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Agent-based modeling predicts RAC1 is critical 
for ovarian cancer metastasis

ABSTRACT Experimental and computational studies pinpoint rate-limiting step(s) in metas-
tasis governed by Rac1. Using ovarian cancer cell and animal models, Rac1 expression was 
manipulated, and quantitative measurements of cell–cell and cell–substrate adhesion, cell 
invasion, mesothelial clearance, and peritoneal tumor growth discriminated the tumor be-
haviors most highly influenced by Rac1. The experimental data were used to parameterize 
an agent-based computational model simulating peritoneal niche colonization, intravasa-
tion, and hematogenous metastasis to distant organs. Increased ovarian cancer cell survival 
afforded by the more rapid adhesion and intravasation upon Rac1 overexpression is pre-
dicted to increase the numbers of and the rates at which tumor cells are disseminated to 
distant sites. Surprisingly, crowding of cancer cells along the blood vessel was found to de-
crease the numbers of cells reaching a distant niche irrespective of Rac1 overexpression or 
knockdown, suggesting that sites for tumor cell intravasation are rate limiting and become 
accessible if cells intravasate rapidly or are displaced due to diminished viability. Modeling 
predictions were confirmed through animal studies of Rac1-dependent metastasis to the 
lung. Collectively, the experimental and modeling approaches identify cell adhesion, rapid 
intravasation, and survival in the blood as parameters in the ovarian metastatic cascade that 
are most critically dependent on Rac1.

INTRODUCTION
Conquering disease recurrence in ovarian cancer remains a critical 
challenge in treating this deadliest of gynecologic malignancies 
(Kuroki and Guntupalli, 2020). The overall 5-yr survival rate of ovar-
ian cancer patients across all stages is 49% and has not changed 
dramatically in 20 years (National Cancer Institute, 2022).

Because approximately 80% of patients present with advanced 
disease that is largely localized in the peritoneal and abdominal cav-
ity (National Cancer Institute, 2022), more limited attention has 
been placed on distant metastases and their role in disease recur-
rence. Only since 2010 has there been systematic reporting of 
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distant metastases in the Surveillance, Epidemiology, and End Re-
sults (SEER) database, which has enabled analyses of their contribu-
tions to patient survival (Gockley et al., 2017; Deng et al., 2018; 
Gardner et al., 2020; Wang et al., 2021). Multiple analyses of the 
SEER database over different years and including thousands of 
stage IV ovarian cancer patients concur that metastases (expressed 
as % of patients) are found in the liver (38–57%), lung (28–38%), 
distant lymph nodes (29%), bone (4%), and brain (1%) (Gockley 
et al., 2017; Deng et al., 2018; Gardner et al., 2020; Wang et al., 
2021). Distant metastases increase chemoresistance and disease re-
lapse and reduce 5-yr survival to 28% of patients from an average of 
48.6% (Gardner et al., 2020). The locations of distant metastases 
were identified as independent prognostic factors affecting overall 
survival (Gardner et al., 2020). Patients with the more common liver 
and lung metastases had median survival times of 30 and 26 mo, 
respectively, while survival was worse for those with rarer bone (11 
mo) or brain (7 mo) metastases. Because therapy responsiveness 
was found to be tied to the type of distant metastases, it was recom-
mended that treatment and management plans should be individu-
alized. Nevertheless, ovarian cancer is still largely considered a peri-
toneal disease and treated with frontline surgery and chemotherapy. 
Therefore, there is opportunity for improving outcomes by identify-
ing and targeting key factors in the metastatic cascade that promote 
ovarian cancer spread to distant metastatic sites.

Transcoelomic tumor spread, mediated by peritoneal fluid circu-
lation, most commonly leads to metastases throughout the perito-
neal cavity and parenchymal invasion of abdominal organs (Tan 
et al., 2006). However, metastases via hematogenous routes also 
occur, as demonstrated through a parabiosis model (Pradeep et al., 
2014). The first site of peritoneal metastasis is frequently the omen-
tum, a highly vascularized, adipose tissue that covers the bowel and 
abdominal cavity. Circulating tumor cells (CTCs) have been detected 
in ovarian cancer patients and likely seed the distant sites that were 
recently recognized to worsen survival odds through hematogenous 
or lymphatic circulation (Obermayr et al., 2013; Gasparri et al., 2016; 
Gockley et al., 2017; Deng et al., 2018; Zhang et al., 2018; Gardner 
et al., 2020). The most common metastases in the liver can occur 
either via parenchymal invasion (23%) or through hematogenous 
spread (16%) and can be distinguished radiologically (O’Neill et al., 
2017). Hematogenous spread to the liver is found associated with 
high-grade tumors (grade 3) and advanced-stage disease (III or IV). 
Hematogenous, but not parenchymal, invasion leads to significantly 
shorter survival times, 63 versus 145 mo (O’Neill et al., 2017). Dis-
semination to the second most common distant niche occurs exclu-
sively through tumor cells entering the blood and exiting and colo-
nizing the lung. Therefore, elucidation of the factors and mechanisms 
that contribute to ovarian cancer metastases due to cell dissemina-
tion via the blood is important to ensure appropriately targeted pa-
tient therapies.

Rho family GTPases are important regulators of cancer-relevant 
cellular functions including actin cytoskeleton dynamics, cell adhe-
sion and migration, and proliferation (Sahai and Marshall, 2002). In 
particular, the Rho family Rac1 GTPase is classified as an oncopro-
tein and has been shown to be mutant, overexpressed, or hyperac-
tive in many human cancers (Schnelzer et al., 2000; Bid et al., 2013; 
Guo et al., 2015a; Ji et al., 2015). Our group (Guo et al., 2015a), 
along with Leng et al. (2015), first demonstrated Rac1 overexpres-
sion and activation in ovarian cancer patient samples. Consistent 
with widespread alteration of Rac1 in solid tumors (De et al., 2019), 
we found that Rac1 and the splice variant Rac1b are overexpressed 
in ovarian cancer based on The Cancer Genome Atlas (TCGA) data 
(Hudson et al., 2018). High RAC1, but not RAC1b, mRNA levels 

predict reduced ovarian cancer patient survival (Hudson et al., 
2018). However, there remains a gap in knowledge as to which 
Rac1-regulated cell functions are most important in ovarian cancer 
metastasis.

The goal of this study is to identify steps in the ovarian cancer 
metastatic cascade that are dependent on Rac1 signaling and ex-
pression. The ovarian metastatic cascade begins with tumor cell de-
tachment from the primary tumor as either single cells or multicel-
lular aggregates, called spheroids (Lengyel, 2010; Al Habyan et al., 
2018). Ovarian cancer cells and spheroids can then attach and in-
vade tissues and organs in the peritoneal cavity including the fa-
vored omentum that functions in peritoneal fluid and metabolic and 
immune homeostasis (Meza-Perez and Randall, 2017; Liu et al. , 
2021). Such parenchymal invasion involves clearance of the meso-
thelial cells covering the omentum and other peritoneal surfaces 
and organs. Once ovarian tumor cells have invaded the omentum, 
they can gain access to niche lymph and vascular systems (Krist 
et al., 1998; Etzerodt et al., 2020; Nowak and Klink, 2020) for tumor 
expansion and blood-mediated dissemination to distant metastatic 
sites such as the liver and lung, among others (Gockley et al., 2017; 
Deng et al., 2018; Gardner et al., 2020; Wang et al., 2021). It is well 
established that activated Rac1 GTPase has normal roles in cell ad-
hesion, coordinated cell migration, and intravasation and extravasa-
tion of leukocytes (Wu et al., 2009; Wang et al., 2010; Ridley, 2015). 
What is less well studied is whether and how Rac1-regulated migra-
tion and intravasation of tumor cells into circulation contributes to 
dissemination and colonization of distant niche sites.

Because experimental tracking of metastatic dissemination in-
volves rare events and is technically difficult, the present study cou-
ples experimental measurements with computational modeling to 
elucidate the role of Rac1 in ovarian cancer metastasis. Computa-
tional models have been used to investigate factors that contribute 
to cell motility and metastasis (Chen et al., 2011), tumor-induced 
angiogenesis (Bauer et al. , 2007), and drug delivery routes for ovar-
ian cancer treatment (Winner et al., 2016). Here, experimental data 
are used to parameterize an agent-based model using the program 
NetLogo (Wilensky, 1999) to make predictions about ovarian cancer 
cell metastasis and dissemination. An agent-based computational 
modeling approach was selected because it allows us to encode 
characteristics of individual cells that vary with different levels of 
RAC expression and then observe how that variation affects dis-
semination into circulation and distant metastases. While all models 
are necessarily simplifications of a very complex reality, our models 
provide visual and quantitative representations of cellular adhesion, 
invasion, and movement, allowing us to generate quantitative hy-
potheses about mechanisms that contribute to ovarian cancer cell 
metastases. Animal studies of Rac1-dependent metastasis to the 
lung affirmed the modeling predictions.

RESULTS
Cell models with Rac1 overexpression and knockdown to 
elucidate the role of Rac1 in ovarian cancer metastasis
For the present studies, we focused on dissecting the roles of Rac1 
in metastasis based on strong evidence of Rac1 overexpression and 
hyperactivation in ovarian cancer patient samples and the impor-
tance of Rac1 in ovarian cancer patient outcomes (Guo et al., 2015a; 
Leng et al., 2015). Our team previously established that Rac1 inhibi-
tion blocks ovarian tumor cell behaviors such as extracellular matrix 
(ECM) adhesion and downstream PAK1 proliferation and survival 
signaling (Guo et al., 2015b). Evidence for the importance of Rac1 
expression in available ovarian cancer cell line models was obtained 
using the DepMAP Portal: The Cancer Dependency MAP, Broad 
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Institute, which provides information on the essentiality of genes 
based on CRISPR-Cas9 ablation (Meyers et al., 2017). Computa-
tional corrections (CERES) account for gene copy number variations 
in different cell lines. Rac1 cancer dependency was comparatively 
assessed against Cdc42 and RhoA, two other Rho GTPase family 
members with reported roles in cancer. As shown for 65 human 
ovarian adenocarcinoma cell lines, RhoA is above the median of the 
–1 threshold for all essential genes, suggesting that it is less critical 
in ovarian cancer cell line survival (Supplemental Figure S1). On the 
other hand, half or more of ovarian cancer cells lie below the –1 
threshold upon CRISPR-Cas9 ablation of Rac1 or the highly related 
Cdc42 GTPase, indicative of their importance in ovarian cancer cell 
line viability (Supplemental Figure S1). Additionally, only a weak cor-
relation between Rac1 and Cdc42 coexpression was detected 
among 316 human ovarian cystadenocarcinoma samples in TCGA 
(cBioPortal; Pearson and Spearman coefficients 0.15, p values 
6.85E-3 and 7.90E-3, respectively), consistent with the functions of 
these GTPases in distinct cell behaviors. All 1005 cancer cell lines 
characterized in the DEPMap Portal have high log2 RAC1 mRNA 
expression. There is also a significant correlation between high 
RAC1 expression and decreased overall cancer cell viability (Supple-
mental Figure S2A; Pearson –0.368, Spearman –0.374 p = 1.13E-33) 
upon RAC1 knockdown. Based on the strong experimental lines of 
evidence for Rac1 essentiality in ovarian cancer (Supplemental 
Figure S2B; significant negative gene effect), cell lines with Rac1 
overexpression (OE) or knockdown (KD) were generated to enable 
identification of the rate-limiting step(s) in the metastatic cascade 
governed by Rac1 through a combination of experimental and com-
putational studies.

Rac1-overexpressing cell lines were generated using three well-
characterized ovarian cancer cell models (SKOV3ip, OVCAR3, and 
OVCAR8) that were selected for their p53 mutant status, due to the 
fact that >90% of serous ovarian cancer patient samples are p53 
mutant (Domcke et al., 2013; Tan et al., 2013; Haley et al., 2016; see 
also Supplemental Figure S8). The selected lines also represent hu-
man serous ovarian cancer epithelial (Epi-A subtype, OVCAR8) and 
mesenchymal (OVCAR3, SKOV3ip) cell subtypes as defined by 
gene expression analyses of 1538 human tumors and comparison to 
the gene expression of established cell lines (Tan et al., 2013). The 
Epi-A subtype is associated with better prognosis, while the mesen-
chymal subtype is associated with poorer prognosis, advanced 
stage and metastasized tumors (Tan et al., 2013). We also included 
cell models with in vitro cell behaviors relevant to metastasis, includ-
ing cell migration, invasion, and cis-platin resistance (Haley et al., 
2016). Importantly, log2 RAC1 mRNA expression in 65 ovarian ad-
enocarcinomas is similar to that seen in all cancer cell lines (Supple-
mental Figure S2, A and B) and 75% exhibited compromised sur-
vival upon CRISPR-Cas9–mediated Rac1 ablation (x-axis; based on 
CERES gene effect < 0.6). The three cell lines used in the present 
study all have a negative gene effect in response to CRISPR-Cas9 
knockout of Rac1 (–0.65 to –1.4) (Supplemental Figure S2B).

Even while RAC1 mRNA levels based on DepMAP were highest 
in OVCAR8 cells, our Western blot analyses of the three parental cell 
lines showed that endogenous Rac1 protein levels were highest in 
SKOV3ip cells and lower in OVCAR8 and OVCAR3 cells when grown 
in two-dimensional (2D) culture (Figure 1, A and B). Rac1 expression 
in OVCAR8 cells is fourfold lower than in the other two cell lines 
(Figure 1, A and B). Support for potential differences in Rac1 expres-
sion, stability, and/or activation among ovarian cancer cell lines is 
based on the fact that ovarian cancer patient samples (TCGA) show 
differential gene amplification of Rac1 as well as key regulatory gua-
nine nucleotide exchange factors (GEFs) and GTPase-activating 

proteins (GAPs) (cBioPortal). Thus, the cell lines are considered to 
represent a spectrum of Rac1 OE and activation status that is rele-
vant in ovarian cancer patients. The selected cell models were used 
to manipulate Rac1 protein expression with plasmid-based vectors 
for OE and KD via CRISPR-Cas9 as further detailed below.

