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Abstract
Longevity in vertebrates and invertebrates has been shown to be influenced by
the insulin/PI3K/Akt/FOXO signaling route.  In humans, polymorphisms in FOXO3A
are associated with extreme lifespan. Despite many studies reporting this
association it is unclear how these polymorphisms alter FOXO3A functionality and
influence lifespan.  Here, we identify a novel FOXO3A transcript starting from an
intronic promoter.  A major longevity-related polymorphism, SNP rs9400239 (C or
T), maps within the 5pUTR of this transcript, with the T-allele being positively
associated with increased lifespan.  The transcript encodes a truncated form of
FOXO3A which we call FOXO3A2.  FOXO3A2 mRNA is highly expressed in skeletal
muscle and has very limited expression in other tissues.  Like FOXO3A, the
FOXO3A2 protein functions downstream of insulin/PI3K/Akt signaling and exhibits
highly similar phosphorylation and cytoplasmic-nuclear shuttling dynamics.  When
overexpressed in cultured human myotubes, the non-longevity C-allele of
FOXO3A2 suppresses glycolytic flux while overexpression of the longevity T-allele
does not.  Overexpression studies also show a major regulatory function for the
5pUTR on FOXO3A2 protein levels.  Assessment of the relationship between the
FOXO3A2 polymorphism and peripheral glucose clearance during insulin infusion
(Rd clamp) in a cohort of Danish twins revealed that T-allele carriers have markedly
faster peripheral glucose clearance rates (p = 0.003).  Our data suggest that
FOXO3A2 functions in the insulin/PI3K/Akt pathway and that the longevity allele
of FOXO3A2 is associated with higher glycolytic flux both in vitro and in vivo.
FOXO3A2 regulation of glycolytic flux may therefore modulate the insulin-
stimulated peripheral glucose clearance rate which may in turn influence human
lifespan.

Introduction
The insulin/PI3K/Akt/FOXO signaling pathway is a powerful regulator of longevity
in model organisms and has also been implicated in the determination of human
lifespan.  Suppression of insulin signaling in C. elegans and drosophila causes FOXO
activation and robust FOXO-dependent lifespan extension (Kenyon 1993,
Yamamoto 2011 & Slack 2011).  In mice, suppression of IGF/insulin/PI3K signaling
has resulted in lifespan extension as well, confirming the evolutionarily-conserved
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importance of this pathway in longevity (Holzenberger 2003, Bluher 2003, Selman
2008, Ortega-Molina 2012 & Foukas 2013).  Although FOXOs have yet to be
demonstrated as effectors of longevity in mice, multiple genetic association
studies have linked SNPs at the FOXO3A locus to human longevity (Ziv 2011).  Thus
far no mechanisms have been discovered that link these variants to FOXO3A
function or longevity.

As a downstream mediator of insulin signaling, FOXOs are also of central
importance in the maintenance of whole-body glucose homeostasis.  FOXO1 acts
redundantly with FOXO3 and FOXO4 in the liver to activate gluconeogenesis when
insulin signaling is reduced, thereby maintaining blood glucose levels (Nakae 2002,
Lu 2012 & Haeusler 2014).  FOXOs may also act as activators of
IGF/insulin/PI3K/Akt signaling and hence glucose uptake by transcriptional
activation of upstream components such as RICTOR, PIK3CA, INSR and IGF1R (Hui
2008, Chen 2010 & Chandarlapaty 2011).  FOXO3A has been shown to both
activate and repress glycolysis.  Knockdown of FOXO3A in mouse hematopoietic
cells increased the glycolytic rate via an mTORC1-dependent mechanism (Khatri
2010).  Conversely, in murine neural progenitor cells FOXO3A knockout resulted
in reduced glycolysis (Yeo 2013). Here, we investigate the role of FOXO3A
longevity-associated SNPs.  We describe a novel transcript arising from the
FOXO3A locus, FOXO3A2, which encodes a truncated FOXO3A protein and
contains a longevity SNP within its 5pUTR.  Depending on the SNP variant,
FOXO3A2 can differentially regulate glycolysis in skeletal muscle.  Furthermore,
we find this SNP to be associated with peripheral glucose clearance in vivo.

Materials & Methods
Cell Lines, Culture Conditions & Reagents
HEK293T cells were cultured in high glucose Dulbecco Modified Eagle Medium
(DMEM) (Gibco cat. #11965) supplemented with 10% fetal bovine serum, 20mM
L-glutamine, 10 U/ml penicillin and 10 µg/ml streptomycin and maintained at 37˚C
under 5% CO2.  The immortalized human myoblast line LHCNM2 was previously
described (Zhu 2007).  These cells were cultured on collagen coated plates (plates
pre-incubated at 37˚C for at least 1 hour with a PBS solution of 10 µg/ml collagen
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from rat tail, Sigma) at 37˚C under 5% CO2.  The base of the growth medium was
a 4:1 mixture of high glucose DMEM (Gibco cat. #11965) and Medium 199 (Gibco
cat. #11150-059) buffered with bicarbonate.  Additional to this was 0.02 M HEPES,
15% fetal bovine serum, 0.03 µg/ml zinc sulfate (Sigma), 1.4 µg/ml vitamin B12
(Sigma), 0.055 µg/ml dexamethasone (Sigma), 2.5 ng/ml human HGF (Peprotech),
10 ng/ml human basic FGF (Peprotech), 10 U/ml penicillin and 10 µg/ml
streptomycin.  For differentiation the cells were grown to maximal confluency and
then the medium was changed to serum free differentiation medium after
washing 1x with PBS to remove residual growth medium.  This medium contained
4:1 DMEM:M199, 0.02 M HEPES, 0.03 µg/ml zinc sulfate, 1.4 µg/ml vitamin B12,
100 µg/ml apo-transferrin (Sigma), 10 µg/ml human insulin (Sigma), 10 U/ml
penicillin and 10 µg/ml streptomycin. Following the initial medium change the
medium was changed every two days with differentiation usually becoming
apparent on Day 5 with maturation being reached on Day 6 & 7.  The compounds
GDC-0941 and Bortezomib were purchased from Selleckchem and dissolved to 5
mM and 1 mM stocks respectively in Hybri-Max DMSO (Sigma).  Doxycycline was
from Sigma.  Blasticidin was from Invitrogen.

