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Abstract

Adenovirus serotypes have been shown to cause drastic changes in nuclear organization, including 

the transcription machinery, during infection. This ability of adenovirus to subvert transcription in 

the host cell facilitates viral replication. Because nuclear actin and nuclear myosin I, myosin V and 

myosin VI have been implicated as direct regulators of transcription and important factors in the 

replication of other viruses, we sought to determine how nuclear actin and myosins are involved in 

adenovirus infection. We first confirmed reorganization of the host’s transcription machinery to 

viral replication centers. We found that nuclear actin also reorganizes to sites of transcription 

through the intermediate but not the advanced late phase of viral infection. Furthermore, nuclear 

myosin I localized with nuclear actin and sites of transcription in viral replication centers. 

Intriguingly, nuclear myosins V and VI, which also reorganized to viral replication centers, 

exhibited different localization patterns, suggesting specialized roles for these nuclear myosins. 

Finally, we assessed the role of actin in adenovirus infection and found both cytoplasmic and 

nuclear actin likely play roles in adenovirus infection and replication. Together our data suggest 

the involvement of actin and multiple myosins in the nuclear replication and late viral gene 

expression of adenovirus.
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INTRODUCTION

Diverse bacterial and viral pathogens induce actin polymerization of host cells to facilitate 

infection. In the nuclei of host cells, a pathogenic mechanism for promoting dynamic actin 

assembly has been described to enable replication in a growing number of viruses. 

Baculovirus, a large double-stranded DNA virus that replicates inside the host nucleus, has 

Address correspondence to: Primal de Lanerolle, Department of Physiology and Biophysics, College of Medicine, University of 
Illinois at Chicago, 835 S. Wolcott MC 901, Chicago, IL 60612, 312-996-6430, primal@uic.edu.
*Indicates Equal Contribution

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Exp Cell Res. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Exp Cell Res. 2015 November 1; 338(2): 170–182. doi:10.1016/j.yexcr.2015.07.025.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



been shown to manipulate nuclear actin for virus gene expression and progeny production 

[1, 2]. Nuclear actin has also been implicated in herpes viral infection [3, 4]. Replication 

compartments formed by herpes simplex virus in infected nuclei were shown to move by 

directed motion and require nuclear actin and myosins [5], and myosin Va shows nuclear 

enrichment upon herpes simplex virus infection [6]. Furthermore, nuclear actin has been 

implicated in the nuclear transport of unspliced mRNA from human immunodeficiency virus 

type 1 (HIV-1) and Mason-Pzifer monkey virus [7, 8]. Although adenovirus infection has 

been shown to result in loss of nuclear actin from Cajal bodies [9], sites of RNA metabolism 

that disassemble in the late phase of adenovirus infection [10–12], no studies have directly 

investigated the role of nuclear actin and myosins in adenovirus infection.

In uninfected cells, nuclear forms of actin and myosins are involved in multiple steps 

required to produce mature transcripts [13]. Actin and myosins have been shown to interact 

with several chromatin remodeling complexes [14] and have been implicated in mediating 

long-range directed movement of chromatin [15, 16]. Nuclear actin has been found to 

regulate transcription by all three RNA polymerases and is important for pre-initiation 

complex formation [13]. Nuclear actin is also associated with hnRNP A proteins [17], which 

along with Cajal bodies are reorganized during adenoviral infection [9, 10]. Moreover, 

nuclear actin has been linked to the nuclear matrix through its interactions with lamins, 

emerin, and nuclear scaffolding proteins [18–21]. Recent work on nuclear actin binding 

proteins has implicated nuclear actin as a potential regulator of nuclear shape and 

organization [22, 23]. Although the functions of actin and myosins in the nucleus are 

becoming clearer, the mechanisms by which they operate are largely unknown.

Human adenovirus type 5 (Ad5, family Adenoviridae, genus Mastadenovirus) is a non-

enveloped icosahedral virus containing a linear double-stranded DNA molecule that 

replicates in the cell nucleus [24]. In a productive adenovirus infection there is a dramatic 

reorganization of the cell nucleus during the intermediate and late phase of lytic infection, 

whereas early viral gene expression does not alter the nuclear organization of mRNA 

biogenesis [24–29]. The transition to the late phase of infection is conventionally defined by 

the onset of viral replication and coincides with the accumulation of viral 72 kD DNA 

binding protein into spot, ring and crescent-like structures [24, 25, 30, 31]. These virus-

induced structures demarcate areas of active viral DNA replication. They also represent 

nuclear sites where newly replicated adenovirus DNA is heavily transcribed by the host 

cell’s RNA polymerase II (pol II) and where the resulting pre-mRNAs are processed [24–26, 

29, 32]. Adenovirus DNA replication occurs at the surface of these compact ring structures 

and transcription and splicing are predominantly detected around these structures [24].

