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Knockdown of PSF1 expression inhibits cell proliferation in lung
cancer cells in vitro
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Abstract Partner of sld five 1 (PSF1) is a member of the
heterotetrameric complex termed GINS. Previous studies
have shown that PSF1 is unregulated in several cancer and
associated with tumor malignant characters. However, the
effects of PSF1 in lung cancer are still unclear. The goal of
this study was to investigate the effects of PSF1 on the
proliferation capacities of lung cancer. To start with, expres-
sion of PSF1 in 22 human lung cancer samples and adja-
cent non-tumor samples were detected by real-time RT-
PCR and Western blotting. Our results showed that PSF1
was overexpressed in lung cancer samples compared to
adjacent non-tumor samples. To achieve better insights of
PSF1 functions in lung cancer cells, we used PSF1-
specific small interfering RNA (siRNA) successfully inhib-
it the expression of PSF1 in messenger RNA (mRNA)
and protein levels. In addition, we used lung cancer cell
lines with different p53 gene background (p53 null and
p53 wild-type). The results showed that knockdown of
PSF1 inhibited cell proliferation and caused cell cycle
arrest of lung cancer cells in a p53-independent manner.
Our data indicated that PSF1 is functionally involved in
lung cancer cell proliferation and is a potential target for
lung cancer therapy.
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Introduction

Lung cancer is one of the most common and lethal human
malignancies worldwide, with 1.4 million deaths every year,
in the world [1, 2]. In China, the incidence and mortality of lung
cancer has continued to increase in recent years [3]. Human
lung cancers are subdivided into small cell lung cancer and non-
small cell lung cancer, the latter of which accounts for more than
85 % of all lung cancer cases, and adenocarcinoma is the most
common subtype [4]. Owing to the limitations of the current
screening techniques, most patients with lung cancer are diag-
nosed at advanced disease stage. Despite surgical resection and
advances in radiotherapy and chemotherapy, long-term survival
rates remain extremely poor over the past years [5].

Gene target therapy is a newway for cancer therapy and the
key point of gene target therapy is searching for specific and
efficient targets. Thus, a new specific and efficient molecular
target is essential for reducing the mortality of this devastating
malignancy.

Partner of sld five 1 (PSF1), an evolutionarily conservedDNA
replication factor, is a member of the heterotetrameric complex
termed GINS comprising Sld5, PSF1, PSF2, and PSF3 [6]. Loss
of PSF1 causes embryonic lethality around the implantation stage
[7]. Several recent reports have suggested that PSF1 is required
for acute proliferation of cells, particularly immature cells such as
stem cells and progenitor cells and that this protein is also used as
a marker for the detection of cancer stem cells [6, 8]. Moreover,
previous studies have suggested that PSF1 and some other GINS
complex members are unregulated in cancer and associated with
tumor malignancy characters [9–12].

To achieve better insights of PSF1 functions in lung cancer,
in this study, we examined the expression levels of PSF1 in
human lung cancer and adjacent non-tumor samples. Addi-
tionally, we examined the biological roles of PSF1 by modu-
lating the PSF1 expression level in lung cancer cell lines using
small interfering RNA (siRNA).
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Materials and methods

Reagents and antibodies

Rabbit polyclonal antibodies to PSF1 were from Abcom. The
rabbit polyclonal antibody to GAPDH and goat anti-rabbit
IgG/HRP were from Zhongshan Biotechnology Co. (Beijing,
China). The protease inhibitor cocktail, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
all other chemicals were obtained from Sigma.

Specimens and cell lines

Twenty-two pairs of human lung adenocarcinoma samples
and matched adjacent non-tumor tissues were obtained from
patients who underwent surgical resection. All samples were
immediately frozen and stored at −80 °C. Informed consent
was obtained from all patients, and this study was approved by
our institutional review board. Human lung cancer cell lines,
A549 and H1299, were obtained from Cell Bank, Chinese
Academy of Sciences (Shanghai, China) and maintained in
RPMI-1640 medium containing 10 % fetal bovine serum
(Gibco, Grand Island, NY, USA) at 37 °C in a humidified
atmosphere consisting of 5 % CO2.

Transfection of siRNA

siRNA specific to human PSF1, negative control siRNA,
and Lipofectamine 2000 were purchased from Invitrogen
(Carlsbad, CA, USA; HSS145319). Transfection of siRNA
was carried out according to the procedure recommended
by the manufacturer.

Quantitative real-time polymerase chain reaction analysis

Total RNAwas isolated from the human samples and different
cell groups using the RNAfast200 Total RNA Extract Kit
(Fastgene, Shanghai, China), and 2 μg RNA was reverse
transcribed to cDNA by the RevertAid™ First Strand cDNA

Synthesis Kit (Fermentas, MBI, Lithuania). cDNAwas mixed
with SYBR Green Master Mix, and real-time PCR was done
with appropriate primers using a real-time detection system
(ABI 7500, Applied Biosystems). Relative expression levels
of PSF1 messenger RNA (mRNA) were calculated by nor-
malizing to the level of GAPDH mRNA. PCR primers were
used as follows: primers for the psf1 gene were 5′- CCGGTT
GCTTCGGATTAGAG -3′ (forward) and 5′- CTCCCAGC
GACCTCATGTAA -3′ (reverse). Primers for the GAPDH
gene were as follows: 5′- TGCACCACCAACTGCTTAGC -
3′ (forward) and 5′- GGCATGGACTGTGGTCATGAG-3′
(reverse). Relative mRNA levels are presented as 2−ΔCT. Each
reaction was performed three times.

