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ABSTRACT

Propofol is a pharmaceutical agent commonly used as an intravenous anesthetic in surgical treatments
and a sedative in intensive care. However, it is largely unknown how exposure to propofol affects the
proliferation, invasion, and apoptosis of neoplastic cells in esophageal cancer. In this study, we sought to
elucidate the impact of propofol exposure on the growth properties of human esophageal cancer cell lines
in vitro. We treated two human esophageal cancer cell lines, KYSE30 and KYSE960, with up to 10 pg/
mL of propofol for 12-36 h. The treated cells were then analyzed by cell proliferation assay, Matrigel
invasion assay, quantification of caspase-3/7 and -9 activities, and cell staining with Annexin V and
7-aminoactinomycin D to detect early apoptosis and cell death, respectively, via flow cytometry. We found
that 3-5 pg/mL propofol reduced the growth and Matrigel invasion of both cell lines in a dose-dependent
manner. Executioner caspase-3/7, but not caspase-9 involved in intrinsic apoptosis pathway, was activated
by cell exposure to 3-5 pg/mL propofol. In addition, 3-5 pg/mL propofol augmented early apoptosis in
both cell lines and increased cell death in the KYSE30 cell line. In summary, exposure to propofol, at
concentrations up to 5 ug/mL, led to the reduction of cell growth and Matrigel invasion, as well as the
augmentation of apoptosis in esophageal cancer cell lines. These data will help define a methodology to
safely utilize propofol, a common general anesthetic and sedative, with esophageal cancer patients.
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INTRODUCTION

Propofol is a lipophilic intravenous anesthetic agent commonly used in surgical operation
and intensive care owing to its rapid and controllable sedative effect.* Propofol creates diverse
impacts on cell biological functions, including positive modulation of y-aminobutyric acid A
(GABA,) receptor.® Propofol also binds to cellular and mitochondrial membranes, disrupts their
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lipid bilayer structure, and causes cellular and mitochondrial dysfunction.*® In clinical practice,
propofol is known to protect various organs including neuron, brain, and heart from ischemia-
reperfusion injury.”

Propofol has been shown to confer negative effects on the proliferation and invasion of cultured
neoplastic cells and elicit cellular apoptosis in vitro.!® A study demonstrated that proliferation
was suppressed by cell exposure to propofol in two breast cancer cell lines.!" Propofol also
attenuated cell invasion and induced caspase-3-mediated apoptosis by suppressing HOST2/JAK2/
STAT3 signaling in ovarian cancer cell lines.'

Conversely, evasion from cell death and the enhancement of proliferation in cancer cell lines
caused by propofol exposure has also been demonstrated in previous studies.>!* Exposure to
propofol promoted cell migration and invasion by upregulating the transcription repressor protein
SNAIl in two oral squamous cell carcinoma cell lines."* Propofol augmented cell growth and
invasion through the upregulation of an oxidative stress responder NRF2 in a gallbladder cancer
cell line." Collectively, reported evidence suggests that propofol likely exerts varied effects on
oncogenic properties of cancer cells, depending on cellular context or the types of cancer.

Esophageal cancer has the highest incidence rates in East Asian male populations, and is
known by its rapid progression and poor prognosis.'®!” Surgical resection is one of primary
treatments against esophageal cancer, where propofol is frequently employed for anesthesia and
post-operative sedation. However, to date, there have been rare studies documenting how propofol
affects the growth properties of esophageal cancer cells. In this study, we thus exposed two human
esophageal cancer cell lines to propofol, and examined the exposed cells for alteration in growth
properties including proliferation, invasion to Matrigel, and cellular apoptosis, in comparison to
those in non-exposed controls.

METHODS

Cell lines and culture reagents

Human esophageal cancer cell lines KYSE30 and KYSE960 were obtained from the Japanese
Collection of Research Bioresources Cell Bank (JCRB; Osaka, Japan).'™! The cell lines were
grown in Dulbecco’s modified Eagle’s medium (D-MEM; Thermo Fischer Scientific, Tokyo,
Japan) supplemented with 5% fetal bovine serum (Atlas Biologicals, Ft. Collins, CO, USA) and
1% penicillin and streptomycin (Nacalai Tesque, Kyoto, Japan), and were cultured under 5%
CO; at 37 °C in a SCA Direct Heat Incubator (ASTEC, Fukuoka, Japan).