Given the dynamic nuclear reorganization and transcriptional reprogramming caused by 

Ad5 infection and the roles for nuclear actin and nuclear myosins in regulating different 

aspects of RNA metabolism, we hypothesized that nuclear actin and myosins may be critical 

for proper viral infection. Indeed, we found that nuclear actin and myosins are components 

of viral replication centers where they associate with the cell’s transcription machinery. 

Functionally, the role of actin dynamics in Ad5 infection was found to be especially 

important because preventing nuclear actin polymerization reduced the progression of viral 
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infection. Together our data provide novel insights into the mechanism of adenovirus 

infection as well as the regulation of nuclear actin and myosins.

RESULTS

Nuclear reorganization of the cellular transcription machinery after adenovirus infection

Adenoviruses use the host’s cellular RNA polymerase II to transcribe the majority of the 

viral genome [33]. Immunolocalization studies of adenovirus-infected cells have shown that 

pol II, nascent transcripts, and splicing factors are redistributed as a consequence of 

adenovirus infection [24–26, 29]. Areas of active transcription and splicing were shown to 

localize to the periphery of the viral late phase DNA replication centers (structures marked 

by 72 kD labeling) and extended further into the surrounding nucleoplasm than replication 

foci [24].

To examine the roles of nuclear actin and nuclear myosins in adenovirus infection, we first 

examined the spatial distribution of the cellular transcription machinery in adenovirus-

infected cells. HeLa cells were infected with the wild-type Ad5 (1000 VP/cell), fixed, 

permeabilized and stained with an antibody to the viral 72 kD DNA binding protein to 

determine the subnuclear distribution of viral DNA centers by confocal microscopy. Figure 

1 shows the individual patterns of 72 kD protein staining in cells fixed at 21 h post-infection 

(hpi). They represent the predominant morphological forms of viral DNA centers, which 

progressively alter as the intermediate and late phases of lytic infection continue [10, 27]. In 

agreement with these reports [10, 27], we observed that viral infection progressed 

asynchronously. At 21 hpi, some infected cells showed homogeneous staining of 72 kD 

protein throughout the nucleus (Fig. 1B). This is indicative of the early phase of infection 

and is characterized by the production of mRNA and proteins from the early genes (Fig. 

1B). Other cells had organized 72 kD protein into distinct spots (Fig. 1C, arrows), and rings 

(Figs. 1D and E, arrowheads) also known as viral replication centers. The appearance of 

these structures indicates the onset of viral DNA synthesis that marks the transition to the 

late phase of the adenovirus life cycle. As the late phase of adenovirus infection continues, 

enlarged pools of 72 kD protein (Fig. 1F, asterisk), which correspond to increased levels of 

viral RNA synthesis [10, 24], are detected. To be consistent with previous studies [10, 24, 

29] and to facilitate comparison between experiments, we classified 72 kD protein staining 

patterns as follows: (a) Type A - nuclei with a homogeneous distribution of the 72 kD viral 

DNA protein (early phase) and nuclei with discrete dots that indicate the transition from the 

early to intermediate phase (Figs. 1B and C); (b) Type B - nuclei with rings that mark the 

intermediate phase (Figs. 1D and E), which is also considered the start of the late phase [24–

26,29]; (c) Type C - enlarged replication factories typical for the advanced late phase (Fig. 

1F).

The distribution of adenoviral 72 kD protein in infected cells was then compared to that of 

the endogenous general transcription factors such as TATA-binding protein (TBP; Fig. 2A), 

transcription factor IIB (TFIIB; Fig. 2B), transcription factor IIF (TFIIF; Fig. 2C), pol II 

(Fig. 3), and nascent transcripts (Figs. 2A and 3A). Examination of cells by fluorescence 

microscopy demonstrated that in control cells, TBP and nascent transcripts are distributed 

relatively uniformly throughout the nucleus in small foci [also known as transcription 
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factories] (Fig. 2A). In contrast, in infected cells, most of the TBP appears to accumulate at 

72 kD labeled viral replication centers (Fig. 2A). The viral replication centers also show the 

presence of intense BrUTP staining suggesting that active transcription is ongoing at these 

sites. In agreement, TFIIB (Fig. 2B) and TFIIF (Fig. 2C) also accumulate at ring shaped 72 

kD centers, suggesting the presence of transcription initiation complexes.

