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Abstract: The adenoviral early region 1A (E1A) protein has proapoptotic and angiogenic activity,
along with its chemosensitizing effect, making it the focus of increased interest in the context of
cancer therapy. It was previously shown that E1A-induced chemosensitization to different drugs,
including histone deacetylases inhibitors (HDACi), appears to be mediated by Forkhead box O
(FoxO) transcription factors. In this study, we explore the relationship between E1A expression and
the modulation of FoxO activity with HDACi sodium butyrate (NaBut). We show here that the basal
FoxO level is elevated in E1A-expressing cells. Prolonged NaBut treatment leads to the inhibition of
the FoxO expression and activity in E1A-expressing cells. However, in E1A-negative cells, NaBut
promotes the transactivation ability of FoxO over time. A more detailed investigation revealed that
the NaBut-induced decrease of FoxO activity in E1A-expressing cells is due to the NaBut-dependent
decrease in E1A expression. Therefore, NaBut-induced inhibition of FoxO in E1A-positive cells can
be overcome under unregulated overexpression of E1A. Remarkably, the CBP/p300-binding domain
of E1Aad5 is responsible for stabilization of the FoxO protein. Collectively, these data show that the
expression of E1A increases the FoxO stability but makes the FoxO level more sensitive to HDACi
treatment.
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1. Introduction

The early region 1A (E1A) of adenovirus encodes two major proteins E1A 12S and E1A 135,
translated from two alternatively spliced transcripts, including the 125 and 13S messenger RNAs
(mRNAs) encoding 243 (243R) and 289 (289R) amino-acid oncoproteins [1]. These proteins are
synthesized immediately after viral infection and are predominant in transformed cells. Stable E1A
expression leads to immortalization and, in cooperation with the other oncogenes, to complete
oncogenic transformation [2]. E1A expression is essential for viral replication, since E1A stimulates
progression from the gap 1 (G1) to synthesis (S) phase, allowing the virus to use host cell replication
machinery. E1A gene products participate in the regulation of DNA synthesis, transcription, cell
immortalization, and transformation [3].

E1A is a promising candidate for cancer therapy, due to its proapoptotic [4], antiangiogenic [5,6],
and chemosensitizing activities [7]. E1A is able to enhance the activity of a variety of proapoptotic
stimuli, including chemotherapeutic agents and irradiation [8-14]. It was shown that the sensitizing
effect of E1A on histone deacetylases inhibitors (HDACi) (e.g., SAHA, TSA) was stronger than the
effect of the other chemotherapeutic drugs tested (5-fluorouracil, cisplatin, etoposide, paclitaxel) [12].
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Moreover, the sensitizing effect of E1A on HDAC inhibitors was not observed in the normal cells
[10,12]. The absence of increased cytotoxic influence of the EIA/HDACi combined therapy on normal
cells makes this combination a promising anticancer approach.

By changing the expression of different sets of genes, HDACis suppress cell growth and induce
cell differentiation, senescence, or apoptosis more effectively in transformed cells than in normal cells
[15-18]. In addition to cell growth arrestt HDACis augment the effects of cytotoxic agents
traditionally used for tumor therapy [19-21]. Due to their marked antiproliferative effect, inhibitors
of HDAC are currently being tested in cancer therapeutic clinical trials [16,18,22].

The molecular mechanisms determining the E1A-mediated cellular sensitivity to apoptosis are
not yet fully known. However, E1A-dependent chemosensitization appears to be connected with
Forkhead box O (FoxO) transcription factors [23]. A knockdown of FoxO3a abolished E1A-induced
sensitivity to cytotoxic drugs [23]. Moreover, some of the proteins mediating an El1A-induced
chemosensitization of tumor cells to apoptosis are either regulators or effectors of FoxOs transcription
factors [12,24,25]. One of the molecular mechanisms of ElA-induced chemosensitization is
upregulation of protein phosphatases PP2A [24] or MKP1 [25] that are involved in the
dephosphorylation and stabilization of FoxOs transcription factors [26-28]. Alternatively, E1A can
induce sensitization to anticancer drugs by downregulating the activity of a critical survival factor
Akt [29], which was shown to inhibit FoxOs [30,31]. EIA was shown to inhibit ubiquitin-dependent
proteolysis of FoxO3a, leading to its stabilization [23], which can be partially attributed to E1A-
dependent suppression of Akt [32]. E1A was shown to enhance the proapoptotic activity of HDAC
inhibitors through additional activation of FoxO target gene BIM [12]. Apart from their other effects,
HDACis were shown to affect the activity of Forkhead family proteins O (FoxO), partly through
CBP/p300-mediated acetylation of FoxO [33]. This activity of CBP/p300 complex is under control of
E1A, since E1A binds the complex, reducing its acetylase activity [34].

