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ABSTRACT 

Human cytomegalovirus (HCMV), a beta herpesvirus, persists 

indefinitely in the human host through a life-long, latent infection. HCMV is 

associated with life threatening pathologies in the immune naïve or 

compromised and, therefore, understanding of the mechanisms of viral 

persistence is imperative to human health. The ULb’ region of the HCMV 

genome is selectively lost in high-passage strains of the virus, yet retained in 

low-passage strains. As such, the ULb’ is hypothesized to play a role in 

immune evasion, pathogenesis, latency, and dissemination. ULb’ encoded 

viral products are poorly characterized, hindering a mechanistic 

understanding of HCMV persistence.  

We previously defined a 3.6-kb locus spanning UL133-UL138 within 

the ULb’ region important to viral latency. UL136 is expressed as five protein 

isoforms ranging from 33-kDa to 19-kDa, arising from alternative transcription 

and translation mechanisms. We mapped the origins of each isoform through 

advanced bacterial artificial chromosome recombineering, where each ATG 

was disrupted and the resulting UL136 recombinant virus was screened for 

altered expression of the pUL136 isoforms. Remarkably, 8 of the 11 potential 

translation initiation sites encoded within the ORF are utilized to create the 

pUL136 isoforms. The pUL136 isoforms have distinct localization and 
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trafficking patterns within the cell, including varying degrees of Golgi 

association, suggesting each isoform may interface with different cellular 

components and pathways. Further characterization of UL136 recombinant 

viruses revealed a complex, antagonistic relationship between the pUL136 

isoforms. In endothelial cells, which are important to viral persistence and 

dissemination due to their ability to maintain a slow, “smoldering” infection, 

the 33- and 26-kDa isoforms promote replication, while the 25-kDa isoform 

enhances their combined activity, and the 23-/19-kDa isoforms repress the 

activity of the 25-kDa isoform. The pUL136 isoforms are also required for 

virus maturation in endothelial cells, where the 33-kDa is required both for 

virion envelopment and efficient formation of the perinuclear viral assembly 

compartment. In both an in vitro CD34+ cell culture model of latency and an in 

vivo NOD-scid IL2Rγc
null humanized mouse model, a virus lacking the 23-/19-

kDa isoforms fails to establish latency, instead replicating and disseminating 

with increased efficiency while viruses lacking the 33- and 26-kDa isoforms 

fail to efficiently reactivate or disseminate. Our data suggest that the interplay 

between the pUL136 isoforms maintains an intricate balance of infection that 

governs replication, latency, and virus dissemination, which ultimately 

contributes to the role of the UL133/8 locus in mediating outcomes of HCMV 

infection. 
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CHAPTER 1: LITERATURE REVIEW 

 

Herpesviridae 

Herpesviridae is an ancient family of viruses that have exquisitely 

evolved with their specific hosts over millennia of co-existence. In fact, some 

herpesviruses predate the vertebrate/invertebrate evolutionary split and 

evolved neurotropism more than 500 million years ago (111, 154). Many 

herpesviruses also predate the existence of Pangaea, the massive 

supercontinent formed over 300 million years ago (62). Further, 

cytomegaloviruses have existed for more than 80 million years and have co-

evolved with several species, including humans (111). These figures illustrate 

the extraordinary time scale with which herpesviruses have been able to 

adapt to, and co-evolve with, their hosts. The process of co-evolution occurs 

when the host evolves mechanisms to combat the virus and in turn the virus 

evolves novel mechanisms to evade host defenses, in so called “red queen” 

conflicts (21, 38). The result of this intricate co-evolution is a myriad of herpes 

viruses, each specifically adapted to its own host and that host’s immune 

system. More than 130 different herpesviruses infect a wide range of animal 

and human hosts (62), again illustrating their extensive co-evolution and host 

specificity.   
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Eight known herpesviruses infect the human population and are 

hallmarked by the ability to establish and maintain a life-long latent infection 

within human hosts and therefore within the human population at large. The 

human herpesviruses are divided into three categories based on biological 

characteristics, such as target cell type within the human host (6, 71, 147). 

The alpha subfamily (α-herpesviruses) includes Herpes Simplex 1, 2, and 

Varicella Zoster (HSV-1, HSV-2 and VZV, respectively), which all latently 

persist in sensory neurons (147). HSV-1 and HSV-2 typically cause oral and 

genital lesions, respectively, while VZV is the cause of both chicken pox 

(primary infection) and shingles (reactivation). The beta subfamily (β-

herpesviruses) have a wide cellular tropism within the human host, a long 

replication cycle, and are thought to establish and maintain latency in cells of 

the myeloid lineage located in the bone marrow (147). β-herpesviruses are 

restricted in their tropism for human cells, but have a wide tropism within the 

human host and can infect most cell types in vitro (40, 161). Human 

herpesvirus 6 and 7 (HHV-6 and HHV-7) are the least understood; although 

they have been shown to work together to cause high fever and roseola, or a 

wide-spread rash, in infants and toddlers (30, 172). While more is known 

about human cytomegalovirus (HCMV) than other β-herpesviruses, many 

mechanisms of latency and persistence remain poorly understood. HCMV 
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causes the least overt pathology of all human herpesviruses, suggesting that 

its extensive co-evolution with the human host may allow it to evade the 

human host’s immune system without pathologies typically associated with an 

immune response to viral infection (129). Therefore, understanding the 

mechanisms of HCMV latency may shed light on mechanisms of persistence 

in other herpesvirus infections. The gamma subfamily (γ-herpesviruses) 

includes Epstein-Barr (EBV), the cause of mononucleosis, and Kaposi’s 

sarcoma associated herpesvirus (KSHV), which is associated with Kaposi’s 

sarcoma in HIV/AIDS patients. The γ-herpesviruses establish and maintain 

latency in lymphoid cells, including both B- and T-cells (165). The human 

herpesviruses are summarized in Table 1. 
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Subfamily Name Infection 
Target Cell 

Latency 
Reservoir 

Pathology 

Alpha   
(α) 

Herpes Simplex 
1 (HSV-1) 

Mucosal 
Epithelial 

Cells 

Sensory 
Neurons 

Oral Herpes 

Herpes Simplex 
2 (HSV-2) 

Genital Herpes 

Varicella Zoster 
Virus (VZV) 

Chicken Pox, 
Shingles 

Beta      
(β) 

Cytomegalovirus 
(HCMV) 

Wide intra-
host tropism, 
able to target 

many cells 
types 

Hematopoietic 
Progenitor 

cells 

Broad pathology in 
immunocompromised 

and congenital 
infections 

Human 
Herpesvirus 6 
(Roseolovirus) 

T-cells Roseola (Rash with 
Fever) 

Human 
Herpesvirus 7 
(Roseolovirus) 

T-cells ? 

Gamma 
(γ) 

Epstein-Barr 
(EBV) 

Epithelial 
Cells 

B-cells Mononucleosis, 
Burkitt’s lymphoma 

Kaposi’s 
Sarcoma 

Associated 
Herpesvirus 

(KSHV) 

Kaposi’s Sarcoma, 
Castleman’s disease 

 
Table 1.  Summary of the human herpesviruses. The herpesvirus family is 
divided into three subfamilies: alpha, beta, and gamma. These subfamilies 
differ in their cell tropism, latency reservoir, and pathologies. 
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All human herpesviruses persist within their host and the human 

population by way of a latent infection. While the molecular mechanisms of 

the establishment and maintenance of the latent infection remain poorly 

understood, these mechanisms are crucial to our understanding of 

persistence and to develop novel therapeutics and antivirals to control the 

pathology of herpesviruses. Beyond the commonality of latency, all human 

herpesviruses share many other biological properties (6, 7, 71, 115, 147). 

Virion structure is similar across herpesviruses and includes the linear viral 

dsDNA genome encased in a nucleocapsid surrounded by a layer of 

tegument and a lipid bilayer envelope (Fig. 1). The viral dsDNA is packaged 

as a linear genome inside the icosahedral nucleocapsid. Once in the host cell, 

the linear dsDNA genome circularizes and is chromatinized with host 

histones, which serve to control viral gene expression and neutralize the 

charged DNA to promote stability and compaction of the genome (133). 

Interestingly, no histones have been detected within the nucleocapsid to allow 

charge neutralization or compaction of the packaged viral dsDNA (133). 

However, spermine and spermidine, both positively charged polyamines, 

have been detected in herpesvirus virions and are thought to neutralize the 

negatively charged viral dsDNA allowing for genome compaction within the 

nucleocapsid (51). Viral dsDNA is replicated and packaged into the 
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nucleocapsid in the nucleus and then trafficked into the perinuclear viral 

assembly compartment (VAC) formed during infection. In the VAC, a layer of 

tegument consisting of both viral and cellular proteins assembles around the 

nucleocapsid (Fig. 1). The tegument proteins function to promote productive 

viral replication and inhibit of the host cell innate immune response (82, 114, 

115). The tegument is surrounded by a lipid bilayer, derived from host 

membranes, that becomes the viral envelope and is acquired as maturing 

virions are trafficked through and exocytosed from the host cell. The virus 

envelope is also studded with a layer of viral glycoproteins which are required 

for host cell recognition and tropism, as well as host cell entry via attachment 

to host receptors on the cell surface (Fig. 1 and (96, 114, 115)). 
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Figure 1.  Herpesvirus virions share similar biological properties. 
Herpesvirus virions are comprised of a linear double stranded DNA genome 
packaged into an icosahedral nucleocapsid. The nucleocapsid is surrounded 
by protein rich tegument and a lipid bilayer envelope studded in viral 
glycoproteins. Components of the virion are labeled with black arrows, which 
point to the structure as labeled. 
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Human Cytomegalovirus 

HCMV is ubiquitous, persisting in 60-99% of the worldwide population by way 

of a latent infection (44). In the immunocompetent, both primary HCMV 

infection and reactivation is generally asymptomatic, resulting in a host who 

unknowingly spreads the virus. Asymptomatic infection is one factor that has 

allowed HCMV to indefinitely persist within the human population. Higher 

seroprevalence is associated with developing countries and regions with 

lower socio-economic status, likely due to differences in hygiene standards 

and population density (107, 121, 123, 202). HCMV is spread through bodily 

fluids (particularly saliva, urine, and blood), and most people are exposed to 

and infected with HCMV during childhood. In fact, HCMV can be shed in 

breast milk and is, therefore, easily transmitted vertically from mother to child 

(99). Daycare facilities and pre-schools are significant sources of HCMV 

spread. HCMV is asymptomatically shed for months to years following the 

initial primary infection, in saliva and urine, making it readily spread among 

children in group care (27). Seroprevalence also increases with age due to 

both environmental and behavioral factors such as living conditions and 

raising children (167). HCMV has a complex relationship with the host’s 

immune system, which can control, but never clear the infection. Instead of 

being cleared by the immune system, HCMV establishes a latent infection in 
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hematopoietic progenitor cells (HPCs) located in the bone marrow. This latent 

infection, which consists of low levels of viral gene expression and no 

production of infectious progeny virus, can reactivate periodically throughout 

the life of the host. While reactivation stimuli remain poorly understood, 

frequent, spontaneous, reactivation likely plays an important role in 

maintaining viral genomes within the host and spreading the virus among 

hosts. Studies have shown that the genome can be maintained within a single 

cell population for at least 20 days in vitro (56). However, the detection of 

genomes in vitro decreases over time due to loss via cell division and death, 

suggesting that maintaining the viral genome long term may require some 

level of spontaneous reactivation. 

While infection and reactivation appear asymptomatic in the 

immunocompetent host, the effects of long-term infection with HCMV are just 

beginning to be understood. Infection of the endothelial lining of the 

cardiovascular system results in a slow, “smoldering,” infection in which small 

amounts of progeny virus are produced and released over extended periods 

of time from infected cells (79, 80). While this “smoldering” infection likely 

contributes greatly to viral persistence, it also results in an increase of 

immune cells recruited to the site of infection that in turn contributes to 

atherosclerosis, the thickening and hardening of the artery walls, a substantial 
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risk factor for cardiovascular disease (75, 112, 139, 174). Recently, it was 

shown that infection with HCMV as a young adult may be beneficial as HCMV 

seropositivity is associated with a more efficient immune response to 

influenza vaccinations; however, this benefit is lost in the aged population 

(48). While these data suggest potential benefits to HCMV infection early in 

life, they also hint at the decrease in benefits of HCMV infection late in life.  

Long-term effects on the immune system due to chronic and/or 

persistent infections are now being appreciated as people live longer lives 

with less acute, life-threatening, infections. Life-long infection with HCMV has 

been associated with immune dysfunction in the aged (23, 72, 134, 156, 188, 

193, 200). The immune response to HCMV is primarily T-cell mediated and 

infection dramatically inflates and alters the T-cell immune compartment, in 

particular the CD8+ T-cell compartment (126). Further, long term infection with 

HCMV results in substantial differences in the CD8+ T-cell compartment in the 

aged (126). With a finite limit to the number of memory T-cells that can be 

maintained, devoting a significant portion of the immune system to a single 

persistent virus can decrease the ability of the immune system to combat 

exposure to novel pathogens. In turn, the altered immune response in the 

aged may lead to a decreased lifespan (65) and, in fact, HCMV has been 

associated with a decreased lifespan of about 4 years in the population aged 
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65 and older (155). Together, these findings begin to define the effects of 

persistent HCMV infection within the human population, while the full impact 

of life-long persistent infections is yet to be discovered. 

 

Pathologies in the Immunocompromised 

HCMV infection in the immunocompromised can have varied 

pathologies depending on the organ system where the productive infection is 

established. HCMV has a narrow host tropism, meaning it can only infect 

human cells. However, within the human host, the tropism of HCMV is 

extraordinarily broad and a vast array of cell types can be productively 

infected (161). HCMV is opportunistic pathogen and may cause life-

threatening disease in HIV/AIDS patients and others who are immune 

suppressed, including both stem cell and solid organ transplant patients (14, 

20, 44). In HIV/AIDS patients, HCMV reactivates with increasing frequency as 

the immune system becomes compromised. In these patients, the eye is a 

common target of productive HCMV infection, resulting in retinitis and 

blindness (49, 168, 203). In the early years of the HIV/AIDS epidemic, almost 

half of HIV-infected patients developed HCMV-induced organ disease, 

resulting in significant morbidities and mortalities due to organ failure (74, 

103). Currently, with the use of highly active antiretroviral therapy (HAART) to 
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control HIV loads, the incidence of HCMV disease has been reduced to only 

5-10% of its pre-HAART treatment levels (130, 151). Nonetheless, controlling 

HCMV disease in HIV/AIDS patients is imperative to quality and length of life.  

HCMV disease after solid organ or stem cell transplants can also be 

life threatening and is a major cause of illness during the first several months 

post-transplant. In at-risk solid organ transplant patients, HCMV productive 

infection happens in 30-75% of patients, depending on the organ transplanted 

(187). In these patients, HCMV infection can result in fever and general 

malaise, organ diseases including hepatitis, pneumonitis, and myocarditis, or 

life-threatening wasting disease (78, 187). Opportunistic infection with other 

life-threatening pathogens can also result from HCMV disease after transplant 

(187). Further, HCMV induced damage of the transplanted organ may lead to 

organ rejection (187). In bone marrow transplant patients, HCMV disease can 

occur both at early (weeks) and late (months) times post-transplant with 

pneumonia being the most serious manifestation carrying a 50% mortality 

rate (14-16). The use of antivirals that inhibit HCMV viral DNA replication, 

such as ganciclovir, can aid in preventing HCMV disease (15). However, most 

antivirals target the DNA polymerase or other functions specific to productive 

viral infection (4), and therefore cannot purge HCMV from its latent reservoir. 

Further, due to toxicity, efficacy, and drug resistant strains of HCMV (15, 70, 
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89, 106), a better understanding of the viral mechanisms of persistence are 

needed to develop novel therapeutics for HCMV disease. 

 

Pathologies in Congenital Infection 

Infection with HCMV in utero is the leading cause of infectious related 

birth defects in the developed world, affecting 1 out of 150 births in the United 

States every year (108). HCMV is one of the several TORCH 

(Toxoplasmosis, Other (Syphilis, Parvovirus B19, etc.), Rubella, HCMV, 

Herpes (HSV-1, HSV-2, VZV)) perinatal infections known to cause morbidity 

and mortality in neonates (124). Congenital HCMV disease is most prevalent 

in seronegative mothers as they have no existing immunity, but can also 

occur when HCMV reactivates in seropositive mothers, as HCMV can cross 

the placental barrier and infect the developing fetus (10). Infection during the 

first trimester is associated with manifestation of more severe symptoms at 

birth although infection in utero during any stage of pregnancy can impact the 

developing fetus (10, 132). HCMV related birth defects include hearing loss 

and cognitive delays and, in fact, HCMV is the leading cause of non-genetic 

hearing loss in children in the United States (47, 108). Progressive HCMV 

disease throughout childhood can manifest as progressive hearing loss to 

deafness, mental retardation, cerebral palsy, blindness, and eventually death 



	   33	  

(3, 47, 108, 116, 176). Novel therapeutics including antivirals are needed to 

improve quality and quantity of life in individuals with congenital HCMV 

infections and prenatal testing is needed to identify at-risk mothers and 

reduce the incidence of congenital HCMV infections. 

 

Virus Entry and Early Stages of Infection 

HCMV infection begins when a virion encounters a host cell. HCMV 

enters the cell through interactions between the viral glycoproteins that stud 

the viral envelope and host cell surface proteins (Fig. 1 and (96)). HCMV has 

a wide cellular tropism within the human host infecting a variety of cell types, 

both in vitro and in vivo (161). Cell type specific interactions mediate virion 

binding and host cell entry. Viral glycoprotein gB has been shown to interact 

with heparan sulfate proteoglycans (HSPGs) and epidermal growth factor 

receptor (EGFR) to promote virus entry into the cell (96). While there are 

more than 10 viral glycoproteins identified on the surface of HCMV virions, 

viral glycoproteins gB, gH, gL, gM, and gN have been implicated in entry of 

the virus into multiple cell types (44, 87, 96, 146). Cell tropism is further 

influenced by the cell of virion origin, meaning the cell type in which progeny 

virions are assembled governs which viral glycoproteins are expressed on the 

virion surface and, in turn, which new cell types can be infected (159).  
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Once the virion enters the cell, tegument proteins are released into the 

cytoplasm which trigger the initial steps of infection by preparing the cell for 

viral gene expression and genome replication (82). Around 35 tegument 

proteins are packaged into the tegument and are critical for successful HCMV 

infection with functions ranging from stability of the virion to 

degrading/sequestering host factors which prevent immediate early (IE) gene 

expression or trigger the host immune response (82). The tegument proteins 

also control trafficking of the nucleocapsid and release of viral DNA into the 

nucleus (82). Once in the nucleus, the linear dsDNA genome circularizes and 

becomes quickly associated with host histones (133). Chromatinization allows 

for genome protection and compaction, as well as control of viral gene 

expression (120, 125, 127, 133, 143). Over the course of productive infection, 

chromatin associated with the viral genome is dramatically altered, meaning 

that nucleosome occupancy and position are critical to viral gene expression 

and productive viral infection (204). Viral gene expression follows a temporal 

cascade where immediate-early (IE) genes are expressed first, followed by 

early genes (E), and late gene (L) expression (44). IE and E gene expression 

are not dependent on viral genome replication; however, without viral genome 

synthesis L gene expression is dramatically hindered (170, 171). In a 

productive infection, IE and E gene expression results in viral genome 
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replication via a rolling circle mechanism (131), which triggers and amplifies L 

gene expression. This temporal cascade results in the creation of viral 

progeny that can subsequently exit the cell and infect neighboring cells. 

However, in the context of cell types where viral latency can be established, 

the cascade of viral gene expression does not complete the progression 

through all of the IE, E, and L gene stages and instead the genome becomes 

quiescent, with little to no viral transcription and translation (44). 

