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Abstract. Lipid metabolic alterations are associated with 
cancer progression. Lysine‑specific demethylase 1 (LSD1) 
plays a crucial role in cancer and has become a promising 
target for cancer therapy. However, the effect of LSD1 on lipid 
metabolism remains unclear. In the present study, we used 
a LC‑MS/MS‑based lipidomics approach to investigate the 
impact of LSD1 on cancer cell lipid metabolism using ZY0511, 
a specific LSD1 inhibitor developed by our group as a specific 
probe. ZY0511 profoundly modified the human colorectal and 

cervical cancer cell lipid metabolism. A total of 256 differential 
metabolites were identified in HeLa cells, and 218 differential 
metabolites were identified in HCT116 cells, respectively. 
Among these lipid metabolites, phosphatidylserine, phospha‑
tidylethanolamine, phosphatidylcholine and sphingomyelin 
(SM) were downregulated by ZY0511. In contrast, ceramide 
(Cer) and a small portion of glycerophospholipids such as 
phosphatidylinositol and phosphatidylethanolamine were 
upregulated by ZY0511. These results revealed a disturbance 
in sphingolipids (SPs) and glycerophospholipids, which may 
be correlated with the progression of cancer. Furthermore, a 
marked increase in Cer and prominent decrease in SM were 
consistent with the upregulated expression of key enzymes 
in the Cer synthesis process including de novo synthesis, 
hydrolysis of SM and the salvage pathway after ZY0511 
exposure. In conclusion, our research reveals a link between 
LSD1 and lipid metabolism in cancer cells, offering more 
comprehensive evidence for the application of LSD1 inhibi‑
tors for cancer therapy. The underlying mechanisms of how 
the LSD1 inhibitor regulates lipid metabolism warrant further 
investigation.

Introduction

Dysregulated epigenetic processes play a critical role in 
cancer onset and progression. In contrast to DNA mutations, 
epigenetic modifications are reversible, thus suitable for 
pharmacological interventions. Lysine‑specific demethylase 1 
(LSD1), also known as KDM1A or AOF2, specifically remove 
the methyl group from mono and demethylated histone H3 at 
lysine 4 (1) or lysine 9 (2). Overexpression of LSD1 is observed 
in many types of cancer including prostate cancer (3,4), 
ovarian cancer (5), breast cancer (6), esophageal squamous 
cancer (7), colorectal cancer (8), acute myeloid leukemia (9) 
and small cell lung cancer (10) and is associated with the poor 
survival rate of cancer patients. Machinery by which LSD1 
regulates cancer progression has been widely investigated. 
LSD1 was found to sustain the leukemogenic potential of 
MLL‑AF9 leukemia stem cells (11). LSD1 was also found to 
inhibit the expression of myeloid differentiation‑associated 
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genes that decreased the differentiation of leukemia cells, 
and LSD1 inhibition reactivated the ATRA (all‑trans‑retinoic 
acid) differentiation pathway in acute myeloid leukemia 
(AML), thus sensitizing AML cells to ATRA (9). In addition to 
leukemia, a number of studies have demonstrated the impor‑
tant role of LSD1 in solid tumors. LSD1 specifically interacts 
with the androgen receptor (2), the estrogen receptor (12) or 
large chromatin‑modifying corepressor complexes (13,14), and 
regulates prostate cancer (15). Although these studies reveal 
roles for LSD1 in solid tumors, the underlying epigenetic 
mechanism is still poorly understood.

Cancer cells undergo extensive metabolic reprogramming 
to sustain tumor growth. In addition to well‑known glycolysis 
and glutamine metabolism, lipid metabolism has attracted 
great interest in tumorigenesis. Lipids form a diverse group 
of water‑insoluble biomolecules that include triacylglycer‑
ides, glycerophospholipids, SPs, sterols and others. There is 
increasing evidence that lipids play critical roles in tumori‑
genesis and progression, especially as second messengers 
or hormones in signaling (16). Changes in lipid metabolism 
affect many cancer cell processes, including cell growth, 
proliferation, motility, autophagy (17) and apoptosis (18). 
Therefore, the study of lipid metabolism is of great signifi‑
cance to elucidate the pathogenesis of tumors and to discover 
effective therapeutic targets for tumors. Among the different 
types of lipids, SPs regulate various biological processes 
by controlling the signaling functions of cancer cell signal 
transduction network (19,20). Cer and sphingosine are two 
bioactive SPs which are produced through three main path‑
ways, including the de novo synthesis pathway, SM hydrolysis 
and the salvage pathway under cellular stress (19,21). Their 
decreases are associated with tumorigenesis and progression. 
Under the treatment of chemotherapy, radiation and oxidative 
stress, the levels of Cer and sphingosine are induced which 
then mediate cell death, senescence and cell cycle arrest (22). 
In contrast, high levels of sphingosine‑1‑phosphate (S1P), SM 
and glucosylceramide which are members of the SPs possess 
anti‑apoptotic roles (23,24). Although the above‑mentioned 
studies indicate the critical characters of SPs in cancer cells, 
lipid metabolic contributions to cancer cell epigenetic altera‑
tions are largely unknown. LSD1 is implicated in cancer cell 
metabolism and may regulate glycolytic and mitochondrial 
metabolism in hepatocellular carcinoma (HCC) cells (25) and 
esophageal cancer (26). However, few studies have investi‑
gated the impact of LSD1 in the lipidomic profiling of cancer 
cells, and the lipidome remodeling of cancer cells regulated by 
LSD1 remain largely elusive.

Lipidomics was recently developed to study the total lipid 
composition of a body. With more than 180,000 different 
molecular species, lipids form a vast class of biomolecules, 
and all of these lipids possess a unique chemical structure and 
biological activities. Recent advances in technologies such as 
spectroscopy, chromatography and most importantly in MS 
(mass spectrometry) make lipidomics a mature field such as 
genomics, transcriptomics, proteomics and metabolomics. 
Recently, the application of LC/MS‑MS (liquid chroma‑
tography‑tandem mass spectrometry) facilitates the precise 
profiling of lipid species even including those low abundance 
lipid classes (27). The analysis of lipid profiling in cancer cells 
provides an unbiased method by which to fully understand 

the mechanism of cancer inhibitors, meanwhile providing a 
benefit to lipid biomarker development.

In the present study, we performed an ultra‑performance 
liquid chromatography (UPLC) ESI‑Q‑TOF‑MS (electrospray 
ionization quadrupole time of flight mass spectrometry)‑based 
lipidomics approach to investigate the LSD1 medicated lipid 
profiling in human cancer cells. ZY0511, a novel, potent 
selective LSD1 inhibitor with a half maximal inhibitory concen‑
tration (IC50) value of 1.7 nM, which was previously developed 
by our group, was used as a specific LSD1 probe (28). Our 
research indicated that LSD1 inhibitor ZY0511 modified the 
lipidome of cancer cells especially the level of sphingolipids 
Cer and SM which indicates a critical role of LSD1 in lipid 
metabolism. These findings promote a better understanding of 
the correlation between LSD1 and lipid metabolism in cancer. 

