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ABSTRACT
Melanoma differentiation associated gene-7 (mda-7/IL-24) is a member of the
IL-10 family of cytokines, with ubiquitous direct and “bystander” tumor-selective
killing properties. MDA-7/IL-24 protein binds distinct type II cytokine heterodimeric
receptor complexes, IL-20R1/IL-20R2, IL-22R1/IL-20R1 and IL-22R1/IL-20R2.
Recombinant MDA-7/IL-24 protein induces endogenous mda-7/IL-24 expression in
a receptor-dependent manner; since A549 cells that lack a complete set of cognate
receptors are not responsive to exogenous protein. The mechanism of MDA-7/IL24 ligand-receptor biology is not well understood. We explored the interaction of
MDA-7/IL-24 with its’ receptors and the consequences of ligand-receptor docking.
Using both pharmacological and genetic approaches we demonstrate that MDA-7/
IL-24 internalization employs the clathrin-mediated endocytic pathway leading to
degradation of receptors via the lysosomal/ubiquitin proteosomal pathway. This
clathrin-mediated endocytosis is dynamin-dependent. This study resolves a novel
mechanism of MDA-7/IL-24 protein “bystander” function, which involves receptor/
protein-mediated internalization and receptor degradation.

INTRODUCTION

cells [5, 6, 9]. MDA-7/IL-24 protein expression is low
or absent in cancer cells as compared to their normal
counterparts [5]. The near ubiquitous anti-tumor
functions and the underlying mechanisms of cancerselective induction of apoptosis and toxic autophagy have
been extensively investigated in melanoma and many
additional cancers [4–7, 10, 11]. Like other cytokines of
the IL-10 family, MDA-7/IL-24 is a secreted protein [5,
12]. MDA-7/IL-24 is an evolutionarily conserved protein
that regulates a diverse array of signaling pathways and
alters the expression of multiple apoptotic molecules in
cancer cells including Bcl-2 [13], Bcl-xL [13], NOXA
[14], and AIF [15]. MDA-7/IL-24 induces the expression
of the chaperone protein BiP/GRP78, which in turn results
in endoplasmic reticulum (ER) stress and cell death [16].

The IL-10 gene family member mda-7
(melanoma differentiation associated gene-7) also
known as Interleukin-24 (IL-24) is a well-characterized
multifunctional tumor suppressor displaying broadspectrum cancer-specific cell killing activity [1–6].
mda-7/IL-24 was first identified and cloned using a
differentiation induction subtraction hybridization (DISH)
screening approach with metastatic human melanoma
cells induced to terminally differentiate by treatment
with recombinant human interferon and the protein
kinase C activator mezerein [7, 8]. mda-7/IL-24 displays
restricted expression, which is evident in melanocytes,
peripheral blood leukocytes and a subset of immune
www.oncotarget.com
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Additionally, this cytokine regulates toxic autophagy
through a miR-221-Beclin-1 axis [17, 18]. MDA-7/IL-24
also has anti-angiogenic activity and it inhibits invasion
and metastasis of cancer cells (1). Moreover, following
receptor engagement, MDA-7/IL-24 can stimulate its
own production through a paracrine/autocrine loop [19].
As a secreted cytokine, MDA-7/IL-24 induces growth
regression in distant tumors, hence exerts a potent
“bystander activity” [20].
Previous studies have shown that MDA-7/IL-24
induces apoptosis only in cancer cells that have a complete
set of functional IL-20R/IL-22R receptor pairs, but cancer
cells that lack a complete set of receptors can escape the
MDA-7/IL-24 mediated cell death [12, 21]. Exogenously
applied MDA-7/IL-24 protein does not affect A549 cells
that lack a pair of cognate MDA-7/IL-24 receptors,
IL-20R2 and IL-22R1, indicating that this response is
mediated by binding of MDA-7/IL-24 to its cognate
receptors [12]. But the exact mechanism defining ligandreceptor biology of MDA-7/IL-24 is not well deciphered.
Since MDA-7/IL-24 is a recombinant protein and signals
through a receptor dependent manner, there is a need to
study the mechanism of MDA-7/IL-24-mediated signaling
and the fate of the receptors.
Historically, analyzing endocytic pathways have
proven to be the most robust approach to scrutinize
ligand-induced cellular signaling [22]. Receptor-mediated
endocytosis is one of the major physiological processes
maintaining cellular homeostasis and several ligands
with their receptors utilize this pathway [23]. Receptorindependent endocytosis can also occur in specific
contexts [23]. Receptor-dependent endocytosis can either
be clathrin-dependent or caveolae-dependent [23]. Several
conventional mechanisms regulating ligand recruitment to
clathrin coated pits have been described [24]. Clathrinmediated endocytosis is a well-established method for the
internalization of a diverse array of cargo proteins [24].
This leads to endosomal processing of both the ligand
and the receptor [24], and then the receptors are either
recycled to the surface or undergo degradation mediated
by proteasomes or lysosomes [25]. A complex network
involving a number of molecules forms the invaginated
clathrin pits and endocytic vesicles [25]. Several accessory
molecules including actin and dynamins play a key role in
addition to clathrin in this process [26]. Dynamin activity
is necessary for generation of endocytic carriers both
for clathrin- and caveolae-mediated endocytosis. There
are also dynamin-independent endocytic pathways for
various surface- and lipid-bound proteins, such as MHC-I
(major histocompatibility complex) [27]. In this study, we
explored the interaction of MDA-7/IL-24 with its cognate
receptors and explored the fate of both the ligand and the
receptor following ligand-receptor engagement. Here we
show that upon docking to receptors, MDA-7/IL-24 is
internalized via endocytosis and this process is clathrin-
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dependent. We also uncover a role of the lysosomal/
ubiquitin proteosomal pathway, and Dynamin in this
dynamic physiological process.

