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Ovarian cancer is the deadliest gynecological malignancy, and accounts for over 150,000 deaths per year worldwide. The high
grade serous ovarian carcinoma (HGSC) subtype accounts for almost 70% of ovarian cancers and is the deadliest. HGSC originates in
the fimbria of the fallopian tube and disseminates through the peritoneal cavity. HGSC survival in peritoneal fluid requires cells to
resist anoikis (anchorage-independent apoptosis). Most anoikis resistant mechanisms are dependent on microenvironment
interactions with cell surface-associated proteins, such as integrins and receptor tyrosine kinases (RTKs). We previously identified
the gene CASC4 as a driver of anoikis resistance. CASC4 is predicted to be a Golgi-associated protein that may regulate protein
trafficking to the plasma membrane, but CASC4 is largely uncharacterized in literature; thus, we sought to determine how CASC4
confers anoikis resistance to HGSC cells. Mining of publicly available ovarian cancer datasets (TCGA) showed that CASC4 is
associated with worse overall survival and increased resistance to platinum-based chemotherapies. For experiments, we cultured
three human HGSC cell lines (PEO1, CaOV3, OVCAR3), and a murine HGSC cell line, (ID8) with shRNA-mediated CASC4 knockdowns
(CASC4 KD) in suspension, to recapitulate the peritoneal fluid environment in vitro. CASC4 KD significantly inhibited cell
proliferation and colony formation ability, and increased apoptosis. A Reverse Phase Protein Assay (RPPA) showed that CASC4 KD
resulted in a broad re-programming of membrane-associated proteins. Specifically, CASC4 KD led to decreased protein levels of the
RTK Epidermal Growth Factor Receptor (EGFR), an initiator of several oncogenic signaling pathways, leading us to hypothesize that
CASC4 drives HGSC survival through mediating recycling and trafficking of EGFR. Indeed, loss of CASC4 led to a decrease in both
EGFR membrane localization, reduced turnover of EGFR, and increased EGFR ubiquitination. Moreover, a syngeneic ID8 murine

model of ovarian cancer showed that knocking down CASC4 leads to decreased tumor burden and dissemination.

Cancer Gene Therapy (2024) 31:300-310; https://doi.org/10.1038/s41417-023-00703-1

INTRODUCTION

Epithelial ovarian cancer (EOC) is the deadliest gynecological
malignancy [1], and the fifth leading cause of cancer related
deaths in women in the United States [2]. The high grade serous
carcinoma (HGSC) subtype accounts for about 70% of all EOC
cases and is considered to be the deadliest; this is due to low early
detection rates, which are attributed to the fact that patients
typically present symptoms at later stages (lll/IV) [2-6]. Standard of
care for EOC is surgical debulking followed (and sometimes
preceded) by platinum-based chemotherapies [7, 8]. However, the
median progression free survival for EOC patients who present at
advanced stages is about 18 months [1], thus highlighting a need
to understand initial drivers of HGSC.

Most HGSC does not primarily originate from the ovary
epithelium, but from the fallopian tube epithelium (FTE). The
following is the most widely accepted model for HGSC develop-
ment: Serous tubal intraepithelial carcinoma (STIC) lesions develop
from FTE cells at the fimbriated end of the fallopian tube. STIC-
associated cells detach from the epithelium and disseminate

through the peritoneal fluid to colonize distant sites, including the
omentum and ovaries [9, 10]. The dissemination process requires
HGSC cells to survive anoikis, or apoptosis caused by loss of
attachment between the extracellular matrix (ECM) and integrins
[11]. In lung, colon, and breast cancers, anoikis resistance is
mediated numerous factors, including an increase in receptor
tyrosine kinase (RTK) pro-survival signaling [12-16]. Previous
research from others and our lab have implicated several
disparate mechanisms of anoikis resistance including NOTCH3,
components of TGF-f3 signaling, chromobox protein homolog 2
(CBX2, an epigenetic reader), and Carnitine palmitoyltransferase
1A (CPT1A, involved in fatty acid oxidation) as promoting HGSC
anoikis resistance [17-19], yet, there remains a knowledge gap in
understanding specific mechanisms driving anoikis resistance
in HGSC.

To address this, we published an unbiased genome-wide
CRISPR/Cas9 screen followed by a transcriptomic analysis in
in vitro models of disseminating HGSC to determine novel genes
and pathways driving anoikis resistance [19]. One of the validated
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Fig. 1

High CASC4 is associated with poor clinical outcomes in ovarian cancer. A Overall survival and (B) disease-free survival curves of

patients with CASC4 RNA"" or % tumors. € Progression free survival curves of patients with CASC4 proteinh'gh or ' tumors. D Tumors
resistant to platinum-based chemotherapies (such as cisplatin and carboplatin) express significantly higher CASC4 mRNA. E An InterProScan
analysis shows that the CASC4 protein has a 22 amino acid-long transmembrane domain, which is indicative of human Golgi-localized
transmembrane proteins [32]. F Immunofluorescence shows co-localization of CASC4 with Golgi marker GM130 in the PEO1 cell line. Statistical
tests: A-C Log-rank (Mantel-Cox) test; D unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars show the standard error of

measurement (SEM).

