ONCOLOGY LETTERS 22: 581, 2021

Sphingosine kinases are involved in the regulation of all-trans
retinoic acid sensitivity of K562 chronic myeloid leukemia cells
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Abstract. The efficacy of all-trans retinoic acid (ATRA) for
the treatment of chronic myeloid leukemia (CML) has been
reported to be limited both as single-drug treatment or in
combination with other drugs. Our previous study demon-
strated that sphingosine 1-phosphate attenuated the effects of
ATRA on human colon cancer cells by blocking the expres-
sion of retinoic acid receptor f. The aim of the present study
was to investigate whether the ATR A-dependent prolifera-
tion inhibition of K562 cells was regulated by sphingosine
kinases (SphKs). The results of cell proliferation assay
and reverse transcription-PCR demonstrated that ATRA
may exert synergistic effects with the SphK1 inhibitor SKI
5C or the pan-SphK inhibitor SKI II to inhibit the prolif-
eration of K562 cells and upregulate the expression levels
of the ATRA-inducible enzyme cytochrome P450 26A1
(CYP26A1). Knocking down the expression of SphK1 or
SphK2 in K562 cells by small interfering RNA enhanced
the inhibitory effects of ATRA and induced the expression
of CYP26A1. Crude asterosaponins, which abrogated the
expression of SphK?2, also enhanced the effects of ATRA
on K562 cells. In conclusion, the results of the present study
demonstrated that SphKs may be involved in the regulation
of the sensitivity of CML cells to ATRA.
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Introduction

Chronic myeloid leukemia (CML) is characterized as a myelo-
proliferative disease (1). The majority of CML cases carry the
Philadelphia chromosome, which is formed by a translocation
between chromosomes 22 and 9, leading to the expression of the
breakpoint cluster region protein (BCR)-ABLI proto-oncogene
(ABL) chimeric protein (2). The BCR-ABL fusion protein acts
as a tyrosine kinase and drives the uncontrolled proliferation
of CML cells (3). Tyrosine kinase inhibitors (TKIs) targeting
the BCR-ABL protein have attracted attention as a treatment
for CML; however, studies have reported that ~25% of patients
with CML are resistant to the TKIs nilotinib and imatinib, and
TKIs fail to eradicate the CML-initiating cells (4,5). Therefore,
novel treatments for improving the therapeutic outcome of
CML are urgently required.

As a natural and physiologically active metabolite of
vitamin A, all-trans retinoic acid (ATRA) serves an important
role in cell proliferation, differentiation and organogenesis (6).
ATRA binds to and activates retinoic acid receptors (RARs).
Retinoic acid X receptor (RXR) and RAR, both comprising
three subtypes (a, B and y), form heterodimers and regulate the
transcription of certain genes such as cytochrome P450 26A1
(CYP26A1) and retinol-cellular retinol binding protein II (7).
Retinoic acid response elements (R AREs) have been identified
in the promoter region of these genes (7). The transcriptional
activity of the RAR/RXR complex has been demonstrated to
occur due to the binding of ATRA to the RAR receptor (8).
Although ATRA also regulates gene expression independently
of RARE:s, this model is considered to be a typical pathway
for retinoic acid to regulate cell differentiation, cell cycle and
apoptosis (8). In addition, other intracellular signaling path-
ways, including the MAPK, VEGF, TGF-f3, IFN-y and NF-xB
pathways, are also regulated by ATRA and its receptors (9).
Due to the important role of ATRA in cell physiology, the anti-
tumor application of retinoic acid has been considered (10-12).

ATRA has been successfully used as the main treatment
modality for patients with acute promyelocytic leukemia
(APL) (13). APL is a subtype of acute myeloid leukemia
expressing the promyelocytic leukemia-retinoic acid
receptor oo (PML-RARa) tumor protein (13,14). ATRA serves
an important role in inducing differentiation and promoting
apoptosis of APL cells (13). The PML-RARa fusion protein is
activated by pharmacological doses of ATRA, leading to cell
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cycle arrest and terminal differentiation of leukemia cells (15).
Furthermore, ATRA-induced increase of p21/wild-type
p53-activated fragment 1 gene expression levels may also lead
to cell cycle arrest at the G, phase (16). Due to its relatively
low systemic toxicity, in addition to the treatment of leukemia,
ATRA has also been studied in the therapy of cervical, lung
and breast cancer as well as neuroblastoma (11,12,17,18).
However, with the exception of APL, ATRA is has not
been demonstrated to be effective in the treatment of other
acute myeloid leukemia subtypes or CML. Identifying the
mechanism underlying the development of drug resistance
may not only contribute to the use of retinoic acid as a treat-
ment for leukemia, but also provide strategies for optimizing
single-agent or combined retinoic acid treatment regimens and
overcoming drug resistance.

