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Identification of Epstein-Barr virus transcription factor Zta interactome
during lytic cycle reactivation
SUMMARY
Epstein-Barr virus reactivation from latency promotes lytic replication, the production of
infectious virions and exposes infected cells to recognition by the immune system. The
key activator of EBV lytic cycle is Zta (BZLF1), a bZIP protein that binds to the host and
viral genome and acts as a transcriptional regulator and origin binding protein. Zta is a
homodimer with reported interactions with several of the conserved and essential herpes
virus replication proteins and with several cellular transcription factors and signal
transduction molecules. However, a full Zta interacting protein map is still missing.
We used an unbiased approach to identify the viral and cellular Zta interactome during
lytic reactivation of epithelial cells using chromatin immunoprecipitation combined with a
label-free quantitative mass spectrometry. 55 proteins were found as Zta interacting
proteins. Then the method was revised to identify the Zta interactome during lytic
reactivation of Burkitt's lymphoma cells. The Zta interacting proteins were isolated by
immunoprecipitation, followed by Tandem Mass Tag (TMT) labelling and mass
spectrometry. 267 associated proteins were identified (FDR<0.05). This included
previously identified viral (BMRF1, BALF5 and BGLF4) proteins. Cellular proteins were
clustered by Gene ontology and several functional groups identified.
HSC70 is central to one group. Its interaction with Zta was validated, demonstrated to
occur independently of other viral proteins, and furthermore it was shown that HSC70
contributes to EBV lytic cycle. HSC70 is also targeted by other gamma herpes viruses
during the viral lytic cycle, suggesting a conserved function.
A second cluster contained NFAT proteins; these are calcium-signaling transcription
factors. We validated that NFATc2 interacts with Zta. We present data that Zta
attenuates calcium signalling regulated transcription activation through NFATs. As
calcium signalling directly activates Zta expression during EBV reactivation, this
establishes a negative feedback loop that dampens cellular activation.
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1 Introduction
1.1 Herpesviruses
Herpesviridae is a family of viruses that has a large size of double-stranded DNA
genome and a similar structure of their particles (Gibson, 1996; Chiu and Rixon,
2002). The herpesviruses have been classified into three subfamilies including
alpha, beta and gamma. Eight different human herpesviruses are divided into
different subfamilies. The alpha subfamily includes neurotropic viruses, the
herpes simplex virus (HSV) 1 and 2, and the varicella zoster virus (VZV). The
beta subfamily includes human cytomegalovirus (HCMV), and human
herpesvirus 6 and 7. The members of the gamma subfamily include Epstein–Barr
virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) (McGeoch et
al., 2000).
The

gammaherpesviruses

are

currently

divided

into

two

genera,

Lymphocryptoviridae and rhadinoviridae. Lymphocryptoviridae only includes
human and primate viruses, including Epstein–Barr virus (EBV), marmoset
lymphocryptovirus (marmoset LCV) and rhesus lymphocryptovirus (Rhesus
LCV). Rhadinoviridae includes virus from different mammals, including human
Kaposi’s sarcoma-associated herpesvirus (KSHV) and gamma herpesvirus from
other species such as murine herpesvirus 68 (MHV-68), bovine herpesvirus 4
(BHV4) and rhesus rhadinoviridae (RRV) (Longnecker and Neipel, 2007;
Davison, 2007).

1.2 History and epidemiology of EBV
The Epstein-Barr virus infects around 90% of human adults worldwide. It was first
found by electron microscopy in a cultured lymphoma cell line and it is the first
definitive human cancer relevant virus (Epstein et al., 1964). Although it was first
found in a Burkitt’s lymphoma cell line by the Epstein group, it has been reported
to be relevant to many diseases now, including other B and T lymphomas,
epithelial carcinomas and immune deficient related diseases. After 50 years, we
17

still have not understood this virus completely, however, a lot of work has been
done and we are slowly unfolding its secrets.
The primary infection of EBV to children often happens before 5 years old or the
infection delays until adolescence (Lai et al., 1975). Lower socioeconomic
conditions have been reported to be associated with asymptomatic primary
infection in young kids (Hesse et al., 1983; Ozkan et al., 2003). The primary
infection in adolescence or adults causes infectious mononucleosis, which is an
acute EBV infection with clinical symptoms (Gratama and Ernberg, 1995).
Although EBV is detected in most of the populations all over the world, it has
geographical variation depends on its genome types, and this might be relevant
to different EBV associated diseases (Hjalgrim et al., 2007).
The most common transmission route for EBV is through oropharyngeal
secretion. Shedding of EBV in saliva varies between 27%-90% among all age
ranges (Ikuta et al., 2000; Apolloni and Sculley, 1994). The main transmission
route for primary infection in young kids is through saliva on toys or fingers,
whereas kissing is the main transmission route for infectious mononucleosis in
adolescents and adults (Crawford et al., 2002). Besides, the detection of EBV in
cervical secretions in women and penile sulcus of men suggests a possibility of
transmission through sexual contact. Studies about the relationship between
sexual history and EBV infection also suggests this route (Crawford et al., 2002;
Israele et al., 1991; Naher et al., 1992). In addition, EBV can spread through
organ transplantation and it is the main risk factor for the post-transplant
lymphoproliferative disease (PTLD) (Scheenstra et al., 2004).

1.3 EBV viral particles
The first EBV mass spectrometry analysis determined EBV proteins in the mature
enveloped virus (Johannsen et al., 2004), and then all the proteins were mapped
to the functions and common structure of herpesviruses.
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The full-enveloped EBV has a capsid, which is assembled by viral capsid
proteins, including major capsid proteins and mini capsid proteins, such as
BVRF2, BcLF1, enclosing its double-stranded DNA genome. The capsid is
surrounded by tegument, which is a layer filled with tegument proteins, and it is
enclosed within the envelope. Most tegument proteins are encoded by EBV late
genes, such as BPLF1, BOLF1, BNRF1 and BSRF1. A polymorphic lipid bilayer
forms the envelope surrounding the capsid, which contains multiple copies of
different viral glycoproteins, such as BLLF1 (gp350), BDLF3 (gp150), BXLF2
(gH), BALF4 (gB) and BKRF2 (gL), which are responsible for viral attachment
and entry to host cells (Liu and Zhou, 2007; Johannsen et al., 2004). The
structure of the EBV particle is shown in Figure 1.1.

1.4 EBV genome and strains
1.4.1 EBV genome
EBV is a double-stranded DNA virus, and its genome is about 172kb in length,
which expresses around 80 viral latent and lytic genes in total (Figure 1.2)
(Young et al., 2007). In addition, EBV encodes different non-coding RNAs,
including EBV encoded RNAs (EBERs), BamHI-A rightward transcripts (BARTs),
and miRNAs (Young et al., 2007).
Because EBV has two distinct life cycles, latency and lytic cycle, the genome
shows different features in each life cycle. EBV has 4 different latency types,
latency 0-III, and each type has different gene expression features. During
latency, only restricted genes expressed, and the Epstein-Barr nuclear antigens
(EBNAs) including EBNA1, EBNA2, EBNA-LP, EBNA3A, 3B and 3C are the main
genes that regulate latency. EBNA1 expressed in latency I, II and III, while EBNALP, EBNA 2 and EBNA 3s were only expressed in latency III. While in lytic cycle,
all the EBV genes are switched on, some to help replicate genome and some to
assemble the viral particles (Young and Rickinson, 2004; Young et al., 2007).
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Figure 1.1 Schematic diagram illustrating the multilayer organization of EBV
particle. A virion contains a double-stranded DNA. A capsid, tegument, envelop
lipid layer and glycoproteins surround the viral DNA. Adapted from (Liu and Zhou,
2007)
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The EBV genome has a single origin of replication during latency, called oriP.
Two functional elements located in oriP, the dyad symmetry (DS) element and
the family of repeats (FR). EBNA1 binds directly to the 30 base pairs (bp) repeat
elements in FR and DS of oriP region in order to initiate latent DNA replication
and recruit cellular DNA replication machinery (Lieberman et al., 2007).
Normally, the latency genes are transcribed from two promoters located close on
the genome named Cp and Wp. During the initial infection, EBNA-LP and EBNA2
are transcribed from the Wp, as the first expressed EBV genes. Then the
promoter is switched to Cp, which can transcribe the rest of EBNAs, EBNA3s and
EBNA1. All the EBNA genes are transcribed from the Cp or Wp in latency III.
EBNA1 can also be transcribed from Qp in Latency I and II alternatively, which
only results in EBNA1 expression, but no other EBNAs (Speck and Ganem,
2010).
The Lytic replication is through two identical regions on the genome, which are
about 100kbps apart and located opposite to each other, called oriLyt L and R.
oriLyt region is about 7700bp, includes 1055bp duplicated long core element, two
gene promoters (BHLF1 and BHRF1) and BHLF1 gene. Within the core element,
there are two essential components (upstream and downstream) containing
binding sites for early transcription factor BZLF1 and for cellular proteins, SP1
and ZBP-89 (Hammerschmidt and Sugden, 2013; Price and Luftig, 2014). BZLF1
can bind to the promoter region of BHRF1 and BHLF1 to enhance and support
the function of oriLyt (Schepers et al., 1993). Some EBV strains with deletion of
one copy of either oriLyt, such as B95-8 strain with the deletion of oriLyt R, are
still able to initiate lytic cycle and produce virions (Raabtraub et al., 1980). The
EBV genome scheme is shown in Figure 1.2.
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EBV Genome
172kb

Figure 1.2 EBV genome with key genes. EBV genome is around 172kb
double-stranded DNA. oriP(green) is the origin of replication in latency, where
EBNA1 can bind. oriLyt L and R (yellow) are two origins of replication in the lytic
cycle. oriLyt R is deleted in B95-8 strain. The EBNAs were transcribed from Cp
or Wp, EBNA1 can also be transcribed from Qp. Two transcription factors
BZLF1, BRLF1 and BHLF1 gene ORFs were shown in the genome with blue
arrows. (Adapted from Price and Luftig, 2014)
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1.4.2

EBV strains and variation

The first fully sequenced EBV strain is B95-8, although people found there is a
13.6kb deletion compare to other strains (Raabtraub et al., 1980; Baer et al.,
1984). The open reading frames predicted from this sequence have been used
as the basis for most EBV research. The deleted sequence was later resolved
from cloned restriction enzyme digest fragments of EBV from Raji BL cell line
(Parker et al. 1990). Then some errors were found and corrected (de Jesus et al.,
2003), (Fruscalzo et al. 2001; Kanda et al.2011). Later on, AJ Davison and PJ
Farrell released a more standard EBV sequence as the RefSeq HHV4 (EBV)
NC_007605.
With the development of sequencing methods, many EBV strains have been
sequenced from different regions of the whole world. AG876 strain from African
BL cell line is a type 2 EBV strain (accession number DQ279927) (Dolan et al.,
2006). EBV from the African Mutu BL cell line and the Japanese Akata BL cell
line are also sequenced (Lin et al., 2013). The Chinese GD1 strain is from a
Lymphoblastoid cell line (LCL) in Guangzhou (Zeng et al., 2005). Further EBV
sequences from Hong Kong Nasopharyngeal Carcinomas (NPCs) are reported,
including HKNPC1-9 from biopsy samples of nine Hong Kong NPC patients
(Kwok et al., 2014; Kwok et al., 2012). The M81 strain isolated from a Chinese
NPC patient shows more enhanced lytic replication than B95.8 strain and
enhanced tropism for epithelial cells than other strains (Tsai et al., 2013).
Sequencing of nine EBV strains (EBVaGC1-9) from EBV positive gastric cancer
biopsy specimens was performed, compared with other strains, they were mostly
close to the GD1 strain (Liu et al., 2016a).
Recently, A EBV sequence study has revealed new 138 EBV genome sequences
data, together with 116 previously published EBV genomes, provided a chance
to study the different variations linked to geographical distribution and EBV
associated diseases (Correia et al., 2018).
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EBV is classified as type 1 and type 2 strain based on the major sequence
variation in EBNA2. EBNA3 genes also have variations, but less than that
observed in EBNA2 (Dambaugh et al., 1984; Rowe et al., 1989). It is found that
the biggest biological difference between the type 1 and 2 EBV is that type 1 EBV
can immortalise B cells more efficiently in vitro than type 2 EBV (Rickinson et al.,
1987). The large scale of 241 genome sequencing data also confirmed that the
type 1 and type 2 classifications are the main features of EBV genome variation
which defines mostly by EBNA2 and EBNA3 (Correia et al., 2018).
There are variations in other EBV latent genes, LMP1, LMP2A and EBNA1. In
addition, a few lytic gene variations are found in coding and regulation regions,
such as EBV early transcription factor BZLF1 and BRLF1. Chinese EBV strains
such as M81 strain show polymorphisms in BZLF1, which cause more
spontaneous lytic replication in the cells. However, further functional analysis is
required to confirm this (Lorenzetti et al., 2012; Jin et al., 2010; Lorenzetti et al.,
2014; Martini et al., 2007; Tsai et al., 2013). Variations have also been reported
in some early lytic genes (BHRF1, BNLF2a) and late lytic gene (BLLF1) (Horst et
al., 2012; Jing et al., 2010; Kawaguchi et al., 2009).

1.5 EBV relevant diseases
1.5.1 Infectious mononucleosis (IM)
Normally, the first awareness of EBV acute infection is IM, which occurs mostly
in adolescents or adults (Dunmire et al., 2015). The incidence of IM is high,
around 1/50,000 per year in the general population and 1/1000 in young adults
(Moffat, 2001).
Symptoms of IM commence after an incubation period of around 6 weeks, and
typically includes fever, lymphadenopathy and pharyngitis (Hoagland, 1955). By
the time patients experience symptoms and arrive at the clinic, the infection is
mostly resolving, however, in rare cases, IM causes life-threatening
complications (Hadinoto et al., 2008; Wemel et al., 2017).
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During acute infection, the host immune system cannot control EBV, so the
memory compartment begins to be filled up with the latently infected B cells. The
levels of virus-infected cells are extremely high in the peripheral blood (Hochberg
et al., 2004). The commonly used serological diagnosis antigens include VCA,
EA-D and EBNAs, but VCA-IgM titre is the most accurate tool for primary EBV
infection (Moffat, 2001).
The infected cells are immediately attacked and killed by cytotoxic (CD8+) T cells
(CTLs) that recognise the EBV early lytic antigens. Consequently, this destruction
of large numbers of infected B cells by CTLs causes inflammatory symptoms
(Callan et al., 1998). Eventually, the level of infected memory B cells drops to a
low point, thus the acute infection is limited. However, EBV does not stop
shedding and continues to stay with the host for a lifetime after acute infection.
1.5.2 Burkitt’s lymphoma (BL)
BL was firstly described by a British surgeon, Dr Burkitt in Uganda in the 1950s.
It is a rare and highly aggressive B cell lymphoma occurring in young children
between 2 and 14 years in sub-Saharan Africa region (Burkitt and O'Conor, 1961)
and the first human cancer with a viral aetiology described over 50 years ago.
Serological surveys for EBV viral capsid antigen (VCA), early antigen-diffuse (EAD) and EBNA-1 on patients determined the EBV infection in BL. Epidemiology
studies also indicated that EBV is a risk factor, playing a specific role in the
development of BL (Dethe et al., 1978).
At the molecular level, the viral genome and viral protein EBNA-1 along with viral
non-coding microRNAs are present in all cancer cells and EBV is clonal within
the tumours. This clonality provides evidence for EBV being causal for BL (zur
Hausen et al., 1970; Neri et al., 1991; Lindahl et al., 1974; Tao et al., 1998).
EBNA-1 is reported to induce lymphomas in mouse models, suggesting a direct
role of EBV for oncogenesis (Wilson et al., 1996).
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Besides EBV infection, there are other factors playing roles in the development
of BL, and the most important one is malaria (Biggar et al., 1981). Compared to
the children from the holoendemic malaria transmission area, children from
sporadic malaria area have a lower level of EBV-associated IgG antibody (Piriou
et al., 2009). Recently, more studies had identified that malaria may regulate an
enzyme activation-induced cytidine deaminase (AID). AID is required for C-MYC
translocation which is an important feature for BL (Erikson et al., 1983). A cohort
study on Kenyan children demonstrated that malaria-exposed children with
detectable EBV viral load had higher AID expression level in peripheral blood
compared to children with undetectable EBV (Wilmore et al., 2015). The reason
for AID increasing in EBV viral load could be EBV prefers infecting B cells with
mutated immunoglobulin, which is also AID-dependent (Heath et al., 2012).
1.5.3

Hodgkin’s lymphoma (HL)

Hodgkin’s lymphoma (HL) is one of the most common lymphomas and develops
from germinal centre B-lymphocytes. In the Western world, the annual incidence
of HL is approximately 2-3/100,000 people per year. While in Asia, the incidence
of HL is low (Bray et al., 2015).
Detection of the increased antibody titres of EBV antigens in HL patients provides
the hypothesis that EBV might be involved in the pathogenesis of HL (Levine et
al., 1971). The rates of EBV infection in the HL cases vary between 20 and 50%
from North American and Europe (Glaser et al., 1997; Pallesen et al., 1991).
However, a higher rate is detected in African or other under-developed countries
(Weinreb et al., 1996; Chang et al., 1993). It is also reported that the number of
EBV positive cases is higher in older people and children under the age of 10
years (Jarrett et al., 1991).
European American Lymphoma (REAL)/World Health Organization (WHO)
classifies HL into two subtypes, classical HL and nodular lymphocyte
predominant (NLP) HL (Swerdlow SH, 2016). EBV contributes to the
pathogenesis of classical HL. The main feature of classical HL is the presence of
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the cancer hallmark cells, Hodgkin and Reed-Sternberg (HRS) cells which
illustrate peculiar morphology and unusual phenotype (Kuppers, 2009). EBVinfected HRS cells express many latent viral genes, including EBNA1, LMP1 and
LMP2A/B, non-coding EBERs and microRNAs (Deacon et al., 1993), and these
EBV gene products may be responsible for the survival of HRS progenitors.
LMP1 activates NF-KB, phosphatidylinositol-3-kinase (PI3K)/AKT pathways,
which are identified constitutively expressed in HRS cells (Bargou et al., 1997;
Dutton et al., 2005). LMP2A functions as a B cell receptor (BCR) substitution,
promoting B cell development in the absence of BCR signalling (Caldwell et al.,
1998). LMP2A also interferes with the expression of many B cell transcription
factors to regulate the gene expression changes in HRS cells which may
important for the survival and development of HRS cells (Portis et al., 2003).
1.5.4 Nasopharyngeal Carcinoma (NPC)
Apart from lymphomas, EBV has been reported to cause a major epithelial
carcinoma, NPC, which is a tumour that derived from the squamous epithelium.
This cancer is highly prevalent in southern China, Southeast Asia, and North
Africa. The distinctive geographic distribution of NPC suggests that both
environmental factors and genetic features were involved in the development of
this cancer (Chang and Adami, 2006).
It is reported that 100% of undifferentiated NPC is EBV associated, however,
studies also showed that differentiated tumours are EBV related (Raab-Traub et
al., 1987). Studies identified the most relevant risk factors of NPC are EBV
infection and consumption of salted-preserved food suggesting a complex
aetiology of NPC (Yu et al., 1986). NPC patients have high antibody titres to the
EBV antigens, VCA and E-AD (Henle et al., 1970). The viral genome is also
detectable in the malignant epithelial cells of NPC (Wolf et al., 1974).
In EBV infected NPCs, expression of EBNA1, LMP1, LMP2 and high expression
levels of EBERs and BART RNA transcripts are detected, which may play
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important roles in the tumorigenesis of NPC (Brooks et al., 1992; Marquitz and
Raab-Traub, 2012).
1.5.5 Gastric carcinoma
Gastric carcinoma has high incidence and it is one of the leading causes of
cancer death in the world (Ferlay et al., 2015). There are geographical variations
in the incidences of gastric cancer, with high rates in Eastern Europe, and Eastern
Asia, and relatively low rates in Northern Europe, some African countries and
North American whites and it is twice common in men than in women (Bray et al.,
2015). The risk factors for gastric carcinoma are smoking, certain diets, alcohol
and infection with Helicobacter pylori (Venerito et al., 2014).
The first evidence of EBV relevant to gastric carcinoma was reported in 1990 by
the detection of the virus in lymphoepithelioma-like gastric carcinoma cells (Burke
et al., 1990). Later on, more studies found EBV in gastric carcinoma cells which
were not restricted to lymphoepithelioma-like gastric carcinoma (Martinez-Lopez
et al., 2014). More than 80% of lymphoepithelioma-like gastric carcinomas and
around 10% of other common types of gastric carcinomas are positive for
EBV (Camargo et al., 2011).
In molecular biology study, EBV viral DNA and EBNA 1 can be detected in EBVassociated gastric carcinoma (Imai et al., 1994). Other EBV genes are also
detectable in EBV positive gastric carcinoma, including EBV encoded RNAs,
LMP1 and LMP2. EBV positive gastric adenocarcinoma tissue cells contain more
viral load than EBV infected B cells (Ryan et al., 2009).
Genome-wide studies show a whole image of gene regulation in EBV positive
gastric carcinoma. EBV positive gastric carcinoma often has PIK3CA and
ARID1A mutation compared to EBV negative carcinomas. It also shows an
amplified 9p24.1 locus linked to the overexpression of JAK2, PD-L1 and PD-L2
(Gulley, 2015; Cancer Genome Atlas Research, 2014; Liu et al., 2016a). A
special feature for EBV positive gastric carcinoma is the hypermethylation of the
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human genome, and the methylated positions are different from other gastric
carcinoma types, for example, CDKN2A (p16) hyper-methylation is only seen in
EBV positive gastric carcinoma (Gulley, 2015).
1.5.6 Non-Hodgkin’s lymphoma
1.5.6.1 Diffuse large B cell lymphoma (DLBCL)
DLBCL is the most common non-Hodgkin’s lymphoma among adults, although
no large population case studies about the prevalence of EBV in DLBCL are
available, small studies reveal less than 5% in western countries and 10-15% in
Asian and South America (Heslop, 2005; Beltran et al., 2011; Hofscheier et al.,
2011; Park et al., 2007).
There are different subtypes of DLBCL related to EBV, some are relevant to
immunosuppression status, for example, acquired immune deficiency syndrome
(AIDS) related DLBCL, T cell-rich DLBCL, however, the EBV-positive DLBCL of
the elderly is the type used as the EBV-positive DLBCL model because it is not
associated with concomitant immunosuppression or co-infection with other
viruses (Sabattini et al., 2010). In 2017, WHO revised the classification and
removed elderly, so the cases of DLBCL that showed clonal B cells and EBV
positive but not specific to other named EBV-positive groups are named as EBVpositive DLBCL, NOS (Grimm and O'Malley, 2018).
EBV latent genes EBNA1 and LMP1 are expressed in 90% of the EBV positive
DLBCL (Oyama et al., 2003; Oyama et al., 2007; Nguyen-Van et al., 2011). NFKB signalling pathway is up-regulated in EBV- positive DLBCL. NF-KB and
STAT3 regulated gene sets are accumulated in EBV-positive DLBCL as well
(Kato et al., 2014). These studies revealed pathogenic mechanisms of EBV and
identified drugable targets for the treatment of the DLBCL.
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1.5.6.2 NK/T-cell lymphoma (NKTL)
EBV is associated with many NK/T cell lymphomas, including aggressive NK-cell
leukaemia, extranodal NK/T cell lymphoma nasal type, and systematic EBV
positive T-cell lymphoma of childhood. Nearly all of the cases are associated with
EBV (Kimura and Fujiwara, 2018).
NK/T cell lymphoma is a rare disease. The mechanism of EBV in NK/T cell is still
not clarified. In the primary infection, EBV infects B cells and epithelial cells in
oral tonsils and may also infect some NK/T cells (Hudnall et al., 2005). Some
transcription factors are involved in the EBV induced NK/T cell proliferation,
including NF-κB and STAT3 (Takada et al., 2017; Onozawa et al., 2017).
A sequencing study through 384 samples from EBV associated lymphomas
observed a high frequency of PD-L1/PD-L2 involving genetic alterations in 22%
EBV associated lymphomas, including extranodal NK/T-cell lymphoma (ENKTL,
23%), aggressive NK-cell leukemia (57%), systemic EBV-positive T-cell
lymphoproliferative disorder (17%). This feature suggests a role of evasion from
cellular immunity in the development of these lymphomas and further provides a
possible treatment for the NK/T cell lymphomas, which contain these genetic
variations (Kataoka et al., 2019).
1.5.7 Posttransplant lymphoproliferative disorder (PTLD)
PTLD is a series of abnormal lymphoid proliferations related to organ transplant
immunosuppression treatment. Most of the PTLD cases are related to EBV,
including B cell-derived, and T cell and NK cell lymphoproliferation (Samant and
Kothadia, 2018). The incidence of PTLD is variable and depends on the type of
organ received as well as the immunosuppression treatment used. If an EBV
seronegative recipient gets an organ from an EBV seropositive donor, this is the
most significant risk factor for developing PTLD. That is why the higher rates of
EBV positive PTLD are found in paediatric patients than adults (Schober et al.,
2013; Rausch et al., 2016). Under immunosuppression status, EBV specific T
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cells response is suppressed and EBV viral load is continuously at a high level,
which could be the main reason for B cell proliferation and lymphomas (Sokal et
al., 1997; Baldanti et al., 2000).
1.5.8 Other diseases
EBV is relevant to many other diseases, for example, autoimmune diseases, such
as Multiple Sclerosis (MS). It is reported that MS risk is strongly associated with
the history of IM (Thacker et al., 2006; Handel et al., 2010). However, it is still
controversial about MS and EBV infection, and molecular relevance is still
unclear.
EBV is also reported as a risk factor for breast cancer. However, limited evidence
is found to support this relationship (Glaser et al., 2017).
It is important to understand the characteristics of EBV, especially in the context
of different diseases, which will provide us with more information to discover
drugs to treat EBV associated diseases.

1.6 EBV primary infection
It is broadly believed that EBV spreads through saliva with close contacts and the
virus enters through the epithelium that underlies the nasopharynx (Cohen,
2000). Under the epithelium, the lymphoid system surrounds the nasopharyngeal
and pharynx is called Waldeyer’s ring. For EBV, in saliva, it is thought to infect
the oral epithelial cells and then infects naïve B cells that reside below. However,
how the EBV crosses epithelial cell is still unclear, evidence shows that the virus
may cross passively through the process of transcytosis (Tugizov et al., 2013).

1.7 EBV Entry
The entry of EBV into B cells and epithelial cells are different. As EBV is first
recognised as a B lymphotropic virus, the entry of B cells was studied well. The
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first step for the virus to enter B cells is attaching, which is through viral protein,
glycoprotein gp350 and cellular protein, complement receptor type 2 (CR2,
CD21). Fusion in B cells requires four EBV glycoproteins gH, gL, gB, gp42 and
cellular protein, HLA class II (Connolly et al., 2011; Mullen et al., 2002).
In epithelial cells, EBV also can use CD21 to entry the tonsillar epithelial cells,
however, CD21 is not always expressed in other types of epithelial cells, then
EBV can use gH, gL to bind to a subset of integrin for entry (Wang et al., 1998;
Chesnokova and Hutt-Fletcher, 2011). Entry through gH, gL is not as efficient as
CD21, and the reason could be that gH, gL bind to integrins, which reduces its
function for fusion. In addition, fusion for EBV in epithelial cells is different from B
cells, they use glycoprotein gH, gL and gB but not gp42, also epithelial cells do
not express HLA class II proteins constitutively, they still use integrins
(Chesnokova and Hutt-Fletcher, 2011). Recently a study reported that the
integrins are not the primary receptors for EBV entry to HEK293 cells, ephrin
receptor tyrosine kinase A2 (EphA2) is the receptor for the EBV entry to epithelial
cells, which is also the receptor for KSHV entry (Chen et al., 2018; Hahn et al.,
2012).

