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Podocalyxin promotes

the formation of compact

and chemoresistant cancer
spheroids in high grade serous
carcinoma

Ngoc Le Tran?, Yao Wang?, Maree Bilandzic?3, Andrew Stephens?> & Guiying Nie®*

High grade serous carcinoma (HGSC) metastasises primarily intraperitoneally via cancer spheroids.
Podocalyxin (PODXL), an anti-adhesive transmembrane protein, has been reported to promote
cancer survival against chemotherapy, however its role in HGSC chemoresistance is unclear. This
study investigated whether PODXL plays a role in promoting chemoresistance of HGSC spheroids. We
first showed that PODXL was expressed variably in HGSC patient tissues (n=17) as well as in ovarian
cancer cell lines (n=28) that are more likely categorised as HGSC. We next demonstrated that PODXL-
knockout (KO) cells proliferated more slowly, formed less compact spheroids and were more fragile
than control cells. Furthermore, when treated with carboplatin and examined for post-treatment
recovery, PODXL-KO spheroids showed significantly poorer cell viability, lower number of live cells,
and less Ki-67 staining than controls. A similar trend was also observed in ascites-derived primary
HGSC cells (n = 6)—spheroids expressing lower PODXL formed looser spheroids, were more vulnerable
to fragmentation and more sensitive to carboplatin than spheroids with higher PODXL. Our studies
thus suggests that PODXL plays an important role in promoting the formation of compact/hardy
HGSC spheroids which are more resilient to chemotherapy drugs; these characteristics may contribute
to the chemoresistant nature of HGSC.

Ovarian cancer represents the most lethal gynaecological malignancies worldwide, with more than 300,000
new cases being diagnosed each year'. More than 95% of all ovarian cancer are epithelial in origin with HGSC
accounting for approximately 70% of all cases*’. Due to the absence of early warning symptoms and the lack
of early diagnosis, women with ovarian cancer are typically diagnosed at advanced metastatic stages where the
5-year survival rate is approximately only 30%*°. While patients normally respond well to initial cytoreductive
surgery and adjuvant chemotherapy, almost all patients relapse due to chemoresistance®; unfortunately, such
devastating outcomes have not been improved over the past three decades.

HGSC is unusual in that it rarely metastasises through the circulatory system, which is the driving mecha-
nism for most tumour types. Instead, HGSC often spreads intraperitoneally. This unique mode of metastasis
involves exfoliation of cancer cells from primary tumours and the subsequent dissemination of free floating
cancer cells into the peritoneal fluid (ascites)’. Studies show that these cancer cells rarely exist as single cells,
rather they often form non-adherent multicellular aggregates of cancer spheroids, which can be seen floating
in ascites or embedded to the mesothelium of the peritoneal cavity during the debulking surgery®®. Ascites
represents a dynamic reservoir of cancer spheroids as well as cancer survival factors such as growth factors and
tumour-promoting cytokines’. Ascites is present in almost all cases of HGSC relapse, and greater volumes are
associated with significant morbidities'*~*2. Following chemotherapy, residual cancer cells at the primary tumor
sites, together with cancer spheroids floating in ascites, are known to contribute to cancer relapse'*!%, however,
molecular mechanisms are not totally understood.
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Past studies of HGSC often utilised monolayer culture which has now been recognised to be of less physi-
ological relevance®. This led to the recent rise in the use of 3D culture of cancer spheroids, which are believed
to better recapitulate the physiological characteristics of HGSC cells existing within the non-adherent environ-
ment of ascites'>®. Thus, it is important to use spheroids as a 3D model to study HGSC biology including cancer
cell-cell interactions and chemoresistance'”'%,

PODXL is a transmembrane protein of the CD3 family of sialomucins, and it is normally expressed in kidney
glomeruli, vascular endothelia, certain epithelial cells, and hematopoietic progenitor cells'-?2. However, PODXL
is overexpressed in several epithelial cancers including pancreatic, breast and ovarian cancer; and importantly
this overexpression has been associated with poor prognosis®*-?°. While the exact mechanisms by which PODXL
promotes tumorigenesis is unknown, PODXL is suggested to contribute to budding of non-adhesive meta-
static tumour nodules of ovarian and breast cancer?>”. Furthermore, suppression of PODXL has been found
to substantially reduce astrocytoma and osteosarcoma cancer cell viability and survival against their respective
chemotherapy drugs temozolomide and cisplatin?*?. For ovarian cancer, PODXL is more highly expressed in
HGSC (87%) compared to other subtypes, and PODXL cell surface localisation is reported to be significantly
associated with poorer disease-free survival®*. However, it is unclear whether PODXL plays a causal role in
chemoresistance of HGSC.

In this study, utilizing 3D culture of cancer spheroids, we aimed to investigate the functional importance of
PODXL in HGSC spheroid including response to chemotherapy drugs. We first examined PODXL expression
in HGSC patient tissues (n=17) by immunohistochemistry, then scrutinized 37 ovarian cancer cell lines for
their PODXL expression and analysed the association between the levels of PODXL and the likelihood of being
categorised as HGSC. Next, the cell line expressing the highest level of PODXL was used as a model, and cancer
spheroid characteristics were investigated by silencing PODXL via CRISPR/Cas9 gene editing. The key features
observed in cell lines were then examined in primary cancer cells derived from ascites of HGSC patients (n=6).
Overall, our studies provide in vitro evidence that PODXL promotes the formation of compact and chemoresist-
ant HGSC spheroids.

Results

PODXL is immunostained in all HGSC patient tissues with variable intensity

Primary tumor tissues of HGSC patients (n=17) and one benign ovarian sample were analysed by immunohis-
tochemistry for PODXL. In the benign tissue, PODXL stained only in endothelial cells of blood vessels (Fig. 1A),
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Figure 1. Immunostaining of PODXL in primary tumor biopsies of HGSC patients. Representative images
at 16x magnification. Scale bar: 50 um. (A) Benign ovarian tumour. Black arrows, blood vessels. (B-D)
HGSC tumours with weak (B), moderate (C), and high (D) staining intensity of PODXL. (E) Summary of
clinicopathological characteristics of the cohort examined.
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which are known to express PODXL?*%%; no other cells were positive for PODXL. In contrast, all HGSC tissues
(n=17) were positive for PODXL with variable staining intensity. Among them, 41% tissues presented low, 29%
moderate, and 29% high levels of PODXL immunostaining (Fig. 1B-D). The cellular localisation of PODXL
also varied, ranging from cytoplasmic to a mixture of membranous/cytoplasmic and to strongly membranous
(Fig. 1E). In general, tissues with low or moderate PODXL staining tended to show cytoplasmic or membranous/
cytoplasmic localisation (Fig. 1B,C). In contrast, tissues with high levels of PODXL displayed strong membrane
staining (Fig. 1D); furthermore, when clusters of cancer cells were present, PODXL was stained strongly on the
outer layer whereas cells within the centre were negative (Fig. 1D). Since over 90% of the samples examined were
from patients at FIGO stage III (Fig. 1E), no clear correlation could be ascertained between PODXL intensity
and disease severity.

