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Abstract
Background  Prostate Tumor Overexpressed 1 (PTOV1) is overexpressed and associated with malignant phenotypes 
in various types of tumors. However, the detailed roles of PTOV1 and its underlying mechanism in CRC remain unclear.

Methods  The clinical significance of PTOV1 was assessed in clinical databases and CRC samples. The effects of 
PTOV1 on the tumor-associated phenotypes of CRC were detected by several in vitro assays and in vivo mouse 
models. Immunoprecipitation (IP) combined with protein mass spectrometry and Co-Immunoprecipitation (Co-IP) 
was used to identify p53 interacting with PTOV1. Immunofluorescence assay, western blot and transmission electron 
microscopy (TEM) analysis were used to evaluated the effects of PTOV1 on autophagy.

Results  Here, we revealed that PTOV1 was highly expressed in human CRC tissues, especially at advanced stages, 
and associated with reduced survival time among CRC patients. The upregulated PTOV1 promoted cell proliferation, 
migration, invasion, tumor growth and metastasis of CRC cells in vitro and in vivo. At the molecular level, PTOV1 
destabilized p53 by activating autophagy and recruiting p53 for the cargo receptor SQSTM1 directed autophagic 
degradation. There was a negative expression correlation between PTOV1 and p53 in CRC tissues. Moreover, p53 
overexpression or SQSTM1 knockdown reversed the pro-tumor phenotypes of PTOV1 in CRC.

Conclusion  Our study unveils the oncogenic role of PTOV1 in CRC progression, which was achieved by promoting 
SQSTM1 directed autophagic degradation of p53. These findings highlight the potential of targeting the PTOV1-
SQSTM1-p53 axis as a therapeutic approach for CRC.
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Introduction
Colorectal cancer (CRC) is the second leading cause of 
cancer related deaths, and its incidence is increasing rap-
idly worldwide [1, 2]. It is of great significance to clarify 
the mechanisms underlying CRC tumorigenesis and pro-
gression, and develop novel therapeutic targets. Prostate 
Tumor Overexpressed 1 (PTOV1), first identified in a dif-
ferential screening for gene expression in prostate cancer, 
is overexpressed and associated with malignant pheno-
types in various types of tumors, such as epithelial ovar-
ian cancer, breast cancer and liver cancer [3–6]. PTOV1 
is proposed to be a potential therapeutic target for pan-
cancer treatment. However, the detailed roles of PTOV1 
and its underlying mechanism in CRC remain elusive.

The transcription factor p53, a critical tumor sup-
pressor, is activated and induces efficient cell death in 
cancer cells upon various stresses [7, 8]. The expression 
and activity of p53 are under exquisitely fine regulation 
in normal cells [9]. However, the loss of function (p53 
mutants) or abnormal degradation of p53 is a common 
event and is considered to be a crucial driver of tumori-
genesis, especially in CRC [10, 11]. Ubiquitin-proteasome 
and autophagy-lysosome are two main pathways involved 
in controlling cellular protein stability [12]. p53 can be 
degraded through both proteasome and autophagy-lyso-
some pathways [13, 14]. The proteasome-dependent deg-
radation of p53 is well established. A series of E3 ligases, 
such as MDM2 [15], COP1 [16], and TRIM21 [17], are 
reported to participate in the ubiquitination regula-
tion of p53. However, little is known about the upstream 
molecules that mediate the degradation of p53 through 
autophagy.

Here, we found that PTOV1 was upregulated in CRC 
tumor tissues and associated with poor clinical out-
comes of CRC patients. Functional studies demonstrated 
that PTOV1 facilitated tumor growth and metastasis in 
CRC. Mechanistically, overexpression of PTOV1 induced 
autophagy and recruited p53 for autophagic degradation, 
a process mediated by autophagy receptor SQSTM1. 
PTOV1 expression was negatively associated with p53 in 
CRC tissues. Moreover, PTOV1 promoted CRC progres-
sion in a SQSTM1-dependent manner. This work uncov-
ered the functional roles and mechanisms of PTOV1 in 
promoting CRC progression, which might provide new 
targets for CRC treatment.

Methods
Antibodies and reagents
The primary antibodies and reagents used in this study 
were as showed in Table S1.

Cell lines and transfection
HEK293T cells and human colorectal cancer cell lines 
HCT116, RKO, LoVo and DLD-1 were purchased from 

the American Type Culture Collection (ATCC). These 
cell lines were all cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco) supplemented with 10% fetal 
bovine serum (FBS, PAN Biotech) and maintained in 
a cell humidified incubator at 37  °C with 5% CO2. Cells 
were transfected with plasmids using Lipofectamine 3000 
(Invitrogen) according to the manufacturer’s instruc-
tions. Briefly, plate cells could be 70–90% confluent at 
the time of transfection, prepare plasmid DNA & siRNA-
lipid complexes and add DNA-lipid complexes to cells, 
cell was harvested and analyzed after transfection for 
48 h.

Plasmids construction
Human PTOV1 was amplified from cDNA library 
of HCT116 cells and cloned into pLenti-CMV-puro, 
pcDNA3.1/Myc-His, pFLAG-CMV or HA-CMV vec-
tors, respectively. PTOV1 truncations (pFLAG-CMV-
PTOV11 − 234 and pFLAG-CMV- PTOV1253 − 416) were 
constructed on the basis of pFLAG-CMV-PTOV1 plas-
mid by using polymerase chain reaction (PCR) method. 
Human p53 cDNA was amplified from cDNA library of 
HEK293T cells and cloned into HA-CMV or pLenti-neo 
vectors. p53 truncations (HA-p531 − 94, HA-p5395 − 393, 
HA-P5395 − 292) were constructed based on HA-p53 plas-
mid. shRNAs targeting human SQSTM1, PTOV1 or 
non-specific control shRNA were designed and inserted 
into pLKO.1-puro or pLKO.1-neo lentiviral vectors. All 
plasmids used in this study were confirmed by DNA 
sequencing. The primer sequence for plasmids construc-
tion in this study were listed in Supplemental Table S2.

