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Abstract of the Dissertation 

Functions of Interferon Stimulated Gene, ISG54 

by 

Marcin Stawowczyk 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

Stony Brook University 

2012 

 

The ability of interferons to protect cells from viral infection depends on the activation of 

multiple interferon-stimulated genes that together induce an anti-viral state. One of the genes is 

Interferon Stimulated Gene 54 (ISG54/IFIT2), coding for a 54kDa protein with a highly 

segmented structure rich in tetratricopeptide (TPR) motifs. We discovered that ISG54 promotes 

apoptosis in cancer cell lines, and that shRNA knockdown of ISG54 significantly reduced cell 

death in response to interferon. ISG54-mediated apoptosis proceeds by the mitochondrial 

pathway and requires the presence of Bax and Bak proteins. The anti-apoptotic B-cell lymphoma 

(Bcl-xL) effectively blocks ISG54-mediated apoptosis. In addition, anti-apoptotic proteins: 

adenoviral E1B-19K, and gammaherpesvirus v-Bcl2 and M11, also block apoptosis induced by 

ISG54. Activation of caspase-3 was apparent in the ISG54 expressing cells, and the pan-caspase 

inhibitor ZVAD-FMK was found to block ISG54-induced cell death. A decrease of 

mitochondrial potential, and translocation of Bax into the mitochondrial compartment were also 

detected in ISG54 expressing cells. ISG54-mediated apoptosis was found to be p53 independent 

but could be partially inhibited by overexpression of H-Ras, PI3K and Akt.  

Our further studies revealed that ISG54 interacts with other members of its family: ISG56 

and ISG60 and that together they form an oligomeric structure at ~150-250kDa. ISG60 was 

found to inhibit the pro-apoptotic functions of ISG54 and that effect was dependent on a direct 
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interaction between ISG60 and the first TPR domain of ISG54. Moreover, ISG54 was found to 

interact with other binding partners such as STING, DLC1, PRDX5 and eEF1α.  

We generated ISG54 knockout mice and evaluated the protective role of ISG54 during 

infection with Mouse Gamma Herpesvirus 68 (MHV68). We discovered that the ISG54 

knockout facilitates MHV68 replication in embryonic fibroblasts in culture, especially at low 

multiplicities of infection. In vivo infections of the ISG54 knockout animals showed an increased 

viral latency as measured by viral genomes in the spleen and ex vivo viral reactivation. Together 

our data suggest that ISG54 may be important part of the interferon system responsible for both 

anti-viral and anti-cancer effects. Elucidating mechanisms of ISG54 action may help to improve 

existing therapies against cancer and viral diseases.  
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Chapter 1. Introduction 

 

Throughout the evolution organisms became targets for many pathogens such as viruses, 

bacteria or parasites. To prevent growth and to inactivate infectious agents hosts developed 

multiple defense mechanisms 

The interferon (IFN) system has evolved as a critical component of innate immunity first 

found in cartilagenous fish (1). There are three main classes of IFN that bind to distinct cell 

surface receptors and yet they all share the unique ability to confer resistance to viral 

infection(2). 

The IFN receptors are associated with Janus kinases that are activated following ligand 

binding. The Janus kinases tyrosine phosphorylate a specific set of latent transcription factors, 

STATs that gain the ability to bind DNA of target genes (3). The target genes called Interferon 

Stimulated Genes (ISGs) are responsible for the unique biological properties of IFNs. IFNs 

promote an anti-viral response, stimulate immune cells and decrease cancer cell proliferation. 

Understanding the function of each of the ISGs is essential to understand the biological response 

to IFN and to pursue knowledge to improve its clinical use.  

The objective of my thesis research was to determine the function of the one of ISGs, 

ISG54. This gene is induced directly by the STAT transcription factors following IFN 

stimulation (4). I have taken three approaches to investigate the function of ISG54: i) Ectopic 

expression of ISG54 in the absence of other ISGs was found to clearly promote apoptosis; ii) 

Protein-protein associations were used to identify a number of binding partners of ISG54, some 

of which are other ISGs; iii) We generated an ISG54 knockout mouse and found that it is more 

susceptible to viral latency following infection with murine gammaherpesvirus MHV68. These 

studies together indicate that ISG54 plays a critical role in viral defense likely by its ability to 

promote apoptosis. This function may also contribute to the anti-proliferative effect of IFN on 

cancer cells. 

 

Interferons 

 

The Interferon (IFN) system is a specific set of cytokines responsible for induction of an 

anti-viral response. Interferons are glycosylated and non-glycosylated proteins 165-200aa long 
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that are secreted from  cells infected with pathogens and bind to cell surface receptors to signal 

in an autocrine or paracrine manner (on the neighboring cells) (5). There are three known types 

of IFNs.  Type I and type III can be produced by most nucleated cells after viral infection while 

type II is synthesized by the activated T lymphocytes and Natural Killer (NK) cells. Type I and 

type III IFNs are produced shortly after pathogen entry and their function is to induce an anti-

viral state in all types of cells. Type II is produced at later stages of infection and its main target 

are macrophages that are stimulated to destroy engulfed pathogens (5). Type I encompasses 

multiple  IFN-α genes (thirteen in humans, fourteen in mice), a single IFN-β gene and group of 

other IFN genes: ε,κ,ω. Type II is represented by one  IFN-γ gene and type III by two IFN-λ 

genes (5). IFN-αs are produced primarily by different types of leukocytes while IFN-β is 

synthesized by non-leukocytic cells. This review focuses mainly on the details of type-I IFN 

signaling that induces the ISG54 gene. 

 

IFN action 

Following secretion IFNs bind to specific cell surface receptors. Type IFNs bind to the 

type I receptors that consist of two subunits: Interferon Receptor Alpha 1 and Interferon 

Receptor Alpha 2 (IFNAR1 and IFNAR2) (6). Although all type-I IFNs bind to the same type-I 

receptor, they may have different effects on specific anti-viral response possibly due to different 

affinities. Downstream signaling events that lead to activation of IFN stimulated genes involve 

Janus Kinases (7) and Signal Transducer and Activator of Transcription (STAT) proteins. Janus 

kinases are non-receptor tyrosine kinases that contain kinase domain and a catalytically inactive 

pseudo-kinase domain. They associate with cytokine receptors in an inactive form and become 

activated after ligand binding (8). There are four Janus kinases in humans: JAK1, JAK2, JAK3 

and TYK2, two of them, Tyrosine Kinase 2 (TYK2) and Janus Kinase 1 (JAK1), play a 

particularly important role in type I IFN signaling (3). STATs are a family of latent transcription 

factors involved in cytokine signaling that require tyrosine phosphorylation to bind a specific 

DNA target site. They are characterized by the ability to dimerize through reciprocal recognition 

of phosphotyrosine groups by  their Src homology 2 (SH2) domains. A specific conserved 

tyrosine residue in SH2 domains of STAT protein is phosphorylated by JAK kinases. 

Phosphorylated STATs form homo- or heterodimers and translocate to the nucleus where they 

recruit transcription coactivators such as CREB binding protein (CBP)/p300 (9). Out of seven 
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known human STAT proteins, STAT1 and STAT2 play the most important role in type I IFN 

signaling. 

 Under physiological conditions JAK1/TYK2 kinases remain associated with subunits of 

IFN receptor: TYK2 with IFNAR1 and JAK1 with  IFNAR2 (10) (see Figure 1). Binding of IFN 

molecule to the receptor brings JAK1 and TYK2 together and triggers their enzymatic activity. 

First they cross-phosphorylate each other and then in the next step they induce phosphorylation 

of tyrosine residues on the intracellular domain of IFN receptor (4,11). Phosphorylated receptors 

recruit STAT1 and STAT2 proteins that are subsequently phosphorylated by JAK1/TYK2. 

STAT2 is associated with another protein, IFN Regulatory Factor 9 (IRF9) and together with 

STAT1 they form trimer known as  IFN-Stimulated Gamma Factor 3 (ISGF3) (12). ISGF3 

translocates into the nucleus and binds to the regulatory element in promoter of IFN stimulated 

genes known as ISRE (IFN Stimulated Response Element). This recruits transcription machinery 

and initiates expression of ISGs (see Figure 1). 

Other members of the STAT family: STAT3, STAT4, STAT5 and STAT6 have been also 

reported to be activated by type-I IFN (4), although they are not required for IFN anti-viral 

response. Combinations of homo and heterodimers of STATs can bind to another regulatory 

element referred to as GAS (Gamma- IFN Activated Site) that is characteristic for the genes 

activated by IFN-γ (10). Different combinations of STAT molecules and regulatory elements 

allow for precise regulation of gene expression. Together there are over 300 genes that can be 

upregulated in response to type I IFN signals (13). They are involved in multiple processes, such 

as host defence, adhesion, regulation of translation, and apoptosis (13). One of them is Interferon 

Regulatory Factor 7 (IRF7), transcription factor that stimulates further expression of IFN genes 

creating a loop of positive feedback (14). As a result more IFN is produced and secreted which 

leads to amplification and spreading of anti-viral message.  

 

Induction of IFN genes 

A typical mechanism of IFN response involves recognition of a intracellular pathogen 

(virus, intracellular bacteria or parasite) by one of cytosolic pathogen recognition receptors 

(PRRs). Activated PRR triggers a series of signaling events that result in activation of 

transcription factors and expression of IFN genes (see Figure 2). 
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Major transcription factors involved in expression of IFNα genes are Interferon 

Regulatory Factors 3 and 7 (IRF3, IRF7). The IFNβ promoter has also additional binding sites 

for NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) and Activating 

transcription factor 2 (ATF2) /c-Jun dimer (15,16).  Generally induction of IFN genes is initiated 

by activation of IRF3/7 and NF-κB. Regulation of those transcription factors is mediated by 

multiprotein complexes that include kinases and adapter proteins. In the cytosol NF-κB remains 

inactive bound to its inhibitor IkBα (Inhibitor of nuclear factor of kappa light chain gene 

enhancer in B-cells alpha) and must be released in order for NF-kB to enter the nucleus. 

Phosphorylation of IkBα by the IkappaB kinase (17) complex consisting of  IKKα/IKKβ/IKKγ 

proteins causes its dissociation and proteaosomal degradation (18). On the other hand IRF3 and 

IRF7 are present as inactive monomers shuttling between cytosol and nucleus and require 

phosphorylation to dimerize and bind DNA in the nucleus. They are phosphorylated by TANK-

Binding Kinase 1 (TBK1) and IkappaB kinase epsilon (IKKε) that are a part of a bigger protein 

complex including Tumor Necrosis Factor (TNF) receptor associated factor 3 (TRAF3), TRAF 

family member-associated NF-kB activator (TANK) and IKKγ (19-21). 

Multiple PRRs induce IFN expression by activating TBK1 and IKK complexes. One of 

them is a family of Toll-like Receptors (TLRs) that recognize multiple Pathogen Associated 

Molecular Patterns (PAMPs) such as double stranded (ds)RNA,  Lipopolysaccharide (22), 

flagellin or peptidoglycan (23). Among 10 TLR family members in humans TLR3, TLR4, TLR7 

and TLR9 are known to induce type-I IFN response (24). TLR4 is a plasma membrane receptor 

while other three are the proteins associated with endosomes. TLR3 and TLR7 recognize viral 

RNA while TLR9 detects double stranded (ds) viral DNA (23). TLR4 is primary LPS sensor but 

can also be activated by some viral proteins and trigger IFN response. Signaling from most Toll-

like receptors requires a presence of adapter protein MyD88. MyD88 directly or indirectly 

stimulates downstream effectors such as as TIR-domain-containing adapter-inducing interferon-

β (TRIF) (24), Interleukin-1 receptor-associated kinases 1 and 4 (IRAK1/4) or TNF receptor 

associated factor 6 (TRAF6). TRIF binds to the TBK1 complex inducing phosphorylation of 

IRF3 and IRF7 while IRAK1 and TRAF6 can directly activate IRF7 by phosphorylation and 

ubiquitination respectively (25). TRIF and TRAF6 also indirectly stimulate IKK complex 

leading to NF- kB activation. TLR3 does not interact with MyD88 but it can still activate IRF3 
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by direct stimulation of TRIF as well as activation of phosphatidylinositol-3 kinase (PI3K) 

pathway that results in IRF3 phosphorylation (26). 

Other PRRs are also effective inducers of IFN genes. A family of RIG-I–like helicases 

including: RIG-I (retinoic acid inducible gene I),  MDA-5 (melanoma differentiation associated 

factor 5) and LGP2 (laboratory of genetics and physiology 2) work as the sensors of viral RNA 

(24). Both RIG-I and MDA-5 trigger expression of type I IFN genes while LGP2 lacks the 

activation domain and plays an inhibitory role. RIG-I can preferentially detect single stranded 

(ss)RNA with triphosphate group at its 5’ end while MDA-5 is more specific to RNA containing 

poly I:C bases. Both can also detect different types of dsRNA (27).  After binding viral RNA 

conformation of MDA-5 and RIG-I changes and their caspase recruitment domain (CARD) 

interacts with Mitochondrial Antiviral Signaling (MAVS) protein that is associated with 

mitochondrial membranes (20,27). MAVS is a very important adapter for induction of IFN 

genes. It recruits over 30 different adapter/effector proteins including TRADD (TNF receptor 

type 1-associated death domain protein) and TNF receptor associated factors 3 and 6 (TRAF3/6). 

These proteins together with their downstream effectors participate in activation of TBK1 and 

IKK complexes (20). One particularly important adapter protein that responds to DNA of 

pathogens and interacts with MAVS is Stimulator of IFN Gene (STING) also known as MITA 

(Mediator of IRF3 activation) (28,29). Role of STING and MAVS is schematically depicted in 

Figure 3. STING is bound to endoplasmic reticulum (ER) membranes surrounding mitochondria 

and functionally connects mitochondrial and ER compartments. STING binds TRAF3, MAVS 

and TBK1, it is phosphorylated by TBK1 complex and stimulates TBK1 to phosphorylate IRF3 

(30).   Moreover, STING was found to directly bind IRF3 probably triggering its 

phosphorylation by bridging it with TBK1 (30). STING is responsible for induction of IFNs in 

response to DNA pathogens (28). Without STING, synthesis of type I IFN in the cells infected 

with dsDNA viruses or transfected with dsDNA is severely impaired (31). Although STING also 

binds RIG-I and is involved in RIG-I dependent induction of IFN ,it is not essential for this 

process (30). Since signaling through STING is independent of TLRs, it suggests the existence of 

a cytoplasmic DNA sensor that can specifically activate STING. This sensor however, hasn’t 

been yet discovered.  

Synthesis of IFN can be also induced by PAMPs other than nucleic acids. Elements of 

Gram-negative peptidoglycan containing D-glutamyl-meso-diaminopimelic acid (iE-DAP) 



 

6 
 

moiety can activate IFN β production through action of NOD1 (Nucleotide-binding 

oligomerization domain-containing protein 1) receptor (32). NOD1 represents a family of over 

20 NOD-like receptors (NLRs) that recognize different bacterial products including flagellin, 

muramyl dipeptide or bacterial toxins (23). NOD2, another member of the family, is known to 

induce IFN expression in response to ssRNA (33,34).  Both NOD1 and NOD2 contain single 

CARD domains used for binding to RIP2 (Receptor interacting protein-2) adapter. RIP2 

stimulates TRAF3 leading to the activation of TBK1 and phosphorylation of IRFs (32). 

Moreover, it forms a scaffold for transforming growth factor β-activated kinase-1 (TAK1), an 

enzyme responsible for stimulation of the IKK complex and activation of NF-kB (35). 

Interestingly, NOD2 was also reported to bind directly to MAVS and induce phosphorylation of 

IRF3/7 similarly to RIG-I/MDA-5 (33). Therefore it appears that diverse cytoplasmic sensors use 

multiple and often overlapping pathways to induce expression of interferons.  

Once synthesized, IFNs are secreted and bind to the receptors on different types of cells. 

Stimulation with IFN influences many aspects of cell functioning often resulting in the induction 

of anti-viral or anti-cancer effects. Those effects define the biological significance of IFN and 

will be discussed in the next parts of this chapter.  

 

Interferon and its anti-viral effect 

 

A primary function of the IFN system is to protect cells from microbial infection. 

Animals that lack either IFN genes or IFN receptors are viable and fertile but show high 

susceptibility to microbial infection (36-38). 

The STAT transcription factors activated by tyrosine phosphorylation bind and induce 

expression of a specific subsets of genes called IFN-stimulated genes. (ISGs). It is the products 

of these genes that confer the biological responses to IFN. ISGs confer anti-viral resistance by 

inhibiting various aspects of viral replication. Degradation of viral RNA is performed by 2’5’ 

oligoadenylate synthases (OAS) and RNase L. Both those enzymes are induced by interferon 

(39,40). OAS is activated by the recognition of dsRNA that is often a component of RNA virus 

replication. Upon its activation it synthesizes RNA oligonucletotides linked by a 2’5’ 

phosphodiester bond instead of the usual 3’5’ bond. Those oligonucleotides activate RNase L, an 

enzyme responsible for RNA degradation. While RNase L displays specificity to some kinds of 
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viral RNAs, in most cases it degrades both viral and cellular RNA, an event that often precedes 

apoptosis (41,42). RNA cleavage fragments produced by RNA-se L are known to induce IFN-β 

production and enhance the anti-viral state.  

Interferons can also induce editing of viral RNAs. This is achieved by stimulation of 

RNA-Specific Adenosine Deaminase (ADAR1) that catalyzes transition of adenine into inosine. 

