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PTOV1 interacts with ZNF449 to promote
colorectal cancer development
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PTOV1 is recognized to have a significant role in various human cancers, including prostate cancer.
However, it remains unclear what its clinical significance and biological role are in colorectal cancer
(CRC). TCGA, NCBI/GEO, and Kaplan–Meier plot database mining provided important clues into the
function and clinical importance of PTOV1 in CRC. Western blotting, immunohistochemistry, and
immunofluorescence were utilized to discover PTOV1 protein levels in CRC cell lines and tissues. To
explore the involvement of PTOV1 in thedevelopment ofCRCand theunderlyingmechanisms, several
in-vitro and in-vivo studieswere executed, such asCCK-8 assays, colony formation, transwell assays,
qRT-PCR, Co-IP, GST pull-down, immunostaining, and mouse xenograft assays. It was shown that
PTOV1 expression level was upregulated in the tissues and cells of human CRC. PTOV1 high-
expression level was associated with short survival. ZNF449 interacted with PTOV1 and accelerated
CRC development in vitro and in vivo. Through Co-IP and GST pull-down studies, the physical
interaction of PTOV1/ZNF449 was demonstrated. Furthermore, PTOV1 directly bound ZNF449, and
this complex synergistically promoted the transcription of MYC. In addition, the PTOV1/ZNF449
interaction was disrupted by the TAT- PTOV1 (125–283 aa) protein leading to inhibit the CRC
development in a xenograftedmousemodel. According to these findings, PTOV1 has an essential role
in CRC progression, and PTOV1/ZNF449 interaction could be a possible therapeutic target for CRC.

Colorectal cancer (CRC) is considered one of themajor prevalentmalignant
cancers,which rise every yearworldwide, and thehealth and lives of humans
are gravely threatened by it1. CRC is still the fourth greatest cause of death
globally despite therapeutic advances in the last decade2. It is urgent that new
therapeutic approaches be found forCRC,which ismarked by uncontrolled
cellular proliferation.

In a differential display technique for screening of overexpressed genes
in prostate cancer, prostate tumor overexpressed-1 (PTOV1) was specified
as a new gene and protein. In a 12-exon gene restricted to chromosome
19q13.3, this protein was encoded3. In the carcinoma and intraepithelial
neoplasia of prostate, PTOV1 is overexpressed but cannot be detected or
expressed at lower levels of healthy prostate cells. In prostate tumors,
PTOV1 levelswere significantly correlatedwithKi67proliferative index and
related to the proteins’ nuclear localization4. As well as co-localizing at the
plasma membrane and in the nucleus, PTOV1 reacts with the lipid rafts
protein flotillin-1. Under basal conditions, PTOV1 depletion significantly
inhibited cell proliferation5. The non-small cell lung cancer cells were

proven as sensitive to chemotherapy when PTOV1 is depleted, as reported
by Wu et al.6 revealing the role of PTOV1 in tumor progression.

This study explored the impact of PTOV1on the development ofCRC.
PTOV1 expression was overexpressed in human CRC. Mechanistically,
PTOV1 was found to interact with ZNF449 to synergistically enhance the
transcription of MYC to promote CRC development. In addition, the
PTOV1/ZNF449 interaction, which disrupted, decreased the development
of xenografted CRC in nude mice.

Results
PTOV1 expression is overexpressed in human CRC
In order to screen specifically highly expressed protein molecules in CRC
tumor tissues, we utilized high-throughput sequencing to determine the
differences in the protein expression in three paired healthy colorectal and
CRC tissues. The findings demonstrated that PTOV1 was particularly
highly expressed in tumor specimens (Fig. S1A). To further validate the
PTOV1 expression in CRC tissues, we employed western blotting (WB) to
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identify the expression level of PTOV1 in eight cases of paired tumor tissues
and surrounding tissues. The findings revealed that PTOV1 was greatly
expressed in tumor specimens. In addition, we detected 5 cases of normal
colorectal tissues and 27 cases of CRC tumor tissues of different grades by
WB, and the findings again presented that tumor tissues had high PTOV1
expression, especially in high-grade CRC (Fig. 1A). In addition, we utilized
qRT-PCR to identify ten cases of normal colorectal tissues and CRC tissues
of different grades (20 stage I, 30 stage II, 56 stage III, and 12 stage IV). The

findings also revealed that, compared to normal colorectal tissues, PTOV1
was highly expressed in CRC, particularly in high-grade CRC (Fig. 1B). At
the same time, we used IHC to identify the PTOV1 expression in the above
tissues and used the previous method to score the IHC, and the results
supported the above conclusions again (Fig. 1C, D). Moreover, we inves-
tigated the connection between PTOV1 levels and the survival of patients
between various grades of CRC in public databases of patient specimens.
The results revealedPTOV1was overexpressed significantly in humanCRC

Fig. 1 | PTOV1 expression is overexpressed in human CRC. A PTOV1 levels in
paired paracancerous (PT1-8) and tumor tissues (T1-8); in normal intestinal tissue
(C1–5) andCRC tissues (Stage I, G3-5; Stage II, G1-2, 11, 12, 23 and 26; Stage III, G7,
20-21, 24 and 27; Stage IV, G8-10, 13-19, 22 and 25;). GAPDH was an internal
control. B RT-PCR of PTOV1 in normal and CRC tissues. Relative PTOV1
expression is normalized to that of the C1 sample. Three different portions of
samples were examined. C, D IHC staining and scoring were used to detect the

protein levels of PTOV1 in CRC tissues and normal tissues. Bars: 50 μm. E The
expression of PTOV1 in CRC tissues compared with normal tissues and the
Kaplan–Meier analysis of survival in CRC in TCGA database. The means ± SDs are
provided (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 according to two-tailed
Student t-tests or one-way ANOVA followed by Dunnett tests for multiple
comparisons.
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tissues compared to healthy colorectal tissues; furthermore, higher PTOV1
expressions were correlated with poorer survival (Figs. 1E and S1B).

