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Abstract: Colorectal cancer (CRC) is the third most common cancer and a leading cause of cancer-
related mortality worldwide. Even with advances in therapy, CRC mortality remains high. Therefore,
there is an urgent need to develop effective therapeutics for CRC. PCTAIRE protein kinase 1 (PCTK1)
is an atypical member of the cyclin-dependent kinase (CDK) family, and the function of PCTK1 in
CRC is poorly understood. In this study, we found that patients with elevated PCTK1 levels had a
better overall survival rate in CRC based on the TCGA dataset. Functional analysis also showed that
PCTK1 suppressed cancer stemness and cell proliferation by using PCTK1 knockdown (PCTK1-KD)
or knockout (PCTK1-KO) and PCTK1 overexpression (PCTK1-over) CRC cell lines. Furthermore,
overexpression of PCTK1 decreased xenograft tumor growth and knockout of PCTK1 significantly
increased in vivo tumor growth. Moreover, knockout of PCTK1 was observed to increase the resis-
tance of CRC cells to both irinotecan (CPT-11) alone and in combination with 5-fluorouracil (5-FU).
Additionally, the fold change of the anti-apoptotic molecules (Bcl-2 and Bcl-xL) and the proapoptotic
molecules (Bax, c-PARP, p53, and c-caspase3) was reflected in the chemoresistance of PCTK1-KO
CRC cells. PCTK1 signaling in the regulation of cancer progression and chemoresponse was analyzed
using RNA sequencing and gene set enrichment analysis (GSEA). Furthermore, PCTK1 and Bone
Morphogenetic Protein Receptor Type 1B (BMPR1B) in CRC tumors were negatively correlated in
CRC patients from the Timer2.0 and cBioPortal database. We also found that BMPR1B was negatively
correlated with PCTK1 in CRC cells, and BMPR1B expression was upregulated in PCTK1-KO cells
and xenograft tumor tissues. Finally, BMPR1B-KD partially reversed cell proliferation, cancer stem-
ness, and chemoresistance in PCTK1-KO cells. Moreover, the nuclear translocation of Smad1/5/8, a
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downstream molecule of BMPR1B, was increased in PCTK1-KO cells. Pharmacological inhibition of
Smad1/5/8 also suppressed the malignant progression of CRC. Taken together, our results indicated
that PCTK1 suppresses proliferation and cancer stemness and increases the chemoresponse of CRC
through the BMPR1B–Smad1/5/8 signaling pathway.

Keywords: PCTK1; CRC; Smad; BMPR1B; chemoresistance; stemness

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide and the second
leading cause of cancer-related death [1]. Despite advances in patient screening procedures
and substantial progress in therapeutic approaches, the mortality rate of CRC remains
high. Chemotherapy is the standard treatment for metastatic CRC (mCRC). The cytotoxic
chemotherapeutic agents 5-fluorouracil (5-FU), capecitabine (a prodrug of 5-FU), oxaliplatin,
and irinotecan (IRI), used in combination with an epidermal growth factor receptor or a
vascular endothelial growth factor antagonist, constitute the primary treatment for mCRC.
However, treatment failure due to therapeutic resistance leads to a poor prognosis [2].
Therefore, identifying a therapeutic target and regulatory mechanism relevant to prog-
nosis prediction and therapeutic response in mCRC may considerably improve patients’
clinical outcomes.

PCTAIRE protein kinase 1 (PCTK1), PCTK2, and PCTK3 are highly conserved
serine/threonine kinases that belong to the cyclin-dependent kinase (CDK) family of protein
kinases [3]. Also known as PCTAIRE1 and CDK16 (cyclin-dependent kinase 16), PCTK1
is expressed throughout the body and is highly expressed in terminally differentiated
tissues, including the brain and testes [4–6]. PCTK1 has a central kinase domain with high
similarity to conventional CDKs, and this region is flanked by unique N- and C-terminal
domains [7]. The N-terminal domain is vital because its deletion leads to the loss of kinase
activity in vitro [8]. However, the mechanisms underlying PCTK1 activation remain unclear.
PCTK1 also plays an integral role in cell proliferation and anti-apoptosis [9–12]; the late
G2 mitotic phase is arrested in PCTK1 knockdown (KD) cancer cells [9]. Moreover, PCTK1
is overexpressed in multiple types of cancer cells, including CRC and melanoma, breast,
and prostate cancer cells [13]. Therefore, PCTK1 may be a potential target for therapeutic
intervention in cancers.

Bone morphogenetic proteins (BMPs) include 15 mammalian members belonging to
the transforming growth factor-β (TGFβ) superfamily [14]. BMP ligands initiate the signal
transduction cascade by binding to type 1 receptors (BMPR1A or BMPR1B) and type II
receptors (BMPRII) to form a heterotetrameric complex. The constitutively active type II re-
ceptor then transphosphorylates the type I receptor, and the type I receptor phosphorylates
the receptor-regulated Smads (Smad1/5/8). Phosphorylated Smad1/5/8 associates with
co-Smad (Smad4). This involves the complex translocation into the nucleus and association
with coactivators or corepressors to regulate gene expression [15]. This suggests that BMPs
play an essential role in tumor cell initiation and proliferation. A BMPR1A mutation was
noted in juvenile polyposis syndrome [16]. In the majority of sporadic CRC cases, the
BMP-Smad pathway is inactivated [17]. Furthermore, Smad7, BMP2, and BMP4 were
shown to be associated with CRC in genome-wide association studies [18]. However, the
roles of PCTK1 and the Smad–BMPR1B signaling pathway remain unclear. We investigated
the relationships among CRC progression, chemoresistance, and PCTK1 expression. PCTK1
negatively regulated CRC progression and chemoresistance through the Smad–BMPR1B
signaling pathway.
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2. Results
2.1. High PCTK1 Expression Was Associated with a More Favorable CRC Prognosis

First, to explore the role of PCTK1 in CRC, we analyzed the correlation between PCTK1
expression and clinical outcomes in CRC by using public databases. As shown in Figure 1A
(left panel), lower expression of PCTK1 in a CRC specimen was significantly associated
with poor prognosis in GSE41258 datasets (n = 252, p = 0.007). Likewise, in Figure 1A
(right panel), the analysis of another CRC dataset (GSE17538, n = 232, p = 0.018,
HR = 0.5 (0.27–0.9)) also indicated that lower PCTK1 leads to poor overall survival. Those
patients with higher PCTK1 expression had significantly more favorable survival outcomes,
suggesting that PCTK1 acts as a suppressor of CRC progression. To further investigate the
mechanism of PCTK1 in regulating CRC progression, we tried to manipulate the PCTK1
gene and generated stable cell lines with stably overexpressing PCTK1 or knockdown of
PCTK1 in CRC cells. The expression of PCTK1 in different human colon adenocarcinoma
cell lines (HT-29, DLD-1, and HCT116) was determined through Western blotting. As
shown in Figure 1B, PCTK1 was expressed in all the CRC cell lines but was expressed in
a very low amount in DLD-1 cells. So, based on the evaluation of the expression levels
of PCTK1 among different CRC cell lines, we chose the cell lines for the following experi-
ments. Next, stable KD of PCTK1 (PCTK-KD) and a control cell line (scrambled control)
were established in HT-29 cells. Control and stably overexpressing PCTK1 cells were also
generated (vector and PCTK1-over) in DLD-1 cells. The expression of PCTK1 in stably
overexpressing and KD cell lines was confirmed using Western blotting (Figure 1C,D).
Furthermore, two CRC cell lines, DLD-1 and HCT116, were employed to create PCTK1-KO
cell lines by the removal of exons 2 through 6 by using CRISPR/Cas9 technology (Figure S1).
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Figure 1. Effect of PCTK1 on CRC progression. (A) Patients with CRC were stratified by PCTK1 
expression and subjected to Kaplan–Meier analysis of overall survival in GEO datasets (left panel: 
GSE41258, n = 252; right panel: GSE17538, n = 232). (B) PCTK1 protein expression levels were deter-
mined through Western blotting in three CRC cell lines. (C,D) Overexpression and knockdown sta-
ble cell lines were generated. (E–H) Cell proliferation was evaluated using the biosensor and SRB 
assay. Values are presented as means ± standard errors of the mean., ** p < 0.01. 

2.2. PCTK1 Expression Suppressed CRC Cell Proliferation 
Next, we examined whether dysregulation of PCTK1 expression affected cell prolif-

eration in CRC. The cell index curves, constructed from the RTCA results, revealed dra-
matic differences between PCTK1-over, PCTK1-KD, and PCTK1-KO cells and their con-
trols. Overexpression of PCTK1 in DLD-1 cells resulted in decreased cell proliferation. 
However, PCTK1-KD or PCTK1-KO cells resulted in a higher proliferation rate relative to 
the control cells (Figure 1E–H). These results from gain-of-function and loss-of-function 
experiments indicated that PCTK1 suppressed the proliferation of CRC cells. 

2.3. PCTK1 Inhibited Tumorigenesis and Tumor Growth In Vivo 
PCTK1-over versus control DLD-1 cells and PCTK1-KO versus control HCT116 cells 

were subcutaneously implanted in nude mice, and the effect on tumor initiation and pro-
gression was monitored. Xenograft tumor growth, volume, and weight (Figure 2A–C) in the 
mice implanted with PCTK1-over cells were substantially lower than those in the control 
mice. Xenograft tumor growth, volume, and weight were consistently significantly higher 
(Figure 2E–G) in the PCTK1-KO group than in the control group. The expression of PCTK1 
in mouse tumor tissues was assessed through Western blotting (Figure 2I). Taken together, 
these results suggested that PCTK1 contributes to tumor suppression in CRC in vivo. 
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Figure 1. Effect of PCTK1 on CRC progression. (A) Patients with CRC were stratified by PCTK1
expression and subjected to Kaplan–Meier analysis of overall survival in GEO datasets (left panel:
GSE41258, n = 252; right panel: GSE17538, n = 232). (B) PCTK1 protein expression levels were
determined through Western blotting in three CRC cell lines. (C,D) Overexpression and knockdown
stable cell lines were generated. (E–H) Cell proliferation was evaluated using the biosensor and SRB
assay. Values are presented as means ± standard errors of the mean., ** p < 0.01.

