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Abstract: Interleukin 24 (IL-24) is a tumor-suppressing protein, which inhibits angiogenesis and
induces cancer cell-specific apoptosis. We have shown that IL-24 regulates apoptosis through
phosphorylated eukaryotic initiation factor 2 alpha (eIF2α) during endoplasmic reticulum (ER)
stress in cancer. Although multiple stresses converge on eIF2α phosphorylation, the cellular outcome
is not always the same. In particular, ER stress-induced apoptosis is primarily regulated through
the extent of eIF2α phosphorylation and activating transcription factor 4 (ATF4) action. Our studies
show for the first time that cyclic adenosine monophosphate (cAMP)-dependent protein kinase A
(PKA) activation is required for IL-24-induced cell death in a variety of breast cancer cell lines and
this event increases ATF4 activity. We demonstrate an undocumented role for PKA in regulating
IL-24-induced cell death, whereby PKA stimulates phosphorylation of p38 mitogen-activated protein
kinase and upregulates extrinsic apoptotic factors of the Fas/FasL signaling pathway and death
receptor 4 expression. We also demonstrate that phosphorylation and nuclear import of tumor
suppressor TP53 occurs downstream of IL-24-mediated PKA activation. These discoveries provide
the first mechanistic insights into the function of PKA as a key regulator of the extrinsic pathway, ER
stress, and TP53 activation triggered by IL-24.

Keywords: interleukin 24; melanoma differentiation associated gene 7; protein kinase A; apoptosis;
p53; cytokine; ATF4; extrinsic apoptosis; translation initiation; cancer therapy; gene therapy

1. Introduction

Interleukin-24 (IL-24) is a member of the IL-10 protein family and it displays broad cancer-specific
suppressor effects [1–8]. Notably, clinical and pre-clinical studies have indicated that IL-24 displays
prominent antitumor action [9]. The tumor suppressor activities of IL-24 include the inhibition
of angiogenesis, invasion, and metastasis, sensitization to chemotherapy, and the induction of
cancer-specific apoptosis [1–8]. Given its ubiquitous apoptotic effect on malignant cells, the lack
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of an effect on normal cells, and the absence of significant side effects, IL-24 is an important candidate
for cancer therapy (Reviewed in [8]).

We have shown that overexpression of IL-24 is implicated in endoplasmic reticulum (ER)
stress-mediated apoptosis in cancer cells [10]. We have recently demonstrated that IL-24 activates
protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), one of three canonical ER-stress
response pathways. PERK phosphorylates the alpha subunit of the eukaryotic translation initiation
factor 2 (eIF2a) which inhibits translation initiation while inducing the expression of activating
transcription factor 4 (ATF4) and DNA damage-inducible transcript 3, also known as C/EBP
homologous (GADD153/CHOP) proteins. Thus, the PERK/eIF2α/ATF4/CHOP axis appears to
be essential for the induction of apoptosis by IL-24. Previous studies have shown that protein kinase
A (PKA) can also induce ATF4 expression, leading to apoptosis in human liver carcinoma cells after
treatment with palmitate, a saturated fatty acid, implicated in ER stress [11].

PKA is a serine/threonine kinase that phosphorylates a multitude of proteins in response to
fluctuations in cyclic 3′,5′-adenosine monophosphate (cAMP) levels. PKA is a holoenzyme consisting
of two catalytic subunits that bind to a dimer of identical regulatory subunits [12]. Under basal
conditions, PKA is inactive, but it can become activated when cAMP levels rise in response to various
stimuli. Once cAMP binds to the PKA regulatory subunits, PKA catalytic subunits are released as
active monomers, which then catalyzes substrate phosphorylation [12]. The cAMP–PKA signaling
integrates downstream pathways to regulate numerous cellular responses, including cell proliferation
and survival, metabolism, cell cycle regulation, cytoskeleton remodeling, and ion channel regulation
(Reviewed in [12]).

In terms of ER stress and ATF4 activation, after the delayed activation of PKA by palmitate, ATF4
interacts with cAMP-responsive element-binding protein 1 (CREB1), a downstream target of PKA,
to bind to the Atf4 promoter, leading to sustained ATF4 protein expression [11]. It is suggested that this
feedback loop involving activated PKA is necessary for the induction of apoptosis via ER-stress and
CREB1 phosphorylation. In addition, it has been shown that inhibition of PKA by dihydrochloride
(H-89) prevents ATF4 and CHOP induction in cells treated with exendin-4, a glucagon-like peptide 1
receptor agonist [13]. Due to effect of PKA on ATF4, a key target in the ER stress pathway, and the
role of PKA as a key growth regulator, we hypothesize that PKA is an upstream mediator of IL-24
killing activity, and that it may regulate several IL-24 downstream signaling pathways, including
ATF4 activation.

In this report, we document for the first time that PKA plays a decisive role in IL-24-mediated
apoptosis. These studies define PKA as a key mediator of IL-24 induction of ATF4 activation,
extrinsic apoptosis, activator of TP53, and p38 mitogen-activated protein kinase (MAPK).
These findings are important in our knowledge of IL-24 as a tumor suppressor protein, as well
as an immunomodulatory cytokine.

2. Results

2.1. IL-24 Regulates the Expression and Phosphorylation of ATF4

We have recently shown that IL-24 inhibits translation initiation by phosphorylating eIF2α during
ER stress [14]. Despite this, it is unclear as to why lL-24 induces its apoptotic effect through ER stress
mechanisms. ER stress activates both pro-survival and pro-apoptotic pathways; however, a particularly
strong or prolonged period of ER stress can overwhelm pro-survival mechanisms, tipping the balance
toward apoptotic pathways, and thus preventing tumor development, growth, and invasion. Multiple
studies show that different environmental and physiological stresses can affect the duration and level of
eIF2α phosphorylation and ATF4 induction and protein interactions, determining cell outcome [15–17].

Therefore, we analyzed whether IL-24 affects the expression of ATF4. We treated MCF-7 human
breast cancer cells with increasing concentrations of adenovirus vector expressing IL-24 (Ad.IL-24)
for 72 h, and analyzed the expression of ATF4 protein by Western blot. As shown in Figure 1, IL-24
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induced both ATF4 expression and ATF4 phosphorylation on serine 245. It has been shown that the
phosphorylation of ATF4 at the serine residue 245 upregulates Atf4 transcriptional activity [18]. We also
show that in MCF-7 cells, IL-24 activates binding of immunoglobulin protein (BiP), a downstream
marker of ATF4 activation, in a concentration-dependent manner [19].
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Figure 1. IL-24 activates ATF4 in a dosage dependent manner. MCF-7 cells were treated for 72 h with
Ad.IL-24 (25, 50, and 100 plaque-forming units (pfu) per cell) or Ad.vector (100 pfu per cell). Cells were
collected, protein purified, and subjected to Western blot analysis to detect phospho-ATF4, total ATF4,
BiP, and β-actin.

