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ABSTRACT: 

 Human cytomegalovirus (HCMV) is a β-herpesvirus that infects over 80% 

of the human population.  Although disease is rare in immunocompetent 

individuals, severe disease is common in immunocompromised patients, 

including neonates, transplant recipients and acquired immunodeficiency 

syndrome (AIDS) patients.  HCMV UL69 is a viral protein packaged in the 

tegument of the virion and, as such, is present from the earliest moments of 

infection.  Using transient transfection assays, UL69 has been shown to bind the 

cellular splicing and mRNA export factor U2AF65 associated protein 56 (UAP56), 

shuttle between the nucleus and the cytoplasm, and bind the cellular chromatin 

remodeling and transcriptional elongation factor Suppressor of Ty 6 (Spt6).  In 

previously published work, these characteristics were shown to be required for 

transactivating the major immediate/early promoter (MIEP) and promoting the 

export of an intron-containing chloramphenicol acetyltransferase (CAT) reporter 

transcript.  These results, in addition to the fact that most herpesviral transcripts 

are intronless, have led to a model for UL69 function during HCMV infection as a 

viral mRNA export factor.  However, recently published work using a UL69 

deletion viral mutant, termed TNsubUL69, has demonstrated that during viral 

infection, UL69 is not required for expression of immediate/early (IE) or early (E) 

genes.  In contrast, deletion of UL69 results in a severe defect in late (L) gene 

expression.  Additionally, the UL69 deletion mutant exhibits a defect in viral DNA 

replication and a MOI-dependent replication defect.  These results demonstrate 

the importance of examining the functional role of UL69 in the context of a viral 
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infection, in the presence of a full complement of viral factors at physiologically 

relevant levels.  The goal of this thesis is to characterize viral mutants that 

contain mutations in the UL69 open reading frame (ORF) which have been 

previously described to abolish either binding to UAP56 (UL69mUAP), 

nucleocytoplasmic shuttling (UL69P603 or UL69E618), or binding to Spt6 

(UL69C496).    We demonstrate our own ΔUL69 viral mutant exhibits a similar 

replication phenotype, consistent with previously published results.  We 

demonstrate that the UL69mUAP mutation abolishes UL69 binding of UAP56 but 

does not affect viral replication.  The UL69P603 mutation, but not the UL69E618 

mutation, abolishes UL69 shuttling and results in a defect in viral replication 

similar to the deletion mutant virus.  However, the UL69P603 viral mutant is also 

defective for every other UL69 characteristic for which we have assayed, 

suggesting the UL69P603 mutation affects a core domain in the UL69 ORF and 

results in a global UL69 defect during viral infection.  A similar result has been 

obtained for the UL69C496 viral mutant, which is defective for UL69 binding of 

Spt6, but also results in a defect in other UL69 functions.  Using an shRNA 

strategy to further examine the role of Spt6 during HCMV replication, we 

demonstrate that partial knockdown of Spt6 negatively affects WT HCMV 

replication.  Taken together, we conclude that UL69 binding of UAP56 is not 

required efficient HCMV replication, but are unable to make strong conclusions 

about UL69 shuttling or binding of Spt6 during viral replication.  Since both UL69 

shuttling and UL69 binding of UAP56 are required for export of an intron-

containing transcript, and given that UL69 binding of UAP56 is not required for 
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efficient viral replication, we predict that UL69 shuttling is also not important for 

efficient viral replication.  Thus we propose three models for UL69 function, which 

center on UL69 binding of Spt6.  Through its interaction with Spt6, UL69 

functions as either a viral mRNA export factor, a chromatin remodeling factor, or 

a transcriptional elongation factor. 
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INTRODUCTION: 

 Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus that rarely 

causes disease in most immunocompetent individuals.  However, severe disease 

is common in immunocompromised patients including neonates, transplant 

recipients and AIDS patients.  Congenital HCMV infection is the leading viral 

cause of birth defects.   With the rise of transplantation and the use of associated 

immunosuppressive therapy, transplant recipients are at increased risk for HCMV 

infection and disease.  HIV-infected patients are also at increased risk for HCMV 

diseases such as retinitis and peneumonitis, and development of HCMV disease 

is thought to signal the onset of AIDS.  HCMV’s virion structure, temporally-

regulated gene expression and persistence in infected hosts are typical of all 

herpesviruses.  However, its host cell specificity and slow growth in cell culture 

differentiate it as a betaherpesvirus (139). 

 The role of tegument proteins during HCMV replication is not well 

understood.  Since tegument proteins are incorporated into the virion structure, 

they are delivered to the host cell’s cytoplasm upon infection.   This makes 

tegument proteins available to affect all aspects of HCMV replication (70).  

ppUL69 is one such protein, and has been shown to be required for efficient viral 

replication, viral gene expression, and HCMV mediated arrest in the G1 phase of 

the cell cycle (59, 93, 159).  However, the molecular mechanism(s) by which 

ppUL69 functions are not known, but several of its characteristics have been 

described.  ppUL69 binds the cellular factors U2AF65 associated protein 56 

(UAP56) and Suppressor of Ty 6 (Spt6), shuttles between the nucleus and the 
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cytoplasm, binds RNA, and multimerizes (87-89, 150, 158).  These 

characteristics have only been demonstrated in the context of a transient 

transfection assay.  Such experiments have led researchers to hypothesize that 

ppUL69 functions, in part, as a viral mRNA export factor (151).  However, little is 

known in terms of a viral infection, when a full complement of viral factors is 

present at physiologically relevant levels.  This thesis describes and begins to 

characterize viral mutants that express mutant forms of UL69 defective for 

binding UAP56, Spt6 and shuttling in order to study the contribution of ppUL69 in 

a lytic infection. 

 

Epidemiology, Clinical Aspects, and Therapy: 

HCMV infects up to 80% of the human population by adulthood (102).  

After a primary lytic infection, HCMV establishes a life-long latency, periodically 

reactivating and shedding infectious virus in body fluids (cervical secretions, milk, 

urine, saliva, tears, and semen) (129).  Ten percent of all newborns are infected 

by 6 months of age by transmission from their infected mothers via the placenta, 

during birth, or breastfeeding (109, 134).  The mechanism of HCMV transmission 

during pregnancy is unclear, however placental macrophages are thought to be 

important for preventing transmission from the mother to the fetus (23). Infection 

during delivery or breast feeding are the more common transmission routes 

(135).  Ingestion of genital secretions, which contain high titers of HCMV, during 

delivery can result in infection of the newborn (135).  Breast milk contains 

relatively low titers of HCMV, but long term feeding allows for continuous 
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exposure and thus efficient transmission (135).  Breast-feeding is thought to be 

the most common route of vertical transmission.  About 70% of infants are 

infected when virus can be isolated from an infected mother’s milk, whereas only 

10% of infants are infected when virus is not detected in the milk of an infected 

mother (39).  The route of primary infection during childhood (after 6 months of 

age) is not clear, but close contact is required for transmission.  Therefore, 

children living in poverty, often in densely populated areas where living 

conditions are poor, are almost all infected before puberty, whereas less than 

40% of children in first world countries are infected by puberty (102).  

Additionally, children who attend day care centers and are in contact with many 

other children during the day, are at a higher risk of HCMV infection than children 

who do not attend a day care facility (46).  HCMV is also present in genital fluids 

and can therefore be sexually transmitted, which becomes a significant mode of 

transmission after puberty in sexually active young adults (46). 

The ability of HCMV to be readily transmitted and avoid immune clearance 

by establishing an asymptomatic latency has facilitated its widespread presence 

in the immunocompetent human population. However, in patients with immature 

or severely compromised immune systems, HCMV is a major human pathogen 

and infection results in significant morbidity and mortality (137).  Age-related 

immunosenescence (81), as well as some inflammatory diseases and cancers 

are thought to be associated with HCMV infection as well (132). 
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HCMV Infection in the Immunocompetent Host 

 HCMV infection is relatively asymptomatic in healthy, immunocompetent 

individuals.  However, HCMV is responsible for approximately 8% of infectious 

mononucleosis with symptoms similar to those of Epstein-Barr virus (EBV) 

infection (137).  A rash is also a common symptom, present in 30% of patients.  

Rarely, more severe complications can occur including pneumonia, myocarditis, 

hemolytic anemia, retinitis, gastrointestinal ulceration, hepatitis, and central as 

well as peripheral neuropathy (102).  These complications are more prevalent in 

patients with underlying immunodeficiencies. 

 

Congenital HCMV Infection 

HCMV infection during fetal development results in significantly more 

morbidity and mortality than infection during or after birth.  Such congenital 

infections make up 1% of all live births, of which up to 10% display cytomegalic 

inclusion disease (CID).  Symptoms include intrauterine growth retardation, 

jaundice, hepatosplenomegaly, thrombocytopenia, petechiae, chorioretinitis and 

hepatitis.  These symptoms typically resolve themselves without therapy in the 

majority of cases.  In contrast, symptoms involving the central nervous system, 

which include microcephaly, encephalitis, seizures, and focal neurological signs, 

cause permanent damage.  This damage accounts for the long-term morbidity 

and poor prognosis of CID, resulting in neurological dysfunction in 80% of 

symptomatic patients such as congential deafness and other mental 

developmental disabilities (125).  In about 11-20% of cases, the damage is so 
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severe the patient does not survive infancy.  However, long-term dysfunction is 

not limited to only symptomatic patients.  Of the total infants that are 

asymptomatically infected at birth, about 15% will experience some form of 

hearing loss or impaired cognitive development (14). 

 

HCMV Infection in Transplant Recipients 

HCMV is also a major opportunistic infection for transplant recipients.  

HCMV infection results from either reactivation of latent HCMV due to the 

immunosuppressive chemotherapy used to prevent allograph rejection, or from 

primary infection from exposure to seropositive donor tissue (102).  Reactivation 

of latent HCMV in seropositive bone marrow transplant (BMT) patients is a 

greater threat than transmission of HCMV from a seropositive BM donor to a 

seronegative BM recipient, suggesting a role for adoptive immunity (102).  In 

solid organ transplant recipients, HCMV disease is initially localized to the 

transplanted organ but eventually spreads (82).  The most significant HCMV-

associated syndrome is viral pneumonia, with an incidence of nearly 15% (82).  

Viral pneumonia has a poor prognosis with 90% mortality (82).  HCMV infection 

can also eventually result in graft rejection in transplant recipients (141). 

 

HCMV Infection in AIDS Patients 

Infection with human immunodeficiency virus (HIV) and the associated 

decline in CD4+ T-cell count results in immunosuppression.  Consequently 

HCMV is a leading opportunistic infection in acquired immunodeficiency 
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syndrome (AIDS).  In AIDS patients, 90% will develop active HCMV infections, 

and 40% will display HCMV-associated retinitis or other life-threatening disease 

(76).  HCMV replication in the gut of AIDS patients can result in extensive 

ulceration (114).  Replication in the CNS of AIDS patients results in similar 

symptoms to congenital infection.  Currently it is unclear if HCMV disease is 

simply a result of immune dysfunction in AIDS patients or if HCMV actively 

promotes HIV replication and disease progression.  However, highly active 

antiretroviral therapy (HAART), which is very effective at inhibiting HIV 

replication, also reduces HCMV replication and disease (50, 107). 

 

HCMV Therapy and Prevention 

The significant morbidity and mortality that occurs as a result of HCMV 

infection has driven research into drug therapies.  Currently, drug therapies are 

typically pursued as a prophylaxis before an infection in an immunocompromised 

patient begins, but are also used after the establishment of disease (68, 161).  

This prophylactic strategy is relatively effective in transplant patients.  However, 

antiviral drugs still suffer from issues of toxicity and bioavailability, which prevent 

their use to treat/prevent congenital infections.  Additionally, antiviral treatments 

for HCMV disease are hobbled by low potency and the emergence of resistant 

strains, primarily in AIDS patients (12, 82).  These issues and the fact that most 

drugs must be administered intravenously for optimal effect sometimes require 

hospitalization of the patient. 
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To date, the only drugs licensed for severe HCMV infections are 

ganciclovir (GCV), cidofovir (CDV), and foscarnet (PFA).  GCV, a nucleoside 

analogue, is the most commonly used drug and is a competitive inhibitor of 

UL54, the viral DNA polymerase.  GCV’s antiviral activity requires both 

phosphorylation by both UL97 (viral kinase) and cellular kinases (90).  In 

contrast, PFA, a pyrophosphate analog, is a noncompetitive inhibitor of UL54 and 

does not require activation (33).  It is administered as an alternative to GCV with 

the emergence of GCV-resistant strains (154).  CDV is another nucleoside 

analogue that is a competitive inhibitor of UL54 (28).  CDV has a longer 

intracellular half-life than GCV or PFA (62) and CDV is effective against most 

GCV- and PFA-resistant strains (82).  However, severe toxicity issues limit its 

approval to use for treating HCMV retinitis in AIDS patients (82).  Alternative 

approaches exist, including using antisense oligonucleotides against IE2 

(fomivirsen) (7), and a promising new class of drug known as benzimidozole 

ribosides (ie 1263W94), which seem to perform well in terms of potency and 

tolerability (34). 