Materials and methods

Preparation and enzyme activity detection of ZY0511. ZY0511 
[chemical name: (E)‑N'‑(2,3‑dihydro‑1H‑inden‑1‑ylidene) 
benzohydrazides] was synthesized at the State Key Laboratory 
of Biotherapy, Sichuan University (Sichuan, China) and was 
purified to >99% purity as determined by high performance 
liquid chromatography (HPLC). Its structural formula is 
shown in a previous study (28). For in vitro assays, ZY0511 
was dissolved in DMSO for which the final concentration 
was no more than 0.1% (v/v) after addition to the cells. The 
detection of enzyme activity of ZY0511 was also performed as 
described in a previous study (28).

Cell culture and reagents. HeLa (human cervical cancer 
cell line) and HCT116 (human colorectal cancer cell line) 
were purchased from the American Type Culture Collection 
(ATCC). Cells were maintained in RPMI‑1640 media or 
DMEM media (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% fetal bovine serum (FBS) (Hyclone; GE 
Healthcare), 100 U ml‑1 penicillin (Sigma‑Aldrich; Merck 
KGaA) and 100 µg ml‑1 streptomycin (Sigma‑Aldrich; Merck 
KGaA) at 37˚C in a humidified atmosphere containing 
5% CO2. All cancer cell lines were maintained according to 
ATCC recommended procedures. 

Sample preparation and extraction. HeLa and HCT116 cells 
were treated with 2 µM ZY0511 for 48 h. Sample extraction 
process was according to the Folch method (29). Briefly, 
cells were collected and washed with cold PBS, then 300 µl 
chloroform was added, followed by being vortexed for 10 sec. 
Then, 150 µl methyl alcohol was added, and the samples were 
vortexed for 15‑20 min at 4˚C. Finally, 135 µl 0.9% NaCl 
solution was added, followed by centrifugation for 1,500 x g 
for 3 min. This procedure separated the suspension into three 
phases: A water phase at the top, a denatured protein phase in 
the middle, and a lipid phase at the bottom. The lipid phase of 
each sample was collected and evaporated to dryness under a 
stream of nitrogen, and then frozen at ‑80˚C for further study. 

UPLC/Q‑TOF‑MS. Individual MS was run for ‘each’ cell 
homogenate in the study. Each experiment was repeated 6 times 
independently and the samples were not pooled. The dried 
lipid samples were reconstituted with acetonitrile:isopropanol 
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(7:3, v/v) solution (300 µl per mg of lipids), followed by 
ultrasonicated and centrifuged at 14,000 x g for 10 min. The 
100 µl supernatant was transferred to insert pipes (Agilent 
Technologies, Inc.), and then separated by an ACQUITY 
UPLC (Waters Ltd.) and analyzed by ESI‑Q‑TOF‑MS (Waters 
Ltd.). The injection volume was 3 µl, and the column which 
was used for separation was ACQUITY UPLC HSS T3 column 
(1.8 µm, 2.1x100 mm; Waters Ltd.) and the work temperature 
was 55˚C. The mobile phase A was acetonitrile:water (4:6, v/v) 
with 5 mM ammonium acetate added. The mobile phase B 
was isopropanol:water (9:1, v/v) with 5 mM ammonium acetate 
added. The flow rate of the mobile phase was 0.4 ml/min. 
A linear gradient was used as follows: 40‑70% B at 0‑3 min, 
70‑95% B at 3‑14 min, 95% B at 14‑15.5 min. The column was 
equilibrated for 3.5 min before injection, giving a total run 
time of 20 min.

At the end of the ultra‑high liquid phase separation, the MS 
was operated in the positive and negative ionization modes, 
respectively. The capillary voltage was 2.5 kV and the sample 
cone voltage was 30 V in positive ionization modes. The 
capillary voltage was 2.5 kV and the sample cone voltage was 
‑25 V in negative ionization modes. The source temperature 
was 120˚C, the desolation gas flow was 800 liters/h, and the 
cone gas flow was 20 liters/h. The mass of 50‑1,200 (m/z) 
was acquisition under altering full scan and all ion fragmen‑
tation scan mode. A lock spray was required for analyses to 
ensure accuracy. Under the positive ion mode, the accurate 
[M + H]+ was 556.2771, while the negative ion mode, the accu‑
rate [M + H]‑ was 554.2615. The data were collected in the 
continuous mode using MassLynx (version 1.0; Waters Ltd.).

Data processing. The original data collected from MS were 
imported with Progenesis QI software (version 2.0; Waters) to 
align, match and correct peaks. Then peaks were picked and 
lipids metabolites were identified by referring to the Human 
Metabolome Database (www.hmdb.ca) and the Lipid Maps 
Database (www.lipidmaps.org). The score of mass error, 
fragment and isotope similarity help identify the lipids in the 
Progenesis QI software. Then data sheets from the Progenesis 
QI software were obtained and absolute intensities of all iden‑
tified compounds were recalculated to the relative abundances 
of the lipid molecules. After that, the data were exported to 
EZinfo software (version 2.0; Umetrics), and data analysis was 
performed to obtain group clusters such as unsupervised prin‑
cipal components analysis (PCA) and supervised orthogonal 
partial least squares discriminant analysis (OPLS‑DA). The 
variable importance (VIP >1) was obtained from EZinfo soft‑
ware and P<0.05 (Student's t‑test) of each identified metabolite 
was obtained from Progenesis QI to estimate the significance of 
the changes in the metabolites between the control and treated 
group. Volcano plot and pathway analysis were performed by 
MetaboAnalyst (http://www.metaboanalyst.ca) which is an 
online metabolomic analysis software. 

Real‑time quantitative PCR. RNA was extracted using 
Total Miniprep kit (Axygen). cDNA was synthesized using 
SuperScript IV Reverse Transcriptase (Thermo Fisher 
Scientific, Inc.). The amount of cDNA was then quantified 
by the Bio‑Rad CFX Real‑Time PCR detection system using 
SYBR Green SuperMix (Bio‑Rad, Inc.) and the primer 

sequences are listed in Table I. All samples were tested in 
triplicate and expression levels were normalized to β‑actin 
mRNA. The reaction process was as follows: Initial dena‑
turation: 95˚C, 30 sec; denaturation: 95˚C, 5 sec; annealing 
and elongation: 60˚C, 20 sec; cycles: 40. The expression was 
calculated with the comparative method (2‑ΔΔCq) (30).

Gene correlation analysis. UCSC Xena (http://xena.ucsc.edu/) 
is an open database which is used to explore and download The 
Cancer Genome Atlas (TCGA datasets) (31). The gene expres‑
sion RNAseq data (IlluminaHiSeq) of all cervical squamous 
cell carcinoma and endocervical adenocarcinoma (CESC) and 
colon adenocarcinoma (COAD) clinical samples collected 
by TCGA were downloaded from UCSC Xena. Then gene 
correlation analysis including Pearson analysis and statistical 
analysis of all clinical samples was carried out by GraphPad 
Prism 8.0.1 (GraphPad Software, Inc.). 

