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Summary 

Human Cytomegalovirus (HCMV, HHV5) is a double stranded DNA beta-

herpesvirus, which infects 50–90% of general population. HCMV infection has severe 

side-effects and correlated mortality in organ-transplant recipients, immunodeficient 

humans and newborns (congenital infection (cCMV)). Herein, it is investigated the 

epigenetic modulation of HCMV latency. The pioneer seeds of this project were the 

findings of a paper published by Sourvinos et al.,2014(226), indicated that immediate-

early gene transcription and HCMV infection of human foreskin fibroblasts (HFFs) 

are dependent on histone H3K27 trimethylation, which is under the tight regulation of 

EZH2, JARID2, NDY1/KDM2B and JMJD3.  

This project demonstrated for the very first time the interplay between Akt, EZH2  

and GFI-1 in the context of HCMV infection. These scientific data represent that 

constitutively active Akt1 inhibits the infection of HCMV- infected HFFs, as opposed 

to active Akt3 which increases HCMV titer, favouring in this way the HCMV 

infection. Moreover, it is suggested the possible mechanism through which the 

constitutively active Akt1 blocks HCMV infection. This is owing to the inactivation 

of EZH2, via phosphorylation at Ser21 residue. It has already been indicated that Akt 

phosphorylates EZH2 at Ser21 and suppresses its methyltransferase activity by 

impeding EZH2 binding to histone H3, which results in a decrease of lysine 27 

trimethylation and derepression of silenced genes.(225) 

 

Moreover, Western Immunoblotting reveals that the mock cells own active Akt1 

levels. In parallel, it is validated the phosphorylation of Akt3 in HCMV-infected 

HFFs expressing Akt3, Akt3 + myc EZH2 and Akt3 + myc EZH2 + shEZH2 3’UTR. 

Supporting the evidence of (226), we experimentally demonstrated that the mock cells 

possess elevated levels of the transcriptional repressor GFI-1. In contrast, GFI-1 is 

downregulated in HCMV-infected HFFs, irrespective of their EZH2 silencing status. 

Taken all the above into consideration, GFI-1 could be easily considered as a 

promising biomarker for HCMV infection. Targeting this molecule, especially 

upregulating GFI-1 expression might have therapeutic applications in HCMV 

infection in the forthcoming years. 
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Περίληψη 

 
Ο ανθρώπινος κυτταρομεγαλοϊός (HCMV, HHV5), είναι ένας διπλής έλικας DNA β-

ερπητοϊός, που μολύνει 50–90% του γενικού πληθυσμού. Η HCMV μόλυνση έχει 

σοβαρές επιπτώσεις και θνησιμότητα σε δέκτες μοσχεύματος οργάνων, 

ανοσοκατεσταλμένα άτομα και νεογνά (εκ γενετής CMV, cCMV). Εδώ, διερευνάται, 

η επιγενετική ρύθμιση της λανθάνουσας φάσης του HCMV. Έναυσμα της παρούσας 

εργασίας ήταν τα ευρήματα ενός paper που δημοσιεύθηκε από  Sourvinos et 

al.,2014(226), που απέδειξε ότι η μεταγραφή των immediate early γονιδίων και η 

HCMV μόλυνση των ανθρώπινων ακροπόσθιων ινοβλαστών (HFFs) εξαρτώνται από 

την τριμεθυλίωση ιστόνης H3K27, η οποία ρυθμίζεται από τα ακόλουθα μόρια 

EZH2, JARID2, NDY1/KDM2B and JMJD3.  

Αυτή η εργασία απέδειξε για πρώτη φορά την αλληλεπίδραση μεταξύ Akt, EZH2 και 

GFI-1 στα πλαίσια της HCMV μόλυνσης. Αυτά τα επιστημονικά δεδομένα 

αποδεικνύουν ότι η συνεχώς ενεργή μορφή Akt1 αναστέλλει την μόλυνση των 

HCMV-μολυσμένων HFFs, σε αντίθεση με την ενεργή μορφή Akt3που αυξάνει τον 

HCMV τίτλο, ευνοώντας με αυτό τον τρόπο την HCMV μόλυνση. Επιπλέον,  

προτείνεται ο πιθανός μηχανισμός μέσω του οποίου η συνεχώς ενεργή μορφή Akt1 

αναστέλλει την HCMV μόλυνση. Αυτό οφείλεται στην απενεργοποίηση του EZH2, 

μέσω φωσφορυλίωσης στο κατάλοιπο Ser21.  Είχε ήδη αποδειχθεί ότι η Akt 

φωσφορυλιώνει την EZH2 στη Ser21 και καταστέλλει την ενεργότητα της 

μέθυλομεταφοράσης της, μέσω παρεμπόδισης της πρόσδεσης του EZH2 στην ιστόνη 

H3, που οδηγεί σε μείωση της τριμεθυλίωσης της λυσίνης 27 και αποκαταστολή των 

σιγημένων γονιδίων. (225) 

Επιπλέον, τα αποτελέσματα από το Western Immunoblotting αποκαλύπτουν ότι τα mock 

κύτταρα έχουν ενεργή μορφή Akt1. Παράλληλα, επβεβαιώνεται η φωσφορυλίωση του Akt3 

στους  HCMV-μολυσμένους HFFs που  εκφράζουν Akt3, Akt3 + myc EZH2 και Akt3 

+ myc EZH2 + shEZH2 3’UTR. Τα αποτελέσματα της παρούσας εργασίας 

συνηγορούν με τα αποτελέσματα (226) και αποδεικνύουν ακόμα ότι τα mock 

κύτταρα έχουν αυξημένα επίπεδα του μεταγραφικού καταστολέα GFI-1. Ενώ, το 

GFI-1 ρυθμίζεται αρνητικά στους  HCMV-μολυσμένους HFFs, άσχετα από τα 

επίπεδα σίγησης του EZH2. Λαμβάνοντας υποψιν  τα ανωτέρω, το GFI-1 θα 

μπορούσε εύκολα να θεωρηθεί ένας πολλά υποσχόμενος βιοδείχτης για HCMV 

μόλυνση. Στοχεύοντας αυτό το μόριο, ειδικότερα η θετική ρύθμιση του GFI-1 θα 

μπορούσε να έχει θεραπευτικές εφαρμογές στην μόλυνση από HCMV τα επόμενα 

χρόνια. 
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Introduction 

Human cytomegalovirus (HCMV) infects most human beings globally, mainly 

without generating visible symptoms. HCMV discovered for the very first time in 

1910, when the doctors observed the typical owl’s eye inclusions (Figure 1) in 

newborns (1910) and over again in 1964 in individuals subjected to novel organ 

transplantation (1) 

 

 
Figure 1.  Owl’s eye inclusion. A single epithelial cell bearing an intranuclear inclusion is shown in the 

choroid plexus. Reprinted from [92].  Reprinted from Griffiths,‘Cytomegalovirus’ in Infections of the 

Central Nervous System, Scheld WM, Whitley RJ, Marra CM (eds). Copyright 2014 Wolters Kluwer 

Health. 

 

More up to date diagnostic approaches indicate that HCMV is considered an usual 

opportunistic infection in embryos, in allograft recipients, in bone marrow transplant 

individuals and in AIDS patients (Table 1). Apart from generating obvious end-organ 

ailment (straightforward symptoms), it is linked statistically with incidental post-

transplantation responses, like graft rejection and cardiovascular disease (CVD) (2).  

Most lately, the lifelong effects of HCMV are owing to an excellent cell-mediated and 

humoral immune response and it has been correlated with increasing levels of 

morbidity in humans (3), so this virus is not regarded as harmless as it initially might 

be emerged 

. 
Table 1. List of diseases associated with HCMV 

Congenital infection Commonest virus 

Transplant patients Commonest opportunist 

AIDS patients Significant contributor to mortality 

Intensive care Associated with increased hospitalization, 

pneumonia 

Elderly Contributes to immunosenescence 

General population Increased mortality 

 

 

1.1 Epidemiology of HCMV 
Antibodies of IgG class, demonstrating the pre-infection stage, are detected in almost 

60% of adults in developed world and 100% in developing regions. Infection could be 

acquired at various stages of development, as a fetus, a neonate, a toddler, a child or 

even an adult. Generally, individuals derived from poor socio-economic background 

infect with HCMV earlier than other groups. This implies that significant percentage 

of humans persist uninfected until they gain primary infection at a time period of vital 

medical interest. Reactivation of latent phase of virus and/or reinfection with a novel 

HCMV strain may also take place, as mentioned below. 
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About 2% of seronegative pregnant women have seroconverted to seropositive ones 

by the time of baby birth. The dominant origin of HCMV for these females is young 

children, mainly toddlers, whose saliva and urine possess elevated levels of HCMV 

(4,5). Among primary infected pregnant women, 32% propagate virus through 

placenta to bring out intrauterine infection (6). Unfortunately, this is not detected 

previous delivery, owing to a typical asymptomatic mother’s phenotype, although 

retrospective examination can reveal symptoms of fever and discomfort (7). If 

symptoms are examined throughout pregnancy, primary infection can be recorded 

either by seroconversion or by the existence of IgM, accompanied by low-voracity 

IgG antibodies. Mothers undergo amniocentesis for diagnosic purposes of intrauterine 

infection and testing of amniotic fluid for HCMV DNA through PCR. This test is 

considered trustworthy in case that it is implemented after 21 weeks of pregnancy and 

at least 6 weeks post to the speculated time of uterine infection (8). This depicts that 

time frame is demanded for HCMV to cross from the uterine regions of infection to 

arrive to placenta and for prenatal kidney function to become successfully established 

for viruria to be measurable by testing amniotic fluid. The risk of serious disease 

provoked by intrauterine infection is approximately 20%, so a great deal of mothers 

chooses to go on with gestation unless structural impairs to neonatal are detected by 

ultrasonography (9,10).  

 

The embryo can additionally be suffered from reactivation of latent maternal infection 

or by uterine reinfection with a novel HCMV strain (11,12).These mothers are 

asymptomatic and there are no diagnostic tests available to monitor these infections. 

Almost 1% of females who are seropositive before pregnancy deliver babies with 

congenital HCMV (cCMV) infection. Nevertheless, the prosperity of seropositive 

women in the group before baby birth indicates that, still in developed world, more 

congenitally suffered babies are delivered to ‘immune’ females than to those 

undergoing primary HCMV infection throughout gestation (13). 

 

Throughout solid organ transplantation, seropositive donors often (about 78%) spread  

HCMV to seronegative recipients (14). Nearly 40% of seropositive recipients 

reactivate latent HCMV when administered immunosuppressive drugs and those with 

seropositive donors can also be reinfected with novel strains of HCMV (14,15). These 

infections can be identified and cured by monitoring recipients from the onset of 

transplantation by PCR for CMV DNA in whole blood or plasma and administering 

Ganciclovir (or its prodrug Valganciclovir) to those with a viral load above a 

determined level (3000 genomes/ml, equivalent to 2520 IU/ml whole blood).  

