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Abstract

Reduction–oxidation (redox) signaling, the translation of an oxidative intracellular environment into a cellular
response, is mediated by the reversible oxidation of specific cysteine thiols. The latter can result in disulfide
formation between protein hetero- or homodimers that alter protein function until the local cellular redox envi-
ronment has returned to the basal state. We have previously shown that this mechanism promotes the nuclear
localization and activity of the Forkhead Box O4 (FOXO4) transcription factor. Aims: In this study, we sought to
investigate whether redox signaling differentially controls the human FOXO3 and FOXO4 paralogs. Results: We
present evidence that FOXO3 and FOXO4 have acquired paralog-specific cysteines throughout vertebrate evolu-
tion. Using a proteome-wide screen, we identified previously unknown redox-dependent FOXO3 interaction
partners. The nuclear import receptors Importin-7 (IPO7) and Importin-8 (IPO8) form a disulfide-dependent
heterodimer with FOXO3, which is required for its reactive oxygen species-induced nuclear translocation. FOXO4
does not interact with IPO7 or IPO8. Innovation and Conclusion: IPO7 and IPO8 control the nuclear import of
FOXO3, but not FOXO4, in a redox-sensitive and disulfide-dependent manner. Our findings suggest that evolu-
tionary acquisition of cysteines has contributed to regulatory divergence of FOXO paralogs, and that phylogenetic
analysis can aid in the identification of cysteines involved in redox signaling. Antioxid. Redox Signal. 22, 15–28.

Introduction

Owing to their reactivity, cysteine residues catalyze
reactions carried out by many classes of enzymes, in-

cluding proteases, tyrosine phosphatases, and ubiquitin li-
gases. Cysteines also form structural disulfides in, for
instance, membrane proteins. Due to these functions, cata-
lytic and structural cysteines are highly conserved through
evolution. At the same time, this reactivity probably drives
selection against the evolution of nonfunctional cysteines at
the surface of proteins. These properties give cysteines the
most extreme conservation pattern of all amino acids; they
are either highly or very poorly conserved (24). Indeed, the
abundance of cysteines in proteins is far less than what would
be expected by chance (cysteine is encoded by 2 out of the 61
amino acid coding DNA triplets; hence, 3.28% abundance is
expected, but only *2.26% is found in the mammalian
proteome) (11). Redox signaling is a form of cellular signal

transduction that is initiated by or proceeds through revers-
ible oxidation of cysteines in response to perturbations of
the cellular redox state (16) and depends largely on surface-

Innovation

To the best of our knowledge, the here presented data
for FOXO are the first to show that evolutionary acquisi-
tion of reactive cysteines involved in redox signaling
contributes to the differential regulation of proteins. It will
be interesting to see if the cysteine-dependent regulatory
divergence that we describe here for the FOXO family
is maybe a more common feature of paralog divergence.
Our observations also show that phylogenetic analysis of
evolutionary acquired cysteines in exposed protein do-
mains can aid to identify novel proteins involved in redox
signaling. Furthermore, IPO7 and IPO8 were not previ-
ously described to be involved in redox signaling.
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exposed cysteines (24). With the above in mind, we hy-
pothesized that cysteines in intrinsically disordered protein
domains that have been acquired and conserved throughout
evolution could very well play a role in redox signaling.

The mammalian family of FOXO transcription factors
consists of FOXO1, 3, 4, and 6, all of which contain the
highly conserved DNA-binding Forkhead (FKH) domain and
the C-terminal transactivation domain (1). FOXO6 was dis-
covered the latest and is structurally and functionally more
distant from the other three proteins (20). Some paralog-
specific functions have been described for FOXO1, 3, and 4,
which could potentially be attributed to differences in the
spatiotemporal expression patterns or different cofactor bind-
ings. Nevertheless, the observation that a single allele of
FOXO1, 3, or 4 prevents the formation of tumors in genetically
engineered mice with inducible loss of these three FOXOs
suggests that in adult mice they have largely overlapping
functions (26). In general, FOXOs are thought to be tumor
suppressor proteins that function to maintain cellular homeo-
stasis under suboptimal (e.g., oxidative) conditions [reviewed
in Eijkelenboom and Burgering (17)]. Previously, we have
shown that redox signaling plays an important role in the regu-
lation of the localization and activity of the FOXO4 transcription
factor; cysteine-disulfide-dependent heterodimerization pro-
motes the acetylation status (12), nuclear import by transportin-1
(TNPO1) and likely more aspects of FOXO4 signaling (27).
The involvement of cysteine-dependent redox signaling in
the regulation of the other FOXO family members has not been
studied, and we wondered to what extent this is conserved. In
this study, we report that FOXO1, FOXO3, and FOXO4 have
acquired cysteines in different unstructured regions of the
proteins during vertebrate evolution. We compared proteome-
wide screens for redox-dependent binding partners of FOXO3
and FOXO4 (these paralogs both contain five cysteines) and
found that paralog-specific cysteines are indeed involved in
differential redox-dependent interactions. We demonstrate
previously uncharacterized disulfide-dependent interactions of
FOXO3 with IPO7 and IPO8 and found these interactions are
required for efficient nuclear import of FOXO3 under oxida-
tive conditions. Taken together, we conclude that evolutionary
acquisition of redox-sensitive cysteines contributes to differ-
ences in post-translational regulation of the otherwise closely
related proteins FOXO3 and FOXO4.

