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Function of nuclear transport factor 2 and Ran
in the 20E signal transduction pathway in the
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Abstract

Background: Nuclear transport factor 2 and small GTPase Ran participate in the nucleo-cytoplasm transport of
macromolecules, but their function in the 20-hydroxyecdysone (20E) signal transduction pathway are not well
known.

Results: A 703 bp encoding Ntf2 and a 1233 bp encoding Ran full-length cDNAs were cloned from Helicoverpa
armigera, and named Ha-Ntf2 and Ha-Ran, respectively. Northern blot and immunoblotting revealed that Ha-Ntf2
had an obviously higher expression levels in the head-thorax and integument of the metamorphically committed
larvae. In contrast, the expression of Ha-Ran did not show obvious variation at various developmental stages in
four tissues by immunoblotting analysis, except in the midgut, which showed increased expression from 5th-36 h
(molting) to 6th-48 h. Both expressions of Ha-Ntf2 and Ha-Ran could be upregulated by 20E in vitro.
Immunohistochemistry revealed that Ha-Ntf2 and Ha-Ran were primarily localized in the nucleus of various tissues.
Protein binding assay and co-immunoprecipitation indicated that Ha-Ntf2 and Ha-Ran can combine with each
other in vitro and in vivo. Knock down of Ha-Ntf2 or Ha-Ran by RNAi resulted in the suppression of other 20E
regulated genes including EcR-B1, USP1, E75B, BR-CZ2, HHR3 and Ha-eIF5c. In addition, the knockdown of Ha-Ntf2
resulted in Ha-Ran being prevented in the cytoplasm. The nuclear location of the ecdysone receptor b1 (EcR-B1)
was also blocked after the knockdown of Ha-Ntf2 and Ha-Ran.

Conclusion: These evidences suggested that Ha-Ntf2 and Ha-Ran participated in the 20E signal transduction
pathway by regulating the location of EcR-B1.

Background
Molecules are transported into or out of the nucleus in
two different ways, passive diffusion and active trans-
port. Smaller molecules (<40 kDa) diffuse passively
through the nuclear pore complex (NPC). Macromole-
cules, such as cargo proteins, require some soluble
nucleic or cytosolic factors for active transport [1,2].
This nucleocytoplasmic transport not only locate pro-
teins in the cytoplasm or nucleus through export ribo-
somes, mRNAs and tRNAs to the cytoplasm, or import
nuclear proteins from the cytoplasm[3], but also func-
tions as a key step in signal transduction pathways and
in the regulation of cell cycle progression [4]. The

export of mRNA is not dependent of members of the
conventional nuclear export family, exportins and the
Ran GTPase [5,6]. Nuclear transport factor 2 (Ntf2) and
Ran were originally identified as soluble cytosolic factors
necessary for the efficient protein transport in permeabi-
lized mammalian cells [7]. Ntf2 interacts with the cyto-
solic factor Ran to perform a function in the nuclear
transport [1]. In mammalian cells, Ntf2 was initially
identified as stimulating the import of proteins into the
nucleus [8], particularly resulting in the accumulation of
Ran in the nucleus [9].
Ran belongs to the small Ras GTPase superfamily and

switches between the GDP-bound (RanGDP) and GTP-
bound (RanGTP) states for its activity [10,11]. RanGDP
combines with Ntf2 and is transported into the nucleus.
The Ran nucleotide exchange factor (RCC1) converts
RanGDP into RanGTP in the nucleus [11,12]. RanGTP
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is required to release the imported cargo proteins from
the importin proteins (importina and importinb) by
competitive binding to importin b in the nucleus [10].
RanGTP is then transported from the nucleus into the
cytoplasm by importinb and is converted to RanGDP by
RanGAP, a cytoplasmic GTPase-activating protein [13].
This cause Ran to act as a major regulator of nucleocy-
toplasmic transport and to regulate the interaction
between proteins.
The Ntf2 protein binds specifically to the Ran-GDP

form [14] and then is transported into the nucleus [15].
A mutant Ntf2 that cannot bind Ran is unable to facili-
tate Ran import into the nucleus [16]. Ntf2 is an essen-
tial protein in yeast and Caenorhabditis elegans and
nuclear protein import was destroyed by its effective
negative mutants. For example, the conditional alleles of
yeast ntf-2 show defects in nuclear protein import
[17,18]. Also, loss of Ntf2 using antibodies prevents the
nuclear import of proteins in HeLa cells [15]. In Droso-
phila, mutants of Ntf2 affect the import of Rel proteins
to nuclear in the immune response and show a specific
eye phenotype [19]. The overexpression of Ntf2 disturbs
the nuclear import in a Ran-binding-dependent manner
in Arabidopsis [20]. Interaction between Ntf2 and Ran is
necessary for the nuclear import of the filamentous
actin capping protein, CapG [21].
In holometabolous insects, the life cycle is character-

ized by a series of moltings, including larval molting
(molting) and metamorphic molting (metamorphosis),
which are regulated by ecdysteroids (20-hydroxyecdy-
sone, 20E) and the juvenile hormone (JH). Ecdysteroids
orchestrate the molting process and JH determines the
nature of the molt [22]. JH is normally present during
the larval stages to enable growth and progression from
one larval stage to the next until the larva reaches the
appropriate size for metamorphosis [22]. Metamorphosis
is regulated by changes in the titer of the steroid hor-
mone 20E when the amount of JH decreases. A pulse of
20E at the end of the last larval stage triggers the onset
of prepupal development [23]. 20E regulates the expres-
sion of some early response genes, such as the transcri-
pition factors Broad-Complex (BR-C), E74 and E75
[24,25] through the 20E receptors, the heterodimer
nuclear hormone receptors of the ecdysone receptor
(EcR) and the ultraspiracle (Usp) [26,27]. These tran-
scription factors then induce the expression of other
late genes [28]. During the 20E signal transduction, pro-
teins are frequently imported into or exported from
nucleus. To date, however, little is known about the
roles of Ntf2 and Ran in the proteins transporting
involved in the 20E signal transduction pathway during
insect molting or metamorphosis.
In previous work, we used the suppression subtractive

hybridization (SSH) technique and detected an increased

expression of Ntf2 during metamorphosis in H.armigera
[29]. To demonstrate the role of Ntf2 in the 20E signal
transduction pathway, we therefore cloned this gene and
named it Ha-Ntf2. Since Ran is a cofactor of Ntf2, we
also cloned Ran from H. armigera and named it
Ha-Ran. We further investigated the expression patterns
of Ha-Ntf2 and Ha-Ran in developmental stages and
demonstrated the interaction of Ha-Ntf2 and Ha-Ran in
vitro and in vivo. Meanwhile, we studied the 20E regula-
tion of these two genes. Furthermore, using RNAi tech-
nique in the H. armigera epidermis (HaEpi) cell line, we
found that after interfering Ha-Ntf2 and Ha-Ran, the
expression of other genes, such as ecdysone receptor b1
(EcR-B1), ultraspiracle protein 1 (USP1), ecdysone
induced protein E75b (E75b), broad-complex Z2 (BR-
CZ2), and hormone receptor 3 (HHR3) decreased. The
distribution of Ha-Ran was prevented in the cytoplasm
when Ha-Ntf2 was knocked down in the HaEpi cell, and
the nuclear location of the EcR-B1 was also blocked
after the knockdown of Ha-Ntf2 or Ha-Ran. These evi-
dences suggested that Ha-Ntf2 and Ha-Ran participated
in the 20E signal transduction pathway by regulating the
location of EcR-B1.

