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Pentraxin 3 (PTX3) is an inflammatory molecule that is
closely related to the proliferation, invasion, and metastasis
of cancer. In order to explore the role of PTX3 in the
occurrence and development of esophageal carcinoma
(ESCA), we modified the PTX3 gene in ESCA cell lines to
obtain the model of gene knockout and overexpression
and studied cell proliferation, cycle, apoptosis, migration
ability, energy metabolism, and sensitivity to chemotherapy
and radiotherapy. We observed the increase in cell prolifer-
ation, cycle, apoptosis, migration ability, and sensitivity to
chemotherapy and radiotherapy in the PTX3 knockout
model, while in the PTX3 overexpression model, these phe-
nomena were significantly reduced. Knockout of the PTX3
also resulted in decreased cell glycolysis and increased
oxidative phosphorylation, which is consistent with other
findings that PTX3 affects the tumorigenic ability of cells
and their sensitivity to docetaxel. In ESCA, SOX9 directly
regulates the expression of PTX3, while human leukocyte
antigen (HLA)-system-related genes are significantly up-
regulated when lacking PTX3. These results indicate that
SOX9 may play a crucial role in regulating PTX3 and
affecting the HLA system in ESCA.

INTRODUCTION
According to Global Cancer Statistics, the incidence and mortality of
esophageal cancer (ESCA) ranked seventh and sixth, respectively.1

The incidence and mortality of ESCA in China rank among top five
in the world, and it is one of the main malignant tumors that threaten
the health of Chinese residents. Esophageal squamous cell carcinoma
(ESCC) is the primary histologic type of ESCA, with a high incidence
observed in certain areas of China.2 Early stage of ESCA is generally
asymptomatic. Once symptoms appear, they have reached advanced
stage, when surgery might not be possible, and can only be cured
through comprehensive treatments, such as radiotherapy and chemo-
therapy. These are the reasons why the overall survival rate of ESCA
patients remains low. Therefore, it is necessary to elucidate the under-
lying mechanisms of tumorigenesis in ESCC and to identify the new
biomarkers to provide the therapeutic targets for improving diagnosis
and treatment of ESCC.
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Rudolf Virchow discovered the existence of inflammatory cells in tu-
mor tissue a century ago and for the first time proposed the link be-
tween chronic inflammation and tumorigenesis.3 Recurrent and
persistent chronic inflammation may be the causative factor of
tumorigenesis, as well as an important factor in promoting tumor
and angiogenesis.4,5

Pentraxin 3 (PTX3) was discovered in 1992 as a member of the pen-
traxin family,6 which plays an important role in tumor-associated
inflammation in some published studies.7 As one of the essential com-
ponents of humoral innate immunity, PTX3 is a typical acute phase
protein expressed by hematopoietic cells and stromal cells in response
to primary pro-inflammatory stimuli and is involved in the innate
immunity against pathogens, regulation of inflammation, and tissue
remodeling.8–10

In this study, we first investigated the expression of PTX3 in human
ESCC cells and then generated the PTX3 knockout and overexpres-
sion models in esophageal squamous carcinoma cell lines and dis-
cussed the mechanism of PTX3. Finally, we performed experiments
on tumor formation in nude mice and drug sensitivity experiments
to further confirm the previous results. This study explored the role
of PTX3 gene in the development of ESCC and laid an experimental
foundation for future in-depth study of targeted therapy for ESCC.
RESULTS
Generation of PTX3 gene knockout and PTX3 gene

overexpression cell lines

To understand the expression of PTX3 in ESCC, we examined the
expression of PTX3 gene and its expressed protein in normal
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esophageal epithelial cells Het1A and three ESCC cell lines (KYSE140,
EC109, and KYSE450). The results of quantitative real-time PCR
(Figure 1A) and western blot (Figure 1B) showed that the expression
of PTX3 in the three ESCC cell lines was higher than that in the
esophageal epithelial cells Het1A. Among them, the expression of
PTX3 in KYSE450 was the highest, which was selected as the target
cell to generate a cell line stably transfected with PTX3.

PTX3 knockout cells were generated by CRISPR-Cas9 gene-editing
technology. First, we designed three guide RNA (gRNA) sequences
for the target sequence of PTX3 and connected the three gRNA se-
quences to the lentiviral backbone plasmid, respectively. The sche-
matic diagram of the PTX3-gRNA-len recombinant plasmid was pre-
sented in Figure 1C. PCR analysis of the recombinant plasmid
(Figure 1D) showed that the three gRNA base sequences were suc-
cessfully ligated into the backbone plasmid. In order to screen for
the most efficient PTX3-gRNA, these three recombinant plasmids
were transfected into 293T cells, and their respective genomes were
extracted. After the target sequence was amplified by PCR, the
enzyme digestion treatment was carried out. As shown in Figure 1E,
PTX3-gRNA3 was the most efficient by grayscale analysis, and it was
used to package the virus and infect KYSE450 cells. After infection,
the cells were screened with puromycin, and the selected cells were
subjected to single cell culture. Finally, five monoclonal cells were ob-
tained. The results of western blot (Figure 1F) showed that the three
cell lines KO1, KO3, and KO4 successfully knocked out the PTX3
protein. Through gene editing type analysis (Figures 1G and 1H), it
was found that both strands of genomic DNA of cell lines KO3
were mutated, and the number of bases of both strand mutations
was 3n + 1 times, indicating that we successfully obtained PTX3
knockout cells with consistent genetic modification and stable inher-
itance (named KYSE450 PTX3�/�). At the same time, we used lenti-
viral vector to construct a cell line that overexpressed the PTX3 gene
stably. The three clones with the highest expression were shown in
Figure 1I. In the subsequent experiments, we selected KYSE450
PTX3-5 cells with the highest expression of PTX3. The control cells
were named KYSE450-NC, and the overexpression cells KYSE450
PTX3-5 were named KYSE450 PTX3-OV. Western blot (Figure 1J)
revealed that PTX3 protein expression in KYSE450 PTX3-OV cells
was significantly higher than KYSE450-NC.

PTX3 affected proliferation, cycle, apoptosis, and migration of

KYSE450 cells

Cell proliferation was measured by Incucyte ZOOM, and the results
showed that the growth rate of KYSE450 PTX3�/� cells was signifi-
cantly slower than that of KYSE450 cells (p < 0.001; Figure 2A). In
addition, KYSE450 PTX3-OV cells grew significantly faster than
KYSE450-NC cells, with the greatest difference at 24 h (p < 0.001; Fig-
ure 2B). For further analysis, cell cycle and cell apoptosis were de-
tected by flow cytometry. Cell cycle assay (Figure 2C) showed that, af-
ter knockout of PTX3 gene, the proportion of cells in the dividing
phase decreased, and the cells were blocked in G0/G1 phase. The pro-
portion of G0/G1 phase cells of KYSE450 PTX3�/� cells was signifi-
cant increased (p < 0.001), while the proportion of cells in S phase (p <
0.001) and G2/M phase (p < 0.05) decreased. Apoptosis results (Fig-
ure 2D) showed that the early apoptosis (propidium iodide [PI](+)
Annexin V [AV](�)) of KYSE450 PTX3�/� was significantly
increased, indicating that knocking out PTX3 can induce apoptosis.
In contrast, after the overexpression of PTX3 gene, the proportion
of cells in the dividing phase increased, the proportion of cells in
the G0/G1 phase of KYSE450 PTX3-OV cells decreased, and the pro-
portion of cells in the S phase cells increased significantly (p < 0.05;
Figure 2E). In Figure 2F, the early apoptosis (PI(+)AV(�)) of
KYSE450 PTX3-OV cells was significantly lower than that of
KYSE450-NC, and the difference was statistically significant (p <
0.05), suggesting that overexpression of PTX3 can induce a decrease
in apoptosis. All the results indicated that PTX3 knockout arrest cells
in G0/G1 phase inhibited cell proliferation and promoted apoptosis,
but overexpression of PTX3 accelerated the cell cycle, decreased cell
apoptosis, and promoted cell proliferation.

