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CHAF1A, the largest subunit of the chromatin assembly factor 1
complex, regulates the growth of H1299 human non-small
cell lung cancer cells by inducing G0/G1 cell cycle arrest
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Abstract. Chromatin assembly factor 1 subunit A (CHAF1A)
is the largest subunit of the chromatin assembly factor 1
(CAF-1) complex that is implicated in the assembly of nucleo-
somes on newly synthesized DNA. The aim of the present
study was to determine its expression and biological function
in non-small cell lung cancer (NSCLC). The current study
examined the levels of CHAF1A expression in 22 samples of
NSCLC and corresponding normal lung tissues. Subsequently,
endogenous CHAF1A expression in H1299 NSCLC cells was
knocked down via lentiviral delivery of CHAF1A-targeting
short hairpin RNA (shRNA), and cell proliferation, colony
formation and cell cycle distribution were measured.
The results demonstrated that levels of CHAFIA mRNA
level were ~3-fold greater in NSCLC samples compared
with adjacent normal tissues (P<0.05). shRNA-mediated
silencing of CHAFIA significantly inhibited the prolifera-
tion and colony formation of H1299 cells, compared wirh the
delivery of control shRNA (P<0.05). Furthermore, CHAF1A
shRNA-transduced cells exhibited a significant increase in
the percentage of S-phase cells and a significant decrease
in the percentage of cells at the GO/G1 and G2/M phases,
compared with control cells (P<0.05). Additionally, CHAF1A
knockdown significantly decreased the expression of cyclin
D1, cyclin-dependent kinase 2 and S-phase kinase-associated
protein 2, and increased the expression of p21 and p27. This
indicates that CHAF1A is upregulated in NSCLC and that its
silencing suppresses the proliferation and colony formation of
NSCLC cells, potentially by inducing GO/G1 cell cycle arrest.
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CHAFI1A may therefore represent a potential therapeutic
target to treat NSCLC.

Introduction

Lung cancer is the leading cause of cancer-associated mortality
globally (1). Non-small cell lung cancer (NSCLC), accounts
for ~85% of all types of lung cancer and patient prognosis is
poor (2). Despite marked improvements in cancer detection
and treatment, the 5-year overall survival rate for NSCLC is
only ~16% (3). It is thus important to understand the molecular
mechanisms involved in the growth of NSCLC to facilitate
the development of novel anticancer agents to improve patient
outcomes.

The chromatin assembly factor 1 (CAF-1) complex,
composed of chromatin assembly factor 1 subunit A (CHAF1A;
also known as p150), p60 and p48 subunits, has been implicated
in the assembly of nucleosomes on newly replicated DNA (4).
CAF-1-mediated chromatin assembly serves a pivotal role in
DNA repair, protecting DNA from excessive degradation (5).
The interaction between CAF-1 and proliferating cell nuclear
antigen aids in recruiting and stabilizing CAF-1 at the site of
DNA replication (6). It has been reported that expression of a
dominant-negative mutant of CHAF1A induces S-phase cell
cycle arrest, which is accompanied by DNA damage (7). A
loss-of-function mutation in CAF-1/p150 impairs the organi-
zation of heterochromatin in pluripotent embryonic cells (8).
CAF-1 is an important regulator of somatic cell identity and
its absence leads to a more accessible chromatin structure,
increasing the expression of pluripotency-specific genes (9).
Several previous studies have suggested that there is an
association between CAF-1 overexpression and aggressive
parameters of human cancer (10-12). For instance, CAF-1/p60
overexpression is an independent poor prognostic indicator of
laryngeal carcinoma (10). In high-grade gliomas, CAF-1/p60
overexpression contributes to tumor aggressiveness and shorter
overall survival (11). Barbieri et al (13) indicated that CHAF1A
overexpression predicts poor prognosis and stimulates the
development of neuroblastoma. Another study demonstrated
that upregulation of CHAF1A promotes the proliferation
of colon cancer cells (14). In glioblastoma (15) and ovarian
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cancer (16) cells, CHAFI1A also offers a growth advantage.
However, the expression and biological significance of
CHAFIA in NSCLC remains unclear. Therefore, the present
study examined the expression of CHAFIA in NSCLC and
adjacent normal tissues and investigated its function in the
growth of NSCLC cells.