Modification of pInducer20 Lentiviral Destination Vector
The pInducer20 vector was modified to contain a blasticidin resistance gene In
place of the neomycin resistance cassette (ref).  This was done by first re-cloning
a portion of the TetR-IRES-NeoR cassette from the pInducer20 vector into our
pENTR-MCS vector (ref foxr1 paper).  The primers used were:
5’-gatcatactagtcatatgtggcctggagaaacag-3’ (fwd)

5’-gatcatctcgaggcatgctcgccttgagcctggc-3’ (rev)
The PCR product was digested with SpeI (5’) and XhoI (3’) and ligated into pENTR-
MCS.  The BlaR gene was amplified from the pLenti6.3 CMV/TO vector (Invitrogen)
with the primers:
5’-gatcataccggtatggccaagcctttgtctcaag-3’ (fwd)
5’-gatcatgcatgcttagccctcccacacataaccag-3’ (rev).
This product and the pENTR-TetR-IRES-NeoR were digested on AgeI (5’) and SphI
(3’) and ligated, destroying the NeoR cassette.  This new product and the
pInducer20 vector were then digested on NdeI (5’) and SphI (3’) and ligated
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creating pInducer-BlaR.  Subclones were sequence verified and screened for
unwanted recombination by digesting with ScaI and SphI.

5’ RACE Of FOXO3A2
To map the 5' end of FOXO3A2 performed 5' RACE with Invitrogen RACE kit (cat.
#15590-101 & 18374-041) using RNA from human LHCNM2 myotubes. The cDNA
was first synthesized with a reverse primer to exon #3 of FOXO3A 5'-
gctggcgttagaatt-3' Following RNA degradation this cDNA was then purified using
the provided S.N.A.P. columns and tailed as described in the kit. The initial PCR
was performed with the kit provided abridged anchor primer and the reverse
primer 5'-ctgccaggccacttggagag-3' (RACE2).  Nested PCR was then performed with
the AUAP kit primer and the reverse primer 5'-gcgcggccacggctctt-3' (RACE1).  The
results of this reaction were then TOPO cloned (Invitrogen cat. #45-0641) and the
products were sequenced with the kit provided M13 forward and reverse primers.

Generation Of FOXO3A & FOXO3A2 Overexpression Clones
FOXO3A was PCR amplified from our previous pENTR-MCS-HA-FOXO3A clone
(Santo 2013).  This was done to remove the HA tag and re-cloned into pENTR-MCS
on HindIII (5’) and BamHI (3’), creating a wild-type clone of FOXO3A. Using the
sequence information from the 5’ RACE the cloning primer 5’--
gatcataagcttaaaaacctctctgtgttccaggggaagcacatgcagctgg-3' (fwd) was used in
combination with the RACE2 primer (rev) to amplify the 5’ end of FOXO3A2.  The
RACE2 primer captures an NcoI site present within exon #3 of FOXO3A (exon #2 of
FOXO3A2).  This product and the pENTR-MCS-FOXO3A clone were digested on
HindIII (5’) and NcoI (3’) and ligated generating a wild-type clone of FOXO3A2.
Since the source material was LHCNM2 which is homozygous for the ‘C’ variant of
the rs9400239 SNP we subsequently used the QuikChange II Site Directed
Mutagenesis Kit (Stratagene) to generate a subclone with the ‘T’ variant.  These
two clones are referred to as A2-C-FL (C1) & A2-T-FL (C2).  To generate the A2-ATG
(C3) clone we used the primers:
5’-gatcataagcttgccaccatgcgggtccagaatgagggaac-3’ (fwd)
5’-ctattgtccatggagacagcc-3’ (rev)
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This fragment was cloned back into the pENTR-MCS-A2-C-FL clone by digestion on
HindIII (5’) and NcoI (3’); removing the 5pUTR.  These pENTR clones were then
used in Clonase LR II (Invitrogen) reactions with either the pCDNA-DEST40
(Invitrogen) vector or the pInducer-BlaR vector.  All clones were thoroughly
sequenced to ensure their integrity and identity in both the pENTR and destination
vector backbones.

Lentiviral Packaging & Inducible Line Construction
Virus was packaged as described previously (Santo 2013).  Viral titers were
quantified by p24 ELISA.  For the construction of stable inducible overexpression
lines LHCNM2 myoblasts were transduced for 48 hours with a titration of each
construct based on p24 values in a 6-well plate format.  This was calculated as
nanograms of virus per 100,000 cells for each construct.  Cells were then selected
with 6 µg/ml blasticidin (pInducer-BlaR).  For blasticidin to have an effect these
cells required one passage.  To estimate an MOI of 1 for each construct points in
each titration were chosen where most cells exhibited near complete drug
resistance relative to unselected controls.  Higher MOIs were then calculated
based on the ng/100,000 cells where an MOI of 1 was observed.  Typically lines
could be established at an MOI of 3 with no discernable proliferation,
morphological or differentiation defects.  Lines were allowed to recover prior to
experiments.