2.2. PCTK1 Expression Suppressed CRC Cell Proliferation

Next, we examined whether dysregulation of PCTK1 expression affected cell prolifera-
tion in CRC. The cell index curves, constructed from the RTCA results, revealed dramatic
differences between PCTK1-over, PCTK1-KD, and PCTK1-KO cells and their controls.
Overexpression of PCTK1 in DLD-1 cells resulted in decreased cell proliferation. However,
PCTK1-KD or PCTK1-KO cells resulted in a higher proliferation rate relative to the control
cells (Figure 1E–H). These results from gain-of-function and loss-of-function experiments
indicated that PCTK1 suppressed the proliferation of CRC cells.

2.3. PCTK1 Inhibited Tumorigenesis and Tumor Growth In Vivo

PCTK1-over versus control DLD-1 cells and PCTK1-KO versus control HCT116 cells
were subcutaneously implanted in nude mice, and the effect on tumor initiation and
progression was monitored. Xenograft tumor growth, volume, and weight (Figure 2A–C)
in the mice implanted with PCTK1-over cells were substantially lower than those in the
control mice. Xenograft tumor growth, volume, and weight were consistently significantly
higher (Figure 2E–G) in the PCTK1-KO group than in the control group. The expression of
PCTK1 in mouse tumor tissues was assessed through Western blotting (Figure 2I). Taken
together, these results suggested that PCTK1 contributes to tumor suppression in CRC
in vivo.

2.4. PCTK1 Negatively Regulated Chemoresistance in CRC

Chemotherapy is the mainstream therapeutic approach for CRC treatment [19]. How-
ever, chemoresistance is a major obstacle in the treatment of cancers and causes cancer
recurrence [20]. We found that CRC patients with lower PCTK1 level had poor overall
survival (Figure 1A). Therefore, we were curious to investigate whether PCTK1 medi-
ates chemoresponse in CRC. The HCT 116 control and PCTK1-KO cells were treated
with various doses of 5-fluouracil (5-FU) and irinotecan (IRI), one of the standard first-
line chemotherapeutics for CRC. The data showed that the cell viability decreased in
a dose-dependent manner. However, a significance difference in cell viability between
the groups was only noted under the highest dose of 5-FU (Figure 3A). Several clinical
studies have reported that IRI significantly reduces therapeutic resistance to 5-FU-based
therapy for CRC [21–23]. Combination chemotherapy regimens that have been shown
to achieve better therapeutic outcome are often preferred over single agents for mCRC
treatment. Herein, the viability of HCT 116 PCTK1-KO cells under various doses of IRI
treatments were significantly higher compared to the control cells (Figure 3B). Moreover,
HCT 116 PCTK1-KO increased cell viability (relative to control cells) in response to both
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IRI alone and in combination with a low dose of 5-FU (Figure 3C). Similarly, the colony
formation ability even under both IRI treatment alone and in combination with 5-FU was
higher in HCT 116 PCTK1 knockout cells than the control cells (Figure 3D). To further
determine the effects of PCTK1 on the chemotherapeutic sensitivity of CRC, an annexin
V/propidium iodide double staining assay was used to evaluate the cell apoptosis rate
of HCT 116 control versus HCT 116 PCTK1-KO cells in different chemotherapy regimens.
Apoptosis was reduced in the HCT 116 PCTK1-KO cells under both IRI single treatment
(32.68%± 3.17% versus 23.32%± 3.98%) and IRI–5-FU combination regimens (37.77%± 3.53%
versus 27.56% ± 1.99%; Figure 3E,F). The expression of apoptosis-related proteins in the
HCT 116 control versus PCTK1-KO cells was evaluated through Western blotting following
chemotherapeutic drug treatment. Following IRI treatment and IRI–5-FU treatment, the
reduction in the expression of antiapoptotic Bcl-2 relative Bcl-xL and an increase in the
expression of apoptotic proteins Bax, c-PARP, c-caspase3, and p53 were less in PCTK1-KO
cells than those in control cells (Figure 3G,H). These data indicated that knockout of PCTK1
suppressed the chemoresponse by regulating caspase-dependent apoptosis. These results
also suggested that PCTK1 is a predictive biomarker for the sensitivity of IRI treatment
(either alone or combined with 5-FU) in CRC treatment regimen. Additionally, using
the ROC Plotter platform, we also evaluated the response of colorectal cancer patients
to chemotherapy treatment according to their PCTK1 expression levels. Consistent with
our findings, patients exhibiting poor responsiveness to chemotherapy (p = 0.0068) had
comparatively lower PCTK1 expression (Figure S2).
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Figure 3. PCTK1 knockout made CRC cells chemoresistant. (A–C) Viability of HCT 116 control
and PCTK1-KO cells was measured using the SRB assay in the presence of the chemotherapeutics
fluorouracil (5-FU; 0–40 µM) and irinotecan (IRI; 0–100 µM). The vehicle control was set to 100%,
and the ratio OD515 nm values were used to represent the viability ratio. An asterisk represents the
significance between HCT 116 control and PCTK1-KO cells. (D) Illustrations of the colony formation
experiment using control and PCTK1-KO HCT 116 cells that were given IRI alone or IRI-5-FU
treatment. (E,F) Annexin V/FITC and propidium iodide double labeling was used to identify cell
apoptosis after a 48 h chemotherapy treatment in HCT 116 control and PCTK1-KO cells. (G,H)
Western blotting was used to compare the apoptosis-related molecule expression in HCT 116 control
and PCTK1-KO cells treated with IRI alone or IRI-5-FU. (F,H) E and G’s quantifications are presented
in bar graphs. The means and standard deviations of the data are displayed. * p < 0.05, ** p < 0.01.

2.5. PCTK1 Expression Altered the Cancer Stem Cell Characteristics of CRC Cells

Cancer stem cells (CSCs) are a subpopulation of tumor cells that can drive tumor
initiation and are responsible for maintaining tumor heterogeneity, enhanced proliferation,
and therapeutic resistance [24]. Our data indicated that PCTK1 suppressed tumor growth
and chemoresponse in CRC. To evaluate the effect of PCTK1 on the CSC characteristics
of CRC cells, a clonogenic assay was performed. PCTK1 overexpression blocked colony
formation in DLD-1 cells significantly, and PCTK1-KO DLD-1 and HCT116 resulted in
a greater colony formation ability relative to controls (Figure 4A–C). A study reported
that spheroid formation is an index of cells’ self-renewal capacity, which is the defining
characteristic of CSCs [25]. The effect of PCTK1 on the sphere-forming ability of CRC
cells was examined through a sphere formation assay in which the control and PCTK1-KO
HCT116 cells were cultured in serum-free medium containing B27, bFGF, and EGF. Under
stem cell growth conditions, the PCTK1-KO cells formed more spheres than the control
cells (Figure 4D,E). A review paper noted that several surface markers and pluripotency
transcription factors were implicated to identify CSCs in CRC [26]. Herein, PCTK1-KO cells
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consistently showed an upregulation in the expression of CSC markers (NANOG, SOX2,
Oct4, CD44, CD133, and EpCAM) (Figure 4F). In contrast, overexpression of PCKT1 led to
significant downregulation of all these CSC markers (Figure S4).
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Figure 4. PCTK1 suppressed CSC-associated phenotypes of CRC cells. The clonogenic assay and
sphere formation assay were employed to measure the stemness of CRC cells. (A–D). (A–C) Repre-
sentative images of colony formation in control, PCTK1-over, and PCTK1-KO cells. Colonies were
quantified by ImageJ and presented as a fold change of control. (D) Representative images of the
sphere-forming ability of HCT 116 control and PCTK1-KO cells; statistical analysis of the number of
spheres (E). (F) mRNA levels of NANOG, SOX2, Oct-4, CD44, CD133, and EpCAM in the control and
PCTK1-KO cells were determined through qPCR. Values are presented means± standard errors of
the mean from at least three independent experiments and the statistical significance are determined
through the two-tailed Student’s t test. * p < 0.05, ** p < 0.01 relative to control cells.

2.6. PCTK1 Suppressed Cell Proliferation, CSC Properties, and Chemoresponse through
BMPR1B–Smad Signaling

To investigate the direct gene targets and signaling pathways regulated by PCTK1
in cell proliferation and the therapeutic response in CRC, GSEA analysis was performed
on the RNA sequencing data in PCTK1-overexpressing and control CRC cells. PCTK1
overexpression was negatively correlated with the androgen response signaling pathway,
and based on GSEA, a considerable reduction in BMPR1B expression was observed in the
androgen response gene sets (Figure 5A). To validate these results, RT-PCR was performed.
BMPR1B expression was upregulated in the HCT 116 PCTK1-KO cells and the xenograft
tumor tissues (Figure 5B,C). A previous study indicated that BMPR1B is involved in the
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TGFβ/Smad signaling pathway and is associated with CRC risk [27]. BMPR1B-activated re-
ceptor activates SMAD proteins (R-SMADs), Smad1/5/8, then complexes with Smad4 and
triggers its nuclear translocation. On the other hand, Smad4 can also regulate the canonical
BMP/Smad signaling via a positive feedback mechanism [28,29] Thus, we evaluated the
nuclear translocation of Smad1/5/8 in HCT 116 PCTK1-KO cells using Western blotting.
The expression of Smad1/5/8 in the nucleus was upregulated in the HCT 116 PCTK1-KO
cells (Figure 5D,E). GAPDH and PARP were used as the cytoplasmic and nuclear internal
controls, respectively. The phosphorylated Smad1/5/8–Smad4 complex has been reported
to transmit signals to the nucleus and then activate BMPR1B transcription [28,29]. To
further clarify the role of Smad1/5/8 in the signaling pathway of the PCTK1–BMPR1B
axis, BMPR1B expression was determined in HCT 116 control and PCTK1-KO cells treated
with the Smad1/5/8 inhibitors LDN193189 and palovarotene. In all cells, LDN193189
and palovarotene suppressed BMPR1B expression, which confirmed the positive feedback
mechanism of Smad1/5/8 in the canonical BMP/Smad signaling axis (Figure 5F). Together,
these results suggested that PCTK1 regulates BMPR1B via a positive feedback mechanism
of Smad1/5/8.