 

Such treatment is very fruitful at preventing HCMV end-organ ailment, including 

gastrointestinal ulceration, hepatitis, pneumonitis or retinitis, which are provoked by 

viraemic propagation of virus. Equally successful technique is antiviral prophylaxis 

(16) where Valganciclovir is administered for a determined time frame (100 or 200 

days) after transplantation. However some individuals emerge late-onset illness since 

prophylaxis is finished. It happens especially in donor-positive, recipient-negative 

individuals, where HCMV is propagated from a seropositive donor without immunity 

in the recipient. It is assumed that the refusal of antigen presentation to the immune 

system, promoted by the antiviral medicine, under immunosuppression is demanded 

to block graft rejection, damages the generation of high-affinity B and T lymphocytes 

potent to monitor HCMV replication in long term. Late-onset illness is seldom 

observed post preventive treatment, possibly due to excellent antigen presentation to 

the immune system (17).  Moreover, some transplant individuals, for example those 

who are donor-positive recipient-negative, emerge second or third episodes of 
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viraemia, in cases where the first one has been dealt preventively. These are treated by 

extra cycles of pre-emptive therapy, resulting to full suppression of measurable 

viraemia. 

 

After bone marrow transplantation, preventive treatment is implemented often due to 

the elevated haematological toxicity of Ganciclovir in these individuals. The 

epidemiology of HCMV is adverse to that discovered post solid organ transplant; 

almost all incidents of viraemia happen to seropositive recipients, with very few ones 

of HCMV propagation originated from the donor (18). Moreover, it is demonstrated 

that seropositive donors adoptively transfer some immunity to seropositive recipients 

(19). 

 

In AIDS individuals, HCMV was a commonplace opportunistic infection in those 

whose CD4 counts dropped below 100. In 85% of incidents, the end-organ ailment 

was retinitis, while this constitutes less than1% of the end-organ illness observed post 

solid organ transplant. Approximately all HIV-positive humans are seropositive for 

HCMV before end-organ disease, so the retinitis ought to be caused by reactivation or 

reinfection. The gold standard prophylaxis for HCMV retinitis is antiretroviral 

approach to keep the CD4 count above 100, denoting that persistent immune 

surveillance is demanded to monitor obvious HCMV. HCMV retinitis still happens to 

AIDS patients who have not received antiretroviral medication, either from choice, 

from deprivation of consciousness about HIV infection or because they can’t afford 

financially these drugs. Prior to the presence of antiretroviral treatment, the existence 

of HCMV viraemia was correlated with extreme morbidity as an indication of 

unintended impact of HCMV (20). Despite HCMV retinitis has vanished in patients 

delivered with gold-standard antiretroviral medication, this indirect influence on 

fatality still exists (21). 

 

1.2 HCMV-General Characteristics 
 

Human Cytomegalovirus (HCMV), also named as Human HerpesVirus 5(HHV5), is a 

double stranded DNA beta-herpesvirus, a member of Herpesviridae family, subfamily 

Betaherpesvirinae. Other members of this subfamily are the human herpes viruses 6 

and 7 (HHV-6 and HHV-7). It is a ubiquitous prototypical herpesvirus which infects 

50–90% of general population. The frequency of infection is determined by a great 

deal of agents like age of population, socioeconomic status and geographical regions 

(22,23).  A noteworthy feature of HCMV is its ability to infect a broad range of cells 

within its host, namely fibroblasts, hematopoietic, endothelial, epithelial, smooth 

muscle and neuronal cells (24). As regards the healthy humans HCMV - infected, the 

majority of them has few if any implications. In case of symptoms, these individuals 

appear implications of mononucleosis, like fatigue, fever and muscle aches (23). 

However, HCMV infection in organ-transplant recipients, immunodeficient humans 

and newborns (congenital infection (cCMV)) has severe side-effects and correlated 

mortality (25,26). 

 

HCMV is an enveloped DNA virus, and its viral genome is located within a capsid 

and surrounded by a protein layer named tegument. This structure includes proteins 

that are transferred to cells upon infection and can function prior to the beginning of 

viral gene transcription. The interplay of HCMV with its host initiate upon physical 

contact of virus with the cell membrane. In turn, this stimulates an increasing group of 

pattern recognition receptors that promote intracellular signaling cascades, expression 
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and release of various immunologically active cytokines and chemokines. Following 

this attachment, the virus penetrates into the cell and the capsid (containing viral 

DNA) is then translocated to nucleus. In nucleus, antiviral host responses block the 

initiation of viral gene expression, which starts fast utilising cellular factors like 

nuclear domain 10- associated proteins (reviewed in (27)) . HCMV can hijack this 

inhibition, and intranuclear transcription of viral genes begins (with aid from host 

transcription factors). Later, in the stage of infection, viral DNA is replicated and 

newly generated capsid proteins move to nucleus and packed with newly synthesized 

viral DNA. After envelopment at a juxtanuclear area, defined as viral assembly 

compartment, the enveloped virion can fuse with plasma membrane and new virion is 

emitted from the host cell. 

 

HCMV possesses a large genome (~240 kb) (nearly half the size of the simplest free-

living bacterium), rendering it the largest known human virus, which owns 165–252 

open reading frames (ORFs) (28-30). Nevertheless, current research making use of 

ribosomal profiling and mass spectrometry analysis determined the existence of a 

great deal of undetermined ORFs and alternative splice sites (31). These ORFs are 

expressed in a special fashion resulting to two specialised infection patterns, namely, 

lytic and latent infection. Moreover, HCMV encodes for 14 microRNAs (miRNAs) 

and a great deal of long noncoding RNAs (lncRNAs). Its large genome size and its 

probable intricacy facilitate the virus to acquire, ameliorate, and utilise multifaceted 

strategies to implement various cellular machineries and signaling pathways that are 

essential to its efficiency and enable it to infect many cell types and to take place both 

productive and latent infections. The case of aberrant function of these cellular 

pathways seems to be a well-developed and strictly balanced viral technique to yield 

the expected implications in each infected cell type. Currently, it was demonstrated 

that also in cancer cells many pathways, which are regulated throughout HCMV 

infection, are deregulated, indicating the increasing level of HCMV sophistication 

(32). This finding is especially noteworthy in the context of the established link 

between HCMV and glioblastomas (33). However, there are many questions to be 

answered about the case of direct implication of HCMV in oncogenesis, at this stage. 

 

The HCMV genome is comprised of unique short (US) and unique long (UL) 

segments both of which are surrounded by inverted repeats (23). Viral gene 

expression, throughout  HCMV infection, takes place in  a impermanently modulated 

way and is featured by three sequential and interdependent transcriptional waves. The 

first one regards the robust transcription of Immediate-Early (IE) genes IE1-72 KDa 

and IE2-86 KDa, which oppose and inactivate the host defenses and simultaneously 

upregulate the expression of early viral genes. The early genes (E), expressed in the 

second wave of transcription, promote viral DNA replication, a condition potent for 

the upregulation of late (L) genes. The latter encode viral structural proteins and are 

demanded for virion assembly and virion emit from infected cells. Viral progeny has 

been detected in biological fluids like urine, saliva and breast milk in the course of 

primary infection accompanied by reactivation recommends that various tissues serve 

as active sites of viral infection (34-36). HCMV utilizes cellular transcriptional 

stimulators and blocks cellular transcriptional repressors targeting the major 

immediate-early promoter (MIEP), in order to allow the initiation of transcription of 

immediate-early (IE) genes, (37). 

 

Latency is considered a viral strategy of sustaining a persistent infection (38-40). 

Upon primary infection, HCMV establishes lifelong latency in bone-marrow-derived 

mononuclear cells (1 in 104–105 infected cells) featured by the persistence of viral 
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genome in absence of virion generation (41). Moreover, 2–13 copies of HCMV have 

been monitored per latently infected cells (41). It is worth mentioned that HCMV is in 

circular form in latently infected cells (Figure 2) (42). Until now, there are no reports 

supporting the integration of HCMV genome into host chromatin. Despite HCMV 

enormous cell tropism, the cells of myeloid origin, especially CD14+ peripheral blood 

mononuclear cells (PBMCs) and CD34+ hematopoietic progenitor cells (HPCs) have 

been identified as regions of HCMV latency (43-46). The reactivation of latent 

HCMV in immunosuppressed or immunodeficient individuals is the leading cause of 

mortality correlated with HCMV infection. The molecular mechanisms implicated in 

reactivation of HCMV latency have not already been delineated.  

 

Nowadays, despite the genetic predisposition, intensive research is performed in terms 

of the epigenetic modulation of HCMV latency. Epigenetics concerns the heritable 

alterations regulating the gene transcription, remaining intact the DNA sequence (47). 

Epigenetic mechanisms are widely involved in cell development, differentiation and 

maintenance of genomic stability in eukaryotes (48). In cases of deregulation of the 

cellular epigenetic machinery, this commonly drives to pathological state, like cancer 

(49). The enzymes implicated in DNA methylation, histone alteration 

(acetylation/deacetylation, methylation/demethylation, sumoylation), chromatin 

remodeling and noncoding RNAs especially microRNA (miRNA) are characterized 

as vital leading molecules (38,50-53). 

 
Figure 2. Summary of mechanisms implicated in modulating human cytomegalovirus 

(HCMV) latency. Once entering into the susceptible cell, HCMV is transferred to the nuclear 

pore where it delivers the viral genomic DNA into the nucleus. In nucleus, HCMV DNA 

circularized and along with cellular histone resulting to the generation of ‘minichromosomes’ 

. In latent phase, suppression of HCMV replication and transcription is performed by many 

epigenetic chromatin modifying molecules, namely HMTs and HDACs, PRC2 and 

microRNAs . Finally, many latency-correlated transcripts have been illustrated. 

HCMV: Human cytomegalovirus; HDAC: Histone deacetylase; HMT: Histone 

methyltransferase; PRC2: Polycomb repressive complex 2.  

 

 

 



[12] 
 

 

1.3 Epigenetic mechanisms involved in HCMV latency 

Establishment of HCMV latency 

 
Upon entrance into the susceptible cell type, HCMV capsid with viral genome is 

transferred to the nuclear pore where it carries viral genomic DNA into the nucleus 

(54). (Figure 2) In nucleus, HCMV DNA is fast circularized and comes in touch with 

cell-encoded histone driving to the generation of chromatin scaffold (reviewed in 

(55,56). (Figure 2) In productive lytic infection de novo expression of IE proteins 

(IE1, IE2) has been performed from major IE enhancer/ promoter (MIEP) (57). 

Expression of IE proteins is executed by early and late proteins and is responsible 

whether the virus will subject to lytic or latent infection. Many reviews demonstrate 

that in latent phase the suppression of MIEP is characterized by many epigenetic 

chromatin modifying molecules, namely  methyltransferases and histone deacetylases 

(Figure 3) (58-62). HCMV latent infection takes place in a few cells in vivo. 

However, it is hard to comprehend the latency in natural infection setting. 

Consequently, we ought to base on attaining knowledge for achieving HCMV latency 

that has been originated from the experimental models. These experimental models 

represent the most approximate species of natural latent infection; for example, ex 

vivo infected culture of CD14+ monocytes and CD34+ HPCs and less authentic 

differentiated or undifferentiated THP-1 cells.  

 

Post-translational histone modifications take place in other members of Herpesviridae. 

It is apparent that viruses exploit the histone modifying machinery likewise as used by 

their host for homeostasis and tissue specific expression. These latency-correlated 

transcript areas have H3K4me2 and H3K9, K14 acetylation (63). Likewise, a great 

variety of chromatin modification marks has been demonstrated in histone-linked 

latent genome of Kaposi’s sarcoma-associated herpesvirus virus (KSHV) and 

Epstein–Barr virus (EBV) (64). EBV and KSHV own methylated form of their 

promoter to promote latency (64), which is not well known in HCMV. 

