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Abstract
Colon cancer is a common malignant tumor. However, its pathogenesis still needs further study. In this study, we
explored the role of nucleosome assembly protein 1-like 1 (NAP1L1) in colon cancer and its underlying mechanism.
Based on analysis of The Cancer Genome Atlas data, we found that NAP1L1 is augmented in colorectal cancer, and
the elevated NAP1L1 expression is associated with a poor prognosis in patients with colon cancer. Im-
munohistochemistry staining results showed that upregulated NAP1L1 protein level is an unfavorable factor that
stimulates colon cancer progression. To further investigate the role of NAP1L1 in colon cancer, we established a
colon cancer cell line with NAP1L1 knockdown, and found that repressing NAP1L1 expression in colon cancer cells
markedly reduces cell proliferation in vivo and in vitro by MTT assay, colony formation, EdU incorporation, and
subcutaneous tumorigenesis in nude mice. Furthermore, we found that NAP1L1 binds to HDGF, recruits DDX5, and
induces β-catenin/CCND1 signaling, which promotes colon cancer cell proliferation. Finally, transfection with HDGF
or DDX5 restores cell growth in NAP1L1-knockdown colon cancer cells by upregulating DDX5/β-catenin/CCND1
signaling. Our study demonstrates that NAP1L1 functions as a potential oncogene that promotes colon cancer
tumorigenesis by binding to HDGF, which stimulates DDX5/β-catenin/CCND1 signaling.
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Introduction
Colon cancer is developed from adenomatous or glandular polyps in
the colon and rectum that become malignant. It is one of the most
common forms of cancer and a leading cause of mortality, only
second to lung cancer [1–5]. People with a family history of cancer
or intestinal polyps are at greater risk for this disease, and the
probability of developing colon cancer in these patients increases
with age [6–8]. Heavy drinking, cigarette smoking, and lack of
physical exercise also increase the risk for colon cancer, along with
a diet low in fruit, vegetables, fish, and poultry and/or high in red
meat [9–12]. These factors, alone or in combination, promote the
expression of colorectal cancer-related gene variants [13–16], which
leads to the development of colon cancer [17,18].

The nucleosome assembly protein 1-like 1 (NAP1L1) gene is lo-
cated on 12q21.1 and encodes the NAP1L1 protein. This gene is
conserved in chimpanzees, Rhesus monkeys, dogs, cows, mice,
rats, chickens, zebrafish, and fruit flies. It is estimated that 235

organisms have orthologs with the human NAP1L1 gene [19]. In
recent years, several studies have proposed that NAP1L1 is a po-
tential tumor oncogene; however, its role and detailed molecular
basis in colon cancer are still unclear.

In this study, overexpression of NAP1L1 was found to be an
unfavorable factor that promotes the pathogenesis and poor prog-
nosis of colon cancer. The significance of the NAP1L1 gene in colon
cancer is linked to the binding of NAP1L1 with hepatoma-derived
growth factor (HDGF), which stimulates the DEAD-box helicase
(DDX5)/β-catenin/cyclin D1 (CCND1) signaling.

Materials and Methods
Cell culture
Colon cancer cell lines (SW620 and HT29) were obtained from the
Cell Bank of Type Culture Collection (Shanghai Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences, Shang-
hai, China), cultured in Dulbecco’s modified Eagle’s medium
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(DMEM; HyClone, Logan, USA) supplemented with 10% fetal bo-
vine serum (FBS) (PAN-Biotech, Aidenbach, Germany). Cell lines
were incubated in a humidified chamber with 5% CO2 at 37°C.