Western blotting

Cells and human samples were lysed in ice-cold RIPA lysis
buffer (1 % NP-40, 0.1 % sodium dodecyl sulfate (SDS),
0.5 % sodium deoxycholate, 150 mmol/L NaCl, and
10 mmol/LTris–HCl) containing a protease inhibitor cocktail.
The total protein concentration was determined using a Bio-
Rad protein assay reagent (Bio-Rad, Hercules, CA, USA).
Equivalent amounts of proteins were then separated by
10 % SDS-PAGE and transferred to nitrocellulose mem-
branes (Bio-Rad, Hercules, CA, USA). After blocking in
Tris-buffered saline (TBS) containing 5 % non-fat milk, the
membranes were incubated with primary antibodies at 4 °C
overnight and then with horseradish peroxidase (HRP)-con-
jugated secondary antibody (Zhongshan, Beijing, China) at
a dilution of 1:3000 at room temperature for 1 h. Signals
were detected on X-ray film using the ECL detection
system (Pierce, Rockford, IL, USA). Equal protein loading
was assessed by the expression of GAPDH.

Cell proliferation assay

Cell viability was measured using MTT assay. Cells were
seeded at 5×103 per well in 96-well flat-bottom plates 1 day
before transfection. TheMTTassay was performed just before
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Fig. 1 PSF1 expression in lung cancer and adjacent non-tumor samples detected by real-time PCR (a) and Western blotting (b). T tumor tissue, N
corresponding non-tumor tissue. *P<0.05 vs. non-tumor tissues



transfection as well as 24, 48, and 72 h after transfection. For
the assay, 20 uL of 5 mg/ml MTTwas added to each well, and
then the cells were incubated for 4 h before 180 μL DMSO
was added. After the insoluble crystals were completely dis-
solved, the absorbance values at 570 nm were measured using
a microplate reader (Bio-Rad, Hercules, CA, USA).

Cell cycle analysis

Cell cycle progression was determined by flow cytometry of
propidium iodide (PI)-stained cells on a FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA, USA). Forty-
eight hours after transfection, cells were trypsinized, collected,
and washed twice with PBS. Then, the cells were fixed with
cold 70 % ethanol for at least 1 h at 4 °C. Before flow
cytometric analysis, the cells were incubated with RNase at
0.01mg/ml and PI at 50μg/ml in the dark at room temperature
for 30 min. A total of 104 cells were analyzed for each sample.
Cell cycle analysis was performed by ModFit LT version 3.0
software (Verity Software House, Topsham, ME, USA). Ex-
periments were done in triplicate.

Soft agar colony formation assay

Cells were transfected with the PSF1 or mock siRNA. Twenty-
four hours after transfection, cells were trypsinized, and 5×103

cells were mixed with a 0.3 % agar solution in RPMI-1640

containing 10 % FBS and layered on top of a 0.6 % agar layer
in six-well tissue culture plates. The plates were incubated for
2–3 weeks at 37 °C in a 5 % CO2 atmosphere until colonies
were formed. Only colonies containingmore than 50 cells were
counted. The results were reported as the mean number of
colonies observed in five randomly chosen microscope fields.
Experiments were done in triplicate.

Statistical analysis

Results are expressed as mean±standard deviation (SD). Sta-
tistical evaluation of the data was performed with Student’s t
test. Two-tailed P<0.05 was considered statistically signifi-
cant. All analyses were performed using SPSS software ver-
sion 13.0 (SPSS Inc., Chicago, IL, USA).

Results

Expression of PSF1 in lung cancer and adjacent non-tumor
samples

In this study, psf1 mRNA was found to be significantly
overexpressed in lung cancer samples than adjacent non-
tumor samples (P<0.05) (Fig. 1a). To further confirm these
data, we evaluated the protein expression of PSF1 in these

Fig. 2 PSF1 expression was
effectively downregulated in
mRNA and protein level. a Real-
time polymerase chain reaction
assay was done to confirm the
PSF1 mRNA level in A549 and
H1299 cells; b PSF1 protein
levels was determined byWestern
blot in A549 and H1299 cells.
**P<0.05 vs. mock group

Fig. 3 Downregulation of PSF1
inhibited cell proliferation in lung
cancer cell lines. *P<0.05 vs.
mock group
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samples by Western blotting. Similar to gene expression
pattern, PSF1 was obviously increased in lung cancer
samples as compared with adjacent non-tumor samples
(P<0.05) (Fig. 1b).

siRNA silencing of PSF1 at the mRNA and protein levels

A549 and H1299 cells were transiently transfected with PSF1
or mock siRNA. Total RNA and protein were isolated and
analyzed by quantitative real-time polymerase chain reaction
(qPCR) and Western blotting at 48 and 72 h after transfection.
Compared with mock transfected cells, the expression of
PSF1 was obviously suppressed in cells transfected with
PSF1 siRNA at both the mRNA and protein levels (P<0.05)
(Fig. 2).

