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CDKS5 targets p21¢™! to regulate thyroid cancer
cell proliferation and malignancy in patients
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Abstract. Cyclin-dependent kinase 5 (CDKS5), known for
its role in neuronal function, has emerged as a key player
in cancer biology, particularly in thyroid cancer. The
present study explored the interaction between CDKS5 and
the cyclin-dependent kinase inhibitor p21¢™' in thyroid
cancer (TC). Bioinformatic tools and immunoprecipita-
tion assays were used to confirm that CDKS5 targets p21 for
ubiquitin-mediated degradation, reducing its stability and
tumor-suppressive effects. Data from The Cancer Genome
Atlas revealed a significant inverse correlation between
CDKS5 and p21 expression, with higher CDKS5 levels linked
to increased tumor malignancy and worse survival outcomes;
conversely, higher p21 expression was correlated with an
improved prognosis. Immunohistochemistry analysis of TC
samples further confirmed that increased CDKS5 and reduced
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p21 expression were associated with more advanced tumor
stages and aggressive phenotypes. These findings suggested
that CDK5-mediated degradation of p21 contributes to TC
progression and malignancy, highlighting the potential of
targeting the CDK5-p21 axis as a therapeutic strategy for
management of TC.

Introduction

Cyclin-dependent kinase 5 (CDKS5) is a serine/threonine kinase
that, unlike other members of the CDK family, is not directly
involved in cell cycle regulation (1). Instead, CDKS5 plays a
crucial role in various neuronal processes including brain
development, synaptic plasticity and neuronal migration (2-4).
Dysregulation of CDKS5 activity has been linked to several
neurodegenerative disorders, highlighting its significance in
maintaining neural integrity and function. Studies have also
begun to elucidate the involvement of CDKS5 in non-neuronal
tissues and its emerging role in cancer biology (1,5,6). CDKS5 is
activated by binding to its neuron-specific activators, p35 and
P39, which are essential for its kinase activity. In the context
of cancer, aberrant activation of CDKS5 has been implicated in
promoting tumor progression and metastasis in various types
of cancer, influencing cellular processes such as migration,
invasion and angiogenesis, highlighting it as a potential target
for therapeutic intervention in cancer cells (1,6-15).
p21CTPVWARL commonly referred to as p21, is a critical regu-
lator of the cell cycle, known for its role as a CDK inhibitor (16).
Encoded by the CDKNIA gene, p21 primarily functions
by binding to and inhibiting the activity of cyclin-CDK2 or
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-CDK4 complexes, thus playing a pivotal role in the G, phase
of the cell cycle (17). This inhibition prevents the phosphory-
lation of the retinoblastoma protein, effectively halting cell
cycle progression and allowing the cell time to repair DNA
damage or, if necessary, initiate apoptosis (18,19). p21 is
tightly regulated by the tumor suppressor protein p53, which
induces p21 expression in response to DNA damage and other
stress signals (16,20,21). Through this mechanism, p21 acts as
a safeguard against uncontrolled cell proliferation, making it
a key player in maintaining genomic stability and preventing
tumorigenesis (22). Beyond its role in the cell cycle, p21 is
also involved in several other cellular processes, including
apoptosis, transcriptional regulation and cell senescence (16).
The dual role of p21 in both cell cycle arrest and the promo-
tion of cell survival makes it a complex and context-dependent
factor in cancer biology. While the function of p21 as a tumor
suppressor is well-established, its role in cancer can be para-
doxical. In certain contexts, particularly when p53 is mutated,
p21 can contribute to tumor progression by promoting cell
survival and resistance to chemotherapy (23). Understanding
the multifaceted roles of p21 in cancer, particularly its interac-
tions with other cellular proteins such as CDKS5, is crucial for
developing targeted therapies that exploit these pathways for
cancer treatment.

Thyroid cancer (TC) is a malignancy that originates in the
thyroid gland, a small, butterfly-shaped organ located at the
base of the neck (24). The thyroid gland plays a crucial role
in regulating the body's metabolism through the production
of hormones such as thyroxine and triiodothyronine (25).
Although TC is relatively uncommon compared with other
types of cancer, it is the most prevalent endocrine malignancy
and its incidence has been increasing globally over the past
few decades (26,27). There are several distinct types of TC,
each with unique characteristics and prognoses. The most
common form is papillary (P)TC, which accounts for ~80% of
all TC cases (28,29). PTC generally has a favorable prognosis,
with high survival rates, especially when detected early (30).
However, a subset of PTC cases can be aggressive, leading to
local invasion, recurrence and distant metastasis (31-34). Other
types of TC include follicular TC (35), medullary TC (36) and
the most aggressive form, anaplastic TC (37), which is rare but
highly lethal. TC is often diagnosed through the detection of a
thyroid nodule, followed by further evaluation with ultrasound,
fine-needle aspiration biopsy and molecular testing (38).
Treatment typically involves surgical removal of the thyroid
gland (thyroidectomy) (39), followed by radioactive iodine
therapy in certain cases (40). While several patients respond
well to these treatments, a subset with aggressive disease or
metastatic spread may require additional therapies, including
targeted therapies or external beam radiation (41). Research
into the molecular mechanisms underlying TC has revealed
a variety of genetic and environmental factors that contribute
to its development. Mutations in genes such as BRAF, RAS
and RET/PTC are commonly implicated in TC (6,42), while
alterations in the PI3K/AKT and MAPK signaling pathways
are frequently observed in more aggressive forms of the
disease (43-45). Understanding these molecular drivers has led
to the development of targeted therapies aimed at inhibiting
these pathways, offering new hope for patients with advanced
TC. Despite advances in diagnosis and treatment, challenges

remain in managing aggressive and recurrent TC cases.
Continued research is essential to identify novel therapeutic
targets and improve outcomes for patients with this complex
and increasingly common disease.