Lentiviral transduction
HEK293T cells were co-transfected with indicated len-
tiviral vector, psPAX2 and pMD2.Gplasmids to produce 
lentiviral particles. The supernatant containing lentivi-
ral particles was harvested at 48–72 h post transfection. 
CRC cells were infected with lentiviral particles and fur-
ther selected by puromycin (Selleck, 1 µg/mL) or neomy-
cin (Beyotime, 300 µg/mL) for 1 weeks. The knockdown 
and overexpression efficiency of PTOV1 was validated by 
western blot. The shRNA sequences used in this study 
were listed in Supplemental Table S3.

Western blot analysis
Total proteins were extracted by RIPA lysis buffer (Bey-
otime) supplemented with protease inhibitors (MCE), 
and phosphatase inhibitors (MCE). Then the cell lysates 
were scraped, lysed on ice for 30 min and centrifuged at 
12,000  rpm for 10–15  min. The supernatants were col-
lected and the protein concentration was determined by 
the BCA kit (Thermo Scientific). 30ug amount of pro-
tein was added with protein loading buffer (ACE) and 
denatured at 100  °C for 10  min, then separated by 12% 
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SDS-PAGE (Epizyme) and transferred to nitrocellulose 
membranes (Pall). The nitrocellulose membranes were 
blocked with 5% skim milk (Epizyme) for 1  h at room 
temperature and incubated with indicated primary 
antibodies overnight at 4 ℃. The dilution of antibodies 
were as follows: GAPDH (1:5000), GFP-tag (1:2000),,C-
MYC (1:1000), Flag-tag (1:2000), HA-tag (1:2000), p62/
SQSTM1 (1:4000); LC3 (1:2000); ATG7 (1:1000), ULK1 
(1:1000), E-cadherin (1:1000), N-cadherin (1:1000), 
CyclinD1 (1:1000), β-catenin (1:2000), PI3K (1:1000) 
AKT (1:1000), p-β-catenin (1:1000), p-PI3K (1:1000), 
p-AKT (1:1000), PTOV1 (1:1000), p53 (1:200). After 
incubating with appropriate HRP-coupled secondary 
antibodies (1:5000) for 1 h at room temperature, the sig-
nals were detected by the chemiluminescence system 
(Odyssey, USA).

Co-immunoprecipitation analysis
CRC cells transfected with indicated plasmids were col-
lected and lysed with western & IP lysis buffer (Beyotime) 
containing protease inhibitor. The supernatant of cell 
lysates was incubated with 2 ug indicated antibodies at 
4 °C overnight. Subsequently, protein A/G agarose beads 
(Santa Cruz Biotechnology) were added to incubation for 
another 2  h. After being washed by washing buffer for 
three times, the beads were boiled at 98 °C for 10 min in 
protein loading buffer and then subjected to western blot 
analysis.

Liquid chromatograph-mass spectrometry (LC-MS) analysis
FLAG-PTOV1 stably overexpression CRC cells were col-
lected and lysed with Western & IP lysis buffer contain-
ing protease inhibitor. The supernatant of cell lysates was 
incubated with 2 ug anti-FLAG antibody at 4  °C over-
night. Subsequently, protein A/G agarose beads were 
added to incubation for another 2 h. After being washed 
by washing buffer for three times, the immunoprecipi-
tated proteins were eluted and then subjected to liquid 
chromatograph-mass spectrometry (LC-MS) analysis.

Immunofluorescence assay
For immunofluorescent staining, cells were fixed with 
4% paraformaldehyde, permeabilized with 0.5% Triton 
X-100 for 10  min (Sigma), blocked with 10% FBS (PAN 
Biotech), followed by staining with the indicated pri-
mary antibodies (1:100) overnight at 4℃ and secondary 
antibodies (1:200) for 1  h at room temperature. Sub-
sequently, Hoechst 33,342 (1:1000) was used to stain 
nuclei for 5 min at room temperature. The photographs 
were imaged with a laser-scanning confocal microscope 
(Zeiss, USA).

Transmission electron microscopy (TEM) analysis
HCT116 cells were fixed with 2.5% glutaraldehyde (pH 
7.4) for 2 h at 4 °C and 1% OsO4 (pH 7.2) at room tem-
perature for another 1.5  h. Then cells were dehydrated 
in a graded series of ethanol, embedded into ultracut 
(Leica UC7) and sectioned to 60 nm. Ultrathin sections 
were stained with uranyl acetate and lead citrate, then 
observed with an electron microscope (FEI Tecnai G20, 
USA).

EdU-DNA synthesis assay
BeyoClick™ EdU-594 (Beyotime) & BeyoClick™ EdU-488 
(Beyotime) was used to assess the proliferation ability 
of CRC cells. The EdU solution was added for 2 h. After 
removal of the medium, the cells were fixed and perme-
ated by 0.3% Triton X-100. Subsequently, the cells were 
incubated with Click reaction solution at room temper-
ature for 30  min. Hoechst 33,342 (1:1000) was used to 
stain nuclei. The photographs were imaged with a laser-
scanning confocal microscope (Olympus).

Transwell assay
For migration and invasion transwell assay, 1.0 × 104 CRC 
cells was resuspended in 200 ul DMEM without serum 
and seeded in the upper chambers (Corning Inc.,3342) 
without or with matrigel matrix (BD Science). The lower 
chamber was added with 500 ul DMEM supplied with 
10% FBS. After maintained in a cell humidified incuba-
tor for appropriate duration, cells were fixed and stained 
with 0.1% crystal violet, and the number of migrated cells 
was determined under microscope.

