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 This dissertation contains four divisions represented in three chapters. 

The first chapter introduces the UL122 gene of human cytomegalovirus 

(HCMV) and its gene products: IE2 86, IE2 60 and IE2 40. Chapter 1 then 

goes on to describe the functions of the UL122 gene products. IE2 86 is an 

essential gene for HCMV infection expressed at immediate early times, which 

plays a role in its own autorepression as well as in the transactivation of other 



	   xii	  

viral early and late genes. Some evidence has also implicated that IE2 86 

played a role in cell cycle arrest during HCMV infection. IE2 60 and IE2 40 are 

expressed at late times of infection, and though non-essential, are known to 

play an important role in the expression of the essential UL84 protein. In the 

second chapter, we describe a mutation in the UL122 gene in which the amino 

acid at position 548 has been mutated from glutamine to arginine. Previous 

work on this mutant demonstrated its apparent inability to halt the cell cycle. 

However, our characterization in which the mutant virus was able to be grown 

in an IE2-complementing cell line, demonstrated that while it maintained its 

ability to halt the cell cycle, its expression of IE2 60, IE2 40, UL83, UL84, and 

UL99 was greatly reduced. A microarray analysis of this mutant further 

revealed increases in the transcription of US8-9 and US29-32; genes 

heretofore not know to be regulated by IE2 86. In addition, a microRNA found 

within the US29 gene known as miR-US33as was also shown to be 

upregulated in Q548R IE2 HCMV infection. A recombinant virus in which the 

degradation domain-containing FKBP protein was attached to the C-terminus 

of IE2 was made and lent further support to the notion that the levels of IE2 40 

influence the levels of UL84. The last chapter discusses the link between IE2 

86, IE2 60 and IE2 40 expression and their possible roles in UL84 and UL83 

expression and suggests ways in which the relationships between these 

proteins can continue to be investigated. 



1 

Chapter 1 Functions of the Human Cytomegalovirus UL122 

Gene Products 

 

A. Products of the human cytomegalovirus major immediate early gene 

locus 

 Human cytomegalovirus (HCMV), a member of the beta-herpesvirus 

family, is a cause of significant morbidity in immunocompromised populations 

and is the number one viral cause of congenital birth defects. The HCMV virion 

is comprised of an enveloped capsid with a tegument region present between 

envelope and capsid. The capsid contains a large, double stranded DNA 

genome of approximately 235,000 base pairs (bp). The genome contains an 

estimated 150 open reading frames (ORFs) and is divided into two main 

domains that have been designated as the short and long segments. The two 

domains of the genome each contain unique regions—unique long (UL) and 

unique short (US)—both of which are bordered by repeated segments. The 

repeated segments on either end of the genome are known as terminal repeat 

long (TRL) and terminal repeat short (TRS), and the repeated segments that 

lie between the UL and US regions are known as internal repeat long (IRL) 

and internal repeat short (IRS). During lytic infection, HCMV gene expression 

occurs in a highly regulated temporal fashion. The first genes to be expressed 

upon infection are the immediate early (IE) genes. These genes typically 
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prepare the cellular environment for viral DNA replication and their expression 

is required before the next set of viral genes, the early genes, may be 

expressed. Early genes are mainly involved in viral DNA replication, and DNA 

replication is required before late genes may be expressed. Late genes are 

typically virion structural proteins (for a review, see reference (66)). 

 The UL122-UL123 genes are known as the major immediate early 

(MIE) gene locus. The main components of this region include the IE1 gene 

(UL123), the IE2 gene (UL122), and the major immediate early promoter 

(MIEP) just upstream of IE1. The MIE gene locus contains five exons and a 

single polyadenylation signal. Transcription initiated by the MIEP generates a 

single transcript that is alternatively spliced to form the two main MIE gene 

products. IE1 consists of exons 1-4. IE2 consists of exons 1-3 and exon 5. 

Translation from both transcripts is initiated in exon 2, meaning that the 72 

kDa IE1 and the 86 kDa IE2 share the first 85 amino acids (for a review, see 

reference (92)). IE1 72 and IE2 86 are some of the first proteins to be 

expressed during the infection and they do not require de novo host or viral 

protein synthesis to be expressed. 

 Within the MIE gene locus there are furthermore two additional 

promoters that function at late times of infection (75). One of these promoters 

is located between exons 4 and 5; the other is located at the 5ʼ end of exon 5. 

The ultimate product of the former is a 60 kDa protein known as IE2 60, and 
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the ultimate product of the latter is a 40 kDa protein known as IE2 40. Both of 

these proteins are co-linear with the C-terminal portion of IE2 86 (74). 

 Thus far, an X-ray crystallographic structural analysis of IE2 86 has yet 

to be undertaken, however several studies have attempted to map the known 

functions of IE2 86 to functional domains within the protein. Initial attempts to 

define functional domains relied on transient expression assays or bacterially 

expressed and purified mutant IE2 86 proteins and in vitro analyses such as 

reporter assays, electromobility shift assays, immunoprecipitation of in vitro-

translated proteins, and yeast one and two hybrid interaction assays. These 

methods were some of the only available routes given that the large size of the 

HCMV genome precluded facile cloning of gene mutants within the context of 

the full viral genome. These initial studies found that IE2 86 is a protein of 

many talents. It contains two separate nuclear localization signals at amino 

acid (aa) 145 to 151 and aa 321 to 328 (73, 91). Amino acid numbering for IE2 

86 throughout this work will refer to the Towne strain of HCMV, which contains 

one less serine after aa 264 than the AD169 strain.  Other IE2 capabilities 

include dimerization (1, 59, 60), binding to components of the host basal 

transcription machinery including TBP and TFIIB (14, 36, 50, 58), binding to 

cellular transcription factors including Rb and p53 (8, 20, 28, 35, 85),  binding 

to the viral protein UL84 (88), binding DNA (1, 19, 49), transactivation of viral 

promoters (62, 73, 105), negative autoregulation of the MIEP (19, 40, 59, 60), 
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and participation in cell cycle arrest (101).  The protein binding domain of IE2 

86 has been mapped to a broad region that falls within exon 5:  aa 86 to 542, 

a region not shared with IE1 72 (19). The dimerization region was mapped to 

aa 388 to 542 (1, 19, 30), and the DNA-binding region mapped to aa 290 

through 579 (19, 53, 83). Assigning a function to a specific region of IE2 86 

has been difficult because deleting regions, especially regions near the C-

terminal portion of IE2 86, appears to affect almost all functions of IE2 86. It is 

unclear to what extent the C-terminal ~200 amino acids are playing a direct 

role in the main functions of IE2 86, or if they are simply essential for the 

structural integrity of IE2 86. 

 Multiple studies have found that posttranslational modifications may 

play an important role in the function of IE2 86. The region between aa 203 

and 277 contains three potential casein kinase II phosphorylation motifs (73). 

Furthermore, when IE2 86 is highly phosphorylated, it appears to lose its 

ability to bind DNA (38, 95). There is also some evidence to suggest that IE2 

86 is modified by the ubiquitin-homologous protein, SUMO-1 and that this 

sumoylation enhances IE2 86 binding to certain viral early gene promoters (2, 

43). 
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B. Functions of the UL122 gene products 

 

i. The role of UL122 gene products in negative autoregulation and 

transactivation of viral gene transcription 

Given the importance of IE2 86 in initializing the infection, a 

considerable amount of work has been directed toward characterizing the 

many apparent functions of IE2. Several groups have demonstrated the 

importance of a 14-bp signal termed the cis repression signal (crs), which is 

located between -13 and -1 relative to the transcription start site and 

downstream of the TATA box of UL122-123 and furthermore that a product 

made by the UL122 gene was responsible for binding to this site thus 

downregulating transcription of IE1 72 and IE2 86 (18, 56, 72). It was then 

established that IE2 86 was the UL122 gene product responsible for binding to 

the crs and that it did so via a direct protein-DNA interaction (53, 60). In 

addition to this negative autoregulatory function, IE2 86 has been shown to 

positively regulate transcription of several viral early genes by binding to a 

similar 14-bp sequence located upstream of several early gene TATA boxes 

including the UL112-113 gene, the 1.2-kb RNA, and the UL4 gene (3, 16, 44, 

45, 62, 76, 83, 84). 

Although it was clear based on these early studies that the UL122 gene 

locus played an important and varied role in HCMV infection, it wasnʼt until the 
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advent of the bacterial artificial chromosome (BAC), and its use in herpesvirus 

cloning was developed, that deletions and mutants of this gene were able to 

be studied in the context of the full viral genome. The advent of BAC cloning 

allowed for the possibility of creating mutants within the herpesvirus genome 

whose DNA could be characterized within bacteria regardless of the relative 

viability of the virus (for reviews, see the following references (12, 96)). After 

creating a mutant BAC, the HCMV DNA can be transfected into cells along 

with a plasmid that expresses pp71 (ppUL82) to allow for reconstitution of the 

virus. It has been demonstrated that expression of pp71 enhances the 

infectivity of transfected HCMV DNA (4). Marchini and colleagues utilized BAC 

technology by using a lab-adapted (i.e. adapted to growth in fibroblasts) strain 

of HCMV known as the Towne strain to create a BAC. They then used 

homologous recombination in RecA+ E. coli containing the Towne BAC to 

make a large deletion within exon 5 of UL122. Comparing the growth of the 

wild-type (WT) Towne BAC, to the UL122 deletion mutant Towne BAC, as well 

as to a rescued UL122 deletion mutant in which the deleted portion of exon 5 

was re-inserted into the mutant, demonstrated that the UL122 gene was 

essential for the growth of HCMV. Unlike the WT and rescue BACs, 

transfection of the UL122 deletion mutant Towne BAC into fibroblasts was 

unable to produce any visible plaques and was furthermore defective in viral 

early gene expression (64).  
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BAC technology was used to create a temperature-sensitive UL122 

mutant by Heider and colleagues. This mutant contained a single base pair 

substitution at aa 510 and was able to produce viral progeny at 32.5°C, albeit 

at lower titers compared to WT virus. At 39.5°C, the temperature sensitive 

mutant was unable to produce any measurable viral progeny. The main defect 

at the non-permissive temperature appeared to stem from the mutantʼs 

inability to activate early viral promoters without which viral DNA replication 

cannot take place, and without the process of viral DNA replication, late gene 

expression is also abrogated (39). 

Petrik and colleagues noted that, upon alignment of HCMV IE2 86 

homologs, the amino acid sequence 534LPIYE538 was conserved between all 

CMVs. They then used BAC recombination to mutate both P535 and Y537 to 

alanines. Studies of this P535A/Y437A mutant virus revealed that this mutant 

maintained its ability to bind to the crs within the MIEP, however it was unable 

to transactivate viral early genes (70). This suggests that two separate 

domains or binding mechanisms may be responsible for negative 

autoregulation and early gene transactivation. 

 

ii. The role of UL122 gene products in expression of UL83 and UL84 

Sanchez and colleagues created a BAC-derived UL122 deletion mutant 

in the AD169 strain background in which aa 136 to 290 were deleted. It should 
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be noted that in addition to the truncated IE2 86, this virus is also missing the 

initiator methionines for IE2 60 and IE2 40 and therefore is deficient in both of 

these proteins. This mutant, which was designated IE2 86-ΔSX, was viable 

although its growth was severely debilitated when compared with a WT virus 

or a revertant virus. IE2 86-ΔSX exhibited normal expression of IE and early 

genes, as well as normal viral DNA replication. The early-late gene UL83, 

which codes for a tegument protein thought to be involved in immune evasion 

also known as pp65, exhibited greatly diminished protein expression and its 

expression was found to be reduced at the transcriptional level. The true late 

gene UL99, which codes for a tegument protein involved in assembly and 

egress also known as pp28, also exhibited diminished protein expression, 

although its expression was diminished at the post-transcriptional level (78). 

White and colleagues made a series of IE2 86 mutants in the C-

terminal end of the protein that were selected based on the previous studies, 

which implicated the importance of this domain in protein-protein and protein-

DNA interactions. They made three separate mutants with internal deletions of 

either aa 356 to 359, 427 to 435, or 505 to 511. They also made a mutant with 

substitutions of alanine for arginine at positions 356, 357, and 359. None of 

these four IE2 86 were capable of producing viral progeny, however it was 

possible to do some analysis of the transfected BAC via quantitative real-time 

reverse transcription-PCR as well as immunofluoresence studies. Although 
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both the IE2 86-Δ356-359 deletion mutant virus and the IE2 86-R456/7/9A 

substitution mutant virus did appear able to express viral early genes, they did 

not express viral late genes and both showed upregulation of IE transcripts at 

early times post infection. The IE2 86-Δ427-435 and IE2 86-Δ505-511 mutant 

viruses were both unable to transactivate viral early gene expression as well 

as showing a defect in IE gene repression. This data further supports the 

importance of IE2 86 in auto-repression and early gene transactivation (98).  

