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Background: Casein kinase I isoform epsilon (CSNKI1E), a gene intricately linked to the circadian clock, has been found to be
highly expressed in colorectal cancer (CRC). Elevated expression of CSNKI1E correlates with shorter disease-free survival in
patients, suggesting a significant, albeit not yet fully understood, role in CRC pathogenesis. The specific molecular mechanisms
by which CSNKIE contributes to tumor development and progression remain largely unclear. Given its involvement in key
signaling pathways, this study aims to elucidate the functional role of CSNKI1E and its underlying mechanisms in CRC, with
particular emphasis on its relationship with the Wnt/$-catenin pathway, a cornerstone of CRC oncogenesis.

Methods: CRC cells underwent the intervention on the expression of CSNK1E and dishevelled segment polarity protein 1 (DVL1),
a protein interacting with CSNKI1E in Wnt/S-catenin signaling. The efficiency of gene modulation was evaluated by qRT-PCR.
The interaction between these two genes was validated using Co-immunoprecipitation assays. Phenotypic experiments were
subsequently conducted in CRC cells, and Western blot analysis was conducted to assess the status of Wnt/DVL1/3-catenin
signaling.

Results: Knockdown of CSNKIE inhibited proliferation (p < 0.01), hindered cell cycle transition from the G1 phase to the S
phase (p < 0.05), while inducing apoptosis of CRC cells (p < 0.001). Moreover, CSNK1E was found to bind to DVL1; CSNKI1E
knockdown significantly decreased the expression of DVL1 and /3-catenin in CRC cells (p < 0.05), whereas CSNKI1E overexpres-
sion exerted an opposite effect (p < 0.05). DVL1 upregulation counteracted the inhibitory effects of CSNK1E knockdown, while
DVL1 downregulation offset the promotive effects of CSNKI1E overexpression on CRC (p < 0.05).

Conclusion: This study unveils that CSNKIE is a pivotal oncoprotein in CRC. It promotes tumor progression by interacting
with and stabilizing DVL1, thereby facilitating the activation of the canonical Wnt/J-catenin signaling pathway. These results
highlight the CSNK1E/DVLI1 axis as a potential novel therapeutic target for CRC treatment.
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Introduction

Colorectal cancer (CRC) represents the third most
prevalent cancer and the second leading cause of cancer-
related mortality [1]. It arises from conventional adeno-
mas, which progress to carcinomas, followed by the devel-
opment of metastasis, indicative of a poor prognosis [2].
Although the early detection and removal of precancerous
adenomas, enabled by extensive screening, have substan-
tially reduced CRC incidence and the related mortality [2],
approximately 20% of patients present synchronous metas-
tases at diagnosis [3], and up to 25%—50% ecarly-stage CRC
cases develop metastasis [1]. Given that the benefits of
chemotherapy and targeted therapy for treating metastatic
disease would reach a plateau [3], novel strategies need to
be established to satisfy the unmet need of CRC treatment.

Circadian rhythms are biological systems that display
a 24-hour oscillation and are required for the implementa-
tion of the correct physiology and behaviour in the appropri-
ate time window each day [4]. Disruption of the circadian

rhythm correlates with cancer development, low therapy ef-
ficacy, and poor prognosis [5], which is evidenced by the
fact that patients with metastatic CRC who maintain nor-
mal circadian rhythms exhibit a 5-fold higher survival rate
than those with severely disturbed circadian rhythms [6].
In addition, both the anti-tumor effects and toxicity of ther-
apy vary depending on the timing of administration within
the circadian rhythm [7]. Circadian rhythm is generated
and maintained by circadian clock genes (CCGs), whose
alterations profoundly impact tumorigenesis by modulat-
ing cell proliferation, cell cycle transition, and apoptosis
[8,9], with cell cycle transition being the hotspot of the re-
search investigating the role of CCGs in cancer [10]. Ca-
sein kinase I isoform epsilon (CSNK1E), a member of the
casein kinase I (CKI) protein family and also known as
CKle or CKlepsilon, is a CCG that is highly expressed
in CRC samples and closely linked to shorter disease-
free survival (DFS) in CRC patients [11]. Moreover, in
CRC, CSNKIE induces inactivation of glycogen synthase
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kinase3 3 (GSK3/3), thereby promoting the activation of 3-
catenin [12], a canonical mechanism driving CRC cell cy-
cle transition [13]. The above findings suggest a regulatory
role of CSNKI1E in CRC development and progression by
impacting cancer cell cycle transition through regulating S3-
catenin activation.

[-catenin serves as a central effector of the Wnt/3-
catenin signaling pathway, a complex network of protein
interactions that are critically involved in embryogenesis
and tumorigenesis [14]. Aberrant activation of the Wnt/3-
catenin signaling pathway in cancer is associated with in-
creased incidence, promoted malignant progression, poor
prognoses, and elevated mortality, owing to its regulation
of cell survival, differentiation, and proliferation, and cell
cycle [15]. This pathway is identified as a key driver
of CRC occurrence and progression [16]. Notably, the
activity of CSNKI1E, a key kinase component within the
pathway, is often regulated through protein-protein interac-
tions. For instance, phosphorylation of Frizzled 6 (FZD6)
by CSNKIE requires the scaffolding protein dishevelled
(DVL) [17]. DVL proteins act as critical molecular hubs,
transmitting Wnt signal from its upstream receptors to
downstream effectors [18]. They are recruited and phos-
phorylated/activated upon Wnt signaling activation, and
then disrupt the formation of the Axin/GSK33/anaphase-
promoting complex (APC), a complex mediating the de-
struction of S-catenin at the cell membrane, thereby leading
to the accumulation of cytoplasmic 3-catenin to trigger Wnt
signaling cascades [19,20]. In addition, nuclear translo-
cation of DVL proteins positively regulates Wnt/3-catenin
signaling [21]. Bioinformatics analysis using STRING re-
veals that one of the DVL homologs, dishevelled segment
polarity protein 1 (DVL1), is co-expressed with CSNK1E.
Based on the above theoretical bases, we hypothesized that
CSNKI1E might activate CRC tumorigenesis by activating
Whnt/f-catenin signaling through the modulation of DVL1
expression.

