resistance (Figure 4B; p = 0.0013), but flies lacking fkh function

showed even greater resistance to DDT upon reduction of IIS

(Figure 4B; p = 0.00028). FKH function is thus not required for

reduced IIS to induce resistance to oxidative stress or xenobiotic

treatment, and indeed somehow it interferes with the latter.

Resistance to starvation was assessed by exposing flies only

to agar. Ubiquitous RNAi against GFP or fkh did not affect the

response to starvation (Figure S4C). Flies with reduced IIS

were resistant to starvation (Figure 4C; p = 3.663 10�5). Knock-

ing down fkh resulted in a loss of starvation resistance in flies
Cell R
expressing InRDN (Figure 4C; p = 0.085),

with CPH revealing a significant

difference between these conditions

(Table S3; p = 4 3 10�5). Resistance to

starvation upon the downregulation of

IIS thus requires FKH function.

IIS mutant females often have a fecun-

dity deficit (Slack et al., 2011), and we

assessed the role of FKH in this trait.

RNAi against GFP did not affect egg-

laying (Figure 4D; p = 0.47). Reduction

of IIS resulted in a substantial decrease

in fecundity (Figure 4D; p = 2.04 3

10�7), as did fkh RNAi alone (Figure 4D;
p = 1.63 3 10�5). Knocking down fkh in flies with lowered IIS

neither restored nor exacerbated their fecundity deficit. These

results suggest that FKH is not required for the reduced fecun-

dity observed upon the downregulation of IIS. The decrease in

fecundity observed upon reduced IIS and fkh RNAi alone was

not additive, and, therefore, it was likely to be occurring through

independent mechanisms.

Upregulation of FKH in the Gut Extends Lifespan and
Improves Gut Barrier Function
Many targets of TFs are cell type specific (Heintzman et al.,

2009). Indeed, both dFOXO (Alic et al., 2014; Teleman et al.,

2008) and AOP (Alic et al., 2014) have distinct targets in different

tissues. Interestingly, dfoxo or aop activity in the abdominal

fat body and adult midgut results in longevity, whereas their

upregulation in the gut alone does not (Alic et al., 2014).

A possible reason for the requirement of several distinct TFs
eports 21, 641–653, October 17, 2017 645



Figure 4. Functions of FKH during Lowered

IIS-Induced Oxidative Stress, Xenobiotics,

Starvation Resistance, andReduced Fecun-

dity

(A and B) The (A) paraquat and (B) DDT resistance

of daGS;UAS-InRDN > UAS-GFP RNAi and

daGS;UAS-InRDN > UAS-fkh RNAi females was

significantly increased in the presence of RU486

(p = 0.00058 and p = 1.46 3 10�7; p = 0.0013 and

p = 3.583 10�14, respectively). See also Table S4,

A and B.

(C) Starvation resistance of daGS;UAS-InRDN >

UAS-GFP RNAi females was significantly

increased in the presence of RU486 (p = 3.66 3

10�5), but resistance to starvation was not

different for daGS;UAS-InRDN > UAS-fkh RNAi in

the presence of RU486 (p = 0.085). See also Table

S4C.

(D) Cumulative number of eggs per female over

3 weeks following RU486 induction. Data are

presented as the mean number of eggs laid

per female over a 24-hr period each week ±

SEM; t test revealed a significant difference

between +RU486 and �RU486 conditions for

daGS;UAS-InRDN > UAS-GFP RNAi (p = 2.04 3

10�7), daGS;UAS-InRDN > UAS-fkh RNAi

(p = 0.0037), and daGS > UAS-fkh RNAi

(p = 1.63 3 10�5).
for IIS-mediated lifespan is, thus, the tissue specificity of their

action. We therefore investigated possible tissue specificity of

FKH action to affect lifespan. A plethora of studies in both

C. elegans (Libina et al., 2003; Tullet et al., 2008) and Drosophila

(Alic et al., 2014; Biteau et al., 2010; Regan et al., 2016; Slack

et al., 2015) has pointed to adipose and/or intestinal tissue as

key mediators of the effects of reduced IIS on lifespan, and we

therefore investigated the role of FKH in these two tissues.

Overexpression of FKH in the adult gut using the inducible

TiGS driver, which expresses throughout the gut including differ-

entiated cells (Alic et al., 2014), significantly increased lifespan

(Figure 5A; median survival +6%, p = 0.00015), but its overex-

pression simultaneously in abdominal fat body and gut with

S1106 driver did not (Figure S5A; p = 0.093). Furthermore, FKH
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overexpression restricted solely to ISCs

and enteroblasts (EBs) with GS5961

driver (Biteau et al., 2010) did not affect

longevity (Figure S5B; p = 0.21). RU486

feeding had no effect on the lifespan of

control flies with the UAS transgene or

driver alone (Figures S5D–S5H).

These results show that at least part of

the lifespan-extending effect of FKH ac-

tivity occurs in the gut, in contrast to

dFOXO. However, FKH upregulation

solely in the progenitor cells (ISCs and

EBs) is not sufficient to extend lifespan,

suggesting involvement of other gut cell

types.

To determine how FKH acts in the gut

to extend lifespan, we examined the gut
barrier function by feeding aged flies with a blue dye that

does not normally leak into the body cavity (Rera et al., 2012),

and we scored the proportion of ‘‘Smurf’’ flies, in which leakage

occurred. FKH overexpression resulted in a significant

decrease in the number of Smurfs at 10 week of age (Figure 5B;

Fisher’s exact test, p < 0.0001), indicating stronger gut barrier

function.

ISC proliferation increases with age, eventually leading to

intestinal dysplasia (Biteau et al., 2008; Choi et al., 2008). To

determine whether FKH function affects age-related proliferation

of ISCs, we assessed the number of PH3-positive cells in the gut,

but we did not find any difference at either young or old age

between FKH-overexpressing and control flies (Figure S5C;

t test, p = 0.42 and p = 0.51).



Figure 5. FKH Upregulation in the Gut Ex-

tends Lifespan, and Intestinal FKH Function

Mediates Longevity Effects of Rapamycin

and Reduced IIS

(A) Adult gut-specific overexpression of UAS-fkh

under the control of TiGS driver extended lifespan

(p = 0.00015). See also Table S5A.

(B) Quantification of the proportion of ‘‘Smurf’’ flies

with leaky guts at 10 weeks of age in TiGS>UAS-

fkh flies revealed a significant reduction in Smurf

numbers in the +RU486 condition (two-tailed

Fisher’s exact test, p < 0.0001; n > 200 flies per

condition).

(C) Rapamycin extended the lifespan of TiGS >

UAS-fkh RNAi females in the absence of RU486

(p = 1.79 3 10�12), but not in its presence

(p = 0.57). See also Table S5B.

(D) TiGS < UAS-InRDN females were long-lived in

the presence of RU486 (p = 0.014). See also

Table S5C.

(E) Survival of TiGS > UAS-fkh RNAi females was

not affected by RU468 (p = 0.077). The reduction

of IIS upon overexpression of UAS-fkh RNAi led to

significantly short-lived flies (p = 8.973 10�7). See

also Table S5, D and E.
These results suggest that FKH overexpression in the gut

maintains barrier function during aging, but it does not affect

ISC proliferation.

FKH Function in the Gut Mediates Rapamycin-Induced
Longevity
Rapamycin reducesage-related intestinal pathologies in flies (Fan

et al., 2015). Given the increased lifespan upon gut-targeted FKH

overexpression, we assessed the requirement for FKH for rapa-

mycin-induced longevity. We knocked down fkh in the gut by

RNAiwith theTiGSdriver. Treatment of uninduced flieswith rapa-

mycinsignificantlyextended lifespan (Figure5C;mediansurvival+

11%,p=1.79310�12), and this extensionwas lost upongut-spe-

cific RNAi against FKH (Figure 5C; p = 0.57), confirmed by CPH

analysis (Table S3; p = 6.66 3 10�15). Hence, FKH function in

the gut is necessary for rapamycin-induced longevity.

Reduced IIS in the Gut Induced an FKH-Dependent
Extension of Lifespan
Downregulating IIS activity in progenitor cells of the gut ex-

tends Drosophila lifespan (Biteau et al., 2010). We examined
Cell R
the effect of a broader IIS reduction,

and the contribution of FKH, by ex-

pressing InRDN and RNAi against fkh un-

der the control of the TiGS driver. The

gut-targeted reduction of IIS resulted

in a small, but significant, increase in

lifespan (Figure 5D; median survival +

3%, p = 0.014), while RNAi against fkh

resulted in slightly elevated early life

mortality (Figure 5E; p = 0.077). Impor-

tantly, a reduction of IIS in the gut

in combination with fkh knockdown
failed to extend lifespan, and indeed it led to significantly

short-lived flies (Figure 5E; p = 8.92 3 10�7). Hence, the

decrease of IIS activity in the gut alone results in long-lived

flies, and this not only requires FKH function but also is dele-

terious without it.

Reduced IIS Increases the Expression of Intestinal
Transmembrane Transporters through FKH, and It
Induces Enterocyte-Specific Nuclear Localization
of FKH
Our results indicate that FKH function in the gut is necessary for

both rapamycin- and reduced IIS-induced longevity. Given the

detrimental effect of FKH knockdown in guts with reduced IIS,

in our subsequent analysis we focused on the identification of

genes regulated by FKH in the gut upon downregulation of IIS.

We isolated guts from flies with ubiquitous reduction of IIS with

or without knockdown of FKH, and controls, and we carried

out genome-wide transcript profiling using next-generation

RNA sequencing.

We first identified the set of genes differentially expressed in

wild-type and reduced-IIS guts (daGS;UAS-InRDN > UAS-GFP
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Figure 6. Reduced IIS in the Gut Results in a Transcriptional Response that Upregulates Transmembrane Transporters via FKH Function

(A) In the adult gut, the overlap between the transcriptional response induced by reduced IIS compared to controls (daGS;UAS-InRDN > UAS-GFP RNAi +RU486

versus daGS;UAS-InRDN > UAS- GFP RNAi –RU486) and compared to flies with reduced IIS and fkh knockdown (daGS;UAS-InRDN > UAS-GFP RNAi +RU486

versus daGS;UAS-InRDN > UAS-fkh RNAi +RU486) revealed 31 upregulated and 43 downregulated genes.

