
Abstract. Background/Aim: Tumour repopulation is a major
obstacle for successful cancer treatment. This study investigated
whether anticancer agents contribute to tumour repopulation in
TP53-mutated bile duct cancer cells. Materials and Methods:
TP53-mutated HuCCT1 and HuH28 cells were exposed to
anticancer agents, and recipient cells were exposed to their
conditioned media or exosomes. The effect of inhibitors and
siRNA-mediated gene silencing of p38 mitogen-activated
protein kinase (MAPK) and of TP53 was analyzed by cell
proliferation assays and western blotting. Results: Conditioned
media from genotoxic agent-treated cells promoted proliferation
of recipient cells (p<0.05), and this effect was abrogated by
exosome inhibitors. Exosomes from gemcitabine- or cisplatin-
treated cells increased cell proliferation by 1.6- to 2.2-fold
(p<0.05) through p38 MAPK signalling. These effects of
exosomes were inhibited by inhibition/silencing of p38 MAPK
but not by TP53 silencing. Conclusion: Exosomal p38 MAPK
plays a pivotal role in tumour repopulation in a TP53-
independent manner.

Tumour recurrence after chemoradiotherapy is one of the
leading causes of death among patients with advanced
cancer. A major critical issue in cancer treatment is the rapid
and excessive proliferation of residual tumour cells after
therapy, which has been described as tumour repopulation (1,
2). In the clinical setting, chemotherapy and radiotherapy are
often administered over several cycles to allow healthy cells
to recover. Such protocols might accelerate tumour cell

proliferation during treatment withdrawal (3) but the
underlying mechanism of tumour repopulation is unclear.
Bile duct cancer (BDC) is a relatively rare malignancy with a
poor prognosis that develops from the intra- or extra-hepatic
bile ducts. Surgical resection is the only curative treatment for
BDC; however, recurrence after resection is common, and more
than two-thirds of lesions are unresectable (4). Treatment with
the nucleotide analogue gemcitabine, alone or in combination
with cisplatin, is considered the standard first-line chemotherapy
in advanced BDC (5). Unfortunately, the therapeutic effect of
gemcitabine is marginal and the causal mechanism of tumour
recurrence after gemcitabine treatment is unclear.

Accumulating evidence indicates that dying cells release a
bioactive secretome consisting of a diverse range of mitogens
and extracellular vesicles including exosomes, which induce
compensatory proliferation in adjacent living cells (6, 7).
Compensatory proliferation is well preserved from metazoan to
mammalian species, and it is involved in tissue repair processes
and tumour development (8-10). For example, in the
proliferating tissues of eyes or wing of Drosophila, the initiator
caspase Dronc activates the tumour suppressor TP53 and stress
kinase c-JUN amino-terminal kinase (JNK) in apoptotic cells.
This signal transduction cascade activates the release of mitogens
including Wingless (analogue Wnt), Decapentaplegic (a member
of the β-transforming growth factor family) and NOTCH, thus
inducing compensatory proliferation (7, 11, 12). Although there
is limited research on the molecular mechanism of dying cell-
mediated cell proliferation in human cancer, a recent study
reported that caspase-3-mediated ataxia telangiectasia mutated
(ATM)/TP53/cyclo-oxygenase-2/prostaglandin E2 signalling
contributes to radiation-induced tumour repopulation in non-
small cell lung cancer cells (13). It is therefore highly likely that
the caspase–TP53 axis is a key player in tumour repopulation
following chemoradiotherapy.

We sought to determine whether mechanisms other than
caspase–TP53 signalling are involved in tumour repopulation
because TP53 is the most representative tumour-suppressor
gene and is mutated in approximately half of all human cancer
cases. Histological and genomic profiling analyses of BDC
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revealed that TP53 is the most frequently (23-52%) mutated
driver gene (14-16). TP53 mutation enhances gemcitabine
resistance (16), and is significantly correlated with poorer
prognosis in BDC (14). The underlying mechanism of tumour
repopulation in TP53-mutated cells has not been clarified.
Considering the poor survival of patients with BDC, it might
be useful to examine whether tumour repopulation contributes
to the weaker effect of chemotherapy in TP53-mutated BDC.