Quantitative RT-PCR
Total RNA was harvested using Trizol (Life Technologies) and purified according to
standard protocols.  The RNA for the panel of human tissues was purchased from
Clontech (cat. #636643).  The RNA from the human muscle biopsies before and
after oral glucose challenge was previously isolated (ref). cDNA was synthesized
using 1 µg of RNA as input in a SuperScript III reaction using an oligo(dT) primer
(Life Technologies).  cDNA was diluted 1:10 from the original synthesis reaction
volume prior to qPCR.  qPCR was performed for each cDNA in quadruplo (1 µl cDNA
per reaction) using the Roche LightCycler 480 384-well platform with an annealing
temperature of 56ᵒC and a standard program of 40 cycles.  Absolute quantitation
was used in the analysis software to obtain the Ct values.  To measure FOXO3A
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and FOXO3A2 specifically the same reverse primer 5’-cattctggacccgcatgaatcg-3’
(FOXO3A exon #3) was used with specific forward primers for FOXO3A (5’-
gtgcgttgcgtgccctacttc-3’) and FOXO3A2 (5’-gttacttctgactggcacgg-3’).  The muscle
differentiation marker MYH8 was measured with 5’-tgcaacaggagatttctgac-3’ (fwd)
and 5’-cagcctgaatttcacatttc-3’ (rev).  In all cases 18S rRNA was used as a reference
5’-ccgataacgaacgagactctgg-3’ (fwd) and 5’-tagggtaggcacacgctgagcc-3’ (rev).  All
PCR products from all primer sets were gel purified and sequenced to ensure the
primers were specific and that no other products were being generated.

Allele-Specific Quantitative RT-PCR
The protocol, PCR program and machine were exactly the same for the allele-
specific qPCR as for the standard qPCR except that the annealing temperature was
62ᵒC.  We tested multiple annealing temperatures and optimized for selectivity
and sensitivity by looking for template cross-reactivity as well as gauging
sensitivity using the standard FOXO3A2 qPCR primers described above.  The ‘C’
allele forward was 5’-cggcacctctgaaatactctt-3’ and the ‘T’ allele forward was 5’-
cggcacctctgaaatactttt-3’ and both were used with the same FOXO3A2 reverse
primer described above.  The site of the rs9400239 polymorphism is in bold.  We
tested other forward primers for selectivity and sensitivity with the rs9400239 SNP
placed in various positions and found that selectivity was best maintained on the
3’ end.

HEK293T Transfections
For all pCDNA-DEST40 derived clones used in transfection the plasmid DNA was
carefully quantitated by Nanodrop in order to transfect equal amounts of all
clones.  HEK293T cells were seeded in 6 cm plates and grown to 90% confluency.
For each transfection either 10 or 20 µg of plasmid DNA was mixed with Fugene
HD (Promega) in 500 µl of optimum in a 5:2 ratio (5 µl of Fugene HD : 2 µg of DNA).
After a 15 minute incubation 5 ml of medium was added to the mix and the
medium of the cells was replaced with this transfection medium.  The next day
cells was harvested with or without Bortezomib treatment as described in the
Results section.
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In Vitro Transcription/Translation Assay
The pCDNA-DEST40 vector has a T7 promoter in addition to the CMV, making it
directly compatible with the rabbit reticulocyte-based TNT Quick Coupled
Transcription/Translation kit (Promega).  Reactions were carried out according to
the standard protocol.

Western Blotting
Lysates were harvested in Laemmli buffer supplemented with protease and
phosphatase inhibitors.  For HEK293T lysates of FOXO3A2 clone transfectants 10
– 15 µg of protein was loaded per well.  For lysates from LHCNM2 myoblasts 35 µg
of protein was used.  To achieve optimal separation of FOXO3A and FOXO3A2
proteins 7% polyacrylamide gels were run to the extent that the 37 KDa molecular
weight marker was usually run off but the 50 KDa was retained.  Gels were wet
transferred to Amersham Protran Premium nitrocellulose membrane (GE
Healthcare Life Sciences) overnight at 4ᵒC in blot buffer containing 20% methanol
at a constant amperage of 150 mA.  The following day blots were Ponceau stained
and then blocked in 1:1 PBS:OBB (Odyssey blocking buffer) at 4ᵒC for most of the
day.  Primary antibodies were then incubated overnight at 4ᵒC in 1:1 PBS:OBB +
0.1% Tween 20.  To detect both FOXO3A and FOXO3A2 a rabbit polyclonal
antibody raised against the far c-terminus was used (Novus Biologicals FOXO3
NB100-614, LotA2) at a 1:1000 dilution.  This was typically co-incubated with alpha
tubulin (Cell Signaling cat. #3873, mouse monoclonal) at a 1:50,000 dilution.
Antibodies against FOXO3 pSer253, Akt pSer473, PRAS40 pThr246, 4E-BP1
pThr37/46, Akt, PRAS40 and 4E-BP1 were all from Cell Signaling and used at 1:1000
dilutions.  After washing the blots were incubated with either IRDye 800CW Goat
anti-rabbit at 1:2500 and/or the IRDye 680LT Goat anti-mouse IgG at 1:5000
(Licor).  Dilutions were made in 1:1 PBS:OBB + 0.1% Tween 20 .  Blots were
incubated at room temperature washed and then scanned on the Odyssey
infrared imaging platform (Licor).

Immunofluorescence
Myoblasts were grown on collagen coated sterile coverslips in 12-well plates.
After treatments cells were fixed by the addition of formaldehyde to a final
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concentration of 3% in each well and allowed to fix for 30 minutes at RT in the
dark.  Coverslips were transferred to new plates containing pre-warmed PBS and
then permeabilized in a PBS solution of 0.1% Triton X-100 for 10 minutes at RT.
Coverslips were washed 2-3x in a PBS solution containing 0.5% BSA and 0.01%
Triton X-100.  Coverslips were then blocked in PBS containing 5% BSA and 0.01%
Triton X-100 for 1 hour at RT.  The FOXO3 NB100-614 (LotA2) antibody was
incubated at a 1:2500 dilution in PBS/1% BSA/0.01% Triton X-100 for 2-3 hours at
RT.  After washing 3x the coverslips were incubated with goat anti-rabbit Alexa
Fluor 488 secondary (stock solution 2 mg/ml) diluted at 1:200 in PBS/1%
BSA/0.01% Triton X-100 for 1 hour in the dark.  After washing 3x coverslips were
incubated with a 1:200 dilution of TRITC-Phalloidin 594 (stock 0.1 mg/ml) in
PBS/1% BSA/0.01% Triton X-100 for 10 minutes in the dark.  After washing 2x with
PBS the coverslips were incubated in a 1:2000 dilution of DAPI (stock 0.2 mg/ml)
in MilliQ dH2O for 5 minutes in the dark.  After washing 2x with MilliQ dH2O
coverslips were mounted on slides using a Mowiol 4-88 solution.  Imaging was
performed on a Leica SP8 Confocal microscope.