Immunohistochemistry assay
Tissue arrays (Shanghai Tufei Biotech Co., Shanghai, China) were
utilized to examine NAP1L1 protein expression by indirect strep-
tavidin-peroxidase method [20]. Cell staining was scored separately
by two pathologists, who were blinded to the clinical parameters.
The extent of staining, defined as the percentage of positively
stained tumor cells in relation to the whole tissue area, was scored
on a scale of 0–4 as follows: 0, <10%; 1, 10%–25%; 2, 26%–50%;
3, 50%–75%; and 4, >75%. Staining intensity was scored from 0–3
as follows: 0, negative; 1, weak expression; 2, positive expression;
and 3, strong expression. The sum of the staining intensity and
staining extent scores was used as the final staining score for
NAP1L1. For statistical analysis, final staining scores of 0–5 and 6–7
were considered as low expression and high expression, respec-
tively.

Cell transfection
Lentiviral particles carrying shRNA-NAP1L1 or shRNA-NC were
designed and constructed by GeneChem (Shanghai, China). The
colon cancer cells were then transfected with shRNA-NAP1L1 or
shRNA-NC, and the transfection efficiencies were evaluated by re-
verse transcription-quantitative polymerase chain reaction (RT-
qPCR) and western blot analysis to evaluate the NAP1L1 expres-
sion. Plasmids were purchased from Vigene Biosciences (Jinan,
China), and siRNAs were designed and synthesized by Guangzhou
RiboBio (Guangzhou, China). Before transfection, exponentially
growing cells were seeded in a cell culture plate or dish (Wuxi NEST
Biotechnology, Wuxi, China). Plasmids and siRNAs were then
transfected into the cells using Lipofectamine TM 2000 (Invitrogen,
Carlsbad, USA) according to the manufacturer’s protocol. Cells
were collected 48–72 h after transfection for further experimenta-
tion. The sequence information of shRNAs are shown in Supple-
mentary Table S1.

MTT assay
Cell proliferation was determined by MTT assay. Cells were seeded
in 96-well plates at a density of 3000 cells/well. After transient
transfections, cells were cultured for 1, 2, 3, or 4 days. After in-
cubation, 20 μL of MTT solution (5 mg/mL; Sigma-Aldrich, St
Louis, USA) was added to each well and incubated for 4 h. The
supernatants were removed at the end of the incubation, and 150 μL
dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added. The absor-
bance of each well was measured at 490 nm with a microplate
reader. The calculated rates were then used for curve-fitting cal-
culations. All assays were performed independently three times.

Colony formation and 5-ethynyl-2′-deoxyuridine (EdU)
incorporation assay
For the colony formation assay, cells were plated in 6-well plates at
a density of 200 cells/well. The medium was refreshed after 24 h of
incubation. Colonies were cultured for 14 days, then fixed with
methanol for 10 min, and stained with a hematoxylin solution. The
number of colonies containing>50 cells was counted under a mi-
croscope (Olympus, Tokyo, Japan).

EdU incorporation assay was performed using the Apollo567 in

vitro imaging kit (Guangzhou RiboBio) according to the manu-
facturer’s protocol. In brief, cells were incubated with 10 mM EdU for
2 h before being fixed with 4% paraformaldehyde, permeabilized
with 0.3% Triton X-100, and stained with Apollo fluorescent dyes
(Sigma-Aldrich). The cell nuclei were stained with 5 mg/mL of 4′,6-
diamidino-2-phenylindole (DAPI) for 10 min. The number of EdU-
positive cells in five random fields was counted under a microscope.
All assays were independently performed in triplicate.

Flow cytometric analysis
For flow cytometric analysis, 1×106 cells were resuspended in
DMEM containing 2% FBS, and treated with 5 μg/mL Hoechst
33342 stain (Sigma-Aldrich) for 90 min at 37°C with gentle mixing
every 10 min. Cells were washed with ice-cold PBS and then sub-
jected to flow cytometric analysis. Propidium iodide was used to
identify dead cells.

Subcutaneous tumorigenesis in nude mice
A total of 5×106 logarithmically growing colon cancer cells
transfected with shRNA-NAP1L1 and their corresponding con-
trols were injected into the subcutaneous tissues of nude mice
(BALB/C, nu/nu, 3–4 weeks-old; Sebiona, Guangzhou, China)
(n=5). The animals were fed with an autoclaved laboratory ro-
dent diet. On the 25th day, tumor tissues were excised and
weighed. All animal studies were conducted in accordance with
the principles and procedures outlined in the Animal Care and Use
Committee of Southern Medical University and were performed in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals. The research was approved
by the Ethics Committee of Shanghai Tufei Biotech Company
(Shanghai, China).

