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Abstract
Background  Triple negative breast cancer (TNBC) is the most aggressive breast cancer subtype with the worst 
prognosis, and there are no targeted treatments available. TNBC patients are more likely to develop metastases 
and relapse than patients with other breast cancer subtypes. Lymph node metastasis is the first sign of metastatic 
spread. We aimed to characterize the mechanism of lymph node metastasis in TNBC to provide a new strategy for the 
treatment of TNBC.

Methods  Gene Expression Omnibus (GEO) TNBC database was utilized to screen for genes related to N staging. 
Screening the downstream target of Melanophilin (MLPH) in TNBC through RNA sequencing (RNA seq) analysis. 
Protein mass spectrometry was utilized to analyze the protein which interacts with MLPH, and RNA binding protein 
immunoprecipitation and quantitative real-time PCR (RIP qPCR) were utilized to verify the regulation of sphingosine 
kinase 1 (SPHK1) expression by MLPH through Non-POU domain-containing octamer-binding protein (NONO). Cell 
functional assays and in vivo models experiments further confirmed the effects of MLPH on proliferation and lymph 
node metastasis of TNBC through the SPHK1-S1P axis.

Results  MLPH is downregulated in TNBC and inhibits tumor growth and lymph node metastasis though the MLPH-
NONO-SPHK1-S1P pathway. NONO was identified as an essential factor involved in SPHK1 mRNA splicing. MLPH 
interacts with NONO to inhibit SPHK1 mRNA splicing of SPHK1, which reduces the content of S1P, thereby inhibiting 
growth and lymph node metastasis in TNBC.

Conclusions  This study preliminarily elucidated a mechanism underlying lymph node metastasis in TNBC and 
identified the role of the MLPH-NONO-SPHK1-S1P axis in regulating proliferation and lymph node metastasis in TNBC. 
These findings may help design strategies for predicting and treating metastasis in TNBC.
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Introduction
Breast cancer metastasis is the main cause of death 
among women worldwide, and lymph node metastasis 
is the most common form of breast cancer metastasis, 
as well as an important criterion to define the stage of 
breast cancer [1]. Triple negative breast cancer(ER, PR, 
and HER2 negative, TNBC) is the most aggressive sub-
type, accounting for 10 -24% of all breast cancer cases [2, 
3]. There are no effective targeted therapies for TNBC, 
and identifying new biomarkers and specific targets is 
thus considered top priority in both theoretical research 
and clinical practice.

Melanophilin (MLPH) forms a ternary complex with 
the small Ras-related GTPase Rab27A in its GTP-bound 
form and the motor protein myosin Va. The complex 
interacts with the actin cytoskeleton and is essential for 
the maintenance of a dispersed state of melanosomes 
[4, 5]. Increased expression of MLPH in rectal cancer 
patients is associated with poor responses to preopera-
tive radiotherapy and chemotherapy and low survival 
rates [6]. Consistently, O-GlcNAcylation of MLPH 
enhances radiation resistance in glioblastoma by sup-
pressing TRIM21-mediated ubiquitination [7]. However, 
the role of MLPH in TNBC has not been well studied.

The multifunctional bioactive lipid mediator sphin-
gosine-1-phosphate (S1P) promotes tumor cell prolif-
eration, migration, invasion, angiogenesis, and drug 
resistance, and has been identified as a key regulatory 
molecule in cancer [8–10]. S1P is produced in cells by 
two types of sphingosine kinases (SPHK1 and SPHK2) 
and regulates many functions by interacting with and sig-
naling through five G protein coupled receptor families. 
S1P produced by SPHK2 is localized in the nucleus and 
inhibits histone deacetylase (HDAC1/2) activity, which 
increases gene transcription activity [11]. By contrast, 
S1P produced by SPHK1 is mainly located within the cell 
or secreted into the extracellular matrix [8, 12]. Inhibi-
tion of SPHK1 activity decreases the growth of primary 
mammary tumors and suppresses lung metastasis [13–
15]. However, the effect of the SPHK1-S1P axis on lymph 
node metastasis in TNBC remains unknown.

mRNAs undergo several post-transcriptional regula-
tory events, including splicing, transport, and modifica-
tion that are prerequisites for translation into proteins. 
These processes are governed by the action of RNA-bind-
ing proteins (RBPs), which are related to many human 
diseases [16, 17]. Non-POU domain-containing octamer-
binding protein (NONO) is an RBP that is involved in 
different physiological and pathological processes, and 
its function is regulated by different mechanisms [18, 19]. 
The circular RNA circ-hnRNPU downregulates glycosyl 
transferases and the parental gene hnRNPU by repress-
ing nuclear NONO-mediated c-Myc transactivation or 
cytoplasmic NONO-facilitated mRNA stability to inhibit 

N- and O-glycosylation, growth, invasion, and metastasis 
of gastric cancer cells [20]. Loss of NONO induces intron 
retention of glutathione peroxidase 1(GPX1) and cellular 
communication network factor 1(CCN1) to impair redox 
homeostasis, apoptosis, and invasion in glioblastoma 
multiforme [21]. Modulation of EGFR and STAT3 stabi-
lization by NONO exert oncogenic effects and are associ-
ated with chemotherapy resistance and poor prognosis in 
patients with TNBC [22, 23]. mechanisms underlying the 
regulation of SPHK1 by NONO remain unclear.

