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model with omental tropism via in vivo selection

Feiquan Ying,1,2 Jing Guo,1,2 Xuejiao Gao,1 Lin Huang,1 Lingling Gao,1 Jing Cai,1,* and Zehua Wang1,3,*

SUMMARY

Epithelial ovarian cancer (OC) is often diagnosed at an advanced stage with peri-
toneal metastasis, and preclinical modelsmimicking the natural course of OC peri-
toneal metastasis are essential to improve treatment. We implanted ES2 and ID8
cells in the ovaries of mice and obtained highly metastatic (HM) sublines from
their omental metastases after three cycles in vivo selection. Orthotopic xeno-
grafts derived from the HM sublines showed enhanced omental tropism and
more extensive metastasis with earlier onset. The HM cells exhibited increased
in vitro migration and invasion properties, and RNA sequencing revealed that
the genes related to epithelial-mesenchymal transition and extracellular matrix
regulation were significantly altered in the HM cells. Among them, the upregu-
lated genes were significantly associated with poorer survival in OC patients. In
conclusion, these HM sublines can be leveraged to establish spontaneous meta-
static OC mouse models, which may serve as ideal preclinical models for anti-
metastasis therapy for OC patients.

INTRODUCTION

Epithelial ovarian cancer (OC) is the most lethal malignancy of the female reproductive system, with a

5-year overall survival (OS) of 46%.1 Despite advances in treatment strategies in recent years, such as the

integration of vascular endothelial growth factor receptor and poly ADP-ribose polymerase inhibitors

into traditional platinum-based chemotherapy regimens, the survival time of women with OC has only

modestly improved.2 Up to 80% of patients with OC are diagnosed at an advanced stage with peritoneal

metastases,3 and their 5-year survival rate drops to below 30%.4 However, there is no effective treatment

targeting OC metastatic diseases, and many encouraging results of preclinical studies have failed to

show efficacy in clinical trials involving metastatic tumors.5 Emerging evidence has highlighted the signif-

icant differences in molecular and functional phenotypes between primary tumors and their metastatic le-

sions.6 Thus, appropriate preclinical models of OC peritoneal metastasis mimicking the natural course of

disease progression should be of great value in terms of mechanism exploration, therapeutic target iden-

tification, and treatment efficacy evaluation.

The progression of OC involves a series of consecutive, partially overlapping events consisting of in situ

growth, exfoliation, abdominal spreading, omentum colonization, and ascites formation.7,8 A variety of

in vitro and in vivo models are currently employed in preclinical OC research, but their ability to represent

the disease state is far from sufficient. The transwell assay is a widely used in vitrometastatic model.9 How-

ever, it can only distinguish cells with different levels of invasiveness and motility. Organotypic 3D matrix10

and ex vivo culture of omentum11 have been utilized in OC studies, which were mainly focused on the roles

of nonmalignant compositions in the omental microenvironment instead of the changes in cancer cells dur-

ing metastasis. The animal model is another crucial preclinical model in OC studies. The engrafted tumor

model, including subcutaneous, intraperitoneal, and orthotopic models, is frequently used in OC studies.

The subcutaneous model is convenient to build and monitor, but it is less physiologically relevant to

ovarian cancers, which grow in the intraperitoneal space. Indeed, metastasis is rarely observed in most sub-

cutaneous mouse models, including OC.12,13 The in vivometastatic OC models currently used mainly refer

to the intraperitoneal14 and orthotopic models.15 The intraperitoneal model is able to recapitulate the im-

plantation metastasis of OC at advanced stages, but it is generated without primary tumor growth. The or-

thotopic model is an ideal in vivomodel, yet some researchers think it is not suitable for studies on the late

stage of OC progression because the formation of ascites is unstable. In addition, technological difficulties
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in generating and monitoring orthotopic models have limited their use.16 Thus, the establishment of pre-

clinical models is required for future OC research.

In our previous study, a modified orthotopic xenograft mouse model was established.15 As tumor cells are

heterogeneous and highly metastatic (HM) tumor cell variants preexist in the parental population,17 in vivo

selection can enrich for these cell subpopulations.18,19 In this study, we developed a spontaneous metasta-

tic mouse model based on orthotopic engraftment and acquired two HM OC cell sublines, ES2-HM and

ID8-HM, with high omental metastatic tropism through in vivo selection. The mouse model and HM OC

cells could be effectively applied to explore the metastatic mechanism and individual therapeutic strategy

of OC.

