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Abstract 

The role of the intranuclear movement of chromatin in gene expression is 

not well understood.  Herpes simplex virus forms replication compartments (RCs) 

in infected cell nuclei as sites of viral DNA replication and late gene transcription.  

These structures develop from small compartments that grow in size, move and 

coalesce.  Quantitative analysis of RC trajectories, derived from 4D images, 

show that most RCs move by directed motion.  Directed movement is impaired in 

the presence of actin and myosin inhibitors as well as a transcription inhibitor.  In 

addition, RCs coalesce at and reorganize nuclear speckles.  Lastly, distinct 

effects of actin and myosin inhibitors on viral gene expression suggest that RC 

movement is not required for transcription but rather, movement results in the 

bridging of transcriptionally active RCs with nuclear speckles to form structures 

that enhance export of viral late mRNAs. 
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\body  

Introduction 

Movement of chromatin and its interactions and location in the nucleus are 

believed to be important for regulation of gene expression (1).  A number of 

studies have shown an association between the movement of chromosomal 

domains and changes in transcriptional activity.   In yeast, activation of genes is 

associated with targeting of the gene to the nuclear periphery (2, 3), and this is 

believed to be due to the linkage of actively transcribed genes to the nuclear pore 

complex for RNA export (4).  Lymphoid cell genes move to positions near 

centromeric heterochromatin coincident with transcriptional silencing (5).  

Transcriptional activation of the β-globin locus involves movement of the gene 

away from centromeric heterochromatin (6).  During B cell development the IgH 

and Igκ loci are localized at the nuclear periphery in hematopoietic progenitor 

cells, but they move internally coincident with transcriptional activation in pro-B 

cells (7).  Similarly, the β-globin gene relocalizes to the nuclear interior as it is 

activated during murine erythroid differentiation (8).  Actively transcribed genes 

are also thought to be brought into close contact with nuclear speckles (9, 10), 

sites often regarded as hubs of RNA metabolism.  Although these results link 

gene movement with changes in transcriptional activity, it is unclear whether 

intranuclear movement of chromatin is the cause or the result of changes in 

transcriptional activity (1).  Therefore, it is important to define systems in which 

the function of chromatin movement can be experimentally assessed. 
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Nuclear forms of actin and myosin have been implicated in mediating 

long-range, directed movement (11-13) but the mechanism by which this putative 

nucleoskeletal system operates is unknown.  In addition to their possible roles in 

mediating intranuclear movement, there is increasing evidence for the roles of 

nuclear actin and myosin in cellular transcription, chromatin remodeling and 

mRNA export (reviewed in 14).  How and whether their roles in movement are 

connected to regulation of gene activity is unclear.       

Viruses are simple genetic entities and have often provided precise 

probes of cellular molecular mechanisms.  Viral chromosomes of herpes simplex 

virus (HSV) are replicated and undergo late transcription in intranuclear 

structures called replication compartments (RCs; 15), which are known to move 

and coalesce in nuclei of infected cells during the course of infection (16, 17).  

The function and mechanism of RC movement are unknown.  However, 

lepidopteran nucleopolyhedroviruses, large double-stranded DNA viruses that 

also replicate inside the host nucleus, have been shown to manipulate nuclear G- 

and F-actin for viral gene expression and progeny production (reviewed in 18).  

Pseudorabies virus and HSV have also been shown to induce F-actin formation 

in nuclei of certain cells and viral capsids appear to be associated with these 

structures (19, 20).  Other studies have shown that HSV capsids undergo 

directed movement inside the nucleus (21), which is inhibited by the actin 

polymerization inhibitor latrunculin A (lat A) and the putative myosin inhibitor 2,3-

butanedione monoxime (BDM; 22, 23). Based on the increasing evidence for the 

role of intranuclear movement in gene regulation and its involvement during viral 
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infection, we were interested in the possible roles for movement in HSV-1 gene 

expression.   

HSV-1 transcription, DNA synthesis, and capsid assembly all occur in the 

nucleus and are temporally regulated by a cascade of immediate-early (IE), early 

(E), and late (L) gene expression.  As mentioned above, these processes are 

also spatially regulated in the form of intranuclear compartmentalization (24).  

RCs, which were first identified by the presence of ICP8, an HSV single-stranded 

DNA binding protein (15), develop from small structures that grow in size, move 

and coalesce, ultimately filling the entire nucleus and marginalizing host 

chromatin to the nuclear periphery (17, 25-27).  RCs have also been shown to be 

transcriptionally active by the presence of a viral transactivator protein ICP4 (28, 

29) and RNA pol II (30) that co-localize with ICP8.  To better understand the 

mechanism and function of intranuclear movement of RCs, we carried out 4D-

imaging of cells infected with a recombinant HSV-1 strain expressing ICP8 fused 

to GFP to visualize RCs.  Our results showed that the majority of RCs move by 

directed motion and require nuclear actin, myosin, and ongoing transcription.  RC 

movement resulted in coalescence at nuclear speckles.  Interestingly, inhibition 

of directed movement by lat A led to decreased accumulation of viral gene 

transcripts while inhibition by BDM resulted in a defect in export of a late viral 

mRNA.  Combined, our data suggest that HSV RC movement results in bridging 

transcriptional domains within RCs to RNA processing structures in the nucleus 

to enhance export of a subset of late viral mRNAs.   
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Results 

RCs move by an active process 

To better understand the process of RC movement in the context of the 3-

dimensional nucleus, we carried out 4-dimensional (3-D space and time) 

confocal imaging of cells infected with a recombinant HSV-1 strain expressing 

ICP8 fused to GFP (8GFP virus; 17).  Cells were imaged from 4 to 7 hours post 

infection (hpi).   ICP8-GFP localized to bright foci clustered within RCs.  Smaller 

and dimmer individual foci, most likely representing viral pre-replicative sites (15), 

were also present along the nuclear periphery and in the nucleoplasmic space 

between RCs  (Figure 1).  These smaller individual foci exhibited highly 

constrained movement while whole RCs displayed long-range movement, often 

toward another RC (Figure 1 and Movie S1).  When the movement of RCs was 

tracked relative to the position of the nucleus in the 4D datasets, these structures 

moved at an average speed of 0.24 µm/min (up to 0.35 µm/min; SD = 0.056 

µm/min).  RCs traveled distances of up to 5.65 µm during the 3-hour imaging 

period (as calculated by the shortest distance between the first and last frame for 

the longest track).  The observed distances traveled by RCs and the average 

speed of movement are comparable to published reports of long-distance 

movement of chromosomal loci (11).    