(B) Heatmap showing genes significantly upregulated or downregulated in both comparisons.

(C) Significantly upregulated GO categories induced by reduced IIS in an FKH-dependent manner in the adult gut.
RNAi + RU486 versus daGS;UAS-InRDN > UAS-GFP RNAi �
RU486) and the set of genes differentially expressed in

reduced-IIS guts with or without RNAi against FKH

(daGS;UAS-InRDN > UAS-GFP RNAi + RU486 versus

daGS;UAS-InRDN > UAS-fkh RNAi + RU486). We reasoned

that the transcriptional response regulated by FKH in response

to reduced IIS should be indicated by genes whose expression

levels are reverted back to wild-type levels upon FKH knock-

down in reduced-IIS flies (Figures 6A and 6B). We carried out

gene ontology (GO) category analysis on genes in the overlap

between these two sets.

We found GO enrichment only among genes upregulated in

reduced-IIS flies, particularly for genes encoding proteins

involved in transmembrane transport (Figure 6C). Within this

GO category were a number of genes responsible for the trans-

port and uptake of nutrients, such as copper and zinc (ctr1b and

zip1), glucose (CG1208), phospholipids (mdr50), and fatty acids
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(pmp70) (Figure 6B), suggesting that FKH could be increasing

nutrient uptake and absorption in reduced-IIS flies.

Drosophila enterocytes (ECs) regulate nutrient transport and

absorption in the midgut (Lemaitre and Miguel-Aliaga, 2013).

We next investigated whether reduced IIS affected subcellular

FKH localization, and we found that it increased nuclear localiza-

tion of FKH specifically in ECs, which are characterized by poly-

ploidy and large nuclei (Figure S6; t test, p < 0.0001). In cells with

smaller nuclei, possibly consisting of ISCs, EBs, and enteroen-

docrine cells (EEs), nuclear localization of FKH did not change

(Figure S6; t test, p = 0.78). Additionally, and in agreement with

previously published work (Biteau et al., 2010), in the IIS mutant

there were fewer cells with smaller nuclei, consistent with

reduced ISC proliferation. These observations suggest a role

for FKH in regulating transcription in ECs, including of genes

related to nutrient transport and absorption, upon reduced IIS

activity.



FKH Function Promotes Nutrient Absorption, and FKH
Activity in Differentiated Gut Cells Results in Increased
Longevity
To confirm our transcriptomic data, we assessed by qRT-PCR

the expression levels of transmembrane transporters, including

ctr1B, zip1, mdr50, pmp70, and CG1208 (Figure S7A), and we

found that they were increased in the IIS mutant (t test, p = 0.

0029, p = 0.0035, p = 0.031, p = 0.043, and p = 0.03, respectively;

n = 3–4). RNAi against fkh abolished the differential expression of

ctr1B, mdr50, pmp70, or CG1208 (t test, p > 0.05; n = 3–4), but

zip1 expression levels remained significantly increased (t test,

p = 0.0085; n = 4). Linear model analysis showed a significant

interaction between RU and genotype (p = 0.0004), showing

that the expression of genes involved in transport of nutrients

was increased in the IIS mutant in an FKH-dependent manner.

We next assessed the effect of gut-specific upregulation of

FKH on the expression of nutrient transporters, and we found a

significant increase in ctr1B, zip1, and mdr50 expression in

guts with the induction of fkh (Figure S7B; t test, p = 0.02,

p = 0.006, and p = 0.007, respectively). Therefore, FKH overex-

pression in the gut alone can upregulate expression of nutrient

transporters.

To determine whether the upregulation of nutrient transporters

also increased nutrient uptake, we assessed intestinal metal and

lipid absorption. Drosophila metallothioneins are cysteine-rich

proteins that bind heavy metals, such as zinc and copper, and

their expression levels are used as a proxy measure of metal

content of the Drosophila gut (Binks et al., 2010; Qin et al.,

2013). We assessed by qRT-PCR the expression levels of the

metallothioneinB (mtnB) and metallothioneinC (mtnC) in guts

isolated from flies with fkh knockdown alone or with reduced

IIS with or without fkh knockdown. Reduced IIS increased

expression of both metallothionein genes, and this increase

was dependent on FKH (Figure S7C), as confirmed by linear

model analysis (interaction between RU and genotype,

p = 0.0015). Next, we quantified mtnB and mtnC expression in

guts with intestinal FKH overexpression and controls at 1 and

7 weeks of age. mtnC levels were significantly upregulated in

fkh-overexpressing guts at both ages (Figure S7D; t test,

p = 0.02 and p = 0.005), whereas mtnB levels were significantly

increased only at 7 weeks of age (Figure S7D; t test, p = 0.01).

These results indicate that FKH promotes intestinal metal uptake

in the intestine upon reduced IIS activity.

Previous studies highlighted a key role for the fly gut in absorp-

tion and metabolism of dietary lipids (Karpac et al., 2013; Luis

et al., 2016). The midgut displays an age-related decline in lipid

storage, probably due to an overall reduction in intestinal lipid

absorption, which results in increased starvation sensitivity (Kar-

pac et al., 2013). We assessed intestinal lipid uptake with Nile

Red staining to visualize lipid droplets in midguts with reduced

IIS and with or without fkh knockdown. In agreement with previ-

ously published work, we detected lipid droplets in the anterior

region of the midgut (Karpac et al., 2013; Luis et al., 2016),

with a significant increase upon reduced IIS (Figures 7A and

S7E; t test, p = 0.0019). This was lost upon fkh knockdown spe-

cifically in the guts of reduced-IIS flies (Figures 7A and S7E;

t test, p = 0.094). These results suggest that FKH promotes intes-

tinal lipid storage in response to reduced IIS. Gut-specific FKH
overexpression also increased Nile Red staining in the midgut

(Figures 7B and S7F; t test, p = 2.293 10�8), TAG levels in whole

flies (Figure 7C; t test, p = 0.033), and resistance to starvation

in both young and old flies (Figure 7D; p = 0.0047 and

p = 1.74 3 10�5).

Our findings suggest a role for FKH in nutrient absorption. We

next assessed whether increasing FKH activity specifically in

differentiated gut cells, namely EEs and absorptive ECs, affected

longevity. Upregulation of FKH in differentiated cells resulted in a

significant increase in lifespan (Figure 7E;median survival +15%,

p = 2.033 10�7). This finding further supports the transcriptomic

and molecular analysis, and it pinpoints the pro-longevity effect

of FKH to EEs and ECs.

irs1 Knockout Upregulates CG1208, pmp70, and zip1

Orthologs in Mouse Small Intestine
Mouse small intestine is functionally and morphologically similar

to Drosophilamidgut, and it plays an essential role in the uptake

of nutrients (Radtke and Clevers, 2005). We therefore measured

expression levels of orthologous nutrient transporters in

duodenum from female mice with intestinal Irs1 knockout

(VillCre::Irs1lox/lox) and controls (Irs1lox/lox) at 3 months of age.

We quantified mRNA levels of Glut8, Abcd3, Slc39a3, and

Slc31a1 (mouse orthologs of CG1208, pmp70, zip1, and ctr1B,

respectively), and we found a significant increase in

Abcd3, Glut8, and Slc39a3 expression (Figure S7G; t test,

p = 0.006562, p = 0.029, and p = 0.019, respectively) upon intes-

tinal Irs1 knockout. Thus, consistent with our observations in the

Drosophila gut, reduced IIS in mouse small intestine upregulates

the expression of genes involved in nutrient transport.

DISCUSSION

Themajor role played by the IIS-and-TOR-signaling network dur-

ing the control of metabolism, cell growth, and organismal aging

has been under investigation for over two decades (Alic and Par-

tridge, 2011). In Drosophila, dFOXO integrates signals from the

insulin-PI3K-AKT branch of the IIS pathway (J€unger et al.,

2003), and it has been considered to be the key TF mediating

many of its transcriptional outputs and its effect on organismal

lifespan (Slack et al., 2011). Here we have shown that a second

FOX family member, FKH, interacts with both the AKT and TOR

branches to regulate organismal lifespan.

While the functionality of the phosphorylation events remains

to be determined, based on our biochemical data, we propose

a model in which FKH can be phosphorylated by AKT and TOR

and integrate signals from them (Figure 7F). IIS activity leads to

FKH phosphorylation, potentially contributing to a decrease in

nuclear FKH. Insulin-dependent subcellular localization of

FoxA2 in mammalian cells has been subject to conflicting

reports. While Wolfrum et al. (2003, 2004), reported complete

nuclear exclusion of FoxA2, in vitro and in vivo in response to in-

sulin, a study by Zhang et al. (2005) showed that FoxA2 remained

nuclear under all metabolic states in mouse hepatocytes. We did

not detect complete nuclear FKH exclusion in the fly but a

decrease in strong nuclear FKH staining upon in vitro and

ex vivo insulin stimulation. Rapamycin feeding was previously

shown to increase nuclear FKH in larvae (B€ulow et al., 2010;
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Figure 7. FKH Promotes Intestinal Nutrient

Uptake upon Overexpression and in

Response to Reduced IIS, and FKH Activity

in Differentiated Cells of the Gut Induces

Longevity

(A) Nile Red (red) and DAPI (blue) staining of the

anterior region of midgut isolates from flies of ge-

notypes daGS > UAS-InRDN, daGS;UAS-InRDN >

UAS-fkh RNAi, and daGS >UAS-fkh RNAi induced

or not with 200 mM RU486. See also Figure S7E.

(B) Nile Red (red) and DAPI (blue) staining of the

anterior region of midgut isolates from flies of ge-

notype TiGS > UAS-fkh induced or not with

200 mM RU486. See also Figure S7F.

(C) Quantification of whole-animal TAG levels

normalized to total protein in flies of genotype

TiGS < UAS-fkh induced or not with RU486 re-

vealed significant increases upon induction (t test,

p = 0.033; n = 10; error bars represent SEM).