Sphingosine kinase (SphK) phosphorylates sphingosine
to form sphingosine 1-phosphate (S1P) (19). Accumulating
evidence has demonstrated that the SphK/S1P pathway is
involved in several cancer processes, including cell prolif-
eration, migration and angiogenesis (20). SphK has two
subtypes, namely SphK1 and SphK2 (21). Previous studies
have reported that SphK1 overexpression may serve an
oncogenic role in several types of tumor such as leukemia
and breast cancer (22,23). In contrast to SphK1, SphK?2 is
considered to be an apoptosis inducer (24,25). The sensitivity
of tumor cells to retinoids may be regulated by the SphK/S1P
pathway (26,27). SphK1 has been demonstrated to mediate
the resistance of ovarian cancer cells to the synthetic retinoic
N-(4-hydrooxyphenyl) retinamide (26). Our previous study
demonstrated that S1P antagonized the inhibitory effects of
ATRA on the HT-29 retinoic acid-sensitive human colon cancer
cell line by blocking the expression of RAR, suggesting that
reducing the production of S1P or inhibiting the activity of
SphKs may be an effective strategy for the treatment of tumors
with retinoic acid (27). Other studies have reported that over-
expression of BCR-ABL increases the expression levels of
SphK1 in CML cells, and SphK1 improves the stability of the
BCR-ABL protein (28,29).

The inefficiency of ATRA in the treatment of CML and
the roles of SphKs in this process have not been studied in
depth to date. Therefore, the present study was designed as
a preliminary attempt to address this issue. Using the K562
human CML cell line, the present study aimed to determine
whether inhibiting the activity or expression of SphKs may
enhance the ATRA-dependent proliferation inhibition of
K562 cells.

The present study aimed to determine the relationship
between SphK1/2 and the sensitivity of K562 cells to ATRA
using a pan-SphK inhibitor, a selective inhibitor of SphK1
and RNA interference. Since SphK1 has been demonstrated
to be associated with the resistance of tumor to retinoids,
SphK?2 requires further study (26,27). Asterosaponins are a
class of steroids isolated from starfish with diverse biolog-
ical effects such as antitumor activity (30). In the present
study, total saponins of starfish extracted from Asterias
amurensis were tested to determine their ability to inhibit
the expression of SphK2. As specific SphK2 inhibitors were
not available, the total saponins were used to determine the
role of Sphk2 in modulating the sensitivity of K562 cells to
ATRA.

Materials and methods

Materials. ATRA was purchased from Sigma-Aldrich;
Merck KGaA. SKI II, a pan-SphK inhibitor, and SKI 5C, a
selective inhibitor of SphK1, were obtained from Santa Cruz
Biotechnology, Inc. The RARE-tk-Luc plasmid was kindly
provided by Professor Michael J. Spinella (Dartmouth Medical
School, Lebanon, NH, USA) (31). The pCMV-Blank vector
was purchased from the Beyotime Institute of Biotechnology.

Extraction of asterosaponins from starfish. Asterias amurensis
were collected from the sea area of Yantai (Shandong, China)
in January 2018, stored in seawater containing 3.75% (w/v)
MgCl, for 30 min and then frozen at -20°C. The frozen
starfish were subsequently crushed, and extraction was
performed with 65% (v/v) ethyl alcohol heat reflux; the extract
was concentrated under low pressure. The concentrate was
dispersed in water and extracted with petroleum ether three
times. The aqueous phase was extracted with n-butanol three
times, and the extract was concentrated under low pressure.
The precipitate was dried to obtain a light brown powder. A
small amount of the powder was examined and confirmed to
be asterosaponins by a color reaction of concentrated sulfuric
acid and hemolysis (32).