Cell colony formation assay
CRC cells (500 cells/well) were seeded in 12-well plates 
and cultured for 10 days to generate colonies. The colo-
nies were fixed for 30 min and stained with 0.1% crystal 
violet. The number of colonies was quantified.

Animal studies
All animal experiments performed in this study 
were approved by the Ethics Committee of the first 
affiliated hospital of Zhengzhou University (ZZU-
LAC20240719[03]). All mice were housed under specific 
pathogen-free conditions.

For subcutaneous tumor model, 8-week-old Balb/c 
nude mice were anesthetized and subcutaneously 
injected with indicated CRC cells (1 × 106 cells/100 uL 
PBS). Tumor volume was measured every 2 days and 
calculated. 21 days after injection, the mice were eutha-
nized and the tumors were harvested, weighed and pho-
tographed. For the survival analysis of tumor-bearing 
mice, the tumor-bearing mice would be removed from 
the study (termination) when the tumor volume reached 
to 1.5 cm3.
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For liver metastasis model, 8-week-old Balb/c-nude 
mice were anesthetized and intrasplenically injected with 
indicated CRC cells (1 × 106 cells/100 uL PBS). The spleen 
was resected 5 min later. 2 weeks post injection, the mice 
were euthanized and the livers were isolated for counting 
visible metastatic foci. Histologically hematoxylin eosin 
(H&E)-staining was further applied to confirm the meta-
static foci.

For lung metastasis model, 8-week-old Balb/c-nude 
mice were injected with indicated CRC cells via tail veins. 
3 weeks post injection, the mice were euthanized and the 
lungs were isolated for counting visible metastatic foci. 
Histologically hematoxylin eosin (H&E)-staining was fur-
ther applied to confirm the metastatic foci.

Immunohistochemistry staining
The colorectal cancer tissue microarray (HColA180Su21, 
OUTDO, Shanghai) containing 94 cases was purchased 
from Shanghai Outdo Biotechnology. Human CRC tis-
sues or mice xenograft tumor tissues were fixed in 4% 
formaldehyde solution, embedded with paraffin, and 
sectioned. For immunohistochemical (IHC) stain-
ing, the sections were stained with primary antibod-
ies against Ki67 (1:5000) or Caspase 3 (1:200), followed 
with HRP-conjugated secondary antibodies (Dako). 
3,3-diaminobenzidine (DAB, Dako) was used for chro-
mogen development and hematoxylin for counterstain. 
IHC staining was scored based on the product of stain-
ing intensity. Human colorectal cancer specimens used 
in this study was approved by Human Ethics Commit-
tee of the first affiliated hospital of Zhengzhou university 
and written informed consents were obtained from all 
patients (2024-KY-2337).

Statistical analysis
All data were analyzed by GraphPad Prism 8.0 and shown 
as means ± standard deviation (SD) or means ± standard 
error of mean (SEM). Unpaired Student’s t-tests were 
used to compare quantitative data between two groups. 
One-way ANOVA analysis was performed in mul-
tiple groups. Kaplan-Meier method was used to obtain 
survival curves. P < 0.05 was considered statistically 
significant.

Results
PTOV1 is upregulated in CRC and associated with poor 
clinical outcomes
To assess the clinical significance of PTOV1 in CRC, 
we analyzed its expression in a CRC tissue microarray. 
PTOV1 expression was found to be higher in CRC tis-
sues (n = 94) compared to adjacent tissues (n = 82) and 
positively correlated with tumor stages according to 
the American Joint Committee on Cancer (AJCC) cri-
teria (Fig.  1A-D). Kaplan-Meier analysis revealed that 

elevated PTOV1 expression was significantly associated 
with shorter overall survival (OS) in CRC (Fig. 1E). The 
upregulated expression of PTOV1 in CRC tissues was 
confirmed by western blot and RT-PCR in paired CRC 
tissues and peritumoral tissues (Fig.  1F-H). We further 
evaluated the prognostic effects of PTOV1 in CRC from 
clinical databases. Consistently, PTOV1 expression was 
elevated in tumor tissues (compared to adjacent non-
cancerous tissues) and metastasis lesions (compared to 
primary tumor) in TCGA and GSE81558 database, and 
positively associated with poor OS and relapse-free sur-
vival (RFS) of CRC patients (Fig.  1I-K; Figure S1A-D). 
These results suggest that PTOV1 may function as an 
oncogene in CRC progression.

PTOV1 promotes the proliferation, migration and invasion 
abilities of CRC cells in vitro
To explore the biological functions of PTOV1 in CRC, 
we performed gain- or loss- of function studies by stably 
overexpressing or knockdown PTOV1 in CRC cell lines. 
The efficiency of PTOV1 overexpression and knockdown 
were detected by western blot (Fig. 2A-B). We performed 
colony formation, CCK8 and EdU assays to evaluate the 
impact of PTOV1 on CRC cell growth and proliferation 
abilities. The results showed that PTOV1-overexpress-
ing CRC cells had higher proliferation rate than control 
cells (Fig. 2C, E; Figure S2A, B, E). By contrast, the pro-
liferation rate was remarkably reduced in PTOV1 stably 
knockdown cells (Fig.  2D, F; Figure S2C, D, F). Tran-
swell assays showed that the cell migration and invasion 
abilities were also increased in PTOV1-overexpressing 
cells (Fig.  2G; Figure S2G) and decreased in PTOV1 
silenced cells (Fig.  2H; Figure S2H). Moreover, PTOV1 
up-regulated the mesenchymal markers (N-cadherin and 
vimentin) and proliferation related markers (c-MYC and 
CyclinD1), while down-regulated the epithelial marker 
(E-cadherin) in CRC cells (Fig.  2I-J). Collectively, these 
results demonstrate that PTOV1 promotes the prolifera-
tion, migration and invasion abilities of CRC cells.

