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Nuclear ubiquitous casein and cyclin-dependent kinase substrate 1 (NUCKS1) is highly expressed in a variety of malig-
nant tumors and functions as an oncogene; however, its role in colorectal cancer (CRC) remains unclear. We aimed to 
explore the function and regulatory mechanisms of NUCKS1 and potential therapeutic agents targeting NUCKS1 in CRC. 
We knocked down and overexpressed NUCKS1 in CRC cells and explored its e�ects in vitro and in vivo. Flow cytom-
etry, CCK-8, Western blotting, colony formation, immunohistochemistry, in vivo tumorigenic, and transmission electron 
microscopy analyses were performed to determine the e�ects of NUCKS1 on CRC cell function. LY294002 was used to 
examine the mechanism of NUCKS1 expression in CRC cells. Potential therapeutic agents for NUCKS1-high CRC patients 
were analyzed using the CTRP and PRISM datasets, and the function of selected agents was determined by CCK-8 and 
Western blotting. We revealed that NUCKS1 was highly expressed in CRC tissues and clinically correlated with poor 
prognosis in CRC patients. NUCKS1 knockdown induces cell cycle arrest, inhibits CRC cell proliferation, and promotes 
apoptosis and autophagy. �ese results were reversed when NUCKS1 was overexpressed. Mechanistically, NUCKS1 exerts 
a cancer-promoting function by activating the PI3K/AKT/mTOR signaling pathway. �is was reversed when LY294002 
was used to inhibit the PI3K/AKT pathway. Furthermore, we determined that mitoxantrone exhibited high drug sensitivity 
in NUCKS1-overexpressing CRC cells. �is work demonstrated NUCKS1 plays a crucial role in CRC progression via the 
PI3K/AKT/mTOR signaling pathway. Additionally, mitoxantrone may be a potential therapeutic agent for CRC treatment. 
�erefore, NUCKS1 represents a promising anti-tumor therapeutic target. 
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Colorectal cancer (CRC) is the third most common 
cancer and accounts for approximately 6.1% of all cases [1]. 
By 2030, more than 2.2 million new cases and 1.1 million 
deaths are expected each year [2]. Currently, CRC therapy 
consists of local surgical resection, chemotherapy based on 
�uoropyrimidine monotherapy or multiple-drug treatment, 
immunotherapy, and targeted therapy [3]. However, tradi-
tional treatment options are limited, their e�cacy is poor, 
and the clinical application of pioneering immunotherapy 
also possesses certain limitations. �e 5-year survival rate of 
patients with advanced colorectal cancer is as low as 12.5%, 
and the prognosis is poor [4]. �erefore, there is an urgent 
need to identify new speci�c targets and useful biomarkers to 
better elucidate the pathogenesis of CRC and use these new 
targets for clinical treatment.

Nuclear casein kinase and cyclin-dependent kinase 
substrate 1 (NUCKS1) was discovered more than three 

decades ago [5] and can be hyperphosphorylated by kinases, 
cyclin-dependent kinases, and DNA-activated protein kinases 
[6]. NUCKS1 is highly expressed in various cancers. Studies 
have demonstrated that NUCKS1 expression is signi�cantly 
elevated in breast cancer [7, 8] and liver cancer [9]. Addition-
ally, NUCKS1 can a�ect the cell cycle and cell prolifera-
tion. For example, NUCKS1 is recruited to chromatin as a 
transcription factor and promotes tumor cell entry into the 
S phase [10]. NUCKS1 is associated with the progression 
and recurrence of cervical squamous cell carcinoma progres-
sion and recurrence [11]. NUCKS1 overexpression promotes 
xenogra� tumor growth [9, 12]. A recent report has demon-
strated that NUCKS1 inhibits autophagy and promotes cell 
proliferation in gastric cancer [13]. Moreover, NUCKS1 
enhances the proliferation and invasion of gastric cancer cells 
[14] and non-small cell lung cancer cells [12]. �ese �ndings 
suggest that NUCKS1 exhibits oncogenic properties, and 
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NUCKS1 has emerged as a promising biomarker for multiple 
cancers. However, the ability of NUCKS1 to exert the same 
effect in CRC and the mechanisms underlying the role of 
NUCKS1 in the context of CRC remain unknown.

Patients and methods

Patient tissue specimens. We obtained 13 paired CRC 
and paracancerous tissue samples from Xijing Hospital affili-
ated with the Air Force Medical University (Xi’an, China). All 
CRC patient specimens were confirmed by histopathology, 
and the patients did not receive anti-tumor treatment before 
surgery. All patients signed an informed consent form to 
participate in this study. Our study was ethically supported 
by the ethics committee of the Tangdu Hospital (Medical 
Ethics Committee approval number: No. 202203-109).

Cell culture. Human colorectal cancer cell lines were 
purchased from Procell Life Science & Technology Company 
(Wuhan, China). HCT116 and HT29 cells were maintained 
in McCoy’s 5A medium (HyClone, USA), DLD1 cells were 
cultured in RPMI-1640 medium (HyClone, USA), and 
SW480, SW1116, SW620, and LOVO cells were maintained 
in Dulbecco’s modified Eagle’s medium (HyClone, USA) 
supplemented with 10% fetal bovine serum (Gibco, USA) at 
37 °C in a humidified incubator with 5% CO2.

Plasmid transfection and lentiviral infection. The 
plasmids shNUCKS1#1 and shNUCKS1#2 and the negative 
control Plko.1-U6-shGFP-puro were purchased from Vigene 
Biosciences (Jinan, China). The human NUCKS1 gene was 
used to construct an overexpression plasmid (NUCKS1-OE) 
in p-CDH-CMV-EGFP-puro (Vigene Biosciences, Jinan, 
China). shRNA and overexpression plasmid transfections 
were performed using the HighGene transfection reagent 
(RM09014, Abclonal, Wuhan, China). Lentiviruses were 
packaged by co-transfecting HEK293T cells with the expres-
sion vector and packaging plasmids (pMD2G and psPAX2) 
according to the manufacturer’s instructions. The shRNA 
sequences used were as follows: shRNA#1: CCGGGTT-
GTTGATTACTCACAGTTTCTCGAGAAACTGTGAG-
TAATCAACAACTTTTTG; shRNA#2: CCGGCACTCAG-
CAGAGGATAGTGAACTCGAGTTCACTATCCTCTGCT-
GAGTGTTTTTG.

