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Abstract
Esophageal cancer is the sixth most common cause of cancer-related death worldwide. Current chemotherapy regimens
include a combination of 5-fluorouracil (5-FU) and cisplatin, butmore efficient therapy strategies are needed to increase 5-year
survival. Alterations in the signaling pathway of the tumor suppressor geneRb-1, which encodes a phosphoprotein (pRB) that
negatively regulates theG1/S transitionof thecell cycle, arepresent in70%ofall tumors,but its role inesophagealcancer isstill
unclear. Most of these are alterations leading to up-regulation of the activity of cyclin-dependent kinases (CDKs) to
phosphorylate pRB, which suggests that keeping the wild type pRB phosphorylated might be advantageous. Besides
proliferation, pRBalso regulates apoptosis inducedby tumornecrosis factor-alpha (TNF-α) andDNA-damage.We investigated
the status of phosphorylation of pRB along esophageal tumorigenesis stages, as well as whether hyperphosphorylation of
pRBcouldsuppressapoptosis inducedbycisplatin, 5-FU,orTNF-α inesophageal cancercells. pRBphosphorylation increased
progressively from normal esophageal tissue to metaplasia and adenocarcinoma, suggesting that pRB phosphorylation
increases along esophageal tumor stages. When RB-1 was knocked down or CDK inhibitors reduced the levels of
phosphorylated pRB, opposite apoptotic effects were observed, depending on the combination of drugs tested: whereas
TNF-α- andcisplatin-inducedapoptosis increased,5-FU-inducedapoptosisdecreased.Taken together, thesedatasuggest that
pRB plays a role in esophageal adenocarcinoma and that, depending on the type of anti-cancer treatment, combining CDK
inhibitors and chemotherapy has the potential to increase the sensitivity of esophageal cancer cells to cell death.
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Introduction
Esophageal cancer is the eighth most common cancer worldwide, as
well as the sixth most common cause of cancer-related death [1] due
to its late diagnosis. The two main histological types of esophageal
cancer are adenocarcinoma and squamous cell carcinoma [2].
Adenocarcinoma tumorigenesis is associated with an inflammatory
process related to gastroesophagic reflux disease [3,4], involving a rise
in cytokine tumor necrosis factor-alpha (TNF-α) as the disease
progresses from metaplasia (Barrett's esophagus) to adenocarcinoma
[5,6]. Squamous cell carcinoma tumorigenesis is less well defined, but
is characterized by an increase in the proliferation of esophageal
epithelial cells, followed by a dysplastic alteration, with onset usually
related to the consumption of alcohol and smoking [7,8]. Treatment
options for esophageal cancer include surgical resection, chemother-
apy, radiotherapy, or a combination of modalities [8]. The current
chemotherapy protocol consists of a combination of cisplatin (CIS) and
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5-fluorouracil (5-FU), sometimes together with other agents such as
irinotecan and oxaliplatin [9–11]. Unfortunately, apart from therapeu-
tic efforts, esophageal cancer still has an associated average five-year
survival of only 18%, highlighting the need for a better understanding
of tumor biology and its response to therapy [12].
The retinoblastoma protein (pRB, encoded by the Rb-1 gene, is a

