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List of abbreviations used in this work 
Note: Underlined letters indicate the source of the abbreviation, when the abbreviation 
may not be obvious. 

∆3.6– A CMV mutant where the genomic sequence corresponding to the longest 
UL133-UL138 (3.6Kb) has been deleted. 

Abi-1 – Abelson-interacting protein 1, a human protein involved in endocytosis and 
signal transduction. Also known as e3B1. 

BAC – Bacterial artificial chromosome, a DNA construct of up to ~300Kb that can be 
maintained as an episome in bacteria. 

BIT-9500 – IMDM fortified with BSA, Insulin, and Transferrin; a serum substitute for 
HPCs 

BLT – a humanized chimeric mouse system for studying CMV infection, wherein IL2-/- 
NOD/SCID mice are implanted with human Bone, Liver, and Thymus to reconstitute 
the human hematopoietic system. 

Cbl – A cellular E3 ubiquitin ligase, named after Casitas B-lineage lymphoma.  Note that 
in this work, Cbl refers to both c-Cbl and Cbl-b.  

CD34 – a cell surface glycoprotein on the surface of hematopoietic progenitor cells 
CDS – Coding sequence, the portion of a mature RNA that encodes the protein 
ChCMV: Chimpanzee cytomegalovirus 
CHX – Cycloheximide, a small molecule drug that inhibits ribosomal translation of 

mRNAs. 
CIN85: Cbl-interacting protein of 85 kDa, alternately known as SH3KBP1, SETA, and 

Ruk.   
CMV – Cytomegalovirus, human cytomegalovirus unless otherwise specified 
DMEM – Dulbecco’s Modification of Eagle’s Media – a tissue culture growth medium.  In 

this work, DMEM specifically refers to 4.5g/mL glucose, 2mM L-glutamine 
formulation. 

dpi – days post infection 
2-DOG – 2-deoxygalactose.  A galactose analog which, when metabolized by the GalK 

enzyme, creates a metabolite lethal to E. coli. 
EBV – Epstein-Barr Virus, a herpesvirus. 
EGF – Epidermal Growth Factor 
EGFR – Epidermal Growth Factor Receptor, also known as ErbB1  
FACS – Fluorescently Activated Cell Sorting.  Flow cytometry with the added ability to 

sort and capture specific populations of cells. 
FBS – fetal bovine serum 
GalK – Galactose Kinase, the bacterial gene and enzyme that metabolizes galactose.  
GCV – Ganciclovir, an antiviral used to treat CMV 
GEF – Guanine Exchange Factor – an enzyme that “loads” a G-protein with GTP, 

typically activating the G-protein. 
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GM130: Golgi matrix protein of 130 kDa, also known as Golgin A2.  A protein localized 
to the cis-Golgi compartment.  

GST – Glutathione S-Transferase; a protein domain which binds immobilized 
glutathione, allowing for expedient purification under non-denaturing conditions. 

HCMV: Human Cytomegalovirus 
HHV – Human Herpesvirus 
HPCs – Hematopoietic progenitor cells; the bone marrow cells that differentiate into 

blood components.  
Hpi – Hours post infection. 
HMVEC – human microvascular endothelial cells, a primary endothelial cell culture 

amenable to HCMV replication 
HUVEC – human umbilical vein endothelial cells, a primary endothelial cell culture 

amenable to HCMV replication 
HSC – hematopoietic stem cells; the self-renewing population of bone marrow cells 
HSCT – Hematopoietic stem cell transplant  
HSV – Herpes Simplex Virus 
IDP – Intrinsically disordered protein, also known as intrinsically unordered protein 

(IUP); a protein lacking intrinsic secondary structure 
IE – Immediate Early, a class of viral genes transcribed immediately, without 

prerequisite expression of other viral proteins. 
IMDM – Iscove’s Modification of Eagle’s Media, a tissue culture growth medium 
JNK – c-Jun N-terminal kinase, a member of the MAPK signaling cascade.  
kDa – kilodaltons 
Kb – kilobases  
LTMBC – Long term bone marrow culture, a method of culturing HPCs and HSCs ex 

vivo over stromal cells to prevent differentiation. 
lncRNA: Long noncoding RNA 
IP/MS: Immunoprecipitation followed by LC-MS/MS 
IRES – Internal Ribosomal Entry Site 
KSHV – Kaposi’s sarcoma-associated herpesvirus 
MAPK – Mitogen Activated Protein Kinase.  In this work, used to describe the entire 

MAPK signaling cascade, terminal MAPK effectors are named individually. 
MEKK4 – Mitogen activated protein kinase kinase kinase 4, a component of the MAPK 

signaling pathway.  Also known as MAP3K4. 
MIEP – Major Immediate Early Promoter, a potent promoter driving transcription of the 

genes encoding HCMV immediate early proteins IE1 and IE2.   
MOI –Multiplicity of Infection, a measure of how much infectious virus is being applied 

per cell.  Note that application of an MOI of 1 PFU per cell will only infect ~70% of 
the cells in the dish, as some cells will be infected twice, and some not at all.  

MRC-5 – a primary (non-cancerous, non-transformed, diploid male) human lung 
fibroblast cell line, used for culturing and studying CMV 
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MRC-9 – a primary (non-cancerous, non-transformed, diploid female) human lung 
fibroblast cell line, used for culturing and studying CMV.  These were only used 
briefly, from 2016-2017. 

NIEP – Non-infectious enveloped particle, a mature HCMV virion that lacks a genome 
ORF – Open reading frame 
P0 – Passage zero stock, a crude virus stock, generated by transfection of the CMV 

BAC genome into fibroblasts, followed by lysis of the cells when the virus has spread 
throughout the culture.   

P1 – Passage one stock, a 100x concentrated stock of cell-free virus, generated by 
using a P0 stock to infect several roller bottles or approximately 20x 15cm tissue 
culture plates. 

PAA – Phosphonoacetic acid, a small molecule that inhibits CMV DNA replication and 
late gene expression in vitro. 

PBS – Phosphate buffered saline. Unless otherwise specified, refers to Dulbecco’s 
Phosphate Buffered Saline (D-PBS) without calcium, magnesium, or phenol red 

PE – Phycoerythrin, an extremely bright fluorescent protein, often used to conjugate 
antibodies 

PEI – polyethelyeneimine, a cationic polymer used as a tissue culture DNA transfection 
reagent 

PFU – Plaque forming unit, the quantity of virus needed to successfully infect a cell to 
produce new progeny virions.  Also a unit of measurement for quantitation of 
infectious virus. 

[PHOS] – indicates the 5’ phosphorylation of an oligonucleotide  
PI – Propidum iodide.  A cell membrane impermeable stain, which binds tightly to DNA 

and fluoresces; commonly used as a vital stain to discriminate between live and 
dead cells during flow cytometry experiments  

PI3K – phosphatidylinositol-3-kinase, consisting of a 110 kDa (p110) catalytic subunit 
and an 85 kDa inhibitory subunit (p85α). 

PI3K p85α: a regulatory subunit of PI3K, with a mass of 85 kDa  
p38 – a terminal map kinase in the MAPK cascade, part of the p38/JNK signaling 

module. 
pp65 – phosphoprotein of 65 kDa, an HCMV-encoded tegument protein.  Also known as 

pUL83.  
pY – Phosphotyrosine. 
Ras – an intracellular signaling kinase, originally named for Rat sarcoma, where it was 

first isolated as an oncogene.  Ras is essential for the transduction of intracellular 
signals generated by RTKs.  Also known as p21/Ras 

RACE – Rapid amplification of cDNA ends – a method to determine the beginning and 
end of an mRNA transcript 

RTK – Receptor Tyrosine Kinase 
TCEP – Tris(2-CarboxyEthyl)Phosphine, an irreversible reducing agent 
TCID50 – Tissue Culture Infectious Dose 50%.  This is the process of titering virus by 

limiting dilution, rather than counting plaques, as well as the measurement unit of 
this assay.  
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TEM – transmission electron microscopy/micrograph 
TMD – transmembrane domain 
TN – Tris/NaCl – a buffer consisting of 50mM Tris-HCl, pH 7.2, 100mM NaCl, and 1mM 

MgCl2 

VGCV – Valganciclovir, a prodrug form of the drug ganciclovir. 
VZV – Varicella Zoster Virus, also known as HHV-3, chicken pox, and/or shingles. 
Y2H – Yeast Two-Hybrid 
WRC – Wave regulatory complex; used interchangeably with WAVE complex.  The 

WRC is a holoenzyme of five proteins, which stimulates Arp2/3 to polymerize actin 
into cortical actin and stress fibers. 

Z-VAD-FMK – benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone, a stabilized, 
cell permeable, and irreversible peptide inhibitor of caspases and serine/threonine 
proteases. Z-VAD-FMK inhibits caspase-dependent apoptosis. 

 

Note on nomenclature and section heading conventions: 
Individual CMV genes and recombinant viruses are presented in italics, EG: UL135 
(gene), or ∆UL135, UL135myc (recombinant viruses) 

CMV proteins, unless specifically named by convention (EG: IE1, IE2), are denoted with 
the prefix “p”, EG: pUL135 

Primer sequences are always listed from 5’ to 3’. 

Unless otherwise specified, the use of the term “fibroblasts” in this work refers to MRC-5 
or MRC-9 cells. 

 

The following formats are used for different section headings 

Level One – Chapters 

Level Two – Major Sections 

Level Three – Minor sections 

Level	Four	-	Subsections	
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Abstract: 

 Human cytomegalovirus (CMV) is a ubiquitous herpesvirus that infects the 
majority of the world’s population.  CMV can establish a latent infection, enabling the 
lifelong persistence of CMV infection and effectively evading the immune system and 
antiviral drugs.  We have characterized the protein product of UL135 (pUL135), and 
discovered that pUL135 drives viral replication and is necessary for viral reactivation 
from latency, counteracting the latency-promoting effects of another CMV protein, 
pUL138.  The functions of pUL135 and pUL138 proteins are antagonistic, epistatically 
linked, and the balance between pUL135 and pUL138 regulates viral infection and 
latency. Through the use of proteomic screens, we have identified and disrupted 
interactions of pUL135 with cellular proteins Abi-1 and CIN85; we discovered that 
interactions are necessary for viral reactivation from latency. pUL135 and its interactions 
with Abi-1 and CIN85 influence the levels of EGFR on the cell and alter the dynamics of 
EGFR trafficking within the cell. This work investigates the various roles and 
mechanisms by which UL135 serves as a mediator of CMV infection. 
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Chapter 1: Introduction to cytomegalovirus 

 Cytomegalovirus is a beta-herpesvirus that infects humans and results in a life-
long infection characterized by viral latency with periodic viral reactivation.  While 
chronic CMV infection is generally asymptomatic, it can cause birth defects, morbidity 
and mortality in transplant recipients, and immune exhaustion.  There is no vaccine for 
CMV, and while antiviral drugs exist, they can only suppress viral replication and cannot 
clear the infection.  

 Herpesviruses are an ancient clade of viruses.  By using a molecular clock and 
an assumed constant rate of mutation to the conserved viral genes, the herpesviruses 
are estimated to be at least 180-220 million years old1.  Herpesviruses co-speciated with 
mammals during the “mammalian radiation” 80-60 million years ago, and herpesviruses 
have been co-evolving with their mammalian hosts ever since1.  As a result of the long 
period of co-evolution of herpesviruses with their hosts, human herpesviruses have 
achieved deep integration into human host biology and have achieved long-term 
persistence in the host while rarely killing the hosts.  A notable consequence of viral and 
host co-speciation is that most modern herpesviruses are restricted to a single host 
species. 

 Herpesviruses have been divided into three families, based on their cellular 
tropism and latent reservoir2.  Although there are myriad herpesviruses of fish, birds and 
non-human mammals, only human herpesviruses are discussed within this work.  The 
different human herpes viruses, their tropism, latency reservoir, and pathology are 
summarized in Table 1. The alpha-herpesviruses, including Herpes simplex viruses 
(HSV-1, HSV-2), as well as Varicella Zoster virus, establish latency in sensory neurons. 
As neurons cannot be replaced and are somewhat immune-privileged, the alpha-
herpesviruses persist in a relatively protected niche. Pathology associated with the 
alpha-herpesviruses includes characteristic focal lesions on the skin, and rare but 
serious CNS complications, such as viral encephalitis. The human gamma-
herpesviruses include Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated 
herpesvirus (KSHV).  The gamma-herpesviruses primarily infect epithelial cells and 
lymphocytes and establish latency in B-cells. The beta-herpesviruses include 
Cytomegalovirus (CMV), Roseolovirus, and human herpesvirus 7 (HHV-7).  The 
betaherpesviruses have broad tropism and can infect almost every somatic cell type, 
and establish latency in either hematopoietic progenitor cells (CMV) or T-cells 
(Roselovirus, HHV-7).  Notably, all herpesviruses establish latency in long-lived cell 
types.  
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Herpes 
Subfamily 

HHV 
# 

Name (Common 
name) Pathology Primary 

tropism 
Latency 
reservoir 

α (Alpha) 

1 
Herpes Simplex 
1, HSV1, 
(Genital herpes) 

Genital Lesions 

Mucosal 
Epithelial 
Cells 

Sensory 
Neurons 

2 
Herpes Simplex 
2, HSV2, 
(Cold sores) 

Facial lesions 
around the lips 
and mouth 

3 

Varicella Zoster 
Virus, VZV, 
(Chicken Pox / 
Shingles) 

Lesions on 
entire body; 
painful lesions 
on abdomen 

β (Beta) 

5 
Human 
Cytomegalovirus, 
CMV 

Birth defects, 
mononucleosis-
like symptoms, 
retinitis, 
transplant 
complications Broad 

tropism, 
infects most 
cell types 

Hematopoietic 
Progenitor 
Cells, 
(Monocytes?) 

6A, 
6B Roseolovirus 

Rash with fever, 
"Sixth Disease", 
transplant 
complications 

T-cells 

7 HHV-7 

Mononucleosis-
like symptoms, 
neurological 
damage 

T-cells 

γ (Gamma) 

4 
Epstein-Barr 
Virus, EBV 
(Mono) 

Mononucleosis, 
fatigue, Burkitt's 
Lymphoma 

B-cells, 
epithelial 
cells 

B-cells 

8 

Kaposi's 
Sarcoma-
associated 
Herpesvirus, 
KSHV 

Kaposi's 
sarcoma 
Primary 
effusion 
Lymphoma, 
Castleman's 
disease 

B-cells, 
lymphocytes, 
epithelial 
cells 

Table 1: A summary of the human herpesviruses, their tropism, and the sites of latency. 

 Structurally, HCMV has a 130nm icosahedral nucleocapsid, containing the naked 
linear genome, surrounded by a thick amorphous layer of protein termed the tegument, 
and a loosely associated lipid bilayer membrane.  HCMV infection also generates two 
additional types of viral particles, termed non-infectious enveloped particles (NIEPs) and 
dense bodies (Figure 1).  NIEPs have a structure nearly identical to that of a mature 
infectious virion, but lack a viral genome.  Dense bodies are a ~300nm aggregates of 
tegument proteins and viral long noncoding RNAs enclosed in a membrane, lacking a 
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viral capsid and genome3,4. NIEPs have a size and structure similar to that of a virion but 
lack a viral genome, while dense bodies are heterogeneously sized with an unstructured 
core3.  While NIEPs and DBs were initially considered to be “defective” virus particles5, 
they can boost the infectivity of mature virions, by delivering additional tegument 
proteins to disable the innate immune system6 and/or by increasing the strength of 
cellular signals generated by virus binding and entry.  

 

 

Figure 1: Transmission electron micrographs (TEM) of CMV infectious and noninfectious 
particles.  (A) NIEPs, lacking an electron-dense DNA core.  (B) Virions, including the electron-
dense DNA core.  The particles in the lower left of A and B have not been penetrated by uranyl 
acetate stain.  (C) Dense bodies.  Scale bar is 100nm, arrows indicate limiting membrane.  Figure 
modified from Irmere and Gibson5.  

HCMV genetics, genetic manipulation, and creation of recombinant 
viruses 
 The HCMV genome is a single linear strand of DNA, which is organized into two 
large segments, termed Unique Long (UL) and Unique Short (US) (Figure 3). The UL 
and US segments are flanked by repeat sequences, alternately termed Terminal 
Repeats (TR), Internal Repeats (IR), and Joining Segments (JS).  The HCMV genes are 
named by their approximate order on the genome, as UL1-UL151, and US1-US36. 
During replication, the UL and US regions occasionally rearrange in their orientation, 
leading to four potential genomic organizations (Figure 2).  This genomic isomerization 
is dispensable in culture has no apparent fitness cost, as approximately equimolar 
concentrations of each genomic isomerization have been isolated from the human 
population and from limited culture of a single virus genotype7,8. 
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Figure 2: The CMV genome isomerizes into four organizations.  A simplified schematic 
showing the four potential isomers of the CMV UL and US rearrangements is shown. 

 There are two classes of HCMV strains used in research:  laboratory-adapted 
and clinical isolates.  The laboratory-adapted strains were initially isolated from a patient 
sample, then propagated by serial passage on fibroblasts.  During the of serial passage 
of lab-adapted strains in fibroblasts, CMV underwent in vitro selection and genetic drift, 
as culture conditions selected the viral isolates that replicated most rapidly in culture.  
Laboratory adapted virus strains include AD169 and Towne.  Prior to the advent of an 
infectious DNA clone of the HCMV genome as a bacterial artificial chromosome (BAC), 
serial passage was the only means to propagate virus stocks for research use, and the 
genetic composition of these passaged viruses was constantly drifting during serial 
passage. The genetic drift in culture can be quite rapid, occurring in as few as 3-5 
passages8,9. Genetic changes associated with extended passage include the loss-of-
function mutation of genes required for tropism to endothelial cells, loss of immune-
evasion functions, a phenotypic loss of the ability to achieve a latent infection, and the 
loss of a large genomic segment8 termed ULb’ (Figure 3).  Although often referred to as 
a uniform strain, an analysis of AD169 being used in laboratories, at least four unique 
sub-strains of AD169 and have arisen from serial passage, each containing significant 
gene deletions or duplications10. 

 

Figure 3: A simplified schematic of the WT HCMV genome organization and laboratory-
adapted CMV genome.  Note that lab-adapted CMV strains have a duplication of a terminal 
repeat and lack the ULb’ region. 

USUL
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 Access to genetically stable, reproducible stocks of clinical CMV strains became 
possible only with the advent and adoption of BAC clones of the CMV genome. These 
clinical isolates include strains such as Fix, Merlin, TB40/E, and TR.  These CMV strains 
were isolated by limited passage in culture, followed by isolation of the viral genome and 
insertion of a BAC origin of replication into the CMV genome.  At this point, the CMV 
genome can be replicated indefinitely in E. coli without the genetic drift and selection 
bias associated with serial passage and propagation in cultured cells.  FIX was the first 
strain used in our laboratory, and much of our original work employed FIX.  FIX was 
passaged approximately 40 times in fibroblasts prior to creation of a BAC, and while it 
maintains the overall genetic structure of a clinical strain11 serial passage in fibroblasts 
prior to creation of the BAC resulted in mutation of UL128-UL131, genes associated with 
endothelial and hematopoietic cell tropism8,12. TB40/E was “minimally” passaged in 
fibroblasts (5 passages) and HUVEC endothelial cells (22 passages) prior to BAC 
cloning, and maintains the ability to efficiently infect both endothelial and hematopoietic 
cells13.  TB40/E is the virus strain used for the majority of our current work. A third 
clinical BAC isolate, “TR”, was isolated directly from a clinical sample, but replicates to 
lower titers than TB40/E in culture. The major clinical isolates, their origins, and 
characteristics are shown in Table 2. Notably, clinical strains retain the ULb’ genomic 
segment (UL132-UL136 Figure 3), and the ability to achieve a latent infection. 

Strain Class 
Passages 

prior to 
cloning 

Passaged 
on: 

Endothelial 
tropism 

AD169 14 Lab-adapted 
55 to very 

many 
Fibroblasts - 

Towne Lab-adapted Many Fibroblasts - 
Merlin 12 Clinical 5+ ? Fibroblasts - * 
FIX (AKA VR1814) 11 Clinical 44 Fibroblasts + 

TB40/E 13 Clinical 5, 22 
Fibroblasts, 
endothelial 

cells 
++ 

TR 15 Clinical few Fibroblasts ++ 
Table 2: A summary of the various BAC strains commonly used in research.  Note that 
several BAC clones of AD169 exist, and their provenance ranges from 55 to “extended” passage 
in fibroblasts. * - The endothelial tropism of Merlin was later restored by re-insertion and repair 
of tropism genes that were lost or mutated during passage. 

 The CMV genome cannot accommodate insertion of large sequences, 
presumably due to packaging space constraints in the capsid.  The insertion of the ~3kb 
BAC origin of replication into the viral genome, a step necessary for cloning an 
infectious genome, displaces several viral genes in the process.  For the strains 
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employed in our work, insertion of the BAC origin displaced genes US2, US3, and US613, 
and although these genes are non-essential for replication in fibroblasts they have a 
demonstrated role in immune evasion and downregulation of MHC-I and MHC-II in 
infected cells. 

 A practical benefit of cloning CMV as a BAC is the accessibility of genetic 
manipulation of the HCMV genome.  Prior to CMV BACs, creation of recombinant CMV 
relied on homologous recombination in an infected cell, followed by screening or 
selection and serial “plaque purificationa”.  The process was inefficient, slow, labor 
intensive, and prone to reversion mutations.  Once cloned as a BAC, the genetic tools 
available to researchers increased dramatically.  Viral genomes can be maintained and 
amplified in E. coli without selection pressure, mutation, or genetic drift, ad infinitum.  
While the BAC is too large for conventional restriction enzyme cloning, we can use 
recombination engineering, also known as “recombineering”, to modify the genetics of 
the BAC. BACs allowed the expedient and discrete manipulation of the HCMV genome 
outside the context of viral infection.  Although several recombineering strategies exist, 
our laboratory uses the method of GalK selection and counterselection allowed for 
expedient manipulation of genetic sequences16,17. The specific steps of creating a 
recombinant BAC genome by the GalK selection/counterselection are discussed in the 
materials and methods section. 

 The coding capacity of clinical CMV strains was originally evaluated in silico and 
predicted between 165 to 252 ORFs15,18.  The majority of these ORFs are transcribed as 
unspliced mRNAs, although a small number of HCMV genes are spliced, such as 
immediate early (IE) proteins IE1 and IE2.  HCMV also encodes several long non-
coding RNAs (lncRNAs such as β2.7, β4.9) and at least 17 miRNAs that modulate host 
and viral processes19,20.  A recent in vitro analysis of the CMV transcriptome by 
ribosomal profiling and deep sequencing estimated that the CMV coding capacity might 
be as high as 600 ORFs, with many of the novel ORFs originating from internal 
translation start sites on previously mapped ORFs21.  Many of the CMV ORFs have yet 
to be studied in detail. A definitive coding capacity and proteome of CMV has yet to be 
established. 

 The expression patterns of lytic HCMV infection have been well studied, and are 
classified into three major classes: Immediate Early, Early, and Late genes2. Genes of 

                                                
a Plaque purification is the process of isolating a single genetically pure strain of 
virus by finfecting a monolayer of cells at a low MOI, waiting for plaques to form, 
then isolating virus from that plaque.  The process must be repeated several times to 
obtain a genetically pure sample.  Plaque purification is analogous to cloning a 
recombinant cell line from a single cell. 
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the IE class recruit host transcription factors to their promoters, and initiate transcription 
immediately upon entry into the nucleus.  Two of the best-characterized CMV IE 
proteins, IE1 and IE2, are polyfunctional proteins that block the innate immune response 
and act as potent transactivators of viral gene expression. The major IE promoter 
(MIEP) is an extremely potent promoter in most human cells, and is commonly used as 
a strong driver of transgene expression from mammalian plasmids22. Once synthesized, 
IE proteins act as transcription factors for expression of Early-class genes.  Early class 
gene products are generally involved in immune evasion, control of the host cell 
signaling and metabolism, and proteins needed for replication of the viral genome. Late-
class (L) genes are expressed only after the viral genome has been replicated. As a 
generality, Late class genes encode proteins needed to assemble new virus particles, 
including capsid, tegument, and viral glycoproteins. 

CMV epidemiology, pathology, and treatment 
 CMV is extremely prevalent in the human population, infection rates range from 
70% in the United States to as high as 99% in developing countries23.  In a healthy adult 
host, infection is typically asymptomatic.  When symptomatic, the symptoms of primary 
infection are generally mild and resemble a flu-like or mononucleosis-like viral infection. 
Clinical findings from symptomatic CMV infection are shown in Table 3. Although the 
pathology of CMV appears minimal in the immune competent host, it remains a serious 
medical concern for several reasons:  CMV is the leading cause of birth defects, CMV is 
a major cause of morbidity and mortality in organ transplant recipients and persons with 
suppressed immune systems, and CMV is associated with aging of the immune system. 

Clinical	reports	of	symptomatic	CMV	infection	
Feature	 Frequency	(%)	
Fever	>10	days	 94-95	
Cervical	adenopathy	 6-56	
Sore	throat	 56	
Splenomegaly	(adult)	 33-53	
Splenomegaly	(children)	 86	
Hepatomegaly	(adult)	 53	
Hepatomegaly	(children)	 100	
Elevated	serum	ALT	or	AST	 78-100	
Lymphocytosis	(>5000/uL)	 78-95	
Rash	 0-44	
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Table 3: Symptoms commonly associated with CMV infection. While CMV infection is 
typically asymptomatic, symptomatic infection manifests as a constellation of diffuse symptoms. 
Figure compiled from data in 2. 

CMV transmission: 
 CMV can be transmitted in every bodily fluid.  CMV replicates well in the salivary 
glands, and is shed in saliva24; CMV was initially referred to as “salivary gland virus” 
upon it’s first isolation from neonatal salivary glands25. Some of the most concentrated 
viral shedding occurs via urine, with as many as 50,000 viral genomes per mL of urine26. 
Peripheral blood leukocytes, serum, whole blood, hematopoietic stem cells (HSCs), or 
solid organs are all potential means of viral transmission27.  CMV can be transmitted 
sexually via genital secretions.  Unlike most pathogens, CMV can readily cross the 
placenta to infect the developing fetus2, and can be transmitted to the neonatal child via 
breast milk24.  Surprisingly, HCMV is shed for months to years after primary infection in 
saliva and urine, despite the presence of a robust adaptive immune response that limits 
CMV viremia24,28. Young children can shed prodigious amounts of CMV-laden urine and 
saliva for months to years following primary infection; child-care facilities are a 
significant venue for CMV transmission27,29,30, and parents of children in childcare 
facilities are often infected by their children31.   

CMV is a threat to people with suppressed immune systems 
 CMV infection poses a serious medical risk to persons with suppressed immune 
systems. Organ transplant recipients are often treated with a regimen of immune-
suppressing drugs to prevent organ rejection or graft-versus-host disease, which also 
suppresses the adaptive immune response to CMV. Dubbed the “Troll of 
Transplantation” in the 1970s32, CMV continues to be a serious threat to organ 
transplant recipients: one third of all solid organ transplant recipients and 80% of 
allogenic HSC transplant recipients develop CMV disease requiring antiviral treatment33-

35.  Similarly, patients with immune systems damaged by HIV/AIDS commonly 
developed CMV retinitis leading to blindness, or gastrointestinal CMV infections, 
particularly in the era before antiviral cocktails for HIV and/or CMV28,36.  Finally, patients 
undergoing intensive chemotherapy have suppressed immune systems, and frequently 
experience CMV-related illness due to the inability to control the reactivation of latent 
CMV37.  

CMV is the leading cause of birth defects 
 Congenital CMV is the leading cause of birth defects in the United States, 
although obstetricians and pregnant women rarely recognize CMV as a risk.  Several of 
the herpesviruses, including CMV, readily cross the placental barrier38,39.  Approximately 
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1 in 150 children will be born with a congenital CMV infection, and 1 in 5 of those will 
develop a permanent disability due to CMV infection; estimates are that 0.2-0.7% of 
children born in the United States will have some form of permanent disability from CMV, 
and 2/3rds of those children will be asymptomatic at birth, with symptoms manifesting by 
the age of four40. In comparison, birth defects due to congenital CMV infection more 
prevalent than Down syndrome, spina bifida, pediatric HIV, or fetal alcohol syndrome27.  
Sensorineural hearing loss is the most common symptom of congenital CMV infection, 
but other symptoms include: microcephaly, epilepsy, cerebral palsy, optic atrophy, 
chorioretinitis, and developmental delay/cognitive impairment2,38,40. Surprisingly, prior 
maternal CMV infection and a robust immune response against CMV is not protective 
against transmission to the fetus, as a majority of CMV-infected children are born to 
mothers who were seropositive prior to pregnancy26,40,41.  

CMV causes immune senescence, immune frailty 
 CMV infection has consequences for the immunocompetent, adult population.  
Because CMV infection is life-long with periodic reactivation from latency, the immune 
system is frequently combatting CMV.  While the same is true for other herpesviruses 
like HSV, the adaptive immune response to CMV leads to “clonal inflation”, where more 
and more memory T-cells of the immune system are devoted to HCMV.  Approximately 
10% of the memory T-cells in an asymptomatic healthy host recognize CMV26,40,41.  Over 
time, this population continues to expand with repeated stimulation, and approximately 
25% of the memory T-cells in the elderly are devoted to CMV42,43.  The niche 
environment for memory T-cells has a finite capacity, so the expansion of memory T-
cells devoted to CMV is offset by displacement and loss of naïve T-cells or memory T-
cells devoted to other pathogens42. Partially as a result of reduced memory T-cell 
diversity, chronic CMV infection drives immunosenescence44, which renders the elderly 
increasingly vulnerable to other infections. As cumulative result, CMV infection is 
associated with increases in all-cause mortality among the elderly, and increases the 
annual mortality rate of persons >74 years old by 40%45-47. Other latent herpesviruses 
with intermittent reactivation (HSV, VZV) did not cause memory inflation or increase the 
immunosenescence in the elderly43. 

CMV persists via the establishment of latency: 
 Like all herpesviruses, CMV establishes latency in the infected individual.  We 
define latency as having three main characteristics: no production of viral progeny, 
maintenance of the viral genome, and the ability to reactivate expression at a later time 
to produce new progeny virions.  HCMV establishes latency in hematopoietic stem cells 
(HSCs) and hematopoietic progenitor cells (HPCs) such as CD34+ cells, which are bone 
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marrow cells that differentiate and give rise to all of the circulating blood cells, including 
all classes of T-cells, B-cells, natural killer cells, monocytes/macrophages, red blood 
cells, and platelets.  Latency offers several advantages to the virus, rather than 
immediate replication.  First, the absence of robust protein production allows the virus to 
remain undetected by the adaptive immune system. Second, the virus can use the 
latently infected host cell as a “Trojan horse” to disseminate throughout the body.  Third, 
the virus can persist for long periods of time, whereas a lytic virus might be identified 
and cleared by the immune system.  Finally, latency and periodic reactivation affords the 
virus a host’s lifetime of opportunities for transmission. 

Model systems for studying latency: 
 The mechanisms regulating herpesvirus latency are still being studied and 
discovered.  The restricted species tropism of HCMV has limited the model systems for 
studying latency.  There are three main ways to study HCMV latency: Studying cells 
from naturally infected hosts ex vivo, an in vitro model of latency, and experimental 
infection of chimeric “humanized” mice containing human tissues and human 
hematopoietic systems.   

	 Ex	vivo	study	of	cells	from	naturally	infected	humans:	
 Studying CMV infection from naturally infected patients offers a direct insight into 
the biology of HCMV.  The CMV genome is carried in a 0.004% to 0.01% of naturally 
infected peripheral blood mononuclear cells48, severely limiting experimental 
opportunities. Bone marrow HPCs offer a richer source of latently infected cells, but 
obtaining them would require a bone marrow harvest, which is moderately invasive, 
expensive, and painful.  Even if obtaining sufficient cell numbers were possible, latently 
infected cells physiologically appear to be identical to their uninfected counterparts, and 
there is no current way to detect and separate live latently infected cells from the 
overwhelming majority of uninfected cells; making naturally infected cells an impractical 
source of naturally infected cells. 

	 In	vitro	latency	model	
 The second way to study latency is an in vitro model of latency, developed in our 
laboratory.  We obtain primary bone marrow cells from medical waste generated by 
bone marrow harvests, and purify CD34+ HPCs from the marrow.  The CD34+ HPCs are 
then infected, FACS sorted for GFP (a marker of infection expressed by the 
recombinant CMV), and cultured for 10 days over a layer of bone marrow stromal cells 
that maintain the phenotype and function of undifferentiated HPCs.  The 10-day long-
term bone marrow culture (LTBMC) allows the virus to enter a state of latency. To 
stimulate CMV reactivation from latency, the HPCs are transferred into a co-culture with 
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fibroblasts in a cytokine rich media that promotes HPC differentiation and viral 
reactivation.  The fibroblast monolayer provides an indicator to detect the generation of 
new infectious virus (detected as GFP+ fibroblasts).  This model bypasses many of the 
challenges of studying natural infection, and allows quantitation of reactivation events in 
infected HPCs, but there are still limitations: LTBMC cannot sustain undifferentiated 
HPCs for periods of time longer than 30 daysb, the frequency of viral reactivation is too 
low to quantify after 10 days in LTBMC, and there is no way to assess viral 
dissemination throughout the body via latently infected cells.  Our lab has published a 
methods paper describing the LTBMC system to study CMV latency in vitro49. 

	 Humanized	mouse	model	of	CMV	latency	
 The third and final way to study HCMV latency in human cells is a humanized 
mouse model50.  This model employs mice with profoundly defective immune systems 
(IL2-/-, Rag-/-, NOD/SCID) into which primary and secondary human lymphoid tissues 
(bone marrow, thymus, and fetal liver) are transplanted. The fetal liver serves as a 
hematopoietic organ, the bone marrow provides a human bone marrow niche, and the 
thymus provides a location for T-cell development. The bone marrow, liver, thymus 
(BLT) mice provide a reconstitution of the human immune system; the 51lymphoid cells 
present in the mouse are of human origin, and the immune system reconstitutes with 
functional B- and T-cells50.  The mice are then injected with CMV-infected human 
fibroblasts, allowing for slow, physiologically relevant viral dissemination throughout the 
mouse. BLT mice are the most powerful model system available for studying CMV 
infection.  However, creating BLT mice is staggeringly expensive, requires multiple 
surgeries to implant human lymphoid organs, and must be done in a state where the 
use of human fetal tissue is legal. As such, the use of BLT mice is restricted to 
extremely high value experiments. The group who developed the BLT mice as a tool for 
studying HCMV have used some of our viruses in their BLT model system in a 
collaborative work52.  

CMV Treatment & Prevention 

Antiviral drugs exist, but are cytotoxic and do not eliminate latent 
CMV reservoirs 

 There are several antivirals for treating CMV, and antiviral treatment can inhibit 
actively replicating CMV.  Antiviral drugs have no effect on latent virus, and cannot clear 
the latent reservoir. CMV antivirals are cytotoxic, and the course of administration is 
often limited by cytotoxicity and myelosuppression.  Prophylactic antiviral treatment 
                                                
b HPCs maintained for 30 days in LTBMC can still reconstitute infection when 
transplanted into a BLT mouse. 
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generally lasts 6-12 months after transplant53. CMV encodes no thymidine kinase, so 
drugs targeting the thymidine kinase useful for controlling other herpesviruses (EG: 
valacyclovir/Valtrex) are not useful as CMV antivirals37.   

 The first line CMV antiviral is ganciclovir (GCV), a nucleoside analog of 2-deoxy-
guanosine. Human enzymes do not process GCV, but the viral kinase pUL97 adds a 
phosphate group, allowing human kinases to add the second and third phosphate 
groups.  The GCV triphosphate then binds and inhibits the CMV-encoded DNA 
polymerase pUL5451.  The triphosphate form of GCV is semi-selective, inhibiting the 
CMV DNA polymerase more potently than the human DNA polymerase. GCV has low 
bioavailability, 5-8% of an oral dose reaches the plasma, and GCV has a half-life of 2-6 
hours before urinary clearance51,54.  Due to poor adsorption and distribution, GCV is 
usually administered intravenously.  Valganciclovir (VGCV) is a valine-conjugated form 
of GCV that is more readily adsorbed than GCV, allowing for oral administration.  The 
valine moiety is cleaved off VGCV in vivo, liberating GCV into the bloodstream55.  Both 
GCV and its prodrug VGCV are cytotoxic and potently myelosuppressive56.  The 
myelosuppression and neutropenia caused by GCV leaves patients vulnerable to 
secondary bacterial, viral, or fungal infections.  Drug resistant strains of CMV arise in 
approximately 2% of patients, usually via mutations of the viral kinase pUL97, and 
occasionally by mutation of the viral DNA polymerase, pUL5454.	

   Second line drugs to target CMV are also available for drug-resistant CMV 
infections, and include Cidofovir (a nucleoside triphosphate analog) and Foscarnet 
(phosphonomethanoic acid)54.  Both of these also target the CMV DNA polymerase, but 
do not rely on activation by the viral kinase, pUL97.  Accordingly, these are the only 
drugs available to treat CMV infections that do not respond to GCV/VGCV, as they are 
less effective and have higher frequency of nephrotoxicity57. 

  The third-line treatment for active CMV infection is Cytogam®, a human-derived 
polyclonal antibody solution derived from donor plasma with high levels of anti-CMV 
antibodies. Cytogam is a semi-standardized immunoglobulin mixture used for 
prophylaxis against CMV when antivirals are not tolerated, or in the case of drug-
resistant CMV. The prophylactic dosage of Cytogam is 150mg/kg, every two weeks, for 
a total of 16 weeks; which calculates out to >80 grams of purified human IgG for a 16-
week course.  Cytogam is expensive, heterogeneous, and may be of limited efficacy in 
preventing CMV disease or transmission58.  While Cytogam can partially limit the spread 
of CMV, it cannot effectively control the active replication, nor can it target the reservoirs 
of latent CMV59.   
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 In summary, the toxicity and myelosuppression of current antivirals limit long-
term administration, passive immunization is of questionable efficacy, and we have no 
way to target or eliminate the reservoir of latently infected cells.  

There is no broadly protective CMV vaccine available 
 Many attempts have been made to create a CMV vaccine; none have been 
successful60,61. An effective CMV vaccine would need to elicit both neutralizing 
antibodies to viral glycoproteins and cytotoxic T-cell responses to kill CMV-infected cells.  
Many different strategies have been attempted to create a CMV vaccine, including: 
extensive passage of CMV to attenuate the virus followed by administration of live 
attenuated virus62, administration of non-infectious dense bodies63, and single-round 
replication engineered CMV which only replicate on complementing cells64.  Vaccines 
attempting to elicit protective antibody responses to CMV glycoproteins have failed to 
deliver broad protection, potentially because the majority of immuno-dominant antibody 
responses to CMV glycoproteins are not neutralizing65. While many CMV vaccines elicit 
robust immune responses, no CMV vaccine has been broadly effective at preventing 
CMV infection or re-infection.  This is not surprising, as natural infection with CMV does 
not protect against re-infection with the same strain of CMV, or different strains of 
CMV66.  While attempts to create a CMV vaccine continue60, I do not believe that a 
vaccine will ever be able to provide the level of complete protection we expect from 
other vaccines.   
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Chapter 2: Basic characterization of pUL135  

UL135 ORF prediction and transcriptional mapping  
 UL135 was originally predicted as an open reading frame (ORF) by an in silico 
predictive algorithm18. Using Rapid Amplification of cDNA Ends (RACE) to map the 
transcripts from infected fibroblasts, I mapped the 5’ and 3’ ends of the transcripts of 
UL133-UL138 at 48 hpi.  The UL133-UL138 locus is predominantly transcribed as three 
co-terminal transcripts of 3.6kb, 2.7kb, and 1.4kb67.  In a later work, the transcripts of 
UL133-UL138 were re-mapped using RNA-Ligase mediated RACE (RLM-RACE) to map 
the transcripts of the UL133-UL138 locus at 24 hpi, 72 hpi, and at 72 hpi in the presence 
of phophonoacetic acid (PAA), which prevents viral DNA replication and late gene 
expression.  While the transcription at 24 and 48 hpi was tightly controlled and restricted 
to a few transcription start sites, transcription at 72 hpi identified many similar more 
transcription start sites, suggesting that transcription from the region at late times of 
expression is less tightly coordinated. This RLM-RACE identified many minor transcript 
variants at late times of infection (minor transcripts not shown).  The scattering of 
transcription start sites in late transcripts is consistent the “smeary” appearance of north 
blots at late times of infection (Figure 10).  The major transcripts pertaining to UL135 
are shown in Figure 4. The promoters driving expression of these transcripts have not 
yet been well characterized. 

 

Figure 4: A map of the predominant mRNA transcripts that could encode pUL135.  ORFs 
are at the top, in grey, and mRNA transcripts identified by RLM-RACE are shown at the bottom 
in salmon.  Note that the third transcript, dubbed "M97" was only observed at late times of 
infection (72 hpi), and could potentially encode pUL138 with M97 as the first initiating 
methionine.  Additional transcripts corresponding to UL133, UL136, and UL138 are not shown. 

 Notably, no spliced transcripts were detected in 5’ or 3’ RACE mapping of the 
transcripts. UL133, UL135, and UL136 are translated from the first CDS on the 
transcript68.  Among the proteins, UL138 is unique, as it has two modes of translation: 
UL138 can be translated as the first CDS on the 1.4kb mRNA transcript, as well as 
being translated from longer transcripts using a stress-inducible internal ribosomal entry 
sequence (IRES).  The IRES was localized to a sequence in the UL136 CDS, and is 
discussed in Grainger, et al. 201068. 

3.6kb
2.4kb

UL135 M97 transcript? (observed 72hpi)

UL135UL133 UL136 UL138
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UL135 basic protein information 
 pUL135 is predicted to be a 328 amino acid protein with a predicted molecular 
weight of 35.6 kDa. The primary sequence of pUL135 is shown in Figure 5.  With a 
predicted isoelectric point (pI) of 10.26, it is predicted to carry a strong positive charge at 
pH 7.  If the protein were in an unfolded state, it would have a net charge of +21 at a 
neutral pH.  pUL135 is extremely rich with proline residues (18.9%) and serine residues 
(10%).  According to the N-terminal rule, the predicted half-life of all three pUL135 
isoformsc is 30 hours in mammalian cells, as predicted by the ExPASy protein software 
suite69. 

 

Figure 5: The primary amino acid sequence of the 328AA form of pUL135.  Initiating 
methionine residues (M1, M21, M97) are underlined.  The predicted transmembrane domain is 
indicated with a box. The 308AA annotation of pUL135 begins at M21 (underlined, beginning of 
boxed transmembrane domain).  

The DNA and protein sequences of UL135 are conserved in clinical 
strains 

 UL135 is strongly conserved among clinical strains of CMV. To assess the 
degree of conservation, I compared twenty-eight fully sequenced clinically-derived CMV 
genomes from Genbank70, which were isolated from diverse geographical, 
socioeconomic, and anatomical sources.  These clinical isolates represent virus isolated 
from global samplings, adult, neonatal, and fetal infections, representing both 
immunocompetent and immunocompromised patients.   

