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Thocl inhibits cell growth via induction of cell cycle arrest
and apoptosis in lung cancer cells
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Abstract. THO complex 1 (Thocl) is a human nuclear matrix
protein that binds to the retinoblastoma tumor suppressor retino-
blastoma protein (pRb). While some studies suggest that Thocl
has characteristics of a tumor suppressor protein, whether Thocl
can inhibit lung cancer cell growth is not clear. In the present
study, we observed that Thocl is lowly expressed in the lung
cancer cell lines SPC-A1 and NCI-H1975. Then, we investigated
the potential effects of Thocl on lung cancer cell proliferation,
cell cycle and apoptosis after stable transfection of these lines
with a Thocl expression vector. We found that overexpression
of Thocl can inhibit cell proliferation, induce G2/M cell cycle
arrest and promote apoptosis. Further investigation indicated
that overexpression of Thocl is involved in the inhibition of cell
cycle-related proteins cyclin Al and Bl and of pro-apoptotic
factors Bax and caspase-3. In vivo experiments showed that
tumors overexpressing Thocl display a slower growth rate
than the control xenografts and show reduced expression of the
protein Ki-67, which localized on the nuclear membrane. Taken
together, our data show that in lung cancer cells, Thocl inhibits
cell growth through induction of cell cycle arrest and apoptosis.
These results indicate that Thocl may be used as a novel thera-
peutic target for human lung cancer treatment.

Introduction

Lung cancer is the most frequent cancer-related cause of
death throughout the world, with a poor (<15%) 5-year
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survival rate (1). More effective approaches to the treat-
ment and prevention of lung carcinoma depend on a better
understanding of the cellular and molecular mechanisms that
control lung tumor growth. During carcinogenesis, alterations
of the nuclear structure usually manifest as deformations
of the nuclear matrix architecture (2-4). Changes in nuclear
structure, which are largely determined by the nuclear matrix,
have long been recognized to correlate with tumor growth and
progression, prompting their use as biomarkers for the diag-
nosis of cancer (5).

The nuclear matrix consists of the nuclear lamins,
RNA, and a fibrogranular network of proteins that include
>200 nuclear matrix proteins (NMPs) (6). Numerous NMPs
are involved in important cellular functions, including gene
transcription, steroid hormone binding, and RNA processing.
Functional changes in these proteins have been associated with
carcinogenesis (7-9), and many NMPs have been identified
as unique ‘fingerprint’ markers for cancers of the colon (2),
bladder (10), kidney (11), prostate (12) and breast (13). For
example, Partin er al found that the level of the NMP PC-1
is specifically elevated in prostatic cancer tissue compared to
benign prostatic hyperplasia and normal prostatic tissue (14).
Getzenberg et al found that BLCA-4 expression was detect-
able before tumors were identified, highlighting the diagnostic
significance of this NMP in transitional cell carcinoma (10).

The human protein THO complex 1 (Thocl), also called
hHprl/p84, was originally identified as a nuclear matrix
component protein that binds to the tumor suppressor retino-
blastoma protein (pRb) (5). High levels of Thocl, observed in
breast and lung cancer cells, have been associated with tumor
size and aggressiveness (15,16). Thocl is expressed in most
tissues throughout the cell cycle, except for the GO phase (17).
Overexpression of Thocl can induce p53-independent apop-
tosis that is inhibited by binding of Thocl to pRb (18,19). It
was additionally reported that depletion of Thocl sensitizes
cancer cells to the cytotoxic effects of DNA damage (20).

This study was undertaken to evaluate the effect of Thocl
on lung cancer cell proliferation, cell cycle and apoptosis
by creating stable transfectants and evaluating their in vitro
growth potential. Furthermore, we examined whether the
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effects of Thocl may be also observed in vivo, using nude
mice. We show, for the first time to the best of our knowledge,
that overexpression of Thocl inhibits lung cancer cell growth.

