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Abstract. Immature colon carcinoma transcript 1 (ICT1), a 
human mitochondrial translation release factor, is a ribosome-
dependent codon-independent peptidyl-tRNA hydrolase. 
ICT1-deficiency has been recognized as a cell growth inhibitor 
of hepatoblastoma and glioblastoma multiforme. To explore 
the role of ICT1 in human leukemia, 2 short hairpin RNAs 
(shRNAs) targeting ICT1 sequences were designed in 
leukemia U937 cells. The successful infection of ICT1 in the 
U937 cells was observed under a fluorescence microscope 
and further quantified by western blotting and quantitative 
real-time PCR (qRT-PCR) analysis. Tetrazolium dye (MTT) 
assay revealed a significant decrease in proliferation of ICT1-
knockdown U937 cells on the fourth and fifth day as compared 
with the control. Depletion of ICT1 resulted in an increase in 
S phase and sub-G1 (representing cell apoptosis) fractions. 
Annexin V-APC/7-AAD staining assay confirmed that knock-
down of ICT1 played a crucial role in boosting early and late 
apoptotic programs in U937 cells. Downregulation of ICT1 
also altered cyclin A2 transcription expression, caspase-3 
activity and p21 protein expression. Additionally, decreased 
levels of heat shock protein 27 (HSP27) phosphorylation 
at Ser78 was correlated with knockdown of ICT1 in U937 
cells. Thus, we concluded that the regulatory role of ICT1 in 
leukemia may be used as a potential therapeutic target for the 
treatment of leukemia.

Introduction

Leukemia is one of the most common hematological cancers 
worldwide (1). Acute leukemia can be classified into acute 
lymphoblastic leukemia (ALL) and acute myeloid leukemia 
(AML) (2). A high incidence of ALL is found in children, and 
AML is the most common acute leukemia in adults (1,3). Due 
to the high degree of resistance to standard chemotherapy, 
older AML patients have a median survival of ~7 months and 
the overall 5-year survival is only 5-15% (4,5). Optimized 
chemotherapy protocols provide more than 80% cure rates for 
childhood ALL (6). ALL patients often have relapses and the 
prediction of prognosis remains difficult (7). Notably, bone 
marrow transplantation provides an effective and practical treat-
ment for some patients, However graft-rejection and relapses are 
the major causes of treatment failure in these patients (8).

Gene therapy targeting cancer cells provide a potential 
alternative therapeutic strategy for cancer (9). CD40-ligand 
(CD154) gene therapy increased leukemia-specific T cells 
and decreased the number of leukemia cells (10). The prolif-
erative activity of the leukemic cells and the clonogenicity of 
the primary cells were inhibited by knockdown of polo-like 
kinase 1 (11). RNA interference (RNAi) targeting knockout 
of M-BCR/ABL mRNA and oncoprotein kill K562 human 
leukemic cells (12).

Immature colon carcinoma transcript 1 (ICT1) encodes 
an essential mitochondrial protein and an integral component 
of the mitoribosome (13,14). ICT1 was revealed to function 
as a ribosome-dependent codon-independent peptidyl-tRNA 
hydrolase (14). It was originally discovered by comparison 
of gene expression pattern between undifferentiated and 
differentiated human colon cancer cells (HT29-D4) (13). Lack 
of ICT1 markedly reduced the number of HeLa and human 
hepatoblastoma HepG2 cells, and was able to induce HeLa 
cell apoptosis (13). Akabane et al (15) also demonstrated 
that mutation of the GGQ-motif of ICT1 led to a loss of cell 
viability and affected cell growth. Absence of ICT1 inhibited 
proliferation of glioblastoma multiforme cells through the 
arrest of the cell cycle at the G2/M phase (16). However, the 
role of ICT1 in leukemic cancer is unknown.
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Materials and methods

Cell lines and cell culture. U937 leukemia and human 
embryonic kidney 293 (HeK293) cells were purchased from 
the Chinese Academy of Sciences (Shanghai, China). U937 
cells were propagated in RPMI-1640 medium (SH30809.01B; 
HyClone, Logan, UT, USA) with 10% fetal bovine serum 
(FBS; 04-001-1A; Biological Industries, Grand Island, NY, 
USA). HeK293T cells were maintained in Dulbecco's modi-
fied eagle's medium (DMeM; SH30243.01B; HyClone) with 
10% FBS.