 The pUL135 proteins predicted from the DNA sequence of the clinical isolates 
were 97.6% identical and 98.6% similar, where similarity allows substitution of amino 
                                                
c Isoforms are shown in Figure 12 
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acids with similar properties (EG: isoleucine and leucine are considered similar).  
Although the diversity of pUL135 is low, it is sufficiently varied to estimate the type of 
selection acting on pUL135 by calculating the ratio of synonymous to non-synonymous 
polymorphisms within the CDS, using established algorithms71d.  The frequency of 
synonymous mutations within the UL135 sequences sampled is 0.0395, and the 
frequency of non-synonymous mutations if 0.006.  From this, we calculate that ds/dn (a 
metric of conservation) for UL135 is 7.6:1, suggesting that pUL135 is under positive 
selection, as would be expected for a single copy functional gene.  

 Although pUL135 is well conserved in human clinical isolates, it is not well 
conserved in cytomegaloviruses of other organisms; chimpanzee CMV (ChCMV) 
contains the only known homology of UL13567.  The murine and rat cytomegalovirus 
contains no sequences homologous to UL133-UL138.  Rhesus CMV contains distant 
orthologs of HCMV UL133 and UL138, but not UL135 or UL13667. The closely-related 
ChCMV contains a UL135 homolog, which has similar biochemical properties.  A 
ClustalW alignment of HCMV pUL135 and ChCMV is shown as Figure 7.  Although 
pUL135 from HCMV and ChCMV are only 35% identical and 46% similar, the two 
proteins have similar predicted biochemical properties, including presence and location 
of the transmembrane domain, the abundance of proline and serine residues, pI, 
molecular weight, and lack of secondary structure (Figure 8) Besides ChCMV pUL135, 
HCMV pUL135 has no meaningful sequence similarity or domain folds to other known 
human, bacterial, or viral proteins. 

                                                
d The SNAP webtool was used to calculate dS/dN, using codon-aligned UL135 
CDSs.  www.hiv.lanl.gov/content/sequence/SNAP/SNAP.html 
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Figure 6: The UL133-UL138 locus is conserved in ChCMV, but only partially conserved in 
RhCMV.  ChCMV contains homologs of UL133-UL138, but the more distantly related RhCMV 
only contains distant homologs of UL133 and UL138.  Conserved genes are shown in black, 
partially conserved genes are shown in grey, and non-conserved genes are shown in white.  
Figure modified from 67. 

 

HCMV

ChCMV

RhCMV
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Figure 7: ChCMV pUL135 is homologous to HCMV pUL135. A ClustalW alignment between 
HCMV pUL135 and ChCMV pUL135 is shown, using the Gonnet matrix values for alignment.  
For each row, HCMV pUL135 is shown on the top, ChCMV pUL135 is shown in the middle row, 
and the consensus sequence is shown on the bottom. Dash (-) indicates a gap in the alignment. 
For the consensus sequence, the residue is shown if there is identity, a period (.) is shown if the 
residues are similar but not identical, and no residue is shown if the residues are disparate.  

pUL135 has little predicted secondary structure and is predicted to 
be an intrinsically disordered protein. 
Structurally, pUL135 is remarkably devoid of predicted secondary structure.  Both 

the improved Chou-Fasman72 and Robson-Garnier73 secondary structure prediction 
algorithms yield no probable secondary structure within pUL135, with the exception of 
two probable alpha-helix secondary structures near the transmembrane domain 
segment, and a short alpha-helix at the C-terminus (AA 307-325). The locations of the 
predicted alpha helices are shown in Figure 8. 
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Figure 8: pUL135 is largely devoid of predicted secondary structure.  Besides alpha helices, 
no other secondary structures were predicted for pUL135, and the locations of predicted alpha 
helices are shown as grey boxes. TMD indicates transmembrane domain. 

 

The absence of significant preformed secondary structure within a predicted 
protein is characteristic of a class of proteins known as Intrinsically Disordered Proteins 
(IDP, also known as intrinsically unstructured proteins). Approximately one fifth of the 
human proteome is classified as IDPs74, and IDPs are well reviewed in75-78. The 
DISOPRED2 algorithm74 predicts the intrinsic disorder of a protein, and predicted that 
pUL135 not only lacks secondary structure but it is also intrinsically disordered.  The 
predicted localized disorder for pUL135 is shown as Figure 9.  IDPs adapt random 
conformations and loose folding to shield hydrophobic residues and only completely fold 
upon interaction with binding partners79,80.  The majority of IDPs often function as large, 
versatile scaffolds for multiple protein-protein interactions.  Expression of IDPs in 
classical bacterial systems is rarely successful81, as the nascent expressed protein has 
no native stable secondary structure, and collapse into inclusion bodies82.  Indeed, my 
attempts to express soluble pUL135 (full length, except for exclusion of the 
transmembrane domain) were unsuccessful, and yielded only insoluble aggregates of 
pUL135. 

TMD

M1 328

Predicted α-helix

pUL135
M21 M97
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Figure 9:  pUL135 is predicted to be mostly disordered. A prediction of localized disorder 
within pUL135, as generated by the DISOPRED web tool.  The y-axis indicates the confidence 
that a region is disordered; regions over the threshold value of 0.5 are predicted to be disordered.  
Note that the predicted alpha helical regions have low intrinsic disorder. 

UL135 is an early gene. 
 Expression of viral genes can be classified as immediate-early, early, or late 
based on their prerequisites for expression.  By adding a translational inhibitor, 
cycloheximide (CHX), it is possible to measure the accumulation of mRNAs of the 
immediate-early class of genes, which require no prerequisite viral proteins for 
expression.  Using an RNA probe antisense to pUL138, which is encoded on the same 
transcripts as pUL135, we determined that synthesis of UL135/UL138 transcripts was 
completely blocked by CHX (Figure 10)83, eliminating the possibility that UL135 is an 
immediate-early gene. Although UL135 is not an IE gene, it is rapidly produced and is 
robustly detectable by 6 hours post infection as both RNA (Figure 10) and protein 
(Figure 11). 

 

Figure 10: UL135/UL138 transcripts early genes. Fibroblasts were infected at an MOI of 1, 
and mRNA was purified at the indicated timepoints then subjected to northern blotting and 
probed with an probe antisense to pUL138. The 3.6 and 2.9kb transcripts are robustly detected at 
6 hpi.  Cycoheximide (CHX) completely blocks transcription from this locus at immediate early 
timepoints, but phosphonoacetic acid (which blocks DNA replication and late gene expression) 
does not. Figure adapted from 83. 

Phosphonoacetic acid (PAA) is an inhibitor of CMV DNA replication in vitro, and 
addition of PAA blocks the transcription of late-class genes, which are only transcribed 
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after DNA replication.  At 72 hpi in the presence of 50ug/mL PAA, UL135 transcripts 
(Figure 10, right lane), and synthesis of the pUL135 protein were not completely 
blocked by the addition of PAA (Figure 11, right panel). The synthesis of UL135 
transcripts and pUL135 were diminished by the addition of PAA; many early-class genes 
are expressed to higher levels during late gene expression, but this is a diminishment, 
and not the complete inhibition we would expect from a true late-class gene. From this, 
we conclude that UL135 is not expressed with Late class kinetics84.  A study of the 
kinetics of the cytomegalovirus proteome similarly excluded the possibility of UL135 
being a Late-class gene 85. By the process of elimination, UL135 is an Early gene.  

 

Figure 11: UL135 expression is not diminished when adding an inhibitor of late gene 
expression. Fibroblasts were infected with TB40/E UL136myc at an MOI of 1with or without 
50ug/mL PAA, and lysates were harvested at the indicated times.  In the presence of PAA, an 
inhibitor of CMV DNA replication and late gene expression, expression of pp28 protein was 
significantly reduced by PAA treatment, but pUL135 42/40 kDa isoform expression was 
unchanged.  Note that the PAA blockade of late gene expression is incomplete in this experiment, 
as pp28 was still synthesized, albeit to a lesser extent, and the 36 kDa isoform was not detected in 
this experiment.  Figure adapted from 84 

UL135 is translated as three isoforms from two initiating 
methionine codons. 
In CMV infection pUL135 is detected as three distinct bands on a western blot 

(Figure 12).  The SDS-PAGE apparent molecular weights of the pUL135 isoforms 
expressed during viral infection are 42kDa, 40kDa, and 36kDa. The apparent molecular 
weights of pUL135 are significantly higher than the predicted molecular weights of 35.6 
kDa, 33.3 kDa, and 25.1 kDa, an observation also made by other groups86.  While 
strongly acidic proteins bind SDS poorly during SDS-PAGE, and often migrate more 
slowly than neutral or basically charged proteins87, pUL135 has a net negative charge of 
+21 at pH 7, and does not contain long stretches of acidic residues that could retard 

(Late protein)
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migration through a SDS-PAGE gel87. Treatment of pUL135 with enzymes to remove 
glycosylation (EndoH, PNGaseF or O-Glycosidase) did not change the apparent 
molecular weight of pUL135 (Figure 13), suggesting that pUL135 is neither N-linked nor 
O-linked glycosylated86.  The cause of the discrepancy between the predicted and 
apparent molecular weights of pUL135 remains unresolved. 

  

Figure 12: UL135 is translated into three distinct proteins with molecular weights of 42 kDa, 
40 kDa, and 36 kDa.  Fibroblasts were infected with HCMV strains FIX or TB40/E, each 
harboring either WT sequence, the first methionine of UL135 mutated to a stop codon (M1-
STOP), or a virus containing a complete disruption of UL135.  The disruption of UL135 in the 
FIX strain is a complete UL135 CDS deletion (∆UL135<>GalK, UL135NULL), and the disruption 
of UL135 in the TB40/E strain contains stop codons in place of M1, M21, and M97 (UL135STOP).  
Western blotting shows that the 42, 40, and 36 kDa isoforms are all produced, even when 
translation from M1 is interrupted.  Tubulin is shown as a loading control.  Asterisk labels a non-
specific antibody-reactive band, which is also present in mock-infected cells.  Figure adapted 
from88. 
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Figure 13: UL135 does not appear to be glycosylated.  In a work by Stanton, et al, lysates from 
infected cells were treated with enzymes to remove post-translational glycosylation modifications.  
Left: The molecular weight of pUL135 does not change upon treatment with EndoH, PNGase-F, 
or O-Glycosidase, indicating it is not glycosylated.  Right: A control analysis of a viral 
glycoprotein from the same protein preparation shows extensive glycosylation, as evidenced by 
the shift in mass upon deglycosylating enzyme treatment.  Figure adapted from supplemental 
information of Stanton et al, Cell Host Microbe, 2014 86. 

 

The predicted 328AA UL135 CDS contains three potential methionines from 
which to initiate translation (underlined in Figure 5). The 42 kDa and 40 kDa isoforms 
were readily detected during early experiments; the smaller 36 kDa isoform was only 
intermittently detected in early experiments.  To determine which methionine codons are 
utilized during translation, we cloned UL135 and 21 nucleotides of 5’ of the CDS into 
expression vector pCIG, then employed site-directed mutagenesis to change the 
methionine (ATG) codons 1, 21, and 91 to leucine (CTG), creating M1L, M21L, M97L 
constructs.  Additionally, we created expression vectors containing paired substitutions 
M(1,21)L, M(1,97)L, and M(21,97)L.  Finally, we created a vector in which all three 
methionines were substituted to leucine M(1,21,97)L.  By transfecting these vectors into 
fibroblasts and assessing which isoforms were produced, we were able to determine 
which pUL135 isoforms corresponded to which initiating methionines (Figure 14).  In a 
transient transfection system, the 42 kDa and 40 kDa pUL135 isoforms are expressed 
from the WT sequence, but the smaller 36 kDa form is not detected (Figure 14, lane 3). 
The M(21,97)L construct can only initiate translation from M1, and produces ephemeral 
amounts of the 42 kDa isoform (Figure 14, lane 4).  The M(1,97)L construct can only 
initiate translation from M21, and produces significant amounts of the 40 kDa isoform 
(Figure 14, lane 5).  The M(1,21)L construct can only initiate translation from M97, and 
creates smallest 36 kDa isoform of pUL135 (Figure 14, lane 6).  Finally, the M(1,21,97)L 
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construct has no initiating methionines, and does not express detectable pUL135; only 
background bands are detected (Figure 14, lane 2), demonstrating that translation is 
not initiating from non-methionine start codons.  Overall, the translation of UL135 
appears to initiate mostly at M21, and M97.  While we did not observe significant protein 
production corresponding to utilization M1 of UL135 in fibroblasts, we cannot exclude 
the possibility that M1 is utilized in other cell types. 

 

Figure 14: UL135 translation initiates primarily from M21 and M97 of the predicted 
328AA CDS.  The UL135 CDS (328AA) was cloned into an expression vector with a C-terminal 
myc tag, followed by site directed mutagenesis to convert methionine codons (ATG) to leucine 
codons (CTG), as indicated.  Plasmids containing combinations of leucine substitutions were 
transfected into fibroblasts, then 48 hours later, lysed and western blotted. Lane 1 (lysate from 
WT TB40/E) was run on the same gel as lanes 2-6, but scanned at a lower intensity.  Asterisks 
indicate background bands, present in the negative control.  The large and medium isoforms are 
translated from M21, and the smallest isoform appears to be translated from M97.  Figure 
adapted from 88. 

In a separate set of experiments, we created a recombinant virus containing 
UL135 where the first methionine of the 328AA UL135 gene was replaced with a STOP 
codon (UL135M1-STOP).  Although intended to disrupt expression of all UL135 isoforms 
(this experiment was conducted prior to discrete methionine mapping experiments), 
UL135M1-STOP did disrupt expression of any pUL135 isoforms (Figure 12, page 35), 
again suggesting that M1 is not utilized.  This suggests that in the context of infected 
fibroblasts, M21 and M97 are utilized as translation start sites. Surprisingly, both the 42 
kDa and 40 kDa isoforms of pUL135 are produced by UL135M1-STOP, suggesting that 
they are both translated beginning from UL135 M21.  The UL133-UL138 region of 
UL135M1-STOP was Sanger sequenced from both BAC constructs and P1 stocks to 
confirm the genetic identity and construct integrity – no mutations were observed. 
Additionally, UL135M1-STOP was readily reconstituted from transfection of CMV BAC DNA, 
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and replicated without defect, further corroborating the hypothesis that M1 is not 
significantly utilized in the context of infected fibroblasts. 

Various in silico predictions of the UL135 CDS from various clinical CMV isolates 
have produced two results; the UL135 CDS was initially predicted as 328AA longe 15, 
and includes the first 20 amino acid residues which are absent from a later-predicted 
UL135 CDS of 308AAf  which excluded the first 20 amino acid residues, and begins at 
the residue annotated as M21 in the 328AA form.  To maintain continuity in construct 
nomenclature, we retain the numbering system of residues established with the 328AA 
CDS, but acknowledge that M1 of the 328AA CDS is not significantly utilized during 
infection of fibroblasts. 

Expression of UL135 produces large isoforms early in infection, 
then small isoforms later during infection. 
Although UL135 is expressed predominantly as the 42 kDa and 40 kDa isoforms 

early in infection, at late times of infection (later than 48 hpi), UL135 expression 
switches to produce the smaller 36kDa isoform.  At high MOIs (1 and greater), infection 
typically kills the majority of fibroblasts by 96 hpi, limiting the duration of experiments.  
However, when fibroblasts are infected at a low MOI (0.02 PFU per cell), the majority of 
cells are still viable by 4 dpi, allowing prolonged study of expression kinetics.  In a low 
MOI timecourse assay of protein expression kinetics, we first detected the production of 
the smaller 36 kDa pUL135 isoform (Figure 15). In our early experiments, infections 
used an MOI of 1, and were restricted to durations of less than 96 hours; detection of 
the 36 kDa isoform of pUL135 was intermittent and we did not appreciate the validity of 
the 36 kDa isoform.  Other groups investigating pUL135 have similarly discounted the 
presence of the 36kDa isoform of pUL135 86. The synthesis of the smaller 36 kDa 
isoform is restricted to later times of infection, when synthesis of the 42 kDa and 40 kDa 
isoforms of pUL135 has decreased significantly (Figure 15).  It is interesting to consider, 
but as yet unknown, the mechanisms regulating the transcriptional switch between the 
larger and smaller isoform, and the impact of this switch upon viral infection. 

                                                
e 328 AA predicted UL135 CDS: Genbank accession number ABV71656 
f 308 AA predicted UL135 CDS: Genbank accession number ADE88119 
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Figure 15: When infected at a low MOI, the 42 kDa and 40 kDa isoforms are synthesized 
early, the 36 kDa isoform if expressed at late times of infection.  Fibroblasts were infected at 
an MOI of 0.02, and lysates were collected as indicated, then western blotted.  Tubulin is used as 
a loading control; representative immediate-early (IE1, IE2), Early (pUL44), and Late (pp28) 
viral genes are also shown.  Figure adapted from88. 

pUL135 is a type I transmembrane protein. 
Having determined that the largest isoforms of pUL135 contain a single predicted 

transmembrane domain (AA 20-43, boxed sequence in Figure 5 on page 28), we 
sought to determine the membrane association and transmembrane topology of pUL135.  
Type-I transmembrane proteins have the C-terminus in the cytosol, a single 
transmembrane segment, and the N-terminus exposed to the extracellular or lumenal 
space; type-II transmembrane proteins have the opposite orientation. 

To determine if pUL135 associated with cellular membranes, we generated 
microsomal lysates of infected fibroblasts by sonication of lysates, then subjected the 
lysates to differential centrifugation.  Different membrane fractions pellet at different 
centrifugation forces: the 3,000xg (3K) and 12K fractions contain cytoplasmic and 
nuclear, while the 25K and 100K contain lighter vesicles and microsomal membranes.  
The 100K supernatant is depleted of membrane fractions and contains soluble proteins.  
The fractionation pattern of MHC-I was used as an internal control.  The 42 kDa and 40 
kDa isoforms of pUL135 associated with all membrane fractions, and was not observed 
in the soluble protein fraction (Figure 16)67.   

(Early)
(Late)
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Figure 16: The long isoforms of pUL135 are membrane associated.  Cells were infected with 
FIX-CMV at an MOI of 1 for 44 hours, then treated with CHX for 4 hours to clear the 
biosynthetic pathways of nascent or partially processed proteins. Microsomal membrane lysates 
were prepared by sonication, then fractionated by differential centrifugation and western blotting.  
P indicates pellet; S indicates supernatant.  MHC-I is used as an internal control.  Figure adapted 
from 67. 

To determine if pUL135 is peripherally associated with membranes, or if it is a 
true transmembrane protein, we subjected microsomal lysates to sodium carbonate 
treatment.  Sodium carbonate at a concentration of 100mM disrupts most protein:protein 
interactions without disrupting protein-lipid interactions, and can be used to “strip” off 
peripherally associated membrane proteins.  We treated the 25K membrane fraction 
with sodium carbonate, then re-pelleted the membrane fraction and analyzed the 
supernatant and membrane fractions.  During sodium carbonate stripping, pUL135 
remained associated with the membranes, showing it to be a true transmembrane 
protein and not a peripherally membrane-associated protein(Figure 17)67. 
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Figure 17: pUL135 is not removed by sodium carbonate stripping, and is not a peripheral 
membrane protein.  Microsomal lysates were prepared by sonication of infected cell lysates, 
and the 25K membrane fraction was treated with sodium carbonate to strip peripherally 
associated proteins.  Sodium carbonate stripping did not dissociate pUL135, suggesting it is a 
bona fide transmembrane protein.  MHC-I heavy chain is a transmembrane protein and was used 
as a control. Figure adapted from 67. 

To determine the membrane topology of the 42 kDa isoform of pUL135, we 
employed selective protease treatment of microsomes. When generating microsomes 
by sonication, the majority of microsomes maintain the orientation of their lipid 
membranes: the cytoplasmic face of the endomembrane compartments are exposed, 
while the lumenal aspect of the endomembrane compartments remains internal to the 
vesicle. By digesting microsomes with a protease, such as proteinase K or trypsin, it is 
possible to determine the orientation of the transmembrane proteins – exposed 
(cytosolic) portions of proteins will be degraded while the lumenal portion of the proteins 
are protected from protease digestion. We subjected the 25K fraction of a microsomal 
preparation to proteinase K digestion, with or without Triton X-100.  Addition of Triton X-
100 dissolves vesicles, and should result in digestion of all proteins.  Untreated 25K 
microsomes were used as a control. Note that a control protein, MHC-I, only undergoes 
partial proteolysis by proteinase K, rather than complete degradation89.  The C-terminus 
of pUL135 was sensitive to proteinase K digestiong, showing it to be a type-I 
transmembrane protein (Figure 18) In the same assay, pUL136 and pUL138 were also 
determined to be type-I transmembrane proteins67.  

                                                
g pUL135 was detected using a polyclonal antibody that recognizes the C-terminus 
of pUL135.  If pUL135 were a type-II transmembrane protein with the C-terminus in 
the protease protected lumen of microsomes, it would still be detectable after 
protease digestion. 
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Figure 18: pUL135 is a type-I transmembrane protein.  The 25K membrane fraction was 
digested with proteinase K with or without Triton X-100 detergent to determine the orientation of 
pUL135 in the membrane.  Digestion of intact microsomes degraded the C-terminus of pUL135.  
Addition of Triton X-100 to solubilize the microsomes resulted in a complete digestion of 
pUL135.  MHC-I is shown as a control, and is only partially digested by proteinase K89.  Figure 
adapted from 67. 

pUL135 localizes to the plasma membrane and the Golgi apparatus 
Having determined that pUL135 is a type-I transmembrane protein, we sought to 

determine its localization in the context of infected cells.  For this assay, we used a 
recombinant CMV containing a C-terminal myc epitope tag on pUL135, FIX-UL135myc

67. 
The C-terminal myc tag on pUL135 labels all isoforms of pUL135, and has no impact on 
viral replication67.  We used FIX-UL135myc to infect cells at an MOI of 0.5 and performed 
immunofluorescence on infected cells to localize pUL135, imaging cells on a confocal 
microscope. At 24 hpi, pUL135 associated with the plasma membrane, and partially with 
the Golgi (Figure 19) as visualized by a stain for cis-Golgi protein GM130.  By 48 hpi, a 
small fraction of FIX pUL135 remained associated with the plasma membrane, but the 
majority of the protein localized to the Golgi (Figure 19)67.  In more recent experiments 
to localize pUL135myc, using strain TB40/E and deconvolution microscopy, we 
observed a much stronger localization at the plasma membrane at 48 hpi, with limited 
localization to the internal compartments (Figure 20)90. Of note, both TB40/E and FIX 
strains with UL135myc replicate and establish assembly compartments with similar 
kinetics. The source of discrepancy regarding pUL135 localization to the Golgi remains 
unknown, as the pUL135 amino acid sequences are identical in both TB40/E and FIX 
CMV strains, and the different modes of microscopy imaging should not dramatically 
change the localization of the protein.   

CMV microsomes Mock microsomes
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Figure 19: In early experiments, pUL135 localized to the plasma membrane and to the 
Golgi.  Fibroblasts were infected at an MOI of 1 with FIX-UL135myc, and then fixed and 
permeabilized at 24 hpi or 48 hpi for immunofluorescence. Cells were imaged with a Zeiss Meta 
confocal microscope; a single optical Z-slice is shown.  At 24 hpi, pUL135 localizes to the 
plasma membrane with some association to the Golgi compartment, while at 48 hpi pUL135 
localizes primarily to the Golgi compartment.  White asterisks indicate uninfected cells. Figure 
adapted from 67.   

 

 

Figure 20: In later experiments using TB40/E UL135myc, pUL135 primarily localized to the 
cell membrane and cytoplasm, and did not associate strongly with the Golgi compartment.  
Cells were infected with either TB40/E WT or UL135myc at an MOI of 1, fixed 48 hpi, and 
prepared for immunofluorescence, as in Figure 19.  Cells were imaged using a Deltavision 
deconvolution microscope. A single optical Z-slice is shown.  Unlike prior experiments, pUL135 
is localized primarily to the plasma membrane with very little colocalization with the Golgi 
compartment at 48 hpi.   

pUL135 is not incorporated into virions 
As an uncharacterized transmembrane CMV protein, we sought to determine if 

pUL135 was incorporated into WT virions.  Although several proteomic studies have 
been conducted to determine the protein composition of mature virions, many of these 
studies were done using laboratory-adapted strains, which lack ULb’ (including UL133-
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UL138)91,92. For this experiment, we produced a large concentrated stock of TB40/E 
CMV-UL135myc (5x107 PFU), then fractionated the NIEPs, virions, and dense bodies on 
a positive-density negative-viscosity glycerol-tartrate gradient5 followed by western 
blotting the different fractions of viral particles (Figure 21).  The preparations of virions, 
NIEPs and dense bodies were pure, as determined by western blotting for the major 
capsid protein (pUL86) and tegument protein (pp65, also known as pUL83).  No viral 
particles contained detectable pUL135.  

 

Figure 21: pUL135 is not incorporated into mature CMV virion particles, NIEPs, or Dense 
Bodies.  5x107 PFU of WT TB40/E virus was fractionated into NIEPs, Virions, and Dense bodies, 
which were analyzed by western blotting.  A rabbit polyclonal antibody was used to detect 
pUL135.  Left lane: Lysate from 24 hpi infected fibroblasts.  Note that the control lysate was 
prepared 24 hpi, and late viral genes pUL83 and pUL86 have not yet been expressed.  Dash (-) 
indicates an empty lane.  Figure adapted from88 

pUL135 interacts with pUL135  
To determine if pUL135 proteins interact with one another, plasmids encoding 

pUL135myc and pUL135HA were co-transfected into 293-T cells, then myc-tagged or 
HA-tagged proteins were immunoprecipitated93.  Immunoprecipitation of myc-tagged 
pUL135 co-precipitated HA-tagged pUL135 and vice versa (Figure 22).  This suggests 
that, at least in the context of transient transfection, pUL135 proteins can interact with 
one another.  The significance of this interaction, and the sites of trans-interaction 
remain unknown. We have not purified pUL135 and tested it’s ability to interact in the 
absence of other proteins, so we do not know if the pUL135-pUL135 interaction is direct 
or bridged by a cellular protein. While pUL135 can interact with other ULb’ proteins 
pUL138 and pUL136 in the context of transient transfection, these interactions are weak 
and the specific sequences mediating the interactions remain unknown (Data not shown, 
discussed in 93). 

-
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Figure 22: pUL135 protein associates with pUL135 protein.  Plasmids encoding myc- or HA-
tagged UL135 were co-transfected into 293-T cells, and either myc- or HA-tagged proteins were 
immunoprecipitated from lysates.  Immunoprecipitation of HA-tagged constructs co-precipitated 
myc-tagged pUL135.  Immunoprecipitation of myc-tagged constructs co-precipitated HA-tagged 
pUL135, although weakly. Figure adapted from 93.  

pUL135 is expressed in both endothelial cells and HPCs 
Endothelial cells are an important factor for viral dissemination in the human 

host94,95 and support HCMV infection96.  CD34+ HPCs support long-term viral latency, 
and serve as a reservoir of latent virus in the human host 97,98.  Accordingly, we wanted 
to determine if UL135 proteins were expressed and detectable in endothelial cells or 
CD34+ HPCs.  

We infected primary Human Microvascular Endothelial Cells (HMVEC) at an MOI 
of 2, collected lysates at 2 dpi and 5 dpi, then western blotted using a polyclonal Rb x 
pUL135 antibody to detect proteins. pUL135 was readily detected in infected HMVEC, 
with small amounts at 2 dpi and significant amounts at 5 dpi (Figure 23).   
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Figure 23 pUL135 is produced in infected HMVEC cells.  We infected primary HMVEC cells 
at an MOI of 2, and harvested at 2 dpi or 5 dpi.  Lysates were prepared from an equal number of 
HMVEC cells were immunoblotted with polyclonal antibodies to pUL135, pUL136, and 
pUL138h. IE1 and IE2 were used as a control to show cells were infected, and alpha-tubulin is 
used as a loading control. The uninfected lane (Mock) is uninfected HMVECs. Figure adapted 
from 67.  

To determine if UL135 is expressed in CD34+ HPCs, we infected CD34+ HPCs at 
an MOI of 2, then FACS isolated a pure population of GFP+ (infected), CD34+ cells, 
followed by culture in LTBMC to prevent HPC differentiation, as previously described49. 
At 2 dpi and 5 dpi, we harvested cells for western blot analysis (Figure 24). We used 
purified polyclonal rabbit antibodies to detect pUL135, pUL133, and pUL138, and 
monoclonal antibodies to detect IE1/IE2 (infection control), and tubulin (loading control). 
While UL135 expression in CD34+ HPCs is much less robust than in fibroblasts, 
pUL135 is detectable at 2 dpi in HPCs67.  By 5 dpi, the expression of viral genes has 
largely been silenced as the infected cells enter a state of latency99.   
                                                
h Note that the MW of the proteins on this gel, and many of our early studies, 
appears larger than the nominal MW of the proteins. pUL135 is migrating above 
45KDa, not at it’s predicted 42Kda MW.  The IE proteins are 68 68Kda and 72Kda, 
but appear to run at ~70KDa and 85Kda, respectively. This is due to two factors: 
First, the PageRuler dual color ladder (Fermentas, now ThermoFisher Scientific) 
was systematically running faster than the predicted MW of proteins.  The MW of the 
markers was calculated due on the MW standards before conjugation with a 
negatively charged (proprietary) dye, which I feel was tragic oversight and 
negligence, regarding the utility of a MW marker.  Secondly, earlier SDS-PAGE gels 
were run with a Tris-Glycine buffer system, while later gels were run with a Bis-
Tris/MOPS or Bis-Tris/MES buffer system; proteins migrate with slightly different 
MW depending on the buffer system employed.  After discovering the inaccuracy of 
the Fermentas PageRuler MW standards, we adopted the BioRad Precision plus 
protein markers.  All observed molecular weights in this work refer to the MW 
determined using the BioRad Precision plus ladder and and Bis-Tris buffer systems. 
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Figure 24: pUL135 is detectable in infected CD34+ HPCs at 2 dpi.  CD34+ HPCs were 
infected for 20h, FACS sorted to obtain a pure population of CD34+ GFP+ cells, then cultured in 
LTBMC.  Lysates were prepared from an equal number of cells at 2 dpi and 5 dpi, then analyzed 
by western blot.  pUL133, pUL135, and pUL138 were detected with polyclonal antibodies by 
western blot. The leftmost lane (Mock) was generated from uninfected CD34+ cells. Lysates 
from infected MRC-5 fibroblasts were used as a positive control. Figure adapted from 67 

UL135 expression in the absence of viral infection causes 
apoptosis  
While studying pUL135, we noticed that expression of pUL135 killed cells 

(Figure 25).  The toxicity of pUL135 to cells was observed in with both lentiviral 
transduction and direct transfection of plasmids; the toxicity was observed in primary 
cellsi and cell linesj.  Toxicity of UL135 expression in cell lines lacking functional p53 
(EG: 293-T/17 cells, where SV40 Large T antigen blocks p53 functions100) excluded the 
possibility of p53-mediated apoptosis. Induction of apoptosis in non-adherent cells 
(Jurkat) excluded the possibility of UL135-mediated anoikis, the process by which cells 
die upon loss of adhesion.   

To determine if pUL135 was killing cells via induction of apoptosis, we 
transduced cells with a lentivirus encoding either IRES-driven GFP, or UL135 with IRES-
driven GFP expression.  Twelve hours after transduction, we added the peptide inhibitor 
benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD-FMK) to a final 
concentration of 20µM, which irreversibly inhibits caspases, and changed media every 
24 hours to refresh the Z-VAD-FMK.  As a positive control for induction of apoptosis, we 
added the DNA fragmenting agent, etoposide at 24 hours post transfection (data not 

                                                
i MRC-5 fibroblasts and human foreskin fibroblasts 
j HeLa, HEK 293-T/17 and non-adherent Jurkat cells 
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shown).  Seventy-two hours after transduction, we used phycoerythrin (PE) conjugated 
annexin V to label the cell membrane.  Annexin V binds to phosphatidylserine lipids, 
which are normally restricted to the inner face of the plasma membrane, but are 
exposed to the external face during apoptosis. We co-labeled the cells with propidium 
iodide (PI) to assess membrane integrity; PI is membrane-impermeable and excluded 
from live cells, but can enter dead cells and binds to DNA resulting in a readily 
detectable fluorescence. We assessed the PE (annexin-V) signal on GFP+ (lentivirally 
transduced) PI- (live) cells, to assess if the mode of cellular death was apoptotic or 
necrotic.  Careful compensation was needed to compensate for the similar emission 
spectra of PI and PE. We detected significant amounts of annexin-V positive, PI-
negative staining on cells transduced with UL135 or on cells treated with etoposide, but 
not on cells transduced with an empty lentivirus (Figure 25, part A), suggesting the 
mode of death was apoptotic rather than necrotic.  Importantly, addition of Z-VAD-FMK 
inhibited apoptosis in many of the UL135-transduced cells, confirming our hypothesis 
that UL135-induced toxicity is apoptotic rather than necrotic. 
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Figure 25: UL135 expression in the absence of viral infection causes apoptotic death in cells. 
MRC-5 fibroblasts were transduced with a UL135 lentivirus, and assayed 48 hpi.  (A) 
Lentivirally transduced fibroblasts show regular typical morphology (A, top), but expression of 
UL135 causes disruption of the monolayer and kills cells (A, bottom).  (B) A histogram showing 
annexin-V binding to transduced fibroblasts. UL135 expression causes phosphatidylserine to be 
exposed on the plasma membrane (blue line), a phenotype of apoptosis; addition of pan-caspase 
inhibitor Z-VAD-FMK inhibits this apoptosis in many cells (green line).  Histogram was 
generated from the population of GFP+ (transduced) PI- (live) cells, as detected by flow 
cytometry. 

The underlying cause of pUL135 toxicity driving apoptosis remains unclear. 
While Z-VAD-FMK inhibited apoptosis in many cells, it did not inhibit apoptosis in all 
cells (Figure 25, part B).  CMV encodes several inhibitors of apoptosis101, including 
pUL37 (also known as inhibitor of mitochondrial apoptosis, vMIA, a potent inhibitor of 
both intrinsic and extrinsic modes of apoptosis)102-105, the caspase 8 inhibitor pUL36 
(also known as viral inhibitor of caspase apoptosis, vICA), and pUL38, an inhibitor of 
mTORC- and ER-stress-mediated apoptosis106-108. Co-transfection of UL36, UL37, and 
UL38 did not block UL135-induced apoptosis. 

Future Directions: 

Characterize and determine significance of small 36 kDa pUL135 
isoform 
The small (36 kDa) isoform is expressed only late in infection, and appears to 

arise from its own unique transcript where M97 is the first methionine encountered by 
the ribosome (Figure 4 (page 27) shows uniquely late transcript; Figure 15 (page 39) 

A B

G
FP

 le
nt

iv
iru

s
U
L1
35

-G
FP

 
le

nt
iv

iru
s

0 102 103 104 105

Annexin-PE 

0

20

40

60

80

100

%
 o

f M
ax

24.875.2

Empty Lenti
UL135 
UL135 + ZVAD



 50 

shows the expression kinetics of pUL135 36 kDa isoform). The pUL135 36 kDa isoform 
was only discovered and detected after the majority of the characterization work on 42 
kDa/40 kDa isoforms of pUL135 had been completed, and the functions and 
characterization of this small isoform remain largely uninvestigated.  

At the time of writing, Dr. Donna Collins of the Goodrum lab is creating 
recombinant CMV TB40/E mutants to investigate the functions of 36 kDa isoform.  The 
first viral recombinant contains methionineèleucine mutations at pUL135 M1 and M21 
(M1L, M21L), and should only be able to produce only the 36 kDa pUL135 isoform.  The 
second recombinant contains a M97L substitution, which should disrupt production of 
the 36 kDa isoform, while leaving production of the 42 kDa and 40 kDa isoforms intact.  
These two recombinants, combined with UL135myc as a control, will be powerful tools to 
assess the functional role of the 36 kDa isoform. 

While the 36 kDa isoform of pUL135 retains the amino acid sequences needed for 
interaction with cellular proteins (Chapter 4), it has not been well characterized in 
isolation of the 42/40 kDa isoforms, and the following questions remain:  

• Is the 36 kDa isoform of pUL135 membrane associated, or does it exist in 
the soluble protein fraction?  If membrane associated, is 36 kDa pUL135 
association with the membrane bridged by another protein interaction?  
Membrane association is essential for the correct functioning of many signaling 
proteins, particularly molecular scaffolds.  It is possible that if the 36 kDa isoform 
of pUL135 is not membrane associated, it might serve as a dominant negative by 
mislocalizing pUL135 binding partners.  Repeating the membrane fractionation 
experiments shown in Figure 16, but using lysates collected from low MOI 
infections at 4 dpi would identify the membrane association of the 36 kDa 
pUL135 isoform, and if the interaction is direct (sodium carbonate resistant) or 
indirect (sodium carbonate sensitive). 

• Is the 36 kDa pUL135 isoform required for replication in fibroblasts 
endothelial cells or reactivation from latency in HPCs?  Disruption of UL135 
expression (either with UL135STOP or a complete ORF knockout ∆UL135<>GalK) 
has shown pUL135 to be important for replication in endothelial cells109, and for 
reactivation from latency in CD34+ HPCs (Chapter 3).  Carrying out a multi-step 
viral replication assay (colloquially referred to as a “viral growth curve”) in 
endothelial cells with WT virus, UL135(M(1,21)L) and UL135(M97L)) should 
identify which isoforms are required for efficient replication.  Similarly, performing 
a latency assay in CD34+ HPCs should identify if the 36 kDa pUL135 is required 
for reactivation from latency, or if only the 42 kDa and 40 kDa isoforms are 
required. 
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• Is the 36 kDa isoform of pUL135 expressed in endothelial cells or HPCs? As 
a parallel experiment to determining if the 36 kDa isoform is required for 
replication in endothelial cells or HPCs, we can determine if the 36 kDa pUL135 
isoform is expressed in these cells. To circumvent the low levels of expression, 
immunoprecipitate myc-tagged pUL135myc from the lysates to concentrate it, 
then western blot for the immunoprecipitated proteins, as I did for detection of 
low levels of pUL138 in THP-1 monocytes110. 

• What is the localization of 36 kDa pUL135?  The 36 kDa isoform of pUL135 
lacks a transmembrane domain, but retains the amino acid sequences needed 
for interaction with cellular proteins Abi-1 and CIN85 (Chapter 4).  Even without a 
transmembrane localization signal, it could still associate with membranes via a 
bridging interaction with cellular proteins. 

• Is the 36 kDa pUL135 isoform a late gene?  Our current data suggests that the 
36 kDa isoform of pUL135 is a late gene, but not definitively so.  The 36 kDa 
isoform and its transcripts of pUL135 are only detected late in infection (Figure 4 
and Figure 15).  Repeating the low MOI infection with the addition of PAA or 
ganciclovir to block replication of viral DNA and late gene expression (as in 
Figure 11) followed by western blotting should be able to identify if the 36 kDa 
pUL135 isoform is of the late gene class. As the 42 kDa/40 kDa and 36 kDa 
isoforms are produced from different transcripts, with different kinetics, there is 
no guarantee that all pUL135 isoforms belong to the same kinetic expression 
class.  While the shorter transcript predicted to translate the 36 kDa isoform was 
identified during 5’ RACE in natural infection and infection with PAA, the PAA 
treatment to block late gene synthesis was an incomplete blockade to late gene 
synthesis (note breakthrough protein expression of late protein pp28 in Figure 11, 
page 34).  The best way definitively to asses if the 36 kDa isoform of pUL135 is a 
late gene would be by primer extension on RNA (employing an established 
protocol111) with or without administration of PAA, followed by denaturing gel 
electrophoresis and relative quantitation of the UL135 transcript 5’ ends.   

• What enables the viral infection to switch between production of the large 
and small isoforms of pUL135? In addition to determining if the 36 kDa isoform 
of pUL135 is expressed with late gene kinetics, we would like to know how, and 
by what promoter or transcription factor binding events are driving the synthesis 
of the shorter UL135 transcripts.  It is probable, but not certain, that production of 
the pUL135 36 kDa isoform utilizes a different promoter and potentially different 
transcription factors.  Work ongoing by Dr. Buehler into the transcription factors, 
particularly EGR1, that bind to the ULb’ region may address the possibility of an 
alternative promoter driving transcription late in infection. 
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Determine the pathway activating pUL135-mediated apoptosis 
 The mechanism driving UL135-driven apoptosis when pUL135 is expressed in 
the absence of viral infection remains unknown.  While we have attempted to determine 
which caspase pathways are activated by pUL135, we have not yet been successful at 
detection of specific cleaved caspases.  Identifying which of the initiating caspases are 
cleaved would allow identification of the specific pathway(s) leading to apoptosis.  
Identification of the pathways involved in pUL135-mediated apoptosis may illuminate the 
biological roles of UL135.  Accordingly, western blotting for cleaved initiating caspases, 
or transfection with protein inhibitors of specific apoptosis pathways (EG: Bcl2, XIAP) 
could identify the pathway involved in UL135-mediated apoptosis.  

Is pUL135 self-association direct or mediated by a cellular protein? 
 We do not know if the self-association of pUL135  (Figure 22, page 45) is a 
direct interaction, or if it is indirectly “bridged” by common interaction with another 
protein(s).  Understanding if pUL135 naturally forms a homomer could potentially 
illuminate how pUL135 is functioning in cells.  There are several ways to determine if 
pUL135 self-association is direct or indirectly bridged. 

• Use RNAi to knock down expression of known pUL135 interaction partners 
(Chapter 4), then assay to determine if pUL135 still self-associates by co-
immunoprecipitation of HA-tagged and myc-tagged pUL135. 

• Purify pUL135 away from cellular proteins (Eg, by adding a 6HIS tag to pUL135-
myc and -HA and independently purifying each construct with high 
concentrations of NaCl or Na2CO3 to strip away cellular proteins).  Then, mix the 
purified proteins and assess if pUL1356HIS-Myc co-precipitates pUL1356HIS-HA.  
Importantly, GST forms a dimer112, and should be avoided as a purification 
strategy for investigating the dimerization of pUL135. 

 Additionally, we do not yet know if the smaller 36 kDa isoform of pUL135 
associates with the 40/42 kDa isoforms of pUL135.  Co-transfection of HA-tagged WT 
UL135 with the myc-tagged small-isoform coding M(1,21)L UL135 plasmids followed by 
co-immunoprecipitation should identify any interaction between the 42/40 kDa and 36 
kDa pUL135 isoforms. 
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Chapter 3: UL135 and UL138 regulate virion replication, 
morphology, latency, and reactivation. 