SKOV3ip, OVCAR3, and OVCAR8 cells were stably transfected 
with plasmid vectors to overexpress GFP (as a control) or N-termi-
nally green fluorescent protein (GFP)-tagged Rac1 (GFP-Rac1). Rac1 
OE in each cell line was confirmed and quantified via Western blot 
(Figure 1, C and D; Supplemental Figure S3, A–D). SKOV3ip GFP-
Rac1 High OE cells have a 2.17-fold increase in Rac1 expression 
compared with parental cells (Figure 1, C and D). OVCAR3 GFP-
Rac1 OE cells have a 2.8-fold increase in Rac1 expression compared 
with GFP control cells (Supplemental Figure S3, A and B). OVCAR8 
GFP-Rac1 OE cells have a 14.3-fold increase in Rac1 expression 
compared with OVCAR8 GFP control cells (Supplemental Figure S3, 
C and D).

Rac1, like all members of the Ras superfamily of small molecular 
GTPases, has a compact globular structure (Hirshberg et al., 1997). 
A central guanine nucleotide binding pocket is flanked by two 
switch domains that undergo conformational changes depending 

FIGURE 1: Ovarian cancer cell models. Ovarian cancer cell lines 
with Rac1 OE or KD were generated to investigate the role of Rac1 
in ovarian cancer metastasis. (A, B) Quantification of endogenous 
Rac1 expression in SKOV3ip, OVCAR3, and OVCAR8 cell lines. 
SKOV3ip cells have two- and threefold increases in endogenous 
Rac1 expression compared with OVCAR3 and OVCAR8 cells, 
respectively. (C, D) Quantification of Rac1 expression in SKOV3ip 
ovarian cancer cells. (E, F) Quantification of Rac1 KD by CRISPR-
Cas9 in SKOV3ip ovarian cancer cell clones that were selected after 
CRISPR electroporation via single-cell cloning. Means ± SD (n = 2 for 
B, D, and F).
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on whether the protein is GTP- or GDP-bound. The switch regions 
are pivotal for protein–protein interactions and are differentially rec-
ognized by regulatory proteins involved in Rac1 activation (GEFs) 
and inactivation (GAPs), as well as GTPase effector proteins involved 
in downstream signaling. Because of the central importance of the 
switch domains in Rac1 folding, structure, and activity, exons 3 and 
4, which encode the indicated sequences (Supplemental Figure S4, 
A and B), were targeted for genome editing using CRISPR-Cas9 to 
knock down Rac1.

Following initial validation of individual guides as detailed in 
Materials and Methods, Cas9 and guide RNA complexes targeting 
Rac1 exon 3 or 4 were electroporated into SKOV3ip, OVCAR3, and 
OVCAR8 cells, simultaneously (Supplemental Figure S4, C and D). 
As a negative control, Cas9 enzyme was electroporated without 
added guide RNAs. After electroporation, cells were seeded and 
expanded.

Single-cell cloning was performed to isolate Cas9 only electro-
porated (CRISPR-Cas9 control) cell lines or cells having stable KD of 
Rac1 to enable both in vitro and in vivo analyses. After expansion of 
clones, residual Rac1 expression levels were measured via Western 
blot relative to negative controls (Figure 1, E and F; Supplemental 
Figure S5, A and B). SKOV3ip Rac1-CRISPR KD clones 23, 26, and 
27 showed 4.33-, 5.24, and 2.9-fold decreases in Rac1 expression 
compared with SKOV3ip CRISPR-Cas9 control cells, respectively 
(Figure 1, E and F). OVCAR3 Rac1 CRISPR-Cas9 KD clones (clone 1 
and clone 6) showed 6.25- and 3.6-fold decreases in Rac1 expres-
sion compared with OVCAR3 CRISPR-Cas9 control cells (Supple-
mental Figure S5, A and B). Nevertheless, there were no noteworthy 
changes in 2D cell growth following KD of Rac1 in these ovarian 
cancer cell lines.

To verify CRISPR-Cas9 targeting of exons 3 and/or 4 as the cause 
of the observed reduction in Rac1 expression, DNA sequencing and 
thymine and adenine (TA) cloning of cDNAs were performed. For 
DNA sequencing, primers flanking the exons were used to amplify 
Rac1 exon 3 or exon 4 from CRISPR-Cas9 control and Rac1 CRISPR-
Cas9 KD clones and the resulting products were individually 
sequenced.

Based on DNA sequencing, OVCAR3 Rac1 CRISPR-Cas9 KD 
clone 6 has 16 nucleotides missing within exon 3 (Supplemental 
Figure S6A). This causes a change in protein sequence within this 
exon, which is critical for protein–protein interactions (see Supple-
mental Figure S4). TA cloning of RAC1 cDNA was used to analyze 
exons 3 and 4 from contiguous strands in order to probe for poten-
tial clone heterozygosity. SKOV3ip Rac1 CRISPR-Cas9 KD clone 23 
has a 5-base-pair deletion in exon 3 and a 1-base-pair deletion in 
exon 4, resulting in a change in protein sequence (Supplemental 
Figure S6B). Sequence analyses of SKOV3ip Rac1 CRISPR-Cas9 KD 
clone 26 resulted in nonspecific priming and failed to give sequenc-
ing results. Because Rac1 CRISPR-Cas9 KD clone 26 had the lowest 
Rac1 protein expression (Figure 1F) and significantly diminished 
mRNA expression via quantitative PCR (qPCR) (Supplemental Figure 
S7A), it appears to have a deletion or rearrangement extending be-
yond exons 3 and 4. SKOV3ip Rac1 CRISPR-Cas9 KD clone 27 has 
an 18-base-pair deletion within exon 3 and a 2-base-pair deletion in 
exon 4, resulting in a change in protein sequence and a premature 
stop codon (Supplemental Figure S6B).

To examine the CRISPR-Cas9 impact on the mRNA expression of 
RAC1 relative to closely related Rho-GTPase family members 
CDC42 and RHOA, qPCR analyses were performed. Relative fold 
changes were compared with that of SKOV3ip CRISPR-Cas9 control 
cells and normalized to 18s rRNA. RAC1 mRNA was significantly 
decreased (p ≤ 0.001) in SKOV3ip Rac1 CRISPR-Cas9 KD clones 

(clone 23 and clone 26), with 2.5- and 10-fold decreases, respec-
tively. CDC42 mRNA levels remained unchanged following Rac1 
CRISPR-Cas9 KD, and RHOA mRNA was modestly reduced (20%) in 
SKOV3ip Rac1 CRISPR-Cas9 KD clone 23 (p ≤ 0.05), but not in clone 
26 (Supplemental Figure S7, A–C). Because RHOA and RAC1 mRNA 
levels and activities are usually regulated in opposing directions in 
response to cell signaling, with coregulation seldomly reported 
(Zhang et al., 2021a; Dong et al., 2022), this change is not consid-
ered noteworthy.

Rac1 quantitatively increases ovarian cancer cell–cell 
adhesion and is important for cell spreading and 
cell–substrate adhesion
Ovarian cancer cells manipulated to alter Rac1 expression were 
used to measure changes in ovarian cancer cell adhesion, spread-
ing, and barrier formation in in vitro culture using electric cell–sub-
strate impedance sensing (ECIS) (Giaever and Keese, 1993; Applied 
BioPhysics, 2021). ECIS is a real-time, impedance-based method 
used to study activities of cells grown in culture (Giaever and Keese, 
1993; Applied BioPhysics, 2021). A small alternating current (I) is 
applied to the electrodes at the bottom of the ECIS array wells, 
creating a potential (V) across the electrode (Giaever and Keese, 
1993). The ECIS instrument measures this potential, and the imped-
ance (Z) is calculated using Ohm’s law Z = V/I. When adherent cells 
attach to the electrodes, they act as insulators and the impedance 
increases (Applied BioPhysics,, 2021). Alternating current frequen-
cies are used to assess different cellular behaviors given that fre-
quency affects the current path of cell-covered electrodes. At lower 
frequencies most of the current flows through the space between 
adjacent cells;this allows for measurement of cell–cell barrier forma-
tion as a function of time (Szulcek et al., 2014; Applied BioPhysics, 
2021). Higher frequencies (>40,000 Hz) are used to measure cell–
substrate adhesion and spreading, because under these conditions 
current traveling capacitively through the insulating cell membranes 
can be measured (Applied BioPhysics, 2021). Cell attachment to the 
electrodes restricts the flow of current and is detected as a decrease 
in capacitance (Szulcek et al., 2014).

Changes in cell adhesion and spreading were compared in Rac1 
OE cells relative to control and Rac1 CRISPR-Cas9 KD cells. Cells 
were plated at confluence on 96-well plates containing gold elec-
trodes. Current frequencies were varied to measure cell–cell barrier 
formation, cell spreading or cell–substrate adhesion. To analyze 
changes in cell–cell barrier formation, impedance at 4000 Hz was 
measured over time (Figure 2A). Resistance was quantified over the 
first 10 h after cells were seeded onto the gold electrodes. SKOV3ip 
GFP-Rac1 High OE cells had a significantly higher resistance 10 h 
post–cell addition compared with control cell lines (Figure 2B). This 
increase in resistance suggests a tighter cell–cell barrier formation. 
SKOV3ip Rac1 CRISPR-Cas9 KD clones had significantly lower resis-
tance at 10 h (Figure 2B), suggesting weaker cell–cell barrier forma-
tions. The slope of the resistance was measured to examine changes 
in resistance over the first 10 h, to compare how fast the cell barriers 
were forming. SKOV3ip Rac1 GFP-High OE cells had significantly 
higher average resistance slopes compared with controls, indicating 
faster cell–cell barrier formation (Figure 2, C and D). These data 
demonstrate that Rac1 contributes to faster and tighter cell–cell bar-
rier formations.

To measure changes in cell–substrate adhesion, capacitance at 
64,000 Hz was measured over time. Changes in capacitance rep-
resent the ability of cells to adhere to the gold electrodes; there-
fore a decrease in capacitance suggests an increase in cell–sub-
strate adhesion. Adhesion is the initial plateau phase in the 
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capacitance curve (2–8 h) (Szulcek et al., 
2014). Therefore, capacitance was quanti-
fied at 8 h post–cell addition to electrodes. 
SKOV3ip GFP-Rac1 High OE cells had ca-
pacitance measurements similar to those of 
SKOV3ip parental control and CRISPR-Cas9 
control cell lines (Figure 2E). However, cells 
with Rac1 CRISPR-Cas9 KD had higher ca-
pacitance measurements, indicating less 
cell–substrate adhesions. This indicates that 
Rac1 expression is important for cell–sub-
strate adhesion.

Cell spreading was analyzed using capaci-
tance measurements at 64,000 Hz (Figure 2F). 
Cell spreading is complete after 10–30 h, de-
pending on seeding density (Szulcek et al., 
2014). The time point t1/2 (half maximal elec-
trode coverage) is used for statistical analysis 
(Wegener et al., 2000; Szulcek et al., 2014). 
SKOV3ip Rac1 CRISPR-Cas9 KD cells had a 
significantly higher t1/2 max compared with 
control, indicating a longer time for cell 
spreading to occur (Figure 2G). Interestingly, 
SKOV3ip GFP-Rac1 High OE cells and control 
cells had similar t1/2 max values, suggesting 
that cell spreading is occurring similarly 
(Figure 2G).

Taken together, these results demonstrate 
that Rac1 contributes to ovarian cancer cell–
cell barrier formation. Additionally, while the 
approximately twofold Rac1 overexpression 
in SKOV3ip cells did not result in any in-
creased cell–substrate adhesion or cell 
spreading, an approximately fivefold de-
crease in Rac1 expression following KD sig-
nificantly reduced adhesion and cell spread-
ing. These data are evidence that a critical 
threshold of Rac1 expression and activity 
maintains cell behaviors required for cancer 
cell survival and migration and is congruous 
with the DEPMap RAC1 gene essentiality 
data (Supplemental Figure S2B).

Rac1 overexpression increases ovarian 
cancer cell invasion
To assess the role of Rac1 in ovarian cancer 
cell invasion, SKOV3ip ovarian cancer cell in-
vasion was comparatively tested using Matri-
gel-coated Transwell invasion chambers. Af-
ter 48 h, cells were fixed, the undersides of 
the Matrigel-coated filters were imaged, and 
invaded cells were counted. SKOV3ip cells 
with increasing levels of Rac1 OE exhibited 
significantly increased cellular invasion com-
pared with GFP control cells, 26-fold for Rac1-
Low OE and 60-fold for Rac1-High OE (Figure 
3, A and B). Strikingly, in SKOV3ip cells with 
CRISPR-Cas9 KD of Rac1, there was almost no 
invasion compared with CRISPR-Cas9 control 
cells, with CRISPR clones 23 and 26 having a 
60-fold decrease in cellular invasion (Figure 3, 
C and D).

FIGURE 2: ECIS to assess cell adhesion and spreading. ECIS was used to measure cell–cell 
barrier formation, cell–substrate adhesion, and cell spreading. SKOV3ip cells were plated on 
gold-coated electrodes. (A) Resistance kinetics plot measured at 4000 Hz over 24 h to measure 
cell–barrier formation. (B) Resistance quantified at 10 h. SKOV3ip Rac1 High OE cells have a 
significantly higher resistance, indicating a tighter cell–cell barrier formation compared with 
control and Rac1 CRISPR-Cas9 KD cells. (C, D) Quantification of the average slope of 
resistance measured over the first 10 h after cells are added to the ECIS electrode arrays. 
SKOV3ip Rac1 High OE cells exhibited a significantly higher average slope, indicating faster 
cell–barrier formation. SKOV3ip Rac1 CRISPR-Cas9 KD cells have the lowest slope, suggesting 
a longer time to form cell–cell adhesions. (E) Capacitance kinetics plot at 64,000 Hz over 24 h 
to measure cell–substrate adhesion. (F) Capacitance measured at 64,000 Hz to assess cell–
substrate adhesion. SKOV3ip Rac1 CRISPR-Cas9 KD cells have the highest capacitance, 
indicating weaker adhesion to the gold electrode. SKOV3ip Rac1 OE and control cell lines 
have significantly lower capacitance, suggesting a tighter adhesion to the electrode. (G) The 
t1/2 max, or time to cover the electrode, was quantified to assess changes in cell spreading. 
SKOV3ip Rac1 CRISPR-Cas9 KD cells take significantly more time to cover the electrode 
compared with SKOV3ip Rac1 OE or control cells. Means ± SD (n = 3). One-way ANOVA 
followed by Tukey’s post-hoc test for multiple comparison was used: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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These results indicate that Rac1 is necessary for 3D ECM invasion 
of ovarian cancer cells. Moreover, increasing levels of Rac1 OE in 
SKOV3ip cells resulted in increased cellular invasion. The levels of 
Rac1 expression influence the amount of cellular invasion, which 
varies depending on expression level. Although CDC42 mRNA lev-
els are not altered by Rac1 CRISPR-Cas9 KD (Supplemental Figure 
S7, A–C), it is notable that Cdc42, which has roles in invadopodia 
formation, does not obviously compensate for the loss/reduction of 
Rac1 in the SKOV3ip CRISPR clones. This is consistent with the weak 
correlation between Rac1 and Cdc42 expression reported in TCGA.

