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The life cycle of adenoviruses is divided by convention into early and late phases, separated by the onset of viral genome replica-
tion. Early events include virus adsorption, transport of the genome into the nucleus, and the expression of early genes. After the
onset of viral DNA replication, transcription of the major late transcription unit (MLTU) and thereby synthesis of late proteins
is induced. These steps are controlled by an orchestra of regulatory processes and require import of the genome and numerous
viral proteins into the nucleus, as well as active transport of viral transcripts and proteins from the nucleus to the cytoplasm. The
latter is achieved by exploiting the shuttling functions of cellular transport receptors, which normally stimulate the nuclear ex-
port of cellular mRNA and protein cargos. A set of adenoviral early and late proteins contains a leucine-rich nuclear export sig-
nal of the HIV-1 Rev type, known to be recognized by the cellular export receptor CRM1. However, a role for CRM1-dependent
export in supporting adenoviral replication has not been established. To address this issue in detail, we investigated the impact
of two different CRM1 inhibitors on several steps of the adenoviral life cycle. Inhibition of CRM1 led to a reduction in viral early
and late gene expression, viral genome replication, and progeny virus production. For the first time, our findings indicate that
CRM1-dependent shuttling is required for the efficient export of adenoviral early mRNA.

The human subgroup C adenoviruses, such as adenovirus type 5
(Ad5), encode several gene products that are required for ef-

ficient synthesis of viral macromolecules and progeny production.
During the early phase, the E1A gene products interact with a
variety of cellular proteins to induce an optimal cellular environ-
ment that is conducive to viral gene expression and replication
(reviewed in references 23, 28, and 66). The late phase is charac-
terized by the production of large quantities of viral macromole-
cules and a severe inhibition of cellular protein synthesis (2, 53,
83). This highly efficient expression of viral late genes is achieved
by the preferential accumulation of viral late transcripts in the
cytoplasm and inhibition of nuclear export of most cellular
mRNA induced by the E1B-55K and E4orf6 proteins (1, 10, 37, 49,
60). Furthermore, the selective translation of viral late mRNA is
induced by VA-RNA1 and the L4-100K protein (64, 75, 79, 80). In
addition, the L4-100K and pVI structural proteins are known to
participate in trimerization and nuclear import of Hexon, as well
as capsid assembly (14, 15, 39, 78).

As infection progresses the early E1A, E1B-55K, E4orf6, and
late L4-100K and pVI proteins localize in both the cytoplasm and
nucleus at different times of viral replication. However, the impact
of their precise intracellular distribution on their activities is not
well understood. These proteins all possess nuclear export signals
(NES) of the HIV-1 Rev type, and it is clearly established that the
nucleocytoplasmic export of E1A, E1B-55K, and E4orf6 can be
directed through their NES by the cellular export receptor CRM1
(16, 19, 44, 46, 69, 78).

During the early stages of adenovirus infection, nuclear target-
ing of protein pVII and viral DNA into the nucleus is directed by a
cellular import mechanism that requires binding of viral particles
to the nucleoporin CAN/Nup214 at the nuclear pore complex
(NPC) (34, 51, 76). Interestingly, leptomycin B (LMB), a specific
inhibitor of CRM1, blocks the dissociation of incoming viral par-
ticles from microtubules. This inhibits the particles’ binding to the
NPC, suggesting that either CRM1 or CRM1-dependent export is
required for the viral genome to reach the nucleus (74). The

CRM1 export pathway is also known to be responsible for E1A
export through an NES located between amino acid residues 70
and 80 in the Ad5 protein. Inactivation of the E1A-NES by muta-
tion abrogates export of the protein in infected cells and severely
reduces viral progeny production (41). A Rev-type NES is also
present in L4-100K (16) and pVI (78), suggesting that CRM1 ac-
tivity could also be required at later stages of viral replication for
selective translation of viral late mRNA or nuclear import and
assembly of viral late proteins (14, 39, 55, 64, 78–80).

The contribution made by the NES sequences within the E1B-
55K and E4orf6 proteins to viral replication is not completely
clear. To address the role of CRM1 in E1B-55K and E4orf6-
mediated viral mRNA transport, the CRM1 inhibitor LMB was
used, which associates covalently to cysteine 528 in the NES bind-
ing region of CRM1 and thereby irreversibly blocks its interaction
with NES containing proteins (26, 47). These experiments showed
that the functional inhibition of CRM1 by LMB had only a minor
effect on viral late protein synthesis (an indirect measurement of
viral late mRNA export), leading to the conclusion that LMB
treatment during the late phase of adenoviral replication does not
abrogate viral late mRNA accumulation in the cytoplasm (11, 62).
A different experimental approach, in which a specific peptide
inhibitor of CRM1 was used to make direct measurements of viral
late mRNA export, supported these findings. Even though shut-
tling of E1B-55K was drastically reduced, viral late mRNA trans-
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port was unaffected by the peptide inhibitor (25). We recently
generated virus mutants carrying amino acid substitutions in the
NES sequences of either or both the E1B-55K and E4orf6 to eval-
uate the role of CRM1-dependent nuclear export of both proteins
in efficient viral replication in the context of Ad5-infected cells
(44, 69).

Consistent with previous observations (11, 25, 62), our find-
ings demonstrated that inhibition of CRM1-mediated export of
E1B-55K or E4orf6 has no effect on viral late mRNA export.
Rather, the NES present in E1B-55K and E4orf6 are differentially
required for the export of p53 and Mre11, two important cellular
targets of the adenovirus-dependent cell-specific E3 ubiquitin li-
gase, indicating that although dispensable for viral late mRNA
export, CRM1 is required for other activities that depend on E1B-
55K/E4orf6 shuttling (44, 69).

Furthermore, since the adenoviral E1A, L4-100K, and pVI pro-
teins are known to possess leucine-rich NES sequences, the CRM1
pathway is likely to contribute to a variety of both early and late
events during viral replication (16, 41, 78). However, the contri-
bution of CRM1-dependent export to the activities of these
adenoviral proteins is not completely understood (16, 19, 41, 44,
69, 78).