Introduction 
 CMV’s ability to achieve a latent infection was mapped to ULb’, as clinically-
derived strains retaining ULb’ could establish latency, whereas lab-adapted strains that 
lack ULb’ could not establish latency98.  UL138 was identified as a CMV gene required 
for the establishment of latency. When we discovered that UL138 transcripts also 
include the genes UL133, UL135, and UL13667, we began to study the function of 
UL135 directly.  This chapter discusses the identification of a conditional requirement for 
UL135 that is alleviated by disruption of UL138, and the various phenotypes of 
disrupting UL135 expression. 

UL138 suppresses viral replication and is needed for the 
establishment of latency. 
 While an exhaustive characterization of UL138 is beyond the scope of this work, 
a brief understanding of UL138 is prerequisite to understanding how UL135 functions.  
There are three main functions/phenotypes of UL138 relevant to this chapter. 

 First, a viruses with either a deletion of UL138 (UL138NULL) or insertion of stop 
codons at UL138 M1 and M16 (UL138STOP) are readily reconstituted from BAC 
transfection, do not express pUL13867,110,113, and replicate to higher titers in fibroblasts 
(Figure 26).  From this, we concluded that UL138 expression is repressive to viral 
replication in fibroblasts. 
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Figure 26: UL138 represses viral replication; viruses unable to express pUL138 replicate to 
higher titers than a WT virus.  Fibroblasts were infected at an MOI of 0.02, and viral yield was 
tracked over a timecourse.  A virus containing stop codons in place of UL138 methionines at 
residues 1 and 16 replicates to higher titers than a WT virus with intact UL138.  Figure adapted 
from 67 

 Second, viruses harboring a deletion of the entire UL133-UL138 locus (∆3.6kb) 
are readily reconstituted from transfection of the viral genome as a BAC, and replicate 
with WT kinetics in fibroblasts (Figure 27).  Therefore, there is some component in 
UL133-UL138 other than UL138 that is modulating viral replication, as deletion of UL138 
only results in a replication advantage over the parental WT virus (Figure 26).  Further, 
∆3.6 virus replicates without defect, demonstrating that UL133, UL135, UL136, and 
UL138 are not absolutely required for replication in fibroblasts.  

 

Figure 27: Viruses with a deletion of UL133-UL138 (∆3.6kb virus) replicate with WT 
kinetics.  Fibroblasts were infected at an MOI of 0.02, and viral yield was assayed over a 
timecourse.  Figure adapted from67  

 Third, viruses that do not express UL138 (∆UL138, UL138STOP) cannot not 
establish latency in vitro67,98 (Figure 29).  Instead, UL138STOP continues to replicate in 
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CD34+ HPCs, and does not undergo the lytic-latent transition.  From this, we concluded 
that UL138 was necessary for the establishment of latency. 

 

Figure 28: A visual guide to interpretation of in vitro latency results.  Infected cells are 
cultured for 10 days in LTBMC, then divided in two.  One half of the cells are lysed and titered 
on fibroblasts in reactivation media in a limiting dilution to quantitate pre-existing, pre-formed 
virus (grey bar); the other half of the cells are seeded intact onto fibroblasts in reactivation media, 
to promote differentiation and reactivation.  Fourteen days after seeding onto fibroblasts, viral 
plaques are quantified.  The latency phenotype should have little preformed (pre-reactivation) 
virus present, and comparatively abundant formation of infectious centers after reactivation.  
Loss of latency is defined by abundant virus in the pre-reactivation population, which is not 
significantly bolstered by reactivation.  Augmented reactivation shows higher levels of virus 
upon differentiation, and failure to reactivate shows similar amounts of virus before and after 
differentiation.  Figure adapted from49. 
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Figure 29: UL138STOP virus replicates viral genomes during LTBMC and does not establish 
latency.  Left panel: A q-PCR quantification of viral DNA genomes per cell during the LTMBC 
shows that UL135STOP maintains and amplifies genome copies in CD34+ HPCs.  Right panel:  
The quantitation of infectious centers generated before and after reactivation, as part of an in 
vitro latency assay.  The WT virus establishes latency, and generates very little infectious virus 
during the LTMBC culture (pre-reactivation), but can generate infectious progeny upon 
reactivation.  In contrast, UL138STOP virus continues to produce infectious virus during LTBMC 
and does not achieve latency. For both panels, error bars represent the standard deviation of at 
least three experiments.  Asterisk indicates a Student’s t-test P-value of 0.02 when comparing 
pre- vs post-reactivation. Figure modified from88. 

Identification of a conditional requirement for UL135 
 In an attempt to determine which ULb’ genes were enabling the establishment of 
latency, large segments of the ULb’ were knocked out, creating viruses Sub1, Sub2, and 
Sub398 (Figure 30).  The Sub2 mutation disrupted the establishment of latency, leading 
to the eventual identification of UL138 as necessary for latency98.  Deletion of the entire 
15Kb ULb’ from clinical strains yields a virus that can be reconstituted from BAC 
transfection, but the resulting virus suffers a replication defect and a loss of tropism for 
endothelial cells114 k.  The virus Sub1 (∆UL150-UL135, Figure 30) could not be 
reconstituted by BAC transfection, despite repeated attempts.  Similarly, we were 
unable to reconstitute Sub1-Short (∆UL148A-UL135) by BAC transfection88.  A 

                                                
k ULb’ genes are not present in most laboratory-adapted strains and are ostensibly 
dispensable or semi-dispensable for replication in fibroblasts.  The 15Kb ULb’ includes 
UL128-UL131, which encode glycoproteins essential for tropism to endothelial cells, but 
are not essential for replication in fibroblasts114,115.   
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recombinant virus harboring a deletion of the entire UL133-UL138 (∆3.6Kb mutant) 
could be readily reconstituted by BAC transfection, although it could no longer achieve a 
latent infection67.   

 

Figure 30: A map of large deletions in the 15Kb ULb’ locus.  Top: Open reading frames are 
shown with grey arrows.  Bottom: boxes indicate large segments which were deleted to scan ULb’ 
for latency-associated genes.  Virus mutants that could not readily be reconstituted from BAC 
transfection are red; viruses that could be reconstituted are green. 

  Attempting to directly study the influence of UL135, we created several viruses 
containing disruptions of UL135 expression.  First, we deleted the entire UL135 CDS by 
replacing it with GalK (UL135NULL), but could not be reconstitute virus stocks from BAC 
transfection.  Despite several independent attempts, ∆UL135 viruses were could not be 
reconstituted.  This was paradoxical, as deletions of the entire UL133-UL138 locus 
(∆3.6) could be reconstituted without difficulty.  We also attempted to create a 
complementing cell line expressing UL135 l, but were not successful.  Concerned that 
the UL135 DNA CDS might contain promoter or regulatory elements necessary for virus 
replication, and our replacing UL135 with GalK was disrupting these unmapped 
elements, we created methionineèSTOP mutations within UL135.  Dr. Umashankar 
created a virus UL135M1-STOP, which substitutes the first methionine of the 328AA 
predicted isoform with a stop codon.  While UL135M1-STOP could be reconstituted from 

                                                
l UL135 expression in the absence of viral infection kills cells, see page 40 (UL135 
expression in the absence of viral infection causes apoptosis).  An attempt to create 
a virus expressing Cre recombinase to induce UL135 expression only in infected 
cells, using a complementing cell line with Cre-inducible UL135 was also 
unsuccessful.  
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BAC transfection, it still expressed pUL135 (Chapter 2, Figure 12).  Having mapped the 
protein translation and initiation of UL135 (Figure 14), I created a recombinant virus 
where ATG codons (methionine) were mutated to TAG (STOP) codons at the 1st, 21st 
and 97th codons of UL135 (UL135STOP) to disrupt UL135 translation from the mRNA 
while leaving the remainder of UL135 intact (Figure 31).  Like the ∆UL135 constructs, 
UL135STOP virus was not readily reconstituted from BAC transfection.   

 Having determined that we could delete entire UL133-UL138 (∆3.6kb virus, 
Figure 30), but not UL135 alone, we hypothesized that one or more of the other 
proteins on the 3.6kb UL133-UL138 transcript (UL133, UL136, or UL138) was 
functionally linked to UL135, and suppressed viral replication in the absence of UL135.  
To investigate, I created a series of viruses with stop codons in place of the initiating 
methionine codons in UL135 and one additional UL133-UL138 gene to create: 
UL133STOP /UL135STOP (abbreviated to 3/5STOP), UL135STOP/UL138STOP (5/8STOP), and 
UL135STOP/UL136NULL 

m.  Like UL135STOP, we were unable to reconstitute viral stocks by 
transfection of 3/5STOP and UL135STOP/UL136NULL  BACs (Figure 32, top panel).  
However, the 5/8STOP virus produced viable virus particles upon BAC transfection, and 
formed viral plaques similarly to WT CMV. 

CDS Predicted 
protein length 

METèSTOP 
(ATGèTAG) at codons 

Methionines not 
mutated 

UL133 256 AA 1, 56 113, 117, 211 
UL135 328 AA 1, 21, 97 319 
UL138 210 AA 1, 16 40n, 134, 161 

Table 4:  A list of methionineèSTOP mutations used to create UL135STOP, 3/5STOP, and 
5/8STOP.  Primer sequences are listed in materials and methods section.  Only methionines 
corresponding to detectable protein isoforms were mutated to STOP codons.  The methionines 
not mutated correspond to low molecular weight isoforms we have not observed by western blot.   

 To confirm the identity of the 5/8STOP virus stocks, and to ensure the replication 
phenotype of 5/8STOP was not due to an unintended mutation in UL133-UL138, I PCR 
amplified and Sanger sequenced UL133-UL138 from the final 5/8STOP virus stocks.  To 
ensure that 5/8STOP had not suffered a mutation outside of the UL133-UL138 locus, we 
created a revertant virus by mutating UL138STOP back to UL138WT in 5/8STOP, to create 
UL135STOP/UL138REV.  The phenotype of UL135STOP/UL138REV matched that of 

                                                
m We chose to use a complete CDS knockout of UL136 rather than stop codon 
insertion as the translation of UL136 initiates from eight different methionine 
residues, giving rise to at least five protein isoforms during infection.  The mapping 
of UL136 isoforms and expression of UL136 are published in Caviness, et al, mBio 
2016 52.   
n Translation of UL138 does not initiate at M40 110 
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UL135STOP (Figure 32, bottom panel), suggesting that no meaningful mutations had 
occurred outside of UL133-UL138. 

 It is possible that UL135 and pUL135 suppresses the activity of the intrinsic 
cytoplasmic DNA sensors, such as IFI16 or cGAS/STING, and their activation (in the 
absence of pUL135) is leading to an innate response to the transfected BAC DNA, 
which could be inhibiting viral replication.  While an intriguing possibility, we do not have 
any direct evidence to suggest that pUL135 is disabling or evading intrinsic DNA 
sensors. 

 While reconstitution of the UL135STOP virus stock was largely unsuccessful, I 
occasionally observed GFP+ transfected cells, and these cells occasionally infected 
neighboring cells before dying. Encouraged by this, I continued attempting to 
reconstitute UL135STOP virus stocks.  Approximately one of thirty UL135STOP 
transfections progressed to yield a P0 stock, a process that usually required three to four 
months in culture.  Empirically, reducing the concentration of fetal bovine serum (FBS) 
in the culture media from 10% to 4% seemed to improve the long-term cell viability and 
success of UL135STOP BAC transfection, allowing occasional creation of P0 stocks.  The 
mechanism of why serum reduction seems to facilitate virus spread after BAC 
transfection remains unknown.  I conducted an investigation of the effects of reduced 
serum on the replication of established UL135STOP P1 stocks at very low MOIs, and 
found no relationship between serum concentration and UL135STOP replication.  
Although the success rate for creating UL135STOP P0 and P1 stocks was low, and the 
stocks were generally of very low titer/potency, we could produce a limited number of 
UL135STOP stocks. 
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Figure 31: A diagram illustrating various mutations of the UL135 CDS.  Top: Virus 
mutations generated in the FIX strain of CMV.  Grey arrows indicate intact genes, black arrows 
indicate genes deleted and replaced with a bacterial selection marker, white arrows indicate genes 
containing stop codon substitutions, asterisks indicate the approximate location of stop codon 
insertions. Note that UL135M1-STOP replicates, but expresses UL135.  Bottom: Virus constructs 
generated in the TB40/E strain of CMV.  Disruptions of UL135 expression do not replicate from 
transfection unless UL138 expression is also disrupted.  Figure adapted from 88.   
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Figure 32: Disruption of only UL135 compromises viral replication; further disruption of 
UL138 yields a replicative virus.  Fluorescent micrographs of infected cells are shown; each 
field of view is approximately 3mm across (4x objective). Top panels: WT CMV BAC 
transfection yields GFP+ cells 10 days after transfection, which produce viral progeny and create 
plaques by 30 days after transfection.  UL135STOP transfection produces GFP+ cells, which fail to 
produce progeny virions and no virus spread is detectable within 30 days; similar results are 
observed with UL133STOP /UL135STOP ,  and UL135STOP /UL136NULL .  When UL138 expression is 
blocked by insertion of stop codons into UL138 (UL135STOP /UL138STOP; 5/8STOP), BAC 
transfection yields replicative virus and viral plaques that develop with WT kinetics.  Bottom 
panels: To ensure the replicative phenotype of UL135STOP /UL138STOP was not due to alteration 
of other elements within the viral genome, we created a revertant virus (UL135STOP /UL138REV) 
by restoring UL138 to the WT sequence in the background of (UL135STOP /UL138STOP).  
UL135STOP /UL138REV demonstrated the non-replicative phenotype observed with UL135STOP.  
Figure adapted from 88 

Disruption of UL135 leads to alterations of viral gene expression at 
low MOI 
 In virology, it is common to encounter a viral mutation with a restrictive 
phenotype or replication defects at low MOIs, which can be overcome at high MOIs. 
Because UL135STOP had defects in reconstitution from BAC transfection, a situation that 
emulates an extremely low MOI, we investigated the replication of UL135STOP in a multi-
step replication assay, using an MOI of 0.05. Surprisingly, UL135STOP showed no 
profound replication defect at an MOI of 0.05 (Figure 33); the only defect in UL135STOP 
replication was a statistically insignificant lag of virus production at 5 dpi.  This 
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suggested that, even at relatively low MOIs, UL135 was not absolutely required for viral 
replication.  The absence of a replication defect at a low MOI was startling, considering 
the difficulty of reconstituting UL135STOP stocks from BAC transfection.   

 

Figure 33: Once stocks are established, UL135STOP replicates without defect in fibroblasts.  
Fibroblasts were infected at an MOI of 0.05 and virus yield was assessed over a timecourse.  
With the exception of a lag at 5 dpi, UL135STOP replicated with WT kinetics and achieved WT 
titers.  Error bars indicate the standard deviation of at least three independent experiments.  
Figure adapted from 88 

 

 Having created a limited number of UL135STOP virus stocks, we assessed the 
replication of UL135STOP virus in fibroblasts.  Because we observed a profound defect of 
UL135STOP replication from BAC transfection, a context similar to an extremely low MOI, 
we also investigated the kinetics of viral gene expression in UL135STOP at a low MOI.  
We infected fibroblasts with WT or UL135STOP at an MOI of 0.05 and assayed viral 
protein expression over a timecourse.  Notably, an MOI of 0.05 is the same MOI used 
for the viral replication assay (Figure 33).  There are several defects of viral gene 
expression in UL135STOP at low MOIs (Figure 34).  First, in a WT infection, both IE1 and 
IE2 are highly expressed by 2 dpi, and the activity of IE2 has started to repress 
transcription of new IE1 transcripts116,117.  In a low MOI UL135STOP infection, IE2 is not 
robustly expressed by 2 dpi, and accumulates slower than WT.  Perhaps as a 
consequence of weak IE2 expression, the expression of viral early (pUL44) and late 
(pp28) is profoundly delayed.  The kinetic lag in IE2 expression may account for the 
slight delay of UL135STOP replication observed at 5 dpi in the viral replication assay 
(Figure 33).  This kinetic defect does not occur at an MOI of 1 (Figure 42, page 73), 
suggesting that higher doses of infectious virus are sufficient to stimulate processes 
required for infection, such as host signaling and transcription factor activation, or 
overcome the repressive of the innate immune response. 
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Figure 34: UL135STOP has delayed and altered protein expression kinetics at a low MOI.  
Fibroblasts were infected with either WT or UL135STOP virus at an MOI of 0.05, and viral gene 
expression was monitored over a timecourse by western blot.  UL135STOP exhibits delayed 
expression kinetics of viral genes (pUL44, pp28), and the infection never fully switches from IE1 
to IE2 expression. Figure adapted from88. 

Disruption of UL135 causes a modest delay in CMV genome 
replication in fibroblasts 
 Having determined that disruption of UL135 caused a kinetic delay of viral protein 
expression at low MOIs, we wondered if disruption of UL135 also caused defects or 
delays in CMV genome replication.  To investigate, we infected fibroblasts with WT, 
UL135STOP, UL138STOP, and 5/8STOP at an MOI of 0.5, then quantified viral DNA (UL122) 
and cellular genomes (GAPDH) over a timecourse of five days (Figure 35).  Cells were 
treated with DNAse I to remove extracellular DNA prior to cell harvest.  Relative to the 
number of genomes that had entered by 6 hpi, WT CMV genomes increased 43-fold by 
72 hpi, and 77-fold by 120 hpi.  UL138STOP and 5/8STOP replicated their genomes 
similarly to WT.  In comparison, UL135STOP had only increased 17-fold by 72 hpi, but 
had increased to 88-fold by 120 hpi.  The delayed of genome replication of UL135STOP is 
similar to the delay of protein expression at low MOIs (Figure 34).  This suggests that 
disruption of UL135 expression in the presence of UL138 expression causes a delay IE2 
expression and progression from IE to E gene expression.  This temporary delay of IE2 
expression could cause delayed expression of early and late genes needed for efficient 
packaging, and may contribute to the defect in virion morphology and infectivity.  Again, 
disruption of UL138 alleviated the phenotype of UL135 disruption. 
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Figure 35: UL135 is largely dispensable for genome replication in fibroblasts, but has a 
slight kinetic delay.  Fibroblasts were infected at an MOI of 0.5, the virus inoculum was washed 
away 6 hpi.  Viral and cellular genomes were quantitated by qPCR.  Note the delayed genome 
replication in UL135STOP between 24-72 hpi. Error bars indicate the standard deviation of three 
independent experiments.  Figure adapted from 88. 

Virus maturation is defective in the absence of UL135 

UL135STOP virus particles are of a heterogeneous density. 
 In an attempt to characterize the protein composition of virus particles produced 
by WT and UL135STOP infection, I separated virions, dense bodies, and NIEPs on a 
glycerol tartrate gradient.  Using the methods of Irmiere and Gibson5, I first purified WT 
virus, as a proof-of-principle.  Virions and NIEPs have different rates of migration 
through a viscosity gradient but have similar densities; prolonged centrifugation will 
bring virions and NIEPs into the same fraction.  Figure 36 shows WT CMV separation of 
NIEPS, virions, and dense bodies.   
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Figure 36: Separation of WT NIEPS, virions, and dense bodies. 5x107 PFU of WT TB40/E 
CMV was applied to a glycerol-tartrate gradient in an SW40 rotor at 100K xg.  Left panel: After 
30 minutes, the NIEPS and virions separate due to different migration different rates through a 
glycerol viscosity gradient.  The dense bodies have migrated faster than the virions, but have not 
yet focused. The hand supporting the tube has been cropped out of the left panel. Right panel: 
After two hours of centrifugation, virions and NIEPs merge back into a single band and dense 
bodies have focused at their buoyant density.  

 Having achieved proof-of-concept for banding WT virus, I proceeded to purify WT, 
UL135STOP, 5/8STOP and UL138STOP virus preparations on matching gradients in the 
same centrifuge run.  Results of a typical experiment are shown in Figure 37.  While we 
could band WT, 5/8STOP and UL138STOP viruses, we could not produce bands with a 
UL135STOP, despite repeated attempts; infectivity of UL135STOP was broadly distributed 
throughout the gradient.  Dr. Mark Stinski has abundant experience with preparative 
banding of CMV and other enveloped viruses, and recommended adding 100ug/mL 
bacitracino to the virus and gradient o improve banding resolution, but this had no effect.  

                                                
o The mechanism by which the antibiotic cyclic peptide bacitracin facilitates the 
isolation of enveloped viruses such as adenovirus and CMV is unknown.  According 
to Dr. Stinski, he obtained sharper, less diffuse bands, somehow inhibiting 
aggregation of viral particles, and it was empirically determined to be helpful for both 
banding and preparation of disperse intact virions for transmission electron 
microscopy.  Personal correspondence. 
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I also banded WT CMV successfully in iodixanolp gradients, and again UL135STOP did 
not produce discrete bands.  Attempts to band UL135STOP using freshly harvested, 
unfrozen virus stocks did not succeed. The inability to band UL135STOP condition led us 
to conclude that UL135STOP virions are of a heterogeneous density.   

 The heterogeneity of cellular membrane debris observed in Figure 37, while 
visually striking, is likely a reflection of the age and health of cells used to produce the 
P1 stocks.  The UL135STOP virus stocks required longer to reach harvest maturity in roller 
bottles, aging and stressing the cells, potentially changing the density of their lipids.  
While alteration of the cellular membrane densities was fascinating, investigating cellular 
lipid metabolism was not in the immediate scope our investigation. 

 

Figure 37: WT, 5/8STOP, and UL138STOP CMV viruses can be banded in density gradients; 
UL135STOP does not produce focal bands.  6x107

 PFU of each virus was separated 
simultaneously on matching glycerol-tartrate gradients by centrifuging at 100Kxg for four hours.  
Black and yellow brackets indicate virion/NIEP and dense bodies, respectively. 

UL135 is required for in virion morphogenesis and assembly in the 
presence of UL138 

 Having established that UL135STOP virus stocks cannot be banded and were 
likely of a heterogeneous density, we investigated the morphology of UL135STOP virions 

                                                
p Iodixanol is more commonly known as Optiprep® and/or Nycodenz®. 
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in infected fibroblasts.  We infected fibroblasts with WT, UL135STOP, 5/8STOP and 
UL138STOP an MOI of 2, fixed them 2 dpi, and prepared thin sections for electron 
microscopy.  By analyzing the morphology of cytoplasmic virions, we discovered that 
UL135STOP has a defect in virion assembly and maturation (Figure 38).  We observed 
three main defects associated with disruption of UL135: an abundance of nucleocapsids 
that do not contain a genome, an abundance of “naked” cytoplasmic nucleocapsids, and 
abnormal envelopment of virions. 

 First, UL135STOP infected cells contained an abnormally high abundance of 
nucleocapsids that lacked a genome, either as enveloped NIEPs or as “naked” 
cytoplasmic nucleocapsids (Figure 38, top right panel and inset) compared to WT, 
UL138STOP, or 5/8STOP. 

 Secondly, UL135STOP infected fibroblasts produced enveloped virions were 
present in all infections, but non-enveloped “naked” nucleocapsids are much more 
prevalent in UL135STOP infections (Figure 38, lower right panel, white arrowhead).  
These viruses were commonly associated with large aggregates of electron dense 
protein and other naked nucleocapsids, which appeared similar to aggregates of CMV 
tegument proteins. 

 Third, the enveloped virions produced in UL135STOP infected fibroblasts were 
abnormally enveloped and often lacked the dense layer of tegument protein observed in 
WT virions.  CMV obtains a double envelope in the cytoplasm by invagination into Golgi-
like membranes.  The outer of the two membranes fuses with the cellular membrane or 
MVBs during the process of virion egress, leaving extracellular virions with a single 
membrane.  WT virions obtain a relatively tight double membrane surrounding the 
tegument and nucleocapsid (Figure 38, WT, top left panel).  In contrast, many of the 
envelopes around UL135STOP nucleocapsids were malformed, with larger, loosely 
associated, and often incompletely sealed enveloping membrane (Figure 38,bottom left 
panel). 

 All three phenotypes of UL135STOP disruption (abundance of NIEPs, abundance 
of naked nucleocapsids, and malformed enveloping membranes) were not present in 
UL138STOP or 5/8STOP.  Virion assembly and maturation were normal in 5/8STOP, 
suggesting that disruption of UL135 alone was not a penetrant phenotype if UL138 
expression was also disrupted.  This suggests that the phenotypes of UL135 on virion 
assembly and maturation are mediated by a combination of the loss of UL135 and the 
presence of UL138, implying an epistaticq relationship between UL135 and UL138. 

                                                
q Epistasis is when one gene’s phenotypic effects are dependent on a second gene.   
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 We quantitated the ratio of normal (enveloped) to abnormal (naked or 
incompletely enveloped) NIEPs and virions from at least 15 different infected cells.  In a 
WT infection, there were an average of 10 normal virions per abnormal virion, and 4 
normal NIEPs per abnormal NIEP.  In a UL135STOP infection, there were only 4 normal 
virions per abnormal virion, and 2 normal NIEPs per abnormal NIEP (Figure 38, bottom 
left panel).  Quantitation of viral particles showed a statistically significant defect in 
UL135STOP virion assembly.   
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Figure 38: UL135STOP viruses exhibit profound defects in virion assembly and maturation.  
Fibroblasts were infected at an MOI of 2 and prepared for thin section TEM 48 hpi.  Cytoplasmic 
virions are shown, scale bar is 500nm, Small boxes mark the area shown in the magnified inset.  
WT, UL138STOP, and 5/8STOP viruses create primarily mature cytoplasmic virions, which include 
a dense DNA core and an envelope (black arrows), while UL135STOP virus creates defective 
particles.  Lower right: Approximately 600 cytoplasmic virus particles were evaluated for their 
morphology, and the ratio of normal (enveloped) to abnormal (naked or incompletely enveloped) 
viral particles.  Figure modified from 88 
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Disruption of UL135 causes a defect of virus infectivity 
  Having observed the UL135STOP defects in cytoplasmic virion synthesis and 
assembly, we wanted to assess the particle:PFU ratio of UL135STOP stocks.  While 
viruses such as bacteriophage can successfully infect a host cell with single viral particle 
and form a plaque, it requires approximately 200 genome-containing particles of CMV to 
successfully infect a cell in vitro to form a plaque118.  Because we could not band 
UL135STOP viruses for direct particle counting, we quantified the number of genome-
containing particles per PFU.  We titered stocks of WT, UL135STOP, UL138STOP, and 
5/8STOP CMV by TCID50 to determine the TCID50 PFU/mL, then purified genomes from 
1x106 PFU of virus and quantified viral genomes using qPCR primers to UL122 (IE2) 
DNA and an absolute standard curve of BAC genomic DNA to determine how many 
genomes correlated to a PFU.  Consistent with prior findings119, the genome-containing 
particle:PFU ratio of WT CMV was approximately 200:1 (Figure 39).  In contrast, 
UL135STOP had a particle:PFU ratio of approximately 2600:1.  When this defect is 
compounded with the abundance of genome-less NIEPs produced by UL135STOP -

(Figure 38), we conclude that UL135STOP produces an abundance of defective virus 
particles, relative to infectious virions. 

 

Figure 39: A PFU of UL135STOP contains significantly more genome-containing particles 
than WT a virus, indicating a defective infectivity.  Genomes were extracted from 1x106 PFU 
of each virus then quantified by qPCR.  WT CMV has a genome-containing particle:PFU ratio of 
200, while UL135STOP requires 15-fold more genome containing to successfully infect a cell.  
UL138STOP has no defect in infectivity, while 5/8STOP has a phenotype intermediate to UL138STOP 
and UL135STOP.  Error bars indicate standard deviation of at least three independent experiments.  
Single asterisk indicates a Student’s t-test P-value <0.02, double asterisk indicates a P-value of 
<0.0001.  Figure modified from 88. 
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than the standard equal number of PFU.  When infecting fibroblasts with 100 genomes 
per cell (MOI of 0.5 for WT; 0.04 for UL135STOP), the viral replication was consistent with 
a vastly unequal infective dose (Figure 40).  Note that the viral yield of UL135STOP never 
exceeds the input dose of virus, which is consistent with the difficulty encountered in 
making UL135STOP P0 stocks and amplifying them to create useful P1 stocks. 

 

Figure 40: Infection with an equal number of genomes demonstrates the defective nature of 
UL135STOP virus stocks.  Fibroblasts were infected at with 100 genome-containing particles per 
cell, and the production of infectious virus was monitored over a timecourse.  Error bars indicate 
standard deviation of at least three independent experiments.  Figure modified from 88. 

 A final assay for viral infectivity was a quantitative genome entry assay, to assess 
the ability of UL135STOP to successfully deliver genomes into fibroblasts.  For this, we 
infected cells at an MOI of 0.5 (equal PFU per cell), washed off extracellular virus, and 
DNAse I treated cells to remove extracellular DNA, followed by DNA isolation and 
quantitation of viral genomes at 6 hpi (Figure 41). The 6 hpi timepoint was chosen 
because it allowed a reasonable time for virus entry, which approaches an asymptote by 
2 hpi120,121, but precedes replication of viral DNA. UL138STOP and 5/8STOP viruses 
delivered genomes about as well as WT, although the UL138STOP stocks were more 
variable in their entry.  Despite UL135STOP virus stocks containing 

 15-fold more genomes per PFU, they deliver less than half of the number of genomes 
into a cell as a WT virus, for an approximate 30-fold defect compared to WT virus. This 
result, combined with the equal genome infection and the genome-containing 
particle:PFU ratio led us to conclude that UL135STOP virus stocks have severely 
defective infectivity. 
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Figure 41: Infection with UL135STOP has defective entry into fibroblasts.  Fibroblasts were 
infected at an MOI of 0.5, and intracellular viral DNA was quantitated 6 hpi. Error bars indicate 
standard deviation of three independent experiments. The defect of UL135STOP viral DNA entry 
into fibroblasts is visually striking, but statistical evaluation of the defect is modest or not 
significant, depending on the statistical test employed. Figure modified from 88. 

UL135STOP virus replicates without defect at high MOIs 
 As many viral defects apparent can be overcome at higher MOIs, we assayed 
the kinetics of viral protein expression of both WT and UL135STOP virus stocks at an MOI 
of 1, and observed no defect or delay of immediate-early, early, or late gene expression 
(Figure 42). 
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Figure 42: At an MOI of 1, viral gene expression from UL135STOP shows no significant 
defects or delays.  Fibroblasts were infected at an MOI of 1, and proteins were collected and 
western blotted at the times indicated.  Representative Immediate Early (IE1, IE2), Early 
(pUL44) and Late (pp28) viral proteins are shown, tubulin is used as a loading control.  Figure 
adapted from 88. 

 

UL135 is required for reactivation from latency and genome 
replication during in HPCs 
 We have previously demonstrated that UL138 is required for the establishment of 
latency67, we likewise wanted to determine the effect of UL135 on latency.  Accordingly, 
we performed an in vitro latency assay using WT, UL135STOP, UL138STOP, and 5/8STOP 
viruses.  WT CMV established latency, and UL138STOP failed to establish latency, as 
previously observed (Figure 43), but UL135STOP failed to reactivate from latency.  The 
5/8STOP virus established latency, and reactivated from latency, although slightly less 
efficiently than a WT virus.  From this, we conclude the following: UL135 drives viral 
replication and is required for reactivation from latency, UL138 suppresses viral 
replication during latency, and HCMV can still establish a latent infection in the absence 
of both UL135 and UL138. 
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Figure 43: UL135 is required for reactivation from latency.  Pure populations of CD34+ HPCs 
were infected at an MOI of 2 with the indicated viruses, sorted for GFP 24 hpi, and maintained in 
LTBMC for 10 days, then reactivated as previously described.  Error bars indicate the standard 
deviation of three to six independent experiments.  Asterisk indicates a Student’s t-test P-value of 
0.02, comparing the pre-reactivation to reactivation frequency.  P-values of all other viruses are 
>0.1. Figure modified from 88. 

 Knowing that UL135STOP replicates with a mild defect at low MOI in fibroblasts, 
we wanted to determine if UL135STOP was entering CD34+ cells efficiently, and if the viral 
genomes were replicating in HPCs.  Accordingly, we infected CD34+ HPCS at an MOI of 
2, FACS-isolated GFP+ (infected) CD34+ HPCs 24 hpi, and cultured the HPCs in 
LTBMC.  We isolated and quantitated viral DNA (UL122) and cellular genomes (GAPDH 
DNA) at 2, 5, and 10 dpi (Figure 44).  WT genomes were amplified during the LTBMC, 
even in the absence of meaningful generation of progeny virions.  The UL138STOP does 
not achieve latency and continues to replicate in HPCs, which is reflected by increased 
genome amplification in LTBMC, relative to WT.  At 2 dpi, a timepoint prior to significant 
genome replication in HPCs, the number of UL135STOP genomes per cell was 2-fold 
lower than WT or other viruses, suggesting that even at an equal MOI, UL135STOP 
genomes enter HPCs less efficiently, just as observed in fibroblasts.  This is a 
considerable defect, considering that UL135STOP had 15-fold more genome-containing 
particles per PFU.  A cell infected with WT virus received 400-500 genome-containing 
particles to achieve an average of ~2 genomes per cell, while a cell infected with 
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UL135STOP was exposed to 5,000 genome-containing particles and tegument-containing 
NIEPs but only ~1 CMV genome successfully entered each cellr.   

 

Figure 44: UL135 is necessary for genome amplification in CD34+ HPCs when UL138 is 
present.  HPCs were infected, purified by FACS to obtain GFP+ (infected) CD34+ cells, and 
cultured in LTBMC.  The number of WT genomes per cell increased during latency, in the 
absence of generating viral progeny.  UL138STOP genomes amplified significantly, likely due to 
active viral replication.  UL135STOP genomes were maintained but not amplified during latency, 
while 5/8STOP genomes were amplified similarly to WT. Error bars indicate the standard deviation 
of three independent experiments. Figure modified from 88.   

Summary: UL135 and UL138 are functionally antagonistic and 
epistatically linked 
 Disruption of UL138 in addition to UL135 restored or mitigated the defects 
associated with UL135STOP, including: reconstitution of virus from BAC transfection, 
virion maturation/infectivity/morphology, genome replication in fibroblasts, genome 
replication in CD34+ HPCs, and reactivation from latency.  This suggests that UL138 
and UL135 have antagonistic functions, and the function of UL135 is epistatically linked 
to UL138.  The scope of UL135STOP defects restored in 5/8STOP is broad, implying that 
these proteins may not be functioning directly to affect each phenotype directly, and 

                                                
r This rough calculation assumes every cell must be infected with at least one 
genome to be GFP+ and sorted by FACS, and therefore it is not plausible for 
UL135STOP to be successfully infected with 0.5 genomes per cell, as was observed 
at 2 dpi.  Either the infected cells are clearing the infectious genomes (unlikely, but 
not disproven), or more likely, cells have divided at least once during the two days 
since infection.  CD34+ HPCs have a doubling time of  ~24 hours122. 
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may instead be functioning indirectly by modulating pathways with multiple downstream 
effectors (transcription, translation, protein localization, virion assembly).  

 The competing influences of UL135 and UL138 act on a common a checkpoint, 
the synthesis of IE2, to regulate the progression from IE to E stages of gene expression. 
I consider UL135 to be an accelerator or amplifier of viral functions, licensing 
progression through the IE2 checkpoint.  In the absence of UL135 (UL135STOP) the virus 
fails to execute normal viral functions (expression of IE2 and efficient progression from 
IE to E to L gene expression, which is required for later genome replication and virion 
assembly) in a timely or efficient manner.  Likewise, UL138 functions as a repressor of 
viral activity, as disruption of UL138 expression is associated with replication to higher 
titers, an inability to repress viral replication and establish latency. The balance between 
these two proteins dictates the rate and outcome of viral infection, both in lytic infection 
(fibroblasts) and latent infection (CD34+ HPCs). In the absence of either UL135 or 
UL138, the remaining protein exerts a dominant effect: UL138STOP infections experience 
the accelerating/amplifying influence of UL135, and UL135STOP infections experience the 
repressive effects of UL138. In the absence of both UL135 and UL138 (5/8STOP, or 
∆3.6Kb) as positive or negative modifiers of viral activity, the virus can still express 
early- and late-class genes, replicate genomes, create normal virions, and 
establishing/reactivating from latency.   

 When UL138 is present, UL135 is necessary for a transition from IE1 expression 
to IE2 expression, which normally occurs ~24 hpi. While both IE1 and IE2 are potent 
transactivators of viral gene expression123, IE2 is absolutely required for expression of 
Early genes at low and high MOIs 124,125 while IE1 is dispensable for replication at high 
MOIs126.  As expression of IE2 is absolutely required for progression to expression of 
early-class transcripts, the defective IE2 expression observed in UL135STOP could be 
mechanistically causing the many of the observed defects.   

 The findings of this investigation suggest a model where the balance between 
UL135 and UL138 dictates the outcome of infection (Figure 45).  In lytic infection 
(fibroblasts), both UL135 and UL138 are expressed, and balance between them 
regulates the efficiency of replication. In HPCs, pUL135 is detected 2 dpi, but can no 
longer be detected at 5 dpi88 (Figure 24, page 47), while UL138 transcription and 
translation persist at low levels during latent infection88,98,99 (Figure 24). During latency, 
the effects of pUL138 are unopposed, allowing maintenance of latency.  Further, the 
stress-inducible IRES-driven translation of UL13868 could allow an on-demand 
production of additional pUL138 to prevent stochastic reactivation during periods of 
transient cell stress.  UL138 expression, either IRES-driven or traditionally translated, 
effectively insulates the state of latency in the absence of sustained reactivation 
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stimulus and/or UL135 expression.  Upon differentiation, the transcription factor 
landscape of the cell changes profoundly, enabling expression of UL135 and other viral 
genes, which can then counteract and overcome the repressive influence of UL138, 
licensing viral replication and progression past the IE2 checkpoint.   

 

Figure 45: A model where the balance between UL135 and UL138 serves to modulate a 
common checkpoint, licensing the progression of viral infection.  Our work demonstrates a 
novel epistatic linkage between UL138 and UL135, where UL135 expression counteracts the 
replication-repressive effects of UL138.  In HPCs, sustained UL138 expression in the absence of 
sustained UL135 expression enables the establishment and maintenance of latency. 

Viral requirement for UL135: Future Directions  

Verify the genetic integrity of UL135STOP stocks 
 Creation of a UL135STOP virus stock by transfection of BAC has been miserably 
inefficient, and I approximately one in thirty BAC transfections yields infectious plaques 
that progress to create a P0.  The creation of UL135STOP virus stocks has been so 
inefficient that lack of UL135STOP virus stocks often limited the number and nature of 
experimental options.  Successful creation of a UL135STOP stock from transfection 
seemed to be possible only with extremely high BAC transfection efficiency, which was 
difficult to routinely achieve.  On the rare occasions that UL135STOP stocks were created 
from BAC transfection, I was skeptical that they were genetically intact or generated 
from the correct BAC.  Accordingly, I have PCR amplified and Sanger sequenced the 
entire UL133-UL138 locus of ULb’ from four P0 stocks and three P1 stocks of UL135STOP. 
The sequence of UL133-UL138 has been intact every time I’ve checked, and has not 
accumulated any unintended mutations during amplification.  There are two possibilities 
why only a small frequency of BAC transfections generate infectious virus: 
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• There is a barrier to reconstitution of virus stocks that is overcome in the rare 
instances of multiple BAC genomes being transfected into a single cell.  For reasons 
not yet understood, this barrier to replication higher in UL135STOP than WT virus.  I 
believe this is the probable case. It is possible that this barrier is lower under certain 
conditions such as passage number, cell confluence, alignment of the planets, etc.  

• There has been a second-site mutation in the viral genome, not in the UL133-UL138 
locus, which is enabling CMV replication in the absence of UL135.  Our laboratory 
does not passage virus stocks more than once, with the goal of limiting genetic drift 
and mutation.  However, the low transfection efficiency and the long culture period 
needed to produce a UL135STOP P0 stock would allow a small frequency of mutants 
with faster replication kinetics to dominate the mature stocks.  While I believe a 
second site mutation is unlikely, this needs to be confirmed by sequencing the entire 
genome. 

 Sequencing the CMV genomes from a purified UL135STOP P1 stock with next 
generation sequencing methods would be a fast and definitive way to exclude the 
possibility of a second site mutation outside of UL133-UL138.  While I do not believe 
that our UL135STOP virus stocks harbor second site mutations, the viral genome (240Kb) 
is modestly sized, by the standards of next generation sequencing, and could readily be 
sequenced with the Illumina MiSeq or IonTorrent platforms at a reasonable cost. 

Identify methods of reliably producing UL135STOP virus stocks 
 The low success rate of creating UL135STOP P0 and P1 virus stocks has frequently 
a rate-limiting factor of research.  While creation of a P0 stock from transfection has been 
the main bottleneck, production of high-titer P1 stocks has also been challenging. There 
are several potential methods of boosting the success rate and titer of UL135STOP virus 
production.  Any new method of creating UL135STOP stocks should be limited to the 
initial creation of the P0 stock; virus amplification in roller bottles should take place under 
normal conditions to avoid introducing unintended changes to virion assembly, 
morphology, or other viral characteristics.  I propose the following strategies for future 
creation of UL135STOP virus stocks. 

• RNAi knockdown of UL138 expression in fibroblasts during BAC transfection. 
Disruption of UL138 expression restores the replication of UL135STOP viruses from 
BAC transfection.  RNAi knockdown of UL138 during BAC transfection could allow 
robust initial production of infectious virus, allowing us to bypass the extremely low 
MOI phenotype of BAC transfection.  Either siRNA or shRNA of UL138 should 
alleviate the non-replicative phenotype of UL135STOP from BAC transfection.  We 
have generally not pursued RNAi for the UL133-UL138 genes previously because 



 79 

the UL133-UL138 locus is transcribed as overlapping polycistronic transcripts, and 
knockdown of UL138 would necessarily ablate expression of UL133, UL135, and 
UL136.  In the context of BAC transfection, this should not be a problem, as a virus 
lacking UL133-UL138 (∆3.6kb mutant) replicates well (Figure 30, page 57).  For 
either siRNA or shRNA approaches, neither interfering RNA would be transmitted to 
the P1 stage, and should be unable to alter the phenotype of mature virus stocks. 
The cells used for P0 production are homogenized during harvest, preventing shRNA 
constructs from being transmitted to the fibroblasts used for virus stock amplification 
during P1 stock creation.  Similarly, the short half-life of siRNA in culture would 
prevent carryover to P1 production. 

• Partial blockade to the EGFR signaling pathway.  A recent publication from our 
laboratory demonstrated that blocking EGFR signaling with either an EGFR inhibitor 
or a PI3K inhibitor increases viral replication113.  Further, a blockade of EGFR or 
PI3K signaling increased the replication of UL135STOP

113.  While long-term or 
complete inhibition of EGFR/PI3K kills cells, a temporary or incomplete blockade of 
EGFR/PI3K signaling several days after transfection may boost the replication of 
UL135STOP to a level sufficient for generation of P0 stocks.  