Rac1 promotes ovarian cancer spheroid mesothelial cell 
clearance
Ovarian cancer cells that have detached from the primary tumor 
float in the peritoneal fluid, where they exist as multicellular clusters 
called spheroids that attach at secondary sites. Organs within the 
peritoneum are lined with a single layer of mesothelial cells, which 
the tumor cells need to penetrate in order to colonize a new meta-
static site (Zhang et al., 1999). Mesothelial cells are absent under-
neath tumors (Birbeck and Wheatley, 1965; Witz et al. , 1999). Re-
searchers have demonstrated that ovarian cancer spheroids can 
move or “force” the mesothelial cells out of the way in vitro, result-
ing in mesothelial cell clearance, as a reliable mimic of in vivo tumor 
invasion (Iwanicki et al., 2011). The ability of spheroids to clear the 
mesothelial layer is dependent on myosin-generated forces. Integ-
rin α5 β1 (α5β1), talin 1, and myosin II have been implicated in me-
diating ovarian cancer cell mesothelial clearance (Iwanicki et al., 
2011). Of particular interest, Rac1 has been shown to regulate myo-
sin II through activation of protein kinase C (PKC) and increased 
phosphorylation of myosin light chain (MLC) (Pasapera et al., 2015; 
Shibata et al., 2015). Therefore, an in vitro assay (Davidowitz et al., 

2012) was used to quantitatively assess how differential expression 
of Rac1 impacts mesothelial adhesion and clearance as a surrogate 
for events required for in vivo invasion of the omental niche by ovar-
ian cancer spheroids.

SKOV3ip parental, GFP, GFP Rac1-High OE, Rac1 CRISPR-Cas9 
control, and Rac1 CRISPR-Cas9 KD clones (clones 23 and 27) cells 
were plated in U-bottom low-attachment plates (100 cells/well), and 
spheroids were allowed to form over 4 d. Spheroids were then 
added to wells with a confluent monolayer of primary LP-9 mesothe-
lial cells (Coriell Institute for Medical Research) that had been la-
beled with CellTracker Red (Davidowitz et al., 2012). The spheroids 
were imaged, and the initial spheroid size was measured 1 h after 
addition to the mesothelial cells.

Interestingly, SKOV3ip GFP-Rac1 High OE cells formed signifi-
cantly smaller and more compact spheroids compared with parental 
and GFP control cell lines (Figure 4, A and B). These data are consis-
tent with the ECIS cell–cell adhesion data (Figure 2) demonstrating 
tighter cell–cell adhesions upon Rac1 OE.

To assess the ability of the spheroids to clear the mesothelial cell 
monolayer, the clearance areas were imaged 7 and 24–25 h after 
spheroid addition. The spheroid mesothelial clearance area was 
normalized to the initial spheroid area, as described in Davidowitz 
et al. (2012). SKOV3ip GFP-Rac1 High OE spheroids created a sig-
nificantly larger normalized clearance area compared with SKOV3ip 
parental and GFP control spheroids (Figure 5, A–D). Conversely, the 
clearance area formed by Rac1 CRISPR-Cas9 KD clone 23 spheroids 
was significantly smaller than the parental and Rac1 CRISPR-Cas9 
control clearance areas (Figure 5, E and F).

Spheroids formed using the same number of cells per well pro-
duced spheroids of various sizes based on Rac1 expression, reflect-
ing Rac1-dependent changes in cytoskeleton, cell–cell adhesion, 

FIGURE 3: Rac1 is important for ovarian cancer cell invasion. Invasion of SKOV3ip ovarian cancer cells was assessed 
using Matrigel Transwell inserts. SKOV3ip cells with GFP or increasing levels of GFP-Rac1 overexpression (GFP-Rac1 
Low and GFP-Rac1 High) or Rac1 CRISPR-Cas9 KD were compared. (A) Representative images of SKOV3ip GFP control 
and GFP-Rac1 OE cellular invasion. (B) Quantification of the number of invaded ovarian cancer cells after 48 h. 
(C) Representative images of SKOV3ip Rac1 CRISPR-Cas9 KD cellular invasion. (D) Quantification of ovarian cancer cell 
invasion after 48 h. Quantification is based on three or four independent experiments with three technical Transwell 
insert replicates per cell line. Five random fields of view were imaged, counted, and averaged for each insert. Means ± 
SD (n = 3 in B, n = 4 in D). One-way ANOVA: ***p < 0.0002, ****p < 0.0001.



Volume 33 December 1, 2022 Agent-based model to predict metastasis | 7 

and spheroid compaction. Furthermore, the ability of these spher-
oids to clear a confluent layer of mesothelial cells was also depen-
dent on Rac1 expression. Because Rac1 OE was accomplished by 
expression of a GFP-Rac1 fusion protein to allow distinction from 
the endogenous protein, SKOV3ip cells expressing GFP alone were 
initially used as a control. However, spheroids expressing GFP-only 
had looser adhesion relative to parental SKOV3ip cells, resulting in 
a significantly larger overall area. High levels of cytoplasmic GFP 
expression are reported to have a toxic effect in some assays. Some 
GFP toxicity effects include the production of oxidative stress (An-
sari et al., 2016), the induction of apoptosis (Liu et al., 1999), and the 
potential to form toxic aggregates (Link et al., 2006). To compensate 
for a potential GFP toxicity, we used two further controls: a SKOV3ip 
CRISPR-Cas9 control line (Cas9 electroporation without guide RNA) 
and SKOV3ip parental cell. The resulting spheroids from these lines 
were comparable in size and more similar to the Rac1 CRISPR-Cas9 
KD cells though larger than the Rac1 OE cells (Figure 4A).

Even though Rac1 OE cells formed smaller, more compact 
spheroids, they generated a larger normalized mesothelial cell 
clearance area compared with the control spheroids, which formed 
larger spheroids but had a smaller normalized clearance area (Sup-
plemental Table S1). In addition, the normalized clearance area cre-
ated by Rac1 CRISPR-Cas9 KD spheroids was significantly smaller 
compared with that of controls despite the initial spheroid size of 
both clones (Figure 5, E and F, and Supplemental Figure S9).

These data demonstrate that Rac1 is important for increased 
ovarian cancer cell–cell adhesion, as well as in the myosin-driven 
forces that promote mesothelial cell clearance. Mesothelial clear-
ance data are consistent with the above ECIS and single-cell Matri-
gel invasion data, demonstrating that increased cell–cell adhesion in 
Rac1 OE cells also results in increased invasion of matrix and cell 
layers. Moreover, the mesothelial clearance data for Rac1 CRISPR-

FIGURE 4: Rac1 OE decreases area of SKOV3ip spheroids. SKOV3ip cells Parental, GFP control, 
GFP-Rac1 OE, Rac1 CRISPR-Cas9 control, Rac1 CRISPR-Cas9 KD clone 23, and Rac1 CRISPR-
Cas9 KD clone 27 were seeded in U-bottom plates to form spheroids (100 cells/well). Spheroids 
were imaged in bright field after 4 ds of incubation. (A) Representative images of spheroid 
formation for each cell line. (B) Quantification of spheroid area comparing every cell line to each 
other. Means ± SD (n = 19 in Rac1 CRISPR-Cas9 control, and n = 20 in the rest of the cell lines). 
One-way ANOVA, followed by Tukey’s test: ****p < 0.0001. Scale bar is 200 μm.

Cas9 KD clones also correlate to the ECIS 
results that SKOV3ip Rac1 CRISPR-Cas9 KD 
cells have a significantly higher t1/2 max 
compared with control, due to a reduction 
in actinomyosin-dependent cell spreading 
(Figure 2G).

Agent-based modeling predicts that 
Rac1 overexpression contributes to 
hematogenous tumor cell metastasis
Two agent-based computational models, 
Ovarian Cancer Metastasis Simulation-
Single Cells (OCMetSim-Single Cells) and 
Ovarian Cancer Metastasis Simulation-
Spheroids (OCMetSim-Spheroids), were 
developed to take advantage of the above 
measured parameters for simulating ovar-
ian cancer metastasis to distant niche sites 
via hematogenous spread, which is difficult 
to measure experimentally (Table 1). The 
models encompass ovarian tumor cell ad-
hesion and invasion and entry into circula-
tion from the omentum. The goal of the 
models is to make predictions about ovar-
ian cancer cell metastasis to distant sites 
based on Rac1 expression. We hypothe-
sized that Rac1 OE would result in more 
ovarian cancer cells in the distant metastatic 
sites and at a faster rate compared with 
Rac1 CRISPR-Cas9 KD.

Agent-based modeling is a powerful tool used to make predic-
tions about complex cell and molecular behaviors (Soheilypour and 
Mofrad, 2018). In agent-based modeling, agents assess internal and 
external factors to make decisions based on a set of rules and pa-
rameters (Bonabeau, 2002). The rules and parameters determine 
how the agents interact with one another as well as their environ-
ment within the simulations.

The NetLogo agent-based modeling platform (Wilensky, 1999) 
was used to simulate ovarian cancer cell agents moving from the 
peritoneum into circulation and then to distant tissue sites. NetLogo 
is a simple agent-based modeling platform that can visually repre-
sent cells moving through space or traveling through different tis-
sues. In the NetLogo simulation space, ovarian cancer cells (repre-
sented as yellow agents) move between three compartments, the 
peritoneum, the circulation, and a distant tissue site, based on pa-
rameters collected from experimental data detailed in the preced-
ing Results sections (Figure 6A).

The steps of the models are as follows. Ovarian cancer cells or 
spheroids floating in the peritoneal ascites fluid can adhere to the 
omentum, the most common secondary site of metastasis (Lengyel, 
2010). After adhesion to the omentum, tumor cells can invade into 
the tissue, enter the circulation, travel to distant niche sites, extrava-
sate, and promote metastasis. We start with a known number of 
ovarian cancer cell agents within the peritoneal cavity, monitor them 
as they move between the three compartments based on the vari-
ables and parameters that dictate their behavior, and quantify how 
many reach the distant metastatic site compartment.

In OCMetSim, ovarian cancer cells with Rac1 OE or KD float in 
the peritoneum and can adhere, invade the omentum, move into 
circulation, and then extravasate into a distant niche site, promoting 
disease metastasis. Parameters and variables change based on Rac1 
expression, that is, experimental adhesion and invasion data with 
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Rac1 OE or KD and hypotheses or assumptions made based on how 
Rac1 expression influences tumor cell behavior (Table 1). Simulations 
were run with parameters from Rac1 OE versus Rac1 CRISPR-Cas9 KD 

FIGURE 5: Rac1 OE increases mesothelial clearance area of SKOV3ip spheroids. SKOV3ip cells 
Parental, GFP control, High-Rac1 OE, Rac1 CRISPR-Cas9 control, and Rac1 CRISPR-Cas9 KD 
clone 23 were seeded in U-bottom plates to form spheroids (100 cells/well). Spheroids were 
transferred to CellTracker Red–labeled monolayers of LP-9 mesothelial cells. Mesothelial cell 
clearance was imaged at 7 h and 24 or 25 h post–spheroid addition. Clearance areas were 
normalized at each time point by dividing the clearance area by the spheroid area at 1 h 
postaddition. (A, C, and E) Representative spheroid images at 1 h postaddition in bright field 
and mesothelial clearance areas at 7 and 25 h post–spheroid addition visualized using a TRITC 
filter. (B) Quantification of normalized mesothelial clearance area (MCA) of parental and High 
Rac1 OE cells at 25 h post–spheroid addition. Means ± SD (n = 18 in parental, and n = 23 in Rac1 
High OE). (D) Quantification of normalized 25-h MCA comparing GFP and High-Rac1 OE cells. 
Means ± SD (n = 29 in GFP and n = 34 in High Rac1OE). (F) Quantification of normalized MCA at 
25 h comparing Parental, Rac1 CRISPR-Cas9 control, and Rac1 CRISPR-Cas9 KD clone 23. Means 
± SD (n = 27 in Parental, n = 23 in Rac1 CRISPR-Cas9 control, and n = 26 in Rac1 CRISPR-Cas9 KD 
clone 23). One-way ANOVA, followed by a Tukey’s test was performed for all three experiments. 
****p < 0.0001. Scale bars are 500 μm.

to demonstrate the most dramatic differ-
ences due to changes in Rac1 expression 
(Table 2). Rac1 OE and KD adhesion param-
eters were normalized to their relevant con-
trols. Invasion parameters were calculated 
based on a Poisson distribution (Figure 6). 
Parameter calculations are further detailed 
below in this section.

The first model, OCMetSim-Single Cells, 
was designed to simulate single ovarian 
cancer cells floating in the peritoneal ascites 
fluid and then adhering and invading into 
the blood vessel, based on single-cell ex-
periments used to parameterize the model. 
The OCMetSim-Single Cells model was 
modified to simulate ovarian cancer spher-
oid adhesion and invasion based on meso-
thelial clearance assay results to develop 
the model OCMetSim-Spheroid. Simulation 
parameters and results are summarized in 
Tables 1 and 2, respectively.

