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We have investigated the involvement of the pre-mRNA
processing factor 4B (PRP4) kinase domain in mediating
drug resistance. HCT116 cells were treated with curcumin,
and apoptosis was assessed based on flow cytometry and
the generation of reactive oxygen species (ROS). Cells were
then transfected with PRP4 or pre-mRNA-processing-splicing
factor 8 (PRP8), and drug resistance was analyzed both in
vitro and in vivo. Furthermore, we deleted the kinase domain
in PRP4 using GatewayTM technology. Curcumin induced
cell death through the production of ROS and decreased
the activation of survival signals, but PRP4 overexpression
reversed the curcumin-induced oxidative stress and
apoptosis. PRP8 failed to reverse the curcumin-induced
apoptosis in the HCT116 colon cancer cell line. In xenograft
mouse model experiments, curcumin effectively reduced
tumour size whereas PRP4 conferred resistance to curcumin,
which was evident from increasing tumour size, while PRP8
failed to regulate the curcumin action. PRP4 overexpression
altered the morphology, rearranged the actin cytoskeleton,
triggered epithelial-mesenchymal transition (EMT), and
decreased the invasiveness of HCT116 cells. The loss of
E-cadherin, a hallmark of EMT, was observed in HCT116 cells
overexpressing PRP4. Moreover, we observed that the EMTinducing potential of PRP4 was aborted after the deletion of
its kinase domain. Collectively, our investigations suggest that
the PRP4 kinase domain is responsible for promoting drug

resistance to curcumin by inducing EMT. Further evaluation
of PRP4-induced inhibition of cell death and PRP4 kinase
domain interactions with various other proteins might lead to
the development of novel approaches for overcoming drug
resistance in patients with colon cancer.
Keywords: colorectal cancer, curcumin, EMT, HCT116, kinase
domain, PRP4, PRP8

INTRODUCTION
PRP4 (pre-mRNA processing factor 4B), a transcription factor
involved in pre-mRNA splicing, was first identified in Schizosaccharomyces pombe (Alahari et al., 1993; Rosenberg et
al., 1991). It is 1,007 amino acids long and has been shown
to possess a 340-amino acid Arg/Ser-rich N-terminal domain
(RS domain) which is commonly found in pre-mRNA splicing
factors (Haynes and Iakoucheva, 2006; Kojima et al., 2001).
It has been reported that in addition to an RS domain, PRP4
contains a kinase domain (amino acid sequence 687-1003)
which shares homology with cyclin-dependent kinases and
mitogen-activated protein kinases (Kojima et al., 2001; Lützelberger and Käufer, 2012) and is essential for regulating
cancer cell growth and survival (Gao et al., 2013). Previously,
it has been reported that PRP4 is involved in reversing an-
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ticancer drug-induced cell death in human cancer cell lines
through actin cytoskeleton rearrangement and epithelial-mesenchymal transition (EMT) (Islam et al., 2017; 2018).
In attempts to determine kinases essential for pancreatic
cancer cell survival using small-interfering RNAs (siRNAs),
PRP4 knockdown was found to promote cell death and
decrease viability (Giroux et al., 2006). Additionally, a study
conducted to determine potential kinase targets to treat multidrug-resistant ovarian cancer showed that silencing PRP4
with short-hairpin RNAs (shRNAs) resulted in re-sensitization
of chemo-resistant human ovarian cancer to paclitaxel (Duan
et al., 2008). Moreover, it has been shown that PRP4 loss enhanced paclitaxel activity in breast cancer cells (Bauer et al.,
2010).
EMT is a phenomenon in which epithelial cells lose cell-cell
adhesion and transform into invasive mesenchymal cells (Du
and Shim, 2016). During EMT, cells present reduced levels of
epithelial proteins (E-cadherin, zonula occludens-1 [ZO-1],
and occludin) and elevated levels of mesenchymal proteins
(vimentin, N-cadherin, and fibronectin) (Lamouille et al.,
2014). Loss of E-cadherin is considered a hallmark of EMT.
Numerous phenotypic changes such as cell morphological
changes, loss of adhesion, and gain of stem cell-like features
have been reported upon changes in gene expression during
EMT (Lamouille et al., 2014). The correlation between cancer
cell drug resistance and EMT was first reported in a study in
the early 1990s in which a vinblastine-resistant ZR-75-B cell
line and two Adriamycin-resistant MCF-7 cell lines underwent
EMT (Sommers et al., 1992). Recently, a causal relationship
between EMT and cancer drug resistance using genetically-engineered mice models has been demonstrated by two
research groups (Fischer et al., 2015; Zheng et al., 2015). In
diverse cancers of the breast, bladder, and pancreas, cancer
drug resistance has been shown to be frequently accompanied by EMT (Arumugam et al., 2009; Huang et al., 2015;
McConkey et al., 2009). These reports suggest that EMT
plays a key role in cancer drug resistance and contributes to
metastasis after chemotherapy treatment.
Herein, we report that PRP4 mediates anti-apoptotic
activities and induces resistance to the action of curcumin
by driving HCT116 cells toward EMT. We supported our
investigation by overexpressing pre-mRNA-processing-splicing factor 8 (PRP8) in HCT116 cells lines, which failed to
reverse the action of curcumin. Finally, we produced kinase
––
domain-deleted PRP4 (P4K / ) using GatewayTM technology,
overexpressed it in HCT116 cells, and found that PRP4 lost its
EMT-inducing potential upon kinase domain deletion. These
findings advance our understanding of anticancer drug resistance in colon cancer.