Construction and transduction of lentivirus-based vectors. 
Two independent shRNAs targeting ICT1 were designed from 
GenBank (accession no. NM_001545). shRNA (S1) and 
shRNA (S2) sequences for ICT1 (5'-GCTGTTAATGCTTGTC 
TATAACTCGAGTTATAGACAAGCATTAACAGC-3' and 
5'-GCAGAATGTGAACAAAGTGAACTCGAGTTCACTT 
TGTTCACATTCTGC-3') were inserted into pGP vectors 
(SBI, Mountain View, CA, USA) at the EcoRI and BamHI 
sites. ICT1 shRNA scrambled control was: 5'-TTCTCCGAAC 
GTGTCAC GTCTCGAGACGTGACACGTTCGGAGAA-3'. 
HeK293T cells were transiently transfected with the mixture 
of recombinant pGP vectors, pVSVG-I and pCMVΔR8.92 
(Sigma, St. Louis, MO, USA) using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA), in accordance with the 
manufacturer's instructions. U937 cells were inoculated at 
densities of 10,000 cells/well in each of the 12-well plates and 
infected with lentiviral particles [shCon, shICT (S1) or 
shICT1 (S2)] at a multiplicity of infection (MOI) of 80. At 
168 h post-infection, the infection efficiency was detected by 
GFP-positive U937 cells under a fluorescence microscopy.

Quantitative real-time RT-PCR (qRT-PCR). After transfection 
for 7 days, total cellular RNA was extracted from U937 cells 
using TRIzol reagent (Gibco, Grand Island, NY, USA) followed 
by first-strand cDNA synthesis with the Invitrogen Superscript 
first-strand system. qRT-PCR analysis was performed on 
Bio-Rad Connet Real-Time PCR platform using SYBR Premix 
eX Taq™ (Takara, Dalian, China). The primer sequences 
were as follows: ICT1 forward, 5'-CAGCCTGGACAAGCTC 
TACC-3' and reverse, 5'-GGAACCTGACTTCTGCCTTG-3'; 
actin forward, 5'-GTGGACATCCGCAAAGAC-3' and 
reverse, 5'-AAAGGGTGTAACGCAACTA-3'; cyclin A2 
forward, 5'-GTTCCTCCTTGGAAAGCAAAC-3' and reverse, 
5'-GGGCATCTTCACGCTCTATTT-3'.

The reaction mixture contained 10 µl of 2X SYBR Premix 
ex Taq, 0.5 µl of forward and reverse primers 2.5 µM, 5 µl of 
cDNA, and 4.5 µl of ddH2O. The qRT-PCR parameters were 
as follows: initial denaturation at 95̊C for 1 min, 40 cycles of 
amplification at 60̊C for 20 min, and final extension at 72̊C 
for 10 min. ICT1 gene expression levels were assessed using 
the 2-ΔΔCt method.

Western blotting. For western blotting assay, the U937 cells 
were infected with lentiviral particles for 6 days. In short, cells 
were washed twice with ice-cold phosphate-buffered saline 
(PBS) before being lysed with 1 ml 2X SDS sample buffer 
[100 mM Tris-Hcl (pH 6.8), 10 mM eDTA, 4% SDS, 10% 
glycine]. Supernatants were collected after centrifugation 