(D) Starvation resistance of TiGS > UAS-fkh fe-

males was significantly increased in the presence

of RU486 at 1 week (p = 0.0047) and 10 weeks of

age (p = 1.74 3 10�5).

(E) Intestinal differentiated cell-specific over-

expression of UAS-fkh under the control of

GS5966 driver extended lifespan (p = 2.03614 3

10�7). See also Table S5.

(F) Model. FKH integrates signals from AKT and

TOR. dFOXO and FKH exert their pro-longevity

effects in different tissues. In the gut, FKH

improves barrier function and upregulates the

expression of nutrient transporters, resulting in

increased nutrient storage and resistance to star-

vation and overall contributing to increased

longevity.
Varma et al., 2014), lending further support to a regulating role of

nutrient signaling in FKH subcellular localization in the fly.

We have established an important role for FKH in Drosophila

longevity. Ubiquitous upregulation of FKH extends lifespan,

and FKH is required for reduced IIS- and rapamycin-induced

longevity. We found that FKH mediates starvation resistance of

IIS mutants. Interestingly, dfoxo plays no role in either extension

of lifespan by rapamycin or in the starvation resistance of

Drosophila IIS mutants (Slack et al., 2011). Furthermore, dFOXO

is required for xenobiotic resistance of IIS mutants while FKH is

not. These findings highlight different functional roles of dFOXO

and FKH in determination of the phenotypes of IIS mutants and

the response of lifespan to TORC1 inhibition. However, both TFs

are necessary for reduced IIS-induced longevity, suggesting that
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they are functionally complementary. The

identification of FKH as a TF downstream

of both IIS and TOR branches enables a

more insightful picture of the transcrip-

tional regulation within the nutrient-

signaling network, and it defies the notion

that dFOXO is the key TF regulating

Drosophila lifespan downstream of AKT

kinase.

We found that the response of lifespan

to DR in Drosophila is independent of
FKH function, as has previously been shown for dFOXO (Slack

et al., 2015). In contrast, the C. elegans FoxA homolog PHA-4

is required for DR-induced longevity, but not reduced IIS-

induced lifespan extension (Panowski et al., 2007). Hence, our

results show a major evolutionarily functional divergence

between PHA-4 and FKH, suggesting distinct mechanisms of

organismal lifespan regulation by the worm and fly FoxA

orthologs.

Here, we show that intestinal FKH upregulation is sufficient to

extend lifespan, whereas gut-specific dFOXO overexpression

does not (Alic et al., 2014). The two TFsmay, therefore, bemodu-

lating lifespan through different target genes in different tissues.

We propose that tissue specificity might be the reason for the

requirement of multiple TFs with lifespan-extending effects



within the nutrient-signaling network, as is the case in worms

(Bishop and Guarente, 2007; Libina et al., 2003).

The Drosophila midgut is the functional equivalent of the

mammalian stomach and small intestine, and similarly it contains

distinct cell types with diverse functions (Lemaitre and Miguel-

Aliaga, 2013). ISCs and EBs are progenitor cells, whereas EEs

and ECs are the sole two differentiated intestinal cell types.

EEs primarily play a secretory role, while ECs are responsible

for immune response, absorption of nutrients, and secretion of

digestive enzymes. The interaction between IIS activity in

Drosophila gut and aging has been intensively studied (Alic

et al., 2014; Biteau et al., 2010; Rera et al., 2012). Major interest

has focused on ISCs, and previous work showed that reduced

IIS in progenitor cells decreases age-induced proliferation of

ISCs and extends lifespan (Biteau et al., 2010). However, an

exclusively deterministic role for ISCs during aging is conten-

tious (Petkau et al., 2014; Resnik-Docampo et al., 2017). In addi-

tion to intestinal homeostasis and stem cell maintenance, other

aspects of gut physiology, such as immunity, secretion, and

absorption, are also likely to influence organismal aging.

We found that a broader intestinal reduction of IIS activity with

TiGS driver also results in lifespan extension but becomes detri-

mental upon gut-specific FKH knockdown. Despite increased

longevity upon broad intestinal upregulation of FKH, restricting

its overexpression to intestinal progenitor cells does not affect

lifespan. Increasing FKH activity specifically in differentiated

cells significantly increases longevity, suggesting this pro-

longevity effect is ISC independent. Concordantly, FKH-overex-

pressing guts display improved barrier function without any

changes in age-related ISC proliferation.

Induction of FKH activity by either lowered IIS or direct overex-

pression induced the expression of nutrient transporters. Aging

results in decreased intestinal lipid storage and whole-body

nutrient stores (Karpac et al., 2013; Rera et al., 2012), which cor-

relates with age-related repression of lipases essential for lipid

absorption (Karpac et al., 2013). Reduced intestinal storage

may be due to an overall decline in absorptive capacity, resulting

in decreasedwhole-bodymetabolic stores.We propose amodel

whereby FKH-dependent expression of nutrient transporters

overcomes this decline and contributes to starvation resistance

and longevity (Figure 7F). Concordantly, we show that starvation

resistance declines over aging, likely due to increasingly poor

nutrient uptake, but it can be enhanced by intestinal FKH induc-

tion at both young and old age. Similarly, upon reduced IIS, FKH

activity may promote nutrient uptake, leading to better nutrient

stores, contributing to increased starvation resistance. Recent

work (Luis et al., 2016) revealed increased midgut lipid storage

and expression of nutrient transporters in Drosophila ECs in

response to DR. It is possible that upregulation of nutrient trans-

porters is promoted by a number of lifespan-extending interven-

tions. Intestinal barrier function is another important aspect of

gut physiology improved by FKH, also likely to be contributing

to its pro-longevity effects. Absorptive and barrier capacity

of gut epithelial cells may well be functionally linked and also

reflective of an overall improvement in the maintenance of EC

physiology over age. Altogether, our data suggest that the

pro-longevity effect of FKH in the gut involves ISC-independent

mechanisms.
Finally, irs1 knockout led to the upregulation of three ortholo-

gous nutrient transporters in themouse small intestine. This sug-

gests that an evolutionarily conserved mechanism, by which the

reduction of IIS upregulates intestinal nutrient absorption, is also

present inmammals. Intriguingly,mammalianFoxAsprovidepro-

tection against hypoglycemia (FriedmanandKaestner, 2006).We

propose that fly and mammalian FoxAs might show functional

convergence in promoting nutrient uptake. Further studies are

required to dissect out detailed consequences of the upregula-

tion of nutrient transporters on digestive and absorptive capacity

of the flyandmammaliangut over aging. In humans, agingcauses

a decrease in nutrient absorption, andmalnourishment is amajor

problem formany elderly people (Woudstra and Thomson, 2002).

Our findings may, therefore, represent new directions for thera-

peutic interventions to improve human health during aging.

EXPERIMENTAL PROCEDURES

Fly Husbandry

Stocks were maintained and experiments conducted at 25�C on a 12-hr

light/dark cycle at 60%humidity, on food containing 10% (w/v) brewer’s yeast,

5% (w/v) sucrose, and 1.5% (w/v) agar, unless otherwise noted. Please see the

Supplemental Experimental Procedures for further details.

Statistical Analysis

Statistical analyses were performed in JMP (version 9) software (SAS Institute),

R, or Excel (Microsoft). Survival data were analyzed with either log rank test or

CPH using Excel (Microsoft) or R using the survival package (Terry Therneau,

https://cran.r-project.org/web/packages/survival/index.html). qPCR analysis

was performed by using either Student’s t test or a linear model.

Mouse Models and Husbandry

All mice were maintained at 22�C under a 12-hr light/dark cycle (lights on from

6:00 a.m. to 6:00 p.m.). Mice were housed in groups of three to five same-sex

littermates under specific pathogen-free conditions within individually venti-

lated cages (Techniplast UK, Kettering, Northamptonshire, UK). Mice had ad

libitum access to normal chow (ssniff R/M-H phytoestrogen-poor [9% fat,

34% protein, and 57% carbohydrate], ssniff Spezialdiäten, Soest, Germany)