To address this issue, we designed our experiments to analyze
how inhibition of the CRM1 transport pathway affects viral rep-
lication at different stages. We developed a system that exploits the
modular nature of the nucleoporin 214, also known as CAN. The
C terminus of CAN (CANc) contains the FG (phenylalanine, gly-
cine) repeats that associate with CRM1 during its translocation
through the NPC (reviewed in reference 40). Whereas treatment
with LMB blocks CRM1 binding to proteins containing a leucine-
rich NES (26), overexpression of CANc leads to a dominant-
negative inhibition of CRM1-dependent nuclear export by selec-
tively binding to CRM1. This prevents the association of CRM1
with the NPC (6, 27, 42, 84). In contrast to CRM1, TAP does not
interact with the C terminus of CAN; hence, TAP-dependent ex-
port, predominantly bulk cellular mRNA transport, is unaffected
(6, 77). In this system, the production of CANc can be induced for
the period of time required, allowing a detailed analysis of the role
of CRM1 in both early and late phenotypes.

Using controlled expression of CANc in parallel with LMB
treatment of Ad-infected cells, we evaluated whether CRM1 was
required for protein production, early mRNA synthesis and ex-
port, viral DNA replication, or virus yield. While, as expected, the
inhibition of CRM1 by either CANc or LMB did not impair the
export of viral late transcripts, we observed for the first time a
reduced cytoplasmic accumulation of viral early mRNA. Further-
more, the abrogation of CRM1 activity reduced viral protein and
DNA synthesis, as well as virus growth, indicating that a func-
tional CRM1-dependent pathway is required for early activities of
the adenoviral replication cycle.

MATERIALS AND METHODS
Cell culture. A549 (DSMZ ACC 107; Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen GmbH, Braunschweig, Germany), 2E2 (13),
HEK293 (33), and HepaRG (35) cells were grown as monolayer cultures
in Dulbecco modified Eagle medium (DMEM) supplemented with 10%
fetal calf serum (FCS), 100 U of penicillin per ml, and 100 �g of strepto-
mycin per ml in a 5% CO2 atmosphere at 37°C. For HepaRG cells, the
medium was supplemented with 5 �g of bovine insulin per ml and 0.5 �M
hydrocortisone.

To generate monoclonal HA-CANc cells, the nontransformed HepaRG

cells were first transduced with the lentiviral vector, pLKOneo.CMV.
EGFPnlsTetR, expressing the EGFPnlsTetR repressor, as described previously
(21, 22). Transduced cells were selected and maintained in medium contain-
ing neomycin (250 �g/ml). Once established, the HA-TetR cell line was trans-
fected with pLKO.DCMV.TetO.CANc-HA and selected and maintained in
medium also containing puromycin (1 �g/ml). To determine the cell viabil-
ity, the cells were collected at the indicated time points and stained with
trypan blue, and viable cells were counted using a hemocytometer.

Plasmids and transient transfections. To generate a tetracycline-
inducible plasmid expressing a CANc-HA protein downstream of the Tet On
promoter, we inserted restriction sites for both NheI and EcoRV at the ends of
pLKO.DCMV.TetO (21, 22) by PCR using the primers 1560 and 1561 (Table
1). In addition, we obtained a CANc-HA gene fusion with attached NheI and
EcoRV restriction sites, by PCR amplification of pcDNA3-CANc (65, 71)
using the oligonucleotide primers 1556 and 1557 (Table 1). After NheI/
EcoRV digestion, CANc-HA was ligated with the backbone of pLKO.
DCMV.TetO, resulting in pLKO.DCMV.TetO.CANc-HA.

The expression vector p3_eGFP-CD83complete is a derivative of
pcDNA3 (Invitrogen) that contains the enhanced green fluorescent pro-
tein (eGFP) coding sequence, followed by the human CD83 cDNA and its
flanking 5=- and 3=-untranslated regions (61).

For transient transfection of HA-TetR cells with pLKO.DCMV.TetO.
CANc-HA, the cells were treated as described previously (70). After transfec-
tion, medium was replaced with DMEM supplemented with 10% FCS,
100 U of penicillin per ml, 100 �g of streptomycin per ml, 5 �g of
bovine insulin per ml, and 0.5 �M hydrocortisone.

Viruses. H5pg4100 served as the wild-type (wt) Ad5 parent virus in
these studies (44). H5pm4149 has been described recently (18) and carries
four stop codons in the 55K reading frame. H5pm4154 expresses normal
E4orf6/7 protein but an unstable or nonfunctional product of E4orf6
containing only the first 66 residues (5). H5pg4100, H5pm4149, and
H5pm4154 were propagated in 2E2 monolayer cultures. All virus titers
were determined by fluorescent focus assays (36). To measure virus
growth, infected cells were harvested at the indicated time postinfection
(p.i.). The cell lysates were serially diluted in DMEM for infection of
HEK293 cells, and the virus yield was determined by quantitative E2A-
72K immunofluorescence staining at 24 h p.i (36). To measure the viral
DNA replication, viral DNA was isolated, and quantitative PCR was per-
formed as described previously (70).

Antibodies, protein analysis, and inhibitors. Primary antibodies spe-
cific for Ad proteins used in the present study included E1A mouse mono-
clonal antibody (MAb) M73 (38), E1B-55K mouse MAb 2A6 (67), E2A-
72K (DBP) mouse MAb B6-8 (63), E4orf3 rat MAb 6A11 (57), E4orf6
rabbit polyclonal antibody 1807 (7), E4orf6 mouse MAb RSA3 (52), L4-

TABLE 1 Primers used in this study

Primer Sequence (5=–3=)
1204 CATCCTGGGCTACACTGA
1205 TTGACAAAGTGGTCGTTG
1556 GCGCTAGCATGCAGCAATCATCC
1557 GCGATATCTCAAGCGTAGTCTGG
1560 GCGATATCGAATTCTCGACCTCGAGACAAATGG
1561 GCGCTAGCGGCTCACGAGCGAAGCTTGATCTCTATCACTG
1569 GAGGGTAACTCCAGGGTGCG
1570 TTTCACTAGCATGAAGCAACCACA
1686 GTGCCCCATTAAACCAGTTG
1687 GGCGTTTACAGCTCAAGTCC
1688 GGTCTGGGCGTTAGGATACA
1689 CAATCAGTTTTCCGGCAAGT
1767 GCTGGTTTAGGATGGTGGTG
1768 CCCTCATAAACACGCTGGAC
2183 GAAACCAGAGGGCGAAGACC
2184 AGTCTGGGTCACGGTGAAGG
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100K rat MAb 6B10 (48), and Ad5 rabbit polyclonal serum L133 (69).
Primary antibodies specific for cellular proteins included �-actin mouse
MAb AC-15 (Sigma-Aldrich, Inc.) and CRM1 mouse MAb exportin-1
(BD Transduction). Primary antibodies specific for tag proteins included
HA rat MAb 3F10 (Roche Applied Science, Inc.) and GFP rabbit poly-
clonal antibody GFP (FL) (Santa Cruz Biotechnology, Inc.).