Downregulation of PSF1 expression inhibited cell growth
and arrested cell cycle

As shown in Fig. 3, downregulation of PSF1 expression in
lung cancer cells caused significant inhibition of cell prolifer-
ation compared with mock siRNA transfected cells (P<0.05).
Flow cytometry was used to assess whether downregulation
of PSF1 expression in lung cancer cells was associated with
alterations in cell cycle progression. As shown in Fig. 4, the
percentage of lung cancer cells in S-phase in PSF1 siRNA
transfected cells was decreased relative to mock transfected
cells (P<0.05). These results indicated that downregulation of

PSF1 expression suppressed cell cycle progression in lung
cancer cells.

Downregulation of PSF1 expression inhibited colony
formation

To determine whether PSF1 expression knockdown affected
anchorage-independent lung cancer cell growth, colony for-
mation assay was performed. As shown in Fig. 5, downregu-
lation of PSF1 inhibited anchorage-independent growth as
evidenced by a decrease in the number of colonies on soft
agar in the PSF1 siRNA-transfected cells compared to mock
siRNA-transfected cells (P<0.05).

Discussion

GINS complex is a highly evolutionarily conserved tetrameric
complex, composed of SLD5, PSF1, PSF2, and PSF3, which
has been reported to participate in both the initiation and
elongation phases of DNA replication [13]. Recent studies
show that several GINS components are highly expressed in
different kinds of cancer and related to poor prognosis and
tumor progression [9, 14, 15, 11, 12].

PSF1, one member of GINS complex, has important roles
in cell proliferation, organogenesis, and cancer. PSF1 expres-
sion is tightly associated with proliferation and is extinguished

Fig. 4 Downregulation of PSF1
induced cell cycle arrest in lung
cancer cell lines. *P<0.05 vs.
mock group

Fig. 5 Downregulation of PSF1
inhibited colony formation in
lung cancer cell lines. *P<0.05
vs. mock group
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in differentiated or resting cells that have exited the cell cycle.
In adult tissues, the expression of PSF1 is restricted to a few
other highly proliferative tissues, including reproductive tis-
sues, bone marrow, and thymus [7]. However, in this study,
we found that PSF1 is highly expressed in lung cancer tissue
and cell lines. These data indicate that PSF1 is a potential
specific target for lung cancer therapy.

To elucidate the effect of PSF1 in lung cancer, in this study,
we modulated PSF1 expression level in lung cancer cell lines
with siRNA. Our results demonstrated that downregulation of
PSF1 expression could inhibit cell proliferation and induce
cell cycle arrest in lung cancer cells, indicating that PSF1 is a
potential therapeutic target for the treatment of lung cancer.

Abnormal cell proliferation is an important characteristic
of malignant tumors, which suggests that cell cycle arrest
could be an effective method of therapy for malignant
tumors. Previous studies show that the upregulation of
PSF1 promotes the growth of breast cancer and hepatocel-
lular carcinoma cells [16, 11]. In this study, we also found
that downregulation of PSF1 expression could inhibit cell
proliferation. Furthermore, cell cycle analysis showed that
the percentage of G0–G1 phase cells was significantly
elevated but S-phase cells decreased in PSF1 siRNA group
compared with mock siRNA group, indicating an S-phase
arrest of the cell cycle.

p53, a tumor-suppressor protein, plays an essential role in
preventing cancer development by inducing cell cycle arrest
or apoptosis in response to cellular stress. In more than half of
human caner tissues, p53 is directly inactivated by mutations
[17, 18]. Previous studies also show that activation of p53 can
lead to suppression of cell growth [19, 20]. Therefore, we
hypothesized that the PSF1 knockdown-induced cell growth
inhibition may require activation of p53 protein in lung cancer
cells. To confirm this hypothesis, we used human lung cancer
cell lines A549 (p53 null) and H1299 (p53 wild-type) in this
study. Our results indicated that downregulation of PSF1
expression induced cell cycle arrest in both kinds of cells,
whichmeans PSF1 knockdown induced cell growth inhibition
in a p53-independent pathway. So, further studies are needed
to clarify the mechanism for PSF1 knockdown-induced cell
cycle arrest in lung cancer cells.

In conclusion, our results showed that downregulation of
the PSF1 expression level in lung cancer cells by PSF1-
specific siRNA decreased cell proliferation ability and in-
duced cell cycle arrested in a p53-independent pathway. This
study provides evidence that PSF1 may serve as a new target
for lung cancer therapy.
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