RESULTS
Ligand-dependent MDA-7/IL-24 receptor
internalization
In the initial series of experiments, we sought to
investigate whether MDA-7/IL-24 signaling involves
internalization of the ligand/receptor complex. DU-145
cells were treated with His-tagged recombinant MDA7/IL-24 and the abundancy of different subunits of the
MDA-7/IL-24 receptor on the plasma membrane was
examined by surface biotinylation and Western blotting.
MDA-7/IL-24 treatment induced rapid (starting at 30
min of incubation) decrease in surface expression of
the IL-20R1/IL-20R2/IL-22R1 receptor that indicates
receptor internalization (Figure 1). Importantly cell
surface expression of other abundant transmembrane
proteins, Na-K ATPase and epidermal growth factor
receptor (EGFR), was not changed upon MDA-7/IL-24
stimulation (Figure 1A). Quantification of the Western
blotting was shown in Figure 1B–1D. As an alternative
approach to measure ligand-dependent receptor
internalization, we also used a flow cytometry analysis.
DU-145 cells were treated with His-MDA-7/IL-24 at
room temperature for different times (30–180 min). Fixed
but not-permeabilized cells were incubated with different
receptor subunit primary antibodies followed by Alexafluor-488 tagged secondary antibodies to selectively
label receptors on the cell surface. Labeling intensity
of the cells was measured by flow cytometry. In good
agreement with the described surface biotinylation data,
antibody labeling indicated a time dependent decrease of
all receptor subunits in MDA-7/IL-24-stimulated DU-145
cells (Figure 1E–1G).
Finally, we sought to confirm MDA-7/IL-24induced receptor internalization by using fluorescence
microscopy. DU-145 cells were treated for 1 h with MDA7/IL-24 either at conditions that blocked endocytosis
(4° C), or at endocytosis-permissive conditions (room
temperature) and endogenous receptor expression was
analyzed. Cellular localization of IL-20R1, IL-20R2
and IL-22R1 receptor subunits was examined in fixed
cells by immunolabeling and confocal microscopy.
Under conditions of blocked endocytosis, all receptor
subunits displayed similar localization at the cell cortex
reflecting their enrichment at the plasma membrane
(Supplementary Figure 1). By contrast, in endocytosispermissive conditions, MDA-7/IL-24 stimulation caused
redistribution of the receptor subunits from the cortex
into different intracellular compartments including the
perinuclear region (Supplementary Figure 1).
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Figure 1: Ligand-induced internalization of MDA-7/IL-24 receptors. (A) Western blotting showing the expression of receptors

in a time-dependent manner following treatment with His-MDA-7/IL-24 protein. DU-145 cells were treated with His-tagged MDA-7/IL-24
protein for the times indicated; biotinylated membrane fractions were isolated and probed with the indicated antibodies. Na-K-ATPase and
EGFR expressions were used as control. Quantification of the Western blots with respect to Na-K-ATPase are as shown for IL-20R1 (B),
IL-22R1 (C), and IL-20R2 (D). DU-145 cells were treated with His-tagged MDA-7/IL-24 protein for the times indicated. The cells were
stained with primary antibodies followed by Alexa fluor-488 tagged secondary antibodies and flow cytometry was done to study IL-20R1
(E), IL-22R1 (F), and IL-20R2 (G) expression. Statistical representation with respect to untreated control is shown by asterisks. *P < 0.05,
**
P < 0.01, ***P < 0.001.
www.oncotarget.com
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Receptors undergo degradation upon
internalization

pathways. DU-145 cells were treated with MDA-7/IL-24
for 24 h, in combination with either MG-132, chloroquine
(lysosomal inhibitor) or vehicle. Expression of different
receptor subunits in total cell lysates was analyzed by
Western blotting after 24 h of MDA-7/IL-24 exposure.
Figure 2D shows that MDA-7/IL-24 exposure significantly
decreased expression of IL-20R1, IL-20R2 and IL-22R1,
which was reversed with either MG-132 or chloroquine
treatment (Figure 2D and Supplementary Figure 2). These
data suggest that internalized MDA-7/IL-24 receptor
complexes are degraded through both proteosomal and
lysosomal degradation pathways.
To examine intracellular behavior of exogenous
IL-20R2 or IL-22R1 receptor subunits, we expressed
these receptors in A549 lung adenocarcinoma cells that
are known to express only IL-20R1 receptors and lack
IL-20R2/IL-22R1 receptors [12]. This model permits
testing internalization of different types of MDA-7/IL24 receptors. A549 cells were transfected with vectors
expressing either IL-20R2 or IL-22R1 receptors and
treated with recombinant MDA-7/IL-24 protein. The
abundancy of IL-20R1 receptors on the cell surface was

Previous studies have demonstrated that upon
activation with their ligands, several cytokine receptors
became degraded via different mechanisms. For
example, after internalization of the IL-2-IL-2R complex,
IL-2 undergoes both lysosomal and proteosomal
degradation [28, 29]. Furthermore, the IL-10 receptor
undergoes proteosomal degradation upon activation and
internalization [30]. Based on this data we decided to
elucidate the fate of internalized IL-20/IL-22 receptors in
MDA-7/IL-24-stimulated cancer cells.
DU-145 cells were treated with recombinant MDA7/IL-24 protein and total cellular proteins were analyzed
for receptor expression with flow cytometry. Significant
decreases were observed in total receptor expression with
MDA-7/IL-24 treatment showing degradation of receptors
upon MDA-7/IL-24 treatment (Figure 2A–2C).
In order to identify the receptor degradation
pathway, we used pharmacological inhibitors of either
proteosomal (MG-132), or lysosomal (chloroquine)

Figure 2: Degradation of Receptors upon internalization. (A) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL)
for 24 hr. Flow cytometry analysis revealed that there was significant decrease in the total IL-20R1 after treatment with His-MDA-7/IL24. Also, decrease in IL-20R2 (B) and IL-22R1 (C) expression was observed. *P < 0.05, ***P < 0.001. (D) DU-145 cells were treated with
His-MDA-7/IL-24 (10 μg/mL) plus MG-132 (5 μM) or chloroquine (10 nM) for 24 hr. Western blotting analysis of the receptors showed
a decrease in IL-20R1/IL-20R2/IL-22R1 expression in DU-145 cells treated with His-MDA-7/IL-24 as compared to the untreated cells. In
MG-132- or chloroquine-treated cells the decrease in expression was reversed.
www.oncotarget.com
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examined by flow cytometry as described for DU-145
cells. Control A549 cells with only IL-20R1 receptors did
not show any significant change in the surface expression
of IL-20R1 receptors following treatment with MDA-7/IL24 (Supplementary Figure 3A). By contrast, stimulation
with MDA-7/IL-24 significantly decreased cell surface
expression of IL-20R1 in those cells that expressed either
exogenous IL-20R2, or IL-22R1 (Supplementary Figure
3B, 3C). Given the results of pharmacological inhibition,
implicating lysosomes in degradation of MDA-7/IL24 receptors, we sought to investigate if the receptor/
ligand complexes are delivered to lysosomes. HeLa cells
transfected with either CFP-IL-20R2, YFP-IL-20R1, or
CFP-IL-22R1 were stimulated with MDA-7/IL-24 for
24 h and colocalization of the receptors with lysosomal
markers, lysotracker red and LAMP1 were examined by
fluorescence microscopy (Supplementary Figure 4A, 4B).
Upon stimulation with His-MDA-7/IL-24, a significant
accumulation of all CFP and YFP-tagged receptors in
lysotracker and LAMP1-positive lysosomes was observed
(Supplementary Figure 4A, 4B). These results reinforce
our conclusion that MDA-7/IL-24 engagement directs its
receptors for lysosomal degradation. Collectively, these
data suggest that MDA-7/IL-24 triggers internalization of
its functional receptors composed of IL-20R1/IL-20R2 or
IL-20R1/IL-22R1 heterodimers.

