
OCT4 controls mitotic stability and inactivates the RB tumor
suppressor pathway to enhance ovarian cancer aggressiveness
E Comisso1,2, M Scarola1,6, M Rosso1,3,6, S Piazza1,4, S Marzinotto5, Y Ciani1, M Orsaria5, L Mariuzzi5, C Schneider1,2, S Schoeftner1,3

and R Benetti1,2

OCT4 (Octamer-binding transcription factor 4) is essential for embryonic stem cell self-renewal. Here we show that OCT4 increases
the aggressiveness of high-grade serous ovarian cancer (HG-SOC) by inactivating the Retinoblastoma tumor suppressor pathway
and enhancing mitotic stability in cancer cells. OCT4 drives the expression of Nuclear Inhibitor of Protein Phosphatase type 1
(NIPP1) and Cyclin F (CCNF) that together inhibit Protein Phosphatase 1 (PP1). This results in pRB hyper-phosphorylation,
accelerated cell proliferation and increased in vitro tumorigenicity of ovarian cancer cells. In parallel, OCT4 and NIPP1/CCNF drive
the expression of the central Chromosomal Passenger Complex (CPC) components, Borealin, Survivin and the mitotic kinase Aurora
B, promoting the clustering of supernumerary centrosomes to increase mitotic stability. Loss of OCT4 or NIPP1/CCNF results in
severe mitotic defects, multipolar spindles and supernumerary centrosomes, finally leading to the induction of apoptosis. These
phenotypes were recapitulated in different cancer models indicating general relevance for human cancer. Importantly, activation of
these parallel pathways leads to dramatically reduced overall survival of HG-SOC patients. Altogether, our data highlights an
unprecedented role for OCT4 as central regulator of mitotic fidelity and RB tumor suppressor pathway activity. Disrupting this
pathway represents a promising strategy to target an aggressive subpopulation of HG-SOC cells.

INTRODUCTION
OCT4 is a key transcription factor that regulates mammalian
embryonic pre-implantation development and is fundamental for
pluripotency and self-renewal of embryonic stem cells (ESCs).1

Importantly, OCT4 has also been linked to cancer formation in
mouse and human. Elevated OCT4 expression increased teratoma
formation potential of mESCs and transgenic expression of OCT4
caused the development of various types of aggressive epithelial
cancer.2,3 Remarkably, OCT4 expressing cells isolated from sponta-
neously formed tumors of p53-deficient mice showed self-renewal
features and supported tumor engraftment and metastasis.4 This
suggests that OCT4 supports tumor initiation and invasiveness. In
human cancer OCT4 expression was detected in various types of
malignant neoplasms and increased expression levels correlate with
advanced tumor grade, metastasis formation and reduced survival
rates, underlining the clinical relevance of OCT4.5–7 In line with data
from mouse cancer models, OCT4 expression was identified as a
common feature of human cancer stem cell-like cells purified from
several types of cancer, is associated with tumor-initiation potential,
mediates chemoresistance, protects from apoptosis and has an
impact on epithelial to mesenchymal transition.8–16 To date the role
of OCT4 in epithelial ovarian cancer (EOC) has been sparsely
addressed. OCT4 expression is linked with poor cancer differentia-
tion status, increases from normal surface or fallopian tube
epithelium to benign/borderline tumors to high-grade serous
ovarian carcinomas and correlates with disease progression.17 Cell

clones established from ascites of a patient with advanced ovarian
cancer showed high OCT4 expression and tumor-initiation potential
in xenografting experiments.18 Importantly, cancer stem cell-like
side populations derived from patients with early recurrence display
increased expression of OCT4 and other stemness markers.19,20

Although these results indicate a clinical relevance for OCT4 in EOC,
OCT4 dependent pathways that promote the aggressiveness of
epithelial ovarian cancer are largely unknown. Using mouse
embryonic stem cells (mESCs), we recently demonstrated that
OCT4 does not only ensure mESCs pluripotency but also mediates
the enzymatic inactivation of the Retinoblastoma pathway.21 In
particular, OCT4 drives the expression of Nuclear Inhibitor of Protein
Phosphatase 1 (NIPP1) and Cyclin F (CCNF), both inhibitors of
Protein Phosphatase 1 (PP1). This pathway prevents PP1 dependent
de-phosphorylation of Retinoblastoma protein 1 (pRB) mediating
rapid mESCs proliferation.21 In this study, we aimed to identify
clinically relevant pathways that are regulated by OCT4 in
high-grade serous ovarian cancer (HG-SOC). We show that the
OCT4-NIPP1/CCNF axis mediates the enzymatic inactivation of pRB
in HG-SOC cells to drive tumor cell proliferation. Past studies show
that the enzymatic inactivation of pRB is coupled with mitotic
instability.22–26 Importantly, here we show that OCT4, NIPP1
and CCNF have an important role in enhancing the expression
of Chromosomal Passenger Complex (CPC) components
Aurora B, Survivin and Borealin. This results in improved Aurora B
and CPC function, thereby ensuring mitotic stability. We thus
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conclude that OCT4 has a central role in suppressing genomic
instability resulting from RB tumor suppressor pathway inactivation
in HG-SOC cells. Data from HG-SOC cancer specimen
support in vitro data and show that elevated OCT4-NIPP1/CCNF-
CPC expression defines a highly aggressive subtype of human
HG-SOC.