The significant cost associated with drug therapies drives research into 

other prevention-oriented strategies.  Transmission can be avoided by matching 

seropositive and seronegative donors and recipients during organ 

transplantations and blood transfusions.  Additionally, leukocyte depleted blood 

products can be used instead of whole blood.  However, the availability of donor 

organs and the limited resources of blood transfusion centers limit these 
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strategies (123, 140).  As a result, HCMV vaccine development is an active 

area of research, especially as a strategy to prevent congenital infection. 

Currently, no vaccine is available for use, but research indicates that 

antibody responses to viral antigen gB and cytotoxic T-lymphocyte responses to 

viral antigens pp65 are essential to mounting an effective immune response (21, 

53, 97, 115, 157).  Additional induction of antibody responses to gH and gN, and 

CTL responses to IE1 and pp150 may also increase the efficacy of potential 

vaccines (57, 77).  Vaccine strategies include the use of attenuated live viruses, 

recombinant live chimera viruses, HCMV dense bodies, gB subunit vaccines, and 

DNA vaccines (54).  Many vaccine candidates are in clinical trials and their 

efficacy and safety are being evaluated. 

 

Molecular Virology of HCMV 

HCMV Genome 

 The HCMV genome is a 230-kilobase double-stranded DNA genome with 

a high G+C content.  It encodes approximately 225 open reading frames (ORFs) 

and is the largest herpesvirus genome (27, 106).  The genome is arranged into 

unique long (UL), unique short (US) and repeat regions (Figure 1).  This 

arrangement is then used in naming the ORFs, i.e. UL69 is the 69th ORF in the 

UL region.  Direct repeat sequences at the ends of the genome and at the UL/US 

junction allow for inversion of the UL and US sequences, resulting in the 

presence of 4 HCMV genome isomers in viral progeny (102). 

The genome of the widely studied and sequenced AD169 strain lacks 



 9 

 

 
 
 
 
Figure 1. HCMV Virion Structure.  HCMV virion consists of a host-derived lipid 
envelope, which is studded with virally encoded glycoproteins.  The envelope 
surrounds the icosahedral nucleocapsid core, which contains the double-
stranded DNA genome, and a layer of proteins between the nucleocapsid and 
envelope known as the tegument.  The HCMV genome is organized into unique 
long (UL) and unique short (US) regions flanked by both internal repeat 
sequences (IRS) and terminal repeat sequences (TRS). 
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an additional 15 kb (encoding 19 additional ORFs) that are present in the 

Towne and Toledo strains as well as in clinical isolates (26).  Only approximately 

40 ORFs in the AD169 strain are conserved in all herpesviruses, 25% of which 

are involved in viral DNA replication and 75% of which are involved in maturation 

and structure of the virion (27, 75).  Mutational analysis has demonstrated that 

over 50 ORFs in AD169 are dispensable for viral replication in fibroblasts (106).  

Additionally, functional roles have not been assigned to every ORF (106).  These 

observations suggest that the remaining still uncharacterized ORFs evolved to 

optimize viral replication in a HCMV specific manner, affecting dissemination, 

tropism, pathogenesis, and immune evasion (102). 

 

HCMV Virion Structure 

HCMV’s genome is encased by virally encoded capsid proteins, forming a 

100-nm icosahedral nucleocapsid (102).    A group of roughly 25 virally encoded 

proteins separates the nucelocapsid from the host-derived lipid envelope, which 

is studded with viral glycoproteins (Figure 1).  These proteins are known as 

tegument proteins and are delivered to the cytoplasm of a new host cell 

immediately upon fusion of the lipid envelope with the cellular membrane (102).  

Altogether, the entire mature virion is approximately 200 nm in diameter. 

In addition to infectious virons, infection with HCMV also results in the 

production of two other types of particles called noninfectious enveloped particles 

(NEP) and dense bodies (DB).  NEPs are immature capsids surrounded by an 

envelope but do not contain a genome.  DBs on the other hand do not contain a 
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capsid at all but instead consist of certain tegument proteins, which are also 

enveloped.  The relative amounts of each type of particle are dependent on strain 

type and the number of passages through cell culture (102). 

The capsid is composed of 4 virally encoded proteins: pUL46, pUL48.5, 

UL85 (the minor capsid protein), and UL86 (the major capsid protein).  UL80 

associates with the capsid during assembly and plays an important role in 

maturation, but is absent from the mature infectious virion.  Pentameric and 

hexameric units of pUL86 form an icosahedral lattice (T = 16) joined by 

structures composed of pUL46 and pUL48.5 (102). 

The HCMV envelope is a host-derived lipid bilayer studded with at least 6 

virally encoded glycoprotein, including: gpUL55 (gB), gpUL73 (gN), gpUL74 (gO), 

gpUL75 (gH), UL100 (gM), and gpUL115 (gL).  These viral proteins initiate and 

regulate viral binding and entry, as well as play important roles in cell-to-cell 

spread and maturation (20, 64, 148).  Of these 6 glycoproteins, only gO is 

dispensable for replication in fibroblasts (63).  These glycoproteins also associate 

to form three distinct complexes, known as gCI (homodimers of gB (148)), gCII 

(complex of gM and gN(74)), and gCIII (complex of gH, gL, gO (148)).  Each 

complex elicits a strong humoral response producing neutralizing antibodies.  

Their loci are highly polymorphic and is thought to contribute to HCMV cell 

tropism and pathogenicity. 

The tegument is a group of about 25 viral proteins between the envelope 

and nucleocapsid.  In addition to viral proteins, 5 viral RNAs are also present, 

however, their function remains unclear (19).  Tegument proteins (as well as the 
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tegument RNAs) are present from the earliest stages of infection through the 

replication cycle and play important roles in regulating entry (11, 13), gene 

expression (91, 92, 159), immune evasion (32, 52), viral DNA replication (47, 60, 

108), viral assembly (1, 37, 111), and egress (6, 37, 111, 116, 127). Their 

presence allows tegument proteins to possibly affect the viral replication 

machinery throughout the replication cycle. 

 

HCMV Replication 

 HCMV replication is very similar to that of all herpesviruses (Figure 2).  

Viral glycoproteins in the envelope of the virion facilitate viral binding and 

attachment to the host cell.  After fusion of the viral envelope with the host cell’s 

membrane, tegument proteins and nucleocapsid are delivered to the cytoplasm.  

The nucleocapsid translocates to the nucleus where the HCMV genome is 

uncoated, and circularized.  Upon circularization, immediate-early (IE) gene 

expression occurs.  IE genes encode proteins that promote the expression of 

early (E) genes.  E genes are involved in viral DNA replication.  After genome 

synthesis, late (L) gene expression occurs, which consists mostly of structural 

proteins involved in assembly and egress.  Tegumentation, the point in the virion 

assembly process when tegument proteins associate with nucleocapsid, occurs 

as the nucleocapsids traffic through the Golgi apparatus, and final envelopment 

occurs at the cell’s cytoplasmic membrane.  Final maturation and virion release 

occur to produce new infectious progeny (102). 
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Figure 2. HCMV Replication Cycle.  Viral glycoproteins in the viral envelope 
mediate binding, attachment and entry of virion (A).  Upon fusion, the 
nucleocapsid and tegument proteins are delivered to the host cell cytoplasm.  
The nucleocapsid and some tegument proteins translocate to the nucleus.  The 
viral genome is uncoated (B) and enters the nucleus through a nuclear pore.  
Once inside the nucleus, the genome circularizes and immediate-early gene 
transcription is initiated without de novo protein synthesis (C).  When the 
immediate-early genes are expressed (D), early genes are transcribed, which 
encode the machinery required for viral genome synthesis (E).  After genome 
replication, late genes are expressed, which encode structural proteins.  
Genomes are packaged into assembling capsids (F), and newly formed 
nucleocapsids bud into the Golgi apparatus.  Tegumentation occurs in the 
cytoplasm and final envelopment occurs in glycoprotein-studded vesicles (G).  
Mature virions are finally released via an exocytotic-like pathway. 
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HCMV Entry 

 First, binding is initiated by a low-affinity interaction with gM/gN or gB with 

heparan sulfate proteoglycans (36).  This interaction is stabilized by an 

interaction of gB with epidermal growth factor receptor, resulting in a docking 

state.  Fusion is facilitated by the heteroligomeric gH-gL-gO complex, although 

the cellular binding partner(s) of this complex are not yet fully defined (148) but 

are known to include integrins (42, 124, 153, 156).  The nucleocapsid and 

tegument proteins are delivered to the cytoplasm and rapidly translocate to the 

nucleus of the cell.  HCMV entry also stimulates intracellular signal transduction 

pathways by interactions between HCMV glycoproteins and their cellular 

receptors (17, 22, 128, 167, 169, 170).  This allows HCMV to modify host cell 

gene expression at the start of infection to induce a favorable replication 

environment.  Since viral binding and penetration occurs equally in both 

permissive and nonpermissive cell types, the restriction of productive HCMV 

replication to a very narrow range of human cells is thought to be the result of a 

block in viral gene expression after entry (130). 

 

HCMV Gene Expression and Genome Replication 

 The HCMV genome is expressed in a temporally regulated cascade, with 

three phases of viral genes expression.  First, immediate-early (IE), or α, genes 

are expressed.  IE genes do not require de novo protein synthesis for 

transcription and are transcribed within one hour after infection.  IE genes include 

the major IE (MIE) genes UL122 and UL123 (IE1 and IE2) as well as auxiliary 
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genes (UL36 – UL38, UL115 – UL119, IRS1/TRS1, and US3) (102). The MIE 

genes are regulated by the MIE promoter (MIEP), which contains binding sites 

for several cellular transcription factors (16).  The MIE genes IE1 and IE2 

transactivate both viral and cellular gene expression, autoregulate, and modulate 

a number of cellular processes to allow for progression of HCMV infection to the 

second phase viral gene expression where early (E) genes are expressed (45, 

98, 99, 102). 

 Early, or β, gene expression depends on IE gene expression, but is 

unaffected by inhibitors of viral DNA synthesis (45).  E genes are mostly involved 

in promoting viral DNA replication, such as UL54, the viral DNA polymerase, and 

UL44, the polymerase processivity factor (102).  Once the E genes are 

expressed, the HCMV genome undergoes replication. 

HCMV genome replication occurs in the nucleus of an infected cell, 

starting at about 16 hours after the beginning of infection (102).  Unlike other 

herpesviruses, HCMV does not encode deoxyribonucleotide synthesis enzymes 

(27, 112).  Consequently, HCMV stimulates cellular gene expression and cell 

cycle arrest, instead of completely shutting off host cell gene expression, to 

ensure a supply of dNTPs for viral genome replication (44, 71).   

Several viral proteins that localize to replication centers in the nucleus 

facilitate the progression from circularization of the HCMV genome to viral DNA 

synthesis.  First, a bidirectional θ mechanism for genome replication from a 

single oriLyt origin of replication is used followed by a rolling circle mechanism at 

later time points.  The rolling circle mechanism produces the majority of new viral 
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genomes. Packaging of viral genomes is facilitated by the packaging signal 

DNA sequences pac1 and pac2 within the genome.  After viral DNA synthesis, L 

gene expression occurs (102). 

 Late gene expression, unlike E genes, requires viral DNA synthesis, and 

is inhibited by viral DNA synthesis inhibitors. Late (γ) gene expression begins by 

24 hours after infection and is subdivided into two types.  Leaky-late genes (γ1) 

are sensitive to viral DNA synthesis inhibition, but not completely inhibited, 

whereas true late genes (γ2) are completely dependent on viral DNA synthesis.  

Most L genes encode structural components of the virion and are involved in 

assembly and viral morphology (45, 102). 

 

HCMV Assembly, Maturation, and Egress 

 New capsid components (late gene products) assemble in the cytoplasm 

and then translocate into the nucleus, where they oligomerize and form capsid 

shells (24, 51).  As viral genomes are packaged into capsids, they accumulate as 

characteristic nuclear inclusions, conferring an “owl’s eye” appearance.  A series 

of proteolytic events promote the final maturation of the capsid and removal of 

scaffold proteins (51).  Nucleocapsids undergo primary envelopment at the 

nuclear membrane and fuse with the ER membrane (51).  Once in the cytoplasm, 

tegumentation occurs and the virion buds into vesicles in the Golgi apparatus 

(119).  Finally mature virions are transported to the cell surface and released via 

an exocytic pathway (100). 
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ppUL69 and Proposed Functions 

ppUL69 

The tegument protein ppUL69, the focus of this thesis, has previously 

been shown to play an important role in regulating efficient HCMV replication 

(59).  Infection with a UL69 deletion mutant results in a severe multiplicity-

dependent growth phenotype meaning that the replication-defective phenotype of 

the deletion mutant is exacerbated at lower multiplicities of infection (59).  

Proposed UL69 functions include its ability to regulate cell cycle progression (59, 

93) and viral gene expression (159).  The molecular mechanisms by which UL69 

achieves these functions are unknown in the context of a productive viral 

infection, but studies using transient transfection assays have suggested several.  

First, UL69 binds the cellular proteins UAP56 (89) and Spt6 (158).  Second, 

UL69 shuttles between the nucleus and cytoplasm (87).  Third, UL69 binds RNA 

(150) and multimerizes (88).   

 UL69 was first characterized as the ICP27 homologue in HCMV (159).  