Results

FOXO1, 3, and 4 have acquired paralog-specific
cysteines through evolution

To determine whether FOXO paralogs contain divergent
cysteines that might confer differential redox sensitivity, we

analyzed a protein sequence alignment using JalView (7).
We found that FOXO3 and FOXO4 contain five cysteines,
whereas FOXO1 contains seven and FOXO6 contains four.
We found two cysteines in annotated domains (in the con-
served region 1 (CR1) near the N-terminus and the transac-
tivation (TA) domain near the C-terminus) that were shared
among all four paralogs (Fig. 1A), suggesting that these
cysteines were present in the last common ancestral vertebrate
homolog of human FOXOs. In contrast, there were differences
in the distribution of the other cysteines, including Cys150 and
Cys190 of FOXO3 and Cys239 of FOXO4, which are located
in otherwise conserved parts of these proteins, suggesting
that these cysteines occurred as the result of single base-
pair mutations. Three other cysteines (Cys362 of FOXO3 and
Cys355 and Cys411 of FOXO4) were in nonconserved regions
of the proteins, suggesting that these could have occurred
as the result of genetic deletions or insertions. To study the
conservation and acquisition of cysteines during vertebrate
evolution, we aligned the protein sequences of FOXO1, 3,
and 4 of different vertebrate classes (2–4 species per class)
(Supplementary Figs. S1–S3; Supplementary Data are avail-
able online at www.liebertpub.com/ars) and summarized our
findings for FOXO3 and 4 in (indicated by the pictograms
presenting the different vertebrate classes Fig. 1B) Figure 1C.
The alignments show that the two cysteines shared between
the FOXO paralogs near the N- and the C-terminus indeed
are conserved throughout vertebrate evolution. For the cys-
teines in FOXO3, this analysis taught us that all three ac-
quired cysteines were gained early in vertebrate evolution,
whereas FOXO4 only acquired new cysteines just before or
during mammalian evolution. Because only functional cys-
teines are thought to survive in evolution (24), the conser-
vation that we observe for the newly acquired cysteines
suggests that FOXOs could be regulated differentially by
redox signaling.

FOXO3 forms disulfide-dependent heterodimers
with several proteins

To see if the cysteines that have been acquired during
vertebrate evolution by FOXO3 and 4 are differentially in-
volved in redox signaling pathways, we compared the disulfide-
dependent interactomes of the two proteins using a tandem
mass spectrometry (MS/MS)-based screening method de-
scribed before for FOXO4 (27). We generated Flag-tagged
FOXO3 mutant constructs, in which either all cysteines were
replaced with serines (FOXO3DCys) or in which four out of
five cysteines were replaced with serines (e.g., FOXO3DCys-
31C contains only the cysteine at position 31). It is to be
expected that all these mutants are still functional, as the

FIG. 1. Alignment of FOXO transcription factors shows a selective gain of cysteine residues during recent evo-
lution. (A) Human FOXO1, 3, and 4 were aligned and the cysteines are highlighted in yellow. (B) Phylogenetic tree
showing the evolution of the classes used for the phylogenetic analysis shown in (C). (C) The evolution of FOXO cysteines
was studied by aligning the coding sequences of FOXO3 and 4 of different classes of vertebrates (2–4 species per class).
The regions surrounding the cysteines are depicted, the alignment of the complete genes (including FOXO1) are shown in
Supplementary Figures S1–S3. The five mammalian cysteines in FOXO3 and 4 show different evolutionary patterns;
cysteines in the conserved region (CR) and in the transactivation (TA) region were likely already present in the last common
vertebrate ancestor and are conserved from fish to mammals in all FOXO paralogs, whereas the cysteines in the middle part
of the proteins display a pattern of evolutionary acquisition. For instance, FOXO3-Cys150 is present in FOXO3 in
amphibians, reptiles, birds, and mammals, suggesting that it was acquired somewhere after the fishes and before the
amphibians branched off in vertebrate evolution. Note that no homologous cysteine is present in FOXO4 (A).
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basal transcriptional activity of FOXO3DCys is equal to that
of the wild-type (WT) FOXO3 (Fig. 2A).

We used a label-free quantitative MS/MS method to iden-
tify cysteine-dependent binding partners (Supplementary Fig.
S4A); the different mutants were immunoprecipitated (IP)

from cells after addition of H2O2, MS/MS samples were
prepared and measured, and the intensity of co-IP proteins
was determined in a comparative manner using the iBAQ
(intensity-based absolute quantification) algorithm (28). As
we repeated the experiment four times, statistical analysis
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FIG. 2. Volcano plots of
quantitative MS/MS re-
sults. (A) Volcano plots of
the quantitative MS/MS data
comparing FOXO3DCys with
the different single cysteine-
containing FOXO3 mutants
or wild-type FOXO3 (con-
taining all five cysteines).
The log2 of the ratio of pro-
tein intensities of the pull-
downs was plotted versus log10
transformed p-values of the
t-test performed on biologi-
cal quadruplicates. See also
Supplementary Figure S4 for
a schematic overview of the
setup of the screen and Sup-
plementary Table S1 for the
raw data of the hits of the
screen. (B) A luciferase as-
say using luciferase driven
from an artificial promoter
containing six FOXO-bind-
ing sites (6x DBE) shows
that transcriptional activity
of FOXO3DCys is equal to
that of wild-type FOXO3.
N = 3, a representative exper-
iment is shown. Error bars
represent standard deviations
of three technical replicates;
p-values were calculated us-
ing a two-tailed Student’s
t-test.
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could be performed and we could identify the proteins en-
riched in the pull-downs for each single cysteine-containing
mutant (Fig. 2B, right upper quadrants of the plots and
Supplementary Table S1). Comparing WT-FOXO3 to FOX-
O3DCys (lower right plot) gave similar results in the sense
that most cysteine-dependent binding partners identified with
the single cysteine-containing FOXO3 mutants were found
back. To assay the covalent complex formation with FOXO3,
we performed a similar co-IP experiment, but now separated
the samples by nonreducing (but denaturing) sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
(Supplementary Fig. S4B). The lanes of the gel were cut in

millimeter strips and each strip was analyzed separately by
quantitative MS/MS. In this way, the apparent MW of each of
the cysteine-dependent binding partners (as visualized in
Supplementary Fig. S4A) could be estimated. Proteins that
migrate at a position in the gel with a shift of about the size
of FOXO3 (*85 kDa) were selected as candidate disulfide-
dependent binding partners of FOXO3 (summarized in Table 1).
Note that no evidence was found for heterodimerization of
FOXO3 with other FOXO family members. Figure 3A shows
the iBAQ quantification of the amount of the newly identified
disulfide-dependent binding partner CDK4 (cyclin-dependent
kinase-4) in each gel strip. It is clear from this analysis that the