In this study, we found MLPH is downregulated in 
TNBC and inhibits tumor growth and lymph node 
metastasis though the MLPH-NONO-SPHK1-S1P path-
way. NONO was identified as an essential factor involved 
in SPHK1 mRNA splicing. MLPH interacts with NONO 
to inhibit mRNA splicing of SPHK1, which reduces the 
content of S1P, thereby inhibiting growth and lymph 
node metastasis in TNBC. These data indicate that tar-
geting the MLPH-NONO-SPHK1-S1P pathway could be 
a new strategy for the treatment of TNBC.

Materials and methods
Construction of weighted gene co-expression network 
analysis (WGCNA)
This article retrieved 11 TNBC-GEO databases, includ-
ing GSE45498, GSE137356, GSE65194, GSE65212, 
GSE76275, GSE76124, GSE76274, GSE142102, 
GSE76250, GSE62931, and GSE135565. Based on the 
completeness of clinical information and annotation 
platforms, two GEO databases, GSE65194 (N = 178) and 
GSE76124 (N = 198), were ultimately selected. Excluding 
IDs with incomplete clinical information, a total of 214 
TNBCs were included for WGCNA analysis.

Plasmid and lentiviral vector construction and transfection
MLPH-Lentivirus and MLPH RNAi-Lentivirus were pur-
chased from GeneChem Company (Shanghai, China). 
1 × 105 cells were infected with 2 µl of 1 × 109 TU lentivi-
rus for 24 h and selected with 5 µg/ml puromycin.

Mass spectrometry analysis
Cells were collected into IP lysis buffer and the cell lysate 
was incubated on ice for 30  min and incubated with 
MLPH antibody-conjugated agarose beads with rotation 
at 4 C for 12 h. The binding protein was eluted into SDS 
loading buffer and analyzed by mass spectrometry.

RNA-seq analysis
Flag vector or Flag-MLPH was stably expressed in 
mammary adenocarcinoma MDA-MB-231 cells. The 
total RNA extractions were using the TRIzol (Invitro-
gen, USA). RNA-seq analysis was performed at Wuhan 
seqhealth Inc. (Wuhan, China).
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Western blot and immunoprecipitation assay
Immunoprecipitation and western blot analyses have 
been described previously [24].

Reagents and antibodies
Antibodies against proteins were used in the experi-
ments in follows and were purchased from protein tech, 
Wuhan China: MLPH (#10338-1-AP); SPHK1 (#10670-
1-lg); NONO (#11058-1-AP); Actin (#66009-1-lg); Lam-
inB1 (#12987-1-AP); β-Tubulin (#10068-1-AP); Flag and 
GAPDH (#66008-4-lg; #60004-1-lg).

Patient tissues and specimens
The present study was approved by the Ethics Commit-
tee of the Cancer Hospital of China Medical University. 
A total of 210 patients with primary breast cancer who 
did not receive any preoperative chemotherapy or radio-
therapy in the period 2013–2015 were enrolled in this 
study. Ethical practices were followed throughout to 
ensure patient data confidentiality and compliance with 
the Declaration of Helsinki. Clinical stage was classified 
according to the eighth edition of the American Joint 
Committee on Cancer TNM criteria for breast can-
cer. The prognostic data of all patients were obtained 
by referring to medical records; data from patients with 
nontumor death were excluded. Disease-free survival 
(DFS) was defined as the time between surgery and the 
onset of local recurrence or distant metastasis. Overall 
survival (OS) was defined as the period from surgery to 
death.

Colony formation assay
5 × 102 Cells were cultured in 6-well plates until visible 
cell colonies were formed. The cells are fixed and stained, 
and the number of colonies was measured.

CCK8 assay
CCK8 reagent was added to incubate at 37 °C for 2 h, and 
the laser detection with the wavelength of 450  nm was 
used. The data was calculated according to the reagent 
instructions.

S1P detection assay
The level of intracellular and extracellular S1P was deter-
mined using a S1P enzyme-linked immunosorbent assay 
kit (ml038623, mlbio, China). Briefly, HS578T cells and 
MDA-MB-231 cells were seeded in 60-mm dishes and 
incubated in serum-free RPMI-1640 for 48 h. Then, the 
cells were harvested, and the levels of S1P were measured 
according to the manufacturer’s instructions.

Transwell migration and invasion assay
To assess cell migration and invasion in vitro, MDA-
MB-231 cells (1 × 105 cells in 100  µl Leibovitz’s L-15 

Medium without FBS) and HS578T cells (1 × 105 cells in 
100 µl Dulbecco’s Modified Eagle Medium without FBS) 
were placed in the top chamber of transwell migration 
chambers. In the cell invasion assay in vitro, the upper 
chamber of transwells was treated with 10% matrix gel, 
and the other steps were the same as above. The transwell 
migration and invasion assay used in this study has been 
described previously in detail [24].

Wound healing assay
A total of 2 × 106 MDA-MB-231 cells or HS578T cells sta-
bly transfected with the indicated constructs were seeded 
in six-well plates. The transwell migration assay used in 
this study has been described previously in detail [24].