Cell exposure to propofol

Cell lines were seeded in regular medium either in 6-well, 24-well, or 96-well tissue culture
plates, depending on assays to be performed after propofol exposure. Expected cell confluency
between 40% and 80% was confirmed via microscopy at 24 h post-seeding. The cells were
then exposed to propofol (Sigma-Aldrich, Taufkirchen, Germany) for a predetermined duration
of time in a humidified incubator. Propofol was in advance diluted with 95% (v/v) ethanol at
the concentration of 2 mg/mL, and the resulting solution was contained in culture medium at
concentrations of 0.1%-0.5% (v/v) to give final propofol concentrations between 2 pg/mL and
10 pg/mL. In all experiments, culture medium for non-exposed controls contained 0.5% (v/v)
ethanol without propofol. The duration of cell exposure to propofol in each experiment is
schematically shown in the corresponding figure. Propofol-containing media were refreshed every
12 h during the exposure periods.>* After exposure to propofol, the cells were transferred to
an incubator where they were further incubated under standard culturing conditions until they
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were examined in assays.

Cell proliferation assay

Cells were seeded in 24-well tissue culture plates (5-10 x 10* cells/well), and propofol-
containing ethanol was added to the well for predetermined periods of time. After cessation
of propofol exposure, the cells were incubated under the standard condition to allow recovery
for the time periods indicated in respective schematics. To assess cell proliferation, cells were
either dissociated with trypsin (Nacalai Tesque) and counted using a Beckman Coulter Z Series
(Beckman Coulter, Brea, CA, USA) at the end of cell incubation, or photographed and analyzed
using IncuCyte ZOOM (Essen Bioscience, Birmingham, UK) over time during cell incubation.

Matrigel invasion assay

Cell invasion assays were performed using Transwell Permeable Supports with 8.0-um diameter
pores (Corning, Oneonta, NY, USA). The Transwell inserts were coated with 200 pl/well of 300
pg/mL Matrigel Basement Membrane Matrix (Corning) and were dried in air for 2 h at room
temperature in tissue culture hood. The Matrigel in the Transwell inserts were immersed into
serum-free DMEM immediately before use.

Cells were seeded into 24-well tissue culture plates at a density of 5-10 x 10* cells/well, ex-
posed to the indicated concentrations of propofol for 24 h, dissociated with trypsin, and reseeded
in triplicate into the Transwell inserts (2.5 x 10* cells/well) prepared as mentioned above. After
24 h of incubation at 37 °C under 5% CO,, the filters were fixed using 0.5% paraformaldehyde
and stained with 0.1% crystal violet in phosphate-buffered saline (PBS). Cells that migrated
through Matrigel in four randomly selected microscopic fields were counted by two experienced
researchers using the Axio Vert. Al fluorescence microscopy (Carl Zeiss Microscopy, Oberkochen,
Germany) at a magnification of 40x, and mean cell numbers per visual field were determined.

Quantification of caspase-3/7 and caspase-9 activities

Cells were seeded into black opaque 96-well culture plates at a density of 4 x 10° cells/
well, incubated for 1 h with or without a pan-caspase inhibitor Z-VAD-FMK (20 uM; AdooQ
BioScience, Irvine, CA, USA), and exposed to propofol for 24 h. The cells were then subjected
to the quantification of caspase-3/7 and caspase-9 activities performed using Caspase-Glo 3/7 and
Caspase-Glo 9 Assay Systems (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. Chemiluminescence intensity was measured using a SpectraMax M3 plate reader
(Molecular Devices, San Jose, CA, USA).

Detection of early apoptosis and cell death

To detect early apoptosis, cells attached to 6-well tissue culture plates (1-2x 103 cells/well)
were exposed to propofol for 24 h and incubated for 6 h or 24 h after the completion of
exposure. The cells were then collected by trypsinization, washed with PBS once, and stained for
20 min with fluorescein isothiocyanate-conjugated Annexin V (Medical & Biological Laboratories,
Aichi, Japan) 25-fold diluted in Annexin-binding buffer (0.01M HEPES, 0.14M NaCl, 3mM
CaCl,, pH 7.4). Apoptotic cells were detected as Annexin-V-positive cells via fluorescence flow
cytometry.

