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A B S T R A C T   

Harmful cyanobacterial blooms have caused numerous biosecurity incidents owing to the production of haz
ardous secondary metabolites such as microcystin. Additionally, cyanobacteria also release many other com
ponents that have not been explored. We identified compounds of a toxic mixture exudated from a dominant, 
blooming species, Microcystis aeruginosa, and found that phytosphingosine (PHS) was one of the bioactive 
components. Since PHS exhibited toxicity and is deemed a hazardous substance by the European Chemicals 
Agency, we hypothesized that PHS is a potentially toxic compound in M. aeruginosa exudates. However, the 
mechanisms of PHS ecotoxicity remain unclear. We assessed the cytotoxicity of PHS using an in vitro cell model 
in eight human cell lines and observed that the nasopharyngeal carcinoma cell line CNE2 was the most sensitive. 
We exposed CNE2 cells to 0–25 µmol/L PHS for 24 hr to explore its toxicity and mechanism. PHS exposure 
resulted in abnormal nuclear morphology, micronuclei, and DNA damage. Moreover, PHS significantly inhibited 
cell proliferation and arrested cell cycle at S phase. The results of Western blot suggested that PHS increased the 
expression of DNA damage-related proteins (ATM, p-P53 and P21) and decreased the expression of S phase- 
related proteins (CDK2, CyclinA2 and CyclinE1), indicating the toxicological mechanism of PHS on CNE2 
cells. These data provide evidence that PHS has genetic toxicity and inhibits cell proliferation by damaging DNA. 
Our study provides evidence that PHS inhibits cell proliferation by damaging DNA. While additional work is 
required, we propose that PHS been considered as a potentially toxic component in MaE in addition to other well- 
characterized secondary compounds.   

1. Introduction 

Cyanobacteria are ancient, photosynthetic bacteria (Sanchez-Bar
acaldo et al., 2022). In recent decades, they have increasingly been 
associated with Harmful Algal Blooms (cHABs) in eutrophic waters 
(Huisman et al., 2018). Blooming cyanobacteria produce a wide range of 
secondary metabolites, which when released following cell lysis are 
harmful to animals (Codd et al., 2015), including humans (Buratti et al., 
2017). Most research on these metabolites focused on toxins such as 
microcystins, anatoxin, and cylindrospermopsin (Sukharevich and Pol
yak, 2021). Cyanobacteria also continuously produce and release other 
poorly-studied secondary metabolites into the environment. Our former 

studies found that these exudates were more harmful than the afore
mentioned metabolites (Zheng et al., 2013). These exudates elicit car
diotoxic (Zi et al., 2018) and neurotoxic (Cai et al., 2022) effects in fish 
and reproductive toxicity to waterfleas (Xu et al., 2019). 

Microcystis aeruginosa (Ma) is a dominant bloom-forming species of 
cyanobacteria (Huo et al., 2021). One compound present in the exudates 
of M. aeruginosa (MaE) is phytosphingosine (PHS) (Li et al., 2022; Zhou 
et al., 2023), a natural sphingolipid found in plants, fungi, and animals 
(Velazquez et al., 2021). The concentration of PHS in MaE ranges be
tween 0.9 and 2.9 μg/L (Li et al., 2022). Sphingolipids are a class of 
cellular lipids involved in the maintenance of cell structure and medi
ation of cellular signaling (Hannun and Obeid, 2008). PHS is the 
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precursor of bioactive sphingolipids such as ceramides (Cer) (Chaurasia 
and Summers, 2015), sphingosine 1 phosphates (S1P) (Maceyka et al., 
2012), Sphingosine Kinase (SphK), and sphingosine (Sph). Cer, S1P, and 
Sph are signaling molecules serving as intracellular second messengers, 
which are intimately linked to the occurrence of diseases (Hannun and 
Obeid, 2008; Taha et al., 2006). PHS has a similar structure to Sph but 
adds a hydroxyl group to the sphingoid long-chain base at C-4 (Mashima 
et al., 2020). PHS is listed as a corrosive and environmental hazard by 
European Chemicals Agency (ECHA) because it is caustic, irritating to 
the eyes, and very toxic to aquatic life (ECHA, 2022). Mechanistically, 
PHS induced apoptotic cell death in human cancer cells by activating 
caspase-8 and translocating Bax (Park et al., 2003a, 2003b; Li et al., 
2022). PHS also caused cell death via modulating the muscarinic 
acetylcholine receptor (mAChR)-mediated signal transduction pathway 
(Lee et al., 2001). More interestingly, using a novel approach that 
combined machine learning and molecular docking, PHS was identified 
as a potential neurotoxin in MaE (Zi et al., 2022). However, the eco
toxicity of PHS, including its risk to human health, remains unclear. 