In this study, through gain- and loss-of-function ex-
periments, we investigated the role of CSNK1E in CRC tu-
morigenesis with a focus on its regulation of Wnt/3-catenin
signaling, aiming to provide novel insights into the patho-
genesis of CRC and potential avenues for clinical therapeu-
tic strategies.

Materials and Methods

Cell Culture

The human CRC cell lines (HCT116 and SW620 cells)
were purchased from Procell (CL-0096 and CL-0225B,
Wuhan, China), and were cultured in DMEM (11965092,
ThermoFisher, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; HY-P2352, MedChemEx-
press, Monmouth Junction, NJ, USA) and 1% penicillin-
streptomycin (15140148, ThermoFisher, USA). Cell cul-
ture was performed at 37 °C in a moistened 5% COs incu-
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bator. All cell lines were validated by short tandem repeat
(STR) profiling and confirmed to be mycoplasma-free.

Cell Transfection

Prior to transfection, the coding sequence (CDS) of
CSNKIE and DVLI was subcloned into pcDNA3.1 vec-
tors (VT1001, YouBio, Changsha, China) for constructing
overexpressing vectors, with an empty vector as a nega-
tive control (NC, 5'-CTAGAGAACCCACTGCTTAC-3).
The CDS region of CSNK/E and DVLI can be found in
Supplementary Materials. Short hairpin RNA target-
ing CSNKIE (shCSNKIE; TR320314) and DVLI (shDVLI,
TR304872), along with the shNC (TR20003), were all
procured from OriGene (Rockville, MD, USA). These
constructs were transfected individually (except DVLI
overexpression plasmid and shDVL/) or in combination
(shCSNKIE plus pCMV6-Entry vector, shCSNKIE plus
DVLI, CSNKIE plus shNC, CSNKIE plus shDVLI, shNC
plus pCMV6-Entry vector) into HCT116 and SW620 cells
using Lipofectamine 3000 transfection reagent (L3000015,
ThermoFisher, USA). Briefly, 1 x 10* cells were inocu-
lated in each well of 96-well plates, and cultured until 90%
confluence. The above plasmids were combined with Lipo-
fectamine 3000 transfection reagent, Opti-MEM medium
and P3000 reagent and incubated at 37 °C for 15 min to form
gene-lipid complexes. Cells were then treated with these
complexes and cultured at 37 °C for 48 h. Transfection ef-
ficiency was assessed using quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR). The sequences
of shCSNKI1E and shDVL1 were as follows:

shCSNKIE (forward): 5'-CATCTGGCTCTGAGTT
ATAAA-3;

shCSNKIE (reverse): 5'-TTTATAACTCAGAGCCA
GATG-3';

shDVLI (forward): 5'-TCTGGAGTAGGGATCTAA
TTT-3;

shDVLI (reverse): 5'-AAATTAGATCCCTACTCCA
GA-3'.

shNC (forward): 5'-TTCTCCGAACGTGTCACGT-
3/

shNC (reverse): 5'-ACGTGACACGTTCGGAGAA-
3.

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted from HCT116 and SW620
cells with/without transfection using Trizol reagent
(15596026, ThermoFisher, USA). The first-strand cDNA
was synthesized from 1 pg of total RNA employing a
reverse transcription kit (K1622, Yaanda Biotechnology,
Beijing, China). Sequentially, qPCR was carried out
with a system (LightCycler 96, Roche, Indianapolis, IN,
USA) using Eastep qPCR Master Mix (LS2062, Promega,
Madison, WI, USA) under the typical cycling conditions
below: 95 °C for 10 min, followed by 40 cycles of 95 °C
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Table 1. Primer sequences of related genes.

Gene Forward primer (5’-3") Reverse primer (5’-3%)
CSNKIE (human) CGTGTGGGGAACAAGTACCG GATGTTGGCACCCAGGTAGAT
DVLI (human) GAGGGTGCTCACTCGGATG GTGCCTGTCTCGTTGTCCA
GAPDH (human) GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

CSNKIE, casein kinase I isoform epsilon; DVLI, dishevelled segment polarity protein 1; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

for 15 seconds (s) and 60 °C for 1 min. The relative mRNA
expression was quantified using the 2722Ct method
[22], with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) used as a normalizer. Primer sequences are
listed in Table 1.

5-Ethynyl-2'-Deoxyuridine (EdU) Assay

Cell proliferation was evaluated using the BeyoClick
EdU-647 proliferation kit (red fluorescence, C0081S, Be-
yotime, Shanghai, China). Briefly, after transfection,
HCT116 and SW620 cells were placed in 6-well plates, cul-
tured at 37 °C overnight. The EdU working solution (220
pL) was added to 2 mL of the culture media containing
the above cells. After 2 h of incubation, cells were har-
vested and fixed with 4% paraformaldehyde (P0099, Bey-
otime, China) at room temperature for 15 min, followed by
permeabilization with 0.3% Triton X-100 (X100, Sigma-
Aldrich, St. Louis, MO, USA) at room temperature for
10 min. Later, 0.5 mL Click reaction mixture (containing
Click Reaction Buffer, CuSQOy4, Azide-647, and Click Addi-
tive Solution) was supplemented to each well and incubated
in the dark for 30 min. Cell nuclei were counterstained
with 4/,6-diamidino-2-phenylindole (DAPI) staining solu-
tion (blue fluorescence, C1005, Beyotime, China). Finally,
EdU-positive cells were observed under a confocal micro-
scope (Axio Imager 2, Carl Zeiss, Oberkochen, Germany)
at X200 magnification.

Colony Formation Assay

HCT116 and SW620 cells, with/without transfection,
were transferred (1 x 103/well) into 6-well culture plates
and cultivated in complete media for 14 days. When
colonies were visible, they were carefully washed twice,
fixed with 4% paraformaldehyde, and stained with 0.1%
crystal violet (R40052, Thermo Scientific, USA). The num-
ber of stained colonies was counted under an optical micro-
scope (IX73, Olympus, Tokyo, Japan).