In the present study, the biochemical interaction between
CDKS5 and p21 in PTC cells was assessed and the functional
consequences of this interaction on cell proliferation and
malignancy were explored. Using advanced bioinformatic
tools such as AlphaFold 3.0 and Chimera X for protein-protein
interaction analysis alongside immunoprecipitation (IP) assays,
it was shown that CDKS5 targeted p21 for ubiquitin-dependent
degradation. Furthermore, the findings were validated using
clinical tumor samples and data from The Cancer Genome
Atlas (TCGA), highlighting the clinical relevance of CDKS5
and p21 in TC. The results not only elucidated a novel regula-
tory mechanism involving CDKS5 and p21 but also suggested
potential therapeutic strategies targeting this pathway to
curb TC progression. Given the emerging role of CDKS5 in
cancer, these findings open novel avenues for research and
development of CDKS5 inhibitors as anti-cancer agents.

Materials and methods

Ethical approval. The present study was approved by the
Institutional Review Board of Tungs' Taichung MetroHarbor
Hospital, Taichung, Taiwan. (approval no. 113003). All experi-
mental procedures followed the relevant ethical guidelines
and informed consent was obtained from all patients with TC
included in the present study. Thyroid tissue samples were
collected from a cohort of these patients.

Patient samples. The patient samples were collected from
Tungs' Taichung MetroHarbor Hospital, Taichung Taiwan.
Samples were collected between 2024/05/01 and 2024/05/31.
A total of 11 patients participated in the study, five samples
for each patient, and a total of 55 samples were collected for
analysis. Samples were preserved and processed for immu-
nohistochemical (IHC) analysis to evaluate the expression of
specific proteins. Clinical data on the patients' age, sex and
cancer staging were obtained from the hospital's electronic
medical records (Table I). All samples were anonymized to
ensure patient confidentiality in accordance with Institutional
Review Board (IRB) regulations.

IHC staining. The expression of proteins was assessed using
IHC on formalin-fixed, paraffin-embedded tissue sections.
The sections were cut into 4 pm thick slices and mounted
on positively charged glass slides. The slides were deparaf-
finized in xylene and rehydrated using a decreasing series
of graded alcohol solutions, followed by a rinse in distilled
water. For antigen retrieval, heat-induced epitope retrieval
using a citrate buffer (pH 6.0) was performed for 20 min in
a pressure cooker. To block endogenous peroxidase activity,
sections were incubated with 3% hydrogen peroxide (H,0,)
in methanol for 10 min at room temperature, followed by
washing in PBS. After retrieval, the slides were allowed
to cool to room temperature and then washed in PBS.
To block non-specific binding, the slides were incubated
with 5% normal goat serum (Vector Laboratories, Inc.
cat. no. ZH083) with blocking solution for 30 min at room
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Table I. Patients background and IHC profile.
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Age, Cancer Malignancy Expression

Patient years Sex stage TNM staging features IHC profile profile (%)

Patient 1 62 Male I Tla, Nx, Mx None Moderate CDKS5, ~57
Moderate p21

Patient 2 60 Male II T1b, N1b, Mx None High CDKS, ~65
Low p21

Patient 3 61 Male III T4a, NO, Mx Recurrence High CDKS35, ~70
Low p21

Patient 4 54 Male I Tla, Nx, Mx Double High CDKS5, ~55

Cancer Low p21

Patient 5 42 Female I T1a, NO, Mx None Moderate CDK5, ~46
High p21

Patient 6 32 Female 1 T1b, Nx, Mx None Moderate CDKS5, ~60
Moderate p21

Patient 7 24 Female I T1b, NO, Mx None Moderate CDKS5, ~57
Moderate p21

Patient 8 70 Female I T2,NO, Mx None Moderate CDK5, ~58
Moderate p21

Patient 9 63 Female IVA T1b, N1b, Mx Recurrence High CDKS5, low p21 ~95

Patient 10 58 Female II T2,N1, Mx None Moderate CDKS5, ~58
Moderate p21

Patient 11 48 Female I Tla, Nx, Mx None Moderate CDKS5, ~50
Moderate p21

IHC, immunohistochemistry; CDKS5, cyclin-dependent kinase.

temperature. The tissue sections were incubated overnight
at 4°C with the following primary antibodies: Mouse mono-
clonal anti-CDK35 (cat. no. sc-249; Santa Cruz Biotechnology,
Inc.; 1:20) or rabbit polyclonal anti-p21 (cat. no. 2947; Cell
Signaling Technology, Inc.; 1:50). After washing the slides
in PBS, they were incubated with appropriate biotinylated
secondary antibodies for 30 min at room temperature (Goat
anti-mouse IgG, cat. no. BA-9200 or Goat anti-rabbit IgG,
cat. no. BA-1000; Vector Laboratories, Inc.; dilution 1:200),
followed by a wash in PBS. Signals were visualized using
a horseradish peroxidase (HRP)-conjugated streptavidin
detection system (Vectastain ABC kit, Vector Laboratories,
Inc.). The slides were developed using 3,3'-diaminobenzidine
(DAB; Dako) as the chromogen for 5 min at room tempera-
ture and counterstained with hematoxylin to visualize nuclei
for 2 min at room temperature. Finally, the sections were
dehydrated, cleared in xylene and a coverslip was placed over
them using a permanent mounting medium. Positive control
slides were included for each staining run. Negative controls
were performed by omitting the primary antibodies to assess
non-specific binding of the secondary antibody.

Imaging and analysis. Stained slides were scanned using a
high-resolution digital microscope (Zeiss Imager. Z2; Carl
Zeiss AG) and images were captured for analysis. Protein
expression was semi-quantitatively evaluated based on
staining intensity and the percentage of positive cells using
TissueFAXS viewer version 7.1.6. supplied by TissueGnostics

GmbH. The results were classified into low, moderate, or high
expression levels. Statistical analysis was performed to eval-
uate the correlation between protein expression and clinical
outcomes in patients with TC.