RESULTS
The OCT4-NIPP1/CCNF-PP1 axis mediates pRB hyper-
phosphorylation and poor survival in HG-SOC
We previously used mESCs to show that OCT4 drives the
expression of NIPP1 and CCNF that inhibit the activity of protein
phosphatase 1 (PP1) resulting in pRB hyper-phosphorylation and
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accelerated cell proliferation21 (Supplementary Figure 1A). Study-
ing OCT4 mRNA expression levels in a panel of human cancer cell
lines and gene expression data sets, we found that OCT4 reaches
highest expression levels in ovarian cancer cell lines and
embryonic carcinoma cells (Figure 1a). We therefore studied the
role of the OCT4-NIPP1/CCNF-PP1 axis in ovarian cancer. Transient
knockdown of OCT4 using two different types of small intefereing
RNAs (siRNAs) in OVCAR-3 cells, a widely used model system for
HG-SOC,27 resulted in reduced expression of OCT4 target genes
NIPP1 and CCNF, as detected by quantitative real-time PCT (qRT–
PCR) or western blotting using whole cell extracts. Importantly,
this effect was paralleled by a reduction of phosphorylation levels
at pRB-T356, a reported PP1 target site (Figures 1b and c;
Supplementary Figure 1B). Importantly, reduced pRB-T356 phos-
phorylation was recapitulated by combined knockdown of NIPP1
and CCNF and rescued by depleting PP1β in OCT4 knockdown cells
(Figure 1c). Of notice, western blotting using nuclear extracts or
immunofluorescence after OCT4 knockdown in OVCAR-3 cells
resulted a more pronounced NIPP1 downregulation, indicating
that western blotting using whole cell extracts underestimate
NIPP1 downregulation in OCT4 depleted OVCAR-3 cells
(Supplementary Figure 1C). Results were reproduced in SKOV-3
ovarian cancer cells, underlining the relevance of the OCT4-NIPP1/
CCNF-PP1 axis in driving the enzymatic inactivation of pRB in
ovarian cancer (Supplementary Figure 1D). The heterogeneity of
OCT4 expression in OVCAR-3 cells enabled us to establish single-
cell derived subclones that vary in OCT4 expression levels (clone
11oclone 4oclone 9) (Figure 1d; Supplementary Figures 1E
and F). Of notice, OCT4 expression levels of OVCAR-3 subclones
11, 4 and 9 are considerable lower than expression levels in
embryonic stem cells (Supplementary Figure 1G). Using these cell
lines, we found that OCT4 expression positively correlates with
NIPP1 expression and pRB-T356 phosphorylation (Figures 1d and
e). In all subclones, depletion of OCT4 or NIPP1/CCNF reduced
pRB-T356 phosphorylation (Figure 1e). The link between NIPP1/
CCNF or NIPP1/CCNF/OCT4 levels and pRB phosphorylation at the
PP1 target sites pRB-S807 and pRB-T356 was confirmed in large
ovarian cancer specimen data sets (Figure 1f). The statistically
significant correlation (P= 0.03) of RB1 mRNA levels and pRB-S807
and T356 phosphorylation levels in HG-SOC cancer specimen
(Supplementary Figure 1H) enabled us to generate Kaplan-Meier
survival curves. Importantly, HG-SOC patients with increased
NIPP1/CCNF expression display a significantly reduced overall
survival (OS; P= 0.008) that is aggravated when high RB1 mRNA
expression was included into the analysis (OS; P= 1.39e− 05)
(Figure 1g). Altogether, this indicates that the OCT4-NIPP1/CCNF-
PP1 axis has clinical relevance for HG-SOC.

The OCT4-NIPP1/CCNF-PP1 axis promotes cell proliferation and
tumorigenic potential
We next evaluated the impact of the OCT4-NIPP1/CCNF-PP1 axis
on cancer cell proliferation and tumorigenic potential in vitro.

Transient knockdown of OCT4 or NIPP1/CCNF resulted in
significantly decreased BrdU incorporation rates, increased cell
doubling time and reduced expression of proliferation markers in
OVCAR-3 (Figure 2a; Supplementary Figure 2A). The impact of
OCT4, NIPP1 and CCNF on ovarian cancer cell proliferation and
BrdU incorporation was confirmed in SKOV-3 cells (Supplementary
Figure 2B). Impaired proliferation was recapitulated by treating
OVCAR-3 cells with PD 0332991 (Palbociclib), an inhibitor of the
Cyclin D-CDK4/CDK6 complex,28 that controls pRB-T356 phos-
phorylation (Figure 2a; Supplementary Figure 2C). Of notice, this
treatment did not impact on OCT4 or NIPP1 protein levels,
thus supporting that PD 0332991 impairs cell proliferation by
direct inhibition of CDK4/6 dependent pRB phosphorylation
(Supplementary Figure 2C). In line with this, increased OCT4
protein levels in OVCAR-3 subclones 11, 4 and 9 accelerate cell
proliferation (Figure 2b). Altogether, this indicates that OCT4 and
NIPP1/CCNF promote OVCAR-3 cell proliferation by driving the
enzymatic inactivation of pRB. In line with a reported role for OCT4
in enhancing chemoresistance14,15 we show that progressively
increased OCT4 expression enhances the expression of the
members of the superfamily of ATP-binding cassette (ABC)
transporters, ABCB1 and ABCB10 on the RNA level and mediates
enhanced chemoresistance to Cisplatin/Taxol, Doxorubicin, Noco-
dazole and Actinomycin D (Supplementary Figure 2D). We next
investigated in vitro tumorigenic potential of OVCAR-3 cells using
soft agar colony forming assays. We found that siRNA mediated
knockdown of OCT4 or NIPP1/CCNF in OVCAR-3 cells or OVCAR-3
subclones 11, 4, 9 but also PD 0332991 treatment of OVCAR-3 cells
resulted in strongly reduced colony number and size (Figure 2c;
Supplementary Figure 2E and F). In contrast, transient over-
expression of HA-tagged OCT4 or HA-CCNF/NIPP1 significantly
increased the tumorigenic potential (Figure 2d; Supplementary
Figure 2G). We next tested whether the OCT4-NIPP1/CCNF axis
impacts on OVCAR-3 cancer cell spheroid formation, an in vitro cell
model that resembles ovarian cancer ascites. Remarkably, we
found that diameters of control OVCAR-3, stable HA-OCT4
expressing OVCAR-3 cells and OVCAR-3 subclones 11, 4 and 9
correlate with OCT4 proteins expression (Figures 2e and f;
Supplementary Figure 2H). Accordingly, loss of OCT4 or NIPP1/
CCNF impaired cancer cell sphere formation (Figure 2g;
Supplementary Figure 2I; Material and methods section). Alto-
gether, this indicates a critical role for the OCT4-NIPP1/CCNF
axis in promoting cell proliferation and tumorigenic potential of
HG-SOC cells in vitro.