Int. J. Mol. Sci. 2023, 24, 10008 9 of 21 
 

 

TGFβ/Smad signaling pathway and is associated with CRC risk [27]. BMPR1B-activated 
receptor activates SMAD proteins (R-SMADs), Smad1/5/8, then complexes with Smad4 
and triggers its nuclear translocation. On the other hand, Smad4 can also regulate the ca-
nonical BMP/Smad signaling via a positive feedback mechanism [28,29] Thus, we evalu-
ated the nuclear translocation of Smad1/5/8 in HCT 116 PCTK1-KO cells using Western 
blotting. The expression of Smad1/5/8 in the nucleus was upregulated in the HCT 116 
PCTK1-KO cells (Figure 5D,E). GAPDH and PARP were used as the cytoplasmic and nu-
clear internal controls, respectively. The phosphorylated Smad1/5/8–Smad4 complex has 
been reported to transmit signals to the nucleus and then activate BMPR1B transcription 
[28,29]. To further clarify the role of Smad1/5/8 in the signaling pathway of the PCTK1–
BMPR1B axis, BMPR1B expression was determined in HCT 116 control and PCTK1-KO 
cells treated with the Smad1/5/8 inhibitors LDN193189 and palovarotene. In all cells, 
LDN193189 and palovarotene suppressed BMPR1B expression, which confirmed the pos-
itive feedback mechanism of Smad1/5/8 in the canonical BMP/Smad signaling axis (Figure 
5F). Together, these results suggested that PCTK1 regulates BMPR1B via a positive feed-
back mechanism of Smad1/5/8. 

 

 
Figure 5. PCTK1 suppressed BMPR1B expression through Smad1/5/8 in CRC cells. (A) RNA se-
quencing-based GSEA indicated the enrichment of genes in regulating an androgen response gene 

Figure 5. PCTK1 suppressed BMPR1B expression through Smad1/5/8 in CRC cells. (A) RNA
sequencing-based GSEA indicated the enrichment of genes in regulating an androgen response



Int. J. Mol. Sci. 2023, 24, 10008 10 of 20

gene set. Genes were ranked according to log2 fold changes in gene expressions. The normalized
enrichment score, FDR q-value, and p value are indicated. (B,C) The expression of BMPR1B in
HCT 116 PCTK1-KO cells and xenograft tumors was determined through qPCR. (D) Smad1/5/8
expression in cell fractions of HCT 116 control and PCTK-KO cells was determined by Western blot
analysis and then quantified (E). (F) BMPR1B expression was determined through qPCR in HCT 116
control and PCTK1-KO cells treated with Smad1/5/8 inhibitors, (LDN193189 and palovarotene).
Data are presented as means ± standard deviations. ** p < 0.01.

2.7. BMPR1B Knockdown Partially Inhibited the Promotion of PCTK1 Knockout on CRC Cell
Malignant Phenotype and Chemoresisitance

To determine whether PCTK1-mediated cell proliferation, CSC properties, and chemore-
sponse are mediated by BMPR1B, BMPR1B was knocked down in PCTK1-KO cells by using
shRNA-based transfection. The data revealed that the knockdown of BMPR1B partially
reversed the proliferation activity and colony formation ability of the HCT 116 PCTK1-KO
cells (Figure 6B,C). Moreover, compared with the HCT 116 PCTK1-KO/control-shRNA
cells, cell viability was reduced in the HCT 116 PCTK1-KO/BMPR1B-shRNA cells in
response to both IRI and IRI–5-FU treatment. However, the cell viability of HCT 116
PCTK1-KO/BMPR1B-shRNA cells was higher than that of the control cells (Figure 6D).
The data suggested PCTK1 suppressed cell proliferation, CSC properties, and chemoresis-
tance through the inhibition of BMPR1B. To verify the role of BMPR1B in CRC, we further
examined the role of BMPR1B in the clinical outcomes of CRC from the Human Protein
Atlas and the GEPIA dataset. The data showed high BMPR1B expression was associated
with poor overall survival and disease-free survival in CRC (Figure 6E,F). Moreover, there
was negative co-expression of PCTK1 with BMPR1B in CRC patients using the Timer 2.0
dataset (rho =−0.24, p = 1.99× 10−7) and cBioPortal (Spearman’s correlation coefficient−0.32,
p = 2.97 × 10−10) (Figure 6G,H).
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Figure 6. PCTK1 suppressed CRC malignancy through BMPR1B downregulation. (A) BMPR1B-
KD cells were generated by transfecting BMPR1B-shRNA into PCTK1-KO HCT116 cells. BMPR1B
expression in control, PCTK1-KO, and PCTK1-KO with BMPR1B-shRNA was determined through
qPCR. (B) Cell proliferation was detected using the SRB assay. (C) Representative image of colony
formation (stained with 1% crystal violet). Colonies were quantified by ImageJ and presented as
mean ± SD fold of control. (D) Cell viability was measured using the SRB assay following 48 h
chemotherapy treatment. Kaplan–Meier survival curves comparing the high and low expression
of BMPR1B in CRC cells. (E) Overall survival analysis conducted using the Human Protein Atlas.
(F) Disease-free survival analysis of TCGA data was performed using the GEPIA. (G,H) Correlation
between PCTK1 and BMPR1B in patients with CRC was analyzed using the Timer 2.0 database and
cBioPortal. * p < 0.05, ** p < 0.01, # p < 0.05, ## p < 0.01.

Additionally, we were curious to learn if the negatively associated PCTK1 co-expressed
gene sets and positively associated BMPR1B gene sets in CRC share any common pathway.
So, to further investigate the roles of PCTK1 and BMPR1B in CRC, we retrieved a list
of co-expression genes from the Colorectal Adenocarcinoma (TCGA, Firehose Legacy)
dataset available in cBioPortal. Because of the negative correlation between PCTK1 and
BMPR1B, we identified 131 negative co-expression genes with PCTK1 and 956 positive
co-expression genes with BMPR1B. By intersecting co-expression gene lists, we obtained
69 candidate co-expression genes (Figure S3A). Subsequently, we performed GO/KEGG
enrichment analysis on PCTK1 and BMPR1B together with candidate co-expressed genes,
which showed seven significantly enriched pathways. GO/KEGG results included CC:
caveola and MF: cytokine binding, while the enriched KEGG pathways included Fluid
shear stress and atherosclerosis, Complement and coagulation cascades, Pertussis, Cell
adhesion molecules, and Staphylococcus aureus infection (Figure S3B). Notably, pathways
related to cancer, such as MF: cytokine binding and KEGG: Cell adhesion molecules,
suggested that the downregulation of PCTK1 and upregulation of BMPR1B may influence
cancer cell proliferation and drug sensitivity through mechanisms associated with cell
adhesion molecules.

2.8. Pharmacological Targeting BMPR1B-SMAD1/5/8 Signaling with Small Molecules Inhibited
the Promotion of PCTK1 Knockout on CRC Cell Malignant Phenotype and Chemoresisitance

To further evaluate the regulation of PCTK1 in cancer cell phenotype and chemore-
sponse through BMPR1B-SMAD1/5/8 in CRC, we treated PCTK1-KD HT-29 cells with
two SMAD1/5/8 inhibitors, LDN193189 and palovarotene. As the data showed, both of
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these inhibitors suppressed cell proliferation and colony formation in CRC cells. How-
ever, PCTK1 KD cells were more sensitive to SMAD1/5/8 inhibitors. The difference
in proliferation between control and PCTK1 KD cells was reversed in the presence of
SMAD1/5/8 inhibitors for 48 h and the reduction in colony formation was also higher in
cells after SMAD1/5/8 inhibitor treatment (Figure 7A,B). Moreover, both LDN193189 and
palovarotene also effectively reversed the chemoresistance of PCTK1-KO cells to IRI–5-FU
treatment (Figure 7C). Altogether, our data indicated that PCTK1 suppressed cell prolifer-
ation, CSC properties, and chemoresponse in CRC through the BMPR1B—SMAD1/5/8
signaling pathway. Targeting the BMPR1B–SMAD1/5/8 signaling by pharmacological in-
hibition reversed the promotion of PCTK1 knockout on the CRC cell malignant phenotype
and chemoresistance.
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Figure 7. Smad1/5/8 inhibitors reversed the effect of PCTK1-KO on the promotion of malignancy
and chemoresistance. (A) Cell proliferation of scrambled control and PCTK1-KD HT-29 cells was
determined using the SRB assay after Smad1/5/8 inhibitor, LDN193189, and palovarotene treatment.
The viability of the scrambled vehicle-treated control cells was set as 100%. (B) Representative
image of colony formation in response to vehicle or LDN193189 treatment in scrambled control
and PCTK1-KD HT-29 cells. (C) Cell viability was measured using the SRB assay in control and
PCTK1-KO HCT116 cells treated with chemotherapeutics in the presence or absence of Smad1/5/8
inhibitors. * p < 0.05, ** p < 0.01.
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3. Discussion

PCTK1 is associated with diverse biological functions, including neurite outgrowth,
secretory transport, and insulin secretion [30]. Teruki et al. demonstrated that loss of PCTK1
suppressed the proliferation of melanoma, prostate, breast, and cervical cancer cells [9,10].
Wang et al. reported that PCTK1 is overexpressed in lung cancer and plays an essential role
in cancer cell growth and anti-apoptosis [31]. A high level of PCTK1 in the plasma correlates
with poor progression-free survival in non-small-cell lung cancer [32]. Moreover, PCTK1 is
involved in regulating apoptosis and disease progression in various cancers. An in vivo
study of CRC and melanoma demonstrated that PCTAIRE1 siRNA–lipid nanoparticles
successfully reduced tumor volume and triggered apoptosis [33].