RNA isolation and qRT-PCR
Total RNA isolation and qRT-PCR were carried out 
according to the protocol used in our previous study [24].

Immunohistochemical (IHC) staining
Paraffin sections cut from paraffin-embedded breast 
cancer tissues were dewaxed and rehydrated. IHC stain-
ing assay was used to detected the expression of MLPH 
in all tumor sections with the MLPH antibody. Then 
the nucleus was stained with hematoxylin (Maixin Bio-
technology Co., Ltd). After hydration and transpar-
ent, the sections were sealed with neutral resins and 
photographed.

RNA binding protein immunoprecipitation (RIP)
RIP was performed using the EZ-Magna RIP RNA-Bind-
ing Protein Immunoprecipitation Kit (Merck Millipore; 
Burlington, MA, USA). In brief, cells were cross-linked 
with 1% formaldehyde and lysed with protease and 
RNase inhibitors. Magnetic beads preincubated with 
IgG or antibody specific for NONO were incubated with 
lysates at 4 °C overnight. Eluted RNAs were purified and 
detected with qPCR. Total RNA was regarded as the 
input control.

Cell adhesion
10 µg/ml collagen was coated in a 96 well plate at room 
temperature for 1  h and washed twice with serum-free 
culture medium. Spread 30,000 cells in the well plate and 
cultured for 2 h, wash with PBS three times, and detect 
the number of cells in the well plate with CCK8.

Animal models
All experiments involving mice were carried out in accor-
dance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publica-
tion No. 8023, revised 1978). All mice were maintained 
and bred at the Animal Center of China Medical Univer-
sity. Animal experiments were approved by the Animal 
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Center of China Medical University and Use Committees 
of China Medical University. For 4T1 cell footpad implan-
tation model, 2 × 105 4T1-Flag or 4T1-Flag-MLPH cells 
were implanted subcutaneously into the footpad region 
of hind limb of 6 ~ 8-week-old female BALB/c mice. S1P 
(300  mg/kg of body weight, Sigma-Aldrich, #SML2709) 
in PBS (50  µl) was injected daily subcutaneously to the 
anterolateral side of mouse leg, right above the hind limb 
foot where 4T1 cells were implanted. The treatment was 
started from the 2nd week after tumor implantation. Ipsi-
lateral pLNs tissues were sampled at day 25. The 2 × 106 
stably transfected 4T1 cells were injected subcutaneously 
into 6 ~ 8-week-old female BALB/c mice. Tumor volume 
was measured once every 3 days. The calculation formula 
was tumor volume = π/6 × (L × W × H). Mice were killed 
after 30 days.

Statistical analysis
We used GraphPad Prism software for statistical analy-
ses. Student’s t-test (2-tailed) was applied to compare 
differences between two groups in repeated studies. The 
significance of differences in specimen data was deter-
mined with a chi-square test. *p < 0.05 was considered 
statistically significant, and **p < 0.01, ***p < 0.001 and 
****p < 0.0001 were considered highly significant. The 
Kaplan–Meier method was used to generate survival 
curves.

Results
Gene expression information from 21,626 genes was 
extracted from two TNBC GEO datasets (GSE65194, 
GSE76124), and the expression of each gene was ana-
lyzed in 214 patient samples using ANOVA. The top 25% 
of genes (5407) was selected for subsequent WGCNA 
analysis. Cluster analysis using the clinicopathologi-
cal factors age, T stage, N stage, M stage, and histologi-
cal type was followed by calculation of the soft threshold 
(Fig. 1a). When the soft threshold was set at 3, the scale 
independent R2 value was 0.868 (Fig.  1b). Based on the 
soft threshold, 11 network modules were ultimately 
determined by hierarchical clustering of gene expression 
levels and the corresponding clinicopathological factors 
(Fig.  1c-f ). The yellow module related to N stage was 
selected for further analysis (correlation coefficient: 0.18, 
Fig. 1d). The genes in the yellow module were selected for 
analysis, and the correlation between the two of the mod-
ule membership and the significance of genes was 0.37 
(Fig.  1f ). Analysis of the relationships between genes in 
the yellow module by Cytoscape showed that, the higher 
the weight of the network in the module, the greater the 
representativeness effect. Application of the Maximal 
Clique Centrality (MCC) algorithm in the plug-in, identi-
fied the following ten key genes in the network: FOXA1, 

MLPH, TSPAN13, SPDEF, KIF16B, STARD10, AGR2, 
ARSG, C9orf152, and SLC4A8 (Fig. 1g).