tumor suppressor that negatively regulates cell cycle progression, as well
as coordinating other physiological processes, such as apoptosis
[13–18]. pRB hyperphosphorylation by cyclin/CDK complexes
(mainly cyclin D and CDK 4/6) is a key event for the G1 to S phase
transition [19,20]. Previous studies from our research group and others
[21–24] have demonstrated that pRb has an anti-apoptotic effect in
specific conditions: expression of a non-cleavable form of pRb prevented
cell death induced by TNF-R1 activation in cultured fibroblasts and by
lipopolysaccharide (LPS) and TNF-α exposure in gastrointestinal
mucosa of mice [21,22]. Seventy percent of all tumor types have
changes in the pRB pathway, with the nature of the change varying
across types [14,25,26]. Mutations in Rb-1 occur in childhood retina
tumor, in 90% of small cell lung cancers (SCLC), and in 70% of
bladder cancers. Conversely, pRB inactivation by hyperphosphoryla-
tion, caused by alterations in upstream pathway components (such as
the cyclin/CDK complexes), mostly happens in glioblastoma; colon
cancer; non-small cell lung cancer (NSCLC); and pancreatic, liver, and
breast cancers [25,27], making CDK inhibition a good target to block
proliferation— indeed, several CDK inhibitors are currently in clinical
trials [28–30]. However, the literature on the status of the pRb pathway
in esophageal tumors is scarce. A study by Davelaar and colleagues in
2015 showed that adenocarcinoma cell lines and tissue samples have
increased pRB phosphorylation at its serine 795 residue compared to
normal esophageal tissue samples [31]. This finding suggests that, in
esophageal adenocarcinoma, as in colon cancers and glioblastomas, the
pRB pathway may be altered by pRB hyperphosphorylation, rather
than by the loss of Rb-1. Indeed, cyclin D1 overexpression is a predictor
of poor prognosis for esophageal carcinoma patients [32,33].
Additionally, Sarbia and colleagues showed that loss of pRb
expression is not a common event in esophageal adenocarcinoma.
Rather, they observed an increase in pRB expression in adenocarcinoma
samples compared to samples of esophageal pre-cancer (Barrett's
esophagus) [31,34].
In this work, we investigated whether phosphorylated pRB regulates

apoptosis sensitivity in esophageal cancer cells. We pharmacologically
manipulated the levels of phosphorylated pRB using CDK inhibitors or
reduced pRB levels by using siRNA and assessed the effect of these
manipulations on the survival of esophageal cancer cell lines exposed to
chemotherapeutic agents 5-FU or cisplatin, or to TNF-α, a cytokine
frequently present in the tumor microenvironment. In addition, we
evaluated whether pRB expression increases in esophageal metaplasia and
adenocarcinoma specimens compared to normal esophageal tissue. Our
results suggest that combining CDK inhibitors and currently used
chemotherapeutic agents can block proliferation and increase cancer cell
death and is a promising strategy to treat esophagus cancer. Importantly,
this cell death sensitization is drug combination-specific.

Material and Methods

Human Biopsies
Human biopsies taken from patients treated at Clementino Fraga

Filho University Hospital (HUCFF), Rio de Janeiro, Brazil, were used
to detect phospho-pRB, in accordance with the Helsinki Declaration of
1975. The analyses were performed in samples from control patients
(n = 8), patients with Barrett's esophagus (n = 10), esophageal squamous
cells carcinoma (n = 7), and adenocarcinoma (n = 5). The
paraffin-embedded tissues were cross-sectioned (5 μm), and the slides
were deparaffinized and hydrated. Antigen retrieval was performed by
boiling the slides in 10 mM citrate buffer at pH 6.0 for 10 min.

Immunofluorescence Analysis
For the detection of phosphorylated pRB, slides were incubated

with anti-phosphorylated RB at Ser807/811 (1:100; Cell Signaling
Technology, Danvers, MA, USA). The secondary antibody used was
donkey anti-rabbit conjugated to Alexa Fluor® 594 dye (1:500;
Invitrogen, Carlsbad, CA, USA). Nuclei were stained with DAPI
(49–6-diamidino-2-phenylindole). Slides were mounted using Bio-
meda Gel Mount aqueous mounting medium. For each sample, the
percentage of phospho-pRB-positive cells was calculated by counting
at least 500 cells in five representative fields under a Nikon TE300
fluorescence microscope (Nikon, Tokyo, Japan) at 400× magnifica-
tion. The immunofluorescence assay was performed three times for
each sample. For normal esophagus samples, analysis was only
performed if the sample included the basal zone with basophilic
proliferative epithelial cells.