Results
cDNA cloning and sequence analysis of Ha-Ntf2
and Ha-Ran
The full-length of Ha-Ntf2 and Ha-Ran cDNA were
cloned using the strategies described in Materials and
Methods section. The full length of Ha-Ntf2 was 703
bp, including a 16 bp 5’ untranslated region (UTR), a
393 bp ORF and a 291 bp 3’ UTR. The ORF encoded a
131- amino acid protein with a molecular weight of 14.7
kDa and a predicted theoretical isoelectric point (pI) of
4.7. The predicted protein had no signal peptide and 10-
124 amino acids (aa) were predicted to comprise a Ntf2
domain. It included two predicted casein kinase II phos-
phorylation sites (aa 20-23 and 72-75) [see Additional
file 1].
The complete cDNA of Ha-Ran included a 642 bp

ORF, a 58 bp upstream sequence of ORF and a 533 bp
downstream sequence. The cDNA encoded a 24.3 kDa
protein with a pI of 6.96. 62-77 aa were predicted to be
the GTP-binding nuclear protein Ran signature. The
protein included six presumed protein kinase C phos-
phorylation sites, such as aa 7-9, 18-20, 51-53, 90-92,
94-96 and 147-149. 14-21 aa were predicted to consti-
tute one ATP/GTP-binding site motif A (P-loop) [see
Additional file 2].
Database searches using the BLASTX program

revealed that Ha-Ntf2 has 80, 75, 68 and 68% identity to
Apis mellifera Ntf2, Aedes aegypti Ntf2, Maconellicoccus
hirsutus Ntf2, and Drosophila melanogaster Ntf2, respec-
tively [see Additional file 3, A]. The sequence identity of
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Ha-Ran with other known insects such as Bombyx mori,
A. mellifera, A. aegypti and D. melanogaster is 98, 95, 93
and 91%, respectively [see Additional file 3, B]. The
alignment of Ha-Ntf2 and Ha-Ran sequences from
other insects indicated that they are both highly con-
served among different insects [see Additional file 3].
Recombinant expression of Ha-Ntf2 and Ha-Ran
The Ha-Ntf2 and Ha-Ran proteins were expressed as
soluble protein in E. coli BL21 (DE3) cells with pET30a
(+)-Ha-Ntf2 or pET30a (+)-Ha-Ran as the expression
vector. The target recombinant proteins His-rHa-Ntf2
and His-rHa-Ran were then purified to homogeneity
using a Ni2+-NTA affinity column. The apparent mole-
cular mass of the purified His-rHa-Ntf2 protein was
about 21 kDa, consistent with what we expected. The
predicted molecular mass of the Ha-Ntf2 protein was
14.7 kDa, plus about 6 kDa from the additional amino
acids in the N-terminal of the expressed fusion protein
on the vector [see Additional file 4, A]. The apparent
molecular mass of the purified His-rHa-Ran protein was
35 kDa, this was higher than the theoretical weight of
30 kDa (24 kDa Ha-Ran, plus 6 kDa protein on the vec-
tor) [see Additional file 4, C]. This was because of the
tag from the vector; when we hydrolyzed the purified
His-rHa-Ran protein using thrombin, the molecular
mass of rHa-Ran was 24 kDa (see later the result
described in the binding assay). The polyclonal antibo-
dies against Ha-Ntf2 or Ha-Ran were tested by immu-
noblotting using the proteins from 5-36 h fat bodies and
results showed the polyclonal antibodies were specific
[see Additional file 3, B, D].
Expression profiles of Ha-Ntf2 and Ha-Ran during
developmental stages
The expression profiles of Ha-Ntf2 throughout develop-
mental stages were further analyzed in the head-thorax,
integument, midgut and fat body from 5th-12 h to
pupae 2 d using northern blot analysis. Results showed
that the expression of Ha-Ntf2 transcription in the
head-thorax was consistent from 5th-12 h feeding larvae
to 6th-72 h (wandering d 1) larvae except 6th-0 h (WH,
white head, newly ecdysed), but it was obviously upregu-
lated from 6th-96 h (wandering d 2) larvae to p2 d
(2 day after pupation) pupae. The expression of Ha-Ntf2
in the integument was similar to that in the head-
thorax. However, the transcription of Ha-Ntf2 in the
midgut was not regular; it was higher from 5th-12 h
feeding stage to head capsule slippage (HCS) molting
stage. It then decreased after the larvae entered the 6th
instar, and it was upregulated slightly in the wandering
stage (6th-72 h to 6th-120 h), and then downregulated
when the larvae entered the pupal stage, although the
protein translation seemed regular, it was upregulated in
the wandering stage. In the fat bodies, Ha-Ntf2 tran-
scription did not differ much during various

developmental stages (Figure 1A). In contrast to the
expression of Ha-Ntf2, immunoblotting analyses indi-
cated the expression profiles of Ha-Ran in the four tis-
sues had relatively even expression levels at various
developmental stages compared with Ha-Ntf2, except
for some increases in head-thorax during larval molting
(5th-36 h to 6th-48 h) (Figure 1B).
Location of Ha-Ntf2 and Ha-Ran in the tissues
We took integument and fat body samples from 5th-24
h larvae to localize Ha-Ntf2 or Ha-Ran in the tissues.
The Ha-Ntf2 signal was detected in the epidermis and
fat body; the nuclei in the fat body released an intensive
signal (Figure 2B). The results showed that Ha-Ran was
also predominantly located in the nucleus, especially in
the fat body (Figure 2C).

Figure 1 Expression profiles of Ha-Ntf2 and Ha-Ran in four
tissues samples during developmental stages. A, Ha-Ntf2: a,
Northern blot; b, 18s rRNA; c, immunoblotting. B, Ha-Ran: analyzed
by immunoblotting. 5-12, 5-24, 5-36 (HCS), 6-0 (WH),6-24,6-48,6-72
(wandering d 1), 6-96 (wandering d 2) and 6-120 h (prepupae or
quiescent d 1) indicated the different times of larvae; p0, pre-pupae;
p1, 1st d pupae; p2 d, 2nd d pupae; Ht: head-thorax; It: integument;
Mg: midgut; Fb: fat body; HCS, head capsule slippage; WH, white
head capsule.
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Interaction of Ha-Ntf2 and Ha-Ran in vitro or in vivo
To examine the interaction of Ha-Ntf2 and Ha-Ran in
vitro, we performed direct binding assay in vitro. In the
binding assay, after the His-rHa-Ran affiliated Ni2
+-NTA column that was bonded by rHa-Ntf2 was
washed to clear, both rHa-Ntf2 and His-rHa-Ran were
detected in the eluted proteins from the column (Figure
3A). Similarly, both rHa-Ran and His-rHa-Ntf2 were
detected from the His-rHa-Ntf2 affiliated Ni2+-NTA
column that was bounded by rHa-Ran (Figure 3B),
although His-rHa-ntf2 was partially degraded. These
results suggested that rHa-Ran and rHa-Ntf2 could bind
with each other in vitro.
To examine the interaction of Ha-Ntf2 and Ha-Ran in