Flow Cytometry

Cell apoptosis was checked using Annexin V-
FITC/propidium iodide (PI) Apoptosis Detection Kit (E-
CK-A211, Elabscience, Wuhan, China). HCT116 and
SW620 cells (1 x 10°), with or without transfection, were
centrifuged at 300 xg for 5 min, washed with phosphate-
buffered saline (PBS; P2272, Sigma-Aldrich, USA), and re-
suspended in 500 pL Annexin V Binding Buffer. Then, 5

pL Annexin V-FITC and 5 pL PI reagent were added to the
cells, followed by 15-min incubation in the dark. Apop-
totic cells were analyzed by a flow cytometer (Cytoflex,
Beckman Coulter, Brea, CA, USA), with CellQuest soft-
ware (version 5.1, BD Biosciences, San Jose, CA, USA)
utilized for quantitative assessment.

For the cell cycle assay, transfected/non-transfected
HCT116 and SW620 cells (1 x 10° cells/mL) were washed
once with PBS and resuspended in 1 mL of ice-cold PBS.
300 pL of the cell suspension was fixed in 5 mL of 80% ice-
cold EtOH at —20 °C. 24 h later, the cells were rehydrated
with PBS for 3 h. Cells were pelleted by centrifugation
and resuspended in 300 puL of PBS supplemented with 60
pg/mL PI and 50 pg/mL RNase A (R4875, Sigma-Aldrich,
USA), then cultivated in the dark for 30 min. Ultimately,
cell cycle profiles were analyzed using a flow cytometer
combined with the CellQuest software.

Western Blot Analysis

Total protein was  extracted from non-
transfected/transfected HCT116 and SW620 cells using
RIPA lysis buffer (20-188, Sigma-Aldrich, USA) contain-
ing 1% protease inhibitor cocktail (P8465, Sigma-Aldrich,
USA), and then its concentration was measured using
the BCA kit (A53227, ThermoFisher, USA). The protein
extraction (25 pg) was separated by SDS-PAGE gel
(1615100, BIO-RAD, Hercules, CA, USA), and then trans-
ferred onto polyvinylidene fluoride membranes (1620256,
BIO-RAD, USA). The membranes were blocked with 5%
skimmed milk at room temperature for 1 h and washed with
PBS. Then, they were incubated with primary antibodies
against DVL1 (A10536, 75 kDa, 1:500, abclonal, Wuhan,
China), [-catenin (ab32572, 86 kDa, 1:5000, Abcam,
UK), CSNKIE (ab302638, 47 kDa, 1:1000, Abcam,
UK) and GAPDH (ab8245, 37 kDa, 1:500, Abcam, UK)
overnight incubation at 4 °C. Thereafter, the membranes
were washed with PBS thrice and further probed with the
secondary antibodies of goat anti-rabbit (ab97051, Abcam,
UK) and goat anti-mouse (ab205719, Abcam, UK) at room
temperature for 1 h. Blot signals were visualized with
SignalFire ECL reagent (6883, Cell Signaling Technology,
Danvers, MA, USA) on a luminescence imager (LAS4000,
Fujifilm, Tokyo, Japan). Image-Pro Plus (6.0 version,
Media Cybernetics, Silver Spring, MD, USA) was then
utilized for grayscale analysis.
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Fig. 1. CSNKIE positively modulated the proliferation of CRC cells. (A,B) The expression of CSNK1E in CRC cells was assessed
using qRT-PCR. GAPDH was used as the normalizer. (C-E) The proliferation of CRC cells was evaluated using the EdU assay. Red
fluorescence: EdU-positive cells. Blue fluorescence: cell nuclei. Resolution: 100 pm, x200. ***p < 0.001. CRC, colorectal cancer;
CSNKIE, casein kinase I isoform epsilon; EdU, 5-ethynyl-2'-deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; gRT-PCR, quanti-
tative reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, blank control; NC,
negative control; SiICSNKI1E, short hairpin RNA against CSNK1E; shNC, short hairpin RNA against NC.
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Fig. 2. CSNKI1E promoted the proliferation of CRC cells. (A—C) The proliferation of CRC cells was evaluated using the colony
formation assay. **p < 0.01, ***p < 0.001. CRC, colorectal cancer; CSNKI1E, casein kinase I isoform epsilon; Con, blank control; NC,
negative control; ShACSNK1E, short hairpin RNA against CSNK1E; shNC, short hairpin RNA against NC.
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Fig. 3. CSNKIE positively impacted cell cycle transition of CRC cells. (A—C) The cell cycle transition of CRC cells was detected
using flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001. CRC, colorectal cancer; CSNKI1E, casein kinase I isoform epsilon; Con,
blank control; NC, negative control; shCSNK1E, short hairpin RNA against CSNK1E; shNC, short hairpin RNA against NC.
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Fig. 4. CSNKI1E negatively affected the apoptosis of CRC cells. (A—C) The apoptosis of CRC cells was detected using flow cytometry.
**p < 0.01, ***p < 0.001. CRC, colorectal cancer; CSNK1E, casein kinase I isoform epsilon; Con, blank control; NC, negative control;
shCSNKI1E, short hairpin RNA against CSNK1E; shNC, short hairpin RNA against NC.

Co-Immunoprecipitation (Co-IP) Assay

The binding relationship between CSNKIE and
DVL1 was confirmed using Pierce Co-IP kits (26149,
ThermoFisher, USA). In brief, lysates from HCT116 and
SW620 cells (1 x 105) were prepared using IP Lysis Buffer
and then precleared with Agarose Resin. The lysates were
centrifuged at 2000 x g for 20 min at 4 °C to obtain the su-
pernatant. Then, the supernatants were incubated at 4 °C
overnight with agarose resin coupled to antibodies against
CSNKI1E (ab270997, Abcam, Cambridge, UK) or DVLI
(sc-166303, Santa Cruz, Dallas, TX, USA), or with nor-
mal rabbit immunoglobulin G (ab171870, Abcam, UK) as
a negative control to generate immunocomplexes. After
being eluted using elution buffer (21009, ThermoFisher,
USA), the immunocomplexes were subjected to Western
blot analysis for examination of the enrichment of DVLI1
or CSNK1E.

