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Loss of PRP4K drives anoikis resistance in part by
dysregulation of epidermal growth factor receptor endosomal
trafficking
DP Corkery1,2, LE Clarke2,9, S Gebremeskel3,9, J Salsman2, J Pinder2, C Le Page4, L Meunier4, Z Xu2, A-M Mes-Masson4,5, JN Berman2,3,6,7,
B Johnston2,3,7,8 and G Dellaire1,2,7

Anoikis acts as a critical barrier to metastasis by inducing cell death upon cancer cell detachment from the extracellular matrix
(ECM), thereby preventing tumor cell dissemination to secondary sites. The induction of anoikis requires the lysosomal-mediated
downregulation of epidermal growth factor receptors (EGFRs) leading to termination of pro-survival signaling. In this study, we
demonstrate that depletion of pre-mRNA splicing factor 4 kinase (PRP4K; also known as PRPF4B) causes dysregulation of EGFR
trafficking and anoikis resistance. We also report a novel cytoplasmic localization of PRP4K at the late endosome, and demonstrate
both nuclear and cytoplasmic localization in breast, lung and ovarian cancer tissue. Mechanistically, depletion of PRP4K leads to
reduced EGFR degradation following cell detachment from the ECM and correlates with increased TrkB, vimentin and Zeb1
expression. As a result, PRP4K loss promotes sustained growth factor signaling and increased cellular resistance to anoikis in vitro
and in a novel zebrafish xenotransplantation model of anoikis sensitivity, as well as increased metastasis in a mouse model of
ovarian cancer. Thus, PRP4K may serve as a potential biomarker of anoikis sensitivity in ovarian and other epithelial cancers.
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INTRODUCTION
To maintain tissue homeostasis, multicellular organisms regulate
the ability of cells to grow and differentiate only when in the
correct spatial context within a tissue. Interactions between
specific integrin receptors on the cell surface and their extra-
cellular matrix (ECM) counterparts indicate when a cell is in the
correct location, transducing signals that promote proliferation
and survival.1–3 When these interactions are lost, cells undergo a
form of programmed cell death termed anoikis, which prevents
dysplastic cell growth.
Integrins bind the ECM in clusters, resulting in the formation of

focal adhesions; large multi-protein structures which form the
mechanical link to the ECM and act as a signaling hub to initiate
cellular signaling events promoting cell survival, proliferation and
migration.4 Pro-survival signaling from focal adhesions is achieved
partially through the coupling of integrin receptors to receptor
tyrosine kinases (RTKs). For example, integrin engagement has
been shown to induce EGF-independent epidermal growth factor
receptor (EGFR) activation resulting in Akt/Erk signaling and
anchorage-dependent cell survival.5 Following loss of integrin
engagement, EGFR is trafficked to the lysosome for degradation,
leading to the termination of pro-survival signaling.6,7 This
downregulation of EGFR is necessary for anoikis induction as
receptor overexpression prevents EGFR downregulation after loss

of integrin engagement and promotes anchorage-independent
growth.6 Therefore, understanding the mechanisms that regulate
the trafficking and degradation of EGFR following cell detachment
will not only further our understanding of anoikis but also identify
potential new mechanisms through which cancer cells can evade
this detachment-induced apoptotic pathway.
In this study, we identify the pre-mRNA splicing factor 4 kinase

(PRP4K) as a novel regulator of anoikis sensitivity. PRP4K is an
essential kinase, initially identified in Schizosaccharomyces pombe
for its role in regulating pre-mRNA splicing,8 that is evolutionarily
conserved from worms to mammals.9 We recently identified
PRP4K as novel HER2/ERBB2-regulated mediator of taxane
sensitivity in breast and ovarian cancer.10 We found that PRP4K
levels are decreased in cancer cells that acquired resistance to
paclitaxel both in vitro and in vivo. Importantly, PRP4K protein
levels were also decreased in ascites-derived tumor cells isolated
from a high-grade serous ovarian cancer patient following relapse
from taxane-based therapy, as compared with cells derived from
the matched primary tumor at diagnosis. In this study, we identify
a novel role for PRP4K in regulating the endosomal trafficking of
EGFR leading to altered anoikis sensitivity in epithelial cancer cells.
Specifically, loss of PRP4K expression reduced EGF-stimulated
EGFR degradation, promoting anchorage-independent cell growth
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in zebrafish xenografts and increased metastasis in a mouse
model of ovarian cancer.