Preparation of cell lysates for protein analysis and immunoblotting, as
well as preparation of cells for indirect immunofluorescence, has been
described previously (45).

LMB was purchased from Enzo Life Sciences and used at a concentra-
tion of 20 nM to block CRM1-dependent nuclear export.

Quantitative PCR analysis. Preparation of total, cytoplasmic, and nu-
clear RNA from Ad-infected cells for quantitative PCR analysis was con-
ducted exactly as described previously (69). Quantitative PCR was per-
formed in triplicate for each sample by denaturing at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, 60°C (E1A, E2A, E4orf6 and
GAPDH) or 62°C (E1B and IVa2) for 30 s, and 72°C for 15 s. Raw numbers
were normalized to GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) as an internal control. The relative RNA concentrations were deter-
mined by the standard curve method. The subcellular distribution of ad-
enoviral transcripts is presented as the ratio of cytoplasmic to nuclear
mRNAs. Standard deviations were calculated by the best value of sum or
quotient. For amplification of viral early RNA, oligonucleotide primers
1686/1687 (E1A), 1688/1689 (E2A), 1569/1570 (E1B), and 1767/1768
(E4orf6) (Table 1) located in the E1A/E2A/E1B/E4orf6 regions were used
to generate products with lengths of 106 bp (E1A), 113 bp (E2A), 63 bp
(E1B), and 120 bp (E4orf6). A 119-bp product of the IVa2 cDNA was
amplified by quantitative PCR using the oligonucleotide primers 2183
and 2184 (Table 1). The oligonucleotide primers 1204 and 1205 (Table 1)
were used to amplify cellular GAPDH, generating a product with a length
of 111 bp.

RESULTS
Generation of an inducible cell line expressing CANc, an inhib-
itor of CRM1-mediated transport. To study the function of
CRM1 on different steps of viral replication, at clearly defined
times postinfection, we generated a tetracycline-inducible cell line
expressing the C terminus of CAN (CANc), also known as nucleo-
porin 214 (Nup214). Therefore, the CANc coding sequence con-
taining the amino acid residues 1864 to 2090 of the nucleoporin
with an adjacent hemagglutinin (HA) tag (CANc-HA) (61) was
inserted in a plasmid harboring a tetracycline-inducible Tet On
promoter (pLKO.DCMV.TetO) (21, 22), as described in Materi-
als and Methods. Briefly, we generated restriction sites for both
NheI and EcoRV at the ends of the pLKO.DCMV.TetO by PCR
using the primers 1560 and 1561 (Table 1). In addition, we ob-
tained a CANc-HA gene fusion with attached NheI and EcoRV
restriction sites by PCR amplification of pcDNA3-CANc (71) us-
ing the oligonucleotide primers 1556 and 1557 (Table 1). After
NheI/EcoRV digestion, CANc-HA was ligated with the backbone
of pLKO.DCMV.TetO, resulting in pLKO.DCMV.TetO.CANc-
HA. To produce the tetracycline-inducible cell line, we transfected
HA-TetR cells already expressing the EGFPnlsTetR protein (21,
22) with the constructed pLKO.DCMV.TetO.CANc-HA plasmid
and selected for positive cells by puromycin resistance. These cells
are derived from HepaRG cells, which were recently shown to be
susceptible and permissive for Ad5 infection and to fully support
the adenoviral life cycle, although they display delayed kinetics
similar to what has been observed with other normal human cells
(70). The generated cell line was used throughout this work and is
referred to as HA-CANc. To evaluate the expression of CANc, a
clone derived from the constructed cell line was analyzed at vari-
ous times after tetracycline induction. Clearly detectable levels of

CANc were obtained at 3 h after tetracycline treatment (Fig. 1A).
The CANc levels increased to a stable steady-state concentration
between 4.5 and 6 h posttreatment and were maintained through
the last time point postinduction (24 h) (Fig. 1A). Significantly,
the steady-state concentrations of CRM1 were not affected upon
CANc expression (Fig. 1A), suggesting that neither expression nor
stability of CRM1 were affected by expression of CANc. In addi-
tion, expression of CANc did not result in reduced cell viability,
since only minor decreases in viable cells were induced after 12, 24,
or 48 h postinduction, an effect that was comparable to that of 12
or 24 h of LMB treatment in A549 cells (Fig. 1B). To test the effect
of CANc expression on CRM1-dependent nucleocytoplasmic
transport, we used two approaches. First, we transfected the HA-
CANc cells with p3_eGFP-CD83complete, a plasmid expressing
the mRNA of CD83 linked downstream of a GFP coding sequence.
Since the CD83 mRNA depends on CRM1 for export to the cyto-
plasm (61), the CD83-GFP mRNA was used as a reporter for func-
tional CRM1 transport, resulting in accumulation of GFP. As ex-
pected inhibition of CRM1 transport by CANc resulted in reduced
GFP expression compared to the untreated control (Fig. 1C), in-
dicating that CANc expression inhibited CRM1-dependent CD83
mRNA export. The constitutively expressed Tet repressor
(EGFPnlsTetR) served as a loading control. As a second ap-
proach, we tested the impact of CANc on CRM1-dependent
transport of a NES-containing protein by immunofluorescence
analysis. As discussed in the introduction, the adenoviral E1B-55K
contains an NES dependent on CRM1 (20, 46); therefore, induced
expression of CANc should result in the inhibition of E1B-55K
export to the cytoplasm. In this experiment the viral E4orf3 pro-
tein was used as a control, since it does not depend on CRM1 to
exit the nucleus. HA-CANc cells were infected with the Ad5 wt
H5pg4100 at a multiplicity of 10 FFU/cell, and tetracycline or eth-
anol were added 21 h p.i., followed by methanol fixation at 36 h
p.i. These times postinfection correspond to a period after transi-
tion into the late phase has occurred in adenovirus-infected
HepaRG cells, when the E1B-55K displays the typical nuclear and
cytoplasmic distribution (Fig. 1Da) that has been described pre-
viously (32, 50, 58). As expected, induction of CANc led to a com-
plete redistribution of the E1B-55K protein to the nuclear com-
partment (Fig. 1Dd), while the intracellular localization of E4orf3
remained unaltered (Fig. 1D, compare panels b and e). Taken
together, these results indicate that while CANc did not affect
CRM1 expression or stability and did not impair cell viability, the
expression of CANc abrogated export of bona fide CRM1-
dependent mRNA and protein cargo. Consequently, the role of
CRM1 in both early and late phenotypes could be analyzed in
detail, taking advantage of inducible CANc expression.