We used the viral supernatant to infect cells with the 
addition of 4 µg/ml polybrene (40804ES76; YEASEN, 
Shanghai, China). After 12 h, the cells were selected using 
6 μg/ml puromycin (13884; Cayman, USA). Finally, stable 
CRC cells were established.

Western blotting. Lysis of human CRC cell lines or 
tumor tissues was performed using RIPA buffer (Applygen, 
Beijing, China) supplemented with a cocktail of protease 
and phosphatase inhibitors (Roche, Branchburg, USA). 
SDS-PAGE (Beyotime, Shanghai, China) was used to 
separate the proteins that were then transferred onto PVDF 
membranes (IPVH00010, Millipore, USA). The PVDF 
membranes were blocked with 5% non-fat milk for 2 h. The 

sections were then incubated with primary antibodies at 4 °C 
overnight and with secondary antibodies for 1 h at room 
temperature. Finally, the protein bands were visualized using 
an ECL Western Blot Kit (Zhuangzhibio, Xi’an, China).

The primary antibodies that included anti-NUCKS1 
(12023-2-AP), anti-GAPDH (60004-1-Ig), anti-P62/
SQSTM1 (18420-1-AP), anti-CyclinA2 (66391-1-Ig), anti-
CyclinD1 (26939-1-AP), and anti-Bcl2 (12789-1-AP) 
were purchased from Proteintech of USA, anti-Cleaved 
PARP (Asp214) (#5625), anti-PARP (#9532), and anti-p-
H2AX(Ser139) (#9718), anti-AKT (#4691), anti-p-AKT 
(Ser-473) (#4060), anti-phospho-mTOR (Ser2448) (#5536) 
were purchased from Cell Signaling Technology of USA, anti-
mTOR (A11355), anti-LC3B (A19665), and anti-phospho-
EIF4EBP1 (Thr37/46) (AP0030), anti-4EBP1 (A19045) were 
acquired from ABclonal of China. The secondary antibodies 
that included HRP goat anti-rabbit IgG (AS014) and HRP 
goat anti-mouse IgG (AS003) were from ABclonal (China). In 
the detection of autophagy protein LC3B, autophagy inhibi-
tors Chloroquine (CQ, 20 µM; MCE, USA) and Aloxistatin 
(E64d, 10 µg/ml; Abcam, Cambridge, UK) were used.

Quantitative real-time PCR (q-PCR). Total RNA was 
extracted from the cells following the instructions of the M5 
Universal RNA Mini Kit (Mei5Bio, Beijing, China). We used 
the HiScript II Q RT SuperMix kit (Vazyme, Nanjing, China) 
to reverse transcribe RNA into cDNA, and ChamQ SYBR 
Qpcr Master Mix (Vazyme) was used to perform real-time 
PCR. The primers used for this study included: 

NUCKS1 (forward: 5’-GGGCAGTGAGGAAGAACAA-3’, 
reverse: 5’-TTGATGCCTTTGAAGCTGTG-3’) and GAPDH 
(forward:  5’-GGAGTCCACTGGCGTCTTCA-3’,  reverse: 
5’-GTCATGAGTCCTTCCACGATACC-3’).

Cell counting kit 8 (CCK-8). First, cells were seeded in 
96-well plates. For cell proliferation assays, 10 µL of CCK-8 
(7sea biotech, Shanghai, China) was added to each well at 6, 
24, 48, and 72 h. For cytotoxicity assays, cells were cultured 
for 24 h, different concentrations of mitoxantrone (MCE, 
USA) were added at 24, 48, and 72 h, then 10 µl CCK-8 was 
added into each well. After 2 h of incubation in the cell culture 
incubator, the absorbance was detected at 450 nm. Three 
independent experiments were conducted. Cell viability rate 
= [(experimental well blank well)/(control well blank well)] 
× 100%.

Colony formation assay. The collected cells were seeded at 
a density of 1,000 cells/well into 6-well plates. The PI3K/AKT 
pathway inhibitor LY294002 (Cell Signaling Technology, 
USA) was added to the cells at a concentration of 10 µM. 
After 12 days, the cells were fixed using methanol (Tianli, 
Tianjin, China) for 5 min and stained with 1% crystal violet 
(ZHHC, Shanxi, China) for 30 min. Finally, the cells were 
washed with running water to visualize colony formation 
ability. Three independent experiments were conducted.

Immunohistochemistry (IHC). The patient tissue speci-
mens and nude mouse subcutaneous tumor tissues were fixed 
in 4% paraformaldehyde (Servicebio, Wuhan, China) for 24 h 
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and then embedded in para�n. Experiments were performed 
according to the instructions of the rabbit SP kit (SP-9001; 
ZSGB-BIO, Beijing, China), and staining with anti-NUCKS1 
(1:100, 12023-2-AP; Proteintech, USA), anti-Ki67 (2 µg/ml, 
ab15581; Abcam, USA), anti-p-AKT (Ser-473) (1:50, #4060; 
Cell Signaling Technology, USA), and anti-phospho-mTOR 
(Ser2448) (1:50, #5536; Cell Signaling Technology, USA) was 
performed. Sodium citrate antigen retrieval solution (50×) 
(Solarbio, Beijing, China) and hematoxylin (Sbjbio, Nanjing, 
China) were used. �e sections were then washed with 1× 
PBS (Servicebio, Wuhan, China). ImageJ so�ware was used 
to count the positive signals.

Flow cytometry assay. For cell cycle distribution analysis, 
cells were cultured in 6-well plates for 24 h, collected, and 
then resuspended in cold 75% alcohol overnight at 4 °C. 
Cells were washed twice with 1× PBS and incubated with 
PI/RNase staining bu�er (BD Biosciences, USA) for 15 min. 
Finally, the stained cells were detected using �ow cytom-
etry (�ermo Fisher Scienti�c, USA) with cell cycle detec-
tion (BD FACSCalibur, USA). �e data were analyzed using 
ModFitLT so�ware.