ICP27 is an essential IE gene known for its ability to post-transcriptionally 

regulate viral gene expression in Herpes Simplex Virus 1 (HSV-1) (122).  ICP27 

homologues are present in every herpesvirus family and are trans-regulatory 

proteins, which regulate viral gene expression via post-transcriptional mechanism 

(3, 29, 67, 147).  Each ICP27 homologue, in addition to the region of homology to 

ICP27, encodes a unique N terminal region.  Betaherpesviruses encode a unique 

N and C terminal region (Figure 3) (159). As an ICP27 homologue, UL69 shares 

some properties with ICP27.  Both bind RNA, shuttle between the nucleus and  
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Figure 3. Schematic representation of ppUL69 functional domains.  ppUL69 
is an ICP27 homologue and contains a region of homology conserved in all 
ICP27 homologues.  Alpha- (HSV-1’s ICP27) and gamma- (EBV’s EB2) 
herpesviruses all encode a unique N-terminus, whereas beta- (HCMV’s UL69) 
herpesviruses all encode both a unique N- and C-terminus.  Common features 
include Nuclear Localization Signals (NLS), Nuclear Export Signals (NES), and 
RNA-Binding Domains (RBD).  ICP27 features a unique Nucleolar Localization 
Signal (NuLS), and each homologue possess domains that bind different cellular 
transcript biosynthesis and export factors (TAP, REF, UAP56, and Spt6).  
Additionally, the mutant UL69 sequences used in constructing viral mutants are 
also depicted. 
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the cytoplasm and localize to the nucleus during infection (87, 117, 118, 133, 

150). However, UL69 and ICP27 also exhibit significant differences.  UL69 

displays early-late kinetics of expression (159), is incorporated into the tegument 

of the virion during replication (160), and is not an essential gene (59).  On the 

other hand, ICP27 is an immediate-early gene, not present in the HSV-1 

tegument, and is an essential gene (117).  Additionally ICP27 was shown to 

transactivate gene expression by inhibiting splicing and promoting export of 

unspliced RNA (121) while UL69’s mechanism of transactivation is thought to be 

promoting export of unspliced viral transcripts, but not by inhibiting splicing (151).  

These differences have functional significance because neither protein is capable 

of complementing defects associated with mutations of the other (159).  

UL69 is thought to function in part by regulating export of intronless viral 

mRNAs from the nucleus to the cytoplasm within infected cells, both by binding 

the mRNA export adapters UAP56 (89) and shuttling between the nucleus and 

the cytoplasm (87, 89).  Additionally, UL69, through its interaction with Spt6, a 

chromatin remodeling factor and transcriptional elongation factor, may also 

influence late gene expression at the transcriptional level (158).  These 

interactions were previously examined in the context of transient transfection 

assays.  UL69 binding of UAP56 and shuttling are both required for export of an 

unspliced reporter transcript (89).  UL69 shuttling and binding of Spt6 are 

required for transactivation of the HCMV major immediate early promoter (MIEP) 

in a luciferase assay (87, 158).  These results are consistent with earlier 

observations that UL69 is capable of promoting expression of IE, and E 
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promoters but not L promoters (159).  However, when the function of UL69 

was examined in the context of a viral infection using a UL69 null mutant, the 

absence of UL69 resulted in a drastic decrease in L gene expression but did not 

affect IE, or E genes (59).  This result demonstrates the importance of studying 

the molecular mechanisms by which UL69 functions in the context of a viral 

infection, in the presence of a full complement of viral proteins at physiological 

levels expressed at the proper time during the cascade of HCMV gene 

expression. 

 

UL69 Interacts with UAP56 

The U2AF65-associated protein is a 56-kDa protein (UAP56) and a 

member of the DEAD box RNA helicase family of proteins.  It was first identified 

as a stabilizing interaction partner for the 65-kDa U2 auxiliary factor (U2AF65), 

which is involved in transcript splicing (43).  Subsequently, researchers 

demonstrated a role for UAP56 in both pre-mRNA splicing by loading splicing 

factors onto the pre-mRNA via its interaction with U2AF65 and providing the 

energy requirements to drive splicing (78, 80, 85, 94, 113, 168).  UAP56 is also 

an important mRNA export factor through its interaction with REF/Aly (48, 49, 69, 

86, 94). Thus UAP56 is an important link connecting cellular transcript 

processing and export (reviewed in (126)) (Figure 4). 

Binding of UAP56 by HCMV ppUL69 was shown to be required for the 

export of an unspliced reporter construct during a transient transfection (89).  As 

most HCMV transcripts are intronless, it has been proposed that UL69 binds  
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Figure 4.  Cellular transcript biosynthesis, splicing, and export.  Spt6 binds 
RNA pol II and functions in normal cellular transciption by promoting transcript 
elongation via chromatin-dependent, and independent mechanisms.  UAP56 
associates with the spliceosome, facilitates proper cellular transcript splicing and 
directs cellular transcript export during normal conditions. 
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UAP56 to promote export of late viral transcripts during HCMV replication 

(151).  However, this has not been tested in the context of a viral infection. 

 

UL69 Engages in Nucleocytoplasmic Shuttling 

 Eukaryotic cells require a regulated system of transport of 

macromolecules between the nucleus and the cytoplasm.  Nucleocytoplasmic 

transport involves interaction between the nuclear pore and a set of proteins 

known as exportins and importins (reviewed in (56, 103).  While the mechanisms 

involving NLS-mediated nuclear import of macromolecules are well studied (103), 

NES-mediated export has only been actively studied in the last 15 years and is a 

newer field of study.  Proteins that functionally possess both a NLS and a NES 

are capable of bidirectional transport between the nucleus and the cytoplasm 

(101).  In herpesviruses, nucleocytoplasmic shuttling has been shown to be a 

common feature of the ICP27 homologues with some important variations (41, 

55, 120).  For example, in contrast to ICP27, in a transient transfection UL69 

shuttling is not affected by leptomycin B, indicating CRM1, a protein export 

receptor, is not involved (101, 103).  However, HSV-1 resistance to leptomycin B 

depends on ICP27 function during infection, indicating transient transfection data 

can conflict with viral infection data (84). 

UL69’s shuttling activity was shown to be required for UL69 activation of 

the major immediate early promoter (87), and UL69-mediated export of an 

unspliced transcript of an intron-containing CAT reporter (89).  These data 

support a role for UL69 as a viral mRNA export factor.  However, the role of 
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UL69 shuttling or as an mRNA export factor has not been tested in the context 

of a viral infection. 

 

UL69 Interacts with Spt6 

Suppressor of Ty 6 (Spt6) is a highly charged 170 – 210 kDa nuclear 

protein with a very acidic N-terminus and an SH2 domain on the C-terminus (95, 

143).  Spt6 was first identified in a genetic screen using the retrotransposon Ty in 

yeast.  Screening for spontaneous revertants of Ty mutations revealed the 

involvement of the essential gene Spt6 (162).  Studies of these mutants revealed 

Spt6-mediated reversion occurred at the level of transcription at a variety of loci 

(35, 38, 58, 83, 104, 105) indicating a broad role in transcription.  Further 

research eventually defined roles of Spt6 in regulating gene expression by 

modifying chromatin structure and in regulating transcriptional elongation (Figure 

4).  Spt6 interacts with histones, and in conjunction with other factors (143, 144), 

regulates the assembly of histones onto DNA to regulate RNA pol II transcription 

initiation (15, 31, 61, 96, 145) and elongation of target genes (4, 15, 30, 73, 152, 

155), and prevents aberrant transcription from cryptic sites (2, 66, 72, 164, 165).  

Spt6 is also able to regulate transcriptional elongation on naked DNA 

independently of its interactions with histones via a direct interaction with RNA 

pol II (5, 10, 40, 163).  After transcription, Spt6, via its interaction with Iws1, also 

directs transcripts into splicing and export pathways (163), connecting transcript 

biosynthesis with export.  HCMV ppUL69 was shown to interact with Spt6, which 

is required for transactivation of the MIEP in a transient transfection assay.  
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Further this interaction was able to inhibit the interaction between Spt6 and 

histones H2A and H3 (158) suggesting UL69 may function by interfering with the 

ability of Spt6 to regulate chromatin structure.  However, whether or not the 

interaction between ppUL69 and Spt6 is important during viral infection has not 

been tested.  

 

Proposed Models for UL69 Function During Viral Replication 

Two models have been proposed in the literature for UL69 function as a 

viral mRNA export factor during HCMV replication (89, 151) (Figure 5).  First, 

UL69 is recruited to elongating viral transcripts via its interaction with Spt6.  As 

Spt6 promotes the elongation of viral transcripts, UL69 simultaneously binds 

UAP56 and mRNA export factors onto the viral transcript.  After transcription is 

complete, UAP56 pass off the viral transcript to REF/Aly (146), which load the 

TAP/p15 heterodimeric mRNA transport factors (142).  TAP/p15 then interact 

directly with the nuclear pore and the viral transcript is exported (8).  This model 

requires the simultaneous binding of Spt6 and UAP56 by UL69 (89).  

Alternatively, binding of Spt6 and UAP56 could be mutually exclusive.  UL69 is 

recruited to viral transcripts by binding Spt6 (151).  As the viral transcript is 

made, UAP56 binds UL69, causing release of Spt6.  This would expose the 

multimerization domain of UL69, which is the same domain responsible for Spt6 

binding (88).  Upon multimerization, UL69 shuttles out of the nucleus, carrying 

the viral transcript with it.  Both of these models support a role for UL69 as a viral 

mRNA export factor, based on in vitro transient transfections and its similarities  
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Figure 5. ppUL69 Functions as a mRNA Export Factor: Two Models.  The 
literature suggests two models for how ppUL69 may function as a viral mRNA 
export factor.  (A) First, ppUL69 is recruited to intronless elongating viral 
transcripts by its interaction with Spt6.  ppUL69 simultaneously binds UAP56 and 
loads it onto the viral transcript.  Once transcription terminates, UAP56 interacts 
with REF, which in turn interacts with the heterodimer TAP/p15.  TAP/p15, 
through a direct interaction with the nuclear pore, then facilitates export of the 
viral transcript.  (B) Alternatively, binding of UAP56 and Spt6 could be mutually 
exclusive.  ppUL69 is directed to elongating viral transcripts by its interaction with 
Spt6.  At the termination of viral transcript elongation, ppUL69 binds UAP56, 
causing ppUL69 to release Spt6.  The release of Spt6 exposes ppUL69’s 
multimerization domain, ppUL69 multimerizes and shuttles the viral transcript out 
to the cytoplasm. 
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with ICP27.  However, based on studies of the role of Spt6 in chromatin 

remodeling and transcriptional elongation, its possible UL69 functions to promote 

viral gene expression before export of viral transcripts from the nucleus.   Data to 

support this alternative model is found in experiments using a UL69 deletion virus 

(59).  Contrary to data demonstrating UL69’s ability to transactivate IE and E but 

not L promoters in transient transfections (159), HCMVΔUL69 showed no defect 

in IE or E gene expression but a profound defect in L gene expression (59). 

Additionally, there was also a defect in viral DNA synthesis, which could explain 

the late viral gene expression defect (59).  The defect in viral DNA synthesis is 

not due to a defect in expression of E genes (59).  A third model is proposed 

involving UL69’s interaction with Spt6, which has been shown to assemble 

histones onto naked DNA forming transcriptionally repressed nucleosomes (15) 

(Figure 6).  By binding Spt6, UL69 prevents histone assembly onto viral DNA, 

thus providing access to the viral DNA template for the genome replication 

machinery.  This model is supported by the observation that UL69 can 

competitively inhibit Spt6’s interaction with H2A and H3 (158).  Additionally, 

binding of Spt6 by UL69 could also promote viral gene expression through Spt6 

transcriptional elongation activity.  These two possibilities are not mutually 

exclusive.  UL69’s function during viral replication could be to prevent assembly 

of histones onto viral DNA by interacting with Spt6 and redirecting Spt6 to 

promote transcriptional elongation of viral genes.  These interactions would take 

place before UL69’s interaction with UAP56 to promote export of viral transcripts. 

To elucidate which, if any, of the characteristics of UL69 contribute to the 
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Figure 6. ppUL69 Prevents Nucleosome Formation on Viral DNA: A Third 
Model.  An additional possible function performed by ppUL69 is through binding 
Spt6, thereby preventing its associating with histones H2A (yellow circles, forms 
dimers with H2B, red circles) or H3 (purple circles, forms dimmers with H4, green 
circles).  Thus, Spt6 would no longer be able to facilitate formation of 
nucleosomes on HCMV DNA, allowing efficient viral DNA replication. 
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replication defect associated with the UL69 deletion mutant, I will describe 

work on the characterization of viral mutants, expressing mutant forms of UL69 

which cannot bind UAP56, to shuttle between the nucleus and the cytoplasm, or 

to bind Spt6. 