Because TBP recruitment to the viral DNA centers was accompanied by the accumulation of 

nascent transcripts as detected by BrUTP incorporation in permeabilized cells (Fig. 2A), we 

investigated the presence of active pol II at the viral DNA centers by staining with 

antibodies to the initiation competent form of pol II (anti-pol II-phosphoserine-5 (H14) 

antibodies). Immunostaining demonstrated the initiation competent form of pol II was also 

concentrated at sites of transcription around the viral DNA centers (Fig. 3A). Pol II 

remained associated with the 72 kD domains in cells pre-extracted to remove soluble nuclear 

components, suggesting that replication factories are tethered to the nuclear matrix (Fig. 

3B). In agreement with previous publications [25, 34], our results indicate that a radical 

alteration in the distribution of the cellular transcription machinery takes place following 

viral infection and that active transcription localizes to the periphery of the 72 kD domains 

in Ad5 infected cells.

Induction of new transcription sites by virus infection causes redistribution of nuclear 
actin

Given the growing literature implicating nuclear actin in viral infections, we assessed the 

effects of adenovirus infection on the spatial distribution of nuclear actin. We observed that 

actin concentrates at viral DNA centers present as rings (Type B; Fig. 4A, magnified view 

1). However, no accumulation of actin at the viral DNA centers was observed at the larger 

pools of 72 kD protein (Type C) as the late phase of adenovirus infection continued (Fig. 

4A, magnified view 2). We also find that nuclear actin, which accumulates around the viral 

DNA centers, co-localized with the initiation competent form of pol II (Fig. 4B). 

Furthermore, aggregates of TBP and TFIIF concentrated at the same viral DNA centers as 

did actin (Fig. 4B). Together, these data suggested nuclear actin is recruited to viral 

replication centers present as rings (Type B) where it localizes with the transcription 

initiation machinery.

Effect of adenovirus infection on nuclear myosin distribution

Along with nuclear actin, nuclear forms of myosin I (NMI), V (MV) and VI (MVI) have 

been implicated in the general regulation of transcription [13, 35–38]. NMI and MV have 

also been implicated in the active movement of herpes simplex virus replication 

compartments [5]. Therefore, we next examined the effect of adenovirus infection on the 

spatial distribution of NMI relative to nuclear actin and viral DNA replication centers (Fig. 

5). Control (non-infected) and HeLa cells infected with Ad5 wt (1000 VP/cell) were triple 

stained using the 2G2 anti-actin antibody, antibodies to NMI and the 72 kD protein. These 

experiments showed that NMI concentrates at the same viral DNA centers as nuclear actin 

during Ad5 infection (Fig. 5A). The profile plot (Fig. 5A, bottom) shows the overlap of the 

anti-NMI (red), anti-nuclear actin (green) and anti-72kD protein (blue) fluorescence 

intensity peaks along a straight line intersecting the viral DNA centers.
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To determine whether active transcription occurs at the viral DNA centers where NMI 

accumulates, nascent transcripts were labeled using BrUTP incorporation in permeabilized 

cells. Triple staining was performed using anti-NMI antibody, anti-72 kD antibody and anti-

pol II-phosphoserine-5 (H14) or anti-BrdU antibody. We observed that NMI and the 

initiation competent form of pol II accumulate at the same viral DNA centers. Moreover, 

nascent transcripts are present at the viral DNA centers where NMI accumulation is detected 

(Fig. 5B). Furthermore, to obtain a higher spatial resolution between NMI and the viral 

replication centers, we performed superresolution structured illumination microscopy (SIM). 

SIM image reconstructions confirm our confocal analysis and suggest that NMI integrates 

around the periphery of the viral replication centers (Fig. 5C).

Studies have described the presence of myosin Va and actin in nuclear speckles [35, 39], 

which also reorganize in the nuclei of adenovirus infected cells [26, 27, 40]. Based on these 

observations, we evaluated the effect of the adenovirus infection on the spatial distribution 

of nuclear myosin V. Figure 6A shows that Ad5 infection causes redistribution of nuclear 

myosin V to the viral DNA centers present as spots and rings (Type A and B; Fig. 6A, 

arrows), similar to nuclear actin. SIM analysis confirmed this localization and suggests NMI 

and MV show a comparable staining pattern around viral replication centers (Fig. 6B).

Myosin VI, a unique minus end directed myosin, has also been described to localize to the 

nucleus where it is involved in regulating transcription [37]. Therefore, we immunostained 

for myosin VI in adenovirus infected cells to determine if this myosin is also redistributed 

upon infection. Surprisingly, we find myosin VI localized adjacent to spots (Type A, Fig. 

6C, arrowhead) and concentrated as foci inside small rings (Type B, Fig. 6C, arrows). 

Indeed, SIM microscopy clearly demonstrated a unique staining pattern for MVI inside the 

replication factory rings (Fig. 6D).