Materials and methods

Tissue samples. Tumor and corresponding normal tissue
specimens were collected from 22 patients with NSCLC
who underwent surgical resection between October 2014 and
January 2015 at the Department of Thoracic Surgery of the
Second Affiliated Hospital of Shanxi Medical University
(Taiyuan, China). There were 20 males and 2 females, with
a median age of 67 years (range, 47-78 years). Patients who
received radiotherapy or chemotherapy prior to surgery were
excluded. Written informed consent was obtained from each
patient and the study was approved by the local Institutional
Review Board of the Second Affiliated Hospital of Shanxi
Medical University (Taiyuan, China).

Cell culture. The human lung cancer cell lines A549, H1299,
H1688 and H1975, human embryonic kidney 293T cells and
normal human lung epithelial BEAS-2B cells were purchased
from the American Type Culture Collection (Manassas, VA,
USA). All cells were routinely maintained in RPMI 1640
medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum,
100 units/ml penicillin and 100 mg/ml streptomycin at 37°C in
an atmosphere of humidified air with 5% CO,. Upon reaching
90% confluence, cells were subcultured every three days.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was isolated from tissues or
cells using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) and reversely transcribed to first-strand cDNA
using the Reverse Transcription system (catalog no. A3500;
Promega Corporation, Madison, WI, USA). DNase (Tiangen
Biotech Co., Ltd., Beijing, China) was employed to eliminate
DNA prior to reverse transcription. PCR amplifications
were performed using the SYBR Green Real-Time PCR
Master mix (catalog no. 4309155; Invitrogen; Thermo Fisher
Scientific, Inc.). The cycling conditions consisted of an initial
denaturation at 95°C for 5 min and 40 cycles of denaturation
at 95°C for 20 sec, annealing at 59°C for 20 sec and elonga-
tion at 72°C for 40 sec. The PCR primers were as follows:
Human CHAFI1A forward, 5~AGGGAAGGTGCCTATGGT
G-3' and reverse, 5'-CAGGGACGAATGGCTGAGTA-3";
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
forward, 5'-CAGGGACGAATGGCTGAGTA-3' and reverse,
5-CACCCTGTTGCTGTAGCCAAA-3'. Relative CHAFIA
mRNA expression was determined according to the 244
method following normalization to GAPDH (17). Each assay
was repeated three times.

Construction of recombinant lentivirus encoding CHAFIA
small hairpin (sh)RNA. Knockdown of CHAF1A expression
in H1299 cells was performed using lentivirus-mediated RNA
interfering technology, as previously described (18). In brief,
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CHAF1A-targeting and negative control sShRNAs were synthe-
sized by GeneChem Co., Ltd (Shanghai, China). The sequence
of CHAF1A shRNA was as follows: 5-CCGGCCGACT
CAATTCCTGTGTAAATTCAAGAGATTTACACAGGAA
TTGAGTCGGTTTTTG-3'. Annealed DNA oligonucleotides
were inserted into the GV115 lentivirus vector (GeneChem
Co., Ltd.) and the construct was verified by DNA sequencing,
performed by Sangon Biotech Co., Ltd. (Shanghai, China). For
production of recombinant lentivirus, the GV115-CHAF1A
shRNA-expressing plasmid and lentivirus packaging vectors
were co-transfected into 293T cells using Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). At 48 h
post-transfection, lentivirus-containing supernatant was
collected, purified and titered as previously described (18). A
non-specific sShRNA-expressing lentivirus was also prepared
and used as a negative control.

Infection of cells with CHAF1A-expressing lentivirus. H1299
cells were seeded at 4x10° cells/well onto 6-well plates and
incubated in RPMI 1640 medium (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C overnight prior to transduction. Cells
were infected with lentiviral particles expressing control or
CHAFI1A shRNA at a multiplicity of infection of 5. As the
recombinant lentivirus is able to co-express intended shRNAs
and green fluorescent protein (GFP), transduction efficiency
was monitored by measuring GFP-positive cells under a fluo-
rescence microscope.

Measurement of cell proliferation using the Cellomics method.
H1299 cells were seeded onto 96-well plates at a density of
2x10° cells/well and cultured for 5 days at 37°C. Plates were
scanned and analyzed daily using the Cellomics ArrayScan
VTI (Thermo Fisher Scientific Inc.) (19). The system is an
automated fluorescence-imaging microscope that analyzes the
intensity and distribution of fluorescence in each individual
cell. Cells with green fluorescence were counted at five random
fields at x20 magnification.