RESULTS

The in vivo selection of highly metastatic OC cells

To mimic the spontaneous intraperitoneal metastasis of human OC, orthotopic OC mouse models were

chosen for in vivo selection of HM cells. In a previous study, we compared two ways to establish orthotopic

OC mouse models, i.e., cell injection and tissue block transplantation, and found that the latter favored

xenograft formation and intraperitoneal metastasis.15 Therefore, tissue blocks of subcutaneous xenografts

derived from luciferase-labeled ES2 cells were used for the establishment of orthotopic mouse models

(Balb/c nude mice) at passage 1. In subsequent passages, the omental metastatic lesions of previous pas-

sageswere transplanted into theovarian bursa (Figures 1A, 1B, and S1).Over three cycles of in vivo selection,

tumor progression was gradually accelerated, and the survival of tumor-bearing mice was shortened. Pas-

sage 1mice showed extensive peritoneal dissemination 17.00G 1.7 days after transplantation and reached

a humane endpoint due to obvious ascites formation 23.33 G 7.5 days after transplantation, while the

average progression-free time and survival in passage 3 mice were less than 12 days and 16 days, respec-

tively, indicating a significant increase in the metastatic ability of tumor cells (Figures 1C and S2). Finally,

the tumor cells were derived from the omental metastases of passage 3mice and named ES2-HM. Similarly,

a HM subline of ID8 (ID8-HM) was established by three cycles of consecutive in vivo selection in C57BL/6

mice. The purity of the HM cells isolated from xenografts was confirmed by the high proportion of cells ex-

pressing luciferase and EGFP as revealed by Flow cytometry and bioluminescent imaging (BLI) (Figure S3).

HM cells exhibit enhanced metastatic abilities in vivo

Orthotopic transplantation of tissue blocks was conducted to evaluate the metastatic abilities of ES2-HM

cells versus parental ES2 cells in vivo. Monitored by in vivo BLI, the mice bearing ES2-HM xenografts ex-

hibited widespread intraperitoneal metastasis 13 days after transplantation, while the disease progression

in the ES2 group was much milder (Figure 2A). When reaching the endpoint, the ES2-HM mice had larger

abdominal circumferences and more intensive tumor involvement within the abdominal cavity (Figure 2B).

In particular, the ES2-HMmice developed significantly moremetastatic lesions in their contralateral ovaries

and omentum (Figures 2C and 2D) than the ES2 mice. Hematoxylin-eosin (HE) and immunohistochemistry

(IHC) staining of omental tissues showed wide infiltration of tumor cells in the omentum of ES2-HM mice,

accompanied by increased CD31 and endoglin signals, suggesting enhanced angiogenesis within the

omentum of ES2-HMmice (Figure 2E). Similarly, ID8-HM cell-derived orthotopic OC xenografts developed

intraperitoneal metastases more rapidly and more widely than ID8 tumors (Figure 2F).

In vitro phenotype of HM cells

To verify the phenotypic shift of the tumor cells after in vivo selection, in vitro assays were conducted to

compare the HM cells to their parental counterparts in terms of cell proliferation, migration, invasion,

and adhesion properties. Morphologically, theHM cells were significantly slenderer andmore refractive un-

der a light microscope (Figures 3A and S4A). The cell proliferation was reduced in the HM cells, as revealed

by 5-ehtynyl-20-deoxyuridine (EdU) assays (Figures 3B and S4C). The colony formation ability was slightly

reduced in the ES2-HM cells (Figure 3C). As expected, the HM cells exhibited significantly enhanced

mobility in Transwell assays (Figures 3D and S4B) when the membranes were coated with Matrigel, which

simulated the extracellularmatrix (ECM) (Figures 3E andS4B). However, the ES2-HMcells exhibited a largely

weakenedMatrigel adhesion ability when compared to parental ES2 cells (Figure 3F). These morphological

and functional alterations that occurred in the ES2-HM cells were consistent with an epithelial-mesenchymal

transition (EMT). The epithelial marker (E-cadherin) was downregulated in ES2-HM cells. However, no sig-

nificant change in the mesenchymal marker (vimentin) was observed (Figure 3G).
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The transcriptome alterations in HM cells

HM variants of cancer cells are believed to possess specific gene-expression signatures predetermining

metastasis.20 To determine the gene expression alterations in ES2-HM cells versus ES2 cells, we performed

mRNA sequencing. Based on the filter criteria of fold change >2 and adjusted p value <0.05, as many as 558

Figure 1. The in vivo selection of highly metastatic (HM) OC cells

(A) Schematic diagram of the establishment of HM cells.

(B) Orthotopic transplantation of tissue blocks. The incision should be made at the lowest point in the depression area between the rib bow and the thigh

near the spine on a left lateral position. Circle: White, spleen; Blue, kidney; Red, suitable area for incision. Arrow: Yellow, the lowest point in the side view;

Blue, incision of ovary bursa; Green, tissue block; Red, suture of ovary bursa.

(C) The procedures of in vivo selection for ES2-HM cells. After 3 rounds of in vivo selection, the HM cells, named ES2-HM, are gained from the omental

metastatic tumor of passage 3 mice. Arrow: The omental tissue with the strongest luminescent signals is determined by ex vivo imaging and obtained for

orthotopic inoculation in the mice of the next passage.
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Figure 2. The metastatic abilities of HM cells in vivo

(A) Representative BLI images of orthotopic models of ES2-HM cells and their parental cells. Right: the curves of tumor burden by BLI, data are represented

as mean G SD.

(B) Representative images of ascites and peritoneal dissemination in mice bearing ES2 and ES2-HM.

(C) The bilateral ovaries and uterus of the mice and BLI images. Cells are inoculated in the left ovary of the mice. Right: tumor volume of the primary tumors,

data are represented as mean G SD.

(D) Omentum of the mice and the BLI images. Right: radiance value of the omentum, data are represented as mean G SD.