To identify genes associated with lymph node metasta-
sis in TNBC, we used the GEO database to measure the 
Recurrence free survival (RFS) of hub genes in the yel-
low module. Patients with low MLPH expression had a 
worse prognosis. Further analysis shows that compared 
with the patients without lymph node metastasis, low 
MLPH expression was more correlated with poor prog-
nosis in patients with lymph node metastasis (Fig.  2a). 
The expression of the two other genes (FOXA1 and 
TSPAN13) analyzed was no significant difference in sur-
vival rates between patients with or without lymph node 
metastasis (Figure S1a and b). Analysis of the expression 
of MLPH in normal tissues and in different subtypes of 
breast cancer in The Cancer Genome Atlas (TCGA) 
and the Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) databases showed that MLPH is downregu-
lated in TNBC (Fig. 2b and c). In addition, analysis of 50 
pairs of fresh frozen clinical samples of different subtypes 
of breast cancer tissues and paired adjacent nonneoplas-
tic tissues showed that MLPH protein expression was 
higher in breast cancer than in non-tumor tissues (Figure 
S2a and b). MLPH expression was lower in TNBC than in 
other breast cancer subtypes (Fig. 2d and e). IHC staining 
assay and histopathological analysis of 129 breast cancer 
cases showed that MLPH expression was lower in TNBC 
(Fig. 2f and g), and MLPH was negatively correlated with 
metastasis in TNBC rather than other breast cancer sub-
types (Fig.  2h). Kaplan Meier survival analysis showed 
that low MLPH levels were associated with poor overall 
survival and poor disease-free survival. Stratification of 
patients according to subtype of breast cancer showed 
that the association of low MLPH levels with poor over-
all survival and disease-free survival was more prominent 
in TNBC patients than in other tumor subtypes (Fig. 2i). 
These results indicate that MLPH is downregulated and 
negatively corelated with lymph node metastasis and 
poor survival in TNBC.

Detection of MLPH in different cell lines showed that 
MLPH expression was lower in TNBC cell lines than in 
other cancer cell lines (Fig.  3a). Next, we examined cell 
migration and invasion in cells from different subtypes of 
breast cancer using wound healing and transwell migra-
tion and invasion assays. The results showed that inva-
sion and migration abilities were stronger in TNBC cells 
than other cell lines (Fig.  3b and c). These results indi-
cate that the expression of MLPH may be related to the 
invasion and migration of breast cancer cells. To explore 
the role of MLPH in the occurrence and development of 
TNBC, we used HS578T cells and MDA-MB-231 cells 
stably expressing MLPH. Cells with MLPH overexpres-
sion showed significantly lower proliferation rates in 
vitro than the control (Fig. 3d and e). Colony formation 
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Fig. 1  Identification of the key gene MLPH related to lymph node metastasis in TNBC. a. Clustering dendrogram of the clinical traits. b. Calculation of the 
soft threshold by scale independence and mean connectivity. When the soft threshold was 3, the scale free topology fitting index R2 was 0.868. c and 
d. Clustering dendrogram of genes based on topological overlap. e. Heatmap of modules for gene-traits relationship. Red represents a positive correla-
tion, and green represents a negative correlation. f. The correlation between yellow module membership and N staging was significant. The correlation 
coefficient was 0.37. g. Utilization of Cytoscape to visualize the relationship between genes in the yellow module. ten key genes were selected from the 
network using the Maximal Clique Centrality algorithm
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assays showed similar results (Fig.  3f ). Wound heal-
ing and transwell migration and invasion assay showed 
that directional cell migration toward a “wound’’ in a 
cell monolayer was inhibited in MDA-MB-231 cells and 

HS578T cells stably expressing MLPH (Fig. 3g and h). As 
shown in Fig.  3i and j, MLPH markedly suppressed the 
migration and invasion potential of MDA-MB-231 cells 
and HS578T cells. These findings suggest that MLPH 

Fig. 2  MLPH is downregulated and negatively correlated with lymph node metastasis in TNBC. a. RFS curves for the key gene MLPH of patients with/ 
without lymph node metastasis in the GEO databases. b. Predict the expression of MLPH in different subtypes breast cancer and adjacent cancer in TCGA 
database. c. Predict the protein expression of MLPH in different subtypes breast cancer and normal tissues in CPTAC database. d and e. MLPH expression 
levels in 80 different subtypes clinical breast tissues were determined by Western blotting with the indicated antibodies. MLPH protein levels were quanti-
fied by normalizing to the intensity of the Actin band. Error bars represent the mean ± SEM. *p < 0.05, ***p < 0.001. f. Representative images of IHC staining. 
The boxed areas in the top images are magnified in the bottom images. Original magnification, 100×. g. MLPH expression levels in breast cancer tissues. 
The intensity values in (a) are expressed as the H-score. The relative staining across all samples was shown in the boxplot (t test, *p < 0.05, **p < 0.01). h. 
MLPH expression levels in different subtypes breast cancer tissues (with and without metastasis). The intensity values in (a) are expressed as the H-score. 
The relative staining across all samples was shown in the boxplot (t-test, *p < 0.05). i. Kaplan-Meier plot of OS or disease-free survival (DFS) of different 
subtypes breast cancer patients stratified by MLPH expression levels
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Fig. 3  MLPH inhibits the proliferation, invasion, and migration of TNBC. a. The protein expression of MLPH protein was detected in cell lines by western 
blot. MLPH protein levels were quantified by normalizing to the intensity of the Actin band. Error bars represent the mean ± SEM. *p < 0.05, ***p < 0.001. b. 
Wound-healing analysis of different subtypes breast cancer cells. Results were representative of three independent experiments. ****p < 0.0001. c. Tran-
swell analysis of different subtypes breast cancer cells. Results were representative of three independent experiments. ****p < 0.0001. d and e. CCK8 prolif-
eration analysis of HS578T or MDA-MB-231 cells stable transfected with Flag or Flag-MLPH, the data were presented as a histogram of the mean and SEM 
of three independent experiments, ****p < 0.0001. f. Colony formation analysis of HS578T or MDA-MB-231 cells stable transfected with Flag or Flag-MLPH, 
representative pictures of the colonies were shown. The data were presented as a histogram of the mean and SEM of three independent experiments. 
****p < 0.0001. g and h. Wound-healing analysis of MDA-MB-231(g) or HS578T(h) cells stable transfected with Flag or Flag-MLPH. Results were representa-
tive of three independent experiments. ***p < 0.001, ****p < 0.0001. i and j. Transwell analysis of MDA-MB-231(i) or HS578T(j) cells stable transfected with 
Flag or Flag-MLPH. Results were representative of three independent experiments. ****p < 0.0001
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inhibits the proliferation, invasion and migration of 
TNBC cells in vitro.