Colony formation assay. H1299 cells were seeded onto 6-well
plates (400 cells/well) and cultured for 14 days. The wells were
stained with Giemsa and the number of colonies containing
>50 cells were counted. The assay was repeated three times
in triplicate.

Cell cycle analysis by flow cytometry. H1299 cells (8x10* in
RPMI 1640 medium) were fixed with ice-cold 70% ethanol
and suspended in staining solution containing 0.5 mg/ml
RNase, 0.05% Triton X-100 and 10 yg/ml propidium iodide
(PI; Sigma Aldrich; Merck KGaA, Darmstadt, Germany).
Following 1 h incubation at 37°C in the dark, cells were imme-
diately analyzed using a flow cytometer with CellQuest v3.3
software (BD Biosciences, San Jose, CA, USA).

Western blot analysis. Protein samples were prepared in
ice-cold radioimmunoprecipitation assay buffer supplemented
with protease/phosphatase inhibitors (Sigma Aldrich; Merck
KGaA) for 30 min. Lysates were cleared by centrifugation at
10,000 x g for 10 min at 4°C. Protein samples (50 pg in 10 ul
loading buffer per lane) were resolved by 12% SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were
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blocked with 5% fat-free milk at 37°C for 1 h and incubated with
primary antibodies at 4°C overnight. The primary antibodies
used are summarized as follows: Against cyclin DI (sc-70899;
1:500 dilution), cyclin-dependent kinase 2 (CDK?2) (sc-6248,;
1:500 dilution), S-phase kinase-associated protein (SKP)2
(sc-74477; 1:800 dilution), p21 (sc-6246; 1:1,000 dilution), p27
(8¢-53906; 1:1,000 dilution), and B-actin (sc-47778; 1:2,000
dilution) (all Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The membranes were then incubated with horseradish
peroxidase-conjugated anti-mouse IgG (1:5,000 dilution;
A9044; Sigma-Aldrich; Merck KGaA) at room temperature
for 1 h. Immunoreactive signals were visualized by chemifluo-
rescence using ECL Plus Western Blotting Detection reagents
(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). Protein
signals were quantified using Quantity One software (version
4.6.2; Bio-Rad Laboratories, Hercules, CA, USA). Each assay
was repeated three times.

Statistical analysis. Data are presented as mean + standard
deviation. All statistical calculations were performed using
SPSS 11.7 software (SPSS, Chicago, IL, USA). Differences
between the means were analyzed using Student's t-test or
one-way analysis of variance followed by Tukey's multiple
comparison test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

CHAFIA is upregulated in NSCLC tissues relative to adjacent
normal tissues. The expression of CHAFIA was examined in
22 samples of NSCLC and corresponding normal lung tissue.
RT-qPCR demonstrated that CHAFIA mRNA levels were
2.9-fold greater in NSCLC samples compared with adjacent
normal tissues (P<0.05; Fig. 1A). Significantly increased
expression of endogenous CHAF1A was further confirmed in
all 4 of the NSCLC cell lines by RT-qPCR (P<0.05; Fig. 1B).

Silencing of endogenous CHAFIA in NSCLC cells via
infection with CHAFIA shRNA-expressing lentivirus. To
determine the biological roles of CHAF1A in NSCLC
growth, its expression was knocked down in NSCLC cells
using lentivirus-mediated shRNA technology. Microscopic
examination of GFP expression following lentivirus infection
revealed a similar transduction efficiency of ~80% for control
and CHAFIA shRNA (Fig. 2A). However, compared with the
delivery of control shRNA, CHAF1A shRNA transduction
significantly decreased levels of CHAFIA mRNA in H1299
cells by 84.7+1.2% (P<0.05; Fig. 2B).

