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Abstract: Sphingomyelin synthase 1 (SMS1) and 2 (SMS2) are two enzymes required for sphingomyelin de novo 
synthesis, and their roles in tumor transformation and development have been recently recognized. In this work, we 
systematically evaluated the expression patterns of SMS1 and 2 in ovarian cancer patient samples and cell lines. 
Furthermore, we analyzed the functions of SMS2 and its underlying mechanisms. We observed a specific increase 
in SMS2 expression in ovarian cancer tissues compared to the adjacent normal ovary tissues in majority of patients’ 
samples. This is regardless of their clinico-pathological characteristics. SMS1 expression was similar between ovar-
ian cancer and its normal counterpart in 30 patients tested. The upregulation of SMS2 but not SMS1 was also re-
producible in a panel of ovarian cancer cell lines. Functional analysis indicated that SMS2 plays a predominant role 
in promoting migration rather than proliferation in ovarian cancer. SMS2 depletion suppressed migration, growth 
and survival, and furthermore this was dependent on SMS2 baseline level in ovarian cancer cells. SMS2 inhibition 
significantly augmented cisplatin’s efficacy. We further found that migration inhibition induced by SMS2 depletion 
was largely due to the suppression of RhoA/ROCK/LIMK/cofilin and RhoA/ROCK/FAK/paxillin pathways. In addi-
tion, lipid metabolism disruption, oxidative stress and damage, and impaired mitochondrial function contributed to 
the inhibitory effects of SMS2 depletion in ovarian cancer growth and survival. Our work demonstrates that SMS2 
but not SMS1 is upregulated in ovarian cancer and involved in migration, growth and survival via different mecha-
nisms. Our findings highlight the therapeutic value of SMS2 inhibition in the treatment of ovarian cancer. 
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Introduction

Ovarian cancer is the seventh most common 
malignancy worldwide and is associated with 
the highest mortality rate among gynecological 
malignancies [1]. Based on the histopathologi-
cal and genomic differences, ovarian cancer is 
divided into five subtypes with high grade seri-
ous ovarian cancer (SOC) and ovarian clear cell 
carcinoma (OCCC) as the two most common 
subtypes [2]. Although there have been recent 
advances in the treatment of some gynecologi-
cal malignances, ovarian cancer therapy has 
remained essentially unchanged for over 30 

years. Ovarian cancer is more frequently diag-
nosed at advanced stage, and majority of 
patients will inevitably relapse, due to treat-
ment resistance. This is despite of their initial 
response to platinum-based chemotherapy [3, 
4]. Thus, further research is warranted to devel-
op complementary therapeutic strategies for 
treating this disease. 

Sphingomyelin (SM) biosynthesis, a complex 
and finely regulated process, which links to  
lipid metabolism and signal transduction, has 
emerged as an intriguing therapeutic target in 
cancer [5, 6]. Of note, emerging data showed 
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the regulation of sphingolipid metabolism con-
tribute to resistance for platinum-based agents 
in ovarian cancer [7]. SM biosynthesis is car-
ried out by two enzymes, sphingomyelin syn-
thase 1 (SMS1) and 2 (SMS2). Both enzymes 
utilize phosphatidylcholine (PC) and ceramide 
to produce SM and diacylglycerol (DAG) [8]. The 
role of SMS2 in regulating cancer development 
has been revealed but are inconclusive. Some 
studies demonstrate the pro-cancer activity of 
SMS2 by showing that SMS2 promotes an 
aggressive breast cancer phenotype [9] and 
glioblastoma patients with low SMS2 expres-
sion have a higher 5-year survival than those 
with high SMS2 expression [10]. In contrast, 
SMS2 overexpression promotes cisplatin-indu- 
ced apoptosis of hepatocellular carcinoma 
cells [11], suggesting the anti-cancer activity  
of SMS2. Here, we systematically analyzed 
expression pattern of SMS1 and SMS2 in ovar-
ian cancer patient samples and cell lines to 
understand the overall trends of both targets. 
Next, we focused on evaluating the role of 
SMS2 and its underlying mechanisms in pre-
clinical ovarian cancer models. 