Table 1. Identification of Cysteine-Disulfide-Dependent Binding Partners of FOXO3

Protein names
Gene
names Uniprot

Unique
peptide PEP p-value Fold change

MW
(kDa) Shift

FOXO3-Cys31
Peroxiredoxin-1 PRDX1 Q06830 10 3.4979E-38 0.016366613 19.41407143 22.11 Yes
Peroxiredoxin-2 PRDX2 P32119 6 1.9653E-22 0.011488354 11.1392564 21.892 Yes
Proteasome subunit beta

type-6
PSMB6 P28072 3 2.4438E-09 0.015472578 5.407060481 25.357 Yes

Calmodulin CALM2;
CALM1

P62158 4 1.5769E-56 0.033803563 5.198066127 20.762 N.I.

Importin-7 IPO7 O95373 19 3.2462E-222 0.009029563 4.912392441 119.52 Yes
Peroxiredoxin-5 PRDX5 P30044 7 5.636E-23 0.004519624 4.778972665 22.086 N.D.

FOXO3-Cys150
Importin-7 IPO7 O95373 19 3.2462E-222 0.000259916 37.96989779 119.52 Yes
Importin-8 IPO8 O15397 15 6.9487E-154 0.000508687 19.41086975 119.94 Yes
Peroxiredoxin-1 PRDX1 Q06830 10 3.4979E-38 0.037154983 11.45135205 22.11 Yes
Transportin-1 TNPO1 Q92973 9 4.0284E-43 0.005145949 8.134666145 102.35 Yes
Ubiquitin-like modifier-

activating enzyme 1
UBA1 P22314 11 3.4263E-99 0.004634444 7.181045658 117.85 N.D.

Proteasome subunit beta
type-6

PSMB6 P28072 3 2.4438E-09 0.01122133 5.314328148 25.357 Yes

Peroxiredoxin-2 PRDX2 P32119 6 1.9653E-22 0.045877289 4.954137135 21.892 Yes
Importin subunit beta-1 KPNB1 Q14974 5 3.6065E-25 0.002571971 4.249026831 97.169 N.D.

FOXO3-Cys190
Glutathione S-transferase

omega-1
GSTO1 P78417 9 2.3023E-28 0.006422468 9.394772677 27.566 N.I.

Proteasome subunit alpha
type-4

PSMA4 P25789 6 1.3338E-16 0.008221979 6.961045517 29.483 N.D.

Proteasome subunit beta
type-6

PSMB6 P28072 3 2.4438E-09 0.025890331 5.380638158 25.357 Yes

Arginase-1 ARG1 P05089-2 4 5.8174E-08 0.003837175 4.647008858 35.664 Yes

FOXO3-Cys362
Peroxiredoxin-2 PRDX2 P32119 6 1.9653E-22 0.043097546 5.60347922 21.892 Yes
Proteasome subunit alpha

type-4
PSMA4 P25789 6 1.3338E-16 0.031961578 4.377192513 29.483 N.D.

Peptidyl-prolyl cis-trans
isomerase A

PPIA P62937 3 8.4601E-09 0.03539262 4.111145097 18.012 N.D.

FOXO3-Cys622
Cyclin-dependent kinase 4 CDK4 P11802 6 5.4088E-22 1.54875E-05 10.81388506 33.729 Yes
Peroxiredoxin-1 PRDX1 Q06830 10 3.4979E-38 0.039055561 9.240073572 22.11 Yes
Peroxiredoxin-5 PRDX5 P30044 7 5.636E-23 7.90351E-05 8.809030507 22.086 N.D.
Peroxiredoxin-2 PRDX2 P32119 6 1.9653E-22 0.001943848 7.126900789 21.892 Yes
Proteasome subunit alpha

type-4
PSMA4 P25789 6 1.3338E-16 0.015236304 6.8761906 29.483 N.D.

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH P04406 14 1.1354E-191 0.001033415 5.413238551 36.053 Yes

Glutathione S-transferase
omega-1

GSTO1 P78417 9 2.3023E-28 0.034872177 4.706508784 27.566 N.I.

Reticulocalbin-2 RCN2 F8WCY5 6 1.3415E-96 0.032031865 4.441045678 39.139 N.I.

N.I., not identified in secondary screen; N.D., mass-shift not observed in secondary screen.
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majority of CDK4 indeed migrates at the apparent combined
MW of FOXO3 (85 kDa) and CDK4 (34 kDa): *120 kDa.
Furthermore, the quantification also shows that CDK4 prefers
FOXO3-Cys622 and to a lesser extent, FOXO3-Cys362 for
binding. In Figure 3B, the amounts of three other identified
disulfide-dependent binding partners (IPO7, IPO8, and
TNPO1) in each gel strip are presented. It is clear that again
the majority of these proteins pulled down with FOXO3 mi-
grate at the apparent combined MW of FOXO3 and these
proteins (*220 kDa for IPO7 and IPO8, *190 kDa for
TNPO1). Note that only IPO7 and IPO8 bound to FOXO3-
Cys150 migrates at the size of the disulfide-dependent FOXO3-
IPO7 complex. Residual binding to the other cysteine mutants
migrates at the size of monomeric IPO7 and IPO8, respec-
tively. The amount of IPO7 and IPO8 pulled down is much

higher than the amount of TNPO1. For comparison,
we presented our previously published data (27) on redox-
dependent binding partners of FOXO4 in a similar manner for
these three nuclear importers (Supplementary Fig. S5). In the
case of FOXO4, TNPO1 binds much better than IPO7 and
IPO8. There is some residual binding of IPO7 to FOXO4, but
this largely migrates at the size of monomeric IPO7 and IPO8,
and also FOXO4DCys shows this residual binding.