cells. As predicted, MDA7/IL-24 treatment upregulated
endogenous mda-7/IL-24 transcript levels and increased
expression of GRP78 proteins in DU-145 cells. Cell
activation with MDA-7/IL-24 in the presence of
clathrin inhibitors Pitstop-2 or chlorpromazine or MDC
significantly attenuated the increase in endogenous
mda-7/IL-24 and GRP78 expression (Figure 3A–3D,
Supplementary Figure 5). By contrast, inhibitors of either
caveolar-mediated endocytosis, or macropinocytosis did
not attenuate MDA-7/IL-24-induced upregulation of
endogenous mda-7/IL-24 and GRP78 (Figure 3E–3H,
Supplementary Figure 5). Collectively, these data suggest
that clathrin-dependent internalization of MDA-7/IL-24
is required for the cytokine signaling from and yet to be
defined intracellular compartment of cancer cells.
We performed MTT assay to validate the clathrinmediated endocytic pathway of MDA-7/IL-24. As reported
earlier, MDA-7/IL-24 inhibited the proliferation of DU145 cells, whereas treatment of clathrin-inhibitors altered
the inhibitory activity of MDA-7/IL-24 (Figure 4A, 4B).
Treatment with caveolin inhibitors or macropinocytosis
inhibitor did not alter the proliferation inhibition of MDA7/IL-24. These results again confirm the clathrin-mediated
endocytosis of MDA-7/IL-24 (Figure 4C, 4D).
To validate further these studies, membrane fractions
were analyzed to check the clathrin-mediated endocytic
pathway of MDA-7/IL-24. As reported earlier in MDA7/IL-24-treated cells membrane receptor expression goes
down, which is altered following treatment with clathrininhibitors (Figure 4E, 4F). Treatment with caveolin
inhibitors or macropinocytosis inhibitor did not alter this
phenomenon. These results again confirm the clathrinmediated endocytosis of MDA-7/IL-24 (Figure 4G, 4H).
To scrutinize this process further, internalization of
exogenously added MDA-7/IL-24 was monitored in DU145 cells exposed to different endocytosis inhibitors. The
amount of internalized protein was determined by confocal
microscopy using anti-MDA-7/IL-24 antibody after acid
wash that removed non-internalized surface bound ligand.
Cell activation with MDA-7/IL-24 resulted in cytokine
internalization and accumulation in the perinuclear
intracellular compartment (Figure 5A). This process was
significantly attenuated in monodansylcadaverine (MDC)treated cells, but was unaffected in the cells treated with
caveolar-dependent endocytosis inhibitor (genistein)
(Figure 5A, 5B). Together these pharmacological
inhibition data suggest that activated MDA-7/IL-24receptor complexes are internalized via the clathrinmediated pathway.
Since all pharmacological inhibitors do not
possess absolute specificity to the targeted endocytic
pathways, we sought to confirm the results of our
pharmacological analysis by using more specific genetic
tools. First, RNA interference was used to downregulate
expression of clathrin heavy chain (CHC). DU-145
cells were transfected with different concentrations of

MDA-7/IL-24 receptor complexes are
internalized via clathrin-mediated, dynamindependent endocytosis
Next we sought to dissect the endocytic pathway
that mediates internalization of MDA7/IL-24-receptor
complexes in cancer cells. Several endocytic pathways
have been identified, among them clathrin-dependent
endocytosis, caveolin/lipid raft-mediated endocytosis and
macropinocytosis are the best characterized [31]. In the
initial series of experiments, we used pharmacological
inhibitors that are relatively specific for major endocytic
pathways. Chlorpromazine and monodansylcadaverine
(MDC) are known to inhibit the clathrin pathway, genistein
and nystatin are inhibitor of caveolin/lipid raft-dependent
internalization, whereas ethyl-isopropyl amiloride (EIPA)
blocks macropinocytosis [32].
We sought to investigate whether internalization
of MDA-7/IL-24-receptor complexes can modulate
functional activity of this cytokine. Two different
functional readouts were used for these experiments.
One is based on our previous findings that signaling
of exogenous MDA-7/IL-24 induces expression of
endogenous MDA-7/IL-24 in an autocrine fashion
[19]. Therefore, we measured mda-7/IL-24 transcript
level as a functional readout of MDA-7/IL-24-receptor
activation. Furthermore, since MDA-7/IL-24 is known
to induce expression of GRP78, we used immunoblotting
to examine GRP78 expression in MDA-7/IL-24-treated
www.oncotarget.com
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Figure 3: MDA-7/IL-24 uses the clathrin-mediated endocytic (CME) pathway. (A) DU-145 cells were treated with His-

MDA-7/IL-24 (10 μg/mL) for 30 min with/without Pitstop-2. After 30 min fresh growth medium was added. Real time PCR was done
to check the expression of mda-7/IL-24. (B) GRP78 expression was monitored by Western blotting analysis. MDA-7/IL-24 upregulated
GRP78 expression, while in the presence of inhibitors, it failed to upregulate GRP78. (C) DU-145 cells were treated with His-MDA-7/
IL-24 (10 μg/mL) for 30 min with/without chlorpromazine (10 μg/mL) or monodansylcadaverine (200 μM). After 30 min cells received
fresh growth medium. Real time PCR was done to check the expression of mda-7/IL-24. (D) GRP78 expression was determined by
Western blotting analysis. (E) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without Genistein (200 μM)
or Nystatin (20 μM). After 30 minutes fresh growth medium was added. Real time PCR was done to check the expression of mda-7/IL24. (F) GRP78 expression was determined by Western blotting analysis. Genistein and Nystatin had no effect on MDA-7/IL-24-mediated
activation of GRP78. (G) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without EIPA (1 mM). After 30
minutes fresh growth medium was added. Real time PCR was done to check the expression of mda-7/IL-24. (H) GRP78 expression was
determined by Western blotting analysis. EIPA had no effect on MDA-7/IL-24-mediated activation of GRP78. **P < 0.01, ***P < 0.001, ns:
not significant.
www.oncotarget.com
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Figure 4: MDA-7/IL-24 uses the clathrin-mediated endocytic (CME) pathway. (A) DU-145 cells were treated with His-