Briefly, in simulations using OCMet-
Sim, single ovarian cancer cells or 
spheroids move within the peritoneal 
space: Ovarian cancer cell agents 
are created at random x and y 
coordinates.

Cell agents move by random diffusion 
and are able to move only into spaces 
that are not occupied by other agents.

Once the ovarian cancer cell agents en-
counter the blood vessel, the probability of 
adhering to the blood vessel is determined 
by adhesion parameters:

After each ovarian cancer cell comes 
into contract with the vessel, it has a 
probability of adhering based on Rac1 
expression.

ECIS experimental data were used to 
set the parameters for cellular adhe-
sion of single ovarian cancer cells.

If a cell does not adhere based on the 
probability of adhesion calculated 
from the ECIS experiments, we as-
sume that it dies and therefore is re-
moved from the simulation.

For ovarian cancer cell spheroids, we 
assumed that they had 100% proba-
bility of adhesion, based on 100% ob-
served adhesion of spheroids within 
1 h following transfer to mesothelial 
monolayers in the in vitro mesothelial 
clearance experiments.

If the cells adhere, then the probability of 
invasion is determined by the invasion 
parameters:

Ovarian cancer cells will invade into the tissue with an experi-
mentally determined probability/rate of invasion, based on 
Rac1 expression.



Volume 33 December 1, 2022 Agent-based model to predict metastasis | 9 

E
xp

er
im

en
ta

l 
p

ar
am

et
er

s

In
it

ia
l 

nu
m

b
er

 
o

f 
ce

lls
C

el
l l

in
e

P
ro

b
ab

ili
ty

 o
f 

ad
he

si
o

n 
ca

lc
ul

at
ed

 
fr

o
m

 E
C

IS
 d

at
a

P
ro

b
ab

ili
ty

 
o

f 
ad

he
si

o
n 

ca
lc

ul
at

ed
 f

ro
m

 
m

es
o

th
el

ia
l 

cl
ea

ra
nc

e 
as

sa
y

R
at

e 
o

f 
in

va
si

o
n 

ca
lc

ul
at

ed
 

fr
o

m
 M

at
ri

g
el

 
ex

p
er

im
en

ts
 

(×
1

0
0

0
)

R
at

e 
o

f 
in

va
si

o
n 

d
et

er
m

in
ed

 
fr

o
m

 M
at

ri
g

el
/

m
es

o
th

el
ia

l 
cl

ea
ra

nc
e 

ex
p

er
im

en
ts

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
 in

 t
he

 
b

lo
o

d
st

re
am

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
 f

ro
m

 
cr

o
w

d
in

g

Si
ng

le
 c

el
l 

m
od

el
10

00
 o

r 
50

00
Ra

c1
 O

E 
ce

lls
80

%
N

/A
0.

06
05

78
70

4
N

/A
Va

rie
d

 b
et

w
ee

n
20

, 5
0,

 a
nd

 8
0%

Va
rie

d
 b

et
w

ee
n

0 
an

d
 5

0%

Ra
c1

 C
RI

SP
R-

C
as

9 
K

D
cl

on
e 

26
; K

D
 c

el
ls

42
%

N
/A

0.
00

17
57

81
3

N
/A

Va
rie

d
 b

et
w

ee
n

20
, 5

0,
 a

nd
 8

0%
Va

rie
d

 b
et

w
ee

n
0 

an
d

 5
0%

Ra
c1

 C
RI

SP
R-

C
as

9 
K

D
cl

on
e 

23
; K

D
 c

el
ls

36
%

N
/A

0.
00

02
77

77
8

N
/A

Va
rie

d
 b

et
w

ee
n

20
, 5

0,
 a

nd
 8

0%
Va

rie
d

 b
et

w
ee

n
0 

an
d

 5
0%

Sp
he

ro
id

 
m

od
el

11
1

Ra
c1

 O
E 

ce
lls

N
/A

10
0%

N
/A

0.
00

1
Va

rie
d

 b
et

w
ee

n
20

, 5
0,

 a
nd

 8
0%

Va
rie

d
 b

et
w

ee
n 

0 
an

d
 5

0%

Ra
c1

 C
RI

SP
R-

C
as

9 
K

D
cl

on
e 

23
; K

D
 c

el
ls

N
/A

10
0%

N
/A

0.
00

02
Va

rie
d

 b
et

w
ee

n
20

, 5
0,

 a
nd

 8
0%

Va
rie

d
 b

et
w

ee
n

0 
an

d
 5

0%

Su
m

m
ar

y 
of

 t
he

 p
ar

am
et

er
s 

us
ed

 fo
r 

Ra
c1

 O
E 

an
d

 K
D

 c
el

l l
in

es
. T

he
 p

ar
am

et
er

s 
w

er
e 

us
ed

 t
o 

ob
ta

in
 t

he
 d

at
a 

d
is

p
la

ye
d

 in
 F

ig
ur

es
 7

–1
0.

TA
B

LE
 1

: 
O

C
M

et
Si

m
-S

in
gl

e 
C

el
ls

 a
nd

 O
C

M
et

Si
m

-S
ph

er
oi

ds
 p

ar
am

et
er

s.

FIGURE 6: NetLogo world set up for OCMetSim-Single Cells and 
OCMetSim-Spheroids and parameter validation. (A) Representative 
images of the NetLogo simulation space setup for OCMetSim-Single 
Cells and OCMetSim-Spheroids. Ovarian cancer cells/spheroids 
(yellow agents) move between the peritoneum (black patches), 
circulation (red patches), and to a distant metastatic niche (brown 
patches with white agents) based on Rac1 expression. Green patches 
represent the space ovarian cancer cells can adhere to the blood 
vessel using the parameters set from the ECIS/mesothelial clearance 
experiments. Blue patches represent the invaded cells into the blood 
vessel based on parameter set from the Matrigel invasion/
mesothelial clearance experiments. The cyan patches represent 
adhesion to a distant metastatic niche, and the magenta patches 
represent invasion into a distant metastatic niche tissue. Simulations 
were run to compare the rate and number of invaded cells into a 
distant metastatic niche with Rac1 OE or KD. (B) The invasion 
parameters were validated running simulations with a Poisson 
distribution for rate of invasion using the Matrigel experimental data 
from Figure 3 as described in the Results and Materials and Methods 
sections. The simulations confirm that a Poisson distribution for rate 
of invasion produces results similar to those for the experimental 
data.
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Matrigel invasion data was used to set the parameters for cel-
lular invasion of single cells.

Mesothelial cell clearance data were used to set parameters 
for invasion of spheroids.

Once cells have invaded into the blood vessel, they will move in 
the circulation:

The ovarian cancer cells in circulation will move toward a met-
astatic niche site reached via hematogenous spread.

Cells in circulation will die at varying probabilities and will be 
removed from the simulation.

If a cell contacts the metastatic niche site, then the probability of 
adhesion is determined by adhesion parameters:

We assumed that the probability for adhesion to the meta-
static niche is the same as that for adhesion to the blood 
vessel, based on Rac1 expression for either single cells or 
spheroids.

Once cells have adhered to the distant metastatic niche site, then 
the probability of invasion is determined by invasion parameters:

We assumed that the rate of invasion into the distant meta-
static niche site is the same as the rate of invasion into circula-
tion, based on Rac1 expression for either single cells or 
spheroids.

The dimensions for the simulation space of OCMetSim-Single 
Cells are 181 × 121 coordinate patches. The peritoneal compart-
ment occupies 72% of the simulation space, the blood occupies 
15%, and the distant metastatic niche site occupies 10%. The other 
∼3% of the simulation space are coordinate lines designated for the 
adhesion and invasion parameters. To keep the scale accurate for 
the spheroid model, the OCMetSim-Spheroids model is scaled 
down by 1/3 and has 61 × 41 coordinate patches. The model is 
scaled down by 1/3 so that spheroid agents that occupy a single 
patch represent a cluster of cells consisting of a 3 × 3 spheroid with 
nine cells. This assumes that spheroids are nine times larger than 
the single cells. While the Single Cells and Spheroid models have 

Single cell or 
spheroid Cell crowding? Figure Main assumptions Results

Experiment 1;
1000 cells

Single cell No Figure 7, 
A–C

Cells died if they did 
not adhere

1) Rac1 OE increased the number of 
cells that reached the distant tissue 
site compared with Rac1 CRISPR-Cas9 
KD
2) Rac1 OE cells reached the distant 
tissue site faster than Rac1 CRISPR-
Cas9 KD cells

Experiment 2;
1000 cells

Single cell Yes Figure 8, 
A and B

1) Cells died if they 
did not adhere
2) Cells died if 
crowding prevented 
adhesion

1) Cell death from crowding reduced 
the number of KD cells that reached 
the distant site but not the number of 
Rac1 OE cells
2) More Rac1 OE cells reached the 
distant site compared with Rac1 KD
3) Rac1 OE cells reached the distant 
site faster than Rac1 KD

Experiment 2;
5000 cells

Single cell Yes Figure 8, 
C and D

1) Cells died if they 
did not adhere
2) Cells died if 
crowding prevented 
adhesion

1) Cell death from crowding reduced 
the number of Rac1 OE and KD cells 
that reached the distant site
2) More Rac1 OE cells reached the 
distant site compared with Rac1 KD
4) Rac1 OE cells still reached the 
distant site faster than Rac1 KD

Experiment 1a Spheroid No Figure 9, 
A–B

1) 100% spheroid 
adhesion, no 
spheroid death
2) Spheroids died if 
crowding prevented 
adhesion

1) The numbers of Rac1 OE and KD 
spheroids that reached the distant site 
were the same
2) Rac1 OE spheroids reached the dis-
tant site faster than Rac1 CRISPR-Cas9 
KD spheroids

Experiment 2a; 
100% adhesion

Spheroid Yes Figure 9, 
C and D

1) 100% spheroid 
adhesion, no spher-
oid death
2) Spheroids died if 
crowding prevented 
adhesion

1) Cell death from crowding reduced 
the number of Rac1 OE and KD 
spheroids in the distant site
2) Rac1 OE spheroids reached the 
distant site faster than Rac1 CRISPR-
Cas9 KD spheroids

TABLE 2: Agent-based modeling simulation results, summarizing the main assumptions and findings from the computational experiments that 
were performed.



Volume 33 December 1, 2022 Agent-based model to predict metastasis | 11 

been scaled appropriately, if differences in time (ticks) are to be 
compared between the two models, the timescales need to be ad-
justed, given the difference in grid sizes. Therefore, the timescales 
between the models are not directly compared in the analyses 
below.

For the OCMetSim-Single Cells model, ECIS experimental adhe-
sion (Figure 2) and Matrigel invasion data (Figure 3) obtained for 
Rac1 OE or KD cell lines were used to set parameters for cellular 
adhesion and invasion. Based on the ECIS data (Figure 2), Rac1 OE 
cells have the highest probability of adhesion relative to parental 
control cells and Rac1 CRISPR-Cas9 KD cells. For the adhesion para-
meter of Rac1 OE cells, we set the probability of adhesion to 80% 
(the highest adhesion probability for cells in the Single Cell model) 
(Table 1). This value is representative of the adhesion probability 
that we see in vitro when we plate single Rac1 OE cells. Using the 
ECIS data, the probability of adhesion for the Rac1 CRISPR-Cas9 KD 
cells was set as a percent reduction relative to CRISPR-Cas9 control 
cells. We set the KD adhesion probability of KD clones 26 and 23 to 
be 42 and 36%, respectively (Table 1).

As described in further detail in Materials and Methods, a ran-
dom-Poisson distribution is used for the rate of invasion into circula-
tion and distant metastatic niche site. The model assumes that the 
rate of invasion of one cancer cell does not influence another. The 
rate of invasion was calculated from Matrigel experiments and is 
based on the number of invaded cells after 48 h using a total of 
20,000 cells. The Poisson distribution and calculations were verified 
by running simulations to mimic the in vitro experimental data 
(Figure 6B). SKOV3ip GFP-Rac1 High OE cells have 35- to 218-fold 
increases in the rate of invasion compared with SKOV3ip CRISPR 
clones 26 and 23, respectively. The measurements for capacitance 
at 8 h after seeding were used to calculate the probabilities of adhe-
sion for Rac1 OE and KD parameters. The probability was calculated 
compared with control cells. SKOV3ip GFP-Rac1 High OE cells have 
a 1.9- to 2.2-fold increase in adhesion compared with SKOV3ip Rac1 
CRISPR-Cas9 KD clones 26 and 23, respectively.

Next, the experimental parameters for invasion and adhesion 
with Rac1 OE and KD were used to run simulations to predict the 
rate and frequency of ovarian cancer cell colonization of a distant 
niche site (Table 2). Further detail on parameters and assumptions 
are outlined below and in Materials and Methods.

First, we assumed that cells move independently as single cells. 
These simulations were run with OCMetSim-Single Cells in experi-
ment 1: Adhesion and invasion with single cells, which incorporates 
cell adhesion and cell death, and invasion, were run using 1000 or 
5000 cells as further described below.

These simulations represent single ovarian cancer cells floating 
in the peritoneal fluid and encountering the omental tissue site. The 
cells can adhere and invade into this site, allowing for entry into 
blood vessels within the omentum, as the ometum is highly vascu-
larized. Once the cells enter circulation, they can travel to a distant 
metastatic site. In these simulations we assumed that single cells 
would die if they did not adhere. We compared various percentages 
of cell death in the blood. Parameters for Rac1 OE and KD were 
used for cell adhesion and invasion, and the number of cells in a 
metastatic niche and the rate at which cells enter the niche were 
quantified. SKOV3ip Rac1 OE cells resulted in 3.6–4.9 times more 
cells in the distant metastatic niche compared with SKOV3ip Rac1 
CRISPR-Cas9 KD clones (Figure 7A). As expected, the increased 
probability of cell death in the blood decreased the number of cells 
that reached the metastatic niche for all cell lines (Figure 7A).

