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Abstract

Background: EPS8L1, an analog of epidermal growth factor receptor pathway substrate 8 (Eps8), was screened out in our
previous work from clinical samples of patients with ovarian cancer. Our studies also indicated that EPS8L1 might involve in
various biological activities. In this study, we further investigated the effect and mechanism of EPS8L1 on the migration and
metastasis of ovarian cancer. Methods: SKOV-3 cells with EPS8L1 overexpression and knockdown were established to perform
in vitro scratch healing, transwell assay and actin-staining studies. Ovarian cancer mice with lung metastasis was established.
Bioinformatics assay, qRT-PCR and Western blot were conducted to identify correlated proteins. Also, the Racl activity and
the expression of MAPK pathway-related proteins were evaluated. Result: The knockdown of EPS8L1 inhibited the cellular
migration in vitro and reduced tumors colonization in vivo. Actin-staining and ELISA experiment suggested that EPS8L1 reg-
ulated actin formation and cytoskeleton remodeling. Besides, mRNA and protein expression confirmed that EPS8L1 regulated
the downstream molecule T-cell lymphoma invasion and metastasis 2 (TTAM2) and stimulated the activation of Racl. Also, the
phosphorylation levels of P38, Erk and Jnk in MAPK pathway decreased after EPS8L1 knockdown. Conclusion: The upregu-
lation of EPS8L1 could promote migration and metastasis of ovarian cancer cells by regulating cytoskeleton remodeling. The
mechanism underlying might be EPS8L1 regulates TTAM2 to induce Rac-GDP to Rac-GTP and then activates the downstream
MAPK pathway. As a regulatory gene in cell migration and metastasis, EPS8L1 probably provide a new therapeutic target for

ovarian cancer treatment.

Introduction

As one of the three major malignant tumors occurred in the female reproductive system, the incidence rate
of ovarian cancer ranks third among gynecological malignant tumors, however, its mortality rate ranks top
as high as 66% "2, In clinic, 85%-90% of ovarian cancer is classified as epithelial ovarian cancer. Among
them, serous cystadenocarcinoma are the most common pathological types, accounting for 40% in primary
ovarian malignant tumors[®l. Recently, enhanced outcomes were observed for patients at the early stage of
treatment with the improvement of clinical efficacy. However, most patients would experience relapse and
eventually die as a result of systemic metastasis featured with ovarian cancer, resulting in the less than 30%
of 5-year survival ratel*. Therefore, the key for bringing a promising therapeutic strategy is the investigation
on an effective target inhibiting the metastasis of ovarian tumors to significantly reduce the mortality rate.

In 1993, Fazioli et al. identified epidermal growth factor receptor kinase substrate 8 (Eps8) at the first time
in fibroblasts®. Eps8 was consisted of an N-terminal phosphotyrosine binding (PTB) region, an intermediate
Src-homology 3 (SH3) domain and a C-terminal effector region capping on the barbed end of filamentous
actin to promote the elongationl’l. Three gene analogs are present for Eps8, namely epidermal growth factor
receptor kinase substrate 8-like protein 1, 2 and 3 (EPS8L1, EPS8L2, and EPS8L3) (71,

Previous publications reported that overexpression of Eps8 promotes the proliferation of esophageal cancer



(81 non-small cell lung cancer [® and pancreatic cancer(!?!, as well as migration and metastasis of oral

squamous cell carcinoma 1, colon cancer!?l and breast cancer 13, Later, Offenhauser et al. demonstrated
Eps8 protein participated in cell migration and metastasis via activating the Rac-GEF of Sos-1 and inducing
tyrosine kinase receptor-mediated cell remodeling by binding to actin 4.

In our previous work 15 tumor tissues from 31 patients with epithelial ovarian cancer and 10 adjacent normal
tissue samples were collected in clinic and analyzed by the next generation sequencing (Fig.S1). As a result,
EPS8L1 gene was screened out as a differentially expressed gene with high possibility to participate in the
occurrence and development of epithelial ovarian cancer. Consistently, the bioinformatics analysis pointed
out the clustered genes involved in the cell movement and migration. Therefore, EPS8L1 might regulate
invasion and migration of tumor cells. However, the mechanism of EPS8L1 overexpression in ovarian cancer,
especially in metastasis was not clearly elucidated.

To illustrate the role of EPS8L1 in the regulatory pathway, we analyzed the clinical information with the
outcomes of patients with ovarian cancer. Additionally, in vitro and in vivo experiments were conducted to
investigate the regulation of EPS8L1 on cell migration and metastasis. We found the downstream regulatory
target-TIAM2, and explored the possible molecular mechanism of EPS8L1-induced migration and metastasis
of ovarian cancer cells and the related pathways of Racl-MAPK.

Methods
Cell culture and transfection

Human ovarian cancer cell lines SKOV-3 and ES-2 cells were purchased from the cell bank of Shanghai
Institutes for Biological Sciences of Chinese Academy of Sciences. Cells were cultured in McCoy’s 5A
medium containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 IU/ml streptomycin, at
37°C in a humidified environment with 5% CO,.

For the lentiviral transfection, the Sh-RNA with the designed sequence (shown in Table S2 and S3) were
applied. The design and package of the above lentiviruses were completed by Jikai Gene Company (Shang-
hai, China). The transfection MOI was determined according to the manufacturer’s instructions, and the
transfection time was 12 hours. When the transfected cells became stable, 1 yg/mL puromycin was added
for 2-week incubation.

For the transfection of siRNA, cells were seeded in 6-well plates at the density of 10° cells per well, and
transfected with relevant siRNA (80 pmol), followed by transfection with the LIPO3000 (Sigma) transfection
reagent according to the manufacturer’s instructions. Then, the expression ability of siRNA molecules was
analyzed.