vivo, we performed a co-immunoprecipitation assay.
Results showed that Ha-Ntf2 was detected in the preci-
pitate produced by anti-Ha-Ran (Figure 3C, lane 3).
Similarly, Ha-Ran was detected in the precipitate pro-
duced by anti-Ha-Ntf2 (Figure 3D, lane 3). These
experiments suggested that Ha-Ntf2 and Ha-Ran bond
together in vivo.
Regulation of the Ha-Ntf2 or Ha-Ran by 20E
The cDNA synthesized by total RNA, which was iso-
lated from the larvae after injection of 20E, was used for
analysis. Semi-quantitative RT-PCR results suggested
that Ha-Ntf2 or Ha-Ran were distinctly upregulated
from 1 to 3 h after the injection of 20E. This is com-
pared to the expression in the normal 6th-0 h larvae

and the larvae injected with DMSO. The expression of
Ha-Ntf2 and Ha-Ran started to decline from the 12 h
(Figure 4).
Function of Ha-Ntf2 and Ha-Ran in the 20E signal
pathway
To examine the function of Ha-Ntf2 and Ha-Ran in the
20E signal pathway, we examined the mRNA levels of
genes involved in the 20E signal pathway using RT-PCR.
Compared to the control cells without 20E, the expres-
sion of genes, including Ha-Ntf2, Ha-Ran, EcR-B1,
USP1, E75B, BR-CZ2, HHR3, Ha-eIF5c and survivin,
were all upregulated after induction by 20E. The expres-
sion of Ha-Ntf2 was obviously knocked down after add-
ing dsNtf2. The expression of other genes, including
Ha-Ran, EcR-B1, USP1, E75B, BR-CZ2, HHR3 and Ha-
eIF5c, also decreased when compared to their mRNA
levels in the cells with dsGFP (Figure 5A, B). Similarly,
the knockdown of Ha-Ran also resulted in its downre-
gulation and the downregulation of other genes, includ-
ing Ha-Ntf2, EcR-B1, USP1, E75B, BR-CZ2, HHR3
and Ha-eIF5c. The expression of survivin was not
affected after the knockdown of Ha-Ntf2 or Ha-Ran
(Figure 5A, C).
To demonstrate the mechanism of the above results,

we further examined the variation of subcellular localiza-
tion of Ha-Ran, EcR-B1 and USP1. Results showed that
Ha-Ran protein was mainly located in the nucleus of nor-
mal cells (Figure 6B) or the cells with dsGFP added

Figure 2 Immunohistochemical location of Ha-Ntf2 and Ha-Ran in the integument and fat body of the feeding 5th instar larva
(5th-24 h). Panel A, negative controls with preserum replacing antiserum; panel B, same specimens stained by anti-Ha-Ntf2; panel C, stained by
anti-Ha-Ran; panels a, b, c are the same as A, B and C, respectively, but stained with DAPI. Fb, fat body; Ep, epidermis; Cu, cuticle; Fb-Nu or
Ep-Nu: the nucleus of the fatbody or epidermis, respectively.
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(Figure 6C), whereas its signal was increased in the cyto-
plasm after the knockdown of Ha-Ntf2 (Figure 6D).
Similar to the variation of Ha-Ran in the cytoplasm

and nucleus, EcR-B1 was mainly located in the nuclei of
normal cells, normal cells with 20E or cells with dsGFP
and 20E (Figure 7B, C, D). However, the EcR-B1 signal
was increased in the cytoplasm after the knockdown of
Ha-Ntf2 or Ha-Ran, but not after injection of dsGFP
(Figure 7D-F). However, the distribution of USP1 was
primarily located in the nucleus and there were no
obvious changes after the knockdown of Ha-Ntf2 or
Ha-Ran (Figure 8D-F).

Discussion
In this study, we cloned the cDNA of Ha-Ntf2 and
Ha-Ran from the cotton bollworm, H. armigera. Homol-
ogy analysis revealed that Ha-Ntf2 and Ha-Ran were con-
served among different insect species. The expression
profiles in different tissues at various developmental
stages and ecdysone hormone injection experiments
suggested that Ha-Ntf2 was regulated by 20E. However,
Ha-Ran was likely a housekeeping gene but could be
regulated by 20E in vitro. Ha-Ntf2 and Ha-Ran could
combine together in vitro and in vivo. The nuclear loca-
tion of Ha-Ran was prevented after the knockdown of Ha-
Ntf2, which in turn blocked the nuclear transport of EcR-
B1 in the cells. Both of Ha-Ntf2 and Ha-Ran are needed in
the 20E signal transduction pathway through participating
in the nuclear transport of EcR-B1 in the cells.
Our studies have shown that Ha-Ntf2 is expressed in

the head-thorax, integument, midgut and fat body, but

their expression profiles in these tissues at the various
developmental stages were different. The expressions of
Ha-Ntf2 in the head-thorax and the integument were
obviously upregulated in the metamorphically com-
mitted larvae. The head-thorax contain major integu-
ment, in addition, they also contain the brain,
prothoracic gland, foregut, fat body, and other organs.
Since the expression pattern was similar to the integu-
ment, the mRNA detected in the head-thorax might
major from integument in this part. From the 6th-48 h,
the larvae stopped eating and entered the wandering
stage. Then, the larvae morphologically and physiologi-
cally transformed into pupa (metamorphosis). The up-
regulation of Ha-Ntf2 that occurred during the prepupal
period was likely due to the increased ecdysteroid neces-
sary for pupation. Similarly, in the midgut, the increased
expression of Ha-Ntf2 in the 5th instar larvae and meta-
morphic larvae might have the function in protein
transport.
Different from Ha-Ntf2, Ha-Ran did not show obvious

variation in the different tissues during larval develop-
ment, this suggests that Ha-Ran is likely a housekeeping
gene and its function in transporting proteins into the
nucleus might be regulated by its conversion between
RanGTP and RanGDP. The constitutive expression pat-
tern suggests that Ran not only plays a key role in
nuclear import, but also has been implicated in a wide
variety of intranuclear events, such as centrosome dupli-
cation, microtubule dynamics, chromosome alignment,
kinetochore attachment of microtubules, RNA transcrip-
tion and processing, and RNA export. This would

Figure 3 Binding assay and co-immunoprecipitation assay to show the interaction between Ha-Ntf2 and Ha-Ran in vitro or in vivo.
A, B: SDS-PAGE to show the direct binding assay between the rHa-Ntf2 and rHa-Ran in vitro. A, rHa-Ntf2 binds on His-rHa-Ran affiliated on Ni2
+-NTA column. B, rHa-Ran binds on His-rHa-Ntf2 affiliated on Ni2+-NTA column. rHa-Ntf2 or rHa-Ran: removed His-tag by thrombin; dHis-rHa-ntf2:
the degradation of His-rHa-ntf2 in the process of binding. C, D: immunoblotting to examine the interaction of Ha-Ntf2 and Ha-Ran produced by
co-immunoprecipitation. C, Ha-Ntf2 detection from the co-immunoprecipitation (co-ippt) produced by anti-Ha-Ran antibody. Lane 1, protein
extracts from the whole larvae of 6th-96 h; lane 2, sample from the last wash of the co-ippt; lane 3, eluted proteins from well-washed co-ippt
produced by anti-Ha-Ran antibody. D, Ha-Ran detection from the co-ippt produced by anti-Ha-Ntf2 antibody. Lanes 1 and 2 are the same as in
C; lane 3, eluted proteins from well-washed co-ippt produced by anti-Ha-Ntf2 antibody. M, protein marker.
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explain its abundance and why it is accumulated inside
the nucleus [8,10]. The results from tissues and the
HaEpi cell line also demonstrated that Ha-Ran protein
was located primarily inside the nucleus. Our results
showed that after knocking down of Ha-ntf2, the Ha-
Ran protein was prevented in the cytoplasm. This result
is similar to that in the ntf2 mutant, the Ran protein
couldn’t be imported into the nucleus [9]. Immunohisto-
chemical results showed that the Ha-Ntf2 was distribu-
ted predominantly in the nucleus. There was some