For cell death detection, cells to be stained were prepared in the same fashion as above, except
that the cell-incubation time after propofol exposure was fixed to 24 h. The incubated cells were
stained with Annexin V for 20 min as described above and then with 7-aminoactinomycin D
(7-AAD; AAT Bioquest, Sunnyvale, CA, USA) diluted in PBS (25-fold) for 15 min. Cells positive
for 7-AAD were determined under fluorescence flow cytometry and defined as a population of
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dying cells. Positivity for Annexin V in the stained cells was not addressed in the context of
cell death detection in this study.

A Gallios Flow Cytometer (Beckman Coulter) was used for all flow cytometric analyses, and
data acquired were analyzed using Kaluza software (Beckman Coulter).

Statistical analyses

Data are reported as mean + SD, and ‘n’ represents the number of times independent assays
were performed. One-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc
test was performed to analyze data obtained in cell proliferation assay, cell invasion assay, and
Annexin V staining assay performed after 6-h post-exposure incubation. Two-sided Student’s
t-tests were applied to analyze data acquired in the assessment of caspase activities, Annexin V
staining assay performed after 24-h post-exposure incubation, and 7-AAD staining assay. IBM
SPSS Statistics version 24 (IBM, Chicago, IL, USA) was used for all statistical analyses. p-values
less than 0.05 were considered statistically significant.

RESULTS

Propofol attenuates cell growth in esophageal cancer cell lines in a dose- and time-dependent
fashion

We initially assessed the effects of ethanol and dimethyl sulfoxide (DMSO), two diluents
commonly used in cell biological assays, on the proliferation of esophageal cancer cell lines.
Two human esophageal cancer cell lines, KYSE30 and KYSE960, were treated with 0.5% (v/v)
ethanol or 0.5% (v/v) DMSO for 24 h, and cell numbers in these samples were compared with
those in non-treated controls at 48 h after the completion of the treatments. We then found a
significant attenuation of cell growth in KYSE30 cells treated with 0.5% (v/v) DMSO but not
with 0.5% (v/v) ethanol, compared with non-treated controls (Supplementary Figure la). Neither
0.5% (v/v) ethanol nor 0.5% (v/v) DMSO affected the growth of KYSE960 cells (Supplementary
Figure 1b). From these results, we hereafter chose to use ethanol as a diluent, and performed
a series of assays supplementing propofol-containing ethanol to culture medium in such a way
that the dose of ethanol does not exceed 0.5% (v/v).

To understand the impact of propofol exposure on esophageal cancer cell growth, we next
conducted proliferation assays using KYSE30 and KYSE960 cell lines that had been exposed to
2-5 pg/mL propofol in regular medium for 24 h (Figure la). Counting of the cells demonstrated
a significant dose-dependent attenuation of cell growth in propofol-exposed samples for both
cell lines (Figure 1b). We also investigated the growth-suppressive effects of 12, 24, and 36
h propofol exposure in the KYSE30 (3 pg/mL) and KYSE960 (5 pg/mL) cell lines (Figure
Ic). Cell counting performed at 72 h after the initiation of propofol exposure indicated that
the attenuation of cell growth is dependent on the duration of propofol exposure and, among
the durations that we assessed in this assay, 24 h is the minimal exposure duration required to
significantly attenuate cell proliferation in both cell lines (Figure 1d). Thus, hereafter, the duration
of cell exposure to propofol in this study was fixed to 24 h for both of the KYSE30 and KYSE
960 cell lines. We subsequently assessed the attenuation of cell growth at multiple time points
within the period of post-propofol exposure. Phase-contrast cell images were captured every 24
h throughout 3-days post-exposure incubation, and confluency in the cell cultures was determined
using an IncuCyte Zoom live cell imaging system (Figure le). The results of this assay indicated
that the suppression of cell growth upon propofol exposure becomes more apparent over time
during 3-days post-exposure incubation period in both esophageal cancer cell lines (Figure If).
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The differences in cell proliferation between propofol-exposed and non-exposed samples seemed
less remarkable in this assay than in the previous cell counting-based assays (Figure 1b and 1d);
this is presumably because these assays employ distinct strategies for measuring cell numbers.
Collectively, the above-described experimental results indicated that propofol suppresses the
proliferation of two human esophageal cancer cell lines, KYSE30 and KYSE960, in a dose- and
time-dependent fashion.
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Fig. 1 Dose- and time-dependent attenuation of cell growth in propofol-exposed human esophageal
cancer cell lines KYSE30 and KYSE960

Fig. 1a: Experimental design to address the dose effect of propofol exposure. Propofol was used at concentrations
of 2-5 pg/mL.