BMPR1A and BMPR1B are both type 1 BMP receptors, which belong to a family
of transmembrane serine/threonine kinases. BMPs bind BMPR1A to induce osteogenic
signaling and various cellular functions through Smad-mediated signaling. BMPR1B tran-
scription was found to be regulated by Smad via a feedback mechanism [34]. In another
study, BMP receptors were observed to be involved in regulating disease progression and
chemoresponse in various cancers. Pickup et al. suggested that BMPR1A acts as a tumor
promoter [35]. Knockout of BMPR1A in a mouse model of mammary tumors delayed
tumor initiation and prolonged survival in human breast cancer [35]. However, a reduction
in BMPR1B expression induced tumor proliferation in breast cancer [36]. Jeanpierre et al.
revealed that higher levels of BMPR1B in leukemic stem cells contributed to poor response
to chemotherapy [37]. Furthermore, promoting leukemic cell cycle re-entry and differen-
tiation by targeting the BMPR1B and Jak2 pathways reduced the quiescence of leukemic
stem cells [37]. Dai et al. reported that low BMPR1B expression in breast cancer was
associated with poor overall survival and resistance to taxanes and anthracyclines [38]. A
study indicated that BMPR1B, Stat3, and BMP4-niche signaling pathways regulate leukemia
remission [37]. When dimeric BMP4 binds to the BMPR receptor complex, BMPR2 phospho-
rylates BMPRI in their intracellular kinase domain. Moreover, receptor-specific Smad1/5/8
is recruited to the receptor complex and phosphorylated. Phosphorylated Smad1/5/8
then binds to Smad 4 to transmit signals to the nucleus [34]. Tomohiko et al. revealed that
the phosphorylation of Smad1/5/8 (a downstream mediator of BMP signaling) and the
expression of the downstream gene ID3 were induced by BMP signaling overexpression
and suppressed by BMP signaling KD in ovarian cancer [39]. Similarly, our data also
determined that loss of PCTK1 upregulates BMPR1B signaling.

IRI combined with 5-FU is the standard first-line chemotherapy for advanced CRC.
Whether used alone or in combination with 5-FU, IRI is an adjuvant or palliative treatment
for mCRC [40]. Moreover, IRI combined with continual leucovorin/5-FU infusion was
superior and less toxic than was a combination of leucovorin/5-FU bolus regimens [41].
However, deaths following CRC recurrence due to chemoresistance remain an obstacle
in clinical practice. CSCs are one of the main causes of chemoresistance in CRC, are
involved in 5FU-based chemoresistance, and are responsible for cancer relapse [42]. We
found that knockdown of PCTK1 led to chemoresistance against IRI as well as IRI–5-FU
combination therapy.

Dysregulation of TGFβ signaling, another mechanism associated with chemoresis-
tance, is implicated in the progression of various cancers, including lung [43], prostate [44],
colon [45], breast and pancreatic cancer [46]. TGF-β inhibits the G1/S phase transition
and terminates the cell cycle [47]. Present in multiple cell types, TGF-β is partly regu-
lated by the Smad signaling pathway [46,48]. Dysregulation of Smad signaling can result
in TGF-β resistance, leading to uncontrolled cell growth. LDN193189 and palovarotene
are Smad1/5/8 inhibitors that have attracted scholarly attention in recent years [49,50].
LDN193189 has demonstrated favorable treatment efficacy in cell line experiments on
melanoma [51], breast cancer [52], gastric cancer [53], and endometrial cancer [54]. It
also inhibits tumorigenesis and the immune escape ability of tumor-initiating cells in the
liver [55]. Furthermore, LDN193189 inhibited the progression of diffuse intrinsic pontine
glioma in a mouse model [56]. Ongoing phase III clinical trials indicate that palovarotene
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(sold under the brand name Sohonos) is safe and effective. These data support palovarotene
as a treatment for heterotopic ossification and fibrodysplasia ossificans progressiva [57,58].

BMP receptors have been reported to regulate cancer progression, and they are known
to be regulated by Smad transcription factors. Interestingly, we found a negative associa-
tion between PCTK1 and BMPR1B from the online datasets, which led us to investigate
whether PCTK1 negatively regulates BMPR1B. We found that silencing BMPR1B reversed
the enhancement of cell proliferation, CSC properties, and chemoresistance in PCTK1-
KO cells. Treatment with Smad1/5/8 inhibitors, LDN193189, and palovarotene reduced
cancer malignancy and chemoresistance in PCTK1-KD and PCTK1-KO cells. In sum, our
results indicate that PCTK1 suppresses cancer progression and improves chemoresponse
by downregulating the BMPR1B–Smad1/5/8 signaling pathway in CRC (Figure 8).
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Smad1/5/8 inhibitors that have attracted scholarly attention in recent years [49,50]. 
LDN193189 has demonstrated favorable treatment efficacy in cell line experiments on 
melanoma [51], breast cancer [52], gastric cancer [53], and endometrial cancer [54]. It also 
inhibits tumorigenesis and the immune escape ability of tumor-initiating cells in the liver 
[55]. Furthermore, LDN193189 inhibited the progression of diffuse intrinsic pontine glioma 
in a mouse model [56]. Ongoing phase III clinical trials indicate that palovarotene (sold un-
der the brand name Sohonos) is safe and effective. These data support palovarotene as a 
treatment for heterotopic ossification and fibrodysplasia ossificans progressiva [57,58]. 

BMP receptors have been reported to regulate cancer progression, and they are 
known to be regulated by Smad transcription factors. Interestingly, we found a negative 
association between PCTK1 and BMPR1B from the online datasets, which led us to inves-
tigate whether PCTK1 negatively regulates BMPR1B. We found that silencing BMPR1B 
reversed the enhancement of cell proliferation, CSC properties, and chemoresistance in 
PCTK1-KO cells. Treatment with Smad1/5/8 inhibitors, LDN193189, and palovarotene re-
duced cancer malignancy and chemoresistance in PCTK1-KD and PCTK1-KO cells. In 
sum, our results indicate that PCTK1 suppresses cancer progression and improves 
chemoresponse by downregulating the BMPR1B–Smad1/5/8 signaling pathway in CRC 
(Figure 8). 

 
Figure 8. Schematic of the role of and mechanism by which PCTK1 regulates colorectal malignancy 
and chemoresponse. Loss-of-PCTK1 upregulates BMPR1B, one of the major components of the 
BMP/Smad pathway, and subsequently upregulates the downstream nuclear Smad1/5/8, which 
leads to CRC progression and chemoresistance. Smad1/5/8 works in a positive feedback loop to 
activate BMPR1B. Thus, pharmacological inhibition of the BMPR1B–Smad1/5/8 pathway by either 

Figure 8. Schematic of the role of and mechanism by which PCTK1 regulates colorectal malignancy
and chemoresponse. Loss-of-PCTK1 upregulates BMPR1B, one of the major components of the
BMP/Smad pathway, and subsequently upregulates the downstream nuclear Smad1/5/8, which
leads to CRC progression and chemoresistance. Smad1/5/8 works in a positive feedback loop
to activate BMPR1B. Thus, pharmacological inhibition of the BMPR1B–Smad1/5/8 pathway by
either LDN193189 or palovarotene inhibits the loss-of-PCTK1-mediated CRC tumor growth and
chemoresistance.

4. Materials and Methods
4.1. Transfection and Generation of Stable Clones

All the cell lines used in this study (DLD-1, HCT 116, and HT-29) were purchased from
American Type Culture Collection (ATCC) and maintained in RPMI with 10% fetal bovine
serum (FBS) supplemented with 1% penicillin-streptomycin. Cells were sub-cultured
twice a week and incubated in a humidified chamber (37 ◦C, 5% CO2). Short hairpin
RNA (shRNA) targeting human PCTK1 was purchased from the RNAi Core Facility at
Academia Sinica, Taipei, Taiwan. Nontarget shRNA and PCTK1-shRNA were transfected
into CRC cells, and puromycin was employed to select stably transfected cells for 2 weeks.
Western blotting and reverse transcription quantitative real-time polymerase chain reaction
(RT-qPCR) were conducted for PCTK1 level determination. pENTER-CMV-CDK16v1
(CAT#: CH889280, ViGene Biosciences, Rockville, MD, USA) was transfected into CRC cells
to overexpress PCTK1 through electroporation and treatment with G418 to obtain stably
transfected cells. After the overexpression pattern was confirmed through RT-qPCR and
Western blot analysis, the cells were used for subsequent experiments.

4.2. Generation of PCTK1 Knockout Cell Lines by Using the CRISPR/Cas9 Technology

PCTK1 knockout (KO) HCT116 and DLD-1 cells were generated using the CRISPR/Cas9
technology. Two sgRNAs targeting the second and sixth coding exons were cloned sep-
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arately into pAll-Cas9. The pSuperior plasmid was obtained from the National RNAi
Core Facility (Academia Sinica, Taipei, Taiwan). The following targeting sites were used:
5′-GGCGATCTGAGCAAGGGACAAGG-3′ for sgRNA#1 and 5′-GTCATGTAGCGTAACG-
ATGTTGG-3′ for sgRNA#2. Two sgRNA plasmids were transfected into HCT116 cells
by using the Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). After 2 days, transfected cells were selected with 2 µg/mL puromycin
for 1 week. Viable cells were diluted in a 96-well plate for the isolation of single-cell clones.
PCTK1-KO cells were confirmed through Western blot analysis and DNA sequencing of
genomic regions (Figure S1).