2.2. IL-24-Mediated Activation of PKA

ATF4 expression is induced at the translational level, due to eIF2α phosphorylation and at the
transcriptional level due to PKA activity [11,14,20]. To determine if IL-24 activates PKA, we examined
the profiles of known downstream substrates of PKA which are phosphorylated on PKA-specific serine
or threonine residues. We found that with increasing concentrations of IL-24, phosphorylation levels
of PKA substrates substantially increased 72 h post-infection in MCF-7 breast cancer cells (Figure 2A).
We attribute this increased substrate phosphorylation to PKA activation, rather than an increased
expression of PKA, since the protein levels of the PKA catalytic α subunit remained unchanged, despite
increasing levels of IL-24 (Figure 2A). This IL-24-mediated activation of PKA is reversed in response to
the PKA inhibitor H-89 (Figure 2C). Cyclic 3′,5′-adenosine monophosphate (cAMP) levels, which are a
known activator of PKA, also increases in a concentration-dependent manner after treatment with IL-24
(Figure 2B). To determine whether PKA is involved in the activation of ATF4, we used PKA inhibitor,
H-89, in conjunction with IL-24 treatment. Figure 2D shows a decrease in ATF4 phosphorylation at
serine 245 when IL-24 is overexpressed, and PKA is inhibited demonstrating the involvement of PKA
in IL-24 activation of ATF4.

2.3. Inhibiting PKA Activity Abrogates the IL-24 Killing Effect

Next, we explored whether PKA is involved in IL-24-induced apoptosis in breast cancer cells.
To test this hypothesis, we treated several human breast cancer cell lines (MCF-7, T47D, MDA-MB-157,
and MDA-MB-231) with IL-24 in the presence or absence of the specific PKA inhibitors, H-89, and PKI
peptide (sequence: Myr-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-NH2). Cell viability and induction of
apoptosis was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT and
annexin V-fluorescein isothiocyanate/propidium iodide (FITC/PI) assays, respectively. As shown
in Figure 3A,B, H-89, and PKI inhibited IL-24-mediated killing in all breast cancer cell lines. Taken
together, these results suggest that PKA is necessary for IL-24-induced apoptosis. We have previously
demonstrated that IL-24 selectively kills cancer cells through p38 mitogen-activated protein kinase
(p38 MAPK) signaling [21]. Because p38 MAPK participates in the regulation of the ER stress signaling,
we hypothesized that PKA may be involved in IL-24 activation of p38 MAPK. As shown in Figure 3C,
IL-24 activates p38 MAPK at threonine 180 and tyrosine 182 in MCF-7 cells. To validate that PKA plays
a role in IL-24-mediated activation of p38 MAPK, we used H-89 in conjunction with IL-24 treatment
and found that the inhibition of PKA prevents the activation of p38 MAPK over 24 h, suggesting that
p38 MAPK signaling pathway is downstream of PKA (Figure 3D).
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Figure 2. IL-24 activates protein kinase A (PKA) in a concentration-dependent manner. (A) MCF-7
cells were treated for 72 h with Ad.IL-24 (25, 50, and 100 pfu per cell) or Ad.vector (100 pfu per cell).
Cells were collected, protein purified, and subjected to Western blot analysis to detect phospho-PKA
substrates, PKA-Cα subunits, and β-actin proteins. (B) MCF-7 cells were treated with Ad.vector
(100 pfu/cell) or Ad.IL-24 (25, 50, and 100 pfu per cell) and then assayed for the production of
cAMP after 20 h of treatment. Numbers represent mean cyclic adenosine monophosphate (cAMP)
(nM) concentration after normalization to control. An average of three independent experiments is
shown ± SE (n = 9). (C,D) MCF-7 cells were treated for 72 h with Ad.vector (control) or Ad.IL-24 at
100 pfu/cell, and either untreated or treated with 10 µM H-89 for 72 h. Cells were collected, protein
purified, and subjected to Western blot analysis to detect phospho-PKA substrates, PKA-Cα subunit,
phospho-ATF4, total ATF4, and β-actin.
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Figure 3. The IL-24 killing effect is decreased in the presence of PKA inhibitors. (A) Human breast
MCF-7, MDA-MB-231, MDA-MB-157, and T47D cancer cells were incubated with 10 µM of PKA
inhibitor, H-89, or PKI, with or without Ad.IL-24 (100 pfu per cell) or Ad.vector (100 pfu per cell),
and cell viability was determined by the MTT proliferation assay five days after treatment. Numbers
represent the ratio of specific treatments to values in control cells (Ad.vector). An average of three
independent experiments is shown ± SD as errors bars. *, p < 0.001 comparted to Ad.vector. (B) Cells
were treated as described in A, and then assayed for cell death using annexin V staining, a measure
of apoptosis, was determined 48 h later by fluorescence-activated cell sorting (FACS) analysis using
the CellQuest software (Becton Dickinson). An average of three independent experiments is shown
± SD as errors bars, *, p < 0.001 comparted to Ad.vector. (C) MCF-7 cells were treated for 24 h with
Ad.IL-24 (25, 50, and 100 pfu per cell), 10 µM H-89 or Ad.vector (100 pfu per cell). Cells were collected,
protein purified, and subjected to Western blot analysis to detect phospho-p38 MAPK, total p38 MAPK,
and β-actin. (D) MCF-7 cells were infected with either Ad.vector (control) or Ad.IL-24 at 100 pfu/cell,
and either untreated or treated with 10 µM H-89 for 72 h. Western blot analysis was performed with
antibodies for phospho-p38 MAPK, total p38 MAPK, and β-actin.