To quantify RC movement more rigorously, we developed a motion 

classification approach based on both the anomalous diffusion coefficient (α; 31) 

and 3D relative shape anisotropy (κ2; 32, 33; see Supporting Information for 

definitions).  To obtain an estimate for α, of each trajectory, we computed the 
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mean-square displacement (MSD) as a function of the time interval, Δt.  To 

improve the accuracy of the estimates (31), we restricted the MSD calculations to 

Δt values less than N/3, where N is the total number of available positions in the 

trajectory.  The motion properties of immobile RCs and those exhibiting either 

constrained or diffusive motion were already manifest over short time intervals, 

so the computed α value correlated well with these types of motion.  However, 

because the motion properties of RCs displaying directed motion were evident 

only at a larger temporal scale, the computed value for α often did not 

characterize this type of motion accurately.  Because the positions representing a 

directed motion trajectory exhibit a highly anisotropic scatter, a more effective 

way to detect this type of motion was to characterize the shape of the trajectory 

via its 3D relative shape anisotropy κ2 (32; see Figure 2A for sample RC 

trajectories, their ellipsoid of gyration, and κ2 values, which are defined as a 

function of the squared lengths of the semi-axes of the ellipsoid).   Our 

hierarchical approach for determining the motion type of the RCs therefore first 

employed κ2 to distinguish trajectories exhibiting directed motion from those 

displaying random motion.  Trajectories with isotropic shapes were then further 

classified into confined diffusion, obstructed diffusion, or simple diffusion, based 

on their α values and the classification scheme in Bacher et al. (34; see Figure 

2B for sample MSD curves that correspond to trajectories shown in Figure 2A).  

Based on this hierarchical analysis approach, 74% of RCs appeared to undergo 

directed motion, 13% displayed simple diffusion and 13% displayed obstructed 

diffusion (Figure 2C; control; n=5 nuclei, 23 RCs analyzed).  None of the RCs 
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displayed confined diffusion.  These results showed that the majority of the RCs 

moved by an active process. 

 

Active movement of RCs depends on nuclear actin, myosin I and 

transcription 

 Active movement of transgenes has been reported to involve nuclear actin 

and nuclear myosins such as nuclear myosin I (NMI; 11-13).  To determine if 

nuclear myosin was involved in the active transport of RCs, we treated cells with 

BDM at 3 hpi and imaged the cells from 4-7 hpi.  Because BDM also affects 

cytoplasmic myosin function, we treated cells with BDM starting at 3 hpi to allow 

unobstructed viral entry and to minimize potential effects on cytoplasmic 

trafficking of incoming virions, which could in turn affect RC growth and 

dynamics.  An average of four nuclei and 22 RCs were analyzed per treatment to 

determine the distribution of motion types as described in the previous section.  

BDM-treated cells showed a significant decrease in the fraction of RCs 

undergoing directed motion and an increase in RCs undergoing obstructed 

diffusion (Figure 2C; p=0.011, Table S1).  To determine the role of nuclear actin 

in RC movement, we also treated cells with lat A at 3 hpi.  Treatment with this 

drug also led to a significant decrease in the fraction of RCs undergoing directed 

motion and an increase in those undergoing obstructed diffusion (Figure 2C; 

p=0.006, Table S1).  It should be noted that viral entry and cytoplasmic trafficking 

of HSV-1 in Vero cells, the cell type used in our experiments, occur 
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independently of actin (35), consistent with the effects of lat A affecting nuclear 

and not cytoplasmic viral functions.   

To determine whether nuclear myosin I (NMI) was specifically involved in 

the directed movement, we transfected cells with a plasmid expressing a 

dominant-negative form of NMI (NMI-E407V).  NMI-E407V is a mutant form of 

NMI that has impaired actin binding and motor activity and has been shown to 

reduce chromosomal loci movement (11).  Expression of NMI-E407V led to a 

decreased number of RCs undergoing directed motion (Figure 2C; p=0.001, 

Table S1).  To confirm the effects of lat A, we also transfected cells with a 

construct encoding a dominant-negative form of nuclear actin (actin-G13R).  

Actin-G13R contains an NLS sequence and is a non-polymerizable mutant form 

of actin, which has been shown to inhibit long-range movement of chromosomal 

loci (11).  Expression of actin-G13R also led to a decrease in the fraction of RCs 

undergoing directed motion (Figure 2C; p=0.013, Table S1).  However, the effect 

was not due entirely to the dominant negative mutation because cells transfected 

with a plasmid encoding a YFP-tagged, nuclear-targeted wild-type actin (actin-

NLS) also showed a decrease in the fraction of RCs undergoing directed motion 

(Figure 2C; p=0.038, Table S1). All cells (including controls) were co-transfected 

with a plasmid encoding mCherry-tagged lamin A (mCh-LA) to correct for nuclear 

rotation and translation during RC tracking analysis.  Therefore, the observed 

inhibitory effect is most likely not due to non-specific effects of over-expressing a 

nuclear protein.  
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Previous studies had shown that transcription is involved in long-range 

movement of chromosomal loci (12, 36).  Therefore, we treated cells with the 

RNA pol II inhibitor, α-amanitin, at 4 hpi.  The α-amanitin treatment led to a 

significant decrease in directed movement (Figure 2C; p=0.002, Table S1).  In 

contrast, treatment of cells with a protein synthesis inhibitor, cycloheximide, at 4 

hpi did not lead to a significant change in the distribution of movements (Figure 

2C; p=0.355, Table S1).  These results argued that directed RC movement 

involves nuclear actin, myosin and ongoing transcription.   

  

RCs coalesce at nuclear speckles 

Previous studies have reported the clustering of co-regulated genes at 

nuclear speckle bodies (9, 13, 37).  To determine whether RCs were coalescing 

at speckles, we first carried out indirect immunofluorescence analysis of infected 

cells at various times post infection using antibodies specific for SC35, one of the 

major components of speckles, and for ICP8.  In the resulting time-series of 

images (Figure 3A), RCs were frequently found adjacent to SC35-positive 

speckles.   In some cases, speckles were associated with more than one RC, 

and some RCs were associated with more than one speckle (see 5hpi panel).  

Both RCs and speckles were re-organized so that by 6hpi, many cells contained 

large RCs bordered by a few large speckles (see 6hpi panel in Figure 3A).  To 

determine if movement or transcription played a role in this association, we 

treated cells with either lat A, BDM or control medium at 1hpi or with α-amanitin 

at 4 hpi.  When fixed and processed at 4.5hpi, all cells showed RCs associated 
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with speckles, including those treated with the various drugs (Figure 3B).  

Speckle bodies appeared rounder and smaller in α-amanitin-treated cells, and lat 

A-treated cells exhibited nuclei that were smaller and more convoluted but the 

majority of RCs were still found adjacent to speckle bodies.  These results 

argued that the initial association between RCs and speckles did not depend on 

actin or myosin.    