CRM1 activity is required for efficient viral progeny produc-
tion. To examine the role of CRM1 at different times postinfec-
tion after viral entry into the nucleus, the impact of inhibiting
CRM1 activity on virus growth, using the inducible expression of
CANc in the HepaRG cells, was initially evaluated. It has been
shown that pVII and viral DNA reach the nucleus within the first
60 min p.i. (54). Therefore, to avoid an inhibitory effect on viral
entry into the nucleus, these experiments were designed to inhibit
CRM1 activity beginning at 2 to 3 h postinfection, a time postin-
duction at which CANc could first be detected. After the addition
of 1 �g of tetracycline/ml to the medium at 0, 5, or 12 h p.i.,
Ad5-infected HA-CANc cells were harvested 48 h p.i. In parallel,
virus growth was also measured in A549 cells in the presence of
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LMB. To compensate for the time of initial CANc expression after
induction (Fig. 1A), the addition of 20 nM LMB to Ad5-infected
A549 cells was deferred to 2, 8, and 16 h p.i. and harvested at 26 h
p.i. Virus progeny production was affected in a gradual manner in
both HA-CANc (Fig. 2A) and LMB-treated A549 cells (Fig. 2B).
Although the total numbers of progeny virions differed between
the two cell types, the effect on virus production displayed a sim-
ilar pattern. Inhibition of CRM1 either through CANc (HepaRG
cells) or LMB (A549 cells) induced 20 (Fig. 2A) to �200-fold (Fig.
2B) reductions in virus yield when CRM1 was inhibited at times
after infection that correspond to the early phase of viral replica-
tion (2 to 8 h p.i.). Interestingly, ca. 30% (HepaRG) to 50% (A549)
reductions in virus production were also observed when CRM1
was inhibited at later time points.

Inhibition of CRM1-mediated transport reduces synthesis of
early and late adenoviral proteins. To determine the contribu-
tion of CRM1 shuttling on early and late protein synthesis the
levels of the adenoviral E1A, E1B-55K, and E2A (DBP) early pro-
teins, as well as Hexon, Fiber, and L4-100K late proteins, were
determined in wt H5pg4100-infected cells in the presence or ab-
sence of CANc (Fig. 3A) or LMB (Fig. 3B), at different times
postinfection. After the addition of 1 �g of tetracycline/ml to the

medium at 0, 5, or 12 h p.i., Ad5-infected HA-CANc cells were
harvested 26 or 48 h p.i., and early and late protein levels were
compared to those of untreated and/or uninfected controls (Fig.
3A). As before, in the case of H5pg4100-infected A549 cells, 20 nM
LMB was added at 2, 8, and 16 h p.i. to compensate for the delayed
CANc expression, and the cells were harvested at 26 h p.i. (Fig.
3B). Consistent with previous reports on the effect of LMB in
infected HeLa cells during the early phase of adenoviral replica-
tion (11, 62), the levels of the late proteins Hexon, Fiber, and
L4-100K were severely reduced when CRM1 shuttling was
blocked in the first hours after Ad infection, either with CANc or
LMB (Fig. 3). Similar to the relative impact of CANc and LMB on
virus growth, this effect was more pronounced in cells treated with
LMB than in cells treated with CANc. However, since cell viability
was not significantly compromised by either LMB or CANc (Fig.
1B), it is possible that differences might result from the mode of
action of the inhibitors. Overexpression of CANc leads to a com-
petitive inhibition of CRM1-dependent nuclear export by selec-
tively binding to CRM1 and thereby preventing its association
with the NPC (6, 27, 42, 84). In contrast, LMB associates cova-
lently with the NES binding region of CRM1 and irreversibly
blocks CRM1-mediated export (26, 29), thereby providing an ex-

FIG 1 Induction of CANc-HA by tetracycline and the effect of CRM1 inhibition on cell viability and cargo transport. (A) Tetracycline-inducible accumulation
of CANc-HA. HA-CANc cells were cultivated in the presence of 1 �g of tetracycline/ml and harvested after indicated times posttreatment, and total cell extracts
were prepared. Proteins (15 �g) from each time point were separated by SDS–10% PAGE and subjected to immunoblotting with anti-HA rat MAb 3F10,
anti-CRM1 mouse MAb exportin-1 (CRM1), or anti-�-actin mouse MAb AC-15. (B) Effect of CRM1 inhibition on viability of the cells used in the present study.
HA-CANc cells were treated with 1 �g of tetracycline/ml. A549 cells were treated with 20 nM leptomycin B (LMB). Living cells were counted at indicated times
posttreatment using staining of cells with trypan blue and are presented as percentage of total cells. The results represent the average of three independent
experiments. Error bars indicate the standard deviation of the mean. (C) Effect of CRM1 inhibition on mRNA cargo transport. HA-CANc cells were transfected
with p3_eGFP-CD83complete and treated either with 1 �g of tetracycline/ml to induce CANc expression or absolute ethanol as a negative control 4 h
posttransfection. Cells were harvested at 24 h posttransfection, and total cell extracts were prepared. Proteins (50-�g samples for GFP; 10-�g samples for HA)
were separated by SDS–10% PAGE and subjected to immunoblotting with anti-GFP rabbit polyclonal antibody GFP (FL) and anti-HA rat MAb 3F10. (D) Effect
of CRM1 inhibition on protein cargo transport. HA-CANc cells were infected with wt virus at a multiplicity of 10 FFU per cell, treated either with 1 �g of
tetracycline/ml (�Tet) to induce CANc expression or absolute ethanol (�Tet) as a negative control 21 h p.i. and fixed 36 h p.i. Cells were labeled in situ with
anti-E1B-55K mouse MAb 2A6 (�-E1B) and anti-E4orf3 rat MAb 6A11 (�-E4orf3) as primary antibodies and with Texas Red and fluorescein isothiocyanate-
conjugated secondary antibodies, respectively. Representative anti-E1B (red) (a and d) and anti-E4orf3 (green) (b and e) staining patterns are shown. Nuclei were
visualized using DAPI. Overlays of DAPI staining (blue) with the green and red images (merge) are also shown (c and f). Magnification, �7,600.
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planation for the stronger phenotype observed upon LMB treat-
ment (Fig. 2 and 3). CRM1 inhibition by CANc expression at
times corresponding to the early phase led to clear reductions of
both early and late proteins (Fig. 3A, lanes 4 and 5). In contrast,
inhibition at �15 h p.i. displayed no effect on early proteins. How-
ever, late protein levels were still clearly reduced (Fig. 3A, lane 6).
LMB induced severe reductions in both early and late proteins
when cells were treated at the earliest time after infection (2 h p.i.;
Fig. 3B, lane 4). Inhibition of CRM1 close to the onset of viral
DNA replication (at �8 h p.i.) (59) also led to drastically reduced
early and late protein levels (Fig. 3B, lane 5). Upon LMB treat-
ment, this effect was less dramatic than in cells treated at 2 h p.i.
(Fig. 3B, lane 4). At a later time postinfection (16 h p.i.), inhibition
of CRM1 shuttling displayed no effect on further accumulation of
viral proteins, when early and late proteins reached levels compa-
rable to untreated cells (Fig. 3B, compare lanes 3 and 6).

