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 During human cytomegalovirus (HCMV) infection, transcription of viral genes is 

mediated by cellular RNA polymerase (RNAP) II.  To understand how RNAP II is 

redirected towards viral transcription, I have characterized the regions of viral 
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transcription, known as viral transcriptosomes, at immediate early (IE) times of the 

infection, analyzed alterations in several cellular components of transcription, as well as 

examined the role that the RNAP II kinases, cdk9 and cdk7, play in viral gene expression. 

 By tracking cellular RNAP II and its kinase complexes, I have shown that there is 

a general upregulation of these cellular components of transcription in levels and 

activities. Several of these components colocalize with the input HCMV genome, viral 

major IE proteins, IE1-72 (IE1) and IE2-86 (IE2), within the first 8 hours of infection. 

These components include transcriptionally active RNAP II, cdk7, cdk9, and even 

regulators of chromatin remodeling. The sites of viral IE transcription are much more 

complex than was previously thought, and from this work a model for the establishment 

of the viral transcriptosomes has been developed. I also found that in addition to the 

presence of the input viral genome and input viral particle, initial formation of the viral 

transcriptosome requires both transcription and protein synthesis. In the specific case of 

cellular cdk9, efficient binding to cyclin T1 and continuous transcription are respectively 

required to recruit and maintain cdk9 at the viral transcriptosomes.  

 Studies with inhibitors of cyclin-dependent kinase (cdk) activity have already 

been shown to be important for the establishment of the productive infection. In this 

dissertation, I have revealed a temporal role of cdk9 and cdk7 during the infection; a 

contribution at IE times of the infection for the establishment of the viral 

transcriptosomes and viral-specific hyperphosphorylation of RNAP II, and at early to late 

times of the infection for viral efficient viral protein production. These dual functions 

seem to correspond with two relocalization events for cdk9 and cdk7. The experiments 

described in this dissertation demonstrate various means by which the cellular 
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components of transcription contribute to viral gene expression and to the progression of 

the productive HCMV infection.
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CHAPTER 1 

 

INTRODUCTION 

 

 

HUMAN CYTOMEGALOVIRUS 

 Human cytomegalovirus (HCMV) is a prevalent pathogen found in all socio-

economic environments of the world. Observations in the early part of the 20th century 

indicated that a viral agent was responsible for the formation of prominent inclusions 

within large, swollen cells, known as “cytomegaly” (93). In 1956, several investigators 

were able to isolate the virus from independently obtained tissues using laboratory cell 

culture techniques, and the virus was then named human cytomegalovirus after the 

cytopathic effects that it causes ((28, 106, 119) , for review (135)). 

 Although HCMV can infect a wide range of tissues in the host, including the 

brain, liver, lung, and salivary glands, infection is usually asymptomatic in individuals 

with a functional immune system. During the primary infection in the healthy 

individual, viral particles can be excreted in body fluids for several months or years, 

followed by the lifelong latent infection. However, the primary infection or 

reactivation from latency can cause severe disease in immunocompromised patients. 

One such group of immunocompromised hosts is the developing fetus and infants, 
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who commonly acquire HCMV from their mothers through the placenta (~20-40% if 

the mother experiences the primary infection during pregnancy), during delivery 

(~50% of infected newborns), or from breast milk (~69% transmission rate) (68, 131). 

About 20% of congenital infections result in birth defects, including mental 

retardation, hearing and vision loss, and even death of the fetus, making HCMV the 

leading viral cause of congenital birth defects ((15, 68, 122), for review (93)). Another 

group of immunocompromised patients, those with auto-immunodeficiency virus 

(AIDS), also experience serious symptoms during opportunistic HCMV infection, 

such as retinitis and increased morbidity. Autopsies indicate ~90% of AIDS patients 

contain an active HCMV infection. HCMV is also problematic to recipients of organ 

transplants, often resulting in very severe symptoms such as fever, pneumonia, 

hepatitis, and allograft injury and/or rejection.  

 HCMV is a member of the betaherpesvirus subgroup and exhibits many 

biological similarities to other herpesviruses, such as a large, double-stranded genome, 

a lipid envelope, and temporal regulation of gene expression. The long replicative life 

cycle and restricted cell tropism in cell culture, however, distinguishes it from 

alphaherpesviruses, including Herpes Simplex virus (HSV) and Varicella-Zoster virus 

(VZV). In addition, HCMV is also differentiated from the gammaherpesviruses, such 

as Epstein-Barr virus (EBV), which tend to infect lymphoid cells (for review (103)).  

 The mature HCMV virion is ~200 nm in diameter, with an outer envelope 

consisting of a phospholipid bilayer derived from intracellular membranes embedded 

with virus-encoded glycoproteins. The viral glycoproteins function in virus entry and 

virion maturation (for review (19, 49, 81)). The major glycoprotein component of the 
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envelope is gB (UL55) and is a major viral antigen for the neutralizing antibody 

response in the host. The HCMV capsid contains seven proteins, including the major 

capsid protein (MCP encoded by UL86) and minor capsid protein (mCP encoded by 

UL85). There is also a proteinaceous layer between the envelope and the capsid called 

the tegument or matrix. The tegument proteins play a role in a variety of processes, 

including virion maturation (pp65 encoded by UL83, pp150 encoded by UL32, and 

pp28 encoded by UL99), facilitating the release of the viral DNA after entry in the 

host nucleus (UL47), and transactivation of viral and cellular promoters (ppUL69 

encoded by UL69, and pp71 encoded by UL82). Within the HCMV capsid is the ~230 

kilobase linear double-stranded DNA genome, the largest genome of all herpesviruses 

(81). The genome can be divided into two segments, the unique long (UL) and unique 

short (US) regions, and the viral genes are named according to their location within 

these regions. The UL and US segments are each flanked by inverted repeat 

sequences, called IRL/TRL and IRS/TRS respectively. 
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 Viral replication. Viral entry involves two processes: first the virus is 

adsorbed after weak interactions between the viral envelope and the host cell surface 

are established; then the viral envelope fuses with the host cell membrane, allowing 

the viral particle to penetrate the cell and enter into the cytoplasm. Viral entry is a 

complex process involving as of yet undesignated cellular receptors and most likely 

glycoprotein complexes on the viral envelope (reviewed in (43)). Eventually, the 

HCMV genome translocates to the nucleus of the host cell where viral transcription 

and viral replication occur.  

 The lytic infection is coordinated in a regulated and temporal manner that can 

be divided into three phases of viral gene expression; these are the immediate early 

(IE), early and late phases (Figure 1.1). IE gene expression occurs following viral 

entry and does not depend on de novo protein synthesis, although viral tegument 

proteins can influence the efficiency of IE gene expression. Functional IE gene 

expression activates the early class of viral genes. The viral early genes play a role 

primarily in viral DNA synthesis, which usually begins by 12-14 h post infection 

(p.i.). Between 24-36 h p.i., the viral late genes are activated, leading to viral release 

72-96 h p.i. The viral late genes mainly encode structural proteins or function in viral 

maturation and egress. Viral gene transcription occurs in the nucleus of the infected 

cell and requires the cellular RNA polymerase II (RNAP II) as well as components of 

the basal transcription machinery and transcription factors (81).  
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EUKARYOTIC CELLULAR TRANSCRIPTION 

 In eukaryotic cells, there are three nuclear polymerases that are involved in 

RNA synthesis, each specializing in synthesizing specific classes of RNA: RNAP I 

synthesizes 45S ribosomal RNA (rRNA), RNAP II synthesizes messenger RNA 

(mRNA), most small nuclear RNA (snRNA), and microRNA (miRNA), and RNAP III 

is involved in the synthesis of transfer RNA (tRNA), 5S rRNA, and nuclear and 

cytoplasmic short RNA (sRNA). Since RNAP II is responsible for synthesis of all 

coding cellular and HCMV viral RNA, it will be the only RNAP discussed in this 

dissertation.  

 RNAP II is a multi-subunit complex composed of 12 subunits, and recent 

advancements in X-ray analysis of RNAP II crystals has provided a necessary 

complement to functional genetic studies. Structural analysis indicates that RNAP II is 

shaped like a “jaw” and pivoting “clamp” (27, 139). The largest subunits, Rpb1 and 

Rpb2, form both sides of the jaw, creating a cleft for entry of the template DNA. The 

clamp is primarily formed by the Rpb6 subunit, which controls the opening of the jaw 

for promoter DNA entry and closing of the jaw during DNA strand separation and 

DNA-RNA hybrid formation. Other subunits are involved in positioning of the 

initiation site, assembly, and activation. A major focus of RNAP II has been on the 

carboxyl-terminal domain (CTD) of the Rpb1 subunit because it plays a key 

regulatory role during transcription. In humans, the CTD consists of 52 repeats of the 

heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser. The serine 2 and serine 5 

residues of the CTD repeats are highly susceptible to phosphorylation during the cycle 
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of transcription, and it is thought that the phosphorylation status of the CTD influences 

the activity of RNAP II and affinity of regulatory factors to the RNAP II complex.   

 Before RNA synthesis is initiated, a pre-initiation complex consisting of 

RNAP II and the general transcription factors (GTFs) is formed at the gene promoter. 

The GTFs, which include TFIID, TFIIB, TFIIF, TFIIE, and TFIIH, are responsible for 

recruiting hypophosphorylated RNAP II (IIa form) to the promoter. More specifically, 

the TBP subunit of TFIID binds to the TATA box in the promoter region. Then TFIIB 

binds to TBP and serves as a bridge for binding of RNAP II to the start site of the 

gene. TFIIF stabilizes the ternary pre-initiation complex, and allows for TFIIE and 

TFIIH association with the complex. TFIIE and TFIIH both function to facilitate the 

open promoter complex to allow initiation to occur. TFIIH in particular contains XPB 

and XPD subunits that exhibit DNA helicase activities, as well as the cdk7/cyclin H 

kinase complex important for transcription initiation.  

 In the uninfected cell, the major RNAP II CTD kinases are cdk7, cdk9, and 

cdk8, and activity of each of these kinases have specific effects on RNAP II 

transcriptional activity (13, 64, 90, 97). All of these kinases are part of the cyclin-

dependent kinase (cdk) family and require binding of a cyclin partner for kinase 

activity, but they are not regulated by the cell cycle as other cdk proteins are. The cdk7 

kinase complex, cdk7/cyclin H/ MAT1, is also known as the cdk-activating complex 

(CAK) because it phosphorylates the conserved threonine on the T-loop of cdks 

involved in cell cycle progression. However, when the cdk7 complex is associated 

with the TFIIH complex, its substrate specificity changes to serine 5 residues of the 

RNAP II CTD during transcription initiation. The cdk9 kinase complex, cdk9/cyclin 
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T1 shows specificity towards the serine 2 residues of RNAP II during transcription 

elongation. The cdk8/cyclin C kinase complex is a component of the mediator 

complex (Med) and its kinase activity seems to be associated with transcriptional 

repression by phosphorylation of serine 5 and serine 2 residues of RNAP II CTD 

preventing pre-initiation complex formation and/or phosphorylation of TFIIH during 

transcription initiation. 

 During transcription initiation, hypophosphorylated RNAP IIa is 

phosphorylated at the serine 5 residues of the CTD by the cdk7 kinase complex to the 

hyperphosphorylated RNAP II (IIo form). After approximately 10-15 nucleotides of 

the transcript have been synthesized, the initiation transcription factors dissociate from 

the RNAP IIo complex, which then undergoes transcriptional pausing. This pausing is 

attributed to the association of negative regulatory factors, such as DRB-sensitivity 

inducing factor (DSIF), and negative elongation factor (NELF). At this point, the 

capping enzymes are recruited to the RNAP IIo complex and the 7-methyl-guanosine 

is added to the 5’ end of the nascent RNA transcript. Eventually, the cdk9 kinase 

complex phosphorylates the serine 2 residues of the CTD. In addition the cdk9 

complex phosphorylates the hyperphosphorylation of RNAP IIo, the Spt5 subunit of 

DSIF. Both of these phosphorylation events decrease the affinity of the negative 

elongation factors to the RNAP IIo complex and allow it to enter productive 

elongation and concurrent RNA processing.  

 The role of chromatin modification in transcription. It is now accepted that 

chromatin remodeling is an important part of transcription regulation. Genomic DNA 
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is organized as follows: ~147 base pairs of DNA are bundled around histone 

complexes to form nucleosomes, and long strands of nucleosomes form chromatin, 

which is further compacted into chromatin fibers. Since this structural organization 

makes it difficult for the transcription machinery to gain access to gene promoters, 

chromatin is naturally transcriptionally repressive. This is why chromatin modification 

through chromatin-remodeling enzymes is important for transcription.  

 Compact heterochromatin is converted to the looser and more accessible 

euchromatin by two classes of enzymes: ATPases that alter nucleosome location and 

enzymes that covalently modify nucleosomal histone proteins. ATPases use ATP 

hydrolysis to noncovalently change the translational position of nucleosomes on DNA. 

The mechanistic details by which this occurs is not fully understood, nor the exact 

requirements for this modification. However, it seems that changes in nucleosome 

position affect local DNA accessibility because DNA that was originally interacting 

with histones is now nonnucleosomal (i.e. nucleosomal sliding) or small, 

conformational changes in the nucleosomes can expose different parts of the DNA 

within the histone boundary (i.e. nucleosomal twisting) (86). Covalent modifications 

of histone tails include acetylation, methylation, and phosphorylation, and these 

modifications serve as a histone code for the binding of proteins that contain effector 

domains that recognize these single or combined modifications. The specific 

combination of posttranscriptional modification of histones (type and location) 

modulates structural remodeling of the chromatin by protein complexes that interpret 

this histone code.  
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 Modifications of the histone tails are divided into class I and class II 

modifications. The majority of modifications are class I modifications, whose 

functions involve regulating the recruitment of non-histone proteins with effector 

domains to the DNA. Class II modifications seem to regulate histone-DNA and 

histone-histone interactions by direct chemical interference. Some of the modifications 

at histone tails include acetylation, methylation, and phosphorylation. Acetylation 

often occurs at lysine residues by histone acetyl transferases (HATs). Acetylation 

increases the hydrophobicity of the histone by neutralizing the positively charged 

lysine. Histone deacetylases (HDACs) reverse the acetylation of histones. 

Bromodomain-containing proteins, such as Brd2 and Brd4, recognize acetylated lysine 

residues on histones. Methylation can occur on lysine residues as a monomeric, 

dimeric, or trimeric form. Two well-studied methylated markers are tri-methylated 

lysine 4 of histone 3 (H3) that is part of the repertoire of active promoters, and tri-

methylated lysine 9 of H3, which is usual found at inactive regions of genes. 

Chromodomain proteins recognize methylated lysine residues. Heterochromatin 

protein 1 (HP1) binds to H3K9, promoting heterochromatinization. Chromodomain 

protein 1 (CHD1) binds to H3K4, destabilizing nucleosomes and exposing DNA for 

gene expression. Phosphorylation seems to result in interfering with binding at 

neighboring residues, and is most often observed right before cell division (after 

chromatin replication). 

 Co-transcriptional RNA processing. RNA is synthesized by RNAP II as pre-

mRNA, and requires further processing into messenger RNA (mRNA) before it is 
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exported out of the nucleus for protein translation. RNA processing involves 5’ 

capping, splicing, and 3’ cleavage and polyadenylation (for review, see (32)). 

Interestingly, transcripts are efficiently processed co-transcriptionally, with several of 

the processing machinery interacting with the RNAP II complex and nascent transcript 

before complete synthesis of the pre-mRNA (50). Capping occurs approximately after 

25 nucleotides of the transcript have been synthesized, as described above. While 

RNAP II is stalled due to the association of NELF and DSIF, the capping enzyme 

catalyzes the addition of a 7-methyl guanosine to the 5’ end of the nascent transcript.  

Splicing involves and intricate assembly of proteins, including uridine-rich small 

nuclear ribonucleoproteins (snRNPs), auxiliary non-snRNPs, and serine/arginine-rich 

(SR) splicing factors, collectively called the spliceosome. There are also consensus 

sequences on the transcript that are involved in exon definition and spliceosome 

assembly: the exon-intron junction site (5’ and 3’ splice sites), branch point, and 

polypyrimidine tract. During splicing, small exons embedded within larger stretches of 

introns are recognized and ligated together, and introns are removed. A general 

description of the process is as follows: (i) the branch point binding protein (BBP) and 

U2AF recognize the branch point, (ii) U2 snRNP displaces BBP and base pairs at the 

branch point while U1 base pairs at the 5’ splice site, (iii) U4/U6 snRNP and loosely 

bound U5 snRNP enter the spliceosome together, (iv) resulting in U2 displacing U4 

from the complex, U6 displaces U1 at the 5’ splice site, and U5 snRNP brings the 5’ 

and 3’ splice sites together (lariat formation). The splicing reaction occurs in two 

biochemical reactions. SR proteins also play an essential role during splicing by bind 
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to specific exonic sequence elements (ESEs), recognizing splice signals, and 

promoting spliceosome assembly.  

 Finally, cleavage and polyadenylation also involves a large number of proteins, 

many of which binding to the hyperphosphorylated RNAP II CTD. During this step of 

RNA processing, the poly(A) site is recognized by the cleavage and polyadenylation 

specificity factor complex and the poly(A) cleavage stimulatory factor complex, the 

transcript is cleaved at the 3’ end by cleavage factor I and II, and the poly(A) tail is 

added by the poly(A) polymerase. The cleavage site is usually several hundred bases 

downstream from the signal sequence, and is coupled with the addition of the poly(A) 

tail.  

IMMEDIATE EARLY EVENTS IN HCMV INFECTION 

 Viral binding alone can trigger many physiological events within the host cell 

and signaling cascades that result in increases in Ca2+ cyclic adenosine 

monophosphate (AMP) and guanosine monophosphate (GMP) (44), and immediately 

after viral entry there is a transient induction of several cellular mRNAs and activation 

of transcription factors, such as NF-B. The rapidity of these events suggests that they 

may be host defense response or perhaps important events in creating the appropriate 

environment for HCMV infection.  

 The viral tegument is the set of viral proteins that are found between the inner 

nucleocapsid and outer envelope. When the virus enters the cell, the tegument and 

nucleocapsid proteins aid the viral genome to localize to the nucleus, some even 

entering with the viral genome. For example, the viral UL47, a tegument protein, has 
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been implicated in assisting entry of the viral genome into the nucleus (12). Once the 

viral genome is inside the nucleus, the viral IE genes must be expressed. It appears 

that some of the tegument proteins, which come in as part of the viral particle, have 

transactivation properties that function to regulate early events during the infection. 

Expression of viral pp71 was shown to enhance the infectivity of transfected viral 

DNA, and this knowledge has been instrumental in studies involving mutagenesis of 

the viral genomes that are part of a bacterial artificial chromosome (BAC) and must 

then be transfected into permissive cells for recombinant HCMV production (8, 107). 

Infection with pp71-null HCMV results in a decreased expression of several viral IE 

genes, including the major IE genes ie1/2 (UL123-122 locus). Another viral protein, 

UL69, which contains a phosphorylated isoform that is part of the incoming tegument, 

has been shown to transactivate of heterologous promoters during transient 

transfection assays. In combination with viral IRS1/TRS1, UL69 can activated the 

major IE genes (104, 138). In addition, UL69 has been shown to interact with cellular 

SPT6, which functions in regulation of chromatin remodeling and transcription 

elongation (137). However, these results for UL69 have not been confirmed in the 

infection.  

 Formation of the viral IE transcription sites (transcriptosomes). The 

mechanism of viral genome translocation to host cell nucleus is still not understood, 

however efforts to systematically define the IE transcription environment have made 

progress. In a 1996 study, it was shown that once the viral input genome enters the 

nucleus, a subset seem to preferentially localize at the periphery of promyelocytic 
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leukemia protein oncogenic domains (PODs), also known as nuclear domain 10 

(ND10) structures (57). In fact, this observation has been made for several DNA 

viruses, including simian virus 40 (SV40), adenovirus 5 (Ad5), and HSV-1. POD 

structures are ~0.1-1.0 m in size and range from 10-20 per nucleus. They are 

dynamic structures enriched for a variety of proteins, such as PML, sp100, SUMO-1, 

and hDaxx. However, the exact function of these structures is still unknown. Several 

studies have implicated PODs to be involved in the IFN-induced stress response, anti-

viral defense, transcription, protein storage, apoptosis, senescence, and DNA repair. 

Work done with HSV-1 seems to suggest that ND10-like structures assemble de novo 

with the viral nucleoprotein complex (42).  

 Since the viral genome is the template for viral gene transcription using the 

cellular RNA polymerase II, these regions were suspected as the location for viral IE 

transcription. In situ hybridization specific for viral IE RNA soon confirmed that this 

in fact is the case (58). Another interesting finding was that the elongating viral 

transcripts directionally move towards and partially overlap the SC35 spliceosome 

domains, suggesting that soon after synthesis, the cellular splicing machinery 

efficiently processes the IE transcripts.  

 Subsequent to the localization of HCMV input genomes in the nucleus, the 

viral IE proteins, IE1 72 kDa (IE1 72) and IE2 86 kDa (IE2 86), also concentrate at the 

sites of IE transcription (5, 58). In particular, IE1 72 colocalizes with the PODs, and 

IE2 86 colocalizes with the viral DNA, and this can be detected by 

immunofluorescence analysis (IFA) as early as 2 h p.i. It should be noted, that 

transfection studies reveal that these viral proteins localize to these sites independent 
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of the viral genome. Similarly, inhibition of viral protein synthesis demonstrated that 

viral genome localization at these sites is independent of newly synthesized viral 

proteins. This localization is important because establishing robust IE gene expression 

is required to activate the next class of viral genes and enter a productive infection 

(58). In fact, The viral IE transcription sites eventually develop into viral DNA 

replication compartments as the infection progresses (2, 121).  

  Dispersal of POD structures. Several DNA viruses, including HCMV cause 

the disruption of the POD structures. It seems that preventing the maintenance of the 

POD structures facilitates progression of the infection (4). In the case of HCMV, the 

IE1 72 kDa protein (IE1 72) is responsible for the POD dispersal in a proteasome-

independent manner (141). An IE1 72 HCMV, which cannot disperse the POD 

structures because IE1 72 is not expressed, only shows viral growth defects at low 

multiplicities of infection (47). Therefore, any failure to disrupt the POD structures 

(and lack of IE1 72) can be overcome at higher multiplicities of infection. By 2 h p.i., 

IE1 72 displays a punctate staining by IFA at the majority of the POD structures, and 

IE2 86 kDa protein (IE2 86) shows a similar staining pattern at a subset of the POD 

structures. However, between 3-6 h p.i., IE1 72, as well as PML and Sp100, becomes 

diffuse throughout the nucleus due to IE1 72 activity (5, 58, 63, 65). IE2 86, however, 

is maintained at the punctate viral transcription sites.  

 IE gene expression. There has been an emphasis in early studies to examine 

the properties of the CMV major IE promoter, which today is routinely used in 

laboratories to facilitate cloning experiments due to its strong enhancer elements (for 
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review, see (44)). It was found in transient transfection assays, that several regions of 

the major IE promoter have binding sites for cellular transcription factors (NF-1, NF-

B/rel, Sp1, YY1ATF/CREB, general transcription factors). The modulator region of 

the promoter is located from -750 to -1150 nucleotides and seems to provide positive 

and negative effects on the rate of transcription. The main enhancer region is located 

at nucleotides -550 to -50 within the promoter, and is quite complex. It seems that 

binding of cellular transcription factors to that site varies depending on the stimulus 

(i.e. HCMV virion, cytokines, IE proteins, cell-specific factors). Another interesting 

property of the major IE promoter region is a cis-repression signal (CRS). Viral IE2 86 

co-occupies with the CRS with cellular TBP and TFIIB, but competes with RNAP II 

and inhibits its association with the pre-initiation complex (70). In this way, the viral 

protein negatively regulates its own expression when the infection progresses to a 

certain stage. The core of the promoter lies within nucleotides -50 to +1 (start site), 

and contains the canonical TATAA box. Finally, the 5’ UTR of the leader exon of the 

major IE genes can interact with nuclear factors that promote RNAP II transcription 

complex formation and transcription elongation (48). 

 The major IE gene products map to the UL122-123 locus. The predominant IE 

RNA contains 4 exons with the start site in exon 2 and is translated into IE1 72 (Figure 

1.2). The second major IE RNA is translated into IE2 86 and contains exons 1, 2, and 

3 of IE1 RNA, but is alternatively spliced to contain exon 5 instead of exon 4. The IE 

transcripts contain overlapping splicing/polyadenylation signal sequences at the end of 

exon 4 and splice acceptor site at the beginning of exon 5. 
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STUDYING THE CELLULAR TRANSCRIPTION MACHINERY DURING 

HCMV INFECTION 

  Up until the work presented in this dissertation, very few studies had been 

done to thoroughly document the role of the cellular RNAP II transcriptional complex 

during HCMV infection. From the studies described above, it is now known that the 

major IE promoter region contains strong enhancer and modulator elements that seem 

to recruit the cellular general transcription factors, as well as signals that result in 

inhibition of RNAP II transcription complex formation. Although they were 

performed in in vitro systems, it was first indication that the components of cellular 

transcription might be manipulated during the infection. In addition, the localization of 

the viral genome and synthesizing IE RNA indicate that there are designated sites 

within the infected cell for viral transcription. 

 Some key findings presented in a publication from the Spector laboratory 

suggested a possible role for the cyclin dependent kinases (cdks), cdk7 and cdk9, the 

kinases that phosphorylate RNAP II (110). The cdk inhibitor Roscovitine was added at 

the time of infection and had the effect of altering the processing and accumulation of 

some IE transcripts and proteins, differentially inhibiting viral early protein 

expression, and almost completely inhibiting late protein expression, all of which 

caused a huge reduction in viral titer (110, 111). Normally during the infection, IE1 72 

is initially more abundant than IE2 86 until late times in the infection when the ratio of 

the protein levels switch. However, when Roscovitine is added at the time of infection, 

IE2 86 is more abundant than IE1 72. It was also shown that the accumulation of the 

RNAs was affected as well. This suggests that the IE1 and IE2 transcripts were not 
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being processed appropriately, and it was hypothesized that in the presence of 

Roscovitine, there is a suppression of the first cleavage/polyadenylation site and 

enhanced utilization of the adjacent downstream 3’ splice acceptor site. Another viral 

IE gene, UL37, also has a similarly structured locus and processing of UL37 

transcripts are also affected in the same way due to the presence of Roscovitine. 

Roscovitine specifically inhibits cdks 1, 2, at a 50 % inhibitory concentration (IC50) of 

0.7 M, and cdks 7, and 9 at an IC50 of 0.6 M (7, 33, 41, 79). Since cdk7 and cdk9 

function to phosphorylate RNAP II during transcription, which regulates entry into 

productive elongation and RNA processing, the results with Roscovitine suggest that 

cdk7 and cdk9 activity are required for appropriate processing of the viral IE 

transcripts. It is plausible that cdks 1 and 2 may be contributing to this phenomenon 

too. Anther interesting finding was that if the addition of Roscovitine was delayed 

until 8 h p.i., the infected cells were no longer susceptible to the effects of 

Roscovitine, although viral titers were still low compared to infections with control 

drug (110). The interpretation was that the role of the cdks, including cdk7 and cdk9, 

may be limited to the first 8 hours of the infection, after which the are no longer 

required or they are no longer sensitive to inhibition by Roscovitine.  

 UL97. Recently, the viral UL97 protein was shown to possess cdk-like activity 

(56). UL97 shows viral early-late kinetics and localizes to the nucleus. Although 

UL97 is nonessential, infection with a UL97 HCMV exhibits several hundred-fold 

decrease in viral growth (99). Therefore, it has been a target of inhibition by 

pharmaceutical treatment. UL97 stimulates cell cycle progression, phosphorylates 
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cellular Rb protein, phosphorylates/activates the antiviral drug, ganciclovir, and 

several other proteins (73, 124). UL97 can also phosphorylate RNAP II in vitro (6), 

and in that respect shows similar activity as cdk7 and cdk9. Some follow-up work has 

been done to delineate a possible role for UL97 in regulating RNAP II by others and 

me, and will be presented in the summary chapter of this dissertation. 

   

GOAL OF THE WORK 

 The studies described above were important for the formation of this 

dissertation in several ways. First, the regions of immediately early transcription are at 

the sites where the input viral genome is deposited. Second, the cellular RNAP II 

directs viral gene transcription. And third, there seems to be a specific requirement for 

the cdks within the first 6-8 h p.i. in order to establish a productive HCMV infection. 

With these points in mind, the goal of the studies in this dissertation is to further 

understand how the cellular transcription machinery is redirected in HCMV infected 

cells for viral gene transcription.  

 This dissertation begins with a study that confirms the upregulation of the 

cellular RNAP II and tracks changes in its phosphorylation and localization as the 

infection progresses (Chapter 2). In addition, it highlights the fact that there is an 

upregulation in expression and activity of the cdk complexes that are responsible for 

RNAP II phosphorylation during the infection. These changes are relevant to viral 

gene transcription because cdk7 and cdk9 are localizing to the viral transcriptosomes. 

In continuation, the next study sought to further define the formation of the viral 
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transcriptosomes (Chapter 3). Several viral and cellular proteins were identified at 

these sites, and surprisingly, the cellular histone deacetylases, HDAC1 and HDAC2, 

which are usually thought to be associated with gene repression. This study also 

suggested that the inhibitory effects of Roscovitine on the infection might be due to 

preventing cdk7 and cdk9 accumulation at the sites of IE transcription. In trying to 

understand what the nucleation event might be and specifying the mechanism of cdk9 

recruitment to the viral transcriptosomes, inhibitor drug studies and infections in 

recombinant cdk9 cell lines were performed (Chapter 4). Finally, in order to elucidate 

the role of cdk7 and cdk9 during the infection, experiments that either knockdown 

their expression or inhibit their activity were analyzed to for the effect that has on the 

infection (Chapter 5). All of the results, conclusions, and significance of this work is 

summarized at the end of the dissertation (Chapter 6). 
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Figure 1.1 Major events in the lytic life cycle of HCMV. (A) Viral entry occurs 
after viral adsorbance and penetrations of the viral particles into a permissive cell, 
such as human primary fibroblasts shown here. The viral capsid is uncoated and the 
viral genome translocates to the nucleus. (B) A subset of the viral genomes that are 
localized near nuclear POD structures engage in viral immediate early (IE) 
transcription. IE transcription does not require de novo protein synthesis, and instead 
relies on host and viral factors. The newly synthesized IE proteins also localize with 
the viral genome where IE transcription is taking place. (C) They function to activate 
the viral early genes. The early gene products serve in viral DNA replication, and 
distinct viral replication compartments can be visualized by immunofluorescence. (D) 
After viral replication is initiated, the viral late genes are activated. The late genes 
encode structural components of the virion and mediate maturation of the viral 
particles. Between 72-96 h post infection, newly assembled virus exits the host cell 
during high multiplicities of infection. 
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Figure 1.2 IE1 72 and IE2 86 proteins are coded by alternatively spliced gene 
products of the UL122-123 locus of HCMV. The major immediate early (IE) 
proteins are key players in establishing viral transcription. The IE1 RNA contains 
exons 1, 2, 3 and 4. IE2 RNA consists of exons 1, 2, and 3 and is alternatively spliced 
to contain exon 5 instead of exon 4. The protein translation start site in common for 
IE1 72 and IE2 86 proteins is located in exon 2. There is a cleavage/polyadenylation 
signal at the end of exon 4, which promotes IE1 transcripts. The UL122-123 locus 
exon 4 polyadenylation signal sequence is AAUAAA and the cleavage site contains 
binding sites for cleavage factors I and II. The splice acceptor site at the beginning of 
exon 5 is preceded in the intron between exons 4 and 5 with a branch point and 
polypyrimidine tract. IE2 transcripts are produced when the active spliceosome 
complex occupies these sites. 
 

IE1 72
aa 85 aa 491

Cleavage/polyadenylation

IE2 86
aa 580

splice acceptor  
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CHAPTER 2 

 

HUMAN CYTOMEGALOVIRUS INFECTION ALTERS THE ABUNDANCE, 

ACTIVITY, AND LOCALIZATION OF RNA POLYMERASE II AND ITS 

KINASES, CDK7 AND CDK9 

 

ABSTRACT 

 Human cytomegalovirus infection in the presence of the cdk inhibitor 

Roscovitine leads to changes in differential splicing and polyadenylation of immediate 

early IE1/IE2 and UL37 transcripts (V. Sanchez, A. K. McElroy, J. Yen, S. Tamrakar, 

C. L. Clark, R. A. Schwartz, and D. H. Spector, J. Virol. 78:11219-11232, 2004). To 

determine if this was associated with specific phosphorylation of the C-terminal 

domain (CTD) of the RNA polymerase II (RNAP II) large subunit by cdk7/cyclin H 

and cdk9/cyclin T1, we examined expression and localization of these kinases and the 

various phosphorylated forms of RNAP II. Infection results in increased RNAP II 

CTD phosphorylated on serines 2 and 5 and increased levels and activity of cdk7 and 

cdk9. At early times, cdk9 localizes with input viral DNA, and aggregates of cdk9 and 

cdk7 and a subset of serine 2-phosphorylated RNAP II colocalize with IE1/IE2 

proteins adjacent to PML oncogenic domains. Later, cdk9 and serine 2-phosphorylated 

RNAP II form a nuclear punctate pattern, cdk7 resides in replication centers, and 

serine 5-phosphorylated RNAP II clusters at the periphery of replication centers. 

Roscovitine treatment leads to decreased levels of hyperphosphorylated RNAP II 
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(RNAP IIo) in infected cells and of hypophosphorylated RNAP II (RNAP IIa) in 

mock-infected and infected cells. The RNAP IIo decrease does not occur if 

Roscovitine is added after 8 h post infection, as was previously observed for 

processing of IE transcripts. These results suggest that accurate IE gene expression 

requires specific phosphorylation of the RNAP II CTD early in infection. 
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INTRODUCTION 

Human cytomegalovirus (HCMV), a herpesvirus, is an obligate parasite whose 

life cycle requires an intricate set of interactions between the virus and the host that 

optimize the environment for viral replication and assembly (for review see (43)). 

Intertwined with this subversion of the host cell is a defined temporal order of viral 

gene expression that has been loosely divided into three phases - immediate early (IE), 

early and late. The IE gene products are synthesized soon after infection and rely 

primarily on host factors for their expression, although proteins carried in the viral 

particle clearly contribute to the process. Several of the viral IE proteins serve as 

essential transactivators of the next class of gene products, the early genes. Included in 

the early class are those viral proteins required to "activate" the cell to a metabolic 

state most conducive for viral DNA synthesis and those proteins involved in the actual 

replication process itself. Late genes, which constitute the majority of the viral 

genome and encode primarily structural and maturation proteins, are transcribed in 

abundance only after the onset of viral DNA replication. 

 Upon infection, the viral DNA enters the nucleus and a subset of HCMV 

genomes are deposited at nuclear structures referred to variously as ND10 structures 

(nuclear domain 10) or PODs (PML oncogenic domains), where viral RNA synthesis 

begin (57, 58). The HCMV tegument protein pp71 interacts with and promotes 

degradation of POD-associated hDaxx, which may contribute to the initiation of 

transcription at POD sites (20, 55, 59, 77). The proximity of the PODs to the 

spliceosome assembly factor SC35 domains may aid in rapid expression of IE genes, 
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which are often multiply-spliced (58). A major region of viral IE transcription includes 

two genetic units, IE1 and IE2 (for review see (44, 81)). The predominant IE RNA 

(IE1) consists of 4 exons; a single ORF (UL123) initiates in exon 2 and specifies a 72 

kDa nuclear protein designated IE1-72. The IE2 gene product, IE2-86 (ORF UL122), 

is an 86 kDa protein that is encoded by an alternatively spliced RNA that contains the 

first 3 exons of IE1 and a different terminal exon. Another region of IE gene 

expression is UL36-38, which includes at least five transcripts directed by 3 promoters 

(1, 66, 128, 129). One of the promoters directs the synthesis of several spliced 3.2- to 

3.4-kb RNAs (UL37 and UL37M ORF) that are present in low amounts only at IE 

times as well as an abundant 1.7-kb unspliced RNA that encodes the UL37exon1 

(UL37X1) gene product.  

 The newly synthesized IE1-72 and IE2-86 localize to the PODs. While the 

punctate pattern of the IE2-86 protein persists, at 3-6 h post infection (p.i.), both IE1-

72 and POD-associated proteins become dispersed throughout the nucleus (5, 58, 63, 

65). Several studies have shown that IE2-86 is able to localize to the PODs in the 

absence of IE1-72, but is not able to disrupt them (3, 5, 58). IE1-72 is required for 

disruption of the PODs, but since an IE1 deletion mutant virus (CR208) replicates well 

at high multiplicity (47, 51, 82), this event is not essential. It appears that even after 

IE1-72 has caused the dispersal of the PODs, these locations remain important for 

viral replication. The UL112-113 early gene proteins appear to colocalize with IE2-86 

at the periphery of the original POD sites beginning at about 6 h p.i., and these go on 

to form sites of viral DNA replication (2, 94). By 48 h p.i., there is a high level of viral 
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DNA synthesis in the replication centers, and the majority of the viral genome is being 

transcribed.  