ADAR1 is normally present in the cells where it participates in editing of cellular RNAs but it 

has an isoform that becomes strongly induced by IFNs. Since IU pairs are less stable than AU 

pairs, viral dsRNAs become unwound and lose their ability to interact with ribosomes or other 

cellular structures. Also inosine is recognized more as guanine than adenine by transcriptional 

and translational machinery that leads to mutations in viral proteins and often makes them non-

functional. While ADAR1 shows an inhibitory effect against some types of viruses like LMCV 

or hepatitis virus (43-45)some pathogens (HIV1, VSV, measles) hijack RNA editing and use it 

for increasing their virulence at the level of genetic changes (46,47).  

Another level of IFN action is its influence on cellular translation. As viruses use host 

cell machinery, inhibition of viral protein synthesis is essential for slowing down the infection. 

Protein Kinase R activated by dsRNA (PKR) is an IFN induced enzyme responsible for that step. 

It becomes activated by binding dsRNA and it phosphorylates a number of substrates including 

eukaryotic initiation factor 2 (eIF2) thereby blocking early steps of translation (48).  

Another group of anti-viral factors induced by IFN includes the Mx proteins. These are 

small GTP-ases that accumulate in the cytosol of IFN treated cells and can assemble into 

dynamin-like oligomers. In humans there are two members: MxA and MxB but only MxA was 

reported to have anti-viral properties. It displays antiviral activity against both RNA and DNA 

viruses by binding to the elements of viral nucleocapsids and blocking their transport and entry 

into the nucleus (49). Interestingly, animals lacking RNAse-L/PKR/Mx1 genes are still able to 

resist viral infection when treated with IFN (50). This suggests the presence of alternative IFN 

stimulated pathways that contribute significantly to anti-viral defense. 

IFNs influence not only events inside the single cell but also act on the level of the entire 

immune system. Many genes belonging to Major Histocompatibility Complex I (MHCI) family 

are strongly induced by type I IFNs. Consequently this increases the number of antigen 

presenting molecules and facilitates activation of T and NK cells. IFN-α was found to promote 
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survival and proliferation of CD8+ cells in culture and to strongly induce differentiation of 

monocytes into dendritic cells (51). Also it was found to decrease proliferation of T regulatory 

(Treg) cells while inducing activation of T helper cells (52). IFN is known to stimulate antibody 

production by B cells, as well as isotype switching (53). Recent findings show that IFN-α has 

potent ability to induce and to enhance cross-presentation of antigens by modulating antigen 

survival, endocytic routing and processing (47). 

Because of their anti-viral properties IFNs have been used in therapy of viral diseases. 

Recombinant IFN-α is used for therapy of both Hepatitis B and Hepatitis C (HBV and HCV) 

infections, it is also used for treatment of genital warts where it inhibits replication of human 

papillomaviruses (HPV) (54-56). Presently many clinical trials focus on use of IFNs as  potential 

adjuvants to improve anti-cancer or anti-viral vaccines (57). 

 

Interferon and cancer 

 

While the biological action of IFNs targets pathogen, it also found use in cancer therapy. 

IFN-α has been used for therapy of over 14 types of cancer including renal cell carcinoma, AIDS 

related Kaposi’s sarcoma (KS), follicular lymphoma, hairy cell leukemia, and chronic 

myelogenous leukemia (CML) (51,58,59). In spite of its anti-neoplastic effects, little is known 

about the mechanisms of IFN anti-cancer activity. One of the effects is enhancement of an 

immune response against tumors which can be a consequence of increased expression of MHCI 

molecules, stimulation of dendritic cells and enhanced cross-presentation of antigen. Patients 

treated with IFN showed an increase in tumor infiltrating T-lymphocytes, elevated NK cells 

activity and higher numbers of tumor specific CD8+ lymphocytes (51,59). However, since even 

seriously immunocompromised individuals could show a positive response to IFN, it seems that 

IFN’s anti-cancer effect depends more on a direct influence on tumor cells.  

Type-I IFNs were shown to have anti-proliferative effects on multiple cancer cell lines 

and to induce G1/G0 phase arrest (60). Transfection of cell lines resistant to IFN with the IFNAR 

genes made them sensitive to IFN stimulated growth inhibition. It was found that cells treated 

with IFN display decreased levels of phosphorylated Retinoblastoma (pRb) protein and lowered 
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activity of cdc25A phosphatase (60). IFN stimulation downregulated expression of cyclin D3 

and simultaneously increased expression of p21, p15 and p27, proteins known as inhibitors of 

cyclin dependent kinases (cdks) (60-62). Study of cdks in IFN stimulated cells showed that an 

increased fraction of the cdks  remained bound to inhibitors in an inactive state (61). Recently it 

was found that NEDD8 ultimate buster 1 (NUB1) protein, one of the IFN induced proteins, plays 

crucial role in inhibition of cell cycle (63). NUB1 regulates NEDD8, a ubiquitin like protein that 

forms conjugates with Cullin-family members and activates Skp-Cullin-Fbox (SCF) complexes. 

As a result NEDD8 is responsible for ubiquitination and degradation of cell cycle inhibitors such 

as p27, p21 and p73. NUB1 recruits NEDD8 and its conjugates to the proteasome and therefore 

helps in retaining high levels of cell-cycle regulators (63). 

Besides its influence on the cell cycle, IFN is known to induce apoptosis in multiple 

cancer cell lines such as melanomas, ovarian carcinomas, multiple myelomas and leukemias (4). 

Observed effects are variable and dependent on the studied cell line. IFN-induced apoptosis is 

accompanied by activation of caspases both from mitochondrial (caspases-3,9) and ligand 

directed (caspase-8) pathways (64). Also XAF-1 (X-linked Inhibitor of Apoptosis Protein 

Associated Factor 1), a protein known to neutralize cellular caspase inhibitors is strongly 

upregulated by IFN (65). IFN-directed cell death can be efficiently neutralized by using different 

types of caspase inhibitors.  Blocking caspase-8 has especially strong anti-apoptotic effects 

suggesting the role of death receptor signaling in the action of IFN (64). In fact IFN was found to 

upregulate TRAIL, Fas and caspase-8 in different cancer cell lines while inhibition of TRAIL 

reduced IFN-stimulated cell death (62,66,67) 

Studies also showed that cells dying in response to IFN treatment display loss of 

mitochondrial potential and release of cytochrome c to the cytosol (64). This links IFN-induced 

apoptosis with the mitochondrial pathway but factors initiating that process still remain 

unknown. While type-I IFN induces production of p53, a protein that could enhance apoptosis 

(68), in many cases IFN directed cell death seems to be p53 independent (69). One of the 

possible mechanisms is the role of phosphatidylinositol-3 (PI3K) and mTOR kinase pathway 

(70). Inhibition of PI3K reduced IFN induced apoptosis and a similar effect was observed with 

inhibition of mTOR. Interestingly that phenomenon did not affect activation of the JAK/STAT 

pathway, induction of ISGs or antiviral activity of IFN (70). However, other studies showed that 

IFN actually downregulates PI3K/Akt pathway and that JAK/STAT activity is necessary for 
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induction of apoptosis (71). Therefore the mechanisms of IFN induced cell death still remain to 

be understood. We believe that ISG54 protein and other members of ISG54 family can shed new 

light on this problem. They could be a functional link between anti-viral and anti-cancer effects 

of IFN. 

 

Interferon Stimulated Gene 54 family 

 

ISG54 also known as IFIT2 (IFN inducible protein with tetratricopeptide repeats 2) is 

strongly induced during IFN stimulation, viral infection or dsRNA stimulation. It codes for a 472 

aa-long protein with molecular weight of 54kDa, and it belongs to family encompassing four 

members in humans: ISG54, ISG56, ISG58 and ISG60 alternatively known as IFIT2, IFIT1, 

IFIT5 and IFIT3 respectively. Human ISG56 is 478-aa protein, ISG60 is 490-aa long molecule 

and ISG58 is 482-aa long. In mice there are only three members of ISG54 family: ISG54, ISG56 

and ISG49 also referred to as IFIT2, IFIT1 and IFIT3. Those genes are located in cluster on 

chromosome 10 in humans and on chromosome 19 in mice. The coding sequence in humans is 

divided between two exons: a very short first exon with the initiating ATG and the second exon 

that contains remaining part of the gene. Murine ISG54 has an extra upstream exon that does not 

code for any protein sequence. Both coding exons are separated by an intron a few kilobases in 

length. The promoter of both human and murine ISG54 contains two regulatory elements the 

ISRE1 and ISRE2 that are localized adjacent to each other and about 200bp upstream of a TATA 

box (72,73), (see Figure 4). Other members of the family share the same promoter organization 

except ISG58 that has three ISRE elements (73).  

Proteins coded by the family of genes share partial homology: there’s 42% conservation 

between human ISG54 and ISG56 (74) and 62.8% homology between human and murine ISG54 

(75).  ISG58 is the most evolutionary distant member of the family, it shares 46% identity with 

ISG54 and 57% identity with ISG56. A characteristic feature of all proteins in the family is the 

presence of tetratricopeptide repeat (TPR) motifs. The TPR motif is a sequence of 34 moderately 

conserved amino acids that form a structure composed of two antiparallel helices separated by a 

short coil. Multiple TPR motifs are arranged at regular angles creating right-handed superhelix 

with a hydrophobic groove for possible anchoring place for ligands (76). Proteins containing 

multiple TPR domains such as HSP90, HSP70, HOP or mitochondrial transporter TOM70 
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usually participate in multiple protein-protein interaction and often form oligomeric structures 

(77-79). Because the sequence of the TPR domain is poorly conserved, different software 

algorithms predict different numbers of TPR motifs based on protein sequence. For our studies 

we used TPRPred algorithm designed specifically for identification and analysis of TPR domains 

(80). In the case of ISG54 TPRPred predicted the presence of 9 TPR repeats distributed evenly 

along sequence of the molecule. ISG56 and ISG60 were predicted to have 10 and 7 TPR 

domains respectively (80). The schematic depiction of ISG54 molecule is presented in Figure 5. 

 

Induction of ISG54 by distinct pathways 

 

Members of ISG54 family can be induced by signals from both inside and outside the 

cell. The external signal comes from binding type-I or type-III IFN molecule to their receptors. 

As a result STAT1/STAT2 proteins become phosphorylated and bind to IRF9 forming ISGF3 

complex that moves to nucleus to stimulate expression of ISG genes. However, even in the cells 

with disrupted JAK/STAT signaling, activation of ISG54 is still possible (81). Intracellular 

signals come from recognition of Pathogen Associated Molecular Patterns (PAMPs) by specific 

receptors and result in activation of IRF3. IRF3 binds to ISRE elements in the promoter of 

ISG54 gene localized about 200bp upstream of TATA box. After recognition of ISRE 

GGGAAANNGAAATC sequence it recruits CREB Binding Protein (CBP)/p300 coactivator that 

stimulates assembly of transcriptional machinery (82-85).  

While ISG54 and ISG56 have a similar promoter organization with respect to ISRE, the 

induction pattern of their mRNA expression can be different depending on the organ and 

stimulatory factor (86). Although IFNβ stimulates similar expression of both proteins in all 

organs, IFNα causes much higher expression of ISG56 in the colon and small intestine. 

Moreover, IFN had been reported to induce expression of ISG56 in myeloid dendritic cells but 

not  in B cells or plasmacytoid dendritic cells (87). Infection with VSV leads to much higher 

induction of ISG56 in the liver comparing to ISG54 while stimulation with dsRNA boosts 

expression of ISG54 in heart with no effect on ISG56 (86). In the brains of mice infected with 

LCMV different ISGs are induced in different regions: pyramidal cells mainly produce ISG56, 

olfactory bulb is enriched in ISG54 and deep cerebellum neurons expressed all three ISGs at the 
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same level (88). These observations may suggest distinct response of the ISGs in particular cell 

types. 

Furthermore molecular aspects of ISGs induction seem to be different. Interesting data on 

ISG54 induction come from the studies of West Nile virus infection. Experiments showed that 

WNV dependent ISG54 induction is strongly dependent on the presence of IkappaB kinase-

epsilon (IKKε) while ISG56 and ISG60 can be expressed without IKKε (89). Lack of IKKε also 

impaired synthesis of ISG54 in response to IFN stimulation but had no effect on induction of 

ISG56 or ISG60.All these results suggest the presence of precise mechanisms that regulate 

expression of individual ISGs instead of being aimed at a whole protein family. 

 

Prior studies of ISG54 function 

 

There are a number of biological responses that have been reported with the expression of 

ISG/IFIT family. The different studies and observations are described below. Some of them can 

be due to our finding that ISG54 promotes cellular apoptosis (90). 

 

Effects on mRNA 

Members of the ISG54 family seem to be involved in multiple functions. Initially, ISG54 

and its cousin ISG56 were linked to the inhibition of cellular translation. Studies performed by 

Ganes Sen’s group showed that ISG54 and ISG56 interfere with the initiation stage of translation 

by binding to the eukaryotic initiation factor 3 (eIF3), multisubunit protein complex (74). Human 

ISG54 could bind to “e” and “c” subunits of eIF3 while ISG56 interacted only with “e” subunit. 

Therefore human ISG54 worked in a two-step manner, blocking two different steps of ribosome 

assembly while ISG56 blocked only the first step (74). On the other hand in mice ISG54 and 

ISG56 were found to interact only with the “c” subunit of eIF3. Association with eIF3 was 

mapped to the N-terminus of both ISGs encompassing two TPR motifs in ISG56 and one TPR 

motif in ISG54. Moreover, studies in mice showed that also ISG49 could interact with eIF3 but 

with no influence on on translation (87).  

The effects of ISG56 on translation seem to be dependent on the type of RNA. Some data 

show that ISG56 inhibits translation of capped mRNA while it does not have an effect on IRES 

bearing RNA from encephalomyocarditis virus (EMCV) (91). On the other hand there are data 
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showing that ISG56 can inhibit translation of RNA containing Hepatitis C Virus (HCV) IRES 

but does not have an effect on cap-mediated translation (92). Other studies revealed that anti-

RNA activity of ISGs may be dependent on the absence of 2’-O-methylation in the cap of viral 

RNA (93). 2’-O-methylation of the penultimate 5’ ribose in eukaryotic mRNA takes place in the 

nucleus. Some viruses such as West Nile Virus (WNV), Vaccinia (VACV) or Mouse Hepatitis 

Virus (MHV) developed their own methyltransferases able to perform 2’-O’-methylation.  

Overexpression of ISG54 had no effect on replication of wild-type MHV and VACV but 

effectively blocked replication of viral mutants lacking 2’-O-methylase activity (93). On the 

other hand, animal studies showed that mutant lacking 2’-O-methylase activity is highly virulent 

in ISG56 knockout mice (93). These data suggest that 2’-O-Methylation of RNA plays important 

role in ISGs function but the exact mechanism remains unknown. 

A recent study found that the inhibitory effect of ISG56 on translation may be more due 

to its ability to bind triphosphorylated RNA (PPP-RNA)  and not to translation machinery (94). 

PPP-RNA is present in transcript of many viruses and it is recognized by the cytoplasmic 

receptor RIG-I that induces production of IFN. Experiments using beads coupled to PPP-RNA 

showed that ISG56 can potently bind to triphosphorylated RNA but not to RNA lacking 

triphosphate group. Interestingly this property was shared by ISG58 but not by ISG54 or ISG60 

(94). Database analysis and computer modeling suggested that RNA binding may be dependent 

on the presence of a positively charged groove along the axis of ISG56. Mutation of arginine 187 

to histidine (R187H) within that groove abolished interaction of ISG56 with PPP-RNA. 

Therefore, ISG56 was proposed to be an interceptor of viral PPP-RNA that sequesters them from 

ribosomes and prevents expression (94). 

Some data suggest that ISG54 may also be involved in regulating the stability of specific 

host RNAs. Data from RAW cells stimulated with LPS showed that overexpression of ISG54 

strongly inhibits synthesis of TNF-α, IL-6 and MIP-2 (95). However, ISG54 had no effect on 

expression of other LPS-induced proteins such as VEGF or ISG56 and did not cause any 

alterations to LPS induced signaling pathways. It was found that ISG54 affects mRNA stability 

of target genes and that this process is dependent on the composition of 3’UTRs of those genes 

(95). For instance study of TNFα mRNA identified a constitutive decoy element (CDE) in 

3’UTR that is necessary for the inhibitory effects of ISG54. Cloning 3’UTR sequences of TNFα, 

MIP-2 and Il-6 into EGFP vector caused a dramatic decrease in production of EGFP in the 
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presence of ISG54 (95). It’s possible then that ISG54 in addition to its anti-viral functions may 

help in regulation of cellular mRNAs.  

 

Additional Effects of ISGs/IFITs  

Recent data suggest that ISGs may play an important role in the initial induction of IFN 

genes by interaction with STING/MAVS/TBK1 complex. STING as described previously is ER 

bound adapter protein necessary for triggering IFN response to cytoplasmic DNA. MAVS 

integrates signals coming from RNA sensors such as RIG-I and MDA-5. Together with a set of 

adapter proteins they form multisubunit complex responsible for activation of TBK1, and 

recruitment of IRF3 (see Figure 3). As a result IRF3 becomes phosphorylated and may initiate 

transcription of IFN genes.  

A study showed that both ISG54 and ISG56 could interact with STING but not with 

TBK1 or IRF3 (96). Binding of ISGs disrupted interaction between STING and MAVS and 

between STING and TBK1 leading to impaired induction of IFN genes. Both ISG54 and ISG56 

were found to inhibit IRF3 dimerization and phosphorylation (96). Moreover, ISG56 has been 

reported to inhibit activation of NF-kB by blocking degradation of  IkBα. Knockdown of ISG56 

resulted in significantly enhanced activation of IFNβ promoter and stronger inhibition of viral 

replication. It’s possible then that ISG54 and ISG56 negatively regulate IFN induction by 

controlling activation ofIRF3 and NF-kB.  ISG56 appears to be the main negative regulator 

while ISG54 may play an auxiliary role in this process. They may provide a negative feedback 

regulatory loop preventing too aggressive anti-viral response that could be deleterious to the 

host. 