MATERIALS AND METHODS
Chemicals and reagents
Curcumin and propidium iodide (PI) were purchased from
Sigma-Aldrich (USA). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were obtained from Gibco (USA). PRP4 cDNA open
reading frame clone HG10835-ACG was purchased from
Sino Biological (USA), and a PRP8 clone was obtained

from Origene (USA). Antibodies against caspase-3, cleaved
caspase-3, PARP (poly [ADP-ribose] polymerase), β-actin, Raf,
p-Raf, Erk, p-Erk, NF-κB, IκB-α, p53, c-Myc, and Bcl-xL (B-cell
lymphoma-extra-large) were obtained from Santa Cruz
Biotechnology (USA). A Bradford protein assay kit and electrophoresis reagents were purchased from Bio-Rad (USA).
Dichlorofluorescein diacetate (DCFHDA) was obtained from
Molecular Probes (USA). ECL Prime detection reagent and
nitrocellulose membrane were purchased from Amersham
(UK). Vectashield mounting medium with DAPI (4′,6-diamidino-2-phenylindole) from Vector Laboratories (USA) was used
for staining nuclei. An Annexin V-FITC apoptosis detection kit
(ab14085 Abcam) was purchased from Abcam (UK). Lipofectamine® LTX with PlusTM Reagent (Cat. #15338100) and
SuperScript III Reverse Transcriptase (Cat. #18080093), Lipofectamine RNAiMAX transfection reagent, and a pCR8-GWTOPO TA cloning kit with One ShotTM TOP10 E. coli and the
GatewayTM pDEST17 vector were obtained from Invitrogen
(USA). Xfect transfection reagent was purchased from Takara
Bio USA (USA). All chemicals and products were used as prescribed by the manufacturers.

Cell culture and treatment
HCT116 (CCL-225) cells from American Type Culture Collection (USA) were cultured in DMEM containing 10% FBS,
L-glutamine, and 1% (v/v) penicillin-streptomycin (Gibco).
Cells were maintained at 95% humidity with 5% CO2 at
37°C. Curcumin was dissolved in dimethyl sulfoxide and cells
were treated with 30 μM curcumin for 24 h (Shehzad et al.,
2016).

Flow cytometry
HCT116 cells were cultured and treated with 30 μM curcumin for 24 h, after which they were washed twice with cold
phosphate-buffered saline (PBS), trypsinized, centrifuged,
and collected in 500 μl binding solution. Next, the cells were
incubated with 5 μl each of Annexin V-FITC and PI (50 mg/
ml) at room temperature for 15 to 20 min in the dark and analyzed by flow cytometry (FACSARIA III; BD Biosciences, USA)
(Wlodkowic et al., 2009).