To understand the effect of PTX3 on cell migration, we performed
wound-healing test and transwell migration experiments. The results
(Figures 2G and 2H) showed that the healing rate of KYSE450
PTX3�/� was significantly slower than that of KYSE450 cells, and
the transmembrane ability was significantly lower than that of
KYSE450 cells. On the contrary, the healing rate of KYSE450
PTX3-OV cells was faster than that of KYSE450-NC cells, and the
transmembrane ability of KYSE450 PTX3-OV cells was much higher
(Figures 2I and 2J).

PTX3 affected the sensitivity of KYSE450 cells to chemotherapy

and radiotherapy

To test whether the PTX3 gene affects the sensitivity of KYSE450 cells
to chemotherapeutic drugs, we co-cultured docetaxel and cisplatin
with cells. Growth curve results by Incucyte Zoom (Figures 3A and
3C) showed that the proliferative capacity of cells treated with chemo-
therapeutic drugs was reduced, while KYSE450 PTX3�/� cells were
more susceptible to chemotherapy than KYSE450. The results of plate
cloning experiments were consistent with the above results. When the
concentrations of docetaxel (Figure 3B) and cisplatin (Figure 3D)
were raised, the number of cell clones decreased, and the number
of clones of KYSE450 PTX3�/� cells was smaller than that of the cor-
responding KYSE450 group (p < 0.05). The above results indicated
that knockout of the PTX3 gene results in increased chemosensitivity
of KYSE450 cells. However, the overexpression of PTX3 gene resulted
in decreased chemosensitivity of KYSE450 cells. From the growth
curve, KYSE450-NC cells were more susceptible to chemotherapy
than KYSE450 PTX3-OV (Figures 3E and 3G). Exposure to
increasing concentration of docetaxel (Figure 3F) and cisplatin (Fig-
ure 3H) resulted in decreased number of clone formation, but the
clone number of KYSE450 PTX3-OV cells was larger than that of
the corresponding KYSE450-NC group (p < 0.01).

To assess the effect of PTX3 on the sensitivity of cell radiotherapy, we
performed the plate clone formation assay. As shown in Figure 3I,
after treatment with 0 Gy, 2 Gy, 4 Gy, 6 Gy, and 8 Gy dose of radio-
therapy, the number of KYSE450 PTX3�/� cell clones was
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Figure 1. Expression of PTX3 in normal esophageal epithelium and esophageal cancer cells

(A) Gene expression of PTX3 in esophageal epithelial cells and ESCC detected by RT-PCR. (B) Protein expression of PTX3 in esophageal epithelial cells and ESCC detected

by western blot are shown. (C) PTX3-gRNA-len plasmid map is shown. (D) PCR identification result of PTX3-gRNA-len recombinant plasmid bacterial solution is shown (M,

marker; 1 and 2 represent PTX3-gRNA1-len, 3 and 4 represent PTX3-gRNA2-len, and 5 and 6 represent PTX3-gRNA3-len). (E) T7E1mismatch enzyme detects the knockout

efficiency of each recombinant plasmid. The bands of marker from top to bottom are 1,000 bp, 700 bp, 500 bp, 400 bp, 300 bp, 200 bp, and 100 bp. (F) The PTX3 protein

knockout of cultured monoclonal cells is identified by western blot. (G) Analysis of PTX3-gRNA-mediated gene-editing types is shown. Analysis of the sequencing results of

TA clones of monoclonal cells is shown, and the red box indicates the base after mutation. (H) The single-strand DNA sequences of KYSE450 and TA cloning two sequencing

results are shown. (I) PTX3 gene expression in the control cells and the three clones with the highest PTX3 expression is shown. (J) PTX3 protein expression in the control

group and PTX3 overexpression group is shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
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significantly decreased compared with the corresponding KYSE450
cells (p < 0.05), suggesting that knockout of PTX3 can increase the
sensitivity of cell radiotherapy. On the other hand, after 0 Gy, 2 Gy,
4 Gy, 6 Gy, and 8 Gy radiotherapy, KYSE450 PTX3-OV cell clone
number was significantly increased compared with the corresponding
KYSE450-NC cells (p < 0.05; Figure 3J), suggesting that the overex-
pression of PTX3 gene cells resulted in resistance to radiotherapy.
774 Molecular Therapy: Oncolytics Vol. 24 March 2022
PTX3 affected energy metabolism of KYSE450 cells

To reveal the effect of PTX3 on energy metabolism of KYSE450
cells, we examined the oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) of the cells by using a Seahorse
XFe96 Extracellular Flux Analyzer. The basic value of ECAR re-
flects the non-glycolysis acid production value of the cells. After
adding glucose, it represents the glycolysis ability of the cells at



Figure 2. The effect of PTX3 on esophageal cancer cells

(A) Growth of KYSE450 and KYSE450 PTX3�/� cells and the cell growth curve measured by Incucyte ZOOM. (B) Growth of KYSE450 and KYSE450 PTX3-OV cells and the

cell growth curve detected through Incucyte ZOOM are shown. (C) Effect of PTX3 knockout on the cell cycle by flow cytometry is shown. (D) Effects of PTX3 knockout on cell

apoptosis analyzed by flow cytometry are shown. (E) Effects of PTX3 overexpression on cell cycle analyzed by flow cytometry are shown. (F) Effects of PTX3 overexpression

on cell apoptosis analyzed by flow cytometry are shown. (G) Effects of PTX3 knockout on cell migration ability assessed by scratch test are shown. (H) Effect of PTX3 knockout

on cell migration is measured by the transwell migration assay. (I) Effects of PTX3 overexpression on cell migration measured by scratch test are shown. (J) Effect of PTX3

overexpression on cell migration is measured by transwell migration assay. *p < 0.05, **p < 0.01, and ***p < 0.001.
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this time. Upon addition of oligomycin, it reflects the maximum
glycolysis capacity of the cells, and the increased value represents
the glycolysis potential of the cell. The results showed that the
basic glycolysis ability of KYSE450 PTX3�/� cells (12.01 ± 8.2
mpH/min) was lower than that of KYSE450 cell glycolysis
(24.73 ± 7.16 mpH/min; p < 0.05); KYSE450 PTX3�/� cells had
less glycolytic acid production reserve than KYSE450 cells (Fig-
ure 4A; p < 0.01), which indicated that KYSE450 PTX3�/� has
worse glycolysis ability than KYSE450. OCR was performed under
basal and stressed conditions in the presence of oligomycin, phe-
nylhydrazone (carbonyl cyanide-p-trifluoromethoxyphenylhydra-
zone [FCCP]), and rotenone and antimycin A. The OCR results
showed that the basal oxygen consumption of KYSE450 PTX3�/�

cells was 173.37 ± 36.10 pmol/min, which was significantly higher
than that of KYSE450 cells (139.02 ± 13.49 pmol/min; p = 0.005;
Figure 4B). The uncoupler FCCP can stimulate the increase of
cellular oxygen consumption, and the difference between the in-
crease in oxygen consumption and basic oxygen consumption after
stimulation reflects the respiratory reserve capacity of the cell
mitochondrial. After adding FCCP, the oxygen consumption of
Molecular Therapy: Oncolytics Vol. 24 March 2022 775
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Figure 3. PTX3 affected the sensitivity of KYSE450 cells to chemotherapy and radiotherapy

(A) The difference in proliferation of KYSE450 and KYSE450 PTX3�/� cells treated with different concentrations of docetaxel (0 nM, 0.1 nM, 0.5 nM, and 1 nM) determined by