1.8 EBV latency
Once EBV encounters resting B cells in vivo, the virus could transform those cells
and drive them into proliferating lymphoblast (Thompson and Kurzrock, 2004).
This represents the first step in the establishment of their life-long viral latency,
that is, the viral genome exists in host cells without the production of infectious
viral particles. EBV enters into the host cell nucleus as naked linear DNA genome
covered by protein capsid, then they will circulate as minichromosome in the
nucleus (Liashkovich et al., 2011). This is the key step for protecting the ends of
the viral DNA and establishing a structure that is able to complete the life cycle.
However, the main mechanisms of this circularisation and assembly are still
unclear (Deng et al., 2012). Then the virus will establish the appropriate
nucleosome positions and epigenetic modifications.
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During the latency, the viral genomes stayed in the host cells, as multi-copy nonintegrated circular genomes that have similar chromatin structures and features
of the host chromosome, which enables them to be transcribed and replicated by
the host cell machinery once per cell cycle (Lieberman, 2013).
EBV establishes four distinct latency transcription types, latency type 0, I, II, III
(Figure 1.3). The most restrictive latency is type 0, which is observed in noncycling, resting memory B cells, in this type only EBV non-coding RNAs are
expressed, including EBERs, BARTs and miRNAs (Shaknovich et al., 2006).
Type I latency is found in proliferating memory B cells and Burkitt’s lymphoma
cells, which involves the expression of Epstein-Barr nuclear antigen I (EBNA1)
and some non-coding RNAs. Type II latency is defined by expression of latency
membrane proteins (LMP1, LMP2A or LMP2B) in addition to type I products, it is
observed in Hodgkin’s lymphomas and epithelial cell carcinomas. Type III latency
is observed in highly proliferating B cells and immortalised B cell lines, in this type
all the viral latency genes are detectable, including EBNA1, EBNA2, EBNA3A,
3B, 3C, LMP1, LMP2A, 2B and EBV non-coding RNAs (Vockerodt et al., 2015).
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Figure 1.3 Diagram of EBV life cycles and gene expression. EBV has two
life cycles, latency and lytic cycle. Latency 0 only expresses some EBV noncoding RNAs. Latency I expresses EBNA1 and non-coding RNAs. Latency II
expresses EBNA1, LMP1, LMP2A, LMP2B and non-coding RNAs. latency III
expresses all latency proteins including EBNA1, EBNA2, EBNA-LP, EBNA2A,
3B, 3C, LMP1, LMP2A, LMP2B and non-coding RNAs. Genes expressed at
different stages of the lytic cycle are also listed on the right. (reviewed by Young
et al., 2007).
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There are different models to explain the EBV persistence during latency in vivo.
The germinal centre model has been established for a long time. As shown in
Figure 1.4, EBV establishes its primary infection in epithelial cells and then
crosses the barrier to use the lymphoid tissue of Waldeyer’s ring. Then it infects
naïve B cells and transforms them into B cell blasts which show latency III
features. Transformed B cell blasts induce a G protein-coupled receptor, it
recognises lipid signals and migrates toward the germinal centre, and then the
latent genes driving proliferation are turned off through different signalling pathways
and the cells switch to latency II status. Afterwards, the cells in the germinal centre

provide two signals, T cell help and BCR, to rescue the cells from the germinal
centre into resting memory B cells. At this state, only latency protein EBNA1
expressed, which allows EBV to maintain replication of its viral genome with the
cells but not the virus. Under certain circumstances, the EBV infected resting B
cell will be triggered by signals to differentiate into plasma cells and undergo viral
lytic replication (Thorley-Lawson, 2015).
1.8.1 EBNA1
EBNA1 is the only gene expressed in all the latency types (except latency 0) and
its encoded protein is the first identified EBV latency protein (Reedman and Klein,
1973). The only viral protein required for the EBV latency DNA replication is
EBNA1, which binds to oriP and initiates the EBV DNA replication dependant on
host cell cycle (Yates et al., 1984; Yates et al., 1985). However, EBNA1 alone is
not sufficient to activate DNA replication, EBNA1 recruits cellular origin
recognition complex (ORC) to oriP and help initiate DNA replication, and this is
dependent on the host replication machinery (Schepers et al., 2001).
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Figure 1.4 Germinal centre model of EBV establishing latencies in B cells.
Once EBV transformed the Naïve B cells, all the latent genes will be expressed
in this stage termed latency III, then EBV infected B cells will enter the germinal
centre and establish latency II which has fewer latency genes expressed, this will
provide signals for B cell survival and differentiation to memory B cells. EBVinfected memory B cells silence the latent gene expression to skip immune
recognition, at this stage, only EBV non-coding RNAs can be detected, which is
Latency 0, and when EBNA1 protein is expressed during cell division, EBV will
replicate its genome once per cell cycle, this stage called Latency I. Under certain
circumstances, the EBV infected resting B cell will be triggered by signals to
differentiate into plasma cells and undergo viral lytic replication (adapt from
Vockerodt 2015, Fox 2011).
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EBNA1 is also required for mitotic segregation of the EBV episome, which is
important for EBV to partition the episomes to the daughter cells during cell
division. EBNA1 can tether the EBV episomes to the cellular mitotic
chromosomes through EBNA1-chromosome interaction (Kanda et al., 2001;
Harris et al., 1985). EBNA1 acts as a viral transcription factor by regulating the
expression of other EBNAs and LMP genes during latency (Sugden and Warren,
1989; Mackey and Sugden, 1999).
1.8.2 EBNA2 and EBNA-LP
EBNA2 and EBNA-LP are the two early latency genes expressed during EBV
infection of resting human primary B cells and are essential for EBV-driven B cell
immortalisation (Cohen et al., 1989; Hammerschmidt and Sugden, 1989; Alfieri
et al., 1991). EBNA2 is a transcription factor and is responsible for other viral and
cellular gene expression. EBNA-LP works as an EBNA2 co-activator. Expression
EBNA2 along with EBNA-LP in primary B-cells induces the expression of the
cellular cyclin D2 gene (Sinclair et al., 1994).
EBNA2 is not able to bind to DNA directly, so adaptor proteins are used to bind
DNA such as RBPJ and PU.1 (Johannsen et al., 1995). So far, the well-known
adaptor protein of EBNA2 is the cellular protein RBPJ, which is a sequencespecific DNA binding protein that recruits a co-repressor complex to the promoter
or enhancer region of the target genes to repress the transcription. EBNA2
competes with this complex and relieves this repression (Hsieh and Hayward,
1995). Genome-wide studies using EBV-infected B cells or EBNA2 expressing B
cells revealed a gene regulation map of EBNA2 on the human genome (Zhao et
al., 2011; Lucchesi et al., 2008; Calender et al., 1990). Known EBNA2 targeted
genes such as RUNX1, RUNX3, CXCR7, PIK3R1, AML-2 and MYC were
identified (Kempkes and Ling, 2015). EBNA2 activates the oncogene cMYC
during B cell transformation by binding to the enhancer region and promoting
long-range chromatin looping during the EBV gene mediated transcription (Wood
et al., 2016).
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1.8.3 EBNA3
Epstein-Barr virus nuclear antigens EBNA3A, EBNA3B and EBNA3C belong to
one family that is expressed during latency III. EBNA3 transcripts are spliced from
a long primary transcript that initiated at a single latency promoter. EBNA3A and
3C are required for B cell transformation while EBNA3B is nonessential
(Tomkinson et al., 1993). EBNA3s bind to the same site on RBPJ as EBNA2 and
reporter assay showed EBNA3s could inhibit EBNA2 mediated activation of viral
promoters, suggesting EBNA3s may work as a regulator of the genes that EBNA2
activated (Robertson et al., 1996).
Genome-wide studies for EBNA3s revealed their function of host gene regulation
and chromatin modulation (McClellan et al., 2013; Harth-Hertle et al., 2013).
EBNA3A and 3C regulate and silence BCL2L11 through inactivating the
enhancer region of this gene by chromatin looping (Wood et al., 2016).
EBNA3A and 3C also play a role in cell cycle regulation. Studies showed
EBNA3C to influence LMP1 expression only in G1 phase and modulate a G1
arrest checkpoint in B cells (Maruo et al., 2006; Allday and Farrell, 1994). A few
studies reported EBNA3C associated with many proteins involved in the
regulation of cell cycle progression, including MDM2, p53, cyclin D1, cyclin A,
Chk2 (Choudhuri et al., 2007; Knight and Robertson, 2004; Saha et al., 2009;
Saha et al., 2011). A controlled level of EBNA3A is favoured for the LCL
proliferation, and overexpression of EBNA3A reduces the expression level of
MYC and cyclin D2 and causes a G0/G1 arrest (Cooper et al., 2003).
EBNA3B acts as a tumour suppressor. An EBNA3B knocked out virustransformed B cell line has a growth advantage compared to wild type virustransformed cell line in vitro and in vivo, EBNA3B also up-regulates CXCL10,
which might be able to increase T cell-mediated killing (White et al., 2012).
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1.8.4 LMP1 and LMP2
Latency membrane genes including LMP1 and LMP2 are expressed in latency II
and III EBV infected cells (Cohen, 2000). LMP1 expression is detectable as early
as four days after EBV infection in B cells and it is induced by EBNA2 (Allday et
al., 1989). During latency II where EBNA2 is not expressed, the cytokine-induced
activity of signal transducers and activators of transcription (STAT) are
responsible for LMP1 expression (Chen et al., 2003).
LMP1 is important for B cell and epithelial cell transformation (Kaye et al., 1993;
Baichwal and Sugden, 1988). LMP1 also influences the chromatin by upregulating the expression of the DNA methyltransferase DNMT1 and by forming
a transcriptional repression complex at E-cadherin promoter (Tsai et al., 2006).
Global studies of LMP1 gene regulations revealed many LMP1 regulated genes,
including many transcription factors, cytokines and chemokine receptors (Lo et
al., 2001; Morris et al., 2008).
Two different LMP2 gene transcripts are expressed from separate promoters
(Laux et al., 1988b). LMP2A promoter has EBNA2 responsive element as well as
RBPJ and PU.1 binding site. It also can be activated by the Notch signalling
pathway (Anderson and Longnecker, 2008). LMP2A mimics BCR and interferes
with the EBV lytic activation by inhibiting the activation of protein tyrosine kinases,
suggesting a role of LMP2A in maintaining EBV latency within the host cells
(Miller et al., 1995). LMP2B may work as a regulator of LMP2A, it restores BCR
signalling when co-expression with LMP2A and blocks phosphorylation of LMP2A
(Rovedo and Longnecker, 2007).
1.8.5 EBV encoded RNAs
EBV encoded RNAs (EBERs) including EBER1 and EBER2, are highly
abundantly expressed as non-polyadenylated RNA polymerase III transcripts in
all EBV infected cells (Lerner et al., 1981). They are used as biomarkers for
detecting EBV infection in clinical samples (Weiss et al., 1991). The biological
roles of EBERs are still unclear, it is reported that EBERs are not necessary for
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B cell transformation (Swaminathan et al., 1991), however, EBER2 depletion
results in decreased EBV lytic replication, suggesting it plays a role in viral
replication (Lee et al., 2015). Deletion of EBER1 or EBER 2 individually in B95-8
strain is relevant to different cellular gene expression changes in LCLs,
suggesting they play an important role in cellular gene regulation (Gregorovic et
al., 2011). EBERs interact with many cellular proteins. EBER1 recruits human
ribosomal protein rL22 to the nucleus suggesting EBER1 may modulate
translation (Fok et al., 2006). EBER2 interacts with transcription factor of B cell
lymphocyte development PAX5 and together regulates the expression of other
genes (Lee et al., 2015).
1.8.6 BamHI-A Rightward Transcripts (BARTs)
BARTs are another group of stable viral RNA transcripts expressed in all kinds of
infected cells. They were first detected in NPC cells, and later, it is found that
BARTs are detectable in both lytic and latent infection in the peripheral blood of
EBV infected people, and in B and T cell lymphoma cells.
The EBV B95.8 strain has a deletion of the BARTs region, but it is still able to
transform B cells. This suggests BARTs are dispensable for B cell transformation
(Robertson et al., 1994). In NPC, BARTs are consistently highly abundant, that
suggests they might play important roles in NPC pathogenesis (Marquitz and
Raab-Traub, 2012).
The entire BART locus is around 20kbp including seven exons and two promoters
P1 and P2. Upon infection of B cells, transcription from P1 is detectable soon
after infection whereas P2 is delayed. These promoters are regulated by a few
cellular transcription factors, P1 promoter contains AP-1 and IRF sites can be
negatively regulated by interferon regulatory factor 7 (IRF7) and IRF5, P2
promoter contains c-Myc and C/EBP binding sites and can be positively regulated
by these two proteins (Chen et al., 2005).
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Some studies reported that BARTs have protein-coding potential, several ORFs
were identified, including BARF0, RK-BARF0, RPMS1 and A73. However, the
evidence for the existence of the encoded proteins is still controversial (Marquitz
and Raab-Traub, 2012).
1.8.7 EBV microRNAs (miRNAs)
EBV was the first virus reported to encode miRNAs and five miRNAs were
identified from EBV b95-8 infected B cells. However, the deletion of the BART
region of the B95-8 strain contains more miRNAs and later on many miRNAs in
this region were identified from other strains (Zhu et al., 2009; Grundhoff et al.,
2006).
EBV miRNAs are fully dependent on the cellular processing machinery. miRNAs
are expressed in all the latency types and lytic cycle, however, the expression
level of EBV miRNAs varies in different tissues and tumours. Different latency
types express different miRNAs, this is because BHRF1 miRNAs transcribe from
major latency promoters, Cp and Wp, while BART miRNAs transcribe from BART
P1 and P2 promoters. High levels of BHRF1 miRNAs are detected in latency III
cell lines where the Cp and Wp are active while they are nearly non-detectable in
latency I and II cells (Amoroso et al., 2011; Cai et al., 2006). BART miRNAs are
expressed in all the latency types and lytic cycle. However, the expression level
varies depending on the infected cell type. Especially high levels of BART
miRNAs are found in latency II infected cells, such as NPC and gastric cancers,
but low levels in latency I BL cell line. Many BART and BHRF1 miRNAs are found
to be up-regulated upon lytic reactivation (Cai et al., 2006).
Functions of EBV miRNAs were recently studied. BHRF1 miRNAs can be
detected by 2 days post-infection of primary B cells in vitro and the levels continue
to increase during the transformation (Amoroso et al., 2011). BHRF1 miRNAs
mutants cause a reduction of LCLs growth and a reduction of EBV transforming
capacity compared to wild type virus (Feederle et al., 2011). However, EBV
strains lacking the BART region and BHRF1 miRNA knockout viruses are able to
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transform B cells in vitro suggests they are not essential for B cell transformation
and also they had little effect on virus-induced oncogenesis in vivo (Wahl et al.,
2013).
EBV miRNAs target multiple viral mRNAs at 3’UTRs, including latent genes
LMP1, LMP2A and EBNA2, as well as lytic genes such as BHRF1, BALF5,
BNRF1 and BALF2 (Skalsky et al., 2014; Riley et al., 2012).
Besides viral genes, EBV miRNAs also target cellular genes including targets
involved in immune evasion, apoptosis and many important signalling pathways.
miR-BHRF1-3 was reported up-regulates a T cell-attracting chemokine CXCL11
mRNA levels in EBV infected BL cells, inhibition of miR-BHRF1-3 enhanced
mRNA levels of CXCL11 (Xia et al., 2008). BART miRNAs down-regulate BIM
(BCL2L11) expression level in order to inhibit the apoptosis through binding to
the BIM 3’UTR (Marquitz et al., 2011). Multiple EBV miRNAs modulate immune
recognition of recently infected primary B cells. The secretion of IL-6, TNF and
IL-12p40 were significantly less in wild type B95-8 EBV-infected cells than
miRNAs knockout EBV-infected cells suggesting an inhibition of EBV miRNAs in
secretion of proinflammatory cytokines. EBV miRNA target IL12B in order to
prevent Th1 differentiation of naïve CD4+ T cells, and further affect the antigen
presentation and recognition of infected B cells by EBV-specific CD4+ T cells
(Tagawa et al., 2016). It is also reported that EBV miRNAs target peptide
transporter subunit TAP2, reduce the levels of TAP1 subunit, MHC class I and
EBNA1, which reduce the immune surveillance by virus-specific CD8+ T cells
(Albanese et al., 2016).

1.9 EBV lytic cycle
EBV lytic replication occurs in EBV primary infection or some cells containing
latent infected EBV strains. Lytic cycle is required for the production of progeny
virus. Once lytic cycle is induced, all EBV lytic genes, including immediate early
genes, early genes and late genes are expressed and each cell produces more
copies of viral genomes, assembles and releases them as virions. This is termed
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the viral lytic cycle and is associated with the expression of full EBV genome
(Figure 1.3). The lytic form of EBV infection is essential to pass EBV to new hosts
as well as cell to cell spread. However, lytic replication only occurs at primary
infection in the oral cavity and in a small percentage of host cells harbouring EBV.
1.9.1 Zp regulation during lytic reactivation
All EBV lytic genes are expressed in a temporally regulated manner. The
activation of EBV immediate early gene BZLF1 promoter (Zp) is the first trigger
during lytic activation and the expression of Zta is the key to control the EBV lytic
switch (Binne et al., 2002).
The mechanisms that trigger EBV lytic reactivation in vivo are still unclear, in B
cells, antigen- mediated activation of B cell receptor (BCR) leads to cascades of
signal transduction, which can cause the activation of Zp.
In vitro, many reagents or chemicals can reactivate lytic cycle of EBV, one of
these reactivation methods is cross-linking BCR with anti-immunoglobulin, IgG or
IgM, to mimic the physiological antigen triggered Zp activation (Takada, 1984).
Histone deacetylase inhibitors (HDACi) are another group of reagents that are
able to trigger lytic reactivation in vitro. It is known that silencing of Zp is mediated
by epigenetic histone modifications. During latency, the histone deacetylated state
is found at Zp (Jenkins et al., 2000). Several HDACis initiate lytic cycle by triggering

histone hyperacetylation of Zp, for example, suberoylanilide hydroxamic acid
(SAHA), sodium butyrate and trichostatin A (TSA) (Chang and Liu, 2000).
Calcium ionophores and 12-0-tetradecanoyl phorbol-13-acetate (TPA) are also
commonly used for lytic cycle stimulation through activation of calcium signalling
(Ca2+) and protein kinase C (PKC) pathway, which are also the downstream
pathways triggered by BCR (Faggioni et al., 1986). All the in vitro induction
approaches give us a way to manipulate EBV lytic reactivation to investigate the
switch from latency to lytic form in the EBV infected cell.
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A few cis-elements were identified in Zp, including ZI-ZV and SMAD-binding
elements (SBEs) that were regulated by different viral and cellular factors.
Zp is positively regulated during lytic reactivation by some motifs. ZI has four
elements, ZIA-ZID, which can be induced recognised by two families of
transcription factors, specificity protein 1 (Sp1) and myocyte enhancer factor 2D
(MEF2D). During lytic induction via HDACi, protein kinase C delta (PKCδ) is the
key factor. It phosphorylates Sp1, leads to the phosphorylated Sp1 binding to
ZID, and in the end mediates Zp activation (Tsai et al., 2011). MEF2D is another
factor that regulates Zp. During latency, MEF2D recruits class II HDAC to Zp in
order to silence Zp (Gruffat et al., 2002b). Upon induction of lytic, MEF2D is dephosphorylated via a cyclosporine A-sensitive Ca2+ signalling pathway, and this
results in its binding to ZIA, ZIB and ZID directly and causes the activation of Zp.
(Liu et al., 1997; Bryant and Farrell, 2002). Insert mutations in ZI motifs can
disrupt the Zta expression upon inducing reagents, which also suggests ZI motifs
are important for Zp initiation (Murata et al., 2013).
ZII element is a TPA responsive element near the TATA box of Zp and it is
essential for the activation of Zp (Murata et al., 2013). It shows CREB/AP-1
binding sites features and can be recognised by many bZIP proteins including cfos and c-jun (Flemington and Speck, 1990b).
ZIII A and ZIIIB motifs are Zta responsive elements (ZREs), Zta binding to these
motifs could auto-activate Zp resulting in full activation (Flemington and Speck,
1990a). Zta can interact with CCAAT/enhancer binding protein α (C/EBPα) to
activate ZII and ZIIIB co-operatively through direct binding to the motifs (Wu et
al., 2004).
Five SBEs were identified in the Zp, which induce Zp activation through the
canonical TGF-β signalling pathway. Mutation in any of the five SBEs decreases
efficiency of Zp activation. SMAD4, one of the TGF- β signalling factor, was
identified as a possible mediator of the activation of Zp via binding of SBEs
elements (Liang et al., 2002; Iempridee et al., 2011).
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Zp is negatively regulated by different factors. ZIIR, ZV and ZV’ elements regulate
Zp negatively within -221 to +12 region of Zp. The ZIIR element is located
immediately upstream of CRE/AP-1 motif, mutation of this region results in an
increase of Zp activity, however, the proteins that are involved in the regulation
of this element is still unclear (Liu et al., 1998). It is identified that zinc finger Ebox-binding proteins ZEB1 and ZEB2 bind to ZV and ZV’. In correlation of this,
the human gastric carcinoma cell line AGS cells, which has little or is absent of
ZEB1, shows spontaneous lytic reactivation (Feng et al., 2007). Latently infected
epithelial HEK293 cells with the EBV ZV mutation, similarly shows spontaneous
lytic reactivation, and this mutant leads to production of infectious virus upon
induction of TPA while no virus production in wild type cells (Yu et al., 2007).
Targeting ZEB1 and ZEB2 by microRNAs also leads to the increasing of lytic
gene expression (Ellis-Connell et al., 2010).
1.9.2 Immediate-early lytic genes
Two immediate-early genes, BZLF1 and BRLF1, are the first viral genes
expressed following lytic induction. Transcription of these two genes results in
expression of two EBV lytic early transcription activator proteins, Zta (also known
as ZEBRA, Z and EB1) and Rta (R, EB2) (Lieberman and Berk, 1990; Miller et
al., 2007). Zta plays a primary role in EBV lytic initiation. It assembles the lytic
replication machinery by interacting with many core viral replication proteins and
targets them to the origin of lytic replication OriLyt (Liao et al., 2005; Zhang et al.,
1996; Countryman and Miller, 1985). However, both Zta and Rta are required to
complete lytic replication and produce viral particles. Expression of Rta in the Zta
knockout cell line or expression of Zta in the Rta knockout cell line is not able to
complete lytic replication (Feederle et al., 2000).
As transcription factors, Zta and Rta activate separate classes of early lytic
genes, and together, the two proteins synergize to activate transcription of some
lytic genes (Ragoczy and Miller, 1999; Young et al., 2007). How Zta and Rta work
together is still unclear, there is evidence that a complex of Zta, Rta and cellular
protein MCAF1 are involved in this co-operation (Chang et al., 2010).
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1.9.2.1 Protein Zta in lytic replication: Structure and function
Zta belongs to the activating protein 1 (AP-1) family of transcription factors. AP1 members share a basic leucine zipper (bZIP) domain, so it is also called bZIP
family. Zta shows sequence similarity to all the AP-1 families, including c-Jun,
ATF/CREB, and Maf, especially to c-Fos protein (Shaulian, 2010; Farrell et al.,
1989).
Zta has 245 amino acid residues. The structure of Zta consists of three regions,
including an N-terminal transactivation domain, a DNA binding domain and a
dimerization region (bZIP) and C-terminal tail (Figure 1.5A) (Sinclair, 2003;
Petosa et al., 2006).
Human c-Fos and c-Jun proteins are able to heterodimerise and bind to DNA
through the bZIP domain. However, Zta has an unusual bZIP domain, which lacks
the characteristic heptad repeats of leucine residues, so Zta only forms
homodimers but fails to heterodimerise with cellular AP-1 proteins (Chang et al.,
1990; Wu et al., 2004).
Further, Muller’s group demonstrated the crystal structure of Zta C-terminal
fragment (residues 175-220), which is shown in Figure 1.5B. Like other AP-1
proteins, the Zta homodimer embraces the DNA with its two long bZIP helices,
with the basic region of each helix contacting the major groove and the zipper
region forming a coiled-coil while residues from C-terminal to the bZIP helix form
an additionally structured motif, the C-terminal tail (Petosa et al., 2006; Sinclair,
2006). C-terminal tail stabilises the coiled-coil through numerous interactions and
greatly enlarges the dimer interface. Based on this, recent structure research
demonstrated that Zta might interact with NF-κB and p53 through its C-terminal
region (Dreyfus et al., 2011).
AP-1 family members are able to bind to a 7-bp AP-1 site through their DNA
binding domain. Zta is able to bind to AP-1 like binding motifs known as Zta
responsive elements (ZREs) (Lieberman and Berk, 1990; Farrell et al., 1989).
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Figure 1.5 Illustrating the structures of Zta and Zta-DNA binding complex.
A. Domain structure of Zta protein contains the transcriptional activation domain
(TAD), dimerization and DNA binding domain (bZIP) plus C-terminal tail (C-ter).
B. Crystal structure of Zta bZIP domain with DNA. The coiled-coil bends toward
the DNA, with one bZIP helix curved and the other essentially straight. (Petosa et
al., 2006, PDB 2C9L).
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There are different classes of ZREs that Zta can interact with. Class I ZREs are
the common AP-1 like motif, such as TGAGTCA and TGAGCAA, which can be
found in BMRF1 promoter region. Both Class II and Class III ZREs contain a CpG
motif, which can be methylated. Class III ZRE is dependent on DNA methylation,
such as TGTGCGA, which can also be found in BMRF1 promoter region. DNA
methylation enhances Zta binding to Class II ZREs, such as TGAGCGA, which
located in Rp and BARF1 promoter region (Bergbauer et al., 2010; Bhende et al.,
2004; Flower et al., 2011).
Although the EBV genome is highly methylated during latency and the
methylation of DNA generally means the inhibition of transcription, Zta binds to
methylated ZREs with greater affinity than non-methylated ZREs. In vitro binding
assay shows Zta has higher affinity to the certain methylated ZREs (Hong et al.,
2017). However, in vivo, the situation is more complex. When looking at the CpG
ZRE in the context of the genome, Zta binds to CpG ZRE only when the genome
is highly methylated. This suggests that at the early stage of the lytic cycle, the
EBV genome is predominantly methylated, and Zta binds to all types of ZREs.
However, during the full lytic cycle, the EBV genome becomes less methylated,
and this causes less binding of Zta to CpG ZREs (Ramasubramanyan et al.,
2012; Sinclair, 2013).
Zta activates immediate-early and early EBV gene promoters through directly
binding Zta to ZRE motifs within the promoter regions or working with other
transcription factors. Genome-wide studies identified most of the Zta interacting
promoters in EBV genes, including BZLF1, BRLF1, BMRF1, BMLF1, BALF2 and
so on, it is also identified some late genes that regulated by Zta, such as
BKRF4, BLLF2, and BRRF1 (Ramasubramanyan et al., 2012). In addition to
function in activating lytic genes, Zta also down-regulates latency-associated
promoters, Cp and Wp (Kenney et al., 1989).
Apart from regulating viral genes, Zta transcriptionally activates certain cellular
genes, some are important for EBV pathogenesis while some are involved in
different cellular functions, such as cell cycle regulation and immune response.
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Zta regulates expression of some cytokines, such as Interleukins (including
Interleukin-8 (IL-8), Interleukin-10 (IL-10) and Interleukin-13 (IL-13)) and TGFbeta. Zta up-regulates the expression level of IL-8 and IL-10 gene by directly
binding to the ZREs in their promoter regions (Mahot et al., 2003; Hsu et al.,
2008). Zta up-regulates IL-13 in the EBV negative B cells and inhibition of Zta
represses the IL-13 expression level in LCLs (Tsai et al., 2009). Zta induces the
expression level of transforming growth factor igh3 (TGF- βigh3) and TGF- β1, it
also increases the secretion of TGF- β1 into the medium (Cayrol and Flemington,
1995). The regulation of cytokines by Zta shows a feature that Zta may potentially
change the host cell immune response during the lytic cycle and may enhance
cell proliferation of EBV-positive tumour cells.
In addition to cytokines, Zta can regulate other cellular genes with different
functions. Zta up-regulates the tyrosine kinase TKT (also called DDR2) both on
mRNA and protein levels, and further causes the up-regulation of matrix
metalloproteinase 1 (MMP-1), which is over-expressed in many tumour cells (Lu
et al., 2000). Zta also up-regulates matrix metalloproteinases 3 (MMP-3) by
directly binding to the promoter region, and MMP-3 is necessary for the Zta
promoted cell migration (Lan et al., 2013). Zta genome-wide study reveals a
whole regulation map of Zta with the human genome and shows Zta binds to 278
cellular genes during EBV lytic cycle (Ramasubramanyan et al., 2015a).
There is increasing evidence showing that Zta affects the host cell cycle and this
effect is based on different mechanisms. Zta causes a G1/S block in some cell
types by down-regulating cyclin A and c-myc and up-regulating p21 (Wu et al.,
2003). However, in some cells like HeLa cells, Zta blocks both the G2 and the M
phases (Mauser et al., 2002). Zta also inhibits the transcriptional function of p53,
which is an important host defence and tumour suppressor gene that induces
cellular apoptosis and inhibit viral replication (Sato et al., 2009).
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1.9.2.2 Role of Rta in EBV lytic reactivation
All gammaherpesviruses encode a transcription factor similar to Rta. EBV Rta is
essential for latency lytic switch in both EBV infected B cells and epithelial cells
(Feederle et al., 2000; Ragoczy et al., 1998). Rta consists of three domains, an
amino-terminal DNA recognition domain, a dimerisation domain and a
transcription activation domain (Manet et al., 1991). Rta regulates several lytic
promoters through direct interaction with a DNA motif called Rta response
elements (RREs) (Heilmann et al., 2012), it also interacts with cellular
transcription factors Sp1, TBP, TFIIB during transcription activation (Manet et al.,
1993). During the lytic cycle, Rta alone or synergistically works with Zta to
regulate a series of early lytic gene expression and also plays an important role
in DNA replication.
1.9.3 Early lytic genes expression
Six early lytic genes encode core viral replication proteins, including the singlestranded DNA-binding protein (BALF2), DNA polymerase processivity factor
(BMRF1), DNA polymerase (BALF5), helicase (BBLF4), primase (BSLF1),
primase-associated factor (BBLF2/3). These proteins assemble the DNA
replication machinery with Zta and help lytic DNA replication (Baumann et al.,
1999; Gao et al., 1998). BMRF1 is a polymerase processivity factor during
replication, however, it also shows a transcription regulation role to activate
BHLF1 gene promoter together with Zta (Zhang et al., 1996).
There are other early lytic genes that play roles in viral gene expression, DNA
replication or important for cellular functions such as apoptosis or immune
response. Some of them are described in detail here as examples.
BMLF1 is an mRNA export factor. It shuttles between nucleus and cytoplasm to
help transport un-spliced EBV mRNA, including those core replication gene
mRNAs (Semmes et al., 1998).
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Apoptosis regulator BCL-2 related genes BHRF1 and BALF1 are also expressed
at the early lytic time. BHRF1 acts as an anti-apoptotic factor to delay host cell
apoptosis during EBV lytic replication and helps the virus to complete the
replication and virion assembly (Dawson et al., 1998). However, it is not essential
for viral replication (Marchini et al., 1991). BALF1 can compete with the effects of
BHRF1 as an antagonist of apoptosis (Bellows et al., 2002).
BARF1 gene encodes a protein that can act as a colony stimulating factor
receptor, which is secreted into the medium of the cultured cells (Strockbine et
al., 1998). It binds to the human colony stimulating factor 1 (CSF-1) and inhibits
its function, suggesting BARF1 protein may play a role in modulation of host
immune responses to EBV infection (Cohen and Lekstrom, 1999). BARF1 can
work as an oncogene and transform cells when stably expressed in cultured B
cells. (Cohen and Lekstrom, 1999). In EBV positive epithelial tumours NPC and
gastric carcinoma, BARF1 products are detected by 85% and 100% in each
disease indicating BARF1 can be an oncogene in these tumours (Decaussin et
al., 2000; zur Hausen et al., 2000). Recently a study reported a BARF1- specific
antibody was designed as an immunotherapeutic drug for the treatment of EBV
related tumour, which showed promising results in the cells as well as animal
models, this provided a new cancer therapy possibility for those tumours (Turrini
et al., 2017).
BGLF4 is a serine/threonine protein kinase encoded by the EBV genome. BGLF4
targets substrates at the same site that cellular kinase cyclin-dependent kinase 1
(CDK1) does, suggesting BGLF4 may function similarly to CDK1 (Lee et al.,
2008). BGLF4 modulates the function of nuclear pore complex to help the nuclear
import of some EBV lytic proteins, at the same time, to inhibit the cellular protein
nuclear transportation, this suggests a function of BGLF4 in virion assembly and
egress (Chang et al., 2015). A phosphoproteomic study has revealed a whole
protein phosphorylation regulation map of BGLF4, showed significant enrichment
of signalling pathways including the DNA damage response, mitosis and cell
cycle. It also found 22 proteins associated with the nuclear pore complex, which
support the evidence of its role in nuclear transportation (Li et al., 2015). BGLF4
51

is also important for EBV late gene expression. Ectopic expression of BGLF4 in
cells stimulates the mRNA levels of six late genes and this is dependent on its
kinase activity. Knocking down of BGLF4 obviously decreased the late gene
expression (El-Guindy et al., 2014).
1.9.4 Lytic DNA replication
EBV lytic DNA replication starts with Zta binding to oriLyt and it initiates EBV
genome replication, resulting in around 100-fold genome amplification
(Hammerschmidt and Sugden, 1988). Although EBV latent replication depends
on cellular replication machinery, Lytic DNA replication uses a viral system, and
it is independent of cellular DNA replication.
The initiation of lytic replication depends on Zta binding to the ZREs within
upstream (ZRE1-4) and downstream (ZRE5-7) elements of oriLyt, which has
been described in session 1.4.1. In addition, initiation of oriLyt requires a GCrich BHLF1 RNA to form an RNA-DNA hybrid at oriLyt. This is essential for the
unwinding of DNA and recruiting BALF2 to oriLyt (Rennekamp and Lieberman,
2011).
Cellular DNA replication process requires several enzymes and proteins,
including DNA polymerase, DNA helicase, DNA primase and ligase, single-strand
binding proteins, DNA topoisomerases, clamp and a processivity factor. During
replication, all the components create a replication fork and perform the DNA
synthesis from 5’-3’ direction on both strands (Bell and Dutta, 2002).