PTOV1 promotes tumor growth and metastasis of CRC cells 
in vivo
We next examined the effect of PTOV1 on pathological 
progression of CRC in vivo. We established a xenograft 
model by subcutaneous injection of PTOV1 stably over-
expression or knockdown CRC cells in nude mice. The 
tumor growth rate and tumor weight in the PTOV1 over-
expression group were markedly increased compared to 
the control group (Fig.  3A-C). Conversely, knockdown 
of PTOV1 resulted in a decreased tumor growth rate 
and terminal tumor weight (Fig.  3D-F). Immunohisto-
chemical staining showed that overexpression of PTOV1 
upregulated the expression of proliferation marker 
Ki67 and downregulated the apoptosis related marker 
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Fig. 1  PTOV1 is upregulated in CRC and correlated with unfavorable prognosis. (A) Representative images of PTOV1 immunohistochemistry staining in 
tumor (n = 94) and adjacent normal tissues (n = 82) in CRC tissue microarray. Scale bars, 200 μm for 5 x and 100 μm for 10 x magnification. (B) Quantifica-
tion of mean density of PTOV1 staining in tissue microarray from (A). ***, P < 0.001. (C) Representative images of PTOV1 immunohistochemistry staining 
in early stage (stage I/II, n = 59) tissues and late stage (stage III/IV, n = 35) tissues in CRC tissue microarray. Scale bars, 200 μm for 5 x and 100 μm for 10 
x magnification. (D) Quantification of mean density of PTOV1 staining in tissue microarray from (C). ***, P < 0.001. (E) Kaplan–Meier survival analysis of 
overall survival (OS) based on PTOV1 expression in CRC tissue microarray. P = 0.0012. (F) Western blot analysis of PTOV1 expression in 18 paired CRC tissues 
and peritumoral tissues collected by us. (G) RT-PCR analysis of PTOV1 mRNA expression in 30 paired CRC tissues collected by us. ***, P < 0.001. (H) RT-PCR 
analysis of PTOV1 mRNA expression in primary tumor and adjacent normal tissues collected by us. ***, P < 0.001. (I) Analysis of PTOV1 mRNA expression 
in primary tumor (n = 453) and adjacent normal tissues (n = 41) in TCGA database. ***, P < 0.001. (J) Analysis of PTOV1 mRNA expression in 41 paired CRC 
tissues in TCGA database. ***, P < 0.001. (K) Kaplan–Meier survival analysis of overall survival (OS) based on PTOV1 expression in TCGA database. P = 0.0214
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Fig. 2  PTOV1 promotes CRC progression in vitro. (A) Western blot analysis of PTOV1 expression in PTOV1 stably overexpression HCT116 and DLD1 cells. 
(B) Western blot analysis of PTOV1 expression in PTOV1 stably knockdown LoVo and RKO cells. (C) The colony formation assay of PTOV1 stably overexpres-
sion HCT116 and DLD1 cells. **, P < 0.01. (D) The colony formation assay of PTOV1 stably knockdown LoVo and RKO cells. **, P < 0.01. (E) The CCK8 assay 
of PTOV1 stably overexpression HCT116 (left panel) and DLD1 cells (right panel). ***, P < 0.001. (F) The CCK8 assay of PTOV1 stably knockdown LoVo (left 
panel) and RKO cells (right panel). ***, P < 0.001. (G) The migration and invasion assay of PTOV1 stably overexpression HCT116 (upper panel) and DLD1 
cells (lower panel). The average number of cells per field were calculated. n = 3 samples per group, four fields per sample. **, P < 0.01; ***, P < 0.001. (H) 
The migration and invasion assay of PTOV1 stably knockdown RKO (upper panel) and LoVo cells (lower panel). The average number of cells per field were 
calculated. n = 3 samples per group, four fields per sample. **, P < 0.01; ***, P < 0.001. (I) Western blot analysis of c-MYC, CyclinD1, N-cadherin, E-cadherin, 
and Vimentin expression in PTOV1 stably overexpression HCT116 and DLD1 cells. (J) Western blot analysis of c-MYC, CyclinD1, N-cadherin, E-cadherin, and 
Vimentin expression in PTOV1 stably knockdown LoVo and RKO cells
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Fig. 3  PTOV1 promotes CRC progression in vivo. (A-C) PTOV1 stably overexpression or control HCT116 cells were subcutaneously injected into nude 
mice. Representative tumor sizes (A), tumor growth curves (B), and tumor weight (C) are shown. n = 5 per group; Scale bar, 50 mm. ***, P < 0.001. (D-F) 
PTOV1 stably knockdown or control LoVo cells were subcutaneously injected into nude mice. Representative tumor sizes (D), tumor growth curves (E), 
and tumor weight (F) are shown. n = 5 per group; Scale bar, 50 mm. ***, P < 0.001. (G-H) The representative immunohistochemical staining of Ki67 and 
Caspase-3 in xenograft tumor from PTOV1 stably overexpression (G) or PTOV1 stably knockdown (H) groups. Scale bar, 100 μm. (I) Kaplan–Meier analysis 
of tumor-bearing nude mice with subcutaneous injected with PTOV1 stably overexpression and control HCT116 cells. P < 0.01. (J) Kaplan–Meier analysis 
of tumor-bearing nude mice with subcutaneous injected with PTOV1 stably knockdown and control LoVo cells. P < 0.01. (K-M) PTOV1 stably overexpres-
sion and control HCT116 cells were injected into nude mice via spleen. The representative hematoxylin and eosin (H&E) images (K), quantification of 
metastatic foci (L) and liver weight (M) were shown. n = 5 per group. Scale bars (K, upper panel), 1 cm; Scale bars (K, lower panel), 100 μm. **, P < 0.01. 
(N-P) PTOV1 stably knockdown and control LoVo cells were injected into nude mice via spleen. The representative hematoxylin and eosin (H&E) images 
(N), quantification of metastatic foci (O) and liver weight (P) were shown. n = 5 per group. Scale bars (N, upper panel), 1 cm; Scale bars (N, lower panel), 
100 μm. **, P < 0.01; ***, P < 0.001
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Caspase-3, whereas PTOV1 knockdown had the opposite 
effects (Fig. 3G-H). Moreover, the survival rate was lower 
in PTOV1 overexpression group and higher in PTOV1 
knockdown group than that of the control groups 
(Fig. 3I-J). To validate the results that PTOV1 promoted 
migration and invasion of CRC cells in vitro, we con-
structed lung and liver metastasis mouse model by tail-
vein or spleen injection of CRC cells. The results showed 
that PTOV1 overexpression significantly promoted the 
lung and liver metastasis (Fig. 3K-M, Figure S3A-C) while 
PTOV1 knockdown suppressed the metastasis in vivo 
(Fig.  3N-P). Altogether, these data indicate that PTOV1 
facilitates tumor growth and metastasis of CRC cells in 
vivo.