 

Late Stages of Infection and Virus Maturation 

 HCMV virion maturation and egress is just beginning to be understood 

and has been shown have cell type specific factors which play important roles 

in maturation (24, 185). Virion maturation begins in the nucleus, where the 

viral capsid is formed, viral DNA is encapsidated and the capsid is egressed 

from the nucleus (179). During HCMV infection, cellular endosomal 

compartments and other cellular membranes are rearranged into a concentric 

perinuclear organelle called the VAC (36, 160). Viral progeny begin their 

cytoplasmic maturation in the VAC, where nucleocapsids are surrounded by a 

layer of tegument proteins which will be packaged into the mature virion and 

contribute to nucleocapsid structure and stability, as well as initiating infection 

in neighboring cells (179). The precise mechanisms of virion envelopment are 
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still unclear; however, recent evidence supports HCMV commandeering of 

the cellular endosomal sorting complex required for transport (ESCRT) 

pathway for envelopment and egress (178). Envelopes are acquired as the 

maturing virion is trafficked through the cell and are thought to include both 

endoplasmic reticulum (ER) and Golgi membranes (179). As the maturing 

virion is enveloped, viral glycoproteins are embedded into the mature virion 

membrane. These viral glycoproteins are crucial to host cell recognition and 

entry into neighboring cells targeted for infection by mature virions egressed 

from an infected cell (96). Productive HCMV infection results in three 

products: mature virions, non-infectious enveloped particles (NIEPs), and 

dense bodies (DBs). NIEPs are thought to form through the same 

mechanisms as mature infectious virions, but lack a viral genome (96). NIEPs 

are unable to establish a productive infection alone; however, they may 

promote initiation of HCMV infection either by providing additional tegument 

proteins or by infecting nearby cells and “priming” those cells for subsequent 

infection. DBs consist solely of enveloped tegument proteins that may 

contribute to infection by delivering considerable amounts of tegument 

proteins into cells along with mature virions (82, 96). Through multiple 

products of infection, HCMV is able to establish productive infection in diverse 

cell types within the human host. 
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The HCMV Viral Genome and the ULb’ Genomic Region 

 The HCMV genome is divided into multiple regions, including two 

unique regions: the unique long (UL) and unique short (US), as well as 

flanking repetitive sequence regions (RL, IRS, TRS), which allow the unique 

genomic regions to isomerize (Fig. 2). In high passage or laboratory adapted 

strains that have been serially passaged through fibroblast cells in vitro, the 

ULb’ region has been selectively lost and/or dramatically mutated and is 

therefore considered non-essential for replication in fibroblasts. The ULb’ 

region is a 13- to 15-kilobase (kb) region spanning from approximately UL128 

– UL151 and encoding ~20 putative open reading frames (ORFs) (Fig. 3 and 

(32, 119)). Most HCMV research has been done with laboratory adapted 

strains of the virus, and therefore the ORFs encoded within the ULb’ and their 

roles in infection have been understudied (32, 41, 119). 
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Figure 2.  HCMV genome organization. Schematic of HCMV genome, 
adapted from (118). The HCMV genome is divided into unique long (UL) and 
unique short (US) regions, flanked by repetitive regions that are associated 
with the long (RL), internal (IRS), or terminal (TRS) regions of the genome. 
These repetitive regions facilitate isomerization of the UL and US regions. 
High-passage strains, often referred to as laboratory adapted strains have 
selectively lost the ULb’ region of the genome, while the low passage or 
clinical isolates retain UL128-UL152 (ULb’). 
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Figure 3.  The ULb’ region of the HCMV genome. Schematic of the ULb’ 
region of the HCMV genome, adapted from (118). Low passage strains and 
clinical isolates of HCMV retain the ULb’ region of the genome that spans 
UL128 – UL152 and encodes more than 20 open readings frames (ORFs). 
The UL133/8 locus is outlined in black and UL136 is shown in green. 
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As the ULb’ region is conserved in clinical isolates, it is hypothesized to 

play a vital role during infection in other cell types in vitro and in vivo, 

including immune evasion, viral dissemination, and the establishment of a 

latent infection. Initial characterization of ORFs within the ULb’ has revealed 

functions relevant to persistence and latency. UL141 and UL142 have been 

shown to protect infected cells from natural killer (NK) cell lysis (9, 182, 201). 

UL141 sequesters a NK activating receptor, CD155, in the ER preventing its 

trafficking to and expression on the surface of infected cells thus preventing 

the activation of surveilling NK cells (182). UL142 encodes an MHC-I related 

glycoprotein that down modulates surface levels of the MHC-I related chain A 

(MICA), a ligand for activation of NK cells, by retaining it in the cis-Golgi (9, 

201). Several genes, UL128 – UL131A are required for entry into many non-

fibroblast cells including endothelial cells (ECs), epithelial cells, dendritic cells, 

and leukocytes (1, 67, 128, 148, 149, 159, 191, 192). These genes encode 

proteins which interact with glycoproteins and the pentameric complex 

subsequently formed is required for efficient binding and entry into these 

specific host cell types (179). The UL133/8 locus, encoding UL133, UL135, 

UL136, and UL138, is required for efficient virus maturation in ECs and the 

establishment of latency and reactivation from latency in CD34+ cells (24, 



	   41	  

137, 185), suggesting that genes within this locus play an important role in 

persistence of HCMV.  

 

Latency, Persistence, and the UL133/8 Locus 

 The defining characteristic of all herpesviruses is the ability to persist 

indefinitely within the human host by way of a latent infection. HCMV 

establishes a latent infection in HPCs that reside in the bone marrow. 

Antivirals used to treat HCMV infection in patients with HCMV disease can 

only target the actively replicating, productive, infection and are unable to 

target the latent HCMV infection (4). While many mechanisms of HCMV 

latency remain elusive, it is clear that both the virus and the host cell play an 

important role in establishment and maintenance of the latent state (54). 

During latency, the genome is most likely maintained as a viral episome 

tethered to a host chromosome in order to ensure its carriage to daughter 

cells during mitosis. While histone occupancy is in a dynamic euchromatic 

state during productive infection (127, 204), the latent genome is likely in a 

heterochromatic state consistent with the low levels of viral gene expression 

detected in latency. In fact, viral factors important to the productive infection, 

such as the major immediate early promoter (MIEP), are associated with 

repressive chromatin while the latency unique natural antigen (LUNA), which 
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is expressed during latency, is associated with active chromatin (120, 144, 

145). Much more work is needed to understand how cell type specific 

epigenetic regulation of the HCMV genome supports both the establishment 

and maintenance of latency. 

 As HCMV has been predominately studied in fibroblasts, all of the 

latency reservoirs have yet to be defined. Latent viral genomes and gene 

products have been detected in CD33+ (66, 90, 91), CD14+ cells (69, 180), 

and CD34+ cells (33, 53, 55, 97, 113). The CD34+ HPC in vitro model of 

HCMV latency has been shown to be phenotypically similar to the latent 

infection in vivo (53, 55, 56). Of the more than 200 ORFs encoded by HCMV, 

only 37-60 are detected in infected CD34+ HPCs during an in vitro model of 

the latent infection (33, 53) and include the immediate early 1 (72-kDa) and 2 

(86-kDa) transcripts (33, 53, 56, 137, 185). Other HCMV gene products 

detected during latency in HPCs include antisense IE transcripts, antisense 

UL81-82 transcripts (LUNA), a viral IL-10 homologue, pUL133, and pUL138 

(11, 81, 91, 98, 137, 145, 185). LUNA is thought to be required for HCMV 

reactivation in CD14+ cells, while being dispensable for virus replication in 

fibroblasts (85). pUL133 and pUL138 are required for the establishment of 

latency in CD34+ HPCs as disruption of either protein leads to a loss of 

latency phenotype and enhanced levels of virus replication (137, 185). Of the 
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other HCMV gene products detected during latency in HPCs, most are non-

essential in fibroblasts and therefore their function during infection and 

latency is unknown. 

 We previously determined that within the ULb’, ORFs within the 

UL136-UL142 region were required for establishment of latency in a CD34+ in 

vitro cell culture model (55). We further determined that UL138 is required for 

the establishment of latency in vitro (137). UL138 is encoded at the far 3’ end 

on multiple polycistronic 3’ co-terminal transcripts along with three other 

genes: UL133, UL135, and UL136 (57, 137). Interestingly, the UL136 ORF 

contains an internal ribosome entry (IRES)-like structure that overlaps the 

UL136 region of the transcripts and promotes the expression of pUL138 

during cell stress when canonical translation has been shut off (57). The 

UL133/8 locus has been shown to be dispensable for replication in 

fibroblasts, promote virus maturation in ECs, and dictate the establishment of 

latency in CD34+ HPCs (24, 43, 185). Both UL133 and UL138 are required for 

the efficient establishment of latency in vitro, but their combined effects are 

not additive (137, 138, 185). The transcripts of the UL133/8 locus support the 

expression of several novel proteins (Fig. 4 and (57, 137)) Interestingly, 

UL136 is expressed as multiple protein isoforms (57, 185). The UL136 ORF 

contains 11, in-frame, ATG sequences that code for methionine (M) and could 
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serve as translation initiation sites for these isoforms (Fig. 4A). Two pUL136 

isoforms are expressed via the 1.4-kb transcript, while the larger pUL136 

isoforms are not expressed from the 3.6- or 2.7-kb transcripts (Fig. 4B and 

(57)). In our current studies, we have determined that at least five isoforms of 

pUL136 are expressed through a rich transcriptional profile and the usage of 

eight of the translation initiation sites encoded within the ORF (Discussed in 

Chapter 3).  

The UL133/8 encoded proteins are membrane associated and localize 

to the Golgi apparatus to varying degrees (137, 185). Further, these proteins 

each self associate (138), allowing for complex interactions between the 

proteins and cellular factors. pUL133 and pUL138 robustly interact with each 

other in multiple contexts, pUL136 interacts with both pUL133 and pUL138, 

and pUL135 may interact with pUL133 and pUL138 (138). While the 

functional significance of these interactions remains unclear, they may be the 

result of specific dynamic interactions among the UL133/8 proteins or viral 

interactions with cellular complexes that result in more transient protein 

interactions among the UL133/8 proteins.  

 

 

 



	   45	  

 

 

 
 
 
 
 
 
Figure 4.  The UL133/8 locus encodes four genes along multiple 
transcripts. (A) Schematic of the UL133/8 locus and transcripts. UL136 
encodes multiple methionine codons that could potentially serve as 
translation initiation sites. (B) Protein expression from the UL133/8 
transcripts, including the multiple pUL136 isoforms. Tubulin serves as a 
loading control. M-methionine codon. 
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HCMV dramatically alters the cell surface during the time course of 

infection (198), and the UL133/8 locus contributes to cell surface modulation 

with functional consequences to replication and latency. UL138 increases 

surface levels of tumor necrosis factor receptor (TNFR) (100, 117) and 

reduces surface expression of multi-drug resistant protein 1 (MRP1) (197), 

although little work has been done to explore what role modulation of these 

cell surface proteins plays during HCMV infection and/or latency. UL136 has 

been detected in the plasma membrane during infection although its role at 

the cell surface is unknown (198). While the significance of cell surface 

localization and modulation is just beginning to be defined, it is likely an 

important aspect of rearranging cellular components to promote infection and 

reduce recognition by the immune system. Interestingly, UL135 has recently 

been shown to remodel the actin cytoskeleton through interactions Abelson 

interactor 1 and 2 (ABI-1 and ABI-2), which may reduce recognition and killing 

by NK cells in vitro (166). UL135 and UL138 antagonistically alter cell surface 

levels of EGFR and our data indicate that this is one mechanism governing 

replication and latency (Buehler and Goodrum, unpublished data). 

UL135 and UL138 function as a molecular switch in which UL138 

suppresses viral replication to favor a latent state while UL135 promotes 

replication in the presence of UL138 (186). Viruses lacking UL135 cannot be 



	   47	  

efficiently reconstituted from a bacterial artificial chromosome (BAC) (186), 

demonstrating the importance of pUL135 to virus replication. However, a virus 

lacking the entire UL133/8 locus has enhanced virus replication (185), 

suggesting a conditional requirement for pUL135 and, in fact, pUL135 is only 

required for efficient replication in the presence of pUL138 (186). Viruses 

lacking UL135 fail to respond to reactivation stimuli (186) while viruses 

lacking UL138 fail to establish latency and instead replicate with enhanced 

efficiency in CD34+ HPCs (137). These findings illustrate the antagonism 

between UL135 and UL138 that functions to control the outcome of HCMV 

infection and direct the virus into a productive or latent state. Some of the 

remaining questions from these studies are how the balance between UL135 

and UL138 is maintained and what viral or cellular factors function to govern 

this balance and ultimately influence the outcome of infection. Our current 

work suggests that the isoforms of pUL136 could function to help balance the 

antagonism between pUL135 and pUL138.   

In addition to the latent state, HCMV persistence within a human host 

is aided by the slow, “smoldering”, infections in other cell types like ECs. The 

vascular endothelium is thought to be a key target for HCMV as a mechanism 

of dissemination and spread, thereby aiding in persistence (2, 20, 80). ECs 

support low levels of virus shedding for long periods of time after infection 
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resulting from the production of small amounts of infectious progeny virus (79, 

80). Infections proceeding slowly in ECs result in lower levels of virus induced 

cytopathic effects (CPE), allowing ECs to survive in an infected state for 

longer and continue shedding virus. HCMV CPE result in very large, rounded, 

cells (cytomegalia) that detach from the endothelial lining and support 

dissemination of the virus to various organs and tissues in the body (60, 61). 

Interestingly, high passage HCMV strains fail to infect ECs while low 

passage, clinical, strains readily infect ECs (17, 162, 163). This difference in 

tropism is the result of changes within the ULb’ region of the genome, even 

after a limited number of passages in fibroblast cells. Entry into ECs requires 

three genes, UL128 – UL131A, whose gene products form a pentamer 

complex with the glycoproteins expressed on the virion surface that facilitate 

binding and entry into ECs (1, 67, 149, 159, 192). Post entry, US16 is 

required in ECs for efficient delivery of the viral genome and tegument 

proteins to the nucleus (22).  

The UL133/8 locus is also critical for virus replication and virion 

maturation in a cell type specific manner in ECs. Viruses lacking the locus are 

strikingly defective for replication in ECs, with a 1000-fold decrease in 

infectious virus production (24, 185). Without the UL133/8 locus, virus 

maturation in the late stage of infection is defective resulting in both aberrant 
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progeny virions and DBs and ultimately accounting for the striking decrease in 

infectious virus production (24). It was recently discovered that, within the 

UL133/8 locus, both UL135 and UL136 are both required for efficient 

maturation in ECs. The phenotypes observed in viruses lacking UL133/8 

segregate between viruses lacking either UL135 or UL136, both resulting in 

intermediate defects in infectious virus production and virion maturation 

(Bughio and Goodrum, in press) 

Taken together, the UL133/8 locus influences the outcome of infection 

in multiple cell types relevant to HCMV infection. Understanding the 

mechanisms by which the UL133/8 locus modulates HCMV infection is crucial 

to understanding how the virus persists within the human host and for the 

identification of novel antivirals and therapeutics needed to reduce HCMV 

morbidities.  
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CHAPTER 2: MATERIALS AND METHODS 

 

Cells 

Human primary embryonic lung fibroblasts (MRC-5, purchased from 

ATCC; Manasass) and Human Embryonic Kidney cells (HEK 293T/17, 

purchased from ATCC) were both cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) and supplemented with 10% fetal bovine serum (FBS), 10mM 

HEPES, 1mM sodium pyruvate, 2mM L-alanyl-glutamine, 0.1mM non-essential 

amino acids 100 U/mL penicillin, and 100 µg/mL streptomycin. Primary human 

lung microvascular lung endothelial cells (HMVEC-L, purchased from Lonza, 

Walkersville, MD) were cultured in microvascular endothelial cell growth medium 

(EGM-2, Lonza) and supplemented with the EGM-2 BulletKit, including 5% FBS 

(Lonza). Human cord blood and bone marrow were obtained using an 

Institutional Review Board approved protocol from donors at the University 

Medical Center at the University of Arizona. The specimens were de-identified 

and provided as completely anonymous samples. CD34+ HPCs were isolated 

and cultured as previously described (184, 185). Briefly, CD34+ HPCs were 

isolated using the CD34 MicroBead Kit (MACS, Miltenyi Biotec, San Diego, CA). 

Pure populations of CD34+ HPCs were subsequently cultured in MyeloCult 

H5100 (Stem Cell Technologies) and maintained in long-term co-culture with M2-

10B4 and Sl/Sl murine stromal cells lines (kind gift from Stem Cell Technologies 
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on behalf of D. Hogge, Terry Fox Laboratory, University of British Columbia, 

Vancouver, BC) (184, 185). All cells were maintained at 37°C with 5% CO2.  

 

Viruses 

The HCMV TB40/E BAC was engineered to express the green fluorescent 

protein (GFP) as a marker of infection (162, 185). To engineer recombinant 

viruses, an intermediate ΔUL136<GalK> BAC, was created by amplifying the 

GalK cassette with primers flanked by homologous viral sequences 5’ and 3’ of 

the UL136 ORF and recombined into the BAC. The construction of the UL136myc 

and ΔUL136<GalK> BACs were described previously (185). 

All recombinant viruses were created using a two-step, positive/negative 

selection approach that leaves no trace of the recombination process (137). 

UL136Δ33-kDamyc was created by PCR amplifying the UL136 sequence from the 

WT BAC using primers with the desired mutations to substitute stop codons for 

methionine codons at positions 1, 8, and 11 of the pUL136 sequence. 

UL136Δ23-/19-kDamyc was created by PCR amplifying the mutated UL136 

sequence from a plasmid that had been previously altered using site-directed 

mutagenesis, where methionine codons 100 and 128 were substituted with 

alanine codons. UL136p26/25-kDamyc was created by PCR amplifying the 

mutated UL136 sequence from a plasmid that had been previously altered using 

site-directed mutagenesis, where methionine codons 1, 8, 11, 100 and 128 were 



	  

	  

52	  

substituted with either stop (1/8/11) or alanine codons (100/128).  These PCR 

products were recombined into the BAC as described previously (137). To 

engineer UL136Δ26-kDamyc, UL136Δ25-kDamyc, UL136p33-kDamyc, UL136p26-

kDamyc, UL136p25-kDamyc, UL136p23-/19-kDamyc, UL136p33-/26-kDamyc, 

UL136p33-/25-kDamyc, UL136p33-/23-/19-kDamyc, UL136p26-/23-/19-kDamyc, 

UL136p25-/23/-19-kDamyc, UL136nullmyc, and UL136null_2myc, a shuttle vector 

was created using viral sequences from the UL136myc BAC. A region of the 

UL136myc or mutant BAC was PCR amplified from UL135(bp854) to 

UL138(bp139), A-tailed with Klenow exo- fragment (NEB) and TA cloned into 

pGEM-T easy (Promega). Specific methionine codons in UL136 were substituted 

with either stop or alanine codons using serial site-directed Phusion mutagenesis 

per manufacturer’s instructions (NEB). Methionine codons 1, 8, and 11 were 

mutated to stop codons, while methionine codons 63, 78, 80, 100, 128, 147, 160, 

and 211 were mutated to alanine codons in the various recombinant BACs. 

Mutations were confirmed via sequencing of the mutagenized pGEM-T plasmids, 

then PCR amplified from the plasmid using UL135(bp854) forward and 

UL138(bp139) reverse primers and recombined into the ΔUL136<GalK> BAC. 