Scratch healing assay

After cells were seeded into 12-well plates at 3 x 106with 90%-100% confluency, the complete medium was
discarded and treated with 4 yg/mL mitomycin C (GLPbio) for 1 h. A sterilized micropipette tip was
applied to scratch the cell layer and the floating cells were washed off. Multiple spots on the scratch were
imaged using a Zeiss microscope. Images were taken at 100x magnification. Cell migration measurements
were performed using ImageJ software and the mobility ratio was calculated by the migrated area divided
by original area.

Transwell migration assay

On a transwell migration plate (Corning, 8.0 pm pore size), 3x 10* transfected SKOV-3 cells were resuspended
in the upper chamber with 400 yL of serum-free McCoy’s 5A medium and the lower chamber was filled with
500 uL McCoy’s 5A medium containing 40 ng/mL EGF. After 24 h of incubation, cells invaded on the surface
of the cavity were stained with 0.5% crystal violet and were imaged under fluorescence microscope. The
number of migrated cells was counted using ImageJ software.

In vivo metastasis assay



The 2 to 3-week immunodeficient female Balb/c-nu mice (ASM Pharmaceutical Research Institute Co., Ltd.,
Hunan) were injected with 5 x 105 GFP-labelled SKOV-3 cells via the tail vein injection. After 8 weeks,
the distribution of fluorescent signal was observed under a small animal in vivo imager (Bruker in vivo
FX, Germany). After the whole-body imaging, the mice were sacrificed and dissected with organs imaged.
For evaluation of pulmonary metastasis, lungs were cut into 5 ym and stained with H&E. Three sections
throughout the whole lung per mice were screened, and the number of metastases was counted. In addition,
the lungs were stained with MMP-2 and MMP-9 to quantify the expression levels of the corresponding
proteins.

Immunohistochemistry (IHC) assay

After embedding with paraffin, the tumor tissues were remained in citrate antigen retrieval buffer (PH=6.0).
Next, after blocking with 3% HyOs2, the tissue was covered with 3% BSA at room temperature for 30
min. Then, primary antibody BMP6 (1:100, Abcam, ab155963), P-gp (1:1200, Abcam, ab170904) and p-
ERK (1:200, Cell Signaling Technology, #5726) were added and incubated overnight at 4°C. After washing
tissues with PBS, the corresponding secondary antibodies (HRP-labelled) were added and incubated at room
temperature for 50 min. Then, freshly prepared diaminobenzidine (DAB) was added for color development,
and then terminated by washing with water when the positive result displayed as brownish yellow color.
Finally, tissues were counterstained with hematoxylin, dehydrated with alcohol, and mounted for microscopic
examination. Three tumor tissues were randomly selected from each group to generate a total of 6 slices,
and 3 high-magnification fields of each slice were randomly selected for scanning, and the positive area ratio
was analyzed by ImageJ software. All the above reagents except antibodies were purchased from Wuhan
Servicebio Technology CO., LTD (China).

Actin staining

The SKOV-3 cells were seeded in 24-well plates with 2 x 10% cells, cultured overnight, washed with PBS,
placed on ice, fixed with 3.75% paraformaldehyde for 15 min, permeabilized with 0.5% Triton for 10 min, and
finally stained with an appropriate amount of FITC-labelled phalloidin stock solution (Solarbio, #CA1640)
for 15 min. After dripping DAPI on the slide, it was observed and recorded under a fluorescence microscope
(Leica).

F-Actin quantification

F-Actin was quantified using an enzyme-linked immunosorbent assay kit (CUSABIO Human F-Actin ELISA
Kit). The SKOV-3 cells were seeded with 2 x 10° in a 6-well plate. After washing with PBS, cells were scraped
off and transferred to a 1.5mL centrifuge tube. Then a homogenous solution was generated by ultrasonic
cell disruptor and stored overnight at -80°C. After thawing, the sample was centrifuged at 5000 x g, at
4 °C for bmin and supernatant was added to the embedded 96-well plate. The OD value of each well was
measured based on the plotted standard curve under the wavelength of 450 nm to calculate the actual F-actin
concentration.

Downstream genes screening

To explore the relevant targets for the mechanism of EPS8L1 in epithelial ovarian cancer, comprehensive
database GENE EXPRESSION OMNIBUS (http://www.ncbi.nlm.nih.gov/geo) and public database String
(https://cn.string-db.org/cgi/) were selected. To further confirm the relevant genes, RT-PCR assays with
specific primers were performed. The mRNA expression levels of each gene in Sh-EPS8L1, OE-EPS8L1 and
their corresponding vector control groups were obtained. After comparison of two groups, genes displaying
large variance between cells were selected for the following verification and further verified by western blot
assay.

Quantitative RT-PCR assay

Real-time quantitative PCR was performed using Trizol (Invitrogen) and reverse transcription using a high-
capacity cDNA (Sigma) kit. TNNI3, TNNC1, TNNT2, CD44, TTAM2, TIAM1, MTA1, NM23, CD147, CD82,



EPS8L1 and GAPDH levels were measured using target primers (Invitrogen). Relative expression levels were
measured by comparing the ratio of the Ct value of the target with the Ct value of GAPDH.