Materials and methods

Cell cultures. Human lung cancer cell lines SPC-A1 and
NCI-H1975 were obtained from the Shanghai Cell Bank
(Shanghai, China). Cells were cultured in RPMI-1640 medium
(Gibco-BRL, Carlsbad, CA, USA) containing 10% fetal bovine
serum in a humidified atmosphere with 5% CO, at 37°C.

Generation of stable cell lines. To generate stable
cell lines overexpressing Thocl, the cDNA encoding
the human full-length Thocl gene was ampli-
fied by PCR using the following primers: forward,
5'"TTCCTCGAGATGTCTCCGACGCCGC-3' and reverse,
5'-CCGGATCCACTATTTGTCTCATTGTC-3". Next, the
full-length cDNA was cloned into the linearized plasmid
vector pcDNA3 (Clontech Laboratories, Inc., Mountain
View, CA, USA) between the Xhol and BamHI restriction
sites. The resulting expression vector pcDNA3/Thocl and the
control empty vector pcDNA3 were transfected in SPC-Al
and NCI-H1975 cells using Lipofectamine 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA). Stable clones were
selected in medium containing 800 or 500 pg/ml G418
(Sigma-Aldrich, St. Louis, MO, USA). Individual clones were
isolated and grown for further characterization.

Western blot analysis. Cells were lysed with sodium dodecyl
sulfate (SDS) buffer (80 mM Tris-HCI, 2% SDS, 300 mM
NaCl and 1.6 mM EDTA). Proteins were separated using
10% SDS-polyacrylamide gel electrophoresis, transferred
onto a polyvinylidene difluoride membrane and blocked with
5% skimmed milk. Membranes were next incubated with anti-
bodies targeting -actin, Thocl (Abcam Inc., Cambridge, MA,
USA), cyclin Al, cyclin B1, cyclin DI, Bax (Cell Signaling
Technology, Inc., Danvers, MA, USA), Bcl-2 (EMD Millipore
Corp., Billerica, MA, USA), caspase-3 (Abcam Inc.) and then
incubated with HRP-conjugated anti-mouse or -rabbit IgG
antibodies (Cell Signaling Technology, Inc.). Protein bands
were visualized using an enhanced chemiluminescence (ECL)
solution (EMD Millipore Corp.).

Quantitative PCR (qPCR). Total RNA was extracted using
TRIzol (Gibco-BRL, Grand Island, NY, USA) and treated
with RNase-free DNase I to remove genomic DNA (Roche
Diagnostics, Indianapolis, IN, USA). cDNA was prepared
from 1 pg of total RNA using M-MLV reverse transcriptase
(MBI; Fermentas, Waltham, MA, USA). Amplifications were
performed on an ABI Prism 7300 PCR system (Applied
Biosystems, Foster City, CA, USA) and reactions were
prepared using the SYBR® Premix Ex Taq™ kit (Takara Bio,
Dalian, China). The sequences of the primers for amplification
of the human genes Thocl and f-actin (considered as house-
keeping) were as follows: Thocl forward,
5'-CTGTGGACGGATTCAGCTCT-3' and reverse, 5'-AG
AGCACGTTGTTGGAGCTT-3"; B-actin forward, 5'-AGC
GAGCATCCCCCAAAGTT-3'" and reverse, 5'-GG
GCACGAAGGCTCATCATT-3". Standard curves were
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generated for each gene. The amplification was 90-110% effi-
cient. Relative quantification of gene expression was
determined by comparison of threshold cycle values. The
expression level of all genes was normalized to that of [3-actin.

Cell proliferation assay. Cell proliferation was measured with
the MTT assay. Cells (5x10°) were plated in 24-well plates and
1 ml of culture medium was added to each well. The cells were
incubated at 37°C for 1,2, 3,4, 5,6 or 7 days (d), and incubated
with 500 ul of MTT solution (1 g/l; Sigma-Aldrich) for an
additional 2 h. The reaction was stopped by the addition of
500 pl dimethylsulfoxide (Sigma-Aldrich) and the absorbance
of samples was then measured at 570 nm. A growth curve
was plotted for each sample as the absorbance vs. time. Three
independent experiments were performed, and the results were
used for calculating the relative growth rate + SD.