2.4. IL-24 Activates TP53, a Downstream Target of PKA Activity

Previous studies have shown that IL-24 is able to activate TP53 in breast cancer, hepatocellular
carcinoma and chronic lymphocytic leukemia cells [22–24]. However, until now, there is no evidence
showing that IL-24 activates PKA to regulate TP53 activity in cancer cells. Here, we show that IL-24
induces TP53 expression, increases its phosphorylation on serine 15 (phospho-Ser15 TP53), and it
promotes nuclear translocation in MCF-7 breast cancer cells in a PKA-dependent manner (Figure 4).
It is known that the nuclear translocation of phospho-Ser15 TP53 plays a critical role in the regulation
of cell cycle arrest, apoptosis, and cellular senescence in cancer cells [25–32]. Our results reveal
that in response to IL-24, phospho-Ser15 TP53 translocates from the cytoplasm into the cell nucleus
compared to the Ad.vector, and H-89 reduces this translocation (Figure 4C). Taken together, these
results suggest that IL-24-induced TP53 expression, phosphorylation, and nuclear localization is
mediated by PKA activity.
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Figure 4. IL-24 induces TP53 expression, and promotes nuclear translocation in a PKA-dependent
manner. (A,B) MCF-7 cells were treated for 72 h with Ad.IL-24 (25, 50, and 100 pfu per cell),
10 µM H-89, or Ad.vector (100 pfu per cell). Cells were collected, protein purified, and subjected
to Western blot analysis to detect to detect phospho-TP53, total TP53, and β-actin proteins.
(C) Semi-quantitative measurements of the mean fluorescein isothiocyanate (FITC) intensity were
taken using Nikon NIS Elements whereby, the average intensity of five cell nuclei were taken under
each experimental condition. Error bars are expressed as the standard deviation of FITC intensity
values. (D) Cells were fixed and phospho-Ser15 TP53 was detected by immunofluorescence using
anti-phospho-TP53 antibodies.

2.5. PKA Activation Mediates the IL-24 Extrinsic Apoptotic Effect

IL-24 treatment is known to induce the expression of various members of the extrinsic apoptotic
pathway, such as Fas cell surface receptor (Fas), Fas ligand (FasL), Fas-associated death domain
(FADD) in human ovarian cancer cells, and death receptor 4 (DR4), in colorectal cancer cell lines [33,34].
Based on these studies, we sought to determine whether IL-24 activates the extrinsic pathway of
apoptosis in MCF-7 breast cancer cells, and whether the IL-24 induction of extrinsic apoptotic pathway
is PKA-dependent. IL-24 infection did indeed increase Fas, FasL, DR4, and FADD levels in MCF-7
cells within 72 h (Figure 5A). The increase in the expression of the molecular markers associated with
the extrinsic apoptotic pathway was blocked by H-89 (Figure 5B). Taken together, these results suggest
that PKA is necessary for the IL-24-induced extrinsic apoptotic pathway.
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Figure 5. The inhibition of PKA blocks IL-24 activation of extrinsic apoptosis. (A) MCF-7 cells were
infected with either Ad.vector (control) or increasing concentrations of Ad.IL-24 (25, 50, 100 pfu per
cell) for 72 h. Western blot analysis was performed with antibodies for FasL, Fas, FADD, DR4, and
β-actin. (B) MCF-7 cells were infected with either the Ad.vector (control) or Ad.IL-24 at 100 pfu/cell,
and either untreated or treated with 10 µM H-89 for 72 h. Western blot analysis was performed with
antibodies for FasL, Fas, FADD, DR4, and β-actin.

3. Discussion

Based on the positive results from pre-clinical and Phase I clinical trials [35], IL-24 has been
transitioned into a phase II clinical trial, indicating that it is has the potential to be safe and effective
for cancer gene therapy. We and others have extensively investigated and reported the underlying
apoptotic mechanisms of IL-24 protein treatment and Ad.IL-24 infection in preclinical studies in several
cancer cells, including melanoma, glioblastoma, breast, prostate, lung, colon, liver, and cervical cancer
cells [3–6,10,36–38]. We have shown that Ad.IL-24 and IL-24 protein, produced by Ad.IL-24-infected
cells, display extensive cancer-specific pro-apoptotic activity by stimulating ER stress and ceramide
production in prostate cancer cells with no effect on normal prostate epithelial cells [39]. Secreted
IL-24 protein also generates a strong expression of endogenous IL-24, and subsequent induction
of tumor-specific killing by ER stress activation and reactive oxygen species production [10]. IL-24
also inhibits angiogenesis in human lung tumor cells in vivo, and sensitizes breast cancer cells to
chemotherapy [1,4]. More recently, we have shown that IL-24-triggered-phosphorylation of eIF2α
reduces the availability of the ternary complex in squamous cell carcinoma KLN cells, and preferentially
represses the expression of oncogenic proteins and increases the expression of pro-apoptotic and tumor
suppressor proteins [14].

Although signaling pathways triggered by IL-24 have been the focus of intensive studies for over
20 years, the mechanisms governing cancer-specific apoptosis triggered by IL-24 are still not well
understood. The results presented here identify PKA as a key mediator of cancer-specific killing by
IL-24. For the first time, we show that IL-24 increases intracellular cAMP levels, and activates PKA to
exert its killing effect through the extrinsic apoptotic pathway in MCF-7 breast cancer cells (Figure 5).
IL-24 elevates cAMP levels in a concentration-dependent manner, resulting in PKA activation, and
increases the phosphorylation of PKA substrates (Figure 2A,B) Cell viability and annexin V analysis
shows that cancer cell killing by IL-24 is dependent on PKA, as chemical inhibition of PKA by H-89
abrogates the pro-apoptotic activity of IL-24 on cancer cells (Figure 3A,B). In addition, PKA plays a
role in IL-24-mediated ER stress, as evidenced by activation of ATF4 (Figure 2D)

We observe for the first time that in response to IL-24 treatment, PKA plays a role in the extrinsic
apoptotic pathway. When MCF-7 breast cancer cells are treated with IL-24, key players in the Fas
signaling pathway, such as Fas, FasL, and FADD, are upregulated, supporting previous studies that
IL-24 activates apoptosis extrinsically [33,34,40]. With the addition of the PKA inhibitor H-89, these
apoptotic signaling proteins are downregulated, indicating that the induction of extrinsic apoptotic
pathways by IL-24 is mediated by PKA (Figure 5B).