4.3. Cell Proliferation/Viability

Cells were incubated in a 5% CO2 humidified incubator at 37 ◦C for specific time
periods after being seeded into a 96-well plate at a density of 5 × 103 cells/well or exposed
to chemotherapeutic drugs for 48 h. The cells were fixed with 10% trichloroacetic acid at
4 ◦C overnight, and protein-bound sulforhodamine B (SRB; 0.4% w/v) was used to stain the
cells for 30 min at room temperature. Stained cells were washed twice with 1% acetic acid.
Protein-bound dye was solubilized in 10 mM Tris-base solution after air drying overnight,
and the OD was measured at 515 nm using a microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA).

4.4. Evaluation of Cell Proliferation Using the x-CELLigence Biosensor System

The xCELLigence Real-Time Cell Analysis (RTCA) Dual-Purpose instrument
(ACEA Biosciences, Inc., San Diego, CA, USA) was employed to analyze cell prolifer-
ation and migration as previously described [59]. The cell growth rate was determined
using an E-plate 16 (ACEA Biosciences, Inc.). Cells were monitored once every 30 s for 4 h.
After being seeded on an E-plate in FCS-containing medium at a density of 5000 cells per
well, they were monitored every 30 min. The data were analyzed using RTCA software 1.2
(supplied with the instrument).

4.5. Colony Formation Assay

The cells were cultured in an incubator containing 5% CO2 at 37 ◦C after being seeded
in 6-well plates at a density of 1 × 103 cells/well or exposed to chemotherapeutic drugs.
Subsequently, cells were fixed with 0.4% formaldehyde and stained with 0.1% crystal violet
for 10 days. Colony number was determined using Image J software (version 1.53) or a
hand counter.

4.6. Sphere Formation Assay

Cells in stem cell medium consisting of serum-free RPMI 1640 medium supplemented
with 10 ng/mL human basic fibroblast growth factor (bFGF; Invitrogen, Grand Island,
NY, USA), 20 ng/mL epidermal growth factor (Invitrogen), and 1× B27 supplement were
seeded in ultralow-attachment six-well plates (Corning, Corning, NY, USA). The spheroids
formed were counted and photographed after 14 days of incubation.

4.7. In Vivo Tumor Xenograft Experiments

We established DLD-1 cells with the stable integration of scrambled control and PCTK1
overexpression (PCTK1-over) as well as PCTK1-KO. Five-week-old male Nu/Nu mice
were used as the in vivo experimental model. The flank of each mouse was subcutaneously
injected with 0.1 mL (concentration: 107 cells/mL) of PCTK1-over, vector control, scrambled
control, or PCTK1-KO cells. Tumor dimensions and body weights were measured twice
a week. Subcutaneous tumors were measured using the following equation: (L × w2)/2.
After the mice were killed, tumors were excised and weighed. For RNA and protein
analysis, the xenografts were flash-frozen on dry ice and stored at −80 ◦C. All animal use
protocols were approved by the Institutional Animal Care and Use Committee of Taipei
Medical University (LAC-2014-0401).
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4.8. Annexin V/Propidium Iodide Double Staining Assay

Following 48 h chemotherapeutic treatment, cells were detached and washed twice
with ice-cold PBS. Subsequently, cell pellets were resuspended in staining buffer (annexin
V–FITC, propidium iodide solution, and annexin V binding buffer; Strong Biotech Corpo-
ration, Taipei, Taiwan) and further incubated in the dark at room temperature for 15 min.
Annexin V binding buffer was added to the cell suspension, after which flow cytometry
(BD FACSVerse Cell Analyzer, BD Biosciences) was conducted.

4.9. RT-qPCR

RNAzol was used to extract total RNA from the samples according to the manufac-
turer’s protocol (Molecular Research Center, Cincinnati, Inc., Cincinnati, OH, USA). The
ABI kit was used for reverse transcription of total RNA (Applied Biosystems, Waltham,
MA, USA). With GADPH as the internal control, RT-qPCR of PCTK1, NANOG, SOX2,
Oct4, CD44, CD133, and EpCAM was performed with 200 ng of complementary DNA
and 0.5 µM of forward and reverse primers of PCTK1 (Forward: GCAGTGACCCTGGA-
GAGG, Reverse: TCAAGTCCTCGTGCACAATC), NANOG: Forward: CCAAAGGCAAA-
CAACCCACTT, Reverse: CGGGACCTTGTCTTCCTTTTT, SOX2: Forward: ACAGCAAAT-
GACAGCTGCAAA, Reverse: TCGGCATCGCGGTTTTT, Oct4: Forward: CGACCATCT-
GCCGCTTTG, Reverse: GGGCCGCAGCTTACACAT, CD44: Forward: CAGATGGCAT-
GAGGGATATCG, Reverse: CTGCAGCTGTCCCTGTTGTC, CD133: Forward: ATCT-
GCAGTGGATCGAGTTCTCT, Reverse: GCGGTGGCCACAGGTTT, EpCAM: Forward:
TTATGATCCTGACTGCGATGAGA, Reverse: GGTGCCGTTGCACTGCTT, and GAPDH:
Forward: CCTGTACGCCAACACAGTGC, Reverse: ATACTCCTGCTTGCTGATCC) and
2× SYBR Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA) in a final volume
of 10 µL. Reverse transcription polymerase chain reaction (RT-PCR) was performed in
triplicate for each sample.

4.10. Western Blotting

Cells were suspended in lysis buffer (Sigma-C2978) with a protease inhibitor cocktail
(SLBK4607V, Sigma-Aldrich, Saint Louis, MI, USA) to obtain protein lysates. The cell
suspension was centrifuged at 13,000 rpm for 15 min to extract the supernatant. The
Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to
measure protein concentrations (µg/mL) by using a Bio-Rad Model 680 microplate reader
at a wavelength of 595 nm. For cytosolic and nuclear protein fractionation, we followed
the protocol as described previously [60]. Next, acrylamide gel electrophoresis (with
10–15% acrylamide) was performed using aliquots of cell lysates containing 20 µg of to-
tal protein and then transferred to polyvinylidene fluoride membranes (Pall Corp, Prot
Washington, NY, USA). The membranes were probed overnight at 4 ◦C with primary
antibodies, namely, GAPDH (IR3-8, iReal Biotechnology Inc., Hsinchu, Taiwan), PCTK1
(HPA001366, Atlas Antibodies, Bromma, Sweeden), c-PARP (IR101–420, iReal Biotechnol-
ogy Inc., Hsinchu, Taiwan), Bcl2 (2872S, Cell Signaling Technology), Bcl-xL (AHP1722,
Bio-Rad), Bax (IR93–389, iReal Biotechnology Inc., Hsinchu, Taiwan), p53 (sc-393031, Santa
Cruz Biotechnology, Dallas, TX, USA), c-caspase 3 (IR96–401, iReal Biotechnology Inc.,
Hsinchu, Taiwan), Smad1/5/8 (sc-6031-R, Santa Cruz Biotechnology). Horseradish-
peroxidase-conjugated donkey anti-mouse and anti-rabbit secondary antibodies (Santa
Cruz Biotechnology, Dallas, TX, USA) were used to detect the primary antibodies. Visual-
ization was achieved with the Versa Doc Imaging system by using the SuperSignal West
Pico Chemiluminescent Substrate (Amersham Biosciences, Amersham, UK).

4.11. Bioinformatics Data Resources

The GEO database and Kaplan–Meier plots were constructed. For the quantitative evalu-
ation of overall survival, chi-square results were used to understand the relationship between
PCTK-1 gene expression and CRC survival. The role of PCTK1 in survival in CRC was as-
sessed using the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) [61]

http://www.ncbi.nlm.nih.gov/geo/
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dataset GSE41258 that contained gene expression data and clinical information of pa-
tients with CRC. The total number of cases were 252. The z-scores were calculated in the
dataset to identify if the expression of the CDK16 gene. Low expression was a negative
z-score and a positive z-score was high expression. The z-score was calculated by the
formula z = (x − µ)/σ, where x is gene expression value in a specific patient, µ is the
average gene expression, and σ is the standard deviation of the datasets gene expression.
The overall survival (OS) in months was assessed by comparing the survival profiles on
the basis of a high or low expression of the gene. These were presented by Kaplan–Meier
survival curve plots using SPSS for Macintosh (version 21; IBM Corp., Armonk, NY, USA;
www-01.ibm.com), and log-rank p value (<0.05 as significance value) was calculated.

A clinical evaluation of PCTK1 was conducted using the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl). Kaplan–Meier survival curves were generated
using the “Mixed Tumor Colon—Medema—108—MAS5.0—u133p2” dataset (GSE33114)
for relapse-free survival (RFS) and the “Tumor Colon—Smith—232—MAS5.0—u133p2”
dataset (GSE17538) for overall survival (OS). The “curtain” mode was employed to deter-
mine the threshold point, and a significance level of p < 0.05 was applied.

GO and KEGG enrichment analysis was performed using the clusterProfiler package
[4.4.4]. The visualizations were generated in R using the ggplot2 graphics package.

The ROC Plotter, a web-based transcriptome analysis tool for validating predictive
biomarkers of therapy response (https://www.rocplot.org/), was employed to evaluate
the predictive potential of genes with chemotherapy response.

The GEPIA dataset (GSE database) was used to clinically validate the DEGs involved in
the aforementioned pathways. The Oncomine tool (https://www.oncomine.org/resource/
login.html) was used to represent the average expression levels of all target genes in normal
versus tumor tissues. Independent comparisons of the expression levels of these genes were
made to overall survival in months obtained using GEPIA (http://gepia.cancer-pku.cn/)
and oncogenomics web tools (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). Kaplan–
Meier survival curves were plotted. Hazard ratios with 95% confidence intervals and
log-rank p values were calculated. The level of significance was set at p < 0.05.