Materials and methods

Patient tissue samples and cell lines

Malignant and normal ovarian samples were 
obtained from patients seen at Renmin Hos- 
pital of Wuhan University. Informed consent 
was obtained from each patient and protocols 
for patient recruitment were approved by the 
institutional research ethics committees. Pati- 
ent demographics were summarized in Supple- 
mentary Table 1. Seven human ovarian cancer 
cell lines (The Cell Bank of the Chinese Acade- 
my of Sciences) and one immortalized human 
ovarian epithelial cell line (IHOEC, Creative 
Bioarray) were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; HyClone) supple-
mented with 10% fetal bovine serum (FBS; 
HyClone) and 1% penicillin/streptomycin (In- 
vitrogen). The ovarian cell lines were authenti-
cated by short tandem repeat profiling (XP 
Biomed). 

Immunohistochemistry and western blot 
analysis

Snap frozen tissues were sectioned with a  
cryostat, fixed with 10% paraformaldehyde 
(Sigma) and washed with PBS. The sections 

were stained with 1:500 dilution of anti-SMS1 
or anti-SMS2 antibodies (Abcam) overnight at 
40°C, and then incubated with designated 2nd 
antibodies conjugated with HRP for 2 hr at 
room temperature. Signals were developed 
using DAB (3, 3’-diaminobenzidine) staining kit 
(Abcam) and visualized under light micros- 
cope. Sections were also counterstained with 
haematoxylin. Total protein was extracted us- 
ing RIPA buffer and quantified using BCA pro-
tein assay kit (Thermofisher). Protein was load-
ed onto SDS-PAGE gel and resolved by 
electrophoresis prior to western blot analysis 
using standard protocol. Antibodies against 
active and total Rac and RhoA, phosphor and 
total MYPT1, cofilin and PRK2 were obtained 
from Cell signalling. 

ELISA assays

The quantification of SMS1 and SMS2 in tis- 
sue and cells were determined using Human 
sphingomyelin synthase 1 and Human sphin- 
gomyelin synthase 2 ELISA kits (MyBioSource). 
Antibody specific for SMS1 or SMS2 has been 
pre-coated onto a microplate and this ELSIA 
assay employs the quantitative sandwich 
enzyme immunoassay technique. Cell lysates 
and tissue homogenates were prepared ac- 
cording to manufacturer’s instructions. The 
quantifications of RhoA and Rac1 activities in 
cells were determined using RhoA G-LISA Ac- 
tivation Assay kit and Rac1 G-LISA Activation 
Assay kit (Cytoskeleton) as per the manufac-
turer’s protocol.

Proliferation assay 

5000 cells/well were seeded onto a 96-well-
plate and incubated with cisplatin (Selleck) for 
3 days. Cell proliferation was evaluated using 
BrdU Proliferation Assay Kit (Cell Signaling). 

Apoptosis assay 

106 cells/well were seeded onto a 12-well-plate 
and incubated with cisplatin for 3 days. Cells 
were detached using trypsin and stained with 
Annexin V-FITC/7-AAD (BD Pharmingen) as per 
manufacturer’s protocol. After staining, cells 
were processed on MACSQuant flow cytometer 
and analyzed using the MACSQuantify Soft- 
ware. Annexin V (+)/7-AAD (-) and Annexin V 
(+)/7-AAD (+) were considered as apoptotic 
cells. 
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Transwell migration assay 

104 cells/well with or without cisplatin were 
seeded onto the upper chambers of a transwell 
plate. 2% FBS and 10% FBS were placed into 
upper and lower chamber, respectively. After 
12 hr incubation, the cells spreading on the 
upper surfaces of the filter (non-migrated cells) 
were wiped away with cotton swabs, and the 
migrated cells on the lower surface of the filter 
were fixed, stained with Giemsa (Sigma). 
Migrated cells from five random fields per well 
were counted under the light microscope. 

Transfection 

Transfection was performed using Dharmafect 
transfection reagent on 106 cells/well in a 
6-well-plate according to manufacturer’s ins- 
tructions. For SMS2 overexpression, SMS2 was 
cloned into pcDNA5/FRT mammalian expres-
sion vector (Thermofisher). For SMS2 siRNA 
knockdown, two siRNA that target different 
regions of SMS2 and scramble control were 
obtained from GenePharma and the sequenc-
es were summarized in Supplementary Table 2. 