EBV lytic replication has a similar process while using its own enzymes. Once
DNA replication is initiated, the core viral lytic replication proteins will be recruited
to oriLyt. These replication units form replication compartments or called
replisome, which include BALF2, BMRF1, BALF5, BBLF4, BSLF1, and BBLF2/3
(Baumann et al., 1999; Gao et al., 1998). Over-expression of six replication
proteins can partly restore the capacity of replication-defective Zta mutants and
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enhances Zta binding to oriLyt, which suggests these proteins are essential for
EBV lytic replication (El-Guindy et al., 2010).

Name

Function in lytic replication

BALF2

Single-strand DNA binding protein
DNA polymerase processivity factor;

BMRF1

a transcriptional coactivator of BZLF1 (Zhang
et al., 1996)

BALF5

Polymerase, interacts with the helicase–
primase complex (Fujii et al., 2000)

BBLF4

Helicase

BSLF1

Primase
Primase-associated protein;

BBLF2/3

BZLF1

BBLF4, BSLF1, and BBLF2/3 form the
helicase–primase complex (Gao et al., 1998)
Origin-binding protein, also binds to replication
proteins.
Viral transcription factor

Table 1.1 Core Lytic replication proteins and their functions.
The process of EBV lytic replication is illustrated here. Zta and BHLF1 RNA bind
to oriLyt, which initiates the DNA replication. All the members that are essential
for replication are recruited to oriLyt and together to assemble replication
compartments. Then helicase BBLF4 unwinds the DNA and forms a replication
fork. Single-strand DNA binding protein BALF2 binds to each single strand DNA
in order to and prevent the double strand from re-annealing after unwinding
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(Tsurumi et al., 1998). The helicase interacts with primase (BBLF4-BSLF1) to
stabilise the replication compartments, and co-localise with primase-associated
protein BBLF2/3 to form a complex (Gao et al., 1998). BBLF2/3-BBLF4-BSLF1
complex recruits and interacts with polymerase BALF5 to provide a start point for
BALF5 (Fujii et al., 2000), then BALF5 synthesises new DNA strands by adding
nucleotides to the template strand. The DNA polymerase processivity factor
BMRF1 interacts with BALF5 to enhance its polymerase activity (Tsurumi et al.,
1993; Kiehl and Dorsky, 1995; Murayama et al., 2009). A model showing the main
members in replication compartments at oriLyt is illustrated in Figure 1.6.
Rta is also essential for EBV lytic replication, it binds to the enhancer region of
oriLyt in vivo and co-localises to replication compartments. The C-terminal amino
acids are essential for the function of Rta in replication. Rta works with Zta to
express the BHLF1 transcripts that are required for the lytic replication (ElGuindy et al., 2013).
BGLF4 is reported to be co-localised with EBV lytic replication compartments and
associated with the extensive phosphorylation of BMRF1 during lytic replication
in vivo. BGLF4 also phosphorylates BMRF1 in vitro. This suggests an
involvement of BGLF4 in lytic DNA replication (Chen et al., 2000).
Two cellular factors are involved in the lytic DNA replication, Sp1 and ZBP-89.
They are both transcription factors and binding to the downstream TD element in
the oriLyt region. In addition, they also recruit BMRF1 and BALF5 to the oriLyt
through direct binding in order to assemble the replication compartments
(Baumann et al., 1999).
The protein interaction and DNA replication compartments are illustrated in
Figure 1.6.
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Figure 1.6 Model of replication compartments assembled at oriLyt (adapt
from Baumann et al., 1999). When induced lytic cycle, Zta binds to ZREs located
in the upstream component to initiates lytic replication and recruits core
replication proteins to oryLyt. Zta interacts with DNA polymerase accessory factor
BMRF1 through bZIP domain (Zhang et al., 1996), and interacts with helicase
BBLF4 and primase sub-complex BSLF1-BBLF2/3 through transcription
activation domain (Gao et al., 1998; Liao et al., 2001). Zta also interacts with
polymerase BALF5 through transcription activation domain (Baumann et al.,
1999). Protein-protein interactions are also seen among the core replication
proteins. BBLF4, BSLF1 and BBLF2/3 interact together to form a primasehelicase complex (Gao et al., 1998). BALF2 and BALF5 interact with this complex
(Gao et al., 1998; Fujii et al., 2000), BMRF1 interacts with BALF5 to enhance the
polymerase activity (Murayama et al., 2009). Rta is required for lytic replication,
it is required for the BHLF1 transcripts, which initiates lytic replication with Zta (ElGuindy et al., 2013). Cellular protein Sp1 and ZBP-89 bind to the TD element
located downstream of oriLyt, and they interact with viral proteins BMRF1 and
BALF5 (Baumann et al., 1999).
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The termini of the EBV genome contain a variable number of oriented 538-bp
terminal repeats (TRs). The TRs are involved in the circularisation event of the
genome, a region of 159 bp in a single TR contains the cis-acting signals, and it
is essential for cleavage and packaging of the EBV virion DNA (Zimmermann and
Hammerschmidt, 1995).
At the end of replication, a linear EBV genome is synthesised as a continuous
strand, cleaved and packaged into the capsid.
1.9.5 Late lytic genes expression
EBV encodes around 36 late genes including genes that encode viral structure
proteins, glycoproteins such as gp350, gH, gL, tegument proteins that are
important for EBV capsid assembly, DNA packaging proteins in capsids as well
as viral attaching and fusion proteins during infection (Yuan et al., 2006).
DNA replication is one factor that is necessary for late gene expression.
Disruption of DNA replication can stop late gene expression (El-Guindy et al.,
2010).
Another important factor to regulate the late gene expression is the expression of
viral serine/threonine Kinase BGLF4. Most late gene expression is dependent on
its function. RNA-seq studies showed BGLF4 controls expression of 31 late
genes, including BcLF1, BFRF3 and BLRF2 (El-Guindy et al., 2014).
Some early gene products are also involved in late gene expression. Recently, a
study revealed a complex, named viral preinitiation complex (vPIC), which is
required for the activation of an EBV late gene promoter. EBV early gene BcRF1
encodes a TATA box binding protein (TBP)-like protein. It recruits five other early
proteins, including BFRF2, BGLF3, BVLF1, BDLF4 and BDLF3.5 to assemble the
vPIC, which are required for the late gene expression. vPIC interacts with RNA
polymerase-II and together regulate late gene expression (Aubry et al., 2014).
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Rta and Zta are also associated with a few late gene promoters through the
genome-wide studies and regulate the expression of late genes (Heilmann et al.,
2012; Ramasubramanyan et al., 2012).
Figure 1.7 illustrates a summary of the different stages of lytic reactivation.

1.10 Zta interacting proteins
EBV encoded proteins work together or interact with host proteins in order to
perform their functions. As a transcription factor, Zta needs to regulate viral and
host gene expression through interacting with other proteins. Previous studies
have found a few proteins that Zta interacts with, including EBV proteins as well
as cellular proteins.
1.10.1 Zta interacts with EBV proteins
Zta was identified to interact with BMRF1 through BMRF1 first 45 amino acids
and Zta bZIP domain by in vitro binding assay, and Zta can be coimmunoprecipitated by BMRF1 in lytic cycle inducted cells in vivo. BMRF1
interacts with Zta and enhances the transcription activation of Zta to the BMRF1
promoter. However, this direct interaction is not required for BMRF1 and BZLF1
to activate BHLF1 promoter, which suggests a promoter-specific manner for this
interaction (Zhang et al., 1996).
BBLF4, BSLF1, and BBLF2/3 form the helicase-primase complex during lytic
replication, Zta transcription activation domain 1-133 amino acid (aa) binds to this
complex and helps to stabilise the replication complex (Gao et al., 1998). Further
mapping study has mapped the region between 22-86 aa to be required for Zta
to interact with BBLF4 both in vitro and in vivo (Liao et al., 2001).
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Figure 1.7 Different stages of EBV lytic reactivation. When triggered lytic
cycle, transcription factors Zta and Rta expressed by the regulation of the Zp and
Rp (a). As transcription factors, Zta and Rta activate a subset of early lytic genes
on their own binding to target gene promoters or through synergy (b). Then Zta
binds to ZREs located upstream of oriLyt to initiate EBV lytic DNA replication and
recruits other early genes to oriLyt to assemble the lytic replication machinery (c).
Following viral replication, late genes expressed, which are regulated by BGLF4
and the viral pre-initiation complex (vPIC) (d).
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Zta also binds to EBV polymerase BALF5, GST pull-down assay in vitro and
expression plasmids co-immunoprecipitation (co-IP) assay in vivo were used to
study this interaction. The in vitro mapping study identified region 26-88 aa in the
transcription activation domain is required for this interaction (Baumann et al.,
1999).
BGLF4, which is an EBV protein kinase, phosphorylates Zta both in vitro and in
vivo. It interacts and co-localises with Zta in the viral replication compartments to
regulate EBV lytic replication. The binding of Zta to BGLF4 was shown by the coIP assays, which were performed in the cells that over-expressed each protein
as well as in the cells that were induced to EBV lytic cycle by TPA (Asai et al.,
2006).
1.10.2 Zta interacts with cellular proteins
Zta shows a synergistic transcriptional effect on promoter sites with TATA box
binding protein TFIID (also named TBP). Zta directly binds to TFIID to stabilise
its association with EBV BHLF1 promoter. In vitro, purified 94-141 aa truncated
Zta binds to TFIID suggests this interaction is through Zta N-terminus of
transactivation domain (Lieberman and Berk, 1991).
Retinoid X receptor α (RXRα) interacts with Zta. It inhibits the transcription activity
of Zta to activate the BMRF1 promoter through preventing Zta binding to the AP1 motif. On the contrary, Zta can inhibit RXRα induced activation of a cellular
RARβ promoter (Sista et al., 1993).
Zta interacts with transcription factor NF- κB subunit p65. p65 inhibits the ability
of Zta to activate EBV early BHRF1 promoter in HeLa cells. Zta coimmunoprecipitates with endogenous p65 in sodium butyrate and TPA induced
lytic cells but not in un-induced cells in vivo. In vitro binding study shows Rel
homology domain of p65 is required to bind to the bZIP domain of Zta (Gutsch et
al., 1994).
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Human cellular tumour antigen p53 interacts with Zta in vitro and in vivo.
Overexpression of p53 inhibits Zta’s transcription ability to activate EBV early lytic
BMRF1 and BHRF1 promoter. In vitro binding study shows this interaction is
through C-terminus of p53 binding to Zta bZIP domain. P53 is also found to inhibit
EBV lytic reactivation when co-transfected with Zta into D98/ HE-R-1 cell line,
which is a fusion of a HeLa cell subclone (D98) with the EBV-positive Burkitt's
lymphoma cell line P3HR-1. The expression of p53 also inhibits the anti-IgG
induction of EBV lytic cycle in Akata cells. On the other side, Zta inhibits p53dependent transactivation, suggests Zta may influence the function of p53
through direct binding. (Zhang et al., 1994).
C/EBPα is a transcription factor that belongs to the bZIP family. A co-IP study in
EBV lytic cycle induced Akata cells shows C/EBPα interacts with Zta in vivo. In
vitro mapping study shows Zta directly interacts with C/EBPα through its bZIP
domain. Zta and C/EBPα co-operatively up-regulates the expression level of p21
and cause the G1 arrest during EBV lytic reactivation together (Wu et al., 2003).
They also directly bind to ZII and ZIIIB of Zp during EBV lytic initiation and cooperatively regulate Zp expression (Wu et al., 2004).
Zta binds to transcriptional coactivator CREB binding protein (CBP) through its
transactivation domain, this interaction increases protein EA-D expression level
and enhances the transcription activity of Zta to BHLF1 promotor. Zta interacts
with CBP was validated by an in vitro GST pull-down assay. On the other hand,
Zta is identified to strongly enhance the histone acetyltransferase activity of CBP
through this interaction (Chen et al., 2001; Zerby et al., 1999).
CREB-regulated transcription coactivator 2 (CTCR2) binds to Zta during EBV lytic
initiation and co-activates Zp with Zta and CREB. Knocking down of endogenous
CTCR2 could decrease Zta expression level triggered by TPA/ionophore in EBV
positive gastric cancer cell line GTC-4 and EBV positive B cell line Akata. A coIP study shows a CTCR2 interacts with Zta under an over-expression condition
in HEK293T cells, and the coil-coil domain of CTCR2 is required for this binding
(Murata et al., 2009).
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Pax5 is a cellular transcription factor that regulates many B cell specific genes
that are required for B cell development. Expression of Pax5 inhibits EBV lytic
replication and inhibits Zta regulated early lytic promoters (BMRF1p and
BRLF1p). This may be through the Pax5 binding to Zta. GST pull-down assay
mapped to the DNA-binding domain of both proteins were required for this
interaction (Raver et al., 2013). Oct-2 is another B-cell specific transcription factor
that shows a similar inhibitory feature to EBV lytic replication and the
transactivation of Zta. A co-IP assay showed an interaction between Zta and Oct2
in vivo, GST-pull down assay also showed a directly binding of Zta DNA binding
domain to Oct-2 POU domain (179-343 aa) (Robinson et al., 2012). This also
indicates a mechanism of inhibition of EBV lytic cycle by host proteins
Zta interacts with the cellular DNA damage response protein 53BP1 during EBV
lytic cycle. Zta binds to 53BP1 both in vitro and in vivo through its C-terminal
region. Knocking down of 53BP1 reduces EBV lytic replication in LCL#3 cells
suggesting 53BP1 contributes to the EBV lytic replication (Bailey et al., 2009).
It is reported that Zta binds to cellular protein DNA-dependent protein kinase
Ku80 using mass spectrometry by Sinclair lab for the first time. Later on, Chang’s
group verifies this interaction by GST pull-down assay and in vivo co-IP. In vitro
mapping study shows Zta binds to 425 aa region in N-terminus of Ku80 through
its C-terminal region. Ku80 binds to Zta and enhances Zta’s transcription ability
to activate BHLF1 promoter (Bailey et al., 2009; Chen et al., 2011).
Zta interacts with PKC targeting protein receptor for activated C kinase 1
(RACK1). Yeast interaction trap assay showed a direct interaction between these
two proteins, GST pull-down study mapped Zta transcription activation domain is
necessary for this interaction. However, RACK1 doesn’t affect the transcription
activity of Zta and on the other side, this interaction does not functionally influence
PKC mediated phosphorylation of Zta. RACK1 might be a scaffolding protein to
recruit Zta to PKC (Baumann et al., 2000).
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Zta is reported to synergistically work with Rta and forms a complex via a cellular
protein MBD1-containing chromatin-associated factor 1 (MCAF1). ChIP-qPCR
suggests that Zta, Rta and MCAF1 bind to the same ZRE in BHRF1 and BMRF1
promoter region in vivo and they also co-localise at the same area in the cells,
this interaction is through Zta and Rta directly binding to the region 562-816 aa
of MCAF1 (Chang et al., 2010).
Zta can be SUMOylated at lysine 12 by SUMO-1, 2 or 3, which suppressed the
transcription activity. Cellular protein RanBPM suppresses the SUMOylating of
Zta through directly interacting with Zta. The interaction was validation in a co-IP
assay in 293T co-transfected cells, GST pull-down assay showed the interaction
was between 194-245 aa region of Zta and RanBPM SPRY domain (Yang et al.,
2015).
From all the interaction studies, Zta shows a preference for interacting with
cellular transcription factors, and this is mostly because Zta needs co-regulators
to perform its transcription activity. Zta also shows the possibility to influence the
function of some transcription factors during host gene regulation. In addition, Zta
is able to interact with the protein kinase and DNA damage related proteins, which
suggests a role of Zta in different cellular regulations. Most studies focused on
how cellular proteins influence viral functions, however, some studies also
investigate how Zta influence the functions of host cells. It is important to study
the influences on both sides and doing so we can obtain a full image about how
EBV lytic cycle interact with host cells through Zta.

1.11 EBV lytic cycle and cancers
EBV lytic cycle contributes to the incidence and tumorigenesis of EBV associated
cancers.
EBV lytic activation increases viral load in the blood, which increases the chances
for EBV to infect more cells within the body, and this also increases the chances
to develop an EBV associated cancer in the cell.
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In addition, The EBV lytic genes may play a role in cancer development. A subset of EBV infected cells with lytic replication features was detected by biopsy in
BL and NPC tissues suggesting lytic cycle may promote tumour growth in those
cancers (Xue et al., 2002; Zheng et al., 2015). The EBV strain M81 from NPC
patients can switch to lytic cycle spontaneously and this causes the high viral load
in the NPC cancer cells and increased antibody titres against EBV proteins in the
peripheral blood, for example, EA-D IgA and VCA IgA (Tsai et al., 2013).
Animal tumorigenesis experiment shows wide type virus has higher chance to
cause lymphomas than BZLF1 knockout virus, suggesting EBV lytic infection is
important in the development of B cell lymphomas (Ma et al., 2011).
The role of EBV lytic infection in B cell immortalisation remains controversial. A
previous study showed that BZLF1 knockout virus transforms B cells as efficiently
as wide type virus, suggesting no role of lytic in B cell transformation. (Katsumura
et al., 2009). However, recently it was reported that EBV lytic proteins can
enhance the B cell immortalisation by inducing IL-13 as a paracrine mechanism
(Katsumura et al., 2012).
There is no doubt that EBV lytic cycle plays a role in maintaining and spreading
the virus in the host cells, and obviously there are different features for lytic in B
cells and in epithelial cells, more studies are needed to answer these questions.

1.12 EBV vaccines
The best way to prevent a virus-associated disease is to vaccinate human beings.
Scientists also want to design a vaccine to control the EBV infection, which can
firstly prevent the primary infection of EBV such as IM and also control the latency
establishment, further, to control the EBV associated malignancies. Although a
few methods have been established, only one of them reached phase II clinical
trial, and until now, there is no EBV vaccine on the market.
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The first target for designing the EBV vaccine is EBV glycoprotein gp350. From
the early studies, people found that immunised individuals with neutralised
antibodies for cell membrane antigens could stop infection in primary B cells
(Pearson et al., 1970). Later on, the membrane antigen gp350 was isolated and
used for the induction of a gp350 neutralisation antibody as a vaccine. A few
clinical studies have performed, one method showed a promising results in adults
studies, its placebo-controlled double-blinded phase II study, which showed a
high seroconversion, 98.7% by 6 months, and also showed a reduced incidence
of IM (Sokal et al., 2007). However, a phase III clinical trial is needed to test the
efficiency of this vaccine. In addition, new studies to improve the gp350 antibody
titres are still underdevelopment.
Recently an EBV virus-like particle (VLP) was developed, which combined more
targets but contained no viral DNA, in order to get more neutralising antibody.
Animal studies showed that VLPs could induce high antibody titres that were able
to neutralise EBV infection in vitro (Ruiss et al., 2011).
A T cell-mediated vaccine is another direction for designing the EBV vaccine,
which can be used for prevention or treatment of IM, PTLD and some EBV
associated cancers. The design of vaccine is based on latency proteins, including
EBNA1, EBNA3, LMP1 and LMP2. However, all the studies are still
underdevelopment (Bollard et al., 2012).
A new study used gH/gL and gp42 complex as the vaccine target, unlike the
gp350 vaccine, which only protects B cells from infection, antibodies elicited from
viral-fusion machinery EBV gH/gL or gH/gL/gp42 neutralises both epithelial cell
and B cell infection. This new vaccine candidate still needs further study and
clinical trials (Bu et al., 2019).
One limitation on the identification of EBV vaccine is from the unclear EBV
primary infection. However, more vaccines will be designed with the development
of the studies in EBV. In addition, the current clinical trial results do show that the
vaccines are able to decrease the EBV infection of IM and EBV associated
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cancers. The advantages of vaccination for EBV is obvious, however, we still
have to consider whether the vaccination of the whole population has more
benefits since the majority of people live with EBV for the lifetime without
developing EBV associated diseases.

1.13 Lytic induction treatment in EBV-positive cancers
EBV is associated with many malignant tumours. Although there might be a risk
to spread the virus, EBV lytic induction is now used as a new strategy for treating
EBV positive tumours. Lytic induction strategy is to combine an EBV lytic
induction reagent with the antiviral drugs as well as chemotherapy.
These antiviral drugs including ganciclovir (GCV) and acyclovir (ACV) are
guanine nucleoside analogues that are widely used to inhibit the lytic replication
of herpesviruses. They need to be phosphorylated in the cell by a protein kinase
and work as a nucleotide that incorporated into viral DNA and stops the lytic
replication. Studies in other herpesvirus revealed that a virally encoded kinase
activates those drugs much better than cellular nucleoside kinases. Although in
HSV-1 and HSV-2, thymidine kinase mediates the drug activation, in EBV, protein
kinase BGLF4 is required and responsible for the phosphorylation of those drugs
(Meng et al., 2010).
Comparing with chemotherapy alone, a combination of lytic induction reagents
valproic acid plus antiviral drug GCV results in the best antitumour response
among tested regiments (Hsu et al., 2015). Some chemotherapy drugs such as
5-FU or cis-Platinum can also induce EBV lytic cycle during the treatment and
when combined with GCV for treatment, the EBV positive NPC tumour was
inhibited more efficiently than conventional chemotherapy (Feng et al., 2002).
Recently low toxicity and highly effective new types of small molecules that can
induce EBV lytic cycle in EBV positive cancer cells were identified. Combining
antiviral drugs with these compounds shows promising effects for killing tumour
cells (Tikhmyanova et al., 2014).
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1.14 Aims of the project
How EBV exploits the host cell machinery is the most important remaining
question related to EBV replication. Previous studies have shown some viral and
cellular proteins interact with Zta and some of these interactions play important
roles for cellular and viral gene regulation, viral DNA replication and host immune
response.
In this project, we asked which proteins interact with Zta during EBV lytic
replication and whether this influences the function of Zta, and on the other hand,
whether Zta will regulate other proteins. To study this, an unbiased approach was
first needed in order to find a whole map of the Zta interactome.
•

Establishing an affinity pull-down approach combined with quantitative
mass spectrometry to obtain a possible series of target proteins that may
interact directly or indirectly with Zta.

•

HEK293-BZLF1-KO cell line (Feederle et al., 2000), which is HEK 293
cells harbouring a recombinant EBV plasmid with a deletion of the BZLF1
gene would be used in this study, which allowed for the introduction of Zta.

•

A chromatin immunoprecipitation (ChIP) method would be optimised to
isolate the Zta interactome.

•

The interactome would be identified by mass spectrometry and the
relevance of interacting proteins would be elucidated.
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2 Materials and Methods
2.1 Materials
2.1.1 Plasmids
Name

Method

Source

pcDNA3

Transfection of
cells
Transfection of
cells
Luciferase assay

Invitrogen

Luciferase assay

(Ramasubramanyan et al., 2015a)

pcDNA3- hisZta
pCpGL-BHLF1
pCpGL-BHLF1
mutant
pGL3-IL2

(Bailey et al., 2009)
(Bergbauer et al., 2010)

Luciferase assay

A gift from Jerry Crabtree
(Addgene plasmid # 17870;
http://n2t.net/addgene:17870;
RRID:Addgene_17870).
Table 2.1: Plasmid DNA constructs used in different experiments.
2.1.2 Primers
2.1.2.1 qPCR primers
Name

Sequence (5’-3’)
(a)

AGTCCTTCTTGGCTAGTCTGTTGA
(b)
CTTTGGCGCGGATCCTC
(a)
GGCAACCCTAAGGTGAAGGC
BALF5
(b)
GGTGAGCCAGGCCATCACTA
Table 2.2: qPCR primers used for EBV genome load detection.
Β-Globin

2.1.2.2 EMSA primers
DNA probe
Name
BMLF1 AP-1 F

Sequence (5’-3’)
GATCCATGACTCAGAGGAAAACATACG

Fluorescent
dye
IRDye800

BMLF1 AP-1 R

CGTATGTTTTCCTCTGAGTCATGGATC

None

ARRE2 WT F

ACGCCTTCTGTATGAAACAGTTTTTCCTCC IRDye800

ARRE2 WT R

GGAGGAAAAACTGTTTCATACAGAAGGCGT None

Table 2.3: EMSA primers
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2.1.3 Cell lines
Name

Culture medium

Reference or Source

Akata EBV
positive

RPMI1640

(Takada, 1984)

293-BZLF1-KO

RPMI1640

(Feederle et al., 2000)

HEK293

DMEM

ATCC

DG-75

RPMI1640

ATCC

Table 2.4: Cell lines used in different experiments.

2.1.4 Antibodies
Antibody
(Primary)
BZ1 anti-Zta

Species

Application Source

Mouse, monoclonal

WB/Flow
cytometry

(Young et al.,
1991)

SCZ anti-Zta

Goat, polyclonal

ChIP/ IP

Santa Cruz
Biotechnology

EBV VCA gp125

Mouse, monoclonal

Flow
cytometry

Merck

GFP

Rabbit, Polyclonal

WB

Invitrogen

Actin

Rabbit, polyclonal

WB

Merck, Sigma

HSC70

Mouse, monoclonal

WB

PARP1

Mouse, monoclonal

WB

TAF6

Mouse, monoclonal

WB

NFATC1

Mouse, monoclonal

WB

NFATC2

Mouse, monoclonal

WB

MEF2B

Mouse, monoclonal

WB

Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
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FAM96B

Mouse, monoclonal

Santa Cruz
Biotechnology
TXN
Mouse, monoclonal WB
Santa Cruz
Biotechnology
RUNX3
Mouse, monoclonal WB
Santa Cruz
Biotechnology
MMS19
Mouse, monoclonal WB
Santa Cruz
Biotechnology
Table 2.5: Primary antibodies used in different experiments.
Antibody (Secondary)

Species

VeriBlot for IP Detection
Reagent (HRP) antimulti species

WB

Application

Source

WB

abcam

IR Dye α-rabbit 800CW

Donkey

WB

LICOR

IR Dye α-mouse
800CW

Goat

WB

LICOR

IR Dye α-mouse 680RD Goat

WB

LICOR

Alexa Fluor 647 antiDonkey
Flow cytometry
abcam
mouse
Table 2.6 Secondary antibodies used in different experiments.

2.1.5 Reagents and materials
Reagents and solutions

Application

Source

VER-155008

Hsp70 inhibitor

TOCRIS

FK506

Ca2+ signaling and
NFATs inhibitor

Merck, Sigma

Anti-human IgG

Induce EBV lytic
cycle in cell culture

Agilent, Dako

Hygromycin B

Cell culture, cell
selection

Merck, Sigma
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Ionomycin

Ca2+ signaling
activation
PKC activation

Merck, Sigma

PMA/TPA (12-OTetradecanoylphorbol 13-acetate)
RPMI1640
Cell culture
DMEM
Cell culture

Merck, Sigma

Penicillin/Streptomycin/Glutamine Cell culture

Gibco

GlutaMAX

Cell culture

Gibco

Fetal Bovine Serum (FBS)

Cell culture

Gibco

Nunc cell culture flasks (T25,
T75, T175), filter caps

Cell culture

Thermo Scientific

6-well, 12-well and 96-well plate,
flat bottom

Cell culture

Thermo Scientific

Trypsin

Cell culture

Gibco

D-PBS

Cell culture

Gibco

Dimethyl Sulfoxide (DMSO)

Cell culture

Merck, Sigma

Formaldehyde

Cross-linking cells

Merck, Sigma

PBS tablets

WB

Oxoid

4-12% pre-cast Bis-tris gel

Protein gel/ WB

Invitrogen

10% pre-cast Bis-tris gel

Protein gel/ WB

Invitrogen

12% pre-cast Bis-tris gel

Protein gel/ WB

Invitrogen

SimplyBlue Safestain

Protein gel

Invitrogen

Coomassie InstantBlue

Protein gel

expedeon

MOPS SDS running buffer (20X)

Protein gel/ WB

Invitrogen

MES SDS running buffer (20X)

Protein gel/ WB

Invitrogen

BSA

Protein gel

Merck, Sigma

BSA 100X

EMSA

NEB

Gibco
Gibco
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CellLytic MT cell lysis reagent

Protein extraction

Merck, Sigma

Benzonase Nuclease

Protein extraction

Merck, Sigma

Protease inhibitor EDTA-free

Protein extraction
and IP

Roche

PMSF (Phenylmethanesulfonyl
fluoride)

Protein extraction
and IP

Merck, Sigma

Trypsin (Mass spectrometry
grade)
Trifluoroacetic acid (TFA)

Mass spectrometry

Promega

Ingel digest/Mass
spectrometry

Thermo Scientific

Acetonitrile

Ingel digest/Mass
spectrometry

Merck, Sigma

DTT (dithiothreitol)

Protein sample
preparation

Merck, Sigma

Iodoacetamide

In-gel digest

Merck, Sigma

Odyssey Blocking buffer

WB

LI-COR

ECL solution

WB

LI-COR

Gotaq qPCR Master Mix

qPCR

Promega

Gel shift binding buffer 5X

EMSA

Promega

Orange loading dye

EMSA

LI-COR

DSP
(dithiobis(succinimidyl
propionate))

Cross-linking/IP

Thermo Scientific

BS3
(bis(sulfosuccinimidyl)suberate)

Cross-linking/IP

Thermo Scientific

DMP (Dimethyl pimelimidate
dihydrochloride)

Cross-linking/IP

Merck, Sigma

Dynabeads Protein G

IP

Invitrogen

alarma-blue reagent

Cell viability assay

Invitrogen
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siRNA Buffer 5X

siRNA Knock-down

Dharmacon

passive cell lysis buffer 5X

Luciferase assay

Promega

Table 2.7: Purchased reagents and materials.

2.1.6 Solutions
Method

solutions

composition or Source

ChIP

Cell lysis buffer

85 mM KCl, 0.5% NP-40, and 5 mM
PIPES pH 8.0

SDS lysis buffer

1% SDS, 10 mM EDTA, 50 mM Tris
pH 8.0

IP Dilution Buffer

0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris pH 8.0,
167 mM NaCl

Low salt wash

0.1% SDS, 1% Triton X-100, 2 mM

buffer

EDTA, 20 mM Tris pH 8.0, 150 mM
NaCl

High salt wash

0.1% SDS, 1% Triton X-100, 2 mM

buffer

EDTA, 20 mM Tris pH 8.0, 500 mM
NaCl

LiCl wash buffer

250 mM LiCl, 1% NP-40, 1% Nadeoxycholate, 1 mM EDTA, 10 mM
Tris pH 8.0

Cross-linking IP
or Co-IP

TE buffer

10 mM Tris pH 8.0, 5 mM EDTA

Cell lysis buffer

85 mM KCl, 0.5% NP-40, and 5 mM
PIPES pH 8.0
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IP Dilution Buffer

0.5% Triton X-100, 0.5 mM EDTA,
20 mM Tris pH 8.0, 150 mM NaCl

Low salt wash

0.5% Triton X-100, 0.5 mM EDTA,

buffer

20 mM Tris pH 8.0, 150 mM NaCl

High salt wash

0.5% Triton X-100, 0.5 mM EDTA,

buffer

20 mM Tris pH 8.0, 500 mM NaCl

LiCl wash buffer

250 mM LiCl, 1% NP-40, 1% Nadeoxycholate, 1 mM EDTA, 10 mM
Tris pH 8.0

Co-IP wash buffer

10 mM Tris/Cl pH 7.5; 150 mM
NaCl; 0.5 mM EDTA

Western blot

Transfer buffer

0.025MTris, 0.192M Glycine, 15%
methanol (v/v)

Blocking buffer

5% skimmed milk (w/v), in PBSTween.