 Viral transcription is directed by the cellular RNA polymerase II (RNAP II), a 

multi-subunit complex. The largest subunit of RNAP II contains a C-terminal domain 

(CTD), which in human cells consists of 52 repeats of the consensus heptapeptide 

sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser. The CTD is differentially phosphorylated 

primarily at the serine 2 and serine 5 positions, and the level of phosphorylation varies 

considerably during the transcription cycle (for review, see (74, 80, 98)). 

Hypophosphorylated RNAP II (RNAP IIa) is recruited to the initiation complex and 

the CTD is then phosphorylated to a hyperphosphorylated form (RNAP IIo). The 

phosphorylation of the serines in position 5 by cdk7/MAT-1/cyclin H (a component of 

the basal transcription factor complex TFIIH) is followed by the phosphorylation of 

the serines in position 2 by cdk9/cyclin T (also referred to as P-TEFb), which is 

associated with the commitment of the RNAP II complex to elongation. RNAP IIa and 

IIo forms are in a dynamic equilibrium such that RNAP IIo needs to be 

dephosphorylated to the IIa form in order to engage in another round of transcription. 

The primary phosphatase is Fcp1, which is highly conserved and can remove 

phosphates from the CTD of RNAP IIo when it is engaged in transcription or free. 

Recently, other phosphatases have been discovered, including the small CTD 

phosphatases (SCPs) and Ssu72. 

 The prevailing hypothesis is that the CTD plays a regulatory role in all steps of 

transcription by serving as the binding domain and transporter of factors involved in 

RNA synthesis initiation, elongation, 5’ capping, splicing and 
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cleavage/polyadenylation (for review, see (14, 80, 89, 100)). It is believed that the 

differential recruitment and binding of specific factors that are involved in these 

processes are significantly influenced by the pattern of phosphorylation of the various 

serine 2 and serine 5 residues (and possibly by ubiquitylation, glycosylation, and 

phosphorylation of other residues) within the 52 repeats. For example, the 

phosphorylation of the CTD at serine 5 is associated with the recruitment of the 

mRNA capping enzymes and the phosphorylation of the CTD at serine 2 is linked to 

the recruitment of 3’RNA processing factors. 

 In a recent study, we used the drug Roscovitine, which is a specific inhibitor of 

the cyclin dependent kinases (cdks) 1, 2, 5, 7, and 9 (7, 33, 41, 79, 112, 134), to 

examine the role of these kinases in viral replication (110). We found that addition of 

the drug at the beginning of the infection resulted in changes in the accumulation and 

processing of IE transcripts and inhibition of the expression of selected viral early 

gene products, viral DNA replication, and late gene expression. Roscovitine 

specifically affected the differential splicing and polyadenylation of the RNAs from 

both the IE1/IE2 and UL37 genes. The relative position of the sequences used for 

processing the HCMV unspliced UL37X1 RNA and spliced UL37 IE RNAs (123) is 

very similar to the region between UL123 exon 4 and UL122 exon 5 that is used for 

the alternative cleavage/polyadenylation and splicing that generates the IE1-72 and 

IE2-86 RNAs, respectively. For both regions, the signals on the RNA for 

cleavage/polyadenylation overlap those for the downstream 3’ splice acceptor site, 

with the cleavage/polyadenylation site being preferentially used to generate either IE1-

72 or UL37X1 RNAs at IE times. However, in the presence of Roscovitine, there was 
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greater utilization of the downstream 3’ splice acceptor site, yielding higher levels of 

the IE2-86 and spliced UL37 RNAs and corresponding lower levels of the IE1-72 or 

UL37X1 RNAs. We also showed that when Roscovitine was added after the first 4 h 

of infection, the effects on IE gene expression were no longer observed. When it was 

added after 6 h, viral replication proceeds through the late phase but the viral titer 

remains low.  

 One possible explanation for the altered pattern of viral RNA processing was 

that the effects of the cdk inhibitor were related to the phosphorylation of the C-

terminal domain (CTD) of the large subunit of RNAP II by cdk7/MAT-1/cyclin H and 

cdk9/cyclin T1. A recent paper showing that HCMV induces an intermediate form of 

phosphorylated RNAP II supports this idea (6). The authors proposed that the CTD 

might be phosphorylated by the HCMV-encoded kinase UL97. However, their data 

showed that although the CTD can serve as a substrate for UL97 in vitro, RNAP II 

does not appear to be phosphorylated by this kinase in vivo. 

 In this study, we examine the effect of HCMV infection on the expression, 

activity, and localization of cdk7/MAT-1/cyclin H, cdk9/cyclin T1, and several forms 

of the large subunit of RNAP II at both early and late times during the infection. We 

show that during the course of the infection, there is an increase in cdk7 and cdk9 

protein levels and kinase activity and in the amount of RNAP II that is phosphorylated 

on serine 2 and serine 5 within the CTD. At 48 h p.i. cdk7 and hypophosphorylated 

RNAP II localize to replication centers, cdk9 and serine 2-phosphorylated RNAP II 

are distributed in a punctate pattern throughout the nuclei, and serine 5-phosphorylated 

RNAP II appears in clusters at the periphery of the viral replication centers. At early 
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times, cdk9 localizes with input viral DNA. In addition, aggregates of cdk9 and cdk7 

and a subset of serine 2-phosphorylated RNAP II colocalize with IE1/IE2 proteins 

adjacent to the PODs. Addition of the cdk inhibitor Roscovitine at the time of 

infection results in decreased CTD phosphorylation in the infected cells and a decrease 

in the level of the hypophosphorylated RNAP II in both infected and mock-infected 

cells. In accord with our previous results regarding the effect of the cdk inhibitors on 

the processing and accumulation of the HCMV IE1/IE2 and UL37 IE transcripts, the 

decrease in CTD phosphorylation does not occur if the drug is added after 8 h p.i. 

These results suggest that the phosphorylation of the CTD is essential at early time 

points of the infection, and that the required level of CTD phosphorylation for IE gene 

expression is established within 8 h. 
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MATERIALS AND METHODS 

 Cell Culture and Virus. Human foreskin fibroblasts (HFF) were obtained 

from the University of California, San Diego, Medical Center and cultured in MEM 

Earle’s supplemented with 10% heat inactivated FBS, 1.5 mg/ml amphotericin B, 2 

mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. All reagents were 

from Invitrogen (Carlsbad, CA). Cells were kept in incubators maintained at 37°C and 

7% CO2. The Towne strain of HCMV was obtained from the American Type Culture 

Collection (VR 977) and propagated as previously described (125).  

Cell Synchronization and Infections. HFF (passage number 15-20) were 

synchronized in G0 phase by allowing them to grow to confluence as previously 

described (108). Three days after confluence, the cells were trypsinized, replated at a 

lower density to allow progression into the cell cycle, and infected at an MOI of 3 to 5 

with HCMV Towne or mock infected with tissue culture supernatants. At 6 h post 

plating/infection, the inoculum was replaced with fresh media. At designated times 

p.i., 20 mM Roscovitine (Sigma Aldrich, St. Louis, MO) was added to the media. For 

experiments extending beyond 24 h, media was replaced with fresh drug-containing 

media at 24 h p.i. and 48 h p.i. The Roscovitine stock solution was in DMSO. Control 

samples were treated with appropriate volumes of DMSO. At various times p.i., cells 

were washed with PBS, scraped or trypsinized, and processed as described. 

Antibodies: cdk7 MAb MO-1 and SC35 MAb (BD Pharmingen, La Jolla, 

CA); ARNA3 (Chemicon, Temecula, CA); CH16.0, UL44, and UL57 MAbs 

(Goodwin Institute, Plantation, FL); cdk7 polyclonal Ab sc-529, cdk9 MAb sc-13130, 
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cdk9 polyclonal Ab sc-484, MAT-1 polyclonal Ab sc- 6234, MAT-1 MAb sc-13142, 

cyclin H MAb sc-1662, cyclin T1 polyclonal Ab sc-10750, -catenin MAb sc-7963, 

and PML MAb sc-966 (Santa Cruz Biotechnology, Santa Cruz, CA); H5, H14, and 

8WG16 MAbs (Covance, Berkeley, CA); -actin MAb (Sigma Aldrich); cyclin T1 

MAb (Novocastra,  Newcastle  upon Tyne, UK); rat anti-BrdU (Accurate Chemicals 

& Scientific Corp., Westbury, NY); goat anti-mouse IgG-HRP and goat anti-rabbit 

IgG-HRP (Calbiochem, San Diego, CA); goat anti-mouse IgM-HRP, donkey anti-rat 

IgG-FITC, goat anti-rabbit IgG-Cy3, and normal rat IgG (Jackson ImmunoResearch 

Lab, West Grove, PA); normal mouse IgM, IgG, IgG1, IgG2b (Zymed, San Francisco, 

CA); FITC- or TRITC-conjugated goat anti-mouse IgG1, IgG2a, and IgG2b (Southern 

Biotech, Birmingham, AL).  

 Western Blots and Immunoprecipitations. For Western blot analyses, cells 

were lysed in Laemmli reducing sample buffer (50 mM Tris pH 6.8, 0.2% sodium 

dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, 50 mM leupeptin, 100 mM 

pepstatin, 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM 

sodium orthovanadate, 5 mM b-glycerophosphate). The lysates were then sonicated 

briefly to shear the DNA and protein content was determined by Bradford assay. 

Proteins from an equivalent number of cells were separated by SDS-PAGE and 

transferred to nitrocellulose. Membranes were stained with amido black to assess 

protein loading in each lane. The blots were blocked with 5% nonfat dried milk in 

TBST (10 mM Tris pH 8.0, 150 mM NaCl and 0.1% Tween-20) and incubated with 

primary antibodies diluted in blocking solution as follows: cdk7 MAb, 1:500, cdk9 

MAb, 1:250; MAT-1 MAb, 1:500; cyclin T1 MAb, 1:250; CH16.0 MAb, 1:14,000; 
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RNAP II MAb ARNA3, 1:300; CTD Serine 2 MAb H5, 1:500; CTD Serine 5 MAb 

H14, 1:1000; CTD MAb 8WG16, 1:500; b-actin MAb, 1:10,000; and b-catenin MAb, 

1:500. The b-actin MAb and b-catenin MAb were used as controls for protein loading. 

Following three washes with TSBT, blots were incubated with horseradish peroxidase-

conjugated immunoglobulin specific antibodies, diluted 1:2000 (anti-IgG) or 1:10,000 

(anti-IgM). After the washing in TBST, proteins were detected using SuperSignal 

chemiluminescent substrate (Pierce, Rockford, IL) according to the manufacturer’s 

instructions. 

 For immunoprecipitations (IP), 0.8 -1.2 mg of polyclonal antibody was 

coupled per ml of protein A sepharose beads with dimethyl pimelimidate 

dihydrochloride (DMPM). Cells were lysed in immunoprecipitation buffer (100 mM 

NaCl; 20 mM Tris-HCl pH 8; 1 mM EDTA; 0.5% IGEPAL; 1X protease inhibitors 

cocktail [Roche chemicals, Indianapolis, IN]; and the phosphatase inhibitors 50 mM 

sodium fluoride, 0.5 mM sodium orthovanadate, and 5 mM b-glycerophosphate). 

Empirically determined amounts of antibody- coupled beads (2-8 mg antibodies per 

IP) were used for immunoprecipitation of the various proteins. Lysates and antibody-

coupled beads were incubated for 4 h or overnight at 4° C. Immunocomplexes were 

washed in IP buffer and used in kinase assays or boiled in reducing sample buffer 

prior to polyacrylamide gel electrophoresis and Western blotting  

 Bacterial Production of GST-CTD. Bacteria harboring a GST-CTD 

expression vector were a gift from Dr. William Dynan, and the protein was produced 

as previously described with minor modifications (95). Briefly, bacterial cultures were 

grown in 5 L of LB-ampicillin. At an O.D.600 of 0.4 - 0.6, GST-CTD expression was 
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induced with 0.5 mM IPTG at 30°C for 16 h. The cell pellet was collected by 

centrifugation at 4000 X g. The cells were lysed in 20 ml lysis buffer (50 mM Tris-

HCl, pH 7.9, 12.5 mM MgCl2, 1 mM EDTA, 100 mM KCl, 1% Triton X-100, 20 

mg/ml PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 100 mg/ml lysozyme) and 

incubated on ice for 30 min, DNA was sheared by sonication for 2 min in 30 second 

pulses. The lysate was centrifuged at 6800 X g, and the supernatant was incubated 

with Glutathione Sepharose beads (Amersham Pharmacia, Uppsala, Sweden) for 6 h at 

4°C. The beads were washed three times with wash buffer (100 mM NaCl, 20 mM 

Tris-HCl pH 8, 1 mM EDTA, 0.5% IGEPAL, and 1X protease inhibitors cocktail). 

The final wash was with kinase reaction buffer (25 mM HEPES pH 7.4, 150 mM 

NaCl, 10 mM MgCl2, 0.5 mM DTT). GST-CTD was eluted with 50 mM glutathione 

solution in kinase reaction buffer (pH 8.0). The purified protein was quantified by 

silver staining of a polyacrylamide gel and was stored in aliquots at –80° C.  

 Kinase Assays. Kinase reactions were carried out with 0.1 mg of GST-CTD 

per reaction. The kinase complexes were immunoprecipitated by incubating cell 

lysates with 4-6 mg of polyclonal antibody for 4 h at 4°C. The reaction mix (130 ml), 

consisting of kinase reaction buffer, GST-CTD, 50 mM ATP, and 12 mCi of  (g-32P) 

ATP, was added to the Sepharose beads with the immunocomplexes. Reactions were 

carried out at 37° C for 30 min with mixing of the beads at frequent intervals to 

prevent settling. The reactions were stopped by the addition of 4X Laemmli buffer and 

boiled for 5 min. The entire contents of the reactions except the beads were loaded 

onto an 8% polyacrylamide gel and separated by electrophoresis. The gel was fixed 

for 5 min, dried and exposed to X-ray film.  
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 Immunofluorescence. Cells were infected as described above with HCMV 

Towne or the IE1 deletion virus CR208 (a gift from Dr. Edward Mocarski) or mock 

infected and plated on sterile glass coverslips. At specified time points, the coverslips 

were washed in PBS and fixed either with ice-cold methanol for 10 min or with 

ambient temperature 2% paraformaldehyde solution in PBS for 20 min. Cells were 

processed as described before (109). Paraformaldehyde-fixed cells were permeabilized 

with 0.1% Triton X-100 in PBS for 5 min or treated with –20C acetone for 2 min. 

Following the washes, the cells were blocked in 10% normal goat serum in PBS for 30 

min. Specific antibodies diluted in blocking solution were used to stain the cells. The 

dilutions were as follows: cdk7 MAb, 1:50; cdk9 MAb, 1:50; cdk9 polyclonal Ab, 

1:50; MAT-1 MAb, 1:50; PML MAb, 1:25; CH16.0 MAb, 1:1,000; RNAP II MAb 

ARNA3, 1:50; CTD Serine 2 MAb H5, 1:50; CTD Serine 5 MAb H14, 1:100; CTD 

MAb 8WG16, 1:50; UL44 MAb, 1:1000, UL57 MAb, 1:500; SC35 MAb, 1:50. As 

controls, the slides were dually stained with each specific antibody and a purified 

normal mouse IgG, mouse IgM, or rabbit IgG. After three washes with PBS, the 

coverslips were incubated with a FITC- or TRITC-conjugated, goat anti-mouse 

isotype-specific secondary antibody diluted 1:50 or a goat anti-rabbit IgG-Cy3 

secondary antibody diluted 1:600 and Hoechst dye. For triple staining, no Hoechst dye 

was used, and Alexa 350-conjugated secondary antibody was used 1:50. Cover slips 

were washed three times and mounted with SlowFade mounting solution (Molecular 

Probes, Eugene, OR) onto glass slides. Images were captured using a Nikon Eclipse 

E800 microscope and Photometrics CoolSnap fx CCD camera with Metamorph 
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software. Confocal images were captured at the UCSD Cancer Center Digital Imaging 

Shared Resource using a Deltavision microscope and SoftWorx software.  

 BrdU-Labeled Virus Production, Infection and Immunofluorescence. 

BrdU-labeled HCMV Towne virus production and infections were performed as 

previously described (105). Briefly, confluent G0 phase-synchronized HFFs were 

trypsinized and infected at an MOI of 0.05 with HCMV Towne. The media was 

replaced the next day. At day 6 (~90% cytopathic effect), the media was replaced with 

fresh media containing 10 M BrdU (Sigma), and the cells were protected from light 

thereafter. On day 8, additional BrdU was added to the media,  and the viral 

supernatant was harvested the following day. The virus was titered by a standard 

plaque assay.  

 Two hours prior to infection, confluent G0 phase-synchronized HFFs were 

trypsinized and seeded onto coverslips. The cells were incubated on ice 30 min prior 

to infecting at an MOI of 3 with the BrdU-labeled Towne HCMV or tissue culture 

supernatant. The cells were incubated on ice an additional 30 min before replacing the 

media and transferring the cells to 37°C. Immunofluorescence was performed as 

described above with the following modifications. After completing the staining for 

cdk9, cells were denatured with 4N HCl for 10 min, followed by three 5 min washes 

in PBS. The cells were blocked with 10% normal donkey serum in PBS for 30 min. 

The BrdU-specific antibody was diluted in blocking solution at 1:50. A non-specific 

rat IgG was used as a control. The FITC-conjugated donkey anti-rat secondary 

antibody was diluted 1:200  in blocking solution that contained Hoechst dye. 
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RESULTS 

 HCMV infection is associated with increased RNAP II CTD 

phosphorylation. To assess the effect of the HCMV infection on the pattern of 

phosphorylation of the CTD of the largest subunit of RNAP II, we used Western blot 

analysis with monoclonal antibodies that recognize different phosphorylated forms of 

the CTD (Table 2.1, Figure 2.1). The hyperphosphorylated form (IIo), with the 

majority of the phosphorylation on serine 2 and serine 5 within the CTD repeats, 

migrates on gels at 240 kDa while the hypophosphorylated form (IIa) migrates at 

approximately 220 kDa. With the antibody ARNA3, which detects both forms of 

RNAP II, we detected a modest increase in the amount of the hyperphosphorylated 

protein at the early time points in the infected cells (8 and 12 h p.i.). In the viral 

samples, there was also a diffuse signal between the two major forms of RNAP II that 

likely corresponds to the intermediate form of phosphorylated RNAP II reported by 

Baek et al. (6). At 48 h p.i., an increase in the accumulation of all forms was observed 

in the infected cells. Using the antibody 8WG16, which detects the 

hypophosphorylated RNAP IIa and the protein with phosphorylation of serine 5 (but 

not serine 2) within the CTD, the pattern of accumulation of the RNAP IIa in the 

infected cells was comparable to that observed with the ARNA3 antibody. With this 

antibody, the intermediate forms were readily seen at 8 h p.i. in the infected cells, 

although a low level could also be detected in the mock samples. 

 To further define the nature of the hyperphosphorylated RNAP IIo, we 

analyzed the cell lysates by immunoblotting with the antibody H14, which primarily 
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detects phosphorylation of serine 5 within the CTD repeats, and with the antibody H5, 

which has greater specificity for the CTD that is phosphorylated on serine 2. In accord 

with the above results, there was an increase in the amount of the serine 5-

phosphorylated RNAP IIo and the faster migrating intermediate species in the infected 

cells at 8 h p.i. In the case of the serine 2-phosphorylated RNAP IIo, a significant 

increase in the viral sample was most apparent at 48 h p.i. Taken together, these 

results suggest that there is an increase in both hypophosphorylated and 

hyperphosphorylated RNAP II as well as the intermediate forms in the infected cells. 

 The kinase activity and amount of cdk7, cdk9, and associated proteins are 

upregulated in infected cells. Since RNAP II is phosphorylated by the cellular 

kinases, cdk7 and cdk9, we decided to check the levels and activities of these kinase 

complexes. cdk7 is found in association with cyclin H or in a complex with cyclin H 

and MAT-1 to form the cdk-activating kinase (CAK). These three proteins are also 

part of the multi-subunit complex TFIIH, which is an RNAP II transcription initiation 

factor. To assess the effect of the infection on cdk7 and the proteins that associate with 

this kinase, cells that were synchronized in G0 were released into G1 at the time of 

infection, and then harvested at various times p.i. By Western blot analysis, we found 

that an increase in the amount of cdk7 could be detected between 8 and 24 h p.i. in 

infected cells, and continued to increase as the infection progressed (Figure 2.2). 

MAT-1 and cyclin H displayed a similar trend, although the increase in MAT-1 was 

greater than that of cyclin H. 

 Western blot analysis of the lysates revealed that the pattern of cdk9 

accumulation in the infected cells was similar to that of cdk7. An increased amount of 
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cdk9 was visible in the infected cells at 24 h p.i., and the level continued to rise 

throughout the infection. The level of cyclin T1, another component of P-TEFb, was 

also greater in virus-infected cells at 24 h p.i. and continued to increase as the 

infection progressed. In accord with previously published studies (45, 46), cdk9 and 

cyclin T1 did not cycle in the mock-infected cells, and the level of cyclin T1 remained 

low in the mock-infected cells throughout the time course.  

 To assess whether the increased cdk7 and MAT-1 remained in association with 

each other during the infection, we performed immunoprecipitation experiments with 

antibodies to the individual proteins. Lysates of the infected and mock-infected cells 

were prepared at the 48 h p.i. time point and immunoprecipitated with cdk7 antibody 

or with control IgG coupled to protein A Sepharose beads. The immunoprecipitates 

(IPs) were then subjected to SDS-PAGE followed by Western blotting with antibodies 

to both cdk7 and MAT-1. The Western blot of the cdk7 IP (Figure 2.3A) shows that 

both MAT-1 and cdk7 are in a complex, and there appears to be no free MAT-1 in the 

post-IP supernatant. As expected, neither protein was immunoprecipitated with the 

control IgG. In a reciprocal experiment, immunoprecipitation of MAT-1 also brings 

down cdk7 from the lysates of both mock and virus infected cells that were obtained at 

48 h p.i. However, cdk7 is still present in the MAT-1 depleted lysate, suggesting that 

cdk7 is present in excess. Taken together, these data suggest that MAT-1 is not found 

in a free form in either infected or mock-infected cells. In these experiments, we could 

not assess whether cyclin H was present in the complexes as the antibody has low 

affinity in immunoprecipitation experiments, and there is a high level of background 
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staining of the Western blot following immunoprecipitation with either MAT-1 or 

cdk7.  

 In a similar manner, we also examined whether cdk9 and cyclin T1 were in a 

complex. Immunoprecipitation of lysates obtained at 48 h p.i. with an antibody to 

cdk9 (Figure 2.3B) demonstrated that cdk9 is associated with cyclin T1 in both mock- 

and virus-infected cells. Likewise, antibody to cyclin T1 co-immunoprecipitated cdk9 

in lysates from both mock and infected cells. The data also showed that the increased 

levels of the proteins in the infected cells coincided with an increase in the amount of 

the complex. However, the presence of a small amount of cyclin T1 and cdk9 in the 

post-IP lysates of infected cells indicated that a minor population of each protein was 

not present in the complex. This may be due to the presence of free cdk9 or cdk9 that 

associates with cyclins T2a, T2b, or K. 

To determine whether the increase in the protein level of the CTD kinases that began 

at 24 h p.i. corresponds to their activity, bacterially expressed GST-CTD was used as a 

substrate for in vitro kinase assays with lysates obtained at 48 h p.i. Figure 2.3C shows 

that in accord with the increased levels of cdk7 and cdk9 in the infected cells at 48 h 

p.i.,  there was also a significant increase in the kinase activities. 

 cdk7 and cdk9  kinase activities are elevated by 8 h p.i. As shown above, 

the level of phosphorylated RNAP II was greater in the infected cells at 8 h p.i. than in 

the mock-infected cells. However, at this time point the amount of cdk7 and cdk9 in 

the infected cells was comparable to that in the mock-infected cells. To determine 

whether the kinase activity was higher in the infected cells at this early time point, we 

immunoprecipitated the lysates with antibody to cdk7 or cdk9 and assayed the 
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phosphorylation of bacterially expressed GST-CTD in an in vitro kinase assay. Figure 

2.4A shows that the kinase activity of both cdk7 and cdk9 was higher in the infected 

cells. The Western blot of the IPs confirmed that the levels of cdk7 and cdk9 were 

equivalent in the mock-infected and infected cells at this time (Figure 2.4B). 

 Treatment of cells with the cdk inhibitor Roscovitine leads to a loss of the 

phosphorylated forms of RNAP II in infected cells. The above results showed that 

there was an increase in the phosphorylation of the RNAP II CTD as the infection 

progressed. Using the cdk inhibitor Roscovitine at a concentration (20 mM) that 

inhibits cdk7 and cdk9, the two primary kinases involved in phosphorylating the CTD, 

we looked for any changes in the pattern of CTD phosphorylation. Western blot 

analysis with the antibody ARNA3 that detects all forms of RNAP II revealed that in 

the presence of Roscovitine, there was a marked loss of the hypophosphorylated IIa 

form of RNAP II in the mock-infected lysates (M+) at 8 h p.i. (Figure 2.5). In contrast, 

in the infected cells (V+), the IIa form showed little change in the presence of 

Roscovitine, while there was a detectable, albeit modest, loss of the 

hyperphosphorylated RNAP IIo. At 12 h p.i, the effect of Roscovitine on the RNAP II 

can be clearly seen in the infected cells (V+), as evidenced by the decreased levels of 

both IIa and IIo forms.  

 The observed loss of RNAP IIo in the infected cells was confirmed by Western 

blot analysis of the lysates with the antibodies that primarily detect either the serine 5- 

or serine 2-phosphorylated RNAP IIo. Roscovitine had no significant effect on the 

levels of the hyperphosphorylated RNAP IIo in the mock-infected cells (pSer5 and 

pSer2, M+). In contrast, Roscovitine primarily prevented the viral-associated increase 
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in serine 5-phosphorylated RNAP IIo that was observed by 8 h p.i. (pSer5, compare 

V- and V+), but the level was not significantly lower than that in the mock-infected 

cells in the presence or absence of Roscovitine. A different pattern was observed for 

the serine 2-phosphorylated RNAP IIo. In this case, the level of the serine 2-

phosphorylated RNAP IIo in the infected cells treated with Roscovitine was 

significantly lower than that observed in the mock-infected cells in the absence or 

presence of Roscovitine (pSer2, compare V+ to V- and M-). It should be noted that at 

the 24 h p.i. time point the lanes containing the viral samples are underloaded relative 

to the mock-infected samples.  

 In our previous study Sanchez et al., we found that the effect of Roscovitine on 

viral gene expression depends on the time of addition (110). When added at the time 

of the infection, there were marked changes in the accumulation and processing of the 

IE transcripts and inhibition of early gene expression. However, by delaying the 

addition of the drug until 8 h p.i., these effects on viral gene expression were 

abrogated and the infection proceeded normally until late times. We reasoned that if 

the phosphorylation of RNAP II CTD and the effects of Roscovitine on the 

phosphorylation were related to the effects on viral transcription, then a delay in the 

addition of Roscovitine should prevent the loss of the hyperphosphorylated RNAP IIo. 

Figures 2.5 shows that this is what occurs. Notably, at 24 h p.i., the levels of the 

hyperphosphorylated RNAP IIo in the infected cells that were treated with Roscovitine 

at 8 h p.i. were comparable to those in the untreated cells (compare V8 to V-). 

Interestingly, at 24 h p.i., there were still lower levels of the hypophosphorylated 

RNAP IIa in both the infected and mock-infected cells regardless of the time of 
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addition of Roscovitine, although the effect was greater in the cells that had been in 

Roscovitine for a longer period of time. 

 Localization of differentially phosphorylated forms of RNAP II in infected 

and mock-infected cells at 48 h p.i. RNAP II assembles in the transcription initiation 

complex in its hypophosphorylated form. The phosphorylation of the serines at 

position 5 within the CTD is associated with the recruitment of the enzymes involved 

in addition of the 7-methyl G cap to the RNA and initiation of transcription. 

Commitment of the RNAP II complex to elongation follows phosphorylation of the 

serines at position 2 within the CTD, which is also associated with recruitment of 

factors involved in 3’ RNA processing. Since alteration of host protein localization is 

one of several means by which HCMV furthers its replication at the expense of the 

host cell, we examined the distribution of the various phosphorylated forms of RNAP 

II in the infected cells. We were particularly interested in the localization of RNAP II 

relative to the viral replication centers since high levels of viral RNA are synthesized 

after the onset of viral DNA synthesis. In addition, the above results showed that the 

levels of phosphorylated RNAP II were significantly higher in the infected cells at 48 

h p.i. than in the mock-infected cells.  

 To visualize both the viral DNA replication centers and RNAP II, the cells 

were dually stained at 48 h p.i. with antibodies specific for the different forms of 

RNAP II as well as with antibodies to the viral DNA replication proteins UL44 and 

UL57. With the antibody ARNA3, which detects all species of RNAP II, staining in 

the infected cells was concentrated in the replication center with a small amount 

visible in the nucleus outside of the replication center (Figure 2.6, panels 1-3), while in 
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the mock-infected cells the staining was diffuse throughout the nucleus (panel 4). In 

contrast, the confocal images revealed that the RNAP II recognized by the antibody 

8WG16 (hypophosphorylated RNAP II and RNAP II with only serine 5 

phosphorylated) was localized in the infected cells at the periphery of replication 

center in small aggregates (panels 5-7), and more diffusely distributed with a punctate 

appearance in the mock-infected cells (panel 8). The pattern of staining with the H14 

antibody (specific for the serine 5-phosphorylated CTD) resembled the 8WG16 

staining in that the localization was at the periphery of the replication center in the 

infected cells (panels 9-11) and more diffusely distributed and punctate in the mock-

infected cells (panel 12). This was expected since 8WG16 recognizes both 

hypophosphorylated CTD and a subset of serine 5-phosphorylated CTD that is not 

phosphorylated at serine 2. However, with H14, some staining in the region of nucleus 

distant from the replication center was also visible in the infected cells, which may 

represent RNAP II that has the CTD phosphorylated at both serine 5 and serine 2. The 

H5 antibody showed that the serine 2-phosphorylated form of RNAP II was 

distributed throughout the nucleus with a punctate appearance in both the infected 

(panels 13-15) and mock-infected cells (panel 16). Panels 17-23 are controls in which 

the infected cells were stained with a specific antibody along with a nonspecific IgG 

or IgM antibody that matched the second antibody used in the dual staining. Taken 

together, these results suggest that in the infected cells, the initiation of viral (and 

possibly cellular) transcription, as indicated by serine 5-phosphorylation of RNAP II, 

may occur in clusters at the periphery of the replication centers and be physically 

separate from the major region of viral DNA synthesis. 
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 Localization of cdk7 and cdk9 in infected and mock-infected cells at 48 h 

p.i. The above results showed that there was an increase in both the number of 

complexes containing cdk7 and MAT-1 and the associated kinase activity. In addition, 

the changes in the phosphorylation of RNAP II and the effect of Roscovitine in the 

infected cells suggested that the viral infection might be altering cdk7 and cdk9 

activity and localization. To determine if cdk7 and cdk9 localization was also altered 

by the HCMV infection, vertical optical sections of immunofluorescence were 

visualized by confocal microscopy and documented. cdk7 and MAT-1 were uniformly 

distributed in the nuclei of mock-infected cells (Figure 2.7, panels 1-3), while at 48 h 

p.i., they accumulated primarily in the viral replication centers of infected cells (panels 

5-7). The increased intensity of the cdk7 and MAT-1 signals in the infected cells 

correlated with the Western blot results. The presence of cdk7 and MAT-1 in the 

replication centers was confirmed by dual staining of the slides with antibodies to 

cdk7 or MAT-1 and the viral replication proteins UL44 or UL57, respectively (panels 

8-10 and 11-13, respectively). However, the cdk7 and MAT-1 staining was not limited 

to the replication centers as both proteins were also observed in the nuclear region at 

the periphery of the replication centers. 

 The distribution of cdk9 in the infected cells differed from that of cdk7. 

Costaining with UL44 showed that the majority of the protein was distributed 

uniformly throughout the nucleus and punctate in appearance, although some of the 

protein did localize to the replication centers (panels 14-16). This was similar to the 

distribution of RNAP II with serine 2 phosphorylation of the CTD (Figure 2.6, panels 

13-15). Although the staining for cdk9 in the mock-infected cells was fainter, it was 
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similar to that seen in the infected cells (for visualization, the photo in panel 4 is 

overexposed). As controls, the slides were dually stained with each specific antibody 

and a nonspecific antibody that matched the isotype of the second antibody used in the 

dual staining (Figure 2.7, panels 14-17).  

 Hyperphosphorylated RNAP II, cdk9, and cdk7 localize at the sites of 

viral IE transcription. Ishov et al. (58) previously showed that some HCMV input 

genome is deposited at a subset of the PODs and that HCMV IE transcription 

originates at these sites. Their work also demonstrated that there is a differential 

localization of the IE1 and IE2 proteins, with the IE1 protein initially localizing to 

most PODs and IE2 juxtaposed to only a subset of the PODs. All domains that had 

IE2 protein also had IE transcripts. Although IE1 then disrupted the PODs at 

approximately 3-4 h p.i., IE2 protein remained at these sites.  

 In order to determine if transcriptionally active RNAP II is being recruited to 

and accumulates at the immediate early sites of viral gene transcription, we examined 

the distribution of the RNAP II with the CTD phosphorylated on serine 5 (H14 Ab) 

and serine 2 (H5 Ab) residues relative to the IE proteins (Figure 2.8). CH16.0, an 

antibody that detects both IE1 and IE2, was used to track IE protein localization. A 

similar staining pattern was detected for RNAP II that is phosphorylated at serine 2 or 

serine 5 in mock-infected and infected cells. In the mock-infected cells, serine 5- and 

serine 2-phosphorylated RNAP IIo appeared as punctate spots throughout the nucleus, 

and as expected, IE1/IE2 staining was not detected (panels 4 and 8, respectively). 

Confocal microscopy revealed that a subset of serine 5- and serine 2-phosphorylated 

RNAP IIo localized near the IE protein aggregates (panels 1-3 and 5-7, respectively). 
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Within a single visual plane, the majority of the IE aggregates were localized adjacent 

to the punctate spots containing RNAP II with either phosphorylation (arrows labeled 

as “a”), and occasionally they were partially or completely colocalized (arrows labeled 

as “pc” and “c”, respectively).  

  Since the above results showed that at 8 h p.i., there was an increase in the 

kinase activity of cdk7 and cdk9, we were interested in determining whether these 

kinases accumulated at the sites of HCMV IE transcription (Figure 2.9). At 2 h p.i., 

the IE proteins localized to few defined spots (panel 1). As the infection proceeded (3-

8 h p.i.), the IE1/IE2 staining became more dispersed throughout the nucleus with 

several large IE protein aggregates (panels 4, 8). In mock-infected cells, cdk9 and 

cdk7 were found throughout the nucleus (panels 7 and 11, respectively). In the 

infected cells, nuclear aggregates appeared when stained for either kinase. Confocal 

microscopy of infected cells that were costained with antibody against IE1/IE2 and a 

rabbit anti-cdk9 antibody revealed a colocalization of the IE1/IE2 spots with small 

cdk9 aggregates as early as 2 h p.i. (panels 1-3). The IE protein spots and cdk9 

aggregates both increased in abundance and size as the infection progressed (panels 4-

6). In order to determine if cdk7 is also present at the IE protein spots, cells that were 

costained with antibodies against IE1/IE2 and cdk7 were visualized by confocal 

microscopy. In a single visual plane, almost all of the IE protein spots were partially or 

completely colocalized with the concentrated cdk7 spots (panels 8-10). The 

concentrated cdk7 spots that colocalized with the IE protein spots were not as big as 

the cdk9 aggregates, but became more abundant as the infection progressed.  
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 To obtain additional evidence that components of the host cell transcriptional 

machinery accumulate at sites of IE transcription, we examined whether the input viral 

genome colocalized with the cdk9 aggregates. Cells were infected with BrdU-labeled 

Towne HCMV and visualized by dual immunostaining with a rat anti-BrdU antibody 

and a cdk9 antibody. By confocal imaging, a clear colocalization between the viral 

genome and the cdk9 aggregates was observed (Figure 2.10, panels 1-3). In a single 

visual plane, there were some viral genomes that did not co-localize with the cdk9 

aggregates, but these were usually outside of the nucleus. No BrdU signal or cdk9 

aggregates were detected in mock-infected cells (panel 4). It should be noted that the 

diffuse background nuclear staining for cdk9 and the Hoechst dye is the result of an 

added HCl denaturation step during the immunostaining.  