p53 is a binding partner of PTOV1
To gain insight into the molecular mechanism underlying 
the oncogenic effect of PTOV1 in CRC, we performed 
an immunoprecipitation-coupled mass spectrometry 
screening (Fig. 4A). Interestingly, p53 was identified as a 
potential interacting partner of PTOV1 (Fig. 4B). PTOV1 
and p53 exhibited marked colocalization in the nucleus 
(Fig. 4C), and their physical interaction was confirmed by 
reciprocal co-immunoprecipitation (Co-IP) experiments 
(Fig. 4D). To determine the functional domain of p53 that 
bound to PTOV1, we generated a series of p53 trunca-
tions and performed the Co-IP experiments with PTOV1 
(Fig.  4E). The result showed that full length p53 and its 
truncated forms with the central DNA binding (p53C) 
domain mediating the binding of p53 to DNA [18], could 
interact with PTOV1, while the truncations lacking p53C 
domain completely abolished the interaction (Fig.  4G). 
PTOV1 mainly contains two highly homologous domains 
(66% identity) identified as A domain (146 amino acids) 
and B domain (143 amino acids) [19] (Fig. 4F). To deter-
mine which domain was responsible for the interaction 
with p53, we co-immunoprecipitated p53 with either 
full length PTOV1 or the truncated forms (PTOV11 − 234 
and PTOV1253 − 416) and found that the truncation 
(PTOV11 − 234) containing A domain was able to inter-
act with p53 (Fig.  4H). We also investigated the effects 
of PTOV11 − 234 on CRC progression. The results showed 
that PTOV11 − 234 was able to promote cell proliferation, 
migration and invasion in CRC (Figure S4A-F).

PTOV1 promotes the degradation of p53 by autophagy
We next wondered whether the expression of PTOV1 or 
p53 was affected by their interactions. Western blot assay 
showed that overexpression of PTOV1 decreased p53 
protein levels in CRC cell lines (Fig. 5A). We transfected 
CRC cells with increasing amount of PTOV1 plasmid 
and found that the protein levels of p53 were markedly 
decreased with increasing PTOV1 plasmid concentra-
tion (Fig. 5B, Figure S5A). Conversely, the accumulation 

of p53 was observed upon PTOV1 knockdown in CRC 
cells (Fig.  5C). The cycloheximide chase assay showed 
that overexpression of PTOV1 significantly accelerated 
p53 protein degradation (Fig.  5, Figure S5B). To deter-
mine the degradation pathways of p53 upon PTOV1 
overexpression, we treated the control or PTOV1 over-
expression cells with the proteasome inhibitor MG132 
or autophagy inhibitor Chloroquine (CQ). Of note, the 
negative regulation of p53 by PTOV1 overexpression 
could be restored by CQ, but not the proteasome inhibi-
tor MG132, suggesting that PTOV1 promotes the deg-
radation of p53 by autophagy (Fig. 5E-F, Figure S5C-D). 
Moreover, inhibiting autophagy by ULK1 or ATG7 siR-
NAs, as well as with wortmannin, also reversed PTOV1’s 
negative regulation of p53 (Fig. 5G-H, Figure S5E). Trans-
mission electron microscopy (TEM) analysis showed that 
PTOV1-overexpressing cells displayed more autophago-
some-like structures than control cells (Fig. 5I). PTOV1 
overexpression also increased the number of GFP-LC3B 
puncta, enhanced endogenous LC3B-II accumulation 
and decreased SQSTM1/p62 protein levels, suggesting 
that autophagy was activated upon PTOV1 overexpres-
sion (Fig. 5J, Figure S5F-G). Consistently, PTOV1 knock-
down could efficiently suppress autophagy (Fig.  5K). 
To further demonstrate PTOV1’s effect on autophagic 
flux, we utilized the GFP-mCherry-LC3B plasmid that 
expressed green and red fluorescence proteins simulta-
neously to label autophagosomes and autophagosomes-
lysosomes with red and yellow fluorescence, respectively 
[20]. PTOV1 overexpression increased the number of 
both autophagosomes and autophagosomes-lysosomes in 
HCT116 cells (Fig. 5L). Collectively, these results indicate 
that PTOV1 promotes the autophagic degradation of p53 
in CRC cells.