Statistical analysis. All data are represented as means ± SD 
as indicated in the figure legends. Comparisons between two 
groups such as the control group and the treated group were 
analyzed using unpaired, two tailed t‑test. P‑value <0.05 was 
considered indicative of statistical significance. The Pearson's 
correlation test was used to investigate the correlation between 
gene expression. GraphPad Prism 8.0.1 was used for statistical 
analysis.

Results

Orthogonal projections to latent structures discriminant 
analysis (OPLS‑DA) model. We previously found that ZY0511 
possessed strong LSD1 inhibition activity, and markedly 
inhibited human cancer cell growth (28,32). In previous 
research, we explored the anti‑proliferative activity of ZY0511 
for long‑term treatment such as 72 and 96 h and the growth 
of cancer cells was inhibited. Thus, we collected the lipids of 
cancer cells for the 48 h treatment and ZY0511 was used as 
a specific probe to explore the role of LSD1 in cancer lipid 
metabolism. The OPLS‑DA model was performed to analyze 
the metabolite differences after ZY0511 treatment. The results 
showed a clear differentiation between the control groups and 
the ZY0511‑treated groups in the two cell lines (Fig. 1). Both 
the Q2 and R2 values of the two cell line models were >0.5 
in the positive and negative ion modes [(A) HeLa pos and 
(B) HeLa neg; (D) HCT116 pos and (E) HCT116 neg] which 
indicated the good prediction abilities of these two models. 

Meanwhile, the original data were transported to online 
MetaboAnalyst software to obtain volcano spots of these two 
cell line models. As shown in Fig. 1C and F, important features 
were selected by volcano spots with fold change >2 and P<0.05 
(the dotted lines in Fig. 1C and F represent the thresholds). All 
of these results indicate that the ZY0511 treatment significantly 
modified the lipid profile in these cancer cell lines.

ZY0511 treatment modifies the lipidome of cancer cells. 
Lipidomic profiles in the HeLa and HCT116 cells were signifi‑
cantly altered by ZY0511 treatment for 48 h. The distinguished 
lipid metabolites in these two cell line models, which satis‑
fied VIP >1 and P<0.05, are summarized by class (Figs. 2‑4). 
The top metabolites with a fold‑change in the cancer cells are 
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shown in Tables II and III. As glycerophospholipids (GLs) and 
SPs are the main types of lipids in cells and are correlated 

with many biological processes, we primarily focused on the 
change in these two types of lipid metabolites.

Table I. Primer sequences of qPCR.

Name Forward Reverse

SPTLC1 CAGTGCTATTCCTGCTTACTCT TTCTTTTAGTAGTCGCTCGAGG
SPTLC3 CGTGGATTATTTACGGGTTCAC CAGAGGAACAACAGAAGCATTC
CERS2 GGAGTCAGCCAAGATGTTTAAC CCAGTCGGGTGATGATAAAAAC
CERS4 CAGTTTCAACGAGTGGTTTTGG CAGGCCAATGAATCTCTCAAAG
CERS5 CTTCGAGCGATTTATTGCCAAA CTCCAGCCTTTTCTTATCAGGA 
CERS6 AAGACGCAATCAGGAGAAGCCAAG AGCAATGCCTCGTATTCCACAACC
DEGS1 GGAGCTGATGGCGTCGATGTAG AAGTGACCTGTGCCACGGTATTG
DEGS2 CAGCCCTTCTTCTACTCACTAC ATAGTAGGAGTAGGTCTCGTGG
SGPL1 CGTGATTTTGACATCTACCGAC TGGTCTTCGCTTTAGGATTCTT
SGPP1 CTGGTGTTCTCTAGTTTGCCTA GTGAGTTTGGTTGAAGTTGTCA
SMPD1 ATCTGGAAGGCAAAGGTGTG CAGAGGCAGAGCAGAGGAAC
SMPD2 CAAGGTGAGGACTTGCCTGT ACCATTGTGTTGCCTTCCTC
SMPD3 AGTCACCCAAGCCACATTTC GCAGCAACTGTCCAACAGAA
SMPD4 TTCGCTTGAGTCTGGGAGTT CCCAACTAGCGGGAACTACA
ENPP7 CTCAGGATATGCAGCGAACA CTTCTTTGCCATCACAAGCA
β‑actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

SPTL, serine palmitoyltransferase; CERS, ceramide synthase; DEGS, dihydroceramide desaturases; SGPP1, sphingosine‑1‑phosphate 
phosphatase 1; SGPL1, sphingosine‑1‑phosphate lyase 1; SMPD, sphingomyelin phosphodiesterase; ENPP7, ectonucleotide pyrophospha‑
tase/phosphodiesterase family member 7. 

Figure 1. Metabolite profile difference between the control and ZY0511‑treated group. (A and B) Metabolite profile difference in the HeLa cell line treated 
with ZY0511 in positive (pos) (A) and negative (neg) (B) ion modes. (C) Important features selected by a volcano plot with fold‑change threshold >2 and t‑test 
threshold <0.05 in the HeLa model; the further its position away from the point (0,0), the more significant is the feature. (D and E) Metabolite profile difference 
in the HCT116 cell line treated with ZY0511 in positive (pos) (D) and negative (neg) (E) ion modes. (F) Important features selected by a volcano plot with 
fold‑change threshold >2 and t‑test threshold <0.05 in the HCT116 model; the further its position away from the point (0,0), the more significant is the feature.
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Figure 3. Comparative GL profile expressing in the HCT116 model. Heatmap display of unsupervised hierarchical clustering of altered lipids in GLs including 
(A) PS, (B) PC, (C) PG and (D) PE (control group: n=5; treated group: n=6). Data are normalized by the mean value of each group. VIP >1 and P<0.05 are 
required for all displayed features. Statistical analysis for individual lipid species data based on the unpaired two‑tailed Student t‑test. GL, glycerophospho‑
lipid; PS, phosphatidylserine; PC, phosphatidylcholine; PG, phosphatidylglycerol; PE, phosphatidylethanolamine.