RT-PCR 

Total RNA was isolated from cells using the 
TRIzol (Invitrogen). The first-strand cDNA was 
synthesized by using iScript cDNA Synthesis  
Kit (Bio-rad). PCR was performed using a 
SsoFast EvaGreen Supermix on CFX96 RT PCR 
system (Bio-rad). The primers for SMS1 and 
SMS2 were listed in Supplementary Table 3. 

Lipid measurement

Ceramide, phosphatidylcholine (PC) and sphin-
gomyelin (SM) levels were quantified using a 
liquid chromatography mass spectrometry (LC-
MS) system (Prominence, Shimazu and 4000 
QTrap, Applied Biosystems) according to the 
procedures described previously [12]. Briefly, 
cells were lysed using the Precellys Homo- 
geniser. Samples for ceramide analysis were 
spiked with isotope-labeled 16:0, 18:0 and 
24:0 ceramides and samples for PC and SM 
analyses were spiked with 14:0, 14:0 PC and 
17:0 SM internal standards prior to extraction. 
For lipid extraction, 20 µL of lipid internal stan-
dard mix, 10 µl of phosphatidylcholine and 1.2 
ml of HPLC grade methanol were added to 
lysates prior to spinning down. The sample 
extracts were reconstituted in 500 µl methanol 
before analysis using a LC-MS.

Measurement of mitochondrial membrane 
potential, reactive oxygen species (ROS) and 
oxidative DNA damage

To measure mitochondrial potential, cells were 
stained with 5,5’,6,6’-tetrachloro-1,1’,3,3’-tet-
raethyl benzimidazolylcarbocyanine iodide (JC-
1, Invitrogen) according to manufacturer’s in- 
structions and analyzed on MACSQuant flow 
cytometer for JC-1 level. To detect ROS, cells 
were incubated with 10 µM CM-H2DCFDA  
(Life Technologies, US) at 37°C for 1 hr. The 
absorbance at ex/em of 495/525 nm was  
measured using Spectramax M5 microplate 
reader (Molecular Devices). To measure oxida-
tive DNA damage, 8-hydroxy-2’-deoxyguano- 
sine (8-OHdG) levels were quantified using the 
OxiSelect Oxidative DNA Damage ELISA Kit 
(Cell Biolabs), following the manufacturer’s 
protocol.

Statistical analyses

The data are expressed as mean and standard 
deviation. For the in vitro cell assay results,  
the error bars indicated the values of the stan-
dard deviations among 3 independent experi-
ments. Statistical analyses of the differences 
between two groups were performed using 
one-way analysis of variance (ANOVA) or un- 
paired Student’s t test. P value <0.05 is con- 
sidered statistically significant. 

Results

SMS2 but not SMS1 is upregulated in ovarian 
cancer 

The protein levels of SMS1 and SMS2 were 
examined using both ELISA analysis and im- 
munohistochemistry for both malignant and 
normal ovary tissues. To compare against 
malignant and normal samples, ovarian can- 
cer tissues and their adjacent normal ovary  
tissues that were 1.5 cm away from the tumor 
were obtained from each individual patient. 
Patients’ clinico-pathological characteristics, 
including age, pathological subtype, tumor 
grade and TNM stage, were summarized in 
Supplementary Table 1. A total of 30 patients 
diagnosed with ovarian cancer were analyzed. 
We found that SMS1 level was similar between 
normal and malignant samples (Figure 1A). The 
relative values of malignant to normal range 
from 0.76 to 1.4 for SMS1. In contrast, SMS2 
level was increased in malignant compared to 
normal in majority of patients. The relative 
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value of malignant to normal was between 0.8 
to 3.6 for SMS2. In addition, the upregulation of 
SMS2 in ovarian cancer was not associated 
with any clinico-pathological features (Supple- 
mentary Table 1). The expression patterns of 
SMS1 and SMS2 were further confirmed by 
immunohistochemistry as shown in Figure 1B. 
The average levels of SMS1 and SMS2 in 30 
ovarian cancer patients indicated that SMS2 
but not SMS1 was significantly increased in 
ovarian cancer than normal ovary tissues 
(Figure 1C). 