 Ishov et al. (58) also gave evidence by in situ hybridization that the viral IE 

RNA transcripts seem to originate near the POD structures and elongate towards the 

cellular SC35 spliceosome domains. In order to verify that the RNAP II and cdk9 that 

we have detected in the infected cells at 8 h p.i. are in accumulating at the sites for 

viral IE transcription, a triple costain with serine 2-phosphorylated RNAP II, cdk9, 

and SC35 was performed (Figure 2.10 ). Most of the cdk9 is found in close proximity 

to SC35, and often adjacent or overlapping with serine 2-phosphorylated RNAP II, but 

SC35 and RNAP II was much more abundant throughout the nucleus than cdk9 

(panels 5-8 and 11-13). When all three are merged, it is very clear that they are 

linearly organized with RNAP II often sandwiched between cdk9 and SC35 (panel 8 

and insets). Together these data indicate that hyperphosphorylated RNAP IIo, and it 
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kinases, cdk7 and cdk9, localize with viral IE1/2 proteins at the sites of viral IE 

transcription. 

 cdk9 localizes adjacent to sites that correspond to the PODs in infected 

cells prior to dispersal. To confirm that the above results were consistent with the 

previous studies showing that the PODs are the sites of viral IE transcription, the 

localization of the cdk9 aggregates in relation to the PODs was examined by confocal 

microscopy (Figure 2.11). Cells were costained with the rabbit anti-cdk9 antibody and 

an anti-PML MAb, a standard marker for the PODs. In mock-infected cells, the PML 

staining displayed a prominent speckled pattern in the nucleus, and co-staining with 

cdk9 showed that cdk9 spots were seemingly randomly oriented with respect to the 

PODs (panels 1-4). The trend in the infected cells was that the cdk9 aggregation and 

the maintenance of PML at the PODs are mutually exclusive (panels 5-7). The cell on 

the left in panels 5-7 shows dispersal of PML and the presence of cdk9 aggregates, 

and the cell on the right shows the typical PML speckles marking the position of the 

PODs and the absence of cdk9 aggregates. In the rare case that an infected cell 

exhibited some cdk9 aggregation before dispersal of the PML, the majority of the 

cdk9 aggregates were not colocalized at the remaining PODs, although some cdk9 did 

appear to be adjacent to the PODs. A representative example of this is shown in panels 

8-11.  

 One explanation for the above observations was that the cdk9 aggregates are 

located at PODs, but those PODs are preferentially disrupted in the infected cell. 

Another possibility was that cdk9 aggregation cannot occur at sites where the PODS 

are still intact. To distinguish between these possibilities, cells were infected with an 
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IE1 HCMV (CR208), a mutant virus that does not express the IE1-72 protein and 

hence does not disrupt the PODs. The IE1 HCMV-infected cells maintained the 

PODs with a similar distribution as mock-infected cells, and dual staining showed that 

each cdk9 aggregate localized directly adjacent to one or more PODs (panels 12-15). 

Antibody staining controls are shown in panels 16 and 17. The fact that the cdk9 

aggregates still formed in the IE1 HCMV-infected cells implies that POD dispersal is 

not a requirement for cdk9 aggregation during the infection, and the localization 

pattern suggests that the cdk9 aggregates form at sites where POD structures 

previously existed.  
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DISCUSSION 

The current model of transcription is that synthesis and processing of pre-

mRNA are temporally and functionally coupled (for review, see (14, 74, 80, 89, 98, 

100)). The CTD on the large subunit of RNAP II plays an important role in providing 

access to the nascent RNA for different factors involved in the processing of mRNA, 

and there is increasing evidence that specificity is associated with differential 

phosphorylation on serines 2 and 5 of its heptapeptide repeats. Phosphorylation of 

serine 5 on the CTD occurs near the promoter and is involved in the recruitment of 

capping enzymes. In contrast, phosphorylation of serine 2 appears to occur at a site 

downstream of the promoter after the initiation of transcription and is associated with 

the binding of the 3’ RNA processing machinery. In this study, we examined the effect 

of the HCMV infection on CTD phosphorylation and the kinases involved at both 

early and late times. We found that the levels of cdk7 and cdk9, as well as other 

components of the kinase complexes, MAT-1/cyclin H and cyclin T1, respectively, are 

upregulated during the infection. In addition, there was a corresponding increase in the 

kinase activities of cdk7 and cdk9, as measured by phosphorylation of GST-CTD in 

vitro. The relative amount of phosphorylated CTD was also elevated in the infected 

cells. 

 Interestingly, the infected cells do not show a noticeable increase in the amount 

of cdk7 or cdk9 until 24 h p.i. However, their in vitro activity, as well as the level of 

the hyperphosphorylated form of the RNAP II CTD, increase at earlier times. This 

suggests that the initial increased kinase activity may be due to other virus-induced 
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changes. It is possible that a viral protein functions as a regulatory subunit for either of 

these kinases or that the virus induces an association of the kinases with another 

cellular protein to facilitate phosphorylation of the RNAP II CTD during the infection. 

This is consistent with the recent observation that the RNAP II CTD is phosphorylated 

in herpes simplex virus 1-infected cells by a complex that contains cdk9 and ICP22 

(39). Alternatively, the virus may induce relocalization and/or recruitment of cdk7 and 

cdk9 to RNAP II. Our data showing that concentrated aggregates of these kinases 

form in infected cells at the site of IE transcription support this hypothesis. 

 Previously, we found that infection of cells in the presence of the cdk inhibitor 

Roscovitine altered the pattern of processing for both the UL122-123 and UL37 

transcripts (110). Normally, the first cleavage/polyadenylation site is preferentially 

used to generate IE1-72 or UL37X1 RNAs, but in the presence of Roscovitine, there 

appeared to be suppression of the first cleavage/polyadenylation site and enhanced 

utilization of the adjacent downstream 3’ splice acceptor site. As a result, there were 

lower levels of the IE1-72 or UL37X1 RNAs and higher levels of the IE2-86 and 

spliced UL37 RNAs. We proposed that these changes were related to the 

phosphorylation of the RNAP II CTD, primarily by cdk7/cyclin H and cdk9/cyclin T1 

(110). In support of this hypothesis, we show here that when Roscovitine is present at 

the beginning of the infection, the level of CTD phosphorylation is significantly 

decreased in the infected cells, most notably the phosphorylation of serine 2; there is 

no change in the mock-infected cells. For the serine 5-phosphorylated form, it appears 

that inhibition of cdk primarily prevents the increase observed in the infected cells, at 

least during the first 12 h. In the case of the serine 2-phosphorylated form, the levels 
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are actually lower in the infected cells than in the mock-infected cells. One possibility 

for this result is that the virus either brings into the cell or activates a phosphatase that 

preferentially removes the phosphate from serine 2 within the CTD. In the absence of 

Roscovitine, the action of cdk9/cyclin T1 may counter this dephosphorylation. It is 

tempting to speculate that the reduction in serine 2 phosphorylation of the CTD is 

associated with decreased recruitment of the cleavage/polyadenylation factors, but 

further experiments will be required to determine if this is the case. 

 The effects of Roscovitine on the hypophosphorylated RNAP II also differ in 

the infected and mock-infected cells. Here, there is a more rapid decrease in the mock-

infected cells than in the infected cells during the first 8 h, although by 12 h the levels 

are comparable. This loss of the hypophosphorylated RNAP IIa in the presence of 

Roscovitine may be related to some inhibitory effect on transcription, as others have 

observed a similar loss of RNAP IIa when cells are exposed to UV light, -amanitin, 

or actinomycin D (88, 101, 102). It is possible that the rate of degradation of the 

hypophosphorylated RNAP II in the infected cells is comparable to that in the mock-

infected cells, but the dephosphorylation of the serine 2-phosphorylated form by a 

viral infection-associated phosphatase initially compensates for this. Alternatively, 

inhibition of the cdks may lead to differential degradation of the hypophosphorylated 

and hyperphosphorylated forms of RNAP II in the infected and mock-infected cells. 

These two possibilities are not mutually exclusive, and there may be some 

combination of enhanced phosphatase activity and altered stability. In depth studies of 

protein stability and assays of phosphatase activity may help resolve these 

possibilities, and these experiments are in progress.  
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 In accord with our previous study on the effect of Roscovitine on IE gene 

expression (110), the decrease in CTD phosphorylation does not occur if the drug is 

added after 8 h p.i. There are several possibilities for this result. One explanation is 

that the phosphorylation of RNAP II necessary for programmed viral IE gene 

expression is complete by 8 h p.i., and thus inhibitors of cdk7 and cdk9 no longer have 

an effect. Alternatively, the kinases may no longer be accessible to the inhibitor. In 

addition, if there is a virus-associated phosphatase that makes the infected cells more 

sensitive to cdk inhibition, it may be present for only a limited period of time at the 

beginning of the infection. All of these possibilities are currently being investigated. 

 Taken together, the studies presented here suggest that the in vivo increase of 

CTD phosphorylation is due to the upregulated cdk7 and cdk9 kinase activities. 

However, although these two kinases are believed to be responsible for most of the 

CTD phosphorylation, it remains possible that other kinases are also involved in CTD 

phosphorylation in the infected cell. These results also do not preclude the possibility 

that there is cdk-dependent modification of other proteins that impact on the 

posttranscriptional processing of the IE transcripts. Multiple factors are involved in the 

splicing and cleavage/polyadenylation of RNA transcripts, and a change in the 

abundance, activity, or localization of any of the factors due to alteration of their 

phosphorylation state could affect the balance of transcripts produced. For example, it 

recently has been shown that the splicing factor ASF/SF2 is hypophosphorylated and 

presumably less active early in the infection (1).  

 In addition to identifying specific components of the host transcriptional 

machinery that are upregulated during the infection, we also determined the nuclear 
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localization of these components at times of viral IE and late transcription. Ishov et al. 

(58) provided a model for the IE transcription environment based on their results 

showing that the viral input genome, IE transcripts, and IE proteins all localize at the 

PODs, and that the IE transcripts move towards the spliceosome assembly factor 

domains. They hypothesized that the incoming viral genome is either required to 

localize at preexisting transcriptional environments in the host cell or essential 

transcription factors must be recruited to the input viral genome. Our data suggest that 

both events are taking place. We find that that the transcription elongation factor, 

cdk9, forms aggregates that colocalize with the IE proteins as early as 2 h p.i. As the 

infection proceeds during the next few hours, the aggregates of cdk7 and cdk9 

increase in size, indicating that both CTD kinases are further recruited to these 

transcription sites. Since continued IE transcription requires recruitment of the CTD 

kinases to the sites of viral transcription within the first hours of infection, it is 

reasonable that the required phosphorylation of RNAP II for synthesis of the IE RNAs 

may be complete by 8 h p.i. This would also be consistent with the finding that the IE 

protein spots are localized near the serine 5- and 2-phosphorylated RNAP II.  

 At later times in the infection, multiple copies of the viral DNA are being 

synthesized and there is abundant late gene transcription. It was therefore of interest to 

determine the relative location of the viral DNA replication proteins and host cell CTD 

kinases and RNA polymerase. We find that cdk7 is localized primarily within the 

replication center, although some kinase appears at the periphery of the replication 

center. Interestingly, with the antibody (ARNA3) that is directed against the body of 

the large subunit of RNAP II outside of the CTD (and thus detects both the 
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hypophosphorylated and hyperphosphorylated forms of the CTD), RNAP II shows a 

similar distribution as cdk7. Yet, the antibody (8WG16) that is directed against the 

hypophosphorylated CTD, as well as the forms of the RNAP II CTD that are 

phosphorylated on serine 5 but not serine 2, primarily detects RNAP II in aggregates 

at the periphery of the replication center. This may be due to the relative affinity of the 

antibodies in the IFA. We also cannot rule out the possibility that ARNA3 is detecting 

RNAP II that is heavily phosphorylated on a different residue than serine 2 or serine 5 

(or modified in other ways), and that this form is preferentially localizing at the 

replication centers. However, it is likely that the antibody 8WG16 is detecting serine 

5-phosphorylated CTD, as a similar pattern in the infected cell was observed with the 

antibody (H14) that detects the serine 5-phosphorylated CTD, irrespective of the 

phosphorylation of serine 2. In contrast, the RNAP II with the CTD phosphorylated on 

serine 2 was distributed throughout the replication center and nucleus. One 

interpretation of these results is that the initiation of the high level of late gene 

transcription on the viral DNA, as indicated by the clusters of serine 5-phosphorylated 

RNAP II, occurs at a site that is physically separate from the replication center where 

the viral DNA is being synthesized. These may also be sites of initiation of host cell 

RNA transcription. Commitment to elongation then occurs at domains distal to these 

aggregates.  

 The studies presented here provide another example of the ingenious ways that 

CMV subverts the host cell for its own needs. Deciphering the mechanisms governing 

the coupling of RNA transcription and processing and the role of differential CTD 

phosphorylation in the regulation of the various steps involved in mRNA synthesis is 
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an active area of research. An understanding of how the virus commandeers the 

transcriptional machinery not only may advance our knowledge of viral pathogenesis 

but also may help elucidate the mechanisms underlying regulated gene expression. 
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Figure 2.1  Mobility of RNAP II changes during the infection along with the 
increases in Ser2 and Ser5 phosphorylation of the CTD. G0-synchronized cells 
were released into G1, infected with HCMV Towne at an MOI of 5 or mock infected, 
and harvested at the time intervals indicated. Total cell lysates from an equal number 
of cells were loaded on 6% polyacrylamide gels and transferred to nitrocellulose 
membranes in buffer containing 0.1% SDS. Western blotting was carried out using 
different antibodies against RNAP II. ARNA3 recognizes the region of RNAP II 
outside of the CTD, 8WG16 is specific for unphosphorylated CTD and the CTD that is 
phosphorylated only on Ser5, and H5 and H14 are specific for the CTD 
phosphorylated on Ser2 and Ser5, respectively. -actin was used as a loading control. 
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Figure 2.2 Levels of cdk-activating kinase (CAK) components and P-TEFb 
increase during HCMV infection. Upon release from G0, synchronized HFFs were 
infected with HCMV Towne (lanes V) at an MOI of 5 or mock infected (lanes M). 
Cells were harvested at the indicated time points. Lysates from an equal number of 
cells were loaded onto gels, electrophoresed, and subjected to Western blotting with 
antibodies against cdk7, MAT-1, cyclin H, cyclin T1, and cdk9. -actin was used as a 
loading control. 
 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.3 The levels of cdk7/MAT-1 and cdk9/cyclin T1 complexes and the 
kinase activities of cdk7 and cdk9 increase during the HCMV infection. G0-
synchronized HFFs were mock infected (lanes M) or HCMV infected (lanes V) and 
harvested at 48 h p.i. Lysates from an equal number of cells were immunodepleted of 
(A) cdk7 or MAT-1 using rabbit polyclonal antibodies and subjected to Western 
blotting with a cdk7- or MAT-1-specific MAb, or immunodepleted of (B) cdk9 or 
cyclin T1 using rabbit polyclonal antibodies and subjected to Western blotting with a 
MAb against cdk9 or cyclin T1. (C) Immunoprecipitations with cdk7 or cdk9 
polyclonal antibodies or normal rabbit IgG control were carried out. Purified GST-
CTD (0.1 g) was used as the substrate in each reaction as described in Materials and 
Methods. A mixture of 2 Ci of [-32P]ATP, kinase assay buffer, and substrate was 
added to the immunocomplex, followed by incubation at 37 C. The protein was 
separated by electrophoresis and exposed to X-ray film. The faint band that appears in 
the IP of the viral lysate at 48 h p.i. with the normal rabbit IgG is nonspecific and does 
not run at the same position as the phospho-GST-CTD. For all experiments in this 
figure, a control immunoprecipitation with normal rabbit IgG was also included. 
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Figure 2.4 cdk7- and cdk9-associated kinase activities towards the RNAP II CTD 
are increased in infected cells at early times. Cells infected with HCMV (lanes V) 
or mock infected (lanes M) were harvested at 8 h p.i. (A) Equivalent numbers of cells 
were lysed and immunoprecipitated with cdk7 or cdk9 polyclonal Abs, or normal 
rabbit IgG. Purified GST-CTD (0.1 g) was used as the substrate in each reaction as 
described in Materials and Methods and Figure 2.3. (B) Western blots of the 
corresponding immunoprecipitates probed with a MAb specific for cdk7 or cdk9. 
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Figure 2.5 The cdk inhibitor Roscovitine affects virus-induced phosphorylation of 
RNAP II within the CTD. Infected (lanes V) or mock-infected (lanes M) cells were 
treated with 20 M Roscovitine at the time of infection or at 8 h p.i. and were 
harvested at different time points. Total cell lysates from an equal number of cells 
were subjected to Western blotting using the ARNA3 (detects RNAP IIa and IIo), H5 
(detects pSer2-RNAP IIo), and H14 (detects pSer5-RNAP IIo) antibodies. -catenin 
protein levels were checked as a loading control. +, Roscovitine at 0 h p.i.; -, control-
treated; 8, Roscovitine added at 8 h p.i. 
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Figure 2.6 Localization of RNAP II in HCMV-infected cells at 48 h p.i. G0-
synchronized cells that were released into G1 and infected with HCMV at an MOI of 5 
or mock infected were seeded onto glass coverslips. At 48 h p.i., cells were fixed and 
immunostained as described in the Materials and Methods. The costaining was as 
follows: ARNA3 which detects RNAP IIa and IIo (IgG1) with viral early protein 
UL57 (IgG2A); 8WG16 which detects RNAP IIa and some pSer5-RNAP IIo (IgG1) 
with viral early protein UL44; H14 which detects pSer5-RNAP II0 (IgM) with UL57; 
and H5 which detects pSer2-RNAP IIo (IgM) with UL44. Nuclei were stained with 
Hoechst dye. For immunostaining controls, one of the specific antibodies in the pair 
was replaced with a nonspecific immunoglobulin. Magnification x600 under oil. 
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Figure 2.7 Localization of cdk7, MAT-1 and cdk9 in HCMV-infected cells at 48 h 
p.i. G0-synchronized cells that were released into G1 and infected with HCMV at an 
MOI of 5 or mock infected were seeded onto glass coverslips. At 48 h p.i., cells were 
fixed and immunostained as described in the Materials and Methods. The costaining 
was as follows: cdk7 (IgG2B) and MAT-1 (IgG1); cdk7 and UL44; MAT-1 and 
UL57; and cdk9 (rabbit IgG) and UL44. Nuclei were stained with Hoechst dye. For 
immunostaining controls, one of the specific antibodies in the pair was replaced with a 
nonspecific immunoglobulin. Confocal optical sections of 0.2 m. Magnification x600 
under oil. 
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Figure 2.8 Localization of RNAP IIo at 8 h p.i. G0-synchronized cells that were 
released into G1 and infected with HCMV at an MOI of 5 or mock infected were 
seeded onto glass coverslips. At 8 h p.i., cells were fixed and immunostained as 
described in the Materials and Methods. The costaining was as follows: H14, which 
detects pSer5-RNAP IIo with CH16.0, which detects viral IE1 and IE2; H5, which 
detects pSer2-RNAP IIo, and CH16.0. Nuclei were stained with Hoechst dye. For 
immunostaining controls, one of the specific antibodies in the pair was replaced with a 
nonspecific immunoglobulin. Confocal optical sections of 0.2 m. Magnification 
x1000 under oil. 
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Figure 2.9 Localization of cdk7 and cdk9 at 8 h p.i. G0-synchronized cells that were 
released into G1 and infected with HCMV at an MOI of 5 or mock infected were 
seeded onto glass coverslips. At 2, 4, or 8 h p.i., cells were fixed and immunostained 
as described in the Materials and Methods. The costaining was as follows: cdk9 and 
CH16.0; cdk7 and CH16.0. Nuclei were stained with Hoechst dye. For 
immunostaining controls, one of the specific antibodies in the pair was replaced with a 
nonspecific immunoglobulin. Confocal optical sections of 0.2 m. Magnification 
x1000 under oil. 
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Figure 2.10 Viral-specific nuclear cdk9 aggregates are localized at the sites of 
viral IE transcription. G0-synchronized cells that were released into G1 and infected 
with BrdU-labeled HCMV or unlabeled HCMV at an MOI of 5 or mock infected were 
seeded onto glass coverslips. At 8 h p.i., cells were fixed and immunostained as 
described in the Materials and Methods. The costaining was as follows: cdk9 (rabbit 
IgG) with BrdU which detects the BrdU-labeled viral genome (rat IgG); cdk9 with 
SC35 (IgG1) and H5 (IgM). Nuclei were stained with Hoechst dye for some IFA. For 
immunostaining controls, one of the specific antibodies in the pair was replaced with a 
nonspecific immunoglobulin. Confocal optical sections of 0.2 m. Magnification 
x1000 under oil. 
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Figure 2.11 cdk9 localizes adjacent to sites that correspond to the PODs in 
infected cells prior to their dispersal. G0-synchronized cells that were released into 
G1 and infected with HCMV Towne or IE1-72 HCMV (CR208) at an MOI of 5 or 
mock infected were seeded onto glass coverslips. At 8 h p.i., cells were fixed and 
immunostained as described in the Materials and Methods. The costaining was with 
cdk9 and PML (IgG1). Nuclei were stained with Hoechst dye. For immunostaining 
controls, one of the specific antibodies in the pair was replaced with a nonspecific 
immunoglobulin. Confocal optical sections of 0.2 m. Magnification x1000 under oil. 
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CHAPTER 3 

 

CHARACTERIZATION OF VIRAL TRANSCRIPTOSOMES FORMED AT 

IMMEDIATE EARLY TIMES OF HUMAN CYTOMEGALOVIRUS 

INFECTION 

 

ABSTRACT 

 We previously reported that defined components of the host transcription 

machinery are recruited to human cytomegalovirus immediate early (IE) transcription 

sites, including cdk9 and cdk7 (S. Tamrakar, A. J. Kapasi, D. H. Spector, J. Virol. 79: 

15477-15493, 2005). In this report, we further document the complexity of this site, 

referred to as the transcriptosome, through identification of additional resident 

proteins, including viral UL69 and cellular cyclin T1, Brd4, HDAC1 and HDAC2. To 

examine the role of cyclin dependent kinases (cdks) in the establishment of this site, 

we used Roscovitine, a specific inhibitor of cdk1, cdk2, cdk7 and cdk9, that alters 

processing of viral IE transcripts and inhibits expression of viral early genes. In the 

presence of Roscovitine, IE2, cyclin T1, Brd4, HDAC1, and HDAC2 accumulate at 

the transcriptosome. However, accumulation of cdk9 and cdk7 was specifically 

inhibited. Roscovitine treatment also resulted in decreased levels of cdk9 and cdk7 

RNA. There was a corresponding reduction in cdk9 protein, but only a modest 

decrease in cdk7 protein. However, overexpression of cdk9 does not compensate for 

the effects of Roscovitine on cdk9 localization or viral gene expression. Delaying the 
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addition of Roscovitine until 8 hours post infection prevented all of the observed 

effects of the cdk inhibitor. These data suggest that IE2 and multiple cellular factors 

needed for viral RNA synthesis accumulate within the first 8 hours at the viral 

transcriptosome and that functional cdk activity is required for the specific recruitment 

of cdk7 and cdk9 during this time interval. 
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INTRODUCTION 

 Human cytomegalovirus (HCMV), a herpesvirus, is a prevalent pathogen 

infecting between 50-80% of adults in the U.S.A. HCMV causes disease largely in 

immunocompromised patients, organ transplant recipients, and the developing fetus. 

Congenital HCMV is the major viral cause of birth defects, leading to permanent 

disabilities, such as hearing and vision loss, mental disabilities, and even death. As of 

yet, there is no cure or effective preventative treatment for HCMV.  

 Immediately after the viral particles contact the cellular plasma membrane, 

normal host cellular functions are disrupted. The combination of the interactions 

between the virus and the host that are established and the altered cellular functions 

result in an environment that is optimal for viral replication (for review, see (43)). 

Viral gene expression is temporally regulated beginning with the immediate early (IE) 

genes, which do not require de novo host or viral protein synthesis for expression. The 

IE gene products activate the expression of viral early genes, which in turn initiate and 

regulate viral DNA synthesis. After the onset of viral DNA synthesis, the late viral 

genes, which primarily encode structural proteins, are expressed and lead to the 

eventual release of virus from the cell.  

 In order for a productive infection to ensue, HCMV must commandeer the host 

transcriptional machinery to establish efficient viral IE RNA synthesis. Understanding 

how the host transcriptional machinery is redirected for viral gene transcription is key 

to unveiling how a productive HCMV infection develops in the host cell. Initially, this 

is achieved by the virus taking advantage of the existing nuclear architecture as well as 
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utilizing available cellular factors in the host cell. Upon entry, a subset of the viral 

genomes are  deposited inside the nucleus, adjacent to dynamic promyelocytic 

leukemia (PML) oncogenic domains (PODs) (also known as ND10 structures) (58). It 

is these viral genomes that serve as the template for viral IE transcription. The major 

IE proteins, IE1-72 and IE2-86, also localize to the sites of viral IE transcription. 

Between 3-6 h post infection (p.i.), IE1 protein and several POD-associated proteins 

(including PML) become dispersed throughout the nucleus due to IE1 activity (3, 5, 

84, 136). IE2 protein, however, persists at the punctate viral IE transcription sites, 

which we will refer to as the transcriptosome. 

 HCMV transcription is directed by the cellular RNA polymerase II (RNAP II). 

In humans, the C-terminal domain (CTD) of the largest subunit (Rpb1) of RNAP II is 

composed of the consensus heptapeptide sequence, Try-Ser-Pro-Thr-Ser-Pro-Ser, and 

is susceptible to high levels of phosphorylation during the transcription cycle (for 

review, see (74, 80, 98)). In the uninfected cell, the primary kinases responsible for 

RNAP II CTD phosphorylation are cdk7 and cdk9. A hypophosphorylated form of 

RNAP II (IIa) is recruited to the pre-initiation complex at the gene promoter by the 

general transcription factors. Initiation proceeds when the cdk7 complex 

phosphorylates the CTD at the serine 5 residues, resulting in a hyperphosphorylated 

RNAP II (IIo) that recruits the RNA-capping enzymes. Eventually, further 

phosphorylation on serine 2 residues of the CTD by the cdk9 complex recruits factors 

required for RNA cleavage/polyadenylation and splicing and commits RNAP II to 

productive elongation. Recently, the bromodomain-containing protein, Brd4, has been 

shown to interact with the active cdk9 complex via cyclin T1, and has been implicated 
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in enhancing the recruitment of the cdk9 complex to the stalled RNAP II at acetylated 

promoter regions, stimulating cdk9 phosphorylation of RNAP II (60, 145). We 

previously reported that active CTD kinase complexes, CAK (cdk7/ cyclin H/ MAT1) 

and P-TEFb (cdk9/ cyclin T1), are upregulated during the HCMV infection (126). In 

addition, by 8 h p.i., we and others have shown that the transcriptionally active form of 

RNAP II, TBP, TFIIB, cdk9 and cdk7 all colocalize with IE1/2 protein at the viral 

transcriptosome (3, 58, 126). HCMV also encodes a kinase, UL97, which can 

phosphorylate the RNAP II CTD in vitro, although the study by Baek et al. suggests 

that UL97 may not be responsible for CTD phosphorylation in vivo (6).  

 The cyclin-dependent kinase (cdk) inhibitor, Roscovitine, has been utilized to 

show that there is an immediate early requirement for cdk activity during the HCMV 

infection (17, 110). Roscovitine is a purine derivative that specifically inhibits cdk1, 

cdk2, cdk5 (in neural cells) in vitro with an approximate 50% inhibitory concentration 

(IC50) of 0.7 M, and inhibits cdk7 and cdk9 at an approximate IC50 of 0.6 M (7, 33, 

41, 79). However, in addition to its use in manipulating cdk activity during infection in 

experimental studies, Roscovitine is being closely looked at as a possible antiviral 

drug. Since most antiviral drugs are targeted against viral proteins, often resulting in 

resistant strains, Roscovitine is a promising option for its inhibition of cellular targets 

(for review, see (116)). Roscovitine has also been shown to inhibit viral replication of 

HSV-1, VZV, and EBV, and transcription of HIV-1 (30, 31, 38, 67, 87, 112-115, 127, 

134). 

 Our lab has published a series of studies that initially revealed that treatment 

with Roscovitine during an HCMV infection significantly alters viral gene expression, 
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resulting in differential processing of several IE RNAs, inhibition of viral early and 

late gene expression and DNA replication, and lowered viral titers (110, 111, 126). We 

further showed that some of the effects of Roscovitine might be attributed to 

alterations in the phosphorylation of RNAP II. Since the CTD acts as a platform for 

recruiting various transcription factors and components of the RNA processing 

machinery, changes in the phosphorylation of the CTD alters the affinity of proteins to 

the transcription complex. During the HCMV infection there is an increase in the 

hyperphosphorylated RNAP IIo, but in the presence of Roscovitine, this viral-specific 

hyperphosphorylation is prevented. Since it seems that hyperphosphorylation of 

RNAP II is required for redirecting the cellular transcription machinery and initiating 

efficient viral IE transcription, the impairment in viral gene expression in the presence 

of Roscovitine may be a result of an inability to recruit essential viral and cellular 

proteins to the sites of IE transcription. Surprisingly, the effects of Roscovitine on the 

hyperphosphorylation of RNAP II and viral gene expression are not observed if 

addition of the drug is delayed until 8 h p.i. (110, 126). 

 The goal of this study was to further define the viral transcriptosome and 

determine the basis of the cdk requirement for its function during the first 8 h of the 

infection. We identify additional viral and cellular proteins that accumulate at the 

transcriptosome, including several proteins that are involved in modifying chromatin 

structure. Infection in the presence of Roscovitine specifically affected cdk9 and cdk7 

localization to the viral transcriptosome, while the accumulation of IE2 and the other 

identified proteins at this site were not altered by the presence of the drug. We also 

observed that Roscovitine treatment has a significant inhibitory effect on the steady-
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state levels of cdk9 protein and cdk9 and cdk7 RNA in mock and HCMV-infected 

cells. However, overexpression of cdk9 does not compensate for the effects of 

Roscovitine treatment at the beginning of the HCMV infection, suggesting that the 

reduced levels of cdk9 are not responsible for its lack of accumulation at the 

transcriptosome. In accord with our previous studies, when the addition of Roscovitine 

was delayed until 8 h p.i., the expression of cdk9 protein and its localization to the 

transcriptosome were no longer inhibited. This lack of effect on cdk9 expression was 

viral-specific as delaying the addition of drug in mock cells still resulted in inhibition 

of cdk9 expression. These data support previous findings that many of the cellular 

factors needed for viral IE transcription are recruited within the first hours of 

infection. By 8 h p.i., the nuclear environment is sufficiently modified in infected 

cells, as can be seen by differences in the sensitivity to inhibitors such as Roscovitine, 

to allow for a productive infection. 
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MATERIALS AND METHODS 

 Cell culture and virus. Human foreskin fibroblasts (HFF) were obtained from 

the University of California, San Diego, Medical Center and cultured in Earle's 

minimal essential medium supplemented with 10% heat inactivated FBS, 1.5 g/ml 

amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. 

All reagents were from Invitrogen (Carlsbad, CA). Cells were kept in incubators 

maintained at 37C with 7% CO2. The Towne strain of HCMV was obtained from the 

American Type Culture Collection (VR 977) and propagated as previously described 

(125).  

 Cell synchronization and infections. HFF (passage numbers 15-20) were 

synchronized in G0 phase by allowing them to grow to confluence as previously 

described (108). Three days after confluence, the cells were trypsinized, replated at a 

lower density to allow progression into the cell cycle, and infected at a multiplicity of 

infection (MOI) of 5 with HCMV Towne or mock infected with tissue culture 

supernatants. Viral and mock supernatant was replaced with fresh media after 8 h p.i. 

For infections in the presence of Roscovitine (Sigma Aldrich, St. Louis, MO), 

Roscovitine (16 M) or dimethyl sulfoxide (DMSO) control was added at the time of 

infection or 8 h p.i. Media with Roscovitine or DMSO was replaced every 24 h. At 

various times p.i., cells were harvested and stored at –80C for Western blot analysis, 

or fixed in 2% formaldehyde (FA) solution for immunofluorescence (IFA).  

 Antibodies. cdk7 MAb MO-1 and DSIF MAb (BD Pharminagen, La Jolla, 

CA); CH16.0 MAb (Virusys Corporation, Sykesville, MD); cdk9 polyclonal Ab sc-
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484, cdk2 polyclonal Ab sc-163, cyclin T1 polyclonal Ab sc-10750, -catenin MAb 

sc-7963, HDAC2 polyclonal Ab sc-7899, and HA MAb sc-7392 (Santa Cruz 

Biotechnology, Santa Cruz, CA); -actin MAb (Sigma-Aldrich, St. Louis, MO); 

ARNA3 MAb and IE2 MAb (Chemicon, Temecula, CA); H5 MAb (Covance, 

Berkeley, CA); HDAC1 polyclonal Ab (Abcam, Inc., Cambridge, MA); Brd4 

polyclonal Ab (gift of K. Ozato); UL69 MAb (gift of W. Britt); goat anti-mouse 

immunoglobulin (IgG)-horseradish peroxidase (HRP) and goat anti-rabbit IgG-HRP 

(Calbiochem, San Diego, CA); goat anti-mouse IgM-HRP, goat anti-rabbit IgG-Cy3, 

fluorescein-conjugated isotype-specific secondary antibodies, ChromPure Human IgG 

Fc fragment (HuFc), and normal rabbit IgG (Jackson ImmunoResearch Laboratories, 

West Grove, PA); mouse isotype-specific Ig controls (Zymed, San Francisco, CA). 

 Western blot analysis. Cells were lysed in Laemmli reducing sample buffer 

(50 mM Tris, pH 6.8, 0.2% sodium dodecyl sulfate [SDS], 10% glycerol, 5% 2--

mercaptoethanol, 50 mM NaF, 0.5 mM Na3VO4, 5 mM -glycerophosphate). The 

lysates were then sonicated briefly and boiled for 5 min. Proteins from an equivalent 

number of cells were separated on a 6%, 8%, or 10% SDS-polyacrylamide gel and 

transferred to nitrocellulose. Membranes were stained with amido black to assess 

protein loading in each lane. The blots were incubated with 5% nonfat dried milk in 

TBST (10 mM Tris [pH 8.0], 150 mM NaCl, and 0.1% Tween 20) and incubated with 

primary antibodies diluted in 5% milk/TBST as follows: cdk7 MAb, 1:500; rabbit 

anti-cdk9, 1:250; rabbit anti-cdk2 1:500; -actin MAb, 1:10,000; ARNA3 MAb, 

1:300, H5 MAb, 1:250, -catenin MAb, 1:10,000, and CH16.0 MAb 1:10,000. 
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Following washes with TBST, blots were incubated with anti-mouse IgG-HRP or anti-

rabbit IgG-HRP diluted 1:2000 or anti-mouse IgM-HRP diluted 1:8,000. After 

washing in TBST, proteins were detected using SuperSignal West Pico 

chemiluminescent substrate (Pierce, Rockford, IL) according to the manufacturer's 

instructions. 

 Immunofluorescence. Cells were infected as described above with HCMV 

Towne or mock infected and plated onto sterile glass coverslips. At specified time 

points, the coverslips were washed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed with 2% FA solution in PBS for 10 

min. Formaldehyde-fixed cells were permeabilized in 0.2% Triton-X 100 and 

incubated in 10% normal goat serum (NGS). Cells were subsequently incubated with 

one or more of the following specific antibodies diluted in 1% NGS:  IE2 MAb, 1:500; 

rabbit anti-cdk9, 1:50; HA MAb, 1:25; cdk7 MAb, 1:50; rabbit anti-Brd4, 1:1000; 

rabbit anti-cyclin T1, 1:50; UL69 MAb, 1:200; DSIF MAb, 1:25; rabbit anti-HDAC1, 

1:1000; rabbit anti-HDAC2, 1:200. Non-specific IgG antibodies were used as controls. 

After PBS washes, cells were incubated with Hoechst stain and one or more of the 

appropriate fluorescein-conjugated secondary antibodies diluted in blocking solution:  

isotype-specific mouse IgG, 1:50; goat anti-rabbit IgG-Cy3, 1:600. After PBS washes, 

the slips were mounted onto glass slides with SlowFade Gold (Molecular Probes, 

Eugene, OR). Confocal images were captured at the UCSD Cancer Center Digital 

Imaging Shared Resource using a Deltavision microscope and deconvolved with 

SoftWorx software. All images are 0.2 m sections and 1000x magnification under oil 

immersion. For cdk9 IFA of 14 h p.i., the blocking step was modified by incubation 
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with HuFc diluted 1:10 in blocking solution in order to prevent adsorption of the rabbit 

polyclonal cdk9 antibody to viral encoded Fc-receptor that accumulates in the golgi. 

 Quantitative real-time PCR. Cells were infected as described above. The 

cells were harvested at various times p.i. and total RNA was isolated from the 

harvested cells with RNeasy RNA miniprep kit (Qiagen, Valencia, CA). The 

concentration of each sample was determined by UV spectrophotometry. Quantitative 

real-time reverse transcription-PCR (qRT-PCR) was performed in an Applied 

Biosystems ABI Prism 7000 sequence detection system with the TaqMan One-Step 

RT-PCR master mix reagents kit (Applied Biosystems, Branchburg, NJ) and 

oligonucleotide primers and TaqMan dual-labeled (5' 6-carboxy fluorescein (FAM) 

and 3' black hole quencher-1) probes (Integrated DNA Technologies, Coralville, Iowa) 

(see Table 3.1 for sequences). The reaction volume was 50 l with 50 ng of RNA for 

each sample. A standard curve was used to calculate the relative amount of specific 

RNA present in a sample, from which the induction of transcription of the gene was 

calculated by comparison to the value obtained for the specific RNA from the 8 h p.i. 

untreated mock cells. As an additional control for the amount of RNA in each 

reaction, samples were normalized with primers and a TaqMan probe specific to the 

cellular housekeeping gene, glucose-6-phosphate dehydrogenase (G6PD).  

 cdk9-overexpressing cells. The pRc-CMV-cdk9HA plasmid was obtained 

from X. Graña (Temple University School of Medicine, Philadelphia, PA). The 

plasmid was cut with XbaI and EcoRI to release the cdk9HA insert. The cdk9HA 

insert ends were filled in using Klenow T4 DNA polymerase. A lentivector containing 

the EF1 promoter was obtained from I. Verma (Salk Institute, La Jolla, CA). A 
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hygromycin B resistance gene expressed under the thymidine kinase promoter was 

cloned into the SmaI site downstream of the EF1 promoter. The pLV-EF1-

TKHygro was cut at a unique BamHI site, and the linearized vector ends were 

subsequently filled in with Klenow. The blunt cdk9HA insert was ligated into the 

lentivector to produce pLV-EF1-cdk9HA-TKHygro.  