Role of the nuclear actin in the progression of viral infection

We then investigated if actin is involved in the progression of viral infection by treating cells 

with Latrunculin B (Lat B). Lat B binds monomeric actin with 1:1 stoichiometry and can be 

used to block actin polymerization both in vitro and in cells [41]. HeLa cells were treated 

with Lat B at the final concentration of 0.5 µM for 1 h prior to infection and subsequently 

washed out after infection. At 8 hpi, western blot analysis or imaging was performed to 

assess expression of 72 kD protein as a measure of replication potential. We find that the 

expression of 72 kD protein was dramatically lowered in cells pretreated with Lat B (Fig. 

7A). Similarly, immunostaining 8 hpi showed that fewer cells expressed the 72 kD protein 

when pretreated with Lat B as compared to control cells (Fig. 7B).

To confirm the effects of Lat B and delineate the specific impact of nuclear from 

cytoplasmic actin polymerization, we transfected cells with constructs encoding actin 

mutants that resist polymerization (R62D, G13R) or that favor F-actin assembly (S14C) [42, 

43] and targeted the mutant actins to the nucleus by attaching a nuclear localization signal 

(NLS). Cells were infected with Ad5 wt (1000 VP/cell) 24 hours after transfection, fixed at 

21 hpi, stained with anti-72 kD and imaged using confocal microscopy. Figure 7C shows the 

percentage of replication competent cells as gauged by 72 kD expression in each condition. 

Expression of R26D NLS actin and G13R NLS actin, which retard polymerization, 
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significantly reduced the number of cells undergoing replication. In contrast, the S14C NLS 

mutant that favors actin polymerization had no effect, suggesting the polymerization of actin 

is necessary for Ad5 replication. The cytoplasmic R62D actin mutant (without a NLS) also 

decreased the number of cells with 72 kD staining, but the effect did not reach statistical 

significance. Thus, Ad5 infection not only depends on cytoplasmic actin dynamics, but actin 

polymerization also seems to be needed in the nucleus. Surprisingly, cells overexpressing 

NMI or a mutant NMI with a lower affinity for actin (E407V) [5] or treatment with a 

potential myosin VI inhibitor [44] did not significantly change 72 kDA expression (not 

shown).

To further analyze the effect of nuclear actin polymerization on the progression of viral 

infection, we examined the localization of the mutant forms of actin with respect to the viral 

DNA centers (Fig. 8A). While expression of R62D actin without a NLS showed minimal 

accumulation in the nucleus and at viral DNA centers, both nuclear actin mutants (S14C 

NLS and R62D NLS) colocalized with 72 kD at Type B viral replication centers similar to 

endogenous actin (Fig. 4). Despite this co-localization, we find that the percentage of Ad 

infected cells with nuclear morphology typical for the late phase of Ad infection (Type B 

and C; Fig. 8B) was reduced in cells expressing R62D NLS actin (Fig. 8B). Again, the 

R62D actin mutant without a NLS had less of an effect, and expression of S14C NLS actin 

had no effect. Correspondingly, expressing R62D NLS actin resulted in a significant 

increase in the number of cells with nuclear morphology typical for the early phase of Ad 

infection (Type A; Fig. 8B). These results suggest the expression of the nuclear form of 

actin that impedes polymerization blocks progression of Ad-infected cells through the 

intermediate stage of viral infection.

DISCUSSION

This study confirms that adenovirus infection causes reorganization of the major sites of 

transcription in the host cell. In agreement with previous observations, adenoviral 

subversion of the host nucleus results in the re-localization of general transcription factors 

and pol II to sites of viral transcription (Figs. 2 and 3). Moreover, we find the novel 

recruitment of nuclear actin and myosins to these sites of active transcription (Figs. 4–6). 

Similar to the transcription initiation complex, nuclear actin and myosins associate with 

specific viral replication centers (classified here as Type B) that are formed in the nuclei of 

Ad-infected cells during the onset of the late phase of infection. The recruitment of actin and 

certain myosins to the virus-induced ring structures and previous studies implicating nuclear 

actin and myosin in transcription [13] suggest roles for these proteins in adenoviral 

infection. Indeed, we find disruption of both cytoplasmic and nuclear actin has deleterious 

effects on the ability of Ad5 to infect the host cell, as well as on the progression of late 

phase of Ad5 infection (Figs. 7 and 8).