 

MATERIALS AND METHODS: 

Oligonucleotides. Oligonucleotides used for site-directed mutagenesis and 

cloning procedures were purchased from Integrated DNA Technologies: 

Primer Name Sequence 
mUAP Sense 5’CCTGAGCGAGCGCGAAGCCGCCGCCGCTGC

CGCACGGCGCCTCTGTCTGG3’ 
mUAP Antisense 5’CCAGACAGAAGCGCCGTGCGGCAGCGGCGG

CGGCTTCGCGCTCGCTCAGG3’ 
C496A Sense 5’CCTGCAGTGCCACGAGGCTCAGAACGAGATG

TGCG3’ 
C496A Antisense 5’CGCACATCTCGTTCTGAGCCTCGTGGCACTGC

AGG3’ 
L503A Sense 5’AACGAGATGTGCGAAGCGCGCATCCAACGCG

C3’ 
L503A Antisense 5’GCGCGTTGGATGCGCGCTTCGCACATCTCGT

T3’ 
PP599/600AA Sense 5’GCCGCCGCTGCTGCCGCCCAGCCACC3’ 
PP599/600AA Antisense 5’GGTGGCTGGGCGGCAGCAGCGGCGGC3’ 
PP603/04AA Sense 5’CCTCCCGCCCAGGCAGCGTCGCAACC3’ 
PP603/04AA Antisense 5’GGTTGCGACGCTGCCTGGGCGGGAGG3’ 
E618A Sense 5’GCGAGCTGGAAGCGGACGAAGACAGTG3’ 
E618A Antisense 5’CACTGTCTTCGTCCGCTTCCAGCTCGC3’ 
ED620/21AA Sense 5’GCTGGAAGAGGACGCAGCCAGTGACGACGC3’ 
ED620/21AA Antisense GCGTCGTCACTGGCTGCGTCCTCTTCCAGC 

 

Plasmid construction. Plasmids pGS284 (131), pCGNpp71 (9), 

pGEMTKan/LacZ (166), and pRetroUL69 (93) have been described elsewhere.  
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Plasmids pLKO.1 19732 and pLKO.1 EGFP were purchased from 

OpenBiosystems. 

 

(i) Expression vectors. pCGN-UL69mUAP was made by ligating the 784 bp 

fragment from digesting pGEMTE-UL69mUAP with EagI into pCGN-UL69 

digested with EagI.  pCGN-UL69C496A, L503A, PP599/600AA, PP602/03AA, 

E618A, ED620/21AA were made by ligating the 1569 bp fragment from digesting 

pGEMTE-UL69C496A, L503A, PP599/600AA, PP602/03AA, E618A, 

ED620/21AA with SacII into pCGN-UL6C496A, L503A, PP599/600AA, 

PP602/03AA, E618A, ED620/21AA digested with SacII.   

 

(ii) Shuttle vectors for allelic exchange. pGEMTE-UL69mUAP, C496A, L503A, 

PP599/600AA, PP602/03AA, E618A, ED620/21AA were generated using the 

Stratagene QuikChange site-directed mutagenesis kit according to the 

manufacturer's protocol, using oligonucleotides mUAP, C496A, L503A, 

PP599/600AA, PP602/03AA, E618A, ED620/21AA. pGS284-UL69. pGS284-

UL69mUAP, C496A, L503A, PP599/600AA, PP602/03AA, E618A, ED620/21AA. 

pGS284-UL69mUAP, C496A, L503A, PP599/600AA, PP602/03AA, E618A, 

ED620/21AA were made by ligating the 2.2kb fragment from digesting pGEMTE-

UL69mUAP, C496A, L503A, PP599/600AA, PP602/03AA, E618A, ED620/21AA 

with ScaI and NotI into pGS284 digested with NotI. All constructs used were 

sequence verified. 

 



 30 
Cell culture, BAC generation, and virus propagation. Human foreskin 

fibroblast (HFF) cells, and cell lines were cultured in Dulbecco's modified Eagle's 

medium containing 10% (vol/vol) fetal bovine serum (Hyclone), 100 units/ml 

penicillin, and 100 µg/ml streptomycin in an atmosphere of 5% CO2 at 37°C. Viral 

mutants were made using established protocols (131, 166).  The pADΔUL69 

bacterial artificial chromosome (BAC) was generated using pADCREGFP BAC 

(25) and the shuttle vector pGS284ΔUL69.  pADΔUL69Rev, pADUL69mUAP, 

pADUL69C496A, pADUL69PP599/600AA, pADUL69PP603/04AA, 

pADUL69E618A, pADUL69ED620/21AA BACs were generated using the shuttle 

vectors pGS284UL69, pGS284UL69mUAP, pGS284UL69C496A, 

pGS284UL69PP599/600AA, pGS284UL69PP603/604AA, pGS284UL69E618A, 

and pGS284UL69ED620/621AA, respectively, using an allelic exchange 

procedure using pADΔUL69. Revertant BACs pADUL69C496ARev, 

pADUL69PP603/04AARev, were generated using a “reverse” allelic exchange 

procedure with pADUL69C496A, and pADUL69PP603/04AA BACs, respectively.  

The point mutations were replaced with wild-type (WT) sequence using, first, 

pGS284ΔUL69 and then pGS284UL69.  Each mutant BAC was screened by 

restriction digestion, Southern Blot analysis and direct sequencing. Viral stocks 

were generated by electroporating BAC DNA (~1 µg, 950 µF, 260 V) and 4 µg of 

pCGN-pp71 into 4 x 106 into HFFs transduced with RetroUL69 retrovirus (93) for 

replication defective mutants or in untransduced HFFs for replication competent 

mutants. Transfected HFFs were plated into dishes and viral stocks were 

harvested once 100% cytopathic effect was observed.  Titers for each viral stock 



 31 
were determined using an infectious center assay, previously described (65). 

Briefly, HFFs were seeded into a 48-well dish.  Four days later, cells were 

infected with a serial dilution of WT or mutant stocks.  Three days later, cells 

were fixed with ice-cold methanol, and stained for IE1/2, using the VectaStain 

Elite system (Vector Labs).  Titers are reported as Infectious Center Units per 1 

mL of stock (ICU/mL).  Mutations or deletions in each viral stock were confirmed 

by directly sequencing DNA isolated from viral particles. 

 

Retrovirus and lentivirus production. RetroUL69 retrovirus stock was 

prepared as previously described (79, 93). The calcium phosphate method was 

used to transfect 10 mg of Phoenix A cells (provided by Garry Nolan).  Lentivirus 

stock encoding shRNA specific for Spt6 (pLKO.1 clone 19732) and EGFP 

(negative control) were prepared using 293T cells provided by the manufacturer 

as per the manufacturer’s protocol (OpenBiosystems).  Supernatants were 

harvested at 48 and 72 hours after transfection, centrifuged to remove cell 

debris, filtered with a 0.45 µm filter (Nalgene) and stored at -80oC.  For 

transduction of HFFs, polybrene (8 µg/mL, Sigma) was added to the retrovirus or 

lentivirus stock, and the solution was used to transduce HFFs for 6 h.  At 48 h 

after transduction, cells were harvested and screen for UL69 or Spt6 expression 

by either qPCR or Western blot analysis. 

 

Southern blot analysis. HCMV BAC DNA was digested with EcoRI enzyme, 

and fragmented DNA was separated on a 0.8% agarose gel. DNA was then 
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transferred to an Optitran BA-S nitrocellulose membrane by using a 

Turboblotter according to the manufacturer's protocol for neutral transfer of DNA 

(Schleicher & Schuell). The membrane was then probed for UL69 sequence and 

a UL69 flanking region with [32P]dCTP-labeled PCR products in ULTRAhyb 

(Ambion) at 42°C. Membranes were then washed in ultra-high-stringency wash 

buffer (0.1x SSC [1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% 

sodium dodecyl sulfate [SDS]) at 42°C and fragments detected by 

autoradiography. 

 

Antibodies. The following antibodies are commercially available: anti-IE1/2 

(1209-S; Rumbaugh-Goodwin Institute); anti-SUPT6H (801A or 803A; Bethyl 

Labs); anti-UL44 (1205S; Rumbaugh-Goodwin Institute), anti α-tubulin (TU-02; 

Santa Cruz); ppUL69 antibodies were a generous gift from T. Shenk (93). UAP56 

antibodies were a generous gift from M. Green (43). 

 

Immunoprecipitation and Western blot analysis. Immunoprecipitations and 

Western blot analysis for Spt6 (158) and UAP56 (89) were performed as 

described.  Protein samples were harvested from infected cells by trypsinization 

and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 1% 

NP-40, 0.25% Na-deoxycholate) or, for immunoprecipitation experiments, NP-40 

buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.75% IPEGAL) 

containing protease inhibitor cocktail (Roche) for 10 min at 4°C.  Lysates were 

cleared of cell debris, and protein concentration was determined by a Bradford 
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assay (18).  During immunoprecipitation experiments, equal amounts of 

protein (200µg) were probed with either SUPT6H or UAP56 antibody overnight, 

at 4oC.  Antigen-antibody complexes were incubated with A/G-agarose beads 

(Santa Cruz), washed three times with NP-40 buffer, and boiled in 2X SDS 

sample buffer (62.5 mM Tris-HCl, pH 6.8, 2.5% SDS, 20% glycerol, 1% ß-

mercaptoethanol).  Immunoprecipitated samples, as well as cell lysates (10 µg), 

were resolved by SDS-PAGE (7.5% polyacrylamide).  Protein was transferred 

from the gel to a nitrocellulose membrane (Optitran; Schleicher & Schuell), 

probed with stated primary and secondary antibodies, and bands were visualized 

with the Enhanced Chemiluminescent (ECL) system (Amersham). 

 

Heterokaryon and immunofluorescence analysis.  The heterokaryon assay 

was performed as previously described (87, 110).  For transfection experiments, 

HFFs or HeLas were electroporated (950 µF, 260 V) with 5 µg of indicated 

plasmids.  The next day transfected cells were seeded onto coverslips.  For 

infection experiments, HFFs were seeded onto a dish.  The next day, cells were 

infected with the indicated virus at a MOI of 0.5.  After 48 hours of infection, 

infected HFFs were seeded onto coverslips.  The next day, 3T3 cells were added 

in a 1:1 ratio and allowed to attach for 4 hours.  Cells were then treated with 100 

µg/mL cycloheximide for 30 minutes at 37oC.  HFFs or HeLas and 3T3s were 

then fused using 50% polyethylene glycol (PEG-8000, Sigma) in Hanks Balanced 

Salt Solution (Sigma).  Cells were returned to media with cycloheximide for 2 

hours at 37oC.  Cells were washed twice with phosphate-buffered saline (PBS) 
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and fixed with 4% paraformaldehyde for 10 minutes at room temperature.  

Cells were permeablized in PBS-T (PBS with 0.05% Tween 20 and 0.1% Triton 

X-100) for 10 minutes. Cells were blocked in PBS-T with 0.5% bovine serum 

albumin (BSA) and 1% goat serum for 30 min. Cells were incubated with primary 

antibody overnight at 4oC.  The next day, cells were washed three times in PBS-

T, and incubated with Alexa-546-conjugated Fab2 fragment for 1 h. Slides were 

washed in double-distilled H2O and nuclei stained with Hoechst 33258 for 10 

min. Cells were visualized using a Zeiss Axioplan 2 microscope, and images 

taken with a SPOT camera (Diagnostic Instruments).  GFP from infected cells, or 

transfected cells stained with fluorescently labeled pallacidin (Molecular Probes) 

were used to identify fusion events.  Hoechst stain was used to identify 

heterokaryons.  For each coverslip, 40 heterokaryons were scored for shuttling. 

 

shRNA-mediated knockdown of Spt6.  Knockdown of Spt6 by a shRNA 

expressing lentiviral vector was performed as described (138, 171, 172), 

following the manufacturer’s protocol (OpenBiosystems).  HFFs were seeded into 

a dish, subconfluently.  After 36 hours, HFFs were transduced with indicated 

lentiviral harvest containing 8 µg/mL polybrene for 6 hours at 37oC.  At 72 hours 

post-transduction, cells were either assayed for Spt6 expression by qPCR or 

Western blot analysis, or infected with WT virus at indicated MOIs.  WT HCMV 

was harvested from infected cells at indicated time points post infection.  

Resultant viral harvests were titered via plaque assay on HFFs. 
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CAT RNA export assay.  CAT RNA export assays were performed as 

described (41, 89), as per the manufacturer’s protocol (Roche).  HFFs were 

electroporated (950 µF, 260 V) with 5 µg CAT reporter construct pDM128-CMV-

RRE (a gift from J. Hauber (149)).  After 48 hours, cells were infected with 

indicated viral stocks at an MOI of 0.5.  72 hour post infection, cells were 

trypsinized and half were lysed in RIPA buffer for subsequent Western blot 

analysis, while the other half were analysed for CAT expression by an enzyme-

linked immunosorbent assay (Roche). 

 

Real Time PCR.  RNA was isolated using Trizol reagent (Invitrogen) according to 

the manufacturer’s protocol and quantified on a Nanodrop spectrophotometer.  

After quantification, 1 µg of the resulting RNA was reverse transcribed using 

Superscript II reverse transcriptase (Invitrogen), according to the manufacturer’s 

protocol.  cDNA was diluted 1:5 and then used as template for real time PCR. 