 293FT cells were cultured and transfected with the lentiviral vector and 

packaging mix as described by the ViraPower Lentiviral Expression System 

(Invitrogen, Carlsbad, CA). Briefly, 6x107 cells were transfected in 30 ml of 

OptiMEM (Invitrogen), 360 l Lipofectamine 2000 (Invitrogen), 90 g ViraPower 

packaging DNA mix, and 30 g pLV-EF1-cdk9HA-TKHygro DNA. At 72 h post 

transfection, the lentivirus-containing supernatant was collected, spun down to remove 

cellular debris, and filtered. It was immediately used to transduce subconfluent flasks 

of HFF cells with a 1:1 dilution of lentivirus and HFF media in the presence of 3 

g/ml polybrene. At confluence, the HFF cells were split 1:2 and 24 h post splitting, 

were transduced a second time with fresh lentivirus. At 48 h after the second 

transduction, the HFF cells were put under hygromycin B selection (25-40 g/ml). 

After 10 days under selection, the HFF flasks were confluent, and cdk9HA expression 

was confirmed by Western blot and IFA with the HA MAb. The G0-synchronized 

cdk9HA-overexpressing HFF and untransduced HFF (passages 16) were then infected 

in the presence of Roscovitine or DMSO as described above. Samples for Western 

blot analysis were harvested at 8, 24, 48, and 72 h p.i., and samples for IFA were fixed 

at 8 h p.i.  
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 CTD kinase assay. Mock cdk9HA expressing cells were harvested by 

trypsinization and 5x105 cells were lysed in NETN buffer (100 mM NaCl, 20 mM 

Tris-HCl [pH 8], 1 mM EDTA, 0.5% IGEPAL CA-630 [Sigma-Aldrich], 1X protease 

inhibitor cocktail [Roche Chemicals, Indianapolis, IN], 50 mM NaF, 0.5 mM Na3VO4, 

and 5 mM -glycerophosphate) by rotating at 4C for 30 min. The exogenous cdk9HA 

was specifically immunoprecipitated from cells using 15 g of rabbit anti-cdk9 and 

control RbIgG serum, and 30 g of rabbit anti-HA coupled to 30 l of protein A plus-

agarose beads (Santa Cruz Biotechnology) with dimethyl pimelimidate 

dihydrocholoride (Sigma-Aldrich). Lysates and antibody-coupled beads were 

incubated for 4 h, rotating at 4C. Immunocomplexes were washed twice in NETN 

buffer and half of each sample was boiled in 2X Laemmli buffer. For Western blot 

analysis, approximately 7.5x104 cell equivalents for the Pre-IP and Post-IP samples, 

and approximately 1.25x105 cell equivalents for the IP samples were loaded onto an 

8% SDS-PAGE gel.   

 One half of the total IP (5x105 cell equivalents) was used in the kinase assay as 

described previously (126). Briefly, the immunocomplexes were washed once with 

kinase buffer (150 mM NaCl, 10 mM MgCl2, 25 mM HEPES [pH 7.4], 0.5 mM 

dithiothreitol). The immunocomplexes were incubated with a 30 l kinase reaction 

consisting of kinase buffer, 250 ng GST-CTD, 5 M ATP, and 3 Ci of [-32P]ATP 

(MP Biomedicals, Solon, OH). Reactions were carried out at 37C for 25 min., mixing 

every 5 min. The reactions were stopped with 4X Laemmli buffer and boiled for 5 

min. The supernatant was loaded onto an 8% SDS-PAGE for electrophoresis. The gel 
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was fixed, dried, and exposed to X-ray film. The GST-CTD expression vector was a 

gift from W. Dynan, and bacterial production of the fusion protein was as previously 

described (126). 
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RESULTS 

 Identification of several proteins that localize at the sites of HCMV IE 

transcription. It has been reported that there are distinct nucleation sites where viral 

IE transcription is initiated. Establishing efficient IE transcription is important for the 

productive HCMV infection because these sites eventually form the replication centers 

for viral DNA synthesis. These sites, referred to as transcriptosomes, have previously 

been characterized in HCMV infected human cells by the presence of the viral input 

genome, viral transactivators (IE2 and UL112-113), several components of the cellular 

transcription machinery (RNAP II, TBP, TFIIB, cdk7, and cdk9), and viral RNA 

transcripts (2, 3, 58, 126, 144). We previously showed that cellular cdk9, cdk7, and 

transcriptionally active RNAP II (with the CTD phosphorylated on Ser2) colocalize 

with IE2-86 during the first 8 h of the infection in distinct aggregates adjacent to the 

ND10 that are undergoing dispersal (126). Through confocal microscopy analysis, we 

have expanded the list of proteins identified at these sites at the beginning of the 

infection to include the viral protein UL69 and other cellular proteins involved in 

regulation of transcription (cyclin T1 and DSIF) and in chromatin modification (Brd4, 

HDAC1, and HDAC2) (Table 3.2).  

 Figure 3.1 shows representative confocal microscopy sections of the newly 

identified proteins at the viral transcriptosomes at 8 h p.i. Antibodies specific to these 

proteins were used to costain with either IE2 (mouse Ab) or cdk9 (rabbit Ab) to 

determine the sites of colocalization. In considering which viral input tegument 

proteins might localize to the viral transcriptosome, UL69 was a likely candidate in 
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view of its ability to promote nuclear export of viral transcripts (72). UL69 can be 

detected in a subset of cells as nuclear aggregates that colocalize with cdk9 (panels 1-

3). It is possible that the reason UL69 is not found in all cells is due to its turnover 

after entry into the cell. This protein is not newly synthesized in infected cells until 

early-late times in the infection. The finding that cyclin T1 colocalizes with IE2 at the 

transcriptosome is not surprising in view of the fact that cyclin T1 is in a complex with 

cdk9 and forms the positive transcription elongation factor b (P-TEFb) (panels 5-7). 

Another regulator of RNAP II-directed transcription elongation, the DRB sensitivity-

inducing factor (DSIF), can also be detected at the transcriptosome as shown by its 

colocalization with cdk9 (panels 9-11). Transcriptional pausing is in part due to the 

interaction of DSIF with the RNAP II complex (132, 142, 143). P-TEFb is recruited to 

the RNAP II complex and phosphorylates the Spt5 subunit of DSIF, resulting in the 

disassociation of DSIF, and entry into the transcription elongation phase (24, 69, 96, 

132). In addition to viral factors and cellular transcription regulators, cellular 

chromatin modifying proteins are being identified at these sites as a novel class of 

proteins. Brd4 has been found to be associated with cellular chromatin, with the 

mediator complex, and with active P-TEFb complexes where it has been shown to 

interact with cyclin T1 (60, 140, 145). Colocalization of Brd4 and IE2 further supports 

the observation that the active cdk9 complex is specifically recruited to the sites of 

viral IE transcription (panels 13-15). A surprising result was that two histone 

deacetylases, HDAC1 and HDAC2, were recruited to this complex, as these proteins 

are often associated with gene silencing (panels 17-19 and 21-23, respectively) (for 

review see (37)). However, the model associating histone HDACs with transcriptional 



88 

 

repression and histone acetylases (HATs) with transcriptional activation has been 

challenged in recent years as more studies with histone deacetylase inhibitors have 

revealed as many genes downregulated as upregulated (26). For comparison, we show 

the pattern of antibody staining to the above cellular proteins in the mock-infected 

cells (panels 4, 8, 12, 16, 20, and 24). In general, the staining was diffuse nuclear with 

some tiny spots, and it was distinctly different from what was observed in the infected 

cells. The bottom panels in Figure 1 are controls in which the infected cells were 

stained with a specific antibody along with a nonspecific IgG antibody that matched 

the second antibody used in the dual staining (panels 25-30). Taken together, these 

results suggest that the process of establishing the viral IE transcription sites is more 

complex than was originally described, and the nuclear environment is significantly 

altered during the first 8 h of infection through the recruitment of multiple proteins to 

the viral transcriptosome.  

 HCMV infection in the presence of Roscovitine impairs the localization of 

cdk9 and cdk7, but not IE2-86, at viral transcriptosomes. Our lab has shown that 

Roscovitine added at the beginning of the infection results in differential splicing of IE 

transcripts and inhibition of early gene expression and viral replication (110). 

Moreover, the viral-specific hyperphosphorylation of the CTD of RNAP II is 

inhibited. Since both cdk7 and cdk9 are responsible for phosphorylation of the RNAP 

II CTD, we wanted to investigate how cdk inhibition affects the formation of the 

transcriptosome with respect to IE2 and cdk9 and cdk7. Cells were infected in the 

presence of Roscovitine (or DMSO) and then fixed at 8 h p.i. for immunofluorescence 

analysis with an antibody to cdk9 (Figure 3.2). Consistent with our previous results, 
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cdk9 forms nuclear aggregates that can be detected by 2 h p.i. and that grow in size 

and abundance as the infection proceeds (126). These cdk9 aggregates colocalize with 

the IE2 protein, as detected with the IE2 MAb (panels 1-3). Surprisingly, in the 

presence of Roscovitine, there are no changes in IE2 protein accumulation at the viral 

transcriptosomes while cdk9 aggregation at these sites is greatly diminished (panels 5-

7). Although the overall intensity of the cdk9 staining is decreased in Roscovitine-

treated infected cells, a limited number of small cdk9 aggregates could be detected and 

seemed to colocalize with the IE2 protein (panels 9 and 10). Roscovitine had no effect 

on cdk9 localization in mock cells; in both treated and untreated cells, cdk9 appears as 

a non-nucleolar, diffuse nuclear stain with minimal speckling (compare panels 4 and 

8).  

 In order to determine whether the cdk9 localization at the transcriptosome is 

merely delayed due to a slower infection in the presence of Roscovitine or is impaired 

and does not develop further as the infection progresses, we checked a series of time 

points after 8 h p.i. Cells that were infected in the absence of Roscovitine displayed 

pronounced cdk9 aggregates that increased in size as the infection progressed from 8 

to 14 h p.i. (Figure 3.3, compare panels 2 and 14). However, cells that were infected in 

the presence of Roscovitine displayed little to no cdk9 aggregates even at 14 h p.i. as 

compared to cells infected in the absence of Roscovitine (compare panels 6 and 2). 

Interestingly, cells that were treated with Roscovitine after 8 h of infection displayed 

cdk9 aggregation, although not to the extent of the untreated infected cells (compare 

panels 10 and 2).  Consistent with earlier observations, IE2 was still present at the 

viral transcriptosomes when Roscovitine was added at the beginning of the infection, 
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however, by 14 h p.i., IE2 accumulation at those sites is slightly delayed as compared 

to no drug or delayed addition of Roscovitine (compare panel 5 to panels 1 and 9). 

 In Figure 3.4, we show the effects of Roscovitine on the localization of cdk7 to 

the transcriptosome. Analogous to what was observed for cdk9, infection in the 

presence of Roscovitine also disrupts cdk7 recruitment to the viral transcriptosome 

(compare panels 1 to 3 and panels 5 to 7). These data suggest that the effect of 

Roscovitine on the recruitment of cdk9 and cdk7 to the viral transcriptosome may 

account, at least in part, to the altered pattern of viral transcription. 

 The impairment in the localization of proteins to the IE transcription sites 

during Roscovitine treatment is specific to cdk9 and cdk7. The differential effect of 

Roscovitine on the localization of the cellular proteins cdk7 and cdk9 versus the viral 

IE2 protein to the transcriptosome prompted us to determine whether other cellular 

proteins at the transcriptosome were similarly affected. Since we have shown that 

almost all of cdk9 is in a complex with cyclin T1 in infected cells (126), and it has 

recently been estimated that 50% of cellular cdk9/cyclin T1 is associated in an active 

complex with Brd4 (145), we predicted that these latter two proteins would also not 

localize to the transcriptosome in the presence of Roscovitine. Cells were infected in 

the presence of Roscovitine and then fixed for immunofluorescence analysis at 8 h p.i. 

Surprisingly, we found that both cyclin T1 and Brd4 maintain a colocalization with 

IE2 (Figure 3.5, panels 1-3 for cyclin T1; panels 5-7 for Brd4). The localization of 

HDAC1 and HDAC2 during infection in the presence of Roscovitine was also 

examined. Confocal microscopy analysis shows that HDAC1 and HDAC2 both 

maintain a colocalization with IE2 at the transcriptosome that is unaffected by the 
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presence of Roscovitine (panels 9-11 for HDAC1; panels 13-15 for HDAC2). 

Combined, these data suggest that addition of Roscovitine specifically impairs the 

localization of cdk9 and cdk7 at the IE transcription sites, and not other cellular or 

viral proteins that we tested. 

 Roscovitine treatment leads to a decrease in the level of cdk9 protein in 

HCMV-infected cells. Since we observed a decrease in cdk9 staining intensity as well 

as impairment of cdk9 and cdk7 localization in cells infected in the presence of 

Roscovitine, we felt it was important to examine the effect of Roscovitine on the 

steady-state levels of cdk9 and cdk7 protein. Cells were synchronized in G0 by 

allowing them to grow to confluence, trypsinized, and then infected with HCMV at an 

MOI of 5 upon replating and release into G1 phase. The levels of cdk9 are low when 

cells are in G0, and then increase after entry into G1 phase in both mock and viral-

infected cells (Figure 3.6, M- and V- lanes). At 24 h p.i., there are comparable 

amounts of cdk9 in the untreated mock (M-) and viral-infected (V-) samples. 

However, when Roscovitine is added at the beginning of the infection, the levels of 

cdk9 in both the mock (M+) and viral-infected (V+) cells do not increase during the 

24 h period after release into G1 and remain at the low levels seen at G0. In contrast, 

cdk7 protein levels show only moderate changes as the cells are released into G1 

phase. At 24 h p.i., the levels of cdk7 are slightly higher in the viral-infected (V-) cells 

than in the mock cells (M-), and this increase is not seen in the viral-infected cells 

treated with Roscovitine (V+). Another target of inhibition by Roscovitine, cdk2, 

showed only limited changes in steady-state levels. 
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 A delay in the addition of Roscovitine until 8 h p.i. does not inhibit cdk9 and 

cdk7 protein expression in HCMV-infected cells. We have previously shown that 

many of the effects that Roscovitine has on HCMV-infected cells seem to be limited 

to the first 8 h p.i., including alterations in viral gene expression, the viral-specific loss 

of RNAP II CTD phosphorylation, and as described above, the impairment in cdk9 

aggregation at the IE transcription sites (110, 126) (Figure 2). We sought to determine 

if the effect of Roscovitine on the steady-state levels of the RNAP II CTD kinases, 

particularly cdk9, was also limited to the first 8 h of the infection. Cells were infected 

in the presence of DMSO followed by the addition of Roscovitine at 8 h p.i. As shown 

in Figure 3.6B, levels of both cdk9 and cdk7 in the viral-infected samples are 

comparable in both the delayed drug-treated (V8) and untreated cells (V-). This 

difference between addition of the drug at the beginning of the infection versus at 8 h 

p.i. is particularly evident for cdk9. In contrast, the delay in Roscovitine addition until 

8 h p.i. affected cdk9 and cdk7 accumulation in mock cells (M8) similar to addition of 

Roscovitine at 0 h (M+). Combined, these data suggest that a viral-specific event 

occurs within the first 8 h of the infection, after which the steady-state level of cdk9 

protein in infected cells is no longer altered by the presence of Roscovitine. 

 Inhibition of cdk9 and cdk7 expression during Roscovitine treatment 

occurs at the RNA level. Since infection in the presence of Roscovitine affected the 

steady-state amounts of cdk9 protein, and to a smaller extent cdk7 protein, we 

proceeded to use quantitative real-time RT-PCR to determine whether the levels of the 

cdk9 and cdk7 transcripts were also altered. Mock or HCMV-infected cells were 

treated with Roscovitine (or DMSO) at the time of infection or at 8 h p.i. Total RNA 



93 

 

was isolated at 4, 8, and 16 h p.i., and quantified with primers and probes specific for 

cdk9, cdk7 and G6PD (Table 3.1). 

 The qRT-PCR results for cdk9 are consistent with the previous Western 

analysis of the protein levels (Figure 3.7A). In untreated samples, cdk9 RNA does not 

change in mock (M-) cells and increases approximately 1.6 fold in infected (V-) cells 

by 8 h p.i. The addition of Roscovitine at the time of infection results in a decrease in 

cdk9 RNA below the level of G0 in both mock (M+) and viral (V+) samples as early 

as 4 h p.i. (approximately 2 fold reduction from untreated levels), and decreases 4-5 

fold by 8 h p.i. When the addition of Roscovitine is delayed to 8 h p.i., cdk9 RNA 

levels in the Roscovitine-treated viral (V8) samples were comparable to those in the 

untreated viral samples (V-) at 16 h p.i., although the levels were more variable in 

individual experiments. In contrast, when Roscovitine addition is delayed until 8 h p.i. 

in the mock samples (M8), the reduction in cdk9 RNA levels are comparable to those 

when Roscovitine is added at the time of infection (M+). 

 Surprisingly, the decrease in cdk7 expression during Roscovitine treatment 

was much greater at the RNA level than that observed at the protein level (Figure 

3.7B). In untreated samples, cdk7 RNA does not change in mock (M-) cells and 

increases approximately 1.4 fold in infected cells by 8 h p.i. When cells are infected in 

the presence of Roscovitine, cdk7 RNA levels decrease approximately 3-4 fold in both 

mock (M+) and viral (V+) samples relative to untreated samples by 4 h p.i., and the 

levels are approximately 12-13 fold lower in the Roscovitine-treated samples by 8 h 

p.i. When Roscovitine addition was delayed until 8 h p.i., the mock (M8) and infected 

(V8) cells had higher levels of cdk7 RNA than the cells that were treated with the 
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inhibitor at the beginning of the infection (M+ and V+, respectively), but the levels 

were still lower than those in the untreated samples (M- and V-, respectively). Taken 

together, these results indicate that the decrease in cdk9 and cdk7 expression in the 

presence of Roscovitine is primarily at the RNA level. However, we cannot exclude 

additional effects on protein synthesis or stability, since the effect of the drug on the 

cdk9 protein level was significantly greater than that for cdk7 protein. 

 When cells are transitioning from G0 to G1, there is a general increase in the 

basal level of cellular gene expression. Thus, it is possible that some of the effects of 

Roscovitine described above could possibly be due to an inefficient entry of the cells 

from G0 into G1. We examined this possibility by repeating the infections described 

above, but the cells were infected 8 h after release into G1. Cells were collected at the 

indicated time points and processed for Western blot analysis. The overall pattern of 

expression of cdk9, cdk7, and viral gene expression in the presence and absence of 

Roscovitine treatment (whether Roscovitine was added at the time of infection or 8 h 

later) was similar to that for the G0 infection (data not shown).  

 Overexpression of cdk9 does not compensate for the effects of Roscovitine 

on its localization in HCMV-infected cells. Our previous studies have implicated 

cdk9 as being particularly important in establishing a productive infection. In the 

paper by Tamrakar et al. (126), we showed that RNAP II phospho-Ser2 (the cdk9 

substrate) levels decreased to a greater extent than RNAP II phospho-Ser5 (cdk7 

substrate) when cells were infected in the presence of Roscovitine. We also found that 

infection in the presence of Roscovitine (or Flavopiridol, which inhibits cdk9/cyclin 

T1 more potently than other cdk complexes) led to changes in the differential splicing 
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and polyadenylation of HCMV IE transcripts (110). This was particularly relevant 

since phosphorylation of RNAP II Ser2 by cdk9 is believed to play a key role in the 

recruitment of factors for RNA processing. The above experiments showing a marked 

decrease in the amount of cdk9 protein in infected cells treated with Roscovitine raised 

the possibility that these lower levels might be responsible for the deficit in cdk9 

recruitment to the transcriptosome and the observed effects on IE transcription and 

entry into viral early gene expression. 

 To address the above possibility, we used the following strategy to construct a 

cell line that overexpresses HA-tagged cdk9. Based on our finding that the RNA levels 

of the endogenous cdk9 were affected by Roscovitine, we reasoned that the drug 

treatment might be selectively affecting the transcription directed by the endogenous 

promoter or the processing of the genomic transcript. We therefore placed a cDNA 

copy of cdk9HA into a lentiviral vector where its transcription was driven by an EF1 

promoter.  We have used this promoter in other experiments and have found it to be 

constitutively active in infected cells. This vector was then used to transduce human 

FFs. We first established that the HA-tagged cdk9 colocalized appropriately with IE2 

at the viral transcriptosome by IFA with anti-HA and anti-IE2 MAbs (Figure 8A). 

Next, we confirmed that the exogenously expressed cdk9 is an active kinase by 

immunoprecipitating cell lysates with control IgG or anti-HA and anti-cdk9 antibodies 

and assessing the kinase activity in the precipitate with GST-CTD as the substrate and 

the amount of protein in the precipitate (Figure 3.8B and C, respectively).  

 Since the results of the above experiments showed that the exogenous cdk9HA 

was an active kinase and colocalized with IE2 at the transcriptosome, we then infected 
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these cdk9-overexpressing cells in the presence of Roscovitine (or DMSO) and 

analyzed the accumulation of endogenous (*) and exogenous cdk9 protein (**), which 

can be differentiated by the slower migration of the HA-tagged cdk9 on a 10% SDS-

PAGE (Figure 8C and D). The endogenous cdk9 protein levels reflected the changes 

that were described above in the absence (-) and presence (+) of Roscovitine. More 

specifically, the endogenous cdk9 protein in mock and viral samples decreased when 

Roscovitine was present at the time of infection (M+ and V+, *).However, the 

exogenous cdk9HA that was expressed from the integrated lentiviral construct showed 

no observable decrease at 8 and 24 h p.i. in the mock and viral-infected cells treated 

with Roscovitine at the time of infection (M+ and V+, **).  

 We reported previously that infection in the presence of Roscovitine 

differentially alters viral protein expression. In particular, the ratio of IE1 and IE2 

protein accumulation is switched, UL44 protein is moderately decreased, while UL57 

protein and pp28 protein expression are completely inhibited (110). To determine if 

the overexpression of cdk9 would overcome some of these effects by Roscovitine, we 

assessed viral protein synthesis by Western blot analysis. As shown in Figure 9A, the 

effects of Roscovitine on viral IE1/2 protein expression were comparable in control 

(F) cells and cdk9-overexpressing (9) cells. Several viral early (UL44, UL57) and late 

protein (pp28) levels were also found to be comparable between the control and cdk9-

overexpressing cells (data not shown). 

 In addition, RNAP II CTD phosphorylation was examined with an antibody 

against the Rpb1 subunit (ARNA3 antibody) and an antibody against the cdk9 

phosphorylation site, serine 2 residues of the CTD (H5 antibody) (Figure 3.9B). The 
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viral-specific loss of RNAP II CTD phosphorylation was also not recovered by cdk9 

overexpression. 

 Although the above results show that overexpression of cdk9 does not 

counteract the effects of Roscovitine on viral protein expression, we were also 

interested in whether localization of cdk9 was also affected. This question was 

addressed by infecting HFF cells and cdk9-overexpressing cells in the presence of 

Roscovitine and checking the localization by immunofluorescence (Figure 3.10). As 

expected, in the absence of Roscovitine, the cdk9-overexpressing cells showed an 

intense cdk9 stain and formed nuclear aggregates that colocalized with IE2 protein 

(panels 1-3). In the presence of Roscovitine, most of the cdk9HA-overexpressing cells 

exhibited a similar impairment in cdk9 aggregation (panels 5-7) as control HFF 

(panels 12-14), although in a small subset of cells, a few cdk9 aggregates comparable 

in size to untreated cells were observed (panels 9-11). These data indicate that during 

an infection in the presence of Roscovitine, where expression of endogenous cdk9 is 

decreased, overexpression of cdk9 from a retrovirus vector does not overcome the 

impaired accumulation of cdk9 at the sites of viral IE transcription. Therefore, the 

decrease in the amount of cdk9 protein is not the primary cause of an unproductive 

HCMV infection in the presence of Roscovitine. Rather it appears that the recruitment 

of cdk9 to the sites of IE transcription, despite the presence of IE2, is impaired. 
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DISCUSSION 

 Transcription is a multi-step process that requires several regulatory proteins 

involved in chromatin remodeling, promoter recognition and clearance, initiation, 

elongation, and RNA processing. Viral IE transcription must be robust for initiation of 

a productive viral infection, and there is increasing evidence that HCMV establishes at 

the beginning of the infection transcriptosomes consisting of cellular and viral 

proteins. This expanded list includes RNAP II, TBP, TFIIB, cdk7, cdk9, cyclin T1, 

Brd4, DSIF, HDAC1, HDAC2, the input viral genome, and the viral proteins IE2, 

UL112-113, and UL69 (2, 3, 58, 126, 144). By selectively recruiting specific cellular 

proteins to where the viral input genome is deposited and viral proteins are localizing, 

subnuclear transcriptosomes are created where viral transcripts are preferentially 

synthesized and efficiently processed. Of the known cellular proteins that are involved 

at the viral IE transcription sites, the RNAP II CTD kinases, cdk9 and cdk7 are 

recruited very early in the infection (126). Since cellular RNAP II directs HCMV 

transcription, and phosphorylation of RNAP II regulates its transcriptional activity, 

cdk9 and cdk7 are likely to be important components in establishing viral IE 

transcription.  

 Roscovitine has an approximate IC50 of 0.6 M for both cdk9 and cdk7 in 

vitro, and works by competing with ATP for the active sites of those kinases (79). 

While it is reasonable to expect that the activities of cdk9 and cdk7 are inhibited in the 

presence of Roscovitine, it was surprising to see that the steady-state levels of cdk9 

and cdk7 protein and transcripts decreased. It is interesting that cdk9 showed a greater 
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decrease in protein levels than cdk7 did. This implies that although the activities of 

cdk9 and cdk7 are inhibited by a similar concentration of Roscovitine in vitro, the 

effect of the drug on cdk9 function in the context of the cell may be greater due to 

protein turnover. 

 Tracking cdk9 relocalization during the infection is one way to monitor the 

progression of viral transcriptosome assembly, an event that seems to be associated 

with a productive HCMV infection. cdk9 accumulates at the sites of viral IE 

transcription as early as 2 h p.i., and as the infection proceeds, the cdk9 aggregates 

increase in both size and abundance (126). HCMV infection in the presence of 

Roscovitine dramatically impairs cdk9 relocalization to viral transcriptosomes. In a 

high MOI infection, the majority of cells display prominent cdk9 aggregates, whereas 

treatment with Roscovitine at the time of the infection prevents the formation of these 

aggregates in almost all of the cells. This was not simply due to a delay in the creation 

of the aggregates, as they were not observed even at later times. Surprisingly, IE2 

protein localization at the viral nuclear bodies is not affected by Roscovitine treatment, 

which indicates that newly synthesized IE2 can localize at the viral transcriptosomes 

in the absence of cdk9 and cdk7 accumulation. This also supports the existing data that 

IE2 only comprises part of the viral transcriptosome, and IE2 localization at these sites 

alone is not sufficient for a productive infection.  

 Infection in the presence of Roscovitine also inhibited cdk7 localization to the 

IE transcription sites. The observation that recruitment of several of the other proteins 

that accumulate at the viral nuclear bodies were not affected by Roscovitine treatment 

highlights the specificity of inhibition by Roscovitine. Roscovitine inhibits cdk9 and 
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cdk7 activity through its binding at the ATP-binding sites of those kinases. Perhaps 

binding of Roscovitine to cdk9 and cdk7 confers a conformational change of the 

kinases, preventing their recruitment to the viral transcriptosomes. It is also possible 

that functional cdk1 or cdk2 is required for this recruitment at the beginning of the 

infection. However, preliminary data with a specific inhibitor of cdk1 suggests that 

this kinase is not involved. 

 Many of the effects of Roscovitine in HCMV-infected cells are limited to the 

first 6-8 h of infection. A delay in the treatment of Roscovitine until 8 h p.i. does not 

cause the switch in the ratio of the IE1/2 transcripts, permits viral early and late gene 

expression, and maintains the hyperphosphorylation of RNAP II (110, 126). In this 

study, delaying the addition of Roscovitine in infected cells by 8 h also prevented the 

inhibition of cdk9 expression and localization to the transcriptosome. This decrease in 

sensitivity to Roscovitine with respect to expression of cdk9 only occurs in the 

infected cells, suggesting that the cellular environment in HCMV-infected cells has 

been altered from uninfected cells within 8 h. We propose that the establishment of the 

viral transcriptosome during this time is the viral-specific event that contributes to the 

lack of sensitivity towards Roscovitine after 8 h p.i. This possibility is consistent with 

the kinetics of the HCMV infection, since this is the time during which IE 

transcription is coordinated and localization of proteins at IE transcription sites are 

detected by IFA. By 8 h p.i., cdk9 and cdk7 localization at the viral transcriptosomes 

may allow resistance to the binding of Roscovitine.  

 Upon discovering that treatment with Roscovitine at the time of infection 

decreases cdk9 protein levels, we were concerned that this decrease in cdk9 
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availability prevented cdk9 accumulation at the IE transcription sites. However, 

further experiments show that this is not the case; overexpression of cdk9 in the 

infected cells did not overcome the inhibitory effects of Roscovitine. One possibility is 

that inhibition of cdk9 alone is not responsible for the alterations in viral gene 

expression, and that several cdks work synergistically in the early hours of the 

infection to initiate viral IE transcription. Another possibility is that the level of cdk9 

protein present is not the determining factor, but rather the ability of cdk9 to localize 

to abundant levels at the viral IE transcription sites by a certain time of the infection. 

In its active state, cdk9 is part of a complex with cyclin T1 and Brd4 (PTEF-b 

complex). We showed, that these components of PTEF-b all localize at the sites of IE 

transcription. 

 The identification of Brd4 with the viral transcriptosome is interesting because 

Brd4 has been shown to play a key role in infections of other DNA viruses. 

Papillomavirus E2 protein and KSHV LANA-1 protein both interact with Brd4 to 

tether the viral genome with the cellular chromatin (11, 78, 146, 147). The role that 

Brd4 may be serving at the site of HCMV IE transcription still needs to be elucidated. 

However, it may play a role in recruitment of the cdk9/cyclin T1 complex to this site. 

A study by Yang et al. describes that although Brd4 and cyclin T1 can directly 

interact, the serine 175 residue on cdk9 is important to maintain the interaction of 

Brd4 with the cdk9/cyclin T1 complex. This residue is also necessary for kinase 

activity due to its location near the active site (145). Perhaps, binding of Roscovitine 

to cdk9 creates some steric hindrance at the active site, preventing the association of 

cdk9/cyclin T1 to Brd4, and therefore recruitment of cdk9 to the IE transcription sites. 
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cyclin T1 may not be affected in this process because there is non-cdk9-associated 

cyclin T1 available in cells, including infected cells (126). Interestingly, serine 175 is 

a conserved residue in the T-loops of cdk9 and cdk7, so similar structural changes 

during inhibitor binding may be taking place with cdk7 as well. 

 Taken together, the studies presented here highlight the importance of cdk9 

and cdk7 recruitment and accumulation at the sites of viral IE transcription. During the 

first hours of the infection, the virus is highly dependent on the existing cellular 

environment and host factors to initiate efficient IE transcription, including where the 

input viral genome is deposited and active recruitment of the host transcription 

machinery. However, by 8 h p.i., the cellular environment (especially in the nucleus) 

is sufficiently altered to optimize for viral replication, after which the dependence for 

the host factors, such as cdk9 and cdk7, that were initially required has greatly 

diminished. The kinetics of establishing IE transcription is also an important 

consideration with regards to the potency of Roscovitine as an antiviral drug.
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Table 3.1 Quantitative Real-Time PCR Primers and Taqman Probes 
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Table 3.2  Viral factors and cellular proteins identified at the sites of the viral 
transcriptosome   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Protein Ref. 
Viral factors:  
Input HCMV genome (58) 
IE2 (2, 5, 58) 
UL112-113 (2) 
UL69 (62) 
  
Cellular components of transcription:  
RNAP II (126) 
TBP (58) 
TFIIB (58) 
cdk7 (126) 
cdk9 (126) 
cyclin T1 (62) 
DSIF  (62) 
  
Cellular regulators of chromatin 
modification: 

 