Statistical Analysis

All statistical analyses were performed with Graphpad
Prism (version 8.0, GraphPad Software Inc., San Diego,
CA, USA). The results from triplicate experiments were

presented as mean + standard deviation, with one-way
analysis of variance (ANOVA) employed for the compar-
ison among multiple groups. A p < 0.05 was regarded as
statistically significant.

Results

CSNKIE Positively Modulated the Proliferation of
CRC Cells

In this study, two human CRC cell lines (HCT116
and SW620 cells) were used to investigate the potential
function of CSNKIE during the development of CRC.
CSNKI1E expression in HCT116 and SW620 cells (here-
inafter referred to as CRC cells) was modulated through
transfection. qRT-PCR confirmed that shCSNKI1E effec-
tively knocked down CSNK1E, whereas the CSNK1E over-
expression plasmid successfully increased its expression
(Fig. 1A,B, p < 0.001). Subsequently, the proliferation as-
say was carried out utilizing the EdU kit and showed that
CSNKIE overexpression increased the number of EdU-
positive CRC cells, while CSNKI1E knockdown exerted
the opposite effects, indicating a pro-proliferative role of
CSNKI1E overexpression (Fig. IC-E, p < 0.001). Colony
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Fig. 5. CSNKIE interacted with DVL1 and its expression was positively correlated with DVL1 expression and Wnt signaling

activation in CRC cells. (A—C) The protein levels of DVL1 and S-catenin in CRC cells were assessed using Western blot analysis.

GAPDH was used as the normalizer. (D,E) The interaction between CSNK1E and DVL1 was validated through Co-immunoprecipitation
assay in HCT116 and SW620 cells. *p < 0.05, **p < 0.01. CRC, colorectal cancer; CSNK1E, casein kinase I isoform epsilon; DVLI1,
dishevelled segment polarity protein 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, blank control; NC, negative control;
shCSNKI1E, short hairpin RNA against CSNK1E; shNC, short hairpin RNA against NC; IgG, immunoglobulin G; IB, immunoblotting;

I[P, immunoprecipitation.

formation assay was also conducted for assessing cell pro-
liferation, and suggested that shCSNK1E-transfected CRC
cells formed fewer colonies, whereas CRC cells overex-
pressing CSNKI1E formed a greater number of colonies
(Fig. 2A-C, p < 0.01).

CSNKIE Positively Impacted Cell Cycle Transition,
but Negatively Affected the Apoptosis of CRC Cells

Flow cytometry revealed that CSNKI1E knockdown
induced CRC cell cycle arrest at the G1 phase and re-
duced the distribution of the cells at the S phase; in con-
trast, CSNK1E overexpression reduced cell distribution at
the G1 phase and induced cell cycle arrest at the S phase in
CRC cells (Fig. 3A-C, p < 0.05). Additionally, CSNKI1E
knockdown was demonstrated to promote apoptosis in CRC
cells, while overexpression of CSNK1E inhibited apoptosis
of CRC cells (Fig. 4A-C, p < 0.01).

CSNKIE Interacted With DVLI and Its Expression
Was Positively Correlated With DVLI Expression
and Whnt Signaling Activation in CRC Cells

Remarkably, the analysis using STRING identified
DVLI as a protein co-expressed with CSNK1E. Western
blot analysis showed that CSNK1E knockdown or overex-
pression in CRC cells resulted in downregulation or upreg-
ulation of DVL1, accompanied by diminished or elevated
B-catenin expression (Fig. SA-C, p < 0.05). Co-IP as-
says further denoted that DVLI protein was enriched by
anti-CSNK1E antibody, and CSNK1E was precipitated by
anti-DVL1 antibody (Fig. 5D,E), indicating that CSNK1E
and DVL1 are present in the same protein complex in CRC
cells. Although these results suggest a close association,
they do not definitively exclude the possibility that the in-
teraction is mediated by other adapter proteins.

CSNKIE Elevated DVLI Expression to Promote

CRC Cell Proliferation

To further explore the role of DVL1 in mediating
the effects of CSNK1E on CRC development, DVL1 ex-
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Fig. 6. CSNKIE positively modulated the proliferation of CRC cells by elevating DVL1. (A,B) The expression of DVL1 in CRC
cells was assessed using QRT-PCR. GAPDH was used as the normalizer. (C—E) The proliferation of CRC cells was evaluated using

the EdU assay. Red fluorescence: EdU-positive cells. Blue fluorescence: cell nuclei. Resolution: 100 pm, x200. *p < 0.05, **p <

0.01, ***p < 0.001. CRC, colorectal cancer; CSNK1E, casein kinase I isoform epsilon; DVLI, dishevelled segment polarity protein 1;

EdU, 5-ethynyl-2’-deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; qRT-PCR, quantitative reverse transcription polymerase chain
reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, blank control; NC, negative control; shCSNK1E/shDVL1, short
hairpin RNA against CSNK1E or DVL1; shNC, short hairpin RNA against NC.
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Fig. 7. CSNKI1E promoted the proliferation of CRC cells by elevating DVL1. (A—C) The proliferation of CRC cells was evaluated
using the colony formation assay. **p < 0.01, ***p < 0.001. CRC, colorectal cancer; CSNK1E, casein kinase I isoform epsilon; DVLI,

dishevelled segment polarity protein 1; Con, blank control; NC, negative control; shCSNK1E/shDVLI1, short hairpin RNA against

CSNKIE or DVL1; shNC, short hairpin RNA against NC.

pression in CRC cells was modulated via transfection with
shDVL1 or DVLI overexpression plasmid, and the trans-
fection efficiency was verified to be high, as evidenced
by the markedly downregulated or upregulated DVLI1 ex-
pression (Fig. 6A,B, p < 0.001). Furthermore, EdU assay
demonstrated that DVL1 upregulation mitigated the reduc-
tion in EdU-positive CRC cells caused by CSNK1E knock-
down, while DVL1 downregulation counteracted the in-
crease in the EdU-positive cells induced by CSNK1E over-
expression (Fig. 6C-E, p < 0.05). Colony formation assays
showed that DVL1 upregulation attenuated the inhibitory
effect of CSNK1E knockdown, whereas DVL1 downreg-
ulation diminished the promotive effect of CSNK1E over-
expression on CRC cell colony formation (Fig. 7A-C, p <
0.01).