FoxOs belong to the Forkhead family of transcription factors sharing the common DNA-binding
domain FKH [35]. These transcription factors are to some extent involved in the regulation of key
cellular functions, such as oxidative stress response, differentiation, cell death, etc., working as
integrators among various signal pathways [36]. There are four human FoxO proteins, having
overlapping but still distinct expression patterns: FoxO1, FoxO3, FoxO4, and FoxO6 [37]. The loss of
the FoxO transcription factors functions in cancer cells may impair or decrease their abilities to arrest
cell-cycle progression and promote apoptosis under genotoxic stress, thereby leading to tumor
development [38,39].

In this study, we are dealing with FoxO1—the most studied member of the Forkhead family.
The functions of FoxO1 and its role in cancerogenesis and tumor progression are quite sophisticated
and context-specific. FoxO1 deletions are lethal due to incomplete vascular development in the
embryo [40]. Participation in the process of angiogenesis makes FoxOl a crucial element of tumor
growth and development [41,42]. Under some conditions, FoxO1 can induce drug resistance [43]. At
the same time, FoxO1 was reported to inhibit the metastasis process in prostate cancer cells [44] and
suppress tumor growth [45].

This study is focused on the stabilizing effects of E1A in relation to FoxO, showing the rise in
FoxO level in the presence of E1A and establishing the link between HDACi-induced E1A and FoxO
degradation. Taken together, the paper deals with FoxO regulation under the HDACi treatment in
relation to E1A expression, and it examines the stabilizing functions of E1A.

2. Materials and Methods

2.1. Cell Lines

We used rodent embryonic fibroblasts transformed either with pE1A vector coding the early
region of human adenovirus type 5 (E1Aad5) in complementation with pSV-ras-gpt coding the cHa-
ras carrying mutations at positions 12 and 61 (E1A + Ras) or with HindIII-G region of Ad5 viral DNA
coding E1A and E1B 19kDa (E1A + E1B). E1A + Ras and E1A + E1B transformed and NIH3T3 normal
fibroblasts were cultivated in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10%
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fetal bovine serum (FBS) and antibiotics. Cells were treated with 4 mM sodium butyrate (NaBut) for
24-72 h (Sigma-Aldrich, St. Louis, MO, USA). NIH3T3 mouse fibroblasts, HEK293 human kidney
(embryonic) cells, and HCT116 human colorectal carcinoma cells were obtained from the Russian
Collection of Cell Cultures (Institute of Cytology, Russian Academy of Sciences, St. Petersburg,
Russia). The adenovirus E1A constructs (125 (wild type (wt)), 12S (RG2) and 12S (YH47)) were
obtained from Dr. Elizabeth Moran (Cold Spring Harbor, NY, USA). The hemagglutinin (HA)-tagged
full-length p300 was a gift from Elizabeth Wilson (Addgene plasmid # 89094;
http://n2t.net/addgene:89094; RRID: Addgene_89094). FHRE-Luc was a gift from Michael Greenberg
(Addgene plasmid # 1789; http://n2t.net/addgene:1789; RRID: Addgene_1789).

2.2. RT-PCR

The total cellular RNA was isolated with Trizol (Invitrogen, Carlsbad, CA, USA). The RT step
was performed with 2 pg of RNA and 1 ug of random hexaprimers. The PCR step was performed in
the presence of 100 ng of primers to the complementary DNA (cDNA) of mouse or human genes
(p21/wafl: 5'-GCCGTGATTGCGATGCGCTCA-3' and 5-ACAGCGACAAGGCCACGTGGT-3%
mnsod: 5'-GCACTGAAGTTCAATGGTGG-3' and 5'-ACTGAAGGTAGTAAGCGTGCTC-3'; bim: 5'-
GCCAAGCAACCTTCTGATG-3' and 5-CACTGAGATAGTGGTTGAAGGC-3; gapdh (m): 5'-
TGTGATGGGTGTGAACCACG-3" and 5-CCAGTGAGCTTCCCGTTCAG-3'; gapdh (h): 5-
TCATCAGCAATGCCTCCTGCACC-3' and '~ACAGTTTCCCGGAGGGGCCA-3). PCRs
proceeded for 22-32 cycles: a denaturation step at 950 C for 30 s, an annealing step (55 °C for mnsod;
56 °C for bim; 58 °C for gapdh; 63 °C for p21/wafl) for 30 s, and an elongation step at 72 °C for 1 min.
PCR products were resolved by electrophoresis in 2% agarose gel. The alpha-tubulin gene was selected
as an internal control in the PCR assay.