FOXO3 and FOXO4 have overlapping and specific
disulfide-dependent binding partners

Like we previously showed for FOXO4, each cysteine in
FOXO3 is also involved in disulfide-dependent interactions
with a limited set of proteins, which differs for each cysteine

FIG. 3. Examples of key results from the secondary MS screen. (A) Representation of the FOXO3-CDK4 interaction
as observed in the gel-based MS/MS experiment. CDK4 binds preferably to FOXO3-Cys622 and migrates at an apparent
MW that represents a covalent complex. (B) Similar representations for nuclear import receptors that were identified to bind
to FOXO3. Low amounts of TNPO1 were found, whereas substantial amounts of IPO7 and IPO8 were found to bind
specifically to Cys150. See also Supplementary Figure S5 for a similar analysis of TNPO1, IPO7, and IPO8 binding to FOXO4.
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(Table 1). The latter indicates that there is specificity and
strongly suggests that FOXO3 is also subject to cysteine-
dependent redox signaling. When we compare the list of
candidate disulfide-dependent binding partners of FOXO3
with that we previously published for FOXO4 (27), we find
that both FOXOs bind extensively to peroxiredoxins, which
could reflect the involvement of these proteins in disul-
fide formation, as suggested recently by Jarvis et al. (21).
Otherwise, the overlap between the two lists is minor, indi-
cating that there is a clear distinction in the disulfide-
dependent binding partners of the two proteins and suggesting
differential redox regulation of human FOXO3 and FOXO4.

As with every screening method, this method also has its
limitations and we next set out to validate some of the newly
found redox-dependent FOXO3 interaction partners, their
preference for a certain FOXO3 cysteine, and to what extent
they are selective for the FOXO3 or FOXO4 paralog. Co-IP
experiments followed by Western blot analysis for some of
the hits were performed (Fig. 4A). Indeed, IPO7 and CDK4
interact with FOXO3 in a H2O2-induced and cysteine-de-
pendent manner and prefer binding to Cys150 and Cys622,
respectively, as was also observed in our MS/MS screen. We
next tested whether these proteins could also bind FOXO4
and whether previously identified redox-dependent binding
partners of FOXO4 [like insulin degrading enzyme (IDE)
(27)] and p300 (12) also bound to FOXO3 (Fig. 4B, C). We
found that CDK4 and TNPO1 bind both FOXO3 and FOXO4
in a redox-dependent manner, whereas IPO7 and IPO8
preferentially bind FOXO3. IDE preferentially binds

FOXO4. A quantification of the Western blots of the co-IP
experiments for IPO7 and TNPO1 to FOXO3 and FOXO4,
amalgamated from multiple experiments, can be found in
Supplementary Figure S6. Although in our screen the histone
acetyl transferase (HAT) p300 was not identified, this pro-
tein binds FOXO3 in a cysteine-dependent manner with a

FIG. 4. Disulfide-dependent binding partners differ
between FOXO3 and FOXO4 and this correlates with
the conservation of specific FOXO cysteines. (A) Ver-
ification of two of the hits of our MS/MS screen. Flag-IPs
were analyzed on reducing sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and subsequent
Western blot stained with antibodies specific for IPO7 and
CDK4. Both proteins show cysteine-dependent binding to
FOXO3 in a ROS-induced and cysteine-specific manner,
confirming the MS/MS results. Blots represent N = 2. (B)
Comparison of FOXO3 and FOXO4 cysteine-dependent
binding partners. TNPO1 and IDE were previously identi-
fied cysteine-dependent FOXO4 interaction partners. IDE
binding was not found in our screen for FOXO3 interaction
partners or in this assay. As previously reported, TNPO1
does bind to FOXO3 in a cysteine-dependent manner, but to
a lesser extent than to FOXO4. CDK4, identified to pref-
erably bind to the cysteine in the TA-domain (FOXO3-
Cys622) binds both FOXO3 and FOXO4. IPO7 and IPO8
bind to FOXO3 but not FOXO4. 14-3-3-binding was used as
a positive control for co-IP. Blots represent N = 4 for IPO7
and TNPO1 and N = 3 for IDE, CDK4, and 14-3-3, a rep-
resentative figure is shown. Quantification of all IPO7 and
TNPO1 co-IPs can be found in Supplementary Figure S6A,
(B) * IPO8 co-IP was performed in a different experiment
than the one that is presented here for the other interaction
partners. The complete figure of this experiment is shown in
Supplementary Figure S6C. (C) HA-p300 preferably binds
to FOXO3-Cys622. This is similar to p300-binding to
FOXO4, which was shown to prefer binding the TA-domain
cysteine as well (12). (D) A mutation in FOXO4DCys that
introduces a cysteine at the position homologous to FOXO3-
Cys150 (FOXO4DCys-G90C) allows the formation of a
ROS-induced FOXO4-IPO7 complex.
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preference for Cys622 in the TA domain (Fig. 4C). The binding
of p300 to FOXO4 was also shown to be dependent on the
cysteine in its TA domain (Cys477 in FOXO4) (12). Taken
together, these data indicate that whether a redox-dependent
binding partner prefers FOXO3 (IPO7 and IPO8) or FOXO4
(IDE and to a lesser extent TNPO1) or has no preference for
FOXO3 or FOXO4 (CDK4 and p300) correlates largely to
whether the cysteine it preferentially binds to is conserved
between FOXO3 and FOXO4. We therefore propose that
evolutionary acquisition of paralog-specific cysteines in hu-
man FOXO proteins determines differential redox signaling
and could contribute to the divergence of paralog-specific
regulation. In agreement with this, we can make IPO7 bind to
FOXO4 in a redox-dependent manner (with comparable stoi-
chiometry as with FOXO3) by introduction of a single cys-
teine residue in FOXO4DCys at the position homologous to
FOXO3-Cys150 (FOXO4G90C) (Fig. 4D).

