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Abstract

Lung cancer is the most common malignancy worldwide and is characterized by rapid progression, aggressive behavior,
frequent recurrence, and poor prognosis. The TCGA database indicates that chondroitin polymerizing factor (CHPF) is
overexpressed in human lung cancer tissues compared with normal tissues and this overexpression corresponds to shorter
overall survival in lung cancer patients. In this study, to investigate the function of CHPF in lung cancer, lentiviral vectors
expressing CHPF shRNA were stably transduced into A549 and H1299 cells. Compared to shCtrl cells, CHPF knockdown cells
had significantly reduced proliferation. Furthermore, the silencing of CHPF in A549 and H1299 cells resulted in apoptotic
induction, which led to decreased colony formation. Wound healing and transwell invasion assays revealed that CHPF could
positively regulate the migration of lung cancer cells. The tumorigenic role of CHPF was also validated in nude mouse xenograft
models. Affymetrix gene chip analysis indicated that CHPF regulated the proliferation and invasion of lung cancer cells through

CDH1, RRM2, MKI67, and TNFRSF10B. We thus highlight CHPF as a novel target for lung cancer treatment.
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Introduction

Lung cancer is one of the most lethal and common
malignancies in humans, with a 5-year survival rate of
<20% (1,2). This poor survival rate is related to an unclear
pathogenesis and a lack of effective early diagnosis and
treatment methods (3,4). Knowledge of the molecular and
cellular mechanisms that govern lung cancer development
can improve future diagnostics and therapies (5-7). In recent
years, kinase-targeted therapies and immune check-point
inhibitors have shown increased efficacy in lung cancer
treatment compared to standard chemotherapy (6,8,9).
However, some problems persist, including specificity, cell
penetrability, and resistance. More specifically, characterized
drug targets are required to overcome these barriers.

Chondroitin polymerizing factor (CHPF) is a 775 amino
acid type Il transmembrane protein and a member of the
chondroitin synthase family (10-12). The CHPF gene is
located on region 2935-q36 of the human chromosome,
spanning 4 exon regions. Studies have shown that CHPF
expression is upregulated in colorectal cancer (13),
laryngeal cancer (14), and brain glioma (15) and that the
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overexpression of CHPF may be closely related to tumor
occurrence and development. However, the mechanism of
high CHPF expression in lung cancer development and pro-
gression has not been studied in detail. An in-depth knowl-
edge of the molecular mechanism and related signaling
pathways that govern CHPF activity may be of benefit in
lung cancer treatment.

In this study, we demonstrated elevated expression of
CHPF mRNA in lung cancer tissues and five lung cancer
cell lines. The effects of CHPF on the proliferation and
invasion of lung cancer cells were further assessed in vitro
and in vivo. Microarray analysis of the gene expression
changes in CHPF-silenced cells was performed to reveal
the pathways regulated by CHPF.

Material and Methods

Cell lines and cell culture
The human lung cancer cell lines A549, 95-D, NCI-
H1299, H1688, and NCI-H460 were purchased from the
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Type Culture Collection of the Chinese Academy of
Sciences (China). Cells were cultured in F-12K complete
medium (ATCC) containing 10% fetal bovine serum
(Invitrogen, USA) at 37°C with 5% CO».

TCGA database analysis

The RNA-sequencing dataset of the lung cancer
cohort was downloaded from TCGA database (https:/
tcga-data.nci.nih.gov/tcga/). For lung adenocarcinoma
(LUAD), the expression data for CHPF in 57 paired (tumor
and peri-tumor) samples and in normal (n=59) and primary
tumor tissues (n=515) were collected and analyzed.
Additionally, the survival of LUAD patients with low/
medium (n=375) and high expression (n=127) of CHPF
was statistically analyzed.

RNA isolation and quantitative real-time PCR
(qRT-PCR)

Total RNA was isolated from five lung cancer cell lines
(A549, 95-D, NCI-H1299, H1688, and NCI-H460) using
TRIzol total RNA reagent (Pufei Biotech, China). Reverse
transcription was conducted according to the instructions
of M-MLV reverse transcriptase (Promega, USA) to obtain
cDNA. The primers for CHPF were synthesized by Gene
Chem Co. Ltd. (China). GAPDH was applied as a loading
control. The sequences of the primers used in the study
are as follows: GAPDH forward, 5-TGACTTCAACAGCGA
CACCCA-3 and reverse, 5-CACCCTGTTGCTGTAGC
CAAA-3’; CHPF forward, 5'-GGAACGCACGTACCAGGA
G-3 and reverse, 5-CGGGATGGTGCTGGAATACC-3'.
The reactions were performed using SYBR premix Ex Taq
Il (Takara Biomedical Technology Co., Ltd., Japan). Rela-
tive CHPF expression was analyzed by normalizing to
GAPDH. The comparative threshold cycle (2=2*Ct and
10000/2 ") equation was applied to calculate the relative
CHPF mRNA expression.