Cell culture and transfection. Human TC cell lines BCPAP and
TPC-1 were purchased from the Food Industry Research and
Development Institute in Taiwan. The two TC cell lines were
provided by collaborators Dr Chen-Kai Chou and Dr Hong-Yo
Kang in Kaohsiung Chang Gung Hospital (Taiwan) (46).
Cells were maintained in RPMI-1640 culture medium (Gibco;
Thermo Fisher Scientific, Inc.), supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.), penicillin-strep-
tomycin at concentrations of 100 IU/ml and 100 ug/ml,
respectively (MilliporeSigma), along with 2 mM L-glutamine,
1.5 g/l sodium bicarbonate (NaHCO;) (MilliporeSigma),
10 mM HEPES (MilliporeSigma) and 1 mM sodium pyruvate
(MilliporeSigma). For cell transfection, cells were transfected
with either short hairpin (sh)RNA targeting CDKS5 (shCDK35)
or a scrambled shRNA control (shCtrl) using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) as the trans-
fection reagent for 6 h at 37°C. Overexpression plasmids were
transfected in the same manner. Transfections were performed
in serum-free medium according to the manufacturer's
protocol. After 6 h of incubation, the transfection medium was
replaced with fresh complete medium and cells were cultured
for an additional 24-48 h before proceeding with downstream
analyses. Plasmids used for transfection were obtained
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from the National RNAi Core Facility (Academia Sinica).
Specifically, the pLKO.1 plasmid harboring shRNA sequence
targeting CDKS5 or scrambled control (shCtrl) were used at
a concentration of 2 ug/ml. The target sequences of shGFP
and shCDKS5 were: TRCN0000072192 (shGFP): 5'-GAACGG
CATCAAGGTGAACTT-3', TRCN0000021466 (shcdk5 #1):
5-TGTCCAGCGTATCTCAGCAGA-3', TRCN0000199652
(shcdk5 #2): 5'-GTGAACGTCGTGCCCAAACTC-3,
TRCNO0000194974 (shcdk5 #3): 5'-CCTGAGATTGTAAAG
TCATTC-3.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was extracted from cultured cells using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's instructions. RNA quality and concentration
were assessed by spectrophotometry. Reverse transcription
was performed using 1 ug of total RNA with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. qPCR was performed using SYBR Green (Roche
Applied Science) on a real-time PCR system by using Applied
Biosystems StepOnePlus (Applied Biosystems; Thermo
Fisher Scientific, Inc.) as described previously (22). Gene
expression levels were normalized to the housekeeping gene,
and relative quantification was calculated using the 2444
method as described previously by Livak and Schmittgen (47).
The thermocycling conditions were as follows: initial
denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 sec, annealing and extension at
60°C for 1 min. Each experiment was performed in tripli-
cate and independently replicated at least three times. The
following primers were used to amplify the cDNA: CDKNIA
(5'-ACCCTAGTTCTACCTCAGGC-3' and 5-AAGATCTAC
TCCCCCATCAT-3"), CDKS5 (S-TCTTTTTCCCGGCAATGA
T-3' and 5-TCTGGCAGCTTGGTCATAGA-3"), and actin
(5'-TTGCCGACAGGATGCAGAA-3" and 5-GCCGATCCA
CACGGAGTACT-3)).

Western blotting. Cells were lysed at approximately 80-90%
confluency using lysis buffer [SO mM Tris-HCI (pH 7.4),
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS] supplemented with a protease inhibitor cocktail
(MilliporeSigma). Protein concentrations were measured using
a BCA Protein Assay Kit (Pierce; Thermo Fisher Scientific,
Inc.). Equal amounts of protein (30 ug per lane) were sepa-
rated by electrophoresis on 10% SDS-polyacrylamide gels
(SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes (MilliporeSigma). Membranes were
blocked in 5% non-fat dry milk (MilliporeSigma) in TBS
containing 0.1% Tween-20 (TBST) for 1 h at room tempera-
ture. After blocking, membranes were incubated overnight
at 4°C with primary antibodies diluted in blocking buffer:
anti-CDKS5 (cat. no. ab40773; Abcam; 1:1,000) and anti-p21
(cat. no. 2947; Cell Signaling Technology, Inc.; 1:1,000).
After incubation, membranes were washed three times
(5 min each) in TBST (Tris-buffered saline containing 0.1%
Tween-20). Subsequently, membranes were incubated with
HRP-conjugated secondary antibodies (goat anti-rabbit
IgG-HRP, cat. no. 7074, 1:5,000; goat anti-mouse IgG-HRP,
cat. no. 7076, 1:5,000; Cell Signaling Technology, Inc.) at

room temperature for 1 h. Following incubation, membranes
were washed three times (5 min each) in TBST. Proteins
were visualized using enhanced chemiluminescence (ECL)
detection reagent (Pierce ECL Western Blotting Substrate;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Signal intensities were captured using a chemilumi-
nescent imaging system (Bio-Rad Laboratories, Inc.). 3-actin
(cat. no. 4970; Cell Signaling Technology, Inc.; dilution
1:2,000) was used as the loading control. Each experiment was
independently repeated at least three times.

IP. TP was performed as previously described (48). Briefly,
BCPAP and TPC-1 cells were seeded into 10-cm culture dishes
at a density of ~1x10° cells per dish and cultured until reaching
80-90% confluency. BCPAP and TPC-1 cells were lysed in IP
lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP-40 and protease inhibitors). Protein concentra-
tion was determined using a BCA Protein Assay Kit (Pierce;
Thermo Fisher Scientific, Inc.). Equal amounts of protein
lysate (500 pg) were incubated with 2 ug anti-CDKS antibody
(Abcam) overnight at 4°C with gentle rotation. Protein A/G
agarose beads (Thermo Fisher Scientific, Inc.) were added
and incubated for an additional 2 h at 4°C. Input controls
(30 pg of total protein lysate without immunoprecipitation)
were included for western blot analysis to confirm the pres-
ence of target proteins. Beads were washed three times with
ice-cold washing buffer (20 mM Tris-HCI pH 7.4, 150 mM
NaCl, 0.1% NP-40) and proteins were eluted with SDS sample
buffer by boiling for 5 min. Eluates were analyzed using 10%
SDS-PAGE followed by western blotting using an anti-p21
antibody (cat. no. 2947; Cell Signaling Technology, Inc.)
as aforementioned.