Flow cytometry analysis of cell cycle and apoptosis. For cell
cycle analysis, after 24 h of culture, cells were collected and
digested with trypsin, and fixed overnight with 75% ice-cold
ethanol at 4°C. Cells (1x10°) were centrifuged at 106 x g for
5 min, and the cells were resuspended and incubated in 500 pl
propidium iodide (50 pg/ml; Sigma-Aldrich) for 30 min in
the dark before analysis. The cell cycle profiles were assessed
by measurements, at 488 nm, on a FC500 flow cytometer
(Beckman Coulter, Brea, CA, USA), and the data were analyzed
using the Multicycle software (Phoenix Flow Systems, Inc.,
San Diego, CA, USA). For the analysis of apoptosis, cells were
collected and digested with trypsin, processed as described in
the Annexin V-FITC Apoptosis Detection kit (BD Biosciences,
San Diego, CA, USA) and analyzed on a FC500 flow cytometer.

Invivo studies.Four-week-old female nude specific pathogen-free
(SPF) BALB/c mice were obtained from the Laboratory Animal
Center of Soochow University, and kept in a room at constant
temperature (23+2°C) and humidity (50-70%) with a 12 h
light-dark cycle. SPC-ALl cells and their transfectants were tryp-
sinized and harvested, washed with phosphate-buffered saline
(PBS) and resuspended in 0.2 ml PBS (1x107 cells/0.2 ml). They
were subcutaneously injected into the oxter of the nude mice.
Each study group comprised six nude mice. Every three or
four days, the tumor diameter was measured, and the volume
was calculated according to the formula V = (W?x L)/2, where
W denotes tumor width and L tumor length. The growth curve
of each tumor was plotted and the tumor growth ratio was
calculated. Five weeks after injection of the cells, the mice
were sacrificed, and tumors were collected for histological
analysis. The animal treatment protocol used in this study was
approved by the Institutional Animal Care and Use Committee
of Soochow University (Suzhou, China).

Immunofluorescence microscopy analysis. Tumors were
analyzed using immunofluorescence analysis. The tumor
xenografts were removed and fixed in 10% phosphate-buff-
ered formaldehyde at room temperature for 48 h, embedded
in paraffin, and sectioned at 5 ym. The sections were depa-
raffinized, rehydrated, antigens were retrieved in Tris/EDTA
buffer at 100°C for 15 min, and left in the buffer for 10 min
after boiling. Following a rinse in distilled water and PBS, the
sections were treated with 0.03% hydrogen peroxide for 5 min
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to block endogenous peroxidase activity, then incubated with
mouse anti-human anti-Thocl (1:100; Abcam Inc.) and -Ki-67
antibody (1:100; Cell Signaling Technology, Inc.) overnight at
4°C, Following arinse in PBS, the sections were incubated with
Alexa Fluor 488/633-conjugated anti-rabbit antibody (1:1,000;
Cell Signaling Technology, Inc.) for 30 min at room tempera-
ture. Next, they were rinsed in PBS, and the cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) for 5 min
at room temperature. The sections were finally prepared for
confocal microscopy, and images were recorded and analyzed
with the TCS SP2 software (Leica, Wetzlar, Germany).

Statistical analysis. Each experiment was repeated 3 times.
Results are expressed as mean + SD. A P-value <0.05 was
considered to indicate statistically significant differences.
Statistical analyses were performed using the SPSS 17.0 soft-
ware (IBM, Armonk, NY, USA).