Racl activation assay

The PI3K-specific activator 740Y-P (20 uM) was added to cells in Sh-EPS8L1 and control groups for 24
h. Then, the SKOV-3 cells were scraped with cell lysate containing protease inhibitors. The lysates were
centrifuged (10,000x g, 4 °C for 1 min) to remove cellular debris and then incubated with 10 pL of PAK-PBD
beads from Racl Activation Kit (cytoskeleton, CAT#BKO035-S) for 60 min at 4°C on a shaker. Beads were
washed in 20 uL of 2 x Laemmli sample buffer and heated to boil for 2 min. Then, the determination of
Racl-GTP activation was performed with western blot experiments.

Western blot analysis

Cells were washed with phosphate buffered saline (PBS) and harvested with RIPA lysis collection buffer. Cell
lysates were run on 10-15% SDS-polyacrylamide gels and then transferred to PVDF membranes, with primary
antibodies incubated overnight at 4°C. After multiple washes, HRP-conjugated secondary antibody was
added for 2 h at room temperature and developed with an ECL kit. Detection of active Racl protein requires
pretreatment by pull-down assay. EPS8L1 antibody was purchased from Invitrogen (PA5-38746); TIAM2
antibody was purchased from Abcam (ab199426); Racl antibody was purchased from Abcam (ab155938);
GAPDH antibody was purchased from in Affinity (AF7021).

Statistical analysis

The data were expressed as mean + standard deviation (SD) and the results were analyzed with the statistical
software SPSS 22.0. Each experiment was performed at least three times unless noted. If the data conformed
to normal distribution and homogeneity of variance, two independent samples t-test was used for comparison
between two groups, and one-way analysis of variance (ANOVA) was used for comparison between more than
three groups. If the data did not conform to a normal distribution, a nonparametric rank sum test was used.
The enumeration data were analyzed by the chi-square test. The value of P< 0.05 indicated that the difference
was statistically significant. Figures were plotted by GraphPad Prism 7.

Results
EPSS8L1 is overexpressed in epithelial ovarian cancer and correlated with poor clinical outcomes

In our previous work on the next generation sequencing of ovarian tumors from 31 patients, EPS8L1 was
screened out with the possibility to participate in the tumor migration. To further validate the previous
RNA-Seq results, we measured the expression of EPS8L1 gene in patients with serous ovarian cancer, which
occurred with highest incidence among epithelial ovarian cancers. The preoperative venous blood from 43
patients with serous ovarian cancer were collected including the previously reported 31 patients, and the
concentration of cfDNA from samples was detected by Qubit 2000. The results showed that no significant
difference was observed in EPS8L1-cfDNA concentration from peripheral blood between patients with diffe-
rent ages, unilateral or bilateral tumors, classification, stages and with or without lymph node metastasis. To
detect the relative level of EPS8L1-cfDNA in ovarian cancer patients, PCR measurement was performed.
Stage I and II were combined as early stage group, while stages III and IV were combined into advan-
ced stage group. The difference in FIGO stage was statistically significant (P = 0.000), and the level of
EPS8L1-cfDNA in patients with lymph node metastasis was significantly higher than that in patients wi-
thout metastasis (P = 0.000) (Table 1). In addition, the expression of EPS8L1 in tumor tissues of 43 patients
was detected by qRT-PCR, and the relationship between its mRNA expression and the clinicopathological
indicators of patients was analyzed. Similarly, the results showed that the expression of EPSS8L1 was not
related to the patient’s age, primary site and other factors, however, it was positively related to FIGO stages
(P = 0.031) and lymph node metastasis (P = 0.020) (Table 2). The relationship between the expression of
EPS8L1-mRNA in tissues and the clinicopathological indicators of patients was consistent with the results
of ¢cfDNA concentration, both suggesting that EPS8L1 might be related to the progression and metastasis



of epithelial ovarian cancer, and probably served as a new biomarker to predict clinical outcomes of ovarian
cancer patients.

EPS8L1 is positively related to the migration and metastasis of tumor cells

We performed GO clustering analysis on EPS8L1 to identify relevant genes by different functions, including
biological processes, cellular components and molecular functions. The results showed that among biological
processes, cell-substrate adhesion was the key function with most gene clustered. Regarding to the cellu-
lar components, the collagen-like extracellular matrix was mainly clustered. In function, most genes were
concentrated in the active part of endopeptidase. These results suggested that EPS8L1 might affect tumor
invasion and metastasis through cell-extracellular matrix adhesion and other associated biological function
(Figure la). The KEGG pathway enrichment showed that EPS8L1 was mainly overexpressed in signaling
pathways such as vascular smooth muscle contraction, actin cytoskeleton regulation, and axonal pathways
that positively related to the migration and motility of cells (Figure 1b). Using the TCGA database, we
further analyzed the relationship between clinicopathological indicators and EPS8L1-mRNA expression in
379 patients with epithelial ovarian cancer. Consistently, the high expression of EPS8L1 was significantly
related to the FIGO stages of patients (P = 0.042 < 0.05), shown in Table S1. The above results further
demonstrated that EPS8L1 was positively related to the cellular invasion and migration.

EPSS8L1 is differentially expressed in ovarian cancer cells and normal ovarian epithelial cells

The expression of mRNA and protein expression of EPS8L1 was evaluated in human normal ovarian epithelial
cell line (IOSE80) and human epithelial ovarian cancer cell lines (Caov-3, 3A0, OVCAR3, A2780, SKOV-
3, HO8910). As demonstrated in Figure 2a, the amount of EPS8L1-mRNA and EPS8L1 protein in all six
human epithelial ovarian cancer cells were significantly higher than that of normal ovarian epithelial cells.
Among six ovarian cancer cell lines, SKOV-3 cells exhibited highest concentration of EPS8L1-mRNA and
EPS8L1 protein. In addition, SKOV-3 cells are typically serous ovarian cancer cells, as the most common
types in epithelial ovarian cancer accounting for 30%-40% of primary ovarian malignant tumors. Therefore,
the SKOV-3 cell line was selected for the following experiments including the establishment of EPS8L1
knockdown (Sh-EPS8L1) and overexpression (OE-EPS8L1) cells by lentivirus transfection (Figure 2b).