The OCT4-NIPP1/CCNF-PP1 axis promotes mitotic progression
Depletion of OCT4 or NIPP1/CCNF resulted OVCAR-3 cells with
flattened morphology and increased β-galactosidase activity
(Figures 3a and b; Supplementary Figure 3A). In addition, OCT4
knockdown OVCAR-3 cells showed increased expression of the
senescence marker p16INK4A as shown by western blotting
experiments but also by immunofluorescence staining that allows

Figure 1. OCT4 axis promotes poor prognosis in HG-SOC. (a) Left panel. Quantitative real-time PCR (qRT–PCR) for OCT4 (variant A) in human
cancer cell lines, normalized to WI38. Right panel, OCT4 mRNA expression in cancer cell lines (public gene expression database,
EGAS00001000610).48 (b) qRT–PCR for CCNF and NIPP1 after transient knockdown of OCT4 or NIPP1/CCNF, normalized to ACTIN. Control siRNA
value was set ‘100’. (c) Western blotting for phospho-pRB-T356, OCT4, NIPP1 and PP1 after transfection with indicated siRNAs oligos. Numbers
represent pRB-T356/ACTIN and NIPP1/ACTIN ratios. (d) Western blotting for pRB-T356, OCT4, NIPP1 using OVCAR-3 subclones 11, 4 and 9.
Numbers represent pRB-T356/ACTIN and NIPP1/ACTIN ratios. (e) Western blotting for pRB-T356, OCT4, NIPP1 in OVCAR-3 subclones 11, 4 and
9 after 3 days of transfection with the indicated siRNAs. Numbers represent pRB-T356/ACTIN and NIPP1/ACTIN ratios. (f) Correlating axis gene
expression with phosphorylation levels at PP1 target sites pRB-S807 and T356 using the TGCA ovarian cancer data set (n= 261).
Phosphorylation levels were normalized against overall amount of pRB protein levels. (g) Kaplan-Meier survival curve of overall survival (OS) of
ovarian cancer patients, classified according to the expression of CCNF and NIPP1 genes (left panel) or CCNF, NIPP1 and RB1 genes (right panel).
Due to the lack of probe-specificity, OCT4 mRNA expression levels were not included in Kaplan–Meier curves. n, number of independent
experiments; error bars indicate s.d. Linear model regression (f); log-rank test (g) and one-tail Student’s t-test were used to calculate
significance values: *Po0.05; **Po0.01; ***Po0.001. Scale bars correspond to 10 μm.
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to confront OCT4 and p16INK4A on the single-cell level (Figure 3c,
Supplementary Figure 3B and D). In line with this, axis disruption
in OVCAR-3 cells, treatment of OVCAR-3 cells with PD 0332991 or
low expression OCT4 expression levels in OVCAR-3 subclone 11

was linked with decreased CDK1, cyclin B1 (CCNB1) expression
and reduced pRB-T356 phosphorylation levels, further supporting
the induction of senescence (Figure 3c; Supplementary Figure 3C).
Of notice, PD 0332991 treatment was previously shown to induce
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senescence.29–31 Importantly, increased p16INK4A, β-galactosidase
activity and pRB-T356 phosphorylation levels as well as reduced
cell proliferation of OCT4 depleted OVCAR-3 cells were partially
rescued by ectopic co-expression of HA-tagged NIPP1 and CCNF
(Figure 3d; Supplementary Figure 3E). In line with the induction of
senescence, we found that acute, siRNA mediated depletion of
OCT4 or NIPP1/CCNF for a prolonged period (6 days) caused
reduced cell numbers in S, G2/M phases and significantly
increased number of cells in G0/G1 phases. This effect is
accompanied by increased subG1 numbers and augmented
percentage of TUNEL positive cells in OVCAR-3 (Figures 3e and
f). SKOV-3 cells recapitulate increased senescence and apoptosis
markers upon acute depletion of OCT4 or NIPP1/CCNF
(Supplementary Figure 3F). In order to test whether induction of
senescence and apoptosis are regulated in a sequential manner
we investigated the expression of marker genes of senescence
and apoptosis after 3 and 6 days of RNA interference (RNAi)-
mediated depletion of OCT4 or NIPP1/CCNF from OVCAR-3 cells.
Western blotting revealed that depletion of OCT4 or NIPP1/CCNF
for 6 days results in cleavage of the apoptosis markers Caspase 3
and PARP (Supplementary Figure 3G). Remarkably, p16INK4A is
already upregulated after 3 days of OCT4 knockdown
(Supplementary Figure 3G). This suggests that in OCT4 knock-
down OVCAR-3 cells activation of senescence programs precedes
the activation of apoptosis programs. To understand the relative
contribution of senescence and apoptosis to the observed cell
cycle defects we took advantage of our OVCAR-3 subclones, that
show subtle differences in OCT4 and NIPP1/CCNF protein levels.
We found that reduced OCT4/NIPP1 expression in OVCAR-3
subclones 11 and 4 significantly reduced S-phase numbers and
increased G2/M phase cells indicating defects in mitotic progres-
sion (Figure 3g). We conclude that this mitotic phenotype is
masked by the induction of apoptosis upon acute depletion of
OCT4 or NIPP1/CCNF in transient RNAi experiments (Figures 3e
and f; Supplementary Figure 3G). This suggests a new role for
OCT4 in stabilizing mitotic progression.

The OCT4-NIPP1/CCNF axis ensures mitotic fidelity by driving the
expression of CPC complex
RNAi-mediated depletion of OCT4 or NIPP1/CCNF in OVCAR-3 and
SKOV-3 cells caused a significant increased number of micronuclei,
indicating genomic instability (Figure 4a; Supplementary
Figure 4A). In accordance with this, we found that improved
genomic stability in OVCAR-3 subclones 4 and 9 correlates with
increased OCT4 expression (Figure 4b). Next, we interrupted the
OCT4-NIPP1/CCNF-PP1 axis and studied type and frequency of
mitotic spindle defects.32 RNAi-mediated depletion of OCT4 or
NIPP1/CCNF resulted in a 10-fold or 5-fold increase in multipolar
spindles, respectively (Figure 4c). OVCAR-3 subclones with low
OCT4 expression recapitulated the multipolar spindle phenotype
(Figure 4d; Supplementary Figure 4B). Finally, low endogenous
OCT4 protein levels or depletion of OCT4 or NIPP1/CCNF
significantly increased the frequency of polynucleated OVCAR-3