The ROC analysis was performed between PTOV1-based, TNM-
based, and a combination of both to predict clinical outcomes in order to
evaluate the pathological and clinical predictive value of PTOV1. As eval-
uated by the area under the curve (AUC), the combination model per-
formed better than the TNM-basedmodel alone (0.752), (0.642). It appears
that the combination of PTOV1 and TNM stage could more accurately
predict clinical results than theTNMstage alone (Fig. S1C–D).Additionally,
we investigated the relationship between PTOV1 mRNA levels and clin-
icopathological features in 118 CRC tissues. Table S1 reveals the clinical,
pathological, and tumor molecular characteristics in accordance with the
PTOV1 mRNA expression level. The findings demonstrated that PTOV1
mRNA expression was significantly linked to tumor size (P < 0.0001),
lymph node metastasis (P < 0.0001), and TNM stage (P = 0.0011). More-
over, univariate and multivariate Cox regression analyses revealed that
elevated PTOV1 mRNA expression level was an independent predictor for
poor survival amongCRCpatients (Table S2). Table S2 reveals that a higher
PTOV1 mRNA expression level is related to TNM stage and lymph node
metastasis. These findings indicated that PTOV1 could be a potential bio-
marker for CRC.

Overexpression of PTOV1 facilitates tumor cell growth
The first step was to measure PTOV1 protein in two normal
intestinal epithelium cells (FHC and HIEC-6) and six CRC cell lines
(SW1116, SW48, HCT-15, SW620, SW480, and SW1463) by WB.
According to the results, PTOV1 protein levels are higher in the CRC
cell line than in normal intestinal epithelium cells (Fig. S1E).
Therefore, we selected two cell lines, SW48 and SW620, with mod-
erate expression of PTOV1 protein for subsequent research. Next,
WB verified the overexpressed PTOV1 in SW48 and SW620 cells
(Fig. S1G). Our next step was to determine PTOV1 impacts on CRC
cell development, migration, and invasion using CCK-8, colony
formation, Flow Cytometry Experiment, WB, and Transwell experi-
ments. The findings revealed that PTOV1 overexpression stimulated
CRC cell growth, migration, and invasion (Fig. 2A–C). Flow cyto-
metry results showed that overexpression of PTOV1 inhibited cell
apoptosis and promoted cell cycle progression (Fig. S2A). Further-
more, in vivo animal experiments once again showed that over-
expression of PTOV1 promotes tumor growth. Ki-67 IF staining was
conducted to determine the tumor’s proliferation index. This further
suggested that proliferation in the PTOV1 upregulation group was
greater than in the control group (Fig. 2D). These findings suggest
that the upregulation of PTOV1 promotes tumor growth.

Knockdown of PTOV1 suppresses tumor cell growth
Next, PTOV1 was knocked down in SW48 and SW620 cells, and the
knockdown efficiency was confirmed utilizing WB (Fig. S1F). As the si-
PTOV1#2 with the highest knockdown efficiency, it will be used as a follow-
up study. To define the impacts of PTOV1 on tumor development,
migration, and invasion, we used CCK-8, colony formation, Flow Cytometry
Experiment, WB, TUNEL, and Transwell experiments. The findings illu-
strated that PTOV1 knockdown inhibited tumor cell growth, migration, and
invasion (Fig. 3A–C). Flow cytometry results showed that knockdown of
PTOV1 promoted cell apoptosis and inhibited cell cycle progression
(Fig. S2B). Of course, in order to present more comprehensive analysis of
protumorigenic effect of PTOV1 in OE and KO cells, we used WB to detect
key EMT markers. The results showed that overexpression of PTOV1
downregulated E-cadherin, a marker of epithelial cell characteristics, and
upregulated N-cadherin and Vimentin, markers of mesenchymal cell
characteristics, while knockdown of PTOV1 showed the opposite effect
(Fig. S3A). In addition, the results of TUNEL experiments also showed that
overexpression of PTOV1 inhibited cell apoptosis, while knockdown of
PTOV1 promoted cell apoptosis, which was consistent with the trend of flow
cytometry results (Fig. S3B). Furthermore, in vivo animal experiments once

again showed that PTOV1 knockdown inhibits tumor growth. Ki-67 IF
staining was conducted to evaluate the proliferative index of tumor, which
suggested that proliferation was reduced in the PTOV1 knockdown group
compared to the control group (Fig. 3D). In addition, we also used immu-
nohistochemistry to detect the expression level of PTOV1 in the sub-
cutaneous tumors of animals in different treatment groups, and the results
once again confirmed that our treatment was effective (Fig. S3B). These data
suggest that the knockdown of PTOV1 suppresses tumor growth.