hits from the screen was the Cancer susceptibility candidate 4
(CASC4, also known as GOLM2) gene, which encodes a predicted
Golgi-membrane protein [20, 21]. Apart from its predicted
localization, little is known about CASC4's functionality, in cancer
or otherwise, apart from the fact that CASC4 mRNA undergoes
alternative splicing [22], that shed and secreted CASC4 can induce
a migratory phenotype in triple-negative breast cancer [21], and
that CASC4 suppresses Tn-antigen mediated metastasis in breast
cancer [23]. CASC4 has a paralog, GOLM1 (GOLPH2, GP73) [24],
which is a driver of hepatocellular carcinoma through various
pathways, including cholesterol-dependent recycling of members
of the erythroblastic oncogene B (ERBB) family of RTKs, such as the
epithelial growth factor receptor 1 (EGFR/ERBB1) and ERBB4
[25, 26]. In this study, we demonstrate that both CASC4 mRNA and
protein are predictors of poor prognosis, and that loss of CASC4
expression promotes anoikis and upon culture in suspension
reduces cancer cell viability. Mechanistically, loss of CASC4
differentially regulates secreted and cell surface-associated
proteins. Specifically, we demonstrate that loss of CASC4 increases
EGFR turnover and EGFR degradation, thus highlighting that
inhibiting CASC4 may serve as a novel therapeutic target.

RESULTS

High CASC4 is associated with poor clinical outcomes in
ovarian cancer

CASC4 was identified in a whole genome-wide CRISPR/
Cas9 screen as being critical for HGSC cell survival in anchorage-
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independent suspension culture. Using canSAR Black [27] to
examine the cancers associated with the highest CASC4 molecular
score (which incorporates gene expression, mutations, and copy
number alterations) showed that ovarian cancer had the second
highest score (Fig. STA). Next, through cBioPortal, we examined
CASC4 mRNA and protein expression in a HGSC patient dataset
published by The Cancer Genome Atlas (TCGA) [28-30]. Tumors
with CASC4 mRNA levels above the mean were defined as CASC4
mMRNA"" and below the mean were considered CASC4 mRNA"Y.
Patients with CASC4 mRNAM9" tumors exhibited worse overall
survival outcomes (38.34 months vs. 48.29 months, Logrank
p = 0.0265), but not disease-free survival outcomes (14.62 months
vs. 17.51 months, Logrank p=0.2822) (Fig. 1A, B). Similar
stratification was performed on tumor mass spectrometry data,
generating CASC4 p‘roteinh'gh and CASC4 protein'°‘” populations;
the CASC4 protein™9" population exhibited significantly worse
progression free survival outcomes (1476 months vs.
18.05 months, Logrank p=0.0216), compared to the low
population (Fig. 1C). Also, patients with CASC4 mRNA"" tumors
exhibited an increased resistance to standard-of-care platinum-
based chemotherapies (e.g., cisplatin, carboplatin) compared to
CASC4"™" patients (Fig. 1D). Similar to anoikis resistance, an
increase in chemotherapeutic resistance in CASC4high patients
suggests an increased utilization of pro-survival and/or anti-
apoptotic pathways. CASC4 is predicted to be a Golgi transmem-
brane protein, based on its protein sequence and length of
transmembrane domain [31, 32] (Fig. 1E). We confirmed the co-
localization of CASC4 with GM130, a known Golgi marker, through
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Fig. 2 Genetic ablation of CASC4 hampers survival and proliferation in suspension conditions. A Validation of shRNA-mediated CASC4
knockdowns (KD) in three different cell lines by qRT-PCR. B Colony formation assays performed with CASC4 KD cells. Cells were cultured in
suspension for 2 days, then transferred to an adherent plate to allow for colony formation. Wells were stained with crystal violet and the
absorbances were measured. Values represent the mean + SEM of three independent experiments. C, D GFP-tagged cells were cultured in
suspension for 7 days, and images were taken periodically using the Incucyte. GFP signal was used as a proxy for cell count. C Graph shows
cell count over the course of the experiment. D Representative images of cells at day 1 and day 7. Values represent the mean + SEM of three
independent experiments. Statistical tests: (A, B) one-way ANOVA; (C) two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error

bars show the SEM.

immunofluorescence staining of ovarian cancer cells (Fig. 1E).
Taken together, these data suggest that CASC4 is a Golgi-
associated protein, and that its expression correlates to ovarian
cancer progression, and worse clinical outcomes.