PODXL is expressed in many ovarian cancer cell lines and those with higher expression are
more likely categorised as HGSC

We next examined how PODXL is expressed in ovarian cancer cell lines. We first searched the EMBL-EBI RNA-
seq database and identified 28 ovarian cancer cell lines with PODXL mRNA data available (Fig. 2A). Because
PODXL expression was variable, these lines were ordered according to PODXL levels from the highest to lowest,
then divided into high/moderate or low groups using 20 FPKM as a cut off (Fig. 2A). These two groups were next
analysed separately for their likelihood of being categorised as HGSC, as previously reported by Domcke et al.,
basing on their genomic profile resemblance to tumour samples®!. Within the high/moderate PODXL expressing
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Figure 2. PODXL expression in various human ovarian cancer cell lines. (A) Levels of PODXL mRNA in

28 cell lines that were classified as ovarian cancer cells. Data obtained from the European Molecular Biology
Laboratory European Bioinformatics Institute and Genentech dataset and expressed in FPKM (fragments per
kilobase of transcript per million fragments mapped), <20 FPKM was deemed low expression. Pie charts, the
likelihood of being genetically categorised as HGSC. (B) Real-time RT-PCR analysis of PODXL mRNA in 4
representative cell lines shown in (A). Data normalized to 18S. Mean+SD, n=3.
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group, 65% (11/17) were likely HGSC; in contrast, only 9% (1/11) of low PODXL expressing lines were likely
HGSC (Fig. 2A pie charts). This suggests that high expression of PODXL is more likely associated with HGSC.

We next selected four lines (Kuramochi, HEY, SKOV3 and COV362) as representatives and analysed their
PODXL expression by RT-PCR (Fig. 2B). Among the four, Kuramochi had the highest whereas COV362 the
lowest levels of PODXL mRNA with the other two in between (Fig. 2B), mirroring the trend shown in Fig. 2A,
validating the RNA-seq data.

PODXL is localised to the surface of spheroids formed with ovarian cancer cell lines

The four cell lines (Kuramochi, HEY, SKOV3 and COV362) shown in Fig. 2B were cultured in 96-well ultra-low
attachment plates for 72 h to form spheroids. Although they all started with equal numbers of cells, they varied
visibly in size and morphology (Fig. 3). Spheroids of Kuramochi and HEY appeared to be large and compact,
those of SKOV3 and COV362 were much smaller. Moreover, COV362 formed loose aggregates rather than
regular shaped spheroids (Fig. 3).

These spheroids were also examined by immunofluorescence for PODXL and co-stained with phalloidin for
F-actin and DAPI for nuclei. The levels of PODXL immunostaining were highest in spheroids of Kuramochi,
followed by HEY and SKOV3, whilst spheroids of COV362 had minimal staining (Fig. 3); these results are
consistent with the RT-PCR data shown in Fig. 2B. Furthermore, PODXL was localised to the spheroid surface
of all cell lines.

Silencing of PODXL expression in Kuramochi cells

Because the Kuramochi cell line showed the highest level of PODXL expression (Figs. 2 and 3), and it mostly
resembles HGSC®!, this line was chosen for further study. To investigate the role of PODXL in spheroid charac-
teristics, PODXL was stably knocked out in Kuramochi cells along with a control that was transfected with an
empty vector. PODXL mRNA was readily detected in controls, but the levels were minimal in PODXL-KO cells
(Fig. 4A). This was further confirmed by Western blot analysis whereby PODXL protein was detected clearly in
controls but below detection in PODXL-KO cells (Fig. 4B). PODXL was also examined by immunocytochem-
istry in spheroids formed with these cells, positive staining was detected only in spheroids of control but not of
PODXL-KO cells (Fig. 4C), further confirming the successful silencing of PODXL expression in PODXL-KO
cells.

PODXL-KO Kuramochi spheroids grow slower, are less compact and more fragile than controls
We next compared spheroids formed with control and PODXL-KO Kuramochi cells. Because early data of dif-
ferent cell lines indicated an inverse correlation between PODXL expression levels and spheroid size (Fig. 3),
we examined whether PODXL-KO affects spheroid size. When equal numbers of control and PODXL-KO cells
were cultured for 72 h to form spheroids, no obvious size difference was observed (Fig. 5A). When they were
monitored for a further 72 h, spheroid size still did not differ at any time point examined (data not shown).
However, when they were dissociated into single cells, while the viability of cells within the spheroids was similar
between the two groups (Fig. 5B), PODXL-KO spheroids contained significantly fewer cells compared to the
control over time (Fig. 5C). Thus, cell density (calculated as cell number/volume) of PODXL-KO spheroids was
also significantly lower than that of controls at both 48 and 72 h (Fig. 5D).

The above observation prompted us to test the frangibility of these spheroids to physical friction. Spheroids
from each group were mixed with small steel beads on a plate shaker, and spheroids that remained intact were
counted after 10, 20, 30, 40 and 60 min. While all spheroids from both groups were broken apart by 60 min,
PODXL-KO spheroids fragmented much faster than controls (Fig. 5E). At 10 min, 70% of control spheroids but
only 30% of PODXL-KO spheroids were intact. By 20 min, 50% of control spheroids but only 10% of PODXL-
spheroids remained intact (Fig. 5E). Thus, PODXL-KO spheroids were less compact and more fragile than
controls.
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Figure 3. Analysis of spheroids formed with representative ovarian cancer cell lines. The four cell lines shown
in Fig. 2B (Kuramochi, HEY, SKOV3 and COV362) were analysed. Bright field images and immunofluorescent
staining for PODXL (green), nuclei (blue) and F-actin (red) are shown at 20x magnification. Scale bar: 100 pm.
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Figure 4. Validation of PODXL-KO in Kuramochi cell line. PODXL was knocked out in Kuramochi and
controls were transfected with an empty vector. (A) Real-time RT-PCR analysis of PODXL mRNA. Data
normalized to 18S and expressed as fold changes relative to control. (B) Western blot analysis of PODXL
protein, B-actin used as a loading control. Left panel: a representative image. Right panel: densitometric analysis
of the top band of PODXL, data normalized to f-actin and expressed as fold changes relative to control (full
western blot is presented in Supplementary Fig. 1). (C) Representative images of spheroids formed with control
and PODXL-KO cells. Top: bright field. Images at 4x magnification. Bottom: immunofluorescent staining of
PODXL (green), nuclei (blue), and F-actin (red). Images at 20x magnification. Scale bar: 100 pum. Mean + SD,
n=3.**P<0.005, ***P <0.0001.

