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Abstract: At present, the details of lamina alterations after baculovirus infection remain elusive. In
this study, a lamin gene in the Sf9 cell line of Spodoptera frugiperda was cloned. The open reading
frame (orf) of the Sf9 lamin was 1860 bp and encoded a protein with a molecular weight of 70 kDa.
A transfection assay with a red fluorescence protein (rfp)-lamin fusion protein indicated that Sf9
lamin was localized in the nuclear rim. Transmission electron microscopy observations indicated that
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) nucleocapsids may pass through the
nuclear envelope. Immunofluorescence assay indicated that the lamina showed a ruffled staining
pattern with the formation of invaginations in the Sf9 cells infected with AcCMNPYV, while it was evenly
distributed at the nuclear periphery of mock-infected cells. Western blotting results indicated that
the total amount of lamin in the baculovirus-infected Sf9 cells was significantly decreased compared
with the mock-infected cells. These results imply that AcMNPV infection induces structural and
biochemical rearrangements of lamina of Sf9 cells.

Keywords: Autographa californica multiple nucleopolyhedrovirus; infection; Sf9 cells; lamina

1. Introduction

The nuclear membrane consists of the outer and inner nuclear membranes separated by the
perinuclear space, the nuclear pore complexes, and the nuclear lamina. The nuclear lamina lines the
nucleoplasmic face of the inner nuclear membrane (INM). It confers structure and mechanical strength
to the nuclear membrane and provides attachment sites for chromatin. The lamina forms a thick and
rigid meshwork of proteins that is involved in many cellular functions, such as nuclear assembly, cell
mitosis, DNA replication, and transcription [1,2].

Lamins are members of the intermediate filament (IF) protein family, which is composed of a
central coiled-coil domain flanked by an amino terminal “head” and a carboxyl “tail” domain [3].
Lamins can be classified as A-type or B-type in vertebrate cells, based on their structural features,
expression levels, and localization patterns [4]. All lamin proteins, except lamin C, have a CaaX
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(C is cysteine, a indicates an aliphatic amino acid, X is variable) isoprenylation motif in their
carboxy-terminal, which is subject to post-translational modification [3]. The B-type lamins are
associated with the nuclear membrane during mitosis and are expressed in almost all cell types,
whereas the A-type lamins become soluble during mitosis and are expressed only in differentiated
cells. Moreover, lamins also contain a nuclear localization signal (NLS) and cdc2 phosphorylation
sites [5]. Although the lamina has been comprehensively studied in vertebrate cells, the information
on the lamina of invertebrates is limited. Drosophila melanogaster has both lamin Dm0 and lamin C, but
lamin C is unique to Drosophila melanogaster [6]. It is currently thought that almost all invertebrates
have a single B-type lamin, except for Tunicates and Drosophila melanogaster [5,7].

Herpesvirus infection has been shown to result in structural and biochemical rearrangements of
the lamina that allow for viral egress [8-11]. The UL31 and UL34 protein complex of human herpesvirus 1
(HHV-1) can disrupt the lamina to promote nucleocapsid egress from the nucleus [8]. HHV-1 recruits
cellular protein kinase C to phosphorylate emerin and lamin to induce the disruption of nuclear
lamina [9]. Additionally, the kinase UL97 in human cytomegalovirus (HCMV) phosphorylates lamin
A/C to reconstruct the lamina [10]. Similarly, the UL50 and UL53 of HCMYV remodel the nuclear
lamina to allow for the exit of virions from the nucleus [11].

A baculovirus is an enveloped, double-stranded DNA virus, which produces two types of
virions: budded viruses (BVs) and occlusion body-derived viruses (ODVs) [12]. BVs mediate the
viral spreading between insect tissues or cells. The nucleocapsids of progeny virions are assembled
in the nucleus and exit from the nucleus. The most widely accepted model for BV nuclear egress
suggests that nucleocapsids leave the nucleus through budding events at the nuclear envelope [13].
Transmission electron microscopy showed that the nucleocapsids in the nucleus align with the INM
and enter the perinuclear space by budding through the INM [14]. Wheat germ agglutinin-gold
labeling experiments demonstrated that nucleocapsids move from the prominent pore in the nuclear
membrane to the cytoplasm [15]. These data provide evidence that baculoviruses may pass through
the nuclear membrane and then enter the cytoplasm. Recently, it has been shown that the deletion of
open reading frame (orf) 141, orf66, or orf93 of the model baculovirus Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) led to a disability in nucleocapsid egress [16-18].