Detection of reactive oxygen species (ROS) generation
For the detection of intracellular ROS generation, cells were
cultured in a 4-well plate at a density of 2 × 105 cells per well
for 24 h. At 70% confluence, the cells were treated with
curcumin for 24 h, after which the medium was replaced
with fresh medium and the cells were incubated with the
DCFHDA probe for 30 min, during which the DCFHDA was
de-esterified and converted to highly fluorescent 2′, 7′-dichlorofluorescein upon oxidation. Afterward, the cells were
washed twice with ice-cold PBS and images were captured
with a confocal laser scanning platform (DM/R-TCS; Leica,
Germany) coupled to a microscope (Leitz DM REB; Leitz,
Germany) at excitation and emission wavelengths of 480 nm
and 520 nm, respectively.

DAPI staining
Nuclear fragmentation was analyzed by staining apoptotic
nuclei with DAPI. Cells were treated with curcumin for 24 h,
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after which they were harvested, washed in cold PBS twice,
and fixed with acetic acid:ethanol (1:3) for 15 min at room
temperature. The fixed cells were then washed and stained
with DAPI mounting solution for 15 min. Digital images were
captured using a confocal microscope (Zeiss Axio Observer
A1; Carl Zeiss, Germany) (Lee et al., 2018).

Western blotting
Total cell lysates were prepared using cell lysis buffer, and
the protein concentration was determined using the Bio-Rad
Protein Assay. Samples (20-40 μg) were prepared in sodium dodecyl sulfate (SDS) sample buffer, separated via 10%
SDS-polyacrylamide gel electrophoresis, and transferred onto
a nitrocellulose membrane. The membranes were blocked
with 2% albumin (Gendept, USA) solution for 2 h at 4°C.
Chemiluminescent signals were developed with ClarityTM ECL
Western Blotting Substrate (Bio-Rad) according to the manufacturer’s instructions.

Reverse-transcription polymerase chain reaction (RT-PCR)
Total RNA (5 μg) was reverse-transcribed using the SuperScript
III First-strand synthesis kit, as has been described previously
(Islam et al., 2015; 2018). The synthesized cDNA was incubated with RNase H at 37°C for 1 h. PCR was performed using
2 μl of cDNA and the following primers: Bcl-xL forward, 5′
-GATCCCCATGGCAGCAGTAAAGCAAG-3′ and Bcl-xL reverse, 5′- CCCCATCCCGGAAGAGTTCATTCACT-3′; Bcl-2 forward, 5′GAGACAGCCAGGAGAAAT-3′ and Bcl-2 reverse, 5
′-CCTGTGGATGACTGAGTA-3′; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward, 5′-AGGGCTGCTTTTAACTCTGGT-3′ and GAPDH reverse, 5′-CCCCACTTGATTTTGGAGGGA-3′. PCR was performed under the following conditions: one cycle at 98°C for 3 min followed by 30 to 35 cycles
at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final
extension step at 72°C for 5 min. The amplified PCR products were analyzed via 2% agarose gel electrophoresis and
EcoDyeTM Nucleic Acid Staining Solution (Biofact, Korea); the
relative intensities of the detected bands were measured on a
Gel Doc2000 scanner (Bio-Rad).

