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Abstract: FoxO3 is a member of the forkhead class of transcription factors and plays a
major role in the regulation of diverse cellular processes, including cell cycle arrest, DNA
repair, and protection from stress stimuli by detoxification of reactive oxygen species. In
addition, FoxO3 is a tumor suppressor and has been considered as a novel target for cancer
therapeutics. Phosphorylation of FoxO3 via the AKT, IKK, and ERK pathways leads to
deregulation, cytoplasmic retention, degradation of FoxO3 and favors tumor progression.
Identification of the amino acid residues that are the target of different posttranslational
modifications (PTMs) provides a foundation for understanding the molecular mechanisms
of FoxO3 modifications and associated outcomes. In addition to phosphorylation, serine
and threonine residues of several proteins are regulated by a unique type of PTM known as
O-B-glycosylation, which serves as a functional switch. We sought to investigate the
crosstalk of different PTMs on the FoxO3 which leads to the onset/progression of various
cancers and that could also potentially be targeted as a therapeutic point of intervention.
A computational workflow and set of selection parameters have been defined for the
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identification of target sites and crosstalk between different PTMs. We identified
phosphorylation, O-B-GIcNAc modification, and Yin Yang sites on Ser/Thr residues, and
propose a potential novel mechanism of crosstalk between these PTMs. Furthermore,
methylation potential of human FoxO3 at arginine and lysine residues and crosstalk
between methylation and phosphorylation have also been described. Our findings may
facilitate the study of therapeutic strategies targeting posttranslational events.

Keywords: FoxO3; FoxO; in silico, posttranslational modifications; phosphorylation;
O-B-glycosylation; methylation; cancer; Yin Yang sites

1. Introduction

Since the initial discovery of the forkhead gene in Drosophila melanogaster, more than 100 forkhead
genes and 19 human subgroups that extend from FOXA to FOXS are now known to exist. FoxO
transcription factors belong to the “O” (“other”) class of the FOX superfamily. In mammals, four
members of FoxO have been identified: FoxO1, FoxO3, FoxO4, and FoxO6 [1]. These transcription
factors are found to be distributed throughout the body. However, expression of FoxO proteins is not
the same across tissues, suggesting that individual FoxO proteins have specific cellular functions,
thereby, forming the most divergent FOX subfamily due to a unique five amino acid (GDSNS)
insertion immediately prior to helix H3 within the forkhead domain. This motif is directly involved in
sequence specific interaction with DNA binding sites [2].

Human FoxO3 (or FoxO3a) plays a critical role in modulating diverse cellular processes, such as
metabolism, differentiation, and transformation in animal cells. FoxO3 can act as both transcriptional
activators and repressors through binding interactions between target DNA and the DNA binding
domain (DBD). The FoxO3 gene was first identified at the t(6;11) (q21;923) chromosomal translocation
from an acute myeloid leukemia patient [3]. Since then, several studies have shown direct correlation
between FoxO3 expression and tumor progression. Low expression and cytoplasmic retention of
FoxO3 was found to be associated with the development of ovarian and breast cancer, and leukemia
and correlated strongly with poor patient survival. In contrast, FoxO3 overexpression inhibited
tumor growth in vitro and tumor size in vivo in several cancers such as breast, lymphomas, and
hemangiomas [4-6]. FoxO3 promotes cell cycle arrest in mouse myoblastic cell lines through
modulation of growth arrest and DNA damage response proteins [7]. Activation of FoxO3 antagonizes
cell proliferation and promotes apoptotic cell death in chronic myelogenous leukemia cell lines.
Therefore, during tumor development, inhibition of FoxO3’s transcriptional activity promotes cell
transformation, tumor progression, and angiogenesis. The loss of FoxO3 activity in association with
c-myc, p27, and NF-KB can result in cell cycle induction and malignant transformation of mouse cells
in the presence of oncogene activation [8,9]. Pro-apoptotic effects and the ability to block cell cycle
progression suggest FoxO3 is an ideal therapeutic target to control tumorigenesis. Collectively, all
these studies indicate that FoxO3 is a bonafide tumor suppressor and that deregulation of FoxO3
activity is a major factor in cancer progression. In general, FoxO3 activity is regulated by different
posttranslational modifications (PTMs) such as phosphorylation, acetylation, and ubiquitination [10,11].



Int. J. Mol. Sci. 2012, 13 2920

These different PTMs allow FoxO3 to function in various cellular activities by changing its subcellular
location, molecular half-life, or DNA-binding activity [12—14].

It is well known that different PTMs modulate the function and activity of target proteins by
inducing structural changes and changes in cellular localization. PTMs form a complex regulatory
network with characteristics of a sophisticated language, and such a network is fundamental to normal
development as well as disease pathogenesis [15,16]. It is also recognized that often one PTM may
enhance or prevent another PTM, resulting in their interplay regulating diverse molecular processes.
One such example is the interplay between phosphorylation and O-B-GlcNAc modifications on the
same or neighboring Ser/Thr residues, also known as “Yin Yang” sites [17]. O-GlcNAcylation is a
ubiquitous and highly dynamic modification that is regulated by O-GIcNAc transferase (OGT: adds
O-GIcNAc to protein backbone) and O-GlcNAcase (OGN: removes O-GIcNAc from protein backbone)
on serine and threonine residues of nuclear and cytoplasmic proteins. O-GIcNAcylation plays a critical
role in protein folding, localization and trafficking, solubility, antigenicity, biological activity, and
half-life, as well as cell-cell interactions. Since discovery of interplay between phosphorylation and
O-B-glycosylation, several proteins have been computationally and experimentally studied for this
interplay and it has been proposed as a point of intervention for functional modulation [18-20].

In addition to the interplay between phosphorylation and O-B-glycosylation, other PTMs also show
interactions, such as the interplay between methylation and phosphorylation [21]. Protein methylation
is an important and reversible type of PTM that governs cellular dynamics and plasticity. Protein
methylation can modify the nitrogen atoms of either the backbone or side chain (N-methylation) in
several types of amino acids such as Lys, Arg, His, Ala, and Asp. However, most protein methylation
studies have focused on Lys and Arg residues. Depending upon cellular environment, Arg and Lys can
be methylated once, twice or thrice by Peptidyl Arginine Methyltransferases (PRMTs) and Histone
Lysine Methyltransferases (HKMTs), respectively [22]. Many studies have started to reveal the important
role of Arg methylation in different cellular processes such as RNA processing, transcriptional
regulation, signal transduction, DNA repair, and protein-protein interactions [23-25]. In addition,
reports have started to identify and characterize the regulatory crosstalk between arginine methylation
and phosphorylation for proteins such as RIP140 [26] and STAT6 [27]. However, understanding the
functional changes induced is still remains to be elucidated.