Figure 4 Regulation of 20E in the expression of Ha-Ntf2 or
Ha-Ran. A: RT-PCR analysis the regulation of 20E in the expression
of Ha-Ntf2. B: Regulation of 20E in the expression of Ha-Ran. Other
signs are: C stands for the normal 6th-0 h larvae; D1, D3, D6, D12
and D24 are 1, 3, 6, 12 and 24 h after injected by the DMSO,
respectively; E1, E3, E6, E12 and E24 stand for 1, 3, 6, 12 and 24 h
after injected by the 20E, respectively. b-actin is used as a
quantitative control. Error bars represent the standard deviation in
three independent experiments. An asterisk indicates significant
differences (Student‘s t-test, *: p < 0.05).

Figure 5 Effects on the genes in the HaEpi cell after the
knockdown of Ha-Ntf2 or Ha-Ran. A. RT-PCR analysis the
expressions of other genes in the normal cell, the cells plus 20E, the
cells with dsGFP added, dsNtf2 and dsRan, respectively. B: Statistical
analysis of results in after the knockdown of Ha-Ntf2 comparing to
the control adding with the dsGFP. C: Statistical analysis of results in
after the knockdown of Ha-Ran comparing to the control adding
with the dsGFP. b-actin is used as a quantitative control. Error bars
represent the standard deviation in three independent RNAi
experiments. Asterisks stand for statistically significant differences.
(*: p < 0.05 by T-test, n = 3), respectively.
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distribution in the cytoplasm which was related to its
migration between the cytoplasm and the nucleus. This
phenomenon is different from the report that Ntf2 pro-
tein concentrated at the nuclear envelope [17,20].
H. armigera has similar development patterns to other

lepidopteran insects [30]. The developmental expression
patterns of Ha-Ntf2 are correlated to the 20E puff dur-
ing molting and metamorphosis [31], suggesting that
Ha-Ntf2 was upregulated by 20E in vivo. Our experi-
ments in vitro indeed confirmed that Ha-Ntf2 was upre-
gulated by 20E. This was also proved in the HaEpi cell
line by Shao et al (2008).
The interaction between Ran and Ntf2 was previously

proved using sepharose bead binding assay and pull
down assays [14,18]. We also proved here that Ha-Ran
and Ha-Ntf2 could bind with each other in vitro and in
vivo. This evidence indicated that Ha-Ntf2 and Ha-Ran

performed roles by interacting with each other. RNAi
experiments suggested that interfering with any one of
them resulted in a loss of the protein transport func-
tions and the later events in signal transduction path-
ways. EcRb, USP1, E75B, Broad-complex and HHR3 are
molting-related transcriptional factors and are upregu-
lated by 20E [22,32]. Ha-eIF5C, Ha-Ntf2 and Ha-Ran
are late genes in the 20E signal transduction pathway
because they have been proved to be upregulated by
20E [33,34]. When the gene Ha-Ntf2 was suppressed,
not only the expression of Ha-Ran decreased, but also
the expressions of other genes involved in the 20E signal
transduction pathway were affected, such as EcR-B1,
USP1, E75B, BR-C Z2, HHR3 and Ha-eIF5C. Similarly,
when the gene Ha-Ran was suppressed, the expression
of Ha-Ntf2, EcR-B1, USP1, E75B, BR-C Z2, HHR3 and
Ha-eIF5C were also affected. Only survivin, an apoptosis
inhibitor gene, was not affected by the knockdown of
both Ha-Ran and Ha-Ntf2. These results suggested that
both Ha-Ntf2 and Ha-Ran are necessary for the tran-
scription of these genes. The gene transcription needs
the participation of transcription factors such as EcR-B1,
USP1 and E75B, which were initiated by 20E in the sig-
nal transduction pathway, to transport into the nucleus.
The evidence that the expression of 20E regulated genes
decreased after the knockdown of Ha-Ntf2 or Ha-Ran
suggested that Ha-Ntf2 and Ha-Ran are involved in the
20E signal transduction pathway.
The heterodimerization between EcR and USP is

required for ligand and DNA binding and gene tran-
scription [26,27,35]. EcR and USP can enter the nucleus
separately and are mainly located in the nucleus [36,37].
The transport of EcR and USP of D. melanogaster from
nucleus to cytoplasm was found in mammalian cells,
which is a process that requires energy supplied by
ATPase, not GTPase [38]. The gradient of RanGTP
between nucleus and cytoplasm is critical for the direc-
tionality of nucleocytoplasmic transport of many cargos
proteins by nuclear transport receptors [39]. The bind-
ing of RanGTP to importins not only dissociates nuclear
import complexes, which lead to the nuclear accumula-
tion of the cargo proteins containing nuclear localization
signal (NLS), but also is required for the interaction of
exportins with crago proteins which containing nuclear
export signal (NES) [40]. The three known EcR isoforms
(A, B1 and B2) all have two NESs in ligand binding
domain and one NLS activity within the DNA-binding
domain, and exhibit nucleocytoplasmic shuttling [41].
The location of EcR exhibits circadian rhythms, a daily
rhythm in the nuclear abundance and subcelluar loca-
tion in the epidermal cells of Rhodnius prolixus[42],
which suggested that EcR plays its roles by travelling
between the cytoplasm and the nucleus. EcR-B1 (cargo)
is found to interact with importin a1 and exportin 1

Figure 6 The location of Ha-Ran in the HaEpi cells after knock
down of Ha-Ntf2. The cells were immunostained with polyclonal
antibody against Ha-Ran (green color). Nuclei were counterstained
with DAPI (blue color). Arrow indicates the magnified cell in B, C
and D, respectively. Nu: stand for the nucleus; Cy:cytoplasm. Size
bars = 50 μm.
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[41]. Importin a1 and exportin 1 participate in the
nucleocytoplasmic shuttling of proteins in mammalian
cells [43]. Our results indicated that the nuclear location
of Ha-Ran was prevented after the knockdown of Ha-
Ntf2. In addition, the nuclear location of the 20E recep-
tor EcR-B1 was also prevented after the knockdown of
Ha-Ntf2 or Ha-Ran. Figure 9 showed that how the Ntf2
and Ran function in the import of the EcR-B1 in the
20E signal transduction pathway. The nucleocytoplasmic
transport by impotina and b referenced the schematic
view reported by Isgro and Schulten [44]. After knock
down of Ha-Ntf2 or Ha-Ran, the energy gradient of
RanGTP between nucleus and cytoplasm was destroyed,
therefore, the nuclear translocation of EcR-B1 was pre-
vented, and thereby the 20E signal transduction pathway

was blocked. However, the location of USP1 was not
affected after the knockdown of Ha-Ntf2 or Ha-Ran.