Given that E1A activates transcription of early genes and con-
sequently impacts activation of the major late transcription unit
(MLTU) (3, 56), we decided to examine whether reduced expres-
sion of early and late proteins was due to decreased E1A protein
levels induced by CRM1 inhibition. Therefore, HEK293 cells
(which constitutively express the Ad5 E1 region and have been
used extensively in experiments where complementation of E1A
or E1B activities is required) (33) were mock infected or infected
with the wild-type virus H5pg4100, treated with 20 nM LMB or
dimethyl sulfoxide (DMSO) beginning at 2 h p.i. and harvested
26 h p.i. Interestingly, accumulation of early (E2A, E4orf6) and
late proteins (L4-100K, II, III, and V) was significantly reduced in
LMB-treated HEK-293 cells, despite expression of high levels of

E1A and E1B-55K (Fig. 3C). These results suggest that expression
of adenoviral early genes depends on CRM1 and that the effect of
CRM1 inhibition occurs at the posttranscriptional level, leading
to reduced early adenoviral protein concentrations even though
early gene transcription can be induced by E1A.

Inhibition of CRM1 reduces viral early mRNA export. Since a
detailed analysis of export of the adenoviral early transcripts has
not been reported and our results indicate that CRM1 influences
viral early gene expression at a posttranscriptional level, we de-
cided to examine whether CRM1 supports export of the E1A, E2A,
E1B-55K, and E4orf6 mRNA. A549 cells were infected with the
wild-type virus (H5pg4100), 20 nM LMB was added to the culture
medium 4 h p.i., and both nuclear and cytoplasmic mRNA were
prepared after cell fractionation at 12 h p.i., a time span, in which
these mRNAs are actively transcribed and exported to the cyto-
plasm (4). The results are shown in Fig. 4A, where in mock-treated
Ad5-infected cells the ratio of cytoplasmic to nuclear E1A mRNA
was approximately 1:1. This is in perfect agreement with previous
studies on the subcellular distribution of newly synthesized E1A
mRNA in HEK293 cells, which revealed the same nuclear/cyto-
plasmic ratio at both 8 and 14 h p.i. (81).

Notably, treatment of the cells with LMB resulted in a decreased
cytoplasmic accumulation of the E1A transcript of ca. 50% (Fig. 4A),
providing an explanation for the lower E1A protein levels accumu-
lated following inhibition of CRM1 transport (Fig. 3). Interestingly,
blockage of CRM1-dependent shuttling also induced similar reduc-
tions in the export efficiency of the E2A, E1B-55K, and E4orf6 mRNA
compared to the untreated controls (Fig. 4A). This unanticipated
observation thus provides evidence for a novel function of CRM1 as
export receptor of adenoviral early transcripts.

It has been established that export of adenoviral late transcripts
occurs independently of CRM1 (25, 44, 69). Different transport
mechanisms are therefore used for the export of early and late
mRNA, raising the question of how intermediate adenoviral tran-
scripts, such as IVa2, are exported to the cytoplasm. To test this,
we decided to also measure IVa2 mRNA export efficiency. There-
fore, 20 nM LMB was added to H5pg4100-infected A549 cells at 10
h p.i., and nuclear and cytoplasmic mRNAs were prepared 18 h
p.i. Interestingly, the cytoplasmic accumulation of the IVa2 tran-
script (Fig. 4A) was reduced ca. 30% in LMB-treated cells com-
pared to the control, indicating that CRM1-dependent shuttling is
required for transport of IVa2 transcripts to the cytoplasm, as
observed for viral early mRNAs (Fig. 4A).

Taken together, these data indicate that the defects observed on
virus replication upon CRM1 inhibition during the early phase of
the viral life cycle (Fig. 2 and 3) are a direct consequence of the
reduced cytoplasmic accumulation of viral early and/or interme-
diate mRNAs (Fig. 4A). Thus, in addition to its role in the disas-
sembly of the adenoviral virion and the nuclear export of various
adenoviral proteins, these experiments provide evidence for a
novel function of CRM1 as an export receptor of adenoviral early
and intermediate mRNA.