The mechanism underlying the involvement of MLPH 
in the progression of TNBC remains unclear. To identify 
MLPH downstream genes, we performed RNA sequenc-
ing (RNA-seq) using MDA-MB-231 cells stably overex-
pressing MLPH or control cells. RNA-seq analysis and 

quantitative real-time PCR showed that MLPH downreg-
ulates SPHK1, which was thus selected for further analy-
sis (Fig. 4a and b). The expression of SPHK1 in different 
subtypes of breast cancer was predicted using TCGA and 
CPTAC databases, and the results showed that SPHK1 is 
upregulated in TNBC and negatively correlated with the 
expression of MLPH (Fig.  4c and S3a-3c). SPHK1 was 

Fig. 4 (See legend on next page.)
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associated with poor prognosis, and this association was 
higher in patients with lymph node metastasis (Fig. 4d). 
To determine whether MLPH regulates the expression of 
SPHK1, MLPH was overexpressed in SK-BR-3, HS578T, 
and MDA-MB-231 cells and knocked out MLPH in 
MCF7 cells. As shown in Fig.  4e and f, MLPH down-
regulated the protein and mRNA expression, but not 
the pre-RNA expression of SPHK1 in TNBC (HS578T 
and MDA-MB-231 cells), whereas this effect was not 
observed in SK-BR-3 and MCF7 cells. These results indi-
cate that MLPH regulates the expression of SPHK1 at 
the post-transcriptional level in TNBC cells. The mecha-
nisms underlying the regulation of SPHK1 expression 
by MLPH were examined by immunoprecipitation (IP) 
experiments combined with MS-based proteomic analy-
sis to identify potential MLPH-interacting proteins in the 
MDA-MB-231 cells. MS analyses identified proteins that 
were specifically associated with MLPH, among which 
NONO, a member of the human splicing protein family, 
was selected for further analysis. NONO is a DNA- and 
RNA-binding protein that participates in various biologi-
cal events, such as gene transcription regulation, precur-
sor RNA splicing, DNA unwinding and pairing, defective 
RNA nuclear retention, DNA damage repair, and tumori-
genesis (Figure S3d and 3e). We predicted the expression 
of NONO in different subtypes of breast cancer using 
TCGA database and found that NONO is upregulated in 
TNBC (Figure S3f ). To validate the MLPH–NONO inter-
action, we performed a co-immunoprecipitation (co-IP) 
assay in MDA-MB-231 cells stably transfected with Flag-
MLPH. IP with an anti-Flag antibody showed that MLPH 
interacted with NONO (Fig. 4g), and reciprocal IP with 
endogenous NONO antibody brought down MLPH 
(Fig.  4h). The interaction between MLPH and NONO 
occurred in the nucleus (Fig. 4i). The in vivo association 
of SPHK1 with NONO was assessed by RNA immuno-
precipitation (RIP) and qRT-PCR analysis, which con-
firmed the binding of NONO to SPHK (Fig. 4j). Finally, 
we investigated whether MLPH modulates the binding 
of NONO to SPHK1. RIP and qRT-PCR revealed that 
MLPH prevents the binding of NONO to SPHK1pre- 
RNA and mRNA, thereby inhibiting SPHK1 mRNA 

splicing (Fig. 4k and l). These results indicate that MLPH 
downregulates the expression of SPHK1 at the post-tran-
scriptional level.