Figure 2. Comparative GL profile expression in the HeLa model. Heatmap display of unsupervised hierarchical clustering of altered lipids in GLs including 
(A) PS, (B) PC, (C) PE, (D) PI, (E) PG and (F) PA (n=6). Data are normalized by the mean value of each group. VIP >1 and P<0.05 are required for all displayed 
features. Statistical analysis for individual lipid species data is based on the unpaired two‑tailed Student t‑test. GL, glycerophospholipid; PS, phosphatidyl‑
serine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PG, phosphatidylglycerol; PA, phosphatidic acid.
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Compared with the control group, ZY0511 treatment 
resulted in marked alterations of GLs and SPs. In HeLa cells, 
most of the GLs were decreased after ZY0511 treatment 
(Fig. 2A‑C) including phosphatidylserine (PS), phospha‑
tidylcholine (PC) and phosphatidylethanolamine (PE). PS 
upregulation in cancer cells can inhibit the immune response 
and promote tumorigenesis (33), which suggest PS downregu‑
lation could benefit tumor inhibition. In addition, the altered 
levels of phosphatidylinositol (PI), phosphatidic acid (PA) and 
phosphatidylglycerol (PG) were undetermined (Fig. 2D‑F). 
The levels of long‑chain PIs such as PI (16:0/22:3) and PI 
(18:0/20:4) were increased by ZY0511, while the levels of 
short‑chain PIs such as PI (18:0/18:2) and PI (14:0/22:1) were 
decreased (Fig. 2D). In addition, the expression of PA and PG 
changed randomly independent of the length of chains and 
saturability of the lipids. In the HCT116 models, we found that 
most of the PSs (Fig. 3A), PGs (Fig. 3C) and PEs (Fig. 3D) 
were decreased by ZY0511 treatment, only a few of the PCs 
such as PC (16:1/20:3), PC (18:0/18:1) and PC (18:0/24:4) were 
increased by ZY0511 treatment (Fig. 3B). Inhibition of PC 
phospholipase activity was found to decrease ovarian cancer 
cell proliferation (34), which suggest that the increase of PC 
expression is closely related to the occurrence of tumors. As 
cancer cells are highly proliferating and need plenty of GLs for 
its membrane production, the decrease in GLs after ZY0511 
treatment may be an important reason for the anti‑proliferative 
effect of ZY0511 against cancer cells (35). 

ZY0511 treatment resulted in marked alterations in SP 
metabolism. A significant increase in anti‑survival metabo‑
lites Cer and marked decrease in pro‑survival metabolites 
glucosylceramide (GluCer) and lactosylceramide (LacCer) 

were observed in the two cell lines after ZY0511 treatment 
(Fig. 4A and C). The cellular level of SM was decreased by 
ZY0511 (Fig. 4B and D). These results suggested that the 
Cer synthesis in the cancer cells was activated following 
ZY0511 treatment. The hydrolysis from SM to Cer may also 
be promoted by ZY0511 exposure. A high level of Cer was 
found to lead to an obvious increase in apoptosis in cancer 
such as in leukemic (36) and HeLa cells (37). The roles of Cer 
biogenesis were later revealed which are required for BAX 
integration in HeLa cells (37). LSD1 plays an important role 
in the process of apoptosis (9), the association between LSD1 
and apoptosis may be due to the induction of Cer in cells after 
LSD1 inhibition.

In conclusion, cellular lipid metabolism was obviously 
dysregulated by ZY0511. Most of the GLs including PC, PS 
and PE were downregulated in the two cell line models. More 
importantly, the levels of bioactive metabolites of SP metabo‑
lism such as Cer and SM were influenced to a great degree 
which may be a possible anticancer mechanism of ZY0511.

The lipid metabolism especially SP metabolism is significantly 
modified by ZY0511. Next, we explored which pathway was 
markedly modified by the treatment of ZY0511. We performed 
pathway enrichment analysis in MetaboAnalyst. The results 
showed the lipid metabolism pathways which were altered by 
ZY0511 including SP metabolism, GL metabolism, arachi‑
donic acid metabolism and others. Among these pathways, 
SP metabolism was the most dysregulated pathway under 
the inhibition of LSD1 by ZY0511 in both cell line models 
(Fig. 5A and B). In HeLa cells, four metabolites including 
LacCer (d18:1/24:1(15Z)), Cer (d18:0/24:1), GluCer (d18:1/16:0) 

Figure 4. Comparative SP profile expression in the HeLa and HCT116 models. Heatmap display of unsupervised hierarchical clustering of altered lipids in 
SPs including (A) Cer, CerP, GluCer and LacCer in the HeLa model (n=6), (B) SM in the HeLa model (n=6), (C) Cer, CerP, GluCer and LacCer in the HCT116 
model (control group: n=5; treated group: n=6), and (D) SM in the HCT116 model (control group: n=5; treated group: n=6). Data are normalized by the mean 
value of each group. VIP >1 and P<0.05 are required for all displayed features. Statistical analysis for individual lipid species data are based on the unpaired 
two‑tailed Student t‑test. SP, sphingolipid; Cer, ceramide; CerP, ceramide phosphate; GluCer, glucosylceramide; LacCer, lactosylceramide; SM, sphingomyelin.
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Table II. The top metabolites with fold‑change in the HeLa cell model following ZY0511 treatment.

     Isotope  Retention log2
Compound ID Compound P‑value Log10p Score similarity m/z time (min) (FC)