The third member of family, ISG60, was found to be a positive regulator of the IFN 

response. Recent data suggest that ISG60 serves as an adapter protein responsible for linking 

MAVS with TBK1 (97). Without ISG60 expression of both IRF3 and NF-κB dependent genes is 

potently decreased. Immunoprecipitation experiments showed that ISG60 can bind both MAVS 

and TBK1 and that its association stabilizes interaction between MAVS and TBK1.  Moreover, 

ISG60 could interact with wide range of adapter proteins including TRAF2, TRAF3, TRAF6 and 

TRADD. It also displayed weak binding to IKKε and RIG-I (97). Transfection of ISG60 

increased IFNβ production in SeV infected HEK293 cells while ISG60 knockdown drastically 

impaired expression of IFNβ. Cells lacking ISG60 showed increased susceptibility to SeV 
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infection resulting in much higher viral replication (97). Other studies reported that ISG60 plays 

important role in inhibition of VSV and EMCV replication. Cells with knocked down expression 

of ISG60 were unable to resolve VSV infection even when treated with IFN (98). Together those 

findings depict ISG60 as a part of positive-feedback regulation of IFN response that puts it in the 

opposition of ISG56. Since both these proteins are induced at the same time it is probably the 

balance between them that regulates the intensity of anti-viral response in an infected cell  

Studies with ISG56  show that it inhibits replication of human papilloma virus (HPV) by 

direct interaction with viral E1 protein (99). E1 is a crucial HPV protein with ATP-ase/helicase 

properties that together with E2 is responsible for replication of viral DNA. Binding of ISG56 

disrupted helicase activity of E1, blocked its ability to interact with E2 protein and disabled 

recognition of viral ori sequence. Interestingly that interaction was dependent on the single 

aminoacid in E1 that was dispensable for its biological function (99). In case of ISG54 no direct 

interaction with viral proteins has been so far reported but it’s possible that this highly expressed 

protein may as well bind to some viral targets.  

Recent data showed that ISG54 may play important role in the regulation of anti-viral 

response in the brain (100). ISG54 knockout mice when infected intranasally with VSV, 

developed severe infection leading to the death of all animals within a week. In contrast only 

mild symptoms developed among wild type mice or among ISG56 knockout animals (100). 

Infection of other organs did not show any differences between ISG54 knockout and control 

mice. In the brains ISG54 and ISG56 are induced in the same regions and at similar levels (100). 

This would suggest that ISG54 stimulates rather than inhibits anti-viral response and that its 

function in neurons is distinct from ISG56. However, no molecular details of this mechanism 

have been so far discovered.  

 

Differentiation, proliferation and migration  

Besides its anti-viral effects, ISG54 has been reported to influence cell migration, 

division and differentiation (101,102). Studies in NIH3T3 and B16 melanoma cells showed that 

ISG54 colocalizes with microtubules and accumulates in the mitotic spindle (101). Other study 

in oral squamous cell carcinoma (OSCC) showed that ISG54 acts as an inhibitor of cell 

migration and motility. Migration assays using Boyden chambers revealed that shRNA knock 

down of ISG54 increases migration of cancer cells even without treatment with interferon while 
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ectopic expression of ISG54 significantly reduces migration (102). Interestingly in this study 

ISG54 was found to form fibrillar patterns in the cytosol and interact with cytokeratins, 

especially cytokeratin 18 (102).  OSCC patients expressing high levels of ISG54 had more 

differentiated tumors with lower lymph node stage comparing to the tumors lacking ISG54. 

Moreover, expression of ISG54 correlated positively with survival and postsurgery lifespan of 

the patients (102). 

Recent reports suggest that ISG60 is also involved in the control of cell proliferation and 

differentiation. Both ISG60 and ISG58 were discovered as the proteins induced by all-trans 

retinoic acid (103), compound known to stimulate cell differentiation (104,105). A study by Xiao 

et al. (106) showed that ISG60 associates with JAB1, member of COP-9 signalosome. COP-9 is 

a protein complex involved in many functions including ubiquitination, protein degradation and 

cell signaling (107). JAB1 functions as an isopeptidase participating in deneddylation of target 

proteins. It also works independently as a cofactor in Myc-regulated transcription of “wound 

healing” genes and as a cytoplasmic shuttle for p27 protein (107). P27 is a suppressor of the cell 

cycle located in the nucleus and it is degraded after being transported to the cytosol by JAB1. 

ISG60 binds JAB1 and sequesters it in cytoplasm preventing it from the interaction with p27. 

Moreover, by an unknown mechanism, it decreases the level of c-Myc protein resulting in 

increased expression of p21, another cell cycle suppressor (106).  

Expression of ISG60 is strongly induced in patients with systemic lupus erythematosus 

(SLE) (108). Higher levels of ISG60 correspond to increased leucopenia and thrombocytopenia 

and may be explained by an anti-proliferative character of that protein. Also ISG60 expression in 

monocytes stimulates their differentiation into dendritic cells (108).  

The role of ISG58 in biological processes is the least characterized. It is cytoplasmic, 

482-aa long protein with 46% identity with ISG54 and 57% identity with ISG56. While it was 

reported to display some anti-viral effects and cause translation inhibition in vitro (93,94), very 

little is known about its functions and binding partners. It was found to be involved in myeloid 

differentiation and be induced via all transretinoic acid (103) (104) but mechanisms of its action 

remain unknown. 

Together the ISG/IFIT family appears to be involved in multiple aspects of cell 

functioning. While primarily induced by IFN and pathogen infection their functions are not 
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limited to the anti-viral response. Therefore more studies are required to fully characterize 

members of ISG54 family and to determine their functions in cellular processes. 

 

My studies demonstrate that the expression of ISG54 promotes cellular apoptosis (90). It 

is possible that many of the biological effects reported for ISG54 expression or loss of 

expression are a result of its ability to stimulate cell death. 

 

Apoptosis and other forms of cell death 

 

In this work we postulate that ISG54 can induce apoptosis and may be a part of 

mechanism by which IFN induces cell death. Apoptosis is the most ubiquitous form of 

programmed cell death. Its biological relevance is to eliminate cells during tissue/organ 

development become a potential threat to the organism due to DNA damage or pathogen 

infection. In response to DNA lesions, thermal or oxidative stress, or signals from the external 

environment, cells execute a precise mechanism of self-destruction. Apoptosis is characterized 

by chromatin DNA fragmentation, loss of cell membrane asymmetry, membrane blebbing and 

cell shrinkage (109). Integrity of cell membrane is retained at early stage of apoptosis. In contrast 

necrosis is a form of death mainly as a result of traumatic injury. It is accompanied by cell 

membrane disruption and often triggers reaction of the immune system. While apoptosis leads to 

shrinkage of dying cells, necrosis often causes cell swelling and karyolysis. Ongoing apoptosis 

can convert into necrosis if there is  low levels of ATP and limited activity of caspases 

(110,111). Apoptosis usually does not induce an inflammatory response since it does not lead to 

release of cell contents and apoptotic cells are cleared by macrophages or engulfed by the 

neighboring cells (112).  

The essence of the apoptotic process is activation of caspases – cysteine-aspartate 

proteases that when activated cleave cellular proteins such as nuclear lamins, cytokeratins or 

spectrins. There are two types of caspases. Initiator caspases such as CASP 2,8,9 or 10 are 

responsible for receiving pro-apoptotic signals either coming indirectly from extracellular 

stimulation or from internal cellular mechanisms. They activate effector caspases such as  CASP 

3,6,7 that are responsible for cleaving the primary cellular targets (102). Caspase-3 is a main 

executioner caspase. It can be activated by any of initiator caspases and its major target is 
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gelsolin, a protein responsible for organization of actin cytoskeleton. CASP3 is also the main 

activator of endonuclease CAD (caspase-activated DN-ase) that degrades DNA in the nucleus of 

dying cells. 

There are two main pathways of apoptosis initiation. An intrinsic pathway is initiated by 

DNA damage or other types of severe cellular stress like hypoxia, heat shock, viral infection or 

loss of growth factors. DNA damage activates p53 that induces expression of PUMA and Noxa 

proteins (113). These factors activate Bax and Bak proteins that insert into mitochondrial 

membrane forming a pore and enabling release of mitochondrial content (114). Leakage of 

cytochrome c and other mitochondrial components like SMAC and Diablo initiates the apoptotic 

process. Cytochrome c binds the adaptor apoptotic protease activating factor-1 (APAF1), 

forming a large multi-protein complex known as the apoptosome (115).  The apoptosome binds 

and activates pro-caspase-9 that subsequently activates effector caspases 3,6,7 (116,117).  Other 

proteins released from mitochondria: AIF (apoptosis inducing factor), endonuclease G and CAD 

translocate to the nucleus where they cooperate in degradation of cellular DNA. Activation of the 

intrinsic pathway depends on the balance between pro-apoptotic factors such as Puma, Noxa, 

Bim, Bik, Bid and Bad and anti-apoptotic factors such as Bcl, Bcl-xL or Mcl. The latter anti-

apoptotic proteins bind Bax and Bak preventing them from insertion into mitochondrial 

membrane. Another group of cytosolic proteins: IAP (inhibitors of apoptotic proteins) is 

responsible for blocking activation of caspases. SMAC and Diablo inactivate members of IAP 

family after being released from mitochondria allowing initiation of the cascade of caspases 

(118).  

In contrast, the external pathway is independent of p53 activity and is linked to signaling 

through cell surface death receptors such as Fas, DR4 or DR5 (119). It is used by cytotoxic T 

lymphocytes and NK cells for killing cells infected with virus or displaying a cancerous 

phenotype. When the ligand binds to the death receptors, intracellular domains of the receptors 

associate with adaptor FADD protein (Fas-associated death domain). This stimulates formation 

of DISC (death-inducing signaling complex) and recruitment of inactive pro-caspases 8 and 10 

that become activated by binding with DISC. This subsequently leads to activation of 

downstream caspases 3,6 and 7 that execute the apoptotic process (119).  

Apoptosis can be also triggered in other ways. For instance T cells use a mechanism 

involving perforins and granzymes. Perforins form pores in the membrane of target cell while 
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granzyme B activates caspase 10 and caspase 3 by proteolytic cleavage (120). Granzyme B can 

also cleave the precursor of the  pro-apoptotic protein Bid and release Bid to stimulate release of 

cytochrome c by activating Bax and Bad. Granzyme A stimulates apoptosis in an alternative way 

by entering the mitochondria, cleaving electron transporter proteins and inducing oxidative shock 

(121). Another specific form of apoptosis called anoikis takes place in the cells that have lost 

contact with surrounding extracellular matrix. Its mechanism still remains unclear but is linked to 

absence of survival signals coming from integrins bound to extracellular matrix (122,123). 

Detachment of integrins results in disruption of Ras/Raf/PI3K/Akt signaling and release of pro-

apoptotic proteins Bim and Bmf that normally remain bound to the cytoskeleton. Bim stimulates 

Bax/Bak oligomerization, release of cytochrome c and caspase activation (122,123). 

Excessive and uncontrolled apoptosis takes place in many diseases such as ischemia, 

Parkinson’s or Alzheimer’s disease (124). On the other hand many tumors have dysfunctional 

apoptotic mechanisms due to mutations in p53 or overexpression of caspase inhibitors (113,125). 

Also viruses can affect the apoptotic machinery preventing apoptosis of an infected cell (126). 

Their proteins either mimic apoptosis inhibitors of the host (e.g. adenoviral E1B-19K – analog of 

Bcl2) or eliminate cellular pro-apoptotic proteins (e.g E6AP protein from HPV that mediates p53 

degradation) (127,128).  Despite those numerous anti-apoptotic mechanisms, cells are still able 

to kill themselves. This is due to alternative ways of cell death that involve different pathways 

and still are not completely understood. In necroptosis signals from tumor necrosis factor α 

(TNF-α) receptors cause cell death and necrotic morphology but no caspase activity is required 

for that process (129). Oncosis is a cell death resulting from excessive swelling caused by the 

failure of ionic pumps that can be initiated by toxins and often takes place during ischemia 

(130,131). Pyroptosis is another alternative form of cell death often observed during 

inflammation and executed by capase-1. In pyroptosis caspase-1 stimulates membrane rupture 

and release of cellular content but no cytochrome c release or activation of downstream caspases 

takes place during that process (132). Entosis is a cell death that involves cell dying as a 

consequence of being engulfed by a neighboring cell of the same or different type. Interestingly 

engulfed cells often survive inside the host cell they can be released from the host cell or even 

kill the host cell. Entosis was observed in multiple cell types, mainly in tumors but also between 

tumors and leukocytes and in mammary acinar cells (133,134). A specific form of cell death is 

autophagy. Autophagy is a degradation of the cell’s own components through the vesicular 
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structure called autophagosome. It is induced by starvation but can be also activated during 

pathogen infection, cellular stress, or in the cancer transformation (135). It is a complex process 

that depends on the action of multiple proteins and regulatory factors such as family of Atg 

proteins, type III phosphatidylinositol kinase (PI3K) and mTOR kinase (136). Moderate 

autophagy is considered to be pro-survival mechanisms but persistent autophagy can lead to the 

cell death (137). Cells dying as a result of autophagy do not show activation of caspases or the 

loss of mitochondrial potential (138-140). However, depending on the conditions autophagy may 

also facilitate conventional apoptosis (137,140).  

All these alternative pathways seem to play important role in cell functioning yet still 

remain enigmatic. Therefore studying those new pathways leading to cell death may be essential 

for establishing novel cancer and viral therapies. 

 

Mouse Gamma Herpesvirus 68 

 

In our experiments we used mouse gamma herpesvirus 68 (MHV68) as a model pathogen 

to study the role of ISG54 proteins in viral infections. MHV68 is a large double-stranded DNA 

virus with ~118kB long genome containing about 80 putative open reading frames (ORFs) and 8 

possible tRNAs (141). It’s closely related to human gamma herpesviruses such as Kaposi’s 

Sarcoma Herpes Virus (KSHV) and Epstein-Barr Virus (EBV). It was first isolated from bank 

voles in Slovakia but its main reservoir seems to be the population of wood mice (142). It infects 

laboratory mice as well as certain types of human cells in vitro but no infection of human 

individuals has ever been reported. Similar to other gamma herpesviruses MHV68 is known to 

establish life-long infection of the host through the state of latency. During latent infection the 

viral DNA remains as an episome in the infected cells but no cytopathic effect or immune 

reaction is observed. During latent infection there is very limited viral protein expression. The 

MHV68 genome stays in the nucleus of infected cells as a circularly closed episome and rarely 

integrates into chromosomes of the host (142). However, under certain circumstances, in 

response to particular signals, viral gene expression increases and progeny viral particles are 

released. This process is called reactivation and it’s characteristic for all the herpesviruses. The 

exact mechanism of reactivation still remains unknown. 
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Gamma herpesviruses are known to preferentially develop latency in B  lymphocytes 

while alpha herpesviruses develop chronic infections in neurons and beta herpesviruses develop 

chronic infections in myeloid cells. In nature MHV68 is believed to infect mice through the 

respiratory route although no cases of horizontal transfer have been observed under laboratory 

conditions (143,144). In the laboratory, animals are usually infected through an intranasal or 

intraperitoneal route. Intranasal inoculation results in the acute infection in the lungs that is 

characterized by production of viral particles in the lung epithelium. After 10 days the lung 

infection is usually cleared and the virus establishes chronic infection in B cells in the spleen. 

Acute replication in the spleen ends about 16-18 days post infection and the virus enters the stage 

of latency (145,146). At that time about 1% of splenocytes is estimated to be infected with latent 

form of MHV68 and about 0.01% of them are able to spontaneously reactivate the virus. 

However, with time frequency of spontaneous reactivation decreases and at 6 weeks post 

infection only very small fraction of splenocytes is able to reactivate (142). This process can be 

enhanced by certain stimuli such as LPS, flagellin or CpG DNA suggesting that pathogen-

induced stress facilitates reactivation (147). 

MHV68 codes for several proteins that influence proliferation and survival of the host 

cell. One of them is v-cyclin, a viral oncogene that can bind and activate CDK1 and CDK2. It 

works similar to cellular cyclin A but it’s resistant to inhibition by the p27 tumor suppressor. V-

cyclin deregulates cell cycle and was found to induce T-cell cancers in mice (142,148). Another 

protein is vBcl-2 (M11), a viral homolog of anti-apoptotic Bcl-2 protein. It contains BH1 domain 

homolog present in human Bcl-2 but no BH2 domain. vBcl-2 can efficiently inhibit apoptosis 

caused by Fas stimulation or TNF-α and it also blocks induction of autophagy by interaction with 

pro-autophagy protein Beclin-1. M11 isn’t required for the acute infection but seems to play an 

important role in establishing of latency (142). Another anti-apoptotic protein expressed by 

MHV68 is vMAP (viral Mitochondrial Antiapoptotic Protein) that can interact both with Bcl-2 

and with Voltage Dependent Anion Chanel (VDAC1) (149). vMAP brings Bcl-2 into the 

mitochondrial surface and increases its avidity for pro-apoptotic proteins such as Bid or Bad. 

