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Abstract

The majority of women with ovarian cancer are diagnosed with metastatic disease, therefore
elucidating molecular events that contribute to successful metastatic dissemination may identify
additional targets for therapeutic intervention and thereby positively impact survival. Using two
human high grade serous ovarian cancer cell lines with inactive 7253 and multiple rounds of serial
in vivo passaging, we generated sublines with significantly accelerated intra-peritoneal (IP)
growth. Comparative analysis of the parental and IP sublines identified a common panel of
differentially expressed genes. The most highly differentially expressed gene, upregulated by
60-65-fold in IP-selected sublines, was the type | transmembrane protein AMIGO2. As the role of
AMIGO?2 in ovarian cancer metastasis remains unexplored, CRISPR/Cas9 was used to reduce
AMIGO2 expression, followed by /n vitroand in vivo functional analyses. Knockdown of
AMIGO2 modified the sphere-forming potential of ovarian cancer cells, reduced adhesion and
invasion in vitro, and significantly attenuated IP metastasis. These data highlight AMIGO2 as a
new target for a novel anti-metastatic therapeutic approach aimed at blocking cohesion, survival,
and adhesion of metastatic tumorspheres.

Keywords

ovarian cancer; intra-peritoneal metastasis; AMIGOZ2; spheroid; multi-cellular aggregate;
tumorsphere [deleted adhesion, invasion]

1. INTRODUCTION

Analysis of global cancer incidence and mortality data reveals that ovarian cancer is the 7t
most common cancer diagnosis in women worldwide and the 8" most common cause of
cancer death [1]. A worldwide increase in incidence of 55% is predicted by 2035 (371,000
new cases), accompanied by a predicted 67% increase in deaths (254,000 per year) [2].
While ovarian cancer incidence is much less common relative to other women’s
malignancies such as breast cancer, endometrial cancer, and cervical cancer, the overall 5-
year survival rate (46%) is substantially lower (87%, 79%, and 67%, respectively) [3]. This
is predominantly due to the current inability to conduct population-level screening for early
stage disease. For example, in the United States, most women are diagnosed with stage 111 or
IV disease, resulting in a 39% and 17% 5-year survival, respectively [4]. The poor 5-year
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survival of women with ovarian cancer is attributed to the presence of widespread intra-
peritoneal (IP) disease at the time of diagnosis. While most women initially respond to a
treatment regimen consisting of surgical debulking and standard-of-care chemotherapy
(platinum/taxane), most women ultimately develop recurrent metastatic disease [5, 6].
Elucidating molecular events that contribute to successful metastatic dissemination may
identify additional targets for therapeutic intervention and thereby positively impact survival.

Ovarian cancer metastasis is initiated by exfoliation from the primary ovarian or fallopian
tube tumor and direct extension into the peritoneal cavity [7, 8]. Hematogenous metastasis
with peritoneal homing has also been reported [9, 10]. Matrix-detached cells survive in
ascites fluid as single cells and as cell:cell adherent multi-cellular aggregates (MCAs,
spheroids, tumorspheres) that subsequently contact the peritoneal mesothelium, induce
mesothelial cell retraction, and adhere to the sub-mesothelial collagen-rich matrix wherein
they anchor to generate widely disseminated secondary lesions [7, 11, 12]. MCAs exhibit
enhanced anoikis-resistance and function as metastatic units, seeding secondary lesions
within the peritoneal cavity.

Many factors have been identified that potentiate IP dissemination, including growth factors
and bioactive lipids prevalent in ascites fluid [13-16]. Additional studies have used /n vivo
passaging approaches to generate metastatic variant sublines for comparative analyses. For
example, using the human ovarian cancer line SKOV3, a variant designated SKOV3.ipl was
generated by growing tumor cells IP and isolating cells from ascites fluid [16]. Relative to
parental SKOV3 cells, the SKOV3.ip1 subline had a higher rate of colony formation in soft
agar, formed larger sub-cutaneous tumors, and resulted in decreased survival in mouse
models. The enhanced malignancy was correlated with a 2-fold increase in expression of ¢-
erbB-2/neu (HERZ) [16]. Recently, however, comparative genomic profiling of human high
grade serous ovarian carcinoma (HGSOC) tumors and ovarian cancer cell lines
demonstrated that SKOV3 cells lack the 7253 mutations and copy number alterations that
are commonly associated with HGSOC and are therefore no longer considered a strongly
representative model of this disease [17-19]. A similar approach was taken to generate an
aggressive subline of the murine ovarian cancer cell line D8, syngeneic to C57BI/6 mice
[20]. Passaging of ID8 cells /n vivo generated 1D8-P1 cells, which exhibited more rapid /n
vivo growth and enhanced anoikis resistance relative to parental 1D8 cells [20]. However,
similar to SKOV3 cells, ID8 cells lack mutations in 7P53that are found in 95% of human
HGSOCs [18, 21, 22].