Cell Culture
We used three commercially available human esophageal cancer

cell lines: OE19, OE21, and TE-13 (Sigma-Aldrich, St. Louis, MO,
USA). OE19 is derived from a stage III adenocarcinoma of gastric
cardia/esophageal gastric junction. OE21 was established from a stage
II squamous carcinoma of mid esophagus and TE-13 is also a
squamous cell carcinoma cell line. Cells were maintained in RPMI
medium (GIBCO; Sigma-Aldrich) supplemented with L-glutamine, 10%
fetal bovine serum (FBS), 100 μ/ml penicillin, and 50 mg/ml
streptomycin. Cells were kept under 5% CO2 at 37 °C. The cell lines
were genetically tested by STR-PCR (the investigated loci were D2S1338,
D19S433, CSF1PO, TPOX, TH01, vWA, d16S539, d7s820, d13s317,
D5S818, FGA, D3S1358, D18S51, D8S1179, D21S11, and amelo-
genia) to confirm origin and rule out cross-contamination.

For immunohistochemical analysis and cell death assays, cells were
grown in 24-well plates (initial density: 5 × 104 cells/well) for 48 h. For
TNF-α treatments, cells were treated with human recombinant TNF-α
(10 ng/ml; PeproTech, Rocky Hill, NJ, USA) and the protein synthesis
inhibitor cycloheximide (CHX 2.5 μg/ml, Sigma-Aldrich) in the cell
culture medium for 8 h. To inhibit CDKs, cells were treated with
roscovitine, a CDK 1, 2, 5, and 7 inhibitor [35] (Ros, 20 μM;
Sigma-Aldrich) for 12 h or pretreated with Ros for 4 h followed by
additional treatment with TNF/CHX for 8 h. For flavopiridol (Flavo,
300 nM; Sigma-Aldrich), a potent CDK 1, 2, 4, and 7 inhibitor [35], the
incubation period was 8 h for the experiments involving TNF. The
concentration of CDK inhibitors was determined by their effectiveness to
reduce pRB phosphorylation in esophageal cell lines (supplementary
information, Figure S2A).

To evaluate chemotherapy resistance, cells were treated with 5-FU
(5-fluorouracil, 60 μM) or cisplatin (40 μM) and Ros (20 μM) or
flavopiridol (300 nM) for 24 h. No working concentrations of the
drugs used in this study induced more than 60% of viability loss in all
cell lines tested with MTT assays (Figure S1). The levels of
phosphorylated pRB in the esophageal cell lines tested were reduced
by 60% after 24 h of Ros treatment and by 90% after flavopiridol
treatment (Figure S2A).
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Cell Viability
Cell viability of OE-19, OE-21, and TE-13 cell lines was evaluated by

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide) assay based on the colorimetric measurement of formazan dye
formed from MTT by mitochondrial dehydrogenases. Exponentially
growing cells were plated in 96-well plates at a seeding density of 2 × 104

cells/well. After 24 h, cells were treated with increasing concentrations of
TNF, 5-FU, or cisplatin for 22 h. MTT (Sigma-Aldrich) was added at a
final concentration of 0.5 mg/mL and the plates were incubated at 37 °C
for another 2 h. At the end of the incubation period, the medium was
removed, and cells were lysed with DMSO. The absorbance of the
solubilized product was measured at 570 nm.

RB-1 Knockdown
To silence RB-1 in the cell lines, cells were plated at 1.5 × 104 cells/

well in 96-well plates with RPMImedium supplemented with 10% FBS.
Next, cells were transfected using RNAiFect (Ambion, Austin, TX, USA)
and 30 nM siRNA-RB (sequence GUUGAUAAUGCUAUGUCAA,
synthesized by Ambion) according to a previous paper [13]. BLOCK-iT™
Fluorescent Oligo (Thermo Fisher Scientific, Waltham, MA, USA) was
used as RNAi Transfection Control. 24 h post-transfection, pRB levels
were reduced by 80% to 90% in the esophageal cell lines used, and
phosphorylated pRB levels were also reduced (Figure S2B).