Cell line and culture. The K562 CML cell line was purchased
from The Cell Bank of Type Culture Collection of The
Chinese Academy of Sciences. The K562 cell line was
selected due to the presence of the BCR-ABL fusion protein,
which is associated with SphK1 expression (27,28). The cells
were cultured in RPMI-1640 medium (HyClone; Cytiva)
supplemented with 10% (v/v) fetal bovine serum (HyClone;
Cytiva), 100 pg/ml streptomycin, 100 U/ml penicillin and
2 mM glutamine (Sangon Biotech Co., Ltd.) at 37°C in a 5%
(v/v) CO, humidified incubator.

Small interfering (si)RNA transfection. Negative control
(siNC) and siRNAs targeting SphK1 or SphK2 were synthe-
sized by Shanghai Gene Pharma, Co., Ltd. siRNAs were
transfected into K562 cells (1x10° cells/ml) at 37°C using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at a final concentration of 20 nM and incubated for 8 h.
At 72 h post-transfection, the effects of the gene silencing were
detected by western blotting. The siRNA sequences were as
follows: SphK1 forward, 5'-GGCUGAAAUCUCCUUCAC
GTT-3" and reverse, 5'-CGUGAAGGAGAUUUCAGCCTC-3"
SphK?2 forward, 5'-GGGUAGUGCCUGAUCAAUGTT-3' and
reverse, 5'-CAUUGAUCAGGCACUACCCTC-3"; and siNC
forward, 5-UUCUCCGAACGGUCACGUTT-3' and reverse,
5'-ACGUGACACGUUCGGAGAATT-3".

Cell viability assay. K562 cells (2x10° cells per well) were
cultured in a 96-well plate. ATRA (1 M), SKIII (0.5 or 5 uM),
SKI 5C (0.5 or 5 uM) or asterosaponins (10 or 50 pg/ml) were
added and incubated for 72 h at 37°C as indicated. In order
to study the association between the expression of SphKs
and cell sensitivity to ATRA, the cells were seeded into a
96-well microplate at a density of 2x10° cells in 200 ul per
well and treated with ATRA at 48 h post-transfection with
SphK1/SphK?2 siRNA. The control group was treated with
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0.2% (v/v) DMSO. After 3 days, a Cell Counting Kit-8 (CCK-8)
assay (Beijing Solarbio Science & Technology Co., Ltd.) was
used to determine the effects of the drugs on cell viability.
Three independent experiments were conducted in triplicate.

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. RT-PCR analysis was performed to analyze
the expression levels of CYP26A1, SphK1 and SphK2
in K562 cells. K562 cells were cultured in 6-well plate
(6x10° cells/well) and were treated with ATRA (1 uM), SKI II
(0.5 or 5 uM), SKI 5C (0.5 or 5 uM) or asterosaponins (10,
50 or 100 pg/ml) for 24 h at 37°C. Subsequently, total RNA
was extracted from the cells by a Total RNA Extraction kit
(Sangon Biotech Co., Ltd.) according to the manufacturer's
instructions. For the cells transfected with siRNA, following
transfection with SphK1/SphK?2 siRNA or siNC, K562 cells
(6x10° cells/well) were treated with ATRA (1 M) for 24 h
at 37°C prior to RNA extraction. RNA was reverse-transcribed
into single-stranded cDNA using a ReverTra Ace® qPCR RT
Kit (Toyobo Life Science). For conventional PCR, the RT
product (1.5 ul) was used with the Quick Tag™ HS DyeMix
(Toyobo Life Science). The PCR primer pairs were as follows:
CYP26A1 forward, 5'-CCAAGGCAGCTCTACACTCAC-3'
and reverse, 5'-"AGATGGCCAACATGAGCACA-3'; SphK1
forward, 5'-"TCCTGGCACTGCTGCACTC-3' and reverse,
5'"TAACCATCAATTCCCCATCCAC-3"; Sphk2 forward,
5-CCAAGGCAGCTCTACACTCAC-3, and reverse, 5'-AGA
TGGCCAACATGAGCACA-3"); and p-actin (reference gene)
forward, 5'-GTCACCAACTGGGACGACA-3' and reverse,
5"TGGCCATCTCTTGCTCGAA-3". The specific fragments
amplified were as follows: 200 bp for CYP26A1, 260 bp for
Sphk1, 178 bp for Sphk2 and 459 bp for p-actin. The PCR
products were resolved on a 2% (w/v) agarose gel containing
0.1 ul/ml Gelview (BioTeke Corporation). Images of the gel
were captured under an ultraviolet transmittance instrument.
The relative light intensity was analyzed by AlphaEaseFC
software (version 6.0.0; Alpha Innotech Corporation). Three
experiments were carried out in three samples.