Fig. 1b: Cell numbers counted in the assays delineated in (a) (n = 4).

Fig. 1c: Experimental design to assess the impact of propofol-exposure time. The concentrations of propofol
applied are denoted in (d).

Fig. 1d: Cell numbers counted in the assays delineated in (c) (n = 4).

Fig. 1e: Experimental design to conduct a time-course assessment for cell growth upon propofol exposure. Images
were obtained using an IncuCyte Zoom live cell camera. The concentrations of propofol applied are
denoted in (f).

Fig. 1f: Confluency of cells determined using the IncuCyte Zoom software at the time points indicated in (e)
(n = 4).

In (b), (d), and (f), data are expressed as the mean + SD values of those acquired in multiple independent

experiments. The numbers of times experiments were repeatedly performed are shown in the legends for individual

panels. *p <0.01.
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Fig. 2 Reduced invasion into Matrigel in propofol-exposed KYSE30 and KYSE960 cells

Fig. 2a: Experimental design of the Boyden chamber-based invasion assay. Cells exposed to propofol were seeded
into Transwell inserts coated with Matrigel and allowed to migrate into Matrigel for 24 h. Then the
cells that migrated through Matrigel were imaged.

Fig. 2b: Representative images of crystal violet-stained cells that have migrated through Matrigel. Original
magnification, 40x; scale bar, 50 um. Ctrl indicates non-propofol exposure control; P, propofol.

Fig. 2c: Numbers of cells that migrated through Matrigel per microscopic visual field (mean + SD; n = 3).
*p <0.05; **p <0.01.

Propofol reduces Matrigel invasion in esophageal cancer cell lines

Invasion into extracellular matrix is a critical property for tumor cells required to achieve
distant metastasis. We therefore performed a Boyden chamber-based assay to explore whether cell
exposure to propofol affects the capacity of Matrigel invasion in esophageal cancer cell lines. The
KYSE30 and KYSE 960 esophageal cancer cell lines were exposed to different concentrations
of propofol for 24 h, spread into Matrigel-filled Boyden-chamber inserts and incubated for 24
h. Cells that penetrated through Matrigel were then stained and counted. As shown in Figure 2,
cell exposure to propofol resulted in a dose-dependent suppression of Matrigel invasion by the
KYSE30 and KYSE960 cell lines.

Propofol activates executioner caspase-3/7 in esophageal cancer cell lines

To address whether propofol induces apoptosis in esophageal cancer cell lines, we initially
examined the activity of caspases, key molecules involved in apoptosis signaling pathways, in
propofol-exposed KYSE30 and KYSE960 cell lines. Six hours after the completion of propofol
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exposure, the activities of caspase-3/7 and caspase-9 in the exposed cells were quantified and
compared with those in non-exposed controls (Figure 3a). We found that propofol exposure
upregulates the activity of apoptosis-inducing executioner caspases (caspase-3/7) by 1.37 + 0.09-
fold (p = 0.04) in KYSE30 cells and by 1.23 + 0.09-fold (p < 0.001) in KYSE960 cells. This
upregulation in caspase-3/7 activities was diminished by the supplementation of a pan-caspase
inhibitor Z-VAD-FMK to culture medium at 1 h prior to the initiation of propofol exposure
(Figure 3b). In contrast, caspase-9, a caspase playing a critical role in intrinsic apoptosis signaling
pathway, was not activated by propofol exposure in either cell lines (Figure 3c). These data
suggest that propofol triggers apoptosis in esophageal cancer cell lines but does not activate
intrinsic apoptosis signaling pathway.
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Fig. 3 Activation of executioner caspase-3/7 in propofol-exposed KYSE30 and KYSE960 cells

Fig. 3a: Experimental design. Cells collected at the indicated time point were processed for chemiluminescence-
based measurement of caspase-3/7 and -9 activities. The doses of Z-VAD-FMK and propofol applied
are denoted in panels (b) and (c).