Lactate Dehydrogenase (LDH) Assay
Lactate dehydrogenase activity was measured using the “Lactate Dehydrogenase
(LDH) Activity Assay Kit” (cat. # K726-500) from BioVision according to
manufacturer instructions.

Seahorse Assay
All Seahorse assays were performed on the XF96 Extracellular Flux Analyzer.
LHCNM2 myoblasts were seeded at 16,000 cells/well in a 96-well Seahorse plate
(collagen coated) in 200 µl of growth medium.  One well in each corner of the plate
was left containing medium only to serve as a background control during
measurement.  Three days after seeding differentiation was started by aspirating
the growth medium, washing all wells 1x with 200 µl of PBS, aspirating and then
applying 200 µl of differentiation medium per well.  The medium was changed
every two days and differentiation was achieved on Day 6 or Day 7.  On the day of
the assay the medium was changed in all the wells to 150 µl of unbuffered
Seahorse assay medium and the plate was maintained in non-CO2 incubators from
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then on.  The Seahorse assay medium was made by dissolving 8.3 grams of DMEM
powder (Sigma D5030) in 900 ml MQ dH2O, adding 16 mg phenol red (Sigma
P5530), adding 1.85 g NaCl and adjusting the pH to 7.4 at 37 ˚C by the addition of
+/- 190 µl 2 M NaOH and then bringing the volume up to 1000 ml.  This medium
was then filter sterilized.  On the day of the assay this medium was supplemented
with glucose to a final concentration of 25 mM (4.5 mg/ml) using 45% glucose
solution (Sigma) and 2 mM glutamine.  Equal numbers of wells of -/+ DOX induced
myotubes were equally distributed across the plate (alternating columns).  For
each assay both mitochondrial and glycolytic stress tests were performed.  The
protocol used consisted of 3 minute measurements with 2 minute mixes in
between.  It also contained injection points of 25 µl each per well per point.  This
created a typical profile of 6 measurements at baseline (including pre-incubated
compounds) followed by the injection of 15 µM oligomycin, 6 measurements,
injection of 10 µM FCCP, 5 measurements and then half the wells of each condition
were either injected with a combination of 25 µM antimycin/12.5 µM rotenone or
1 M 2-deoxyglucose and this was followed by 3 or 5 final measurements.  All of
these compounds were purchased from Sigma and dissolved in DMSO, stored at -
20 ˚C and then diluted in Seahorse medium except for 2-DG which was directly
dissolved in Seahorse medium from powder on the day of the assay. Immediately
after the 2 – 2.5 hour run was completed all the wells were incubated with 100 µl
CyQuant Direct (Life Technologies) for 1 additional hour.  The plate was then
measured on a Biotek Synergy HT plate reader.  For data analysis the XFe software
(version 2.1.0.162) was used.  First the raw ECAR and OCR values were normalized
to the CyQuant assay data, this was done to correct for any differences in cell
number.  For each condition wells were selected to exclude outliers, maximize the
number of wells included in the average and minimize the error and this was done
for both the ECAR and OCR measurements.  This data was then exported from the
program for further analysis.  To analyze the ECAR we chose two representative
time points within each assay; usually the 5th (baseline) and the 10th

measurements (10th being 4 points after oligomycin injection).  To establish the
lower boundary of the ECAR measurement in each assay we averaged the values
of the last measurement in the 2-DG injected wells from all conditions.  This 2-DG
average value was then subtracted from the individual baseline and post-
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oligomycin (ECAR max) values for each condition.  Both the baseline and max ECAR
2-DG normalized values were then calculated as a percentage of the baseline of
the absolute experimental control in each assay (e.g. the +DOX condition is
normalized to the -DOX condition). The corresponding standard error of the mean
values for each measurement were also calculated as a percentage of this absolute
control.  Using the number of wells included in the analysis of each condition two-
tailed Student’s t-tests were then used to compare conditions and calculate p-
values.

Genotyping
The Danish twin cohort was genotyped for rs9400239 using the KASP method (LCG
Genomics, Herts, UK) with a success rate of 96%. Allele frequencies were in
accordance with HapMap (minor allele frequency 29%, CEU population) and
obeyed Hardy-Weinberg equilibrium (p = 0.2).

RNA Secondary Structure Prediction
The RNA structure of the full 5pUTR of FOXO3A2 (1-284; ATG start) was predicted
with the RNA Mfold program located at:
http://www.bioinfo.rpi.edu/applications/mfold.

Results
A new transcript of FOXO3A encodes a longevity SNP and is highly expressed in
skeletal muscle
Several independent studies have identified an association of extreme longevity
in humans with a series of single nucleotide polymorphisms (SNPs) within the
FOXO3A locus (Willcox 2008, Flachsbart 2009, Anseimi 2009, Li 2009, Pawlikowska
2009, Soerensen 2010, Broer 2015 & Sun 2015).  None of them map in protein-
coding regions.  Thus far no mechanism has been found to explain how any of
these SNPs relate to FOXO3A function.  We therefore studied the locus in more
detail.  Using the UCSC Genome Browser we visualized the mapping of ESTs and
mRNAs to the FOXO3A locus (Fig. 1).  The ESTs DC386892 and DC352310 suggested
the existence of a novel exon of FOXO3A.  These transcripts would start from an
internal promoter between exon 2 and 3 generating a messenger consisting of a
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putative exon 2A spliced to exon 3.  To validate the existence of this transcript, we
analyzed a human cDNA tissue library.  Quantitative PCR (qPCR) using primers
spanning exon 2A and exon 3 yielded a strong skeletal muscle-specific expression
and a much weaker expression in other tissues (Fig 2a).  We further tested
expression of the transcript in the immortalized human myoblast cell line
LHCNM2, which can be differentiated into myotubes in vitro (Fig. 2b, Zhu 2007 &
Vassilopoulos 2009).  qPCR of a differentiation time course of these cells for
FOXO3A, the differentiation marker MYH8 and the novel exon 2A transcript
showed robust FOXO3A expression in both myoblasts and myotubes, whereas
MYH8 and the novel exon 2A transcript were nearly absent in myoblasts but
became robustly expressed in myotubes (Fig. 2c).  The new transcript therefore
became expressed early in myoblast differentiation and remained high in mature
myotubes, corroborating the observed expression in primary human skeletal
muscle.  5’ RACE using the LHCNM2 myotube mRNA as a template confirmed that
the novel mRNA had a 5’ m7g cap and that exon 2A is 242 bp long with the entire
spliced product being 1643 bp, exclusive of the 3pUTR.  We conclude that the ESTs
represented a genuine transcript which we refer to as FOXO3A2.

