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Autocrine and paracrine effects of MDK
promote lymph node metastasis
of cervical squamous cell carcinoma

He Fei,1 Tong Chen,2,* and Hua Jiang3,4,5,*
SUMMARY

Lymph nodemetastasis (LNM) is themainmetastatic pathwayof cervical cancer, which is closely related to
5-year survival rate of cervical squamous cell carcinoma (CSCC), yet the underlyingmechanism remains un-
confirmed. In this study, we show that midkine (MDK) was highly expressed in CSCC and overexpression
of MDK was associated with CSCC LNM. Functional investigations demonstrated that MDK promoted
LNM by enhancing proliferation, migration and invasion capacity of cervical cancer cells, facilitating lym-
phangiogenesis and down-regulating the expression of tight junction proteins of human lymphatic endo-
thelial cells (HLECs). MDK exerted these biological effects by interacting with Syndecan-1 and activating
PI3K/AKT and p38 MAPK pathways. A retrospective study showed that s-MDK was related to LNM.
s-MDK combinedwith serum-squamous cell carcinoma antigen(s-SCCA) improved the diagnostic accuracy
of CSCC LNM. These findings established a new mechanism of LNM and highlighted MDK as a candidate
tumor biomarker and therapeutic target in CSCC.

INTRODUCTION

Cervical cancer is the fourth most common cancer in women worldwide1 and still one of the top five malignant tumors leading female

deaths.2 Lymph node metastasis (LNM) is the major spreading route of cervical cancer. In 2018, the International Federation of Gyne-

cology and Obstetrics (FIGO) included the LNM status in updated staging classification of cervical cancer,3 as LNM is one of the most

important clinical parameters in treatment determination. Current clinical guidelines recommend radical hysterectomy plus systematic

pelvic lymphadenectomy as standard surgical procedure for early cervical cancer (IA-IIA), except for stage IA1.3 However, a consider-

able part of patients without LNM have unnecessary systematic pelvic lymphadenectomy.4 Associated irreversible damage seriously

affect the postoperative life quality of patients.5 Therefore, accurate assessment of LNM status is critical to treatment decisions for early

cervical cancer.

Preoperative assessment for LNM usually employs imaging analysis (CT, MRI and PET),6,7which has a high false negative rate and low pos-

itive predictive value for LNM.8 Squamous cell carcinoma antigen (SCCA) is the most extensive and reliable tumor marker used in assisted

diagnosis of cervical squamous cell carcinoma (CSCC).9 However, the diagnostic accuracy of s-SCCA for LNM was unsatisfactory.10 Thus

it’s urgently needed to find some tumor markers closely related to LNM to assist in the assessment of CSCC LNM.

Midkine (MDK) is a promising tumor marker.11 In recent years, studies have found that MDK are highly expressed in a variety of ma-

lignant tumors.12 Serum-MDK(s-MDK) combined with other traditional tumor markers (CEA+ CA199/AFP) can improve the positive

detection rate of early gastric cancer13 and hepatocellular cancer.14 Most of the researches on MDK and malignancy have focused

on MDK’s regulation of cell proliferation, apoptosis, survival, migration and invasion, vascular formation.15,16 LNM is a complex process,

the exact mechanisms have recently been the subject of intense interest.17 Olmeda et al. reported that MDK promoted lymphangio-

genesis and was associated with LNM in melanoma.18 In endometrial carcinoma，preoperative s-MDK levels are significantly correlated

with prognosis and the presence of LNM.19 Hence, MDK may be involved in the LNM of malignant tumors and is a potentially useful

tumor biomarker for LNM.

Studies have shown that the expression ofMDK in cervical cancer tissues are significantly higher than that in normal cervical tissues.20 How-

ever, whether MDK regulates CSCC LNM, the related molecular mechanism and its clinical diagnostic value are still unclear. Therefore, this

study investigated the related effects and mechanisms of MDK on LNM of CSCC, and analyzed the clinical value of MDK in evaluating

CSCC LNM.
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Figure 1. MDK is upregulated in CSCC and correlated with LNM

(A) The expression of MDK mRNA in CSCC tissue and human cervical squamous epithelium from Zhai cervix databases in Oncomine. The difference of MDK

mRNA expression between groups was analyzed; the ordinate is the median of log2 of MDK mRNA value.

(B) The expression of MDK mRNA in CSCC tissue and human cervical squamous epithelium from Scotto cervix databases in Oncomine. The difference of MDK

mRNA expression between groups was analyzed; the ordinate is the median of log2 of MDK mRNA value.

(C) The typical picture of IHC staining of MDK protein in normal cervical tissue and cancer tissue of CSCC-LNM+/CSCC-LNM-; Scale bar = 100 mm. The

differences of IHC scores of MDK between groups (NC vs. CSCC and CSCC-LNM+ vs. CSCC-LNM-) were analyzed. The data represented the median with

95% CI. *p < 0.05, ***p < 0.001.
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RESULTS

The expression of MDK is upregulated in CSCC and correlated with LNM

MDKmRNA expression profiles were extracted from two datasets inOncomine database: Zhai Cervix and Scotto Cervix. Zhai cervix database

included 10 cases of cervical squamous cell epithelial tissue and 21 cases of CSCC. Scotto cervix database contained 24 cases of cervical squa-

mous epithelium and 32 cases of CSCC. Log2 ofMDK RNA value was statistically analyzed. It was shown that the level of MDKmRNA in CSCC

tissues (CSCC group) was significantly higher than that in normal cervical epithelial tissue (NC group) (Zhai Cervix: p = 0.0105, Scotto Cervix:

p < 0.001), and the results of two databases were consistent (Figures 1A and 1B). Immunohistochemistry (IHC) staining were performed on

samples from 11 CSCC and 12NC, the results showed a similar pattern of elevatedMDK expression in CSCCgroup compared with NCgroup

(p < 0.01) (Figure 1C; Table S1); These results suggested that MDK was highly expressed in CSCC tissues.