Caspase 3/7 Activity Assay
Analysis of cell death by apoptosis was performed using CellEvent®

Caspase-3/7 Green Detection Reagent kit (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer's instructions. Nuclei were
stained with 1 μMHoechst 33,342 (Sigma-Aldrich) in PBS for 20 min.
Cells were plated (1.5 × 104 per well) in 96-well μClear® black Cellstar®
plates (Greiner Bio-One, Kremsmünster, Austria). After treatment
incubation, cells were imaged (200× magnification, at least 15 fields per
sample in triplicates) on an Operetta® High-Content Imaging System
(PerkinElmer, Waltham, MA, USA). Nuclei were classified as viable or
pyknotic based on nuclei morphology and staining intensity. The
percentage of caspase-positive cells in each condition was calculated using
Harmony® High-Content Imaging and Analysis Software (PerkinElmer).

Western Blotting
For Western blotting, cells were washed with cold PBS and protein was

isolated by extraction in RIPA buffer (50 mM Tris–HCl, pH 7.4; 1%
NP-40; 0.25% sodium deoxycholate; 15mMNaCl; 1mMEDTA; 1mM
PMSF; 5 μg/ml aprotinin; 5 μg/ml pepstatin; leupeptin 5 μg/ml; 1 mM
NaF; and 1mMNa3VO4). The extracted protein (containing 15–40 μg of
protein per sample) was diluted in sample buffer (10% SDS; 10 mM
β-mercaptoethanol; 20% glycerol; 0.2 M Tris–HCl, pH 6.8; and 0.05%
bromophenol blue) and electrophoresed in polyacrylamide gel (SDS-PAGE)
according to our previous paper [13]. The antibodies used were polyclonal
anti-RB 851 (1:5000, kindly given byDr. Jean Y. J.Wang), phospho-RB at
Ser807/811 (1:1000, Cell Signaling Technology), and anti-α-tubulin
(1:10,000, Sigma-Aldrich). Protein bands were visualized using the West
Pico and Femto chemiluminescence system (Thermo Fisher Scientific), and
band densities (related toα-tubulin density in each sample) were quantified
using Image J software (National Institutes ofHealth, Bethesda,MD,USA).

Statistical Analysis
The data were analyzed using one-way analysis of variance

(ANOVA) and Tukey's post-test and analysis was performed on
GraphPad Prism5 (GraphPad Software, Inc., La Jolla, CA, USA).
Results

Phosphorylated pRB Levels Correlate with Barrett's Esophagus
and Adenocarcinoma

To investigate the importance of the pRB pathway in esophageal
cancer, we first evaluated the phosphorylation status of pRB in
esophageal cancer samples. Overall, 30 human esophageal samples—
eight control samples (no esophageal lesion), 10 Barrett's esophagus
samples, five adenocarcinoma samples, and seven esophageal
squamous cell carcinoma samples — were analyzed by immunoflu-
orescence, using an antibody that recognizes pRB phosphorylated in
the serine 807/811 residues (phospho-pRB). Control samples had
16 ± 1% of phospho-pRB-positive cells, whereas samples from
patients with Barrett's esophagus had 53 ± 3%, and samples from
esophageal adenocarcinoma patients showed 76 ± 3% of
phospho-pRB-positive cells (Figure 1). On the other hand,
phospho-pRB staining of the seven samples of squamous cell
carcinoma yielded conflicting results, with three negative samples,
three positive samples (N80% of positive cells), and one sample with
zones with nearly 100% of labeling and others without any labeling.
Reduction of Phosphorylated pRB Increases Esophageal Cancer
Cell Death Induced by TNF-α

We then tested whether pRB hyperphosphorylation can contribute
to esophageal cancer resistance to cell death induction by TNF-α. To do
that, we compared apoptosis induced by this treatment in cancer cell lines
(measured by in vitro caspase 3/7 activity assay and quantification of the
number of pyknotic nuclei), in the presence or absence of the
pharmacological CDK inhibitors roscovitine (Ros) or flavopiridol (Flavo),
which inhibit pRB phosphorylation (Figure S2A), or after silencing pRB
through RNA interference (RNAi, Figure S2B). In OE-19 adenocarcino-
ma cells, siRNA-mediated silencing of pRB increased the proportion of
TNF/CHX-induced caspase-positive cells threefold (Figure 2A). TNF/
CHX treatments started 24 h post-transfection with siRNA, when pRB
levels in the esophageal cell lines had decreased by 80–90% (Figure S2B).