Unbiased identification of PTM sites by experimental methods is expensive and time consuming. In
contrast, advance computational algorithms trained on available experimental data can provide
functional candidates and help narrow down the experimental efforts are much more desirable for their
effectiveness at identifying potential PTM target sites in proteins of interest. The aim of this study was
to identify PTMs sites and their crosstalk with respect to regulating human FoxO3. An in silico
workflow comprised of several machine learning algorithms was adopted for this purpose. Next, based
on available experimental data and findings of this computational analysis, crosstalk between
(a) phosphorylation and O-B-glycosylation at Yin Yang sites; and (b) between phosphorylation and
methylation at neighboring Ser/Thr/Tyr and Arg residues have been described.
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2. Materials and Methods
2.1. Analysis Data

The amino acid sequence of human FoxO3 was retrieved from the SWISS-PROT database [28]
using the primary accession number 043524 and the entry name, FOXO3 HUMAN. A BLASTP [29]
amino acid sequence homology search was performed using the National Center for Biotechnology
Information (NCBI) database using default parameters for all known sequences. The sequences
selected from various organisms were based on higher bits score, and E-values < 0. The selected
sequences, including the query, were aligned using ClustalW2 [30] to determine the level of
conservation across various species and to locate conserved Ser/Thr/Tyr/Arg and Lys residues. The
five selected target sequences for the FoxO3 protein originated from Sus scrofa (RefSeq.
NP 001129431.1), Rattus norvegicus (RefSeq. NP 001099865.1), Mus musculus (RefSeq.
NP _062714.1), and Bos taurus (RefSeq. XP_615634.2).

2.2. Prediction of Phosphorylation, Kinases Activity, and Solvent Accessibility of Human FoxO3

The phosphorylation potential of human FoxO3 was predicted by NetPhos 2.0 [31]. This program is
based on a artificial neural network approach and predicts the potential phosphorylation sites on each
Ser, Thr, and Tyr residue, by calculating a score for phosphorylation potential. NetPhos 2.0 uses a
threshold value of 0.5 for any Ser, Thr, and Tyr to indicate a potential phosphorylation site.

ScanSite 2.0 [32] was used to predict the activity of various kinases on phosphorylation sites. This
program has the ability to not only predict kinase activity, but also determine surface accessibility (SA)
for each amino acid residue. The amino acid sequence at each candidate site (seven amino acid
residues on both sides of a potentially modified amino acid) was evaluated according to the preference
of specific protein kinases. The program then indicates the percentile ranking of the candidate motif
with respect to all potential vertebrate motifs in the SWISS-PROT database. Additionally, the SA
value for each amino acid was determined. If SA > 0.5, the amino acid was predicted to be exposed on
the protein surface and accessible for PTM.

2.3. Prediction of O-f-GlcNAc Modifications and Yin Yang Sites in Human FoxO3

O-B-GlcNAc modifications of human FoxO3 were predicted using YinOYang 1.2 [33]. YinOYang
calculates the O-B-glycosylation potential for all Ser and Thr residues in a protein sequence, and
crosschecks these sites against NetPhos 2.0 predictions for potential phosphorylation sites to determine
Yin Yang sites with high potential for both modifications.

2.4. Prediction of Methylation in Human FoxO3

For the prediction of methylation potential at Arg and Lys residues, we used a combination of three
prediction algorithms; MeMo v2.0 [34], BPB-PPMS [35] and MASA [36]. BPB-PPMS is based on
Bi-profile Bayes combined with support vector machines (SVMs), whereas MASA predictions are
calculated on the basis of accessible surface area surrounding the modification sites.
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2.5. Selection Parameters for Posttranslational Modifications Residues

Despite the fact that algorithms used in this study are well-trained on experimental data and the
training datasets are continuously updated, identification of false-positives can happen. This can be
avoided by keeping in consideration multiple selection parameters based on physiochemical, molecular,
structural, and evolutionary characteristics of proteins. Therefore, for the purpose of avoiding
false-positive predictions, we defined set of rules which are as follows; (i) comparison of predicted
sites with previously known experimentally verified sites of PTMs. The information on experimentally
verified PTM sites was taken from the Phospho.ELM [37] and Swiss-Prot databases. The
Phospho.ELM resource is a relational database designed to store in vivo and in vitro phosphorylation
data extracted from the scientific literature; (ii) Evolutionary conservation status of the predicted sites
was inferred from the Clustal W2 multiple sequence alignment results, as it is known that residues
which are evolutionary conserved tend to be more likely involved in functional activities; (ii1)) Whether
the predicted site is structurally accessible to be targeted based on SA values obtained via ScanSite
prediction algorithm. The same set of rules were applied for the evaluation of predicted phosphorylation,
O-B-glycosylation, Yin Yang, and methylation sites.

3. Results
3.1. Human FoxO3 Possess Multiple Phosphorylation Sites

The prediction of generic phosphorylation sites in human FoxO3 was performed using neural
network algorithm that is implemented via NetPhos 2.0 server. A total of 72 sites were identified with
high potential for phosphorylation. Amongst these 72 phosphorylation sites, 59 were Ser, 9 were Thr,
and 4 were Tyr (Figure 1A and Table 1). Next, we evaluated each prediction based on selection
parameters defined in the materials and methods section. As per selection criteria (i), we retrieved
information about previously identified and experimentally validated phosphorylation residues of
human FoxO3 from SwissProt and Phospho.ELM databases. This search led to retrieval of 21 amino
acid residues (20 Ser, 1 Thr) (Table 1). In the next step, these residues were tallied with the predicted
sites. It was observed that in addition to identification of several novel phosphorylation sites, our
predictions results also included phosphorylation sites from previous experiments, thus supporting the
strategy of a computational approach (Table 1). As per selection criteria (ii); the level of conservation
was inferred for each of the identified residues (Figure 1B). It was observed that all of the newly
identified sites as well as experimentally verified sites from previous studies were evolutionary
conserved among different species. From the schematic mapping of predicted phosphorylation sites
using the primary structure of FoxO3, we observed several Ser/Thr/Tyr residues that were identified in
this study and in previous experimental studies present in functionally important domains (Figure 1C).
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Figure 1. (A) Graphical representation of potential sites (Ser, Thr, and Tyr) for
phosphorylation in human FoxO3 as inferred from NetPhos 2.0. The blue vertical lines
show the potential phosphorylated Ser residues; the green lines show the potential
phosphorylated Thr residues; the red lines show the potential phosphorylated Tyr residues.
The light gray horizontal line indicates the threshold for modification potential;
(B) Multiple sequence alignment of human FoxO3 and closely related species. Conserved
Ser, Thr, and Tyr residues are highlighted in blue, green, and red colors respectively;
(C) Schematic representation of primary structure of human FoxO3. Experimentally verified
phosphorylation sites are shown along with computationally predicted O-B-glycosylation and
Yin Yang sites. O-B-glycosylation sites (G in yellow circle), positive Yin Yang sites (Y in
yellow circle), and false-negative Yin Yang sites (FN in yellow circle). In addition
methylation sites (M in red circle) are also shown. DBD: DNA binding domain (amino
acids: 148-257); NLS: Nuclear localization signal (amino acids: 249-251; 269-271); NES:
Nuclear export sequence (amino acids: 386-396); transactivation/chromatin remodeling
domain (amino acids; 258-673); (D) Graphical representation of potential sites for
O-B-GlcNAc modification on Ser and Thr residues in human FoxO3 as inferred from
YinOYang 1.2. The green vertical lines show the O-B-GIcNAc modification potential of
Ser/Thr residues and the light blue horizontal wavy line indicates the threshold for modification
potential. The positively predicted Yin Yang sites are shown with red asterisk at the top.
The light blue horizontal wavy line indicates the threshold for modification potential.
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Table 1. Computationally predicted and experimentally determined phosphorylation,
O-B-GlcNAc modifications, and Yin Yang sites in human FoxO3.