In vivo xenograft tumors
Male BALB/c-n mice were purchased from Central Lab Animal
(Korea) and were kept under conditions of a constant temperature of 22°C and a light/dark cycle of 12 h. Animal experimental protocols were approved by the Kyungpook National
University Animal Care Committee. Six mice were kept in each
group. At 6 weeks of age, each mouse was injected sepa––
rately with the control and PRP4 or PRP8/ P4K / -transfected
HCT116 cells suspended in 150 μl PBS on separate sites (left
and right) using sterile insulin syringes. One week after cell
implantation, the mice were divided into two groups: (A)
control (vehicle) and (B) curcumin (50 mg/kg intraperitoneal
injection). Tumor volumes were recorded on a weekly basis
using Vernier calipers, and calculated according to the formula: V = 4/3πW2L (short size2 × long size/2) (mm3). The
tumors were then excised using scissors after 30 to 45 days
(Ahn et al., 2017).
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Cloning and construction of the kinase-domain–/– PRP4
plasmid
GatewayTM technology was used according to the manufacturer’s instructions to delete the kinase domain (amino acid
sequence 687-1003) from PRP4 and to make a new construct of it. First of all, PRP4 without kinase domain was amplified using specific primers. PCR products were then cloned
into the pCR8-GW-TOPO entry vector via the BP reaction.
Cloned PCR products were sequence-checked (Macrogen,
Korea) in the pCR8-GW-TOPO entry vector and were as predicted. For all cDNAs, five entry clones from individual bacterial colonies were subsequently used in LR reactions with
the T7 promoter expression vector pDEST17 (Supplementary
Fig. S1, Supplementary Table S1). Cloned PCR products were
sequence-checked in the pDEST17 vector and were as predicted.

Boyden chamber cell invasion assay
HCT116 cell invasion was investigated using the Boyden
Millipore chamber system. Briefly, inserts were incubated
in serum-free medium for 2 to 3 h at room temperature to
rehydrate the extracellular matrix layer. Afterward, cells were
seeded onto the membrane of the upper chamber insert,
placed in the wells of a 24-well plate containing 500 μl of full
––
growth DMEM, and transfected with PRP4/P4K / . After specific incubation periods, non-invading cells remaining on the
upper surface of the membrane were removed with aseptic
cotton swabs. For visualization, HCT116 cells that had invaded across the collagen to the lower surface of the membrane
were stained with 5% Giemsa solution for 30 min at room
temperature in the dark, after which they were washed with
PBS, air-dried, and images of them were captured using a
Nikon SMZ18 system (Bian et al., 2015).

Statistical analysis
All samples were prepared in triplicate and all experiments
were repeated at least three times. Statistical analysis were
performed through one way ANCOVA with Bonferroni-adjusted post hoc tests using IBM SPSS Statistics (ver. 25; IBM,
USA). The data are presented as the mean ± SD. Differences
between groups were evaluated with Student’s t-tests. P values less than 0.05 were considered statistically significant.

RESULTS
PRP4 overexpression inhibits curcumin-induced cell death
To analyze the inhibitory role of PRP4 against curcumin-induced cell death, HCT116 cells were transiently transfected
with PRP4 plasmid and then incubated with curcumin for 24
h. PRP4 overexpression was confirmed at the protein level via
western blotting (Fig. 1A). For PRP4 knockdown, we used
a pool of three target-specific siRNAs (PRP4-siRNA; 19-25
nucleotides in length) that downregulated PRP4 expression
at the mRNA level (Fig. 1B). To investigate the effect of PRP4
on curcumin-induced ROS generation, cells were treated
with curcumin and incubated with a specific cell-permeable
fluorescent dye (DCFHDA). In curcumin-treated cells, a considerable increase in 2′, 7′-dichlorofluorescein fluorescence
was observed and PRP4 overexpression prevented curcum-
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Fig. 1. PRP4 inhibited curcumin-induced cell death in HCT116 cells. (A) Western blot analysis of PRP4 overexpression in HCT116 cells.
(B) PRP4 knockdown by siRNA PRP4 lowers the mRNA expression of PRP4 in HCT116 cells. GAPDH was used as a loading control. P4,
PRP4 transfection; si-P4, siRNA PRP4 transfection. (C) HCT116 cells transfected with a PRP4 plasmid or siRNA-PRP4 and incubated with
or without 30 μM curcumin for 24 h. The cells were incubated with the DCFHDA dye for 20 min to measure ROS. Probe accumulation
was measured in triplicate based on increases in emission at a wavelength of 530 nm. ROS levels are expressed as the ratio of the mean
intensity of the sample to the mean intensity in the control cells. The average fluorescence intensity was calculated and represented
in graphical form. Data were collected from three independent experiments. **P < 0.01, ***P < 0.001. (D) Parental and transfected
HCT116 cells used in an Annexin V/propidium iodide (PI) assay and analyzed by flow cytometry to determine the levels of apoptosis.
Upper left, necrotic cells; upper right, late apoptotic cells; lower right, early phase apoptotic cells; lower left, normal cells. (E) HCT116
cells transfected with a PRP4 plasmid or siRNA-PRP4 and incubated with or without 30 μM curcumin for 24 h. Cells were then stained
with DAPI mounting solution for 20 min, washed twice with PBS, and analyzed via fluorescence microscopy. Yellow arrows represent
fragmented nuclei. (F) Western blotting of parental and PRP4-transfected HCT116 cell lysates to assess cleaved caspase 3, pro-caspase 3,
PARP, Raf, Erk, NF-κB, and IκB-α levels. β-actin was used as a loading control.