The nuclear lamina attached to the INM may become a barrier to release of nucleocapsids from
the nucleus. Although it seems likely that baculoviruses pass through the lamina during viral egress,
it is unknown whether or how the lamina is modified during baculovirus infection. In this study, we
cloned the orf sequence of lamin (similar to the Drosophila melanogaster nuclear lamin DmO) in Sf9 cells
and observed some of the changes in 5f9 lamin following baculovirus infection.

2. Materials and Methods

2.1. Cells and Virus

519 cells were cultured at 27 °C in Grace’s medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). The baculovirus vAcBac has been
described previously [19].

2.2. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total intracellular RNAs were isolated from Sf9 cells (3.0 x 10° cells/flask) by TRIZOL
reagent (Invitrogen). The extracted RNA samples were treated with RNase-Free DNase I
(TaKaRa Biotechnology Co. Ltd., Dalian, China) to remove the possible genomic DNA. The
first-strand cDNA was synthesized using reverse transcriptase (Invitrogen) and adaptor primer
(AP) (GCTGTCAACGATACGCTACGTAACGGCATGACAGTGTTTTTTTTTTTTTTTTTT) with 2 g
total RNA as template. The sequence of Bombyx mori lamin was used to search homologues
in 5f9 cell against the SPODOBASE database [20]. Sf9 lamin specific primer pairs, lamin-orf-F
(CGCGGATCCATGTCGTCAAAAACGAAAAAG,) and lamin-orf-R (GCTCTAGATTACATGATAC
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GACAGTTCTCTTC) (BamHI and Xbal sites, respectively, are underlined), were designed based
on two expressed sequence tags that share a high degree of similarity with of Bombyx mori lamin.
The cDNA mixtures were amplified by KOD polymerase (Toyobo, Osaka, Japan) using the primers
lamin-orf-F and lamin-orf-R. The purified PCR products were cloned into pMD-19T vector (TaKaRa)
to obtain lamin-T. The lamin-T was sequenced (Sangon, Shanghai, China). The alignment of lamin
nucleotide and protein sequence of Sf9 cells with that of other species was carried out by the program
Multalin [21]. The identity of lamin nucleotide and amino acids of Sf9 with its homologues was
analyzed by using EMBOSS needle [22]. The coils program was used to predict the coiled-coil
domain [23]. The phosphorylation sites recognized by cdk2 kinase were predicted based on the
previous study [24]. The Predictprotein server was used to predict the NLS [25].

The red fluorescence protein (rfp) gene, amplified from pDsRed2-N1 (Clontech, Palo Alto,
CA, USA) with the primers rfp-F (CCC AAGCTTATGGCCTCCTCCGAGAACGT) and rfp-R
(CGCGGATCCCAGGAACAGGTGGTGGCGG) (Hindlll and BamHI sites, respectively, are underlined),
was digested with HindIIl and BamHI and ligated to pIZ-V5/his vector (Invitrogen), downstream of
the OpMNPV IE2 promoter, to generate piz-rfp. The lamin-T was digested with BamHI and Xbal and
cloned into piz-rfp to generate the piz-rfp-lamin.

2.3. Transmission Electron Microscopy

Sf9 cells (1.0 x 10° cells/35-mm-diameter plate) were infected with vAcBac at a multiplicity of
infection (MOI) of 5. At various time points post-infection (p.i.) (12, 24, 48 h p.i.), the cells were
pelleted, fixed in 2.5% glutaraldehyde overnight at 4 °C, washed three times with 0.1 M PBS (pH
7.2), followed by fixation with 1% osmium tetroxide for 3 h at room temperature. After dehydration
through a graded ethanol (30%-100%), cells were embedded in spur resin. After staining with uranyl
acetate and lead citrate, the ultrathin sections were examined under a Hitachi H-800 transmission
electron microscope (Hitachi Co., Ltd., Tokyo, Japan).

2.4. Transfection

Sf9 cells (1.0 x 10° cells/35-mm-diameter plate) were transfected with 2.0 ug plasmid piz-rfp-lamin
using 8 uL lipofectamine reagent (Invitrogen) according to the manufacture’s instruction. After
incubation for 5 h, the transfection supernatants were discarded and the cells were replenished
with 2 mL fresh grace’s medium supplemented with 10% fetal bovine serum, 100 pg/mL of penicillin
and 30 pg/mL of streptomycin. The nucleus was stained with Hoechst 33258 (blue) at 48 h
post-transfection (h p.t.). The fluorescence was observed with a Zeiss confocal microscope (Zeiss,
Oberkochen, Germany).