Residues Phosphorylation Scansite O-GlcNAc | Yin Yang
Name | Pos|CS| EV | cD Kinases sa|Ev]|cp | op
Serine 7 * [38] Y - - - Y Y

12 * [38] Y ERK1; AKT 08 - - -
26 % - Y GSK3 48 - Y Y
30 % - Y - - - - -
43 % - Y Cdks 1.7 - - -
48 % - Y - - - Y Y
55 % - Y - - - - -
110 * - Y - - - Y Y
144 * - Y - - - Y -
151 * - Y PKC; PKA 1.7 - Y Y
152 * - Y - - - - -
161 * - Y - - - - -
172 * - Y - - - - -
173 * - Y Cdk5; Cdc2 36 - - -
200 * - Y - - - - -
209 * [39] Y PKC 19 - - -
243 * - Y - - - - -
253 % [40] Y AKT *; PKA 0.6 - Y Y
257 % - Y - - - - -
280 % [41] Y CK2; GSK3 23 - Y Y
284 % [41] Y ERK 19 - - -
204 % [5] Y Cdk5; Cde2; ERK1 ¥, p38 MAPK 1.4 - - FN
297 % - Y - - - Y Y
299 * [41] Y - - - - -
300 * - Y CK2 20 - - -
311 * - - - - - Y -
315 * [40] Y AKTE, Clk2 1.6 - Y Y
318 * [42] Y CK1°* 1.7 - - -
321 * [42] Y CK1F 19 - Y -
325 % [43] Y ERK1 05 - - -
330 * - Y - - - - -
344 % [5] Y ERKI © 0.6 - Y Y
349 % - - - - - Y -
350 * - - - - - Y -
351 * - - GSK3 0.6 - Y -
353 * - Y CK1; PKC; PKC & 0.7 - - -
355 % - Y ERK1; Cdk5 05 - Y Y
357 * - Y - - - - -
359 % - Y - - - Y Y
399 * [44] Y ATMK; AMPK * 26 - - -
402 * - Y ERK 1 19 - -

411 * - ; - e
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3.2. Human FoxO3 Is a Target of Multiple Oncogenic Kinases

Although FoxO3 is phosphorylated under different conditions and several kinases have been
identified that induce phosphorylation under various cellular environments, we suspect there are
several additional kinases which act on FoxO3 but that have not yet been discovered. Similarly, there
are experimentally verified phosphorylation sites of human FoxO3 for which kinases have not yet been
identified. This includes Ser280, Ser284, Ser299 and Ser421 [37]. Identification of kinases responsible
for phosphorylation holds the key to generate a complete activity map of FoxO3 as well as for the
development of kinase inhibitors. Therefore, once generic phosphorylation residues were identified,
we sought to predict which kinases have the potential to phosphorylate these residues. ScanSite was
used to predict the activity levels of kinases for FoxO3 and the results compared with NetPhos
predictions. Furthermore, as per selection criteria (ii1), SA values obtained for each phosphorylation
site by ScanSite and were used to determine the degree of environmental exposure of each residue.
Based on ScanSite predictions and SA values, we were able to identify most of the experimentally
verified kinase-dependent phosphorylation sites from previous studies (Table 1), and to predict the
activity of several additional kinases on the same and newly identified Ser, Thr, and Tyr residues. For
instance, Ser280 was identified as a substrate for CK2 and GSK3, Ser284 as a substrate for ERK, and
Ser421 as a substrate for CK1 (Table 1). Since FoxO3 is known to be phosphorylated by AKT and
ERK, we investigated if there were any additional AKT and ERK target sites in human FoxO3 not yet
identified. Ser12 and Ser413 were identified as target sites of AKT whereas; Ser12, Ser284, Ser325,
Ser355, and Ser402 were identified as target sites of ERK (Table 1). Again, each of the residues
identified were found to be conserved among closely related species and accessible to kinases for
phosphorylation as per SA values.
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3.3. Cdk5 Associated Phosphorylation of Human FoxO3

Five sites (Ser43, Ser173, Ser294, Ser355, and Ser425) identified as target sites of Cdk5 during this
study are of particular interest. Among these sites, Ser294 and Ser425 are already known to be
phosphorylated by an oncogenic kinase, ERK that leads to the nuclear exclusion and degradation of
FoxO3 in several cancers [5] (Table 1). Cancer metastasis correlates directly with CdkS expression. In
two different studies on prostate and pancreatic cancer metastasis, inhibition of Cdk5 expression
inhibited prostate [47] and pancreatic cancer metastases in experimental models [48]. Presently, no
experimental data is available regarding the ability of Cdk5 to phosphorylate FoxO3. However,
progression of prostate and pancreatic cancers due to deregulation and nuclear translocation of
phosphorylated FoxO3 have been documented [49,50]. Therefore, based on our findings, we suggest
that Cdk5 may also play a role in deregulation of FoxO3 by inducing phosphorylation at Ser43, Ser173,
Ser294, Ser355, and Ser425 and warrants experimental studies. Each of these sites was found to be
conserved and showed high potential for phosphorylation. It is not yet known if CdkS5 has a preference
for phosphorylating single or multiple sites. However, considering SA values, Ser173 had highest SA
value, i.e., 3.5 as compared to other sites (Table 1).