Figure 1 The FOXO3A locus encodes a novel transcript which contains a longevity SNP.  A genomic
view of the FOXO3A locus rendered by the UCSC Genome Browser with ESTs and longevity SNPs
annotated (Hg19).  Below is a non-scaled cartoon representation with the known FOXO3A coding
exons and splice junction in blue, UTRs in red and the novel exon and splice junction in green.

Interestingly, the longevity SNP rs9400239 mapped within exon 2A, 164 bp from
the transcriptional start.  The minor T-allele of rs9400239 was strongly associated
with longevity in two Caucasian cohorts but had not been examined in the Asian
studies (Flachsbart 2009 & Soerensen 2010).  We therefore assessed linkage of
rs9400239 to the other known longevity SNPs in FOXO3A using data from the 1000
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Genomes Project (http://www.broadinstitute.org/mpg/snap).  The rs9400239
SNP was tightly linked to rs1935949 (Caucasian r2 = 0.85, Asian r2 = 0.78) which was
the lead SNP identified across three additional cohorts of mixed background
(Pawlikowska 2009).  To-date, the lead SNP identified in Asian studies is rs2802292
(Willcox 2008, Li 2009 & Sun 2015). We found that rs9400239 was strongly linked
to rs2802292 in Asians (r2 = 0.78).  From these analyses we conclude that FOXO3A2
encodes a SNP that is tightly linked to longevity.

a
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Figure 2 FOXO3A2 is predominantly expressed in skeletal muscle. a. qPCR for FOXO3A and
FOXO3A2 mRNA using specific forward primers and a common reverse primer across a panel of
RNAs from human tissues normalized to 18S rRNA and graphed relative to the expression in fetal
liver using the ∆∆Ct method.  The top chart is FOXO3A expression, the middle is FOXO3A2
expression and the bottom is a representation of the raw Ct values (not normalized to 18S) for
FOXO3A and FOXO3A2 from the tissue panels.  Errors bars are SD of four replicates. b.
Representative light microscopy images from a differentiation time series of the human myoblast
line LHCNM2.  Day 0 is under normal myoblast growth conditions and Day 6 is under differentiation
conditions. c. qPCR measurement of FOXO3A, FOXO3A2 and MYH8 expression from the LHCNM2
differentiation time course imaged in b represented as ∆Ct.  Error bars are SD.

b

c
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FOXO3A2 protein abundance is regulated on both the translational and post-
translation levels
We next investigated the protein coding potential of the FOXO3A2 transcript.
Inspection of FOXO3A2 identified the first ATG at 282 bp (corresponding to
Met221 of FOXO3A), which is in-frame with the canonical FOXO3A stop codon (Fig.
3a).

Figure 3 The FOXO3A2 transcript encodes a truncated form of FOXO3A. a. The complete sequence
of exon #1 of FOXO 3A2 (exon 2A relative to FOXO3A) and partial sequence of exon #2 (FOXO3A
exon #3).  Highlighted in red is the rs9400239 SNP (C/T), in green the start codon for FOXO3A2 and
in blue the splice junction between exon #1 and exon #2. b. Annotation of the FOXO3A2 protein
sequence relative to FOXO3A.  The forkhead domain is colored blue, nuclear localization signals
are red, nuclear export signals are green, the transactivation domain is yellow and the three Akt
phosphorylation sites are purple. c. A depiction of the FOXO3A2 constructs used in this study. d.
Western blot from HEK293T transfections of the clones in c treated for 6 hours with either DMSO
or 150 nM of the proteasome inhibitor Bortezomib (BTZ). e. Western blot of the in vitro
transcription/translation reactions performed with the FOXO3A2 clones.
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Translation from this ATG yields a predicted protein of 453 aa with a predicted
mW of 48 KDa. The predicted FOXO3A2 protein has a truncated forkhead domain
but still retains the nuclear localization and export signals as well as the
transactivation domain (Fig. 3b, Greer 2005).  The structure of DNA-bound
FOXO3A suggested that FOXO3A2 may have an ability to bind to DNA via the
retained forkhead domain c-terminal coil (amino acids 236 – 255 in FOXO3A, Tsai
2007).  However, due to the loss of helix 3 of the forkhead domain it has most
likely lost DNA sequence binding specificity.  From this analysis we concluded that
FOXO3A2 putatively encoded an N-terminally truncated form of FOXO3A and that
the rs9400239 polymorphism was located in the 5pUTR of the transcript.