RESULTS
Identification and characterization of a cytoplasmic pool of PRP4K
localized to the late endosome
In previous studies, PRP4K was demonstrated to localize to the
nucleus within SC35-positive ‘splicing speckles’,9,11,12 consistent
with PRP4K’s role in spliceosome assembly.13 However, immuno-
histochemistry analysis of PRP4K protein expression in pre-
chemotherapy breast, ovarian and lung tumors using tissue
microarrays (TMAs) identified both nuclear and a novel cytoplas-
mic localization of PRP4K (Figure 1a) that was not seen when a
peptide was used to block antibody binding (Supplementary
Figure 1).
To better evaluate PRP4K subcellular localization in vitro, we

used a CRISPR/Cas9 mediated knock-in strategy to generate a
HeLa cell line (HeLaClover-PRP4K) expressing the green fluorescent
protein clover14 fused to the N-terminus of PRP4K. In-frame
insertion of the clover cDNA was confirmed by western blot
analysis using an anti-PRP4K antibody following GFP-affinity
purification (Figure 1b), and by genomic sequencing
(Supplementary Figures 2 and 3). Western blot analysis indicated
that only a single allele was targeted in this cell line. Immuno-
fluorescence analysis of both live and fixed HeLaClover-PRP4K cells
revealed the expected speckle nuclear localization, but also
identified a cytoplasmic pool of PRP4K that increased when cells
were treated with 50 μM chloroquine (Figure 1c; Supplementary

Figure 4). Given that chloroquine prevents endosomal acidifica-
tion, leading to late endosome/autophagosome accumulation, the
increase in cytoplasmic PRP4K following chloroquine treatment
suggested an accumulation of this protein within a late
endosomal compartment. To test this hypothesis, HeLaClover-PRP4K

cells were treated with chloroquine and analyzed for co-
localization of endosomal markers via immunofluorescence
microscopy (Figure 2). PRP4K co-localized partially with markers
of the late endosome (Rab7)15 and autophagosome (p62),16 but
showed no co-localization with markers of the early endosome
(EEA1 and Rab5).17 In addition, PRP4K-positive cytoplasmic puncta
were frequently found adjacent to lysosomes (LAMP2),18 consis-
tent with a lysosome-endosome fusion defect following chlor-
oquine treatment. Taken together, these data identify a novel
cytoplasmic localization for PRP4K with enrichment at the late
endosome/autophagosome.

Loss of PRP4K impairs EGFR degradation following EGF stimulation
Given the localization of PRP4K to the late endosome/autophago-
some, and the important role of endocytic trafficking in regulating
EGFR signaling,19,20 we sought to determine whether PRP4K was
having a role in endocytic trafficking. Stimulation of HeLaClover-
PRP4K cells with EGF resulted in partial co-localization of PRP4K with
activated, internalized EGFR (pEGFR) (Supplementary Figure 5) and
the late endosome marker, Rab7 (Supplementary Figure 6). To
determine if PRP4K was regulating receptor trafficking, we
investigated whether depletion of PRP4K by shRNA could affect
EGFR degradation following EGF stimulation. Knockdown of
PRP4K in HeLa cells did not impact internalization of the activated

Figure 1. Cytoplasmic localization of PRP4K. (a) Representative immunostaining of nuclear and cytoplasmic PRP4K in breast, high-grade
serous ovarian and lung cancer tissue microarrays. Scale bars, 100 microns. (b) HeLaClover-PRP4K cells were generated using a CRISPR/Cas9
mediated knock-in of a clover tag into the PRPF4B gene locus. Lysates from parental HeLa and HeLaClover-PRP4K cells were subjected to GFP-trap
affinity purification and analyzed by western blotting for PRP4K. (c) HeLaClover-PRP4K cells were treated with vehicle or 50 μM chloroquine (CQ)
overnight and analyzed by immunofluorescence confocal microscopy using an anti-GFP antibody (Green). Nuclei were stained with DAPI and
indicated by the dashed white line. Scale bars, 10 microns. Solid white line identifies the line scan with the corresponding line plot graph
displayed to the right. Green line= PRP4K. Blue line=DAPI. Arrowheads indicate cytoplasmic PRP4K signal.
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EGFR receptor into endosomes but appeared to inhibit its
subsequent degradation, as indicated by the significant retention
of phospho-EGFR positive endosomes in the cytoplasm of HeLa
shPRP4K cells 90 min after stimulation with EGF (Figures 3a and c).
Western blot analysis confirmed a delay in the degradation of
EGFR (Figures 3b and d) in PRP4K knockdown cells, which resulted
in sustained activation of both Erk, as indicated by increased
phospho-Erk (T202/Y204) (Figure 3b), and the Akt pathway as
indicated by phospho-Akt (S473) (Figures 3b and e). Degradation
of EGFR following EGF stimulation has been shown to induce EGFR
biosynthesis21,22 as means of restoring the amount of receptor at
the cell surface. Consistent with this, we observed induction of
EGFR gene expression in response to EGF treatment in HeLa,
MCF-7 and ID8 cells (Supplementary Figure 7). However, knock-
down of PRP4K in all three cell lines inhibited induction of EGFR
mRNA, consistent with impaired receptor degradation.