in-induced ROS generation (Fig. 1C), while PRP4-siRNA transfection restored curcumin-induced ROS generation (Fig. 1C).
An Annexin V/PI apoptosis assay and flow cytometry were
conducted to further address whether PRP4 inhibits curcumin-induced apoptosis. As depicted in Fig. 1D, curcumin treatment resulted in 11.8% and 15.5% of cells in early and late
apoptosis, respectively, compared to untreated HCT116 cells
(2% for each). PRP4 overexpression significantly reduced
curcumin-induced apoptosis and brought the percentages of
cells in early and late apoptosis to 2.8% and 1.6%, respectively (Fig. 1D). However, following concomitant transfection
with a PRP4-expression plasmid and siRNA-PRP4, 11.6% of

cells were observed in early apoptosis, which was close to
the levels observed in curcumin-treated cells (Fig. 1D). Similar results were observed after staining the nuclei with DAPI
(Fig. 1E). To further elucidate the anti-apoptotic effects of
PRP4, we analyzed the changes in various cell death and survival regulatory proteins following PRP4 overexpression. Curcumin increased the expression of cleaved caspase 3, which
was inhibited by PRP4 transfection. Similarly, we found that
the 32 kDa caspase-3 zymogen as well as PARP had been restored following transfection with a PRP4-expressing plasmid
in HCT116 cells, and similarly, PRP4 induced a number of cell
survival signaling proteins (Fig. 1F). Collectively, these findings
Mol. Cells 2020; 43(7): 662-670 665
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suggest that PRP4 inhibits cell death in part by blocking the
curcumin-induced generation of ROS and by activating cell
survival pathways.

The kinase domain of PRP4 is involved in inhibiting curcumin-induced cell death
We hypothesized that PRP4 induces anti-apoptotic actions
due to its kinase domain because it is the only member of the
pre-mRNA splicing factor family which contains one. To prove
this, we selected PRP8 (length = 2,335 amino acids), a homolog of PRP4 which lacks a kinase domain, and transfected
HCT116 cells with a PRP8-expressing plasmid. PRP8 overexpression was confirmed at the protein level via western blotting (Fig. 2A). Subsequently, we repeated the assays outlined

in Fig. 1 and found that PRP8 was not able to inhibit curcumin-induced apoptosis in HCT116 cells (Figs. 2B-2E). Bcl-xL and
Bcl-2 are thought to exert an anti-apoptotic function (Michels
et al., 2013), and the results in Fig. 2F show that curcumin
downregulated their mRNA expression, but PRP8 overexpression could not restore it. Similarly, it was shown previously
that PRP4 induced the expression of p53 (Shehzad et al.,
2013), but PRP8 overexpression did not regulate it (Fig. 2E).
We further conducted animal model xenograft assays to confirm the drug resistance potential and expressions of PRP4
and PRP8 in vivo. PRP4-transfected HCT116 cells showed remarkably enhanced expression and tumor growth compared
with original HCT116 cells in the vehicle-treated group without affecting body weight (Fig. 3A). Additionally, as well as