2.5. Immunofluorescence

Sf9 cells (1.0 x 10° cells/35-mm-diameter plate) were infected with vAcBac at a MOI of 5. At
various time points post-infection, the cells were washed three times in PBS, and fixed with 4%
paraformaldehyde for 10 min at room temperature. The cells were washed three times in PBS,
permeabilized with 0.5% Triton X-100 in PBS for 10 min. After washing three times with PBS, the cells
were blocked in 3% BSA for 1 h, incubated with anti-Lamin antibody DL67 (diluted 1:10 in blocking
solution, provided by P. A. Fisher, Department of Pharmacological Sciences, University of New York
at Stony Brook) at 4 °C overnight. The cells were rinsed three times with PBS and incubated with
the tetramethylrhodamine isothiocyanate-dextran (TRITC)-labeled anti-mouse IgG (1:100, ZSGB-BIO,
Beijing, China) for 2 h. The cells were washed three times with PBS, stained with Hoechst 33258
for 10 min, rinsed three times with PBS, and observed with a Zeiss confocal microscope.

2.6. Western Blotting

Sf9 cells (1.0 x 10° cells/35-mm-diameter plate) were infected with vAcBac at an MOI of 5. The
cells were harvested at different time points, centrifuged at 10,000 g for 10 min. The pellets were
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suspended in 6 x SDS-PAGE loading buffer (Transgen, Beijing, China) and boiled for 10 min. Protein
samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked in
5% skimmed milk for 1 h. The immunoreactive proteins were detected using anti-lamin ADL67
(1:50) or anti-actin antibody (1:1000; Sangon Biotech, Shanghai, China) incubated at 4 °C overnight.
After washing, the membrane was incubated with anti-mouse or anti-rabit IgG conjugated with
horseradish peroxidase (1:3000, Boster, Wuhan, China) for 2 h. The signal was visualized by enhanced
chemiluminescence system (Amersham). Quantification of western blotting analysis for change in the
amount of lamin was performed by Image-Pro Plus 5.0 software (Media Cybernetics, Silver Spring,
MD, USA). The total amount of lamin at 24, 48, 72, 96 h p.i. was compared with those in mock-infected
cells by one-way ANOVA followed by Dunnett ¢ tests.

3. Results and Discussion

To determine whether the B-type lamins exist in Sf9 cells, Western blotting assays were performed
using the anti-Dm0 antibody, ADL67 and the anti-mouse secondary antibody. A 70 kDa protein band
was observed from the total protein lysates of Sf9 cells (Figure 1A). It has been found that the molecular
weight of nuclear lamin lies between 60 and 80 kDa [7]. The lamin of Sf9 cells is indistinguishable
in its molecular weight from Drosophila lamin Dm0, suggesting that these Sf9 cells do express the
lamin. A 1851 bp fragment was amplified from the Sf9 cell-derived cDNA mixtures by RT-PCR using
the primer pairs (lamin-orf-F/R) and sequenced by using an Illumina MiSeq desktop 316 sequencer
(Figure 1B). The orf of Sf9 lamin (GenBank accession number: KT318393) is predicted to code a protein
of 616 amino acids with a molecular weight of 70 kDa, consistent with the result of the above-mentioned
Western blotting.

Bioinformatics analysis was performed to predict the characteristics of Sf9 lamin. The Coils
program [23] predicted the lamin in Sf9 cells has a central coiled-coil domain at 46418 aa residues,
which may mediate the dimerization of the lamin protein (Figure 1C). A CaaX motif was found at its
C-terminus (Figure 1C). The phosphorylation prediction found two sites that are recognized by cdc2
kinase (47 and 418 aa; Figure 1C). The Predict Protein program [25] predicted that the lamin in Sf9
cells contains two NLS motifs (143-151 and 442-453 aa; Figure 1C). These data indicate that the lamin
contains structural motifs that are similar to the classic lamina of mammalian cells. A comparison
between the amino acids that compose lamins from several sources shows that the lamin in 59 cells
has 92% identity with Bombyx mori lamin, while it is 20%-50% identical to the homologous proteins of
other species (Table 1).

The vertebrate lamina is enclosed in the INM. To observe the cellular localization of Sf9 cell
lamin, the plasmid pIZ-rfp-lamin was constructed in which the Sf9 cell lamin orf fused with the red
fluorescence protein gene was cloned into a pIZ-V5/His vector. The transfection assay indicated that
lamin was distributed around the nuclear rim of Sf9 cells (Figure 1D, solid arrow). These features,
combined with the above biochemical and bioinformatics results, support the conclusion that Sf9 lamin
is classified as a B-type lamin.