Loss of PRP4K increases cellular resistance to anoikis in vitro
The induction of anoikis following ECM detachment is a complex
process which includes the downregulation of EGFR leading to the
termination of pro-survival signaling via Akt and Erk.6 Cancer cells
which have lost the ability to downregulate EGFR6 and human
keratinocytes stimulated with EGF23 both escape anoikis when
cultured under non-adherent conditions, demonstrating the
importance of EGFR activation in anchorage-independent cell
growth. Given the EGFR trafficking defect in PRP4K-depleted HeLa
cells, we next sought to determine whether PRP4K knockdown
could rescue cells from anoikis using ID8 mouse ovarian cancer
(Figure 4a) and MCF-7 breast cancer cells (Figure 5a). Although we
observed no difference in proliferation of adherent control and
knockdown cells (Figures 4b and 5b) or in the expression of Bcl2
or Bcl-xL (Figures 4c and 5c) in either ID8 or MCF-7 cells, loss of
PRP4K in ID8 cells under non-adherent conditions resulted in

Figure 2. PRP4K co-localizes with markers of the late endosome following chloroquine treatment. To determine whether PRP4K localizes to a
component of the endocytic trafficking pathway within the cytoplasm, HeLaClover-PRP4K cells were treated with chloroquine overnight and
analyzed by immunofluorescence confocal microscopy using antibodies against GFP (green) and the indicated endosomal marker (Red).
Whole-cell images are z-stack projections of 20 confocal sections captured at 0.4 μm intervals. Scale bars, 10 microns. White boxes outline the
region shown at a higher magnification to the right. Magnified images are shown as a single z-slice. Solid white line identifies the line scan
with the corresponding line plot graph displayed to the right. Green line= PRP4K. Red line indicated endosome marker.
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Figure 3. PRP4K regulates EGF-dependent EGFR degradation. (a) HeLa shCTRL, shPRP4K-1 and shPRP4K-2 cells were serum starved overnight
and treated with 50 ng/ml EGF for 30 and 90 min. Cells were fixed and analyzed by immunofluorescence confocal microscopy using an
antibody against phospho-EGFR (green). Nuclei were stained with DAPI (blue). White boxes outline the cell shown at an increased
magnification directly below. Scale bars, 10 microns. (b) HeLa shCTRL, shPRP4K-1 and shPRP4K-2 cells were serum starved overnight and
treated with 50 ng/ml EGF for the indicated time period. Whole-cell lysates were prepared and subject to western blot analysis using the
indicated antibodies. (c) Cytoplasmic phospho-EGFR (pEGFR) levels (90 min post-EGF stimulation) where quantified by immunofluorescence
microscopy as a percentage of pEGFR staining at 30 min post EGF in each cell line. The points in the scatterplots represent the sum of the
mean fluorescence intensity of all cytoplasmic pEGFR puncta per cell from 12 fields of view (z-stack projections of 20 confocal sections
captured at 0.4 μm intervals) across three experiments, where each field of view contained 20–25 cells. Error bars= s.e.m. ***Po0.001.
(d) EGFR protein levels (90 min post-EGF stimulation) were quantified using densitometry from western blots and normalized as a percentage
of EGFR levels at 0 min in HeLa shCTRL, shPRP4K-1 and shPRP4K-2 cells. Scatterplots represent data from three independent experiments.
Error bars= s.d. *Po0.05; **Po0.01. (e) P-Akt levels were quantified using densitometry and represented as the mean from three
independent experiments. Error bars= s.d. *Po0.05; ***Po0.001.
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sustained Akt pathway activation (Figure 4c), reduced apoptosis
(Figure 4d) and increased viability (Figure 4e), as well as
enhanced anchorage-independent growth as multicellular
spheroids (Figures 4f and g). Although we did not see a difference
in Akt phosphorylation between control and PRP4K-depleted
MCF-7 cells when grown in non-adherent conditions, PRP4K
knockdown cells did exhibit anoikis resistance as evidenced by

reduced apoptosis (Figure 5d) and increased viability in suspen-
sion (Figure 5e).
To determine if trafficking of other RTKs was impacted by the

loss of PRP4K, we examined protein levels of TrkB, a known driver
of anoikis resistance.24 Knockdown of PRP4K in both ID8
(Figure 4c) and MCF-7 (Figure 5c) cells was associated with
increased TrkB levels. Since TrkB overexpression can contribute to

Figure 4. Loss of PRP4K promotes anoikis resistance in ID8 ovarian cancer cells via sustained RTK signaling. (a) ID8 cells were transduced with
control or PRP4K targeting shRNA lentiviral vectors to generate cell lines stably expressing the indicated hairpin. Knockdown of PRP4K was
confirmed by western blot analysis. (b) In vitro proliferation rates were determined by plating 50 000 cells for each cell line and performing cell
counts every 24 h. Data are presented as mean of four independent experiments± s.d. (c) ID8 shCTRL and shPRP4K cells lines were cultured as
attached monolayers or suspended on polyHEMA coated plates for 24 h. Cells were harvested and subject to western blot analysis using the
indicated antibodies. (d) The frequency of apoptotic cells in adherent and suspension growth conditions after 24 h was quantified by flow
cytometric Annexin-V staining. Error bars= s.e.m. (N= 4). *Po0.05 (e) Cell viability was also ascertained in non-adherent conditions relative to
adherent cell growth over 72 h via AlamarBlue staining. Error bars= s.d. (N= 4). Significance was determined by a two-way ANOVA
****Po0.0001 (f) Representative images of ID8 spheroids after 7 days in culture (top). Scale bars, 250 μm. Individual spheroids were harvested,
trypsinized, and plated in 6-well plates. After 5 days in culture, colonies were fixed and stained with crystal violet. Representative images show
colony growth for each of the three cell lines (bottom). (g) Stained colonies from three independent experiments were counted using ImageJ
and represented as the mean colony number. Error bars= s.d. *Po0.05; ***Po0.001.
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epithelial-to-mesenchymal transition (EMT) and is associated with
increased expression of EMT-markers vimentin, Snail and
Zeb1,25,26 we also surveyed the expression of these and other
markers of EMT in control and PRP4K-depleted ID8, MCF-7 and
HeLa cells (Supplementary Figure 8). Consistent with upregulation
of TrkB, we observed increased expression of Zeb1 in all three cell
lines after PRP4K depletion, and vimentin in at least 1 of 2
knockdown lines in ID8 and HeLa cells.