2.3. Immunoblotting

For immunoblotting, cells were lysed in a buffer containing 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 20 mM glycerophosphate, 1 mM sodium orthovanadate, 5 mM EGTA, 10
mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail.
Proteins were separated by electrophoresis in 10-12% polyacrylamide gel in the presence of 0.1%
SDS, transferred onto a membrane (Immobilon P), and probed with appropriate antibodies. As
primary antibodies, we used antibodies to Foxol #2880 (Cell Signaling, Danvers, MA, USA), E1A
(M73) sc-25 (Santa Cruz), pan-Ras #OP40 (Calbiochem, San Diego, CA, USA), and alpha-tubulin
T5168 (Sigma). Anti-mouse and anti-rabbit antibodies conjugated with horseradish peroxidase
(Sigma) were used as the secondary antibodies. Visualization of membrane-bound proteins was
performed by enhanced chemiluminescence (ECL, Amersham Biosciences, Buckinghamshire, UK).

Every protein of interest was analyzed at least three times on different sets of samples. The band
density was evaluated using ImageJ (1.51g-1, Bethesda, MD, USA). Then, density values were scaled
to load control and converted to relative units. The figure plots represent the mean values of several
experiments; error bars indicate the standard error of the mean (SEM).

2.4. Transfection and Analysis of Luciferase Activity

For transient and stable transfection, cells were plated in 96-well plates (antibiotic-free DMEM
with 10% FBS) at a seeding density of 150 x 103 cells per well and transfected with the appropriate
constructs (FHRE-Luc, E1Awt 125) using Lipofectamine-2000 (Invitrogen) as recommended by the
manufacturer. For stable plasmid integration, E1IA + Ras cells were co-transfected with a vector
coding the early region of Ad 5 (E1Aad5), and a selective pBABE-puro construct bearing the
puromycin resistance gene. For the luciferase assay, cell extracts were prepared, and luciferase
activity was determined according to the protocol supplied with the Luciferase Assay kit (Promega,
Madison, WI, USA). Luciferase activity was determined using a TD-20/20 luminometer (Turner
Designs, San José, CA, USA). Each experimental point was carried out in triplicate, and each
experiment was performed no less than three times. Diagrams represent means + SEM.
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3. Results

3.1. NaBut-Dependent Modulation of FoxO1 Varies Depending on the Expression of E1A

Long-term HDACi treatment was shown to induce FoxO1 and FoxO3 degradation in E1A + Ras-
transformed mouse cells [46]. In addition, we noticed that the level of E1A in these cells fell after 24
h of HDAC: treatment. To test whether there is a link between these events, the influence of HDACi
sodium butyrate (NaBut) on FoxO expression was analyzed in E1A-negative cells (NIH3T3 and
REF52) and in cells expressing adenoviral E1A protein (E1A + Ras and E1A + E1B). The
immunoblotting data demonstrate that the basal level of FoxO1 expression was higher in E1A-
expressing cells compared to E1A-negative cells (Figure 1). To explore the effect of E1A on FoxO1
expression, we overexpressed E1A in E1A-negative rodent (NIH3T3, REF52) and human cancer cells
(HCT116). Data in Figure 1b demonstrate the elevated basal levels of FoxO1 protein in mouse NIH3T3
and rat REF52 cells stably transfected with pE1A vector coding the early region of human adenovirus
type 5 (E1Aad>5). The same trend was observed in human tumor HCT116 cells, where the expression
of E1A 125 induced an increase in FoxO1 expression (Figure 1c). Thus, we prove that the expression
of E1A increases the stability of FoxO.

Immunoblotting data reveal that NaBut induced FoxO1 accumulation in E1A-negative cells. On
the contrary, in E1A-expressing cells, there was a tendency toward declining of the FoxO1 protein
level after prolonged NaBut treatment (Figure 2a,b).