To examine whether baculovirus infection induces the disruption of nuclear membrane,
transmission electron microscopy observations were performed in Sf9 cells infected by vAcBac or
mock-infected. The results indicated that the nuclear membrane was intact and smooth at 12 h p.i.
compared with the mock-infected cells (Figure 2A,B, white arrow); however, at 24 h p.i., the nuclear
membrane invaginated into the cytoplasm, and the progeny virus nucleocapsids oriented toward the
invagination regions, suggesting that the nucleocapsids may pass through the nuclear membrane
(Figure 2C,D, black arrow). Interestingly, the outer and inner nuclear membranes appeared to be
separated and broken in the circumscribed region at 48 h p.i. (Figure 2E,F, white arrow). It has been
previously shown that both the mechanical tearing of the lamina and the biochemical modification
of lamin Bl filaments are required for nuclear membrane breakdown [26,27]. We propose that the
lamin proteins in S5f9 cells may be involved in the partial disintegration of the nuclear membrane.
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Taken together, these results imply that baculovirus nucleocapsids may pass through the lamina before
arriving at the nuclear membrane.
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Figure 1. The expression and bioinformatic analysis of lamin in Sf9 cells. (A) The total protein was
extracted from Sf9 cells, subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to a polyvinylidene fluoride (PVDF) membrane. The protein was detected
with an anti-Dm0 monoclonal antibody, ADL67, and the bound antibody was detected with an
HRP-labeled secondary antibody. The protein sizes are indicated on the right. (B) Total RNAs were
isolated from Sf9 cells, and the RNA samples were treated with RNase-free DNase I. The first-strand
cDNA was synthesized by reverse transcription using 2 ug total RNAs as template. The cDNA mixtures
were amplified by KOD polymerase using lamin-specific primers. The approximate molecular size in
bp is shown. (C) The predicted structure of Sf9 cell lamin. The lamins have a central coiled-coil domain
(blue box) flanked by short head and long tail domains. The coiled-coil domain is flanked by cdc2
phosphorylation sites. Two NLSs were predicted in the coiled-coil domain and the tail domain. The
CaaX motif is in the C-terminal. (D) Sf9 cells were transfected with plZ-rfp-lamin plasmids to show the
sub-cellular distribution of lamin. The nucleus was stained with Hoechst 33258 (blue) at 48 h p.t., and
the lamin expression (red) was observed by fluorescence microscopy.

Table 1. Comparison of the deduced amino acid sequence of lamin from Sf9 cells with the sequences
from Bombyx (Bombyx mori, GI: 512922266), Drosophila (Drosophila melanogaster, GI: 667674288),
Mus (Mus musculus, GI: 15929760), Homo (Homo sapiens, GI: 224901), and Xenopus (Xenopus laevis,
GI: 156119432).

Amino Acid Identity (%)

Sf9 Bombyx Drosophila Mus Homo
Bombyx 92
Drosophila 50 50
Mus 33 33 31
Homo 31 30 29 78

Xenopus 20 20 18 41 34
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Figure 2. Electron microscopy of vAcBac-infected Sf9 cells. Panels (A) and (B) show the intact nuclear
membrane in mock-infected cells and cells at 12 h post-infection (p.i.), respectively. The white arrows
indicate the nuclear membrane. Panels (C) and (D) show the egress of nucleocapsids from the nuclear
membrane at 24 h p.i. Inset shows the boxed region at higher magnification. The black arrows
indicate the egress of progeny viral nucleocapsids from the nuclear membrane. Panel (E) and (F)
show the remodeled nuclear membrane at 48 h p.i.. The white arrows indicate variation within
the nuclear membrane. Bar, 500 nm (A,B,C,D,F), and 1000 nm (E). Nu, nucleus; ¢, cytoplasm; nm,
nuclear membrane.

To determine whether the total amount of lamin in Sf9 cells changes during baculovirus infection,
vAcBac-infected cells were examined by Western blotting assays using the ADL67 antibody. The
results indicate that throughout the progression of viral infection (24, 48, 72, 96 h p.i.), the total amount
of lamin was significantly decreased compared with the amount in mock-infected cells (F = 9.163,
p =0.002) (Figure 3A,B).
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Figure 3. Examination of the amount of lamin during AcMNPV infection. (A) Sf9 cells were infected
with vAcBac at amultiplicity of infection (MOI) of 5. At various time points (24, 48, 72, 96 h p.i.), the
cells were harvested, and the proteins were separated on a 10% polyacrylamide gel and analyzed
by western blotting using the anti-Dm0 monoclonal antibody, ADL67, or anti-actin antibody, and
the bound antibody was detected with the HRP-labeled secondary antibody. (B) Western blotting
analysis of changes in the amount of lamin during baculovirus infection. Amounts of lamin were
determined by measuring of band densities using Image-Pro Plus 5.0 software. Obtained values were
adjusted to actin levels. Mean values (+ SE) of lamin protein levels of three different experiments are
shown. The Dunnett ¢ tests were used to compare the difference between the total amount of lamin in
vAcBac-infected cells at 24, 48, 72, 96 h p.i. with those in the mock-infected cells (*p < 0.05, ** p < 0.01)
after an F test.