It is clear that IE2 86 plays an essential role in HCMV infection, 

however the roles of the late genes IE2 40 and IE2 60, which are also 

expressed from the MIE gene locus, have been less well-defined. In order to 

examine the roles of these two proteins, White and colleagues developed  

mutants that expressed full-length IE2 86 with either no expression of IE2 40, 

no expression of IE2 60, or no expression of IE2 40 and IE2 60 by altering the 

predicted TATAA boxes for these late RNAs (99). These mutants were 

designated IE2-Δ40, IE2-Δ60, and IE2-Δ40+60. They found that all three 

mutants were capable of producing viral progeny, however the titers produced 

were between one and two logs lower than WT titers. Both IE2 40 and 60 were 

found to have an effect on expression from the MIE gene locus: deletion of IE2 

40 either alone or in combination with IE2 60 yielded increased levels of IE2 

86 expression relative to WT, while deletion of IE2 60 either alone or in 

combination with IE2 40 yielded increased expression of IE1 72 relative to WT. 
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An examination of RNA levels showed that the IE2-Δ40 and IE2-Δ40+60 

mutants appeared to have the biggest affect on transcription from the MIE 

gene locus; both IE1 72 and IE2 86 RNA levels were increased in these 

mutants, indicating a possible role for IE2 40 in MIE gene transcription 

repression. The IE2 40 and 60 mutants did not exhibit significant defects in 

early gene expression, however the expression of the early-late genes UL83 

and UL84 were significantly affected, particularly in the IE2-Δ40 and IE2-

Δ40+60 mutants. UL84, an essential protein for HCMV infection, is the only 

viral protein known to bind to IE2 86 and plays a role in initiating viral DNA 

replication at the origin of lytic replication (21, 69, 88). As was previously noted 

by Sanchez and colleagues (78), the IE2-ΔSX mutant virus was defective in its 

expression of UL83. Having noted the same defect in the IE2-Δ40 and IE2-

Δ40+60 mutants, White and colleagues examined the levels of UL84 

expression in the IE2-ΔSX mutant and found UL84 expression to be 

diminished in this mutant as well. This suggests that the reduced expression 

levels of UL83 and UL84 in the IE2-ΔSX mutant could be due to its lack of IE2 

40 expression. When UL83 and UL84 RNA levels were examined in these 

mutants it was found that UL83 RNA levels were particularly diminished in the 

IE2-Δ40+60 and the IE2-ΔSX mutant. UL84 RNA levels, on the other hand, 

were not significantly affected in any of the mutants. 
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Both the IE2-ΔSX and the IE2-Δ40+60 viruses replicate more slowly 

and to lower titers compared to WT HCMV thus making their study in the 

context of infection more difficult and time consuming. As a tool to further 

examine these viruses, as well as IE2 mutants which are fully replication 

incompetent, Sanders and colleagues developed a cell line that was capable 

of producing WT IE2 86 and WT IE2 40 upon infection with a virus that has 

been modified to express Cre and FLP recombinases (80). The constitutive 

expression of IE2 86 has been shown to be toxic to mammalian cells (26), 

which made it necessary to develop a system that would only express IE2 86 

upon viral infection. Thus, the complementing cell line, termed 86F/40HA cells, 

was created using lentiviral vectors expressing a bicistronic RNA with a 

selectable marker as the first ORF and IE2 86 or IE2 40 as the second ORF. 

IE2 86 and IE2 40 would only be expressed in the presence of Cre and FLP 

recombinases, which delete the first ORF. This cell line was shown to be able 

to complement mutant IE2 HCMV viruses, including a mutant with a full 

deletion of exon 5. 

The IE2-ΔSX virus was modified to express Cre and FLP recombinases 

via BAC recombination to allow for its growth in the 86F/40HA complementing 

cell line (80). This virus was then termed IE2-ΔSX C-F and the ability to 

produce this virus more quickly and to higher titers on the complementing cell 

lines allowed for more extensive studies of its defects. Sanders and 
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colleagues further studied the reduced levels of UL84 in this mutant and found 

that the loss of UL84 is both proteasome and calpain independent. The UL84 

mRNA in the IE2-ΔSX infection, which remains at normal levels relative to WT 

infection, had no defect in nuclear-to-cytoplasmic transport and was loaded 

normally onto polysomes. It was found that in addition to IE2 86 interacting 

with UL84, IE2 60 and IE2 40 also interact with UL84. The creation of a mutant 

which expressed full-length IE2 86 and IE2 40, but did not express IE2 60 

termed M170L IE2 demonstrated that the levels of IE2 60 were less important 

to maintain UL84 expression than the levels of IE2 40 (81). Continued studies 

via a 293FT cotransfection system illustrated that the levels of UL84 

expressed vary in a dose-dependent manner with the levels of IE2 40 present, 

while UL84 levels were less dependent on IE2 86 protein levels (82). 

However, the question of exactly how UL83 and UL84 expression was being 

downregulated remains to be determined. 

 

iii. The potential role of IE2 86 in cell cycle regulation 

 HCMV has long been known to dysregulate the cell cycle in infected 

cells. Upon HCMV infection of a cell in either the G0 or G1 phase of the cell 

cycle, the host cell will become arrested in a pseudo-G1 state. Cellular DNA 

synthesis is inhibited and meanwhile the expression of selected G1-phase, S-

phase, and M-phase gene products is altered (10, 15, 24, 41, 48, 57, 77, 101). 
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In this way, HCMV is able to hijack cellular DNA replication machinery for its 

own DNA replication at the expense of cellular DNA synthesis.   

Cyclin E, which functions during the G1/S-phase transition, and cyclin 

B1, which functions during the G2/M-phase transition both show increased 

protein expression levels and increased kinase activity in HCMV-infected cells 

compared to mock-infected cells (48, 79, 102). Cyclin D1, which helps permit 

entry of cells into G1-phase, and cyclin A, which helps mediate the firing of 

DNA origin of replications during S-phase, are both decreased in HCMV-

infected cells (10, 48, 77). 

 Initial transient transfection and in vitro binding studies of IE2 86 

demonstrated an ability of IE2 to bind to the tumor suppressor proteins p53 

and Rb (8, 28, 35, 85, 89). Both Rb and p53 function as important checkpoint 

regulators in cell cycle progression, and the initial observations that IE2 86 

was binding these proteins suggested a possible direct involvement of IE2 86 

in cell cycle arrest. Multiple studies have shown that HCMV infection 

upregulates the expression of a number of cellular genes that are necessary in 

cellular DNA replication (7, 13, 27, 42, 47, 94). Many of these genes 

upregulated by the virus are regulated by E2F transcription factors, which are 

in turn inhibited by binding with the Rb family of proteins. Several groups have 

postulated that cyclin E, whose expression is regulated by E2F, may also be 

directly upregulated by IE2 86 (9, 102, 103).  
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It should be noted, however, that all of the studies that postulated a 

direct role for IE2 86 in binding Rb and p53, and regulating expression of 

various cell cycle related genes were performed in the context of transient 

transfection and in vitro binding assays, thus their biological relevance 

requires confirmation in the context of viral infection. In fact, McElroy and 

colleagues demonstrated that neither IE1 72 nor IE2 86 was able to induce 

expression of endogenous cyclin E, and it was necessary for viral infection to 

proceed into the early phase before activation of cyclin E expression was 

observed (65).  

 The first study that appeared to directly link IE2 86 to any aspect of the 

cell cycle in the context of viral infection was conducted by Petrik and 

colleagues. An alignment of IE2 86 homologs revealed that the glutamine at 

position 548, near the C-terminus, was conserved between all CMV homologs. 

Mutation of this glutamine to an arginine via BAC recombination created a 

mutant virus that grew both slowly and to very low titers. Analysis of this 

mutant revealed that Q548R IE2 86 maintained its ability to negatively 

autoregulate IE expression and to transactivate viral early promoters. It should 

be noted, however, that the former was shown in the context of BAC 

transfection, and the latter was demonstrated both via a CAT-reporter assay in 

transfected 293FT cells and via infection at a multiplicity of infection (MOI) 

equal to 0.001. In the context of infection at a MOI equal to 0.9, the Q548R IE2 
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86 virus maintained its ability to upregulate E2F-responsive genes. A BrdU-

pulse experiment revealed an apparent inability of the Q548R IE2 86 mutant to 

prevent cellular DNA synthesis when compared to the WT virus. Thus, Petrik 

and colleagues concluded that although the Q548R IE2 86 mutant is still able 

to upregulate E2F-responsive genes thus promoting cell cycle progression 

from G0 to G1, it is unable to halt the cell cycle at any other point, thus allowing 

cells to undergo cellular DNA synthesis (71). This was the first evidence that 

IE2 86 could be having a direct effect on the cell cycle, and the Q548R IE2 86 

mutant could function as an important tool in determining the mechanism for 

its involvement. 

 

C. Goal of this work 

 UL122 gene products play vital and varied roles in HCMV infection. As 

a protein which is essential to infection, understanding the role of IE2 86 could 

allow for the development of anti-viral therapeutic agents. However, the very 

characteristic that makes IE2 86 a protein worth studying, its indispensable 

role in HCMV infection, also created a barrier to its analysis. For this reason, 

many of the initial analyses were conducted via transient expression assays, 

and used in vitro-expressed protein. The advent of BAC technology and the 

recent development of an IE2-complementing cell line has helped to alleviate 

the barriers to the study of IE2 86 in the context of infection. The goal of this 
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work has been to use these tools to further investigate the role of the IE2 

proteins in the context of infection. Chapter 2 of this work focuses on the 

characterization of an IE2 mutant in which the glutamine at position 548 has 

been mutated to arginine. This point mutant was initially constructed by Petrik 

et al. who found that it exhibited severely debilitated growth characteristics and 

that the apparent defect was an inability to prevent cellular DNA synthesis 

(71). This finding was not able to be recapitulated in this work for reasons that 

are discussed in more detail in the chapters to follow. Further characterization 

of the Q548R IE2 mutant revealed a number of characteristics that are 

comparable to several other IE2 mutants including reduced UL83 expression 

at the transcriptional level, reduced UL84 expression at the post-transcriptional 

level, and reduced UL99 expression. This mutant also exhibited characteristics 

that may be unique including a transcriptional increase of US8-9, US29-32 and 

miR-US33as. A more detailed discussion of these results as well as their 

implications are summarized in chapter 3 of this dissertation.
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Chapter 2 Mutation of Glutamine to Arginine at Position 548 of 

IE2 86 in Human Cytomegalovirus Leads to Decreased 

Expression of IE2 40, IE2 60, UL83 and UL84 and Increased 

Transcription of US8-9 and US29-32 

 

A. Introduction 

 Human cytomegalovirus (HCMV) is a large, double-stranded DNA virus 

in the beta-herpesvirus family. Primary infection in an immunocompetent 

individual can sometimes cause a mono-like syndrome, but acute infection is 

typically managed quickly by the immune system. In individuals with 

compromised immune systems (e.g. those who have undergone organ or 

hematopoietic stem cell transplantation or those with HIV/AIDS), HCMV is the 

cause of significant morbidity and mortality. HCMV is furthermore the number 

one viral cause of birth defects (66). 

 Lytic replication of HCMV occurs in three main stages of tightly 

controlled sequential events (66). The immediate early (IE) stage of infection 

entails creating a cellular environment that allows for efficient viral replication. 

Viral DNA replication occurs during the early stage of infection and production 

of IE proteins is required to initiate early protein synthesis. Finally, the late 

stage involves synthesis of mainly virion structural proteins. 
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The UL122-UL123 region of the HCMV genome is termed the major 

immediate early (MIE) gene locus (66). This region contains five exons and 

two polyadenylation signals. The MIE transcript is alternatively spliced to 

create the two major immediate early gene products, IE1 72 and IE2 86. 

Translation of each of these products starts at exon 2. The IE1 72 product 

consists of exons 2-4. The IE2 86 product shares exons 2 and 3 with IE1 72, 

but contains exon 5 rather than exon 4. Exon 5 of IE2 also produces two 

unspliced variants with late kinetics termed IE2 40 and IE2 60, each of which 

has its own promoter (75). IE2 86 is an essential protein for productive 

infection, and when exon 5 is deleted in recombinant viruses, neither early nor 

late gene expression can occur (64, 80). The functions of IE2 86 include 

negative autoregulation of the MIE promoter, and transactivation of viral early 

promoters (92).  

It has been shown that HCMV halts the cell cycle at the G1/S transition, 

and it is thought that IE2 86 may play a role in this arrest (92). Because HCMV 

infects terminally differentiated cells that tend to be quiescent, the virus has 

developed multiple methods to push quiescent cells into a pseudo-G1/S state 

in order to take advantage of cellular DNA replication machinery (6, 10, 24, 48, 

57, 77, 79, 101-103). In HCMV-infected cells, the tumor suppressor protein 

p53 is stabilized and the Rb family of proteins, which regulate transcription in 

complex with E2F in a cell-cycle-dependent manner, become 
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hyperphosphorylated and begin to accumulate (29, 48, 65, 67). It has been 

demonstrated that IE2 86 upregulates several E2F-responsive genes, which 

are responsible for pushing the cell into S-phase (86). Furthermore, HCMV 

infection upregulates cyclin E expression, which is also essential for pushing 

the cell into S-phase, and it has been shown that IE2 86 can bind to and 

activate the cyclin E promoter in transfection studies (9). 