The knockdown of EPS8L1 inhibits migration of ovarian cancer cells

To study the effect of EPS8L1 on cell migration, the migration of SKOV-3 cells was detected by scratch
healing assay after EPS8L1 knockdown. The quantification was represented by migration ratio, in which
smaller value referred to the slower migration rate. The results showed that the migration ratio of Sh-
EPS8L1 group (16.7%) was significantly lower than that of the control group (35.5%), with P <0.05. The
migration speed of Sh-EPS8L1 group was significantly lower than that of normal EPS8L1 group, indicating
the regulation of cell migration by EPS8L1 (Figure 2c).

The knockdown of EPS8L1 inhibits cellular actin formation and cytoskeleton remodeling

Multiple G-actin are linked together to form actin chains and two strings of actin chains are twisted into
fibrillar actin (F-actin), which constitutes the cytoskeleton of eukaryotes, and is closely related to the chemo-
tactic ability of cells [, To validate that EPSSL1 induce cell migration and metastasis through cytoskeleton
remodeling, FITC-labeled phalloidin was used to stain with F-actin in Sh-EPS8L1 and EPS8L1 (as control)
cells. As observed by a fluorescence microscope, cells in control group demonstrated higher concentration and
brighter intensity of filopodia enabling cells migrate in one direction. In contrast, the amount of filopodia in
Sh-EPS8L1 cells was significantly reduced and no filopodia with invasive structures were detected indicating
the inhibition of filopodia formation by suppressing EPSSL1.

After 24 h starvation without serum, 40 ng/mL EGF was given to stimulate the cells in both groups for 3
min. As shown in Figure 2d, the polymerization of cortical actin was observed and the amount of central
actin bundles decreased in control group. It indicated that EGF stimulation induced the reorganization of
cortical actin which generated the remodeling of cytoskeleton and enhanced the migration ability of cells. In
contrary, cells in the Sh-EPS8L1 group exhibited no obvious response to EGF stimulation.



The ELISA kit was used to quantify the amount of F-actin in two groups. The results showed that the
amount of F-actin in cells with low EPS8L1 expression was 3.67 mg/mL, while that in the control cells with
normal EPS8L1 expression was 6.39 mg/mL. The difference between two groups was statistically significant
with P <0.05 (Figure 2e). These results suggested that EPS8L1 promote the migration and metastasis of
ovarian cancer cells by regulating the formation of filopodia and cytoskeleton remodeling.

The knockdown of EPS8L1 inhibits metastasis and colonization of ovarian tumor cells in vivo

To further verify the effect of EPS8L1 on metastasis of ovarian cancer, the in vivo metastasis experiments
were performed. Two groups of ovarian cancer cells labelled with GFP fluorescent tags, GFP-Sh-EPS8L1 and
GFP-EPS8L1 (control), were injected into the immunodeficient mice through the tail vein to allow tumor
growth. After 8 weeks, mice were anesthetized and imaged by Bruker in vivo Fx to evaluate the colonization
and distribution of GFP-labelled ovarian cancer cells. As compared with the Sh-EPS8L1 group, obviously
local fluorescence enhancement was observed in the lungs of mice in control group suggesting the development
of lung metastasis. In contrast, the low expression of EPS8L1 in ovarian cancer decreased the metastasis and
colonization. Furthermore, tumors in the control group were shown to be more widely distributed throughout
the body than that of Sh-EPS8L1 group, especially in the lymph nodes located on both sides of the neck of
mice (Figure 3a). Then mice were sacrificed and dissected to evaluate the tumor growth in lungs. As shown
in Figure 3b, higher amount of tumor cells was observed at lungs in the control than that in the Sh-EPS8L1
groups. In Figure 3c, the H&E staining quantification demonstrated that mice injected with control cells
with normal SKOV-3 expression displayed significantly higher intensity of tumors per lung slice compared
to mice injected with Sh-EPS8L1 cells (median 22 + 1.78 ws. 4.6 £1.01). More photographs for mice and
the ink staining experiment for the lungs with metastasis to demonstrate the location of small tumor lesions
were shown in Fig. S2.

The matrix metalloproteinase (MMP) family regulated the extracellular matrix degradation and cell adhesion
remodeling to promote tumor cells diffusion and angiogenesis, which played an important role in tumor
invasion and metastasis [!7]. To further explore the mechanism of lung metastasis induced with ovarian cancer
cells, immunohistochemistry was carried out by staining lung tissue slice of animals for MMP-2 and MMP-9
proteins. It was demonstrated the ratios of MMP-2 and MMP-9 protein expression in the Sh-EPS8L1 group
were 0.719+0.09 and 0.111+0.02, respectively. In contrast, the MMP-2 and MMP-9 protein in the control
group were 0.992+0.00 and 0.99040.00, respectively. As compared in Figure 3d, the difference between two
groups was statistically significant with MMP-2 (P <0.05) and MMP-9 (P <0.01) indicating that EPS8L1
promote the metastasis of ovarian cancer cells in vivo by regulating the expression of MMP-2 and MMP-9.