MDA-7/IL-24 (10 μg/mL) for 30 min with/without Pitstop-2. After 30 min fresh growth medium was added. MTT assay was done to
study the effect of MDA-7/IL-24. MDA-7/IL-24 inhibited the proliferation of cells, while in the presence of inhibitors; it failed to inhibit
the proliferation of cells. (B) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without chlorpromazine (10
μg/mL) or monodansylcadaverine (200 μM). After 30 min cells received fresh growth medium. MTT assay was done to study the effect
of MDA-7/IL-24. (C) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without EIPA. After 30 min fresh
www.oncotarget.com
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growth medium was added. MTT assay was done to study the effect of MDA-7/IL-24. (D) DU-145 cells were treated with His-MDA-7/
IL-24 (10 μg/mL) for 30 min with/without Genistein (200 μM) or Nystatin (20 μM). After 30 minutes fresh growth medium was added.
MTT assay was done to study the effect of MDA-7/IL-24. *** P<0.001, ns: not significant. (E) DU-145 cells were treated with His-MDA-7/
IL-24 (10 μg/mL) for 30 min with/without Pitstop-2. Western blotting showing the expression of receptors, biotinylated membrane fraction
was isolated and probed with the indicated antibodies. Na-K-ATPase was used as control. (F) DU-145 cells were treated with His-MDA-7/
IL-24 (10 μg/mL) for 30 min with/without chlorpromazine (10 μg/mL) or monodansylcadaverine (200 μM). After 30 min cells received
fresh growth medium. Western blotting showing the expression of receptors, biotinylated membrane fraction was isolated and probed with
the indicated antibodies. (G) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without Genistein (200 μM)
or Nystatin (20 μM). Western blotting showing the expression of receptors, biotinylated membrane fraction was isolated and probed with
the indicated antibodies. (H) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without EIPA. After 30 min
fresh growth medium was added. Western blotting showing the expression of receptors, biotinylated membrane fraction was isolated and
probed with the indicated antibodies.

DISCUSSION

CHC siRNA and examined for the efficiency of CHC
knockdown and the effects of such knockdown on
MDA-7/IL-24 internalization and signaling. Western
blotting analysis confirmed that 20–30 nM of CHC
siRNA effectively downregulated this protein expression
(Figure 5D). Such CHC downregulation significantly
attenuated endocytosis of MDA-7/IL-24 (or cognate
receptors) and markedly inhibited expression of
endogenous mda-7/IL-24 in stimulated cells (Figure 5C).
Analysis of the membrane receptor expression showed a
similar phenomenon (Figure 5E).
Additionally, we sought to investigate if MDA-7/
IL-24 colocalizes with CHC in cancer cells by using a
proximity ligation assay. DU-145 cells were treated with
His-MDA-7/IL-24 and after 30 min of incubation they
were fixed and processed as per the protocol suggested
by the manufacturer for performing the proximity
ligation assay. A positive colocalization signal was
observed for the MDA-7/IL-24-CHC antibody pairs,
but not for the MDA-7/IL-24-caveolin-1 antibody pair
(Figure 5F), thereby indicating a specific association of
internalizing MDA-7/IL-24 with CHC in nonfractionated
cancer cells.
Dynamin is a large GTPase, which is involved in
different endocytic processes by mediating separation
of endocytic vesicles from the plasma membrane [33].
Since formation of clathrin-coated vesicles is known to
be dependent on dynamin [33], we sought to investigate
if dynamin is involved in MDA-7/IL-24 endocytosis by
using both genetic and pharmacological approaches. The
genetic approach involved overexpression of a dominantmutant of dynamin (K44A Dynamin) lacking GTP
binding, which has been widely used to probe dynamin
function in different cells [33]. The pharmacological
approach involved a chemical inhibitor of dynamin,
Dynasore [33]. Figure 6A shows that overexpression
of dominant-mutant dynamin significantly attenuated
internalization of MDA-7/IL-24 in DU-145 cells, whereas
overexpression of wild-type dynamin did not significantly
affect this process. Similar inhibition of MDA-7/IL-24
internalization was observed in dynasore-treated cells
(Figure 6B). A schematic representation of the results of
this study is shown in Figure 6C.
www.oncotarget.com

mda-7/IL-24 has been validated as a potent
therapeutic for multiple cancers in vitro and in vivo
[1, 2, 6, 34–36]. Transduction of tumor or normal cells
with the mda-7/IL-24 gene results in cancer-specific cell
death [3, 7, 10]. Secreted MDA-7/IL-24 protein functions
as a pro-Th1 cytokine and as a potent antiangiogenic
molecule [37]. The pure cytokine pairs with the surface
IL-20/IL-22 heterodimeric receptor complex to internalize
into cells [38]. Recently the crystal structure of IL-24 with
its dimeric receptors, IL-22R1 and IL-20R2 has been
established [38]. The study also suggests that IL-20R2
might be the high affinity receptor [38]. This MDA-7/
IL-24 receptor engagement results in up regulation of
BAX protein leading to apoptosis induction [3]. Also,
MDA-7/IL-24 upon internalization in cells interacts and
up regulates the chaperone protein BiP/GRP78 to induce
cancer-specific cell death without harming normal cells
[16]. Using the prostate cancer cell line DU-145, which
has a complete set of cognate receptors, we demonstrate
that MDA-7/IL-24 interacts with these receptors leading
to protein and receptor internalization. Time point kinetics
data show that at 1hr incubation with the ligand protein,
there is significant receptor internalization.
An MDA-7/IL-24 autocrine/paracrine loop up
regulates its own transcript level [19]. This finding helps
explain the potent “bystander” antitumor effects of this
secreted cytokine, seen in vivo in animal models and
in a Phase I/II clinical trial in patients with advanced
cancers [1, 2, 4–6, 34, 39, 40]. In a phase I/II clinical trial
a replication incompetent adenovirus expressing mda-7/
IL-24, Ad.mda-7 (INGN 241) (2 × 1010 to 2 × 1012 vp)
was administered intratumorally in a cohort of 28 patients
with melanomas and advanced carcinomas and injections
were repeated in a dose-escalating manner. All the treated
lesions showed vector transduction, vector specific DNA
and RNA expression, and an elevated MDA-7/IL-24
protein. Vector DNA and mRNA were detected in nearby
areas of the injection site with high intensity, whereas
MDA-7/IL-24 protein could be detected many centimeters
away from the injected site. Apoptosis induction was
also evident near the injection site and in distant lesions.
5110
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Figure 5: Fluorescent microscopy and Clathrin knockdown data showing clathrin-mediated endocytosis (CME) of
MDA-7/IL-24. (A) DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with or without monodansylcadaverine (200

μM) or Genistein (200 μM). After 30 min cells were fixed, stained with MDA-7/IL-24 antibody and observed with confocal microscopy.
Image quantification is as shown (B). ***P < 0.001, ns: not significant. (C) DU-145 cells were transfected with different doses of clathrin
siRNA, after 24 hr cells were treated with His-MDA-7/IL-24 (10 μg/mL). Real time PCR was done to check the expression of mda-7/IL24. *P < 0.05, ns: not significant. (D) Knockdown of clathrin was shown by Western blotting. EF1α used as a loading control. (E) Western
blotting showing the expression of receptors, biotinylated membrane fraction was isolated and probed with the indicated antibodies. (F)
Proximity ligation assay was performed on DU-145 cells with the antibodies as shown.
www.oncotarget.com
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In the treated group 44% clinical response was achieved
in injected lesions. The clinical trial revealed that
intratumoral administration of MDA-7/IL-24 was safe and
well-tolerated, and has promising therapeutic activity [40].
We used this autocrine/paracrine loop to scrutinize
the endocytic mechanism of cellular entry of MDA7/IL-24. There are different endocytic pathways, i.e.,

receptor-mediated endocytosis and receptor-independent
endocytosis. We used the macropinocytosis inhibitor
EIPA and showed that MDA-7/IL-24 entry into cells does
not proceed through a receptor-independent endocytosis
pathway. Moreover, A549 cells, which lack a functional
pair of canonical IL-20/IL-22 receptors, do not respond
to recombinant MDA-7/IL-24 protein [12]. The autocrine