Pharmacological inhibition of pRB phosphorylation by treatment with
Ros or Flavo increased TNF/CHX-induced cell death (percentage of
caspase-positive esophageal cancer cells) in the OE19 adenoma cell line
three- and eightfold, respectively (Figure 2A, B). In the TE-13 squamous
cell carcinoma cell line, pRB inhibition, either through silencing, Ros, or
Flavo treatment, also increased TNF/CHX-induced cell death (P b .001
for pRB silencing or Ros pretreatment and P b .001 for Flavo
pretreatment; Figure 2D). However, only Flavo increased the percentage
of TNF/CHX-induced caspase-positive cells in the OE-21 squamous cell
carcinoma cells (Figure 2C).

Because protein synthesis inhibitors are too toxic for use in cancer
therapy, we also tested whether CDK inhibitors or pRB silencing
could enhance TNF-α-induced cell death without cycloheximide.
CDK inhibitors did increase the TNF-α-induced activated caspase 3/
7 levels, but the effectiveness of each inhibitor depended on the cell
line. In OE-19 Flavo (but not Ros) increased, by twofold, the
percentage of caspase-positive cells after TNF-α treatment, which
were limited to up to 10%, whereas in OE-21 cells, the percentage of
caspase-positive cells after TNF-α increased only after Ros
pretreatment (P b .05) (twofold increase). However, inactivation of
pRB using siRNA-mediated silencing failed to change the levels of
activated caspase 3/7 induced by the TNF-α treatment alone in
OE-19 and OE-21. In TE-13 cells, Flavo, Ros, or pRB knockdown
induced a small but significant increase in the percentage of



Figure 1. Phospho-pRB immunofluorescence staining in esopha-
geal biopsies. A. Representative images of pRB phosphorylated at
serine 807/811 residues (Phospho-Rb, red) in esophageal biopsy
samples: control (healthy esophagus, no lesions), Barret (Barrett's
esophagus), and esophageal adenocarcinoma. Nuclei were stained
with DAPI (blue). B. Histogram showing the percentage of
phospho-pRB-positive cells in control (circles), Barrett's esophagus
(squares), and adenocarcinomas (triangles) samples. The histo-
gram shows the average for each group and each point represents
an individual case within the groups. ***P b .001 compared to the
control group. ###P b .001 compared to the Barrett's esophagus
group (ANOVA and Tukey's post-test). Control: n = 8; Barrett's
esophagus: n = 10; and adenocarcinoma: n = 5.
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caspase-positive cells after TNF-α treatment. The highest increase to
15% of caspase-positive cells (a two-fold increase of the TNF-α
-induced cell death) was obtained with Flavo + TNF-α.

Inhibition of pRB Phosphorylation Decreases Esophageal
Cancer Cell Death Induced by 5-fluorouracil
Inhibiting pRB decreased cell death induced by 5-fluorouracil

(5-FU, a first-line chemotherapy agent for esophageal cancer), on
esophageal cancer cell lines (Figure 3). In OE-19 cells, the effect observed
was a fourfold decrease in 5-FU-induced cell death, upon pharmacolog-
ical inhibition of pRB phosphorylation by Ros (P b .001) and after pRB
silencing with siRNA (P b .001), whereas Flavo treatment had no effect
on 5-FU-induced cell death (Figure 3A). In OE-21 cells (Figure 3B), the
percentage of 5-FU-induced caspase-positive cells dropped from 19% to
10% after Ros pretreatment (P b .001), to 8% after pRB silencing
(P b .001), whereas Flavo treatment had no effect on 5-FU-induced cell
death. In TE-13 cells, 5-FU-induced cell death declined from 22% to
13% after pRB silencing (P b .001), and to 14% after Ros pretreatment
(P b .001), with Flavo having no significant effect.