The following primers were used: 

 

Spt6 For – 5’-TAGACAATGGTGTCACCGGCTTCA-3’ 

Spt6 Rev – 5’-CATGATGCGGCAGTGAACAGTCAT-3’ 

GAPDH For – 5’-CTGGGCTACACTGAGCACCAG-3’ 

GAPDH Rev – 5’-CCAGCGTCAAAGGTGGAG-3’ 

 

All reactions were performed in triplicate using SYBR green dye (ABgene) and 

standard conditions on a BioRad iCycler. 
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RESULTS: 

Construction and Characterization of HCMVΔUL69.  In order to 

construct a viral mutant that expresses a UAP56 binding deficient UL69, we 

utilized an HCMV bacterial artificial chromosome (BAC) allelic exchange protocol 

(131, 166).  This technique allows for rapid and efficient generation of viral DNA 

that encodes point mutations in the desired target gene.  The first step in 

generating a UL69 viral mutant was to generate a UL69 deletion mutant by 

replacing the UL69 ORF with a Kan/LacZ cassette.  The resulting mutant HCMV 

BAC, termed ΔUL69, was subsequently used to generate a ΔUL69 revertant 

BAC, termed ΔUL69Rev, by replacing the Kan/LacZ cassette in the HCMVΔUL69 

BAC with the WT UL69 sequence. This was done to ensure that any phenotype 

exhibited by our HCMVΔUL69 virus was the result of deletion of the UL69 ORF, 

and not an unintended mutation elsewhere in the genome.  The resultant BACs, 

ΔUL69 and ΔUL69Rev, were screened by EcoRI restriction enzyme digestion 

and Southern Blot analysis using two distinct probes.  Probe A specifically 

hybridized within the UL69 ORF of the HCMV genome, while probe B hybridized 

to a left flanking region outside of the UL69 open reading frame (Figure 7A).  

Replacing the UL69 ORF with the Kan/LacZ cassette resulted in the absence of 

a UL69 specific band when the blot is probed with probe A.  Replacing the UL69 

ORF with the Kan/LacZ cassette also resulted in the insertion of an additional 

EcoRI site in the HCMV genome.  This additional site caused a shift in the size of 

the resulting band when the blot was probed with probe B.  The results of 

hybridization with probe A demonstrated successful deletion of the UL69 ORF  
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Figure 7. Generation of HCMVΔUL69.  (A) A schematic of WT HCMV BAC and 
HCMVΔUL69 BAC with insertion of Kan-LacZ cassette and EcoRI restriction 
sites.  Riboprobe A binds within the UL69 ORF.  Riboprobe B binds to the 5’ 
region of UL69 ORF. (B) Southern blot analysis of WT, ΔUL69, and ΔUL69Rev 
BACs.  BAC DNA was isolated, digested with EcoRI, run on a 0.8% agarose gel, 
transferred to a membrane, and probe with riboprobes A and B.  (C) Western blot 
analysis of mock-infected HFFs, or HFFs infected with WT, ΔUL69, ΔUL69Rev 
virus.  HFFs were infected at a MOI of 3.  72 hpi, cells were lysed and resolved 
by SDS-PAGE, transferred to a membrane and immunoblotted for UL69, IE1/2, 
and α-tubulin (loading control). Images are representative of three independent 
experiments (D) Growth curve analysis of WT, ΔUL69, and ΔUL69Rev virus.  
HFFs were infected at an MOI of 0.01 and viral harvests were taken at indicated 
time points.  Harvests were titered on HFFs.  Error bars indicate average results 
of three independent experiments. 
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(Figure 7B, left panel) in our HCMVΔUL69 BAC.  Southern blot analysis with 

probe B verified that deletion of the UL69 ORF resulted from the proper 

recombination events and insertion of the Kan/LacZ cassette in place of the 

UL69 ORF (Figure 7B, right panel) in the ΔUL69 BAC. The resultant 

HCMVΔUL69Rev BAC exhibited the same banding pattern as WT BAC (Figure 

7B) indicating we were able to replace the Kan/LacZ cassette with the WT UL69 

ORF to generate the ΔUL69Rev BAC.  

Viral stocks were generated by transfecting the WT and ΔUL69Rev BAC 

into HFFs.  Due to the defect in replication associated with deletion of UL69, 

ΔUL69 viral stocks of sufficiently high titer were generated on HFFs that were 

first transduced with a retrovirus expressing UL69 to complement the replication 

defect before being transfected with the ΔUL69 BAC.  Once maximal cytopathic 

effect was observed, infected cells were combined with supernatants and briefly 

sonicated.  Viral stocks were screened by PCR analysis to ensure the purity of 

the stock by confirming no low-level WT contamination of the ΔUL69 virus stock 

had occurred (data not shown). Each viral stock was titered by infectious center 

assay.  To ensure the ΔUL69 virus did not express the UL69 protein, HFFs were 

infected with either WT, ΔUL69, and ΔUL69Rev virus at a multiplicity 3 pfu/cell, 

and cell lysates were assayed by western blot analysis for UL69, IE1/2 and α-

tubulin expression.  Cells infected with WT virus and the ΔUL69Rev virus 

expressed UL69 protein, while cells infected with the ΔUL69 virus did not express 

UL69 (Figure 7C).  However cells infected with any of the viruses expressed IE1 
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and 2 proteins at similar levels, demonstrating each virus was competent to 

initiate infection and there is no defect in IE gene expression. 

Next, we examined the replication phenotype of each virus using growth 

curve analysis.  HFFs were infected with WT, ΔUL69, and ΔUL69Rev virus at an 

MOI of 0.01 pfu/cell.  Virus was harvested at the indicated time points and titered 

by infectious center assay.  WT virus replicated to maximal titers by 15 dpi 

(Figure 7D).  In contrast, the ΔUL69 virus, although viable, never reached WT 

titers.  By 15 dpi, the ΔUL69 virus replicated to titers that were two orders of 

magnitude below WT replication, and one order of magnitude below WT 

replication by 21 dpi.  This replication phenotype is similar to the one previously 

described for the UL69 deletion virus, TNsubUL69 (59).  The ΔUL69Rev virus 

exhibited WT replication kinetics.  These results indicate that our HCMVΔUL69 

has a replication defective phenotype and this phenotype results from deletion of 

the UL69 ORF from the viral genome. 

 

Construction and Generation of UL69mUAP virus.  Using BAC allelic 

exchange and our newly generated ΔUL69 BAC, we replaced the Kan/LacZ 

cassette in the ΔUL69 BAC with a mutant UL69 ORF (changing arginines 22, 23, 

25, 26 to alanines).  These mutations have previously been shown to inhibit 

UL69’s interaction with UAP56 in transient transfection assays (89).  Following 

the allelic exchange protocol, the resulting BAC DNA, termed UL69mUAP, was 

examined by restriction enzyme digest, Southern blot analysis, and PCR analysis 

to confirm proper incorporation of the mutation into the genome (data not shown). 
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Viral stocks were generated by transfecting the UL69mUAP BAC both 

into untransduced HFFs as well as HFFs transduced with a retrovirus expressing 

UL69 to complement the replication defect, if any, that might result from the 

UL69mUAP mutation, and generate a sufficiently high titer UL69mUAP viral 

stock.  Once maximal cytopathic effect was observed, infected cells were 

combined with supernatants and briefly sonicated.  Viral stocks were screened 

by direct sequencing analysis across the UL69 ORF to ensure the purity of the 

stock (data not shown) and titered by infectious center assay.  Interestingly, 

unlike the ΔUL69 BAC transfections, we noted that similar viral titers resulted 

from HFFs transfected with UL69mUAP BAC independent of whether the HFFs 

were transduced with a UL69-expressing retrovirus or not (data not shown).  This 

result suggested that the UL69mUAP mutations may not affect viral replication. 

To determine if the UL69mUAP mutation abolished UL69 binding to 

UAP56 in the context of a viral infection, we performed an immunoprecipitation 

experiment.  HFFs were either mock-infected or infected with either WT virus or 

UL69mUAP virus at a multiplicity of 3 pfu/cell, and at 72 hpi, cell lysates were 

harvested and immunoprecipitated for UAP56.  Precipitates were separated via 

SDS-PAGE and subjected to immunoblot analysis for UL69.  As shown in Figure 

8A, UL69 co-precipitated with UAP56 in samples infected with WT virus, but not 

in samples infected with UL69mUAP virus or in mock infected cells.  We also 

examined the levels of UL69 and UAP56 in each of the cell lysates. Cells 

infected with either WT virus or UL69mUAP virus expressed similar levels of 

UL69 and UAP56, as compared to the α-tubulin loading control.  This result 
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Figure 8. Immunoprecipitation of UAP56 and Spt6. HFFs were infected with 
WT HCMV and HCMVUL69mUAP at an MOI of 3.  At 72 hpi, cell lysates were 
immunoprecipitated for (A) UAP56 and (B) Spt6.  Samples were resolved by 
SDS-PAGE.  Protein was transferred to a membrane and immunoblotted for 
indicated proteins.  α-Tubulin was used as a loading control.  Images are 
representative of three independent experiments. 
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indicates that the inability of UL69mUAP to bind UAP56 was not due to a 

decreased level of UL69 in cells infected by the UL69mUAP virus, but to the 

UL69mUAP mutation. These results demonstrate that mutation of the four 

arginines to four alanines in the UL69mUAP mutation abolish UL69’s ability to 

interact with UAP56 in the context of a viral infection. 

 

UL69mUAP binds Spt6 during HCMV Infection.  To ensure the UL69mUAP 

mutations did not abolish UL69’s other functions we wanted to determine if 

UL69mUAP was able to bind Spt6.  To test this, we performed an 

immunoprecipitation for Spt6 (Figure 8C) following infection of HFFs with either 

WT virus or UL69mUAP virus at a multiplicity of 3 pfu/cell.  At 72 hpi, cell lysates 

were precipitated for Spt6 and precipitated samples were separated by SDS-

PAGE and immunoblotted for Spt6 and UL69.   In contrast to the results for 

UAP56, we were able to detect UL69 binding of Spt6 in HFFs infected with either 

UL69mUAP or WT UL69 (Figure 8C).  These results show that UL69mUAP is 

defective for binding UAP56 and but not Spt6 during viral replication.  

Additionally, UL69mUAP mutations are specific for UL69 binding of UAP56 and 

do not globally alter UL69 structure. 

 

UL69mUAP does not Promote Expression of an Intron-containing Reporter 

during HCMV Infection.  UL69’s ability to bind UAP56, as well as its 

nucleocytoplasmic shuttling ability, are required for UL69 dependent export of an 

unspliced mRNA reporter during a transient transfection assay (89). The reporter 
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contained the CAT ORF followed by an HIV-1 Rev response element in 

between a 5’ splice donor site and 3’ splice acceptor site.  When this reporter 

construct is co-transfected with a Rev expression construct, Rev binds the RRE 

and promotes the export of the unspliced CAT reporter transcript to the 

cytoplasm, which allows for expression of the CAT protein.  However, in the 

absence of the Rev protein, the CAT transcript remains in the nucleus and CAT 

expression is decreased.  It has been shown previously that when the reporter 

construct is co-transfected with a WT UL69 expression construct, the unspliced 

transcript was more efficiently exported, allowing for expression of CAT protein.  

This effect was independent of the presence of the RRE and required UL69 

binding of UAP56 and shuttling (89).  Given that we have demonstrated our 

UL69mUAP virus is deficient for UL69 binding of UAP56, we examined 

UL69mUAP’s ability to promote expression of the intron-containing CAT reporter 

gene during viral infection.  HFFs were transfected with the CAT reporter 

construct, and 48 hours later, infected with WT, ΔUL69, or UL69mUAP virus at a 

multiplicity of 0.5 pfu/cell.  Cell lysates were harvested at 72 hpi, subjected to 

immunoblot analysis, and assayed for CAT expression.  Infection with WT and 

UL69mUAP virus resulted in similar levels of UL69 expression, while infection 

with ΔUL69 virus exhibited no UL69 expression (Figure 9A).  Each virus was able 

to initiate viral infection as shown by IE1 and IE2 expression (Figure 9A).  As 

shown in Figure 9B, infection with WT virus resulted in efficient CAT expression.  

However, despite showing similar levels of UL69, and IE1 and IE2 expression, 

infection with the UL69mUAP mutant resulted in a deficiency in expression of the 



 44 

 

 
Figure 9. CAT assay for HCMVUL69mUAP.  HFFs were transfected with CAT 
reporter construct.  At 48 hpt, they were infected with WT HCMV, HCMVΔUL69, 
and HCMVUL69mUAP at a MOI of 0.5.  At 72 hpi, cells were harvested for (A) 
immunoblot analysis, and (B) CAT ELISA.   
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CAT reporter gene (Figure 9B).  Similar results were obtained following 

infection with the HCMVΔUL69 virus (Figure 9B).  These results are consistent 

with the transient transfection results (89) and suggest that binding of UL69 to 

UAP56 is required to promote the expression of the CAT reporter during viral 

infection. 