for 20 min at 12,000 x g. A total 30 µg of protein samples 
in each lane were electrophoresed by 10% sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGe). 
Proteins were then transferred onto polyvinylidene difluoride 
(PVDF) membranes (Millipore, Belfor, MA, USA) under 
the following conditions: 300 mA, 1.5 h. The membranes 
were incubated overnight at 4̊C with rabbit anti-ICT1 (cat. 
no. Ab-147; 1:1,000 dilution; Abgent, San Diego, CA, USA), 
rabbit anti-caspase-3 (cat. no. 9661; 1:500 dilution; Cell 
Signaling Technology, Beverly, MA, USA), rabbit anti-p21 
(cat. no. Ab-106; 1:1,000 dilution; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) and rabbit anti-GAPDH (cat. no. Ab-5; 
1:500,000 dilution; ProteinTech Group, Chicago, IL, 
USA). Finally, secondary antibody horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit (cat. no. SC2054; Santa 
Cruz Biotechnology) was applied in a dilution of 1:5,000 at 
room temperature for 2 h. The membranes were processed 
using enhanced chemiluminescence (eCL) advance detection 
reagent.

MTT assay. To determine the viable cell number in U937 cells, 
the MTT assay was carried out. The shCon, shICT1 (S1) and 
shICT1 (S2) cells were firstly grown in a 6-well plate at a density 
of 3,000 cells/well. At various time-points, each sample was 
mixed with 20 µl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide and incubated for 2.5 h. The 
medium was then replaced with 100 µl of acidic isopropanol 
(10% SDS, 5% isopropanol and 0.01 mol/l HCl) to stop the 
reaction and read at a wavelength of 595 nm on a microplate 
reader (Microplate Reader 3550; Bio-Rad, Hercules, CA, 
USA).

Flow cytometric analysis of the cell cycle. The untrans-
fected and transfected U937 cells were plated at a density of 
100,000 cells/well in 12-well tissue culture plates and incu-
bated for 7 days. After being washed in PBS, the cells were 
fixed overnight at 4̊C in ice-cold 70% alcohol. The cells were 
then stained with 1 ml propidium iodide solution (0.1 mg/ml 
propidium iodide and 20 µg/ml RNaseA DNase-free) at room 
temperature, 30̊C. Furthermore, the cells were examined 
by fluorescence-activated cell sorting (FACS) based on flow 
cytometry (FACSort; Becton-Dickinson, Franklin Lakes, NJ, 
USA) and the cell cycle distribution was determined using 
MultiCycle AV software (Phoenix Flow Systems, San Diego, 
CA, USA).

Apoptotic cell death assay. Comparison of the abilities of 
shCon and shICT1 (S1) transfection to induce cell apoptosis was 
assessed using an Annexin V-APC/7-AAD (BD Pharmingen, 
San Diego, CA, USA) kit according to the instructions of 
the manufacturer. The level of apoptosis was analyzed on a 
FACSort flow cytometer. Cells positive for both 7-AAD and 
Annexin V-APC were late apoptotic cells. Live cells were 
represented by Annexin V-APC and 7-AAD negative staining. 
7-AAD stained cells that were Annexin V-APC negative were 
considered as necrotic cells. While negative for 7-AAD and 
positive for Annexin V-APC were early apoptotic cells.

PathScan intracellular signaling array. To detect the potential 
differences in intracellular signaling between the ICT1 
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knockdown and control cells, the PathScan® intracellular 
signaling array kit (Cell Signaling Technology) was used, 
which allows the monitoring of 18 signaling molecules when 
phosphorylated or cleaved. Samples were processed according 
to the manufacturer's procedures and the signal intensity 
was visualized under the LI-COR Odyssey imaging system 
(LI-COR Biosciences, Lincoln, Ne, USA).

Statistical analysis. All data analyses were performed using 
SPSS software version 16.0 (SPSS, Inc., Chicago, IL, USA). 
Data are expressed as the mean ± SD of at least 3 indepen-
dent experiments. Student's t-test was used to calculate the 
individual comparisons between different groups. A P-value 
of <0.05 was considered to indicate a statistically significant 
result.