Incucyte ZOOM. (B) Effects of different concentrations of docetaxel (0 nM, 0.1 nM, 0.5 nM, and 1 nM) on clone formation ability of KYSE450 and KYSE450 PTX3�/� cells

detected by clone formation experiment are shown. (C) The Incucyte ZOOM was used to determine the difference in proliferation of KYSE450 and KYSE450 PTX3�/� cells

treated with different concentrations of cisplatin (0 mM, 6 mM, 8 mM, and 10 mM) chemotherapy. (D) Clone formation experiment was used to detect the effect of different

concentrations of cisplatin (0 mM, 6 mM, 8 mM, and 10 mM) chemotherapy on cloning ability of KYSE450 and KYSE450 PTX3�/� cells. (E) Difference in proliferation of

KYSE450-NC and KYSE450 PTX3-OV cells treated with different concentrations of docetaxel (0 nM, 0.1 nM, and 0.5 nM) chemotherapy detected by Incucyte ZOOM is

shown. (F) Effect of different concentrations of docetaxel (0 nM, 0.1 nM, and 0.5 nM) chemotherapy on the cloning ability of KYSE450-NC and KYSE450 PTX3-OV cells tested

by clone formation experiment is shown. (G) Incucyte ZOOMwas used to determine the difference in proliferation of KYSE450-NC and KYSE450 PTX3-OV cells treated with

different concentrations of cisplatin (0 mM, 6 mM, and 8 mM) chemotherapy. (H) Clone formation experiment to detect the effects of different concentrations of cisplatin (0 mM,

6 mM, and 8 mM) chemotherapy on the cloning ability of KYSE450-NC and KYSE450 PTX3-OV cells is shown. (I) The effect of PTX3 knockout on the sensitivity of cell

radiotherapy is shown. (J) Effect of PTX3 overexpression on the sensitivity of cell radiotherapy is shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. The cell energy metabolism meter detects

the OCR and ECAR of the cells

(A) Line chart of cellular acidification rate and corresponding

histogram of cell acid discharge rate. (B) The basic OCR in

KYSE450 and KYSE450 PTX3�/� cells and corresponding

histogram are shown.
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KYSE450 PTX3�/� cells increased to 225.77 ± 34.08 pmol/min,
while the respiration rate of KYSE450 cells increased only slightly
(139.02 ± 13.49 pmol/min), and the respiratory reserve capacity of
KYSE450 PTX3�/� cells was significantly higher than that of
KYSE450 cells, indicating that KYSE450 PTX3�/� cells have better
oxidative phosphorylation ability than KYSE450. The above results
demonstrated that, after PTX3 was knocked out, the cell glycolysis
ability was weakened, while the phosphorylation capacity tended
to be enhanced.

PTX3 can be used as an indicator of the malignant degree

of ESCC

To investigate the expression of PTX3 in ESCC, we conducted an
immunohistochemical study. The results showed that, in ESCC tis-
sue samples, PTX3 protein staining was cytoplasmic staining, and
the expression of PTX3 was negative in normal esophageal tissues
(Figure 5A). The relationship between the expression of PTX3 pro-
tein and the clinicopathological parameters of 294 patients with
ESCC was shown in Table 1. The expression of PTX3 protein
was negatively correlated with survival (p = 0.000) and positively
correlated with tumor, node, and metastasis (TNM) stage (p =
0.020) and clinical stage (p = 0.003). PTX3 protein was positively
expressed in 123/155 (79.35%) patients who died within 1 year,
and among the patients whose survival time was greater than 5
years, the positive expression of PTX3 protein was 74/139
(53.24%). In the tumor tissues of pT3-pT4 patients, the positive
expression of PTX3 protein was 133/191 (69.63%). The positive
Molecul
expression of PTX3 protein in the clinical
stage III to IV patients was 143/201 (71.14%;
Table 1).

Kaplan-Meier and log rank tests were used to
calculate and compare survival, and the relation-
ship between PTX3 protein expression and sur-
vival in 294 patients with ESCC was assessed.
The data showed that the overall survival rate of
294 patients with ESCC was 36.05%, and the me-
dian follow-up time was 50 months. Among
them, 188 patients died during the follow-up
period. In all patients, 9 (3.06%) PTX3-negative
cases, 88 (29.93%) PTX3 weak-positive cases,
and 197 cases (67.01%) PTX3-positive cases
were observed. Statistical analysis of Kaplan-Me-
ier survival curves showed that expression of
PTX3 was significantly associated with shorter
survival of patients with ESCC, and it was a risk factor for shorter sur-
vival of patients with ESCC (p < 0.001; Figure 5B).

According to the above-mentioned clinicopathological parameters
and the expression of PTX3 in tumor cells, the Cox proportional haz-
ards regression method was used for univariate and multivariate anal-
ysis. Our findings suggested that PTX3 expression (hazard ratio
[HR] = 2.484; 95% confidence interval [CI]: 1.665–3.708; p =
0.000), age (HR = 0.482; 95% CI: 0.333–0.696; p = 0.000), tumor
size (HR = 1.287; 95% CI: 1.018–1.627; p = 0.035), TNM stage
(HR = 1.951; 95% CI: 1.173–3.245; p = 0.010), and lymph nodemetas-
tasis (HR = 2.094; 95% CI: 1.507–2.910; p = 0.000) were independent
prognostic factors for patients with ESCC (Table 2).

SOX9 regulated PTX3, affected HLA system, and promoted

tumor progression

To clarify the upstream mechanism of PTX3 in ESCC, we used NCBI
to search the promoter DNA sequence of PTX3 (https://www.ncbi.
nlm.nih.gov/pubmed). Then, we used the JASPAR database (http://
jaspar.binf.ku.dk/) and QIAGEN (http://www.sabiosciences.com/
chipqpcrsearch.php?app=TFBS) to predict that SOX9 might be the
upstream transcription factor of PTX3. To further elucidate the
mechanism of SOX9 regulating the expression of PTX3 in ESCC,
we used the PROMO website and JASPAR website to analyze the
5ʹ-terminal regulatory region of PTX3, predict the SOX9
binding sequence, and select the highest scoring sequence
(5ʹ-TCATTGTTC-3ʹ) for correlation verification (Figure 6A). To
ar Therapy: Oncolytics Vol. 24 March 2022 777
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Figure 5. Expression of PTX3 protein in normal tissues and cancer tissues of the esophagus

(A) Negative expression of PTX3 protein in esophageal tissue (A, 200�; B, 400�); C and D show positive expression of PTX3 protein in ESCC tissue (C, 200�; D, 400�); E and

F show weakly positive expression of PTX3 protein in ESCC tissue (E, 200�; F, 400�); and G and H show negative expression of PTX3 protein in ESCC tissue. The black

arrow indicates the position of the 400� picture in the 200� picture. (B) The correlation between the expression of PTX3 protein and the prognosis of patients with ESCC is

shown. Kaplan-Meier survival curve shows that PTX3 protein expression is positively correlated with poor prognosis of patients with ESCC.
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determine whether SOX9 directly regulates transcription of the PTX3
gene, we performed a chromatin immunoprecipitation (ChIP) exper-
iment. The results of DNA agarose gel electrophoresis after sonication
and protein-DNA decrosslinking showed that the DNA fragments
were mainly concentrated between 200 and 700 bp (Figure 6B).
The electrophoresis of the PCR product was shown in Figure 7B.
The amplified band from the input DNA without antibody precipita-
tion was the brightest, and the DNA precipitated by the positive anti-
body as template amplified the target band. However, the DNA
electrophoresis obtained by precipitation of the immunoglobulin G
(IgG) antibody was substantially band free and showed little amplifi-
cation products. The above results demonstrated that the transcrip-
tion factor SOX9 binds to the promoter of PTX3.