In the current study, we employed two human ovarian cancer cell lines with mutational
profiles characteristic of human HGSOC. We selected OVCARS5 (TP53 null due to a base
insertion) and OVCARS (in frame TP53 deletion, KRAS G-T mutation) [19, 23, 24]. Three
rounds of /n vivo selection were used to generate ‘1P3’ sublines with significantly
accelerated /n vivo growth. Comparative RNASeq analysis identified a common panel of
differentially expressed genes that may contribute to enhanced metastatic potential.
CRISPR/Cas9-mediated editing of the most highly differentially expressed gene
‘amphoterin-induced gene and open reading frame 2’ (AM/GOZ, adhesion molecule with
IgG-like domain 2) substantially altered tumor cell behavior and significantly reduced both
overall- and organ-specific tumor burden. Our results identify AMIGO?2 as a regulator of

Cancer Lett. Author manuscript; available in PMC 2022 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 4

ovarian cancer tumorsphere formation and subsequent metastatic dissemination, suggesting
a novel target for anti-metastatic therapy.

2. MATERIALS AND METHODS
2.1. Cell Lines.

The human serous ovarian cancer cell lines OVCARS5 and OVCARS cells were obtained
from American Type Culture Collection (Manassas, VA). Cell lines are routinely verified
using short tandem repeat profiling (Genetica). Cells were cultured at 37 °C in Dulbecco's
Modified Eagle Medium (DMEM) medium supplemented with 1% non-essential amino
acids (Gibco) and 10% fetal bovine serum (FBS; Gibco) with 1% penicillin and
streptomycin (Lonza). Red fluorescent protein (RFP) expressing cells were generated using
an RFP lentiviral vector (GenTarget, San Diego, CA) with selection using a BD
FACSArialll cell sorter.

2.2. Invivo passaging, tumor growth and image analysis.

All murine studies were conducted with the approval of the Notre Dame Institutional
Animal Care and Use Committee (IACUC). To establish highly metastatic sublines of
OVCAR5 and OVCARS cells, RFP-tagged cells (3x108 cells in 1 ml PBS) were injected
into the peritoneal cavity (ip) of female athymic nude mice (nu/nu, Jackson Laboratory,
n=4-6 per cohort). /n vivolongitudinal imaging was performed under isoflurane anesthesia
using a Bruker Xtreme or an IVIS Lumina Il (Caliper Life Sciences) /n vivo imaging
system. Mice were observed weekly for signs of lethargy and for accumulation of ascites. At
this time (7-9 weeks using parental OVCARS and OVCARS cells), mice were sacrificed
using IACUC-approved procedures. /n sittimaging of peritoneal tumor burden was
performed following a midline incision to expose the peritoneal cavity. Peritoneal tumor
nodules were collected, minced into ~5x5 mm pieces, and placed into culture dishes for 1h.
After outgrowth, tissue was discarded and cells were sorted to collect RFP-expressing tumor
cells, expanded /n vitro (designated IP1), pooled, and again injected ip. Following tumor
growth for 5-7 weeks (n=5-6 per cohort), tumor nodules were again collected, sorted,
expanded (designated IP2), pooled, and re-injected. After 2-3 weeks, mice exhibited
significant tumor burden as determined by /n vivo imaging. Following /n situimaging and
harvesting of peritoneal tumor nodules (designated 1P3), abdominal organs were also
collected and imaged ex vivo. Tumor burden was quantified using ImageJ as previously
described [24].

2.3. Proliferation.

Proliferation was monitored by seeding cells (500-10,000 cells/well) in 96 well culture
plates for 24-72h using the XTT Cell Proliferation Assay Kit (Cayman Chemical) according
to manufacturer’s specifications. Absorbance was monitored at 450 nm using a Molecular
Devices Spectramax microtitre plate reader.
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Analysis of adhesion and invasion.

Cell adhesion to type | collagen-coated wells was assessed as previously described [24].
Invasion was evaluated using a Boyden chamber (8-um pore) coated with Matrigel (10 ug)
as described [24]. Experiments were performed in triplicate.

Phosphokinase array.

A human phospho-kinase antibody array (R&D Systems, Minneapolis, MN, USA) was used
according to manufacturer’s specifications. Briefly, duplicate lysates were incubated with
array membranes overnight followed by detection of hybridization signal
(chemiluminescence) using an ImageQuant LAS4000 biomolecular imager (GE Healthcare)
and densitometric analysis using ImageJ.

RNASeq and gRT-PCR.