PODXL-KO Kuramochi spheroids are more sensitive to carboplatin than controls

We next examined the chemosensitivity of the control and PODXL-KO spheroids (Fig. 6). Spheroids were
treated for 24 h with 348 uM carboplatin, a mean concentration found in the perfusate of patients undergoing
hyperthermic intraperitoneal chemotherapy®, then monitored in complete media for up to 4 days to examine
post-treatment recovery (Fig. 6A). Immediately after carboplatin treatment, cell viability was similar between
PODXL-KO and control spheroids (Fig. 6B). However, during post-treatment recovery, PODXL-KO spheroids
decreased in cell viability more quickly than control spheroids and was significantly lower at both day 2 and 4
(Fig. 6B). This difference was further reflected in live cell numbers contained within spheroids (Fig. 6C); while
both groups reduced in cell numbers substantially in the initial 2 days, controls started to bounce back from
day 2 whereas PODXL-KO spheroids continued to decline. By day 4, the number of live cells contained within
control spheroids were double of that in PODXL-KO spheroids (Fig. 6C). When day 0 spheroids were dissociated
into single cells and immunostained for cell proliferation marker Ki-67, positive staining was 52% in controls
but only 25% in PODXL-KO cells (Fig. 6D), confirming that cells within control spheroids were more actively
proliferating than those of PODXL-KO spheroids following treatment (Fig. 6D).

Ascites-derived primary HGSC spheroids: PODXL expression, spheroid compactness and
fragility

We next investigated spheroids of ascites-derived primary cells obtained from patients with confirmed HGSC
(n=6). All six samples formed spheroids with variations in size and level of PODXL staining, and these
were denoted by numbers 1-6 in descending order of PODXL levels (Fig. 7A). The two extremes, #1 and #6,
which expressed the highest and lowest levels of PODXL respectively (Fig. 7A), were then chosen for further
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Figure 5. Analysis of growth and spheroid compactness of control and PODXL-KO Kuramochi cells. Control
and PODXL-KO spheroids were monitored for 24, 48 and 72 h. (A) Representative brightfield images at 4x
magnification. Scale bar: 50 um. (B) Cell viability. (C) Total number of live cells. (D) Spheroid compactness. (E)
Spheroid hardiness. Data expressed as percentage of intact spheroids over total number of spheroids. Mean + SD,
n=3.*P<0.05, **P<0.005.

experiments to determine whether they resemble some of the characteristics of control and PODXL-KO Kuramo-
chi cells respectively.

Spheroids of #1 and #6 primary cells were compared over 72 h for cell viability and numbers (Fig. 7B). While
cell viability was similar between the two at each time point examined (Fig. 7C), cell number of #1 spheroids
was almost double that of #6 at 48 and 72 h (Fig. 7D). In accordance, cell density of #1 spheroids was also sig-
nificantly higher than that of #6 at both 48 and 72 h (Fig. 7E). When these spheroids were mixed with small steel
beads on a plate shaker, #6 spheroids fragmented much faster than #1 spheroids (Fig. 7F); by 20 min, around
30% of #1 but nearly 70% of #6 spheroids disintegrated (Fig. 7F), by 30 min approximately 60% of #1 but over
90% of #6 spheroids crumbled. All spheroids were broken apart by 60 min. Overall, these results indicate that
in spheroids of ascites-derived primary HGSC cells, higher PODXL expression is correlated with the formation
of more compact and hardy spheroids, as observed in Kuramochi cell models.

Ascites-derived primary HGSC spheroids: PODXL levels and spheroid sensitivity to carboplatin
We next assessed sensitivity of #1 and #6 ascites-derived spheroids to carboplatin. Spheroids were treated with
carboplatin for 24 h, then transferred to complete media and their post-treatment recovery was examined
(Fig. 8A). While cell viability did not differ significantly between the two (Fig. 8B), there was significantly more
live cells within #1 spheroids compared to that of #6 at both days 2 and 4 (Fig. 8C). When these spheroids were
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Figure 6. Comparison of control and PODXL-KO Kuramochi spheroids following treatment with carboplatin.
(A-C) Control and PODXL-KO spheroids were treated with carboplatin for 24 h, then monitored for up to

4 days. (A) Representative brightfield images of carboplatin treated spheroids in recovery. Scale bar: 100 pm.
(B) Cell viability. (C) Total number of live cells within each spheroid. (D) Immunofluorescent staining of

Ki-67 in spheroids at day 0 (immediately after carboplatin treatment). Left panel: representative images at 40x
magnification. Scale bar: 50 um. Right panel: percentage of Ki-67-positive cells Mean + SD, n=3. *P <0.05,

**P <0.005.

dissociated into single cells and stained for Ki-67, some positive staining was observed in #1 whereas staining was
absent in #6 cells (Fig. 8D), suggesting cells within spheroids of #1 but unlikely of #6 had proliferative activity.
These results indicate an inverse correlation between PODXL levels and sensitivity to carboplatin, which was
again, consistent with data of Kuramochi cell models.

Discussion

HGSC is a lethal gynaecological malignancy that is characterised by intraperitoneal metastasis of cancer sphe-
roids that may persist in ascites after chemotherapy, contributing to disease recurrence and chemoresistance.
However, molecular mechanisms are poorly understood. In this study, we examined the presentation of PODXL
in HGSC patient tissues and cell lines, and investigated its potential role in promoting cancer spheroid charac-
teristics that may confer survival advantage. PODXL was immunostained in all HGSC patient tissues examined
(n=17) with variable intensities. PODXL was also expressed by most ovarian cancer cell lines examined (n=28),
and those with high PODXL expression are more likely categorised as HGSC. Using the cell line expressing the
highest levels of PODXL as a model and CRISPR/Cas9 gene editing, we further illustrated that PODXL promoted
cell proliferation within the spheroid, and fostered the formation of dense cancer spheroids which were resilient
to fragmentation. Furthermore, following treatment with carboplatin, more cells bounced back and started to
proliferate within spheroids that express higher PODXL. These characteristics were also observed in primary
cancer cells derived from ascites of HGSC patients (n=6). Our studies thus suggest that PODXL may play an
important role in enhancing spheroid survival against physical friction and chemotherapy drugs.