Genetic inhibition of CASC4 hampers survival and
proliferation in suspension conditions

Having drawn an association between CASC4 expression and HGSC
malignancy and survival, we sought to determine if CASC4 was
essential for driving anoikis resistance. We transduced CASC4 or
control (CTRL) shRNAs into a panel of ovarian cancer cell lines
including, PEO1, OVCAR3, and CaOV3. We confirmed knockdown
(KD) through gRT-PCR (Fig. 2A). To characterize the effects of
CASC4 KD on cell viability, we performed colony formation assays.
shCTRL and shCASC4 cells were cultured in suspension for 2 days
to allow for spheroid formation, as previously described [18], after
which the cells were plated in adherent conditions, with colony
formation serving as a surrogate for anoikis resistance. In
suspension, CASC4 KD cells exhibited significantly fewer colonies,
compared to the control cells (Fig. 2B). To characterize the effects
of CASC4 KD on cell growth, GFP-tagged shCTRL and shCASC4 (#1
and #2) cells were cultured in suspension for 7 days, and cell
spheroids were imaged via phase contrast and fluorescence. Over
the 7-day period, CASC4 KD cells exhibited significantly fewer GFP-
positive cells compared to the control cells (Fig. 2C, D). Anoikis is a
form of programmed cell death; thus, to determine CASC4-
dependent effects of suspension-induced cell death we performed
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flow cytometry for the negativity of a cell impermeable dye (DAPI)
to identify live cells, that can exclude this dye. Compared to the
control cells, CASC4 KD led to reduced live cells and increased
dead cell counts in suspension conditions (Fig. S2A, B). In addition,
compared to control KD, CASC4 KD cells culture in suspension and
treated with cisplatin resulted in a significant decrease in live cells
(Fig. S2Q). These data demonstrate that the loss of CASC4 both
significantly  inhibits anchorage-independent survival, and
improves chemotherapy response.

CASC4 KD promotes proteomic reprogramming and identifies
potential downstream effectors of CASC4-mediated anoikis
resistance

Having shown that the loss of CASC4 increases suspension-related
cell death, we were subsequently interested in determining how
CASC4 drives cell survival in suspension. Little is understood about
CASC4 biology; however, a paralog of CASC4, GOLM1, is known to
drive dissemination and apoptotic resistance in hepatocellular
carcinoma cells through facilitating the recycling and membrane
trafficking of RTKs, which then leads to increased activity of pro-
survival and proliferative signaling pathways, such as the PI3K/AKT
or MAPK pathways [26]. In order to identify cell signaling pathways
potentially impacted by CASC4 KD in a relatively unbiased
manner, we cultured PEO1 shCTRL and CASC4 KD cells in
suspension for 2 days; followed by a reverse phase protein array
(RPPA) analysis (Fig. 3A and Table S1). We noted 83 protein
signatures differentially regulated. Notably, CASC4 KD lead to

Cancer Gene Therapy (2024) 31:300-310
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Fig. 3 CASC4 KD promotes proteomic reprogramming and identifies potential downstream effectors of CASC4-mediated anoikis
resistance. A A reverse phase protein array (RPPA) was performed on cells cultured in suspension for 2 days. Normalized, Log 2 median
centered values of differentially expressed proteins (FDR < 0.15 with fold change <0.8 or fold change >1.2) are shown in the heatmap. B Graph
comparing the frequencies of cell surface-localized or secreted proteins in the main RPPA panel, and in the set of signatures differently
expressed after CASC4 KD. C Top 10 gene sets associated with proteins differentially altered after CASC4 KD. D Immunoblot confirming
changes in EGFR after CASC4 KD. Densitometries show EGFR levels relative to actin, relative to shCTRL. Statistical tests: (B) Chi-squared test.

increased expression of apoptotic proteins SMAC, PTEN, RB, and
FOXO03 (pro-apoptotic), and decreased expression of pS473 AKT,
pY397 FAK, MCL-1 (anti-apoptotic). More importantly, while about
25.7% of the protein targets on the RPPA panel correspond to cell
surface-localized proteins or secreted proteins, the loss of
CASC4 significantly enriched for these proteins (25.7% vs. 42.9%,
p = 0.004) (Fig. 3B), suggesting that CASC4 has a regulatory role in
trafficking of cell surface-localized proteins or secreted proteins.
Supporting this finding, a gene set enrichment analysis (GSEA)
performed on ovarian cancer tumor RNA-seq data [28-30], shows
that CASC4"9" HGSC patients’ tumors are enriched for a post-
Golgi vesicle mediated transport gene set (Fig. S3A). Additionally,
a GSEA of the RPPA data showed that proteins differentially
expressed after CASC4 KD were significantly overlapped with gene
sets involved in regulation of cell death (Fig. 3C). These data show

Cancer Gene Therapy (2024) 31:300-310

that CASC4 may serve to regulate trafficking of the transport of
membrane-associated proteins.

To determine the mechanisms by which CASC4 drives anoikis
resistance, we focused on the RTK EGFR, which was found to be
downregulated after CASC4 KD (Fig. S3B). EGFR is a well-
characterized oncogene, and therapies targeting EGFR, from
small-molecular inhibitors (e.g., gefitinib, erlotinib) to monoclonal
antibodies (e.g., cetuximab), are currently approved by the United
States Food and Drug Administration (FDA) as treatments for
various cancers, including colorectal cancers, non-squamous cell
lung cancers, and head and neck cancers [33], but not for any
ovarian cancers. EGFR has been associated with increased
malignancy in ovarian cancer [34, 35]; however, clinical trials
using EGFR inhibitors as ovarian cancer treatments have had
varying results, primarily due to recurrence and the lack of suitable
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biomarkers for predicting response to EGFR inhibition [36],
highlighting a need to better understand what drives EGFR-
mediated ovarian cancer malignancy. We, then, sought to draw an
association between CASC4 expression and EGFR expression. We
confirmed that CASC4 KD leads to a decrease in total EGFR protein
levels in suspension (Fig. 3D). EGFR signals to multiple