Int. J. Mol. Sci. 2018, 19, 3561 8 of 13

In human cancer, tumor suppressor TP53 possesses high mutation rates, and its inhibition or
absence is critical in driving cancer formation and progression. We reveal for the first time that PKA
activation is necessary for IL-24 activation of TP53 at serine 15 (phospho-Ser15 TP53) (Figure 4B).
Phospho-Ser15 TP53 is known to localize to the nucleus to activate cell-cycle arrest and apoptosis
in cancer cells [25–27]. Here, we provide evidence that phospho-Ser15 TP53 localizes to the nucleus
after IL-24 treatment in MCF-7 cells (Figure 4C). This localization to the nucleus is also dependent on
the activity of PKA. Earlier studies have established that IL-24 activates TP53 in MDA-MB-453 breast
cancer cells and HepG2, MHCC97L and Hep3B hepatocellular carcinoma cells [22,23]. As shown in
Figure 2, IL-24 inhibits the growth of different breast cancer cells lines containing wild-type TP53
(MCF-7), mutant TP53 (MDA-MB-231 and T47D), or null TP53 (MDA-MB-157). While we have shown
that IL-24 can induce apoptosis independent of TP53, the molecular mechanisms underlying the
activation of TP53 triggered by IL-24 could be relevant for the development of precise therapeutics that
use IL-24 in combination with compounds that reactivate mutant TP53 to wild-type TP53 to suppress
tumors (Reviewed in [41]). These small-molecule drugs, which have been tested in pre-clinical and
Phase I trials, can specifically target mutant forms of TP53 to reactivate its structural stability, or
restore its transcriptional activity. Future studies examining the synergistic effects of IL-24 and these
compounds can uncover new treatment options for patients that have tumors with mutated TP53
gene profiles.

4. Materials and Methods

4.1. Cells Culture and Reagents

Human breast MCF-7, MDA-MB-231, MDA-MB-157, and T47D cell lines were acquired from
American Type Culture Collection (ATCC), maintained per ATCC protocols and utilized within six
months of thawing. Cell lines were grown in a humidified atmosphere at 37 ◦C with 5% CO2, and
culture media was replaced every other day. Dulbecco’s Modified Eagle’s medium (DMEM) was used.
H-89 [N-(2-aminoethyl)-5-isoquinolino-sulfonamide] was purchased from EMD Millipore (Darmstadt,
Germany). PKI Myristoylated Peptide (Sequence: Myr-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-NH2)
was purchased from Invitrogen (Camarillo, CA, USA).

4.2. Virus Infection

After attachment within 24 h, cells were infected with the IL-24 expressing replication defective
adenovirus (Ad.IL-24) or the control, a corresponding empty adenovirus vector lacking exogenous genes
(Ad.vector). The adenoviruses were custom made by Vector Biolabs, Inc. (Philadelphia, PA, USA).

4.3. MTT Assays

Prior to treatment, cells were plated at a concentration of 2 × 103 cells/well in 96-well dishes.
Cells were grown in DMEM with 10% FBS (Gibco, Waltham, MA, USA) and attached 12 h prior to
treatment(s). After Ad.IL-24 treatment, cells were treated with inhibitors and media was replaced at
day 3 with fresh inhibitor. After five days of treatment, cell proliferation and viability were determined
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) staining (Sigma, St. Louis,
MO, USA), as previously described in [42]. Absorbance was measured at 595 nm using Tecan Spark 10
M Microplate Reader (Männedorf, Switzerland) and is proportional the number of living cells present.

4.4. Annexin V Binding Assays

After treatment, cells were detached using trypsin and washed once with complete DMEM
medium and phosphate-buffered saline (PBS). Cells were then re-suspended in 500 µL of binding
buffer containing 2.5 mmol/L CaCl2, and stained with allophycocyanin-labeled annexin V (Becton
Dickinson Biosciences, Palo Alto, CA, USA) and propidium iodide (PI) at room temperature for 15 min.
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Immediately after staining, flow cytometry was performed. Flow cytometry assays were performed as
previously described [14].

4.5. Western Blot Analysis

Cellular protein was extracted using Pierce IP Lysis Buffer (Thermo Scientific, Rockford, IL,
USA) and a mixture of Halt Protease Inhibitor Cocktail 100X (Thermo Scientific, Rockford, IL, USA)
and Phosphatase Inhibitor Cocktail 100× (Cell Signaling Technology, Danvers, MA, USA). Sixty
micrograms of protein were applied to a 10% SDS/PAGE and transferred to nitrocellulose membranes.
Membranes were incubated with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE, USA)
prior to incubation with polyclonal or monoclonal antibodies to phospho-PKA substrates, PKA-Cα

subunit, FasL, Fas, FADD, DR4, phospho-S15 TP53, total TP53, phospho-p38 MAPK, total p38 MAPK,
phospho-S245 ATF4, total ATF4, BiP, and β-actin overnight at 4 ◦C. All primary antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA) with the exception of phospho-S245
ATF4 from Sigma Aldrich (St. Louis, MO, USA). Goat anti-rabbit IgG (H + L) 800 CW, goat anti-rabbit
(680 RD) and/or goat anti-mouse (H + L) secondary antibodies were applied for 1 h at room
temperature (1:25,000, LI-COR) prior to washing with 1× Tris Buffered Saline Tween-20 (TBS-T).
Visualization was carried out with the LI-COR Odyssey CLx imaging system and software.

4.6. cAMP Assay

MCF-7 cells were plated at a concentration of 5 × 103 cells/well in Biocoat Poly-D-Lysine 96-well
dishes. Cells were grown in DMEM with 10% FBS and attached 24 h prior to treatments. Production of
cyclic adenosine monophosphate (cAMP) was determined by the cAMP-GloTM Assay by Promega
(Madison, WI, USA). Luminescence was measured using a Tecan Spark 10M Microplate Reader
(Männedorf, Switzerland).

4.7. Immunofluorescence

Cells were plated onto chamber slides (Falcon; BD Biosciences, San Jose, CA, USA) and
maintained per ATCC protocols. After 24 h of Ad.IL-24 infection and H-89 treatment, cells were
fixed with 2% paraformaldehyde, permeabilized by 0.1% Triton X-100, and then incubated with
phospho-Ser15 TP53 antibody. Incubation buffer was added to chamber slides as negative control.
After 2 washes with wash buffer, chamber slides were then incubated with Alexa Fluor 594 secondary
antibody (Jackson Laboratory, Bar Harbor, ME, USA) for 1 h at room temperature. After rinsing
with wash buffer, chamber slides were coated with 4′,6-diamidino-2-phenylindole (DAPI) anti-fade
mounting medium (Life Technologies, Grand Island, NY, USA). DAPI-stained nuclei, cells were
assessed on an inverted fluorescent microscope (Nikon EclipseTi, Melville, NY, USA) using 400×
total magnification. Semi-quantitative measurements of the mean FITC intensity of cell nuclei were
taken using NIS Elements software, whereby the average intensity of five cells were taken under each
experimental condition.

4.8. Statistical Analysis

Experiments were performed at least in duplicate or triplicate, and data represent the average
of three independent experiments. Statistical analysis was performed using Student t test. p values
less than or equal to 0.05 were considered significant. Experiments shown are the means of multiple
individual points from multiple experiments (±SEM).