All HGSC tumour tissues examined here (n=17) were positively immunostained for PODXL although the
levels varied. This supports previous findings that PODXL is expressed in an overwhelming number of HGSC
cases?. Furthermore, in tissues examined here, 29% showed intense and membranous PODXL staining, localis-
ing around the outer layer of cancer clusters, which resemble the morphology of budding tumors. These find-
ings are consistent with prior studies in ovarian, colorectal, urothelial bladder, pancreatic and breast cancer, in
which apical surface expression of PODXL on tumor cells was associated with poor prognosis®?”**-%, Previous
studies in colorectal cancer also found distinct membranous staining of PODXL predominantly in a subset of
infiltrating cells at the tumour front, which led to the suggestion that overexpression of PODXL is associated
with invasive and metastatic properties®™*”. Studies of MCF-7 breast cancer cells in mice further showed that
PODXL overexpression promotes budding of cancer clusters from the primary tumors?. Previous studies also
reported an association between surface PODXL expression and shorter disease-free survival in HGSC patients®.
However, we were unable to ascertain this association in our cohort due to the lack of full patient prognosis data.

Scientific Reports |

(2024) 14:7539 | https://doi.org/10.1038/s41598-024-57053-7 nature portfolio



www.nature.com/scientificreports/

Brightfield

PODXL
+DAPI
+ Phalloidin

#1

#1

Time

24h

48h

72h

Cell viability (%)

1008

. l ’

#2

#6

#3 #4 #5 #6

5000 1
- #1

- #6

%k Xk
4000

3000+

20004

Cell count

10004

0 T T 1
24

Time (h)

o
1l

-

- 6 *

»
"

Density (cells/mm®)
N

o
'

24 48

Time (h)

72

- #1
- #6

100+

*k % - 1

- #6

50

T T 1

48 72
Time (h)

Intact spheroids (%)

Time (mins)

Figure 7. Analysis of cancer spheroids formed with ascites-derived cells from HGSC patients. (A) Bright field
images of spheroids formed from 6 independent samples examined and their immunofluorescent staining of
PODXL (green), nuclei (blue), and F-actin (red). Images at 4 and 20x magnification respectively. (B-F) Further
analysis of cells expressing the highest (#1) and lowest (#6) levels of PODXL. (B) Representative brightfield
images of spheroids formed over time. Images at 4x magnification. (C) Cell viability. (D) Total number of live
cells. (E) Spheroid compactness. (F) Spheroid hardiness. Data expressed as percentage of intact spheroids over
total number of spheroids. Scale bar: 100 um. Mean + SD, n=3. *P <0.05, **P <0.005, ***P <0.001.

In ascites, spheroids can exist in different sizes and morphology, ranging from loose cellular aggregates to
tight spheroids, and compact spheroids were reported to confer a survival advantage®***’. Here, we demonstrated
that PODXL is expressed on the surface of both established ovarian cancer cell lines and patient ascites-derived
spheroids, and that PODXL levels positively correlated with spheroid compactness. Kuramochi, a HGSC cell
line confirmed by its genomic profile®!, showed the highest levels of PODXL expression and formed compact
spheroid, whereas COV362 which expressed much lower PODXL only formed loose cellular aggregates. When
PODXL is knocked out in Kuramochi, while spheroid size was not altered, the control spheroids contained
significantly more cells over time than that of PODXL-KO cells; because cell viability did not differ between the
two groups, this difference in cell number suggest that proliferation was higher within the spheroids of control
than PODXL-KO cells. Consequently, control spheroids were significantly more compact than PODXL-KO.
Similarly, in ascites-derived primary spheroids, those with higher PODXL expression were denser than spheroids
of lower PODXL.

We thus next investigated whether the above differences relate to spheroid fragility, by establishing a novel
technique of mixing spheroids with steel beads on a rocking platform. To our best knowledge, this is the first
report of such experimentation. PODXL-KO Kuramochi spheroids disintegrated much faster than control sphe-
roids. Likewise, primary spheroids with lower PODXL levels exhibited significantly higher rates of fragmenta-
tion compared to those with higher PODXL expression. All spheroids were broken apart by 60 min, indicating
a maximum threshold was reached. While there are currently no reports on the correlation between spheroid
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Figure 8. Analysis of cancer spheroids of primary HGSC cells following treatment with carboplatin. Cells
expressing the highest (#1) and lowest (#6) levels of PODXL shown in Fig. 7A were analysed. (A-C) Spheroids
were treated with carboplatin for 24 h then monitored for up to 4 days. (A) Representative brightfield images
of carboplatin treated spheroids in recovery. Images at 4x magnification. (B) Cell viability. (C) Total Number
of live cells within each spheroid. (D) Immunofluorescent staining of Ki-67 in spheroids at day 0 (immediately
after carboplatin treatment). Representative images at 20x magnification. Scale bar: 100 um. Mean +SD, n=3.
*P<0.05, **P <0.005.

compactness and tumorigenesis, we demonstrated here a positive link between PODXL expression, spheroid
compactness and hardiness, which may confer advantages for their survival in ascites.

Combined with tumour debulking, the first-line treatment for ovarian cancer consists of a platinum agent
carboplatin and a taxane paclitaxel, which selectively eliminates highly proliferative cells*"*>. While most HGSC
patients will respond to initial treatment, more than 80% will have a reoccurrence*, and cancer spheroid evasion
of chemotherapy is believed to be a contributor. By mimicking the multicellular structures present in in vivo, 3D
spheroid models in vitro provide a good system to study chemoresistance and gene expression*-*. PODXL has
been shown to significantly mediate cisplatin resistance in oral tongue squamous carcinoma and osteosarcoma
cells?®*. In this study, we showed that control spheroids were more resilient to carboplatin (an analogue of
cisplatin) than PODXL-KO spheroids, with the former containing significantly higher number of live cells over
time following treatment. This was reflected by a significantly higher percentage of Ki-67-positive cells present
within the control compared to the PODXL-KO Kuramochi spheroids, consistent with PODXL promoting cell
proliferation. A similar observation was also made in primary spheroids following treatment with carboplatin,
those with high PODXL levels showed higher cell number and Ki-67 expression than spheroids of low PODXL
expression.