The expressions of E1A and FoxO1 correlated positively in E1A-expressing cells treated with
sodium butyrate. NaBut-induced decrease of FoxO1 protein level was accompanied by a reduced
expression of adenoviral protein E1A. The dynamic of FoxOl1 level under NaBut treatment is shown
more clearly on the plot (Figure 2b), representing the average band density, scaled to the control load
and converted to the relative units—the ratio of weighted band density of a particular band to the
control sample. Thus, we show that NaBut differently modulates FoxO1 expression in E1A-negative
and E1A-positive rodent cells.

To test if the adenoviral E1A alters the effect of sodium butyrate on the expression of FoxO, we
generated NIH3T3 cells transformed with plasmid pE1A containing the left end of the Ad5 genome
(positions 1-1634) including the EIA gene and its endogenous promoter. The control NIH3T3 and
E1A-expressing NIH3T3 cells were prolonged treated with NaBut (up to 72 h) and assayed for FoxO1
expression. Immunoblotting data demonstrate that prolonged action of sodium butyrate increased
the initially low level of FoxO1 expression in E1 A-negative cells NIH3T3. On the contrary, the initially
elevated level of FoxO1l decreased in ElA-expressing cells under prolonged sodium butyrate
treatment (Figure 2c).
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Figure 1. Early region 1A (E1A) overexpression causes the augmentation of the Forkhead box O
(FoxO) protein level in rodent and human cells. (a) The plot represents the basal level of FoxO1 protein
in ElA-negative (light gray) and ElA-expressing (dark gray) cell lines evaluated with
immunoblotting, normalized against the basal FoxO1 level in NIH3T3 cells which was set at 1. Results
are represented as a mean of 34 independent experiments; error bars indicate the standard error of
the mean (SEM). The Mann-Whitney test was used to prove statistical significance of the difference
between the basal FoxO1 level in E1A-negative and E1A-positive cells, marked with asterisk (p <0.05).
(b) NIH3T3 and REF52 cells were stably transfected with pE1A vector coding the early region of
human adenovirus type 5 (E1Aad5). Cell extracts were analyzed by immunoblotting. (c) HCT116 cells
were transfected with empty vector (=) or vector coding wild-type (wt) E1A 12S adenovirus protein
(E1A). After 24 h, cells were lysed, and immunoblotting with antibodies to FoxO1 or E1A was
performed. The plot represents FoxO1 expression levels, normalized against the basal FoxO1 level in
non-transfected HCT116 cells.
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Figure 2. Sodium butyrate (NaBut) differently modulates FoxO1 expression in E1A-negative and
E1A-positive cells. (a) NIH3T3, E1A + E1B, and E1A + Ras rodent cells and HCT116 human cells were
treated with 4 mM NaBut for 24-72 h. Cell extracts were analyzed by immunoblotting. (b) The plots
representing the load-control-weighted FoxO1 expression (fold change). Expression level was
normalized against the expression level of the particular protein in the control sample of NIH3T3 cells
which was set at 1. Single asterisk represents significant difference from the corresponding time point
in NIH3T3 cells (p < 0.05). (c) The plots representing the FoxO1 expression in E1A-negative and E1A-
expressing NIH3T3 cells (NIH3T3 stable transfected with pE1A vector coding the early region of Ad
5 (E1Aad5)) under prolonged NaBut treatment. Results are presented as fold changes in relation to
the corresponding control sample. Triple asterisks represent significant difference between 72h points
(p <0.01).

3.2. The Adenovirus E1A Protein Expression Alters the Sodium Butyrate Influence on the Transactivation
Function of FoxO

To assess the influence of NaBut on the transactivation ability of FoxO in dependence of E1A
expression, the ability of FoxO to activate the target gene transcription was analyzed in E1A-
expressing and E1A-negative cells under prolonged NaBut treatment using RT-PCR and a luciferase
assay. E1A-negative rodent NIH3T3 and ElA-expressing E1A + Ras and E1A + E1B cells were
transfected with a vector, coding a luciferase under control of FoxO-responsive promoter (FHRE-
Luc). Cells were left untreated or treated with NaBut for 24-72 h and assayed for luciferase activity.
Luciferase assay data demonstrate that NaBut enhanced FoxO transactivity in both cell lines, but
temporal dynamics in these cells were different (Figure 3a). NaBut steadily elevated the activity of
luciferase in E1A-negative NIH3T3 cells over time. FoxO activity increased three-fold and six-fold
after 24 and 72 h, respectively. By contrast, in E1A-transformants, the initial FoxO activation was
followed by a significant activity decline under a longer NaBut administration (longer than 24 h).
These data are consistent with the dynamics of FoxO1 protein, obtained with immunoblotting (Figure
2).