Protein stability assay and MG132 treatment. Protein stability
assays were performed as previously described (49). To assess
p21 protein stability, BCPAP and TPC-1 cells were treated with
cycloheximide (CHX; MilliporeSigma) at a final concentration
of 50 ug/ml to inhibit protein synthesis. Cells were collected
at 0,2, 4 and 6 h post-CHX treatment. For proteasome inhi-
bition, cells were treated with 10 xM MG132 (Calbiochem;
Merck KGaA) for 6 h prior to lysis. Cell lysates were prepared
and protein levels of p21 and CDKS5 were determined by
western blotting as aforementioned. p-Actin (Cell Signaling
Technology, Inc.) was used as the loading control.

Immunocytochemistry. Immunocytochemistry was performed
as previously described (3). Briefly, cells were fixed for 5 min
in 4% paraformaldehyde and 2% sucrose in PBS at room
temperature. Subsequently, the cells were permeabilized and
blocked in PBS buffer containing 0.1% Triton X-100 and 5%
bovine serum albumin (Cyrus Bioscience, Lot no. 1260601) for
15 min at room temperature. The primary antibodies CDKS5
(Santa Cruz Biotechnology, Inc.; cat. no. sc-249; dilution
1:100) and p21 (Cell Signaling Technology, Inc.; cat. no. 2947;
dilution 1:200) were diluted in 5% BSA in PBS and added
to the cells for overnight incubation at 4°C. Then, the cells
were incubated with Alexa Fluor 488-conjugated secondary
antibodies (Thermo Fisher Scientific, Inc.; cat. no. A-11008;
dilution 1:1,000) and Alexa Fluor 546-conjugated secondary
antibodies (Thermo Fisher Scientific, Inc.; cat. no. A-11003;
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dilution 1:1,000) for 1 h at room temperature. The cells
were washed again with PBS and counterstained with DAPI
(Thermo Fisher Scientific, Inc.) for 5 min at room tempera-
ture. Cells were subsequently washed with PBS, mounted
using Fluoromount-G (Southern Biotech; cat. no. 0100-01)
and analyzed using a fluorescence microscope (Olympus
BX-51; Olympus Corporation) and a Zeiss LSM510 confocal
microscope (Carl Zeiss AG).

Bioinformatics analysis for protein-protein interactions.
The 3D structures of proteins were visualized as previously
described (3). The interaction between CDK5 and p21 was
predicted using AlphaFold 3.0, an Al-based protein structure
prediction tool (50). The protein structures were visualized and
analyzed for interaction sites using UCSF Chimera software
(Resource for Biocomputing, Visualization, and Informatics,
University of California, San Francisco, CA, USA). Chimera
was used to map potential interaction interfaces and validate
the predicted binding sites.

TCGA data analysis. TCGA data analysis was performed as
previously reported (5). Expression data and clinical informa-
tion for patients with TC were downloaded from TCGA using
the UCSC Xena browser (https:/xenabrowser.net/). Pearson
correlation analysis was performed to evaluate the relationship
between CDKS5 and p21 mRNA expression levels. Kaplan-Meier
survival analysis was conducted using the ‘survival’ package
in R to compare overall survival between high and low-expres-
sion groups for CDKS5 and p21. Kaplan-Meier survival analysis
was performed using the ‘survival’ package in R. Differential
expression analysis between tumor and normal tissues was
assessed using the Wilcoxon rank-sum test. Violin plots were
generated to visualize the stage-specific expression of CDK5
and p21 across different stages of TC. Differential expression
analysis was conducted to compare CDKS5 and p21 expression
in tumor compared with normal tissues, with statistical signifi-
cance assessed using the Wilcoxon rank-sum test. Statistical
analyses and visualizations, including Pearson correlation,
Kaplan-Meier survival analysis, violin plots, and differential
expression analysis, were conducted using R software (R Core
Team, 2023). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria (http://www.R-project.org/).

Statistical analysis. All statistical analyses were conducted
using GraphPad Prism version 8.0.1 (Dotmatics). Data are
presented as the mean + SD of at least three independent experi-
ments. Comparisons between two groups were performed
using an unpaired Student's t-test. Pathological stage plots
were obtained from GEPIA (http://gepia.cancer-pku.cn/), and
differential gene expression was analyzed by one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

CDKS5 interacts with p21. The interaction between CDKS5
and p21°™' is pivotal for understanding the regulatory
mechanisms underlying cell cycle progression and tumor
suppression in TC. To investigate this interaction, AlphaFold
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3.0, a cutting-edge Al-based protein structure prediction tool,
was used to generate a model of the CDK5-p21 protein-protein
interaction. The accuracy of AlphaFold in predicting protein
structures based on amino acid sequences provided a reliable
foundation for the analysis (50). Using data generated from
AlphaFold, Chimera was used to visualize and analyze the
interaction sites between CDKS5 and p21. The analysis revealed
that CDK5 directly interacted with specific regions of the
p21 protein, indicating potential sites for regulation through
phosphorylation and other post-translational modifications
(Fig. 1A-D). This interaction is significant as it implies modu-
lation of the stability of p21 and activity in TC cells, potentially
contributing to enhanced cell proliferation and malignancy. To
experimentally validate the CDK5-p21 interaction, IP assays
were performed using the TC cell line TPC-1. Additionally,
cells were treated with MG132, a proteasome inhibitor, to
prevent proteasomal degradation and ensure the detection of
any ubiquitin-dependent degradation products. The IP analysis
confirmed that CDK5 biochemically interacted with p21
protein in TPC-1 cells, reinforcing the computational predic-
tions and suggesting a direct regulatory relationship between
CDKS5 and p21 in TC (Fig. 1D). These findings provide a
comprehensive understanding of the CDK5-p21 interaction,
demonstrating its potential role in modulating cell cycle
regulation and promoting the malignancy of TC.