To quantify the rate at which ovarian cancer cells enter the dis-
tant niche site, the rates of increase of cell number in the distant 

niche site over time were measured (Figure 7, B and C). Figure 7B 
shows 100 simulation runs for each cell type using the parameters of 
experiment 1 and 20% cell death in the blood. The blue decay line 
represents the number of cells in the peritoneal compartment over 
time for all three cell types. This decreases in the number of cells 
leaving the peritoneal space were similar for all three cell types; 
however, the rate at which cells entered the distant niche site are 
quite distinct (compare green, purple, and orange lines). Slopes of 
the linear portion of each of these lines were used to determine the 
rate at which the cells enter the metastatic site. Rac1 OE cells 
reached the distant metastatic niche faster than the Rac1 CRISPR-
Cas9 KD cells, approximately 12 times faster than Rac1 CRISPR-
Cas9 KD clone 23 and approximately 85 times faster than Rac1 
CRISPR-Cas9 KD clone 26 (Figure 7C). Rac1 OE cells have a higher 
probability of adhesion and rate of invasion, allowing the cells to 
move into the tissue faster, and therefore reaching the distant meta-
static niche faster than the Rac1 CRISPR-Cas9 KD cells. With increas-
ing probability of cell death in the blood, cells entered the meta-
static niche at a decreased rate. These data suggest that increasing 
the probability of death in the blood decreases the number of cells 
that reach the distant niche and the rate at which they enter the 
distant niche site.

Next, the effect of cell crowding was added and tested in experi-
ment 2: Adhesion and Invasion with Crowding and Death from 
Crowding with single cells. We hypothesized that cells crowding on 
the tissue lining the blood vessel would increase cell death with less 
access to blood vessel sites for nutrients and loss of vessel adhesion. 
As a result, the number of tumor cells entering circulation would be 
expected to decrease.

In experiment 2, ovarian cancer single cells with Rac1 OE were 
compared with Rac1 CRISPR-Cas9 KD clones 26 and 23. These sim-
ulations were run with either 1000 single cells (Figure 8, A and B) or 
5000 single cells (Figure 8, C and D). Based on the dynamics of cell 
movement in the single-cell simulations, to better understand the 
effects of cell crowding, the initial concentration of cells in the peri-
toneal compartment was tested by comparing 1000 single cells to 
5000 single cells. In our simulation space, the number of sites the 
cancer cells can adhere to is limited. Therefore, to better implement 
the crowding effect, 5000 single cells were used to test saturation of 
these sites.

Fifty percent probability of cells dying due to cell crowding was 
compared with 0% cell death from crowding. Once cells entered 
the blood vessel, they had an 80% probability of cell death. Figure 
8, A and B, represents the simulations with cell death due to 
crowding with 1000 single cells compared with no cell crowding. 
Adding a cell crowding parameter with 0% death from crowding 
into the model did not affect the number of cells that reached the 
distant niche site compared with no crowding for either Rac1 OE 
or CRISPR KD with 1000 cell simulation (Figure 8A). The added 
effect of crowding decreased the rate at which the Rac1 OE cells 
entered the distant niche site but was not seen for the Rac1 
CRISPR-Cas9 KD cells (Figure 8B). When a 50% probability of cell 
death due to crowding was added, the number of Rac1 CRISPR-
Cas9 KD cells that reached the distant site was significantly de-
creased for both Rac1 CRISPR-Cas9 KD clones. When 5000 single 
cells were tested to saturate the sites of adhesion, the added ef-
fect of cell crowding did not change the number of either Rac1 OE 
or CRISPR KD cells that reached the metastatic site, similar to the 
1000-cell simulations (Figure 8C). However, the rate at which they 
entered the distant metastatic site was decreased for Rac1 OE 
cells and Rac1 CRISPR-Cas9 KD clone 26 (Figure 8D). Additionally, 
when 50% probability of cell death due to crowding was added, 
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the number of Rac1 OE and CRISPR KD cells that reached the 
distant niche was statistically decreased compared with 0% death 
from crowding (Figure 8C). Furthermore, Rac1 OE cells reached 
the distant metastatic site significantly faster than the Rac1 CRISPR-
Cas9 KD clones (Figure 8D).

These data suggest that the increased probability of adhesion 
and rate of invasion with Rac1 OE contribute to significantly more 
cells in the distant metastatic tissue and at a faster rate compared 
with Rac1 CRISPR-Cas9 KD. For simulations run with either 1000 or 
5000 single cells, the crowding of cells along the blood vessel did 
not change the number of cells that reach the distant site via hema-
togenous spread. However, when 5000 cells were tested, the added 
effect of cell crowding and death from cell crowding changed the 
number and rate at which the Rac1 OE and Rac1 CRISPR-Cas9 KD 
clone 26 cells reached the distant niche site. These data suggest 
that the concentration of cells in the peritoneum is important to 
consider when investigating how death due to crowding of cells 
along the blood vessel affects how cells travel to a distant niche site. 
With a low concentration of cells in the peritoneal space, cells dying 
due to crowding did not affect cells with Rac1 OE, but the increased 

rate of cell death due to crowding did decrease the numbers of 
Rac1 CRISPR-Cas9 KD cells. This may in part be explained by Rac1 
OE cells having an increased rate of invasion, allowing the OE cells 
to invade faster, clearing a site to allow for other cells to adhere and 
invade.

Additionally, with increased cell concentration and increased cell 
death from crowding, fewer Rac1 OE cells reach the distant niche 
site and at a lower rate compared with 0% cell death from crowding. 
These data suggest that when the number of Rac1 OE cells has satu-
rated the available adhesion/invasion sites, the effects from cell 
crowding and cell death from crowding decrease the number and 
rate of OE cells that reach the distant site, even though they have an 
increased rate of invasion. Thus, higher concentrations of cells in the 
peritoneal space can cause cell crowding and cell death from crowd-
ing even if the cells are quickly clearly from limited intravasation sites.

Next, we modified the OCMetSim agent-based model to con-
sider the fact that ovarian cancer cells survive preferentially as multi-
cellular spheroids in vivo and likely attach and invade into the meso-
thelial cell layers that line the omentum and abdominal organs, 
collectively. The OCMetSim-Spheroids model simulates the ovarian 

FIGURE 7: OCMetSim-Single Cells model predicts that Rac1 OE contributes to tumor cell metastasis to distant 
metastatic niche sites. (A) Single-cell simulation results comparing the number of cells that reach a distant metastatic 
niche with Rac1 OE or KD. Using the parameters for increased invasion and adhesion with Rac1 OE, and varying 
probabilities of cell death in the blood, these results demonstrate that Rac1 OE results in more ovarian cancer cells 
reaching a distant metastatic niche in less time, compared with two Rac1 CRISPR-Cas9 KD clones (clones 23 and 26). 
(B) Representative image of 100 runs with 20% death in the blood and parameters for Rac1 OE or Rac1 CRISPR-Cas9 
KD, displaying the rate at which the cells enter the distant niche site. The blue line represents the decrease in the 
number of cells in the peritoneal compartment for Rac1 OE and KD cells over time. (C) The slope of each cell type 
entering the distant niche site was quantified to determine the rate at which cells entered the distant niche site. Rac1 
OE cells have a higher rate at which they enter the distant niche site compared with two Rac1 CRISPR-Cas9 KD clones. 
Thirty simulations were run for each experiment. Error bars represent means ± SD. Two-way ANOVA followed by 
Tukey’s post-hoc test for multiple comparison across columns and rows was used to compare differences between cell 
type and probability of death in the blood: **p < 0.01, ****p < 0.0001.
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cancer spheroid metastatic unit and uses parameters derived from 
experimental mesothelial clearance assay data as a combined mea-
sure of cell adhesion and invasion. Spheroid units likely intravasate as 
single-cell chains and then quickly reform clusters again in circulation, 
which is considered as “en bloc” intravasation in the simulations. 
OCMetSim-Spheroids makes predictions about how spheroids ad-
here and invade the omentum and invaded cells subsequently in-
travasate into the blood and metastasize to distant sites.

We assumed that each spheroid had a 100% chance of adhesion, 
based on experimental data that 100% of spheroids adhered when 
added to confluent mesothelial layers in vitro. This assumption is also 
representative of spheroids in vivo, as ovarian cancer spheroids likely 
have a higher probability of survival in the peritoneal space than sin-
gle cancer cells. The normalized mesothelial clearance areas of Rac1 

OE cells and Rac1 CRISPR-Cas9 KD cells were compared with paren-
tal controls or CRISPR-Cas9 control cells to determine the fold 
change in clearance area. Rac1 OE cells were five times more likely 
to invade the mesothelial cell layer compared with Rac1 CRISPR-
Cas9 KD clones. We assumed, on the basis of minimal invasion 
spread of the Rac1 CRISPR-Cas9 KD clone 23 in Figure 5E that Rac1 
CRISPR-Cas9 KD had no increased invasion ability in spheroid form 
compared with single cells. Thus, we compared spheroid invasion 
rate to single-cell invasion rates by equating the invasion of Rac1 
CRISPR clone spheroids to that of Rac1 CRISPR clone single cells.

Using these assumptions, the experimental parameters from 
the mesothelial clearance assay with Rac1 OE and CRISPR KD 
were used to run simulations to predict the rate and frequency of 
ovarian cancer spheroid colonization of the distant metastatic 

FIGURE 8: OCMetSim-Single Cells model with added cell death from crowding predicts that cell crowding and cell 
death from crowding affect the number and rate at which ovarian cancer cells reach a distant niche site. (A, B) Single-cell 
simulations run to investigate the effects of cells dying from nonattachment caused by crowding of cells lining the blood 
vessel. The probability of cell death from crowding was varied and tested. Eighty percent probability of cell death in the 
blood was used. Rac1 CRISPR-Cas9 KD resulted in a further decrease in the number of cells that reached a distant 
metastatic niche. (B) The rate at which the Rac1 OE cells reached the distant niche site was decreased with crowding or 
crowding cell death, and the Rac1 OE reached the distant site faster than the Rac1 CRISPR-Cas9 KD cells. (C,D) 
Single-cell simulations with 5000 cells and cell crowding were run. (C) Crowding did not affect the number of cells that 
reached the distant tissue site. However, with 50% probability of dying due to cell crowding, the numbers of Rac1 OE 
and KD cells that reached the distant site were decreased. (D) The rate at which the Rac1 OE and Rac1 CRISPR-Cas9 KD 
clone 26 cells entered the distant niche site was also decreased with crowding and crowding cell death. Thirty 
simulations were run for each experiment. Error bars represent means ± SD. Two-way ANOVA followed by Tukey’s 
post-hoc test for multiple comparison across columns and rows was used to compare cell types and crowding and 
crowding death: *p < 0.05,***p < 0.005, ****p < 0.0001.
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niche in Experiment 1a: Adhesion and Invasion for spheroids, 
using 111 agents, each agent representing a spheroid containing 
nine cells, so around 1000 cells total. The probabilities for death in 
the blood were compared and the number of cells in the distant 
metastatic niche and the rate at which they enter the niche were 
quantified, Spheroid simulations Experiment (Figure 9, A and B). 
The numbers of Rac1 OE spheroids and Rac1 CRISPR-Cas9 KD 
clone 23 spheroids that reached the distant metastatic niche were 
the same, as the adhesion parameter was set to 100% for both cell 
lines but decreased similarly with varying cell death in the blood 
(Figure 9A). This was similar to the single-cell simulations with in-
creased probability of cell death in the blood. Additionally, the 
rate at which the cells reached the distant niche site was signifi-
cantly faster for Rac1 OE cells compared with Rac1 CRISPR-Cas9 
KD clone 23 (Figure 9B).

Next, the probability of spheroid crowding and its potential con-
tribution to cells dying due to nonattachment was tested in Experi-
ment 2a: Adhesion and Invasion with Cell Crowding and Death from 
Crowding for Spheroids (Figure 9, C and D). Once the spheroids en-
tered the blood, they were given a 50% probability of cell death in 
the blood. It is likely that spheroids have an increased probability of 
survival in the blood compared with single cells. When cell death 
from crowding along the blood vessel was added, two times fewer 
Rac1 OE or Rac1 CRISPR-Cas9 KD cells reached the distant site, com-
pared with 0% death from crowding (Figure 9C). Interestingly, the rate 
at which the Rac1 OE spheroids reach the distant niche site was faster 
compared with Rac1 CRISPR-Cas9 KD (Figure 9D). When crowding 
and cell death from crowding were added, the rate at which the Rac1 
OE spheroids reached the distant niche site decreased compared 
with no crowding (Figure 9D). However, the added cell death from 

FIGURE 9: OCMetSim-Spheroids model predicts that Rac1 contributes to ovarian cancer spheroid intravasation into 
circulation and extravasation to distant niche sites. Experiment 1a: Spheroid simulation results comparing (A) the 
number of spheroids and (B) the rate at which they enter the distant niche site for Rac1 OE or KD clone 23. Rac1 OE or 
KD spheroids were given 100% probability of adhesion, based on 100% spheroid adhesion observed in the mesothelial 
clearance assay. (A) Varying probabilities of cells death in the blood decreased the number of ovarian cancer spheroids 
in the metastatic niche. (B) The rate at which the OE and KD spheroids reached the metastatic niche decreased with 
increasing probability of cell death in the blood; however, the Rac1 OE spheroids reached the distant site faster than the 
KD spheroids. Experiment 2a: Spheroid simulation results comparing cell crowding and cell death from crowding (C, D). 
(C) With added cell death from crowding, the number of Rac1 OE and KD cells that reached the distant site decreased. 
(D) With crowding and cell death due to crowding, the rate at which the Rac1 OE spheroids reached the distant site was 
decreased compared with no crowding. The rate at which the Rac1 CRISPR-Cas9 KD cells reached the distant site was 
decreased with added cell death from crowding. Thirty simulations were run for each experiment. Error bars represent 
means ± SD. Two-way ANOVA followed by Tukey’s post-hoc test for multiple comparison across columns and rows was 
used to compare cell types and crowding and crowding death: *p < 0.05, ***p < 0.005 ****p < 0.0001.
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crowding did not affect the rate of the KD spheroids, compared with 
no death from crowding (Figure 9D), similarly as demonstrated in the 
single-cell simulations (Figure 8, B and D).