For apoptosis analysis, cells were cultured in 6-well plates 
for 48 h, and the cells and supernatants were collected, 
centrifuged, and washed twice with 1× PBS. �e Annexin 
V-Alexa Fluor 647/7-AAD Kit (4A Biotech, Beijing, China) 
was used to stain the cells. We resuspended 1×105 cells in 
100 µl of 1× binding bu�er, added 5 µl of Annexin V/Alexa 
Fluor 647 and 10 µl of 7-AAD, and incubated the cells for 
5 min in the dark. Finally, 400 µl of 1× binding bu�er was 
added to the stained cells that were then detected using �ow 
cytometry (BD FACSCalibur, USA). �e maximum emission 
wavelengths of Annexin V-Alexa Fluor 647 and 7-AAD are 
668 nm and 647 nm, respectively, which are detected in the 
FL4 and FL3 channels of �ow cytometry. �e results were 
analyzed using FlowJo_V10. �ree independent experiments 
were conducted.

In vivo tumorigenic assay. Female BALB/c nude mice 
(6–8 weeks old, 18–22 g) were purchased from the Experi-
mental Animal Centre of Air Force Medical University 
(Xi’an, China) and maintained in an SPF environment. Each 
mouse was injected subcutaneously with colorectal cancer 
cells (3×106 HCT116 cells) to establish a CRC subcutaneous 
transplantation tumor model. Tumor volume was measured 
every three days using calipers (volume = length × width2 × 
0.5). A�er three weeks, the mice were euthanized, and the 
tumor tissues were collected and weighed. Finally, the tumor 
tissues were �xed and preserved in 4% paraformaldehyde. 
All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Tangdu Hospital. 
(Number: 20220730).

Potential therapeutic agents for high NUCKS1 CRC 
patients. We used two approaches, Cancer �erapeutics 
Response Portal (CTRP, https://portals.broadinstitute.org/
ctrp) and PRISM Repurposing dataset (https://depmap.org/
portal/prism/) to identify candidate agents for CRC patients 

with high NUCKS1. �en we performed Spearman rank 
correlation analysis between NUCKS1 and AUC value to 
identify agents with negative correlation coe�cient (R<–0.20 
for CTRP and PRISM, p<0.05). We screened �ve agents via 
CTRP and nine agents via the PRISM dataset. �e lower the 
AUC value as a measure of drug sensitivity, the higher the 
drug sensitivity to treatment. Di�erential agents sensitivity 
between NUCKS1-low (bottom decile) and NUCKS1-high 
(top decile) was analyzed via the Wilcox rank sum test 
to identify agents with lower estimated AUC values in the 
former (log2FC>0.1).

Statistical analysis. �e data are expressed as “mean ± 
SD” and were analyzed using GraphPad Prism 8.0 and SPSS 
Statistics 25.0. �e di�erences between two groups were 
analyzed using Student’s t-test, and one-way ANOVA was 
used for comparisons among three or more groups. Pearson 
correlation analysis was used to assess the association 
between NUCKS1 and Ki-67 positive areas in CRC tissue 
specimens. Statistical tests were two-tailed, and a p-value 
<0.05 was considered statistically signi�cant.

Results

NUCKS1 expression is upregulated in CRC and is 
signi�cantly correlated with poor patient prognosis. �e 
gene expression of NUCKS1 in di�erent human cancer 
tissues was analyzed using the ONCOMINE database, 
and the results indicated that NUCKS1 mRNA levels were 
signi�cantly higher in eleven cancer tissues comprising 
colorectal cancer (CRC) compared to levels in the corre-
sponding normal tissues (Figure 1A). TCGA RNA-seq data 
from TIMER revealed that NUCKS1 mRNA expression 
was remarkably higher in multiple tumors, including colon 
adenocarcinoma (COAD) (Figure 1B). �e expression of 
NUCKS1 in CRC was further assessed using TCGA data, 
and it was observed that NUCKS1 was remarkably overex-
pressed in CRC tissues compared to levels in normal tissues 
(Figures 1C, 1D). IHC staining of CRC patient tissue speci-
mens con�rmed that NUCKS1 was upregulated in tumor 
tissues and downregulated in normal tissues (Figure 1E). 
We also evaluated NUCKS1 protein levels in tissues from 
13 CRC patients by western blotting and observed that the 
ratio of patients with high expression of NUCKS1 in tumor 
tissues to those with high expression of NUCKS1 in normal 
tissues was 9/4, and this further indicated that NUCKS1 
was highly expressed in CRC tumor tissues (Figure 1F). �e 
human CRC cell lines HT29, HCT116, LOVO, and SW620 
expressed NUCKS1 at higher levels than did DLD1, SW480, 
and SW1116 cells at the protein level (Figure 1G). Moreover, 
these cells exhibited a relatively high expression of NUCKS1 
at the RNA level (Figure 1H). �e expression distribution 
of NUCKS1 mRNA in di�erent cell lines obtained from the 
CCLE dataset [15] also revealed that NUCKS1 was highly 
expressed in di�erent CRC cell lines (Figure 1I). Di�erential 
expression of NUCKS1 with di�erent clinical characteris-
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Figure 1. NUCKS1 was overexpressed in CRC, and NUCKS1 expression was associated with poor prognosis in CRC patients. A) �e expression of 
NUCKS1 in various human cancer tissues from the Oncomine database. B) �e expression levels of NUCKS1 in di�erent tumor types. C) �e NU-
CKS1 mRNA expression from TCGA RNA-seq data using Xiantao Academic. D) �e expression of NUCKS1 in normal tissues and CRC tissues us-
ing UALCAN. E) �e IHC staining of NUCKS1 in normal and tumor tissues. F) �e protein levels of NUCKS1 in tissues from 13 CRC patients. �e 
numbers under the bands indicate relative protein expression levels. G) �e levels of NUCKS1 in CRC cell lines. H) �e mRNA level of NUCKS1 in 
CRC cell lines. I) �e NUCKS1 mRNA expression in di�erent CRC cell lines from the CCLE dataset. J) �e correlation of NUCKS1 expression with 
nodal metastasis status from TCGA in UALCAN. K) �e correlation of NUCKS1 expression with individual cancer stages from TCGA in UALCAN. 
L–M) Kaplan-Meier analysis of the association between NUCKS1 expression and OS (Overall Survival) (L), or DSS (Disease Free Survival) (M) in CRC. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001