The glutamine at position 548 of IE2 was found to be highly conserved 

in CMV IE2 homologs, and its mutation to arginine resulted in a severely 

debilitated virus that grew both slowly and to very low titers. This mutant, 

initially developed and characterized by Petrik et al. (71), appeared to maintain 

several of the known functions of IE2 86 including negative autoregulation of 

the MIE promoter, transactivation of viral early genes, and upregulation of 

E2F-responsive genes, and it was determined that the major defect of the 

Q548R IE2 virus was an apparent inability to halt the cell cycle. Given that all 

previous analyses of the role of IE2 86 in cell cycle regulation were 

transfection-based, this study by Petrik et al. offered the first infection-based 

evidence that IE2 86 played a role in cell cycle regulation.   

A thorough understanding of IE2 86 functions could be important for the 

development of antiviral therapies. However, as an essential protein, it has 

been extremely difficult to create IE2 86 mutants capable of producing viral 

progeny that can then be studied in the context of infection. Thus, many of the 
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studies of IE2 function have been conducted via transfection and in vitro 

methods. Importantly, in cases where the mutant virus is severely debilitated, 

yet still capable of growth, there is the increased probability of developing 

compensatory secondary mutations as there is selection for the most fit virus 

in preparing viral stocks. In order to aid in the study of IE2 function during the 

infection and reduce the probability of secondary mutations, the Spector lab 

has developed a cell line termed 86F/40HA cells that is capable of 

complementing mutant IE2 86 (80). This cell line generates wild type (WT) IE2 

86 and IE2 40 upon infection with a virus that expresses Cre and FLP 

recombinases. Thus, mutant IE2 viruses that are severely debilitated or fully 

incapable of viral production can be grown as viral stocks on these cells and 

replication of the mutant virus can be studied following infection of non-

complementing cells. 

The goal of this study was to further examine the Q548R IE2 86 

recombinant virus because of its potential to elucidate the role of IE2 86 in cell 

cycle regulation. Although the Q548R IE2 mutant is capable of productive 

infection, its slow growth rate and reduced titers both severely limit the extent 

to which it can be studied via infection and greatly increase the probability of 

secondary mutations. By growing the Q548R IE2 virus in 86F/40HA cells, we 

were able to produce virus in high enough titers to be able to study it more 
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thoroughly in the context of infection and further examine its potential role in 

cell cycle regulation. 

 

B. Results 

 

i. Growth of Q548R IE2 86 virus is severely debilitated in HFFs, but is 

effectively complemented in 86F/40HA cells 

The Q548R IE2 86 virus has been previously characterized and was 

thought to exhibit defects in the ability of HCMV to halt the cell cycle (71). 

However, because this virus grows extremely slowly and only to very low 

titers, it is difficult to produce enough virus to study via infection. In order to 

further study this mutant and its possible effect on the cell cycle in the context 

of infection, the Q548R IE2 Towne BAC was modified so that virus could be 

propagated in the previously described complementing cell line 86F/40HA 

(80). Expression of Cre recombinase in this cell line allows for the production 

of flag-tagged IE2 86. Similarly, expression of FLP recombinase allows for the 

production of HA-tagged IE2 40, a protein with late kinetics that is encoded by 

exon 5 of the IE2 86 gene and shares the 337 C-terminal amino acids with IE2 

86. This cell line is thus able to compensate for defects that are shared by IE2 

86 and IE2 40, like Q548R. To modify the Q548R IE2 Towne BAC and the WT 

Towne BAC (both BACs were generously provided by M. Stinski), a cassette 
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carrying the Cre gene under the direction of the major immediate early (MIE) 

promoter, the FLP gene under the direction of the early-late 1.2 kb promoter, 

and the ampicillin resistance gene was inserted between US14 and US15 of 

both the WT Towne BAC and the Q548R IE2 Towne BAC yielding the WT C-F 

Towne BAC and the Q548R IE2 C-F Towne BAC.   

WT C-F Towne BAC was then transfected into HFF cells and Q548R 

IE2 C-F Towne BAC was transfected into both HFF and 86F/40HA cells. The 

vector backbone of this Towne BAC contains an SV40 promoter-driven GFP, 

which was used to monitor the progression of the infection post-transfection. 

At 6 days post-transfection (p.t.) scattered GFP-positive cells were visible in 

the WT C-F Towne transfected HFFs as well as in the Q548R IE2 C-F Towne 

transfected 86F/40HA cells (Fig. 1). A few dimly expressing GFP-positive cells 

were visible in the Q548R IE2 C-F Towne transfected HFFs. By 17 days p.t., 

the WT C-F Towne virus had spread throughout the entire culture and the 

Q548R IE2 C-F Towne transfected 86F/40HA cells had developed multiple 

GFP-expressing plaques. The Q548R IE2 C-F Towne transfected HFFs by 

contrast still showed only scattered, dimly GFP-expressing cells with no 

evidence of plaque formation. The Q548R IE2 C-F Towne transfected HFFs 

were maintained in culture for several weeks with weekly 1:1 passage to 

determine if the infection was capable of spreading in non-complementing 

cells. Cytopathic effect (CPE) in the culture developed very slowly. Only at 
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twelve weeks post-transfection did the majority of cells display CPE. In 

contrast, by 2 weeks p.t., WT-transfected cells exhibited 100% CPE and 4 

weeks p.t. Q548R IE2-transfected 86F/40HA cells had 100% CPE. Thus, the 

severely debilitated growth of the Q548R IE2 mutation found by Petrik et al. 

(71) appeared to be recapitulated, and the 86F/40HA cell line was capable of 

complementing the Q548R IE2 mutation. 

Because the Q548R IE2 Towne virus showed barely any growth in 

HFFs, we wanted to further examine this mutant in the AD169 genome-

containing pHB5 BAC background. Several other IE2 mutants have been 

characterized in this background (78, 80, 81, 98-100), thus allowing us to more 

easily compare the phenotype of the Q548R IE2 mutant to others. The Q548R 

IE2 mutation was inserted into the previously described Cre-FLP containing 

HB5 BAC (80) via homologous recombination. A rescued virus to the Q548R 

IE2 C-F BAC was also made termed Rev-Q548R IE2 C-F HB5. 

In order to examine the ability of Q548R IE2 C-F HB5 to spread and 

produce infectious virus, a single cycle infection was performed in which cells 

were infected and allowed to go through a single cycle of viral replication after 

which extracellular virus was harvested and titered. HFF and 86F/40HA cells 

were infected with Q548R C-F HB5 (MOI = 1), and extracellular virus was 

harvested at 5 days p.i. Extracellular virus was then titered via plaque assay 

on the complementing 86F/40HA cells. HFFs produced 100-fold less virus 
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than was produced by 86F/40HA cells, demonstrating that the Q548R IE2 

mutation is also severely debilitated in the HB5 background (Table 1). This 

study furthermore demonstrated that Q548R IE2 recombinant virus grown on 

the 86F/40HA complementing cell line, and subsequently studied on non-

complementing HFFs, maintains its severely debilitated phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

25	  

 

 

 
Figure 1. Growth of Q548R IE2 C-F Towne BAC is greatly debilitated in HFFs 
and is partially compensated in 86F/40HA cells. WT C-F Towne BAC was 
transfected into HFFs, and Q548R IE2 C-F Towne BAC was transfected into 
both HFF and 86F/40HA cells. All BAC transfections were co-transfected with 
a plasmid expressing pp71 (UL82). Both BACs express an SV40 promoter-
driven GFP and this was used to follow infection progress via fluorescent 
microscopy. Images were taken at 6 and 17 days post-transfection (P.T.). 

 

 

Table 1. Titers of Q548R IE2 C-F HB5 virus following a single round of 
replication in HFF or 86F/40HA cellsa 
 

Cell Line Titer (PFU/mL)b 

HFF 2.05 X 102 ± 1.9 X 102 
86F/40HA 5.02 X 104 ± 5.79 X 104 

 
a Cells were infected at MOI = 1 PFU/mL. Standard deviations are shown and are 
representative of three experiments. 
b Titer of extracellular virus by plaque assay. 
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ii. The Q548R IE2 mutant is not defective in genome replication or geminin 

stabilization. 

 In order to maximize its ability to replicate its own genome, HCMV halts 

the cell cycle at the G1/S transition. In this pseudo-G1/S state, the cell 

expresses DNA replication factors without undergoing DNA replication itself. 

This allows HCMV to make use of these replication factors without needing to 

“share” them with the host cell. The previous characterization of the Q548R 

IE2 virus demonstrated an apparent inability of this mutant to halt the cell cycle 

at the G1/S transition. In order to determine whether viral genome replication 

was hindered in the purported absence of cell cycle arrest, viral DNA levels 

were measured at various times post-infection. G0-synchronized HFFs were 

infected with either mock, WT C-F HB5 or Q548R IE2 C-F HB5 or Rev-Q548R 

IE2 C-F HB5 at an MOI of 1. Cells were then harvested at 24, 48, 72 and 96 h 

p.i. and the RNA, DNA and protein were isolated. The UL77 gene was used to 

test viral genome levels of the 24, 72 and 96 h p.i. samples via qPCR and 

results were normalized to levels of the cellular glyceraldehyde 3-phosphate 

dehydrogenase promoter. Although there was a lag compared to WT infection 

indicating about two fold less viral DNA present in the mutant at 48 h p.i., the 

Q548R virus was still able to replicate its genome to near WT levels by 96 h 

p.i. (Fig. 2A).  
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Next, we examined the cellular gene, geminin, which inhibits cellular 

DNA replication before the cell enters into mitosis. Geminin is normally 

degraded by the anaphase promoting complex and is stabilized by HCMV 

infection (6, 103). Protein from the 24, 48, 72, and 96 h p.i. samples was 

examined via Western blot and probed for geminin. Although there appears to 

be a slight lag of geminin levels in Q548R IE2-infected cells, the mutant has 

reached WT levels of geminin stabilization by 48 h p.i. (Fig 2B). Geminin 

expression was also examined in infection with the Q548R IE2 C-F Towne 

BAC and comparable stabilization was seen (data not shown). 
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Figure 2. Q548R IE2 C-F HB5 virus is capable of genome replication and 
geminin stabilization. G0-synchronized HFFs were infected at the time of 
release into G1 with either mock, WT C-F HB5, Q548R IE2 C-F HB5, or Rev-
Q548R IE2 C-F HB5 (MOI=1). Cells were harvested at the indicated times. (A) 
DNA from the 24, 72 and 96 h p.i. samples was isolated and analyzed via 
quantitative PCR of the UL77 gene. UL77 levels were normalized to levels of 
the cellular glyceraldehyde 3-phosphate dehydrogenase promoter in each 
sample. Values shown are relative amplification (Amp) with the lowest value 
set to 1. The experiment was repeated three times and representative results 
are displayed. (B) Protein was isolated from the 24, 48, 72 and 96 h p.i. 
samples. Equivalent amounts of protein were loaded on an 8% acrylamide gel 
and transferred to a nitrocellulose membrane. The membrane was then 
probed for geminin and β-actin served as a loading control. 
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iii. Q548R IE2 is capable of halting the cell cycle. 

Given that the Q548R IE2 mutant was able to replicate its genome and 

stabilize geminin, a BrdU assay was set up to determine whether Q548R IE2 

was halting the cell cycle. G0-synchronized HFFs were infected at the time of 

release into G1 with mock, WT C-F HB5, or Q548R IE2 C-F HB5 at an MOI of 

1. 10 µM BrdU was added to the cell media at 24 h p.i. and cells were fixed at 

48 h p.i.. Cells were then co-stained for BrdU and IE1 and examined via 

immunofluorescent microscopy (Fig. 3A). BrdU positive cells were counted as 

well as cells that were positive for both IE1 and BrdU. Cells that contained 

BrdU organized in discrete nuclear compartments were assumed to be 

exhibiting viral DNA replication in the viral replication centers and were not 

counted as BrdU positive cells. Cells were counted over two experiments and 

the percentages in Fig. 3B are an average of the two. Cells that exhibited a 

diffuse nuclear BrdU labeling pattern were counted as BrdU positive cells that 

had undergone cellular DNA replication. The inset in the Q548R row of figure 3 

shows three cells: the upper cells is strongly IE1 positive and it contains a 

pattern of discrete nuclear spots typical of viral replication center formation; 

the lower left cell has a diffuse nuclear BrdU stain and a very dim IE1 stain; 

the lower right cell is IE1 positive with no visible BrdU staining.  Taken 

together, the results of two independent experiments showed that 88% of 

mock infected HFFs were BrdU positive (containing diffuse nuclear staining), 
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compared to 33% of WT-infected cells and 25% of Q548R IE2 infected cells. 