Currently, the list of environmentally hazardous compounds to 
which humans are exposed is rapidly growing (Rasheed et al., 2019). 
High-throughput experimental techniques can assist in identification of 
toxicity of MaE compounds (Krewski et al., 2020). Cytotoxicology, a 
new field of in vitro toxicology, offers a more effective and efficient 
alternative to traditional toxicological testing based on in vivo animal 
tests (Rehberger et al., 2018). Human cytotoxicology is also developing 
rapidly, with numerous various human cell lines established (Kolman, 
2003). A previous study used rat and human cell lines to assess the 
cytotoxicity of crude cyanobacterial extracts, and the findings provided 
basic data for the toxicological monitoring of cyanobacteria (Hrouzek 
et al., 2016). Cell viability and proliferation are typical indicators for 
evaluating compound toxicity and are important basic human functions 
(Adan et al., 2016; Zödl et al., 2004). Cell proliferation is accomplished 
via the process of the cell cycle (Alenzi, 2004). The process of the cell 
cycle is precisely controlled, including the G0/G1 phase, S phase (DNA 
synthesis), G2 phase, and M phase (mitosis) (Ding et al., 2020). In 
addition, many activities are involved in cell proliferation, such as DNA 
replication, related protein expression, and normal activity of cellular 
organelles. Previous studies found that 20 μM PHS inhibited the growth 
of Chinese hamster ovary cells (Lee et al., 2001), while 1 μg/ml PHS 
reduced cell growth in human malignant myeloid K562 cells (Han et al., 
2015). However, the mechanism of anti-proliferative toxicity of PHS has 
not been determined. 

In this study, we used the in vitro human cell model to explore the 
ecotoxicological effects of PHS. We evaluated cytotoxicity of PHS using 
eight types and investigated effects on DNA, chromosomes, nuclei, and 
cell cycle. We then revealed the molecular link between DNA damage 
and S phase arrest. 

2. Materials and methods 

2.1. Cell cultures and chemical preparation 

Cell lines including human non-small cell lung carcinoma H1299, 
human ovarian carcinoma SKVO3, human hepatocellular carcinoma 
HepG2 and MHCC97H, human glioblastoma multiform tumors T98G, 
human embryonic kidney (HEK)− 293 T, human umbilical vein endo
thelial (HUVEC) and CNE2 cells were supplied by the School of Chemical 
Science and Technology of Yunnan University (Kunming, China). CNE2 
cell line was certified by STR analysis. Cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, USA) supplemented with 
10% (v/v) heat-inactivated fetal bovine serum (Gibco, USA) in a hu
midified incubator at 37 ℃ in an atmosphere of 5% CO2. PHS (CAS: 
554–62–1) was purchased from Yuanye, Shanghai, China. Freshly- 
prepared PHS solution was used for each experiment. 