IPO7 is a cysteine-disulfide-dependent binding
partner of FOXO3

The striking preference of IPO7 and IPO8 for binding
FOXO3 over FOXO4 (Supplementary Figs S3B, S4B, and
S5) and the requirement of FOXO3-Cys150 herein (Figs. 3B
and 4A) attracted our attention and we decided to look fur-
ther into the molecular details of this interaction. The inter-
action is indeed disulfide dependent as the two proteins form
a covalent complex under nonreducing (but denaturing
SDS-PAGE) conditions (Fig. 5A, B). IP followed by parallel
reducing and nonreducing Western blot analysis for FOXO3
and IPO7 shows that FOXODCys-150C and IPO7 migrate
at the same apparent molecular weight under nonreducing
conditions, whereas they migrate at their own molecular weight
under reducing conditions (Fig. 5A). Note that all IPO7 that is
bound to FOXO3-Cys150 migrates in the shifted band under
nonreducing conditions, suggesting that the interaction is
fully dependent on disulfide formation. Diagonal SDS-PAGE
confirms these observations (Fig. 5B). Finally, treatment of
cells with the disulfide bond inducing agent diamide instead
of H2O2 before lysis induces an even stronger FOXO3-IPO7
interaction when compared to H2O2-treated samples (Fig.
5C). Taken together, the redox-dependent FOXO3-Cys150-
IPO7 heterodimer depends on a disulfide.

IPO7 is required for efficient reactive oxygen
species-induced nuclear translocation of FOXO3

IPO7 is a nuclear import receptor belonging to the b-
karyopherin superfamily of proteins, which are responsible
for nucleocytoplasmic transport of macromolecules like
proteins, RNA and DNA. IPO7 is described to be involved in

the nuclear import of several transcription factors (4–6), ri-
bosomal subunits (19), Histone1 (2), exogenous DNA (15),
and kinases (6).

FOXO3 has been described to accumulate in the nucleus
and become activated in response to reactive oxygen species
(ROS) (3). To investigate whether IPO7 plays a role in
FOXO3 nuclear accumulation in response to ROS, we stud-
ied the nucleocytoplasmic shuttling upon ipo7, ipo8, and
tnpo1 knockdown. IPO7 and IPO8, but not TNPO1, are re-
quired for efficient nuclear accumulation of FOXO3 upon
H2O2 treatment (Fig. 6A–C and Supplementary Fig. S7).
Note that the combined knockdown of ipo7 and ipo8 has
more effect than the knockdown of either ipo7 or ipo8, sug-
gesting that these proteins can compensate for each other. In
line with this, the primary sequence of human TNPO1 is also
very different from that of human IPO7 and IPO8. The
ClustalW analysis (PMID 17846036) (21a) shows that IPO7
and IPO8 share 64.64% amino acid sequence identity,
whereas TNPO1 shares only 15.2% identity with IPO7 and
16.23% with IPO8. Nuclear translocation upon inhibition of
the insulin signaling pathway (PKB inhibition) was not
changed upon ipo7, ipo8, or tnpo1 knockdown (Fig. 6A–C
and Supplementary Fig. S7), suggesting that ROS-dependent
and loss-of-insulin-signaling-dependent nuclear accumula-
tion of FOXO3 is mediated by different import proteins. In
agreement with this, induction of nuclear accumulation of
FOXO3 by inhibition of PKB does not result in the FOXO3-
IPO7 complex formation (Supplementary Fig. S6D). A GFP-
tagged version of the above-described FOXO4DCys-G90C
mutant, which mimics the evolutionary acquisition of FOXO3-
Cys150 and hence IPO7 (and IPO8) binding (Fig. 4D), indeed
translocates more efficiently in response to ROS as compared
to GFP-tagged FOXO4DCys (Fig. 6E).

Finally, our findings suggest a differential regulation of
FOXO3 and FOXO4 nuclear import under oxidative condi-
tions. Indeed, when we compare translocation dynamics of
GFP-tagged versions of FOXO3 and FOXO4 under similar
circumstances, nuclear accumulation of FOXO4 upon H2O2

treatment seems more rapid compared with FOXO3, whereas
basal localization, export, and insulin-signaling pathway-
dependent dynamics are comparable (Supplementary Fig.
S8). It remains to be explored what the consequences of the
here described redox-signaling-dependent regulatory divergence
of FOXO3 and FOXO4 will be in a physiological context.

Discussion

In this study, we compared disulfide-dependent hetero-
dimerization of two functionally closely related transcrip-
tion factors FOXO3 and FOXO4. Intermolecular disulfide

FIG. 5. IPO7 is a cysteine-disulfide-dependent binding partner of FOXO3. (A) IPs of the different cysteine mutants of
Flag-FOXO3 were analyzed in parallel by nonreducing (left) and reducing (right) SDS-PAGE followed by Western blot for
IPO7 and FOXO3. The proteins migrate in one complex under nonreducing conditions (yellow band in enlarged inset),
whereas they run in separate bands under reducing conditions. (B) A diagonal SDS-PAGE experiment confirms that the
interaction between FOXO3 and IPO7 is direct and disulfide dependent. Flag-FOXO3 overexpressing cells were incubated
in H2O2 before lysis, a Flag-IP was performed, and the sample was analyzed by diagonal SDS-PAGE gel electrophoresis
followed by Western blot analysis for IPO7 (red) and Flag (green). FOXO3 and IPO7 migrate in a vertical line below the
diagonal in the second dimension, indicating that they were migrating in one disulfide-mediated complex before reduction.
An explanation and schematic overview of a diagonal SDS-PAGE experiment can be found in Supplementary Figure S9.
(C) The FOXO3-IPO7 complex is induced by the disulfide-inducing reagent diamide. Note that the induction of binding is
even more efficient than with H2O2.

‰
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formation as a mode of redox signaling has not been studied
much and, until recently, only about 30 such interactions
were described (29). However, using the MS/MS-based ap-
proach described here for FOXO3 and previously for FOXO4,
we find several functional intermolecular disulfides, suggest-
ing that this could be a common mechanism in redox signaling.
It is currently not known whether disulfide-dependent het-
erodimerization in response to ROS is a common mechanism
in TNPO1-, IPO7-, and IPO8-dependent nuclear transport.