Identification of PTOV1 Binding Proteins in CRC Cells
To gain a deeper understanding of PTOV1 downstream signaling, we
conducted Co-IP and mass spectrometry (MS). In order to char-
acterize PTOV1 binding partners, we performed a protein analysis
report (Fig. 4A). The PTOV1 intracellular domain was utilized to
minimize the binding candidates from SW48 cell lysate. We then
electrophoresed and analyzed the mass spectra of precipitates
(Fig. 4B). Here we are also based on the characteristic tradition of our
laboratory because we have been committed to studying MYC, so we
screened the interacting molecules of PTOV1 based on two con-
siderations, one is that it can directly bind to the MYC promoter
region as a transcription factor, and the other is that it can bind to
PTOV1. Combining the predictions of the online database UCSC and
JASPA database, using the Venn diagram to take the intersection, we
found that only ZNF449 and ZNF185 met the requirements, but Co-
IP confirmed that ZNF185 could not bind to PTOV1 (Fig. S3C).
Among the important binding proteins, we finally chose ZNF449 to
further study its interaction with PTOV1 based on comprehensive
analysis. Furthermore, in the cultured SW48 lysates and SW620 cells,
the endogenous interaction of PTOV1 with ZNF449 was detected by
Co-IP and GST pull-down. The data indicate that PTOV1 reacts with
ZNF449 in CRC cells (Fig. 4C, D). Also, we investigated whether
PTOV1 and ZNF449 co-localized with CRC cells. IF staining revealed
coexpression of PTOV1 and ZNF449 in CRC cells (Fig. 4E). Addi-
tionally, immunohistochemistry revealed that PTOV1 was widely co-
expressed with ZNF449 in CRC tissues (Fig. 4F). The above results all
indicate that PTOV1 can directly bind ZNF449.

According to the secondary structure predicted using the InterPro
(http://www.ebi.ac.uk/interpro/), PDB (https://www.rcsb.org/), and Pfam
(www.pfam.org) databases, we created three truncations of PTOV1 to verify
its binding to ZNF449. Co-IP and GST pull-down assays revealed that the
ZNF449-specific binding sequences were spotted in the 125–283 aa region
of PTOV1 protein (Fig. S4). Of course, to confirm further the expression of
ZNF449 in CRC tissues, we utilized WB to determine ZNF449 expression
level in 4 cases of paired tumor tissues and adjacent tissues. The outcomes
presented that ZNF449 was highly expressed in tissues of the tumor.
Moreover, the data based onTCGAdata analysis indicated that PTOV1was
highly expressed in tissues of the tumor relative to healthy tissues
(Fig. S5A–B).

Disruption of PTOV1/ZNF449 Interaction Slows the CRC
progression
Figure S4 presents that PTOV1 (125–283 aa) was critical for med-
iating the interaction between PTOV1 and ZNF449. We further
investigated whether PTOV1 (125–283 aa) could affect the interac-
tion between PTOV1 and ZNF449. We prepared PTOV1 (125–283
aa) protein tagged with TAT peptide. Using TAT protein (10 μM),
the Flag-PTOV1 and HA-ZNF449 fusion proteins were incubated.
Then, the Co-IP assay was performed. The TAT protein significantly
reduced the amount of ZNF449 bound to PTOV1, indicating that the
TAT-PTOV1 (125–283 aa) protein can affect the interaction of
PTOV1/ZNF449 in vitro.

To validate the impact of TAT-PTOV1 (125–283 aa) protein on the
endogenous PTOV1/ZNF449 interaction, we investigated if the TAT pro-
tein could be transferred into the CRC cells (Fig. S5C). SW48 and SW620
cellswere supplemented byTATprotein for 20min as described previously7
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and prepared for immunostaining with antibodies against TAT. The TAT
motif promoted thedelivery ofPTOV1 (125–283 aa) protein into SW48and
SW620 cells. Next, we investigated whether the TAT-PTOV1 (125–283 aa)
protein could affect the connection between PTOV1/ZNF449 in CRC cells.
TAT protein (0.2 μM) was incubated with SW48 and SW620 cells for
20min. Then, IP with anti-Flag-PTOV1 and anti-HA-ZNF449 was per-
formed on the cell lysates. The interaction of PTOV1/ZNF449 in the CRC
cells was significantly diminished by performing the TAT-PTOV1
(125–283 aa) protein (Fig. S5D).

To further identify the impact ofTAT-PTOV1(125–283aa)proteinon
the CRC cells, CCK-8 and colony formation assays were conducted. TAT-
PTOV1 (125–283 aa) protein incubation obviously suppressed the pro-
liferation capability of CRC cells (Fig. S5E–F). These results indicated that
TAT-PTOV1 (125–283 aa) protein seems to reduce CRC cell proliferation.
Transwell experiments data also demonstrated that TAT-PTOV1 (125–283
aa) protein could weaken CRC cell migration and invasion (Fig. S6A).
Furthermore, in vivo animal experiments once again showed that TAT-
PTOV1 (125–283 aa) protein could inhibit tumor growth. Staining of Ki-67

Fig. 2 | Overexpression of PTOV1 facilitates tumor cell growth. A Cell growth
curves measured by CCK-8 between Vector and oePTOV1. B PTOV1 over-
expression facilitated colony formation and histogram quantification (panels).
C Transwell assays showing that overexpression of PTOV1 facilitates cell migration
and invasion. The numbers of migration and invading cells are shown. Bars: 50 μm.