and SKOV-3 cells, a typical consequence of multipolar spindle
formation (Figure 4e; Supplementary Figures 4C and D). Alto-
gether, with previous cell cycle analyses, these data demonstrate
that OCT4 and its transcriptional targets NIPP1/CCNF have an
unprecedented role in promoting mitotic spindle function. We
next knocked-down OCT4 or NIPP1/CCNF in OVCAR-3 cells and
performed gene expression profiling experiments to define
biological pathway related to mitotic defects. A group of 1153
genes showed common regulation in both OCT4 and CCNF/NIPP1
depleted cells (1.4-fold up- or downregulated, Po0.05) (Figure 4f).
This indicates that NIPP1 and CCNF have a central role in
executing gene expression programs triggered by OCT4. Ingenuity
Pathway Analysis (IPA) and GSEA gene ontology on genes that are
downregulated upon OCT4 or NIPP1/CCNF depletion identified
defects in pathways linked to mitotic progression (Figure 4g).
Deeper analysis using the Ingenuity Path Explorer tool highlighted
the central components of the Chromosomal Passenger Complex
(CPC) Aurora B (AURKB), Survivin (BIRC5), Borealin (CDCA8) and
INCENP as downstream targets of the OCT4-NIPP1/CCNF axis
(Figure 4h). OCT4 and NIPP1/CCNF dependence of CPC compo-
nent expression was validated by quantitative RT–PCR
(Supplementary Figure 4E). These data suggest that OCT4 and
NIPP1/CCNF enhance mitotic stability by driving the expression of
CPC complex components.

OCT4 and CCNF/NIPP1 are essential to ensure chromosomal
passenger complex function
The chromosomal passenger complex (CPC) is a central regulator
of mitosis.33 During mitosis, the CPC shows specific spatio-
temporal localization at different regions along chromosomes,
regulating central steps in mitotic progression such as the rescue
of errors of chromosome-microtubule attachments, the spindle
assembly checkpoint and cytokinesis. Upon entry into mitosis,
Aurora B phosphorylates histone H3 at serine 10 (H3-Ser10)
and serine 28 (H3-Ser28). This causes the dissociation of
Aurora B from HP1 along chromosomal arms and finally
allows the concentration of the CPC at inner centromeres to
ensure the maintenance of the spindle assembly checkpoint.33,34

Impairment of CPC function results in abnormal mitotic spindles
and defects in mitotic checkpoint control.35 RNAi-mediated
depletion of OCT4 or NIPP1/CCNF in OVCAR-3 and SKOV-3 cells
resulted in a drastic reduction of Aurora B protein levels and a
concomitant decrease of phosphorylation at Ser10 and Ser28
of histone H3 (Figure 5a; Supplementary Figures 5A and B). RNAi-
mediated depletion of OCT4 or NIPP1/CCNF also caused a
reduction of Aurora B and H3-Ser10 phosphorylation signal-
intensity on metaphase chromosomes as well as defective
centromeric concentration of Aurora B and H3-Ser10 phosphor-
ylation, indicative for impaired CPC regulation (Figure 5b).
Western blotting data from OVCAR-3 subclones demonstrate that
OCT4 protein levels positively correlate with Aurora B expression
and H3-Ser10 and H3-Ser28 phosphorylation levels (Figure 5c).
In line with this, we observed reduced phosphorylation of

Figure 2. OCT4 axis disruption impairs cell proliferation and tumorigenic potential of OVCAR-3. (a) Proliferation was measured by BrdU assay
(top) or by calculating doubling time (bottom) after transfection with the indicated siRNAs or treatment with PD 0332991. For BrdU assay,
control siRNA value was set ‘1’. (b) Proliferation of OVCAR-3 subclones 11, 4 and 9 was measured by BrdU assay (left) or by calculating doubling
time (right). For BrdU assay, clone 11 value was set ‘1’. Top panel, representative images. (c) Colonies size of OVCAR-3 subclones 11, 4 and 9
transiently transfected with the indicated siRNAs oligos and plated in soft agar. Left panel, representative images. Black arrows indicate
colonies. (d) Soft agar assay of subclones 11 transiently overexpressing HA-OCT4 or both HA-CCNF and HA-NIPP1 (bottom panel). Top panel,
representative images of colonies, including images with higher magnification. (e) Diameter of spheroids derived from OVCAR-3 subclone 11
stably overexpressing HA-OCT4. (f) Diameter of spheroids derived from OVCAR-3 subclones 11, 4 and 9. (g) Diameter of spheroids derived
from OVCAR-3 subclone 9 cells transiently transfected with the indicated siRNAs. n, number of independent experiments; error bars indicate s.
d.; ND, not detected; UT, Untreated; a one-tail Student’s t-test was used to calculate significance values: *Po0.05; **Po0.01; ***Po0.001.
Scale bars, 100 μm.
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recombinant GST-tagged histone H3 in in vitro kinase assays
using anti-Aurora B immunoprecipitates obtained from control
and OCT4 knockdown OVCAR-3 cells (Figure 5d). Altogether,
this indicates that OCT4 has an important role in controlling

Aurora B and CPC function. Importantly, reduced global levels
of Aurora B and phosphorylated H3-Ser10/Ser28 in OCT4
depleted cells was rescued by ectopic expression of NIPP1/CCNF
(Figure 5e).
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The NIPP1/CCNF target, Protein Phosphatase 1 (PP1) is reported
to de-phosphorylate and inactivate Aurora B and also competes
with Aurora B to control phosphorylation levels of histone
H3-Ser10 and H3-Ser28.36 Importantly, we were able to rescue
H3-Ser10 and Ser28 phosphorylation in OCT4 depleted OVCAR-3
cells by treating experimental cells with the PP1 inhibitor Okadaic
acid (Supplementary Figure 5C). In line with the role of PP1 in
controlling pRB phosphorylation levels we found that Okadaic
acid treatment was also able to partially rescue pRB phosphoryla-
tion levels in OCT4 depleted OVCAR-3 cells (Supplementary
Figure 5C). This provides evidence that OCT4 and its target genes
NIPP1/CCNF enhance the expression of CPC components
but also enhance pRB phosphorylation and Aurora B activity by
suppressing PP1 function. The CPC controls spindle tension
at kinetochores and prevents the formation of multipolar
spindles and enlarged polyploid cells by promoting the clustering
of supernumerary centrosomes.37 In line with this, we found
that reduction of OCT4 and NIPP1/CCNF expression levels
causes a prominent increase in the frequency of cells with
supernumerary centrosomes and the increased numbers
of polynucleated cells (Figures 4e and 5f Supplementary
Figure 5D).
Ectopic expression of HA-tagged OCT4 in MDA-MB-231 basal