PBS Tween

PBS with 0.1% Tween

Laemmli Protein

2% SDS, 10% glycerol, 5% 2-

sample buffer 2X

mercaptoethanol, 0.002%
bromphenol blue, 0.0625 Tris-HCL
(Sigma protocol)

Flow cytometry

Wash medium

0.1% NaN3 (v/v), 5% FBS (v/v), in
PBS.

Cell culture

Freezing media

85% FCS supplemented with 15%
DMSO

Table2.8: All the solutions prepared in different experiments.
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2.1.7 Kits
Kit

Source

Use

QIAquick DNA
Purification Kit

Qiagen

DNA purification

QIAprep Mini-Prep

Qiagen

Expression of vectors

QIAprep Maxi-Prep

Qiagen

Expression of vectors

Effectene Transfection
Kit

Qiagen

Transfection

Cell Fixation & Cell
Permeabilization Kit

Invitrogen

Flow cytometry

Luciferase Assay System

Promega

Luciferase Assay

Neon Transfection
Invitrogen
system 100ul tip kit
Table 2.9: Commercial kits.

Transfection Knock-down
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2.2 Methods
2.2.1

Cell culture

HEK293 cell line is a human embryonic kidney cell line. Adherent cells were
cultured in DMEM (Gibco) media with 10% FBS (Gibco), 100 units/mL penicillin,
100 μg/mL streptomycin and 2 mM L-glutamine (Gibco).
293-BZLF1-KO cell line is human embryonic kidney cells transformed with a
hygromycin-resistant EBV bacmid containing a deletion of the BZLF1 gene
(Feederle et al., 2000). Cells were cultured in RPMI1640 (Gibco) with 10% FBS,
100 units/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine. Cells
were selected by 100ug/ml hygromycin (Invitrogen) for maintaining knockout
genome.
Akata group I cell line is EBV positive Burkett’s lymphoma cell line, DG-75 cell
line is EBV negative Burkitt’s lymphoma cell line, both cell lines were suspension
cells cultured in RPMI 1640 with 10% FBS, 100 units/mL penicillin, 100 μg/mL
streptomycin and 2 mM L-glutamine.
All the cell lines were cultured in an incubator (Thermo Scientific) at 37°C with
5% CO2.
For long-term storage of cell lines, cells were washed by PBS and then resuspended in freezing media with around 2-5 x 106 cells/ml. Cells were frozen at
-80°C in Mr. Frosty (Thermo Scientific) Freezing Container before storage in
liquid nitrogen.

2.2.2 Lytic cycle induction
To induce lytic cycle in Akata cells, 2 x 106 cells/ml cells were re-suspended in
media and 1.3μl/ml anti-IgG (Agilent, Dako) was added in the media, then
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incubated for 24 hours and harvested for analysis. For 48 hours of induction, cells
were diluted 1:2 after 24 hours in order to maintain cells with fresh media.
To induce lytic cycle in 293-BZLF1-KO cells, expression plasmid pcDNA3-hisZta
was used by transient transfection for 48-96 hours, and then cells were pelleted
for the analysis.

2.2.3 Transfection
Effectene transfection reagent was used for pcDNA3 or pcDNA3-hisZta plasmids
transfected into HEK293 or 293-BZLF1-KO cells.
For small-scale transfection, 5 x 105 cells were plated one day before in small
flask for each transfection. 2ug DNA was added to 150μl of EC buffer and 16μl
enhancer, after vortexing for 2 seconds, the mixture was incubated for 5 minutes.
25μl of effectene was added and vortexed for 10 seconds and then incubated for
10 minutes. 1 ml of media was added into the mixture and then added back to
the cells. Cells were incubated for 48 hours or 96 hours before being harvested.
For large-scale transfection, 4 x 106 cells were plated one day before in large flask
for each transfection. 16ug DNA was added to 150μl of EC buffer and 128μl of
enhancer, after vortexing for 2 seconds, the mixture was incubated for 5 minutes.
40μl of effectene was added and vortexed for 10 seconds, and then incubated for
10 minutes. 1 ml of media was added into the mixture and then added back to
the cells. Cells were incubated for 48 hours or 96 hours before being harvested.
Electroporation transfection (Bio-Rad Gene Pulser II) was used for transfections
in DG-75 cells. 1 x 107 cells were used for one transfection condition. Cells were
washed by D-PBS and re-suspended in serum-free media, 5ug of each plasmid
DNA was added to cells, the mixture was then transferred to a 4mm gap cuvette
(VWR), and the electroporation was performed under condition 260V, 950µF.
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2.2.4 Transformation/ Maxi Prep
100ng of plasmid DNA was added to Top10 chemically competent E.Coli cells.
The cells were incubated on ice for 5 minutes before adding preheated LB media
(42°C), heat shocked at 42°C for 30 seconds and incubated on ice for 2 minutes.
Cells were streaked onto the pre-warmed LB agar plates, which containing
100μg/ml of ampicillin, and incubated at 37°C overnight.
A single colony was picked and added to 5ml of LB media containing 100μg/ml
ampicillin and incubated in a ThermoScientific MaxQ4000 shaker at 37°C shaking
(225rpm) for 8 hours. The start culture was then diluted (1:500) in LB media
containing 100μg/ml of ampicillin and incubated at 37°C shaking overnight. The
second day the cells were pelleted and used for the Maxi-prep. The rest steps
followed the Qiagen maxi-prep kit manufacturers’ protocol. The plasmid stock
was then quantified as dsDNA concentration by an Eppendorf Biophotometer or
Nanodrop.

2.2.5 Chromatin immunoprecipitation (ChIP)
Culturing cells were spun down and re-suspended in 1% formaldehyde (Sigma)
solution (1x107/ml) for 15 minutes at room temperature, with shaking on a rotating
wheel. Then glycine was added with a final concentration 125mM to stop
crosslinking for 5 minutes. After washes with cold D-PBS (Gibco), cells were
ready for ChIP.
Cells were re-suspended in cell lysis buffer for 10 minutes at 4°C. After
centrifugation, the nuclear pellets will be washed once and then re-suspended in
SDS lysis buffer. Chromatin from nuclei was sonicated on ice (10s sonication with
10s pulses; 30% amplitude output on a Branson model 250 Micro-tip). Then the
chromatin was diluted 10-fold with IP dilution buffer. 50μl of each diluted
chromatin was taken as the input sample.
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10 μg of the Zta antibody (Santa Cruz) or control goat IgG (Santa Cruz) was
added in the chromatin and incubated overnight at 4 °C on a rotating wheel. The
second day, 25μl of dynabeads (Invitrogen) was added into each condition for 3
hours at 4 °C on a rotating wheel. After incubation, 50μl of chromatin from each
tube was taken as the flow through samples.
Then the beads were washed in low salt, high salt, LiCl wash buffer and TE buffer
each for 5 minutes. 30μl of Laemmli sample buffer 2X was added to the beads
and incubated at 95 °C for 10 minutes to reverse crosslinking and elute the
proteins from the beads. 50μl of sample buffer 2X was added into each input and
flow through samples and incubated at 95 °C for 10 minutes. Proteins were now
ready for protein gel and western blotting.

2.2.6 Cross-linked
Immunoprecipitation
immunoprecipitation (Co-IP)

(x-IP)

and

co-

For x-IP, cells were harvested and re-suspended in 0.2mM DSP (Thermo
Scientific) /PBS solution (1 x 107/ml) for 30 minutes at room temperature, then
stopped the reaction by adding Tris solution pH 7.5 to get a final concentration
50mM and incubated for 15 minutes, then cells were washed by D-PBS (Gibco).
For Co-IP, cells were harvested and washed by D-PBS directly.
Then the cells were re-suspended in cell lysis buffer for 10 minutes at 4°C. After
centrifugation, the nuclear pellets were then re-suspended in cell lytic reagent
(Sigma) with 250U/ml of Benzonase (Sigma). The nuclear extracts were then
diluted in IP dilution buffer, 50μl of each condition was taken as the input sample.
10ug SCZ Zta antibody or control goat IgG were added into the nuclear extracts
and incubated overnight at 4 °C on a rotating wheel. The second day, 25μl of
dynabeads were added and incubated for 3 hours at 4 °C on a rotating wheel.
After incubation, 50μl of chromatin from each tube was taken as the flow through
samples.
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Then the beads were washed by low salt, high salt, lithium and Co-IP wash buffer
each for 5 minutes. Then proteins were eluted in 2x Laemmli sample buffer for
10 min at 95 °C to elute the proteins from the beads. 50μl of sample buffer 2X
was added into each input and flow through samples and incubated at 95 °C for
10 minutes. Proteins were now ready for protein gel and western blotting.
The x-IP for TMT labelling mass spectrometry, 10μg of Zta and control antibody
were cross-linked to the 25μl of dynabeads by BS3 (Thermo Scientific) first, then
cross-linked antibody beads were added to the nuclear extracts and incubated
overnight. The wash steps were performed on the second day as described
before. 5% of the beads were isolated and the proteins were eluted by 2x sample
buffer for 10 min at 95 °C. The rest of the beads were frozen at -20 °C and then
sent for further mass spectrometry analysis.

2.2.7 SDS-PAGE and Western blotting
Protein samples were separated on 4-12%, 10% or 12% Bis-Tris NuPAGE gel in
morpholinepropanesulfonic acid (MOPS) or MES buffer. Gel electrophoresis was
performed at 200V. Then the gel was used for Coomassie blue directly or
continue to be used for western blotting.
Proteins were then transferred onto a nitrocellulose membrane using a wet
transfer protocol for 90 minutes at 75V and then the membrane was blocked in
blocking buffer.
The membrane was incubated with primary antibodies at 4°C overnight, including
BZ1 antibody (a kind gift from Martin Rowe lab, mouse 1:200), Actin antibody
(Sigma Rabbit 1:1000), MEF2B (Santa cruz, mouse, 1:100), FAM96B (Santa
cruz, mouse, 1:100), TXN (Santa cruz, mouse, 1:100), RUNX3 (a kind gift from
West lab, santa cruz 1:200), TAF6 (Santa cruz, mouse, 1:500). PARP1 (Santa
cruz, mouse, 1:200), MMS19 (Santa cruz, mouse, 1:200), NFATC1 (Santa cruz,
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mouse, 1:200), NFATC2 (Santa cruz, mouse, 1:200) and GFP (Invitrogen, rabbit,
1:1000).
The second day, after washes by PBS-Tween for 3 times, the membrane was
incubated by fluorescent Donkey anti Rabbit (800CW, 1:5000-1:10,000) or Goat
anti Mouse (680RD, 1:5000-1:10,000) secondary antibodies (LI-COR) for 1 hour
at room temperature followed with another 3 times washes by PBS-Tween. Then
the membrane was exposed directly to the Odyssey Fc imager (LI-COR). After
detection at 700nm and 800nm channels by the Odyssey Fc system, the specific
bands were detected.
Secondary IP specific HRP antibody (Abcam) was used for some of the IP
western blotting analysis. Signals were activated by ECL solution (LI-COR) and
exposed directly to the Odyssey Fc imager (LI-COR) at ECL channel.

2.2.8 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS)

LC-MS analysis protocol used in University of Sussex:
The gel was stained with Coomassie InstantBlue (Expedeon) for 1 hour and
washed with distilled water 3 times for 10 minutes or SimplyBlue SafeStain
(Invitrogen) for 1 hour and washed with distilled water 2 times for 1 hour. After
that, the protein bands or gel lanes were cut into pieces on a clean board with a
scalpel, and gel pieces were then stored in -20°C freezer or subjected to in-gel
digestion.
The gel was washed with 50μl of 50% acetonitrile in 25mM NH4HCO3 (Sigma) on
a shaker for 3 times, then gel pieces were subjected to SpeedVac concentrator
with no heat for 5 minutes. The gel pieces were heated by the addition of 50μl
10mM dithiothreitol (DTT) at 50°C for 45 minutes. After this, alkylation performed

80

by the addition of 50μl 50mM iodoacetamide (Sigma) in 25mM NH4HCO3 in a box
avoiding light, incubating for another 45 minutes. The gel was washed three times
with 50μl of 50% acetonitrile in 25mM NH4HCO3 on a shaker, and then dry them
by SpeedVac with no heat for 5 minutes in the end. 12.5ng/μl trypsin (Promega)
was added to each tube and incubated on ice for 10 minutes. 25mM NH4HCO3
was added on the top of gel pieces and incubated at 37°C overnight.
Trifluoroacetic acid (TFA) (Thermo Scientific) was added to the tube to get a final
concentration of 0.5%, after vortexing and centrifugation, the liquid with peptides
was moved into clean tubes. The rest gel pieces were added the 1X volume of
acetonitrile and vortexed at room temperature for 15 minutes. Then the
supernatant was transferred into the tubes containing peptides. The peptides
were applied to Speedvac with heating until the supernatant was reduced into
about 8μl per tube, then they were stored into -20°C until further analysis.
Then samples were further analysed by a Dionex Ultimate 3000 nano LC system
coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). The
instrument was controlled by Xcalibur software (Thermo Scientific). When
obtained the raw files of all the samples, MaxQuant was used to search the
proteins using a FASTA file combined human genome database with the EBV 3
strains database.
The MaxQuant setting parameters were listed down below:

Parameter
Fixed mdifications
Include contaminants
PSM FDR
Protein FDR
Site FDR
Use Normalized Ratios For Occupancy
Min. peptide Length
Min. score for unmodified peptides
Min. score for modified peptides

Value
Carbamidomethyl (C)
TRUE
0.01
0.01
0.01
TRUE
7
0
40
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Min. delta score for unmodified peptides
0
Min. delta score for modified peptides
6
Min. unique peptides
0
Min. razor peptides
1
Min. peptides
1
Use only unmodified peptides and
TRUE
Modifications included in protein
Oxidation (M);Acetyl (Protein
quantification
N-term)
Peptides used for protein quantification
Razor
Discard unmodified counterpart peptides
TRUE
Min. ratio count
2
Use delta score
FALSE
iBAQ
TRUE
iBAQ log fit
TRUE
Match between runs
TRUE
Matching time window [min]
0.7
Alignment time window [min]
20
Find dependent peptides
FALSE
Decoy mode
revert
Include contaminants
TRUE
Advanced ratios
TRUE
Second peptides
TRUE
Stabilize large LFQ ratios
TRUE
Separate LFQ in parameter groups
FALSE
Require MS/MS for LFQ comparisons
TRUE
Calculate peak properties
FALSE
Main search max. combinations
200
Advanced site intensities
TRUE
Top x mass window [Da]
100
Max. peptide mass [Da]
4600
Min. peptide length for unspecific search
8
Max. peptide length for unspecific search
25
Razor protein FDR
TRUE
Disable MD5
FALSE
Max mods in site table
3
Match unidentified features
FALSE
Table 2.10: MaxQuant parameters used for label-free mass spectrometry
analysis.

LC-MS analysis in University of Bristol:
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Samples on the beads were reduced, alkylated and digested with trypsin (2.5µg
trypsin per sample; 37°C, overnight). The resulting peptides were labelled with
Tandem Mass Tag (TMT) ten-plex reagents according to the manufacturer’s
protocol (Thermo Fisher Scientific) and the labelled samples pooled.
The pooled sample was evaporated to dryness and resuspended in buffer A (20
mM ammonium hydroxide, pH 10) prior to fractionation by high pH reversedphase chromatography using an Ultimate 3000 liquid chromatography system
(Thermo Fisher Scientific). In brief, the sample was loaded onto an XBridge BEH
C18 Column (130Å, 3.5 µm, 2.1 mm X 150 mm, Waters, UK) in buffer A and
peptides eluted with an increasing gradient of buffer B (20 mM Ammonium
Hydroxide in acetonitrile, pH 10) from 0-95% over 60 minutes. The resulting
fractions (four in total) were evaporated to dryness and resuspended in 1% formic
acid prior to analysis by nano-LC MSMS using an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Scientific).
High pH RP fractions were further fractionated using an Ultimate 3000 nano
HPLC system in line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific). In brief, peptides in 1% (vol/vol) formic acid was injected onto an
Acclaim PepMap C18 nano-trap column (Thermo Scientific). After washing with
0.5% (vol/vol) acetonitrile 0.1% (vol/vol) formic acid, peptides were resolved on a
250 mm × 75 μm Acclaim PepMap C18 reverse phase analytical column (Thermo
Scientific) over a 150 min organic gradient, using 7 gradient segments (1-6%
solvent B over 1min., 6-15% B over 58min., 15-32%B over 58min., 32-40%B over
5min., 40-90%B over 1min., held at 90%B for 6min and then reduced to 1%B
over 1min.) with a flow rate of 300 nl min−1. Solvent A was 0.1% formic acid and
Solvent B was aqueous 80% acetonitrile in 0.1% formic acid. Peptides were
ionized by nano-electrospray ionization at 2.0kV using a stainless steel emitter
with an internal diameter of 30 μm (Thermo Scientific) and a capillary temperature
of 275°C.
Then samples were further analysed by an Ultimate 3000 nanoHPLC system in
line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) the
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instrument was controlled by Xcalibur 2.0 software (Thermo Scientific) and
operated in data-dependent acquisition mode using an SPS-MS3 workflow.
FTMS1 spectra were collected at a resolution of 120 000, with automatic gain
control (AGC) target of 200 000 and a max injection time of 50ms. Precursors
were filtered with an intensity threshold of 5000, according to charge state (to
include charge states 2-7) and with monoisotopic precursor selection. Previously
interrogated precursors were excluded using a dynamic window (60s +/-10ppm).
The MS2 precursors were isolated with a quadrupole mass filter set to a width of
1.2m/z. ITMS2 spectra were collected with an AGC target of 10 000, a max
injection time of 70ms and CID collision energy of 35%. For FTMS3 analysis, the
Orbitrap was operated at 50 000 resolution with an AGC target of 50 000 and a
max injection time of 105ms. Precursors were fragmented by high-energy
collision dissociation (HCD) at a normalised collision energy of 60% to ensure
maximal TMT reporter ion yield. Synchronous Precursor Selection (SPS) was
enabled to include up to 5 MS2 fragment ions in the FTMS3 scan.

2.2.9 Database Search and Protein Quantification
FASTA files containing the human proteome alongside the EBV proteome came
from UniProt/SwissProt database. Protein interactors from the cross-linking
ChIPs were Identified and quantified by MaxQuant (version 1.5.3.30) (Cox and
Mann, 2008), TMT labelled mass spec analysis were identified and quantified by
Proteome discoverer. Data were visualized by Perseus (version 1.5.5.0)
(Tyanova et al., 2016) and R studio (RStudio Team (2015). RStudio: Integrated
Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/).

2.2.10 alamar-Blue cell viability Assay
Akata cells, DG75 cells or 293-BZLF1-KO cells were cultured in 96-well plates.
Cells were treated with different drugs (VER155008, FK506) at different
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concentrations for 24-48 hours. alamarBlue cell viability reagent (Invitrogen) was
added as 10% of the sample volume into the 96-well plate, followed an overnight
incubation at 37ºC, fluorescence was measured by Glomax (Promega) under an
excitation wavelength of 520nm (green) and an emission at 580-640nm.

2.2.11 Genomic DNA purification
Genomic DNA was extracted from the cells using the Qiagen DNA kit following
the protocol provided by Qiagen.

2.2.12 Real-time quantitative PCR (qPCR)
The quantitative polymerase chain reaction was used to measure EBV viral load
in cells. CYBR green (Promega) intercalates with double-stranded DNA and the
SYBR will fluoresce, and then detected by the qPCR machine (StepOnePlus,
Applied Biosystems) controlled by StepOne. Viral lytic gene BALF5 primer was
used to detect the amplified viral genome, beta-globin was used as an internal
control. A standard curve was constructed by using serial dilutions 1:2 or 1:4 of a
100ng sample with one primer set.
A master mix of reagents was used in each sample of the 96-well plate. A master
mix is including 12.5μl SYBR green, 9.5μl dH2O, 0.5μl of 10μM forward and
reverse primer mix. 2.5μl of each sample were plated in triplicates with the master
mix. The qPCR reaction conditions include:
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Temperature

Time

95 °

10 minutes

95 °

15 seconds

60 °

1 minute

95 °

15 seconds

60 °

1 minute

40 cycles

qPCR results were analysed by StepOne software (Applied Biosystems) the
melting curve was analysed to ensure the results are at good quality.

2.2.13 Flow cytometry
1 x 106 of induced and un-induced Akata cells were used in each condition. Cell
Fixation & Cell Permeabilization Kit (Invitrogen) was used for treating the cells.
Cells were re-suspended in 100μl of D-PBS. 100μl of reagent A was added and
incubated for 15 minutes, then washed once by the wash medium. After, 100μl
of reagent B was added with BZ1 or VCA antibody or control antibody into each
tube and incubated for 20 minutes at room temperature. Cells were washed once,
and then another 100μl of reagent B was added with Alexa Fluor secondary
antibody (diluted 1:100 in wash medium) and incubated for 20 minutes at room
temperature. After washing by wash medium, the cells were re-suspended in
500μl wash medium and ready for the flow cytometry analysis. Cells were
detected by BD Accuri C6 Flow cytometer (Beckton Dickinson) and Zta or VCA
positive cells were identified by BD CSampler software (Beckton Dickinson).
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2.2.14 siRNA Knockdown
siRNA Knockdown was performed by Neon transfection system (100μl Neon kit)
in DG-75 cells, NFATC1 and C2 siRNA smart pool (Dharmacon) were used, nontargeting siRNA pool #1 (Dharmacon) was used as a control. Other plasmids
were delivered with siRNA into the cells at the same time.
5 x 106 cells were harvested and washed by D-PBS and resuspended in 104μl
Buffer T. 6μl DNA and RNA mix in each condition was prepared before adding to
the cells. Electroporation was performed at 1300v, 30 msec, and 1 pulse in 100μl
Neon tip. Whole media without antibiotics was used for culturing the cells. 24
hours post-transfection, ionomycin (final concentration 1μM) and PMA (final
concentration 20ng/ml) were added in the certain conditions, after another 48
hours, cell were harvested and washed by D-PBS. Then 1/10 of the cells were
used for western blotting and the rest of the cells were used for luciferase assay.
The volume and concentration of DNA and RNA list below:
Name
Non-Targeting
siRNA
Human NFATC1
siRNA
Human NFATC2
siRNA
BHLF1 reporter
pcDNA3
hisZta

Volume

Stock
concentration

Final
concentration/amount

4μl

5μM

200μM

2μl

5μM

100μM

2μl

5μM

100μM

1μl

250ng/μl

250ng

1μl

250ng/μl

250ng

1μl

250ng/μl

250ng

Table 2.11 DNA and RNA used in siRNA knockdown assay.

Each siRNA pools list below:
Name

Target sequence

Type and source
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UAGCGACUAAACACAUCAA
Dharmacon, siGENOME
UAAGGCUAUGAAGAGAUAC
AUGUAUUGGCCUGUAUUAG
AUGAACGUGAAUUGCUCAA
UCAGAAACUCCGACAUUGA
Human NFATC1
Dharmacon, siGENOME
GGACAGCUAUCCGGUCGUG
siRNAGUUGAGAUCCCGCCAUUUC
SMARTpool
AGGAAGAACACACGGGUAC
CCAAUAAUGUCACCUCGAA
Human NFATC2
Dharmacon, siGENOME
GCAGAAUCGUCUCUUUACA
siRNAGCGGGGAUCUUGAAGCUUA
SMARTpool
UCAUGUACUGCGAGAAUUU
Table 2.12 siRNA pools used in siRNA knockdown experiment.
Non-Targeting
siRNA pool #1

2.2.15 Luciferase reporter assay
1 x 107 cell numbers of DG-75 cells were used and transfected by electroporation
(Bio-Rad) in each condition for 48 hours. BHLF1 wild type promoter, BHLF1
mutated promoter or pGL3-NFAT IL-2 promoter construct with pcDNA3 or
pcDNA3-hisZta expression vector were used in different experiments, the details
were described in transfection session (2.2.3).
For siRNA knockdown luciferase assay, the transfection is described in that
session (2.2.14)
Cells were harvested and washed in 10 ml D-PBS, then 1/10 of the cells were
used for western blotting and the rest of the cells were used for luciferase assay.
90μl of 1X passive cell lysis buffer (Promega) was added to the cell pellets and
incubated 30minutes on the ice and 30 minutes at room temperature. Then cells
were centrifuged and the supernatant was transferred to clean tubes. For
luciferase activity analysis, 10μl of each sample was pipetted into a white 96-well
plate. Samples were prepared as triplicates. Glomax (Promega) multi-detection
machine with the autosampler, which allows auto dispensing the luciferase
activation reagent (Promega), was used for the detection, settings are 50μl of
luciferase activation reagent per well and reading for 10 seconds with a delay for
2 seconds after adding the reagent.
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Normalization of luciferase assay by BCA assay. 5μl samples from each condition
were then diluted 1:5 in PBS and added in a 96-well plate, 200μl of freshly made
BCA reaction solution was added in each well and the plate was incubated at
37°C for 30 minutes avoiding light. Then the plate was read by a plate-reader
(Glomax explorer, Promega) at a wavelength of 560 nm. The reading of each well
was matched to each of the luciferase reading, and used for the normalisation of
the total protein levels.

2.2.16 Electrophoretic mobility shift assay (EMSA)
Fluorescent 5’-IRDye 800 labelled ARRE2 binding motif and BMLF1 AP-1 site
forward strands (IDT) and unlabelled reverse strands were used. To prepare a
working stock (20μM), 10μl labelled forward strand (100μM stock) with a 30μl
reverse strand(100μM stock) were annealed in 10μl TE buffer at 95°C for 5
minutes, 65°C 10minutes and then cooling down at room temperature for 1 hour.
1 μM of each DNA probe was used as a working concentration for the EMSA.
His-GFP-bZIP and control GFP protein 1mg/ml were used for the binding assay.
8μl of EMSA binding buffer was prepared for one reaction using 5X Gel shift
binding buffer (Promega), DTT, BSA and dH2O. Then 1μl of each protein was
added and incubated with different probes for 20 minutes at room temperature.
The binding buffer reaction was listed below for each condition:
EMSA Binding buffer

Final concentration

Amount

5X Gel shift binding

1X

1.6μl

DTT 100mM

4mM

0.32μl

BSA 10mg/ml (Biolabs)

1mg/ml

0.8μl

buffer (Promega)

89

dH2O

5.28μl

Probe 1μM

1μl

Protein

1μl

Total volume

10μl

Table 2.13 reagents and buffer used in EMSA assay.
Meanwhile, pre-cast native 6% DNA retardation gel (Invitrogen) was pre-run in
0.5X TBE buffer (Invitrogen) at 100V for 15 minutes.
After the 20 minutes’ reaction, each sample was mixed with 1μl of loading dye
(10x orange dye, LI-COR). 11μl of each sample was loaded on the gel and run at
constant 100V for 60 minutes at room temperature. Once finished running, the
gel was exposed directly to the Odyssey Fc imager (LI-COR) at 800nm channel
for 10 minutes.

2.2.17 Bioinformatics analysis
The Gene Ontology (GO) analysis was obtained from The Database
for Annotation, Visualization

and

Integrated Discovery

(DAVID)

(https://david.ncifcrf.gov/) (Dennis et al., 2003). The protein-protein interaction
prediction was analysed by STRING database version 11.0 (http://string-db.org)
(Szklarczyk et al., 2015). NFATC1 ChIP-seq data was obtained from ENCODE
database (UCSC Accession: wgEncodeEH002307) and processed in Genomic
Regions Enrichment of Annotations Tool (GREAT) version 3.0.0 (McLean et al.,
2010).
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3 Identifying Zta interactome during lytic cycle in an
overexpressed condition
3.1 Introduction
As a transcription factor, Zta regulates both viral and host gene expression, and
it is the key protein for EBV genome replication during the lytic cycle. Zta
cooperates with other EBV proteins as well as host co-regulators for transcription
regulation and DNA replication. As introduced in chapter one, a few viral and
cellular proteins were reported to interact with Zta thereby influencing the function
of each other. However, a global map of the Zta interactome during EBV lytic
reactivation is still missing.
Previous studies managed to combine affinity pull-down assays with quantitative
mass spectrometry analysis to identify interactome for different proteins. Two
different quantitative methods for mass spectrometry have been used widely. The
first method uses stable isotope labelling with amino acids in cell culture (SILAC),
which labels the proteins during cell culture. The second method uses the
chemical labelling method, which directly labels digested peptides, such as
tandem mass tag (TMT) labelling and Isobaric tags for relative and absolute
quantitation (iTRAQ). Recently, with the development of computer software,
label-free quantitation became an accurate method for proteomics studies, which
is extensively used in different fields (Mohammed et al., 2016; Ersing et al., 2017;
Cox et al., 2014; Traylen et al., 2015).
Each quantitative method has its pros and cons and with the development of new
mass spectrometer instruments, quantitative mass spectrometry became a
promising method to study protein interactome under different conditions.
With the improvement of the resolution of the mass spectrometer, label-free has
becoming the first choice for many studies, although SILAC or chemical labelling
quantitation still have obvious benefits for protein studies. Label-free studies
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reduce sample preparation time and is comparatively economical than other
methods to obtain valuable information (Cox et al., 2014).
Recently, chromatin immunoprecipitation (ChIP) method was combined with
mass spectrometry to study protein-protein interactions, which needs short
sample preparation time and gives high quality data (Mohammed et al., 2016).
Previous

study

in

our

laboratory

used

genome-wide

chromatin

immunoprecipitation coupled to next-generation DNA sequencing (ChIP-seq) to
establish

a

map

of

Zta

interactions

across

the

human

genome

(Ramasubramanyan et al., 2015a). In this chapter, a revised ChIP method from
our lab is established in an EBV positive cell line and coupled with label-free
quantitative mass spectrometry in order to identify proteins that interact with EBV
immediate early lytic protein Zta.