5. Conclusions

Overall, these results demonstrate for the first time that PKA is a key mediator of IL-24-induced
apoptosis in breast cancer cells. Specifically, we reveal that PKA mediates several pathways, including
p38 MAPK, p53, ER stress, and extrinsic apoptosis, which are known to be activated by IL-24 to
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specifically kill cancer cells (Figure 6). The evidence presented here points to PKA as a possible
upstream regulator that potentiates IL-24 killing of cancer cells. Understanding the complexities
of IL-24 induction of apoptosis in cancer cells significantly broadens its potential as an anti-tumor
therapeutic and reveal new combinatorial strategies for targeted cancer therapies.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  10 of 12 

 
Figure 6. IL-24 activates PKA to induce apoptosis in breast cancer cells. A schematic of the molecular 
mechanisms underlying Ad.IL-24 induced apoptosis of cancer cells, involving PKA activation, ATF-
4 phosphorylation, p38MAPK signaling, p53 phosphorylation, Fas apoptotic signaling, and the 
inhibition of translation initiation (red arrow indicates downregulation; green arrow indicates 
upregulation; black arrows indicate pathway activation, black dotted arrows indicate potential 
mechanism of action, black bar headed arrow indicates inhibition). 

Authors Contributions: Conception and design: L.P., J.M., X.Z., M.S. Development of methodology: L.P., S.R., 
B.H.A. Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): L.P., 
J.M., D.D., S.R., B.H.A., M.S. Writing, review, and/or revision of the manuscript: L.P., D.D., B.H.A., M.S. 
Administrative, technical, or material support (i.e., reporting or organizing data, constructing databases): L.P., 
X.Z., A.F., M.M., H.M., B.H.A. Study supervision: M.S. Other (writing, databases research): A.F., M.M., H.M., 
D.D. 

Funding: This study was supported by the NCI of the NIH under award numbers SC1 CA2005 (M. Sauane) and 
1RO1CA152312 (B. H. Aktas). 

Acknowledgments: We are very grateful to Jose A. Halperin for his invaluable support and expert advice.  

Conflicts of Interest: The authors declare no potential conflicts of interest. 

References 

1. Chada, S.; Mhashilkar, A.M.; Liu, Y.; Nishikawa, T.; Bocangel, D.; Zheng, M.; Vorburger, S.A.; Pataer, A.; 
Swisher, S.G.; Ramesh, R.; et al. Mda-7 Gene Transfer Sensitizes Breast Carcinoma Cells to Chemotherapy, 
Biologic Therapies and Radiotherapy: Correlation with Expression of Bcl-2 Family Members. Cancer Gene 
Ther. 2006, 13, 490–502. 

2. Li, L.; Wang, Z.X.; Wang, Z.H. Combination of IL-24 and cisplatin inhibits cervical cancer growth in a 
Xenograft nude mice model. Asian Pac. J. Cancer Prev. 2011, 12, 3293–3298.  

3. Sauane, M.; Lebedeva, I.V.; Su, Z.Z.; Choo, H.T.; Randolph, A.; Valerie, K.; Dent, P.; Gopalkrishnan, R.V.; 
Fisher, P.B. Melanoma Differentiation Associated Gene-7/Interleukin-24 Promotes Tumor Cell-Specific 
Apoptosis through Both Secretory and Nonsecretory Pathways. Cancer Res. 2004, 64, 2988–2993.  

4. Ramesh, R.; Mhashilkar, A.M.; Tanaka, F.; Saito, Y.; Branch, C.D.; Sieger, K.; Mumm, J.B.; Stewart, A.L.; 
Boquoi, A.; Dumoutier, L.; et al. Melanoma Differentiation-associated Gene 7/Interleukin (IL)-24 Is a Novel 
Ligand That Regulates Angiogenesis via the IL-22 Receptor Melanoma Differentiation-associated Gene 

PKA

cAMP

p53
P

CELL DEATH

Nuclear 
Translocation

ATF-4
P

CHOP Death 
Signaling

P P

p38MAPK 

Cell Stress 
Induction

Fas/FasL

Extrinsic 
Apoptosis

Ad.IL-24
eIF2γ

GDP

eIF2α

eIF2β

Ternary Complex 

↑ ATF4 Expression
↓ Global Protein Synthesis

Figure 6. IL-24 activates PKA to induce apoptosis in breast cancer cells. A schematic of the molecular
mechanisms underlying Ad.IL-24 induced apoptosis of cancer cells, involving PKA activation, ATF-4
phosphorylation, p38MAPK signaling, p53 phosphorylation, Fas apoptotic signaling, and the inhibition
of translation initiation (red arrow indicates downregulation; green arrow indicates upregulation; black
arrows indicate pathway activation, black dotted arrows indicate potential mechanism of action, black
bar headed arrow indicates inhibition).

Author Contributions: Conception and design: L.P., J.M., X.Z., M.S. Development of methodology: L.P., S.R.,
B.H.A. Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): L.P., J.M.,
D.D., S.R., B.H.A., M.S. Writing, review, and/or revision of the manuscript: L.P., D.D., B.H.A., M.S. Administrative,
technical, or material support (i.e., reporting or organizing data, constructing databases): L.P., X.Z., A.F., M.M.,
H.M., B.H.A. Study supervision: M.S. Other (writing, databases research): A.F., M.M., H.M., D.D.

Funding: This study was supported by the NCI of the NIH under award numbers SC1 CA2005 (M. Sauane) and
1RO1CA152312 (B. H. Aktas).

Acknowledgments: We are very grateful to Jose A. Halperin for his invaluable support and expert advice.

Conflicts of Interest: The authors declare no potential conflicts of interest.

References

1. Chada, S.; Mhashilkar, A.M.; Liu, Y.; Nishikawa, T.; Bocangel, D.; Zheng, M.; Vorburger, S.A.; Pataer, A.;
Swisher, S.G.; Ramesh, R.; et al. Mda-7 Gene Transfer Sensitizes Breast Carcinoma Cells to Chemotherapy,
Biologic Therapies and Radiotherapy: Correlation with Expression of Bcl-2 Family Members. Cancer Gene
Ther. 2006, 13, 490–502. [CrossRef] [PubMed]

2. Li, L.; Wang, Z.X.; Wang, Z.H. Combination of IL-24 and cisplatin inhibits cervical cancer growth in a
Xenograft nude mice model. Asian Pac. J. Cancer Prev. 2011, 12, 3293–3298. [PubMed]

http://dx.doi.org/10.1038/sj.cgt.7700915
http://www.ncbi.nlm.nih.gov/pubmed/16282987
http://www.ncbi.nlm.nih.gov/pubmed/22471469