Pooled cultures of OVCARS5 and OVCARS parental and IP3 variants were analyzed by
Drop-seq sequencing analysis as described [25]. Briefly, cells were loaded onto a
microfluidic device fabricated using the CAD file from http://mccarrolllab.org/dropseq/ at
~100 cells/pl. Barcoded microbeads (Chemgenes, MACOSK0201110) and single cell
suspensions in lysis buffer were encapsulated into droplets to compartmentalize RNA
capture, harvested, and subjected to reverse transcription with Maxima H Minus Reverse
Transcriptase (Thermo Fisher Scientific, EP0752). cDNA was amplified and PCR products
purified and quantified on a BioAnalyzer (Agilent) prior to fragmenting and amplifying for
sequencing using a Nextera XT DNA sample preparation kit (Illumina). Libraries were
sequenced using an Illumina HiSeq 2500. Base calling was performed using Illumina real
time analysis, demultiplexed and converted to Fastq files that were processed using a
modified bulk RNA-seq data workflow with the DESeq2 R package to identify differential
gene expression. Differentially expressed genes have a p<0.01. Quantitative real-time PCR
(gRT-PCR) was used to validate differential expression. Total RNAs were isolated using
RNeasy plus mini kit (Qiagen, Valencia, CA), resuspended in RNase-free water and RNA
concentrations were determined using NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific). Total RNA (1ug) was reverse-transcribed to
cDNA using QuantiTect Reverse Transcription Kit (Qiagen). Primer sequences are shown in
Suppl. Table 1. gRT-PCR was performed on StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific) using synthesized cDNA (40x dilution), primers (200 nM) and iTaq
Universal SYBR Green Supermix (BioRad, Hercules, CA). Conditions for gqRT-PCR were:
initial 95°C for 1 min, and then 40 cycles of 95°C for 15 sec and 60°C for 1 min with real-
time data acquisition, followed by melt curve detection at 0.5°C per 10-sec increment from
60°C to 95°C. The specificity of the gPCR reaction was verified by both melting curve
analysis and agarose gel electrophoresis of the amplification products. Relative gene
expression was determined with the comparative delta-delta Ct method and normalized
using HPRT1 and HSPCB reference genes.

Plasminogen activation assay.

Net plasminogen activator activity in conditioned media from OVCARS5 and OVCARS
parental and IP3 cells was quantified using a coupled assay to monitor plasminogen
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activation and the resulting plasmin hydrolysis of a colorimetric plasmin substrate (Val-Leu-
Lys-p-nitroanilide, VLKpNA) as previously described [26]. Assays were performed in
triplicate.

2.8. CRISPR/Cas9-mediated AMIGO2 gene editing.

Based on qRT-PCR validation of RNASeq expression data, the AMIGOZ2 gene was targeted
for further analysis. CRISPR/Cas9-mediated AM/GOZ gene editing was performed on the
OVCARDS5-1P3 cell line with Synthego (Menlo Park, CA) synthetic single guide RNAs
(sgRNAS). In general, four sgRNASs targeting exon3 of AMIGOZ2were designed using
Synthego CRISPR Design Tool (https://design.synthego.com) and synthesized with
modifications (Suppl. Table 2) to minimize off-target effects [27, 28]. Each sgRNA was
complexed with S. pyogenes Cas9 2NLS nuclease (Synthego) at a molar ratio of 1.3:1
(sgRNA: Cas9) to form ribonucleoproteins (RNPs) for 10 min at room temperature. Delivery
in the RNP format restricts Cas9 expression to a brief time window to reduce off target
editing [28-31]. The resulting sgRNA/Cas9 RNP complexes were individually delivered into
the OVCARS-IP3 cell line (1.2 x 10* cells/well in 24-well plate) using Lipofectamine
CRISPRMAX Cas9 transfection reagent (Thermo Fisher Scientific, Waltham, MA)
following the manufacturer's protocol. Post lipofection (48h), cells were split into two wells
on duplicate 24-well plates. One plate was used for clonal expansion and the other plate was
used to determine the editing efficiency. Cells were directly lysed in the well and genomic
DNA was extracted using QuickExtract DNA Extraction Solution (Lucigen, Middleton, WI).
The extracted genomic DNA immediately proceeded to PCR using AmpliTaq Gold 360
master mix (Thermo Fisher Scientific) with locus-specific primers (Suppl. Table 3). The
amplification conditions were as follows: 95°C for 10 min, 40 cycles of 95°C for 30 sec,
55°C for 30 sec, 72°C for 1 min, and then 72°C for 7 min. The PCR products were run on a
1% agarose gel to verify amplification of a single band of the correct size. Sanger
sequencing was then performed through the Genomics & Bioinformatics Core Facility at
University of Notre Dame with sequencing primers (Suppl. Table 3). Sanger trace data was
analyzed for CRISPR edits using the Synthego ICE (Inference of CRISPR Edits) tool
(https://ice.synthego.com). Based on the highest ICE Score (the indel frequency represents
the overall CRISPR editing efficiency) and KO Score (frameshift- or a large indel in protein-
coding region represents potential knockout efficiency), two of the sgRNA-edited cell pools
(sgRNA2 and sgRNA3) were selected for single cell sorting via BD FACSAria Il Cell
Sorter into three 96-well plates per sgRNA at an average density of 0.5 cells/well. Cells were
monitored over time and in total 72 single live cell clones (36 clones from each sgRNA)
were further expanded (Suppl. Table 4). Screening for AM/GOZ knockdown/knockout cell
clones was individually performed by genomic PCR, Sanger sequencing of target regions
and ICE analysis as described above. Sanger sequencing verified the presence of indel
mutations.