To further examine the role of MLPH in TNBC and to 
confirm the functional link between MLPH and SPHK1, 
the protein levels of MLPH and SPHK1 were measured 
in tumor tissues of different breast cancer subtypes 
obtained from 50 patients. The results showed that the 
protein levels of SPHK1 were higher in TNBC than in 
other breast cancer subtypes (Fig.  5a). Sphingosine-
1-phosphate (S1P), the formation of which is catalyzed 
by SPHK-1 or -2, is a bioactive lipid implicated in human 
health and disease; it activates signals through the S1P 
receptor (S1PR) via autocrine or paracrine pathway. S1P 
expression was measured in different subtypes of breast 
cancer tissues obtained from 50 breast cancer patients, 
and the results showed that the levels of S1P were higher 
in TNBC than in other breast cancer subtypes (Fig. 5b). 
We next investigated whether MLPH can regulate S1P 
synthesis. MLPH overexpression decreased the intracel-
lular and extracellular levels of S1P compared with the 
levels in the control in TNBC (Fig. 5c). These results sug-
gest that MLPH decreases S1P synthesis in TNBC. The 
effect of MLPH-mediated inhibition of S1P synthesis 
on tumor growth was examined using the CCK8 assay. 
HS578T and MDAMB-231 cells stably expressing MLPH 
showed significantly reduced proliferation in vitro, and 
addition of S1P reversed the inhibitory effect of MLPH 
on cell proliferation (Fig.  5d). Colony formation assays 
showed similar results (Fig.  5e). The role of S1P in cell 
migration and invasion was examined by wound healing 
and transwell migration and invasion assays. Overexpres-
sion of MLPH strongly inhibited directional cell migra-
tion toward a ‘‘wound’’ in a cell monolayer, and treatment 
with S1P reversed the inhibitory effect of MLPH on cell 
migration (Fig. 5f and g). As shown in Fig. 5h and i, S1P 
also reversed the inhibitory effect of MLPH on cell migra-
tion and invasion in HS578T and MDAMB-231 cells. 
Furthermore, Gene Ontology (GO) analysis and Gene 
Set Enrichment Analysis (GSEA) of the genes associ-
ated with MLPH showed that they were mainly involved 
in cell adhesion (Fig. 5j and k). Overexpression of MLPH 

(See figure on previous page.)
Fig. 4  MLPH prevents the binding of NONO to the SPHK1 pre-RNA to inhibit SPHK1 mRNA splicing in TNBC. a. Heatmap analysis of expression differential 
proteins regulated by MLPH in MDA-MB-231 cells. b. qRT-PCR analysis of the expression levels of differential gene in Flag-MLPH overexpressing cells. Lev-
els of all mRNAs were normalized with GAPDH. The data were presented as a histogram of the mean SEM of three independent experiments. Error bars 
represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, t-test. c. Predict the expression of SPHK1 in different subtypes breast cancer and adjacent cancer in 
TCGA database. d. RFS curves for the key gene SPHK1 of patients with/ without lymph node metastasis in the GEO databases. e. SK-BR-3, MDA-MB-231 
and HS578T cells transfected with Flag or Flag -MLPH; MCF7 cells knock out MLPH, the protein expression was determined by western blotting with the 
indicated antibodies. f. SK-BR-3, MDA-MB-231 and HS578T cells transfected with Flag or Flag -MLPH, qRT-PCR analysis of the expression levels of MLPH, 
pre-SPHK1, SPHK1. Levels of all mRNAs were normalized with GAPDH. The data were presented as a histogram of the mean SEM of three independent 
experiments. Error bars represent mean ± SD. *p < 0.05, ***p < 0.001, t-test. g and h. IP and IB analysis of the interaction of MLPH and NONO in MDA-MB-231 
cells. i. Separation of cytoplasmic protein and nuclear protein with nucleoplasm separation kit, lysates were subjected to immunoprecipitation and west-
ern blot with indicated antibodies. j. RIP, qRT-PCR and IB analysis of the interaction of NONO and RNA-SPHK1in MDA-MB-231 cells. k and l. MDA-MB-231 
and HS578T cells transfected with Flag or Flag -MLPH RIP, qRT-PCR and IB analysis of the interaction of NONO and RNA-SPHK1
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strongly inhibited cell adhesion, and adding S1P reversed 
the inhibitory effect of MLPH on cell adhesion (Fig. 5l). 
These results suggest that MLPH-mediated inhibition 
of S1P synthesis suppresses the proliferation, migration, 
invasion, and adhesion of TNBC cells.

The growth-inhibitory effect of MLPH was tested in 
vivo in BALB/c female mice subcutaneously injected 
with 4T1 cells infected with lentiviruses harboring Flag 

and Flag-MLPH. During tumor formation, mice received 
daily subcutaneous injections containing S1P (10  mg/
kg) in PBS (50 µl) at the periphery of the area of 4T1 cell 
implantation. At 31 days after cell implantation, subcuta-
neous nodules became measurable. On day 31 of tumor 
formation, the mice were euthanized, tumor tissues were 
excised, weighed, and images were acquired. The results 
showed that the growth of tumors was significantly 

Fig. 5 (See legend on next page.)
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slower in mice injected with Flag MLPH cells than in the 
vector group, and injection of S1P reversed the inhibitory 
effect of MLPH on tumor growth in mice (Fig. 6a and d). 
Consistently, IHC analyses of SPHK1 revealed signifi-
cantly lower staining intensity in the MLPH overexpres-
sion group than in the controls (Fig.  6e). A significant 
negative correlation was observed between SPHK1 and 
MLPH protein levels in mice tumors (Fig. 6f ). To exam-
ine the role of MLPH in lymph node metastasis, we used 
the mouse 4T1 cell footpad implantation model. 4T1 
cells stably expressing Flag and Flag-MLPH were injected 
into the footpad of BALB/c mice. S1P (300  mg/kg) in 
PBS (50  µl) was injected daily subcutaneously into the 
anterolateral aspect of the mouse leg, above the area of 
implantation of 4T1 cells in the hind limb foot. The treat-
ment started on week 2 after tumor implantation. Ipsilat-
eral lymph nodes were sampled on day 25 (Fig. 6g). The 
results showed that lymph node metastasis was markedly 
lower in mice injected with MLPH stably expressing cells 
than in the other groups, and S1P treatment reversed the 
effect of MLPH on lymph node metastasis (Fig.  6h and 
i). Hematoxylin and eosin staining of the lymph node 
tumor metastasis area at the study endpoint showed con-
sistent results (Fig. 6j and k). These findings indicate that 
MLPH inhibits proliferation and lymph node metastasis 
in TNBC in vivo.