type breast cancer cells that show very low endogenous OCT4
expression, resulted in increased NIPP1, CCNF, Aurora B expression
and H3-Ser10 phosphorylation levels (Supplementary Figures 5E
and F). Accordingly, loss of OCT4 or NIPP1/CCNF results in a
significant reduction of pRB phosphorylation, reduced Aurora B
expression and reduced phosphorylation of histone H3-Ser10 and
pRB-T356 (Supplementary Figure 5G). FACS analysis of OCT4 or
NIPP1/CCNF knockdown MDA-MB-231 reproduced cell cycle
alterations observed under the same conditions in OVCAR-3 cells
(Supplementary Figure 5H). In line with data from OVCAR-3 cells,
overexpression of YFP-tagged OCT4 in MDA-MB-231 is linked with
a reduced frequency of micronuclei, polynucleated cells and
supernumerary centrosomes (Figures 5g–i; Supplementary
Figure 5I). Finally, OCT4 overexpression increases the size of
MDA-MB-231 cancer cell spheroids (Figure 5j; Supplementary
Figure 5J). This demonstrates that the self-renewal transcription
factor OCT4 and its downstream targets NIPP1/CCNF have a
general relevance for human cancer genome stability by
enhancing CPC function during mitosis.

OCT4-CCNF/NIPP1 axis correlates with CPC activation and poor
prognosis in HG-SOC
We next investigated whether the OCT4-CCNF/NIPP1-PP1 axis
impinges on pRB phosphorylation and CPC component expression
in HG-SOC cancer specimen. The majority of ovarian cancer gene
expression data sets do not provide reliable information on OCT4
mRNA expression.38 We consequently established a collection of
23 cancer specimens obtained from HG-SOC patients and
examined the expression of OCT4, NIPP1, CCNF, AURKB, BIRC5

and CDCA8 (Borealin) mRNA by quantitative RT–PCR and
immunohistochemistry (IHC) (Supplementary Figure 6A). We used
the z-score allocation of OCT4 mRNA expression levels to
subdivide patients in ‘OCT4 high’ and ‘OCT4 low’ subgroups
(Figures 6a and b; Supplementary Figure 6A). Immunohistochem-
istry showed that 4 out of 6 cancer samples classified as ‘OCT4
mRNA high’ contain OCT4 positive cells (ranging from 5 to 50%)
with high staining intensity (Figure 6b; Supplementary Figure 6A).
In two cancer specimens, high OCT4 mRNA levels do not correlate
with data from OCT4 immunohistochemistry, although AURKB,
NIPP1 and pRB-T56 phosphorylation was robustly detected by
immunohistochemistry. Thus, we suggest that in these samples
OCT4 protein is presumably present, but below the detection limit
of OCT4 immunohistochemistry (Supplementary Figure 6A). 10 out
of 11 specimen classified as ‘OCT4 mRNA low’ are devoid of OCT4
protein expressing cells (Figure 6b; Supplementary Figure 6A).
Western blotting confirmed increased OCT4 protein levels in
specimen previously categorized as ‘OCT4 mRNA high’ by RT–PCR
(Supplementary Figure 6B). In line with data from cell line
experiments, we found that high OCT4 mRNA expression is
associated with significantly increased AURKB, BIRC5 and CDCA8
(Borealin) mRNA levels (Figure 6c). Immunohistochemistry (IHC)
revealed that ‘OCT4 high’ specimen displayed a strongly increased
number of NIPP1, phospho-pRB-T356 and AURKB positive cells as
well as increased staining intensity (Figures 6d–f; Supplementary
Figures 6A and B). We conclude that immunohistochemistry
appears as a more stable method to evaluate activity of the OCT4-
NIPP1/CCNF axis, as demonstrated by a robust increase of NIPP1 in
IHC, compared to quantitative RT–PCR (Figure 6c and e).
Importantly, we found that transient knockdown of OCT4 in short
term in vitro culture of cancer cells obtained from two different
HG-SOC tumors caused a reduction of NIPP1, AURKB expression
that is paralleled by reduced pRB-T356 and H3-Ser10 phosphor-
ylation levels (Figure 6g). NIPP1/CCNF knockdown cultures
reproduced the reduced pRB and H3-Ser10 phosphorylation
(Figure 6g). We conclude that the OCT4-NIPP1/CCNF axis is also
active in primary human HG-SOC tumor cells. Using mRNA
expression data to build Kaplan-Meier survival curves we found
that the ‘OCT4 high’ group of our cohort displays a dramatically
reduced overall survival compared to ‘OCT4 low’ HG-SOC patients
(Figure 6h; Supplementary Figure 6A). Importantly, poor overall
survival is aggravated when high OCT4 expression was combined
with increased mRNA expression of AURKB or CDCA8 (Figure 6i).
This indicates that increased expression of CPC components,
activated by OCT4 and NIPP1/CCNF, results an aggressive subtype
of HG-SOC. Finally, Kaplan-Meier survival analysis performed on a
large HG-SOC ovarian cancer data set confirmed poor overall
survival of patients with high expression of all axis and CPC
components but also when only considering core genes NIPP1,
RB1 and AURKB (Figures 6j and k).
Altogether our data indicate that expression of OCT4 and