Knockdown of CHAFIA impairs the growth and colony
formation of NSCLC cells. The effect of CHAFIA down-
regulation on the growth of NSCLC cells was subsequently
assessed. During a 5-day culture period, H1299 cells trans-
duced with CHAF1A-shRNA lentivirus and control lentivirus
were counted daily using the Cellomics method. The number
of cells was significantly lower in the CHAF1A shRNA group
compared with the control group on day 5 (162+10 vs. 523+8
cells/field; P<0.05; Fig. 3). The colony formation assay further
demonstrated that the delivery of CHAF1A shRNA signifi-
cantly reduced the number of colonies formed by H1299 cells
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Figure 1. CHAFI1A is upregulated in NSCLC. (A) RT-qPCR of the level of
CHAFIA mRNA in 22 pairs of NSCLC and adjacent nontumorous lung
tissues. "P<0.05 vs. non-tumor lung tissues. (B) RT-qPCR of the level of
CHAFI1A mRNA in the human lung cancer cell lines A549, H1299, H1688
and H1975, and the normal human lung epithelial cell line BEAS-2B. "P<0.05
vs. BEAS-2B cells. Data are representative of three experiments performed in
triplicates (n=9). Data are presented as mean + standard deviation. NSCLC,
non-small cell lung carcinoma; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; CHAFIA, chromatin assembly factor 1 subunit
A.
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Figure 2. Silencing of CHAF1A in H1299 cells via lentiviral delivery of
CHAF1A-targeting shRNA. (A) Light (left) and fluorescence (right) view of
H1299 cells transduced with control ShRNA- or CHAF1A shRNA-expressing
lentivirus. Scale bar=60 ym. (B) Reverse transcription-quantitative poly-
merase chain reaction analysis of the level of CHAF1IA mRNA in H1299
cells transduced with control shRNA- or CHAF1A shRNA-expressing
lentivirus. "P<0.05 vs. control shRNA. Data are representative of three exper-
iments performed in triplicate (n=9). Data are presented as mean =+ standard
deviation. CHAF1A, chromatin assembly factor 1 subunit A; shRNA, short
hairpin RNA.

following 14-day incubation (21+9 vs. 84+12 colonies/dish;
P<0.05; Fig. 4). These results indicate that the suppression of
NSCLC cell growth is mediated by CHAFI1A silencing.
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Figure 3. Silencing of CHAF1A inhibits the proliferation of H1299 cells.
Cells transduced with control siRNA- or CHAF1A shRNA-expressing lenti-
virus were seeded onto 96-well plates (2x10° cells/well) and analyzed daily
using the Cellomics ArrayScan for 5 days. (A) Panels indicate representative
images of cells with green fluorescence. Scale bar= 60 ym. (B) Proliferation
curves of the two groups. 'P<0.05 vs. Control shRNA. Data are representa-
tive of three experiments performed in triplicate (n=9). Data are presented as
mean =+ standard deviation. CHAF1A, chromatin assembly factor 1 subunit
A; shRNA, short hairpin RNA.
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Figure 4. Colony formation of H1299 cells transduced with control shRNA-
or CHAFIA shRNA-expressing lentivirus following 14 day culture.
Following staining with Giemsa, the number of colonies consisting of
>50 cells was determined. "P<0.05 vs. control shRNA. Data are representa-
tive of three experiments performed in triplicate (n=9). Data are presented as
mean + standard deviation. CHAF1A, chromatin assembly factor 1 subunit
A; shRNA, short hairpin RNA.

CHAFIA silencing induces cell cycle arrest at the S-phase.
Finally, it was assessed whether the anti-growth effect of
CHAFI1A downregulation is associated with the induction
of cell cycle arrest. Cell cycle progression was analyzed
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Figure 5. Effect of CHAF1A silencing on cell cycle progression in H1299
cells. (A and B) Cells transduced with control shRNA- or CHAF1A
shRNA-expressing lentivirus were stained with PI and assessed by flow
cytometry. (A) Representative histograms of cell cycle distribution.
(B) Quantification of the percentage of cells at each cell cycle phase.
(C) Western blot analysis of indicated proteins. Bar graphs indicate densi-
tometric analysis of protein signals from three independent experiments.
“P<0.05 vs. Control shRNA. Data are representative of three experiments
performed in triplicates (n=9). Data are presented as mean =+ standard devia-
tion. PI, propidium iodide; CHAF1A, chromatin assembly factor 1 subunit A;
shRNA, short hairpin RNA; CDK, cyclin dependent kinase; SKP, S-phase
kinase associated protein.

by flow cytometry following PI staining. As presented in
Fig. 5A and B, the percentage of cells entering the S-phase
was significantly decreased in CHAF1A shRNA-transduced
cells relative to control cells (28+0.9 vs. 43+1.2%; P<0.05).
By contrast, the percentage of cells at the GO/G1 phase was
significantly increased in CHAF1A shRNA-transduced cells
compared with the control (57+0.8 vs. 40+0.9%; P<0.05).
Western blot analysis revealed that CHAFI1A silencing signifi-
cantly downregulated the expression of cyclin D1, CDK?2, and
SKP2 (P<0.05, but significantly increased the expression of
p21 and p27 (P<0.05; Fig. 5C). This indicates that knockdown
of CHAFIA leads to cell cycle arrest during S-phase.