Simultaneously by binding VDAC1 it decreases mitochondrial permeability and release of 

cytochrome c (149). Despite those mechanisms most MHV68 infected cells are killed by pro-

apoptotic machinery. It was found that in the cells lacking Bax and Bak viral titer was increased 

up to 100 times (149). 
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The interferon system plays an important role in MHV68 infection. Animals lacking 

IFNAR1 experience much more severe symptoms of acute infection, display increased viral titer 

in lungs, and often die within 16 days. They also show significant increase in the levels of spleen 

reactivation but no difference in establishment of latency or in viral clearance after acute phase 

(150). It’s still unknown though how interferon is responsible for those effects. Mice lacking 

PKR and RNA-se L  react normally to acute replication and don’t show any increase in 

reactivation (142). Therefore it is highly possible that other ISGs may be crucial for host 

response to MHV68 infection. In the following thesis I’m exploring the role of ISG54 may have 

in the anti-viral response and investigating how it affects different stages of MHV68 cycle. 
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Chapter 2. Materials and Methods 

 

Cell culture- Human cell lines were obtained from American Type Culture Collection 

and cultured in DMEM with 8% FBS.  Wild-type baby mouse kidney (BMK) cells and bax-/-, 

bak -/- double knockout BMK cells (151) were a kind gift of Dr. Wei-Xing Zong  (Stony Brook 

University). NIH 3T12 cells and wild-type C57Bl/6 Mouse Embryo Fibroblasts (MEFs) were a 

kind gift from dr Laurie Krug (Stony Brook University). MEF cell lines were cultured in DMEM 

supplied with 10% FBS 

Plasmids and transfections- Full-length human ISG54 cDNA was cloned using PCR into 

the following vectors: pcDNA3 (Invitrogen) with an N-terminal T7 tag, pCGN with an N-

terminal HA tag (Addgene), pEF-1V5-HisB with an C-terminal V5 tag (Invitrogen), and pEGFP-

N1 with a C-terminal monomeric GFP tag (Clontech). The pEGFP-N1 plasmid was modified to 

introduce mutations A206K, L221K, F223R to ensure a monomeric GFP (mGFP) (152). ISG54-

mGFP was subcloned into the tetracycline-inducible vector pREvTRE (Clontech). pRev-ISG54-

mGFP expression was induced with pLib-rtTAm2-iresTRSID-iresPuro, a gift of Dr. Michael J. 

Ausserlechner (Medical University Innsbruck) (153). Truncated forms of ISG54 encompassing 

1-4TPR domains (aa 1-208), 2-9TPR domains (aa 94-472) 3-9 TPR domains (aa 138-472) and 4-

9 TPR domains (aa 172-472) were cloned into pEF-1V5-HisB. Human ISG56, ISG58 and ISG60 

genes were similarly cloned. cDNAs for human STING, PRDX5, eEF1α, DLC1, eIF3e, eIF3c 

were obtained from Open Biosystems and cloned into pEF1-V-HisB and pCGN vectors. 

pcDNA3-Bcl-xL plasmid was a gift from Dr. Colin Duckett (University of Michigan). pSpLuc-

polyA plasmid containing firefly luciferase gene with 60 adenine bases at 3’ terminus was a gift 

from Dr. Philip Marsden (University of Toronto) (154). The pSPLuc-polyA luciferase gene was 

cloned into pcDNA3 to generate pcDNA3-luc-polyA with a T7 promoter site. IRES-luc-polyA 

plasmid was constructed by cloning hepatitis C virus internal ribosome entry site (IRES) from 

H4325Wt (gift from Dr. Eckard Wimmer, Stony Brook University) into pcDNA3-lucPolyA. The 

dominant negative p53 plasmid (aa 320-393) was a kind gift from Dr. Ute Moll (Stony Brook 

University) (155). Plasmid encoding adenoviral E1B-19K was a kind gift of Dr. Lynne Vales 

(UMDNJ) (156). Plasmids encoding adenoviral E1B-55K and E4-Orf6 were kind gifts of Dr. 
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Patrick Hearing (Stony Brook University). Plasmids encoding murine GFP-Bax, GFP-Bak, 

human constitutive active Akt, and p110 and p85 subunits of PI3K were kind gifts of Dr Wei-

Xing Zong (Stony Brook University). Plasmid encoding human H-Ras-V12 was a gift from dr 

Linda van  Aelst (Cold Spring Harbor Laboratory). Plasmids encoding KSHV v-Bcl-2 protein 

and MHV68 M11 protein were a kind gift from Dr. Beth Levine (University of Texas-

Southwestern).  

TransIT LT1 reagent (Mirus) was used for DNA transfections. We used 2ul of TransIT 

reagent per 1ug of DNA. For transfections of 6 well plates we used 1ug of ISG54mGFP, or both 

0.25ug of mGFP plasmid with 0.75ug of empty pCGN vector as a control. Since mGFP was 

expressed at much higher levels than ISG54mGFP we used a lower amount of mGFP plasmid to 

keep similar levels of ectopically expressed proteins. For the experiments where ISG54mGFP 

was cotransfected with another gene we used 1ug of ISG54mGFP and 1.5ug of plasmid coding 

for the respective gene per well. For the experiments where ISG54mGFP was cotransfected with 

two different genes we used 1ug of ISG54mGFP and 1ug of each of respective plasmids. DNA 

and transfection reagent were resuspended in 250ul of serum free DMEM, incubated for 15 

minutes at the room temperature and added dropwise to the cell media. 6hs after transfection, 

media were aspirated, cells were washed with fresh DMEM to remove transfection reagent and 

supplied with fresh complete DMEM.  

TransMessenger Transfection Reagent (Qiagen) was used for RNA transfections. RNA 

transfection was performed using 2ul of Enhancer R and 2ul of TransMessenger Transfection 

Reagent per 1ug of RNA according to manufacturer’s protocol (Qiagen). We used 3ug of 

luciferase mRNA per 10cm plate of HeLa cells.  

Western-blot, immunoprecipitation and antibodies- For Western blots, cell lysates were 

prepared in 0.5% NP-40 buffer and proteins separated by SDS-PAGE (157). Protein 

concentration was determined with the colorimetric assay (Bio-Rad) using bovine serum albumin 

as the standard. Proteins were transferred to nitrocellulose membrane (Thermo Scientific) and 

reactive signals were detected with the Odyssey Imager (Li-COR Biosciences). For 

immunoprecipitation 400-500μg of protein were incubated with antibody overnight at 4ºC and 

immunocomplexes were collected on protein G agarose beads (Invitrogen). Polyclonal rabbit 

anti-C-terminal ISG54 antibodies were generated against GST-ISG54 (381-473a.a.). Commercial 

antibodies used included monoclonal anti-V5 (Invitrogen), polyclonal rabbit anti-HA (Santa 
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Cruz Biotechnology), monoclonal anti-FLAG (Sigma), monoclonal anti GRP78/BIP (BD 

Transduction Laboratories), anti-active caspase-3 (Cell Signaling), secondary antibody 

conjugated to TRITC (Jackson Laboratory), normal IgG (Santa Cruz Biotechnology), and 

secondary antibodies for Odyssey Imager anti-mouse (Rockland) and anti-rabbit (Invitrogen). 

Cells positive for GFP expression were isolated by fluorescence activated cell sorting (FACS) 

with a Becton-Dickinson FACS Vantage cell sorter. 

Cell death- For the cell death assay cells were plated on 6 well plates and each 

experiment was represented by three independent triplicates. Cells were transfected with 

ISG54mGFP and empty PCGN plasmid or ISG54mGFP with the plasmid containing a particular 

gene of interest. As a negative control we used plasmid coding for mGFP. At 24, 48 and 72hs 

after transfection cells were trypsinized from plates, washed with PBS, and stained with 

propidium iodide (PI) according to manufacturer instructions (Invitrogen). For annexin V 

staining, cells were resuspended in staining buffer (BD Pharmingen) and allophycocyanin (158) 

conjugated annexin V (APC-V) was added according to manufacturer instructions (BD 

Pharmingen). Cells were analyzed with FACS Calibur flow cytometer (Becton Dickinson) and 

the gate was set for cells positive for GFP expression to collect 10,000 counts. Distribution of PI 

and annexin V staining was visualized as a histogram and analyzed with BD CellQuest software 

to determine percentage of the cells positive for propidium iodide and annexin V. 

Microscopy and Immunofluorescence- Immunofluorescence was performed following 

cell fixation with 4% paraformaldehyde and permeabilization in 0.2% TritonX-100. Cells were 

incubated with primary antibodies followed by the incubation with secondary antibody 

conjugated to TRITC. Unless stated otherwise, all the incubations with antibodies were 

performed in a humid chamber at 37°C. For ER visualization we used primary monoclonal 

mouse anti-calnexin antibody (BD Transduction Laboratories) at 1:100 dilution and incubation 

period of 2h. For detection of active caspases-3 we used anti-active caspase-3 from Cell 

Signaling (1:100 dilution, incubation for 8hs at 4°C) and for detection of ISG54v5 we used Santa 

Cruz anti-v5 antibody (1:100 dilution, 2h incubation). Secondary TRITC-conjugated antibodies 

were used at 1:200 dilution with incubation time of 1.5h. Cells were visualized with Zeiss 

Axiovert 200M and Axiovision v.4.5. Live cell imaging was performed with cells seeded on 

glass bottom plates (Mattek Corporation). Mitochondria were visualized by incubation with 

500nM MitoTracker Orange CMTMRos prior to imaging (Invitrogen). The Zeiss Tempcontrol 
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37-2 Digital and CTI Controller 3700 was used with the Zeiss LSM 510 laser scanning 

microscope system (Zeiss) and an alpha Plan-FLUAR100x/1.45 objective. Live cell images were 

captured using Zeiss LSM 5 Pascal imaging software. 

Study of mitochondrial potential- HeLa cells plated on 6 well plates were transfected with 

mGFP or ISG54mGFP. 24h and 48h after transfection cells were stained with 200nM 

MitoTracker Orange (Invitrogen) obtained by dilution of 1mM DMSO stock in serum free 

DMEM. After 25 min of incubation at 37°C cells were washed with fresh medium, trypsynized 

and analyzed by flow cytometry. Signal from MitoTracker was detected in PI channel and its 

distribution was visualized by a histogram. Cells positive for mGFP or ISG54mGFP were 

evaluated for the intensity of MitoTracker staining focusing on the size of population with low 

signal intensity.  

Translation analysis- 3ug of mRNAs encoding the luciferase gene were transfected into 

cells expressing ISG54 and evaluated for translation. In vitro transcription was performed with 

Ambion mMessagem Machine T7 Kit. Luciferase RNA was synthesized from a T7 promoter in 

pcDNA3-luc-polyA, and a 5’-7-methyl guanosine (m
7
G) cap was added to the mRNA in vitro. 

IRES-luc-polyA was used to prepare 5’-IRES-regulated luciferase mRNA. Following reactions, 

DNA templates were degraded with DNAase and mRNA was precipitated with LiCl. Integrity 

and amount of transcribed RNA were evaluated with electrophoresis and spectrophotometry. 

Cells were transfected with ISG54-mGFP or mGFP, and the following day they were transfected 

with the 5’-cap luciferase mRNA or IRES luciferase mRNA. Five hours following RNA 

transfection the cells were sorted for GFP fluorescence (Becton-Dickinson FACS Vantage cell 

sorter) and then tested for luciferase activity with Promega Dual-Luciferase Reporter Assay and 

Lumat LB9507 Luminometer (EG G Berthold).  

Mass spectrometry analysis- HeLa cells were transfected with plasmids T7-ISG54 

pcDNA3 or T7-pcDNA3, and were subsequently treated with 1,000 U/ml IFN-α (gift from 

Roche, Nutley, NJ) overnight. Cell lysates were prepared and incubated with anti-T7 antibodies 

conjugated to agarose beads (Novagen). Proteins were eluted with Novagen elution buffer, 

neutralized, and treated with iodoacetamide. Proteins were separated by SDS-PAGE and stained 

with SilverQuest (Invitrogen). Protein samples were analyzed by mass spectrometry by ProtTech 

Inc. (Norristown, PA). 

Glycerol gradient sedimentation- Cell lysates were prepared with isotonic buffer 
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(140mM NaCl, 50mMTris-pH8.2, 5mM EDTA, 0.5%NP40) and clarified by centrifugation at 

18,000g for 15 min. Samples were concentrated with Amicon Ultra4 Filter columns, and 700μg 

of protein were applied to the top of 25-40% glycerol gradients (159). One gradient was prepared 

with molecular mass references corresponding to 50μg of bovine serum albumin (66kDa), 

alcohol dehydrogenase (150kDa), catalase (250kDa), and apoferritin (448kDa). Samples were 

centrifuged in Beckman SW60Ti rotor for 40h at 40,000rpm at 4°C, and 150μl fractions were 

collected from the top of each gradient for analysis. Mass marker references were visualized with 

Coomassie R250 staining.  

shRNA knockdown- Four double stranded oligonucleotides targeting human ISG54 cDNA 

were designed for use in the AmbionpSilencerTm  system and were cloned into pSilencer 2.1 -

U6-puro vector. The oligonucleotides corresponded to nt136 (5’- 

GATCCGCTTCATAAGATGCGTGAATTCAAGAGATTCACGCATCTTATGAAGCTTTTT

TGGAAA-3'), nt652 (5'-GATCCGGAATTCAGTAAAGAGCTTCTCAAGAGAAAGCTCTTT 

ACTGAATTCCTTTTTTGGAAA-3'), nt1075 (5'-GATCCGGAATTCAGTAAAGAGCTTCTC 

AAGAGAAAGCTCTTTACTGAATTCCTTTTTTGGAAA-3'), and nt1203 (5'-GATCCACC 

AGAAATCAAGGGAGAATTCAAGAGATTCTCCCTTGATTTCTGGTTTTTTTGGAAA-3'). 

HeLa cells were transfected with one of the pSilencer ISG54 shRNA plasmids or with a 

pSilencer control containing a random shRNA sequence (Ambion). Stable cell lines were 

selected for resistance to 660ng/ml puromycin. ISG54 knockdown efficiency was evaluated by 

Western-blot and Image J software (NIH). 

ISG54 KO mice- ISG54 KO mice were obtained from Knock Out Mouse Project 

(KOMP) Consortium Repository. Knockout was performed in C57BL/6 mice by replacement of 

4162bp fragment of mouse chromosome 19 (position 34644839-34648964) with an insert 

consisting of lacZ gene and loxP flanked neo cassette. Deletion encompassed promoter of ISG54 

gene and the first exon that contained 5’UTR. However, coding sequence of the protein remained 

intact. To verify the knockout on genomic level we used PCR with primers: REG-10236F  

(5’CTGACCCTGAAAGGCTTGGCTCT3’) that bound to5’ end of ISG54 gene, 5’Universal 

Laz-Rev (5’GCTGGCTTGGTCTGTCTGTCCTA3’) that bound to 5’ end on LacZ insert and 

5’WT Fwd1 (5’GGACTTACCTCATGACTGCTGTGTAAC 3’) that bound to the region of 

ISG54 gene deleted by the mutation. Genotyping was performed both on mouse tails and on the 

DNA of the isolated splenocytes. To verify knockout on a transcriptional level RT-PCR reaction 



 

28 
 

was performed. RNA from splenocytes was extracted using Trizol reagent (Invitrogen) and 2μg 

of isolated RNA was reversely transcribed using Moloney Murine Leukemia Virus (MMLV) 

reverse transcriptase (Promega) according to the company’s protocol. For the PCR reaction 

forward primer was designed to bind nucleotides 115-140 of exon2 in ISG54 gene while reverse 

primer bound nucleotides 445-422 of exon3. 1μl of reverse transcription product was used as a 

template and GAPDH primers were used in a control reaction. To evaluate ISG54 protein level 

in the knockout animals, freshly isolated splenocytes were incubated overnight with 2000U of 

murine IFNβ (Biogen). Spleens were harvested from animals euthanized by CO2 inhalation and 

disrupted between frosted glass slides. Red blood cells were lysed using ACK Lysing Buffer 

(0.15M NH4Cl, 10mM KHCO3, 0.1mM EDTA) for 5 minutes at room temperature. ACK buffer 

was neutralized with complete DMEM, splenocytes were spin down at 1600rpm for 5 minutes, 

resuspended in complete DMEM and filtered through 100uM cell strainer. Isolated splenocytes 

were seeded on 10cm plates and 6hs after plating they were stimulated with 2000U IFNβ 

(Biogen). Next day they they were lysed and the presence of ISG54 was verified by Western-blot 

with anti-N terminal ISG54 antibodies. 

Isolation of splenocytes from infected animals- Mice were euthanized by inhalation of 

isofluorane. Spleens were removed and placed in cold PBS on ice. Homogenization of the 

spleens was performed in dounce homogenizer and the cells were filtered through 100μM Nytex 

filter. Cells were collected by centrifugation at 1600 rpm for 10 minutes and resuspended in TAC 

(Tris ammonium chloride- Red blood cell lysing buffer) (Sigma R7757) 2ml per spleen. After 5 

min of lysis at room temperature TAC was inactivated by adding complete DMEM and 

splenocytes were spin down at 1600rpm for 10 minutes. In case of incomplete lysis of 

erythrocytes, incubation with TAC was repeated. Pellets containing B-cells were resuspended in 

10ml cold DMEM, filtered again through Nytex 100uM filter and the cells were counted with 

hemocytometer and kept on ice for further experiments. Fresh splenoctyes from each combined 

pool were plated on MEF monolayer for Limited Dilution Assay (LDA) while 5x10
6 

splenocytes 

were frozen at -70°C to be later used for Limited Dilution PCR (LD-PCR) analysis. 