CSNKIE Upregulated DVLI Level to Drive CRC
Cell Cycle Transition and Inhibit Apoptosis

DVLI upregulation alleviated CSNK1E knockdown-
induced CRC cell cycle arrest at the G1 phase to increase
the distribution of CSNK 1E-underexpressing CRC cells at
the S phase (Fig. 8A-C, p < 0.05). On the contrary, DVL1
downregulation negated the transition of the G1 phase to
the S phase driven by CSNKI1E overexpression (Fig. 8A—

C, p < 0.05). Meanwhile, the promotive effect of CSNK1E
knockdown on CRC cell apoptosis was offset by DVLI
upregulation, while DVL1 downregulation counteracted
CSNKI1E overexpression-induced inhibition on CRC cell
apoptosis (Fig. 9A-C, p < 0.001).

CSNKIE Prompted DVLI Expression to Activate
Wt Signaling in CRC Cells

Transfection-mediated DVL1 upregulation or down-
regulation neutralized the inhibitory effect of CSNKIE
knockdown or the promoting effect of CSNKIE over-
expression on the expression of DVLI in CRC cells
(Fig. 10A-C, p < 0.05). Notably, the inhibition by
CSNKI1E knockdown on the expression of [-catenin in
CRC cells was reversed by DVLI1 upregulation, whereas
DVL1 downregulation negated the promotion by CSNKI1E
overexpression on the S-catenin expression (Fig. [0A-C, p
< 0.05).

Discussion

CRC is considered curable when detected at early
stages [23]. However, early-stage tumors are prone to
metastasize, posing major challenges for comprehensive
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CRC treatment, in which targeted therapies play a central
role [24]. Inducing cell cycle arrest is a common mecha-
nism underlying targeted therapies and is particularly effec-
tive in CRC[12]. Therefore, identification of novel targeted
therapies that hinder cell cycle transition might contribute
to a conspicuous improvement in the outcomes of CRC pa-
tients.

Twenty-four-hour circadian rhythms enable most or-
ganisms to physiologically produce regular oscillations,
thus synchronizing them with the environmental changes
[25]. Malfunction of CCGs, which orchestrate the rhythm,
accelerates the development and progression of various
cancers by modulating cell processes, including cell cycle
transition [26]. In CRC, multiple CCGs are dysregulated,
and among them, CSNKIE expression exhibits a higher
level and serves as a major prognostic marker predicting
a shorter DFS time in CRC patients [11]. Also, CSNKI1E
has been recorded as a synthetic lethal partner to a tumor
suppressive protein, TP53, which is frequently mutated in
CRC, and deletion of CSNK1E results in the death of TP53-
mutant CRC cells [27]. These findings hint that CSNK1E
may be oncogenic in CRC. CCGs have been proven to
modulate cell cycle transition, as well as proliferation and
apoptosis, both of which closely relate to cell cycle transi-
tion during the tumor process [9]. CRC cells are featured
with uncontrolled proliferation [25]. CSNK1E knockdown
causes the decline of the cell proliferation rate [28]. Deple-
tion of CSNK1E reduces the viability of glioblastoma cells

[29]. Consistently, in our study, the proliferation of CRC
cells was positively proportional to CSNKI1E expression.
The mechanism underlying uncontrolled cell proliferation
is the dysregulation of the cell cycle; rapid cell division,
which is indicative of high proliferation, often results from
alterations in cell cycle machinery, such as facilitated tran-
sition from the G1 phase to the S phase of DNA synthesis
[30]. This transition is pivotal to eukaryotic cell prolifer-
ation, and its deregulation is a key contributor to carcino-
genesis [31]. Knocking down CSNKIE has been shown
to induce fibrosarcoma-cell-selective cytotoxicity by gen-
erating cell cycle arrest at the G2/M phase [28]. How-
ever, our results depicted that the entry from the G1 to S
phase in CRC cells was driven by CSNK1E overexpression,
while CSNK1E deficiency resulted in cell cycle arrest at the
G1 phase. This discrepancy highlights a context-dependent
role of CSNKE in cell cycle regulation, suggesting that its
function may be wired into distinct checkpoint networks in
different cancer types. Since an altered cell cycle may arrest
cells with irreparable DNA damage at a certain phase or pre-
vent cells with damaged DNA from repairing and directly
drive them into the subsequent phase, thereby activating
apoptotic pathways [32], our results suggest that CSNK1E
may negatively regulate apoptosis in CRC cells. CSNKI1E
deficiency induces apoptosis of glioblastoma cells [29] and
fibrosarcoma cells [28]. Building on these foundational
roles in proliferation and survival, our study further eluci-
dates a key mechanism: CSNKI1E drives CRC progression
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by directly interacting with and stabilizing DVL1, a core
component of the oncogenic Wnt/3-catenin pathway. This
positions the CSNK1E/DVLI1 axis as a novel functional
module linking circadian dysregulation to a cornerstone sig-
naling pathway in CRC. The above results from our study
reveal that CSNKI1E contributes to CRC development by
promoting CRC cell cycle transition to enhance CRC cell
proliferation and suppress CRC cell apoptosis, suggesting
that CSNK1E can be a promising therapeutic target for im-
proving the clinical outcomes in CRC patients.