Inhibition of pRB Phosphorylation Increases Esophageal
Cancer Cell Death Induced by Cisplatin

pRB inhibition had the opposite effect on the sensitivity of esophageal
cancer cells to cisplatin (CIS), compared to 5-FU (Figure 4). In OE-19
cells, pretreatment with Flavo increased fourfold the percentage of
caspase-positive cells after cisplatin treatment, although neither Ros nor
pRB silencing had any effect (Figure 4A). In OE-21 and TE-13 cells, all
forms of pRB inhibition (pRB silencing, Ros or Flavo treatment) resulted
in increased CIS-induced caspase activity (Figure 4B and C).

Table 1 summarizes the effect of different combinations of pRB
inactivation methods and chemotherapeutic agents on human
esophageal cancer cell death. In cells with low phospho-pRB levels
(induced experimentally, either by Ros or Flavo treatment or by pRB
silencing), 5-FU induced less cell death, favoring tumor survival.
Conversely, treatment of pRB-deficient cells with cisplatin increased
cell death, especially in esophageal squamous cell carcinoma cell lines
OE-21 and TE-13.

Discussion
In this work, we sought to establish whether inhibition of the pRB
pathway, necessary for TNF-α- and DNA-damage-induced cell death
[21,22,36], could be a target to improve esophageal cancer response
to therapy, a question of particular relevance as CDK inhibitors,
which prevent pRB phosphorylation, have been used extensively in
clinical trials [28,37–39].

Firstly, we showed that pRB phosphorylation progressively
increases along the stages of esophageal adenocarcinoma tumorigen-
esis, reaching the highest levels in esophageal adenocarcinomas. This
finding contributes to the scarce literature on the status of the pRB
pathway in esophageal cancers, indicating that pRB hyperpho-
sphorylation is important in esophageal adenocarcinoma tumor
progression [31,34]. In contrast, our analysis of the pRB phosphor-
ylation status on squamous cell carcinoma yielded no consistent
results among the different samples. This fact may be due to an actual
biological characteristic of this type of esophageal tumor: esophageal
carcinoma tumorigenesis is not as established as adenocarcinomagen-
esis, and the molecular pathways involved are still unknown.
However, the number of available samples was limited, and it
remains possible that a statistically significant occurrence of pRB
hyperphosphorylation in squamous carcinoma samples could be
observed in a larger sample.

We also showed that, in general, down-regulation of pRB
phosphorylation by CDK inhibitors, or silencing of pRB with
siRNA, sensitizes both adenocarcinoma and squamous cell carcinoma
esophageal cell lines to the chemotherapeutic agent cisplatin and to
the cytokine TNF-α. However, inhibition of pRB phosphorylation
increased the resistance of esophageal cancer cell lines to 5-FU, an



Figure 2. Effect of pRB manipulation on TNF-α- and TNF-α + cycloheximide-induced apoptosis. A. Representative images of three
independent caspase 3/7 activity experiments with OE-19 cells for each experimental group, acquired on an Operetta® multi-analysis
platform (PerkinElmer). Green staining (Caspase) represents active caspase, blue staining (Hoechst) represents nuclei stained with
Hoechst. The third row (Merge) shows the superimposition of the Caspase and Hoechst staining. B, C, and D. Histograms showing the
percentage of active caspase-positive cells after 8-h treatment with TNF-α (10 mg/mL) combined with cycloheximide (CHX) with or
without roscovitine (ROS, 20 μM), flavopiridol (Flavo, 300 nM), or pRB silencing (RNA RB) in OE-19 (B), OE-21 (C), and TE-13 (D) cells.
CTL-control untreated, RNA NEG – transfected with negative control siRNA.Data represent the mean and standard error of three
independent experiments. * Indicates comparison to the TNF/CHX group; # indicates comparison to TNF/CHX + RNA-Neg, * indicates
comparison to TNF/CHX. *P b .05, **P b .01, ***P b .001, and ##P b .01 by ANOVA and Tukey's post- test.
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anticancer drug used worldwide, regardless of whether the cell death
was detected by caspase 3/7 activity (Figures 2-4) or pyknotic nuclei
(data not shown). These results indicate, specifically, that 5-FU
treatment may have limited cytotoxic effects in esophageal cancer cells
with low pRB levels and, more broadly, that pRB phosphorylation
status is critical for chemotherapy-induced cell death in esophageal
squamous cell carcinoma and adenocarcinoma, and might be of value
for guiding therapeutic interventions.