Knockdown of PRP4K increases survival and growth of ID8 cells in
zebrafish embryos
To explore the anoikis resistance phenotype associated with
knockdown of PRP4K in vivo, we employed a zebrafish xeno-
transplantation model.27 In this model, human cancer cells are
transplanted into the yolk sac of zebrafish embryos at 48 h post
fertilization. The yolk sac provides a nutrient-rich acellular
environment in which engrafted cells are suspended and, unlike
engraftment in tissue, lacks the necessary ECM contacts required
to prevent anoikis. ID8 shCTRL and ID8 shPRP4K cells were
transplanted into 48 h old zebrafish embryos and cell proliferation
visualized by imaging individual embryos at 24 and 72 h post
injection (Figure 6a). Cell growth and proliferation were quantified
ex vivo in pools of dissociated embryos using fluorescence
microscopy.27 Over 48 h post injection, ID8 shCTRL cells grew
poorly within embryos, as expected for an anoikis-sensitive
epithelial cell line. In contrast, we observed a ~ 2-fold increase in
ID8 shPRP4K cell number over the same time period (Figure 6b),
consistent with an increased in vivo resistance to anoikis in PRP4K-
depleted ID8 cells.

Knockdown of PRP4K enhances peritoneal dissemination in a
syngeneic mouse model of epithelial ovarian cancer
Acquisition of anoikis resistance is an essential prerequisite for
tumor metastasis, particularly in the peritoneal dissemination of
ovarian cancer cells.28 To determine if the increased resistance to
anoikis associated with loss of PRP4K in vitro was sufficient to
promote dissemination in a mouse model of ovarian cancer, ID8
shCTRL and ID8 shPRP4K cells were injected intraperitoneally into
mice and the frequency of tumor nodules and tumor cells in the
ascites fluid was assessed 28 days later. Mice injected with ID8
shPRP4K cells had an increased number of metastatic nodules on
the diaphragm and peritoneal wall (Figures 7a–c) and also had an
increased number of GFP-positive tumor cells present within the
ascitic fluid (Figure 7d). In separate experiments, ID8 shCTRL cells
were recovered from the ascites of mice 28 days post injection
and examined for their sensitivity to anoikis (Figures 7e–g). As
described by Cai and colleagues,29 ID8 cells isolated from ascites
exhibited increased anoikis resistance, which correlated with
reduced PRP4K levels and increased Akt phosphorylation in cell
lines rescued from 3 of the 4 injected mice (Figure 7h). Similarly,
we observed a reduction in PRP4K levels in cells isolated from
ascites in 3 out of 4 ovarian cancer patients, relative to their
primary tumor (Figure 7i). Finally, we observed increased TrkB,
vimentin and Bcl2 expression in the all of the ascites-derived ID8
cell lines (Figure 7h). Together these data indicate that depletion
of PRP4K can increase ovarian cancer metastasis, and that loss of
PRP4K can also occur as a consequence of adaptation of ovarian
cancer cells to non-adherent growth in vivo, consistent with PRP4K
loss playing a role in anoikis resistance. Furthermore, given its role
in suppressing anoikis resistance, these data may explain why

Figure 5. Loss of PRP4K promotes anoikis resistance in MCF-7 breast cancer cells. (a) MCF-7 cells were transduced with control or PRP4K
targeting shRNA lentiviral vectors to generate cell lines stably expressing the indicated hairpin. Knockdown of PRP4K was confirmed by
western blot analysis. (b) In vitro proliferation rates were determined by plating 50 000 cells for each cell line and performing cell counts every
24 h. Data are presented as mean of four independent experiments± s.d. (c) MCF-7 shCTRL and shPRP4K cells lines were cultured as attached
monolayers or suspended on polyHEMA coated plates for 24 h. Cells were harvested and subject to western blot analysis using the indicated
antibodies. (d) The frequency of apoptotic cells in adherent and suspension growth conditions after 24 h was quantified by flow cytometric
Annexin-V staining. Error bars= s.e.m. (N= 4). ****Po0.0001. (e) Cell viability was also ascertained in non-adherent conditions relative to
adherent cell growth over 72 h via AlamarBlue staining. Error bars= s.d. (N= 4). Significance was determined by a two-way ANOVA
****Po0.0001.
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overexpression or amplification of PRPF4B gene is associated with
significantly better overall survival in patients with high-grade
serous ovarian cancer (Figure 8).