CDKS5 reduces p21 protein stability and induces TC cell
proliferation. To investigate the role of CDKS5 in the
regulation of p21™" in TC cells, several experiments were
performed to analyze protein interactions, degradation
and cellular localization. TC cells transfected with either
an empty vector (EV) or CDKS5 were treated with CHX to
inhibit protein synthesis. Western blot analysis showed that
p21 levels decreased more rapidly in cells overexpressing
CDK5 compared with the EV control. This suggested that
CDKS5 accelerated p21 degradation (Fig. 2A and B). Next,
cells were treated with MG132, a proteasome inhibitor, to
block protein degradation. In mock-treated cells, overexpres-
sion of CDKS5 resulted in lower p21 levels compared with
the EV control. In MG132-treated cells, p21 levels did not
differ markedly between CDKS5-overexpressing cells and
EV controls. In addition, IHC was used to further confirm
the results. In control cells (vector), p21 was normally
expressed, while in CDK5-overexpressing cells, p21 levels
were visibly reduced. Upon MG132 treatment, p21 levels
were restored in CDKS5-overexpressing cells, confirming the
role of proteasome-mediated degradation (Fig. 2C-E). The
data collectively demonstrate that CDKS5 downregulates p21
in TC cells by promoting its ubiquitin-dependent degrada-
tion via the proteasome pathway. This regulatory mechanism
suggests a significant role for CDKS5 in modulating cell
cycle progression and tumor development in TC by targeting
p21 for degradation. To further elucidate the mechanism
by which CDKS5 regulated p21, Co-IP experiments were
performed to analyze the interaction between CDK5 and
p21. Wild-type (WT) p21 and its phosphorylation-deficient
mutant (MT; S130A) were compared. Western blot analysis
revealed that CDKS5 effectively interacted with WT, as shown
by the co-precipitation of CDKS5 and p21 proteins (Fig. 2F).
However, the intensity of the interaction signal was lower for
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Figure 1. CDKS interacts with p21. (A) Structural prediction of the interaction between CDKS5 and p21 using AlphaFold 3.0. CDKS5 is shown in red and
p21 in green. (B) Detailed visualization of the CDKS5-p21 interaction interface using UCSF Chimera software. CDKS5 is shown in surface representation,
while p21 is depicted in a ribbon diagram. The binding sites are highlighted. Heat map of the interaction interface indicating the degree of interaction
strength between CDKS5 and p21, with red representing strong interaction sites and blue representing weak or no interaction. (C) Sequence alignment of
CDKS5 and p21 showing the interacting regions predicted by AlphaFold. Residues involved in the interaction are highlighted in red for CDKS5 and green for
p21. (D) Immunoprecipitation assay demonstrating the interaction between CDKS5 and p21 in TPC-1 cells. Cells were treated with 10 xM MG132 to inhibit
proteasomal degradation. CDK5 was immunoprecipitated from cell lysates and co-precipitated p21 was detected by western blotting. Input lysates (bottom
panels) show the expression levels of p21, CDKS5 and f3-actin, the latter was used as the loading control. The results confirm the interaction between CDK5 and
p21 and suggested that CDKS regulates p21 stability via the ubiquitin-proteasome pathway. CDKS5, cyclin-dependent kinase 5.

MT p21, suggesting that the S130 site influenced the strength
of the CDK5-p21 interaction (Fig. 2F). To assess the functional
impact of CDK5-mediated p21 regulation on cell prolifera-
tion, TC cells were analyzed for their proliferation rates in the
presence of WT and MT p2l1. The results showed that CDK5
overexpression markedly enhanced cell proliferation when
WT p21 was present. By contrast, cells expressing MT p21
(S130A) displayed suppressed CDK5-mediated proliferation
(Fig. 2G), suggesting that the phosphorylation of p21 at the

S130 site is essential for CDKS5 to promote cell proliferation.
These findings indicated that the phosphorylation-deficient
mutant p21 (S130A) blocks the ability of CDKS5 to enhance
cell proliferation, thereby acting as a dominant-negative form
to counteract CDK5-mediated oncogenic effects. The data
collectively suggested that CDKS5 promoted cell proliferation
in TC by targeting p21 for phosphorylation-dependent degra-
dation and that MT p21 can serve as a potential therapeutic
tool to inhibit CDKS5-driven tumor progression.
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Figure 2. CDKS5 downregulates p21 in TC cells. (A) Western blot analysis of p21 protein expression levels in BCPAP cells transfected with EV or a CDKS5
overexpression plasmid. Cells were treated with 50 pg/ml CHX for 0, 2, 4 or 6 h to inhibit protein synthesis. Short and long exposures of p21 are shown.
(B) Quantification of p21 protein levels. Data are presented as the fold change relative to time O for EV and CDKS5 transfected cells. (C) Western blot
analysis of p21 and CDKS protein expression levels in BCPAP cells transfected with EV or CDKS5, with or without treatment with 10 xM MG132 for 6 h.
(D) Quantification of p21 protein expression. Data are presented as fold change relative to EV-transfected mock-treated cells. (E) Immunofluorescence staining
of p21 (green) in BCPAP cells transfected with vector or CDKS, with or without MG132 treatment. The results indicate that CDK5 overexpression reduces
p21 levels in TC cells and this effect was reversed following proteasome inhibition. Scale bar, 20 ym. (F) Co-immunoprecipitation analysis of CDK5 and
p21 was performed to investigate the interaction between CDKS5 and p21 in thyroid cancer cells. Panels show the interaction of CDKS5 with WT p21 and MT
p21 following proteasome inhibition using MG132. Red arrows indicate the presence of p21 in the immunoprecipitated complex. (G) Cell counting assay was
performed to evaluate p21 WT and MT p21 on cell proliferation. For all blots, 3-actin was used as the loading control. Values are presented as the mean + SD
from three independent experiments. Data were compared using an unpaired Student's t-test. "P<0.05, “P<0.01, ““P<0.001. CDKS35, cyclin-dependent kinase;
5TC, thyroid cancer; EV, empty vector; HCX, cycloheximide; n.s., not significant; WT, wild-type; MT, SI30A mutant.