Inhibition of CRM1 reduces viral early mRNA accumula-
tion. It is well established that specific species of mRNAs that are
exported via the CRM1 transport pathway are stabilized during post-
transcriptional gene regulation by this mechanism (9). Therefore, we
next decided to examine the accumulation of viral early and interme-
diate mRNA in the absence or presence of LMB. For this purpose,
A549 cells were infected with H5pg4100, 20 nM LMB was added
starting at 4 (early mRNA) or 10 h p.i. (IVa2 mRNA), and total viral

FIG 2 Effect of CRM1 inhibition on virus growth. (A) HA-CANc cells were
infected with wt virus at a multiplicity of 50 FFU per cell. Tetracycline was
added to the culture medium at different time points after infection as indi-
cated. Viral particles were harvested 48 h p.i. (B) A549 cells were infected with
wt virus at a multiplicity of 10 FFU per cell. Leptomycin B (LMB) was added to
the culture medium at different times after infection as indicated. Viral parti-
cles were harvested 26 h p.i. Virus yield was determined by quantitative E2A-
72K immunofluorescence staining on HEK293 cells. The results represent the
averages from at least three independent experiments. Error bars indicate the
standard deviation of the mean.
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mRNA was prepared 12 h (early mRNA) or 18 h (IVa2 mRNA) after
infection. Figure 4B shows the levels of early E1A, E2A, E1B-55K, and
E4orf6, as well as intermediate IVa2 adenoviral transcripts, upon
LMB treatment, each compared to an untreated control. Interest-
ingly, CRM1 inhibition led to a 60 to 70% decrease of the early mRNA
levels compared to the untreated control, as well as a 30% decrease in
IVa2 mRNA levels (Fig. 4B). Such reduced amounts could be due to
an effect of LMB on these transcripts at a transcriptional or posttran-
scriptional level. It is likely that the observed block in mRNA export
(Fig. 4A) leads to reduced mRNA stability and thereby to decreased
total mRNA levels.

However, to distinguish between this possibility and a possible
role of CRM1 in transcription of early adenoviral genes and/or a
direct effect of LMB on this, we used actinomycin D, a potent
transcriptional inhibitor (73), in parallel with LMB treatment, to
determine total E1A and E1B mRNA levels at various times post-
treatment. Consistent with the previous mRNA measurements,
A549 cells were infected with the wild-type virus H5pg4100, and
20 nM LMB was added 4 h p.i. In addition, 5 �g of actinomycin
D/ml was added to the medium 10 h p.i., and total mRNA was
prepared 10.5, 11, and 12 h p.i. These times correspond to 30, 60,
and 120 min after actinomycin D treatment (Fig. 5). The values of
E1A and E1B mRNA are presented relative to an untreated con-
trol, harvested at 10 h p.i. The data indicate that both E1A (Fig.

5A) and E1B (Fig. 5B) mRNA levels were clearly compromised
upon actinomycin D and/or LMB treatment, in contrast to the
continuous accumulation observed for the mRNA in untreated
cells. Furthermore, simultaneous treatment of the cells with both
inhibitors resulted in significantly lower E1A and E1B mRNA lev-
els (Fig. 5A and B) compared to separate treatment.

To discern whether LMB treatment impacts mRNA biogenesis at
a transcriptional or posttranscriptional level, the values for LMB-
treated cells shown in Fig. 5A and B were calculated relative to mock-
and relative to actinomycin D-treated samples, which were arbitrarily
set to 1 (Fig. 5C and D). The data clearly demonstrate that LMB
inhibited early mRNA accumulation to the same extent, indepen-
dently of whether cells were treated with actinomycin D or not. These
results therefore exclude the possibility that LMB may affect the tran-
scription of early adenoviral mRNA and support our hypothesis that
inhibition of CRM1 reduces the stability of early mRNAs by blocking
their export. Altogether, these observations indicate for the first time
that adenoviral early and intermediate mRNA are transported to the
cytoplasm by a CRM1-dependent mechanism and that export of
these mRNAs through the CRM1 pathway leads to their stabilization.

Inhibition of CRM1-dependent transport indirectly affects
adenoviral genome replication. The CRM1-dependent export of
adenoviral early and intermediate mRNAs could explain the de-
fects observed in adenoviral replication upon CRM1 inhibition in

FIG 3 Effect of CRM1 inhibition on viral protein synthesis. (A) Steady-state levels of viral proteins upon CANc induction. HA-CANc cells were either not
infected (mock) or infected with wt virus at a multiplicity of 50 FFU/cell. Cells were treated with 1 �g of tetracycline/ml (lane 2 and lanes 4 to 6) or absolute
ethanol (lanes “–”; lanes 1 and 3) at the indicated times postinfection, and total cell extracts were prepared 26 h p.i. or for Hexon and Fiber proteins 48 h p.i.
Proteins (15-�g samples for E1A, Hexon, Fiber, L4-100K, and �-actin; 25-�g samples for E1B-55K; 20-�g samples for E2A; 50-�g samples for CANc-HA) were
separated by SDS–10% PAGE, followed by immunoblotting with anti-E1A mouse MAb M73, anti-E1B-55K mouse MAb 2A6, anti-E2A mouse MAb B6-8,
anti-L4-100K rat MAb 6B10, anti-Ad5 rabbit polyclonal serum L133, anti-HA rat MAb 3F10, or anti-�-actin mouse MAb AC-15. (B) Steady-state levels of viral
proteins upon LMB treatment. A549 cells were either not infected (mock) or infected with wt virus at a multiplicity of 10 FFU/cell. Cells were treated with 20 nM
LMB (lane 2 and lanes 4 to 6) or DMSO (lanes “–”; lanes 1 and 3) at the indicated times p.i., and total cell extracts were prepared 26 h p.i. Proteins (10-�g samples
for E1A, E2A, L4-100K, Hexon, Fiber, and �-actin; 25-�g samples for E1B-55K) were separated by SDS–10% PAGE, followed by immunoblotting with anti-E1A
mouse MAb M73, anti-E1B-55K mouse MAb 2A6, anti-E2A mouse MAb B6-8, anti-L4-100K rat MAb 6B10, anti-Ad5 rabbit polyclonal serum L133, or
anti-�-actin mouse MAb AC-15. (C) Steady-state levels of viral proteins upon LMB treatment of infected Ad complementing cells. HEK293 cells were either not
infected (mock) or infected with wt virus at a multiplicity of 10 FFU/cell. Cells were treated with 20 nM LMB (lanes “�”; 2 and 4) or DMSO (lanes “–”; lanes 1
and 3) 2 h p.i., and total cell extracts were prepared 26 h p.i. Proteins (10-�g samples for E1A, E2A, L4-100K, capsid proteins, and �-actin; 25-�g samples for
E1B-55K and E4orf6) were separated by SDS–10% PAGE, followed by immunoblotting with anti-E1A mouse MAb M73, anti-E1B-55K mouse MAb 2A6,
anti-E2A mouse MAb B6-8, anti-E4orf6 mouse MAb RSA3, anti-L4-100K rat MAb 6B10, anti-Ad5 rabbit polyclonal serum L133, or anti-�-actin mouse MAb
AC-15. Bands corresponding to viral late proteins Hexon (II), Penton (III), and Fiber (V) are indicated on the right.
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the early phase of infection. Nevertheless, induction of CANc and
LMB treatment of cells also resulted in reduced virus growth (Fig.
2) and a decreased accumulation of viral early and late proteins
(Fig. 3) at later times of infection, indicating that CRM1 may
support additional steps in the replication cycle of the virus. Viral
DNA replication is initiated at �8 h p.i (59) and is known to be
required for transcriptional activation of viral late genes (56).
Therefore, we decided to examine whether CRM1 inhibition af-
fects the efficiency of viral DNA replication.