CSNKIE is a key protein of the Wnt/3-catenin path-
way, and its effect on tumorigenesis, including cell cy-
cle transition, is mediated by regulating this pathway [29].
The Wnt/[S-catenin pathway is initiated by the binding
of extracellular Wnt ligands to their membrane recep-
tor, after which DVL is activated and multimerized with
Axin to inactivate the destruction complex that mediates
the proteasome-induced degradation of (-catenin to sta-
bilize S-catenin; the stabilized (-catenin further translo-
cates into the nucleus, where it associated with T-cell fac-
tor (TCF)/lymphoid enhancing factor (LEF) transcription
factors to facilitate the expression levels of genes involved
in cell proliferation, survival, differentiation, and migra-
tion [19,33]. CSNKIE is one of the core components of
the J-catenin destruction complex and, in the absence of
Wnt, cooperates with GSK3/ to phosphorylate 3-catenin
at serine 45 and threonine 41, thereby promoting its degra-
dation [34]. Of note, DVL has been established as a dual
function adaptor that can inhibit this signaling in addition
to inducing its activation; for example, the phosphorylation
of DVLs by CSNKIE triggers a negative feedback loop
by interaction with an E3 ubiquitin ligase, Huwel/EEL-
1, which inhibits DVL multimerization, thereby blocking
Wnt/B-catenin signaling [35]. Also, DVL recruits zinc ring
finger protein 3 (ZNRF3)/ring finger protein 43 (RNF43)
for the degradation of Wnt receptors and thus negatively
controls the Wnt pathway activity [36]. Our study discov-
ered that CSNK1E overexpression positively regulated the
expression of DVL1 and [S-catenin in CRC cells, whereas
DVL1 downregulation/upregulation generated a trend in-
verse to that of CSNK 1E overexpression/knockdown. Con-
cretely, DVL1 downregulation/upregulation attenuated the
effect of CSNK1E overexpression/knockdown on CRC de-
velopment and S-catenin expression in CRC cells. This in-
dicates that, contrary to its canonical role in the destruction
complex or in mediating negative feedback, CSNK1E can
function as a positive regulator upstream of DVL1 in CRC.
These findings collectively suggest that the oncogenic role
of CSNKIE in CRC is attributed to the DVL1-dependent
activation of Wnt/S-catenin signaling. This newly identi-
fied CSNK1E/DVLI axis thus represents a context-specific
mechanism contributing to the sustained activation of a piv-
otal oncogenic pathway in colorectal cancer.

This study has certain limitations that warrant further
investigation in future research. Firstly, although our Co-IP
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results demonstrate an interaction within the cellular con-
text, this assay does not exclude the possibility that the in-
teraction is mediated by other proteins. Therefore, future
studies using direct binding assays are needed to confirm a
physical interaction between CSNKI1E and DVL1. More-
over, our findings are derived from cellular models. Val-
idating the pathological relevance of the CSNK1E/DVL1
axis in clinical specimens and its oncogenic function in vivo
using animal models is crucial for advancing its transla-
tional potential.

Conclusion

In conclusion, the present study unveils the oncogenic
role of CSNK 1E and the related mechanisms, while demon-
strating that knockdown of CSNKI1E decreases the expres-
sion of DVLI to block Wnt/[3-catenin signaling and hence
inhibits CRC development by inducing CRC cell cycle ar-
rest. This study implies that the induction of cell cycle arrest
by targeting CSNK1E to block Wnt/3-catenin signaling can
be a potential option for CRC treatment.

Availability of Data and Materials

The analyzed data sets generated during the study are
available from the corresponding author on reasonable re-
quest.

Author Contributions

WL and JC designed the research study; JY and ZJ
performed the research; BZ and DW collected and analyzed
the data. ZJ has been involved in drafting the manuscript
and all authors have been involved in revising it critically
for important intellectual content. All authors gave final
approval of the version to be published. All authors have
participated sufficiently in the work to take public respon-
sibility for appropriate portions of the content and agreed to
be accountable for all aspects of the work in ensuring that
questions related to its accuracy or integrity.

Ethics Approval and Consent to Participate
Not applicable.
Acknowledgment
Not applicable.
Funding
This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest.


https://www.discovmed.com/

1490

Supplementary Material

Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
24976/Discov.Med.202638208.115.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

References

Fan A, Wang B, Wang X, Nie Y, Fan D, Zhao X, ef al. Im-
munotherapy in colorectal cancer: current achievements and fu-
ture perspective. International Journal of Biological Sciences.
2021; 17: 3837-3849. https://doi.org/10.7150/ijbs.64077.

LiJ, Ma X, Chakravarti D, Shalapour S, DePinho RA. Genetic
and biological hallmarks of colorectal cancer. Genes & Develop-
ment. 2021; 35: 787-820. https://doi.org/10.1101/gad.348226.
120.

De Falco V, Napolitano S, Rosellé S, Huerta M, Cervantes A,
Ciardiello F, et al. How we treat metastatic colorectal cancer.
ESMO Open. 2020; 4: e000813. https://doi.org/10.1136/esmo
open-2020-000813.

Jagannath A, Taylor L, Wakaf Z, Vasudevan SR, Foster RG. The
genetics of circadian rhythms, sleep and health. Human Molecu-
lar Genetics. 2017; 26: R128-R138. https://doi.org/10.1093/hm
g/ddx240.

Ye Y, Xiang Y, Ozguc FM, Kim Y, Liu CJ, Park PK, et al.
The Genomic Landscape and Pharmacogenomic Interactions of
Clock Genes in Cancer Chronotherapy. Cell Systems. 2018; 6:
314-328.¢2. https://doi.org/10.1016/j.cels.2018.01.013.
Mormont MC, Waterhouse J, Bleuzen P, Giacchetti S, Jami A,
Bogdan A, et al. Marked 24-h rest/activity rhythms are asso-
ciated with better quality of life, better response, and longer
survival in patients with metastatic colorectal cancer and good
performance status. Clinical Cancer Research: an Official Jour-
nal of the American Association for Cancer Research. 2000; 6:
3038-3045.

Dallmann R, Okyar A, Lévi F. Dosing-Time Makes the Poison:
Circadian Regulation and Pharmacotherapy. Trends in Molecu-
lar Medicine. 2016; 22: 430-445. https://doi.org/10.1016/j.mo
Imed.2016.03.004.