To verify whether SOX9 regulates PTX3 in vitro level, we performed
an electrophoretic mobility shift assay (EMSA) experiment. The re-
sults (Figure 6C) showed that there was no specific binding band in
the reaction without protein addition, but when the probe bound to
the protein, a specific protein-probe complex band appeared above
the lane, indicating that the PTX3 protein bound to the SOX9 probe.
To verify the specificity of the binding, a 200-fold unlabeled probe was
added to the labeled probe to compete for binding. As a result, the
band of the probe-binding protein completely disappeared. In the
mutation competition, the binding site of SOX9 was mutated, and
the PTX3 protein could not bind to the mutant probe.

To further verify the regulation of SOX9 on PTX3, we used small
interfering RNA (siRNA) for transfection, and quantitative real-
time PCR to detect the transfection efficiency of SOX9 after 48 h
of transfection. Our findings suggested that the expression of
SOX9 gene in SOX9 Si1 and SOX9 Si2 cells was significantly lower
than that of the control group (p < 0.05), and the expression of
PTX3 gene and protein after SOX9 silencing was significantly lower
than that of the control groups (p < 0.05). It is suggested that the
expression of SOX9 affects the expression of PTX3, and SOX9
778 Molecular Therapy: Oncolytics Vol. 24 March 2022
can regulate the transcriptional expression of PTX3 (Figure 6D).
Furthermore, in order to observe the changes in the biological func-
tion of cells after SOX9 silencing, we evaluated and tested the cell
proliferation, cycle, and apoptosis. The consequence of plate cloning
experiments showed (Figure 6E) that, after SOX9 was silenced, the
cell proliferation rate was significantly reduced (p < 0.001). The re-
sults of cell cycle were shown as Figure 6F. After transient transfec-
tion of SOX9, the proportion of G0/G1 phase cells in KYSE450 cells
increased significantly (p < 0.05), and the proportion of both S
phase and G2/M phase cells decreased. The identification of cell cy-
cle showed that, after SOX9 was silenced, the proportion of actively
dividing cells decreased, and most cells were blocked in G0/G1
phase. Flow cytometry detection of apoptosis showed (Figure 6G)
that, after SOX9 silencing, both early apoptosis (PI(+)AV(�)) and
late apoptosis (PI(+)AV(+)) increased, and the difference was statis-
tically significant (p < 0.05). The results suggested that SOX9
silencing slowed down cell proliferation, induced cell-cycle arrest,
and induced apoptosis.

In order to understand the co-expression of SOX9 and PTX3, we
examined the SOX9 protein expression in ESCC tissue samples.
SOX9 staining was mainly nuclear staining (Figure 6H). Correlation
analysis of SOX9 and PTX3 protein expression in the same patients’
tissues showed that the tissues with high SOX9 expression also had
high PTX3 expression. Likewise, tissues that expressed lower level
of SOX9 also had lower expression of PTX3 (Figure 6I). This indi-
cated that PTX3 protein expression was high in the SOX9 high
expression region and vice versa. At the same time, a positive corre-
lation between the co-localized expression of SOX9 and PTX3 in
ESCC samples was determined by immunofluorescence detection
(Figure 6J). All these results indicated that there is a positive correla-
tion between the expression of SOX9 and PTX3 in ESCC.

In order to explore the molecular mechanism of changes in
KYSE450 cells after knocking out the PTX3 gene, we performed



Table 1. The associations of PTX3 expression levels and the clinicopathological characteristics in ESCC

Clinicopathological variable

PTX3 expression

n Positive Weak positive Negative p valuea

Survival

%1 year 155 123 (79.35%) 31 (20.00%) 1 (0.65%)
0.000

R5 years 139 74 (53.24%) 57 (41.01%) 8 (5.76%)

Age (years)

%60 134 93 (69.40%) 38 (28.36%) 3 (2.24%)
0.619

>60 160 104 (65.00%) 50 (31.25%) 6 (3.75%)

Gender

Male 175 117 (66.86%) 54 (30.86%) 4 (2.29%)
0.614

Female 119 80 (67.23%) 34 (28.57%) 5 (4.20%)

Tumor size (mm)

<30 162 103 (63.58%) 51 (31.48%) 8 (4.94%)

0.23630–60 88 61 (69.32%) 26 (29.55%) 1 (1.14%)

>60 44 33 (75.00%) 11 (25.00%) 0 (0.00%)

Tumor location

Upper 54 37 (68.52%) 17 (31.48%) 0 (0.00%)

0.215Middle 199 137 (68.84%) 56 (28.14%) 6 (3.02%)

Lower 41 23 (56.10%) 15 (36.59%) 3 (7.32%)

Histologic grade

Well 11 7 (63.64%) 4 (36.36%) 0 (0.00%)

0.804Moderate 211 140 (66.35%) 63 (29.86%) 8 (3.79%)

Poor 72 50 (69.44%) 21 (29.17%) 1 (1.39%)

TNM stage

pT1-pT2 103 64 (62.14%) 32 (31.07%) 7 (6.80%)
0.020

pT3-pT4 191 133 (69.63%) 56 (29.32%) 2 (1.05%)

Clinical stage

I-II 93 54 (58.06%) 32 (34.41%) 7 (7.53%)
0.003

III-IV 201 143 (71.14%) 56 (27.86%) 2 (1.00%)

Lymph node metastasis

No 174 115 (66.09%) 53 (30.46%) 6 (3.45%)
0.860

Yes 120 82 (68.33%) 35 (29.17%) 3 (2.50%)

Distant metastasis

No 292 197 (64.47%) 86 (29.45%) 9 (3.08%)
0.095

Yes 2 0 (0.00%) 2 (100.00%) 0 (0.00%)

aChi-square test
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high-throughput transcriptome sequencing on a total of six samples
of KYSE450 and KYSE450 PTX3�/� cells. After analysis, the expres-
sion of multiple differentially expressed genes (DEGs) was either
significantly up-regulated or down-regulated, including 4,292 up-
regulated genes and 4,085 down-regulated genes (Figure 1A).
Once analyzing all the differential genes had been done, the differ-
ential gene expression heatmap that showed the expression of the
differential genes was then obtained (Figure 1B). Based on the de-
tected differential genes, Gene Ontology (GO) functional enrich-
ment analysis and Kyoto Gene and Genome Encyclopedia
(KEGG) biological pathway enrichment analysis were performed.
GO functional analysis includes three aspects: biological process
(BP), cellular component (CC), and molecular function (MF). The
top three groups observed with the greatest differences in BP are
cellular process, single-organism process, and metabolic process.
The CC part had the greatest correlation with cell, cell part, and
organelle. Finally, in the MF classification, the difference between
participating in binding, catalytic activity, and molecular function
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Table 2. Univariate and multivariate survival analysis of ESCC patients using Cox relative risk

Variable

Univariate analysis Multivariate analysis

HR (95% CI) p value HR (95% CI) p value

PTX3 expression in tumor 2.349 (1.590–3.468) 0.000 2.484 (1.665–3.708) 0.000

Age (no more than 60 versus >60) 0.591 (0.411–0.850) 0.005 0.482 (0.333–0.696) 0.000

Sex (male，female) 1.077 (0.919–1.262) 0.361 1.134 (0.964–1.334) 0.128

Tumor size (<30, 30–60, >60) 0.536 (0.350–0.822) 0.004 1.287 (1.018–1.627) 0.035

TNM stage (T1-T2 versus T3-T4) 2.727 (1.829–4.065) 0.000 1.951 (1.173–3.245) 0.010

Clinical stage (I-IIversus III-IV) 2.287 (1.534–3.408) 0.000 1.064 (0.635–1.784) 0.813

Lymph node metastasis (no versus yes) 2.419 (1.757–3.332) 0.000 2.094 (1.507–2.910) 0.000

Distant metastasis (no versus yes) 0.961 (0.134–6.866) 0.968 0.304 (0.041–2.276) 0.247