276 Liao-Liao ZHU, et al.

tics detected by UALCAN indicated that NUCKS1 expres-
sion was markedly correlated with nodal metastasis status 
(Figure 1J) and individual cancer stages (Figure 1K). Subse-
quently, we analyzed the prognostic assessment value of 
NUCKS1 expression in GSE17536 from TCGA using the Cox 
proportional hazards model and Kaplan-Meier analysis, the 
results con�rmed that high NUCKS1 expression was associ-
ated with poorer OS (p=0.017) and shorter DSS (p=0.0022) 
in the context of CRC (Figures 1L, 1M). Collectively, these 
results suggest that NUCKS1 is highly expressed in CRC and 
is associated with poor prognosis in patients with CRC.

NUCKS1 promotes CRC cell proliferation in vitro and in 
vivo. To determine the e�ects of NUCKS1 on CRC cell prolif-
eration, we �rst analyzed gene enrichment pathways using 
NUCKS1 ChIP-Seq data [16]. In the top 20 identi�ed gene 
ontology biological process (GO BP) clusters, NUCKS1 and 
regulation of the mitotic cell cycle were highly interrelated 
(Figure 2A). We then stably silenced NUCKS1 in wild-type 
human CRC cells (HCT116 and HT29) using short hairpin-
mediated RNA interference (shNUCKS1), and western 
blotting (Figure 2B) and q-PCR (Figure 2C) detection 
indicated that intracellular NUCKS1 levels were signi�cantly 
reduced. Meanwhile, we generated SW480 and DLD1 cells 
overexpressing NUCKS1 (NUCKS1-OE). NUCKS1 expres-
sion was detected by western blotting (Figure 2D) and q-PCR 
(Figure 2E), both of which indicated that NUCKS1 was 
successfully overexpressed compared to levels in the control 
(NC). Subsequently, we tested the e�ect of NUCKS1 on the 
cell cycle, and �ow cytometry analysis revealed that NUCKS1 
functions during the G1/S transition. NUCKS1 knockdown in 
HCT116 and HT29 arrested cells in the G1 phase and inhib-
ited S phase entry (Figures 2F–2G). NUCKS1 overexpres-
sion in SW480 and DLD1 cells promoted the transition from 
G1 to S phase (Figures 2H, 2I). To elucidate the mechanism 
by which NUCKS1 a�ects the cell cycle, we examined the 
protein levels of CyclinD1 and CyclinA2 which are essential 
cell cycle regulators and play key roles in cell cycle progres-
sion [17]. As expected, the levels of cyclin D1 and cyclin A2 
were decreased in NUCKS1-silenced HCT116 and HT29 cells 
(Figure 2J). �e levels of two proteins were notably increased 
in the cells overexpressing NUCKS1 (Figure 2K). 

Moreover, CCK-8 assay results indicated that NUCKS1 
knockdown inhibited the proliferative activity of HCT116 

and HT29 cells (Figure 2L). And overexpression of NUCKS1 
signi�cantly promoted cell proliferation over a 72 h culture 
period (Figure 2M). Consistent with the proliferation data, 
the knockdown of NUCKS1 signi�cantly reduced the colony-
forming ability of both cell lines (Figure 2N). �e NUCKS1 
overexpression increased the colony formation ability of cells 
(Figure 2O).

HCT116 cells were subcutaneously injected into BALB/c 
nude mice to study the role of NUCKS1 in vivo. Tumor weight 
was lower in the NUCKS1 silencing group than it was in the 
negative control group (shNC), and NUCKS1 knockdown 
suppressed tumor growth (Figures 2P, 2R). �e correlation 
between NUCKS1 and Ki-67 was further analyzed using 
TCGA database in GEPIA, and NUCKS1 and Ki-67 were 
signi�cantly positively correlated (Figure 2S). Furthermore, 
we detected NUCKS1 and Ki-67 expression in mouse tumor 
tissues. IHC staining of tumor tissues for NUCKS1 and Ki-67 
indicated that Ki-67 was downregulated in the NUCKS1-
silenced group (Figure 2T). Among the collected specimens 
from CRC patients, eight specimens were randomly selected 
for serial sectioning, and the results of IHC staining indicated 
that when NUCKS1 was highly expressed, Ki-67 was also 
highly expressed in the patient specimens. Additionally, the 
proportion of positive areas of NUCKS1 and Ki-67 were 
positively correlated (Figure 2U). Collectively, our �ndings 
suggest that NUCKS1 promotes cell cycle progression and 
CRC cell proliferation, and NUCKS1 knockdown reduces 
CRC cell tumorigenesis.