Adenovirus infection has been shown to change the distribution of proteins critical for 

transcription and splicing such as pol II, coilin, and SP35 [10, 26]. These markers for sites of 

transcription and splicing reorganize from discrete nuclear bodies to the periphery of 

adenovirus late phase replication compartments. The observation that nuclear actin and 

myosins are also reorganized to these same sites highlights the importance of nuclear actin 
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and myosins in host cell transcription and splicing. Furthermore, our finding that changes in 

nuclear actin polymerization are able to alter adenoviral infection confirms the importance 

of these proteins in the viral life cycle as well. Intriguingly, we found different nuclear 

myosins are recruited to different parts of viral replication centers, suggesting potentially 

unique functions for each myosin protein (Figs. 5 and 6). Surprisingly, neither NMI 

overexpression nor MVI ATPase inhibition caused significant alterations in viral replication 

(data not shown), however tools to probe the different structural and motor activities of the 

non-conventional myosins remain lacking [45, 46]. Because nuclear actin, NMI and MVI 

are known general transcription factors and components of the pre-initiation complex [37, 

38, 47], recruitment of these proteins to sites of pol II probably facilitate transcription of the 

viral genome. On the other hand, we cannot exclude their potential role in viral DNA 

replication since both of these processes have been localized to the same centers [24]. 

Nuclear actin and myosins have also been associated as components of the nuclear matrix 

[13], suggesting that a polymerization competent form of nuclear actin may also be 

necessary to organize and tether the viral replication compartments to the nuclear matrix 

(Fig. 3B). The distribution of the nuclear myosin proteins using SIM microscopy hints at the 

potential for the nuclear myosins to be serving as structural proteins, tethering the 

components of the viral replication compartments in place (Figs. 5C, 6B, 6D). However, it 

remains unclear if the interaction between nuclear actin and myosins is a novel method to 

help organize viral nuclear compartments and/or if these proteins are recruited as a part of 

the host cell transcription complex.

Our finding that nuclear actin and myosins are involved in adenovirus infection joins a 

growing list of studies implicating these proteins in the life cycle of viruses that replicate in 

the nucleus. Indeed, the manipulation of nuclear actin may be a conserved mechanism, since 

multiple nuclear replicating viruses require nuclear actin and myosins to different extents. 

Previous studies have shown that baculovirus can manipulate nuclear actin polymerization 

via Arp2/3 to infiltrate the nucleus [1], and herpes virus may also manipulate nuclear actin 

polymerization for infection and replication [3–5]. Our results suggest nuclear actin and 

myosins may be involved in the subversion of transcription from the host to the viral 

genome, but how adenoviruses regulate nuclear actin and myosins remains unknown. 

Previous studies have shown that adenovirus is able to actively subvert the host’s actin 

network. Work in the Ad2 serotype has shown that E4orf4 protein is able to bind Rho 

GTPases to regulate actin dynamics in the cytoplasm [48]. Because many of the same actin 

binding proteins, including WASP, Rho, and Rac1, have been shown to regulate actin 

dynamics in the nucleus as well [22, 49, 50], it is possible that viral proteins regulate nuclear 

actin dynamics. Also intriguing is the ability of actin to serve as both a substrate and as a co-

factor along with viral DNA to activate the adenovirus protease in the late stages of infection 

[51]. Future studies will be needed to discern how adenoviruses are able to subvert nuclear 

actin and myosins.

Given the importance of adenoviruses in respiratory disease progression and gene delivery 

advances, understanding how this virus replicates has significant benefits. Our finding that 

nuclear actin and myosins are important factors in the infection cycle of adenoviruses 

provides insights into the necessity of these proteins for both adenoviral infection as well as 

mammalian cell function.
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MATERIALS AND METHODS

Cell culture and adenovirus infection

HeLa cell monolayer cultures were maintained in Dulbecco's modified minimum essential 

medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin and 

streptomycin in a humidified atmosphere containing 5% CO2 at 37°C. Subconfluent cells 

were infected with wild-type human Adenovirus, Type 5 (Ad5 wildtype, ATCC, catalog No. 

VR-1516) at a multiplicity of infection of 120 infection units (IFU) per cell (1000 viral 

particles (VP)/cell). Briefly, cells were washed once with DMEM supplemented with 2% 

(v/v) FBS and inoculated with virus in DMEM with 2% FBS. During the incubation for 1 h 

cells were agitated four to five times. Afterwards, the medium was removed and replaced by 

fresh medium supplemented with 10% serum. Cells were incubated at 37°C until the time 

for fixation and processing for immunofluorescence.