HR, hazard ratio; 95% CI, 95% confidence interval.
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regulator was the largest (Figure 1C). The results of KEGG pathway
classification were shown in Figure 1D, and the enrichment results
were shown in Figure 1E. Endocytosis, focal adhesion, and herpes
simplex infection-signaling pathways had the most genes enriched.
Through differential gene analysis, we found that a series of genes
(HLA-A, HLA-B, HLA-C, HLA-DMA, HLA-DMB, HLA-DOA,
HLA-DPA1, HLA-DQB2, HLA-DRA, HLA-DRB1, HLA-DRB5,
HLA-DQA1, HLA-DQB1, and CD74) related to the HLA system
in KYSE450 cells, which were significantly up-regulated after
PTX3 knockout (Figure 6K), and these genes were concentrated
in the herpes simplex infection pathway (Figure 6L). We verified
the expression of these genes in the cells by RT-PCR. The results
(Figure 6M) showed that the expression of these genes in the
KYSE450 PTX3�/� group was significantly up-regulated, which
was consistent with the transcriptome sequencing results. At the
same time, we selected HLA class I ABC, HLA DR + DP + DQ,
and CD74 antibodies for verification in 101 ESCC cases (Figure 6N),
of which 57 patients died within 1 year and 44 patients survived for
more than 5 years. The results (Table 3) suggested that the expres-
sion of HLA class I ABC, HLA DR + DP + DQ, and CD74 was
significantly correlated with the survival rate of ESCC patients
(p < 0.05), and the expression of the survival rate over 5 years
was higher, which were 67.57%, 73.33%, and 57.14%, respectively.
Kaplan-Meier survival curve and log rank test proved that the
expression of HLA class I ABC, HLA DR + DP + DQ, and CD74
in ESCC was significantly correlated with longer survival time (Fig-
ure 6N; p < 0.05).

PTX3 affected the tumorigenicity of KYSE450 cells

In order to explore the effect and mechanism of PTX3 on tumorige-
nicity in vivo, we used PTX3 knockout and overexpression cells model
(5 � 106 cells/each mice) to inoculate subcutaneously in nude mice.
After the tumor volume reached about 80 mm3, the administration
group began to receive 7 mg/kg docetaxel intraperitoneally (twice a
week). In the meantime, the non-administration group was intraper-
itoneally injected with solvent control (twice a week). The body
weight and tumor data were monitored, and the animals were sacri-
ficed 4 weeks after inoculation.
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Subcutaneous tumors appeared in 24 nude mice about 1 week after
inoculation, and the tumor formation rate was 100% (Figure 7A).
The tumor growth rate of the KYSE450 PTX3�/� group was signifi-
cantly slower than that of KYSE450 group, and the KYSE450
PTX3�/� cells were more sensitive to docetaxel (Figures 7B and
7C). The weight of the four groups of nude mice increased gradually.
At the time of sacrifice, the average weights of the four groups were
22.525 ± 1.309 g (KYSE450 group), 21.927 ± 1.034 g (KYSE450
administration group), 22.755 ± 1.185 g (KYSE450 PTX3�/� group),
and 21.910 ± 1.337 g (KYSE450 PTX3�/� administration group).
The difference was not statistically significant (Figure 7D; p > 0.05).
The average tumor weights at the time of execution were
0.793 ± 0.276 g (KYSE450 group), 0.300 ± 0.154 g (KYSE450 admin-
istration group), 0.462 ± 0.270 g (KYSE450 PTX3�/� group), and
0.062 ± 0.036 g (KYSE450 PTX3�/� administration group). The dif-
ference was statistically significant (Figure 7E; p < 0.05). The tumor
growth inhibition rate was 62.17% in the KYSE450 group and
86.58% in the KYSE450 PTX3�/� group.

However, the tumor growth rate of the KYSE450 PTX3-OV group
was significantly faster than that of the KYSE450-NC group, and
it was not sensitive to docetaxel (Figures 7F–7H). The average
body weights of the four groups at the time of execution were
24.458 ± 0.649 g (KYSE450-NC group), 23.797 ± 1.434 g
(KYSE450-NC administration group), 24.440 ± 1.283 g (KYSE450
PTX3-OV group), and 21.812 ± 1.778 g (KYSE450 PTX3-OV
administration group). The difference was not statistically signifi-
cant (Figure 7I; p > 0.05). The average tumor weights at the time
of execution were 0.640 ± 0.187 g (KYSE450-NC group), 0.303 ±

0.143 g (KYSE450-NC administration group), 0.848 ± 0.084 g
(KYSE450 PTX3-OV group), and 0.622 ± 0.292 g (KYSE450
PTX3-OV administration group). The difference was statistically
significant (Figure 7J; p < 0.05). The tumor growth inhibition rate
was 52.66% in the KYSE450-NC group but only 26.65% in the
KYSE450 PTX3-OV group.

In order to detect the expression of PTX3 in the tumor tissues of nude
mice, we performed immunohistochemistry (IHC) staining. The



Figure 6. SOX9 regulates PTX3 expression and affects the HLA system

(A) Score of SOX9 binding sequence. (B) ChIP detects the combination of SOX9 and PTX3. Ultrasonic fragmentation of chromatin agarose gel electrophoresis, input

chromatin immunoprecipitation experiment PCR analysis, and the relative binding rate obtained by comparing the gray value of input amplification product band scanning

with 1 are shown. (C) EMSA verifies the binding of SOX9 and PTX3 in vitro (1, negative control; 2, experimental group; 3, cold competition; 4, mutation competition). (D) PTX3

expression is down-regulated after SOX9 silence. RT-PCR detects the transfection efficiency of SOX9 and the expression of PTX3 gene after SOX9 transfection, and western

blot detects the expression of PTX3 protein after SOX9 transfection. (E) The effect of SOX9 silence on cell proliferation was detected by plate cloning experiment. (F) The effect

of SOX9 silence on the cell cycle was detected by flow cytometry. (G) The effect of SOX9 silencing on cell apoptosis detected through flow cytometry is shown. (H) Expression

(legend continued on next page)
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results are shown in Figure 7K. The KYSE450 group had the strongest
PTX3 expression, and the KYSE450 administration group had a sig-
nificant down-regulation of PTX3 expression. In the KYSE450
PTX3�/� group, only a small number of cells were weakly positive
for PTX3, while in the KYSE450 PTX3�/� administration group,
the expression of PTX3 was basically negative. The above results indi-
cated that PTX3 is sensitive to docetaxel chemotherapy and may be a
new potential therapeutic target. At the same time, we measured the
expression of HLA-related proteins in tumor tissues of nude mice,
and the results (Figure 7L) showed that the expressions of HLA class
I ABC, HLA DR + DP + DQ, and CD74 in the KYSE450 PTX3�/�

group were significantly higher than those in the KYSE450 group,
which was consistent with the results of the 101 cases of human
ESCC (Figure 6N).

DISCUSSION
Studies have reported that PTX3 can be produced by innate immune
cells and plays an important role in innate immunity, regulation of
inflammation, and matrix deposition through the interaction with
several ligands.7 PTX3 contributes to tumor-related inflammation,
and its expression has been identified as a new diagnostic and prog-
nostic biomarker for various types of cancer, including glioma,11

prostate cancer,12 lung cancer,13 soft-tissue liposarcoma,14 and
pancreatic cancer.15 Recent evidence reveals that the expression of
PTX3 in tumors and adjacent liver tissues of patients with hepatocel-
lular carcinoma is significantly up-regulated. PTX3 can accelerate the
progression of hepatocellular carcinoma by activating epithelial-
mesenchymal transition (EMT) and serves as a potential predictor
and therapeutic target for hepatocellular carcinoma.16 In addition,
high PTX3 expression had been detected in the tissues of patients
with small cell lung cancer, and it has been confirmed that elevated
levels of PTX3 are associated with decrease in overall survival (OS)
and recurrence-free survival (RFS). So PTX3 may be a useful prog-
nostic marker and potential molecular target for treatment of patients
with small cell lung cancer.17 Considering the potential role of PTX3
in inflammation-related carcinogenesis, we explored the relationship
between PTX3 and the occurrence and development of ESCC, in or-
der to prove that PTX3 plays an important role in ESCC.