Conclusions
Ha-Ntf2 and Ha-Ran were primarily localized in the
nucleus of various tissues and could interact with each
other in vitro or in vivo. However, it was interesting to
find that both of them could be upregulated by 20E.
The nuclear location of Ha-Ran was prevented after the
knockdown of Ha-Ntf2. The results that knocking down
of Ha-Ntf2 or Ha-Ran resulting in the decrease of 20E
regulated genes suggested that the transporting of the
transcription factor EcR-B1 into the nucleus was pre-
vented, so that the 20E signal transduction pathway was
blocked. Therefore, Ha-Ntf2 and Ha-Ran participated in

Figure 7 Variation of the subcellular localization of EcR-B1 in the HaEpi cell after the knockdown of Ha-Ntf2 or Ha-Ran. Panel A': The
EcR-B1 from the HaEpi cell extract could be detected by the monoclonal antibody of EcR-B1 from the M. sexta using immunoblotting. Panels
A-F: The red color indicates EcR-B1 stained with anti-EcR-B1 monoclonal antibody; the blue color indicates nuclei counterstained with DAPI. Neg,
negative control without first antibody; nor, normal cells cultured in Grace's medium; nor+20E, the cells cultured in Grace's medium plus 20E;
dsGFP+20E, the cells cultured in Grace's medium plus dsGFP and 20E; dsRan+20E, the cells cultured in Grace's medium plus dsRan and 20E;
dsNtf2+20E, the cells cultured in Grace's medium plus dsNtf2 and 20E. Nu: nucleus; Cy: cytoplasm. Size bars = 50 μm.
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20E signal transduction pathway by regulating the
nuclear location of EcR-B1.

Methods
Insects
The cotton bollworm, H. armigera, was reared on an
artificial diet in our laboratory in our laboratory and
kept on a light-dark cycle of 14:10 h at 26°C [45].
cDNA cloning of Ha-Ntf2 and Ha-Ran genes
A fragment of Ha-Ntf2 was obtained using suppression
subtractive hybridization (SSH) [29], and a fragment of
Ha-Ran was obtained from a random sequencing of the
cDNA library. The full-length cDNA was cloned using
5’RACE and 3’RACE (Rapid-amplification of cDNA
ends) techniques. The 5’end of the cDNA was amplified
by a T3 primer (5’-aattaaccctcactaaaggg-3’) and a reverse
gene-specific primer Ntf2R (5’-tgcaactgtactccttcaaag-3’),

RanR (5’-gcaggcatagcaacaaactccag-3’) using the cDNA
library as the template. The conditions were as follows:
1 cycle (94°C, 2 min); 35 cycles (94°C, 30 s; 51°C, 45 s;
72°C, 45 s); and one cycle (72°C, 10 min). Similarly, the
3’ end of the gene was amplified using a gene-specific
forward primer, Ntf2F (5’-cagcaatattacacactgttcg-3’),
RanExpF (5’-tactcagaattcatggctgatgatatgcccaca-3’), and a
3’ anchorR primer (5’-gaccacgcgtatcgatgtcgac-3’) under
the above mentioned PCR conditions. Functional sites
were performed using ExPASy data bases http://www.
expasy.org/prosite/.
Recombinant expression and antibody preparation
of Ha-Ntf2 and Ha-Ran
The Ha-Ntf2 cDNA (393 bp) and the Ha-Ran cDNA
(642 bp) containing the EcoRI and XhoI sites were
amplified, respectively. They were expressed in E. coli
BL2 (DE3) using the pET30a (+) vector. Rabbit

Figure 8 The subcellular localization of USP1 in the HaEpi cell after the knockdown of Ha-Ntf2 or Ha-Ran. Panel A': The USP1 from the
HaEpi cell extract could be detected by the monoclonal antibody of USP1 from the D. melanogaster using the immunoblotting. The red color
indicates USP1 stained with anti-USP1 monoclonal antibody; the blue color indicates nuclei counterstained with DAPI. Nu: nucleus; Cy:
cytoplasm. Size bars = 50 μm.
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polyclonal antiserum against Ha-Ntf2 and Ha-Ran were
prepared by affinity chromatography using purified
recombinant protein. The specificity of the antiserum
was examined by immunoblotting and the antiserum
was used in the immunoassay experiments.
Immunoblotting
Protein extracts (100 μg) of the H. armigera tissues were
separated by SDS-PAGE, and transferred to a nitrocellu-
lose membrane. Anti-Ha-Ntf2 or Ha-Ran was diluted
1:100 and the monoclonal anti-EcR-B1 or anti-USP1
was diluted 1:2000 in 2% non-fat milk in TBS (10 mM
Tris-HCl, pH7.5; 150 mM NaCl), and the second anti-
body of horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG or HRP-was conjugated goat anti-mouse
IgG diluted 1:10,000 in the same blocking buffer. The
procedure has been reported previously [46].
Northern blot analysis
Total RNA (10 μg) was extracted from various tissues
during the developmental stages (from 5th-12 h to p2
d), and then was separated and transferred to a nylon
membrane. The Dig-labeled RNA probes were prepared
using a Dig-RNA labeling kit and Northern blot fol-
lowed the method presented by Roche Company (Boeh-
ringer Mannheim, Germany).

Immunohistochemistry
Integument and fat body from the feeding stage (5th-
24 h) were excised and fixed in 4% paraformaldehyde in
1 × PBS (140 mM NaCl, 2.7 mM KCl, 10 mM sodium
hydrogen phosphate, 1.8 mM potassium dihydrogen
phosphate, pH 7.4) for 12 h at 4°C, then embedded in
wax after dehydration. 4 μm cryosections were cut and
placed on glass slides. The sections were then dried
overnight. After rehydration, the slides were washed
twice in 1 × PBS, and then incubated for 10 min in
0.2% Triton X-100/PBS, washed with PBS, and blocked
with 2% bovine serum albumin (BSA) in PBS for 30 min
at 37°C. Next, they were then incubated overnight at
4°C with anti-Ha-Ntf2 or anti-Ha-Ran (1:100 dilution in
PBS) and then goat anti-rabbit-ALEXA 488 diluted to
1:1000 in 1 × PBS with 2% BSA at 37°C for 1 h. Nuclei
were stained with DAPI for 10 min. Negative controls
were treated in the same manner, but pre-immune rab-
bit serum was used in place of the antiserum against
Ha-Ntf2 or Ha-Ran. Fluorescence was detected with an
Olympus BX51 fluorescence microscope (Japan).
Binding assay and Co-Immunoprecipitation
The bacterially expressed His-tag fusion proteins His-
rHa-Ntf2 and His-rHa-Ran were purified using a nickel