EPS8L1 regulates the expression of downstream TIAM?2

To evaluate the dataset of OMNIBUS, Spearman correlation analysis were generated (Figure 4a). Moreover,
a public database String (https://cn.string-db.org/cgi/) and online analysis (http://gepia.cancer-pku.cn/)
were recruited to analyze genes related to EPS8L1 (Figure 4b and Fig.S3). It was found genes TIAM2
(r=0.470,P <0.001), TNNT2, TNNC1, and TNNI3 (all r=0.67,P <0.05) possibly related to EPS8L1(Fig.
S4).

The RT-PCR results showed at mRNA level that EPS8L1 was highly expressed in OE-EPS8L1 and low
expressed in Sh-EPS8L1 which was consistent with our experimental design. In addition, the expression of
TNNT2, CD82, TIAM1, and TIAM2 was significantly different between OE-EPS8L1 and Sh-EPS8L1, with
46.64-fold (P<0.01), 13.37-fold (P<0.01), 9.71-fold (P<0.01) and 4.61-fold (P<0.01), respectively (Figure
4c).

Subsequently, four groups of SKOV-3 cells with OE-EPS8L1 or Sh-EPS8L1 or their corresponding vectors as
control groups were used to evaluate the related genes at protein level. The results showed that among the
above-mentioned differential genes, only TIAM2 gene was obviously regulated by EPS8L1 at protein level
(Figure 4d). The decreased EPS8L1 expression resulted in the decreased TTAM?2 expression, while increased
EPSS8L1 expression also increased TIAM?2 expression. The TNNT2 gene with the greatest difference at the
mRNA level show no significant difference at the protein level, which might be a transcription factor and



plays a role in post-transcriptional regulation. Otherwise, it is a protein with short half-life and difficult to be
captured. We also performed corresponding validation in EPS8L1-overexpressing ES-2 cells, and the results
were similar to those in SKOV-3 cells (Fig. S5). Therefore, TTAM2 was positively related to EPS8L1 and
directly regulated by EPSSL1.

To clarify the regulatory relationship between EPS8L1 and TIAM2, small interfering RNA (siRNA) was
utilized to knock down EPS8L1 and TIAM2 in SKOV-3 cells, respectively. Three sequences in each gene
was used to measure gene expression and validate the knockdown efficiency to select suitable sequences for
subsequent experiments. As shown in Figure 4e, the protein expression of TIAM2 decreased when EPS8L1
was knocked down. Contrarily, no significant change of EPS8L1 expression was observed with TTAM2 knock-
down. These results verified our speculation that EPS8L1 is an upstream regulatory molecule of TIAM?2,
and TIAM2 is a downstream molecule of EPSSL1 (Figure 4f).

EGF activates the conversion of Racl-GDP to Racl-GTP by stimulating EPS8L1

When Eps8 forms a complex with Abil and Sosl, it regulates the depolymerization and assembly of mi-
crotubules through actin, and activates signaling pathways including Racl-GTPase, thereby regulating the
cytoskeleton 18], To investigate whether EPSSL1 promotes the activation of Racl in SKOV-3 cells, Racl-
GTP concentration was measured with EGF.

After stimulating Sh-EPS8L1 with EGF, the expression of EPS8L1 increased with the prolongation of sti-
mulation time. Simultaneously, the expression of TTAM2 increased as well. As shown in Figure 5a, total
Racl amount was unchanged and the amount of Racl-GTP increased. However, in the TTAM2-knockdown
SKOV-3 cells (TTAM2-Si), EGF stimulation did not induce any change in TIAM2 expression, neither Racl
activation was responded (Figure 5b). At the same time, scratch healing (Figure 5¢) and transwell migration
(Figure 5d) experiments were performed to evaluate migratory ability of cells responded to EGF stimulation
after EPS8L1 and TTAM2 knockdown. The results were consistent with protein expression experiments. Af-
ter TTAM2 knockdown, migration of the cells to all directions were reduced. Without TIAM?2, this pathway
induced by EPS8L1 was impaired at some extent.

PI3K agonist induces TIAM2 expression

As reported, PI3K mediated the activation of Racl through TIAM2M'9. Accordingly, we speculated that
EPS8L1 might mediate the activation of Racl through TIAM2. 740Y-P is a cell-permeable phosphopeptide
that binds to the p85 subunit of PI3K with high affinity to activate PI3K 2. As demonstrated in Figure
6a, the expression of TIAM2 was restored after 740Y-P treatment, while the levels of EPS8L1 and Racl-
GTP activation did not recover compared to the control group. Thus, PI3K agonist could stimulate TTAM?2,
however, the activation of Racl by TIAM2 was mostly regulated by the expression of EPS8L1 as a decisive
role in the EPS8L1-TIAM2 driven Racl activation.

EGF activates the MAPK pathway by stimulating EPS8L1

Noticeably, MAPK signaling pathway participates in the degradation of extracellular matrix, adhesion,
motility and angiogenesis in tumor cells[*3). Thus, we hypothesized MAPK pathway might be a downstream
pathway regulated by EPS8L1 after activating Racl. As shown in Figure 6b, the phosphorylation levels
of P38, Erk, and Jnk in the MAPK pathway decreased significantly in the Sh-EPS8L1 group compared
with the control group, without affecting the amount of total proteins. After stimulation with EGF, the
phosphorylation levels of P38, Erk and Jnk in the Sh-EPS8L1 group were still lower than those in the
control group indicating the suppression of EPS8L1 lead to the inactivation of MAPK pathway. These results
suggested that the MAPK signaling pathway contributed in EPS8L1-mediated metastasis and migration of
ovarian cancer cells.

Discussion

Most ovarian cancer patients are in advanced stage (stage III-IV) at the first time of diagnosis with the
high mortality rate. Unfortunately, majority of patients with ovarian cancer developed metastases at the



peritoneum, liver, and lymph nodes. As no well-defined therapeutic target has been discovered for ovarian
cancer, the lack of effective therapy leads to no remarkable improvement of 5-year survival rate.