Results

ICT1 stable knockdown by lentivirus-based shRNA in 
U937 cells. The recombinant lentiviruses encoding shCon 
or shICT1 were constructed to reveal the functional role of 
ICT1 in leukemia. The lentiviral vectors also carried a GFP 
reporter gene to monitor the infection efficiency. By counting 
GFP-positive cells 168 h after infection, transfection efficien-
cies of 90.1, 90.0 and 91.2% were observed in the shCon, 
shICT1 (S1) and shICT1 (S2) groups, respectively (Fig. 1A).

As shown in Fig. 1B, the ICT1 gene expression pattern in 
the shICT1 (S1) and shICT1 (S2) cells was lower than that in 
the shCon cells. Western blotting was applied to detect whether 
specific lentivirus-mediated shRNA could knockdown ICT1 
protein level in U937 cells. The knockdown of ICT1 reduced 
the ICT1 protein level in U937 cells (Fig. 1C).

Knockdown of ICT1 inhibits U937 cell proliferation. As 
shown in Fig. 2, the shICT1 (S1)- or shICT1 (S2)-treated cells 
had a relatively lower proliferative index from the third day 
compared with shCon. On the fourth day, the proliferation was 
reduced by 33.3% in cells expressing reduced levels of ICT1 in 
contrast with the control (shCon). On the fifth day, in compar-
ison with the control cultures, proliferation was decreased by 
40.2 and 42.6% for shICT1 (S1)- and shICT1 (S2)-infected 
U937 cells, respectively.

ICT1 knockdown arrests U937 cells in the S and sub-G1 phases. 
Flow cytometry was carried out to determine whether or not 

Figure 1. Knockdown of immature colon carcinoma transcript 1 (ICT1) by lentivirus-mediated delivery of shRNA in leukemia U937 cells. (A) expression of 
green fluorescent protein (GFP) was obtained under a fluorescence microscope. Infection efficiency was quantified by analyzing GFP-infected cells at 168 h 
post-transduction in MOI 80. Scale bars, 25 µm. (B and C) Both ICT1-shRNA infections decreased ICT1 expression at the transcriptional and translational 
level, as determined by qRT-PCR and western blotting. Actin and GAPDH were used as normalizing controls for qRT-PCR and western blotting, respectively. 
All experiments were conducted and analyzed at least 3 times. ***P<0.001.

Figure 2. Knockdown of immature colon carcinoma transcript 1 (ICT1) func-
tion to block the proliferative capacity of leukemia U937 cells. The shape 
of the growth curve in U937 cells was assessed by MTT assay 96 h post-
transduction. The experiment was conducted and analyzed at least 3 times; 
***P<0.001.
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deficiency of ICT1 can interfere with cell cycle progression in 
U937 cells (Fig. 3A). As shown in Fig. 3B, the percentage of 
G0/G1 phase cells decreased from 60.0% in the shCon-treated 
group to 50.8% in the shICT1 (S1)-treated group. Increased 
percentage of S-phase cells occurred in the shICT1 (S1) 
group with 43.5% compared with 35.2% in shCon-treated 
group. There was no statically significant difference in the 
G2/M phase between the shCon and shICT1 (S1) groups.

U937 cells transfected with shICT1 (S1) resulted in 
an enhanced sub-G1 (representing apoptotic cells) frac-
tion (Fig. 3C). The sub-G1 population of U937 cells represented 
only 5.02% in shCon, but reached ~35.70% upon infection with 
lentiviral vectors expressing shICT1 (S1).

Effect of deficiency on ICT1 expression on the apoptosis 
in U937 cells. A marked sub-G1 peak was observed in 
ICT1-deficient cells. Then Annexin V-APC/7-AAD double 
labeling was employed to assess whether U937-cell depletion 
in ICT1 really undergoes apoptosis (Fig. 4A). As shown in 
Fig. 4B, ICT1 deficiency increased the level of early apoptosis 
from 4.0% (shCon-treated cells) to 6.0% [shICT1 (S1)-treated 
cells] in the. U937 cells treated with shICT1 (S1) exhibited an 
increase in late-apoptotic cells compared with control, varying 
from 15.1% in cells treated with shICT1 (S1) to 5.9% in the 

Lv-shCon treatment. In addition, the proportion of viable cells 
was decreased in U937 cells transfected with shICT1 (S1) in 
comparison with control shCon-transfected cells.