The same results were obtained in human cells. The luciferase activity in E1A-negative HCT116
cells kept increasing even after 48 h of NaBut treatment. FoxO activity increased 10-fold and 20-fold
after 24 and 48 h, respectively. On the other hand, in E1A-expressing cells HEK293, FoxO-activity,
after a temporary increase, decreased under a prolonged action of NaBut (Figure 3b).

We analyzed the expression of the FoxO target genes, p21Wafl, encoding the cyclin kinase
inhibitor, and MnSod, the product of which is involved in the ROS inactivation, to validate the FoxO
transactivation function changes under NaBut treatment. In general, the dynamics of FoxO target
gene expression was consistent with the data obtained with a luciferase assay. RT-PCR analysis of
the FoxO target gene expression revealed an increased basal level of mRNA in E1A-expressing cells
(E1A + Ras), compared with E1A-negative cells (NIH3T3). Expression of the studied genes did not
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increase in E1A-expressing cells under prolonged exposure to sodium butyrate. On the other hand,
in E1A-negative cells, an intense transcription increase was observed (Figure 3c).

Thus, the transactivating function of FoxO consistently increased with the time course of NaBut
treatment in E1A-negative cells, whereas there was a tendency toward a decrease in FoxO activity
under prolonged NaBut treatment in cells expressing the adenoviral E1A protein.
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Figure 3. Sodium butyrate influence on FoxO activity in cells with different E1A status. The relative
luciferase activity in rodent (a) and human (b) E1A-negative (NIH3T3, HCT116) and E1A-expressing
(E1A + E1B, E1A + Ras or HEK293) cells transfected with FHRE-Luc reporter under FoxO-regulated
promoter, untreated or treated with 4 mM NaBut for 24-72 h. Luciferase activity is represented in
relation to corresponding control samples (untreated cells), which were set to 1. (¢) Expression of
FoxO target genes, evaluated using RT-PCR; the plots represent the dynamics of messenger RNA
(mRNA) level in relation to corresponding control samples (set at 1). (d) The alpha-tubulin-weighted
band density calculated based on RT-PCR results (c). Results are represented as a mean of 3-4
independent experiments; error bars indicate the standard error of the mean. The Mann-Whitney test
was used to prove statistical significance of the difference in FoxO activity (a,b)/FoxO target gene
expression (d) between corresponding time points in different cell lines in relation to E1A-negative
cells (significant bars are marked with asterisks; p < 0.05).

3.3. E1A Overexpression Stabilizes FoxO1 Protein and Further Enhances the FoxO Transactivation Ability
under NaBut Treatment

We previously showed an HDACi-induced decrease in protein and mRNA level of E1A in
HEK293 and E1A + Ras-transformed cells [14]. In E1A + Ras cells, the expression of the E1A gene is
regulated by the native adenoviral promoter (adenovirus type 5) [47-49]. Thus, we evaluated whether



Cells 2020, 9, 97 8 of 15

the additional overexpression of E1A would further activate FoxO. In order to exclude the effect of
NaBut on the E1A promoter, we performed a transient and stable transfection of E1A + Ras cells with
the plasmid coding the 125 E1A under the control of a strong promoter of cytomegalovirus (CMV).
The regulation and activity of CMV and Ad5 viral promoters differ significantly; thus, they can be
used in target cells for different purposes. The high-activity CMV promoter is convenient for efficient
transgene expression. Moreover, the CMV promoter was reported to be stimulated by HDACi [50].
Firstly, to verify the consequences of E1A overexpression on Foxol transactivation function, we
obtained the stably transfected clones of E1A + Ras cells carrying an E1A under CMV promoter (MER-
1A cell line). Then, MER-1A cells were transfected with a vector, coding luciferase under control of
FoxO-responsive promoter (FHRE-Luc). Cells were left untreated or treated with NaBut for 24-72 h
and assayed for luciferase activity. Figure 4a (middle bars) shows the averaged results of experiments
obtained with the different clones of MER-1A. Luciferase assay data demonstrate that NaBut
enhanced FoxO transactivation function over time in cells overexpressing E1A, implying that E1IA
overexpression abrogates NaBut-dependent inhibition of FoxO activity in E1A + Ras cells.
Alternatively, E1A + Ras cells were co-transfected with the FHRE-Luc and CMV-E1A plasmid. The
E1A overexpression under the strong CMV promoter multiplied both the basal FoxO activity (data
not shown) and the NaBut-dependent increase of FoxO activity (Figure 4a). As shown in Figure 4a,
NaBut increased the FoxO activity tenfold in E1A + Ras cells, while, in E1A + Ras cells with additional
E1A overexpression, 50-fold or even 100-fold increases took place. However, FoxO activation after
the transient E1A transfection (Figure 4a, dark-gray bars) was temporary, as it occurred in control
cells (Figure 4a, light-gray bars), which may be possibly explained by lower vector stability in the
transient assay. The immunoblotting of the transfected cell lysates was used to check the
compatibility between FoxO activity and E1A protein level (Figure 4b).