SMS2 but not SMS1 is upregulated in ovarian 
cancer cells and SMS2 overexpression pro-
motes growth and migration in immortalized 
normal ovary epithelial cells 

To investigate the role of SMS2 in ovarian can-
cer, in vitro ovarian cancer and normal ovary 

model using cell lines were applied. These cell 
lines represent ovarian cancer with different 
histological subtypes and genetic profiling  
[13]. IHOEC is a human normal ovary epithelial 
cell immortalized with SV40 lentiviral transfec-
tion [14]. Prior to performing functional assays, 
we first examined whether the phenomenon 
observed in patients’ samples is reproducible 
in a panel of ovarian cancer cell lines that were 
selected. We found that 6 of 7 ovarian cancer 
cell lines demonstrated higher SMS2 protein 
levels than IHOEC (Figure 2A). In contrast,  
ovarian cancer cells displayed similar SMS2 
protein level between ovarian cancer and nor-
mal ovary cells. The upregulation of SMS2 but 
not SMS1 in ovarian cancer cells was not only 
on the protein level but also seen on the mRNA 
level (Figure 2B). We next transfected IHOEC 
with mammalian expression construct contain-
ing SMS2 and confirmed SMS2 overexpression 

Figure 1. The expression of SMS2 but not SMS1 is upregulated in ovarian cancer. A. SMS2 but not SMS1 protein 
levels are higher in ovarian cancer tissues than their adjacent normal ovary tissue in the majority of patients. ELISA 
analysis of SMS2 and SMS1 in ovarian cancer tissues relative to normal ovary tissues. The level of SMS1 and SMS2 
in ovarian cancer tissues were shown as relative to their value in adjacent normal ovary tissues in individual patient. 
The value of SMS1 and SMS2 in normal ovary tissues were set up as 1 (indicated by line). Total 30 different patient 
samples (each includes malignant and adjacent normal) were analysed. B. Representative IHC staining of SMS1 
and SMS2 in patient #21 (P#21) sample shows an increase in SMS2 but not SMS1 in ovarian cancer tissues. C. The 
average protein level of SMS2 but not SMS1 is significantly higher in malignant than adjacent normal ovary tissues. 
*, P<0.05, compared to normal ovary.
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(Figure 2C). We further found that SMS2 over-
expression significantly increased proliferation 
and migration in IHOEC (Figure 2D, 2E). Of  
note, proliferation and migration were increa- 
sed by ~1.5-fold and ~5-fold respectively, sug-
gesting that SMS2 might play a predominant 
role in migration rather than proliferation. 

SMS2 knockdown inhibits proliferation, migra-
tion and survival, and augments cisplatin’s 
efficacy in ovarian cancer cells 

We further validated the role of SMS2 using 
loss-of-function approach via siRNA knock-
down. We performed knockdown using two 
independent siRNA targeting different regions 
of SMS2 in OV-90 and TOV-21-G. Compared to 
IHOEC, OV-90 displays similar SMS2 level 

whereas TOV-21-G displays significantly higher 
SMS2 level (Figure 2A and 2B). Western blot 
analysis confirmed that SMS2 siRNA specifi-
cally reduced SMS2 level to a minimal level  
and did not affect SMS1 level in both cell lines 
(Figure 3A). We found that SMS2 knockdown 
significantly decreased proliferation and migra-
tion, and induced apoptosis in both ovarian 
cancer cell lines regardless of their SMS2  
baseline expression level (Figure 3B-D and 
Supplementary Figures 1, 2, 3, 4). In addition, 
SMS2 knockdown resulted in inhibition of 
growth, migration and survival in TOV-21-G  
that were more significant than in OV-90 cells, 
suggesting that TOV-21-G is more dependent 
on SMS2 than OV-90. Importantly, we obser- 
ved significant further inhibition of growth and 
migration by cisplatin in SMS2-depleted cells 