• Use exogenous expression of IE proteins to accelerate virus replication.  While 
exogenous expression of high levels of IE proteins beyond the context of viral is 
lethal to cells, it is possible to exogenously express low levels of IE proteins without 
killing the host cells (personal observation, use of a doxycycline-inducible IE 
plasmid).  UL135STOP viruses suffer a delay of IE2 expression at low MOIs (Figure 
34, page 63); IE2 is important for overcoming various aspects of the innate immune 
system and progression to expression of early CMV genes123. It is possible that low-
level expression of supplemental IE1 or IE2 could assist in overcoming the 
replication defect of UL135STOP viral reconstitution by BAC transfection. 

• Improve the extraction and purification of DNA prior to BAC transfection.  The 
current method of purifying BAC DNA for transfection is alkaline lysis followed by 
precipitation and RNA removal.  The large size of the CMV genome renders it very 
fragile in solution, and it is prone to shearing127.  This fragility precludes the use of 
common anion exchange columns (EG: Qiagen-style mini- or midi-preps).  The 
majority of our alkaline lysis “purified” BAC DNA is nicked, broken, or no longer in 
the supercoiled conformations, which contributes to our low transfection efficiency.  
Improved BAC purification may improve transfection efficiency.  Improvement could 
include measures such as: 

                                                
s Personal observation from running an analytical CHEF gel of BAC DNA I prepared 
using the existing protocol.  Approximately 20% of the BAC DNA ran in a pattern 
consistent with a 240kb supercoiled DNA molecule, the remainder was linear, 
relaxed circular, or sheared.   
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o Using the anion exchange resin from an existing column, but instead of 
flowing the BAC through the column, remove the resin and use it for solution-
phase purification; adding DNA to resin, allow beads to settle, decant 
supernatant, add wash solution, decant supernatant, etc.  This would 
minimize the shearing associated with using the column in its standard flow-
through operation.   

o Using an exonuclease to remove nicked DNA, such as the Plasmid-Safe 
ATP-dependent exonuclease from Lucigen Corporation, T5 exonuclease, or a 
mixture of lambda exonuclease and RecJCF, as detailed by Balagurumoorthy 
et al127.  These procedures digest DNA from linear ends and nicks, leaving 
only closed circular DNA, eliminating most of the non-supercoiled DNA.  
While these procedures would add to the expense and processing time of 
BAC DNA, and therefore may not be appropriate for universal adoption, they 
may increase the purity and transfection efficiency of UL135STOP BAC DNA 
sufficiently to reliably generate P0 stocks. 

o Carrying out the lysis, neutralization, and early steps of DNA purification at at 
low temperatures (12C) increases the fraction of supercoiled DNA, relative to 
purification at room temperature128.   

o Adding cationic polyamines to protect BAC DNA from shearing damage.  
Methods of BAC transfection for creation of recombinant mice require the use 
of preparative pulsed field gel electrophoresis129, which requires specialized 
equipment and requires about a week to prepare BAC  DNA.  Positively 
charged polyamines (spermine and spermidine) “lightly condense” DNA by 
interaction with the negative DNA phosphate backbone, and protect very 
large DNA constructs from shearing damage130.  For very large DNA 
constructs, addition of 50uM spermine throughout the entire DNA purification 
process is sufficient to “lightly condense” DNA without precipitation, 
increasing both transfection efficiency and delivery of intact DNA 5-fold130. 

• Employ “adenofection” to increase BAC transfection efficiency.  The 
transfection efficiency of BACs into fibroblasts is extremely low; less than 1% of cells 
express the virally-encoded GFP after transfection. One potential way around this is 
to use psoralen-inactivated adenovirus as a carrier for BAC DNA.  Existing protocols 
for “adenofection” are readily available, and achieve BAC transfection rates of up to 
10% in primary fibroblasts, which is several orders of magnitude higher than our 
current protocol131,132.  
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Design a rheostat for independent expression of UL138 and UL135 
to investigate their roles in the context of latency and active 
replication. 

 I hypothesize that the balance between pUL135 and pUL138 is responsible for 
modulating the outcome of both lytic and latent infections.  To test a dynamic balance, 
we’d need to be able to create and alter a dynamic balance, expressing different ratios 
of UL135 and UL138, on demand, in the context of lytic replication and latency.  I 
hypothesize that altering the balance between pUL135 and pUL138 plays a critical role 
during cellular differentiation and reactivation, where UL135 expression facilitates viral 
reactivation, and UL138 expression maintains latency.  To date, the only tool available 
to investigate this model has been the complete disruption of UL135 and/or UL138, 
which do not allow dynamic tuning of the ratio viral proteins on demand. Experimental 
testing of this hypothesis could include: 

• The fastest method would be to create a series of plasmids with a series of 
UL135 and UL138 CDS, separated by “self cleaving” P2A sequences133 (EG: four 
tandem genes separated by P2A sequences, with a UL135:UL138 ratio of 0:4, 
1:3, 2:2, 3:1, and 4:0), and test the effects of different ratios of UL135:UL138. 
The P2A system guarantees stoichiometric fidelity, unlike using multiple 
promoters. The entire cassette should be placed under the control of an inducible 
promoter, such as the Tet-ONE tetracycline-inducible plasmid (Clontech), and 
only activated after infection of cells.  A limitation of this system is that it would 
require sorting or selecting transfected cells from untransfected cells.  This 
approach would require plasmid transfection into cells prior to infection, which is 
not efficient in HPCs and effectively limits this approach to fibroblasts. 

• We could build the P2A-linked cassette into an intergenic region of virus 
backbonet, including an inducible promoter.  While this would require creation, 
reconstitution, and characterization of several recombinant viruses, it avoids the 
need to transfect plasmids into HPCs. 

• We could engineer a virus containing independently inducible expression of 
UL135 and UL138.  A system for independent regulation of two elements exists 
and employs both tetracycline-inducible elements and the ecdysone-inducibleu 

                                                
t The locations between TRS1/US34 and US35/US36 are two ideal locations for 
insertion of transgenes, which we have previously used for the insertion of an SV40-
GFP expression cassette.  Insertion of exogenous sequences at these loci had no 
apparent effect on viral replication, the inserted transgene was stably maintained. 
u Ecdysone is an insect hormone with no mammalian receptor.  It functions similarly 
to the tetracycline-inducible system, but can be used to induce controlled levels of 
gene expression independently of the tetracycline-inducible system. 
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elements134.  Although this approach and would require extensive virus 
construction and validation, it offers the most experimental flexibility. 
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Chapter 4: Characterization of pUL135 protein-protein 
interactions identified CIN85 and Abi-1 as mediators of 
pUL135 function 

 Parts of this chapter have been adapted from a manuscript accepted for 
publication: Rak, M., Buehler, J., Zeltzer, S., Reitsma, J. M., Molina, B., Terhune, S. & 
Goodrum, F. Human Cytomegalovirus UL135 Interacts with Host Adaptor Proteins to 
Regulate Epidermal Growth Factor Receptor and Reactivation from Latency. J. Virol. 
(2018). 

Introduction 
 The establishment and maintenance of viral latency, as well as reactivation from 
latency, depends on host signaling events associated with cell survival, differentiation, 
chromatin remodeling, and stress135,136. In the herpesvirus field, viral determinants that 
function to modulate signaling pathways have begun to emerge as mechanisms 
controlling latency and reactivation.. UL133, UL135, UL136, and UL138 play important 
roles in regulating viral latency and reactivation from latency52,67,83,84,88,98,110,113,137. In 
particular, UL135 is critical for reactivation of the virus from latency88,113.  pUL135 
interacts with epidermal growth factor receptor (EGFR), reducing surface levels of 
EGFR either by promoting its degradation or impeding its recycling113. UL135 is also 
important for intracellular membrane organization and viral replication in endothelial 
cells109. Perhaps related to these functions, pUL135 interacts with the WAVE complex to 
prevent the formation of actin stress fibers86. The pUL135-mediated cytoskeletal 
changes protect HCMV infected cells from NK and T-cells.  UL135 has also been 
implicated in degradation of the actin cytoskeleton modulator ROCK1138 in infected cells 
via an unknown mechanism.  The molecular underpinnings linking pUL135 and EGFR 
have not yet been explored. 

 We sought to better understand how UL135 functions to regulate EGFR and 
latency by identifying the interacting partners of pUL135.  We employed two 
complementary approaches: immunoprecipitation followed by mass spectrometry 
(IP/MS), and a yeast two-hybrid screen (Y2H).  

Introduction to IP/MS and Y2H – strengths and weaknesses 
 IP/MS can identify both direct and indirect interactions with host or viral proteins 
in the context of infection, and the interactions captured by IP/MS are from infected cells, 
and captures proteins in their native form, including post-translational modifications, and 
possible multi-component complexes.  However, the IP/MS screen requires significant 
amounts of starting material – our assay required 1x108 infected cells, the equivalent of 
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20 x 15cm tissue culture dishes.  The scarcity of primary CD34+ HPCs, combined with 
the low expression levels of viral genes in HPCs, precluded their use for IP/MS to 
investigate pUL135 interactions. Although the immunoprecipitation aspect of IP/MS has 
been optimized to take only an hour139, it may still fail to detect transient interactions 
(EG: enzyme-substrate), or interactions with very low binding affinities.  While attempts 
have been made to create a “optimized” immunoprecipitation buffer139,140, no single 
buffer system can maintain the complete interactome of a protein – a balance must be 
made between binding affinity and reduction of non-specific interactions.  

 Y2H can identify direct interactions between the “bait” protein and a library of 
“prey” human proteins.  Modern commercial Y2H libraries are made by pooling mRNA 
from many tissue types to create a “universal” cDNA library that represents nearly every 
cell type.  Additionally, the libraries are normalized by enzymatic reduction of the most 
highly expressed genes, allowing equal representation of low- medium- and highly-
expressed genes, capturing deep diversity of the transcriptome. The mRNA 
transcriptome of a cell is “shotgun cloned” into the prey vector; saturation coverage 
creates constructs in all three reading frames.  Y2H screens can readily detect low-
affinity or transient interactions between two proteins.  However, the Y2H system is not 
sufficient as a single universal screen to identify mammalian protein interactions.  
Because the Y2H is conducted in yeast, it may not capture interactions that require 
mammalian processing, folding, or post-translational modification of either bait or prey.  
Further, the Y2H system requires that both proteins be soluble, precluding the use of 
transmembrane proteinsv.  As our universal Y2H library contains only human cDNAs, it 
is unable to detect interactions between, or requiring, two viral proteins. Finally, Y2H 
may fail to detect protein interactions that only occur as part of a multi-component 
interaction. 

 There are limitations common to both IP/MS and Y2H. Both assays fail to capture 
the localization of proteins, and may detect interactions between proteins that would 
normally be sequestered away from each other in separate compartments.  Additionally, 
both screens may fail to detect an interaction that is induced by under context-specific 
conditions (EG: mitogen stimulation, ER stress, calcium-induced interactions, the 
proteome at a specific time post infection, etc.).  However, as a preliminary interaction 
screens, IP/MS and Y2H are largely complementary, and should be able to detect the 
majority of interactions.  

                                                
v Y2H screens have been designed for transmembrane proteins, such as the 
Sos/Ras rescue system141, but these are incompatible with the commercially 
available universal normalized human cDNA library. 
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IP/MS identified CIN85 and CD2AP as candidate pUL135 interactors 
 For the IP/MS, we infected 1x108 fibroblasts with a recombinant HCMV strain 
TB40/E with a with a C-terminal 3xFLAG epitope tag on UL135 (TB40/E UL1353xFLAG). 
Fusion of epitope tags to the 3’ end of the UL135 ORF does not affect virus replication 
relative WT CMV67.  Proteins interacting with pUL1353xFLAG were co-precipitated using a 
monoclonal FLAG antibody and identified by IP/MS, as previously described113,142. As a 
control for non-specific interactions, the same IP/MS was performed on fibroblasts 
infected with WT HCMV, which does not contain a 3xFLAG tag. Proteins identified in 
both the 3xFLAG and control data sets were considered non-specific and excluded from 
further analysis. The results of the IP/MS screen are shown in Table 5.  
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Table 5: IP/MS identified pUL135 candidate interactors, including CD2AP and CIN85. 
Fibroblasts were infected with TB40/E-UL1353xFLAG, then pUL1353xFLAG was 
immunoprecipitated from lysates and the precipitated proteins were assayed by IP/MS.  Proteins 
that were also identified control (no 3xFLAG tag) data set were excluded. This table shows 
proteins which were identified by at least two unique peptides, and have a peptide probability of 
>0.95. Location and type are as defined by the Ingenuity Pathway Analysis software (Qiagen). 

Y2H identified Abi-1 as a candidate pUL135 interactor  
 For the Y2H screen, we cloned the entire cytosolic domain of pUL135 (residues 
44-328) as a Y2H bait construct and screened a normalized universal human cDNA 
library.  From 2.8x106 diploid (mated) yeast, we identified fifty unique cDNA clones, 
representing 13 genes (Figure 46A). Of the bait constructs identified, the majority 
contained fragments of Abelson interacting protein-1 and -2 (Abi-1 and Abi-2).  Abi-1 
regulates signaling pathways including EGFR and EGF-induced Ras, extracellular 
signal-regulated kinases (ERK) and PI3K pathways143-147. The interaction between 
pUL135 and Abi-1 was previously detected in a similar Y2H screen86. While the number 
of clones identified cannot be used to infer the strength or significance of an interaction, 
the diversity of cDNA clones which contained Abi-1 was useful; by aligning the cDNAs of 
Abi-1 prey constructs identified in our Y2H screen we identified a minimal region of Abi-
1 (amino acid residues 448-508, or nucleotides 1348-1524 of the CDS) present in all 
pUL135 Y2H prey clones of Abi-1 (Figure 46B). This region encodes the SH3 domain of 
Abi-1143 (residues 450-508), implying that the SH3 domain of Abi-1 is necessary and 
sufficient for interaction with pUL135. 
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Figure 46: Candidate pUL135 interactors, identified by a Y2H screen. (A) Host proteins 
identified as pUL135 interacting proteins, including their subcellular localization as determined 
by Ingenuity software (Qiagen), and the number of clones obtained from the Y2H screen. (B) A 
schematic showing the alignment of Abi-1 prey cDNA constructs (top, black lines) identified by 
the Y2H screen with the Abi-1 cDNA sequence. Similar cDNA clones differing by +/- 5 
nucleotides at the 5’ end of the prey cDNA are shown as a single black bar; the 3’ ends of the 
cDNA prey clones have been truncated to the end of the CDS in this image. The Abi-1 CDS is 
shown as a hollow arrow, vertical lines within the arrow indicate exon splice junctions. The SH3 
domain of Abi-1 is labeled in grey.  Number scale at the bottom indicates nucleotide numbers 
within the Abi-1 reference sequence CDS.  

 While there were no proteins identified in both the Y2H and IP/MS data sets, 
several of the proteins identified stood out for their role in regulating EGFR. Like Abi-1, 
CIN85 and CD2AP regulate trafficking and signaling of receptor tyrosine kinases148-153 
by recruiting endocytic components (e.g., Alix154, Dab2155, clathrin adaptor AP-2156, 
endophilins157,158, and Cbl ubiquitin ligase151,158-163). CD2AP is highly homologous to 
CIN85 in regards to structure and function, and the two proteins recognize the same 
polyproline motifs and have similar interactomes153,159-161,164-166. Because CD2AP and 
CIN85 bind to the same polyproline consensus sites, have similar interactomes and 
similar functions, we cannot genetically distinguish roles for CIN85 and CD2AP. While 
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CIN85 and CD2AP were both identified with similar coverage by IP/MS, CIN85’s 
interactions with EGFR are better characterized. Therefore, our analyses focus on 
CIN85 and Abi-1, although the effects attributed to CIN85 may be partially mediated by 
CD2AP. 

pUL135 interacts with CIN85 and Abi-1 in infected cells 
 We confirmed the interactions between pUL135 and CIN85 or Abi-1 by 
immunoprecipitating myc-tagged viral proteins from fibroblasts infected with either 
TB40/E-UL133myc or TB40/E-UL135myc, followed by immunoblotting for the host proteins 
(Figure 47). Consistent with the Y2H and IP/MS screens, both CIN85 and Abi-1 co-
precipitated with pUL135myc. In contrast, no interaction with endogenous Abi-1 or CIN85 
was detected in cells infected with a control virus, TB40/E-UL133myc, indicating the 
interactions are specific to pUL135.  The multiple bands representing pUL135 are due, 
in part, to translation initiation from distinct start codons (Figure 12, Figure 14)88. Also, 
while the quantity of Abi-1 appears to be increased by CMV infection Figure 47, this 
observation was not consistent over multiple experiments. 
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Figure 47: pUL135 interacts with Abi-1 and CIN85 in infected cells.  MRC-5 fibroblasts were 
infected with recombinant HCMV TB40/E encoding either myc-tagged UL133 (as a negative 
control, UL133myc) or UL135 (UL135myc) at an MOI of 2. Myc-tagged proteins were 
immunoprecipitated from lysates harvested at 48 hpi with Ms x Myc antibody 9E10, then 
separated by SDS-PAGE.  Abi-1, CIN85, and myc-tagged proteins were detected by western 
blotting.  Blots of 40µg total cellular lysate are shown with tubulin as a loading control. CIN85 
and Abi-1 co-precipitated with pUL135, but not with pUL133, demonstrating specificity of the 
interaction. 

pUL135 interacts with CIN85 and Abi-1 via discrete polyproline 
sites 
 Many of the protein-protein interactions of Abi-1 and CIN85 are mediated by 
SH3-polyproline interaction motifs143,146,159. UL135 is 18% proline, and is accordingly rich 
with potential polyproline SH3 ligands. The Y2H screen identified the SH3 domain of 
Abi-1 as the region that interacts with pUL135 (Figure 46B). CIN85 contains three SH3 
domains, we hypothesized that the pUL135-CIN85 interaction might also be mediated 
by SH3-polyproline interactions. We identified consensus SH3 polyproline ligands within 
pUL135 for CIN85/CD2AP and Abi-1 using MinimotifMiner (Figure 48A, B)167. To 
determine if pUL135 interacts with CIN85 and Abi-1 through SH3-polyproline motif 
interactions, we cloned UL135 into expression vector pCIG with a C-terminal myc tag to 
create pCIG-UL135myc, then used site-directed mutagenesis to substitute alanine 
residues for key proline residues of potential SH3 ligands (Figure 48B). 
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 The consensus SH3 ligands of Abi-1 and Abi-2 are not the of classical PxxP form, 
but follow the atypical form of PPPxxxP168. pUL135 contains this atypical ligand 
sequence, as PPPWSKP (anchor residues underlined). We mutated key residues to 
PPASWKA, to create pCIG-UL135mycΔAtypSH3. Additionally, we created expression 
vectors containing alanine substitutions within an SH3 class I ligand to create pCIG-
UL135mycΔSH3cI, and an SH3 class II ligand to create pCIG-UL135mycΔSH3cII. Finally, 
we constructed expression vector pCIG-UL135mycΔSH3x3, which contains mutations to 
all three of these putative SH3 ligands. (Illustrated in Figure 48A, B). 



 91 

 

A

B

C U
L135

m
yc  construct

UL135

∆SH3cI
∆SH3cII

∆Atyp.SH3cI

HAAbi-1

-

-

-
-

-

-

+

+
-

-

-
-

+

-
-

-

+
-

+

+
-

-
-

-

+

-

-
-

-
+

+

-
-

-

+

Lane1 3 42 5 6

-

pUL135myc

pUL135myc

IP
 H

A(
Ab

i-1
)

Ly
sa

te

HAAbi-1

HAAbi-1

Tubulin

∆SH3x3

D UL135myc-++ -
UL135∆CIN85myc+-- -

++- + CIN85HA

Myc (pUL135)

Myc (pUL135)

CIN85HA

CIN85HA

IP
 M

yc
(p

U
L1

35
)

Ly
sa

te
s

Tubulin

M1 M21 M97 328

TMD

SH3 Ligand
Class

Consensus 
Ligand

AtypSH3cI PPPxxxP

(R/K)xxPxxPSH3cI
SH3cII PxxPx(R/K)

WT
Sequence
PPPSWKP

KRPPTPP
PPPPGR

PIPAPR
PPVTPR
PQKPPR
PPRNPR
PCPRPR

UL135 residues

173-179

187-193
180-185

209-214
238-243
251-256
254-259
277-282

PxxxPRCIN85

Mutated
Sequence
PPASWKA

RRPPTPA
PPAPGA

PIPAAA
PPVTPR
PQKPAA
PAANAA
PCPRAA



 92 

Figure 48: Identification and mutagenesis of discrete sites within pUL135 that mediate 
interaction with Abi-1 and CIN85. (A) A schematic showing the SH3 ligands within pUL135. 
TMD indicates transmembrane domain on pUL135. Note that not all SH3 ligands are shown. 
Colored blocks correspond to the colors in panel B. (B) SH3 ligand classes, the consensus 
ligands and their location within pUL135 are indicated. The WT amino acid sequence and the 
mutations introduced for each are shown. (C) HEK 293-T cells were transfected with constructs 
expressing an HA epitope-tagged version of Abi-1 and a UL135 variant or empty vector control. 
HA-Abi-1 was immunoprecipitated from 400µg lysate using Ms x HA monoclonal antibody and 
proteins were separated by SDS-PAGE. Immunoprecipitated proteins were detected by western 
blotting using Rb x myc and Rb x HA monoclonal antibodies. A western blot of 40µg total lysate 
is shown with tubulin as a loading control. (D) HEK 293-T cells were transfected with constructs 
expressing an HA epitope-tagged version of CIN85 and a UL135 variant or empty vector control. 
pUL135myc was immunoprecipitated from 200µg lysate using Ms x myc 9E10 antibody and 
proteins were separated by SDS-PAGE. Immunoprecipitated proteins were detected by western 
blotting using Rb x HA or Rb x Myc monoclonal antibodies.  A western blot of 40µg total lysate 
is shown with tubulin as a loading control. 

 To determine if the predicted Abi-1 SH3 ligands within pUL135 were the basis of 
interaction with Abi-1, we transiently transfected 293 cells with plasmids encoding HA-
tagged Abi-1 and either WT UL135myc or UL135myc mutants. We immunoprecipitated 
HAAbi-1 and then immunoblotted the precipitates for pUL135.  Mutation of the SH3cI 
ligand disrupted the interaction between HA-Abi-1 and pUL135 (Figure 48C, lanes 4 
and 6). Notably, this is the reciprocal immunoprecipitation of the pull down used to 
identify host interactions (Figure 47). Surprisingly, the interaction between Abi-1 and 
pUL135 did not require the canonical Abi-1 SH3 ligand (referred to as “Atypical SH3” 
PPPxxxP), as alanine substitutions of key interaction residues of this motif did not 
abolish the Abi-1 pUL135 interaction (Figure 48C, lane 3). The UL135/Abi-1interaction 
did not require the SH3cII site (Figure 48C, lane 5). A pUL135 mutant containing 
alanine substitutions in all three putative SH3 ligands (∆SH3cI, ∆SH3cII, and ∆AtypSH3) 
also abrogated the interaction with Abi-1 (Figure 48C, lane 6). These studies identify 
the SH3cI ligand of pUL135 (KRPPTPP) as necessary for the interaction with Abi-1. 

 The consensus ligands of the three SH3 domains within CIN85 have been 
previously mapped as Px[P/A]xPR, Px[A/P]xPR, and Px[P/A]x[P/V]R (essential residues 
underlined) for the first, second and third SH3 domains of CIN85 respectively; the 
consensus ligand of all three SH3 domains can be generalized as PxxxPR169,170. UL135 
contains five such motifs, predicted to bind to CIN85’s SH3 domains (Figure 48A, B). 
Because the binding interactions of CIN85’s three SH3 domains are often both 
simultaneous and cooperative159,170, we mutated all five putative CIN85 SH3 ligands in 
UL135myc from PxxxPR to PxxxAA to create expression vector pCIG-UL135mycΔCIN85 
(Figure 48B). 

 To determine if mutations in the putative CIN85 ligands of pUL135 was sufficient 
to disrupt the pUL135-CIN85 interaction, we co-transfected 293 cells with vectors pCIG-



 93 

CIN85HA with either pCIG-UL135myc or pCIG-UL135mycΔCIN85.  We immunoprecipitated 
the myc-tagged proteins from transfected cells and western blotted for CIN85HA. CIN85 

HA co-precipitated with pUL135myc, but did not co-precipitate with pUL135mycΔCIN85, 
indicating that the protein interaction is occurring via one or more of the SH3 domains 
and CIN85 SH3 ligands of pUL135 (Figure 48D).  

pUL135 interactions with CIN85 and Abi-1 augment CMV replication 
in fibroblasts  
 Having identified the residues required for the interactions between pUL135myc, 
CIN85, and Abi-1, we introduced these mutations into UL135myc in the bacterial artificial 
chromosome (BAC) clone of TB40/E13,67 to create recombinant viruses where pUL135 
host interactions had been abrogated. An SV40-GFP cassette engineered into the 
TB40/E genome between US34 and TRS167 provides GFP expression as a marker of 
infection.  Mutations of the UL135 SH3cI ligand and the CIN85 interaction ligands were 
incorporated into the viral genome either individually (creating ΔSH3cI and ∆CIN85, 
respectively) or in combination (∆SH3cI/CIN85).  These recombinant viruses all include 
a C-terminal myc tag on pUL135.  These recombinant viruses represent the most robust 
approach to defining the significance of pUL135-host protein interactions in the context 
of infection, as discrete mutations disrupt specific interactions while preserving the 
expression of the host protein, thereby avoiding the risk of pleiotropic effects of protein 
knockdown.  

 Disruption of the entire UL135 ORF (either ∆UL135STOP or ∆UL135<>GalK) 
results in a virus that is severely defective in reconstituting infectious virus from HCMV 
BAC transfection in fibroblasts, but once reconstituted, replicates with little to no defect 
from infection with a virus stock88. In comparison, transfection of BACs harboring 
discrete mutations of the SH3cI or CIN85 interaction motifs had no defect in 
reconstitution of virus stocks from transfection of BAC genomes. 

 To confirm that the mutated forms of pUL135 did not interact with Abi-1 and/or 
CIN85 in the context of infection, we immunoprecipitated myc-tagged proteins from cells 
infected with TB40/E UL133myc (as a nonspecific control), UL135myc, ∆SH3cI, ∆CIN85, 
and ∆SH3cI/CIN85. We then western blotted for cellular proteins Abi-1 and CIN85 
(Figure 49). Mutagenesis of the SH3cI and CIN85 SH3 ligands within UL135 was 
sufficient to disrupt the interactions between Abi-1 and CIN85, respectively. While the 
interaction between Abi-1 and pUL135∆CIN85 appeared weaker than with UL135myc, the 
mutation of CIN85 binding sites did not completely abrogate Abi-1 binding. The double 
mutant protein, ∆SH3cI/CIN85 interacted with neither Abi-1 nor CIN85 in infected cells.  
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Figure 49: Mutation of the SH3cI and CIN85 ligands is sufficient to disrupt pUL135 
interactions with Abi-1 and CIN85, respectively. Recombinant viruses containing disruptions 
in the SH3cI or CIN85 ligands were generated by BAC recombineering.  Fibroblasts were 
infected at an MOI of 2 with TB40/E CMV encoding UL133myc (a control protein), UL135myc

w, 
∆SH3cI, ∆CIN85, or ∆SH3cI/CIN85. pUL135myc was immunoprecipitated using Ms x myc 
monoclonal antibody from 1mg of lysates. Interaction with CIN85 or Abi-1 was analyzed by 
immunoprecipitation of pUL135 and western blotting for co-precipitating proteins. A western 
blot of 40µg total lysate is shown with tubulin as a loading control. While the intereaction 
between Abi-1 with pUL135∆CIN85 is weaker than WT pUL135, it is present. 

 We determined the contribution of the interactions between pUL135, Abi-1, and 
CIN85 to viral fitness by a multi-step viral replication assay, colloquially known as a viral 
“growth curve” (Figure 50). The parental virus, UL135myc, replicates with WT kinetics67. 
Compared with the UL135myc parental virus, the replication curves of recombinant 
viruses ∆SH3cI, ∆CIN85, and ∆SH3cI/CIN85 all display similar kinetics in fibroblasts, but 
with a ~4.5-fold reduction in final titers. The differences of replication between 0-12 days 
were not statistically significant, leading us to conclude that interactions of pUL135 with 
CIN85 and/or Abi-1 augment viral replication, but are not necessary for viral replication 
in fibroblasts.  The viral titers drop 10-fold at the end of the growth curve timecourse; 

                                                
w Note that the pUL135 expressed by TB40/E UL135myc is of a slightly higher 
molecular weight than ∆SH3cI, ∆CIN85, or ∆SH3cI/CIN85. This is due to the manner 
in which TB40/E UL135myc was constructed, as it includes a short amino acid linker 
sequence between UL135 and the myc tag, which increases the molecular weight by 
0.7Kda.  
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while this phenomenon is repeatable, the cause of this drop in viral titer remains 
unknown.  

 

Figure 50: pUL135 interactions with Abi-1 and CIN85 are augmenting, but not necessary 
viral for replication. The replication kinetics of recombinant viruses encoding UL135myc, 
ΔSH3cI, ΔCIN85, and ΔSH3cI/CIN85 were determined by infecting MRC-5 fibroblasts at an 
MOI of 0.02; virus yields in cell lysates were measured over a timecourse by TCID50. Data points 
represent the average from at least four experiments conducted with independent virus stocks; 
error bars represent the standard error of the mean (SEM). 

 To ensure that mutation of the SH3 ligands in pUL135 did not cause gross 
mislocalization of pUL135, we analyzed the localization of myc-tagged, virally expressed 
pUL135myc, pUL135∆SH3cI, pUL135∆CIN85, and pUL135∆SH3cI/CIN85 in infected 
fibroblasts. Fibroblasts were infected at an MOI of 1, fixed at 48 hpi and stained with 
antibodies to visualize the virally expressed myc-tagged UL135 proteins (Figure 51). As 
a control we used WT TB40/E, which contains no myc tag. Both WT and alanine-
substituted mutants of pUL135 show similar cytoplasmic and cell membrane distribution, 
suggesting that the mutations did not grossly mislocalize pUL135. Further, all pUL135 
mutants were expressed to similar levels, in both immunofluorescence and western blot 
experiments, suggesting that the alanine-substituted variants of pUL135 were stable 
relative to the parental pUL135myc. 
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Figure 51: Mutagenesis of SH3 ligands in UL135 does not cause gross mislocalization. 
MRC-5 fibroblasts were infected at an MOI of 1 with the indicated viruses, then fixed 48 hpi and 
immunostained for the myc epitope tag on pUL135myc. Cells infected with a WT virus that lacks 
the myc tag are used as a staining control. All UL135 mutants, including the parental UL135myc, 
showed similar localization to the plasma membrane. 

pUL135 interactions with CIN85/Abi-1 decrease total and surface 
EGFR levels in fibroblasts  
 HCMV infection decreases surface and total EGFR levels113,171,172. We previously 
demonstrated a role for UL135 decreasing the steady-state level of cell surface and total 
EGFR113. As both Abi-1143,144 and CIN85148-153,157,161 have roles in modulating EGFR 
endocytosis and trafficking, we hypothesized that the interactions between pUL135 and 
adaptor proteins might allow the virus to control EGFR trafficking and turnover in 
infected cells. 

 Steady state EGFR levels was assayed by infecting fibroblasts with UL135myc, 
∆SH3cI, ∆CIN85, ∆SH3cI/CIN85, or UL135STOP virus, then western blotting 48 hpi cell 
lysates for EGFR and tubulin. Consistent with prior work113, total EGFR levels were 
significantly lower in CMV-infected cells (Figure 52A), and the total EGFR levels of cells 
infected with UL135STOP  were 2-fold greater than cells infected with the parental virus, 
UL135myc (Figure 52B). Infection with ∆SH3cI or ∆CIN85 resulted in an intermediate 
phenotype relative to UL135myc and UL135STOP infection, but these differences were not 
statistically significant. However, infection with the mutant virus where both interactions 
were disrupted, ∆SH3cI/CIN85, increased total levels of EGFR, similarly to infection with 
UL135STOP, suggesting that interactions with both Abi-1 and CIN85 are required for 
pUL135-mediated turnover of EGFR. 

WT  (no myc) UL135myc ∆SH3cI ∆CIN85 ∆SH3cI/CIN85
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Figure 52: pUL135 interactions with CIN85 and Abi-1 alter the total levels of EGFR in 
fibroblasts. Fibroblasts were infected with UL135myc, ∆SH3cI, ∆CIN85, ∆SH3cI/CIN85, or 
UL135STOP viruses at an MOI of 1.5. Twenty-four hours after infection, the inoculum was 
removed and the media replenished. Forty-eight hours after infection, cells were lysed and 40µg 
of protein from each lysate was analyzed by western blotting to quantitate total EGFR, 
normalized to α-tubulin. The data graphed above represents at least five independent experiments 
for each sample, each utilizing an independent virus preparation. Statistical significance was 
calculated by a one-way ANOVA and Tukey’s test. Double asterisk (**) indicates p< 0.01. (A) 
Shows the relative levels of total EGFR in uninfected and UL135myc infected cells, while (B) 
shows the total EGFR present in viruses encoding pUL135 mutants relative to UL135myc 
infection. 

 To determine if the pUL135 host interactions impact surface levels of EGFR, we 
measured the steady-state surface levels of EGFR on cells infected with WT HCMV or 
our UL135 mutant viruses, using flow cytometry. In line with our previous 
observations113, UL135STOP had nearly two-fold more surface EGFR than WT infected 
cells (Figure 53). Single mutation viruses ∆CIN85 and ∆SH3cI had EGFR surface levels 
indistinguishable from WT infection, indicating that neither single mutation was sufficient 
to phenocopy a total loss of UL135. However, ∆SH3cI/CIN85 had EGFR surface levels 
approximating UL135STOP and ~1.7-fold greater than WT infected cells. Together these 
results indicate, similar to total concentration that pUL135’s interaction with both CIN85 
and Abi-1 account for decreased EGFR surface levels caused by pUL135. These results 
suggest a cooperative role of pUL135 interactions with Abi-1 and CIN85 in modulating 
EGFR levels in infection. 
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Figure 53: pUL135 interactions with CIN85 and Abi-1 alter the surface levels of EGFR in 
fibroblasts. Surface levels of EGFR on MRC-5 fibroblasts infected at an MOI of 1 with 
UL135myc, ∆SH3cI, ∆CIN85, ∆SH3cI/CIN85, or UL135STOP viruses were analyzed 48 hpi by flow 
cytometry using a fluorescently conjugated Ms x EGFR antibody. Student’s T-test was used to 
compare the surface levels of each cell type to UL135myc. Double asterisk (**) indicates a p 
<0.01. 

pUL135 interactions with CIN85 and Abi-1 effect intracellular EGFR 
trafficking 
 We next sought to determine how pUL135 interactions with Abi-1 and CIN85 
impacted the intracellular trafficking of EGFR. Following endocytosis, EGFR will traffic 
with Rab5+ early endosomes from which it can be recycled to the cell surface or traffic 
towards degradation, as Rab5+ endosomes mature into Rab7+ endosomes destined for 
fusion with the lysosome. We monitored the association and dissociation of fluorescently 
conjugated EGF (Alexa fluor 647, EGF647) with Rab5+ following endocytosis. Fibroblasts 
were labeled 48 hpi with EGF647 on ice, then returned to 37C. Over time post 
internalization, cells were fixed and stained with a Rab5 antibody and the association of 
the EGF647 ligand with Rab5+ endosomes was imaged by deconvolution microscopy and 
analyzed as previously described113,173. Representative images demonstrating the 
association of EGF647 with Rab5+ at 15 and 90 minutes post endocytosis are shown in 
Figure 54A. The frequency of colocalization between EGF and Rab5 is calculated as 
the area of EGF+/Rab5+ coincident signal divided by the total area of EGF+ signal and 
was quantified over multiple experiments with WT or UL135-mutant virus infections in 
Figure 54B. 
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Figure 54: Interactions between pUL135 and CIN85 facilitate efflux of EGF/EGFR from 
Rab5+ endosomes. MRC-5 fibroblasts were infected at an MOI of 1 with UL135myc, ∆SH3cI, 
∆CIN85, ∆SH3cI/CIN85, or UL135STOP. Cells were transferred to serum-free media at 24 hpi. At 
48 hpi, cells were labeled on ice with EGF647, washed, and transferred to 37C with 10% serum 
media then fixed at the indicated time points. Rab5 was stained with a rabbit monoclonal 
antibody and cells were imaged as Z-stacks by deconvolution microscopy. Images were analyzed 
using the Squassh plugin for ImageJ, and the colocalization between EGF signal and the Rab5 
early endosomal marker was calculated.  (A) Representative optical Z-slices from an uninfected 
cell, showing the colocalization of EGF647 within Rab5+ endosomes at 15 minutes (top) and 90 
minutes (bottom) after stimulation. (B) The efflux of EGF647 from Rab5+ endosomes was 
calculated by dividing the mean colocalization value for a timepoint by the 15-minute 
colocalization value.  Error bars indicate standard error over three independent experiments. An 
asterisk (*) at the 90 minute point indicate a two-way ANOVA and Tukey’s test p-value <0.05.  
(C) Retention of EGF647 in the early endosome, is calculated as the colocalization at 90 minutes, 
divided by the colocalization at 15 minutes.  

 In uninfected cells the majority of EGF647 transiently associated with the Rab5+ 
early endosome at 15 minutes post endocytosis, and only a small fraction remained 
after 90 minutes (retaining only 19% of the colocalization observed at 15 minutes) 
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(Figure 54B, C). In cells infected with UL135myc, EGF647 exhibited slightly increased 
retention with Rab5+ endosomes at 90 minutes (31% retention). However, in UL135STOP 
infected cells, a significant portion of the EGF647 remains within the Rab5+ compartment 
after 90 minutes (69% retention). This suggests that pUL135 promotes EGFR egress 
from the early endosome, presumably to lysosomal degradation, given the role of 
pUL135 in reducing total EGFR levels. Cells infected with ∆SH3cI showed increased 
retention of EGF647 that was statistically insignificant from UL135myc infection (48% 
retention). In contrast, cells infected with ∆CIN85 showed a significant and sustained 
defect in clearing EGF647 from the early endosome (64% retention), suggesting that the 
interaction between pUL135 and CIN85 plays role in regulating EGFR trafficking from 
the early endosome to the lysosome.  Infection with ∆SH3cI/CIN85 resulted in retention 
of EGF647 in Rab5+ endosomes similar to that of UL135STOP (73% retention) and the 
∆CIN85 mutant virus. These results imply that pUL135 interactions with CIN85 facilitate 
efflux of EGF/EGFR form the Rab5+ early endosome in infected cells. 

pUL135 interactions with CIN85 and Abi-1 decrease EGFR surface 
levels in CD34+ HPCs. 
 We next wanted to determine how pUL135 host interactions might impact EGFR 
in cells that support a latent infection, given the requirement of UL135 for reactivation. 
We infected CD34+ HPCs at an MOI of 1 for 24 hours with UL135myc, UL135STOP, 
∆SH3cI, ∆CIN85, or ∆SH3cI/CIN85.  Surface EGFR levels were measured by the ability 
to bind EGF647, as assayed by flow cytometry. Using EGF647 ligand was shown to be 
more sensitive than direct quantitation of ephemeral amounts of EGFR on CD34+ HPCs.  
The use of EGF647 to quantitate EGFR on CD34+ HPCs has been validated previously in 
our lab113. Contrary to the reduction of surface EGFR levels observed in fibroblasts upon 
HCMV infection, and consistent with previous results113, infection of CD34+ HPCs 
resulted in increased surface EGFR relative to uninfected cells (Figure 55). EGFR 
surface levels were further increased by infection with UL135STOP

113. Infection of CD34+ 
cells with ∆SH3CI or ∆CIN85 resulted in surface EGFR levels indistinguishable from the 
parental virus, UL135myc. In contrast, infection with ∆SH3cI/CIN85 increased CD34+ 
surface EGFR levels statistically indistinguishable from UL135STOP. From this, we 
conclude that pUL135 interactions with Abi-1 and CIN85 are both necessary for the 
UL135-mediated modulation of EGFR levels at the surface of CD34+ HPCs. 
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Figure 55: pUL135 interactions with both Abi-1 and CIN85 are required to regulate EGFR 
levels in CD34+ HPCs. Primary CD34+ cells were infected with UL135myc, ∆SH3cI, ∆CIN85, 
∆SH3cI/CIN85, or UL135STOP at an MOI of 2.  Twenty-four hours after infection, cell surface 
proteins were stained with EGF647 and BV421-CD34 antibody prior to analysis by flow 
cytometry. EGF staining intensity was evaluated on CD34+, GFP+ (infected) cells. Data 
represents three experiments performed using independent CD34+ donors; error bars are SEM. 
Significance levels were calculated by one-way ANOVA with Tukey’s test, bars indicate a P-
value of <0.05, as compared to the parental virus, UL135myc. 

pUL135 interactions with host proteins are required for reactivation 
from latency 
 UL135STOP maintains viral genomes during long term bone marrow culture in the 
absence of viral replication, but fails to reactivate88 (Chapter 3). We have shown that 
inhibition of EGFR or downstream PI3K stimulates reactivation and rescues the 
reactivation defect of UL135STOP infection113. To determine if the interactions of pUL135 
with Abi-1 and/or CIN85 contribute to reactivation, we assessed ability of ∆SH3cI, 
∆CIN85, and ∆SH3cI/CIN85 to establish and reactivate from latency, relative to 
UL135myc. Primary CD34+ cells were infected for 24h, then CD34+/GFP+ cells were 
isolated by FACS. Pure CD34+/GFP+ cells were co-cultured for 10 days in long term 
bone marrow cultures using a bone marrow stromal cell support that has been shown to 
maintain hematopoietic cell progenitor phenotype and function174. This period in long-
term bone marrow culture allows for the establishment of HCMV latency. At 10 dpi, half 
of the cells were co-cultured with fibroblasts by limiting dilution in a cytokine-rich mediate 
to promote myeloid cell differentiation and reactivation. The other half of the culture was 
lysed and added to parallel cultures of fibroblasts in limiting dilution to quantify any virus 
present at the time of reactivation49. The ∆SH3cI, ∆CIN85, and ∆SH3cI/CIN85 mutant 
viruses all exhibited a defect in reactivation similar to the UL135STOP virus (Figure 56). 
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Thus, both interactions between pUL135 with CIN85 and Abi-1 are necessary for HCMV 
reactivation from latency. 