Thus, our results suggest that, for overcoming NaBut-induced inhibition of the FoxO activity in
E1A-expressing cells, increased expression of E1A independent of HDAC] is required.
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Figure 4. E1A overexpression rescues NaBut-dependent inhibition of FoxO activity in E1A + Ras cells.
(a) The relative luciferase activity in E1A + Ras and MER-1A cells transfected with FHRE-Luc or in
E1A + Ras cells co-transfected with FHRE-Luc and vector coding E1A 12S, untreated or treated with
4 mM NaBut for 24-72 h. (b) The plots representing the dynamics of E1A expression under NaBut
treatment in cells described for previous experiments. Immunoblotting of cell extracts with antibodies
against E1Aad5 in E1A + Ras, MER-1A, and E1A + Ras cells after additional E1A expression (stable
and transient transfection), either untreated (ctrl) or treated with 4 mM NaBut for 24-48 h. E1A
expression levels and FoxO activity are represented in relation to the control samples (untreated cells),
which were set as 1. Single asterisk represents significant difference from baseline (p <0.05).

3.4. CBP/p300-Binding Domain of E1Aad5 Is Responsible for Stabilization of FoxO1 Protein
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To elucidate the mechanisms of E1A influence on the stability of FoxO, we tried to determine
which regions of adenoviral E1A protein are important for the induction of FoxO activity. For this,
NIH3TS3 cells were transfected with different adenovirus E1A constructs. At 36 h after transfection,
cells were lysed and assayed for FoxO1 expression. As shown in Figure 5a a plasmid expressing the
wild-type (wt) E1A 125 induced FoxO1 protein accumulation in NIH3T3 cells. The E1A 125 (YH47)
mutant encoding a protein that does not bind Rb and p130 stimulated FoxO1 expression with similar
efficiency to wt E1A 125 (Figure 5a). The E1A 125 (RG2) mutant encoding a protein that does not bind
p300 was unable to stimulate FoxO1 accumulation. These data indicate that the p300-binding region
of the E1A protein plays the crucial role in the induction of FoxO.

Next, we investigated whether sodium butyrate modulates the interaction of p300 with FoxO in
E1A + Ras cells. To assess the dynamic of FoxO/p300 interaction, E1A + Ras cells were transfected
with a vector coding HA-tagged full-length p300 acetyltransferase, which was then treated with
NaBut for 24 h. The coimmunoprecipitation assay followed with immunoblotting revealed that
endogenous FoxO1 and p300 could associate in sodium butyrate-treated cells only (Figure 5b). In
untreated control cells, the interaction of FoxO with p300 was prevented by competitive binding with
the adenoviral protein E1A. This result is consistent with the data demonstrating the degradation of
E1A protein under NaBut treatment (Figure 2a). To assess the effects of the NaBut-induced
interaction of FoxO with p300, the level of FoxO1 acetylation was studied following NaBut treatment.
Lysates of E1A + Ras cells were immunoprecipitated with anti-acetylated lysine antibody and probed
with anti-FoxO1 antibody. As shown in Figure 5¢c, NaBut-induced augmentation of FoxO1 acetylation
was followed by a significant acetylation decline under a longer NaBut administration. Prolonged
inhibition of deacetylases by sodium butyrate in E1A + Ras cells did not further increase the amount
of acetylated FoxO1 (Figure 5c). These data suggest that FoxO undergoes rapid degradation that
follows protein acetylation, which is consistent with our data (Figure 2a).