3.2 Results
3.2.1 Establishment of ChIP-western blotting conditions in 293-BZLF1-KO
cell line.
To combine the ChIP protocol from our lab with label-free mass spectrometry, a
revised procedure is illustrated (Figure 3.1). Based on this protocol, chromatin
and proteins were cross-linked by 1% formaldehyde solution in both control cells
and Zta expressed EBV lytic cells, chromatin extraction was then followed with
sonication, chromatin immunoprecipitation, protein elution, SDS-PAGE gel, in-gel
digestion and mass spectrometry.
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Figure 3.1 Whole scheme of ChIP label-Free quantification Mass
Spectrometry. 293-BZLF1-KO cells were cultured and transfected with hisZta
and the control vector (pcDNA3) for 96 hours. Cells were cross-linked by 1%
formaldehyde. The nucleus was lysed by SDS lysis buffer and sonicated to
extract short chromatin fragments with proteins. Zta antibody (SCZ) coupled with
magnetic protein G beads were used for pull-down. Protein X and Y represent
the potential targets that interact with Zta, and protein N represents one of the
non-specific proteins. After a series of washing steps, the eluted proteins were
separated by SDS-PAGE and stained by Coomassie blue. Then protein gel lanes
were cut into small pieces and mass spectrometry analysis was performed after
trypsin digestion.
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To establish the experiment conditions, 293-BZLF1-KO cell line was used, which
is a human embryonic kidney cell line (HEK293) harbouring EBV genome with
deletion of BZLF1 gene (Feederle et al., 2000). These cells contain the EBV
genome, however, the virus cannot go through the lytic cycle automatically. When
exogenous Zta is expressed in these cells, the lytic cycle can be established,
which triggers the lytic replication, followed by assembly and production of viral
particles. Thereby allowing us to control lytic cycle reactivation.
A polyhistidine tagged Zta plasmid (hisZta) was used to express Zta in 293BZLF1-KO cells and an empty pcDNA3 vector was used as a control. 293-BZLF1KO cells were transiently transfected with hisZta and control vector for 96 hours
to express the hisZta protein and to trigger the EBV lytic cycle. hisZta expression
level was analysed by western blotting using a Zta antibody BZ1 (Figure 3.2A).
EBV viral load was analysed by real-time quantitative PCR (qPCR) in order to
verify the viral copies after lytic reactivation. Primers for the EBV DNA polymerase
gene BALF5 were used to detect the EBV genome and primers for the human
gene β-globin were used to detect human genome and normalise for cell
numbers. Cells transfected with an empty vector were used as a control group to
identify the amount of EBV genome load before transfection, the results are
shown as fold-change compared to the control group (Figure 3.2B).
The EBV viral load result suggested that the EBV lytic cycle had been activated
by expression of hisZta and the cells could be used for the further ChIP
experiments.
In order to question hisZta pull-down efficiency, a chromatin extract was prepared
and sonicated DNA was analysed on an agarose gel, chromatin length between
100bp-1000bp were identified (Figure 3.3).
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Figure 3.2 Zta expression level and EBV viral load in 293-BZLF1-KO cells.
Cells were transfected with control vector or hisZta to express Zta protein and
trigger the lytic cycle for 96 hours. Cells were lysed by protein sample buffer and
genomic DNA was extracted. A. Western blotting of Zta. Actin was used as a
loading control. B. The EBV viral load was measured by qPCR, the EBV genome
was normalised by the human genome and shown as fold-change compared to
the control group. (***) indicates p<0.001.
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Figure 3.3 Sonication of chromatin checked by agarose gel. Purified
chromatin from sonicated nuclear extracts was loaded on 1% agarose gel.
Chromatin length between 100bp-1000bp were identified.
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The chromatin was further used for the ChIP. hisZta and its binding partners were
pulled down by Zta antibody SCZ (goat) and magnetic beads, after a series of
washing steps, all the proteins binding to the beads were eluted in 2X protein
sample buffer. Input (Nuclear extracts), unbound, first wash, first and second
immunoprecipitation (IP) eluate samples were collected and prepared for western
blotting (Figure 3.4A). A mouse Zta antibody BZ1 was used here to detect hisZta.
hisZta level was quantified by ImageStudio software (LI-COR), the value was
adjusted by loading percentage and each sample was normalised to input
(Figure 3.4B). Compared with the hisZta in the input (shown as 100%), 50% of
hisZta was left in the un-bound, 30% of the bound hisZta was collected in the first
eluate from beads by ChIP, and 5% of hisZta were collected in the second eluate.
This suggests that the ChIP procedure worked. The first elution was efficient.
Therefore, the second elution was not included in further studies. This condition
was appropriate for future large-scale experiments.
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Figure 3.4 Zta ChIP-western blotting in 293-BZLF1-KO cell line. 293-BZLF1KO cells were transfected with hisZta and control vector for 96 hours, 1%
formaldehyde cross-linked cell nuclear extracts were used for the ChIP, Zta and
its binding proteins were immunoprecipitated by antibody and magnetic beads.
To establish the ChIP condition and compare the pull-down efficiency, Input
(nuclear extracts), unbound, first wash, first and the second eluate was collected
and prepared for western blotting. A. Western blotting of Zta. Actin was used as
a loading control. B. Quantitation of Zta. The quantitation was converted by
loading volume and normalised to the Input.
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3.2.2 In-gel digestion and mass spectrometry setting up.
After establishing the ChIP condition, next I had to establish a good mass
spectrometry setup for the ChIP. The first step was in-gel digestion, which
allowed the proteins to be digested into short peptides by trypsin prior to the liquid
chromatography (LC) and mass spectrometry. To test this, input and IP samples
obtained from ChIP were loaded along with 100ng BSA on the SDS-PAGE gel,
and then the gel was stained by Coomassie blue (Figure 3.5). A band between
28kDa to 38kDa could only be detected in Zta IP samples whereas no band was
seen in the control samples, which indicated it was the band of hisZta. BSA was
run together on the gel and shown as a single band around 60 kDa, which was
used as a positive control for in-gel digestion and mass spectrometry.
In-gel digestion was performed and followed by mass spectrometry in order to
set up the instrument running condition and to check the digestion efficiency. The
IP lanes were cut into four parts and sliced into small pieces, and then in-gel
digestion was performed in the lab (Figure 3.6). Each sample was then sent for
mass spectrometry analysis. The Mascot search engine (Perkins et al., 1999)
was used to analyse the single run of each sample, BSA and bait protein hisZta
were matched to the database.
BSA sample showed 83% of sequence coverage with a score 2903 when
matched to the database, which suggests the digestion worked and mass
spectrometer was functioning well (Figure 3.7). Our bait protein Zta showed 33%
sequence coverage with a decent score of 578 (Figure 3.8). Considering the lack
of arginine and lysine residues in the middle of Zta sequence, which cannot be
digested by trypsin, the mass spectrometer may not be able to fragment such
long undigested peptides, the coverage percentage here was still acceptable, it
was good enough and we were ready to proceed to further large-scale
experiments.
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Figure 3.5 Coomassie blue for Immunoprecipitation of Zta in 293-BZLF1KO cells. Input, IP samples and 100ng bovine serum albumin (BSA) were
separated by SDS-PAGE gel and stained by Coomassie blue. Zta and BSA
bands were highlighted in the black boxes.
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Figure 3.6 Diagram of In-gel digest and mass spectrometry analysis. IP lanes
and BSA band were cut out from the gel and sliced into small pieces. Each lane
was separated into four different tubes as shown in the figure. In-gel digest steps
de-stain, dehydration, reduction, alkylation and trypsin digestion were performed,
and then digested peptides were loaded on LC-Mass spectrometer.
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Figure 3.7 Peptides matched to BSA and analysed by Mascot. Digested
peptides were detected by the mass spectrometer and the raw file was matched
to the database by Mascot. 83% sequences of BSA protein were matched to the
database and the matched peptides were highlighted in bold red.
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Figure 3.8 Peptides matched to Zta and analysed by Mascot. Digested
peptides were detected by the mass spectrometer and the raw file was matched
to EBV B95-8 strain database by Mascot. 33% sequences of BZLF1 were
matched and the matched peptides were highlighted in bold red.
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3.2.3 Identifying proteins that interact with Zta during EBV lytic cycle.
Since all the conditions were established and validated, the large-scale
experiment of ChIP-MS was performed. Three biological replicates of ChIP were
finished first. 8.3% of each IP sample were analysed by western blotting along
with input in order to ask whether the Zta pull-down was successful (Figure 3.9A).
Western blotting showed the bait protein hisZta was pulled down by ChIP in each
repeat successfully suggesting that the experiment could proceed to the next
step.
Then the rest of the IP samples were run on the gel and stained by Coomassie
blue (figure 3.9B). Each group was cut into five slices and then each slice was
cut into small pieces, after this, trypsin digestion was performed. The digested
peptides from each sample were analysed by LC-mass spectrometry one by one,
and the raw data was analysed in triplicate in order to obtain a statistically
analysed result by MaxQuant software (Cox et al., 2014). In the MaxQuant
settings, label-free quantitation was chosen, the rest of the run methods and
settings were described in Chapter 2. Database of the proteomes of three EBV
isolates (B95-8, GD1 and AG876) and the human genome, obtained from UniProt
was used in MaxQuant for protein searching and matching. Perseus software
(Tyanova et al., 2016) was used to process the MaxQuant output results and
visualise each protein by scatter plot (Figure 3.10).
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Figure 3.9 Three biological replicates of Zta ChIP-western blotting in
293BZLF1-KO cells. 293-BZLF1-KO cells were transfected with hisZta and
control vector for 96 hours, 1% formaldehyde cross-linked cell nuclear extracts
were used for the ChIP, Zta and its binding proteins were immunoprecipitated by
antibody and magnetic beads. Then the proteins were eluted in the sample buffer.
A. 8.3% of each IP sample were analysed by western blotting along with input by
western blotting for hisZta. B. The rest of the IP samples were run on the gel.
Coomassie blue was shown one of the single control or hisZta IP eluate, gels
were cut into pieces and each condition was divided into 5 tubes for the in-gel
digest.
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Zta bound (low
p-value)
Non-Zta bound
(low p-value)

Zta

Zta bound
(high p-value)
Non-Zta bound
(High p-value)
(log2)

Figure 3.10 Zta ChIP label-free Mass spectrometry results searched and
plotted by MaxQuant and Perseus. Proteins searched by MaxQuant were
plotted by fold-change (Zta/Control) against -Log (P-value). Bait Protein Zta
was highlighted in red with the highest fold-change. Fifty-four cellular proteins
(blue and orange) were found as significant (p<0.05) changed proteins (foldchange ≥1.5) and 20 cellular proteins (blue) with higher fold-change (foldchange ≥4). No other EBV proteins were identified in this experiment apart from
Zta.
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Three biological repeats were analysed and measured, the results were shown
as fold-change over control group and student’s t-test was used to calculate if the
difference was statistically significant. Scatter plot was used to plot the protein
log2 fold-change (X-axis) against to the T-test –log p-value (Y-axis) of each gene,
1.5-fold (log2) changed genes were highlighted by colours and 4-fold (log2)
changed genes were highlighted in blue triangles as the most significant proteins
that may interact with Zta (Figure 3.10). 4-fold changed proteins (table 3.1) and
1.5-fold to 4-fold changed proteins (table 3.2) were listed. Proteins with high fold
changes and low p-value were listed as the best candidate proteins that interact
with Zta. Also another method to evaluate the possibility of the interacting proteins
or contaminations found by mass spectrometry was used, known as CRAPome
(Mellacheruvu et al., 2013). It is a database that provides contaminant information
for affinity pull-down studies, different pull-down negative control data is collected
from mass spectrometry and provided for searching. The score shown in the
CRAPome is listed in the separate column (Table 3.1 and 3.2), which shows the
numbers of the control experiments containing this protein among all the negative
control experiments in the database.
Gene functional annotation analysis was used through The Database
for Annotation, Visualization and Integrated Discovery (DAVID) website in order
to analyse all the significantly changed proteins (Dennis et al., 2003), proteins
were grouped and enriched by functions (Figure 3.11). From all the 54 proteins
above 1.5-fold changes, mRNA metabolic process, DNA packaging, response to
unfolded protein, DNA repair and translational elongation were on the top list
(Figure 3.11A). When I focused on the 4-fold change proteins, RNA splicing
proteins were still the most enriched group with a score 8.35, I also see nucleolus
protein, and proteins that respond to unfolded proteins (Figure 3.11B).
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11

6.307797

CRAPome
Num of
Expt.
(found/total)
180 / 411

6

5.539114

263 / 411

15

5.453821

182 / 411

Tubulin beta-4B chain

1

5.010109

376 / 411

DHX9

ATP-dependent RNA helicase A

19

4.985822

205 / 411

SFPQ

8

4.959501

201 / 411

6

4.938445

135 / 411

7

4.923285

220 / 411

7

4.88415

138 / 411

HSPA8

Splicing factor, proline- and
glutamine-rich
Receptor of activated protein C
kinase 1
Non-POU domain-containing
octamer-binding protein
Spliceosome RNA helicase
DDX39B
Heat shock cognate 71 kDa protein

8

4.843933

396 / 411

PCBP1

Poly(rC)-binding protein 1

3

4.747019

194 / 411

Heterogeneous nuclear
ribonucleoprotein M
Probable ATP-dependent RNA
helicase
Poly(rC)-binding protein 2

13

4.709555

220 / 411

7

4.537481

238 / 411

2

4.535346

189 / 411

Heterogeneous nuclear
ribonucleoprotein K
Heat shock protein HSP 90-beta

17

4.44713

288 / 411

3

4.414055

277 / 411

TUBA1B

Tubulin alpha-1B chain

1

4.395084

389 / 411

HNRNPL

Heterogeneous nuclear
ribonucleoprotein L
Heat shock 70 kDa protein 1A

10

4.246385

190 / 411

9

4.125194

395 / 411

Interleukin enhancer-binding factor
2

4

4.122527

152 / 411

Gene name
HNRNPC
HNRNPH1
PARP1
TUBB4B

RACK1
NONO
DDX39B

HNRNPM
DDX17
PCBP2
HNRNPK
HSP90AB1

HSPA1A
ILF2

Description
Heterogeneous nuclear
ribonucleoproteins C1/C2
Heterogeneous nuclear
ribonucleoprotein H
Poly [ADP-ribose] polymerase 1

Unique Difference/Foldpeptides
change

Table 3.1 4-fold changed Proteins found to interact with Zta by mass
spectrometry. Proteins were ranked by the difference of fold-change. Gene
name, description, unique matched peptide and CRAPome search results were
listed in the table.
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Gene name

Description

H3F3B

Histone H3.3

1

3.93

CRAPome
Num of
Expt.
(found/total)
139 / 411

NPM1

Nucleophosmin

4

3.91

252 / 411

Nucleolin

11

3.90

261 / 411

RNA-binding motif protein, X
chromosome
Heterogeneous nuclear
ribonucleoprotein A3
40S ribosomal protein S3

4

3.89

169 / 411

8

3.85

183 / 411

6

3.85

266 / 411

Heterogeneous nuclear
ribonucleoprotein U
Histone H1.2

14

3.82

280 / 411

1

3.67

301 / 411

Prelamin-A/C

7

3.57

92 / 411

Heterogeneous nuclear
ribonucleoprotein A/B
Matrin-3

4

3.46

206 / 411

8

3.34

171 / 411

X-ray repair cross-complementing
protein 6
Heterogeneous nuclear
ribonucleoprotein D0
Lamin-B1

6

3.29

176 / 411

4

3.20

216/411

16

3.17

117 / 411

Heterogeneous nuclear
ribonucleoprotein A1
Insulin-like growth factor 2 mRNAbinding protein 1
Alpha-enolase

12

3.14

268 / 411

4

3.06

114 / 411

4

2.88

223 / 411

HIST2H2BE

Histone H2B type 2-E

1

2.86

227 / 411

HNRNPA2B1

Heterogeneous nuclear
ribonucleoproteins A2/B1
Pyruvate kinase PKM

14

2.81

262 / 411

2

2.73

249 / 411

NCL
RBMX
HNRNPA3
RPS3
HNRNPU
HIST1H1C
LMNA
HNRNPAB
MATR3
XRCC6
HNRNPD
LMNB1
HNRNPA1
IGF2BP1
ENO1

PKM

Unique Difference/Foldpeptides
change
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Gene name

Description

HIST2H3D

Histone H3.2

1

2.59

CRAPome
Num of
Expt.
(found/total)
142 / 411

SRSF3

Serine/arginine-rich splicing factor 3

1

2.56

197 / 411

HNRNPR

Heterogeneous nuclear
ribonucleoprotein R
Voltage-dependent anion-selective
channel protein 2
Small nuclear ribonucleoprotein Sm
D1
DNA topoisomerase 2-alpha

1

2.55

188 / 411

4

2.51

58 / 411

2

2.46

193 / 411

3

2.37

69 / 411

GTP-binding nuclear protein Ran

2

2.37

154 / 411

60 kDa heat shock protein,
mitochondrial
Elongation factor 2

4

2.36

231 / 411

3

2.28

207 / 411

VIM

Vimentin

32

2.16

257 / 411

MYH9

Myosin-9

2

2.15

203 / 411

EEF1A1

Elongation factor 1-alpha 1

7

2.07

350 / 411

PABPC1

Polyadenylate-binding protein 1

1

1.69

172 / 411

Polyubiquitin-B

3

1.65

233 / 411

VDAC2
SNRPD1
TOP2A
RAN
HSPD1
EEF2

UBB

Unique Difference/Foldpeptides
change

Table 3.2 1.5-fold to 4-fold changed proteins found to interact with Zta by
mass spectrometry. Proteins were ranked by the difference of fold- change.
Gene name, description, unique matched peptide and CRAPome search results
were listed in the table.
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Figure 3.11 Gene functional annotation analysis of proteins interact with
Zta from mass spectrometry using the DAVID database. Gene annotation
analysis was shown with p-value and ranked by clustering scores. A. All 54
proteins above 1.5-fold change. B. The 20 proteins with 4-fold change.

111

STRING networks showed functional networks of all the significant proteins found
from mass spectrometry grouped by functional annotations, functional clusters
were shown in different coloured nodes (Szklarczyk et al., 2015). This gave us a
clear image of the potential Zta interacting protein network. The 4-fold change
proteins were shown first (Figure 3.12), most mRNA metabolic process proteins
were grouped as a complex, some proteins in this complex were also involved in
different processes, such as regulation of transcription, cytokine production and
viral relevant process. Additionally, analysis of all the 54 proteins above 1.5-fold
changes (Figure 3.13) showed that the mRNA metabolic process proteins were
still the core of the network form a huge complex. However, DNA metabolic
process proteins and DNA repair-related proteins were also shown in the
network. Some proteins were grouped together with connection by the lines, but
with high FDR value, they were not highlighted by colours.
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Figure 3.12 Network of protein-protein interactions by STRING for 4-fold
change proteins. Proteins above 4-fold change were analysed by STRING.
Nodes with different colours represent the biological process GO categories.
Line thickness indicates the strength of data support. The minimum required
interaction score is 0.7 (high confidence).
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Figure 3.13 Network of protein-protein interactions by STRING for 1.5-fold
change proteins. All proteins above 1.5 fold-change were analysed by STRING.
Nodes with different colours represent the biological process GO categories. Most
proteins in the network were shown here. Line thickness indicates the strength of
data support. The minimum required interaction score is 0.7 (high confidence).
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3.3 Discussion
293-BZLF1-KO cells provided us an EBV positive background and with the
expression of Zta, it is able to establish EBV lytic replication. Previously, our lab
determined the EBV genome load after transfection of Zta in this cell line and
identified high viral copies in the cells after 72 hours of transfection. Therefore, in
this study, 96 hours post-transfection was chosen to induce the lytic replication
and to express hisZta.
Pull-down efficiency of nuclear co-associating proteins is a problem due to the
harsh conditions required to extract DNA-bound proteins. Therefore, I had to
revise the protocol based on a previous ChIP experiment in our lab
(Ramasubramanyan et al., 2015a), which cross-links proteins to DNA prior to
extraction, and which would be suitable for protein pull-down study. To achieve
an acceptable level of Zta pull-down, an antibody with magnetic beads was used.
The IP result gave us an efficient elution of Zta, and I used Actin as a negative
control to question non-specific binding (Figure 3.3). In this IP, Actin was only
seen in input and flow through but not in the IP elution, suggesting the wash steps
to be efficient.
Proteins were matched to both EBV and human database because two species
co-existed and studied at the same time. There are some published EBV proteins
that interact with Zta in previous studies, for example, BMRF1, BGLF4,
unfortunately, apart from our bait protein Zta, no other EBV proteins were
identified that interact with Zta from this study.
The CRAPome database was used as a method to consider the quality of
proteins found by mass spectrometry. The proteins with high scores suggest
potential non-specific binding, however, it does not mean these proteins are
contaminants. I also have to consider the quantitative fold-change of those
proteins compared to the control group from mass spectrometry. Literature
searches of the protein function is also necessary to evaluate the possibility of
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each target. Further, to validate each potential target, ChIP-western blotting will
be used to question each target.
One of the cellular proteins found from our experiment has been reported as a
Zta interacting protein, RACK1. It is an anchoring protein that binds to protein
kinases C (PKC) and it is important for PKC translocation. Previous study
showed, in EBV infected monocytes, EBV reduced the activity of PKC, and this
was through Zta binding to RACK1. Zta co-immunoprecipitated with RACK1
when co-expressed in a 293T cell line using expression plasmids (Tardif et al.,
2002). In vitro binding assays also showed the interaction between these two
proteins. However, this interaction did not influence Zta’s transactivation function,
and it was not relevant to the PKC dependent phosphorylation or nuclear
translocation of Zta (Baumann et al., 2000).
Poly [ADP-ribose. polymerase 1 (PARP-1) was another protein with high foldchanges found from mass spectrometry. It is an enzyme that belongs to PARP
family and is an important protein involved in DNA repair, it initiates recruitment
of the DNA-repair machinery to the site of damage (Satoh and Lindahl, 1992), it
also plays roles in chromatin modification and transcriptional regulation (Ray
Chaudhuri and Nussenzweig, 2017). It is over-expressed in different cancers
such as breast, gastric and also in lymphoma (Ossovskaya et al., 2010;
Pournazari et al., 2014; Liu et al., 2016b). PARP1 has been reported to be
repressed by a related herpesvirus KSHV lytic protein and it restricted KSHV lytic
cycle through regulation of KSHV Rta (Chung et al., 2015). The previous study
has shown EBV-infected B cells had higher PAR levels than EBV-negative B cells,
suggesting PARP families may play a role in latency maintaining and silencing
lytic switch (Martin et al., 2016). It is reported that PARP1 inhibitor 3-ABA showed
a protective effect during EBV lytic reactivation in B cells and reduced apoptosis
during EBV lytic cycle (Mattiussi et al., 2007). Recently, Tempera group reported
that PARP1 bind to EBV BZLF1 promoter to restrict EBV lytic cycle. Knocking
down of PARP1 induced EBV viral copies and Zta expression was sufficient to
decrease PARP activity (Lupey-Green et al., 2017). These studies suggest that
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PARP1 is involved in EBV lytic replication and it will be worth investigating the
functional relationship between PARP1 and Zta as well as EBV lytic cycle.
Gene annotation analysis and STRING analysis (Figure 3.10, 3.11 and 3.12)
showed that a few groups of proteins potentially interacted with Zta and
suggesting that Zta may play roles in different cellular functional pathways,
including DNA repair, cell cycle and regulation of cytokine production. Zta has
been known to interact with DNA damage response protein 53BP1 during lytic
cycle (Bailey et al., 2009). It also reported that Zta regulated cell cycle during lytic
replication (Wu et al., 2003; Mauser et al., 2002). This suggests that the functions
of proteins I identified are consistent with the roles Zta may play in the cells and
it is possible that Zta regulates different functions through interacting with those
proteins.
Although a few promising proteins were identified by mass spectrometry, the
disadvantages of the whole experiment was obvious. Firstly, it was the high Zta
expression level. The exogenous vector for Zta gave us a clear expression of Zta
and combined with the BZLF1 knockout cell line, I could establish an EBV lytic
cycle. However, overexpression of the bait protein could artificially change many
situations in vivo. When I went through the protein list in the table (Table 3.1 and
3.2) that was found from mass spectrometry, many chaperones and stress
response proteins were detected, and from the CRAPome analysis, most of the
proteins were highly seen as non-specific binding proteins. This does not mean
the proteins I found were non-specific ones, however, a huge amount of
chaperones and stress response proteins might mask other proteins that interact
with Zta. This may also explain why no other EBV proteins were identified in this
study, as the expression level of those EBV proteins might be too low to be
detected. Secondly, the EBV lytic cycle induced a change of many cell-signalling
pathways, and the whole cell background may have changed. Although the
formaldehyde crosslinking method had been used to stabilise the protein and
DNA interaction status which also cross-linked some proteins (Mohammed et al.,
2016), it might not be able to cross-link all protein-protein interactions. This
suggests that a longer chain cross-linker may be needed for further studies to be
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able to identify more Zta interacting proteins. In addition, the resolution of mass
spectrometer instrument could be another reason to affect the result, using a new
model with higher resolution, maybe will give us better results.
Above all, in this chapter, a Zta pull-down assay was established and used to
combine with mass spectrometry analysis, 54 cellular proteins were found that
interact with Zta in 293-BZLF1-KO cells. RACK1 was previously identified as Zta
interacting protein by a different binding study. PARP-1 was a promising target
for validation and follow up. However, I found no EBV proteins other than Zta.
Most of the proteins with high fold-changes were also suspect contaminations,
but I cannot confirm this without further validation experiments. This suggested
that there were disadvantages to this study. To avoid this, a more specific system
needs to be used, which would contain the EBV genome but can be induced into
the lytic cycle without the need to overexpress Zta. Furthermore, a longer chain
protein-protein cross-linker may be considered to replace formaldehyde in order
to stabilise the protein-protein interactions during lytic cycle.
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4 Identifying Zta interactome during lytic cycle by
mimicking a physiological condition
4.1 Introduction
After the initial experiments, I decided to use an alternative method, which
mimicked a physiological situation to induce the lytic cycle and express Zta to
avoid the overexpression impact of Zta. As introduced in the previous chapter,
EBV can establish its lifelong latency in B cell lymphomas such as Burkitt’s
lymphoma in vivo. Previous studies have managed to induce EBV lytic cycle in
Raji cells and B95-8 cells using 12-O-Tetradecanoylphorbol-13-acetate
(PMA/TPA) (Oh et al., 2003; Laux et al., 1988a), and EBV positive Burkitt’s
lymphoma cell line Akata cells by cross-linking surface B cell receptor (BCR)
using anti-human immunoglobulin IgG (Ramasubramanyan et al., 2012; Takada,
1984). The latter method provides more physiologically relevant route to induce
EBV lytic replication.
Formaldehyde is most widely used cross-linker that has good performance for
DNA and protein interaction studies, however, it might not be the first choice for
protein-protein interaction studies. A few in cell protein-protein cross-linkers were
evaluated and used to stabilise the protein-protein interaction in the cells (Xue et
al., 2016; Smith et al., 2012). Recently there were studies using different crosslinking combination conditions to improve pull-down assays and also to increase
the efficiency of detecting binding partners of the bait protein by mass
spectrometry (Engelen et al., 2015).
Post-extraction chemical labelling mass spectrometry analysis was used in
clinical sample studies widely, especially isobaric tags such as tandem mass tags
(TMT) (Wiese et al., 2007; Thompson et al., 2003), with the high-resolution mass
spectrometer, TMT labelling could maximally compare 11 samples at one time,
and this makes it valuable for multi-sample studies. Although label-free
quantification worked to some degree for my first experiment in Chapter 3, the
TMT labelling methods may give us more sensitive quantitation results.
119

4.2 Results
4.2.1 Establish induction condition for EBV lytic cycle in Akata EBV
positive BL cell line.
Two anti-human IgG products from different companies were used for my test,
cells were plated in a 24-well-plate and treated with increasing concentrations of
each anti-IgG for 24 hours. Cells were harvested at 24 and 48 hours posttreatment and lysates prepared for western blotting to detect Zta, untreated cells
were used as a negative control and previous anti-IgG induced Akata cell protein
lysate from our lab was used as a positive control, Actin was used as a loading
control (Figure 4.1). The result showed 1.3μl/ml IgG (highlighted in red) from
DAKO and 24 hours induction time was the best condition to express Zta. This
concentration was used for all of the lytic cycle induction studies in Akata cells in
this chapter.
Flow cytometry analysis was used to determine the lytic cell proportion. Akata
cells were treated with anti-IgG for 24 hours, followed by wash and prepared for
flow cytometry. Zta and EBV late lytic protein VCA were labelled separately by
fluorescent antibody then detected by flow cytometry (Figure 4.2 and 4.3). The
result shows around 5% of the total cells were induced and expressed Zta. The
percentage of VCA expressed cells was around 3%.
Until then I established lytic cycle induction, although the percentage showed by
flow cytometry was low, my goal was to enrich Zta and its binding proteins using
pull-down assays, increasing the cell numbers for the pull-down assays could
solve this problem.
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Figure 4.1 Select appropriate condition for EBV lytic cycle induction in
Akata cells. Different concentrations of rabbit anti-human IgG from DAKO or
Sigma (Merck) were used for induction condition selection at two time points. The
positive control was from previous induced Akata cells in our lab. Western blotting
was used for Zta expression level, Actin was used as a loading control.
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- anti-IgG

+ anti-IgG(24h)

+ anti-IgG(48h)

Figure 4.2 Zta expressed cells detection after IgG induction in Akata cells.
Akata cells were induced by anti-IgG for 24 hours and 48 hours. Both uninduced and induced cells were fixed, permeabilized and labelled by Zta
antibody BZ1 and secondary anti-mouse Alexa 647 antibody. Cells were
analysed by flow cytometry and gated. The percentage of Zta expressed cells
were shown compared to the un-induced cells.
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- anti-IgG

+ anti-IgG (24h)

+ anti-IgG (48h)