As the main cause of death in ovarian cancer patients, metastasis is closely related to clinical efficacy and
prognosis of patients. Studies have shown that Eps8 gene is related to the proliferation of tumor cells(!l. In
addition, the higher expression of Eps8 in metastases, probably participates in the integrin-dependent Racl
pathway (11 cytoskeleton alteration!®3! and regulation of focal adhesion kinasel?*). Wang et al. suggested
that the high expression of Eps8 promoted the invasion and metastasis of head and neck squamous cell
carcinoma 251, Moreover, knockdown of Eps8 expression greatly reduces the ability of glioblastoma to invade
and metastasize 261, As demonstrated, Eps8 formed a tri-complex Eps8-Abil-Sosl to participate in the
signal transduction to regulate Rac activity in epithelial mesenchymal transition (EMT) of ovarian cancer
cells 27281 however, the complex was not detected in non-metastatic cells. Welsch et al. reported the higher
expression of Eps8 in pancreatic cancer cells of different origins by gRT-PCR which lead to invasion 291

Eps8 gene is believed to regulate the migration and metastasis of tumor cells, among which EPS8L1 as the
most important homologous might induce the major function. However, no study has been reported on the
mechanism of EPS8L1 in tumors. In our previous work, EPS8L1 was screened out as up-regulated expression
in the clinical ovarian cancer samples!!l. To further illustrate the mechanism of EPSSL1 in ovarian cancer,
especially in the tumor migration and metastasis, we conduct this study.

The analysis of 43 clinical cases collected demonstrated that EPS8L1 was related to FIGO staging and lymph
node metastasis of ovarian cancer indicating that EPS8L1 might closely related to the metastasis of ovarian
cancer. Also, the knockdown of EPS8L1 decreased the migration speed of ovarian cancer cells in the scratch
healing and transwell experiments. To exclude the possibility that scratch closure caused by cell proliferation,
cells were pretreated with a low concentration of mitomycin C, a non-specific cytotoxic drug for cell cycle.
The concentration of mitomycin C was selected to inhibit cell proliferation but not cell migration [ to
guarantee the movement was only induced by migration.

Regarding to the establishment of in vivo model with metastasis and invasion of ovarian cancer cells, orthoto-
pic transplantation®!| footpad injection[®?, intraperitoneal injection!®3! and tail vein injection!®¥ have been
reported previously. Originally, SKOV-3 cells were injected to mice intraperitoneally in the early stage to
simulate the progress of intraperitoneal dissemination and metastasis to adjacent organs that are consistent
to ovarian cancer patients in clinic. However, 4-5 weeks after intraperitoneal injection, malignant ascites was
formed in the abdominal cavity of the mice, and the overall condition of mice was poor. Although the colo-
nization of tumors was observed in abdomen, metastasis in lung, liver and other organs were not detected.
Then, vein injection was selected with the superior effect to establish metastatic model. To monitor and
evaluate tumor growth and distribution, the injected SKOV-3 cells were labelled with GFP-fluorescence to
provide images under Bruker in vivo Fx imager. In the EPS8L1 knockdown group, no fluorescence signal was
detected in lung during whole body scanning, however, scattered distribution of tumor cells in lung could be
observed in the direct scanning of dissected organs, which may be due to the difficult to penetrate the skin
by low fluorescent intensity of few tumor cells.

In Pearson and Spearman analysis, a moderately strong correlation between EPS8L1 and TTAM2 (r=0.48,
p<0.001) was found. TIAM2 is an analog of TIAM1, which is an important exchange factor that catalyzes
the conversion of Racl from the inactive form of Racl-GDP to the active form of Racl-GTP, thus, called
Guanine nucleotide Exchange Factor (GEF). Racl is an important member of the small G protein family,
whose activation is very important during cell migration3. Besides, other members of the small G protein
family, Rac, Cdc42 and Rho are involved in tumor cell motility. Rac proteins promote the formation of actin-
rich membrane folds at the migration tip, called lamellipodia [6]. Cdc42 regulates cell polarity to manipulate
the direction of cell movement3”). Rho promotes the formation of compressive stress fibers and maintains
the focal adhesions at the posterior of the cells [38].

Studies found that TTAM1-driven Racl activation is the key to the formation of lamellipodia and remodeling
of cytoskeletal proteins®9-4%) with extensive regulatory effects on cell migration and metastasis. In contrast



to the evidence that TIAMI stimulated by Ras and Rac, the GEF activity of TTAM2 is more reliable on Rac
than Ras [41]. Recently, TTAM2 overexpression was reported to be associated with tumor progression and
unfavorable prognosis in pancreatic cancer [*21. Therefore, we investigated the relationship between EPSSL1
and TIAM?2 as well as their effects on Racl activation under EGF stimulation.

Likely a downstream molecule regulated by EPS8L1, the expression of TTAM2 was positively related with
EPSS8LI1. In addition, the expression of EPS8L1 and TIAM?2 was increased simultaneously under EGF' sti-
mulation. Also, the increase of Racl-GTP by the EGF stimulation to the Sh-EPS8L1 group displayed the
recovery of Racl activation. As a substrate for EPS8L1, EGF stimulation increases the phosphorylation of
EPS8L1 by epidermal growth factor receptor (EGFR), then enhances the function of downstream TIAM2 to
activate Racl. However, knockdown of TIAM2 in cells exhibited no response to EGF stimulation demons-
trating the indicating the necessary participation of TTAM2 in EPS8L1-driven Racl activation. In consistent
with the situation of lysophosphatidic acid or platelet growth factor stimulation, the activation of Racl was
dependent on TIAM1[*3). Thus, as an analog of TIAM1, similar mechanism might work for TIAM2, as GEF
in the activation of Racl by EPS8L1, especially induced by EGF.