2.9. Western blotting.

Western blotting was used to confirm AMIGO2 protein knockdown in selected clones as
previously described [24]. Membranes were incubated overnight at 4 °C with anti-AMIGO2
antibody (ab179747, 1:500; Abcam). The immunoreactive proteins were visualized with
horseradish peroxidase-conjugated goat anti-rabbit 1gG (A6667, 1:3,000; MilliporeSigma)
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followed by enhanced chemiluminescent developing with SuperSignal West Dura extended
duration substrate (Thermo Fisher Scientific, Kalamazoo, MI) using an ImageQuant LAS
4000 biomolecular imager (GE Healthcare). Protein blots were then stripped and reblotted
with anti-p-actin-peroxidase antibody (A3854, clone AC-15, 1:100,000; MilliporeSigma) to
ensure that similar amounts of protein were present in each lane. The assay was repeated in
three independent biological replicates.

2.10. Aldehyde dehydrogenase assays.

The ALDEFLUOR assay kit (STEMCELL Technologies) was used according to
manufacturer’s specifications. Briefly, cells (2x10°) were incubated with Aldefluor reagent
containing ALDH substrate (Bodipy-Aminoacetaldehyde) +/- the ALDH1 inhibitor
diethylaminobenzaldehyde (DEAB). Biological duplicates were performed. Samples were
incubated at 37 °C for 35-55 prior to analysis using the green fluorescence channel (515-535
nm) in a Cytomics FC500 flow cytometer (Beckman Coulter, Brea, CA). Data were
analyzed using FlowJo Flow Cytometry Data Analysis Software (Tree Star, Ashland, OR).
ALDH activity was also evaluated using a colorimetric assay (Abcam assay kit ab155893).
Experiments were performed in triplicate.

2.11. Sphere-forming assay.

2.12.

MCAs (spheroids, tumorspheres) were generated using a hanging drop method. Specifically,
parental OVCARS cells, OVCARS5-IP3, or OVCAR5-IP3-AMIGO2-KD cells were counted
and re-suspended at 1.5 x 104 and 5 x 10 cells/ml in culture media, and 20 pl droplets (300
or 1,000 cells per droplet, designated MCA300 or MCA1000) were individually seeded on a
culture dish lid. The lid was inverted gently and MCAs were cultured as hanging drops at
37°C for 2 days to allow sphere formation. In some experiments, OVCARS5-1P3 cells were
incubated in the presence of anti-AMIGO?2 antibody (1:50, Santa Cruz sc 373699) during
the MCA formation process. The resulting MCAs were imaged with Echo Revolve hybrid
microscopy. MCA area (um?2) was measured using ImageJ and statistical analysis was
conducted using one-way ANOVA. Sphere formation assay was repeated three times with
ten technical replicates per assay.

In vivo comparison of OVCARS5-IP3-AMIGO2-KD tumor growth.

RFP-tagged cells (3x108 cells in 1 ml PBS) were injected into the peritoneal cavity (ip) of
female athymic nude mice (nu/nu, Jackson Laboratory, n=5 per cohort). /n vivo longitudinal
imaging was performed as described in 2.2 above. After 3 weeks, mice were sacrificed and
in situimaging of peritoneal tumor burden and ex vivo imaging of peritoneal organs was
performed as described in 2.2 above. Tumor burden was quantified using ImageJ [24].

2.13. Statistical analysis.

Statistical analyses (Student’s t test, Mann-Whitney U test, ANOVA) were performed using
Sigmaplot.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 8

3. RESULTS

3.1. Invivo passaging enhances tumor growth kinetics.

To evaluate the effect of /n vivo passaging on tumor growth rate, two human ovarian cancer
cell lines (OVCARS5, OVCARS) tagged with red fluorescent protein (RFP) were subjected to
three rounds of /n vivo intraperitoneal (IP) passaging (Fig. 1A). Following initial IP
injection, both parental lines grew as widely disseminated metastatic nodules, frequently
accompanied by accumulation of malignant ascites. Animals were monitored for tumor
formation via longitudinal /n vivo fluorescent imaging and by observation of abdominal
distension and weight changes. Animals injected with parental OVCAR5 and OVCARS cells
were sacrificed at 7-9 weeks, when they exhibited significant tumor burden, according to
institutional IACUC guidelines. After a second round of 7 vivo passaging (designated 1P2,
Fig. 1A), mice exhibited significant tumor burden at 5-7 weeks. Following the third round of
in vivo passaging (designated IP3 cells), rapid tumor growth necessitated humane sacrifice
at 2-3 weeks. Direct comparison of the /n vivo growth of parental vsIP3 cells is shown in
Fig. 1B. Following midline dissection, peritoneal organs were imaged /n situ. Organs were
also dissected and imaged ex vivo. Whereas the /n vivo passaged IP3 cells exhibit widely
disseminated metastatic lesions on the omentum, peritoneum, mesentery and adipose tissue
at 2.5 weeks, little tumor burden is apparent at this time point in mice injected with parental
cells.