In this study, we examined whether treatment with
anticancer agents, including gemcitabine, caused tumour
repopulation in TP53-mutated BDC cells. With this aim, in
vitro conditioned medium transfer experiments (17-19) were
used to mimic the biological process of chemotherapy-
induced tumour cell proliferation. The aims of the study
were to elucidate the molecular target of tumour repopulation
in TP53-mutated BDC cells and identify an effective method
to overcome the weak effect of chemotherapy in BDC.

Materials and Methods
Cell culture. TP53-mutated gemcitabine-sensitive HuCCT1 [Arg175 to
His [R175H]; a gain-of-function phenotype of mutant TP53 (20)] and
gemcitabine-resistant HuH28 [Glu271 to Lys [E271K]; inactive
mutation (21)] human BDC cells (22) (IARC TP53 Database;
https://p53.iarc.fr/CellLines.aspx) were obtained from Japanese
Collection of Research Bioresources Cell Bank (Osaka, Japan). Cells
were cultured in Roswell Park Memorial Institute-1640 culture medium
supplemented with sodium pyruvate and 10% heat-inactivated fetal
bovine serum in humidified incubator at 37˚C with 5% CO2. To analyze
cell morphology, cultured cells were fixed and stained with Giemsa.

Reagents. Gemcitabine (Santa Cruz Biotechnology, Santa Cruz, Dallas,
TX, USA) was dissolved in phosphate-buffered saline. Cisplatin
(Merck Millipore, Darmstadt, Germany) was solubilized in 0.9%
sodium chloride with water bath sonication. Sorafenib (Toronto
Research Chemicals, Downsview, ON, Canada) and regorafenib (Santa
Cruz Biotechnology) were dissolved in dimethyl sulfoxide (DMSO).
The final concentration of anticancer agents was set at close to the 50%
inhibitory concentration obtained in preliminary experiments, which
was defined as the concentration of drugs required for 50% cell survival
after 48 h of treatment. Consequently, the final concentrations of
gemcitabine, cisplatin, sorafenib and regorafenib were set at 1, 40, 20
and 10 μM, respectively, for HuCCT1 cells and 5, 50, 20 and 20 μM,
respectively, for HuH28 cells.

Z-VAD-FMK (a cell permeable pan-caspase-specific inhibitor;
Enzo Life Sciences, Farmingdale, NY, USA), LY294002 (an inhibitor
of phosphoinositide 3-kinase/AKT serine/threonine kinase 1; Cell
Signaling Technology, Beverly, MA, USA), SB203580 [an inhibitor
of p38 mitogen-activated protein kinase (MAPK); Enzo Life
Sciences], BMS-582949 (an inhibitor of p38 MAPK; Cayman
Chemical, Ann Arbor, MI, USA), SP600125 (an inhibitor of JNK;
Enzo Life Sciences), U0126 (an inhibitor of MAPK kinase 1/2;
Merck Millipore), KU55933 (an inhibitor of ATM; Merck Millipore),
schisandrin B [an inhibitor of ataxia telangiectasia and RAD3-related
(ATR); LKT Laboratories, St. Paul, MN, USA], GW4869 [a neutral
sphingomyelinase (N-SMase) inhibitor; Merck Millipore] and
spiroepoxide (N-SMase inhibitor; Santa CruzSanta Cruz
Biotechnology) were dissolved in DMSO and used at concentrations

of 20, 25, 20, 5, 50, 10, 10, 30, 10, and 10 μM, respectively. N-
Acetyl-l-cysteine (NAC, LKT Laboratories) was freshly prepared by
dissolving in water at pH 7.4 and used at 5 mM. In all experiments,
cells were pretreated with chemical inhibitors for 2 h before treatment
with anticancer agents. The final concentration of DMSO was set at
0.1% as a solvent control.

Conditioned medium transfer. Donor cells (1×106 cells/ml) were
treated with anticancer drugs with or without chemical inhibitors at
the aforementioned concentrations for 24 h. Thereafter, cells were
washed three times with fresh medium to remove non-adherent cells.
After 2 h of culture, cells were again washed three times with fresh
medium to remove remaining drugs in the cellular environment and
maintained in growth medium for an additional 24 h. Samples of
conditioned media were then collected, centrifuged at 300 × g for 10
min to remove cell debris, and transferred to naïve recipient cells
(0.5×105 or 2.5×105 cells/ml) grown separately. Recipient cells were
cultured with the donor-derived conditioned media for 2 or 48 h.