Figure 6: Role of Dynamin in MDA-7/IL-24 endocytosis. (A) DU-145 cells were transfected with Dynamin-wt or Dynamin-K44A

mutant and subsequently treated with His-MDA-7/IL-24 (10 μg/mL). Real time PCR was done to check the expression of mda-7/IL-24. (B)
DU-145 cells were treated with His-MDA-7/IL-24 (10 μg/mL) for 30 min with/without Dynasore. After 30 min fresh growth medium was
added. Real time PCR was done to check the expression of mda-7/IL-24. ** P<0.01, ***P < 0.001. (C) Schematic representation of MDA-7/
IL-24 endocytosis: MDA-7/IL-24 internalizes into the cell by a receptor-dependent mechanism. The cytokine undergoes clathrin-mediated
endocytosis, in which dynamins play important roles. The receptors undergo degradation and MDA-7/IL-24 is released into the cell to
induce downstream signaling cascades.
www.oncotarget.com
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up regulation was inhibited by the use of inhibitors of
clathrin-mediated endocytosis, but not by inhibitors of
caveolae-mediated endocytosis.
Receptor-mediated endocytosis at the plasma
membrane is initiated by several internalization
mechanisms. The traditional pathway involves clathrin
protein or clathrin-mediated endocytosis (or CME) and
clathrin-independent endocytosis (or CIE). We document
that MDA-7/IL-24 undergoes CME and the receptors
undergo both lysosomal and proteosomal degradation
after they enter late endosomes. This is similar to IL-10R1,
which undergoes ligand-dependent internalization leading
to proteosomal degradation [30].
A number of surface receptors are ubiquitinated
upon ligand activation, some examples include platelet
derived growth factor receptor [41], TCR [42], c-kit
[43], and growth hormone receptor [44–46]. They are
ubiquitinated following ligand activation with lysosomes
serving as primary degradation effectors. Previous studies
by Gopalan et al. [47] indicated that MDA-7/IL-24 was
ubiquitinated and regulated by the ubiquitin-proteasome
system, with inhibition of MDA-7/IL-24 degradation
enhancing antitumor activity in ovarian and lung cancer
cells. The present studies (Figure 2D and Supplementary
Figure 2), suggest that IL-20R1, IL-20R2 and IL-22R1
receptors are degraded through the ubiquitin-proteosomal
degradation pathway (MG-132 treatment) and lysosomal
degradation pathway (chloroquine treatment) in the
presence of MDA-7/IL-24.
The GTPase protein dynamin is essential for
CME [48]. Dynamins function crucially in cellular
signaling, nutrient uptake, and in maintenance of cellular
homeostasis [48]. Dynamin’s GTPase activity and GTPdependent conformational changes result in self-assembly
into a collar around the neck of the coated pits or the
invagination. To delineate the role of dynamin in MDA7/IL-24 internalization, we transfected dynamin and its
GTPase mutant K44A into cells treated with MDA-7/
IL-24. Interestingly, we observed that in Dynamin K44A
transfected cells, MDA-7/IL-24 failed to up regulate mda7/IL-24 transcripts as compared to wild type dynamin
transfected cells. This was also confirmed by the use of
a chemical inhibitor of dynamin, Dynasore. The dynamin
actin cytoskeleton and its polymerization also play
important roles in CME [26]. Dynamin activity was shown
to regulate different processes during CME, i.e., formation
of clathrin pits, invagination/constriction, and scission of
clathrin vesicles [26].
Using pharmacological and genetic approaches,
we have now deciphered the mechanism of MDA-7/
IL-24 internalization and endocytosis. We confirm that
internalization occurs following ligand interaction with its
cognate receptors and both the protein and the receptor
are internalized. The role of clathrin and mda-7/IL-24 in
regulating cell surface receptor degradation can lead to
various new downstream pathways, that are different in
www.oncotarget.com

normal vs. cancer cells, and new potential cancer drug
targets maybe identified by exploiting these pathways.

MATERIALS AND METHODS
Plasmids, and cell cultures
Cell lines used in this study were DU-145 (human
prostate cancer cell line), A549 (human Lung cancer cell
line), RWPE-1, HEK-293, and HeLa (cervical cancer cell
line), which were obtained from the ATCC (American
Type Culture Collection) (Manassas, VA, USA). The IMPHFA cell line was described previously [49]. All cell lines
were routinely checked for mycoplasma contamination
using commercial kits. All of these cell lines were
purchased recently (within the last 3-years) and were
strictly maintained as recommended by the manufacturer.
Dynamin and Dynamin K44A plasmids were obtained
from Addgene, (Cambridge, MA, USA). CFP and YFP
vectors were purchased from Clontech (Mountain View,
CA, USA). CFP and YFP tagged receptors were cloned
using standard cloning procedures [50].

Purification of MDA-7/IL-24 recombinant
protein
Recombinant His-MDA-7/IL-24 was produced and
purified as described previously [12, 19].

Reagents and inhibitors
Pitstop 2 was purchased from Abcam (Cambridge,
MA, USA). MDC (monodansyl cadaverine), MG-132,
Chloroquine, Chlorpromazine, Genistein, Nystatin, EIPA,
and Dynasore were from Sigma-Aldrich (St. Louis, MO,
USA). Lysotracker Red was from Invitrogen, Thermo
Fisher Scientific (Waltham, MA). Clathrin siRNA was
from Santa Cruz Biotechnology (Dallas, TX, USA).

Immunolabelling and confocal microscopy
Cells were cultured on coated chambered slides.
The cells were treated/transfected as described in figure,
washed in PBS, fixed with 4% paraformaldehyde (Sigma,
USA) and permeabilized with 1:1 mixture of methanol:
acetone. Cells were stained with primary antibodies for
overnight and Alexa fluor tagged secondary antibodies
(Invitrogen, USA) for 40 mins. Cells were mounted with
a mounting medium containing DAPI. The slides were
observed in laser scanning confocal microscope (Zeiss
LSM 710, Germany).

Flow cytometry based protein expression
For membrane receptor expression, cells were
washed, stained with primary followed by Alexa-Fluor
tagged secondary antibody. For total receptor expression
5113
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cells were permeabilized and then stained as described
above. Fluorescence signals were measured with BD
FACS Canto flow cytometer (BD Biosciences, San Jose,
CA). Data were analyzed with FACs DIVA software (BD
Biosciences).