Meanwhile, we noticed an interesting phenomenon that the expression of MDK in 2 CSCC-LNM+ was significantly higher than that of

CSCC-LNM- (Figure 1C). To explore whether MDK was associated with CSCC LNM, the sample size was expanded according to the pre-

experimental test results. The minimum sample size calculated byPASS software was 17. Ultimately, 30 CSCC-LNM+ and 26 CSCC-LNM-

were included. MDK level was significantly elevated in CSCC tissues (n = 56) compared with normal cervical tissues(n = 12) (p < 0.001).
2 iScience 27, 110077, July 19, 2024



Table 1. Relationship between MDK expression and tumor characteristics in 56 CSCC samples

Variant No. (%)

MDK

p-value Odds Ratio (95% CI)– +

Age 0.762 0.041(-0.223–0.318)

< median = 51year 26(46.43%) 7(26.92%) 19(73.08%)

R median = 51year 30(53.57%) 6(20%) 24(80%)

FIGO stage 0.02 0.309(0.015–0.576)

Early stage (I-IIA) 18(32.14%) 8(44.44%) 10(55.56%)

Advanced stage (IIB-III) 38(67.86%) 5(13.16%) 33(86.84%)

Lymph node metastasis 0.031 0.289(0.019–0.524)

Yes 30(53.57%) 3(10%) 27(90%)

No 26(46.43%) 10(38.46%) 16(61.54%)

Extent of myometrial invasion 0.036 0.281(0.054–0.569)

<1/3 7(12.5%) 4(57.14%) 3(42.86%)

R2/3 49(87.5%) 9(18.37%) 40(81.63%)

Parauterine infiltration 0.757 0.042(-0.250–0.287)

Yes 22(39.29%) 7(31.82%) 15(68.18%)

No 34(60.71%) 6(17.65%) 26(82.35)

Tumor size (largest diameter) 0.034 0.283(0.040–0.505)

<4cm 14(25%) 6(42.86%) 8(57.14%)

R4cm 42(75%)

1 line 23(41.07%) 5(21.74%) 18(78.26)

2-3 lines 19(33.93%) 2(10.52%) 17(89.48%)

Vascular Invasion 0.592 0.073(-0.184–0.332)

Yes 43(76.79%) 9(20.93%) 34(79.07%)

No 13(23.21%) 4(30.77%) 9(69.23%)
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The expression of MDK in CSCC-LNM+ group was significantly higher than that of CSCC-LNM-group (Figure 1C) and was significantly asso-

ciated with LNM (Table 1). MDK expression was also significantly correlated with FIGO stage, tumor size and muscle invasion, but not with

patient’s age, parauterine infiltration and vascular invasion (Table 1).

All these findings demonstrate that MDK is highly expressed in CSCC tissues and is significantly correlated with LNM.

MDK promotes growth and tumorigenicity of cervical cancer cells

To test whether MDK plays a role in the pathophysiology of CSCC, we first examined MDK expression in five cervical cancer cell lines (C33a,

Caski, HeLa, MS751, Siha). By analyses of IHC and RT-PCR, we found that MDK expression was highest in C33a cells, but lowest in MS751 cells

(Figures 2A and S1A). In conditioned media of corresponding cell lines, Enzyme linked immunosorbent assay (ELISA) based quantification

detection of MDK showed consistent results (Figure 2B).

Then loss-of-function studies were performed in C33a cells while gain-of function studies in MS751 cells, to manipulate the endogenous

levels of MDK. For loss-of-function studies, 3 shRNAs were tested. Of those, Real-time PCR (RT-PCR), IHC and ELISA identified shMDK (1) and

(3) as potent blockers of MDK expression and secretion (Figures 2C, 2D, and S1B). For gain-of function studies, MDK is effectively overex-

pressed in MS751 cells (Figures 2E, 2F, and S1B).

Due to LNM burden positively correlates with primary tumor size,21 the effect of MDK on cell proliferation and tumor growth were deter-

mined. Depletion of MDK resulted in impaired cell proliferation and colony formation capacity in C33a cells while after MDK was overex-

pressed in MS751 cells, cell proliferation and colony formation capacity were enhanced significantly (Figures 2G–2J).

To further illustrate the mechanism underlying the proliferative effect of MDK, the cellular capability of apoptosis resistance was deter-

mined. Analyses of annexin V/7-AAD apoptosis and apoptosis-related protein active-Caspase3 assays were performed after apoptosis

was induced by 0.5% H2O2 culture. After silencing of MDK, the total apoptotic rate and the expression of active-Caspase3 of C33a cells

was significantly increased (Figures 2K–2M). Conversely, after overexpression MDK, the total cell apoptosis rate and the expression of

active-Caspase3 of MS751 cells decreased (Figures 2L and S1C). A serum free media was applied to the cell culture system for 48h, then

the expression of Bcl2 and Bax were investigated by WB. The overexpression of MDK in MS751 cells resulted in a decrease of apoptosis-pro-

moting protein Bax, while antiapoptotic protein Bcl2 was elevated (Figure 2N).
iScience 27, 110077, July 19, 2024 3



Figure 2. MDK promotes growth and tumorigenicity of cervical cancer cells

(A) IHC analysis of MDK expression in five cervical cancer cell lines. Scale bar = 50 mm.

(B) The level of MDK protein secreted in the supernatant of five cervical cancer cells was detected by ELISA and normalized to the levels measured in the MS751

cell line (=1).

(C) The RT-PCR results showed the efficiencies of knockdown of MDK in C33a cells.

(D) The ELISA results showed the efficiencies of knockdown of MDK in C33a cells.

(E) The RT-PCR results showed the efficiencies of overexpress of MDK in MS751 cells.
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Figure 2. Continued

(F) The ELISA results showed the efficiencies of overexpress of MDK in MS751 cells.

(G) CCK8 experiment detected the proliferation ability of C33a shMDK-1, C33a shMDK-3 and C33a NC cells.

(H) CCK8 experiment detected the proliferation ability of MS751 MDK and MS751 NC cells.

(I) Colony formation assay of C33a shMDK-1, C33a shMDK-3 and C33a NC cells (left panel). The colony numbers of three groups were compared (right panel).

(J) Colony formation assay of MS751 MDK and MS751 NC cells (left panel). The colony numbers of two groups were compared (right panel).

(K) FACS analysis of Annexin V in C33a shMDK-1, C33a shMDK-3 and C33a NC cells. Data were showed as dot plot (left panel) and grouped percentage of

apoptotic cells (right panel).

(L) FACS analysis of Annexin V in MS751 MDK and MS751 NC cells. Data were showed as dot plot (left panel) and grouped percentage of apoptotic cells (right

panel).

(M) FACS analysis of active caspase-3 in C33a shMDK-1, C33a shMDK-3 and C33a NC cells.

(N) Expression of Bax and Bcl2 was analyzed byWB.MS751MDK andMS751 NC cells (left panel), C33a shMDK-1, C33a shMDK-3 and C33a NC cells (right panel).

(O) Expression of MDK in transplanted tumor of foot pad was validated by IHC analysis. Scale bar = 50 mm.

(P) The ratio of tumor formation in MS751 NC group and MS751 MDK group.

(Q) Footpad transplanted tumor growth curves of mice in MS751 NC group and MS751 MDK group are depicted.