To examine potential interactions between speckles and RCs in live cells, 

we transfected cells with a plasmid encoding mCherry-tagged SC35 protein 

(mCh-SC35).  At 24 hrs post transfection, we infected the cells with 8GFP virus 

and started imaging them at 4 hpi (Figure 4A and Movie S2).  mCh-SC35 

localized to structures that resembled speckle bodies.  At 4 hpi, the majority 

(78%) of RCs were adjacent to these SC35-positive speckles.  Live-cell imaging 

revealed that ~91% of RCs coalesced, and 100% of these coalescence events 

occurred in association with a speckle body.  Three main types of RC movement 

patterns relative to speckles were observed:  independent movement of RCs 

(type 1) that either resulted in contact with a speckle (Figure 4A-1a) or with an 

RC that was associated with a speckle (Figure 4A-1b); movement of RC on the 

surface of a speckle (type 2; Figure 4B-2); and movement of RCs with speckles 

(type 3; Figure 4B-3).  Speckles were also observed to merge during type 3 

movement.  Approximately 42% of RCs moved independently, ~40% moved on 

the surface of a speckle, and ~7% moved with a speckle (Figure 4C).  The 

number of RCs moving on the surface of a speckle may be under-estimated 

because such movement was only identifiable when there were at least two RCs 
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on a common speckle where one could serve as a fiducial mark.  To determine 

which of these three types of movement required actin, myosin or transcription, 

we treated cells with control, lat A, or BDM medium at 3 hpi or with α-amanitin at 

4 hpi (Movies S3-5).  An average of 7 nuclei and 44 RCs were analyzed per 

treatment.  Lat A, BDM and α-amanitin treatment all led to significant reductions 

in the number of coalescence events (Figure 4C).  In addition, all three 

treatments also led to significant reductions in both types 1 and 2 movements 

(Figure 4C), indicating that actin, myosin and transcription could be involved in 

mediating these movements.  These drugs did not have a significant effect on 

type 3 movement.  However, the frequency of this type of movement was also 

low in control cells compared to types 1 and 2.     

 

Effects of directed RC movement on viral gene expression and DNA 

replication 

To determine the possible role(s) for directed movement of RCs in viral 

gene expression, we infected cells with HSV-1 and treated them with either lat A, 

BDM or control medium at 3 hpi.  We harvested cells at 3, 7, and 12 hpi, and 

measured RNA and protein levels of three genes, ICP27, ICP8 and gC, 

representative of the IE, E, and L HSV genes, respectively.   RNA levels were 

measured by reverse-transcription and quantitative real-time PCR  (RT-qPCR), 

and protein levels were determined by SDS-PAGE and Western blot analysis.  At 

12 hpi, lat A-treated cells contained reduced levels of all three transcripts 

compared to control medium-treated cells (Figure 5A).  Furthermore, there was a 
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corresponding decrease in levels of the three proteins with the largest decrease 

in gC level at 12 hpi (71% decrease; Figure 5B,C).  In contrast, BDM treatment 

resulted in increased accumulation of both ICP27 and ICP8 mRNAs by 12 hpi as 

compared to control medium (Figure 5A).  gC mRNA levels in BDM-treated cells 

were similar to control medium-treated cells (Figure 5A).  However, the effects of 

BDM on protein levels were similar to lat A-treated cells with modest reductions 

in ICP27 and ICP8 and a significant reduction in gC level (79% reduction; Figure 

5B,C).  Therefore, lat A treatment reduced viral RNA levels generally while BDM 

treatment specifically inhibited the protein levels of gC. 

To determine if inhibition of directed RC movement affected viral DNA 

replication, we harvested cells treated with lat A, BDM or control medium at 3, 7 

and 12 hpi for DNA isolation.  DNA samples were analyzed by real-time PCR, 

using primers specific for the ICP27 gene, to determine viral DNA levels.  At 7 

hpi, lat A- and BDM-treated cells contained ~59% and ~69% of viral DNA found 

in control cells, respectively (Figure 5D).  At 12 hpi, lat A-treated cells contained 

~68% of viral DNA found in control cells and BDM-treated cells contained ~67% 

(Figure 5D).  The reduced level of viral DNA in these cells may be a result of the 

observed decreased levels of IE and E proteins that regulate viral DNA 

replication or by direct inhibition of replication by the drugs.    

 

Effects of directed RC movement on nuclear export of gC mRNA 

 The contrasting effects of BDM on gC mRNA and protein levels led us to 

examine whether inhibition of RC movement by BDM had an effect on nuclear 
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export of gC mRNA.  We incubated cells with lat A, BDM or control medium at 3 

hpi, as described above, harvested the cells at 12 hpi for isolation of nuclear and 

cytoplasmic RNA, and determined the amounts of RNA by Northern blotting, or 

by RT-qPCR to determine relative amounts of gC transcripts (Figure 6A).  Lat A 

treatment did not significantly affect the nuclear-cytoplasmic distribution of gC 

transcripts.  In contrast, BDM treatment led to a ~2 fold increase in the percent of 

gC mRNA present in the nucleus, as compared to cells treated with control 

medium.  BDM treatment did not affect the percentage of ICP27 and ICP8 

transcripts in the nucleus (Figure 6B).  The percentage of ICP5 mRNA encoded 

by a leaky-late gene, in the nucleus, was also not affected by BDM (Figure 6B). 

These results suggested a role for myosin-mediated RC movement in the nuclear 

export of a subset of viral late mRNAs, perhaps true late gene transcripts, such 

as gC.   

 

Discussion 

Movement of RCs  

Our results show that approximately three fourths of HSV RCs move in 

infected cell nuclei by directed motion.  The distance (up to 5.65 µm) and 

average speed of RC movement (0.24 µm/min) are comparable to values 

reported for long-range movement of chromosomal loci (11).  RC movement 

requires nuclear actin, myosin and ongoing transcription.   Furthermore, 

movement results in coalescence of RCs at speckles and re-organization of 

speckle bodies.  Because speckles are considered to be hubs of transcription, 
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RNA splicing, processing and export (reviewed in 37, 38), the observed 

interactions between RCs and speckles further support the idea that RC 

movement is related to RNA metabolism events.   

 

Association with nuclear speckles 

HSV infection has long been known to reorganize speckles into larger 

bodies (39) with ICP27 being required for this reorganization (40, 41). 

Reorganization of speckles may be the result of 1) inhibition of host RNA splicing 

events, which in turn contributes to the inhibition of cellular gene expression 

(reviewed in 42); 2) an indirect effect of inhibiting cellular transcription; or 3) an 

active process at least in part due to the RC and speckle movement shown here.  