4.12. Gene Set Enrichment Analysis

We used a p value of <0.05, a fold change value of ≥2, and a false discovery rate
of <0.05 as the screening criteria in the gene set enrichment analysis (GSEA).

4.13. cBioPortal

We used the open access resource cBioPortal (http://www.cbioportal.org/) to search
for multidimensional cancer genomic datasets. The co-expression of PCTK1 and BMPR1B
was analyzed using cBioPortal.

4.14. Statistical Analysis

Data from at least three independent experiments are presented as means ± standard
deviations. The two-tailed Student’s t test was performed to detect significant differences
between two groups of data, with p < 0.05 considered significant.

5. Conclusions

We discovered that PCTK1 acts as a tumor suppressor in CRC using bioinformatics,
a cell model, and a xenograft mouse model. We determined the negative regulatory role
of PCTK1 on the proliferation and cancer stemness features of CRC cells by overexpres-
sion, KD, and CRISPR/Cas9 KO models. Additionally, decreased PCTK1 contributed to
resistance in both single-agent and combination chemotherapy (i.e., IRI and IRI–5-FU).
Furthermore, PCTK1-KO cells’ malignance and chemoresistance were restored by inhibit-
ing BMPR1B and Smad1/5/8. Altogether, our study points to the possible utilization the
PCTK1/BMPR1B–Smad1/5/8 axis as a therapeutic target for CRC. Inclusion of Smad1/5/8
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inhibitors in the therapeutic regimen might also curb the chemoresistance in CRC patients
with low PCTK1 levels.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241210008/s1.

Author Contributions: P.-L.W., C.-Y.H., T.-C.C., C.-C.L., J.-C.L., P.T.M. and Y.-J.C. conceived and
designed the experiments. P.-L.W., C.-Y.H., G.M.S.H.P., T.-C.C., C.-C.L., J.-C.L., P.T.M., A.W.-Y.C. and
Y.-J.C. performed the data analysis and interpretation. P.-L.W., C.-Y.H., T.-C.C., C.-C.L., J.-C.L., P.T.M.,
A.W.-Y.C. and Y.-J.C. performed the experiments. P.-L.W., C.-Y.H., T.-C.C., C.-C.L., J.-C.L., P.T.M. and
Y.-J.C. performed the bioinformatics analysis. P.-L.W., C.-Y.H., G.M.S.H.P., T.-C.C., C.-C.L., J.-C.L.,
P.T.M. and Y.-J.C. were involved in the manuscript preparation. All authors have read and agreed to
the published version of the manuscript.

Funding: We are grateful for the grant support for this study from the Ministry of Science and
Technology (MOST 107-2314-B-038-024-MY3, 110-2314-B-038-116-, 111-2314-B-038-116-) and
Taipei Medical University Hospital (112TMU-TMUH-20).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The dataset supporting the conclusions of this article is included within
the article.

Acknowledgments: We thank the CRISPR Gene Targeting Core Lab at TMU in Taiwan for providing
technical support.

Conflicts of Interest: The authors declare that they have no conflict of interests.

Abbreviations

PCTK1: PCTAIRE protein kinase 1; CRC: colorectal cancer; BMP: bone morphogenetic protein.

References
1. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and

mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [CrossRef]
2. Marin, J.J.; Sanchez de Medina, F.; Castano, B.; Bujanda, L.; Romero, M.R.; Martinez-Augustin, O.; Moral-Avila, R.D.; Briz, O.

Chemoprevention, chemotherapy, and chemoresistance in colorectal cancer. Drug Metab. Rev. 2012, 44, 148–172. [CrossRef]
[PubMed]

3. Iwano, S.; Satou, A.; Matsumura, S.; Sugiyama, N.; Ishihama, Y.; Toyoshima, F. PCTK1 regulates integrin-dependent spindle
orientation via protein kinase A regulatory subunit KAP0 and myosin X. Mol. Cell Biol. 2015, 35, 1197–1208. [CrossRef] [PubMed]

4. Meyerson, M.; Enders, G.H.; Wu, C.L.; Su, L.K.; Gorka, C.; Nelson, C.; Harlow, E.; Tsai, L.H. A family of human cdc2-related
protein kinases. EMBO J. 1992, 11, 2909–2917. [CrossRef] [PubMed]

5. Besset, V.; Rhee, K.; Wolgemuth, D.J. The cellular distribution and kinase activity of the Cdk family member Pctaire1 in the adult
mouse brain and testis suggest functions in differentiation. Cell Growth Differ. 1999, 10, 173–181. [PubMed]

6. Charrasse, S.; Carena, I.; Hagmann, J.; Woods-Cook, K.; Ferrari, S. PCTAIRE-1: Characterization, subcellular distribution, and cell
cycle-dependent kinase activity. Cell Growth Differ. 1999, 10, 611–620.

7. Cole, A.R. PCTK proteins: The forgotten brain kinases? Neurosignals 2009, 17, 288–297. [CrossRef]
8. Mikolcevic, P.; Sigl, R.; Rauch, V.; Hess, M.W.; Pfaller, K.; Barisic, M.; Pelliniemi, L.J.; Boesl, M.; Geley, S. Cyclin-dependent kinase

16/PCTAIRE kinase 1 is activated by cyclin Y and is essential for spermatogenesis. Mol. Cell Biol. 2012, 32, 868–879. [CrossRef]
9. Yanagi, T.; Krajewska, M.; Matsuzawa, S.; Reed, J.C. PCTAIRE1 phosphorylates p27 and regulates mitosis in cancer cells. Cancer

Res. 2014, 74, 5795–5807. [CrossRef]
10. Yanagi, T.; Reed, J.C.; Matsuzawa, S. PCTAIRE1 regulates p27 stability, apoptosis and tumor growth in malignant melanoma.

Oncoscience 2014, 1, 624–633. [CrossRef]
11. Yanagi, T.; Matsuzawa, S. PCTAIRE1/PCTK1/CDK16: A new oncotarget? Cell Cycle 2015, 14, 463–464. [CrossRef]
12. Yanagi, T.; Shi, R.; Aza-Blanc, P.; Reed, J.C.; Matsuzawa, S. PCTAIRE1-knockdown sensitizes cancer cells to TNF family cytokines.

PLoS ONE 2015, 10, e0119404. [CrossRef] [PubMed]
13. Cwiek, P.; Leni, Z.; Salm, F.; Dimitrova, V.; Styp-Rekowska, B.; Chiriano, G.; Carroll, M.; Holand, K.; Djonov, V.; Scapozza, L.; et al.

RNA interference screening identifies a novel role for PCTK1/CDK16 in medulloblastoma with c-Myc amplification. Oncotarget
2015, 6, 116–129. [CrossRef] [PubMed]

14. Wang, R.N.; Green, J.; Wang, Z.; Deng, Y.; Qiao, M.; Peabody, M.; Zhang, Q.; Ye, J.; Yan, Z.; Denduluri, S.; et al. Bone Morphogenetic
Protein (BMP) signaling in development and human diseases. Genes Dis. 2014, 1, 87–105. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms241210008/s1
https://www.mdpi.com/article/10.3390/ijms241210008/s1
https://doi.org/10.1002/ijc.29210
https://doi.org/10.3109/03602532.2011.638303
https://www.ncbi.nlm.nih.gov/pubmed/22497631
https://doi.org/10.1128/MCB.01017-14
https://www.ncbi.nlm.nih.gov/pubmed/25605337
https://doi.org/10.1002/j.1460-2075.1992.tb05360.x
https://www.ncbi.nlm.nih.gov/pubmed/1639063
https://www.ncbi.nlm.nih.gov/pubmed/10099831
https://doi.org/10.1159/000231895
https://doi.org/10.1128/MCB.06261-11
https://doi.org/10.1158/0008-5472.CAN-14-0872
https://doi.org/10.18632/oncoscience.86
https://doi.org/10.1080/15384101.2015.1006539
https://doi.org/10.1371/journal.pone.0119404
https://www.ncbi.nlm.nih.gov/pubmed/25790448
https://doi.org/10.18632/oncotarget.2699
https://www.ncbi.nlm.nih.gov/pubmed/25402633
https://doi.org/10.1016/j.gendis.2014.07.005


Int. J. Mol. Sci. 2023, 24, 10008 19 of 20

15. Dasgupta, Y.; Golovine, K.; Nieborowska-Skorska, M.; Luo, L.; Matlawska-Wasowska, K.; Mullighan, C.G.; Skorski, T. Drugging
DNA repair to target T-ALL cells. Leuk. Lymphoma 2018, 59, 1746–1749. [CrossRef]

16. Hardwick, J.C.; Kodach, L.L.; Offerhaus, G.J.; van den Brink, G.R. Bone morphogenetic protein signalling in colorectal cancer.
Nat. Rev. Cancer 2008, 8, 806–812. [CrossRef]

17. Kodach, L.L.; Wiercinska, E.; de Miranda, N.F.; Bleuming, S.A.; Musler, A.R.; Peppelenbosch, M.P.; Dekker, E.; van den Brink, G.R.;
van Noesel, C.J.; Morreau, H.; et al. The bone morphogenetic protein pathway is inactivated in the majority of sporadic colorectal
cancers. Gastroenterology 2008, 134, 1332–1341. [CrossRef] [PubMed]

18. Chen, L.S.; Hutter, C.M.; Potter, J.D.; Liu, Y.; Prentice, R.L.; Peters, U.; Hsu, L. Insights into colon cancer etiology via a regularized
approach to gene set analysis of GWAS data. Am. J. Hum. Genet. 2010, 86, 860–871. [CrossRef]

19. Xie, Y.H.; Chen, Y.X.; Fang, J.Y. Comprehensive review of targeted therapy for colorectal cancer. Signal. Transduct. Target. Ther.
2020, 5, 22. [CrossRef]