and water. Female mice were sacrificed at 3 months. Duodenums were

dissected and tissues were snap-frozen in liquid nitrogen. Details of the

generation of tissue-specific Irs1 knockout (KO) mouse are described in the

Supplemental Experimental Procedures.
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Figure S1: Over-expression of fkh  improves immune response to Ecc15 .  Related to Figure 1. 
Survival curves of flies ubiquitously overexpressing UAS-fkh transgene under the control of daGS 
driver following systemic Ecc15 infection or sham infection with LB only at 1 week of age (upper 
panel) or 7 weeks of age (lower panel).  No significant difference in survival was observed at 20 µM 
RU486 in Sham infected flies at young (p= 0.317) and old age (p=0.093). Significant increase in 
survival following Ecc15 infection was observed at 20 µM RU486 at young (p= 0.00014) and old age 
(p=0.0001).  
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Figure S2: Over-expression of fkh RNAi 2 transgene abolishes lifespan extension observed upon 
reduced IIS activity and IIS and rapamycin still exert downstream biochemical effects upon fkh 
RNAi. Related to Figure 3. (A) fkh mRNA was quantified relative to actin5C by qPCR in whole flies 
of genotype daGS>UAS-fkh RNAi induced or not with 200 µM RU486. Induction of fkh RNAi resulted 
in a significant decrease in fkh expression levels (Student’s t-test, p< 0.05, n=5, error bars represent 
SD).  (B) daGS;UAS-InRDN>UAS-GFP RNAi females show increased lifespan in the presence of 
RU486 (p= 7.9 x 10-11).  Survival of daGS >UAS-GFP RNAi  females was not different between – 
RU486 and +RU468 conditions (p= 0.78).  ). See also Table S6A (C) daGS>UAS-fkh RNAi 2  and 
daGS;UAS-InRDN>UAS-fkh RNAi 2 flies showed significantly decreased lifespan in the presence of 
RU486 (p= 0.0075 and p= 0.0019 respectively).  Reduction of IIS via simultaneous over-expression of 
UAS-InRDN and fkh RNAi 2 did not result in lifespan extension since no significant difference in 
survival was detected between daGS>UAS-fkh RNAi 2 +RU486 and daGS;UAS-InRDN>UAS-fkh RNAi 
2 +RU486 flies (p= 0.62).  ). See also Table S6B. (D) chico mutation extended lifespan in daGS>UAS-
fkh RNAi 2 flies in the absence of RU486 (p= 0.00031), but not in its presence (p=0.802). See also 
Table S6C. (E) 4EBP mRNA was quantified relative to tubulin by qPCR in whole flies induced or not 
with 200 µM RU486. Reduction of IIS resulted in a significant increase in 4EBP levels in both wild 
type and fkh RNAi background (Student’s t-test, p< 0.05, n=9-10). (F) Immunoblotting of whole fly 
extracts using phospho-specific and total dS6K antibodies reveals decreased pS6K levels upon 
rapamycin treatment in flies induced or not with 200 µM RU486	
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Figure S3: FKH does not mediate the response of lifespan to DR. Related to Figure 3. (A) 
Survival curves and (B) median lifespan values of daGS> UAS-fkh RNAi female flies in the presence or 
absence of RU486 and across different yeast concentrations (0.1x, 0.5x, 1.0x, and 1.5x yeast) on SYA 
food. Log-rank test revealed a significant difference in survival of daGS>UAS-fkh RNAi +RU486 flies 
at 0.5x yeast SYA food compared to daGS>UAS-fkh RNAi +RU486 flies at 1.0x and 1.5x yeast SYA 
food concentration (p= 1.36 x 10-10 and p= 1.58 x 10-9, respectively).  For – RU486 conditions, at 
0.1xyeast n= 147 deaths /9 censors , at 0.5xyeast n= 141 deaths /10 censors, at 1.0xyeast n= 145 deaths 
/3 censors, at 1.5xyeast n= 148 deaths /7 censors. ).  For +RU486 conditions, at 0.1xyeast n= 145 
deaths /4 censors , at 0.5xyeast n= 143 deaths /8 censors, at 1.0xyeast n= 148 deaths /5 censors, at 
1.5xyeast n= 148 deaths /4 censors. 	
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Figure S4: Over-expression of GFP RNAi or fkh RNAi alone does not affect stress resistance.  
Related to Figure 4. (A-C) Survival curves in response to paraquat treatment, DDT treatment and 
amino acid starvation of female flies induced to ubiquitously express either UAS-GFP-RNAi or UAS-
fkh-RNAi transgenes (daGS >UAS-GFP RNAi or daGS >UAS-fkh RNAi) by using RU486 compared 
with uninduced controls.  No significant difference in lifespan was observed between + and - RU486 
conditions for daGS >GFP RNAi and for daGS >fkh RNAi upon (A) paraquat treatment (p= 0.072 and 
p=0.73 respectively), (B) DDT feeding (p= 0.93 and p=0.44 respectively) and (C) amino acid 
starvation (p= 0.78 and p=0.48 respectively). See also Table S7. 
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Figure S5: Overexpression of FKH in the progenitor cells does not affect lifespan and intestinal 
FKH up-regulation does not affect ISC proliferation. Related to Figure 5.  (A) Adult abdominal fat 
body and gut specific over-expression of fkh transgene under the control of S1106 driver did not affect 
lifespan (p= 0.093).  (B) ISC and EB specific over-expression of the fkh transgene under the control of 
GS5961 driver did not affect lifespan (p= 0.21).  (C) Quantification of pH3+ cells per gut at 4 and 70 
days of age in flies of genotype TiGS>UAS-fkh showed no difference in mitoses between – and + 
RU486 conditions in young and old flies (Student’s t-test, p= 0.42 and p=0.51, n= 19 to 22 guts per 
condition, error bars represent SEM). See Also Table S8 A-B.  (D) Presence of RU486 in the food did 
not affect survival of flies with UAS-fkh transgene alone (p= 0.48), (E) daGS driver alone (p=0.67), (F) 
TiGS driver alone (p=0.294), (G) GS5961 driver alone (p= 0.38) and (H) S1106 driver alone (p=0.42).  
See also Table S8 C-G 
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Figure S6: Reduced IIS leads nuclear localization of FKH in enterocytes.  Related to Figure 6. 
Drosophila adult guts were dissected from flies of genotype daGS>UAS-InRDN induced or not with 200 
µM RU486. Endogenous FKH (red) and DAPI-stained nuclei (blue) were visualized by 
immunofluorescence in the mid-gut.  Nuclear FKH localisation was quantified in two cell subtypes 
characterized by small and larger nuclei.  Small nuclei and large nuclei are indicated by yellow and 
orange arrowheads respectively. Percentage of nuclear FKH staining was dramatically increased 
specifically in cells with large nuclei in the +RU486 condition (Student’s t-test, p< 0.0001,n=5) 
whereas it remained unchanged in cells with smaller nuclei (Student’s t-test, p=0.78, n=5, error bars 
represent SD).   
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Figure S7: Expression of nutrient transporters and nutrient uptake is increased in the gut upon 
reduced IIS and FKH overexpression.  Related to Figures 6 and 7. (A) ctr1B, mdr50, zip1, pmp70 
and CG1208 mRNAs were quantified relative to actin5C by qPCR in guts of daGS >UAS-GFP RNAi, 
daGS;UAS-InRDN>UAS-GFP RNAi, daGS >UAS-fkh RNAi and daGS;UAS-InRDN>UAS-fkh RNAi flies 
induced or not with RU486.  Boxplots show log- 10 derived relative expression with – RU486 values 
set to zero.  Data were analyzed with a linear model and the effects of the interaction between RU486 
and genotype was significant (p=0.0004, n=3-4), whereas 3-way interaction between RU486, genotype 
and different gene categories was not significant (p= 0.2923). daGS;UAS-InRDN>UAS-GFP RNAi 
+RU condition showed significantly increased expression levels and was different form all other 
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conditions (t-test, p<0.05, n=3-4). (B) ctr1B, mdr50 and zip1 mRNA levels quantified relative to 
actin5C by qRT-PCR in adult guts isolated from flies of genotype TiGS>UAS-fkh induced or not with 
200 µM RU486. Boxplots show log-10 derived relative expression with - RU486 values set to zero. 
Induction of fkh resulted in a significant increase in ctr1B, mdr50 and zip1 expression levels (Student’s 
t-test, p= 0.02, p= 0.006 and p= 0.007 respectively, n=4).   (C) mtnB and mtnC mRNAs were quantified 
relative to actin5C by qPCR in guts of daGS >UAS-GFP RNAi, daGS;UAS-InRDN>UAS-GFP RNAi, 
daGS >UAS-fkh RNAi and daGS;UAS-InRDN>UAS-fkh RNAi flies induced or not with 200 µM RU486.  
Boxplots show log- 10 derived relative expression with – RU486 values set to zero. Data were 
analyzed with a linear model. The effect of interaction between RU and genotype was significant 
(p=0.0015, n=3-4) and the 3-way interaction between RU, genotype and different gene categories was 
not significant (p=0.5065, n=3-4). daGS;UAS-InRDN>UAS-GFP RNAi +RU condition was different 
from all others (t-test, p<0.05, n=3-4). (D) mtnB and mtnC mRNA levels quantified relative to actin5C 
by qPCR in young and old adult guts isolated from flies of genotype TiGS>UAS-fkh induced or not 
with 200 µM RU486. Boxplots show log-10 derived relative expression. Induction of fkh resulted in a 
significant increase in mtnC expression levels in young and old guts (t-test, p= 0.02 and p=0.005 
respectively, n=4) and in a significant increase in mtnB expression levels in old guts (t-test, p= 0.01, 
n=4). (E) Quantification of the NileRed staining of the anterior region of mid-guts isolates from flies of 
genotypes daGS>UAS-InRDN, daGS;UAS-InRDN > UAS-fkh RNAi and daGS > UAS-fkh RNAi induced 
or not with 200 µM RU486.  Boxplots show quantification of NileRed intensity in arbitrary units. 
NileRed staining is significantly increased in +RU486 condition of genotype daGS>UAS-InRDN (t-test, 
p=0.0019, n=9-11).  No significance was detected between + and – RU486 conditions of genotypes 
daGS;UAS-InRDN > UAS-fkh RNAi and daGS > UAS-fkh RNAi (t-test, p=0.094 and p=0.059, 
respectively, n=9-11).  (F) Quantification of the NileRed staining of the anterior region of mid-guts 
isolates from flies of genotype TiGS>UAS-fkh induced or not with 200 µM RU486.  Boxplots show 
quantification of NileRed intensity in arbitrary units. NileRed staining is significantly increased in 
RU486 condition part of the mid-gut (t-test, p= 2.26 x 10-8, n=15-19).  (G) Abcd3, Glut8 and Slc39a3 
mRNA levels quantified relative to actin by qPCR in duodenum of 3 month old female mice of 
genotype Irs1lox/lox (control) and VillCre::Irs1lox/lox (Irs1 knock-out). Boxplots show relative expression 
with control values set to 1. Irs1 knock-out resulted in a significant increase in Abcd3, Glut8 and 
Slc39a expression levels (Student’s t-test, p= 0.006562, p=0.029 and p= 0.019 respectively, n=3-4). 
 
	
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S1- Ubiquitous FKH over expression extends lifespan.  Related to Figure 1. 
 

	
  
	
  
Table S2- FKH is required for reduced IIS and rapamycin induced longevity. Related to Figure 
3. 
 