Unlike cellular pol II transcripts, the majority of HSV transcripts are intronless.   

Because splicing and RNA processing events are closely linked to nuclear 

export, in the absence of splicing, RCs may need to reorganize and associate 

with speckle bodies to recruit RNA processing and nuclear export factors to sites 

of true late viral gene transcription on progeny viral DNA molecules.   

Similar reorganization of nuclear speckles is known to occur in response 

to heat shock (reviewed in 43) and inhibition of transcription by α-amanitin (44, 

45).  Recent studies showed that heat-shock induced Hsp70 transgenes 

associated with nuclear speckles in a dynamic fashion (46), and this association 

was promoter- and transcription-dependent (47).  Despite the dependence on 

transcription, the level of accumulated nascent transcript did not appear to be 

critical for speckle association.  Other studies involving the association of heat 
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shock genes with speckles showed that this association was independent of the 

presence of introns (48).  However the functional significance of the association 

remains unclear.  Other studies have shown that in cells where transcription was 

inhibited by α-amanitin or heat shock, RNA pol II and splicing factors 

accumulated in speckles (45).  The authors speculate that these results reflect 

the role of speckles as recycling centers for transcription and splicing factors 

especially during periods of transcription inactivation.  Therefore, association of 

HSV-1 RCs with nuclear speckles may be a method to take advantage of the 

heightened concentration of these factors in speckles during infection when host 

transcription is shut down.  

We found that the initial association of RCs with speckles did not require 

actin- and myosin-mediated movement because treatment of cells with lat A or 

BDM at 1hpi did not inhibit association between individual RCs and speckle 

bodies by 4.5hpi.  This initial association could be formed either by diffusion or 

de-novo formation of speckles adjacent to RCs.  Such de novo formation of 

speckle bodies has been reported for cellular transgenes (46).  Promyelocytic 

leukaemia nuclear bodies (PML) have also been shown to form de novo and in 

association with viral genomes at early times post infection (49).  This 

association is part of an intrinsic cellular defense mechanim that represses viral 

transcription and is counteracted by the viral regulatory protein ICP0, which 

induces subsequent degradation of PML (50).  It will be interesting to determine if 

these early ND10-associated viral genomes are also associated with speckle 

bodies and if so, what the spatial and temporal relationships among these three 
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structures are.  In contrast to the initial actin- and myosin-independent 

association, coalescence of RCs at speckles requires actin- and myosin-

mediated movement.  These results suggest that it is not the mere association 

with speckles but rather movement of RCs post-association with speckles and 

the act of coalescence on the surface of speckles that enhance gC mRNA 

export.  Recent studies showed the presence of myosin Va (51) and proteins that 

regulate actin polymer dynamics such as PIP2, profilin and protein 4.1 in nuclear 

speckles (reviewed in 52).  These observations present interesting possibilities 

regarding the recruitment of myosin and F-actin regulators from speckles to 

initiate RC movement.      

 

Role for directed RC movement in viral late mRNA export  

Surprisingly, lat A and BDM treatment, both of which inhibited movement, 

resulted in differing effects on viral gene expression with lat A leading to a 

general reduction in the accumulation of viral transcripts and BDM leading to a 

defect in the nuclear export of gC mRNA.  BDM’s effect on nuclear export may 

be specific for true late transcripts, as export of the leaky late ICP5 mRNA was 

not affected.  This result argues that the inhibition of gC mRNA export is most 

likely a result of inhibiting RC movement and not a result of general export 

inhibition by BDM at late times post infection.  BDM treatment may also inhibit 

other post-transcriptional processing events because the ~2 fold increase in 

nuclear accumulation of gC transcript may not be sufficient to explain the ~79% 

reduction in gC protein levels at 12 hpi.  Alternatively, because degradation of 
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unprocessed mRNA precursors is known to occur in the nucleus (53), our results 

could be an underestimation of the defect in export.  Interestingly, lat A treatment 

appeared to lead to decreased accumulation of nuclear ICP5 mRNA.  This result 

raises the possibility that not all viral genes share a requirement for actin and/or 

myosin. 

We hypothesize that the differing effects on gene expression of two drugs 

that both inhibit movement of RCs could be that the inhibition of movement by 

one is indirect and the other is direct.  Actin has been shown previously to be part 

of pre-initiation complexes and required for transcription by RNA pol II (54).  In 

our model, lat A treatment which inhibited transcription, could inhibit movement 

indirectly.  In contrast, BDM treatment, which inhibited nuclear export, may inhibit 

movement directly.  We speculate that myosin is recruited specifically to RCs 

involved in transcription of true late genes, triggering directed movement towards 

hubs of RNA processing and export (Figure 7).  It is surprising that BDM 

treatment did not lead to decreased levels of mRNA because NMI has been 

shown previously to stimulate basal transcription by RNA pol II (55).  This may 

indicate differences between cellular and viral gene transcription or that BDM 

treatment may affect a different or broader range of myosin isoforms.  

Alternatively, BDM has also been shown to affect the recruitment of proteins 

involved in actin polymerization such as the Arp 2/3 complex (23).  It is possible 

that the inhibition of RC movement by BDM is related to its effects on actin 

polymer dynamics that is distinct from lat A-mediated effects on actin and that 

this property in turn, is involved in post-transcriptional events.    
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Regardless of the mechanism behind the effects of lat A and BDM on RC 

movement, the inhibition of movement by α-amanitin treatment combined with 

the differing effects on viral gene expression by lat A and BDM treatments argue 

that movement is not required for transcription but rather that transcription is 

required for movement  (Figure 7).  Our results are consistent with previous 

studies demonstrating the involvement of transcription in mediating movement of 

genetic loci (12, 47, 36, reviewed in 1).  Furthermore, our results showing that 

BDM treatment inhibits movement without reducing transcript levels, raises the 

possibility that transcription alone does not induce movement but rather the 

recruitment of post-transcriptional processing factors (that are dependent on 

transcription) may be the trigger for movement.  Determination of the exact 

mechanisms by which actin, myosin, transcription and RNA processing events 

cause movement will require further studies.  

Finally, our live cell imaging experiments show that the majority of RC 

movement results in fusion of two or more RCs at speckle bodies.  We 

hypothesize that the fusion of RCs could lead to a structural reorganization in 

both compartments allowing for more efficient incorporation of RNA processing 

factors and/or for the translocation of RNAs into the associated speckle body for 

processing, thus leading to the formation of a hub that is optimized for processing 

and export of a subset of late mRNAs (Figure 7).  It will be important to determine 

if RC movement affects export of other viral transcripts and if so, to determine 

whether they share similar RNA export or processing requirements.   
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 The highly dynamic HSV RCs provide a useful tool for investigating the 

mechanism and function of intranuclear movement and interchromosomal 

interactions in living cells.  Our results support the idea that the dynamic nature 

and positioning of genetic material within the complex nuclear architecture plays 

an essential role in the expression of eukaryotic genes. The movement of 

actively transcribed genes to sites of RNA processing and export may be a 

general mechanism that eukaryotic cells and viruses use to optimize the 

efficiency of coupling of transcription to RNA processing and nuclear export. 