Luciferase reporter gene assay. Prior to transfection, K562
cells were cultured in a 6-well plate at 4x10° cells per well.
The RARE-tk-Luc vector (1.2 pg) and (-galactosidase
expression vector (80 ng) were transfected into the cells using
Lipofectamine® 2000 at 37°C for 8 h. The total amount of
DNA per well was adjusted to 1.5 ug using the pCMV-Blank
empty vector (Beyotime Institute of Biotechnology). At 24 h
post-transfection, ATRA (1 xM), SKI II (0.5 xM) and SKI 5C
(0.5 uM) were added into the medium at the indicated concentra-
tions at 37°C. After 24 h, the cells were centrifuged at 1,000 x g
for 5 min at 4°C, washed twice with RPMI-1640 medium,
resuspended in lysis buffer (BioVision, Inc.) and incubated
at 4°C for 20 min. The cell lysate was centrifuged at 10,000 x g
for 10 min at 4°C, and the luciferase activity of the supernatant
was measured using a luciferase assay kit (BioVision, Inc.). The
luciferase activity was normalized to that of 3-galactosidase.
Three experiments were performed in three samples.

Immunoblotting. K562 cells were centrifuged at 1,000 x g
for 5 min at 4°C and lysed with RIPA buffer (Beyotime
Institute of Biotechnology). The total lysates (20 ug) were then
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Figure 1. SphK inhibitors enhance the inhibitory effects of ATRA on K562
cell viability. Viable K562 cells treated with 1 M ATRA, 0.5 or 5 uM SKIII
(selective inhibitor of SphKs), or 0.5 or 5 uM SKI 5C (selective inhibitor of
SphK1) alone or in combination for 72 h were evaluated by the Cell Counting
Kit-8 assay. Data are presented as the mean + SD of three independent
replicates relative to the untreated control group. “P<0.01. ATRA, all-trans
retinoic acid; SphK, sphingosine kinase; SKI, sphingosine kinase inhibitor.

separated by 8% SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked for 10 h at 4°C
in Tris-buffered saline with 0.05% (v/v) Tween-20 solution
(Beyotime Institute of Biotechnology) containing 5% (w/v)
non-fat milk. Subsequently, the membranes were incubated with
primary antibodies against GAPDH (1:2,000; cat. no. 2118s;
Cell Signaling Technology, Inc.), Sphk1 and Sphk2 (1:1,000)
at 24°C for 1 h, followed by incubation with a goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:50;
cat. no. a0208; Beyotime Institute of Biotechnology) for 1 h at
room temperature. An enhanced chemiluminescence system
(Cytiva) was used to visualize the blots according to the manu-
facturer's protocol. The polyclonal antibodies anti-SphK2
(cat. no. sc-366378) and anti-SphK1 (cat. no. sc-48825) were
purchased from Santa Cruz Biotechnology.

Statistical analysis. SPSS version 17.0 (SPSS, Inc.) was used
for statistical analysis. Data are presented as the mean + SD of
at least three independent experiments and were analyzed by
one-way ANOVA. Multiple comparisons were performed using
the Tukey's studentized range test. P<0.05 was considered to
indicate a statistically significant difference.