We have previously reported that PODXL promotes an anti-adhesive and impermeable epithelial barriers.
This mechanism may be involved in HGSC spheroids where PODXL expression likely hinders drug penetration
into the spheroid, but further studies are needed to confirm this speculation. A limitation of this study was the
small cohort of HGSC patients and ascites-derived primary cells that we were able to acquire. In future studies,
analysis of a larger cohort of patients will provide a more comprehensive view of the importance of PODXL in
primary spheroids. Moreover, given the heterogeneous nature of HGSC, there may be other factors/mechanisms
that may interact with PODXL to support proliferation and survival of cancer spheroids.

In summary, our results suggest that PODXL plays an important role in facilitating the formation of compact
and hardy spheroids, which are resistant to physical fragmentation and resilient to chemotherapy drugs. Future
studies are needed to elucidate the exact mechanisms by which PODXL confers these survival advantages in
HGSC spheroids.
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Materials and methods

Patient samples

Primary HGSC tumour tissue biopsies (n=17) plus one benign ovarian sample and ascites (n=6) were acquired
from patients admitted to Eastern Health hospitals in Melbourne, Australia; each patient provided written
informed consent and ethics approval was obtained from Monash University Human Research Ethics Committee
(#06032C). All procedures were conducted in accordance with the relevant guidelines and regulations. Tissues
were fixed in 100% ethanol and processed into paraffin blocks. Non-adherent cancer cells in ascites fluid were
isolated using an established purification method®. Histopathology and clinical information for each sample was
obtained from de-identified pathology reports.

Immunohistochemistry

The procedure was performed at room temperature unless specified. Paraffin sections (5 um thickness) were
deparaffinised in histosol (ChemSupply, SA, AUS), rehydrated, then microwaved in pre-boiled 0.01 M citrate
buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was blocked for 10 min with 3% H,0, in
methanol, tissues were then incubated for 20 min with 15% horse serum in high salt TBS (0.3268 M NaCl, 0.05 M
Tris base pH 7.6) containing 0.1% Tween20 (Sigma-Aldrich, MO, USA). Sections were next incubated for 1 h
at 37 °C with mouse monoclonal antibodies against human PODXL (2 pg/ml, Santa Cruz biotechnology, #SC-
23904) or mouse IgG (negative control, Dako, Glostrup, Denmark, #X0931). Subsequently tissues were incubated
with biotinylated horse-anti-mouse IgG (Vector laboratories, CA, USA, #BA-2000) for 30 min, and then with
avidin-biotin complex conjugated to horseradish peroxidase (Vector laboratories #PK-6100) for 30 min. Between
incubations, sections were washed with high salt TBS containing 0.6% Tween20. Colour was developed with
peroxidase substrate 3/3’-diaminobenzidine (DAB) (Dako, #K3466), and sections were counter-stained with
Harris haematoxylin (Sigma-Aldrich #HHS16) and mounted with DPX reagent (Sigma-Aldrich #06522). Slides
were scanned at 40X magnification using Aperio Scanscope XT (Leica Biosystems Pty Ltd, Wetzlar, Germany),
and analysed using the Aperio ImageScope (v12.1.0.5029) software (Leica Biosystems Pty Ltd).

Bioinformatic analysis of PODXL expression in ovarian cancer cell lines

RNA-seq data were obtained from EMBL-EBI (European Molecular Biology Laboratory’s European Bioinfor-
matics Institute European Bioinformatics Institute) database (https://www.ebi.ac.uk), and 37 ovarian cancer cell
lines with varying levels of PODXL expression were identified, of which 28 were further analysed after those with
ambiguous or previously misidentified origins were excluded.

Cell culture

The Kuramochi cell line, representing HGSC with the highest PODXL expression, was purchased from JCRB
CellBank Australia (#)CRB0098). The study also examined another 3 commonly used epithelial ovarian can-
cer cell lines HEY, SKOV3 and COV362%, which were all authenticated at the Hudson Institute of Medical
Research (Clayton, VIC, Australia). Kuramochi and HEY cells were maintained in RPMI 1640 Medium + Glu-
taMAX supplement (Thermo Fisher Scientific, MA, USA, #61870036), whereas SKOV3 was maintained in
DMEM/F-12 + GlutaMAX supplement (Thermo Fisher Scientific #10565018) and COV362 in DMEM (Thermo
Fisher Scientific, #11965092). Primary ascites-derived HGSC cells were isolated as reported previously®, and
were maintained in a 1:1 ratio of Medium 199 (Thermo Fisher Scientific, #11150-059) and MCDB131 (Thermo
Fisher Scientific, #10372-019). All media were supplemented with 10% (15% for primary cells) fetal bovine
serum (FBS, Thermo Fisher Scientific) 1% antibiotic—antimycotic (Thermo Fisher Scientific, #15240062), and
cells were cultured at 37 °C under 5% CO,.

Silencing PODXL expression

PODXL expression was silenced using CRISPR/Cas9 gene editing with one single guide RNA sequence (TAGATG
AGTCCGTAGTAGTC) targeting exon 2 region of PODXL, as per the Zhang lab protocol®, and the empty vector
was used as the control. Kuramochi cells were transfected with Lipofectamine 2000 (Thermo Fisher Scientific
#11668019) mixed with plasmid (3:1 ratio) in Opti-MEM (Thermo Fisher Scientific #51985034) for 24 h, then
cultured in complete growth medium containing 1 pg/ml puromycin (Sigma-Aldrich, #P8833). When reach-
ing 80% confluency, cells were trypsinized, seeded sparsely in 10 cm dishes (2-5000 cells/dish), and cultured
until colonies formed. Individual colonies were then expanded sequentially in 48-, 24-, 12-, and 6-well plates,
then in T25 and T75 flasks. PODXL-KO cells were confirmed by real time RT-PCR, Western blot analysis and
immunocytochemistry.