(E) Representative images of HE and IHC (CD31 and endogin) staining of the paraffin-embedded sections (HE, magnification 403, scale bar: 200 mm; IHC,

magnification 2003, scale bar: 50 mm. Arrows: staining positive cells).

(F) Representative BLI images of orthotopic models of ID8-HM cells and their parental cells. Right: the curves of tumor burden by BLI, data are represented as

mean G SD. BLI, bioluminescent imaging; HE, hematoxylin-eosin; IHC, immunohistochemistry.

ll
OPEN ACCESS

4 iScience 26, 106719, May 19, 2023

iScience
Article



differentially expressed genes (DEGs) were identified, of which 295 genes were significantly upregulated

and 263 genes were downregulated (Figures 4A and 4B). By performing gene set enrichment analysis

(GSEA), several ECM regulation-related gene sets and ECM component-related gene sets were enriched

in ES2-HM cells. In addition, some EMT-related signaling pathways, such as the transforming growth factor

b and Wingless / Integrated (WNT) pathways,21 were upregulated in ES2-HM cells (Figures 4C–4G). The

upregulated expression of genes involved in ECM regulation and EMT in ES2-HM cells, including fibrillin

1, vascular endothelial growth factor A, SPARC cwcv and kazal-like domains proteoglycan 1, hyaluronan

synthase 2, Wnt family member 7B and A disintegrin and metalloproteinase with thrombospondin type

1 motifs 2 (ADAMTS2), was confirmed by quantitative reverse transcription-polymerase chain reaction

(qRT-PCR) analysis, with ADAMTS2 expression showing the largest fold change (Figure 4H). Moreover,

the expression of ADAMTS2 in ES2-HM cells was also higher than that in other OC cell lines, such as

SKOV3, A2780, CAOV3, OVCAR3, OVCAR4, and IGROV1 (Figure 4I). Similarly, a higher Adamts2 mRNA

level was found in ID8-HM than in ID8 (Figure 4J). ADAMTS2 is a member of the a disintegrin and metal-

loproteinase with thrombospondin type 1motif family with a domain that can cleave the aminopropeptides

of fibrillar collagens.22 The western blot results showed that ADAMTS2 expression was upregulated in both

Figure 3. In vitro phenotype of HM cells

(A) The morphology under light microscope (magnification 2003, scale bar: 50 mm).

(B) EdU assays, left: representative of fluorescent images, right: statistic chart (magnification 2003, scale bar: 50 mm).

(C) Colony formation assays, left: representative of images, right: statistic chart.

(D) Transwell migration assay, left: representative of fluorescent images, right: statistic chart (magnification 2003, scale

bar: 50 mm).

(E) Transwell invasion assays, left: representative of fluorescent images, right: statistic chart (magnification 2003, scale

bar: 50 mm).

(F) Matrigel adhesion assays, left: representative of fluorescent images, right: statistic chart (magnification 1003, scale

bar: 100 mm).

(G) Western blot analysis of E-cadherin and vimentin in ES2 and ES2-HM. Data are represented as mean G SD. P values

were calculated using the unpaired Student’s t test or Welch’s t-test. *, P < 0.05; **, P < 0.01.
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Figure 4. The mRNA sequencing results of the ES2-HM and the parental ES2 cells

(A) The volcano plot generated from transcriptome analyses of RNA sample from ES2 and ES2-HM.

(B) The heatmap of the DEGs.

(C–G) GSEA analysis. The upregulated gene sets in ES2-HM based on hallmark gene sets, Kyoto Encyclopedia of Genes and Genomes gene sets and Gene

Ontology gene sets.
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the cell lysate and the cell culture supernatant of ES2-HM cells (Figure 4K). IHC demonstrated a higher

expression of ADAMTS2 in the HM cells derived orthotopic xenografts and picrosirius red staining showed

less fibrillar collagen deposition in the HM cells derived omental metastasis versus their parental cells

(Figures 4L, 4M, and S5). These findings underscore the role of ECM remodeling and EMT in OCmetastasis.

Highly expression of genes upregulated in ES2-HM predicted poor prognosis in ovarian

cancer patients

An excellent in vitro model of cancer should be able to reflect the characteristics of tumors from patients.

To confirm the representativeness of ES2-HM, we collected paired tumor tissues of omental metastases

and primary sites from 49 OC patients, and IHC revealed that ADAMTS2 expression was higher in omental

metastases than in primary sites (Figures 5A and S6), which was in accordance with the results of the On-

comine database23 (Figure 5B). Next, IHC and survival analysis were performed on a tissue chip generated

from 53 OC patients. The patients with higher expression of ADAMTS2 had a shorter OS than those with

lower expression (Figures 5C and S6). Kaplan-Meier curve and Cox regression were used to investigate

the associations between genes upregulated in ES2-HM and OS of OC patients from The Cancer Genome

Atlas (TCGA) database. The results showed that some of the genes upregulated in ES2-HM were signifi-

cantly associated with the OS of patients and that high ADAMTS2 expression was a risk factor for OS in

OC patients (Figures 5D and 5E). Combined with the 53 OC patients’ IHC analysis and their clinical and

pathological information, we confirmed that high expression of ADAMTS2 was a risk factor for OS in OC

patients (Figures 5F and S7). Analysis of TCGA data and OC patient tissue chips suggested that the molec-

ular characteristics of OC could be reflected by ES2-HM cells.