2.2. Cell viability assay 

Cell viability was examined by using the 3-(4,5-dimethylthiazol-2- 
yl)− 5-(3-carboxy methoxyphenyl)− 2-(4-sulfophenyl)− 2 H-tetrazo
lium (MTS) assay. Cells were seeded into 96-well plates in 100 μl me
dium and 5 × 103 cells and allowed to grow and attach for 24 hr in the 
incubator. Stable growing cells were exposed to different PHS concen
trations for 24 h. Subsequently, the medium was removed, and 100 μl 
MTS (10%) with DMEM (90%) mixed solution was added for 30–40 min 
exposure in a dark incubator at 37 ℃. The absorbance of formazan for 
each well was measured at 490 nm using a microplate reader (Epoch, 
Bio-Tek). We calculated relative cell viability as follows: (Absorbance of 
the treated wells / Absorbance of the untreated wells) × 100%. The 
calculation of the half maximal inhibitory concentration (IC50) fit curve 
was performed by GraphPad 9.0 software. 

2.3. Detection of cell proliferation 

Cell proliferation was reflected by cell number changes over time and 
the distribution of the cell cycle. CNE2 was seeded into 6-well plates 
with 1 × 105 cells/well. After 24 hr growth, cells were exposed to 
different concentrations of PHS, and living cells were counted every 12 h 
using a hemocytometer. 

The cell cycle distribution was measured by a cell-cycle detecting kit 
(Solarbio, China). CNE2 cells were treated with different concentrations 
of PHS for 24 h. 1 × 106 cells were collected per treatment, washed by 
PBS, and fixed in 70% ethanol overnight at 4 ℃. The cells were 
rewashed with PBS to remove the fixative, then 100 μl RNase solution 
was added, heated at 37 ℃ for 30 min, and stained with PI for 20 min in 
the dark. The DNA content was detected using flow cytometry and 
analyzed using ModFit LT 5.0 software. 

2.4. Detecting the effects of PHS on nuclei and chromosomes 

To investigate the effect of PHS on the CNE2 nucleus - the important 
organelle in S phase - we evaluated the damage to nuclei and 
chromosomes. 

We visualized nuclear morphology using Hoechst 33342 fluores
cence staining. CNE2 cells (2 ×104 cells/well) were seeded into 24-well 
plates and treated with different concentrations of PHS for 24 hr. Cells 
were then stained by Hoechst 33342 (Solarbio, China) solution (10 μg/ 
ml) for 20 min in the dark at room temperature. To remove the staining 
solution, we washed cells by PBS with shaking. Stained blue nuclei were 
detected by fluorescence microscopy. Normal nuclear chromatin was 
evenly distributed, while that of abnormal chromatin was aggregated 
and fragmented. The rate of the abnormal nucleus was calculated as 
abnormal nucleus cell number / total cell number. A minimum of 1000 
cells were counted per sample. 

We used the cytokinesis-blocking micronucleus (CBMN) assay to 
assess chromosomes (Fenech, 2007). CNE2 cells were seeded into 6-well 
plates and treated with PHS for 24 hr. PHS was withdrawn after the 
treatment time, and cytochalasin B was added to the culture for the next 
24 hr. Prepared cell slides were stained with Wright-Giemsa solution 
(Solarbio, China) and analyzed under the microscope. The rate of 
micronuclei (MNi) was calculated as MNi cell number / total cell 
number. A minimum of 100 cells were counted per sample. 