NUCKS1 suppresses apoptosis of CRC cells. Numerous 
physiological processes require co-regulation of proliferation 
and apoptosis [18]. Apoptosis exerts an important impact on 
the occurrence, development, and drug resistance of tumors 
[19]. �us, to further examine the role of NUCKS1 in CRC 
cells, �ow cytometry was used to analyze the role of NUCKS1 
in cell apoptosis. We determined that the knockdown of 
NUCKS1 enhanced apoptosis in HCT116 and HT29 cells 
(Figures 3A, 3B). Additionally, we observed that NUCKS1-
overexpressing SW480 and DLD1 cells exhibited signi�-
cantly reduced apoptosis compared to that of the NC group 
(Figures 3C, 3D). We then tested the expression of apoptosis-
related proteins using western blotting. As observed, in 
HCT116 and HT29 cells knockdown of NUCKS1 markedly 
promoted the conversion of PARP to cleaved PARP, the 

Figure 2. NUCKS1 promoted CRC cell proliferation and tumor growth. A) �e GO enrichment analysis of NUCKS1 ChIP-Seq data (accession code 
GSE58100). B) �e NUCKS1 expression was measured using western blotting in two constructed stable CRC cells. C) �e mRNA levels of NUCKS1 
in two cells were measured using q-PCR. D) �e protein levels of NUCKS1 in the constructed stable cells SW480 and DLD1. E) �e mRNA levels of 
NUCKS1 in two CRC cells. F–I) Representative images (le�) and quanti�cation of cell cycle distribution (right). J–K) �e levels of CyclinD1 and Cy-
clinA2 were detected by western blotting. �e numbers under the bands indicate relative protein expression levels. L) CCK-8 assays for HCT116 and 
HT29 cells expressing shNUCKS1#1, shNUCKS1#2, or shNC. M) CCK-8 assays in stable NUCKS1-overexpressing SW480 and DLD1 cells. N) Colony 
formation assays for shNUCKS1 and shNC cells. O) Colony formation assays in NUCKS1 overexpression and NC cells. P) Representative images 
of tumors formed subcutaneously in nude mice with 7 mice per group. Q) �e tumor weights were measured a�er the observation experiments. R) 
Tumor volumes were measured every three days a�er tumors were observed on day six, and tumor growth curves were plotted. S) �e correlation of 
NUCKS1 and Ki67 in CRC from TCGA data in GEPIA. T) Expression of NUCKS1 and Ki-67 in mice tumor tissue sections was determined by IHC. U) 
�e tissue samples of CRC patients were stained with NUCKS1 and Ki-67. Typical IHC images stained with NUCKS1 and Ki-67 were presented (le�), 
and correlation analysis of these two proteins was presented (right). Magni�cation: ×200 and ×400, scale bars 50 µm and 20 µm, respectively. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001
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anti-apoptotic protein Bcl-2 was decreased, and the p-H2AX 
that is crucial in the response to DNA damage [20] was 
remarkably increased in shNUCKS1#1 and shNUCKS1#2 
cells (Figures 3E, 3F). Consistent with the above results, we 
observed that in NUCKS1-overexpressing SW480 and DLD1 
cells, the protein levels of cleaved PARP and p-H2AX were 
lower than were those in the NC group and that Bcl-2 was 
higher than that in the NC group (Figures 3G, 3H). �ese 
results suggest that NUCKS1 inhibits apoptosis in CRC cells.

NUCKS1 inhibits CRC autophagy activation. Similar to 
apoptosis, autophagy represents an important cellular physi-
ological response in the context of cancer [21–23]. KEGG 
enrichment analysis of the NUCKS1 ChIP-Seq data demon-
strated that the related genes were markedly enriched in 
colorectal cancer pathways and were highly correlated with 
autophagy (Figure 4A). As the lipidated form (LC3BII) of 
LC3B correlates with autophagosome abundance and P62 is 
a marker of autophagy inhibition [24, 25], we estimated the 
levels of LC3BII and P62. Increased LC3BII and decreased 
p62 expression were detected in NUCKS1-silenced HCT116 
and HT29 cells (Figure 4B) while NUCKS1-overexpressing 
SW480 and DLD1 cells exhibited lower LC3BII and higher 
P62 levels compared to levels in the NC group (Figure 
4C). To further understand the regulation of autophagy 
by NUCKS1, we analyzed the regulation of autophagy by 
NUCKS1 in CRC cells treated with autophagy inhibitors 
such as chloroquine (CQ) and E64d. CQ has been reported 
to interrupt autophagy by inhibiting the acidi�cation of the 
lysosome [26]. We tested the levels of LC3BII with or without 
CQ in NUCKS1-silenced HCT116 and HT29 cells and also 
in NUCKS1-overexpressing SW480 and DLD1 cells. We 
observed that the expression of LC3BII was increased in 
CRC cells treated with CQ for 8 h compared to levels in 
cells without CQ, while in CQ-treated cells, the expression 
of LC3BII remained higher in the shNUCKS1 group than it 
was in the shNC group (Figures 4D, 4E). Correspondingly, 
in CQ-treated cells, the expression of LC3BII was lower 
in the NUCKS1 overexpression group than it was in the 
NC group (Figures 4F, 4G). In addition, we found that the 
ratio of LC3BII/LC3BI (the higher the ratio, the higher the 
autophagy level) in the NC group in Figure 4C was lower 
than that in the NC group without CQ treatment in Figure 
4F and Figure 4G. �e occurrence of autophagy is a dynamic 
process [27]. �erefore, we believed that this may be caused 
by the di�erent time of collecting SW480 and DLD1 cells. 
�e cells in Figure 4C were collected and extracted proteins 
a�er 24 h of culture, while the cells in Figure 4F and 
4G continued to be cultured for 8 h a�er 24 h of culture. 
Moreover, CRC cells were treated with E64d, another 
agent that inhibits autophagy by inhibiting lysosomes [28], 
and the results revealed that CRC cells treated with E64d 
for 24h expressed higher levels of LC3BII than did cells 
without E64d. In CRC cells treated with E64d, the expres-
sion of LC3BII was considerably increased in the NUCKS1 
knockdown group, and LC3BII was notably reduced in the 

NUCKS1 overexpression group (Figures 4H–4K). Addition-
ally, NUCKS1-silenced HCT116 and HT29 cells displayed 
more autophagosomes with double-membrane vacuoles 
than did shNC cells (Figures 4L, 4M, 4P, 4Q). However, 
NUCKS1-overexpressing SW480 and DLD1 cells exhibited 
fewer autophagosomes than did the NC group (Figures 4N, 
4O, 4R, 4S). �ese results indicated that NUCKS1 reduces 
autophagosome accumulation in CRC cells.