PTOV1 promotes CRC progression via decreasing p53 
expression
To determine whether p53 was involved in PTOV1’s 
modulation on CRC progression, we performed func-
tional rescue experiments in PTOV1 stably overexpres-
sion CRC cells. Overexpression of p53 substantially 
abrogated the enhanced cell proliferation and metastasis 
abilities in PTOV1 overexpressed CRC cells in vitro, as 
well as the regulation of the EMT markers (E-cadherin, 
N-cadherin and Vimentin) and proliferation related 
markers (c-MYC and CyclinD1) (Fig. 6A-C; Figure S6A-
F). p53 overexpression also reversed the increased tumor 
volumes and weights induced by PTOV1 overexpression 
in subcutaneous tumor model (Fig.  6D-F). Immuno-
histochemical staining showed that the upregulation of 
Ki67 and downregulation of Caspase-3 in PTOV1 over-
expression group were abolished upon p53 overexpres-
sion (Fig.  6G). These data demonstrated that PTOV1 
promoted CRC progression through decreasing p53 
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Fig. 4  PTOV1 binds to p53. (A) The schematic diagram of the screening for PTOV1 interacting proteins. (B) HCT116 cells were transfected with empty 
vector or Flag-PTOV1. Cell lysates were immunoprecipitated with anti-FLAG antibody. p53 was identified via mass spectrometry. (C) Immunofluores-
cence assay of PTOV1 and p53 in DLD1 or HCT116 cells. Representative confocal microscopy images were shown. Scale bars, 5 μm. (D) HCT116 cells 
were co-transfected with Flag-PTOV1 and HA-p53 for 48 h. Total cell lysates were immunoprecipitated with anti-Flag or anti-HA antibodies. HA-p53 and 
Flag-PTOV1 were detected by western blot. (E-F) The schematic diagram of full-length and mutants of p53 (E) and PTOV1 (F). (G) HCT116 cells were 
co-transfected with HA-p53, HA-p531 − 94, HA-p5395 − 393, HA-p5395 − 292 and Flag-PTOV1 for 48 h. Total cell lysates were immunoprecipitated with anti-HA 
antibody. Immunoprecipitation complex was detected by anti-HA and anti-Flag antibodies. (H) HCT116 cells were co-transfected with Flag-PTOV1, Flag-
PTOV11 − 234, Flag-PTOV1235 − 416 and HA-p53 for 48 h. Total cell lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipitation complex 
was detected by western blot with anti-HA and anti-Flag antibodies
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Fig. 5  POTV1 promotes the autophagic degradation of p53. (A) Western blot analysis of p53 expression in PTOV1 stably overexpression HCT116 and 
DLD1 cells. (B) Western blot analysis of p53 expression in HCT116 cells transfected with indicated amount of Flag-PTOV1 plasmid for 48 h. (C) Western 
blot analysis of p53 expression in PTOV1 stably knockdown LoVo and RKO cells. (D) Cycloheximide chase analysis of p53 protein half-life in PTOV1 stably 
overexpression HCT116 and DLD1 cells treated with 10 μm cycloheximide. (E-F) Western blot analysis of p53 expression in PTOV1 stably overexpression 
HCT116 cells treated with 10 µM MG132 for 12 h (E) or 50 µM CQ for 4 h (F). (G-H) PTOV1 stably overexpression HCT116 cells were transfected with siULK1 
(G) or siATG7 (H) for 48 h, western blot analysis of p53 protein levels. (I) TEM analysis of PTOV1 stably overexpression HCT116 cells and representative 
TEM images were shown. The number of autophagic structures per cell was quantified. Scale bar, 2 μm; **, P < 0.01. (J) Western blot analysis of LC3 and 
SQSTM1 protein levels in PTOV1 stably overexpression HCT116 and DLD1 cells. (K) Western blot analysis of LC3 and SQSTM1 protein levels in PTOV1 stably 
knockdown LoVo and RKO cells. (L) PTOV1 stably overexpression HCT116 or DLD1 cells were transfected with GFP-mCherry-LC3B for 48 h. GFP-mCherry-
LC3B distribution was observed by confocal microscopy. Scale bar, 5 μm
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Fig. 6 (See legend on next page.)
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expression. Previous studies showed that PTOV1 pro-
moted tumor progression in CRC and breast cancer 
through activating AKT1 signaling pathway and WNT 
pathway [21, 22]. To determine p53-independent path-
ways affected by PTOV1, we analyzed these two well-
established oncogenic pathways in CRC. The results 
showed that PTOV1 overexpression indeed facilitated 
the activation of Wnt/β-catenin, and PI3K-AKT path-
ways (Figure S7A-B), Moreover, the antagonists of these 
pathways by specific inhibitor could inhibit the pro-
oncogenic phenotypes induced by PTOV1 overexpres-
sion (Figure S7C-F).

We next investigated the clinical relevance between 
PTOV1 and p53 in CRC. Western blot and CRC tissue 
microarray assays demonstrated that PTOV1 expression 
was inversely related to p53 expression (Fig. 6H-J). More-
over, patients with high levels of PTOV1 and low levels of 
p53 (PTOV1highp53low) had the worst prognosis, whereas 
the PTOV1lowp53high patients had the best outcomes 
(Fig. 6K).

