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Differentiation-associated alteration in gene expression of importins and ex-
portins in human leukemia HL-60 cells
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ABSTRACT
Employing the DNA microarray technique, we previously reported the alteration in gene expres-
sion of nucleocytoplasmic transport factors, importins and exportins, induced by 1,25-dihydroxyvi-
tamin D3 (DVD) in human leukemia HL-60 cells. Here, we used the quantitative reverse 
transcription-polymerase chain reaction method to confirm such previous findings, and compared 
them with those from the cells treated with all-trans-retinoic acid (ATRA). The results indicated 
that the gene expression of the transport factors examined was mostly down-regulated following 
differentiation induced by DVD and ATRA, but importin α5 gene expression was up-regulated in 
either case. The differences were found in the gene expression of importin α3 and exportin 6 be-
tween the cells after treatments with DVD and ATRA. These variations may be related to the dif-
ference between HL-60 cell lineages differentiating into monocytes/macrophages and granulocytes. 
The present findings provide further evidence to support the important roles of importins and ex-
portins in cell differentiation.

In eukaryotic cells, the nucleus is separated from 
the cytoplasm by the nuclear envelope. Macromole-
cules such as RNA transcripts generated in the nu-
cleus are exported from the nucleus to the ribosomes 
in the cytoplasm, and proteins synthesized in the cy-
toplasm, such as histones, polymerases, and tran-
scription factors, are imported into the nucleus. The 
importin/exportin transport system is involved in the 
nucleocytoplasmic transport of such cargo molecules 
(1–4, 6–8). In this system, proteins to be imported 
or exported have generally a nuclear localization 
signal (NLS) sequence or a nuclear export signal 
(NES) sequence. Importin α binds to NLS within 
protein cargoes and links them to importin β to en-
ter into the nucleus. In some cases, the cargo mole-

cule with NLS directly binds to β and is transported 
into the nucleus. 
　In an analogous fashion, exportin recognizes NES 
in the cargo protein and the complex is exported 
from the nucleus by binding to the GTP-bound form 
of guanine nucleotide binding protein Ran. There 
are at least 18 importin and 6 exportin genes in hu-
mans and 15 importin and 6 exportin genes in mice. 
Alteration of the expression level of importins and 
exportins would affect the transport efficiency, and 
play a crucial role in development, differentiation, 
and transformation.
　It is well-known that human promyelocytic leuke-
mia HL-60 cells can be induced to differentiate into 
monocytes/macrophages and granulocytes by 
1,25-dihydroxyvitamin D3 (DVD) and all-trans-reti-
noic acid (ATRA), respectively (5). Employing the 
DNA microarray technique, we previously reported 
the alteration in gene expression of importins and 
exportins induced by DVD in HL-60 cells (11). In 
the present study, we used the quantitative real-time 
polymerase chain reaction (Q-PCR) method to con-
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expression of importins in HL-60 cells before and 
after DVD treatment for 72 h (Fig. 1). Gene expres-
sion of importins α1, α3, β1, and 3 was down-regu-
lated in association with differentiation, while that 
of importin α5 was up-regulated.
　When cells were treated with ATRA, the expres-
sion of importins α1, β1, and 3 was down-regulated 
time-dependently, although the temporal up-regula-
tion was noted for importins α1 (Fig. 2). The gene 
expression of importin α3 was down-regulated at 
48 h, but restored to the control level after 72 h. The 
gene expression of importin α5 was up-regulated in 
association with ATRA-induced differentiation.
　Gene expressions of all exportins examined were 
down-regulated by ATRA (Fig. 3). For comparison, 
data on the cells treated with DVD for 72 h (9, 11) 
are included in Fig. 1. The data show that DVD also 
down-regulated the expression of most exportins, 
but that the expression level of exportin 6 is main-
tained in contrast to the case of ATRA.

DISCUSSION

Our previous cDNA microarray analysis (11) re-
vealed the down-regulated expression of most im-
portins and exportins in DVD-treated HL-60 cells 
(Table 2). The changes in the expression of expor-
tins have been confirmed by Q-PCR (9, 11). 
　The present study using Q-PCR for importins 
generated results in accordance with the previous 
findings shown in Table 2, with one exception. Al-
though microarray analysis failed to show an altera-
tion in the gene expression of importin α5 (Table 2), 
the present study revealed that it was up-regulated 
(Fig. 1). The changes in expression of nucleocyto-
plasmic transport factors may be correlated with the 
differentiation of HL-60 cells toward a monocyte/

firm these previous findings, and compared them 
with those from cells treated with ATRA.

MATERIALS AND METHODS

Chemicals. DVD was kindly provided by Dr. Ryu-
shi Nozawa of University of Shizuoka, and ATRA 
was purchased from Wako Pure Chemical Industries 
Ltd., Osaka, Japan.