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)
Total RNA was extracted with the TRIzol reagent (Invitrogen), and
complementary DNA (cDNA) was synthesized with the PrimeScript
RT reagent Kit (TaKaRa, Dalian, China) according to the manu-
facturer’s instructions. RT-qPCR was performed in triplicate with
the SYBR Premix ExTaq (TaKaRa). Each primer sequence of the
genes used in this study is listed in Supplementary Table S2. The
fold changes were calculated by using the 2–∆∆Ct method.

Western blot analysis
Western blot analysis was performed as previously reported [20].
Briefly, the extracted proteins were separated by 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) and
transferred onto polyvinylidene fluoride (PVDF) membranes (Mil-
lipore, Bedford, USA). Antibodies against NAP1L1 (Abcam, Cam-
bridge, UK), CCND1 (Abcam), HDGF (Proteintech, Rosemont,
USA), DDX5 (Abcam), β-catenin (CST, Beverly, USA), and GAPDH
(Santa Cruz Biotech, Santa Cruz, USA) were used as the primary
antibodies. Detection was performed using ECL Plus Western
blotting detection reagents (Millipore). The specific protein ex-
pression levels of the blots were normalized to that of GAPDH. The
information of the antibodies used in this study is listed in Sup-
plementary Table S3.

Immunofluorescence microscopy
Cells were plated on coverslips in 48-well plates and cultured
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overnight to allow for cell adherence. After fixation with 4% par-
aformaldehyde and permeabilization with 0.2% Triton X-100, cells
were incubated with antibodies. Cells were then counterstained
with 0.2 mg/mL DAPI and visualized with a fluorescent confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Co-immunoprecipitation assay
Co-immunoprecipitation (Co-IP) was carried out using the Pierce
Co-IP Kit (Thermo Fisher Scientific, Waltham, USA) based on the
manufacturer’s instructions. The total protein in each cell culture
was extracted and quantified. A total of 3 mg of protein in 400 μL of
supernatant was incubated with 10 μg of anti-NAP1L1, anti-HDGF
(Proteintech), anti-DDX5 (Abcam), or anti-IgG antibodies (Pro-
teintech) for 12 h at 4°C. The beads were then washed, eluted in a
sample buffer, and boiled for 10 min at 100°C. The immune com-
plexes were then subjected to western blot analysis, with anti-IgG

used as a negative control.

Statistical analysis
Statistical analyses were carried out using the SPSS 26.0 statistical
software package (SPSS Inc., Chicago, USA). Data from at least three
independent experiments are shown as the mean±standard devia-
tion (SD). The two-tailed Student’s t-test was utilized to compare
data between groups. Survival analysis was performed using the
Kaplan-Meier method. All statistical tests were two-sided, and a
P-value of less than 0.05 was considered statistically significant.

Results
Upregulated NAP1L1 expression is an unfavorable factor
in colon cancer
Based on the analysis of The Cancer Genome Atlas (TCGA) data-
base, NAP1L1 mRNA level is obviously increased in colon cancer