Figure 4.3 EBV-VCA protein expressed cells detection after IgG induction
in Akata cells. Akata cells were induced by anti-IgG for 24 hours and 48 hours.
Both un-induced and induced cells were fixed, permeabilised and labelled by
EBV-VCA antibody and secondary anti-mouse Alexa 647 antibody. Cells were
analysed by flow cytometry and gated. The percentage of VCA expressed cells
were shown compared to the un-induced cells.
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4.2.2 Determine a suitable concentration of new in-cell cross-linker DSP
(dithiobis(succinimidyl propionate)).
In order to establish a suitable pull-down assay condition, a reversible proteinprotein cross-linker DSP was chosen, which has much longer spacer arm (12 Å)
than formaldehyde (2 Å). Next, the optimal concentration of DSP was needed to
be determined, which could efficiently stabilise protein-protein interactions while
could not capture too many non-specific binding proteins. Since DSP can be
quenched and reversed by DTT, an experiment was designed to answer this
question (Figure 4.4).
Akata cells were treated with anti-IgG for 24 hours, cells were then cross-linked
by increasing concentrations of DSP solution at room temperature for 30 minutes,
the cross-linking reaction was stopped by adding Tris. Cells were harvested and
lysed by protein sample buffer without reducing reagent and prepared for western
blotting. Half of each sample was taken and recovered by 50mM DTT. DSP untreated and DTT quenched cells were lysed and used as controls.
Western blotting was performed for Zta. Since Zta could form a dimer, Zta dimer
and monomer bands were used to evaluate the cross-linking situation (Figure
4.4). Zta dimer was observed in 0.1mM DSP treated condition, additionally, a
small amount of Zta was seen as the monomer. With the increasing concentration
of DSP, especially above 1mM, Zta only could be detected as a dimer, but dark
smears were also seen on the top of the lanes, which suggested most of the
interacting proteins were cross-linked with Zta and couldn’t run through the gel
without reducing reagent. When the cross-linking was reversed by 50mM DTT,
most Zta was recovered to the monomer. The groups cross-linked by higher
concentrations of DSP were not recovered as well as low concentration DSP
treated ones. Above all, considering the cross-linking efficiency and the possibility
to be recovered, 0.2mM was chosen for further pull-down experiment.
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Figure 4.4 DSP cross-linking titration in EBV positive Akata cell line. Akata
cells were incubated with different concentrations of DSP/PBS solution for 30
minutes, then cross-linking was stopped by Tris solution. DSP Non-cross-linked
(leftmost) and DTT quenched (rightmost) cells were used as controls. Cells were
lysed in 2X sample buffer without reducing reagent (DTT or β-Mercaptoethanol).
Half of the cross-linked samples from each group were then reversed by exposure
to 50mM DTT. Then Western blotting was performed for Zta.
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4.2.3 Establishment of Zta pull-down condition in Akata cells
In order to reduce antibody chain contamination in the elute proteins or digested
peptides, two non-cleavable cross-linkers were tested to couple antibody to the
beads before pull down. DMP (Merck Sigma) and BS3 (Fisher) were used and
compared to each other, a certain amount of beads and antibody were incubated
for 2 hours, and then cross-linkers were added and antibody coupled beads were
washed following the protocols for each condition.
Besides with the cross-linked antibody were added to nuclear extracts (input) that
were from hisZta transfected 293-BZLF1-KO cells. After overnight incubation,
beads were washed proteins were eluted, half of the samples were run by SDSPAGE gel and stained by Coomassie blue (Figure 4.5). IP using BS3 crosslinked antibody and beads gave us less antibody chain bands than DMP crosslinked ones, which suggested BS3 was a better reagent for antibody beads crosslinking to avoid antibody eluting in the samples. However, hisZta bands could not
be seen clearly at the predicted region in both IP. In order to measure Zta level,
rest half of the samples were analysed by western blotting for hisZta (Figure 4.6).
hisZta was detected, which suggested pull down to be successful and no huge
difference of Zta bands between two groups using different cross-linkers was
observed. However, considering the BS3 group had a lower amount of antibody
chains in the IP samples by Coomassie blue, it was chosen and used for future
experiments. Two different amounts of antibody was used to test whether the
beads had all the antibody bound (Figure 4.5 and Figure 4.6). There was no big
difference between 10ug and 15ug groups according to the Zta pull down levels,
suggesting 10 μg was enough to conjugate all the beads or bind to all of the Zta
in the extract, it was not necessary to use more antibody for future experiments.
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Figure 4.5 Antibody cross-linked to beads comparison (Coomassie gel).
293-BZLF1-KO cells were transfected with hisZta or control vector for 96 hours
and cross-linked by formaldehyde. Then cross-linked cell nuclear extracts were
sonicated and used for each IP. 10ug antibody (SCZ) and control antibody were
bind to 25μl beads and cross-linked by DMP or BS3 separately prior to the IP.
Then prepared antibody beads were added in the sonicated nuclear extracts.
Protein eluates were separated by SDS-PAGE gel and stained by Coomassie
blue. Zta, antibody heavy and light chain were labelled in the figure.
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Figure 4.6 Antibody cross-linked to beads comparison (Western blotting).
293-BZLF1-KO cells were transfected with hisZta or control vector for 96 hours
and cross-linked by formaldehyde. Then cross-linked cell nuclear extracts were
sonicated and used for each IP. 10ug antibody (SCZ) and control antibody were
bind to 25μl beads and cross-linked by DMP or BS3 separately prior to the IP.
Then prepared antibody coupled beads were added in the sonicated nuclear
extracts. Protein eluates after IP were then analysed by western blotting for Zta.
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Next, the new Zta pull-down condition was tested in Akata cells. Instead of
sonication, Benzonase nuclease was used to break DNA. Uninduced Akata cells
were used as a control group. Cells were cross-linked by 0.2mM DSP, then
nucleus was extracted and used for IP, antibody were coupled to magnetic beads
before immunoprecipitation steps by BS3. In order to evaluate IP efficiency, input,
flow through (FT) and IP eluate was collected and prepared for western blotting
(Figure 4.7A). The blot was probed for Zta and quantitated by ImageStudio
software (LI-COR), the values were converted by loading volume and normalised
to the input (Figure 4.7B). As shown in the bar chart, around 30% of Zta was
pulled down, and the percentage was similar to the Zta pull down in 293-BZLF1KO cells, which has been described in Chapter 3. A reduction in flow through
was also seen, which again suggested Zta was efficiently pull down in this IP
experiment.
4.2.4 Large-scale Zta pull-down and TMT labelling mass spectrometry
analysis in Akata cells
After establishing the appropriate conditions, I moved forward to the large-scale
IP and TMT labelling mass spectrometry analysis. The whole experiment scheme
is shown (Figure 4.8). Group A was un-induced Akata cells, group B and group
C were anti-IgG induced Akata cells. Zta antibody (SCZ) coupled beads were
used in group A and B, control Goat IgG coupled beads were used in group C for
the pull-down. So Zta pull-down was performed in group B, two other pull-downs
performed in group A and C were used as controls.
Before doing a large-scale experiment, a small number of cells from the same
batch of each group were harvested for western blotting and qPCR in order to
check the Zta expression level and EBV viral load (Figure 4.9).
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Figure 4.7 Zta pull down western blotting in Akata cell line. 0.2mM DSP was
used for in-cell cross-linking in Akata cells, Cell Lytic reagent with benzonase
nuclease was used to prepare the nuclear extracts, 10ug antibody (SCZ) and 25ul
beads was cross-linked together by BS3 prior to the immunoprecipitation steps.
To test the pull-down efficiency in Akata cells using this revised protocol, input,
flow through (FT), and IP eluate was collected and prepared for western blot. A.
Western blotting for Zta. B. Quantitation of Zta. The quantitation was converted
by loading volume and normalized to Input.
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Figure 4.8 Scheme of IP-TMT labelling Mass spectrometry analysis in Akata cells. Lytic reactivation of Akata cells was
triggered by anti-IgG for 24 hours. Cells were cross-linked by 0.2mM DSP. Zta antibody (SCZ) and control goat IgG coupled
with magnetic protein G beads, cross-linked by BS3 and used for IP. Each IP group was performed as triplicates. Protein X
and Y represent the potential targets that interact with Zta, protein N represent one of the non-specific proteins binding to
antibody or beads. Proteins bind antibody-beads from each group were digested by trypsin, then digested peptides were
mixed, fractionated and analyzed by mass spectrometer. Data were analyzed by Proteome discoverer, and Perseus.
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Figure 4.9. Zta expression level and EBV viral load in Akata cells. Cells were
induced by anti-human IgG to express Zta and trigger the lytic cycle for 24 hours.
Cells were lysed by protein sample buffer and total Genomic DNA was extracted.
A. Western blotting of Zta, actin was used as a loading control. B. EBV viral load
was measured by qPCR, EBV genome was normalized to the human genome
and shown as fold-change compared to the control group.
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Reagents were all scaled up according to the cell numbers, and biological
triplicates of the whole experiment was performed for each group. In the end, nine
tubes with washed antibody and beads bound proteins were collected, 5% of the
total beads were taken out from each tube and the proteins were eluted in the 2X
protein sample buffer for western blotting analysis. Rest of the beads were stored
in the freezer and would be used for mass spectrometry analysis. Western
blotting was performed for Zta (Figure 4.10), this showed that the pull-down
worked. The beads were sent to the mass spectrometry facility at the University
of Bristol. TMT labelling and Mass spectrometry analysis were performed by the
facility. The tandem mass tags used in my experiment were listed (Figure 4.11).
4.2.5 Proteins found from mass spectrometry that interact with Zta
The mass spectrometry raw files were processed and quantified using Proteome
Discoverer software v2.1 in the University of Bristol, they were searched against
the UniProt Human database (140000 entries) plus EBV B95-8 and GD1
database using the SEQUEST algorithm. Then two TMT ratios were generated
to compare condition B (induced cells Zta IP) to A (un-induced cells Zta IP) and
B (induced cells Zta IP) to C (Induced cells con IgG IP) separately, the ratio was
generated for 3 replicates of each condition. Further analysis was based on these
data. All the proteins found without ratio were excluded and only proteins with
TMT ratios and low FDR were included for further consideration. Then the ratios
were transformed to log2 value, and log2 value above one was considered as
two-fold changes.
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Figure 4.10. IP sample confirmation before mass spectrometry. 10% of beads
taken from each sample were eluted by protein sample buffer, Input and IP
eluates from each group were then analyzed by western blotting for Zta.
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Figure 4.11. Chemical structures of the TMT Labelling Reagents. A.
Chemical structure and functional regions of the reagent, and the MS/MS
fragmentation sites by higher energy collision dissociation (HCD). B. Structure
and mass difference of 9 tags used from ThermoFisher TMT 10plex labelling kit
(adapted from Thermo Fisher). Isotope positions (*)
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Proteins were ranked by 2 different ratios separately and together (Figure 4.12),
all the proteins with ratios were plotted in the scatter plot, 267 proteins, including
252 human and 15 viral proteins were considered as significant targets shown 2fold changes to one control, 44 proteins including 37 human and 7 viral proteins
had significantly high ratios in Zta IP compared to both controls, 7 viral proteins
and 37 human proteins were listed (Table 4.1 and 4.2). Among the 7 viral
proteins, BALF5 and BGLF4, were the viral proteins that were known to interact
with Zta. All the 252 human proteins were analysed by DAVID database, the top
enriched gene clusters were listed (Figure 4.13A). mRNA splicing proteins were
enriched with the highest score 8.22 and lowest p-value, followed with
transcription and chromatin remodelling proteins, got the score 7.65 and 7.06
respectively and with a low p-value. Proteins related to cell-cell adhesion,
chromosome segregation and protein folding were also enriched as a bit lower
score. The 37 most enriched proteins were then analysed independently (Figure
4.13B), the top cluster with highest score 3.7 and the low p-value was
transcription relevant proteins, which possibly acts as a transcription activator or
repressor of Zta during lytic cycle.
Network analysis of STRING was performed with clusters of different biological
functions. A total of 252 cellular protein network was analysed first (Figure 4.14).
Nodes represented different proteins and the clusters with low FDR were selected
and shown by different colours, which represented different functions. The
proteins that were not grouped were excluded in the image. From the whole
picture, some protein complexes were shown with different functions,
transcription relevant proteins were grouped in two main areas with red nodes.
RNA splicing proteins were also grouped in yellow nodes. Another big group of
proteins were relevant to programmed cell death. Chromatin remodelling, DNA
metabolic process, protein folding and cell cycle relevant protein were also shown
in the network with low FDR.
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Induced cells Zta IP VS. un-induced cells Zta IP

Group A : Un-induced cells Zta IP
Group B : Induced cells Zta IP
Group C : Induced cells con IgG IP

Zta bound
(both control)

Zta

Possibly non-specific

No-binding

Possibly non-specific

Induced cells Zta IP VS. Induced cells con IgG IP

Figure 4.12. Scatter plot of proteins quantified in each group. Zta
associated protein ratios were generated by comparing to each control (B VS. A
or B VS. C). Zta as a bait protein had the highest ratio compared to both
controls. 252 human+15 viral proteins were highlighted as significant hits shown
2-fold changes compare to one control (Pink, yellow and Green). 7 viral and 37
human proteins (Green) were significant in Zta IP compared to both controls
(≥2-fold). There were chances that the targets in the pink and yellow were
nonspecific Zta interacting targets.
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Known binding proteins

Unknown binding proteins

Table 4.1 Zta associated EBV proteins identified by mass spectrometry. The
upper table showed 2 EBV proteins already known bind to Zta and on our top list,
bottom table showed 5 potential EBV proteins found by mass spectrometry that
may bind to Zta and also on our top list.
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Gene
name
FAM96B
SBSN
TXN
TMED9
BLMH
TIPRL

Log2
Log2
Crapome
Unique Abundance Abundance
Num of
Description
peptide Ratio: (B) / Ratio: (B) /
Expt.
(A)
(C)
(found/total)
Mitotic spindle-associated
2
3.74
3.76
20 / 411
MMXD complex subunit
MIP18
Suprabasin
3
3.61
3.22
41 / 411
Thioredoxin
2
3.22
1.57
174 / 411
Transmembrane emp24
1
3.14
2.78
11 / 411
protein transport domain
containing 9
Bleomycin hydrolase
3
3.07
1.55
35 / 411
TIP41-like protein

2

2.95

2.84

27 / 411

Nuclear receptor coactivator
5
MMS19 nucleotide excision
repair protein homolog

20

2.73

1.97

19 / 411

7

2.69

3.01

25 / 411

Full-length cDNA 5-PRIME
end of clone
CS0DF013YM24 of Fetal
brain of Homo sapiens
(Human) variant (Fragment)
Adenosylhomocysteinase

2

2.66

2.42

19 / 411

2

2.46

2.43

15 / 411

Pre-mRNA-processing factor
40 homolog A (Fragment)
Gammaglutamylcyclotransferase

10

2.45

1.67

76 / 411

3

2.37

1.13

30 / 411

Probable cytosolic ironsulfur protein assembly
protein CIAO1
NFATC2
Nuclear factor of activated
T-cells, cytoplasmic 2
HSPA8
Heat shock cognate 71 kDa
protein (Fragment)
ARID1A
AT-rich interactive domaincontaining protein 1A
RUNX3
Runt-related transcription
factor
ADAMTSL1 ADAMTS-like protein 1

2

2.17

3.07

4 / 411

6

1.75

1.48

4 / 411

15

1.69

1.09

396 / 411

2

1.63

1.69

24 / 411

1

1.56

1.35

0 / 411

1

1.53

1.89

1 / 411

31

1.50

1.09

395 / 411

4

1.41

1.31

34 / 411

5

1.39

1.23

0 / 411

NCOA5
MMS19
TMED10

FGFR2
FBP11
GGCT
CIAO1

HSPA9
TLE3
NFATC1

Stress-70 protein,
mitochondrial
Transducin-like enhancer
protein 3
Nuclear factor of activated
T-cells, cytoplasmic 1
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Gene
name
TMED2

Log2
Log2
Crapome
Unique
Abundance Abundance
Num of
Description
peptid
Ratio: (B) / Ratio: (B) /
Expt.
e
(A)
(C)
(found/total)
Transmembrane emp24
2
1.39
1.28
13 / 411
domain-containing protein 2

TAF6

Transcription initiation
factor TFIID subunit 6
SRSF9
Serine/arginine-rich splicing
factor 9
HMG20A High mobility group protein
20A
PABPC1
Polyadenylate-binding
protein 1
MEF2B
Myocyte-specific enhancer
factor 2B
RBMXL1
RNA binding motif protein,
X-linked-like-1
GATAD2B cDNA FLJ37346 fis, clone
BRAMY2021310, highly
similar to Transcriptional
repressor p66 beta

1

1.34

1.24

36 / 411

6

1.34

1.09

77 / 411

2

1.33

1.14

7 / 411

18

1.32

1.90

172 / 411

7

1.20

1.70

0 / 411

4

1.20

1.26

159 / 411

9

1.12

1.02

50 / 411

Polyadenylate-binding
protein
YLPM1
YLP motif-containing
protein 1
CPSF3L
Integrator complex subunit
11
KHDRBS1
KH domain-containing,
RNA-binding, signal
transduction-associated
protein 1
RBMX
RNA-binding motif protein,
X chromosome
TCF20
Transcription factor 20
SMARCD2 SWI/SNF-related matrixassociated actin-dependent
regulator of chromatin
subfamily D member 2

12

1.11

1.38

142 / 411

4

1.11

1.69

45 / 411

4

1.08

1.29

4 / 411

14

1.07

1.58

138 / 411

9

1.06

1.02

169 / 411

23
5

1.05
1.04

1.15
1.38

29 / 411
12 / 411

PHF14

14

1.04

1.14

6 / 411

1.44

0.52

182 / 411

PABPC4

PARP1

PHD finger protein 14
Poly [ADP-ribose]
polymerase 1

52

Table 4.2. Zta associated cellular proteins compared to both controls (B VS.
A and B VS. C). 37 human proteins associated with Zta compared to both controls
(≥2-fold) were listed with gene name, description, log2 ratios. Crapome score was
also listed as quality control for each protein. Targets highlighted by green colour
were chosen for further validation. PARP1 only has high ratio compare to one
group, however, it was the protein also found in Chapter 3, so chosen for the
validation and list separately.
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Figure 4.13 GO analysis for proteins associated with Zta. Gene ontology
analysis of human proteins found that interact with Zta through DAVID database.
Top enrichment groups with p-value and clustering scores were shown in the
chart. A. All 252 human proteins. B. 37 enriched human proteins.
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FDR

FDR

Transcription

8.57e-16

Protein folding

RNA splicing

1.63e-14

Programmed cell death 0.0011

0.00053

Chromatin remodelling 6.00e-06

Viral process

0.0023

DNA metabolic process 0.00015

Cell cycle

0.0084

Figure 4.14. A network of protein-protein interactions by STRING for all
identified cellular proteins. 252 human proteins associated with Zta compared
to both controls (≥2-fold) were analyzed by STRING. Proteins which were not in
the network were excluded in the image, Nodes with different colours
represented biological process GO categories.
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The most enriched 37 cellular proteins were also analysed separately (Figure
4.15). Most of them were transcription factors, but some groups also showed
specific functions, such as TMED proteins which are important for Golgi vesicle,
iron-sulfur cluster assembly protein complex formed by MMS19, CIAO1 and
FAM96B and calcium signalling regulated proteins, NFATs. Besides, many
important transcription regulation proteins were also identified, such as TCF20,
RUNX3, TXN, TAF6, which were all interesting for further investigation.
4.2.6 To investigate proteins that may interact with Zta.
After obtaining the information of significantly changed proteins in each group,
some of them were chosen (highlighted in Table 4.2), and their association with
Zta was questioned further. Cytosolic iron-sulfur assembly component 2B
(FAM96B), nucleotide excision repair protein homolog (MMS19), a few
transcription factors, runt-related transcription factor 3 (RUNX3), Myocytespecific enhancer factor 2B (MEF2B), transcription initiation factor TFIID subunit
6 (TAF6), nuclear factor of activated T-cells, cytoplasmic 1 and cytoplasmic 2
(NFATC1 and NFATC2), cellular chaperone Heat shock cognate 71 kDa protein
(HSPA8, HSC70) and DNA repair protein PARP1 were the proteins selected from
the mass spectrometry list, most of them have high TMT ratios from the top 37
candidates. PARP1 was the one that had high ratio only in one comparison,
however, PARP1 had high fold-changes found from mass spectrometry analysis
in 293-BZLF1-KO cells in Chapter 3, and it was highly possible that PARP1 was
a Zta interacting protein. By evaluating this target, I could also decide whether it
is valuable to test the proteins that only have a high ratio in one comparison
(shown in Figure 4.12 and highlighted in pink and yellow).
First of all, antibodies of all these proteins was tested in three different cell lines,
Akata, 293-BZLF1-KO and HEK293 cell lines. Most of the antibodies were the
test samples from Insight Biotechnology. RUNX3 antibody was a kind gift from
West lab. The total cell lysate from each cell line was used for western blotting
and probed for different proteins (Figure 4.16).
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Figure 4.15. A network of protein-protein interactions by STRING for top
identified proteins. 37 human proteins associated with Zta compared to both
controls (≥2-fold) were analyzed by STRING. Nodes with different colours
represented biological process GO categories.
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Figure 4.16 protein expression level in three cell lines. A few proteins were
selected from mass spectrometry, western blotting was performed to detect each
protein expression level in Akata cells, 293-BZLF1-KO and HEK293 cell lines.
Actin was used as a loading control. The predicted size of each protein was
labelled by arrows.
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There was no band in MEF2B and FAM96B gels, and the predicted band for
MEF2B was 25kDa, for FAM96B was 18kDa, so they were excluded for further
IP. MMS19 gel showed one clearer band and a faint band in each cell line and
both bands were between 62kDa and 198kDa, the predicted band size was
113kDa. RUNX3 gel showed two close strong bands in Akata cell, and only faint
bands in other two cell lines around size 49kDa, the predicted band size of
RUNX3 were 48/46kDa. TAF6 gel showed one band in each cell line between
62kDa and 198kDa, the prediction band size of TAF6 was 72/78kDa. NFATC1
gel showed 3 bands between 62kDa and 198kDa in Akata cells, only a faint band
in other two cell lines. The predicted bands for NFATC1 isoforms were
90/110/140kDa. NFATC2 gel showed only one band in Akata cells, no band in
other two cell lines, the predicted size for this protein was 135kDa. Actin was
used as a loading control for each gel. PARP1 gel showed one strong band
between 62kDa and 198kDa in each cell line, one lower band only showed in
Akata cell line, another band between 28kDa and 38kDa in Akata cell line, and
two faint bands between 49kDa and 62kDa, or around 28kDa in each cell line.
The predicted band for PARP1 was 116kDa and cleaved PARP1 were 89 and
24kDa. HSC70 gel showed a single band in each sample at size 62 kDa. The
predicted band size of HSC70 was 70kDa.
Then, Zta Immunoprecipitation was performed for a few times in Akata lytic cycle
induced cells and western blotting was used to show the IP elution. 0.2mM DSP
cross-linked cells nuclear extracts were used as a way to show the reproducibility
for mass spectrometry. At the same time, a Co-IP with non-cross-linked cells was
performed to show a more natural interaction in vivo. The eluted sample of each
IP was separated into three for probing different targets, and Zta was only probed
for once in each IP.
One IP elution was probed for MMS19 protein, MMS19 got 2.69 and 3.01 log2
TMT ratios from mass spectrometry (Figure 4.17). MMS19 band at the predicted
size was only shown in input but not in IP of both experiments.
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Figure 4.17. IP in nuclear extracts or DSP cross-linked nuclear extracts for
MMS19 in Akata cells. Akata cells were induced to lytic cycle for 24 hours and
cross-linked by DSP or not cross-linked, nuclear extracts were used for IP. Zta
was pulled down by anti-Zta (SCZ) and magnetic beads, control Goat IgG was
used for the control group. 1/3 of eluates were loaded into the gel and western
blotted with antibody for MMS19 and Zta.
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Another IP elution was probed for RUNX3 protein. RUNX3 got 1.56 and 1.35 log2
TMT ratios from mass spectrometry (Figure 4.18). RUNX3 was only detected in
Input clearly at the predicted size, only a faint band was shown in Zta IP but not
in control IP group in both experiments.
TAF6 got 1.34 and 1.24 log2 fold changes. An IP elution was probed for TAF6
(Figure 4.19), a single band at predicted size was detected in the input, a band
at the same size was detected in both control and Zta IP, one extra upper band
was detected in control and Zta IP but not in the input, which suggested it was a
nonspecific band.
NFATC1 and C2 belong to the same family, NFATC2 got ratios 1.75 and 1.48,
and NFATC1 got 1.39 and 1.23. NFATC1 IP showed it was only detected in the
input, however, no obvious bands were seen in both IP samples, suggesting no
interaction between NFATC1 and Zta were detected (Figure 4.20). NFATC2, on
the other hand, was detected in input and only in Zta IP in both cross-linked and
Co-IP (Figure 4.21), a repeated Co-IP was also shown at the bottom, this
suggested NFATC2 interacts with Zta in vivo.
PARP1 got ratios 1.44 and 0.51 in Akata cells and showed 5.45 fold-changes in
the first mass spectrometry analysis in 293-BZLF1-KO cells, that’s the reason it
was chosen for further IP validation (Figure 4.22). Two bands were shown in the
input at the predicted range, the bottom band was considered as cleaved PARP1.
A band was only detected in Zta IP but not in the control at the same size of the
upper band in the input, which suggested PARP1 was immunoprecipitated by Zta.
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Figure 4.18. IP in nuclear extracts or DSP cross-linked nuclear extracts for
RUNX3 in Akata cells. Akata cells were induced to lytic cycle for 24 hours and
cross-linked by DSP, nuclear extracts were used for IP. Zta was pulled down by
anti-Zta (SCZ) and magnetic beads, control Goat IgG was used for the control
group. 1/3 of eluates were loaded into the gel and western blotted with antibody
for RUNX3 and Zta.
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Figure 4.19. IP in nuclear extracts or DSP cross-linked nuclear extracts for
TAF6 in Akata cells. Akata cells were induced to lytic cycle for 24 hours and
cross-linked or not by DSP, nuclear extracts were used for IP. Zta was pulled down
by anti-Zta (SCZ) and magnetic beads, control Goat IgG was used for the control
group. 1/3 of eluates were loaded into the gel and western blotted with antibody
for TAF6 and Zta.
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Figure 4.20. IP in nuclear extracts or DSP cross-linked nuclear extracts for
NFATc1 in Akata cells. Akata cells were induced to lytic cycle for 24 hours and
cross-linked or not by DSP, nuclear extracts were used for IP. Zta was pulled down
by anti-Zta (SCZ) and magnetic beads, control Goat IgG was used for the control
group. 1/3 of eluates were loaded into the gel and western blotted with antibody
for NFATc1 and Zta.
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Figure 4.21 IP in nuclear extracts or DSP cross-linked nuclear extracts
for NFATc2 in Akata cells. A. Akata cells were induced to lytic cycle for 24
hours and cross-linked or not by DSP, nuclear extracts were used for IP. Zta
was pulled down by anti-Zta (SCZ) and magnetic beads, control Goat IgG was
used for control group. 1/3 of eluates were loaded into the gel and western
blotted with antibody for NFATc1 and Zta. A repeat IP for NFATc2 was also
shown at the bottom.
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Figure 4.22. IP in nuclear extracts or DSP cross-linked nuclear extracts for
PARP1 in Akata cells. Akata cells were induced to lytic cycle for 24 hours and
cross-linked by DSP or not cross-linked, nuclear extracts were used for IP. Zta
was pulled down by anti-Zta (SCZ) and magnetic beads, control Goat IgG was
used for the control group. 1/3 of eluates were loaded into the gel and western
blotted with antibody for PARP1 and Zta.
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HSC70 was chosen because it was shown in both Akata and 293-BZLF1-KO
mass spectrometry experiments. And it was reported as an important cellular
chaperone in other herpesviruses. HSC70 got ratios 1.69 and 1.09 in Akata cells
and 4.8-fold changes in 293-BZLF1-KO cells. In the co-IP results (Figure 4.23),
it was shown a strong band at predicted size of HSC70 in the input, and also a
band only in Zta IP but not in the control, which suggested it had been pulled
down by Zta.
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Figure 4.23. IP in nuclear extracts for HSC70 in Akata cells. Akata cells were
induced to lytic cycle for 24 hours and cross-linked or not by DSP, nuclear extracts
were used for IP. Zta was pull down by anti-Zta (SCZ) and magnetic beads, control
Goat IgG was used for the control group. 1/3 of eluates were loaded into the gel
and western blotted with antibody for HSC70 and Zta.
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4.3 Discussion
With Akata EBV positive cells, it was possible to induce the lytic cycle by
mimicking a physiological condition using anti-human IgG. The Zta expression
level at different time points after induction reflects the different stages of lytic
reactivation in the cells. It is reported that the primary induction response happens
rapidly after cross-linking the B cell receptor on Akata cells, which reflected the
early incidence at the Zp activation (Bryant and Farrell, 2002). However, Zta
involved EBV genome replication happened at the late point. In order to study the
Zta interactome during the lytic DNA replication, two late time points were
selected and tested at the beginning.
Although from the flow cytometry data (Figure 4.2 and 4.3), the induction level
was not high, more cell numbers were used to achieve a suitable Zta level and
captured Zta interacting partners as much as possible.
An in-cell protein-protein cross-linker DSP was used, which is a cell-permeable
cross-linker with a longer spacer arm than formaldehyde, and the disulfide bond
in its spacer arm is cleavable by reducing reagents such as DTT. Then a suitable
concentration of DSP was chosen and used for stabilizing the protein-protein
interaction, a pull-down condition was also established in Akata cells.
Previously, our lab tried using SILAC labelling for a proteomic analysis by
quantitative mass spectrometry in Akata cells, and it was successful. However,
considering the large numbers of cells I would use and the restriction of labelling
groups, SILAC was not a good method to choose. On the contrary, TMT labelling
could combine all my biological repeats and run them together to reduce bias and
also could obtain quantitative ratios of each protein, which was more accurate to
look for protein interaction partners. However, the necessity of using HCD to
collision the reporter iron and do an MS3 analysis suggested it was impossible to
be done by the mass spectrometer instrument in the University of Sussex, that’s
why the labelling and this mass spectrometry running were performed in the
University of Bristol mass spectrometry facility.
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Two known Zta interacting viral proteins were found in my study, EBV polymerase
(BALF5) was known to be recruited to the oriLyt by Zta during EBV lytic cycle and
BALF5 can be co-immunoprecipitated with Zta (Baumann et al., 1999). BGLF4,
which is EBV protein kinase, was also reported to phosphorylate, interact and
work with Zta to further regulate EBV lytic replication (Asai et al., 2006).
Apart from these two, there were five viral proteins also detected as Zta
interacting proteins from mass spectrometry with high ratios. BALF2 had been
studied not to bind to Zta, but it was a member of the core replication complex
recruited to the oriLyt by Zta during lytic replication, which suggested an indirect
binding and explained why it showed up with Zta. One portal protein BBRF1 and
two capsid relevant proteins, BVRF2 and BcLF1 were shown in the list,
suggesting Zta may play a role in the capsid assembly or transport. mRNA export
factor BMLF1 helps mRNA transportation during the lytic cycle. It was also seen
in the list, suggested that Zta may play a role in mRNA regulation. The function
of these proteins was not well characterised yet and they need further studies to
figure out their relationship with Zta.
During lytic cycle, Zta works as a transcription factor to regulate viral and human
gene expression, it is also the key factor to initiate the lytic DNA replication, so a
lot of cellular proteins from different signalling pathways are involved in all these
procedures. From GO protein clusters of all 252 cellular proteins (Figure 4.13A,
4.14), mRNA splicing proteins were obtained, such as PCBP1, HNRNPH1, and
SRSF10. It is not known any roles of Zta in mRNA splicing yet, Zta could interact
with EBV mRNA Export Factor BMLF1 and enhance its function, and also Zta
could be involved directly in mRNA splicing by interacting with those proteins.
There were also transcription factors like RUNX3, TAF6, and TCF20 identified,
which could regulate the transcription activity of Zta. Chromosome segregation
proteins were also found, which suggested Zta might play a role in the cell cycle.
From the protein-protein interaction network, I observed some proteins with
similar functions to be grouped together, some could form complexes, suggesting
a possibility that Zta could interact with one or more proteins in the complexes to
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perform certain functions during lytic replication. To zoom in the 37 most
significant proteins, transcription factors got the highest clustering score (Figure
4.13B). To see the details of each protein, I saw MMS19, CIAO1 and FAM96B,
which could form the iron-sulphur cluster assembly complex. TMED2, TMED9
and TMED10, which could form vesicular protein trafficking complex. NFATC1
and C2, which were involved in Calcium-NFAT signalling cascade.
Validation of my experiment was firstly focused on the proteins involved in
transcription and protein folding categories. Nine proteins were chosen and
antibodies were obtained for testing, only the proteins, whose antibodies worked
for western blotting, were chosen for further IP validations. Protein levels were
detected in three cell lines, I didn’t see any band in MEF2B and FAM96B tests
(Figure 4.16), suggesting either the protein level was low in all three cell lines or
both antibodies were not in high quality. So they were excluded for further studies.
MMS19 is a key component of the Iron-sulphur protein assembly complex, which
plays a role in double-strand break DNA repair, also in chromosome segregation.
It is reported that iron-sulphur complex is critical for improving the antiviral
function of protein Viperin (RSAD2), which is an interferon-stimulated gene,
interferes with numerous RNA and DNA viruses (Upadhyay et al., 2017). Zta
interacts with this complex could be relevant to escaping or inhibiting the cellular
antiviral process of EBV. However, MMS19 was not detected in the Zta IP group
(Figure 4.17), therefore, its interaction with Zta could not be proven.
RUNX transcription factors are important in the development of many cancers.
RUNX3 belongs to this family. RUNX3 is up-regulated by EBV latent protein
EBNA2 and 3C in EBV positive B cells during latency (Spender et al., 2002; Jiang
et al., 2014; Wang et al., 2015). From my IP results (Figure 4.18), two RUNX3
bands were shown clearly in both Inputs, a very faint band was detected in both
Zta IP samples, which suggested RUNX3 may interact with Zta in vivo. But it was
a position where the antibody chains could show. In future, more IPs between
RUNX3 and Zta needs to be performed in the same cell line or in other cell lines
in order to get a clear answer.
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TAF6 is transcription initiation factor TFIID subunit 6, belongs to TFIID complex,
Zta interacts with TFIID protein (TBP) through its transcription activation domain
at the target gene promoter, and then recruit other proteins to initiate the
transcription (Lieberman and Berk, 1991; Lieberman et al., 1997). TAF6 was seen
in my top list and chosen for validation, the two IP western blotting results showed
one band at size 70-80 kDa in Input, which was the right size for TAF6, however
in IP lanes, bands were seen at the same size both in Zta and control IP, there
was one upper band was detected in both control and Zta IP, it was stronger in
Zta IP than in control IP, however I couldn’t consider this band as TAF6 because
no band was detected in the input at this size.
NFATC1 and C2 are two transcription factors from the same family, they are
regulated and activated by calcium signalling pathway. NFATC1 showed no
obvious interaction with Zta by IPs (Figure 4.20), but NFATC2 showed a clear
interaction with Zta (Figure 4.21). Although first found in T cells, NFATs were
identified playing roles in B cells and also involved in the regulation of EBV lytic
cycle (Teixeira et al., 2016; Liu et al., 1997). Further investigation of Zta with
calcium signalling and NFATs will be described in Chapter 6.
PARP1 is a DNA damage response protein and plays roles in host-viral
interaction. PARP1 was the protein found from mass spectrometry analysis in
293-BZLF1-KO cells in Chapter 3, so although in Akata cells, one of the ratios
didn’t achieve two-fold, I chose it for IP-western blotting validation (Figure 4.22),
un-cleaved PARP1 was pull down by Zta in both DSP cross-linked IP and Co-IP.
Zta interacts with PARP1 could be a way to reverse the restriction of BZLF1
promoter by PARP1 (Lupey-Green et al., 2017). Zta is known to interact with
another DNA damage response protein 53BP1, which suggests that Zta plays a
role in DNA damage (Bailey et al., 2009). Interacting with PARP1 could be a way
that Zta restricts PARP1 to recruits other DNA repair proteins to the damage sites.
However, more evidence for physical binding between Zta and PARP1 is still
needed, and also functional studies need to be designed to characterise the roles
of this interaction during EBV lytic and DNA repair.
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HSC70 is a cellular chaperone to help client protein’s folding, assembly and
trafficking, it has been reported that HSC70 is an important chaperone for viral
replication in different herpesviruses (Baquero-Perez and Whitehouse, 2015;
Salinas et al., 2016). Both mass spectrometry analysis has detected HSC70 as
a Zta interacting protein, it got 4.84 fold-change in 293-BZLF1-KO cells and high
TMT ratios in Akata cells. The Co-IP-western blotting validation showed that
HSC70 interacted with Zta (Figure 2.23). Further investigation of Zta with HSC70
will be described in Chapter 5.
Above all, in this chapter, I successfully established a pull-down condition in
Akata cells and used an unbiased TMT labelling mass spectrometry analysis.
EBV and cellular proteins that interact with Zta were obtained and analysed by
functional clustering. A few targets were chosen for validation. Proteins HSC70
and NFATC2 were chosen for further functional analysis in the next two chapters.
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contributes to EBV lytic reactivation
5.1 Introduction
Heat shock protein 70 families as the cellular chaperones are important for
protein folding, assembly, trafficking and degradation, which play a role in the
maintenance of protein homeostasis and help client proteins’ survival of stress
situations such as hypoxia, oxidative stress and pH changes. Increasing
evidence suggests that the imbalance of protein homeostasis caused by this
protein family leads to many diseases, including neurodegenerative disorders
and cancers. This protein family is regarded to be the most conserved protein in
evolution (Murphy, 2013; Fernandez-Fernandez et al., 2017; Hipp et al., 2014).
The human genome encodes 13 isoforms of Hsp70, Hsc70 (HSPA8) and Hsp70
(HSPA1A) are two of them. Hsc70 is constitutively expressed in cells while the
Hsp70 is inducible by stress (Fernandez-Fernandez et al., 2017; Kampinga et al.,
2009). The structure of Hsp70 proteins comprises an N-terminal nucleotidebinding domain (NBD) that displays ATPase function, a substrate-binding domain
(SBD) to bind to client proteins and a C-terminal domain that helps co-chaperone
binding (Flaherty et al., 1990; Zhu et al., 1996).
It is reported that Hsp70 and Hsc70 co-localised with Kaposi's sarcomaassociated herpesvirus (KSHV) replication and transcription compartments in the
nucleus of cells during the lytic cycle. The inhibition of Hsp70 isoforms abolished
viral gene transcription, viral protein synthesis and DNA replication (BaqueroPerez and Whitehouse, 2015). Some studies indicated that Hsp70 families were
involved in murine gammaherpesvirus 68 (MHV68) and herpes simplex virus type
1 (HSV-1) replication. MHV68 latency-associated nuclear antigen (LANA)
interacted with Hsc70 and recruited Hsc70 to the nucleus of infected cells. Hsp70
family inhibitor and Hsc70 shRNA knockdown blocked the MHV68 lytic replication
and viral protein synthesis. Hsc70 and Hsp70 were recruited to HSV-1 replication
compartments and helped the formation of the HSV-1 portal complex during HSV161