Int. J. Mol. Sci. 2018, 19, 3561 11 of 13

3. Sauane, M.; Lebedeva, I.V.; Su, Z.Z.; Choo, H.T.; Randolph, A.; Valerie, K.; Dent, P.; Gopalkrishnan, R.V.;
Fisher, P.B. Melanoma Differentiation Associated Gene-7/Interleukin-24 Promotes Tumor Cell-Specific
Apoptosis through Both Secretory and Nonsecretory Pathways. Cancer Res. 2004, 64, 2988–2993. [CrossRef]
[PubMed]

4. Ramesh, R.; Mhashilkar, A.M.; Tanaka, F.; Saito, Y.; Branch, C.D.; Sieger, K.; Mumm, J.B.; Stewart, A.L.;
Boquoi, A.; Dumoutier, L.; et al. Melanoma Differentiation-associated Gene 7/Interleukin (IL)-24 Is a Novel
Ligand That Regulates Angiogenesis via the IL-22 Receptor Melanoma Differentiation-associated Gene
7/Interleukin (IL)-24 Is a Novel Ligand That Regulates Angiogenesis via. Cancer Res. 2003, 63, 5105–5113.
[PubMed]

5. Ramesh, R.; Ito, I.; Gopalan, B.; Saito, Y.; Mhashilkar, A.M.; Chada, S. Ectopic production of MDA-7/IL-24
inhibits invasion and migration of human lung cancer cells. Mol Ther. 2004, 9, 510–518. [CrossRef] [PubMed]

6. Saeki, T.; Mhashilkar, A.; Swanson, X.; Zou-Yang, X.H.; Sieger, K.; Kawabe, S.; Branch, C.D.; Zumstein, L.;
Meyn, R.E.; Roth, J.A.; et al. Inhibition of human lung cancer growth following adenovirus-mediated mda-7
gene expression in vivo. Oncogene 2002, 21, 4558–4566. [CrossRef] [PubMed]

7. Cai, Y.; Liu, X.; Huang, W.; Zhang, K.; Liu, X.Y. Synergistic antitumor effect of TRAIL and IL-24 with complete
eradication of hepatoma in the CTGVT-DG strategy. Acta Biochim. Biophys. Sin. (Shanghai) 2012, 44, 535–543.
[CrossRef] [PubMed]

8. Owen, S.; Ruge, F.; Jiang, W.E.N.G. Interleukin-24 (IL-24) Expression and Biological Impact on HECV
Endothelial Cells. Cancer Genomics Proteomics 2015, 12, 243–250.

9. Persaud, L.; De Jesus, D.; Brannigan, O.; Richiez-Paredes, M.; Huaman, J.; Alvarado, G.; Riker, L.; Mendez, G.;
Dejoie, J.; Sauane, M. Mechanism of action and applications of interleukin 24 in immunotherapy. Int. J.
Mol. Sci. 2016, 17, 869. [CrossRef] [PubMed]

10. Do, W.; Herrera, C.; Mighty, J.; Shumskaya, M.; Redenti, S.M.; Sauane, M. Sigma 1 receptor plays a prominent
role in IL-24-induced cancer-specific apoptosis. Biochem. Biophys. Res. Commun. 2013, 439, 215–220. [CrossRef]
[PubMed]

11. Cho, H.; Wu, M.; Zhang, L.; Thompson, R.; Nath, A.; Chan, C. Signaling dynamics of palmitate-induced ER
stress responses mediated by ATF4 in HepG2 cells. BMC Syst. Biol. 2013, 7, 9. [CrossRef] [PubMed]

12. Sapio, L.; Di Maiolo, F.; Illiano, M.; Esposito, A.; Chiosi, E.; Spina, A.; Naviglio, S. Targeting protein kinase a
in cancer therapy: An update. EXCLI J. 2014, 13, 843–855. [PubMed]

13. Yusta, B.; Baggio, L.L.; Estall, J.L.; Koehler, J.A.; Holland, D.P.; Li, H.; Pipeleers, D.; Ling, Z.; Drucker, D.J.
GLP-1 receptor activation improves β cell function and survival following induction of endoplasmic
reticulum stress. Cell MeTable 2006, 4, 391–406. [CrossRef] [PubMed]

14. Persaud, L.; Zhong, X.; Alvarado, G.; Do, W.; Dejoie, J.; Zybsteva, A.; Aktas, B.H.; Sauane, M. eIF2α
Phosphorylation Mediates IL24-induced Apoptosis through Inhibition of Translation. Mol. Cancer Res. 2017,
15, 1117–1124. [CrossRef] [PubMed]

15. Yamaguchi, H.; Wang, H.-G. CHOP is involved in endoplasmic reticulum stress-induced apoptosis by
enhancing DR5 expression in human carcinoma cells. Am. Soc. Biochem. Mol. Biol. 2004, 279, 45495–45502.
[CrossRef] [PubMed]

16. Mccullough, K.D.; Martindale, J.L.; Aw, T.; Holbrook, N.J.; Cullough, K.D.M.C.; Klotz, L. Gadd153 Sensitizes
Cells to Endoplasmic Reticulum Stress by Down-Regulating Bcl2 and Perturbing the Cellular Redox State
Gadd153 Sensitizes Cells to Endoplasmic Reticulum Stress by Down-Regulating Bcl2 and Perturbing the
Cellular Redox State. Mol. Cell. Biol. 2001, 21, 1249–1259. [CrossRef] [PubMed]

17. Puthalakath, H.; O’Reilly, L.A.; Gunn, P.; Lee, L.; Kelly, P.N.; Huntington, N.D.; Hughes, P.D.; Michalak, E.M.;
McKimm-Breschkin, J.; Motoyama, N.; et al. ER stress triggers apoptosis by activating BH3-only protein
Bim. Cell 2007, 129, 1337–1349. [CrossRef] [PubMed]

18. Hao, Y.; Samuels, Y.; Li, Q.; Krokowski, D.; Guan, B.-J.; Wang, C.; Jin, Z.; Dong, B.; Cao, B.; Feng, X.; et al.
Oncogenic PIK3CA mutations reprogram glutamine metabolism in colorectal cancer. Nat. Commun. 2016, 7,
11971. [CrossRef] [PubMed]