2.5. Detection of DNA damage 

Single-cell gel electrophoresis (SCGE), commonly known as the 
comet assay, is a sensitive method for detecting DNA breaks in single 
cells (Singh et al., 1988). We first prepared a layer of 0.5% normal 
melting agarose (NMA) to place on the slide as the initial layer of gel. We 
then collected CNE2 cells after being exposed to different PHS concen
trations for 24 hr and resuspended in PBS. As the second layer of gel, 10 
μl of cell suspension (1 ×106 cells/ml) and 75 μl of 0.7% low melting 
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agarose (LMA), mixed at 37 ℃, were put on comet slides and covered 
with coverslip at 4 ℃ for 30 min. The comet slides were then placed in 
lysing buffer at 4 ℃ for 2 hr in the dark. Slides were removed from the 
lysing buffer, immersed in alkaline solution at room temperature for 30 
min in the dark, and electrophoresed at low voltage (25 V, 300 mA) for 
30 min. After being removed from the electrophoresis tank, we washed 
slides thrice by PBS at room temperature. Slightly air-dried slides were 
stained for 20 min in the dark with propidium iodide (PI), photographed 
using fluorescence microscopy, and analyzed using CASP software, with 
50 cells analyzed per sample. DNA in the head (%), DNA in the tail (%), 
and the olive tail moment (OTM) were applied to evaluate DNA damage. 
OTM is DNA in the tail (%) × the distance from the head’s center to the 
tail’s center. The degree of DNA damage was assessed (Anderson et al., 

1994). 
We measured DNA synthesis using an EdU (5 – Ethynyl - 2′ - deox

yuridine) Apollo567 in vitro kit (Solarbio, China). CNE2 cells (2 ×104 

cells/well) were seeded in 24-well plates and treated with PHS for 24 hr. 
Cells were grown for 4 hr in DMEM medium with EdU (50 μM), then 
fixed in 4% paraformaldehyde (PFA) for 30 min at room temperature 
and permeabilizated with 0.5% TritonX-100 for 10 min. Apollo 567 (1X) 
was used to stain the cell for 30 min, and Hoechst 33342 was used to 
locate nuclei. Random fields were observed by fluorescence microscopy 
and the proportion of EdU-positive cells (%) was counted as the EdU- 
positive cell number / the total cell number. 

Fig. 1. Cell viability of eight types of human cell lines treated with different PHS concentrations for 24 h. Values are expressed as the mean ± SD. N = 3.  
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2.6. Ultrastructure of cells 

CNE2 cells were seeded into 6-well plates and incubated for 24 h, 
following which cells were treated with PHS for 24 h. Cells were then 
fixed with 2.5% glutaraldehyde. The cells then underwent postfixation 
with 1% OsO4 in 0.1 M cacodylate buffer followed by dehydration, 
cutting, and staining. Photographs were taken by transmission electron 
microscope (TEM) (Servicebio, China). 

2.7. Western blot 

We seeded CNE2 cells into 10 cm culture dishes and incubated for 24 
h. After being treated with PHS for 24 h, we harvested and lysed cells. 
We measured total protein of CNE2 cells by the bicinchoninic acid (BCA) 
protein assay. Equal amounts of lysate protein (30 μg) were loaded on 
10% SDS-polyacrylamide gels and electrophoretically transferred to 
polyvinylidene fluoride (PVDF) membranes. After blocking, the mem
branes were incubated overnight at 4 ℃ with primary antibodies (ATM, 
p-ATM, p-P53, P21, CDK2, CyclinA2, CyclinE1, GAPDH, and β-actin) 
(CST, Danvers, MA, USA). We incubated protein bands with corre
sponding secondary antibodies and then detected proteins with 
enhanced chemiluminescence detection reagents. 

2.8. Statistical analysis 

All experiments were repeated three times. Differential significance 
analysis and correlation analysis were performed by Origin 2018 soft
ware. Data were expressed as mean ± Standard Deviation (SD). One- 
way analysis of variance (ANOVA) was used to test for differences 
among all treatments. 

3. Results 

3.1. The cytotoxicity of PHS 

PHS decreased the cell viability of H1299, SKVO3, HepG2, 
MHCC97H, T98G, HUVEC, 293 T, and CNE2 cell lines in a direct dose- 
dependent manner (Fig. 1). PHS also had cytotoxicity effects on these 
human cell lines. The H1299 cell line had the highest PHS IC50 value at 
47.89 µM, while the CNE2 cell line had the lowest at 14.77 µM (Fig. 1). 
The CNE2 cell line was more sensitive to PHS than other cell lines and 
could be used to assess mechanisms of PHS cytotoxicity. 