Our data show that FOXO3, like FOXO4, is being shuttled
into the nucleus in response to ROS through formation of a
disulfide with a nuclear import protein. However, whereas we
previously showed that FOXO4 dimerizes with TNPO1 (27),
we now find that FOXO3 dimerizes preferentially with IPO7
and IPO8. This implies that not only a differential spatio-
temporal expression of FOXO3 and 4 but also a hypothetical
differential spatiotemporal expression of IPO7, IPO8, or

TNPO1 during, for example, development, differentiation, or
tumorigenesis could, in principle, lead to differential re-
sponses of FOXO3 and 4. It remains to be explored how the
here observed regulatory divergence of FOXO3 and FOXO4
translates to a functional divergence. This is not trivial as
FOXO3DCys and FOXO4DCys eventually still accumulate
in the nucleus in response to ROS, which might be due to
JNK-dependent phosphorylation (18), mono-ubiquitinylation
(32), inhibition of Crm-1-dependent nuclear export (30), or a
combination of these. The delay in nuclear accumulation of
the FOXODCys mutants is clearly measurable, but relatively
short as compared to the establishment of a measurable
FOXO transcriptional program-dependent phenotype. We
will therefore aim to address the functional consequence of
our observations in future studies.

The disulfide bond formation between IPO7 (or IPO8) and
FOXO3 is specific for Cys150 in FOXO3, and this is different

FIG. 6. IPO7 and IPO8 are required for ROS-induced nuclear translocation of FOXO3. (A) Inducible GFP-FOXO3
expression in U2OS cells transfected with negative control (Scrambled), TNPO1, or IPO7 and IPO8 siRNAs and incubated
with H2O2 (500 lM) or PKB inhibitor VIII (10 nM). The scale bar represents 20 lm. (B) Quantification of experiment shown
in (A). Localization of GFP-FOXO3 was assessed in > 300 cells (divided over two technical replicates) and p-values were
calculated in a Fischer’s exact test using a 2 · 2 contingency table (Supplementary Table S2 for the raw data). The
percentage of cells showing predominant nuclear FOXO3 localization is plotted. N = 3, a representative experiment is
shown. A similar experiment using independent siRNAs is shown in Supplementary Figure S7. (C) Western blot for
TNPO1, IPO8, and IPO7 on lysates from U2OS cells transfected with the indicated siRNAs. Data are representative of N = 2
blots. (D) Treatment with the PKB inhibitor VIII is known to induce nuclear accumulation of FOXO3. However, this does
not result in FOXO3-IPO7 complex formation. This indicates that the nuclear import upon PKB inhibition is mediated by a
different and currently unknown nuclear importer. (E) FOXO4DCys-G90C shows a more efficient nuclear translocation
compared to its cysteine-less counterpart FOXO4DCys. Localization of GFP-FOXO4DCys and GFP-FOXO4DCys-G90C
was followed over time by time-lapse imaging. Nuclear translocation was scored for all cells that showed cytoplasmic
localization at the start of the movie. The percentage of cells showing nuclear translocation during the movie is plotted. Data
are representative of N = 4 experiments. p-values were calculated in a Fischer’s exact test using a 2 · 2 contingency table
(Supplementary Table S2 for the raw data).
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from what we have seen previously for disulfide-dependent
binding of p300 and TNPO1 to FOXO4; p300 binds prefer-
ably to FOXO4-Cys477, however, when a mutant is used that
lacks this cysteine but has FOXO4-Cys411 available, it can
form a disulfide with FOXO4-Cys411 (12). Likewise, TNPO1
forms a disulfide preferably with FOXO4-Cys239, but once
this is mutated to a serine, FOXO4-Cys355 is able to mediate
the interaction (27). One explanation for this adaptability
could lie in the unstructured nature of FOXO proteins; only
the DNA binding domain is structured and the remainder is
largely intrinsically disordered. This could allow for flexi-
bility in cysteine presence in disulfide formation. It is be-
lieved that disulfide formation occurs in a two-step manner
(11) Once a cysteine becomes oxidized to sulfenic acid or by
formation of a disulfide with peroxiredoxin, it becomes
highly reactive and will form a disulfide with a neighboring
thiol. If it is the cysteine thiol in a FOXO-binding partner that
becomes oxidized first, it will seek any thiol in FOXO in its
vicinity to form a disulfide bond with. Indeed, sulfenic acid
formation has been observed on both IPO7 and TNPO1
(22).This model could potentially also explain why TNPO1
can still interact with FOXO3 (Figs. 3B and 4B), although the
preferred cysteine it binds to in FOXO4 (Cys239) is not
present in FOXO3. The observation that IPO7 and IPO8
strictly require FOXO3Cys150 could potentially be due to the
fact that this cysteine lies close to the structured FKH domain
(Fig. 1A).

We have previously shown that stress-induced nuclear
accumulation of the Caenorhabditis elegans FOXO homolog
DAF-16 depends on the TNPO1 homolog IMB-2 (27). In
light of our findings, we wondered whether an IPO7 or IPO8
homolog could also function in C. elegans to transport DAF-
16 to the nucleus. However, a BLAST search revealed that
there are no proteins in C. elegans that resemble human IPO7
or IPO8.

Gene duplications are believed to be one of the most im-
portant factors in evolution; due to the resulting redundancy,
they allow for the release of negative evolutionary pressure
and thus for an increased mutation rate. Not all gene dupli-
cates are maintained in the genome; functional divergence is
often required to prevent the loss of two completely redun-
dant genes (8, 31). The mammalian FOXO transcription
factors FOXO1, 3, 4, and 6 are the result of gene duplications
during evolution. When comparing the sequences of FOXO1,
3, and 4, the diversification becomes easily clear (Fig. 1A);
although the CR1, FKH, and TA domains have an overlap of
approximately 80% (1), the other regions are quite diverse.
However, although the protein sequences clearly show dif-
ferences, several of the upstream regulators are shared be-
tween the paralogs, and some even originate from before the
genome duplications. While functional divergence has been
appreciated for almost a decade, not many thorough com-
parisons have been made between the upstream regulators of
the different paralogs up to now (e.g., in (34)).We show here
that cysteines that are conserved between FOXO paralogs
indeed can bind the same proteins (e.g., CDK4, p300) in a
disulfide-dependent manner, whereas paralog-specific cys-
teines can give rise to paralog-specific interaction partners
(e.g., IPO7 and IPO8 for FOXO3 and IDE and to a lesser
extent TNPO1 for FOXO4). We mimicked the evolutionary
acquisition of FOXO3-Cys150 by introducing a cysteine in the
homologous position in FOXO4DCys (FOXO4DCys-G90C).