HMDB02421 7‑Sulfocholic acid 1.64E‑15 14.79 55.60 87.14 487.24 3.88 17.11
LMFA08020108 N‑oleoyl threonine 2.72E‑06 5.57 39.80 77.53 767.62 8.45 11.78
LMGP04050033 PG(17:0/0:0) 2.18E‑06 5.66 41.10 91.83 543.29 2.27 7.03
HMDB11767 Cer(d18:0/23:0) 6.56E‑04 3.18 40.10 64.14 682.63 7.97 5.72
HMDB04957 Cer (d18:1/25:0) 9.29E‑03 2.03 43.90 88.51 708.65 7.96 5.52
LMGL02010311 DG(16:0/0:0/16:0) (d5) 1.42E‑09 8.85 38.90 95.94 591.57 12.76 5.12
HMDB11146 DG(16:0e/18:0/0:0) 7.94E‑08 7.10 42.40 95.25 605.55 12.02 4.94
LMGP10020071 PA(O‑20:0/22:0) 4.88E‑08 7.31 36.50 82.39 773.65 7.20 4.86
HMDB07166 DG(18:0/20:1(11Z)/0:0) 7.14E‑08 7.15 52.80 95.97 633.58 12.51 4.80
LMGP04050008 PG(16:0/0:0) 1.34E‑02 1.87 46.70 93.26 507.27 2.08 4.74
LMFA08020128 N‑oleoyl glutamine 5.33E‑05 4.27 41.90 97.97 409.31 4.49 4.47
LMGL03011253 TG(18:0/20:3(8Z,11Z,14Z)/ 5.08E‑09 8.29 36.10 72.93 977.85 12.12 4.30
 21:0)[iso6]       
HMDB11636 Salicyl CoA 1.06E‑02 1.97 35.90 85.83 903.20 11.55 4.15
LMGP10010598 PA(20:3(8Z,11Z,14Z)/18:0) 4.13E‑02 1.38 37.20 88.84 771.51 4.12 4.13
HMDB07156 DG(18:0/16:0/0:0) 2.57E‑08 7.59 40.60 99.36 619.53 7.07 4.11
HMDB07187 DG(18:1(11Z)/18:0/0:0) 2.01E‑08 7.70 43.10 97.28 605.55 12.02 4.02
LMFA01020381 17:4(2E,4E,9E,11E) 4.50E‑02 1.35 58.60 99.76 303.23 2.34 3.96
 (8Me[R],10Me,15Me[R])       
HMDB44730 TG(18:0/16:0/20:1(11Z)) 5.20E‑08 7.28 49.70 96.38 906.85 12.49 3.88
HMDB11769 Cer(d18:0/24:1(15Z)) 5.09E‑11 10.29 40.00 95.73 650.65 7.43 3.79
HMDB43920 TG(16:0/18:0/18:1(11Z)) 1.09E‑07 6.96 53.40 96.63 878.82 11.99 3.66
HMDB44569 TG(16:0/20:5(5Z,8Z,11Z, 2.59E‑07 6.59 41.30 90.86 980.86 11.92 3.55
 14Z,17Z)/24:1(15Z))       
HMDB07098 DG(16:0/16:0/0:0) 9.62E‑10 9.02 46.10 98.60 551.50 11.45 3.55
HMDB56138 DG(14:1n5/0:0/20:1n9) 5.88E‑08 7.23 38.30 91.85 575.50 4.65 3.52
HMDB07129 DG(16:1(9Z)/18:0/0:0) 3.94E‑08 7.40 38.80 96.57 617.51 6.41 3.51
LMGP10010881 PA(18:1(9Z)/16:1(9Z)) 5.33E‑08 7.27 33.90 65.36 671.46 5.09 ‑3.22
LMGP02010655 PE(18:2(9Z,12Z)/14:0) 2.00E‑05 4.70 36.70 87.20 686.47 4.49 ‑3.25
HMDB12097 SM(d18:1/14:0) 6.71E‑09 8.17 54.30 93.88 675.54 3.93 ‑3.29
HMDB08834 PE(14:0/20:1(11Z)) 2.01E‑05 4.70 39.50 90.78 700.53 5.03 ‑3.39
HMDB60423 7,8‑Dihydro‑7‑hydroxy‑ 3.97E‑02 1.40 30.50 58.63 1151.36 5.17 ‑3.41
 8‑S‑glutathionyl‑       
 benzo[a]pyrene
HMDB07934 PC(15:0/15:0) 8.42E‑09 8.07 41.50 98.34 706.54 4.52 ‑3.44
HMDB07182 DG(18:1(11Z)/14:0/0:0) 1.86E‑08 7.73 38.90 97.33 549.49 4.58 ‑3.45
HMDB07103 DG(16:0/18:2(9Z,12Z)/0:0) 7.83E‑09 8.11 40.70 95.09 615.50 5.82 ‑3.67
LMGP01010459 PC(13:0/15:0) 1.73E‑09 8.76 40.10 91.34 678.51 4.01 ‑3.78
HMDB08002 PC(16:1(9Z)/16:1(9Z)) 1.09E‑09 8.96 48.60 91.11 730.54 4.20 ‑4.20
HMDB07998 PC(16:1(9Z)/14:0) 1.17E‑09 8.93 36.00 82.85 702.51 4.77 ‑4.41
HMDB07932 PC(15:0/14:0) 6.97E‑10 9.16 37.30 84.39 690.51 5.41 ‑4.43
LMGP02010047 PE(18:3(9Z,12Z,15Z)/16:0) 9.49E‑03 2.02 35.40 84.44 714.51 4.28 ‑4.79
HMDB08828 PE(14:0/18:1(9Z)) 4.39E‑06 5.36 42.20 69.24 688.50 4.93 ‑4.84
LMGP03010607 PS(20:3(8Z,11Z,14Z)/19: 1.12E‑02 1.95 40.10 96.80 870.55 4.55 ‑5.02
 1(9Z))       
HMDB04884 Trihexosylceramide 9.62E‑07 6.02 32.90 66.67 1146.82 4.69 ‑12.62
 (d18:1/26:1(17Z))       

P‑values were obtained from unpaired two tailed t‑test. FC means fold‑change between the control group and the ZY0511‑treated group. The 
score and isotope similarity were obtained from Progenesis QI software.
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Table III. The top metabolites with fold‑change in the HCT116 cell model following ZY0511 treatment.

     Isotope  Retention Log2
Compound ID Compound P‑value Log10p Score similarity m/z time (min) FC