Isolation of Mouse Embryo Fibroblasts (MEFs)-Female mice at 12-15 days of pregnancy 

were euthanized by CO2 inhalation and the embryos were isolated from the uterus and placed in 

a cold PBS. Heads and innards were removed and the bodies were minced with sterile razor 

blades and incubated in trypsin for 1h at 37°C. Trypsin was quenched by adding complete 
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DMEM, and digested embryonic tissue was pipetted 20x to release more cells. Cellular 

suspension was then plated on 10cm plates and incubated for 72h to let MEFs attach to the plate 

and become confluent. After 72h cells were split at 1:2 ratio (passage 1) and then when they 

became confluent split again (passage 2). At passage 2 they were harvested and frozen at -70°C 

in 10% DMSO, 40% FBS DMEM to be used for further experiments.  

Infection of MEFs with MHV68– For the infection we used MEFs at passage five from 

initial harvest. Wild-type Murine gammaherpesvirus 68 (MHV68), coding for YFP protein and 

MHV68 deficient in M11 protein were kind gifts from Dr Laurie Krug (Stony Brook University). 

One day prior to infection MEFs were seeded on 6-well plates at 2x10
5
 cells/well and the next 

day they were infected with MHV68 at multiplicities of infection (MOI) 1 and 0.01. Each 

experimental point was performed in triplicates. Serial dilutions of primary viral stocks were 

prepared in DMEM.  Media from the cells were removed and 200μl of appropriate virus dilution 

was added per well (10
6
Pfu/ml for MOI 1 and 10

4
Pfu/ml for MOI 0.01). Cells were incubated for 

1h at 37°C rocked every 15 min, then washed once with PBS and supplemented with complete 

DMEM. MEFs infected with MOI 1 were collected at 6h, 12h, 24h and 36h after infection while 

the MEFs infected with MOI 0.01 were collected at 12h, 24h, 36h and 48h after infection. 

Additionally we evaluated MHV68 infection in the cells that were pretreated overnight with 

100U/ml IFNβ (Biogen). Those cells were collected at 24hs and 36hs. Harvest was performed by 

freezing the whole plate with cells at-70°C. To disrupt the cells and release the virus, a series of 

four consecutive freeze-thaw cycles was performed. Six consecutive ten-fold dilutions from 10
-1

 

to 10
-6

 were prepared from the lysates and used for the plaque assay. To study progress of 

MHV68 infection, MEFs were infected with YFP-MHV68 at MOI 0.01. At 24,48 and 72hs after 

infection cells were collected by trypsinization resuspended in PBS and analyzed with FACS 

Calibur Cytometer. Gate was set for the population positive for GFP, 50000 cells were collected, 

and the percentage of cells expressing viral encoded YFP was compared between wild-type and 

ISG54KO MEFs. Spreading of the infection was also visualized using fluorescence microscopy 

by comparing areas infected with YFP MHV68 that emitted yellow fluorescence.  

Plaque assay- For the plaque assay we used NIH 3T12 mouse fibroblasts. Day prior to 

infection 3T12 cells were seeded on 6 well plates 1.8x10
5
 cells per well where each well 

represented one of six constitutive dilutions of a single sample (from 10
-1

 to 10
-6

). On the day of 

infection media were removed and 200ul of each viral dilution was added to the cells. Cells were 
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incubated for 1hs, rocked every 15min and then covered with 2ml of DMEM media containing 

1.5% methylcellulose and 7% FBS. After 1 week of cell culture media were removed, cells were 

washed 3x with PBS, fixed for 5 min with methanol and stained with Crystal Violet 0.1% 

solution in 20% methanol). Plaques were counted on each plate and the numbers from the wells 

that gave 5-120 colonies were averaged to calculate the viral titer for a single sample. 

Study of acute MHV68 infection in mice- For the experiments we used mice that were 8-

12 weeks old wild type and ISG54/IFIT2  knockout  matched in terms of sex and age. Mice were 

anaesthetized with isofluorane and infected intranasaly with 1000Pfu of MHV68 in 20μl of 

infection medium (DMEM). 4 or 9 days after infection mice were euthanized by inhalation of 

isofluorane and their left and right lungs were removed. To determine viral titer we used the 

plaque assay. Lungs tissue was subjected to four rounds of mechanical disruption of 1 min each 

using 1.0-mm zirconia/silica beads (Biospec Products, Bartsville, OK) in a Mini-Beadbeater-8 

(Biospec Products). Serial 10-fold dilutions of organ homogenates were plated on NIH 3T12 

monolayers in a 200-μl volume. Infections were performed for 1 h at 37°C with rocking every 15 

min and the cells were covered with 1.5% methylcellulose DMEM. After one week plaque assay 

was read as described previously.  

Limited Dilution PCR (LD-PCR) – LD-PCR with a double nested single copy-sensitive 

reaction was used to determine the number of latent viral genomes in the spleen by amplifying 

ORF50 of MHV68. For LD-PCR we used 5x10
6 

splenocytes from combined pools of wild-type 

or ISG54 knockout spleens isolated at day 16 after infection and frozen at -70°C. Reaction was 

performed according to protocol developed by Dr Samuel Speck (160) and modified by 

laboratory of Dr Laurie Krug (161).  Frozen samples were thawed, counted, resuspended in 

isotonic buffer, and plated in serial threefold dilutions with 10
4
 uninfected NIH 3T12 cells in 96-

well plates (Eppendorf Scientific, Westbury, NY).  All the subsequent reactions were performed 

using Eppendorf Mastercycler Pro S.  Cells were disrupted by lysis with proteinase K and 

incubated for 6 h at 56°C on the plates covered with PCR foil (Eppendorf). Ten microliters of 

round 1 PCR mix was added to each well with micropipetter by foil puncture and the plates were 

covered with fresh PCR foil. After the first-round of PCR, 10 μl of round 2 PCR mix was added 

to each well and the samples were subjected to a second round of PCR. The sequences of the 

first outer PCR primers used were 5′-AACTGGAACTCTTCTGTGGC-3′ and 5′-
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GGCCGCAGACATTTAATGAC-3′, which amplify a 586-bp product. The sequences of the 

second inner PCR primers used were 5′-CCCCAATGGTTCATAAGTGG-3′ and 5′-

ATCAGCACGCCATCAACATC-3′, which amplify a 382-bp product. Each PCR mixture 

contained 50 mM KCl, 10 mMTris-HCl (pH 8.5), 0.1% Triton X-100, 1.5 mM MgCl2, 0.2 mM 

nucleotides, 1 ng of each primer per μl, and 1 U of Taq polymerase (Promega). Products were 

separated on 2% agarose gels and visualized by ethidium bromide staining. Twelve PCRs were 

performed for each sample dilution, and a total of six dilutions were performed per sample. 

Every PCR plate contained control reactions (uninfected cells and 10 copies, 1 copy, and 0.1 

copy of plasmid DNA in a background of 10
4
 cells). Percentage of wells positive for viral 

genome was calculated for each dilution and analyzed with GraphPad Prism Software. Based on 

the Poisson distribution, the frequencies of viral genome-positive cells were obtained from the 

nonlinear regression fit of the data where the regression line intersected 63.2%.  

Limited Dilution (LDA) Assay- LDA assay was used to measure reactivation of MHV68 

in the splenocytes according to the protocol used by laboratory of Dr Laurie Krug. Freshly 

isolated splenocytes were resuspended in complete DMEM and plated in serial twofold dilutions 

(starting with 10
5
 cells) onto MEF monolayers in 96-well tissue culture plates. Twelve dilutions 

were plated per sample, and 24 wells were plated per dilution. Wells were evaluated for 

cytopathic effect (CPE) 2 weeks after plating by microscopic examination. To detect preformed 

infectious virus, parallel samples of mechanically disrupted cells were plated onto MEF 

monolayers. This process kills >99% of live cells, which allows preformed infectious virus to be 

discerned from virus reactivating from latently infected cells. Percentage of wells positive for 

cytopathic effect was calculated for each dilution and analyzed with GraphPad Prism software. 

The frequency of reactivating cells was obtained using non-linear regression fit of the data with 

regression line intersected at 63.2%.  

Statistical Analysis- Unless stated otherwise we used independent two sample t-test with 

equal variance to evaluate statistical significance of our data. In most of the experiments one-

tailed t-test was used. A two-tailed t-test was used for cotransfections of ISG54 with other ISGs. 

The p values were calculated using Microsoft Excel software. The p values < 0.05 were 

considered to be statistically significant.  
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Chapter 3. Results 

 

ISG54 and apoptosis 

Expression of ISG54 promotes cell death 

To study the cellular effects of ISG54  we created a monomeric GFP (mGFP)-tagged 

derivative of human ISG54 and expressed it in HeLa cells by transient transfection. Surprisingly 

ISG54-mGFP seemed to have a negative effect on the cell survival and proliferation. While at 

24hs after transfection most of the HeLa cells expressing ISG54 looked healthy and ISG54-

mGFP was evenly distributed in the cytosol, at 48hs this phenotype dramatically changed. First 

of all there was a dramatic decrease in the number of cells positive for ISG54-mGFP from 24hrs 

to 72hrs (see Figure 6). This did not occur with mGFP expression (data not shown). The cells 

that retained expression of ISG54, displayed a weak green fluorescence, only slightly more 

intensive than the background. Secondly, the morphology of the cells expressing ISG54 changed. 

Many of them detached from the substrate, some become excessively elongated or appeared very 

small with ISG54 in the nucleus (Figure 6). Together those observations suggested that 

expression of ISG54 may be detrimental to the cells and probably causes their death.  

To evaluate this hypothesis we performed propidium iodide (PI) staining of the HeLa 

cells expressing ISG54-mGFP. PI is excluded from living cells with an intact membrane but after 

membrane perforation it enters the nuclei of the dead cells and binds to  DNA. Such binding 

results in an 100-fold increase in PI fluorescence that can be monitored with flow cytometry. We 

transfected HeLa cells with ISG54-mGFP or mGFP as a control and at 24, 48 and 72hs after 

transfection we stained them with PI before analysis with flow cytometry. We evaluated the 

distribution of PI signal in the cells that were GFP positive in mGFP or ISG54-mGFP transfected 

population. At 24hs cells expressing ISG54mGFP showed a slight increase in the cell death in 

comparison to mGFP controls (Figure 7). However, at 48h there was a dramatic increase in the 

PI signal from the cells expressing ISG54.  At 72hs over 70% of the cells expressing 

ISG54mGFP were dead as assessed by PI staining. Analysis of the cells that did not express 

detectable ISG54mGFP in the same population showed that they displayed only a slight increase 

in cell death by 72hs (Figure 8). Those data suggested that expression of ISG54 is specifically 

responsible for induction of death in the cells transfected with ISG54mGFP. 
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Inducible ISG54 promotes cell death 

To further study effects of ISG54 on cell death we tested an inducible system of ISG54 

expression. We used two sets of vectors: pRevTre containing a tetracycline response element in 

the promoter and pLib-rtTAm2-iresTRSID-iresPuro (gifts from dr Wei-Xing Zong) that coded 

for both tetracycline sensible repressor and activator. In the absence of tetracycline the repressor 

was bound to tetracycline response element on pRevTre while activator remained inactive. 

Adding tetracycline should trigger the activator and remove the repressor leading to the strong 

expression of the gene of interest. We cloned ISG54mGFP into pRevTre placing it under control 

of the tetracycline responsive promoter and observed efficient induction of ISG54 by tetracycline 

stimulation. Unfortunately we were unable to establish a stable cell line expressing ISG54.This 

appeared to be due to a very low level of ISG54 production in uninduced cells. The pro-apoptotic 

functions of ISG54 with uninduced promoter leakage probably eliminated the cells with time. On 

the other hand we were successful in obtaining effective induction of ISG54 during a transient 

transfection. In this case inducible ISG54 caused the same cell death in HeLa cells as the protein 

that was constitutively expressed (Figure 9).  

ISG54 induces cell death by way of apoptosis 

To evaluate whether ISG54 expressing cells die by apoptosis we performed annexinV 

staining. AnnexinV binds to phosphatidylserine that is exposed on the outer leaflet of the plasma 

membrane in apoptotic cells. HeLa cells were transfected with ISG54-mGFP or mGFP as a 

control and at 24h, 48h and 72hs after transfection they were stained with allophycocyanin-

annexinV (APC-V) and analyzed by flow cytometry. Similar to PI staining there was not much 

difference between control and ISG54 expressing cells at 24hs, but at later timepoints we 

observed a dramatic increase in apoptosis among the cells that expressed ISG54-mGFP (Figure 

10). At 72hs over 80% of the cells positive for ISG54-mGFP were also positive for annexin V.  

In the same population, cells that did not express ISG54 showed only a slight increase in annexin 

V staining. This data suggested that cells death caused by ISG54 is executed by apoptosis 

ISG54 induces apoptosis in different cell lines 

Our primary data on ISG54 promoted cell death was generated with HeLa cells. To check 

whether the pro-apoptotic effect of ISG54 could be observed in other cell lines we evaluated 

effects of ISG54 expression in human cancer cell lines: HT1080 and HEC1B. HT1080 is human 

fibrosarcoma line and HEC1B is derived from endometrial adenocarcinoma. Both those cells 
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lines were transfected with ISG54mGFP or mGFP control and stained with annexinV at 24h, 48h 

and 72hs. ISG54 induced apoptosis in both HT1080 and HEC1B cells (Figure 11). The pro-

apoptotic effect did not appear as dramatic as seen in HeLa cells but cell death was still 

significant. Again it was specific to the cells expressing ISG54. These results suggested that 

ISG54 induces cell death in multiple types of cancer and therefore may work through common 

pro-apoptotic mechanisms. Differences in effectiveness of ISG54 to promote apoptosis in  

particular cell lines could be due to their diverse genetic background and versatile pro-survival 

mechanisms.  

Levels of ISG54mGFP expression are similar to endogenous ISG54 

While apoptosis induced by ISG54 was evident, it was still possible that this phenomenon 

was simply an effect of protein overexpression. To address this issue we used FACS sorting to 

isolate the cells expressing ISG54mGFP and compare ISG54 levels to cells treated with IFN. 

HeLa cells were transfected with ISG54mGFP and at 24 and 48hs after transfection we isolated 

the population positive for GFP. Next, by using Western-blotting with specific anti-ISG54 

antibodies we compared the levels of ISG54mGFP with the levels of endogenous ISG54 that was 

induced in HeLa culture by IFN stimulation. We found that the amount of ISG54 produced in 

response to IFN signal was similar to the amount of transiently expressed ISG54mGFP (Figure 

12). These results suggested that the observed ISG54 induced apoptosis is caused by the specific 

effect of that protein, not just by overexpression. 

ISG54mGFP does not induce an Unfolded Protein Response and ER stress  

It was still possible that transiently expressed ISG54mGFP even at physiological levels 

could be folded improperly and therefore causes ER stress and apoptosis. An Unfolded Protein 

Response (UPR) often results in a cell death (162). To address this issue we decided to evaluate 

the levels of Bip protein in the cells expressing ISG54. Bip is an ER chaperone that is strongly 

upregulated during ER stress. We transfected Hela cells with ISG54-mGFP or control mGFP and 

24hs and 48hs after transfection we isolated the population of GFP positive cells. Next, we lysed 

the cells and by Western blotting we evaluated the level of Bip protein (Figure 13). As a positive 

control we used lysates from the cells treated with tunicamycin, a strong ER stress inducer that is 

known to upregulate Bip. The same amount of protein from each sample as determined with the 

protein assay reagent (Biorad) was evaluated by Western blot (40ug). The experiment showed 

that both at 24hs when the amount of ISG54mGFP was at peak and at 48hs when apoptosis 
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started to be dominant, levels of Bip remained unchanged. It should be noted that expression of a 

control protein such as alpha tubulin was not tested in this experiment. However the results 

suggest that ISG54 folds properly in the cells and does not induce UPR.  

To determine whether ISG54 accumulates in the ER we used confocal microscopy 

combined with immunofluorescence. Cells were transfected with ISG54mGFP, fixed with 

paraformaldehyde and ER membranes were visualized by staining with anti-calnexin antibody. 

Calnexin, an abundant ER protein, is often used as a marker of ER in immunofluorescence 

experiments. Confocal imaging showed that ISG54mGFP is present in ER but not at higher 

levels than in the cytosol (Figure 14). Analysis of green fluorescence distribution showed that 

there is no accumulation of ISG54mGFP in the ER in comparison to calnexin that localizes 

preferentially in that compartment (Figure 14).  Finally, we wanted to check whether inhibition 

of ER stress has any effect on ISG54 induced apoptosis. Six hours after transfection with 

ISG54mGFP we treated the cells with Salubrinal, a commercially available ER stress inhibitor. 

Salubrinal blocks the action of phosphatases that dephosphorylate eukaryotic translation 

initiation factor 2, subunit α (eIF2α) and halts protein synthesis allowing for recovery from ER 

stress (25). It was shown to be efficient against apoptosis induced by tunicamycin treatment (25). 

However, in the case of ISG54 expression, treatment with Salubrinal had no effect on apoptosis 

(Figure 15). These results suggest that ISG54 does not induce ER stress and it is not retained in 

the ER. Therefore apoptosis that is observed during ISG54 expression is not simply due to 

accumulation of unfolded protein.  