Results

SphK inhibitors enhance the inhibitory effects of ATRA on
K562 cell viability. In order to investigate the effects of SphK
enzyme activity on the intracellular function of ATRA, K562
cell viability was analyzed following treatments with ATRA,
SKI IT and SKI 5C. The effects of ATRA, SKI II or SKI 5C
alone on the viability of K562 cells were first determined
(Fig. 1). ATRA (1 uM) reduced the viability of K562 cells
by 14.4%. SKI II slightly inhibited the viability of K562 cells
at0.5 and 5 yM, with inhibition rates of 19.1 and 23.5%, respec-
tively (P<0.01 vs. control). The inhibition rates of SKI 5C on
K562 cells at 0.5 and 5 uM were 24.8 and 33.3%, respectively,
compared with the control group (P<0.01).
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Figure 2. ATRA-induced CYP26A1 transcription in K562 cells is enhanced by sphingosine kinase inhibitors. (A) ATRA-induced CYP26A1 mRNA levels
were enhanced by SKI II and SKI 5C. Reverse transcription-PCR assay was performed to analyze the mRNA levels of CYP26A1. (B) SKI II and SKI 5C
increased the effects of ATRA on the activity of RARE. K562 cells were transfected with RARE-tk-Luc reporter plasmids and treated with either ATRA or a
combination of ATRA with SKI II and SKI 5C. Data were normalized to $-galactosidase activity. Data are presented as the mean + SD of three independent
replicates. “"P<0.01. ATRA, all-trans retinoic acid; CYP26A1, cytochrome P450 26A1; RARE, retinoic acid response element; SKI, sphingosine kinase

inhibitor.

When 1 uM ATRA was combined with 0.5 yuM or 5 uM
SKI II, the inhibition rate of K562 cells was 34.8 and 41.7%,
respectively (P<0.01 vs. 1 uM ATRA alone). When ATRA was
co-administered with SKI 5C, the inhibition rate of K562 cells
significantly increased (1 uM ATRA + 0.5 yuM SKI 5C, 32.1%;
1 uM ATRA + 5 uM SKI 5C, 47.5%; both P<0.01 vs. 1 uM
ATRA alone). These results suggested that the combination of
SphK inhibitors and ATRA effectively inhibited the viability
of CML cells.

SKI II and SKI 5C increase ATRA-induced CYP26A1
transcription. In promyelocytic leukemia cells, CYP26 has
been described as a retinoid-inducible gene (32). Therefore,
the CYP26AI1 expression levels were examined in K562
cells to determine the effects of SphK on ATRA activity.
As presented in Fig. 2A, K562 cells expressed low levels of
CYP26A1 mRNA, which significantly increased following
ATRA treatment. Neither SKI II nor SKI 5C affected the
expression levels of CYP26A1. When combined with SKI IT
or SKI5C, the mRNA levels of CYP26A1 induced by ATRA
were significantly higher compared with those observed in
cells treated with ATRA alone (26 and 46%, respectively;
P<0.01 vs. 1 uM ATRA). Thus, the increase in CYP26A1
transcription induced by SKI I and SKI 5C may be associ-
ated with the enhancement of ATRA-induced cytotoxicity
in K562 cells.

Luciferase reporter assay was used to test this hypothesis.
The results revealed that the luciferase activity of K562 cells
transfected with the RARE-tk-Luc reporter plasmid was
3-fold higher compared with that of the control cells following
ATRA treatment (P<0.01 vs. control; Fig. 2B). When ATRA
was combined with SphK inhibitors, the luciferase activity of
K562 cells was further increased (by 45.7% with 0.5 yuM SKI II
and by 19.8% with 0.5 pM SKI 5C; both P<0.01 vs. ATRA

alone). These results further suggested that the enzymatic
activity of SphK may affect the role of ATRA in promoting
the target gene transcription.

K562 cells are sensitive to ATRA following SphK knockdown.
In order to determine the role of SphKs in the retinoic acid
resistance of CML cells, siRNAs were used to inhibit the
expression of SphK1 or SphK?2 in K562 cells. The results
demonstrated that K562 cells expressed high protein levels of
SphK1 and SphK2 (Fig. 3A). The protein levels of SphKs in
K562 cells significantly decreased (by 56.3% for SphK1 and
by 43.6% for SphK?2; P<0.01 vs. siNC) compared with those in
the siNC group at 48 h post-transfection with the corresponding
siRNA, and remained inhibited for =72 h (data not shown).
Subsequently, the transfected K562 cells were treated with
ATRA, and the levels of CYP26A1 mRNA were analyzed.
ATRA increased the mRNA levels of CYP26A1 by 19.1%
(P<0.05 vs. siNC) in siNC-transfected K562 cells (Fig. 3B).
When cells transfected with siSphK1 or siSphK2 were treated
with ATRA, the expression levels of CYP26A1 increased (by
55.1% for siSphK2 and by 31.1% for siSphK1; P<0.01 vs. siNC),
suggesting that ATRA significantly enhanced the expression
levels of CYP26A1 following knockdown of SphKs.