3.2. PHS inhibits CNE2 cell proliferation 

Cell proliferation was inversely related to dose, with treated with cell 
numbers of 1.58, 1.39, 0.72, and 0.34 × 106 cells at PHS doses of 2, 4, 6, 
and 8 µM, while it was 1.61 × 106 cells in the control (Fig. 2a). PHS 
inhibited cell proliferation when the concentration of PHS increased 
from 2 μM to 8 μM. Moreover, this anti-proliferation effect was 
strengthened as the time interval was extended from 12 to 72 hr. 
Compared with the control treatment, which increased the number of 
cells by about 1.42 × 106 cells, the 8 μM PHS treatment group increased 
by only 1.5 × 105 cells (Fig. 2a). Hence, PHS inhibited the proliferation 
of CNE2 cells in a dose- and time-dependent. 

We found that compared with the control treatment, the PHS treat
ments of 10, 15, 20, and 25 μM experienced significant reductions in the 
percentage of CNE2 cells in G0/G1 phase, while those in S phase 
increased significantly (p < 0.05, Fig. 2b). For example, treatment of 
15 μM PHS resulted in the highest percentage of S phase cells (63%) 
(p < 0.0001, Fig. 2b), and the lowest percentage of G0/G1 phase (29%) 
(p < 0.0001, Fig. 2b). PHS-treated CNE2 cells arrested in S phase, 
thereby increasing their percentage representation, whereas represen
tation by G0/G1 phase cells declined. The picture of cell cycle distri
bution visually demonstrated that PHS induced debris and aggregate 
cells, while the S phase increased as well (Appendix Fig. S1). Therefore, 

PHS induced cell cycle arrest in S phase, preventing CNE2 cells from 
proliferating. 

3.3. PHS induces the abnormal nuclei and MNi of CNE2 cells 

The graphs of nuclear morphology demonstrated that CNE2 cells had 
characteristics typical of abnormal nuclei, including chromatin 
condensation and nucleus fragmentation (Appendix Fig. S2a). 
Furthermore, when compared to the control treatment, the rate of 
abnormal nuclei of CNE2 cells treated with PHS increased significantly 
in a dose-dependent manner (p < 0.01, Fig. 3a). Among them, the per
centage of abnormal nuclei treated with 25 μM PHS was the highest 
(60%), compared to the control treatment, it increased by 52% 
(p < 0.0001, Fig. 3a). 

Compared to the control group (3%), the rate of MNi increased 
significantly in a dose-dependent manner (p < 0.01, Fig. 3b,). For 
example, after treatment with 5, 10, 15, 20, and 25 μM PHS for 24 hr, 
the rate of MNi was 5%, 8%, 10%, 13%, and 14%, respectively. 
Furthermore, PHS-induced nuclear buds (NBUDs) and apoptosomes in 
CNE2 cells (Appendix Fig. S2b). The CBMN assay indicated that PHS 
caused chromosomal abnormalities in CNE2 cells. 

Fig. 2. (a) Cell proliferation of CNE2 cells treated with different PHS concen
trations at different time points. (b) The cell cycle distribution of CNE2 cells 
treated with different PHS concentrations for 24 hr. Values are expressed as the 
mean ± SD. N = 3. * p < 0.05, * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001 
vs. control. 
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3.4. PHS induces DNA damage of CNE2 cells 