SPRINGER NATURE

downstream pro-survival signaling pathways, such as the PI3K/
AKT pathways. The RPPA panel showed that phosphorylation of
AKT at 5473 was depleted in the CASC4 KD cells (Table S1), and we
confirmed that CASC4 KD leads to decreased pAKT (5473) levels
after a 2-day suspension culture (Fig. S3C). We also showed that
CASC4 mRNA levels do not correlate with EGFR mRNA levels (Fig.

Cancer Gene Therapy (2024) 31:300-310
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Fig. 4 Loss of CASC4 hampers recycling and cell surface trafficking of EGFR. A Flow cytometry gating strategy. B Graph showing relative
cell surface EGFR MFI from DAPI™ (live) PEO1 cells cultured in suspension for 3 h post-EGF treatment, normalized to PEO1 cells cultured in
suspension for 0 h post-EGF treatment, relative to PEO1 shCTRL cells. Values represent the mean + SEM of three independent experiments.
C Representative images from IF experiments involving PEO1 shCTRL or shCASC4 spheroids treated with EGF and stained with DAPI (blue),
EGFR (red), and RAB11 (green). Red/green co-localization areas represented in white. For each timepoint and construct: Left: overlap of RAB11/
EGFR co-localization in white. Middle: RAB11/EGFR/DAPI. Right: Inset showing co-localization of RAB11/EGFR. White arrows show points of
EGFR/RAB11 co-localization. D Quantification of (C). Bar graphs represent red/green co-localization areas per spheroid normalized to the
number of nuclei, then normalized to the 0 min time point, then normalized to the shCTRL cells. E EGFR pull-down assay showing
ubiquitination of EGFR protein from PEO1 shCTRL and CASC4 KD cells cultured in suspension and treated with EGF. Densitometries show
ubiquitin levels relative to EGFR. Values represent the mean = SEM of three independent experiments. Statistical tests: one-way ANOVA.

;p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

S3D), suggesting that CASC4 regulates EGFR levels in a post-
transcriptional manner. These data show that CASC4 regulates
EGFR expression at the protein level and is likely involved in
regulating the protein trafficking of EGFR and also that of other
proteins trafficked through the secretory pathway.

Loss of CASC4 attenuates recycling and cell surface trafficking
of EGFR

Next, we sought to determine how CASC4 regulates EGFR protein
levels, having already determined that the downregulation of
EGFR was transcription-independent. We performed an EGFR
recycling assay, to determine if CASC4 KD led to decreased
retention of internalized EGFR. We treated cells with EGFR ligand
EGF to activate and induce EGFR internalization, then letting the
cells recover for either 0 or 3 h. Activation and phosphorylation of
EGFR after EGF treatment was confirmed by immunoblot (Fig.
S4A). Flow cytometry for cell surface EGFR was performed, and the
EGFR levels at 3 h were normalized to those at 0 h, as an indication
of protein retention, showing that CASC4 KD leads to decreased
cell-surface localization EGFR post-EGF treatment, suggesting that
CASC4 is involved in driving a recycling-like phenotype (Fig. 4A, B).
EGFR, once internalized, is ubiquitinated and then degraded via
lysosomes or proteosomes [25, 37], and the CASC4 paralog
GOLM1 prevents lysosomal targeting of EGFR and facilitates
recycling of EGFR back to the cell surface [26, 38]. Thus, we
performed IF on EGF-treated PEO1 spheroids for EGFR and RAB11,
a marker of recycling endosomes. Similar to our flow cytometry
experiments, CTRL or CASC4 KD PEO1 cells cultured in suspension
were treated with EGF. Spheroids were then fixed, and stained
with DAPI, and antibodies against EGFR and RAB11. Confocal
microscopy shows that CASC4 KD leads to decreased co-
localization of EGFR with RAB11 at 60 min post-EGF treatment
compared to 0 min (Fig. 4C, D). EGFR ubiquitination is required for
both lysosome- and proteasome-mediated degradation of EGFR
[39]. EGFR pull-down experiments showed that CASC4 KD led to
increased ubiquitination of EGFR in the CASC4 KD cells (Fig. 4E).
CASC4 overexpressing cells were also found to be more resistant
to pharmacological EGFR inhibition by sapitinib (Fig. S5A, B). Our
experiments show that CASC4 regulates the trafficking of
internalized EGFR, thereby driving cancer cell survival.