Fig. 2. PRP8 failed to reverse curcumin-induced cell death. (A) Western blot analysis of PRP8 overexpression in HCT116 cells. (B) HCT116
cells transfected with a PRP8 plasmid (P8, PRP8 transfection) and incubated with or without 30 μM curcumin for 24 h. The cells were
incubated with the DCFHDA dye for 20 min to measure ROS. Probe accumulation was measured in triplicate based on increases in emission
at a wavelength of 530 nm. ROS levels are expressed as the ratio of the mean intensity of the sample to the mean intensity in the control
cells. The average fluorescence intensity was calculated and represented in graphical form. Data were collected from three independent
experiments. **P < 0.01, ***P < 0.001. (C) Parental and PRP8 transfected HCT116 cells followed by curcumin treatment in an Annexin
V/propidium iodide (PI) assay was analyzed by flow cytometry to determine the levels of apoptosis. Upper left, necrotic cells; upper right,
late apoptotic cells; lower right, early phase apoptotic cells; lower left, normal cells. (D) HCT116 cells transfected with a PRP8 plasmid and
incubated with or without 30 μM curcumin for 24 h. Cells were then stained with DAPI mounting solution for 20 min, washed twice with
PBS, and analyzed by fluorescence microscopy. Red arrows represent fragmented nuclei. (E) Western blotting of untransfected and PRP8transfected HCT116 cell lysates to assess pro-caspase 3, cleaved caspase 3, PARP, Raf, p-Raf, Erk, p-Erk, NF-κB, IκB-α, Bcl-xL, Bcl-2, and p53
levels. β-actin was used as a loading control. (F) mRNA expression of Bcl-xL and Bcl-2. GAPDH was used as a loading control.

666 Mol. Cells 2020; 43(7): 662-670

PRP4 Kinase Domain Role in Drug Resistance and EMT
Muhammad Bilal Ahmed et al.

Fig. 3. PRP8 effect on xenograft tumors in vivo . (A) BALB/c-n mice were subcutaneously injected with HCT116 cells on the left side and
with PRP4-transfected HCT116 cells on the right side (left and right sides are according to the photo). Six mice were kept in each group.
Data were collected from three independent experiments. **P < 0.01. For clear visibility of the in vivo tumors, the same mouse was
photographed twice and the tumors have been encircled in the later one. PRP4 overexpression has been shown in xenotransplant tumors
through western blotting. (B) Same procedure was adopted as described above using PRP8-transfected HCT116 cells Data were collected
from three independent experiments. **P < 0.01, ***P < 0.001. PRP8 overexpression has been shown in xenotransplant tumors through
western blotting.

conferring resistance to curcumin, PRP4-transfected HCT116
also showed enhanced tumor growth in the curcumin-treated group. Meanwhile, PRP8 shows increased expression but
did not confer any remarkable resistance to curcumin, which
was evident from the small tumor sizes compared to those
observed in the curcumin-only group (Fig. 3B; tumor volume
was measured according to the formula described in the Materials and Methods section and is presented as a line graph).
These findings suggest that PRP4 confers resistance to curcumin-induced apoptosis in vitro as well as in vivo through its
kinase domain.

Deletion of the PRP4 kinase domain aborts EMT
It has already been mentioned that cancer drug resistance is
frequently accompanied by EMT (Arumugam et al., 2009;
Huang et al., 2015; McConkey et al., 2009). To confirm that
PRP4 conferred resistance to the action of curcumin by driving HCT116 cells toward EMT through its kinase domain,
we completely removed it, as described in the Materials and