Figure 2. SMS2 overexpression promotes growth and migration in ovarian cancer cells. ELISA (A) and RT-PCR (B) 
analysis of SMS1 and SMS2 shows an increase in SMS2 but not SMS1 expression in ovarian cancer cells compared 
with normal immortalized human ovarian epithelial cells (IHOEC). Seven human ovarian cancer cell lines were used 
for expression analysis. (C) ELISA analysis of SMS2 level in IHOEC cells after transfection of SMS2-overexpressing 
plasmid shows significantly higher level of SMS2 in SMS2-overexpression IHOEC cells. (D) Significantly increased 
BrdU level in SMS2-overexpressing IHOEC cells. Representative transwell migration image (E) and quantification 
(F) of migration demonstrate significantly increased migration in SMS2-overexpressing IHOEC. The cells in five ran-
domly selected fields were counted under a microscope. Cells at 48 h-post transfection were used for cellular as-
says. Cells were harvested for BrdU and migration analysis after 72 h and 12 h after seeding transfected cells to 
designated plates, respectively. *, P<0.05, compared to p-Vector.
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compared to control cells (Figure 3B and 3C). 
Cisplatin induced ~30% apoptosis in control 
cells and 60% to 80% in SMS2-depleted cells 
(Figure 3D). These results clearly demonstrate 
that SMS2 knockdown augments cisplatin’s 
efficacy in ovarian cancer cells. 

SMS2 executes its function in ovarian cancer 
cells via multiple mechanisms

Small GTPases, such as RhoA and Rac1, are 
the known masters in cell migration [15]. Given 
the role of sphingomyelin metabolism in regu-
lating activity and function of small GTPases 
[16, 17], we examined the active level of Rac1 
and RhoA in ovarian cancer cells after SMS2 
depletion. We observed a remarkable reduc-
tion of RhoA-GTP but not Rac1-GTP in SMS2-
depleted cells, and that total RhoA and Rac1 
were not affected in SMS2-depleted cells 
(Figure 4A). These indicate that SMS2 inhibi-

tion specifically decreases RhoA but not Rac1 
activity without affecting protein expression of 
these GTPases. Rho-associated protein kinase 
(ROCK) is the downstream effector of RhoA 
pathway. Rho-kinase also phosphorylates myo-
sin phosphatase-targeting subunit 1 (MYPT1) 
on thr853 and myosin light chain (MLC) at 
Ser19 to regulate cell migration [18]. Consis- 
tent with RhoA activity inhibition, SMS2 inhibi-
tion decreased the phosphorylation of MYPT1, 
MLC and cofilin, three downstream ROCK effec-
tors involved in cytoskeleton reorganization 
[18, 19], but not protein-related kinase 2 
(PRK2; Figure 4A). To confirm the specific role 
of SMS2 on RhoA activity and its-mediated sig-
nalling, we further performed RhoA activity 
assay and examined other molecules that are 
essentially involved in RhoA signalling in cells 
after SMS2 depletion. Consistent with our find-
ings, we found that SMS2 depletion remarkably 

Figure 3. SMS2 knockdown inhibits ovarian cancer cells and augments cisplatin’s efficacy. (A) Western blot analysis 
of SMS2 and SMS1 in OV-90 and TOV-21-G cells after SMS2 siRNA knockdown shows a remarkable reduction of 
SMS2 but not SMS1 protein levels in SMS2-depleted cells. Cells were harvested for western blot analysis at 48 
h-post transfection. SMS2 siRNA knockdown significantly decreases proliferation (B) and migration (C), induces 
apoptosis (D) in OV-90 and TOV-21-G cells. Cisplatin treatment results in a significant further reduction of prolifera-
tion and migration in cells after SMS2 siRNA knockdown compared to control cells. Cisplatin treatment results in a 
significant increase of apoptosis in cells after SMS2 siRNA knockdown compared to control cells. Cells at 48 h-post 
transfection were used for cellular assays. Cisplatin at 50 nM was added to cells. *P<0.05, compared to Ctrl siRNA. 
#P<0.05, compared to cisplatin.
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decreased the activity of RhoA but not Rac1 
(Figure 4B). In addition, we further observed 
the decreased phophosphorylation of focal 
adhesion kinase (FAK) and paxillin in SMS2-
depleted cells (Figure 4A), indicating that  
SMS2 inhibition also suppresses RhoA/FAK/
paxillin signalling. This is consistent with the 
previous report that FAK/paxillin activation is 
mediated by RhoA/ROCK1 to regulate cyto- 
skeletal assembly [20].