Casc4 KD leads to decreased tumor dissemination in vivo

Having shown that CASC4 KD in human cell lines leads to
decreased cell survival, proliferation, and EGFR recycling in
suspension in vitro, we sought to establish whether modulating
Casc4 drives similar phenotypes in vivo. To assess this, we used
the syngeneic ID8 murine ovarian cancer cell line model (an EGFR-
competent cell line [40]), which is considered an orthotopic model
insofar as it recapitulates the tendency of human HGSC to target
the omentum as a primary dissemination site. Human cell line
models were not examined, as injecting human ovarian cancer
cells into immunocompromised mice has demonstrated poor
uptake and insufficient tumor formation [41]. We confirmed that
Casc4 was knocked down in the ID8 shCasc4 cells, and that loss of
Casc4 in ID8 cells leads to increased cell death in suspension

Cancer Gene Therapy (2024) 31:300-310

in vitro (Fig. S6A), as is consistent with human HGSC lines. We
intraperitoneally injected shCTRL or shCasc4 ID8 cells (Trp53-null,
Brca2-null, GFP™ and luciferase-tagged) into female C57BL/6 mice
(Fig. 5A, B). Measuring percent change in total flux (photons/s)
through in vivo imaging showed that, on day 35 post-injection,
mice with the Casc4 KD tumors exhibited decreased tumor
burden, compared to those injected with the shCTRL cells
(Fig. 5C, D). The total flux at day 35 was also significantly reduced
in the mice injected with the Casc4 KD cells (Fig. S6B). Mice were
sacrificed 5 weeks post-injection, and the omentum and
disseminated tumors were harvested. Casc4 KD led to decreased
gross GFP* tumor formation throughout the peritoneal cavity (Fig.
5E). Mice injected with the Casc4 KD cells also had decreased
omentum mass (Fig. 5F), decreased colonization of the omentum
(Fig. 5G), and decreased tumor dissemination and decreased
dissemination mass (Fig. 5H). Casc4 KD did not lead to increased
apoptosis (cleaved caspase 3) or decreased proliferation (Ki67) of
tumor cells at the omentum (Fig. S6C, D). However, omentum
from mice from the CASC4 KD group had decreased EGFR protein
levels (Fig. 51, J). These experiments show that Casc4 regulates
ovarian cancer cell survival, dissemination, and EGFR protein levels
in vivo.

DISCUSSION

HGSC is the most common subtype of ovarian cancer and is also
the deadliest. HGSC originates from the fallopian tube and
disseminates through the peritoneal fluid before colonizing the
ovaries; this dissemination process is one of the key factors in low
early detection rates. To survive in peritoneal fluid, malignant cells
must find a way to evade anoikis, or anchorage-independent cell
death. While disparate drivers of HGSC anoikis resistance have
been identified, no singular mechanism has been described.

Our study shows that CASC4 regulates anoikis resistance in
HGSC models, potentially through recycling of membrane-
localized receptors, such as EGFR. We show that knocking down
CASC4 significantly increases ovarian cancer cell death in
suspension, decreases omental colonization, and inhibits disease
dissemination in vivo. CASC4 was not found to regulate EGFR
transcription, and was instead found to regulate the recycling of
internalized EGFR, preventing its degradation by lysosomes, and
promoting its trafficking back to the cell surface. While we focused
on CASC4-mediated regulation of EGFR protein levels, there are
several other differentially regulated proteins that likely contribute
to the CASC4-dependent phenotypes, as identified through the
RPPA experiment. Our research suggests that CASC4, similar to
GOLM1, acts as a cargo adaptor, guiding internalized EGFR to a
RAB11-involved trafficking mechanism (Fig. 6). We have also
shown that CASC4 regulates EGFR ubiquitination.

A limitation to the study is that while we observed CASC4-
mediated anoikis resistance in four independent models, most of
the experiments focus on EGFR recycling in the PEO1T model.
However, through analyzing TCGA data and gene signatures,
there is a clear signal that CASC4 is involved in protein trafficking
through the Golgi. Moreover, in the RPPA the significant
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Fig. 5 Casc4 KD leads to decreased tumor burden and ascites formation in vivo. A Validation of shRNA-mediated knockdown of Casc4 in
ID8 cells (GFP, luciferase-tagged, Tp53-null, Brca2-null) by gRT-PCR. B Schematic of mouse experiment. C Graph showing percentage change in
total flux over the experiment. D Representative luminescence images of mice 7 days and 35 days after injection. E Mouse peritoneal cavities
exposed to UV light, showing locations of GFP™ tumors. F Top: Omentum weight of each mouse. Bottom: Representative omentum from the
three groups. G Number of disseminated tumor nodules from each mouse. H Total weight of disseminated tumors from each mouse.
I Immunoblot showing EGFR and actin protein levels in mouse omentum tissue. In the EGFR blot, the top band represents EGFR.
Densitometries show EGFR levels relative to actin, relative to the first sample. J Densitometries for (l). Statistical tests: (A, F-H, J): one-way
ANOVA, (C): two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars show the SEM.

dysregulation of membrane or secreted protein levels upon
CASC4 KD, suggests that CASC4 can mediate anoikis resistance in
HGSC through numerous downstream mechanisms. Our work
delves into how CASC4 may regulate recycling of membrane
proteins and, more importantly, establishes CASC4 as an indicator
of malignancy in HGSC. Another limitation in our study regards
our mouse model; however, the lack of differential cleaved
caspase 3 expression in omentum sections, while important to
note, does not invalidate our findings regarding CASC4 as a
regulator of cell survival in suspension. The omentum [HC
experiments only represent cells that have already successfully
survived suspension, have disseminated to distant sites, and
formed tumors.