RNA extraction and real-time RT-PCR analysis

Total RNA was extracted with TRI reagent (Sigma-Aldrich, #93289) for cell lines and RNeasy Mini Kit (Qiagen,
Hilden, Germany, #74104) for primary cells. RNA concentration was determined by Nanodrop (Thermo Fisher
Scientific), and 500 ng total RNA was reverse transcribed into complementary DNA (cDNA) using SuperScript
III First-Strand kit (Invitrogen #18080-051) as per the manufacturer’s protocol. RT-PCR was performed using
SYBR Green Master Mix (Thermo Fisher Scientific, #A25742) on the Quantstudio 7 Flex System (Thermo Fisher
Scientific) with the following conditions: (1) 95 °C for 10 min, (2) 40 cycles of denaturation (95 °C for 15 s),
annealing (60 °C for 40 s) and extension (95 °C for 15 s), and (3) dissociation curve assessment (60-95 °C). The
following primers were used: PODXL (forward 5' GAGCAGTCAAAGCCACCTTC 3/, reverse 5 GCTGGAATT
ACCGCGGCT 3') and 18S (forward 5 CGGCTACCACATCCAAGGAA 3/, reverse 5’ GCTGGAATTACCGCG
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GCT 3'). PODXL mRNA was normalised against 18S and the relative levels were calculated as fold changes using
AACT. All experiments were performed 3 times independently.

Western blot analysis

Cells were lysed in buffer containing 50 mM Tris, 150 mM NaCl, 2 mM EDTA, 25 mM NaF (serine/threo-
nine protein phosphatase inhibitor), 0.2% Triton X-100, 0.3% Nonidet P-40 (Millipore, Sigma-Aldrich), 25 mM
glycerolphosphate (a phosphatase inhibitor) with the addition of a complete protease inhibitor cocktail (Roche
Molecular, Mannheim, Germany). Lysates underwent 3 times of freeze—thaw processes (10 min dry ice, 5 min
room temperature and 5 min ice) before being centrifuged at 14,000 rpm for 10 min at 4 °C. Proteins were sepa-
rated on a 10% Polyacrylamide SDS-PAGE gel and transferred to PVDF membranes (GE Healthcare, NSW, Aus-
tralia). After blocking for 5 h at room temperature with 5% BSA (Bovogen, VIC, Australia) in Tris-buffered saline
[10 mmol/L Tris (pH 7.5) 232 and 0.14 mol/L NaCl] containing 0.2% Tween20 (TBST-T), the membrane was
incubated overnight at 4 °C with polyclonal goat antibodies against human PODXL (2.5 pg/ml in PBS-T, R&D
Systems, MN, USA #AF1568), then 1 h with a rabbit anti-goat IgG-HRP (diluted 1:2000 in TBS-T; Dako, USA
#P0449). Bands were visualised using Lumi-Light Western Blotting Substrate (Roche Molecular, #12015200001)
and ChemiDoc MP Imaging System (Bio-Rad, CA, USA). Membranes were subsequently probed for B-actin as
aloading control using an HRP-conjugated B-actin antibody (2 pg/ml, Cell Signalling Technology, MA, USA).
All experiments were repeated 3 times independently.

Cancer spheroids formation and analysis

Spheroids were formed by culturing 2500 cells per well in 96-well round bottomed ultra-low attachment plate
(Merck, Darmstadt, Germany, #CLS7007-24EA), and individual spheroid was collected after 72 h by manual
pipetting. Spheroids were monitored using a Nikon eclipse TS100 microscope equipped with a Nikon DS-Fil
camera (Tokyo, Japan), and images were acquired using the Nikon digital sight DS-L2 unit. To determine the
number and viability of cells within spheroids, individual spheroid was trypsinised and dissociated into single
cells and analysed using an automated cell counter Countess 3 (Thermo Fisher Scientific). To calculate cell density
of spheroids, the diameter of each individual spheroid was determined prior to cell dissociation by averaging the
length of 4 different angles using the “straight line” function on the Image] software version 1.53¢ (NIH, USA).
The average spheroid volume was then calculated using the formula 4/377 73, and density was estimated as total
live cell number/volume. To test spheroid fragility, 10 spheroids were transferred into a 24-well plate contain-
ing 5 stainless steel beads (5 mm in diameter, Sigma Aldrich, #BMSD113450) containing complete media. The
plate was then placed on a shaker (140 RPM), and spheroids that still remained intact were counted after 10,
20, 30, 40 and 60 min; any spheroid with visible fragmentation was considered not intact. All experiments were
repeated 3 times independently.

Immunofluorescence

All procedures were performed at room temperature unless stated otherwise. Spheroids were fixed with 4% para-
formaldehyde in PBS for 30 min, permeabilised with 0.1% Triton X-100 in PBS for 10 min, and blocked with 15%
normal donkey serum in 1% BSA/PBS for 2 h. Spheroids were incubated overnight at 4 °C with goat anti-human
PODXL antibodies (2.5 pg/ml diluted in 1% BSA/PBS, R&D Systems, #AF1568) or goat IgG (2.5 ug/ml diluted
in 1% BSA/PBS, R&D Systems, #AB-108-C), then 2 h with Alexa Fluor 488 donkey anti-goat antibodies (1 pug/
ml diluted in 1% BSA/PBS, Invitrogen, #A11055). F-actin was subsequently stained with phalloidin 555 (1:40
dilution in PBS, Thermo Fisher Scientific, #A34055) for 30 min, and nuclei counterstained with DAPI (0.5 pg/
ml diluted in PBS, R&D Systems, #AB-108-C) for 10 min. For imaging, 10 mm glass coverslips (Marienfeld,
Laidao-Konigshofen, Germany, #0111500) were mounted on the corners of the microscope slide (Marienfeld,
#0705002) to function as spacers. Spheroids were then pipetted to the middle of the slide with a drop of fluores-
cent mounting agent (Dako, #53023), mounted with a coverslip, and analysed using the Nikon ECLIPSE Ti AIR
confocal microscope (RMIT University).

To assess Ki-67 positive cells, spheroids were resuspended into single cells in TrypLE (Thermo Fisher,
#12604021), pipetted onto a droplet of Histogel (Epredia, MI, USA, #HG-4000-012), then smeared onto a micro-
scope slide. After the gel was air dried, cells were fixed and immunostained as described above but with anti-
Ki-67 rabbit antibody (1:250 dilution in 1% BSA/PBS, Abcam, Cambridge, UK, #ab16667) or rabbit IgG (4 pg/
ml diluted in 1% BSA/PBS, Dako, #X0936), and a rabbit-anti mouse Alexa Fluor 568 antibody (1:200 dilution
in 1% BSA/PBS, Thermo Fisher Scientific, #a10042). All experiments were repeated 3 times independently.

Treatment of cancer spheroids with carboplatin

Spheroids were treated with a clinical dose of 348 pg/ml carboplatin (Hospira, IL, USA)* for 24 h then main-
tained in complete media and analysed at day 2 and day 4. Culture media was refreshed every 2 days by replacing
half of the culture media with fresh media. All experiments were repeated 3 times independently.