Next, we explored a link between activation of 
RhoA and SMS2 by attempting to rescue the 
effects of SMS2 inhibition using RhoA activator 
calpeptin [21]. We found that calpeptin signifi-
cantly reversed migration inhibition induced by 
SMS2 depletion in ovarian cancer cells (Figure 
4B). However, calpeptin did not reverse SMS2 
depletion-induced growth and survival inhibi-
tion (Figure 4C and 4D). These demonstrate 

that SMS2 inhibition suppresses ovarian can-
cer migration through suppressing RhoA sig- 
nalling, and SMS2 inhibition suppresses grow- 
th and induces apoptosis through other me- 
chanisms unrelated RhoA. 

We further determined ceramide, phosphatidyl-
choline (PC) and sphingomyelin (SM) levels in 
SMS2-depleted ovarian cancer cells using 
LC-MS. We found that SMS2 depletion caused 
a slight but significant decrease of SM levels  
by 20% (Figure 5A). SMS2 depletion caused a 
significant increase of ceramide levels by ~1.7-
fold, and did not affect PC level. We further 
found that SMS2 depletion resulted in an 
increase in intracellular ROS level (Figure 5B) 
and 8-OHdG (an oxidative DNA damage mar- 
ker; Figure 5C), and a decrease in mitochon-
drial membrane potential (Figure 5D and 
Supplementary Figure 5), suggesting oxidative 

Figure 4. SMS2 depletion suppresses ovarian cancer migration via inhibiting RhoA signaling. (A) Western blot analy-
sis of active and total Rac and RhoA, phosphor and total MYPT1, MLC, cofilin, PRK2, FAK and paxillin in SMS2-de-
pleted TOV-21-G cells. Cells were harvested for western blot analysis at 48 h-post transfection. (B) SMS2 depletion 
significantly reduces the activity of RhoA but not Rac1 in TOV-21-G cells. (C) The addition of RhoA activator calpeptin 
significantly reverses the decreased migration in SMS2-depleted ovarian cancer cells. The addition of calpeptin 
does not reverse the decreased proliferation (D) and increased apoptosis (E) in SMS2-depleted ovarian cancer cells. 
Calpeptin at 1 mg/ml was added to the cells. Cells were harvested for BrdU and migration analysis after 72 h and 
12 h after seeding transfected cells to designated plates, respectively. *, P<0.05, compared to Ctrl siRNA.



The multiple roles of SMS2 in ovarian cancer

4419 Am J Transl Res 2021;13(5):4412-4421

stress and mitochondrial dysfunction in cells. 
The disrupted lipid metabolism, oxidative dam-
age and mitochondrial dysfunction correlates 
well with each other, and are likely to be the 
mechanisms of SMS2 depletion-induced inhibi-
tion of growth and survival in ovarian cancer 
cells. 

Discussion

In this study, we first examined the expression 
patterns of both SMS1 and SMS2 in ovarian 
cancer in comparison with paired normal ovary 
tissues. SMS1 and SMS2 metabolize ceramide 
into SM which play critical roles in plasma 
membrane homeostasis and dynamics as well 
as in many cellular processes [6]. Although 
SMS are emerging as attractive therapeutic  
targets in cancer due to their essential roles in 
regulating cancer progression and treatment 
resistance [9, 11, 22, 23], very few studies re- 
vealed the expression pattern and prognostic 
value of SMS in cancer. SMS1 downregulation 
occurs in melanoma and is associated with a 
worse prognosis [24]. Interestingly, patients 
with high-SMS1 and low-SMS2 expression had 

normal ovary tissues (n=100+). This is differ- 
ent from our findings that there seems to be 
insignificant difference on the average level of 
SMS1 between ovarian cancer (n=30) and 
ovary tissues (n=30). The reason behind may 
be a result of differences in samples sizes. We 
noted that the FPKM (fragments per kilobase 
million) value of SMS1 varies remarkably and  
a large number of ovarian cancer and ovary  
tissues have a similar FPKM value. Although 
analysis of correlation between mRNA expres-
sion level and patient survival on TCGA indi-
cates that SMS2 is not a prognostic marker in 
ovarian cancer, patients with higher SMS2 
expression do have lower 5-year survival rate 
than patients with low SMS2 expression. 
Furthermore, the ovarian cancer cell lines we 
had selected to demonstrate the biological 
function of SMS mimics the features of patient 
samples by showing that SMS2 but not SMS1 
was upregulated in most ovarian cancer cell 
lines (Figure 2A and 2B). 