Brd4 (62) 
HDAC1 (62) 
HDAC2 (62) 
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Figure 3.1 Localization of several proteins at the sites of viral IE transcription in 
HCMV-infected cells. G0-synchronized cells were released into G1, infected with 
HCMV Towne at an MOI of 5 or mock supernatant and seeded onto glass coverslips. 
At 8 h p.i., cells were washed with PBS, fixed in formaldehyde, permeabilized, and 
immunostained with antibodies specific for the proteins indicated in each panel. 
Specific antibody staining was detected with FITC- or Cy3-conjugated isotype-
specific secondary antibodies. For controls, one of the specific antibodies of the pair 
was replaced with an isotype-specific normal IgG. Nuclei were stained with Hoechst 
dye. The white arrow in each panel indicates a region of colocalization, although more 
are present. All of the images are confocal optical sections of 0.2 m, x1000 
magnification under oil immersion.  
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Figure 3.2 Treatment with Roscovitine impairs accumulation of cdk9 at the sites 
of viral IE transcription. G0-synchronized cells were released into G1, infected with 
HCMV Towne at an MOI of 5 or mock supernatant and seeded onto glass coverslips. 
Cells were treated with 16 M Roscovitine or DMSO at the time of infection. At 8 h 
p.i., cells were washed with PBS, fixed in formaldehyde, permeabilized, and 
immunostained with IE2 (IgG1) and cdk9. Specific antibody staining was detected 
with FITC- or Cy3-conjugated isotype-specific secondary antibodies. For controls, one 
of the specific antibodies of the pair was replaced with an isotype-specific normal IgG. 
Nuclei were stained with Hoechst dye. The white arrow in each panel indicates a 
region of colocalization, although more are present. The white boxes in panels 6 and 7 
are enlarged in panels 9 and 10, respectively, with the modification of a 200% 
magnification and a 200% Cy3 intensity using Adobe Photoshop v. 7.0. All of the 
images are confocal optical sections of 0.2 m, x1000 magnification under oil 
immersion. M, mock-treated; V, HCMV-infected; -, DMSO-treated; +, Roscovitine-
treated at the time of infection.  
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Figure 3.3 Treatment with Roscovitine impairs cdk9 aggregation in infected cells. 
G0-synchronized cells were released into G1, infected with HCMV Towne at an MOI 
of 5 or mock supernatant and seeded onto glass coverslips. Cells were treated with 16 
M Roscovitine or DMSO at the time of infection or with Roscovitine at 8 h p.i. At 14 
h p.i., cells were washed with PBS, fixed in formaldehyde, permeabilized, and 
immunostained with anti-cdk9 and anti-IE2 antibodies followed by Cy3- and FITC-
conjugated secondary antibodies. For controls, isotype-specific normal IgG was used 
in place of the specific antibody (not shown). The white arrow in each panel indicates 
a cdk9 aggregate, although more are present. All of the images are confocal optical 
sections of 0.2 m, x1000 magnification under oil immersion. M, mock-treated; V, 
HCMV-infected; -R, DMSO-treated; +R0, Roscovitine-treated at the time of infection; 
+R8, Roscovitine-treated at 8 h p.i. 
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Figure 3.4 Treatment with Roscovitine inhibits recruitment of cdk7 at the sites of 
viral IE transcription. G0-synchronized cells were released into G1, infected with 
HCMV Towne at an MOI of 5 or mock supernatant and seeded onto glass coverslips. 
Cells were treated with DMSO (panels 1-4) or 16 M Roscovitine (panels 5-8) at the 
time of infection. At 8 h p.i., cells were washed with PBS, fixed in formaldehyde, 
permeabilized, and immunostained with cdk7 (IgG2B) and IE2 (IgG1). Specific 
antibody staining was detected with FITC- or Cy3-conjugated isotype-specific 
secondary antibodies. For controls, one of the specific antibodies of the pair was 
replaced with an isotype-specific normal IgG (panels 9 and 10). Nuclei were stained 
with Hoechst dye. The white arrow in each panel indicates a region of colocalization, 
although more are present. All of the images are confocal optical sections of 0.2 m, 
x1000 magnification under oil immersion. M, mock-treated; V, HCMV-infected; -, 
DMSO-treated; +, Roscovitine-treated at the time of infection. 
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Figure 3.5 Cyclin T1, Brd4, HDAC1 and HDAC2 are able to localize to the sites 
of viral IE transcription during infection in the presence of Roscovitine. G0-
synchronized cells were released into G1, infected with HCMV Towne at an MOI of 5 
(panels 1-3, 5-7, 13-15) or mock supernatant (panels 4, 8, 12, 16) and seeded onto 
glass coverslips. Cells were treated with 16 M Roscovitine or DMSO (see Figure 1) 
at the time of infection. Only the Roscovitine treated samples are shown in this figure. 
At 8 h p.i., cells were washed with PBS, fixed in formaldehyde, permeabilized, and 
immunostained with an antibody specific for the protein indicated in each panel. 
Specific antibody staining was detected with FITC- or Cy3-conjugated isotype-
specific secondary antibodies. For controls, one of the specific antibodies of the pair 
was replaced with an isotype-specific normal IgG (not shown). Nuclei were stained 
with Hoechst dye. The white arrow in each panel indicates a region of colocalization, 
although more are present. All of the images are confocal optical sections of 0.2 m, 
x1000 magnification under oil immersion. M, mock-treated; V, HCMV-infected; +, 
Roscovitine-treated at the time of infection. 
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Figure 3.6 Effect of Roscovitine on the steady-state levels of cdk9 and cdk7 
protein. G0-synchronized cells were released into G1, infected with HCMV Towne at 
an MOI of 5 or mock supernatant. Cells were treated with 16 M Roscovitine or 
DMSO at the time of infection or at 8 h p.i. and were harvested at (A) 8 h p.i. or (B) 
24 h p.i. For mock and viral-infected cells that were harvested at 24 h p.i. and treated 
with Roscovitine or DMSO at the beginning of the infection, the media was removed 
at 8 h p.i., and fresh media containing Roscovitine or DMSO, respectively, was added. 
Cell lysates from equal numbers of cells were run on an 8% SDS-PAGE and subjected 
to Western blotting using antibodies for cdk9, cdk7, cdk2 and -actin (loading 
control). G0, cells released from G0; M, mock-treated; V, HCMV-infected; -, DMSO-
treated; +, Roscovitine-treated at the time of infection; 8, Roscovitine-treated at 8 h 
p.i.x1000 magnification under oil immersion. M, mock-treated; V, HCMV-infected; +, 
Roscovitine-treated at the time of infection. 
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Figure 3.7 Effect of Roscovitine on  cdk9 and cdk7 RNA levels. G0-synchronized 
cells were released into G1, infected with HCMV Towne at an MOI of 5 or mock 
supernatant. Cells were treated with 16 M Roscovitine or DMSO at the time of 
infection or at 8 h p.i. and were harvested at 4, 8, and 16 h p.i. Total RNA was isolated 
and analyzed by quantitative real-time PCR using primers and probes listed in Table 1 
for (A) cdk9 and (B) cdk7 RNA. The values for cdk9 and cdk7 were normalized to 
that of glucose-6-phosphate dehydrogenase (G6PD) RNA for each sample. For each 
time point, two separate experiments were performed and duplicate reactions were 
analyzed. A standard curve for each gene was used to calculate the relative amount of 
specific RNA present in a sample, which was then converted to fold activation relative 
to DMSO-treated, mock 8 h p.i. samples. The graphs shows the averages of the two 
experiments, and the range bars indicate the highest and lowest values. G0, cells 
released from G0; M, mock-treated; V, HCMV-infected; -, DMSO-treated; +, 
Roscovitine-treated at the time of infection; 8, Roscovitine-treated at 8 h p.i. 
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Figure 3.8 Roscovitine-treatment affects steady-state levels of endogenous cdk9 
and not those of overexpressed cdk9. (A) The G0-synchronized cdk9HA-
overexpressing HFF were released into G1, HCMV-infected at an MOI of 5 and 
seeded onto coverslips. At 12 h p.i., the cells were washed with PBS, fixed in 
formaldehyde, permeabilized, and immunostained with IE2 (IgG1) and HA (IgG2a). As 
a control, as second anti-HA antibody (rabbit polyclonal) was used to confirm specific 
staining (not shown). Specific antibody staining was detected with FITC- or TRITC-
conjugated isotype-specific secondary antibodies. Nuclei were stained with Hoechst 
dye. The white arrow in each panel indicates a region of colocalization, although more 
are present. All of the images are confocal optical sections of 0.2 m, x1000 
magnification under oil immersion. (B) The immunocomplexes from mock cells 
containing the exogenously expressed cdk9 was assayed for kinase activity towards 
purified GST-CTD, and (C) the corresponding immunoprecipitates were run on an 8% 
SDS-PAGE and subjected to Western blot with an antibody specific for cdk9. Pre, pre-
immunoprecipitate; IP, immunoprecipitate; Post, post-immunoprecipitate. (D) The G0-
synchronized cdk9HA-overexpressing HFF and untransduced HFF were HCMV-
infected at an MOI of 5 or mock-infected in the presence of 16 M Roscovitine or 
DMSO. Samples were collected at 8 and 24 h p.i. Lysates consisting of an equal 
number of cells were loaded on a 10% SDS-PAGE. Western blot analysis was 
performed as described above for cdk9. M, mock-treated; V, HCMV-infected; -, 
DMSO-treated; +, Roscovitine-treated at the time of infection; F, untransduced HFF 
cells; 9, cdk9HA-overexpressing cells; *, endogenous cdk9; **, cdk9HA. 
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Figure 3.9 Overexpression of cdk9 does not compensate for alterations in the 
expression of viral IE proteins and RNAP II during infection in the presence of 
Roscovitine. The G0-synchronized cdk9HA-overexpressing HFF and untransduced 
HFF were HCMV-infected at an MOI of 5 or mock-treated in the presence of 16 M 
Roscovitine or DMSO. Samples were collected at 8 and 24 h p.i., and analyzed by 
Western blot using antibodies against (A) the viral proteins IE1/2 (CH16.0) and -
actin (loading control) or (B) antibodies against total RNAP II (ARNA3) and serine 2-
phosphorylated RNAP II CTD (H5). -catenin was used as a loading control. M, 
mock-treated; V, HCMV-infected; -, DMSO-treated; +, Roscovitine-treated at the time 
of infection; F, untransduced HFF cells; 9, cdk9HA-overexpressing cells. 
 

 

 



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Impaired cdk9 localization in the presence of cdk inhibitor occurs in 
infected cells overexpressing cdk9. The G0-synchronized cdk9-HA overexpressing 
HFF and untransduced HFF were HCMV-infected at an MOI of 5 or mock-treated in 
the presence of 16 M Roscovitine or DMSO. At 8 h p.i., cells were washed with 
PBS, fixed in formaldehyde, permeabilized, and immunostained with cdk9 antibody 
followed by FITC- or Cy3-conjugated isotype-specific secondary antibodies. For 
controls, one of the specific antibodies of the pair was replaced with isotype-specific 
normal IgG (not shown). Nuclei were stained with Hoechst dye. The white arrow in 
each panel indicates a region of colocalization, but more are present. All of the images 
are confocal optical sections of 0.2 m, x1000 magnification under oil immersion. M, 
mock-treated; V, HCMV-infected; -R, DMSO-treated; +R, Roscovitine-treated at the 
time of infection. 
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CHAPTER 4 

 

RECRUITMENT OF CDK9 TO THE IMMEDIATE EARLY VIRAL 

TRANSCRIPTOSOMES DURING HUMAN CYTOMEGALOVIRUS 

INFECTION REQUIRES EFFICIENT BINDING TO CYCLIN T1 AND 

PRODUCTIVE TRANSCRIPTION 

 

ABSTRACT 

 Human cytomegalovirus infection results in the formation of nuclear viral 

transcriptosomes, which are sites dedicated to viral immediate early (IE) transcription. 

At IE times of the infection, several viral and cellular factors localize at these sites, 

including several components of transcription, such as cdk9. To determine the 

mechanism and requirements of specific recruitment of cdk9 to the viral 

transcriptosomes, infection in the presence of inhibitor drugs and infection of cell lines 

expressing exogenous mutant cdk9 were performed. We found cdk9 does not localize 

to the viral transcriptosomes during treatment with UV-irradiated HCMV or infection 

in the presence of cycloheximide. In addition, active transcription is required for 

recruitment and maintenance of cdk9 at the viral transcriptosomes. In cells infected 

with a recombinant IE2 HCMV (IE2 86 SX) in which IE2 gene expression is 

reduced, cdk9 localization with IE2 is delayed. Infection in the presence of the cdk9 

inhibitors, Flavopiridol and DRB, allowed cdk9 localization to the viral 

transcriptosomes. A kinase-inactive cdk9 (D167N) expressed during the infection also 
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localizes to the viral transcriptosomes, indicating that kinase activity of cdk9 is not a 

requirement for its localization to the sites of IE transcription. Exogenous expression 

of cdk9 mutants indicates that binding of Brd4 to the cdk9 complex is not required, 

however efficient binding to cyclin T1 is essential. 



122 

 

 

INTRODUCTION 

 Human cytomegalovirus (HCMV) is a member of the herpesviridae family, 

and is of clinical concern in immunocompromised patients, organ transplant 

recipients, and the developing fetus. Congenital HCMV is the major viral cause of 

birth defects, and can lead to permanent disabilities such as hearing and vision loss, 

mental disabilities, and even death. At present, there is no cure or no available vaccine 

for HCMV. 

 Immediately after the viral particles contact the cellular plasma membrane, 

many host cellular functions are altered. It is a combination of the interactions 

between the virus and host that are established, and the disruption of cellular 

functions, that create an optimal environment for viral replication (for review, see 

reference (43)). Viral gene expression is temporally regulated, beginning with the 

immediate early (IE) genes. The IE genes do not require de novo cellular or viral 

protein synthesis for expression, and can be classified as the set of viral transcripts that 

accumulate in the presence of cycloheximide (CHX). The IE gene products activate 

the expression of viral early genes, which in turn initiate and regulate viral DNA 

synthesis. After the onset of viral DNA synthesis, the late viral genes, which primarily 

encode structural proteins, are expressed and lead to the eventual release of virus from 

the cell.  

 HCMV utilizes cellular RNA polymerase II (RNAP II) and the accompanying 

host machinery for transcription of viral genes. In humans, the C-terminal domain 
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(CTD) of the largest subunit of RNAP II is composed of 52 repeats of the consensus 

heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser and is susceptible to high levels 

of phosphorylation during the transcription cycle (for a review, see references (74, 80, 

98)). A hypophosphorylated form of RNAP II (IIa) is recruited to the pre-initiation 

complex at the gene promoter by the general transcription factors. Initiation proceeds 

when the cdk7 complex phosphorylates the CTD at the serine 5 residues, 

hyperphosphorylating RNAP II (IIo). The CTD is further phosphorylated by the cdk9 

complex at the serine 2 residues, which promotes transcription elongation by 

weakening the association of negative elongation factors to the paused RNAP II 

complex. Brd4 has been shown to enhance transcription elongation by recruiting cdk9 

via cyclin T1 to stalled RNAP II at acetylated promoter regions, and possibly 

stimulating cdk9 phosphorylation of RNAP II. At this time, RNA processing factors 

are also recruited to the transcription complex. During the infection, both the cdk9 and 

cdk7 active complexes are upregulated in terms of RNA and protein levels and activity 

(126). This contributes to an increase in hyperphosphorylation of RNAP II to levels 

greater than in uninfected cells. HCMV also encodes a kinase, UL97, which can 

phosphorylate RNAP II CTD in vitro, although UL97 does not significantly contribute 

to CTD phosphorylation in vivo (6).  

 Viral IE transcription must be robust for initiation of a productive infection, 

and a key step in this process is the formation of the viral transcriptosomes (62, 126). 

Viral transcriptosomes are subnuclear structures that consist of both viral and cellular 

components and function as the sites of viral IE transcription. Upon entry, a subset of 

the viral genomes is deposited inside the nucleus, adjacent to dynamic promyelocytic 
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leukemia (PML) oncogenic domains (PODs) (also known as ND10 structures) (58). In 

addition to the viral input genome, UL69, a tegument protein, transiently localizes at 

these sites (62). The input viral genomes serve as the templates for viral IE 

transcription, and the IE RNAs are found at high concentrations at these sites (5, 58). 

The newly synthesized major IE proteins, IE1-72 (IE1) and IE2-86 (IE2), also localize 

to the growing viral transcriptosomes. Between 3 and 6 h p.i., IE1 protein and several 

POD-associated proteins (including PML) become dispersed throughout the nucleus 

due to IE1 activity (3, 5, 84, 136). IE2 protein, however, persists at the punctate viral 

transcriptosomes. In addition, several components of the cellular transcription 

machinery have been shown to be specifically recruited to and accumulate at the viral 

transcriptosomes, including RNAP II (IIa and IIo) and its kinases, cdk9 and cdk7, 

cyclin T1, and several other positive and negative regulators of transcription (62, 126). 

The complexity of the viral transcriptosomes is further revealed by the presence of 

cellular regulators of chromatin modification, such as Brd4, HDAC1, and HDAC2 

(62, 92). Eventually, the viral transcriptosomes develop into replication compartments 

where viral DNA synthesis occurs, another critical step for the productive infection 

(2). 

 Through a series of studies, we have shown that treatment with the cyclin 

dependent kinase (cdk) inhibitor Roscovitine during an HCMV infection significantly 

alters viral gene expression (110). These alterations result in the differential 

processing of several IE transcripts, inhibition of viral early and late gene expression 

and DNA replication, and decreased viral titers. Additionally, in the presence of 

Roscovitine, viral-specific alterations in the host transcription machinery are observed, 
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such as decreases in the levels of hyperphosphorylated RNAP II, decreases in cdk9 

and cdk7 RNA levels, decreases in cdk9 protein levels, and impaired localization of 

cdk9 and cdk7 to the viral transcriptosomes (62, 126). The cyclin partner for cdk9, 

cyclin T1 (together known as P-TEFb), is still maintained at the viral transcriptosomes 

with IE2 in the presence of Roscovitine. The localization at the viral transcriptosomes 

of Brd4, which binds to P-TEFb, is also unaffected in the presence of Roscovitine. It 

was subsequently shown that the impaired recruitment of cdk9 to the viral 

transcriptosomes in the presence of Roscovitine is not due to the observed decrease in 

protein levels. Many of the effects of Roscovitine on the infection, including 

alterations in viral gene expression and the impairments in viral transcriptosome 

formation, are limited to treatment within the first 8 h of infection. This suggests that 

the requirements for cdk9 and cdk7 during the infection in terms of viral gene 

expression and viral transcriptosome formation are fulfilled within the first few hours 

of infection.  

 Although much information regarding the composition of the viral 

transcriptosomes has been gained in the past decade, very little is known about how 

the viral transcriptosomes are established. The combination of cellular and viral 

signals and the kinetics of this dynamic process have not been elucidated. In an 

attempt to begin addressing this question, we have focused on the requirements for 

recruitment of a single component of the viral transcriptosome, cdk9. We have found 

that viral entry into the nucleus, presence of the input viral genome, and initiation of 

viral IE RNA synthesis is not sufficient for recruitment of cdk9 to the viral 

transcriptosomes. Once cdk9 localizes to the viral transcriptosomes, continuous active 
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transcription is required to maintain localization at these sites. During infection with 

an IE2 mutant virus (IE2 86 SX) in which IE2 gene expression is reduced, cdk9 is 

still recruited to the viral transcriptosomes, but with a delay when compared to a wild 

type viral infection. Exogenous expression of various cdk9 mutants indicate that 

kinase activity of cdk9 and binding of Brd4 to the cdk9 active complex are not 

required for its recruitment to the viral transcriptosomes, but binding to cyclin T1 is 

essential.  
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MATERIALS AND METHODS 

 Cell culture and virus. Human foreskin fibroblasts (HFF) were obtained from 

the University of California, San Diego, Medical Center and cultured in Earle's 

minimal essential medium supplemented with 10% heat inactivated FBS, 1.5 g/ml 

amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. 

All reagents were from Invitrogen (Carlsbad, CA). Cells were kept in incubators 

maintained at 37C with 7% CO2. The Towne strain of HCMV was obtained from the 

American Type Culture Collection (VR 977) and propagated as previously described 

(125). The wild type (wt)-, S175D-, E55A-, E57A-, and R65A-cdk9HA cell lines were 

maintained in HFF media supplemented with 15-30 g/ml of Hygromycin B 

(Invitrogen, Carlsbad, CA). The S175A-, S175D/T186D-, and E55A/E57A/R65A-

cdk9HA cell lines were maintained in HFF media supplemented with 400 g/ml of 

G418 (Invitrogen). 

 cdk9 mutagenesis and lentivector cloning. The pRC-CMV-cdk9HA plasmid 

was obtained from X. Graña (Temple University School of Medicine, Philadelphia, 

PA), and has been described previously (62). Forward primers for site-directed 

mutagenesis of cdk9 are as follows: S175D 5’-

CTGGCCCGGGCCTTCGACCTGGCCAAGAACAGC-3’; S175A 5’-

CTGGCCCGGGCCTTCGCCCTGGCVCAAGAACAGC-3’; T186D 5’-

CAGCCCAACCGCTACGACAACCGTGTGGTGACA-3’; E55A 5’-

TGCTGATGGAAAACGCGAAGGAGGGGTTCCC-3’; E57A 5’-
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TGGAAAACGAGAAGGCGGGGTTCCCCATTAC-3’; R65A 5’-

CCCATTACAGCCTTGGCGGAGATCAAGATCCT-3’; E55A/E57A/R65A 5’-

AAGGATCTTGATCTCCGCCAAGGCTGTAATGGGGAACCCCGCCTTCGCGTT

TTCCATCAGCAC-3’. The reverse primers are the reverse complements of the 

forward primers. Mutagenesis was performed following the QuikChange Site-directed 

Mutagenesis kit (Stratagene, San Diego, CA). Briefly, 100ng of pRc-CMV-cdk9HA 

template was placed in separate 50 l PCR reactions (5 cycles) with the forward and 

reverse primers of each mutant. 25 l of the forward and reverse PCR reactions were 

combined for 18 cycles. DpnI was added to each completed PCR reaction and 

incubated for 4 to 18 hours, 1 l of each reaction was transformed into DH5 cells, 

and plasmid DNA from individual colonies were screened by sequencing for cdk9. For 

S175D/T186D-cdk9HA, the site-directed mutagenesis for T186D was performed after 

obtaining S175D-cdk9HA by the above protocol. 

 Each cdk9HA mutant was introduced into the constitutively expressing 

lentivector, pLV-EF1-TKHygro (62) or the Doxycycline (Dox)-inducible lentivector, 

pSLIK-neo (gift of M. Simon, California Institute of Technology, Pasadena, CA) 

(117) when dominant-negative effect was a concern.  

 pLV-EF1-S175D-cdk9HA-TKHygro, pLV-EF1-E55A-cdk9HA-TKHygro, 

pLV-EF1-E57A-cdk9HA-TKHygro, and pLV-EF1-R65A-cdk9HA-TKHygro were 

cloned exactly as described previously (62) into the pLV-EF1-TKHygro lentivirus 

vector. pSLIK-S175A-cdk9HA-neo, pSLIK-S175D/T186D-cdk9HA-neo, and pSLIK-

E55A/E57A/R65A-cdk9HA-neo were cloned as follows. The pRC-mutant-cdk9HA 
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plasmids were linearized with EcoRI, and the blunt ends were filled in using Klenow 

T4 DNA polymerase. The mutant cdk9HA-containing DNA fragments were released 

by an XbaI digestion. A plasmid containing the Dox-inducible TRE-promoter, pEN-

TRmiRc2 (gift of M. Simon), was prepared for insert ligation by digesting with SpeI, 

followed by Klenow T4 DNA polymerase reaction to create a blunt end, and then 

XbaI digestion. The mutant cdk9HA inserts were ligated into the pEN-TRmiRc2. The 

TRE-mutant-cdk9HA cassettes were flanked by attL1 and attL2 recombination sites, 

and the LR Clonase Kit (Invitrogen) was used to recombine the TRE-mutant-cdk9HA 

cassettes into the pSLIK-neo lentivector, which contains attR1 and attR2 

recombination sites flanking the ccdB gene.   

 cdk9HA cell lines. 293FT cells were cultured and transfected with the 

lentiviral vector and packaging mix as described by the ViraPower Lentiviral 

Expression System (Invitrogen) and described in before (62) with the following 

modifications. At 48 and 72 h post transfection, the lentivirus-containing supernatant 

was collected, spun down to remove cellular debris, and filtered. It was immediately 

used to transduce subconfluent flasks of HFF cells with a 1:1 or 3:1 dilution of 

lentivirus and HFF media in the presence of 3 g/ml polybrene. At 48 h after the 

second transduction, the HFF cells were put under Hygromycin B selection (15-30 

g/ml) or G418 (400 g/ml). After 10 days under selection, the HFF flasks were 

confluent and cdk9HA expression was confirmed by Western blot and IFA with the 

HA MAb. Infections with the constitutively expressing mutant cdk9HA cell lines were 

performed as described above and in the absence of Hygromycin B. The Dox-

inducible mutant cdk9HA cell lines were trypsinized and induced with 5 g/ml of Dox 
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for 3-4 days, prior to infection. Infections were performed in the presence of 1 g/ml 

Dox and done in parallel with untransduced HFF cells in the presence of 1 g/ml Dox 

to confirm that Dox had no effect on the progression of the infection up to 8 h p.i. 

 Recombinant cdk9 HCMV BAC cloning and virus production. 

Construction of recombinant cdk9 HCMV BAC was performed using a method 

previously reported, in which expression of exogenous genes in the HCMV BAC was 

described (118). First, a LacZ/att BAC construct was cloned using ET-recombination. 

Briefly, a 784-bp linear fragment consisting of the lacZ/mini Tn7 (mini-att) site within 

the E. coli lacZ alpha fragment was inserted between the US11-12 homology arms of 

wild type HCMV BAC pHB5BAC that has an RpsL-Neo cassette between the 

homology arms (gift of Dr. Martin Messerle) by homologous recombination mediated 

by the RecE and RecT recombinases (ET recombination) (16). Replacement of the 

RpsL-Neo cassette with lacZ/att was selected for using the Counter Selection BAC 

Modification kit (Gene Bridges, Dresden, Germany). Construction of the HB5:US11-

RpsL-Neo-US12 BAC and HB5-lacZ/att BACs has been previously described in detail 

(118).  

 Recombinant cdk9-HA BAC constructs (wild type and D167N), under the 

control of HCMV IE promoter, were inserted between the US11 and US12 by the 

Tn7-mediated transposition method (52). Briefly, pRC-wt-cdk9HA and pRC-D167N-

cdk9HA (gifts from X. Graña) were digested with XbaI and EcoRI and were cloned in 

between the Tn7 arms of XbaI/EcoR1 cut pFastBac1:IE vector (118). The pFB11:IE-

wt-cdk9HA and pFB11:IE-D167N-cdk9HA constructs were transformed into DH10B 

bacteria containing the pHB5:lacZ/att BAC and the transposase plasmid, pMON7124 



131 

 

(52). Replacement of lacZ/att with recombinant cdk9-HA gene was selected for with 

chloramphenicol, tetracycline, and gentamicin on plates with blue/white colony 

screening (Invitrogen). White colonies, indicative of a transposition event, were 

screened for insertion of the recombinant IE-cdk9HA cassette by PCR. Positive clones 

were confirmed by DNA sequencing and detailed restriction enzyme analysis using 

Field Inversion Gel Electrophoresis mapper (Bio-Rad) (see Chapter 5 Methods). The 

resulting BACs were named HB5:IE-wt-cdk9HA and HB5:IE-D167N-cdk9HA.  

 Recombinant HB5:IE-cdk9HA BAC viruses were reconstituted as described 

previously (118) by electroporation in HFFs with 6.25 g of BAC DNA plus 2.25 g 

of pcDNA-pp71tag (a gift from B. Plachter, Mainz, Germany). Electroporation was 

carried out using the BTX ECM-600 electroporator (Genetronics, Inc.) as previously 

described (83). Cells were seeded into T-75 flasks for detection of plaque development 

or onto coverslips for IFA. HB5:IE-wt-cdk9HA virus was collected from the cell 

supernatant at day 16 post electroporation, and HB5:IE-D167N-cdk9HA virus was 

collected at day 20, after the infection had spread throughout the entire monolayer of 

cells. The virus was checked by sequencing of the altered region of the viral DNA to 

confirm that it had not reverted to the wild type HB5. Stocks of recombinant cdk9HA 

viruses were prepared, and titered by plaque assay as previously described (125).  

 Infections and drug treatments. HFF (passage numbers 15-21) were 

synchronized in G0 phase by allowing them to grow to confluence as previously 

described (108). Three days after confluence, the cells were trypsinized, replated at a 

lower density to allow progression into the cell cycle, and infected at a multiplicity of 

infection (MOI) of 5 with HCMV Towne or mock infected with tissue culture 
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supernatants. At various times p.i., cells were harvested and stored at –80C for 

Western blot analysis, or fixed in 2% formaldehyde (FA) solution for 

immunofluorescence (IFA).  

 For recombinant HCMV infections with wt-cdk9HA and D167N-cdk9HA 

viruses (see below for construction), and IE2 86 wt-EGFP and IE2 86 SX-EGFP 

viruses, infections were done on coverslips at an MOI of 5 as described above. For UV 

experiments, HCMV Towne supernatant or equivalent volume of mock supernatant 

were diluted into media for a total volume of 5.7 ml in 10 cm dishes, and subjected to 

4x105 J/cm2 of UV-irradiation using a Stratalinker UV Crosslinker (Stratagene, San 

Diego, CA). After exposure to UV, sodium pyruvate (Invitrogen) was added to a final 

concentration of 5 mM (final volume 6 ml). A calculated MOI of 5 of UV-irradiated 

and non-irradiated viral supernatant or an equivalent volume of mock supernatant was 

added to cells 1 h post G0-release. At 8 h p.i., the cells were fixed with 2% FA. For 

infections with cycloheximide (CHX; Sigma-Aldrich, St. Louis, MO), HFF were 

infected at an MOI of 3 with viral or mock supernatant 1 h post G0-release and 

seeding. At 30 min p.i., the media was replaced with CHX (100 µg/ml) or control 

media. At 8 h p.i., cells were fixed with 2% FA. For Actinomycin D (Act D; 

Calbiochem, San Diego, Ca) infections, HFF were seeded onto coverslips and infected 

at an MOI of 5 with viral or mock supernatant. At 5 h p.i. or 10 h p.i., the media was 

replaced with Act D (10 µg/ml) or control media. Cells were fixed at 10 h p.i. and 14 h 

p.i. with 2% FA. For infections in the presence of Roscovitine (Calbiochem,), 

Flavopiridol (gift from J. Brady, National Institutes of Health), or 5,6-dichloro-1--D-

ribofuranosylbenzimidazole (DRB; Sigma-Aldrich), G0-synchronized HFF cells were 
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infected upon release into G1 in the presence of 16 µM Roscovitine, 50 nM 

Flavopiridol, 15 µM DRB, or control media and seeded onto glass coverslips or 3 cm 

dishes. Cells were fixed for IFA at 8 h p.i. 

 Antibodies. CH16.0 MAb (Virusys Corporation, Sykesville, MD); cdk9 

polyclonal Ab sc-484, HA polyclonal Ab sc-805, and HA MAb sc-7392 (Santa Cruz 

Biotechnology, Santa Cruz, CA); -actin MAb (Sigma-Aldrich); IE2 MAb 

(Chemicon, Temecula, CA); cyclin T1 MAb NCL (Novocastra, Newcastle upon Tyne, 

UK); pp65 MAb (gift from W. Britt); goat anti-mouse immunoglobulin (IgG)-

horseradish peroxidase (HRP) and goat anti-rabbit IgG-HRP (Calbiochem); goat anti-

mouse IgM-HRP, goat anti-rabbit IgG-Cy3, fluorescein-conjugated isotype-specific 

secondary antibodies, and normal rabbit IgG (Jackson ImmunoResearch Laboratories, 

West Grove, PA); mouse isotype-specific Ig controls (Zymed, San Francisco, CA). 

 Western blot analysis. Cells were lysed in Laemmli reducing sample buffer 

(50 mM Tris, pH 6.8, 0.2% sodium dodecyl sulfate [SDS], 10% glycerol, 5% 2--

mercaptoethanol, 50 mM NaF, 0.5 mM Na3VO4, 5 mM -glycerophosphate). The 

lysates were then sonicated briefly and boiled for 5 min. Proteins from an equivalent 

number of cells were separated on a 6%, 8%, or 10% SDS-polyacrylamide gel and 

transferred to nitrocellulose. Membranes were stained with amido black to assess 

protein loading in each lane. The blots were incubated with 5% nonfat dried milk in 

TBST (10 mM Tris [pH 8.0], 150 mM NaCl, and 0.1% Tween 20) and incubated with 

primary antibodies diluted in 5% milk/TBST as follows: rabbit anti-cdk9, 1:200, 

cyclin T1 MAb, 1:250, -actin MAb, 1:10,000. Following washes with TBST, blots 

were incubated with anti-mouse IgG-HRP or anti-rabbit IgG-HRP diluted 1:2000 or 
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anti-mouse IgM-HRP diluted 1:8,000. After washing in TBST, proteins were detected 

using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL) 

according to the manufacturer's instructions. cyclin T1 was detected with SuperSignal 

Femto (Pierce) diluted 1:5 in ddH20.  

 Immunofluorescence. Cells were plated onto sterile glass coverslips and 

infected as described above. At specified time points, the coverslips were washed in 

PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and 

fixed with 2% FA solution in PBS for 10 min. Formaldehyde-fixed cells were 

permeabilized in 0.2% Triton-X 100 and incubated in 10% normal goat serum (NGS). 

Cells were subsequently incubated with one or more of the following specific 

antibodies diluted in 1% NGS: IE2 MAb, 1:500; rabbit anti-cdk9, 1:50; HA MAb, 

1:20; pp65 MAb, 1:500; CH16.0, 1:1000. Non-specific IgG antibodies were used as 

controls. After PBS washes, cells were incubated with Hoechst stain and the 

appropriate fluorescein-conjugated secondary antibodies diluted in blocking solution: 

isotype-specific mouse IgG, 1:50; goat anti-rabbit IgG-Cy3, 1:600. After PBS washes, 

the slips were mounted onto glass slides with SlowFade Gold (Molecular Probes, 

Eugene, OR). Confocal images were captured at the UCSD Cancer Center Digital 

Imaging Shared Resource using a Deltavision microscope and deconvolved with 

SoftWorx software. All images are 0.2 m sections and 1000x magnification under oil 

immersion. 

 Immunoprecipitations. Mock-treated cdk9HA expressing cells were 

harvested by trypsinization and 4x105 cells were lysed in NETN buffer (100 mM 

NaCl, 20 mM Tris-HCl [pH 8], 1 mM EDTA, 0.5% IGEPAL CA-630 [Sigma-



135 

 

Aldrich], 1X protease inhibitor cocktail [Roche Chemicals, Indianapolis, IN], 50 mM 

NaF, 0.5 mM Na3VO4, and 5 mM -glycerophosphate) by rotating at 4C for 30 min. 

Cell lysates were immunoprecipitated with 15 g of polyclonal rabbit anti-HA, 

polyclonal rabbit anti-cdk9, or control RbIgG coupled to 30 l of protein G plus-

agarose beads (Santa Cruz Biotechnology) with dimethyl pimelimidate 

dihydrocholoride (Sigma-Aldrich). Lysates and antibody-coupled beads were 

incubated overnight, rotating at 4C. Immunocomplexes were washed three times in 

NETN buffer and each sample was boiled in 2X Laemmli buffer for Western blot. For 

Western blot analysis, approximately 6x104 cells were loaded for the pre-IP and post-

IP samples, and 3.4x105 cells were loaded for the IP samples.  
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RESULTS 

 De novo RNA transcription is required for the formation of viral 

transcriptosomes. The viral transcriptosome has been characterized by several 

groups, and has been shown to be composed of the viral genome, viral transactivators, 

viral IE transcripts, and several components of the cellular transcription machinery, 

including RNA polymerase II (RNAP II), cdk9, and cdk7 (62, 126). The viral 

transcriptosomes are the designated regions of viral IE transcription and sites to which 

cellular proteins are being actively recruited. The size and abundance of the viral 

transcriptosomes increase as the infection progresses, until eventually they develop 

into viral replication compartments during the early stage of infection (2). 

 The exact factors and processes required for nucleating the viral 

transcriptosome and recruiting cellular proteins is not known. In order to determine 

whether viral entry and translocation of the input viral genome into the host cell 

nucleus are sufficient for transcriptosome formation, infection under conditions that 

inhibit viral gene expression was performed. UV-irradiation of DNA results in 

aberrant covalent bonds (i.e. thymidine dimers), and both single- and double-stranded 

lesions on DNA molecules (53, 130). These alterations cause RNA polymerases to 

stall or abort. Synchronized HFF cells were released into G1 and infected at an MOI of 

5 with HCMV or mock supernatant that was exposed to UV irradiation (4x105 J/cm2) 

or non-irradiated. At 8 h post infection (p.i.), the cells were fixed for 

immunofluorescence (IFA). In this experiment and all subsequent experiments, 

translocation of pp65 to the nucleus was checked as a control for adsorption and 
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penetration of virus. Figure 4.1A shows that pp65 entry into the host cell and 

localization to the nucleus was comparable for both infections with non-irradiated 

virus (panel 1) and UV-irradiated virus (panel 2), and no pp65 staining was detected in 

all mock samples (data not shown). Co-staining with MAb CH16.0, which detects 

both IE1 and IE2, and anti-cdk9 showed that the non-irradiated viral samples express 

IE1/2 protein, but the UV-irradiated viral samples do not express IE1/2 protein (Figure 

4.1B, compare panels 1 & 5). As expected, the non-irradiated viral samples show the 

typical colocalization between IE protein spots and cdk9 aggregates at the viral 

transcriptosomes (panels 1-3). The UV-irradiated viral samples, however, do not show 

any IE1/2 protein or any cdk9 aggregates (panels 5-7). In addition, cdk9 localization is 

not altered by UV-irradiated mock supernatant (panel 8). 

 Formation of the viral transcriptosomes requires de novo protein synthesis 

at the beginning of the infection. Since cdk9 is a major positive regulator of 

transcription, we were interested in whether viral RNA synthesis was sufficient for 

efficient recruitment of cdk9 to the viral genome. We sought to address this possibility 

by using conditions whereby cellular and viral transcription can still occur, but protein 

synthesis is inhibited. Synchronized HFF cells were released in to G1 and infected at 

an MOI of 5 with virus or mock supernatant. At 30 min p.i., the media was replaced 

with the protein synthesis inhibitor, cycloheximide (CHX, 100 g/ml) or control. At 8 

h p.i., cells were fixed for IFA. The presence of CHX did not impair pp65 entry into 

the host cell and localization to the nucleus in viral samples (Figure 4.1A, panel 3). 

Although active transcription is taking place in the presence of CHX, no protein 

synthesis is occurring and therefore no viral IE protein could be detected by 8 h p.i. 
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(Figure 4.1B, panel 9). In the presence of the protein synthesis inhibitor, no cdk9 

aggregates develop (panels 9-11). CHX treatment did not affect cdk9 localization in 

mock-treated infections (panel 12). These data show that ongoing RNA synthesis is 

not sufficient for viral transcriptosome formation. However, we cannot distinguish 

between a requirement for production of viral proteins and the relocalization of 

existing cellular proteins versus a specific need for both newly synthesized viral and 

cellular proteins for localizing to the viral transcriptosomes. 

 Viral IE gene expression is not sufficient for cdk9 accumulation at viral 

transcriptosomes. In order to address whether only the RNA and proteins synthesized 

during IE early times of the infection are sufficient for viral transcriptosome formation 

and cdk9 recruitment or whether continued transcription into early times of the 

infection is also required, the following experiment was performed. Synchronized 

HFF cells were released into G1, and seeded onto coverslips. One hour post seeding, 

cells were infected at an MOI of 5. At 5 h p.i., Act D or control media was added, and 

cells were fixed for IFA at 10 and 14 h p.i (Figure 4.2). In a subset of samples, the 

addition of Act D or control was delayed until 10 h p.i. and fixed at 14 h p.i. 

 Figure 4.2A shows the localization of cdk9 with respect to IE2 localization at 

10 h p.i. In the absence of any drug treatment, IE2 protein expression could be 

detected and viral transcriptosomes were observed (panels 1-3). However, the 

subsequent addition of Act D at 5 h p.i. prevented the accumulation of cdk9 at viral 

transcriptosomes, even in cells that expressed IE2 (panels 4-6). The addition of Act D 

prevents any further transcription and inhibits viral early transcripts from being 

synthesized. Therefore, the synthesis of viral IE transcripts and proteins synthesized 
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before 5 h p.i., are not sufficient for the accumulation of cdk9 at the viral 

transcriptosomes.  

 In an attempt to determine whether the recruitment of cdk9 at the viral 

transcriptosomes was inhibited or merely delayed, samples fixed at 14 h p.i. were 

examined (Figure 4.2B). As expected, at 14 h p.i., the viral transcriptosomes are still 

detected in the absence of Act D staining for IE2 and cdk9 (panels 1-3). The absence 

of cdk9 recruitment to the viral transcriptosomes is not a delayed process because 

introducing Act D at 5 h p.i. and waiting until 14 h p.i. for IFA still did not allow any 

cdk9 aggregates to develop, even in IE-expressing cells (panels 5-7). Uninfected cells 

treated with Act D show a slight alteration in cdk9 localization, which is no longer 

excluded from the nucleoli (panels 4 and 8) 

 We have already established that IE2 and cdk9 proteins are localized to the 

viral transcriptosomes by 10 h p.i. (Figure 4.2A). Therefore, delaying the addition of 

Act D until 10 h p.i. would effectively inhibit transcription after IE2 and cdk9 have 

localized to the viral transcriptosomes. The late addition of Act D should also permit 

some early gene expression. Surprisingly, when the addition of Act D was delayed 

until 10 h p.i. and the cells were fixed at 14 h p.i., the majority of the viral 

transcriptosomes showed the presence of IE2, but not cdk9 (Figure 2B, panels 9-11). 