Overall, the data from both OCMetSim models show that differ-
ential Rac1 expression has an important role in ovarian cancer cell 
metastasis via hematogenous routes to primary niche sites such as 
the liver and lungs. Rac1 OE resulted in increased numbers of single 
cells in the distant metastatic niche and at a faster rate compared 
with Rac1 CRISPR-Cas9 KD. The simulations also indicate that 
crowding and crowding cell death of ovarian cancer cells lining the 
blood vessel decrease the number of single cells and spheroids that 
enter circulation and the rate at which they reach a distant niche site 
via hematogenous spread.

Rac1 overexpression increases, while knockdown decreases, 
ovarian cancer cell tumor burden and metastasis in vivo
Peritoneal tumor dissemination is very common in ovarian cancer 
and is a stepping stone to distant metastasis via lymphatic and he-
matogenous dissemination. To elucidate the role of Rac1 in perito-
neal tumor burden, two different ovarian cancer cell lines wherein 
Rac1 expression was manipulated were comparatively assessed. OV-
CAR8 cells have low endogenous levels of Rac1 and were therefore 
selected to analyze the impact of Rac1 OE on tumor burden, while 
SKOV3ip cells natively have the highest Rac1 expression levels and 
were therefore selected to analyze the impact of Rac1 knockout.

OVCAR8 and SKOV3ip cells manipulated for Rac1 expression 
and transduced to express luciferase were intraperitoneally (IP) in-
jected into NSG mice. Luciferase expression was used to quantify 
ovarian cancer tumor burden via IVIS in vivo imaging. Mice were 
imaged 2- and 4-wk postinjection. The average radiance was quan-
tified to assess tumor burden over the 4 wk. Mice injected with OV-
CAR8 GFP-Rac1 OE cells had a significant timedependent increase 
in peritoneal tumor burden compared with GFP control cells (p < 
0.0043) (Figure 10, A and B). These data suggest that Rac1 contrib-
utes to increased peritoneal tumor burden.

In a complementary experiment, SKOV3ip CRISPR-Cas9 control 
and Rac1 CRISPR-Cas9 KD clones (clones 26 and 27) were intraperi-
toneally (IP) injected into NSG mice. IVIS in vivo imaging was per-
formed 18 h and 1 wk postinjection, and the average radiance was 
quantified (Figure 10, C and D). Eighteen hours postinjection no 
differences between Rac1 CRISPR-Cas9 KD and CRISPR-Cas9 con-
trol cells were measurable. However, the 1 wk postinjection tumor 
burden was significantly smaller in mice injected with Rac1 CRISPR-
Cas9 KD cells from clone 26 or clone 27 as compared with the 
CRISPR-Cas9 control cells. Quantitative PCR for luciferase-express-
ing tumor cells was used as an independent measure of the effect of 
Rac1 knockdown on tumor burden. Two SKOV3ip Rac1 CRISPR-
Cas9 KD single-cell clones (clones 26 and 27) were injected perito-
neally into NSG mice, and after 1 wk omenta were collected and 
used to quantify luciferase gene expression as a measure of tumor 
cell numbers 1 wk postinjection. Compared to a CRISPR-Cas9 con-
trol there was an 80% decrease in omental implantation detected 
for both Rac1 CRISPR-Cas9 KD clones (Figure 10E). Collectively, 
these data indicate that Rac1 is an important driver of increased 
peritoneal tumor burden and Rac1 knockdown reduces metastatic 
peritoneal implantation and tumor cell growth.

Rac1 inhibition decreases ovarian tumor burden and 
metastasis in vivo
Rac1 dependence of ovarian cancer local and distant metastasis in 
vivo was further assessed by measuring tumor burden in cell models 
± pharmacologic Rac1 inhibition with R-ketorolac (Grimes et al., 

2021). Mice were injected with SKOV3ip cells transduced to express 
luciferase and treated with R-ketorolac or placebo for 4 wk. Before 
death, mice were injected with luciferin and bioluminescence imag-
ing was used to monitor peritoneal and distal organ metastases. 
The 4-wk tumor growth period was used to mimic late-stage human 
ovarian cancer with hematogenous dissemination and distal metas-
tasis. Quantification of luciferase-positive tumor cells in tissues was 
performed using qPCR and measurement of luciferase (LUC) gene 
expression levels in total RNA from distal organs. Significant de-
creases in LUC expression (1.85–2.3-fold) were observed in both 
omental (Figure 11A) and lung (Figure 11B) tissue when Rac1 was 
pharmacologically inhibited by R-ketorolac. The observed inhibition 
of lung metastases with Rac1 inhibition is congruous with the pre-
dictions of the agent-based model demonstrating decreased num-
ber of tumor cells in the metastatic site. These findings suggest fur-
ther utility of the agent-based model for testing and discriminating 
other mechanistic factors in the ovarian metastatic cascade. Collec-
tively, the data document a role for Rac1 in ovarian cancer metasta-
ses occurring either through parenchymal invasion via mesothelial 
clearance or through hematogenous dissemination and extravasa-
tion at distant organ sites.

DISCUSSION
Rac1 GTPase acts as an oncoprotein to regulate multiple hallmarks 
of cancer, and elevated expression is correlated with tumor stage, 
blood vessel invasion, and lymph metastasis across many cancer 
types (Lou et al., 2018). Even while there are strong associations 
between Rac1 expression and patient outcomes, it is difficult to 
draw firm conclusions about the functional impact of Rac1 expres-
sion in specific cancers based only on such data. We present in vitro 
and in vivo experimental data that are used to inform computational 
agent-based models for the purpose of delineating the contribu-
tions of Rac1 to ovarian tumor cell behavior and metastatic spread. 
The model was parameterized using measured cell adhesion and 
invasion data and identified Rac1 as a key factor in initial peritoneal 
adhesion of ascitic tumor cells that have been shed from primary 
tumors. Rac1 is also shown to be important for mesothelial clear-
ance and omental niche colonization. Importantly, model predic-
tions regarding the magnitude of Rac1 importance for intravasation 
and tumor dissemination to distant metastatic sites by entering the 
blood from the peritoneum could be confirmed experimentally.

The motivation for the present study is based on our analysis of 
298 stage III and IV high-grade serous ovarian cancer (HGSOC) pa-
tients with outcomes data in TCGA, which demonstrated that high 
total RAC1 (but not CDC42) mRNA expression is associated with 
worse outcomes (Hudson et al., 2018). These findings concur with 
those reported for a Chinese patient cohort (Leng et al., 2015). His-
tochemical analyses of human ovarian cancer patient samples evi-
denced that Rac1 and Cdc42 protein OE, but not RhoA, tracked 
with higher tumor grade (Guo et al., 2015a). Because GTPase ex-
pression levels were analyzed separately using pathological scoring 
relative to noncancerous controls, it could not be determined 
whether Rac1 and Cdc42 GTPases were both overexpressed in the 
same samples. Analyses of 316 human ovarian cystadenocarcinoma 
samples in TCGA (cBioPortal; Pearson and Spearman coefficients 
0.15, p values 6.85E-3 and 7.90E-3, respectively) show only a weak 
correlation between Rac1 and Cdc42 coexpression; further support-
ing our focus on Rac1 in the present study. In addition to gene and 
protein expression parameters, we also considered Rac1 activity.

Experimental evidence demonstrates that Rac1 activity is suffi-
cient to drive tumor-relevant activities in ovarian tumor cells. Intro-
duction of a mutationally activated form of Rac1 (Rac1G12V) in two 
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FIGURE 10: Rac1 overexpression increases tumor burden. OVCAR8 GFP control, OVCAR8 GFP-Rac1 OE, and SKOV3ip 
CRISPR-Cas9 control, SKOV3ip Rac1 CRISPR-Cas9 KD clone ovarian cancer cells transduced with luciferase were IP 
injected into NSG mice. Tumor burden was measured using bioluminescent IVIS imaging. (A) Representative IVIS images 
of NSG mice injected with OVCAR8 GFP control (top row) and OVCAR8 GFP-Rac1 OE cells (bottom row) imaged 2 and 
4 wk post–IP injection. (B) Quantification of the average radiance at 2 and 4 wk postinjection. Quantification of 2D 
radiance using two-way ANOVA shows significant time-dependent variance; p = 0.0043 of tumor burden. N = 4 for each 
group. (C) Representative IVIS images of NSG mice injected with SKOV3ip CRISPR-Cas9 control cells or Rac1 CRISPR-
Cas9 KD cells imaged 18 h and 1 wk post–IP injection. (D) Quantification of the average radiance at 18 h and 1 wk 
post-injection. Quantification of average radiance using two-way ANOVA reveals a significant decrease in tumor burden 
in mice injected with CRISPR KD clones (clones 26 and 27) compared with control. N = 5 for each group. *p < 0.05, **p < 
0.01. (E) Omental tissue isolated from mouse xenografts of SKOV3ip ovarian cancer cells expressing luciferase. Omental 
tissues were isolated from mice 1 wk after being injected with 4 × 106 Rac1 CRISPR-Cas9 KD (C3-26 or C3-27) or 
CRISPR-Cas9 control (C4) cells, and gene expression levels of luciferase were analyzed based on targeted qPCR. Data 
represented are mean ± SE. These data are combined from one experiment with five biological replicates. **** indicates 
p value ≤ 0.0001, where values represent relative expression for Rac1 CRISPR-Cas9 KD compared with CRISPR-Cas9 
control C4 (1.0) and normalized to 18s rRNA using unpaired two-tailed t test.
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ovarian tumor cell lines increased invasive capacity and markers of 
epithelial to mesenchymal transition (EMT), functionalities viewed as 
central to cancer metastasis (Fang et al., 2017). Conversely, selective 
inhibition of Rac1 activity or KD of Rac1 expression inhibited migra-
tion and invasion of ovarian tumor cells (Guo et al., 2015b; Leng 
et al., 2015), and short hairpin RNA -mediated Rac1 KD reduced 
EMT and decreased ovarian tumor growth in a xenograft model 
(Leng et al., 2015). Further evidence for Rac1 GTPase activation in 
ovarian cancer derives from high levels of Rac1 activity measured in 
freshly isolated ascitic tumor cells from patients and finding a precipi-
tous decline in Rac1 activation when cells were placed in culture for 
48 h, suggesting the importance of the in vivo tumor environment 
for Rac1 activation (Guo et al., 2015a). The importance of Rac1 acti-
vation in tumor metastasis is forecast by increased survival of ovarian 
cancer patients treated with ketorolac, a drug wherein the R-enantio-
mer inhibits Rac1 and Cdc42 GTPases (Guo et al., 2015a,b ; Oprea 
et al., 2015; Grimes et al., 2021). Therefore, the current studies used 
OE and KD strategies to reveal the contributions of Rac1 expression 
and activity to ovarian cancer cell adhesion, spreading, and barrier 
formation. The ability of ovarian cancer spheroids to clear the meso-
thelial layer and adhere to underlying ECM is an essential prerequi-
site to implantation and invasion of peritoneal sites. A mesothelial 
clearance assay was used to test Rac1 importance for 3D invasion. A 
critical role of Rac1 in these early metastatic steps is shown by the 
near ablation of ovarian tumor cell invasion and mesothelial clear-
ance after initial spheroid adhesion in the Rac1 KD models. Myosin-
generated forces are necessary for ovarian cancer spheroids to clear 
the mesothelial layer, and myotonic dystrophy kinase-related Cdc42-
binding kinases (MRCKs) are known Rac1 effector proteins (Un-
bekandt and Olson, 2014) further supporting the importance of acti-
vated Rac1 signaling in ovarian cancer metastatic dissemination. The 
in vitro findings are consistent with in vivo data showing decreased 
early omental implantation and tumor expansion in R-ketorolac–
treated mice (Grimes et al., 2021) and greatly attenuated tumor 
growth in Rac1 KD xenograft models shown in the present study. The 
cumulative evidence based on Rac1 inhibition or manipulation of 
Rac1 expression levels supports the conclusion that Rac1 expression 
and activity are key mediators of ovarian cancer metastasis.

Because ovarian cancer has long been considered a peritoneal 
disease, in vivo animal studies have primarily focused on determin-
ing the mechanisms of peritoneal metastases. Hence, metastatic 
spread of ovarian cancer outside the peritoneal cavity is an underex-
plored area of research. A parabiosis study first increased awareness 
of the importance of hematogenous ovarian tumor dissemination 
(Pradeep et al., 2014). Documentation of distant metastases present 
at diagnosis (Gockley et al., 2017; Deng et al., 2018; Cao and Yang, 
2020; Gardner et al., 2020; Wang et al., 2021) and worse patient 
outcomes (Gardner et al., 2020) further highlighted the importance 
of identifying drivers of distant metastases and provided a founda-
tion for our study. Using agent-based modeling approaches, we 
provide novel insights into the role of Rac1 expression and activity 
on extraperitoneal dissemination. Simulations were conducted us-
ing models testing single-cell behaviors as well as multicellular 
spheroid behaviors. Varying probabilities of 1) cell adhesion, 2) cell 
death due to lack of adhesion or crowding, and 3) intravasation and 
extravasation based on experimental parameters derived from mea-
surements of Rac1 OE or KD cells document Rac1 functional impor-
tance in multiple steps of the metastatic cascade. Simulations con-
firmed Rac1 as a key factor in 1) initial peritoneal adhesion of ascitic 
tumor cells shed from primary tumors, 2) mesothelial clearance, and 
3) omental niche colonization. In the single-cell model simulations, 
Rac1 OE cells, as compared with Rac1 KO/KD, were found to en-
hance extraperitoneal dissemination/metastasis based on larger 
numbers of cells reaching the distant site and reaching the distant 
site at a faster rate. In the spheroid model simulations, the number 
of cells did not differ appreciably between Rac1 OE versus KO/KD, 
yet the Rac1 OE cells spread more quickly to the distant site. Nota-
bly, Rac1 OE is also predicted to increase both the rates of tumor 
cell dissemination and numbers of tumor cells colonizing distant 
metastatic sites through dissemination via circulation. Importantly, 
the model predicted a decrease in tumor cells upon Rac1 KD. The 
predictions by the model were experimentally replicated by mea-
suring lung metastasis ± pharmacologic inhibition of Rac1 activity. 
This is the first experimental evidence that Rac1 inhibition may re-
duce extraperitoneal disease in ovarian cancer. Independent studies 
of distant metastasis of ovarian cancer cells (mixed 1:1 with mesen-
chymal stem cells) from the ovarian bursa to the lung were recently 
published (Atiya et al., 2021). Abdominal metastases formed 14 d 
postinjection, and 60–80% of animals had lung and parenchymal 
liver metastasis at death 30 d postinjection. The composite data 
highlight the importance of analyzing mechanisms of distant metas-
tasis in ovarian cancer and demonstrate that Rac1 expression and 
activity are necessary for multiple steps in the metastatic cascade. 
Further study of the tumor microenvironment, including delineation 
of cells and factors that may drive Rac1 activation in support of me-
tastasis, is considered an important next step for further elucidating 
the mechanisms of ovarian cancer metastasis.