Results

Expression of Thocl in lung breast cancer cell lines and
generation of stable cell lines. To investigate the potential role
of Thocl in human lung cancer, we first detected the expression
of Thocl in a panel of human lung cancer cell lines. The mRNA
level of Thocl in these cell lines was determined by qPCR. As
shown in Fig. 1A, the lowest Thocl mRNA level was observed
in SPC-A1l and NCI-H1975 cells. To further explore the role
of Thocl in lung cancer cells, SPC-Al and NCI-H1975 cells
were transfected with recombinant vector expressing Thocl
(pcDNA3/Thocl) or a control empty vector (pcDNA3/Neo).
G418-resistant mix clones were selected for further experi-
ments. The Thocl mRNA and protein levels in SPC-A1 and
NCI-H1975 cells were measured by qPCR (Fig. 1B) and
western blot analysis (Fig. 1C) , respectively. When compared
to control cells, Thocl expression was significantly increased
in the cells transfected with the pcDNA3/Thocl sense vector
(SPC-A1/Thocl and NCI-H1975/Thocl cells).

Overexpression of Thocl inhibits lung cancer cell prolif-
eration. First, we addressed the question whether Thocl
is involved in regulation of lung cancer cell proliferation,
using the MTT assay to determine cell proliferation. The
untransfected SPC-A1 or NCI-H1975 cells, the control cells
(transfected with empty vector), as well as the SPC-A1/Thocl or
NCI-H1975/Thocl cells were grown in culture for 7 days. The
proliferative ability of SPC-A1/Thocl and NCI-H1975/Thocl
cells decreased compared to untransfected and control cells, in
a time-dependent manner (Fig. 2).

Overexpression of Thocl induces G2/M cell cycle arrest in
lung cancer cell lines. Because overexpression of Thocl led to
inhibition of lung cancer cell proliferation, we asked whether
it can also influence progression of the cell cycle. To address
this question, we conducted a cell cycle analysis and assessed
the expression of proteins related to the cell cycle before and
after transfection with the Thocl expression vector. Notably,
increased amounts of cells at the G2/M phase were observed
in SPC-A1/Thocl and NCI-H1975/Thocl cells compared to
the controls and the untransfected cells. In addition, a shift at
the G1 phase was detected (Fig. 3A).
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Figure 1. Expression of Thocl in lung cancer cell lines and generation of stable
cell lines. Thocl mRNA was detected by quantitative polymerase chain reac-
tion in (A) a panel of breast cancer cell lines, as indicated, and (B) SPC-A1
and NCI-H1975 cells transfected with pcDNA3/Neo or pcDNA3/Thocl. The
GAPDH level served as the loading control in all experiments. “P<0.01.
(C) Protein expression of Thocl was analyzed by western blot analysis. The
B-actin level served as the loading control. Neo, empty vector
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Figure 2. Overexpression of Thocl inhibits lung cancer cell proliferation.
SPC-A1, NCI-H1975 cells and their transfectants were cultured in 24-well
plates at a density of 5x10%/well for 1,2, 3,4, 5, 6 and 7 days (d). Cell growth
was assessed by the MTT assay. Neo, empty vector.
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Figure 3. Overexpression of Thocl induces G2/M cell cycle arrest and promotes cell apoptosis in lung cancer cells. (A) After 24 h of culture, SPC-A1, NCI-H1975
cells and their transfectants were collected to assess cell cycle distribution using flow cytometry. "P<0.05. (B) Percentage of apoptotic cells in the SPC-Al
NCI-H1975 and their transfectant lines, as detected by the Annexin V-fluorsecein isothiocyanate assay. “P<0.01. (C and D) Western blot analysis showing cyclin Al,
B1 and DI, Bcl-2, Bax and caspase-3 protein levels in SPC-A1 and NCI-H1975 cells transfected with either the control vector pcDNA3/Neo or pcDNA3/Thocl and
in the corresponding untransfected cells (blank). The 3-actin level served as the loading control. Bel-2, B-cell lymphoma 2; Bax, Bcl-2-associated X.
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Figure 4. Effect of Thocl overexpression in vivo, assessed by growth curves
of lung cancer SPC-A1 xenografts in nude mice. Following injection of 1x10”
SPC-A1/Thocl cells, control cells (SPC-A1/Neo) or untransfected (SPC-Al)

cells, the tumor diameter was measured every three or four days.