HMDB59643 3‑Beta‑hydroxy‑4‑beta‑ 2.05E‑09 8.69 44.40 86.16 429.38 2.39 3.35
 methyl‑5‑alpha‑cholest‑7‑ene‑       
 4‑alpha‑carbaldehyde       
HMDB13407 PC(o‑16:0/20:4(8Z,11Z,14Z,17Z)) 3.50E‑05 4.46 36.40 83.61 790.57 4.94 1.97
HMDB08048 PC(18:0/20:4(5Z,8Z,11Z,14Z)) 2.19E‑06 5.66 51.50 82.44 832.58 5.21 1.85
HMDB04973 Glucosylceramide (d18:1/20:0) 3.45E‑06 5.46 36.50 89.03 736.61 4.52 1.80
HMDB59637 3‑(3,5‑Diiodo‑4‑hydroxyphenyl) 4.09E‑05 4.39 34.90 81.79 862.67 5.94 1.77
 pyruvate       
HMDB08237 PC(18:4(6Z,9Z,12Z,15Z)/ 1.85E‑06 5.73 53.90 89.65 778.54 4.26 ‑1.78
 18:2(9Z,12Z))       
HMDB08826 PE(14:0/18:0) 6.33E‑06 5.20 37.90 92.34 692.52 4.19 ‑1.81
LMGP04030076 PG(P‑20:0/20:1(11Z)) 9.41E‑06 5.03 37.60 89.16 815.62 3.85 ‑1.81
HMDB07780 DG(22:6(4Z,7Z,10Z,13Z,16Z, 5.74E‑07 6.24 36.80 89.59 706.54 4.43 ‑1.86
 19Z)/20:4(8Z,11Z,14Z,17Z)/0:0)       
LMGP02030091 PE(P‑20:0/22:4(7Z,10Z,13Z,16Z)) 1.27E‑06 5.90 40.70 88.83 788.59 4.47 ‑1.89
HMDB10169 SM(d18:1/16:0) 4.49E‑07 6.35 38.90 94.38 702.57 4.29 ‑1.92
HMDB12095 SM(d18:0/24:1(15Z)) 8.75E‑08 7.06 46.20 88.34 832.73 9.96 ‑1.96
HMDB12097 SM(d18:1/14:0) 8.88E‑07 6.05 49.50 85.30 675.54 3.85 ‑1.98
LMGP03030016 PS(P‑16:0/19:0) 3.40E‑07 6.47 39.30 89.79 744.55 4.39 ‑2.01
LMFA03010114 PGE2alpha dimethyl amine 3.38E‑07 6.47 27.90 45.76 733.60 3.85 ‑2.17
LMGL03014248 TG(14:0/16:1(9Z)/17:1(9Z))[iso6] 1.70E‑08 7.77 45.70 89.34 806.72 9.86 ‑2.18
HMDB42819 TG(14:0/20:4(8Z,11Z,14Z,17Z)/ 1.98E‑07 6.70 45.20 94.08 825.69 10.18 ‑2.19
 16:1(9Z))       
LMGL03012631 TG(12:0/12:0/15:1(9Z))[iso3] 4.50E‑07 6.35 36.80 91.91 659.57 3.85 ‑2.22
LMSP02050006 CerP(d18:1/22:0) 3.63E‑08 7.44 43.00 90.34 746.57 4.67 ‑2.28
LMGL03013324 TG(12:0/16:0/17:1(9Z))[iso6] 1.86E‑08 7.73 39.80 92.81 780.70 9.79 ‑2.32
HMDB07008 DG(14:0/14:0/0:0) 1.60E‑08 7.80 54.60 98.21 495.44 10.08 ‑2.41
LMGL03013217 TG(12:0/14:0/18:1(9Z))[iso6] 7.48E‑08 7.13 51.80 96.67 766.69 9.47 ‑2.46
HMDB48568 TG(16:1(9Z)/14:1(9Z)/18:1(11Z)) 1.89E‑08 7.72 53.30 85.73 818.72 9.69 ‑2.55
LMGL03013351 TG(12:0/16:1(9Z)/18:1(9Z))[iso6] 2.66E‑08 7.58 53.90 87.71 792.71 9.57 ‑2.66
HMDB42061 TG(14:0/14:0/14:0) 1.53E‑07 6.81 36.70 87.25 740.67 9.39 ‑2.70
HMDB08002 PC(16:1(9Z)/16:1(9Z)) 4.37E‑08 7.36 54.40 90.01 730.54 4.14 ‑2.81
HMDB07016 DG(14:0/18:2(9Z,12Z)/0:0) 1.61E‑07 6.79 51.50 92.84 547.47 9.65 ‑2.83
LMGL02010336 DG(12:0/18:1(9Z)/0:0)[iso2] 2.08E‑07 6.68 34.70 73.05 521.46 10.16 ‑3.02
HMDB07998 PC(16:1(9Z)/14:0) 4.56E‑08 7.34 56.70 94.17 704.52 4.04 ‑3.12
LMGL03013464 TG(12:0/18:1(9Z)/18:3(9Z,12Z, 1.32E‑08 7.88 37.00 83.31 816.70 9.24 ‑3.12
 15Z))[iso6]       
LMGL03012619 TG(13:0/13:0/13:0) 1.59E‑05 4.80 33.50 71.95 661.58 4.00 ‑3.23
LMGP01011245 PC(8:0/20:0) 1.81E‑07 6.74 38.90 90.68 678.51 3.95 ‑3.25
HMDB42752 TG(14:0/18:3(9Z,12Z,15Z)/15:0) 1.78E‑07 6.75 51.50 81.65 804.70 9.41 ‑3.38
HMDB42271 TG(14:0/14:1(9Z)/14:0) 5.32E‑08 7.27 38.40 95.33 743.61 8.81 ‑3.78
LMGL03012665 TG(12:0/16:1(9Z)/16:1(9Z))[iso3] 2.07E‑08 7.68 48.30 87.49 769.63 8.92 ‑3.82
LMGL03012632 TG(12:0/12:0/16:0)[iso3] 4.22E‑07 6.37 37.80 85.80 712.64 8.72 ‑3.99
HMDB47887 TG(14:1(9Z)/14:1(9Z)/18:1(11Z)) 1.50E‑08 7.82 42.50 85.85 790.69 9.09 ‑3.99
HMDB07041 DG(14:1(9Z)/16:1(9Z)/0:0) 1.94E‑08 7.71 44.00 91.73 519.44 9.65 ‑4.00
LMGL03013241 TG(12:0/14:1(9Z)/16:1(9Z))[iso6] 1.16E‑07 6.94 41.00 81.09 741.60 8.33 ‑4.46
LMGL03013208 TG(12:0/14:0/14:1(9Z))[iso6] 3.42E‑06 5.47 39.30 97.98 715.58 8.13 ‑5.24

P‑values were obtained from unpaired two tailed t‑test. FC means fold‑change between the control group and the ZY0511‑treated group. The 
score and isotope similarity were obtained from Progenesis QI software.
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and SM (d18:1/26:0) hit the SP metabolism. In HCT116 cells, 
GluCer (d18:1/20:0), SM (d18:1/16:0) and GalCer (d18:1/16:0) 
hit the sphingolipid metabolism. Among these, Cer (d18:0/24:1) 
in HeLa cells was upregulated, while the other metabolites 
were downregulated. Interestingly, the detailed altered SPs 
were different which may be attributed to different lipid 
compositions of these two cell lines. 

In addition, we found that the GL metabolism was also 
modified by ZY0511. The altered metabolites by ZY0511 such 
as PE (14:0/18:0) and PC (22:0/20:0) in the HCT116 cells are 
members of the GL metabolism, and these two metabolites 
were both downregulated. Meanwhile, in HeLa cells, PE 
(14:0/18:1(11Z)) and PC (18:1(9Z)/18:1(9Z)) hit the GL metabo‑
lism either which was obviously downregulated by ZY0511. 
The detailed information concerning the pathway analysis of 
the two cell line models are summarized in Tables IV and V. 
The above suggested lipid metabolism especially SP and GL 
metabolism were significantly remodeled which suggests that 
LSD1 may play a critical role in cancer lipid metabolism. 

The Cer synthesis process is markedly induced by ZY0511. 
In both cell line models, SP metabolism was found to be the 
most modified pathway under the exposure of ZY0511 (Fig. 5). 
Based on the increased level of Cer and decreased levels of 
SM and GluCer, we concluded that the Cer synthesis process 
was induced by LSD1 inhibition. By qPCR assay, we detected 
the expression of key Cer synthesis enzymes including SPTL 
(serine palmitoyltransferase), CERS (ceramide synthases), 
DEGS (dihydroceramide desaturases) and SMases (sphin‑
gomyelinases). We found that expression of ceramide 
synthases SPTLC1, SPTLC3, CERS2, CERS4, CERS5, 
CERS6, DEGS1 and DEGS2 were markedly increased by 
LSD1 inhibition (HeLa‑0511 cells compared to HeLa cells 
and HCT116‑0511 cells compared to HCT116 cells) (Fig. 6). 
Meanwhile, the hydrolysis of SM was also enhanced by the 
treatment of ZY0511 as the expression of sphingomyelin 

phosphodiesterase (SMPD1, SMPD2, SMPD3, SMPD4) and 
ectonucleotide pyrophosphatase/phosphodiesterase family 
member 7 (ENPP7) were markedly increased (Fig. 6). These 
results were consistent with the accumulation of Cer and the 
decrease in SM in lipidomic detection.

Based on the important roles of SP and S1P in tumors, the 
expression of related metabolic genes was evaluated as well. 
ZY0511 significantly increased the expression levels of SGPL1 
and SGPP1 which catalyze sphingosine production. Inhibition 
of SGPP1 and SGPL1 was found to cause the accumulation 
of S1P in cancer cells, promote the invasion of gastric cancer 
cells (38), and reduce the overall survival of patients (39). 
Thus, the increasing level of SGPL1 and SGPP1 induced by 
ZY0511 would benefit cancer therapy.