3.4. Phosphorylation of Human FoxO3 at Tyrosine Residues

In addition to phosphorylation at Ser/Thr residues, phosphorylation of Tyr residues is another
important event that plays a critical role in signal transduction and is associated with cell proliferation,
survival, apoptosis, mobility, and adhesion. Tyrosine-phosphorylated proteins (also known as
phosphotyrosine proteins, pTyr) include a wide range of signaling molecules, such as receptor tyrosine
kinases, adapter proteins, and scaffold proteins, which are known to be involved in the cancer
metastatic process [51]. Aberrant expression and activity of pTyr proteins in cell-signaling have been
reported in various human cancers [52,53]. The phosphorylation potential of FoxO3 at its Tyr residues
is not yet known. By using neural network based algorithms and selection parameters, we propose that
human FoxO3 has strong potential for phosphorylation at its Tyr residues including Tyr162, Tyr260,
Tyr416, and Tyr465 (Table 1).

The data obtained from this analysis of kinases activity and phosphorylation shows that human
FoxO3 has many “hot spots” for several different kinases and serves as a valuable source for further
experimental studies. Although, ScanSite was not able to predict SA values and kinases for some sites,
these sites were still considered to be positive predictions based on their phosphorylation potential,
conservation status, and structural categorizations.

3.5. O-f-GlcNAc Modifications and Yin Yang Sites in Human FoxO3

YinOYang 1.2 was used for the prediction of sites of O-B-GlcNAc modifications and potential Yin
Yang sites. A total of 41 Ser/Thr residues were identified with very high potential for O-B-GlcNAc
modification. Amongst these, 33 were Ser and 8 were Thr. The results from YinOYang were
crosschecked against NetPhos predictions and out of those 41 O-B-glycosylation sites, 17 Ser and
2 Thr residues were identified as positive Yin Yang sites (Figure 1D and Table 1). These individual
O-B-glycosylation and positive Yin Yang sites were found to be evolutionary conserved and
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distributed across the total length of FoxO3 at several functionally important regions, such as the DBD,
and phosphorylation motifs of AKT, NLS, and NES as inferred from multiple sequence alignment and
primary structure analysis respectively (Figure 1B,C). Among the 19 positive Yin Yang sites, several
residues had previously been experimentally verified as substrates for different kinases for
phosphorylation (Table 1). For instance, Ser253 and Ser315, which are part of the AKT phosphorylation
motif, and Ser344 that is phosphorylated by ERK, were predicted as positive Yin Yang sites. These
results strongly suggest that human FoxO3 proteins have high potential for O-B-GlcNAc modifications
on multiple Ser/Thr residues.

3.6. Identification of False-Negative Yin Yang Sites in Human FoxO3

In addition to the positive Yin Yang sites, some of the Ser and Thr residues suggest a very high
potential for either O-B-GlcNAc modification or phosphorylation, or show a potential very close to the
specific threshold value as predicted by existing methods. Such sites are termed as false-negative
Yin Yang sites, when they are evolutionary conserved, as on these sites OGT and kinases may have an
equal accessibility for inducing PTMs of interest [20]. Following this observation and previously
mentioned selection parameters, we identified four false-negative Yin Yang sites in human FoxO3,
residues Thr32, Ser294, Ser425, and Ser644 (Table 1).

3.7. Methylation Potential of Human FoxO3

Two approaches “similarity search” and “machine learning prediction algorithms” were used for
identifying methylation sites. Initially, multiple sequence alignment between mouse FoxO1 and human
FoxO3 protein was performed (data not shown), indicating that the Arg248 and Arg250 from mouse
FoxOl1 corresponded to Arg248 and Arg250 of human FoxO3. Next, based on consensus predictions
from different algorithms, nine novel methylation sites among which 4 were Arg and 5 were Lys were
identified, including Arg248 and Arg250 (Table 2). Conservation status and schematic mapping was
performed and each residue was found to be evolutionarily conserved and part of different functional
regions of the protein (Figure 1C and Table 2). For instance, Arg248 and Arg250 were found to be part
of the overlapping DBD and NLS regions located in close proximity to Ser253 (substrate of AKT).
Arg264 and Arg266 resided within a transactivation domain (Figure 1C and Table 2).

Our results also included 5 Lys residues with high potential for methylation (Table 2). Among the
Lys residues identified, Lys207 was found to be part of a DBD, and a neighboring residue, Ser209,
which is a substrate of STK4/MST1. The possibilities of one amino acid influencing the PTM status of
other amino acid cannot be ruled out. Presently, the methylation potential at Lys residues in FoxO
proteins is completely unknown. If FoxOs have the potential to be methylated at Lys residues, this
suggests the presence additional regulatory mechanisms and potential crosstalk between acetylation
and methylation on same Lys residues that is waiting to be explored.
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Table 2. Methylation sites in human FoxO3.

Conservation

Residues Flanking Sequence Methylation Status
Status
Name Position CD EV
Based on sequence similarity with mouse
Arg 248 ’ GKSGKAPRRR Y FOXO1 met(ilylation sites [5}4]1]
Based on sequence similarity with mouse
Arg 250 ’ PRRRAVSMD Y FOXO1 met(ilylation sites [5}4]1]
Arg 264 * NKYTKSRGRAAKK Y -
Arg 266 * YTKSRGRAAKKKA Y -
Lys 149 * GGSGQPRKCSSRR Y -
Lys 207 * SNSSAGWKNSIRH Y -
Lys 270 * SRGRAAKKKAALQ Y -
Lys 271 * SRGRAAKKKAALQ Y -
Lys 569 * SSSLGSAKHQQQS Y -

* Conserved residues; CD: Computationally determined; Y: Yes; EV: Experimentally verified.
4. Discussion