Some key avenues that warrant further exploration are sug-
gested by recent live animal imaging analyses of metastatic breast 
and ovarian cancer. The reported preferential metastasis of ovarian 
cancer cells to the highly vascularized omentum warrants further 
cellular and molecular analyses of this specialized lymphoid tissue 
(termed “milky spots” or fat-associated lymphoid clusters) (Krist 
et al., 1998; Nowak and Klink, 2020). A unique subset of CD163+ 
Tim4+ resident omental macrophages is found to be enriched in 
the omentum and documented to promote metastatic spread of 
ovarian cancer cells based on genetic and pharmacologic inhibi-
tion studies (Etzerodt et al., 2020). An obvious next step would 
be to test the potential role(s) of these highly specialized macro-
phages in promoting Rac1 activation in the tumor cells leading to 

FIGURE 11: Pharmacologic inhibition of Rac1 inhibits local and 
distant metastases in vivo. Gene expression levels of targeted 
luciferase qPCR analyses of omental and lung tissues isolated from 
mouse xenografts of SKOV3ip ovarian cancer cells. Samples are from 
mice treated with 5 mg/kg/d R-ketorolac or placebo for 4 wk. Data 
represented are mean ± SE. (A) Omental tissue data are from one 
experiment with five biological replicates. ** indicates p value < 0.01, 
where values represent relative expression for R-ketorolac compared 
with placebo (1.0) and normalized to 18s rRNA using unpaired 
two-tailed t test. (B) Lung tissue data are combined from one 
experiment with five biological replicates. *** indicates p value < 
0.001, where values represent relative expression for R-ketorolac 
compared with placebo (1.0) and normalized to 18s rRNA using 
unpaired two-tailed t test.
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increased intravasation. Furthermore, CD163+ Tim4+ macro-
phages cause ID8-positive mouse ovarian cancer cells to undergo 
epithelial-to-mesenchymal transition by reprogramming actin cyto-
skeletal and adhesion pathways. The described functional remod-
eling is similar to what we have observed with Rac1 OE/activation. 
Intriguingly, the presence of CD163+ Tim4+ macrophages caused 
spheroid compaction much like that caused by Rac1OE (see Figure 
4). Such Rac1-driven clustering of cells in circulation may promote 
the increased cell survival under sheer stress experienced in the 
bloodstream during metastatic dissemination as suggested by the 
OCMetSim-Spheroids model and supported by in vitro studies of 
invasive breast cancer cells (Floerchinger et al., 2021).

Live animal imaging of breast cancer tumor cells has also evi-
denced tumor cell interactions with macrophages to activate spe-
cialized sites of intravasation, termed tumor microenvironment of 
metastasis (TMEM) doorways (Sharma et al., 2021). Model simula-
tions of tumor cell crowding showed Rac1 OE cells to be resistant to 
the effects of cell crowding while higher rates of death were ob-
served for Rac1 CRISPR-Cas9 KD cells. These findings are interest-
ing in view of recent live animal imaging studies of the invasive 
MMTV-PyMT breast cancer model showing that Rac1 activity (mea-
sured using a Rac1 fluorescence resonance energy transfer sensor) 
is spatially regulated at distinct perivascular sites within locally inva-
sive tumors (Floerchinger et al., 2021). Speed of extravasation and 
enhanced survival of disseminated breast tumor cells at distant 
niche sites also appear to be forecast by factors in the tumor envi-
ronment (Borriello et al., 2022). Thus, the outcomes of our modeling 
and experimental data are well aligned with the published literature 
and suggest that tumor–niche cell interactions may serve to locally 
activate Rac1 to permit tumor cell intravasation through specialized 
rate-limiting sites like the described “TMEM-like doorways” in 
breast cancer metastasis. Facilitated exit from circulation and 
survival at distant sites may similarly depend on tumor–niche cell 
interactions. Further delineation of the molecular factors involved in 
tumor–niche cell interaction can also identify new nodes for thera-
peutic intervention to block metastasis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture
SKOV3ip cells were obtained under an material transfer agreement 
(MTA) between the Hudson group and Anil Sood at MD Anderson, 
based on their mesenchymal phenotype, adaptation for growth in 
both cell culture and animal models, and aggressive metastatic 
growth. While some lines of SKOV3 cells are reported to be p53 
wild type (Domcke et al., 2013), the SKOV3ip line was confirmed in 
our hands to be p53 null as is the case for >90% of human ovarian 
tumors (Supplemental Figure S8). OVCAR3 and OVCAR8 cells were 
obtained under an MTA from the National Cancer Institute’s (NCI’s) 
Biological Testing Branch of the Cancer Therapeutics Program, 
DCTD Tumor (and Cell) Repository. LP-9 cells (originally derived 
from the ascites fluid of a 26-yr-old female with ovarian cancer), 
G07086, were obtained from Coriell Institute for Medical Research 
under an authorized Assurance Agreement and are part of the NIA 
Aging Cell Culture Repository.

SKOV3ip, OVCAR3, and OVCAR8 ovarian cancer cells were cul-
tured in RPMI 1640 (Corning) supplemented with 10% fetal bovine 
serum (FBS), 2 mM l-glutamine, 100 U/ml penicillin and 100 μg/ml 
streptomycin. G418 was used to generate stable cell lines that over-
expressed Rac1. Stable cell lines were made using Lipofectamine 
transfections. Plasmids were obtained from AddGene and Clon-

tech: GFP-Rac1 WT-12980 and pEGFP-C1, C2, C3. After generation 
of stable cell lines, cells were sorted to collect GFP and GFP-Rac1 
OE cells. To perform in vivo imaging, cells were transduced with lu-
ciferase reporter RediFect Red-FLuc-Puro (Perkin Elmer). Luciferase-
transduced cells were selected via puromycin selection. Short tan-
dem repeat (STR) profiling was performed to validate each cell line.

Rac1 CRISPR-Cas9 KD
SKOV3ip and OVCAR3 ovarian cancer parental cells were used to 
generate the Rac1 CRISPR-Cas9 KD cells. Guide RNAs specifically 
targeting exons 3 and 4 of Rac1 were used. CRISPOR (Telfor Infra-
structure) was used to design and evaluate guide sequences for 
Rac1-CRISPR-Cas9 targeting. Guide RNAs were chosen based on 
CRISPOR analysis of off-target effects, predicted cleavage efficiency, 
and likelihood of out-of-frame deletions or frameshift mutations. 
The chosen guide RNAs were first tested in vitro for cleavage 
efficiency.

Rac1 KD was achieved using the Alt-R CRISPR-Cas9 electropora-
tion system (IDT). crRNA:tracrRNA duplexes were formed. Ribonu-
cleoprotein (RNP) complexes were then made with the Alt-R Cas9 
enzyme (Alt-R® S.p. HiFi Cas9 Nuclease V3, IDT). The RNP com-
plexes were simultaneously electroporated into the ovarian cancer 
cells using the Neon Transfection System (Invitrogen). As a negative 
control, cells were electroporated with the Cas9 enzyme without 
guide RNA. After electroporation, cells were seeded in six-well 
plates. Protein lysates were collected 24 h and 1 wk after electro-
poration to measure Rac1 protein levels via Western blot. Single-cell 
cloning was performed to isolate clones with the lowest Rac1 ex-
pression. Single cells were seeded in 96-well plates. Rac1 expres-
sion was measured via Western blot, and sequencing was per-
formed to verify exon 3 and 4 targeting by CRISPR-Cas9.

Sequencing
DNA was extracted from SKOV3ip and OVCAR3 CRISPR clones, 
CRISPR-Cas9 control, and parental cells using a Quick-DNA Micro-
Prep Kit (Zymo Research Cat #D3020). DNA quality and concentra-
tion were measured on a Nanodrop. PCRs to amplified exon 3 and 
exon 4 products were performed using primers that flanked each 
exon, separately. DNA was cleaned using a Monarch PCR and DNA 
cleanup kit (New England BioLabs #T1030S). PCR products and 
primers were sent to GeneWiz Azenta Life Sciences for sequencing. 
Nine total samples from CRISPR-Cas9 control cells, CRISPR KD 
clones, and parental cell lines were analyzed. Owing to nonspecific 
priming in the DNA sequencing analyses, SKOV3ip clones were fur-
ther analyzed for heterozygosity using the Original TA cloning kit 
(Invitrogen #45-0046). PCR products derived from exon 3 forward 
and exon 4 reverse primer sets were ligated into the pCR2.1 vector, 
transformed into competent Escherichia coli (DH5α from Invitrogen 
#18265-017), plated on Luria-Bertani medium (LB) + 100 μg/ml am-
picillin (Sigma #A9518) + 40 μg/ml X-Gal (Invitrogen #15520-034) + 
100 mM isopropyl β-d-1-thiogalactopyranoside (Invitrogen #15529-
019) agar plates for blue/white screening selection, and single white 
colonies were grown in liquid LB + 100 μg/ml ampicillin (Sigma 
#A9518) media overnight. Plasmids were isolated from the over-
night cultures using the PureLink HQ Mini Plasmid Purification kit 
(Invitrogen #K210001) and digested with EcoRI to release the in-
serted products. A ligated control insert DNA served as a negative 
control, and linearized pCR2.1 served as a positive control for diges-
tion. The digestion reactions were run on agarose gels to identify 
insert sizes and used to select plasmids for sequence analyses. 
Observed fragment sizes for clone 23 were 400 base pairs, for clone 
26 were uncut or had a faint 500-base-pair band, for clone 27 were 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-11-0540


Volume 33 December 1, 2022 Agent-based model to predict metastasis | 19 

200–300 base pairs. Sequencing was performed by Genewiz Azenta 
Life Sciences.

The sequencing results were analyzed using data from the Na-
tional Center for Biotechnology Information (NCBI) protein and nu-
cleotide databases. Sequencing results for each cell line and exon 
were aligned against the Rac1 gene using the Basic Local Align-
ment Search Tool (BLAST; U. S. National Library of Medicine NCBI) 
and Geneious Prime (v2022.1.1) software to identify changes in 
nucleotide sequence. The nucleotides sequenced were translated 
into protein coding sequences to identify any frame shifts or prema-
ture stop codons.

Matrigel invasion assay
Matrigel-coated Transwell inserts with 8.0 μm polyethylene tere-
phthalate (PET) membrane (Corning BioCoat Matrigel) were used to 
assess ovarian cancer cell invasion in vitro. Matrigel inserts were re-
hydrated in a tissue culture incubator for 2 h with warm (37°C) bicar-
bonate-based culture medium added to the top and bottom cham-
bers. SKOV3ip ovarian cancer cells with Rac1 OE or KD were 
resuspended in serum-free RMPI media. Cells (2 × 104) were added 
to the upper chamber of the Matrigel-coated Transwell insert. RPMI 
medium (500 μl) containing 20% FBS was added to the lower cham-
ber. After addition of cells, Transwell inserts were incubated at 37°C 
and ovarian cancer cell invasion was assessed. After incubation for 
48 h, the chambers were removed and washed with phosphate-buff-
ered saline (PBS). The upper chamber was cleaned using a cotton 
Q-tip to remove all remaining nonmigrated cells and Matrigel. The 
chambers were fixed with 3% paraformaldehyde for 1 h. Cells were 
stained with 1 mM Hoechst 33342 in PBS (Kodak, 106 1399) to count 
nuclei. Filters were mounted on slides and imaged using a Zeiss 
AxioObserver, and the transmigrated cells were counted. Quantifi-
cation is based on three to four independent experiments with three 
technical Matrigel-coated Transwell replicates per cell line. Five ran-
dom fields of view were imaged and counted on each insert.

Western blotting
Total protein was extracted from SKOV3ip cells using a Tris-Triton 
buffer recipe: 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycho-
late plus phosphatase inhibitors. Protein quantification was per-
formed using the Pierce BCA Protein Assay Kit. Lysate samples (30 
μg/well) were resolved by 15% SDS–PAGE, and proteins were trans-
ferred to nitrocellulose membranes. The membranes were blocked 
with 5% milk in PBS with Tween-20 for 1 h at room temperature. 
Membranes were incubated with the following antibodies overnight 
at 4°C: Rac1-BD 610650, α/β tubulin-Cell Signaling #2148, GAPDH-
Sigma G8795. Proteins of interest were visualized with SuperSignal 
West Pico Chemiluminescent Substrate (Pierce) and imaged using 
the ChemiDoc XRS Imager (Bio-Rad). Densitometry analysis was 
performed using Image Lab software (Bio-Rad).