Sulli G, Lam MTY, Panda S. Interplay between Circadian
Clock and Cancer: New Frontiers for Cancer Treatment. Trends
in Cancer. 2019; 5: 475-494. https://doi.org/10.1016/j.trecan
.2019.07.002.

Li HX. The role of circadian clock genes in tumors. OncoTargets
and Therapy. 2019; 12: 3645-3660. https://doi.org/10.2147/OT
T.S203144.

Yao J, He C, Zhao W, Hu N, Long D. Circadian clock and cell cy-
cle: Cancer and chronotherapy. Acta Histochemica. 2021; 123:
151816. https://doi.org/10.1016/j.acthis.2021.151816.

He Y, Chen Y, Dai X, Huang S. Dysregulation of Circadian
Clock Genes Associated with Tumor Immunity and Progno-
sis in Patients with Colon Cancer. Computational and Math-
ematical Methods in Medicine. 2022; 2022: 4957996. https:
//doi.org/10.1155/2022/4957996.

An BC, Ahn JY, Kwon D, Kwak SH, Heo JY, Kim S, ef al. Anti-
Cancer Roles of Probiotic-Derived P8 Protein in Colorectal Can-
cer Cell Line DLD-1. International Journal of Molecular Sci-
ences. 2023; 24: 9857. https://doi.org/10.3390/ijms24129857.
Murad LB, da Silva Nogueira P, de Aratjo WM, Sousa-
Squiavinato ACM, Rocha MR, de Souza WF, et al. Docosahex-
aenoic acid promotes cell cycle arrest and decreases proliferation
through WNT/S3-catenin modulation in colorectal cancer cells
exposed to vy-radiation. BioFactors (Oxford, England). 2019; 45:
24-34. https://doi.org/10.1002/biof.1455.

LiuJ, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, et al. Wnt/S-catenin

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

signalling: function, biological mechanisms, and therapeutic op-
portunities. Signal Transduction and Targeted Therapy. 2022; 7:
3. https://doi.org/10.1038/s41392-021-00762-6.

YuF, YuC, Li F, Zuo Y, Wang Y, Yao L, et al. Wnt/S-catenin
signaling in cancers and targeted therapies. Signal Transduction
and Targeted Therapy. 2021; 6: 307. https://doi.org/10.1038/
s41392-021-00701-5.

Zhao H, Ming T, Tang S, Ren S, Yang H, Liu M, et al. Wnt sig-
naling in colorectal cancer: pathogenic role and therapeutic tar-
get. Molecular Cancer. 2022; 21: 144. https://doi.org/10.1186/
$12943-022-01616-7.

Strakova K, Kowalski-Jahn M, Gybel T, Valnohova J, Dho-
ple VM, Harnos J, et al. Dishevelled enables casein kinase 1-
mediated phosphorylation of Frizzled 6 required for cell mem-
brane localization. The Journal of Biological Chemistry. 2018;
293: 18477-18493. https://doi.org/10.1074/jbc.RA118.004656.
Sharma M, Castro-Piedras I, Simmons GE, Jr, Pruitt K. Dishev-
elled: A masterful conductor of complex Wnt signals. Cellu-
lar Signalling. 2018; 47: 52—64. https://doi.org/10.1016/j.cellsi
2.2018.03.004.

Mlodzik M. The Dishevelled Protein Family: Still Rather a Mys-
tery After Over 20 Years of Molecular Studies. Current Topics
in Developmental Biology. 2016; 117: 75-91. https://doi.org/
10.1016/bs.ctdb.2015.11.027.

Duchartre Y, Kim YM, Kahn M. The Wnt signaling pathway
in cancer. Critical Reviews in Oncology/hematology. 2016; 99:
141-149. https://doi.org/10.1016/j.critrevonc.2015.12.005.
Wang W, Li X, Lee M, Jun S, Aziz KE, Feng L, et al. FOXKs
promote Wnt/S-catenin signaling by translocating DVL into the
nucleus. Developmental Cell. 2015; 32: 707-718. https://doi.or
2/10.1016/j.devcel.2015.01.031.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods (San Diego, Calif.). 2001; 25: 402—408.
https://doi.org/10.1006/meth.2001.1262.

Zygulska AL, Pierzchalski P. Novel Diagnostic Biomarkers in
Colorectal Cancer. International Journal of Molecular Sciences.
2022; 23: 852. https://doi.org/10.3390/ijms23020852.

Malki A, EIRuz RA, Gupta I, Allouch A, Vranic S, Al Moustafa
AE. Molecular Mechanisms of Colon Cancer Progression and
Metastasis: Recent Insights and Advancements. International
Journal of Molecular Sciences. 2020; 22: 130. https://doi.org/
10.3390/ijms22010130.

Zhou L, Zhang Z, Nice E, Huang C, Zhang W, Tang Y. Cir-
cadian rhythms and cancers: the intrinsic links and therapeutic
potentials. Journal of Hematology & Oncology. 2022; 15: 21.
https://doi.org/10.1186/s13045-022-01238-y.

Savvidis C, Koutsilieris M. Circadian rhythm disruption in can-
cer biology. Molecular Medicine (Cambridge, Mass.). 2012; 18:
1249-1260. https://doi.org/10.2119/molmed.2012.00077.
Tiong KL, Chang KC, Yeh KT, Liu TY, Wu JH, Hsieh PH, et
al. CSNK1E/CTNNBI are synthetic lethal to TP53 in colorec-
tal cancer and are markers for prognosis. Neoplasia (New York,
N.Y.). 2014; 16: 441-450. https://doi.org/10.1016/j.ne0.2014.
04.007.

Yang WS, Stockwell BR. Inhibition of casein kinase 1-epsilon
induces cancer-cell-selective, PERIOD2-dependent growth ar-
rest. Genome Biology. 2008; 9: R92. https://doi.org/10.1186/gb
-2008-9-6-192.

Varghese RT, Young S, Pham L, Liang Y, Pridham KJ, Guo
S, et al. Casein Kinase 1 Epsilon Regulates Glioblastoma Cell
Survival. Scientific Reports. 2018; 8: 13621. https://doi.org/10.
1038/s41598-018-31864-x.