Figure 1. NAP1L1 is upregulated in colon cancer and is an unfavorable factor (A) Analysis of The Cancer Genome Atlas database suggests that
NAP1L1 is upregulated in colorectal cancer (P=1.6×10–12). (B) Analysis of the Clinical Proteomic Tumor Analysis Consortium database analysis
suggests that NAP1L1 protein level is upregulated in colorectal cancer (P=1.5×10–26). (C) Immunohistochemistry analyses using tissue microarray
chips were performed to detect NAP1L1 protein expression in colon cancer tissues and adjacent tissues in early- and late-stage colon cancer. Scale
bar: 200 μm. (D) A Kaplan-Meier survival analysis of the overall survival of 101 patients with colon cancer was performed based on NAP1L1
expression levels (P=0.01). The log-rank test was used to calculate P-values.
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tissues compared to that in normal tissues (Figure 1A). Consistent
with this result, the Clinical Proteomic Tumor Analysis Consortium
(CPTAC) database also demonstrated that NAP1L1 protein expres-
sion is upregulated in colon cancer tissues compared to that in
normal tissues (Figure 1B). The immunohistochemistry assay using
tissue microarray chips further indicated that NAP1L1 protein ex-
pression is elevated in colon cancer tissues compared to that in
adjacent tissues in patients with early- and late-stage colon cancer
(Figure 1C). Furthermore, the survival analysis showed that pa-
tients with low NAP1L1 expression have better prognoses compared
to patients with high NAP1L1 expression (P=0.01, Figure 1D),
which suggests that NAP1L1 is as an unfavorable factor in colon
cancer. The clinical features associated are presented in Table 1.

NAP1L1 downregulation inhibits cell proliferation and
cell cycle transition
Three different siRNAs that target NAP1L1 (siRNA-1, siRNA-2, and
siRNA-3) were separately transfected into colon cancer cells. The
suppression efficiency of NAP1L1 was detected by qRT-PCR and
western blot analysis (Figure 2A,B). Results showed that siRNA-1
and siRNA-2 significantly repressed the expression of NAP1L1 at
both mRNA and protein levels, whereas siRNA-3 only repressed
NAP1L1 mRNA expression. MTT analysis showed that si-NAP1L1
significantly decreased cell viability in the SW620 and HT29 cells
(Figure 2C). EdU incorporation assay indicated that cell prolifera-

tion ability was significantly reduced in the si-NAP1L1 group
compared to the negative controls (Figure 2D).

Flow cytometry was used to determine whether si-NAP1L1 af-
fects the cell cycle of colon cancer cells. The results demonstrated
that si-NAP1L1 transfection resulted in an 11.34% and 0.13% in-
crease in the number of G1-phase (P<0.01) and S-phase (P>0.05)
cells, respectively. There was also an 11.47% decrease in the
number of G2-phase cells (P<0.05) compared with the negative
controls (Figure 2E). These results suggested that si-NAP1L1 in-
duces cell cycle arrest by blocking cells in the G1 phase, which
leads to cell number reduction in the G2 phase. The opposite re-
sults were observed when NAP1L1 was overexpressed in colon
cancer cells (Supplementary Figure S1A,B), which demonstrated
that si-NAP1L1 decreased cell proliferation by inducing cell cycle
arrest.

Stable NAP1L1 knockdown suppresses colon cancer
growth in vitro and in vivo, and inhibits β-catenin/CCND1
signaling.
To investigate the role of NAP1L1 in colon cancer, lentivirus car-
rying shRNA-NAP1L1 were transfected into SW620 and HT29 cells
(Figure 3A). RT-qPCR assays were then used to verify NAP1L1 ex-
pression in colon cancer cells compared to their respective controls
(Figure 3B). We subsequently examined the effect of sh-NAP1L1 on
colon cancer cell growth by the colony formation assay (Figure 3C).
The results demonstrated that cell colony formation was sig-
nificantly inhibited in sh-NAP1L1-transfected SW620 and HT29
cells compare to that in controls.

In vivo experiments showed that the tumor growth was sup-
pressed in nude mice subcutaneous inoculated with sh-NAP1L1-
transfeted colon cancer cells (Figure 3D). There was a significant
decrease in the average weight and volume of the tumors in the sh-
NAP1L1 group compared to the sh-NC group (Figure 3E). Moreover,
western blot analysis results indicated that si-NAP1L1 significantly
downregulated β-catenin, C-MYC, and CCND1 protein expressions
(Figure 3F) in both SW620 and HT29 cells. These results suggested
that NAP1L1 promotes the growth of colon cancer cells by acti-
vating β-catenin/CCND1 signaling.