The viability of the transfected cells was further
analyzed by the CCK-8 assay. As presented in Fig. 3C,
1 uM ATRA slightly inhibited the proliferation of K562
cells transfected with siNC (by 14.4%; P<0.01 vs. vehicle
control). Knockdown of SphK1 or SphK?2 exerted no notable
effects on the proliferation of K562 cells. When treated with
ATRA, cells transfected with siSphK1 exhibited a higher
rate of inhibition (19.1%) compared with the siNC group.
Knockdown SphK?2 also sensitized K562 cells to ATRA, and
the inhibition rate of K562 cells treated with 1 uM ATRA
was 24.8% (P<0.01 vs. siNC).
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Figure 3. K562 cells are sensitized to ATRA when SphK expression is knocked down. (A) SphK expression in K562 cells was downregulated by siRNA
targeting SphK1 or SphK2. Knockdown efficiency was assessed by western blotting. (B) RT-PCR analysis was performed to detect the CYP26A1 mRNA
levels in K562 cells transfected with siRNA targeting SphK1, SphK2 or siNC and subsequently treated with 1 xM ATRA. (C) The ATR A-dependent inhibitory
effect in K562 cells was enhanced when SphK1 or SphK2 was knocked down. Viable cells were evaluated by a Cell Counting Kit-8 assay and presented as a
percentage of the untreated control cells. Data are presented as the mean = SD (n=3). 'P<0.05 and “P<0.01. ATRA, all-trans retinoic acid; SphK, sphingosine

kinase; CYP26A1, cytochrome P450 26A1; RT-PCR, reverse transcription-PCR.

Asterosaponins abrogate SphK2 expression and enhance the
effects of ATRA in K562 cells. Experiments were performed
to determine the effects of starfish extracts on the activity
of SphKs, and it was observed that the expression levels
of SphK2 mRNA were downregulated by asterosaponins
(10 pg/ml, 17.1%, P<0.05; 50 pug/ml, 52.7%, P<0.01; and
100 ug/ml, 57.7%, P<0.01, respectively, vs. control), whereas
SphK1 mRNA levels were not significantly affected compared
with those in the control group (Fig. 4A). These results were
validated by western blotting (SphK2: 10 ug/ml, 15.1%,
P<0.05; and 50 pg/ml, 55.2%, P<0.01, respectively, vs. control;
Fig. 4B). Since asterosaponins were demonstrated to inhibit
the expression of SphK2, it was hypothesized that they may
enhance the inhibitory effects of ATRA on the proliferation of
K562 cells, similar to SphK inhibitors. K562 cells were treated

with ATRA and/or asterosaponins, and the cell viability was
analyzed. K562 cell proliferation was not notably inhibited by
ATRA, with an inhibition rate of 6.2% at 1 uM (P>0.05 vs.
control) (Fig. 4C). Asterosaponins inhibited the proliferation
of K562 cells (10 ug/ml, 18.1%, P<0.05; and 50 pg/ml, 39.7%,
P<0.01, respectively, vs. control). When 1 uM ATRA was used
together with asterosaponins, the viability rate of K562 cells
was further reduced (10 ug/ml, 22.4%; and 50 pg/ml, 31.7%;
both P<0.01 vs. asterosaponins alone).