NUCKS1 promotes CRC progression by activating the 
PI3K/AKT/mTOR signaling pathway. Based on the above 
e�ects of NUCKS1 on the CRC cell phenotype, we further 
explored the molecular mechanism by which NUCKS1 
regulates CRC cells. �e PI3K/AKT/mTOR signaling pathway 
is activated in most human cancers [29]. �is pathway 
regulates tumor cell proliferation, growth, survival, and 
angiogenesis and plays a crucial role in colorectal carcinogen-
esis [30]. �erefore, western blotting was used to detect the 
key molecules of the PI3K/AKT/mTOR signaling pathway. 
We determined that the ratios of p-AKT/AKT, p-mTOR/
mTOR, and p-4EBP1/4EBP1 were signi�cantly reduced in 
NUCKS1-silenced HCT116 and HT29 cells compared to 
those in shNC cells (Figures 5A, 5B). �e protein 4EBP1 is 
a downstream mediator of mTOR and is an important factor 
in the synthesis of certain oncogenic proteins [31]. Simul-
taneously, we observed that the ratios of the same proteins 
were markedly upregulated in NUCKS1-overexpressing 
SW480 and DLD1 cells (Figures 5C, 5D). Furthermore, IHC 
staining of nude mice tumor tissues for p-AKT and p-mTOR 
in the shNC and NUCKS1-silenced groups revealed reduced 
levels of p-AKT and p-mTOR in the shNUCKS1 group 
(Figure  5E). �ese data indicate that NUCKS1 functions 
through the PI3K/AKT/mTOR signaling pathway. To further 
con�rm this, we treated NUCKS1-overexpressing SW480 
and DLD1 cells with LY294002, a typical PI3K/AKT pathway 
inhibitor that decreases the expression levels of p-AKT [32]. 
A�er treatment with LY294002, the ratio of p-AKT/AKT was 
decreased compared to that in the NUCKS1-overexpressing 
group (Figures 5F–5H).

Next, colony formation assay and CCK-8 assay were 
performed to examine the proliferation of CRC cells when 
p-AKT levels were downregulated by LY294002. �e results 
indicated that NUCKS1 overexpression promoted the ability 
to form colony formation and increased cell prolifera-
tion; however, when p-AKT was reduced by LY294002, cell 
proliferation was inhibited (Figures 5I–5M). Concurrently, 
apoptosis was considerably increased in LY294002-treated 
NUCKS1-overexpressing SW480 and DLD1 cells compared 
to that in untreated cells (Figures 5N, 5O). Additionally, 
increased LC3BII and reduced P62 levels were observed 
in LY294002-treated cells compared to levels in untreated 
cells, thus suggesting increased autophagy when p-AKT 
was decreased (Figures 5P, 5Q). �ese results indicate that 
NUCKS1 promotes CRC proliferation and inhibits apoptosis 
and autophagy by activating the PI3K/AKT/mTOR signaling 
pathway.
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Figure 3. NUCKS1 inhibited cell apoptosis. A, B) HCT116 and HT29 cells were collected a�er 48h, and apoptosis was detected by �ow cytometry. C, 
D) Apoptosis of SW480 and DLD1 cells was detected using �ow cytometry. E, F) �e levels of cleaved PARP, Bcl-2, and p-H2AX were detected using 
western blotting in shNC and NUCKS1-silenced HCT116 and HT29 cells. G, H) Apoptosis-related proteins were also assessed in NC and NUCKS1-
overexpressing SW480 and DLD1 cells. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Mitoxantrone is a potential therapeutic agent for CRC 
patients with high NUCKS1 expression. Based on our 
conclusion that NUCKS1 promotes CRC progression, we 

evaluated and identi�ed potential therapeutic agents that are 
sensitive to NUCKS1. Referring to the methods presented in 
existing studies [33], the identi�cation of agents with higher 
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Figure 4. NUCKS1 inhibited the autophagy pathway in CRC cells. A) �e KEGG enrichment analysis of NUCKS1 ChIP-Seq data (accession code 
GSE58100). B) �e protein levels of LC3BII and P62 in NUCKS1-silenced HCT116 and HT29 cells. �e numbers under the bands indicate relative pro-
tein expression levels. C) Western blotting detected the expression of LC3BII and P62 in SW480 and DLD1 cells overexpressing NUCKS1. D–E) West-
ern blotting was used to examine the expression of LC3BII in NUCKS1-silenced HCT116 and HT29 cells that were treated with chloroquine (20 μM) 
for 8 h. F, G) �e protein levels of LC3BII were examined in NUCKS1-overexpressing SW480 and DLD1 cells treated with chloroquine (20 μM) for 8 h 
or in cells that were not treated with chloroquine. H, I) �e protein levels of LC3BII were detected in NUCKS1-silenced HCT116 and HT29 cells treated 
with E64d (10 μg/ml) for 24 h. J, K) Western blotting detected the levels of LC3BII in NUCKS1-overexpressing SW480 and DLD1 cells treated with 
E64d (10 μg/ml) for 24 h. L, M) Transmission electron microscopy was used to indicate the numbers of autophagosomes in NUCKS1-silenced HCT116 
and HT29 cells. N, O) Autophagosomes were observed by transmission electron microscopy in NUCKS1-overexpressing SW480 and DLD1 cells. �e 
structure indicated by the red arrow is the autophagosome. Scale bar = 1 μm. P, Q) Statistical analysis was performed to calculate the number of au-
tophagosomes in NUCKS1-silenced HCT116 and HT29 cells as indicated by transmission electron microscopy. R, S) �e number of autophagosomes 
was calculated in NUCKS1-overexpressing SW480 and DLD1 cells as indicated by transmission electron microscopy. *p<0.05, **p<0.01, ***p<0.001
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Figure 5. NUCKS1 promoted CRC progression by regulating the PI3K/AKT/mTOR signaling pathway. A, B) Western blotting was used to detect the 
levels of critical proteins in the PI3K/AKT/mTOR signaling pathway a�er NUCKS1 knockdown (le�). �e ratio of relative protein level (right). C, D) 
�e expression of relevant proteins in the PI3K/AKT/mTOR signaling pathway a�er NUCKS1 overexpression (le�). �e ratio of relative protein level 
(right). E) �e nude mice tumor tissues were stained with p-AKT and p-mTOR. Magni�cation: ×200 and ×400, scale bars 50 µm and 20 µm, respec-
tively. F–H) �e levels of p-AKT in NUCKS1-overexpressing SW480 and DLD1 cells treated with LY294002 (10 µM) or in untreated cells (F). Quanti-
�cation of the results in F (G–H). I–K) Cell proliferation was assessed by colony formation assay. Representative images (I), and quanti�cation of the 
images (J–K). L, M) Cell growth ability was detected by CCK-8 assay. N, O) Flow cytometric analysis of apoptosis in NUCKS1-overexpressing SW480 
and DLD1 cells a�er treatment of LY294002 (10 µM) for 1 h. Representative images (le�) and quantitative analysis (right). P, Q) �e expression levels 
of P62 and LC3BII were assessed by western blotting. Quantitative analysis of relative protein level (right). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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sensitivity in CRC patients with high NUCKS1 expression was 
performed using two di�erent approaches (Figure 6A). We 
used CTRP- and PRISM-derived drug response data. Spear-
man’s correlation analysis between NUCKS1 expression and 
AUC value was used to select agents with a negative corre-
lation coe�cient (Spearman’s R<–0.20). Five CTRP-derived 
and nine PRISM-derived compounds were identi�ed. �e 
estimated AUC values for the identi�ed compounds were 
analyzed in the NUCKS1-high and NUCKS1-low groups, 
and we observed that the compounds in the NUCKS1-high 
group exhibited a lower estimated AUC value, thus implying 
higher drug sensitivity (Figures 6B, 6C).