BAC integrity was tested by enzyme digest fragment analysis and sequencing of 

the UL133/8 viral genomic region. All recombinant viruses used in this study are 

summarized in Table 2. 
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Table 2. Summary of recombinant HCMV viruses created and used for 
these studies.  
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All oligonucleotide primers used to engineer recombinant viruses are listed 

in Table 3. All BAC genomes were maintained in SW102 E. coli and viral stocks 

were propagated by transfecting 15-20 µg of each BAC genome, along with 2 µg 

of a plasmid encoding UL82 (pp71) into 5 x 106 MRC-5 fibroblasts and 

subsequently purified and stored as previously described (137). Virus titers were 

determined by 50% tissue culture infectious dose (TCID50) on MRC-5 fibroblasts. 
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Table 3. Primers for BAC Recombineering 

 Primer Name Orientation Sequence (5' to 3') 

B
A

C
 R

ec
om

bi
ne

er
in

g 

UL136Δ33-
kDamyc GalK 

Forward GCACACGCCTTCCCTCTTTTTCACCGCAGCTAAGAGAGAGAAAGA
GAGTACCTGTTGACAATTAATCATCGGCA 

Reverse GCCGACGGCACTTCTCAGGATAATGACAGCCGCAAAATAGATCG
TGGAGCTCAGCACTGTCCTGCTCCTT 

UL136Δ33-
kDamyc 

Forward CGAGTCAATGCAGATGACCTGA 

Reverse GGGGGGATCCTACGGAGTCGCGGATGATGTTA 

UL136Δ23-/19-
kDamyc GalK 

Forward GGCGCGCTCATCGCGTACTTAAGATATTACCACCAGGACAGTTG
GCGAGACGCGCCTGTTGACAATTAATCATCGGCA 

Reverse CCGTTCAACGGCCGGCGGGCCGGGTCGCCGAGTTCCGGGTCGG
GCACATCCGCTCAGCACTGTCCTGCTCCTT 

UL136Δ23-/19-
kDamyc 

Forward CGCTCATCGCGTACTTAAGATATTACCACCAGGACAGTTGGCGAG
ACGCGCTCCACGATCTATTTTGCGGCTGTCATTAT 

Reverse TTCAACGGCCGGCGGGCCGGGTCGCCGAGTTCCGGGTCGGGCA
CATCCGCGGCTCGCCGTCTGCTTCTCTGCCGCTCGTG 

UL136p26-/25-
kDamyc GalK 

Forward GCACACGCCTTCCCTCTTTTTCACCGCAGCTAAGAGAGAGAAAGA
GAGTACCTGTTGACAATTAATCATCGGCA 

Reverse GCCGACGGCACTTCTCAGGATAATGACAGCCGCAAAATAGATCG
TGGAGCTCAGCACTGTCCTGCTCCTT 

UL136p26-/25-
kDamyc 

Forward CGAGTCAATGCAGATGACCTGA 

Reverse GACGGCACTTCTCAGGATAATGACAGCCGCAAAATAGATCGTGG
AGCGCGTCTCGCCAACTGTCCTGGTG 

UL135(bp854) Forward CGGAGCCGACCACGCTGCCTATCG 

UL138(bp139) Reverse GCCAGCGGTAGCTCAAAAACATGCGC 

P
hu

si
on

 M
ut

ag
en

es
is

 

UL136 M63A 
Forward [Phos]GCCGCCCGACTTGGGCGACCGCGGTGTTTCACG 

Reverse [Phos]GTCGGGGACGCGGTGGGTCGGTTTCTCTTACGCCGGC 

UL136 
M78/80A 

Forward [Phos]GCTTACGCTTGCGATTGCGGCCATCGGCGCGCTCATCG 

Reverse [Phos]AAAACGGCACAGATAACGTGAAACACCGCG 

UL136 
M147/160A 

Forward [Phos]CGCTTCGACACGGTGGAAGCGGTGGACGAGACG 

Reverse [Phos]ACAGCCGCTGCCGTAGTACGCGGCCCCGTTCAA 

UL136 M211A 
Forward [Phos]GCTGCCAGAATGGGCGGATGCGGTACATGTG 

Reverse [Phos]AGCGCGTTCGACGACGTCGTACGAGTCGCG 

Restriction endonuclease sites are in lowercase 
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Rapid Amplification of cDNA Ends (RACE) 

MRC-5 fibroblasts were infected with TB40/E WT at an MOI of 2. At 72 

hours post infection, total RNA was isolated, DNase treated, and purified using 

the Nucleospin RNA-II kit (Macherey-Nagel). The 5’ and 3’ ends of the UL136 

transcripts were mapped using RNA Ligase Mediated Rapid Amplification of 

cDNA Ends (RLM-RACE, Life Technologies), which ensures the amplification of 

transcripts with a 5’ cap. 200ng of processed RNA was primed with random 

decamers (N)10 and reverse transcribed at 55°C for 60 minutes using 

Superscript III (Life Technologies) per the manufacturer’s guidelines. The 5’ ends 

were amplified with nested PCR using gene specific primers and Phusion 

polymerase with GC buffer, 5% DMSO, 1% formamide, and 400nM primers. 

Primers used are listed in Table 4.  

 

 

 Table 4. Primers used for RLM-RACE 

 Primer Name Orientation Sequence (5' to 3') 

R
LM

- R
A

C
E

 UL136 5' Outer Reverse GTTCTCCCGCGGGCCACTTACTT 

UL136 5' Inner Reverse CGTCGTACGAGTCGCGGATGAT 

UL136 3' Outer Forward GTTCAAGCGACCGTGCAAGTAA 

UL136 3' Inner Forward AAGTAAGTGGCCCGCGGGAGAAC 
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Cycling conditions for both outer and inner PCR reactions were 98°C for 1 

minute; followed by 30 cycles of 98°C for 15 seconds, 68.2°C (– 0.1°C per cycle) 

for 30 seconds, and 72°C for 60 seconds; and then a final extension at 72°C for 5 

minutes. To map the 3’ ends of the transcripts RNA was primed with a poly T 

primer (dT) and reverse transcribed at 42°C for 60 minutes using Superscript III 

according to the manufacturer’s guidelines. The 3’ end of the transcripts were 

amplified using nested PCR and gene specific primers with the following 

conditions for both outer and inner PCR reactions: 98°C for 1 minute; 30 cycles 

of 98°C for 12 seconds, 63°C for 30 seconds, and 72°C for 2 minutes; followed 

by a final extension of 5 minutes. All RLM-RACE products were gel purified, A-

tailed with Klenow exo- polymerase (NEB), cloned into pGEM-T Easy vector 

(Promega), and sequenced. 

 

Plasmids and Lentivirus Constructs 

Oligonucleotide primers used to generate expression plasmids are listed 

in Table 5. To generate expression plasmids expressing the UL136 transcripts, 

primers specific to the 5’ and 3’ ends of each transcript were used to amplify the 

transcript from UL136myc BAC. DNA was utilized as the template as no mRNA 

splice sites were identified in the RACE analysis. Resulting PCR amplicons were 

cloned, using EcoRV and AsiSI enzyme sites, into a previously described pCIG 

plasmid lacking the Woodchuck hepatitis virus Postranscriptional Regulatory 
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Element (WPRE), IRES, and GFP cassettes for transcript stability (57). Resulting 

plasmids were sequenced and maintained in DH10B E. coli. The generation of 

pCIG-UL136myc has been described previously (185). This plasmid was serially 

site-directed Phusion mutagenized to substitute methionine codons at positions 

63, 78, 80, 100, and 128 for alanine codons to yield pCIG-UL136_33-kDamyc. To 

create pCIG-UL136_26-kDaSII, pCIG-UL136_25-kDaFLAG, pCIG-UL136_23-

kDaHA, and pCIG-UL136_19-kDaEE, 5’ primers specific to each mapped TIS and 

3’ primers specific to the c-terminus of UL136, flanked by enzyme sites (5’ and 

3’) and unique epitope tags (3’), were used to amplify the desired portion of 

UL136. Amplicons were digested and ligated into pCIG using NheI and BamHI. 

Remaining downstream TIS (78, 80, 100, 128) were serially converted to alanine 

codons using site-directed Phusion mutagenesis. Resulting plasmids were 

sequenced to confirm mutations. All pCIG plasmids were maintained in DH10B 

E. coli. To create lentiviral vectors, the plasmids were co-transfected with pLP1, 

pLP2, and pVSVG plasmids (Invitrogen, CA) at a 2:1:1:1 ratio into HEK 293T/17 

cells (ATCC) using polyethylenimine (PEI). Culture supernatants were harvested 

at 48 hours post infection (hpi) and concentrated at 17,000 rpm in a SW28 rotor 

for 2 hours at 4°C. Pellets were re-suspended in Iscove’s Modified DMEM with 

2% BSA. Lentiviruses were titered on MRC-5 fibroblasts using Fluorescence 

Activated Cell Sorting (FACS) quantification of GFP produced by the IRES 

encoded within pCIG. 
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 Table 5. Priiers used for RACE and cloning 

 
Primer 
Name Orientation Sequence (5' to 3') 

U
L1

36
 T

ra
ns

cr
ip

ts
 

1784-bp Forward GGGGgatatcGAGACCGAAACAGCGAGCGCG 

1541-bp Forward GGGGgatatcCCGACCCACCGCGTCCCC 

1485-bp Forward GGGGgatatcATCTGTGCCGTTTTGCTTACGCTTATG 

1400-bp Forward GGGGgatatcGAGACATGCTCCACGATCTATTTTGCG 

1366-bp Forward GGGGgatatcTTATCCTGAGAAGTGCCGTCGGC 

1261-bp Forward GGGGgatatcCGGGGCCATGTACTACGGCAG 

3' Transcript Reverse GGGGgcgatcgcGTAAAAATTTCCACTACACAATAAAATTACTGACTCATGTGAAAAGT 

U
L1

36
 P

la
sm

id
s 

UL136myc 
Forward GGGGgaattcATGTCAGTCAAGGGCGTGGA 

Reverse GGGGggatccTTACAGATCCTCTTCTGAGATGAGTTTTTGTTC 

UL136_26-
kDaSII 

Forward GGGGgaattcACCATGACCGCGGTGTTTCACGTTATCTGTGC 

Reverse GGGGggctccTTATTTTTCGAACTGCGGGTGGCTCCAACCGCCACCGCCTTTTTCGAACT
GCGGGTGGCTCCAACCGCCACCGCCCGTAGCGGGAGATACGGCGTTCTCC 

UL136_25-
kDaFLAG 

Forward GGGGgaattcACCATGATTATGGCCATCGGCGCGCTC 

Reverse 
GGGGggatccTTACTTGTCGTCGTCGTCCTTGTAGTCGAATTCCTTGTCGTCGTCGTCCT
TGTAGTCTGCCCCTTTATCATCATCATCTTTATAATCACCGCCACCGCCCGTAGCGGGA
GATACGGCGTTCTCC 

UL136_23-
kDaHA 

Forward GGGGgaattcATGCTCCACGATCTATTTTGCGGCTGT 

Reverse GGGGggatccTTACGCGTAATCTGGAACATCGTATGGGTA 

UL136_19-
kDaEE 

Forward GGGGgaattcATGGATGTGCCCGACCCGGA 

Reverse GGGGggatccTTACTCCATAGGCATGTACTC 

P
hu

si
on

 M
ut

ag
en

es
is

 

UL136 M63A 
Forward [Phos]GCCGCCCGACTTGGGCGACCGCGGTGTTTCACG 

Reverse [Phos]GTCGGGGACGCGGTGGGTCGGTTTCTCTTACGCCGGC 

UL136 
M78/80A 

Forward [Phos]GCTTACGCTTGCGATTGCGGCCATCGGCGCGCTCATCG 

Reverse [Phos]AAAACGGCACAGATAACGTGAAACACCGCG 

UL136 
M147/160A 

Forward [Phos]CGCTTCGACACGGTGGAAGCGGTGGACGAGACG 

Reverse [Phos]ACAGCCGCTGCCGTAGTACGCGGCCCCGTTCAA 

UL136 
M211A 

Forward [Phos]GCTGCCAGAATGGGCGGATGCGGTACATGTG 

Reverse [Phos]AGCGCGTTCGACGACGTCGTACGAGTCGCG 

Restriction endonuclease sites are in lowercase; epitope tags underlined. [Phos] denotes a 5' phosphate group. 
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Immunoblotting 

Immunoblotting was performed as previously described (137, 185). Briefly, 

20-50 µg of protein lysate were separated on 12% Bis-Tris gels by 

electrophoresis and transferred to 0.45um polyvinylidene di-fluoride (Immobilon-

FL, Millipore) membranes. Proteins were detected using epitope or protein 

specific antibodies and fluorescently conjugated secondary antibodies using the 

Odyssey infrared imaging system (Li-Cor). All antibodies were used as listed in 

Table 6. Where indicated, cells were treated with 50-100µg of phosphonoacetic 

acid (PAA), 1-50µM MG132, or 20-50mM ammonium chloride (NH4Cl), or vehicle 

control. 

 

Indirect Immunofluorescence 

Immunofluorescence to localize viral and cellular proteins in lentiviral 

transduction and HCMV infection was performed as described previously (137). 

Briefly, MRC-5 fibroblasts were seeded onto coverslips 24 hours prior to 

lentivirus transduction or infection (2 x 104 cells/well in 24-well plates). Cells were 

transduced with various lentivirus or infected with HCMV at an MOI of 2 for 72 

hours. Prior to processing, lentiviral transduced cells were either treated with 

DMSO (vehicle control) or cycloheximide (CHX) at a concentration of 50 µg/mL 

and MG132 at a concentration of 25 uM for 2.5 hours. HMVEC-Ls were seeded 

onto coverslips 24 hours prior to infection (2 x 104 cells/well in 24-well plates). 



	  

	  

61	  

Cells were infected with HCMV at an MOI of 2 for 6 days. Cells were fixed in 2-

4% paraformaldehyde in PBS and stained with antibodies as listed in Table 6. 

The nucleus was stained with 1 µg/mL DAPI (49, 69-diamidino-2-phenylidole) 

and GM130 was used as a Golgi marker. Cells were visualized using a Zeiss 510 

Meta confocal microscope (Carl Zeiss Microimaging, Inc). 

 

Quantification of Infectious Virus 

Quantification of infectious virus produced by fibroblasts was determined 

by infecting MRC-5s at an MOI of 0.02 and subsequently collecting cells and 

medium over a 21-day infection time course. Quantification of infectious virus 

produced by endothelial cells was determined by infecting HMVEC-Ls at an MOI 

of 0.05 and subsequently collecting cells and media over an 18-day time course. 

Virus titers were determined by TCID50 in MRC-5 fibroblasts. 
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Table 6. Antibodies for immunoblotting and immunoflurorescence 

 Dilution used for: 

Antigen Antibody Typea Source Immunoblottingb,d Immunofluorescencec,d 

UL135 custom R Open 
Biosystems 2 ug/mL ND 

UL138 custom R Open 
Biosystems 2 ug/mL ND 

IE 1/2 3H4 M Gifte 1:25 ND 

pp28 10B4-29 M Gifte 1:50 1:20 

α-tubulin DM1A M Sigma 1:20,000 ND 

UL44 10D8 M Virusys 1:2,500 ND 

myc epitope 9B11 M Cell 
Signaling 1:1,000 ND 

myc epitope 71D10 R Cell 
Signaling ND 1:200 

SII epitope  M IBA 0.2 ug/mL 10 ug/mL 

FLAG epitope M2 M Sigma 1:1,000 ND 

FLAG epitope F7425 R Sigma ND 5 ug/mL 

HA epitope 6E2 M Cell 
Signaling 1:1,000 ND 

HA epitope C29F4 R Cell 
Signaling ND 1:1,600 

Glu-Glu(EE) 
epitope 2448 R Cell 

Signaling 1:1,000 1:500 

GM130 Clone 35 M BD ND 1:100 

GM130 Eps92Y R AbCam ND 1:250 

a R, rabbit; M, mouse 
b Dilution in TBS-5% milk supplemented with bovine serum albumin and Tween 20. 
c Dilution in PBS supplemented with bovine serum albumin and Tween 20. 
d Not done. 
e Generous gift from Tom Shenk, Princeton University 
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Infectious Centers Assay 

CD34+ HPCs, isolated from human cord blood, were used to assess 

latency and reactivation of HCMV in vitro as previously described (184, 185). 

Briefly, CD34+ HPCs were infected at an MOI of 2 for 20 hours after which a pure 

population (>97%) of infected (GFP+) CD34+ cells were isolated via FACS 

(FACSAria, BD Biosciences Immunocytometry Systems, San Jose, CA) using a 

phycoerythrin conjugated CD34 specific antibody (BD Biosciences). These cells 

were cultured in transwells above irradiated (4000 rads, 137Cs gammacell-40 

irradiator type B, Atomic Energy of Canada LTD, Ottawa, Canada) M2-10B4 and 

Sl/Sl stromal cells for 10 days. The frequency of the production of infectious 

centers was measured using an extreme limiting dilution assay as described 

previously (184, 185). The frequency of infectious centers, based on the number 

of GFP+ cells at 14 days post infection, was calculated using ELDA, extreme 

limiting dilution analysis software (http://bioinf.wehi.edu.au/software/elda/) (76).  

 

Engraftment and Infection of Humanized Mice 

 All animal studies were carried out in strict accordance with the 

recommendations of the American Association for Accreditation of Laboratory 

Animal Care (AAALAC). The protocol was approved by the Institutional Animal 

Care and Use Committee (number IS00001049) at Oregon Health and Science 

University. NOD-scid IL2Rγc
null mice were maintained at a pathogen free facility 
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at Oregon Health and Science University in accordance with procedures 

approved by the Institutional Animal Care and Use Committee. Newborn (0-3 day 

old) mice were sub-lethally irradiated with 50 cGy by 137Cs γ-irradiation and 

subsequently engrafted via intra-hepatic injection with 1 x 105 human CD34+ 

HPCs.  Human CD34+ HPCs were isolated from fetal liver tissue obtained from 

Advanced Bioscience Resources. Briefly, tissue was manually disrupted then 

digested with DNase, Collagenase and Hyaluronidase and CD34+ HPCs were 

isolated using magnetic beads (Miltenyi Biotech). CD34+ HPCs were allowed to 

engraft for a minimum of 8 weeks and the level of human cell engraftment was 

determined using FACS as previously described (163). Briefly, the efficiency of 

engraftment is calculated as the percentage of human CD45+ cells present in the 

total circulating lymphocytes in the blood. Mice were screened at four week 

intervals and groups normalized for human cell engraftment prior to infection. 

Humanized mice (12-14 weeks post-engraftment) were treated with 25ng/mouse 

LPS and after six hours infected via intraperitoneal (IP) injection using normal 

human dermal fibroblasts previously infected with HCMV UL136myc or UL136 

recombinant viruses as designated at approximately 1.6 x 105 PFU per mouse. A 

control group of engrafted mice were mock infected using uninfected fibroblasts. 

At 4 weeks post infection, the infected mice were split into two groups and half of 

the mice were treated with 100µL of granulocyte colony stimulating factor (G-

CSF) (300 mg/mL; Amgen) using a subcutaneous micro-osmotic pump (1007D; 
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Alzet) and 125µg AMD3100 (1,1’-[1,4-Phenylenebis(methylene)]bis-1,4,8,11-

tetraazacyclotetradecane octahydrochloride or Plerixafor) administered IP to 

mobilize HPCs. The remaining half of the mice serve as a direct comparison for 

the effects of virus reactivation and dissemination that follows HPC mobilization. 

At one week post mobilization, the mice were sacrificed, lymphoid organs 

harvested and samples for PCR frozen in RNALater and stored at -80°C for 

subsequent analysis. 

 

Quantitative PCR for Viral Genomes 
 

Total DNA was extracted from approximately 1mm2 sections of mouse 

spleen or liver using the DNAzol kit (Life Technologies). HCMV genomes were 

analyzed using quantitative PCR (TaqMan) performed on 1ug of total DNA and 

using TaqMan FastAdvance PCR Master Mix (Applied Biosystems, Foster City, 

Ca), according to the manufacturer’s instructions. Primers and a probe 

recognizing HCMV UL141 were used to quantify HCMV genomes (probe 

=CGAGGGAGAGCAAGTT; forward primer = 5’ GATGTGGGCCGAGAATTATGA 

and reverse primer = 5’ATGGGCCAGGAGTGTGTCA). The probe contains a 5’ 

FAM reporter molecule and a 3’ quencher molecule (Applied Biosystems). The 

reaction was initiated using TaqMan® Fast Advanced Master Mix (Applied 

Biosystems) activated at 95°C for 10 minutes followed by 40 cycles (15s at 95°C 

and 1min at 60°C) using a StepOnePlus TaqMan PCR machine. Results were 
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analyzed using ABI StepOne software. Data were analyzed using the statistical 

program GraphPad Prism 5. 

 

Yeast Two-Hybrid Screen 

A yeast screen for human cellular interacting proteins of pUL136 was 

performed using the Matchmaker Gold Yeast Two-Hybrid System (Clonetech, 

Mountain View, Ca) and the Mate and Plate Universal Human Library (Catalog # 

630480, Clonetech). This yeast two-hybrid universal library was constructed from 

human cDNA that has been normalized to remove high copy number cDNAs 

(over represented transcripts) in order to facilitate the discovery of low copy 

number novel protein-protein interactions. All protocols were carried out 

according to the manufacturer’s guidelines. Yeast dual transformation and yeast 

matings were performed according to established protocols from Clonetech. 

Yeast prey vectors were isolated from Y187 yeast and subsequently transformed 

into DH10B E. coli. After selection for E coli containing yeast prey vectors, the 

plasmids were isolated and sequenced to identify interacting partners. 
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* Adapted from: Caviness, K., Cicchini, L., Rak, M., Umashankar, M., Goodrum, F. 
2014.  Complex expression of the UL136 gene of human cytomegalovirus results in 
multiple protein isoforms with unique roles in replication. J. Virol. 88(24): 14412-25. 
	  

CHAPTER 3: COMPLEX EXPRESSION OF THE UL136 

GENE OF HUMAN CYTOMEGALOVIRUS RESULTS IN 

MULTPLE PROTEIN ISOFORMS WITH UNIQUE ROLES 

IN REPLICATION* 

 

Introduction 

HCMV is a β-herpes virus that, like all herpes viruses, persists through a 

life-long infection within its host. HCMV is ubiquitous within the human 

population, with a sero-prevalence of 60-99% worldwide. Primary infection and 

subsequent reactivation in the immune competent host are generally 

asymptomatic. However, opportunistic infection or reactivation in the immune 

compromised host, such as HIV/AIDS patients and stem cell or solid organ 

transplant patients, can be life threatening (14, 20, 44). Further, infection in utero 

is the leading cause of infectious birth defects in the United States, affecting 1 in 

150 infants born each year (3, 108, 116, 176). The long-term health impacts of 

HCMV persistence are just beginning to be defined, and include atherosclerosis, 

immune dysfunction, and frailty (23, 72, 75, 112, 134, 139, 156, 174, 188, 193, 

200). The molecular mechanisms controlling persistence and latency remain 

obscure due to a lack of understanding of the viral and cellular related factors 
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that contribute multiple HCMV infection states ranging from productive infection 

to latency. 