D Typical pictures of subcutaneous tumor between Vector and oePTOV1. Repre-
sentative pictures of Ki-67 staining between Vector and oePTOV1. Bars: 50 um. The
means ± SDs are provided (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 according
to two-tailed Student t-tests or one-way ANOVA followed by Dunnett tests for
multiple comparisons.
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IF was conducted to evaluate the proliferative index of tumor, which also
suggested that proliferation in theTAT-PTOV1 (125–283 aa) protein group
was reduced in comparison with the control group (Fig. S6B). These data
suggest that disruption of PTOV1/ZNF449 interaction slows the CRC
progression.

PTOV1 promotes ZNF449-mediated transcription of MYC
The expression of target genes is controlled by transcription factors that
bind to DNA-specific sequences. Using the JASPAR database8, we

discovered that ZNF449 could significantly bind to the MYC promoter
region. To demonstrate that MYC is a target for transcription of ZNF449
and that the regulation can be promoted by PTOV1, Wild-type (WT) or
mutant (mut) MYC promoter luciferase vectors were constructed and
transfected into SW48 and SW620 cells (Fig. 5A). The luciferase assay
demonstrated that upregulation of ZNF449 induced WT MYC promoter
activity, as indicated by an increase in luciferase activity, but overexpression
hadno effect on the activity ofmut-typeMYCpromoter.Moreover, PTOV1
enhanced the rise in luciferase activity stimulated by ZNF449 (Fig. 5B). We

Fig. 3 | Knockdownof PTOV1 suppresses tumor cell growth. ACell growth curves
measured by CCK-8 assay between si-NC and si-PTOV1#2. B PTOV1 over-
expression inhibited colony formation and histogram quantification (panels).
C Transwell assays showing that PTOV1 knockdown inhibits cell migration and
invasion. The numbers of migration and invading cells are shown. Bars: 50 μm.

D Typical pictures of subcutaneous tumor between si-NC and si-PTOV1#2.
Representative pictures of Ki-67 staining between si-NC and si-PTOV1#2. Bars: 50
um. The means ± SDs are provided (n = 3). *P < 0.05, **P < 0.01, and *** P < 0.001
according to two-tailed Student t-tests or one-way ANOVA followed by Dunnett
tests for multiple comparisons.
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also performed the ChIP assay, and the outcomes showed that ZNF449was
restricted by the MYC promoter, and PTOV1 enhanced this interaction
(Fig. 5C). Furthermore, the enhanced expression of ZNF449 significantly
overexpressed the level of MYC mRNA and protein, both of which were
further promoted by PTOV1 (Fig. 5D). Interestingly when we mutated the
binding site of PTOV1 on ZNF449, we found that ΔPTOV1 failed to
enhance the rise in luciferase activity stimulated by ZNF449 (Fig. S6C),
enhance the binding of ZNF449 to the promoter region of MYC (Fig. S7A)
or potentiate ZNF449 upregulation of MYC mRNA and protein
(Figs. S6D and S7B). Furthermore, we investigated the relationship between
MYC levels and patient survival across different grades of CRC in accessible

patient specimen databases. The results revealed MYC was significantly
overexpressed in human CRC specimens compared to normal colorectal
specimens; furthermore, higher MYC expressions were correlated with
poorer survival (Fig. S7C). These findings showed that ZNF449 bound
directly to the promoter region of MYC for activation of transcription, and
PTOV1 promotes this process.

PTOV1 promotes tumor growth through ZNF449
First, ZNF449 was knocked down in SW48 and SW620 cells, and the
WB confirmed the efficiency of knockdown (Fig. S7D). As the si-
PTOV1#2 with the highest knockdown efficiency, it will be used as a

Fig. 4 | Identification ofPTOV1BindingProteins inCRCCells. AProtein analysis
report to characterize PTOV1 binding partners. B Identification of PTOV1-binding
proteins by WB and MS. C, D Using Co-IP and GST pull-down to clarify that

PTOV1 can directly bind ZNF449. E IF staining revealed coexpression of PTOV1
and ZNF449 in CRC cells. Bars: 20 μm. F IF staining showed the colocalization
(yellow) between ZNF449 (green) and PTOV1 (red) in CRC sections. Bars: 50 μm.
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follow-up study. In order to further verify that PTOV1 promotes
tumor growth by regulating ZNF449. We knocked down ZNF449
while overexpressing PTOV1 and used CCK-8, colony formation,
TUNEL, and Transwell assays. The outcomes revealed that PTOV1
upregulation promoted tumor cell growth, migration, and invasion;
however, the knockdown of ZNF449 could reduce the enhancement
of tumor cell proliferation, migration, and invasion caused by
PTOV1 upregulation (Fig. 6A–C). Furthermore, in vivo animal

experiments once again showed that PTOV1 overexpression pro-
moted tumor cell growth. The proliferative index of tumor was
evaluated by performing staining to Ki-67 IF, which also suggested
that proliferation was greater in the PTOV1 overexpression group
than in the control group. However, the knockdown of ZNF449 could
attenuate the above phenomenon (Fig. 6D). In addition, TUNEL
assay results showed that overexpression of PTOV1 inhibited cell
apoptosis, while knockdown of ZNF449 weakened the above effect