1 infection (Burch and Weller, 2004; Salinas et al., 2016). In EBV, it is reported
that Hsp70 protein interacted with EBNA1 and an Hsp70 inhibitor 2phenylethynesulfonamide reduced the EBV lytic replication and inhibited the
proliferation and migration of EBV positive cancer cells (Wang et al., 2018). This
suggests that as cellular chaperones, Hsp70 families play important roles during
herpesvirus infection and lytic replication.
In chapter 3 and 4, two proteins (Hsp70 and Hsc70) from Hsp70 family were
detected by mass spectrometry with high ratios as the proteins that interacted
with Zta both in HEK293-BZLF-KO cells and Akata cells, and Hsc70 was
validated to interact with Zta in Akata cells. In this chapter, further investigation
of the interaction between Zta and Hsp70 proteins was performed, and an
inhibitor called VER-155008 (Williamson et al., 2009; Schlecht et al., 2013), which
is specific for binding to Hsp70 family ATPase domain, was used to study whether
the Hsp70 family’s function was involved in EBV lytic reactivation.

5.2 Results
5.2.1 Hsc70 interacts with Zta is not EBV dependent
Since Hsc70 was identified by two mass spectrometry analyses in two cell lines,
and Hsc70 was validated to interact with Zta in Akata cells, first, I asked whether
the interaction of Hsc70 with Zta could be validated in 293-BZLF1-KO cells during
EBV lytic cycle.
hisZta was expressed in the cells for 96 hours to trigger the EBV lytic cycle. Then
a Zta immunoprecipitation was performed and formaldehyde cross-linked nuclear
extracts were used for this IP (Figure 5.1). The result shows Hsc70 bands were
detected in input and Zta IP but not in the control, suggesting Hsc70 was pulled
down by Zta.
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Figure 5.1 Zta pull-down in nuclear extracts of formaldehyde cross-linked
293-BZLF1-KO cells for Hsc70. 293-BZLF1-KO cells were transfected with
hisZta and control vector, 96 hours post-transfection, formaldehyde x-linked
nuclear extracts were used for IP, anti-Zta (SCZ) was used for Zta pull-down, goat
anti-IgG was used as a control, western blotting was performed for Hsc70 and
Zta.
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Next, I asked whether this interaction was dependent on other EBV proteins. To
answer this, another IP was performed in the nuclear extracts of formaldehyde
cross-linked HEK293 cell line that does not contain the EBV genome. hisZta was
expressed, 48 hours post-transfection, an IP was performed (Figure 5.2). The
result shows Hsc70 was detected in the input and Zta IP, but not in the control,
which meant Hsc70 was pulled down by Zta. This suggests that other EBV
proteins are not required for this interaction, and it is not dependent on replication
of the EBV genome.
5.2.2 Determine the viable range of VER-155008
Next, I asked whether the function of Hsc70 influenced the EBV lytic cycle since
Zta was a key regulator for the EBV lytic switch. To answer this question, a small
molecule inhibitor of the Hsp70 family, VER-155008 was used. Toxicity of this
drug was tested by a cell viability assay and the drug range within 50% cell
viability was chosen for further experiments. 293-BZLF1-KO cells were treated
with different concentrations of VER-155008 for 48 hours (Figure 5.3) and Akata
cells were treated for 24 hours (Figure 5.4), which were the time points used for
further experiments. Untreated cells and 0.1% DMSO treated cells were used as
controls.
The results indicated a decreasing metabolic activity with increasing
concentrations of VER-155008. The inhibition showed a dose-dependent manner
in both cell lines. 0-20 uM range was chosen for 293-BZLF1-KO cell line and 010 uM range was chosen for Akata cell line and both ranges were used for the
further experiment.
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Figure 5.2 Zta pull-down in nuclear extracts of formaldehyde cross-linked
HEK293 cells for Hsc70. HEK293 cells were transfected with hisZta and control
vector, 48 hours post-transfection, formaldehyde x-linked nuclear extracts were
used for IP, anti-Zta (SCZ) was used for Zta pull-down, goat anti-IgG was used
as a control, western blotting was performed for Hsc70 and Zta.
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Figure 5.3 The viability of VER-155008 in 293-BZLF1-KO cells. Cells were
treated with increasing concentrations of VER-155008 for 48 hours, untreated
cells and solvent treated cells were used as controls, cell viability was detected
by alamarBlue assay.
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Figure 5.4 The viability of VER-155008 in Akata cells. Akata cells were treated
with increasing concentrations of VER-155008 for 24 hours, untreated cells and
solvent treated cells were used as controls, cell viability was detected by
alamarBlue assay.
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5.2.3 VER-155008 inhibits EBV lytic reactivation in 293-BZLF1-KO cells.
Would this inhibitor affect the EBV lytic activation in epithelial cells? To answer
this question, the impact of this inhibitor on EBV replication was evaluated in 293BZLF1-KO cells. hisZta was expressed for 48 hours in this cell line in order to
induce lytic cycle, and cells were treated with 0 μM, 10 μM or 20 μM of VER155008, un-induced and 0.1% DMSO treated cells were used as controls. 48
hours post-transfection, cells were harvested and EBV genome load was
detected. EBV viral genome levels were normalised to human genome levels and
shown as fold change compared to the control group (Figure 5.5). All the cells
that express hisZta were triggered into the lytic cycle, however, when treated with
10 μM and 20 μM of VER-155008, EBV viral load was inhibited 2-3 times
compared to the 0.1% DMSO treated group. This result suggested that blocking
the Hsp70 family’s function could partially inhibit EBV viral replication s.during the
lytic cycle in 293-BZLF1-KO cells.
5.2.4 VER-155008 inhibits EBV lytic activation in Akata cells
Next, I asked whether this inhibition phenomenon could also be seen in EBV
positive Burkett’s lymphoma cells. So another drug treatment experiment was
performed in Akata cells. Cells were treated with different concentrations (0-10uM)
of VER-155008 and then the cells were induced into the lytic cycle by anti-IgG at
the same time with the drug, un-induced and 0.1% DMSO treated cell groups
were used as controls. Cells were harvested after 24 hours and EBV viral load
was detected (Figure 5.6). The result showed that compared to untreated Akata
lytic cells (0.1% DMSO), EBV genome load was partially inhibited by VER155008, around 3-4 times, which suggested viral DNA synthesis had been
partially blocked by this small molecule inhibitor in Akata cells. Given the
interaction between Zta and Hsc70, it is suggested that Hsc70 may be required
for the function of Zta.

168

293-BZLF1-KO cells

Relative EBV genome
Fold change over control

20

**

**

18
16
14
12

2-3X

10
8
6
4
2
0

hisZta

Figure 5.5 VER-155008 reduces EBV viral replication in 293-BZLF1-KO
cells. 293-BZLF1-KO cells were transfected with hisZta to trigger the lytic
cycle for 48 hours, empty vector (pcDNA3) was used as a control. Cells
were treated with VER-155008 at the same time, the solvent was used as a
control. Genomic DNA was extracted from each group and EBV genome
level was analysed by qPCR, normalsed by human genome and shown as
fold change compared to control group. Error bars represent the mean of
triplicate reads ± SD. A t-test was used to show the statistical difference.
(**) indicates p<0.01.
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Figure 5.6 VER-155008 reduces EBV viral replication in Akata cells.
Akata cells were induced to lytic cycle for 24 hours, and cells were treated
with VER-155008 at the same time, the solvent was used as a control.
Genomic DNA was extracted from each group and EBV genome level was
analysed by qPCR, normalised by human genome and shown as fold change
compared to control group. Error bars represent the mean of triplicate reads
± SD. A t-test was used to show the statistical difference. (**) indicates
p<0.01.
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5.2.5 Zta protein abundance was inhibited by VER-155008
Then I asked whether the inhibition the function of Hsp70 family would influence
the abundance of Zta protein. Hsc70 and Zta protein levels in VER155008 treated
293-BZLF1-KO and Akata cell lines (Figure 5.7 and 5.8). Results were quantified
by ImageStudio (LI-COR) and the abundance of Zta protein level was normalised
to Actin. Hsc70 protein level was not changed after inhibitor addition in either cell
lines (Figure 5.7A and 5.8A). However, a slight reduction of Zta abundance was
seen in both experiments. In 293-BZLF1-KO cell line, around 1-2 times reduction
(Figure 5.7B) was detected at 5-10uM treated groups compared to the control
group and around 1-2 times reduction (Figure 5.8B) was seen in Akata cells,
which suggests this inhibitor could slightly reduce the abundance of Zta protein
during the EBV lytic reactivation.
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Figure 5.7 Protein level changes after treatment of VER-155008 in 293BZLF1-KO cells. A. Western blotting analysis of cellular and Zta protein level in
293-BZLF1-KO cells after treated with VER-155008 in different concentrations
for 48h. B. Quantification of Zta expression level normalised to Actin.
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Figure 5.8 Protein level changes after treatment of VER-155008 in Akata
cells. A. Western blotting analysis of cellular and Zta protein level in Akata
cells after treated with VER-155008 in different concentrations for 24h. B.
Quantification of Zta expression level normalised to Actin.
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5.3 Discussion
Hsp70 families are involved in cancer initiation and tumorigenesis, and also
regulate many cancer relevant signalling pathways, such as apoptosis and
autophagy (Murphy, 2013). Overexpression of Hsp70 in T cells increases the
chance of T cell lymphoma in transgenic mice, and this is thought to act through
the inhibition of the apoptosis signalling pathway (Seo et al., 1996). The high
expression level of Hsp70 is also a sign for hepatocellular and prostate cancer
and it is also a marker for advanced disease and metastasis for colorectal
carcinoma and breast cancer (Chuma et al., 2003; Abe et al., 2004; Hwang et al.,
2003).
Previous studies in other herpes viruses have reported that Hsp70 and Hsc70
were important for viral replication and function, and Hsp70 family inhibitor VER155008 could significantly decrease the synthesis of the new viral genome during
viral replication in KSHV and MHV68 (Baquero-Perez and Whitehouse, 2015;
Salinas et al., 2016). Recently, the Sun group published that when EBV genome
replication is induced with TPA and sodium butyrate in EBV positive HONE/Akata
cells, a different inhibitor called 2-phenylethynesulfonamide (PES), which was
able to act on the SBD of Hsp70 family and block the interaction with cochaperones and substrates, could reduce activation of EBV genomic DNA
replication (Wang et al., 2018). This provides independent verification of our
discovery. In addition, they reported that the PES induced cell cycle arrest and
apoptosis in EBV positive cells (Wang et al., 2018). However, high doses of PES
were required and these ablated Zta protein induction and the abundance of other
cell and viral proteins, so maybe were unrelated to lytic cycle.
From our mass spectrometry results of the Zta interactome, implied that Hsp70
families have involved in EBV lytic reactivation. Hsc70 was tested that interacted
with Zta in B cells in Chapter 4 and I also tested the interaction in Hek293 cells
in that chapter (Figure 5.1), suggesting this widely conserved cellular chaperone
could be the main chaperone protein that helps Zta folding, assembly or
trafficking. Pull-down results in HEK293 EBV negative cells showed that Hsc70
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interacting with Zta does not need the assistance of other EBV proteins, this again
suggested a basic chaperone function of Hsc70 during EBV lytic cycle.
The folding function of Hsp70 families with client proteins were illustrated (Figure
5.9). Hsp70 proteins bind to unfolded client protein via SBD and help the client
protein folding in an ATP-dependent manner. Next, the binding pocket closes and
releases the folded protein, and then protein exchange ADP to ATP for the next
substrate (Mayer, 2013). The inhibitor VER-155008 binds to the Hsp70 ATP
binding domain. It is able to compete with ATP binding to the Hsp70 protein and
inhibits its function (Massey et al., 2010; Schlecht et al., 2013). It is reported that
this inhibitor could inhibit viral replication in different viruses, and also it is proved
that this is a potential drug for different cancers, such as breast cancer, bladder
cancer (Massey et al., 2010; Cavanaugh et al., 2015).
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Figure 5.9 Function diagram of Hsp70 protein families. Hsp70 proteins
comprise three domains, nucleotide-binding domain (NBD), substrate binding
domain (SBD) and a C-terminal domain. Hsp70 families bind to unfolded protein
(Green) and help them to fold using their ATPase pocket, then folded protein is
released and the Hsp70 ATPase becomes the non-functional state, then they
regain ATP and recover their function. VER-155008 is a small molecule inhibitor
that binds to the Hsp70 ATP binding area and competes with ATP binding to the
protein.
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In this chapter, the contribution of the Hsp70 family to EBV lytic replication was
investigated. Interrupting the ATP binding dependent function of Hsp70 family by
VER-155008 reduced EBV lytic replication in two EBV positive cell lines.
The inhibition of EBV genome replication could be partly caused by the reduced
abundance of Zta protein in two cell lines suggesting mixture factors were
involved in this inhibition.
Since the interaction between Zta and Hsp70 family member Hsc70 was
identified, Zta may be a client protein of Hsc70. One of the reasons that the lytic
genome reduced in presence of VER155008 could be linked to the folding and
assembly of Zta. Additionally, Hsc70 could affect the trafficking of Zta from the
cytoplasm to the nucleus (Parra et al., 2016). Both of these situations would
cause the inhibition of Zta inducted EBV lytic reactivation.
Although the interaction between Zta and Hsc70 is not EBV genome or lytic
replication dependent, and no other EBV proteins were involved in the Zta-Hsc70
interaction, however, there is a possibility that Hsp70 family members are
relevant to other viral protein synthesis and this might enhance the treatment
efficiency of EBV replication. In addition, inhibition of the Hsp70 family might
influence the assembly of cellular proteins especially the co-chaperones that are
involved in EBV lytic replication or the Hsc70-Zta interaction. However, further
investigation is needed to figure out the details.
To summarise, the heat shock protein 70 family member Hsc70 interacts with Zta,
and blocking Hsp70 family’s function reduces EBV lytic replication. This is partly
due to a reduction in Zta abundance and the rest may be due to the inhibition of
the function of Zta, including folding, assembly or trafficking. However, this is still
unclear and would need further investigation. This conclusion shows functional
conservation of the Hsp70 family, involvement in gamma herpes viruses during
the viral lytic cycle.
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6 The association of Calcium (Ca2+) signalling pathway
and EBV lytic cycle
6.1 Introduction
Ca2+ signalling is an important pathway during B cell receptor (BCR) activation
and it regulates genes that are involved in EBV lytic activation. Few genes
regulated by Ca2+ signalling pathway have been reported to regulate the BZLF1
promoter or interact with Zta during lytic cycle, such as Ca2+ /calmodulindependent kinase type IV/Gr (CaMKIV/Gr), TORC2 and MEF2D (Murata et al.,
2009; Chatila et al., 1997; Liu et al., 1997).
NFATc1 and c2 belong to the NFAT protein family of transcription factors and
play crucial roles in T cell activation and differentiation. They are also reported to
be important for B cell differentiation (Muhammad et al., 2018). NFATs are
cytoplasmic proteins and are regulated by the Ca2+/calmodulin-dependent serine
phosphatase, Calcineurin. When NFATs activated by the Ca2+ signalling
pathway, they are dephosphorylated and followed by translocation to the nuclei
where they act as transcription factors (Hogan et al., 2003).
NFATs have been reported to regulate EBV lytic activation. A previous study has
shown Cyclosporin A (CsA) or Tacrolimus (FK506) can block Zta expression and
EBV lytic activation in EBV positive BL cells (Goldfeld et al., 1995). Previous
studies have shown the V3 polymorphism in the Zp promoter which affects Zp
function (Correia et al., 2017). The Zp V3 has been shown to be overrepresented
in NPC patients (Correia et al., 2018). The V3 form of Zp created an NFAT binding
site on it, which enhances EBV lytic replication (Bristol et al., 2018). These studies
indicate an important role of NFATs in the Zp activation and EBV lytic cycle.
In chapter 4, mass spectrometry studies identified NFATs to potentially interact
with Zta, and the interaction of NFATc2 was further validated by Zta
immunoprecipitation in Akata cells. Since NFATc1 and c2 are regulated by Ca2+
signalling pathway, in this chapter, whether activation of Ca2+ signalling pathway
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and NFATs would regulate EBV lytic genes was asked and whether Zta would
influence the function of NFATs was investigated.

6.2 Results
6.2.1 Calcineurin inhibitor FK506 can block the EBV lytic replication.
To investigate whether the Ca2+ signalling pathway and NFATs played a role in
EBV lytic cycle, FK506 was used for inhibition of Calcineurin and NFATs during
EBV lytic cycle activation.
FK506 or Tacrolimus is a Calcineurin inhibitor, which is an immunosuppressive
drug used mainly after allogeneic organ transplant on the clinic. FK506 can form
a complex with FKBP protein and inhibit Calcineurin function (Liu et al., 1991),
based on this, it is used as an NFATs inhibitor widely.
To address this question, I first determined the viable range of FK506 by cell
viability assay in Akata cells. Cells were treated with different concentrations of
FK506 for 24 hours, which was the time for lytic cycle induction. 0.1% DMSO
treated cells and untreated cells were used as controls. The viable range of
FK506 in Akata cells was shown to be 0-10μM (Figure 6.1A).
After determining the FK506 viable condition in Akata cells, the cytotoxicity of
100μM FK506 with anti-IgG was then analysed in Akata cells, which would be the
condition used for EBV lytic induction (Figure 6.1B), no difference in cell viability
was detected among different conditions.
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Figure 6.1 Testing the cytotoxicity of FK506 (Tacrolimus) in Akata cells. A.
Akata cells were treated with increasing concentrations of FK506 for 24 hours,
and cell viability was analysed by alamar-Blue assay, the viable range of FK506
was shown in the figure. B. Akata cells were treated with anti-IgG for 24 hours,
100nM FK506 with anti-IgG and untreated cells as the control, cell viability was
analysed by alamar-Blue assay.
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Time course experiment was performed for the induction of EBV lytic cycle in
Akata cells. Untreated Cells and FK506 pre-treated cells were induced into the
lytic cycle by anti-IgG and compared to un-induced cells, Zta protein expression
was detectable after 4 hours of anti-IgG induction (Figure 6.2A), and the
expression level increased steadily until 24 hours. However, FK506 treated cells
(middle lane under each condition) barely showed expression of Zta for all the
time points. EBV viral load dramatically increased after 24 hours of induction
(Figure 6.2B). EBV lytic cycle was blocked completely by treatment with FK506,
and this enhanced that the BZLF1 promoter activation is Ca2+ signalling pathway
dependent.
6.2.2 Activation of the Ca2+ signalling pathway does not affect the ability
of Zta to activate BHLF1.
To ask whether activation of the Ca2+ signalling pathway affected the
transactivation of Zta, luciferase reporter assays were used in this session to
answer this question.
The activation of the EBV early lytic gene BHLF1 by Zta has been characterised
in previous studies (Ramasubramanyan et al., 2015b; Balan et al., 2016;
Schepers et al., 1996; Hammerschmidt and Sugden, 1988). Zta activates BHLF1
through binding to the Zta responsive element in the promoter region of BHLF1.
By using this, a luciferase reporter assay was designed to study Zta transcription
activity. The BHLF1 promoter was placed upstream of a luciferase gene in pCpGL
vector (BHLF1 WT). It contained four ZREs, which were used to study Zta
transactivation. A mutant construct (BHLF1 Mut) with four ZRE sequences
mutated was used as a control (Figure 6.3A). Expression Zta with these
constructs could indicate whether the activation was trough Zta binding to four
ZREs.
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Figure 6.2 Zta expression level and EBV viral load changes when treated
with FK506 in Akata cells. Akata cells were treated with 100nM FK506 1 hour
before inducing to lytic cycle by anti-IgG for up to 24 hours. Cell pellets were
collected after 0 hour, 4 hours, 8 hours, 12 hours and 24 hours. A. Western
blotting for Zta was performed, Actin was used as a loading control. B. EBV viral
load for cells induced for 4 hours and 24 hours were detected by qPCR,
normalised to the human genome and shown as fold change compared to 0hour control.
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Figure 6.3 Transcription activity of Zta in B cells. pCpGL-BHLF1 wild type
(WT) or pCpGL-BHLF1 mutant (Mut) luciferase constructs were co-transfected
with either control vector or hisZta in DG-75 cells. Cells were harvested after 48
hours for western blotting and luciferase reporter assay. A. Schematic diagram
of BHLF1 promoter with ZRE sequences and ZRE mutant. B. Luciferase
reporter assay showed the activation of control vector or hisZta, results were
normalised to total protein. Error bars represent the mean of triplicate readings
± SD. C. western blotting for Zta expression level in the reporter assay. Actin
was used as a loading control.
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BHLF1 WT and Mut constructs were co-transfected with hisZta (Figure 6.3B and
C), and the activation by Zta was detected only from BHLF1 WT promoter but not
in the Mut. Western blotting for hisZta was detected and shown similar expression
level.
In order to study the influence of Ca2+ signalling pathway on the ability of Zta to
activate BHLF1, the BHLF1 WT construct was co-transfected with hisZta, and
then the Ca2+ signalling pathway was induced by Ionomycin/PMA immediately
after transfection. Transactivation by Zta was detected around 200 fold compared
to control group (Figure 6.4A), however, no obvious changes of transactivation
by Zta was detected after induction with Ionomycin/PMA, western blotting
showing similar expression level of hisZta in each condition (Figure 6.4B).
6.2.3 Reducing the abundance of NFAT proteins does not affect the
transactivation ability of Zta to activate BHLF1.
Since NFATs are downstream members of the Ca2+ signalling pathway, next I
asked whether NFAFs influenced Zta’s transactivation ability to BHLF1. A
knockdown assay of NFATc1 and c2 was performed. Following knockdown, a
luciferase reporter assay was performed as described earlier. BHLF1 WT
construct was co-transfected with hisZta in DG-75 cells, along with the NFATc1
and c2 siRNA or non-targeting control siRNA.
NFATc1 and NFATc2 were knocked down to about 30-50% of their normal
protein levels (Figure 6.5A.B). However, knockdown of the NFATs did not show
any prominent effect on transactivation by Zta (Figure 6.5C).
Considering both the Ca2+ signalling activation and the NFATs knockdown data,
no influence of NFATs on transcription activation by Zta was detected.
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Figure 6.4 Transcription activity of hisZta is not regulated by activation of
the calcium signalling pathway. pCpGL-BHLF1 WT luciferase construct was
co-transfected with either hisZta or control vector in DG-75 cells, then treated
with or without ionomycin/PMA immediately after transfection. 48 hours later,
cells were harvested for luciferase reporter assay and western blotting. A.
Luciferase reporter assay showed the activation of hisZta and control vector,
results were normalised to total protein. Error bars represent the mean of
triplicate readings ± SD. B. western blotting for Zta expression level in the
reporter assay. Actin was probed as a loading control. Results showed a
representative of three biological replicates.
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Figure 6.5 Transcription activity of Zta with NFAT proteins knocked down
in DG-75 cells. pCpGL-BHLF1 WT luciferase construct was co-transfected with
Zta or control vector, and NFATc1 and c2 siRNA smart pool or Non-targeting
control siRNA by Neon electroporation in DG-75 cells, 48 hours posttransfection, cells were harvested for luciferase reporter assay and western
blotting. A. Western blotting for Zta, NFATc1 and NFATc2, Actin was used as a
loading control. B. Protein bands were quantified by LICOR imageStudio.
Protein quantitation of NFATc1 and NFATc2 was normalised to Actin and plotted
as knock-down percentage compared to the non-targeting group. C. Luciferase
reporter assay showed the activation of hisZta and control vector, results were
normalised to total protein. Results were shown as fold change compared with
the control non-targeting group. Error bars represent the mean of triplicate reads
± SD. Results showed a representative of three biological replicates.

188

6.2.4 Zta interferes with transcription activation by NFATs on IL-2
promoter.
Although NFATs showed no obvious impact on transcription activity by Zta,
another question was whether Zta influenced the transcription activity of NFATs.
Previous studies have investigated NFAT proteins’ transcription activity on the
Interleukin-2 (IL-2) gene promoter. IL-2 is a cytokine gene expressed upon T cell
stimulation and mainly regulated by NFAT and Activator protein 1 (AP-1) families.
A construct with three NFAT/AP-1 composite elements (ARRE2), cloned
upstream of the minimal IL-2 promoter, was used for a luciferase reporter assay
(Figure 6.6A). FK506 was used as an inhibitor of Calcineurin and NFATs. The
viability of DG-75 cells was studied upon treatment with FK506, and the viable
range was identified (Figure 6.6B). Then DG-75 cells were transfected with
pGL3-IL2 NFAT luciferase construct and control construct following which the
cells were treated with ionomycin/PMA to induce Ca2+ signalling and activate
NFATs. Cells treated with FK506 1 hour before transfection to block the Ca2+
signalling activation were used as a control (Figure 6.6C). The activation of
transcription was detected after ionomycin/PMA induction, and 1 μM of FK506
could block this activation.
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Figure 6.6 Transcription activity of NFAT protein in DG-75 cells. DG75 cells
were transfected with pGL3-IL2 NFAT luciferase reporter construct after treated
with 1μM FK506, NFAT proteins were activated by ionomycin/PMA immediately
after transfection. After 48 hours, cells were harvested for luciferase reporter
assay. A. A pGL3-IL2 luciferase reporter construct with three NFAT protein
binding sites before the minimal IL-2 promoter. B. DG-75 cells were treated with
increasing concentrations of FK506 for 48 hours, and then cell viability was
analysed by alamar-Blue assay. Viable concentrations were labelled in the figure.
C. Luciferase reporter assay shown the activation of each group. Results were
normalised to total protein and showed as fold change compared with the control
group. Error bars represent the mean of triplicate reads ± SD.