Mesothelial cell clearance assay
For spheroid formation, SKOV3ip cell lines—including parental, 
GFP, High Rac1 OE, Rac1 CRISPR-Cas9 control, and Rac1 CRISPR-
Cas9 KD clones (clones 23 and 27)—were plated at 100 cells/well in 
96-well ultra–low attachment, round bottom, Costar plates, and in-
cubated at 37°C, with 5% CO2 for 4 d. Primary LP-9 human meso-
thelial cells were stained in suspension for 25 min at 37°C with 2 μM 
CellTracker Red CMTPX (Invitrogen C34552) in Medium 199:Ham’s 
F-12 Nutrient Mix (M199:F12), with no serum (supplemented with 
2 mM l-glutamine, 10 ng/ml epidermal growth factor (EGF), 0.4 μg/
ml hydrocortisone, and 100 μg/ml Pen Strep). Cells were then 

stained with 1 μM Hoechst 33342 (Kodak, 106 1399) at room tem-
perature for 7 min. Cells were washed three times with M199:F12 
supplemented with serum. Stained LP-9 cells were plated at 128,000 
cells/well in a 24-well Costar plate and incubated overnight at 37°C 
and 5% CO2. The next day, the cells were washed three times in 
M199:F12 with serum. Spheroids were gently transferred to the LP-9 
wells using a micropipette. Plates were incubated at 37°C with 5% 
CO2. Spheroids were imaged at 1 h postaddition with a Zeiss in-
verted microscope or Incucyte S3 live cell imaging and analysis sys-
tem, using either a 4× or a 10× objective with bright field and/or a 
FITC filter. The mesothelial clearance area was imaged at 7 h and 24 
and 25 h after spheroid addition with a TRITC filter. Images were 
analyzed using Fiji software. Clearance areas were normalized to 
compensate for differences in spheroid size to evaluate differences 
in cell motility and invasive forces resulting from varying Rac1 ex-
pression. To normalize, clearance areas at 7 and 25 h were divided 
by the spheroid size at 1 h postaddition. This analysis approach was 
described in Davidowitz et al. (2012) and has been used in other 
research articles (Iwanicki et al., 2011; Davidowitz et al., 2014; Sheets 
et al., 2016; Huang et al., 2020; Naffar-Abu Amara et al., 2020; 
Zhang et al., 2021b). To confirm statistical significance with a stricter 
approach, we compared normalized clearance areas to relative 
change-of-clearance areas. To calculate relative change, the initial 
spheroid area was subtracted from the clearance area at 24 or 25 h. 
Then this result was divided by the initial spheroid area. Both ap-
proaches yielded statistically significant differences validating the 
results obtained with normalized clearance areas (Figure 5 and Sup-
plemental Figure S10). Prism 9 software (GraphPad) was used to ex-
ecute statistical analyses.

ECIS measurements
Cell–cell adhesion and cell–substrate adhesion were measured us-
ing ECIS. SKOV3ip cells with Rac1 OE or KD were plated at conflu-
ence on 96-well electrode arrays, 96W10idf (Applied BioPhysics). 
Electrodes were stabilized with l-cysteine. Treatment with l-cysteine 
enhances experimental repeatability between the ECIS wells (Ap-
plied BioPhysics). The cysteine displaces unwanted molecules that 
have been absorbed onto the gold electrodes and creates a hydro-
philic substrate that helps with cell attachment and spreading over 
the electrodes (Applied BioPhysics). l-cysteine (10 mM) in water 
(Applied BioPhysics) was added to each well and incubated for 30 
min at room temperature. l-Cysteine was removed, the wells were 
rinsed twice with water, and then the electrodes were washed with 
RPMI 1640 media without FBS. Media was removed and replaced 
with SKOV3ip cells in prewarmed complete RPMI growth media as 
detailed above. Electrode arrays were placed in an ECIS Zθ instru-
ment (Applied BioPhysics) and resistance and capacitance were 
measured at 4000 and 64,000 Hz, respectively, every 10 min over 72 
h. Each experiment included four replicates, and three independent 
biological replicates were completed. All values are expressed as 
mean ± SD.

In vivo tumor engraftment and tumor growth measurements
All animal experiments were performed under protocols approved 
by the Institutional Animal Care and Use Committee (IACUC) of the 
University of New Mexico Health Science Center (PI Gillette #19-
200925-HSC). Female nonobese diabetic/severe combined immuno-
deficiency gamma (NSG) mice between the ages of 6 and 9 wk were 
used to measure omental engraftment and tumor burden. Luciferase-
transduced ovarian cancer cells (4 × 104) were intraperitoneally in-
jected into NSG mice. Intraperitoneal tumor burden was measured 
over 1–2 wk and quantified using IVIS bioluminescence imaging.



20 | M. Rivera et al. Molecular Biology of the Cell

NetLogo modeling
The NetLogo platform (Northwestern University) (Wilensky, 1999) 
was used to build two computational models (OCMetSim-Single 
Cells and OCMetSim-Spheroids) to make predictions about ovar-
ian cancer cell metastasis to distant niche sites. OCMetSim pro-
grams were developed to test the impact of Rac1 expression on 
adhesion and invasion of ovarian cancer cells into circulation and 
to metastasize to distant niche sites. Experimental data were used 
to set the parameters for cellular invasion and adhesion. The 
OCMetSim programs and user instructions can be accessed 
on GitHub (https://github.com/MelanieRivera44/Ovarian-Cancer 
-Metastasis-Simulation-OCMetSim.git).

A. Purpose of the models. Ovarian cancer cells detach from the 
primary tumor and are able to adhere and invade to a distant tissue 
site. The omentum is a common site of initial ovarian cancer metas-
tasis. Ovarian cancer cells in the peritoneal ascites fluid can readily 
adhere to the omentum and from here invade into circulation, where 
they can travel to distant niche sites and promote cancer metastasis. 
The goal of these models is to make predictions about how Rac1 
expression influences ovarian cancer cell behavior and metastasis to 
a distant metastatic niche, via entry into circulation from the omen-
tum. Experimental data from in vitro adhesion and invasion experi-
ments are used to set parameters for these cellular behaviors.

B. NetLogo simulation space setup. In the simulations, the mobile 
agents represent ovarian cancer single cells or spheroids. In OC-
MetSim-Single Cells and OCMetSim-Spheroids, simulation spaces 
are set up with seven differently colored patches (black, green, blue, 
red, cyan, magenta, and brown representing the peritoneal cavity, 
cell adhesion to a blood vessel, cell invasion into a blood vessel, 
circulating blood, cell adhesion to a distant tissue site, cell extrava-
sation into a distant tissue site, and a distant metastatic niche site, 
respectively). The ovarian cancer cells move through these compart-
ments based on a set of parameters that dictate their behavior 
based on Rac1 expression. Initially, cancer cells are modeled as in-
dependent cells. A second set of experiments considered how the 
invasion properties of spheroids would change the timing and num-
bers of metastasized cells that reach a distant metastatic niche.

C. Movement of ovarian cancer cells in the peritoneum. Ovarian 
cancer cells start in the peritoneal compartment (black patches) at a 
random x-coordinate and random y-coordinate with a random 
heading setting. When the cells move, they do so randomly. These 
behaviors mimic their movement within the peritoneal fluid, floating 
around in random diffusion. If a cell is located at the maximum 
height, the cell heading will be set to 180° and the random walk will 
continue. The cells or spheroids check whether the patch ahead is 
occupied, and if this statement is false, the heading will reset to a 
new random position to prevent two cells or spheroids from occupy-
ing the same patch. Cells will move around the peritoneum and 
eventually land next to the blood vessel (red patches). When the 
cells are in a patch next to the blood vessel, procedure 1 or proce-
dure 2 becomes possible.

D. Procedure 1: Cell Adhesion and Invasion of Ovarian Cancer 
Cells. The models assume that the cancer cells or spheroids have a 
probability of adhering to the omentum and then have a rate of in-
vasion into the tissue where they can then enter the circulation and 
adhere and invade to a distant tissue site. Once cells are aligned 
near or adjacent to the red blood patches, they have a probability of 
adhering to the blood vessel. The parameter for probability of adhe-

sion is determined from the experimental ECIS data described in 
Figure 2. The measurements for capacitance at 8 h after seeding 
were used to set the parameters for Rac1 OE and KD cell adhesion 
probabilities. The probability was calculated compared with control 
cells. Rac1 OE cells have a 1.9- to 2.2-fold increase in adhesion com-
pared with Rac1 CRISPR-Cas9 KD clones (clones 26 and 23), respec-
tively. The model assumes that if a cell does not adhere to the blood 
vessel, the cell has some probability of dying because adherent cells 
undergo anoikis, programmed cell death, when they are not an-
chored. Once the cancer cells have adhered to the blood vessel, the 
procedure for cell invasion becomes active.

D.1. Procedure 2: Adhesion and Invasion with Crowding and 
Death from Crowding. This procedure is used to investigate the 
effects of crowding of cells along the blood vessel. If there is a cell 
or spheroid that adheres to the vessel in front of another cell, the 
cell waiting to adhere will not adhere until the patch is empty and 
the current cell has invaded into the blood vessel and moved for-
ward. This additional procedure includes the probability of cell 
death if the cell waiting to adhere takes too long.

E. Invasion of ovarian cancer cells into circulation. For setting the 
cell invasion parameters, the Matrigel-coated Transwell experiments 
were used. We assumed a Poisson distribution for the rate of inva-
sion and assumed that the stochastic invasion events were indepen-
dent of one another. Using the Matrigel invasion data, we validated 
that this assumption made sense. The invasion data involve seeding 
20,000 cells into the chambers, and the number of invaded cells is 
quantified after 48 h. The average number of invaded cells after 48 h 
for the SKOV3ip Rac1-Low OE cells is 26.11 cells. The average 
number of invaded cells after 48 h for the SKOV3ip Rac1-High OE 
cells is 56.32 cells. We calculated the average number of invaded 
cells in 1 h. Then we divided the number of cells invaded in 1 h by 
the total number of cells added (20,000 cells). This gives us the prob-
ability that a cell will invade in 1 h. This gives the Poisson distribution 
of probabilities that a cell will invade. We used these data to run 
simulations in NetLogo to validate our assumptions. One hundred 
simulations were run to test the probability of invasion of SKOV3ip 
Rac1-Low OE and Rac1-High OE cells. The data are represented in 
Figure 6, A and B. Our simulations resulted in an average of 25.39 
invaded SKOV3ip Rac1-Low OE cells and 56.19 Rac1-High OE cells, 
similar to the experimental data with the Matrigel Transwell inserts. 
Running the simulations in NetLogo validated the parameters that 
we set using the experimental data and a Poisson distribution.

Additionally, we assumed that invasion into circulation was a 
one-step process that aggregates the invasion across the mesothe-
lial cell layer, ECM, and endothelial cells all as one step.

F. Movement of ovarian cancer cells and spheroids in circula-
tion. Cells that have invaded into circulation move toward the 
brown patches (a distant metastatic niche compartment). We as-
sumed that cells move in a more directed movement toward a dis-
tant metastatic niche tissue. In the blood compartment, we are as-
suming that a percentage of cells will die in circulation. Biologically, 
cancer cells in circulation will die due to anoikis, can be cleared by 
immune cells, or can end up in different niche sites. Probability of 
cell death within this compartment can be adjusted to make pre-
dictions about how cell death might influence cells traveling to 
distant tissue sites. If the cell survives, the cell may be able to ad-
here to a distant metastatic niche and the next step becomes ac-
tive and dictates the commands for cell adhesion to a distant met-
astatic niche.

https://github.com/MelanieRivera44/Ovarian-Cancer-Metastasis-Simulation-OCMetSim.git
https://github.com/MelanieRivera44/Ovarian-Cancer-Metastasis-Simulation-OCMetSim.git
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G. Adhesion of ovarian cancer cells to a distant metastatic niche 
site. We assumed that the parameters for adhesion to the distant 
metastatic site were the same as those for adhesion to the blood 
vessel and change based on Rac1 expression. We also assumed that 
crowding of cells in this adhesion step will not affect the ability of 
cells to invade into the tissue because the number of cells that reach 
this step from the initial number in the peritoneum will be small at 
any given attachment site in the circulatory system. As in the above 
adhesion parameter, we assumed that cells would die if they did not 
adhere. If the cell adheres, the procedure for invasion into a distant 
metastatic site becomes active.

H. Invasion of ovarian cancer cells in a distant metastatic niche. In 
this procedure, we are assuming a Poisson distribution for parame-
ters of cell invasion. Cells will invade based on the parameters cal-
culated from the experimental Matrigel invasion or mesothelial 
clearance experiments with SKOV3ip Rac1 OE or KD cells.

I. Parameters, assumptions, and variables
Parameters

1. Rate of invasion for single cells is based on Rac1 expression us-
ing Matrigel invasion data

2. Probability of adhesion for single cells is based on Rac1 expres-
sion using ECIS data

3. Adhesion and invasion probabilities for spheroids is based on 
Rac1 expression using mesothelial cell clearance experiments

Assumptions

1. Ovarian cancer cells move as single cells in experiments 1 and 2, 
and they are modified based on properties of spheroids in ex-
periments 1a and 2a

2. The rate of invasion is a Poisson distribution

3. Ovarian cancer cells will die if they do not adhere to the tissue/
blood vessel

4. The rate and probabilities for intravasation and extravasation 
into and out of the blood are the same

5. The rate of blood flow does not matter because cells will be at-
tracted to the tissue and cells are given a probability of dying in 
the blood

6. There is no change in cell proliferation with Rac1 OE or KD

7. Ovarian cancer cells in the peritoneal compartment move at 
random

Variables

1. Initial number of tumor cells or spheroids

2. Probability of cell death in the blood

3. Probability of dying for crowding on the tissue or blood vessel

Statistics
Data were analyzed using GraphPad Prism 7.03 and 9 software. 
Experimental data are presented as the means ± SD or SE from 
three to four independent experiments. Two-tailed Student’s t test 
was used to compare differences between two groups. One-way 
analysis of variance (ANOVA) followed by Tukey’s post-hoc test for 
multiple comparison was used for comparison of three or more 
groups. Two-way ANOVA followed by Sidak’s post-hoc test for mul-
tiple comparison was used to compare groups with two indepen-
dent variables, that is, cell lines with differential expression of Rac1 

and time. A p value < 0.05 was considered to be statistically signifi-
cant. Computational modeling data are presented as the means ± 
SD for 30 simulation runs per group. Two-way ANOVA followed by 
Tukey’s post-hoc test for multiple comparison across columns and 
rows was used to compare differences between groups in OCMet-
Sim simulations. A p value < 0.05 was considered to be statistically 
significant.
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