19% of WT-infected cells that were IE1 positive were also BrdU positive, 

compared to 20% of Q548R-infected cells (Fig. 3B).   Based on these results 

as well as the mutantʼs ability to undergo normal genome replication and 

geminin stabilization, we concluded that the Q548R IE2 mutant virus is in fact 

capable of halting the cell cycle.
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Figure 3. Q548R IE2 C-F HB5 is capable of halting the cell cycle. (A) HFFs 
were infected with mock, WT C-F HB5, or Q548R IE2 C-F HB5 (MOI=1). 10 
µM BrdU was added to the cell media at 24 h p.i. and cells were fixed in 2% 
formaldehyde at 48 h p.i.. Cells were then incubated with antibodies to BrdU 
and IE1 as described in the Materials and Methods. Next, cells were incubated 
with appropriate TRITC- and FITC- conjugated secondary antibodies in 
addition to Hoechst stain (DAPI) to visualize nuclei. Cells were then examined 
via immunofluorescent microscopy. (B) BrdU positive cells were counted as 
well as cells that were positive for both IE1 and BrdU. Cells were counted over 
two experiments and at least 500 cells per sample per experiment were 
counted. Cells that exhibited a diffuse nuclear BrdU labeling pattern were 
counted as BrdU positive cells that had undergone cellular DNA replication. 
Cells that contained BrdU organized in discrete nuclear compartments were 
assumed to be exhibiting viral DNA replication in the viral replication centers 
and were not counted as BrdU positive cells. 
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% BrdU+ cells of 
total cells 88% 33% 25%

% BrdU+ cells of 
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iv. Expression of IE2 40, IE2 60 and UL83, UL84 and UL99 proteins is greatly 

downregulated in the Q548R IE2 mutant. 

 Since it was now apparent that the reason for this mutantʼs severely 

debilitated growth was not an inability to halt the cell cycle, the expression 

kinetics of several viral genes was examined to determine if a more obvious 

defect was present. Non-complementing HFFs were infected with mock, WT 

C-F HB5, Q548R IE2 C-F HB5 or Rev-Q548R IE2 C-F HB5 virus at an MOI of 

0.5.  Cells were harvested at 24, 48, 72, and 96 h p.i., and cell lysates were 

examined via Western blot (Fig. 4). Expression of IE2 86 remains relatively 

normal in the mutant, although it appears to be at slightly higher levels at 48 h 

p.i.. The levels of IE1 72 were also higher at all time points in the mutant 

infected cells, indicating a possible defect in the ability of Q548R IE2 to 

interact with the cis-repression signal (CRS). UL44 and UL57, early proteins 

involved in viral DNA replication, exhibited normal expression levels and 

kinetics indicating that Q548R IE2 86 retains its ability to transactivate viral 

early gene expression. The early-late protein UL84, the only viral protein 

known to interact with IE2, shows evidence of significantly reduced protein 

expression starting at 72 h p.i. in the mutant. The viral proteins most affected 

by the mutant were the late proteins IE2 40, IE2 60, UL83, and UL99, all of 

which had greatly diminished expression in the Q548R IE2 mutant compared 

to WT. 
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 In order to determine whether the difference in IE1 72, IE2 40, IE2 60, 

UL83 and UL84 protein levels observed in the mutant was caused by a 

transcriptional or a post-transcriptional event, RNA levels at 72 and 96 h p.i. 

were measured via quantitative RT-PCR in cells infected at an MOI of 0.5 with 

WT, Q548R IE2, and Rev-Q548R IE2 C-F HB5 (Fig. 5A-D). IE1 72 RNA levels 

were higher in the mutant than in WT-infected cells confirming that the 

mutantʼs interaction with the CRS could be problematic (Fig. 5A). RNA for full-

length IE2 86 (using a TaqMan probe to the exon 3-exon 5 junction of IE2 86) 

was compared to RNA for IE2 86, IE2 60 and IE2 40 combined (using a 

TaqMan probe to exon 5 of IE2). Expression of IE2 60 and IE2 40 increases 

greatly at late infection times in WT infection. However a similar increase is not 

observed in infection with the mutant, indicating that IE2 60 and IE2 40 are 

reduced at the transcriptional level (Fig. 5B). Although UL84 did not appear to 

be severely affected at the transcriptional level, there was virtually no 

detectable UL83 RNA present (Fig. 5C and D). 

Figure 4 demonstrated that the expression of the late genes IE2 40, IE2 

60, UL83, UL84 and UL99 were significantly altered in Q548R IE2 infection. 

To determine if there was a more general defect in transitioning to late protein 

expression, several other viral late proteins were examined via Western blot. 

HFF cells were infected with mock, WT, Q548R or Rev-Q548R IE2 C-F HB5 

virus at an MOI of 0.5 and harvested at 72, and 96 h p.i.. Lysates were 



	  

	  

35	  

examined via Western blot and probed with antibodies to the late proteins 

UL32, UL82, UL85 and UL86 (Fig. 6). Although there appeared to be a lag in 

the appearance of the proteins in the mutant infected cells, by 96 h p.i. the 

levels of all four of these proteins were comparable in WT, Q548R, and Rev-

Q548R IE2 C-F HB5 infected cells. This confirms that there is a specific defect 

in IE2 40, IE2 60, UL83, UL84 and UL99 expression, and not a global 

reduction in late protein expression. 
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Figure 4. IE2 60, IE2 40, UL83 and UL84 protein expression is greatly reduced 
in Q548R C-F IE2 HB5 infection. HFFs were infected with either mock, WT C-
F HB5, Q548R IE2 C-F HB5, or Rev-Q548R IE2 C-F HB5 (MOI=0.5). Cells 
were harvested at the indicated times. Equivalent amounts of protein were 
loaded onto an 8% acrylamide gel and then transferred to a nitrocellulose 
membrane. The membrane was probed with an antibody against both IE1 72 
and IE2 86 (CH160), an antibody against IE2 86, IE2 60 and IE2 40 (mIE2), as 
well as antibodies against UL44, UL57, UL83 (pp65), UL84, and UL99 (pp28). 
β-actin was used as a loading control.  
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Figure 5. IE1 72, IE2 60, IE2 40 and UL83 RNA levels are altered in Q548R 
IE2 infection. HFFs were infected with either mock, WT C-F HB5, Q548R IE2 
C-F HB5, or Rev-Q548R IE2 C-F HB5 (MOI=0.5). Cells were harvested at the 
indicated times. RNA was examined via quantitative RT-PCR using TaqMan 
primers and probes to IE1 72 (A), IE2 86, IE2 60 and IE2 40 (B), UL83 (C) and 
UL84 (D). IE2 86 indicates a probe that measures only IE2 86 RNA, and IE2 
86 + 60 + 40 indicates a probe that measures IE2 86, IE2 60, and IE2 40 RNA 
(B). RNA  levels were normalized to levels of cellular glucose 6-phosphate 
dehydrogenase RNA. Values shown are relative amplification (Amp) with the 
lowest value set to 1. Experiments were repeated at least 3 times and 
representative results are displayed. 
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Figure 6. Q548R IE2 C-F HB5 is not defective in transitioning to late gene 
expression. HFFs were infected with either mock, WT C-F HB5, Q548R IE2 C-
F HB5, or Rev-Q548R IE2 C-F HB5 (MOI=0.5). Cells were harvested at the 
indicated times. Equivalent amounts of protein were loaded onto an 8% 
acrylamide gel and then transferred to a nitrocellulose membrane. The 
membrane was probed with antibodies against UL32 (pp150), UL82 (pp71), 
UL85 (minor capsid protein) and UL86 (major capsid protein). β-actin served 
as a loading control. 
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v. Q548R IE2 86 and IE2 40 are capable of interacting with UL84 and Q548R 

IE2 40 can enhance UL84 expression. 

 UL84 is an essential early-late protein that has previously been 

demonstrated to play a role in ori-Lyt-dependent viral genome replication (31). 

Furthermore, the majority of UL84 is in complex with IE2 86, IE2 40 and IE2 

60 (81), and transfection studies have shown that IE2 86-mediated 

transactivation of early genes is inhibited by IE2 86 interaction with UL84 (21, 

31, 104). In order to determine if Q548R IE2 86, was still capable of interacting 

with UL84 during the infection, an immunoprecipitation (IP) assay was 

performed. HFFs were infected with mock, WT, or Q548R IE2 C-F HB5 (MOI = 

1) and harvested at 48 and 96 h p.i. The CH160 antibody, which binds to the 

N-terminus of both IE1 72 and IE2 86, was then used to IP the HFF lysate. A 

probe of the CH160 IP for UL84 demonstrated that full-length Q548R IE2 86 

was still binding to UL84 (Fig. 7A) The post lysate in the WT 96 h p.i. sample 

still contains a significant proportion of UL84. This is because much of UL84 is 

bound to IE2 60 and IE2 40 at this time point. The mutant expresses far less 

IE2 60 and IE2 40, and therefore there is a much smaller proportion of UL84 

evident in the mutant post 96 h p.i. sample. 

 Previous work demonstrated that in co-transfection assays, IE2 40 

greatly enhanced expression of UL84, whereas co-transfection of UL84 with 

IE2 86 only resulted in a modest increase in UL84 levels (82). As a gene that 
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is essential for viral growth, it is possible that the reduced protein levels of 

UL84 are partially responsible for the Q548R IE2 growth defect. In order to 

determine whether Q548R IE2 was defective in its ability to enhance UL84 

expression, a co-transfection assay was performed. 293FT cells were 

transfected with plasmids encoding UL84, IE2 86, IE2 40, Q548R IE2 86 and 

Q548R IE2 40. IE2 plasmids were either transfected with an empty vector or 

co-transfected with UL84. The total amount of DNA transfected was 

normalized for all of the samples. Cells were then harvested at 48 h p.t. and 

their lysates were examined for DNA, RNA and protein expression. Q548R IE2 

86 and Q548R IE2 40 proteins were generally expressed at lower levels than 

WT IE2 86 and IE2 40 (Fig. 7B, compare lanes 1 and 3 and lanes 5 and 7). 

Co-expression of UL84 with Q548R IE2 40 demonstrated a slight increase in 

Q548R IE2 40 expression compared to Q548R IE2 40 alone (compare lanes 5 

and 6 and lanes 7 and 8). Probing for UL84 demonstrated that Q548R IE2 40 

is still able to enhance UL84 expression (lanes 9-13). Based on these results, 

the decreased levels of UL84 observed in the mutant-infected cells is likely not 

due to a defect in the ability of Q548R IE2 40 to enhance UL84 expression, but 

rather due to the significantly lower levels of Q548R IE2 40. 
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Figure 7. Q548R IE2 86 interacts with UL84 and is not directly responsible for 
the decrease in UL84 expression. (A) HFFs were infected with either mock, 
WT C-F HB5 or Q548R IE2 C-F HB5 and were harvested at the indicated 
times. Cell lysates were then immunoprecipitated with the CH160 antibody. 
Protein from the pre, IP, and post samples were then examined via Western 
blot with the UL84 antibody as well as the CH160 antibody. Pre and post 
samples represent 10% of the total IP sample. (B) 293FT cells were 
transfected with equivalent amounts of plasmids expressing the indicated 
proteins, where 86* = Q548R IE2 86 and 40* = Q548R IE2 40. Cells were 
harvested at 48 h p.t. and examined via Western blot with the monoclonal IE2 
antibody and the monoclonal UL84 antibody. β-actin served as a loading 
control. 
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vi. Several viral genes are upregulated at the transcriptional level in Q548R 

IE2 infection. 

 Thus far, the principal defects that have been detected in the Q548R 

IE2 virus are the decreases in UL84, UL83, IE2 60 and IE2 40. However, the 

mechanism that leads to the severely debilitated viral growth remains unclear. 

In order to gain a greater understanding of the Q548R IE2 mutant, we 

examined the expression levels of viral and cellular RNA corresponding to 

approximately 2,000 RNA oligos via a custom microarray. The design for this 

array, which contains 1,265 cellular features and 670 viral features, was 

generously donated by E. Fortunato (37). For this experiment, G0-

synchronized HFFs were infected with mock, WT C-F HB5, or Q548R IE2 C-F 

HB5 virus (MOI=2). Mock infected cells were harvested at 96 h p.i., WT 

infected cells were harvested at 48 and 96 h p.i. and Q548R infected cells 

were harvested at 48, 96 and 168 h p.i.. This set of infections was performed a 

total of three times in order to generate three biological replicates. RNA was 

isolated from each of these samples and mRNA was amplified via the 

Invitrogen Superscript Indirect Amplification system. Amplified RNA was then 

labeled with Cy5 and 1 µg of Cy5-labeled RNA from each sample was then 

hybridized onto the 4x2k Combimatrix array (now CustomArray, Inc.). Each 

chip contains 4 arrays and the samples were randomly distributed across the 

chips in order to account for any possible chip-to-chip differences. After 
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scanning the chips, the data was normalized to account for loading and dye 

incorporation differences between samples. A pairwise comparison of relevant 

samples was then performed via a two-tailed student t-test. Each gene was 

represented by at least 3 features on the array and genes were considered 

significant if they met two criteria. First, the P-value of at least half of a given 

geneʼs features needed to be less than 0.05. Second, at least a 2-fold 

difference between the two samples being compared needed to be present.