 

UL69mUAP shuttles during HCMV infection.  Since UL69’s nucleocytoplasmic 

shuttling activity is also required for UL69’s ability to promote expression from the 

CAT reporter during a transient transfection (87), we examined UL69mUAP 

shuttling during infection using a heterokaryon assay.  HFFs were infected with 

either WT or UL69mUAP virus at a multiplicity of 0.5 pfu/cell.  At 72 hpi, virus-

infected cells were fused with murine 3T3 cells in the presence of cycloheximide 

and then fixed and stained for UL69.  Heterokaryons are defined as a fusion 

event that contains a human nucleus (diffuse Hoechst staining) and a murine 

nucleus (punctate Hoechst staining, indicated by an arrow, Figure 10A, panels A, 

D, G) surrounded by cytoplasm containing GFP, which is encoded by the virus 

(Figure 10A, panels C, F, I).  The presence of UL69 in the murine nucleus 

indicates that shuttling has occurred.  As seen in Figure 9C, HFFs expressing 

WT UL69 following infection with WT virus, exhibited UL69 shuttling, indicated by 

the presence of UL69 in the murine nuclei (Figure 10A, panel B).  Similarly, 

UL69mUAP also exhibited UL69 shuttling (Figure 10A, panel E) during 

HCMVUL69mUAP infection.  In contrast, a heterokaryon assay for UL44, the 

HCMV DNA polymerase processivity factor, which is not known to shuttle, 
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Figure 10. Heterokaryon assay for HCMVUL69mUAP.  HFFs were infected 
with WT HCMV and HCMVUL69mUAP at an MOI of 0.5.  At 48 hpi, cells were 
split onto coverslips.  At 72 hpi, cells were fused with 3T3 cells, fixed and 
immunostained for UL69 and Hoechst stain (A).  Virally encoded GFP was used 
to determine fusion events.  Hoechst stain was used to identify heterokaryons 
(murine nuclei are indicated with an arrow). (B) A Graphic depiction of the data 
from 3 independent experiments.  40 Heterokaryons were scored for presence of 
UL69 in murine nuclei, indicating shuttling. 
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was used as a baseline control (Figure 10A, Panel H).  A quantification of the 

images in Figure 10A is presented in Figure 10B.  The results indicate that both 

WT UL69 and UL69mUAP are equally capable of shuttling between the nucleus 

and the cytoplasm.  This is consistent with the conclusion that the UL69mUAP 

mutations do not globally affect UL69 structure and abolish any of UL69’s 

function except for binding to UAP56.  Further, this data shows that the inability 

of UL69mUAP to promote WT levels of expression from the intron-containing 

CAT reporter construct is due to an inability to bind UAP56, but not due to a 

defect in shuttling. 

 

Growth Curve Analysis of HCMVUL69mUAP.  Finally, since the UL69mUAP 

virus was defective for UL69 binding of UAP56 and for promoting expression of 

the CAT reporter construct, we wanted to determine the replication phenotype of 

UL69mUAP virus.  HFFs were infected with WT, ΔUL69, or UL69mUAP virus at a 

multiplicity of 0.01 pfu/cell, and viral harvests were taken at indicated time points 

and titered on HFFs.  As shown in Figure 11, WT virus replicated to maximal 

titers by 12 days post infection, while ΔUL69 virus replicated to titers two order of 

magnitude below WT levels and never reached WT levels, even at the latest time 

points.  Despite being unable to bind UAP56, or to promote expression of an 

intron-containing CAT reporter transcript during viral infection, the UL69mUAP 

virus replicated to similar levels to WT virus (Figure 11).  Taken together, these 

data indicate that UL69 binding of UAP56 is not necessary for efficient viral 

replication. 
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Figure 11. Growth Curve Analysis of HCMVUL69mUAP. HFFs were infected 
at an MOI of 0.01 and viral harvests were taken at indicated time points.  
Harvests were titered on HFFs.  Error bars indicate average of three independent 
experiments. 
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Construction of HCMV UL69 Shuttling Mutants.  The ability of UL69 to 

shuttle between the nucleus and the cytoplasm is required for both 

transactivation of the MIEP and promoting the export of an unspliced CAT 

reporter transcript (87, 89).  The novel nuclear export signal (NES) of UL69 

mapped to the C-terminal region of the UL69 open reading frame (87).  Mutating 

two proline residues to alanines (PP603/04AA) or a glutamine residue to an 

alanine (E618A) in UL69’s NES abolished UL69 shuttling in transient transfection 

assays (87).  To test whether shuttling is required for efficient viral replication we 

inserted these mutations into the UL69 ORF of the HCMV genome using BAC 

allelic exchange, resulting in two mutant BACs termed UL69P603 and 

UL69E618, respectively.  Additionally, control mutations were inserted into the 

UL69 ORF (UL69PP599/600AA and UL69ED620/21AA) to control for any effects 

in mutating this region of the UL69 ORF.  Each BAC was screened by EcoRI 

enzyme digestion, Southern blot analysis, PCR analysis, and direct sequencing 

to ensure proper recombination and presence of the desired mutations (data not 

shown).  The UL69603 and UL69E618 BACs were transfected into both HFFs 

alone and HFFs previously transduced with a retrovirus expressing WT UL69 for 

complementation of any possible replication defects.  Both control BACs, 

UL69PP599/600AA and UL69ED620/21AA, were transfected into HFFs that 

were not previous transduced.  Virus stocks were generated and titered on HFFs 

by an infectious center assay.  Interestingly, while complementation by previous 

transduction of HFFs by a retrovirus expressing UL69 was necessary to achieve 

a sufficiently high titer stock of UL69P603 virus, UL69E618 virus infected and 
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spread efficiently on HFFs that were not transduced with the complementing 

retrovirus.  This result first suggested the UL69E618 mutations did not lead to a 

replication-defective phenotype.  Viral DNA was purified from each viral stock 

and underwent direct sequence analysis across the UL69 ORF to ensure the 

purity of each mutant virus. 

 

HCMVUL69P603 is defective for UL69 Shuttling.  To examine whether 

UL69P603 or UL69E618 exhibited nucleocytoplasmic shuttling during infection of 

HFFs, we performed a heterokaryon assay (87).  HFFs were infected with either 

WT, UL69P599, UL69P603, UL69E618, or UL69E620 virus at a multiplicity of 0.5 

pfu/cell.  At 72 hpi, infected HFFs were fused to murine 3T3 cells in the presence 

of cycloheximide.  Cells were subsequently fixed and stained for UL69 and 

shuttling scored.  HFFs infected with WT virus demonstrated UL69 shuttling, as 

indicated by the presence of UL69 in the murine nuclei (Figure 12A, Panel B).  

As predicted from the transient transfection assays, UL69P603 was defective for 

shuttling during viral infection as indicated by the absence of UL69 staining in 

murine nuclei (Figure 12A, panel H, Figure 12B), while HFFs infected with the 

control virus, UL69P599, exhibited WT shuttling (data not shown).  Surprisingly, 

UL69E618 shuttled as well as WT UL69 during HCMV infection (Figure 12A, 

panel E; Figure 12B) as did the control virus, UL69E620.  To determine if 

UL69E618 shuttling was due to an interaction with some other viral factor not 

previously described, shuttling of UL69E618 was assayed in a transient 

transfection assay.  pCGN-UL69E618 and pCGN-UL69P602 were transfected 
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Figure 12. Heterokaryon assay for HCMVUL69P603 and HCMVUL69E618. 
HFFs were infected with WT HCMV, HCMVUL69P603, and HCMVUL69E618 at 
an MOI of 0.5.  (A) At 72 hpi, cells were fused with 3T3 cells, fixed and 
immunostained for UL69 (B) A Graphic depiction of (A) from 3 independent 
experiments.  40 Heterokaryons were scored for presence of UL69 in murine 
nuclei, indicating shuttling. 
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into both HeLa and HFFs.  After 48 hours, cells were fused to murine 3T3 in 

the presence of cycloheximide.  Cells were then fixed, stained for UL69, and 

assayed for UL69 shuttling.  As with infection, pCGN-UL69E618 exhibited 

shuttling in both HFFs and HeLa cells, whereas pCGN-UL69P603 was unable to 

shuttle (data not shown).  These results indicate that UL69E618 shuttling was not 

due to an unknown viral factor, nor to an unknown difference between HFFs and 

HeLa cells.  This result indicates that in our hands, UL69E618 does shuttle, both 

during infection and during a transient transfection assay, contrary to previously 

published results (87).  However, our results with UL69P603 are consistent with 

previously results indicating UL69P603 is defective for UL69 shuttling, both 

during a transient transfection assay or a viral infection. 

 

UL69P603 does not promote CAT expression during HCMV infection.  Since 

shuttling of UL69 is required to promote the export of an unspliced CAT reporter 

construct (89), we also tested the ability of UL69P603 and UL69E618 to promote 

expression from the CAT reporter construct.  HFFs were transfected with a CAT 

reporter construct and 48 hours later infected with WT, ΔUL69, UL69P603, or 

UL69E618 virus at a multiplicity of 0.5 pfu/cell.  After 72 hpi, infected cells were 

harvested.  Cells were lysed and analyzed by immunoblot for expression of 

UL69, IE1/2 and α-tubulin (Figure 13A) or by CAT ELISA for CAT expression 

(Figure 13B).  Cells infected with UL69E618 virus expressed WT levels of UL69 

during infection.  In contrast, cells infected with UL69P603 virus expressed lower 

levels of UL69 protein expression during infection, while cells infected with  
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Figure 13. CAT assay for HCMVUL69P603 and HCMVUL69E618. HFFs were 
transfected with CAT reporter construct.  At 48 hpt, they were infected with WT 
HCMV, HCMVΔUL69, and HCMVUL69mUAP at a MOI of 0.5.  At 72 hpi, cells 
were harvested for (A) immunoblot analysis, and (B) CAT ELISA.  (C) 
Subnuclear localization of UL69 (Panels A, C, E) and UL44 (Panel G) during 
infection with WT HCMV, HCMVUL69P603, and HCMVUL69E618. 
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ΔUL69 virus did not express UL69 protein (Figure 13A).  This decrease in 

UL69 was not due to an inability to initiate infection, as indicated by the WT 

levels of IE1 and IE2 protein expression during infection with either UL69P603, 

UL69E618 or ΔUL69 virus.  When cells were analyzed for CAT expression, cells 

infected with WT virus expressed significantly more CAT protein than mock-

infected cells, which expressed only 15% CAT protein expressed by cells 

infected with WT virus (Figure 13B).  Consistent with previously published results 

using transient transfection assays (89), cells infected with ΔUL69 virus only 

expressed 40% CAT protein expressed by cells infected with WT virus (Figure 

13B).  Cells infected with UL69P603 virus also showed a defect in CAT protein 

expression at only 50% of WT levels.  However, infection with UL69E618 virus 

resulted in WT levels of CAT protein expression.   

Since there is a defect in UL69 production during UL69P603 virus 

infection, the defect in CAT protein expression cannot be attributed strictly to an 

inability of UL69P603 to shuttle between the nucleus and the cytoplasm.  

Additionally, we noticed that UL69P603 did not form subnuclear foci at 72 hpi, in 

contrast to WT UL69 and UL69E618 (Figure 13C, compare panel E with panels 

A, C).  It is not known if total UL69P603 levels increase, reached WT levels of 

expression and localized properly at later time points during infection.  However, 

at the time point assayed, HCMVUL69P603 was defective for total UL69 

production and localization. 

UL69P603 exhibits both a defect in shuttling and promoting expression of 

the CAT reporter construct during HCMV infection, whereas UL69E618 exhibits a 
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WT phenotype in these assays.  Additionally, infection with UL69P603 virus 

results in a defect in total UL69 expression and subnuclear localization during 

infection relative to WT infection.  These results indicate that the UL69P603 

mutation affects the stability of the UL69 protein beyond simply abolishing UL69 

nucleocytoplasmic shuttling during viral infection.  Also, contrary to previously 

published data, UL69E618 is not defective for shuttling or its ability to promote 

expression of the CAT reporter construct during viral infection (87). 

 

UL69 binding of Spt6 is not detected during HCMVUL69P603 infection.  To 

further characterize the UL69P603 viral shuttling mutant, we assayed 

UL69P603’s ability to bind Spt6.  Additionally, we assayed for UL69 binding of 

Spt6 during UL69E618 virus infection.  Since UL69E618 exhibits WT UL69 

shuttling, CAT protein expression, and subnuclear localization, we predicted 

UL69E618 would also bind Spt6.  HFFs were infected with either WT, UL69E618, 

or UL69P603 virus at a multiplicity of 1 pfu/cell.  At 72 hpi, cells were lysed in NP-

40 buffer and immunoprecipitated for Spt6.  Immunoprecipitated samples and 

cell lysates were then immunoblotted for UL69.  Both WT UL69 and UL69E618 

co-precipitated with Spt6 during infection (Figure 14).  However, UL69P603 was 

not detected in lysates immunoprecipitated for Spt6 (Figure 14).  Again, we 

observed a decrease in total UL69 production during UL69P603 virus infection 

relative to infection with WT or UL69E618 virus.  Taken together, these data 

indicate a larger defect in UL69P603 stability and function during HCMV 

replication that is not limited to shuttling but also affects its ability to bind Spt6.  
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Figure 14. Spt6 binding is not detected during HCMVUL69P603 infection. 
HFFs were infected with WT HCMV or mutant virus at an MOI of 1.  72 hpi, cell 
lysates were immunoprecipitated for Spt6 and UAP56.  Immunoprecipitated 
samples and cell lysates were then resolved using SDS-PAGE and 
immunoblotted for UL69, Spt6, UAP56 and α-tubulin (loading control).  Images 
are representative of 3 independent experiments. 
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HCMVUL69P603 exhibits a ΔUL69 replication phenotype.  To examine the 

replication phenotype of both the UL69P603 virus and UL69E618 virus, we 

performed a growth curve analysis.  Additionally, because the UL69P603 

mutation resulted in defects in UL69 function beyond nucleocytoplasmic 

shuttling, we also constructed a UL69P603 revertant virus to ensure the defects 

in UL69P603 function during viral infection were due solely to the UL69P603 

mutation and not an unintended mutation elsewhere in the genome.  We used 

the same BAC allelic exchange protocol, as described above, and replaced the 

UL69P603 mutant sequence in the UL69P603 BAC with WT UL69 sequence.  