4.1. Crosstalk Between Phosphorylation and O-f-Glycosylation in Human FoxO3 Can Inhibit AKT,
ERK, and IKK Pathways

In addition to other types of PTMs that modulate FoxO3 activity [11], two members of the FoxO
family, FoxO1 and FoxO4, were recently recognized as O-B-GlcNAc modified proteins. In one study,
the authors evaluated the potential of OGT derived O-B-GlcNAc modifications on FoxOl protein in
diabetes. Interestingly, it was observed that O-B-GIcNAc on hepatic FoxOl1 increased in diabetes.
Furthermore, O-B-GIcNAc modifications regulated FoxO1 activation in response to glucose, resulting
in a paradoxical increase in expression of gluconeogenic genes while concomitantly inducing
expression of genes encoding enzymes that detoxify ROS. In the same study, the O-B-glycosylation
potential of FoxO1 was evaluated by mutating AKT phosphorylation sites. This mutational strategy led
to amplification of O-B-GlcNAc levels, indicating presence of a potential Yin Yang relationship [55].
Similarly, in another recent study, the authors demonstrated that O-B-GIlcNAcylation enhanced FoxO4
transcriptional regulation in response to stress [56]. However, precise identification of Ser/Thr residues
where O-B-GlcNAc modifications could take place has not yet been performed. Similarly, sites of
crosstalk between phosphorylation and O-B-glycosylation, i.e., Yin Yang sites remains to be determined
in human FoxO3 and other members of FoxO family. Recently, we have reported potential crosstalk
between phosphorylation and O-B-glycosylation of claudin-1, -3, and -4 proteins at Yin Yang sites [20].
Using a similar strategy, we investigated the O-B-glycosylation potential of human FoxO3 and
identified 41 O-B-glycosylation sites in human FoxO3 (Figure 1D and Table 1). We next examined the
phosphorylation and O-B-glycosylation crosstalk potential at each site and 17 Ser and 2 Thr residues
were identified as positive Yin Yang sites. Based on selection parameters, four conserved and
functionally important sites; Thr32 (substrate of AKT), Ser294 and Ser425 (substrates of ERK) and
Ser644 (substrate of IKK) were identified as false-negative Yin Yang sites. These sites predicted to
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have high potential for crosstalk between phosphorylation and O-B-GIcNAc modifications based on
the activity of kinases and OGT, respectively (Figure 1C and Table 1).

AKT, ERK, and IKK are the three oncogenic kinases most commonly activated in different types of
human cancers. Studies have demonstrated a direct and dominating role of these kinases on human
FoxO3 in comparison to other kinases currently known to phosphorylate FoxO3 [1,57,58]. Activation
of the PIP3-AKT pathway via stimulation received by growth factors and insulin is a common event in
several cancers, and leads to the activation and translocation of phosphorylated AKT into the
cytoplasm. Once inside the nucleus, AKT actively phosphorylates three conserved residues (Thr32,
Ser253 and Ser315) of human FoxO3 in a sequential manner. Phosphorylation of the forkhead domain
residue, Thr32 by AKT, is a critical step and results in disruption of DNA binding, and the NLS and
finally nuclear exclusion of FoxO3. Therefore, inhibiting the initial phosphorylation of Thr32 represents
an attractive strategy to block FoxO3 phosphorylation. Unfortunately, the PIP3-AKT pathway is not
the only reason for deregulation and nuclear exclusion of FoxO3, as observed in several cancers.
Simultaneous and constitutive activation of multiple signal transduction pathways, such as the
RAS-ERK and IKK/NF-KB pathways, is a common event that leads to cancer metastasis and
resistance to clinical therapy [59]. The RAS-ERK pathway is known to play a pivotal role in
differentiation, proliferation, and tumor progression. ERK directly interacts and phosphorylates three
sites of human FoxO3 (Table 1). This in turn leads to FoxO3 degradation in the cytoplasm via the
MDM-2-mediated ubiquitination proteasome pathway [5]. Similar to ERK, IKK also interacts
physically with FoxO3 and phosphorylates Ser644, which leads to nuclear exclusion and proteasomal
degradation. IKK is a central regulator of NF-xB that plays an important role in controlling cell
proliferation, survival, the prevention of apoptosis and tumorigenesis [4]. Inhibition of ERK holds
promising therapeutic potential as it was observed that a non-phosphorylated FoxO3-mimic mutant
was more resistant to the interaction and degradation by MDM-2, resulting in strong inhibition of cell
proliferation in vitro and tumorigenesis in vivo [5]. Cancer drugs such as Imatinib (for the treatment of
chronic myeloid leukemia), cetuximab, lapatinib, gefitinib (for the treatment of breast, prostate, kidney
and ovarian cancers) also target both AKT and ERK in order to inhibit phosphorylation of FoxO3 [60].
Therefore, it has been proposed in several studies, that inhibiting phosphorylation by AKT, ERK and
IKK can potentially restore the function and prolong retention of FoxO3 in the nucleus. Unfortunately,
resistance to chemotherapeutic agents is on the rise and poses a major problem in treating cancers [61].
In most cases, AKT, ERK and IKK appear to work independently and inhibition of one does not
guarantee inhibition of FoxO3 phosphorylation by the other. Therefore, alternative strategies that can
inhibit phosphorylation of FoxO3 on a large scale are desired.

Reciprocal regulatory events between phosphorylation and O-B-glycosylation are well documented
for several proteins [19,20]. The recent identification of FoxOl and FoxO4 as glycosylated
proteins [55,56] and findings from our study (Table 1) further supports the fact that O-B-glycosylation
may also regulate FoxO3 via interplay of kinases and OGT at Yin Yang sites. We propose the presence
of a regulatory/therapeutic pathway between phosphorylation and O-B-glycosylation at the four
false-negative Yin Yang sites. A growing body of evidences also suggests that dynamic cycling of
O-B-GlIcNAc is necessary for various cellular processes [17,19]. Therefore, increasing O-B-GIcNAc
modification levels, either pharmacologically or via OGT overexpression, may induce inhibition of
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kinase-induced phosphorylation of targeted residues of FoxO3. This would provide a regulatory and
therapeutic switch to control FoxO3 nuclear localization, gene regulatory activities, and cancer metastasis.

4.2. Crosstalk Between Phosphorylation and Methylation in Human FoxO3

An in vivo and in vitro study recently identified the methylation potential of mouse FoxO1, and
demonstrated the presence of competitive interplay between methylation and phosphorylation. The
authors identified two Arg residues at positions 248 and 250 in the AKT phosphorylation motif of
mouse FoxOl. Methylation at these residues by PRMTI1 competitively inhibited AKT-induced
phosphorylation at Ser253 [54]. It is now well established that FoxO3 is a target of multiple PTMs and
members of the FoxO family also exhibit interfamily homology at conserved sites. We therefore
speculated that human FoxO3 can also be methylated, and exhibit potential methylation-phosphorylation
interplay. Based on our current understanding of methylation of mouse FoxO1 and our computational
analysis, we propose a model of FoxO3 regulation via crosstalk between methylation and phosphorylation.
This functional crosstalk consists of three major events; (i) AKT induced phosphorylation of FoxO3 (ii)
activation of mammalian Ste20-like kinase (MST1) in the cytoplasm in response to increased
concentration of ROS and, (iii) an activation and increase in PRMT1 concentration in the nucleus.
Collectively, these three events form the basis of competitive crosstalk between methylation and
phosphorylation with FoxO3, as discussed below and shown graphically in Figure 2.