 An evaluation of the viral genes generated several interesting 

differences between the WT and Q548R infected cells (Tables 2 and 3). The 

largest difference was the strong reduction in UL83 gene expression 

previously observed in the mutant (Table 2). UL82 is also listed as one of the 

most downregulated genes, however it is bicistronic with UL83 and is therefore 

not possible to determine via this analysis whether its transcription was 

affected. Given that its protein expression remains unchanged, it is unlikely 

that its transcription was drastically affected (Fig. 6). Interestingly, in cells 

infected with the mutant, there were several viral genes that exhibited a 

marked rise in RNA levels (Table 3). At 48 h p.i., the levels of IE1, US8, and 

US9 RNAs were significantly higher. The relative levels of US8 and US9 were 

even greater (up to 20-fold) as the infection progressed to later times (96 and 

168 h p.i.). At these later times, expression of the group of US29-32 genes 

also increased. To validate the results obtained from the microarray analysis, 
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the increase in the levels of the US8, US9, and U29-32 were all confirmed via 

quantitative RT-PCR (Fig.8). We also noted smaller increases (2.5- to 4-fold) 

for several other genes when the RNA levels in the mutant infected cells at 

168 h p.i. were compared to those in the WT infected cells at 96 h p.i. 

A comparison of the cellular gene expression between samples yielded 

no apparent differences between the WT and the Q548R samples. However, 

several differences between mock infected and virally infected samples were 

noted (Tables 4 and 5). The largest differences were observed in beta-actin 

(5.5-14x reduced in viral samples), lamin A (4-6.6x reduced in viral samples), 

Timp3 (3.8-4.3x reduced in viral samples), cyclin D1 (3.6-4.2x reduced in viral 

samples) and c-FOS (3.6-3.7x reduced in viral samples). 
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Table 2. Viral genes significantly downregulated upon Q548R IE2 infection 
 

Gene WT 48 vs R 48 WT 96 vs R 96 WT 96 vs R 168 
UL83  20.00 25.00 
UL82  12.50 5.88 
US27   3.33 
RL11   2.70 
US28   2.70 
TRL12   2.63 
IRL10   2.63 
RL10   2.56 
UL4  2.56 2.50 
UL33  2.38 2.33 
UL23   2.27 
UL111A  2.50 2.22 
UL34  2.50 2.17 
RL13   2.13 
UL25 2.08 2.63  
UL32  2.04  

 
Significant fold changes between the indicated samples are shown where WT = wild type, and 
R = Q548R IE2. 48, 96, and 168 indicate the number of hours post-infection that the sample 
was harvested, e.g. WT 48 vs R 48 indicates the ratio of WT 48 h p.i. to Q548R IE2 48 h p.i. 
for a given gene. Blank areas indicate that the fold change did not meet the criteria for 
significance. 
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Table 3. Viral genes significantly upregulated upon Q548R IE2 infection  
 

Gene R 48 vs WT 48 R 96 vs WT 96 R 168 vs WT 96 
US8 4.2 8.8 20.8 
US9 4.9 7 18.7 
US29  7.7 7.5 
US31  3.5 5.7 
US32  4.2 5.5 
US32  4.2 5.5 
US30  5.4 4.3 
US10   4 
US7   3.5 
UL63   3.3 
UL111  2.5 3 
UL27   2.5 
UL28   2.5 
UL74   2 
US11   2 
IE1 3.4   
TRS1  3.3  
UL11  2.1  
US12  2  
US18  2  
US19  2.1  

 
Significant fold changes between the indicated samples are shown where WT = wild type, and 
R = Q548R IE2. 48, 96, and 168 indicate the number of hours post-infection that the sample 
was harvested, e.g. R 48 vs WT 48 indicates the ratio of Q548R IE2 48 h p.i. to WT 48 h p.i. 
for a given gene. Blank areas indicate that the fold change did not meet the criteria for 
significance. 
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Table 4. Cellular genes significantly downregulated upon HCMV infection 
 

Gene 
M 96 vs 
WT 48 

M 96 vs 
R 48 

M 96 vs 
WT 96 

M 96 vs 
R 96 

M 96 vs 
R 168 

b-actin 6.67 5.56 10.00 6.67 14.29 
lamin A 4.76 4.00 6.67 6.67 6.67 
cyclin D1 3.85 3.57 4.17 4.00 3.85 
TIMP3 4.35 4.35 4.00 4.00 3.85 
c-FOS 3.57 3.57 3.70 3.70 3.70 
JAK1 3.23 2.13 3.57 2.94 3.57 
SHC   2.33  3.03 
SP1 2.56 2.27 2.50  2.94 
NEDD8   2.56  2.86 
PKCa 2.63 2.33 2.63 2.27 2.70 
STAT2 2.27 2.27 2.63 2.44 2.44 
ROC1   2.44  2.27 
p50   2.27  2.17 
SHP2     2.17 
PLCgamma     2.13 
c-JUN 2.00 2.00   2.00 
CDK4     2.00 
DP1   2.08  2.00 
CAS 2.17     
DSH 2.33 2.04 2.22   
______________________________________________________________ 
Significant fold changes between the indicated samples are shown where M = mock, WT = 
wild type, and R = Q548R IE2. 48, 96, and 168 indicate the number of hours post-infection 
that the sample was harvested, e.g. M 96 vs WT 48 indicates the ratio of mock 96 h p.i. to WT 
48 h p.i. for a given gene. Blank areas indicate that the fold change did not meet the criteria for 
significance. 
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TABLE 5. Cellular genes significantly upregulated upon HCMV infection 
 

Gene 
WT 48 vs 

M 96 
R 48 vs 

M 96 
WT96 vs 

M 96 
R 96 vs 

M 96 
R 168 vs 

M 96 
H2A 2.2 2.4 2.5 3.6 2.7 
RAD9 2.03 2.14 2.37  2.42 
CHOP     2 
HOX B2 2.5 2.4 2.3 2.2 2 
 
Significant fold changes between the indicated samples are shown where M = mock, WT = 
wild type, and R = Q548R IE2. 48, 96, and 168 indicate the number of hours post-infection 
that the sample was harvested, e.g. WT 48 vs M 96 indicates the ratio of WT 48 h p.i. to mock 
96 h p.i. for a given gene. Blank areas indicate that the fold change did not meet the criteria for 
significance. 
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Figure 8. Quantitative RT-PCR confirmation of viral genes deemed 
significantly changed by microarray analysis. The US8-9 and US29-32 genes 
were examined via quantitative RT-PCR as described in the Materials and 
Methods. RNA levels are normalized to cellular glucose 6-phosphate 
dehydrogenase RNA. Values shown are relative amplification (Amp) with the 
lowest value set to 1.  
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vii. Viral genes significantly upregulated in Q548R IE2 infection are not 

upregulated in IE2-Δ40+60 infection. 

 The Q548R IE2 mutant exhibits characteristics that are quite similar to 

several other IE2 mutants that have been examined by the Spector lab. IE2-

Δ136-290 deletes a region within exon 5 that includes the promoter regions for 

IE2 40 and IE2 60, thus the recombinant virus expresses a truncated IE2 86 

and does not express IE2 60 or IE2 40. IE2-Δ40+60 contains mutations in the 

IE2 40 and IE2 60 promoter region, which allows for production of full-length 

WT IE2 86 while preventing expression of IE2 40 and IE2 60.  Similar to 

Q548R IE2, both IE2-Δ136-290 and IE2-Δ40+60 are viable mutants with 

severely debilitated growth characteristics. Furthermore, both IE2-Δ136-290 

and IE2-Δ40+60 exhibit reduced UL84 at the post-transcriptional level and 

reduced UL83 expression at the transcriptional level (78, 99). In order to 

examine whether the reduced expression of IE2 40 and IE2 60 was 

responsible for the increased levels of US8-9 and US29-32 observed in 

Q548R IE2-infection, HFFs were infected with either WT, Q548R IE2, or IE2-

Δ40+60 C-F HB5 virus (MOI = 0.5). Cells were then harvested at 48 and 96 h 

p.i. and RNA was isolated. Expression levels of US8-9 and US29-32 were 

examined via quantitative RT-PCR (Fig. 9). Unlike Q548R IE2-infection, IE2-

Δ40+60-infection did not demonstrate increased expression of these genes, 
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indicating that this increase was unlikely due to the reduced levels of IE2 40 

and IE2 60. 
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Figure 9. Quantitative RT-PCR analysis of US8-9 and US29-32 in IE2-Δ40+60 
mutant infection. The US8-9 and US29-32 genes were examined via 
quantitative RT-PCR analysis as described in the Materials and Methods. RNA 
levels are normalized to cellular glucose 6-phosphate dehydrogenase RNA. 
Values shown are relative amplification (Amp) with the lowest value set to 1. 
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viii. miR-US33as is upregulated in Q548R IE2 HCMV infection 

 HCMV is known to code for a number of microRNAs (miRNA), which 

are likely to be important for fine-tuning infection conditions and improving viral 

replication (34). A recently published work by Stark and colleagues performed 

deep sequencing analysis of small RNAs (smRNA-seq) from HCMV-infected 

fibroblast cells. This analysis led to the discovery of several previously 

unannotated HCMV-encoded miRNAs. One of these miRNAs was termed 

miR-US33as, and is in the sense orientation within the US29 gene locus (90). 

Given the location of this miRNA within a gene that was found to be 

upregulated in Q548R IE2 HCMV-infected cells, a study was performed to 

determine whether the levels of miR-US33as were affected in the mutant. 

Fibroblast cells were infected with either WT C-F HB5, Q548R IE2 C-F HB5 or 

mock-infected. Cell were harvested at 72 and 96 h p.i., their RNA was 

isolated, and a Northern analysis of miRNAs was performed. The Northern 

blot was probed for miR-US33as and the snRNA U6, which was used as a 

loading control. Results demonstrated that miR-US33as was significantly 

upregulated in Q548R IE2-infected cells compared to WT-infected cells (Fig. 

10). It is unclear whether this upregulation is simply a result of an increase in 

the US29 transcript, or whether the Q548R IE2 mutant somehow has a direct 

affect on the processing of this miRNA. 
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Figure 10. miR-US33as is upregulated in Q548R IE2 HCMV infection. 
Northern blot analysis of miR-US33as was performed on WT C-F HB5, Q548R 
C-F HB5, and mock-infected cells. Cells were harvested at 72 and 96 h p.i. 
RNA was isolated and blots were probed for miR-US33as. The U6 snRNA 
served as a loading control. 
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ix. Q548R IE2 is not a dominant negative mutant 

 Given the increase in transcription of multiple genes in Q548R IE2 

infection, it was possible that the Q548R IE2 protein had gained a function and 

could thus be acting as a dominant negative mutation. In order to determine 

whether Q548R IE2 was dominant negative, both HFF and 86F/40HA cells 

were infected with either WT C-F HB5 or Q548R IE2 C-F HB5, and cells were 

harvested at 48 and 96 h p.i. Total RNA was isolated from the cells and the 

levels of US8-9 and US29-32 RNA present were measured via quantitative 

RT-PCR. If the Q548R IE2 protein were affecting the transcription of US8-9 

and US29-32 in a dominant negative fashion, one would expect to see 

increased levels of these transcripts even in Q548R IE2-infected 86F/40HA 

cells, which would be concomitantly expressing WT IE2 86 and IE2 40. Small 

increases in the expression of US8-9 were observed in Q548R IE2-infected 

86F/40HA cells relative to WT-infected 86F/40HA cells, however these 

increases did not approach the relative difference between Q548R IE2-

infected and WT-infected cells at 48 h p.i. (Fig. 11). This could be due to 

imperfect complementation in the 86F/40HA cells. No significant differences in 

US29-32 expression were observed between Q548R IE2-infected and WT-

infected 86F/40HA (Fig.11). It is therefore unlikely that the Q48R IE2 protein is 

acting as a dominant negative mutant. 
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Figure 11. Q548R IE2 is not a dominant negative mutation. The US8-9 and 
US29-32 genes were examined via quantitative RT-PCR as described in the 
Materials and Methods. RNA levels are normalized to cellular glucose 6-
phosphate dehydrogenase RNA. Values shown are relative amplification 
(Amp) with the lowest value set to 1. 
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x. Conditional degradation of IE2-FKBP results in decreased levels of UL84 

 Mutants of the human FKBP12 protein were engineered by 

Banaszynski and colleagues to be rapidly and constitutively degraded upon 

expression in mammalian cells. When FKBP12 is attached to the C- or N-

terminus of a protein, this instability is then conferred to this protein, thus 

creating a post-translational knock down of a protein of interest. Furthermore, 

a cell permeable synthetic ligand known as shield-1 can bind to the 

destabilizing domain of FKBP12, thus shielding it from degradation. This 

system thus allows for conditional and reversible degradation of a protein of 

interest (5). Typically, in order to study an HCMV mutant missing an essential 

protein, one would need to use a complementing cell like, like 86F/40HA cells, 

in order to grow the virus. However, the FKBP12/shield-1 system allows for 

the growth of the mutant in the presence of shield-1, and the study of the 

effects of the mutant in the absence of shield-1. Glass and colleagues 

demonstrated that it was possible to fuse FKBP12 to a number of essential 

HCMV and MCMV proteins. By fusing FKBP12 to the N-terminus of IE1/IE2, 

Glass and colleagues created a virus that was severely growth impaired in the 

absence of shield-1 (32). 