Previous studies have found that growth factors bind to tyrosine kinase receptors to activate the PHn domain
of PI3K and regulate TTAM1-driven Rac activation [*4. In addition, Eps8-Sosl complex binds to the scaffold
protein Abil through its SH3 domain and then binds to the P85 regulatory subunit of P13K to mediates
Racl activation and actin remodeling 2728 In our study, the expression of TIAM2, restored by the PI3SK
agonist 740Y-P did not compensate for the reduced activation of Racl in EPS8L1 knockdown cells. Therefore,
EPS8L1 was critically required and played a decisive role in the Rac activation pathway to activate Racl by
TIAM2.

Previous studies have found that Racl/Rac2 and Cdc42, from the small G protein family, are not limited to
their effects on cell morphology, but also as effective activators in signaling cascades of Erk, Jnk, and P38
in MAPK pathway [#>46], In ovarian cancer cells with EPS8L1 knockdown, the levels of p-P38, p-Erk, and
p-Jnk were lower than those in the control group regardless of stimulating with EGF or not. suggesting that
the MAPK signaling pathway as downstream regulated by EPS8L1.

Conclusion

In this study, the following conclusions could be made and depicted as Figure 7. EPS8L1 promotes the
migration and metastasis of ovarian cancer cells, which was mainly stimulated by extracellular signals such
as EGF. The overexpression of EPS8L1. activates the downstream TTAM2 to induce its GEF activity, which
facilitates the conversion of Racl-GDP to Racl-GTP, and regulates downstream MAPK cascade signaling to
affect cytoskeleton remodeling and ultimately promote the migration and metastasis of ovarian cancer cells.
In addition, the mechanism of EPS8L1 in promoting metastasis may also be related to its regulation on the
expression of MMP-2 and MMP-9. These results provide an important scientific basis for understanding the
mechanism of EPS8L1 gene in the development of ovarian cancer, especially in the migration and metastasis.
In future, EPS8L1 will be studied intensively as a novel biomarker for the diagnosis and effective targets for
treatment and prognosis of ovarian cancer.
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Figure legends

Figure 1. EPS8L1 was closely related to the migratory and metastatic abilities of cells. (a) GO
clustering analysis for EPS8L1. (b)Scattering plot of enriched KEGG pathways for EPS8L1.

Figure 2. Knockdown of EPS8L1 might impair cell migration by inhibiting cytoskeleton re-
organization. (a) Western blot analysis of EPS8L1 protein expression in normal ovarian epithelial cells
(IOSES80) and different ovarian cancer cells (CAOV3, 3A0, OVCAR3, A2780, SKOV-3, HO8910). qRT-PCR
detection of EPSS8L1-mRNA expression in normal ovarian epithelial cells and different ovarian cancer cells.
Gray value analysis of EPS8L1 protein expression in normal ovarian epithelial cells and different ovarian can-
cer cells (compared with IOSE80 group: *P <0.05, ** P <0.01, ***P <0.001) (b) Western blot analysis of
EPS8L1 protein in wild-type strains (control), knockdown, overexpression groups and their respective empty
vector groups in ovarian cancer cell lines. qRT-PCR was used to detect the expression of EPS8L1-mRNA
in knockdown/overexpression stably transfected cell lines and the respective empty vector and wild-type
strains; Gray value analysis of EPS8L1 protein knockdown/overexpression expression in stably transfected
cell lines and the respective empty vector and wild-type lines (compared with Ctrl-Si group or Ctrl-OE group:
P <0.01, ¥**P <0.001; compared with the NC group: no significance, P > 0.05) (c) The scratch assay
image of control and Sh-EPS8L1 SKOV-3 cells at staring point and 24h using microscopy. Measurement
were made using Image J. Scratch closure was expressed as a percentage of initial scratch area. Data are
shown as mean + SE, *P <0.05. Data are representative of 3 independent experiments performed under
identical experimental conditions. (d) Fluorescence micrograph of cells staining with phalloidin (for F-actin,
green), DAPI (for nucleus, blue) and the merged images of control and Sh-EPS8L1 cells alone and with EGF
(40ng/mL) treatment for 3 minutes. Images were acquired under identical parameters in 10pm scale bar. (e)
Quantification of actin content in Sh-EPS8L1 and control groups by F-actin ELISA kit. Data are presented
as mean+SEM; n[?]3. ***P <0.001.

Figure 3. Knockdown of EPS8L1 inhibits the ability of cells to metastasize and colonize in
vivo. (a) Fluorescent images of control and Sh-EPS8L1 SKOV-3 cells carrying GFP fluorescence in nude
mice taken by a Bruker in vivo FX imager to observe the fluorescence distribution. (b) The fluorescent
intensity of lung tissue in mice xenografted with control and Sh-EPS8L1 cells carrying GFP fluorescence
after dissection. (c¢) Tumors presented on the lung and the H&E staining of lung nodules (x100 &x400
magnification). Total number of the lung metastasis per section was determined. Data are shown as median
+- SE; ¥*P < 0.01 (n = 4-7 mice). In each mouse, 3 lung sections were examined using identical parameters.
(d) Immunohistochemistry analysis of MMP-2 and MMP-9 in lung tissues (x200 &x400 magnification). The
lung tissues of 3 mice were randomly selected in each group for analysis using Image J, and the proportion
of positive cells was used as an indicator to compare with the control group. Data are shown as mean +-
SE, **P <0.01, ***P <0.001.