Discussion

The CAF-1 complex serves a critical role in DNA replication
and repair and its deregulation contributes to the pathogen-
esis of cancer (5,8,9). The CAF-1 subunit p60 is frequently
upregulated in human cancer and contributes to aggressive
phenotypes (10,11). Mascolo et al (20) reported that overex-
pression of CAF-1/p60 is significantly associated with node
and/or distant metastases in cutaneous melanoma. The current
study examined the expression of CHAF1A, the largest subunit
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of CAF-1, in NSCLC. Data from the present study indicated
that CHAF1A expression was significantly elevated in NSCLC
tissues compared with adjacent normal lung tissues. To the
best of our knowledge, this is the first report confirming the
overexpression of CHAF1A in NSCLC, although upregulation
of CHAFI1A has been identified in aggressive neuroblas-
toma (13) and colon cancer (14), suggesting its involvement in
the pathogenesis of cancer.

Having identified that CHAF1A is upregulated in NSCLC,
the current study sought to determine its biological roles
in this disease. Lentivirus-mediated delivery of CHAF1A
shRNA resulted in efficient knockdown of endogenous
CHAFI1A expression in H1299 cells. Notably, it was deter-
mined in the current study using the Cellomics method that
CHAFIA silencing significantly suppressed the proliferation
of H1299 cells. Furthermore, CHAF1A downregulation
impaired the colony formation capacity of H1299 cells,
resulting in the formation of fewer colonies following 14 day
culture. In accordance with the results of the present study,
it has been determined that CHAFI1A silencing inhibits the
tumorigenicity and growth of colon cancer cells (14). The
results of the present study indicate that CHAF1A is required
for the growth of NSCLC cells. This provides a rationale for
targeting CHAFI1A as a potential therapeutic strategy for
NSCLC.

Compelling evidence indicates that CAF-1 activity is
required for efficient replication of euchromatic DNA (21).
Loss of CAF-1 results in cell cycle arrest at the S-phase (21,22).
Takami et al (23) reported that the depletion of each subunit
of the CAF-1 complex delays S-phase progression, followed
by accumulation in late S/G2 phase and aberrant mitosis.
Quivy et al (24) demonstrated that the interaction between
CHAFIA and heterochromatin protein 1 is indispensable for
pericentric heterochromatin replication and S-phase progres-
sion in mouse cells. In agreement with these studies, the current
study revealed that a knockdown of CHAFI1A significantly
increased the percentage of S-phase cells and decreased the
percentages of cells at the GO/G1 and G2/M phases, indicating
that it induced cell cycle arrest at the S-phase. At the molecular
level, both p21 and p27 are well-defined CDK inhibitors that
serve an important role in controlling cell cycle progres-
sion (25). SKP2 functions as a positive regulator of cell cycle
progression by promoting p27 degradation (26). These results
provide an explanation for the reduced proliferation observed
in CHAF1A-depleted H1299 cells.

Certain limitations of the present study should be noted.
Firstly, no information is available concerning the asso-
ciation of CHAF1A expression with the clinicopathological
parameters and prognosis of NSCLC. Secondly, validation
of the in vivo effect of CHAFIA knockdown on the growth
of NSCLC in animal models is required. Finally, the exact
mechanism for the regulation of cell cycle arrest by CHAF1A
in NSCLC cells remains unclear and should be investigated.

In conclusion, the results of the current study demonstrate
that CHAFI1A is upregulated in NSCLC and that its depletion
hinders the growth of NSCLC cells. This potentially occurs
through the induction of cell cycle arrest at the S-phase. The
results of the current study warrants further investigations into
the effect of depletion of CHAF1A on the tumorigenicity and
growth of NSCLC cells in animal models.
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