Figure 2B (panels 9-11) shows an example of a cell in which one of the 

transcriptosomes in the nucleus contained both IE2 and cdk9. The loss of cdk9 at the 

viral transcriptosomes in the presence of Act D is not an immediate event because 

treatment with Act D for 1 hour at 10 h p.i. did not result in a complete loss of cdk9 

from the viral transcriptosomes (data not shown). Interestingly, inhibition of protein 
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synthesis after viral transcriptosomes have been formed did not result in a loss of IE2 

or cdk9 from those sites (Figure 2C). Together, these data reveal that transcription and 

de novo protein synthesis are both required for establishment of viral 

transcriptosomes, and continuous transcription is required in order to maintain cdk9 at 

already established viral transcriptosomes. 

 Cdk9 recruitment to the viral transcriptosomes is delayed during infection 

with an IE2 86 SX-EGFP virus. As has already been reported, several viral factors 

are present at the viral transcriptosomes, including IE2. During high MOI infections, 

IE2 can be detected by immunofluorescence as early as 2 h p.i. at the viral 

transcriptosomes. IE2 has been implicated to interact with many cellular proteins by in 

vitro binding assays, including transcription factors such as TBP and TFIIB, and 

several subunits of TFIID (58). We wanted to determine whether IE2 plays a role in 

the recruitment of cdk9 to the viral transcriptosomes in vivo during the infection. We 

attempted to address this question by examining cdk9 localization during infection 

with the IE2 86SX-EGFP virus, which contains a deletion between aa 136-290, a 

major portion of UL122-123 exon 5, and is fused to EGFP at the C-terminus of IE2 

(109). This virus produces greatly reduced levels of the IE2 protein. Synchronized 

HFF cells were released into G1 and infected at an MOI of 5 with wild type (wt ) IE2 

86-EGFP, IE2 86 SX-EGFP virus or an equivalent volume of mock supernatant. The 

cells were fixed at 8 and 16 h p.i. for IFA. Figure 4.3 shows that at 8 h p.i., wt IE2 86-

EGFP and cdk9 co-localize at the viral transcriptosomes in cells infected with the wt 

IE2 86-EGFP virus (panels 1-3). However, at 8 h p.i., IE2 86 SX-EGFP expression 

was still very low by immunofluorescence, and no cells contained any obvious cdk9 
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aggregates (panels 4-6; The intensity of EGFP was increased in panels 4-6 for 

visualization purposes).  

 At 16 h p.i., the wt IE2 86-EGFP still maintains IE2-EGFP and cdk9 at the 

viral transcriptosomes (panels 7-9). By this time, the IE2 86 SX-EGFP also forms 

aggregates in the nucleus (panels 10). These IE2 86 SX-EGFP concentrations 

colocalize with readily visible cdk9 aggregates (panels 10-12). Mock-treated cells do 

not show any EGFP fluorescence and do not develop cdk9 aggregates (panels 13-15). 

These data indicate that full-length IE2 86 is not essential for cdk9 localization to the 

viral transcriptosomes during a high MOI infection. However, it is less clear whether 

IE2 plays a positive regulatory role either directly or indirectly for efficient 

recruitment of cdk9 to the viral transcriptosomes.   

 Cdk9 kinase activity and binding to Brd4 are not required for cdk9 

recruitment to the viral transcriptosomes. We have previously reported that in the 

presence of the cdk inhibitor, Roscovitine, cdk9 and cdk7 localization to the viral 

transcriptosomes is impaired, but IE2 localization to those sites is not (62). Although 

Roscovitine treatment leads to a decrease in cdk9 protein and RNA levels as compared 

to control samples, we showed that the decrease in protein levels does not account for 

the impaired localization to the viral transcriptosomes. It has also been reported that 

the status of cdk9 kinase activity can affect cdk9 localization in uninfected cells (85). 

In order to determine whether an inhibition of cdk9 activity prevents cdk9 localization 

to the viral transcriptosomes, we used Roscovitine, Flavopiridol and 5,6-dichloro-1--

D-ribofuranosylbenzimidazole (DRB). The latter two drugs have greater specificity 

for cdk9 than other kinases. We have already reported that treatment with Flavopiridol 
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also alters the ratio of the IE1/2 transcripts, and inhibits viral early protein expression 

(110).  

 To determine the localization of cdk9, cells were infected at a MOI of 5 in the 

presence of Flavopiridol, DRB, or control media, and fixed at 8 h p.i. for 

immunostaining (Figure 4.4). As expected, the control-treated infected samples 

displayed a colocalization between IE2 and cdk9 at the viral transcriptosomes (panels 

1-3). However, in contrast to what was observed when cells were treated with 

Roscovitine, cdk9 colocalizes with IE2 at nuclear aggregates in the presence of both 

Flavopiridol (panels 5-7) and DRB (panels 9-11). These data suggest that cdk9 kinase 

activity is not essential for accumulation at the viral transcriptosomes. 

 Although the above results indicate that cdk9 kinase activity is not required for 

recruitment of cdk9, the fact that these kinase inhibitors may affect the activities of 

other kinases complicates the interpretation. To further investigate whether cdk9 

activity is required for recruitment to the viral transcriptosomes, we constructed two 

recombinant viruses that expressed at immediate early times, a kinase-inactive cdk9 

mutant (D167N) that is C-terminally HA-tagged and a wild type HA-tagged cdk9 (wt). 

This was accomplished by cloning into a nonessential region of the AD169 HCMV 

HB5 BAC the wild type or kinase inactive cdk9 driven by the MIE promoter. The 

recombinant BAC DNAs were electroporated into HFF cells, and the titered viral 

supernatant was then used to infect HFF cells at an MOI of 5.   

 The wt-cdk9HA colocalizes with IE2 at the viral transcriptosomes at 8 h p.i. as 

detected by IFA with antibodies against HA and IE2 (Figure 4.5, panels 1-3). The 

kinase-inactive D167N-cdk9HA, detected by HA, also colocalized with IE2 at the 



143 

 

viral transcriptosomes (panels 4-6). Together, these data suggest that kinase activity of 

cdk9 alone is not the determining factor for its recruitment to the sites of viral IE 

transcription. However, these experiments did not exclude the possibility that another 

property of cdk9 in conjunction with cdk9 activity may regulate cdk9 localization to 

the viral transcriptosomes during the infection. 

 Since cdk9 activity is not a requirement for cdk9 localization to the viral 

transcriptosomes, we sought to determine what other properties of cdk9 might 

contribute to its localization at these sites. It is known that cdk9 forms an active 

complex with cyclin T1 called the positive transcription elongation factor b (P-TEFb). 

P-TEFb has also been reported to bind with Brd4, enhancing transcription elongation 

efficiency (60, 145). We have already shown that both cyclin T1 and Brd4 are both 

found at the viral transcriptosomes, and unlike the effects on cdk9 and cdk7, treatment 

with Roscovitine does not impair cyclin T1 or Brd4 recruitment to those sites (62). In 

an attempt to determine whether binding to Brd4 may be required for cdk9 recruitment 

to the viral transcriptosomes, site-directed mutagenesis was used to create a series of 

C-terminally HA-tagged cdk9 mutants that have previously been shown to have 

altered kinase activity and binding to Brd4 (10, 23, 60, 71, 76, 145). These mutants 

were then cloned into lentiviral constructs and used to create stable cell lines in HFF 

cells that express the cdk9HA mutants, either constitutively or by Doxycycline-

induction as described in the Methods.  

 S175 of cdk9 is located near the active site and is important for both kinase 

activity and binding to Brd4. With this in mind, we constructed S175D-cdk9HA, 

which is  kinase active but no longer binds to Brd4, and S175A-cdk9HA, which lacks 
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both kinase activity and binding to Brd4. T186 of cdk9 is found at the T-loop, a 

conserved region of all cdk proteins, and is subject to autophosphorylation in cdk9. 

Phosphorylation of both T186 and S175 has been shown to contribute to cdk9 

activation and substrate binding. We constructed a double mutant S175D/T186D, to 

mimic constitutive phosphorylation of cdk9 at both of those residues.  

 Each of these recombinant cdk9HA cell lines were infected at an MOI of 5 and 

seeded onto coverslips at 8 h p.i. for IFA by co-staining with anti-IE2 antibody and an 

anti-HA antibody to detect the mutant cdk9HA (Figure 4.5). Exogenous wt-cdk9HA 

from infected wt-cdk9HA expressing cells has previously been shown to localize at 

the viral transcriptosomes with IE2(62). In Figure 4.5, we show that infection of cells 

expressing either S175D- or S175A-cdk9HA resulted in the mutant cdk9HA 

colocalization with IE2 at the viral transcriptosomes (panels 7-9 and 10-12, 

respectively). Since both S175D-cdk9HA and S175A-cdk9HA are unable to bind to 

Brd4, but S175D-cdk9HA is kinase-active, these data indicate that neither cdk9 

binding to Brd4 nor cdk9 kinase activity are required for cdk9 localization at the sites 

of IE transcription. In Figure 4.5, panels 13-15, we show that the constitutively 

phosphorylated cdk9, S175D/T186D-cdk9HA, is also recruited to the viral 

transcriptosomes during the infection.  

 Efficient binding of cdk9 to cyclin T1 is required for recruitment of cdk9 

to the transcriptosome. To determine if binding to cyclin T1 was necessary for the 

accumulation of cdk9 at the transcriptosomes, we constructed cdk9HA mutants in 

which the residues E55, E57, and R65 on cdk9 were individually changed to alanine. 

A cdk9HA mutant that contained all 3 substitutions was also constructed. These sites 
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were chosen before the structure of the cdk9/cyclin T1 complex had been solved (10), 

and their selection was based on the structural analysis of the cdk2/cyclin A complex 

that demonstrated that the corresponding residues on cdk2 (E40, E42, and R50) 

interacted directly with cyclin A. The recently published structure of the cdk9/cyclin 

T1 complex now shows that E57 interacts directly with cyclin T1 and that R65 both 

contributes to the positively charged surface of cdk9 and is adjacent to the residue L64 

that does contact cyclin T1.  

 The most interesting results were observed following infection of the cells 

expressing the cdk9HA with 3 mutations (E55A/E57A/R65A-cdk9HA), which as 

shown below is unable to bind to cycling T1. Although IE2 was clearly present at the 

viral transcriptosomes, the mutant cdk9 did not form aggregates in the infected cell 

nucleus and did not colocalize with the IE2 spots (Figure 4.5, panels 16-18). Because 

we were concerned that the cdk9 protein with 3 substitutions might have other defects 

in addition to its lack of binding to cyclin T1 that could affect its accumulation at the 

transcriptosome, we constructed cell lines that constitutively expressed cdk9 with only 

one of the amino acid substitutions in the triple mutant (E55A-, E57A-, and R65A-

cdk9HA). 

 In Figure 4.6A, we document that immunoprecipitation of lysates with an 

antibody directed against HA in the E55A/E57A/R65A-cdk9HA cell line did not co-

immunoprecipitate (co-IP) any cyclin T1, whereas the cyclin T1 did co-IP when the 

lysates were immunoprecipitated with a cdk9 antibody directed against total cdk9 

(both endogenous and exogenous).  
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 Figure 4.6B shows that each mutant expresses varying amounts of the 

exogenous mutant cdk9HA, but very similar levels of endogenous cdk9 as compared 

to the wild type cdk9HA cell line. It should be noted that, constitutive expression of 

the R65A-cdk9HA resulted in slightly decreased levels of cyclin T1 in cell lysates. 

The ability of each mutant to bind to cyclin T1 as compared to the wild type-cdk9HA, 

was analyzed in co-IP experiments (Figure 4.6C). For each cell line, we 

immunoprecipitated lysates with an anti-HA antibody (immunoprecipitating 

exogenous cdk9HA complexes) and anti-cdk9 antibody (immunoprecipitating all 

complexes with endogenous cdk9 and exogenous cdk9HA) and the amount of cyclin 

T1 that was present in the co-IP was determined by Western blot. Again, the 

differences in exogenous mutant cdk9HA as compared to endogenous cdk9 are 

reflected in the pre-IP lanes. For each cell line, the total cdk9 IP resulted in isolation of 

both the endogenous cdk9 and slower migrating wild type or mutant cdk9HA, and 

neither form could be detected in the post-IP lanes. Analysis of the Western blots with 

the antibody to cyclin T1 also showed that all of the cyclin T1 was in the cdk9 

immunoprecipitate. 

 To assess the relative amount of cyclin T1 that was in a complex with the 

exogenous cdk9, we immunoprecipitated the lysates with the anti-HA antibody. When 

the lysates from each of the cell lines were immunoprecipitated with the anti-HA 

antibody, only the exogenous cdk9HA form was present in the immunoprecipitate. 

The post-IP samples show that the exogenous form was immunodepleted , while the 

endogenous form remained. For the lysates from the wt-cdk9HA cell line, 

approximately 50% of total cyclin T1 was present in the HA co-IP, which is expected 
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since the exogenous cdk9HA comprises approximately 50% of the total cdk9 in the 

cell. When similar analyses were done with E55A-, E57A-, and R65A-cdk9HA cell 

lines that were immunoprecipitated with the anti-HA antibody, differences in cyclin 

T1 levels in the co-IP lanes were observed. E55A-cdk9HA and E57A-cdk9HA both 

co-IP 50% of total cyclin T1 present in the cells, as can be seen by comparing cyclin 

T1 present in the HA co-IP versus the amount present in cdk9 co-IP. However, this 

becomes more obvious when you compare the amount of cyclin T1 present in the HA 

co-IP and the pre-IP lanes in these mutants (cyclin T1 level in IP < Pre) with the 

relative amount of cyclin T1 in the HA co-IP and pre-IP present in the wt-cdk9HA cell 

line (cyclin T1 level in IP > Pre). It should be noted that the E55A-cdk9HA cell line 

has less exogenous cdk9HA than endogenous cdk9HA, while wt-cdk9HA and E57A-

cdk9HA have comparable amounts. A crude normalization for E55A-cdk9HA would 

be predicted to show a higher amount of cyclin T1 in the HA co-IP for that cell line. 

This means that E55A-cdk9HA binds to cyclin T1 less efficiently than wt-cdk9HA but 

more efficiently than E57A-cdk9HA. Finally, the R65A-cdk9HA mutant is able to pull 

down even less of the total cyclin T1 than the other mutants. Although the initial 

amount of cyclin T1 present in the R65A-cdk9HA cell line is less than the other cell 

lines, the relative difference in cyclin T1 that can co-IP with the total cdk9 IP for this 

cell line is substantially lower compared to the wt-, E55A-, E57A-cdk9HA cell lines.  

 To determine whether the lack of binding to cyclin T1 correlates with the 

recruitment of the mutant cdk9 to the viral transcriptosomes, these cells were then 

infected with an MOI of 5 and seeded onto coverslips for IFA at 8 h p.i. by staining 

with anti-IE2 and anti-HA to detect the exogenous cdk9HA (Figure 4.7). E55A-
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cdk9HA still colocalizes with IE2 (panels 1-3). When E57, which contacts cyclin T1, 

was mutated to alanine, a moderate impairment in E57A-cdk9HA localization to the 

viral transcriptosomes was observed (panels 4-9). More specifically, variable 

aggregation was observed in relation to IE2, such that for a given cell, not all IE2 

spots corresponded with detectable cdk9 aggregation (arrows marked “n”). In accord 

with the co-IP data, the mutant R65A-cdk9HA did not localize to the viral 

transcriptosomes with IE2, even in well-developed transcriptosomes (panels 10-15). 

Taken together, these data show that efficient cdk9 binding to cyclin T1 is a 

determining factor for cdk9 recruitment to the viral transcriptosomes.  
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DISCUSSION 

 In this study, we used inhibitor drug treatments, infection with recombinant 

HCMV expressing wild type or mutant cdk9, and infection of cells that expressed 

exogenous mutant cdk9, to determine cellular and viral factors that contribute to cdk9 

recruitment. Data from experiments that inhibit de novo viral RNA synthesis upon 

viral entry, such as treatment with UV-irradiated virus or infection in the presence of 

Act D, indicate that the nuclear localization of the input viral genomes and proteins is 

not sufficient for recruitment of cdk9 to the viral transcriptosomes. The IE proteins are 

not detectable because viral IE transcription cannot occur under those conditions. 

Since exposure to UV-irradiation is limited to the viral supernatant, basal cellular 

transcription should not be inhibited. These experiments imply that the host cell 

functions that are altered upon viral attachment and entry are not sufficient for cdk9 

recruitment and that other factors requiring de novo RNA synthesis are necessary for 

viral transcriptosome formation. However, there is an additional requirement for 

protein synthesis at least initially in the infection. The infection in the presence of 

CHX allows accumulation viral IE transcripts as well as induction of any cellular 

RNA that may be occurring at the beginning of the infection (21). The presence of the 

RNAs in addition to the functional viral genome and input tegument are still not 

sufficient for recruitment of cdk9 to the viral transcriptosomes. 

 The results of experiments with Act D raise the question of why inhibition of 

viral transcription would affect cdk9 localization? One possibility is that active 
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transcription at the viral transcriptosomes promotes cdk9 recruitment due to a high 

abundance of other components of the transcription machinery. For example, RNAP 

II, cyclin T1, DSIF, and Brd4 are factors that cdk9 interacts with during productive 

transcription, and each of these proteins is highly concentrated at the viral 

transcriptosomes (62). Another possibility is that only newly synthesized cdk9 has the 

ability to be recruited to the viral transcriptosomes. Previously synthesized cdk9 that is 

already associated in inactive or active complexes may not be readily disrupted by the 

infection. During the infection there is an induction of cdk9 RNA and all of the 

components of P-TEFb are upregulated (increased protein levels and activity), 

suggesting that there is a viral-specific need for newly synthesized P-TEFb 

components (61, 126). Another result consistent with this notion is that the non-

nucleolar, diffuse nuclear localization of cdk9 typical of the uninfected cell is not 

altered, but cdk9 additionally concentrates at the viral transcriptosomes. 

 Sequential treatment with CHX and Act D allowed us to delineate between the 

contribution of the viral IE proteins and viral early RNA to the relocalization of cdk9 

to the viral transcriptosomes. Initial treatment with CHX allows the IE RNA to 

accumulate. Protein synthesis resumes upon CHX release, and a subsequent Act D 

treatment at 5 h p.i. inhibits further transcription, including most viral early RNA 

synthesis. Act D treatment soon after CHX removal prevented cdk9 recruitment to the 

viral transcriptosomes despite the production of IE proteins. If Act D is added after 

IE2 and cdk9 have localized to the viral transcriptosomes (i.e. at 10 h p.i.), cdk9 is not 

retained at those sites. This could mean that ongoing transcription is not only 
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necessary for cdk9 recruitment to the viral transcriptosomes, but also for its 

maintenance.  

  It is still not clear what the nucleating factor(s) is for the establishment of the 

viral transcriptosomes. Since it is a viral-specific event, it seems that there must be 

some viral component that initiates the chain of events for the viral transcriptosome 

formation. In terms of cdk9 recruitment, we have previously considered likely viral 

candidates that may contribute to cdk9 localization to the viral transcriptosomes. We 

have previously shown that cdk9 recruitment is not an IE1-dependent process, since 

cdk9 localizes to the viral transcriptosomes during an IE1 HCMV infection (126). 

Another likely candidate is IE2 86, and the IE2 86 SX-EGFP infection in this study 

suggests that it may play an accessory role for recruiting cdk9. Infection in the 

presence of Roscovitine or delayed addition of Act D during the infection, are both 

examples of conditions where IE2 retains localization at the viral transcriptosome and 

cdk9 does not. Thus, IE2 localization at the viral transcriptosome is not dependent on 

the presence of cdk9. During the IE2 86 SX-EGFP infection, cdk9 recruitment was 

delayed compared to the IE2 86 wt-EGFP, but not inhibited. However, there is the 

possibility that the small portion of exon 5 found in IE2 86 SX (aa 86-136 and aa 

290-580) is able to recruit cdk9 to the viral transcriptosomes, although not as 

efficiently as full-length IE2 86. Another possibility is that once a certain level of IE2 

protein is first required. 

 While there may be a viral or cellular factor that is universally required for 

viral transcriptosome formation, it is likely that each component of the viral 

transcriptosome would also have individual requirements for recruitment to the sites. 
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 For cdk9, we focused on kinase activity, phosphorylation of the conserved T-

loop, cyclin T1 binding, and Brd4 association with the P-TEFb complex. When cdk9 

kinase activity is inhibited during the infection with Flavopiridol and DRB, cdk9 

protein still localizes to the viral transcriptosomes with IE2. Kinase activity was also 

examined through a D167N mutation. D167 is located at the ATP-binding pocket and 

is important for substrate recognition and kinase function. A point mutation, D167N, 

has been shown to be kinase inactive (35, 36, 75). As was seen in the presence of 

Flavopiridol and DRB, inhibition of cdk9 activity is not an essential requirement for 

its recruitment to the viral transcriptosomes.  

 It should be noted that infection in the presence of Roscovitine, another 

inhibitor of cdk9, results in impaired localization of cdk9 (62). The difference 

observed with Roscovitine may be accounted by structural changes due to binding or 

specificity of the inhibition. Flavopiridol is a specific inhibitor of cdk9 activity by 

binding to the ATP-binding pocket in a noncompetitive and structurally tight fashion. 

Binding of Flavopiridol to cdk9 causes a conformational in cdk9, burying Flavopiridol 

into the active site such that only 8% of the molecule’s surface remains exposed (10, 

33). On the other hand, Roscovitine binds to cdk9 competitively with ATP. Studies 

with Roscovitine binding to cdk2, part of the same kinase family as cdk9, show that 

the benzyl group of Roscovitine contacts a part of the protein surface that is in 

common to all cdks, and the purine group binds to the ATP-binding pocket of the cdk, 

but in a different orientation than ATP. In addition, cdk9 binding to various inhibitors 

may disrupt cdk9 interaction with other proteins or differential effects of the inhibitors 

on other kinases may influence recruitment of cdk9. This paper highlights that cdk9 
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recruitment to the viral transcriptosomes requires binding to cyclin T1. Roscovitine 

alone does not inhibit co-IP of cyclin T1 with cdk9 (unpublished data), but 

Roscovitine inhibition may specifically prevent cdk9 interaction with cyclin T1 at the 

transcriptosome since cyclin T1 and Brd4 still localize to the viral transcriptosomes 

during infection in the presence of Roscovitine.  

 We studied the contributions of other properties of cdk9 that may affect its 

localization to the viral transcriptosomes through mutational analysis. There is 

increasing evidence that Brd4 can play a regulatory role during transcription through 

its interactions with P-TEFb via cyclin T1 binding. Brd4 interaction with cdk9/cyclin 

T1 counters the formation of the cdk9 inactive complex, and enhances cdk9/cyclin T1 

recruitment to transcription sites (145). Many viral infections have determined a key 

role for Brd4 in establishing viral gene transcription, and Brd4 has been found to 

concentrate at the viral transcriptosomes (11, 78, 146, 147). Although Brd4 interacts 

with P-TEFb via binding with cyclin T1, S175 of cdk9 has been shown to contribute 

to Brd4 binding to the complex. Substitution of S175 may alter the conformation of 

the active site due to its close proximity to the region, as well as affecting cdk9 kinase 

activity since S175 has been shown to be an activating residue upon phosphorylation. 

Our data shows that Brd4 does not play a recruiting role for cdk9 to the viral 

transcriptosomes during the HCMV infection.  

 We also created a series of HA-tagged cdk9 mutants with differential binding 

to cyclin T1. Interestingly, we found that the localization of each cdk9HA mutant to 

the viral transcriptosomes correlated with its ability to bind with cyclin T1. E57 is a 

direct point of contact between cdk9 and cyclin T1, and a substitution to E57A shows 
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impaired localization compared to IE2 at the viral transcriptosomes. It was surprising 

to see that E57A retains some ability to localize, however E57 is only one of 15 

identified contact points between cdk9 and cyclin T1, and the IP experiments confirm 

that it E57A can still bind to a low level of cyclin T1 (10). E55 is proximal to E57 but 

does not contact cyclin T, and a substitution to E55A retains the ability to localize to 

the viral transcriptosomes. Perhaps more surprising was that the R65A mutant lacked 

the ability to bind to cyclin T1 and did not localize to the viral transcriptosomes. R65 

is located at the surface of cdk9 and contributes a positive charge to that region. A 

likely scenario is that mutation of R65 to alanine alters the charged nature of the 

region, nonspecifically affecting surface interactions. The role of cyclin T1 in cdk9 

recruitment to the viral transcriptosomes is not unexpected, in view of studies showing 

that cyclin T1 is responsible for cdk9 localization to the nuclear speckles (i.e. SC35 

spliceosome domains) (54).  

 Many other viral infections have been known to subvert the P-TEFb complex 

for viral gene expression. In HIV-1 infections, Tat protein interacts with cyclin T1, 

recruiting P-TEFb to viral RNA. The IE viral protein, ICP22, in HSV-1 binds to cdk9 

and specifically alters RNAP II phosphorylation (39, 40). Cdk9 inhibitors, including 

DRB and Flavopiridol, now show that EBNA2 not only plays a role in initiation of 

viral transcription during EBV infection, but also a cdk9-dependent role in productive 

elongation of viral RNA synthesis (9, 91). In addition, cdk9 plays an integral role in 

p53 phosphorylation during the KSHV infection, via cdk9 interaction with a virus-

encoded cyclin. Further, PTEF-b activity is modulated through Brd4 during HTLV 

infection (25, 148). This study focuses on the mechanism and requirements of cdk9 
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recruitment to the viral IE transcriptosomes during the HCMV infection, and the 

results reported in this paper contribute to our understanding of one of the first key 

events that occurs during the infection.  

 Initiation of viral transcriptosome formation requires de novo protein synthesis. 

After IE2 and cdk9 localize to the sites, active transcription is necessary to maintain 

cdk9 localization. The exact contribution of IE2 is unclear, but seems to be correlated 

with efficiency of transcriptosome formation. While cdk9 kinase activity, T-loop 

activating residues, and Brd4 binding do not dictate cdk9 recruitment to the viral 

transcriptosomes, cdk9 binding to cyclin T1 is an essential requirement. 
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Figure 4.1 Viral transcriptosomes do not form during the infections with UV-
irradiated HCMV or CHX treatment at the beginning of the infection. G0-
synchronized cells were released into G1, infected with HCMV Towne (MOI of 5), 
UV-irradiated (4x105 J/cm2) HCMV, or in the presences of CHX (100 g/ml) and 
seeded onto glass coverslips. Mock infections were performed under the same 
conditions. At 8 h p.i., cells were washed with PBS, fixed with 2% FA, permeabilized, 
and stained with antibodies specific for the proteins indicated in each panel: (A) pp65 
and (B) IE1/2 and cdk9. FITC- and Cy3-conjugated isotype-specific secondary 
antibodies were used. Nuclei were stained with Hoechst dye. The white arrow in each 
panel indicates a viral transcriptosome, although more are present. All of the images 
are confocal optical sections of 0.2 m at a magnification of 1,000X under oil 
immersion. UV, UV-irradiated HCMV. 
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Figure 4.2 cdk9 localization at the viral transcriptosomes requires continuous 
transcription. G0-synchronized cells were released into G1, and seeded onto glass 
coverslips. One hour later, cells were infected with HCMV Towne (MOI of 5) or 
mock supernatant. (A) At 5 h p.i. Act D (10 g/ml) or control media was added, and at 
10 h p.i., cells were fixed for IFA. (B) At 10 h p.i., Act D or control media was added 
and at 14 h p.i., cells were fixed for IFA. (C) At 8 h p.i., cells were treated with CHX 
(100 g/ml ) or control media, and fixed at 14 h p.i. for IFA. FITC- and Cy3-
conjugated isotype-specific secondary antibodies were used. Nuclei were stained with 
Hoechst dye. The white arrows marked “n” indicates a viral transcriptosome that does 
not show colocalization between stained proteins, and unmarked white arrows are 
instances of colocalization. All of the images are confocal optical sections of 0.2 m at 
a magnification of 1,000X under oil immersion. + Act D5, Act D added at 5 h p.i.; + 
Act D10, Act D added at 10 h p.i. 
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Figure 4.3 cdk9 is recruitment to the viral transcriptosomes occurs by 16 h p.i. 
during a high MOI infection with IE2 86 SX-EGFP. G0-synchronized cells were 
released into G1, infected with HCMV IE2 86 SX-EGFP or IE2 86 wt-EGFP at an 
MOI of 5, or treated with mock supernatant, and seeded onto glass coverslips. At 8 
(panels 1-6) and 16 h p.i. (panels 7-15), cells were washed with PBS, fixed with 2% 
FA, permeabilized, and stained with anti-cdk9, and fluorescein Cy3-conjugated 
secondary antibodies. Nuclei were stained with Hoechst dye. The intensity for EGFP 
expression in panels 4-6 was scaled to a higher intensity on Softworx program for 
visualization purposes. The white arrow in each panel indicates a region of 
colocalization, although more are present. All of the images are confocal optical 
sections of 0.2 m at a magnification of 1,000X under oil immersion. wt, IE2 86 wt-
EGFP virus; SX, IE2 86 SX-EGFP virus. 
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Figure 4.4 cdk9 kinase activity is not a requirement for its recruitment to the 
viral transcriptosomes. G0-synchronized cells were released into G1, infected with 
HCMV Towne (MOI of 5) or mock supernatant, and seeded onto glass coverslips. 
Infections took place in the presence of Roscovitine (16 M), Flavopiridol (50 nM), 
DRB (15 M), or control (DMSO). Cells were fixed for IFA at 8 h p.i. FITC-, and 
Cy3- or TRITC-conjugated isotype-specific secondary antibodies were used for IFA. 
Nuclei were stained with Hoechst dye. The white arrow in each panel indicates a 
region of colocalization, although more are present. All of the images are confocal 
optical sections of 0.2 m at a magnification of 1,000X under oil immersion. DMSO, 
control; Rosco, Roscovitine; Flavo, Flavopiridol. 
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Figure 4.5 A E55A/E57A/R65A-cdk9 mutant does not localize to the viral 
transcriptosomes. G0-synchronized cells were released into G1, infected at an MOI of 
5 with wild type-cdk9HA HCMV or D167N-cdk9HA HCMV, and seeded onto glass 
coverslips. S175D-, S175A-, S175D/T186D-, and E55A/E57A/R65A-cdk9HA 
expressing cell lines were induced with doxycycline as described in the Methods 
section, infected with HCMV Towne (MOI of 5), and seeded onto glass coverslips. At 
8 h p.i., cells were washed with PBS, fixed with 2% FA, permeabilized, and co-stained 
with antibodies specific for IE2 and HA (to detect exogenous cdk9HA). FITC- and 
TRITC-conjugated isotype-specific secondary antibodies were used. Nuclei were 
stained with Hoechst dye. The white arrows marked “n” indicate viral 
transcriptosomes with no colocalization between stained proteins, and the unmarked 
white arrow in each panel indicate instances of colocalization, although more are 
present. All of the images are confocal optical sections of 0.2 m at a magnification of 
1,000X under oil immersion. EER, E55A/E57A/R65A-cdk9HA. 
 

 

 

 

 

 

 

 

 

 



164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



165 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Amino acid changes in the N-terminus of cdk9HA result in differential 
cyclin T1 binding. (A) The E55A/E57A/R65A-cdk9HA expressing cell line was 
induced with doxycycline as described in the Methods, lysed in 1X NETN buffer, and 
subjected to IP with antibodies for HA, cdk9, and nonspecific rabbit IgG (RbIgG) 
control. The immunocomplexes (IP), Pre-IP, and Post-IP lysates were run on an 8% 
SDS-PAGE, and checked by Western blot analysis for cdk9 (endogenous and 
exogenous), and cyclin T1 protein. (B) The wt-, E55A-, E57A-, and R65A-cdk9HA 
constitutively expressing cell lines were lysed in 1X NETN buffer, run on an 8% SDS-
PAGE, and checked by Western Blot analysis for cdk9 (endogenous and exogenous) 
and cyclin T1 protein. -Actin was run as a loading control. (B) The wt-, E55A-, 
E57A-, and R65A-cdk9HA constitutively expressing cell lines were lysed in 1X 
NETN buffer, and subjected to IP with antibodies for HA, cdk9. A RbIgG was 
included for the R65-cdk9HA cell line lysate. The IP, Pre-IP, and Post-IP lysates were 
run on an 8% SDS-PAGE, and checked by Western blot analysis for cdk9, and cyclin 
T1 protein. The E55A-cdk9HA and E57A-cdk9HA IP experiments were run on the 
same gel. The Pre- and Post-IP lanes contain 20% cell equivalents of the IP lanes. 
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Figure 4.7 Single amino acid changes in the N-terminus of cdk9HA result in 
differential localization to the viral transcriptosomes. E55A-, E57A, and R65A-
cdk9HA expressing cell lines infected with HCMV Towne (MOI of 5), and seeded 
onto glass coverslips. At 8 h p.i., cells were washed with PBS, fixed with 2% FA, 
permeabilized, and co-stained with antibodies specific for IE2 and HA (to detect 
exogenous cdk9HA). FITC- and TRITC-conjugated isotype-specific secondary 
antibodies were used. Nuclei were stained with Hoechst dye. The white arrows 
marked “n” indicate viral transcriptosomes with no colocalization between stained 
proteins, and the unmarked white arrow in each panel indicate instances of 
colocalization, although more are present. All of the images are confocal optical 
sections of 0.2 m at a magnification of 1,000X under oil immersion. 
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CHAPTER 5 

 

THE ROLE OF CELLULAR CDK9 AND CDK7 IN HUMAN 

CYTOMEGALOVIRUS INFECTION 

 

ABSTRACT 

 Human cytomegalovirus (HCMV) infection leads to the dysregulation of 

multiple cyclin-dependent kinases (cdks), including the transcriptional cdks 9 and 7 

(110, 126). The cellular transcription machinery is upregulated during the infection, 

including the cdk9 and cdk7 active complexes are activated, corresponding to RNA 

polymerase (RNAP) II hyperphosphorylation. These cdks also contribute to the 

establishment of the viral transcriptosomes, where transcriptionally active RNAP II 

localizes and viral IE transcripts are synthesized. In this chapter, several modes of 

inhibition of cdk9 and cdk7 activity were employed. Pharmacological inhibition with 

Roscovitine, and more specific inhibitors of cdk9, Flavopiridol and DRB, showed 

similar effects on the altered accumulation of IE1 72 and IE2 86 proteins, and 

inhibition of viral early protein. Exogenous expression of a kinase inactive cdk9, 

which has the ability to localize to the viral transcriptosomes, shows major 

impairments on the initial round of infection by transfection of a recombinant HCMV 

bacterial artificial chromosome (BAC). In cells infected with the recombinant HCMV 

that exogenously expressing the kinase inactive cdk9, there was no effect on 

immediate early (IE) gene expression, but levels of viral early and late proteins were 
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significantly lower. Small-interfering RNA-mediated inhibition of cdk7 did not impair 

viral protein expression, but a combination of siRNA directed against cdk9 and cdk7 

in addition to inhibition of cdk1 with an inhibitor drug, showed decreases in the viral 

late proteins, pp65 and pp28. The effects at the late times of infection by inhibition of 

cdk9 and cdk7 activity corresponds with a second relocalization event of the cdks, 

which is not dependent on the initiation of viral replication. These studies highlight the 

importance of the combined activity of several cellular cdks in the infection, and dual 

role for cdk7 and cdk9 at IE times of the infection as well as late times of the 

infection. 
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INTRODUCTION 

 Human cytomegalovirus (HCMV), a member of the Herpesviridae, is the 

leading viral cause of congenital birth defects. HCMV also causes severe disease in 

immunocomprimised patients such as organ transplant recipients and AIDS patients. 

As yet, there is no cure or effective preventive treatment for HCMV.  

 In order for a productive infection to ensue, HCMV must redirect the host 

transcriptional machinery to establish efficient viral immediate early (IE) RNA 

synthesis. Therefore, determining how the host transcriptional machinery is redirected 

for viral gene transcription is fundamental to understanding how a productive HCMV 

infection develops in the host cell. In humans, the C-terminal domain (CTD) of the 

largest subunit (Rpb1) of RNA polymerase (RNAP) II is composed of the consensus 

heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser and is susceptible to high levels 

of phosphorylation during the transcription cycle (for review, see references (74, 79, 

98)). In the uninfected cell, the primary kinases responsible for RNAP II CTD 

phosphorylation are cdk7 and cdk9. A hypophosphorylated form of RNAP II (IIa) is 

recruited to the pre-initiation complex at the gene promoter by the general 

transcription factors. Initiation proceeds when the cdk7 complex phosphorylates the 

CTD at the serine 5 residues, resulting in a hyperphosphorylated RNAP II (IIo) that 

recruits factors required for RNA cleavage/polyadenylation and splicing and commits 

RNAP II to productive elongation. The bromodomain-containing Brd4 protein has 

been shown to interact with the active cdk9 complex via cyclin T1 and has been 

implicated in enhancing the recruitment of the cdk9 complex to the stalled RNAP II at 
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acetylated promoter regions, and stimulating cdk9 phosphorylation of RNAP II (60, 

145). 