Fig. 5 | PTOV1 promotes ZNF449-mediated transcription of MYC. A We con-
structed the wild-type or mutant-type luciferase vectors based on the potential
binding site of ZNF449 to the MYC promoter. B Luciferase activity was assayed in
SW48 and SW620 cells transfected with luciferase vectors (wild type ormutant type)
and meantime co-transfected with expression plasmids (empty vectors, ZNF449
expression plasmids, or PTOV1 expression plasmids). C ChIP experiments of

ZNF449 (IgG as an internal control) were performed, and the co-precipitated DNA
was subjected to PCR amplification with primers specific to MYC promoter region.
DThe level of MYC under ectopic expression of ZNF449 or PTOV1was detected by
qRT-PCR and WB. The means ± SDs are provided (n = 3). **P < 0.01 and
***P < 0.001 according to two-tailed Student t-tests or one-way ANOVA followed
by Dunnett tests for multiple comparisons. ns, no significant difference.
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(Figure S8A). At the same time, we also used immunohistochemistry
to detect the expression levels of PTOV1/ZNF449/MYC in the sub-
cutaneous tumors of animals in different treatment groups. The
experimental data once again confirmed that our treatment was
effective (Fig. S8B-C). In addition, we also used WB to detect the
expression level of MYC in subcutaneous tumors of animals in dif-
ferent treatment groups. The experimental results were completely
consistent with the results of immunohistochemistry (Fig. S9A).

These data suggest that PTOV1 promotes tumor growth through
ZNF449.

PTOV1 promotes tumor growth through MYC
First,MYCwas knocked down in SW48 and SW620 cells, and the efficiency
of knockdown was confirmed utilizing WB (Fig. S7D). As the si-MYC#2
with the highest knockdown efficiency, it will be used as a follow-up study.
In order to further verify that PTOV1promotes tumor growth by regulating

Fig. 6 | PTOV1 promotes tumor growth through ZNF449. A Cell growth curve
measured by CCK-8 assay between Vector, oePTOV1, si-NC, si-ZNF449#2, and
oePTOV1+si-ZNF449#2. B PTOV1 overexpression promoted colony formation
and the effect could be attenuated by knock downing ZNF449. C Transwell assays
showing that PTOV1 overexpression promoted tumor cell invasion and the effect
could be attenuated by knock downing ZNF449. The numbers of invading cells are

shown. Bars: 50 μm. D Typical pictures of subcutaneous tumor between Vector,
oePTOV1, si-NC, si-ZNF449#2, and oePTOV1+si-ZNF449#2. Bars: 50 μm. The
means ± SDs are provided (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 according
to two-tailed Student t-tests or one-way ANOVA followed by Dunnett tests for
multiple comparisons.
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MYC. We knocked down MYC while overexpressing PTOV1 and used
CCK-8, colony formation, and Transwell assays. The findings revealed that
overexpression of PTOV1 promoted tumor cell growth, migration, and
invasion; however, knockdown of MYC could reduce the enhancement of
tumor cell growth, migration, and invasion caused by overexpression of
PTOV1 (Fig. 7A–C). Furthermore, in vivo, animal experiments once again
showed that PTOV1 overexpression promoted tumor cell growth Ki-67 IF
staining was conducted to determine the tumor proliferation index, which
revealed that growth in overexpression of PTOV1 group was greater than
that of the control group.However, the knockdownofMYCcould attenuate
the above phenomenon (Fig. 7D). These data suggest that PTOV1promotes
tumor growth through MYC.

PTOV1 is directly targeted by HIF-1α
Hypoxia serves as a key environmental factor inCRC, regularly contributing
to invasion, metastasis, andmalignancy. Transcription factors often bind to
particular DNA sequences to control gene expression. Analysis with the
JASPARdatabase showed thatHIF-1α binds to the promoter of the PTOV1
gene. To clarify how HIF-1α regulates PTOV1 transcription, luciferase
vectors with either wild-type or altered PTOV1 promoters were created and
introduced into SW48 and SW620 cells (Fig. S9B). According to the luci-
ferase assay, the activity of the wild-type (WT) PTOV1 promoter was
increased by upregulating HIF-1α, as shown by elevated luciferase activity.
Conversely, the overexpression of HIF-1α had no impact on the activity of
the mutant PTOV1 promoter (Fig. S9C). Moreover, ChIP assays showed
that HIF-1α binds to the PTOV1 promoter (Fig. S9D). HIF-1α over-
expression caused a notable rise in the levels of PTOV1mRNA and protein
(Fig. S9E). The above experimental results show that HIF-1α directly binds
to the promoter region of PTOV1, thereby promoting the transcriptional
activity and expression level of PTOV1.

Correlation of the PTOV1/ZNF449/MYC axis with clinical
progression
The PTOV1/ZNF449/MYC expression levels among normal colorectal
tissue (Control), Stage I, Stage II, Stage III, and Stage IV were measured.
Compared to the expression level in Control, there was a higher expression
of PTOV1/ZNF449/MYC in tumor tissues, especially in Stage IV (Figs. 1B
and 8A, B). Additionally, the expression levels of members of the PTOV1/
ZNF449/MYC signaling axis were directly proportional to one another
(Fig. 8C–E). Of course, IF outcomes revealed that the PTOV1 levels were
positively associated with ZNF449/MYC signaling (Fig. 8F).