CDKS5 negatively regulates p21 expression in TC cells. To. mRNA and protein expression levels, as well as the effects
further elucidate the regulatory relationship between CDK5  of CDK5 knockdown were performed. RT-qPCR was used
and p21°™! in TC cells, several experiments examining to measure the mRNA expression levels of CDK5 in BCPAP
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Figure 3. CDKS5 negatively regulates p21 in TC cells. Reverse transcription-quantitative PCR analysis of (A) CDKS5 and (B) CDKNI1A mRNA expression in TC
cell lines BCPAP and TPC-1. (C) Western blot analysis of p21 and CDKS protein levels in BCPAP and TPC-1 cells treated with or without 10 zM MG132 for
6 h. (D) Western blot analysis of p21 and CDKS5 protein levels in TPC-1 and BCPAP cells transfected with shGFP or shCDKS5 (#1, #2, and #3). (E) Quantitative
analysis of CDK5 mRNA levels in both TPC-1 and BCPAP cells. Data are presented as the fold change relative to shGFP-transduced cells. The results
demonstrated that knockdown of CDKS5 increases p21 protein expression levels in TC cells. Values are presented as the mean + SD from three independent

experiments. Data were compared using an unpaired Student's t-test. ‘P<0.05, “P<0.01, ““P<0.001 vs. shGFP. CDK5, cyclin-dependent kinase; TC, papillary

thyroid cancer; sh, short hairpin; n.s., not significant.

and TPC-1 cells. The results showed markedly higher CDK5
mRNA expression in BCPAP cells compared with TPC-1
cells (Fig. 3A). In addition, TPC-1 cells had markedly higher
p21 mRNA expression levels than BCPAP cells (Fig. 3B).
Western blot analysis was performed to examine the protein
expression levels of CDKS5 and p21 in BCPAP and TPC-1
cells, both with and without MG132 treatment. In the absence

of MG132, TPC-1 cells showed higher levels of CDKS5 and
lower levels of p21 expression compared with BCPAP cells.
MG132 treatment increased p21 levels in both cell lines, but
the increase was more pronounced in TPC-1 cells, indicating
that CDKS5 promoted p21 degradation through the protea-
some pathway (Fig. 3C). In addition, TPC-1 and BCPAP cells
were transfected with shRNAs targeting CDKS5 (shCDKS5 #1,
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Figure 4. Analysis of TCGA data showing the clinical relevance of CDKS5 and p21 in thyroid cancer. (A) Scatter plot showing the correlation between CDKS5
and p21 mRNA expression in thyroid cancer samples from TCGA. Pearson correlation coefficient (r) and P-value are indicated. (B) Kaplan-Meier overall
survival analysis of patients with thyroid cancer stratified by high and low CDKS5 expression levels. (C) Kaplan-Meier overall survival analysis of patients
with thyroid cancer stratified by high and low p21 expression levels. Survival was compared using a log-rank test. (D) Pathological stage plot showing CDK5
expression levels across different stages of thyroid cancer. (E) Pathological stage plot illustrating p21 expression levels across different stages of thyroid cancer.
Pathological stage plots were obtained from GEPIA, and differential gene expression was analyzed by one-way ANOVA (https:/gepia.cancer-pku.cn/). Higher
CDKS expression was associated with poorer overall survival, while p21 expression was not markedly associated with survival outcomes. TCGA, The Cancer

Genome Atlas; CDKS, cyclin-dependent kinase.

shCDKJ5 #2 and shCDKS5 #3) or a control sShRNA (shGFP).
Following CDKS5 knockdown, p21 protein expression levels
were measured. Cells with CDKS5 expression knocked down
exhibited a significant increase in p21 levels compared with
the shGFP control (Fig. 3D and E). This indicated that CDKS5
negatively regulates p21 expression, as knockdown of CDKS5
led to an increase in p21 protein expression levels.

CDKS5 contributes to tumor malignancy in patients with TC.
To understand the clinical relevance of CDK35 and p21¢™!
expression in TC, data from TCGA were analyzed. The
analysis included correlation, survival, stage-specific expres-
sion and differential expression between tumor and normal
tissues. A scatter plot showing the correlation between CDK5
and p21 mRNA expression levels in TC samples is shown in
Fig. 4. The correlation coefficient (R) was 0.42, with a P-value
<0.03, indicating a significant correlation between CDK5 and
p21 expression in TC tissues (Fig. 4A). In addition, patients
with high CDK5 expression had worse overall survival
compared with those with low CDKS5 expression (Fig. 4B).
Conversely, patients with high p21 expression tended to have
improved overall survival (Fig. 4C), indicating a negative
correlation between CDKS5 and p21 expression. Violin plots
were used to show the expression levels of CDKS5 and p21
across different stages of TC. CDKS5 expression increases
with advancing cancer stage, showing a difference between

early-stage (Stage I/II) and late-stage cancer (Stage I111I/1V)
(Fig. 4D). However, p21 expression decreased with advancing
cancer stage, with a difference between early and late stages
(Fig. 4E). Analysis of data from TCGA revealed a significant
negative correlation between CDKS5 and p21 expression in TC,
supporting the experimental findings that CDKS5 negatively
regulated p21. Survival analysis indicated that high CDKS5
expression was associated with poorer overall survival,
while high p21 expression tended to be linked with improved
survival outcomes. Additionally, CDKS5 expression increased
and p21 expression decreased with advancing cancer stage,
suggesting their roles in TC progression. Differential expres-
sion analysis confirmed that CDKS5 was up-regulated and p21
was down-regulated in TC tissues compared with normal
tissues. These findings underscore the clinical relevance of
targeting the CDK5-p21 axis in TC treatment.