DISCUSSION
Anoikis acts as a critical barrier to metastasis by inducing
apoptosis in tumor cells which have detached from the primary
tumor.30 The disengagement of integrins during detachment from
ECM reduces EGFR expression, resulting in suppression of pro-
survival signaling,6,7 a step necessary for the induction of anoikis.
As such, increased expression or activity of EGFR is a common
mechanism through which tumor cells evade anoikis.6,23,31,32

Furthermore, since both EGFR and integrins are capable of
signaling from the endosome,33,34 trafficking defects which
prevent receptor degradation and promote endosomal enrich-
ment following cell detachment can influence anoikis
susceptibility.34,35 Here, we identify the splicing kinase PRP4K as
a novel regulator of EGFR trafficking, where loss of PRP4K is
associated with impaired endosomal trafficking and degradation
of EGFR resulting in anoikis resistance in vitro and in vivo. Thus, we
propose that loss of PRP4K could represent a novel biomarker for
anoikis resistance in epithelial cancers.

Cytoplasmic PRP4K localizes to the late endosome and its
depletion impairs endosomal trafficking of growth factor
receptors leading to Akt activation
PRP4K had initially been reported to localize exclusively in the
nucleus with enrichment at SC35-containing splicing
speckles.9,11,12 Despite being a nuclear protein during interphase,
a cytoplasmic role for this kinase outside of mRNA splicing had
been revealed by the study of cells in mitosis, where PRP4K is
believed to regulate the spindle assembly checkpoint.12 In the
current study, we employed CRISPR-mediated gene editing to
insert a clover fluorescence tag into the PRPF4B gene, enabling
direct visualization of PRP4K localization without the limitations
associated with indirect immunofluorescence, such as issues with
antibody penetration and epitope masking. With this approach,
we revealed a novel cytoplasmic localization for PRP4K (Figure 1)
with enrichment at late endosomes marked by Rab7 (Figure 2;
Supplementary Figure 6). Functionally, we have identified a novel
role for PRP4K in the trafficking of EGFR, where PRP4K co-localizes
in endosomes containing phospho-EGFR (Supplementary
Figure 5), and depletion of PRP4K leads to an endosomal
accumulation and reduced degradation of EGFR following EGF
stimulation (Figure 3). This reduction in receptor degradation
resulted in an increased and sustained activation of the Akt and
Erk pathways (Figures 3b and d), which provides a mechanism by
which PRP4K-depleted cells overcome anoikis.36,37 The activation
of Akt by depletion of PRP4K resembles recent results observed
following the knockdown of another splicing kinase, SRSF protein
kinase 1 (SRPK1).38 In the SPRK1 study, sustained Akt activation
was observed following EGF stimulation in SRPK1 knockout mouse
embryonic fibroblasts (MEFs). Similar to PRP4K-depleted ID8 and
MCF-7 cells, SRPK1 knockout MEFs also displayed increased
anchorage-independent growth.38 This study by Wang and
colleagues also revealed a splicing-independent role for SPRK1,
where loss of SRPK1 promoted Akt activation by affecting the
interaction of the Akt phosphatase PH domain and leucine rich
repeat protein phosphatase 1 (PHLPP1) with Akt. Thus, by
affecting endosomal trafficking of growth factor receptors, PRP4K
loss appears to activate Akt in a different manner than reported
for loss of SRPK1. In addition, in both ID8 and MCF-7 cells, PRP4K
depletion triggered an increase in TrkB (Figures 4c and 5c); a
known regulator of anoikis resistance.24 Thus, increased TrkB
signaling may also contribute to the anoikis resistance observed
with PRP4K loss.
Finally, both PRP4K and SRPK1 have roles in alternative splicing

by phosphorylating splicing factors.39,40 SPRK1 exhibits both a
nuclear and cytoplasmic localization, with the cytoplasmic pool
being responsible for the phosphorylation of serine/arginine (SR)-
proteins, which in turn regulates their nuclear-cytoplasmic
shuttling.41–43 The novel cytoplasmic localization for PRP4K
reported here, the ability of both PRP4K and SRPK1 loss to
activate Akt, combined with the known redundancy in SR-protein
substrates between the splicing kinases,39,44 raises the intriguing
possibility that these two kinases may share some degree of
functional redundancy that extends beyond the regulation of
splicing.