Oxidative stress induces activation of the PIP3-AKT pathway that ultimately leads to nuclear
exclusion of FoxO3. However, oxidative stress also leads to increased concentrations of ROS, which in
turn activates a cytoplasmic Ser/Thr kinase, MST1 [39]. Therefore, once the FOX03-14-3-3 complex
is exposed in the cytoplasm, instead of FoxO3 degradation by ubiquitination, MST1 actively
phosphorylates FoxO3 at Ser207 [39]. It is quite interesting that this step suggests a competitive
interplay between phosphorylation and ubiquitination of human FoxO3 in the cytoplasm, which
demands further investigation. Once phosphorylated by MSTI, disruption of the FoxO3-14-3-3
complex and translocation of phosphorylated FoxO3 back into the nucleus via importins takes
place [39]. Recently, it has been shown that the Ser/Thr phosphatase PP2A dephosphorylates FoxO3 in
the nucleus at several sites, including both AKT and MST]1 target sites [62]. At this point FoxO3 is
back in the nucleus, so it may retain its nuclear activity but dephosphorylation again gives the
opportunity to AKT to re-phosphorylate FoxO3. However, based on the methylation potential of
FoxO3 identified here, we suggest that targeting Arg248 and Arg250 via PRMT1, phosphorylation by
AKT can be blocked. Similar to mouse FoxO1 methylation, activated PRMT]1 in the nucleus as a result
of oxidative stress will actively methylate Arg248 and Arg250 residues on human FoxO3, masking the
neighboring Ser253 and preventing phosphorylation of FoxO3 by AKT. Therefore, this methylation
step has the potential to induce prolonged retention of FoxO3 in the nucleus and activation of
pro-apoptotic factors such as Bim, leading to apoptosis of cancerous cells.
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Figure 2. Graphical illustration of crosstalk between phosphorylation and methylation in
human FoxO3. (i) Phosphorylation of FoxO3 via AKT at its target sites generates two
binding motifs for 14-3-3 proteins. Binding of 14-3-3 proteins exposes NES of FoxO3.
This complex is then rapidly transported out of the nucleus and retain within the cytoplasm,
leading to degradation of FoxO3 by proteasomes; (ii) On the other hand, cellular oxidative
stress also induces activation and upregulation of MST1 that actively phosphorylates and
disrupts Fox03-14-3-3 proteins complex leading to transport of FoxO3 back into the
nucleus; (iii) Inside nucleus, PRMT1 methylates FoxO3 thereby masking AKT binding
sites and preventing subsequent phosphorylation and nuclear exclusion.
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The residues Arg264 and Arg266 were also identified as potential methylation sites in human
FoxO3 (Table 2). Both residues are conserved and possess the typical PRMT]1 recognition motif (RXR)
in flanking regions. Whether methylation at these residues has the potential to influence
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phosphorylation of neighboring Ser/Thr/Tyr residues or the activity of FoxO3 remains to be
determined. Interestingly, these two residues are in close proximity to Lys residues, which are often
modified via acetylation. This suggests interplay between acetylation and methylation may also exist
in human FoxO3. Although the methylation potential of human FoxO3 and mouse FoxO1 appears to
be an appealing mechanism for blocking phosphorylation via AKT, further investigation is required.
Whether methylation at Arg248 and Arg250 will have any influence on phosphorylation via IKK and
ERK is still not known.

5. Conclusions

Identification of PTM sites forms a foundation for understanding molecular regulatory mechanisms
and associated outcomes. The wide distribution of PTMs and the dependent relationship between
multiple PTMs strongly implies that crosstalk is a common mechanism and enables the organism to
finely tune protein functions at the translational level. The computational findings of this study
illustrate the complex and highly dynamic role of FoxO3 and PTMs in human cancers. Our findings
are also in consistent with previous studies [11], which showed that FoxO3 is an active target for
multiple types of PTMs. Increasing our understanding of PTMs and their crosstalk in FoxO proteins
may aid in the development of PTM specific inhibitors. Whether the phosphorylation-O-B-glycosylation
and phosphorylation-methylation crosstalk in FoxO3 acts as positive or negative regulator in the long
term still remains to be confirmed by experimental means. We therefore propose the need to perform
directed studies for the elucidation of mechanisms of crosstalks in FoxO3. Furthermore, the
availability of full length three-dimensional structure of FoxO3 would certainly increase our
understanding of how these target sites influence each other and the overall activity of FoxO3 and
protein-protein interactions.

Acknowledgments

This work was supported by the Beijing Natural Science foundation (7092044-J.L) and “215”
high-level health technology project (2011-J.L). We are thankful to Imran Mehmood Butt for
assistance in preparing graphical illustrations.

Competing Interests
The authors declare that they have no competing interests.
References

1. Maiese, K.; Chong, Z.Z.; Shang, Y.C.; Hou, J. A “FOXO” in sight: Targeting Foxo proteins from
conception to cancer. Med. Res. Rev. 2009, 29, 395-418.

2. Greer, E.L.; Brunet, A. FOXO transcription factors at the interface between longevity and tumor
suppression. Oncogene 2005, 24, 7410-7425.

3. Barr, F.G. Gene fusions involving PAX and FOX family members in alveolar rhabdomyosarcoma.
Oncogene 2001, 20, 5736-5746.



Int. J. Mol. Sci. 2012, 13 2935

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

Hu, M.C.; Lee, D.F.; Xia, W.; Golfman, L.S.; Ou-Yang, F.; Yang, J.Y.; Zou, Y.; Bao, S,
Hanada, N.; Saso, H.; et al. lkappaB kinase promotes tumorigenesis through inhibition of
forkhead FOXO3a. Cell 2004, /17, 225-237.

Yang, J.Y.; Zong, C.S.; Xia, W.; Yamaguchi, H.; Ding, Q.; Xie, X.; Lang, J.Y.; Lai, C.C;
Chang, C.J.; Huang, W.C.; et al. ERK promotes tumorigenesis by inhibiting FOXO3a via
MDM2-mediated degradation. Nat. Cell Biol. 2008, 10, 138—148.

Kornblau, S.M.; Singh, N.; Qiu, Y.; Chen, W.; Zhang, N.; Coombes, K.R. Highly phosphorylated
FOXO3A is an adverse prognostic factor in acute myeloid leukemia. Clin. Cancer Res. 2010, 16,
1865-1874.

Furukawa-Hibi, Y.; Yoshida-Araki, K.; Ohta, T.; lkeda, K.; Motoyama, N. FOXO forkhead
transcription factors induce G(2)-M checkpoint in response to oxidative stress. J. Biol. Chem.
2002, 277,26729-26732.

Kikuchi, S.; Nagai, T.; Kunitama, M.; Kirito, K.; Ozawa, K.; Komatsu, N. Active FKHRL1
overcomes imatinib resistance in chronic myelogenous leukemia-derived cell lines via the
production of tumor necrosis factor-related apoptosis-inducing ligand. Cancer Sci. 2007, 98,
1949-1958.