We next asked if the FOXO3A2 protein could be expressed and if the 5pUTR
exerted regulatory functions.  To evaluate this we cloned full-length FOXO3A2
transcripts containing both rs9400239 variants (C1 and C2) as well as a clone
starting from the first ATG (C3) and transfected them into HEK293Ts (Fig. 3c).
Western blot analysis with an antibody raised against the far C-terminus of
FOXO3A revealed numerous bands ranging in size from 50 to 70 KDa for all three
constructs (Fig. 3d).  Strikingly, the C3 construct yielded a tremendous increase in
protein expression in comparison to either of the full-length constructs.  This
increase demonstrated that the 5pUTR (including the longevity SNP) strongly
repressed protein translation.  We also analyzed the stability of FOXO3A2.
Treatment with the proteasome inhibitor Bortezomib (BTZ) for 6 hours increased
the intensity of the FOXO3A bands considerably (Fig. 3d).  This BTZ-mediated
increase indicated that the FOXO3A2 protein was also suppressed at the post-
translational level by proteasome-mediated degradation.  To segregate the
translational and post-translational effects on protein expression we performed in
vitro transcription/translation reactions using a cell-free rabbit reticulocyte
system which yielded single bands for all clones and confirmed that the 5pUTR
was repressive of translation (Fig. 3e).  The single bands obtained in vitro
contrasted with the multi-band pattern in the transfections, confirming that the
FOXO3A2 protein was post-translationally modified in cells.  Collectively, these
results validated that the FOXO3A2 transcript encoded a heavily modified protein
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whose abundance was regulated on both the translational and post-translational
levels.

FOXO3A2 is regulated by PI3K signaling
FOXOs are central mediators of insulin/PI3K signaling and have demonstrated
roles in glucose metabolism (Brunet 1999, Lu 2012 & Haeusler 2014).  A key step
integrating both functions is the phosphorylation of FOXOs by Akt and their
subsequent nuclear exclusion.  If FOXO3A2 would play a role in insulin signaling
and glucose metabolism, regulation by Akt could also be expected.  We therefore
investigated whether the FOXO3A2 protein could be similarly regulated by Akt.
We assessed FOXO3A2 phosphorylation status and nuclear localization in
myoblasts.  An inducible version of the C3 construct, lacking the 5pUTR, was
introduced into LHCNM2.  As a control, we also generated a LHCNM2 line with an
inducible full-length FOXO3A cDNA construct.  We induced expression of the
FOXO3A2 and FOXO3A constructs in myoblasts and probed western blots for
phosphorylation of Ser253 of FOXO3A and the corresponding epitope in FOXO3A2
(Ser33).  FOXO3A was strongly expressed and a strong band phosphorylated at
Ser253 was detected under insulin stimulation (Fig. 4a).  This band disappeared
after treatment of the cells with the PI3K inhibitor GDC-0941.  However, FOXO3A2
levels were less pronounced and no phosphorylation of the corresponding serine
was detected.  To increase protein levels, we treated the myoblasts with BTZ prior
to insulin stimulation and PI3K inhibition.  This increased both FOXO3A and
FOXO3A2 levels and allowed detection of a phosphorylated FOXO3A2 band. This
band became more intense following insulin stimulation, while phosphorylation
was abolished by PI3K inhibition.  This showed that FOXO3A2 and FOXO3A are
similarly regulated by insulin/PI3K signaling.  We next probed the subcellular
localization of FOXO3A2 by immunofluorescence.  Immunofluorescence showed
that inhibition of PI3K signaling caused a strong increase in FOXO3A nuclear
localization, as could be expected (Fig. 4b).  The same result was found for
FOXO3A2.  These experiments demonstrated that FOXO3A2 was phosphorylated
by Akt and capable of cytoplasmic-nuclear shuttling.  These properties suggested
that FOXO3A2 could function within the insulin/PI3K/Akt signaling axis.
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Figure 4 FOXO3A2 is phosphorylated and excluded from the nucleus by PI3K/Akt activity. a.
Western blots from LHCNM2 myoblasts harboring doxycycline-inducible overexpression constructs
of FOXO3A (left) and C3 (right).  Myoblasts were either maintained on 0.1 µg/ml DOX for 48 hours
or not and then treated with either DMSO or 200 nM BTZ for 6 hours and then pulsed with either
DMSO, 200 nM insulin or 5 µM GDC-0941 (PI3Ki) for 0.5 hours then harvested. b.
Immunofluorescence of LHCNM2 myoblast lines FOXO3A (left) and C3 (right).  All cells were treated
with DOX, BTZ and PI3Ki as in a.  Cells were stained with the DAPI (blue), phalloidin (red) and the
FOXO3A antibody (green).  To ensure only the exogenous constructs were detected the sensitivity
of the confocal was set such that no endogenous signal was detectable in the -DOX conditions of
any of the lines.

FOXO3A2 suppresses glycolysis depending on the longevity SNP
To explore the role of FOXO3A2 in glucose metabolism and test if the longevity
SNP rs9400239 influenced this function, we evaluated the effect of FOXO3A2 on
glycolysis.  We constructed two inducible overexpression lines of LHCNM2

a

b



176

myoblasts with the FOXO3A2 full-length C1 (C-allele) and C2 (T-allele) constructs.
These myoblasts were differentiated into myotubes and expression of the
constructs was induced by doxycycline treatment (Fig. 5a).  We first assessed
glycolytic activity by measuring lactate dehydrogenase (LDH) enzymatic activity in
myotube lysates.  Overexpression of the T-allele construct (longevity allele of
FOXO3A2) only caused a 7.5% reduction in LDH activity which was not significant
(p = 0.14, Fig. 5b).  However, the C-allele construct suppressed LDH activity by
24.7% (p = 0.0002).  To confirm that the change in LDH activity reflected a change
in glycolytic flux in our system, we measured the extracellular acidification rate
(ECAR) using the Seahorse platform.  The ECAR quantifies lactic acid accumulation
in the extracellular environment and provides a proxy for glycolytic flux.  The T-
allele construct did not change the ECAR significantly while the C-allele construct
reduced ECAR by approximately 42.7% (p < 0.0001, Figs. 5c-e).  We also assessed
the maximal glycolytic capacity of the myotubes under these conditions by
injection of oligomycin.  The A2-C-FL construct reduced the glycolytic capacity by
52.2% (p = 0.0002) while the A2-T-FL construct had no significant effect (Fig. 5f).
We concluded that the longevity-associated polymorphism of the FOXO3A2 mRNA
strongly influenced a key parameter of glucose metabolism.  The C-allele which
was not associated with longevity repressed glycolysis while the longevity-
associated T-allele was unable to reduce the glycolytic rate.
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Figure 5 The C-allele of FOXO3A2 represses glycolysis while the T-allele does not. a. Western blot
of the inducible overexpression of C1 and C2 constructs in LHCNM2 myoblasts.  DOX was added
for 48 hours which was then followed by treatment of all samples with 200 nM BTZ for 6 hours. b.
LDH activity assay in myotube lysates where C1 and C2 were overexpressed.  DOX was applied on
Day 5 of differentiation and on Day 7 lysates were harvested and LDH activity measured.  Error
bars are SEM of 6 replicates per condition. c. Seahorse assay of inducible overexpression of C1 in
myotubes.  DOX was applied on Day 5 of differentiation and on Day 7 the plate was monitored on
the Seahorse.  Error bars are SEM. d. Seahorse assay of inducible overexpression of C2 in
myotubes (performed identically to c).  Error bars are SEM. e. Quantitation of the basal ECAR from
the assays in c&d.  Within each assay, all ECAR values were first scaled by subtraction of the average
ECAR value obtained following 2-deoxglucose injection at the end of the assay (the theoretic lowest
ECAR).  Next, the +DOX ECAR values were calculated as a percentage of their respective -DOX ECAR
values.  Error bars are SEM. f. Comparison of the maximal ECAR values upon oligomycin injection
attained from the same overexpression assays performed in c&d.  The +DOX max ECAR values were
calculated as a percentage of the -DOX basal ECAR value within each assay.  Error bars are SEM.