The HCMV genome contains a 13- to 15-kb region, termed ULb’, that is 

present in all clinical isolates and low passage strains of HCMV but selectively 

lost through serial passage of the virus through fibroblasts. The 20 putative ORFs 

encoded within the ULb’ region are considered non-essential for replication in 

fibroblasts and, therefore, the coding capacity and roles of ULb’ ORFs in infection 

have been understudied (32, 41, 119). As the ULb’ region is conserved in clinical 

isolates, it has been hypothesized to play multiple important roles that support 

viral persistence within the host including immune evasion, viral dissemination, 

and the establishment of a latent infection in cells other than fibroblasts. 

We have previously defined the UL133/8 locus within the ULb’ region as 

important for viral infection in multiple cell types. The UL133/8 locus coordinates 

expression of four genes: UL133, UL135, UL136, and UL138, each of which 

encode membrane associated proteins (137, 185). The UL133/8 locus has been 

shown to be important for viral replication and maturation in ECs and both UL133 

and UL138 are required for the establishment of latency in an in vitro CD34+ cell 

culture model (137, 185). UL138 increases surface levels of TNFR (100, 117) 

and reduces surface expression of MRP1 (197), although the functional 

significance of cell surface modulation during infection remains unclear. We have 

also described antagonistic roles for UL135 and UL138 in infection in fibroblasts 



	  

	  

70	  

and CD34+ HPCs. UL135 and UL138 comprise a molecular switch whereby 

UL138 suppresses viral replication while UL135 is important for viral replication 

when UL138 is expressed (186). Recently, UL135 has been shown to associate 

with the cytoskeleton and reduce recognition by NK cells (166).  Defining the 

roles of the viral genes encoded within the UL133/8 locus is imperative to 

understanding how the locus contributes to viral persistence. 

In the present study, we have characterized UL136 and investigated its 

role in infection. We and others previously reported that UL136 is expressed as 

multiple protein isoforms detected during HCMV infection (105, 185). We have 

extended those studies to show that UL136 is expressed as five protein isoforms, 

ranging in size from 33- to 19-kDa. The isoforms originate from a complex 

transcriptional profile, which permits the usage of multiple, canonical, translation 

initiation sites (TIS) encoded within the UL136 ORF. Using a series of 

recombinant viruses that lack individual isoforms, we investigated the role of 

each isoform in infection. Intriguingly, our analyses indicate that some pUL136 

isoforms suppress, while other isoforms likely promote, virus replication. Our 

analyses further suggest that some pUL136 isoforms are required for the efficient 

establishment of latency in vitro. Our findings indicate that, like the UL133/8 locus 

itself, UL136 encodes protein isoforms that modulate levels of virus replication 

and function to influence the outcome of the multiple infection states of the virus. 
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Results 

UL136 is expressed as multiple protein isoforms 

We and others previously demonstrated that UL136 is expressed as 

multiple protein isoforms during HCMV infection by use of a polyclonal antisera 

and an engineered virus, TB40/E UL136myc, expressing an in-frame, C-terminal 

myc epitope tag fused to the UL136 ORF (57, 105, 185). We analyzed the 

protein expression of UL136 over a time course of infection with TB40/E 

UL136myc in fibroblasts. Five distinct bands representing UL136 isoforms were 

detected, ranging in size from 33- to 19-kDa (Fig. 5). The molecular masses of 

the pUL136 isoforms, including the myc epitope tag, were determined using Li-

Cor Odyssey software. Annotations of the full-length protein encoded by UL136, 

pUL136, would predict a 27-kDa protein (not including the 1-kDa myc epitope 

tag). We previously reported the largest pUL136 isoform to be 37-kDa (185); 

however, more precise analysis estimates the molecular mass to be 33-kDa. We 

detected protein isoforms that we had not previously detected using a polyclonal 

pUL136 antibody that only weakly detects pUL136 in infection (57) or in 

UL136myc infection where we detected three distinct isoforms (185). The 

sensitivity of pUL136 isoforms to mechanical stresses and freeze/thaw may 

explain previous difficulties to detect all five isoforms. 
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Figure 5. UL136 is expressed as multiple protein isoforms with varying 
temporal kinetics. MRC-5 fibroblast cells were either mock infected or infected 
with the UL136myc virus at an MOI of 1. Cells were harvested over the time 
course indicated, and lysates were immunoblotted using a monoclonal mouse 
anti-Myc antibody. Five pUL136 isoforms were detected with various temporal 
kinetics of expression. A longer exposure is shown to better visualize the 23-kDa 
isoform. A monoclonal antibody to α-tubulin was used as a loading control. 
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The pUL136 isoforms are expressed with early-to-late kinetics 

We have previously shown that the UL133/8 transcripts are expressed 

with early kinetics, where the accumulation of transcripts is mildly inhibited by 

inhibitors of viral DNA synthesis (137). pUL135 and pUL138, both proteins 

encoded within the UL133/8 locus, are expressed with early kinetics and do not 

require viral DNA synthesis for their expression (Fig. 6 and data not shown). To 

characterize the kinetics of pUL136, we examined protein expression over a time 

course from 6-72hpi. Infected fibroblasts were treated with phosphonoacetic acid 

(PAA) or a vehicle control at the time of infection (Fig. 6) to selectively inhibit 

HCMV genome synthesis (77). Early viral proteins are synthesized prior to the 

onset of viral genome synthesis and their accumulation is insensitive to PAA, 

while the expression of early-to-late or late viral proteins is dramatically hindered 

when viral genome synthesis is blocked (170, 171). pUL136 isoforms began to 

accumulate at 12 hpi in the presence or absence of PAA (Fig. 6). Unexpectedly, 

pUL136 isoform accumulation was severely diminished in the presence of PAA 

beginning at 24 hpi. By contrast, accumulation of pUL135 was unaffected. 

Interestingly, the 26-kDa isoform was less affected by PAA treatment than other 

isoforms. The immediate early, IE1 and IE2, proteins and the late protein, pp28, 

were monitored as controls. IE1 and IE2 accumulation were unaffected by PAA 

treatment during early time points; however, late amplification of IE2 was 

dependent on efficient viral DNA replication, as previously reported (46). As 
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expected, the accumulation of pp28 was suppressed in the absence of DNA 

synthesis (84, 109). These data suggest that in contrast to other proteins 

expressed from the UL133/8 locus, pUL136 is expressed with early-to-late 

kinetics. Further, these data suggest that the expression and regulation of UL136 

is likely complex. 

 

 

 

 
Figure 6. UL136 is expressed with early-to-late kinetics and enhanced by 
viral DNA synthesis. MRC-5 fibroblast cells were either mock infected or 
infected with the UL136myc virus at an MOI of 1. Upon infection, cells were 
treated with a vehicle control or PAA at a concentration of 50 µg/ml. Cells were 
harvested over the time course indicated, and lysates were immunoblotted with 
antibodies specific to each protein or the myc epitope tag, as described in Table 
6. A monoclonal antibody to α-tubulin was used as a loading control. 
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The UL133/8 locus encodes multiple UL136 transcripts 

We were intrigued by the unexpected requirement of viral genome 

synthesis for the accumulation of pUL136 late in infection. As we have been 

unable to detect expression of the larger pUL136 isoforms (33-, 26-, and 25-kDa) 

from the UL133/8 transcripts we previously mapped (57), we reasoned that the 

transcriptional profile of the UL133/8 locus may be more complex than previously 

understood. Further, given the unique requirement for viral genome synthesis for 

efficient accumulation of pUL136 isoforms, we hypothesized that transcripts 

encoding theses isoforms might be expressed or accumulate to higher levels 

after the onset of viral genome synthesis. To address this possibility, we 

analyzed the UL136 specific transcripts expressed late in infection (72hpi) by 5’ 

RNA Ligase Mediated Rapid Amplification of cDNA Ends (RLM-RACE) (Fig. 7A). 

This approach to 5’ RACE ensures that only transcripts containing a 5’ cap are 

captured for sequencing. This analysis revealed the existence of six transcripts 

that were not previously detected at 24hpi (57). The 5’ ends of the six transcripts 

are located just upstream of multiple methionine codons within UL136 that could 

serve as canonical TIS. All six of these transcripts are 3’ co-terminal with the 

UL133/8 transcripts we previously reported, terminating downstream of UL138 

(Fig. 7A and (57, 137)).  
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Figure 7. UL136 has a complex transcriptional profile that contributes to 
the expression of the pUL136 isoforms. (A) Schematic of UL136 transcripts 
defined by 5’ RACE relative to the mapped TIS. “M” indicates putative initiating 
AUG/methionine codons of UL136. (B) pUL136 isoforms expressed from the 
UL136 transcripts. HEK293T/17 cells were mock transfected or transfected with 
expression constructs expressing the cDNA of the indicated 5’ RACE products. 
These expression constructs have been engineered to express a C-terminal myc 
epitope tag fused to UL136. Fibroblasts infected with the UL136myc virus were 
used as a positive control for pUL136 isoform expression (lane 2). Cells were 
harvested at 48 hours post infection, and lysates were immunoblotted with 
antibodies specific to the myc epitope tag. A monoclonal antibody to α-tubulin 
was used as a loading control. 
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To investigate isoform expression from each of these novel transcripts, 

plasmids containing a cDNA of each transcript were transfected into human 

embryonic kidney (HEK) 293T/17 cells and the resulting proteins were examined 

(Fig. 7B). Interestingly, each transcript gives rise to multiple proteins that 

correspond in size to the pUL136 isoforms observed in infection (Fig. 7B, lane 2 

and 3-8). These data suggest the pUL136 isoforms are expressed from multiple 

transcripts with unique 5’ ends, with the 5’ most AUG likely serving as the 

primary TIS for each isoform. However, as more than one protein isoform could 

be detected from transfection of cDNA, we speculate that expression of the 

pUL136 isoforms may also be the result of leaky ribosomal scanning or 

alternative TIS usage.  

 

Mapping the UL136 isoforms in the context of infection 

To definitively map the TIS for each pUL136 isoform in the context of viral 

infection, we substituted putative start codons within UL136 with either stop or 

alanine codons in the viral genome cloned as a BAC using a two-step method 

that leaves no trace of the recombination. To map the 33-kDa isoform in HCMV 

infection, we engineered a recombinant HCMV where the three 5’ methionine 

codons at positions 1, 8, 11 in the protein coding sequence were converted to 

stop codons, UL136Δ33-kDamyc (Fig. 8A).  
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Figure 8. Mapping the UL136 isoforms in HCMV infection. (A) Schematic of 
recombinant viruses used to map the UL136 isoforms. Potential translation 
initiation sites (M, methionine [AUG codon]) were mutated to either stop codons 
(*) or alanine codons (indicated by an A). TM, transmembrane domain. (B to D) 
Protein expression of recombinant UL136 viruses. MRC-5 cells were mock 
infected or infected at an MOI of 2 with the indicated viruses. Cells were 
harvested at 72 hours post infection, and lysates were immunoblotted with 
antibodies specific to each protein or the myc epitope tag, as described in Table 
6. A monoclonal antibody to α-tubulin was used as a loading control. (C) Prior to 
harvest, cells were treated with either 50 µM MG132 and 50 mM NH4Cl (4 h), 1 
µM MG132 and 20 mM NH4Cl (24 h), or a vehicle control. hpt, hours post 
treatment.  
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Fibroblasts infected with UL136Δ33-kDamyc failed to express the 33-kDa 

isoform, but expressed all smaller isoforms (Fig. 8B, lane 3). At least two of the 

three 5’-most methionine codons (positions 1, 8, and 11) are used as TIS for 33-

kDa isoform, as conversion of simply the first methionine codon to a stop codon 

only partially reduced expression of the 33-kDa isoform (data not shown). To 

map the 26- and 25-kDa isoforms, we created two recombinant viruses by 

converting methionine codons at positions 63 and 78/80 to alanine codons to 

create UL136Δ26-kDamyc and UL136Δ25-kDamyc, respectively (Fig. 8A). 

Fibroblasts infected with UL136Δ26-kDamyc or UL136Δ25-kDamyc fail to express 

the 26- and 25-kDa isoforms, respectively (Fig. 8B, lanes 4-5), but expressed all 

other isoforms. We previously defined a transcript with a 5’ end initiating 

upstream of the methionine codon at position 100 within UL136, which supports 

expression of the 23- and 19-kDa pUL136 isoform (Fig. 4 and (57)). To verify the 

origin of the smaller pUL136 isoforms, we converted the methionine codons at 

positions 100 and 128 to alanine in the viral genome to create UL136Δ23-/19-

kDamyc (Fig. 8A). Fibroblasts infected with UL136Δ23-/19-kDamyc failed to 

express the 23- or 19-kDa isoforms (Fig. 8B, lane 6). Individual expression 

plasmids where methionine codons at positions 100 or 128 were converted to 

alanine codons disrupt the expression of the 23- or 19-kDa isoforms, respectively 

(data not shown). These data suggest the 23- and 19-kDa isoforms have unique 

TIS. We have not yet created viruses to distinguish the 23- and 19-kDa isoforms, 
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as both of these isoforms lack the pUL136 putative transmembrane domain (TM) 

and are soluble (185) and the 23-kDa isoform is typically expressed at very low 

levels during infection. As expected, a recombinant virus disrupting all eight of 

the above mapped translational start sites, UL136nullmyc, is null for expression of 

all pUL136 isoforms (Fig. 8A and 8B, lane 7). Each of the recombinant UL136 

viruses expressed wild-type (WT) levels of immediate early (IE1 and IE2), early 

(pUL44), and late (pp28) viral proteins, indicating that there are no major defects 

in viral gene expression in fibroblasts when one or all UL136 isoforms are 

disrupted. 

UL136 encodes three additional methionine codons corresponding to 

amino acids at positions 147, 160, and 211. Further, transfection of the 1261-kb 

transcript into 293T/17 cells resulted in weak expression of a 17-kDa pUL136 

isoform (Fig. 7B, lane 8). We have not previously detected this isoform in the 

context of infection (Fig. 5). To investigate this pUL136 isoforms in the context of 

infection, we infected cells with UL136myc or UL136nullmyc and treated cells with 

MG132 and ammonium chloride (NH4Cl), potent inhibitors of the cellular 

proteasome and lysosome, respectively. Inhibition of the proteasome and 

lysosome increased accumulation of all pUL136 isoforms. However, no isoforms 

smaller than 19-kDa were detected (Fig. 8C). We further engineered an 

additional UL136 null virus (UL136null_2myc) that substitutes alanine codons in 

place of the methionine codons at positions 147, 160, and 211 in additional to the 
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methionine codon substitutions in UL136nullmyc (Fig. 8A). Fibroblasts infected 

with these two UL136 null viruses showed no difference in pUL136 expression 

and immediate early (IE), early (UL44) or late (pp28) viral gene expression (Fig. 

8D). Taken together, we have no evidence that isoforms smaller than the 19-kDa 

isoform are expressed in this context of infection in fibroblasts. The 17-kDa 

product detected in (Fig. 7B) may be an artifact of exogenous, overexpression. 

However, we cannot rule out the possibility that a 17-kDa isoform maybe 

expressed in other contexts of infection. 

 

The pUL136 isoforms have distinct localization                                                           

and trafficking patterns within the cell 

The presence of five isoforms of UL136 created from multiple transcripts 

and TIS within the coding sequence reveals an intriguing complexity to UL136 

expression. We hypothesized from these results that the pUL136 isoforms 

represent distinct proteins that may have unique, yet related functions in the cell. 

To begin to understand the differences in these protein isoforms, we analyzed 

the subcellular localization of each isoform. To do this, we first created a series of 

lentiviral constructs that each express a single isoform fused to a unique 

carboxy-terminal epitope tag (Fig. 9A). To ensure that each lentivirus could only 

express one isoform, we created amino-terminal truncations to match the 

mapped TIS of each isoform and converted all remaining downstream 
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methionine codons to alanine codons in each construct, which resulted in 

expression of only a single isoform (Fig. 5B).  

We expressed each of these constructs in fibroblasts and localized the 

isoforms by indirect immunofluorescence using antibodies specific to each 

epitope tag (Fig. 9C). We have previously determined that each of the UL133/8 

proteins, including pUL136, associate to some extent with the Golgi apparatus 

during infection (137, 185). Therefore, we examined the Golgi association of 

each pUL136 isoform using GM130 as a Golgi marker. We were intrigued to 

observe distinct localization of the isoforms with varying degrees of Golgi 

localization. UL136myc (potentially expresses all isoforms) was broadly distributed 

throughout the cytoplasm. The 33- and 25-kDa isoforms localized predominately 

the Golgi apparatus; however, the 26-kDa isoform retained Golgi association 

while exhibiting a broader, punctate, distribution throughout the cytoplasm and at 

the plasma membrane. Both the soluble 23- and 19-kDa isoforms that lack a 

putative TM (Fig. 9A) were diffusely distributed throughout the cytoplasm. 

Controls for each of the antibodies specific to the epitope tags used are shown 

(Fig. 9D). 
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Figure 9. The UL136 isoforms have distinct localization and 
trafficking patterns within the cell. (A) Schematic of lentivirus 
expression constructs. Each lentivirus was engineered to express a single 
isoform fused to a unique epitope tag, as denoted in the white arrowhead 
(SII, Strep-tag II; HA, hemagglutinin). N-terminal truncations of UL136 
were made to induce the expression of each isoform, as mapped in Fig. 
9A, and the remaining mapped downstream methionine (M) codons were 
converted to alanine (A) codons to ensure expression of only a single 
isoform. (B) Expression of single UL136 isoforms from lentiviral 
constructs. MRC-5 fibroblast cells were either mock transduced or 
transduced with the indicated lentivirus construct at an MOI of 2. Cells 
were harvested at 72 hours post infection, and lysates were 
immunoblotted with antibodies specific to each epitope tag or α-tubulin, as 
described in Table 6. LV, lentivirus. (C) Localization of UL136 isoforms 
outside the context of infection. MRC-5 fibroblast cells were transduced 
with the indicated lentivirus vector at an MOI of 2. At 72 hours post 
infection, the cells were treated with a vehicle control (Merge column) or 
cycloheximide (CHX) and MG132 (CHX Merge column) for 2.5 hours prior 
to processing. The UL136 proteins were localized by indirect 
immunofluorescence using antibodies specific to each epitope tag or a 
Golgi apparatus marker, GM130. DAPI staining marks the nuclei. The 
antibodies are described in Table 6. (D) Panel of antibody controls in 
MRC-5 fiborblast cells transduced with an empty-vector control. 
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The differential distribution of pUL136 isoforms and their localization in the 

secretory pathway suggests that these proteins may traffic. To assess trafficking, 

we treated transduced cells with cycloheximide (CHX) to clear the biosynthetic 

pathway prior to fixation and processing for indirect immunofluorescence (Fig. 

9C, second merge panel). We also treated the cells with MG132 to inhibit the 

proteasome and promote accumulation of the isoforms to detectable levels. 

While both the 33- and 25-kDa isoforms showed some staining in the Golgi, 

these isoforms also exhibited increased punctate staining in the cytoplasm 

suggesting these isoforms traffic out of the Golgi. The 26-kDa isoform retained 

cytoplasmic localization but exhibited a striking loss of staining at the Golgi. As 

expected, the cytoplasmic distribution of the 23- and 19-kDa isoforms was not 

altered by CHX treatment. Together, these data indicate that the pUL136 

isoforms traffic and may function in the secretory pathway.  

We next wanted to analyze the localization of pUL136 isoforms in the 

context of infection and determine if subcellular distribution was affected by viral 

factors. We engineered a series of recombinant viruses expressing a single 

UL136 isoform, by disrupting all TIS except ones specific to each isoform (Fig. 