Cancer is a disorder of cell proliferation. In most cancers, every
pathway that restricts the normal cell proliferation response of
normal cells is disturbed. Apoptosis plays an important role in the
development of multicellular organisms, and it directly affects the
regulation and maintenance of cell populations under physiological
and pathological conditions.18 Imbalanced proliferation and inhibi-
of SOX9 protein in ESCC is shown. a and b are positive for SOX9 protein expression

expression in ESCC tissue (c, 200�; d, 400�); and e and f are negative expressions of SO

of the 400� picture in the 200� picture. (I) IHC diagram of SOX9 and PTX3 in tissues o

expression in tissues of patients with ESCC is shown. (K) Gene volcano map of transc

resents down-regulation, and gray represents no difference. (L) All differential genes in the

HLA-system-related genes. (N) Expression of HLA-system-related proteins HLA class

between the expression of HLA-system-related proteins and the prognosis of patients w

200� picture. *p < 0.05, **p < 0.01, and ***p < 0.001.

782 Molecular Therapy: Oncolytics Vol. 24 March 2022
tion of cell apoptosis are the core of all tumor development. There-
fore, targeting cell proliferation, cycle, and apoptosis pathways has
become an attractive intervention target for cancer treatment.19,20

Our results indicated that PTX3 affected the proliferation, cycle,
and apoptosis of KYSE450 cells and could be a new target for the
treatment of ESCC.

Based on the research of the past few decades, the recent imbalance of
cell energy has also been regarded as one of the signs of cancer.21 Otto
Warburg first proposed that tumor cells are different from normal
cells, that is, even when oxygen is available, glycolysis is up-regulated
and mitochondrial respiration is suppressed in tumor cells. This phe-
nomenon is called the “Warburg effect.” Several potential mecha-
nisms of cellular energy disorders are related to mitochondrial
dysfunction caused by mitochondrial DNA (mtDNA) mutations,
mitochondrial enzyme defects, or oncogene and tumor suppressor
changes.22–24 Mitochondria are intracellular organelles in eukaryotic
cells that participate in bioenergy metabolism and cell homeostasis,
including the production of ATP through electron transfer and oxida-
tive phosphorylation, the decomposition of fatty acids by the tricar-
boxylic acid (TCA) cycle oxidation metabolites and b-oxidation,
the generation of ROS, and the initiation and execution of
apoptosis.25 Energy metabolism results showed that PTX3 affected
cell energy metabolism, that is, after the PTX3 gene was knocked
out, the cell’s glycolytic capacity was impaired and inclined to oxida-
tive phosphorylation.

SOX9 is up-regulated in many tumors and plays an important role as
an oncogene in cancer progression.21 In human transplantation
models, the expression of SOX9 enhances the tumorigenic andmetas-
tasis-dissemination ability of breast cancer cells, and the conversion
of EMT endows the cells withmany characteristics that related to can-
cer stem cells.26,27 A mouse model of basal cell carcinoma shows that
SOX9 is a self-renewal-cell-like tumor stem cell, balancing the sym-
metrical and asymmetrical cell division during skin tumorigenesis.28

Our research results showed that SOX9 is highly expressed in ESCC
and is positively correlated with the expression of PTX3. Silencing
SOX9 can inhibit cell proliferation, block cell cycle, and promote
cell apoptosis.

The classic major histocompatibility complex (MHC) molecule is a
highly polymorphic glycoprotein, which plays a central role in adap-
tive immunity through capturing and presenting peptide antigens of
T cell receptor (TCR) expressed on T lymphocytes.29 CD74, known as
the constant chain of major MHC class II, is an important part of the
in ESCC tissue (a, 200�; b, 400�); c and d are weakly positive for SOX9 protein

X9 protein in ESCC tissue (e, 200�; f, 400�). The black arrow indicates the position

f patients with ESCC is shown. (J) Immunofluorescence analysis of SOX9 and PTX3

riptome sequencing differences is shown. Red represents up-regulation, blue rep-

herpes simplex infection pathway are shown. (M) RT-PCRdetects the expression of

I ABC, HLA DR + DP + DQ, and CD74 protein in ESCC tissues and the correlation

ith ESCC are shown. The black arrow indicates the position of the 400� picture in the



Figure 7. In vitro experiments to verify the effect of PTX3 on tumors

(A) 5 � 106 KYSE450 and KYSE450 PTX3�/� cells were injected subcutaneously into each nude mouse, and pictures of each group of mice after 4 weeks are shown. (B)

Photographs of tumor tissues peeled off from mice in each group of (A) are shown. (C) KYSE450 and KYSE450 PTX3�/� tumor growth curves in each group are shown. (D)

The body weights of mice in each group of KYSE450 and KYSE450 PTX3�/� are shown. (E) Histogram of the average tumor weights of mice in KYSE450 and KYSE450

PTX3�/� groups is shown. (F) 5 � 106 KYSE450-NC and KYSE450 PTX3-OV cells were injected subcutaneously into each nude mouse. Images of each mice group after

4 weeks are shown. (G) Photographs of tumor tissues stripped from mice in each group of (F) are shown. (H) Tumor growth curve of each group of KYSE450-NC and

KYSE450 PTX3-OV is shown. (I) Body weights of mice in each group of KYSE450-NC and KYSE450 PTX3-OV are shown. (J) Histogram of the average tumor weight of mice

in each group of KYSE450-NC and KYSE450 PTX3-OV is shown. (K) Expression of PTX3 in nude mouse tissues is shown. The black arrow indicates the position of the 400�
picture in the 200� picture. (L) Expression of HLA-related proteins HLA class I ABC, HLA DR + DP + DQ, and CD74 in nude mouse tissues is shown.
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functional expression of MHC class II restricted antigens and a key
factor in anti-tumor immunity.30 One of the hallmarks of cancer is
that it can promote immune evasion by down-regulating HLA genes
to reduce antigen presentation.31 Reduced expression of HLA-I in tu-
mors is an important immune escape mechanism for limiting the
function of cytotoxic T cell (CTL) described in various types of
cancers and is often associated with poor prognosis of patients and
resistance to immunotherapy.32 High-throughput transcriptome
sequencing revealed that the HLA-system-related genes in
KYSE450 PTX3�/� cells were significantly up-regulated. At the
same time, in human ESCC tissues, the expression of HLA-system-
related proteins was correlated with the survival time of patients. Pa-
tients with high expression of HLA-system-related proteins have a
long survival period and favorable prognosis.
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Table 3. The relationship between the expression of HLA-system-related

proteins and the survival time of patients with ESCC

Related proteins

Survival time

n %1 year R5 years p valuea

HLA class I ABC

Positive 37 12 (32.43%) 25 (67.57%)

0.000Weak positive 39 25 (64.10%) 14 (35.90%)

Negative 25 20 (80.00%) 5 (20.00%)

HLA DR + DP + DQ

Positive 15 4 (26.67%) 11 (73.33%)

0.012Weak positive 56 31 (55.36%) 25 (44.64%)

Negative 30 22 (73.33%) 8 (26.67%)

CD74

Positive 21 9 (42.86%) 12 (57.14%)

0.033Weak positive 33 15 (45.45%) 18 (54.55%)

Negative 47 33 (70.21%) 14 (29.79%)

Table 4. Primers for quantitative real-time PCR

Gene name Sequence (5ʹ-to-3ʹ)