Baculovirus infection induces the formation of intranuclear microvesicles in the nucleus. During
the late phase of infection, the nucleocapsids localized in the ring zone are enveloped in the intranuclear
microvesicles to form the occlusion body-derived viruses [13]. The AcMNPV ac93 and ac76 proteins
may be required for the formation of intranuclear microvesicles [18,28]. Currently, the composition
and structure of these vesicles is unclear, but the intranuclear microvesicles are thought to be derived
from the INM [29]. Considering the fact that the nuclear lamina is associated with the INM, we cannot
exclude the possibility that the nuclear lamin may also be implicated in the formation of microvesicles.
Furthermore, invertebrate lamins are involved in chromatin condensation and the repression of gene
expression [5]. The Hoechst 33258 can bind to chromatin in situ and so was used in this study to stain
the nucleus [30]. In Sf9 cells that are infected with vAcBac, the chromatin stained by Hoechst 33258
appeared to be condensed and degraded (Figure 4). A previous study also found that baculovirus
infection leads to a shutdown of protein synthesis for the majority of host proteins [31-33]. It is
necessary to determine whether the changes in the chromatin properties and the decrease in protein
synthesis are related to the changes in the nuclear lamina.
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Mock
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Figure 4. The conformational changes of nucleus lamin during AcMNPV infection. Sf9 cells were
infected or mock-infected with vAcBac (expressing GFP) at an MOI of 5 and then fixed in 4%
paraformaldehyde. The fixed cells were stained using the anti-Dm0 monoclonal antibody, ADL67, and
visualized using a tetramethylrhodamine isothiocyanate-dextran (TRITC) labeled anti-mouse IgG (red).
The nucleus was stained with Hoechst 33258 (blue). The white arrows indicate that the lamina showed
a ruffled staining pattern with the formation of invaginations in Sf9 cells infected with Autographa
californica multiple nucleopolyhedrovirus (AcMNPV).

To monitor whether baculovirus infection alters the lamina distribution in Sf9 cells,
immunofluorescence assays were performed. The results indicate that, in Sf9 cells infected with
vAcBac, the lamin had a round or ovoid shape at the nuclear periphery (Figure 4). The obvious
disruption of lamin, like that during herpesvirus infection, was not observed till at late stage of
infection (96 h p.i). Interestingly, the lamina in Sf9 cells showed a ruffled staining pattern with the
formation of invaginations (Figure 4, solid arrow). However, in mock-infected cells, the lamina was
evenly distributed at the nuclear periphery without the formation of invaginations (Figure 4). As we
know, the cell infection cycle of baculoviruses ends with cell death at approximately 72 h p.i., which
may be result from virus-induced cell apoptosis. We presume that the observed invaginations of
lamina may be due to the apoptotic process induced by AcMNPV. Taken together, these data indicate
that baculovirus infection may have certain influence on the morphogenesis of lamin in the nucleus of
S19 cells.

From the above results, it has been found that Sf9 cells reveal the morphologic distortion and
the significant decrease in the amount of the lamins during baculovirus infection. However, the
lamina did not undergo remarkable structural alternations, differing from what have been observed
during herpesvirus infection. This implies that the nucleocapsids of ACMNPV may gain access to the
INM by the intricate ways. Firstly, baculovirus may pass through the lattice of lamina of insect cell
directly and then arrive at the INM. Goldberg et al. found that the distance between associated lamin
filamenets of Xenopus oocyte is approximately 15-16 nm [25]. The diameter of rod-shaped baculovirus
budded virus is approximately 40-50 nm. The lattice of the lamina of Sf9 cells may be relatively
large and the rod shaped nucleocapsids have access to traverse it. Secondly, the lamin protein may
be not homogeneously distributed at the INM in virus-infected Sf9 cells, which is favorable for the
nucleocapsids to pass through the lamina. These possibilities will be verified in our future experiments.
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In conclusion, the lamin gene exists in Sf9 cells and AcMNPV infection results in the significant
decrease of the amount of lamin and the formation of invaginations at the nucleus rim. This study
may lay the foundation for research on the mechanism of baculovirus nucleocapsid passing through
the nuclear membrane and the formation of intranuclear microvesicles.