20. Pardini, B.; Kumar, R.; Naccarati, A.; Novotny, J.; Prasad, R.B.; Forsti, A.; Hemminki, K.; Vodicka, P.; Lorenzo Bermejo, J.
5-Fluorouracil-based chemotherapy for colorectal cancer and MTHFR/MTRR genotypes. Br. J. Clin. Pharmacol. 2011, 72, 162–163.
[CrossRef]

21. Cunningham, D.; Pyrhonen, S.; James, R.D.; Punt, C.J.; Hickish, T.F.; Heikkila, R.; Johannesen, T.B.; Starkhammar, H.;
Topham, C.A.; Awad, L.; et al. Randomised trial of irinotecan plus supportive care versus supportive care alone after flu-
orouracil failure for patients with metastatic colorectal cancer. Lancet 1998, 352, 1413–1418. [CrossRef]

22. Maindrault-Goebel, F.; Louvet, C.; Andre, T.; Carola, E.; Lotz, J.P.; Molitor, J.L.; Garcia, M.L.; Gilles-Amar, V.; Izrael, V.; Krulik, M.; et al.
Oxaliplatin added to the simplified bimonthly leucovorin and 5-fluorouracil regimen as second-line therapy for metastatic
colorectal cancer (FOLFOX6). Eur. J. Cancer 1999, 35, 1338–1342. [CrossRef] [PubMed]

23. Rougier, P.; Van Cutsem, E.; Bajetta, E.; Niederle, N.; Possinger, K.; Labianca, R.; Navarro, M.; Morant, R.; Bleiberg, H.;
Wils, J.; et al. Randomised trial of irinotecan versus fluorouracil by continuous infusion after fluorouracil failure in patients with
metastatic colorectal cancer. Lancet 1998, 352, 1407–1412. [CrossRef]

24. Prager, B.C.; Xie, Q.; Bao, S.; Rich, J.N. Cancer Stem Cells: The Architects of the Tumor Ecosystem. Cell Stem Cell 2019, 24, 41–53.
[CrossRef]

25. Fang, D.; Nguyen, T.K.; Leishear, K.; Finko, R.; Kulp, A.N.; Hotz, S.; Van Belle, P.A.; Xu, X.; Elder, D.E.; Herlyn, M. A tumorigenic
subpopulation with stem cell properties in melanomas. Cancer Res. 2005, 65, 9328–9337. [CrossRef] [PubMed]

26. Walcher, L.; Kistenmacher, A.K.; Suo, H.; Kitte, R.; Dluczek, S.; Strauss, A.; Blaudszun, A.R.; Yevsa, T.; Fricke, S.; Kossatz-Boehlert, U.
Cancer Stem Cells-Origins and Biomarkers: Perspectives for Targeted Personalized Therapies. Front. Immunol. 2020, 11, 1280.
[CrossRef]

27. Kodach, L.L.; Bleuming, S.A.; Musler, A.R.; Peppelenbosch, M.P.; Hommes, D.W.; van den Brink, G.R.; van Noesel, C.J.;
Offerhaus, G.J.; Hardwick, J.C. The bone morphogenetic protein pathway is active in human colon adenomas and inactivated in
colorectal cancer. Cancer 2008, 112, 300–306. [CrossRef] [PubMed]

28. Abdurahman, A.; Du, X.; Yao, Y.; Sulaiman, Y.; Aniwashi, J.; Li, Q. Smad4 Feedback Enhances BMPR1B Transcription in Ovine
Granulosa Cells. Int. J. Mol. Sci. 2019, 20, 2732. [CrossRef]

29. Shen, T.; Sun, C.; Zhang, Z.; Xu, N.; Duan, X.; Feng, X.H.; Lin, X. Specific control of BMP signaling and mesenchymal differentiation
by cytoplasmic phosphatase PPM1H. Cell Res. 2014, 24, 727–741. [CrossRef]

30. Graeser, R.; Gannon, J.; Poon, R.Y.; Dubois, T.; Aitken, A.; Hunt, T. Regulation of the CDK-related protein kinase PCTAIRE-1 and
its possible role in neurite outgrowth in Neuro-2A cells. J. Cell Sci. 2002, 115, 3479–3490. [CrossRef]

31. Wang, H.; Liu, H.; Min, S.; Shen, Y.; Li, W.; Chen, Y.; Wang, X. CDK16 overexpressed in non-small cell lung cancer and regulates
cancer cell growth and apoptosis via a p27-dependent mechanism. Biomed. Pharmacother. 2018, 103, 399–405. [CrossRef]

32. Chang, J.W.; Shih, C.L.; Wang, C.L.; Luo, J.D.; Wang, C.W.; Hsieh, J.J.; Yu, C.J.; Chiou, C.C. Transcriptomic Analysis in Liquid
Biopsy Identifies Circulating PCTAIRE-1 mRNA as a Biomarker in NSCLC. Cancer Genom. Proteom. 2020, 17, 91–100. [CrossRef]
[PubMed]

33. Yanagi, T.; Tachikawa, K.; Wilkie-Grantham, R.; Hishiki, A.; Nagai, K.; Toyonaga, E.; Chivukula, P.; Matsuzawa, S.
Lipid Nanoparticle-mediated siRNA Transfer Against PCTAIRE1/PCTK1/Cdk16 Inhibits In Vivo Cancer Growth. Mol. Ther.
Nucleic Acids 2016, 5, e327. [CrossRef]

34. Miyazono, K.; Kamiya, Y.; Morikawa, M. Bone morphogenetic protein receptors and signal transduction. J. Biochem. 2010, 147, 35–51.
[CrossRef] [PubMed]

35. Pickup, M.W.; Hover, L.D.; Guo, Y.; Gorska, A.E.; Chytil, A.; Novitskiy, S.V.; Moses, H.L.; Owens, P. Deletion of the BMP receptor
BMPR1a impairs mammary tumor formation and metastasis. Oncotarget 2015, 6, 22890–22904. [CrossRef] [PubMed]

36. Saetrom, P.; Biesinger, J.; Li, S.M.; Smith, D.; Thomas, L.F.; Majzoub, K.; Rivas, G.E.; Alluin, J.; Rossi, J.J.; Krontiris, T.G.; et al. A
risk variant in an miR-125b binding site in BMPR1B is associated with breast cancer pathogenesis. Cancer Res. 2009, 69, 7459–7465.
[CrossRef] [PubMed]

37. Jeanpierre, S.; Arizkane, K.; Thongjuea, S.; Grockowiak, E.; Geistlich, K.; Barral, L.; Voeltzel, T.; Guillemin, A.; Gonin-Giraud, S.;
Gandrillon, O.; et al. The quiescent fraction of chronic myeloid leukemic stem cells depends on BMPR1B, Stat3 and BMP4-niche
signals to persist in patients in remission. Haematologica 2021, 106, 111–122. [CrossRef]

38. Dai, K.; Qin, F.; Zhang, H.; Liu, X.; Guo, C.; Zhang, M.; Gu, F.; Fu, L.; Ma, Y. Low expression of BMPRIB indicates poor prognosis
of breast cancer and is insensitive to taxane-anthracycline chemotherapy. Oncotarget 2016, 7, 4770–4784. [CrossRef]

https://doi.org/10.1080/10428194.2017.1397662
https://doi.org/10.1038/nrc2467
https://doi.org/10.1053/j.gastro.2008.02.059
https://www.ncbi.nlm.nih.gov/pubmed/18471510
https://doi.org/10.1016/j.ajhg.2010.04.014
https://doi.org/10.1038/s41392-020-0116-z
https://doi.org/10.1111/j.1365-2125.2010.03892.x
https://doi.org/10.1016/S0140-6736(98)02309-5
https://doi.org/10.1016/S0959-8049(99)00149-5
https://www.ncbi.nlm.nih.gov/pubmed/10658524
https://doi.org/10.1016/S0140-6736(98)03085-2
https://doi.org/10.1016/j.stem.2018.12.009
https://doi.org/10.1158/0008-5472.CAN-05-1343
https://www.ncbi.nlm.nih.gov/pubmed/16230395
https://doi.org/10.3389/fimmu.2020.01280
https://doi.org/10.1002/cncr.23160
https://www.ncbi.nlm.nih.gov/pubmed/18008360
https://doi.org/10.3390/ijms20112732
https://doi.org/10.1038/cr.2014.48
https://doi.org/10.1242/jcs.115.17.3479
https://doi.org/10.1016/j.biopha.2018.04.080
https://doi.org/10.21873/cgp.20170
https://www.ncbi.nlm.nih.gov/pubmed/31882554
https://doi.org/10.1038/mtna.2016.40
https://doi.org/10.1093/jb/mvp148
https://www.ncbi.nlm.nih.gov/pubmed/19762341
https://doi.org/10.18632/oncotarget.4413
https://www.ncbi.nlm.nih.gov/pubmed/26274893
https://doi.org/10.1158/0008-5472.CAN-09-1201
https://www.ncbi.nlm.nih.gov/pubmed/19738052
https://doi.org/10.3324/haematol.2019.232793
https://doi.org/10.18632/oncotarget.6613


Int. J. Mol. Sci. 2023, 24, 10008 20 of 20

39. Fukuda, T.; Fukuda, R.; Tanabe, R.; Koinuma, D.; Koyama, H.; Hashizume, Y.; Moustakas, A.; Miyazono, K.; Heldin, C.-H. BMP
signaling is a therapeutic target in ovarian cancer. Cell Death Discov. 2020, 6, 139. [CrossRef]

40. Teufel, A.; Steinmann, S.; Siebler, J.; Zanke, C.; Hohl, H.; Adami, B.; Schroeder, M.; Klein, O.; Hohler, T.; Galle, P.R.; et al. Irinotecan
plus folinic acid/continuous 5-fluorouracil as simplified bimonthly FOLFIRI regimen for first-line therapy of metastatic colorectal
cancer. BMC Cancer 2004, 4, 38. [CrossRef]