Next, we explored whether there is a correlation between 
the expression of metabolic enzymes and LSD1 in tumor 
patients. The TCGA database was applied to perform the 
analysis. The results showed that although expression of many 
proteins were changed after exposure to LSD1 inhibitors, 
only the expression of SMPD1 and SMPD3 were negatively 
correlated with LSD1 in tumor samples of patients (Fig. 7) and 
SMPD1 and SMPD3 may be direct targets of LSD1 in cancer. 
The induction of other enzymes such as SPTLC1, SPTLC3, 
CERS2, CERS4, DEGS1, DEGS2, SGPP1 by ZY0511 may not 
be due to the direct effects of LSD1 inhibition.

Collectively, the cellular Cer production can be induced 
by LSD1 inhibition. LSD1 may regulate cancer cell survival 
through modulating the expression of SMPD1 and SMPD3.

Discussion

Although targeting lysine specific demethylase 1 (LSD1) 
is a promising strategy for cancer therapy, its underlying 
mechanism is still poorly understood. In the present study, we 
performed a thorough lipidomic analysis of human cancer cells 
by using ZY0511, a novel LSD1 inhibitor as a probe, which 

Figure 5. Summary of the pathway analysis by MetaboAnalyst online software in the HeLa model (A) and HCT116 model (B). The further its position is away 
from the point (0,0), the more significant is the pathway.
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aimed at a better understanding of the anticancer mechanism 
of LSD1 inhibitors. We demonstrated that ZY0511 profoundly 
modified the cancer cell lipidome, especially sphingolipid (SP) 
metabolism. The increase in Cer and decrease in SM were 
significantly observed and Cer synthase pathways including 
de novo synthesis, hydrolysis of SM and the salvage pathway 
were activated by ZY0511 treatment. These findings were of 
particular interest which provided a link between LSD1 and 
cancer cell lipid metabolism especially SP metabolism (Fig. 8). 
Based on the finding that lipid remodeling is an important 
alteration in cancer cells, our findings provide a novel view 
underlying LSD1 regulation of cancer progression.

The incidence and development of tumor is a complex 
disease process which is affected by many factors, including 
genetic factors and environmental factors. Cancer cells grow 
rapidly, divide uncontrollably, and even metastasize from one 
organ to another. Tumor cells receive various signal stimula‑
tion, which is then transmitted to the cell and the nucleus, 
activating the expression of tumor‑related genes, promoting 
tumor invasion to surrounding tissues and intravascular 
regeneration. The cell membrane is involved in all these 
biological processes and is mainly composed of lipids and 

proteins, among which lipids occupy more than 50% of the 
whole cell membrane component (40). In addition, lipids are 
highly needed to supply energy for the rapid proliferation of 
tumor cells (41). Lipids such as Cer and SM, are bioactive and 
act as signal molecules or signal molecule precursors to regu‑
late a variety of cellular functions and biological processes. 
For example, in the condition of chemotherapy or oxidative 
stress, the content of Cer and sphingosine increases sharply, 
inducing cell senescence and even death. Cer was found 
to induce apoptosis in tumor cells as early as 1993, and is 
involved in the induction of mitochondrial apoptosis through 
mitochondrial outer membrane permeabilization which is 
a possible mechanism for radiation‑induced apoptosis (42). 
In our research, ZY0511 was used as an antitumor small 
molecule which promoted the accumulation of Cer in tumor 
cells and induced cell apoptosis as previously reported (43). 
Meanwhile, various research has indicated that the antitumor 
effect of LSD1 inhibitors relies on its apoptosis induction 
ability which furthermore verified the relation between LSD1 
and apoptosis (44,45). LSD1 inhibitor JL1037 was found to 
upregulate pro‑apoptotic protein BAX and downregulate 
anti‑apoptotic proteins Bcl‑2 and Bcl‑XL which cause obvious 

Table V. Result from pathway analysis of the HCT116 model.

Pathways Total Cmpd Hits Raw p ‑Log(p) FDR p Impact

Sphingolipid metabolism 25 3 2.510E‑09 19.802 2.010E‑08 0.16404
Arachidonic acid metabolism 62 1 1.860E‑06 13.196 3.710E‑06 0
Linoleic acid metabolism 15 1 1.860E‑06 13.196 3.710E‑06 0
α‑Linolenic acid metabolism 29 1 1.860E‑06 13.196 3.710E‑06 0
Glycerophospholipid metabolism 39 2 4.500E‑06 12.311 6.640E‑06 0.22806
Fatty acid metabolism 50 1 4.980E‑06 12.211 6.640E‑06 0
Glycerolipid metabolism 32 1 6.890E‑06 11.885 7.880E‑06 0.05145
Glycosylphosphatidylinositol 14 1 3.260E‑04 8.0286 3.260E‑04 0.0439
(GPI)‑anchor biosynthesis      

The Total Cmpd is the total number of compounds in the pathway; the Hits is the actually matched number from the user uploaded data; the 
Raw p is the original P‑value calculated from the enrichment analysis; the FDR p is the P‑value adjusted using the False Discovery Rate (FDR); 
the Impact is the pathway impact value calculated from pathway topology analysis.

Table IV. Results from the pathway analysis of the HeLa model.

Pathways Total Cmpd Hits Raw p ‑Log(p) FDR p Impact

Sphingolipid metabolism 25 4 1.591E‑07 15.654 3.623E‑07 0.33667
Arachidonic acid metabolism 62 1 2.070E‑07 15.391 3.623E‑07 0
Linoleic acid metabolism 15 1 2.070E‑07 15.391 3.623E‑07 0
α‑linolenic acid metabolism 29 1 2.070E‑07 15.391 3.623E‑07 0
Glycerophospholipid metabolism 39 2 1.106E‑06 13.715 1.548E‑06 0.22806
Glycosylphosphatidylinositol 14 1 5.828E‑05 9.7502 6.800E‑05 0.0439
(GPI)‑anchor biosynthesis      
Glycerolipid metabolism 32 1 6.144E‑04 7.3948 6.144E‑04 0.05145

The Total Cmpd is the total number of compounds in the pathway; the Hits is the actually matched number from the user uploaded data; the 
Raw p is the original P‑value calculated from the enrichment analysis; the FDR p is the P‑value adjusted using the False Discovery Rate (FDR); 
the Impact is the pathway impact value calculated from pathway topology analysis.
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apoptosis of cancer cells (42). Our research hints that LSD1 
may regulate cell apoptosis through modulating the expression 
of sphingolipid metabolism genes and there is no research that 
has previously reported the association between LSD1 and 
sphingolipid metabolism. Our results provided a novel view of 
the role of LSD1 in cancer progression and lays the theoretical 
foundation for LSD1 inhibitor application in the clinic.