Acknowledgments: This work was supported by grants from the National Natural Science Foundation of
China (31501701), the National Natural Science Foundation of China (31371386), the Plant Foundation for
Young Scientists of Henan University (CX0000A40557), and the Student Innovation Training Program of Henan
University (15NB067). We thank Fengling Wang, Yang An and Mingliang Chen for excellent experimental
assistance; Junli Zhang, Hang Zhao for their help with the confocal fluorescence microscopy; and Bichao Xu at the
Core Facility Center and Technical Support, Wuhan Institute of Virology for her help with electron microscopy:.

Author Contributions: X.S., S.J. and W.W. conceived and designed the experiments. WW., HW., X.L.,S.Y,, HLL,,
X.K. and N.F. contributed to performing of the experiments. W.W. prepared the manuscript. X.S., W.W. and H.-W.
analyzed the data and revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reddy, K.L.; Zullo, ].M.; Bertolino, E.; Singh, H. Transcriptional repression mediated by repositioning of
genes to the nuclear lamina. Nature 2008, 452, 243-247. [CrossRef]

2. Taimen, P; Pfleghaar, K.; Shimi, T.; Moéller, D.; Ben-Harush, K.; Erdos, M.R.; Adam, S.A.; Herrmann, H.;
Medalia, O.; Collins, ES.; et al. A progeria mutation reveals functions for lamin A in nuclear assembly,
architecture, and chromosome organization. Proc. Natl. Acad. Sci. USA 2009, 106, 20788-20793. [CrossRef]
[PubMed]

3.  Gruenbaum, Y.; Medalia, O. Lamins: The structure and protein complexes. Curr. Opin. Cell. Biol. 2014, 32,
7-12. [CrossRef] [PubMed]

4. Adam, S.A.; Goldman, R.D. Insights into the differences between the A- and B-type nuclear lamins.
Adv. Enzyme Regul. 2012, 52, 108-113. [CrossRef] [PubMed]

5. Melcer, S.; Gruenbaum, Y.; Krohne, G. Invertebrate lamins. Exp. Cell Res. 2007, 313, 2157-2166. [CrossRef]
[PubMed]

6. Peter, A,; Stick, R. Evolution of the lamin protein family: What introns can tell. Nucleus 2012, 3, 44-59.
[CrossRef] [PubMed]

7. Dittmer, T.A.; Misteli, T. The lamin protein family. Genome Biol. 2011, 12, 222. [CrossRef] [PubMed]

8. Reynolds, A.E.; Liang, L.; Baines, J.D. Conformational Changes in the Nuclear Lamina Induced by Herpes
Simplex Virus Type 1 Require Genes UL31 and UL34. ]. Virol. 2004, 78, 5564-5575. [PubMed]

9.  Park, R.; Baines, ].D. Herpes Simplex Virus Type 1 Infection Induces Activation and Recruitment of Protein
Kinase C to the Nuclear Membrane and Increased Phosphorylation of Lamin B. J. Virol. 2006, 80, 494-504.
[CrossRef] [PubMed]

10. Hamirally, S.; Kamil, ].P.; Ndassa-Colday, Y.M.; Lin, A.J.; Jahng, W.J.; Baek, M.C.; Noton, S.; Silva, L.A.;
Simpson-Holley, M.; Knipe, D.M.; et al. Viral Mimicry of Cdc2/Cyclin-Dependent Kinase 1 Mediates
Disruption of Nuclear Lamina during Human Cytomegalovirus Nuclear Egress. PLoS Pathog. 2009, 5,
€1000275. [CrossRef] [PubMed]

11. Camozzi, D.; Pignatelli, S.; Valvo, C.; Lattanzi, G.; Capanni, C.; Dal Monte, P; Landini, M.P. Remodelling of
the nuclear lamina during human cytomegalovirus infection: Role of the viral proteins pUL50 and pUL53.
J. Gen. Virol. 2008, 89, 731-740. [CrossRef] [PubMed]

12.  Herniou, E.A.; Arif, B.M.; Becnel, ].J.; Blissard, G.W.; Bonning, B.; Harrison, R.; Jehle, ].A.; Theilmann, D.A.;
Vlak, ].M. Baculoviridae. In Virus Taxonomy Ninth Report of the International Committee on Taxonomy of Viruses;
King, AM.Q., Adams, M.]., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier-Academic Press: San Diego, CA,
USA, 2012; pp. 163-173.