Direct interaction between NAP1L1 and HDGF
Our previous work demonstrated that NAP1L1 potentially interacts
with HDGF in endometrial cancer. To verify whether this interac-
tion also exists in colon cancer, we conducted immunofluorescence
and co-IP assays. The immunofluorescence assay demonstrated that
NAP1L1 and HDGF proteins co-localize in the nucleus (Figure 4A),
The interaction between NAP1L1 and HDGF is demonstrated in
both NAP1L1- immunoprecipitated and HDGF-immunoprecipitated
cells by Co-IP assays (Figure 4B,C).

Next, we measured HDGF mRNA and protein levels in NAP1L1-
knockdown cells. Our results confirmed that HDGF mRNA (Figure
4D) and protein (Figure 4E) expressions were downregulated after
si-NAP1L1-1 and si-NAP1L1-2 transfection. The downregulation
was more significant in the si-NAP1L1-2-transfected group. To-
gether, these results indicated that NAP1L1 interacts with HDGF
and promotes its expression.

NAP1L1 interacts with HDGF to recruit DDX5
In a previous study, Fu et al. [21] reported that HDGF interacts with
DDX5 in lung cancer cells. We confirmed this finding by immuno-

Table 1. Correlation between the clinicopathologic characteristics
and expression of NAP1L1

Characteristics Total NAP1L1 expression P value

Low, n (%) High, n (%)

Age (years)

≤ 60 13 25 0.480

>60 26 37

Gender

Male 19 29 0.849

Female 20 33

AJCC stage

I–II 18 29 0.951

III–IV 21 33

T classification

T1–T2 4 6 0.924

T3–T4 35 56

N classification

N0 23 40 0.576

N1 16 22

Distant metasta-
sis

No 26 41 0.956

Yes 13 21

Recurrence

No 26 47 0.318

Yes 13 15

Infiltration depth

Mucosa 4 6 0.924
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fluorescence microscopy (Figure 5A) and co-IP assay (Figure 5B,C)
assays. Consistent with previous research, our results demonstrated
that HDGF interacts with DDX5, and both are co-localized in the
nucleus.

To further explore the regulatory mechanisms of NAP1L1, HDGF,
and DDX5, we transfected HDGF overexpression plasmids into sh-
NAP1L1-transfected cells. The results showed that DDX5 was
downregulated in sh-NAP1L1-transfected cells, and this down-
regulation was rescued after HDGF overexpression (Figure 5D).
Altogether, these results indicated that NAP1L1 interacts with

HDGF to recruit DDX5.

Transfecting HDGF/DDX5 overexpression plasmids into
sh-NAP1L1 cells activates DDX5/β-catenin/CCND1
signaling and restores cell growth
It was reported that DDX5 forms a complex with β-catenin to pro-
mote gene transcription [21,22]. To explore the role of HDGF and
DDX5 in the NAP1L1-mediated pathogenesis of colon cancer, HDGF
or DDX5 overexpression plasmids was transfected into NAP1L1-
knockdown cells. The results of the CCK8 and EdU incorporation

Figure 2. si-NAP1L1 inhibited cell proliferation and cell-cycle transition in vitro (A,B) RT-qPCR and western blot analysis were used to detect
NAP1L1 expression after si-NAP1L1 transfection. ***P<0.001. (C) MTT assay was used to detect cell viability after si-NAP1L1 transfection.
***P<0.001. (D) EdU incorporation assay was conducted to detect cell proliferation ability after si-NAP1L1 transfection. *P<0.05, **P<0.01. Scale
bar: 100 μm. (E) Cell cycles of cells transfected with si-NC or si-NAP1L1. NS: no significance, *P<0.05, **P<0.01.
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assays showed that both HDGF and DDX5 can partially restore the
cell proliferation (Figure 6A–C) compared to the sh-NAP1L1 group.
Western blot analysis also indicated that β-catenin, C-MYC, and
CCND1 expressions were restored in the HDGF/DDX5+sh-NAP1L1
group compared to those in the sh-NAP1L1 group (Figure 6D,E).
These results indicated that NAP1L1 knockdown suppresses colon
cancer cell proliferation and inhibits β-catenin signaling through the
HDGF/DDX5 signal axis.