The present study further investigated whether the
effects of asterosaponins on ATRA activity occurred due to
the enhanced expression of ATRA-targeted genes in cancer
cells. The results of RT-PCR analysis demonstrated that
K562 cells expressed CYP26A1 at low levels. Following
treatment with ATRA, the levels of CYP26A1 in K562 cells
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Figure 4. Asterosaponins inhibit SphK?2 expression and enhance the ATRA-induced effects in K562 cells. (A) SphK2 mRNA levels were downregulated in
K562 cells treated with asterosaponins (10, 50 or 100 pg/ml) for 24 h. SphK expression levels were determined by RT-PCR. (B) SphK2 protein expression
levels were downregulated in K562 cells treated with asterosaponins (10 or 100 pg/ml) for 24 h. SphK protein levels determined by western blot assay.
(C) Asterosaponins enhanced the ATRA-dependent inhibitory effect on the viability of K562 cells treated with ATRA (1 M) and asterosaponins (10 or
100 pg/ml), alone or in combination, for 72 h. Viable cells were evaluated by a Cell Counting Kit-8 assay and presented as a percentage of the untreated control
cells. (D) RT-PCR analysis was performed to detect the mRNA levels of CYP26A1 in K562 cells treated with ATRA (1 M) and asterosaponins (100 pg/ml)
for 24 h. Data are presented as the mean = SD (n=3). "P<0.05 and “"P<0.01. ATRA, all-trans retinoic acid; SphK, sphingosine kinase; CYP26A1, cytochrome

P450 26A1; RT-PCR, reverse transcription-PCR.

significantly increased by 61.4% compared with those in
the control group (P<0.01; Fig. 4D). The effects of 50 pg/ml
asterosaponins alone on the expression levels of CYP26A1
were not significant; however, the mRNA levels of CYP26A1
in K562 cells were significantly enhanced when the cells
were co-treated with asterosaponins and ATRA (increased
by 27.9%; P<0.01 vs. 1 uM ATRA alone). Therefore, the
increase in the transcription levels of CYP26A1 induced
by asterosaponins may be the mechanism underlying the

enhanced ATRA-induced cell proliferation inhibition in
K562 cells.

Discussion

ATRA has been successfully used in the treatment of APL,
but the effect of ATRA on CML has been unsatisfactory (8).
In the present study, SphKs were demonstrated to be involved
in the regulation of CML cell sensitivity to ATRA. SKIIT and
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SKI 5C, two types of SphK inhibitors, enhanced the inhibi-
tory effects of ATRA on the viability of K562 cells. When
the expression of SphKs was knocked down by siRNA, the
inhibitory effects of ATRA were also enhanced.

SphK1 is considered to be a potential target for drug
intervention, particularly in leukemia cells, and its intracel-
lular levels are associated with chemotherapy resistance (33).
For example, the expression levels of SphK1 can predict
the sensitivity of HL-60 acute myeloid leukemia cells to
daunorubicin (34,35). Expression of SphK1 stimulated by
BCR-ABL variant transcripts may be an important factor
in the development of leukemia and drug resistance (36). In
contrast to SphK1, SphK2 is considered to be an inducer of
apoptosis (24,25); however, the experimental results of the
present study demonstrated that SphK2 and SphK1 were
similar in certain aspects. When the enzymatic activity was
inhibited or the expression of SphK2 was downregulated, the
cytotoxicity induced by ATRA in CML cells was enhanced
compared with that induced by ATRA alone. Since no specific
SphK2 inhibitor was available, the present study used SKI II,
a pan-SphK inhibitor, and SKI 5C, a selective inhibitor of
SphK1, to inhibit the activity of SphKs. The activity and phos-
phorylation levels of SphKs under various treatments were
not detected in the present study, although phosphorylation
is considered to serve an important role in the regulation of
SphK activity (37). Despite these limitations, relevant experi-
ments were performed by siRNA interference, and the results
suggested that SphK1 and SphK2 may be involved in the
ATRA resistance of K562 cells.

Retinoic acid induces the differentiation and/or apoptosis
of tumor cells and has antioxidant properties; thus, it is consid-
ered to be a potential chemotherapeutic or chemopreventive
drug (9). In addition to the successful use of ATRA in the
treatment of patients with APL, other retinoic acids have been
used in various cancer clinical trials, such as 13-cis-RA and
bexarotene in patients with advanced non-small cell lung
cancer (38,39). Retinoic acid is involved in cell differentiation
via induction of target gene expression, such as MMP-9 and
RARp (40,41). Our previous study demonstrated that S1P
promotes the ligand-dependent degradation of RARs and
affects the transcription of RARP (26). In the present study,
the results demonstrated that treatment with ATRA induced
the transcription of the target gene CYP26A1 in CML cells,
which was also affected by SphKs. When SphK activity was
inhibited or its expression was suppressed, ATRA strongly
induced the expression levels of CYP26A1. However, the
specific mechanism of ATRA action requires further research
to be fully elucidated. Our previous and current studies
suggested that the resistance of CML cells to ATRA may be
associated with the interference with retinoic acid-induced
target gene transcription by SphKs.