CDKS5 and p21 expression in TC specimens are correlated with
tumor aggressiveness. IHC staining was performed to assess
CDKS5 and p21 expression in TC specimens from 11 patients
(Fig. 5A). The expression profiles were analyzed in relation
to tumor stage, sex and malignancy features (TNM staging;
Table I and Data S1). In all cases, CDKS5 and p21 were localized
to the nuclei and cytoplasm of tumor cells. A distinct pattern
emerged where patients with more advanced TNM stages,
lymph node involvement, or recurrent tumors exhibited higher
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Figure 5. THC analysis of CDKS and p21 nuclear expression in papillary thyroid cancer patient specimens. (A) IHC staining for CDKS and p21 in patients with
thyroid cancer demonstrating the relationship between CDKS and p21 nuclear expression. Left panels, CDKS staining showed strong nuclear localization in
several patient samples, particularly in tumor cells. The nuclear expression of CDKS5 was more prominent in aggressive regions of the thyroid cancer samples,
suggesting a role in tumor proliferation. Right panels, p21 staining was inversely correlated with CDKS5. In samples where CDKS5 was strongly expressed in
the nucleus, p21 nuclear staining was weak or absent. Conversely, in areas were CDKS5 expression was low, p21 nuclear localization was more evident. This
expression pattern supported the hypothesis that CDKS negatively regulated p21 expression at the nuclear level, contributing to cancer cell cycle dysregulation
and malignancy. Scale bar, 50 ym. (B) The heatmap illustrates the correlation between nuclear CDK5 and p21 expression across multiple samples, with darker
red indicating higher CDKS expression and lower p21 levels. (C) Significant differences in expression patterns between groups with high CDK5/low p21 and
low CDK5/high p21 expression ("P<0.05). This suggested that elevated nuclear CDK35 was associated with decreased p21 expression, supporting the hypothesis
that CDKS promoted thyroid cancer progression. IHC, immunohistochemistry; CDKS, cyclin-dependent kinase.
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CDKS5 and lower p21 expression (Fig. 5 and Table I). Notably,
high CDKS expression, particularly in patients 2, 3 and 9, was
associated with more advanced-stage cancer (II, III and IVA)
and malignancy features such as recurrence and invasion into
surrounding structures. By contrast, moderate CDKS5 and
p21 expression were predominantly observed in early-stage
cancers (Stage I), such as in patients 1, 6, 7, 8 and 11, where
tumors remained smaller and confined to the thyroid. Notably,
high p21 expression, as seen in patient 5, was rare and may
suggest the presence of a unique tumor suppression pathway
(Fig. 5A, Table I and Data S1). A comparative analysis of
protein expression revealed that patients with more advanced
cancer had a predominance of high CDKS5 and low p21 expres-
sion, particularly in those with nodal involvement or invasive
features, while early-stage patients had higher expression levels
of p21 relative to CDKS (Fig. 5B and C). These observations
suggest a potential role of CDKS5 in promoting tumor progres-
sion and a tumor-suppressive function for p21, with differential
CDKS5 and p21 expression profiles (Fig. 5), serving as valuable
indicators for assessing tumor progression and identifying
high-risk patients.

Discussion

The results of the present study provided novel insights into the
role of CDKS5 and p21 in the progression and malignancy of
human TC. The interaction between CDKS5 and p21 was shown
to play a critical role in cell cycle regulation, impacting the
proliferation of cancer cells and consequently, the progression
of TC.

TC is the most prevalent type of thyroid malignancy,
representing ~80% of all TC cases (51,52). Despite its gener-
ally favorable prognosis, characterized by slow growth and a
high survival rate, a significant subset of patients presents with
aggressive disease (53). These aggressive forms are marked by
recurrence, resistance to treatment and distant metastases, which
substantially worsen patient outcomes (54-56). Understanding
the molecular mechanisms driving TC progression is vital for
developing more effective therapies.

CDKS35, a serine/threonine kinase, is known for its role in
neuronal development and function (2-4). However, its aberrant
activity has been increasingly linked to various types of cancer,
where it influences critical processes such as cell migration,
invasion and metastasis (57-59). CDKS5 exerts these effects
by interacting with various cellular proteins, including those
involved in cell cycle regulation (22,60,61). p21, a well-estab-
lished cyclin-dependent kinase inhibitor, serves as a crucial
tumor suppressor by inhibiting cell cycle progression and thereby
preventing uncontrolled cell proliferation (22). The degradation
of p21 can lead to the loss of cell cycle control, fostering an envi-
ronment conducive to tumor growth and malignancy (22,62).
In the context of TC, the interaction between CDKS5 and p21
has not been explored, to the best of the authors' knowledge.
Considering the role of CDKS5 in other types of cancer and the
findings of the present study, which show its interaction with
p21 across various cancer types (22), it was hypothesized that
CDKS5 may interact with p21 to regulate TC cell proliferation,
potentially contributing to the malignancy of TC.

The results of the present study demonstrated that CDK5
interacted with p21, specifically targeting the phosphorylation
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site at S130 and facilitated its ubiquitin-dependent degrada-
tion in TC cells. The regulation of p21 degradation is a highly
orchestrated process involving specific ubiquitin chain types
and recognition domains, which are critical for its proteasomal
targeting (63). The K48-linked polyubiquitin chains are the
primary signals for p21 degradation, facilitated by domains
such as the PIP box and KRR motif that enable interactions
with key E3 ubiquitin ligases (63). In TC, dysregulation of
these mechanisms may enhance p21 degradation, contributing
to unchecked proliferation and tumor progression. Upstream
regulatory factors, particularly those influencing CDKS5 acti-
vation, such as its co-activators p35 and p39 and oncogenic
signaling pathways such as PI3K/AKT and MAPK, probably
modulate the interaction between CDKS5 and p21 (64). These
pathways may influence CDKS5 activity through post-transla-
tional modifications, including phosphorylation of CDKS5 or
p21, altering their binding affinity and promoting p21 destabi-
lization (22,63,65). Furthermore, additional molecular partners
may facilitate p21 ubiquitination in TC; for example, PCNA
acts as a scaffold for CRL4%?-mediated p21 ubiquitination
during replication stress, while E3 ligases such as MDM?2 play
similar roles in other cellular contexts (66). The involvement
of deubiquitinates such as USP7 or USP10 further complicates
the regulation by counteracting ubiquitin-dependent degrada-
tion, stabilizing p21 under certain conditions. These molecular
interactions create a finely tuned balance of p21 levels, where
aberrant regulation can favor tumor progression. Exploring
these pathways in TC provides critical insights into the
mechanisms underlying p21 degradation and CDKS5 activity,
offering potential therapeutic opportunities to stabilize p21,
restore cell cycle regulation and inhibit CDKS5-driven onco-
genic processes (Fig. 6). Therefore, advanced bioinformatic
tools, such as AlphaFold 3.0 (50,67) were used to predict and
analyze the protein-protein interaction between CDKS5 and
p21. These predictions were experimentally validated using IP
assays, which confirmed the biochemical interaction between
CDKS5 and p21 in TC cells. Additionally, analysis of clinical
data from TCGA revealed a significant negative correlation
between CDKS5 and p21 expression levels in TC tissues. High
CDKS5 expression was associated with poor overall survival,
while high p21 expression was correlated with improved
survival outcomes. This suggested that CDKS5 contributes
to TC progression by potentially promoting the degradation
of p21, thereby enabling uncontrolled cell proliferation and
disrupting cell cycle regulation (Fig. 6).