Jacobsen, E.A.; Ananieva, O.; Brown, M.L.; Chang, Y. Growth, differentiation, and malignant
transformation of pre-B cells mediated by inducible activation of v-Abl oncogene. J. Immunol.
20006, /76, 6831-6838.

Zhao, Y.; Wang, Y.; Zhu, W.G. Applications of post-translational modifications of FoxO family
proteins in biological functions. J. Mol. Cell Biol. 2011, 3, 276-282.

Smith, G.R.; Shanley, D.P. Modelling the response of FOXO transcription factors to multiple
post-translational modifications made by ageing-related signalling pathways. PLoS One 2010,
5,e11092.

. Jagani, Z.; Singh, A.; Khosravi-Far, R. FoxO tumor suppressors and BCR-ABL-induced leukemia:

a matter of evasion of apoptosis. Biochim. Biophys. Acta 2008, 1785, 63—84.

Myatt, S.S.; Lam, E.W. The emerging roles of forkhead box (Fox) proteins in cancer. Nat. Rev.
Cancer 2007, 7, 847-859.

van der Horst, A.; Burgering, B.M. Stressing the role of FoxO proteins in lifespan and disease.
Nat. Rev. Mol. Cell Biol. 2007, 8, 440-450.

Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41-45.
Berger, S.L. The complex language of chromatin regulation during transcription. Nature 2007,
447,407-412.

Hart, G.W.; Greis, K.D.; Dong, L.Y.; Blomberg, M.A.; Chou, T.Y.; Jiang, M.S.; Roquemore, E.P.;
Snow, D.M.; Kreppel, L.K.; Cole, R.N.; et al. O-linked N-acetylglucosamine: The “yin-yang” of
Ser/Thr phosphorylation? Nuclear and cytoplasmic glycosylation. Adv. Exp. Med. Biol. 1995, 376,
115-123.

Kamemura, K.; Hart, G.W. Dynamic interplay between O-glycosylation and O-phosphorylation
of nucleocytoplasmic proteins: A new paradigm for metabolic control of signal transduction and
transcription. Prog. Nucleic Acid Res. Mol. Biol. 2003, 73, 107-136.

Zeidan, Q.; Hart, G.W. The intersections between O-GIcNAcylation and phosphorylation:
Implications for multiple signaling pathways. J. Cell Sci. 2010, 123, 13-22.



Int. J. Mol. Sci. 2012, 13 2936

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Butt, A.M.; Khan, I.B.; Hussain, M.; Idress, M.; Lu, J.; Tong, Y. Role of post translational
modifications and novel crosstalk between phosphorylation and O-beta-GIcNAc modifications in
human claudin-1, -3 and -4. Mol. Biol. Rep. 2012, 39, 1359—-1369.

Estéve, P.-O.; Chang, Y.; Samaranayake, M.; Upadhyay, A.K.; Horton, J.R.; Feehery, G.R.;
Cheng, X.; Pradhan, S. A methylation and phosphorylation switch between an adjacent lysine and
serine determines human DNMT1 stability. Nat. Struct. Mol. Biol. 2011, 18, 42—48.

Ambler, R.P.; Rees, M.W. Epsilon-N-Methyl-lysine in bacterial flagellar protein. Nature 1959,
184, 56-57.

Bedford, M.T.; Richard, S. Arginine methylation an emerging regulator of protein function.
Mol. Cell 2005, 18, 263-272.

Lee, D.Y.; Teyssier, C.; Strahl, B.D.; Stallcup, M.R. Role of protein methylation in regulation of
transcription. Endocr. Rev. 2005, 26, 147-170.

Bannister, A.J.; Kouzarides, T. Reversing histone methylation. Nature 2005, 436, 1103—-1106.
Gupta, P.; Ho, P.C.; Huqg, M.D.; Khan, A.A.; Tsai, N.P.; Wei, L.N. PKCepsilon stimulated
arginine methylation of RIP140 for its nuclear-cytoplasmic export in adipocyte differentiation.
PLoS One 2008, 3, ¢2658.

Chen, W.; Daines, M.O.; Hershey, G.K. Methylation of STAT6 modulates STAT6 phosphorylation,
nuclear translocation, and DNA-binding activity. J. Immunol. 2004, 172, 6744—6750.

Boeckmann, B.; Bairoch, A.; Apweiler, R.; Blatter, M.C.; Estreicher, A.; Gasteiger, E.;
Martin, M.J.; Michoud, K.; O’Donovan, C.; Phan, 1.; et al. The SWISS-PROT protein
knowledgebase and its supplement TTEMBL in 2003. Nucleic Acids Res. 2003, 31, 365-370.
Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J.
Gapped BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic
Acids Res. 1997, 25, 3389-3402.

Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.;
Valentin, F.; Wallace, LM.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0.
Bioinformatics 2007, 23, 2947-2948.

Blom, N.; Gammeltoft, S.; Brunak, S. Sequence and structure-based prediction of eukaryotic
protein phosphorylation sites. J. Mol. Biol. 1999, 294, 1351-1362.

Obenauer, J.C.; Cantley, L.C.; Yaffe, M.B. Scansite 2.0: Proteome-wide prediction of cell
signaling interactions using short sequence motifs. Nucleic Acids Res. 2003, 31, 3635-3641.
Gupta, R.; Brunak, S. Prediction of glycosylation across the human proteome and the correlation
to protein function. Pac. Symp. Biocomput. 2002, 310-322.

Chen, H.; Xue, Y.; Huang, N.; Yao, X.; Sun, Z. MeMo: A web tool for prediction of protein
methylation modifications. Nucleic Acids Res. 2006, 34, W249-W253.

Shao, J.; Xu, D.; Tsai, S.N.; Wang, Y.; Ngai, S.M. Computational identification of protein
methylation sites through bi-profile Bayes feature extraction. PLoS One 2009, 4, €4920.

Shien, D.M.; Lee, T.Y.; Chang, W.C.; Hsu, J.B.; Horng, J.T.; Hsu, P.C.; Wang, T.Y.;
Huang, H.D. Incorporating structural characteristics for identification of protein methylation sites.
J. Comput. Chem. 2009, 30, 1532—-1543.

Dinkel, H.; Chica, C.; Via, A.; Gould, C.M.; Jensen, L.J.; Gibson, T.J.; Diella, F. Phospho.ELM:
A database of phosphorylation sites—update 2011. Nucleic Acids Res. 2011, 39, D261-D267.