In both OVCARS5 and OVCARS cell lines, IP3 cells exhibited significant increases in
adhesion to type | collagen, a key component of the peritoneal extracellular matrix (1.7-2.5-
fold change, Fig. 2A, B). Matrix invasive activity was also significantly increased in the IP3
sublines (2-7 fold, Fig. 2C, D). Growth of parental and IP3 cell lines was also evaluated
using the XTT Cell Proliferation Assay kit. In contrast to results observed /n vivo (Fig. 1) no
differences in /n vitro proliferation between parental and IP3 cells were detected in either
cell line (data not shown). Moreover, a phosphokinase array showed no significant
differences in detection of phosphorylated kinases between parental and IP3 sublines (Suppl.
Fig. 1).

3.2. Differential gene expression in IP-passaged aggressive ovarian cancer sublines.

To identify genes, the expression of which may contribute to enhanced /7 vivo metastatic
seeding, matched parental and IP3 sublines were evaluated using RNASeq. The top 20 genes
differentially expressed in both cell lines are listed in Table 1. To validate the RNASeq data,
10 of these genes were chosen and expression quantified by gRT-PCR. Results are shown as
the ratio of expression in IP3/parental line (Fig. 3). The gene AM/GO2Z, an Ig-like
superfamily member, was upregulated 60-62-fold in the IP3 sublines from both OVCARS5
and OVCARS, while the metastasis suppressor K/5S1 was downregulated 14-25 fold in both
IP3 cell lines. Proteases including PLAU and SEC11C were upregulated, while the protease
inhibitor SERPINEZ was downregulated in IP3 sublines. Increased PLAU (urinary type
plasminogen activator, or uPA) expression was confirmed using a coupled colorimetric assay
to detect uPA-mediated conversion of plasminogen to plasmin. A 10-12-fold increase in uPA
activity was detected in the conditioned medium of both IP3 sublines (Suppl. Fig. 2).
Expression of the extracellular matrix protein COL6A3was also significantly enhanced in
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both IP3 sublines, while FN/ expression increased only in OVCARS-IP3 cells. Differential
expression of PODXL, IFI6, and SPINTZ2 was also validated.

3.3. CRISPR/Cas9-mediated knockdown of AMIGO2 modulates MCA dynamics and
aggressive in vivo growth of OVCARS5-IP3.

Based on RNASeq identification and gRT-PCR validation data showing a high degree of
upregulation in both IP3 sublines (60-62-fold, Fig. 3) relative to the respective parental lines,
the gene AMIGOZ was chosen for further analysis. As the overall expression of AMIGOZ2
by OVCARS5-1P3 cells was 3-fold higher than that of OVCARS-IP3 cells (data not shown),
OVCARDS5-1P3 cells were selected for CRISPR/Cas9-mediated editing of AM/IGOZ2 gene
expression. Four different single guide RNAs (sgRNAS) targeting exon3 of AM/GOZ2 were
selected using the Synthego CRISPR Design Tool based on the lowest off-target potentials
(Suppl. Fig.3A, B). The assembled sgRNA/Cas9 RNP complexes were individually
introduced into OVCARS5-1P3 cells and genomic PCR was performed to verify amplification
of a single product (Suppl. Fig.4A). Genome editing efficiency of the four sgRNA-edited
cell pools was measured by Sanger sequencing and Inference of CRISPR Edits (ICE)
analysis (Suppl. Fig.4B-D). According to the highest ICE Score and KO Score, AMIGOZ2?
sgRNAZ2- and sgRNAS3- edited cell pools were selected for single cell FACS sorting (Suppl.
Table 4). The resulting 72 single cell clones were individually screened through Sanger
sequencing and ICE analysis. Clones that displayed the highest ICE and KO Score were
further expanded. A ~50% decrease in AMIGOZ2 expression was observed in two clones
(clone 2.6 and 2.23) using gPCR (Fig. 4A), suggesting knockdown of one AMIGOZallele.
This result was confirmed by immunoblotting, showing a similar reduction in AMIGO?2
protein levels (Fig. 4B). Together these results indicate that CRISPR/Cas9 system effectively
mediated the knockdown of the AMIGOZ gene in OVCARS5-1P3 cells (designated
OVCAR5-1P3-AMIGO2-KD).

A variety of assays was then performed to evaluate potential mechanisms by which
acquisition of AMIGO2 expression may alter pro-metastatic behaviors. To determine
whether AMIGO2-expressing OVCARS5-IP3 cells have enhanced cancer stem cell-like or
progenitor features [32], ALDH activity was assessed in OVCARS5 parental, -1P3, and —IP3-
AMIGO2-KD cells using the flow cytometry-based ALDEFLUOR assay kit. Low levels of
ALDH activity were detected using ALDEFLUOR and no differences were detected
between parental OVCARS5 and OVCAR5-IP3-AMIGO2-KD cells (Suppl. Fig. 5A). To
enhance the sensitivity of detection, a colorimetric assay was used to examine ALDH
activity in cell lysates. Although overall activity levels were low, results show a 2-fold
increase in ALDH activity when comparing —IP3 cells to OVCARS parental cells (Suppl.
Fig. 5B). However, relative to —IP3 cells, ALDH activity was not significantly decreased in
OVCAR5-1P3-AMIGO2-KD cells (Suppl. Fig. 5B), suggesting that factor(s) other than
AMIGO?2 contribute to the enhanced ALDH activity observed in OVCAR5-1P3 cells.
Knockdown of AMIGO?2 also abrogated the enhanced collagen adhesion (Suppl. Fig. 5C)
and invasion (Suppl. Fig. 5D) observed in OVCARS5-IP3 cells in vitro.