shRNA lentiviral vector construction and transduction

To silence CHPF, cells were transduced with short hair-
pin (shRNA) lentivirus targeting the human CHPF gene (Gene
ID: 79586) with pGCSIL-green fluorescent protein (GFP) for
transduction rate evaluation. The shRNA sequence was as
follows: shRNA-CHPF 5-CTGGCCATGCTACTCTTTG-3'.
Lentivirus lacking the shRNA insert was used as a control.
A549 and H1299 cells were seeded into a 6-well plate at a
density of 4 x 10° cells/iwell and transduced with shRNA-
CHPF (6 x 10® TU/mL) or shRNA-NC lentivirus (8 x 10® TU/
mL). After 72 h of transduction, the cells were imaged under a
fluorescence microscope and further selected by puromycin.
Five days post-infection, CHPF silencing was verified through
gRT-PCR analysis.

Western blotting

The cells were lysed with RIPA buffer for 30 min at
4°C for protein extraction after infection with lentivirus.
A BCA assay was applied to determine the protein
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concentrations. The same amounts of protein were
separated on 12.5% SDS-PAGE gels and transferred to
polyvinylidene fluoride (PVDF) membranes. The mem-
branes were incubated with anti-CCND1 (#2978) or
anti-CDH1 (#14472) primary antibodies (Cell Signaling
Technologies (CST), USA) as well as other antibodies,
including those against MKI67 (ab15580), TNFRSF10B
(ab8416), FOXM1 (ab180710), RRM2 (ab172476), HIF1A
(ab16066) (Abcam, UK), and GAPDH (SC-32233) (Santa
Cruz Biotechnology, USA). Anti-CHPF antibody (Orb127868)
was purchased from Biorbyt Ltd. (UK). The membranes were
then incubated with HRP-conjugated antibodies (CST,
#7076, #7074).

MTT assays

After infection with shCtrl or shCHPF lentivirus,
1.5 x 10° A549 and H1299 cells were seeded into 96-well
plates and further cultured at 37°C for 1-5 days. Cells
were counted using the Cellomics ArrayScan VT1 HCS
automated reader (Cellomics, Inc., USA). Cell proliferation
was determined by MTT assay according to the manu-
facturer’s protocol. Briefly, after the incubation of MTT
reagent with cells for 4 h, absorbance was read at 490 nm
on the microplate reader.

Apoptosis assays

The cells infected with shCtrl or shCHPF lentivirus were
collected and labelled with annexin V-APC according to the
manufacturer’s protocol (eBioscience, USA). Annexin stain-
ing was measured on a FACS Calibur Il sorter, and Cell
Quest Research software (BD Biosciences, USA) was used
for analysis.

Colony forming assays

Soft agar assays were used to assess the regulation of
colony formation by CHPF at 10 days post-infection.
Colonies were fixed in 4% PFA and Giemsa-stained
(Sigma-Aldrich, USA). Colonies larger than 100 um were
counted.

Invasion assays

Transwell membranes pre-coated with Matrigel
(BD Biosciences) were applied to evaluate the invasion
effect mediated by CHPF. A total of 8 x 10* cells were
seeded into the insert and the lower chamber of the
Transwell was filled with 500 puL of F-12K (Invitrogen,
USA) supplemented with 10% FBS. After incubation for
24 h, the invading cells were stained with Giemsa after
the cells in the upper chamber were removed.

Cell migration assays

A wound healing assay was used to determine the
migration of the cells. A total of 5 x 10* cells were seeded
into 96-well plates and grown to 80-90% confluency.
A scratch line was made in the cell monolayer by a pipette
tip. Cells were further cultured for different periods of
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time as indicated. The migrated cells were quantified
using Celigo (Nexcelom, USA), and the migration rate was
calculated.