The BCR-ABL fusion protein is a marker of CML that is
present in >98% of patients (42). The BCR-ABL fusion protein
interacts with a variety of signaling proteins and activates
a variety of signaling pathways through phosphorylation,
including RAS, PI3K, protein kinase B, INK, Src kinase and
their downstream targets (42). The successful development
of TKIs has improved the treatment outcomes of CML (43).
Although TKIs are considered to be safe, they are also associated
with a variety of adverse reactions, including gastrointestinal,

cardiovascular, skin and liver toxicity (43). Notably, patients
may develop resistance to TKIs (43). The BCR-ABL fusion
protein has been reported induce TKI resistance by activating
other non-receptor tyrosine kinases and their downstream
signaling pathways (44). The BCR-ABL protein induces the
expression of SphK1, which in turn improves the stability
of BCR-ABL (28,29). The interaction between SphK1 and
BCR-ABL may be implicated in the resistance of CML to
retinoic acid, as the results of the present study demonstrated
that SphK1 interferes with ATRA inhibiting cell proliferation
and inducing gene expression. Additionally, similar to SphK1,
SphK?2 may also interfere with the action of ATRA. When
the expression of SphK2 was downregulated by siRNA or
asterosaponins in the present study, K562 cells were sensitized
to the proliferation inhibition induced by ATRA, and the
transcription levels of the ATRA target gene CYP26A1 were
also enhanced compared with those in the siNC group. Thus,
although the association between the BCR-ABL fusion protein
and SphK2 is unclear, SphK2 may participate in the resistance
of CML cells to ATRA. Asterosaponins have also been
reported to have antitumor and anti-inflammatory proper-
ties (45,46). In the present study, starfish saponins were used as
a tool to illustrate that the effects of ATRA on K562 cells were
enhanced following specific inhibition of SphK?2 expression as
a supplement to the experiments of blocking SphK expression
by siRNA. To the best of our knowledge, the present study
was the first to demonstrate that asterosaponins specifically
inhibited the expression of SphK2. However, the components
of starfish extract that downregulate the expression of SphK2
must be isolated and identified, and the clinical value of the
extract requires further investigation.

The results of the present study only demonstrated that
SphKs were involved in the sensitivity of K562 cells to ATRA
by determining cell viability, whereas the differentiation and
apoptosis of K562 cells during this process were not analyzed.
Induction of target gene transcription is considered to be an
important pathway of ATRA-induced cell differentiation or
apoptosis (9). Although the present study did not use flow cytom-
etry to analyze the cell cycle and differentiation, the expression
of SphKs was demonstrated to affect the ATR A-induced gene
regulation by detecting the expression and transcriptional
activity levels of the target genes. Thus, we hypothesized that
the ATRA resistance of CML cells may be associated with the
promotion of SphK expression by the BCR-ABL fusion protein
in CML cells. Whether this phenomenon is observed in other
CML cell lines requires further investigation. The mechanism
through which SphKs affect the intracellular action of ATRA
must also be further investigated. In addition, only the RAR
agonist ATRA was assessed in the present study. It is not clear
whether other retinoic acids, particularly specific RAR and
RXR agonists, are also affected by SphKs. Therefore, further
research, including animal studies, is required to determine
the association between SphKs and CML resistance to retinoic
acid and provide suggestions for clinical treatment.

In conclusion, the results of the present study demonstrated
that SphKs were involved in the regulation of ATRA sensitivity
in the K562 CML cell line. SphKs may be involved the low
sensitivity of CML cells to ATRA. Therefore, ATRA combined
with SphK inhibitors or drugs that reduce SphK expression
levels may be an effective treatment for patients with CML.
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