Loss of PRP4K: implications for ascites development, metastasis
and treatment resistance in recurrent ovarian cancer
More than one third of ovarian cancer patients present with an
accumulation of peritoneal ascites at the time of diagnosis.45–48

The accumulation of ascites is believed to result in part from a
combination of altered vascular permeability within the tumor
microvasculature49 and tumor-mediated obstruction of lymphatic
drainage.50 Management of ascites is generally limited to
treatment of the underlying disease with platinum and taxane-
based chemotherapy. While the clinical response to first-line
chemotherapy is quite high, ranging from 70 to 80%,51–53 the

Figure 6. Knockdown of PRP4K increases ID8 proliferation in a
zebrafish xenotransplantation model. (a) Representative brightfield,
fluorescent and merged images are shown for zebrafish embryos at
24 and 72 h post injection (hpi) with either ID8 shCTRL or ID8
shPRP4K-1 cells. (b) ID8 shCTRL and shPRP4K-1 engrafted embryos
were dissociated at 24 and 72 hpi and the number of fluorescent
cells counted. The fold change in cell number was determined and
represented as a scatterplot with each point representing an
independent experiment. Pooled groups of 15–20 embryos were
used for each data point. Error bars= s.d. *Po0.05.
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majority of patients (50–75%) relapse due to the development of
chemoresistance.54 In most cases, recurrent disease is accompa-
nied by intractable ascites that likely arises from increased
peritoneal transcoelomic metastases and requires frequent para-
centesis for temporary relief of symptoms.46

Our previous study identified PRP4K as a HER2-regulated
modifier of taxane sensitivity in breast and ovarian cancer.10

PRP4K levels were shown to decrease in cells that had acquired
resistance to taxanes, both in vitro and in vivo. In addition, our
previous study demonstrated that low PRP4K expression in
ovarian tumors was strongly associated with disease progression
and poor survival outcomes in a cohort of taxane-treated serous
ovarian cancer patients with low HER2 receptor expression. Data
provided in the current study demonstrated that depletion of

Figure 7. Knockdown of PRP4K increases metastasis in a syngeneic mouse model of ovarian cancer. (a) Representative images of tumors on
the diaphragm and peritoneal wall of mice at 28 days post injection (dpi) with ID8 shCTRL or ID8 shPRP4K cells. (b,c) Tumor nodules on the
diaphragm and peritoneal wall were quantified in two independent experiments using 5 mice per group. (d) Ascites fluid was harvested from
five ID8 shCTRL and five ID8 shPRP4K injected mice at 28 dpi and the number of GFP+ cells was quantified by flow cytometry. (e) GFP+ ID8
cells were recovered at 28 dpi from individual mice injected with ID8 shCTRL cells (ID8 ip1-4). Cells were cultured under non-adherent
conditions for 0 or 72 h and re-plated on adherent 6-well plates. Representative images show colony growth for each cell line. (f,g) Colony
number and colony area of ascites-derived ID8 cells grown under non-adherent conditions were quantified relative to adherent conditions for
three independent experiments. (h) Total cell lysates were prepared from ID8 and ID8 ip cell lines and subjected to western blot analysis for
the indicated proteins. (i) Western blot analysis of PRP4K protein levels in patient-derived primary high-grade serous ovarian cancer (HGSC)
tumors ‘T’ and matched ascites ‘A’, where the relative levels of PRP4K between tumor and ascites is indicated (Ratio) after normalization to
actin. *Po0.05; **Po0.01; ns= not significant.
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PRP4K protein levels increased cellular resistance to anoikis in
zebrafish ovarian cancer xenografts (Figure 6) and promoted
metastasis in the ID8 mouse model of ovarian cancer (Figures 7a–d).
Furthermore, we found that cancer cells harvested from the ascites of
3 out of 4 mice, and 3 out of 4 human patients with ovarian cancer,
exhibited reduced PRP4K expression (Figures 7h–i), and that the ID8
ascites-derived mouse ovarian cancer cells had increased survival
under non-adherent growth conditions in vitro (Figures 7e–h). These
results mirror the associated loss of PRP4K expression in cancer
cell lines treated with taxanes in vitro and in patient tumors
following taxane treatment.10 Combining our previous work with
the current study, we believe we have uncovered one potential
mechanism whereby acquired resistance to taxanes through the
loss of PRP4K is accompanied by increased anoikis resistance that
could in turn promote transcoelomic metastasis and ascites
development. In agreement with a possible tumor suppressor role
of PRP4K in ovarian cancer, analysis of TCGA data56 indicated that
both amplification of the PRPF4B gene and its overexpression
(42 SD from the mean) were associated with significantly better
overall survival (Figure 8). As such, future clinical studies employ-
ing PRP4K as a biomarker for prediction of ovarian cancer
progression and survival post-taxane therapy may be warranted.

MATERIALS AND METHODS
Patient samples, TMA and immunohistochemistry
Patient-derived cell lines from primary tumors and ascites were described
previously.57 PRP4K staining of the breast and ovarian cancer TMAs has
also been described previously,10,58 and lung staining was carried out as
described in Corkery et al.10 The ovarian and breast studies were approved
by the institutional ethics board at the Université de Montréal (Montreal,
Canada), and the lung study was approved by the ethics committee of the
Queen Elizabeth II (QEII) Hospital/Nova Scotia Health District (Halifax,
Canada). Tumors were collected and banked following appropriate written
consent from patients undergoing surgery within the hospital sites. The
ovarian cancer TMA was made using 196 high-grade serous ovarian cancer
tumor cases in duplicate cores of 0.6 mm diameter. The breast cancer TMA
was made using 150 cases of breast cancer. The lung cancer TMA consisted
of 332 tumors taken from primary surgical cases of non-small cell lung
cancer including adenocarcinoma (60%), squamous cell carcinoma (37%),
and both large cell carcinoma and large cell neuroendocrine
carcinoma (3%).