Small interfering RNA (siRNA) transfection. Transient transfection
reaction was conducted in cultured cells (2.5×105 cells/ml) using
siRNA using HiPerFect reagent (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. To silence the p38 MAPK gene, cells
were transfected with either 30 nM prevalidated Mission siRNA
directed against p38 MAPK (ID number: SASI_Hs01_00018467;
Merck Millipore) or Mission siRNA Universal Negative Control
(Merck Millipore). To silence the TP53 gene, 50 nM validated TP53
siRNA pool (sc-29435; Santa Cruz Santa Cruz Biotechnology) or its
negative control was used. The silencing efficiency of siRNA was
validated by western blotting. After 48 h of transfection, the medium
was replaced with fresh medium, and the cells were treated with
gemcitabine. To obtain exosomes, cells were washed after 24 h and
cultured for an additional 24 h. Exosomes were then purified from
the conditioned media.

Exosome isolation. Samples of conditioned medium were obtained
as described above and centrifuged at 10,000 × g for 30 min.
Exosome samples were concentrated using a Vivaspin 20
ultrafiltration unit (Sartorius, Edgewood, NJ, USA) and purified by
a MagCapture Exosome Isolation Kit PS (Fujifilm Wako Pure
Chemical Corporation, Tokyo, Japan) as previously reported (23).
The protein content of purified exosomes was analyzed by BCA
assay (Pierce Biochemical, Rockford, IL, USA) and calculated using
three different isolations in each experiment. The morphology of the
exosomes was characterized using a field emission transmission
electron microscope (JSM-7500F; JEOL Ltd., Japan), and the size
distributions were analyzed by NanoSight technology (NanoSight
LM10; Malvern Instrument, Amesbury, UK). Exosomes were
sterilized through 0.22-μm capsule filters and added to the cells at
a concentration of 40 μg/ml from 5 min to 48 h.

Cell proliferation assay. Recipient cells (0.5×105 cells/ml) were seeded
overnight in 96-well plates and cultured for 48 h after treatment with
anticancer agents or exosomes. Cell proliferation was examined using
a Cell Counting Kit WST-8 (Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. The absorbance at 450 nm
was detected by a MULTISKAN FC microtiter-plate reader (Thermo
Fisher Scientific, Vantaa, Finland). Cell viability was evaluated using
the trypan blue exclusion assay as reported (24). In all experiments, the
results were obtained from three independent procedures.
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Western blotting. Cells or exosomes were lysed in RIPA buffer
(Invitrogen, CA, USA) supplemented with complete protease inhibitor,
and the protein content was quantified using a BCA Protein Assay kit
(Invitrogen). Equivalent amounts of protein (20 μg) were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto immobilon-P polyvinylidene difluoride membranes. To
analyze cell signalling, the following primary antibodies were used (all
from Cell Signaling Technology): Rabbit polyclonal antibody against
p38 MAPK (#9212) and rabbit monoclonal antibodies against p-p38
MAPK (Thr180/Tyr182, D3F9), p-MAPK-activated protein kinase 2
(MAPKAPK2, alias MK2; Thr334, 27B7), p-AKT (Thr308, D25E6), p-
NF-ĸB p65 (Ser536, 93H1), p-ATM (Ser1981), and p-ATR (Ser428).
Exosome/cytosol markers were evaluated using mouse monoclonal
antibody against programmed cell death 6 interacting protein (PDCD6IP,
alias Alix) (clone 3A9; Cell Signaling Technology) and polyclonal
antibodies against CD63 (Santa Cruz Biotechnology) and calnexin (Cell
Signaling Technology). A mouse monoclonal TP53 antibody (clone DO-
1) which reacts with TP53-R175H was obtained from Santa Cruz
Biotechnology (25), and a mouse monoclonal antibody against β-actin
was obtained from Sigma–Aldrich (St Louis, MO, USA). Following the
reaction with horseradish peroxidase-conjugated secondary antibodies,
blot signals were observed using an enhanced ECL Western blotting
detection system (Cytiva, Uppsala, Sweden). Protein band intensity
normalized by β-actin band was quantified using image analysis
software (ImageJ, ver. 1.44; NIH, Bethesda, MD, USA).