Discussion
PTOV1 was found and considered to be upregulated in prostate
cancer first3. Later, high levels of PTOV1 were found to be associated
with a worse prognosis for prostate cancer9, breast cancer10, urothelial
carcinoma11, lung cancer6. However, the PTOV1 role in CRC has not
been thoroughly examined. As a result of analyzing data from NCBI/
GEO and TCGA microarray databases, we revealed that PTOV1 was
consistently overexpressed in cancer tissues compared to controls. In
addition, we used WB, qRT-PCR, IHC, and IF to identify the level of
expression of PTOV1 in clinical tumor and normal control samples
from different cohorts, and the findings verified the high expression
of PTOV1 in tumor samples. Moreover, our results from qRT-PCR
and statistical analyses of a cohort of CRC specimens revealed that
PTOV1 was an independent and weak prognostic factor. The survival
time of individuals with a higher PTOV1 level was shorter than that
of individuals with a lower PTOV1.

According to a recent investigation, Verónica et al. revealed that
transduction of PTOV1 significantly increased the survival rate of tumor
cells after docetaxel exposure and enhanced the expression level of
docetaxel-resistant genes12. Previous studies showed that PTOV1 coop-
erates with Zyxin to negatively regulate RA signaling. PTOV1 significantly
inhibits RA-induced cancer cell cytotoxicity13. Shen H et al. reported that
ovarian cancer was resistant to chemotherapy due to NF-κB activation by

PTOV114. Wu Z et al. reported that cancer stem cell characteristics are
attenuated when PTOV1 levels are reduced in non-small cell lung cancer
cells6. In MDA-MB-231 cells, PTOV1 and PIN1 knockdown shows similar
anti-tumor phenotypic characteristics15. PTOV1 overexpression is corre-
lated with tumor progression and weak prognosis in breast cancer10.
Overexpression of PTOV1 is associated with esophageal squamous cell
carcinoma tumorigenesis and progression16. Paciucci R et al. indicated that
PTOV1 could promote the progression of prostate cancer by down-
expressing the notch targets HES1 and HEY117. PTOV1 could promote the
progression of breast cancer by Wnt/β-catenin signaling activation18. The
above investigations have demonstrated that PTOV1 plays a critical role in
the incidence and growth of tumors. However, its role in the progression of
CRC has not been reported. Our functional experiment results also show
that PTOV1 can promote the growth of CRC tumors, and both in vitro and
in vivo studies have been confirmed. The above results show again that
PTOV1 can promote the progression of CRC.

In order to further elucidate the mechanism of PTOV1 biolo-
gical function, we used Co-IP and MS to screen the protein molecules
interacting with it. After analyzing the experimental data and
reviewing the literature, we finally selected the candidate protein
ZNF449. Of course, we finally repeatedly used Co-IP and GST pull-
down to confirm that PTOV1 and ZNF449 can be directly combined.
Also, we investigated whether PTOV1 and ZNF449 co-localized with
CRC cells. IF staining revealed colocalization of PTOV1 and ZNF449
in CRC cells. Additionally, immunohistochemistry revealed that
PTOV1 was widely co-expressed with ZNF449 in CRC tissues. The
above results all indicate that PTOV1 can directly bind ZNF449.

ZNF449 (Zinc Finger Protein 449) is a Protein Coding gene. A nuclear
protein that likely serves as a transcription factor is encoded by this gene19,20.
Diseases associated with ZNF449 include Blue ConeMonochromacy21 and
FundusDystrophy22. GeneOntology (GO) annotations associatedwith this
gene include the activity of DNA-binding transcription factor23. The pre-
vious results revealed that ZNF449 has a critical role in biological processes.
In order to further clarify that ZNF449 is indispensable for PTOV1 to
promote CRC progression, we knocked down ZNF449 while over-
expressing PTOV1 and verified it with previous functional assays. The
findings revealed that overexpression of PTOV1 could promote tumor cell
growth, migration, and invasion; however, knockdown of ZNF449 could
reduce the enhancement of tumor cell aggressiveness caused by the upre-
gulation of PTOV1. These data suggest that PTOV1 promotes tumor
growth through ZNF449. In addition, in order to further confirm the
binding site of PTOV1 and ZNF449, we truncated and segmented PTOV1
according to the secondary results of PTOV1 and combined it with the
online database prediction results. Finally, the Co-IP and GST pull-down
experimentwas used to verify repeatedly, and according to the experimental
results, the region where ZNF449 binds to PTOV1 was finally determined.
Of course, we also mutated the site where PTOV1 binds to ZNF449, and
then it was confirmed by functional experiments that the disruption of
PTOV1/ZNF449 interaction could slow the CRC progression.