Statistical analyses

Surface biotinylation and membrane protein
isolation

Author contributions

Statistical analyses were performed by ANOVA or
t-test using Graph pad prism software. P-value < 0.05 was
considered significant.

A.K.P., S.K.D. and P.B.F. conceived the study and
designed the methodologies and experiments. A.K.P., P.B.,
S.T. performed experiments and acquired data. A.K.P.,
S.K.D., L.E., A.I. and P.B.F. analyzed and interpreted
the data. A.K.P., L.E., D.S. A.I. and P.B.F. prepared the
manuscript.

Membrane proteins were isolated using the Pierce
Cell Surface Protein Isolation Kit (Thermo Fisher
Scientific, USA) as per the manufacturer’s instructions.
Briefly, cells were biotinylated (EZ-Link Sulfo-NHS-SSBiotin) in ice-cold PBS, quenched (ice-cold PBS+ buffer
plus 0.1% glycine), and lysed. The lysate was passed
through the Neutr-Avidin agarose columns. The columns
were washed and bound proteins were eluted with the
elution buffer.
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siRNA and real-time quantitative PCR
To knockdown the expression of Clathrin,
specific Clathrin heavy chain siRNA and its negative
control were transfected into DU-145 cells using the
Lipofectamine transfection reagent (Invitrogen, USA).
RQ-PCR was performed on cDNA prepared from total
RNA isolated from cells with an RNA isolation kit from
Qiagen (Valencia, CA, USA). The TaqMan probes and
master mix were obtained from Applied Biosystems
(Foster City, CA, USA). Graph pad prism software was
used for analyzing data.

Western blotting
Standard protocols were followed for Western
blotting assays [12]. The primary antibodies used were
LAMP1, Tubulin, Dynamin, Clathrin, Caveolae, Na-K
ATPase (Cell Signaling Technology, Boston, MA, USA),
IL-20R1, IL-20R2, IL-22R1 (Abcam), GRP78 (Santacruz
Biotechnology), and MDA-7/IL-24 (Genhunter, Nashville,
TN, USA). Secondary antibodies used in this study were
from Cell Signaling Technology.
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Proximity ligation assay
Proximity ligation assay (PLA) was performed
with Duolink PLA kit from Sigma-Aldrich as described
by the manufacturer. Briefly, cells were fixed, blocked
with the blocking reagent and incubated with primary
antibodies (anti-MDA-7/IL-24 and anti-clathrin or
anti-caveolae antibodies) overnight at 4 °C. This
was followed by incubation with oligonucleotides
(anti-mouse and anti-rabbit PLA probes) conjugated
secondary antibodies. Ligation and amplification steps
were performed and PLA signals were detected under
fluorescence microscope.

www.oncotarget.com

REFERENCES
1. Fisher PB. Is mda-7/IL-24 a “magic bullet” for
cancer? Cancer Res. 2005; 65:10128–38. https://doi.
org/10.1158/0008-5472.CAN-05-3127. [PubMed]

5114

Oncotarget

2. Fisher PB, Gopalkrishnan RV, Chada S, Ramesh R, Grimm
EA, Rosenfeld MR, Curiel DT, Dent P. mda-7/IL-24, a
novel cancer selective apoptosis inducing cytokine gene:
from the laboratory into the clinic. Cancer Biol Ther. 2003;
2:S23–37. https://doi.org/10.4161/cbt.458. [PubMed]

12. Dash R, Bhoopathi P, Das SK, Sarkar S, Emdad L, Dasgupta
S, Sarkar D, Fisher PB. Novel mechanism of MDA-7/IL-24
cancer-specific apoptosis through SARI induction. Cancer
Res. 2014; 74:563–74. https://doi.org/10.1158/0008-5472.
CAN-13-1062. [PubMed]

3. Su ZZ, Madireddi MT, Lin JJ, Young CS, Kitada S, Reed
JC, Goldstein NI, Fisher PB. The cancer growth suppressor
gene mda-7 selectively induces apoptosis in human breast
cancer cells and inhibits tumor growth in nude mice.
Proc Natl Acad Sci USA. 1998; 95:14400–05. https://doi.
org/10.1073/pnas.95.24.14400. [PubMed]

13. Lebedeva IV, Sarkar D, Su ZZ, Kitada S, Dent P, Stein
CA, Reed JC, Fisher PB. Bcl-2 and Bcl-x(L) differentially
protect human prostate cancer cells from induction of
apoptosis by melanoma differentiation associated gene-7,
mda-7/IL-24. Oncogene. 2003; 22:8758–73. https://doi.
org/10.1038/sj.onc.1206891. [PubMed]

4. Dash R, Bhutia SK, Azab B, Su ZZ, Quinn BA, Kegelmen
TP, Das SK, Kim K, Lee SG, Park MA, Yacoub A, Rahmani
M, Emdad L, et al. mda-7/IL-24: a unique member of the
IL-10 gene family promoting cancer-targeted toxicity.
Cytokine Growth Factor Rev. 2010; 21:381–91. https://doi.
org/10.1016/j.cytogfr.2010.08.004. [PubMed]

14. Rahmani M, Mayo M, Dash R, Sokhi UK, Dmitriev IP,
Sarkar D, Dent P, Curiel DT, Fisher PB, Grant S. Melanoma
differentiation associated gene-7/interleukin-24 potently
induces apoptosis in human myeloid leukemia cells through
a process regulated by endoplasmic reticulum stress. Mol
Pharmacol. 2010; 78:1096–104. https://doi.org/10.1124/
mol.110.068007. [PubMed]

5. Menezes ME, Bhatia S, Bhoopathi P, Das SK, Emdad
L, Dasgupta S, Dent P, Wang XY, Sarkar D, Fisher PB.
MDA-7/IL-24: multifunctional cancer killing cytokine.
Adv Exp Med Biol. 2014; 818:127–53. https://doi.
org/10.1007/978-1-4471-6458-6_6. [PubMed]

15. Bhoopathi P, Lee N, Pradhan AK, Shen XN, Das SK, Sarkar
D, Emdad L, Fisher PB. mda-7/IL-24 Induces Cell Death
in Neuroblastoma through a Novel Mechanism Involving
AIF and ATM. Cancer Res. 2016; 76:3572–82. https://doi.
org/10.1158/0008-5472.CAN-15-2959. [PubMed]

6. Menezes ME, Bhoopathi P, Pradhan AK, Emdad L, Das SK,
Guo C, Wang XY, Sarkar D, Fisher PB. Role of MDA-7/
IL-24 a Multifunction Protein in Human Diseases. Adv
Cancer Res. 2018; 138:143–82. https://doi.org/10.1016/
bs.acr.2018.02.005. [PubMed]

16. Gupta P, Walter MR, Su ZZ, Lebedeva IV, Emdad L,
Randolph A, Valerie K, Sarkar D, Fisher PB. BiP/GRP78 is
an intracellular target for MDA-7/IL-24 induction of cancerspecific apoptosis. Cancer Res. 2006; 66:8182–91. https://
doi.org/10.1158/0008-5472.CAN-06-0577. [PubMed]