(R) The representative pictures of dissected tumors from nude mice transplanted with stable MS751 NC and MS751 MDK cells. The data represent the median

with 95% CI. Each experiment was independently repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001.
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In vivo, the tumor formation rate and tumor growth rate were observed when constructing hindfoot lymphatic drainage model using

MS751 MDK/MS751 NC cells. MDK expression in dissected tumors was validated by IHC (Figure 2O). Consequently, MS751 MDK cells

show an increased ability to form solid tumors in mice (MS751 MDK vs. MS751 NC: 88.89% G 11.11% vs. 44.44% G 11.11%, p = 0.047) (Fig-

ure 2P). The growth rate of the footpad transplanted tumors of MS751 MDK group was significantly faster than that of MS751 NC group (Fig-

ure 2Q); On the 28th day, the footpad transplanted tumor volume in MS751MDK group was significantly larger than that of MS751 NC group

(116.6 G 9.309mm3 vs. 62.52 G 10.8mm3, p = 0.002) (Figures 2R and S1D).

Together, these results demonstrate that MDK plays an important oncogenic role in cervical cancer in vitro and in vivo.

MDK promotes cervical cancer metastasis

To demonstrate the potential effects of MDK for promoting metastasis in cervical cancer, Transwell assays were performed. The results indi-

cated that MDK overexpression increased the invasion and migration ability of MS751 cells and resulted in upregulated expression of MMP9

and MMP2 (Figures 3A and 3C), whereas MDK knockdown significantly decreased the invasion ability of C33a cells and downregulated

expression of MMP9 and MMP2 (Figures 3B and 3C).

Cervical cancer cell-derived MDK promotes LNM in vitro and in vivo

Since lymphangiogenesis and lymphatic barrier function are crucial for tumor LNM, the effects of MDK on the proliferation ability, sprouting,

tube formation and the expression of tight junction proteins (TJPs) (ZO-1, Claudin5, and occludin) of Human lymphatic endothelial cells

(HLECs) were investigated.

Compared with control group, the culture supernatants of MDK-overexpressing cells significantly promoted the ability of proliferation,

sprouting and tube formation of HLECs (Figures 3D–3F). In contrast, MDK knockdown abolished these effects of C33a cell (Figures 3G,

3H, and S2A). Thus, we conclude that cervical cancer cell-derived MDK promotes lymphangiogenesis. The conditioned medium of MS751

MDK cells significantly down-regulated the expression of ZO-1, Claudin5 and occluding (Figures 3I, 3J, and S2B). However, after MDK

silencing, the expression of TJPs was increased (Figures 3I, 3J, and S2C).

The hindfoot lymphatic drainagemodel was constructed.On the 28th day, themicewere sacrificed and dissected for observation. To label

lymph node, 20 mL of 155kDa TRITC dextran was injected intradermally at the lateral tail base on the tumor side 5 min before execution. The

visible enlarged lymph nodes in MS751 MDK group were significantly more than those in MS751 NC group (Figure 3K). The enlarged lymph

nodes were observed under confocal microscope or frozen section. The detection of green fluorescence of tumor cells in lymph nodes rep-

resents the occurrence of LNM (Figures S2D and S2E). Among 7MS751NCmice and 14MS751MDKmice that formed tumors, the number of

lymph nodes with metastasis per mouse in MS751 NC group was significantly lower than that in MS751 MDK group (p = 0.02) (Figure 3L).

MS751 MDK group had more Lyve-1-positive lymphatic vessels, and more tumor cells infiltrated into lymphatic vessels (Figures 3M and 3N).

MDK interacts with Syndecan-1 and activates PI3K/AKT and p38 MAPK pathways to promote lymphangiogenesis and

down-regulate the expression of TJPs

The effects of recombinant human MDK protein on the related functions of HLECs were further studied. Compared with the control group,

25ng/mL-100 ng/ml MDK protein had a significant promoting effect on proliferation of HLECs at 24h and 48h (Figures 4A, 4B, and S3A).

Further narrowing the range of MDK concentration, 12.5 ng/ml MDK showed no significant promoting effect at 24h, while 25 ng/ml MDK

showed significant promoting effect on HLECs (p = 0.003) (Figure 4C). Therefore, the optimal concentration for subsequent action was deter-

mined to be 25 ng/ml. MDK protein down-regulated the TJPs expression of HLECs in a concentration-dependent manner (Figure 4D).

HLECs were incubated in conditioned medium of MS751 MDK/MS751 NC cells for 24h, then collected for transcriptomic sequencing.

Three independent replicates were performed for each sample. 22692 genes were detected in total, including 117 up-regulated genes
iScience 27, 110077, July 19, 2024 5



Figure 3. Cervical cancer cell-derived MDK promotes LNM in vitro and in vivo

(A) Transwell assay (migration and invasion) of MS751 NC and MS751 MDK cells. Scale bar = 10 mm.

(B) Transwell assay(migration) of C33a shMDK-1, C33a shMDK-3 and C33a NC cells. Scale bar = 10 mm.

(C) Expression of MMP2 and MMP9 was analyzed by WB. MS751 MDK and MS751 NC cells (left panel), C33a shMDK-1, C33a shMDK-3 and C33a NC cells

(right panel).

(D) CCK8 experiment detected the proliferation ability of HLECs cultured by conditioned medium of MS751 MDK/MS751 NC cells.

(E) Typical diagram of sprouting of HLECs pretreated with conditioned medium of MS751 MDK/MS751 NC cells. Scale bar = 10 mm.

(F) HLECs were pretreated with conditioned medium of MS751 MDK/MS751 NC cells to investigate the effects of MDK on the tube formation of HLECs.

Representatives are shown (left panel). Total branch points and total tuber length were calculated (right panel). Scale bar = 10 mm.
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Figure 3. Continued

(G) CCK8 experiment detected the proliferation ability of HLECs cultured by conditioned medium of C33a shMDK-1/C33a shMDK-3/C33a NC cells.

(H) HLECs were pretreated with conditioned medium of C33a shMDK-1/C33a shMDK-3/C33a NC cells to investigate the effects of MDK on the tube formation of

HLECs. Representatives are shown (left panel). Total branch points and total tuber length were calculated (right panel). Scale bar = 10 mm.

(I) Immunofluorescence staining of Occludin (blue), Claudin5 (red) and DAPI (green) in HLECs cultured by conditioned medium. Scale bar = 100 mm.

(J) The expressions of ZO-1, Claudin5 and Occludin in HLECs cultured by conditioned medium were analyzed by WB.

(K) Typical images of gross anatomy of hindfoot lymphatic drainagemodel constructed byMS751MDK/MS751 NC cells; Black arrows: the visible enlarged lymph

nodes.

(L) The number of metastatic lymph nodes in MS751 NC group and MS751 MDK group were compared.

(M) Expression of LYVE-1 in transplanted tumor of foot pad was validated by IHC analysis. Scale bar = 20 mm.