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Table	S1	-	Ubiquitous	FKH	over-expression	extends	lifespan

A.	Survival	data	for	daGS>UAS-fkh	(related	to	Figure	1A)

Genotype/Treatment Med	Lifespan Max	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) 	Increase 	Increase vs	control

Repeat	1	
RU486- 79 95.5 93 5

10	uM	RU486 86 107 93 1 8.86 12.0418848 6.95E-06
50	uM	RU486 84 102.5 98 2 6.33 7.32984293 0.017708512
100	uM	RU486 81.5 101 92 3.16 5.7591623 0.181253206
200	uM	RU486 52 93 105 1 -34.18 -2.617801 2.88501E-07

A.	Survival	data	for	daGS>UAS-fkh	(related	to	Figure	1A)

Genotype/Treatment Med	Lifespan Max	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) 	Increase 	Increase vs	control

Repeat	1	
RU486- 78 98 90 4

10	uM	RU486 85 101 91 5 8.97 3.06122449 0.003
20	uM	RU486 89.5 102 89 4 14.74359 4.08163265 6.3303E-06

Table	S2	-	FKH	is	required	for	reduced	IIS-	and	rapamycin	induced	longevity

A.	Survival	data	for	daGS;UAS-InRDN>GFP	RNAi	+/-RU486	(related	to	Figure	3A)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	-RU) change	(vs	-RU) vs	control

Repeat	1	
daGS>GFP	RNAiRU486- 62 78 150 0
daGS>GFP	RNAiRU486+ 66.5 73.5 146 4 0.50

daGS;InRDN>GFP	RNAiRU486- 64 78 140 10
daGS;InRDN>GFP	RNAiRU486+ 73.5 80.5 146 4 14.84 3.205128205 4.45E-10

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	-RU) change	(vs	-RU) vs	control

Repeat	2	
daGS>GFP	RNAiRU486- 74.0 85.5 141 11
daGS>GFP	RNAiRU486+ 74.0 85.5 148 12 0.918433719

daGS;InRDN>GFP	RNAiRU486- 71.5 83.0 140 5
daGS;InRDN>GFP	RNAiRU486+ 78.5 92.5 147 12 9.79 11.45 3.62E-09



	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  

B.	Survival	data	for	daGS;UAS-InRDN>fkh	RNAi	+/-RU486	(related	to	Figure	3B)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	-RU) change	(vs	-RU)

Repeat	1	
daGS>fkh	RNAiRU486- 76 90.5 130 5
daGS>fkh	RNAiRU486+ 36 52.5 146 2 -52.63157895 -41.99 1.97E-54	(vs	RU-)

daGS;InRDN>fkh	RNAiRU486- 80.5 94.5 131 8
daGS;InRDN>fkh	RNAiRU486+ 31.5 59.5 150 7 -60.87 -37.04 2.59E-63	(vs	RU-)

daGS>fkh	RNAiRU486 	vs. 0.08
daGS;InRDN>fkh	RNAiRU486+

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	-RU) change	(vs	-RU)

Repeat	2	
daGS>fkh	RNAiRU486- 76 92.5 154 4
daGS>fkh	RNAiRU486+ 31.5 43.5 143 0 -58.55 -52.97 1.54	(vs	RU-)

daGS;InRDN>fkh	RNAiRU486- 76 85.5 136 9
daGS;InRDN>fkh	RNAiRU486+ 32 50.5 154 8 -57.89 -40.94 3.07(vs	RU-)

daGS>fkh	RNAiRU486+	VS 0.11
daGS;InRDN>fkh	RNAiRU486+

C.Survival	data	for	daGS;chico>	GFP	RNAi(related	to	Figure	3C)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	wt) change	(vs	wt)

Repeat	1	
daGS>GFP	RNAiRU486- 83 97 142 1
daGS>GFP	RNAiRU486+ 85 96 152 3

chico;daGS>GFP	RNAiRU486- 90 108.5 90 0 8.43 11.86 2.71E-06
chico;daGS>GFP	RNAiRU486+ 90 106 89 5 5.88 10.42 6.28E-07

D.Survival	data	for	daGS;chico>	UAS-fkh	RNAi(related	to	Figure	3D)

Genotype/Treatment Median	Lifespan Maximum	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) change	(vs	wt) change	(vs	wt)

Repeat	1	
daGS>fkh	RNAiRU486- 83 97 127 2
daGS>fkh	RNAiRU486+ 37 64 113 1

chico;daGS>fkh	RNAiRU486- 90 113 115 2 8.43 16.49 3.89E-08
chico;daGS>fkh	RNAiRU486+ 38 66.5 122 2 2.70 3.91 0.61

Genotype/Treatment Median	Lifespan Maximum	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) change	(vs	wt) change	(vs	wt)

Repeat	2	
daGS>fkh	RNAiRU486- 73 82.5 144 3
daGS>fkh	RNAiRU486+ 29 49 142 1

chico;daGS>fkh	RNAiRU486- 75.5 89.5 142 3 3.42 8.48 2.06E-04
chico;daGS>fkh	RNAiRU486+ 26.5 47.5 150 0 -8.62 -3.06 0.15

E.Survival	data	for	daGS>	UAS-fkh	RNAi	+/-	rapamycin	(related	to	Figure	3E)

Genotype/Treatment Median	Lifespan Maximum	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) change	(vs	-Rapa) change	(vs	-Rapa)

Repeat	1	
daGS>fkh	RNAiRU486- 69 73.5 147 5
daGS>fkh	RNAiRU486+ 24.5 31.5 150 3

daGS>fkh	RNAiRU486-	Rapa+ 73.5 80.5 137 12 6.52 9.52 2.37E-08
daGS>fkh	RNAiRU486+	Rapa+ 24.5 31.5 146 4 0.00 0.82

Genotype/Treatment Median	Lifespan Maximum	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) change	(vs	-Rapa) change	(vs	-Rapa)

Repeat	2	
daGS>fkh	RNAiRU486- 69.0 78.0 128 5
daGS>fkh	RNAiRU486+ 27.0 45.5 114 10

daGS>fkh	RNAiRU486-	Rapa+ 73.5 89.0 106 8 6.52 14.10 3.05E-04
daGS>fkh	RNAiRU486+	Rapa+ 27.0 41.0 125 3 -9.89 0.34



Table S3- Details of CPH analysis. Related to Figures 3, 4AC and 5C. 
 

	
  
	
  

	
  

	
  
	
  
	
  
 
 

Table S3 - Details of Cox Proportional Hazard (CPH) analysis

A. Lifespan daGS;UAS-InRDN> +/- fkh RNAi(related to Figure 3AB)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p

RU486 0.07415 1.07697 0.12121 0.612 0.5407
InRDN -0.32604 0.72178 0.12152 -2.683 	0.0073	**
fkh	RNAi -1.35544 0.25783 0.12946 -10.47 <	2e-16	***
RU486:InRDN -0.67008 0.51167 0.17101 -3.918 8.91e-05	***
RU486:fkh	RNAi 3.31408 27.49708 0.18504 17.91 <	2e-16	***
InRDN:fkh	RNAi				 0.12494 1.13308 0.17424 0.717 0.4733
RU486:InRDN	vs	fkh	RNAi		 0.48914 1.63091 0.24198 2.021 0.0432	*	

B. Lifespan daGS;chico> +/- fkh RNAi(related to Figure 3CD)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p

RU486 -0.05856 0.94312 0.1355 -0.432 0.66563
chico	 -0.66237 0.51563 0.13714 -4.83 1.37e-06	***
fkh	RNAi -0.15165 -0.15165 0.12239 -1.239 0.21533
RU486	:	chico 0.08379 1.0874 0.19071 0.439 0.66039
RU486	:	fkh	RNAi 3.4651 31.97972 0.21699 15.969 <	2e-16	***
chico	:	fkhRNAi -0.18896 0.82782 0.18949 -0.997 0.31868
RU486:chico	vs	fkh	RNAi 0.76163 2.14177 0.26825 2.839 0.00452	**	

C. Lifespan daGS> fkh RNAi  +/- rapamycin (related to Figure 3E)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p

RU486 4.1513 63.5159 0.2791 14.876 <	2e-16	***
Rapamycin -0.6045 0.5464 0.1225 -4.936 7.99e-07	***
RU486	:	Rapamycin 0.5865 1.7976 0.1698 3.454 0.000552	***

D. Paraquat resistance daGS;UAS-InRNDN> +/- fkh RNAi(related to Figure 4A)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p
RU486									 -0.4351 0.6472 0.1486 -2.928 0.00342	**
fkh	RNAi										 -0.2492 0.7794 0.1503 6.996 0.07896
RU486:	fkhRNAi -0.1071 0.8985 0.2052 -0.522 0.60192

E. Starvation resistance daGS;UAS-InRNDN> +/- fkh RNAi(related to Figure 4C)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p
RU486									 -0.59455 0.55181 0.14653 -4.057 4.96e-05	***
fkh	RNAi										 0.07632 1.07931 0.13956 0.547 0.584
RU486:	fkhRNAi 0.83095 2.29551 0.20347 4.084 4.43e-05	***

F. Lifespan TiGS> fkh RNAi  +/- rapamycin (related to Figure 5C)

Cox Proportional Hazard (CPH) analysis 

Coefficient estimate exp(coeff) SE (coeff) z p

RU486 0.02691 1.02728 0.02054 1.31 0.19
Rapamycin 50.24298 0.78429 0.01997 512.167 <72e5167***
RU4867:7Rapamycin 0.22289 1.24968 0.02861 7.792 76.66e5157***



Table S4- FKH is required for IIS-induced starvation resistance. Related to Figure 4A-C. 
 