DNA fragmentation produced the ‘comet tail’ phenomenon. After 
PHS treatment for 24 hr, the heads of the CNE2 nuclei were diminished, 
while the tails were lengthened (Appendix Fig. S3). By analyzing the 
content of DNA, we observed that the DNA in the comet head (%) 
decreased significantly (p < 0.0001, Fig. 4a) while that in the comet tail 
increased significantly (p < 0.0001, Fig. 4b). DNA in the tail was highest 
(42%) (p < 0.0001, Fig. 4a) in the 20 μM PHS treatment, while DNA in 
the head was lowest (58%) (p < 0.0001, Fig. 4b). The OTM value also 
increased significantly in a dose-dependent manner (p < 0.01, Fig. 4c), 
with the value highest (29%) in the 25 μM PHS treatment (p < 0.0001, 
Fig. 4c). These indicators suggest that PHS caused DNA fragmentation in 
CNE2 cells. DNA damage level was evaluated as grade II with 5, 10, and 
25 μM PHS treatments, while it increased to grade III in 15 and 20 μM 
PHS treatments (Table 1). Compared to the control treatment, the EdU- 
positive cells in the PHS-treated treatment decreased significantly in a 
dose-dependent manner (p < 0.05, Fig. 4d). PHS inhibited DNA syn
thesis in CNE2 cells, which is also a type of DNA damage caused by PHS. 

Fig. 3. (a) The rate of the abnormal nuclei of CNE2 cells treated with different 
PHS concentrations for 24 hr. (b) The rate of MNi of CNE2 cells treated with 
different PHS concentrations for 24 hr. Values are expressed as the mean ± SD. 
N = 3. * p < 0.05, * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001 vs. control. 

Fig. 4. Index of (a) DNA in tail; (b) DNA in head and (c) OTM in CNE2 cells, 
exposed to different PHS concentrations for 24 hr. (d) The rate of DNA synthesis 
of CNE2 cells treated with different PHS concentrations for 24 hr. Values are 
expressed as the mean ± SD. N-3. * p < 0.05, * * p < 0.01, * ** p < 0.001, 
* ** * p < 0.0001 vs. control. 
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3.5. PHS modulates expression of DNA damage and cell cycle-related 
proteins 

We observed that expression of p-ATM (13 and 21 -fold), p-P53 (1.5 
and 1.7 -fold), and P21 (3.1 and 3.4 -fold) increased significantly 
(p < 0.05, Fig. 5a and c) when treatment with 15 and 20 μM PHS, 
respectively. PHS activated expression of DNA damage-related proteins. 
Conversely, expression of CDK2 and CyclinE1 decreased significantly 
(p < 0.05, Fig. 5c) after treatment with 15 and 20 μM PHS, respectively. 
CyclinA2 expression was not affected after PHS treatment (p > 0.05, 

Fig. 5c). 

3.6. PHS damage ultrastructure of CNE2 cells 

Normal cells (control treatment) exhibited normal ultrastructural 
morphology of cytoplasm, cell organelles, and nuclei (Fig. 6a). With 
exposed to a low concentration of PHS (5 μM), cells incurred various 
damage including the irregular-shaped nucleus, chromatin pyknosis, 
umbilication, and unclear nuclear envelope (red arrow), swollen, frag
mented, and vacuolized mitochondria (red oval), and autophagolyso
somes (red rectangular) appeared (Fig. 6b). At a moderate concentration 
of PHS (15 μM), PHS induced autophagolysosomes, abnormal nuclei and 
MNi (yellow rectangular) in CNE2 cells (Fig. 6c). Finally, under high 
concentrations of PHS (25 μM), the nucleus of CNE2 cells dissolved, the 
nuclear membrane was broken, most organelles swelled, autophagoly
sosomes increased (Fig. 6d). 

4. Discussion 

We found that PHS had cytotoxicity in eight types of human cell lines 

Table 1 
DNA damage grades (Anderson et al., 1994).  