41. Saltz, L.B.; Cox, J.V.; Blanke, C.; Rosen, L.S.; Fehrenbacher, L.; Moore, M.J.; Maroun, J.A.; Ackland, S.P.; Locker, P.K.; Pirotta, N.; et al.
Irinotecan plus fluorouracil and leucovorin for metastatic colorectal cancer. Irinotecan Study Group. N. Engl. J. Med.
2000, 343, 905–914. [CrossRef] [PubMed]

42. Gao, S.J.; Ren, S.N.; Liu, Y.T.; Yan, H.W.; Chen, X.B. Targeting EGFR sensitizes 5-Fu-resistant colon cancer cells through
modification of the lncRNA-FGD5-AS1-miR-330-3p-Hexokinase 2 axis. Mol. Ther. Oncolytics 2021, 23, 14–25. [CrossRef]

43. Maliekal, T.T.; Antony, M.L.; Nair, A.; Paulmurugan, R.; Karunagaran, D. Loss of expression, and mutations of Smad 2 and Smad
4 in human cervical cancer. Oncogene 2003, 22, 4889–4897. [CrossRef] [PubMed]

44. Levy, L.; Hill, C.S. Alterations in components of the TGF-beta superfamily signaling pathways in human cancer. Cytokine Growth
Factor. Rev. 2006, 17, 41–58. [CrossRef] [PubMed]

45. Grady, W.M.; Myeroff, L.L.; Swinler, S.E.; Rajput, A.; Thiagalingam, S.; Lutterbaugh, J.D.; Neumann, A.; Brattain, M.G.; Chang, J.;
Kim, S.J.; et al. Mutational inactivation of transforming growth factor beta receptor type II in microsatellite stable colon cancers.
Cancer Res. 1999, 59, 320–324. [PubMed]

46. Samanta, D.; Datta, P.K. Alterations in the Smad pathway in human cancers. Front. Biosci. 2012, 17, 1281–1293. [CrossRef]
47. Shi, Y.; Massague, J. Mechanisms of TGF-beta signaling from cell membrane to the nucleus. Cell 2003, 113, 685–700. [CrossRef]
48. Itoh, S.; Itoh, F.; Goumans, M.J.; Ten Dijke, P. Signaling of transforming growth factor-beta family members through Smad

proteins. Eur. J. Biochem. 2000, 267, 6954–6967. [CrossRef]
49. Ali, J.L.; Lagasse, B.J.; Minuk, A.J.; Love, A.J.; Moraya, A.I.; Lam, L.; Arthur, G.; Gibson, S.B.; Morrison, L.C.;

Werbowetski-Ogilvie, T.E.; et al. Differential cellular responses induced by dorsomorphin and LDN-193189 in chemotherapy-
sensitive and chemotherapy-resistant human epithelial ovarian cancer cells. Int. J. Cancer 2015, 136, E455–E469. [CrossRef]

50. Hind, M.; Stinchcombe, S. Palovarotene, a novel retinoic acid receptor gamma agonist for the treatment of emphysema.
Curr. Opin. Investig. Drugs 2009, 10, 1243–1250.

51. Kalal, B.S.; Modi, P.K.; Upadhya, D.; Saha, P.; Prasad, T.S.K.; Pai, V.R. Inhibition of bone morphogenetic proteins signaling
suppresses metastasis melanoma: A proteomics approach. Am. J. Transl. Res. 2021, 13, 11081–11093. [PubMed]

52. Sharma, R.; Gogoi, G.; Saikia, S.; Sharma, A.; Kalita, D.J.; Sarma, A.; Limaye, A.M.; Gaur, M.K.; Bhattacharyya, J.; Jaganathan, B.G.
BMP4 enhances anoikis resistance and chemoresistance of breast cancer cells through canonical BMP signaling. J. Cell Commun.
Signal. 2022, 16, 191–205. [CrossRef]

53. Chen, Z.; Yuan, L.; Li, X.; Yu, J.; Xu, Z. BMP2 inhibits cell proliferation by downregulating EZH2 in gastric cancer. Cell Cycle
2022, 21, 2298–2308. [CrossRef]

54. Fukuda, T.; Fukuda, R.; Miyazono, K.; Heldin, C.H. Tumor Promoting Effect of BMP Signaling in Endometrial Cancer. Int. J.
Mol. Sci. 2021, 22, 7882. [CrossRef]

55. Liang, Z.; Wu, B.; Ji, Z.; Liu, W.; Shi, D.; Chen, X.; Wei, Y.; Jiang, J. The binding of LDN193189 to CD133 C-terminus suppresses the
tumorigenesis and immune escape of liver tumor-initiating cells. Cancer Lett. 2021, 513, 90–100. [CrossRef]

56. Thomas, L.; Smith, N.; Saunders, D.; Zalles, M.; Gulej, R.; Lerner, M.; Fung, K.M.; Carcaboso, A.M.; Towner, R.A. OKlahoma
Nitrone-007: Novel treatment for diffuse intrinsic pontine glioma. J. Transl. Med. 2020, 18, 424. [CrossRef]

57. Hoyer-Kuhn, H.; Schonau, E. Pharmacotherapy in Rare Skeletal Diseases. Handb. Exp. Pharmacol. 2020, 261, 87–104. [CrossRef]
[PubMed]

58. Pignolo, R.J.; Pacifici, M. Retinoid Agonists in the Targeting of Heterotopic Ossification. Cells 2021, 10, 3245. [CrossRef]
59. Wei, P.L.; Lin, J.C.; Hung, C.S.; Makondi, P.T.; Batzorig, U.; Chang, T.C.; Huang, C.Y.; Chang, Y.J. Human alpha-defensin 6 (HD6)

suppresses CRC proliferation and metastasis through abolished EGF/EGFR signaling pathway. Int. J. Med. Sci. 2022, 19, 34–46.
[CrossRef] [PubMed]

60. Wei, P.L.; Prince, G.M.S.H.; Batzorig, U.; Huang, C.Y.; Chang, Y.J. ALDH2 promotes cancer stemness and metastasis in colorectal
cancer through activating beta-catenin signaling. J. Cell Biochem. 2023. [CrossRef]

61. Barrett, T.; Troup, D.B.; Wilhite, S.E.; Ledoux, P.; Rudnev, D.; Evangelista, C.; Kim, I.F.; Soboleva, A.; Tomashevsky, M.; Edgar, R.
NCBI GEO: Mining tens of millions of expression profiles--database and tools update. Nucleic Acids Res. 2007, 35, D760–D765.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41420-020-00377-w
https://doi.org/10.1186/1471-2407-4-38
https://doi.org/10.1056/NEJM200009283431302
https://www.ncbi.nlm.nih.gov/pubmed/11006366
https://doi.org/10.1016/j.omto.2021.06.012
https://doi.org/10.1038/sj.onc.1206806
https://www.ncbi.nlm.nih.gov/pubmed/12894231
https://doi.org/10.1016/j.cytogfr.2005.09.009
https://www.ncbi.nlm.nih.gov/pubmed/16310402
https://www.ncbi.nlm.nih.gov/pubmed/9927040
https://doi.org/10.2741/3986
https://doi.org/10.1016/S0092-8674(03)00432-X
https://doi.org/10.1046/j.1432-1327.2000.01828.x
https://doi.org/10.1002/ijc.29220
https://www.ncbi.nlm.nih.gov/pubmed/34786044
https://doi.org/10.1007/s12079-021-00649-9
https://doi.org/10.1080/15384101.2022.2092819
https://doi.org/10.3390/ijms22157882
https://doi.org/10.1016/j.canlet.2021.05.003
https://doi.org/10.1186/s12967-020-02593-5
https://doi.org/10.1007/164_2019_305
https://www.ncbi.nlm.nih.gov/pubmed/32519163
https://doi.org/10.3390/cells10113245
https://doi.org/10.7150/ijms.64850
https://www.ncbi.nlm.nih.gov/pubmed/34975297
https://doi.org/10.1002/jcb.30418
https://doi.org/10.1093/nar/gkl887
https://www.ncbi.nlm.nih.gov/pubmed/17099226

	Introduction 
	Results 
	High PCTK1 Expression Was Associated with a More Favorable CRC Prognosis 
	PCTK1 Expression Suppressed CRC Cell Proliferation 
	PCTK1 Inhibited Tumorigenesis and Tumor Growth In Vivo 
	PCTK1 Negatively Regulated Chemoresistance in CRC 
	PCTK1 Expression Altered the Cancer Stem Cell Characteristics of CRC Cells 
	PCTK1 Suppressed Cell Proliferation, CSC Properties, and Chemoresponse through BMPR1B–Smad Signaling 
	BMPR1B Knockdown Partially Inhibited the Promotion of PCTK1 Knockout on CRC Cell Malignant Phenotype and Chemoresisitance 
	Pharmacological Targeting BMPR1B-SMAD1/5/8 Signaling with Small Molecules Inhibited the Promotion of PCTK1 Knockout on CRC Cell Malignant Phenotype and Chemoresisitance 

	Discussion 
	Materials and Methods 
	Transfection and Generation of Stable Clones 
	Generation of PCTK1 Knockout Cell Lines by Using the CRISPR/Cas9 Technology 
	Cell Proliferation/Viability 
	Evaluation of Cell Proliferation Using the x-CELLigence Biosensor System 
	Colony Formation Assay 
	Sphere Formation Assay 
	In Vivo Tumor Xenograft Experiments 
	Annexin V/Propidium Iodide Double Staining Assay 
	RT-qPCR 
	Western Blotting 
	Bioinformatics Data Resources 
	Gene Set Enrichment Analysis 
	cBioPortal 
	Statistical Analysis 

	Conclusions 
	References