Discussion
TNBC is the most aggressive breast cancer subtype 
with the worst prognosis, and no targeted treatments 
are available. TNBC is a heterogeneous disease, and the 
probability of survival and/or recurrence varies among 
patients. The rates of metastasis and recurrence are 
higher in TNBC than in other subtypes of breast cancer 
[25]. Because metastasis to lymph node is one of the first 
signs of tumor spread [26, 27], we analyzed gene expres-
sion and the clinical characteristics of patients using the 
GEO TNBC database. We examined the yellow mod-
ule related to N stage to screen genes related to TNBC 
and lymph node metastasis, and identified MLPH as a 
potentially involved gene for further analysis. MLPH 
is associated with tumor proliferation, metastasis, and 

postoperative radiotherapy resistance in many cancer 
types [6, 7, 28, 29]. However, our understanding of the 
expression and function of MLPH in TNBC remains 
limited. In this study, we found that although MLPH is 
expressed at high levels in breast cancer, its expression is 
lower in TNBC than in other subtypes of breast cancer, 
suggesting that MLPH plays different roles in different 
subtypes of breast cancer cells. We analyzed the relation-
ship between MLPH expression and lymph node metas-
tasis in different breast cancer subgroups, and found that 
MLPH was negatively correlated with lymph node metas-
tasis in TNBC, but not in other breast cancer types. In 
addition, we demonstrated that overexpression of MLPH 
in TNBC cells can inhibit cell proliferation, invasion, and 
migration. However, the specific mechanisms underlying 
the role of MLPH in regulating proliferation and lymph 
node metastasis in TNBC need to be further explored.

SPHK was identified as a downstream gene of MLPH 
by RNA sequencing. Tumor cells express high levels 
of SPHK1, which acts as a proto-oncogenic factor and 
is responsible for the synthesis of S1P. S1P functions 
through either the autocrine or the paracrine pathway 
and is associated with many process, including anti-
apoptotic functions, metastasis, epithelial-mesenchymal 
transition, angiogenesis, and chemotherapy resistance 
[30, 31]. Previous studies have demonstrated that met-
formin, an AMPK activator, affects airway remodeling 
by inhibiting STAT3 phosphorylation to downregulate 
the expression of PLK1 and ID2 proteins, thereby inhib-
iting S1P induced proliferation of airway smooth muscle 
cells (ASMCs) [32]. S1P participates in the process of 
bile stasis by activating S1PRs. Mice primary hepato-
cytes treated with SEW2871 (S1P agonist) increased the 
expression of S1PR1 and activated AMPK which effec-
tively improved α-naphthalene isothiocyanate (ANIT) 
induced cholestatic liver injury [33]. These studies indi-
cate that the AMPK signaling pathway is the downstream 
of the S1P-S1PRs axis.

Due to the significant inhibition of the tumor prolif-
eration by AMPK activators, multiple clinical trials have 
been conducted on the combination of AMPK activa-
tors and rapamycin in treatment of leukemia [34]. In 

(See figure on previous page.)
Fig. 5  MLPH inhibits cell proliferation, invasion, migration, and adhesion in TNBC through the SPHK1-S1P axis. a. MLPH and SPHK1 expression levels in 48 
different subtypes clinical breast tissues were determined by Western blotting with the indicated antibodies. b. Relative S1P levels of tumor tissues (T). 
unpaired Student’s t-test, n = 48, *p < 0.05. c. SK-BR-3, MDA-MB-231 and HS578T cells transfected with Flag or Flag -MLPH, and detected the content of 
intracellular and extracellular S1P. d. CCK8 proliferation analysis of HS578T or MDA-MB-231 cells stable transfected with Flag or Flag-MLPH and added S1P 
(2 µg/ml), the data were presented as a histogram of the mean and SEM of three independent experiments, ****p < 0.0001. e. Colony formation analysis 
of HS578T or MDA-MB-231 cells stable transfected with Flag or Flag-MLPH and added S1P (2 µg/ml), representative pictures of the colonies were shown. 
The data were presented as a histogram of the mean and SEM of three independent experiments. ****p < 0.0001. f and g. Wound-healing analysis of 
MDA-MB-231(g) or HS578T(h) cells stable transfected with Flag or Flag-MLPH and added S1P (2 µg/ml). Results were representative of three independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001. h and i. Transwell analysis of MDA-MB-231(i) or HS578T(j) cells stable transfected with Flag or Flag-MLPH and 
added S1P (2 µg/ml). Results were representative of three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001. j. GO analysis of MLPH enriched 
pathways. k. GSEA analysis of MLPH enriched pathways in TCGA databases. l. Cell adhesion analysis of HS578T or MDA-MB-231 cells stable transfected 
with Flag or Flag-MLPH and added S1P (2 µg/ml), the data were presented as a histogram of the mean and SEM of three independent experiments, 
*p < 0.05, **p < 0.01, ***p < 0.001
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breast cancer, metformin, commonly used to treat type 
2 diabetes, has revealed potential benefits in both obser-
vational and preclinical studies across breast cancer 
subtypes [35]. Another AMPK activator, 5-aminoimid-
azole-4-formamide ribonucleotides (AICAR), inhibited 
tumor growth, migration and invasion of TNBC cells 
[36]. Furthermore, previous study has demonstrated that 
AICAR enhanced the efficacy of rapamycin by inhibiting 
mTORC1 [37]. However, the concentration of rapamy-
cin used to treated TNBC was much higher that of other 
types of breast cancer, which indicated that the combina-
tion strategy was not satisfactory. Therefore, it is particu-
larly important to find a new target for TNBC treatment.