Depletion of ICT1 results in increased cyclin A2 transcrip-
tion expression. Using qRT-PCR, we analyzed the cyclin A2 
mRNA expression in U937 cells transfected with shCon 
and shICT1, respectively. As observed in Fig. 5, the expres-
sion profile of cyclin A2 in the ICT1-knockdown U937 cells 
was found to have increased by 27.1% compared with the 
shCon-transfected cells.

ICT1 downregulation exhibits altered caspase-3 and p21 
protein expression in U937 cells. Active 17 and 19 kDa subunits 
of caspase-3 were increased in shICT1 (S1) cells as compared 
to the controls (Fig. 6). The pro-caspase3 protein levels were 
decreased in U937 cells with ICT1 knockdown compared with 
the non-knockdown controls. U937 cells depleted of the ICT1 
gene were also found to be decreased in the expression level 
of p21 protein.

Decreased levels of heat shock protein 27 phosphorylation 
at Ser78 was correlated with knockdown of ICT in U937 cells. 
The expression of 18 phosphorylated or cleaved signaling 
molecules was assessed using the PathScan Intracellular 

Figure 3. Immature colon carcinoma transcript 1 (ICT1) deficiency causes growth arrest in the S phase and increases apoptotic sub-G1 population of leukemia 
U937 cells. (A) The cell cycle distribution in U937 cells deficient or with no deficiency in ICT1 was assayed by flow cytometry. (B) The percentage of cells was 
decreased in G0/G1 phase, but increased in the S phase of shICT1 (S1) cells in contrast to the shCon groups. (C) Loss of ICT1 produced a significant build-up 
of apoptotic (sub-G1) cells. The experiments were conducted and analyzed at least 3 times; **P<0.01; ***P<0.001.
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Signaling Array kit. As shown in Fig. 7, Ser78 HSP27 phos-
phorylation in U937 cells with shICT1 (S1) transduction was 
lower than that of the shCon cells. The phosphorylation level 
of other signaling molecules was almost unaltered between the 
shCon and shICT1 (S1) groups.

Discussion

Immature colon carcinoma transcript 1 (ICT1) is a component 
of human mitoribosome that has codon-independent peptidyl-
tRNA hydrolysis activity through a conserved GGQ motif (13). 
ICT1 plays a role in the pathogenesis of colon cancer, 
hepatoblastoma and glioblastoma multiforme but its role in 
leukemia is unclear (16,17). The present study demonstrated 
that loss of ICT1 was associated with the inhibition of leukemia 
cell proliferation, cell cycle arrest and apoptosis.

The cell cycle process is a sequence of events in which one 
cell divides and then replicates into 2 cells, each containing 
the information and components necessary to repeat the 
biological process (18,19). Cyclins, including A, B, C, D and e, 
are regulatory subunits of cyclin-dependent kinases, forming 
different cyclin-CDK complexes to monitor cell cycle progres-
sion (20,21). Cyclin A2, a member of the subclass of A-type 

Figure 5. Specific immature colon carcinoma transcript 1 (ICT1) gene deple-
tion induces upregulation of cyclin A2 mRNA in U937 cells. RT-qPCR was 
employed to detect the relative quantification of cyclin A2; *P<0.05.

Figure 4. early and late apoptotic events induced by knockdown of immature 
colon carcinoma transcript 1 (ICT1) in U937 cells. (A) Apoptotic cells were 
evaluated by Annexin V-APC/7-AAD double labeling with flow cytometry. 
(B) After transfection for 7 days, depletion of ICT1 resulted in more suscep-
tible leukemia U937 cells to early and late apoptosis; ***P<0.001.

Figure 6. U937 cells expressing shICT1 (S1) accompanied by an increase in 
caspase-3 and decrease in p21. The appearance of 17- and 19-kDa fragments 
of caspase-3 was increased, meanwhile, a 35-kDa band was decreased in 
U937 cells. The p21 protein expression was markedly reduced by the down-
regulation of ICT1 in U937 cells.