 

Experimental Procedures  
 
Cells and viruses 

 Vero cells used for RNA, protein and DNA isolation, and 

immunofluorescence analysis were grown and maintained in DMEM+10%S 

(Dulbecco’s modified Eagle’s medium (DMEM) with 5% fetal bovine serum 

(FBS), 5% bovine calf serum (BCS), glutamine).  For live-cell imaging studies, an 

ICP8-complementing cell line, V529 (56), was used.  V529 cells were grown and 

maintained in DMEM+10%S containing 400 µg/ml of G418. The ICP8-GFP 

recombinant virus (8GFP) used for live cell imaging experiments is described in 

Taylor et al. (17).  8GFP virus was propagated on V529 cells.  The HSV-1 wild-

type strain KOS used in the rest of the experiments was propagated on Vero 

cells. 

 

Infection 
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 For live-cell imaging experiments, V529 cells were infected with the 8GFP 

virus at multiplicity of infection of 10.  Vero cells were infected with KOS at a moi 

of 10.  At 1hr post incubation with either virus, unabsorbed virus was inactivated 

by treatment with acid wash (40 mM citric acid, 135 mM NaCl, 10 mM KCl, pH 

3.0).  Acid wash was then replaced with DMEV (DMEM with 1% BCS, glutamine, 

streptomycin and penicillin).  For live-cell imaging, DMEV was replaced with 

phenol-free L-15, 1% BCS and glutamine at 4 hpi for the duration of the imaging 

period.    

 

Transfections 

 Cells were transfected with plasmids using the QIAGEN Effectene 

transfection reagent 24 hrs prior to infection.  For tracking experiments, cells 

were transfected with either mCh-LA alone (for drug treatments) or doubly 

transfected with mCh-LA and an actin/myosin plasmid (for dominant-negative 

experiments).  Details regarding the plasmids used can be found in the Extended 

Experimental Procedures.    

 

Drugs 

 Cells were treated with DMEV containing 0.03% DMSO (control medium), 

1mM latrunculin A (lat A; Invitrogen), 20mM 2,3-Butanedione monoxime (BDM; 

Sigma-Aldrich), 10mM α-amanitin (Sigma-Aldrich), or 100 µg/ml cycloheximide 

(Sigma-Aldrich).  For live-cell imaging experiments, drugs were included in the 

imaging medium. 
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Microscopy 

The imaging system consisted of a fully motorized, inverted microscope 

(Zeiss Axiovert 200M) with a piezo-driven stage (Applied Scientific Instrument), 

enclosed in an environmental chamber, coupled to a computer controlled 

spherical aberration correction device (Intelligent Imaging Innovations.), a 

Yokogawa spinning disk confocal head (Perkin Elmer), and a back-illuminated 

EM-CCD camera (Cascade, Roper Scientific, Photometrics).  50mW solid-state 

lasers (488nm and 568nm, Crystal Laser, Reno, NV), controlled by an acousto-

optical tunable filter were used for illumination.  The image acquisition software 

used was SlideBook 4.2 (Intelligent Imaging Innovations).  A Plan Apochromat 

63x 1.4 N.A. lens (Carl Zeiss) was used.  For 4D imaging, 3D stacks consisting 

of ~30 optical z-slices, 0.36µm apart were captured every 30sec-1min, for 

periods of up to 3 hrs.   

 

4D tracking and motion analysis  

 Methods used for RC tracking and motion analyses are described in the 

Extended Experimental Procedures. 

 

Indirect immunofluorescence 

 Wild-type HSV-1-infected Vero cells were fixed with 3.65% formaldehyde, 

permeabilized with 0.1% Triton-X 100, and incubated with antibodies for 30 mins 

at 37°C.  Stained cells were mounted in ProLong Gold anti-fade reagent 
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(Invitrogen).  A list of antibodies that were used and their dilutions can be found 

in the Extended Experimental Procedures. 

 

RC-speckle dynamics analysis 

 To determine the distribution of the three types of movement in control 

versus drug treated cells, ~7 nuclei (~44 RCs) were analyzed per treatment.  The 

three types of movement were defined qualitatively and the number of events 

counted manually.  The number of RCs undergoing each type of movement was 

divided by the total number of RCs in each cell and presented as a percentage 

value.  Student’s t-test was used to determine the statistical significance of the 

differences between control and drug treated samples.   

 

Western blots  

 Cells were lysed in SDS-PAGE loading buffer, and proteins were resolved 

by SDS-PAGE. Western blots were developed using Pierce ECL Western 

blotting substrate (Thermo Fisher Scientific).  ImageJ software 

(http://rsb.info.nih.gov/ij/) was used to quantify the band intensities.  Serial 

dilutions of the control 12 hpi protein sample were analyzed for each blot and 

each antibody to ensure linearity.  Values were normalized to GAPDH and then 

to 12hpi values for each drug treatment.  Experiments were conducted three 

times and their values averaged.  A list of antibodies and the dilutions used can 

be found in the Extended Experimental Procedures. 

 



 24 

Viral RNA RNA analysis by qPCR 

 Total RNA was extracted using the TRI-Reagent solution (Ambion) and 

DNase-treated using the DNA-free kit (Ambion).  DNase-treated RNA (80 

ng/sample) was then reverse-transcribed and quantified by real-time PCR 

(qPCR) as described in Cliffe et al. (57).  Mock reverse-transcribed samples were 

included as negative controls.  For nuclear-cytoplasmic fractionation, cells were 

lysed and fractionated according to the Supplemental protocol accompanying the 

QIAGEN RNeasy kit.  RNA was extracted using the QIAGEN RNeasy mini kit, 

DNase treated as above, and quantified using the Power SYBR Green RNA-to-

CT 1-step kit and a Prism 7300 sequence detection system (Applied 

Biosystems).  All reactions were carried out in duplicate, and relative copy 

numbers determined by comparison with standard curves.  Viral RNA levels were 

normalized to 18S rRNA levels and further normalized to control 12hpi values.  

Experiments were conducted three times, and the values were averaged.  The 

Student’s t-test was used to determine the statistical significance of differences 

between non-normalized control and drug-treated samples.  Primer sequences 

can be found in the Extended Experimental Procedures. 

 

Viral DNA analysis by qPCR 

We used the QIAGEN DNeasy Blood and Tissue kit for DNA isolation.  