This mutant, which has no other cysteines but the one that
mimics FOXO3-Cys150, was now indeed able to bind IPO7 in
a redox-dependent manner and translocates rapidly to the
nucleus in response to ROS.

Materials and Methods

Alignment of FOXO proteins

The amino acid sequences of the different human FOXO
paralogs and vertebrate FOXO homologs were obtained
through the NCBI database. In some cases, an mRNA se-
quence gave better coverage of a certain FOXO homolog and
in that case, the mRNA was translated and the corresponding
amino acid sequence was used. The GI-numbers of the used
sequences are listed in the alignment figures for each se-
quence. To analyze the homologs of each vertebrate FOXO
isoform, we used the sequences of two species of fish, two
species of amphibians, two species of reptiles, two species of
birds, and four species of mammals. We used the same spe-
cies for the different FOXO isoforms, except for FOXO4,
where the genome of Danio rerio had a better coverage than
Maylandia zebra. The used species are listed in the corre-
sponding figures. Alignments were performed using the
T-Coffee algorithm with default settings (25). We used Jal-
view software for the representation (35). The human FOXO
paralog alignment was colored by conservation (without
threshold). The FOXO ortholog alignments were colored by
conservation (threshold 15). Darker purple means more
conservation or consensus. Cysteine residues were colored
Yellow in Adobe Illustrator.

Cell culture

All cells were kept under standard conditions (bicarbonate-
buffered Dulbecco’s modified Eagle’s medium (10% fetal bo-
vine serum), 37�C, 6% CO2 atmosphere). All overexpression
experiments were carried out in HEK293T cells. Transfections
were performed using polyethylenimine (Sigma Aldrich),
and experiments were performed 48 h post-transfection. RNAi
transfections were performed according to protocol using
HiPerfect (Qiagen).

For localization studies, U2OS cells stably expressing
tetracycline (Tet)-repressor and doxycycline-inducible GFP-
Flag-FOXO3, GFP-Flag-FOXO4, FOXO4DCys, or FOX-
O4DCys-G90C were used. These cells were generated by the
transient transfection of a stable Tet-repressor expressing
U2OS cell line (U2OS TRs C2.1) (13) with pTON-bEGFP-
FOXOX. Upon selection, a monoclonal cell line was ob-
tained and used for experiments using WT FOXO3 and 4,
whereas polyclonal cell lines were used for the experiments
assessing localization of FOXO4DCys and FOXO4DCys-
G90C. Expression of GFP-Flag-FOXO was induced with
doxycycline for 3 days before starting experiments to ensure
reproducible low and cytoplasmic expression of GFP-Flag-
FOXO.

Plasmids and reagents

Flag-His-FOXO3 and doxycycline-inducible GFP-FOXO3
constructs (pTON-bEGFP-FOXO3) were created by Gateway
cloning (Invitrogen). An HA-FOXO3 construct was used as
a template for creating a FOXO3 entry clone. These were
subsequently swapped in the donor vector according to the
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standard Gateway protocol. Cysteine mutant constructs were
created by point mutation PCR (using the following respective
forward primers: C31: 5¢-CCGCGATCCTCTACGTGGCCC-
3¢, C150: 5¢-CCGAGGAAATCTTCGTCGCGG-3¢, C190: 5¢-
ATGGTGCGTTCCGTGCCCTAC-3¢, C362: 5¢-AGCAAGCC
GTCCACGGTGGAA-3¢, and C622: 5¢-AGCTTGGAATCTG
ACATGGAG-3¢) and verified by sequencing. For doxycycline-
inducible GFP-FOXO3 constructs, a modified version of
pcDNA4-TO (Invitrogen) carrying a biotinylation-tag, a Flag-
tag, and a GFP (referred to as (pTON-bEGFP) was converted
to a Gateway donor vector.

Flag-FOXO4 wild-type and cysteine mutant constructs
were described before (12,33). Flag-FOXO4-G90C mutant
was created by point mutation PCR using the following
primer: Fwd: 5¢-GTCCTCGGAAGTGTGGCTCCCGCCG
GAATG. HA-p300 was described before (12).

TNPO1 (L-011308), IPO7 (L-012255, smartpool and sin-
gles -06 and -07), and IPO8 (L-012256, smartpool and single
-19) knockdown was performed using smartpool siRNAs
from Dharmacon and used in a concentration of 20 nM. PKB
inhibitor VIII (Merck Chemicals) was used in a concentra-
tion of 10 nM for the indicated time. Leptomycin B (Sigma-
Aldrich) was used in a concentration of 20 ng/ml for the
indicated time (similar to H2O2). Thirty-seven percent H2O2

was purchased from Merck and freshly diluted to a stock of
100 mM in H2O for every experiment. H2O2 treatments were
200 lM for 10 min for IPs and 500 lM for 45 min in locali-
zation studies. Diamide (Sigma Aldrich) was used in a con-
centration of 0.1 mM.