(N) The number of lymphatic vessels per visual field inMS751NCgroup andMS751MDK groupwere compared. The data represent themedian with 95%CI. Each

experiment was independently repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001.
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and 34 down-regulated genes (Data are not showed). KEGG pathway enrichment was performed for the up-regulated genes, and PI3K/AKT

pathway was among the enriched signaling pathways (Figure 4E). The PI3K/AKT and p38 MAPK signaling pathway have been reported to be

involved in regulating proliferation,22 permeability and tight connection23 of cells. Therefore, we verified the regulatory effect of MDK on

PI3K/AKT and p38 MAPK signaling pathway.

Phosphorylation of AKT and p38MAPK (p-AKT and p-p38MAPK) were activated after HLECs was stimulated by MDK (25 ng/ml) at 10mins

and 20mins (Figure 4F). p-AKT and p-p38 MAPK were activated in a concentration-dependent manner at 10mins (Figure 4G). Cervical cancer

cell-derived MDK significantly activated p-AKT and p-p38 MAPK, while after MDK silencing, phosphorylation of AKT and p38 MAPK

decreased compared with NC group (Figure S3B).

GO function enrichment of the differential genes showed that the differential genes were mainly concentrated in the response to hypoxia

(Figure S3C). According to literature review, mitochondrial function is involved in the cell’s response to hypoxia.24 Mitochondria are the main

organelles that provide energy for cell proliferation.25 After MDK applied to HLECs for 24h, we detected the change of HLECs membrane

potential. Compared with control group, the green fluorescence of HLECs in 25 ng/ml MDK group was significantly weakened, and the ratio

of red to green fluorescence significantly increased, which meant mitochondrial function was enhanced (p = 0.0464) (Figure 4H). 25 ng/ml

MDK significantly increased the ATP production capacity of HLECs (p < 0.001) (Figure 4I). It has been reported that PI3K/AKT pathwaymaybe

involved in regulating mitochondrial function.26,27

We further confirmed whether MDK down-regulated TJPs expression by activating the PI3K/AKT and P38 MAPK pathways. PI3K inhib-

itor (LY294002) or Akt inhibitor (MK2206) or p38 MAPK inhibitor (SB203580) were used to pretreat HLECs for 1h, then MDK (25 ng/ml) stim-

ulated HLECs for 24h. LY294002 and MK2206 attenuated MDK’s down-regulation of TJPs in HLECs and prevent phosphorylation of AKT

induced by MDK (Figures 4J and 4K). SB203580 also reversed the down-regulation of TJPs by MDK and prevent phosphorylation of p38

MAPK (Figure 4L). Hence, PI3K/AKT and p38 MAPK signaling pathways are involved in MDK-mediated down-regulation of TJPs

expression.

Syndecan-1 is one of the receptors for MDK28 and has been reported to regulate the expression of TJPs (ZO-1, occludin).29 We found that

after siRNA interferencewith Syndecan-1 expression (Figure S3D), MDK’s effect on TJPs down-regulation was weakened (Figures 4M and 4N),

phosphorylation of AKT and p38 MAPK was partially inhibited (Figure 4O). Therefore, we concluded that MDK regulated TJPs expression

through its interaction with Syndecan-1.

Clinical value of s-MDK in evaluating CSCC LNM

The median s-MDK level of CSCC was 492.792 pg/ml, which was significantly higher than that in healthy control subjects (NC group) at

242.184 pg/ml (p < 0.001) (Figure 5A). Taking 242.184 pg/ml as the reference value, the prevalence of s-MDK hyperexpression in CSCC group

was significantly higher than that in NC group (72.4% vs. 45.2%). The median s-MDK level of CSCC-LNM+ at 1392.058 pg/ml was significantly

higher than that of CSCC-LNM-at 292.907 pg/ml (p = 0.001) (Figure 5B). To analyze the diagnostic power of s-MDK as biomarker for CSCC

LNM, a receiver operation characteristic (ROC) curve was mapped out. The AUC was 0.758 (p < 0.001). There is a balanced relationship be-

tween sensitivity (72.7%) and specificity (83.8%) when the cut-off value is set at 641.793 pg/ml (Figure 5C). Then 640 pg/ml was chosen as the

cut-off value. s-MDK was related to LNM (p < 0.001), FIGO stage (p < 0.001), tumor size (p = 0.004), muscle invasion (p = 0.043) and vascular

invasion (p = 0.014), but not related to the patient’s age (Table 2).

As the diagnostic accuracy of s-MDK for CSCC LNM is general, we try to combine s-MDK and SCCA to assess CSCC LNM. The expression

of s-SCCAwas detected. As the serum samples of 5 LNM-patients were used up in s-MDK test and 2 LNM-patients were invalidated (value not

shown), 64 CSCC-LNM+ and 63 CSCC-LNM-were included. The median s-SCCA level in CSCC-LNM+ group was 0.886 ng/ml, which was

significantly higher than the 0.241 ng/ml in CSCC-LNM-group (p < 0.001) (Figure 5D). The ROC curve of s-SCCA level for CSCC LNM was

mapped out, AUC was 0.716(p<0.05). There was a balanced relationship between sensitivity(53.8%) and specificity (88.7%) when the cut-

off value was set at 0.795 ng/ml (Figure 5E).

The correlation between s-MDK and s-SCCA were analyzed. The Pearson correlation coefficient was �0.027(p = 0.764) (Datas are not

shown), indicating that s-MDK and s-SCCA are independent of each other. Therefore, the ROC curve of s-MDK combined with s-SCCA

for CSCC LNMwere mapped up. The AUC is 0.829, 95%CI 0.754–0.903(p<0.001) (Figure 5F). Therefore, it is concluded that s-MDK combined

with s-SCCA improved the diagnostic accuracy for CSCC LNM.
iScience 27, 110077, July 19, 2024 7



Figure 4. MDK interacts with Syndecan-1 and activates PI3K/AKT and p38MAPK pathways to promote lymphangiogenesis and down-regulate the

expression of TJPs

(A) CCK8 assay was used to detect the effects of different concentrations of recombinant human MDK protein(0-400 ng/ml) on the proliferation of HLECs.

(B) The effects of different concentrations of recombinant human MDK protein(0-400 ng/ml) on the proliferation of HLECs for 24h.
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Figure 4. Continued

(C) The effects of recombinant human MDK protein (0, 12.5 ng/ml, 25 ng/ml) on the proliferation of HLECs for 24h.

(D) The expressions of ZO-1and Occludin in HLECs treated by MDK protein (0, 25 ng/ml, 50 ng/ml) were analyzed by WB.