Furthermore, among these compounds, mitoxan-
trone was selected to examine its therapeutic e�ect in the 
context of CRC. Mitoxantrone has been used clinically 
as an anticancer drug for di�erent types of cancer such as 
breast cancer, prostate cancer, leukemia, and lymphoma 
[34, 35]. First, we analyzed the relative viabilities of CRC 
cell lines under di�erent concentrations of mitoxantrone 
at 24 h, 48 h, and 72 h by CCK-8 assay, and we determined 
that the cell relative viability gradually decreased with longer 
treatment time and higher concentrations of mitoxantrone 
(Figures 6D–6G). Based on these results, we chose mitoxan-
trone concentrations of 4 µM and 8 µM, and the treatment 
time was established as 48h to examine the e�ect of mitoxan-
trone on NUCKS1 knockdown and overexpression in cells. 
�e CCK-8 assay was used to detect the relative viability 
of NUCKS1-silenced HCT116 and HT29 cells treated with 
mitoxantrone, and the results a�er normalized calculations 
indicated that NUCKS1 knockdown cells exhibited higher 
relative viability a�er mitoxantrone treatment than did shNC 
cells (Figures 6H, 6I). However, NUCKS1-overexpressing 
SW480 and DLD1 cells exhibited lower relative viability a�er 
mitoxantrone treatment than did NC cells (Figures 6J, 6K). 
Moreover, Western blotting demonstrated that mitoxantrone 
induced the cleavage of PARP that was reduced in NUCKS1 
knockdown HCT116 and HT29 (Figures 6L, 6M), and the 
ratio was remarkably upregulated in NUCKS1-overex-
pressing SW480 and DLD1 cells compared to levels in the 
NC (Figures 6N, 6O). Taken together, these data suggest that 
CRC patients with high NUCKS1 levels exhibit a higher drug 
sensitivity to mitoxantrone that represents a potential future 
clinical therapy.

Collectively, our study demonstrates that NUCKS1 
promotes CRC cell proliferation, inhibits cell apoptosis, and 
suppresses autophagy by activating the PI3K/AKT/mTOR 
signaling pathway. Mitoxantrone is a potential therapeutic 
agent for CRC patients exhibiting high NUCKS1 expression 
(Figure 6P).

Discussion

NUCKS1 acts as a tumor-promoting factor in di�erent 
cancers, however, its role in the context of CRC remains 
unclear. Our study revealed that NUCKS1 is a crucial 

regulator of CRC progression. From in vivo studies, we deter-
mined that NUCKS1 knockdown in CRC cells inhibited their 
subcutaneous tumor growth in nude mice, and this is consis-
tent with previous research �ndings [9, 11]. In vitro studies 
have also demonstrated that NUCKS1 overexpression in 
CRC cells promotes proliferation and suppresses apoptosis.

A previous study has indicated that NUCKS1 is a key 
molecule in the checkpoint pathway for the G1/S transi-
tion [10]. �erefore, western blotting and �ow cytometry 
were used to investigate cell cycle progression. We observed 
that NUCKS1 overexpression enhanced the protein levels of 
CyclinA2 and CyclinD1 and promoted the G1/S transition. 
Uncontrolled cell proliferation caused by cell cycle dysregu-
lation is a hallmark of cancer [36]. We further detected cell 
proliferation using CCK-8 and colony formation assays, and 
the results revealed that NUCKS1 overexpression promoted 
CRC cell proliferation.

Apoptosis and proliferation are intimately coupled [37]. 
Previous studies have demonstrated that Bcl2 is a key protein 
regulating cell apoptosis. High expression of Bcl2 can inhibit 
cell apoptosis, accelerate cell growth, and lead to the occur-
rence of malignant tumors [38, 39]. p-H2AX plays a key role 
in controlling DNA repair [40, 41]. PARP is activated by 
caspases-3 and caspases-7 that facilitate PARP cleavage which 
is considered a key feature of apoptosis [42, 43]. We examined 
the e�ect of NUCKS1 on apoptosis in CRC cells by using 
these marker proteins. �e results con�rmed that the levels 
of p-H2AX and cleaved-PARP were signi�cantly decreased, 
while Bcl2 levels were increased in NUCKS1-overexpressing 
CRC cells. �us, our data suggest that NUCKS1 promotes 
CRC cell proliferation and inhibits apoptosis.