Statistical analysis. Significant differences between two groups
were evaluated using a two-tailed Student’s t-test. Bar graphs
present the means, and error bars represent the standard deviation.
Differences with p<0.05 were considered statistically significant.

Results
Conditioned media from cells treated with genotoxic
reagents induced cell proliferation. Recipient HuCCT1 and
HuH28 cells were incubated with conditioned media from
donor cells, which were pretreated with several anticancer
agents. In all experiments, the proportion of trypan blue-
positive dead cells was 20-30% for donor cells and less than
3% for recipient cells (not shown). The results of WST
assays illustrated that the culture media from donor cells
treated with gemcitabine or cisplatin significantly increased
the proliferation of naïve recipient cells by 1.7- to 2.1-fold
versus the growth of cells grown in control medium as
indicated by the optical density at 450 nm (p<0.05).
Conditioned media from cells treated with either sorafenib
or regorafenib did not induce cell proliferation (Figure 1).

Cell proliferation in conditioned media was caused by
oxidative stress-induced p38 MAPK. When donor cells were
pretreated with the pan-caspase inhibitor Z-VAD-FMK, cell
proliferation was relatively but not significantly inhibited after
incubation with conditioned media from cells treated with
gemcitabine or cisplatin, excluding the significant difference
in HuCCT1 cell growth after incubation in conditioned
medium from cisplatin-treated cells (p<0.05). By contrast,
when donor cells were pretreated with NAC before treatment

with genotoxic agents, the effects of conditioned media from
cells treated with gemcitabine or cisplatin were significantly
reduced (without NAC vs. with NAC, HuCCT1: both p<0.01;
HuH28: p<0.05 and p<0.01, respectively; Figure 2A).

The effects of conditioned medium from cells treated with
gemcitabine on proliferation were suppressed when donor cells
were pretreated with inhibitors of MAPKs or stress kinases
before gemcitabine treatment. Among the inhibitors, the p38
MAPK inhibitor SB203580 most strongly suppressed cell
proliferation, which was comparable to that of donor cells treated
with the antioxidant NAC (without vs. with SB03580, p<0.01 for
both cell lines; Figure 2B). Western blotting demonstrated that
the phosphorylation of p38 MAPK was increased by gemcitabine
treatment to 6- to 9-fold and 12- to 16-fold of controls in
HuCCT1 and HuH28 cells, respectively (both p<0.05 vs.
control). Gemcitabine-induced phosphorylation was suppressed
by pretreatment with NAC (p<0.05 in both cell lines; Figure 2C),
indicating that p38 MAPK is activated by oxidative stress.

Genotoxic agent-induced cell proliferation is mediated by
extracellular vesicles. In this study, we investigated the
involvement of extracellular vesicles in genotoxic agent-
induced tumour cell proliferation. The results of western
blotting confirmed that exosomes purified from HuCCT1 cells
were ALIX- and CD63-positive but calnexin-negative (Figure
3A). Transmission electron micrographs revealed no significant
morphological differences between exosomes from control and
gemcitabine-treated cells (Figure 3B). Similarly, NanoSight
nanoparticle analysis demonstrated that these exosomes had
similar size distributions (mean±standard deviation: 118±1.4
vs. 129±2.4 nm, Figure 3C). The effects on cell proliferation
of conditioned medium from cells treated with gemcitabine
were significantly inhibited by pretreatment with either
GW4869 or spiroepoxide (both p<0.05; Figure 3D). In both
HuCCT1 and HuH28 cells, treatment with exosomes from
either gemcitabine-treated or cisplatin-treated cells increased
proliferation by 1.6- to 2.2-fold (Figure 3E and F).