(a) (b) (c)

- é 3 ’% IP: p300-HA  IP: Ac-Lys
T & > NaBut(h): - 24 - 24 48
FoxO1 ®+ Foxo1 I == [EUES
Gapdh == == == =5 Gapdh s e -
NIH3T3 E1A+Ras E1A+Ras

Figure 5. CBP/p300-binding domain of E1Aad5 is responsible for stabilization of FoxO1 protein. (a)
Wild-type E1A 125 (wt) and Rb-binding mutant E1A 12S (YH47) induce FoxO1 protein accumulation
in NIH3T3 cells. NIH3T3 cells were transfected with the adenovirus E1A constructs (E1A12S (wt),
E1A12S (RG2), or E1A12S (YH47)). Cell extracts were analyzed by immunoblotting. (b) E1A + Ras
cells were transfected with cytomegalovirus (CMV)-p300-hemagglutinin (HA) and treated with
NaBut for 24 h. Cell extracts were immunoprecipitated with anti-HA antibody, followed by
immunoblotting with FoxOl antibody. (c) Cell extracts from EIA + Ras cells were
immunoprecipitated with anti-acetylated lysine antibody and probed with anti-FoxO1 antibody.

4. Discussion

Our data show that the presence of adenoviral E1A significantly alters the cell response to NaBut
treatment, specifically by influencing the dynamics of FoxO expression and activity. First of all, the
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basal level of FoxO1 expression in E1A-positive cells is generally higher. Moreover, we showed that
both rodent (NIH3T3 and REF52) and human cancer cells (HCT116) transfected with a vector
encoding the E1A are characterized by an increased basal level of FoxO1 protein. Secondly, our
experimental data reveal that the transactivation function of FoxO is generally in line with the FoxO
protein level. In E1A-negative cells, the low basal level of FoxO1l greatly increases under NaBut
treatment, accompanied by enhanced FoxO transactivation function. As for E1A-expressing cells,
there is a downward trend in FoxO1 expression and activity under prolonged NaBut treatment.
Several mechanisms leading to FoxO stabilization by E1A protein are suggested. E1A can bind to the
proteasomes and inactivate their functions [51,52], preventing the ubiquitin-dependent proteolysis
of FoxO3a [23]. E1A also activates PP2A and MKP phosphatases [24,25], which abrogate the
degradation of FoxO by reducing its phosphorylation [53,54]. Phosphorylation of FoxO1 by PKB/Akt
kinase is an important regulator of FoxO1 activity and stability. Being phosphorylated with PKB/Akt,
FoxO1 binds proteins 14-3-3, which leads to a decrease in its affinity to DNA, export from the cell
nucleus, and retention in the cytoplasm. This implies that PKB/Akt is a negative regulator of FoxO1
activity [30,31]. E1IA expression induces a decrease in both the basal and the induced status of
PKB/Akt activity [29], which can also be one of the mechanisms of E1A-induced stabilization of
FoxO1. This is consistent with our previous findings that HDACis mostly affect the FoxO1 on a
protein level and do not lead to significant changes in FoxO1 transcription [46]. Thus, NaBut does
not decline FoxO gene expression in E1A-positive cells, but rather facilitates degradation of the FoxO
protein, drastically suppressing E1A expression. The direct binding of E1A to the acetyltransferases
CBP (CREB binding protein) and p300 modulates CBP/p300 acetyltransferase activity [55]. At the
same time, FoxOs transcription factors are the substrates for CBP/p300-mediated acetylation [56].
Thus, the competition between E1A protein and FoxO transcription factors for binding with
CBP/p300 may act as another potential mechanism via which E1A can affect FoxO acetylation and
stability. Acetylation of FoxO1 [56] and FoxO4 [57-59] attenuates their transcriptional activity.
However, the mechanism underlying the negative effect of acetylation on FoxOs function remain to
be elucidated. One explanation is that the positive charge of lysines in FoxOs contributes to their
DNA-binding. Acetylation by CBP reduces FoxOs ability to bind DNA. Moreover, acetylation of
FoxO1 increases its phosphorylation through the PI3K/PKB signaling pathways [60] and interaction
with 14-3-3 proteins. Thus, competitive binding of the E1A protein to CBP/p300 acetyltransferases
can prevent the interaction of CBP/p300 with FoxO, thereby preventing FoxO acetylation and
destabilization.