In present study, levels of Cer were increased upon the 
treatment of LSD1 inhibitor. Gutierrez et al showed that Cer 
induces early apoptosis of human cervical cancer cells by 
inhibiting reactive oxygen species (ROS) decay, diminishing 
the intracellular concentration of glutathione and increasing 
nuclear factor (NF)‑κB translocation (46). Cer was also 
found to contribute to the cellular resistance to doxorubicin 
including breast, ovary, cervical, and colon cancer cells 

through upregulation of the gene expression of GCS (47). In 
colon cancer cells, Cer enhanced FasL‑induced cytotoxicity by 
tumor‑specific cytotoxic T lymphocytes (48). With the increase 
in Cer, we also found a decrease in SM in cells by ZY0511. 
SM was found to be a chemo‑preventive agent in azoxy‑
methane (AOM)‑induced colon cancer model of wild‑type 
and p53+/‑ mice (49). However, SM may play a different role 
in hypoxic conditions. Klutzny et al found that the inhibition 
of acid sphingomyelinase in colon cancer caused cellular SM 
accumulation, which induced cancer cell death specifically in 
hypoxic tumor spheroids (50).

Because of the critical role of Cer in biological process 
including cell growth, cancer metastasis and apoptosis, a large 
number of research studies have focused on the exploration 
of the role of Cer synthase enzymes in cancer. It has been 

Figure 6. Expression of ceramide synthesis enzymes. The expression of de novo synthesis enzymes (SPTL1, SPTL3, CERS2, CERS4, CERS5, CERS6, DEGS1 
and DEGS2), hydrolysis of sphingomyelin enzymes (SMPD1, SMPD2, SMPD3, SMPD4 and ENPP7) and the salvage pathway enzymes (SGPP1 and SGPL1) 
were determined after ZY0511 exposure in HeLa and HCT116 cells (HeLa‑0511 cells compared to HeLa cells and HCT116‑0511 cells compared to HCT116 
cells). *P<0.05, **P<0.01, ***P<0.001, based on the unpaired two‑tailed Student t‑test. SPTL, serine palmitoyltransferase; CERS, ceramide synthase; DEGS, 
dihydroceramide desaturases; SGPP1, sphingosine‑1‑phosphate phosphatase 1; SGPL1, sphingosine‑1‑phosphate lyase 1; SMPD, sphingomyelin phosphodies‑
terase; ENPP7, ectonucleotide pyrophosphatase/phosphodiesterase family member 7. 
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reported that anticancer drugs can upregulate the activity of 
SMPD1 which catalyzes the production of Cer from SM and 
promotes cancer cell apoptosis (51). However, SMPD1 defi‑
ciency was found to reduce tumor development in a manner 
associated with significant enhancement of Th1‑mediated and 
cytotoxic T‑cell‑mediated antitumor immunity (52) which 
suggests the dual role of SMPD1 in different types of tumors. 
As a Cer‑generating enzyme, SMPD3 is implicated in growth 
arrest, apoptosis and exosome secretion and its deficiency 
prevents doxorubicin‑induced growth arrest (53). In addition, 
possibly owing to reduced Cer generation, ENPP7 deficiency 
resulted in increased tumor size and number in mouse 
models of colon cancer induced by AOM and dextran sulfate 
sodium (54). In the present study, we demonstrated the upregu‑
lation of SMPD1, SMPD2, SMPD3, SMPD4 and ENPP7 
after the treatment of ZY0511, most of which act as a tumor 
suppressor catalyzing the generation of Cer. Most important, 

we performed gene expression analysis of these genes and 
LSD1, which showed that SMPD1 and SMPD3 may be direct 
targets of LSD1 as there was a significant negative correlation 
between these genes and LSD1. Our research for the first time 
confirmed the regulatory role of LSD1 in the expression of SM 
hydrolysis genes. We explored the potential upstream regula‑
tory mechanism of SM hydrolysis genes including SMPD1 and 
SMPD3. As SMPD1 and SMPD3 are tumor‑suppressor genes, 
our research provides a novel strategy by which to regulate the 
SM hydrolysis process through an LSD1 inhibitor. However, 
the lack of immunoblotting data for the key enzymes including 
SPTLC1, SPTLC3, CERS2, CERS4, CERS5, CERS6, DEGS1, 
DEGS2, SMPD1, SMPD2, SMPD3, SMPD4, ENPP7, SGPP1 
and SGPL1, is a limitation of the present study which requires 
further exploration.

Cancer metabolism and epigenetics can be a cause or 
consequence of malignant transformation. It is now well 

Figure 7. Correlation between gene expression. (A) Correlation between SMPD1, SMPD3 and KDM1A in CESC (cervical squamous cell carcinoma and 
endocervical adenocarcinoma) patient samples from The Cancer Genome Atlas (TCGA). (B) Correlation between SMPD1, SMPD3 and KDM1A in COAD 
(colon adenocarcinoma) patient samples from TCGA. SMPD, sphingomyelin phosphodiesterase; KDM1A, lysine‑specific demethylase 1 (LSD1).

Figure 8. Ceramide synthase pathways in cells and the interconnection between sphingolipid metabolism and bioactive metabolites. CERS, ceramide synthase; 
SPTL, serine palmitoyltransferase; DEGS, dihydroceramide desaturases; SMase, sphingomyelinase; SPHK, sphingosine kinase; SGPP, sphingosine‑1‑phos‑
phate phosphatase.
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established that cell lipid metabolism and epigenetics interact 
with each other, and cells exploit this molecular link (55). 
JMJD3 was identified unexpectedly as a gene‑specific tran‑
scriptional partner of SIRT1 and activates mitochondrial 
fatty acid β‑oxidation promoting genes, including FGF21, 
CPT1A and MCAD (56), which suggests the close link 
between histone demethylation and cell metabolism. Loss of 
KDM4B may impair energy expenditure, adaptive thermo‑
genesis, and adipose tissue lipolysis, resulting in obesity and 
associated metabolic dysfunction (57). When lysine‑specific 
histone demethylase 2 (LSD2) is lost, proper expression of 
lipid metabolism genes becomes compromised, leading to 
an increased susceptibility to toxic cell damage in response 
to fatty acid exposure (58). As a homologous gene of LSD2, 
LSD1 ablation was found to trigger metabolic reprogramming 
of brown adipose tissue resulting in the accumulation of di‑ 
and triacylglycerides (59). In our research, we also found the 
upregulation of diacylglycerides and triacylglycerides in cancer 
cells especially HeLa cells after LSD1 inhibition by ZY0511 
which is in agreement with a previous study (59). Since the 
pathway analysis results indicated that the most significantly 
altered pathway was sphingolipid metabolism, we further 
investigated the expression of sphingolipid metabolic genes 
after ZY0511 treatment. The importance of glycerolipids such 
as di‑ and triacylglycerides in the process of regulating cancer 
progression by LSD1 requires further exploration.

In conclusion, we investigated the anticancer mechanism of 
LSD1 inhibitor ZY0511 from the view of lipid metabolism. The 
lipidome of cancer cells were significantly modified by ZY0511. 
We found obvious upregulation of Cer and downregulation of 
SM in cancer cells. Our study further confirms the important 
role of LSD1 in regulating cancer cell sphingolipid metabolism.
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