(E) Point diagram of KEGG pathway enrichment of upregulated genes detected by transcriptomic sequencing, which performed on HLECs pretreated with

conditioned medium of MS751 MDK/MS751 NC cells.

(F) WB was used to detect the phosphorylation of AKT and p38 MAPK at different time points of HLECs treated with 25 ng/mL MDK protein.

(G) WB was used to detect the phosphorylation of AKT and p38 MAPK when HLECs were treated with MDK protein (0, 25 ng/ml,50 ng/ml,100 ng/ml) for 10min.

(H) Mitochondrial membrane potential as the ratio of JC-1 red to JC-1 green was detected by immunofluorescence (left panel), scale bar = 200mm.The ratio of red

to green fluorescence was analyzed by ImageJ (right panel).

(I) ATP production of HLECs treated with MDK protein (0.25 ng/ml) was detected by ATP detection kit.

(J) The expressions of ZO-1, Occludin, AKT and p - AKT in HLECs pretreated by 25 ng/ml MDK protein and/or PI3K inhibitor (LY294002) were analyzed by WB.

(K) The expressions of ZO-1, Occludin, AKT and p - AKT in HLECs pretreated by 25 ng/ml MDK protein and/or AKT inhibitor (MK2206) were analyzed by WB.

(L) The expressions of ZO-1, Occludin, p38 MAPK and p - p38 MAPK in HLECs pretreated by 25 ng/ml MDK protein and/or p38 MAPK inhibitor (SB203580) were

analyzed by WB.

(M) The RT-PCR results showed after siRNA interference with Syndecan-1 expression, MDK’s effect on TJPs down-regulation.

(N) The expressions of ZO-1, Occludin in HLECs after siRNA interference with Syndecan-1 expression were analyzed by WB.

(O) The expressions of AKT, p-AKT, p38 MAPK and p - p38 MAPK in HLECs after siRNA interference with Syndecan-1 expression were analyzed by WB. The data

represent the median with 95%CI. Each experiment was independently repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001.
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DISCUSSION

The ability of tumor cells’ LNM is not only related to the proliferation, motility and invasion ability of tumor cells, but also closely related to the

influence on lymphangiogenesis and lymphatic barrier function.30 This article clarifies the effects of MDK on cervical cancer LNM from two

perspectives: (1) Autocrine function: MDK promoted the growth of cervical cancer and enhanced themigration and invasion ability of cervical

cancer cells; (2) Paracrine function: MDK promoted lymphangiogenesis and impaired lymphatic barrier function.

In this study, MDK expression was elevated in CSCC group compared to NC group. Overexpression of MDK in CSCC may be caused by

multiple factors, such as tumor-related inflammation or genetic mutations. Interferon(IFN-g) exposure promotes MDK expression in cervical

cancer cell line CaSki and drove cancermetastasis via STAT1.31 Meanwhile, IFN-gwas upregulated in HPV-positive cases and was significantly

increased with the disease severity in cervical lesions.32 In gallbladder carcinoma, ErbB mutations upregulate MDK via PI3K/AKT.33 In 2017,

nature reported that ERBB3 was identified as a new significantly mutated gene in cervical cancer.34 All these are speculations, and the specific

molecular mechanism of MDK overexpression in CSCC needs further study.

Another founding was that the expression of MDK was related to LNM of CSCC. There have also been previous reports of associations

betweenMDK and LNM in malignancies. In colorectal cancer, MDK expression levels were independently associated with LNM.35 Melanoma

patients with higher MDK expression in sentinel lymph nodes had significantly lower rates of disease-free survival.18 All of these studies are

consistent with our conclusions.

Abnormal expression of TJPs in HLECs can lead to reduced lymphatic barrier function,36 increased permeability, and ultimately lead to

lymphatic metastasis of tumor cells.37 The signal pathways involved in regulating cell tight junctions mainly include PKC, Rho GTPase and

PI3K/AKT.38 Studies have shown that different stimulating factors activate PI3K/AKT pathway, which may have different regulatory effects

on tight junctions. In human aortic endothelial cells, VEGF down-regulates the expression of Claudin-5 by activating PI3K/AKT/Snail2

pathway.39 However, after brain trauma, fibroblast growth factor activates PI3K/AKT/Rac1 pathway and upregulates TJPs to maintain the

integrity of the cerebrovascular barrier.23 Our research showed that by interacting with Syndecan-1 and activating PI3K/AKT and p38

MAPK pathways, MDK down-regulated the expression of TJPs in HLECs, impaired the lymphatic barrier function, thereby promoted

CSCC LNM.

It is worth noting that PI3K/AKT signaling pathway is closely related tomitochondrial function.27 AKTwas a regulator of both glycolytic and

oxidative energy metabolism, which stimulated ATP production via glycolysis26 as well as via OXPHOS.40 With respect to bioenergetics, the

b-subunit of ATP synthase was identified as an AKT interaction partner in mitochondrial,27 which leads to increased ATP production. Our

studies showed that MDK enhanced mitochondrial function. Therefore, we speculated that MDK enhanced mitochondrial function and stim-

ulated ATP production by activating the PI3K/AKT signaling pathway, thereby promoting lymphangiogenesis.

Previous studies have shown that MDK combined with other tumor markers can improve diagnostic effectiveness. After MDK combined

with AGR2 and CA125, the AUC increased from 0.734 to 0.988, which significantly improved the diagnostic efficacy of ovarian cancer.41 In this

study, after s-MDK combined with s-SCCA, the AUC increased from 0.758 to 0.829. However, the diagnostic accuracy was still not satisfactory.

It may be related to the small sample size. In future studies, in addition to expanding the sample size, we can also try to include other tumor

markers (such as CEA, CA125, cervical cancer-associated antigen TA-4) and imaging tests, explore the combined application to improve the

diagnostic accuracy of CSCC LNM and benefit CSCC patients.

In conclusion, MDK as a promising biomarker for CSCC. Thus, our findings provide new insights into the mechanism of CSCC LNM and

add a promising new biomarker for the assist assessment of CSCC LNM.

Limitations of the study

Although this study shows that s-MDK combined with s-SCCA can improve the diagnostic accuracy of CSCC LNM, the AUC value is

relatively low, which may be related to the relatively small sample size included. In subsequent studies, the sample size can be expanded
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Figure 5. s-MDK combined with s-SCCA improves the diagnostic accuracy for CSCC LNM

(A) s-MDK level of CSCC group andNCgroup were tested by ELISA (left panel), the ordinate is themedian of log10 of s-MDK value. The difference of s-MDK level

between CSCC group and NC group was analyzed(right panel).

(B) s-MDK level of CSCC LNM+group(n= 64) and CSCC LNM-group(n= 70) were tested by ELISA (left panel), the ordinate is themedian of log10 of s-MDK value.