p38 MAPK signalling is involved in exosome-mediated cell
proliferation. To investigate the functional relationship
between p38 MAPK and exosomes, donor cells were
pretreated with p38 MAPK inhibitors (SB203580 and BMS-
582949) before gemcitabine treatment. Exosomes were then
purified and added to recipient cells. In both HuCCT1 and
HuH28 cells, the effects of these exosomes on cell
proliferation were significantly inhibited by both p38 MAPK
inhibitors (all p<0.05; Figure 4A). To further evaluate the
function of p38 MAPK, exosomes were purified from p38
MAPK siRNA-transfected HuCCT1 cells. Western blot
analyses showed that p38 MAPK siRNA interference led to
a significant decrease in p38 MAPK protein expression (0.2-
to 0.3-fold; p<0.05). The WST assay illustrated that the
effects of exosomes from gemcitabine-treated cells on cell
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Figure 1. Conditioned media of TP53-mutated cells induce cell proliferation following treatment with genotoxic anticancer agents. A: WST assay of
recipient HuCCT1 and HuH28 cells. Recipient cells (0.5×105 cells/ml in 96-well culture plates) were cultured with conditioned media (CM) from control
(CONT), or gemcitabine-(GEM), cisplatin- (CIS), sorafenib- (SOR), or regorafenib (REG)-treated donor cells and allowed to grow for 48 h. Columns
represent the mean optimal density (OD) at 450 nm. Data are presented as the mean±standard deviation of independent experiments in triplicate.
Significantly different at *p<0.05 and **p<0.01 vs. CONT-CM. B: Representative images of recipient cells stained with Giemsa (bar, 300 μm).
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Figure 2. Effects of conditioned medium (CM) from gemcitabine (GEM)- or cisplatin (CIS)-treated cells on cell proliferation are mediated by
oxidative stress and p38 mitogen-activated protein kinase (MAPK) signalling. A: WST assay of recipient cells. Donor cells were treated with
genotoxic agents with or without Z-VAD-FMK (a pan-caspase-specific inhibitor) or N-acetyl-L-cysteine (NAC: a reactive oxygen species inhibitor).
Recipient cells were cultured with donor cell-derived conditioned medium for 48 h and the optical density was then measured. B: WST assay of
recipient cells. Donor cells were treated with gemcitabine for 24 h with or without chemical inhibitors of MAPK/stress kinases [LY294002 (LY);
SB203580 (SB) SP500125 (SP), U0126N (U)], or NAC. Recipient cells were cultured for 48 h in the presence of each donor cell-derived CM. C:
Western blot analyses of p38 MAPK expression. Cells were treated with gemcitabine for 2 h with or without NAC. Normalized band intensities
relative to β-actin based on fold changes relative to controls are shown. Data are presented as the mean±standard deviation of independent
experiments in triplicate. Significantly different at *p<0.05 and **p<0.01 vs. control. p-p38 MAPK: Phospho-p38 MAPK.



proliferation were significantly inhibited following p38
MAPK silencing (p<0.05; Figure 4B).

Exosomes carry phosphorylated p38 MAPK as cargo. Western
blotting of exosomes illustrated that p-p38 MAPK expression
was significantly increased by 11- to 15-fold in exosomes from
gemcitabine-treated HuCCT1 cells compared with that in
exosomes from controls (p<0.01) (Figure 5A). Brief treatment
(5 min) with exosomes from gemcitabine-treated cells resulted
in increased p38 MAPK phosphorylation in recipient cells (4-
to 5-fold), which was not inhibited by SB203580 treatment
(p>0.05; Figure 5B). Longer treatment with these exosomes (2
h) increased p38 MAPK, MAPKAPK2, AKT, and NF-ĸB
phosphorylation (ranging from 7- to 13-fold), and these
changes were significantly suppressed when donor cells were
pretreated with SB203580 (p<0.05; Figure 5C).

Gemcitabine activates p38 MAPK through a TP53-independent
pathway. We addressed whether the gain-of-function properties
of TP53 influenced the activation of p38 MAPK. Western blot
analyses showed that TP53 siRNA interference led to a
significant decrease in TP53 protein expression (0.2- to 0.3-fold;
p<0.05). The level of gemcitabine-induced p38 MAPK
phosphorylation was examined in TP53-mutated HuCCT1 cells,
and no significant difference was detected between mock
siRNA- and TP53 siRNA-transfected cells (p>0.05) (Figure 6A).
Moreover, the effects of exosomes from gemcitabine-treated
cells on proliferation were not significantly different between
mock siRNA- and TP53 siRNA-transfected cells (Figure 6B).