Cells. HL-60 cells were obtained from the Riken 
Cell Bank (Tsukuba, Ibaraki, Japan) and were cul-
tured in 10% fetal bovine serum in RPMI 1640 me-
dium containing 50 U/mL penicillin, 50 μg/mL 
streptomycin, and 2.5 μg/mL amphotericin B at 
37°C under a 5% CO2 atmosphere. These cells were 
treated with 100 nM DVD for 72 h, as described 
previously (11) or with 1 μM ATRA for 24, 48, and 
72 h. The concentration of ATRA used was reported 
to be sufficient to induce maximal granulocyte dif-
ferentiation (5).

Q-PCR. Total RNA was extracted from cells cul-
tured under various conditions, and mRNA was pre-
pared using a QIAamp RNA Blood Mini Kit (Qiagen 
Ltd., Tokyo, Japan). To prevent possible contamina-
tion, samples were treated with deoxyribonuclease 
(RT-grade; Wako Pure Chemical Industries Ltd.), as 
recommended by the manufacturer (11). Q-PCR was 
performed using the Thermal Cycler Dice (TaKaRa 
Bio., Tokyo, Japan) according to the manufacturer’s 
directions. Primers were purchased from TaKaRa 
Bio., and are listed in Table 1.

RESULTS

The results of Q-PCR showed the alteration in the 

Table 1　Primers used for Q-PCR

Gene name Forward primer Reverse primer
Importin α1 5’-AACAAGCTGTCTGGGCTCTAGGAA-3’ 5’-CAGTGGGTCAACTGCACCGTA-3’
Importin α3 5’-GCTATGAAGCAGTGTGTGAATGGA-3’ 5’-ACAACCACGCTCTCGTACACAGTC-3’
Importin α5 5’-AAGAGCCCTGCAAATTCTGTGTC-3’ 5’-GGTGCTGATGGTAAGCAGGAGTC-3’
Importin β1 5’-CATTGCTGGAGATGAGGATCACA-3’ 5’-TCATGGATCATTGGCCTAGCTTC-3’
Importin 3 5’-CCAGCTTTGTTGCAGCCTCA-3’ 5’-GCCACTGGAGCACACAGGAA-3’
Exportin 1 5’-TCTTCAGGAATATGTGGCTAATCTC-3’ 5’-TCAGAAGTGTCTTCACCTGCAA-3’
Exportin 5 5’-CACAGGCAGGGTCAGATTGAGA-3’ 5’-GATCGCCTTCACGATCCACA-3’
Exportin 6 5’-TCCTGACCAGCTGTGATGGTG-3’ 5’-GTCTGTAGTAGCGCAGGTCGTTGA-3’
Exportin 7 5’-GCAGCTGTCACGTAGCACCAA-3’ 5’-GATGATGTTCAGCACCGTGGA-3’
Exportin t 5’-TGGGATGAGCGAAGTTATAGCAA-3’ 5’-CAAATCCCACTGGTCCATCTTTAC-3’
GAPDH* 5’-TGTGGTCATGAGTCCTTCCA-3’ 5’-CATGGGTGTGAACCATGAGA-3’

*Glyceraldehyde-3-phosphate dehydrogenase
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Fig. 2　Effects of ATRA on importin expression, as determined by Q-PCR. RNA was extracted from HL-60 cells treated 
with 1 µM ATRA for 0, 24, 48, and 72 h and examined by Q-PCR for the expression of importins, as indicated. The results 
are expressed as a percentage relative to that for the control (0 h) from three experiments (mean ± S.E). IPO, importin. 
*Significantly different from control (0 h) at p < 0.05 (ANOVA).

Fig. 1　Effects of DVD on expression of importins and exportins in HL-60 cells, as determined by Q-PCR. RNA was ex-
tracted from HL-60 cells untreated or treated with DVD at 100 nM for 72 h and examined by Q-PCR for the expression of 
importins and exportins. Gene expression is normalized using glyceraldehyde-3-phosphate dehydrogenase, and the results 
(72 h) are expressed as a percentage relative to that for the untreated control (0 h) from three determinations (mean ± S.E). 
Data for exportins are from the previous studies (9, 11). IPO, importin; XPO, exportin. *Significantly different from control (0 h) 
at p < 0.05 (ANOVA).

Fig. 3　Effects of ATRA on exportin expression, as determined by Q-PCR. RNA was extracted from HL-60 cells treated 
with 1 µM ATRA for 0, 24, 48, and 72 h and examined by Q-PCR for the expression of exportins, as indicated. The results 
are expressed as a percentage relative to that for the control (0 h) from three experiments (mean ± S.E). XPO, exportin. 
*Significantly different from control (0 h) at p < 0.05 (ANOVA).
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may also contribute to the differentiation into the 
different cell lineage of HL-60 cells.
　The down-regulated expression of importin α1 ac-
companied by the up-regulation of importin α5 was 
observed in the case of differentiation induced by 
both DVD and ATRA. The findings are in line with 
a recent report that this switching triggers the neural 
differentiation of embryonic stem cells (12), sug-
gesting the possibility that this switching is a hall-
mark of cell differentiation. Thus, the present 
findings provide further evidence to indicate the im-
portant roles of nucleocytoplasmic transport proteins 
in cell differentiation.  
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