We established the crucial role of the p300-binding region of the E1A protein in the induction of
FoxO (Figure 5a). Comparison of the variants of mutant forms of E1A unable to bind pRb or p300
suggests that the p300-binding property is important for this stabilization. The p300 acetyltransferase,
bound by E1A protein, is not able to interact with FoxO in control cells E1A + Ras (Figure 5b). HDACi-
induced degradation of E1A leads to release of p300 and its binding to FoxO (Figure 5b). The
subsequent p300-mediated acetylation of FoxO observed 24 h after NaBut treatment (Figure 5c) may
act as a priming event for subsequent FoxO phosphorylation with activated PKB/Akt [60] and FoxO1
degradation. Therefore, we can suppose that the inhibition of the FoxO activity following NaBut
treatment in E1A-expressing cells is due to the enhanced FoxO acetylation causing by the release of
CBP/p300 from the complex with E1A.

In E1A-expressing cells, different dynamics of FoxO decrease are observed. In E1A + Ras cells,
FoxO undergoes complete degradation, while the degradation of FoxO is less evident in E1A + E1B
and HEK293 cells. This discrepancy may be attributed to the Ras oncoprotein. There are no Ras
mutations in E1A + E1B and HEK293 cells [47], whereas E1A + Ras transformants contain activating
mutations of the cHa-ras gene. Ras was shown to suppress FoxO1l expression, activating the
Ras/PI3K/Akt pathway, leading to FoxO1 degradation [30,31]. As shown in Figure 1, the stable
expression of E1A in the absence of Ras overexpression prevents FoxO1 from fast degradation in E1A
+ E1B and HEK293 cells. Our findings suggest that an exogenous E1A expression is insufficient for
sustained FoxO activity independent of HDACi in E1A + Ras cells because HDACis induce
degradation of E1A. However, the existence of E1A-independent mechanisms of FoxO suppression
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may not be rejected. We previously showed HDACi-induced extranuclear relocation of beta-catenin
[61], which was proven to bind FoxO and increase its activity [62].

Our present study provides findings that HDACi-induced degradation of FoxO protein can be
avoided, provided that the level of E1A protein does not decrease significantly following HDACi
treatment. However, in cells expressing E1A under the adenoviral promoter, whose activity is
inhibited by HDAC], the amount of E1A decreases following the addition of HDACi, which causes
the FoxO expression and activity to decrease. In other words, expression of the early E1A region of
adenovirus increases FoxO stability, but it makes the FoxO protein level more sensitive to HDACi
treatment.

In summary, here, we present evidence showing that FoxO expression and stability under NaBut
treatment is firmly associated with expression of E1A and Ras. Oncogenic Ras causes the degradation
of FoxO through activation of the Ras/Akt signaling pathway, but expression of E1A in cells carrying
activated Ras is able to overcome this inhibition and enhance FoxO expression.

The interpretation of these findings could be challenging since FoxOs are proven to cause both
tumor suppression [44,63] and progression [41,43] depending on the context. Several lines of evidence
suggest a critical role for FoxO members in the sensitivity of cancer cells to cytotoxic agents. Reduced
expression of FoxO1 and FoxO3 is associated with resistance to conventional agents and with reduced
efficacy of drug combinations in ovarian and breast cancer cells [64-66]. FoxOs play an important
role in apoptosis by activating transcription of the ligand for the Fas-dependent cell death pathway
FasL, and the proapoptotic Bcl-2 family member Bim. Alternatively, FoxO factors can promote cell-
cycle arrest by activating the cell-cycle inhibitors p21Wafl or p27kip1 to induce G1 arrest, or GADD45
to induce G2 arrest.

Our results suggest that, in E1A-expressing cells with a Ras gene mutation, long-term HDACi
treatment inhibits FoxO expression and activity. We suggest that the EIA/HDACi co-treatment is
ineffective in anticancer therapy of tumors with Ras mutations. On the other hand, there is a
hypothesis that FoxO acts as a tumor suppressor in normal cells; however, within tumor cells, it can
contribute to their survival and tumor growth [67,68]. If we presume this hypothesis to be correct,
NaBut-induced FoxO degradation after prolonged treatment in E1A + Ras transformed cells seems
to be expected outcome. However, we are yet to succeed in using HDAC] to reduce FoxO level in
human tumor cells, which can be a subject of further research.
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