Statistical analysis
GraphPad Prism version 10 (GraphPad Software, San Diego, CA) was used for statistical analysis. Students ¢
test or two-way ANOVA was applied wherever appropriate, and data were expressed as mean + SD; P <0.05 was
considered significant.

Data availability
All data associated with this study are present in the paper or in the supplementary materials.

Scientific Reports |

(2024) 14:7539 | https://doi.org/10.1038/s41598-024-57053-7 nature portfolio



www.nature.com/scientificreports/

Received: 23 November 2023; Accepted: 13 March 2024
Published online: 30 March 2024

References

1.

Huang, J. et al. Worldwide burden, risk factors, and temporal trends of ovarian cancer: A global study. Cancers (Basel) 14(9), 2230
(2022).

2. Desai, A. et al. Epithelial ovarian cancer: An overview. World J. Transl. Med. 3(1), 1-8 (2014).

3. Kossai, M., Leary, A., Scoazec, J. Y. & Genestie, C. Ovarian cancer: A heterogeneous disease. Pathobiology 85(1-2), 41-49 (2018).

4. Peres, L. C. et al. Invasive epithelial ovarian cancer survival by histotype and disease stage. J. Natl. Cancer Inst. 111(1), 60-68 (2019).

5. Berek, J. S., Renz, M., Kehoe, S., Kumar, L. & Friedlander, M. Cancer of the ovary, fallopian tube, and peritoneum: 2021 update.
Int. ]. Gynaecol. Obstet. 155(Suppl 1), 61-85 (2021).

6. Ledermann, . A. et al. Newly diagnosed and relapsed epithelial ovarian carcinoma: ESMO Clinical Practice Guidelines for diag-
nosis, treatment and follow-up. Ann. Oncol. 24(Suppl 60), 24-32 (2013).

7. Tan, D. S., Agarwal, R. & Kaye, S. B. Mechanisms of transcoelomic metastasis in ovarian cancer. Lancet Oncol. 7(11), 925-934
(2006).

8. Latifi, A. et al. Isolation and characterization of tumor cells from the ascites of ovarian cancer patients: Molecular phenotype of
chemoresistant ovarian tumors. PLoS One 7(10), e46858 (2012).

9. Zeimet, A. G. et al. Ovarian cancer stem cells. Neoplasma 59(6), 747-755 (2012).

10. Ayantunde, A. A. & Parsons, S. L. Pattern and prognostic factors in patients with malignant ascites: A retrospective study. Ann.
Oncol. 18(5), 945-949 (2007).

11. Ahmed, N. & Stenvers, K. L. Getting to know ovarian cancer ascites: Opportunities for targeted therapy-based translational
research. Front. Oncol. 3, 256 (2013).

12. Krugmann, J. et al. Malignant ascites occurs most often in patients with high-grade serous papillary ovarian cancer at initial
diagnosis: A retrospective analysis of 191 women treated at Bayreuth Hospital, 2006-2015. Arch. Gynecol. Obstet. 299(2), 515-523
(2019).

13. Bose, D. et al. Chemoresistant colorectal cancer cells and cancer stem cells mediate growth and survival of bystander cells. Br. J.
Cancer 105(11), 1759-1767 (2011).

14. Freeburg, E. M., Goyeneche, A. A. & Telleria, C. M. Mifepristone abrogates repopulation of ovarian cancer cells in between courses
of cisplatin treatment. Int. J. Oncol. 34(3), 743-755 (2009).

15. Luvero, D., Milani, A. & Ledermann, J. A. Treatment options in recurrent ovarian cancer: Latest evidence and clinical potential.
Ther. Adv. Med. Oncol. 6(5), 229-239 (2014).

16. Makhija, S., Taylor, D. D., Gibb, R. K. & Gercel-Taylor, C. Taxol-induced bcl-2 phosphorylation in ovarian cancer cell monolayer
and spheroids. Int. J. Oncol. 14(3), 515-521 (1999).

17. Gencoglu, M. E. et al. Comparative study of multicellular tumor spheroid formation methods and implications for drug screening.
ACS Biomater. Sci. Eng. 4(2), 410-420 (2018).

18. Weiswald, L. B, Bellet, D. & Dangles-Marie, V. Spherical cancer models in tumor biology. Neoplasia 17(1), 1-15 (2015).

19. Kerjaschki, D., Sharkey, D. J. & Farquhar, M. G. Identification and characterization of podocalyxin—The major sialoprotein of the
renal glomerular epithelial cell. J. Cell Biol. 98(4), 1591-1596 (1984).

20. Kershaw, D. B. et al. Molecular cloning, expression, and characterization of podocalyxin-like protein 1 from rabbit as a transmem-
brane protein of glomerular podocytes and vascular endothelium. J. Biol. Chem. 270(49), 29439-29446 (1995).

21. Sassetti, C., Van Zante, A. & Rosen, S. D. Identification of endoglycan, a member of the CD34/podocalyxin family of sialomucins.
J. Biol. Chem. 275(12), 9001-9010 (2000).

22. McNagny, K. M. et al. Thrombomucin, a novel cell surface protein that defines thrombocytes and multipotent hematopoietic
progenitors. J. Cell Biol. 138(6), 1395-1407 (1997).

23. Le Tran, N., Wang, Y. & Nie, G. Podocalyxin in normal tissue and epithelial cancer. Cancers (Basel) 13(12), 2863 (2021).

24. Ney, J. T. et al. Podocalyxin-like protein 1 expression is useful to differentiate pancreatic ductal adenocarcinomas from adenocar-
cinomas of the biliary and gastrointestinal tracts. Hum. Pathol. 38(2), 359-364 (2007).

25. Somasiri, A. et al. Overexpression of the anti-adhesin podocalyxin is an independent predictor of breast cancer progression. Cancer
Res. 64(15), 50685073 (2004).

26. Cipollone, J. A. et al. The anti-adhesive mucin podocalyxin may help initiate the transperitoneal metastasis of high grade serous
ovarian carcinoma. Clin. Exp. Metastasis 29(3), 239-252 (2012).

27. Graves, M. L. et al. The cell surface mucin podocalyxin regulates collective breast tumor budding. Breast Cancer Res. 18(1), 11
(2016).

28. Huang, T. et al. Role of podocalyxin in astrocytoma: Clinicopathological and in vitro evidence. Oncol. Lett. 6(5), 1390-1396 (2013).