At least part of the anti-apoptotic role of pRB is attributed to its
participation in the crosstalk between apoptosis and autophagy, a
molecular recycling process believed to be involved in resistance to
chemotherapeutic agents [13,16,18]. However, the autophagy
induced by 5-FU can function either as a survival or as a death
mechanism, apparently depending on the combination of genetic
alterations in each cell [40–42]. We and others have previously shown
that pRB regulates the completion of the autophagic process induced
by anticancer drugs [13,18,21,43].
Thus, it may be the case that, in the esophageal cell lines analyzed
in our study, autophagy works as a death mechanism induced by
5-FU, which would explain the increased cell resistance observed
when pRB function was modulated [13]. Additionally, because pRB
can have anti- and pro-apoptotic roles depending on the stimulus
[13,18,21,22,44,45], the inhibition of pRB phosphorylation by
CDK inhibitors in our study had different effects on the esophageal
cell lines tested for different drug treatments. A recent review by
Indovina and co-workers [46] suggested that the role of pRB on
chemotherapy treatment outcomes could vary depending on whether
the chemotherapeutic agent is cytotoxic or cytostatic. Because pRB
functions as a major cell cycle blocker, it is believed to enhance the
effects of cytostatic agents. Here the contrasting results obtained after
cytotoxic cisplatin or 5-FU treatment showed additional complexity
in predicting the outcome of loss of hyperphosphorylated pRB.
Accordingly, the phosphorylation resistant form of RB1 causes
contrasting effects in response to different apoptotic stimuli [47].



Figure 3. Effect of pRBmanipulation on 5-fluorouracil -induced apoptosis.
A–C.Histogramsshowingthepercentageofactivecaspase-positivecells for
OE-19,OE21,andTE-13cells, respectively,after24-htreatmentwith5-FU(60
μM)withorwithout roscovitine (ROS,20μM), flavopiridol (Flavo, 300nM),or
pRBsilencing (RNARB).CTL-controluntreated,RNANEG– transfectedwith
negativecontrol siRNA.Data represent themeanandstandarderrorof three
independent experiments. * Indicates comparison to the 5-FU group; #
indicates comparison to the 5-FU + RNA-Neg group. *P b .05,
***P b .001, ##P b .01 and ###P b .001byANOVAandTukey's post-test.

Figure 4. Effect of pRBmanipulation on cisplatin-induced apoptosis. A–C.
Histograms showing the percentage of active caspase-positive cells for
OE-19, OE21, and TE-13 cells, respectively, after 24-h treatment with
cisplatin (CIS, 40 μM)with or without roscovitine (ROS, 20 μM), flavopiridol
(Flavo, 300 nM), or pRB silencing (RNA RB). CTL-control untreated, RNA
NEG – transfected with negative control siRNA. Data represent the mean
and standard error of three independent experiments. * Indicates
comparison to the cisplatin (CIS) group; # indicates comparison to the
CIS + RNA-Neg group. *P b .05, **P b .01, ***P b .001, ##P b .01,
###P b .01, and by ANOVA and Tukey's post-test.
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Thus, the use of CDK inhibitors in an attempt to sensitize cancer cells to
chemotherapy (bymodulating the pRB pathway) need to be evaluated on
a case-by-case basis, depending on the chemotherapeutic agent used [46].
TNF-α, applied directly to the tumor, has been used to treat cancer
patients. In one study, the injection of human recombinant TNF-α
in the tumor cavity after surgical resection of glioblastoma showed no



Table 1. Effect of Combination Drug Therapy on Esophageal Cancer Cell Lines Using
Chemotherapeutics and Phospho-pRB Inhibition