The resultant BAC, termed UL69P603Rev, was subjected to restriction digest 

analysis, Southern blot analysis, and direct sequencing to ensure proper 

recombination events occurred by the presence of the desired mutations (data 

not shown).  The UL69P603Rev BAC was transfected into HFFs and a virus 

stock was generated without the aid of a UL69-expressing retrovirus for 

complementation.  The UL69P603Rev virus stock was titered by an infectious 

center assay.  Viral DNA was purified from each viral stock and underwent direct 

sequence analysis across the UL69 ORF. 

To determine the replication phenotype of the UL69P603 and UL69E618 

viral mutants, HFFs were infected with either WT, ΔUL69, UL69P603, 

UL69P603Rev, UL69P599, UL69E618, or UL69E620 virus at a multiplicity of 

0.01 pfu/cell.  At indicated time points, virus was harvested and titered by 

infectious center assay.  The control mutation viruses, UL69P599 and 

UL69E620, as well as the UL69P602Rev virus all replicated to similar levels as 
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the WT virus, reaching maximal titers by 12 days post infection (Figures 15A 

and 15B).  In contrast, the ΔUL69 virus never reached WT levels of replication, 

replicating to titers two orders of magnitude below WT viral titers at 17 days post 

infection.  As shown in Figure 15A, the UL69P603 virus also demonstrated a 

severe replication defect similar to the ΔUL69 virus.  However, the UL69E618 

virus was able to replicate to WT levels (Figure 15B).  The HCMVUL69P603 

replication phenotype is due to the UL69P603 mutation and not an unintended 

mutation elsewhere in the genome since the UL69P603Rev virus replicated to 

WT levels.  However, since the UL69P603 mutation abolishes other UL69 

functions beyond nucleocytoplasmic shuttling, and the UL69E618 mutation does 

not affect shuttling nor viral replication, we cannot make a conclusion about the 

importance of UL69 shuttling during viral replication. 

 

Construction of HCMVUL69C496 Spt6 Binding Mutant.  The Spt6 binding 

domain has previously been mapped to UL69’s ICP27-homology domain.  

Mutating a cysteine residue to an alanine at amino acid 496 (C496A) abolished 

UL69 binding to Spt6 as well as its ability to transactivate the MIEP in a transient 

transfection assay (158).  To assess the requirement of UL69 binding of Spt6 

during HCMV infection, we inserted the C496A mutation into the UL69 ORF 

using BAC allelic exchange, resulting in UL69C496 BAC.  Additionally, a control 

mutation within the same region as the UL69C496 mutation, which did not affect 

UL69 binding of Spt6 (UL69L503A) (158), was also inserted into the UL69 ORF, 

resulting in the UL69L503 BAC.  The BACs were screened by EcoRI restriction 
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Figure 15.  Growth Curve Analysis of HCMVUL69P603 and HCMVUL69E618.  
A) Growth Curve Analysis of HCMVUL69P603.  B) Growth Curve analysis of 
HCMVUL69E618.  Error bars represent the average of 3 independent 
experiments. 
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enzyme digest analysis, Southern Blot analysis, and direct sequencing across 

the UL69 ORF to ensure proper recombination events had occurred and the 

BACs contained the desired mutations (data not shown).  The UL69C496 BAC 

was transfected in HFFs that were previously transduced with a retrovirus 

expressing WT UL69 to complement any deficient replication phenotype of the 

resulting virus.  The UL69L503 BAC was transfected into untransduced HFFs.  

The resulting viral stocks were harvested and titered by infectious center assay.  

Viral DNA was purified from both stocks and underwent direct sequencing 

analysis across the UL69 ORF to ensure the purity of each viral stock. 

 

UL69 binding of Spt6 is not detected during HCMVUL69C496 infection. To 

determine if UL69C496 binds Spt6 during infection, we performed an 

immunoprecipitation experiment.  HFFs were infected with either WT, UL69L503 

or UL69C496 virus at an multiplicity of 3 pfu/cell.  At 72 hpi, cell lysates were 

harvested and immunoprecipitated for Spt6.  Precipitates, as well as cell lysates, 

were resolved by SDS-PAGE and immunoblotted for Spt6 and UL69.  WT UL69 

co-precipitated with Spt6 (Figure 16), as did UL69L503 (data not shown).  In 

contrast, UL69C496 was not detected in samples immunoprecipitated for Spt6 

(Figure 16).  However, when examining total levels of UL69C496, we noticed a 

reduced level of total UL69 expression as compared to WT levels (Figure 16). As 

with UL69P603, this complicated the interpretation of UL69C496’s ability to bind 

Spt6 during HCMV infection.  We are unable to conclude UL69C496 does not 

bind Spt6 due to the instability of the UL69C496 during HCMV infection. 
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Figure 16. Spt6 Binding is not Detected during HCMVUL69C496 Infection.  
HFFs were infected with WT HCMV and HCMVUL69C496 at an MOI of 3.  At 72 
hpi, cell lysates were immunoprecipitated for Spt6.  Samples were resolved by 
SDS-PAGE.  Protein was transferred to a membrane and immunoblotted for 
indicated proteins.  α-Tubulin was used as a loading control.   
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UL69C496 does not shuttle.  Since HCMVUL69C496 infection results in 

reduced total levels of UL69 compared to WT infection, as did infection with 

HCMVUL69P603, we examined if UL69C496 was able to shuttle in a transient 

transfection.  HFFs were transfected with pCGN-UL69WT, pCGN-UL69C496, or 

pCGN-UL69P602 and 48 hours later, fused with murine 3T3 cells in the presence 

of cycloheximide.  Cells were then fixed and stained for UL69.  As during WT 

HCMV infection, WT UL69 exhibited shuttling during a transient transfection 

(Figure 17A, panel B).  In contrast, UL69P603, was defective for 

nucleocytoplasmic shuttling (Figure 17A, panel H).  Interestingly, UL69C496 was 

also defective for nucleocytoplasmic shuttling during a transient transfection 

(Figure 17A, panel E).  As with UL69P603, these results suggest the UL69C496 

mutation affects global UL69 function beyond Spt6 binding.  Currently, we are 

examining UL69C496’s ability to shuttle and bind UAP56 during infection. 

 

HCMVUL69C496 exhibits a replication defect.  To determine the replication 

phenotype of the UL69C496 virus, we performed a growth curve analysis.  

Additionally, as with the UL69P603 mutation, the UL69C496 mutation resulted in 

global UL69 functional defects beyond Spt6 binding.  Thus, we also constructed 

a UL69C496 revertant virus to ensure the defects in UL69C496 function during 

viral infection were due solely to the UL69C496 mutation.  Using the same BAC 

allelic exchange protocol, we replaced the UL69C496 mutant sequence in the 

UL69C496 BAC with WT UL69 sequence.  The resultant BAC, termed 

UL69C496Rev, was subjected to restriction digest analysis, Southern blot 



 63 

 

 
Figure 17.  Heterokaryon analysis during UL69C496 Transient transfection. 
(A) HFFs were transfected with pCGN-UL69 WT, pCGN-UL69P603, and pCGN-
UL69E618.  At 48 hpt, cells were fused with 3T3 cells, fixed and immunostained 
for UL69.  Actin staining was used to determine fusion events (Panels C, F, I). 
(B) A graphic depiction of (A) from 3 independent experiments.  40 
Heterokaryons were scored for presence of UL69 in murine nuclei, indicating 
shuttling. Images are representative of three independent experiments. 



 64 
analysis to ensure proper recombination, and direct sequencing across the 

UL69 ORF to ensure the presence of the WT sequence (data not shown).  The 

UL69C496Rev BAC was transfected into HFFs without complementation to 

generate a viral stock.  The UL69C496Rev virus stock was titered by an 

infectious center assay.  Viral DNA was purified from each viral stock and 

underwent direct sequence analysis across the UL69 ORF. 

HFFs were infected with either WT, ΔUL69, UL69C496, or UL69C496Rev 

virus at a multiplicity of 0.01 pfu/cell.  At indicated time points, virus was 

harvested and titered by infectious center assay.  The UL69C496Rev virus 

replicated to similar levels as the WT virus, reaching maximal titers after 13 days 

post infection (Figure 18).  Once again, the ΔUL69 virus never reached WT levels 

of replication, maintaining titer levels at least a two orders of magnitude below 

WT levels.  The UL69C496 virus also demonstrated a severe replication defect, 

only replicating slightly better than the ΔUL69 virus.  The UL69PC496 viral 

replication phenotype is due solely to the UL69C496 mutation and not an 

unintended mutation elsewhere in the genome since the UL69C496Rev virus 

replicated to WT levels.  However, like the UL69P603 mutation, the UL69C496 

mutation abolishes other UL69 functions beyond Spt6 binding.  Consequently, 

we cannot make any conclusions about the importance of UL69 binding to Spt6 

during viral replication. 

 

Spt6 Expression is Required for Efficient WT HCMV Replication in 

Fibroblasts.  Previously published results using a transient transfection assay 
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Figure 18. Growth Curve Analysis of HCMVUL69C496. HFFs were infected at 
an MOI of 0.01 and viral harvests were taken at indicated time points.  Harvests 
were titered on HFFs.  Error bars indicate average of three independent 
experiments. 
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suggest UL69 binding of Spt6 contributes to UL69 function (158).  Our growth 

curve analysis of the UL69C496 viral mutant, which is defective for UL69 binding 

of Spt6 during viral replication, is consistent with these observations.  However, 

our data indicate the UL69C496 mutation also affects other UL69 characteristics 

thought to be important for UL69 function, which prevent us from drawing 

conclusions about the role of UL69 binding of Spt6 during viral replication using 

the UL69C496 viral mutant. 

To partially circumvent the problem of using a viral mutant that is broadly 

defective for UL69 function, we used an shRNA strategy to knockdown Spt6 

expressing in HFFs and asked how Spt6 expression affects WT HCMV 

replication.  To this end, HFFs were transduced with a lentiviral vector expressing 

an shRNA specific for either Spt6 or EGFP (negative control).  Three days later, 

cells were harvested to examine both Spt6 transcript levels by qPCR analysis 

and Spt6 protein levels by immunoblot analysis.   HFFs transduced with a Spt6-

specific shRNA expressing lentivirus demonstrated an approximately 80% 

knockdown of Spt6 transcripts as compared to HFFs transduced with a lentivirus 

expressing an irrelevant (EGFP-specific) shRNA (Figure 19A).  This knockdown 

was also observable at the protein level, as shown in Figure 19B. 

Subsequently, HFFs transduced with either the lentivirus expressing the 

Spt6-specific shRNA or the control lentivirus were infected with WT HCMV at 

either a multiplicity of 1 pfu/cell or a multiplicity of 0.1 pfu/cell.  At 5 dpi, virus from 

cells infected with WT HCMV at a multiplicity of 1 pfu/cell was harvested and 

titered by infectious center assay.  At 7 dpi, virus from cells infected with WT  
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Figure 19. Spt6 Expression is Required for Efficient WT HCMV Replication. 
HFFs were transduced with lentivirus expressing siRNA specific for Spt6 or 
EGFP (control).  At 48 hours post transduction cells were harvested for (A) qPCR 
analysis, (B) western blot analysis, or (C) infected with WT virus at an MOI of 1 
or 0.1.  Virus was harvested at indicated time points and titered.  Dark gray bars 
indicate relative WT HCMV replication on HFFs transduced with Spt6 siRNA 
expressing lentivirus.  Light gray bars indicate relative WT HCMV replication on 
HFFs transduced with EGFP (control) siRNA expressing lentivirus.  Error bars 
indicate average of 3 independent experiments. 
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HCMV at a multiplicity of 0.1 pfu/cell was harvested and titered by infectious 

center assay.  As shown in Figure 19C, WT HCMV replication was reduced by 

approximately 70%, regardless of the starting MOI.  These results suggest that 

expression of Spt6 in HFFs is required for efficient WT HCMV replication.  

Together with the results above, this data supports a model for UL69 function 

that involves binding of Spt6. 