Based on the findings obtained from expres-
sion analysis, we investigated the function of 
SMS focusing on SMS2. Using gain-of-function 

Figure 5. SMS2 depletion suppresses ovarian cancer growth and apopto-
sis via disrupting lipid metabolism and inducing oxidative stress. (A) SMS2 
knockdown significantly increases ceramide (Cer) and deceases sphingo-
myelin (SM) levels without affecting phosphatidylcholine (PC) level in ovar-
ian cancer cells. SMS2 knockdown significantly increases intracellular ROS 
(B) and 8-OHdG (C), and decreases mitochondrial membrane potential (D). 
LC-MS was applied to determine ceramide and sphingomyelin levels and 
differentiate distinct fatty acyl subspecies of sphingolipids. Measurement 
of lipids, ROS, 8-OHdG and mitochondrial membrane potential were per-
formed at 48 h post-transfection. *, P<0.05, compared to Ctrl siRNA.

a 5-year survival ~10-fold  
higher than patients with low-
SMS1 and high-SMS2 expres-
sion [10], suggesting that 
SMS1 and SMS2 expression 
shows opposite associations 
with glioma patient survival. 
We showed that SMS2 ex- 
pression was upregulated in 
most ovarian cancer patients 
whereas SMS1 expression re- 
mained comparable, and their 
expression pattern were not 
associated with age, patho- 
logical subtype, tumor grade, 
treatment and TNM stage 
(Figure 1 and Supplementary 
Table 1). Our findings on total 
30 ovarian cancer patients 
were consistent with RNA-
sequencing data from TCGA 
that showed an average SMS2 
mRNA level to be higher in 
ovarian cancer (n=350+) than 
normal ovary tissues (n= 
150+). In contrast, TCGA data 
demonstrates that the aver- 
age SMS1 mRNA is lower in 
ovarian cancer (n=300+) than 
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and loss-of-function approaches, we demon-
strated that SMS2 overexpression facilitated 
both proliferation and migration in ovarian can-
cer with the predominant role in migration 
(Figure 2C-F). This is supported by previous 
study that SMS2 promotes breast cancer cell 
growth and invasiveness, and high SMS2 ex- 
pression is associated with breast cancer me- 
tastasis [9]. In contrast, another study report- 
ed that SMS2 overexpression alone did not 
affect liver cancer cell survival but sensitized 
these cells to cisplatin-induced apoptosis [11]. 
The discrepancy on the effects of SMS2 over- 
expression in cancer suggest that the role of 
SMS2 in cancer is complex and might be can-
cer type specific. SMS2 depletion suppresses 
migration, growth and survival, and sensitizes 
ovarian cancer to cisplatin. Furthermore, the 
degree of inhibition is dependent on SMS2 
baseline level in ovarian cancer cells (Figure 3). 
SMS2 deficiency inhibits the induction of coli-
tis-associated colon cancer [25]. Loss of SMS2 
inhibits the infiltration of malignant lymphoma 
in mice [26]. Our work together with previous 
reports show that SMS2 is involved in multiple 
aspects of cancer progression and thus is an 
attractive therapeutic target. 

A significant finding of our work is that SMS2 
contributes to ovarian cancer progression via 
different mechanisms. SM levels in cell plasma 
membrane and lipid rafts regulate function of 
small GTPases, such as K-Ras and RhoA [16, 
17, 27]. Our findings agree with and extend the 
previous reports by showing that SMS2 knock-
down suppresses ovarian cancer migration via 
inhibiting RhoA activity and its downstream  
signaling RhoA/ROCK/cofilin and RhoA/ROCK/
FAK/paxillin pathways (Figure 4A-C). Inhibitors 
targeting ROCK/LIMK/cofilin signaling pathway 
have being evaluated in clinical trials for cancer 
treatment [19]. We are the first to demonstrate 
the association between SMS2 and this path-
way in ovarian cancer migration. However, RhoA 
is not a major downstream effector of SMS2 in 
ovarian cancer growth and survival (Figure 4D 
and 4E). We show that the disrupted SM metab-
olism (eg, increased ceramide and decreased 
SM), oxidative damage and mitochondrial dys-
function likely contribute to decreased growth 
and survival induced by SMS2 depletion (Figure 
5). In agreement with the previous reports on 
the roles of SM metabolism in ovarian cancer 
drug resistance, microenvironment and cancer 
stem cell niche [7, 28], our study further high-

lights that SM metabolism is important for 
ovarian cancer growth, survival and sensitivity 
for cisplatin treatment. 