10A). We examined the pUL136 protein expression, as well as immediate early 

(IE1/2), early (pUL44), and late (pp28) viral protein expression to confirm that 

each virus expressed only a single isoform and there were no major defects in 

viral gene expression (Fig. 10B). At 72 hpi, pUL136 isoforms were localized in 
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fibroblasts by indirect immunofluorescence (Fig. 10C). pUL136 isoforms 

expressed together with UL136myc were distributed throughout the cytoplasm and 

localized with the Golgi apparatus. The localization with the Golgi marker GM130 

indicates that pUL136 is localized within the perinuclear VAC (36, 160). In the 

context of infection, each individual pUL136 isoform also exhibited association 

with the Golgi apparatus. The 33- and 26-kDa isoforms exhibited a higher degree 

of punctate cytoplasmic staining as compared to lentivirus transduction, 

indicating altered distribution or increased trafficking out of the Golgi during 

infection. Interestingly, the 26-kDa isoform localized near the Golgi, but staining 

was mutually exclusive with GM130, suggesting the 26-kDa isoform may co-

localize with other components of the Golgi or VAC. The 23- and 19-kDa 

isoforms appeared diffusely distributed throughout the cell, consistent with their 

localization outside the context of infection. These data indicate that the pUL136 

isoforms exhibit distinct subcellular localization in the context of infection and that 

their distribution or trafficking may be affected by infection specific factors. It 

should be noted that the localization of pUL136 to the VAC is not due to binding 

of rabbit antibodies to the HCMV Fc receptor, which also localizes to the 

assembly compartment.  Cells infected with UL136nullmyc, which expresses none 

of the pUL136 isoforms but would express the HCMV Fc receptor, is devoid of 

any staining for the myc epitope tag (Fig. 10C). Further, the localization of these 

protein is identical in cells as determined using both mouse and rabbit antibodies.  
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Figure 10. The UL136 isoforms have distinct localization during HCMV 
infection. (A) Schematic of recombinant viruses expressing single isoforms. The 
indicated TISs were mutated to either stop codons (*) or alanine codons (A). (B) 
Protein expression of UL136 from recombinant viruses expressing a single 
isoform. MRC-5 fibroblast cells were mock infected or infected at an MOI of 2 
with the indicated viruses. Cells were harvested at 72 hours post infection, and 
lysates were immunoblotted with antibodies specific to each protein or the myc 
epitope tag, as described in Table 6. A monoclonal antibody to α-tubulin was 
used as a loading control. (C) Localization of individual UL136 isoforms in the 
context of infection. MRC-5 fibroblast cells were either mock infected or infected 
at an MOI of 3. At 72 hours post infection, the UL136 proteins were localized by 
indirect immunofluorescence using an antibody specific to the myc epitope tag or 
a Golgi apparatus marker, GM130. DAPI staining marks the nuclei. The 
antibodies are described in Table 6. 
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The pUL136 isoforms impact viral replication and latency 

In order to define the potential role of each pUL136 isoform in HCMV 

infection, we examined the production of infectious virus over time in multi-step 

viral replication curves (Fig. 11). Fibroblasts were infected at a low MOI (0.02), 

cells and media were harvested over time, and infectious virus titered by TCID50. 

As expected for a ULb’ ORF, two viruses null for expression of UL136 replicated 

with similar kinetics as compared to the WT virus or the parental UL136myc (Fig. 

11A). These results suggest that UL136 is dispensable for replication in 

fibroblasts. UL136Δ33-kDamyc, UL136Δ26-kDamyc, UL136Δ25-kDamyc also 

replicated similarly to UL136myc in fibroblasts (Fig. 11B). However, we were 

surprised to discover that UL136Δ23-/19kDamyc replicated with up to a 20-fold 

advantage compared to UL136myc. This result indicates that the soluble pUL136 

isoforms suppress viral replication in fibroblasts (Fig 11B). Because UL136nullmyc 

did not exhibit a replication advantage comparable to that of UL136Δ23-

/19kDamyc, we postulate that other isoforms may promote virus replication such 

that the loss of both suppressing and promoting isoforms results in a null effect. 

Further, as viruses lacking the 33-, 26-, or 25-kDa isoforms did not result in a 

growth defect, we hypothesize that at least two isoforms function together to 

promote virus replication. While our data indicate unique functions of UL136 

isoforms in infection, further work is required to understand how the interplay of 
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the pUL136 isoforms impacts viral replication particularly in other cell types 

relevant to HCMV persistence. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. The 23-/19-kDa isoforms of UL136 suppress viral replication in 
fibroblasts. MRC-5 fibroblast cells were infected with the wild type or UL136myc 
variants at an MOI of 0.02. Virus yields in cell lysates were measured over a time 
course by determination of the TCID50. Data points represent the averages from 
at least three experiments. Error bars represent standard deviations. Student’s t 
test was performed for comparison of the results for UL136Δ23/19myc virus at 
days 8 and 12 to those for UL136myc virus. *, p < 0.05; **, p < 0.01; at 4 and 16 
days, p = 0.06. dpi, days post infection. 
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We have previously demonstrated that disruption of both UL133 and 

UL138 leads to an approximate 5-fold replication advantage in fibroblasts and 

this increased replication is amplified in CD34+ HPCs such that viruses lacking 

UL133 or UL138 fail to establish latency in the absence of a reactivation stimulus 

(55, 137, 185). As the UL136Δ23-/19-kDamyc virus had a significant replication 

advantage in fibroblasts, we reasoned they may also suppress replication in 

CD34+ HPCs. To analyze their role in latency, pure populations of CD34+ HPCs 

infected with either the parental TB40/E (WT) strain or the UL136myc, UL136Δ23-

/19-kDamyc, or UL136nullmyc were incubated in long-term bone marrow culture 

(LTBMC) over stromal cell support. At 10 days post infection (dpi), we analyzed 

infectious centers produced following the transfer of infected CD34+ HPCs or an 

equivalent cell lysate by limiting dilution onto monolayers of fibroblasts in 96-well 

dishes. The cell lysate is a critical control for distinguishing virus preformed 

during the culture period prior to reactivation (pre-reactivation) from virus formed 

as a result of reactivation. The fractions of wells containing GFP-positive 

fibroblasts for both the reactivation and preformed virus control experiments were 

scored 14 days later. The results of the average of two independent experiments 

are shown (Fig. 12). Relative to the pre-reactivation control, the frequency of 

infectious centers production in both WT and the parental UL136myc viruses 

increased 2-4-fold following reactivation (Fig. 12). These data reflect the typical 

latency phenotype expected for WT HCMV infection (185). In contrast, 
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UL136Δ23-/19-kDamyc replicated with a striking increase in the production of 

infectious centers both prior to and following reactivation. Compared to the WT or 

UL136myc virus, the frequency of infectious centers formed by the UL136Δ23-/19-

kDamyc virus in the pre-reactivation control was 4.5-fold (± 0.63-fold over two 

experiments) greater. The amount of infectious centers produced as a result of 

reactivation increased 2.5-fold (± 1.6-fold) in UL136Δ23-/19-kDamyc infection 

relative to that achieved with WT or UL136myc infection. The ratio between the 

pre- and post-reactivation samples for each experiment with UL136Δ23-/19-

kDamyc was 1, suggesting this virus fails to establish or maintain a latent 

infection. Therefore, similar to UL133 and UL138, the 23- and 19-kDa isoforms 

suppressed viral replication to favor latency in CD34+ HPCs. Interestingly, the 

UL136nullmyc virus replicated more like WT and UL136myc viruses, with an ~3-fold 

increase in the frequency of infectious centers detected after reactivation. 

Between the two experiments, UL136nullmyc infection resulted in a 2.2- and 3.3-

fold increases in infectious centers in the post-reactivation compared to the pre-

reactivation controls. Together these data suggest that, similar to the findings in 

fibroblasts, a combination of pUL136 isoforms likely promotes replication in the 

absence of the suppressive 23-/19-kDa isoforms in CD34+ HPCs.  
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Figure 12. The 23-/19-kDa isoforms suppress replication in HPCs. CD34+ 
HPCs were infected at an MOI of 2 with the indicated virus and sorted by FACS 
to isolate pure, infected populations. HPCs were maintained in LTBMC over 
stromal cell support for 10 days. Subsequently, HPCs were co-cultured with an 
MRC-5 fibroblast cell monolayer (reactivation). In parallel, lysates from an equal 
number of HPCs were plated with an MRC-5 fibroblast cell monolayer 
(prereactivation). Fourteen days later, 96-well dishes were scored for GFP+ wells, 
and the frequency of infectious centers was determined using ELDA software. 
Data are averages from two independent experiments. WT, wild type.  
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Discussion 

Recent studies have demonstrated striking complexity in the coding 

capacity of HCMV that was not appreciated by previous annotations of the viral 

genome (32, 39, 119, 169). UL136, encoded within the ULb’ region, is a 

particularly complex gene, encoding at least 5 protein isoforms created from 

multiple, overlapping, transcripts and the usage of multiple TIS. Our work 

represents the first mapping of the pUL136 isoforms during HCMV infection. 

Further, we demonstrate the ability of the soluble 23-/19-kDa isoforms to 

suppress virus replication in fibroblasts and in the context of latency in CD34+ 

HPCs. This work lays the foundation for understanding both complex 

transcriptional and translational mechanisms governing the expression of protein 

isoforms, as well as the novel interplay between protein isoforms that ultimately 

function to balance virus replication. 

Substantial recent evidence suggests a much richer transcriptome exists, 

both for mammalian and viral genomes, than previously appreciated (5, 50, 64, 

205). In fact, genome wide studies in mammalian cells show that the majority of 

eukaryotic promoters have multiple transcription start sites (TSS) and that almost 

half (49.6%) of eukaryotic transcripts have multiple TIS (29, 101). In both HCMV 

and KSHV, ribosomal profiling has dramatically increased the estimates of viral 

coding capacity from both transcriptional and translational mechanisms (5, 50, 

169, 205). Further, examples of multiple proteins originating from a single gene 
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using multiple TIS in herpes viruses have recently been reported (110, 150, 183, 

186, 195, 196), although in most cases the complexities of transcription were not 

evaluated. As most of these examples indicate 2-3 TIS encoded within a single 

ORF, the finding that UL136 encodes more than 6 is intriguing. Both complex 

transcriptional profiles and the usage of multiple TIS encoded within a single 

ORF, like UL136, likely play a meaningful role in bolstering viral coding capacity. 

The complex transcriptional profile of UL136 indicates that transcriptional 

complexity in this region of the viral genome has been underappreciated. We 

previously reported that the 33-, 26-, and 25-kDa isoforms were not expressed 

from any transcripts we had mapped for the UL133/8 locus (57). Because UL136 

is expressed with later kinetics than other proteins encoded within the UL133/8 

locus (Fig.6), we analyzed the transcripts synthesized from this region later in 

infection. In the context of HCMV infection, we identified six transcripts with 

unique 5’ ends that encode the five UL136 protein isoforms (Fig 7). While we 

have not yet defined the promoters regulating transcription of UL136, we 

speculate that they function as broad promoters. Broad promoters generally have 

multiple TSS that span up to ~100 nucleotides, while single peak promoters only 

initiate at a very limited number of nucleotides (~4) with a single predominant 

TSS (29). Our RACE data revealed the existence of multiple 5’ ends for each 

transcript, indicating the usage of multiple TSS spreading over a considerable 

range of nucleotides, fitting with the broad promoter class. These data further 
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suggest the possibility that some UL136 transcripts may share a single promoter 

as their 5’ ends could fall within the TSS range of a broad promoter. However, it 

is also likely that there are multiple unique promoters regulating UL136 

expression, allowing for independent transcriptional regulation of UL136 

isoforms. Interestingly, the pUL136 isoforms accumulated differentially over a 

time course of infection and had distinctive dependencies on viral DNA synthesis 

(Fig. 5 and 6). Taken together, these data suggest that the UL136 transcripts 

may be independently and temporally regulated, as has recently been detected 

for other HCMV loci (169). More work is needed to understand the complex 

transcriptional regulation of both UL136 and the UL133/8 locus.  

The efficient translation of UL136 isoforms is likely as complex as its 

transcription. We speculate that secondary structure and leaky scanning may 

play a role in the expression of UL136 as multiple pUL136 isoforms can be 

expressed from the UL136 transcript (Fig. 7B). We have previously defined an 

IRES-like element in the 3.6- and 2.7-kb transcripts of the UL133/8 locus which 

has been shown to support efficient translation of pUL138 (57). This IRES-like 

element, which results in a high level of predicted secondary structure, overlaps 

the 5’ end of the UL136 gene region and could serve to recruit translational 

machinery for the efficient expression of the pUL136 isoforms (88).  

In traditional ribosomal scanning, the 40S subunit enters the transcript at 

the 5’ m7G cap and migrates through the 5’ un-translated region until it 
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encounters an AUG (methionine codon), preferably in the context of a Kozak 

sequence (GCCRCCaugG; lowercase nucleotides indicate the TIS), where the 

60S subunit will join and translation begins (92, 94). In the case of leaky 

scanning, a subset of 40S ribosomes “read-through” AUG sequences and 

instead initiate translation at downstream sites (59, 93). Most often, leaky 

scanning is a result of the upstream AUG sequences lack Kozak context while 

the downstream AUG sequences have Kozak context (95). Interestingly, only the 

AUGs functioning as TIS for expression of the 25- and 19-kDa isoforms are in the 

context of a Kozak sequence. Fitting with this theory, disruption of the methionine 

codons at position 78/80 leads to an increase in accumulation of the 23-kDa 

isoform (Fig 8B, lanes 2 and 5), which is a result reminiscent of classical leaky 

scanning experiments (95). 

The pUL136 isoforms exhibited striking differences in their subcellular 

localization and trafficking through cellular secretory pathways (Fig. 9-10). The 

differences in localization within the Golgi and at the cell surface are intriguing 

given the small differences in primary protein sequence. No known trafficking 

motifs in pUL136 have been identified, suggesting novel motifs or post-

translational modifications may play a role in pUL136 isoform distribution. As 

localization differed between exogenously expressed protein and that expressed 

in the context of viral infection, localization or trafficking is likely affected by viral 

factors or host factors induced by infection. Differential localization within the cell 
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may allow the pUL136 isoforms to have unique functions throughout the cell, as 

has been suggested for other viral protein isoforms (102, 142, 183, 195, 196). In 

support of our observation, it was recently reported that pUL136 has been 

detected in the plasma membrane of infected cells, although the specific 

isoforms detected and their roles at the plasma membrane remain unclear (198). 

In support of the hypothesis that the pUL136 isoforms have different roles 

in HCMV infection, viruses disrupting expression of the two soluble (23-/20-kDa) 

isoforms exhibited a growth advantage in fibroblasts, while the UL136nullmyc virus 

did not have a replication advantage. This result indicates that at least one other 

isoform promotes replication (Fig. 11). In fact, our data suggest that a 

combination of at least two of the 33-, 26-, or 25-kDa isoforms promote 

replication, as there was no defect detected when these isoforms were disrupted 

individually. In CD34+ HPCs, disruption of the 23-/19-kDa isoforms resulted in a 

loss of latency phenotype with increased frequencies of infectious centers in cells 

prior to and following reactivation relative to the WT and parental viruses (Fig. 

12). Interestingly, the loss of latency phenotype was absent in UL136nullmyc virus 

infection, suggesting other isoforms likely antagonize the suppressive action of 

the 23-/19-kDa isoforms. Interplay of protein isoforms to control viral functions in 

an antagonistic fashion has also been shown in other herpes viruses (110, 142). 

Further, we recently demonstrated an antagonistic relationship between two 

other UL133/8 proteins, where UL138 suppresses while UL135 promotes viral 
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replication in multiple cell types (186). Together, our data suggest that the 

interplay of the pUL136 isoforms may function to balance virus replication in 

multiple cell types and ultimately contribute to the UL133/8 locus in influencing 

the outcome of infection. 
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CHAPTER 4: COMPLEX INTERPLAY OF THE UL136 

ISOFORMS BALANCES LATENCY AND VIRAL 

PERSISTENCE OF HUMAN CYTOMEGALOVIRUS 

 

Introduction 

HCMV infects a variety of cell types in vivo, resulting in multiple infection 

states, ranging from productive infection to latency and including a persistent, low 

level virus shedding state (161). Interestingly, children infected with HCMV have 

been shown to actively shed low levels of virus for months to years following 

primary, asymptomatic, infection (27). Regardless of age, individuals infected 

with HCMV also likely undergo periodic, spontaneous, reactivation that leads to 

low-level virus shedding, even in the immunocompetent. ECs are thought to be 

an important site of this persistent, low level, virus replication and shedding 

termed a “smoldering” infection (79, 80). The vascular endothelium is an 

common target for HCMV infection and serves as a mechanism of virus 

dissemination to various organs and tissues (2, 20, 80). Cells infected with 

HCMV become rounded and swell substantially, resulting in vascular ECs that 

detach from the endothelial lining and spread the virus to distal organs and 

tissues (60, 61). EC infection with HCMV increases inflammation at the 

endothelium via increased immune cell recruitment which in turn increases 

vascular permeability, promotes bidirectional spread of the virus, and may 
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contribute to atherosclerosis and other vascular disease (12, 19, 20, 28, 63, 75, 

112, 139, 146, 161, 173, 174, 190). In fact, HCMV induced arteriosclerosis after 

heart transplant almost doubles the rate of rejection at the five year post 

transplant mark (58). While ECs represent a critically important cell type in vivo 

for HCMV infection and spread, little is known about the cell type specific 

mechanisms of HCMV infection in ECs. 

We have previously determined that the UL133/8 locus is required for 

efficient virus replication and maturation in ECs and a virus lacking the locus 

exhibits multiple, late stage, virus defects (24). Recently, we have determined 

that both UL135 and UL136 are both required for efficient virus replication and 

maturation in ECs, the only known late stage viral determinants in ECs (Bughio 

and Goodrum, in press). Infection in ECs with a virus lacking all UL136 isoforms 

results in a significant defect in virus replication and multiple defects in virus 

maturation (Bughio and Goodrum, in press). However, the specific isoforms 

responsible for these phenotypes are not yet known. Without the UL136 ORF, 

the VAC is only formed in about 50% of cells and virions fail to be enveloped 

correctly (Bughio and Goodrum, in press). Interestingly, infected ECs lacking 

UL136 also produce enlarged DBs more than twice the size of WT; however the 

functional significance of these larger DBs remains unclear. 

UL136 is expressed as five protein isoforms resulting from both alternative 

TSS and TIS usage (31). In fibroblasts, the pUL136 isoforms are expressed with 
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early to late viral kinetics and have distinct localization patterns during HCMV 

infection (31), and therefore may have distinct functions late in viral infection. The 

soluble 23-/19-kDa pUL136 isoforms suppress virus replication in both fibroblasts 

and CD34+ HPCs, and a virus lacking the 23-/19-kDa isoforms fails to establish 

latency in CD34+ cells (31). Interestingly, a virus null for expression of all UL136 

isoforms replicates more like WT in both cell types (31), suggesting that other 

isoforms of UL136 promote replication in the absence of the 23-/19-kDa 

isoforms. These combined data suggest that interplay of the UL136 isoforms 

contribute to the outcome of different HCMV infection states in multiple cell types 

relevant to HCMV persistence and latency. 

In the present study, we explore the interplay between the UL136 isoforms 

in ECs, CD34+ HPCs, and in an in vivo humanized mouse model, to determine 

how specific isoforms influence the outcome of infection in these cell types, both 

in vitro and in vivo. Using a series of recombinant viruses that lack individual 

isoforms, express individual isoforms, or express combinations of isoforms 

(Table 2), we investigated the role of each isoform in multiple contexts of 

infection as well as how the interplay of the pUL136 isoforms affects virus 

replication. Our analyses indicate that some UL136 isoforms suppress while 

others promote replication, with a complex interplay that influences virus 

replication and maturation in ECs, the outcome of infection in CD34+ HPCs, and 

virus dissemination in NSG mice. Similar to the UL133/8 locus, the UL136 
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encoded protein isoforms modulate levels of virus replication and function to 

influence the outcome of the multiple infection states of the virus. 

 

Results 

UL136 is expressed as five protein isoforms in endothelial cells 

 We have previously demonstrated that UL136 is expressed as five unique 

protein isoforms in HCMV infected MRC-5 fibroblasts, which are created by both 

a complex transcriptional profile and the usage of multiple TIS encoded within the 

UL136 ORF (31, 185). To establish which pUL136 isoforms may be expressed in 

cell types relevant to HCMV persistence, we investigated the expression of 

UL136 in human microvascular lung endothelial cells (HMVECs) and compared 

to the protein expression in fibroblasts to identify any cell type expression 

differences. We detected all five pUL136 isoforms in ECs at identical molecular 

weights as compared to fibroblasts, although some of the pUL136 isoforms were 

detected to lower levels (Fig. 13). These differences vary across multiple 

experiments; therefore is unclear if any differences in pUL136 expression have 

functional consequences.  
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Figure 13. UL136 is expressed as multiple protein isoforms in endothelial 
cells. HMVEC endothelial cells were either mock infected or infected with the 
UL136myc virus at an MOI of 2. As a positive control, MRC-5 fibroblasts were 
either mock infected or infected with the UL136myc virus at an MOI of 2. Cells 
were harvested over the time course indicated, and lysates were immunoblotted 
using a monoclonal mouse anti-myc antibody. Five pUL136 isoforms were 
detected, similar to fibroblasts. A monoclonal antibody to the HCMV immediate 
early (IE) 1/2 proteins were used as an infection control and a monoclonal 
antibody to α-tubulin was used as a loading control. Fib, fibroblasts. EC, 
endothelial cells. DPI, days post infection. 
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The pUL136 isoforms were expressed with somewhat slower kinetics in 

ECs as compared to fibroblasts (Fig. 5,13 and (31)). In fibroblasts, the pUL136 

isoforms were detected earlier in infection and their expression declined sharply 

at 4dpi. In ECs, the pUL136 isoforms were detected beginning 2 days post 

infection (dpi) and the expression was sustained through 6dpi (Fig. 13), 

suggesting their expression may be important at late times post infection in ECs. 