13.  Williams, G.V.; Faulkner, P. The Baculoviruses: Cytological Changes and Viral Morphogenesis during Baculovirus
Infection; Miller, L.K., Ed.; Plenum Press: New York, NY, USA, 1997; pp. 61-107.

14. Knudson, D.L.; Harrap, K.A. Replication of a Nuclear Polyhedrosis Virus in a Continuous Cell Culture of
Spodoptera frugiperda: Microscopy Study of the Sequence of Events of the Virus Infection. J. Virol. 1976, 17,
254-268.


http://dx.doi.org/10.1038/nature06727
http://dx.doi.org/10.1073/pnas.0911895106
http://www.ncbi.nlm.nih.gov/pubmed/19926845
http://dx.doi.org/10.1016/j.ceb.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25460776
http://dx.doi.org/10.1016/j.advenzreg.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22119859
http://dx.doi.org/10.1016/j.yexcr.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17451683
http://dx.doi.org/10.4161/nucl.18927
http://www.ncbi.nlm.nih.gov/pubmed/22156746
http://dx.doi.org/10.1186/gb-2011-12-5-222
http://www.ncbi.nlm.nih.gov/pubmed/21639948
http://www.ncbi.nlm.nih.gov/pubmed/15140953
http://dx.doi.org/10.1128/JVI.80.1.494-504.2006
http://www.ncbi.nlm.nih.gov/pubmed/16352573
http://dx.doi.org/10.1371/journal.ppat.1000275
http://www.ncbi.nlm.nih.gov/pubmed/19165338
http://dx.doi.org/10.1099/vir.0.83377-0
http://www.ncbi.nlm.nih.gov/pubmed/18272765

Viruses 2016, 8, 126 10 of 10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nishimura, T.; Favre, D.; Diirrenberger, M.; Michel, M.R.; Ichihara, I.; Koblet, H. Nuclear export of
recombinant baculovirus nucleocapsids through small pore or nuclear-pore-like structure in Sf9 cells.
Okajimas Folia Anat. Jpn. 1994, 71, 83-97. [CrossRef] [PubMed]

Fang, M.; Dai, X.; Theilmann, D.A. Autographa californica Multiple Nucleopolyhedrovirus EXONO (ORF141) Is
Required for Efficient Egress of Nucleocapsids from the Nucleus. J. Virol. 2007, 81, 9859-9869. [CrossRef]
[PubMed]

Ke, J.; Wang, J.; Deng, R.; Wang, X. Autographa californica Multiple Nucleopolyhedrovirus ac66 is required for the
efficient egress of nucleocapsids from the nucleus, general synthesis of preoccluded virions and occlusion
body formation. Virology 2008, 374, 421-431. [CrossRef] [PubMed]

Yuan, M.; Huang, Z; Wei, D.; Hu, Z,; Yang, K., Pang, Y. Identification of Autographa californica
Nucleopolyhedrovirus ac93 as a Core Gene and Its Requirement for Intranuclear Microvesicle Formation
and Nuclear Egress of Nucleocapsids. J. Virol. 2011, 85, 11664-11674. [CrossRef] [PubMed]

Wei, W.; Zhou, Y.; Lei, C.; Sun, X. Autographa californica Multiple Nucleopolyhedrovirus orf114 is not essential
for virus replication in vitro, but its knockout reduces per os infectivity in vivo. Virus Genes 2012, 45, 360-369.
[CrossRef] [PubMed]

Negre, V.; Hotelier, T.; Volkoff, A.-N.; Gimenez, S.; Cousserans, F; Mita, K.; Sabau, X.; Rocher, J;
Loépez-Ferber, M.; et al. SPODOBASE: An EST database for the lepidopteran crop pest Spodoptera.
BMC Bioinform. 2006, 7, 322. [CrossRef] [PubMed]

Corpet, F. Multiple sequence alignment with hierarchical clustering. Nucleic. Acids. Res. 1988, 16,
10881-10890. [CrossRef] [PubMed]

Rice, P; Longden, I.; Bleasby, A. EMBOSS: the European Molecular Biology Open Software Suite.
Trends. Genet. 2000, 16, 276-277. [CrossRef]

Lupas, A.; Van Dyke, M.; Stock, ]. Predicting coiled coils from protein sequences. Science 1991, 252, 1162-1164.
[CrossRef] [PubMed]

Marin, O.; Meggio, F,; Draetta, G.; Pinna, L.A. The consensus sequences for cdc2 kinase and for casein
kinase-2 are mutually incompatible A study with peptides derived from the -subunit of casein kinase-2.
FEBS. Lett. 1992, 301, 111-114. [CrossRef]