 

Figure 56: pUL135 interactions with Abi-1 and CIN85 are both required for reactivation 
from latency in CD34+ HPCs. Primary CD34+ cells were infected with UL135myc, ∆SH3cI, 
∆CIN85, ∆SH3cI/CIN85, or UL135STOP at an MOI of 2. At 24 hpi, infected (GFP+) CD34+ cells 
were isolated by FACS and seeded into long-term bone marrow culture in transwells over 
irradiated stromal cell support for 10 days to prevent differentiation. After 10 days in culture, 
cells or an equivalent cell lysate (Pre-reactivation control) were seeded by limiting dilution into a 
co-culture with fibroblasts on 96-well dishes in a cytokine-rich media to promote myeloid 
differentiation and reactivation. Fourteen days after plating, GFP+ wells were scored and the 
frequency of infectious centers was calculated using ELDA software. Error bars represent the 
range of two independent experiments using independent CD34+ cell donors. 

pUL135 interactions with CIN85 and Abi-1 effect hematopoiesis 
 Recipients of bone marrow and/or hematopoietic stem cell transplants (HSCT) 
not only face the threat of CMV morbidity and mortality, the threat of CMV-mediated 
suppression of hematopoiesis33,53,175.  Clinically derived strains of HCMV are more 
suppressive to hematopoiesis than lab-adapted strains, which led us to investigate the 
potential role of ULb’ and UL135 hematopoiesis.  While WT CMV infection reduces 
hematopoiesis by approximately 50%, viruses lacking UL135 expression (UL135STOP) 
show no suppression of hematopoiesis, and produce the same number of hematopoietic 
colonies as uninfected cells (Table 6).  From this, we concluded that pUL135 impairing 
efficient hematopoietic differentiation.  In a preliminary investigation by Dr. Buehler, 
∆SH3cI and ∆CIN85 each show a reduced suppression of hematopoiesis compared to 
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WT.  The double interaction mutant ∆SH3cI/CIN85 shows no suppression of 
hematopoiesis, like UL135STOP.  This suggests that pUL135 interactions with cellular 
proteins such as Abi-1 and CIN85 are influencing hematopoiesis. While these 
unpublished findings are from the preliminary stages of an investigation, they offer an 
exciting insight into a potential mechanism by which pUL135 could be directly mediating 
clinical outcomes. 

Virus  
(All TB40/E) 

CD34+ 
EGFR 

levels, vs. 
WT 

Reactivation 
from latency 

Impairment of hematopoiesis, 
relative to uninfected cells 

WT WT Competent Severe (~50%) 
∆UL135STOP ++ Defective None 
UL135∆SH3cI WT Defective Mild 
UL135∆CIN85 WT Defective Mild 
UL135∆SH3cI/CIN85 ++ Defective None 

Table 6: A summary of the phenotypes of UL135 mutant viruses in CD34+ HPCs.  

Discussion 
 The virus-host interactions that regulate latency remain poorly understood. We 
have previously demonstrated a requirement for the HCMV ULb’-encoded UL135 in 
reactivation from latency88. In the absence of UL135, latent viral genomes are 
maintained but cannot be reactivated to produce progeny virus. UL135 opposes the 
action of UL138, another ULb’ gene whose expression is coordinated with UL135. Both 
pUL135 and pUL138 interact with EGFR, but with opposing effects: pUL138 promotes 
increased surface levels of EGFR, whereas pUL135 decrease in total and cell surface 
EGFR levels113. Attenuation of EGFR signaling, or the downstream PI3K, enhances 
reactivation of latent viral infections113. Thus, the balance between pUL135 and pUL138 
in regulating EGFR and its downstream signaling forms a functional switch to regulate 
latency and reactivation. The molecular underpinnings by which pUL135 and pUL138 
impact EGFR levels and signaling, and in turn, viral replication and latency are largely 
unknown. We identified the adaptor proteins CIN85 and Abi-1 as host proteins 
interacting with pUL135 using two complementary screens to identify interacting 
proteins. CIN85 and Abi-1 each have roles in modulating the trafficking and turnover of 
EGFR. We demonstrate a cooperative role for these pUL135 interactions is modulating 
EGFR trafficking and turnover in the context of HCMV infection and in reactivation from 
latency. These findings mechanistically link pUL135-mediated turnover of EGFR with its 
role in reactivation from latency. 
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Summary of CIN85 functions 
 CIN85 is a ubiquitously expressed, multifunctional adaptor protein with roles in 
endocytosis, trafficking of endocytic cargo, and modulation of signaling152,161.  CIN85 
contains three SH3 domains, a proline-rich region, and a C-terminal coiled coil 
domain176.  The largest isoform of CIN85 and it’s homolog CD2AP are shown in Figure 
57; shorter isoforms are generated from alternative transcripts, but expression of smaller 
isoforms is restricted to specific cell types177. CIN85 is a cytoplasmic protein and self-
associates into tetramers via the C-terminal coiled coil domain163,178. 

 Active RTKs such as EGFR phosphorylate E3 ubiquitin ligase Cbl, exposing 
Cbl’s CIN85 ligands, thereby recruiting CIN85 to the active RTK157,162,165,179,180. While 
CIN85 has only an augmenting role in EGFR endocytosis181, phosphorylated CIN85 in 
complex with Cbl licenses endocytic cargo trafficking from early (Rab5+) to late (Rab7+) 
endosomes149,182.  Phosphorylated CIN85 also recruits dynamin to the EGFR-Cbl-CIN85 
complex, which is necessary for trafficking of EGFR in Rab7+ late endosomes towards 
lysosomal degradation183. The complex of EGFR-Cbl-CIN85 promotes the sorting of 
EGFR from the external membrane of a multivesicular body (MVB) into the intraluminal 
vesicles, a process necessary to attenuate EGFR signaling and EGFR degradation149. 
In addition to the regulation of RTK trafficking throughout the endocytic pathway, CIN85 
directly interacts with the PI3K regulatory subunit p85α to partially inhibit its catalytic 
activity177. CIN85 also interacts with components of the MAPK signaling cascade, 
biasing signaling towards the ERK pathway184.  

 

Figure 57: CIN85 and CD2AP have extremely similar domain organization. Both have three 
SH3 domains, a proline-rich interaction motif, and a C-terminal coiled-coil domain.  CD2AP can 
interact directly with actin via actin binding motifs in the C-terminus.  Figure adapted from161 

CIN85	is	a	regulator	of	EGFR	endocytosis	sorting	
 The phosphorylation of CIN85 controls the interactome and biological activity of 
CIN85.  A mutant of CIN85, CIN85 Y4F, has four phosphorylatable tyrosines mutated to 
phenylalanine, and serves as a non-phosphorylatable mutant of CIN85, which is 
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dominant negative for many of the functions of CIN85149. The CIN85 WT vs. Y4F 
phenotypes are shown in Table 7.  The phosphorylation of CIN85 augments 
endocytosis from the plasma membrane, and is required for EGF/EGFR progression 
from the Rab5+ EE to the Rab7+ LE149.  One potential mechanism by which 
phosphorylation of CIN85 can control the interactome is an intra-molecular interaction of 
CIN85 – the SH3-A binds to the proline-rich region, and keeps CIN85 in a closed 
configuration that prevents engagement of the SH3-B and SH3-C domains170,180. 
Mutation of the SH3-A, or tyrosine phosphorylation of CIN85 releases this auto-inhibition, 
opening CIN85 and allowing it to bind Cbl with SH3-A, -B, and –C149. We do not yet 
know the phosphorylation state of the CIN85 interacting with pUL135. 

Phenotype CIN85 WT CIN85 Y4F149 
Binds Src kinase + + 
Kinased by Src + - 
Binds Cbl ++ - (weak) 
EGFR endocytosis rate 100% 60% (mild defect) * 
EGF time to Rab5+ EE 15 min 15 min * 
EGF time to Rab7+ LE 1h >2h * 
Time to degrade 50% 
EGF 

~1h >2h * 

EGFR sorted to ILV 60% yes 40% (mild defect) 
EGFR degraded by 4h 75% 30% * 
Ubiquitination of EGFR 
at 30’ 

High 65% less than CIN85 
WT * 

Table 7: A summary of the phenotypes of CIN85 Y4F overexpression. Observations 
summarized from Schroeder, et al149.  Asterisk indicates a similar phenotype is observed with 
CIN85 RNAi knockdown. 

CIN85	is	an	allosteric	inhibitor	of	PI3K	
  CIN85 can regulate PI3K by two mechanisms: Controlling the trafficking and 
degradation of activated RTKs, and by direct engagement of PI3K p85α.  PI3K p85α is a 
regulatory subunit of PI3K, which normally inhibits PI3K catalytic activity.  While most 
protein interactions with p85α relieve PI3K of p85α inhibition, and increase PI3K 
catalysis, CIN85 binding to p85α actually increases the inhibition of PI3K.  Direct binding 
of CIN85’s proline-rich region by p85α inhibits PI3K catalytic activity by up to 25%177. 
pUL135 binding to CIN85 may relieve the cell of some of the PI3K-inhibitory activity of 
CIN85.  

CIN85	is	a	direct	modulator	of	MEKK/p38	signaling,	which	controls	the	fate	of	
internalized	EGFR	

 CIN85 interacts with signaling pathway intermediates, altering the transduction of 
signaling downstream of Ras/Raf. CIN85 binds to PxxxPR motifs in MEKK4, and alters 
the balance of MEKK4 signaling, effectively amplifying the magnitude of p38 signaling, 
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while leaving JNK signaling unchanged184.  While the JNK/p38 signaling module is 
commonly associated with cellular stress, inflammation, and apoptosis, it is also 
activated by EGF stimulation184,185, and is essential for degradation of internalized EGFR, 
by phosphorylating EGFR at Y1045, a modification needed for recruiting Cbl and 
ubiquitination of EGFR185.  Through association with MEKK4 and stimulation of p38, 
CIN85 indirectly promotes the ubiquitination and degradation EGFR (Figure 58). 

 The CIN85 binding partner MEKK4 (also known as MAP3K4) is ubiquitously 
expressed, but expressed to high levels in hematopoietic cells, where MEKK4 activation 
of p38 MAPK drives hematopoietic stem cells to lineage commitment186. Interfering with 
the activation of p38 (EG, via activation of MEKK4 and p38) severely impairs long-term 
hematopoiesis186. 

 

Figure 58: CIN85 alters the signal transduction of the MEK cascade.  On the left is the 
signaling pathway without CIN85 interaction; on the right is the same pathway with CIN85 
interacting with MEKK4, driving increased p38 signaling, phosphorylation of EGFR Y1045, Cbl 
recruitment to EGFR, and EGFR degradation, as well as changing the landscape of transcription 
by altering the balance of p38/JNK. 

Summary of Abi-1 functions 
 Like CIN85, Abi-1 is also a ubiquitously expressed adaptor protein187 with roles in 
Cbl E3 ubiquitin ligase-mediated endocytosis, signal transduction, and regulation of the 
actin cytoskeleton146. Structurally, Abi-1 contains an N-terminal homeodomain homology 
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region, several polyproline motifs, and a single C-terminal SH3 domain, which recruits 
Cbl to the plasma membrane for EGFR endocytosis143. Additionally, Abi-1 also interacts 
with dynamin and synaptojanin at the plasma membrane to assist in endocytosis of 
RTKs, including EGFR188.  Tyrosine phosphorylation of Abi-1 controls its interactions 
and functions (Figure 59, page 108).  The effector functions of Abi-1 are complex, 
interrelated, and diverse. 

Abi-1	as	a	regulatory	component	of	WASP/WAVE	(non-pY	Abi-1)	
 When in a non-phosphorylated state, Abi-1 is an essential component of the 
WAVE regulatory complex, which stimulates Arp2/3 to polymerize actin.  The WAVE 
regulatory complex (WRC) includes five core proteins: WAVE1, CYFIP1, (Abi-1 or Abi-2), 
Nap1, and HPSC3000; and when assembled they stimulate cortical actin assembly, 
actin stress fibers, lamellapodia formation, and cell migration146,189. pUL135 has 
previously been shown to interact with Abi-1, and the interaction with Abi-1 bridges an 
interaction with the WRC. EGFR endocytosis and actin-based vesicular transport are 
regulated by Abi-1 in complex with N-WASP, while macropinocytosis-type endocytosis 
of EGFR requires an interaction between Abi-1 and the WAVE complex143,190 Tyrosine 
phosphorylation of Abi-1 disrupts the WRC143,146. 

Abi-1	as	regulator	of	PI3K	p85α	(pY	Abi-1)	
 Abl kinase phosphorylates Abi-1 at Y213, Y421, and/or Y506 expelling Abi-1 
from the WRC and the WASP complexes. pY-Abi-1 associates with the SH2 domains of 
PI3K p85α191.  The occupation of the SH2 domains of the PI3K p85α subunit relieves 
PI3K of the normal inhibition imposed by p85α, enhancing PI3K signaling. 
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Figure 59: Abi-1 tyrosine phosphorylation by Abl kinase controls the activity of Abi-1.  
Left: Non-pY Ab-1 drives cellular adhesion by promoting the assembly of the WRC.  Right: pY 
Abi-1 rives PI3K signaling via interactions with PI3K p85α.  Figure adapted from146. 

Abi-1	as	component	of	signal	transduction	modules	with	Sos	
 Abi-1 is also an essential component of early signal transduction, through its 
association with mammalian homolog of Son of sevenless (Sos), a guanine exchange 
factor (GEF).  When Abi-1 forms a complex with Grb2 and Sos (Abi-1:Grb2:Sos), it is an 
activating GEF for Ras, which leads to activation of the MAPK cascade144,145,147.  When 
Abi-1 forms a complex with Eps8, PI3K, and SOS, (Abi-1:Eps8:PI3K:Sos), it serves as a 
GEF for Rac, which leads to the actin polymerization and the formation of lamellipodia 
via the WRC144-147,190 (Figure 59).  The balance between the (Abi-1:Grb2:Sos) and (Abi-
1:Eps8:PI3K:Sos) complexes dictates the outcome of growth factor stimulation towards 
PI3K/MPAK signaling or changes in cell morphology.   

Discussion 
 Our study demonstrates a requirement for interaction between pUL135 and both 
Abi-1 and CIN85 in regulating the trafficking and turnover of EGFR. Mutant viruses 
containing individual disruptions to SH3 ligands in pUL135 required for interaction with 
either Abi-1 or CIN85 did not significantly affect total or surface EGFR levels in 
fibroblasts. However, the combined disruption of both CIN85 and Abi-1 interactions with 
pUL135 significantly increased levels of total EGFR in fibroblasts (Figure 52, page 97). 
The increased total levels of EGFR in fibroblasts infected with ∆SH3cI/CIN85 correlated 
with enhanced cell surface levels of EGFR (Figure 53, page 98). This suggests that the 
interaction of pUL135 with both Abi-1 and CIN85 cooperatively modulate EGFR 
trafficking or turnover in infection.  Despite the increased levels of EGFR at the cell 
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surface, the efflux of EGFR from Rab5+ endosomes was slowed when UL135 or 
pUL135-host interactions were disrupted (Figure 54, page 99). In this case, the loss of 
the pUL135-CIN85 interaction alone was sufficient to induce the retention of EGFR in 
Rab5+ endosomes to a level equivalent to that of the full UL135 disruption (UL135STOP) 
or disruption of both CIN85 and Abi-1 (∆SH3cI/CIN85). From these results, we infer a 
model whereby pUL135 recruits Abi-1 and CIN85 to facilitate distinct steps in the 
trafficking of EGFR from the early endosome towards the lysosome for degradation. 
When these interactions are lost, EGFR accumulates in Rab5+ early endosomes and is 
available for recycling back to the cell surface, which results in enhanced surface levels 
of EGFR in ∆SH3cI/CIN85 infection.  

 The interactions between pUL135 and CIN85 and Abi-1, and therefore their 
modulation of EGFR, have an important role in reactivation of HCMV from latency. In 
contrast to infection in fibroblasts, EGFR surface levels are increased by WT HCMV 
infection in CD34+ HPCs relative to uninfected cells113. Disruption of the interactions of 
pUL135 with both Abi-1 and CIN85 further enhanced EGFR levels on the surface of 
CD34+ HPCs to that of the UL135STOP infection (Figure 55). Enhanced surface levels 
required disruption of both Abi-1 and CIN85 and mimicked the phenotypes observed in 
fibroblasts (Figure 52, page 97). These results suggest that the interactions between 
pUL135 and Abi-1 and CIN85 function similarly in CD34+ HPCs, but with greater 
significance for infection. Disruption of these host interactions, individually or in 
combination, abrogated the ability of HCMV to reactivate from latency in CD34+ HPCs 
(Figure 56, page 102). Therefore, these studies mechanistically link the modulation of 
EGFR trafficking to reactivation. 

 Stanton et al. previously demonstrated that the interaction between pUL135 and 
Abi-1 recruited the WAVE complex, including Wave2, CYFIP1/Sra1, and Nap1, to 
facilitate the depolymerization of actin filaments and actin stress fibers86. This prevented 
the formation of a functional immune synapse, and protected infected cells from both NK 
and CD8+ T cell recognition and cytolysis. The roles of pUL135 in mediating the actin 
cytoskeleton and trafficking and turnover of EGFR are likely linked. Stanton et al. also 
detected an interaction between the C-terminus of pUL135 and talin, which diminished 
cell adhesion86. While we also identified talin as a candidate interaction by IP/MS 
experiment, but it was excluded from further analysis because it was also detected in 
our negative control. 

 Chimpanzee CMV (ChCMV) UL135 is the only known ortholog of HCMV 
UL13567,192. (Figure 6, Figure 7, page 30)  Interestingly, ChCMV also contains putative 
SH3cI and CIN85 ligands, at approximately the same locations as HCMV pUL135 
(Figure 60), suggesting that ChCMV pUL135 may functional similarly to its human 
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homologue. While Rhesus CMV (RhCMV) has a positionally conserved region 
corresponding to the HCMV and ChCMV ULb’ region, these RhCMV genes share little 
identity with HCMV ULb’ genes. There is no ULb’-like region or genes in lower orders, 
such as murine or Rat CMV. This suggests that pUL135 and its downregulation of 
EGFR is a conserved adaptation to high order primates.   

 

Figure 60: ChCMV pUL135 also contains SH3cI and CIN85 ligands. Top schematic shows 
HCMV pUL135, the bottom schematic shows ChCMV pUL135.  SH3cI ligands (KxxPxxP) are 
shown in light grey, CIN85 ligands (PxxxPR) are shown in dark grey.  The first of the two 
CIN85 ligands in ChCMV matches the more strict (Px[P/A]xPR) CIN85 consensus ligand 
sequence. 

 The co-evolution of viruses, especially herpesviruses, with their hosts has 
allowed deep integration of viral mechanisms into host pathways, including the EGFR-
PI3K pathways. EGFR and it’s downstream signaling effects are key regulators of 
cellular homeostasis, growth, adhesion, and survival (reviewed in193,194). Many viruses 
stimulate EGFR and PI3K/Akt signaling pathways during lytic replication to induce anti-
apoptotic responses, stimulate transcription factors required for viral replication, and 
stimulate cell transformation for continued viral survival195.  Like most herpesviruses, 
HCMV glycoprotein binding and viral entry potently stimulates EGFR/PI3K196, activating 
downstream signaling pathways to change cellular transcription, morphology, motility, 
and survival197-200.  After HCMV entry and viral gene expression, HCMV uses multiple 
methods to negatively regulate EGFR, including transcriptional repression of EGFR 
synthesis via induction of the transcription factor WT1 during replication in fibroblasts172. 
Interestingly, despite the virus-induced reduction in EGFR total and cell surface levels, 
HCMV infection retains active EGFR in the VAC compartment independently of EGF 
ligand, isolating the cell from its environment or the need to receive exogenous EGF 
ligand stimulation113. This work begins to mechanistically define the means by which 
HCMV regulates EGFR trafficking and turnover as another aspect of the HCMV’s ability 
to manipulate and isolate the host cell, creating or maintaining conditions suitable for 
viral reactivation and replication. The ability of HCMV to isolate the cell from 
perturbations to homeostasis has important implications for host signaling, stress 
responses, and metabolism201,202.   
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 As a general theme, herpesvirus latency requires PI3K/Akt signaling to maintain 
latency, and downregulate it to promote reactivation. HSV-1 latency requires sustained 
PI3K-Akt signaling provided by nerve growth factor to maintain latency; interruption of 
nerve growth factor signaling or disruption of sustained PI3K-Akt signaling leads to an 
epigenetic de-repression of lytic gene promoters and increases the frequency of 
reactivation203,204.  Similarly, Epstein-Barr Virus (EBV) latent membrane protein 1 (LMP-
1) induces increased EGFR expression205, while both LMP-1 and LMP-2a stimulate 
sustained PI3K signaling.  Kaposi’s Sarcoma Herpesvirus (KSHV) protein K1 is 
expressed during lytic and latent infections, and activates PI3K signaling206,207.  KSHV 
with a K1 deletion KSHV reactivates poorly from latency207, and inhibition of the PI3K 
pathway stimulates KSHV reactivation208.  Consistent with these studies, inhibition of 
EGFR or PI3K stimulates reactivation of latent HCMV113,209. Further, the induction of 
EGFR expression in CD34+ HPCs observed after HCMV infection is an important aspect 
of creating conditions supportive of latency209 and HCMV latency requires sustained 
PI3K signaling113. 

 EGFR adaptor proteins are both the stoichiometric and functional limiting factors 
in the EGFR/PI3K signaling cascade, due to their low expression levels210. Due to their 
low levels, targeting EGFR signal transduction adaptor proteins, including Abi-1 and 
CIN85, represents an efficient means to control EGFR signaling and exert maximal 
influence on the cellular environment. The multifunctional HSV-1 immediate early gene 
ICP0 antagonizes to EGFR and PI3K-Akt signaling through an interaction with CIN85211. 
Further, interaction between CIN85 and ICP0 recruits Cbl to down regulate Nectin-1 at 
the surface of infected cells and prevents super infection212. Because EGFR/PI3K 
signaling promotes the establishment of latency and its attenuation enhances 
reactivation, we postulate that UL135-mediated control of EGFR is to primarily regulate 
exit from latency. However, because EGFR is a receptor for HCMV entry213,214, it is also 
possible that the decrease of surface EGFR may prevent HCMV superinfectionx. 

 In addition to the regulation of EGFR trafficking, we have recently demonstrated 
that HCMV infection induces the retention of a number surface proteins in EEA1+ early 
endosomes following their endocytosis173. HCMV-mediated retention of cargoes in the 
early endosome and prevention of recycling back to the cell surface may be a 
ubiquitination-dependent phenomenon, as overexpression of the deubiquitinase 
TRE17/USP6 restores surface levels of some CIE cargo in the context of HCMV 
infection173. These studies together suggest that regulating endocytic trafficking is a 
critical point of host control in virus infection that significantly impacts outcomes of 

                                                
x Superinfection is the process by which an infected cell is re-infected by another 
virus particle. 
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infection. Going forward, it will be important to determine how pUL135 and its 
recruitment of CIN85 and Abi-1 impact the retention affect cargos other than EGFR, and 
to understand how these interactions control EGFR/PI3K/Akt signaling.  

Future directions: 

Identify which ligands within pUL135 are necessary and sufficient 
for interaction with CIN85 

 In our mapping of the potential CIN85 ligands within pUL135, we used the most 
generic consensus sequence of the CIN85 ligand, PxxxPRy.  However, the consensus 
sequence of CIN85 SH3 domains is often Px[P/A]xPR169,170, with occasional substitution 
of valine, isoleucine, or leucine at the third position.  Using the more stringent 
consensus sequence of Px[P/A]xPR excludes the third (PQKPPR) and fourth (PPRNPR) 
of the CIN85 ligands within pUL135.  The second CIN85 ligand (PPVTPR) is less certain, 
as the second SH3 domain of CIN85 will tolerate the third residue being valine169.  
Future studies should attempt to separate the essential CIN85 ligands from the non-
essential CIN85 ligands.  

 While the three domains of CIN85 bind to similar peptide sequences, each of the 
SH3 domains interact with unique binding partners, with unique phenotypic effects.  For 
example, while all three domains can bind to Cbl, the second SH3 domain (SH3-B) is 
absolutely required for Cbl binding170. Dynamin 2, which is important for membrane 
scission the trafficking of cargo out of endosomes via tubular structures, only binds to 
CIN85 SH3-A and SH3-C. Spouty-2, which inhibits EGFR internalization and 
degradation, similarly only binds to CIN85 SH3-A and SH3-C.  Identifying which of 
CIN85 SH3 domain(s) are necessary for interaction with pUL135 could refine our 
understanding of which processes pUL135 could be blocking. 

 GST pull-down assays are most practical way to identify the CIN85 SH3 domains 
and ligands mediating the interactions.  The SH3 domains of CIN85 can be individually 
cloned into GST expression vectors, transfected into mammalian cells, and then used to 
pan for pUL135 from infected or transfected cells170.  In a parallel experiment, the full-
length CIN85 can also be cloned into a GST expression vector, then a key tryptophan 
each SH3 domain to tyrosine (WèY) to render the SH3 domain unable to bind ligand, 
as previously reported for CIN85183.  Then, the full length CIN85 with SH3 W-Y 
mutations could be used to pan for pUL135 to determine which SH3 domains are 
necessary for interaction with pUL135.  Using the same GST-CIN85 and GST-CIN85 

                                                
y See Figure 48 and associated sections (Page 76) for details  
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mutant constructs, we could pan for various ligand-mutated forms of pUL135, to 
determine which ligands are necessary and sufficient for CIN85 interaction. 

Does pUL135 co-localize with endosomes? 
 The interaction of pUL135 with CIN85/Abi-1 expedites EGF/EGFR efflux from the 
Rab5+ early endosome, implying that pUL135 is likely associated with the Rab5+ early 
endosome.  However, repeated attempts to co-localize pUL135 with endosomes of any 
kind in fixed cells have not been successful, and pUL135 shows only diffuse membrane 
staining with a cytoplasmic haze.  I hypothesize that pUL135 is at the early endosome, 
and perhaps the interaction is lost during fixation.  One potential solution to bypass the 
fixation step and image pUL135 in live cells, which has been reported to enable 
localization of CIN85 to endosomes, which was not detected in fixed cells149.  Rather 
than fusing a large fluorescent protein onto pUL135, potentially altering it’s localization 
or function, I recommend tagging the C-terminus of pUL135 with a FlAsH amino acid 
sequence (CC[G/P]CC), which can be detected in live cells with a small, bright, 
membrane permeable fluor, known as FlAsH215.  pUL135-FLASH, in combination with a 
GFP-tagged Rab and/or fluorescent ligands, may be able to detect if pUL135 is indeed 
localized to endosomes.  

What is the role of pUL135 association with CIN85 vs. CD2AP in 
infected cells? 

 While we have characterized the interaction between pUL135 with CIN85, 
CD2AP was also detected by IP/MS.  Although the functions of the two proteins are 
largely assumed carry out similar functions, they can have diverging consequences in 
the context of immune cells and kidney podocytes180,216,217.  Because the two proteins 
bind to the same ligands, there is no way to create a pUL135 mutant that interacts with 
only one of the two proteins. While CIN85 and CD2AP can form homo-dimers and 
homo-tetramers, they can also form hetero-tetramers with each other via their coiled-coil 
domains150, further complicating attempts to separate their functional contributions. 

 Resolving the relative contributions of CIN85 and CD2AP to pUL135 functions is 
non-trivial, as a direct RNAi knockdown of either protein has pleiotropic effects, as does 
overexpression of dominant negative forms of CIN85 or CD2APz.  In the absence of 
better options, characterizing viral replication in endothelial and fibroblast cells using 
RNAi knockdown of CIN85 and/or CD2AP is the most direct means forward.  I believe 
assaying the replication (low MOI CMV growth curve), and the morphology of virions (by 
                                                
z Dominant negative forms of CIN85 and CD2AP can include either W-Y mutations 
in the SH3 domains, rendering them unable to bind ligand, or overexpression of the 
coiled-coil domain, which prevents tetramerization.   
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electron microscopy) in the context of CIN85/CD2AP knockdown could illuminate the 
relative contributions of CIN85 and CD2AP interactions with pUL135. 

Are the interactions between pUL135 and CIN85/Abi-1 activated or 
inhibited by RTK activation? 

 The actions of both Abi-1 and CIN85 are ligand-stimulated; Abi-1 and CIN85 
exist in the cytosol or attached to inactive membrane domains in a resting cell.  Only 
upon ligand stimulation are Abi-1 and CIN85 recruited to RTKs, phosphorylated, and 
activated.  Based on the known roles of CIN85/Abi-1, and the phenotypes of pUL135 
mutants, I hypothesize that the interactions of pUL135 with Abi-1 and CIN85 are ligand-
inducible.  To date, the co-immunoprecipitation of pUL135 with Abi-1 and/or CIN85 has 
been extremely challenging and the interactions frustratingly ephemeral in steady-state 
cells.  One potential reason for this experimental difficulty could be that I was attempting 
to detect a conditional interaction under the wrong conditions.  Future experiments 
should include interaction screens under serum-starved, resting, and cells stimulated 
with a short timecourse of EGF (1, 5, 10, 45 post EGF stimulation), to identify if the 
interactions between pUL135 and CIN85/Abi-1 are conditional, or at least enhanced 
under specific conditions. For this investigation, the use of cell types beyond fibroblasts 
should be considered.  The interactions between CIN85, pUL135, and CD2AP were 
readily detectable by co-immunoprecipitation in endothelial cells, unlike the intermittent 
success of co-immunoprecipitation in fibroblasts, perhaps endothelial cells would 
provide a more tractable system.   

Are the interactions between pUL135 and CIN85/Abi-1 activated or 
inhibited by RTKs? 

 We do not yet know the properties of Abi-1 and CIN85 that co-precipitate with 
pUL135.  The phosphorylation state of Abi-1 is tightly controlled, and different phospho-
forms of Abi-1 have unique functions.  Similarly, phosphorylation also controls the 
folding and interactions of CIN85. Determining which forms of Abi-1 and CIN85 interact 
with pUL135 would provide a significant insight into how pUL135 is impacting the 
infected cell, and which processes (phospho-forms of Abi-1/CIN85) pUL135 is 
interacting with.  There are many options available to determine the phosphorylation 
state of Abi-1 and CIN85. 

• Non-phosphorylatable mutants of Abi-1 and CIN85 have been described149,218. 
Mutant forms of Abi-1 and CIN85 that cannot be phosphorylated could be employed 
in the context of an overexpression system to determine if the pUL135-Abi-1 or 
pUL135-CIN85 interaction is possible without phosphorylation. This is the most 
direct manner to determining the phosphorylation nature of Abi-1 and CIN85 that 
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interact with pUL135, as both Abi-1 and CIN85 can be each phosphorylated on 
multiple residuesaa, where different phosphorylation patterns are associated with 
unique phenotypes.  

• If a co-immunoprecipitation assay were robust enough to pull down significant 
quantities of CIN85 or Abi-1, either phospho-specific Abi-1 antibodiesbb or anti-
phosphotyrosine/anti-phosphoserine antibodies could be used to determine the 
phosphorylation state of endogenous CIN85 and Abi-1 interacting with pUL135. 

Does pUL135 alter the phosphorylation and ubiquitination of 
EGFR? 

 The alterations of EGFR total levels, surface levels, and trafficking through the 
early endosome are consistent with altered phosphorylation, adaptor recruitment, and 
ubiquitination of EGFR.  One of the most intriguing potential mechanisms would pUL135 
altering CIN85’s ability to activate p38 kinase via MEKK4 (Figure 58, page 106).  CIN85 
drives the p38 phosphorylation of EGFR at Y1045, which recruits Cbl to EGFR, driving 
EGFR ubiquitination and efficient trafficking through the early endosome149,185. pUL135 
binding to CIN85 is competing for the same SH3 domains of CIN85 that would bind to 
MEKK4. Analysis of the phosphorylation at Y1045 on EGFR and p38 has the potential 
to unlock the mechanism of how pUL135 is altering EGFR trafficking and signaling. Of 
all the potential investigations suggested in this work, I believe this is the most 
important.  If we find that WT pUL135 leads to increased activation of p38, we should 
also assess the activation of the upstream kinases, MEKK4, and MKK3/6. 

 If the p38 activation and EGFR phosphorylation at Y1045 are altered in WT vs. 
UL135STOP vs. UL135∆CIN85 viruses, analysis of the EGFR ubiquitination levels and 
kinetics could corroborate the hypothetical model of (pUL135 –| CIN85 è p38 è EGFR 
degradation). 

 If UL135 expression has no effect on p38 activation or EGFR pY1045, analysis of 
EGFR ubiquitination could still illuminate potential underlying differences and 
mechanisms of EGFR processing in the context of infected cells. 

                                                
aa Abi-1 can be phosphorylated on at least four serines and two tyrosines; CIN85 can 
be phosphorylated on at four tyrosines. 
bb Phospho-specific Abi-1 antibodies are widely available, phospho-CIN85 antibodies 
are not. 
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How do pUL135 and interactions with CIN85 and Abi-1 effect PI3K 
and downstream signaling? 

 While there are many potential avenues for pUL135 to control stimulatory 
signaling of EGFR, including alteration of surface levels, alteration of trafficking/recycling, 
co-opting the signaling bias of CIN85 on MEKK4/p38/JNK, and potentially augmenting 
or disrupting CIN85 interactions with PI3K, we do not know what the overall effect of WT 
or mutant pUL135 on signaling.   

• Luciferase reporter systems, such as reporters for EGFR-stimulated transcription 
factors, such as Serum Response Element (SRE), are inexpensive and 
experimentally expedient, but have historically been confounded by the off-target 
activation of reporter vectors by the potent transactivation activity of CMV IE1 and 
IE2 proteins.  Luciferase systems could be useful in the context of pUL135 
transfection, but their utility in infection could be challenging, as various UL135 
mutants express different amounts and ratios of IE proteins (Chapter 3; Figure 34). 

• The pathscan arraycc offers a more holistic approach to measuring many signaling 
pathways simultaneously, and is essentially a multiplex sandwich protein microarray 
used to quantitate phosphorylation state of various signaling proteins, and infer 
which modifications and pathways are stimulated/inhibited.  The pathscan arrays 
provide sixteen replicates on a single array, allowing for simultaneous investigation 
of various pUL135 mutants and EGF stimulation conditions on the same slide.   

 Viral modulation of host signaling is complex, and involves dozens of proteins 
influencing many metabolic pathways.  One potential simplify the complex network 
would be to directly assess if pUL135 can influence the interaction of CIN85 with PI3K 
p85α.  Experimentally, this would involve measuring the catalytic activity PI3K in the 
presence of CIN85 in vitro, as previous groups have done177, but with the addition of 
increasing doses of pUL135-GST or pUL135∆CIN85-GST purified from transfected cells.  
This is an in vitro kinase assay using radiolabeled 32P-ATP, PI3K, PI3K lipid substrates, 
with or without CIN85, followed by thin layer chromatography separation and detection 
of radiolabeled products.  An effect of pUL135 on CIN85’s ability to suppress PI3K 
activity would suggest that pUL135 is influencing PI3K signaling via CIN85; 
pUL135∆CIN85 would be used as a negative control, as it should not bind CIN85 or 
have an impact on PI3K activity.  

Potential roles of uninvestigated (candidate) pUL135 interactors 

The IP/MS and Y2H data sets did not contain previously identified 
                                                
cc Commercially available kits from Cell Signaling Technologies. 
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pUL135 interactors 
 pUL135 and pUL138 have both been detected to interact with EGFR113.  
Surprisingly, neither the IP/MS nor the Y2H screen identified EGFR as a candidate 
pUL135 interactor.  We do not yet know if the interaction between pUL135 and EGFR is 
direct or bridged by formation of a multi-protein complex. However, we do know the 
protein interactions of pUL135 and pUL138 does not require other viral proteins or viral 
infection, as the interactions occur in transiently transfected 293-T/17 cells113. 

 pU135 associates with pUL138 and pUL136, by co-immunoprecipitation from 
transfected 293-T/17 cells93, however neither pUL138 nor pUL136 were detected in the 
IP/MS screen for pUL135 interactors. 

The IP/MS and Y2H data sets contain improbable interactors 
 Several proteins identified by IP/MS and Y2H seem highly improbable as valid 
interactors.  The Y2H screen, while highly stringent for interaction, does not discriminate 
between genuine proteins, or random transcripts from intergenic regions not associated 
with a known transcript or protein (9 of 50 Y2H mates contained intergenic random 
sequences). Additionally, the IP/MS identified several interactors that seem improbable.  
The following candidate interactors were identified by (IP/MS or Y2H) and were 
excluded from consideration: 

• NT5E (IP/MS), also known as CD73 or 5’ Nucleotidase ectodomain, was identified 
as a candidate interactor by IP/MS.  This is an extracellular nucleotidase that 
degrades free phosphorylated nucleotide (ATP, AMP, GTP, and dNTPs).  It exists 
both as a secreted enzyme, and as a cell surface receptor, linked to the plasma 
membrane by a GPI anchor219.  It contains no transmembrane domain, and is not 
present to the cytosol, where pUL135 is located. 

• QSOX1 (IP/MS), also known as quiescin sulfhydryl oxidase I or sulfhydryl oxidase I, 
catalyzes the oxidation of free sulfhydryl groups to disulfides, and is involved in 
forming disulfide bonds on proteins destined for secretion.  QSOX1 is produced by 
quiescent cells, but not by proliferating cells.  QSOX1 is present in the lumen of the 
Golgi and as a secreted enzyme, and has only 16 amino acids exposed to the 
cytosol220.  Topologically, QSOX1 should not be able to interact with pUL135.  

• KIAA0100 (IP/MS) is a poorly characterized tumor antigen with high expression in 
breast cancer cells, normal placenta, and normal pancreas221. Little is known the 
function or nature of the protein.  It contains a signal peptide, no cytosolic domain, 
and is secreted222; due to its localization KIAA0100 should not be able to interact 
with pUL135. 
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• EFEMP2 (IP/MS), also known as EGF containing fibulin-like extracellular matrix 
protein 2, or simply “human fibulin 4” is an extracellular protein that interacts with 
basal membranes, and plays a structural role in tissues.  EFEMP2 is a secreted 
protein, and is not present in the cytoplasm except in cases of mutation or 
cancer223,224.  Based on its topology and localization, it should not be able to interact 
with pUL135. 

• SDF2  (Y2H, entire CDS present in clone), also known as stromal-cell-derived factor 
2 remains largely uncharacterized. SDF2 is localized primarily to the ER lumen, and 
plays a role in ER-stress responses225, is induced during the unfolded protein 
response226. Due to it’s localization, and lack of a transmembrane domain, it is 
topologically unlikely to interact with pUL135. 
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• ZNF350 (Y2H), also known as ZBRK1, is a ubiquitously expressed transcriptionally 
repressive zinc finger, which binds to the DNA sequence GGGxxxCAGxxxTTT, with 
a demonstrated role in repressing GADD45 transcription227.  Unfortunately, a 
sequence very similar to this motif (GGGxxCAGxxxTAT) is present in the upstream 
activating sequence (UAS) of the GAL4 constructs.  Only the C-terminus of ZNF350 
was identified in the Y2H screen, which encodes half of the DNA binding region 
(Figure 61). I hypothesize that ZNF350 is a false positive, due to direct binding on 
the GAL4 UASdd, although this potential explanation also fails to reconcile why 
screening the same cDNA library with different bait constructs failed to detect 
ZNF350.  While I hypothesize that ZNF350 may not be a valid interactor, it’s ability to 
repress GADD45 transcription would mechanistically fit with pUL135 suppression of 
hematopoiesis, as GADD45 signaling is essential for HSC self-renewal and 
hematopoiesis186.  The lytic origin of replication (oriLyt) of Epstein-Barr virus, 
contains a genuine and exact copy of the ZNF350 nucleotide binding sequence, and 
ZNF350 binds directly to oriLyt228, but the CMV genome contains no nucleotide 
sequences predicted to bind ZNF350.  While the interaction of pUL135 with ZNF350 
is possible, the interaction should be verified by a method other than Y2H. 

 

Figure 61: The Y2H screen identified the C-terminus of ZNF350 as a candidate pUL135 
interactor. 

The IP/MS and Y2H data sets contain plausible, but uninvestigated 
pUL135 interactors 

 We pursued characterization of pUL135 interactions with Abi-1 and 
CIN85/CD2AP, due to their known roles in EGFR trafficking and signaling.  Several 
other candidate pUL135 interactors were intriguing, and merit a brief discussion. These 
candidate interactions have not been validated or investigated.  

                                                
dd While anecdotal, a literature search showed that many Y2H screens using the 
GAL4 UAS identified ZNF350, regardless of bait construct.  The ZNF350 interaction 
was rarely verified by co-immunoprecipitation, GST pull-down in papers where it was 
listed as a candidate interactor. 
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AFP	
 AFP (Y2H – entire CDS represented in the Y2H cDNA clone), or α-fetoprotein, is 
a protein typically expressed only during fetal development and in neonatal tissues, and 
is structurally and functionally analogous to adult serum albumin proteins.  The cDNA 
clone of AFP from the Y2H screen encodes only the 58 C-terminal residues of AFP. I 
had initially discounted the significance of this protein, assuming AFP was exclusively 
secreted.  While the majority of AFP is secreted as an albumin, there are reports of 
cytoplasmic AFP229.  Surprisingly, AFP is not only a serum albumin, but also a driver of 
PI3K signaling; as AFP binds PTEN and de-represses Akt signaling229. While AFP is 
normally only expressed in fetal and neonatal tissues, some viral proteins, such as 
Hepatitis B protein X (HBx) activate expression of both AFP and AFP receptor to drive 
PI3K/AKT signaling, showing a precedent for virally induced expression of AFP in adult 
cells230.  Activation of AFP transcription alone, without AFP receptor can drive PI3K/Akt 
signaling231. Accordingly, we could investigate transcript levels of AFP in HCMV infected 
fibroblasts, endothelial cells, and HPCs by qRT-PCR, and assay viral replication the 
context of AFP RNAi knockdown, to determine if CMV infection is inducing production of 
AFP. 

CKAP4	
 CKAP4 (IP/MS) also known as ERGIC-63 or CLIMP-63 (Cytoskeleton Linking 
Membrane Protein, 63 kDa) is a structural transmembrane protein which anchors the 
endoplasmic reticulum to microtubules, stabilizing ER morphology232. While CKAP4 is 
ubiquitously expressed, the validity and/or functional significance of a CKAP4-pUL135 
interaction remain unknown. 

EPCAM	
 EPCAM (Y2H), also known as Epithelial Cell Adhesion Molecule or KSA, is a 
transmembrane protein with a 26-amino acid cytoplasmic domain233. Although the 
cytoplasmic domain is small, it is highly bioactive and plays key roles in anchoring 
EPCAM and cells to the cortical actin cytoskeleton234.  The Y2H cDNA clone of EPCAM 
included the cytosolic and transmembrane domains, as well as most of the extracellular 
domain (Figure 62). The transmembrane domain of EPCAM interacts with claudins235, 
and the cytosolic domain interacts with PDZ and alpha-actinin236. Interestingly, EPCAM 
directly antagonizes E-cadherin sequestration of α- and β-catenin, and can contribute to 
increased β-catenin signaling237.  The roles of pUL135 interactions with EPCAM and 
potential control of cell adhesion and signaling are an exciting, yet uninvestigated 
frontier. The expression of EPCAM is restricted to epithelial cell types, and we did not 
pursue a primary culture of epithelial cells. 
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 The pUL135-EPCAM interaction may play a role in the UL135-mediated loss of 
cell adhesion, in a mode similar to the pUL135-talin interaction86 

 

Figure 62: The Y2H cDNA clone of EPCAM includes part of the extracellular domain, and 
the entire transmembrane and cytosolic domains.  EPCAM is a type II transmembrane protein, 
with the C-terminus exposed to the cytosol.  At the bottom, the entire CDS is indicated with an 
open arrow, the top line shows different domains of the mature protein.  The cDNA clone is 
indicated with a grey box.  Abreviations: TMD indicates Transmembrane Domain, CSD is the 
cytosolic domain.  Nucleotide numbers refer to the reference mRNA sequence of EPCAM. 