Cell culture and shRNA lentiviral transduction
HeLa (ATCC) and ID8 (Dr Paul Terranova, University of Kansas Medical
Center59) cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma, Oakville, ON, Canada) supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin at 37 °C with 5% CO2. To generate the ID8 GIPZ
shPRP4K and HeLa TRIPZ shPRP4K cell lines, GIPZ (shPRP4K-1 = clone:

V3LMM_463188, shPRP4K-1 = clone: V3LMM_463189, Non-silencing
shCTRL= RHS4346) and TRIPZ (shPRP4K-1 = clone: V2THS_47787, shPRP4K-
-2 = clone: V3THS_383960, Non-silencing shCTRL= RHS4743) lentiviral
shRNAs were purchased from Thermo Scientific (Burlington, ON, Canada).
Lentivirus was produced by co-transfection of the GIPZ/TRIPZ plasmids
with pMD2.G, pCMV-8.92 and pCMV-8.93 lentiviral packaging vectors into
human HEK-293 T cells via calcium-phosphate transfection (Promega,
Madison, WI, USA) as described previously.60 After 48 h, viral media from
the transfected cells was filtered (0.45 μ filter) added to the target cells for
24 h, after which cells were allowed to recover for 24 h in fresh media
before selection in media containing 2 μg/ml puromycin for 4–5 days. To
induce expression of the TRIPZ PRP4K shRNA in HeLa cells, 2 μg/ml
doxycycline was added to culture media for 72–96 h before experimenta-
tion with the drug being replaced every 24 h.
MCF-7 shCTRL and shPRP4K-1 and 2 cell lines are described in detail in.10

For EGF stimulation, HeLa shCTRL/shPRP4K cells were serum starved
overnight using DMEM containing 0.25% FBS, followed by treatment with
50 ng/ml EGF (Sigma) for the indicated time period.

Generation of the HeLaClover-PRP4K cell line
The cDNA for the GFP variant clover (gift from Michael Lin, Addgene
plasmid # 40259)14 was inserted into exon 1 of the PRPF4B gene after the
codon encoding the third amino acid of the PRP4K protein using a similar
Cas9-based knock-in strategy as previously described61 (Supplementary
Figures 1 and 2). Briefly, HeLa cells were nucleofected using the Neon®

transfection system (Thermo Scientific), according to the manufacturer’s
directions cells, with the pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) (gift
from Feng Zhang, Addgene plasmid # 42335)62 encoding two paired
sgRNA’s targeting the PRPF4B locus (Supplementary Figure 2), along with a
homology donor plasmid encoding 130 nucleotides of homology to the
PRPF4B flanking the cDNA for Clover (Supplementary Figure 1) cloned into
pCR2.1 (Thermo Scientific). Individual clones were isolated by limiting
dilution, screened for green fluorescence, and characterized by genomic
PCR of the PRP4FB gene using primers to amplify the edited locus
(Supplementary Figure 2) and sequencing of the PCR amplicon (Genewiz,
South Plainfield, NJ, USA).

Western blot analysis
Cells were lysed in ice-cold lysis buffer (20 mM Tris-HCl pH8, 300 mM KCl,
10% Glycerol, 0.25% Nonidet P-40, 0.5 mM EDTA, 0.5 mM EGTA, 1 ×
protease inhibitors) and lysates cleared by centrifugation (25 min,
15 000× g, 4 °C) before PAGE and western blotting as previously
described.10 Primary antibodies used for western blot analysis were used
at the dilution recommended by the manufacturer unless noted, and
included a custom PRP4K antibody (H143, 1:1000);9 antibodies from Cell
Signaling (Danvers, MA, USA), anti-EGFR (#4267, 1:2000), anti-Akt (pan)
(#4691, 1:2000), anti-p-Akt (Ser473) (#4060, 1:2000), anti-Erk (#4695), anti-
pErk (#9106), anti-Bcl2 (#3498) and antibodies in the EMT sampler kit
(#9782); Sigma, anti-actin (A2228) (1:5000); and Santa Cruz (Santa Cruz, CA,
USA), anti-TrkB (sc-37721). Secondary antibodies used include HRP-
conjugated goat anti-rabbit IgG (Sigma, A6154), HRP-conjugated sheep

Figure 8. Overexpression or amplification of PRP4K (PRPF4B) correlates with significantly increased overall survival in high-grade serous
ovarian cancer (HGSC). Kaplan–Meier analyses of data from the TCGA ovarian cancer study56 (accessed from the http://www.cbioportal.org/ on
June 3, 2017)65 indicating significantly better overall survival in HGSC patients with tumors that (a) overexpress PRPF4B (N= 29 with 42 s.d.
expression of PRPF4B relative to the mean; Po0.02 hazard ratio of 2.0 (95% confidence interval (CI): 1.3 to 3.1)), or (b) harbor amplifications of
the PRPF4B gene (N= 18; Po0.01 hazard ratio of 3.5 (95% CI: 2.0 to 6.1).
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anti-mouse IgG (Sigma, A5906) and HRP-conjugated donkey anti-sheep
IgG (Sigma, A3415).