Goldberg, T.; Hamp, T.; Rost, B. LocTree2 predicts localization for all domains of life. Bioinformatics 2012, 28,
1458-i465. [CrossRef] [PubMed]

Beaudouin, J.; Gerlich, D.; Daigle, N.; Eils, R.; Ellenberg, J. Nuclear envelope breakdown proceeds by
microtubule-induced tearing of the lamina. Cell 2002, 108, 83-96. [CrossRef]

Panorchan, P.; Schafer, BW.; Wirtz, D.; Yiider, T. Nuclear envelope breakdown requires overcoming the
mechanical integrity of the nuclear lamina. J. Biol. Chem. 2004, 279, 43462-43467. [CrossRef] [PubMed]

Hu, Z.; Yuan, M.; Wu, W,; Liu, C,; Yang, K.; Pang, Y. Autographa californica Multiple Nucleopolyhedrovirus ac76
Is Involved in Intranuclear Microvesicle Formation. J. Virol. 2010, 84, 7437-7447. [CrossRef] [PubMed]
Braunagel, S.C.; Summers, M.D. Molecular Biology of the Baculovirus Occlusion-Derived Virus Envelope.
Curr. Drug Targets 2007, 8, 1084-1095. [CrossRef] [PubMed]

Stokke, T.; Steen, H.B. Binding of Hoechst 33258 to chromatin in situ. Cytometry 1986, 7, 227-234. [CrossRef]
[PubMed]

Carstens, E.B.; Tjia, S.T.; Doerfler, W. Infection of Spodoptera frugiperda cells with Autographa californica
nuclear polyhedrosis virus 1. Synthesis of intracellular proteins after virus infection. Virology 1979, 99, 386-398.
[CrossRef]

Chen, Y.-R.; Zhong, S.; Fei, Z.; Gao, S.; Zhang, S.; Li, Z.; Wang, P; Blissard, G.W. Transcriptome Responses of
the Host Trichoplusia ni to Infection by the Baculovirus Autographa californica Multiple Nucleopolyhedrovirus.
J. Virol. 2014, 88, 13781-13797. [CrossRef] [PubMed]

Du, X.; Thiem, S. Responses of insect cells to baculovirus infection: Protein synthesis shutdown and apoptosis.
J. Virol. 1997, 71, 7866-7872. [PubMed ]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2535/ofaj1936.71.2-3_83
http://www.ncbi.nlm.nih.gov/pubmed/7808726
http://dx.doi.org/10.1128/JVI.00588-07
http://www.ncbi.nlm.nih.gov/pubmed/17626083
http://dx.doi.org/10.1016/j.virol.2007.12.033
http://www.ncbi.nlm.nih.gov/pubmed/18241908
http://dx.doi.org/10.1128/JVI.05275-11
http://www.ncbi.nlm.nih.gov/pubmed/21880748
http://dx.doi.org/10.1007/s11262-012-0777-y
http://www.ncbi.nlm.nih.gov/pubmed/22739701
http://dx.doi.org/10.1186/1471-2105-7-322
http://www.ncbi.nlm.nih.gov/pubmed/16796757
http://dx.doi.org/10.1093/nar/16.22.10881
http://www.ncbi.nlm.nih.gov/pubmed/2849754
http://dx.doi.org/10.1016/S0168-9525(00)02024-2
http://dx.doi.org/10.1126/science.252.5009.1162
http://www.ncbi.nlm.nih.gov/pubmed/2031185
http://dx.doi.org/10.1016/0014-5793(92)80221-2
http://dx.doi.org/10.1093/bioinformatics/bts390
http://www.ncbi.nlm.nih.gov/pubmed/22962467
http://dx.doi.org/10.1016/S0092-8674(01)00627-4
http://dx.doi.org/10.1074/jbc.M402474200
http://www.ncbi.nlm.nih.gov/pubmed/15292200
http://dx.doi.org/10.1128/JVI.02103-09
http://www.ncbi.nlm.nih.gov/pubmed/20484514
http://dx.doi.org/10.2174/138945007782151315
http://www.ncbi.nlm.nih.gov/pubmed/17979668
http://dx.doi.org/10.1002/cyto.990070302
http://www.ncbi.nlm.nih.gov/pubmed/2423306
http://dx.doi.org/10.1016/0042-6822(79)90017-5
http://dx.doi.org/10.1128/JVI.02243-14
http://www.ncbi.nlm.nih.gov/pubmed/25231311
http://www.ncbi.nlm.nih.gov/pubmed/9311875
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Cells and Virus
	Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
	Transmission Electron Microscopy
	Transfection
	Immunofluorescence
	Western Blotting

	Results and Discussion