NIPP1/CCNF enzymatically inactivate pRB and enhance CPC

Figure 3. OCT4 axis protects from senescence and apoptosis by ensuring mitotic progression. (a) Morphology of OVCAR-3 cells transfected
with the indicated siRNAs oligonucleotides or treated with PD 0332991. White arrows indicate cells with altered morphology.
(b) Representative images (left) and quantification of senescence-associated β-galactosidase (SA β-gal) positive cells (middle) as described
in a. Western blotting of OCT4 and NIPP1 protein levels in experimental cells (right panel). (c) Senescence markers in OVCAR-3 cells transiently
transfected with the indicated siRNAs oligos or treated with PD 0332991, as detected by western blotting using the indicated antibodies (d)
Rescuing of senescence phenotype in OCT4 knockdown cells transfected with HA-CCNF and HA-NIPP1 as determined by SA β-gal positive cells
(left) or western blotting (right). (e) Cell cycle profile of experimental cells, transfected with siRNAs for 6 days. (f) TUNEL assay in cells
transfected with siRNAs targeting OCT4 or NIPP1/CCNF for longer time (6 days). Left panel, representative images. DNase I treated cells were
used as a positive control. (g) Cell cycle profile of OVCAR-3 subclones, as determined by FACS analysis. Numbers represent the percentage of
cells in different cell cycle phases. n, number of independent experiments; error bars indicate s.d.; UT, Untreated; a one-tail Student’s t-test was
used to calculate significance values: *Po0.05; **Po0.01; ***Po0.001. Scale bars, 100 μm.
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component expression in HG-SOC. This new mechanism
enhances mitotic stability and protects cancer cells from increased
risk of chromosome instability (CIN) associated with the

inactivation of RB tumor suppressor pathway (Figure 7). The
poor survival of HG-SOC patients with elevated expression of
OCT4, NIPP1/CCNF and downstream CPC targets suggest that
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disrupting the OCT4-NIPP1/CCNF-PP1/Aurora B axis represents
a promising strategy to target an aggressive subpopulation of HG-
SOC cells.

DISCUSSION
OCT4 promotes cancer formation and progression and is linked
with poor clinical outcome.5–12,14,15 Using HG-SOC as model
system we found that OCT4 drives the expression of NIPP1 and
CCNF, both reported enzymatic inhibitor of Protein Phosphatase 1
(PP1) resulting in pRB hyper-phosphorylation and enhanced
proliferation. Importantly, this pathway was also found to be
active in cancer cells that were directly cultured from HG-SOC
tumors. HG-SOC gene expression data sets link this pathway with
poor patient overall survival. This suggests that OCT4, NIPP1 and
CCNF are relevant factors that contribute to the enzymatic
inactivation of the RB tumor suppressor pathway, observed in
70% of HG-SOC tumors.39 We further report that expression of
OCT4 and its downstream target genes NIPP1/CCNF protect
ovarian cancer cell from defects in G2/M progression, senescence,
apoptosis and promotes chemoresistance and in vitro cell
invasiveness. The classic role of OCT4 in promoting self-renewal
appears suggestive for an eventual function of the OCT4-NIPP1/
CCNF axis in cancer stem cell biology. However, additional
functional experiments involving advanced preclinical cancer
models systems will be necessary to investigate a role of these
proteins in defining cancer stem cell potential in HG-SOC. Here we
focus our research on a novel role of OCT4 in promoting
mitotic stability. Using HG-SOC (OVCAR-3, SKOV-3) and breast
cancer cells (MDA-MB-231) as cancer model systems we found
that disruption of the OCT4-NIPP1/CCNF axis is paralleled by the
appearance of severe mitotic defects, including the formation of
micronuclei, multipolar spindles, supernumerary centrosomes
and polynucleated cells. This highlights the general relevance of
the OCT4-NIPP1/CCNF axis in enhancing mitotic stability of
cancer cells.
The classic role of Retinoblastoma family proteins is to control

G1/S transition by regulating the activity of the E2F transcription
factor.40 However, loss of Retinoblastoma function also provokes
mitotic defects including micronuclei formation, centrosome
amplification, multipolar spindles and merotelic spindle
attachments.22,23 These defects are explained by the role of
Retinoblastoma family proteins in controlling centromeric chro-
matin structure, DNA damage checkpoints and the impact of a
subset of E2F target genes on mitotic regulation.24–26 How can we
explain that OCT4 and NIPP1/CCNF expression promotes the
enzymatic inactivation of pRB, but at the same time efficiently
increases mitotic stability? Gene expression analysis show that
OCT4 and NIPP1/CCNF promote the expression of Aurora B,
Borealin and Survivin, key components of the Chromosomal
Passenger Complex (CPC) that ensures kinetochore function and

centrosome clustering during mitosis.33,37 Impaired CPC function
is reported to drive mitotic spindle aberrations and polyploidy.35

In line with this, we show that reduced expression of Borealin,
Survivin and Aurora B in OCT4 or NIPP1/CCNF depleted OVCAR-3
and other unrelated cancer cell lines impair CPC function, as
demonstrated by the low abundance of Aurora B and phosphory-
lated H3-Ser10 at centromeres of metaphase chromosomes. This
staining pattern is compatible with the appearance of super-
numerary centrosomes, multipolar spindles and polyploidy in
OCT4 or NIPP1/CCNF depleted OVCAR-3 cells. Importantly, Aurora
B immunoprecipitates of OCT4 depleted cells showed a reduced
kinase activity towards H3-Ser10 in vitro, supporting that OCT4
regulates H3-Ser10 phosphorylation of mitotic chromosomes via
Aurora B.
Altogether our functional data demonstrate that the self-

renewal transcription factor OCT4 activates two parallel pathways:
OCT4-NIPP1/CCNF mediates the inhibition of PP1 leading to pRB
hyper-phosphorylation, thus accelerating cell proliferation. At the
same time, OCT4-NIPP1/CCNF promotes the expression of the CPC
components Aurora B, Borealin and Survivin to enhance mitotic
stability in cells with impaired tumorsuppression pathways
(Figure 7). Of notice, PP1 was reported to inactivate Aurora B by
de-phosphorylation and also to compete with Aurora B in
controlling phosphorylation levels at histone H3-Ser10.36 Conse-
quently, inhibition of PP1 by the OCT4-NIPP1/CCNF axis further
enhances the regulatory strength of Aurora B during mitotic
progression. In line with this we were able to rescue pRB hyper-
phosphorylation and H3-Ser10/Ser28 phosphorylation of OCT4
depleted cells by a treatment with the PP1 inhibitor Okadaic
acid. The activation of senescence and apoptosis pathways
upon inactivation of pRB or Aurora B by OCT4 depletion is
in line with recent reports that link pRB and Aurora B loss of
function with the protection from senescence and apoptosis.41–45