 Evidence that the host transcription machinery is utilized during HCMV gene 

expression comes from several studies. However, several data were presented in 

Chapter 2 of this dissertation that the host transcription machinery is specifically 

upregulated in protein levels and activity (126). These components of the transcription 

process include hypophosphorylated and hyperphosphorylated RNAP II, cdk7/cyclin 

H/MAT-1 and cdk9/cyclin T1. In addition, several factors in transcription regulation 

also show an altered localization within 8 h post infection (p.i.), such as 

hyperphosphorylated RNAP IIo, cdk7, cdk9, cyclin T1, TBP, and TFIID (58, 62, 126). 

Interestingly, factors involved in chromatin regulation, such as Brd4, HDAC1 and 

HDAC2, are also found to localize with these transcription factors (62). All of these 

components are relocalized to the nuclear structures dedicated to viral IE transcription 

called transcriptosomes.  

 Initially, the virus is able to take advantage of the existing nuclear architecture 

in establishing the viral transcriptosomes. Upon entry, a subset of the viral genomes is 

deposited inside the nucleus, adjacent to dynamic promyelocytic leukemia (PML) 

oncogenic domains (PODs) (also known as ND10 structures) (58). It is these viral 

genomes that serve as the template for viral immediate early (IE) transcription. In 

addition, the viral tegument protein, UL69, transiently localizes with the input viral 

genome at the IE transcriptosomes. The major IE proteins, IE1 72 (IE1) and IE2 86 

(IE2), also localize to the sites of viral IE transcription. Between 3 and 6 h p.i., IE1 

protein and several POD-associated proteins (including PML) become dispersed 
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throughout the nucleus due to IE1 activity (3, 5, 84, 136). IE2 protein, however, 

persists at the punctate viral IE transcription sites.  

 The cyclin-dependent kinase (cdk) inhibitor, Roscovitine, has been a useful 

experimental tool to manipulate cdk activity, and experiments with Roscovitine have 

shown that there is an immediate early requirement for cdk activity during the HCMV 

infection (17, 18, 110). Roscovitine is a purine derivative that specifically inhibits 

cdk1, cdk2, cdk5 (in neural cells) with an approximate 50% inhibitory concentration 

(IC50) of 0.7 M, and inhibits cdk7 and cdk9 at an approximate IC50 of 0.6 M (7, 33, 

41, 79). However, in addition to its use in manipulating cdk activity during infection in 

experimental studies, Roscovitine is being closely looked at as a possible antiviral 

drug. Since most antiviral drugs are targeted against viral proteins, often resulting in 

resistant strains, Roscovitine is a promising option for its inhibition of cellular targets 

(for review, see (110)). Roscovitine has also been shown to inhibit viral replication of 

HSV-1, VZV, and EBV, and transcription of HIV-1 (30, 31, 38, 67, 87, 112-115, 127, 

134). 

 Our lab has published a series of studies that initially revealed that treatment 

with Roscovitine during an HCMV infection significantly alters viral gene expression, 

resulting in differential processing of several IE RNAs, inhibition of viral early and 

late gene expression and DNA replication, and low viral titers (62, 110, 111, 126). We 

further showed that some of the effects of Roscovitine might be attributed to 

alterations in the phosphorylation of RNAP II. Since the CTD acts as a platform for 

recruiting various transcription factors and components of the RNA processing 

machinery, changes in the phosphorylation of the CTD alters the affinity of proteins to 
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the transcription complex. During the HCMV infection there is an increase in the 

hyperphosphorylated RNAP IIo, but in the presence of Roscovitine, this viral-specific 

hyperphosphorylation is prevented. The altered processing of the IE transcripts that 

occurs in the presence of Roscovitine is hypothesized to be due to a suppression of the 

cleavage/polyadenylation site after exon 4 of IE1 and enhanced utilization of the 

splice acceptor site before exon 5 of IE2. Since it seems that hyperphosphorylation of 

RNAP II is required for redirecting the cellular transcription machinery and initiating 

efficient viral IE transcription, the impairment in viral gene expression in the presence 

of Roscovitine may be a result of an inability to recruit essential viral and cellular 

proteins to the sites of IE transcription. Surprisingly, the effects of Roscovitine on the 

hyperphosphorylation of RNAP II and viral gene expression are not observed if 

addition of the drug is delayed until 8 h p.i. (62, 110, 126).  

 Two other cdk inhibitors that are more specific towards cdk9 activity are 

Flavopiridol and D-ribofuranosylbenzimidazole (DRB). Flavopiridol inhibits cdks 1, 

2, 4, 6, (IC50 = 40-100 nM), cdk7 (IC50 = 110-300), and cdk9 (IC50 < 10 nM) (29). 

Flavopiridol inhibits cdk9 more potently than other cdks; cdk9 is inhibited at a 

concentration of Flavopiridol that is 10-fold lower than is required for cdk7 inhibition. 

Upon Flavopiridol binding to the active site of cdk9, a conformational change in cdk9 

is induced. As a consequence of this altered conformation, Flavopiridol is effectively 

buried into the binding pocket, with only 8% of Flavopiridol surface remaining 

exposed (10, 22, 33). In effect, a tighter structure is formed when Flavopiridol is 

bound to cdk9 than the ATP-bound cdk9 complex. In contrast, the exact mechanism of 

inhibition by DRB, a classic inhibitor of transcription, is not fully understood. It seems 
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that DRB inhibits transcription at the point where phosphorylation of RNAP II by the 

cdk9 complex, P-TEFb, would be required to enter productive transcription elongation 

and for the removal of the negative elongations factors. In effect, treatment with DRB 

causes RNAP II to remain stalled or to abort (133). 

 Very few studies have been conducted with Flavopiridol and DRB during 

HCMV infection. Sanchez et al. (2004) treated cells at the time of infection with 

Flavopiridol, and showed that similar to Roscovitine treatment, Flavopiridol treatment 

also altered the accumulation of IE1 and IE2 protein, and caused a decrease in viral 

early protein expression. A short transfection study showed that when an inducible cell 

line was used to induce IE transcription, hyperphosphorylated RNAP IIo colocalized 

with the Br-UTP incorporated IE RNA (120). In the presence of DRB, RNAP IIo no 

longer colocalized with the IE RNA. Although this study was not performed as an 

infection, it still highlights an important role for RNAP II and its kinases during IE 

transcription.  

  In this chapter, HCMV protein expression was analyzed during several modes 

of inhibiting cdk9 and cdk7 activity. Pharmacological inhibition with Roscovitine, 

Flavopiridol and DRB, each resulted in a switch in the accumulation of viral IE1 and 

IE2 protein, and decreased UL44 protein production. The effect on cdk9 protein levels 

and RNAP II phosphorylation was similar at the 8-hour time point, but the effects of 

Flavopiridol and DRB started to wane by the 24-hour time point. Further, exogenous 

expression of a kinase-inactive cdk9 through a recombinant HCMV BAC led to 

decreased levels of IE RNA, and a lag in viral protein expression at all stages of the 

infection, including viral plaque formation. However, infection with this recombinant 
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kinase-inactive cdk9 HCMV resulted only in slightly decreased levels of viral late 

protein. Protein knock down of cdk9 and cdk7 individually by small-interfering RNA 

(siRNA) had no effect on viral protein expression while protein knock down of cdk9 

was repeatedly incomplete. However, combined treatment of siRNA directed towards 

cdk9 and cdk7 resulted in decreased levels of viral pp65. When cdk9- and cdk7-

siRNA were transfected in conjunction with a specific cdk1 inhibitor, viral early and 

late protein production was diminished. Finally, a secondary role for cdk9 and cdk7 at 

the late stage of infection correlates with a relocalization with respect to the formation 

of the viral compartments, although their relocalization is not dependent on initiation 

of viral replication.
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MATERIALS AND METHODS 

 Cell Culture and HCMV Towne Virus. Human foreskin fibroblasts (HFF) 

were obtained from the University of California, San Diego, Medical Center and 

cultured in MEM Earle’s supplemented with 10% heat inactivated FBS, 1.5 g/ml 

amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. 

Human U373-MG astrocytoma-glioblastoma (U373) cells were a gift from R. 

LaFemina (Merck, Sharpe and Dohme) and cultured in DMEM high glucose 

supplemented with 10% heat inactivated FBS, 2 mM L-glutamine, 100 U/ml 

penicillin, and 100 g/ml streptomycin. All reagents were from Invitrogen (Carlsbad, 

CA). Cells were kept in incubators maintained at 37°C and 7% CO2. The Towne strain 

of HCMV was obtained from the American Type Culture Collection (VR 977) and 

propagated as previously described (125).  

Cell Synchronization. HFFs (passage number 15-20) were synchronized in 

G0 phase by allowing them to grow to confluence as previously described (108). Three 

days after confluence, the cells were trypsinized, replated at a lower density to allow 

progression into the cell cycle. 

Antibodies: Cdk7 MAb MO-1 (BD Pharmingen, La Jolla, CA); IE2 MAb 

(Chemicon, Temecula, CA); CH16.0, UL44, UL57, and pp28 MAbs (Goodwin 

Institute, Plantation, FL or Virusys Corporation, Sykesville, MD); cdk9 polyclonal Ab 

sc-484, HA MAb sc-7392, and -catenin MAb sc-7963 (Santa Cruz Biotechnology, 

Santa Cruz, CA); H5 and H14 MAbs (Covance, Berkeley, CA); actin MAb (Sigma 

Aldrich); pp65 (gift from W. Britt); UL84 (gift form G. Pari); goat anti-mouse IgG-
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HRP and goat anti-rabbit IgG-HRP (Calbiochem); goat anti-mouse IgM-HRP, donkey 

anti-rat IgG-FITC, goat anti-rabbit IgG-Cy3, and normal rat IgG (Jackson 

ImmunoResearch Lab, West Grove, PA); normal mouse IgM, IgG, IgG1, IgG2b 

(Zymed, San Francisco, CA); FITC- or TRITC-conjugated goat anti-mouse IgG1, 

IgG2a, and IgG2b (Southern Biotech, Birmingham, AL). 

Drug treatments. HFF cells were synchronized as described above. At the 

time of release into G1, cells were infected at an MOI of 5 with HCMV Towne or 

mock supernatant and treated with the appropriate drug. Roscovitine (Calbiochem, 

San Diego, CA), Flavopiridol (gift from J. Brady, National Institutes of Health), and 

5,6-dichloro-1--D-ribofuranosylbenzimidazole (DRB; Sigma-Aldrich, St. Louis, 

MO) each were prepared first as a stock solution in DMSO. At the time of infection 

and replating, the drugs were added to the appropriate samples at the following final 

concentrations: 16 M Roscovitine, 50 nM Flavopiridol, or 15 M DRB. For control 

treatments, equivalent volumes of DMSO were added. For experiments extending 

beyond 24 h, media was replaced with fresh drug-containing media at 24 h post 

infection (p.i.) and 48 h p.i. Cells were seeded onto coverslips for 

immunofluorescence (IFA) or into 3 cm dishes for Western blot analysis. For 

phosphonoacetic acid (PAA; Sigma Aldrich) treatments, a stock solution were 

prepared with phosphate buffered saline solution (PBS) and NaOH. At the time of 

infection, PAA or control media was added to a final concentration of 360 M to 

infected and mock-treated samples. At 24 h p.i., the media was replaced with fresh 

media containing PAA. Cells were fixed in 2% formaldehyde solution at 48 h p.i. For 

infections in the presence of RO-3306, see siRNA transfections section below. 
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 siRNA transfections, HCMV superinfections, and cdk1 inhibitor 

treatment. Double-stranded small-interfering RNA oligonucleotides directed to cdk9 

and cdk7 were obtained from Dharmacon Inc. (Lafayette, CO) and contained 3’-uu 

overhangs on both strands and a 5’-phosphate on the antisense strand: cdk9-siRNA 

ON-TARGETplus SMARTpool siRNA (5’-ggccaaacguggacaacua-3’; 5’-

guauauaccugguguucga-3’; 5’-ggacaugaaggcugcuaau-3’; and 5’-uauaaccgcugcaagggua-

3’) and cdk7-siRNA siGENOME SMARTpool (5’-ggacauagaucagaagcua-3’; 5’-

caauagagcuuauacacau-3’; 5’-cauacaaggcuuauucuua-3’; and 5’-ggagacgacuuacuagauc-

3’). The negative control siRNA was a scrambled sequence that does not target any 

gene product. The sense and antisense Silencer Negative Control #1 templates were 

purchased from Ambion (Austin, TX) and the double-stranded siRNA was synthesized 

with Silencer siRNA Construction Kit (Ambion) according to manufacturer’s 

instructions. 

HFF or U373 cells were seeded into 6-well plates 24 h prior to siRNA 

transfection at a 30-50% cell density in cell-specific culture media without any 

antibiotics. On the day of transfection, 8 l of Oligofectamine (Invitrogen) were 

incubated with 12 l OptiMEM media (Invitrogen) for 10 min. For transfection with a 

single siRNA, mixes were prepared with 30 l of 20 M siRNA and 150 l 

OptiMEM. For transfection with dual siRNA, mixes were prepared with 30 l of each 

20 M siRNA and 120 l OptiMEM. The Oligofectamine/OptiMEM mix (20 l) and 

siRNA mix (180 l) were combined and incubated for 20 min, after which the 200 l 

transfection mixture was added to 1 well of pre-seeded cells with OptiMEM. 6-12 h 
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post transfection, the media was replaced with 0.1% serum culture media. At 48 h post 

transfection, cells were trypsinized, and harvested for Western blot analysis (0 h p.i. 

time point) or reseeded into a 12-well plate. After 1 hour of reseeding, cells were 

infected at an MOI 5 for HFFs or MOI 10 for U373 cells, and harvested at specified 

times post infection for Western blot analysis.  For infections of with the cdk1 

inhibitor, RO-3306 (gift of L. Chen), cells were treated with RO-3306 at a final 

concentration of 9 M. For samples that were harvested after 24 h p.i., cells were re-

fed every 24 h with media containing 9 M RO-3306. 

Recombinant cdk9 HCMV BAC electroporation and infections. 

Construction of the HB5:IE-wildtype(wt)-cdk9HA BAC and HB5:IE-D167N-cdk9HA 

BAC was performed using a method previously reported (Chapter 4, (61)), in which 

expression of exogenous genes within the HCMV BAC was described (118).  

Recombinant HB5:IE-cdk9HA BAC viruses were reconstituted as described 

previously (118) by electroporation in HFFs with 6.25 g of BAC DNA plus 3.75 g 

of pcDNA-pp71tag (a gift from B. Plachter, Mainz, Germany). Electroporation was 

carried out using the BTX ECM-600 electroporator (Genetronics, Inc.) as previously 

described (83). Cells were seeded into T-75 flasks for detection of plaque 

development, onto coverslips for IFA, or harvested at specified times for RNA 

analysis. HB5:IE-lacZ virus was collected from the cell supernatant on day 15, 

HB5:IE-wt-cdk9HA virus was collected on day 16 post electroporation, and HB5:IE-

D167N-cdk9HA virus was collected on day 20, after the infection had spread 

throughout the entire monolayer of cells. The virus was checked by sequencing of the 
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altered region of the viral DNA to confirm that it had not reverted to the wildtype 

HB5.  

Stocks of recombinant cdk9HA and control lacZ HCMV were prepared, and 

titered by plaque assay as previously described (125). G0-synchronized HFF cells were 

released into G1, infected at an MOI of 5, and seeded into dishes. At specified times 

p.i., cells were harvested and stored at -80C for Western blot or RNA analysis, or 

fixed in 2% formaldehyde solution for IFA.  

Quantitative real-time RT-PCR. Cells were infected as described above with 

lacZ HCMV, wt-cdk9HA HCMV or D167N-cdk9HA HCMV. The cells were 

harvested at various times p.i., and total RNA was isolated from the harvest cells with 

the RNA isolation kit (NucleoSpin RNA II Kit, Machery-Nagel, Bethlehem, PA). The 

concentration of each sample was determined by UV spectrophotometry. Quantitative 

real-time reverse transcription-PCR (qRT-PCR) was performed in an Applied 

Biosystems ABI Prism 7000 sequence detection system with the TaqMan one-step 

RT-PCR master mix reagent kit (Applied Biosystems, Branchburg, NJ) and 

oligonucleotide primers and TaqMan dual-labeled (5’ 6-carboxy-fluorescein and 3’ 

black hole quencher-1) probes (Integrated DNA Technologies, Coralville, IA) . The 

reaction volume was 50 l, with 50 ng of RNA for each sample (see ref. (110) for 

sequences). A standard curve was used to calculate the relative amount of specific 

RNA present in a sample, from which the induction of transcription of the gene was 

calculated by comparison to the value obtained for the specific RNA from cells 1 day 

post electroporation with lacZ HCMV BAC. As an additional control for the amount 

of RNA in each reaction, samples were normalized with primers and a TaqMan 
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probed specific to the cellular housekeeping glucose-6-phosphate dehydrogenase 

(G6PD) gene. 

 Western Blots. For Western blot analyses, cells were lysed in Laemmli 

reducing sample buffer (50 mM Tris pH 6.8, 0.2% sodium dodecyl sulfate, 10% 

glycerol, 5% 2-mercaptoethanol, 50 mM leupeptin, 100 mM pepstatin, 50 mM sodium 

fluoride, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM sodium orthovanadate, 5 mM 

-glycerophosphate). The lysates were then sonicated briefly to shear the DNA and 

protein content was determined by Bradford assay. Equivalent amount of protein or 

equivalent number of cells were separated by SDS-PAGE and transferred to 

nitrocellulose. Membranes were stained with amido black to assess protein loading in 

each lane. The blots were blocked with 5% nonfat dried milk in TBST (10 mM Tris 

pH 8.0, 150 mM NaCl and 0.1% Tween-20) and incubated with primary antibodies 

diluted in blocking solution as follows: cdk7 MAb, 1:500, cdk9 polyclonal Ab, 1:250; 

CH16.0 MAb, 1:15,000; UL44 MAb, 1:5000; UL57 MAb, 1:2000; pp28 MAb, 

1:2000; pp65 MAb, 1:5000; UL84, 1:2000, RNAP II phospho-serine 2 MAb H5, 

1:250; RNAP II phospho-serine 5 MAb H14, 1:500; -actin MAb, 1:10,000; and -

catenin MAb, 1:1000. The -actin MAb and -catenin MAb were used as controls for 

protein loading. Following three washes with TSBT, blots were incubated with 

horseradish peroxidase-conjugated immunoglobulin specific antibodies, diluted 

1:2000 (anti-IgG) or 1:10,000 (anti-IgM). After washing in TBST, proteins were 

detected using SuperSignal chemiluminescent substrate (Pierce, Rockford, IL) 

according to the manufacturer’s instructions. 
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 Immunofluorescence. G0-synchronized cells were infected at an MOI of 5 

(high MOI) or 0.01 (low MOI) and plated on sterile glass coverslips. At specified time 

points, the coverslips were washed in PBS and fixed with 2% paraformaldehyde or 2% 

formaldehyde solution in PBS for 10 min. Cells were processed as described before 

(109). Fixed cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min. 

Following washes in PBS, the cells were blocked in 10% normal goat serum in PBS 

for 30 min. Specific antibodies diluted in blocking solution were used to stain the 

cells. The dilutions were as follows: cdk7 MAb, 1:50; cdk9 polyclonal Ab, 1:50; 

CH16.0 MAb, 1:1,000; UL44 MAb, 1:1000, UL57 MAb, 1:500; IE2 MAb, 1:500; and 

pp28 MAb, 1:2000. As controls, the slides were dually stained with each specific 

antibody and a purified normal mouse IgG, mouse IgM, or rabbit IgG. After three 

washes with PBS, the coverslips were incubated with a FITC- or TRITC-conjugated, 

goat anti-mouse isotype-specific secondary antibody diluted 1:50 or a goat anti-rabbit 

IgG-Cy3 secondary antibody diluted 1:600 and Hoechst dye. Cover slips were washed 

mounted with SlowFade Gold solution (Molecular Probes, Eugene, OR) onto glass 

slides. Images were captured using a Nikon Eclipse E800 microscope and 

Photometrics CoolSnap fx CCD camera with MetaMorph software. Confocal images 

were captured at the UCSD Cancer Center Digital Imaging Shared Resource using a 

Deltavision microscope and SoftWorx software. Confocal images are 0.2 m sections 

with a magnification of x1,000 under oil immersion. For cdk9 IFA at late times in the 

infection, the blocking step was modified by incubation with human Fc diluted 1:10 in 

blocking solution in order to prevent adsorption of the rabbit polyclonal cdk9 antibody 

to virus-encoded Fc receptor that accumulates in the Golgi apparatus. 



183 

 

RESULTS 

 Inhibition of cdk9 and cdk7 activity during HCMV infection alters viral 

protein expression. There are several pharmacological inhibitors of cdk9 and cdk7 

activity, including Roscovitine, Flavopiridol, and DRB. Each of these inhibitor drugs 

have differing specificities and 50% inhibitory concentrations for cdk9 and cdk7, with 

Flavopiridol being the most specific for cdk9. Roscovitine, which inhibits cdks 1, 2, 7, 

and 9, has already been reported to inhibit viral early and late protein expression, 

diminish viral titer, and cause a switch in the accumulation of viral IE protein and 

transcripts when added at the beginning of the infection (110). Treatment with 

Flavopiridol at the time of infection has also been shown to alter IE protein 

accumulation and differentially inhibit viral early protein expression. It was later 

shown that there is a viral-specific inhibition of RNAP II hyperphosphorylation in the 

presence of Roscovitine at the time of the infection (126). In addition, treatment with 

Roscovitine specifically inhibits the accumulation of cdk7 and cdk9 at the viral 

transcriptosomes (62). However, infection in the presence of Flavopiridol or DRB 

does not inhibit cdk9 recruitment to the viral transcriptosomes (Chapter 4,(61)). 

Curiously, many of the effects of Roscovitine, and Flavopiridol on the infected cells 

are limited to the first 8 h of infection, such that delaying the addition of these drugs 

until 8 h p.i. no longer renders the infected cells susceptible to the inhibitory effects on 

viral protein expression, and in the case of Roscovitine, on RNAP II 

hyperphosphorylation, and cdk9 expression and localization (62, 110, 126).  
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 In an attempt to determine whether alterations in viral protein expression by 

Roscovitine, Flavopiridol, and DRB correlate with the specificity of cdk9 inhibition, 

cells were released into G1 and infected at an MOI of 5 with viral or mock supernatant 

in the presence of an inhibitor drug or control media. At 8 and 24 h p.i., cells were 

harvested for Western blot analysis (Figure 5.1). The protein levels for cdk9 were 

decreased in the presence of all three inhibitors as compared to the control samples in 

infected (V) cells at 8 h p.i. At 24 h p.i., there was a viral-specific increase in cdk9 

protein expression in the control sample (compare control M an V for cdk9 at 24 h 

p.i.). Roscovitine-treated cells maintained low levels of cdk9 protein in infected and 

samples at 24 h p.i., but cells treated with Flavopiridol or DRB no longer showed 

decreased levels of cdk9 protein. It should be noted that the lane for the viral sample 

treated with Flavopiridol at 24 h p.i. was under loaded compared to the Flavopiridol-

treated uninfected sample lane.  

 Viral-specific decreases in the level of hyperphosphorylated RNAP IIo were 

also observed in the presence of each of the inhibitors compared to control samples for 

both phosphorylation of serine 2 and serine 5 residues of RNAP II CTD at 8 h p.i. At 

24 h p.i., the levels of hypophosphorylated RNAP II were no longer affected by the 

presence of the inhibitors, but levels of phosphorylated serine 2 were still low in 

Roscovitine-treated infected cells. The progression of the infection was greatly altered 

with treatment of each of these inhibitors. Similar to treatment with Roscovitine and 

Flavopiridol, treatment with DRB also led to an altered accumulation of IE1 and IE2 

protein, such that IE2 was present at greater levels than IE1 protein. When the viral 

early proteins were examined, decreases in viral UL44 were observed. These data 
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show that several inhibitors of cdk9 and cdk7, added at the time of infection, alter 

expression of viral proteins.   

 Expression of a kinase-inactive cdk9 during electroporation of recombinant 

HCMV genome leads to a delay in viral plaque formation, and a decrease in IE RNA 

accumulation and viral protein expression. Pharmacological inhibition of cdk7 and 

cdk9 has shown significant alterations and impairments in the progression of the 

infection. This was true for broad inhibitors of cdk activity (Roscovitine) as well as 

more specific inhibitor of cdk9 and cdk7 (Flavopiridol and DRB). In order to better 

understand the role of cdk9 in the infection, viral expression was examined in the 

presence of expression of a kinase inactive cdk9. A recombinant HCMV that 

overexpresses a kinase-inactive form of cdk9 that is C-terminally tagged with HA was 

constructed, as described in the previous chapter (Chapter 4; (61)). The kinase-inactive 

cdk9HA contains an amino acid change at residue 167 from aspartic acid to asparagine 

(D167N). The D167N-cdk9HA cDNA and a wildtype(wt)-cdk9HA cDNA each were 

placed under the control of the HCMV MIE promoter. Using a bacterial artificial 

chromosome (BAC) that contains a copy of the HCMV genome (HB5), the IE-

D167N-cdk9HA and IE-wt-cdk9HA cassettes were cloned into a non-essential region 

of the viral genome (between the HCMV US11 and US12 genes) to create HB5:IE-

D167N-cdk9HA and HB5:IE-wt-cdk9HA, respectively (Figure 5.2A). The resulting 

BACs were isolated, and the altered regions were examined for the presence of the 

correct sequences by DNA sequencing. In addition, the BACs were digested with 

HindIII restriction endonuclease and subjected to gel electrophoresis to confirm that 

no large-scale rearrangements of the BAC DNA had occurred during the cloning 
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process (Figure 5.2B). As a control, the lacZ BAC, which contains the E. coli lacZ 

alpha gene under the control of the HCMV MIE promoter cloned into the same region 

of the HCMV genome that the recombinant cdk9 cassettes were cloned, and was 

included in all analyses.  

 The wt-, D167N-cdk9HA, and control lacZ BAC DNAs were electroporated 

into HFFs with the viral pp71 expression vector and the cell cultures were observed 

for cytopathic effect and plaque development. HFF cells with electroporation 

supernatant were included as a comparison (not shown). The electroporated cells were 

seeded onto coverslips for IFA, seeded into dishes for time point-specific harvests, or 

seeded into large flasks for assessment of plaque formation and collection of the viral 

supernatants. 

 Although the HFFs express endogenous cdk9, the exogenous cdk9HA 

expressed from the BAC DNA serves as a dominant negative by interacting with 

available endogenous cyclin T1 (34). The exogenous cdk9HA protein expression was 

assessed in the next section of the results. Figure 5.3 presents IFA of viral protein 

expression. By day 5 post electroporation (p.e.), viral IE1/2 expression could be 

detected in all three HCMV BAC electroporations. The lacZ and wt-cdk9HA BAC 

electroporations had formed several plaques by day 5 p.e., although the lacZ BAC 

electroporation tended to have larger plaques at this time point. In addition, a lag in 

viral early UL44 protein expression could be detected in the D167N-cdk9HA BAC 

electroporation as compared to the control electroporations. The wt-cdk9HA and lacZ 

BAC electroporations showed clear UL44-expressing plaques, while the D167N-

cdk9HA BAC electroporation was limited to individual UL44-expressing cells. 
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Similar observations were made with viral early UL57 expression at day 7 p.e. (Figure 

5.4). Staining for IE1/2 at this time point shows that plaques could be detected in all 

three BAC electroporations, however, plaques from the D167N-cdk9HA BAC 

electroporation were still small, while the lacZ BAC electroporation plaques were 

slightly larger than those present in the wt-cdk9HA BAC electroporation. In addition, 

the viral replication compartments to where UL57 localizes were much smaller in the 

D167N-cdk9HA BAC electroporation than the other BAC electroporations. The lacZ 

and wt-cdk9HA BAC electroporations showed a mixture of viral replication 

compartment sizes, with the cells in the center of the plaques showing large viral 

replication compartments. Differential expression by IFA was also observed for the 

late viral protein, pp28 at 9 days p.e. All three BAC electroporations displayed the 

typical perinuclear localization for pp28, however, the wt-cdk9HA BAC 

electroporation showed intense pp28 expression compared to the lacZ and D167N-

cdk9 BAC electroporations. The lacZ BAC electroporation showed overall more 

pp28-expressing cells than the other two BAC electroporations, however, each cell 

expressed pp28 less intensely than the wt-cdk9HA BAC electroporation. The D167N-

cdk9HA BAC electroporation showed fewer pp28-expressing cells, and less intensely 

than the wt-cdk9HA BAC electroporation. In addition, each of the electroporations 

were observed in flasks until the entire culture showed cytopathic effect, at which 

point, the supernatant was collected and aliquoted for determining viral titers and viral 

infection experiments. Consistent with the IFA results, plaque formation detected by 

phase-contrast was delayed in the D167N-cdk9HA BAC electroporation. Supernatant 
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from the BAC electroporations were collected on the following days p.e.: lacZ, day 

15; wt-cdk9HA, day 16; mock and D167N-cdk9HA, day 20. 

 During the electroporation, cells were harvested at 1, 3, 7, and 11 days p.e. for 

RNA analysis by quantitative real-time RT-PCR (qRT-PCR) (Figure 5.5). Total RNA 

was isolated, and quantified with primers and probes specific for viral IE1and IE2, and 

cellular G6PD RNA. The qRT-PCR results show that IE1 RNA levels in all three 

BAC electroporations remained 1-5 fold of each other from days 1-7 p.e., but by day 

11 p.e., both lacZ and wt-cdk9HA BAC electroporations showed an approximate 18-

fold activation of IE1 RNA over the D167N-cdk9HA BAC electroporation. Similarly, 

IE2 RNA was examined and showed that until day 7 p.e., all three electroporations 

expressed comparable levels of IE2 RNA. However, by day 11 p.e., the wt-cdk9HA 

and lacZ BAC showed an approximate 12 and 13-fold activation of IE2 RNA, 

respectively, over that of D167N-cdk9HA BAC electroporation.  

 Infection with recombinant D167N-cdk9HA HCMV results in decreased 

viral early and late protein expression. Each of the supernatants collected from the 

BAC electroporations were titered by viral plaque assay, and used for the following 

infection. G0-synchronized HFF cells were released into G1, and infected at an MOI of 

5 with lacZ, wt-cdk9HA, or D167N-cdk9HA HCMV or mock treated. At specified 

times post infection, the cells were harvested and analyzed by Western blot for viral 

and cellular protein expression. Figure 5.6A shows a time course infection tracking 

exogenous cdk9HA expression with an anti-HA MAb. As can be seen, the wt-cdk9HA 

expresses to higher levels throughout the infection than the D167N-cdk9HA. In 



189 

 

addition, both forms of exogenous cdk9HA seem to appear at low levels early in the 

infection.  

 Viral protein expression from all three classes of viral genes was also assessed 

at 8, 12, 24, 48, 72, and 121 h p.i. for the lacZ, wt- and D167N-cdk9HA viruses 

(Figure 5.6B). It should be noted that the wt-cdk9HA lanes for the 8 and 24 h p.i. 

Western blots were slightly under loaded. Viral IE1 and IE2 protein expression was 

comparable between all three viruses throughout the infection. The major protein band 

for viral early UL44 was also comparable between all three infections, but at 72 and 

96 h p.i., slight decreases in the faster migrating minor bands of UL44 were slightly 

decreased in the D167N-cdk9HA virus. A decrease in UL57 expression was also 

observed in the D167N-cdk9HA virus as compared to UL57 expression from the lacZ 

and wt-cdk9HA viral infections. The greatest effects were seen at the late stages of the 

infection with viral late protein expression of pp65 and pp28. The major band for pp65 

was expressed at comparable levels in all three infections at 72 and 121 h p.i., but the 

minor band that appears below was absent in at 121 h p.i. in the D167N-cdk9HA 

infection. In addition, pp28 protein was expressed at very low levels from the D167N-

cdk9HA virus as compared to the other two viruses. Interestingly, and consistent with 

the IFA data, the wt-cdk9HA infection showed higher levels of pp28 than the lacZ 

virus did. These data suggest that cdk9 may be important for efficient viral early and 

late gene expression. 

 Small-interfering RNA directed to cdk7 individually does not alter viral 

protein expression. The above experiments show that inhibition of cdk9 and cdk7 

activity through inhibitor drug treatments leads to alterations in viral IE protein 
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expression and decreases in viral early protein expression. Although Flavopiridol and 

DRB are slightly more specific for cdk9 inhibition than cdk7 inhibition, the effects 

from inhibition of cdk9 cannot be distinguished from the effects of inhibition of other 

cdks. Expression of the kinase-inactive cdk9 provided some contribution of cdk9 

activity to viral expression. In order to delineate that the contribution that cdk7 and 

cdk9 each might provide during the infection, cells were transfected with small-

interfering RNA (siRNA) specific for cdk7, cdk9, or a scrambled siRNA (negative 

control). At 48 h post siRNA transfection, these cells were infected with HCMV at an 

MOI of 5 and harvested for Western blot analysis at the specified times. Figure 5.7A 

shows that treatment with cdk9-siRNA in HFF cells resulted in lower cdk9 protein 

levels as compared to the (-)-siRNA prior to infection (0 h p.i.), but very little to no 

knock down was observed at 8 and 48 h p.i. In addition, treatment with cdk9-siRNA 

had no effect on cdk9 substrate, phosphorylated serine 2 of RNAP II. Transfection 

with cdk7-siRNA showed a complete knock down of cdk7 protein at 0 and 8 h p.i., but 

cdk7 expression started to reappear by 48 h p.i. In addition, the negative control did 

not have any effect on cdk9 or cdk7 expression, and transfection of siRNA directed to 

cdk9 did not affect cdk7 protein levels or vice verse, indicating that these siRNAs 

were very specific. Expression of viral proteins from each stage of the infection (IE, 

early, and late) was examined, and there was no effect on viral protein expression in 

samples treated with the cdk9-siRNA or cdk7-siRNA as compared to treatment with 

the negative control (-)-siRNA. However, no conclusive interpretation can be made 

about the contribution of cdk9 to viral protein expression from this experiment due to 

inefficient knock down by cdk9-siRNA. 
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 As is the case with many other primary cell lines, HFF cells are not readily 

transfected. Figure 5.7A shows that there was an incomplete knock down of cdk9 

protein in the HFF cells when transfected with cdk9-siRNA, and limited decrease of 

cdk7 by 48 h p.i. In order to better assess whether viral protein expression is not 

affected by siRNA-mediated inhibition of cdk9 and cdk7, U373 cells, a highly 

transfectable cell line that is permissive to HCMV, was utilized (Figure 5.7B, V- 

lanes). It should be noted that it is typical for U373 cells show greater IE1 protein than 

IE2 throughout the infection, unlike HFF cells, which begin with greater IE1 protein 

up to 24 h p.i., and then exhibit greater levels of IE2 protein. However, U373 cells are 

sensitive to the effects of Roscovitine, and Figure 5.7B shows that when U373 cells 

were treated with Roscovitine at the time of infection, there was a switch in the ratio 

of IE1 and IE2 protein amounts as seen with HFFs. Also similar to HFFs, U373 cells 

showed a relocalization of cellular and viral proteins early in the infection to the viral 

transcriptosomes by 8 h p.i. (data not shown). The U373 cells were treated with 

siRNA and infected with HCMV as described for the HFFs (Figure 5.7C). The cdk9-

siRNA samples showed more efficient knock down of cdk9 protein in U373 cells than 

the HFFs, but still not complete. The cdk7-siRNA treatment showed little to no cdk7 

protein, including at the 48 h time point. The levels of RNAP II phosphorylated on 

serine 5 residues were lower in cdk7-siRNA transfected cells. Again, all three classes 

of viral proteins were checked for alterations compared to the (-)-siRNA. No 

alterations were seen in IE1/2, viral early proteins UL57 and UL84, or the viral late 

protein pp28.  
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 Transfection of dual siRNAs directed to cdk9 and cdk7 in combination with 

inhibition of cdk1 impairs viral protein expression. One explanation of the above 

experiments is that the siRNA transfections were not complete in decreasing protein 

expression, resulting in residual active cdk9 and cdk7 (as observed by minimal to no 

decreases in hyperphosphorylated RNAP IIo). Due to incomplete knock down of cdk9, 

this is a likely possibility for cdk9-siRNA results, however, cdk7 knock down was 

complete at 8 h p.i. in HFFs and at 8 and 24 h p.i. in U373 cells (Figure 5.7). Another 

possibility is that cdk9 and cdk7 individually do not play a significant role in the 

infection, but together they contribute to the progression of the infection. In order to 

examine the latter possibility, HFFs were dually transfected with cdk9-siRNA and 

cdk7-siRNA and subsequently infected with HCMV (Figure 5.8A). The Western blots 

show that at 0 h p.i., cdk9 and cdk7 protein are greatly reduced, and this continues 

throughout the infection. There are slight increases in both cdk9 and cdk7 by 48 h p.i., 

but the levels are still lower than the samples treated with (-)-siRNA. At 8 h p.i., viral 

IE1 and IE2 did not seem altered, but at 48 h p.i., there was a slight decrease in IE2 

protein in the cdk9+cdk7-siRNA as compared to the (-)-siRNA. At the 8-hour time 

point, IE2 levels were greater than IE1 in all samples, but this is most likely due to this 

particular infection initiating slower, and not related to the siRNA treatments. Viral 

early protein, UL57, also showed a decrease in expression in the dually treated siRNA 

cells when compared to the control at 48 h p.i. Interestingly, viral late protein, pp65, 

showed a significant decrease in expression with the cdk9+7-siRNA cells at 48 h p.i.  