In addition, the present study presented evidence linking the
expression of CDKS5 and p21 to TC progression, with specific
correlations to tumor aggressiveness, TNM stage, sex and age
from clinical specimens. Based on the data presented in Fig. 5,
several hypotheses can be discussed regarding these findings.
The results of the immunohistochemistry analysis suggested
a clear association between the expression of CDK5/p21 and
tumor stage. Patients with higher TNM stages, lymph node
metastasis, or recurrence (such as Patients 2 and 3) demon-
strated high CDKS5 and low p21 expression. In these patients,
CDKS5 may be contributing to the enhanced tumor invasive-
ness and metastatic potential, while the reduced expression of
p21, an inhibitor of cell cycle progression, could be facilitating
unchecked cellular proliferation. This observation supported
the hypothesis that CDKS5 functions as an oncogene in TC,
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Figure 6. Graphical abstract. The present study examined the interaction between CDK5 and the cyclin-dependent kinase inhibitor p21¢'*!. CDK35 promoted the
degradation of p21 through the ubiquitin-mediated pathways, thereby reducing the tumor-suppressive effects of p21. High CDKS levels were associated with
increased tumor malignancy and worse survival outcomes, while higher p21 expression was associated with an improved prognosis. TC stages and aggres-
sive tumors exhibit elevated CDKS5 and reduced p21 levels. This suggested that CDK5-mediated degradation of p21 contributed to TC progression. CDKS5,

cyclin-dependent kinase 5; TC, thyroid cancer.

promoting malignancy, while p21 acts as a tumor suppressor.
Patients with higher CDKS5 expression, particularly those with
advanced TNM staging, lymph node involvement, or recur-
rence, exhibited more aggressive tumor characteristics. These
findings suggested that CDKS5 promoted tumor progression,
invasion and metastasis, making it a potential therapeutic target
for aggressive TCs. Reduced p21 expression in more advanced
cases of cancer (such as Patients 2, 3, 9 and 10) may lead to
uncontrolled cell growth, contributing to tumor invasion and
metastasis. These results highlighted the importance of p21
in maintaining tumor suppressive activity. This supported the
hypothesis that an imbalance between CDKS5 and p21 may be
linked to cancer recurrence and the development of secondary
malignancies. In summary, the findings suggested that CDK5
and p21 played crucial roles in TC progression. High CDK5
expression correlated with aggressive tumor features, while
high p21 expression was associated with early-stage, less inva-
sive cancers. These observations provide a basis for further
investigation into the roles of CDKS5 and p21 as potential
therapeutic targets or prognostic biomarkers in TC, with
implications for patient stratification and treatment.

In the present study, how CDKS5 could serve as a novel
therapeutic target in TC by targeting p21 through degrada-
tion and altering tumor progression was shown. The observed
variability in p21 expression levels across different stages of
TC suggested its potential as a biomarker along with CDK5
expression status as another biomarker for disease progres-
sion and treatment response, enabling improved stratification

of patients based on their tumor biology. Furthermore, the
interplay between CDKS5 expression/activation and p21
stability highlighted the need for future studies to evaluate
small molecule inhibitors that specifically target CDKS5 or
its upstream regulators to inhibit CDKS5 activation or prevent
CDKS5-p21 interaction (22,65,68,69). This approach could be
particularly beneficial in the subset of patients with TC with
aggressive disease, where current treatments are less effective.
Future research should focus on developing small molecule
inhibitors of CDKS5 or exploring gene therapy approaches to
downregulate CDKS5 expression in TC cells (70). These strat-
egies could be tested in preclinical models to evaluate their
efficacy in halting TC progression. Additionally, combining
CDK35 inhibitors with existing therapies could potentially
enhance treatment outcomes (71-74), offering a novel avenue
for improving the prognosis of patients with advanced TC.
However, while the present study provided valuable insights
into the role of the CDK5-p21 axis in TC, there are certain
limitations to consider. First, the findings were based on
in vitro experiments, which, although useful for understanding
molecular mechanisms, might not fully reflect the complexity
of the tumor microenvironment or systemic factors observed
in clinical settings. Second, the study lacked animal experi-
ments, which are crucial for validating the in vitro findings and
understanding the physiological and pathological relevance of
the CDK5-p21 axis in vivo. Third, while the analysis included
11 patient cases, the sample size was relatively small, which
may limit the broader applicability of the findings. Finally, the
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detailed molecular mechanisms underlying CDK5-mediated
p21 ubiquitination, including the involvement of specific E3
ubiquitin ligases and regulatory pathways, remain to be fully
clarified and warrant further investigation, although the
CDK5-p21 interaction was identified in the present study.
Despite these limitations, the results laid a strong foundation
for future studies to further validate these findings in more
complex models and larger patient cohorts.

In conclusion, this study distinguished itself by examining
the role of CDKS5 in regulating p21 via phosphorylation at
the S130 site, a relatively unexplored mechanism in TC. This
specific phosphorylation event introduces an additional regu-
latory layer that markedly affects the stability and function
of p21, which has not been adequately addressed in TC. The
results of the present study highlighted the critical role of the
CDKS5-p21 interaction in TC and highlighted novel diagnostic
and therapeutic targets that could be exploited to improve
patient outcomes. Further exploration of CDKS5 inhibitors
in clinical settings may pave the way for more effective
treatments of this common yet often aggressive cancer.
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