Figure 4. EPS8L1 regulated the expression of downstream molecule TIAM2. (a) Spearman
analysis was performed on the dataset (GSE18520) in the GEO database. Correlation coefficient r=0.4-0.6
was considered as moderate correlation, ***P <0.001. (b) String network analysis related to EPS8L1 gene.
TNNT2, TNNI3, TNNC1 were strongly associated with correlation coefficient r=0.71 (not shown). (c) The
mRNA expression levels by qRT-PCR of each related gene in OE-EPS8L1, Sh-EPS8L1 and corresponding
vector control cells, fold change = mRNA expression of OE-EPS8L1/ mRNA expression of Sh-EPSSLI.
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Data were obtained by 3 independent experiments performed under identical experimental conditions and
shown as mean +- SE, P <0.05 is statistically significant. (d) Western-blot analysis of protein expression in
OE-EPS8L1 and Sh-EPS8L1 cells. Quantification of EPS8L1 and TTIAM?2 protein expressed as percentage
of GAPDH. (e) The expression level of TIAM2 protein was detected, after knocking down EPS8L1 with
siRNA. (f) The expression level of EPS8L1 protein was detected after knocking down TIAM2 with siRNA.
Data were shown as mean +- SD (n=3), data of multiple groups were statistically analyzed by one-way
ANOVA, *P <0.05, **P <0.01. ImageJ software analyzed the gray value of protein expression.

Figure 5. EGF activated the conversion of Racl-GDP to Racl-GTP by stimulating EPS8L1.
(a-b) Activation of Racl in EPS8L1 and TIAM2 knockdown cells. Cells were lysed and equal amount
of proteins were incubated with GST-PAK1 protein to extract GTP-Racl. Expression of GTP-Racl was
evaluated with western blot using an anti-Racl antibody. Data were shown as means +- SD (n=3), data
of multiple groups were compared by one-way ANOVA, *P <0.05, **P <0.01. ImageJ software analyzed
the gray value of protein expression. (c¢) Capacity for migration of EPS8L1-Si cells and TIAM2-Si cells and
the consequence of EGF stimulate. Data were shown as mean +- SD (n=3), data of multiple groups were
compared by Student’s t test, *P <0.05, ***P <0.001. (d) Transwell assay showed the stimulating effects
of EGF in EPS8L1-Si cells and TIAM2-Si cells. Data were shown as mean +- SD (n=3), data of multiple
groups were compared by Student’s t test, *P <0.05, **P <0.01.

Figure 6. EGF activated the MAPK pathway by stimulating EPS8L1. (a) Activation of Racl
with PI3K agonist (740Y-P) for 24 hours in EPS8L1 knockdown cells. Cells were lysed and equal amount of
proteins were incubated with GST-PAK1 protein to extract GTP-Racl. Expression of GTP-Racl was eval-
uated with western blot using an anti-Racl antibody. (b) Activation of MAPK family with EGF (40ng/ml)
stimulation in EPS8L1 knockdown cells. All data were shown as means +- SD (n=3), data of multiple
groups were compared by one-way ANOVA, *P <0.05, **P <0.01, ***P <0.001. ImageJ software analyzed
the gray value of protein expression Data were shown as mean +- SD (n=3).

Figure 7. Hypothetical scheme for the regulation of EPS8L1-TIAM2 on F-actin remodeling
by EGF in ovarian cancer cells. The stimulation by EGF enhances the phosphorylation of EPS8L1,
activates the downstream function of TTAM2, and induces its specific GEF activity, which in turn activates
the conversion of Racl-GDP to Racl-GTP, regulates cytoskeleton remodeling and ultimately promotes the
migration and metastasis of ovarian cancer cells.

Tables

Table 1. Relationship of plasma ¢fDNA concentration and EPS8L1-cfDNA level in 43 patients with ovarian
serous cystadenocarcinoma.

Characteristic Number of cases Concentration of cf-DNA(ng/uL) P Relative level of EPSSL1.
Age

<b5 25 0.203+£0.051 0.917 2.70£0.42
55 18 0.201+£0.737 2.9540.44
Primary tumor site

unilateral 15 0.186£0.051 0.218 2.83+0.51
bilateral 28 0.210+0.064 2.79£0.41
Organization type

High-grade serous ovarian cancer 30 0.201£0.064 0.954 2.784+0.45
Low-grade serous ovarian cancer 13 0.203+0.053 2.85%0.43
FIGO staging

I+1I 19 0.19040.040 0.220 2.49£0.33
III+1v 24 0.211+£0.072 3.05+0.35
Lymph node metastasis

Yes 22 0.21440.067 0.173  3.13£0.23
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Characteristic Number of cases Concentration of cf-DNA(ng/uL) P Relative level of EPSSLI-
No 21 0.18940.051 2.46+0.34

Table 2. The correlation between expression of EPS8L1-mRNA and clinicopathological indicators of patients

Characteristic No. of cases EPSS8L1-mRNA P
Age

<55 25 2.579£0.506 0.9877,7
55 18 2.576+0.735

Primary tumor site

unilateral 15 2.42640.641 0.232
bilateral 28 2.659+0.579
Organization type

High-grade serous ovarian cancer 30 2.627+0.614 0.478
Low-grade serous ovarian cancer 13 2.487+0.154

FIGO staging

I+1I 18 2.357+0.462 0.031
II+1v 25 2.737+0.652

Lymph node metastasis

Yes 20 2.35240.490 0.020
No 23 2.7754+0.634
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