These experiments were designed to inhibit CRM1-dependent
transport during both the early phase of infection and at the onset
of viral DNA replication 8 h p.i (59), i.e., after the appearance of
early mRNAs in the cytoplasm (4). To test whether possible effects
on viral DNA synthesis are independent of or correlate with re-
duced levels of early proteins, we decided to simultaneously ex-
amine the accumulation of early proteins. Therefore, A549 cells
were mock infected or infected with the wild-type virus, 20 nM
LMB (Fig. 6A, lanes 2, 4, 6, 8, and 10) or DMSO (“–” lanes [Fig.
6A, lanes 1, 3, 5, 7, and 9]) were added to the medium at 4 or 8 h
p.i., and cell lysates were prepared at 8, 12, and 16 h p.i. Consistent
with previous experiments showing an effect on adenoviral early
gene expression (Fig. 3 and 4), LMB treatment inhibited accumu-
lation of E1A, E1B-55K, E4orf6, and E2A proteins, particularly
after treatment from 4 to 12 h p.i. (Fig. 6A, compare lanes 5 and 6).
This time span corresponds to a time when adenoviral early
mRNAs are exported to the cytoplasm (4). Significantly, after
the establishment of efficient accumulation of early mRNAs in the
cytoplasm at 8 h p.i. (4), no reduction of early protein levels could
be observed upon LMB treatment (Fig. 6A, compare lanes 7 and 9
with lanes 8 and 10).

To measure viral genome replication, A549 cells were un-
treated or treated with 20 nM LMB starting at 4, 8, and 12 h p.i.,
and viral DNA was isolated at 8, 12, 16, and 20 h p.i. and subjected
to quantitative PCR. To determine the input of viral genomes by
infecting viral particles, A549 cells were harvested at 2 h p.i. Viral
DNA levels are presented relative to this input value, which was set
to 1 (Fig. 6B). An increase in viral DNA levels compared to the
input and hence active DNA replication could first be detected at
12 h p.i. Interestingly, inhibition of CRM1 from 4 to 12 h p.i. led to
a 65% reduction in viral DNA levels. However, blocking CRM1
transport at later times, from 8 to 16 h p.i. or from 12 to 20 h p.i.,
did not abrogate efficient viral genome replication, despite the fact
that viral DNA levels increased between 12 and 20 h p.i. (Fig. 6B).

Taken together, these data indicate that LMB treatment has no
effect on viral DNA synthesis after efficient early protein expres-
sion is established. The close correlation between efficient early
protein synthesis and viral DNA production in response to CRM1
inhibition (Fig. 6) implies that, as expected, synthesis of adenovi-
ral genomes requires efficient viral early protein expression and,
furthermore, that viral genome replication is not directly depen-
dent on active CRM1 transport. Rather, the reduced DNA repli-
cation observed upon CRM1 inhibition is an indirect conse-
quence of lower early gene expression.

DISCUSSION

Several steps of the adenoviral replication cycle require active
transport of macromolecules from the nuclear compartment to
the cytoplasm. The accumulated evidence indicates that the activ-
ity of mRNA export receptors, such as Nxf1/TAP, and that of
karyopherins, such as CRM1, may participate in a coordinated

FIG 4 Effect of CRM1 inhibition on nuclear export efficiency and accumulation of viral early and intermediate mRNAs. (A) A549 cells were infected with wt
virus at a multiplicity of 10 FFU per cell. LMB was added to the culture medium 4 h p.i. (early mRNAs; E1A, E2A, E1B, and E4) or 10 h p.i. (IVa2). Steady-state
concentrations of mRNAs in cytoplasm and nucleus were determined by real-time PCR at 12 h p.i. (early mRNAs) and at 18 h p.i. (IVa2). Raw numbers were
corrected using GAPDH as an internal control and then used to calculate the cytoplasmic/nuclear mRNA ratios. (B) A549 cells were infected with wt virus at a
multiplicity of 10 FFU per cell. LMB at 20 nM was added to the culture medium 4 h p.i. (early mRNAs) or 10 h p.i. (IVa2). Steady-state concentrations of mRNAs
were determined by real-time PCR at 12 h p.i. (early mRNAs) and at 18 h p.i. (IVa2). Total RNA values were corrected using GAPDH as internal control and are
expressed relative to the wt value. The results and standard deviations shown are presented for at least three independent experiments, each performed in
duplicate. Error bars indicate the standard deviation of the mean.
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transport of viral proteins and mRNA at different stages of viral
replication. It was recently shown that Nxf1/TAP is required for
viral late mRNA export (82). In contrast, several studies have ad-
dressed the role of NES-dependent CRM1 export of adenoviral
proteins (11, 16, 19, 25, 41, 44, 62, 69, 78). Although the majority
of these studies have examined the participation of this export
pathway in viral late mRNA transport (11, 25, 44, 62, 69), the role
of CRM1 during different stages of viral replication is only par-
tially understood.

However, now we have found that active CRM1-dependent
transport is required during the early phase of viral replication.
Significantly, our data indicate that the defects observed upon
CRM1 inhibition are a direct consequence of reduced viral early
mRNA export.

Expression of the dominant-negative form of CANc in primary
hepatocytes efficiently inhibited export of well-characterized
CRM1-dependent mRNA and protein cargoes (CD83 mRNA and
E1B-55K protein), without compromising CRM1 expression or
stability or cell viability, thus making it possible to evaluate the
role of CRM1 at defined times postinfection. The observed dimin-
ished production of viral progeny could result from the additive
and pleiotropic effects of CRM1 inhibition on early and late gene

expression, viral DNA replication, and viral late protein assembly.
Therefore, it was necessary to examine the effect of CRM1 inhibi-
tion at defined times postinfection. Both CANc and LMB (which
under the conditions used in these studies displayed similar phe-
notypes and the absence of significant toxicity) exhibited a stron-
ger effect during the earlier stages, when viral early proteins and
hence viral DNA replication were clearly diminished. However,
CRM1 inhibition by LMB in A549 cells reduced virus progeny
significantly more than CANc expressed in the hepatocytes. The
reason(s) for this difference are not clear, but it is possible that the
covalent modification of CRM1 by LMB may have a more stable
effect than the dynamic/transient interaction that could be estab-
lished between CANc and CRM1. The effect of LMB treatment
could therefore result in stronger phenotypes, as was indeed ob-
served for viral protein synthesis and progeny production.