Discussion
Colon cancer is the third most common form of cancer worldwide. It
seriously endangers human health; however, its pathogenesis needs
to be clarified further. In previous studies, our group used co-IP
assays and mass spectrometry to screen HDGF as a potential in-
teracting protein in endometrial cancer (data not published). The
UALCAN website (http://ualcan.path.uab.edu/) also suggests that
NAP1L1 mRNA and protein levels are significantly upregulated in

Figure 3. Stable knockdown of NAP1L1 suppresses colon cancer growth in vitro and in vivo, and si-NAP1L1 inhibits the β-catenin/CCND1
signaling (A) Images of colon cancer cells transfected with sh-NAP1L1 lentiviral (GFP) were captured after 72 h with a fluorescence microscope. (B)
Relative NAP1L1 expression levels were detected by RT-qPCR. ***P<0.001. (C) Colony formation assays were performed after infection with
lentiviral particles carrying sh-NAP1L1 precursors or negative control. **P<0.01, ***P<0.001. (D) Xenograft tumors collected on day 25 after
subcutaneous implantation of SW620-NC and SW620-sh-NAP1L1 in nude mice. (E) Tumor volume and weight were measured on Day 25 (n=5).
*P<0.05. (F) β-Catenin, NAP1L1, C-MYC, and CCND1 levels were detected by western blot analysis after transfection with si-NC or si-NAP1L1.
GAPDH was used as a loading control.
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Figure 4. Direct interaction of NAP1L1 and HDGF (A) Immunofluorescence microscopy of NAP1L1, HDGF, and DAPI localization in colon cancer
cells. Scale bar: 25 μm. (B,C) Co-IP assays were performed to examine the interaction between NAP1L1 and HDGF. Lysates were im-
munoprecipitated with anti-HDGF/anti-NAP1L1 antibodies or control IgG, and detected by western blot analysis using anti-NAP1L1 antibodies. (D)
HDGF mRNA expression after si-NAP1L1-1/si-NAP1L1-2 transfection, normalized with ADP Ribosylation Factor 5. One-way ANOVA and Dunnett
multiple comparison test. ***P<0.001. (E) HDGF protein expression after si-NAP1L1-1/si-NAP1L1-2 transfection. GAPDH was used as a loading
control.

Figure 5. NAP1L1 interacts with HDGF to recruit DDX5 (A) Immunofluorescence microscopy of HDGF, DDX5, and DAPI localization in colon cancer
cells. Scale bar: 25 μm. (B,C) co-IP assay was performed to examine the interaction between DDX5 and HDGF. Lysates were immunoprecipitated
with anti-HDGF/anti-DDX5 antibodies or control IgG, and detected by western blot analysis using anti-HDGF antibodies. (D) Expressions of
NAP1L1, HDGF, and DDX5 were detected after transfection with sh-NAP1L1 with/without the HDGF overexpression plasmid. GAPDH was used as a
loading control.
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colon cancer. Therefore, we selected this gene and examined its
correlation with colon cancer and interaction with HDGF.

We initially used immunohistochemistry to confirm that NAP1L1
protein expression is upregulated in colon cancer tissues compared
to normal tissues. Our results suggest that NAP1L1 may be involved
in the pathogenesis of colon cancer. To further elucidate the role of
NAP1L1 in colon cancer, we analyzed the correlation of NAP1L1

protein expression with the clinical features and prognosis of pa-
tients with colon cancer. The survival analysis demonstrated that
patients with low NAP1L1 expression have better prognoses than
patients with high NAP1L1 expression, suggesting that NAP1L1
may serve as a potential oncogene in colon cancer. The role of
NAP1L1 and its molecular basis in colon cancer remain unreported.