The difference of s-MDK level between CSCC LNM+ group and CSCC LNM-group was analyzed(right panel).

(C) ROC curve of s-MDK level for diagnosis of CSCC LNM was mapped out.

(D) s-SCCA level of CSCC LNM+ group (n = 64) and CSCC LNM-group(n = 63) were tested by ELISA (left panel). The difference of s-SCCA level between CSCC

LNM+ group and CSCC LNM-group was analyzed (right panel).

(E) ROC curve of s-SCCA level for diagnosis of CSCC LNM was mapped out.

(F) ROC curve of s-MDK combined with s-SCCA level for diagnosis of CSCC LNM was mapped out. The data represent the median (25%,75%). *p < 0.05,

**p < 0.01, ***p < 0.001.
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to further verify its clinical application value. It is also possible to try to include other tumor markers, such as CEA, CA125, and cervical

cancer associated antigen TA-4, to analyze the diagnostic effectiveness of the combined diagnosis of multiple tumor markers. The com-

bination of s-MDK and imaging can also be studied to explore whether the diagnostic accuracy can be improved to benefit patients

with CSCC.
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Table 2. Association of s-MDK with tumor characteristics in 134 CSCC samples

Variant No. (%)

MDK (pg/mL)

p-value Odds Ratio(95% CI)Low level (<640) High level (R640)

Age 0.488 0.784(0.393–1.562)

< median = 45years 75 40(53.33%) 35(46.67%)

Rmedian = 45years 59 35(59.32%) 24(40.68%)

FIGO分期 <0.001 8.545(3.789–19.273)

Early stage (I-IIA) 61 50(81.97%) 11(18.03%)

Advanced stage (IIB-III) 73 25(34.25%) 48(65.75%)

Lymph node metastasis <0.001 9.474(4.282–20.959)

Yes 64 19(29.69%) 45(70.31%)

No 70 56(80%) 14(20%)

Extent of myometrial invasion 0.029 2.218(1.084–4.536)

<1/3 55 37(67.27%) 18(32.73%)

R2/3 79 38(48.10%) 41(51.9%）

Tumor size (largest diameter) 0.001 3.860(1.726–8.633)

<4cm 97 63(64.95%) 34(35.05%)

R4cm 37 12(32.43%) 25(67.57%)

Vascular invasion 0.027 2.187(1.092–4.384)

Yes 69 30(43.48%) 39(56.52%)

No 65 45(69.23%) 20(30.77%)
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B IHC and in situ immunofluorescence

B Lentiviral transduction

B ELISA

B RT-PCR

B WB analysis

B CCK8 assay

B Colony formation assay

B Transwell migration assay and transwell invasion assay

B Flow cytometry analysis

B ATP measurement

B RNA sequencing and analysis
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-humanMDKantibody Abcam, USA Cat# ab236781

Mouse anti-humanBax antibody Beyotime, China Cat#AF0054

Rabbit anti-humanBcl-2 antibody Beyotime, China Cat#AF0060

Rabbit anti-humanZO-1 antibody Affinity, USA Cat#AF5145

Rabbit anti-humanClaudin5 antibody Affinity, USA Cat# AF5216

Rabbit anti-humanOccludin antibody Affinity, USA Cat#DF7504

Rabbit anti-human MMP9 antibody Abcam, USA Cat# ab76003

Rabbit anti-human MMP2 antibody Beyotime, China Cat# AF1420

Rabbit anti-human AKT antibody CST, USA Cat#9272S

Rabbit anti-human p-AKT (Ser 473) antibody CST, USA Cat#4058L

Rabbit anti-human p38 MAPK antibody CST, USA Cat#9212S

Rabbit anti-human p-p38 MAPKantibody CST, USA Cat#9215L

Rabbit anti-mouseLYVE-1 antibody Abcam, USA Cat#ab14917

Rabbit anti-GAPDH antibody Abcam, USA Cat# ab9485

Goat Anti-Rabbit IgG H&L (HRP) Abcam, USA Cat# ab6721

Goat Anti-Mouse IgG H&L (HRP) Abcam, USA Cat# ab6789

Chemicals, peptides, and recombinant proteins

Recombinant Human-derived MDK Protein MCE,USA Cat#HY-P73295

PI3K inhibitor (LY294002) Beyotime, China Cat#S1737

Akt inhibitor (MK2206) Beyotime, China Cat#SF2712

p38 MAPK inhibitor (SB203580) Beyotime, China Cat#S1863

Critical commercial assays

MDK ELISA kits Arigo, China Cat#ARG81533

SCCA ELISA kits Invitrogen, USA Cat#EH413RB

MolPure� TRIeasy� Plus Total RNA Kit Yeasen science, China Cat#19211ES60

PrimeScript� RT reagent Kit Takara, Japan Cat#RR037A

YF647A-Annexin V/PI Apoptosis Kit Share-bio, China Cat#SB-Y6026

ATP Assay Kit Beyotime, China Cat#S0026

JC-1 Kit Beyotime, China Cat#C2005

Deposited data

RNA-seq data and clinical information for MDK Compendia Corporation https://www.oncomine.org/resource/login.html

Original western blot images mendeley https://data.mendeley.com/datasets/bgj7mhmftv/1

HLECs-MDK RNA seq GEO GEO:GSE263143

Experimental models: Cell lines

C33a cells ATCC HTB-31

Siha cells ATCC HTB-35

Caski cells ATCC CRM-CRL-1550

Hela cells ATCC CRM-CCL-2

MS751 cells ATCC HTB-34

HLECs cells Sciencell 2500

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: Female nude mice GemPharmatech Co., Ltd Cat#D000521

Oligonucleotides

hMDK-F, see Table S3 This paper N/A

hMDK-R, see Table S3 This paper N/A

hGAPDH-F, see Table S3 This paper N/A

hGAPDH-R , see Table S3 This paper N/A

hZO-1-F, see Table S3 This paper N/A

hZO-1-R, see Table S3 This paper N/A

hClaudin5-F, see Table S3 This paper N/A

hClaudin5-R, see Table S3 This paper N/A

hOccludin-F , see Table S3 This paper N/A

hOccludin-R, see Table S3 This paper N/A

Recombinant DNA

MDK expression vector Shanghai GeneChem Co.,Ltd N/A

Software and algorithms

fluorescent microscope Leica N/A

the Premix SYBR green PCR system Takara, Japan N/A

ABI Step One Plus RT-PCR machine Applied Biosystems N/A

Image Quant LAS 4000 GE Healthcare N/A

flow cytometer BD N/A

Mikrowin 2000 software Berthold Technologies N/A

SPSS 23.0 IBM N/A

GraphPad Prism 7.0 GraphPad Software N/A

ImageJ Software Rawak Software N/A

Other

DMEM/F12 HyClone Cat#SH30004.03

ECM Sciencell Cat#1001

Matrigel BD Cat#356234

CCK8 solution Nobleryder, China N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hua Jiang