	
  
	
  

	
  
	
  

Table	S4	-	FKH	is	required	for	reduced	IIS-	induced	starvation	resistance

A.	Paraquat	resistance	data	for	daGS;UAS-InRDN>GFP	RNAi	or	FKH	RNAi	+/-RU486	(related	to	Figure	4A)

Genotype/Treatment Med	Survival Max	Survival n	Dead	 p-value	(log	rank)	
(days) (days) vs	-RU

Repeat	1	
daGS;InRDN>GFP	RNAiRU486- 1.24 2.23 99
daGS;InRDN>GFP	RNAiRU486+ 1.24 - 85 5.89E-04
daGS;InRDN>fkh	RNAiRU486- 1.24 2.23 103
daGS;InRDN>fkh	RNAiRU486+ 2.23 2.23 98 1.47E-07

Genotype/Treatment Med	Survival Max	Survival n	Dead p-value	(log	rank)	
(days) (days) vs	-RU

Repeat	2	
daGS;InRDN>GFP	RNAiRU486- 0.60 2.13 94
daGS;InRDN>GFP	RNAiRU486+ 1.15 7.92 100 4.43244E-05
daGS;InRDN>fkh	RNAiRU486- 0.60 1.56 98
daGS;InRDN>fkh	RNAiRU486+ 1.04 3.56 97 4.98E-10

B.	DDT	resistance	data	for	daGS;UAS-InRDN>GFP	RNAi	or	FKH	RNAi	+/-RU486	(related	to	Figure	4B)

Genotype/Treatment Med	Survival Max	Survival n	Dead p-value	(log	rank)	
(days) (days) vs	-RU

Repeat	1	
daGS;InRDN>GFP	RNAiRU486- 2.6 3.7 90
daGS;InRDN>GFP	RNAiRU486+ 3.7 - 88 1.34E-03
daGS;InRDN>fkh	RNAiRU486- 2.6 3.7 96
daGS;InRDN>fkh	RNAiRU486+ 2.6 3.7 92 2.80E-04

Genotype/Treatment Med	Survival Max	Survival n	Dead p-value	(log	rank)	
(days) vs	-RU

Repeat	2	
daGS;InRDN>GFP	RNAiRU486- 3.61 4.65 91
daGS;InRDN>GFP	RNAiRU486+ 4.13 6.61 92 3.34E-08
daGS;InRDN>fkh	RNAiRU486- 3.19 4.65 100
daGS;InRDN>fkh	RNAiRU486+ 4.13 - 104 2.32E-12



	
  
	
  
	
  
Table S5- Intestinal overexpression of FKH extends lifespan. Related to Figures 5 and 7E. 
 

	
  
	
  
	
  
	
  

C.Starvation	resistance	data	for	daGS;UAS-InRDN>GFP	RNAi	or	FKH	RNAi	+/-RU486	(related	to	Figure	4C)

Genotype/Treatment Med	Survival Max	Survival n	Dead p-value	(log	rank)	
(days) (days) vs	-RU

Repeat	1	
daGS;InRDN>GFP	RNAiRU486- 7.64 8.61 102
daGS;InRDN>GFP	RNAiRU486+ 8.61 9.51 95 3.67E-05
daGS;InRDN>fkh	RNAiRU486- 7.64 8.61 105
daGS;InRDN>fkh	RNAiRU486+ 7.64 8.61 101 0.085

Genotype/Treatment Med	Survival Max	Survival n	Dead p-value	(log	rank)	
(days) (days) vs	-RU

Repeat	2	
daGS;InRDN>GFP	RNAiRU486- 6.99 8.63 90
daGS;InRDN>GFP	RNAiRU486+ 7.60 9.54 88 5.58E-04
daGS;InRDN>fkh	RNAiRU486- 6.15 7.60 96
daGS;InRDN>fkh	RNAiRU486+ 6.21 6.55 92 0.70

Table	S5	-	Intestinal	overexpression	of	FKH	extends	lifespan,	related	to	Figure	5A

A.	Survival	data	for	TiGS>UAS-fkh	(related	to	Figure	5A)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change change vs	control

Repeat	1	
RU486- 66 78 219 7
RU486+ 69 82 212 5 4.5 5.13 0.001049071

Repeat	2
RU486- 74 88 148 3
RU486+ 79 97 147 3 6.7 10.23 0.000153624

Repeat	3
RU486- 103 114 119 1
RU486+ 108 124 119 2 4.8 8.77 4.16098E-05

B.	Survival	data	for	TiGS>fkh	RNAi	+/-	rapa	(related	to	Figure	5C)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change change vs	-rapa	control

TiGS>fkh	RNAiRU486- 80 94 146 1
TiGS>fkh	RNAiRU486+ 80 94 146 2

TiGS>fkh	RNAiRU486-	Rapa+ 89 98 148 11.25 4.255319149 4.60E-10
TiGS>fkh	RNAiRU486+	Rapa+ 82 91.5 146 1 0.575678595



	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

C.	Survival	data	for	TiGS>UAS-InRDN	(related	to	Figure	5D)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change change vs	control

Repeat	1	
RU486- 85 104 147 3 0.014845219
RU486+ 87.5 116.5 141 9 3 12

Repeat	2
RU486- 76 92 131 5
RU486+ 80.5 101.5 142 4 6 10.3 0.000289316

D.	Survival	data	for	TiGS;UAS-fkh	RNAi>	UAS-InRDN	(related	to	Figure	5E)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change change vs	control

Repeat	1	
RU486- 83 94.5 126 15
RU486+ 73 87 136 4 -12 -7 8.97448E-07

Repeat	2
RU486- 78 87.5 134 7
RU486+ 73.5 87.5 145 3 -5.7 0 0.000300082

E.	Survival	data	for	TiGS>UAS-fkh	RNAi	(related	to	Figure	5E)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change change vs	control

Repeat	1	
RU486- 87.5 105 144 1
RU486+ 83 106 141 1 0.08

Repeat	2
RU486- 78 92 89 3 0.829119039
RU486+ 76 94 79 10

F.	Survival	data	for	GS5966>UAS-fkh	(related	to	Figure	7E)
Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	

(days) (days) change change vs	control

RU486- 71 87 139 12
RU486+ 82 92 139 8 15.4929577 5.747126437 2.03614E-07



Table S6- FKH is required for reduced IIS-induced longevity.  Related to Figures S2B-D. 

	
  

	
  
	
  
	
  
	
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	Table	S6	-	FKH	is	required	for	reduced	IIS	induced	longevity

A.	Survival	data	for	daGS;UAS-InRDN>GFP	RNAi	+/-RU486	(related	to	Figure	S2B)

Genotype/Treatment Med	Lifespan Max	Lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) (days) change	(vs	-RU) change	(vs	-RU) vs	control

daGS>GFP	RNAiRU486- 90.5 87.5 144 4
daGS>GFP	RNAiRU486+ 90.5 87.5 143 2 0.00 0.00 0.79

daGS;InRDN>GFP	RNAiRU486- 76.0 80.5 131 2
daGS;InRDN>GFP	RNAiRU486+ 80.5 92 146 4 5.92 14.29 7.91E-11

B.	Survival	data	for	daGS;UAS-InRDN>fkh	RNAi	2	+/-RU486	(related	to	Figure	S2C)

Genotype/Treatment Med	Lifespan Max	lifespan n	Dead n	Censored %	Median %	Maximum p-value	(log	rank)	
(days) change	(vs	-RU) change	(vs	-RU)

daGS>fkh	RNAi2	RU486- 80.5 92 134 7
daGS>fkh	RNAi	2	RU486+ 76 87.5 149 1 -5.590062112 -4.8913043 0.007503122

daGS;InRDN>fkh	RNAi	2	RU486- 80.5 92 143 3
daGS;InRDN>fkh	RNAi	2	RU486+ 76 90 123 7 -5.590062112 -2.173913 0.019521489

daGS>fkh	RNAiRU486 	vs. 0.623024154
daGS;InRDN>fkh	RNAiRU486+

D.Survival*data*for*daGS;chico>*UAS6fkh*RNAi(related*to*Figure*S2D)

Genotype/Treatment Med*Lifespan Max*Lifespan n*Dead n*Censored %*Median %*Maximum p6value*(log*rank)*
(days) (days) change*(vs*wt) change*(vs*wt)

daGS>fkh)RNAi2)RU4863 83 101.5 112
daGS>fkh)RNAi2)RU486+ 85 106 118 1

chico;daGS>fkh)RNAi2)RU4863 87.5 120 77 3 5.42 18.23 3.15E304
chico;daGS>fkh)RNAi2)RU486+ 85 103 78 3 32.83 0.80



 
Table S7-  GFP or FKH RNAi alone does not affect survival to stress.  Related to Figure S4. 
 

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
 
 
 
 
 
 
 

A.#Paraquat#resistance#data#for#daGS>GFP&RNAi&or&FKH&RNAi&+/4RU486#(related#to#Figure#S4A)

Genotype/Treatment Med#Survival Max#Survival n#Dead# p4value#(log#rank)#
(days) (days) vs#4RU

daGS>GFP(RNAiRU4861 1.24 2.23 97
daGS>GFP(RNAiRU486+ 1.24 2.23 98 7.29E102
daGS>fkh(RNAiRU4861 1.24 2.23 102
daGS>fkh(RNAiRU486+ 1.24 2.23 95 7.32E101

B.#DDT#resistance#data#for#daGS>GFP&RNAi&or&FKH&RNAi&+/4RU486#(related#to#Figure#S4B)

Genotype/Treatment Med#Survival Max#Survival n#Dead# p4value#(log#rank)#
(days) (days) vs#4RU

daGS>GFP(RNAiRU4861 2.55 2.55 99
daGS>GFP(RNAiRU486+ 2.55 2.55 100 9.30E101
daGS>fkh(RNAiRU4861 2.55 3.70 101
daGS>fkh(RNAiRU486+ 2.55 3.70 99 4.41E101

C.#Starvation#resistance#data#for#daGS>GFP&RNAi&or&FKH&RNAi&+/3RU486#(related#to#Figure#S4C)

Genotype/Treatment Med#Survival Max#Survival n#Dead# p3value#(log#rank)#
(days) (days) vs#3RU

daGS>GFP(RNAiRU4861 8.23 10.56 99
daGS>GFP(RNAiRU486+ 7.60 9.54 94 9.47E101
daGS>fkh(RNAiRU4861 8.23 9.54 96
daGS>fkh(RNAiRU486+ 7.60 8.63 94 1.23E101



 
Table S8- Survival data Related to Figure S5 
 

	
  

	
  
	
  
	
  

A.#Survival#data#for#S106>UAS%fkh#(related#to#Figure#S5A)

Genotype/Treatment Med#Lifespan Max#lifespan n#Dead n#Censored %#Median %#Maximum pFvalue#(log#rank)#
(days) (days) change change vs#control