The autophagy cargo protein SQSTM1 drives p53 for 
autophagic degradation
The selective autophagic degradation of proteins is medi-
ated by specific autophagy cargo receptor [23]. To iden-
tify which receptor is involved in the degradation of p53, 
we performed co-immunoprecipitation (Co-IP) experi-
ments in HCT116 cells co-transfected with HA-p53 and 
several known autophagy cargo receptors. Among these 
autophagy receptors, only SQSTM1 significantly inter-
acted with p53, implying that SQSTM1 might mediate 
the selective autophagic degradation of p53 (Fig. 7A). The 
interaction between SQSTM1 and p53 was confirmed by 
reciprocal co-immunoprecipitation (Co-IP) experiments 
(Fig.  7B-C). PTOV1 overexpression enhanced the inter-
action between p53 and SQSTM1 while PTOV1 knock-
down impaired their interaction (Fig.  7D-E). Moreover, 
Knockdown of SQSTM1 rescued the decreased p53 pro-
tein levels induced by PTOV1 overexpression (Fig.  7F). 
p53 exhibited punctate cytoplasmic distribution and co-
localized with SQSTM1 in the cytoplasm upon PTOV1 
overexpression (Fig. 7G). These data indicate that PTOV1 

overexpression promotes the interaction between p53 
and SQSTM1, leading to p53 degradation by autophagy.

Knockdown of SQSTM1 inhibits the oncogenic effect of 
PTOV1 in CRC
Since SQSTM1 drives p53 for PTOV1 induced autoph-
agic degradation, we wondered whether SQSTM1 
knockdown inhibited the oncogenic effect of PTOV1 
in CRC. Similar to the phenotype that p53 overexpres-
sion reversed the pro-tumor ability of PTOV1 in CRC, 
SQSTM1 knockdown abolished the enhanced cell pro-
liferation and metastasis in PTOV1 overexpressed CRC 
cells in vitro and in vivo (Fig.  8A-G; Figure S8A-D), as 
well as the regulation of PTOV1 on the EMT markers 
(E-cadherin, N-cadherin and Vimentin), proliferation 
related markers (Ki67, c-MYC and CyclinD1) and apop-
tosis related marker (Caspase-3) (Fig.  8H-I). These data 
demonstrated that PTOV1 promoted CRC progression 
in a SQSTM1 dependent manner.

Discussion
PTOV1 is upregulated and associated with poor progno-
sis in various types of cancers, such as prostate cancer, 
breast cancer and non-small cell lung cancer, making it to 
be a potential target for cancer diagnosis and treatment 
[24–26]. However, the clinical significance and functional 
roles of PTOV1 in CRC remain unexplored. Our research 
group identified that PTOV1 was significantly upregu-
lated in liver metastatic foci compared to primary CRC 
cells through RNA-seq analysis in a CRC liver metastasis 
mouse model (Data not shown). We analyzed the clinical 
relevance of PTOV1 in CRC cohorts from clinical data-
bases, clinical specimens and commercial TMA. All these 
data showed that PTOV1 was upregulated in CRC tis-
sues and significantly associated with unfavorable prog-
nosis of CRC patients. Functional study demonstrated 
that PTOV1 was able to promote CRC progression in 
vitro and in vivo. Therefore, our study strongly supports 
PTOV1 as an oncogene in CRC.

Several studies have reported the potential molecular 
mechanisms by which PTOV1 promotes tumor progres-
sion. PTOV1 overexpression recruited HDACs to the 
promoter of DDK1, reduced DKK1 promoter histone 

(See figure on previous page.)
Fig. 6  PTOV1 facilitates CRC progression through downregulating p53. (A) The CCK8 assay of PTOV1 stably overexpression HCT116 and DLD1 cells with 
or without p53 overexpression. (B) The migration and invasion assay of PTOV1 stably overexpression LoVo and RKO cells with or without p53 overex-
pression. The average number of cells per field were calculated. n = 3 samples per group, four fields per sample. *, P < 0.05; ***, P < 0.01. (C) Western blot 
analysis of c-MYC, CyclinD1, N-cadherin, E-cadherin and Vimentin expression in PTOV1 stably overexpression HCT116 and DLD1 cells with or without p53 
overexpression. (D-F) PTOV1 stably overexpression or control HCT116 cells with or without p53 overexpression were subcutaneously injected into nude 
mice. Representative tumor sizes (D), tumor growth curves (E), and tumor weight (F) are shown. n = 5 per group; Scale bar, 50 mm. ***, P < 0.001. (G) The 
representative immunohistochemical staining of Ki67 and Caspase-3 in xenograft tumor from PTOV1 stably overexpression with or without p53 overex-
pression groups. Scale bar, 100 μm. (H) Western blot analysis of PTOV1 and p53 expression in 18 paired CRC tissues and peritumoral tissues. (I) Representa-
tive images of PTOV1 and p53 immunohistochemistry staining in tumor (n = 94) and adjacent normal tissues (n = 82) in CRC tissue microarray. Scale bars, 
200 μm for 5 x and 100 μm for 10 x magnification. (J) Pearson correlation analysis of PTOV1 and p53 expression in CRC tissue microarray. P < 0.002. (K) 
Kaplan–Meier survival analysis of overall survival (OS) based on PTOV1 and p53 expression in CRC tissue microarray. P < 0.0001
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Fig. 7  PTOV1 promotes p53 autophagic degradation dependent on SQSTM1. (A) HCT116 cells were co-transfected with indicated autophagy cargo 
receptors and HA-p53 for 48 h. Total cell lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipitation complex was detected by anti-
HA and anti-Flag antibodies. (B-C) HCT116 cells were co-transfected with Flag-SQSTM1 and HA-p53 for 48 h. Total cell lysates were immunoprecipitated 
with anti-Flag (B) or anti-HA (C) antibodies. HA-p53 and Flag-SQSTM1 were detected by western blot. (D) PTOV1 stably overexpression HCT116 and DLD1 
cells or control cells were treated with CQ (50µM) for 4 h. Total cell lysates were immunoprecipitated with anti-SQSTM1 antibodies. p53 and SQSTM1 
were detected by western blot. (E) PTOV1 stably knockdown LoVo and RKO cells or control cells were treated with CQ (50µM) for 4 h. Total cell lysates 
were immunoprecipitated with anti-SQSTM1 antibodies. p53 and SQSTM1 were detected by western blot. (F) PTOV1 stably overexpression HCT116 and 
DLD1 cells were infected with SQSTM1 shRNA for 48 h. Western blot analysis of p53 protein levels. (G) Immunofluorescence assay of p53 and SQSTM1 in 
PTOV1 stably overexpression HCT116 and cells treated with CQ (50µM) for 4 h. Representative confocal microscopy images were shown. Scale bars, 5 μm
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acetylation and repressed DKK1 transcription [22]. 
PTOV1 could interact with RACK1 and stimulate the 
protein synthesis of c-Jun, thus promoted the epithelial-
mesenchymal-transition (EMT) of prostate cancer cells 
[27]. Here, we found that PTOV1 interacted with p53 
and impaired its protein stability. The oncogenic ability of 