Figure 9 Model of how the nuclear transport factor 2 and Ran may function in the import of the EcR-B1 in the 20E signal
transduction pathway. 1, the EcR-B1 transport through the NPC by binding with the importina1 and importinb and goes into the
nucleoplasm; 2, in the nucleoplasm, 20E binds with EcR-B1 and formed trimeric complex with USP to regulate the transcriptions of genes. In the
cytoplasm, NTF2 binds with RanGDP and transports RanGDP into the nucleoplasm, where RanGDP is converted into RanGTP by RCC1; RanGTP
then is transported back into the cytoplasm by importinb and hydrolyzed to RanGDP by RanGAP [44]; this process results in the energy gradient
for the transport of EcR-B1 and the accumulation of EcR-B1 in the nucleus. NPC: nuclear pore complex; RCC1: Ran nucleotide exchange factor;
RanGAP: Ran GTPase-activating protein. EcRE: ecdysone response elements.
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affinity column. Using thrombin, the His-tag was then
cleaved from the fusion proteins at 22°C overnight and
removed by dialyzing in 1 × PBS at 4°C overnight.
Meanwhile, the His-rHa-Ntf2 and His-rHa-Ran were
affiliated on the nickel affinity column. The column was
washed repeatedly using 1 × PBS until no protein was
detected. Then, His-tag free rHa-Ntf2 and rHa-Ran
were added to the column to bind with His-rHa-Ran
and His-rHa-Ntf2, respectively. After 2 h incubation, the
column was washed again using 1 × PBS until the flow-
through solution was washed out of the proteins. The
proteins were then eluted off from the column using
elution buffer and were detected using SDS-PAGE. The
whole process was operated at 4°C.
In the co-immunoprecipitation assay, proteins were

extracted from whole larvae of 6th-96 h using a binding
buffer [10 μM Tris-HCl, pH 7.5; 2 μM b-mercaptoetha-
nol; 1 μM EDTA (Ethylenediaminetetraacetic Acid), 10
mM PMSF (Phenylmethanesulfonyl fluoride)] and har-
vested by centrifugation at 4°C at 10,000 rpm for 20
min. Protein A Sepharose CL-4B beads (GE Healthcare)
were added to the tube and equilibrated with binding
buffer three times. Then, 0.3 ml prepared antibody and
0.3 ml 20 mM PBS (274 mM NaCl, 2.7 mM KCl, 20
mM sodium hydrogen phosphate, 3.5 mM potassium
dihydrogen phosphate, pH 7.0, for the binding of IgG to
the protein A beads) were then added, incubated with
shaking at room temperature for 10 min, centrifuged to
discard the supernatant, and washed with binding buffer
3 times for 2 min each time. 1 mg/ml protein were
added and incubated at 4°C with shaking overnight. The
precipitate was collected by centrifugation and washed
with binding buffer three times. Proteins from Protein A
Sepharose CL-4B beads were then eluted using citric
acid buffer (0.1 M, pH 3.0) and were detected by immu-
noblotting using antibodies.
Regulation of Ha-Ntf2 or Ha-Ran by 20E
The 6th instar 0 h (6th-0 h) larvae were injected with
20E (500 ng/5 μl/larvae), and the controls were injected
same amount of DMSO (dimethyl sulphoxide) in PBS
without the hormone. The total RNA was extracted
together from 4 treated larvae by time intervals from 1
to 24 h using Unizol reagent. Five μg of the total RNA
was used to reverse transcribe first-strand cDNA (First
Strand cDNA Synthesis Kit, Sangon, Shanghai, China),
for using as the PCR template. The PCR were amplified
for different number of cycles, from 20 to 31, (sampled
every three cycles) to make sure that the products of
semi-quantitative RT-PCR were in the linear range of
amplification of PCR. The Ha-ntf2 cDNA was amplified
with the primers Ha-ntf2ExpF (5’-tactcagaattcatggcgct-
caatccacaatac-3’) and Ha-ntf2ExpR (5’-tactcactcga-
gattggcggctatgtcgtggat-3’); and the Ha-Ran cDNA
was amplified with the primers Ha-Ran ExpF

(5’-tactcagaattcatggctgatgatatgcccaca-3’) and Ha-Ran
ExpR (5’-tactcactcgagttacaagtcttcatcctcctc-3’). RT-PCR
products were separated on 1% agarose gels and photo-
graphed under UV light with Quantity One software
(Bio-Rad, Hercules, CA). The experiments were inde-
pendently repeated three times, from injection of 20E to
RT-PCR, and the data from 3 repeats of a template
were statistically analyzed.
RNAi in the HaEpi cell line and immunocytochemistry
The primers containing the T7 polymerase promoter
sequence at the 5’ end or 3’ end were used to amplify
the ORF of the Ha-Ntf2 or Ha-Ran. dsRNA of Ha-Ntf2
or Ha-Ran were then synthesized according to the
Ambion MEGAscript RNAi kit. The HaEpi cell line was
cultured according to the method established by our lab
[33]. 5 μg dsRAN and 2.5 μl Lipofectamine 2000 mix-
ture were diluted in 1 ml Grace’s insect medium and
directly added to the cells. After incubation at 26°C for
6 h, cells were rinsed and then re-fed with a normal
medium containing 20E at 0.3 μM. After culturing for 6
h, total RNA were isolated from the cells for RT-PCR
analysis. Cells adding with the equivalent amount dsGFP
were prepared as the control.
Meanwhile, the HaEpi cells cultured as above were

used for the immunocytochemistry. After adding dsRNA
and incubation with 20E, the cells were fixed in freshly
prepared 4% paraformaldehyde/PBS for 10 min and
washed with 1× PBS (pH 7.4), then permeabilized in
0.2% Triton-X100/PBS for 10 min at room temperature.
The cells were incubated with EcR-B1 or USP-specific
monoclonal antibody diluted in blocking buffer in
1:1000 overnight at 4°C. The secondary antibody goat
anti-mouse ALEX Fluor 568 was diluted in 1:1000
blocking buffer. The steps were the same as those
described in the immunohischemistry.

Accession numbers
The nucleotide sequence reported in this paper has been
submitted to GenBank with accession number [Gen-
Bank: Ha-ntf2: DQ875254, Ha-Ran: EU860296.].

Additional file 1: Full-length cDNA sequences and predicted amino
acid sequences of Ha-Ntf2. Full-length cDNA sequences and predicted
amino acid sequences of Ha-Ntf2. Amino acid residues in real line are
casein kinase II phosphorylation sites.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2121-11-1-
S1.TIFF ]

Additional file 2: Full-length cDNA sequences and predicted amino
acid sequences of Ha-Ran. Full-length cDNA sequences and predicted
amino acid sequences of Ha-Ran. Overstriking amino acid residues are
GTP-binding nuclear protein Ran signatures; Boxed amino acid residues
are protein kinase C phosphorylation sites. The shadowed sequence is an
ATP/GTP-binding site motif A. Poly A tail adding signal is in broad brush.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2121-11-1-
S2.TIFF ]
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Additional file 3: Multiple alignments of Ha-Ntf2 and Ha-Ran with
other insects. Multiple alignments of Ha-Ntf2 and Ha-Ran with other
insects. D. melanogaster [Ntf2, AAS98195.1; Ran: NP_651969.1]; A. aegypti
[Ntf2, AAS79346.1; Ran, EAT38849.1]; A. mellifera [Ntf2, XP_392921.1; Ran,
XP_393761.1]; M. hirsutus [ABM55654.1]; B. mori [NP_001040274.1]; H.
armigera [Ntf2, DQ875254; Ran, EU860296]. The shadow regions in black
are conserved sequences.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2121-11-1-
S3.TIFF ]

Additional file 4: Recombinant expression of Ha-Ntf2 and Ha-Ran in
E. coli and specificity of antibodies. Recombinant expression of Ha-
Ntf2 and Ha-Ran in E. coli and specificity of antibodies. A and C, analysis
of recombinant expression of Ha-Ntf2 and Ha-Ran by 12.5% SDS-PAGE; B
and D, examining the specificity of the antibody against Ha-Ntf2 and Ha-
Ran by immunoblotting, arrow indicate the target protein from 5-36 h
fat bodies. Lane 1, E. coli proteins with pET30a-Ha-Ntf2 or pET30a-Ha-Ran
without induction; lane 2, E. coli proteins with pET30a-Ha-Ntf2 or pET30a-
Ha-Ran induced by IPTG; lane 3, lysate supernate; lane 4, lysate
precipitate; lane 5, purified recombinant protein by nickel affinity
chromatography; lane 6, standard protein marker.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2121-11-1-
S4.TIFF ]

Acknowledgements
This work was supported by grants from the National Natural Science
Foundation of China (No: 30710103901 and 30670265) and the National
Basic Research Program of China (2006CB102001). We thank Dr. L.M.
Riddiford in Janelia Farm Research Campus, Howard Hughes Medical
Institute for the monoclonal antibodies against Manduca sexta EcR and Dr.
Qisheng Song in University of Missouri in United States for the monoclonal
antibody against D. melanogaster USP.