In conclusion, our work sets the stage to evalu-
ate the expression, function and downstream 
effectors of SMS in ovarian cancer. Our work 
demonstrates that that SMS2 but not SMS1 is 
upregulated in ovarian cancer, and involved in 
migration, growth and survival via different 
mechanisms. These discoveries are critical  
preclinical steps towards investigating SMS2 
pharmacological inhibitors in combinations 
with existing treatment measures to achieve 
chemo-sensitization in ovarian cancer.
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Supplementary Table 3. RT-PCR primer sequences for 
human genes
Gene RT-PCR primer sequence
SMS1 F: 5’-GCC AGG ACT TGA TCA ACC TAA CC-3’

R: 5’-CCA TTG GCA TGG CCG TTC TTG-3’
SMS2 F: 5’-CTT AGC CCT CCA CTC CC-3’

R: 5’-CAG AAT CTG CGT CCC AC-3’
GAPDH F: 5’-AAC GGG AAG CTT GTC ATC AAT GGA AA-3’

R: 5’-GCA TCA GCA GAG GGG GCA GAG-3’

Supplementary Table 2. siRNA sequences for SGMS2
siRNA sequence

SMS2 siRNAa 5’-AAC CCA AGA GCT TAT CCA GTC-3’
SMS2 siRNAb 5’-ACC GTC ATG ATC ACA TCC GTA-3’

Supplementary Table 1. Ovarian cancer patients’ 
clinic-pathological data
Patient Number Age Grade Histology TNM stage
P#1 56 3 Serous papillary II
P#2 60 3 Serous III
P#3 33 3 Serous papillary II
P#4 55 3 Serous papillary IIA
P#5 65 1A Serous I
P#6 68 2 Serous III
P#7 55 2 Serous papillary III
P#8 38 3 Serous II
P#9 39 2 Clear cell II
P#10 49 2 Serous III
P#11 42 2 Clear cell III
P#12 55 1A Serous I
P#13 68 2A Serous I
P#14 72 3 Serous II
P#15 58 2-3 Endometrioid IIIc
P#16 76 2 Clear cell III
P#17 79 3 Endometrioid III
P#18 55 3 Endometrioid II
P#19 44 3 Serous IIa
P#20 80 3 Serous IV
P#21 63 3 Serous IV
P#22 64 2-3 Serous IIIc
P#23 61 1 Serous I
P#24 51 2 Serous Ib
P#25 44 2 Endometrioid Ib
P#26 38 3 Clear cell IIIc
P#27 39 3 Clear cell III
P#28 65 2 Clear cell Ib
P#29 68 1 Serous I
P#30 63 1 Serous I
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Supplementary Figure 1. Representative flow cytometry plots showing the percentage of Annexin V and 7-AAD stain-
ing in SMS2-depleted OV-90 cells in the presence of cisplatin.
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Supplementary Figure 2. Representative flow cytometry plots showing the percentage of Annexin V and 7-AAD stain-
ing in SMS2-depleted TOV-21-G cells in the presence of cisplatin.
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Supplementary Figure 3. Representative migration images showing that SMS2 siRNA knockdown decreases migra-
tion in OV-90 cells. Cisplatin treatment results in a significant further reduction of proliferation and migration in cells 
after SMS2 siRNA knockdown compared to control cells.
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Supplementary Figure 4. Representative migration images showing that SMS2 siRNA knockdown decreases migration in TOV-21-G cells. Cisplatin treatment results 
in a significant further reduction of proliferation and migration in cells after SMS2 siRNA knockdown compared to control cells.

Supplementary Figure 5. Representative flow cytometry plot and histogram images showing that SMS2 siRNA knockdown decreases JC-1 staining counts.