Immunofluorescence microscopy and live-cell imaging
HeLaClover-PRP4K cells were plated onto glass coverslips in a 6-well plate and
treated overnight with 50 μM chloroquine (Sigma) or stimulated with EGF
as above. Cells were fixed with 4% paraformaldehyde in PBS for 10 min at
room temperature, permeabilized with 0.1% Triton X-100 in PBS for 10 min
and immunolabeling was carried out as previously described.10 Fluor-
escent images were captured with a Zeiss Cell Observer spinning-disk
microscope (Intelligent Imaging Innovations, 3i, Boulder, CO, USA) using a
1.4 NA 63 × immersion oil objective lens. Images were processed using
only linear adjustments in Adobe Photoshop CS5 and Slidebook (3i)
software, which was also used for the analysis of mean fluorescence
intensity of immunostaining.
Antibodies used for immunofluorescence were used at the manufac-

turers recommended dilution unless otherwise noted, and include anti-
GFP (Abcam, Toronto, ON, Canada, ab13970) (1:2000 dilution), anti-EEA1
(Cell Signaling, #3288) (1:100 dilution), anti-Rab5 (Cell Signaling, #3547)
(1:200 dilution), anti-Rab7 (Cell Signaling, #9367) (1:100 dilution), anti-p62
(Cell Signaling, #7695) (1:400 dilution), anti-LAMP2 (Abcam, ab25631)
(1:200 dilution), and anti-p-EGFR (Tyr1068) (Cell Signaling, #3777) (1:800
dilution).

Quantification of in vitro proliferation rates
To determine the in vitro proliferation rates of ID8 and MCF-7 shCTRL,
shPRP4K-1 and shPRP4K-2 cells, 50 000 cells were plated in individual wells
of a 6-well plate. Cells were trypsinized and counted at 24 and 48 h after
plating.

Spheroid cell growth, viability and anoikis assays
Spheroids assays were conducted in 6-well plates as described previously63

and images of each well were captured with a digital camera and the
number of colonies quantified using ImageJ (NIH, Bethesda, MA, USA). For
anoikis assays, poly 2-hydroxyethyl methacrylate (PolyHEMA) (Sigma,
P3932) was dissolved in 95% ethanol (20 mg/ml) at 65 °C and used to
coat tissue culture plates (4 ml per 10 cm plate) dried overnight at 37 °C.
Cells were plated on PolyHEMA coated and non-coated tissue culture
dishes for 24 h and then harvested for western blot analysis, cell viability
assays using AlamarBlue (DAL1100, Life Technologies, Mississauga, ON,
Canada),10 and apoptosis assays using allophycocyanin-conjugated
Annexin-V (eBioscience, Mississauga, ON, Canada) and flow cytometry
(FACSCalibur flow cytometer, BD Biosciences, Mississauga, ON, Canada) as
described previously.64 Flow cytometry data was analyzed using FlowJo
(V10.2; FlowJo, Ashland, OR, USA).

Zebrafish xenotransplantation
All zebrafish studies were approved by the Dalhousie University
Committee on Laboratory Animals. ID8 shCTRL or ID8 shPRP4K cells
labeled with the lipophilic cell tracking dye, CM-DiI (Thermo Scientific)
were injected (25–50 cells) into the yolk sac of 48 h casper zebrafish
embryos. Embryos were imaged and enzymatically dissociated to quantify
cancer cell growth at 24 and 72 h post injection as described previously.27

Mouse experiments
All experimental procedures were approved by the Dalhousie University
Committee on Laboratory Animals following the guidelines of the
Canadian Council on Animal Care. Two groups of 5, 8-10 week old female
C57/BL6 mice (Charles River Laboratories) were injected i.p with 3 × 106 ID8
shCTRL or ID8 shPRP4K cells, without specific randomization or blinding.
The frequency of tumor nodules and tumor cells in the ascites was
assessed 28 days later.

Ascites flow cytometry assay
Ascites fluid was isolated via peritoneal wash and red blood cell lysis was
performed before flow cytometric analysis for GFP+ ID8 cells. Data
acquisition and analysis were performed using a two-laser FACSCalibur
with Cell Quest Pro software (BD Biosciences).

Statistical analyses
For animal studies, an unpaired T-test was used; where an s.d. of 10% was
assumed and 5 animals per group was expected to detect a 20% difference
with a power of 0.8 (StatMate 2.00 by GraphPad, La Jolla, CA, USA).
Normality of data was determined by Shapiro–Wilk test (http://sdittami.
altervista.org/shapirotest/ShapiroTest.html). Kaplan–Meier curve analysis
and Student's T-test (2-sided) were carried out using GraphPad Prism 7.03.
Statistical significance was set at P=0.05.
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