The presence of all pUL136 isoforms in ECs indicate that each of the pUL136 

isoforms may contribute to the phenotypes associated with the role of UL136 in 

virus maturation in ECs and to the functional roles of UL136 in other cell types 

relevant to HCMV persistence. 

 

The pUL136 isoforms have distinct localization patterns in 

endothelial cells 

We have previously shown that the pUL136 isoforms differentially localize 

during infection in fibroblasts (31). To define the localization of the pUL136 

isoforms within ECs, we infected HMVECs with viruses expressing a single 

pUL136 isoform (Table 2). These single isoform expression viruses have been 

previously described (Fig. 10 and (31)). At 5 dpi, we localized the pUL136 

isoforms by indirect immunofluorescence using a monoclonal antibody specific to 

the myc epitope tag fused to the c-terminus of each pUL136 isoform and GM130 

to mark the Golgi apparatus (Fig. 14). It is important to note that pUL136 
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expression is most efficiently detected in cells that are in the late stages of viral 

infection with a definitively formed VAC; therefore, the immunofluorescence 

images in Fig. 14 were selected for pUL136 visualization and may or may not 

accurately represent the frequency of VAC formation in these recombinant 

viruses. In most cases, localization of pUL136 in ECs was similar to that in 

fibroblasts (Fig. 11). pUL136 isoforms expressed together during infection with 

UL136myc were distributed throughout the cytoplasm and localized with the Golgi 

apparatus. Localization with the Golgi marker GM130 indicates that pUL136 

localizes to the HCMV induced VAC, formed late in infection (36, 160). When 

expressed as single isoforms in the context of infection in ECs, each individual 

pUL136 isoform exhibited variable association with the Golgi. The 33-, 26-, and 

25-kDa isoforms exhibited Golgi association as well as punctate staining in the 

cytoplasm. Interestingly, the 26-kDa isoform localized near the GM130-marked 

Golgi apparatus in fibroblasts, but the staining did not appear to overlap, 

indicating that this isoform may localize with other VAC components (Fig. 10 and 

(31)). This cell type specific localization of the 26-kDa isoform in ECs could 

indicate that it has cell type specific functions in ECs. The 23-/19-kDa isoforms 

were diffusely distributed throughout the cell, consistent with their soluble nature.  
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Figure 14. The UL136 isoforms have distinct localization during HCMV 
infection in endothelial cells. HMVECs were either mock infected or infected at 
an MOI of 3. At 5 days post infection, the UL136 proteins were localized by 
indirect immunofluorescence using an antibody specific to the myc epitope tag or 
a Golgi apparatus marker, GM130. DAPI staining marks the nuclei. The 
antibodies are described in Table 6. 
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Disruption of pUL136 isoforms results in altered virus 

replication in endothelial cells 

We previously reported that disruption of the 23-/19-kDa isoforms results 

in enhanced virus replication in fibroblasts, while a virus null for expression of all 

pUL136 isoforms replicated with WT kinetics (31). These data suggest that while 

the 23-/19-kDa isoforms may suppress replication, other pUL136 isoforms must 

promote replication. Viruses lacking other individual isoforms also replicated with 

WT kinetics (31), indicating that either multiple pUL136 isoforms promote 

replication or that the functions of these isoforms are critical in other cell types.  

In contrast to our work in fibroblasts, we have demonstrated that UL136 is 

required for virus replication in ECs as a virus containing a UL136 ORF 

substitution replicates with a substantial defect (Bughio and Goodrum, in press). 

To determine which pUL136 isoforms are responsible for this cell type specific 

replication defect and address the role of each individual pUL136 isoform in ECs, 

we examined the production of infectious virus over time in multi-step viral 

replication curves with UL136 recombinant viruses lacking a single isoform (Fig. 

15A). In these viruses, each isoform is disrupted by either a methionine to stop 

codon substitution (33-kDa) or methionine to alanine codon substitution (26-, 25-, 

23-/19-kDa) to abrogate synthesis of an individual isoform without disrupting 

expression of other isoforms (Fig. 8 and (31)). In UL136nullmyc, each initiating 

methionine has been substituted with a stop or alanine codon such that no 
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isoforms are produced. HMVECs were infected at a low MOI (0.05) and progeny 

virus in a lysate containing both cells and media harvested over time was titered 

by TCID50. To better visualize replication differences between viruses, a bar 

graph representing only the data at 12dpi is shown in Fig.15B. As expected, the 

UL136myc virus replicated with WT kinetics (Fig. 15 and data not shown). 

UL136nullmyc virus replicated with a 100- to 1,000-fold defect as compared to the 

UL136myc parental virus, as has been previously shown in ECs for a UL136 ORF 

substitution virus (Bughio and Goodrum, in press). Similar to fibroblasts, the 

UL136Δ23-/19-kDamyc virus replicated with up to a 20-fold advantage, indicating 

that these isoforms also suppress replication in ECs. Interestingly, the 

UL136Δ33-kDamyc and UL136Δ26-kDamyc viruses both replicated with up to a 40-

fold and 20-fold defect, respectively, indicating that the 33- and 26-kDa isoforms 

promote replication in endothelial cells and likely to contribute to the replication 

defect observed in the UL136nullmyc virus. The UL136Δ25-kDamyc virus replicated 

with kinetics similar to the UL136myc parental virus, suggesting that the 25-kDa 

isoform may not directly impact the production of infectious virus or other pUL136 

isoforms may compensate for its absence. These combined data indicate that the 

functions of the pUL136 isoforms may antagonize the activity of each other to 

modulate replication in ECs. Further, these data suggest that multiple UL136 

isoforms likely have functions associated with virus maturation in ECs that would 

impact the production of infectious virus.  
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Figure 15. Some pUL136 isoforms supress while others promote virus 
replication in endothelial cells. HMVECs were infected with UL136myc variants 

as indicated at an MOI of 0.05. Virus yields in cell lysates were measured over a 

time course by determination of the TCID50. Data points represent the averages 

from at least three experiments. Error bars represent standard deviation.  
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Complex interplay of pUL136 isoforms governs virus replication 

in endothelial cells 

We next wanted to address the role of each individual pUL136 isoform in 

modulating virus replication in ECs by examining the production of infectious 

virus over time in multi-step viral replication curves with UL136 recombinant 

viruses expressing only a single isoform (Fig. 16). HMVECs were infected at a 

low MOI (0.05), cells and media were harvested over time, and infectious virus 

titered by TCID50 (Fig. 16A). To better visualize replication differences between 

viruses, a bar graph representing the data at 12dpi is shown in Fig.16B. All 

viruses expressing individual pUL136 isoforms replicated with less efficiency than 

UL136myc, indicating that no single pUL136 isoform is sufficient to promote 

replication to WT levels. The viruses expressing only the 33-, 25-, or 23-/19-kDa 

isoforms replicated with greater efficiency than UL136nullmyc. These data fit with 

the role of the 33-kDa isoform in promoting replication in ECs, although the 

expression of the 33-kDa isoform alone is not sufficient for WT levels of virus 

replication. Interestingly, these data suggest that expression of the 25- or 23-/19-

kDa isoforms alone also enhance replication above the defect associated with 

the UL136nullmyc virus in ECs. These data suggest complex roles for these 

isoforms as in the viruses lacking the lacking the 25- or 23-/19-kDa isoforms, 

roles in promoting replication were not apparent (Fig. 15). UL136p26-kDamyc 

replicated with a defect similar to UL136nullmyc, suggesting that it cannot promote 
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replication alone and that its ability to promote replication is dependent on the 

presence of other pUL136 isoforms. 

 

 
 

Figure 16. Multiple pUL136 isoforms promote virus replication in 
endothelial cells. HMVECs were infected with UL136myc variants as indicated at 

an MOI of 0.05. Virus yields in cell lysates were measured over a time course by 

determination of the TCID50. Data points represent the averages from at least 

three experiments. Error bars represent standard deviation.  
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 To further address the complex role of the interplay of the pUL136 

isoforms in modulating virus replication in ECs, we examined the production of 

infectious virus over time in multi-step viral replication curves with UL136 

recombinant viruses expressing combinations of 2-3 isoforms (Table 2). 

HMVECs were infected at a low MOI (0.05), cells and media were harvested over 

time, and infectious virus titered by TCID50 (Fig. 17A). To better visualize 

replication differences between viruses, a bar graph representing the data at 

12dpi is shown in Fig. 17B. In general, each recombinant virus expressing 

multiple pUL136 isoforms replicated better than those expressing a single 

isoform, suggesting that combinations of pUL136 isoforms play important roles in 

virus replication in ECs.  
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Figure 17. Interplay of the pUL136 isoforms modulates virus replication in 
endothelial cells. HMVECs were infected with UL136myc variants as indicated at 

an MOI of 0.05. Virus yields in cell lysates were measured over a time course by 

determination of the TCID50. Data points represent the averages from at least 

three experiments. Error bars represent standard deviation.  
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To more clearly discern differences between the replication of the UL136 

recombinant viruses and define how the interplay of the isoforms impacts 

replication, we reanalyzed specific combinations of UL136 isoform recombinant 

viruses (Table 2) at 12dpi (Fig. 18-20). Disruption of either the 33- or 26-kDa 

isoforms resulted in a substantial decrease in virus replication (40- and 20-fold 

respectively) suggesting that both of these isoforms promote replication (Fig. 

18A). Interestingly, the 33-kDa was somewhat able to promote replication when 

expressed in the absence of the other isoforms, while the 26-kDa isoform was 

unable to promote replication alone (Fig. 18B). These data suggest that function 

the 26-kDa isoform is dependent upon at least one other isoform. When the 33- 

and 26-kDa isoforms were expressed together their combined functions 

synergized, and, in fact, the UL136p33-/26-kDamyc virus replicated ~10- to 40-fold 

better than UL136p33-kDamyc or UL136p26-kDamyc, respectively. Together, these 

data indicate that the 33- and 26-kDa isoforms cooperate to promote virus 

replication as depicted in Fig. 18C. 

 

 

 

 

 



	  

	  

116	  

 
Figure 18. The 33-/26-kDa isoforms cooperatively promote replication in 
ECs. HMVECs were infected with UL136myc variants as indicated at an MOI of 

0.05. Virus yields in cell lysates were at determined at 12 days post infection by 

TCID50. (A) The 33- and 26-kDa are required for efficient replication. (B) The 33-

kDa promotes replication synergistically with the 26-kDa. (C) Model: Together the 

33-/26- cooperatively promote replication. Data points represent the averages 

from at least three experiments. Error bars represent standard deviation. dpi, 

days post infection. 
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In contrast to the cooperative action of the 33-/26-kDa isoforms, the 33-

/25- and 26-/25-kDa isoforms did not cooperate to substantially promote 

replication (Fig. 19A-B). The UL136p33-/25-kDamyc virus only replicated ~2- to 3-

fold better than the UL136p33-kDamyc or UL136p25-kDamyc viruses, respectively 

(Fig. 19A). Similarly, the UL136p26-/25-kDamyc virus only replicated with greater 

efficiency than UL136p26-kDamyc or UL136p25-kDamyc by ~2- to 4-fold (Fig. 19B). 

These data suggest that like the 33-kDa, the 25-kDa isoform may be able to 

promote replication on its own; however, the 25-kDa isoform does so in a non-

cooperative manner with the seperate 33- and 26-kDa isoforms. However, the 

25-kDa enhances the effects of the replication promoting co-expressed 33-/26-

kDa isoforms, suggesting it may synergize with the combined 33-/26-kDa 

replication promoting isoforms (Fig. 19C). The combined effects of the 33-/26- 

and 25-kDa isoforms results in a substantial increase (up to ~45-fold) over the 

virus expressing only the 33-/26-kDa isoforms. Taken together, these data 

suggest that the 25-kDa isoform enhances replication, likely by stimulating the 

effects of the 33-/26-kDa isoforms, but does not cooperate with the individual 33- 

or 26-kDa isoforms as depicted in Fig. 19D. 
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Figure 19. The 25-kDa enhances the effects of the 33-/26-kDa isoforms to 
cooperatively promote replication in ECs. HMVECs were infected with 

UL136myc variants as indicated at an MOI of 0.05. Virus yields in cell lysates were 

at determined at 12 days post infection by TCID50. (A) The 33- and 25-kDa 

isoforms promote replication in a non-cooperative manner. (B) The 26- and 25-

kDa isoforms promote replication in a non-cooperative manner. (C) The 25-kDa 

isoform enhances the effects of the combined 33-/26-kDa isoforms. (D) Model: 

Together the 33-/26-kDa cooperatively promote replication, while the 25-kDa 

enhances the effects of the 23-/19-kDa. Data points represent the averages from 

at least three experiments. Error bars represent standard deviation. dpi, days 

post infection. 
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The 23-/19-kDa isoforms appear to play multiple, complex, roles in 

modulating the production of infectious virus (Fig. 20). These soluble isoforms 

enhanced replication when expressed alone; however, when expressed in 

combination with the 33-, 26-kDa, or 25-kDa isoform the effects were nominal 

such that UL136p33-/23-/19-kDamyc, UL136p26-/23-/19-kDamyc, and UL136p25-

/23-/19-kDamyc viruses all replicated with similar kinetics as compared to 

UL136p23-/19-kDamyc. These data suggest that the 23-/19-kDa isoforms may 

promote replication in a non-cooperative manner; however, the effects of the 23-

/19-kDa isoforms when combined with the 25-kDa isoform suggest they have a 

suppressive role in infection.  

When the 23-/19-kDa isoforms were expressed in addition to the 25-kDa 

isoform, the benefit to replication was lost (Fig. 20B). For example, the 

UL136p33-/25-kDamyc and UL136p26-/25-kDamyc viruses replicated with about a 

~4- and ~2- fold advantage as compared to UL136p33-/25-/23-/19-kDamyc 

(UL136Δ26-kDamyc) or UL136p26-/25-/23-19-kDamyc (UL136Δ33-kDamyc) virus, 

respectively. While these phenotypes are subtle, expressing the 25-kDa and the 

23-/19-kDa isoforms together in the presence of all of the other pUL136 isoforms 

resulted in a substantial loss of replication. Comparing the UL136p33-/26/-25-

kDamyc virus to the UL136myc parental virus in which the only difference is the 

additional expression of the 23-/19-kDa isoform, a 20-fold decrease in viral titer 

at 12dpi was observed (Fig. 20C). These data indicate that while the 23-/19-kDa 
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isoforms may promote replication; however, their main function is likely 

suppressive when they are co-expressed with the 25-kDa isoform. These data 

suggest that the suppressive effects of the 23-/19-kDa are likely targeted towards 

the 25-kDa isoform. This interesting interplay between the pUL136 isoforms is 

summarized in the model in Fig. 20C.  

In this model, the 33- and 26-kDa isoforms cooperatively promote 

replication while the 25-kDa isoform substantially enhances the functions of the 

combined 33-/26-kDa isoforms. Further, the soluble 23-/19-kDa isoforms inhibit 

the replication benefits provided by the 25-kDa isoform.  
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Figure 20. The 23-/19-kDa isoforms suppress the effects of the 25-kDa 
isoform in ECs. HMVECs were infected with UL136myc variants as indicated at 

an MOI of 0.05. Virus yields in cell lysates were at determined at 12 days post 

infection by TCID50. (A) The 23-/19-kDa isoforms promote replication when 

expressed with the 33- or 26-kDa isoforms. (B) The 23-/19-kDa isoforms inhibit 

the stimulatory effects of the 25-kDa isoform. The white/black checkered bar 

represents data from the UL136myc parental virus. (C) Model: Together the 33-

/26- cooperatively promote replication, while the 25-kDa enhances their effect 

and the 23-/19-kDa isoforms inhibit the activity of the 25-kDa isoform. Data points 

represent the averages from at least three experiments. Error bars represent 

standard deviation. dpi, days post infection. 
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The pUL136 isoforms have differential accumulation and 

turnover rates 

We next wanted to explore differences between the pUL136 isoforms that 

could contribute to the mechanisms underlying the pUL136 interplay that 

modulates virus replication. In both fibroblasts and ECs, the pUL136 isoform 

accumulation differed over the time course of infection and the isoforms also 

accumulated to different levels, most notably the 23-kda isoform, which was the 

hardest to detect and consistently accumulated to a much lower level than other 

isoforms. These differences in accumulation could be due to differences in 

isoform expression or differences in stability and turnover. To address the 

stability and turnover of the pUL136 isoforms, we treated fibroblast cells with 

CHX to halt protein translation for 6-hours in the presence of HCMV infection and 

examined the resulting protein expression (Fig. 21). Intriguingly, the pUL136 

isoforms had differential stability in the presence of CHX. After 6 hours of CHX 

treatment, both the 33-and the 25-kDa isoforms were no longer detectable, while 

the 26- and 19-kda isoforms were detected to pretreatment levels (Fig. 21A). 

Further, after 6 hours of treatment with MG132 to block proteasome protein 

degradation, the 33- and 25-kDa isoforms accumulated to higher levels, 

suggesting these isoforms are turned over and degraded by the proteasome. 
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Figure 21. The UL136 protein isoforms have differential stability and 
turnover rates. (A-B) MRC-5 fibroblast cells were either mock infected or 
infected with the UL136myc virus at an MOI of 1. Cells were treated with 
cycloheximide (CHX) or MG132 as indicated. Cells were harvested over the time 
course indicated and lysates were immunoblotted using a monoclonal mouse 
anti-myc antibody. α-Tubulin serves as a loading control. (C) pUL136 isoforms in 
B were quantified by densitometry, then normalized to α-tubulin and each isoform 
is expressed as a percentage of its own 0 hours post treatment intensity. HPT, 
hours post treatment. 
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To further address the turnover of the pUL136 isoforms, we infected 

fibroblasts, treated with CHX, and examined the protein accumulation over a 6-

hour time course (Fig. 21B). Interestingly, the 33-and 25-kDa isoform 

accumulation declined sharply by 1 hour post treatment (hpt) and was completely 

undetectable by 2hpt, while both the 26- and 19-kDa isoforms remained constant 

throughout the time course (Fig. 21B-C). As the 23-kDa isoform accumulated to 

such low levels, we are unable to make a definitive conclusion as to the stability 

and turnover of this isoform. Further work is required to understand how rates of 

expression or turnover contribute to the steady state levels, expression kinetics, 

and function of the isoforms. However, as the 33-kDa and the 25-kDa isoforms 

are the predominate isoforms that promote virus replication (Fig. 18-20), it is 

likely that this rapid turnover of the 33- and 25-kDa isoforms allows the system to 

respond rapidly to changes in the cell or host to modulate the of virus replication. 

 

The pUL136 33-kDa isoform is required for efficient viral 

assembly compartment formation 

We have previously demonstrated that the UL133/8 locus, and, 

specifically UL136, is required for efficient virus maturation in endothelial cells, 

including the rearrangement of cytoplasmic membranes to form the concentric, 

perinuclear VAC ((24), Bughio and Goodrum, in press), which is important for 

virus maturation in HCMV infection (8, 24, 36, 37, 73, 152, 153). To determine 
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which pUL136 isoform(s) contribute to the efficient establishment of the assembly 

compartment, we examined VAC formation in UL136 recombinant viruses lacking 

a single isoform (Table 2). We infected HMVECs at an MOI of 3 and processed 

for indirect immunofluorescence at 5 dpi by labeling with antibodies specific to 

pp28, an HCMV late protein known to mark the VAC (37) (Fig.22). As expected, 

the HCMV induced VAC formed with approximately 50% efficiency in 

UL136nullmyc as previously seen with a virus null for expression of all UL136 

isoforms (Fig. 22 and Bughio and Goodrum, in press). Viruses lacking the 26-, 

25-, or 23-/19-kDa isoforms formed the VAC with the same frequency as the 

UL136myc parental virus indicating that they are not required for the efficient 

establishment of the HCMV induced VAC. However, the UL136Δ33-kDamyc virus 

formed VACs in approximately 50% of infected cells, suggesting that the 33-kDa 

isoform is required for membrane re-organization that supports VAC formation in 

ECs. These data also suggest that the 33-kDa isoform has a unique role in VAC 

formation, likely mediated through cellular interactions, which facilitate membrane 

re-organization.  
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Figure 22. The 33-kDa isoforms of pUL136 is required for efficient viral 
assembly compartment formation in endothelial cells. HMVECs were either 
mock infected or infected at an MOI of 3. At 5 days post infection, the HCMV 
pp28 protein was localized by indirect immunofluorescence using a protein 
specific antibody. DAPI staining marks the nuclei. The antibody is described in 
Table 6. 
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The pUL136 isoforms contribute to virus maturation and 

organization of intracellular membranes in endothelial cells 

We previously characterized defects in virus particle morphology and 

egress in the late stage of virus infection in ECs in a virus where the entire 

UL136 ORF is substituted (Bughio and Goodrum, in press). In ECs infected with 

a virus lacking the UL136 ORF, virus particles accumulated in the cytoplasm, but 

failed to be efficiently enveloped resulting in a substantial reduction in viral titers. 