Condition OE-19 OE-21 TE-13

TNF10 vs. TNF10 + siRNA RB 0 0 +
TNF10 vs. TNF10 + Ros 0 + +++
TNF10 vs. TNF10 + Flavo +++ 0 +++
TNF10 + CHX vs. TNF10 + CHX + siRNA RB + 0 +++
TNF10 + CHX vs. TNF10 + CHX + Ros + 0 +++
TNF10 + CHX vs. TNF10 + CHX + Flavo +++ ++ +++
5-FU vs. 5-FU + siRNA RB − − −
5-FU vs. 5-FU + Ros − − −
5-FU vs. 5-FU + Flavo 0 0 0
CIS vs. CIS + siRNA RB 0 + +++
CIS vs. CIS + Ros 0 ++ +++
CIS vs. CIS + Flavo +++ +++ +++

(−) Indicates a reduction in the apoptosis rate: − P b .05, −− P b .01, and −−− P b .001.
(+) Indicates an increase in the apoptosis rate: + P b .05, ++ P b .01, and +++ P b .001.
(0) Indicates no statistical significance.
One-way ANOVA and Tukey's post-test.
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toxicity or major side effects and improved survival time in some
patients [48]. In a multicentric phase I clinical trial with esophageal
adenocarcinoma patients, intratumoral injections of TNFerade
biologic, an adenovirus containing the human TNF-α gene, in
combination with radiotherapy and standard chemotherapy (cisplatin
and 5-FU), was associated with a median 34-month increase in
survival, compared to patients who received radiotherapy and
chemotherapy alone [49]. In our study, the combination of
pharmacological CDK inhibitors with TNF-α increased the levels
of apoptotic cells. These results suggest that pRB phosphorylation
protects some esophageal cancer cells against TNF-α-induced cell
death and, more importantly, that this combination may have the
potential to increase the survival of esophageal cancer patients. It is
interesting to point that this effect of the Flavopiridol was particularly
significant regardless whether TNF-α treatment was combined with
the protein synthesis inhibitor cycloheximide, which blocks the
activation of the NF-κB survival pathway.

The two CDK inhibitors used in this study, roscovitine (seliciclib)
and flavopiridol (alvocidib), have been tested in several phase I and II
clinical trials, both as monotherapy and as combination therapy, for
several human cancers [50]. In our hands, flavopiridol and roscovitine
had some effects that were somewhat dissimilar to pRB-silencing,
inducing apoptosis regardless of pRB inhibition, which indicates that
these CDK inhibitors may have additional targets. A recent review on
the selectivity of protein kinase inhibitors [35] showed that
roscovitine inhibits not only cell cycle-related CDKs but also other
kinases such as ERK2 and pyridoxal kinase, an enzyme that
participates in the metabolism of vitamin B6, whereas flavopiridol
also inhibits GSK-3α, GSK-3β, and RNA synthesis [28,35,37,39]. In
addition, flavopiridol can inhibit transcription and sensitize cells [38].
Accordingly, flavopiridol enhanced radiation-induced apoptosis and
inhibition of transcription activity in human esophageal adenocarci-
noma cells, suggesting that CDK inhibitors could potentially be
combined with radiation therapy as radiosensitizers [51]. Recently,
more specific CDK-4 and -6 inhibitors such as Palbociclib and
Abemaciclib have been tested [30] showing promise as either mono or
combined therapy [29,52,53]. It would be interesting to test whether
interference with CDK 4 and 6 activity alone would sensitize
esophageal cells or increase their resistance to 5-FU.

Here, we showed that combining current chemotherapy regimens
used to treat esophageal cancer via pRB inhibition with either
pharmacological or genetic tools shows promise for improving
treatment of this lethal disease. Importantly, the effects observed were
due not only to blockade of cell proliferation, but also increased cell
death. However, drug combinations must be carefully investigated
because of their possible opposite effects. Our findings indicate that
modulation of the pRB pathway and/or the use of CDK inhibitors
should be considered for optimal and, possibly, tailored treatment of
esophageal cancer.
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