The aforementioned results demonstrated that the spontaneous metastatic mouse model and the HM cells

from in vivo selection, such as ES2-HM and ID8-HM, can serve as ideal preclinical models for anti-metastasis

therapy for OC.

DISCUSSION

In this study, we successfully developed a spontaneous metastatic OC mouse model and a strategy to

establish an omentum-derivedOCHMcell line through in vivo selection. Based on orthotopic engraftment,

the spontaneous metastatic model could recapitulate the whole progression of OC, consisting of in situ

growth, exfoliation, abdominal spreading, omentum colonization, and ascites formation.7 Similar to its

parental cells, the HM cells may represent a cell subline enriched with heterogeneous cell clones with

omental tropism. The cells exhibited strong metastasis potential both in vivo and in vitro and showed

marked omental metastatic proclivity in vivo. The DEGs were screened by RNA sequencing, which revealed

that the HM properties of ES2-HM cells may be related to ECM regulation and EMT. Combined with ana-

lyses of clinical samples, we demonstrated that the spontaneous metastatic model and the derived HM

cells could be appropriate preclinical models for OC research.

The pivotal role of the tumor microenvironment (TME) in the initiation and progression of OC and resis-

tance against anticancer agents has received increased attention.24 Therefore, in vivo models play an irre-

placeable role in OC studies. The mouse models utilized in OC research can be classified into two cate-

gories. The first is the transplantation model, including subcutaneous, intraperitoneal, and orthotopic

models. The subcutaneous model is widely used in studies involving therapy and chemoresistance owing

to the convenience of monitoring. The crosstalk between tumor cells andmicroenvironment components is

not negligible.25 The lack of an appropriate microenvironment limits the significance of the subcutaneous

model. The intraperitoneal model is a metastatic model that reflects the late stage of OC. Omental tropism

Figure 4. Continued

(H) qRT-PCR. The mRNA levels of a series of genes involved in ECM regulation and EMT in ES2 and ES2-HM, data are represented as mean G SD.

(I) qRT-PCR. ADAMTS2 mRNA levels in OC cells, data are represented as mean G SD.

(J) qRT-PCR. Adamts2 mRNA levels in ID8 and ID8-HM cells, data are represented as mean G SD.

(K) Western blot Analysis of ADAMTS2 protein levels in the lysate (upper panel) and the cell culture supernatant (lower panel) of OC cell lines.

(L) Representative images of IHC (ADAMTS2) staining in ES2 and ES2-HM derived orthotopic xenografts and picrosirius red staining in ES2 and ES2-HM

derived omental metastasis (magnification 4003, scale bar: 20 mm).

(M) Representative images of IHC (ADAMTS2) staining in ID8 and ID8-HM tumors (magnification 4003, scale bar: 20 mm). P values were calculated using the

unpaired Student’s t test or Welch’s t-test. *, P < 0.05; **, P < 0.01. DEGs, differentially expressed genes; ECM, extracellular matrix; EMT, epithelial-

mesenchymal transition; ADAMTS2, A disintegrin and metalloproteinase with thrombospondin type 1 motifs 2.
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is a prominent characteristic of OC metastasis.7 The passive metastasis built by intraperitoneal injection is

not able to recapture the omental tropism of OC cells. The orthotopic model is an ideal model for tumor

research, considering that it has a physically relative TME. However, some researchers think the anatomical

difference betweenmouse and human ovaries makes the orthotopic model less desirable for studies on the

late stage of tumor progression. The bursa covering mouse ovaries might disturb ascites formation, which

is a widely recognized behavior of OC.7,16 In this study, we developed a spontaneous metastatic mouse

model based on orthotopic engrafts that was able to recapitulate the sequential courses of OC progres-

sion, in which we observed stable in situ growth, omental metastasis, and ascites formation. The second

type of model is the genetically engineered mouse model (GEMM), a spontaneous tumor model widely

used in research on OC initiation. However, the development of GEMMs requires an understanding of

the genetic basis of OC,26 which is still unclear. Furthermore, the long periods needed, undesired tumor-

igenesis, difficulties of monitoring and high-cost limit the utilization of GEMMs.27 The spontaneous meta-

static mouse model is easy to generate and the cost is relatively lower than that of GEMMs. In addition, the

progression of tumors can be monitored by BLI, which is a noninvasive imaging technique.