 

 Methylation of histone tails in the promoter region, or into a gene, plays a pivotal role 

in modulation of gene expression. Histones subject to lysine mono-, di-, or tri 

methylation at various sites and the functional implications of histone methylation are 

site-based. Thus, tri-methylation of promoter-correlated histone H3 at K4 is a feature 

of active (open) chromatin, whereas dimethylation and tri-methylation of histone H3 

at K9, or trimethylation at K27 are traits of inactive (closed) chromatin. Furthermore, 

mono-, di- and tri-methylation at other sites, such as K36 into a gene, maybe 

influence the transcriptional elongation and/or RNA splicing (reviewed in (65)). 

Methylation of core histones at multiple sites is performed by a host of site-based 

methyltransferases. For instance, tri-methylation of histone H3 at K27 is taken place 

by EZH2, a constituent of the polycomb repressor complex 2 (PRC2) (66,67), whose 

function is controlled by many co-factors, namely the jumonji domain-containing 

proteins JARID2 (68) and NDY1/KDM2B (69). 

 

Histone methylation is reversible, with demethylation being performed by a host of 

site-specialised histone demethylases. The pioneer histone demethylase to be 

determined (LSD1) throws away H3K4me1 and H3K4me2 methyl groups, via an 

oxidative chemical reaction that utilizes FAD as a co-factor and yields an inconstant 

imine intermediate (70). The large family of jumonji domain-including histone 

demethylases deducts lysine methyl groups from a great deal of mono-, di- or tri-



[13] 
 

methylated sites, during  an oxidative reaction that uses Iron (FeII) and a ketoglutarate 

as co-factors and gives rise to a temporary hydroxymethyl intermediate. 

Demethylation of histone H3K27me3 is executed enzymatically by the jumonji 

domain demethylases, UTX/KDM6A, its homolog UTY, and JMJD3/ KDM6B 

(Reviewed in (71)). 

 

Polycomb repressive complex 2 (PRC2) is a methyltransferase which stimulates 

tissue-specific differentiation (72,73) and enhances pluripotency in embryonic stem 

cells . (74) PRC2 is an indispensable cellular constituent, playing pivotal role in cell 

development and homeostasis. PRC2 functions in catalytic reaction of histone H3 

trimethylation on lysine 27 residues of heterochromatin (74). PRC2 is composed of 

SET domain including EZH2 which has catalytic methyltransferase activity (HMT) 

accompanied by zinc finger protein SUZ12 and WD40 repeat (75-77). For example, 

current research from Kulesza laboratory indicates the effect of PRC2 in promoting 

latency by repressing the HCMV lytic genes’ expression in HCMV model cell lines 

for latency (THP 1 and NT2D1). (Figure 3) They scientifically revealed that the 

blockage of PRC2 ended to an upregulation in the expression of HCMV viral 

transcripts and downregulation in H3K27me3 levels (Figure 3). Similar results have 

been formerly demonstrated from Kulesza laboratory in murine cytomegalovirus 

(MCMV) (75). 

 
Figure 3. Shift of lytic to latent infection by chromatin remodeling of major immediate 

early enhancer/promoter.  

Major immediate early enhancer/promoter (MIEP) owns binding sites for many 

transcriptional modulators containing ERF, CRE, YY1 and NF- κB. In lytic phase, histones 

connected to MIEP are in euchromatin form of configuration featured by an elevation in 

H3K4 methylation and H3K9/14 acetylation. On the other hand, in latent phase histones are 

methylated at K9 (H3K9me) and K27 (H3K27me3) resulting to the generation of 

transcriptional repressive structure. These signaling events are characterised by many 

molecules like HMTs, HDACs and PRC2. The function of  YY1 and ERF have been 

demonstrated in giving rise to latency. Additionally, a great deal of novel mechanisms has 

been currently demonstrated that controls the transition of latent into lytic infection. 

CRE: Cyclic AMP response elements; ERF: Ets-2 repressor factor; PRC2: Polycomb 

repressive complex 2; YY1: Yin Yang 1. 

 

Disturbance of this epigenetic balance is significantly linked to carcinogenesis (78). 

For example, overexpression of EZH2, a main member of Polycomb repressive 

complexes (PRCs) that has inner histone methyltransferase (HMTase) activity (79,80) 

has been involved in cancer progression and metastases in various cancer types (81-

83). 
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1.4 HCMV latency signature 
Despite not all potent latent sites in vivo are well identified, monocytes seem to be 

dominant cells where HCMV establishes latency in vivo (45). HCMV has been 

recovered from monocytes extracted from healthy donors upon reactivation 

(42,84,85). Apart from monocytes, latent HCMV has been observed in granulocyte-

macrophage progenitor cells (86) and myeloid progenitor cells (44,87). The 

differentiation of CD14+ or CD34+ cells into macrophages or dendritic cells can 

undergo transition from latent infection into lytic phase (44,88-91).  CD14+ or 

CD34+ cells have been widespread utilised as a model for HCMV latency 

establishment and reactivation (38,92-94). HCMV has been demonstrated to 

effectively replicate (with hallmark of latency infection) in CD34+/CD38- (primitive 

hematopoietic cell) (95). On the other hand, in mature CD34+/c-kit+ cells HCMV 

infection results to expression of restricted groups of proteins (95). The cellular 

environment is of utmost significance in modulating latency (95).  

 

Most of the knowledge concerning HCMV biology has been relied upon the 

laboratory strains. These laboratory strains have been largely passaged in fibroblasts. 

It was demonstrated that extensive passaging of HCMV in fibroblasts drives to the 

removal of 13–15 kb of genome which is otherwise existing in the low passage or 

clinical strains. This removed region named ‘ULb’ region is of significant importance 

in immune invasion and promotes the establishment of latency (89). UL138 is one of 

the ORF into the ‘ULb’ region (89). Goodrum et al. suggest the demand for UL138 

ORF for latent infection in CD34+ cells (89). Moreover, currently the function of 

pUL138 protein in promoting latency in HPCs has been revealed (96).  Petrucelli and 

colleagues detected only partial loss of latency-linked features in HPCs infected with 

recombinant HCMV (HCMV UL138Stop and UL138-null). Their scientific findings 

illustrate the need of other UL138 transcripts in upregulating latency in HPCs. 

Moreover, pUL138 is located in Golgi bodies of the infected cells and upregulates the 

expression of gene from MIEP locus (96). pUL138 is of highly importance in 

establishing latency in a cell-type specific manner. For example, in endothelial cells 

UL133-UL138 locus is highly demanded for successful replication of the virus, while 

in fibroblasts this locus is disposable (97). 

 

HCMV encodes a great deal of immune evasion molecules during viral life cycle. 

These immune evasion mechanistic pathways target both innate and adaptive 

immunity, containing a coordinated attempt to block antigen presentation to T cells 

(reviewed in (23,98-100). The US2-11 region of HCMV functions at multiple stages 

to inhibit loading of viral peptides onto MHC molecules, along with the 

downregulation of cell-surface levels of MHC molecules (101-104). These actions are 

enhanced by virally expressed cytokines and chemokines, which either function as 

mimics of cellular immunosuppressants (ie viral IL-10) or as chemokine sinks to 

impede normal immune actions (eg US28 and RANTES binding) (reviewed in (105)). 

Moreover, the impact on antigen presentation is enhanced by also influencing on the 

expression of co-stimulatory molecules vital for T cell activation, accompanied by 

major cellular receptors demanded for the migration of antigen-presenting cells (106-

108). Finally, the adaptive response is targeted by a great deal of viral actions (Figure 

4). However, the downregulation of class I MHC molecules is a key problematic state 

by placing infected cells to the role of NK cells (due to the ‘missing self’ hypothesis). 

Finally, HCMV encodes many genes that also downregulate NK-stimulatory ligands 

from the surface of infected cell, whereas simultaneously promoting prohibitory 

ligands, like the expression of a viral form of HLA-E (UL40) (109). 
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Figure 4. Mechanistic basis utilized by HCMV to interplay with cell-mediated immunity. 

Synthesis of a protein on a ribosome (RIB) is depicted, accompanied by digestion in the 

proteasome (PRO), transfer of peptides into the endoplasmic reticulum (ER) by the 

transporter linked with antigenic peptides (TAP) and expose, along with class I HLA 

molecules, at the plasma membrane. HCMV proteins pp65, UL97, US3, US6, US2 and US11 

decline the exposal of mature class I complexes. HCMV proteins UL18 and UL40 exhibit 

decoy signals to block immune attack. HCMV proteins UL16, UL141, UL142 plus micro-

RNA UL112-1 inhibit the presence of stress ligands, which would trigger immune attack. 

Reprinted from  Griffiths, ‘Cytomegalovirus’, in Principles and Practice of Clinical Virology, 

Sixth Edition, Copyright © 2009 John Wiley & Sons, Ltd. Published by John Wiley & Sons 

Ltd with permission. 

 

1.5 Pathogenesis of HCMV 
The major principles of HCMV pathogenesis that connect the various disease 

correlations are viraemia, the threshold link between viral load and disease and 

immune pressure enabling HCMV to insist in sanctuary regions. 

 

The threshold association (Figure 5) was initially determined in 1975 and consists the 

pioneer citation connecting the viral load of any virus to clinical setting in individuals 

(110). Endpoint titration of sequential urine specimens exhibited that asymptomatic 

patients with congenital HCMV characterized , on average, one log more increasing 

amount of viruria compared to those with perinatal infection (clinically benign). 

Moreover, the average level of viruria was an extra 1 log more elevating in newborns 

with symptomatic cCMV infection. Following 3–6 months, the levels of viruria in two 

cohorts of congenitally infected incidents became identical and, with the lapse of a 

year, included the cases of perinatal HCMV in bearing low-level insistent infection 

(Figure 5). 
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Figure 5. The pioneer report connecting HCMV viral load with clinical setting. Reprinted 

from (110).Sergio Stagno, David W. Reynolds, Alex Tsiantos, David A. Fuccillo, Walter 

Long, Charles A. Alford, ‘Comparative Serial Virologic and Serologic Studies of 

Symptomatic and Subclinical Congenitally and Natally Acquired Cytomegalovirus 

Infections’, Journal of Infectious Diseases, 1975, Vol. 132, Iss.5, pages 568–577, by 

permission of Oxford University Press. 

 

Then, the consequences for HCMV pathogenesis are illustrated on Table 2. It is 

worth mentioned, that all of these implications have proved to be veritable and offer 

the scientific rationale for treatment (111). 

 

Table 2.  Implications for viral pathogenesis 

 

 HCMV is a systemic infection 

 Sampling urine provides information about clinically inaccessible sites, eg 

inner ear 

 HCMV is a chronic infection in neonates, so there may be a HCMV-specific 

immune defect 

 HCMV may cause disease once a threshold value of viral load is exceeded 

 Treatment may be beneficial if viral load is kept below this threshold value 

 Postnatal treatment may be beneficial, even if short-term 

 

 

 This threshold link has been observed in groups of renal transplant individuals and in 

incidents of cCMV with sensorineural hearing impair of diverse sensitivities, as 

illustrated in Figure 6, which moreover, depicts the long-standing ’bath’ model of 

viral pathogenesis, where an elevating viral load stimulates consecutive actions, 

which rise on the risk of end-organ ailment. It is of utmost significance that in 

multivariable models, the majority of immunosuppressive medication brings out 

HCMV end-organ illness by elevating the viral load, whereas steroids are responsible 

for pathological setting by decreasing the demanded viral load threshold. (112-115). 