The FOXO3A2-encoded SNP rs9400239 is associated with fast glucose clearance in
vivo
A recent study showed that familial longevity was positively associated with the
rate of peripheral glucose clearance (Wijsman 2011).  In humans, peripheral
glucose clearance is primarily a function of skeletal muscle (Shulman 1990).  Given
the strong expression of FOXO3A2 in skeletal muscle and its regulation of
glycolysis, we hypothesized that FOXO3A2 may regulate peripheral glucose
clearance and that this function may be influenced by the rs9400239 longevity
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SNP.  Recently, a study of a metabolically well-characterized cohort of Danish
twins found a moderate association (p = 0.04) between one of the FOXO3A
longevity SNPs, rs2802292, and peripheral glucose clearance as measured by Rd
clamp (Banasik 2011).  SNP rs9400239 was not included in this study and is only
weakly linked to rs2802292 in Caucasians (r2 = 0.59).  We therefore genotyped the
same study cohort of 186 individuals for rs9400239 and repeated the analysis.  The
rs9400239 polymorphism showed a much stronger association (p=0.003) with Rd
clamp, the T-allele being associated with faster clearance (Fig. 6a).  This association
suggested that our experimental findings may be operable in vivo: the reduced
glycolytic rate caused by the C-allele may result in slower peripheral glucose
clearance, while the unabridged glycolytic rate observed for the T allele would
conform with fast glucose clearance.

a b

c



180

Figure 6 The FOXO3A2 T-allele is positively associated with peripheral glucose clearance in vivo.
a. Association of rs9400239 genotype with the Rd clamp peripheral glucose disposal parameter.
The association was calculated using a mixed ANOVA regression analysis correcting for age, sex,
BMI, twin pair and zygosity. b. qPCR for FOXO3A2 from muscle biopsy pairs harvested before
(Basal) and during insulin infusion (Insulin) in 139 healthy individuals.  Expression was calculated
relative to 18S rRNA using the ∆Ct method.  Error bars are SEM and the significance was calculated
using the two-tailed paired Student’s t-test. c. Allele-specific qPCR of FOXO3A2 mRNA under basal
and insulin-stimulated conditions correlated with Rd clamp.  The expression of each allele was
corrected to 18S rRNA using the ∆Ct method.  A mixed ANOVA regression was used to assess the
correlation between allele-specific values and Rd clamp correcting for age, sex and BMI.  Error bars
are 95% CI.

We further tested this model by analysis of muscle biopsies in the Danish cohort.
Paired muscle biopsies had been harvested from all individuals before and during
insulin infusion.  qPCR of mRNA isolated from these samples showed that FOXO3A
mRNA levels were down-regulated during insulin infusion, as reported previously
(p < 0.0001, Banasik 2011).  A similar down-regulation was observed for FOXO3A2
mRNA levels (p < 0.0001, Fig. 6b), further corroborating the shared regulatory
principles found for both isoforms.  There was no correlation between the
genotype of SNP rs9400239 and the levels of FOXO3A or FOXO3A2 mRNA, neither
before nor after insulin treatment.  Moreover, we performed allele-specific qPCR
to quantify the mRNA expression of the individual FOXO3A2 alleles (see materials
and methods).  There was no correlation between the genotype of SNP rs9400239
and the mRNA levels of the T- or C-alleles of FOXO3A2 (Fig. S1a-d).  This showed
that the polymorphism does not act via differential regulation of mRNA levels of
FOXO3A2.  However, FOXO3A2 levels did strongly vary among individual members
of the cohort.  We explored this observation to analyze whether the mRNA levels
of the individual FOXO3A2 C- or T-alleles correlated with glucose clearance rates.
Multivariate analysis correcting for age, sex and BMI showed that the mRNA levels
of the FOXO3A2 C-allele during insulin challenge were inversely correlated with
the rate of glucose clearance (β = -0.46, p = 0.005, Fig. 6c).  C-allele levels under
basal conditions did not correlate (Fig. 6c).  In contrast, the T-allele transcript levels
did not show any correlation to the rate of glucose clearance, nor before, nor after
insulin challenge.  An attractive interpretation of these data is that under insulin
stimulation and PI3K activation the product from the C-allele suppressed the rate
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of peripheral glucose clearance while T-allele transcripts had no effect.  This
interpretation is in line with our in vitro data showing that the C-allele of FOXO3A2
suppressed glycolysis, thus in principle reducing muscle glucose consumption.