Xenograft models

The animal experiment was approved by the Ethics
Committee of Nanjing Medical University (No. IACUC-
1808010). Four-week-old female BALB/c nude mice, which
were bought from Ling Chang (China), were randomly
divided into two groups (n=6 per group). shRNA-CHPF
or normal control (NC) lentivirus-expressing A549 cells
(1x107) were subcutaneously implanted into the right
dorsal flank. The tumor volume was measured twice
weekly with calipers and calculated using the following
formula: V =3.14 /6 x length x width? Forty days post-
inoculation, the tumors were excised and weighed.

Microarray and data analysis

Total RNA was extracted and purified with clean-up kits
(Pufei, China). The Affymetrix Gene Chip Human Trans-
criptome Array 2.0 (Affymetrix Inc., USA) was used for
microarray hybridization, and the chip was scanned. The
signals were converted into digital information and ana-
lyzed by SAM software (Affymetrix Inc., USA). The Empiri-
cal Bayes procedure and Benjamini-Hochberg method
were used to calculate and correct the P-value. Genes with
a corrected P-value less than 0.05 and an absolute value of

30000

20000

Raw Counts

10000

Cancer
(n=57)
1.00

0.75

0.50

Survival probability

0.25 | 1

p=0.019 Expression Level

— High expression (n=127)

0.00 ~ Low/Medium expression (n=375)
[ 2000 4000 6000

Time in days

3/9

fold-change greater than or equal to 2 were considered to
be significantly differentially expressed. GO enrichment
analysis of A549 cells was performed to explore the
biological function of CHPF using the R software. Inge-
nuity Pathway Analysis (Ingenuity Systems, Inc., USA,
www.ingenuity.com) was used to explore protein networks.

Statistical analysis

Data are reported as means £ SD of three replicates.
Statistical analysis was carried out using the SPSS 20.0
statistical software package (IBM, USA) and Student’s t-test.
Statistical significance was accepted at P-value <0.05.

Results

CHPF was overexpressed in lung cancer tissues and
cells

Through the analysis of the datasets from TCGA, it was
found that, compared with human normal tissues, lung
cancer tissues had significant overexpression of CHPF
mRNA (Figure 1A and B, Supplementary Table S1).
Elevated CHPF expression corresponded to shorter overall
survival in lung cancer patients (Figure 1C). CHPF mRNA
levels were then assessed in lung cancer cell lines
including A549, 95-D, NCI-H1299, H1688, and NCI-H460
by gRT-PCR. The results confirmed that CHPF mRNA was
expressed at high levels in all five cell lines (Figure 1D).
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Figure 1. Chondroitin polymerizing factor (CHPF) expression in lung cancer patients and lung cancer cell lines. A, CHPF mRNA
expression in the lung cancer and normal tissues of samples. The solid line that shows the trend in gene expression. B, CHPF
expression in human lung cancer compared to normal tissue in the TCGA database. C, Elevated CHPF expression corresponded to
shorter overall survival of lung adenocarcinoma (LUAD) patients from the TCGA database. D, CHPF mRNA expression of five lung
cancer cell lines was detected by qRT- PCR and calculated by the 10000/2 2t equation. Data are reported as median and interquartile

range (B) and means = SD (D).
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CHPF silencing inhibited lung cancer cell proliferation

More than 80% of the A549 and H1299 cells that were
infected with shCtrl or shCHPF lentivirus at 6 x 108 TU/mL
exhibited green fluorescence, indicating successful lenti-
viral infection (Figure 2A and B). Lentivirus-mediated RNA
interference of CHPF expression was confirmed by qRT-
PCR (Figure 2C and D) and western blotting (Figure 2E
and F). To explore the impact of CHPF on cell proliferation,
A549 cells expressing shCHPF or shCitrl lentivirus were
seeded into 96-well plates and Cellomics was used to
analyze cell proliferation (Figure 3A). Two days post-seed-
ing, the proliferation rates of shCHPF-infected cells were
significantly lower than those of shCtrl cells in a time-
dependent manner (Figure 3B). Thus, CHPF silencing
significantly inhibited A549 cell growth. The suppression
effect of CHPF silencing on cell growth in A549 and
H1299 cells was further determined by MTT assay in a
five-day culture. As shown in Figure 3C, cell survival of
both A549 and H1299 cells was significantly decreased,
starting on the second day in the CHPF-silenced groups
(P <0.01). The ability to form colonies is a characteristic of
malignant tumor cells. Giemsa staining was performed to
explore the effect of CHPF on the colony forming ability of
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lung cancer cells after 15 days of culture. The number of
colonies formed by A549 cells infected with shCHPF was
significantly lower than the number formed by the shCirl
cells (41 £3 vs 166 £ 9). Colony forming ability was also
significantly lower in H1299 cells in the shCHPF group
compared to the shCtrl control group (22+5 vs 108+ 6,
P <0.01; Figure 3D).