The middle panel of Figure 6 exemplifies the reason for the success of pre-emptive 

medication. This is owing to the fact that the patients are encouraged to trigger their 

immune system with a small dose of antigen, after that antiviral therapy is extended to 

cease the viral load, up to levels needed to bring about end-organ illness. The robust 

link between end-organ disease and increasing viral load, accompanied by the 

prevention of end-organ disease by administering antiviral medication, which retards 

the viral replication, is constant with direct lysis of target cells in terms of a 

pathogenetic mechanism.  
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Figure 6. A multicomponent model of HCMV pathogenesis: (A) a bath model of viral 

dynamics; (B) the non-linear link between high viruria and HCMV end-organ disease after 

renal transplantation; (C) a likewise shaped curve associating viral load in dried blood spots 

taken at birth to the severity of sensorineural hearing impair detected consequently in kids 

with congenital HCMV infection. Reprinted from The Lancet Infectious Diseases, Vol. 10, 

Paul D Griffiths, ‘Burden of disease associated with human cytomegalovirus and prospects 

for elimination by universal immunisation’, Pages 790–798, Copyright 2012, with permission 

from Elsevier. 

 

Reports of the replication rate of HCMV displayed that its dynamics is rapid, with a 

duplication time of viraemia of about 1 day (116). In other words, the doubling factors 

of primary HCMV infection in individuals are very like to those of primary HIV 

infection (116). The notoriety of HCMV as a moderately developing virus is invalid 

and is probably originated from the gradual evolution of cytopathic consequences in 

fibroblast cell cultures. It is well understood that strains of HCMV that duplicate in 

these cells have extended genetic alterations from the wild-type and are less 

pathogenic to humans than wild-type viruses (117). Epithelial and endothelial cells 

are more characteristic of HCMV infection in individuals. Thus, there is no place for 

sayings like the following ‘studying the wrong virus in the wrong cell line utilising 

the wrong end point’.  

 

The immune system employs more molecules to regulating HCMV in contrast to 

other viruses, owing to the fact that healthy seropositive humans usually have >1% of 

their peripheral blood T cells specific for one antigen of HCMV. Thus, in warfare 

terms, HCMV is considered to be in a ’stand-off’ connection with the immune 

system, ready to duplicate fast  if the established immune response is under threat. 

This may occur in patients administered immunosuppressive medication to impede 
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graft rejection, in HIV infected patients, or in humans with immature immune system 

(the fetus and bone marrow transplant individuals with recent engrafting marrow). 

Supposedly, it can also take place if the immune system is ’attacked’ by a rapid shock 

efficient to accelerate the patient’s access to the intensive care system. The assumed 

pathogenesis is HCMV duplication triggering the release of cytokines, which are 

afterwards noxious to the lungs. A recent controlled clinical trial is randomizing 

seropositive patients subject to intensive care administered with ganciclovir or 

placebo, to identify whether this supposed action can be under control. 

 

In elderly patients, the agglomeration of years of lasting immune surveillance for 

HCMV in sanctuary regions may be extremely fatal in two major manners. Firstly, the 

declined amount of naive T cells might render seropositive humans less potent to 

reply to vaccines for influenza or pneumococcal infection, and this is disputable, 

based on findings from small studies (118). Second, the growing plethora of 

stimulated T cells might interfere with inflammatory attacks on bystander cells, for 

example those generating the endothelium, to increment the risk of cardiovascular 

disease (CVD).  

 

Taken into consideration the main actions of HCMV on cell-mediated immunity, 

natural killer cells and cytokines, one might suppose that HCMV could influence 

overall lethality. The pioneer test of this assumption was published in 2011, and 

indicates a striking influence of HCMV even after well-known risk agents, like 

smoking and diabetes, were controlled for among the standardized group in USA (3). 

The findings were validated in a second population from UK (119). The outcomes 

that the unintented actions of HCMV are performing in  cohorts to generate an 

additional risk of death should encourage the development of vaccines and their 

implement to disturb HCMV spread at the general society level (120). 

 

 

2.1 AKT 
 

Akt or PKB (Protein Kinase B) is a 56-kDa member of the AGC serine/threonine 

protein kinase family, identified in 1991 (121,122).  In mammals, there are three 

genes, localised on different chromosomes, encoding for Akt1/α, Akt2/β, and Akt3/γ. 

Despite Akt1 and Akt2 are ubiquitously expressed (123), Akt3 is detected mainly in 

brain, kidney, and heart (124). Akt isoforms own increasing percentage of sequence 

homology in their catalytic domains, but differential in other domains of the protein, 

i.e. the C-terminus regulatory domain and the N-terminus pleckstrin homology (PH) 

domain (123) (Figure 7). The kinase catalytic domain, localised in the central domain 

of the protein, exhibits elevated level of similarity to those detected in protein kinase 

A (PKA) and protein kinase C (PKC), thus another term attributed to Akt, is protein 

kinase B (PKB) (125).  

 

All three Akt isoforms recruit to the membrane via the N-terminus PH domain which 

binds to phosphatidylinositol 3,4,5-trisphosphate (PIP3) synthesized by 

phosphatidylinositol 3-kinase (PI3K), resulting to phosphorylation and upregulation 

of Akt kinase activity (126). The three isoforms possess same phosphorylation 

residues: Thr 308 (Akt1)/Thr 309 (Akt2)/Thr 305 (Akt3) and Ser 473 (Akt1)/Ser 

474(Akt2)/Ser 472 (Akt3) (123) (Figure 7). The Thr residues are phosphorylated by 

phosphoinositide dependent protein kinase 1 (PDK1), which is also recruited to the 

plasma membrane by PIP3 (127,128). As opposed to, the Ser residues are under the 
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control of mammalian target of rapamycin complex 2 (mTORC2) (129). Despite this, 

the Ser residues can be phosphorylated by other kinases, like  integrin-linked kinase 

(ILK) (130). Thus, the coordinated action of two phosphorylation facts enable the full 

upregulation of Akt, however, without the Ser 473 phosphorylation, Thr 308 p-Akt 

can still phosphorylate some, but not all, of its substrates (131). 

 

 
 

Figure. 7. Domain   structure of Akt isoforms. All the Akt isoforms possess a catalytic 

(kinase) domain in the central region of the molecule. The PH domain acts as a 

phosphatidylinositol 3,4,5-trisphosphate-binding module. The RD is located at the Cterminus, 

adjacent to the kinase domain. Phosphorylation sites in the activation loop of the catalytic 

domain and in the RD are indicated. The percentage of sequence homology of the three 

isoforms as well as the chromosome location  of the genes coding for the Akt isozymes are 

also highlighted. Abbreviations: PH, pleckstrin homology; RD, regulatory domain. 

 

Despite robust findings that 3 Akt isoforms are functionally distinct, very little 

attention has been drawn to their nonredundant roles (132-136). Thus, only a handful 

of isoform-specific phosphorylation substrates have been determined to date 

(137,138).  

 

Protein phosphatases inactivate Akt. The Thr residues are dephosphorylated by 

protein phosphatase 2A (PP2A). The core enzyme of PP2A is a dimer composed of a 

catalytic subunit (PP2A/Cα or β) and a regulatory/structural A subunit (PP2A/Aα or 

β). A third regulatory B subunit (PP2A/B), that identifies substrate specificity, can be 

connected with this core structure (139). 

 

The Ser residues are targeted by the pleckstrin homology domain leucine-rich repeat 

protein phosphatase (PHLPP) family of isozymes. Three PHLPP isoforms have 

already been determined, the alternatively spliced PHLPP1α and PHLPP1β, and 

PHLPP2 (140). These PHLPP isoforms are implicated in the dephosphorylation of 

special Akt isozymes. PHLPP1 targets Akt2 and Akt3, whereas PHLPP2 

dephosphorylates Akt1 and Akt3 (141). 

 

Akt was initially identified for its function in modulating cell growth and survival. 

This could be owing to the direct or indirect actions of Akt on various cell proteins. 

The constant activation of Akt drives to cell cycle deregulation and impeding of pro-

apoptotic pathways that are characteristic hallmarks of human cancers (142). 

However, overactivation of Akt signaling is oncogenetic (143). Thus, Akt activity is 
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enhanced in various  types of neoplasia, where it is implicated in drug - resistance 

(144). Akt is considered as a promising therapeutic molecule for innovative cancer 

management, and some Akt inhibitors are currently being experimented in clinical 

trials in cancer patients (145,146). 

 

Upon its activation, Akt isoforms translocate to diverse subcellular compartments, 

like endoplasmic reticulum, mitochondria, Golgi, and nucleus, where they 

phosphorylate substrates or come in touch with other cell constituents. 

 

2.2 Nuclear Akt 
The existence of active, phosphorylated Akt (p-Akt) into the nucleus has been 

described since the late 1990s. It is evident that, some of Akt substrates are localised 

in the nucleus, including the FOXO family of transcription factors (147) or the 

transcriptional coactivator p300 (148). Akt1, Akt2, and Akt3 have been referred to be 

located in the nucleus or to translocate into the nucleus after exposure to a wide 

variety of stimuli including insulin-like growth factor-1 (IGF-1), F(ab′)2 fragment of 

anti‐mouse IgG acting on B-cell receptor, hypoglycemia, insulin, and nerve growth 

factor (NGF) (149,150). 

 

The nuclear localization sequence (NLS) motif of Akt is unknown, however the 

proto-oncogene T-cell leukemia-1 (TCL1) protein family may be implicated in Akt 

nuclear localization, as initially reported in human T-cell leukemia (151). Three TCL1 

isoforms have been determined in both the human and the mouse genome: TCL1, 

TCL1B, and MTCP1 (mature T cell proliferation 1) (152).  TCL1 binds to the PH 

domain of Akt and participates in the generation, at the plasma membrane level, of 

TCL1-Akt high-molecular-weight protein complexes. Akt is afterwards preferentially 

phosphorylated and upregulated into these complexes (153). In two-cell mouse 

embryos that were genetically defective in TCL1, phosphorylated Akt had a striking 

cortical localization and was deprived of blastomere nuclei (154). Furthermore, when 

the levels of TCL1B were declined by siRNA in T47-D breast cancer cells, a drop in 

the levels of nuclear (but not cytoplasmic) p-Akt was noticed. In contrast, when 

TCL1B was overexpressed in either MCF-7 or T47-D cells, a rise on the levels of 

nuclear p-Akt was observed (155). This evidence pinpointed the significant role of 

TCL1 in nuclear targeting of Akt. However, additional research is essential to 

establish if the TCL1–Akt interplay is an ubiquitous mechanism needed for nuclear 

entry of Akt. Indeed, whereas TCL1 proteins are commonly expressed at increasing 

levels in embryonic/fetal cells and in diverse stages of B- and T-cell development, 

their levels in healthy adult tissues are declined, at least in mouse (152). However, the 

expression of TCL1 proteins is enhanced in many solid and hematologic cancer types 

(155,156). This evidence could be used to answer the growing nuclear placement of 

Akt in some cancer types. 