Altogether, our mechanistic data highlight a central role of
OCT4 in driving cell proliferation by inactivating the pRB pathway
and enhancing mitotic stability by ensuring CPC function
(Figure 7).
RNA and protein data from a collection of HG-SOC specimen

revealed that increased OCT4 expression was linked with an
augmented expression of NIPP1, Aurora B, Borealin, Survivin and
increased pRB-T356 phosphorylation levels, demonstrating that
the OCT4-NIPP1/CCNF axis is also functional in ovarian cancer
patients. Poor survival of HG-SOC patients with high OCT4
expression was exacerbated when high OCT4 expression was
paired with high Borealin or Aurora B expression. This highlights
the relevance of the OCT4-NIPP1/CCNF-PP1 axis in HG-SOC.
Remarkably, poor survival of 2 out of 6 patients in the OCT4
mRNA ‘high’ group was paralleled with a very low percentage of
OCT4 positive cells (5%). This suggests that the presence of a small
proportion of OCT4 positive cells might already be sufficient to
give rise to a particularly aggressive HG-SOC subtype. We thus

Figure 4. OCT4 axis disruption leads to genome instability by down regulating the expression of CPC components. (a) Percentage
(right) and representative images (left) of micronuclei in OVCAR-3 subclone 9 transiently transfected with siRNAs targeting OCT4 or
CCNF/NIPP1 (1000 cells were analyzed; arrows show micronuclei). (b) Percentage of micronuclei in OVCAR-3 subclones 11, 4 and 9 cells
(1000 cells were analyzed). (c) Percentage (right) or representative images (left) of type I, II, III and multipolar spindle errors32 in OVCAR-3
subclone 9 after knockdown of OCT4 or CCNF/NIPP1 (100 mitosis were analyzed). (d) Quantification of multipolar spindle defects of
subclones 11, 4 and 9 (100 mitosis were analyzed). (e) Left panel, percentage of polynucleated OVCAR-3 subclone 9 cells after knockdown of
OCT4 or CCNF/NIPP1 (500 cells were analyzed). Right panel, percentage of polynucleated OVCAR-3 subclones 11, 4 and 9 cells (500 cells
were analyzed). (f) Venn Diagram showing overlap between differentially expressed genes of OVCAR-3 cells subjected to RNAi-mediated
depletion of OCT4 or CCNF/NIPP1. (g) Functional annotation of genes downregulated after OCT4 and CCNF/NIPP1 knockdown, using the
Ingenuity Pathway Analysis tool (IPA) and Gene Set Enrichment Analysis (GSEA). (h) Automated literature research using Ingenuity Path
Explorer tool using genes subjected to regulation by OCT4-NIPP1/CCNF-PP1 axis. n, number of independent experiments; error bars indicate
s.d.; Right tail Fisher’s Exact test (g) and one-tail Student’s t-test (all other panels) were used: *Po0.05; **Po0.01; ***Po0.001. Scale bars,
10 μm.
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propose that OCT4, NIPP1 and CCNF expression in HG-SOC cells
might support the formation of a reservoir of cancer cells with
stable genetic identity that drive cancer aggressiveness. In line our

study, OCT4 expressing ovarian cancer cells were demonstrated
to carry cancer initiating potential, high invasive potential
and increased chemoresistance.9,10,17–20,46 Consequently,
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disrupting the OCT4-NIPP1/CCNF-PP1 axis represents an attractive
strategy for targeting an aggressive OCT4+ HG-SOC subtype of
HG-SOC.

MATERIALS AND METHODS
Cell culture
All cell lines were obtained from ATCC and have not been cultured
for longer than 6 months (ATCC characterization by Short Tandem
Repeat—STR—analysis) and subjected to mycoplasma test. NIH-OVCAR-3
cells (indicated in the text as OVCAR-3) were cultured in RPMI-1640
medium (Lonza, Basel, Switzerland) supplemented with 20% (v/v) Fetal
Bovine Serum (FBS), insulin (10 μg/ml; I9278, Sigma-Aldrich, St Louis, MO,
USA) and 1% (v/v) penicillin/streptomycin (Lonza). MDA-MB-231 and
SKOV-3 cell lines were maintained in DMEM medium (BioWhittaker, Lonza)
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin
(Lonza). OVCAR-3 subclones were obtained by plating the cells at a low
concentration to pick individual colonies. Stable OVCAR-3 subclone 11
overexpressing HA-OCT4 (Supplementary Methods) were selected using
G-418 (100 μg/ml; Sigma-Aldrich). High-Grade Serous Ovarian Cancer (HG-
SOC) primary cells were obtained from the Institute of Pathology of the
University of Udine after obtaining an informed consent, in accordance
with the Declaration of Helsinki, and with approval by the Independent
Ethics Committee of the University Hospital of Udine.

Transient transfection of siRNA oligos, plasmids and western
blotting
Transient transfections of siRNAs were performed using Lipofectamine
RNAiMAX reagent (siRNAs, Invitrogen, Carlsbad, CA, USA) or TransIT-LT1
transfection reagent (plasmids, #MIR-2300, Mirus, Madison, WI, USA). For
plasmids, siRNAs targeting sequences and primary antibodies see
Supplementary Methods. Whole-cell lysates were prepared 72 h after
transfection, unless otherwise specified according to standard procedures.

quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) and cDNA was
generated using QuantiTect Reverse Transcription Kit (Promega, Madison,
WI, USA) according to the manufacturer’s suggestions. Quantitative RT-PCR
(qRT-PCR) was performed using the SYBR Green PCR Master Mix (Applied
Biosystem, Foster City, CA, USA) and analyzed with a StepOnePlus real-time
PCR machine (Applied Biosystem). For qRT–PCR oligos see Supplementary
Methods.

Spheroids formation
Spheroids were generated as previously reported.47 50000 OVCAR-3 cells
and MDA-MB-231 cells were plated on top of the agarose-coated wells and
incubated at 37 °C. After 4 days spheroids were analyzed using ImageJ
software (http://imagej.nih.gov/ij/). For RNAi experiments, cells were
transfected twice in 6 days period before plating on agar.