Further elucidating mechanisms of CASC4-dependent anoikis
resistance could help address numerous unique challenges posed
by HGSC. The most common biomarker used to detect ovarian
cancer is CA-125, a shed antigen found in patient sera [42];
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however, it is now widely accepted that CA-125 levels alone do
not divulge enough information regarding HGSC malignancy, and
often correlate to advanced HGSC disease. Like CA-125, CASC4 is
also shed extracellularly [21]; however, our research shows a
mechanism through which CASC4 drives HGSC malignancy by
facilitating its initial dissemination from the fallopian tube to the
ovary, suggesting its potential suitability as a novel biomarker for
detection of HGSC at earlier stages. Here, we have shown that
CASC4 regulates trafficking of internalized EGFR. CASC4 may also
be a biomarker for predicting response to EGFR inhibitors, which
have otherwise seen mixed results as ovarian cancer treatments in
clinical trials. Our experiments suggest that higher CASC4 levels
are associated with increased resistance to EGFR inhibition.
Additionally, while not confirmed in our study, CASC4 may be
regulating the trafficking of other targetable membrane proteins,
as suggested by the RPPA data. For example, CASC4 levels may be
used to predict the efficacy of immune checkpoint inhibitors,
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which target cell surface proteins, whose presence at the plasma
membrane may be CASC4-regulated; ovarian cancers, while highly
immunogenic, have poor response rates to such therapies [43].
Ultimately, further research will need to be conducted, using
additional models.

In summary, we have identified the Golgi-localized protein
CASC4 as a driver of anoikis resistance in ovarian cancer through
regulation of EGFR trafficking. Our study suggests that CASC4 may
be a stronger and more viable biomarker for assessing HGSC
malignancy, pending further research.

MATERIALS AND METHODS

Publicly available datasets

The Cancer Genome Atlas (TCGA) Ovarian Serous Cystadenocarcinoma
dataset was accessed via cBioPortal (http://www.cbioportal.org) [28-30],
for ovarian cancer patient RNA-seq data. This dataset was last accessed 31
January 2023. The TCGA PanCancer Atlas Ovarian Serous Cystadenocarci-
noma dataset was accessed via cBioPortal, for ovarian cancer patient
CPTAC data. This dataset was last accessed 6 Sept 2023. DepMap was used
to correlate CASC4 dependencies or EGFR protein levels with sensitivities
to EGFR inhibitors in ovarian cancer lines (https://depmap.org/portal)
[44, 45]. DepMap was last accessed 30 May 2022. CASC4 molecular score
was accessed through CanSar Black (https://cansarblack.icr.ac.uk) [46] on
30 May 2022.

Cell culture

Human ovarian cancer cell lines PEO1 and OVCAR3 (obtained from the GTFB)
and CaOV3 (obtained from Dr. Katherine Aird’s lab, University of Pittsburgh)
were cultured in RPMI 1640 supplemented with 1% penicillin/streptomycin
and 10% fetal bovine serum (referred to as “Complete RPMI”). Murine ovarian
cancer cell line ID8 (obtained from Dr. lain McNeish's lab, Imperial College
London) were cultured in high glucose DMEM supplemented with 1%
penicillin/streptomycin, 4% fetal bovine serum, and 1% ITS (insulin-
transferrin-selenium). 1D8 cells were Trp53-null, Brca2-null, GFP*, and
luciferase-tagged. Packaging cells (293FT; obtained from The University of
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Colorado Functional Genomics Shared Resource) were cultured in DMEM
supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum.
For suspension experiments, cells were cultured as previously described [19].
Cells were authenticated at The University of Arizona via small tandem repeat
analysis. Mycoplasma detection was performed regularly, using the
MycoLookOut Mycoplasma PCR detection kit, from Sigma.

CASC4 knockdowns and overexpression

All constructs were obtained from the University of Colorado Functional
Genomics Facility (control shRNA: SHC001, pLKO.1-puro Empty Vector;
RRID:Addgene_8453; shCASC4 #1: TRCN0000133832; shCASC4 #2:
TRCNO0000136384; empty vector: pLX304 control; CASC4 overexpression:
ccsbBroad304_13019) and packaged using 293FT cells as previously
described [18]. After 2 days, viruses were harvested from filtered 293FT
media. Cells were transduced with the virus and treated with 1 mg/ml of
hexadimethrine bromide (polybrene). After 24 h, media was refreshed. The
cells used for experiments were a heterogenous mixture of antibiotic
selected cells. For shRNA expressing cells, selection was performed with
1ug/ml of puromycin. For CASC4 overexpression or empty vector
expressing cells, selection was performed with 5 ug/ml of blasticidin.