CHPF silencing induced cell apoptosis

We further examined the effects of CHPF silencing on
A549 and H1299 cell apoptosis by flow cytometry. The
rate of apoptosis in the shCHPF A549 cells (11.88+
0.50%) was significantly higher than that in the shCtrl cells
(2.91+£0.14%), (P<0.01; Figure 4A). Similarly, the per-
centage of apoptotic H1299 cells in the shCHPF group
(8.99 £0.21%) was higher than that in the shCtrl group
(2.98 £ 0.10%) (P <0.01; Figure 4B).

Inhibiting CHPF repressed the invasion and migration
abilities of lung cancer cells

To evaluate the role of CHPF in lung cancer metas-
tasis, we assessed the effects of CHPF silencing in A549
and H1299 cells. Wound healing assays showed that the
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Figure 2. shRNA lentivirus transduction and confirmation. A and B, Lentiviral vector expressing shCHPF or shCtrl was transduced into
A549 and H1299 cells. Infection efficiency was confirmed by fluorescence microscopy at 72 h. C to F, gRT-PCR and western blotting
were used to confirm the knockdown efficiency of CHPF. **P <0.01 (Student’s t-test). CHPF: chondroitin polymerizing factor.

Braz J Med Biol Res | doi: 10.1590/1414-431X20209021


http://dx.doi.org/10.1590/1414-431X20209021

CHPF contributes to cell proliferation and invasion

A549-shCtrl

5/9

A549-shCHPF

=O=ShCtrl =@=ShCHPF 44

©

o

*%

Day3

=@==shCtrl
< 500 —e—shCHPF
® 400
S 300
g 200
@ 100 A549

shCtrl O

*%

w
o
0 T |
1 2 3 4 o
Time (day) =
350 1 o shctrl %k
R 300 —e—shCHPF *k -
© 250 - [}
S 200 ic
- *% n
S 150
Z 100
[T
3 s H1299 s
T |
0 [w}
1 2 3 4 5 <

Time (day)

Cell proliferation folds
-~

N

0
day1 day2 day3 day4 day5

200 ¥

Colony number

shCtd ShCHPF

*%

Colony number

shctr ShCHPF

Figure 3. Effect of chondroitin polymerizing factor (CHPF) on the proliferation and colony formation of lung cancer cells. A and B, High-
content cell imaging was used daily to assess cell growth in A549 cells following lentivirus infection (scale bar: 300 um). C, MTT assays
displaying the survival of A549 and H1299 cells after infection with shCHPF or shCtrl for 5 days. D, Impact of CHPF silencing on the
colony formation of A549 and H1299 lung cancer cells. Data are reported as means + SD. **P <0.01 (Student’s t-test).

motility of A549 cells in the shCHPF group was signif-
icantly lower than that in the shCtrl control (12.03 + 0.32%
vs 37.86 £4.86%) (P<0.01; Figure 5A). The motility of
H1299 cells in the shCHPF group was significantly lower
than that in the shCtrl group (32.84 +5.07% vs 86.54 +
6.26%) (P<0.01; Figure 5B). Moreover, the invasive
ability of both A549 and H1299 cells was significantly
decreased following CHPF silencing as determined by the
transwell assay (shCHPF: 25+1.86 vs shCtrl: 94 +0.89
for A549 cells, shCHPF: 168 £ 4.14 vs shCtrl: 503 + 1.98
for H1299 cells, P<0.01; Figure 5C and D). These data
strongly support a role for CHPF in the migration and
invasion of A549 and H1299 cells.

CHPF silencing decreased tumorigenicity in nude
mice

A lung cancer xenograft mouse model was developed
to validate the oncogenic role of CHPF. BALB/c nude mice
were selected for subcutaneous injection of A549 cells
infected with either shCtrl or shCHPF lentivirus. Tumor
growth was continuously followed after cell implantation.
Tumors were excised and their size and weight were
measured (Figure 6A and B). After 40 days, minimal tumor
growth was observed in groups injected with CHPF-
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silenced cells, and tumor weights were significantly lower
in the CHPF-silenced group than that in the control group
(Figure 6C and D). These results clearly indicated that
CHPF silencing inhibited lung cancer cell tumorigenicity
in vivo.