Although there are plenty of OC cell lines that could be utilized, the representativeness of the cell lines was

recently challenged. Silvia et al. investigated the genomic profiles of 47 OC cell lines, which indicated that

someOC cell lines frequently used were probably not of the high-grade serous OC subtype.28 Considering

the heterogeneity of OC, patient-derived xenografts (PDXs) and patient-derived organoids (PDOs) are

becoming increasingly popular and can maintain the histological and molecular characteristics of pa-

tients.29 The method commonly used to establish PDXs is subcutaneous injection. The relevant TME is

not present in subcutaneousmodels, which limits the application of PDXs. Combined with the spontaneous

metastatic model, PDXs could be more reflective of cancer progression in patients. Employing PDOs

instead of OC cell lines could enhance the representativeness of spontaneous metastatic models. This

combination will help PDXs and PDOs become ideal models for research involving the development of in-

dividual therapy strategies and investigating chemoresistance mechanisms. Immunotherapy has become a

frontier in cancer treatment and has been approved for use in any solid tumor.30 However, there is currently

no approved immunotherapy for OC. Several clinical trials have failed in OC. The use of immune checkpoint

inhibitors did not improve the progression-free survival or OS of OC patients.31,32 Previous studies

indicated that OC may be immunogenic. Thus, strategies are being adapted to improve the efficacy of

immunotherapy, including selecting patients based on immune profiling and combining with other

therapeutics.33 The syngeneic OC model with a complete immune system is particularly useful in studying

antitumor immunity. The ID8-HM cell line was isolated from C57BL/6 mice, and its success indicated that

spontaneous metastasis could occur in the syngeneic OC model, which should facilitate the development

of immunotherapies.

Due to the high level of metastasis in OC, it is important to apply paired metastatic and primary OC cells in

metastasis-associated studies. Many studies on the establishment of HM cell lines have been carried out

utilizing invasion assays in vitro and subcutaneous and peritoneal disseminated tumor models in vivo

because of the convenience of their establishment and monitoring. In terms of OC, Gu et al. screened

A2780-M cells through continuous Transwell invasion assays.9 Yu et al. established the SKOV3.ip1 cell

line from the ascites of the mouse injected by SKOV3 cells intraperitoneally.34 In recent decades, the

unique organ metastasis and colonization patterns of different types of tumors have attracted attention.

The classic seed-and-soil hypothesis from Paget35 has given rise to twomajor research hotspots: the cancer

cell ‘‘seeds’’ that cause metastasis and the premetastatic niche ‘‘soil’’ that provides a congenial environ-

ment in targeted organs. It is believed that in vivo selection could enrich cells with enhanced metastatic

Figure 5. Highly expression of genes upregulated in ES2-HM predicted poor prognosis in ovarian cancer patients

(A) Representative images of ADAMTS2 staining in paired tumor tissues of omental metastasis and primary site from 49 ovarian cancer patients

(magnification 4003, scale bar: 20 mm). Right: IHC scores are shown in violin plot.

(B) ADAMTS2 mRNA levels in primary and metastatic tumors of ovarian cancer from Oncomine database, data are represented as mean G SD.

(C) The difference of OS between ADAMTS2-High and ADAMTS2-low patients by KM analysis.

(D) The associations between genes upregulated in ES2-HM and overall survival of ovarian cancer patients from TCGA database by KM analysis.

(E) The associations between genes upregulated in ES2-HM and overall survival of ovarian cancer patients from TCGA database by univariate Cox regression

analysis.

(F) The influence of ADAMTS2 and clinical-pathological factors on the OS of 53 ovarian cancer patients by univariate Cox regression analysis. P values were

calculated using the paired t-test(A), Mann-Whitney test (B) or log rank test (C–F). *, P < 0.05; ***, P < 0.001. ADAMTS2, A disintegrin and metalloproteinase

with thrombospondin type 1 motifs 2; OS, overall survival; KM, Kaplan-Meier.
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ability.36 Therefore, we employed the spontaneous metastatic model to generate HM cells through in vivo

selection, which may reflect the properties and gene expression profiles of metastatic OCmore accurately.

EMT is an important cellular remodeling mechanism.37 Upregulation of the main EMT-related genes and

signaling pathways was observed in ES2-HM cells by RNA sequencing. The formation of a premetastatic

niche requires the activity of cancer cells.38 We found that multiple mRNAs of genes related to the forma-

tion of the premetastatic niche were upregulated in ES2-HM cells, such as ADAMTS2, matrix metallopro-

teinase 2, vascular endothelial growth factor A, colony stimulating factor 3, and transforming growth factor

b2. ADAMTS2 was the most upregulated gene in ES2-HM cells, and its mRNA level was increased in both

ES2-HM and ID8-HM cells, suggesting that its ability to modify ECM may be enhanced in HM cells. More-

over, more active angiogenesis was observed in ES2-HM-derived omental metastasis, which indicated the

activation of endothelial cells and the reconstruction of the omental microenvironment. These results sug-

gested that the induction of the premetastatic niche and the EMT of cancer cells contributed to the

outgrowth of HM cells in the omentum. The formation mechanisms of the omental premetastatic niche

will be explored in the next study. Considering that the high mortality of OC patients could be attributed

to the wide metastasis within the peritoneal cavity,39 the paired HM and parental cells expanded the pool

of cell lines for OC research.