ISG54 knockdown decreases sensitivity to IFN-induced apoptosis 

IFN is known to induce apoptosis in several types of cancer. ISG54 is strongly 

upregulated by IFN and therefore its pro-apoptotic properties are likely to be a part of IFN killing 

mechanism. If ISG54 plays a significant role in IFN-induced apoptosis, knocking down ISG54 

should make cells more resistant to IFN cytotoxicity. To test this we designed four shRNAs 

aimed at different regions of ISG54 mRNA (Figure 16). We transfected HeLa cells separately 

with those shRNAs and by antibiotic selection we established four stable cell lines expressing 

each shRNA. Western blot showed that upon IFN stimulation anti-ISG54 shRNA described as 

sh1075 had a significant knockdown effect compared to the other anti-ISG54shRNAs and to the 

control unspecific shRNA (Figure 16). Analysis of band intensity displayed that levels of ISG54 

were reduced over 60% in 1075sh cell line. Next, we evaluated how ISG54 knockdown 
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influences the pro-apoptotic effect of IFN. We stimulated cells for 72hs with IFN and then by 

flow cytometry we analyzed apoptosis in each line. We found that cells expressing the 1075 

shRNA showed a significant decrease in IFN induced apoptosis compared to the control cells 

that expressed either scrambled non-specific sh RNA or 136 shRNA that had no influence on 

ISG54 level (see Figure 17). These results suggest that ISG54 is involved in the IFN-induced 

apoptosis and is a part of mechanism by which IFN exerts cell death.  

ISG54-induced apoptosis proceeds through activation of caspases 

Caspases are the main executors of the apoptotic process. They can be induced either via 

external (caspase-8) or internal (caspase-9) pathways of apoptosis initiating a signaling cascade 

that activates executor caspases. The final step of that process is activation of caspase-3, a main 

executor enzyme that cleaves crucial cellular components. To evaluate whether caspase-3 is 

activated in ISG54 expressing cells we used immunofluorescence combined with fluorescent 

microscopy. HeLa cells were transfected with ISG54mGFP or mGFP and at 24hs and 48hs after 

transfection they were fixed, permeabilized and stained with anti-active caspase-3 antibody. 

 Examination under fluorescent microscopy enabled us to calculate the percentage of GFP 

expressing cells is also positive for active caspase-3 (Figure 18). We found that activation of 

caspase-3 was over three times higher in the cells expressing ISG54mGFP comparing to the 

control.  It was particularly visible in those cells that showed morphological changes such as 

shrinkage or substrate detachment.  Together at 48hs over 30% of the ISG54 positive cells 

displayed caspase-3 activation (Figure 18). 

To evaluate the effect of caspase inhibition on ISG54 induced apoptosis we used two 

kinds of caspase inhibitors: ZVAD-FMK that blocks all the members of caspase family and 

ZIETD-FMK that targets specifically caspase-8. Cells were transfected with ISG54mGFP and 6 

hours after transfection the media were changed and the inhibitors were added. Flow cytometry 

analysis showed that ZVAD-FMK caused a significant decrease of ISG54-induced apoptosis, 

however ZIETD-FMK had practically no effect (Figure 19). These results may indicate that 

while ISG54-induced cell death proceeds through caspases, the external pathway initiated by 

caspase-8 plays a minor role in this process. Consequently ISG54-induced apoptosis is likely 

dependent on the intrinsic pathway and therefore linked to the mitochondria.  

ISG54-promoted apoptosis is executed via a mitochondrial pathway 
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The most common apoptotic pathway proceeds through mitochondria and is controlled 

by the Bcl protein family members. To evaluate whether ISG54 works through the mitochondrial 

apoptotic pathway we examined the effect of Bcl-xL or Bcl-2 that are known potent inhibitors of 

mitochondrial apoptosis (163). HeLa cells expressing ISG54-mGFP with ot without Bcl-xL or 

Bcl2 were stained with PI and analyzed with flow cytometry. We found that both Bcl-2 and Bcl-

xL dramatically inhibited pro-apoptotic effect of ISG54 with Bcl-xL slightly more effective 

(Figure 20). Next we determined whether Bax and Bak, two main initiators of mitochondrial 

apoptosis are required for ISG54-induced cell death. We used Baby Mouse Kidney (Bmk) cells 

that lack Bax/Bak (gift from Dr Wei-Xing Zong), transfected them with ISG54mGFP and 

monitored cell death at 24, 48 and 72h using flow cytometry. ISG54 induced significant 

apoptosis in wt Bmk cells, but the cell line lacking Bax/Bak was completely resistant to ISG54 

promoted cell death even at 72hs (Figure 21). These results indicated that ISG54 causes cell 

death by triggering mitochondrial pathway of apoptosis. 

Viral proteins are able to block ISG54-promoted apoptosis 

DNA viruses can express proteins that block the apoptotic cellular defense. For this 

reason we tested whether viral proteins that block the mitochondrial apoptotic pathway can 

counteract the effect of ISG54. Since ISG54 is induced in response to viral infection, pathogens 

could have evolved mechanisms inhibiting its action. We evaluated the effect of three anti-

apoptotic viral proteins: adenoviral protein E1B-19K, Kaposi’s Sarcoma Herpes Virus(KSHV) 

v-Bcl2 protein and Mouse GammaHerpesvirus 68 (MHV68) M11 protein. Those molecules are 

homologues of human Bcl-2 proteins and are known to enhance survival of infected cells (164). 

All the three viral proteins effectively inhibited ISG54-induced apoptosis although not as 

effective as original Bcl-xL protein (Figure 22). Interestingly v-Bcl2 was the only one that 

stabilized the levels of ISG54 protein (data not shown). These data suggested that viruses are 

able to block ISG54 action and during infection with certain types of pathogens ISG54-induced 

apoptosis can be effectively neutralized. 

ISG54 does not localize to the mitochondria 

Since apoptosis induced by ISG54 proceeds through the mitochondrial pathway we 

wanted to determine whether ISG54 localizes inside the mitochondria. To address that issue we 

transfected cells with ISG54mGFP and stained them with fluorescent dye MitoTracker Orange 

that is permeable to living cells. MitoTracker binds to the metabolically active mitochondria and 
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allows precise visualization of mitochondrial compartment with fluorescent microscopy. Live 

cell imaging performed 24h post transfection with confocal microscope showed ISG54 

throughout the cytoplasm but excluded from mitochondria (Figure 23). This result indicates that 

although ISG54 exerts its pro-apoptotic effect through mitochondrial pathway it does not enter 

mitochondria itself. Nevertheless it’s still possible that ISG54 can be bound or interacts with 

external mitochondrial membrane. 

ISG54 promotes Bax translocation to mitochondria 

Since ISG54 required the presence of Bax and Bak for its pro-apoptotic effect we decided 

to test whether it causes mitochondrial translocation of Bax protein. During apoptosis Bax inserts 

into the outer mitochondrial membrane and forms a pore that enables release of pro-apoptoptic 

factors such a cytochrome c, Smac or Diablo (165). A common method to study this process is to 

visualize Bax translocation with a fluorescent marker (166).Under normal conditions Bax is 

evenly distributed throughout the cells but during apoptosis it moves to mitochondria and is seen 

in a characteristic puncta pattern. For our experiments we cotransfected HeLa cells with 

ISG54v5 and Bax-GFP and at 24, 48 and 72h we observed them under confocal microscope. 

ISG54v5 was visualized by immunofluorescence with use of primary anti-v5 antibodies and 

secondary antibodies labeled with TRITC. At 24hs ISG54 retained cytoplasmic localization 

while Bax could be present both in cytosol and nucleus (Figure 24). At 72h signal from ISG54 

significantly decreased, cells expressing ISG54 displayed morphological changes and Bax-GFP 

formed characteristic green puncta indicating on mitochondrial localization. These observations 

suggest that expression of ISG54 facilitates translocation of Bax into mitochondria 

ISG54 expression leads to the loss of mitochondrial potential 

One of the features of apoptotic cell death is depolarization of the mitochondrial 

membrane and loss of mitochondrial potential. To study whether ISG54 can cause a decrease of 

mitochondrial potential we used staining with Mitotracker a dye that specifically binds to 

mitochondria. In active mitochondria Mitotracker gets oxidized and produces much stronger 

fluorescence than in its reduced form. Therefore dying cells with inactive mitochondria give 

weaker signal coming from Mitotracker fluorescence when comparing to the living cells and 

such a difference can be detected and analyzed with flow cytometry. We transfected HeLa cells 

with ISG54mGFP or mGFP as a control and at 24 and 48hs we stained them with Mitotracker 

Orange and analyzed with flow cytometry. Cells with decreased mitochondrial potential formed 
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a characteristic peak on the left side of histogram representing the distribution of Mitotracker 

fluorescence (Figure 25). We found that expression of ISG54 increased over two-fold amount of 

cells with low mitochondrial potential. That finding is consistent with earlier observations that 

ISG54 induces apoptosis and that proceeds through mitochondria. 

ISG54 promoted apoptosis is p53 independent 

The tumor suppressor protein p53 plays important role in the induction of apoptosis in 

response to DNA damage and intracellular stress. In order to evaluate whether ISG54-induced 

apoptosis depends on the presence of p53 we cotransfected cells with ISG54mGFP and a 

dominant negative mutant of p53. Dominant negative mutant encodes for carboxyl-terminal part 

of p53 that oligomerizes with wild-type p53 therefore preventing formation of functional 

tetramers (155,167). We found that expression of dominant negative mutant of p53 had no 

influence on ISG54-induced apoptosis (Figure 26). By immunofluorescence we determined that 

mutated p53 was successfully transfected into the cells and coexpressed well with ISG54mGFP 

(Figure 24) yet it showed no inhibitory effect.  We also tested the effect of two adenoviral 

proteins E1B-55K and eORF6 that are known to bind p53 and inhibit its functions (168). 

Cotransfection of ISG54mGFP with either of those proteins did not alter observed apoptosis 

(Figure 27). We could not verify the expression levels of viral proteins due to lack of specific 

antibodies, however both plasmids (gift from Dr Patrick Hearing, Stony Brook) were reported to 

give good protein expression (169). Therefore these results suggest that ISG54-promoted 

apoptosis is independent of p53.  

ISG54 expression does not inhibit translation 

Previous reports linked ISG54 to translation inhibition and negative regulation of protein 

synthesis (74,170). Since protein synthesis is necessary for cell survival, it was possible that 

ISG54 expressing cells die because of a translation block. To determine this possibility we 

transfected the cells with mRNA of a reporter luciferase gene and evaluated how the presence of 

ISG54 will influence its translation. HeLa cells were transfected with ISG54-v5 or an empty 

pEF1-v5 vector and 12hs after transfection they were transfected with capped and 

polyadenylated luciferase mRNA generated by in vitro transcription. After 6hs the cells were 

lysed and translation efficiency was determined by luciferase assay. As a positive control for a 

translation block cells expressing empty pEF1-v5 vector and capped polyadenylated luciferase 

mRNA were treated either with 10 ug/ml cycloheximide or 1000U/ml IFN prior to mRNA 
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transfection. ISG54 showed no effect on translation inhibition while both cycloheximide and IFN 

treatment abolished translation of reporter mRNA (Figure 28, upper panel).  

Next we evaluated how ISG54 influences translation of different types of mRNA. As 

ISG54 was reported to have different effects on translation depending on the regulatory features 

of the mRNA (91), in the next experiment we used both capped mRNA and uncapped mRNA 

expressing an internal ribosome entry site (IRES). One mRNA encoded firefly luciferase mRNA 

bearing a conventional 5’-7-methylguanosine (5’-m7G) cap. The second one was the same 

luciferase reporter but regulated by the HCV IRES sequence on its 5’ terminus. Both types of 

mRNA were generated by in vitro transcription. In order to isolate the population of  cells that 

actively express ISG54, HeLa cells were first transfected with mGFP or ISG54mGFP plasmids 

and 24hs after transfection they were transfected with capped or IRES regulated mRNA. 6hs 

after transfection with reporter mRNA we used FACS to collect GFP positive cells, lysed them 

and determined efficiency of mRNA translation by a luciferase assay. Again, we did not observe 

any influence of ISG54 expression either on capped or IRES-bearing mRNA (Figure 28, lower 

panel).  

In a previous study ISG54 was reported to inhibit translation by binding to “e” and “c” 

subunits of eukaryotic translation initiation factor 3 (eIF3) and sequestering them from mRNA 

(74). If this was the cause of apoptosis, then ectopic expression of those translation factors would 

possibly overcome translation inhibition and reduce cell death caused by ISG54. We obtained 

cDNAs encoding eIF3c and eIF3e and cloned them into expression plasmids tagged with the V5 

epitope. Transfection analyses and Western blot verified their expression (Figure 29 top). We 

cotransfected HeLa cells with ISG54mGFP in combination with either eIF3c, eIF3e, or eIF3c 

and eIF3e together (Figure 29). However, we could observe no effect on ISG54-induced 

apoptosis even in the presence of combined expression of eIF3c and eIF3e. Therefore while it is 

possible that ISG54 has some influence on protein synthesis, it does not appear to be a notable 

factor in ISG54 induced apoptosis.  

Ras, Akt and PI3K partially inhibit ISG54-induced apoptosis 

Cancer cells have mutations in many pro-survival pathways that give them resistance to 

apoptotic stimuli. To evaluate whether known proliferative signaling molecules can influence 

ISG54 induced apoptosis, we tested several oncogenes that are known to protect tumors from 

cell death. We cotransfected HeLa cells with ISG54mGFP with a particular oncogene and by 



 

41 
 

using flow cytometry we measured apoptosis at 24hs, 48hs and 72hs after transfection. We found 

that H-Ras V12, an activated mutant form of human Ras oncogene, can partially inhibit ISG54-

induced apoptosis (Figure 30). In the presence of Ras we observed about 60% reduction in cell 

death  at 48hs and 30% reduction at 72hs.  H-Ras is GTP-ase that plays role in signal 

transduction from receptor tyrosine kinases such as epidermal growth factor receptor (EGFR) to 

downstream effector kinases such as phosphatidylinositol-3-kinase (PI3K) or Akt (171). We 

cotransfected cells with ISG54mGFP and constitutive active forms of Akt and PI3K to test how 

they influence ISG54 induced cell death. Both Akt and PI3K showed some inhibitory effect 

although less than Ras (Figure 30). Other tested oncogenes such as c-Myc, v-Src, Brk and c-Abl 

displayed no influence on ISG54 mediated cell death, however due to lack of specific antibodies 

we were unable to evaluate their protein expression (data not shown). These results suggest that 

mutations in Ras/PI3K/Akt pathway may play an important role in protection against ISG54 and 

consequently IFN-induced cell death.  

ISG54 interacts with ISG56, ISG60 and with itself 

To elucidate the molecular mechanism of ISG54 action we investigated potential 

interacting proteins. Studies with a yeast-two hybrid assay performed previously in our lab 

indicated that ISG54 interacts with ISG56 and ISG60, two other members of its family. To verify 

these results in mammalian cells we transfected HeLa cells with T7-ISG54 or with empty T7 

epitope vector as a control and stimulated them overnight with IFN. The purpose of IFN was to 

induce proteins that might bind ISG54, or to generate potential posttranslational modifications in 

ISG54 that could enhance its interactions with partners. The next day cells were lysed and 

proteins were collected on  agarose beads coupled with anti-T7 antibodies.  Eluted proteins were 

separated by SDS-PAGE and stained with silver (Figure 31). Distinct protein bands were 

apparent in the immunocomplexes from the cells expressing T7-ISG54. Those bands were 

excised from the gel and analyzed by mass-spectrometry (ProTech). They were identified as 

members of ISG54 family: ISG54, ISG56 and ISG60. This result confirmed our initial finding 

from the yeast two-hybrid assay. 

To further confirm binding of ISG54 to its putative binding partners we performed a 

series of reciprocal immunoprecipitations. HeLa cells were cotransfected with plasmids coding 

for ISG54-v5 and either FLAG-ISG54, FLAG-ISG56, FLAG-ISG58, FLAG-ISG60 or empty 

FLAG epitope plasmid. ISG54 was immunoprecipitated with anti-v5 antibodies and the 
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associated proteins were detected by Western-blotting with anti-FLAG antibodies. We found that 

ISG54 associated with itself, ISG56 and ISG60 but not efficiently with ISG58 (Figure 32). Input 

analysis showed that all the proteins were expressed (Figure 32). In a reverse experiment the 

FLAG-tagged ISGs were precipitated using anti-FLAG antibodies while ISG54 was detected 

with anti-ISG54 serum. Again we could see strong interaction with ISG60 and ISG54, weaker 

with ISG56 and no binding to ISG58 (Figure 33). We performed an analogous 

immunoprecipitation experiment for ISG56 and interestingly we found that it can also bind 

ISG60 (Figure 34). Together those results confirmed an interaction of ISG54 with ISG56 and 

ISG60 and suggested that they may be involved in the formation of a multimeric complex.  

Analysis of ISG54 TPR domain interactions with ISGs 

ISG54 is predicted to have nine TPR motifs distributed evenly along the molecule (80). 

We focused on determining which fragments of ISG54 are necessary for interaction with its 

binding partners. We created a series of V5-tagged truncations of ISG54. The 1-4TPR construct 

encodes the first four TPR domains and the N-terminus whereas 2-9TPR, 3-9TPR and 4-9TPR 

contain noted TPR motifs and an intact C-terminus (Figure 35). We cotransfected HeLa cells 

with those truncations and HA-ISG54 or HA-ISG56 or HA-ISG60. ISG proteins were 

immunoprecipitated using anti-HA serum and truncations were detected by Western-blot with 

anti-v5 antibodies. All of the constructs expressed well and could be detected Western-blotting 

(Figure 36). We found that the first TPR domain of ISG54 is necessary for its interaction with 

ISG60. Without this fragment we were unable to detect any binding between ISG54 and ISG60 

(Figure 37). On the other hand all of the TPR truncations were able to interact with ISG56 and 

ISG54 (Figure 38, 39). Their binding was weaker than the binding of full length protein but still 

detectable.  These results indicate that the interface of ISG54 association with itself or with 

ISG56 is distinct from the interface of association with ISG60. 