Methods section (Supplementary Fig. S1, Supplementary
Table S1). Figure 4A depicts the respective bands of the PRP4
cDNA plasmid (9872 bp), PRP4 full gene (3024 bp), and
PRP4 with the kinase domain deleted (2058 bp). We observed that besides preventing curcumin-induced cell death,
PRP4 overexpression changed the HCT116 cell morphology
from an aggregated, flattened shape to a dispersed, round
shape. However, interestingly, we observed that overexpres––
sion of HCT116 with P4K / did not induce cell morphology
–/–
alteration (Fig. 4B). P4K also did not induce tumor growth
in vivo (Fig. 4C). It has been reported that the downregulation of intracellular adhesion molecules disrupts cell-cell
adhesion, which is specific to EMT (Van Roy and Berx, 2008).
The downregulation of E-cadherin is believed to be one of
the most reliable markers of EMT (Acloque et al., 2009), and
to investigate whether PRP4 induced EMT via the involvement of its kinase domain, we transfected HCT116 cells with
––
PRP4 or the P4K / -expression plasmid and analyzed E-cadherin protein levels by western blotting as well as immuno-
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Fig. 4. PRP4 kinase domain deletion abolished the effect of PRP4 on cell cytoskeleton dynamics and EMT. (A) PRP4 in the pCMV3
vector, PRP4 full gene, and PRP4 without a kinase domain in normal and Tumor cells. PRP4 was amplified using the specific primers
given in Supplementary Table S1. (B) HCT116 cells transfected with a PRP4/P4K–/–-expression plasmid, stained with phalloidin, and
observed under a confocal laser microscope at 1,000× magnification. P4K–/–, deleted PRP4 kinase-domain construct transfection. A
grayscale image of the cells is also shown. (C) BALB/c-n mice were subcutaneously injected with HCT116 cells on the left side and with
P4K–/–-transfected HCT116 cells on the right side (left and right sides are according to the photo). Six mice were kept in each group.
Data were collected from three independent experiments. **P < 0.01, ***P < 0.001. For clear visibility of the in vivo tumors, the same
mouse was photographed twice and the tumors have been encircled in the later one. P4K–/– overexpression has been shown on mRNA
levels in xenotransplant tumors and cells. (D) Immunofluorescence microscopy indicating the expression of E-cadherin and vimentin
following PRP4/P4K–/– overexpression in HCT116 cells shown by immunostaining with phalloidin, and E-cadherin and vimentin antibodies.
A grayscale image of the cells is also shown. (E) E-cadherin, vimentin, and Tiam1 protein levels following PRP4/P4K–/– overexpression
determined by western blotting. β-actin was used as an internal control. (F) Cellular invasion assay. The blue spots represent invaded cells.
The average number of invaded cells have been shown in graphical form (n = 225, 23, and 125 in control, PRP4, and PRP4K–/– groups
respectively, where n = number of invaded cells). **P < 0.01.

fluorescence. We found that PRP4 transfection effectively
––
decreased E-cadherin expression in HCT116 cells but P4K /
overexpression did not regulate E-cadherin expression. On
the other hand, the mesenchymal marker vimentin showed
upregulation upon PRP4 overexpression but remained unaf-
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––

fected by P4K / transfection (Figs. 4D and 4E). Cancer cells
undergoing EMT display increased motility, acquire a mesenchymal phenotype, and subsequently become highly invasive
(Micalizzi et al., 2010). To examine typical EMT behavior, we
––
analyzed the cellular invasiveness of original and PRP4/P4K / -
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transfected HCT116 cells with a Boyden Millipore chamber
system and observed that PRP4 transfection of HCT116 cells
led to a remarkable decrease in cellular invasiveness. How––
ever, P4K / did not regulate cellular invasiveness (Fig. 4F).
Collectively, these data suggest that PRP4 could induce EMT
via the involvement of its kinase domain, thereby leading to
resistance against curcumin-induced apoptosis.