GAPDH
F: GCACTCTTCCAGCCTTCCTTCC

R: TCACCTTCACCGTTCCAGTTTTT

PTX3
F: CTGGGAGACTCACAGGCTTC

R: GACAAGACTCTGCTCCTCCG

HLA-A
F: TGGAGAGGAGCAGAGATACACC

R: AGAACCAGGCCAGCAATGATG

HLA-B
F: TCATCTCAGTGGGCTACGTG

R: GTGTGTTCCGGTCCCAATAC

HLA-C
F: GGTGGTGCCTTCTGGACAAG

R: CTCTTCCTCCTACACATCATAGCG

HLA-DMA
F: CCTGCACACAGTGTACTGC

R: CACCCGAGTGTTCTGGGAA

HLA-DMB
F: TGGCGAATGTCCTCTCACAG

R: TGTGTGGCACAATTCTGAAGC

HLA-DOA
F: CCTACGGACCCGCCTTCTA

R: GGCCTCGCTTTTCTTCAGG

HLA-DPA1
F: ATGCGCCCTGAAGACAGAATG

R: ACACATGGTCCGCCTTGATG

HLA-DQB2
F: CAGATCAAAGTCCGGTGGTT

R: TGGAAGGTCCAGTCACCATT

HLA-DRA
F: TCTGGCGGCTTGAAGAATTTG

R: GGTGATCGGAGTATAGTTGGAGC

HLA-DRB1
F: CAGTTCCTCGGAGTGGAGAG

R: CTCAGCATCTTGCTCTGTGC

HLA-DRB5
F: GCACAGAGCAAGATGCTGAG

R: ACGAGTCCTGTTGGGTGAAG

HLA-DQA1
F: GGACCTGGAGAGGAAGGAGAC

R: GTAGCAGCGGTAGAGTTGTAGC

HLA-DQB1
F: TTGATGCTGGCGATGCTGAG

R: GCGTACTCCTCTCGGTTATAGATG

CD74
F: GATGACCAGCGCGACCTTATC

R: GTGACTGTCAGTTTGTCCAGC
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Nudemouse tumor formation experiments showed that knocking out
the PTX3 can inhibit tumor formation in vivo and improve tumor-
bearing mice’s sensitivity to docetaxel. On the contrary, PTX3 over-
expression model promoted the tumor formation in vivo and reduced
tumor-bearing mice’s sensitivity to docetaxel, which was consistent
with the results of in vitro cell experiments. In tumor tissues of
nude mice, the expression of HLA-system-related proteins in the
PTX3 knockout group was higher than that in the control group, sug-
gesting that PTX3 may affect the expression of HLA-system-related
proteins. In conclusion, our study found that SOX9 gene can regulate
the transcriptional expression of PTX3 directly, and the role of PTX3
in ESCC may be regulated by SOX9. We believe that external inflam-
matory stimuli regulate PTX3 through SOX9 transcription, which in
turn affects the HLA system to promote tumor progression.

MATERIALS AND METHODS
Cell lines and cell culture

Esophageal epithelial cell line Het1A and ESCC cell lines KYSE140
and EC109 were obtained from the American Type Culture Collec-
tion (ATCC) in 2016, and the KYSE450 cell line was purchased
from the German Collection of Microorganisms and Cultures
(DSMZ) in 2015. Cells were routinely cultured in RPMI-1640 me-
dium (Sigma, USA), supplemented with 10% fetal bovine serum
(Gibco, USA), 100 U/mL of penicillin, and 100 mg/mL of strepto-
mycin at 37�C in a 5% CO2 humidified incubator.

RNA isolation and quantitative real-time PCR analysis

RNA was extracted from cells using TRIZOL reagent (TaKaRa,
Japan). The Revert Aid First Strand cDNA Synthesis Kit (TaKaRa,
Japan) was used for cDNA synthesis. The forward and reverse primer
sequences are shown in Table 4. The quantitative real-time PCR using
an SYBR Green PCR master mix (Qiagen, Germany) was performed
with the AgilentMx3005P. The samples were amplified at 95�C for
5 min, 40 cycles of 95�C for10 s, and 60�C for 30 s. Relative gene
784 Molecular Therapy: Oncolytics Vol. 24 March 2022
expression was determined by normalizing the expression of each
target gene to GAPDH. The data were analyzed by using 2�DDCt.

Protein isolation and western blot analysis

Cells were harvested and lysed withmixed radioimmunoprecipitation
assay (RIPA) buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1%
PMSF (100�; CWBiotech, China) on ice for about 30 min and then
centrifuged at 1,500 � g for 5 min at 4�C. Proteins were loaded to
12% SDS-PAGE and then transferred to PVDF (Millipore, USA)
membrane. The membrane was blocked in Tris-buffered saline with
Tween 20 (TBST) buffer containing 5% non-fat milk at room temper-
ature (22�C) for 1 h and then probed with antibodies for PTX3
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(Genetex, USA) and b-actin (Abcam, UK) at 4�C overnight, followed
by incubating with respective horseradish-peroxidase-conjugated
secondary antibody for 1 h at room temperature. Then, the
membrane was exposed to a chemiluminescent reagent (enhanced
chemiluminescence [ECL]) for about 5–10 min and exposed to
X-ray photographic films in a darkroom, and the band densities
were later quantified with ImageJ Software (NIH, USA).

Generation of PTX3 knockout and overexpressed cell lines

We constructed a model of PTX3 knockout in ESCC KYSE450 cell
line by using CRISPR-Cas9 technology. Three gRNA sequences
were designed for the target sequences of PTX3 in the first, second,
and third exons, and they were respectively ligated to the lentiviral
backbone plasmid. Then, they were transfected into 293T cells and
their genomic DNAs were extracted. The target sequences were
amplified by PCR and then digested to screen for the most efficient
PTX3-gRNA.The virus was packaged with the most effective plasmid
and infected KYSE450 cell line. After infection, the cells were
screened with puromycin and the selected cells were cultured in single
cells. Similarly, a lentiviral vector was used to establish the KYSE450
cell line model overexpression PTX3.

Cell proliferation assay

IncuCyte Imaging Systemwas used for real-time assessment of cell pro-
liferation for 4 days (EssenBiosciences,USA). The cells were cultured in
96-well plates (Corning, USA) at a density of 2,000 cells per well and
incubated overnight in medium containing 10% fetal bovine serum
(FBS). Then, we transferred the cells to IncuCyte apparatus, collected
images (two/well) every 4 h, and used the corresponding software
installed in the IncuCyte system to obtain the cell growth curves.

Cell cycle assay

Cells were collected by 0.05% trypsin without EDTA solution and
fixed with ice-cold 75% ethanol at 4�C overnight. For cell cycle anal-
ysis, cells were stained with 2 mg/mL RNase A and 10 mg/mL PI. DNA
contents were measured with BD LSRII flow cytometer and analyzed
with Software FlowJo v.7.6.

Cell apoptosis assay

Cells were harvested and washed with ice-cold PBS and then resus-
pended in AV-binding buffer. Thereafter, PI (Sigma, USA) was added
to the cell suspension and incubated for 15 min at room temperature
in the dark. Following this, samples were immediately analyzed by
flow cytometry (BD Biosciences, USA).