Author details
1School of Life Sciences, the Key Laboratory of Plant Cell Engineering and
Germplasm Innovation, Ministry of Education, Shandong University, Jinan
250100, Shandong, PR China. 2Division of Plant Sciences, University of
Missouri, Columbia, Missouri 65211, USA.

Authors’ contributions
Hong-Juan He performed the study. Qian Wang carried out the protein
interaction. Wei-Wei Zheng preformed the culture of the HaEpi cell and the
RNAi. Jin-Xing Wang and Qi-Sheng Song participated in the design and
coordination of the work. Xiao-Fan Zhao conceived the study and helped to
draft the final version of this manuscript. All authors read and approved the
final manuscript.

Received: 11 March 2009
Accepted: 2 January 2010 Published: 2 January 2010

References
1. Paschal BM, Gerace L: Identification of NTF2, a cytosolic factor for nuclear

import that interacts with nuclear pore complex protein p62. J Cell Biol
1995, 129:925-937.

2. Macara IG: Transport into and out of the nucleus. Microbiol Mol Biol Rev
2001, 65:570-94.

3. Görlich D, Seewald MJ, Ribbeck K: Characterization of Ran-driven cargo
transport and the Ran-GTPase system by kinetic measurements and
computer simulation. EMBO J 2003, 22:1088-1100.

4. Quimby BB, Wilson CA, Corbett AH: The interaction between Ran and
Ntf2 is required for cell cycle progression. Mol Biol Cell 2000, 11:
2617-2629.

5. Cullen BR: Nuclear RNA export. J Cell Sci 2003, 116:587-597.
6. Okada M, Ye K: Nuclear phosphoinositide signaling regulates messenger

RNA export. RNA Biol 2009, 6:12-6.
7. Adam SA, Sterne-Marr R, Gerace L: Nuclear protein import using

digitonin-permeabilized cells. Methods Enzymol 1992, 219:97-10.

8. Moore MS, Blobel G: Purification of a Ran-interacting protein that is
required for protein import into the nucleus. Proc Natl Acad Sci USA 1994,
91:10212-10216.

9. Smith A, Brownawell A, Macara IG: Nuclear import of Ran is mediated by
the transport factor NTF2. Curr Biol 1998, 8:1403-406.

10. Moore MS, Blobel G: The GTP-binding protein Ran/TC4 is required for
protein import into the nucleus. Nature 1993, 365:661-63.

11. Bischoff FR, Klebe C, Kretschmer J, Wittinghofer A, Ponstingl H: RanGAP1
induces GTPase activity of nuclear Ras-related Ran. Proc Natl Acad Sci
USA 1994, 91:2587-591.

12. Bischoff FR, Ponstingl H: Catalysis of guanine nucleotide exchange on
Ran by the mitotic regulator RCC1. Nature 1991, 354:80-82.

13. Melchior F, Paschal BM, Evans J, Gerace L: Inhibition of nuclear protein
import by nonhydrolyzable analogues of GTP and identification of the
small GTPase Ran/TC4 as an essential transport factor. J Cell Biol 1993,
123:1649-1659.

14. Clarkson WD, Kent HM, Stewart M: Separate binding sites on nuclear
transport factor 2 (NTF2) for GDP-Ran and the phenylalanine-rich repeat
regions of nucleoporins p62 and Nsp1p. J Mol Biol 1996, 263:517-24.

15. Steggerda SM, Black BE, Paschal BM: Monoclonal antibodies to NTF2
inhibit nuclear protein import by preventing nuclear translocation of the
GTPase Ran. Mol Biol Cell 2000, 11:703-719.

16. Clarkson WD, Corbett AH, Paschal BM, Kent HM, McCoy AJ, Gerace L, Silver
PA, Stewart M: Nuclear protein import is decreased by engineered
mutants of nuclear transport factor 2 (NTF2) that do not bind GDP-Ran.
J Mol Biol 1997, 272:716-730.

17. Corbett AH, Silver PA: The NTF2 gene encodes an essential, highly
conserved protein that functions in nuclear transport in Vivo. J Bio Chem
1996, 271:8477-18484.

18. Quimby BB, Lamitina T, L’Hernault SW, Corbett AH: The mechanism of Ran
import into the nucleus by nuclear transport factor 2. J Bio Chem 2000,
275:28575-28582.

19. Bhattacharya A, Steward R: The Drosophila homolog of NTF-2, the nuclear
transport factor 2, is essential for immune response. EMBO reports 2002,
3:378-383.

20. Zhao Q, Leung S, Corbett AH, Meier I: Identification and characterization
of the Arabidopsis orthologs of nuclear transport factor 2, the nuclear
import factor of ran. Plant Physiol 2006, 140:869-78.

21. Van Impe K, Hubert T, De Corte V, Vanloo B, Boucherie C, Vandekerckhove
J, Gettemans J: A new role for nuclear transport factor 2 and Ran:
nuclear import of CapG. Traffic 2008, 9:695-707.

22. Riddiford LM, Hiruma K, Zhou X-F, Nelson CA: Insights into the molecular
basis of the hormonal control of molting and metamorphosis from
Manduca sexta and Drosophila melanogaster. Insect Biochem Mol Biol
2003, 33:1327-338.

23. Riddiford LM: Hormone receptors and the regulation of insect
metamorphosis. Receptor 1993, 3:203-209.

24. Burtis KC, Thummel CS, Jones CW, Karim FD, Hogness DS: The Drosophila
74EF early puff contains E74, a complex ecdysone-inducible gene that
encodes two ets-related proteins. Cell 1990, 61:85-99.

25. DiBello PR, Withers DA, Bayer CA, Fristrom JW, Guild GM: The Drosophila
Broad-Complex encodes a family of related proteins containing zinc
fingers. Genetics 1991, 129:385-397.

26. Yao T-P, Segraves WA, Oro AE, McKeown M, Evans RM: Drosophila
ultraspiracle modulates ecdysone receptor function via heterodimer
formation. Cell 1992, 71:63-72.

27. Thomas HE, Stunnenberg HG, Stewart AF: Heterodimerization of the
Drosophila ecdysone receptor with retinoid × receptor and ultraspiracle.
Nature 1993, 362:471-475.

28. Thummel CS: Files on steroids-Drosophila metamorphosis and the
mechanisms of steroid hormone action. Trens Genet 1996, 12:306-310.