 In order to examine whether this was a viable system to knock out IE2 

86, IE2 60, and IE2 40 (rather than IE1 and IE2), a recombinant virus was 

created in which the FKBP12 protein was attached to the C-terminus of IE2 in 
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the AD169-derived BAC background, HB5. This virus was termed IE2-FKBP 

HB5. To determine whether viral growth was significantly affected in the IE2-

FKBP recombinant virus, a plaque assay was performed using varying 

concentrations of shield-1. The results indicated that viral growth was not 

severely debilitated even in the absence of any shield-1 (Table 6). The virus 

used for this assay was grown in the presence of shield-1, and in order to 

determine if the presence of any residual shield-1 was affecting results, a 

second experiment was conducted in which fibroblasts were infected with IE2-

FKBP HB5 either in the presence or absence of shield-1. Virus was then 

harvested at 120 h p.i. to allow for a single cycle of infection. The virus 

harvested from the plus shield-1 and the minus shield-1 conditions was then 

analyzed via plaque assay in either the presence or absence of shield-1. Titers 

from the four separate conditions did not vary significantly indicating that 

residual shield-1 had most likely not greatly affected the results from the initial 

plaque assay, and furthermore that growth of the IE2-FKBP virus in the 

absence of shield-1 was not severely debilitated (Table 7). 

In order to determine whether IE2-FKBP was being degraded, 

fibroblasts were infected with IE2-FKBP HB5 and incubated in varying levels 

of shield-1. Cells were then harvested at 48 and 96 h p.i., and protein levels 

were analyzed via Western blot (Fig. 12). Antibodies against both IE2 and 

FKBP demonstrated that removing shield-1 from the system allowed for 
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significant, but not full, degradation of IE2 86, IE2 60 and IE2 40. Furthermore, 

the protein levels of UL84, but not UL83, were significantly affected upon 

removal of shield-1.  
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Table 6. Viral titers of the IE2-FKBP recombinant virus grown in increasing 
shield-1 concentrations. 
 

[shield-1] (µM) Titer (pfu/mL) 
0 3x105 

0.5 4.8x105 
1 1.3x105 

1.5 2.5x105 
2 2.5x105 

 

 

 

 
 
 
Table 7. Viral titers of IE2-FKBP grown in the presence or absence of shield-1 
and harvested after a single cycle of infection. Virus was titered in the 
presence or absence of shield-1.  
 

Virus produced +/- 
shield-1 

Plaque assay grown 
+/- shield-1 

Titer (pfu/mL) 

+ + 3.5x105 
+ - 3.6x105 
- + 1.0x105 
- - 4.8x104 
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Figure 12. UL84 expression is reduced in IE2-FKBP infection in the absence 
of shield-1. HFFs were infected with IE2-FKBP HB5 (MOI = 0.5) and 
harvested at the indicated times. Equivalent amounts of protein were loaded 
onto an 8% acrylamide gel and then transferred to a nitrocellulose membrane. 
The membrane was probed with antibodies against IE2, FKBP, UL83 and 
UL84. Actin served as a loading control. 
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C. Discussion 

HCMV IE2 86 is a complex and multi-functional protein. Much work has 

been done over the years attempting to elucidate its many roles. Until recently 

most of the studies were accomplished via transfection assays and in vitro 

methods such as GST pull down assays. The advent of bacterial artificial 

chromosome (BAC) technology allowed for easier manipulation of the viral 

genome and the subsequent development of various mutants that shed light 

on viral gene functions in the context of infection. HCMV halts the cell cycle in 

a pseudo-G1 state, which allows the virus to take advantage of cellular 

processes necessary for DNA replication (6, 10, 24, 48, 57, 77, 79, 101-103).  

Although there is some evidence that IE2 86 plays a role in this cell cycle 

arrest (87, 101), these initial studies were performed via transient transfection. 

The creation of the Q548R IE2 HCMV mutant BAC offered the first evidence 

that IE2 may be playing a key role in HCMV cell cycle regulation in the context 

of infection (71). In the paper by Petrik et al., it was reported that the Q548R 

IE2 mutant virus was able to negatively autoregulate the MIE promoter, 

transactivate viral early genes, and upregulate E2F-dependent genes, but was 

unable to cause cell cycle arrest. However, because Q548R IE2 HCMV grew 

so slowly and to such low titers, it was difficult to do extensive analyses in the 

context of infection. The initial aim of this study was to further characterize 
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Q548R IE2 HCMV and determine why this mutant was defective in its ability to 

halt the cell cycle. 

 Despite the advent of BAC technology, IE2 mutants have remained 

difficult to study via infection since the researcher is limited to mutants that 

maintain viral replication competency.  The 86F/40HA cell line complements 

mutant IE2 86 and IE2 40 and allows for more rapid production and higher 

titers of mutant IE2 viruses (80). All of the experiments for this study were 

performed with Q548R IE2 Towne or HB5 BAC-derived HCMV that was grown 

and titered on 86F/40HA cells, and was subsequently studied on non-

complementing HFFs. Transfection of Q548R IE2 into both 86F/40HA cells 

and non-complementing HFFs demonstrated the drastic difference in the 

ability of the mutant to grow in a complementing versus a non-complementing 

background (Fig.1A). Complementation did not appear to be 100%, based on 

the more rapid spread of the WT virus through HFFs as well as the fact that 

the titers of Q548R IE2 virus grown on complementing cells were consistently 

about ten fold lower than the titers of WT virus grown on HFFs (data not 

shown). The slightly slower growth and lower titers of Q548R IE2 virus grown 

on complementing cells is not unexpected given that this system is not perfect 

and does not produce WT-level titers in IE2-ΔExon5 infection (80). 

  The mutant showed a slight decrease in viral genome replication at 48 

h p.i. compared to WT and Rev-Q548R IE2 genome replication (Fig. 2A), 
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which could possibly be explained by the recent transfection based-evidence 

that  Q548R IE2 86 cannot bind to the chromatin assembly factor-1 protein, 

p150 (55). However, the large increases in viral DNA levels between 24, 72 

and 96 h p.i. in the mutant as well as the diminishing fold difference in viral 

DNA levels between the mutant and WT at 96 h p.i. indicate that viral DNA 

replication is not significantly affected and ultimately does not explain the 

severe nature of the growth defect in the mutant.  

The ability of Q548R IE2 HCMV to replicate its genome (Fig. 2A), 

stabilize geminin (Fig. 2B), and block cellular DNA synthesis (Fig. 3) 

contributed to our conclusion that this mutant preserved the ability to halt the 

cell cycle. There are several possible explanations for these conflicting results 

compared to the initial characterization by Petrik et al. (71). One possibility lies 

in the time it takes for this mutant to grow in non-complementing cells. It took 

many weeks for cells transfected with the Q548R IE2 mutant virus to reach 

100% CPE, and this protracted growth time increases the possibility of 

secondary mutations. There is accumulating evidence that mutant viruses can 

develop a significant number of compensatory secondary mutations 

(unpublished communication with Dr. Lynn Enquist). Growing severely 

debilitated IE2 mutants in the 86F/40HA complementing cell line helps to 

alleviate the pressure on these mutants to develop secondary mutations that 

facilitate replication. On the other hand, growth in the complementing cell line 



	  

	  

65	  

does provide for an alternative explanation for these conflicting results, since 

we cannot rule out the possibility that the composition of the virion that is 

produced by non-complementing versus complementing cells is different. It is 

possible that differing levels of tegument proteins present in virus grown on 

complementing cells account for the differing phenotype that we observed in 

this mutant compared to the initial characterization. 

 The phenotype observed in the Q548R IE2 mutant was similar to 

several previously studied IE2 mutants. The deletion of amino acids 136 to 

290 in exon 5 of IE2, termed IE2-ΔSX, resulted in a viable but severely 

debilitated virus whose production of UL83 and UL84 was greatly diminished 

(78, 81). The IE2-Δ40+60 virus, which expresses full length IE2 86 but not IE2 

40 or IE2 60, also exhibits severely debilitated growth, with diminished UL83 

and UL84 production (81, 99). In both cases UL83 expression was affected at 

the transcriptional level while UL84 expression was affected at the post-

transcriptional level.  UL83 expression appeared to be most affected by the 

deletion of both IE2 40 and IE2 60, and it has been demonstrated that UL84 

protein expression is tightly linked to the levels of IE2 40 present (82). It 

therefore seems likely that transcriptional repression of UL83 and the post-

transcriptional reduction in UL84 is related to the greatly reduced levels of IE2 

40 and IE2 60 observed in this mutant. 



	  

	  

66	  

 The results of the microarray analysis comparing the Q548R IE2 mutant 

to WT HCMV virus were unexpected in several ways. First, there were no 

cellular genes that showed a significant difference in expression between 

Q548R IE2 virus and WT virus-infected cells. This could in part be due to the 

fact that the array contained only 1265 cellular features with each gene being 

represented by at least 3 features, which is by no means approaching a full 

complement of cellular genes. Of course, one major limitation of this 

microarray is that it only detects differences in gene expression at the 

transcriptional level. Any post-transcriptional differences in protein levels are 

missed. Particularly surprising was the finding that there were very few viral 

genes that showed a significant decrease in Q548R IE2-infected cells. UL83 

was by far the most downregulated viral gene in the mutant. Otherwise, the 

most significantly affected viral genes were upregulated in the mutant, 

particularly US8 and 9 as well as US29-32.  

US8 and 9 are cytoplasmic glycoproteins that have been demonstrated 

to be dispensable for growth in tissue culture (17, 46, 52), but little is known 

about their function. There is some in vitro and transfection based evidence 

that US8 binds to major histocompatibility complex class I heavy chains in the 

endoplasmic reticulum (ER) (93). A US9-deleted recombinant virus forms 

smaller plaques and appears to be replication deficient in human retinal 

pigment epithelial (ARPE-19) cells (46, 61). There is also transient transfection 
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evidence that US9 can localize both to the ER and to mitochondria (63). US8 

and US9 are transcribed as a bicistronic mRNA with a single predicted 

polyadenylation site (33). The probable TATA box for the US8 and US9 

transcript (nt 199706 – nt 199711, accession #BK000394.5) is closely followed 

by two possible IE2-binding sites (nt 199635 – nt 199648 and nt 199661 – nt 

199674). These sites, which contain 14 nucleotides framed by CG residues at 

both ends, share sequence similarities to the cis-repression signal, and similar 

sequences have been shown to bind IE2 86 (3, 83, 84). The presence of these 

sequences in the potential promoter region of US8-9 could explain the ability 

of IE2 to affect transcription of these genes. 

The US29-32 region remains largely uncharacterized. Each open 

reading frame (ORF) in this region has its own predicted TATA box (97). There 

are multiple possible IE2-binding sites contained in this region: US29 has a 

possible site shortly after its predicted TATA box (nt 221300 – nt 221313); 

US31 has 3 possible sites including two overlapping sites (nt 223615 – nt 

223640), and a third (nt 223666 – nt 223679) all shortly after its predicted 

TATA box.  

Analysis of US8-9 and US29-32 levels in cells infected with the IE2-

Δ40+60 mutant demonstrated that reduced levels of IE2 40 and IE2 60 alone 

are not sufficient to cause an increase in the expression of these genes. This 

indicates that the Q548R mutation in IE2 86, IE2 60 and IE2 40 may itself be 
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playing a role in the altered expression of these genes. Further study will be 

required to determine whether IE2 86, IE2 60 or IE2 40 are directly affecting 

transcription from these regions. 

 It is unclear why levels of UL83 were not significantly affected in this 

mutant given that in the majority of IE2 mutants in which IE2 60 and IE2 40 

levels were significantly affected, protein levels of both UL84 and UL83 are 

typically reduced. 

 

Chapter 2, Burgdorf S.W., Clark C.L., Burgdorf J.R., Spector D.H., 

“Mutation of Glutamine to Arginine at position 548 of IE2 86 in Human 

Cytomegalovirus leads to decreased expression of IE2 40, IE2 60, UL83 and 

UL84 and increased transcription of US8-9 and US29-32.”, was published in 

part in the Journal of Virology, 2011. The dissertation author was the primary 

investigator and author of this paper. Sections viii – x of chapter 2 were not 

included in this publication.
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Chapter 3 The roles of IE2 86, IE2 60 and IE2 40 in Human 

Cytomegalovirus Viral Gene Regulation 

 

 Otherwise healthy adults who acquire a HCMV-primary infection will not 

experience much more than common cold-like symptoms, or perhaps a mono-

like syndrome. In women who acquire a HCMV primary infection during 

pregnancy, HCMV is the cause of significant birth and developmental defects. 

HCMV is, in fact, the leading infectious cause of birth defects in the developed 

world. Most people who become infected will not be aware that even after the 

symptoms fade away, they will remain latently infected. For most, any 

reactivation of infection will be quickly suppressed by their immune system. 