191

Based on this, another reporter assay was performed to ask whether Zta cooperated or interfered with NFAT transcription activity. pGL3-IL2 NFAT luciferase
construct was co-transfected with hisZta and control vector (pcDNA3). Ca2+
signalling was induced by ionomycin/PMA, FK506 pre-treated cells were also
used to block the Ca2+ signalling activation. This revealed that Zta expression
alone could activate transcription by 20-fold (Figure 6.7A), and cells treated with
ionomycin/PMA alone triggered higher activity, around 60-fold. When cells
exposed to both hisZta and ionomycin/PMA, instead of synergy, it showed
intermediate activation compared to ionomycin/PMA or Zta alone group. The
Calcineurin and NFAT inhibitor FK506 completely blocked ionomycin/PMA
activation. However, there was no impact on the activation by Zta. Western
blotting showed a similar expression level of hisZta in each condition (Figure
6.7B).
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Figure 6.7 Zta interferes with NFAT transcription activity. pGL3-IL2 NFAT
luciferase reporter construct was co-transfected with hisZta or control vector
after treated with or without FK506 in DG75 cells. Ca2+ signalling was activated
by ionomycin/PMA immediately after transfection. After 48 hours, cells were
harvested for luciferase reporter assay and western blot. A. Luciferase reporter
assay showed the activation of each group, results were normalised to total
protein and shown as fold change compared with the control group. B. Western
blotting for the Zta expression level in each group, Actin was used as a loading
control. Error bars represent the mean of triplicate reads ± SD. Results showed
a representative of three biological replicates. (***) indicates p<0.001
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6.2.5 Zta bZIP domain binds to ARRE2 element weakly.
To figure out whether Zta was able to bind to the ARRE2 element directly, an in
vitro protein-DNA binding assay was performed. An electrophoresis mobility shift
assay (EMSA) was carried out using fluorescently labelled probes of ARRE2
element. An AP-1 site from BMLF1 promoter, which has been identified as a
strong Zta binding site, was used as a positive control.
A recombinant Zta protein resembling His-GFP tagged basic leucine zipper
(bZIP) domain of Zta (His-GFP-bZIP Zta) was used in this EMSA analysis, which
was purified by previous group member Rajaei Almohammed.
The increasing amount of purified protein His-GFP-bZIP Zta was used to interact
with each probe, and a GFP protein (1mg/ml) was used as a control. Then, the
reaction mixtures under each condition were loaded into a DNA retardation gel.
Strong DNA shift bands were detected in each His-GFP-bZIP Zta lanes with AP1BMLF1 probe but not in GFP control (Figure 6.8A). Most of the probes were
shifted with His-GFP-bZIP Zta at the highest protein concentration. However, only
a very rare amount of ARRE2 probes was shifted with the highest concentration
of His-GFP-bZIP Zta. Quantitation of the shifted bands was shown (Figure 6.8B).
Western blotting showed the purified proteins that were used in this experiment
(Figure 6.8C). Compared with ZRE in BMLF1 promoter, very weak evidence
showed that His-GFP-bZIP Zta binds to ARRE2 element directly in vitro.
Therefore, it appeared that inhibition of Ca2+ signalling was sufficient to block EBV
lytic reactivation while transcription activation through Zta was unaffected by Ca2+
signalling. Zta attenuated transcription activation through NFAT.
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Figure 6.8 Zta bZIP domain binds to ARRE2 element weakly. The ability of
purified GFP tagged Zta bZIP domain binds to fluorescently labelled ARRE2
element and a known AP-1 in BMLF1 gene promoter were analysed by
electrophoresis mobility shift assay (EMSA). A. The increasing amount of Zta
bZIP proteins were used with each probe, GFP was used as a control. B.
quantitation of the shift in each condition. C. Western blotting shows the purified
proteins used in this EMSA.
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6.3 Discussion
The NFAT family of transcription factors contains five NFAT proteins, NFATc1c4 are proteins regulated and activated by the Ca2+ signalling pathway, whereas
NFAT5 is activated by osmotic stress (Lopez-Rodriguez et al., 1999). NFATs
regulate cell differentiation and development in many different cell types and
organ systems. Several studies have reported that NFATs involve in different
cancers, such as B cell lymphomas, leukaemia, breast cancer, pancreatic and
many others (Pham et al., 2005; Koenig et al., 2010). NFATc2 represses the
expression of G0/G1 checkpoint kinase, cyclin-dependent kinase 4 (CDK4) and
cyclin A2, and plays an important role in controlling cell-cycle progression (Baksh
et al., 2002; Carvalho et al., 2007). NFATc2 also promotes tumour cells migration
and invasion upon the regulation of relevant gene expression such as
cyclooxygenase 2(COX2) (Yiu and Toker, 2006).
The function of NFATs has been well investigated in the immune system,
especially in T cells. As transcription factors, NFATs regulate expression of
different genes. Many of them are dependent on NFAT/AP-1 co-operation and
binding to the NFAT/AP-1 composite, locating in the promoter regions of IL-2
(ARRE1 and ARRE2 site), IL-4, IL-5, FasL and enhancer regions of GM-CSF
(GM330 element) (Macian et al., 2000; Rao et al., 1997).
This composite has a common feature, which includes an NFAT binding site with
the core binding sequence GGAAA and a 7-bp AP-1 site that is able to be bind
by bZIP families. A wide range of composite has been studied, which pairs
elements with different binding ability in different genes. The weak NFAT sites
with strong AP-1 site was identified in GM330 element of GM-CSF enhancer
region; strong NFAT sites with weak AP-1 site, which was identified in murine IL2 promoter; and also the weak AP-1 with weak NFAT site, as the ARRE2 site in
human IL-2 promoter (Peterson et al., 1996; Rao et al., 1997; Johnson et al.,
2004). The crystal structure of murine NFAT/AP-1 complex with ARRE2 motif
gave us detailed information of this co-operation, also proved the feature that the

197

three components, NFAT, AP-1 and the DNA composite form a strong complex
(Chen et al., 1998).
Although the function of NFATs in T cells has been well characterised, it is still
unclear whether they have roles in B cells. Several studies showed that NFATs
were involved in B cell development and functions using mice models (Berland
and Wortis, 2003; Winslow et al., 2006). Besides, NFATc2 induced apoptosis of
BL cells upon induction of the BCR signalling pathway (Kondo et al., 2003).
Another study showed that NFATs were controlled and activated by the BCR
stimulation through Ras-mediated activation of guanine nucleotide exchange
factors for the GTPase Ral (de Gorter et al., 2007).
Involvement of Ca2+ signalling and NFATs in EBV infected cells was first identified
in the early 90s. Speck’s group found Calcineurin inhibitors CsA and FK506 could
block the activation of EBV lytic cycle. They further used Zta promoter (Zp)
luciferase construct co-expression with NFATs and Calcineurin to study their
effects on Zp activation. They discovered that CsA-sensitive Zp was mediated
through a calcineurin-regulated pathway through NFATc2 (Goldfeld et al., 1995;
Liu et al., 1997). However, no NFAT binding site was found in the Zp suggested
this might be an indirect regulation.
When study sequence variants in Zp, it was reported that the V3 form of Zp
created an NFAT binding site in a sub-set of EBV positive BLs, gastric cancers
and NPCs (Correia et al., 2018). The NFAT binding site enhanced Zp activity and
increased the EBV lytic initiation upon BCR stimulation through NFAT activation,
and it can be inhibited by both CysA and NFAT siRNA (Bristol et al., 2018). All
these studies suggest that NFATs are important for EBV lytic replication.
In Chapter 4, NFATc1 and NFATc2 were shown to bind Zta by mass
spectrometry, and I further validated the interaction of NFATc2 with Zta in cells.
In this chapter, the functional relevance between Zta and NFAT was investigated.
Two reporter promoters, BHLF1 and IL-2 promoter were used to unpick potential
co-regulation between NFATs and Zta.
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To address how NFATs affect the transcription activation by Zta, BHLF1 promoter
was used, which is regulated by Zta through four ZREs and to only study the
interaction of Zta and NFATs on this promoter. It is showed that this promoter
was not activated by Ca2+ signalling and furthermore that Ca2+ signalling did not
affect the regulation of BHLF1 by Zta (Figure 6.4 and 6.5). One of the possible
explanations for this could be that the binding of Zta and NFAT did not affect Zta’s
transactivation. The other possibility could be that these proteins needed to bind
to DNA in order to stabilise the interaction between them. In addition, it could be
that the activation of NFAT was not enough to show the impact on this promoter.
The ionomycin/PMA caused basal signal decreased (Figure 6.4A), because
along with the Ca2+ signalling pathway activation, the whole cell environment
changed, other factors that were not known, might affect this construct. However,
when Zta expressed, this inhibition was recovered and the activation can reach
to the usual level.
The second promoter contained an NFAT/AP-1 composite (ARRE2) element
from the human IL-2 promoter. This construct (pGL3-IL2 luciferase construct) has
three NFAT/AP-1 composites (NFAT/AP-1*3) cloned into upstream of a minimal
IL-2 promoter (Mattila et al., 1990; Clipstone and Crabtree, 1992). The previous
study has shown that NFAT activation by Ca2+ signalling and AP-1 activation by
PKC are required for the activation of these composites. NFAT or Fos-Jun
expression alone does not show the activation in both murine and human IL-2
genes (Nguyen et al., 2010; Peterson et al., 1996). Therefore, in our study, both
Ionomycin and PMA were used to activate the IL-2 promoter through NFAT/AP1 composite (Figure 6.6).
The activation that was triggered by ionomycin/PMA could be completely blocked
by FK506 (Figure 6.6). This also approved that both NFAT and AP-1 proteins
were needed for the composite activation.
Then the influence of Zta expression along with the Ca2+ signalling activation to
this promoter was investigated. Surprisingly, instead of synergy, the expression
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of Zta interfered with the transcription activation of Ionomycin/PMA treatment to
this promoter.
The molecular mechanism by which Zta interferes with Ca2+ signalling activation
to this promoter is still unclear. Then it was questioned whether there were any
ZREs in the promoter region, where Zta could bind. After searching for known
ZREs across the whole pGL3-IL2 luciferase construct (Flower et al., 2011), none
of the ZREs was found in the promoter or upstream region, which suggested Zta
may bind to unknown ZREs or to the AP-1 site in this ARRE2 element to activate
the gene promoter when Zta expressed alone.
So then, EMSA assay was used to figure out whether Zta bind to ARRE2 element
in vitro directly through the bZIP domain. Very weak binding of Zta bZIP to this
ARRE2 element was detected (Figure 6.8), suggesting the activation on the IL2 promoter by Zta is through an indirect manner but not binding to ARRE2
element directly.
There is a model with three situations that may happen on this promoter is shown
to explain this mechanism (Figure 6.9). Following the stimulation with ionomycin
and PMA, IL-2 promoter activated by NFAT and AP-1 interaction through ARRE2
element, which is inhibited by FK506 (Figure 6.9a). Following the expression of
Zta, it activates IL-2 promoter, but this is not through ARRE2 element, and it is
not blocked by FK506 (Figure 6.9b). Combining stimulation with ionomycin and
PMA and expression of Zta, transcription is activated to an intermediate level.
FK506 reduces the expression to the level seen when Zta is activated alone.
Interaction of Zta with NFATC2 may account for this reduction (Figure 6.9c).
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Figure 6.9 Impact of ionomycin, PMA and Zta on the IL2 promoter. The IL2
promoter and one ARRE2 element is shown with location of transcription factors
(NFATC2, AP1 and Zta). a. Following the stimulation with ionomycin and PMA, IL2 promoter activated by NFAT and AP-1 interaction through ARRE2 element,
which is inhibited by FK506. b. Following expression of Zta, IL-2 promoter
activated by Zta, which is not through ARRE2 element. c. Combining stimulation
with ionomycin and PMA and expression of Zta, Zta binding to NFAT causes the
interference of the transcription at IL-2 promoter.
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NFAT/Fos-Jun DNA complex crystal structure is the only structure available now
for NFAT and AP-1 co-operation (Chen et al., 1998). The same group used the
NFATc2 mutant proteins that were unable to interact with Fos-Jun but did not
affect the transcription activity of this complex to investigate whether the NFAT
targeting genes are dependent on NFAT/AP-1 interaction (Macian et al., 2000).
Apparently, NFAT/AP-1 co-operation was found to be essential for many NFAT
dependent genes, such as IL-2, IL-3, IL-4, MIP-1α, and FasL, however, they are
not essential for activation of TNFα or IL-13 (Macian et al., 2000). Based on the
crystal structure and mutant studies, the residues that were shown to be required
for NFAT Fos-Jun interaction were revealed (Figure 6.10). R468 of murine
NFATc2 (R466 in human NFATC2) contacts with D170, E173 of Fos, and T535
in the murine NFATc2 (T533 in human NFATC2) contacts within a pocket formed
by R285, R288 and K292 of Jun.
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Figure 6.10 Structure of NFATc2 Fos-Jun DNA complex and interaction
residues. Murine NFATc2 DNA binding region (DBD) and Fos-Jun bZIP domain
heterodimer with DNA complex (PDB 1a02) was illustrated. Important interaction
residues were highlighted, R468 of Murine NFATc2 (R466 in human NFATC2)
contacts with D170 and E173 of Fos, T535 in the E’F loop of murine NFATc2
(T533 in human NFATC2) contacts within a pocket formed by R285, R288 and
K292 of Jun. Besides, F475 and I469 of NFATc2 were also important for the
interaction. Adapted from (Macian et al., 2000).
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Although Fos, Jun and Zta in the same bZIP family, Zta has an unusual structure
at its c-terminal tail region while the Fos and Jun proteins have a continuous
coiled-coil structure (Figure 6.11B) (Petosa et al., 2006). Also, from sequence
alignment (Figure 6.11A), the contact amino acids with NFAT in Fos-Jun are not
conserved in Zta. When superimposing Zta bZIP with Fos-Jun bZIP (Figure
6.11C), the contact region is still within Zta bZIP domain and the Zta tail region
could be involved in the interaction with NFATs. All of these suggested there
might be a different interaction features between Zta, NFAT and DNA.
To summarise, NFATs inhibitor FK506 could block EBV lytic cycle in Akata cells
during lytic activation, NFATs did not affect Zta transcription activity during EBV
lytic cycle, however Zta can interfere with NFATs transcription activity, and this
could be through Zta binding to NFATs during transcription regulation on NFATs
regulated genes.
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7 Discussion
Characterising the host-viral interaction is an important component of studying
viral function, especially a malignant causing virus. EBV, a human herpes virus,
is living with most of the human population for their lifetime without harm.
However, it is a potential risk factor for different tumours and diseases (Hjalgrim
et al., 2007).
To understand the function of key EBV lytic regulator Zta and the proteins that
interact with Zta gave us a hint of how virus crosstalk with the host. Through the
studies of these interactions, to further understand how the viral proteins help
EBV to survive and persist in the host cells. It is also a chance to identify
biomarkers that are important for viral replication, persistence, and more
importantly, to find drugable targets or develop a vaccine in order to treat the
primary EBV infection as well as the EBV associated cancers.
To achieve this goal, I first established a Zta pull-down condition during the EBV
lytic cycle in an EBV positive BZLF1 gene knock-out cell line based on a ChIP
assay, using a label-free quantitative mass spectrometry analysis (described in
Chapter 3). The label-free quantitation method performed by MaxQuant software
was suitable for this study. A few cellular proteins were enriched as Zta interacting
proteins. The relevance of this is shown by the identification of RACK1, which
had been reported as a Zta interacting protein in the previous study (Baumann et
al., 2000).
The high level of exogenous hisZta used in this method led to a concern this may
not represent the physiological change. In addition, as no other EBV proteins
apart from Zta were identified from mass spectrometry, this prompted a change
of approach.
In order to improve this pull-down method, I decided to use another cell line. It
was an EBV positive BL cell line that could be induced into the lytic cycle by using
a physiologically relevant stimulant anti-IgG, which has been described in
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Chapter 4. To stabilise the interaction during the lytic cycle, I used a proteinprotein cross-linker DSP, which has a long spacer arm and widely used in proteinprotein crosslinking studies. I also used benzonase nuclease to digest DNA in
order to reduce the potential of purifying DNA binding proteins unspecifically to
Zta-bound DNA. Two controls were chosen in this experiment to relate to
potential non-specific interaction with the specific antibody and with lytic cycle
proteins associating with the beads. The using of the TMT labelling method raised
sensitivity and gave us a chance to combine all the controls and three biological
replicates together for mass spectrometry.
Five viral proteins were identified with high ratios as Zta interacting viral proteins
in addition to the known ones (BGLF4 and BALF5). Including a portal protein
BBRF1, two capsid proteins BVRF2 and BcLF1, an mRNA export factor BMLF1
and a DNA binding protein BALF2.
Portal protein BBRF1 is an HSV-1 UL6 homolog (Baer et al., 1984; Cai et al.,
2017). In HSV-1, UL6 protein is an important capsid portal protein. It is required
for the encapsidation of viral DNA and DNA cleavage (Heming et al., 2017).
Electron microscopy studies revealed the portal structures of HSV-1, twelve
subunits of UL6 form the portal structure where the viral DNA enters and exits the
capsid (Cardone et al., 2007; Newcomb et al., 2001). In EBV, it is reported that
mutant virus with deletion of BBRF1 gene resulted in the formation of capsids
without genome (empty capsids), which suggested a role of BBRF1 in EBV DNA
packaging to the capsid (Pavlova et al., 2013). Transmission electron microscopy
study in EBV revealed the features of EBV portals formed by BBRF1 in vitro,
resembling HSV-1 UL6 but including a central channel with thirteen monomeric
clip, stem and wing/crown domains, suggested the role of BBRF1 was similar to
its homologs in other herpesviruses (Visalli et al., 2019). Zta was not identified by
the mass spectrometry in the viral particles, suggested the function of Zta was
possibly not involved in infection of cells, viral entry or DNA exiting from the viral
particles (Johannsen et al., 2004). However, the interaction of Zta with portal
protein I identified in our study suggested Zta might function in the viral DNA
packaging and importing into the capsid.
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Two capsid proteins BVRF2 and BcLF1 were also identified that were able to
interact with Zta. BVRF2 (protease) and BcLF1 (Major capsid) are required for
the EBV capsid assembly (Henson et al., 2009). Considering the studies of the
HSV-1, during the viral replication, all the capsid proteins are transported into the
nucleus through protein-protein interactions of each other, and form a procapsid.
The protease then cleaves the scaffold proteins and releases them from the
capsid, which is essential for the DNA packaging into the capsid and promotes
the maturation of the capsid (Gao et al., 1994). Interaction of Zta with these two
proteins in EBV suggested that Zta might be able to enhance their functions
during the lytic cycle, which again suggested a role of Zta in DNA import and
virion assembly.
BMLF1 as a homolog of HSV-1 ICP27, plays a role in mRNA transportation, it
shuttles between cytoplasm and nucleus and interacts with RNA (Sergeant et al.,
2008). It is essential for the production of infectious virions (Gruffat et al., 2002a).
The interaction of Zta with BMLF1 that I observed suggested that Zta might be
involved in mRNA processing or transportation. This is also consistent with the
cellular targets found in mass spectrometry in Chapter 3 and 4 that mRNA
splicing and processing proteins were enriched with high scores.
BALF2 is one of the core lytic replication proteins and has been proved not
interacted with Zta directly by a few immunoprecipitation studies (Fujii et al.,
2000). However, surprisingly, it is detected by our mass spectrometry analysis,
which suggested that as a part of the replication complex, BALF2 could be pulled
down by Zta indirectly.
One of the limitations of studying interacting proteins is the lack of commercial
antibodies. In order to perform the further investigation between Zta and capsid
proteins, some constructs could be created to express tagged viral proteins in
vitro and in vivo, which allows us to investigate their interactions with Zta using
pull-down assays. Domain mapping study can be used to study their direct or
indirect interactions with Zta. Point mutants that will disrupt the interactions can
be generated and used to study the functions that are relevant to this interaction.
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After validated the interaction of those proteins with Zta, functional studies could
also be designed based on those constructs in order to investigate the role of this
interaction during the EBV lytic replication. Super-resolution microscopy could be
used to study whether Zta is involved in the portal and capsid assembly or the
DNA packaging by showing the co-localisation of Zta with the capsid/portal
proteins (Liao et al., 2001).
The cellular proteins I chose for validation in Chapter 4 were from different
functional groups. Some of them were proved by IP-western blotting to interact
with Zta. However, considering the limitation and quality of the antibodies as well
as the costs, it was not possible to assess many targets. Some promising targets
were verified from mass spectrometry, including PARP1, Hsc70 and NFATc2.
The further studies were focused on the functional relevance between validated
cellular proteins and the EBV lytic cycle. The functional relevance of PARP1 and
EBV had already been studied in previous studies, so I focused on another two
proteins. The first protein I studied in Chapter 5 was Hsc70, I identified that Zta
interacted with Hsc70 and an Hsp70 ATPase inhibitor was able to reduce EBV
lytic reactivation. The interaction between Zta and Hsc70 suggested that Hsc70
could be the main chaperone that helped Zta folding, assembly and trafficking.
As a dimeric nuclear protein, inhibition the function of Hsc70 also might impact
Zta’s folding as well as nuclear translocation, which then leads to the reduction
of the EBV genome replication. And combined with the functions of Hsc70 in other
herpesviruses, KSHV, HSV-1 and MHV-68, it is suggested a conserved role of
Hsc70 as a cellular chaperone during herpesvirus replication (Baquero-Perez
and Whitehouse, 2015; Salinas et al., 2016; Burch and Weller, 2004). Further
investigation about Zta and Hsc70 could be focused on the in vitro binding studies,
in order to find out the evidence about the direct interaction features, whether
there are other co-chaperones involved in this interaction and the binding regions
between two proteins.
Then I investigated Ca2+ signalling regulated NFAT proteins in Chapter 6. Both
NFATc1 and NFATc2 were detected by mass spectrometry, and the IP-western
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blotting validated that NFATc2 interacted with Zta. The previous study has
reported that the NFAT inhibitor CsA and FK506 can block EBV lytic reactivation
(Goldfeld et al., 1995). In our study, the induction of Zta expression and EBV viral
replication were completely blocked by the FK506 during 24 hours’ anti-IgG
induction in Akata cells, suggesting an inhibition in lytic reactivation. Another
study showed that a natural sequence variant in Zta promoter (Zp-V3), which has
an NFAT binding site, increased the EBV lytic replication in response to the lytic
induction of BCR ligation and ionomycin induction in BL cells. In addition, when
comparing the gene sequencing data from EBV associated cancer samples from
different regions, it is shown that this Zp-V3 variant is over-represented in EBV
positive BLs and EBV infected gastric cancers (Bristol et al., 2018).
The increased possibility of lytic reactivation increases the chances of the virus
to infect more cells and establish more latently infected cells. EBV lytic replication
also increases the secretion of some cytokines, such as IL-6, VEGF, which are
important for cell growth (Jones et al., 2007; Hong et al., 2005). Both reasons
suggest the EBV lytic cycle may increase the development of EBV associated
cancers and this further suggested NFATs could induce EBV lytic reactivation
and might be important for the tumorigenesis of the EBV associated cancers.
Then I investigated the influence of transcription activity between NFATs and Zta,
and identified that NFATs did not affect Zta’s transcription activity, however, Zta
can interfere with NFATs to activate an IL-2 promoter, which is a well-studied
NFATs regulated gene. Three situations were identified through this study,
following stimulation with ionomycin/PMA, transcription is activated through the
interaction of NFATC2 and AP1 at the ARRE2 element. Moreover, this activation
could be blocked by the drug FK506. Following expression of Zta alone,
transcription is activated weakly through an indirect means that is not inhibited by
FK506. Combining stimulation with ionomycin/PMA and expression of Zta,
transcription is activated to an intermediate level. FK506 reduces the expression
to the level seen when Zta is activation alone. This suggests the interaction of Zta
with NFATC2 may account for the reduction in the impact of this stimulation.

210

In the study of Kenney’s group, EMSA assay that using a probe contains an NFAT
binding site and an AP-1 like ZIIIA motif (not the ARRE2 element), showed protein
NFAT/AP-1 complex binding to this probe compared to the Zp wild type. Cold
competitor DNA containing consensus binding sites for NFATs and AP-1 were
able to compete with NFATs and AP-1 binding to the Zp-V3. This suggested that
NFATs, which bind to the Zp-V3 NFAT binding site, recruited AP-1 to this region
and bind to the adjacent ZIIIA motif. Luciferase assay also showed that NFATc1
and c-Fos could synergistically activate Zp-V3 but not Zp wild type suggesting
that NFAT/AP-1 enhances the activation of Zp when the Zp-V3 is existed (Bristol
et al., 2018).
It is reported that during the early time of the lytic cycle, Zta transcripts level goes
to a peak level, then goes down after a few hours (Tierney et al., 2015). This
could because the continuous high level of Zta causes damage to the cells (Zuo
et al., 2011). Since Zta could interfere with NFATs to activate IL-2 promoter
through NFAT/AP-1 composite, it is possible that under the situation of Zp-V3,
Zta itself could interfere with the activation through NFAT/AP-1 together. This
suggests a possible feedback loop of Zta to regulate the Zp expression with
NFATs during EBV lytic reactivation (Figure 7.1).
During lytic infection, EBV infected cells express many antigens that can be
detected by the host immune system, so in the infected cells, EBV like other
herpesviruses, utilises different methods to evade the host immune responses,
this process is termed host gene shutoff. One example is the repression of
cellular gene mRNA levels during infection, which is through EBV early gene
BGLF5 promoted mRNA degradation (Rowe et al., 2007). NFATs regulate the
expression of many cellular cytokines, which are involved in the host immune
responses. Zta interaction with NFATs suggests a way for Zta to block host
immune responses through inhibition of NFATs regulated cytokine gene
expression. However, the data I have at the moment was not enough to show the
proof of Zta could influence NFATs regulated genes in vivo.
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Figure 7.1 A model of Zp regulation by BCR signalling pathway. With
activation of the BCR signalling pathway, NFATs and MEF2D will be activated
and translocated into nuclear by dephosphorylation, activated proteins will
regulate the Zp activation. a. Wild type Zp can be activated by AP-1 at ZIIIA and
MEF2D at ZIA and ZIB. b. Zp-V3 creates a NFAT binding site, NFATs with AP-1
binding to the NFAT binding site and ZIIIA site, increases the activation of Zp. c.
A possible situation that Zta binding to NFAT causes the interference of the
transcription on the Zp-V3.
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A few NFAT regulated cytokines and genes have been studied, such as IL-2, IL3, IL-4, IL-13, TNF-α, TGF-β, GM-CSF and FasL (Rao et al., 1997). Some of
these cytokines are not commonly expressed in B cells such as IL-4 (Kindler et
al., 1995). Further studies can be started from the genes that are expressed in B
cells, such as IL-2, IL-13 and FasL, which can be detected at mRNA level (IL-2,
IL-13) or protein level (IL-2, FasL) in different B cells (Kindler et al., 1995; Fior et
al., 1994; Hahne et al., 1996).
The previous study in our lab had determined the transcripts changes after Zta
expression and lytic reactivation in Akata cell line by RNA-seq study
(Ramasubramanyan et al., 2015a). Moreover, from ENCODE database, I
obtained a ChIP-seq data of NFATc1 in an EBV positive B cell background
(UCSC Accession: wgEncodeEH002307) and processed it by Genomic Regions
Enrichment of Annotations Tool (GREAT, version 3.0.0) to get NFATc1
associated genes with distal up to 20kb (McLean et al., 2010). I compared the
up-regulated or down-regulated genes from Zta RNA-seq results with NFATc1
associated genes (Figure 7.2), 165 out of total 1679 (9.8%) Zta up-regulated
genes and 91 out of total 584 (15.6%) down-regulated genes were matched to
NFATc1 10 kb list, 234 out of total 1679 (13.9%) Zta up-regulated genes and 113
out of total 584 (19.3%) down-regulated genes were matched to NFATc1 20 kb
list. This huge difference strongly suggested that Zta could down regulate those
genes through interacting with NFATs.
In future, the ChIP-qPCR study can be designed in the cells undergoing lytic cycle
in order to study whether both proteins can co-bind to the same gene region.
Luciferase reporter assays using promoter elements or mutants can be used to
study the transcription ability of both proteins to those genes.
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Figure 7.2 Intersection of NFAT binding sites and genes regulated following
Zta expression. The NFAT binding data in human B-cells were extracted from
Encode and transcriptome data from B-cells comparing differential expression
after induction of Zta. Identification of the closes within 10 or 20Kb of each NFAT
binding site was undertaken for the upregulated gene set and the down regulated
gene set. The association is shown as % of each set of genes and the results of
significant difference are shown following anova p-tests. ** p≤0.05; *** ≤ p0.01.
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The main problem in our lytic reactivation system is that it is impossible to achieve
a high proportion of lytic reactivated cells. The background from a huge proportion
of cells might cover the changes in the small proportion of lytic cells. Some
studies like pull-down studies for viral proteins, which can be isolated by antibody
and beads and achieve high specificity. However, if I want to isolate cellular
proteins and look for viral protein interactions, the background from non-lytic cells
causes sensitivity problems. A few lytic cell enrichment methods have been used
in previous works, in future, A cell system with a physical cell sorting method or
using a lytic protein marker like a glycoprotein following fluorescence-activated
cell sorting (FACS) can be used, in order to achieve a high percentage of lytic
cells (Ersing et al., 2017; Ramasubramanyan et al., 2015a). Then a ChIP-qPCR
study for NFATs and Zta can be performed in those cell systems.
In future, to further study the interaction between Zta and different interacting
cellular proteins, the protein expression constructs, as well as different mutants
can be designed and the domain-mapping studies undertaken in vitro and in vivo
to identify the binding regions between Zta and those proteins. Then we would
attempt to design different Zta mutants that do not bind to those proteins but still
able to activate EBV lytic replication and used in cells to study the functional
relevance of those interactions during EBV lytic cycle. For the cellular proteins,
how Zta would influence the cellular functions through those proteins could be
studied, such as cytokine profiling and immune response.
In this project, I successfully established pull-down conditions for EBV lytic
transcription factor Zta. Combined with quantitative proteomics methods, I
identified both EBV and cellular proteins that interact with Zta during EBV lytic
reactivation. I also identified Zta interacts with cellular protein Hsc70 and the
Hsp70 families contribute to lytic replication. In addition, I identified calciumsignalling pathway and NFATs involved in EBV lytic reactivation, Zta interacts
with NFATc2 and is able to attenuate NFATs transcription activation. Further, I
identified a feedback loop that limits Zta expression during lytic cycle trough
NFATs and Zta interaction, which might be important to reduce the cytotoxicity
caused by Zta during the EBV lytic cycle.
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