In addition, viruses lacking UL136 produced DBs equivalent in number to those 

observed in WT, but were 2.5-fold larger. To understand the role of each isoform 

in virus maturation and egress, we infected HMVECs with TB40/E-WT, 

UL136Δ33-kDamyc, UL136Δ25-kDamyc, or UL136Δ23-/19-kDamyc at an MOI of 4 

and processed for TEM at 5dpi. We observed differences in the quantity of virus 

particles in the cytoplasm, the size of dense bodies formed, and differences in 

the formation and contents of MVBs among the UL136 recombinant viruses.  
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Figure 23. The pUL136 isoforms differentially impact the amount of 
infectious and non-infectious progeny formed in infected ECs. HMVECs 

were infected at an MOI of 4 with (A) TB40/E-WT, (B) UL136Δ33-kDamyc, (C) 
UL136Δ25-kDamyc, or (D) UL136Δ23-/19-kDamyc. At 5 days post infection, cells 

were fixed, embedded, and sectioned for TEM. Representative micrographs are 

shown to illustrate the accumulation of virus particles in the cytoplasm. Two 

distinct virus particles are shown: virions with normal morphology (black arrows) 

and dense bodies (open arrows). Scale bar, 500nm. TEM images taken by F. 

Bughio. 
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The morphology of maturing virions in the cytoplasm appeared to be 

similar in UL136Δ25-kDamyc and UL136Δ23-/19-kDamyc as compared to WT (Fig. 

23B-C compared to 23A, black arrows). However, the morphology of virions in 

the cytoplasm of UL136Δ33-kDamyc infected cells was striking as none of them 

appeared to be enveloped (Fig. 23B compared to 23A, black arrows). These data 

mirror the observations from infection with a virus where the entire UL136 ORF 

was substituted (Bughio and Goodrum, in press), suggesting that, within UL136, 

the 33-kDa isoform is crucial for proper envelopment of maturing virions. The low 

quantity of virions in the cytoplasm of UL136Δ33-kDamyc infected cells was also 

remarkable (Fig. 23B). In fact, many cells had little to no virions present in the 

cytoplasm which is a defect mirrored in virus replication curves (Fig. 15). 

Interestingly, there appeared to be an increased number of virions and DBs in 

the UL136Δ23-/19-kDamyc infected cells as compared to WT or UL136Δ25-

kDamyc, while there were dramatically fewer in the cytoplasm of UL136Δ33-

kDamyc infected cells. More work is needed to definitively quantitate differences in 

cytoplasmic virus particles among the UL136 recombinant viruses. 

We previously reported that the virus lacking the entire UL136 ORF 

produced DBs, vesicles containing tegument proteins, which are about 2.5-fold 

larger than WT (Bughio and Goodrum, in press). Interestingly, we observed large 

DBs in ECs infected with either UL136Δ33-kDamyc or UL136Δ23-/19-kDamyc, 

while ECs infected with UL136Δ25-kDamyc produced some DBs that were similar 
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to the size of WT and some that were larger (Fig. 24). While more work is 

needed to quantify the size of DBs produced in the UL136 recombinant viruses, 

these data are intriguing and indicate that multiple pUL136 isoforms are involved 

in the formation of WT-like DBs. The DBs in UL136Δ33-kDamyc and UL136Δ23-

/19-kDamyc also appeared to have defective envelopes as compared to WT. 

These data indicate a role in envelopment of DBs for both the 33- and 23-/19-

kDa isoforms; however the virions in UL136Δ23-/19-kDamyc were properly 

enveloped. More work is needed to define the stage of virus maturation in which 

the 33- and the 23-/19-kDa isoforms function to control envelopment of virions 

and/or DBs. The role of DBs in HCMV infection is poorly understood; however, 

these data also suggest that larger DBs alone likely do not influence the titers 

detected in virus replication curves as UL136Δ33-kDamyc was defective for 

replication while UL136Δ23-/19-kDamyc replicated with a substantial advantage.  
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Figure 24. The pUL136 isoforms contribute to the formation of large dense 
bodies in infected ECs. HMVECs were infected at an MOI of 4 with (A) TB40/E-

WT, (B) UL136Δ33-kDamyc, (C) UL136Δ25-kDamyc, or (D) UL136Δ23-/19-kDamyc. 

At 5 days post infection, cells were fixed, embedded, and sectioned for TEM. 

Representative micrographs are shown to illustrate the size of dense bodies 

formed in the cytoplasm. DB, dense body. Scale bar, 500nm. TEM images taken 

by F. Bughio. 
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MVBs are formed as large vesicles from the fusion of endosomes and 

other secretory vesicles. Within the cell, MVBs function as a pathway to protein 

degradation via fusion with the lysosome, as well as a center for cellular signaling 

and exocytosis of intraluminal vesicles at the cell surface (68, 135, 136). MVBs 

have been shown to be important for the egress of viruses, including HSV-1 (25, 

26). In ECs, MVBs are induced during HCMV infection by the Ul133/8 locus and 

contain flattened vesicles, virus progeny, and DBs (24). We observed differences 

in MVB formation and contents among the UL136 recombinant viruses (Fig. 25), 

which is intriguing given the normal formation of MVBs in a virus lacking the 

entire UL136 ORF (Bughio and Goodrum, in press). MVBs induced in ECs 

infected with UL136Δ23-/19-kDamyc were similar to WT, while the MVBs in 

UL136Δ25-kDamyc contained virions and DBs with little to no flattened vesicles. 

The MVBs in UL136Δ25-kDamyc also appeared to lack a smooth envelope as 

observed in WT. The MVBs that may be formed in the UL136Δ33-/19-kDamyc 

appeared to have limited to no virions or DBs and appeared as misshapen 

collections of flattened vesicles. Together, these data suggest that UL136, and in 

particular the 33-kda isoform, are critical for membrane reorganization and virus 

maturation during the late stages of infection in ECs and may influence the 

biogenesis of MVBs. 
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Figure 25. The pUL136 isoforms differentially impact the composition of 
MVBs in infected ECs. HMVECs were infected at an MOI of 4 with (A) TB40/E-

WT, (B) UL136Δ33-kDamyc, (C) UL136Δ25-kDamyc, or (D) UL136Δ23-/19-kDamyc. 

At 5 days post infection, cells were fixed, embedded, and sectioned for TEM. 

Representative micrographs are shown to illustrate the differences in 

multivesicular body morphology and contents. Multivesicular bodies are indicated 

by black arrowheads. Scale bar, 500nm. TEM images taken by F. Bughio. 
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The pUL136 isoforms differentially impact viral latency and 

reactivation in CD34+ Hematopoietic Progenitor Cells 

Previously, we have determined that UL133, UL138, and the 23-/19-kDa 

isoforms of UL136 are required for the efficient establishment of latency in an in 

vitro model of latency in CD34+ HPCs such that viruses lacking any of these viral 

factors fail to establish latency and instead replicate with increased efficiency in 

the absence of reactivation stimuli (31, 55, 137, 185). The UL136Δ23-/19-kDamyc 

virus had a substantial replication advantage in CD34+ HPCs, consistent with a 

loss of latency phenotype, while the UL136nullmyc virus established latency and 

reactivated with closer to WT efficiency (31). To analyze the role of the pUL136 

isoforms, CD34+ HPCs were infected with the UL136myc parental virus, the 

UL136nullmyc virus, and viruses lacking the individual isoforms of pUL136 (Table 

2). Pure populations of infected CD34+ HPCs were obtained through FACS at 

24hpi and subsequently incubated in LTBMC over stromal cell support. At 10 dpi, 

we analyzed the frequency of infectious centers produced following the co-

culture of infected CD34+ HPCs with fibroblasts and compared to the frequency 

of infectious centers formed from an equivalent cell lysate, both plated by limiting 

dilution on fibroblasts. The cell lysate allows us to distinguish virus formed during 

the LTBMC period prior to reactivation stimuli (pre-reactivation) from virus formed 

as a result of reactivation induced via cell differentiation (reactivation). At 14 days 

after co-culture with fibroblasts, the fraction of GFP+ wells were scored and the 
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frequency of infectious centers calculated using ELDA. An average of two 

experiments are shown (Fig. 26). The UL136Δ23-/19-kDamyc replicated with a 12-

fold increase in the frequency of infectious centers formed pre-reactivation and a 

2.5-fold increase in the frequency of infectious centers formed after reactivation 

as compared to the UL136myc parental virus. The frequency of infectious centers 

both pre- and post-reactivation in UL136nullmyc were similar to UL136myc parental 

(2- and 1.5-fold, respectively) and WT (<1.25-fold both pre- and post-

reactivation), and are consistent with the typical latency phenotype expected for 

WT HCMV infection (185). Interestingly, the reactivation of both UL136Δ33-

kDamyc and UL136Δ26-kDamyc viruses were dramatically hindered. Only a few 

total infectious centers were counted following reactivation of both UL136Δ33-

kDamyc and UL136Δ26-kDamyc and none were counted pre-reactivation. These 

defects suggest that the 33- and 26-kDa isoforms are both required for efficient 

reactivation in CD34+ HPCs, similar to their role in promoting virus replication in 

ECs. It is currently unclear how the 25-kDa isoform impacts latency and 

reactivation although it is an active area of investigation. Together, these data 

suggest that the 23-/19-kDa isoforms function to suppress (in the presence of the 

other pUL136 isoforms) while the 33- and 26-kDa isoforms promote replication in 

CD34+ HPCs, which is a result consistent with their roles in ECs. These data also 

suggest that the pUL136 isoforms may function similarly across multiple cell 

types and the interplay of the pUL136 isoforms may play an important role in 
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HCMV latency and reactivation. More work is needed to understand the specific 

stage of infection with which the 33- and 26-kDa isoforms function in roles critical 

to infection in CD34+ HPCs in order to understand the mechanisms by which the 

pUL136 isoforms promote latency and reactivation.  

 

 

 

 
Figure 26. The pUL136 isoforms differentially influence the establishment 
of latency and virus reactivation in CD34+ HPCs. CD34+ HPCs were infected 
at an MOI of 2 with the indicated virus and sorted by FACS to isolate pure, 
infected populations. HPCs were maintained in LTBMC over stromal cell support 
for 10 days. Subsequently, HPCs were co-cultured with an MRC-5 fibroblast cell 
monolayer (reactivation). In parallel, lysates from an equal number of HPCs were 
plated with an MRC-5 fibroblast cell monolayer (prereactivation). Fourteen days 
later, 96-well dishes were scored for GFP+ wells, and the frequency of infectious 
centers was determined using ELDA software. WT, wild type.  
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The pUL136 isoforms differentially impact reactivation and 

dissemination in vivo  

We have previously demonstrated that the UL133/8 locus modulates virus 

reactivation and dissemination in vivo utilizing a NOD-scid IL2Rγc
null (NSG) 

humanized mouse model of HCMV infection (185). The NSG humanized mouse 

model is an effective animal model used to study HCMV infection, latency, 

reactivation, and dissemination in vivo (164). Viruses lacking the UL133/8 locus 

disseminate to a greater degree than WT as demonstrated by a 2- to 3-fold 

increase of viral genomes found in the spleen (185). As the pUL136 isoforms 

modulated levels of virus replication in ECs and CD34+ HPCs, we reasoned that 

the isoforms could also have differential impacts in vivo. NSG mice were sub-

lethally irradiated and subsequently engrafted with human CD34+ HPCs. After 

engraftment, the huCD34+-engrafted mice were injected with human fibroblasts, 

which had been previously infected with UL136myc or UL136 recombinant viruses 

as shown (10 mice per experimental group). In parallel, mice were injected with 

uninfected fibroblasts as a negative control. At 4 weeks post infection, 5 mice 

from each group were treated with granulocyte-colony stimulating factor (G-CSF) 

and AMD-3100 to induce virus reactivation and stem cell mobilization 

(dissemination). At 2 weeks post mobilization, viral genome loads were accessed 

in the spleen and the liver to evaluate dissemination of the virus using qPCR with 

primers and a probe specific to HCMV US28.  
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HCMV genomes were detected in the spleen and liver of all infected NSG 

humanized mice, both non-mobilized and mobilized (Fig. 27A). Splenic viral 

genomes did not increase significantly upon mobilization in UL136myc infected 

mice but did upon mobilization in UL136Δ23-/19-kDamyc infected mice (p = 0.05). 

In the spleens of both non-mobilized and mobilized NSG humanized mice, viral 

genomes were higher in UL136Δ23-/19-kDamyc as compared to UL136myc. (p = 

0.02). Splenic viral genomes were detected at a much lower level in 

UL136nullmyc, in both non-mobilized and mobilized mice. Indeed, 6.3-fold fewer 

viral genomes were detected in the UL136nullmyc virus as compared to the 

UL136myc parental virus (p = 0.014). Splenic viral loads were also detected at a 

much lower level in NSG mice infected with viruses lacking the 33- or 26-kDa 

isoforms as compared to the UL136myc parental virus (p = 0.03 for both). These 

combined data suggest that viruses lacking the 23-/19-kDa isoforms disseminate 

to the spleen to higher degree while viruses lacking the 33- or the 26-kDa 

isoforms are defective for dissemination. 

Viral dissemination to the liver was overall similar to that observed in the 

spleen with few differences (Fig. 27B). In contrast to viral loads in the spleen, 

viral loads in the liver of UL136myc infected mice significantly increased upon 

mobilization (p = 0.005), suggesting that dissemination to the liver may be more 

efficient. Similar to dissemination to the spleen, the UL136nullmyc virus was 

significantly hindered for virus dissemination to the liver (p = 0.001), as were the 
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viruses lacking the 33- or 26-kDa isoforms (p = 0.002 for both viruses), all as 

compared to the UL136myc parental virus. Further, viruses lacking the 23-/19-kDa 

isoforms had higher viral loads than UL136myc (p = 0.03) suggesting that these 

viruses also have a higher dissemination rate to the liver. Together these data 

suggest that, similar to ECs in vitro, UL136 is crucial to replication, reactivation, 

and/or dissemination in vivo where both the 33- and the 26-kDa isoforms 

promote dissemination while the 23-/19-kDa isoforms suppress dissemination, 

likely through its inhibitory effects on the 25-kDa isoform.  
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Figure 27. The pUL136 isoforms modulate virus dissemination in vivo. Sub-
lethally irradiated NOD-scid IL2Rγc

null mice were engrafted with CD34+ HPCs and 
subsequently injected with human fibroblasts previously infected with UL136myc 
or UL136 recombinant viruses as indicated. Mice injected with uninfected 
fibroblasts serve as a negative control (n = 5). At 4 weeks post infection half of 
the mice were treated with G-CSF and AMD-3100 and the other half left 
untreated (n = 5/group). At 2 weeks post treatment, mice were euthanized and 
tissues harvested. Total genomic DNA was isolated from spleen and liver tissues 
and HCMV genomes were quantified using quantitative PCR to probe for the 
US28 gene. p-values are shown. Mouse experiments performed by Patrizia 
Caposio, Oregon Health Sciences University. 
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Discussion and Future Directions 

 Re-evaluation of the coding capacity of HCMV has recently revealed a 

much higher coding capacity than once appreciated (32, 39, 119, 169). However, 

the functional nature of increased coding capacity is just beginning to be 

investigated. In this work, we demonstrate that UL136, which contributes to the 

increased coding capacity of HCMV as it is expressed as five protein isoforms, 

also functionally contributes to infection by differentially modulating virus 

replication. In fact, our data indicate that the protein isoforms of pUL136 have 

unique, antagonistic, functions in HCMV infection, which not only impact virus 

replication and latency in vitro but also impact viral latency, reactivation, and 

dissemination in vivo. Understanding how complex interplay of protein isoforms 

encoded by a single gene can functionally balance multiple states of HCMV 

infection is important to fully understanding the mechanisms of latency and 

persistence. 

UL136 is expressed as five protein isoforms in ECs (Fig. 13), similar to the 

expression observed in fibroblasts (Fig. 5 and (31)). Further, the subcellular 

localization of pUL136, while different for each isoform in ECs (Fig. 14), is similar 

to the localization observed in fibroblasts (Fig. 10 and (31)). Differential 

localization and association with the Golgi apparatus and VAC likely contribute to 

the different functions associated with pUL136 in infection, as the pUL136 

isoforms would encounter different cellular factors in specific sub-cellular 
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compartments. In fact, it was recently shown that at least one pUL136 isoform is 

located in the plasma membrane of HCMV infected cells (198), potentially 

allowing access to cell surface proteins for interaction and modulation of cellular 

functions at the cell surface. Further, viral genes expressed as multiple isoforms 

have been associated with unique functions during infection (102, 142, 183, 195, 

196). Together these data suggest that an increase in coding capacity without 

any increase in viral genome size can, in turn, substantially increase the 

functional ability of a virus to influence infection. 

 UL136 has previously been shown to be dispensable for virus replication 

in fibroblasts but required for efficient replication in ECs ((31) and Bughio and 

Goodrum, in press). The 33- and 26-kDa pUL136 isoforms were required for 

efficient replication in ECs and synergized to promote replication (Fig. 15,18). 

The 25-kDa isoform only synergized with the 33- and 26-kDa when they were 

expressed together (Fig. 16,19). Interestingly, the 23-/19-kDa isoforms 

suppressed the promoting activity of the 25-kDa isoform (Fig. 20). The interplay 

of the pUL136 isoforms is summarized in the model in Fig. 20C. These data 

suggest an antagonistic interplay between the pUL136 isoforms intricately 

balances the production of infectious virus in ECs and likely governs latency and 

reactivation. 

The pUL136 isoforms have differential turnover and stability rates where 

the 33- and the 25-kDa isoforms rapidly turnover while the other isoforms remain 
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stable for up to 6 hours of CHX treatment (Fig. 21). While the functional impact of 

selective, rapid turnover of pUL136 isoforms are unknown, the potential impacts 

to the isoform interplay governing replication and latency are intriguing. Given the 

importance of the 33-kDa to replication in ECs and reactivation both in vitro and 

in vivo, rapid turnover could function to allow the 33-kDa to be poised to sense 

and respond quickly to cell-specific cues and subsequently alter replication to 

promote reactivation from latency and/or dissemination. Understanding the 

molecular basis of isoform turnover will allow future studies to explore the impact 

of a stabilized 33-kDa isoform to replication and reactivation. 

 We have previously demonstrated that the UL133/8 locus is required for 

efficient virus maturation in ECs and this requirement is dependent on the 

functions of both UL135 and UL136 ((24) and Bughio and Goodrum, in press). 

Viruses lacking UL136 failed to form the VAC in ~50% of cells, failed to properly 

envelop maturing virions, and developed very large DBs (Bughio and Goodrum, 

in press). The functional significance of large DBs remains unclear, as they have 

only been recently observed in fibroblasts with a virus lacking the UL97 viral 

kinase (52). While it is unknown if this phenotype is present in ECs, there is an 

epistatic relationship between UL97 and the UL133/8 locus, described in 

fibroblasts, in which UL135 and UL97 are inter-dependent for virus replication 

(104). Understanding how this epistatic relationship functions in ECs may shed 

light on the mechanisms responsible for large DB formation. Interestingly, only 
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the 33-kDa isoform of pUL136 was required for formation of the VAC (Fig. 22), 

suggesting that the rearrangement of cellular factors into the perinuclear VAC is 

a unique function of the 33-kDa isoform. pUL136 is not required for VAC 

formation in fibroblasts (Bughio and Goodrum, in press), suggesting there are 

cell-type specific roles for the pUL136 isoforms. Further, viral determinants 

outside of the UL133/8 locus that control VAC compartment formation have been 

previously described in fibroblasts (35), but their functions in ECs have not been 

explored. The 33-kDa isoform is also required for efficient envelopment of 

progeny virus and formation of MVBs (Fig. 23-25), although the importance of 

MVBs to virus egress in HCMV is just beginning to be defined. MVBs have been 

shown to be an important pathway for both entry and egress for many viruses 

(25, 140, 175, 194), including herpesviruses (26). The lack of MVBs with normal 

morphology in UL136Δ33-kDamyc is intriguing as MVBs efficiently formed in a 

virus lacking the entire UL136 ORF (Bughio and Goodrum, in press). These data 

could indicate that the 33-kDa isoform is required for efficient MVB formation 

while another pUL136 isoform suppresses MVB formation. DBs were 

substantially enlarged and lacked envelopes in viruses lacking the 33- or 23-/19-

kDa isoforms, suggesting that these isoforms contribute to the formation of DBs. 