Int. J. Mol. Sci. 2012, 13 2937

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Mayya, V.; Lundgren, D.H.; Hwang, S.I.; Rezaul, K.; Wu, L.; Eng, J.K.; Rodionov, V.; Han, D.K.
Quantitative phosphoproteomic analysis of T cell receptor signaling reveals system-wide
modulation of protein-protein interactions. Sci. Signal. 2009, 2, ra46.

Lehtinen, M.K.; Yuan, Z.; Boag, P.R.; Yang, Y.; Villen, J.; Becker, E.B.; DiBacco, S.;
de la Iglesia, N.; Gygi, S.; Blackwell, T.K.; Bonni, A. A conserved MST-FOXO signaling
pathway mediates oxidative-stress responses and extends life span. Cell 2006, /25, 987-1001.
Brunet, A.; Park, J.; Tran, H.; Hu, L.S.; Hemmings, B.A.; Greenberg, M.E. Protein kinase SGK
mediates survival signals by phosphorylating the forkhead transcription factor FKHRLI1
(FOXO03a). Mol. Cell. Biol. 2001, 21, 952-965.

Dephoure, N.; Zhou, C.; Villen, J.; Beausoleil, S.A.; Bakalarski, C.E.; Elledge, S.J.; Gygi, S.P. A
quantitative atlas of mitotic phosphorylation. Proc. Natl. Acad. Sci. USA 2008, 105, 10762—-10767.
Rena, G.; Woods, Y.L.; Prescott, A.R.; Peggie, M.; Unterman, T.G.; Williams, M.R.; Cohen, P.
Two novel phosphorylation sites on FKHR that are critical for its nuclear exclusion. EMBO J.
2002, 21, 2263-2271.

Kelly, P.A.; Rahmani, Z. DYRK1A enhances the mitogen-activated protein kinase cascade in
PC12 cells by forming a complex with Ras, B-Raf, and MEKI1. Mol. Biol. Cell 2005, 16,
3562-3573.

Greer, E.L.; Oskoui, P.R.; Banko, M.R.; Maniar, J.M.; Gygi, M.P.; Gygi, S.P.; Brunet, A. The
energy sensor AMP-activated protein kinase directly regulates the mammalian FOXO3
transcription factor. J. Biol. Chem. 2007, 282, 30107-30119.

Cantin, G.T.; Yi, W.; Lu, B.; Park, SK.; Xu, T.; Lee, J.D.; Yates, J.R., IIl. Combining
protein-based IMAC, peptide-based IMAC, and MudPIT for efficient phosphoproteomic analysis.
J. Proteome Res. 2008, 7, 1346—1351.

Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.;
Blenis, J.; Greenberg, M.E. Akt promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Cell 1999, 96, 857-868.

Strock, C.J.; Park, J.I.; Nakakura, E.K.; Bova, G.S.; Isaacs, J.T.; Ball, D.W.; Nelkin, B.D.
Cyclin-dependent kinase 5 activity controls cell motility and metastatic potential of prostate
cancer cells. Cancer Res. 2006, 66, 7509-7515.

Feldmann, G.; Mishra, A.; Hong, S.M.; Bisht, S.; Strock, C.J.; Ball, D.W.; Goggins, M.;
Maitra, A.; Nelkin, B.D. Inhibiting the cyclin-dependent kinase CDKS5 blocks pancreatic cancer
formation and progression through the suppression of Ras-Ral signaling. Cancer Res. 2010, 70,
4460-4469.

Shukla, S.; Shukla, M.; Maclennan, G.T.; Fu, P.; Gupta, S. Deregulation of FOXO3A during
prostate cancer progression. /nt. J. Oncol. 2009, 34, 1613—1620.

Roy, S.K.; Srivastava, R.K.; Shankar, S. Inhibition of PI3K/AKT and MAPK/ERK pathways
causes activation of FOXO transcription factor, leading to cell cycle arrest and apoptosis in
pancreatic cancer. J. Mol. Signal. 2010, 5, 10.

Mareel, M.; Leroy, A. Clinical, cellular, and molecular aspects of cancer invasion. Physiol. Rev.
2003, 83, 337-376.

Steeg, P.S. Metastasis suppressors alter the signal transduction of cancer cells. Nat. Rev. Cancer
2003, 3, 55-63.



Int. J. Mol. Sci. 2012, 13 2938

53.
54.

55.

56.

57.

58.
59.

60.

61.

62.

Baselga, J. Targeting tyrosine kinases in cancer: The second wave. Science 2006, 312, 1175-1178.
Yamagata, K.; Daitoku, H.; Takahashi, Y.; Namiki, K.; Hisatake, K.; Kako, K.; Mukai, H.;
Kasuya, Y.; Fukamizu, A. Arginine methylation of FOXO transcription factors inhibits their
phosphorylation by Akt. Mol. Cell 2008, 32,221-231.

Housley, M.P.; Rodgers, J.T.; Udeshi, N.D.; Kelly, T.J.; Shabanowitz, J.; Hunt, D.F.; Puigserver, P.;
Hart, G.W. O-GIcNAc regulates FoxO activation in response to glucose. J. Biol. Chem. 2008, 283,
16283-16292.

Ho, S.R.; Wang, K.; Whisenhunt, T.R.; Huang, P.; Zhu, X.; Kudlow, J.E.; Paterson, A.J.
O-GlcNAcylation enhances FOXO4 transcriptional regulation in response to stress. FEBS Lett.
2010, 584, 49-54.

Yang, J.Y.; Hung, M.C. A new fork for clinical application: targeting forkhead transcription
factors in cancer. Clin. Cancer Res. 2009, 15, 752-757.

Fu, Z.; Tindall, D.J. FOXOs, cancer and regulation of apoptosis. Oncogene 2008, 27, 2312-2319.
Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004, 10,
789-799.

Real, P.J.; Benito, A.; Cuevas, J.; Berciano, M.T.; de Juan, A.; Coffer, P.; Gomez-Roman, J.;
Lafarga, M.; Lopez-Vega, J.M.; Fernandez-Luna, J.L. Blockade of epidermal growth factor
receptors chemosensitizes breast cancer cells through up-regulation of Bnip3L. Cancer Res. 2005,
65, 8151-8157.

Yao, H.J.; Ju, R.J.; Wang, X.X.; Zhang, Y.; Li, R.J.; Yu, Y.; Zhang, L.; Lu, W.L. The antitumor
efficacy of functional paclitaxel nanomicelles in treating resistant breast cancers by oral delivery.
Biomaterials 2011, 32, 3285-3302.

Yan, L.; Lavin, V.A.; Moser, L.R.; Cui, Q.; Kanies, C.; Yang, E. PP2A regulates the
pro-apoptotic activity of FOXOI1. J. Biol. Chem. 2008, 283, 7411-7420.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