MYH14	
 MYH14 (IP/MS), also known as  non-muscle myosin heavy chain 14, or non-
muscle myosin IICee, is an intriguing possible interactor for pUL135.  Although the 
Ingenuity Pathway Analysis predicts MYH14 to be an extracellular/secreted protein, it is 
ubiquitously expressed and located in the cytoplasm of most cell types238, and is also 
detected in the nucleus of many cell typesff.  Mutations to MYH14 cause hearing 
loss239,240, which is a common symptom of CMV infection in utero, although the 
connection may not be causal. MYH14 also interacts with ROCK1 and ROCK2 kinases 
in an EGF-induced manner241.  Further, ROCK1 is degraded via an unknown 
mechanism during CMV infection when pUL135 is present21. Future studies into the 
nature and consequences of pUL135-MYH14-ROCK1 may explain the mechanism of 
ROCK1 degradation, or provide the first mechanistic connection between CMV infection 
and fetal hearing loss. 

IDO1	
 IDO1 (Y2H – entire CDS represented in Y2H cDNA clone), or indoleamine-2,3-
dioxygenase is an interferon-inducible enzyme that converts free tryptophan to n-
formylkynurein, depleting pools of free tryptophan to restrict the replication of bacteria or 
viruses.  IDO1 induction broadly restricts the replication of many viruses, including HSV-
1, HSV-2, hepatitis C, measles, influenza, vaccinia, and CMV, and has 
immunomodulatory roles beyond the catalytic depletion of free tryptophan242. The role of 
                                                
ee MYH14 is not the same as unconventional Myosin-14 (MYO14). 
ff Nuclear localization of MYH14 is observed with Human Protein Atlas validated 
antibodies, see www.proteinatlas.org for details and images. 
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IDO1 in HCMV replication has previously been investigated243-245, and CMV infection 
antagonizes IDO induction during lytic infection, by antagonizing the interferon-gamma 
response via multiple mechanisms.  IDO induction was identified as an antiviral innate 
immune response to CMV in both ARPE-19 epithelial cells and MRC-5 fibroblasts; 
siRNA knockdown of IDO1 significantly increases viral titers, and over-expression of 
IDO1 causes a significant drop in viral titers. Supplementation with additional tryptophan 
reduces HCMV sensitivity to IDO1 expression.  While the antiviral effects of tryptophan 
supplementation are intriguing, the virus has a constellation of other mechanisms to 
block the induction of interferon-stimulated genes in infected cells, and I hypothesize 
that IDO1 induction is only restrictive to virus replication at low MOIs, where cells 
exposed to interferons are pre-activated to an antiviral state, slowing the spread of virus 
plaques.  However, an investigation of the tryptophanèn-formylkynurein conversion in 
fibroblasts infected with WT and UL135STOP could immediately identify if pUL135 is 
regulating IDO1 activity. Alternatively, we could assay UL135myc and UL135STOP 
replication in to a low MOI growth curve in cells transfected with IDO1 siRNA or a control 
siRNA.   

 An immediately practical aspect of IDO1 induction is that simple tryptophan 
supplementation of the media used to create virus stocks can boost viral yields of WT 
virus from fibroblasts by ~50%245 gg.   

IL2RG	
 IL2RG (Y2H – entire CDS represented in the cDNA clone), also known as the 
“common gamma chain” of interleukin receptors is an immune receptor chain common 
to many interleukins. The specificity of interleukin receptors dictated by one or more 
modular receptors, which pair with IL2RG to transmit signals across the plasma 
membrane.  Although named for IL-2, the common gamma chain also associates with 
other interleukin receptor subunits and transduces the signals for IL-2, IL-4, IL-7, IL-9, 
IL-13, IL-15, and IL-21.  While a full discussion of the functions of each of these 
individual interleukins is beyond the scope of this work, these interleukins are necessary 
for HSC growth, lymphoid differentiation, and controlling the activity and fate of immune 
cells.  Although the consequences of IL2RG stimulation vary depending on binding 
partners and cell types, IL2RG activation always stimulates the JAK/STAT pathway, and 
often stimulates PI3K/MAPK signaling pathways. IL2RG is expressed on most 
lymphocytes, including monocytes/macrophages, which are an important route of CMV 
dissemination.  IL2RG is not expressed in fibroblasts, but it is expressed in lymphoid 

                                                
gg DMEM contains 16ug/mL tryptophan, supplementation to 200ug/mL relieves the 
antiviral effect of IDO1245.  For comparison, the normal adult serum concentration of 
free tryptophan ranges from ~40-160ug/mL. 
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cells, myeloid cells, and CD34+ HPCs246, where future interactions should be studied.  If 
pUL135 interaction with IL2RG can be validated, it would suggest that pUL135 is 
manipulating the immune response to CMV.   

 IL2RG plays a critical role in the creation of functional lymphocytes; IL2RG-/- 
knockout mice have severe combined immunodeficiency (SCID) and are largely devoid 
of functional lymphocytes247.  The potential link between pUL135 and IL2RG may 
account for the defects in hematopoiesis associated with CMV infection (See section: 
pUL135 & Hematopoesis, on page 102). I feel the potential link to IL2RG merits future 
exploration, as may hold a direct mechanistic connection to clinical pathology due to 
suppression of hematopoiesis in HSCT recipients. 

PGM1	
 PGM1 (Y2H), or phosphoglucomutase-1 is a cellular enzyme that transfers a 
phosphate group between positions 1 and 6 of glucose (Glucose-1-P <==> Glucose-6-
P).  While all cell types express low levels of PGM1, it is highly expressed in the liver 
and muscle tissues248. While lytic CMV exerts extensive metabolic control over 
metabolism249,250, regulation of PGM1 is via an activating phosphorylation of PGM1 
serine 466251, and I found no precedent for other protein-protein interactions influencing 
the activity of PGM1. While CMV infection increases the rate of glycolysis and glucose 
import significantly, neither of these processes require PGM1 or ULb’, as the effects are 
observed with lab-adapted strain AD169252,253.  Because PGM1 is a bidirectional 
enzyme that converts substrates either “forward” or “backward” based solely on 
substrate availability, I am skeptical that pUL135-PGM1 interactions have any impact on 
PGM1 activity in the infected cell.  

 

Figure 63: The Y2H screen identified the C-terminus of PGM1 as a candidate pUL135 
interactor 

PSMA7 
  PSMA7 (entire CDS present in Y2H prey clone), also known as proteasome 
subunit alpha 7, XAPC7, or simply proteasome subunit α4, is a component of 
mammalian 20S proteasome core254.  While it is difficult to speculate on the potential 
effects of a UL135-PSMA7 interaction, due to the breadth of proteasome substrates, 
several known phenotypic roles of PSMA7 are alluring. First, PSMA7 represses the 
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activity of RIG-I and MAVS, two components of the innate immune system; induction of 
PSMA7 further represses RIG-I, MAVS, and IFN-β promoter activity, while RNAi 
knockdown of PSMA7 amplifies the innate immune response mediated by RIG-I, MAVS, 
and IFN-β255.  Although CMV potently antagonizes MAVS and IFN-β signaling via other 
mechanisms (EG: US9256, IE2123, pUL83/pp65257), this does not exclude the possibility 
that UL135 serves an additional role in evasion of the innate immune system.  Secondly, 
PSMA7 associates with Rab7, recruiting proteasomes to Rab7+ late endosomes and 
multivesicular endosomes, where PSMA7 retards the late endocytic trafficking of 
ubiquitinated EGFR258.  Third, there is a precedent for viral regulation of proteasomes 
via PSMA7 – Hepatitis B X protein (HBX) associates with PSMA7 and restricts the 
global rate of proteasome rate of catalysis259.  Finally, Abl kinase and Abl-related-gene 
(Arg, an Abl homolog) associate with and kinase PSMA7, and tyrosine-phosphorylated 
PSMA7 licenses the G1/S and S/G2 progression260.  This implies that PSMA7 
phosphorylation can alter the substrates and activity of the proteasome, perhaps in a 
manner to facilitate CMV replication. 

USP1	
 USP1 (entire CDS present in Y2H prey clone), also known as ubiquitin-specific 
peptidase 1, is broadly expressed in many tissues, and is highly expressed in lymphoid 
and bone marrow cells261. USP1 cleaves poly-ubiquitin chains of the following types: K6 
(non-proteasomal degradation, DNA damage response), K11 (cell cycle control via 
anaphase-promoting complex), K48 (canonical proteasomal degradation tag for 
cytosolic proteins), and K63 (canonical endocytic ubiquitination tag, directing protein 
trafficking to MVB/lysosomal degradation)262. In some contexts, USP1 prevents the 
degradation of an Akt inhibitory protein, PHLPP1, indirectly suppressing PI3K/Akt 
signaling263; inhibition of PI3K/Akt signaling has been shown to drive viral replication113.  
Therefore, an indirect consequence of USP1 is to suppress PI3K/Akt signaling, UL135 
may be coopting this functionality. 

 Interestingly, a pUL138-interacting protein, WDR48hh (also known as UAF1) 
activates the catalytic activity of USP1262.  If USP1 interaction with pUL135 can be 
verified, it would be an additional linkage connecting the functions of UL135 and UL138. 

                                                
hh Unpublished data, WDR48 was identified as candidate pUL138 interactor by 
IP/MS. 
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Chapter 5: Materials and Methods 

Cells and viruses: 

Cells: 
Primary human fibroblasts, MRC-5 and MRC-9 were purchased from ATCC (CCL-171 
and CCL-212, respectively), and were maintained as prescribed by ATCC protocols.  
Briefly, cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 4.5g/L 
glucose and 2mM glutamine, supplemented with 10mM HEPES free acid, 2mM L-
alanynyl-glutamineii, 1mM sodium pyruvate, 0.1mM supplementary non-essential 
amino acids, 100U/mL penicillin, 100ug/mL streptomycin, and 10% FBS. Confluent 
monolayers were split 1:4, and cells were not passaged beyond passage 28.  

HEK 293-T/17 (ATCC#CRL-11268) were cultured in the same media as fibroblasts.   

Primary HUVEC and HMVEC cells were purchased from Lonza, and cultured as 
described by the manufacturer. Culture details are provided in265. 

Stromal cells Sl/Sl and MG3 for LTBMC were obtained from D. Hogge, (University of 
British Columbia, Vancouver, British Columbia), and maintained and irradiated as 
previously described49.  

Primary human CD34+ cells were obtained from cord blood or de-identified medical 
waste generated from clinical bone marrow harvests from healthy donors, under 
approved protocols at the Unviersity of Arizona Medical Center (now known as Banner 
Medical Center of Tucson), as previously described88,113.  CD34+ cells were purified 
using a Miltenyi positive selection magnetic purification kit on Miltenyi LS columns 
(Miltenyi #130-046-703, #130-042-401), as prescribed by the manufacturer.  Purification, 
cryopreservation, thawing, and culture of primary CD34+ HPCs is described in49.  
Purified CD34+ cells were screened to determine purity, by flow cytometry with an 
antibody to the CD34+ surface antigen. Only CD34+ samples of greater than 75% purity 
were used for latency assays. 

Cells were cryopreserved in (40% culture media, 50% FBS, 10% DMSO), in a 
controlled-rate freezing chamber (Mr. Frosty, Nalgene-Nunc), prior to long-term storage 
in liquid-phase storage in liquid nitrogen. 

                                                
ii Commercially known as “GlutaMax” and available from other suppliers, L-alanyl-
glutamine is more stable than L-glutamine in culture 264. 
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Hematopoieitic progenitor cell colony forming assays 
HPC colony forming assays were generously conducted by Dr. Jason Buehler, using the 
Methocult colony forming media (StemCell Technologies #H4435, methylcellulose 
medium with containing recombinant SCF, IL-3, IL-6, EPO, G-CSF, GM-CSF in an 
IMDM base), according to manufacturer’s guidelines266.  Colonies were counted and 
classified after 11-13 days in culture. 

Transfection of plasmids: 
Plasmids were transfected into cells using either electroporation (primary fibroblasts), or 
Polyethyleneimine (PEI) transfection.  The methods of plasmid electroporation are as 
described in the section “Reconstitution of CMV stocks from BAC DNA” (Page 127).  
Generally, ~3ug of purified plasmid DNA was used per 4x106 fibroblasts.  Transfection 
of plasmids with 25 kDa linear PEI (Sigma-Aldrich or Polysciences) was conducted as 
described in 267, optimized using the protocols set forth in 268.  A ratio of 4ug PEI per 1ug 
DNA was found to be most efficient for HEK 203-T/17 cells.  

Viruses: 
The clinically-derived CMV strain VR1814 was cloned to create the “Fusion-inducing 
factor X” or “FIX” strain BAC as described in 269, and I added an SV40-GFP cassette to 
the BAC as described in 67.  CMV strain TB40/E BAC was provided as a gift from 
Christian Sinzger, and it’s creation is described in 13.  Addition of an SV40-GFP cassette 
was performed using the same primers and methods described in 67.  Creation and 
characterization of FIX- and TB40/E-CMV BACS containing C-terminally myc-tagged 
UL133, UL135, UL136, and UL138 are described in 67.  Creation of TB40/E UL1353xFLAG 
is described in 90. 

All BAC recombineering was conducted as described in 16.  Plasmid pGalK and bacterial 
strains SW102, SW105 and SW106 were generously provided by the S. Warming and D. 
Court, at National Cancer Institutejj.  A general schematic illustrating the GalK selection 
and counterselection is shown as (Figure 64) 

                                                
jj See https://redrecombineering.ncifcrf.gov/ for helpful protocols, tips, and access to 
recombineering reagents. 
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Figure 64: A simplified illustration of the GalK selection and counterselection strategy for 
BAC mutagenesis.  In the first step (left), a GalK cassette (GalK) is flanked by two homology 
arms (H1, H2), which target its recombination to the insertion site of the user’s choosing.  
Successful recombinants are selected by the ability to grow on Galactose media.  In the second 
step (right) the same homology arms flank a dsDNA cassette containing the new sequence of 
interest (denoted by asterisk). Bacteria harboring non-recombined GalK+ sequences are killed 
during 2-DOG selection.  Adapted from 16 

 

 Lentiviruses were created in HEK 293-T cells using the plasmids pCIG 
(transgene to be packaged), in conjunction with second generation packaging plasmids, 
psPAX2kk and pMD2.g (VSV-G), as described by 270, with the following modifications: 
Tissue culture dishes were not coated with poly-L-lysine, PEI transfection was employed 
rather than calcium phosphate.   

Reconstitution of CMV stocks from BAC DNA 
 Our CMV recombinants are stored as BAC genomes in E Coli, and are 
reconstituted to infectious virus by transfection of BAC genomes into fibroblasts. 

• E Coli were grown to an OD600 of 1-2 at 32C in either LB or TB media with 
15ug/mL chloramphenicol. 

• E Coli were pelleted, and DNA was purified by alkaline lysis, with special care to 
minimize shaking, shearing or rough treatment of the soluble DNA. 

                                                
kk psPAX2 and pMD2.g were gifts from Didier Trono (Addgene plasmid # 12260 and 
12259, respectively).   
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• BAC DNA was precipitated from alkaline lysis supernatant by addition of 0.735 
volumes of room temperature isopropanol, followed by centrifugation for 10 
minutes at 10,000xg.   

• The DNA pellet is washed twice with 70% ethanol, then resuspended in 20mM 
Tris, 10mM EDTA, 150mM NaCl for one hour at room temperature, then re-
precipitated with 0.7 volumes of absolute ethanol, then pelleted by centrifugation 
for 10 minutes at 10,000xg, followed by two more washes with 70% ethanol.   

• The final BAC DNA is stored at -20C until needed. 
• BAC DNA is resuspended for 2-12h in 10mM Tris, 0.1mM EDTA, then quantified 

by nanodrop. 
• 15-20ug of BAC DNA and 2ug of plasmid pCGN-pp71 271 was transfected into 

2x106 low passage MRC-5 or MRC-9 fibroblasts in Ingenio electroporation buffer 
(Mirus Biotechnology).  Electroporation parameters were either 130 volts, time-
constant of 28 milliseconds, exponential decay pulse (2mm cuvette, 200uL 
Ingenio electroporation buffer), or 260 volts, time constant of 28 milliseconds, 
exponential decay pulse (4mm cuvette, 400uL Ingenio electroporation buffer).   

• Immediately after electroporation, cells were recovered from the electroporation 
cuvette and plated into a 10cm tissue-culture treated dish (Sarstedt) containing 
12mL of pre-warmed CO2-equilibrated DMEM fibroblast growth media containing 
10% FBS and no penicillin or streptomycin.   

• 12-18 hours after transfection, dead cells were washed away from the plate with 
a PBS wash, and media was replenished with fresh fibroblast growth media. 

• 7 days after transfection, we looked for GFP+ (successfully transfected) cells 
using an inverted fluorescence microscope.  If no GFP+ cells were observed, we 
checked again at 10 days after transfection. 

• If GFP+ cells are visible by 10 days post transfection, cells media was 
replenished every 5 days, and cells were split 1:1.5 every 10 days to facilitate cell 
growth and dispersion of viral infected plaques.  This process was repeated until 
the cells cover 4x 15cm tissue culture treated dishes, at which point cells were 
supplied with fresh media every five days.   

•  When ~75% of the cells display cytopathic effects (CPE) of infection, the 
supernatant was collected, and the cell monolayer was scraped and collected. 
The cells and supernatant were then pooled, mixed with 1/4th volume of IMDM 
containing 4% (w/v) tissue-culture grade BSA, then passaged through a series of 
18 gauge, 20 gauge, and 24 gauge sterile syringe needles to completely lyse 
cells.  The resulting homogenate is referred to as a P0, and is aliquotted and 
frozen. 
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Amplification and Partial purification of HCMV stocks: 
 HCMV stocks generated by the P0 contain interferons, cellular and mitochondrial 
debris, and other components inimical to repeatable study.  In my experience, P0 stocks 
have titered to no more than 8x105 PFU/mL.  To amplify CMV stocks for lab-scale 
purification, 3 full-size (1850cm2) roller bottles of confluent fibroblasts are infected with a 
small volume of P0 stock for 4-24 hours for virus absorption, followed by a removal of 
virus inoculum and re-feeding with fibroblast growth media containing 1% FBS and 
20mM HEPES.  Infection is monitored by GFP+ and CPE until ~70% of the cells show 
CPE.  At this point, the cell free virus (supernatant) can be collected, the cells re-fed with 
fresh 1% FBS DMEM.  In our experience, the cells can produce additional virus harvests 
at 2 days and 4 days after the initial collection. Then, cell-free virus is purified as follows: 

• Virus-containing supernatant is collected from roller bottle and transferred to 
50mL conicals, which are and sonicated with three 600-millisecond pulses at 
power 8 in a Branson 250 sonicator fitted with a 3-inch cup horn.  This sonication 
dis-aggregates CMV, and releases some of the cell-debris associated CMV. 

• The sonicated supernatant is immediately centrifuged at 3,200xg for fifteen 
minutes, and the supernatant is transferred to a fresh vessel, and the pellet is 
discarded.  This centrifugation removes much of the cellular debris. 

• SW28 tubes are sterilized with 70% ethanol, and then rinsed with sterile water.  
33mL of roller bottle supernatant is transferred to each ultracentrifuge tube, then 
underlaid with 6mL of 20mM D-Sorbitol, 50mM Tris-HCl pH 7.2, 1mM MgCl2 272. 
The viral particles are then centrifuged through the sorbitol cushion, at 
20,000rpm in the ethanol-sterilized and dried buckets of a Beckman SW28 rotor 
(71,900xg) for 80 minutes with acceleration and deceleration profiles appropriate 
for a swinging-bucket rotor. 

• After pelleting the virus, the supernatant is aspirated and discarded, and then the 
sorbitol overlay is carefully aspirated and discarded.  Virus preparations were 
gently resuspended in 1/100th the original supernatant volume of 20% BIT-9500, 
2% BSA, and 10mM HEPES in an IMDM base.  Virus is pooled, aliquotted, and 
stored at -80C prior to titering. 

Purification of CMV NIEPs, Virions, and Dense Bodies 
 Purification of virions, NIEPs, and dense bodies was performed according to 
established protocols5,273. After isolation of viral particles, they were recovered from 
solution by dilution in 3 volumes of PBS containing 1mM MgCl2, followed by 
centrifugation at 100,000xg for one hours in a Beckman TLA-100 or SW50.1 rotor, 
followed by resuspension in 1x SDS Page buffer containing 10% (v/v) BME. 
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 Later attempts to purify UL135STOP virions used a linear gradient of potassium 
tartrate, rather than the glycerol-tartrate combined velocity-equilibrium gradient of 5.  A 
top solution of 31% potassium tartrate was formulated in TN buffer (100mM NaCl, 50mM 
Tris-HCl pH 7.4, 1mM MgCl2) and a bottom solution of 40% potassium tartrate in TN 
was prepared and sterile filtered.  Equal volumes of top and bottom solution were 
layered to fill an SW40 ultra-clear tube (Seton Scientific) and a “Tall” Gradient Master 
cap was added.  Using a gradient master automated gradient maker, the tubes were 
rotated to 83 degrees from vertical and rotated at 20 rpm for one minute. Concentrated 
virus was added to the top of the gradient, and then spun at 36K rpm in an SW40 rotor 
for 5 hoursll.  Virions and NIEPs will co-focus into an upper band, while dense bodies will 
focus into a lower band.  Multiple attempts to purify virions/NIEPS from dense bodies in 
Iodixanol (Optiprep ®) were not successful.   

I thank Dr. Bentley Fane for use of the “gradient master” gradient forming mechanism to 
create the glycerol-tartrate gradients, and for use of a high-resolution refractometer to 
verify the density of fractions.   

Latency assays: 
Latency assays were executed and interpreted using the methods and materials 
described in 49.  Briefly, Primary CD34+ HPCs were used to assess the latency and 
reactivation of HCMV in vitro as previously described 67. CD34+ HPCs were isolated 
from bone marrow, then infected with HCMV at an MOI of 2 for 20h. Cells were labeled 
with phycoerythrin-conjugated CD34 antibody (BD Biosciences) and FACS sorted 
(FACSAria; BD Biosciencences) to obtain a >97% pure population of CD34+, GFP+ 
(infected) cells. These cells were cultured for 10 days in collagen-coated transwells 
(Corning) above an irradiated (4,000 rads; 137Cs Gammacell-40 irradiator) mix of Sl/Sl 
and MG3 stromal cells. The Sl/Sl and MG3 cells secrete Steel factor, G-CSF, and IL-3, 
as well as other undefined factors to maintain CD34+ in ann undifferentiated state.  After 
10 days, the cells were then divided for limiting dilution assay, as described previously 
49; one half was directly lysed and seeded in serial two-fold dilutions on MRC-5 
fibroblasts to quantitate infectious centers formed during the 10-day establishment of 
latency, while the other half were seeded intact in serial two-fold dilution onto MRC-5 
fibroblasts in a cytokine-rich media to promote differentiation and reactivation. Fourteen 

                                                
ll Higher speeds are acceptable and even preferred, but the rotor was de-rated to 
36K RPM.  An SW41 rotor, if available, would be an ideal rotor, as it has long, 
narrow buckets.  
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days after seeding onto fibroblasts, viral plaques were counted and the frequency of 
infectious centers was was calculated using the ELDA softwaremm 274. 

DNA manipulation and cloning 

Creation of CMV ULb’ plasmid without PCR-induced mutations 
(pGemT-ULb’) 

Creation of a plasmid encoding the 3.6Kb UL133-UL138 transcripts was attempted 
several times during the early years of the laboratory, by Alex Petrucelli and Lora 
Grainger.  Amplification of the transcript using the best proofreading polymerases 
available at the time (Advantage II (Clontech) and Expand HI-FI (Roche) polymerase 
mixtures) yielded a 3.6Kb transcripts with an average of 4.6 mutations per clone; 
identifying a clone without mutations would have involved prohibitive amounts of 
screening.  To circumvent the problem of low DNA polymerase fidelity at the time, I 
created a recombineering vector to capture the UL133-UL138 region by homologous 
recombination. The vector was designed such that digestion with a single enzyme 
(EcoRV) would release a UL133-UL138 fragment including recombination arms of 
>300bpnn, functional for direct use as recombineering template, without the need for 
amplification of the insert or removal of extraneous sequences. This was a three-step 
process: Creating a plasmid for rescuing of ULb’ by allelic exchange recombination, 
capturing the ULb’ sequence by allelic exchange, and verification of the product. Figure 
65 is a schematic of the creation of pGemT-ULb’.   

                                                
mm ELDA software is available at http://bioinf.wehi.edu.au/software/elda/ 
nn Although 50bp homology arms are sufficient for recombination of short templates, 
long homology arms increase the frequency of recombination of longer fragments275.   
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Figure 65: Creation of a universal shuttle plasmid for creation of UL133-UL138 mutants.  
Homology arms to the 5’ and 3’ of the UL133-UL138 locus were amplified with primers such 
that each primer aligned with a half-site for either HindIII (AAG/CTT) or EcoRV (GAT/ATC).  
The homology arms were then fused by overlap-extension PCR, T/A cloned into pGemT Easy to 
create pGem-ULb’-EMPTY.  pGem-ULb’-EMPTY was then linearized with HindIII, and 
electroporated into recombinogenic SW102 harboring the TB40/E genome, capturing the 
remainder of the UL133-UL138 locus.  The resulting plasmid, pGem-ULb’ could be manipulated 
either by site-directed mutagenesis or classical cloning methods to introduce desired changes to 
the UL133-UL138 locus.  Once the changes had been introduced into the pGem-ULb’ plasmid, 
the entire viral sequence was liberated with EcoRV, and is suitable for direct use as a 
recombination template, re-introducing the UL133-UL138 locus into the viral BAC, TB40/E 
∆UL133-UL138<>GalK. BAC-derived sequence is indicated with a blue line, bacterial-derived 
sequence is shown with a black line. E = EcoRV site, H = HindIII site, crossed lines indicate 
recombination event. 

To create a plasmid to capture UL133-UL138, a segment from UL148A to UL133 
was amplified from TB40/E-BAC with UL148A Fwd+16nt/EcoRV and UL133R-
239/HindIII. A segment from UL138 FWD to the 3' UTR of UL138 was likewise amplified 
with UL138FWD/HindIII and Ul138 REV + 535nt/EcoRV.  Both PCR products were gel 
purified, and combined as template for a third PCR reaction, containing 
UL148AFWD+16nt/EcoRV and UL138 REV + 535nt / EcoRV primers.  The two ends of 
the templates are homologous to each other, and allowed heteromeric priming by 
overlap-extension PCR (OE-PCR).  The final product was gel purified, A-tailed with Taq 
polymerase, and TA-cloned into pGemT-Easy (Promega) to yield pGemT-ULb-empty.  
This rescue plasmid contained extra flanking nucleotides on either end of the EcoRV 
sequences.   

To rescue the ULb’ segment by allelic exchange recombination, pGemT-ULb-
empty was linearized with HindIII, gel purified, and electroporated into recombinogenic 
SW102 E. coli with the TB40/E BAC genome, to retrieve the UL148A-UL138 region of 
ULb' by allelic exchange.  After one hour of recovery at 32C, the cells were plated on 
LB-Ampicillin (100ug/mL) overnight at 32C.  Resulting clones (pGemT-ULb') were 
confirmed by restriction digest and by Sanger sequencing the complete insert. The 
subsequent plasmid pGemT-ULb’ was used for site-directed mutagenesis for creating 
TB40/E harboring multiple stop mutations (EG: UL135STOP, UL135STOP/∆UL136<>GalK, 
UL135STOP/UL133STOP, UL135STOP/UL138STOP, UL133STOP, and UL138STOP).  

Primer name Sequence, 5’-3’  
Italics indicate sequence with 
homology to CMV, underlined 
sequences indicate restriction 
enzyme sites 

Use 

EcoRV / UL148A 
FWD +16nt 

A GATATC 
TCGATCCTTGGATTCCCGTGT 

Creating the 5’ homology arm 
for capturing ULb’; FWD 
primer 
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Table 8: Primers used for the universal UL133-UL138 mutagenesis reagents 

 As a companion reagent to the pGemT-ULb’, I also created TB40/E ∆UL133-
UL138<>GalK BAC.  This is a BAC harboring a deletion of ORFS UL133-UL138, and is 
suitable target for inserting mutagenized sequences generated in pGemT-ULb’.  Briefly, 
a GalK cassette was amplified with 50bp homology arms to the sequences immediately 
5’ of UL133 and 3’ of UL138 (see Table 8 for sequences), then recombined into the 
TB40/E to create TB40/E ∆UL133-UL138<>GalK (shown at the bottom of in Figure 65).  
The primers (EcoRV/UL148A FWD +16nt) and (UL138 REV+535nt/EcoRV) were used 
to PCR amplify the UL133-UL138 region from final BACs for Sanger sequencing. 

Specific use of pGemT-ULb to create stop mutants of multiple 
ORFs: 

Site-directed phusion mutagenesis of the CMV ORFs in pGemT-ULb' was performed as 
recommended by the manufacturer (NEB).  Each start codon (ATG) was mutated to a 
stop codon (TAG) by site-directed mutagenesis.  After each mutagenesis, the plasmid 
was transformed into Mach1 E. coli (Life Technologies, Grand Island, NY), and the 
mutation site was confirmed by sequencing.  For ORFs with multiple initiating 
methionine residues, each were converted to stop codons.  The following residues were 
mutated from ATG to STOP: UL133: M1*, M57*; UL135: M1*, M76*; UL136: M1*, M8*, 
M11*, M100*, M128*; and UL138: M1*. Primer sequences for each mutagenesis are 
shown in Table 9.  

UL133R-
239/Hind3/UL13
8F 

GTGCCAATGGT AAGCTT 
CGGTTTATCTTTCGCCCTACCT
TTCTT 

Creating the 5’ homology arm 
for capturing ULb’; REV 
primer; can also cross-prime 
with UL138 FWD / HindIII 

UL138 FWD / 
HindIII 

TAAACCG AAGCTT 
ACCATTGGCACGACACCTTCAA
ACTG 

Creating the 3’ homology arm 
for capturing ULb’ FWD 
primer.  Can also cross-prime 
with UL133R-
239/Hind3/UL138F. 

UL138 REV + 
535nt / EcoRV 

T GATATC CACAGCATGTTTATT 
ACTATATAATTGATATACGAA 

Creating the 3’ homology arm 
for capturing ULb’ REV primer 

GalK-UL133 
FWD 

CGCTGTAGGGATAAATAGTGCG
ATGGCGTTTGTGGGAGAACGC
AGTAGCG 
CCTGTTGACAATTAATCATCG
GCA  

Creation of GalK cassette with 
homology arms to create 
TB40/E ∆UL133-
UL138<>GalK 

UL138-REV-
GalK 

TGTCAAAACGACATTACCGCGA
TCCGCTCCCCTCTTTTTTCTTTT
TCTCAT 
TCAGCACTGTCCTGCTCCTT 

Creation of GalK cassette with 
homology arms to create 
TB40/E ∆UL133-
UL138<>GalK 
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Primer name Primer sequence 

UL133_M1*-Fwd  [PHOS]TAGGGTTGCGACGTGCA  
UL133_M1*-Rev  CGCTACTGCGTTCTCCC  
UL133_M57*-Fwd  [PHOS] GATTTTCCTCTGCGCGTAT  
UL133_M57*-Rev  TAGAAAACAGAACAGCCGACTA  
UL135_M1*-Fwd  [PHOS] TAGGATGTGCCCGACC  
UL135_M1*-Rev  TTATGCCTTGGATTTCTGG  
UL135_M21*-Fwd [PHOS] GTGGCTGTGGCTCGG  
UL135_M21*-Rev  ACCTAGATCTTCTCTCCTGCTTG  
UL135_M97*-Fwd  [PHOS]TAGCGGGTGGCCACC  
UL135_M97*-Rev  GAGCCCCAGTTCCAGAT  
UL136_M1/8/11*-Fwd  [PHOS]GAGTAGCCAGAATAGACGTGGGAC  
UL136_M1/8/11*-Rev  CACGCCCTTGACTGACTAACTCTCT  
UL136_M100*-Fwd  [PHOS] TAGCTCCACGATCTATTTTGC  
UL136_M100*-Rev  GTCTCGCCAACTGTCCTG  
UL136_M128*-Fwd  [PHOS]TAGGATGTGCCCGACC  
UL136_M128*-Rev  GGCTCGCCGTCTGC  
UL138_M1*-Fwd  [PHOS]TAGGACGATCTGCCGC  
UL138_M1*-Rev  GGTGACCGTCCTCTGTCC  
UL138_M16*FWD [PHOS]TAGGACGATCTGCCGC 
UL138_M16*REV GGTGACCGTCCTCTGTCC  
UL135_M1L Fwd  [PHOS]CTGTCCGTACACCGGCCCT  
UL135_M1L Rev  TTATGCCTTGGATTTCTGGAAACG  
UL135_M21L Fwd  [PHOS]CTGGTGTGGCTGTGGCTC  
UL135_M21L Rev  GATCTTCTCTCCTGCTTGGAATCTCAA  
UL135_M97L Fwd  [PHOS]CTGCGGGTGGCCACCCACCCGCCGAC  
UL135_M97L Rev  GAGCCCCAGTTCCAGATCCA  

Table 9: Primer sequences used for site directed mutagenesis of pGemT-ULb' to create 
combinatorial stop mutants.  Bold indicates METèSTOP codons, italics indicate 
METèleucine substitution. 

Mutated versions of the UL133-UL138 fragment were released from the plasmid 
backbone by digestion with HindIII, gel purified, and electroporated into recombinogenic 
SW102 E. coli with the TB40/E∆UL133-UL138 16.  Resulting BACs were selected on 
M63-minimal plates with 0.2% D-galactose and 15ug/mL chloramphenicol. Clones were 
further screened on by two rounds of streaking on McConkey's agar with 0.4% D-
Galactose and 15ug/mL chloramphenicol, selecting white colonies.  BACs were further 
characterized by restriction fragment length analysis with BamHI, SpeI and/Or EcoRI, 
and by amplifying UL133-UL138 with primers (EcoRV/UL148A FWD +16nt) and (UL138 
REV+535nt/EcoRV) and Sanger sequencing. 

Creation of large ULb’ knockouts (Sub1, Sub2, Sub3, etc) is described in 98.  Creation of 
Sub1-Short is described in 88. 



 136 

Unless otherwise specified, primers were purchased from Sigma Genosys or 
Eurofins/Operon  <50nt were of standard “desalted” grade, and primers >50nt were 
modestly purifiedoo by the manufacturer.  

Protein-protein interaction screens: 

Immunoprecipitation/Mass spectrometry (IP/MS) screen for 
pUL135 interacting proteins: 

 Approximately 1x108 (three confluent 1850cm roller bottles) MRC-5 fibroblasts 
were infected with TB40/E-UL1353xFLAG virus at an MOI of 3, then harvested 72 hours 
post infection, as previously described142. Briefly, cells were gently scraped off the roller 
bottles in PBS, and pelleted at 1200xg for 10 minutes at 4C.  The pellet was then 
weighed and resuspended with 1/10th volume of a buffer containing 1.2% w/v 
polyvinylpyrrolidone (mean MW 40,000), 20mM HEPES-KOH, and 1/100th volume of 
100x EDTA-free protease inhibitor cocktail (HALT protease inhibitor, Pierce).  The cells 
were snap-frozen into ~2mm droplets by dropping into liquid nitrogen.  Lysates for 
immunoprecipitation were prepared by cryo-milling the frozen droplets into powder, then 
resuspending in 20mM HEPES-KOH pH 7.4, 110mM Potassium Acetate, 2mM MgCl2, 
0.1% Tween-20, 1% Triton X-100, 250mM NaCl, and Complete protease inhibitor 
(Roche).  Protein complexes were immunoprecipitated, with Ms x FLAG antibody 
ccovalently coupled to Dynabeads (Invitrogen) for 1 hour.  Complexes were washed 
eluted, dried, and resuspended in SDS-loading buffer, followed by alkylation with 
iodoacetamide.  Immunoprecipitated proteins were then separated by SDS-PAGE, the 
dissection of the the lane into 4mm slices, followed by tryptic digestion and peptide 
preparation as previously described 108,140.  The tryptic digests of the 
immunoprecipitated proteins were subjected to LC-MS/MS using an ESI-LTQ XL mass 
spectrometer (Thermo Scientific). Peptide and protein identification was performed with 
SEQUEST software, with a global false discovery set to 5%. To generate a negative 
control data set, the same immunoprecipitation was performed on cells infected with WT 
HCMV, which contains no 3xFLAG tag. Any proteins identified in both the 3xFLAG and 
the WT samples were excluded.  

                                                
oo Terms for this purification vary by manufacturer and time period, and include high 
purity salt free (HPSF), quick-LC, cartridge, and OPC.  This purification employs a 
single pass through a reverse phase chromatography cartridge.  This is an 
economical alternative to HPLC. 
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Yeast two-hybrid screen for pUL135 interacting proteins: 
 Yeast two-hybrid (Y2H) analysis was performed using the Matchmaker Gold Y2H 
system (Clontech). The cytosolic domain of UL135 (encoding residues 44 to 328) was 
amplified with primers EcoRI-UL135Y2HF and UL135R-BamHI using Phusion 
polymerase with HF buffer.  The amplicon was gel purified, then cloned into pGBKT7 
(clontech) to create the bait plasmid pGBKT7-UL135.  This bait plasmid was 
transformed into Y2HGold yeast cells and tested for autoactivation and toxicity; neither 
was observed. Yeast strain Y2HGold containing bait plasmid pGBKT7-UL135 was 
mated with the universal human cDNA Mate and Plate library in yeast strain Y187 
(Clontech), using the manufacturer’s recommended protocols. The insert size of the 
universal human cDNA library ranged between 0.5kb to 4.0kb.  After mating, diploid 
yeast were plated onto DDO/X-α-galpp with 125ng/mL aureobasidin A.  A total of 2.8x106 
diploid mates were screened. After three rounds of outgrowth under stringent selection 
(QDO/X/Aqq), prey plasmids were extracted using the “Smash and Grab” method 
described by Wang and Hoffman in 276, and then directly transformed into DH10B E. coli 
and selected on LB agar with 100ug/mL ampicillin. Two bacterial clones of each yeast 
prey were picked for analysis. Prey sequences were amplified from each bacterial clone 
of the prey plasmid using with primers PGAD-FWD and PGAD-REV, Sanger sequenced 
from both 5’ and 3’ ends of the insert, then assembled into contigs (when possible) with 
Macvector software, then identified by NCBI BLAST alignment to human mRNAs. After 
sequencing, prey inserts that did not map to known human CDS exons (n=9) were 
excluded. 

 

Primer name Primer sequence, 5’-3’ Use 
EcoRI-
UL135Y2HF 

GGGAATTCCATATGTCCTTAT
TTACCCAGCGCCGAGGCCG
CAAGCGATC 

Cloning UL135 AA 44-328 into 
bait plasmid pGBKT7, FWD 
primer 

UL135R-BamHI CGCGGATCCTCAGGTCATCT
GCATTGACTCGGCGTCCTTC
ATGAC 

Cloning UL135 AA 44-328 into 
bait plasmid pGBKT7, REV 
primer. 

pGAD-FWD TAATACGACTCACTATAGGG
CGA 

Screening Y2H prey clones 

                                                
pp DDO/X/A = Synthetically defined media without Leucine or Tryptophan, with 
added x-Alpha-Gal chromogenic substrate and 125ng/mL aureobasidin A.  This 
media selects for mated yeast; unmated yeast single auxotrophs will not survive on 
double auxotrophic selection media. 
qq QDO/X/A = Synthetically defined media without Leucine, Tryptophan, Adenine, or 
Histidine, with added x-alpha-gal chromogenic substrate and 125ng/mL 
aureobasidin A; an extremely stringent selection for both mated yeast and bait-prey 
interaction in the Y2H system. 
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pGAD-REV AGATGGTGCACGATGCACAG Screening Y2H prey clones 
Table 10: Primers utilized in Y2H vector construction and prey screening 

Creation of plasmids and recombinant CMV for UL135 protein-
protein interaction screens. 

 pCIG-UL135myc was created by PCR amplification and restriction digest cloning, 
and has been described in 90.  

Mutagenesis primers:  
UL135ΔSH3cI-FWD [PHOS]CGCCTACGCCGGCGGTCCG 
UL135ΔSH3c1-REV GCCGCCTCTTGCGCCCGG 
UL135ΔSH3cII-FWD [PHOS] CCGGGGCCAAGAAGCGGCCGCCTACG 
UL135ΔSH3cII-REV GCGCCGGAGGTGGCTTCCAGGA 

UL135ΔAtypSH3-FWD [PHOS]CCGCTGCAGTCGGCTGGACACCG 

UL135ΔAtypSH3-REV GTTTCGTGGGCGCCGGTGTTTTCT 
UL135ΔCIN85#1-FWD GCCGCTAAGAACCTGAGCACGCCGCCCA 
UL135ΔCIN85#1-REV [PHOS ]CGCGGGTATCGGCGTCGGGG 

UL135ΔCIN85#2-5-FWD 
GCCGCTCTGCCGCGCACCGTCGGGCTGGAGAATCTCTC
GAAGGTGGGACTCTCGTGTCCCTGTCCCCGAGCCGCTAC
GCCGACGGAGCCGACCA 

UL135ΔCIN85#2-5-REV [PHOS]ATTAGCGGCTGGCTTTTGTGGCGTCGGCGTTTTC
GGGAAGGGAGCGGCCGTCACCGGCGGTGTCCAG 

Subcloning primers:  

NheI-HA-GGGG-Abi1-FWD 
GGGGGCTAGCACCATGTACCCATACGATGTTCCAGATTA
CGCGGGCGGTGGCGGTGCAGAGCTGCAGATGTTACTAG
AGG 

Abi1-REV-XhoI GGGGCTCGAGTTAATCAGTATAGTGCATGATTGATTCAAC 

XbaI-CIN85-FWD ATGGTGGAGGCCATAGTGGAGTTT 

CIN85-HA-REV-BamHI 
ATG GGATCC TCA 
GGCGTAGTCGGGCACGTCGTAGGGGTA 
TTTTGATTGTAGAGCTTTCTTTATG 

Primers used to create recombinant viruses  

UL135-Fwd-63nt GTGTTTGGACAATAAACACATTCCTTGCCAAAAAATGACG
TTTCCAGAAATCCAAGGCATAAATGTCCGTACACCGGCC 

Myc-REV-UL135 
GAGGGAAGGCGTGTGCTGCTATACAACTGTACAACGGAC
GCGCTCGCTGTTTCGGTCTCACAGATCCTCTTCTGAGAT
GA 

UL135-GalK-ins-FWD AAAAGGCGGTGCAGAGCGTCATGAAGGACGCCGAGTCA
ATGCAGATGACC CCTGTTGACAATTAATCATCGGCA 

UL135-GalK-ins-REV GTGTGCTGCTATACAACTGTACAACGGACGCGCTCGCTG
TTTCGGTCTCA TCAGCACTGTCCTGCTCCTT 

UL135-3xFLAG-FWD AAAAGGCGGTGCAGAGCGTCATGAAGGACGCCGAGTCA
ATGCAGATGACC GATTATAAAGATGATGATGATAAA 

UL135-3xFLAG-REV GTGTGCTGCTATACAACTGTACAACGGACGCGCTCGCTG
TTTCGGTCTCA CTTGTCGTCGTCGTCCTTGTAGTC 
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Table 11: Primers used for UL135 SH3 ligand mutagenesis, cloning, and creation of 
recombinant BACs.   