 

Whether or not Akt ought to be phosphorylated for entrance into the nucleus is 

disputable. Indeed, it has been reported that unphosphorylated Akt could translocate 

into the nucleus in HEK293 cells overexpressing kinase-dead Akt mutants (T308A, 

S473A) that could not be phosphorylated, recommending that phosphorylation of Akt 

was not demanded for its nuclear placement (157). As opposed to, overexpression of 

similar mutants damaged Akt nuclear translocation after NGF trigger of PC12 cell 

(158). Thus, it was deduced that activity and phosphorylation of Akt kinase were 

implicated, to some extent, in Akt nuclear translocation (158). It is obvious that these 

variations are based on the diverse cell types/stimuli utilised. Another argumentative 

topic concerns whether or not Akt can be phosphorylated into the nucleus. The 
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nucleus owns all the machinery vital for phosphorylating Akt at Thr 308, like PI3K 

(159), PIP3 (160), and PDK1 (161,162). Furthermore, mTORC2 has been denoted to 

locate into the nucleus in aggressive variants of papillary thyroid carcinomas, 

subsequently with elevated levels of Ser 473 p-Akt. However, it has been assumed 

that mTORC2 could phosphorylate Akt at Ser 473 into the nucleus of thyroid 

neoplastic cells (163). Given this link, it is striking that mTORC2 has been localized 

to both the cytoplasm and the nucleus, while mTORC1 is mainly cytoplasmic (164), 

even if anmTORC1 constituent, Raptor, has been nowadays determined as a 

phosphoprotein implicated in rDNA transcription in nucleoli (165,166). 

 

Some findings demonstrate that Akt translocates to the nucleus after having been 

phosphorylated at the plasma membrane (167,168) and that nuclear PDK1 is not 

implicated in phosphorylating Akt at Thr 308. But it is possible that PDK1 nuclear 

transport may be a mechanism to sequestrate it from activation of cytosolic signaling 

pathways (169). However, this event is regarded as highly disputable (170). 

 

All three Akt isoforms are characterized by a classic, leucine rich, leptomycin 

sensitive nuclear export sequence (NES). According to this, the overexpression of 

Akt1 exhibiting a non-functional NES, ended to incessant nuclear localization of Akt1 

and increasing cell translocation in vitro of Akt1−/− fibroblasts (157). 

 

2.3 Functions of Akt 
Akt is considered to be an essential node in diverse signaling cascades downstream of 

growth factor receptor tyrosine kinases and G protein-coupled receptors. Akt isoforms 

have utmost functions in cell survival (143), proliferation (171), growth (172), 

migration (173), polarity (174), insulin-stimulated glucose transfer (175), glucose and 

lipid metabolism (176,177), contractility in both skeletal muscle (178) and 

cardiomyocytes (179), angiogenesis (180), and self-renewal of stem cells (181-183). 

Damaged Akt activity has been correlated not only with oncogenesis (184-186), but 

also with other disorders, including type 2 diabetes, cardiovascular and 

neurodegenerative diseases, and muscle hypotrophy (187,188).  

 

 

 

2.4. Functions of nuclear Akt 

 

2.4.1. Cell cycle progression 
Taken into consideration the utmost function of Akt in cell cycle modulation, it is 

expected that Akt is translocated to the nucleus during early G1 phase of the cell cycle 

(189). Upregulation of cyclin D1 by nuclear Akt may be tightly correlated with the 

fact that Akt favours the histone acetyltransferase (HAT) activity and transcriptional 

activity of p300 (148) which plays role in the histone acetylation at the cyclin D1 

promoter and cyclin D1 gene transcription (190).  

 

When a fast removal of nuclear p Akt was stimulated by extracellular ATP or statins 

in insulin-triggered A549 cells, PHLPP1 and PHLPP2 located to the nucleus. 

PHLPP1 and PHLPP2 were contributory to Akt dephosphorylation, which, however, 

needed nuclear translocation of the PIP3 phosphatase, phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN) (191). PTEN is a tumor suppressor, 

because it negative regulates the oncogenic PI3K/Akt signaling cascade by 

dephosphorylating PIP3 (192). Upon nuclear Akt dephosphorylation and removal, 
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proliferating cell nuclear antigen (PCNA) and p21Waf1/Cip1 moved to the nucleus 

where they generated a complex. It is established that nuclear PCNA/p21Waf1/Cip1 

complexes promote cell cycle arrest (193,194). p110β PI3K was of utmost importance 

in nuclear export of p-Akt in insulin-triggered cells posed to either statins or 

increasing levels of extracellular ATP (195). This evidence is constant with a research 

which has demonstrated a link between p110β PI3K and Akt at the nuclear level 

(196). Nuclear p110β PI3K is implicated in DNA duplication, as its catalytic function 

was highly demanded for controlling the nuclear upregulation of Akt during the S 

phase of the cell cycle and consequently the phosphorylation of the cell cycle 

progression inhibitor, p21Waf1/Cip1 (196). 

 

 

2.4.2. Cell survival 
Akt signaling cascade impedes cell death both by mediating on the cytoplasmic 

apoptotic machinery and by involving the expression of genes implicated in cell death 

and survival. Therefore, there is robust data demonstrating a more direct contribution 

for nuclear Akt in apoptosis repression. This role of Akt has been widely investigated 

in PC12 neural cells treated with NGF and primary cardiomyocytes. 

 

 

2.4.3. DNA repair 
Akt is upregulated after exposure to DNA damaging factors like ionizing radiation 

(IR) (197). Active Akt stimulates the DNA damage-prompted transcription and 

favours cell survival (198). IR causes DNA double strand breaks (DSB) (199). It is 

striking that, DNA-dependent protein kinase (DNA-PK),which is implicated in DSB 

repair (200), has been determined as a supposed Ser 473 Akt kinase (201). Another 

main molecule in DSB repair is the ataxia-telangiectasia-mutated (ATM) kinase 

(202). It has been demonstrated that a subset of Ser 473 p-Akt aggregated in the 

nucleus at IR-stimulated foci where it co-localized with the DBS markers, γ-H2AX 

and Ser 1981 p-ATM (203). Ser p-473 Akt activation was irrespective of both PI3K 

and DNA-PK, but was downstream of meiotic recombination 11 (MRE11)-dependent 

ATM activation and ring finger protein 168 (RNF168)-dependent histone 

ubiquitinylation. MRE11, accompanied by RAD50 and Nijmegen breakage syndrome 

1 (or NBS1, also known as nibrin), generate the MRE11 complex, a sensor of DSB 

that regulates the DNA damage reply by controlling the upregulation of ATM (204). 

RNF168 is an E3 ubiquitin ligase which is implicated in histone H2A and γ-H2AX 

non-proteolytic poly-ubiquitinylation of the DSB flanking chromatin, a key process 

for restitution of genome stability (205). However, these data correlated nuclear p-Akt 

with DSB repair and cell survival. But, it is vague until now, which protein kinase 

would phosphorylate Akt at the DSB foci, taken into consideration that ATM is 

unable to directly phosphorylate Akt (206). 

 

 

2.4.4. RNA export 
Many types of RNA are moved from the nucleus, like tRNA, rRNA, snRNA, and 

mRNA. A major molecule in mRNA nuclear movement is the protein termed  as 

REF/Aly, which is recruited to mRNA in splicing  process(207). Microinjection of 

antibodies to Aly inhibited mRNA translocation remaining intact other movement 

mechanisms (208). Aly was found on nuclear speckles where it inteplayed with PIP3 

(209). Nuclear Akt phosphorylated Aly on Thr 219 and this phosphorylation was 

essential for Aly binding to PIP3. Removal of Aly through siRNA ended to  declined 
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cell proliferation and mRNA movement, and these two procedures needed both Aly 

phosphorylation by Akt and Aly interplay with PIP3 (209). So, Aly phosphorylation 

could be regarded as an additional mechanism by which nuclear Akt regulates cell 

cycle, mainly by favouring the movement of mRNAs encoding for proteins that are 

implicated in cell cycle progression. 

 

2.4.5. Cell differentiation 
Akt signaling cascade is of pivotal importance in insulin-dependent adipogenic 

differentiation (210). A novel approach has been recently generated for the estimation 

of the signaling functions of Akt detected at diverse subcellular regions during 

adipogenic differentiation. Selective Akt inhibitor peptides were created exploiting 

the variations of the Akt substrate recognition sequence (R-X-R-X-X-S/T) which 

included alanines instead of the target serines or threonines, cloned in-frame with the 

cDNA coding GST. A myc epitope tag was also contained, for enabling the peptide 

immunoobservation (211). Furthermore, the prohibitory peptides were engineered in-

frame with peptides aiming to distinct subcellular regions. All in all, for creating a 

selective inhibitor of nuclear Akt, the SV40 large T antigen amino acids 126–132 

were utilised. Selective blockage of nuclear Akt, influenced the location and the 

transcriptional expression of FOXO3a in 3T3L1 preadipocytes prompted to 

differentiate into adipocytes via induction with insulin and dexamethasone. This 

ended to inhibition of adipogenic differentiation, as reported   by analysis of Oil Red 

O aggregation (211). 

 

2.4.6. Tumorigenesis 
The existence of nuclear p-Akt has been demonstrated in lung, breast, prostate, and 

thyroid cancer, along with in AML (212-216). The functions of nuclear Akt in cancer 

have not been delineated until now, however, it seems to be that once Akt is located  

in the nucleus, it would be implicated in the modulation of signaling cascades of  

cancer cell proliferation and survival. This principle is significantly augmented by the 

data that the promyelocytic leukemia protein (PML) tumor suppressor plays a role in 

dephosphorylating p-Akt in the nucleus (217). Thus, it is regarded worthinvestigated 

whether that continuous treatment with increasing concentrations of statins of A549 

lung neoplastic cells, brought about a drop in nuclear Thr 308 p-Akt levels (218). 

Taken all the above into consideration, it has been speculated that the cancer 

prevention actions of statins (219,220), could be somehow associated with negative 

modulation of nuclear p-Akt levels. 

 

3.1. HCMV microinfections are often detected in 

inflamed tissues 
Although organ-specific implications, inflammatory diseases commonly generate 

same histopathological alterations and share various risk agents, like genetic and 

epigenetic ones, smoking, infections, and food. Despite the significant advancement 

in curing the implications of inflammatory diseases, the causal agents of these states 

remain a mystery. 

 

 It had already been demonstrated that almost 90% of individuals with inflammatory 

bowel diseases are characterized by an active HCMV infection in their bowel (221). 

The infected cells were seldom and exist in the deep mucosa of the bowel—but 

exclusively in inflamed regions. Cells in healthy bowel tissues from the same human 

being were sporadically positive for HCMV DNA, but indications of an active 

infection and expression of viral proteins had lost.  
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In purposes of analysis tissue samples derived from humans with other inflammatory 

diseases, they upgraded the novel sensitive technology so as to monitor low-grade 

HCMV infection in cancer (222). In inflamed regions of the bowel, they observed 

disperse HCMV infection, which failed to be detected by the standard 

immunohistochemical assays. In initial research, they have monitored the virus in 

humans with rheumatoid arthritis, Sjogren’s syndrome, dermato- and polymyositis, 

psoriasis, Wegener’s granulomatosis, ulcerative colitis, and Crohn’s disease 

(unpublished data). In all these incidents, HCMV reactivation was obvious only in 

inflamed tissues but not in noninflamed tissue samples from the same human or 

healthy controls. So, active low-grade viral infection in these individuals was 

constantly linked with disease setting and inflammation.  

 

The term utilized for this active, low-grade HCMV infection is “microinfection,” as it 

can be detected only with highly sensitive staining techniques. Strikingly, the profile 

of expression of distinct IE proteins diversed from that noticed by traditional 

immunohistochemistry, both in high grade infections in vivo (commonly in 

immunodeficient humans) and in infected cells in vitro, because IE expression is 

commonly noticed in the cytoplasm of infected cells. It is not established whether an 

HCMV microinfection is an epiphenomenon of inflammation or a causal agent in 

inflammatory diseases (223,224). Therefore, the existence of an active HCMV 

microinfection in inflamed tissues may be a state- of- the- art that will launch the road 

for exploring common causal factors that might accelerate or deteriorate inflammatory 

diseases.  