Limitations of the study

As the basis of in vivo selection is enrichment, studies have shown that the proportion of cancer stem cell-

like side populations after enrichment declines rapidly upon passaging.40 Similarly, HM cells may lose their

HM properties under long-term in vitro culturing. Therefore, it is necessary to regularly repeat in vivo se-

lection to maintain the enrichment state. Considering that the most common pathological subtype of

epithelial OC is high-grade serous carcinoma, which accounts for more than 70%,41 more attempts need

to bemade to conduct spontaneous metastatic models on other OC cell lines, PDXs, and PDOs to improve

the tool platform for exploring the metastatic mechanism of OC and individual therapeutic strategies for

OC patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

b-Actin Rabbit mAb Abclonal Cat# AC026; RRID: AB_2768234

GAPDH Monoclonal antibody Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

CD31 (PECAM-1) (D8V9E) XP�Rabbit mAb CST Cat# 77699; RRID: AB_2722705

ADAMTS2 Polyclonal Antibody Invitrogen Cat# PA5-78728; RRID: AB_2745844

Anti-CD105 antibody Abcam ab221675

Recombinant Anti-Vimentin antibody [EPR3776] -

Cytoskeleton Marker

Abcam Cat# ab92547, RRID: AB_10562134

E-Cadherin Rabbit mAb Abclonal A20798

ADAMTS2 Rabbit pAb Abclonal A10272

Chemicals, peptides, and recombinant proteins

Matrigel Corning #354234

Calcium AM Invitrogen C1429

D-Luciferin potassium salt Perkin-Elmer #122799

A rabbit biotin-streptavidin horseradish peroxidase

detection system

ZSGB-BIO SP-9001

Collagenase type I Biosharp BS163

Cell-Light EdU kit RiboBio C10310-1

RIPA Beyotime P0013B

Cooktail Sigma P8340

BCA assay Beyotime P10012

Ponceau S Beyotime P0022

TRIzol reagent Vazyme R401-01

SYBR Green Fast qPCR Mix Abclonal RK21203

ABScript III RT Master Mix Abclonal RK20429

Picrosirius red Maokang Biotech MM1036

RNAiso Plus Takara #9109

Deposited data

GDC TCGA Ovarian Cancer TCGA 2022. Sep. 19

RNA-seq matrix of ES2 and ES2-HM GSA-Human HRA004178

The expression of ADAMTS2 in primary and metastatic site

from Oncomine database

Mendeley Data https://doi.org/10.17632/z7rz4488t8.1

Experimental models: Cell lines

ES-2 China Center for Type Culture Collection GDC0322

ID8-luc Xiao Haihua’s laboratory, Chinese

Academy of Sciences, Beijing

N/A

Experimental models: Organisms/strains

Mouse:4-week-old BALB/c Nude Mice: CAnN.Cg-

Foxn1nu/Crl

Charles River 401

Mouse:4-week-old C57BL/6N: C57BL/6NCrl Charles River 213

Oligonucleotides

qRT-PCR primers See Table S1 for primer 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, Zehua Wang (zehuawang@hust.edu.cn) or Jing Cai (jingcai@hust.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive42

in National Genomics Data Center,43 China National Center for Bioinformation/Beijing Institute of Ge-

nomics, Chinese Academy of Sciences (GSA-Human: HRA004178) that are publicly accessible at

https://ngdc.cncb.ac.cn/gsa-human. The GSA number is listed in the key resources table. The data

from Oncomine database has been deposited at Mendeley and are publicly available as of the date

of publication. The DOI is listed in the key resources table. All the other data reported in this paper

will be shared by the lead contact upon request.

d There is no original code in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The murine OC cell line ID8 expressing firefly luciferase was a gift of Xiao Haihua’s laboratory, Chinese

Academy of Sciences, Beijing, China. The human OC cell line ES2 cells were purchased from China Center

for Type Culture Collection, Wuhan, China, and its subline expressing firefly luciferase and EGFP was es-

tablished and maintained as previously described.15 Both cells were cultured in DMEM/F12 medium sup-

plemented with 10% FBS. For subcutaneous inoculation, cells were collected in a logarithmic growth

phase. The cells have been authenticated using short tandem repeat profiling within the last two years.

All cells were free of mycoplasma.

Animals

All animal experiments were conducted at the Laboratory Animal Center at the Huazhong University of Sci-

ence and Technology and approved by the Institutional Animal Care and Use Committee at Tongji Medical

College, Huazhong University of Science and Technology. Female BALB/c Nude mice aged 4 weeks

(Charles River, China) and female C57BL/6N aged 4 weeks (Charles River, China) were housed under spe-

cific pathogen-free (SPF) conditions. The tumor-bearing mice were euthanized at a humane endpoint of

massive ascites formation.

Human subjects

The research was approved by the Ethics Committee of Tongji Medical College, Huazhong University of

Science and Technology. The informed consent was obtained from all patients. The clinical and patholog-

ical information of patients used in this study are available in the main text or the Table S2.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GSEA US San Diego 4.2.3

R CRAN 4.1.3

Prism Graphpad 9.4

Living Image� Software Caliper Life Science 4.3.1
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METHOD DETAILS

Orthotopic models

Orthotopic inoculation was conducted on mice aged 5 weeks (3 mice per group). Briefly, tissue blocks

(sized 1–2 mm3) derived from subcutaneous tumors were inserted into the ovarian bursa of the mice

(detailed procedures shown in Figure 1B).