DNA amounts were analyzed using the Power SYBR Green PCR master mix and 

a Prism 7300 sequence detection system (Applied Biosystems).  qPCR reactions 

were carried out in duplicate, and relative copy numbers were determined by 
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comparison with standard curves.  Viral DNA levels were normalized to cellular 

sonic hedgehog gene (SHH) levels and then to control 12hpi values.  

Experiments were conducted three times and the values were averaged.  Primer 

sequences can be found in the Extended Experimental Procedures. 

 

Northern blot hybridization and analysis  

  The gC gene hybridization probe was prepared by cleavage of the pCI-gC 

plasmid (58).  [32P]dCTP labeling was carried out as described in Fontaine-

Rogriguez et al. (59).  Fractionated cytoplasmic and nuclear RNA samples from 

infected cells (described above) were resolved with a 1.5% agarose gel prepared 

with NorthernMax-Glyc gel prep/running buffer (Ambion).  Resolved samples 

were transferred to a nylon membrane using Ambion’s NorthernMax transfer 

buffer.  Incubation with the probe was carried out in 5xSSPE (Boston 

BioProducts), 5xDenhardt’s solution (Boston BioProducts), 50% formamide 

(Sigma-Aldrich), 0.5% SDS and 0.1 mg/ml of ssDNA (Invitrogen), for 48 hrs at 

42°C.  Membranes were exposed to film for autoradiography. 
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Figure Legends 
 
Figure 1. RCs move and coalesce inside the infected cell nucleus. 

A cell infected with ICP8-GFP virus was imaged in 4D, starting at 4 hpi.  The time 

series is displayed as a maximum intensity projection.  Arrowheads point to four 

RCs that coalesce during the course of the movie.  Lower row shows the same 

time series with nuclear outlines.  Scale bar=5µm. 

 

Figure 2.  Directed motion requires nuclear actin, myosin I, and 

transcription.  

Movement of RCs was analyzed in 4D and classified into directed motion, simple 

diffusion or obstructed diffusion using a hierarchical approach based on both the 

3D relative shape anisotropy (κ2) and anomalous diffusion coefficient (α).  

(A) Sample 3D trajectories and their ellipsoid of gyration are shown along with 

their κ2 values which are defined as a function of the squared length of the semi-

axes of the ellipsoid.  Trajectories I and II represent non-directed motion and III 

represents directed motion.    

(B) Corresponding MSD curves (blue) and fitted curves (red) are shown.  Based 

on their α values, trajectories I and II (from panel A) are further classified as 

obstructed diffusion and simple diffusion, respectively.   

(C) Distribution of types of RC motion in control cells, cells treated with BDM or 

lat A at 3 hpi, cells treated with either α-amanitin or cycloheximide at 4 hpi, and 

cells transfected with plasmids encoding dominant negative nuclear myosin I 

(NMI-E407V) or actin (Actin-G13R), or with a plasmid encoding wild-type actin 
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(Actin-NLS).  Trajectories were classified as directed motion (red), simple 

diffusion (green) or obstructed diffusion (blue).   The distribution of motion types 

is displayed as a percentage of the total number of RCs in each experiment.  

 

Figure 3. RCs are associated with nuclear speckles.   

(A) Cells were processed for indirect immunofluorescence at various times post 

infection to detect nuclear speckles and RCs using SC35 (red) and ICP8 (green) 

antibodies, respectively.  High-magnification images of insets are shown in the 

lower three rows.   

(B) Cells were treated with either control medium, lat A or BDM at 1hpi or with α-

amanitin at 4 hpi and processed for indirect immunofluorescence to detect SC35 

(red) and ICP8 (green) at 4.5hpi.   Scale bar = 5µm. 

 

Figure 4. RCs coalesce at nuclear speckles.  

(A, B) Cells were transfected with a plasmid encoding mCh-SC35 for 24 hrs and 

then infected with ICP8-GFP virus and imaged at 4 hpi.  Four major types of RC 

movement (arrow heads), relative to speckles (asterisks), are shown in rows 1-3.  

Rows 1a and 1b are high magnification time-series images of the cell shown in A 

and show RCs (green) that move alone, either towards a speckle (red; 1a) or 

another RC (1b).  Rows 2 and 3 are high magnification time-series images of the 

cell in B and represent RCs that move on speckles or with speckles, respectively.  

Time stamps in A and B show hr:min:sec post infection.  Time stamps in 1-3 

show min:sec (at 4 hpi).  Scale bars = 5µm.  See also Movie S2.   
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(C) mCh-SC35 transfected cells were treated with control medium, lat A or BDM 

at 3 hpi, or with α-amanitin at 4 hpi, and imaged at 4 hpi.  Numbers of RC 

coalescence events and types 1-3 movement were determined manually.  The 

data is presented as mean percentage ± SEM per nucleus (~7 nuclei and ~44 

RCs were analyzed per treatment).  Asterisks mark values that are statistically 

different from control medium-treated cells (p<0.05).  See also Movies S2-5. 

 

Figure 5.  Effect of directed RC movement on viral gene expression and 

DNA replication.   

Infected cells were incubated with lat A, BDM, or control medium at 3 hpi and 

harvested at 3, 7 and 12 hpi for RNA, protein and DNA analysis.  ICP27, ICP8 

and gC were chosen for analysis to represent the IE, E, and L gene classes, 

respectively.  

(A) RNA samples were analyzed by RT-qPCR.  Viral RNA levels were 

normalized to 18S rRNA levels and further normalized to control 12 hpi values.  

Mean values ± SEM are shown.    

(B) Western blot analysis of ICP27, ICP8 and gC protein levels.  

(C) Quantification of bands in Western blots.  Shorter exposure blots whose 

values were within the linear range of the film were used for quantitations.  

Values were normalized to GAPDH and then to control 12 hpi values for each 

drug treatment.  Mean values ± SEM are shown.   
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(D) Viral DNA levels were analyzed by qPCR using primers specific for the ICP27 

gene.  Levels were normalized to cellular sonic hedgehog gene (SHH) levels and 

then to control 12 hpi values.  Mean values ± SEM are shown. 

 

Figure 6.  Role of directed RC movement in nuclear export of viral RNA. 

Cells were treated with control medium, lat A or BDM at 3 hpi and harvested at 

12 hpi for nuclear (N) and cytoplasmic (C) RNA.   

(A) Ethidium bromide-stained RNA is shown in the top panel to confirm 

fractionation by the presence of 28S and 18S rRNA in the cytoplasm.  Northern 

blot analysis for gC RNA is shown in the bottom panel.  RNA samples used in the 

Northern blot were analyzed by RT-qPCR and the values are displayed on the 

bottom of each lane as a percentage of total RNA (N+C).   