PTOV1 in CRC was largely dependent on the downregu-
lation of p53. PTOV1 contains two highly homologous 
domains identified as A domain (PTOV1) and B domain 
(PTOV1). Interestingly, unlike previous studies reported 
that PTOV1 interacted with RACK1 and Flotillin-1 
through its B domain [27, 28], A domain is necessary 

Fig. 8  PTOV1 promoted CRC progression in a SQSTM1 dependent manner. (A) The CCK8 assay of PTOV1 stably overexpression HCT116 and DLD1 cells 
with or without SQSTM1 knockdown. **, P < 0.01. (B) The colony formation assay of PTOV1 stably overexpression HCT116 and DLD1 cells with or without 
SQSTM1 knockdown. **, P < 0.01; ***, P < 0.001. (C-D) The migration and invasion assay of PTOV1 stably overexpression HCT116 (C) and DLD1 (D) cells 
with or without SQSTM1 knockdown. The average number of cells per field were calculated. n = 3 samples per group, four fields per sample. *, P < 0.05; 
***, P < 0.01. (E-G) PTOV1 stably overexpression or control HCT116 cells with or without SQSTM1 knockdown were subcutaneously injected into nude 
mice. Representative tumor sizes (E), tumor weight (F), and tumor growth curves (G) are shown. n = 5 per group; Scale bar, 50 mm. ***, P < 0.001. (H) The 
representative immunohistochemical staining of Ki67 and Caspase-3 in xenograft tumor from PTOV1 stably overexpression with or without SQSTM1 
knockdown groups. Scale bar, 100 μm. (I) Western blot analysis of c-MYC, CyclinD1, N-cadherin, E-cadherin and Vimentin expression in PTOV1 stably 
overexpression HCT116 and DLD1 cells with or without SQSTM1 knockdown
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for the binding of PTOV1 and p53, suggesting that the 
two domains may have distinct functions. More impor-
tantly, PTOV1-mediated regulation of p53 was observed 
in clinical samples, as there was a negative correlation 
between the expression of PTOV1 and p53 in CRC tis-
sues. PTOV1 and p53 were clinically related in predict-
ing survival of CRC patients. Our findings may suggest a 
novel combination strategy of targeting the PTOV1–p53 
axis for CRC treatment.

The regulation of p53 stability is a pivotal concern in 
cancer research. p53 is subject to degradation through 
both the autophagy-lysosome and the proteasome path-
ways [29–31]. Although the proteasome-mediated 
degradation of p53 has been well-documented, stud-
ies focusing on p53 degradation via autophagy are com-
paratively sparse. Initial findings revealed that p53 could 
be degraded through chaperone-mediated autophagy 
(CMA) or MDM2-mediated autophagic degradation 
[32]. Another research showed that Sunitinib, a small 
molecule multi kinase inhibitor, induced autophagic deg-
radation of wild type p53 proteins in cancer cells [33]. 
Our studies identified PTOV1 as a key upstream modu-
lator of autophagic degradation of p53. Blocking autoph-
agy markedly mitigates the p53 degradation triggered by 
PTOV1 overexpression.

The selective autophagic degradation of substrate pro-
teins require the mediation of autophagy receptor pro-
teins [34]. We found that SQSTM1 served as the receptor 
protein involved in the PTOV1-mediated selective 
autophagic degradation of p53. Previous studies reported 
that SQSTM1 functions as an oncogene through inhib-
iting apoptosis and promoting cell proliferation in CRC 
[35, 36]. Our study showed that knockdown of SQSTM1 
could reverse the decreased p53 protein levels and the 
oncogenic phenotypes induced by PTOV1 overexpres-
sion. These results suggest that targeting the SQSTM1-
mediated selective autophagy pathway may offer new 
therapeutic strategy for CRC patients with high PTOV1 
expression.

Several limitations warrant acknowledgment [37, 38]. 
Firstly, in vitro and animal models may not fully capture 
the complexity of human CRC, potentially limiting the 
applicability of the findings for clinical application. Sec-
ondly, the human sample size in this study is limited, and 
further validation in larger clinical cohorts is essential. 
Finally, the exact mechanisms by which PTOV1 influ-
ences autophagy are not yet understood, representing a 
promising direction for future research.

Conclusion
In summary, we demonstrate for the first time that 
PTOV1 facilitates CRC progression through promot-
ing SQSTM1-mediated autophagic degradation of p53. 
Our findings underscore the oncogenic roles of PTOV1 

in CRC, contribute to the understanding of p53 stability 
regulation by autophagy, and highlight the high clinical 
correlation between PTOV1 and p53 in CRC. The work 
supports the potentiality for exploration of PTOV1-
SQSTM1-p53 axis for CRC therapy.
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