Gemcitabine activates p38 MAPK through oxidative stress-
induced ATM–ATR signalling. In this study, we investigated
the involvement of DNA-damage response and repair
molecules on p38 MAPK activation in TP53-mutated cells.
In both HuCCT1 and HuH28 cells, gemcitabine treatment
led to a significant increase in p-ATM and p-ATR expression
(ranging from 6- to 13-fold), and their phosphorylation was

significantly inhibited by NAC (p<0.05; Figure 7A). When
cells were treated with gemcitabine in the presence of
KU55933 or schisandrin B, p38 MAPK and MAPKAPK2
phosphorylation was effectively inhibited (p<0.05 in both
cell lines) (Figure 7B).

Discussion

Tumour cell repopulation is a well-known phenomenon that
has been reported as a major reason for tumour recurrence after
non-operative treatment (2). Clinical data and mathematical
modelling analyses suggested that the timing and speed of
tumour cell repopulation are generally rapid. Tumours can
repopulate to their original size within 2 weeks following low-
dose chemoradiotherapy or after an extended withdrawal
period after treatment (26). Such a setting may permit tumour
growth to be accelerated by cancer treatment (3, 27).

Recent studies reported that radiation-induced dying cancer
cells stimulate tumour cell proliferation mainly through caspase
3-mediated signalling (13, 28, 29), but few reports have
described chemotherapy-induced tumour cell repopulation. To
address whether tumour repopulation might be involved in the
low efficacy of gemcitabine against BDC, we performed
conditioned medium transfer experiments, which have been
reported to reflect cell–cell interactions (17-19).

In this study, we report for the first time that gemcitabine
stimulates the secretion of p38 MAPK-containing exosomes
in TP53-mutated BDC cells, and these exosomes strongly
induce cell proliferation. Given that the effects of these
exosomes were inhibited by NAC but not Z-VAD-FMK, the
cell proliferation observed in our experiments was apparently
caused by DNA damage-induced oxidative stress rather than
caspase-mediated signalling. We then examined whether the
effects of conditioned medium from gemcitabine-treated
cells on proliferation were mediated by MAPKs or stress
kinases, which are the primary signalling components
downstream of oxidative stress (30). Our data demonstrated
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Figure 3. Exosomes derived from cells treated with gemcitabine (GEM) or cisplatin (CIS) induce cell proliferation. A: Western blot analysis of
expression of programmed cell death 6 interacting protein (PDCD6IP; exosome marker), CD63 (exosome marker), and calnexin (cytosol marker)
in exosomes (EXO) and cellular lysates (CL) of HuCCT1 cells. Data are representative of three independent experiments. B: Morphology of exosomes
from gemcitabine-treated and control (CONT) cells observed under transmission electron microscopy (scale bar=200 nm). C: Nanoparticle tracking
analysis of the isolated particles. Red error bars indicate±1 standard error of the mean. Data are representative of three independent experiments.
D: WST assay of recipient HuCCT1 cells. Donor cells were treated with gemcitabine for 24 h, and conditioned medium (CM) was collected after
an additional 24-h incubation with exosome inhibitors (GW4869 or spiroepoxide). Recipient cells were cultured with donor cell-derived conditioned
medium for 48 h. E: WST assay of HuCCT1 and HuH28 cells after treatment with exosomes for 48 h. F: Representative images of exosome-treated
cells stained with Giemsa in three independent experiments (bar, 300 μm). Data are presented as the mean±standard deviation of independent
experiments in triplicate. Significantly different from controls/other treatment at *p<0.05 and **p<0.01.



that p38 MAPK was inhibited by NAC; therefore,
gemcitabine stimulated p38 MAPK signalling through DNA
damage-induced oxidative stress.