Apoptosis and proliferation analysis
Cell cycle analysis was performed by PI staining (Sigma-Aldrich)
for DNA content and followed by cytometric analysis (FACSCalibur,

Becton Dickinson). FACS data were analyzed using FlowJo software
(FlowJo LLC, Ashland, OR, USA). Number of cells plated and detailed
procedures for FACS analysis, SA β-gal and BrdU incorporation assays are
indicated in Supplementary Methods.
TUNEL assay was performed with In Situ Cell Death Detection Kit (TMR

red) (Roche, Basel, Switzerland) following manufacturer’s instructions.
OVCAR-3 cells were plated at a concentration of 6 × 104 cells/ml and
transfected with the indicated siRNAs twice in a 6 days period.

Confocal analysis
OVCAR-3 cells were transiently transfected with the indicated siRNA
oligonucleotides. Immunofluorescence procedures are described in
Supplementary Methods. Z-stack sections of each mitosis were acquired
using Zeiss LSM 510 Meta confocal microscope and analyzed with
ImageJ software (http://imagej.nih.gov/ij/). Nuclei were counterstained
with DAPI (4′,6-Diamidino-2-Phenylindole) or propidium iodide
(Sigma-Aldrich). For centrosomes, multiple nuclei and micronuclei
analysis cells were analyzed on Leica DM 4000B fluorescence microscope.
Primary and secondary antibodies used are listed in Supplementary
Methods.

In vitro kinase assay
For in vitro kinase assays, Aurora Kinase B was immunoprecipitated (rabbit
polyclonal anti-Aurora B, ab2254, Abcam, Cambridge, UK) from lysates
prepared from siCONTROL and siOCT4 OVCAR-3 subclone 9 cells. 2 μg of
purified recombinant GST-histone H3 fusion protein was used as substrate.
Kinase reactions were carried out in 30 μl kinase buffer (20 mM HEPES pH
7.0, 10 mM MgCl2, 5 mM β-glycerophosphate, 2 mM DTT, 1 mM sodium
orthovanadate, and proteinase inhibitor cocktail) containing 10 μCi of 32P-
ATP and 200 μM ATP at 30 °C for 30 min. Products were seperated by SDS-
PAGE, stained using Coomassie Brillant Blue (Sigma-Aldrich, B0149) and
visualized by autoradiography.

Immunofluorescence of metaphase spreads
Cells arrested in metaphase with 1 μg/ml colcemid (Karyo MAX COLCEMID
Solution, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for 4 h were
collected and resuspended in 0.2% (w/v) and 0.2% (w/v) trisodium citrate
hypotonic buffer for 15 min. Cells were then spun onto glass slides using a
centrifuge (Cytospin, Cytopro, Wescor) at 2000 rpm for 4 min, fixed in 4%
paraformaldehyde for 10 min, permeabilized in KCM buffer (120 mM KCl,
20 mM NaCl, 10 mM Tris (pH 7.5) and 0.1% Triton X-100) and processed for
indirect immunofluorescence. Primary and secondary antibodies used are
listed in Supplementary Methods.

Microarray hybridization and low level analysis
Gene expression profiling was performed using Illumina HumanHT-12-v4-
BeadChips according to the manufacturer’s suggestions. RNA of OVCAR-3
cells transfected with OCT4 or CCNF/NIPP1 siRNAs was prepared 6 days
after transfection. The probe intensities were calculated and normalized
using GenomeStudio Data Analysis Software’s Gene Expression
Module (GSGX) Version 1.9 (Illumina, San Diego, CA, USA). Further data
processing was performed in the R computing environment (http://www.r-
project.org/) version 3.1, with BioConductor packages (http://www.
bioconductor.org/). Statistical analysis for differentially expressed genes

Figure 5. OCT4 axis controls CPC expression and function. (a) Western blotting analysis of OVCAR-3 cells after OCT4 and CCNF/NIPP1
knockdown using the indicated antibodies. (b) Immunofluorescence analysis of metaphase spreads of OVCAR-3 subclone 9 cells transiently
transfected with the indicated siRNAs oligos. (c) Western blotting analysis of OVCAR-3 subclones 11, 4 and 9 using the indicated antibodies.
(d) In vitro kinase assay using recombinant GST-H3 and Aurora B kinase immunoprecipitated from OVCAR-3 subclone 9 cells after transient
knockdown of OCT4. Autoradiogram (top panel) and Coomassie-stained gel (bottom panel) are shown. Right panel, western blotting of
OCT4 protein expression demonstrating siRNA silencing efficiency. (e) Western blotting of subclone 9 OVCAR-3 cells transiently
transfected with siRNAs targeting OCT4 or cotransfected with OCT4 siRNAs and HA-CCNF and HA-NIPP1 expression vectors. Used antibodies
are indicated. Numbers represent pRB-T356/ACTIN and pH3-Ser10/Ser28/ACTIN ratios. (f) Top panel, Percentage of cells transfected with
indicated siRNAs that show more than 2 centrosomes (200 cells were analyzed). Bottom panel, Percentage of cells showing more than 2
centrosomes in OVCAR-3 subclones 11, 4 and 9 (500 cells were analyzed). (g–i) MDA-MB-231 cells were transfected as indicated: percentage of
cells with micronuclei (g), polynucleated (h) or with more than 2 centrosomes (i) (100 cells were analyzed). A YFP-empty vector was used as
control. (j) Cell spheroid diameter of MDA-MB-231 cells stably expressing HA-OCT4. n, number of independent experiments; error bars
indicate s.d.; a one-tail Student’s t-test was used to calculate significance values: *Po0.05; **Po0.01; ***Po0.001. PI, propidium iodide. Scale
bars, 10 μm.
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was performed with limma. P-values were adjusted for multiple testing
using Benjamini and Hochberg's method to control the false discovery
rate. Microarray data were submitted to the GEO repository (GEO accession
number GSE76689).

Statistical analysis
Statistical analysis and graphical representation have been performed
using R statistical environment. Significance of the difference between the
means of the experimental conditions and control has been calculated
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performing a paired Student’s t-test. P-values are shown. In bar plots, error
bars represent standard deviation. Each finding was confirmed by at least
three independent biological replicates, unless differently specified.
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