Antibodies

The following primary antibodies were used: the monoclonal antibody B610 against the 

viral 72-kDa (72K) DNA binding protein to identify viral replication centers (kindly 

provided by Dr. Arnold J. Levine, Institute for Advanced Study) [52], the monoclonal 

antibody to β-actin produced in mouse (clone AC-15, ascites fluid, Sigma Aldrich), the 

mouse monoclonal antibody 2G2 against actin [53] (kindly provided by Dr. Brigitte 

Jockusch, Technical University of Braunschweig, Germany), the mouse monoclonal anti-

BrdU antibody (clone BMC 9318, Roche) used to detect nascent RNA following Br-UTP 

incorporation, the rabbit polyclonal antibody specific for TBP (Santa Cruz Biochemical), the 

mouse monoclonal H14 antibody to phosphorylated serine 5 of the C-terminal domain of pol 

II (Covance) or the polyclonal pan-Pol II antibody (n-20, Santa Cruz), the rabbit polyclonal 

anti-TFIIB antibody (Santa Cruz), the rabbit polyclonal anti-TFIIF antibody (Santa Cruz), 

rhodamine phalloidin (Cytoskeleton Inc.), polyclonal myosin V antibody (kindly provided 

by Dr. Paul C. Bridgman, Washington University), polyclonal myosin VI antibody (KA-15, 

Sigma Aldrich) and the rabbit anti-nuclear myosin I (NMI) antibody developed in our 

laboratory. Secondary antibodies used for immunostaining were goat anti-mouse IgG (H+L), 

IgG (Fc), or IgM and anti-rabbit IgG conjugated with 488, FITC, Texas Red, Cy2, Cy3, or 

Cy5 (Jackson ImmunoResearch Laboratories). Antibody validation and 

immunofluorescence controls can be found in Figure S1 and Table S1.

Immunofluorescence

Ad5 wildtype and mock infected HeLa cells were grown on glass coverslips and harvested 

at various times post-infection. The cells were washed twice in phosphate buffered saline 

(PBS) and subsequently fixed in 4% paraformaldehyde in PBS for 15 min at room 

temperature. After fixation, the cells were permeabilized with 0.5% Triton X-100 in PBS for 

15 min at room temperature. Alternatively, the cells were washed twice with PBS, and 

permeabilized and fixed simultaneously in 4% paraformaldehyde in PBS containing 0.5% 

Triton X-100 for 15 min at room temperature. Free aldehydes were quenched by incubation 

with 25 mM glycine in PBS for 15 min at room temperature. After fixation and 

permeabilization, the cells were rinsed three times in PBS, blocked in PBS containing 1% 

bovine serum albumin (BSA) and 0.2% fish skin gelatin (FSG) for 20 min, incubated for 1 h 
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with primary antibodies diluted in PBS containing 1% BSA and 0.2% FSG, washed three 

times for 5 min in PBS containing 1% BSA and 0.2% FSG and incubated with secondary 

antibodies for 45 min. Alternatively, primary antibodies were fluorescently labeled with 

Zenon®-labeling technology (Life Technologies) using Zenon® Tricolor Mouse IgG1 

Labeling Kit 1 (For Green, Orange and Deep Red Fluorescence Imaging) according to the 

manufacturer’s instructions. DNA was stained with DAPI (0.07 µg/ml in PBS for 5 min) and 

the samples were mounted in ProLong® Antifade mounting medium (Life Technologies).

Visualization of transcription sites

The labeling of nascent transcripts with BrUTP was performed as described previously [54]. 

In brief, cells were lysed by addition of saponin (final concentration 0.25 mg/ml; S-4521; 

Sigma) in PB-BSA (physiological buffer: 100 mM potassium acetate, 30 mM KCl, 10 mM 

Na2HPO4, 1 mM MgCl2, 1 mM Na2ATP, 1 mM DTT, and 0.2 mM PMSF, pH 7.4 [34] 

supplemented with 100 mg/ml BSA and 10 U/ml human placental RNAse inhibitor) for 5 

min, rinsed twice by PB-BSA, and preincubated in PB-BSA (5 min, 35°C). Transcription 

was initiated by adding a transcription mixture to give final concentrations of 100 µM of 

ATP, CTP, GTP, BrUTP, and 0.4 mM MgCl2 in PB-BSA and incubated for 10 min at 35°C 

to allow incorporation. To stop the reaction cells were rinsed by ice-cold PB-BSA and 

immediately fixed in 4% PFA in PBS supplemented with 0.5% Triton X-100 for 15 min. 

BrRNA was immunolabeled using the mouse monoclonal anti-BrdU antibody. The samples 

were further processed for immunofluorescence as described above.