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)
RNA extraction was performed using the RNAeasy Plus Mini Kit (Qiagen) as
according to the manufacturer’s instructions. RT-gPCR was performed
using the Luna Universal One-step qRT-PCR kit (New England BioLabs) on a
BioRad thermocycler using primers for specific target transcripts. 185 rRNA
was amplified as housekeeping genes. The following primer sequences
were used:

18S (F: 5- AACTTTCGATGGTAGTCGCCG-3', R: 5- CCTTGGATGTGG-
TAGCCGTTT-3')

CASC4 (F: 5'-CAGAATCCTTCCAGTCCTCTTC-3/, R: 5'-CCTTGGTAGCCTGCTT-
TAGTAT-3')

EGFR (F: 5-AACACCCTGGTCTGGAAGTACG -3, R: 5'- TCGTTGGACAGCCTT-
CAAGACGC-3)).

Actb (F: 5-TGTACCCAGGCATTGCTGAC-3', R: 5-AACGCAGCTCAGTAA-
CAGTCC-3)
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Casc4 (F:  5-TCCCCATGGGAAAGAACAACT-3, R:
CAGGGGGCTTCTT-3)

5'-GCTAACA-

EGFR recycling assay

Cells were plated in suspension in complete RPMI for 48 h, then switched
over to serum-free RPMI for 24 h. Recombinant EGF (R&D systems; Cat. 236-
EG-200) was then added to the cells to a final concentration of 20 ng/ml,
and the cells were incubated on ice for 10 min. Cells were centrifuged for
5min at 4°C and 1000 rpm, resuspended in 1x PBS, centrifuged again for
5min at 4°C, then resuspended in serum-free RPMI, and incubated in
suspension at 37 °C for the desired timepoints. Cells were then processed
for flow cytometry analysis or immunofluorescence, as described below.

Immunoblotting

For cell line experiments, cells were lysed with Radioimmunoprecipitation
assay (RIPA) buffer (150mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50mM Tris pH 8.0, supplemented with complete
EDTA-free protease inhibitors (Roche) and phosphatase inhibitors sodium
fluoride (10 mM) and sodium orthovanadate (1 mM), briefly sonicated, and
incubated on ice for 30min. Lysates were then centrifuged at 4°C
15,000 rpm, for 10 min, and the supernatant was isolated. Protein concentra-
tions in the supernatant were measured using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher), and the SpectraMaxM2e spectrophotometer (Molecular
Devices). A similar procedure was followed for both human and mouse
tissues, which were first homogenized with beads before sonication.

Protein lysates were run on SDS-Page gels and transferred onto
methanol-activated PVDF membranes using the Trans-Blot Turbo Transfer
System (Bio-Rad). Membranes were then dried at room temperature for
30 min, re-hydrated with methanol, and then incubated in blocking buffer
(Intercept® Blocking Buffer (Li-Cor)) for 30 min and incubated with primary
antibody overnight. Membranes were then washed thrice with TBS-T
(50mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20), for 5min each,
incubated with secondary for 30 min, then washed thrice more with TBS-T.
Membranes were imaged using the LI-COR Odyssey Imaging System. The
antibodies used for immunoblotting can be found in Supplementary Table
2 (Table S2).

Co-immunoprecipitation

EGFR recycling was performed as described above. Cells were cultured in
suspension for 30 min after EGF was washed away, lysed using IP lysis
buffer (50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5% Triton X-100, 150 mM
NaCl, 10 mM N-ethylmaleimide, and the protease and phosphate inhibitors
described above), and incubated on ice for 30 min. N-ethylmaleimide
served as a deubiquitinase inhibitor. In total, 60 pl of Protein A magnetic
beads (New England Biosciences) were washed with lysis buffer twice, and
then used to pre-clear the protein lysate. In total, 1.35 mg of pre-cleared
lysate was incubated with EGFR antibody (Cell Signaling Technologies, 7 pl
of 4267S and 3 pl of 54359S) or IgG antibody (R&D Systems, AB-105-C) and
rocked overnight at 4°C. The next day, lysate-antibody mixtures were
incubated with 30 ul of washed Protein A beads and rocked for 30 min at
4°C. Supernatant was removed, and the beads were washed with lysis
buffer and rocked for 5 min at 4 °C, thrice. Beads were then eluted with
sample loading buffer, and boiled at 95 °C prior to the immunoblot. The
antibodies used for IP can be found in Supplementary Table 2 (Table S2).

Colony formation

In total, 25,000 cells were plated in suspension for 2 days, and then the
media (containing the cells in suspension) was transferred to an adherent
plate. After 7 days, cells were washed with PBS, fixed (10% acetic acid, 10%
methanol in PBS) for 5min, and then stained with crystal violet (0.4%
crystal violet in ethanol). Plates were washed with deionized water and left
to dry overnight. Crystal violet was then dissolved for 10 min in the fixation
solution, and absorbance (at 590 nm) was measured using a Spectra-
MaxM2e spectrophotometer (Molecular Devices).

Proliferation

In total, 15,000 cells were plated in suspension in 96 well plates, which
were placed in a S3 Incucyte (Essen BioScience) for 7 days, with images of
each well being taken every 4 h, at x10 magnification. The GFP signal of
each well was measured using the Incucyte Zoom (Essen BioScience)
software, as a proxy for cell count.