In a subsequent study, we constructed colon cancer cells with

Figure 6. HDGF/DDX5 activates DDX5/β-catenin/CCND1 signaling and restores cell growth in sh-NAP1L1-transfected cells (A) MTT assays were
conducted after transfection of SW620 and HT29 cells with sh-NC, sh-NAP1L1, sh-NAP1L1 with an HDGF overexpession plasmid, and sh-NAP1L1
with a DDX5 overexpression plasmid. ***P<0.001. (B,C) EdU incorporation assays were conducted after transfection of SW620 and HT29 cells
with sh-NC, sh-NAP1L1, sh-NAP1L1 with an HDGF overexpression plasmid, and sh-NAP1L1 with a DDX5 overexpression plasmid. *P<0.05,
**P<0.01. Scale bar: 100 μm. (D,E) Expressions of β-catenin, NAP1L1, C-MYC, and CCND1 were detected by western blot analysis after transfection
with sh-NC, sh-NAP1L1, sh-NAP1L1 with an HDGF overexpression plasmid, and sh-NAP1L1 with a DDX5 overexpression plasmid. GAPDH was
used as a loading control.
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stably suppressed and transiently repressed NAP1L1 expression.
The data showed that suppression of NAP1L1 expression sig-
nificantly inhibits cell cycle progression and cell growth in vivo and
in vitro. These results are consistent with the results in other studies
on hepatocellular carcinoma [23,24] and renal cancer [25], further
supporting NAP1L1’s oncogenic role in colon cancer.
β-catenin/CCND1 is a known promoter of cancer cell cycle tran-

sition and proliferation. In this study, we initially observed that
knockdown of NAP1L1 reduced the activation of β-catenin/CCND1
signaling. To further investigate the molecular basis of the mod-
ulatory effect of NAP1L1 on the β-catenin/CCND1 signaling, we
examined the NAP1L1-interacting protein profile in endometrial
cancer provided by Prof. Fang (Southern Medical University,
Guangzhou, China). The data showed that HDGF potentially binds
to NAP1L1. In a subsequent study, we used co-IP assays to confirm
that NAP1L1 binds to HDGF in colon cancer cells. We also de-
monstrated that NAP1L1 and HDGF are co-localized in the nucleus
and cytoplasm of colon cancer cells.

HDGF encodes a heparin-binding protein. It was originally puri-
fied from the conditioned media of HuH-7 hepatoma cells [26].
Elevated HDGF protein level has been detected in various types of
malignancies [27], such as gastric cancer [28], lung adenocarcino-
ma [29], and breast cancer [30]. It plays a key role in promoting
tumorigenesis.

DDX5 encodes a member of the DEAD-box family of RNA heli-
cases that are involved in a variety of cellular processes. In previous
studies, upregulation of DDX5 was found to be an unfavorable
factor that promotes tumorigenesis in breast cancer [30] and other
human malignancies [31].

Interestingly, our previous study demonstrated that the binding
of HDGF with DDX5 activated β-catenin in endometrial cancer [32].
Therefore, we also speculated that NAP1L1 may positively regulate
β-catenin/CCND1 signaling by interacting with the HDGF/DDX5
complex. Unsurprisingly, the results demonstrated that β-catenin/
CCND1 signaling was obviously restored in stable NAP1L1-knock-
down colon cancer cells that were transfected with HDGF- or DDX5
overexpression plasmids. Cell growth ability was also obviously
restored in these cells.

In summary, our results demonstrate that NAP1L1 is significantly
upregulated in colon cancer cells, which identifies it as an un-
favorable factor. NAP1L1 also interacts with HDGF to recruit DDX5,
which activates β-catenin/CCND1 signaling and promotes colon
cancer growth. NAP1L1 acts as a potential oncogene in the patho-
genesis of colon cancer.

Supplementary Data
Supplementary Data is available at Acta Biochimica et Biphysica
Sinica online.
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