The reduction of viral DNA synthesis induced by restricted
CRM1 shuttling seems to be a direct consequence of lower early
gene expression. Inhibition of CRM1 at 4 to 12 h p.i. resulted in
lower E2A mRNA and protein levels and could thus account for a
similar reduction in DNA during this time span. However, after
efficient synthesis of early proteins was established (at 8 h p.i.),
inhibition of CRM1 transport did not abrogate the de novo syn-

FIG 5 Effect of CRM1 inhibition on mRNA stability. (A and B) Viral early mRNA levels upon parallel treatment with actinomycin D (Act) and LMB. A549 cells
were infected with wt virus at a multiplicity of 10 FFU per cell. 20 nM LMB was added to the cell culture medium 4 h p.i. and/or 5 �g of actinomycin D/ml at 10
h p.i. Steady-state concentrations of E1A (A) and E1B (B) mRNA were determined by real-time PCR 30, 60, and 120 min after actinomycin D treatment. Total
RNA values were corrected using GAPDH as internal control and are expressed relative to the untreated control, which was harvested at 10 h p.i. The results and
standard deviations shown are presented for three independent experiments, each performed in duplicate. Error bars indicate the standard deviation of the mean.
(C and D) Viral early mRNA levels relative to LMB-untreated samples. To visualize the direct effect of LMB treatment on steady-state concentrations of E1A (C)
and E1B (D), the LMB-treated samples (LMB; Act � LMB) were calculated relative to the untreated control samples (mock; Act), which were set to 1.
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thesis of adenoviral genomes. Although these results indicate that
CRM1 transport is not directly required for viral DNA replication,
they underscore the close correlation between CRM1-dependent
early protein synthesis and efficient viral genome replication.

The primary effect of CRM1 inhibition can be linked directly to
reduced early mRNA export: E2A (and E4orf6) protein levels were
reduced upon LMB treatment in HEK293 cells, that is, in the pres-
ence of high levels of E1A, indicating that at early times postinfec-
tion a posttranscriptional block is induced by CRM1 inhibition.
Such an effect was indeed demonstrated by our data showing that
CRM1 mediates adenoviral early mRNA export. This novel find-
ing raises the question of whether this pathway provides a selective
advantage over cellular mRNA.

It is well established that viral late mRNAs have a competitive
advantage over cellular mRNA, both at the level of translation and
at the level of export (24, 79, 80). Significantly, while efficient viral
late mRNA export is accompanied by a concomitant inhibition of
export of most cellular mRNA, viral early mRNA do not seem to
benefit from a selective export process. However, since adenovirus

infection does not perturb export of cellular snRNAs or rRNAs
(12, 72), which are exported by the CRM1 pathway, it is possible
that export of the early mRNA through this pathway may be ad-
vantageous since they would avoid competition with bulk cellular
mRNA, which exits the nucleus through the Nxf1/TAP pathway.

Since CRM1 does not bind RNA directly, it requires adaptor
proteins, such as HuR and eukaryotic initiation factor 4E (eIF4E)
for mRNA export (8, 17, 61). The subset of cellular mRNA that is
exported through CRM1 includes certain short-lived early re-
sponse genes, like proto-oncogene and cytokine mRNAs, that
contain an AU-rich element in their 3=-untranslated region. HuR
binds to these ARE-mRNAs to protect them from rapid degrada-
tion (9) and subsequently mediates the CRM1-dependent export
of these mRNAs from the nucleus to the cytoplasm (30, 31). In
contrast, the export of the IFN-�1 mRNA through CRM1 is not
mediated by ARE sequences (43), suggesting that other features,
unrelated to ARE sequences, can be recognized by adaptor pro-
teins that associate with CRM1.

It is noteworthy that inhibiting CRM1-dependent transport of

FIG 6 Effect of CRM1 inhibition on early protein expression and viral DNA accumulation. (A) Viral early protein accumulation upon LMB treatment. A549 cells were
either not infected (mock) or infected with wt virus at a multiplicity of 40 FFU/cell. Cells were treated with 20 nM LMB (lanes 2, 4, 6, 8, and 10) or DMSO (lanes “–”; lanes
1, 3, 5, 7, and 9) at the indicated times p.i. Total cell extracts were prepared at indicated times p.i. (top row). Proteins (10-�g samples for �-actin; 50-�g samples for E1A,
E1B-55K, E4orf6, and E2A) were separated by SDS–10% PAGE, followed by immunoblotting with anti-E1A mouse MAb M73, anti-E1B-55K mouse MAb 2A6,
anti-E4orf6 rabbit polyclonal antibody 1807, anti-E2A mouse MAb B6-8, or anti-�-actin mouse MAb AC-15. (B) Viral DNA synthesis upon LMB treatment. A549 cells
were infected with wt virus at a multiplicity of 20 FFU per cell. Cells were treated with 20 nM LMB at the indicated times postinfection (right site of bars), or untreated,
total nuclear DNA was isolated at indicated times postinfection (left site of bars) and subjected to quantitative PCR. PCR products were analyzed and quantified by using
the ChemiDoc system and GeneTools software (Syngene). DNA values are expressed relative to the input value (2 h p.i.). The results and standard deviations shown
represent the averages from three independent experiments. Error bars indicate the standard error of the mean.
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adenoviral early transcripts also decreased their total levels, seem-
ingly by affecting these mRNAs’ stability. Therefore, it is possible
that a similar mechanism to the export of ARE-containing mRNA
could explain the link between CRM1-dependent export and
mRNA levels. However, as with the viral late mRNA, it would be
interesting to identify the responsible adaptor proteins and the
underlying molecular mechanisms. Notably, although the fea-
tures of the early mRNA directing their CRM1-dependent export
remain to be determined, our data indicate for the first time that
adenoviral early mRNAs are both exported and stabilized by the
CRM1 pathway.
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