Bonacci T, Emanuele MJ. Dissenting degradation: Deubiqui-
tinases in cell cycle and cancer. Seminars in Cancer Biology.
2020; 67: 145-158. https://doi.org/10.1016/j.semcancer.2020.


https://www.discovmed.com/
https://doi.org/10.24976/Discov.Med.202638208.115
https://doi.org/10.24976/Discov.Med.202638208.115
https://doi.org/10.7150/ijbs.64077
https://doi.org/10.1101/gad.348226.120
https://doi.org/10.1101/gad.348226.120
https://doi.org/10.1136/esmoopen-2020-000813
https://doi.org/10.1136/esmoopen-2020-000813
https://doi.org/10.1093/hmg/ddx240
https://doi.org/10.1093/hmg/ddx240
https://doi.org/10.1016/j.cels.2018.01.013
https://doi.org/10.1016/j.molmed.2016.03.004
https://doi.org/10.1016/j.molmed.2016.03.004
https://doi.org/10.1016/j.trecan.2019.07.002
https://doi.org/10.1016/j.trecan.2019.07.002
https://doi.org/10.2147/OTT.S203144
https://doi.org/10.2147/OTT.S203144
https://doi.org/10.1016/j.acthis.2021.151816
https://doi.org/10.1155/2022/4957996
https://doi.org/10.1155/2022/4957996
https://doi.org/10.3390/ijms24129857
https://doi.org/10.1002/biof.1455
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1038/s41392-021-00701-5
https://doi.org/10.1038/s41392-021-00701-5
https://doi.org/10.1186/s12943-022-01616-7
https://doi.org/10.1186/s12943-022-01616-7
https://doi.org/10.1074/jbc.RA118.004656
https://doi.org/10.1016/j.cellsig.2018.03.004
https://doi.org/10.1016/j.cellsig.2018.03.004
https://doi.org/10.1016/bs.ctdb.2015.11.027
https://doi.org/10.1016/bs.ctdb.2015.11.027
https://doi.org/10.1016/j.critrevonc.2015.12.005
https://doi.org/10.1016/j.devcel.2015.01.031
https://doi.org/10.1016/j.devcel.2015.01.031
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/ijms23020852
https://doi.org/10.3390/ijms22010130
https://doi.org/10.3390/ijms22010130
https://doi.org/10.1186/s13045-022-01238-y
https://doi.org/10.2119/molmed.2012.00077
https://doi.org/10.1016/j.neo.2014.04.007
https://doi.org/10.1016/j.neo.2014.04.007
https://doi.org/10.1186/gb-2008-9-6-r92
https://doi.org/10.1186/gb-2008-9-6-r92
https://doi.org/10.1038/s41598-018-31864-x
https://doi.org/10.1038/s41598-018-31864-x
https://doi.org/10.1016/j.semcancer.2020.03.008

[31]

[32]

[33]

[34]

03.008.

Bertoli C, Skotheim JM, de Bruin RAM. Control of cell cycle
transcription during G1 and S phases. Nature Reviews. Molecu-
lar Cell Biology. 2013; 14: 518-528. https://doi.org/10.1038/nr
m3629.

Sun'Y, Liu Y, Ma X, Hu H. The Influence of Cell Cycle Regula-
tion on Chemotherapy. International Journal of Molecular Sci-
ences. 2021; 22: 6923. https://doi.org/10.3390/ijms22136923.
Zhang Y, Wang X. Targeting the Wnt/3-catenin signaling path-
way in cancer. Journal of Hematology & Oncology. 2020; 13:
165. https://doi.org/10.1186/s13045-020-00990-3.

Amit S, Hatzubai A, Birman Y, Andersen JS, Ben-Shushan E,
Mann M, et al. Axin-mediated CKI phosphorylation of beta-

[35]

[36]

1491

catenin at Ser 45: a molecular switch for the Wnt pathway.
Genes & Development. 2002; 16: 1066-1076. https://doi.org/
10.1101/gad.230302.

de Groot REA, Ganji RS, Bernatik O, Lloyd-Lewis B, Seipel K,
Sedové K, et al. Huwel-mediated ubiquitylation of dishevelled
defines a negative feedback loop in the Wnt signaling pathway.
Science Signaling. 2014; 7: ra26. https://doi.org/10.1126/scisig
nal.2004985.

Jiang X, Charlat O, Zamponi R, Yang Y, Cong F. Dishev-
elled promotes Wnt receptor degradation through recruitment of
ZNRF3/RNF43 E3 ubiquitin ligases. Molecular Cell. 2015; 58:
522-533. https://doi.org/10.1016/j.molcel.2015.03.015.


https://doi.org/10.1016/j.semcancer.2020.03.008
https://doi.org/10.1038/nrm3629
https://doi.org/10.1038/nrm3629
https://doi.org/10.3390/ijms22136923
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.1101/gad.230302
https://doi.org/10.1101/gad.230302
https://doi.org/10.1126/scisignal.2004985
https://doi.org/10.1126/scisignal.2004985
https://doi.org/10.1016/j.molcel.2015.03.015

	Introduction
	Materials and Methods
	Cell Culture
	Cell Transfection
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
	5-Ethynyl-2'-Deoxyuridine (EdU) Assay
	Colony Formation Assay
	Flow Cytometry
	Western Blot Analysis
	Co-Immunoprecipitation (Co-IP) Assay
	Statistical Analysis

	Results
	CSNK1E Positively Modulated the Proliferation of CRC Cells
	CSNK1E Positively Impacted Cell Cycle Transition, but Negatively Affected the Apoptosis of CRC Cells
	CSNK1E Interacted With DVL1 and Its Expression Was Positively Correlated With DVL1 Expression and Wnt Signaling Activation in CRC Cells
	CSNK1E Elevated DVL1 Expression to Promote CRC Cell Proliferation
	CSNK1E Upregulated DVL1 Level to Drive CRC Cell Cycle Transition and Inhibit Apoptosis
	CSNK1E Prompted DVL1 Expression to Activate Wnt Signaling in CRC Cells

	Discussion 
	Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