29. Dong D-J, He H-J, Chai L-Q, Jiang X-J, Wang J-X, Zhao X-F: Identification of
genes differentially expressed during larval molting and metamorphosis
of Helicoverpa armigera. BMC Dev Biol 2007, 7:73.

30. Wang J-L, Jian X-J, Wang Q, Hou L-J, Xu D-W, Wang J-X, Zhao X-F:
Identification and expression profile of a putative basement membRane
protein gene in the midgut of Helicoverpa armigera. BMC Dev Biol 2007,
7:76.

31. Liu J, Shi GP, Zhang WQ, Zhang GR, Xu WH: Cathepsin L function in insect
moulting: molecular cloning and functional analysis in cotton bollworm,
Helicoverpa armigera. Insect Mol Biol 2006, 15:823-34.

He et al. BMC Cell Biology 2010, 11:1
http://www.biomedcentral.com/1471-2121/11/1

Page 12 of 13

http://www.ncbi.nlm.nih.gov/pubmed/7744965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7744965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11729264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12606574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12606574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12606574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10930458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10930458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12538759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19106628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19106628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1488017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1488017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7937864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7937864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9889103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9889103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8413630?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8413630?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8146159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8146159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1944575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1944575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8276887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8276887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8276887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8918934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8918934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8918934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10679025?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10679025?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10679025?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9368653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9368653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16428596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16428596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16428596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18266911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18266911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14599504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14599504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14599504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8167571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8167571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2107982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2107982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2107982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1743483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1743483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1743483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1327536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1327536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1327536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8385270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8385270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17588272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17588272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17588272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17597546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17597546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17201774?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17201774?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17201774?dopt=Abstract


32. Zhao X-F, Wang J-X, Xu X-L, Li Z-M, Kang C-J: Molecular cloning and
expression patterns of the molt-regulating transcription factor HHR3
from Helicoverpa armigera. Insect Mol Biol 2004, 13:407-412.

33. Shao H-L, Zheng W-W, Liu P-C, Wang Q, Wang J-X, Zhao X-F:
Establishment of a new cell line from lepidopteran epidermis and
hormonal regulation on the genes. PLoS ONE 2008, 3:e3127.

34. Dong D-J, Wang J-X, Zhao X-F: A eukaryotic initiation factor 5C is
upregulated during metamorphosis in the cotton bollworm, Helicoverpa
armigera. BMC Dev Biol 2009, 9:19.

35. Yao T-P, Forman BM, Jiang Z, Cherbas L, Chen J-D, McKeown M, Cherbas P,
Evans RM: Functional ecdysone receptor is the product of EcR and
ultraspiracle genes. Nature 1993, 366:476-479.

36. Nieva C, Gwozdz T, Dutko-Gwozdz J, Wiedenmann J, Spindler-Barth M,
Wieczorek E, Dobrucki J, Dus’ D, Henrich VC, Oæyhar A, Spindler KD:
Ultraspiracle promotes nuclear localization of ecdysteroid receptor in
mammalian cells. Biol Chem 2005, 386:463-470.

37. Sun Y, An S, Henrich VC, Sun X, Song Q: Proteomic identification of PKC-
mediated expression of 20E-induced protein in Drosophila melanogaster.
J Proteome Res 2007, 6:4478-4488.

38. Betanska K, Nieva C, Spindler-Barth M, Spindler KD: Nucleocytoplasmic
shuttling of the ecdysteroid receptor (EcR) and of ultraspiracle (Usp)
from Drosophila melanogaster in mammalian cells: energy requirement
and interaction with exportin. Arch Insect Biochem Physiol 2007, 65:134-42.

39. Izaurralde E, Kutay U, von Kobbe C, Mattaj IW, Görlich D: The asymmetric
distribution of the constituents of the Ran system is essential for
transport into and out of the nucleus. EMBO J 1997, 16: 6535-6547.

40. Kalab P, Heald R: The RanGTP gradient-a GPS for the mitotic spindle. J
Cell Sci 2008, 121:1577-1586.

41. Gwóźdź T, Dutko-Gwóźdź J, Nieva C, Betańska K, Orłowski M, Kowalska A,
Dobrucki J, Spindler-Barth M, Spindler KD, Ozyhar A: EcR and Usp,
components of the ecdysteroid nuclear receptor complex, exhibit
differential distribution of molecular determinants directing subcellular
trafficking. Cell Signal 2007, 19:490-503.

42. Vafopolou X, Steel CGH: Ecdysteroid hormone nuclear receptor (EcR)
exhibits circadian cycling in certain tissues, but not others, during
development in Rhodnius prolixus (Hemiptera). Cell Tissue Res 2006, 323:
443-455.

43. Pemberton LF, Paschal BM: Mechanisms of receptor-mediated nuclear
import and nuclear export. Traffic 2005, 6:187-198.

44. Isgro TA, Schulten K: Association of nuclear pore FG-repeat domains to
NTF2 import and export complexes. J Mol Biol 2007, 366:330-45.

45. Zhao X-F, Wang J-X, Wang Y-C: Purification and characterization of a
cysteine proteinase from eggs of the cotton worm, Helicoverpa armigera.
Insect Biochem Mol Biol 1998, 28:259-264.

46. Zhao X-F, Wang J-X, Xu X-L, Schmid R, Wieczorek H: Molecular cloning
and characterization of the cathepsin B-like proteinase from the cotton
boll worm, Helicoverpa armigera. Insect Mol Biol 2002, 11:567-575.

doi:10.1186/1471-2121-11-1
Cite this article as: He et al.: Function of nuclear transport factor 2 and
Ran in the 20E signal transduction pathway in the cotton bollworm,
Helicoverpa armigera. BMC Cell Biology 2010 11:1.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

He et al. BMC Cell Biology 2010, 11:1
http://www.biomedcentral.com/1471-2121/11/1

Page 13 of 13

http://www.ncbi.nlm.nih.gov/pubmed/15271213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15271213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15271213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18769621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18769621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8247157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8247157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15927890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15927890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17924685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17924685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17570491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17570491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17570491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17570491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9351834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9351834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9351834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18469014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16323012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16323012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16323012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15702987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15702987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17161424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17161424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12421414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12421414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12421414?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	cDNA cloning and sequence analysis of Ha-Ntf2 and Ha-Ran
	Recombinant expression of Ha-Ntf2 and Ha-Ran
	Expression profiles of Ha-Ntf2 and Ha-Ran during developmental stages
	Location of Ha-Ntf2 and Ha-Ran in the tissues
	Interaction of Ha-Ntf2 and Ha-Ran in vitro or in vivo
	Regulation of the Ha-Ntf2 or Ha-Ran by 20E
	Function of Ha-Ntf2 and Ha-Ran in the 20E signal pathway

	Discussion
	Conclusions
	Methods
	Insects
	cDNA cloning of Ha-Ntf2 and Ha-Ran genes
	Recombinant expression and antibody preparation of Ha-Ntf2 and Ha-Ran
	Immunoblotting
	Northern blot analysis
	Immunohistochemistry
	Binding assay and Co-Immunoprecipitation
	Regulation of Ha-Ntf2 or Ha-Ran by 20E
	RNAi in the HaEpi cell line and immunocytochemistry

	Accession numbers
	Acknowledgements
	Author details
	Authors' contributions
	References