Co-IPs and Western blotting

For co-IPs, cells were treated as indicated and subse-
quently lysed in the lysis buffer (50 mM Tris-HCl pH 7.5, 1%
TX100, 1.5 mM MgCl2, 5 mM EDTA, 100 mM NaCl, NaF,
Leupeptin, Aprotinin) containing 100 mM iodoacetamide to
prevent postlysis oxidation and to prevent reduction events.
Lysates were incubated with Flag-M2 beads (Sigma Aldrich)
while shaking for approximately 2 h and washed in the lysis
buffer containing 1 M NaCl. Samples were either used for
Western blot analysis (reducing or nonreducing conditions)
or eluted of the beads in 0.1 M glycine (pH 2). For parallel
reducing and nonreducing SDS-PAGE analysis, IPs were washed
as described above and divided in two after the last washing.

SDS-PAGE and Western blotting were performed ac-
cording to standard protocols. Nonreducing SDS-PAGE of
Flag-FOXO3 was performed on 6% polyacrylamide gel to
obtain maximum separation. (For an explanation of diagonal
SDS-PAGE, see the cartoon in Supplementary Fig. S9).

Antibodies that were used are Flag M2 (Sigma, F1804),
IPO7, IPO8, and TNPO1 (Abcam; ab99273, ab72109, and
ab10303, respectively)], HA (12CA5, monoclonal from hybrid-
oma cell lines), CDK4 and Pan-14-3-3 (Santa Cruz; SC-260 and
SC-629, respectively), and IDE (ITK diagnostics; A301-906A).
Detection of fluorescent secondary antibodies was performed
using the LI-COR Biosciences Odyssey Infrared Imaging Sys-
tem; detection of secondary HRP antibodies was performed on
the FUJIFILM Luminescent Image Analyzer LAS-4000 mini.

Luciferase assay

The activity of Flag-FOXO3 and Flag-FOXO3DCys was
measured in HEK293T cells, using firefly luciferase driven

from an artificial promoter containing six FOXO-binding
sites (6 · DBE) and was described before (33). The luciferase
activity was normalized to the activity of Renilla luciferase
expressed from a thymidine kinase promoter. Both lucifer-
ase activities were measured according to the manufacturer’s
instructions using the Dual-Luciferase reporter Assay sys-
tem (Promega; product E1960) on a Berthold Techonolgies
MicroLumatPlus LB 96V luminometer.

Mass spectroscopy and MS/MS data analysis

MS/MS sample preparation, measurements, and data
analysis were described extensively before (27). In short, raw
files were analyzed with the Maxquant software version
1.3.0.5 (10) with deamidation of glutamine and asparagine,
oxidation of methionine, and cysteine alkylation with io-
doacetamide as well as N-Ethylmaleimide set as variable
modification. For identification, the human Uniprot database
was searched with both the peptide as well as the protein false
discovery rate set to 1%. Proteins identified with two or more
unique peptides were filtered for reverse hits and standard
contaminants.

For the first part of the screen, the label-free quantification
(LFQ) algorithm (9) was used in combination with the match
between runs tool (option set at 2 min), all of which are in-
tegral parts of the Maxquant software (23). LFQ intensities,
which are based on the extracted ion current normalized on
total peptide abundance, were log2 transformed, after which
identified proteins were filtered for at least three valid values
in at least one sample group. Missing values were replaced by
imputation based on a normal distribution (using a width of
0.3 and a downshift of 1.8 (14)), to simulate a more realistic
value for the noise. p-values were calculated in a Student’s
t-test and plotted against the difference of the mean log2
transformed LFQ values using the program R (www.
R-project.org). For the hits of our screen, the raw data used
for this analysis are shown in Supplementary Table S1.

For the second branch of the screen, we used the Intensity-
Based Absolute Quantification algorithm (iBAQ) (28), to
compare protein abundance within and between lanes of a
nonreducing SDS-PAGE gel. All MS runs were treated as
separate experiments and adjacent gel pieces (in the same
lane or at the same height in the other lanes) were used for the
match between runs option. When using iBAQ, intensities are
not normalized to the total peptide abundance, which allows
us to compare the intensities of the different gel pieces within
a lane.

Localization studies

Doxycycline-inducible GFP-Flag-FOXO3 or GFP-Flag-
FOXO4 cells were seeded on glass, transfected with the in-
dicated siRNAs, and GFP-FOXO expression was induced
with doxycycline, both for 72 h. Cells were treated as indi-
cated, fixed for 1 h in 3.7% formaldehyde, DNA was stained
with DAPI (4¢,6-diamidino-2-phenylindole; Sigma-Aldrich),
and the slides were mounted on glass. Analysis was per-
formed on a Zeiss Axioskop 2 microscope equipped with a
Zeiss Axiocam CCD camera. Localization of GFP-FOXO3
was scored to be either predominantly nuclear or cytoplasmic
for > 300 cells per condition (divided over two technical
replicates). Statistical analysis of the data was performed in
Graphpad Prism using a 2 · 2 contingency table; p-values
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were calculated in a two-tailed Fischer’s exact test (see
Supplementary Table S2 for the raw data). Knockdown of
ipo7 was checked by Western blot.

Time-lapse imaging

Time-lapse imaging was performed as described before
(27). Doxycycline-inducible GFP-Flag-FOXO4DCys and
FOXO4DCys-G90C cells were seeded in 24-well plates, and
FOXO expression was induced with doxycycline for 72 h.
Time-lapse imaging was performed on an Olympus IX-81
microscope equipped with a 20x/0.5NA UPLFLN objec-
tive and an ORCA-ER camera (Hamamatsu Photonics) in a
permanently heated chamber (37�C, 5% CO2). Images were
acquired every 2 min for 30 min before treatments, as indi-
cated, and followed in time until translocation had occurred.
Five hundred micromolar H2O2 was used to induce translo-
cation. Resulting movies were analyzed using ImageJ. Only
cells with basal cytoplasmic localization of FOXO4 at the
beginning of the movie (GFP-intensity cytoplasm > GFP-
intensity nucleus) were taken into account. Cells undergoing
mitosis or apoptosis during the movie were excluded from
analysis. Statistical analysis of the data was performed in
Graphpad Prism using 2 · 2 contingency tables; p-values
were calculated in a two-tailed Fischer’s exact test (Supple-
mentary Table S2 for the raw data).
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