 Because the UL135∆SH3cI, UL135∆CIN85, and UL135∆SH3cI/CIN85 mutations 
had already been created in plasmid pCIG, we used those vectors as template for 
recombination, rather than re-creating the mutations in pGemT-ULb’. TB40/E-UL135myc 
recombinant BACs were created by first replacing the entire UL135 open reading frame 
with GalK via homologous recombination, as previously described 88. To generate 
TB40/E UL135-mutant viruses UL135mycΔSH3cI, UL135mycΔCIN85, and 
UL135mycΔSH3cI/CIN85, we PCR amplifed alanine substituted constructs of UL135myc 

from the respective pCIG vectors, using the primers UL135-FWD-63nt and Myc-Rev-
UL135, followed by DpnI digestion, gel purification, and recombination of the amplicon 
into the TB40/E-ΔUL135<>GalK BAC using 2-DOG counterselection.  

 Note that TB40/E-UL135myc contains a C-terminal myc tag, and was created in 
the same manner as FIX-UL135myc

68. The recombination cassette used to create 
TB40/E-UL135myc contains a short amino acid linker sequence (LEGFPR, ~0.7kDa) 
between UL135 and the C-terminal myc tag. The UL135 SH3 mutant viruses do not 
contain any additional linker sequence between UL135 and the C-terminal myc tag. 

 TB40/E-UL1353xFLAG was generated by amplifying a GalK cassette with primers 
UL135-GalK-Ins-FWD and UL135-GalK-Ins-REV (Table 11), which was inserted 
between the UL135 CDS and the stop codon. A 3xFLAG sequence was amplified from 
plasmid pGTE-3xFLAGrr with primers UL135-3xFLAG-FWD and UL135-3xFLAG-REV, 
which was then inserted in place of GalK to create TB40/E-UL1353xFLAG. The UL135STOP 
virus contains stop codons in place of UL135 M1, M21, and M97, and has been 
described previously; the UL135(M1-STOP) contains a stop codon in place of UL135 
M1, and has also been described previously88. 

Generation and affinity purification of polyclonal antibodies to 
pUL135 
 A peptide (ELAPPPRWSDIEELLEK, corresponding to pUL135 residues 297-313) 
was chosen as the immunizing peptide for generation of a UL135 polyclonal antibody.  
As the C-term of UL135 is conserved, this peptide choice should produce polyclonal 
antibodies that recognize all isoforms of pUL135.  Peptide synthesis, conjugation to KLH 
carrier, and rabbit immunization were conducted by a commercial provider (Open 
Biosystems).  Each bleed was tested for reactivity to the immunizing peptide by ELISA 
by Open Biosystems. 

                                                
rr Plasmid pGTE-3xFLAG was a gift from Caroline Kulesza 
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  5mg of immunizing peptide was coupled to carboxylink resin (Pierce) for one 
hour at room temperature using 80mg EDC ([1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide HCl) in a 0.1M pH 4.7 MES buffer, per 
manufacturer’s instructions.  EDC links primary amines to the primary amines of the 
functionalized resin.  EDC can also crosslink the peptide into linear chains, which are 
then coupled to the resin.  The coupled resin was then washed extensively with 1M 
NaCl, and left at room temperature overnight to hydrolyze any unreacted EDC.   

 Serum from immunized rabbits was centrifuged to clear debris, then filtered with 
a 0.2um filter.  Approximately 25mL of polyclonal rabbit serum was used per batch 
purification.  Triton X-100 was added to the serum to 0.1%, then the serum diluted with 
an equal volume of PBS with 0.1% Triton X-100 (PTX). The serum was allowed to bind 
to the peptide-coupled resin for at least two hours at 4C, then transferred to a gravity 
column was washed with 1 column volume of PTX, recovering the first column volume 
of flow-through. The column was washed with >20CV of PTX with 1M NaCl, to remove 
non-specific and weakly-binding antibodies. The column was then washed with >20CV 
of PBS with 0.05% NaN3 (PBS-A) to remove the Triton X-100.  Complete removal of the 
residual Triton X-100 forms large non-dialyzable micelles, which both absorb light at 
280nm, and would be concentrated in later steps. The antibody was eluted from the 
peptide column using 0.2M glycine, pH 2.8.  1mL fractions were recovered, and 
immediately neutralized with Tris-HCl, pH 9, containing trace phenol red as a pH 
indicator.  Approximately 4 CV of fractions were collected.  The A280 of each fraction was 
measured with a nanodrop, to determine the protein (antibody) concentration. All 
fractions with antibody were then pooled, concentrated with an centrifugal ultrafiltration 
membrane, and extensively buffer-exchanged with PBS-A.  The final antibody product 
was concentrated to ~1mg/mL, then functionally tested by western blot, and stored at 
4C.  The remaining serum was simultaneously evaluated by western blot, to determine if 
the serum still contained un-captured antibodies to pUL135.  The purification process 
was repeated until the whole serum was depleted of UL135-reactive antibody. Purified 
RbxUL135 antibody was then pooled, tested again by western blot, and snap frozen in 
aliquots containing 20ug and stored at -80C.  Approximately 12mg of polyclonal 
antibody was purified in this manner, to create a consistent source of polyclonal Rb x 
pUL135 antibody. 

 Antibodies to pUL133, pUL136, and pUL138 were produced in a similar manner.  
Polyclonal antibody stocks to pUL133 and pUL138 were reactive and sufficiently 
sensitive for routine use.  For unknown reasons, we were unable to create an antibody 
to pUL136 by western blot, despite two attempts with different immunizing peptides. 
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Protein Immunizing peptide sequence Column type for peptide 
immobilization & polyclonal 
antibody purification; notes 

pUL133 EPKPKKGRAKDKPKGKLK Carboxylink 

pUl135 ELAPPPRWSDIEELLEK Carboxylink 

pUL136(1) RRRKALSRIHRFWECRLRV  
(N-term) 

Carboxylink 
Antibody generated not reactive 
by WB 

pUl136(2) AVQATVQVSGPRENAVSPAT  
(C-term) 

Carboxylink 
Antibody generated not reactive 
by WB 

pUL136(3) AA 100-240, codon optimized minigene 
synthesis and GST fusion 

Monoclonal antibodies generated 
only recognized small pUL136 
isoforms.  Purification not 
attempted. 

pUL136  VSGPRENAVSPAT (c-term) Reported by277, not generated in 
our lab 

pUL138 MAVTAPLTDVDLLKPVTGS Aminolink 
Table 12: A summary of peptides used in the creation of polyclonal antibodies, and the 
respective chromatography resins for covalent coupling and polyclonal antibody affinity 
purification. 

 



 142 

References: 

1. McGeoch, D. J., Cook, S., Dolan, A., Jamieson, F. E. & Telford, E. A. R. 
Molecular Phylogeny and Evolutionary Timescale for the Family of Mammalian 
Herpesviruses. Journal of Molecular Biology 247, 443–458 (1995). 

2. Fields, B. N., Knipe, D. M. & Howley, P. M. Fields Virology. (Lippincott Williams 
& Wilkins, 2013). 

3. Sarov, I. & Abady, I. The morphogenesis of human cytomegalovirus. Isolation 
and polypeptide characterization of cytomegalovirions and dense bodies. 
Virology 66, 464–473 (1975). 

4. Mohammad, A.-A., Costa, H., Landázuri, N., Lui, W.-O., Hultenby, K., Rahbar, 
A., Yaiw, K.-C. & Söderberg-Nauclér, C. Human cytomegalovirus microRNAs 
are carried by virions and dense bodies and are delivered to target cells. J. Gen. 
Virol. 98, 1058–1072 (2017). 

5. Irmiere, A. & Gibson, W. Isolation and characterization of a noninfectious virion-
like particle released from cells infected with human strains of cytomegalovirus. 
Virology 130, 118–133 (1983). 

6. Tomtishen, J., III. Human cytomegalovirus tegument proteins (pp65, pp71, 
pp150, pp28). Virol. J. 9, 22 (2012). 

7. Sauer, A., Wang, J. B., Hahn, G. & McVoy, M. A. A human cytomegalovirus 
deleted of internal repeats replicates with near wild type efficiency but fails to 
undergo genome isomerization. Virology 401, 90–95 (2010). 

8. Wilkinson, G. W. G., Davison, A. J., Tomasec, P., Fielding, C. A., Aicheler, R. J., 
Murrell, I., Seirafian, S., Wang, E. C. Y., Weekes, M., Lehner, P. J., Wilkie, G. S. 
& Stanton, R. J. Human cytomegalovirus: taking the strain. Med Microbiol 
Immunol 204, 273–284 (2015). 

9. Murrell, I., Wilkie, G. S., Davison, A. J., Statkute, E., Fielding, C. A., Tomasec, 
P., Wilkinson, G. W. G. & Stanton, R. J. Genetic Stability of Bacterial Artificial 
Chromosome-Derived Human Cytomegalovirus during Culture In Vitro. J. Virol. 
90, 3929–3943 (2016). 

10. Bradley, A. J., Lurain, N. S., Ghazal, P., Trivedi, U., Cunningham, C., Baluchova, 
K., Gatherer, D., Wilkinson, G. W. G., Dargan, D. J. & Davison, A. J. High-
throughput sequence analysis of variants of human cytomegalovirus strains 
Towne and AD169. Journal of General Virology 90, 2375–2380 (2009). 

11. Hahn, G., Khan, H., Baldanti, F., Koszinowski, U. H., Revello, M. G. & Gerna, G. 
The human cytomegalovirus ribonucleotide reductase homolog UL45 is 
dispensable for growth in endothelial cells, as determined by a BAC-cloned 
clinical isolate of human cytomegalovirus with preserved wild-type 
characteristics. J. Virol. 76, 9551–9555 (2002). 

12. Stanton, R. J., Baluchova, K., Dargan, D. J., Cunningham, C., Sheehy, O., 
Seirafian, S., McSharry, B. P., Neale, M. L., Davies, J. A., Tomasec, P., Davison, 
A. J. & Wilkinson, G. W. G. Reconstruction of the complete human 
cytomegalovirus genome in a BAC reveals RL13 to be a potent inhibitor of 
replication. J. Clin. Invest. 120, 3191–3208 (2010). 

13. Sinzger, C., Hahn, G., Digel, M., Katona, R., Sampaio, K. L., Messerle, M., 
Hengel, H., Koszinowski, U., Brune, W. & Adler, B. Cloning and sequencing of a 
highly productive, endotheliotropic virus strain derived from human 



 143 

cytomegalovirus TB40/E. Journal of General Virology 89, 359–368 (2008). 
14. Yu, D., Smith, G. A., Enquist, L. W. & Shenk, T. Construction of a self-excisable 

bacterial artificial chromosome containing the human cytomegalovirus genome 
and mutagenesis of the diploid TRL/IRL13 gene. J. Virol. 76, 2316–2328 (2002). 

15. Murphy, E., Yu, D., Grimwood, J., Schmutz, J., Dickson, M., Jarvis, M. A., Hahn, 
G., Nelson, J. A., Myers, R. M. & Shenk, T. E. Coding potential of laboratory and 
clinical strains of human cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 100, 
14976–14981 (2011). 

16. Warming, S., Costantino, N., Court, D. L., Jenkins, N. A. & Copeland, N. G. 
Simple and highly efficient BAC recombineering using galK selection. Nucleic 
Acids Res. 33, e36 (2005). 

17. Warming, S. BAC Recombineering using the modified DH10B strain SW102 and 
a. 1–6 (2005). 

18. Murphy, E. A., Rigoutsos, I., Shibuya, T. & Shenk, T. E. Reevaluation of human 
cytomegalovirus coding potential. Proc. Natl. Acad. Sci. U.S.A. 100, 13585–
13590 (2003). 

19. Meshesha, M. K., Veksler-Lublinsky, I., Isakov, O., Reichenstein, I., Shomron, 
N., Kedem, K., Ziv-Ukelson, M., Bentwich, Z. & Avni, Y. S. The microRNA 
Transcriptome of Human Cytomegalovirus (HCMV). Open Virol J 6, 38–48 
(2012). 

20. Hook, L. M., Grey, F., Grabski, R., Tirabassi, R., Doyle, T., Hancock, M., 
Landais, I., Jeng, S., McWeeney, S., Britt, W. & Nelson, J. A. Cytomegalovirus 
miRNAs Target Secretory Pathway Genes to Facilitate Formation of the Virion 
Assembly Compartment and Reduce Cytokine Secretion. Cell Host Microbe 15, 
363–373 (2014). 

21. Stern-Ginossar, N., Weisburd, B., Michalski, A., Le, V. T. K., Hein, M. Y., Huang, 
S. X., Ma, M., Shen, B., Qian, S. B., Hengel, H., Mann, M., Ingolia, N. T. & 
Weissman, J. S. Decoding Human Cytomegalovirus. Science 338, 1088–1093 
(2012). 

22. Stinski, M. F., Thomsen, D. R., Stenberg, R. M. & Goldstein, L. C. Organization 
and expression of the immediate early genes of human cytomegalovirus. J. Virol. 
46, 1–14 (1983). 

23. Cannon, M. J. & Davis, K. F. Washing our hands of the congenital 
cytomegalovirus disease epidemic. BMC Public Health 5, 366 (2005). 

24. Cannon, M. J., Hyde, T. B. & Schmid, D. S. Review of cytomegalovirus shedding 
in bodily fluids and relevance to congenital cytomegalovirus infection. Rev. Med. 
Virol. 21, 240–255 (2011). 

25. Smith, K. O. & Rasmussen, L. MORPHOLOGY OF CYTOMEGALOVIRUS 
(SALIVARY GLAND VIRUS). J. Bacteriol. 85, 1319–1325 (1963). 

26. Boppana, S. B., Fowler, K. B., Pass, R. F., Rivera, L. B., Bradford, R. D., 
Lakeman, F. D. & Britt, W. J. Congenital Cytomegalovirus Infection: Association 
between Virus Burden in Infancy and Hearing Loss. The Journal of Pediatrics 
146, 817–823 (2005). 

27. Manicklal, S., Emery, V. C., Lazzarotto, T., Boppana, S. B. & Gupta, R. K. The 
‘Silent’ Global Burden of Congenital Cytomegalovirus. Clin. Microbiol. Rev. 26, 
86–102 (2013). 

28. Britt, W. Manifestations of human cytomegalovirus infection: proposed 
mechanisms of acute and chronic disease. Curr Top Microbiol Immunol 325, 
417–470 (2008). 



 144 

29. Adler, S. P. Molecular epidemiology of cytomegalovirus: a study of factors 
affecting transmission among children at three day-care centers. Pediatr. Infect. 
Dis. J. 10, 584–590 (1991). 

30. Pass, R. F. & Hutto, C. Group day care and cytomegaloviral infections of 
mothers and children. Rev. Infect. Dis. 8, 599–605 (1986). 

31. Pass, R. F., Hutto, C., Ricks, R. & Cloud, G. A. Increased rate of 
cytomegalovirus infection among parents of children attending day-care centers. 
N Engl J Med 314, 1414–1418 (1986). 

32. Balfour, H. H. Cytomegalovirus: the troll of transplantation. Arch. Intern. Med. 
139, 279–280 (1979). 

33. Ljungman, P., Hakki, M. & Boeckh, M. Cytomegalovirus in hematopoietic stem 
cell transplant recipients. Hematol. Oncol. Clin. North Am. 25, 151–169 (2011). 

34. Boeckh, M. & Geballe, A. P. Cytomegalovirus: pathogen, paradigm, and puzzle. 
J. Clin. Invest. 121, 1673–1680 (2011). 

35. Ljungman, P. CMV infections after hematopoietic stem cell transplantation. Bone 
Marrow Transplant 42 Suppl 1, S70–S72 (2008). 

36. Connolly, G. M., Nelson, M. R., Barton, S. E. & Gazzard, B. G. Problems in the 
management of cytomegalovirus infection in patients with AIDS. Int J STD AIDS 
2, 405–410 (1991). 

37. Yahav, D., Gafter-Gvili, A., Muchtar, E., Skalsky, K., Kariv, G., Yeshurun, M., 
Leibovici, L. & Paul, M. Antiviral prophylaxis in haematological patients: 
Systematic review and meta-analysis. European Journal of Cancer 45, 3131–
3148 (2009). 

38. Bale, J. F. Congenital cytomegalovirus infection. Handb Clin Neurol 123, 319–
326 (2014). 

39. Fisher, S., Genbacev, O., Maidji, E. & Pereira, L. Human cytomegalovirus 
infection of placental cytotrophoblasts in vitro and in utero: implications for 
transmission and pathogenesis. J. Virol. 74, 6808–6820 (2000). 

40. Read, J. S., Cannon, M. J., Stanberry, L. R. & Schuval, S. Prevention of mother-
to-child transmission of viral infections. Curr Probl Pediatr Adolesc Health Care 
38, 274–297 (2008). 

41. Boppana, S. B., Rivera, L. B., Fowler, K. B., Mach, M. & Britt, W. J. Intrauterine 
transmission of cytomegalovirus to infants of women with preconceptional 
immunity. N Engl J Med 344, 1366–1371 (2001). 

42. Hadrup, S. R., Strindhall, J., Køllgaard, T., Seremet, T., Johansson, B., Pawelec, 
G., thor Straten, P. & Wikby, A. Longitudinal studies of clonally expanded CD8 T 
cells reveal a repertoire shrinkage predicting mortality and an increased number 
of dysfunctional cytomegalovirus-specific T cells in the very elderly. J. Immunol. 
176, 2645–2653 (2006). 

43. Nikolich-Zugich, J. Ageing and life-long maintenance of T-cell subsets in the 
face of latent persistent infections. Nat Rev Immunol 8, 512–522 (2008). 

44. Solana, R., Tarazona, R., Aiello, A. E., Akbar, A. N., Appay, V., Beswick, M., 
Bosch, J. A., Campos, C., Cantisán, S., Cicin-Sain, L., Derhovanessian, E., 
Ferrando-Martínez, S., Frasca, D., Fulöp, T., Govind, S., Grubeck-Loebenstein, 
B., Hill, A., Hurme, M., Kern, F., Larbi, A., López-Botet, M., Maier, A. B., 
McElhaney, J. E., Moss, P., Naumova, E., Nikolich-Zugich, J., Pera, A., Rector, 
J. L., Riddell, N., Sanchez-Correa, B., Sansoni, P., Sauce, D., van Lier, R., 
Wang, G. C., Wills, M. R., Zieliński, M. & Pawelec, G. CMV and 
Immunosenescence: from basics to clinics. Immun Ageing 9, 23 (2012). 



 145 

45. Feinstein, L., Douglas, C. E., Stebbins, R. C., Pawelec, G., Simanek, A. M. & 
Aiello, A. E. Does cytomegalovirus infection contribute to socioeconomic 
disparities in all-cause mortality? Mech. Ageing Dev. 158, 53–61 (2016). 

46. Schmaltz, H. N., Fried, L. P., Xue, Q.-L., Walston, J., Leng, S. X. & Semba, R. D. 
Chronic cytomegalovirus infection and inflammation are associated with 
prevalent frailty in community-dwelling older women. J Am Geriatr Soc 53, 747–
754 (2005). 

47. Savva, G. M., Pachnio, A., Kaul, B., Morgan, K., Huppert, F. A., Brayne, C., 
Moss, P. A. H.The Medical Research Council Cognitive Function and Ageing 
Study. Cytomegalovirus infection is associated with increased mortality in the 
older population. Aging Cell 12, 381–387 (2013). 

48. Slobedman, B. & Mocarski, E. S. Quantitative analysis of latent human 
cytomegalovirus. J. Virol. 73, 4806–4812 (1999). 

49. Umashankar, M. & Goodrum, F. Hematopoietic long-term culture (hLTC) for 
human cytomegalovirus latency and reactivation. Methods Mol. Biol. 1119, 99–
112 (2014). 

50. Crawford, L. B., Streblow, D. N., Hakki, M., Nelson, J. A. & Caposio, P. 
Humanized mouse models of human cytomegalovirus infection. Curr Opin Virol 
13, 86–92 (2015). 

51. Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P. S., Roizman, B., 
Whitley, R., Yamanishi, K., Griffiths, P. D. & Boeckh, M. Antiviral therapy for 
human cytomegalovirus. (2007). 

52. Caviness, K., Rak, M., Crawford, L. B., Streblow, D. N., Nelson, J. A., Caposio, 
P. & Goodrum, F. Complex Interplay of the UL136Isoforms Balances 
Cytomegalovirus Replication and Latency. MBio 7, e01986–15 (2016). 

53. Lumbreras, C., Manuel, O., Len, O., Berge, ten, I. J. M., Sgarabotto, D. & Hirsch, 
H. H. Cytomegalovirus infection in solid organ transplant recipients. Clin. 
Microbiol. Infect. 20 Suppl 7, 19–26 (2014). 

54. Erice, A. Resistance of human cytomegalovirus to antiviral drugs. Clin. Microbiol. 
Rev. 12, 286–297 (1999). 

55. Kimberlin, D. W., Acosta, E. P., Sánchez, P. J., Sood, S., Agrawal, V., Homans, 
J., Jacobs, R. F., Lang, D., Romero, J. R., Griffin, J., Cloud, G. A., Lakeman, F. 
D., Whitley, R. J.National Institute of Allergy and Infectious Diseases 
Collaborative Antiviral Study Group. Pharmacokinetic and pharmacodynamic 
assessment of oral valganciclovir in the treatment of symptomatic congenital 
cytomegalovirus disease. J INFECT DIS 197, 836–845 (2008). 

56. Gilbert, C. & Boivin, G. Human Cytomegalovirus Resistance to Antiviral Drugs. 
Antimicrobial Agents and Chemotherapy 49, 873–883 (2005). 

57. Lopau, K., Greser, A. & Wanner, C. Efficacy and safety of preemptive anti-CMV 
therapy with valganciclovir after kidney transplantation. Clin Transplant 21, 80–
85 (2007). 

58. Jückstock, J., Rothenburger, M., Friese, K. & Traunmüller, F. Passive 
Immunization against Congenital Cytomegalovirus Infection: Current State of 
Knowledge. Pharmacology 95, 209–217 (2015). 

59. Jacob, C. L., Lamorte, L., Sepulveda, E., Lorenz, I. C., Gauthier, A. & Franti, M. 
Neutralizing antibodies are unable to inhibit direct viral cell-to-cell spread of 
human cytomegalovirus. Virology 444, 140–147 (2013). 

60. Anderholm, K. M., Bierle, C. J. & Schleiss, M. R. Cytomegalovirus Vaccines: 
Current Status and Future Prospects. Drugs 76, 1625–1645 (2016). 



 146 

61. Arvin, A. M., Fast, P., Myers, M., Plotkin, S., Rabinovich, R.National Vaccine 
Advisory Committee. Vaccine development to prevent cytomegalovirus disease: 
report from the National Vaccine Advisory Committee. Clin. Infect. Dis. 39, 233–
239 (2004). 

62. Elek, S. D. & Stern, H. Development of a vaccine against mental retardation 
caused by cytomegalovirus infection in utero. Lancet 1, 1–5 (1974). 

63. Cayatte, C., Schneider-Ohrum, K., Wang, Z., Irrinki, A., Nguyen, N., Lu, J., 
Nelson, C., Servat, E., Gemmell, L., Citkowicz, A., Liu, Y., Hayes, G., Woo, J., 
Van Nest, G., Jin, H., Duke, G. & McCormick, A. L. Cytomegalovirus Vaccine 
Strain Towne-Derived Dense Bodies Induce Broad Cellular Immune Responses 
and Neutralizing Antibodies That Prevent Infection of Fibroblasts and Epithelial 
Cells. J. Virol. 87, 11107–11120 (2013). 

64. Choi, K. Y., Root, M. & McGregor, A. A Novel Non-Replication-Competent 
Cytomegalovirus Capsid Mutant Vaccine Strategy Is Effective in Reducing 
Congenital Infection. J. Virol. 90, 7902–7919 (2016). 

65. Schrader, J. W. & McLean, G. R. Location, location, timing: analysis of 
cytomegalovirus epitopes for neutralizing antibodies. Immunol. Lett. 112, 58–60 
(2007). 

66. Ross, S. A., Arora, N., Novak, Z., Fowler, K. B., Britt, W. J. & Boppana, S. B. 
Cytomegalovirus Reinfections in Healthy Seroimmune Women. J INFECT DIS 
201, 386–389 (2010). 

67. Umashankar, M., Petrucelli, A., Cicchini, L., Caposio, P., Kreklywich, C. N., Rak, 
M., Rak, M., Goldman, D. C., Hamlin, K. L., Nelson, J. A., Fleming, W. H., 
Streblow, D. N. & Goodrum, F. A Novel Human Cytomegalovirus Locus 
Modulates Cell Type-Specific Outcomes of Infection. PLoS Pathog. 7, e1002444 
(2011). 

68. Grainger, L., Cicchini, L., Rak, M., Petrucelli, A., Fitzgerald, K. D., Semler, B. L. 
& Goodrum, F. Stress-Inducible Alternative Translation Initiation of Human 
Cytomegalovirus Latency Protein pUL138. J. Virol. 84, 9472–9486 (2010). 

69. Wilkins, M. R., Gasteiger, E., Bairoch, A., Sanchez, J. C., Williams, K. L., Appel, 
R. D. & Hochstrasser, D. F. Protein identification and analysis tools in the 
ExPASy server. Methods Mol. Biol. 112, 531–552 (1999). 

70. Benson, D. A., Karsch-Mizrachi, I., Lipman, D. J., Ostell, J. & Wheeler, D. L. 
GenBank. Nucleic Acids Res. 33, D34–8 (2005). 

71. Nei, M. & Gojobori, T. Simple methods for estimating the numbers of 
synonymous and nonsynonymous nucleotide substitutions. Molecular Biology 
and Evolution 3, 418–426 (1986). 

72. Chen, H., Gu, F. & Huang, Z. Improved Chou-Fasman method for protein 
secondary structure prediction. BMC Bioinformatics 7 Suppl 4, S14 (2006). 

73. Garnier, J., Gibrat, J. F. & Robson, B. GOR method for predicting protein 
secondary structure from amino acid sequence. Methods Enzymol 266, 540–
553 (1996). 

74. Ward, J. J., Sodhi, J. S., McGuffin, L. J., Buxton, B. F. & Jones, D. T. Prediction 
and functional analysis of native disorder in proteins from the three kingdoms of 
life. Journal of Molecular Biology 337, 635–645 (2004). 

75. Uversky, V. N. & Dunker, A. K. BIOCHEMISTRY: Controlled Chaos. Science 
322, 1340–1341 (2008). 

76. Vucetic, S., Brown, C. J., Dunker, A. K. & Obradovic, Z. Flavors of protein 
disorder. Proteins 52, 573–584 (2003). 



 147 

77. He, B., Wang, K., Liu, Y., Xue, B., Uversky, V. N. & Dunker, A. K. Predicting 
intrinsic disorder in proteins: an overview. Cell Res 19, 929–949 (2009). 

78. Uversky, V. N., Oldfield, C. J. & Dunker, A. K. Showing your ID: intrinsic disorder 
as an ID for recognition, regulation and cell signaling. J. Mol. Recognit. 18, 343–
384 (2005). 

79. Tompa, P. Unstructural biology coming of age. Current Opinion in Structural 
Biology 21, 419–425 (2011). 

80. Babu, M. M., Kriwacki, R. W. & Pappu, R. V. Versatility from Protein Disorder. 
Science 337, 1460–1461 (2012). 

81. Uversky, V. N. Unusual biophysics of intrinsically disordered proteins. Biochim. 
Biophys. Acta 1834, 932–951 (2013). 

82. Lebendiker, M. & Danieli, T. Production of prone-to-aggregate proteins. FEBS 
Lett. 588, 236–246 (2014). 

83. Petrucelli, A., Rak, M., Grainger, L. & Goodrum, F. Characterization of a Novel 
Golgi Apparatus-Localized Latency Determinant Encoded by Human 
Cytomegalovirus. J. Virol. 83, 5615–5629 (2009). 

84. Caviness, K., Cicchini, L., Rak, M., Umashankar, M. & Goodrum, F. Complex 
Expression of the UL136 Gene of Human Cytomegalovirus Results in Multiple 
Protein Isoforms with Unique Roles in Replication. J. Virol. 88, 14412–14425 
(2014). 

85. Weekes, M. P., Tomasec, P., Huttlin, E. L., Fielding, C. A., Nusinow, D., Stanton, 
R. J., Wang, E. C. Y., Aicheler, R. J., Murrell, I., Wilkinson, G. W. G., Lehner, P. 
J. & Gygi, S. P. Quantitative Temporal Viromics: An Approach to Investigate 
Host-Pathogen Interaction. Cell 157, 1460–1472 (2014). 

86. Stanton, R. J., Prod'homme, V., Purbhoo, M. A., Moore, M., Aicheler, R. J., 
Heinzmann, M., Bailer, S. M., Haas, J., Antrobus, R., Weekes, M. P., Lehner, P. 
J., Vojtesek, B., Miners, K. L., Man, S., Wilkie, G. S., Davison, A. J., Wang, E. C. 
Y., Tomasec, P. & Wilkinson, G. W. G. HCMV pUL135 Remodels the Actin 
Cytoskeleton to Impair Immune Recognition of Infected Cells. Cell Host Microbe 
16, 201–214 (2014). 

87. Shi, Y., Mowery, R. A., Ashley, J., Hentz, M., Ramirez, A. J., Bilgicer, B., Slunt-
Brown, H., Borchelt, D. R. & Shaw, B. F. Abnormal SDS-PAGE migration of 
cytosolic proteins can identify domains and mechanisms that control surfactant 
binding. Protein Sci. 21, 1197–1209 (2012). 

88. Umashankar, M., Rak, M., Bughio, F., Zagallo, P., Caviness, K. & Goodrum, F. 
D. Antagonistic Determinants Controlling Replicative and Latent States of 
Human Cytomegalovirus Infection. J. Virol. 88, 5987–6002 (2014). 

89. Pischel, K. D. & Little, J. R. Limited trypsin cleavage distinguishes MHC and 
thymus-leukemia antigens. J. Immunol. 123, 551–556 (1979). 

90. Rak, M., Buehler, J., Zeltzer, S., Reitsma, J. M., Terhune, S. & Goodrum, F. 
Human Cytomegalovirus UL135 Interacts with Host Adaptor Proteins to 
Regulate Epidermal Growth Factor Receptor and Reactivation from Latency (In 
Press). J. Virol. (2018). 

91. Varnum, S. M., Streblow, D. N., Monroe, M. E., Smith, P., Auberry, K. J., Pasa-
Tolic, L., Wang, D., Camp, D. G., Rodland, K., Wiley, S., Britt, W., Shenk, T., 
Smith, R. D. & Nelson, J. A. Identification of Proteins in Human Cytomegalovirus 
(HCMV) Particles: the HCMV Proteome. J. Virol. 78, 10960–10966 (2004). 

92. Baldick, C. J. & Shenk, T. Proteins associated with purified human 
cytomegalovirus particles. J. Virol. 70, 6097–6105 (1996). 



 148 

93. Petrucelli, A., Umashankar, M., Zagallo, P., Rak, M. & Goodrum, F. Interactions 
between Proteins Encoded within the Human Cytomegalovirus UL133-
UL138Locus. J. Virol. 86, 8653–8662 (2012). 

94. Grefte, A., van der Giessen, M., van Son, W. & The, T. H. Circulating 
cytomegalovirus (CMV)-infected endothelial cells in patients with an active CMV 
infection. 167, 270–277 (1993). 

95. Adler, B. & Sinzger, C. Endothelial cells in human cytomegalovirus infection: 
One host cell out of many or a crucial target for virus spread? Thromb Haemost 
102, 1057–1063 (2017). 

96. Jarvis, M. A. & Nelson, J. A. Human cytomegalovirus persistence and latency in 
endothelial cells and macrophages. Curr. Opin. Microbiol. 5, 403–407 (2002). 

97. Goodrum, F. D., Jordan, C. T., High, K. & Shenk, T. Human cytomegalovirus 
gene expression during infection of primary hematopoietic progenitor cells: A 
model for latency. Proc. Natl. Acad. Sci. U.S.A. 99, 16255–16260 (2002). 

98. Goodrum, F., Reeves, M. B., Sinclair, J., High, K. & Shenk, T. Human 
cytomegalovirus sequences expressed in latently infected individuals promote a 
latent infection in vitro. Blood 110, 937–945 (2007). 

99. Cheng, S., Caviness, K., Buehler, J., Smithey, M., Nikolich-Zugich, J. & 
Goodrum, F. Transcriptome-wide characterization of human cytomegalovirus in 
natural infection and experimental latency. Proc. Natl. Acad. Sci. U.S.A. 114, 
E10586–E10595 (2017). 

100. Lin, Y.-C., Boone, M., Meuris, L., Lemmens, I., Van Roy, N., Soete, A., Reumers, 
J., Moisse, M., Plaisance, S., Drmanac, R., Chen, J., Speleman, F., Lambrechts, 
D., Van de Peer, Y., Tavernier, J. & Callewaert, N. Genome dynamics of the 
human embryonic kidney 293 lineage in response to cell biology manipulations. 
Nat Commun 5, 4767 (2014). 

101. Brune, W. Inhibition of programmed cell death by cytomegaloviruses. Virus Res. 
157, 144–150 (2011). 

102. Goldmacher, V. S., Bartle, L. M., Skaletskaya, A., Dionne, C. A., Kedersha, N. L., 
Vater, C. A., Han, J. W., Lutz, R. J., Watanabe, S., Cahir McFarland, E. D., Kieff, 
E. D., Mocarski, E. S. & Chittenden, T. A cytomegalovirus-encoded 
mitochondria-localized inhibitor of apoptosis structurally unrelated to Bcl-2. Proc. 
Natl. Acad. Sci. U.S.A. 96, 12536–12541 (1999). 

103. Goldmacher, V. S. vMIA, a viral inhibitor of apoptosis targeting mitochondria. 
Biochimie 84, 177–185 (2002). 

104. Skaletskaya, A., Bartle, L. M., Chittenden, T., McCormick, A. L., Mocarski, E. S. 
& Goldmacher, V. S. A cytomegalovirus-encoded inhibitor of apoptosis that 
suppresses caspase-8 activation. Proc. Natl. Acad. Sci. U.S.A. 98, 7829–7834 
(2001). 

105. McCormick, A. L., Roback, L., Livingston-Rosanoff, D. & St Clair, C. The Human 
Cytomegalovirus UL36 Gene Controls Caspase-Dependent and -Independent 
Cell Death Programs Activated by Infection of Monocytes Differentiating to 
Macrophages. J. Virol. 84, 5108–5123 (2010). 

106. Terhune, S., Torigoi, E., Moorman, N., Silva, M., Qian, Z., Shenk, T. & Yu, D. 
Human cytomegalovirus UL38 protein blocks apoptosis. J. Virol. 81, 3109–3123 
(2007). 

107. Xuan, B., Qian, Z., Torigoi, E. & Yu, D. Human Cytomegalovirus Protein pUL38 
Induces ATF4 Expression, Inhibits Persistent JNK Phosphorylation, and 
Suppresses Endoplasmic Reticulum Stress-Induced Cell Death. J. Virol. 83, 



 149 

3463–3474 (2009). 
108. Moorman, N. J., Cristea, I., Terhune, S. S., Rout, M. P., Chait, B. T. & Shenk, T. 

Human Cytomegalovirus Protein UL38 Inhibits Host Cell Stress Responses by 
Antagonizing the Tuberous Sclerosis Protein Complex. Cell Host Microbe 3, 
253–262 (2008). 

109. Bughio, F., Umashankar, M., Wilson, J. & Goodrum, F. Human Cytomegalovirus 
UL135 and UL136 Genes Are Required for Postentry Tropism in Endothelial 
Cells. J. Virol. 89, 6536–6550 (2015). 

110. Lee, S. H., Caviness, K., Albright, E. R., Lee, J.-H., Gelbmann, C. B., Rak, M., 
Goodrum, F. & Kalejta, R. F. Long and Short Isoforms of the Human 
Cytomegalovirus UL138 Protein Silence IE Transcription and Promote Latency. 
J. Virol. 90, 9483–9494 (2016). 

111. Carey, M. F., Peterson, C. L. & Smale, S. T. The primer extension assay. Cold 
Spring Harbor Protocols 2013, 164–173 (2013). 

112. Fabrini, R., De Luca, A., Stella, L., Mei, G., Orioni, B., Ciccone, S., Federici, G., 
Bello, Lo, M. & Ricci, G. Monomer-dimer equilibrium in glutathione transferases: 
a critical re-examination. Biochemistry 48, 10473–10482 (2009). 

113. Buehler, J., Zeltzer, S., Reitsma, J. M., Petrucelli, A., Umashankar, M., Rak, M., 
Zagallo, P., Schroeder, J., Terhune, S. & Goodrum, F. Opposing Regulation of 
the EGF Receptor: A Molecular Switch Controlling Cytomegalovirus Latency and 
Replication. PLoS Pathog. 12, e1005655 (2016). 

114. Hahn, G., Revello, M. G., Patrone, M., Percivalle, E., Campanini, G., Sarasini, A., 
Wagner, M., Gallina, A., Milanesi, G., Koszinowski, U., Baldanti, F. & Gerna, G. 
Human cytomegalovirus UL131-128 genes are indispensable for virus growth in 
endothelial cells and virus transfer to leukocytes. J. Virol. 78, 10023–10033 
(2004). 

115. Revello, M. G. & Gerna, G. Human cytomegalovirus tropism for 
endothelial/epithelial cells: scientific background and clinical implications. Rev. 
Med. Virol. 20, 136–155 (2010). 

116. Stinski, M. F. & Isomura, H. Role of the cytomegalovirus major immediate early 
enhancer in acute infection and reactivation from latency. Med Microbiol 
Immunol 197, 223–231 (2007). 

117. Isomura, H., Tsurumi, T. & Stinski, M. F. Role of the Proximal Enhancer of the 
Major Immediate-Early Promoter in Human Cytomegalovirus Replication. J. Virol. 
78, 12788–12799 (2004). 

118. Benyesh-Melnick, M., Probstmeyer, F., McCombs, R., Brunschwig, J. P. & 
Vonka, V. Correlation between infectivity and physical virus particles in human 
cytomegalovirus. J. Bacteriol. 92, 1555–1561 (1966). 

119. Gurczynski, S. J., Das, S. & Pellett, P. E. Deletion of the Human 
Cytomegalovirus US17 Gene Increases the Ratio of Genomes per Infectious 
Unit and Alters Regulation of Immune and Endoplasmic Reticulum Stress 
Response Genes at Early and Late Times after Infection. J. Virol. 88, 2168–
2182 (2014). 

120. Ryckman, B. J., Jarvis, M. A., Drummond, D. D., Nelson, J. A. & Johnson, D. C. 
Human cytomegalovirus entry into epithelial and endothelial cells depends on 
genes UL128 to UL150 and occurs by endocytosis and low-pH fusion. J. Virol. 
80, 710–722 (2006). 

121. Bodaghi, B., Slobbe-van Drunen, M. E., Topilko, A., Perret, E., Vossen, R. C., 
van Dam-Mieras, M. C., Zipeto, D., Virelizier, J. L., LeHoang, P., Bruggeman, C. 



 150 

A. & Michelson, S. Entry of human cytomegalovirus into retinal pigment 
epithelial and endothelial cells by endocytosis. Invest. Ophthalmol. Vis. Sci. 40, 
2598–2607 (1999). 

122. Ko, K.-H., Odell, R. & Nordon, R. E. Analysis of cell differentiation by division 
tracking cytometry. Cytometry A 71, 773–782 (2007). 

123. Paulus, C. & Nevels, M. The Human Cytomegalovirus Major Immediate-Early 
Proteins as Antagonists of Intrinsic and Innate Antiviral Host Responses. 
Viruses 1, 760–779 (2009). 

124. Heider, J. A., Bresnahan, W. A. & Shenk, T. E. Construction of a rationally 
designed human cytomegalovirus variant encoding a temperature-sensitive 
immediate-early 2 protein. Proc. Natl. Acad. Sci. U.S.A. 99, 3141–3146 (2002). 

125. Marchini, A., Liu, H. & Zhu, H. Human cytomegalovirus with IE-2 (UL122) 
deleted fails to express early lytic genes. J. Virol. 75, 1870–1878 (2001). 

126. Greaves, R. F. & Mocarski, E. S. Defective growth correlates with reduced 
accumulation of a viral DNA replication protein after low-multiplicity infection by 
a human cytomegalovirus ie1 mutant. J. Virol. 72, 366–379 (1998). 

127. Carbone, A., Fioretti, F. M., Fucci, L., Ausió, J. & Piscopo, M. High efficiency 
method to obtain supercoiled DNA with a commercial plasmid purification kit. 
Acta Biochim. Pol. 59, 275–278 (2012). 

128. Lee, J. T. & Jaenisch, R. A method for high efficiency YAC lipofection into 
murine embryonic stem cells. Nucleic Acids Res. 24, 5054–5055 (1996). 

129. Bauchwitz, R. & Costantini, F. YAC transgenesis: a study of conditions to protect 
YAC DNA from breakage and a protocol for transfection. Biochim. Biophys. Acta 
1401, 21–37 (1998). 

130. Marschall, P., Malik, N. & Larin, Z. Transfer of YACs up to 2.3 Mb intact into 
human cells with polyethylenimine. Gene Ther. 6, 1634–1637 (1999). 

131. Elbasani, E., Gabaev, I., Steinbrück, L., Messerle, M. & Borst, E. Analysis of 
Essential Viral Gene Functions after Highly Efficient Adenofection of Cells with 
Cloned Human Cytomegalovirus Genomes. Viruses 6, 354–370 (2014). 

132. Baker, A. & Cotten, M. Delivery of bacterial artificial chromosomes into 
mammalian cells with psoralen-inactivated adenovirus carrier. Nucleic Acids Res. 
25, 1950–1956 (1997). 

133. Kriz, A., Schmid, K., Baumgartner, N., Ziegler, U., Berger, I., Ballmer-Hofer, K. & 
Berger, P. A plasmid-based multigene expression system for mammalian cells. 
Nat Commun 1, 120 (2010). 