(jianghua@fudan.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data available in this study is publicly available.The RNA-seq data and clinical information for MDK were obtained from Oncomine data-

base (https://www.oncomine.org/resource/login.html). RNA-seq data have been deposited at GEO and are publicly available as of the date

of publication. Accession numbers are listed in the key resources table. Original western blot images have been deposited at Mendeley and

are publicly available as of the date of publication. The DOI is listed in the key resources table. Any additional information required to rean-

alyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human cervical cancer cell lines (C33a, Siha, Caski, Hela and MS751) were obtained from American Type Culture Collection(ATCC). HLECs

were obtained from Sciencell. All human cervical cancer cells were cultivated in Dulbecco’s Modified Eagle Medium/Nutrient Mixture

F-12(DMEM/F12, HyClone) containing 10% FBS with 5% CO2 at 37�C. The passage numbers of the tumor cell lines do not exceed p15.

HLECs were cultivated in Endothelial cell medium (ECM, Sciencell) containing 5% FBS with 5% CO2 at 37
�C. p3-p6 HLECs were used for ex-

periments. All the cell lines were tested free of mycoplasma contamination.

Hindfoot lymphatic drainage model

Female nude mice (5 weeks old) were purchased from GemPharmatech Co., Ltd. Shanghai. China, and were randomised into two groups.

There was no blind control in each group. The matrix glue was diluted 1:1 in serum-free medium for cell resuspended. MS751 MDK and

MS751 NC cells (63 106) were injected into the mice footpad. In addition, the transplantation tumors in the footpad were surgically removed

and formalin-fixed for IHC staining. Each individual experiment was performed in triplicate. The animal experiment procedure was approved

by the Ethical Committee of Animal Experiments of Fudan University (202012015S).

Human studies

Paraffin sections were obtained from tissue bank of Obstetrics and Gynecology Hospital, Fudan University; 56 CSCC patients who received

surgery in our hospital from 2016 to 2019were included as CSCCgroup. The pathological characteristics of these patients are listed in Table 1.

12 patients who were diagnosed with hysteromyoma undergoing total hysterectomy were included as NC group. There is no statistical dif-

ference in age between two groups (51.07G1.335 vs 45.5G1.873, p=0.0696).

Serum samples were also obtained from tissue bank of Obstetrics and Gynecology Hospital, Fudan University; 140 CSCC patients who

received surgery in our hospital from 2016 to 2020 and 60 healthy controls were collected. Finally, 134 CSCC (CSCC group) and 53 healthy

controls (NC group) with complete clinical data and effective detection by EILSA were included. There is no statistical difference in age be-

tween the two groups (44.33G5.346 vs 41.85G8.741, p=0.0528).

All patients’ diagnoses in this study were pathologically confirmed. FIGO stage was re-evaluated and staged according to the 2018 FIGO

staging criteria for cervical cancer based on the patients’ medical history.42 Exclusion criteria of patients: (1) Incomplete clinical data; (2) Pa-

tients complicated with other malignant tumors, ischemic diseases, autoimmune diseases, kidney diseases, neurological diseases, inflamma-

tion, hypertension, diabetes; Studies have shown that MDK expression increases in patients with the above special status,43,44 so exclusion

criteria are included in order to eliminate research interference. (3) Patients who received preoperative treatment, such as chemotherapy,

radiotherapy, immunotherapy. The proposal for this study was approved by the Institutional Review Board of Obstetrics & Gynecology Hos-

pital, Fudan University, and granted exemption from informed consent (2020-165).

METHOD DETAILS

IHC and in situ immunofluorescence

Experiments were performed as previously described.45 Cells cultured on chamber slides were fixed with 4% paraformaldehyde for 20mins

and permeabilized in 0.1% TritonX-100 for 10mins. Murine anti-human antibodies were added to the slides and incubated overnight at 4�C.
The corresponding fluorescent secondary antibody was added and incubated at 4�C for 1h. For mitochondrial membrane potential detec-

tion, HLECs were stained with JC-1 for 20mins according to the manufacturer’s instructions (Beyotime, Shanghai, China). The fluorescence of

JC-1 red represented multimeric form, and JC-1 green represented monomeric form. Mitochondrial membrane potential as the ratio of JC-1

red to JC-1 green was detected by immunofluorescence. The fluorescence images were investigated under a fluorescent microscope (Leica

Micro systems,Wetzlar, Germany) with DAPI co-staining.Quantification of imageswas determined by Image J software, to calculate themean

fluorescence intensity (MFI) per field.

Paraffin sections were dewaxed using gradient alcohol. Ten millimolar preheated citric acid/citrate repair buffer (pH6) and 3% H2O2 were

used to repair antigens and block non-specific peroxidase activity. The slides were incubated with antibodies at 4�C overnight. The informa-

tion of antibodies was listed in Table S2. Secondary antibody was subsequently incubated for 30mins, and DABmixed substrate was used for

detection using optical microscope. Protein expression was scored by two independent observers according to previously published meth-

odology.45 A scoring system defined as signalling intensity(A)3 the percentage of positive cells(B) was used to quantify the protein expres-

sion. 0,1,2,3 in(A) represented no staining, weak staining and strong staining, and 0-3 in (B) represented 0%, 1-25%, 25-50% and >50% posi-

tively stained cells. Final scores of 1-3 indicated low(negative).

Lentiviral transduction

Three oligo sequences of the MDK-specific shRNA (shMDK) duplex were 50- cgACTGCAAGTACAAGTTTGA-30, 50-caAGACCAAAG

CAAAGGCCAA-30 and 50-gcGCTACAATGCTCAGTGCCA-30, respectively. Lentiviral vectors encoding short hairpin RNAs were gener-

ated by inserting shMDK into the hU6-MCS-Ubiquitin-EGFP-IRES-puromycin vector (GeneChem lnc, Shanghai, China). The empty

plasmid (NC) was used as a control. Cell lines stably expressing MDK shRNA were generated by infection of lentivirus, which was pro-

duced by HEK293T cells using envelope plasmid pMD2.G and packaging plasmid psPAX2. Human MDK cDNA was cloned into the
16 iScience 27, 110077, July 19, 2024
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Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin vectors. The primer sequences were forward, 50-GGGTCAATATGTAATTTTCAGTG-30,
and reverse, 50-CCTTATAGTCCTTATCATCGTC-3’. Cell lines stably expressing MDK cDNA were generated by infection of lentivirus,

which was produced by HEK293T cells using envelope plasmid pMD2.G and packaging plasmid psPAX2. Briefly, the cells were infected

with the indicated virus for 24h. Then, the virus was removed and the cells were selected with puromycin. After 2 weeks, the proportion

of GFP fluorescence positive cells was detected by flow cytometry to evaluate the efficiency of lentiviral transduction. More than 85%

of GFP fluorescent positive cells represented effective transfection (Datas are not shown), and the cells were used in follow-up

experiments.
ELISA

Serum samples were thawed on ice and used to detect the levels of s-MDK and s-SCCA by ELISA. MDK ELISA kits (Arigo, China) and SCCA