To further characterize the molecular mechanism under-
lying the G2/M cell cycle arrest, we studied the expression
of the main proteins related to the cell cycle before and after
transfection with the Thocl expression vector. As shown in
Fig. 3C, overexpression of Thocl led to a significant increase
in the cyclin Bl and Al expression levels, which correlates
with the increase in the population of G2/M-arrested cells.

Overexpression of Thocl promotes cell apoptosis in lung cancer
cell lines and changes in Bcl-2, Bax and caspase-3 expression.
The extent of apoptosis was investigated by estimating the
number of cells stained with Annexin V, which is a marker of
early-stage apoptosis. In this assay, the percentage of apoptotic
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Figure 5. Immunofluorescence microscopy analysis. (A) Thocl expression appeared higher in the SPC-A1/Thocl cell tumors, and the protein localized on the
nuclear membrane and appeared to be concentrated in localized spots outside the nucleus. (B) Ki-67 appeared less expressed in the SPC-A-1/Thocl cell tumors
and localized on the nuclear membrane. DAPI, 4',6-diamidino-2-phenylindole; merge, superposition of the protein- and the DAPI- stained fields.

cells was higher for the SPC-A1/Thocl and NCI-H1975/Thocl
cells compared to control or untransfected cells (Fig. 3B). To
further characterize the molecular mechanism underlying
the induction of cell apoptosis, we detected the expression
levels of anti-apoptotic factor Bcl-2 and pro-apoptotic factors
Bax and caspase-3 using western blot analysis. As shown in
Fig. 3D, overexpression of Thocl increased the expression of
the pro-apoptotic proteins Bax and caspase-3 and did not affect
Bcl-2 expression in a significant manner in SPC-A1/Thocl and
NCI-H1975/Thocl cells. These results indicated that the promo-
tion of cell apoptosis by Thocl is most likely mediated by Bcl-2,
Bax and caspase-3 proteins in lung cancer cells.

Overexpression of Thocl inhibits xenograft formation and
growth in vivo. In vitro experiments with the SPC-A1 and
NCI-H1975 cells showed that the overexpression of Thocl
can induce G2/M cell cycle arrest and apoptosis, and inhibit
cell growth. Hence, we examined whether this effect could
be also observed in vivo. The transfected (pcDNA3/Thocl or

negative control pcDNA3/Neo) and untransfected SPC-Al
cells were subcutaneously injected into nude mice (n=6 per
group). After five weeks of growth, the tumor masses obtained
from the SPC-A1/Thocl cell xenografts were markedly
smaller than those from the control mice (Fig. 4, P<0.05).
Immunofluorescence staining showed that Thocl expression
was higher in the SPC-A1/Thocl cell tumors (Fig. 5A), and that
the protein localized on the nuclear membrane and appeared
to be concentrated in localized spots without the nucleus. By
contrast, Ki-67 appeared less expressed in the SPC-A1/Thocl
cell tumors (Fig. 5B) and localized on the nuclear membrane.
These results strongly supported the in vitro observations and
indicated that Thocl might play an important role in lung cancer
cell growth.

Discussion

Thocl has been identified as a human nuclear matrix protein for
more than a decade (5). In a previous study, Thocl expression
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tended to associate with poor survival in subgroups of patients
who were at an early tumor stage, had tumors of squamous cell
type, or had a family history of lung cancer (16). The exact role
of Thocl in lung cancer has however not been elucidated. In this
study, we investigated the role of Thocl in growth of lung cancer
cells. The Thocl expression vector induced overexpression of
the Thocl mRNA and protein in lung cancer cells, which further
showed reduced proliferation, G2/M cell cycle phase arrest and
apoptosis.Nude mice injected with Thocl-overexpressing cells
also showed reduced xenograft formation and in vivo growth.
Our findings show that Thocl plays a role in lung cancer cell
growth. Furthermore, in an attempt to elucidate the mechanisms
underlying the observed effects, we obtained evidence that
Thocl may regulate key genes of cell cycle and apoptosis.