However, for those whose immune systems become compromised, HCMV 

can reactivate and cause significant problems. In organ transplant recipients 

who are undergoing immunosuppressive therapy to prevent organ rejection, 

HCMV can reactivate and cause significant morbidity. This can then require 

the patient to cease immunosuppressive therapy and can ultimately lead to 

organ rejection (for a review of HCMV disease manifestations, see reference 

(11)). The study of HCMV pathogenesis and particularly of HCMV essential 

genes is an important means for the development of anti-viral agents. 

 IE2 86 is one of the first genes to be produced during the HCMV 

replication cycle as well as an essential gene for infection and as such, studies 
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of its function are an important area of HCMV research. However, for many 

years, studies of HCMV genes were difficult to conduct in the context of 

infection due to the difficulty of genetically manipulating HCMVʼs 235,000 bp 

genome. Many genes, IE2 86 included, were initially studied via transient 

transfection assays, yeast two-hybrid screens, and studies of bacterially 

produced or in vitro transcribed and translated protein. Although many of these 

studies were important in forming an initial understanding of IE2 86 function, 

studies which rely on over-expressed protein outside of the context of viral 

infection may not ultimately be biologically relevant and require further 

confirmation. 

 The advent of BAC technology allowed for the genetic manipulation of 

extremely large pieces of DNA, like the HCMV genome. Finally, various HCMV 

genes could be mutated or knocked out and the effects could be observed in 

the context of infection. Researchers could now more easily distinguish 

between and catalog the essential genes versus the non-essential genes for 

HCMV infection (25, 106). It was clear that knocking out the UL122 gene 

produced a non-viable virus that was unable to enter into the early phase of 

infection (64), and in order to gain further insights into the function of this 

gene, several studies attempted to create IE2 mutants that could still produce 

viable virus and could thus allow for their study via infection (70, 71, 78, 98). 

Many of these mutants, although still technically viable, were extremely 
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debilitated. This meant that studies either had to be conducted via BAC-

transfection in which the limited transfection efficiency of electroporating a 

large piece of DNA into primary cells restricted the relative reliability and types 

of studies that could be conducted, or the production of virus for use in studies 

would require lengthy growth times. Moreover, the increasing evidence that 

mutant viruses can acquire compensatory secondary mutations (unpublished 

communication with L. Enquist) casts doubt on studies done with mutant 

HCMV even in the context of infection. The development of an IE2-

complementing cell line by Sanders and colleagues permitted the production 

of severely debilitated and non-viable IE2 mutant viruses, and in addition 

helped to reduce the pressure on mutant IE2 viruses to develop compensatory 

secondary mutations (80). 

 Throughout these developments in the ability to study IE2 86, certain of 

its functions have remained undisputed: autoregulation of the MIEP and 

transactivation of various viral early genes. Conversely, the ability of IE2 to 

directly manipulate the cell cycle remains unclear. The initial characterization 

of the Q548R IE2 mutant provided the first real non-transient transfection-

based evidence that IE2 could be playing a direct role in cell cycle 

manipulation (71). Given that Q548R IE2 retained its ability to transactivate 

viral early genes, it appeared unlikely that the seeming inability to prevent 

cellular DNA synthesis was due to the absence of a viral early gene.  
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However, the studies detailed in chapter 2 of this work in which the Q548R IE2 

virus was produced in the 86F/40HA complementing cell line brought this 

initial characterization of the Q548R IE2 mutant into question, and implies that  

there continues to be no evidence in the context of infection that IE2 86 is 

directly involved in cell cycle arrest. 

Further characterization of this mutant highlighted several ongoing 

questions regarding the functions of UL122 gene products. The Q548R IE2 

mutant demonstrated reduced expression of UL83 at the transcriptional level 

and reduced expression of UL84 at the post-transcriptional level. This is a 

characteristic that the Q548R IE2 mutant virus shares with the IE2-ΔSX and 

the IE2-Δ40+60 mutant viruses. Neither of the latter two mutants expresses 

IE2 40 or IE2 60, while the Q548R IE2 mutant expresses IE2 40 and IE2 60 

only at very low levels. Together, these observations imply that the expression 

of UL83 and UL84 may somehow be regulated by IE2 40 and IE2 60. In a co-

transfection experiment, Sanders and colleagues demonstrated that the 

expression of UL84 is tightly linked to the level of expression of IE2 40 (82). 

However, the mechanism by which IE2 40 is able to regulate UL84 expression 

remains unclear. As their names imply, the UL83 and UL84 genes lie next to 

each other within the HCMV genome. The UL84 stop codon is upstream of the 

UL83 transcriptional start site and the two are separated by a 236 bp 

intergenic region. This intergenic region does not contain any canonical  IE2-
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binding sites. Exactly how or where UL122 gene products may be binding to 

this region remains unclear, however a study by Cuevas-Bennett and 

colleagues demonstrated that a UL122 gene product is binding to other early 

and late promoters that are not known to contain IE2-binding sites (22). One 

possibility is that IE2 86, IE2 60 or IE2 40 is associating with these promoter 

regions via interaction with another DNA-binding protein. Another possibility is 

that one of the UL122 gene products is capable of binding to non-canonical 

binding sites.  

Currently several experiments are being optimized to attempt to answer 

the question of how IE2 86, IE2 60, or IE2 40 may be influencing UL83 gene 

transcription. First, HCMV-infected fibroblasts are being tested for the 

presence of UL122 gene products at the UL83 promoter via a chromatin 

immunoprecipitation (ChIP) assay. Preliminary evidence from this experiment 

suggests that a UL122 gene product is, in fact, present in the UL83 promoter 

region. The next step will involve determining whether any of the Q548R IE2 

proteins are present in this region. ChIP analysis will furthermore allow us to 

determine if UL122 gene products are binding to the regions found to be 

upregulated in the microarray experiment: US8-9 and US29-32. Given that the 

antibody against IE2 for this experiment can bind to IE2 86, IE2 60 and IE2 40, 

it is not possible to distinguish which of these products is present at the 

promoter. Furthermore, if a difference in binding to the UL83 promoter is 



	  

	  

74	  

observed in the Q548R IE2 mutant, it will be unclear whether this is because a 

Q548R IE2 protein is defective in its ability to bind DNA in this region, or 

whether it is simply because the levels of IE2 40 and IE2 60 proteins are 

greatly reduced in this mutant. In order to help answer these questions, a ChIP 

experiment can be performed using the IE2-Δ40+60 mutant virus. 

A study by Depto and Stenberg examined the UL83 promoter region via 

transient transfection assays of various lengths of UL83 promoter that had 

been cloned adjacent to the chloramphenicol acetyltransferase (CAT) gene. 

When these UL83 promoter-CAT plasmids were co-transfected with plasmids 

expressing UL122 and UL123, Depto and Stenberg found that the 5ʼ minimal 

sequence necessary for transactivation of UL83 was -61 from the CAP site 

(+1). They also found an 8-bp sequence at -51 from the CAP site 

(ATTTCGGG) that seemed to play a possible role in the activation of the UL83 

promoter by IE gene products.  Depto and Stenberg do note that gene 

activation in the context of co-transfection experiments may not be the full 

story biologically, especially given that they found higher levels of CAT gene 

activation present when their UL83 promoter-CAT-containing plasmid was 

examined in the context of a super infection compared to the levels seen in co-

transfection experiments with IE1 and IE2 (23). A later study from the 

Stenberg lab by Kohler and colleagues, rather than using a co-transfection or 

super infection system, instead inserted various viral promoter-CAT constructs 



	  

	  

75	  

between the US9 and US10 genes of the HCMV genome. This system allowed 

them to study regulation by these promoters in the context of the full viral 

genome. When transient-expression assays were performed with CAT 

constructs containing the promoter regions for either UL83 or the true late 

gene UL99, Kohler and colleagues found that these promoters were activating 

CAT gene expression both at earlier time points and to higher levels than was 

observed with the endogenous gene. When these promoter-CAT constructs 

were inserted into the full viral genome, CAT expression mimicked that of the 

endogenous genes (51). This study further demonstrated the importance of 

the context of the full viral genome in examining late gene expression. 

Using the studies by Depto and Stenberg (23) and Kohler et al. (51) as 

a basis, another study is currently being optimized that would help define the 

location of the UL83 promoter in the context of the full viral genome. For this 

study, BAC mutagenesis was used to insert various lengths of the probable 

UL83 promoter region attached to the CAT gene between the US9 and US10 

genes of HCMV. These constructs will allow us to define the minimal promoter 

region necessary for gene transcription, as well as which promoter areas may 

be important to control the timing of UL83 gene transcription and, in 

combination with the ChIP assay, may help define regions where IE2 is 

binding. 
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Throughout this work, we have demonstrated the important and varied 

roles of the UL122 gene products. It is our hope that the studies outlined in 

chapter 2 as well as the ongoing studies on the role of IE2 in UL83 

transcription and its possible role in US8-9, US29-32 and miR-US33as 

transcription will help to further our understanding of UL122 gene functions.
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Materials and Methods 

 

Cells  

Human foreskin fibroblasts (HFFs) were obtained from the University of 

California – San Diego, Medical Center. Media supplements for both HFFs and 

the 86F/40HA cells are previously described (80). 293FT cells were grown 

according to the manufacturerʼs instructions (Invitrogen) and media 

supplements are previously described (82). All cells were incubated at 37°C 

with 7% CO2. 

 

Bacterial artificial chromosome (BAC) mutagenesis and reconstitution of 

recombinant viruses 

In order to function in the 86F/40HA complementing cell line, any 

recombinant IE2 mutant BACs must also express Cre under the mIE promoter 

and FLP under the 1.2 kb promoter. To allow for homologous recombination of 

IE-Cre and 1.2-FLP into the WT and Q548R IE2 Towne BACs (both generous 

donations from M. Stinski), a plasmid was made containing the Towne US14-

15 regions. The following two primers were designed to amplify the US14-15 

region from the Towne BAC with EcoRV restriction sites on the ends: 

CGATATCGGCGATGTGAAAGACCACTAGG and 

CGATATCTGCTCCTCTTCCAAATCTCCG. This fragment was then cloned 
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into the EcoRV site of pACYC184 to make pACYC-US14-15. Quickchange 

mutagenesis was then used to add SpeI, PmeI and BglII restriction sites to the 

intergenic region between US14 and US15. The 1.2-FLP cassette was isolated 

from the previously described pFB1:1.2-FLP plasmid (80). The 1.2-FLP 

cassette was then subcloned into the BglII site of pACYC-US14-15 to make 

the vector pACYC-US14-1.2-FLP-US15. Next, the ampicillin resistance gene 

(Amp) and its promoter were PCR amplified from the vector pcDNA3 and 

subcloned into pACYC-US14-1.2-FLP-US15 using the PmeI site to make 

pACYC-US14-1.2-FLP/Amp-US15. Finally, the IE-Cre cassette was isolated 

from the previously described pFB1:IE-Cre plasmid (80) and SpeI sites were 

used to subclone the cassette into pACYC-US14-1.2-FLP/Amp-US15 yielding 

the final vector, pACYC-US14-1.2-FLP/Amp/IE-Cre-US15. The following 

primers were used to amplify a cassette from pACYC-US14-1.2-FLP/Amp/IE-

Cre-US15 that contained the 1.2-FLP, Amp and IE-Cre genes flanked by 200 

bp of homology to US14 and US15 on either end: 

AAGCGGTTTCCAGCGTCAGCAATC and 

AATCGTGGTGGTCATCTTGAGGCG. This linear fragment was used for 

recombination into the WT Towne and Q548R IE2 Towne BACs in the DY380 

cells as previously described (54). Resistance to chloramphenicol and 

ampicillin was used to select BACs. Restriction endonuclease digestion and 

field inversion gel electrophoresis (FIGE) was used to analyze the resulting 
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BAC clones (data not shown). Those BACs that demonstrated the appropriate 

restriction digest patterns were amplified and purified as previously described 

(78).  

 In order to make the Q548R IE2 mutation in the Cre/FLP-containing 

HB5 background, we conducted a two step recombination with the pENTR-1a 

system (Invitrogen). The pENTR-1a vector contains the ccdB bacterial toxin 

gene as well as the kanamycin resistance gene. The pENTR-1a vector was 

grown up in DB3.1 cells (Invitrogen), which express ccdA, the ccdB resistance 

protein. The ccdB and kanamycin genes were PCR amplified from pENTR-1a 

with a 72-mer and 74-mer primer that contained  50 bp of homology to the 

region of the IE2 gene surrounding amino acid 548 (nt 170340-170389 and nt 

170401-170451 of the AD169 genome; accession #BK000394.5). This linear 

1.8 kb fragment was then used for the first step recombination into the 

previously described WT C-F HB5 BAC (80) in DB3.1 cells that also contained 

the previously described recombinase expressing pBAD-RedGam plasmid 

(68). Resistance to chloramphenicol and kanamycin was used to select BACs. 

Restriction digest and FIGE was used to analyze the resulting BAC clones. 