In this study, we found that MLPH downregulates the 
expression of SPHK1 at the mRNA and protein levels, 
but not the pre-RNA expression in TNBC. However, this 
regulation regulatory role was not observed in other sub-
types of breast cancer. These results suggest that MLPH 

decreases the synthesis of S1P to inhibit cell adhesion by 
regulating the expression of SPHK1 at the post-transcrip-
tional level, thereby inhibiting growth and lymph node 
metastasis in TNBC.

mRNA splicing is a critical step in post-transcrip-
tional gene regulation, and it expands the functional 
proteome in eukaryotes. We identified the RNA bind-
ing protein NONO as a protein specifically associated 
with MLPH by MS analysis. NONO interacts with the 
m6A reader IGF2BP3 to promote DLG1 RNA splicing, 
which increases the growth of gallbladder cancer [38]. 
NONO regulates mRNA splicing in glioblastoma, and 
knockdown of NONO impairs tumor growth, invasion, 
and redox homeostasis by leading to aberrant splicing 
of GPX1 [21]. NONO interacts directly with splicing 
factor proline/glutamine rich to regulate the splicing of 
SETMAR, suppressing metastasis in bladder cancer [39]. 
In this study, we demonstrated that NONO binds to the 

Fig. 6  MLPH inhibits proliferation and lymph node metastasis in TNBC in vivo. a. Representative mice with subcutaneously injected 4T-1 stably trans-
fected cells. b. Representative tumor from Flag and Flag-MLPH 4T1 cells. c. Quantitation of tumor weights was presented as a histogram (5 mice per 
group. ****p < 0.0001). d. Tumor diameter was measured at the indicated time points, and tumor volume was calculated. The results were presented as the 
mean and SEM of 5 mice per group per time point, ****p < 0.0001. e. Representative images of IHC staining showing MLPH and SPHK1 protein expression 
in each group mice’s tumors. f. Pearson correlation analysis of PAK5 and HMGCS2 protein expression levels, ****p < 0.0001. g. Representative mice with 
subcutaneously injected 4T-1 stably transfected cells. h and i. Comparison of the gross appearances of metastatic pLNs and various metastasis parameters 
between Flag, Flag-MLPH and Flag-MLPH + S1P groups (n = 5 samples for each group), *p < 0.05, Error bars are presented as mean ± SEM. j. Representative 
images of HE and IHC staining showing metastatic pLNs and highly magnified tumor margins. The boxed areas in the top images are magnified in the 
bottom images. Original magnification, 100×. k. Comparison of transfer regions in transferable pLNs. ****p < 0.0001, Error bars are presented as mean ± SEM
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pre-RNA of SPHK1, and MLPH prevents this binding to 
inhibit SPHK1 mRNA splicing in TNBC.

The functions of S1P varies depending on the cancer 
types, subtypes, progression, and tumor microenviron-
ment [40, 41]. In addition to treatment with anti-S1P 
antibodies targeting S1P itself, treatment with antagonist 
of S1P receptors and S1P-producing enzymes inhibi-
tors are being considered for targeting the S1P signaling 
pathway, and new drugs are being developed [42–44]. 
FTY720 (Fingomode) has been shown to inhibit S1P 
receptors other than S1PR2, as well as SPHK1 in the 
basic study is the first molecular targeted drug approved 
for multiple sclerosis. However, due to the immunosup-
pressive side effects of FTY720, its clinical application as 
an anti-cancer drug has not yet made progress [45–49]. 
We found that MLPH expression in TNBC is low. MLPH 
inhibited the tumor growth and lymph node metasta-
sis of TNBC through the NONO-SPHK1-S1P signaling 
pathway. MLPH may be a new target of TNBC for S1P 
signal transduction therapy.

In conclusion, we elucidated a mechanism underlying 
lymph node metastasis in TNBC and identified the role 
of the MLPH-NONO-SPHK1-S1P axis in regulating pro-
liferation and lymph node metastasis in TNBC (Fig.  7). 
These findings may help design strategies for predicting 
and treating metastasis in TNBC.
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