DISCUSSION
The action of PRP4 in controlling cell growth in human
cancer cells has been well described. Previously, it has been
shown that PRP4 is involved in reversing anticancer drug-induced cell death in human cancer cell lines through actin
cytoskeleton rearrangement and EMT (Islam et al., 2017;
2018). PRP4 has also been reported to induce the expression
of protein phosphatase 1A (PP1A), which directly or indirectly
dephosphorylates cofilin, resulting in actin cytoskeleton rearrangement, downregulation of E-cadherin, and EMT induction (Islam et al., 2018). In the present study, we observed
that PRP4 reversed curcumin-induced apoptosis whereas siRNA-PRP4 transfection downregulated the expression of PRP4
and enhanced curcumin-induced apoptosis (Fig. 1). We were
interested in investigating the involvement of the PRP4 kinase domain in mediating resistance to anticancer drugs, and
structural approaches provided evidence that it was essential
for regulating cancer cell growth and survival (Gao et al.,
2013). For this purpose, we investigated various homologs
of PRP4 lacking the kinase domain. Specifically, we selected PRP8 because unlike other PRP4 homologs, it possesses
a protein length (2,335 amino acids) comparable to PRP4
(1,007 amino acids). Upon PRP8 transfection, we found that
it did not block curcumin-induced apoptosis (Figs. 2B-2F). We
further conducted animal model xenograft assays to confirm
the action of PRP8 in vivo . Interestingly, the tumor generated
by PRP8-transfected HCT116 cells did not grow more rapidly
in mice in the control and curcumin-treated group, and curcumin effectively reduced the size of tumors resulting from
implantation of the PRP8-transfected HCT116 cells (Fig. 3B).
––
Cells were then transfected with P4K / -expressing plasmid
and their drug resistance potential was analyzed using vari––
ous assays. As expected, P4K / failed to confer resistance to
curcumin.
PRP4 overexpression induced morphological changes in
HCT116 cells by rearranging the actin cytoskeleton and conferred resistance to curcumin-induced cell death. The findings from the present investigation suggest that resistance
to curcumin-induced cell death conferred by PRP4 overexpression could be mediated through the modulation of the
actin cytoskeleton and the PRP4 kinase domain is responsible
for bringing about this morphological change. In original
HCT116 cells, F-actin filaments were observed scattered
throughout the entire cytoplasm in a pattern representative
of the typical organization within migrating cells. However, in
PRP4-transfected cells, confocal microscopy images showed
that F-actin was distributed differently. We observed that
––
P4K / overexpression could not alter the morphology of
HCT116 cells. Studies have shown that the downregulation
of intracellular adhesion molecules disrupts cell-cell adhesion

specific to EMT, for which the downregulation of E-cadherin
is a hallmark. We investigated the effect of PRP4 overexpression on E-cadherin protein expression by western blotting
and immunostaining and found that PRP4 transfection effectively decreased E-cadherin expression in HCT116 cells.
The expression of vimentin (a mesenchymal marker) was
upregulated by PRP4 transfection but remained unaffected
––
by P4K / overexpression. It has been shown that malignant
cells undergoing EMT present increased motility, acquire the
mesenchymal phenotype, and finally become highly invasive
(Lamouille et al., 2014). We analyzed the cellular invasive––
ness of original and PRP4/P4K / -transfected HCT116 cells
and found that PRP4 transfection effectively decreased their
––
cellular invasiveness whereas P4K / did not. These findings
suggest that PRP4 could confer drug resistance to curcumin,
partly by driving cancer cells toward EMT. We assume here
that PRP4 through its kinase domain regulates the expression
of EMT-associated genes in HCT116 cells to promote this
transition. Furthermore, PRP4 regulates the expression of various other as yet unknown genes that are involved in increasing drug resistance and reducing cellular invasion.
In conclusion, collectively our study suggests that the PRP4
kinase domain is responsible for promoting drug resistance
to curcumin and blocks apoptotic cell death by inhibiting
curcumin-induced ROS generation, activating cell survival
proteins, remodeling the cell actin cytoskeleton, and inducing
EMT. Further evaluation of PRP4-induced anticancer drug
resistance and PRP4 kinase domain interactions with various other proteins could lead to the development of novel
approaches for overcoming drug resistance in patients with
colon cancer. The determination of the direct and indirect
target proteins of PRP4 and the exact molecular mechanism
of activation or deactivation of these target proteins needs
further intensive investigation.

Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
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