PHS concentrations (μM) DNA in tail (%) DNA damage grade 

Control  2.0 0 
5  26.8 II 
10  33.7 II 
15  40.5 III 
20  42.1 III 
25  36.7 II  

Fig. 5. (a) Western blot showed the expression of ATM, p-ATM, p-P53, P21, and β-actin in different PHS concentrations treated CNE2 cells. (c) Western blot showed 
the expression of CDK2, CyclinA2, CyclinE1, and GAPDH in different PHS concentrations treated CNE2 cells. (b) and (d) Quantified graphical data for protein change 
expression over control cell normalized to β-actin and GAPDH. Values are expressed as the mean ± SD. N = 3. * p < 0.05, * * p < 0.01, * ** p < 0.001 vs. control. 
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(Fig. 1). Our results parallel those that demonstrated PHS cytotoxicity to 
human T-cell lymphoma Jurkat cells (Nagahara et al., 2005), non-small 
cell lung cancer NCI-H460 cells (Park et al., 2003a), and human oral 
cells (Poulsen et al., 2015). Thus, PHS has broad-spectrum cytotoxicity 
to human cells. In vitro cytotoxicity assay results provide preliminary 
predictions of the harmful environmental effects of chemicals (Hrouzek 
et al., 2016). As a Ma exudate, PHS is potentially harmful to both aquatic 
and terrestrial life exposed to it. We found that CNE2 cells had the lowest 
IC50 value (Fig. 1), and thus was more sensitive to PHS than other cell 
lines. CNE2 cell lines are often used for toxicity testing because of its 
sensitivity, operability, and proliferation (Liang et al., 2019; Wang et al., 
2019). 

Genetic toxicity tests are a common method for assessing the toxicity 
of environmental contaminants (Umbuzeiro et al., 2017). We observed 
that PHS caused abnormalities in nuclear morphology (Fig. 3a and 
Appendix Fig. S2a) and structure (Fig. 6). Abnormal morphology of the 
nucleus is caused by nuclear membrane changes or abnormal division of 
genetic substances in the nucleus (Bian and Liu, 2014). We found that 
PHS primarily caused chromosomal aberration, including NBUD, MNi 
(Fig. 3b), and apoptosis cells (Appendix Fig. S2b). NBUDs are formed 
because of aberrant DNA amplification and repair, which occur 

frequently in the S phase (Fenech, 2007). MNi is formed when chro
mosomes break or vanish (Fenech, 2007). These indicators confirmed 
that PHS induced chromosomal damage. 

DNA damage may be the main cause of nuclei and chromosome 
abnormalities (Janssen et al., 2011). We found that PHS induced DNA 
damage (Fig. 4 and Appendix Fig. S3) and inhibited DNA synthesis 
(Fig. 4d). Previous studies revealed that PHS induced DNA fragments in 
human cancer cells (Nagahara et al., 2005; Park et al., 2003b), consis
tent with our findings. Additionally, a number of sphingolipids similar to 
PHS are involved in the DNA damage response (Carroll et al., 2015). 
Studies on the genotoxicity of cyanotoxins have focused on DNA damage 
and MNi (Palus et al., 2007). Our study corroborates that PHS damages 
the nucleus, chromosome, and DNA, and has genetic toxicity. 

We speculate that PHS induces DNA damage through the accumu
lation of intracellular ROS. We observed that PHS induced mitochondria 
damage (Fig. 6) and increased intracellular ROS levels (Appendix 
Fig. S4) in CNE2 cells. Excessive intracellular ROS can lead to DNA 
damage (Srinivas et al., 2019). Genotoxicity of MC is caused by its 
stimulation of ROS production (Svircev et al., 2010). PHS induced 
mitochondrial damage and DNA fragmentation in human T-cell lym
phoma Jurkat cells (Nagahara et al., 2005). We observed a relationship 
between the accumulation of ROS and DNA damage, and speculate that 
PHS damaged DNA by increasing intracellular ROS levels. 