CHPF silencing altered oncogene expression in lung
cancer cells

Global gene expression profiling of A549 cells infected
with lentivirus expressing either shCtrl or shCHPF was
examined using a microarray platform. Following normal-
ization and bioinformatic analysis, 635 differentially ex-
pressed genes (DEGs) were identified (P<0.05 and
absolute fold-change (FC absolute) >2), including 294
upregulated and 341 downregulated genes (Figure 7A).
CHPF function and pathway enrichment analyses were
performed using (Ingenuity Pathway Analysis). DEGs
were significantly enriched in cancer, organismal injury,
gastrointestinal disease, cell death, and other pathways
(Figure 7B). The interaction network of CHPF with the
identified cancer associated genes was then assessed
(Figure 7C). In total, 32 genes which are related to cancer
development were identified to be regulated by CHPF.
Among the genes, CCND1, MKI67, HIF1A, CDH1, RRM?2,
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Figure 4. Effect of chondroitin polymerizing factor (CHPF) on the apoptosis of lung cancer cells. A and B, The apoptotic rates of A549
and H1299 cells after infection with shRNA-CHPF or shCtrl were analyzed by flow cytometry. Data are reported as means * SD of three

independent experiments. **P <0.01 (Student’s t-test).

and FOXM1 were significantly downregulated following CHPF
silencing (Supplementary Table S2). Westemn blot analysis
confirmed decreased CDH1, RRM2, and MKI67 expression
in CHPF silenced cells. TNFRSF10B expression was
significantly increased following CHPF silencing (Figure 7D).

Discussion

CHPF is a member of the chondroitin synthase family
and participates in the extension of the chondroitin sulfate
(CS) backbone (16). The expression and activity of CHPF
is indispensable for the initiation of CS biosynthesis and
the production of proteoglycan. In recent years, CHPF has
been implicated in colorectal cancer, laryngeal cancer,
and glioma development (13-15). However, the function
of CHPF in human lung cancer has remained undefined.

In this study in vitro, we found that CHPF silencing
inhibited proliferation and colony formation and promoted
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cellular apoptosis in lung cancer cells. Moreover, CHPF
silencing was also demonstrated to reduce lung cancer
cell migration and invasion. The in vivo study revealed that
CHPF contributed to the tumorigenicity of lung cancer
cells in xenograft mouse models.

To investigate the molecular mechanism governing
the ability of CHPF to promote tumorigenesis, Affymetrix
gene chip analysis was used to explore changes in the
expression of cancer-related genes in shCHPF and shCtrl
cells. In total, 32 cancer related genes including CCND1,
MKI67, HIF1A, CDH1, RRM2, and FOXM1 were subse-
quently identified through Ingenuity Pathway Analysis.
CHPF silencing markedly downregulated the mRNA expres-
sions of six cancer genes at the transcriptional level. The
loss of expression of these genes was validated at the pro-
tein level by western blotting. RRM2 is known to be asso-
ciated with tumor invasion and with the establishment of a
metastatic phenotype (17,18), which promotes poor overall
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and progression-free survival (19,20). In our study, it was
validated that CHPF downregulation was associated with
decreased RRM2 levels.

The MKI67 labeling index also correlates with tumor
growth rates (21), histologic stage (22), and tumor recur-
rence (23). Elevated MKI67 expression indicates rapid
cancer progression and poor prognosis. According to our
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investigation, CHPF silencing decreased MKI67 expres-
sion, which may contribute to the effects of CHPF deple-
tion on malignancy. Death receptor (DR) signaling forms
one arm of the extrinsic apoptotic processes (24). TNF-
related apoptosis-inducing ligand (TRAIL) and its receptor
DR5 (TNFRSF10B) promote tissue damage in somatic
cells (25). It was suggested that CHPF silencing in A549
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cells may enhance apoptosis through the upregulation of
TNFRSF10B. The CDH1 gene is believed to be related to
tumor proliferation (26). The above data suggest that the
effects of CHPF silencing on lung cancer cell proliferation
may be related to the downregulation of CDH17. Addition-
ally, using Ingenuity Pathway Analysis, we identified
numerous genes regulated by CHPF centralized networks
that need further investigation.

In summary, we found that the expression of CHPF in
lung cancer tissues was higher than that in normal lung
tissues. Elevated CHPF expression corresponded to
shorter overall survival. CHPF was found to promote lung
cancer cell proliferation, migration, and invasion in vitro
and tumorigenesis in vivo. It is speculated that CHPF
mediated the above effects through the dysregulation of
cancer-related genes, including CDH1, RRM2, MKI67,
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