Similar to apoptosis, autophagy is responsible for 
maintaining cellular homeostasis [44]. Autophagy plays 
di�erent roles at di�erent stages of cancer development. 
In the early stages of tumorigenesis, autophagy serves as 
a positive pathway to inhibit cancer progression. Once 
tumors are advanced and subjected to environmental stress, 
autophagy drives tumor survival and growth [45]. A recent 
study demonstrated that NUCKS1 could inhibit autophagy 
through the mTOR-Beclin1 pathway [13]. Next, we evaluated 
the e�ect of NUCKS1 on cell autophagy. LC3B plays a key 
role in autophagy progression and is widely used to assess 
autophagic activity [46]. Lipidated LC3B recruits P62 to 
autophagosomes, and P62 is essential for the degradation of 
protein aggregates and peroxisomes by autophagy [47, 48]. 
�erefore, we examined the expression levels of LC3B and 
P62. Lysosomal inhibitors such as CQ and E64d have been 
used to block autophagy in vitro. CQ inhibits autophagy 
primarily by impairing autophagosome-lysosome fusion 
[49]. Phosphatidylethanolamine-conjugated LC3B which is 
known as LC3BII accumulates in cells when CQ or E64d is 
present to inhibit autophagy [50]. Our study suggests that 
NUCKS1 knockdown signi�cantly increased autophagy. 
Cells were �xed, and auto phagolysosomes were detected 
by transmission electron microscopy imaging. �e results 



NUCKS1 PROMOTES COLORECTAL CANCER PROGRESSION 283

Figure 6. Identi�cation of drugs with greater sensitivity in CRC patients with high NUCKS1 expression. A) Schematic representation of the strategy 
for identifying candidate drugs. B) Analysis of �ve CTRP-derived compounds. C) Analysis of nine PRISM-derived compounds. D–G) �e cell relative 
viability in response to di�erent concentrations (2, 4, 8, 10, and 12 µM) of mitoxantrone at 24 h, 48 h, and 72 h according to CCK-8 assay. H, I) �e 
cell relative viability of NUCKS1 knockdown cells treated with mitoxantrone was detected by CCK-8 assay. J, K) CCK-8 assay was used to assess the 
cell relative viability of NUCKS1-overexpressing cells treated with mitoxantrone. L–O) �e levels of cleaved PARP were examined by Western blotting 
a�er treatment with mitoxantrone for 48 h. �e relative protein level was assessed in NUCKS1 knockdown cells (L–M), and the relative protein level 
was assessed in NUCKS1-overexpressing cells (N–O). P) Schematic diagram of NUCKS1 promoting CRC progression. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001
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indicated that auto phagolysosomes were highly decreased in 
NUCKS1-overexpressing CRC cells.

Recent studies have elucidated the intersection of 
autophagy, apoptosis, and cellular homeostasis regulatory 
circuits [51]. For example, in a variety of important signaling 
pathways that include PI3K, AKT, and mTOR could suppress 
apoptosis and inhibit autophagy through signaling stimula-
tion. When the PI3K signaling pathway is downregulated, 
autophagy or apoptosis may be induced [52]. Previous 
studies have revealed that the PI3K/AKT/mTOR pathway 
is involved in regulating cellular events such as promoting 
tumor growth, progression, motility, and invasion [53–55]. 
Furthermore, the PI3K/AKT/mTOR pathway is essential in 
the development as well as in the acquisition of drug resis-
tance of colorectal cancer [30]. mTOR is a key protein in the 
PI3K/AKT/mTOR pathway that regulates tumor cell growth, 
proliferation, autophagy, and protein synthesis. �e protein 
4EBP1 is the best-characterized substrate of mTOR and can 
regulate protein synthesis that is closely related to cell growth 
and cell cycle regulation [56]. �erefore, we examined 
the expression levels of p-AKT, p-mTOR, and p-4EBP1. 
LY294002 is a speci�c inhibitor of the PI3K/AKT pathway 
[57]. In this study, when we used LY294002 to inhibit p-AKT 
levels in NUCKS1-overexpressing CRC cells, cell prolifera-
tion was decreased, and cell apoptosis and autophagy were 
both increased compared to levels in untreated NUCKS1-
overexpressing CRC cells. From these data, we conclude 
that NUCKS1 promotes CRC progression by activating the 
PI3K/AKT/mTOR signaling pathway. Next, we will study 
the downstream molecules regulated by NUCKS1 and their 
mechanism of action to identify better targets for the treat-
ment of CRC.

Finally, we identi�ed potentially highly sensitive drugs 
that could target NUCKS1. Five drugs (cucurbitacin I, 
ABT-737, PI-103, PD318088, austocystin D) were identi-
�ed via CTRP and nine drugs (mitoxantrone, GZD824, 
teniposide, vindesine, LY2606368, combretastatin-A-4, 
vinblastine, dolastatin-10, colchicine) were identi�ed via 
PRISM. Based on this analysis, we selected mitoxantrone, 
a chemotherapeutic agent that has been approved for 
various diseases [58]. Mitoxantrone has exhibited promising 
clinical e�cacy in various malignant tumors, and its clinical 
response rate is higher when combined with other standard 
drugs [34]. �us, we further explored the role of mitoxan-
trone in NUCKS1 knockdown and overexpression CRC 
cells. Consistent with this analysis, mitoxantrone exhibited 
higher drug sensitivity in NUCKS1-overexpressing CRC 
cells. Moreover, we observed that mitoxantrone can in�u-
ence CRC cell morphology; however, the exact mechanism 
remains unclear. Next, we will perform animal experiments 
using mitoxantrone treatment and elucidate its mechanism 
of action. Given that the response rate of mitoxantrone 
monotherapy was lower than that of combination therapy 
according to previous studies [59], we will further explore 
the e�ect of mitoxantrone in combination with chemo-

therapy drugs such as oxaliplatin and 5-�uorouracil or 
capecitabine for the treatment of CRC.

In summary, our study suggests that NUCKS1 promotes 
CRC cell proliferation, inhibits apoptosis, and suppresses 
autophagy by activating the PI3K/AKT/mTOR signaling 
pathway. For NUCKS1 high-expression CRC patients, 
mitoxantrone may represent a promising clinical therapeutic 
agent.
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