Fig. 3b: Quantification of caspase-3/7 activities. Data for respective samples are shown relative to those for
non-exposure controls.

Fig. 3c: Quantification of caspase-9 activities. Data for respective samples are shown relative to those for non-
exposure controls.

In (b) and (c), data are expressed as the mean + SD values of those acquired in four independent experiments.
*p <0.05; **p <0.01.
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Propofol elicits early apoptosis in esophageal cancer cell lines

To confirm the induction of cellular apoptosis by propofol exposure using a distinct assay
system, we next immunostained KYSE30 and KYSE960 cells with Annexin V at 6 h after the
completion of propofol exposure (Figure 4a). Subsequent flow cytometric analyses demonstrated
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Fig. 4 Induction of early apoptosis in propofol-exposed KYSE30 and KYSE960 cells
Experimental design to analyze propofol-exposed cells after 6-h-long post-exposure incubation. Cells
collected at the indicated time point were processed for Annexin V staining. The concentrations of
propofol applied are denoted in (b) and (c).

Ratios of Annexin V-positive cells quantified by fluorescence flow cytometry (n = 4). *p <0.01.

Representative histograms. Percentages noted in the histograms represent the ratios of Annexin V-positive

cells.

Fig. 4d-f: Flow cytometric analyses of propofol-exposed cells after 24-h-long post-exposure incubation (n =
Experimental design and data are shown in the same fashion as (a)—(c).

In (b) and (e), data are expressed as the mean + SD values of those acquired in multiple independent experiments.

The numbers of times experiments were repeatedly performed are shown in the legends for individual panels. In

(c) and (f), Ctrl indicates non-exposure control; P, propofol.
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a significant, dose-dependent increase in Annexin V-positive cells upon cell exposure to propofol
in both esophageal cancer cell lines (Figure 4b and 4c). We also immunostained the cells with
Annexin V at 24 h after the completion of propofol exposure (Figure 4d). Both cell lines again
exhibited a statistically significant increase in Annexin V-positive cells upon propofol exposure
(Figure 4e and 4f). These results are consistent with elevated caspase-3/7 activity in KYSE30
and KYSE960 cells exposed to propofol, and provide further evidence that propofol promotes
cellular apoptosis in esophageal cancer cell lines.

Propofol triggers cell death in the KYSE30 cell line

7-AAD is a fluorescent dye that penetrates the nuclear membrane of cells and intercalates
into genomic DNA in cells undergoing irreversible necrosis or cell death.”® We next utilized
7-AAD to study whether propofol induces an irreversible state of late apoptosis, or cell death,
in esophageal cancer cell lines. KYSE30 and KYSE960 cells were exposed to propofol for 24
h, stained with 7-AAD at 24 h after the completion of propofol exposure, and analyzed by flow
cytometry (Figure 5a). As shown in Figures 5b and 5c, cell exposure to propofol resulted in a
notable increase (3.62 + 0.06-fold; p < 0.001) of 7-AAD positive cells in the KYSE30 cell line,
while no significant change was detected in the frequency of 7-AAD-positive KYSE960 cells.
These data collectively suggest that exposure of esophageal cancer cell lines to propofol enhances
early apoptosis as indicated by elevated Annexin V positivity, which results in an increase in cell
death as marked by elevated 7-AAD positivity at least in a subset of cell lines.
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Fig. 5 Induction of cell death in propofol-exposed KYSE30 cells
Fig. 5a: Experimental design. Cells collected at the indicated time point were processed for 7-AAD staining.
The concentrations of propofol applied are denoted in (b) and (c).
Fig. 5b: Ratios of 7-AAD-positive cells determined by fluorescence flow cytometry (mean + SD; n = 3). *p <0.01.
Fig. Sc: Representative histograms. Percentages noted in the graphs represent the ratios of 7-AAD-positive cells.
Ctr] indicates non-exposure control; P, propofol.
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DISCUSSION