SPRINGER NATURE

Flow cytometry

For flow cytometric detection of cell surface-localized EGFR, cells were
grown in suspension for 2 days, then trypsinized for 5 min at 37 °C to
obtain a single-cell suspension. Cells were then stained with a
fluorophore-conjugated anti-EGFR antibody (see antibody chart for
details) on ice in the dark for 30 min. Cells were washed with PBS and
then stained with DAPI or Fixable Viability Stain 520 (BD Horizon™, Cat. #
564407) to differentiate between live and dead cells. Flow cytometry was
performed using the Gallios 561 (Beckman Coulter) flow cytometer and
data analysis was performed using FlowJo software. The EGFR intensity
of DAPI™ (live cells) was measured. For flow cytometric detection of live
cells, a similar protocol was performed, without the addition of the anti-
EGFR antibody. The antibodies used for flow can be found in
Supplementary Table 2 (Table S2).

Immunofluorescence (IF)
Cells were grown in suspension for 2 days, washed with PBS, and fixed
with 4% paraformaldehyde. Fixed cells were then spun onto charged slides
using the Thermo Shandon Cytospin 2 (Thermo Fisher Scientific). Slides
were washed again in PBS, permeabilized with 0.5% Triton X-100 for 5 min,
washed with PBS three more times, and then blocked with blocking buffer
(2% BSA in PBS) for 1 h. Slides were then incubated with primary antibody
overnight at 4°C. The next day, slides were washed with PBS thrice,
incubated with DAPI and secondary antibodies (diluted in blocking buffer)
for 30 min in the dark, and then washed thrice again in PBS, in the dark.
Mounting medium (20 mg/mL O-phenylenediamine, dissolved in 1M pH
8.5 Tris, and then diluted 1:10 in glycerol) was added to the slides, which
were then covered with a glass coverslip and sealed with nail polish. The
antibodies used for IF can be found in Supplementary Table 2 (Table S2).
Confocal microscopy was performed using LSM780 (Zeiss).
Co-localization analysis was performed using the FlJI software. As the
two proteins of interest were stained for using secondary antibodies
conjugated to either AlexaFluor488 (represented as green) or Cy3
(represented as red), we performed thresholding to identify the “yellow”
areas (as defined by a threshold value between 23-46), and normalized the
“yellow” area to the number of cells (nuclei) for each image.

Immunohistochemistry (IHC)

Immunohistochemistry on fixed mouse omentum for cleaved caspase 3
and Ki67 was performed, and slides were analyzed using the QuPath
software, as previously described [47, 48]. The antibodies used for IHC can
be found in Supplementary Table 2 (Table S2).

Reverse phase protein array (RPPA)

One million PEO1 control or shCASC4 cells were cultured, each in triplicate,
in suspension in a 6-well dish for 48 h, centrifuged, washed with PBS, and
centrifuged again. Pellets were then flash-frozen at —80 °C and shipped to
the MD Anderson Reverse Phase Protein Array Core Facility. Lysis and
subsequent RPPA was performed by the core facility as outlined here
(https://www.mdanderson.org/research/research-resources/core-facilities/

functional-proteomics-rppa-core/education-and-references.html). Fold-
changes (FC) for each antibody were calculated using the NormLinear
values, relative to the average of the control (PEO1 shCTRL) cells.
Significance was determined by performing a 2 tailed Student’s t-test
between the NormLinear values for each antibody, with an FDR of 0.15.

In vivo mouse experiments

All animal experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals and were approved by the
University of Colorado IACUC (Protocol #00569). ID8 cells (Trp53-null, Brca2-
null, GFP- and luciferase-tagged) were transduced with a control shRNA
(CTRL), or one out of two shCasc4 constructs (labeled shCasc4 #1 and
shCasc4 #2). In total, 5x 10° cells, suspended in 100 pl PBS, were injected
intraperitoneally into 6-8 week-old female mice. Starting 7 days after initial
cell injection, tumor burden was measured weekly using an In Vivo
Imaging System, and analyzed using Live Imaging 4.0 software (Perki-
nElmer), as previously described [47]. Five weeks post-injection, mice were
euthanized using a CO, chamber followed by a cervical dislocation. The
peritoneal cavity and harvested omentum tissue and tumors were exposed
to UV light. Omentum and tumors were weighed. Each omentum was cut
in half; one half was fixed in 4% paraformaldehyde for IHC, and the other
was snap-frozen for immunoblot experiments.
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Statistical analysis and considerations

Statistical analyses and p value calculations were performed using
GraphPad Prism 9 for MacOS. Quantitative data are expressed as
mean = standard error of the mean unless otherwise noted. Analysis of
variance was used to identify significant differences in multiple
comparisons. We performed F-tests for all tests. For all statistical analyses,
the level of significance was set at 0.05. Outliers were identified using
Grubbs’ outlier test with a power of 0.05, and excluded. For animal studies,
no blinding or randomization was performed. A population size of 7 for
each group was determined through a power analysis, using colony
formation data as expected means.

DATA AVAILABILITY
All the data are presented in the manuscript and can be found within the figures and
Supplementary files.
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