In vivo selection

For in vivo selection, one cycle of selection consists of orthotopic transplantation and subsequently spon-

taneous omental metastasis. For in vivo passaging, omental metastasis lesions were obtained for ortho-

topic transplantation inmice. Briefly, passage 1 orthotopic mousemodels using ES2 cells were established.

When peritoneal dissemination was detected, omental tissue, containing metastatic lesions was obtained

for transplantation of passage 2 mice. Three cycles of selection were conducted in this study (procedures

shown in Figure 1C).

Bioluminescent imaging (BLI)

Disease progression was monitored by BLI on an in vivo imaging system (IVIS, Lumina II, Caliper Life Sci-

ence, USA) every three days. The firefly luciferase substrate D-luciferin potassium salt (#122799, Perkin-

Elmer, USA) was intraperitoneally injected into the mice at a dose of 150 mg/kg, 15 minutes prior to imag-

ing. During imaging, isoflurane was administered to keep the mice anesthetized. The radiance value was

measured by Living Image� Software (4.3.1, Caliper Life Science, USA) using the region of interest (ROI)

tools. For ex vivo BLI, the tissues and cells were immersed in the working D-luciferin working solution at

a concentration of 150 mg/ml and incubated at 37 �C for 3 minutes before imaging.

Immunohistochemistry (IHC)

Tissues were fixed in formalin and embedded in paraffin, and the sections were used for hematoxylin-eosin

staining and IHC. For IHC, the sections were subjected to heat-mediated antigen retrieval in pH 6.0 citrate

buffer after routine deparaffinization and rehydration. The following staining steps were conducted using a

rabbit biotin-streptavidin horseradish peroxidase detection system (SP-9001, ZSGB-BIO, China). The stain-

ing images of tumor tissues were evaluated by two researchers, according to the staining intensity. The

CD31 antibody (#77699, CST, USA) and endoglin antibody (ab221675, Abcam, UK) were diluted at 1:100.

The ADAMTS2 antibody (PA5-78728, Invitrogen, USA) was diluted at 1:500. Finally, the sections were coun-

terstained with hematoxylin.

Primary culture

The omental tissue obtained from passage 3 mice was minced into 0.1 mm3 pieces. The samples were di-

gested with 1 mg/ml of collagenase type I (BS163, Biosharp, China) at 37 �C on a thermostat shaker at

150 rpm for 1 hour. After a 75 mm filtration, the suspension was centrifuged, and the cells were then plated

in flasks.

Flow cytometry

The tumor cells were collected and washed by PBS for three times. Then the cells were diluted to a concen-

tration of about 53106/ml. After that the expression of EGFP was analyzed by the flow cytometer (MoFlo

XDP, Beckman Coulter). The radio of EGFP+ cells was calculated.

5-Ehtynyl-20-deoxyuridine (EdU) assay

A Cell-Light EdU kit (C10310-1, RiboBio, China) was used to detect the proliferative proportion of cancer

cells. The assay was conducted following the manufacturer’s instructions. Fluorescent images were

captured at a magnification of 2003. At least 10 images were captured for each sample. Edu positive

cell (red) numbers and total cell (blue) numbers were counted and Edu positive ratios of every image

were calculated. The average Edu positive ratio was calculated for each sample. The assays were per-

formed in triplicate.

Transwell migration and invasion assay

In migration assays, 25,000 cells suspended in 300 ml of serum-free medium were added to the upper

compartment of permeable transwell insert in a 24-well plate (#3422, Corning, USA), and 500 ml of
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DMEM/F12 medium supplemented with 5% fetal bovine serum was added to the lower compartment. Any

air bubbles that may have existed under the chamber were eliminated. The plates were then incubated at

37 �C for 24 hours. The non-invading cells on the apical side of the chamber were carefully removed with a

cotton swab. Left cells were stained by calcium AM (C1429, Invitrogen, USA), and images were acquired of

the upper, lower, left, right, and middle quadrants of the membrane under a fluorescence microscope at a

magnification of 2003. The cell number was counted and averaged for each sample. For invasion assays,

the transwell insert was coated with 100 ml of Matrigel (#354234, Corning, USA) working solution at a con-

centration of 200–300 mg/ml and incubated at 37 �C for 2 hours. The assays were performed in triplicate.

Adhesion assay

The 96-well plates were coated with 100 ml of Matrigel (#354234, Corning, USA) working solution at a con-

centration of 40 mg/ml and incubated at 37 �C for 30 minutes. Then, 10,000 cells/100 ml suspension was

added to each well and incubated at 37 �C for 40 or 80 minutes. The supernatant was discarded and the

wells were rinsed with phosphate-buffered saline (PBS). Images of the cells were acquired under a fluores-

cence microscope at a magnification of 1003. Five fields of view were randomly selected in each well. The

cell number was counted and averaged for each sample. The assays were performed in triplicate.

Colony formation assay

One hundred cells were inoculated in each well of a 6-well plate. Culture medium was added, and the cells

were cultured for 10 days in an incubator. After washing with PBS, the cells were fixed with 4% paraformal-

dehyde for 30 minutes and stained with 0.1% crystal violet solution for 15–30 minutes. The plate was care-

fully rinsed with running water until the eluate was clear. Following drying of the plate, photos were taken,

and the number of clones in each well was counted. The assays were performed in triplicate.