As multi-cellular aggregates (MCAS) or tumorspheres ranging in size from 50-400 um in
diameter are commonly found in ascites of women with ovarian cancer, survive in
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suspension, and are key unit of metastatic dissemination [32-35], MCA dynamics were
investigated. Cells were seeded in hanging drops at two different densities to generate small
or large aggregates. MCA formation was monitored by phase-contrast or fluorescence
microscopy and MCA area analyzed with ImageJ. Relative to parental OVCARS cells, a
significant compaction of both small and large MCAs was observed with OVCARS5-1P3 cells
(Fig. 5A,B; Suppl. Fig. 6A,B). This enhanced spheroid compaction was not observed with
OVCARS5-1P3-AMIGO2-KD cells or in the presence of AMIGO2 blocking antibodies (Fig
5A,C; Suppl. Fig. 6A,C).

To assess the effects of AMIGO2 knockdown and the resulting enhancement of tumorsphere
compaction on /11 vivo metastatic success, mice were injected IP with OVCARS parental, -
IP3, or -IP3-AMIGO2-KD cells and animals were monitored for tumor formation using
longitudinal /n7 vivo fluorescent imaging (Fig. 6A). After 3 weeks, animals were sacrificed
and tumor burden imaged /n vivo. Following midline dissection, peritoneal organs were
imaged /n situ. Organs were also dissected and imaged ex vivo. Quantitation of either whole
body or organ-specific tumor burden shows a substantial increase in metastatic burden in
OVCARS5-1P3 relative to parental OVCARS cells, that is significantly abrogated in
OVCARS5-1P3-AMIGO2-KD cells (Fig. 6B,C).

4. DISCUSSION

The vast majority of women with ovarian cancer present at diagnosis with stage 111 or IV
disease, characterized by numerous widespread IP metastatic lesions. Malignant ascites,
present at diagnosis in one third of ovarian cancer patients and in the majority of women
with recurrent cancer, contains cells shed from the primary tumor. These anchorage-
independent cells are present as individual cells and as multi-cellular aggregates (MCAs, or
spheroids). Both MCAs and single cells can adhere to peritoneal mesothelial cells, induce
mesothelial cell retraction, and anchor in the sub-mesothelial collagen-rich matrix forming
metastatic lesions throughout the peritoneal cavity [7, 12, 33-38]. As a molecular-level
understanding of factors that regulate metastatic dissemination is necessary for the
development of anti-metastatic therapeutics, experiments in this study were designed to
identify gene products that functionally contribute to metastasis. Using two distinct human
ovarian cancer cell lines and three rounds of /n vivo selection, we identified a common panel
of differentially expressed genes in the highly metastatic OVCARS5 and OVCARS ‘IP3’
sublines. Functional validation focused on the most highly differentially expressed gene,
AMIGOZ.

AMIGO?2 is a member of a family of three structurally homologous type | transmembrane
proteins originally cloned from neurons treated with the neurite-promoting protein
amphoterin [39]. The extracellular domain contains multiple leucine-rich repeats thought to
be active in protein-protein interaction and an immunoglobulin domain. AMIGO family
members exhibit both homophilic and heterophilic binding interactions and have been
proposed as a novel family of cell adhesion molecules that participate in neurite outgrowth
[39]. Although functional studies are limited, emerging data suggest a role for AMIGO2 in
cancer as well. AMIGO2 expression was identified in gastric adenocarcinoma, wherein it
was referred to as DEGA/AMIGO2 [40]. Antisense downregulation of DEGA/AMIGO?2 in
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gastric adenocarcinoma cells decreased cell adhesion and invasion /n vitro and tumor growth
in a subcutaneous injection model [40].

Subsequent studies showed upregulation of AMIGO?2 in stage IV colorectal cancers relative
to stage | [41] and in liver metastatic fibrosarcoma cells [42]. AMIGO2 was also identified
as a breast cancer cell invasion driver in a novel model system using keratin-14 reporter cells
coupled to a suicide gene used to identify the contribution of genes in the basal cell
population to breast cancer progression. Knockdown of AMIGO2 dramatically decreased
invasion of 4T1 cells through a collagen/Matrigel matrix [43]. While functional data on
AMIGO?2 expression in ovarian cancer are lacking, it was recently reported that AMIGO?2 is
modulated by sustained focal adhesion kinase signaling in a cellular model of adhesion-
independent ovarian tumorspheres [44].