The present findings illustrated that treatment with exosomes
purified from cells treated with genotoxic agents significantly
increased cell proliferation, and these effects were blocked by
chemical inhibitors of exosome biosynthesis/secretion, p38
MAPK inhibitors, and siRNA-mediated p38 MAPK silencing,
highlighting the key role of p38 MAPK in exosome-mediated
cell proliferation. Further analysis demonstrated that short-term
treatment with exosomes in the presence of SB203580 did not
block p38 MAPK phosphorylation, indicating that p38 MAPK

signals can be transmitted from donor cells to recipient cells
via exosomes. SB203580 is a chemical agent that strongly
inhibits p38 MAPK catalytic activity without preventing its
upstream kinase-mediated phosphorylation (31). Therefore, it
is likely that p38 MAPK phosphorylation in exosome-treated
cells resulted from transmission of the phosphoprotein, rather
than the transduction of protein phosphorylation.

Exosomes contain a multitude of molecules including
proteins and nucleic acids, and they are being recognized as key
players in cell–cell communication (32). Only a few reports
have examined the role of exosomes in tumour repopulation,
and most studies were limited to observing the effect of

ANTICANCER RESEARCH 42: 745-757 (2022)

752

Figure 4. p38 Mitogen-activated protein kinase (MAPK) is required for the proliferation-simulating effects of exosomes from gemcitabine-treated
donor cells (gemcitabine-EXO). A: WST assay of exosome-treated recipient cells. Donor cells were treated with gemcitabine for 24 h with or without
p38 MAPK inhibitors (SB203580 and BMS-582949). Cells were washed and cultured for 24 h, and exosomes were purified from culture medium.
Recipient cells were then treated with exosomes for 48 h. B: Silencing of p38 MAPK in donor cells. Western blot analysis revealed that p38 MAPK
protein expression was effectively reduced in cells transfected with p38 MAPK-targeting siRNA. Donor cells transfected with control mock siRNA
or p38 MAPK siRNA were exposed to gemcitabine for 24 h, and exosomes were purified as described in the Materials and Methods. Recipient cells
were treated with exosomes for 48 h, and cell proliferation was analyzed by WST assay. Data are presented as the mean±standard deviation of
independent experiments in triplicate. Significantly different at *p<0.05 and **p<0.01. CONT: Control. 
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Figure 5. Exosomes carry phosphorylated (p) p38 mitogen-activated protein kinase (MAPK) protein as cargo. A: Western blot analysis of exosomes
from control (CONT) and gemcitabine (GEM)-treated cells. B: Western blot analysis of p38 MAPK expression in recipient cells. Recipient cells
were treated with exosomes for a short period (5 min) with or without pretreatment with SB203580 (a p38MAPK inhibitor). C: Western blot analysis
of p38 MAPK downstream molecules in recipient cells. Donor cells were treated with gemcitabine for 24 h with or without pretreatment with
SB203580. Cells were washed and cultured in fresh medium for 24 h, and then exosomes were purified. Recipient cells were treated with donor
cell-derived exosomes for 2 h. Columns present the normalized band intensities relative to β-actin bands based on fold changes relative to control
samples. Data are presented as the mean±standard deviation of three independent experiments. Significantly different at: *p<0.05 and **p<0.01.
AKT: AKT serine/threonine kinase 1; MK2: MAPK-activated protein kinase 2; NF-ĸB: nuclear factor kappa B. 



exosomal circular RNA or microRNA (19, 33). In this study, we
found that exosomes released from gemcitabine-treated cells
carried phosphorylated p38 MAPK as cargo. Exosome-
transmitted p38 MAPK might be bioactive because long-term
treatment (2 h) with these exosomes resulted in the activation
of p38 MAPK as well as its downstream signals MAPKAPK2,
AKT, and NF-ĸB (34, 35), whereas this effect was abrogated
by SB203580 treatment of exosome source cells.

Our results are intriguing because p38 MAPK signalling has
generally been reported to be involved in DNA damage-induced
cell death (36). It should be noted that several studies reported
the involvement of p38 MAPK in the proliferation in certain
cancer cells (37-39). Although the contradictory evidence for the
role of p38 MAPK remains to be resolved, recent studies
suggested that p38 MAPK might be a third effector in the
response to DNA damage in addition to ATM/checkpoint kinase
2 (CHK2) and ATR/CHK1 pathways (40). More importantly,
p38 MAPK signalling has been reported to play a critical role in
cell survival or proliferation, especially in the absence of

functional TP53 (41, 42). It has been reported that p38 MAPK
stimulates proliferative pathways in TP53-mutated breast cancer
cells through cyclic AMP-dependent transcription factor-2 and
MAPKAPK2 (42). Our data support this report by demonstrating
that MAPKAPK2 phosphorylation was significantly increased
by of exosomes from gemcitabine-treated cells in TP53-mutated
HuCCT1 cells.