RU486& 68.5 85 211 6
RU486+ 68.5 85 209 6 0.093464441

B.#Survival#data#for#GS5961>UAS%fkh#(related#to#Figure#S5B)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum pFvalue#(log#rank)#
(days) (days) change change vs#control

RU486& 80 99 134 9
RU486+ 82.5 101 132 6 0.215031421

C.#Survival#data#for#UAS1fkh>+#(related#to#Figure#S5D)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum p1value#(log#rank)#
(days) (days) change change vs#control

RU486& 78.5 90 85 7
RU486+ 78.5 92.5 86 0.484519478

D.#Survival#data#for#daGS>+#(related#to#Figure#S5E)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum p1value#(log#rank)#
(days) (days) change change vs#control

RU486& 80 93 94 2
RU486+ 80 93 95 2 0.675801839

E.#Survival#data#for#TiGS>+#(related#to#Figure#S5F)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum p1value#(log#rank)#
(days) (days) change change vs#control

RU486& 74.5 88 147 3
RU486+ 76 88 144 4 0.83062806



	
  
	
  
	
  
Supplemental Experimental Procedures 
Lifespan Experiments  
RU486 (Sigma) dissolved in ethanol was added to a final concentration of 200 µM, unless otherwise 
indicated. Rapamycin (LC Laboratories) was diluted in ethanol and added to SYA food at 100 µM 
concentration. Stocks were backcrossed for at least six generations into the wild-type outbred 
wDahomey population.  For lifespans, flies were sorted into experimental vials at a density of 10 or 15 
flies per vial. Flies were transferred to fresh vials three times a week, and deaths/censors were scored 
during the transfer. 
Fly Stocks 
The following stocks were used: UAS-InRDN (K1409A) and UAS-GFP-RNAi stocks were obtained from 
the Bloomington Stock Centre.  UAS-fkh-RNAi line was obtained from Vienna stock center (37062). 
daGS was kindly provided by Veronique Monnier (Tricoire et al., 2009). TiGS and S1106 drivers were 
described in Poirier et al. 2008 (Poirier et al., 2008). The alternative UAS-fkh-RNAi (fkh RNAi 2) stock 
was kindly provided by Michael Junger (Bulow et al., 2010).  dfoxoΔ/Δ  line was described in Slack et 
al., 2011 (Slack et al., 2011) .  To create UAS-FKH lines, Fork Head genomic sequences encoding the 
full-length wild-type fkh protein sequence open reading frame were cloned into pENTR-D vector, 
confirmed by sequencing and transferred to the pUASg.attB (Bischof et al., 2007)P-element-based 
vector using standard Gateway cloning techniques (Invitrogen). 

Paraquat, DDT and Fecundity Assays 
Paraquat, DDT and fecundity assays were carried out as described by Slack et al., (Slack et al., 2011) 
with the following modification: the final concentration of DDT used in the xenobiotic assay was 
increased to 0.06% (w/v) DDT.  
Dietary Restriction  
The DR protocol was described in detail in Bass et al., (Bass et al., 2007) 
S2 cell culture and transfections 
S2 cells were routinely cultured in Schneider’s insect medium (Sigma) supplemented with 10% FBS. 
S2 cell transfections were carried out by using Effectene transfection reagent (Qiagen) according to 
manufacturer’s instructions. To express FKH-HA and dAKT-FLAG in S2 cells, full length wild type 
FKH and dAKT open reading frames were cloned into pAHW and pAFW Drosophila Gateway vectors 
(a gift from Martin Junger) respectively by using standard Gateway cloning techniques (Invitrogen).  
Preparation of PhosTag SDS-PAGE Gels 
24 hour following transfections, S2 cells were serum starved for 2 hours and stimulated with 1 µM 
human insulin (Sigma) for the indicated duration.  Protein extracts were prepared by lysing the cells in 
RIPA buffer (NEB labs) containing PhoSTOP (Roche) and Complete Protease inhibitors (Roche).  
SDS-PAGE gels were prepared at 7.5% acrylamide concentration and contained 50 mM Phos-TagTM  
(Wako).  Gels were run at 50 V until samples entered the top one third of the resolving gel at which 
point the voltage was increased to 140 V.  
Immunoprecipitation  
Prior to immunoprecipitations (IPs), S2 cells were stimulated with 1 µM human insulin (Sigma) for 15 
minutes.  S2 cells were washed in cold PBS and lysed in cold lysis buffer (50 mM HEPES-KOH pH 8, 
100 mM KCL, 5 mM EDTA, 10% glycerol, 0.5% NP-40) containing PhoSTOP (Roche) and Complete 

F.#Survival#data#for#GS5961>+#(related#to#Figure#S5G)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum pEvalue#(log#rank)#
(days) (days) change change vs#control

RU486& 89 106 150 1
RU486+ 92 106 143 2 0.38072779

G.#Survival#data#for#S106>+#(related#to#Figure#S5H)

Genotype/Treatment Median#Lifespan Maximum#lifespan n#Dead n#Censored %#Median %#Maximum pEvalue#(log#rank)#
(days) (days) change change vs#control

RU486& 75 86 135 4
RU486+ 74 87.5 134 4 0.489215204



Protease Inhibitors (Roche).  IPs were carried out by using either anti-HA coupled agarose beads 
(Sigma,) or anti-FLAG coupled agarose beads (Sigma, F2426) according to manufacturer’s 
instructions.  
Immunoblotting 
Protein samples were resolved at 140 V by SDS-PAGE on precast 4–12% Bis-Tris polyacrylamide gels 
(Novex) and transferred onto nitrocellulose membranes in a Trans-Blot apparatus (Biorad). Membranes 
were blocked in TBSTw (Tris-buffered saline (150 mM NaCl, 20 mM Tris pH 7.5) + 0.05% Tween 20) 
and 5% (w/v) semi-skimmed milk for 1 h at room temperature and then incubated for 1 h with primary 
antibody in TBSTw. After washing three times for 5 min with TBSTw, the membranes were incubated 
in an appropriate horseradish peroxidase-linked secondary antibody (1 : 10 000) for 1 h in TBSTw at 
room temperature. Finally, the membranes were washed as above in Tris-buffered saline plus 0.2% 
Triton X and immune-complexes detected by enhanced chemiluminescence (ECL; GE Healthcare). 
Primary antibodies and dilutions used were as follows: anti- HA (Sigma, H3663) 1:2000; rabit anti-
FKH (Abrams et al., 2006) (gift from Prof Deborah Andrew) 1:1000; anti-FLAG (Sigma, F3165) 
1:2000. Secondary antibodies and dilutions used in were as follows: goat anti-rabbit (abcam, ab6721) 
1:5000; goat anti-mouse (Abcam, ab6789) 1:5000.   
Immunohistochemistry on adult guts  
The following antibodies were used in in immunohistochemistry of guts; primary antibodies:  rabbit 
anti-FKH (Abrams et al., 2006) (gift from Prof Deborah Andrew)   1:1000, rabbit anti-PH3 (Cell 
Signalling 9701) 1:500. Nile Red was diluted in PBS at 1:2000 from the stock solution prepared at 
0.5mg/ml in acetone.  Secondary antibodies:  Alexa Fluor 488 donkey anti-rabbit (A21206) 1:1000. 
Guts were dissected in ice cold PBS.  Insulin stimulation involved incubation of adult guts at room 
temperature in Schneider’s medium (Sigma) containing 1 µM human insulin (Sigma). Guts were 
immediately fixed in 4% formaldehyde for 15 minutes, serially dehydrated in MeOH, stored at -20°C, 
and subsequently stained. Guts were washed in 0.2%  331 Triton-X / PBS, blocked in 5% bovine serum 
albumin / PBS, incubated in primary  antibody overnight at 4°c and in secondary for 2 h at RT. 10-15 
guts per  condition were mounted, scored and imaged as described above.  
Immunohistochemistry on S2 cells 
The following antibodies were used in in immunohistochemistry of S2 cells; primary antibodies: 
 mouse anti-HA (Sigma, H3663) 1:1000. Secondary antibodies: Alexa Fluor594 phalloidin (A12381) 
1:1000;  Alexa Fluor 488 donkey anti-rabbit (A21206) 1:1000. S2 cells were cultured on Concanavalin 
A coated coverslips in six-well plates overnight. Cells were rinsed in PBS for 3 min followed by a 3 
min fixation in PBS containing 4 % paraformaldehyde (diluted from 16% ampoules). The fixative was 
removed by a 2 min wash in PBS. Cells were permeabilised by a 5 min incubation in PBS + 0.5% 
Triton X-100 followed by a 1 h block in PBS containing 3 per cent BSA. Subsequently, cells were 
washed in PBS + 0.1% Triton X-100 for 5 min. Primary antibody was diluted in PBS + 0.3% BSA + 
0.1% Triton X-100 and incubated on the cells for 1 h at room temperature. Cells were washed twice for 
5 min followed by a 1 h secondary antibody incubation diluted in PBS + 0.3% BSA + 0.1% Triton X-
100. Subsequently, 45 min washes were performed in PBS + 0.1% Triton X-100. DAPI was included 
in the penultimate wash at 0.1 µg ml−1 concentration. 

Imaging 

Images were captured using the Zeiss LSM 700 confocal microscope and processed using ImageJ 
software.  