In the current study, AM/GOZ2was highly overexpressed (60-fold) in two sublines generated
from two distinct human parental cells repeatedly selected /in vivo for enhanced IP metastatic
potential. CRISPR/Cas9-mediated knockdown of AM/GOZinhibited both cell adhesion and
invasion /n vitro and substantially reduced overall- and organ-specific metastasis /n vivo.
Despite the use of multiple distinct sgRNAs, resulting clones showed an incomplete
knockout, retaining approximately 50% expression of the AM/GOZ gene. Similar results
were observed by western blotting of AMIGO2 protein levels. The most likely explanation
for these results is that AMIGO2 may regulate cell survival, such that complete knockout
resulted in a lethal phenotype. To this end, it is interesting to note that AMIGO?2 expression
has been linked to survival in endothelial cells [45] and melanoma [46]. MCAs
(tumorspheres or spheroids) are prevalent in ovarian cancer patient ascites and exhibit a
significant survival advantage relative to single cells [12, 32, 35]. Our results demonstrate
that expression of AMIGO2 enhances spheroid compaction of OVCARS5-1P3 cells, an effect
that is significantly reduced in AMIGO2-knockdown clones. Spheroid compaction is
associated with a more invasive subpopulation of ovarian cancer cells with enhanced
survival characteristics [12, 36]. Consistent with this observation, IP injected OVCAR5-IP3
cells survive in suspension /n vivo, seeding substantially more robust metastatic tumor
growth relative to OVCARS5-IP3-AMIGO2-KD cells. This observation is supported by a
recent study identifying AMIGO?2 as a pro-survival gene in melanoma [46]. Taken together,
our results support a model wherein the cell-cell adhesion properties of AMIGO2-expressing
cells promote formation of compact spheroids, thereby enhancing survival of detached
clusters and promoting subsequent IP seeding of multiple metastatic cell clusters.

In addition to AMIGO2, several other genes of interest were differentially regulated in the
‘IP3’ sublines. For example, a 7-9-fold increase in PLAU expression was shown by gRT-
PCR, which translated into a 10-12-fold increase in uPA activity. Moreover, a 2-7-fold
downregulation of the protease inhibitor SERPINEZ, that inhibits uPA activity, was also
observed. Numerous studies have demonstrated that increased uPA expression accompanies
malignant transformation in ovarian cancer and support the consideration of uPA as a
therapeutic target [47-49]. In contrast to SERPINEZ, expression of the protease inhibitor
SPINTZ (hepatocyte growth factor inhibitor-2 or HAI-2) was upregulated 2-4 fold in IP3
cells. HAI-2 inhibits the serine protease matriptase, expression of which has been linked to
defects in epidermal barrier function and to epidermal carcinogenesis [50, 51]. While this
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result was unexpected, it is interesting to note that a highly related protein HAI-1 (encoded
by SPINTI) was recently identified as one of three core proteins in an 11-protein biomarker
panel for detection of ovarian cancer from plasma samples [52]. Upregulation of
extracellular matrix (ECM) proteins including COL6A3 (13-15 fold) and FNZ (10-fold) was
also observed. These results are consistent with emerging data showing ECM-associated
molecular signatures that correlate with disease severity and overall survival in ovarian
cancer patients [53, 54]. We also observed downregulation of K/551 (14-25-fold), a
metastasis-suppressor that inhibits migration, growth in soft agar, and /7 vivo metastatic
colonization of ovarian cancer [55, 56].

In summary, we have generated highly aggressive sublines of human ovarian cancer cells by
serial /n vivo passaging and have identified genes related to ovarian cancer progression and
metastasis. Functional validation studies support a role for AMIGO?2 in regulation of ovarian
cancer cell adhesion, tumorsphere compaction, and IP metastatic success. Together these
data suggest that AMIGO2 may represent a new target for a novel anti-metastatic therapeutic
approach aimed at blocking cohesion, survival and adhesion of metastatic spheroids. To this
end, it is interesting to note that the AMIGO2 C-terminal region has been shown to interact
with 3-phosphoinositide-dependent kinase 1 (PDK1) in endothelial cells, leading to Akt
activation and a pro-survival phenotype [45]. Moreover, a 9 amino acid peptide
(representative of amino acids 464-475 in AMIGO2) conjugated to a cell-penetrating peptide
inhibited the AMIGO2-PDK1 interaction and subsequent Akt activation in these cells [45].
Based on these observations, future research investigating the AMIGO2-PDK1-Akt axis in
ovarian cancer and its potential as a therapeutic target to block tumorsphere survival and
metastatic implantation is warranted.
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Highlights:

Most women with ovarian cancer are diagnosed with diffuse intra-peritoneal
(IP) metastases and succumb to metastatic burden

Ovarian cancer cells selected in vivo for IP metastatic aggressiveness display
altered gene expression

The adhesion molecule AMIGO?2 is upregulated in IP metastatic sublines and
modulates ovarian cancer tumorsphere compaction