19. Takayanagi, S.; Fukuda, R.; Takeuchi, Y.; Tsukada, S.; Yoshida, K. Gene regulatory network of unfolded
protein response genes in endoplasmic reticulum stress. Cell Stress Chaperones 2013, 18, 11–23. [CrossRef]
[PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-04-0200
http://www.ncbi.nlm.nih.gov/pubmed/15126330
http://www.ncbi.nlm.nih.gov/pubmed/12941841
http://dx.doi.org/10.1016/j.ymthe.2004.01.019
http://www.ncbi.nlm.nih.gov/pubmed/15093181
http://dx.doi.org/10.1038/sj.onc.1205553
http://www.ncbi.nlm.nih.gov/pubmed/12085234
http://dx.doi.org/10.1093/abbs/gms031
http://www.ncbi.nlm.nih.gov/pubmed/22635106
http://dx.doi.org/10.3390/ijms17060869
http://www.ncbi.nlm.nih.gov/pubmed/27271601
http://dx.doi.org/10.1016/j.bbrc.2013.08.057
http://www.ncbi.nlm.nih.gov/pubmed/23988449
http://dx.doi.org/10.1186/1752-0509-7-9
http://www.ncbi.nlm.nih.gov/pubmed/23339444
http://www.ncbi.nlm.nih.gov/pubmed/26417307
http://dx.doi.org/10.1016/j.cmet.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17084712
http://dx.doi.org/10.1158/1541-7786.MCR-16-0454
http://www.ncbi.nlm.nih.gov/pubmed/28461326
http://dx.doi.org/10.1074/jbc.M406933200
http://www.ncbi.nlm.nih.gov/pubmed/15322075
http://dx.doi.org/10.1128/MCB.21.4.1249-1259.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158311
http://dx.doi.org/10.1016/j.cell.2007.04.027
http://www.ncbi.nlm.nih.gov/pubmed/17604722
http://dx.doi.org/10.1038/ncomms11971
http://www.ncbi.nlm.nih.gov/pubmed/27321283
http://dx.doi.org/10.1007/s12192-012-0351-5
http://www.ncbi.nlm.nih.gov/pubmed/22802018


Int. J. Mol. Sci. 2018, 19, 3561 12 of 13

20. Pataer, A.; Vorburger, S.A.; Chada, S.; Balachandran, S.; Barber, G.N.; Roth, J.A.; Hunt, K.K.; Swisher, S.G.
Melanoma differentiation-associated gene-7 protein physically associates with the double-stranded
RNA-activated protein kinase PKR. Mol. Ther. 2005, 11, 717–723. [CrossRef] [PubMed]

21. Sarkar, D.; Su, Z.-Z.; Lebedeva, I.V.; Sauane, M.; Gopalkrishnan, R.V.; Valerie, K.; Dent, P.; Fisher, P.B. mda-7
(IL-24) Mediates selective apoptosis in human melanoma cells by inducing the coordinated overexpression
of the GADD family of genes by means of p38 MAPK. Proc. Natl. Acad. Sci. USA 2002, 99, 10054–10059.
[CrossRef] [PubMed]

22. Zheng, M.; Bocangel, D.; Ramesh, R.; Ekmekcioglu, S.; Grimm, E.A.; Chada, S. IL-24 overcomes TMZ-resistance
and enhances cell death by downregulation of MGMT in human melanoma cells. Gene 2009, 7, 3842–3851.

23. Xue, X.B.; Zheng, J.W.; Wang, C.J.; Chen, K.; Hu, H.Y.; Hu, H.Y.; Hu, H.; Yu, Y.; Wu, Z.D. Adenovirus
vector expressing MDA-7/IL-24 selectively induces growth arrests and apoptosis in human hepatocellular
carcinoma cell lines independent of the state of p53 gene. Zhonghua Gan Zang Bing Za Zhi 2006, 14, 670–675.
[PubMed]

24. Sainz-Perez, A.; Gary-Gouy, H.; Gaudin, F.; Maarof, G.; Marfaing-Koka, A.; de Revel, T.; Dalloul, A.
IL-24 induces apoptosis of chronic lymphocytic leukemia B cells engaged into the cell cycle through
dephosphorylation of STAT3 and stabilization of p53 expression. J. Immunol. 2008, 181, 6051–6060. [CrossRef]
[PubMed]

25. Fiscella, M.; Ullrich, S.J.; Zambrano, N.; Shields, M.T.; Lin, D.; Lees-Miller, S.P.; Anderson, C.W.; Mercer, W.E.;
Appella, E. Mutation of the serine 15 phosphorylation site of human p53 reduces the ability of p53 to inhibit
cell cycle progression. Oncogene 1993, 8, 1519–1528. [PubMed]

26. Unger, T.; Sionov, R.V.; Moallem, E.; Yee, C.L.; Howley, P.M.; Oren, M.; Haupt, Y. Mutations in serines 15 and
20 of human p53 impair its apoptotic activity. Oncogene 1999, 18, 3205–3212. [CrossRef] [PubMed]

27. Webley, K.; Bond, J.A.; Jones, C.J.; Blaydes, J.P.; Craig, A.; Hupp, T.; Wynford-Thomas, D. Posttranslational
modifications of p53 in replicative senescence overlapping but distinct from those induced by DNA damage.
Mol. Cell. Biol. 2000, 20, 2803–2808. [CrossRef] [PubMed]

28. Shieh, S.Y.; Ikeda, M.; Taya, Y.; Prives, C. DNA damage-induced phosphorylation of p53 alleviates inhibition
by MDM2. Cell 1997, 91, 325–334. [CrossRef]

29. Siliciano, J.D.; Canman, C.E.; Taya, Y.; Sakaguchi, K.; Appella, E.; Kastan, M.B. DNA damage induces
phosphorylation of the amino-terminus of p53. Genes Dev. 1997, 11, 3471–3481. [CrossRef] [PubMed]

30. Bean, L.J.; Stark, G.R. Phosphorylation of serines 15 and 37 is necessary for efficient accumulation of p53
following irradiation with UV. Oncogene 2001, 20, 1076–1084. [CrossRef] [PubMed]

31. Amano, T.; Nakamizo, A.; Mishra, S.K.; Gumin, J.; Shinojima, N.; Sawaya, R.; Lang, F.F. Simultaneous
phosphorylation of p53 at serine 15 and 20 induces apoptosis in human glioma cells by increasing expression
of pro-apoptotic genes. J. Neurooncol. 2009, 92, 357–371. [CrossRef] [PubMed]

32. Zhang, Y.; Xiong, Y. A p53 amino-terminal nuclear export signal inhibited by DNA damage-induced
phosphorylation. Science 2001, 292, 1910–1915. [CrossRef] [PubMed]

33. Gopalan, B.; Litvak, A.; Sharma, S.; Mhashilkar, A.M.; Chada, S. Activation of the Fas-FasL Signaling
Pathway by MDA-7/IL-24 Kills Human Ovarian Cancer Cells. Cancer Res. 2005, 65, 3017–3024. [CrossRef]
[PubMed]