As a common transcription factor, ZNF449 exerts its biology via reg-
ulating transcriptional activity. Using the JASPAR database8, we revealed
that ZNF449 could possibly bind to theMYCpromoter region. As themost
common oncogene, MYC has been extensively declared to promote the
incidence and progression of CRC24–27. So as to further confirm the above
findings,we used the luciferase assay, the results showed that overexpression
ofZNF449 stimulated the activity ofWTMYCpromoter, as suggested by an
increase in the activityof luciferase, but overexpressionhadno impacton the
activity of mut-type MYC promoter. Moreover, PTOV1 enhanced the
development of activity of luciferase stimulated by ZNF449. Of course, we
also conducted the ChIP assay, and the outcomes showed that ZNF449 was
connected to theMYC promoter and that this interaction was enhanced by
PTOV1. Furthermore, the enhanced expression of ZNF449 significantly
overexpressed the level of MYC protein and mRNA, both of which were
further promoted by PTOV1. Interestingly, when we mutated the binding
site of PTOV1 on ZNF449, we found that ΔPTOV1 failed to enhance the
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Fig. 7 | PTOV1 promotes tumor growth through MYC. A Cell growth curves
measured by CCK-8 assay between Vector, oePTOV1, si-NC, si-MYC#2 and oeP-
TOV1+si-MYC #2. B PTOV1 overexpression promoted colony formation and the
effect could be attenuated by knock downingMYC.CTranswell assays showing that
PTOV1 overexpression promoted tumor cell invasion and the effect could be atte-
nuated by knock downing MYC. The numbers of invading cells are shown. Bars:

50 μm. D Typical pictures of subcutaneous tumor between Vector, oePTOV1, si-
NC, si-MYC#2, and oePTOV1+si-MYC #2. Bars: 50 μm. The means ± SDs are
provided (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 according to two-tailed
Student t-tests or one-way ANOVA followed by Dunnett tests for multiple
comparisons.
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elevation in the activity of luciferase stimulated by ZNF449 and enhance the
binding of ZNF449 to the promoter region of MYC. These outcomes
showed that ZNF449 is directly connected to the promoter region of MYC
to activate its transcription, and PTOV1 promotes this process. In order to
further clarify that MYC is indispensable for PTOV1 to promote CRC
progression, we knocked down MYC while overexpressing PTOV1 and

verified it with previous functional assays. The outcomes revealed that
overexpression of PTOV1could promote tumor cell growth,migration, and
invasion; however, knockdown of MYC could reduce the enhancement of
tumor cell development, migration, and invasion caused by overexpression
of PTOV1. These outcomes indicate that PTOV1 enhances tumor pro-
gression through MYC.

Fig. 8 | Correlation of the PTOV1/ZNF449/MYC axis with clinical progression.
A, B Expression levels of ZNF449/MYC in normal intestinal tissue and CRC tissues
by qRT-PCR. C Spearman correlation analysis between PTOV1 levels and ZNF449
levels in tumor tissues from CRC patients. Pearson’s correlation coefficient (r) and
P-value as the picture showed, n = 118. P-value was from Spearman’s test.
D Spearman correlation analysis between PTOV1 levels and MYC levels in tumor
tissues from CRC patients. Pearson’s correlation coefficient (r) and P-value as the
picture showed, n = 118. P-value was from Spearman’s test. E Spearman correlation

analysis between ZNF449 levels andMYC levels in tumor tissues fromCRCpatients.
Pearson’s correlation coefficient (r) and P-value as the picture showed, n = 118. P-
value was from Spearman’s test. F Spearman correlation analysis between PTOV1
expression levels and ZNF449 andMYC expression levels in CRC tissues. Pearson’s
correlation coefficient (r) and P-value as the picture showed; P-value was from
Spearman’s test. Scale bar represents 50 μm. The means ± SDs are provided (n = 3).
**P < 0.01 and ***P < 0.001 according to two-tailed Student t-tests or one-way
ANOVA followed by Dunnett tests for multiple comparisons.
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Finally, we identified the PTOV1/ZNF449/MYC by qRT-PCR
expression level and IF among normal colorectal tissue and tumor tissue.
The findings again revealed that there was a higher expression of PTOV1/
ZNF449/MYC in tumor tissues, especially in Stage IV, in comparison to the
expression level in Control. Additionally, the expression levels of members
of the PTOV1/ZNF449/MYC signaling axis were directly proportional to
one another.

This research revealed that PTOV1 is a poor predictor factor for CRC
patients; it has a critical role in CRC growth, and PTOV1/ZNF449 inter-
action may function as a therapeutic target for CRC.

Materials and methods
Reagents and cell lines
Normal intestinal epithelium FHC andHIEC-6 cells, multiple human CRC
cell lines SW1116, SW48, HCT-15, SW620, SW480, and SW1463 were
cultivated according to Supplementary Materials and our prior study28–31.
PTOV1 was purchased from Thermo Fisher Scientific (PA5-67569). Pri-
mary antibodies were utilized to measure ZNF449 (ab236427; Abcam),
MYC (ab32072; Abcam), GST (ab111947; Abcam), Flag (ab205606;
Abcam), and HA (ab9110; Abcam).

CRC samples
A total of 118 samples of CRC and 10 healthy human colorectal tissues
(Control) were retrieved from the Union Hospital (Wuhan, Hubei, China)
from September 2018 to June 2022. All participators provided their
informedapproval, and the relevant researchethics committee approved the
study. Before surgery, none of the patients underwent adjuvant, neoadju-
vant, or radiotherapy. According to guidelines and regulations, all clinical
samples and data were collected and processed. All ethical regulations
relevant to human research participants were followed.