Western blot

For cell lysate, total cellular proteins were extracted by RIPA (P0013B, Beyotime, China) with 1% cooktail

(P8340, Sigma, USA). For cell culture supernatant, proteins in supernatant were concentrated by Amicon�
Ultra-4 Centrifugal Filter (UFC8030, Millipore, the USA) following the manufacturer’s instructions. Proteins

were quantified by BCA assay (P10012, Beyotime, China) and 10 mg of each sample was loaded for blotting

process. The primary antibodies used were anti-ADAMTS2 (1:1000, A10272, Abclonal, China), anti-GAPDH

(1:10000, 60004-1-Ig, Proteintech, USA), E-cadherin (1:1000, A20798, Abclonal, China), vimentin (1:1000,

ab92547, Abcam, UK) and b-actin (1:1000, AC026, Abclonal, China). Ponceau S (P0022, Beyotime, China)

was used to stain culture supernatant western blot for total protein concentrations. Each experiment

was performed in triplicate.

Quantitative reverse transcription- polymerase chain reaction (qRT-PCR)

Total RNAs of cells were isolated using TRIzol reagent (R401-01, Vazyme, China), followed by reverse tran-

scription with ABScript III RT Master Mix (RK20429, Abclonal, China). qRT-PCR was performed with SYBR

Green Fast qPCRMix (RK21203, Abclonal, China) on a qTOWER3 Real-Time PCR System (analytikjena, Ger-

many). The relative expression of each mRNA was normalized using 2�DDCt method. Each experiment was

performed in triplicate. The primers (Tsingke, China) used were presented in Table S1.

Picrosirius red staining

Picrosirius red (MM1036, Maokang Biotech, China) was used to stain collagen in paraffin tissues. The assay

was conducted following the manufacturer’s instructions. In brief, after deparaffinization and rehydration,

tissue sections were stained with Weigert’s hematoxylin and picrosirius red. Then tissue sections were

washed in two changes of acidified water. Finally, sections were dehydrated and cleared. Images were ac-

quired at a magnification of 4003. The collagen fibers were dyed red.

Next-generation sequencing

The total RNA was extracted from cultured cells with RNAiso Plus (#9109, Takara, Japan) and applied to

Oligo(dT) magnetic beads to enrich themRNAwith poly-A tail. Then, themRNAwas randomly cut into frag-

ments with divalent cations in NEB Fragmentation Buffer. The mRNA fragments were transcribed into

cDNA and amplified to construct the library. After quality inspection and pooling, the library sequencing

was conducted at the Illumina Novaseq 6000 platform (Novogene Co., Ltd., Beijing, China). The following

analyses were performed by R (4.1.3) and GSEA (4.2.3).44,45
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Oncomine and The Cancer Genome Atlas (TCGA) database

For ovarian cancer data of Oncomine database, differential ADAMTS2 mRNA expressions between pri-

mary and metastatic tumors were analyzed using Mann-Whitney test and visualized by Graphpad Prism

9.4. The primary data from Oncomine was provided in Supplement data. For data of TCGA, Kaplan-

Meier (KM) analyses for overall survival were performed using ‘‘survival’’ and ‘‘survminer’’ packages. Univar-

iate cox regression analyses were performed using ‘‘survival’’ and ‘‘survminer’’ packages and the result was

visualized by ‘‘forestploter’’ package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism 9.4 and R 4.1.3 were used to perform all statistical analysis. All data are presented as the

meanG standard deviation or in quartiles. The differences between two groups were analyzed by unpaired

or paired t-test, Welch’s t-test or Mann-Whitney test. The differences among three groups were analyzed

by one-way analysis of variance. KM analyses were performed in survival analyses and log-rank test was uti-

lized. Cox regression was applied to screen survival-associated genes and clinical-pathological factors. The

results were considered to be statistically significant at P values < 0.05. More details were provided in figure

legends.

ll
OPEN ACCESS

iScience 26, 106719, May 19, 2023 17

iScience
Article


	ISCI106719_proof_v26i5.pdf
	Establishment of highly metastatic ovarian cancer model with omental tropism via in vivo selection
	Introduction
	Results
	The in vivo selection of highly metastatic OC cells
	HM cells exhibit enhanced metastatic abilities in vivo
	In vitro phenotype of HM cells
	The transcriptome alterations in HM cells
	Highly expression of genes upregulated in ES2-HM predicted poor prognosis in ovarian cancer patients

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell lines
	Animals
	Human subjects

	Method details
	Orthotopic models
	In vivo selection
	Bioluminescent imaging (BLI)
	Immunohistochemistry (IHC)
	Primary culture
	Flow cytometry
	5-Ehtynyl-2′-deoxyuridine (EdU) assay
	Transwell migration and invasion assay
	Adhesion assay
	Colony formation assay
	Western blot
	Quantitative reverse transcription- polymerase chain reaction (qRT-PCR)
	Picrosirius red staining
	Next-generation sequencing
	Oncomine and The Cancer Genome Atlas (TCGA) database

	Quantification and statistical analysis