(B) Fractionated RNA was analyzed by RT-qPCR for the presence of ICP27, 

ICP8, gC and ICP5 RNA.  Amounts were normalized to 18S rRNA.  Lat A and 

BDM values were further normalized to control values and mean ± SEM are 

shown (n=3 experiments). 

 

Figure 7.  Actively transcribing RCs move toward and coalesce at speckles 

to form RNA export/processing structures.  

 (A, B) Progeny DNA (black) in a stationary RC undergoes actin- (blue) and RNA 

pol II (white)-mediated transcription (yellow) of true late genes such as gC.  (C,D) 

Myosin (pink) is recruited to the transcribing RC and triggers movement of the 

RC away from the associated speckle.  (E) The mobile RC moves toward 
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another RC-associated speckle and moves on the surface of the speckle to 

merge with the other RC.  (F) Coalescence of RCs on the speckle surface leads 

to a reorganization of RCs, allowing for efficient incorporation of RNA processing 

factors and the processing of true late transcripts in the speckle, ultimately 

creating an RNA export/processing hub.   

 

















Table S1.  Statistical Analysis of the Distribution of κ2 Values in Different 
Experimental Groups. 
 
Group I Group II p-value* 
control BDM 0.011 
control latrunculin A 0.006 
control NMI-E407V 0.001 
control Actin-G13R 0.013 
control Actin-NLS 0.038 
Actin-G13R Actin-NLS 0.395 
NMI-E407V Actin-NLS 0.208 
control α-amanitin 0.002 
control cycloheximide 0.355 
α-amanitin  cycloheximide 0.024 
BDM latrunculin A 0.74 
BDM α-amanitin 0.221 
latrunculin A α-amanitin 0.674 
NMI-E407V Actin-G13R 0.897 
BDM NMI-E47V 0.892 
latrunculin A Actin-G13R 0.781 

 
*p-value based on comparison of κ2 values of Group I versus Group II as 
determined by Kolmogorov-Smirnov test.  An average of four nuclei and 22 RCs 
were analyzed per treatment. 
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Supporting Information 

Supplemental Data 

Movie S1.  A maximum intensity projection movie of a cell that has been infected 

with the ICP8-GFP virus for four hours.   A z-stack image was captured every 30 

sec for three hours. 

Movie S2.  Shown is a cell transfected with mCherry-SC35 for 24 hrs and 

infected with the ICP8-GFP virus.   Movie was captured at 4 hpi every 30 

seconds, for 79.5 mins.  SC35 is shown in red and ICP8 in green. 

Movie S3.  Shown is a cell transfected with mCherry-SC35 for 24 hrs and 

infected with the ICP8-GFP virus.   At 3 hpi, the cell was treated with lat A and 

imaged at 4 hpi with 30 sec time intervals, for 58 mins.   SC35 is shown in red 

and ICP8 in green. 

Movie S4. Shown is a cell transfected with mCherry-SC35 for 24 hrs and 

infected with the ICP8-GFP virus.   At 3 hpi, the cell was treated with BDM and 

imaged at 4 hpi with 30 sec time intervals, for 90 mins.  SC35 is shown in red 

and ICP8 in green. 

Movie S5. Shown is a cell transfected with mCherry-SC35 for 24 hrs and 

infected with the ICP8-GFP virus.   At 4 hpi, the cell was treated with α-amanitin 

and imaged immediately thereafter, with 30 sec time intervals, for 90 mins.  SC35 

is shown in red and ICP8 in green. 

 

Definitions of terms used in RC tracking and trajectory analysis 
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trajectory:  A track connecting the 3D positions of an object (here: individual 

RCs) at each time point within a time-series.  A trajectory represents the path of 

the movement of an object. 

mean square displacement (MSD):  A measure of the average distance of the 

movement of an object.  The shape of the MSD curve over time indicates the 

motion type.   

simple diffusion:  Typical diffusion process, where the MSD increases linearly 

with time. 

directed motion:   Super-diffusive process, where the MSD increases faster 

than linearly with time.  

anomalous diffusion:  Sub-diffusive process, where the MSD increases slower 

than linearly with time.  

anomalous diffusion coefficient (α):  Parameter that describes the non-

linearity of the MSD curve over time. 

obstructed and confined diffusion:  Subclasses of anomalous diffusion (sub-

diffusive process), where the MSD increases slower than linearly with time.  

Obstructed and confined diffusion can be further classified based on the 

anomalous diffusion coefficient:  0.1  α < 0.9 for obstructed diffusion and α < 0.1 

for confined diffusion.  

3D relative shape anisotropy (κ2):  Parameter used to characterize the three 

dimensional shape of a trajectory.  Directed motion corresponds to trajectories 

with a more elongated or anisotropic shape (κ2 values are close to 1).  Simple 
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diffusion (or random motion) corresponds to trajectories with a more spherical or 

isotropic shape (κ2 values close to 0). 

ellipsoid of gyration:  An ellipsoid that characterizes the asymmetry of a 

trajectory.  The semi-axes of the ellipsoid correspond to the principal axes of the 

trajectory (collection of 3D positions).  The elongation or anisotropy of the 

ellipsoid is determined by the lengths of its semi-axes.   

 

Extended Experimental Procedures 

Plasmids used for transfections 

Plasmids encoding NMI-E407V, actin-G13R and actin-NLS are described 

in (1) and (2).  The mCherry-lamin A plasmid (mCh-LA) used for tracking nuclear 

position is described in (3).  The mCh-SC35 plasmid was constructed by excising 

the SC35 ORF out of a pCMV-YPF-N1-SC35 plasmid (4) and sub-cloning into an 

mCherry-N1 vector. 

 

4D tracking  

We developed fully automated approaches for image registration as well 

as for tracking multiple replication compartments.  Briefly, to remove the 

translational and rotational motion of the nucleus (visualized by the mCherry-

lamin A localization), we developed a rigid registration approach.  With this 

approach, the following steps were carried out: for each time step of an image 

sequence, we detected the image region corresponding to the nucleus using a 

3D Gaussian filter and an intensity threshold.  The values for the standard 
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deviations σxy and σz of the Gaussian filter were chosen based on the size of the 

nucleus (typically we used values of σxy = 10 and σz = 2 voxels).  The position of 

the nucleus was determined by computing the center-of-mass of the 

corresponding voxel positions, while the orientation was obtained by 

diagonalizing the covariance matrix of the voxel positions.  Each time step t of 

the image sequence was aligned to time step 0 by computing a rigid 

transformation based on the position and orientation of the nucleus at both time 

steps.  Subsequently, we applied an intensity-based rigid registration scheme (5).  