 

4.1. A novel study 
A pioneer study, which prompted us to be engaged with this project, is a paper 

published on Science in 2005, which indicates that the HMTase activity of EZH2 is 

essential for H3 K27 trimethylation and is modulated by the Akt signaling pathway 

via phosphorylation of EZH2(225) They demonstrated that Akt phosphorylates EZH2 

at serine 21 and represses its methyltransferase (HMT) activity by inhibiting EZH2 

binding to histone H3, which drives to a drop in lysine 27 trimethylation and 

derepression of silenced genes, disturbing, in this way, the gene silencing and may 

drive to malignant transformation. Moreover, S21D-EZH2 stimulated cell growth in 

culture and tumor growth in animals, and phosphorylated EZH2 also connected with 

Ki67, a proliferative biomarker in primary tumor tissues (225). 

 

Despite Akt induced the phosphorylation of EZH2, it decreases its affinity toward 

histone H3, remaining intact the PRC constitution, which is established for its 

methyltransferase activity. In other words, the subcellular localization of EZH2 or its 

interaction with Polycomb group (PcG) proteins, Suz12 and Eed did not alter after 

Akt-mediated EZH2 phosphorylation. Thus, it is implied that the phosphorylated-

EZH2 complex, may also aim nonhistone substrates that are responsible for 

oncogenesis. In this context, the plastic alterations in EZH2 substrate affinity 

mediated by Akt may be a potent reply to the question concerning the decreased 

HMTase activity of EZH2 toward histone H3 in case of tumors, where EZH2 is 

overexpressed. Taken all the above into consideration, their findings indicate that Akt 

controls the methylation activity, through phosphorylation of EZH2, which may lead 

to tumorigenesis (225).  
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\ 

5.1. The pioneer seeds for this research project … 
A widely cited and novel paper published by Sourvinos et al.,2014(226), 

demonstrated that immediate-early gene transcription and HCMV infection of human 

foreskin fibroblasts (HFFs) are dependent on histone H3K27 trimethylation, which is 

under the tight regulation of EZH2, JARID2, NDY1/KDM2B and the histone 

demethylase JMJD3. They revealed the EZH2/NDY1/KDM2B/JARID2/JMJD3 axis 

which downregulates GFI1, a repressor of the MIEP of HCMV. Blockage of this 

pathway enhances GFI1 expression and impedes the MIEP activation and HCMV 

infection. Once the virus enters into the virus-infected cells, UV-sensitive virus-

related agents favour MIEP activation by promoting the negative modulation of GFI1 

in both wild-type and NDY1/ KDM2B, EZH2 or JARID2 knockdown cells. 

Therefore, since the levels of GFI1 in the latter cells post the infection are more 

elevated than in wild-type cells, the HCMV-triggered GFI1 degradation does not 

succeed in modulating negatively GFI1 to levels favourable for MIEP activation and 

viral infection (226). 

 

 
Figure 8. Infection by HCMV relies on the negative regulation of GFI1, a repressor of 

immediate-early gene transcription. The evidence is recapitulated on the model depicting the 

interplay between HCMV and the host. (Panel A) This panel describes the infection of wild 

type HFFs. HCMV immediately downregulates GFI1 to favour the activation of the MIEP of 

HCMV, and viral infection. Moreover, virus infection modifies the expression of NDY1/ 

KDM2B, EZH2, JARID2 and JMJD3. The solid lines from these molecules to GFI1 exhibit 

that they intensively negative modulate GFI1 both prior and post infection, although owing to 

HCMV-triggered alterations in their expression, the suppression is stimulated post infection. 

(Panel B, Left) The suppression of GFI1 in uninfected cells was impeded by the knockdown 

of NDY1/KDM2B, EZH2 or JARID2 and by the overexpression of JMJD3, driving to great 

positive regulation of GFI1 (dotted lines). (Panel B, Right) indicates the infection of HFFs in 

the left side of panel B. HCMV remains in degrading GFI1. Therefore, the negative regulation 

of GFI1 by HCMV is inadequate to downregulate it to levels that permit the activation of the 

MIEP and viral infection. doi:10.1371/journal.ppat.1004136.g007 
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 In order to be retained the downregulation of GFI1, HCMV also commences an 

NDY1/EZH2/JARID2/ JMJD3-based pathway, which suppresses GFI1 during the 

infection cycle. The silencing of EZH2 may lead to the suppression of MIEP, also by 

regulating the levels of histone H3K27me3 and H3K4me3 in the immediate early 

region of HCMV in the initial three hours from the onset of HCMV infection. Finally, 

they deduced that HCMV infection is based on both EZH2NDY1/ /JARID2/JMJD3-

dependent and independent mechanisms which are triggered by the virus and 

modulate the expression of GFI1, a SNAG domain - containing transcriptional 

repressor of the immediate early region of HCMV. All these data is illustrated on the 

above Figure 8. EZH2-based epigenetic mechanisms also regulate histone 

modifications in the immediate-early region of HCMV that may lead to promotion of 

the MIEP in the very initial stages of infection. Blockage of the signaling axis may 

have preventive or therapeutic applications in viral infection, whereas selective trigger 

of the pathway may have therapeutic applications in Oncology (226).  

 

 

 

 

Materials and Methods 

 
Gene Transfer and Expression Using Recombinant 

Lentiviruses 
 

Recombinant lentiviral vectors are powerful and efficient tools for transferring 

heritable genetic material into the genome of virtually any cell type (Ausubel et al., 

1995; Coffin et al., 1996). Lentiviruses are perhaps the most versatile of retroviruses 

since they are able to infect, transduce, and sustain expression in almost any 

mammalian cell, including dividing and nondividing cells, stem cells, and primary 

cell cultures. In the Lenti-X systems, high titers of recombinant, replication 

incompetent virions are easily generated using a Lenti-X HTX Packaging System 

(Cat. Nos. 631247, 631249 or 631251), in which a Lenti-X expression vector  

containing your gene of interest (GOI), is cotransfected along with a Lenti-X HTX 

Packaging Mix into the Lenti-X 293T Cell Line (Cat. No.632180). The lentiviral 

supernatants produced by the transfected packaging cells can then be used to infect 

and transduce target cells to express your GOI, fusion protein, or shRNA. 

 
All pLVX vectors possess the requisite HIV-1 LTRs and the lentiviral packaging 

signal (Ψ) as well as other elements to improve transgene expression, viral titer, and 

overall vector function. 

• WPRE: A woodchuck hepatitis virus posttranscriptional regulatory element 

prevents poly A site readthrough, promotes RNA processing and maturation, and 

increases nuclear export of RNA (Zufferey et al. 1999; Higashimoto et al., 2007). It 

works in the context of viral genomic transcripts in packaging cells to enhance vector 
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packaging and increase the viral titers. In addition, the WPRE boosts expression of 

your GOI in transduced target cells by facilitating the maturation of mRNA transcripts 

produced by the vector’s internal promoter (e.g. PCMV or PTight). 

• cPPT/CTS: A central polypurine tract/central termination sequence creates a “DNA 

flap” that increases nuclear importation of the viral genome during target cell 

infection. The cPPT/CTS element improves vector integration and transduction 

efficiency (Zennou et al., 2000). 

• RRE: A Rev response element helps to increase titers by promoting the nuclear 

export of unspliced viral genomic RNA (Cochrane, et al., 1990). 

 

 

 
 

PU6: human U6 shRNA promoter (RNA Pol III), MCS: multiple cloning site, PPGK: 

phosphoglucokinase promoter, Puro
 r
: Puromycine resistant 
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Protocol for lentiviruses production 

 

1. Plating HEK 293T  
 

 Remove supernatant of 100 mm plate 

 1 PBS wash 

 Add 7 ml Dulbecco’s modified Eagle’s minimal essential medium (DMEM) 

high glucose supplemented with 10% fetal bovine serum(FBS; Biosera),, 

penicillin (100 units/ml) /streptomycin(100 μg/ml), L-glutamine and non-

essential amino acids (Biosera)  

 Excellent suspension for single cells production 

 Share 6 ml DMEM and 1,5 ml cells for next day transfection in fresh 100 mm 

plates and 7 ml DMEM and 1ml cells for cell culture 

 Incubate cells under 5% CO2 in a humidified incubator at 37°C  

 

 

2. Transfection HEK 293T –Turbofect protocol 
 Name new tubes ( for each virus have 2 tubes, the first for OPTIMEM and the 

second for the rest reagents)  

 Add 900 μl OPTIMEM (Reduced Serum Media is a modification of Eagle's 

Minimum Essential Media, buffered with HEPES and sodium bicarbonate, 

and supplemented with hypoxanthine, thymidine, sodium pyruvate, L-

glutamine, trace elements, and growth factors) 

 Add 3 μg retroviral vector of interest 

 Add 2 μg p.Δ891 packaging plasmid 

 Add 1 μg pMD2.G packaging plasmid 

 Add 18 μl Turbofect  Transfection reagent (Fermentas, USA) 

 Vortex the tube of reagents 

 Transfer the amount of reagents in the tube of OPTIMEM, redilute and vortex 

 Incubate for 15-20 mins, to be conducted the reaction  

 Share dropwise the material of tube on the HEK 293T cells and shake crossed 

the 100 mm plate so as to be as homogenized as better  

 Incubator 37
o
 C 

 

On the next day after transfection of HEK 293T cells, remove the material of 100 mm 

plate very carefully and then add slowly 10 ml DMEM. 

 

On the next day (48 hours after transfection) the virus harvested, centrifuged for 10 

mins at 1800 rpm and then aliquots of the supernatant lentivirus stored at -80 
o
 C.  

 

Retroviruses 

 A retrovirus is a single-stranded positive-sense RNA virus with a DNA intermediate 

and targets a host cell. Retroviruses function differently – their RNA is reverse-

transcribed into DNA, which is integrated into the host cell's genome (when it 

becomes a provirus), and then undergoes the usual transcription and translational 

processes to express the genes carried by the virus. So, the information contained in a 

https://en.wikipedia.org/wiki/Sense_(molecular_biology)
https://en.wikipedia.org/wiki/RNA_virus
https://en.wikipedia.org/wiki/Provirus
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retroviral gene is used to generate the corresponding protein via the sequence: RNA 

→ DNA → RNA → polypeptide. This extends the fundamental process identified 

by Francis Crick (one gene-one peptide) in which the sequence is: DNA → RNA → 

peptide. Retroviruses are valuable research tools in molecular biology and have been 

used successfully in gene delivery systems. 