Several BACs were then electroporated into DH10B cells to check for the 

biological activity of the ccdB gene. A clone that exhibited no growth in DH10B 

cells was chosen for the second step recombination. For the second step, a 

182 bp fragment containing the Q548R IE2 mutation was PCR amplified from 
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the Q548R IE2 Towne BAC with the following primers: 

CAGGTCATGGTGCGCATCTTCTCC and 

CTGAGACTTGTTCCTCAGGTCCTG. This fragment was then used for the 

second step recombination in DB3.1 cells containing the IE2-ccdB-Kan HB5 

BAC as well as the pBAD-RedGam plasmid. After recombination, DNA was 

isolated from the DB3.1 cells and transferred to DH10B cells. Colonies were 

selected for ability to grow in DH10B cells as well as absence of kanamycin 

resistance, and analyzed via restriction digest and FIGE. The resulting Q548R 

IE2 C-F HB5 BAC exhibited the appropriate restriction digest pattern and the 

presence of the Q548R mutation was confirmed via sequencing. 

 Reconstitution of the Q54R IE2 C-F Towne and the Q548R IE2 C-F 

HB5 BACs was accomplished as previously described (80). Briefly, 6.25 µg of 

each BAC was electroporated into HFF or 86F/40HA cells along with 3.75 µg 

of pcDNA-pp71tag. Supernatant was harvested when the cultures reached 

100% cytopathic effect (CPE). Virus titer was determined by plaque assay. 

The WT C-F Towne and Q548R IE2 C-F Towne BACs also contain an SV40 

promoter-driven GFP that allowed for the monitoring of cultures post-

transfection via fluorescent microscopy. 

 In order to make a revertant virus from the Q548R IE2 C-F HB5 virus, a 

~1.5 kb fragment of WT IE2 was PCR amplified from the WT C-F HB5 BAC 

with the following primers: GCCCGATGAAGATAGTTCC and 
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CGGGGTAACCAAAGAAATC. This fragment (5 µg) was then co-

electroporated with the Q548R IE2 C-F HB5 BAC (6.25 µg) and the pcDNA-

pp71tag plasmid (3.75 µg) into HFFs. After plaques became apparent in the 

culture, supernatant was harvested and a limiting dilution assay was set up to 

isolate individual plaques.  Extracellular virus from wells with individual 

plaques was harvested, further expanded, and viral DNA was isolated from the 

media (QiAmp DNA Blood Mini Kit; Qiagen). The viral DNA was then analyzed 

via PCR and sequencing. As a final test, viral DNA was isolated from cells 

infected with the revertant clones using the modified Hirt method. It was 

transformed into bacteria, isolated and analyzed with restriction digestion and 

FIGE to check for any major rearrangements of the viral genome. This virus is 

referred to as Rev-Q548R IE2 C-F HB5 throughout the paper. 

 In order to make the IE2-FKBP HB5 BAC, a two-step recombination 

process was used. For the first step, a cassette containing both kanamycin 

resistance (Kanr) and streptomycin sensitivity (RpsL) was made using the 

pSK+KanaRpsL plasmid (Addgene plasmid 20871). The cassette contained 

50-bp homology to the C-terminus of IE2 on either end. After purification of the 

fragment, 500 ng was electroporated into electrocompetent and heat-induced 

HB5-containing SW102 bacteria. Colonies were selected based on kanamycin 

resistance and integrity of the BACs were checked via endonuclease digestion 

and FIGE analysis. For the second step of the recombination, a cassette was 
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made using a FKBP-containing plasmid (gift from T.J. Wandless) that 

contained the FKBP coding region and 50-bp of homology to the C-terminus of 

IE2 on either end. After purification of the fragment, 500 ng was electroporated 

into electrocompetent and heat-induced IE2-KanaRpsL HB5-containing 

SW102 cells. Electroporated bacteria were then plated on streptomycin (2 

mg/mL) + chloramphenicol (15 µg/mL) containing LB-agar plates. Plates 

exhibited a smattering of large colonies over a large number of very small 

colonies. Given the difficulty of picking a single colony without also picking up 

one of the very small and likely RpsL-sensitive colonies, colonies that were 

picked went through further selection by inoculation into two LB liquid cultures: 

one containing streptomycin (2 mg/mL) and chloramphenicol (15 µg/mL), and 

the second containing kanamycin (25 µg/mL) and chloramphenicol (15 

µg/mL). After overnight growth at 32°C, both the streptomycin-containing and 

the kanamycin-containing cultures exhibited growth. The streptomycin-

containing overnight culture was then re-plated onto both strep (2 mg/mL) + 

chlor (15 µg/mL) and kan (25 µg/mL) + chlor (15 µg/mL) containing LB-agar 

plates. After 36h of growth at 32°C, the strep + chlor plates but not the kan + 

chlor plates exhibited growth indicating that growing the colonies in strep-

containing liquid culture likely provided stringent enough conditions to remove 

any of the KanaRpsL-containing colonies that were still present. Colonies were 
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picked and the BAC was tested for integrity via restriction endonuclease 

digestion and FIGE analysis. 

 

Cell synchronization and infection  

All experiments with HFFs were performed under G0 synchronization 

conditions with contact-inhibited cells released into G1 at the time of infection 

as previously described (77). 

 

293FT cell transfection and construction of transfected plasmids  

The pcDNA3-86F and pcDNA3-40HA plasmids have been previously 

described (80). Quickchange mutagenesis was used to create the pcDNA3-

Q548R-86F and pcDNA3-Q548R-40HA plasmids. The pcDNA3-UL84HA 

plasmid has also been previously described (82). 293FT cells were transfected 

and harvested as previously described (82). Protein was isolated from cells 

using the Norgen RNA/DNA/protein purification kit. 

 

Western blot analyses  

HFFs were harvested at various times p.i. as described in each 

experiment. Protein was isolated from cells using the Norgen 

DNA/RNA/Protein purification kit. SDS-PAGE and Western blot transfer 

conditions are previously described (82). The geminin polyclonal antibody (FL-
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209) was purchased from Santa Cruz Biotechnology. CH160 monoclonal 

antibody (MAb), UL83 MAb, UL84 MAb, UL44 MAb, UL57 MAb and UL99 

MAb were purchased from Virusys and the Goodwin Institute; IE2 MAb 8140 

was purchased from Chemicon; β-actin MAb Ac15 was purchased from 

Sigma-Aldrich; UL32, UL85 and UL86 MAbs were kind gifts from B. Britt; UL82 

MAb was a kind gift from T. Shenk. 

 

BrdU Assay  

HFFs were infected at an MOI of 1 with either WT C-F HB5, Q548R IE2 

C-F HB5 or mock infected and seeded onto coverslips. At 24 h p.i., cells were 

treated with 10 µM bromodeoxyuridine (BrdU, Sigma). Cells were fixed at 48 h 

p.i. with 2% formaldehyde in phosphate buffered saline (PBS) for 10 min. 

Next, cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and 

then washed in PBS. Cells were then blocked in 10% normal goat serum 

(Jackson ImmunoResearch) in PBS for 20 min. Next, cells were incubated with 

IE1 MAb (Virusys) for 20 mins. Cells were washed in PBS and then incubated 

with a goat anti-mouse IgG2a antibody coupled to tetramethyl rhodamine 

isothiocyanate (Southern Biotech) for 20 min after which cells were washed 

again in PBS. Next, in order to visualize the BrdU, cells were treated with 4N 

HCl for 10 min to denature the DNA, washed in PBS, and incubated with the 

BrdU MAb (Sigma). Cells were then washed and incubated with a goat anti-
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mouse IgG1 antibody coupled to fluorescein isothiocyanate (Southern Biotech) 

along with Hoechst stain. Finally, cells were washed in PBS before being 

mounted over SlowFade Gold (Molecular Probes). Cells were analyzed using 

a DeltaVision deconvolution microscopy system (Applied Precision) on a 

Silicon Graphics O2 workstation. Images were taken with a Photometrics 

charge-coupled-device camera mounted on a fluorescence/differential 

interference contrast microscope. Images were then deconvuluted using 

DeltaVision SoftWoRx programs. Adobe Photoshop was used to prepare 

images for figures. 

 

Immunoprecipitation assay  

HFFs were infected at an MOI of 1 with either mock, WT C-F HB5 or 

Q548R IE2 C-F HB5 and harvested via trypsinization at 48 and 96 h p.i. The 

immunoprecipitation was conducted as previously described (81). Briefly, 4 x 

105 HFFs/sample were immunoprecipitated for CH160. Pre, IP, and post 

lysates were loaded on an 8% acrylamide gel and separated via SDS-PAGE. 

Proteins were then transferred onto a nitrocellulose membrane and probed for 

UL84 and CH160. 
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Microarray analysis  

HFFs (3 x 106 cells/sample) were infected at an MOI of 2 with either WT 

C-F HB5, Q548R IE2 C-F HB5 or mock infected. WT-infected cells were 

harvested at 48 and 96 h p.i., Q548R-infected cells were harvested at 48, 96, 

and 168 h p.i., and mock-infected cells were harvested at 96 h p.i. This set of 

infections was repeated three times to create three biological replicates. RNA 

was extracted, amplified and Cy5 labeled as previously described (37). 

 The 18 Cy5 labeled RNA samples (6 samples with 3 replicates of each) 

were hybridized to a Combimatrix custom microarray. The custom design for 

this array was generously donated by E. Fortunato and has been described 

previously (37). Each Combimatrix slide contains 4 identical arrays with 2,240 

features of which 305 are control features, 1,265 are cellular gene features 

and 670 are viral gene features. Each gene on the array is represented by at 

least 3 features. The 18 samples were assigned at random to slides to 

account for any possible slide-to-slide differences in handling. After 

hybridization and washing of slides according to Combimatrix instructions, 

slides were scanned in a Genepix 4000B Microarray Scanner (Molecular 

Devices). Raw fluorescence data was acquired from the scanned images 

using the Combimatrix microarray imager software. 

 Arrays were normalized to account for sample-to-sample differences in 

loading and dye incorporation by the BIOGEM core at the University of 
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California, San Diego. The fold change between the same feature in two 

different samples was calculated, and the t value of a two-tailed student t-test 

with a 95% confidence interval was used to calculate the P value for each 

feature. A gene was counted as demonstrating a significant fold change 

between samples if it met two criteria: first, greater than 50% of a geneʼs 

features needed to have P values of less than 0.05, and second, the fold 

change averaged across all of a geneʼs features needed to be greater than 2. 

 

Quantitative real time PCR and RT-PCR analyses  

DNA for quantitative real time PCR was isolated using the Norgen 

DNA/RNA/Protein purification kit and samples were analyzed for levels of viral 

DNA using primers and probes to the UL77 gene as previously described 

(100). DNA levels were normalized to levels of the cellular glyceraldehyde 6-

phosphate dehydrogenase promoter as previously described (100). 

 RNA was isolated using the Norgen DNA/RNA/Protein purification kit 

and samples were treated with Turbo DNase (Ambion) to ensure lack of DNA 

contamination. The quantitative real time RT-PCR analysis of IE1 72, IE2 86, 

UL83, and UL84, and the cellular housekeeping gene, glucose 6-phosphate 

dehyrogenase (G6PD) RNAs was conducted as previously described (98). 

The primers and TaqMan probes for the C-terminus of IE2 that probes for IE2 

86, IE2 60 and IE2 40 have been previously described (82). 
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 RNA for the analysis of US8, US9 and US29-32 was taken from the 

same total RNA samples used for microarray analysis that had been isolated 

with the SV Total RNA Isolation kit (Promega). An 18-mer oligo dT was 

annealed to 1 µg of total RNA and was then used to make concentrated 

complementary DNA (cDNA) with ThermoScript Reverse Transcriptase 

(Invitrogen) according to the manufacturerʼs instructions. The SYBR Green 

PCR Master Mix (Applied Biosystems) was then used to set up the 

quantitative PCR reaction according to the manufacturerʼs instructions. The 

primers used for this experiment are contained in table 8. 

 

Northern analysis of miRNAs 

 HFFs were infected at MOI = 0.5 with either mock, WT C-F HB5 or 

Q548R IE2 C-F HB5. Cells were harvested at 72 and 96 h p.i. and total RNA 

was isolated using TRIzol reagent (Invitrogen) according to the manufacturerʼs 

instructions. The Northern blot analysis was conducted as described 

previously (90). The miR-US33as and U6 probes were also previously 

described (90). 
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Table 8. QPCR primers for confirmation of significant microarray genes 
 

 
 
 
 

Gene Forward primer (5ʼ3ʼ) Reverse primer (5ʼ3ʼ) 
US8 GCCTCGGTACCATATACGTT CACACTTTTGGGGTACACAG 
US9 GTACTCTCGAGCCGCTCCAA GGCCGTATCGGAGAAGTTGC 
US29 ATACTCGTGAGCGGTTACGG GGTGATAACCAGTTGCTCAG 
US30 CAATATCATCTGGTGGACCG GCAGTTTGCCTTCAGAAACG 
US31 CGACTACTCGCACAACCTGT ACCCGAGGAATACGCCGTAC 
US32 GAGAGCACCTCTATTGTGTG ACCTGTTGCTCTGGCGCTTC 
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