Figure 7. Depletion of immature colon carcinoma transcript 1 (ICT1) hinders 
HSP27 phosphorylation at the Ser78 site in U937 cells. The phosphoryla-
tion status of 18 important signaling molecules was assessed by PathScan® 
Intracellular Signaling Array kit.
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cyclins, is synthesized in somatic cells, promoting mitotic 
entry and regulating G1/S transition through CDK1 and 
CDK2 (22,23). In the present study, lentivirus-mediated down-
regulation of the ICT1 gene was able to accelerate cyclin A2 
mRNA expression in U937 cells. Tiwari et al (24) found that 
excessive expression of cyclin A, CDK1 and CDK2 alone could 
not activate human β-cells to enter the cell cycle. p21 is a potent 
inhibitor of CDKs thus negatively regulating mammalian cell 
cycle division (25). In the present study, the p21 protein level 
was decreased in U937 cells with ICT1 knockdown. Thus, the 
activity of multiple mitotic CDK-cyclin complexes may be 
influenced as a consequence of increased cyclin A2 mRNA 
and decreased p21 protein levels. S phase-arrest induced by 
knockdown of ICT1 may be related to changes in the activity 
of cyclin/CDK complexes.

Apoptosis or programmed cell death, a physiologically 
cell killing process, is important for suppression of tumor 
growth (26,27). Cell apoptosis occurred in HeLa cells where 
ICT1 had been knockdown by small interfering RNA, with a 
reduction of mitochondrial membrane potential and mass (13). 
In the present study, apoptotic cell death in U937 leukemia 
cells was observed in the ICT1-knockdown group, which was 
consistent with previous results (13). Waterhouse et al (28) 
found that cytochrome c emancipation and caspase activation 
was accompanied with the permeability of the mitochondrial 
outer membrane during apoptosis. The effector pro-caspase-3 
was thought to be cleaved and activated in a condition that 
was promoted by cytochrome c from mitochondria to monitor 
cell apoptosis (29). For U937 cells with ICT1 knockdown, 
strong cleavage/activation of caspase-3 precursor was obtained 
based on increased formation of 17- and 19-kDa fragments. 
It is likely that the mitochondrial cytochrome c-mediated 
caspase-3 pathway may be activated, inducing apoptosis in 
ICT1-knockdown U937 cells.

Overexpression of human chaperone protein HSP27 has 
been reported to rescue cells from apoptosis induced by oxida-
tive stress or cytotoxicity (30,31). Activity of HSP27 could be 
modulated by post-translational modification of phosphoryla-
tion (32). At present, 3 phosphorylations sites on Ser residues 
at positions 15, 78 and 82 for human HSP27 have been iden-
tified (32,33). Notably, HSP27 acts to protect mitochondrial 
integrity and prevent cytochrome c release (33). The non-
phosphorylated oligomers of HSP27 can directly bind with 
cytosolic cytochrome c to protect against apoptosis (33). The 
present study confirmed that Ser78 of HSP27 was less phos-
phorylated in ICT1-knockdown U937 cells as compared with 
the control, indicating that more non-phosphorylated oligomers 
may have accumulated. Therefore, an unknown mechanism 
may exist to impede interaction between cytochrome c and 
HSP27, leading to the promotion of cytochrome c release from 
mitochondria to the cytosol and induction of apoptosis by trig-
gering caspases, such as caspase-3.

In conclusion, the present study demonstrated that prolif-
eration of leukemia U937 cells was blocked after depletion 
of ICT1. Knockdown of ICT1 was found to induce S-phase 
arrest, and promote apoptosis possibly via a mitochondrial 
cytochrome c-mediated caspase-3 pathway in leukemia U937 
cells. However, the correlation between decreased HSP27 
phosphorylation and increased caspase-3 activation needs 
further investigation. The newly identified role of ICT1 in 

leukemia cells in the present study may be useful in the devel-
opment of new therapies for leukemia.
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