Cell cycle deregulation resulting in uncontrolled cell
proliferation is one of the most frequent alterations that occur
during tumor development. The G2/M checkpoint regula-
tors cyclin Al and B1 are markers of G2/M cell cycle arrest
induced by DNA damage. The expression level of cyclin Al
and Bl is minimal at the initiation of S phase and peaks at
the G2/M checkpoint (21,22). In this study, we found that
overexpression of Thocl can affect cell cycle distribution in
the lung cancer cell lines SPC-A1 and NCI-1975, induce G2/M
phase arrest and reduce the population of cells at the G1/GO
phase. Furthermore, we found that cyclin Al and B1 protein
levels increased in response to Thocl overexpression in the
lung cancer cell lines SPC-A1 and NCI-H1975, indicating
that this increase might cause the increase in the population
of G2/M-arrested cells. The cyclin D1 protein level did not
significantly change in response to Thocl overexpression.

Apoptosis has been considered the major form of cancer
cell death, and occurs through two pathways: The extrinsic
or cytoplasmic pathway, and the intrinsic or mitochondrial
one. Bcl-2 family proteins are in part controlling the intrinsic
pathway (23,24). This family is composed of various pro- and
anti-apoptotic proteins that heterodimerize and modulate each
other's function. Thus, the relative concentration of each Bcl-2
family member is thought to determine whether programmed
cell death will occur. The ratio of anti-apoptotic Bcl-2 to
pro-apoptotic Bax is a critical determinant of apoptosis, as
Bcl-2 heterodimerizes with Bax, blocking apoptosis (25). In
this study, we demonstrated that overexpression of Thocl
induces lung cancer cell apoptosis, accompanied by a rise
in Bax and caspase-3 levels, while no significant changes in
the level of Bcl-2 were observed. These results indicate that
the inhibitory effect of Thocl on cell apoptosis most likely
involves a reduction in the Bcl-2/Bax ratio. Bax upregulation
was reported to result in loss of the mitochondrial trans-
membrane potential and cytochrome C release, followed by
activation of the caspase cascade (26).

An important finding of the present study is that Thocl
inhibited lung cancer cell growth in vitro and in vivo, as
confirmed by our animal model. The growth rate of established
Thocl-overexpressing xenografts was slower compared to the
empty vector control group. The Ki-67 protein is a marker of
proliferation, and is strongly linked to cell cycle control. During
mitosis, phosphorylation and dephosphorylation of Ki-67 occur
at the breakdown and the reorganization of the nucleus, two
hallmark events of the cell cycle (27,28). Molecular functions
proposed for Ki-67 include organization and maintenance
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of the DNA architecture and synthesis of ribosomes during
mitosis (29,30). There is a positive correlation between Ki-67
protein expression, cell proliferation rate, and the active phase
of the cell cycle in invasive breast carcinoma (31,32). In this
study, immunofluorescence staining indicated that Ki-67
expression was lower in the SPC-A1/Thocl cell tumors, and
that the protein localized on the nuclear membrane. These data
suggest that Thocl-mediated inhibition of tumor growth may
involve a decrease in the in vivo expression of Ki-67.

In summary, our study, investigating the role of Thocl
in lung cancer cell growth, showed that this protein induces
cell phase arrest at G2/M, accompanied by an accumulation
of cell cycle-related proteins, changes in the expression level
of several proteins that directly relate to cell apoptosis, and a
reduction in both in vitro and in vivo cell growth. These find-
ings provide new insights into the role of Thocl in lung cancer
and may have important implications in the development of
targeted therapies for lung cancer.
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