Confocal and SIM microscopy

Immunofluorescence samples were examined using a Zeiss LSM 510 or 710 Laser Scanning 

confocal microscope. The systems were carefully tested for the overlap of optical channels 

(Figure S1). Image files were processed with Adobe Photoshop or Zen software and the 

profile plots of fluorescence intensity peaks along profiles spanning the viral DNA center 

were examined using Image J software. SIM microscopy was performed using a Nikon N-

SIM microscope at the UIC confocal microscopy center.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Adenovirus infection causes dramatic changes in the host’s transcription 

machinery

• Nuclear actin is recruited to viral centers during the late phase of infection

• Nuclear myosin I is recruited with nuclear actin to viral replication centers

• Nuclear myosin V and VI are recruited to distinctive regions of viral centers

• Cytoplasmic and nuclear actin polymerization are necessary for Ad replication
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Figure 1. 
Nuclear morphology of viral DNA centers. Confocal micrographs of a control (non-

infected) HeLa cell (Panel A; no 72 kD staining) and HeLa cells infected with Ad5 wt (1000 

VP/cell) and imaged at 21 hpi. Cells were labeled with an antibody against the viral 72 kD 

DNA binding protein. The homogenous distribution of 72 kD (Type A, Panel B) is 

consistent with the early stages of viral infection. The onset of viral DNA synthesis marks 

the transition from the early to the late phase of infection and is characterized by the 

compaction of viral centers labeled by the anti-72 kD antibody into dots (Type A, Panel C; 
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arrows). The initial part of the late phase is termed the intermediate stage. As the 

intermediate stage progresses, viral centers labeled by the anti-72 kD antibody grow and are 

detected as rings (Type B, Panel D and E; arrowheads). Panels D and E also indicate the 

morphological heterogeneity of the ring structures. As the late phase of adenovirus infection 

continues, enlarged pools of 72 kD protein become present (Type C, Panel F; asterisk), 

which correspond to the advanced late phase. Therefore, Type A cells were classified as 

expressing 72 kD protein in a homogenous nuclear distribution or in discrete dots, indicating 

the transition from the early into the intermediate phase (i.e. the initial part of the late phase) 

(Panels B and C). Cells expressing the viral 72 kD DNA binding protein in rings were 

classified as Type B, indicating the progression of the intermediate phase (Panels D and E) 

and cells expressing enlarged pools of 72 kD were identified as Type C, corresponding to 

the advanced stage of the late phase (Panel F).
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Figure 2. 
Recruitment of the transcription machinery to DNA centers. Confocal micrographs of a 

control (non-infected) HeLa cell and a cell infected with Ad5 wt (1000 VP/cell) imaged at 

21 hpi. (A) Nascent transcripts were labeled using BrUTP in permeabilized cells. Triple 

staining was performed using anti-BrdU (green), anti-72 kD (blue) and anti-TBP (red) 

antibodies. (B) Control and infected cells stained with anti-TFIIB and anti-72 kD and (C) 

anti-TFIIF and anti-72 kD antibodies.
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Figure 3. 
The initiation competent form of pol II accumulates at viral DNA centers. Confocal 

micrographs of a control (non-infected) HeLa cell and a cell infected with Ad5 wt (1000 VP/

cell) and imaged at 21 hpi. (A) Nascent transcripts were labeled using BrUTP in 

permeabilized cells. Triple staining was performed using anti-BrdU (green), anti-72 kD 

(blue) and anti-pol II-phosphoserine-5 (H14) (red) antibodies. (B) Pol II remains associated 

with the viral DNA centers in the nuclear matrix. Ad5 infected cells were pre-extracted with 

0.3% Triton X-100 (TTX100) to reveal components of the nuclear matrix, fixed, and 
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subsequently labeled with antibodies against 72 kD protein (green), pol II (red) and counter-

stained with DAPI (blue).
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Figure 4. 
Ad5 infection results in the redistribution of nuclear actin to viral DNA centers. Confocal 

micrographs of HeLa cells infected with Ad5 wt (1000 VP/cell) imaged at 21 hpi. (A) 

Double staining was performed using the 2G2 anti-actin (red) and anti-72 kD antibodies 

(green). A control non-infected cell is indicated (arrow). Boxed areas 1 and 2 show 

accumulation of 72 kD protein in rings (Type B) and enlarged pools (Type C) of 72 kD, 

respectively. (1) Profile plot of fluorescence signal intensities along the white line 

intersecting viral DNA center in box 1 shows that actin concentrates at the viral DNA 
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centers at the ring stage of infection. (2) Profile plot of fluorescence signal intensities along 

the white line in box 2 shows no accumulation of actin at the viral DNA centers in Type C 

nuclei. (B) Triple staining was performed using anti-actin antibody, anti-72 kD antibody and 

anti-pol II-phosphoserine-5 (H14) or anti-TFIIF or anti-TBP antibody. Magnified views of 

viral DNA centers as indicated in merged images are shown. Actin co-localizes with the 

initiation competent form of pol II around the viral DNA centers and accumulates at the 

same viral DNA centers as TBP and TFIIF.
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Figure 5. 
NMI accumulates with actin, the initiation competent form of pol II and nascent transcripts 

at the viral DNA centers. Confocal micrographs of a control (non-infected) HeLa cell and a 

cell infected with Ad5 wt (1000 VP/cell) imaged at 21 hpi. (A) Triple staining using the 2G2 

anti-actin antibody (green), anti-NMI antibody (red) and anti-72 kD antibody (blue) showed 

that NMI concentrates at the same viral DNA centers as nuclear actin during Ad5 infection. 