 The above experiments show that combination of cdk9 and cdk7 protein knock 

down resulted in a decrease in some viral early and late gene products. Since, it has 
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been shown that cdk activity contributes towards viral expression at late times of the 

infection with Roscovitine, a specific inhibitor of cdk1 was used in conjunction with 

the cdk9- and cdk7-siRNA to examine the effects on viral protein expression (111). 

HFFs were transfected with both cdk9- and cdk7-siRNA as described above. Forty-

eight hours post transfection, cells were infected at an MOI of 5 in the presence of the 

cdk1 inhibitor, RO-3306, or control media, and harvested at specified times post 

infection. Figure 5.8B shows that at 24 h p.i., there are significant decreases in cdk9 

and cdk7 in the cdk9+7-siRNA transfected samples for both cdk1 inhibitor-treated and 

untreated samples, however, there was very little protein knock down at the time of 

infection (0 h p.i.). At the later time point of 72 h p.i., both cdk9 and cdk7 protein 

expression was recovered in the cdk9+7-siRNA sample in the absence of the cdk1 

inhibitor. In the presence of the cdk1 inhibitor, cdk9 and cdk7 protein expression had 

also recovered slightly, but not to the levels in the (-)-siRNA samples. Viral IE1/2 

expression shows comparable expression in all samples at 24 h p.i., however, there 

was a significant decrease in IE2 expression at 72 h p.i. in the cdk1 inhibitor-treated 

cdk9+7-siRNA transfected samples. This decrease in viral protein expression was also 

present for viral early protein, UL57, which was significantly decreased at 72 h p.i. by 

inhibition of all three cdks. Interestingly, the cdk9+7-siRNA sample in the absence of 

cdk1 inhibition, expressed pp65 protein to the same levels as (-)-siRNA at 72 h p.i. 

However, pp65 protein was not recovered in the cdk9+7-siRNA transfected samples 

infected in the presence of the cdk1 inhibitor. Another late protein, pp28, also showed 

a decrease during inhibition of all three cdks. These data show that the combined 
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inhibition of cdk9 and cdk7 delays viral early and late gene epression, and in 

conjunction with inhibition of cdk1, viral protein expression is further impaired.  

  The transition of cdk9 out of the viral replication compartments is not a 

DNA synthesis-dependent event. In considering how cdk9, and possibly cdk7, may 

influence the early and late stages of the infection, their localization with respect to the 

viral replication compartments and viral DNA synthesis was examined. At IE times of 

the infection, cdk9 and cdk7 localize at the viral transcriptosomes where IE2 is present 

and viral IE transcription is taking place (Chapters 2-4; (61, 62, 126)). At late times in 

the infection, cdk7 localizes exclusively within the viral replication compartments 

while cdk9 regains a diffuse nuclear localization (Chapter 2; (126)). Several 

investigators have determined that a subset of viral transcriptosomes develop into the 

pre-replication compartments (immature replication compartment intermediates) and 

then mature into globular replication compartments where viral DNA synthesis occurs 

(2, 121). In order to track the alterations in cdk7 and cdk9 localization, a low MOI 

infection of 0.1 was performed, and analyzed by IFA. By performing the infection at a 

low MOI, cell to cell spread could be observed, and cells at all stages of the infection 

could be examined from a single viral plaque. G0-synchronized cells were released 

into G1, infected with HCMV at an MOI of 0.1 and seeded onto coverslips. At 7 days 

p.i., coverslips were fixed and used for IFA, as shown in Figure 5.9. A series of cells 

at progressive stages of the infection as indicated by UL44 and cdk9 staining, showed 

that cdk9 transits from the viral transcriptosomes prior to maturation of the viral 

replication compartment (Figure 5.9A). As expected, initially, cdk9 localized at the 

viral transcriptosomes. As the infection proceeds, cdk9 remained concentrated at the 
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intermediate pre-replication structure as UL44 began to localize at the periphery. 

However, as the replication compartment developed and UL44 localized throughout 

the replication compartment, cdk9 became less concentrated at those sites. Cdk7 

localization at the viral transcriptosomes was maintained at those sites as they develop 

into replication compartments. Figure 5.9B shows that as the viral transcriptosomes 

developed into replication compartment, the diffuse cdk7 staining in the rest of the 

nucleus was progressively lost. 

 Since it is clear that there is a transition between cdk9 and cdk7 localization 

with respect to the viral replication compartments at the pre-replication intermediate 

stage, it was important to determine if this process was dependent on the onset of viral 

DNA synthesis which occurs starting between 14-16 h p.i. To investigate this, the 

DNA synthesis inhibitor drug, phosphonoacetic acid (PAA), was used. G0-

synchronized cells were released into G1 and infected at an MOI of 5. PAA was added 

at the time of infection, and at 48 h p.i., cells were fixed for IFA (Figure 5.10). A co-

stain with cdk9 and UL44 shows that in the absence of PAA, large replication 

compartments are visible by UL44 staining at 48 h p.i. This was accompanied by a 

loss of cdk9 staining preferentially from the viral transcriptosomes to a more dispersed 

distribution throughout the nucleus. In the presence of the DNA synthesis inhibitor, 

PAA, the viral replication compartments are much smaller in size, and UL44 

expression was readily detectable at these sites. However, cdk9 staining had already 

become minimal at these replication compartments and more diffuse throughout the 

nucleus, while treatment with PAA does not affect cdk9 staining in the uninfected cell. 

Figure 5.10B presents similar results for the kinetics of cdk7 relocalization at viral 
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early times of the infection. In the absence of PAA, cdk7 is exclusively localized at the 

viral replication compartments with UL44. In the presence of PAA, the majority of the 

cdk7 was also primarily localized to the replication compartments with very little 

diffuse nuclear stain remaining, although this process was not complete in all cells that 

were observed. PAA treatment did not alter cdk7 localization in uninfected cells. 

Together, these data suggest that the redistribution of cdk9 and cdk7 at viral early 

stages of the infection is not dependent on viral DNA synthesis. 
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DISCUSSION 

 The combined inhibition of cellular cyclin-dependent kinases indicate that they 

are required during the productive infection for efficient viral transcription, protein 

expression, plaque development, viral replication and virus production. Delineating 

the role that each of the cdks plays during the productive infection has been very 

challenging. Pharmacological inhibition has been useful as a tool for manipulating cdk 

activity in the laboratory, and has provided insight into the contribution and kinetics of 

cdk activity during the infection. In particular, cdk inhibition by Roscovitine has 

shown that there is an immediate early requirement for cdk activity during the HCMV 

infection (62, 110, 126). This IE requirement for cdk activity is limited to the first 8 

hours of infection, because when the addition of Roscovitine is delayed until 8 h p.i., 

the alterations in viral protein expression, inhibition of viral-specific increases in 

hyperphosphorylated RNAP II, and, impairments in cdk9 localization to the viral 

transcriptosomes are no longer observed. There is the possibility that the cdks are still 

required throughout the infection, but that the infected cells are no longer sensitive to 

the inhibition by Roscovitine. Delayed addition of Roscovitine still results in reduced 

viral titers, suggesting that there is a cdk requirement at later times of the infection for 

virus production (111). However, infection in the presence of the cdk1 inhibition 

alone, does not seem to result in significant alterations in viral protein expression, 

although virus production was greatly reduced (unpublished work by V. Sanchez).  



198 

 

 Infection in the presence of Flavopiridol and DRB led to alterations in viral 

protein expression, similar to those observed during Roscovitine treatment at the time 

of infection. Specifically, the ratio of IE1 and IE2 accumulation were reversed, such 

that IE2 remained more abundant than IE1, even at 8 h p.i., when IE1 is usually more 

abundant. In addition, expression of the viral early protein, UL44, was also impaired. 

The effect on cdk9 protein and hyperphosphorylated RNAP II levels seemed to wane 

by 24 h p.i. during Flavopiridol and DRB treatment. However, the effects on cellular 

and viral protein expression remained consistent throughout the infection in the 

presence of Roscovitine. The reason that Roscovitine may impair the infection to a 

greater extent than Flavopiridol or DRB is not exactly clear. One possibility is that the 

infected cells lose their sensitivity to Flavopiridol and DRB after 24 h p.i. Another 

possibility is that the cdks have some overlapping function as the infection progresses, 

such that more specific inhibitors (i.e. Flavopiridol or DRB) may not be as effective as 

broader cdk inhibitors (i.e. Roscovitine).  

 Evidence to support the latter possibility comes from the experiments with the 

siRNA transfections and kinase-inactive cdk9 HCMV presented in this chapter. 

Expression of the D167N-cdk9HA from the HCMV BAC greatly impaired the kinetics 

of the viral protein expression from IE, early, and late genes, and delayed the 

formation of viral plaques. While virus production was much slower in the kinase-

inactive cdk9 BAC electroporation, the overall viral titers were very comparable 

between the control HCMV BACs and the kinase-inactive cdk9 HCMV BAC (data 

not shown). However, the results of the qRT-PCR suggested that there was no effect 

on the relative amounts of the Ie1 and IE2 RNAs. Infection with the kinase-inactive 
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cdk9 HCMV showed a significant decrease in UL57 and pp28 gene expression and 

some effects on accumulation of pp65. Curiously, the wildtype cdk9 HCMV infection 

resulted in greater expression of pp28, similar to the electroporation of the wildtype 

cdk9 HCMV BAC, which exhibited more intensely stained pp28-expressing cells than 

the other electroporations. This suggests that cdk9 activity contributes to pp28 protein 

production. 

 One advantage of using siRNA-mediated inhibition is that you can refine the 

specificity of inhibition to one particular gene of interest. However, one limitation of 

siRNA transfection is that knock down may be incomplete, and the level of knock 

down is different per siRNA transfection. In the case of cdk9-siRNA treatment, knock 

down of cdk9 protein was not efficient, and so interpretations of the contribution of 

cdk9 to the infection cannot be based on these experiments. However, the kinase-

inactive cdk9 HCMV does show that cdk9 activity contributes to the expression of 

both viral early and late protein expression. The siRNA results show that when 

individual siRNA cdk7 were transfected, despite complete knock down of cdk7 

protein (at 0 and 8 h p.i. in HFFs and 0-48 h p.i. in U373 cells), no effects on viral 

protein expression were observed.  

 The data strongly suggest that there is a combined role for cdk9, cdk7, and 

cdk1 in the efficient expression of viral early and late proteins. When cdk1 was singly 

inhibited, no observable difference could be seen. As experiments to inhibit multiple 

cdks were performed, a greater impairment on viral protein expression could be 

detected. Interestingly, inhibition of all three cdks was not sufficient to reverse 

accumulation of IE1 and IE2. Experiments with Roscovitine, Flavopiridol, and DRB 
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each alter the accumulation of IE1 and IE2, suggesting that cdk9 activity may 

contribute to this effect, but other cdks and kinases are involved. Inhibition with these 

pharmacological inhibitors has resulted, however, in a viral-specific inhibition of 

RNAP II phosphorylation at serine 2 and serine 5 residues during the infection. Early 

studies described in Chapter 1 and data from Chapter 2 support the notion that 

inhibition of RNAP II phosphorylation during the infection affects the processing of 

the IE transcripts, such that in the presence of Roscovitine, utilization of the splice 

acceptor site at the UL122-123 locus is enhanced and the cleavage-polyadenylation 

site is suppressed. There are many possible reasons for the differences in IE1/2 

accumulation during pharmacological inhibition versus siRNA-mediated inhibition. 

One possibility already discussed is that the siRNA knock down may not have been 

complete (as was the case for cdk9-siRNA treatments), and the fact that 

hyperphosphorylation RNAP II levels were not significantly different from the 

negative siRNA control suggests that might be the case. Another possibility is that the 

difference in IE1/2 RNA accumulation during drug treatment is not due to altered 

splicing, but instead a result of altered stability of the RNAs. A third possibility is that 

there is a cellular or viral factor that plays a redundant role as cdk9 or cdk7, and that is 

sensitive to the inhibitor drugs as well, but would not be targeted by siRNA 

transfections.  

 A large amount of work has been done to investigate the period of time that the 

infected cells are sensitive to cdk inhibition. As mentioned earlier, the window of 

sensitivity to Roscovitine treatment occurs during the first 8 hours of infection as well. 

Sanchez et al. (2004) also showed that the effects of Flavopiridol were limited to 
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treatment within the first 8 hours of infection. It would have been interesting to check 

to see if the effects of dual cdk9+7-siRNA combined with cdk1 inhibition were also 

limited to that time period. However, siRNA treatments require several hours for 

effectiveness, so that avenue of investigation was not a viable option.  

 Additional evidence that cdk9 and cdk7 may play a secondary role in viral 

early and late protein expression comes from the immunostaining experiments. Both 

cdk9 and cdk7 undergo two separate relocalization events during the infection. At IE 

times of the infection, both cdk9 and cdk7 are recruited to the viral transcriptosomes 

and the colocalization of these proteins with IE2 can be visualized by IFA. The diffuse 

nuclear staining of cdk9 and cdk7 are maintained during this time, however. As the 

infection progresses towards the onset of viral replication compartments, cdk9 no 

longer maintains preferential localization at the specialized viral nuclear structures, 

while cdk7 exclusively localizes to the viral replication compartments, losing its 

diffuse nuclear staining. The difference in localization may suggest that they play 

differing roles at the later times of the infection. This relocalization does not seem to 

be dependent on initiation of viral replication, but more parallels the transition from 

viral transcriptosome development into replication compartments.  

 The experiments in this chapter help delineate the role that cdk9 and cdk7 play 

during the infection. Cdk9 and cdk7 not only contribute to the establishment of the 

viral transcriptosomes, but also after a second relocalization event, enhance viral late 

protein expression. However, these studies also highlight that cdk1, cdk7, and cdk9 

(and most likely cdk2) work together in maintaining viral gene expression and 

progressing into a productive infection. Although the exact areas of functional 
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redundancy for each of these cdks is still not clear, these and earlier data show that 

cdk9, cdk7, and cdk1, combined, contribute to viral expression at late times of the 

infection, and that cdk7 and cdk9 have a dual role in the infection (IE gene expression, 

and viral late protein expression).  
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Figure 5.1 Inhibition of cdk9 and cdk7 activity leads to alterations viral IE 
protein accumulation and inhibits viral early protein expression. Infected (lanes 
V) or mock-infected (lanes M) cells were treated with 16 M Roscovitine, 50 nM 
Flavopiridol, or 15 M DRB or control media at the time of infection and were 
harvested at 8 and 24 h p.i. Total cell lysates from an equal number of cells were 
subjected to Western blot using H5 (detects pSer2-RNAP IIo), and H14 (detects 
pSer5-RNAP IIo) antibodies, anti-cdk9, CH16.0 (detects IE1/2), and anti-UL44. -
actin protein levels were checked as a loading control. 
 

 

 

 

 



205 

 

 

 

 

 

 

 

 

Figure 5.2 Construction of the HB5:IE-wt-cdk9HA and HB5:IE-D167N-cdk9HA 
BACs. (A) The DNA fragments containing the cDNA encoding wildtype- and 
D167N-cdk9HA were cloned into the HB5-lacZ/att  BAC using Tn7 transposition. 
Gm, gene for gentamicin resistance. (B) The BAC DNAs for HB5-lacZ/att, HB5:IE-
wt-cdk9HA, and HB5:IE-D167N-cdk9HA were digested with HindIII, and the 
fragments were separated by agarose gel electrophoresis. The arrow shows the 
position of the 4.2-kbp fragment in the HB5:IE-cdk9HA BAC DNAs that contain the 
wt- or D167N-cdk9HA cDNA under the control of the MIE promoters. 
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Figure 5.3 Immunofluorescence of cells electroporated with kinase-inactive 
D167N-cdk9HA HCMV BACs at 5 days p.e. HFFs were electroporated with 6.25 g 
of lacZ, WT-cdk9HA, or D167N-cdk9HA HCMV BAC DNA each with 3.75 g of 
viral pp71-expressing plasmid. At 5 days p.e., cells were fixed and immunostained 
with CH16.0 (detects IE1/2) or anti-UL44 and appropriate anti-mouse fluorescein-
conjugated secondary antibody. Nuclei were stained with Hoechst dye. Images were 
captured using MetaMorph software. Magnification, 100x. 
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Figure 5.4 Immunofluorescence of cells electroporated with kinase-inactive 
D167N-cdk9HA HCMV BACs at 7 and 9 days p.e. HFFs were electroporated with 
6.25 g of lacZ, WT-cdk9HA, or D167N-cdk9HA HCMV BAC DNA each with 3.75 
g of viral pp71-expressing plasmid. Cells were fixed and immunostained with 
CH16.0 (detects IE1/2) and anti-UL57 at 7 days p.e., or with anti-pp28 at 9 days p.e., 
followed by the appropriate fluorescein-conjugated secondary antibody. Nuclei were 
stained with Hoechst dye. Images were captured using MetaMorph software. 
Magnification, 100x. 
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Figure 5.5 Quantitative real-time RT-PCR of UL122-123 transcripts during 
exogenous expression of kinase inactive cdk9HA. HFFs were electroporated with 
6.25 g of lacZ, WT-cdk9HA, or D167N-cdk9HA HCMV BAC DNA each with 3.75 
g of viral pp71-expressing plasmid. At 1, 3, 7, and 11 days p.e., cells were harvested, 
total RNA was isolated and analyzed by qRT-PCR using primers and probes specific 
for IE1 and IE2.  The values for IE1 and IE2 were normalized to that of G6PD RNA 
for each sample. For each sample, duplicate reactions were analyzed. A standard curve 
for each gene was used to calculate the relative amount of specific RNA present in a 
sample, which was then converted to fold activation relative to lacZ samples from 1 d 
p.e.  
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Figure 5.6 Infection with a recombinant HCMV expressing kinase inactive 
cdk9HA leads to decreased production of viral late protein. G0-synchronized cells 
were released into G1 and infected with control lacZ HCMV, or recombinant cdk9 
HCMV (WT-cdk9HA and D167N-cdk9HA) at an MOI of 5 or with mock supernatant. 
Cells were harvested at the indicated times post infection, and equal amount of protein 
from each cell lysate was examined by Western blot analysis with (A) anti-HA 
antibody (detects exogenous cdk9HA; mock and lacZ samples not show), or (B) 
CH16.0 (detects IE1/2), anti UL44 and -UL57 (for detection of viral early proteins), 
and anti-pp65 (for detection of viral late proteins). -actin was checked as a loading 
control at 72 and 121 h p.i. D/N, D167N-cdk9HA viral samples. 
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Figure 5.7 Transfection of siRNA directed against cdk9 and cdk7 in HFF and 
U373 cells. One day post seeding, (A) HFFs, or (C) U373 cells were transfected with 
siRNA directed against cdk9, cdk7, or a negative scrambled siRNA control. At 48 h 
post siRNA transfection, cells were infected with HCMV Towne at an MOI of 5 or 10, 
respectively, and at the indicated times post infection, cells were harvested for 
Western blot analysis. (B) U373 cells were infected in the presence of 16 M 
Roscovitine or control media, and harvested at 8 and 24 h p.i. for levels of IE1 72 and 
IE2 86 protein.  
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Figure 5.8 Transfection of dual siRNAs directed against cdk9 and cdk7 and 
inhibition of cdk1 leads to decreased production of viral late protein. One day post 
seeding, HFFs cells were transfected with siRNA directed against cdk9 and cdk7 or an 
equivalent amount negative scrambled siRNA control. At 48 h post siRNA 
transfection, cells were infected with HCMV Towne at an MOI of 5 and (A) harvested 
at 0, 8, and 48 h p.i., or  (B) infected in the presence of 9 M RO-3306 or control 
media, and harvested at 0, 24, and 72 h p.i. for Western blot analysis. -actin was 
included as a loading control. 



214 

 

 

 

 

 

 

Figure 5.9 Immunofluorescence of cdk9 and cdk7 during a low MOI infection. 
G0-synchronized cells were released into G1, and infected at an MOI of 0.01 with 
HCMV Towne. At 7 days p.i., cells were fixed with 2% formaldehyde for IFA. Cells 
were co-stained for (A) cdk9 and UL44, and (B) cdk7 and UL44, followed by 
fluorescein conjugated secondary antibodies. For controls, one of the specific 
antibodies of the pair was replaced with isotype-specific normal IgG (not shown). 
Nuclei were stained with Hoechst dye. Images are confocal optical sections of 0.2 m 
at a magnification of x1,000 under oil immersion. 
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Figure 5.10 Localization of cdk9 and cdk7 at 48 h p.i. during treatment with a 
DNA synthesis inhibitor. G0-synchronized cells were released into G1 and infected 
with an MOI of 5 with HCMV Towne in the presence of 360 M PAA or control 
media. At 48 h p.i., cells were washed with PBS, fixed in formaldehyde, 
permeabilized, and immunostained with (A) cdk9 and UL44, or (B) cdk7 and UL44, 
followed by a fluorescein-conjugated secondary antibody. For controls, one of the 
specific antibodies of the pair was replaced with isotype-specific normal IgG (not 
shown). Nuclei were stained with Hoechst dye. Images are confocal optical sections of 
0.2 m at a magnification of x1,000 under oil immersion. 
 

 

 

 

 

 

 

 

 

 

 

 



217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

218 

CHAPTER 6 

 

DISCUSSION 

 

 This dissertation characterizes alterations in the cellular transcription 

machinery during HCMV infection, and investigates the functional roles of specific 

components of transcription in viral gene expression. In particular, the contribution of 

components of cellular transcription towards the establishment of the viral 

transcriptosomes, the designated regions of viral immediate early (IE) gene 

expression, was examined. The introduction describes early studies that determined 

that cellular RNA polymerase (RNAP) II is responsible for conducting viral 

transcription (Chapter 1). Important findings from early studies revealed that the 

HCMV major IE promoter contains several unique enhancer elements that efficiently 

recruit cellular transcription factors and promote active RNAP II complex formation. 

Many of these studies were done as transfection experiments or in vitro binding 

assays, and not within the context of the infection. However, the levels, activities, and 

localization of the RNAP II transcription complex had not yet been examined. In 

addition, the viral transcriptosomes were shown to eventually develop into viral 

replication compartments, and therefore their formation is important to the productive 

infection. However, knowledge of the composition of viral IE transcription sites was 

limited to the input viral genome, some general transcription factors, the IE RNA, and 

IE1 72 (IE1) and IE2 86 (IE2).  
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 One study that was fundamental to the concepts that were investigated further 

in this dissertation was by Sanchez et al. (2004). That study clearly showed that 

inhibition of cellular cyclin-dependent kinases (cdks) impaired the infection at many 

stages: processing of the viral IE transcripts and accumulation of the IE proteins was 

altered; viral early protein expression was differentially inhibited; viral replication was 

decreased; viral late protein expression was inhibited; and viral production was 

significantly reduced. Inhibition of the cdks was achieved with the use of Roscovitine, 

which inhibits cdks 1, 2, 7, and 9. From this study, it was clear that during the 

infection, there was an IE requirement for cdks up to 8 h post infection (p.i.) for 

establishment of a productive infection, and a further cdk requirement at late times of 

the infection for viral production. This study was the basis of the hypothesis that the 

transcriptional cdks, cdk9 and cdk7, contribute to efficient viral gene expression.  

 A first step for this dissertation was to determine if the levels, activity, and 

localization of RNAP II and components of the transcriptional machinery are altered 

during HCMV infection (Chapter 2). A key finding from the work presented in 

Chapter 2 was that the cellular transcription complex is upregulated during the 

infection. In particular, hypophosphorylated and hyperphosphorylated RNAP II levels 

increase during the infection. The viral-specific hyperphosphorylation of RNAP II 

occurred on both serine 2 and serine 5 residues of the carboxyl-terminal domain 

(CTD). This was shown to correspond with both the increase in levels and activities of 

cdk9/cyclin T1 and cdk7/cyclin H/MAT-1 complexes, which are both kinase 

complexes that phosphorylate RNAP II, and thereby regulate transcription. What was 

really surprising was that the increases in cdk9 and cdk7 activity occur as early as 8 h 
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p.i. Further validation that the cellular transcription machinery is involved in viral 

transcription came from experiments with treatment with Roscovitine at the time of 

infection. Under those circumstances, the viral-specific increases in RNAP II is no 

longer observed. This effect is limited to the first 8 hours of infection, after which, the 

infected cells are no longer sensitive to the presence of the inhibitor. This suggests that 

cdk9 and cdk7 are responsible for the viral-specific increases of RNAP II during the 

infection, and are required during the first 8 hours of infection for viral IE 

transcription and RNA processing.  

 After it became convincing that components of the cellular transcription 

machinery are upregulated during the infection for the purposes of regulating RNAP 

II-directed transcription of viral genes, the localization of these components were 

characterized. Interestingly, RNAP II and its kinases exhibited two different 

localization patterns, one at IE times of the infection, and the other at early to late 

times of the infection. Transcriptionally active RNAP II (phosphorylated at serine 2 

and/or at serine 5 residues of the CTD) localizes at the sites of viral IE transcription, 

where the viral genome is deposited and where the viral IE RNAs and proteins 

localize. The RNAP II kinases, cdk9 and cdk7, are recruited to the viral 

transcriptosomes, with cdk9 localizing there as early as 2 h p.i. when IE2 can be 

detected. It is also very striking that RNAP II is found sandwiched between cdk9 and 

SC35, with overlapping localization with both proteins. This is very reminiscent of the 

finding by Ishov et al. (1997) that the newly synthesized IE transcripts move 

directionally towards the SC35 spliceosome domains.  
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 Due to the finding that the viral transcriptosomes are the nucleation sites for 

the viral replication compartments, an in-depth characterization of these sites was 

conducted (Chapter 3). It became clear that the composition of the viral 

transcriptosomes are much more complex than was originally thought. Although the 

viral transcriptosomes originate near pre-existing nuclear promyelocytic leukemia 

protein oncogenic domains (PODs), several viral and cellular proteins are then 

recruited to the viral transcriptosomes. Of the viral factors, the input viral genome is 

deposited juxtaposed to POD structures, and becomes the template for IE RNA 

synthesis. In addition, input UL69 transiently localizes to these sites, and within a few 

hours, the newly synthesized viral IE proteins also localize there. Many of the cellular 

regulators of transcription have already been mentioned. However, in addition to 

those, components that are involved in cdk9 activity are found to localize there as 

well, such as cyclin T1, and the DRB-inducing sensitivity factor (DSIF). An 

interesting finding was that regulators of chromatin modification also localize at the 

viral transcriptosomes, such as HDAC1, HDAC2, and Brd4. Some of these factors are 

positive regulators, and some are thought to negatively influence cellular transcription. 

Prior to the work in this dissertation, it was thought that either the incoming viral 

genome is required to localize at a preexisting transcriptional environment (PODS and 

SC35 spliceosome domains) in the host cell or essential transcription factors must be 

recruited to the input viral genome. These data suggest that both events are taking 

place. Figure 6.1 illustrates the current model for viral transcriptosome formation 

 In an attempt to elucidate the mechanism of formation of the viral 

transcriptosomes, the specific requirements for cdk9 recruitment to those sites was 
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investigated (Chapters 3 and 4). Initially, it was observed that during Roscovitine 

treatment at the time of infection, cdk9 and cdk7 no longer accumulate at the viral 

transcriptosomes. This effect is not a delay in recruitment, but truly inhibits 

accumulation. In addition, this impairment was limited to Roscovitine treatment 

within the first 8 hours of infection, as many other effects of Roscovitine during the 

infection are. Interestingly, it is not the inhibition of kinase activity or the defect in 

cdk9 protein accumulation that is responsible for the impaired localization at the viral 

transcriptosomes in the presence of Roscovitine. This was determined by the 

observation that accumulation of cdk9 at the viral transcriptosomes in the presence of 

other inhibitors, such as Flavopiridol and DRB, and during infection with the kinase-

inactive D167N-cdk9HA HCMV. Moreover, cdk9 did not accumulate at those sites in 

the presence of Roscovitine treatment, despite the additional expression of exogenous 

wildtype-cdk9HA 

 Other key findings are that viral entry into the nucleus, presence of the input 

viral genome, and initiation of viral IE RNA synthesis is not sufficient for cdk9 

recruitment to the viral transcriptosomes. In addition, once cdk9 localizes to the viral 

transcriptosomes, active transcription, but not continuous protein synthesis, is required 

to maintain localization at these sites. Infection of mutant cdk9HA-expressing cell 

lines indicate that Brd4 binding to the cdk9/cyclin T1 complex is not a requirement for 

cdk9 localization to the viral transcriptosomes, but efficient cyclin T1 binding is 

essential. 

 Since the formation of the viral transcriptosomes is an infection-specific event, 

it is highly likely that a viral factor is involved in mediating the formation of these 
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sites. We already know that it is not simply a nucleation event by the input viral 

genome. Chapter 2 presents data that excludes IE1 as the key viral factor because the 

cdk9 localizes to the viral transcriptosomes during infection in the absence of IE1 

expression with a IE1 72 HCMV. IE2 is another likely candidate, and work with a 

mutant IE2 86 SX HCMV (deletion of aa 136-290) results in delayed recruitment of 

cdk9 to the viral transcriptosomes (Chapter 4). Perhaps IE2 is important for efficient 

accumulation of cdk9, and not initial recruitment to the viral transcriptosomes. When 

more IE2 deletion mutants are constructed and characterized, the role of IE2 in viral 

transcriptosome formation can be better understood.  

 Other possible candidates are input tegument proteins, such as pp71, UL69, 

UL47, and UL97. UL97 is of particular interest because it is a viral-encoded cdk-like 

kinase, that has been shown to phosphorylate RNAP II in vitro (6). A study conducted 

by Baek et al. (2004) showed that inhibition of UL97 with maribivir or infection with 

a UL97 HCMV only marginally affected viral-specific hyperphosphorylation of 

RNAP II. However, their study examined only late times of the infection, whereas 

many of the alterations in localization, levels, and activity related to RNAP II are 

occurring at IE and early times of the infection. A second point of consideration the 

possibility that the cellular RNAP II kinases, cdk9 and cdk7, are complementing the 

role of UL97. With those points in mind, I conducted more experiments to 

conclusively determine the role of UL97 in RNAP II hyperphosphorylation during the 

infection (Figure 6.2). When cells are infected in the absence of Roscovitine (-R) there 

is a viral-specific increase in RNAP IIa and IIo. When cells are treated with the UL97 

inhibitors (-R: VN and V76) at 6 h p.i. there are no major changes from control (-R: 
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V74). Furthermore, the combination of Roscovitine and UL97 inhibitors (+R: VN and 

V76) have the same effect on RNAP II as Roscovitine alone (+R: V) and control 

samples (+R: V74). Therefore, cdk activity is responsible for the viral-specific 

increases in RNAP II, and not UL97 activity. Additionally, cdk9 and IE2 still localize 

at the viral transcriptosomes during infection in the absence of UL97 with UL97 

HCMV (Figure 6.2B). 

 The localization of RNAP II is altered at early and late times of the infection. 

The hypophosphorylated RNAP II and large clusters of serine 5-hyperphosphorylated 

RNAP II localize at the periphery of the viral replication compartments. On the other 

hand, serine 2-hyperphosphorylated RNAP II is distributed throughout the nucleus, as 

was the case earlier in the infection. An antibody that detects total RNAP II, though, 

shows that the majority of the RNAP II is localized within the replication 

compartments. Interestingly, as the replication compartments grow, cdk9 no longer 

exhibits preferential localization within those sites and redistributes throughout the 

nucleus, while cdk7 localization becomes exclusive to the replication compartments. 

These changes do not seem to be dependent on the initiation of viral DNA synthesis 

(Chapters 2 and 5). This redistribution corresponds to alterations in viral factors, such 

that at late times of the infection multiple copies of the viral DNA are synthesized and 

there is abundant late gene transcription, and suggests that cdk9 and cdk7 may have a 

secondary role at late times of the infection. 

 A significant portion of this dissertation has focused on the functional role of 

cdk9 and cdk7 during the infection. First, I was able to establish that cdk9 and cdk7 

are important components of the viral transcriptosomes, and under conditions where 
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they do not localize to these sites, the infection is significantly impaired. Secondly, 

inhibition of cdk9 and cdk7 activity individually and combined have been examined in 

terms of viral protein expression. Pharmacological inhibition by Roscovitine has 

already been discussed in great detail. More specific inhibitors of cdk9, Flavopiridol 

and DRB, both result in similar results as Roscovitine, such that accumulation of the 

IE proteins is switched and viral early protein expression is inhibited. Each of the 

drugs, however,  affect the levels of cdk9 and phosphorylation of RNAP II to different 

degrees. Although siRNA-mediated inhibition of cdk7 does not affect viral protein 

accumulation, the levels of cdk9 protein were not sufficiently lowered during cdk9-

siRNA treatment to clearly interpret the contribution of cdk9 to viral gene expression 

from those experiments. However, infection with the kinase-inactive D167N-cdk9HA 

HCMV demonstrated that cdk9 activity contributes partially to viral early protein 

expression and accumulation of some viral late proteins. Furthermore, introduction of 

the D167N-cdk9HA HCMV as a bacterial artificial chromosome (BAC) by 

electroporation shows significant impairments in viral protein expression and plaque 

formation. Electroporation of HCMV BAC involves an initial round of viral 

expression followed by secondary rounds of infection. 

 When cells are dually treated with siRNA against cdk9 and cdk7, expression of 

pp65 is modestly affected at 48 h p.i., but by 72 h p.i., this difference is no longer 

observed. Interestingly, combining cdk9 and cdk7 inhibition with the inhibition of 

cdk1 led to more significant defects in viral protein expression. These results further 

solidify the conclusion that each of the cellular cdks, specifically, cdks 1, 7, and 9 (and 

possibly cdk2) contribute to efficient viral gene expression and virus production, such 
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that inhibition of a single cdk may not have a marked effect on the infection, but 

inhibition of multiple cdks increases the degree of impairment on progression of the 

infection.  

 This work has shown that the cellular transcription machinery is upregulated 

for the purposes of viral gene expression, and cellular components of transcription 

regulation are specifically recruited to the sites of viral IE transcription and composes 

a significant portion of the viral transcriptosomes. The formation of these sites is one 

of the first critical events in the productive infection, and is a structural precursor to 

the viral replication compartments. Cellular RNAP II and its kinases, cdk7 and cdk9, 

play a dual role in the infection: (1) at IE early times of the infection for establishment 

of the viral transcriptosomes and appropriate processing or accumulation of the viral 

IE transcripts, and, (2) at early and late times of the infection in conjunction with cdk1 

for efficient late viral protein production. Since these cellular alterations are unique to 

HCMV infection, and pharmacological inhibitors seem to affect cdk activity in an 

infection-specific manner, the work in this dissertation can be useful in providing steps 

for therapeutic intervention of a productive HCMV infection. 
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Figure 6.1 Model for the formation of HCMV transcriptosomes: sites of viral IE 
transcription. (modified from ref. (62)) (A) The input viral genome is deposited 
adjacent to nuclear POD structures. UL69 is also transiently localized at these sites. 
(B) Transcriptionally active RNAP II and its kinases, cdk9 and cdk7, are specifically 
recruited to the viral transcriptosomes. The input genome serves as a template for viral 
IE transcripts, which move directionally towards cellular SC35 spliceosome domains. 
(C) Newly synthesized IE1 and IE2 proteins also localize to the viral transcriptosomes. 
As the infection progresses, many cellular factors localize to these sites, and increase 
in concentration. (D) Between 3-6 hours post infection, IE1 activity causes the 
dispersal of the POD structures, as well as its own dispersal. (Not shown: A subset of 
viral transcriptosomes are structural precursors for the viral replication compartments, 
and as the infection proceeds towards early and late times, localization of several 
proteins at these sites are altered, while some no longer localize at this region, and 
several newly synthesized viral proteins concentrate to high levels at the maturing 
viral replication compartments). 
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Figure 6.2 Inhibition of viral kinase UL97 does not alter RNAP II 
phosphorylation or viral transcriptosome formation during the infection. (A) G0-
synchronized cells were infected in the presence of absence of cdk inhibitor, 
Roscovitine (16 M). At 6 h p.i., UL97 inhibitors NGIC (500 nM; VN) and Gö6976 
(500 nM; V76) or control Gö9674 (500 nM; V74) (Calbiochem) were added or no 
drug was added. The cells were harvested at 24 h p.i., and analyzed by Western blot 
for total RNAP II (ARNA3 antibody) or serine 5-phosphorylated RNAP IIo (H14 
antibody) as described previously. -catenin was used as a loading control. (B) G0-
synchronized cells were infected at an MOI of 5 with AD169 HCMV or UL97 
HCMV (gift of M. Prichard). At 8 h p.i., cells were fixed with 2% formaldehyde for 
IFA as described previously. 
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