In this study, we used two types of BDC cells carrying
TP53mutation. HuCCT1 cells carry a gain-of-function
mutation in TP53 (R175H), a hotspot mutation with
demonstrated oncogenic effects in many types of cancer
(20). HuH28 cells carry an inactivating mutation in TP53
(E271K), which results in loss of function because of
inactivation of the DNA-binding domain (21). To address the
involvement of gain-of-function activities of mutant TP53,
we silenced TP53 in HuCCT1 cells using siRNA, observing
no effect on p38 MAPK phosphorylation or cell
proliferation. These data indicated that mutant TP53 is not
involved in exosome-mediated cell proliferation.
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Figure 6. Gemcitabine induces p38 mitogen-activated protein kinase (MAPK) phosphorylation through a p53-independent pathway. A: Western blot
analysis of p38 MAPK expression. HuCCT1 cells were transfected with mock siRNA or TP53-targeting siRNA and exposed to gemcitabine for 2 h.
Columns present the normalized band intensities relative to β-actin bands based on fold changes relative to control samples. B: WST assay. Recipient
HuCCT1 cells were treated with exosomes purified from gemcitabine-treated (GEM-EXO) mock siRNA- or TP53 siRNA-transfected cells for 48 h.
Columns present the mean optical density at 450 nm. Data are presented as the mean±standard deviation of independent experiments in triplicate.
NS: Not significant; *Significantly different at p<0.05 vs. CONT-EXO.
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Figure 7. Gemcitabine activates p38 mitogen-activated protein kinase (MAPK) signalling through oxidative stress-induced ataxia telangiectasia
and RAD3-related (ATR)–ataxia telangiectasia mutated (ATM) signalling. A: Western blot analyses of phospho (p) ATR and p-ATM expression.
Cells were treated with gemcitabine for 2 h with or without pretreatment with the antioxidant N-acetyl-L-cysteine (NAC). B: Western blot analysis
of p38 MAPK downstream signalling molecules. Cells were treated with gemcitabine for 2 h in the presence of KU55933 (an inhibitor of ATM) or
schisandrin B (an inhibitor of ATR). Columns present the normalized band intensities relative to β-actin bands based on fold changes relative to
control samples. Data are presented as the mean±standard deviation of independent experiments in triplicate. *Significantly different at p<0.05 vs.
control/other treatment. MK2: MAPK-activated protein kinase 2.



To identify the upstream signals of p38 MAPK, we examined
the correlation between ATM and ATR, which are the main
checkpoint molecules for DNA damage. ATM and ATR
phosphorylation was significantly increased by gemcitabine in
both cell types in this study, and this effect was inhibited by
pretreatment with NAC. Phosphorylation of p38 MAPK and its
downstream molecule MAPKAPK2 was inhibited by ATM or
ATR inhibitors. Taken together, it appears that exosomal p38
MAPK is primarily involved in oxidative stress-induced ATM–
ATR signalling in a TP53-independent manner.

In conclusion, we found that gemcitabine-treated BDC cells
secrete exosomes carrying a considerable amount of
phosphorylated p38 MAPK as cargo, and these exosomes
significantly induce cell proliferation. The mechanism by which
p38 MAPK stimulates cell proliferation is unclear. As reported
in recent studies (41, 42), the TP53 status might play a key role
in determining the activities of p38 MAPK. To date, there are
no efficient therapies for preventing tumour recurrence
according to the TP53 status despite the high mutation rate of
TP53 in human cancer, including BDC. We propose that
regulating exosomal p38 MAPK might be a useful strategy for
suppressing tumour repopulation in TP53-mutated cancer. In
consideration of the diversity of p38 MAPK signalling, further
studies in experimental animal models should be conducted.
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