ISG54, ISG56 and ISG60 form oligomeric complex at ~150-250kDa molecular weight 

Since the coimmunoprecipitation experiments showed reciprocal interaction between 

ISG54 ISG56 and ISG60, it was possible that all these proteins form multimeric complex. To 

determine the molecular mass of this putative aggregate we used glycerol gradient 

sedimentation. In this technique cell lysates are applied to the top of glycerol gradient that is 

centrifuged for 40hs at 215000g. Proteins separate according to their molecular mass which is 

estimated by comparison  to known molecular weight markers in a separate gradient. As markers 
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we used a mixture of bovine serum albumin, catalase, alcohol dehydrogenase and apoferritin 

(Figure 40). HeLa cells were cotransfected with ISG54-V5, FLAG-ISG56 and FLAG-ISG60 and 

stimulated overnight with IFN-α. Detergent lysates were sedimented through 25-40% glycerol 

gradient and fractions containing the proteins were identified by Western-blot. ISG54-V5 

localized in the fractions corresponding to 150-250kDa (Figure 41) and endogenous ISG54 

induced by IFN sedimented in the same fractions. Western blot with anti-FLAG antibodies 

showed that ISG56 and ISG60 colocalize in the same fractions at 150-250kDa. To check the 

influence of IFN on ISG complex formation we performed a comparable experiment without 

IFN stimulation. We obtained the same results with ISG54, ISG56 and ISG60, they all 

sedimented in fractions between 150 and 250kDa. Interestingly, no monomeric form of ISG54 

was detected. These results suggest that ISG54, ISG56 and ISG60 form a multimeric complex 

and very likely they cooperate together during the IFN response. 

ISG60 modulates ISG54 apoptotic effect  

Since our data suggested that ISG54 binds both ISG56 and ISG60, we evaluated how 

other ISGs would influence the pro-apoptotic effect of ISG54. We cotransfected HeLa cells with 

ISG54mGFP and ISG56-v5 or ISG60-v5 and analyzed cell death with PI and annexinV staining. 

While ISG56 had minimal influence on ISG54 induced apoptosis, ISG60 showed a potent 

inhibitory effect. In the presence of ISG60, apoptosis induced by ISG54 was reduced by 

approximately 50% (Figure 42). It was possible that ISG60 binding could reduce ISG54 protein 

stability and promote cell survival by simply reducing levels of ISG54. However, analysis by 

Western-blotting showed that ISG60 maintained the amount of ISG54mGFP ISG54 was actually 

expressed at higher levels (Figure 43). Also, analysis with flow cytometry revealed that the 

number of cells expressing ISG54mGFP increases in the presence of ISG60. Normally the 

population of cells expressing ISG54mGFP decreases significantly at 48hs, but with ISG60 

coexpression this decline proceeds significantly more slowly (Figure 43). Consequently these 

results indicate that ISG60 does not reduce pro-apoptotic effect of ISG54 by ISG54 protein 

degradation. To determine whether a direct interaction with ISG54 is necessary for the 

modulatory effect of ISG60, we evaluated the ISG54 truncation that lacks the first TPR domain 

and cannot bind to ISG60. The 2-9TPR construct was well expressed and could induce cell death 

at similar levels to full-length protein; however this response could not be suppressed by ISG60 

(Figure 44).Although ISG60 could suppress apoptosis induced by full-length ISG54, it could not 
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inhibit apoptosis byISG54 lacking the first TPR. This result indicates that ISG60 must bind to 

ISG54 to have a suppressive effect. 

Since ISG60 is potently induced by IFN, we speculated that IFN stimulation should also 

have modulatory effect on ISG54-induced apoptosis. Therefore we transfected HeLa cells with 

ISG54mGFP and stimulated them with IFN to induce ISG60 and other proteins that might 

regulate functions of ISG54. We found that in the presence of IFN, ISG54-induced cell death is 

substantially reduced and the number of cells expressing ISG54mGFP is sustained in the culture 

(Figure 45). IFN stimulation had no effect on apoptosis caused by 2-9TPR ISG54 truncation that 

lacked first TPR domain necessary for the interaction with ISG60 (Figure 45). Together those 

results suggest that during IFN response pro-apoptotic effect of ISG54 is modulated through 

interactions with N-terminal part of the protein. Also ISG60 seems to be a significant modulator 

of ISG54-induced apoptosis. 

TPR domains of ISG54 and their role in apoptosis 

In order to determine which region of ISG54 is responsible for induction of apoptosis we 

created series of mGFP-tagged truncations of ISG54 protein (Figure 46). HeLa cells were 

subsequently transfected with each of those truncations and the levels of apoptosis among GFP 

positive cells was evaluated by flow cytometry and compared to full-length protein (Figures 47). 

While expression of the N-terminal part of ISG54, devoid of any TPR domains, caused only 

limited cell death, adding just the first TPR domain induced apoptosis similar to the full length 

protein. On the other hand the C-terminal fragment encompassing the last 9
th

 TPR did not induce 

cell death. Other truncations caused moderate to high levels of apoptosis that increased with the 

number of TPR motifs. These data indicate that the presence of the set of TPR domains is 

involved in the pro-apoptotic action of ISG54 with the first TPR domain having the most 

dramatic effect. This may also explain why the binding of first TPR motif by ISG60 effectively 

decreases ISG54 induced cell death.  

ISG54 interacts with STING, eEF1, PRDX5 and DLC1  

Besides the members of ISG54 family our yeast-two hybrid screen revealed other 

proteins that potentially interact with ISG54. Among them there was translation eukaryotic 

elongation factor 1α (eEF-1α), peroxiredoxin 5 (PRDX5), and dynein light chain 1 (DLC1). All 

of those proteins seemed interesting with regard to the apoptotic function of ISG54. Besides 
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eEF-1α   role in translation, it is known to be involved in cytoskeleton organization, viral 

propagation, and modulation of cell death (172). PRDX5 is a strong anti-oxidant enzyme that 

participates in elimination of reactive oxygen species (ROS) and protects the cells from 

apoptosis (173,174). DLC1 is a protein participating in intracellular transport and binds and 

sequesters Bim, a potent inducer of mitochondrial apoptosis (175,176). In Drosophila DLC1 was 

found to be necessary for autophagy and autophagy mediated cell death (177). Therefore ISG54 

interaction with each of those factors could be important for anti-viral and pro-apoptotic 

functions of ISG54. Additionally, previous reports indicated that ISG54 can associate with 

STING (63), a mitochondria bound adapter protein and that ISG54 binding downregulates 

STING mediated anti-viral response (96). To verify those interactions we transfected cells with 

v5-tagged STING, eEF-1α, DLC1 and PRDX5. Cells were stimulated overnight with IFNα and 

ISG54 was immunoprecipitated with anti-ISG54 serum. Visualization of bound proteins with 

Western-blot showed that ISG54 associates with STING, eEF1α, PRDX5 and DLC1 (Figures 

48,49). Next, we evaluated the effect of each of those proteins on ISG54-induced apoptosis by 

cotransfecting them with ISG54mGFP and measuring cell death by flow cytometry analysis 

following annexinV and PI staining. However, none of those proteins displayed inhibitory effects 

on ISG54-promoted apoptosis (data not shown). This result suggested that pro-apoptotic function 

of ISG54 cannot be inhibited by overexpression of these proteins. 

 

ISG54 in anti-viral defense 

 

ISG54 has an inhibitory effect on MHV68 replication in vitro 

In order to study the role of ISG54 in anti-viral defense we obtained C57BL/6 mice with 

a targeted deletion in ISG54 gene from the Knock-Out Mouse Project (KOMP) consortium. The 

deletion removed the promoter and the first exon of ISG54 gene (Figure 50) and knock-out 

efficiency was confirmed at both mRNA and protein level using RT-PCR and the Western-

blotting (Figure 51). While heterozygous mice had decreased level of mRNA for ISG54 they 

displayed the same level of the protein. For this reason we compared wild-type and knockout 

animals. For in vitro studies we obtained mouse embryo fibroblasts (MEFs) from the embryos at 

days 12-15 and cultivated them in culture until passage 5. As a control we used MEFS from wild 
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type C57BL/6 animals. At passage 5 we infected both MEF lines with MHV68 at two 

multiplicities of infection (MOIs): 1 and 0.01. MEFs infected with MOI 1 were harvested at 6h, 

12, 24h and 36h after infection and the MEFs infected with MOI 0.01 were harvested at 12h, 

24h, 36h and 48h. Cells were disrupted using multiple freeze-thaw cycle and a viral titer was 

determined using plaque assay on mouse 3T12 cells. We found that MHV68 replicates 

significantly better (more than ten times) in the ISG54KO cells as compared to the wild type 

cells. In the absence of ISG54 viral titer was more than five times higher with MOI 1 and more 

than ten times higher with MOI 0.01 (Figure 52). At early timepoints there was no difference 

between wild type and knockout cells but with time the difference in viral replication became 

evident. To study the progress of MHV68 infection, we infected MEFs with a virus coding for 

YFP protein and evaluated the number of YFP positive cells with fluorescent microscopy and 

flow cytometry. At 24hs cells expressing MHV68 YFP were present at very low levels and 

practically undetectable under the microscope. However, at 48hs there was significant increase in 

the number of infected cells. Cultures of ISG54KO cells displayed wide clusters of cells positive 

for the virus with strong yellow fluorescence, while the infected areas in wild-type cells were 

much smaller with weaker intensity of fluorescence (Figure 53). Analysis with flow cytometry 

showed that at 48hs there is more than two times infected cells in ISG54KO MEFs comparing to 

the wild-type MEFs (Figure 54). 

We also analyzed viral replication in the cells that were pretreated overnight with 100U 

IFNβ. As expected IFN decreased substantially MHV68 titer; however there was no significant 

difference in titer between wild type and ISG54KO cells (Figure 55). These results suggest that 

ISG54 plays inhibitory role in MHV68 replication but its effects can be substituted by action 

other genes induced during IFN stimulation of MEFs in vitro. 

Since the anti-apoptotic M11 (v-Bcl2) protein from MHV68 was found to inhibit ISG54-

induced apoptosis (Figure 27), we evaluated replication of the virus lacking M11 in wild-type 

(wt) vs. ISG54KO cells. MEFs from the ISG54 KO animal were expected to have less apoptosis 

in response to infection and therefore we predicted that the M11 deficient virus would replicate 

better in ISG54 KO cells than wt MEFs. We infected MEFs at MOI 0.01 and determined viral 

titer with plaque assay at different time points. MHV68 lacking M11 replicated significantly 

better in ISG54KO cells with a viral titer more than a log greater (Figure 56).  
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Next we evaluated the replication of M11 mutant virus in wt MEFs and ISG54 KO MEFs 

in comparison to wt MHV68 virus. It was possible that in wt MEFs with expression of pro-

apoptotic ISG54, M11 mutant virus would produce a lower viral titer compared to wt MHV68 

virus. However, in the wild-type MEFs, the M11 mutant virus and wt MHV68 replicated to 

similar titers (Figure 57). This result is consistent with a previous study demonstrating M11 is 

not required for MHV68 lytic infection even though it is required for efficient latency 

establishment in mice (178). On the other hand in the MEFs lacking ISG54 (KO), the M11 

mutant virus produced two times lower titer compared to wt MHV68 (Figure 57). This suggested 

that anti-apoptotic properties of M11 expressed in wt MHV68 could be revealed in the absence 

of ISG54. Therefore in wt cells, ISG54 nullified the function of M11 and M11 could not 

counteract action of ISG54. This was unexpected considering that ectopic expression of M11 

was found to inhibit ISG54-induced apoptosis (Figure 27). However, during infection ISG54 is 

expressed with other ISGs, and it's possible that together those proteins effectively neutralize the 

action of M11.  

ISG54 and its influence on MHV68 replication in mice 

After we saw anti-viral effect of ISG54 during in vitro experiments, we evaluated how it 

affects MHV68 replication in living mice. First we studied influence of ISG54 knockout on the 

acute phase of MHV68 replication during intranasal infection. Acute phase takes place in the 

lungs and results in the peak of viral titer between days 4 and 9 after infection. We infected mice 

intranasally with 1000Pfu and 4 and 9 days after infection, animals were sacrificed. Their lungs 

were isolated and homogenized and the viral titer was determined by plaque assay. We could 

observe that that the viral titer in the ISG54 knockout animals was slightly elevated (Figure 58). 

Western blot from lung tissue detected ISG54 protein in the wild type animals but not in 

knockout mice (Figure 59). Together those data suggested that ISG54 is present during MHV68 

infection and plays role in anti-viral defense. 

ISG54 influences splenic latency and reactivation of MHV68 

Gammaherpesviruses can establish chronic infection and latency in the spleen. We 

evaluated the effect of ISG54 on establishment of latency by MHV68. Latency is measured 

about two weeks after infection when viral DNA persists B cells as an episome. In our approach 

we evaluated both the number of latent genomes and the rate of viral reactivation. Wild-type and 

knockout mice were infected intranasally with 1000Pfu of MHV68 and 16 days after infection 
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we sacrificed the animals and collected the spleens. Isolated splenocytes from 5 similarly 

infected animals were combined and used in two types of assays. In Limited Dilution Assay 

(LDA) intact splenocytes were seeded on the monolayer of mouse embryo fibroblasts (MEFs) to 

evaluate virus reactivation. The reactivation was measured by observation of cytopathic effect. 

Together twelve two-fold dilutions of the intact splenocytes were plated on MEFs. Since 

reactivating virus causes total lysis of mouse fibroblasts in the well, the cytopathic effect 

identifies reactivation. By calculating the number of reactivation positive wells for each dilution 

and fitting non-linear regression curve we could estimate minimal number of splenocytes 

required to observe reactivation. We found that mice lacking ISG54 showed significantly higher 

reactivation of MHV68 comparing to wild type (Figure 60). There was about ten times more 

reactivating virus in ISG54KO suggesting that ISG54 could be involved in suppressing 

reactivation of MHV68. In a parallel control we evaluated how many viral particles were already 

preformed in splenocytes before reactivation.Splenocytes were mechanically disrupted and 

seeded in eight two-fold dilutions on monolayer of MEFs. In this case we observed only very 

limited cytopathic effect indicating that the amount of pre-formed virus is much lower than the 

amount formed on the way of reactivation (Figure 60) 

To evaluate splenic latency in wild type vs. knockout animals we used Limited Dilutions PCR 

(LD-PCR). In this technique splenocytes are diluted in a series of five three-fold dilutions. After 

disrupting cells with proteinase K treatment, double-nested PCR is performed using primers 

complementary to MHV68 genome. Similarly to reactivation assay, this assay is carried out in 

96-well plates with single dilutions being represented by 12-wells. Wells that contain 

splenocytes bearing MHV68 episome, react positively giving a PCR product that can be detected 

on the gel. The relationship between percentage of positive reactions and the number of 

splenocytes used for each dilution can be plotted and illustrated by non-linear regression curve 

that enables to estimate minimal number of splenocytes required to find a single latent virus. We 

found that ISG54 knockout animals displayed increased splenic latency resulting in about 10 

times more copies of viral DNA in the spleen (Figure 61). We verified expression of ISG54 in 

splenocytes of infected mice by Western-blotting and found that it was produced in wild-type but 

not in knockout animals (Figure 62). Together those results pointed that ISG54 is involved in 

anti-MHV68 response in the murine spleen and is likely involved in the inhibition of latency and 

reactivation.  
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Chapter 4. Discussion 

 

IFNs are unique among the cytokines for their ability to confer cellular resistance to viral 

infections and for their ability to inhibit the growth of cancer cells. In this thesis I am presenting 

my research on IFN stimulated gene 54 (ISG54) that appears to play a role in both these aspects 

of IFN response. To date several IFN induced genes have been recognized for their role in viral 

defense (2,179), but the mechanisms by which IFNs are effective in the treatment of cancer have 

not been determined. Type I IFN has been reported to induce gene products that can lead to 

growth arrest or apoptotic signaling in cancer cells, but also to increase growth and proliferation 

in normal cells (13,180-183). Therefore it is possible that the cell fate during IFN response is 

determined by the prevalence of a particular group of genes. We propose ISG54 as one of the 

genes that may contribute to IFN-induced cell death.  It is already known  that this gene is 

robustly induced by type I IFNs (73,184), viral infection (185), or DNA damage (186), and that 

apoptosis can occur coordinately in reaction to each stimulus. 

Our study demonstrates that expression of ISG54 promotes cell death via apoptosis in 

different types of cancer cell lines. Flow cytometry analysis using both PI and annexin V staining 

indicate that cells expressing ectopic ISG54 die at a significantly higher rate than control cells. 

The pro-apoptotic effect of ISG54 starts to be apparent at about 48h after transfection. Since 

caspase activation is central to the execution phase of apoptosis, we evaluated the activation of 

caspase-3 by immunofluorescence. It was found that caspase-3 is strongly activated in the cells 

expressing ISG54, especially as apoptosis is morphologically evident. Furthermore the pan-

caspase inhibitor ZVAD-FMK significantly reduced ISG54 promoted apoptosis. Next, we 

studied which of apoptotic pathways is involved in ISG54 induced cell death. Pathways that lead 

to caspase activation are often designated as either extrinsic or intrinsic (114,187-189). The 

extrinsic pathway is initiated outside the cell by ligation of transmembrane death receptors and 

the subsequent activation of caspases. The intrinsic pathway, also called the mitochondrial 

pathway, is dependent on pro-apoptotic proteins such as Bax or Bak that induce permeability of 

mitochondrial outer membrane, release of apoptogenic molecules, and activation of caspases. 

These designations are not completely accurate as the receptor-mediated extrinsic pathway can 

also trigger the intrinsic pathway. We have found that overexpression of the anti-apoptotic Bcl-xl 

and Bcl-2 proteins dramatically decreases cell death induced by ISG54 (190). Moreover, viral 
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anti-apoptotic proteins E1B-19K, v-Bcl2 and M11 that are known to block mitochondrial 

apoptotic pathway effectively counteract ISG54-induced apoptosis. In addition, cells that lack 

expression of pro-apoptotic Bax and Bak proteins are resistant to the apoptotic effects of ISG54. 