134. Lai, J.-F., Juang, S.-H., Hung, Y.-M., Cheng, H.-Y., Cheng, T.-L., Mostov, K. E. 
& Jou, T.-S. An ecdysone and tetracycline dual regulatory expression system for 
studies on Rac1 small GTPase-mediated signaling. Am. J. Physiol., Cell Physiol. 
285, C711–C719 (2003). 

135. Goodrum, F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. 
Annual Review of Virology 3, 333–357 (2016). 

136. Sinclair, J. & Reeves, M. B. Human Cytomegalovirus Manipulation of Latently 
Infected Cells. Viruses 5, 2803–2824 (2013). 

137. Cha, T. A., Tom, E., Kemble, G. W., Duke, G. M., Mocarski, E. S. & Spaete, R. 
R. Human cytomegalovirus clinical isolates carry at least 19 genes not found in 
laboratory strains. J. Virol. 70, 78–83 (1996). 

138. Tirosh, O., Cohen, Y., Shitrit, A., Shani, O., Le-Trilling, V. T. K., Trilling, M., 
Friedlander, G., Tanenbaum, M. & Stern-Ginossar, N. The Transcription and 
Translation Landscapes during Human Cytomegalovirus Infection Reveal Novel 



 151 

Host-Pathogen Interactions. PLoS Pathog. 11, e1005288 (2015). 
139. Terhune, S. S., Moorman, N. J., Cristea, I., Savaryn, J. P., Cuevas-Bennett, C., 

Rout, M. P., Chait, B. T. & Shenk, T. Human Cytomegalovirus UL29/28 Protein 
Interacts with Components of the NuRD Complex Which Promote Accumulation 
of Immediate-Early RNA. PLoS Pathog. 6, e1000965 (2010). 

140. Cristea, I., Williams, R., Chait, B. T. & Rout, M. P. Fluorescent Proteins as 
Proteomic Probes. Mol. Cell Proteomics 4, 1933–1941 (2005). 

141. Aronheim, A., Zandi, E., Hennemann, H., Elledge, S. J. & Karin, M. Isolation of 
an AP-1 repressor by a novel method for detecting protein-protein interactions. 
Mol. Cell. Biol. 17, 3094–3102 (1997). 

142. Reitsma, J. M., Savaryn, J. P., Faust, K., Sato, H., Halligan, B. D. & Terhune, S. 
S. Antiviral Inhibition Targeting the HCMV Kinase pUL97 Requires pUL27-
Dependent Degradation of Tip60 Acetyltransferase and Cell-Cycle Arrest. Cell 
Host Microbe 9, 103–114 (2011). 

143. Tanos, B. E. & Pendergast, A. M. Abi-1 forms an epidermal growth factor-
inducible complex with Cbl: Role in receptor endocytosis. Cellular Signalling 19, 
1602–1609 (2007). 

144. Fan, P. D. & Goff, S. P. Abl interactor 1 binds to sos and inhibits epidermal 
growth factor- and v-Abl-induced activation of extracellular signal-regulated 
kinases. Mol. Cell. Biol. 20, 7591–7601 (2000). 

145. Innocenti, M., Frittoli, E., Ponzanelli, I., Falck, J. R., Brachmann, S. M., Di Fiore, 
P. P. & Scita, G. Phosphoinositide 3-kinase activates Rac by entering in a 
complex with Eps8, Abi1, and Sos-1. J. Cell Biol. 160, 17–23 (2003). 

146. Kotula, L. Abi1, a critical molecule coordinating actin cytoskeleton reorganization 
with PI-3 kinase and growth signaling. FEBS Lett. 586, 2790–2794 (2012). 

147. Innocenti, M., Tenca, P., Frittoli, E., Faretta, M., Tocchetti, A., Di Fiore, P. P. & 
Scita, G. Mechanisms through which Sos-1 coordinates the activation of Ras 
and Rac. J. Cell Biol. 156, 125–136 (2002). 

148. Rønning, S. B., Pedersen, N. M., Madshus, I. H. & Stang, E. CIN85 regulates 
ubiquitination and degradative endosomal sorting of the EGF receptor. Exp. Cell 
Res. 317, 1804–1816 (2011). 

149. Schroeder, B., Srivatsan, S., Shaw, A. S., Billadeau, D. & McNiven, M. A. CIN85 
phosphorylation is essential for EGFR ubiquitination and sorting into 
multivesicular bodies. Mol. Biol. Cell 23, 3602–3611 (2012). 

150. Kowanetz, K. CIN85 Associates with Multiple Effectors Controlling Intracellular 
Trafficking of Epidermal Growth Factor Receptors. Mol. Biol. Cell 15, 3155–3166 
(2004). 

151. Cormont, M., Metón, I., Mari, M., Monzo, P., Keslair, F., Gaskin, C., McGraw, T. 
E. & Le Marchand-Brustel, Y. CD2AP/CMS regulates endosome morphology 
and traffic to the degradative pathway through its interaction with Rab4 and c-
Cbl. Traffic 4, 97–112 (2003). 

152. Havrylov, S., Jolanta Redowicz, M. & Buchman, V. L. Emerging Roles of 
Ruk/CIN85 in Vesicle-Mediated Transport, Adhesion, Migration and Malignancy. 
Traffic 11, 721–731 (2010). 

153. Minegishi, Y., Shibagaki, Y., Mizutani, A., Fujita, K., Tezuka, T., Kinoshita, M., 
Kuroda, M., Hattori, S. & Gotoh, N. Adaptor protein complex of FRS2β and 
CIN85/CD2AP provides a novel mechanism for ErbB2/HER2 protein 
downregulation. Cancer Sci 104, 345–352 (2013). 

154. Schmidt, M. H. H., Hoeller, D., Yu, J., Furnari, F. B., Cavenee, W. K., Dikic, I. & 



 152 

Bogler, O. Alix/AIP1 Antagonizes Epidermal Growth Factor Receptor 
Downregulation by the Cbl-SETA/CIN85 Complex. Mol. Cell. Biol. 24, 8981–
8993 (2004). 

155. Kowanetz, K., Terzic, J. & Dikic, I. Dab2 links CIN85 with clathrin-mediated 
receptor internalization. FEBS Lett. 554, 81–87 (2003). 

156. Brett, T. J., Traub, L. M. & Fremont, D. H. Accessory protein recruitment motifs 
in clathrin-mediated endocytosis. Structure 10, 797–809 (2002). 

157. Soubeyran, P., Kowanetz, K., Szymkiewicz, I., Langdon, W. Y. & Dikic, I. Cbl–
CIN85–endophilin complex mediates ligand-induced downregulation of EGF 
receptors. Nature 416, 183–187 (2002). 

158. Petrelli, A., Gilestro, G. F., Lanzardo, S., Comoglio, P. M., Migone, N. & 
Giordano, S. The endophilin–CIN85–Cbl complex mediates ligand-dependent 
downregulation of c-Met. Nature 416, 187–190 (2002). 

159. Ceregido, M. A., Garcia-Pino, A., Ortega Roldan, J. L., Casares, S., López 
Mayorga, O., Bravo, J., van Nuland, N. A. J. & Azuaga, A. I. Multimeric and 
differential binding of CIN85/CD2AP with two atypical proline-rich sequences 
from CD2 and Cbl-b*. FEBS J 280, 3399–3415 (2013). 

160. Kirsch, K. H., Georgescu, M.-M., Shishido, T., Langdon, W. Y., Birge, R. B. & 
Hanafusa, H. The Adapter Type Protein CMS/CD2AP Binds to the Proto-
oncogenic Protein c-Cbl through a Tyrosine Phosphorylation-regulated Src 
Homology 3 Domain Interaction. J. Biol. Chem. 276, 4957–4963 (2001). 

161. Dikic, I. CIN85/CMS family of adaptor molecules. FEBS Lett. 529, 110–115 
(2002). 

162. Take, H., Watanabe, S., Takeda, K., Yu, Z.-X., Iwata, N. & Kajigaya, S. Cloning 
and Characterization of a Novel Adaptor Protein, CIN85, That Interacts with c-
Cbl. Biochem. Biophys. Res. Commun. 268, 321–328 (2000). 

163. Watanabe, S., Take, H., Takeda, K., Yu, Z.-X., Iwata, N. & Kajigaya, S. 
Characterization of the CIN85 Adaptor Protein and Identification of Components 
Involved in CIN85 Complexes. Biochem. Biophys. Res. Commun. 278, 167–174 
(2000). 

164. Dustin, M. L., Olszowy, M. W., Holdorf, A. D., Li, J., Bromley, S., Desai, N., 
Widder, P., Rosenberger, F., van der Merwe, P. A., Allen, P. M. & Shaw, A. S. A 
novel adaptor protein orchestrates receptor patterning and cytoskeletal polarity 
in T-cell contacts. Cell 94, 667–677 (1998). 

165. Kirsch, K. H., Georgescu, M. M., Ishimaru, S. & Hanafusa, H. CMS: an adapter 
molecule involved in cytoskeletal rearrangements. Proc. Natl. Acad. Sci. U.S.A. 
96, 6211–6216 (1999). 

166. Kühn, J., Wong, L. E., Pirkuliyeva, S., Schulz, K., Schwiegk, C., Fünfgeld, K. G., 
Keppler, S., Batista, F. D., Urlaub, H., Habeck, M., Becker, S., Griesinger, C. & 
Wienands, J. The adaptor protein CIN85 assembles intracellular signaling 
clusters for B cell activation. Science Signaling 9, ra66–ra66 (2016). 

167. Mi, T., Merlin, J. C., Deverasetty, S., Gryk, M. R., Bill, T. J., Brooks, A. W., Lee, 
L. Y., Rathnayake, V., Ross, C. A., Sargeant, D. P., Strong, C. L., Watts, P., 
Rajasekaran, S. & Schiller, M. R. Minimotif Miner 3.0: database expansion and 
significantly improved reduction of false-positive predictions from consensus 
sequences. Nucleic Acids Res. 40, D252–D260 (2011). 

168. Proepper, C., Johannsen, S., Liebau, S., Dahl, J., Vaida, B., Bockmann, J., 
Kreutz, M. R., Gundelfinger, E. D. & Boeckers, T. M. Abelson interacting protein 
1 (Abi-1) is essential for dendrite morphogenesis and synapse formation. EMBO 



 153 

J. 26, 1397–1409 (2007). 
169. Kurakin, A. V., Wu, S. & Bredesen, D. E. Atypical Recognition Consensus of 

CIN85/SETA/Ruk SH3 Domains Revealed by Target-assisted Iterative 
Screening. J. Biol. Chem. 278, 34102–34109 (2003). 

170. Kowanetz, K., Szymkiewicz, I., Haglund, K., Kowanetz, M., Husnjak, K., Taylor, 
J. D., Soubeyran, P., Engstrom, U., Ladbury, J. E. & Dikic, I. Identification of a 
Novel Proline-Arginine Motif Involved in CIN85-dependent Clustering of Cbl and 
Down-regulation of Epidermal Growth Factor Receptors. J. Biol. Chem. 278, 
39735–39746 (2003). 

171. Fairley, J. A., Baillie, J., Bain, M. & Sinclair, J. Human cytomegalovirus infection 
inhibits epidermal growth factor (EGF) signalling by targeting EGF receptors. 
Journal of General Virology 83, 2803–2810 (2002). 

172. Jafferji, I., Bain, M., King, C. & Sinclair, J. Inhibition of epidermal growth factor 
receptor (EGFR) expression by human cytomegalovirus correlates with an 
increase in the expression and binding of Wilms' Tumour 1 protein to the EGFR 
promoter. Journal of General Virology 90, 1569–1574 (2009). 

173. Zeltzer, S., Zeltzer, C. A., Wilson, J., Donaldson, J. G. & Goodrum, F. Virus 
Control of Trafficking from Sorting Endosomes (In Press). MBio (2018). 

174. Miller, C. L. & Eaves, C. J. in Hematopoietic Stem Cell Protocols 63, 123–141 
(Humana Press, 2001). 

175. Maciejewski, J. P., Bruening, E. E., Donahue, R. E., Mocarski, E. S., Young, N. 
S. & St Jeor, S. C. Infection of hematopoietic progenitor cells by human 
cytomegalovirus. Blood 80, 170–178 (1992). 

176. Verdier, F., Valovka, T., Zhyvoloup, A., Drobot, L. B., Buchman, V., Waterfield, 
M. & Gout, I. Ruk is ubiquitinated but not degraded by the proteasome. 269, 
3402–3408 (2002). 

177. Gout, I., Middleton, G., Adu, J., Ninkina, N. N., Drobot, L. B., Filonenko, V., 
Matsuka, G., Davies, A. M., Waterfield, M. & Buchman, V. L. Negative regulation 
of PI 3-kinase by Ruk, a novel adaptor protein. EMBO J. 19, 4015–4025 (2000). 

178. Borinstein, S. C., Hyatt, M. A., Sykes, V. W., Straub, R. E., Lipkowitz, S., Boulter, 
J. & Bogler, O. SETA is a multifunctional adapter protein with three SH3 
domains that binds Grb2, Cbl, and the novel SB1 proteins. Cellular Signalling 12, 
769–779 (2000). 

179. Szymkiewicz, I., Kowanetz, K., Soubeyran, P., Dinarina, A., Lipkowitz, S. & Dikic, 
I. CIN85 Participates in Cbl-b-mediated Down-regulation of Receptor 
Tyrosine Kinases. J. Biol. Chem. 277, 39666–39672 (2002). 

180. Tibaldi, E. V. & Reinherz, E. L. CD2BP3, CIN85 and the structurally related 
adaptor protein CMS bind to the same CD2 cytoplasmic segment, but elicit 
divergent functional activities. Int. Immunol. 15, 313–329 (2003). 

181. Ahmad, G., Mohapatra, B. C., Schulte, N. A., Nadeau, S. A., Luan, H., Zutshi, N., 
Tom, E., Ortega-Cava, C., Tu, C., Sanada, M., Ogawa, S., Toews, M. L., Band, 
V. & Band, H. Cbl-family ubiquitin ligases and their recruitment of CIN85 are 
largely dispensable for epidermal growth factor receptor endocytosis. Int. J. 
Biochem. Cell Biol. 57, 123–134 (2014). 

182. Ravid, T., Heidinger, J. M., Gee, P., Khan, E. M. & Goldkorn, T. c-Cbl-mediated 
Ubiquitinylation Is Required for Epidermal Growth Factor Receptor Exit from the 
Early Endosomes. J. Biol. Chem. 279, 37153–37162 (2004). 

183. Schroeder, B., Weller, S. G., Chen, J., Billadeau, D. & McNiven, M. A. A Dyn2–
CIN85 complex mediates degradative traffic of the EGFR by regulation of late 



 154 

endosomal budding. EMBO J. 29, 3039–3053 (2010). 
184. Aissouni, Y., Zapart, G., Iovanna, J. L., Dikic, I. & Soubeyran, P. CIN85 

regulates the ability of MEKK4 to activate the p38 MAP kinase pathway. 
Biochem. Biophys. Res. Commun. 338, 808–814 (2005). 

185. Frey, M. R., Dise, R. S., Edelblum, K. L. & Polk, D. B. p38 kinase regulates 
epidermal growth factor receptor downregulation and cellular migration. EMBO J. 
25, 5683–5692 (2006). 

186. Thalheimer, F. B., Wingert, S., De Giacomo, P., Haetscher, N., Rehage, M., Brill, 
B., Theis, F. J., Hennighausen, L., Schroeder, T. & Rieger, M. A. Cytokine-
regulated GADD45G induces differentiation and lineage selection in 
hematopoietic stem cells. Stem Cell Reports 3, 34–43 (2014). 

187. Biesova, Z., Piccoli, C. & Wong, W. T. Isolation and characterization of e3B1, an 
eps8 binding protein that regulates cell growth. Oncogene 14, 233–241 (1997). 

188. So, C. W., So, C. K., Cheung, N., Chew, S. L., Sham, M. H. & Chan, L. C. The 
interaction between EEN and Abi-1, two MLL fusion partners, and synaptojanin 
and dynamin: implications for leukaemogenesis. Leukemia 14, 594–601 (2000). 

189. Chen, Z., Borek, D., Padrick, S. B., Gomez, T. S., Metlagel, Z., Ismail, A. M., 
Umetani, J., Billadeau, D. D., Otwinowski, Z. & Rosen, M. K. Structure and 
control of the actin regulatory WAVE complex. Nature 468, 533–538 (2010). 

190. Innocenti, M., Gerboth, S., Rottner, K., Lai, F. P. L., Hertzog, M., Stradal, T. E. 
B., Frittoli, E., Didry, D., Polo, S., Disanza, A., Benesch, S., Fiore, P. P. D., 
Carlier, M.-F. & Scita, G. Abi1 regulates the activity of N-WASP and WAVE in 
distinct actin-based processes. Nat. Cell Biol. 7, 969–976 (2005). 

191. Liu, B., Hermiston, T. W. & Stinski, M. F. A cis-acting element in the major 
immediate-early (IE) promoter of human cytomegalovirus is required for 
negative regulation by IE2. J. Virol. 65, 897–903 (1991). 

192. Davison, A. J., Dolan, A., Akter, P., Addison, C., Dargan, D. J., Alcendor, D. J., 
McGeoch, D. J. & Hayward, G. S. The human cytomegalovirus genome 
revisited: comparison with the chimpanzee cytomegalovirus genome. Journal of 
General Virology 84, 17–28 (2003). 

193. Ping WeeZhixiang Wang. Epidermal Growth Factor Receptor Cell Proliferation 
Signaling Pathways. Cancers 9, 52–45 (2017). 

194. Tomas, A., Futter, C. E. & Eden, E. R. EGF receptor trafficking: consequences 
for signaling and cancer. Trends Cell Biol. 24, 26–34 (2014). 

195. Cooray, S. The pivotal role of phosphatidylinositol 3-kinase–Akt signal 
transduction in virus survival. Journal of General Virology (2004). 

196. Liu, X. & Cohen, J. I. The role of PI3K/Akt in human herpesvirus infection: From 
the bench to the bedside. Virology 479-480, 568–577 (2015). 

197. Chan, G., Nogalski, M. T., Stevenson, E. V. & Yurochko, A. D. Human 
cytomegalovirus induction of a unique signalsome during viral entry into 
monocytes mediates distinct functional changes: a strategy for viral 
dissemination. J. Leukoc. Biol. 92, 743–752 (2012). 

198. Chan, G., Nogalski, M. T., Bentz, G. L., Smith, M. S., Parmater, A. & Yurochko, 
A. D. PI3K-Dependent Upregulation of Mcl-1 by Human Cytomegalovirus Is 
Mediated by Epidermal Growth Factor Receptor and Inhibits Apoptosis in Short-
Lived Monocytes. J. Immunol. 184, 3213–3222 (2010). 

199. Collins-McMillen, D., Kim, J. H., Nogalski, M. T., Stevenson, E. V., Chan, G. C., 
Caskey, J. R., Cieply, S. J. & Yurochko, A. D. Human Cytomegalovirus 
Promotes Survival of Infected Monocytes via a Distinct Temporal Regulation of 



 155 

Cellular Bcl-2 Family Proteins. J. Virol. 90, 2356–2371 (2016). 
200. Smith, M. S., Bivins-Smith, E. R., Tilley, A. M., Bentz, G. L., Chan, G., Minard, J. 

& Yurochko, A. D. Roles of Phosphatidylinositol 3-Kinase and NF- B in Human 
Cytomegalovirus-Mediated Monocyte Diapedesis and Adhesion: Strategy for 
Viral Persistence. J. Virol. 81, 7683–7694 (2007). 

201. Shenk, T. & Alwine, J. C. Human Cytomegalovirus: Coordinating Cellular Stress, 
Signaling, and Metabolic Pathways. Annual Review of Virology 1, 355–374 
(2014). 

202. Buchkovich, N. J., Yu, Y., Zampieri, C. A. & Alwine, J. C. The TORrid affairs of 
viruses: effects of mammalian DNA viruses on the PI3K–Akt–mTOR signalling 
pathway. Nat. Rev. Microbiol. 6, 266–275 (2008). 

203. Camarena, V., Kobayashi, M., Kim, J. Y., Roehm, P., Perez, R., Gardner, J., 
Wilson, A. C., Mohr, I. & Chao, M. V. Nature and Duration of Growth Factor 
Signaling through Receptor Tyrosine Kinases Regulates HSV-1 Latency in 
Neurons. Cell Host Microbe 8, 320–330 (2010). 

204. Cliffe, A. R., Arbuckle, J. H., Vogel, J. L., Geden, M. J., Rothbart, S. B., Cusack, 
C. L., Strahl, B. D., Kristie, T. M. & Deshmukh, M. Neuronal Stress Pathway 
Mediating a Histone Methyl/Phospho Switch Is Required for Herpes Simplex 
Virus Reactivation. Cell Host Microbe 18, 649–658 (2015). 

205. Miller, W. E., Earp, H. S. & Raab-Traub, N. The Epstein-Barr virus latent 
membrane protein 1 induces expression of the epidermal growth factor receptor. 
J. Virol. 69, 4390–4398 (1995). 

206. Wang, L., Dittmer, D. P., Tomlinson, C. C., Fakhari, F. D. & Damania, B. 
Immortalization of primary endothelial cells by the K1 protein of Kaposi's 
sarcoma-associated herpesvirus. Cancer Res. 66, 3658–3666 (2006). 

207. Zhang, Z., Chen, W., Sanders, M. K., Brulois, K. F., Dittmer, D. P. & Damania, B. 
The K1 Protein of Kaposi's Sarcoma-Associated Herpesvirus Augments Viral 
Lytic Replication. J. Virol. 90, 7657–7666 (2016). 

208. Peng, L., Wu, T.-T., Tchieu, J. H., Feng, J., Brown, H. J., Feng, J., Li, X., Qi, J., 
Deng, H., Vivanco, I., Mellinghoff, I. K., Jamieson, C. & Sun, R. Inhibition of the 
phosphatidylinositol 3-kinase-Akt pathway enhances gamma-2 herpesvirus lytic 
replication and facilitates reactivation from latency. J. Gen. Virol. 91, 463–469 
(2010). 

209. Kim, J. H., Collins-McMillen, D., Buehler, J. C., Goodrum, F. & Yurochko, A. D. 
Human Cytomegalovirus Requires Epidermal Growth Factor Receptor Signaling 
To Enter and Initiate the Early Steps in the Establishment of Latency in CD34+ 
Human Progenitor Cells. J. Virol. 91, e01206–16 (2017). 

210. Shi, T., Niepel, M., McDermott, J. E., Gao, Y., Nicora, C. D., Chrisler, W. B., 
Markillie, L. M., Petyuk, V. A., Smith, R. D., Rodland, K. D., Sorger, P. K., Qian, 
W.-J. & Wiley, H. S. Conservation of protein abundance patterns reveals the 
regulatory architecture of the EGFR-MAPK pathway. Science Signaling 9, rs6–
rs6 (2016). 

211. Liang, Y., Kurakin, A. & Roizman, B. Herpes simplex virus 1 infected cell protein 
0 forms a complex with CIN85 and Cbl and mediates the degradation of EGF 
receptor from cell surfaces. Proc. Natl. Acad. Sci. U.S.A. 102, 5838–5843 (2005). 

212. Deschamps, T., Dogrammatzis, C., Mullick, R. & Kalamvoki, M. Cbl E3 Ligase 
Mediates the Removal of Nectin-1 from the Surface of Herpes Simplex Virus 1-
Infected Cells. J. Virol. 91, e00393–17 (2017). 

213. Wang, X., Huong, S.-M., Chiu, M. L., Raab-Traub, N. & Huang, E.-S. Epidermal 



 156 

growth factor receptor is a cellular receptor for human cytomegalovirus. Nature 
424, 456–461 (2003). 

214. Chan, G., Nogalski, M. T. & Yurochko, A. D. Activation of EGFR on monocytes 
is required for human cytomegalovirus entry and mediates cellular motility. Proc. 
Natl. Acad. Sci. U.S.A. 106, 22369–22374 (2009). 

215. Griffin, B. A., Adams, S. R., Jones, J. & Tsien, R. Y. Fluorescent labeling of 
recombinant proteins in living cells with FlAsH. Methods Enzymol 327, 565–578 
(2000). 

216. Tossidou, I., Kardinal, C., Peters, I., Kriz, W., Shaw, A. S., Dikic, I., Tkachuk, S., 
Dumler, I., Haller, H. & Schiffer, M. CD2AP/CIN85 Balance Determines 
Receptor Tyrosine Kinase Signaling Response in Podocytes. J. Biol. Chem. 282, 
7457–7464 (2007). 

217. Tossidou, I., Niedenthal, R., Klaus, M., Teng, B., Worthmann, K., King, B. L., 
Peterson, K. J., Haller, H. & Schiffer, M. CD2AP Regulates SUMOylation of 
CIN85 in Podocytes. Mol. Cell. Biol. 32, 1068–1079 (2012). 

218. Ly, K. T. & Casanova, J. E. Abelson tyrosine kinase facilitates Salmonella 
enterica serovar Typhimurium entry into epithelial cells. Infect. Immun. 77, 60–
69 (2009). 

219. Zimmermann, H. 5'-Nucleotidase: molecular structure and functional aspects. 
Biochemical Journal 285 ( Pt 2), 345–365 (1992). 

220. Thorpe, C., Hoober, K. L., Raje, S., Glynn, N. M., Burnside, J., Turi, G. K. & 
Coppock, D. L. Sulfhydryl oxidases: emerging catalysts of protein disulfide bond 
formation in eukaryotes. Archives of Biochemistry and Biophysics 405, 1–12 
(2002). 

221. Song, J., Yang, W., Shih, I.-M., Zhang, Z. & Bai, J. Identification of BCOX1, a 
novel gene overexpressed in breast cancer. Biochim. Biophys. Acta 1760, 62–
69 (2006). 

222. Uhlén, M., Fagerberg, L., Hallström, B. M., Lindskog, C., Oksvold, P., 
Mardinoglu, A., Sivertsson, Å., Kampf, C., Sjöstedt, E., Asplund, A., Olsson, I., 
Edlund, K., Lundberg, E., Navani, S., Szigyarto, C. A.-K., Odeberg, J., 
Djureinovic, D., Takanen, J. O., Hober, S., Alm, T., Edqvist, P.-H., Berling, H., 
Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk, J. M., Hamsten, M., 
Feilitzen, von, K., Forsberg, M., Persson, L., Johansson, F., Zwahlen, M., Heijne, 
von, G., Nielsen, J. & Pontén, F. Proteomics. Tissue-based map of the human 
proteome. Science 347, 1260419–1260419 (2015). 

223. Giltay, R., Timpl, R. & Kostka, G. Sequence, recombinant expression and tissue 
localization of two novel extracellular matrix proteins, fibulin-3 and fibulin-4. 
Matrix Biol. 18, 469–480 (1999). 

224. Gallagher, W. M., Greene, L. M., Ryan, M. P., Sierra, V., Berger, A., Laurent-
Puig, P. & Conseiller, E. Human fibulin-4: analysis of its biosynthetic processing 
and mRNA expression in normal and tumour tissues. FEBS Lett. 489, 59–66 
(2001). 

225. Lorenzon-Ojea, A. R., Caldeira, W., Ribeiro, A. F., Fisher, S. J., Guzzo, C. R. & 
Bevilacqua, E. Stromal cell derived factor-2 (Sdf2): A novel protein expressed in 
mouse. Int. J. Biochem. Cell Biol. 53, 262–270 (2014). 

226. Lorenzon-Ojea, A. R., Guzzo, C. R., Kapidzic, M., Fisher, S. J. & Bevilacqua, E. 
Stromal Cell-Derived Factor 2: A Novel Protein that Interferes in Endoplasmic 
Reticulum Stress Pathway in Human Placental Cells. Biology of Reproduction 
95, 41–41 (2016). 



 157 

227. Zheng, L., Pan, H., Li, S., Flesken-Nikitin, A., Chen, P. L., Boyer, T. G. & Lee, W. 
H. Sequence-specific transcriptional corepressor function for BRCA1 through a 
novel zinc finger protein, ZBRK1. Molecular Cell 6, 757–768 (2000). 

228. Liao, G., Huang, J., Fixman, E. D. & Hayward, S. D. The Epstein-Barr virus 
replication protein BBLF2/3 provides an origin-tethering function through 
interaction with the zinc finger DNA binding protein ZBRK1 and the KAP-1 
corepressor. J. Virol. 79, 245–256 (2005). 

229. Li, M., Li, H., Li, C., Wang, S., Jiang, W., Liu, Z., Zhou, S., Liu, X., McNutt, M. A. 
& Li, G. Alpha-fetoprotein: a new member of intracellular signal molecules in 
regulation of the PI3K/AKT signaling in human hepatoma cell lines. Int. J. 
Cancer 128, 524–532 (2011). 

230. Zhu, M., Guo, J., Li, W., Xia, H., Lu, Y., Dong, X., Chen, Y., Xie, X., Fu, S. & Li, 
M. HBx induced AFP receptor expressed to activate PI3K/AKT signal to promote 
expression of Src in liver cells and hepatoma cells. BMC Cancer 15, 362 (2015). 

231. Zhu, M., Li, W., Lu, Y., Dong, X., Lin, B., Chen, Y., Zhang, X., Guo, J. & Li, M. 
HBx drives alpha fetoprotein expression to promote initiation of liver cancer stem 
cells through activating PI3K/AKT signal pathway. Int. J. Cancer 140, 1346–
1355 (2017). 

232. Klopfenstein, D. R., Klumperman, J., Lustig, A., Kammerer, R. A., Oorschot, V. 
& Hauri, H. P. Subdomain-specific localization of CLIMP-63 (p63) in the 
endoplasmic reticulum is mediated by its luminal alpha-helical segment. J. Cell 
Biol. 153, 1287–1300 (2001). 

233. Strnad, J., Hamilton, A. E., Beavers, L. S., Gamboa, G. C., Apelgren, L. D., 
Taber, L. D., Sportsman, J. R., Bumol, T. F., Sharp, J. D. & Gadski, R. A. 
Molecular cloning and characterization of a human adenocarcinoma/epithelial 
cell surface antigen complementary DNA. Cancer Res. 49, 314–317 (1989). 

234. Balzar, M., Bakker, H. A., Briaire-de-Bruijn, I. H., Fleuren, G. J., Warnaar, S. O. 
& Litvinov, S. V. Cytoplasmic tail regulates the intercellular adhesion function of 
the epithelial cell adhesion molecule. Mol. Cell. Biol. 18, 4833–4843 (1998). 

235. Nübel, T., Preobraschenski, J., Tuncay, H., Weiss, T., Kuhn, S., Ladwein, M., 
Langbein, L. & Zöller, M. Claudin-7 regulates EpCAM-mediated functions in 
tumor progression. Mol. Cancer Res. 7, 285–299 (2009). 

236. Schnell, U., Cirulli, V. & Giepmans, B. N. G. EpCAM: structure and function in 
health and disease. Biochim. Biophys. Acta 1828, 1989–2001 (2013). 

237. Maetzel, D., Denzel, S., Mack, B., Canis, M., Went, P., Benk, M., Kieu, C., 
Papior, P., Baeuerle, P. A., Munz, M. & Gires, O. Nuclear signalling by tumour-
associated antigen EpCAM. Nat. Cell Biol. 11, 162–171 (2009). 

238. Su, A. I., Wiltshire, T., Batalov, S., Lapp, H., Ching, K. A., Block, D., Zhang, J., 
Soden, R., Hayakawa, M., Kreiman, G., Cooke, M. P., Walker, J. R. & 
Hogenesch, J. B. A gene atlas of the mouse and human protein-encoding 
transcriptomes. Proc. Natl. Acad. Sci. U.S.A. 101, 6062–6067 (2004). 

239. Donaudy, F., Snoeckx, R., Pfister, M., Zenner, H.-P., Blin, N., Di Stazio, M., 
Ferrara, A., Lanzara, C., Ficarella, R., Declau, F., Pusch, C. M., Nürnberg, P., 
Melchionda, S., Zelante, L., Ballana, E., Estivill, X., Van Camp, G., Gasparini, P. 
& Savoia, A. Nonmuscle myosin heavy-chain gene MYH14 is expressed in 
cochlea and mutated in patients affected by autosomal dominant hearing 
impairment (DFNA4). Am. J. Hum. Genet. 74, 770–776 (2004). 

240. Yamamoto, N., Okano, T., Ma, X., Adelstein, R. S. & Kelley, M. W. Myosin II 
regulates extension, growth and patterning in the mammalian cochlear duct. 



 158 

Development 136, 1977–1986 (2009). 
241. Blagoev, B., Kratchmarova, I., Ong, S.-E., Nielsen, M., Foster, L. J. & Mann, M. 

A proteomics strategy to elucidate functional protein-protein interactions applied 
to EGF signaling. Nat. Biotechnol. 21, 315–318 (2003). 

242. Schmidt, S. V. & Schultze, J. L. New Insights into IDO Biology in Bacterial and 
Viral Infections. Front Immunol 5, 384 (2014). 

243. Noriega, V. M., Haye, K. K., Kraus, T. A., Kowalsky, S. R., Ge, Y., Moran, T. M. 
& Tortorella, D. Human Cytomegalovirus Modulates Monocyte-Mediated Innate 
Immune Responses during Short-Term Experimental Latency In Vitro. J. Virol. 
88, 9391–9405 (2014). 

244. Bodaghi, B., Goureau, O., Zipeto, D., Laurent, L., Virelizier, J. L. & Michelson, S. 
Role of IFN-gamma-induced indoleamine 2,3 dioxygenase and inducible nitric 
oxide synthase in the replication of human cytomegalovirus in retinal pigment 
epithelial cells. J. Immunol. 162, 957–964 (1999). 

245. Zimmermann, A., Hauka, S., Maywald, M., Le, V. T. K., Schmidt, S. K., 
Daubener, W. & Hengel, H. Checks and balances between human 
cytomegalovirus replication and indoleamine-2,3-dioxygenase. Journal of 
General Virology 95, 659–670 (2014). 

246. Aliyari, Z., Soleimanirad, S., Sayyah Melli, M., Tayefi Nasrabadi, H. & Nozad 
Charoudeh, H. IL2rg Cytokines Enhance Umbilical Cord Blood CD34+ Cells 
Differentiation to T Cells. Adv Pharm Bull 5, 615–619 (2015). 

247. Cao, X., Shores, E. W., Hu-Li, J., Anver, M. R., Kelsall, B. L., Russell, S. M., 
Drago, J., Noguchi, M., Grinberg, A. & Bloom, E. T. Defective lymphoid 
development in mice lacking expression of the common cytokine receptor 
gamma chain. Immunity 2, 223–238 (1995). 

248. Wu, C., Orozco, C., Boyer, J., Leglise, M., Goodale, J., Batalov, S., Hodge, C. L., 
Haase, J., Janes, J., Huss, J. W. & Su, A. I. BioGPS: an extensible and 
customizable portal for querying and organizing gene annotation resources. 
Genome Biol. 10, R130 (2009). 

249. Yu, Y., Clippinger, A. J. & Alwine, J. C. Viral effects on metabolism: changes in 
glucose and glutamine utilization during human cytomegalovirus infection. 
Trends Microbiol. 19, 360–367 (2011). 

250. Sanchez, V. & Dong, J. J. Alteration of lipid metabolism in cells infected with 
human cytomegalovirus. Virology 404, 71–77 (2010). 

251. Gururaj, A., Barnes, C. J., Vadlamudi, R. K. & Kumar, R. Regulation of 
phosphoglucomutase 1 phosphorylation and activity by a signaling kinase. 
Oncogene 23, 8118–8127 (2004). 

252. Munger, J., Bajad, S. U., Coller, H. A., Shenk, T. & Rabinowitz, J. D. Dynamics 
of the Cellular Metabolome during Human Cytomegalovirus Infection. PLoS 
Pathog. 2, e132 (2006). 

253. McArdle, J., Moorman, N. J. & Munger, J. HCMV Targets the Metabolic Stress 
Response through Activation of AMPK Whose Activity Is Important for Viral 
Replication. PLoS Pathog. 8, e1002502 (2012). 

254. Sánchez-Lanzas, R. & Castaño, J. G. Proteins directly interacting with 
mammalian 20S proteasomal subunits and ubiquitin-independent proteasomal 
degradation. Biomolecules 4, 1140–1154 (2014). 

255. Jia, Y., Song, T., Wei, C., Ni, C., Zheng, Z., Xu, Q., Ma, H., Li, L., Zhang, Y., He, 
X., Xu, Y., Shi, W. & Zhong, H. Negative regulation of MAVS-mediated innate 
immune response by PSMA7. J. Immunol. 183, 4241–4248 (2009). 



 159 

256. Choi, H. J., Park, A., Kang, S., Lee, E., Lee, T. A., Ra, E. A., Lee, J., Lee, S. & 
Park, B. Human cytomegalovirus-encoded US9 targets MAVS and STING 
signaling to evade type I interferon immune responses. Nat Commun 9, 125 
(2018). 

257. Li, T., Chen, J. & Cristea, I. Human cytomegalovirus tegument protein pUL83 
inhibits IFI16-mediated DNA sensing for immune evasion. Cell Host Microbe 14, 
591–599 (2013). 

258. Dong, J., Chen, W., Welford, A. & Wandinger-Ness, A. The proteasome alpha-
subunit XAPC7 interacts specifically with Rab7 and late endosomes. J. Biol. 
Chem. 279, 21334–21342 (2004). 

259. Hu, Z., Zhang, Z., Doo, E., Coux, O., Goldberg, A. L. & Liang, T. J. Hepatitis B 
virus X protein is both a substrate and a potential inhibitor of the proteasome 
complex. J. Virol. 73, 7231–7240 (1999). 

260. Liu, X., Huang, W., Li, C., Li, P., Yuan, J., Li, X., Qiu, X.-B., Ma, Q. & Cao, C. 
Interaction between c-Abl and Arg tyrosine kinases and proteasome subunit 
PSMA7 regulates proteasome degradation. Molecular Cell 22, 317–327 (2006). 

261. Lizio, M., Harshbarger, J., Shimoji, H., Severin, J., Kasukawa, T., Sahin, S., 
Abugessaisa, I., Fukuda, S., Hori, F., Ishikawa-Kato, S., Mungall, C. J., Arner, E., 
Baillie, J., Bertin, N., Bono, H., de Hoon, M., Diehl, A. D., Dimont, E., Freeman, 
T. C., Fujieda, K., Hide, W., Kaliyaperumal, R., Katayama, T., Lassmann, T., 
Meehan, T. F., Nishikata, K., Ono, H., Rehli, M., Sandelin, A., Schultes, E. A., t 
Hoen, P., Tatum, Z., Thompson, M., Toyoda, T., Wright, D. W., Daub, C. O., Itoh, 
M., Carninci, P., Hayashizaki, Y., Forrest, A., Kawaji, H.the FANTOM consortium. 
Gateways to the FANTOM5 promoter level mammalian expression atlas. 
Genome Biol. 16, 22 (2015). 

262. Faesen, A. C., Luna-Vargas, M. P. A., Geurink, P. P., Clerici, M., Merkx, R., van 
Dijk, W. J., Hameed, D. S., Oualid, El, F., Ovaa, H. & Sixma, T. K. The 
Differential Modulation of USP Activity by Internal Regulatory Domains, 
Interactors and Eight Ubiquitin Chain Types. Chemistry & Biology 18, 1550–
1561 (2011). 

263. Zhiqiang, Z., Qinghui, Y., Yongqiang, Z., Jian, Z., Xin, Z., Haiying, M. & Yuepeng, 
G. USP1 regulates AKT phosphorylation by modulating the stability of PHLPP1 
in lung cancer cells. J Cancer Res Clin Oncol 138, 1231–1238 (2012). 

264. Arii, K., Kai, T. & Kokuba, Y. Degradation kinetics of L-alanyl-L-glutamine and its 
derivatives in aqueous solution. Eur J Pharm Sci 7, 107–112 (1999). 

265. Bughio, F., Elliott, D. A. & Goodrum, F. An Endothelial Cell-Specific 
Requirement for the UL133-UL138 Locus of Human Cytomegalovirus for 
Efficient Virus Maturation. J. Virol. 87, 3062–3075 (2013). 

266. Goodrum, F., Jordan, C. T., Terhune, S. S., High, K. & Shenk, T. Differential 
outcomes of human cytomegalovirus infection in primitive hematopoietic cell 
subpopulations. Blood 104, 687–695 (2004). 

267. Ehrhardt, C., Schmolke, M., Matzke, A., Knoblauch, A., Will, C., Wixler, V. & 
Ludwig, S. Polyethylenimine, a cost-effective transfection reagent. Signal 
Transduction 6, 179–184 (2006). 

268. Hsu, C. Y. M. & Uludağ, H. A simple and rapid nonviral approach to efficiently 
transfect primary tissue–derived cells using polyethylenimine. Nat Protoc 7, 
935–945 (2012). 

269. Grazia Revello, M., Baldanti, F., Percivalle, E., Sarasini, A., De-Giuli, L., Genini, 
E., Lilleri, D., Labò, N. & Gerna, G. In vitro selection of human cytomegalovirus 



 160 

variants unable to transfer virus and virus products from infected cells to 
polymorphonuclear leukocytes and to grow in endothelial cells. Journal of 
General Virology 82, 1429–1438 (2001). 

270. Cribbs, A. P., Kennedy, A., Gregory, B. & Brennan, F. M. Simplified production 
and concentration of lentiviral vectors to achieve high transduction in primary 
human T cells. BMC Biotechnol. 13, 98 (2013). 

271. Baldick, C. J., Marchini, A., Patterson, C. E. & Shenk, T. Human 
cytomegalovirus tegument protein pp71 (ppUL82) enhances the infectivity of 
viral DNA and accelerates the infectious cycle. J. Virol. 71, 4400–4408 (1997). 

272. Stinski, M. F. Human cytomegalovirus: glycoproteins associated with virions and 
dense bodies. J. Virol. 19, 594–609 (1976). 

273. Talbot, P. & Almeida, J. D. Human Cytomegalovirus: Purification of Enveloped 
Virions and Dense Bodies. Journal of General Virology 36, 345–349 (1977). 

274. Hu, Y. & Smyth, G. K. ELDA: Extreme limiting dilution analysis for comparing 
depleted and enriched populations in stem cell and other assays. J. Immunol. 
Methods 347, 70–78 (2009). 

275. Yu, D., Ellis, H. M., Lee, E. C., Jenkins, N. A., Copeland, N. G. & Court, D. L. An 
efficient recombination system for chromosome engineering in Escherichia coli. 
Proc. Natl. Acad. Sci. U.S.A. 97, 5978–5983 (2000). 

276. Wang, L., Kao, R., Ivey, F. D. & Hoffman, C. S. Strategies for gene disruptions 
and plasmid constructions in fission yeast. Methods 33, 199–205 (2004). 

277. Liao, H., Lee, J.-H., Kondo, R., Katata, M., Imadome, K.-I., Miyado, K., Inoue, N., 
Fujiwara, S. & Nakamura, H. The highly conserved human cytomegalovirus 
UL136 ORF generates multiple Golgi-localizing protein isoforms through 
differential translation initiation. Virus Res. 179, 241–246 (2014). 

 