 

DISCUSSION AND FUTURE DIRECTIONS: 

 We have confirmed that UL69 is required for efficient HCMV replication in 

HFFs at a low MOI, as previously described (59).  There are three mechanisms 

by which UL69 has been proposed to function.  First, by binding UAP56, UL69 

promotes the export of intronless viral transcripts and facilitates efficient viral 

replication (89, 151).  Second, UL69 shuttles between the nucleus and the 

cytoplasm, which is also important to promote export of intronless viral 

transcripts. (87, 89).  Lastly, UL69 binds Spt6, a chromatin remodeling and 

transcription elongation factor (158).  These mechanisms have only been 

functionally tested during transient transfection and their relevance to viral 

infection, in the presence of a full complement of viral proteins at physiologically 

relevant levels, is unknown.  Using a viral mutant that expresses a UAP56 

binding deficient UL69, we have demonstrated that UL69 binding of UAP56 is not 

required for efficient viral replication in HFFs and does not contribute to the 

ΔUL69 phenotype.  We have also started to characterize the previously 

described shuttling mutants HCMVUL69P603 and HCMVUL69E618.  
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Surprisingly, the HCMVUL69E618 mutant is not defective for UL69 shuttling in 

either a transient transfection or HCMV infection.  Additionally, it replicates with 

WT kinetics to WT levels.  This indicates that the UL69E618 mutation does not 

affect UL69 shuttling, contrary to previous reports (87).  These data suggest an 

unintended and previously unrecognized mutation maybe present in the 

UL69E618 expression construct used previously to assess its ability to shuttle 

(87).  Alternatively, these results could be due to a difference between HeLa 

cells, which were used for the transient transfection assays in previously 

published studies, and HFFs which were used for our viral growth curve analysis.  

However, our data indicate UL69E618 is not defective for shuttling in either HeLa 

cells or HFFs during either a transient transfection assay or viral infection. 

In contrast, HCMVUL69P603 is defective for shuttling and in its ability to 

promote expression of the CAT reporter, which is consistent with previously 

reported results from a transient transfection assay (87).  Additionally, the 

UL69P603 exhibits a severe replication defect, similar to the defect exhibited by 

the ΔUL69 virus.  However, the HCMVUL69P603 mutant is also defective for 

other UL69 properties, which were not assayed in previously reported results.  

HCMVUL69P603 does not exhibit UL69 binding of Spt6 or UAP56, and does not 

localize to subnuclear replication compartments during infection.  There is also a 

reduction in total UL69P603 protein levels relative to WT UL69 production during 

infection.  Together, these data suggest the UL69P603 mutation affects a core 

domain within the UL69 ORF and result in a global defect in UL69 function.   
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Based on data from transient transfection assays using UL69mUAP and 

UL69P603 expression constructs in previously published work, a model for UL69 

function as a viral mRNA export factor has been proposed and is summarized in 

Figure 5 (87, 89, 136, 151).  According to this model, UL69 binds UAP56, 

accessing the cellular mRNA export pathway and shuttling out intronless viral 

transcripts.  However, this model has not been tested in the context of a viral 

infection, nor have the UL69mUAP or the UL60P603 mutations been assayed for 

other UL69 functions except for the functions they were predicted to abolish.  We 

have demonstrated, using the viral mutant UL69mUAP, that UL69 binding of 

UAP56 is required to promote the expression of the CAT protein from an intron-

containing expression construct, but that it is not required for efficient viral 

replication in HFFs and does not contribute to the ΔUL69 replication phenotype.  

Further, these data suggest the CAT assay measures a characteristic of UL69 

that is not relevant to UL69 function during viral replication.  Since the use of the 

CAT assay has been used to connect UL69 binding of UAP56 and 

nucleocytoplasmic shuttling, we predict that a viral mutant defective for UL69 

shuttling will also demonstrate WT replication kinetics and replicate to WT levels.  

However, our characterization of the viral shuttling mutants has been 

complicated by two observations.  First, the viral mutant UL69E618 is not 

defective for UL69 shuttling and does not exhibit a replication defect, indicating 

previously published results may have used an UL69E618 expression construct 

that contains an unintended mutation that inhibits its function.  Second, although 

the viral mutant UL69P603 is defective for shuttling and exhibits a severe defect 
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in viral replication, it also is defective for every other UL69 function for which 

we have assayed as well as total UL69 expression.  This suggests the 

UL69P603 mutation exerts a global affect on UL69 function, casting doubt on the 

specificity of the results of previous studies.  These results make it impossible to 

draw strong conclusions about the relative importance of UL69 shuttling during 

viral replication.  Together, the data indicate that a model for UL69 functioning as 

a viral mRNA export factor cannot include binding to UAP56 and a role for 

shuttling is not supported by the use of the UL69P603 mutants. 

UL69 could still function as a viral mRNA export factor, however the 

molecular mechanism by which UL69 promotes export of viral transcripts would 

have to center on its interaction with Spt6.  To this end, we also began 

characterization of the Spt6 binding viral mutant UL69C496.  While we were not 

able to detect Spt6 binding by UL69C496 during infection, interpretation of this 

result is complicated by the fact that infection with HCMVUL69C496 also results 

in a decrease in UL69 protein expression.  In a transient transfection UL69C496 

is also unable to shuttle between the nucleus and the cytoplasm.  Currently, 

UL69C496 has not been assayed for binding of UAP56, shuttling, subnuclear 

localization to replication compartments, or the ability to promote expression of 

the CAT protein from an intron-containing reporter construct in the context of a 

viral infection.  However, we predict the UL69C496 virus would also exhibit 

defects in these UL69 properties during infection.  Nevertheless, the UL69C496 

mutation, as with the UL69P603 mutations, also seems to affect another core 

domain in the UL69 ORF, which affects more than one UL69 characteristic.  
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Once again, conclusions cannot be made about the molecular mechanisms of 

UL69 function using these viral mutants. 

Given that the UL69C496 mutation inserted in the UL69 ORF resulted in a 

more broadly defective UL69 than simply a specific Spt6 binding defect, we used 

an shRNA strategy to assay the effect of Spt6 knockdown on WT HCMV 

infection.  Although we only achieved a partial knockdown of Spt6 expresion, we 

did observe a 70% reduction in WT HCMV titers following infection of HFFs that 

were transduced with a lentivirus expressing an Spt6-specific shRNA, relative to 

WT HCMV titers following infection of HFFs transduced with a lentivirus 

expressing an irrelevant shRNA.  These results suggest that Spt6 expression is 

required for WT HCMV infection, possibly through an interaction with UL69. 

There are three possible models for UL69 function during viral replication 

via its interaction with Spt6 based on the currently published literature regarding 

Spt6 function: 1) a viral mRNA export factor, 2) a transcriptional elongation 

factor, or 3) a chromatin remodeling factor. 

First, UL69 could function as a viral mRNA export factor by binding Spt6 

and directing the export of viral transcripts through the interaction of Spt6 with 

Iws1 (158), which directs splicing and export of Spt6-responsive elongating 

transcripts (163).  This mechanism could explain why UL69 binding of UAP56 is 

not required for viral replication, as the binding of Spt6 is a redundant mRNA 

export mechanism.  It would be interesting to examine the effect of Spt6 

knockdown on UL69mUAP viral replication.  If UL69 binding of Spt6 provides a 

redundant viral mRNA export mechanism, rendering binding of UAP56 by UL69 



 73 
unnecessary, then we would predict that knocking down Spt6 during 

UL69mUAP viral replication would result in even lower titers than knocking down 

Spt6 during WT viral replication.  Using an shRNA specific for Iws1 should have 

a similar effect.  Additionally, determining if deletion of UL69 affects the export of 

certain viral transcripts would be useful.  This could be done by quantifying the 

viral transcripts in the nucleus versus the cytoplasm of cells infected with either 

WT or ΔUL69 virus and comparing them to the total levels of viral transcripts 

using a viral microarray.  If UL69 behaved as a viral mRNA export factor, we 

would expect an increase of certain viral transcripts in the nuclei of cells infected 

with the ΔUL69 virus as compared to cells infected with WT virus.  Additionally, 

we would predict a decrease in the cytoplasmic levels of these same transcripts 

in cells infected with the ΔUL69 virus versus cells infected with WT virus.  

However, we would not expect a difference in the total level of the UL69-

responsive viral transcripts between cells infected with the ΔUL69 virus or with 

the WT virus.  We would also predict similar results in experiments using shRNA-

mediated knockdown of Spt6 in cells that are subsequently infected with WT 

virus.  Knockdown of Spt6 would cause retention of the same viral transcripts in 

the nucleus of WT virus infected cells, as compared to cells that are transduced 

with an irrelevant shRNA.  Such results would lend strong support to the role of 

UL69 as a viral mRNA export factor during HCMV replication. 

The second model for UL69 function during HCMV replication through its 

interaction with Spt6 would be as a viral transcription elongation factor.  The 

literature provides some support for this model.  During HCMV replication, 
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deletion of UL69 results in a defect in the production of certain late gene 

transcripts (59).  Since the total levels of these late gene transcripts are lower in 

cells infected with ΔUL69 virus in comparison to cells infected with WT virus, we 

would not expect that there is simply a defect in export of these transcripts from 

the nucleus to the cytoplasm.  However, these data does not distinguish between 

a defect in transcriptional initiation or in transcriptional elongation of late gene 

transcripts.  In order to distinguish between these two possibilities, nuclear run-

on assays would be needed.  Nuclei from HFFs infected with either WT or ΔUL69 

virus would be isolated at different times post infection and incubated in the 

presence of radiolabelled nucleotides.  The radiolabelled mRNA would then be 

used to probe cDNA specific for viral late genes on a membrane.  If UL69 was 

important for transcriptional elongation, but not initiation of late gene transcripts, 

we would not expect to see a difference between transcript levels at early 

timepoints.  However, at later timepoints, increasing amounts of late transcripts 

would accumulate faster in cells infected with WT as compared to cells infected 

with ΔUL69 virus.  To assay for the requirement of Spt6 in late gene transcription, 

cells could be transduced with either an Spt6-specific shRNA or an irrelevant 

shRNA and infected subsequently infected with WT virus.  At various time points, 

nuclei would be harvested and transcript levels assayed using a nuclear run-on 

assay.  Knockdown of Spt6 would result in the accumulation of fewer late gene 

transcripts.  These experiments would help to distinguish between the role of 

UL69 in transcriptional initiation or elongation during HCMV infection.  
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The third model for UL69 function during HCMV replication could 

involve modifying Spt6’s function as a chromatin-remodeling factor.  Spt6 is able 

to facilitate loading histones onto naked DNA, forming transcriptionally-inactive 

nucleosomes (15).  By binding Spt6, UL69 could function to prevent the loading 

of histones onto viral DNA, promoting viral DNA replication and late gene 

expression.  This model is supported by the fact that deletion of the UL69 ORF 

results in a defect in viral DNA replication (59), and that UL69 can antagonize the 

association of Spt6 with histone H3 (158).   To further test this model of UL69 

function, we propose a chromatin immunoprecipitation experiment comparing 

cells infected with either WT or ΔUL69 virus.  If UL69 functions to prevent the 

loading of histone H3 onto viral DNA, in lysates from cells infected with WT virus, 

immunoprecipitation of histone H3 would result in the co-precipitation of much 

less viral DNA than lysates from cells infected with the ΔUL69 virus.  Similarly, in 

colocalization experiments, Spt6 co-localization with histone H3 would not occur 

in subnuclear viral replication compartments in cells infected with WT virus.  In 

contrast, Spt6 would co-localize with histone H3 more frequently in viral 

replication compartments in cells infected with ΔUL69 virus, resulting in an 

inhibition of viral DNA synthesis.  An shRNA strategy could also be beneficial in 

determining the importance of Spt6 and nucleosome assembly on viral DNA 

during HCMV replication.  If Spt6 acts as an inhibitor of viral replication in the 

absence of UL69 expression, cells infected with ΔUL69 virus after knockdown of 

Spt6 should give greater viral yields.  In this case, we would not expect a 

complete restoration of WT viral replication, especially if other functions attributed 
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to Spt6 (i.e. transcriptional elongation activity) are also required for viral 

replication.  However, an increase in viral titers after infection with ΔUL69 virus 

would support a model that UL69 functions, at least partially, to prevent Spt6-

mediated assembly of histones onto viral DNA. 

 In summary, we have used viral mutants to confirm the replication 

phenotype of the ΔUL69 virus and to begin testing the molecular mechanisms by 

which UL69 functions during HCMV infection.  Using the UL69mUAP virus we 

have ruled out a mechanism involving UL69 binding of UAP56.  The shuttling 

mutants UL69E618 and UL69P603 have not provided conclusive evidence for 

the requirement of UL69 nucleocytoplasmic shuttling during viral replication.  The 

UL69E618 is not defective for shuttling and replicates with WT kinetics.  On the 

other hand, UL69P603 is defective for shuttling and exhibits a severe replication 

defect.  However, UL69P603 is also defective for every other UL69 characteristic 

we have assayed.  Given that binding of UAP56 and nucleocytoplasmic shuttling 

are connected in a model of UL69 functioning as a viral mRNA export factor, we 

predict UL69 shuttling is not important for function.  As with the UL69P603 virus, 

the UL69C496 virus also exhibits global defects in UL69 function, making it 

difficult to specifically ascertain the importance of Spt6 binding during HCMV 

infection.  However using an shRNA strategy, we have demonstrated that 

knockdown of Spt6 function does negatively affect WT HCMV.   Consequently, 

we have proposed future experiments that focus on Spt6 functions to further 

examine to role of UL69 during HCMV replication as either an mRNA export 

factor, transcriptional elongation factor, or a chromatin-remodeling factor. 
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