More work is needed to understand how the functions of the UL136 isoforms, 

and especially the 33-kDa, impact the hijacking of cellular membranes to support 

efficient virus maturation. 
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 The antagonistic interplay of the pUL136 isoforms was also apparent in 

CD34+ HPCs, where disruption of the 23-/19-kDa isoforms resulted in a loss of 

latency phenotype with increased frequencies of infectious centers prior to and 

following reactivation stimuli (Fig. 26). Viruses lacking the 33- or 26-kDa isoforms 

failed to efficiently reactivate suggesting they promote replication in opposition to 

the suppressive action of the 23-/19-kDa isoforms. The importance of the 

antagonistic interplay of the pUL136 isoforms is supported by our in vivo 

experiments in NSG humanized mice (Fig. 27).  The increased spleen and liver 

viral loads of UL136Δ23-/19-kDamyc detected in both non-mobilized and mobilized 

NSG humanized mice demonstrate that these isoforms are crucial to controlling 

virus spread and dissemination in vivo. Further, the decreased viral genomes 

present in the spleen of UL136nullmyc, UL136Δ33-kDamyc, and UL136Δ26-kDamyc 

even after stem cell mobilization and reactivation of the virus indicate that UL136 

is required for efficient virus reactivation and spread in vivo whereas 

UL136nullmyc is able to reactivate with WT like efficiency in vitro. These data 

illustrate the importance of investigating the function of viral proteins in multiple 

cell types and multiple states of infection in order to fully understand the impacts 

to viral infection as a whole. 

 The protein isoforms encoded within the UL136 gene impact virus 

replication in ECs, latency and reactivation in CD34+ HPCs, and virus replication 

and dissemination in vivo in NSG mice. These functions are similar to what has 
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been shown with the UL133/8 locus within the ULb’ region of the HCMV genome 

(185). We have described an antagonistic relationship between UL135 and 

UL138 where UL135 is required for replication and reactivation from latency 

when UL138 is expressed, while UL138 suppresses replication to favor a latent 

state (186). Taken together, these data suggest that while the UL133/8 locus 

encodes antagonistic proteins that influence the outcome of HCMV infection, the 

single UL136 gene within the locus also encodes antagonistic proteins, which 

further influence the outcome of HCMV infection. These functions have likely 

evolved through millennia of host-virus co-evolution to result in multiple intricate 

mechanisms to control HCMV infection and persist within multiple cell types 

within the host.  
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CHAPTER 5: FINAL DISCUSSION AND FUTURE 

DIRECTIONS 

 

 HMCV persists indefinitely within the human host through a multitude of 

mechanisms evolved over a long history of human and HCMV co-existence. 

These mechanisms most likely involve several viral and host factors, although 

only a few of these factors have been identified. Our work has identified and 

characterized one of these viral factors, UL136, and demonstrated that the 

proteins encoded by UL136 antagonistically impact HCMV persistence. The 

functions of the pUL136 isoforms are critical to viral infection in multiple cell types 

in vitro and in vivo and contribute to the function of the UL133/8 locus in 

controlling virus replication and latency. 

The five isoforms of pUL136 are expressed through a rich transcriptional 

profile and the use of multiple TIS encoded with the UL136 ORF (Fig. 8-9). 

Multiple protein isoforms encoded within a single ORF significantly impact viral 

coding capacity and therefore allow a substantial increase to the functional 

capacity of a virus while maintaining limitations to genome size. The expanded 

transcriptional profile of UL136 contributes to bolstering viral coding capacity by 

supporting expression of the multiple protein isoforms of pUL136. Beyond the 

increase in functional coding capacity, the multiple transcripts of UL136 most  

likely provide a mechanism of protein expression control, which, in turn may 
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govern the different functions of the pUL136 isoforms. The isoforms are 

expressed with early-to-late temporal kinetics and are dependent on viral DNA 

synthesis for efficient expression; however, some isoforms are more affected by 

the inhibition of viral DNA synthesis than others (Fig. 7). These data suggest that 

multiple promoters are utilized to create the transcriptional profile of UL136 and 

that these promoters may be temporally utilized during HCMV infection, allowing 

separate control of the expression of each pUL136 isoform. It is also possible 

that multiple promoters may drive expression of the same transcript, depending 

on the stage of viral infection, again intricately controlling the expression of each 

pUL136 isoform. Thus, mapping the functional promoter sequences of the UL136 

specific transcripts and defining the temporal usage of each promoter in HCMV 

infection will allow us to better understand how temporal regulation of the 

isoforms may influence their functions during infection. Disrupting individual 

promoters during HCMV infection will allow a comprehensive understanding of 

the function of each isoform at various stages of infection. 

The pUL136 isoforms antagonize the functions of each other in that the 

33- and 26-kDa isoforms cooperate to promote replication while the 25-kDa 

isoform enhances the effects of the 33- and 26-kDa isoforms. The 23-/19-kDa 

isoforms inhibit the activity of the 25-kDa isoform. It is possible that the interplay 

of the pUL136 isoforms is mediated by direct, physical contact, as pUL136 has 

been shown to self-associate (137); although the isoform expressed and 
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detected in these assays was limited to the 33-kDa. While specific interactions 

between other isoforms have yet to be determined, it is possible that the other 

isoforms are able to self-associate and interact with other pUL136 isoforms. 

Investigating which specific isoforms may interact with each other through co-

immunoprecipitation will allow us to explore the possibility that the antagonism of 

the isoforms is mediated by direct interactions among the pUL136 isoforms. It is 

possible that the isoforms physically bind each other in a dominant-negative 

manner or, alternatively, physically interfere with other potential cellular protein 

interactions. Instead, the pUL136 isoform interplay could be completely mediated 

through interaction with cellular factors to influence multiple, antagonistic, cellular 

processes. Defining the interactions among the pUL136 isoforms and between 

pUL136 and cellular factors is critical to our understanding of the functions of 

pUL136 and the mechanisms of their antagonistic roles in HCMV infection.  

To determine potential cellular interacting proteins of pUL136, we 

performed a yeast-two hybrid (Y2H) screen using the C-terminal portion of 

pUL136 (amino acids 141-240) as bait. This portion of pUL136 is common to all 

five isoforms and excludes the putative TM domain allowing us to identify cellular 

interacting proteins that could be targeted by the isoforms in an antagonistic 

manner. We utilized a universal prey library, which incorporates cDNA isolated 

from a wide variety of cell and tissue types and therefore screens potential 
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cellular interacting proteins without any cell type biases. Several putative 

interacting proteins were identified and are listed in Table 7.  

Interestingly, there are multiple proteins involved in protein sorting and 

trafficking: Vps15, AP3B1, and CTSL2. Vps15 is involved in the ubiquitin-

dependent initiation of the ESCRT pathway and serves as a regulatory kinase for 

Vps34. Together Vps15 and Vps34 recruit phosphatidylinositol 3-kinase (PI3K) to 

the endosomal membrane, which recruits Vps27 and subsequently activates the 

ESCRT pathway resulting in endosomal cargo sorting and MVB formation (83, 

157, 199). AP3B1 is one of the large subunits of the heterotetrameric adapter-

related protein complex 3 (AP-3), which functions in sorting transmembrane 

proteins, including cell surface receptors, to MVBs/lysosomes (18, 122). In 

contrast to the functions of Vps15 that require ubiquitination of cargo in order to 

sort to MVBs (83, 157, 199), AP-3 has been shown to sort protein cargo to MVBs 

independent of ubiquitination by utilizing an ALIX-dependent pathway (42). 

Together, these studies suggest a role for the pUL136 isoforms in modulating the 

ESCRT pathway and potentially in MVB biogenesis/function or protein cargo 

sorting to MVBs. Interestingly, ESCRT is commonly commandeered during viral 

egress for RNA viruses (189) and herpesviruses (26), including HCMV (178, 

179). In HCMV, multiple ESCRT proteins localize to the VAC during the late 

stages of HCMV infection (36) and overexpression of a dominant-negative form 
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of ESCRT proteins inhibits the production of infectious virus (178), indicating that 

viral appropriation of ESCRT is critical for efficient virus maturation.  

 While it is unclear which pUL136 isoforms interact with Vps15 or the AP-3 

complex, it is intriguing to speculate about the potential effects of these cellular 

interactions in HCMV infection. In ECs, HCMV induces the formation of MVBs 

which become packed with maturing virions and other flattened vesicles (24). 

UL135 is required for the incorporation of virions and DBs into MVBs in ECs 

(Bughio and Goodrum, in press). ECs infected with a virus lacking the UL136 

ORF form MVBs and incorporate virions and DBs into the MVBs; however, the 

UL136 recombinant viruses exhibit dramatic alteration in MVB biogenesis in ECs. 

Viruses lacking the 33-kDa isoform of pUL136 do not efficiently form MVBs and 

instead form aberrant structures of stacked intraluminal vesicles, while viruses 

lacking the 25-kDa fail to incorporate flattened, intraluminal vesicles. It is possible 

that the pUL136 isoforms function in cooperation with pUL135 to induce the 

formation of MVBs or that the pUL136 isoforms interface with ESCRT for other 

functions of virus maturation.  
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Name Known Functions Accession 
Number 

PIK3R4 
Phosphoinositide-3-
kinase, regulatory 

subunit 4 

Also called VPS15; serine-threonine 
protein kinase found at the cytoplasmic 

face of late Golgi and may regulate 
membrane trafficking in the late endocytic 

pathway 

NM_014602.2 

AP3B1 
Adapter-related 

protein complex 3, 
beta 1 subunit 

Subunt of non-clathrin- and clathrin- 
associated adaptor protein complex 3 that 

functions in transmembrane protein 
sorting to lysosome or lysosomal-related 

organelles. 

NM_003664.4 

 

CTSL2 Cathespin L2 
Member of peptidase C1 family; 
lysosomal cysteine proteinase 

NM_001333.3 

 

TNFR-
SF11B 

Tumor necrosis 
factor receptor 
superfamily, 
member 11B 

TNFR superfamily member; may act as a 
decoy receptor for TRAIL thereby 

protecting against apoptosis 

NM_002546.3 

 

CTNNAL1 
Catenin (cadherin-
associated protein), 

alpha-like 1 

May modulate Rho pathway and act as 
anchor for PKA 

XM_011519161.1 

 

MARK3 
MAP/microtubule 
affinity-regulating 

kinase 3 

Activated by phosphorylation, then 
phosphorylates MAP2, MAP4, and 

CDC25 

XM_006720146.2 

 

ZFP42 Zinc finger protein 
42 

Also called Rex1; marker of pluripotency, 
regulation is critical to maintaining 

pluripotent state in ES cells and may be 
involved in transcriptional regulation 

NM_001304358.1 

 

MYLIP 
Myosin regulatory 

light chain 
interacting protein 

E3 Ubiquitin Ligase that mediates 
ubiqutination and degradation of myosin 

regulatory light chain (MRLC) 

XM_005249032.2 

 

SCEL Sciellin 
Localizes to periphery of cells; is a 

precursor of the cornified envelope of 
terminally differentiated keratinocytes 

XM_011535281.1 
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Name Known Functions Accession 
Number 

CHCHD4 

Coiled-coil-helix-
coiled-coil-helix 

domain containing 
4 

Mitochondrial chaperone to catalyze 
disulfide bonds. Required for the import 
and folding of small cysteine containing 

proteins into the mitochondrial 
intermembrane space 

NM_001098502.1 

 

ADSL Adenylosuccinate 
lyase 

De novo synthesis of purines; catalyzes 
reactions in synthesis of AMP 

XM_011529976.1 

 

BTF3 Basic transcription 
factor 3 

Forms stable complex with RNA 
polymerase II; required for transcription 

initiation 

NM_001037637.1 

 

DARS Aspartyl-tRNA 
synthetase 

Part of multienzyme complex of 
aminoacyl-tRNA synthetases; charges its 

cognate tRNA with aspartate 

NM_001349.3 

 

TERF2IP 
Telomeric repeat 
binding factor 2, 

interacting protein 

Part of a complex involved in telomere 
length regulation 

NM_018975.3 

 

CCDC15 Coiled-coil domain 
containing 15 

? 

 

NM_025004.2 

 

CPORF43 
Chromosome 9, 

open reading frame 
43 

? 

 

NM_152786.2 

 

Table 7. Putative cellular interacting proteins of UL136 determined by Yeast-2-

Hybrid screen. 
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In ECs, the phenotypes we observed in viruses lacking UL136 (Bughio 

and Goodrum, in press) are consistent with a role in membrane trafficking and 

rearrangement that is required for virus maturation as the 33-kDa isoform is 

required for efficient VAC formation (Fig. 20). Rearrangement of the Golgi, trans-

Golgi network, early endosomes, and other membranes results in the concentric 

VAC formed adjacent to the nucleus (36, 37), which is critical to the correct 

trafficking and assembly of HCMV virions. While the mechanisms of VAC 

formation are poorly understood, cellular factors involved in membrane trafficking 

and rearrangement are likely involved. Interestingly, VAC formation is dependent 

on viral DNA synthesis (141), suggesting its formation requires at least one late 

viral gene. The pUL136 isoforms, including the 33-kDa, are expressed with early-

to-late kinetics and, like the VAC, require viral DNA synthesis for efficient 

expression (Fig. 7). Together, these data indicate that pUL136 may function late 

in viral infection to redirect protein trafficking, ultimately resulting in protein 

rearrangements needed to form the VAC. 

HCMV also dramatically alters cell surface proteins of infected cells over 

the course of infection (198), and many of these altered proteins are likely 

trafficked by ESCRT and other trafficking machinery. The fate of altered cell 

surface proteins varies as they may be recycled to the cell surface or trafficked to 

lysosomes for degradation. Therefore, one intriguing idea is that the pUL136 

isoforms could interact with the ESCRT and protein sorting machinery to direct 
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the trafficking of cellular TM proteins, such as surface receptors. In HHV-7, 

interaction between the AP-3 complex and the viral protein pU21 results in re-

routing of MHC-I to lysosomal compartments for degradation and immune 

evasion (86). While HCMV encodes many methods for immune evasion via 

redirection, sequestration, or degradation of MHC-I (129), it is possible that the 

putative pUL136—AP-3 interaction provides another mechanism of MHC-I 

mediated immune evasion. Further, the pUL136—AP-3 interaction could 

potentially be involved in the sorting of other cell surface proteins, such as TNFR-

superfamily 11B (TNFR-SF11B), which was also identified in our Y2H screen for 

cellular interacting proteins. 

TNFR-SF11B is expressed on the cell surface and after a cleavage event 

is secreted from a variety of cell types including bone marrow stromal cells, 

hematopoietic cells, and ECs (13, 34, 177, 181). The secreted domain of TNFR-

SF11B binds two known ligands: receptor activator of NF-κB ligand (RANKL) and 

TNF-related apoptosis-inducing ligand (TRAIL) in a competitive manner with their 

normal receptors (177). Therefore, TNFR-SF11B acts as a decoy receptor for 

RANKL and TRAIL to inhibit the inflammation regulatory functions of NF-κB and 

prevent TRAIL-induced apoptosis (45, 158). The 26-kDa isoform of pUL136 is 

detected at the plasma membrane outside the context of infection (31), while at 

least one isoform has been recently detected in the plasma membrane during 

HCMV infection (198). These data suggest that the pUL136 isoforms could 
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interact with TNFR-SF11B at the cell surface in an effort to alter cell surface 

levels or modulate secretion of TNFR-SF11B. Further, the putative interactions 

between pUL136 and the protein sorting/trafficking pathways discussed above 

could also modulate cell surface levels and/or secretion of TNFR-SF11B by 

utilizing the ESCRT pathway. Understanding the functional nature of the putative 

UL136—TNFR-SF11B interaction could shed more light on how UL136 

contributes to the activity of the UL133/8 locus in modulating the cell surface of 

HCMV infected cells.  

As the antagonistic UL136 is part of the antagonistic UL133/8 locus, it is 

intriguing to speculate at the effects this locus may have on cell surface 

modulation. Interestingly, pUL138 has been shown to increase cell surface levels 

of TNFR-1 and -2, which is hypothesized to alter the responsiveness of latently 

infected cells to TNF-α (100, 117). pUL135 has recently been shown to localize 

to the plasma membrane ((185) and (Bughio and Goodrum, in press) and alter 

the actin cytoskeleton to prevent NK cell recognition at the cell surface (166). The 

putative pUL136 cellular interacting proteins involved in protein trafficking/sorting 

suggest that pUL136 is poised to play a role in cell surface modulation and 

contribute to the functions of the UL133/8 locus. Together, the UL133/8 locus 

alters cell surface proteins such as EGFR through the antagonistic interaction of 

pUL135 and pUL138 with functional consequences to the virus and cell that 

influence the latent infection (Buehler and Goodrum, unpublished). Modulation of 



	  

	  

160	  

cell surface proteins could result in an abrupt end to normal signaling via 

sequestration or degradation of cell surface proteins. Alternatively, the UL133/8 

proteins could control and commandeer a multitude of signaling pathways 

through interactions with cell surface receptors in an effort to prolong or re-direct 

their signaling and ultimately alter the cellular environment to promote latency 

and/or reactivation. While more work is needed to understand the functional 

nature of these interactions, the antagonistic nature of UL136 and the UL133/8 

locus provides a mechanism by which the virus could subtly alter the cellular 

environment as a whole to respond to both intra- and inter-cellular signals.  

Many of the functions of UL136 are mirrored by the UL133/8 locus as a 

whole. The antagonistic relationship of pUL135 and pUL138 results in a 

molecular switch where pUL138 suppresses replication to favor latency while 

pUL135 promotes replication in the presence of pUL138 to favor reactivation 

(186). Similarly, the UL136 gene encodes both promoting and repressing 

isoforms, which balance replicative and latent states. Together, these data 

suggest the evolution of redundant functions within the locus in order to ensure 

the appropriate balance of virus replication. In fact, there are at least three viral 

determinants of latency encoded within the UL133/8 locus (31, 137, 138, 185). 

Both pUL133 and pUL138 are required for the establishment of latency (137, 

138, 185), and the 23-/19-kDa isoforms of pUL136 are required for the 

establishment of latency when the other pUL136 isoforms are present indicating 
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that the interplay of the pUL136 isoforms governs viral latency and reactivation. 

The interplay of the pUL136 isoforms is modeled in Fig 28A. Together the 33-/26- 

cooperatively promotes replication, while the 25-kDa enhances their effect and 

the 23-/19-kDa isoforms inhibit the activity of the 25-kDa isoform. As the 

functions of the pUL136 isoforms likely influences the rest of the UL133/8 locus, 

we propose a model whereby the pUL136 isoforms collectively function as a 

sensor between the other UL133/8 proteins and responds to cellular and/or viral 

signals in order to direct HCMV infection to a latent state or 

productive/reactivated state (Fig. 28B).  
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Figure 28. Proposed model hypothesizing the role of pUL136 in modulating 
the outcome of infection (Productive/Latent). (A) Model of pUL136 isoform 
interplay. Together the 33-/26- cooperatively promote replication, while the 25-
kDa enhances their effect and the 23-/19-kDa isoforms inhibit the activity of the 
25-kDa isoform. (B) Model of pUL136 hypothesized function within the UL133/8 
locus. pUL135 and pUL138 antagonize the activity of each other to dictate the 
outcome of infection (186) and pUL133/pUL138 both function to suppress 
replication to favor a latent state (137, 185). We propose that the isoforms of 
pUL136 act as a sensor within the cell and respond to both viral and cellular cues 
by directing the activity of the other UL133/8 proteins to govern virus latency, 
replication, and reactivation. 
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The potential function of interactions between pUL133, pUL136, and 

pUL138 and their resulting influence on the establishment and maintenance of 

latency are intriguing. Future studies are designed towards understanding the 

combined effects of these three latency determinants. By engineering 

recombinant viruses lacking the 23-/19-kDa isoforms of pUL136 in combination 

with pUL133 and/or pUL138, we can begin to understand how suppressive 

pUL136 isoforms may interface with the other UL133/8 latency determinants to 

influence the outcome of infection. In a recombinant virus lacking all three of the 

UL133/8 latency determinants, all of the factors within the UL133/8 locus that 

promote replication remain. Therefore, the additive effects of removing all the 

known suppressive factors, while leaving all of the known promoting factors, may 

result in a virus that replicates with much greater efficiency than the viruses that 

disrupt each latency determinant alone. Understanding these potential additive 

effects between all of the pUL136 isoforms, pUL133, and/or pUL138 may shed 

light on the interplay of the proteins within the UL133/8 locus, which in turn may 

clarify the complex interplay between the pUL136 isoforms. Ultimately, these 

studies will allow a greater understanding of the role UL136 plays within the 

UL133/8 locus and how these functions govern the outcome of infection. Defining 

the molecular mechanisms controlling HCMV replication and latency will provide 

greater understanding of viral pathogenesis and ultimately lead to novel antiviral 

therapeutics to better control and prevent HCMV disease. 
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