Plasmid construction and lentivirus
First, pLVX-Puro-PTOV1 overexpression plasmid was constructed. Sec-
ond, expression plasmidswere transfected into SW48 and SW620 cells. Our
previous study describes the detailed procedure28,30. Conforming to the
manufacturer guidelines, SW48 and SW620 cells were regularly cultivated
to 90% confluence and transfected in six-well cell culture plates. After
infection, puromycin (2 μg/mL, Sigma-Aldrich, #P8833) was used to
remove uninfected cells within 48 h. In order to achieve a knockout effect,
we chose the two siRNAs with the highest knockout outcome according to
the PTOV1, ZNF449, and MYC sequence (Table S3).

CCK-8 assay
According to the manufacturer guidelines, CCK-8 (Cell Counting Kit-8,
Dojindo, Tokyo, Japan) was utilized to measure cell proliferation. A fresh
medium was supplemented with a 96-well plate with 5 × 103 cells per well.
The absorption rate was determined with the aid of a microplate reader
(Bio-Rad Laboratories, Hercules, California, USA) following CCK-8 solu-
tion treatment. The previous publication contains more details28,32,33.

Western blotting
A lysis buffer was used to lyse tissues and cells, then BCA was used to
quantify them (Beyotime, Shanghai, China). The lysates were transferred to
PVDF membranes after SDS-PAGE. Afterward, PVDF membranes were
incubated under the appropriate conditions with antibodies and then dyed.
Please refer to “Cell lines and reagents” and Table S4 for information on the
primary antibody. Please refer to Supplementary Materials and our prior
publication for more details28,30.

Coimmunoprecipitation (Co-IP)
An immunoprecipitation procedure was performed as described in the
Supplementary Materials and the published report29,34,35. Cell lysates were
incubated at 4 °C overnight with both IP-antibodies and Protein G-agarose
beads. The precipitations and supernatantswere boiled in 1% loading buffer
after washing three times to prepare for western blotting.

GST pull-down assay
Similarly to ourprevious report28, a pull-downwasperformed. Sepharose 4B
beads (Amersham Biosciences) were used to express and purify GST-fused
proteins. The purification of TAT-fused proteins was performed using Ni-
Sepharose beads (Qiagen, Chatsworth, CA). At 4 °C, GST proteins were
incubatedwith cell lysates andpurifiedHA-ZNF449proteins.WeusedGST
proteins as controls. Next, immunoblotting analyses were conducted on
both precipitated beads and supernatants. For more detailed information,
see the supplementary material.

Real-time quantitative RT-PCR (qRT-PCR)
The assay was conducted in accordance with the manufacturer guidelines.
The 2–ΔΔCt technique normalized the GAPDH expression data, which
functioned as a control. GeneCreate (Wuhan, China) synthesized the pri-
mers utilized in this research. Table S5 illustrates primer sequences.

Bioinformatic analysis
We downloaded all datasets from The Cancer Genome Atlas (TCGA)
(https://cancergenome.nih.gov/) and Genotype-Tissue Expression
(GTEx)36. Independent sample t-tests comparing the two groups are
represented as t-tests.

Immunohistochemistry (IHC) and Immunofluorescence (IF)
We previously reported IHC and IF details28,29. As a result, the tissue was
dried, embedded in paraffin, and sectioned. After that, using appropriate
primary and secondary antibodies, sections were incubated. We conducted
immunohistochemistry scores based on our previous study. For more
detailed information, see the supplementary material.

Luciferase reporter assays
Co-transfection of various plasmids was performed on 105 cells/well,
including an MYC-driven luciferase reporter or control plasmid encoding
luciferase (Promega) on thenextday. The activity of luciferasewas evaluated
by a luciferase reporter 36 h later (Promega, USA).

Chromatin immunoprecipitation (ChIP)
ChIP assay kits (QIAGEN) were used. Following formaldehyde crosslinking,
the cells were sonicated. Incubation with anti-ZNF449 antibodies was per-
formed after pretreatment with protein A/G beads. As a negative control,
IgG was used. In this study, DNAwas extracted from complexes using DNA
extraction kits (QIAGEN), and quantitative real-time PCRwas performed. A
list of the primers used in ChIP-qPCR can be found in Table S6.

CRC growth in vivo assays
CRC growth assay in vivo was conducted as in previous reports28–30. In the
subcutaneous CRC mouse model, 5 × 105 CRC cells suspended in DMEM
were subcutaneously injected into the nude mice at 5-6 weeks of age.

Statistics and reproducibility
Statistical analysis was performed using R 4.0.2 software (http://www.r-
project.org/) andGraphPad Prism version 8.0 (GraphPad Inc., La Jolla, CA,
USA), and statistical descriptions were presented as mean ± SD or median
(interquartile range). According to whether the data obey the normal dis-
tribution and the homogeneity of variance, the comparison between the two
groups is accomplished utilizing the t-test, t’ test, or rank sum test. One-way
ANOVA analysis of variance, Brown-Forsythe ANOVA test, or rank sum
test was utilized to compare overall means among various groups. Pairwise
comparisons were performed using Dunnett, Dunnett T3, or Dunn’s
method for P value correction to control for the overall probability of type I
error; two-sided P < 0.05 was recognized as a statistically significant
difference.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request. The
uncropped blot images for figures in the text are available in Figure S10.
Source Data can be found in Supplementary Data 1.
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