Because of photobleaching, the intensities of the first time step differed strongly 

from those of the latter time steps.  Without proper compensation for this 

variation, finding a correct transformation between the first and the latter time 

steps based on their intensities may be challenging.  To cope with this, we 

applied the registration approach to consecutive time steps of the image 

sequence, thereby obtaining a rigid transformation between time steps t and t + 

1.  By recursively concatenating the sequential transformations, we computed the 

required transformation between time steps 0 and t.  We applied this registration 

approach to the images in the mCherry channel.  The resulting transformations 

were also applied to the corresponding images in the GFP channel.  We used the 

registered 3D image sequences as input for the tracking approach.  For tracking 

multiple replication compartments, we developed a probabilistic approach (6).  At 

each time step of an image sequence, our approach performs four steps: 1) 

detection and localization of compartments, 2) prediction of the position of the 

tracked compartments, 3) matching of the predicted positions with the detected 
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compartments, and 4) position estimation.  To detect and localize the 

compartments, image regions corresponding to the objects of interest were 

enhanced using a 3D Laplacian-of-Gaussian filter (7, 8).  The values for the 

standard deviations σxy and σz of the filter were chosen based on the size of the 

compartments (usually we used values of σxy = 5 and σz = 3 voxels).  After 

filtering, an intensity threshold was computed from the mean intensity of the 

image plus a factor c times the standard deviation of the image intensities; the 

threshold was applied to the image to detect regions corresponding to 

compartments.  To identify these regions, we employed a connected-

components labeling algorithm (6-connectivity), which groups spatially adjacent 

detected voxels by analyzing the local neighborhood (consisting of six voxels) 

around each considered voxel.  The position of each compartment was 

determined by computing the center-of-mass.  To calculate a prediction for the 

position of each tracked compartment we used a spatial-temporal filter (in this 

case, a Kalman filter with a Brownian motion model).  To find the 

correspondence between a predicted position and a detected compartment, we 

employed a global nearest-neighbor approach (9).  Based on the predicted and 

detected position estimates, the final position estimate of a tracked compartment 

was computed using the spatial-temporal filter.   

 

RC motion analysis  

To determine the motion type of individual compartments, we developed a 

hierarchical approach based on both the anomalous diffusion coefficient α (10) 
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as well as the 3D relative anisotropy κ2 (11, 12).  To obtain an estimate for the 

anomalous diffusion coefficient (α of a trajectory, we computed the mean-square 

displacement (MSD) as a function of the time interval ∆t.  We fitted the 

anomalous diffusion model MSD = 6D∆tα (10) to the calculated MSD values, 

thereby obtaining an estimate for the diffusion coefficient D as well as for the 

anomalous diffusion coefficient α.  To improve the accuracy of the estimates 

(10), we restricted the MSD calculations to time intervals ∆t smaller than N  3, 

where N is the total number of available positions in the trajectory.  To 

characterize the shape of the trajectory via its 3D relative anisotropy κ2, we first 

calculated the squared radius of gyration s2, the asphericity b, and the 

acylindricity c, using the eigenvalues of the covariance matrix of the trajectory�’s 

positions.   Based on these shape measures, we calculated the relative shape 

anisotropy κ2 = (b2 + 0.75c2)   s4.  Note that κ2 ∈ [0, 1], where values close to 0 

correspond to trajectories with an isotropic shape (i.e., trajectories exhibiting 

random motion) while values tending towards 1 correspond to trajectories with an 

anisotropic shape (i.e., trajectories displaying directed motion).  We thus used κ2 

as our criterion to detect directed motion using a threshold value of κ2 = 0.5.  This 

threshold value was determined using simulated trajectories where the true 

motion type of the trajectories was known.  Our hierarchical approach for 

determining the motion type of the compartments therefore first employed κ2 to 

distinguish trajectories exhibiting directed motion from those displaying random 

motion.  We then used the scheme proposed in Bacher et al. (13) to classify the 

latter into confined diffusion (α < 0.1), obstructed diffusion (0.1  α < 0.9), or 
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simple diffusion (α  0.9).   An average of four nuclei per treatment were 

analyzed for MSD and anisotropy analyses (~22 RCs per treatment).   Two-

sample Kolmogorov-Smirnov test (14) was used to determine the statistical 

significance of differences between experimental groups in cumulative 

distribution of κ2 values.   

 

Antibodies used for indirect immunofluorescence and Western Blot 

experiments 

For the indirect immnunofluorescence studies, mouse anti-SC35 (clone 

SC-35; Sigma-Aldrich; S4045; 1:1000 dilution) and rabbit anti-ICP8 (3-83; 15; 

1:500 dilution) antibodies were used.  Goat-anti-mouse-Alexa 594 (Invitrogen) 

and goat-anti-rabbit-Alexa 488 (Invitrogen) were used at a 1:500 dilution for 

secondary detection.   

Antibodies used in Western blot experiments were mouse a-ICP27 

(EastCoast Bio; H1A027; 1:2500 dilution), rabbit a-ICP8 (3-83; 15; 1:10000 

dilution), mouse a-gC (Virusys; H1A022; 1:2500 dilution), and mouse a-GAPDH 

(Applied Biological Materials; G041; 1:5000 dilution).  HRP-conjugated goat 

antibodies were used at 1:10000 dilution (Santa Cruz Biotechnology). 

 

Sequences of primers used in RNA-to-Ct 1-step qPCR and standard qPCR 

reactions  

ICP27 (mRNA): 5�’- GATTCGGGCCCGGTCGTTGCTAC -3�’,  
                          5�’- CCGTCGGGGCTGGGGTGTC -3�’ 
ICP27 (gene): 5�’- CCGCCGGCCTGGATGTGACG -3�’,  
                        5�’- CGTGGTGGCCGGGGTGGTGCTC -3�’ (16) 
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ICP8 (mRNA): 5�’- CCCAGCACCCAGGCCCCAAACC -3�’ 
                        5�’- AGCGCCTCCCCCGTCGTCTCGT -3�’,  
gC (mRNA):  5�’- CCCCCGCGGACCTTCACCT-3�’,  
                      5�’- GGCCGCGGCAGCACCAG -3�’ 
ICP5 (mRNA): 5�’- CTTAGCACGATCGAGGT -3�’; 
                        5�’- GTTCATGTAGGCCAGCT -3�’ 
18s rRNA (mRNA): 5�’- CATGAACGAGGAATTCCCAGTAA -3�’,  
                                5�’- GATCCGAGGGCCTCACTAAAC -3�’ (17) 
Sonic hedgehog (gene): 5�’- CTGATCGATCGTGGGGGTTATGTG -3�’,  
                                       5�’- TGCGGGCGTCAGGGTGGAT -3�’ 
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