Discussion
Here we identified a new isoform of FOXO3A with a muscle-specific expression
pattern.  It shares essential regulatory mechanisms with the full length FOXO3A
protein.  FOXO3A2 is also phosphorylated by insulin/PI3K signaling at the serine
corresponding to Ser253 of FOXO3A (Ser33).  Similarly to FOXO3A, FOXO3A2 is
excluded from the nucleus upon insulin/PI3K-mediated phosphorylation.  Here we
describe a role for FOXO3A2 in the regulation of muscle-mediated glycolytic flux.
This function exhibited a striking dependency on the rs9400239 polymorphism
that is present within the 5pUTR of the FOXO3A2 transcript.  The T-allele of this
polymorphism is positively associated with longevity and was unable to suppress
glycolysis in our in vitro myotube model.  In contrast, the C-allele which is
associated with normal lifespan, was in vitro a suppressor of glycolysis.  This was
measured under conditions of high insulin/PI3K activity.  Under these conditions,
the T-allele is therefore associated with a higher glycolytic rate than the C-allele.
Since FOXO3A2 has its highest expression in skeletal muscle, differences in
glycolytic flux in muscle cells under conditions of insulin stimulation could directly
influence the rate of peripheral glucose clearance.  The prediction that carriers of
the T-allele have, after insulin stimulation, a faster glucose clearance was tested
in a Danish cohort.  The T-allele was indeed associated with significant faster
glucose clearance than the C-allele.  In longevity studies, the same T-allele had
been associated with extreme long lifespan.  As a role for the insulin/PI3K/FOXO
axis in longevity has been well established in model organisms, our findings
suggest now for the first time a mechanism how the human FOXO3A-associated
polymorphisms can influence longevity via high glycolytic rates and concomitant
fast glucose clearance.

Our analyses have identified a few regulatory principles of FOXO3A2 that may
relate to the differential physiological effects of the alleles. The rs9400239
polymorphism is encoded in the first exon of FOXO3A2 as part of the 5pUTR.  This
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UTR has an extremely strong inhibitory effect on translation, as was shown by
introduction of different constructs into HEK293T cells. The rs9400239
polymorphism changes the energetically most favorable predicted RNA structure
of the FOXO3A2 messenger, causing a stabilization (2 extra basepairs in the stem-
loop structure) of the T-allele (Fig. S2).  This difference in RNA conformation may
under appropriate conditions effect the translational efficiency of FOXO3A2 and
thereby its activity.  Comparison of in vitro and in vivo translated FOXO3A2
constructs also established extensive in vivo modifications of the protein, and the
5pUTR polymorphism may in theory influence them as well.  These modifications
may play a role in tuning the observed short half-life of the protein as well as
controlling its subcellular localization.  Unraveling these mechanisms and their
relation to the polymorphism will therefore be important.

Our model assuming that enhanced peripheral glucose clearance is positively
associated with longevity in humans is supported by other human studies as well
as data from model organisms.  In humans, increased muscle mass is positively
correlated with insulin sensitivity and inversely correlated with all-cause mortality
(Srikanthan 2011 & Srikanthan 2014).  Recently, the Leiden Longevity Study found
that peripheral glucose clearance is positively associated with familial longevity
while hepatic glucose clearance was not (Wijsman 2011).  A low insulin resistance
index (HOMA-IR) among centenarians has been observed when compared to their
younger controls (Paolisso 2001).  Similarly, the offspring of centenarians have
been reported to have higher insulin sensitivity than the descendants of non-
centenarians; suggesting heritability (Vitale 2012).  In mouse models, both caloric
restriction as well as growth hormone receptor knockout (GHRKO) caused
increased lifespan and insulin sensitivity (Masternak 2009).  Recently, GHRKO mice
with genetically normalized insulin sensitivity exhibited reversion of GHRKO
benefits in various age-related parameters; demonstrating a causative role for
insulin sensitivity in the modulation of aging phenotypes (Arum 2014).  In monkeys
a causative association between caloric restriction, increased insulin-stimulated
PI3K activity in the muscle, increased insulin sensitivity and enhanced peripheral
glucose clearance has also been observed (Wang 2009).  In a separate cohort of
monkeys caloric restriction was shown to significantly increase lifespan (Colman
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2014).  The here described finding that the longevity SNP rs9400239 maps within
the 5pUTR of a novel FOXO3A isoform and that the longevity T-allele of this SNP is
associated with higher glycolytic flux and enhanced peripheral glucose clearance
is consistent with these other reports. Further study of FOXO3A2 may provide
new insights into the processes at the crossroads of metabolism and longevity.
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Supplemental Data

Figure S1 FOXO3A2 mRNA allele-specific qPCR. a. qPCR of serial dilutions of cDNA made from
muscle biopsy mRNA from an individual homozygous for the C-allele of FOXO3A2.  Three different
forward primers were used in three separate parallel reactions in combination with the same
reverse primer.  “A2 Total” uses the allele-insensitive standard FOXO3A2 qPCR forward primer
while ‘C’ is the forward specific for C-allele mRNA and ‘T’ is the forward specific for T-allele mRNA
(see materials and methods). b. The same dilutions and measurements as a but with cDNA from
an individual homozygous for the T-allele of FOXO3A2. c. qPCR of serial dilutions made from a mix
of the cDNAs used in a&b.  Prior to mixing the cDNAs each cDNA was individually adjusted to where
a target Ct of approximately 24 was achieved for FOXO3A2 with the “A2 Total” primer set.  These
cDNA dilutions were then mixed 1:1 to create a “mock heterozygote” where half the cDNA contains
C-allele FOXO3A2 and the other half T-allele FOXO3A2.  qPCR was performed with all three primer
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sets on the dilution series made from this mix. d. Allelic expression of FOXO3A2 from all muscle
biopsy samples normalized to 18S rRNA.  Error bars are SEM.

Figure S2 The predicted RNA secondary structure of FOXO3A2 mRNAs.  The predicted RNA
structures (RNA Mfold program) of the full 5pUTR of the FOXO3A2 sequence.  The C-allele (left)
has a lower stability (ΔG = −62.81 kcal/mol) than the T-allele (ΔG = −64.75 kcal/mol) on the right.