7. Jiang H, Lin JJ, Su ZZ, Goldstein NI, Fisher PB.
Subtraction hybridization identifies a novel melanoma
differentiation associated gene, mda-7, modulated during
human melanoma differentiation, growth and progression.
Oncogene. 1995; 11:2477–86. [PubMed]

17. Pradhan AK, Talukdar S, Bhoopathi P, Shen XN, Emdad
L, Das SK, Sarkar D, Fisher PB. mda-7/IL-24 Mediates
Cancer Cell-Specific Death via Regulation of miR-221 and
the Beclin-1 Axis. Cancer Res. 2017; 77:949–59. https://
doi.org/10.1158/0008-5472.CAN-16-1731. [PubMed]

8. Fisher PB, Prignoli DR, Hermo H Jr, Weinstein IB,
Pestka S. Effects of combined treatment with interferon
and mezerein on melanogenesis and growth in human
melanoma cells. J Interferon Res. 1985; 5:11–22. https://
doi.org/10.1089/jir.1985.5.11. [PubMed]

18. Pradhan AK, Bhoopathi P, Talukdar S, Scheunemann D,
Sarkar D, Cavenee WK, Das SK, Emdad L, Fisher PB.
MDA-7/IL-24 regulates the miRNA processing enzyme
DICER through downregulation of MITF. Proc Natl Acad
Sci USA. 2019; 116:5687–92. https://doi.org/10.1073/
pnas.1819869116. [PubMed]

9. Dash R, Dmitriev I, Su ZZ, Bhutia SK, Azab B, Vozhilla
N, Yacoub A, Dent P, Curiel DT, Sarkar D, Fisher PB.
Enhanced delivery of mda-7/IL-24 using a serotype
chimeric adenovirus (Ad.5/3) improves therapeutic efficacy
in low CAR prostate cancer cells. Cancer Gene Ther. 2010;
17:447–56. https://doi.org/10.1038/cgt.2009.91. [PubMed]

19. Sauane M, Su ZZ, Gupta P, Lebedeva IV, Dent P, Sarkar D,
Fisher PB. Autocrine regulation of mda-7/IL-24 mediates
cancer-specific apoptosis. Proc Natl Acad Sci USA. 2008;
105:9763–68. https://doi.org/10.1073/pnas.0804089105.
[PubMed]

10. Jiang H, Su ZZ, Lin JJ, Goldstein NI, Young CS, Fisher
PB. The melanoma differentiation associated gene mda-7
suppresses cancer cell growth. Proc Natl Acad Sci USA.
1996; 93:9160–65. https://doi.org/10.1073/pnas.93.17.9160.
[PubMed]

20. Sarkar D, Su ZZ, Vozhilla N, Park ES, Gupta P, Fisher PB.
Dual cancer-specific targeting strategy cures primary and
distant breast carcinomas in nude mice. Proc Natl Acad
Sci USA. 2005; 102:14034–39. https://doi.org/10.1073/
pnas.0506837102. [PubMed]

11. Mhashilkar AM, Schrock RD, Hindi M, Liao J, Sieger K,
Kourouma F, Zou-Yang XH, Onishi E, Takh O, Vedvick
TS, Fanger G, Stewart L, Watson GJ, et al. Melanoma
differentiation associated gene-7 (mda-7): a novel antitumor gene for cancer gene therapy. Mol Med. 2001; 7:271–
82. https://doi.org/10.1007/BF03401847. [PubMed]

www.oncotarget.com

21. Su Z, Emdad L, Sauane M, Lebedeva IV, Sarkar D, Gupta
P, James CD, Randolph A, Valerie K, Walter MR, Dent
P, Fisher PB. Unique aspects of mda-7/IL-24 antitumor
bystander activity: establishing a role for secretion of
MDA-7/IL-24 protein by normal cells. Oncogene. 2005;

5115

Oncotarget

24:7552–66.
[PubMed]

https://doi.org/10.1038/sj.onc.1208911.

metastatic melanoma. Toxicol Appl Pharmacol. 2007;
224:300–07. https://doi.org/10.1016/j.taap.2006.11.021.
[PubMed]

22. Pálfy M, Reményi A, Korcsmáros T. Endosomal crosstalk:
meeting points for signaling pathways. Trends Cell Biol.
2012; 22:447–56. https://doi.org/10.1016/j.tcb.2012.06.004.
[PubMed]

35. Inoue S, Shanker M, Miyahara R, Gopalan B, Patel S, Oida
Y, Branch CD, Munshi A, Meyn RE, Andreeff M, Tanaka
F, Mhashilkar AM, Chada S, Ramesh R. MDA-7/IL-24based cancer gene therapy: translation from the laboratory
to the clinic. Curr Gene Ther. 2006; 6:73–91. https://doi.
org/10.2174/156652306775515574. [PubMed]

23. Schwartz AL. Receptor cell biology: receptor-mediated
endocytosis. Pediatr Res. 1995; 38:835–43. https://doi.
org/10.1203/00006450-199512000-00003. [PubMed]

36. Lebedeva IV, Sauane M, Gopalkrishnan RV, Sarkar D, Su
ZZ, Gupta P, Nemunaitis J, Cunningham C, Yacoub A, Dent
P, Fisher PB. mda-7/IL-24: exploiting cancer’s Achilles’
heel. Mol Ther. 2005; 11:4–18. https://doi.org/10.1016/j.
ymthe.2004.08.012. [PubMed]

24. Popova NV, Deyev IE, Petrenko AG. Clathrin-mediated
endocytosis and adaptor proteins. Acta Naturae. 2013;
5:62–73. https://doi.org/10.32607/20758251-2013-5-3-6273. [PubMed]
25. Smythe E, Warren G. The mechanism of receptor-mediated
endocytosis. Eur J Biochem. 1991; 202:689–99. https://doi.
org/10.1111/j.1432-1033.1991.tb16424.x. [PubMed]

37. Lebedeva IV, Su ZZ, Emdad L, Kolomeyer A, Sarkar
D, Kitada S, Waxman S, Reed JC, Fisher PB. Targeting
inhibition of K-ras enhances Ad.mda-7-induced growth
suppression and apoptosis in mutant K-ras colorectal cancer
cells. Oncogene. 2007; 26:733–44. https://doi.org/10.1038/
sj.onc.1209813. [PubMed]

26. Grassart A, Cheng AT, Hong SH, Zhang F, Zenzer N, Feng
Y, Briner DM, Davis GD, Malkov D, Drubin DG. Actin and
dynamin2 dynamics and interplay during clathrin-mediated
endocytosis. J Cell Biol. 2014; 205:721–35. https://doi.
org/10.1083/jcb.201403041. [PubMed]