(1) A profile plot of the fluorescence signal intensity along the white line intersecting a viral 

DNA center in the boxed area confirmed the co-localization of nuclear actin, NMI and 72kD 
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protein. (B) Triple staining using antibodies to NMI, 72 kD protein, pol II-phosphoserine-5 

(H14) or BrdU to visualize new transcripts was performed. Magnified views of viral DNA 

centers as indicated in merged images are shown. (C) Superresolution SIM reconstruction 

images of NMI (red), 72 kD (green), and DAPI (blue) demarcate the close association 

between NMI and the replication factory periphery.
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Figure 6. 
Redistribution of myosin V and VI following Ad5 infection. Confocal micrographs of HeLa 

cells infected with Ad5 wt (1000 VP/cell) imaged at 21 hpi. (A) Double staining was 

performed using anti-MV antibody (red) and anti-72 kD antibody (green) and counter-

stained with DAPI (blue). Redistribution of nuclear myosin V to the Type B viral DNA 

centers is indicated by arrows. (B) Superresolution SIM reconstruction images of MV (red), 

72 kD (green), and DAPI (blue) demarcate the close association between MV and the 

replication factory periphery. (C) Double staining was performed using anti-MVI antibody 
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(red) and anti-72 kD antibody (green) and counter-stained with DAPI (blue). Redistribution 

of nuclear myosin VI adjacent to type A dots is indicated by arrowhead and localization 

inside Type B replication centers is marked by arrows. (D) Superresolution SIM 

reconstruction images of MVI (red), 72 kD (green), and DAPI (blue) show the distribution 

of MVI within the replication factory.
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Figure 7. 
Depolymerizing actin decreases Ad5 replication. (A) HeLa cells were treated with 

latrunculin B (Lat B; 0.5 mM) for 1 h prior to infection, infected with Ad5 wt (1000 VP/

cell), washed out, and extracted in boiling SDS at 8 hpi. A western blot analysis was 

performed to assess expression of 72 kD protein and GAPDH (loading control). (B) HeLa 

cells were treated with latrunculin B (Lat B; 0.5 µM) for 1 h prior to infection, infected with 

Ad5 wt (1000 VP/cell), and washed out. Cells fixed at 8 hpi were stained with anti-72 kD 

antibody (green), rhodamine phalloidin (red) to mark the F-actin and DAPI (blue). Few cells 
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stain with the anti-72 kD protein antibody when cells are pretreated with Lat B (bottom 

panel). (C) HeLa cells transfected with indicated constructs for 24 hours were subsequently 

infected with Ad5 wt (1000 VP/cell) and analyzed at 21 hpi. The percentage of cells 

expressing 72 kD protein in each condition was scored. Values are means +SEM. 

Expression of the nuclear actin mutants R26D NLS and G13R NLS that are resistant to 

polymerization significantly reduced Ad5 replication. *P < 0.05, **P < 0.01, 1way 

ANOVA, N≥3 independent experiments, > 275 cells/group counted.
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Figure 8. 
Effects of nuclear targeted, actin polymerization mutants on Ad5 infection. (A) Localization 

of mutant forms actin with respect to the viral DNA centers. HeLa cells transfected with the 

indicated constructs for 24 hours were subsequently infected with Ad5 wt (1000 VP/cell), 

fixed at 21 hpi, labeled with anti-72 kD antibody and DAPI, and analyzed by confocal 

microscopy. Both nuclear actin mutants S14C NLS and R62D NLS co-localized with the 72 

kD protein in nuclei with the morphology of Type B viral DNA centers. (B) Nuclear actin 

polymerization is necessary for the progression of the viral infection. The percentage of Ad 
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infected cells exhibiting a Type A 72 kD distribution were scored (left). Transfected cells in 

the late phase of infection, presenting viral replication centers as rings (initial part of the late 

phase/ intermediate phase, Type B, middle) or as enlarged pools of 72 kD protein (Type C, 

right) were also quantified. Values are means +SEM. Expression of a polymerization 

resistant nuclear form of actin mutant (R62D) NLS significantly increases the number of 

cells in the early phase and initial part of the intermediate phase of infection (Type A) and 

reduces the percentage of Ad infected cells transitioning to type B and C replication centers. 

*P < 0.05, 1 way ANOVA, N≥3 independent experiments, > 275 cells/group counted.
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