Smurf Assay 

Gut barrier efficiency was analyzed by placing flies on blue food (minimum of 200 flies per condition 
at 10 week of age) prepared using 2.5% (w/v) FD&C blue dye no. 1 (Fastcolors) as previously 
described (Rera et al., 2012), except flies were kept 24 hours on the blue food before the Smurf 
phenotype was scored.    
Generation of Irs1 conditional KO and tissue-specific KO mice 
Generation of Irs1loxP/loxP mice was described in Essers et al., 2016(Essers et al., 2016) For tissue-
specific KO of Irs1, Irs1loxP/loxP mice were crossed with mice expressing Cre-recombinase under the 
control of the villin promoter (VillCre mice, The Jackson Laboratory, stock number 004586). Breeding 
Irs1loxP/loxP VillCre mice with Irs1loxP/loxP, produced mice with intestinal Irs1 deletion (denoted as 
VillCre::Irs1lox/lox) and littermate controls.  
RNA isolation and quantitative PCR 



RNA was isolated from 14 fly guts per sample or mouse small intestine with TRIzol (Invitrogen) and 
cDNA was synthesized by using SuperScript II Reverse Transcriptase (Invitrogen) according to 
manufacturers instructions. qPCR was carried out by using Power SYBR Green PCR Master Mix 
(ABI) on ABI Prism 7000.  
The following primers sequences were used in the analysis. 
Fork head (forward-ATTCGACATTCGCTGAGGTT, reverse-TCGAACATATTCCCCGAA) 

Drosophila Actin5C (forward-CACACCAAATCTTACAAAATGTGTGA, reverse-
AATCCGGCCTTGCACATG) 
Zip42C.1 (forward- CTGTGGAACCTTGCTGTACG, reverse-AGGTTAGGCTGTCATCACCC) 
Mdr50 (forward-GGCGCCAAACTAGAGGATTC, reverse-CGTACCGAAAGAGCTGGAAG)  
Ctr1B (forward-ATCACGGCTCGGATGACAG, reverse-ACAGGAAGGACACCAGGAAG) 
Pmp70 (forward-CCTCAGAGGCCCTACATGAC, reverse-CACGTCGATCCAGTCCTCAA) 
CG1208 (forward- CCACAACTGGCGGTATTTCC, reverse- GGCGAAACTAAGCGTGATCC) 
MtnB  (forward-AAGGGTTGTGGAACAACTGC, reverse- GTCCTTGGGCCCATTCTT) 
MtnC (forward-AAAGGCTGCGGAACAAACT, reverse-ATCTTTGGGGCCATTCTTG) 
Abcd3 (forward-GGGAGAAGCAGACAATCCAC, reverse-
CCGAAAGAAAATGAAATTATGTAGG)   
Slc39a3 (forward-TGGCGTATTCCTGGCTACAT, reverse-GAAACCCACCATCATGAGCG) 
Slc2a8 (forward- TCTTCATTGCTGGCTTTGCG, reverse-TTGGTGAGGACACAGATGCC) 
Mouse Actin (forward- AACCGTGAAAAGATGACCCAG, reverse- 
CACAGCCTGGATGGCTACGTA 
Expression and Purification of FKH 
Full length, wild-type Fork Head coding sequence was cloned into pENTR-D-TOPO vector, 
transferred into pDEST17 expression vector and confirmed by sequencing.  Rosetta™(DE3)pLysS 
Competent Cells (Novagen) were used to express the recombinant FKH.  Bacterial cells were lysed via 
sonication in PBS+ 500 mM NaCl+ 25 mM immidizole containing Complete protease inhibitors 
(Roche) and lysates cleared by centrifugation.  Purification of the protein was carried out on an Akta 
purifier system (GE Healthcare) and a Ni-NTA column. FKH was eluted with an imidazole gradient 
(25mM to 500 mM) in PBS + 500 mM NaCl. The fractions to be used for subsequent essays were 
determined by SDS-Page and Coomassie staining. Successful purification of recombinant FKH-his 
protein was confirmed by immunoblotting with an anti-His antibody (Sigma, H1029).  
In vitro kinase reactions 
In vitro kinase reactions were carried out in a total volume of 30 µl containing 1X Kinase buffer (Cell 
signaling, 9802)+ 10 µM ATP + 5 µCi [γ-33P]ATP , 3µl of purified FKH and 0.1 µg of recombinant 
kinase.  Active recombinant kinases mTOR kinase (SRP0364) and Akt1 (A8729) were purchased from 
Sigma and GSK fusion protein was purchased from Cell signaling (9237).  Kinase reactions were 
incubated at 30°C for 20 minutes and reactions were stopped by adding sample buffer containing 10 
mM DTT. Samples were subsequently boiled at 80°C for 10 minutes and run on 4–15% Mini-
PROTEAN® TGX™ Precast Protein Gels (BioRad).  The gel was dried on a Whatman 3.0 paper, and 
exposed to autoradiogram for 24 hours by using Amersham Hyperfilm (GE Healthcare). 
Library preparation for sequencing  
Fly guts were micro-dissected in ice-cold RNAlater (Qiagen) solution and RNA was extracted using 
the QIAGEN total RNA isolation kit and quantified on an Agilent 2100 bioanalyser. Sample 
concentration and purity of RNA was measured on a NanoDrop spectrophotometer, and RNA integrity 
was assessed on an Agilent 2100 Bioanalyzer.  Samples were processed using Illumina’s TruSeq 
Stranded mRNA LT sample preparation kit (p/n RS-122-2101) according to manufacturer’s 
instructions.  Deviations from the protocol were as follows: 
250ng total RNA was used as starting material.  Fragmentation was carried out for 10mins instead of 
8mins, and 14 cycles of PCR were used. 
Briefly, mRNA was isolated from total RNA using Oligo dT beads to pull down Poly-Adenylated 
transcripts. The purified mRNA was fragmented using chemical fragmentation (heat and divalent metal 
cation) and primed with random hexamers.  Strand-specific first strand cDNA was generated using 
Reverse Transcriptase and Actinomycin D.  This allows for RNA dependent synthesis while preventing 
spurious DNA-dependent synthesis.  The second cDNA strand was synthesised using dUTP in place of 
dTTP, to mark the second strand. 
The resultant cDNA is then “A-tailed” at the 3’ end to prevent self-ligation and adapter dimerisation. 
Full length TruSeq adaptors, containing a T overhang are ligated to the A-Tailed cDNA.  These 
adaptors contain sequences that allow the libraries to be uniquely identified by way of a 6bp Index 
sequence. Successfully ligated fragments were enriched with 14 cycles of PCR. The polymerase is 



unable to read through uracil, so only the first strand is amplified, thus making the library strand-
specific. 
Sequencing 
Libraries to be multiplexed in the same run were pooled in equimolar quantities, calculated from Qubit 
and Bioanalyser fragment analysis. 
Samples were sequenced on the NextSeq 500 instrument (Illumina, San Diego, US) using a 43bp 
paired end run resulting in >15million reads per sample. Sequencing was carried out by UCL 
Genomics at the UCL GOS Institute of Child Health. 
Alignment and differential expression of RNA-seq data 

Initial quality control of the raw files (fastq) was performed using FastQC (v0.11.4, 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The raw RNA-seq data comprised paired-
end reads with read length of 43bp. Reads were aligned to the Drosophila reference genome (Ensembl 
BDGP6 release 84 and Wolbachia NCBI NC_002978.6) using tophat2(Trapnell et al., 2009) (--library 
fr-firststrand --no-coverage-search --keep-fasta-order --segment-length 20 --segment-mismatches 1). 
Additionally, we estimated the tophat's insert distance (--mate-inner-dist) and standard deviation (--
mate-std-dev) by aligning the first 1M reads. Aligned reads were filtered by removing non-primary 
alignments, unmapped reads and mates, reads not mapped in proper pairs and alignments with MAPQ 
<20, using samtools(Li et al., 2009) (v1.3.1; -F 0x100 -F 0x004 -F 0x008 -q 20 -f 0x002). Read counts 
per gene identifier were computed using htseq-count(Anders et al., 2015) (v0.6.0; --stranded=reverse -t 
exon --idattr=gene_id --mode=intersection-strict). Differentially expressed genes were determined 
using DESeq2(Love et al., 2014) (v1.10.1) with default parameters. Genes were deemed differentially 
expressed if p-value ≤ 0.05 following a Benjamini and Hochberg correction for multiple hypothesis 
testing (default parameter in DESeq2).  

Functional annotation and gene-set enrichment analysis 
The Wilcoxon rank sum test, as implemented in Catmap (Breslin et al., 2004), was used to perform 
functional analysis, ie significant enrichment of Gene Ontology (GO) categories. FlyBase's 
(http://flybase.org) gene identifiers were mapped to Gene Ontology identifiers (FlyBase version 
FB2016_04). Ranks of genes were based on the p-value derived from the DESeq2 analysis for 
differential expression. GO categories were deemed statistically significant if the p-value derived from 
the Wilcoxon rank sum test was ≤ 0.05 after Benjamini and Hochberg correction for multiple 
hypothesis testing. Gene lists were sorted by log-fold change and p-value. For all experiments three 
sets of lists were derived; a gene list comprising most differentially up-regulated (log-fold change > 0) 
genes at the top of the list and most differentially down-regulated genes (log-fold change < 0) at the 
bottom of the list (termed up-to-down) and vice versa (termed down-to-up). Additionally, a list 
comprising genes sorted by p-value only was also generated. These ranked lists of genes were used to 
generate significance of GO categories. If a GO category was found to be statistically significant in the 
up-to-down list, this GO was referred to as up-regulated, i.e. a large enough proportion of the genes 
that are part of this GO category were found to be up-regulated or at the top of the list. If a GO 
category was found to be statistically significant in the down-to-up list, this GO was referred to as 
down-regulated, i.e. a large enough proportion of the genes that are part of this GO category were 
found to be down-regulated or at the top of the list. GO categories were deemed to be statistically 
significant if the p-value was ≤ 0.05 after Benjamini and Hochberg correction for multiple hypothesis 
testing. 
Statistical significance of differential expression gene sets 
Statistical significance of overlaps of genes in two expression experiments was determined using 
Fisher's exact test. To account for multiple hypotheses testing, a p-value cut-off of ≤1.0x10-05 was 
used. Statistical significance of GO term enrichment in genes that overlapped between two experiments 
was determined using a hypergeometric test in R. 
Ecc15 infection 
Erwinia carotovora carotovora15 (Ecc15) was grown in LB overnight at 30 °C and overnight cultures 
were spun down and pelleted and resuspended in a very small volume of fresh LB.  OD was measured 
at 600 nm and cultures were resuspended so that the final OD600 = 200.  Flies were pricked with a 
needle dipped in the bacterial solution in the thorax just above the right wing. As a control same 
number of flies were pricked with a needle dipped in LB alone and survival was monitored over the 
following 7-8 days. 
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