AMIGO?2 represents a novel anti-metastatic target in ovarian cancer
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Figure 1. Serial in vivo passaging generates aggressive sublines of OVCARS5 and OVCARS.
(A) Cells tagged with RFP (3x108 in 1 ml PBS) were injected IP into female nu/nu mice and

tumor burden monitored longitudinally by in vivo fluorescent imaging. When animals
displayed significant tumor burden, they were sacrificed, tumor nodules dissected and
cultured. Two additional rounds of in vivo selection were performed to generate the sublines
OVCARS5-1P3 and OVCARS8-1P3 (n=4-6 per cohort). (B) Fluorescent images of tumors were
obtained of the whole body (/n vivo), midline dissected mice (/n sitt), or ex vivo organs (ex
vivo). The template depicts the position of individual organs.
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Figure 2. In vitro comparison of parental and IP3 cell lines.
(A, B) Analysis of adhesion. Parental OVCARS5 or OVCARS, respectively, or their matched

IP3 sublines were assayed for adhesion to type | collagen-coated wells. Cells (1x10°) were
added to wells and allowed to adhere for 45 min, followed by washing to remove non-
adherent cells and enumeration of adherent cells (minimum of 20 high-powered fields per
condition). Adhesion is shown as % of control adhesion (24h time point). (C,D) Analysis of
invasion. Parental OVCARS5 or OVCARS, respectively, or their matched IP3 sublines, were
assayed for invasive activity using a Boyden chamber (8-um pore) coated with Matrigel (10
ug). Cells (2x10°) were added to the chamber in serum-free medium for 24-72h. At the
termination of the assay, non-invading cells were removed from the top of the filter using a
cotton swab. Diff-Quik was used to fix and stain filters and migrating cells adherent to the
bottom of the filter were enumerated by counting a minimum of 20 high-powered fields. All
experiments were performed in at least triplicate and results show mean +/— SEM.
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Figure 3. Differential gene expression between parental and IP3 cell lines.
From the list of top 20 differentially expressed genes shown in Table 1, qPCR validation was

performed to verify differential expression of 10 genes. Total RNAs were isolated from cells,
quantified, and reverse transcribed using 1 ug RNA. gRT-PCR was performed using
synthesized cDNA (40x dilution), primers (200 nM, Supplemental Table 1) and iTaq
Universal SYBR Green Supermix (BioRad, Hercules, CA). qRT-PCR conditions were as
specified in Materials and Methods. Relative gene expression was determined with the
comparative delta-delta Ct method and normalized using HPRT1 and HSPCB reference
genes. Panels depict the expression ratio of IP3 to corresponding parental cell line.
Experiments were performed in at least triplicate and results show mean +/— SEM.
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Figure 4. Validation of CRISPR/Cas9-mediated AMIGO2 knockdown.
(A) qRT-PCR analysis for relative expression levels of AMIGO2mRNA in OVCAR5

parental, OVCAR5-IP3 cells, and two OVCARS5-1P3-AMIGO2-KD clones 2.6 and 2.23.
Experiments were performed in at least triplicate and results show mean +/- SEM. (B)
Western blot analysis for relative expression of AMIGO2 protein. Lysates were
electrophoresed in 9% SDS-polyarylamide gels and electroblotted to Immobilon. After
blocking, blots were incubated with anti-AMIGO2 (1:500 dilution) overnight, washed, and
incubated with an HRP-conjugated secondary antibody (1:3,000) and developed using
SuperSignal West Dura substrate. Blots were then stripped and blotted with anti-b-actin-
peroxidase antibody (1:100,000) as a loading control. Blots were performed in triplicate and
a representative example is shown.
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Figure 5. AMIGO2 regulates multicellular aggregate dynamics.
(A) MCAs were generated via the hanging drop method by seeding cells at a density of 300

cells per 20 pl droplet onto the lid of culture dishes. Dishes were gently inverted and allowed
to aggregate for 2 days. MCAs were imaged using Echo Revolve hybrid microscopy in
bright field and fluorescence modes. Shown are parental OVCARS cells, OVCAR5-1P3,
OVCARS5-1P3-AMIGO2-KD or OVCARS5-IP plus anti-AMIGO2 antibody as indicated.
(B,C) MCA areas (um?) were measured using ImageJ and statistical analysis was performed
using one-way ANOVA. Experiments were performed in triplicate.
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Figure 6. Downregulation of AMIGO2 expression reduces IP metastatic burden.
(A) OVCARS parental, OVCAR5-1P3, or OVCAR5-I1P3-AMIGO2-KD cells (3x10% in 1 ml

PBS) were injected IP into female nu/nu mice and tumor burden monitored longitudinally by
in vivo fluorescent imaging (n=5 per cohort). After 3 weeks, fluorescent images were
obtained of the whole body (/n vivo), midline dissected mice (/n sitt), or ex vivo organs (ex
vivo). Representative images are shown to illustrate regions quantified in B and C below. (B)
Quantitation of whole body tumor burden. Fluorescence imaging was performed in situ
following a midline incision to expose the peritoneal cavity. (C) Quantitation of organ-
specific tumor burden. Following /n situ imaging, peritoneal tumor nodules were harvested
and imaged ex vivo, positioned as on the template shown in Figure 1. Tumor burden was
quantified using ImageJ.
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