ELISA kits (Invitrogen, USA) were used. All operations were performed follow the manufacturer’s instruction. No reagent was added to the

blank control well.
RT-PCR

Total RNA was extracted using RNA-Quick Purification Kit (Yeasen science, Shanghai, China) and reverse transcribed into cDNA using the

PrimeScript Reverse Transcription Kit (Takara, Japan). RT-PCR was subsequently performed in triplicate using the Premix SYBR green PCR

system (Takara, Japan) and appropriate primers on an ABI Step One Plus RT-PCR machine (Applied Biosystems, Calif, USA). GAPDH was

used as the internal control. The relative mRNA levels were analyzed using the 2�DDCt method. The oligonucleotide primers are listed in

Table S3. The cycling conditions employed for RT-PCR are shown in Table S4.
WB analysis

The protein was resolved by 10% SDS-PAGE and then electro blotted onto PVDF membranes, which were treated sequentially in 5% nonfat

milk and then incubatedwith primary antibodies overnight at 4�C and secondary antibodies for 1h at room temperature. After incubation with

enhanced chemiluminescence reagents, the membranes were visualized under an Image Quant LAS 4000 (GE Healthcare, Calif, USA). The

information of antibodies was listed in Table S2. GAPDH was used as the internal control.
CCK8 assay

Cells were seeded at appropriate cell density (cervical cancer cells 5.03 103 cells/well; HLECs 2.03 103 cells/well) in 96-well culture plate. Ten

microliter CCK8 solution (Nobleryder, Beijing, China) was added into each well at 0, 24, 48 and 96h. After incubation for a certain time (cervical

cancer cells 1h; HLECs 3h), OD values in each well at the wave length of 450 nm were measured using a microplate reader. Each assay was

repeated at least three times.
Colony formation assay

Two thousand cells/well were seeded in a six-well plate at 37�C for 10 days with 4mlmedium/well. The attached cells were fixed and subjected

to 1% crystal violet staining. Colonies consisting of at least 50 cells were detected using ImageJ Software (Rawak Software, Germany).45
Transwell migration assay and transwell invasion assay

Six hundred microliter DMEM/F12 containing 10% FBS was placed into a 24-well culture plate in advance. Cells were incubated with 200ml

serum-free medium in a transwell chamber on the top of the well. For transwell invasion assay, sixty microliter of Matrigel (BD, New Jersey,

USA) at a 1:8 dilutionwas coated and solidified on a transwell membranewith 8mmpores (CorningCostar, New York, USA) at 37�C for 5h. After

incubation for 24-36h at 37�C, themembranes were fixedwithmethanol for 10mins and stainedwith 0.1% crystal violet for 15mins. The number

ofmigrated/invasive cells of five randomfieldswere visualised and counted under a Leica invertedphase contrastmicroscope. Each individual

experiment was performed in triplicate.
Flow cytometry analysis

For apoptosis analysis, YF647A-Annexin V and PI Apoptosis Kit (Share-bio, Shanghai, China) was used following the manufacturer’s instruc-

tions. We took the total proportion of annexin V-positive cells (quadrants II and III) as the apoptotic rate, regardless of the PI status. FACS

analysis was performed on a flow cytometer (BD, New Jersey, USA), and data analysis was performed using FlowJo Software.

For the analysis of intracellular markers (active caspase-3), cells were trypsinised into a single cell suspension, permeabilized, incubated for

20mins with murine anti-human active caspase-3(1:50, BD, New Jersey, USA).
ATP measurement

Extracellular ATP in cell-free medium supernatant was quantified using ATP Assay Kit (Beyotime, China) according to the manufacturer’s in-

structions, and the luminescence produced was measured (Mithras, Mikrowin 2000 software, Berthold Technologies, Thoiry, France).
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RNA sequencing and analysis

Total RNA was extracted from cells using Trizol reagent. Agilent 2100 BioAnalyzer was used to detect RNA integrity. The mRNA with poly-A

tail was enriched by Oligo(dT) magnetic beads. In NEB Fragmentation Buffer, divalent cations were used to randomly interrupt the mRNA,

and the library was constructed in accordance with the common NEB library construction method. The mRNA fragment was reversely tran-

scribed into cDNA, and the double-stranded cDNA was purified. Then, the end repair was performed, A-tail was added, and the sequencing

adapters was connected. The 250-300bp cDNA was screened with magnetic beads for PCR amplification, then the PCR products were pu-

rified with magnetic beads, and finally the library was obtained.

Differential expression analysis of two groups (three biological replicates per condition) was performed using the DESeq2 R package

(1.20.0). DESeq2 provide statistical routines for determining differential expression in digital gene expression data using a model based

on the negative binomial distribution. Genes with p-value less than 0.05 & |log2FoldChange|>0.0 found by DESeq2 were assigned as differ-

entially expressed.

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the cluster Profiler R package, in which

gene length bias was corrected. GO terms with corrected p-value less than 0.05 were considered significantly enriched by differential ex-

pressed genes. KEGG is a database resource for understanding high-level functions and utilities of the biological system, such as the cell,

the organism and the ecosystem, from molecular-level information, especially large-scale molecular datasets generated by genome

sequencing and other high-through put experimental technologies (http://www.genome.jp/kegg/). We conducted KEGG enrichment anal-

ysis on differentially expressed genes using the clusterProfiler package, with a corrected p-value less than 0.05 considered as the level of sta-

tistical significance.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with SPSS 23.0 (IBM, USA) and GraphPad Prism 7.0 (GraphPad Software, USA). For the cellular data, the

significance of the difference in the mean value was determined using a two-tailed Student’s t test. The results are presented as the

mean G SD of at least three independent experiments. Since the concentrations of s-MDK and s-SCCA were not normally distributed,

Mann-Whitney U test was used to analyze the difference of s-MDK or s-SCCA expression between the two groups. The results are pre-

sented as median (25%,75%). Logistic regression test was conducted to assess the association between MDK and pathological parameters.

ROC curves were applied to evaluate the diagnostic efficacy of s-MDK and s-SCCA in terms of LNM. p<0.05 was considered statistically

significant.
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