38. Lubkowski J, Sonmez C, Smirnov SV, Anishkin A, Kotenko
SV, Wlodawer A. Crystal Structure of the Labile Complex
of IL-24 with the Extracellular Domains of IL-22R1 and
IL-20R2. J Immunol. 2018; 201:2082–93. https://doi.
org/10.4049/jimmunol.1800726. [PubMed]

27. Naslavsky N, Weigert R, Donaldson JG. Characterization of
a nonclathrin endocytic pathway: membrane cargo and lipid
requirements. Mol Biol Cell. 2004; 15:3542–52. https://doi.
org/10.1091/mbc.e04-02-0151. [PubMed]

39. Tong AW, Nemunaitis J, Su D, Zhang Y, Cunningham C,
Senzer N, Netto G, Rich D, Mhashilkar A, Parker K, Coffee
K, Ramesh R, Ekmekcioglu S, 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; 11:160–72. https://doi.org/10.1016/j.
ymthe.2004.09.021. [PubMed]
40. Cunningham CC, Chada S, Merritt JA, Tong A, Senzer
N, Zhang Y, Mhashilkar A, Parker K, Vukelja S, Richards
D, Hood J, Coffee K, Nemunaitis J. Clinical and local
biological effects of an intratumoral injection of mda-7
(IL24; INGN 241) in patients with advanced carcinoma:
a phase I study. Mol Ther. 2005; 11:149–59. https://doi.
org/10.1016/j.ymthe.2004.09.019. [PubMed]
41. Mori S, Tanaka K, Omura S, Saito Y. Degradation process
of ligand-stimulated platelet-derived growth factor betareceptor involves ubiquitin-proteasome proteolytic pathway.
J Biol Chem. 1995; 270:29447–52. https://doi.org/10.1074/
jbc.270.49.29447. [PubMed]
42. von Essen M, Bonefeld CM, Siersma V, Rasmussen
AB, Lauritsen JP, Nielsen BL, Geisler C. Constitutive
and ligand-induced TCR degradation. J Immunol. 2004;
173:384–93. https://doi.org/10.4049/jimmunol.173.1.384.
[PubMed]
43. Yee NS, Hsiau CW, Serve H, Vosseller K, Besmer P.
Mechanism of down-regulation of c-kit receptor. Roles of
receptor tyrosine kinase, phosphatidylinositol 3′-kinase,
and protein kinase C. J Biol Chem. 1994; 269:31991–98.
[PubMed]

28. Yu A, Malek TR. The proteasome regulates receptormediated endocytosis of interleukin-2. J Biol Chem. 2001;
276:381–85.
https://doi.org/10.1074/jbc.M007991200.
[PubMed]
29. Legrue SJ, Sheu TL, Chernajovsky Y. The role of receptorligand endocytosis and degradation in interleukin-2
signaling and T-lymphocyte proliferation. Lymphokine
Cytokine Res. 1991; 10:431–36. [PubMed]
30. Jiang H, Lu Y, Yuan L, Liu J. Regulation of interleukin-10
receptor ubiquitination and stability by beta-TrCPcontaining ubiquitin E3 ligase. PLoS One. 2011; 6:e27464.
https://doi.org/10.1371/journal.pone.0027464. [PubMed]
31. Cendrowski J, Mamińska A, Miaczynska M. Endocytic
regulation of cytokine receptor signaling. Cytokine Growth
Factor Rev. 2016; 32:63–73. https://doi.org/10.1016/j.
cytogfr.2016.07.002. [PubMed]
32. Ivanov AI. Pharmacological inhibition of endocytic
pathways: is it specific enough to be useful? Methods Mol
Biol. 2008; 440:15–33. https://doi.org/10.1007/978-159745-178-9_2. [PubMed]
33. Damke H, Binns DD, Ueda H, Schmid SL, Baba T.
Dynamin GTPase domain mutants block endocytic vesicle
formation at morphologically distinct stages. Mol Biol Cell.
2001; 12:2578–89. https://doi.org/10.1091/mbc.12.9.2578.
[PubMed]
34. Fisher PB, Sarkar D, Lebedeva IV, Emdad L, Gupta P,
Sauane M, Su ZZ, Grant S, Dent P, Curiel DT, Senzer N,
Nemunaitis J. Melanoma differentiation associated gene-7/
interleukin-24 (mda-7/IL-24): novel gene therapeutic for
www.oncotarget.com

5116

Oncotarget

44. van Kerkhof P, Govers R, Alves dos Santos CM, Strous
GJ. Endocytosis and degradation of the growth hormone
receptor are proteasome-dependent. J Biol Chem. 2000;
275:1575–80.
https://doi.org/10.1074/jbc.275.3.1575.
[PubMed]

degradation enhances the antitumor activity. Cancer Gene
Ther. 2008; 15:1–8. https://doi.org/10.1038/sj.cgt.7701095.
[PubMed]
48. Mettlen M, Pucadyil T, Ramachandran R, Schmid SL.
Dissecting dynamin’s role in clathrin-mediated endocytosis.
Biochem Soc Trans. 2009; 37:1022–26. https://doi.
org/10.1042/BST0371022. [PubMed]

45. Alves dos Santos CM, ten Broeke T, Strous GJ. Growth
hormone receptor ubiquitination, endocytosis, and
degradation are independent of signal transduction via
Janus kinase 2. J Biol Chem. 2001; 276:32635–41. https://
doi.org/10.1074/jbc.M103583200. [PubMed]

49. Su ZZ, Lebedeva IV, Sarkar D, Gopalkrishnan RV, Sauane
M, Sigmon C, Yacoub A, Valerie K, Dent P, Fisher PB.
Melanoma differentiation associated gene-7, mda-7/
IL-24, selectively induces growth suppression, apoptosis
and radiosensitization in malignant gliomas in a p53independent manner. Oncogene. 2003; 22:1164–80. https://
doi.org/10.1038/sj.onc.1206062. [PubMed]

46. Strous GJ, van Kerkhof P, Govers R, Ciechanover A,
Schwartz AL. The ubiquitin conjugation system is required
for ligand-induced endocytosis and degradation of the
growth hormone receptor. EMBO J. 1996; 15:3806–12.
https://doi.org/10.1002/j.1460-2075.1996.tb00754.x.
[PubMed]

50. Su ZZ, Lee SG, Emdad L, Lebdeva IV, Gupta P, Valerie K,
Sarkar D, Fisher PB. Cloning and characterization of SARI
(suppressor of AP-1, regulated by IFN). Proc Natl Acad
Sci USA. 2008; 105:20906–11. https://doi.org/10.1073/
pnas.0807975106. [PubMed]

47. Gopalan B, Shanker M, Scott A, Branch CD, Chada S,
Ramesh R. MDA-7/IL-24, a novel tumor suppressor/
cytokine is ubiquitinated and regulated by the ubiquitinproteasome system, and inhibition of MDA-7/IL-24

www.oncotarget.com

5117

Oncotarget