 

Protocol for retroviruses production 

 

1. Plating HEK 293T  
 Remove supernatant of 100 mm plate 

 1 PBS wash 

 Add 7 ml Dulbecco’s modified Eagle’s minimal essential medium (DMEM) 

high glucose supplemented with 10% fetal bovine serum(FBS; Biosera), 

penicillin(100 units/ml) /streptomycin(100 μg/ml), L-glutamine and non-

essential amino acids (Biosera)  

 Excellent suspension for single cells production 

 Share 6 ml DMEM and 1,5 ml cells for next day transfection in fresh 100 mm 

plates and 7 ml DMEM and 1ml cells for cell culture 

 Incubate cells under 5% CO2 in a humidified incubator at 37°C  

 

2. Transfection HEK 293T –Turbofect protocol 
 Name new tubes ( for each virus have 2 tubes, the first for OPTIMEM and the 

second for the rest reagents)  

 Add 900 μl OPTIMEM (Reduced Serum Media is a modification of Eagle's 

Minimum Essential Media, buffered with HEPES and sodium bicarbonate, 

and supplemented with hypoxanthine, thymidine, sodium pyruvate, L-

glutamine, trace elements, and growth factors) 

 Add 3 μg retroviral vector of interest 

 Add 1 μg AmphoPack packaging plasmid 

 Add 18 μl Turbofect  Transfection reagent (Fermentas, USA) 

 Vortex the tube of reagents 

 Transfer the amount of reagents in the tube of OPTIMEM, redilute and vortex 

 Incubate for 15-20 mins, to be conducted the reaction  

 Share dropwise the material of tube on the HEK 293T cells and shake crossed 

the 100 mm plate so as to be as homogenized as better  

 Incubate cells under 5% CO2 in a humidified incubator at 37°C  

 

On the next day after transfection of HEK 293T cells, remove the material of 100 mm 

plate very carefully and then add slowly 10 ml DMEM. On the next day (48 hours 

after transfection) the virus harvested, centrifuged for 10 mins at 1800 rpm and then 

aliquots of the supernatant retrovirus stored at -80 
o
 C.  

 

 

To be more specific, I familiarized with the production of lentiviruses such as 

pLKO.1 puRo (U6-driven shRNA empty vector with puro resistance) pLKO.1 

shEZH2 (U6-driven shRNA empty vector, includes a stuffer for easy cloning, 

silencing EZH2 expression of 13
th

 clone) and pLKO.1 shEZH2 3’ UTR (U6-driven 

shRNA empty vector, includes a stuffer for easy cloning, silencing endogenous EZH2 

https://en.wikipedia.org/wiki/Francis_Crick
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expression of 13
th

 clone, exogenous EZH2 expression remains intact). The 

lentiviruses utilize the technique of silencing the gene expression through shRNA and 

own 2 packaging plasmids the pMDG2 plasmid, VSV-G-expressing envelope vector 

and pΔ891 plasmid. 

 

Moreover, I engaged with the production of retroviruses such as: pBABE puro 

(Retroviral vector for cloning and expressing your gene of interest, Puromycin 

selection), pBabe-puro-Myr-Flag-AKT1(retroviral vector expressed in mammals 

incorporated with insert AKT1, which is a Myr-Flagged protein on the N-terminal of 

insert), pBabe-puro-Myr-HA-AKT2(retroviral vector expressed in mammals 

incorporated with insert AKT2, which is a Myr-Flagged protein on the N-terminal of 

backbone and HA-Flagged protein on the N-terminal of backbone), pBabe-puro-

Myr-HA-AKT3(retroviral vector expressed in mammals incorporated with insert 

AKT3, which is a Myr-Flagged protein on the N-terminal of backbone and HA-

Flagged protein on the N-terminal of backbone), pSMP-EZH2 (retroviral RNAi wild 

type vector expressed in mammals with selectable markers for puromycin, 

incorporated wt EZH2 gene), pcDNA3-3myc-6His-EZH2 21A (vector expressed in 

mammals owning selectable markers for neomycin, incorporating EZH2 (Enhancer of 

Zeste Homolog 2 and an additional mutation of S21A, Ser 
21

 was replaced by Ala. It 

has 2 tags: 3 Myc and 6 His on the N terminal on insert. The retroviruses overexpress 

their gene of interest and are proved to be valuable research tools in molecular 

biology and have been used successfully in gene delivery systems. Moreover they 

possess only one amphotropic packaging construct the so called AmphoPack. 

 

In general, Human Foreskin Fibroblasts (HFFs) were used for the propagation of 

HCMV virus and HEK 293T cells were transfected to package lentivirus and 

retrovirus constructs.  

 

HFFs plating for the transduction of viruses 
 

 Remove supernatant from 75cm
2
 Corning

®
 cell culture flask 

 1 PBS wash 

 Add 0.25% Trypsin-EDTA (1x) for dissociation of cell monolayers, 

remove trypsin and then incubate cells in CO2 incubator for 15-20 mins  

 Add 7 ml Dulbecco’s modified Eagle’s minimal essential medium (DMEM) 

high glucose supplemented with 10% fetal bovine serum, 

penicillin/streptomycin, L-glutamine and non-essential amino acids (Biosera) 

 Excellent suspension for single cells production 

 Share 6 ml DMEM high glucose and 3 ml HFFs for next day process of 

addition of  produced viruses (supernatants) in fresh 100 mm plates of HFFs 

and in parallel keep the same flask adding 7 ml DMEM high glucose and 1ml 

HFFs for cell culture 

 Incubate cells under 5% CO2 in a humidified incubator at 37°C  

 

 

 On the next day, the produced viral supernatant is added into HFFs in presence of 

polybrene (1/1000) (Sigma-Aldrich, USA)., a highly efficient infection reagent used 

to introduce retroviral vectors into mammalian cells. After 2 days, we refresh the 

DMEM, putting 8ml fresh DMEM high glucose. The next day, we add puromycin (10 

mg/ml) (Sigma-Aldrich, USA).  in a proportion of 2 μl puromycin in 11 ml DMEM 
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high glucose in purposes of puromycin selection. Cells infected with multiple 

retrovirus or lentivirus constructs, were selected for these constructs sequentially. The 

alive monolayer adherent HFFs are resistant to puromycin, expressing the 

corresponding supernatant of lentivirus or retrovirus. 

The final outcome is the expansion of myr-AKT1, myr-AKT2, myr-AKT3, 

EZH2Ser21A, pLKO.1, shEZH2 and shEZH2 3’ UTR HFFs in 75cm
2 

flasks. They 

are maintained in presence of puromycin.  

 

Basic Nucleofector® Kit for Primary Mammalian 

Fibroblasts (AMAXA) 

 
Pre-Nucleofection 

Remove media from the cultured HFFs and wash cells once with PBS. Then follows 

the process of trypsinisation of HFFs   and excellent suspension making use of 

DMEM high glucose. Then centrifuge the well suspended HFFs for 10 mins at 1100 

rpm. The pellet depicts the HFFs. 

 

 

Nucleofection  

Prepare 6-well plates by filling appropriate number of wells with 1.5 ml of 

supplemented culture  media and pre-incubate/equilibrate plates in a humidified 

37°C/5% CO2 incubator. 

 

Resuspend the HFFs pellet carefully in 100 µl room temperature Nucleofector® 

Solution (90 μl basic solution, 10 μl supplement solution) per sample.  Please make 

sure that the entire supplement is added to the Nucleofector® Solution! Combine 100 

µl of cell suspension with 8µg plasmid DNA, into certified cuvette. The sample must 

cover the bottom of the cuvette without air bubbles. Select the appropriate 

Nucleofector® program U-012.  Insert the cuvette with cell/DNA suspension into the 

Nucleofector ® cuvette holder and apply the selected program. Take the cuvette out 

of the holder once the program is finished. Then, add 500 µl of the pre-equilibrated 

culture media to the cuvette and gently transfer the sample immediately into the 6-

well plate (final volume 1.5 ml DMEM per well/sample). Use the supplied pipettes 

and avoid repeated aspiration of the sample. 

 

Post-Nucleofection  

Incubate the cells in a humidified 37°C/5% CO2 incubator. 

 

The Basic Nucleofector® Kit for Primary Mammalian Fibroblasts (AMAXA) consists 

an in vitro electroporation method.  Nucleofection® is a technology based on the 

momentary creation of small pores in cell membranes by applying electrical pulse. 

The comprehensive way in which Nucleofector® Programs and cell type-specific 

solutions are developed ensures that nucleic acid substrates are delivered not only to 

the cytoplasm, but also through the nuclear membrane and into the nucleus. 

Transfected cells retain excellent viability and the function of intracellular systems is 

highly conserved. 
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Viral stocks were grown in Human Foreskin Fibroblasts (HFF) cells and titrated by 

plaque assays as described (227) 

 

 

Serum starvation 
 

Remove the supernatant, 1 PBS wash and add DMEM serum free with P/S 

 

HCMV infection 

Control (mock cells) 

pLKO.1 shEZH2 myr-Akt1 myr-Akt1 + myc 

EZH2 

myr-Akt1+myc EZH2 

+shEZH2 3’UTR 

myr-Akt3 myr-Akt3+ myc 

EZH2 

myr-Akt3 + myc 

EZH2 +shEZH2 

3’UTR 

    

 

HCMV Infected cells 

pLKO.1 shEZH2 myr-Akt1 myr-Akt1 + myc 

EZH2 

myr-Akt1+myc EZH2 

+shEZH2 3’UTR 

myr-Akt3 myr-Akt3+myc EZH2 myr-Akt3 + myc 

EZH2 +shEZH2 

3’UTR 

    

 

Firstly, plate the corresponding type of cells pLKO.1, shEZH2, myr-Akt1 myr-Akt2 

and myr-Akt3 HFFs in wells of 12-well plates. After 2 days, add 1,5 ml supernatant 

virus in presence of polybrene in specific wells ( myc EZH2, shEZH2 3΄UTR). In 

some wells,  HFFs subject to double transduction (e.g myr-Akt1+myc EZH2 

+shEZH2 3’UTR, myr-Akt2+myc EZH2 +shEZH2 3’UTR, myr-Akt3 + myc EZH2 

+shEZH2 3’ UTR). After 2 days, add puromycin in cells and check them in 

microscope. 

For HCMV-infected 12-well plate prepare a mix which includes 8 ml DMEM high 

glucose and 40 μl wild type AD169 HCMV strain (use of filter tips). To infect HFFs 

with HCMV, cell monolayers were incubated with the virus at a multiplicity of 

infection (MOI) of 0.5 PFU/cell. Then share 1 ml mix per well and incubate for 4 

hours at 37 
o 

C. The inoculum was removed and replaced by fresh medium. Then 

follows the addition of   puromycin in wells in purposes of puromycin selection.   

    12-well plate 

12-well plate 
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Cell lysis and western blotting 

 
The cells were washed in ice-cold PBS and were lysed with PBS-EDTA. The cell 

lysates from HCMV-infected and mock infected cells were centrifuged for 10 mins at 

2.500g. The pellet of suspended cells resuspended with 60 μl M-PER Mammalian 

Protein Extraction Reagent (Thermo Scientific, Rockford, IL, USA), enriched with 

the Halt-Protease Inhibitor  Cocktail, EDTA-free (PIERCE, Rockford, IL, USA) and 

Phosphatase Inhibitor Cocktail. An additional centrifuge takes place at 14.000g for 15 

mins to be removed the cell debris. Then the supernatant is transferred to a fresh tube 

for further analysis. 

 

Proteins were separated on 10% polyacrylamide gels containing Sodium- Dodecyl 

Sulphate, and then transferred to nitrocellulose membranes. Western blots of the 

supernatants (soluble whole-cell lysates) were probed with the following antibodies.  