29. Huang, Z., Huang, Y., He, H. & N1, J. Podocalyxin promotes cisplatin chemoresistance in osteosarcoma cells through phosphati-
dylinositide 3-kinase signaling. Mol. Med. Rep. 12(3), 3916-3922 (2015).

30. Strilic, B. et al. The molecular basis of vascular lumen formation in the developing mouse aorta. Dev. Cell 17(4), 505-515 (2009).

31. Domcke, S., Sinha, R., Levine, D. A., Sander, C. & Schultz, N. Evaluating cell lines as tumour models by comparison of genomic
profiles. Nat. Commun. 4, 2126 (2013).

32. Mikkelsen, M. S., Blaakaer, J., Petersen, L. K., Schleiss, L. G. & Iversen, L. H. Pharmacokinetics and toxicity of carboplatin used for
hyperthermic intraperitoneal chemotherapy (HIPEC) in treatment of epithelial ovarian cancer. Pleura Peritoneum. 5(4), 20200137
(2020).

33. Larsson, A. et al. Overexpression of podocalyxin-like protein is an independent factor of poor prognosis in colorectal cancer. Br.
J. Cancer 105(5), 666-672 (2011).

34. Dallas, M. R. et al. Sialofucosylated podocalyxin is a functional E- and L-selectin ligand expressed by metastatic pancreatic cancer
cells. Am. J. Physiol Cell Physiol. 303(6), C616-C624 (2012).

35. Larsson, A. et al. Validation of podocalyxin-like protein as a biomarker of poor prognosis in colorectal cancer. BMC Cancer 12,
282 (2012).

36. Boman, K. et al. Membranous expression of podocalyxin-like protein is an independent factor of poor prognosis in urothelial
bladder cancer. Br. J. Cancer 108(11), 2321-2328 (2013).

37. Casey, G. et al. Podocalyxin variants and risk of prostate cancer and tumor aggressiveness. Hum. Mol. Genet. 15(5), 735-741 (2006).

38. Nielsen, J. S. et al. The CD34-related molecule podocalyxin is a potent inducer of microvillus formation. PLoS One 2(2), €237
(2007).

39. Allen, H. ], Porter, C., Gamarra, M., Piver, M. S. & Johnson, E. A. Isolation and morphologic characterization of human ovarian
carcinoma cell clusters present in effusions. Exp. Cell Biol. 55(4), 194-208 (1987).

40. Sodek, K. L., Ringuette, M. J. & Brown, T. ]. Compact spheroid formation by ovarian cancer cells is associated with contractile
behavior and an invasive phenotype. Int. J. Cancer 124(9), 2060-2070 (2009).

41. Matulonis, U. A. et al. Ovarian cancer. Nat. Rev. Dis. Primers 2, 16061 (2016).

42. Hennessy, B. T., Coleman, R. L. & Markman, M. Ovarian cancer. Lancet 374(9698), 1371-1382 (2009).

Scientific Reports | (2024) 14:7539 | https://doi.org/10.1038/s41598-024-57053-7 nature portfolio



www.nature.com/scientificreports/

43. Jo, Y. et al. Chemoresistance of cancer cells: Requirements of tumor microenvironment-mimicking in vitro models in anti-cancer
drug development. Theranostics 8(19), 5259-5275 (2018).

44. Stock, K. et al. Capturing tumor complexity in vitro: Comparative analysis of 2D and 3D tumor models for drug discovery. Sci.
Rep. 6,28951 (2016).

45. Minchinton, A. I. & Tannock, I. F. Drug penetration in solid tumours. Nat. Rev. Cancer 6(8), 583-592 (2006).

46. Huang, L. et al. Hypoxia induced paclitaxel resistance in human ovarian cancers via hypoxia-inducible factor lalpha. J. Cancer
Res. Clin. Oncol. 136(3), 447-456 (2010).

47. Zhou, Y. et al. Bmil essentially mediates podocalyxin-enhanced Cisplatin chemoresistance in oral tongue squamous cell carcinoma.
PLoS One 10(4), e0123208 (2015).

48. Heng, S. et al. Podocalyxin promotes an impermeable epithelium and inhibits pro-implantation factors to negatively regulate
endometrial receptivity. Sci. Rep. 11(1), 24016 (2021).

49. Karimnia, N. et al. Chemoresistance is mediated by ovarian cancer leader cells in vitro. . Exp. Clin. Cancer Res. 40(1), 276 (2021).

50. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 339(6121), 819-823 (2013).

Author contributions

G.N conceived and overseen the project, G.N and YW and N.L.T designed the study. N.L.T conducted the
experiments, analyzed the data, and wrote the manuscript under the guidance of YYW and G.N; N.L.T and M.B
generated CRISPR-cas9 knockout constructs, M.B. and A.S. provided ascites-derived primary cells. All authors
have read and approved of the manuscript.

Funding
This study was supported by the National Health and Medical Research Council (NHMRC) of Australia
(#2012523 to G.N) and Contributing to Australian Scholarship and Science (CASS) foundation (#10453 to Y.W).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-57053-7.

Correspondence and requests for materials should be addressed to G.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7539 | https://doi.org/10.1038/s41598-024-57053-7 nature portfolio


https://doi.org/10.1038/s41598-024-57053-7
https://doi.org/10.1038/s41598-024-57053-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Podocalyxin promotes the formation of compact and chemoresistant cancer spheroids in high grade serous carcinoma
	Results
	PODXL is immunostained in all HGSC patient tissues with variable intensity
	PODXL is expressed in many ovarian cancer cell lines and those with higher expression are more likely categorised as HGSC
	PODXL is localised to the surface of spheroids formed with ovarian cancer cell lines
	Silencing of PODXL expression in Kuramochi cells
	PODXL-KO Kuramochi spheroids grow slower, are less compact and more fragile than controls
	PODXL-KO Kuramochi spheroids are more sensitive to carboplatin than controls
	Ascites-derived primary HGSC spheroids: PODXL expression, spheroid compactness and fragility
	Ascites-derived primary HGSC spheroids: PODXL levels and spheroid sensitivity to carboplatin

	Discussion
	Materials and methods
	Patient samples
	Immunohistochemistry
	Bioinformatic analysis of PODXL expression in ovarian cancer cell lines
	Cell culture
	Silencing PODXL expression
	RNA extraction and real-time RT-PCR analysis
	Western blot analysis
	Cancer spheroids formation and analysis
	Immunofluorescence
	Treatment of cancer spheroids with carboplatin
	Statistical analysis

	References