34. Zhao, L.; Dong, A.; Gu, J.; Liu, Z.; Zhang, Y.; Zhang, W.; Wang, Y.; He, L.; Qian, C.; Qian, Q.; et al.
The antitumor activity of TRAIL and IL-24 with replicating oncolytic adenovirus in colorectal cancer.
Cancer Gene Ther. 2006, 13, 1011–1022. [CrossRef] [PubMed]

35. Tong, A.W.; Nemunaitis, J.; Su, D.; Zhang, Y.; Cunningham, C.; Senzer, N.; Netto, G.; Rich, D.; Mhashilkar, A.;
Parker, K.; et al. Intratumoral injection of INGN 241, a nonreplicating adenovector expressing the
melanoma-differentiation associated gene-7 (mda-7/IL24): Biologic outcome in advanced cancer patients.
Mol. Ther. 2005, 11, 160–172. [CrossRef] [PubMed]

36. Jiang, H.; Su, Z.Z.; Lin, J.J.; Goldstein, N.I.; Young, C.S.; Fisher, P.B. The melanoma differentiation associated
gene mda-7 suppresses cancer cell growth. Proc. Natl. Acad. Sci. USA 1996, 93, 9160–9165. [CrossRef] [PubMed]

37. Lebedeva, I.V.; Su, Z.; Chang, Y.; Kitada, S.; Reed, J.C.; Fisher, P.B. The cancer growth suppressing gene mda-7
induces apoptosis selectively in human melanoma cells. Oncogene 2002, 21, 708–718. [CrossRef] [PubMed]

38. Sauane, M.; Gupta, P.; Lebedeva, I.V.; Su, Z.Z.; Sarkar, D.; Randolph, A.; Valerie, K.; Gopalkrishnan, R.V.;
Fisher, P.B. N-glycosylation of MDA-7/IL-24 is dispensable for tumor cell-specific apoptosis and “bystander”
antitumor activity. Cancer Res. 2006, 66, 11869–11877. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ymthe.2005.01.018
http://www.ncbi.nlm.nih.gov/pubmed/15851010
http://dx.doi.org/10.1073/pnas.152327199
http://www.ncbi.nlm.nih.gov/pubmed/12114539
http://www.ncbi.nlm.nih.gov/pubmed/16995981
http://dx.doi.org/10.4049/jimmunol.181.9.6051
http://www.ncbi.nlm.nih.gov/pubmed/18941194
http://www.ncbi.nlm.nih.gov/pubmed/8502477
http://dx.doi.org/10.1038/sj.onc.1202656
http://www.ncbi.nlm.nih.gov/pubmed/10359526
http://dx.doi.org/10.1128/MCB.20.8.2803-2808.2000
http://www.ncbi.nlm.nih.gov/pubmed/10733583
http://dx.doi.org/10.1016/S0092-8674(00)80416-X
http://dx.doi.org/10.1101/gad.11.24.3471
http://www.ncbi.nlm.nih.gov/pubmed/9407038
http://dx.doi.org/10.1038/sj.onc.1204204
http://www.ncbi.nlm.nih.gov/pubmed/11314044
http://dx.doi.org/10.1007/s11060-009-9844-1
http://www.ncbi.nlm.nih.gov/pubmed/19357962
http://dx.doi.org/10.1126/science.1058637
http://www.ncbi.nlm.nih.gov/pubmed/11397945
http://dx.doi.org/10.1158/0008-5472.CAN-04-3758
http://www.ncbi.nlm.nih.gov/pubmed/15833826
http://dx.doi.org/10.1038/sj.cgt.7700969
http://www.ncbi.nlm.nih.gov/pubmed/16799468
http://dx.doi.org/10.1016/j.ymthe.2004.09.021
http://www.ncbi.nlm.nih.gov/pubmed/15585417
http://dx.doi.org/10.1073/pnas.93.17.9160
http://www.ncbi.nlm.nih.gov/pubmed/8799171
http://dx.doi.org/10.1038/sj.onc.1205116
http://www.ncbi.nlm.nih.gov/pubmed/11850799
http://dx.doi.org/10.1158/0008-5472.CAN-06-1887
http://www.ncbi.nlm.nih.gov/pubmed/17178884


Int. J. Mol. Sci. 2018, 19, 3561 13 of 13

39. Sauane, M.; Su, Z.Z.; Dash, R.; Liu, X.; Norris, J.S.; Sarkar, D.; Lee, S.G.; Allegood, J.C.; Dent, P.;
Spiegel, S.; et al. Ceramide plays a prominent role in MDA-7/IL-24-induced cancer-specific apoptosis. J. Cell.
Physiol. 2010, 222, 546–555. [CrossRef] [PubMed]

40. Shanker, M.; Gopalan, B.; Patel, S.; Bocangel, D.; Chada, S.; Ramesh, R. Vitamin E succinate in combination
with mda-7 results in enhanced human ovarian tumor cell killing through modulation of extrinsic and
intrinsic apoptotic pathways. Cancer Lett. 2007, 254, 217–226. [CrossRef] [PubMed]

41. Yu, X.; Narayanan, S.; Vazquez, A.; Carpizo, D.R. Small molecule compounds targeting the p53 pathway:
Are we finally making progress? Apoptosis 2014, 19, 1055–1068. [CrossRef] [PubMed]

42. Lebedeva, I.; Rando, R.; Ojwang, J.; Cossum, P.; Stein, C.A. Bcl-xL in prostate cancer cells: Effects of
overexpression and down-regulation on chemosensitivity. Cancer Res. 2000, 60, 6052–6060. [PubMed]

© 2018 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcp.21969
http://www.ncbi.nlm.nih.gov/pubmed/19937735
http://dx.doi.org/10.1016/j.canlet.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17449172
http://dx.doi.org/10.1007/s10495-014-0990-3
http://www.ncbi.nlm.nih.gov/pubmed/24756955
http://www.ncbi.nlm.nih.gov/pubmed/11085527
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	IL-24 Regulates the Expression and Phosphorylation of ATF4 
	IL-24-Mediated Activation of PKA 
	Inhibiting PKA Activity Abrogates the IL-24 Killing Effect 
	IL-24 Activates TP53, a Downstream Target of PKA Activity 
	PKA Activation Mediates the IL-24 Extrinsic Apoptotic Effect 

	Discussion 
	Materials and Methods 
	Cells Culture and Reagents 
	Virus Infection 
	MTT Assays 
	Annexin V Binding Assays 
	Western Blot Analysis 
	cAMP Assay 
	Immunofluorescence 
	Statistical Analysis 

	Conclusions 
	References