In this study, we showed that exposure to propofol (3—5 pg/mL for 24 h) elicited a dose- and
time-dependent attenuation of cell growth in the human esophageal cancer cell lines KYSE30
and KYSE960. We also found that Matrigel invasion is reduced upon propofol exposure in both
of these cell lines. In addition, propofol elicited the activation of executing caspase-3/7 but not
caspase-9, a key player in the intrinsic apoptosis pathway. Lastly, propofol exposure enhanced
early apoptosis in both cell lines and accelerated cell death in the KYSE30 cell line. Although
previous studies have reported propofol-triggered growth suppression, reduced invasion, caspase
activation, and cellular apoptosis in other types of cancer cell lines,**?’ to the best of our
knowledge, this is the first report providing a detailed assessment for the impact of propofol
exposure on the growth properties of esophageal cancer cell lines. Our experimental data suggest
that cell exposure to propofol activates caspase cascade and thereby promotes cellular apoptosis,
which results in an increase in cell death at least in a subset of esophageal cancer cell lines.
It is further speculated that the observed attenuation of cell proliferation in propofol-exposed
esophageal cancer cell lines may not be entirely atributable to the genuin suppression of cell
growth; it might be attributable, at least partly, to the increased cellular apoptosis elicited by
propofol exposure.

In our experiments, propofol was found to consequences of propofol exposure in thse cell
lines is unclear; however, previous studies have documented several differences in genetic
backgrounds between the KYSE30 and KYSE960 cell lines, including the status of the 7P53
tumor suppressor gene and the HRAS oncogene (both mutated only in KYSE30 cells).?® It
is thus possible that different cellular properties, including different genetic profiles, of these
cell lines were responsible for the observed distinct survival of the cell lines after propofol
exposure. Another possible explanation may be that incubation periods longer than 24 h after
the completion of propofol exposure is required to allow the detection of propofol-induced cell
death in the KYSE960 cell line.

In our study, propofol exposure augmented cellular apoptosis as indicated by the activation of
executioner caspase-3/7 and an increase in Annexin V-positive cells. However, propofol seemed
not to significantly activate intrinsic apoptosis pathway which is initiated by the impairment of
cellular integrity, such as severe DNA damage and ischemia. It is unknown how the excutioner
caspases in esophageal cancer cell lines were activated upon propofol exposure; however, the
possibility remains that the extrinsic apoptosis pathway is activated by propofol and stimulates
caspase cascade, or the executioner caspases have an as-yet-unknown upstream signaling
pathway(s) and propofol stimulates that pathway.

Propofol has generally been used within the concentration range of 1.6-8.9 pg/mL in most
in vitro studies exploring the biological effects of propofol on cultured cells including cancer
cell lines,'*?3%31 and this study was also conducted primarily using 3—-5 ug/mL propofol. Thus,
when comparing the biological consequences of propofol exposure among multiple types of
cancer, experimental data obtained in this study should be directly comparable to those obtained
in other in vitro studies. As a caveat, however, it has been established that the vast majority of
propofol injected into a blood vessel is conjugated with erythrocytes or serum albumin, and thus
it is unclear which concentration of propofol should be used in in vitro cell biological studies
to precisely recapitulate in vivo propofol administration in clinical settings. To circumvent this
issue in addressing the pharmacological action of propofol on cancer cells, it will be beneficial
to conduct future studies employing animal models or clinical specimens derived from patients
treated with propofol. Such efforts will eventually enable us to establish a safe usage of propofol
with patients suffering from neoplastic diseases including esophageal cancer.
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SUPPLEMENTARY MATERIALS
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Supplementary Fig. 1 Proliferation of KYSE30 cells was suppressed by 0.5% (v/v) DMSO

Supplementary Fig. la:

Supplementary Fig. 1b:
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but not by 0.5% (v/v) ethanol

Experimental design to assess the effects of 0.5% (v/v) diluents (ethanol and DMSO)
on the proliferation of esophageal cancer cell lines KYSE30 and KYSE960.

Cell numbers counted in the assay delineated in
indicates dimethyl sulfoxide. *p < 0.05.

591

(a) (mean = SD; n = 5). DMSO
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