We observed that PHS inhibited CNE2 cell proliferation in a time- 
and dose-dependent manner (Fig. 2a). Previous work also highlighted 
that PHS inhibits cell proliferation (Lee et al., 2001; Han et al., 2015). 
Cell proliferation inhibition is associated with abnormal progression of 
the cell cycle (Alenzi, 2004). Our result suggested that PHS arrested the 
cell cycle in S phase (Fig. 2b). The transition between the different 
phases (G1, S, G2, and M) of the cell cycle is specifically regulated by 
different CDKs and their activating cyclin subunits (Ding et al., 2020; 
Hochegger et al., 2008). The CDK2-CyclinA2 complex particularly acts 
during the priming and progression of DNA synthesis, and the 
CDK2-CyclinE1 complex promotes the G1/S transition. These com
plexes, consisting of CDK2, CyclnA2 and Cyclin E1, are necessary for cell 
cycle progression in S phase (Ding et al., 2020; Guo and Wang, 2017). 
The Ganoderma lucidum extract can arrest GBM8901 and U87 cells in the 
S phase by inhibiting the expression of CDK2 and cyclinA2 (Cheng et al., 
2020). In our study, we found that PHS inhibited the protein expression 
of CDK2 and cyclinE1 (Fig. 5c), which induced the cell cycle arrest in S 
phase on CNE2 cells. 

We suspect that PHS arrests the cell cycle in S phase via damaging 
DNA (Wang et al., 2020). We found that PHS activates proteins related 
to DNA damage, such as p-ATM, P53, and P21 (Fig. 5c). DNA damage 
activates ATM through phosphorylation (Bakkenist and Kastan, 2003), 
and the activated ATM transmits the signal to downstream proteins. 
Among the numerous downstream effector proteins of ATM, p53 is an 
important tumor suppressor protein and regulates cell cycle arrest 
(Chen, 2016). Activated ATM (p-ATM) can rapidly phosphorylate the 
ser15 site of the p53 protein (Rashid et al., 2011), and the activated p53 
(p-P53) acts as a transcription factor resulting in the expression of p21 
(Yagi et al., 2003), a negative regulator of the cell cycle and a family of 
cyclin-dependent kinase inhibitors (CDKIs). P21 arrests the cell cycle by 
inhibiting the CDKs activity and the complexes of CDK-Cyclin formation 
(Al Bitar and Gali-Muhtasib, 2019; Yagi et al., 2003). Based on our cell 
cycle results (Figs. 2b and 5c), it appears that PHS activates the 
ATM/P53/P21 pathway by damaging DNA, decreasing the expression of 
G2/M phase-related proteins CDK2 and CyclinE1, arresting the cell cycle 
in S phase and inhibiting cell proliferation. Tetra-acetyl phytosphingo
sine (TAPS), a phytosphingosine derivative, arrested the cell cycle in S 
and G2 phases on the differentiated human keratinocyte HaCaT cells, 
which is associated with the activity of P53 and P21 as well (Kim et al., 
2003). Cer-mediated apoptosis and cell cycle arrest are due to the ability 
of ceramide to trigger the DNA damage response (Ahn and Schroeder, 
2002; Birbes et al., 2002; Carroll et al., 2015). We observed that PHS 
arrested the cell cycle by damaging DNA, though we cannot exclude the 

Fig. 6. TEM images of CNE2 cells (a) untreated control, exposure to (b) 5 μM, 
(c) 15 μM, and (d) 20 μM PHS. Abbreviations: nucleus (N), mitochondria (M) 
(red oval), micronuclei (MNi) (yellow rectangle), and autophagolysosomes 
(ASS) (red rectangle). 
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occurrence of apoptosis. 
In conclusion, our study corroborates that PHS is cytotoxic and has 

harmful effects to human cancer cell lines. PHS inhibited the prolifera
tion of CNE2 cells by damaging DNA, which in turn activated the ATM/ 
P53/p21 pathway and caused the cell cycle to be arrested in S phase. 
Damage to DNA and chromosome highlight potential genetic toxicity of 
PHS, which indicated the environmental health and safety issue. We 
speculate that PHS causes DNA damage by accumulating intracellular 
ROS. While the toxicity of pure PHS was demonstrated by this study, but 
it is important to explore whether similar problems occur in nature 
during cyanobacterial blooms. 
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