Migration assay

Migration assay was performed by wound healing test. The cells
(3 � 104 cells/well) were dispensed into 96-well plates and incubated
at 37�C, 5% CO2 overnight for wound healing test. Wounds were
created by a 96-well scratcher with Incucyte ZOOM. Relevant
parameters were set to take a picture every 6 h, and experiment results
were analyzed after 24 h of culture. We seeded 5� 104 cells in serum-
free medium into the upper chamber, and 700 mL of medium contain-
ing 10% serum was added in lower chamber for transwell migration
assay with a filter of transwell system (8.0 mm pore size, 24-well
insert). After incubation of 24 h, cells were fixed with 4% paraformal-
dehyde, stained with 0.1% crystal violet, imaged, and counted under a
microscope.
Chemotherapy sensitivity assay

Cells were seeded in a 96-well plate (2 � 103 cells/well), medicated
medium was replaced after the cells adhere to the wall, and then we
put them in the Incucyte ZOOM incubator. The relevant parameters
were set to take pictures every 4 h. The medium was changed every
2 days. The experiment was completed after 5–7 days, and the results
were analyzed.
Radiotherapy sensitivity assay

The cells were seeded in a 6-well plate (500 cells/well). After the cells
were attached, the cells were irradiated with doses of 0 Gy, 2 Gy, 4 Gy,
6 Gy, and 8 Gy, respectively, according to the dose rate table, and
three sub-wells were set for the same irradiation dose. After the irra-
diation, we replaced the medium with 3 mL fresh medium and
continued to incubate. After 2 weeks, the cells were fixed with 4%
paraformaldehyde and then stained with 0.1% crystal violet. Pictures
were taken, and the number of clones in each well was counted.
Cellular energy metabolism assay

OCR and ECAR were measured using a Seahorse XFe96 extracellular
flux analyzer (Seahorse Bioscience, USA). Cells were seeded at a den-
sity of 5 � 104 cells/well in XFe96 cell culture microplate (Seahorse
Bioscience) and cultured overnight until they attached to the bottom.
The cells were transferred into an assay medium supplemented with
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose 1 h prior to the
assay and incubated at 37�C. After baseline measurements, OCR was
measured by adding FCCP and rotenone and antimycin A to each
well, and ECAR was determined by adding oligomycin and
2-deoxy-D-glucose (2-DG).
ChIP assay

Cells were plated in a 10-cm culture dish, cultured for 24 h, and fixed
with formaldehyde at a final concentration of 1%. After washing with
PBS, the cells were resuspended in lysis buffer. The DNA was sheared
into small fragments by sonication. After that, 100 mL of the sonicated
product was added to 900 mL of Chip Dilution buffer and 20mL of 50�
Protease Inhibitor Cocktail (PIC) and then incubated with Protein
A + G agarose/Salmon Sperm DNA at 4�C for 2 h. The recovered su-
pernatants were incubated with PTX3 antibody (Genetex, USA) or an
isotype control IgG overnight. The immunoprecipitated DNA was
retrieved from the beads by incubating with elution buffer (0.5 g
SDS + 0.42 g NaHCO3 + 50 mL water) at 65�C overnight and recov-
ered with phenol chloroform extraction. To verify the success of the
ChIP experiment, PCR experiment was performed using primers de-
signed to predict binding sites (Table 5). The template was the input,
the target antibody immunoprecipitated DNA, and negative antibody
(IgG) immunoprecipitated DNA.
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Table 6. Protein and probe reaction

Reagent
Negative
control

Sample
group

Competition
group

10� binding buffer 2 2 2

1 mg/mL poly (dl.dc) 1 1 1

50% glycerol 1 1 1

1% NP-40 1 1 1

100 mM Mgcl 1 1 1

200 mM EDTA 1 1 1

Protein � + +

Labeled probe (200 fmol) + + +

Unlabeled probe (40 pmol) � � +

H2O + + +

Total volume 20 mL 20 mL 20 mL

Table 5. Primers for quantitative real-time PCR

Gene name Sequence (5ʹ-to-3ʹ)

PTX3-F CCTATGTCCATTTGGTAGTTGTCC

PTX3-R AGCTCAAGGCATGGATTAAGTG

Molecular Therapy: Oncolytics
EMSA

Nuclear protein and cytoplasmic protein were extracted according to
the manufacturer’s instructions (Beyotime, China). EMSA was per-
formed with the LightShift Chemiluminescent EMSA Kit (Thermo
Fisher Scientific, USA) following the manufacturer’s instructions.
DNA binding reactions were performed in 20-mL samples (Table
6). The samples were run on 5.5% non-denaturing polyacrylamide
gels with 0.5� Tris, borate, and EDTA (TBE) buffer and transferred
to a nylon membrane. The membranes were scanned using Alpha
Innotech (Alpha, USA).

Transient transfection

The siRNA was transfected with Lipofectamine 3000 at a final con-
centration of 20 nM according to the instructions and divided into
a control group and an experimental group. The siRNA sequence
of SOX9 is as follows: SOX9 siRNA-1 (target sequence: 5ʹ-AACUCC
AGCUCCUACUACAGCTT-3ʹ), SOX9 siRNA-2 (target sequence:
5ʹ-GCAGCGACGUCAUCUCCAAUU-3ʹ), and control siRNA
(target sequence: 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ). After
transfection for 48 h, cells were harvested for subsequent experi-
mental studies.

Immunofluorescence detection of SOX9 and PTX3 co-

expression

ESCC tissues were stained with SOX9 and PTX3 antibodies, respec-
tively. Cy3- and fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibodies were used to detect primary antibodies. The
stained cells were counterstained with DAPI and photographed using
an inverted fluorescence microscope.

Transcriptomic analysis

Samples were sequenced at BGI (Shenzhen, Guangdong, China) using
transcriptome sequencing technology, with three replicates per
group. The methods of transcriptomic analysis were described in
our previous study.33

Xenograft model in nude mice

Four-week-old specific-pathogen-free (SPF) male nude mice (Beijing
Vital River Laboratory Animal Technology, China) weighing 19 ± 2 g
were divided randomly into eight groups (six mice/group). Subcuta-
neously transplanted nude mice models were established, and their
drug sensitivity to docetaxel was observed. Each group received hypo-
dermic injections of either scrambled KYSE450, KYSE450 PTX3�/�,
KYSE450-NC, or KYSE450 PTX3-OV cells (5 � 106 cells in 100 mL
PBS). Mice were weighed every 3 days, and tumor size was measured.
Tumor volume was obtained by the following formula: (length �
width2)/2. Mice were sacrificed by cervical dislocation on the 31st
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day after cell implantation. The tumors were collected for IHC
analysis.
Patients and samples

In this study, 294 cases of formalin-fixed and paraffin-embedded
ESCC specimens were included. All the patients were diagnosed
and surgically treated in AnYang Tumor Hospital between 2005
and 2017. Any patients treated with chemotherapy, hormone therapy,
or radiotherapy before surgery were excluded from the study. Written
informed consent was obtained from all the patients. The whole con-
sent procedure was in compliance with the ethical standards defined
by Institutional Ethics Review Committee of The First Affiliated
Hospital of Zhengzhou University.
IHC

The methods of IHC analysis were described in our previous study.
Protein expression was assessed by the percentage of positive
stained-tumor cells and the intensity of staining. The percentage
scoring of immunoreactive tumor cells was as follows: 0 (0%), 1
(<25%), 2 (25%–50%), and 3 (>50%). The staining intensities were
scored visually and stratified as follows: 0 (negative), 1 (light brown),
2 (brown), and 3 (dark brown). A final immunoreactivity score was
obtained for each case by adding the percentage and the intensity
score. For statistical analysis of ESCC tissue samples, 0 was negatively
expressed, 1–4 was weakly positive, and 5 to 6 was positive.
Statistical analysis

Statistical analysis was performed using SPSS 19.0 statistical software
or GraphPad prism 5.0. Results are shown as mean ± standard devi-
ation (SD). Independent-sample or paired t test was performed to
analyze the differences between two groups with normally distributed
continuous variables. Chi-square test was performed to quantify the
IHC correlation of patient-derived samples. Survival curves were per-
formed by the Kaplan-Meier method, and groups were compared us-
ing log rank tests. In all cases, a two-tailed p < 0.05 was considered
statistically significant; *p < 0.05, **p < 0.01, and ***p < 0.001.
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