 

 Ezh2 rabbit monoclonal antibody (no. 4905, Cell Signaling, in a dilution of 

1/1000 

 Phospho Akt1/2/3 Antibody: sc-7985-R p-Akt1/2/3 (Ser 473)- rabbit 

polyclonal IgG, from Santa Cruz Biotechnology, Inc in a dilution of 1/300 

 Total Akt1/2/3 Antibody (H-136): sc-8312  (H-136) is a rabbit polyclonal 

IgG from Santa Cruz Biotechnology, Inc in a dilution of 1/600 

 Gfi-1 (N-20) X, Goat Polyclonal IgG (sc-8558-X) from Santa Cruz 

Biotechnology, Inc in a dilution of 1/500 

 β-Actin Antibody (C4): sc-47778 mouse monoclonal IgG1 from Santa Cruz 

Biotechnology, Inc in a dilution of 1/5000 

 

The   Horseradish Peroxidase conjugated secondary antibodies were diluted either in 

1% milk in TBS-T or in 1% BSA in TBS-T and incubated with the blots for 50 mins 

at room temperature. The Horseradish Peroxidase conjugated secondary antibodies 

are the following: 

 Donkey anti-Goat IgG-HRP : sc-2020  Horseradish Peroxidase conjugated 

secondary antibody from Santa Cruz Biotechnology, Inc in a dilution of 1/5000 

 Goat  anti-Mouse IgG Antibody, Peroxidase Conjugated, H+L, AP124P 

,Millipore-Sigma, in a dilution of 1/5000 

 Goat anti-Rabbit IgG Antibody, Peroxidase Conjugated AP132P, Millipore-

Sigma, in a dilution of 1/5000 

The bound secondary antibodies were detected with WBLUF0100 | Luminata 

Forte Western HRP substrate.  Digital images of the proteins were acquired 

using the LAS-4000 luminescent image analyzer (Fujifilm Life Science). 
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Results 

 

1. Constitutively active Akt1 and Akt2, but not Akt3, inhibit 

the HCMV infection of HCMV-infected HFFs 

 

 

Images acquired from optical microscopy, illustrated the detection of  HCMV-

infected HFFs. HFFs were either non transduced or transduced with pBABE, 

pLKO.1, pBABE-based retroviral constructs of myrAkt1, myrAkt2, myrAkt3 and 

pLKO.1-based lentiviral constructs of  shAkt1, shAkt2, shAkt3. HFFs were infected 

with AD169 strain of HCMV (MOI 0.5 PFU/cell). The infected cells were monitored 

by light microscopy 5 days later.  
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2. EZH2 is required for HCMV infection and the 

constitutively active Akt1 and Akt2, but not Akt3, inhibit 

the HCMV infection of HCMV-infected HFFs 

 

 

 

 

Titration of viral load in plaque assay experiments: HFFs were either non transduced 

or transduced with pLKO.1-based lentiviral constructs of shEZH2, shAkt1, shAkt2, 

shAkt3, or with the empty vector. Alternatively, HFFs were transduced with pBABE-

based retroviral constructs of EZH2, myrAkt1, myrAkt2, myrAkt3 or with empty 

vector. HFFs were infected with AD169 strain of HCMV (MOI 0.5 PFU/cell). HCMV 

was harvested 5 days post infection from the transduced and non-transduced cells and 

titrated by plaque assay. The bars show the viral titers (mean 6 SD)  
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3. The constitutively active Akt1 blocks HCMV infection 

inactivating EZH2, via phosphorylation at Ser21 residue 

. 

 Images acquired from optical microscopy, illustrated the detection of HCMV-

infected HFFs. HFFs were infected with HCMV (MOI 0.5 PFU/cell).  The infected 

cells were monitored by light microscopy 5 days later. HFFs were either non 

tranduced or  transduced with myr-Akt1 pBABE retroviral vector. Then some of these 

cultures also transduced with the pLKO.1-based construct of shEZH2. After this, 

some of these cultures were also transduced with pBABE-puro-based retroviral 

constructs of EZH2 like EZH2pBABE, EZH2S21A, EZH2S21D. Likewise, HFFS 

infected with HCMV (MOI 0.5 PFU/cell). Then they transduced with lentiviral based-

PLKO.1. shEZH2 construct. Then, some of these cultures also transduced with 

pBABE-puro-retroviral constructs of EZH2pBABE, EZH2S21A, EZH2S21D. HCMV 

was harvested 5 days post infection from the transduced and non-transduced cells and 

titrated by a plaque assay.  

 

      Titration of viral load in plaque assay experiments 
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Western Immunoblotting Results 

1.Western Immunoblotting for the protein levels of EZH2 in mock 

cells 

             
 

      

 

 

2.Western Immunoblotting for the protein levels of total  AKT in 

mock cells 

 

 

 

3.Western Immunoblotting for the protein levels of β - actin in mock 

cells 

 

 

 

 

EZH2 

1 2 3 4 5 6 7 8 

1. PLKO.1 

2. shEZH2 

3. Akt1 

4. Akt1 (myc EZH2) 

5. Akt1 (myc EZH2, 

shEZH2 3’UTR) 

6. Akt3 

7. Akt3 (myc EZH2) 

8. Akt3 (myc EZH2, 

shEZH2 3’UTR) 

 

Total  

AKT 

 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

 
β-actin 

1. PLKO.1 

2. shEZH2 

3. Akt1 

4. Akt1 (myc EZH2) 

5. Akt1 (myc EZH2, 

shEZH2 3’UTR) 

6. Akt3 

7. Akt3 (myc EZH2) 

8. Akt3 (myc EZH2, 

shEZH2 3’UTR) 

 

Mock cells 
 

1. PLKO.1 

2. shEZH2 

3. Akt1 

4. Akt1 (myc EZH2) 

5. Akt1 (myc EZH2, 

shEZH2 3’UTR) 

6. Akt3 

7. Akt3 (myc EZH2) 

8. Akt3 (myc EZH2, 

shEZH2 3’UTR) 

 

Mock cells 
 

Mock cells 
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4.Western Immunoblotting for the protein levels of phospho-AKT  in 

mock and HCMV-infected cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 

 

3 4 5 6 7 8 

Phospho 

AKT 

Phospho 

AKT 

       MOCK CELLS 

                       

HCMV- INFECTED 

CELLS 

1. PLKO.1 

2. shEZH2 

3. Akt1 

4. Akt1 (myc EZH2) 

5. Akt1 (myc EZH2, 

shEZH2 3’UTR) 

6. Akt3 

7. Akt3 (myc EZH2) 

8. Akt3 (myc EZH2, 

shEZH2 3’UTR) 
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5.Western Immunoblotting for the protein levels of total AKT in 

mock and HCMV-infected cells 

 

 

 

  

                         

MOCK CELLS 

1. PLKO.1 

2. shEZH2 

3. Akt1 

4. Akt1 (myc EZH2) 

5. Akt1 (myc EZH2, 

shEZH2 3’UTR) 

6. Akt3 

7. Akt3 (myc EZH2) 

8. Akt3 (myc EZH2, 

shEZH2 3’UTR) 
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6.Western Immunoblotting for the protein levels of GFI-1  in mock 

and HCMV-infected cells 
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7.Western Immunoblotting for the protein levels of β-actin in mock 

and HCMV-infected cells 
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Discussion 

This project demonstrated for the very first time the interplay between Akt, EZH2, 

and GFI-1 in the context of   HCMV infection.  Firstly, it was indicated the 

differential potential of Akt isoforms in HCMV infection. To be more specific, data 

represent that constitutively active Akt1 inhibits the infection of   HCMV - infected 

HFFs, as opposed to active Akt3 which increases HCMV titer, favouring in this way 

the HCMV infection. Then some additional findings validate the pivotal role of EZH2 

in HCMV, supporting the published in detail evidence of (226), where they shed light 

to the fact that EZH2, NDY1/KDM2B, and histone H3K27 tri-methylation are 

required for the transcriptional activation of the major immediate-early promoter 

(MIEP) of HCMV and the initiation of HCMV infection. Moreover, it was suggested 

the possible mechanism through which the constitutively active Akt1 blocks HCMV 

infection. This is owing to the inactivation of EZH2, via phosphorylation at Ser21 

residue. It had already been indicated that the  Akt phosphorylates EZH2 at serine 21 

and suppresses its methyltransferase activity by impeding EZH2 binding to histone 

H3, which results in a decrease of lysine 27 trimethylation and derepression of 

silenced genes.(225) 

 

Then the Western Immunoblotting unravels significant data about the protein 

expression of EZH2, GFI-1 and the activation of Akt in mock and HCMV-infected 

HFFs. It is illustrated that both Akt3-transduced HFFs and Akt3 + mycEZH2-

transduced HFFs possess elevated levels of EZH2. Whereas, the knockdown of EZH2 

in 3’ UTR leads to an expected and significant decrease in EZH2 expression in Akt3 

+ mycEZH2+ shEZH2 3’UTR - transduced HFFs. Likewise, the silencing of EZH2 in 

3’ UTR results in an expected and obvious drop in EZH2 expression in Akt1 + 

mycEZH2+ shEZH2 3’UTR - transduced HFFs compared to the EZH2 levels in both 

Akt1-transduced HFFs and Akt1 + mycEZH2-transduced HFFs. It is worth mentioned 

that it is demonstrated for first time that the mock cells expressing active Akt1 own 

decreased levels of EZH2 (inactivation of EZH2) as opposed to mock cells expressing 

active Akt3, where there is robust EZH2 expression in both Akt3-transduced HFFs 

and Akt3 + mycEZH2-transduced HFFs. 

 

Further, it is validated the phosphorylation of Akt3 in HCMV-infected HFFs 

expressing Akt3, Akt3 + myc EZH2 and Akt3 + myc EZH2 + shEZH2 3’UTR. It is 

worth further investigated  the evidence that Akt3 + myc EZH2 + shEZH2 3’UTR 

transduced HCMV-infected HFFs express lower levels of phospho - Akt3 as opposed 

to Akt3 and Akt3 +myc EZH2 transduced HCMV-infected HFFs. Similarly,  for the 

phosphorylation of Akt1 in HCMV-infected HFFs. A possible explanation might be 

that knocking down EZH2, decreases HCMV infectivity and in turn leads to a decline 

of activation of both Akt1 and Akt3 in HCMV-infected HFFs. The mock cells own 

active Akt1. 

 

Supporting the evidence of (226), we experimentally demonstrated that the mock cells 

possess apparent elevated levels of the transcriptional repressor GFI-1. In contrast, 

GFI-1 is downregulated in HCMV-infected HFFs irrespective of their EZH2 silencing 

status. This can be justified by the precise explanation of (226) where it was reported 

that during infection, the incoming HCMV rapidly negatively regulates the GFI1 

protein in both wild-type cells and in cells in which EZH2 is knocked down. 

However, since the pre-infection levels of GFI1 in the latter cells are significantly 

higher, the virus fails to downregulate it to levels permissive for MIEP activation and 
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viral infection. Following the EZH2-NDY1/KDM2B-JARID2- independent 

downregulation of GFI1 in the early stages of infection, the virus also initiates an 

EZH2-NDY1/KDM2B-JARID2- dependent program that represses GFI1 throughout 

the infection cycle.(226) 

 

Taken all the above into consideration, the evidence of this project identify a novel 

interplay of   Akt , GFI-1 and EZH2 in HCMV infection. The differential function of 

Akt isoforms play significant role in the viral infection. The phosphorylation levels of 

Akt isoforms are epigenetically modulated according to EZH2 status, in HCMV-

infected HFFs.  In parallel, GFI-1could be easily considered as a promising biomarker 

for HCMV infection. Targeting this molecule, especially upregulating GFI-1 

expression might have therapeutic applications in HCMV infection in the forthcoming 

years. 
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