Bax and Bak are cytosolic proteins but they translocate into the mitochondrial membrane during 

apoptosis and this can be observed as a dramatic change in their cellular distribution. By using 

confocal microscopy imaging we reported that in the presence of ISG54 Bax forms characteristic 

puncta that indicate its mitochondrial translocation. We also observed that mitochondrial 

potential of the cells expressing ISG54mGFP decreases with time in comparison to the cells 

expressing mGFP. These data indicate that ISG54 functions to trigger a mitochondrial pathway 

of apoptosis. Live cell imaging show that ISG54 does not localize in mitochondria, but it’s still 

possible that it can interact with the outer mitochondrial membrane or the proteins that can enter 

mitochondria. 

Since the p53 tumor suppressor induces transcription of pro-apoptotic Bcl-2 proteins 

NOXA and PUMA, we evaluated the possible contribution of p53 using a dominant negative 

mutant (155,167,191-194). ISG54-induced apoptosis was found to continue unabated in the 

presence of the p53 interfering mutant. Therefore while ISG54 uses similar downstream 

components of apoptotic pathway as p53, its mechanisms seems to be p53 independent. On the 

other hand components of Ras signaling pathway are able to at least partially inhibit ISG54-

induced apoptosis. H-Ras V12 has the strongest inhibitory effect while the effect of PI3K and 

Akt kinases is weaker but still significant. IFN has been reported to downregulate PI3/Akt 

pathway, therefore it is possible that ISG54 may be involved in disrupting signals coming from 

growth factor receptors (71). However, this effect probably plays only a minor role in ISG54 

induced apoptosis. 

IFNs are commonly used cytokines in therapy of specific cancers. Their therapeutic 

effect is often linked to inhibition of cancer growth and induction of apoptosis. Our data suggest 

that ISG54 may be an important part of the mechanism leading to IFN-stimulated cell death.  By 

using shRNA knockdown we evaluated whether decreased expression of ISG54 makes cells less 

susceptible to the pro-apoptotic effects of IFN. We found that cells with reduced expression of 

ISG54 display less apoptosis in response to IFN treatment. These findings indicate that ISG54 

may be at least partially responsible for pro-apoptotic actions of IFN.  

This is the first description of the pro-apoptotic function of ISG54. Previous studies 
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linked ISG54 and ISG56 to the inhibition of translation, particularly translation initiated via an 

IRES. This effect was explained by ability of ISG54 to bind eukaryotic translation initiation 

factors: eIF3c and eIF3e.(74,75,91,92,195). However, in our system ISG54 did not decrease cap-

dependent or IRES-dependent translation. Also overexpression of eIF3e, eIF3c or both this 

translation factors together had no inhibitory effect on ISG54-induced apoptosis. Therefore 

although ISG54-induced cell death may be connected to inhibition of protein synthesis, it 

appears to be triggered by other cellular pathways.  

Looking at the biological significance of ISG54-induced apoptosis it’s possible that 

ISG54 levels are coordinated to the progress of anti-viral response. If the pathogen is eliminated, 

the levels of ISG54 decrease and the cell survives. If, however, infection continues, ISG54 keeps 

accumulating in the cell leading to its death. 

The pathways that lead to ISG54-induced apoptosis remain to be established. There are 

multiple possible mechanisms that could be considered. The observation that expression of 

ISG54 causes drop of mitochondrial potential may suggest a direct influence of ISG54 on that 

organelle. Our imaging experiments did not detect ISG54 inside the mitochondria but it’s 

possible that a fraction of ISG54 associates with outer mitochondrial membrane. With time as 

the protein accumulates it may disrupt functioning of complexes present in the mitochondrial 

membrane such as chaperones, or transmembrane transporters. Many chaperones such as Heat 

Shock Protein (HSP) 90 and HSP70 as well as mitochondrial transporter proteins such as 

Translocase of Outer Membrane 70 (TOM70) contain TPR domains that can possibly interact 

with ISG54. It’s also possible that with time some fraction of ISG54 enters mitochondria and 

disrupts their functioning. Therefore it would be interesting to tag ISG54 with mitochondrial 

targeting sequence and evaluate whether it increases the level of apoptosis. Another approach is 

to study cellular localization of ISG54mGFP at later timepoints after transfection, for instance at 

72h. This may be a challenge since levels of ISG54 drop significantly with time and many cells 

expressing ISG54 display altered morphology. On the other hand effective visualization of 

ISG54 in dying cells could tell us a lot about the way by which it induces apoptosis. 

Cells expressing ISG54 starting after about 48h suggesting that mechanism of ISG54 

induced apoptosis takes time to be executed. Among characterized forms of cell death autophagy 

is the one that is prolonged in time. Therefore it is possible that ISG54 causes apoptosis by the 

mechanism of autophagy. Autophagy is often induced during viral infection helping to eliminate 
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the pathogen so it’s possible that ISG54, as a protein induced by viruses, is involved in that 

process. To study this hypothesis we could evaluate the influence of autophagy inhibitors such as 

wortmannin or 3-methyladenine (3-MA) on ISG54-induced apoptosis. Those compounds have 

been reported to effectively block autophagy, so if ISG54 causes this process, inhibitors should 

decrease ISG54-induced cell death (196). Our preliminary data indicate that 3-MA treatment has 

partially inhibitory effect on ISG54-induced apoptosis. Another approach is to evaluate whether 

expression of ISG54 causes formation of puncta by Microtuble-associated protein light chain 3 

(LC3), a phenomenon that is considered a hallmark of autophagy (197). Cells could be 

transfected with RFP-tagged LC3 protein and ISG54mGFP or mGFP as a control and observe 

formation of red LC3 puncta at different times after transfection. If ISG54 stimulates autophagy, 

we should see emerging pattern of LC3II puncta in ISG54 expressing cells.  

To investigate the means by which ISG54 performs its biological function we explored 

protein-protein interactions first by yeast two-hybrid assay and then by affinity tag purification 

and mass spectrometry. This approach identified interactions with two other TPR-containing 

family members, ISG56 and ISG60, but not with the fourth member of this family, ISG58. The 

interactions were verified with co-immunoprecipitation methods, and revealed that ISG54 also 

forms complexes with itself. The protein-protein interface of ISG54 with ISG60 is distinct from 

that of ISG54 with ISG56 or itself. The first TPR domain of ISG54 is essential for binding to 

ISG60, but it is not required for binding ISG54 or ISG56. We have also determined that ISG56 

can bind to ISG60, and that both ISG54 and ISG60 are able to form homomeric complexes (data 

not shown).  

The numerous possibilities for protein-protein interactions among these three ISGs led us 

to estimate the mass of the complex. Glycerol gradient sedimentation indicated the presence of 

ISG54, ISG56, and ISG60 in multimeric complexes of approximately 150-200kDa. Considering 

the molecular weight of these ISG proteins, they may form trimeric or tetrameric complexes. The 

exact stoichiometry and composition of the complex remain to be established, and the range of 

possible protein interactions evokes many theoretical combinations. Interestingly we were unable 

to detect monomeric fraction of ISG54 suggesting that all the pool of that protein remains bound 

in multimeric aggregates. Considering the fact that TPR motifs are known to play a role in 

formation of multiprotein complexes, the concept that these ISGs create a scaffold for docking 

target proteins is intriguing. 
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We also studied the influence of ISG54 family members on ISG54-induced cell death. 

While ISG56 did not affect pro-apoptotic effect of ISG54, ISG60 significantly reduced apoptosis 

in ISG54-expressing cells. This effect was strictly dependent on the direct interaction between 

ISG60 and the first TPR domain of ISG54. Interestingly although ISG60 decreased the cytotoxic 

influence of ISG54 it did not show a negative effect on ISG54 expression. In fact in the presence 

of ISG60, levels of ISG54 were stabilized and ISG60 seemed to protect ISG54 from degradation. 

These data suggest that ISG60 may play a modulatory role, stabilizing ISG54 on one hand but on 

the other hand precisely controlling its apoptotic functions. It’s likely that ISG54, ISG60 and 

other ISGs form an intricate well regulated system that depending on the conditions determines 

cell survival or apoptosis. Association of ISG54 with ISG60 promotes survival while the binding 

of proteins that release ISG54 from ISG60 could lead to cell death. Proteins regulating ISG54-

ISG60 interaction, however, remain to be identified.  

To determine which part of the ISG54 molecule is responsible for its pro-apoptotic effect 

we created a series of truncations eliminating different TPR motifs from ISG54 protein. 

Generally we found that the cell death promoted by ISG54 is proportional to the number of TPR 

motifs present in the molecule. This is not the case for the first TPR domain which was able to 

induce the same level of apoptosis as a full-length protein. Interestingly, it is the same TPR motif 

that is bound by ISG60, a potent inhibitor of ISG54-induced cell death. The mechanisms by 

which structural properties of TPR motif may induce apoptosis remain to be determined. It is 

possible that TPR domains of ISG54 interact with other proteins containing TPR motifs and 

disrupt their functioning leading to cell death. It was reported that overexpression of a small 

glutamine rich TPR containing protein SGT leads to apoptosis (198). Also a short TPR peptide 

was found to effectively induce death of cancer cells by disrupting the interaction between 

Hsp90 and Hop (199).  Future studies could be designed to test recombinant peptides containing 

sequence of N-terminal part of ISG54 regarding their ability to kill cancer cells. Such peptides 

used in an appropriate delivery system could be applied as cancer therapeutics. Moreover, 

solving three-dimensional structure of N-terminal domain could help in creating small molecular 

weight compounds that mimic structural features of ISG54 and also induce apoptosis. Such novel 

compounds could become useful drugs in cancer therapy. Consequently, solving the crystal 

structure of ISG54 or at least its N-terminal part appears to be worth consideration. 

ISG54 was reported to interact with STING (63), an ER bound adapter protein and to 
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participate in downregulation of IFN signaling (96). By immunoprecipitation we positively 

verified interaction between ISG54 and STING, however we did not observe any effect of 

STING on the ISG54 induced apoptosis. It is possible that interaction of ISG54 and STING has a 

function independent of apoptosis.  

We also verified interactions of ISG54 with other proteins that were first identified in a 

yeast two-hybrid screen. We found that ISG54 is able to bind dynein light chain 1 (DLC1), 

eukaryotic elongation factor-1α (eEF-1α) and peroxiredoxin 5 (PRDX5). Biological significance 

of those interactions remains to be determined. Since each of these binding targets is somehow 

involved in cell survival and regulation of apoptosis elucidating the mechanism of their 

interactions can shed new light on ISG54-induced cell death.  

In the future in depth details of interactions between ISG54 and its novel binding partners 

need to be pursued. Truncated versions of ISG54 can be used to determine which fragments of 

the ISG54 molecule are responsible for the interactions with its partners. We should also 

evaluate how expression of ISG54 changes cellular localization of those proteins. For instance, 

PRDX5 is mitochondrial protein while STING associates with ER membranes. Would the 

expression of ISG54 which is a cytoplasmic protein change this localization? A particularly 

interesting binding partner is DLC1 that is known to bind pro-apoptotic protein Bim and 

sequester it within cytoskeleton (176). Release of Bim from DLC1 leads to the permeabilization 

of mitochondria and induction of apoptosis. It’s possible that ISG54 by its interaction with DLC1 

stimulates release of Bim and causes cell death. Therefore cellular localization of Bim in the 

presence and absence of ISG54 using immunofluorescence and live-cell imaging needs to be 

evaluated. Also direct interaction between ISG54 and Bim should be examined by 

immunoprecipitation.  

Future studies can focus more on the other potential binding targets that were identified 

in yeast two-hybrid screen. Such partners among many include Interferon-induced 

transmembrane protein 1 (IFITM1), Superoxide Dismutase 2 (SOD2) or Apoptosis-Linked Gene 

2 (ALG2) protein. They are involved in anti-viral response, antioxidative protection and 

regulation of apoptosis. Each of these candidates might be an important binding partner 

responsible for biological functions of ISG54. 

In our studies we also evaluated the role of ISG54 in anti-viral defense. By using ISG54 

knockout mice and mouse gammaherpesvirus 68 (MHV68) as a model pathogen we explored the 
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role of ISG54 in regulation of viral replication, latency and reactivation. In vitro experiments 

with isolated mouse embryo fibroblasts showed that cells lacking ISG54 produced significantly 

higher amounts of virus comparing to the wild-type. The difference started to be apparent as 

early as 12-24hs after infection and persisted throughout course of infection. Microscopic studies 

of cells infected with YFP-expressing MHV68 showed that viral infection spreaded faster in 

ISG54 deficient cells. Interestingly, lack of ISG54 was more visible in the cells infected with 

lower multiplicities of infection (MOIs). While infection at MOI 1 yielded over five times higher 

viral titer in the cells lacking ISG54, infection at MOI 0.01 produced over tenfold difference. The 

shape of growth curves indicated that ISG54 delayed initiation of infection while at later 

timepoints rates of viral replication were similar between wild-type and KO cells. In MEFs that 

were pretreated with IFN overnight prior to infection we could not detect significant differences 

in viral titer between wild-type and ISG54KO cells. Therefore it is possible that ISG54 plays the 

most important role at the early stages of the infection when the amount of virus is low, the IFN 

response is just beginning and the cells have not triggered all the anti-viral mechanisms. For 

instance, ISG54 may be present before other proteins such as 2’-5’ oligoadenylate synthase or 

PKR become activated and therefore it works as a first line of cellular anti-viral defense. Also, 

ISG54 may be induced by lower amounts of pathogens in comparison to 2’-5’ OAS or PKR. 

Consequently during infection with high MOIs, observed effects of ISG54 knockout are less 

severe, since high dose of suddenly administered MHV68 quickly turns on the variety of 

antiviral genes. When the cells are stimulated with interferon, over 300 genes become strongly 

upregulated and the other induced ISGs such as ISG56 compensate the effect of ISG54 

knockout.  

In our experiments with cancer cell lines ISG54 displayed strong pro-apoptotic 

properties. Therefore it was possible that its antiviral effect may be a consequence of the 

induction of apoptosis in MHV68 infected cells. MHV68 genome codes for M11 protein that 

mimics Bcl2 protein and can inhibit ISG54-induced apoptosis. To evaluate whether M11 has 

effect on ISG54 we studied replication of M11 deficient virus in wild type vs. ISG54KO cells. 

Similarly to what was previously observed for wild-type virus, replication was significantly 

higher in ISG54 deficient MEFs. However, in the absence of ISG54 wild-type virus produced 

twofold higher titer comparing to M11 mutant. Therefore M11 still supported viral replication 

even in the absence of ISG54. This could be explained by the inhibitory effect of M11 on the 
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other pro-apoptotic mechanisms triggered during infection and independent of ISG54. In the 

presence of ISG54 the difference between wild-type virus and M11 mutant virus was 

insignificant suggesting that ISG54 could somehow nullify the effect of M11. Therefore 

induction of cell death seems to be involved in anti-viral functions of ISG54, although it 

probably plays only a minor role in the inhibition of viral replication. It should be noted that 

MHV68 codes for another anti-apoptotic protein vMAP that likely can compensate for the 

functions of M11 (149). In order to better understand the pro-apoptotic role of ISG54 during 

MHV68 infection it would be recommended to use viral mutant that lacks both M11 and vMAP.  

In addition to in vitro experiments we also studied the role of ISG54 in vivo by direct 

infection of ISG54 knockout mice. We found that ISG54 deficient animals show slightly 

elevated viral titer in the lungs during acute phase of infection but that difference was not 

statistically significant. On the other hand we could observe a significant increase in both splenic 

latency and reactivation in ISG54 knockout animals. Limited dilution PCR (LD-PCR) showed 

about tenfold higher number of latent viral genomes in ISG54 deficient spleens. Also the number 

of reactivating viral particles detected in LDA assay was tenfold higher in ISG54 knockout mice. 

However, not all of our experiments showed such significant differences. Although we are trying 

to use age and sex matched animals it is possible that scale of latency and reactivation depends 

also on the other factors such as conditions the animals were kept under, accidental contact with 

other pathogens or amount of stress they experienced. As we are not able to fully control all 

these issues, more experiments should be performed to study more in depth role of ISG54 in 

latency and reactivation. Since the exact molecular details of splenic latency and reactivation 

remain unknown, it is difficult to propose a convincing mechanism of ISG54 action. Our data 

suggest that ISG54 has an inhibitory effect on MHV68 reactivation and latency. Both those 

phenomena are sporadic events that are performed by single viral particles. Since ISG54 seems 

to be particularly important in response to low levels of virus it is possible that ISG54 knockout 

cells are more prone to such single events and display more latency and reactivation.  

Further experiments should be performed to fully characterize the role of ISG54 in 

antiviral defense. One possibility is to characterize how ISG54 influences viral latency and 

reactivation depending on the dose of virus. It is possible that we would observe a more 

significant difference for the low infection doses as observed in MEFs. Another approach is to 

study how ISG54KO affects different types of splenic cells in response to viral infection. Using 
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specific fluorescent-tagged antibodies we could label different subsets of splenocytes such as B 

or T cells and by flow cytometry compare their profile in wild-type vs. knockout animals. By 

using YFP-expressing MHV68 we can also visualize infected cells and compare their numbers 

and profiles. It’s possible that elimination of ISG54 makes some of splenocytes more prone to 

infection. Another challenge would be to characterize the effect of ISG54 knockout in the mice 

that were pretreated with IFN prior to infection. In the cell culture IFN pretreatment nullifies the 

effect of ISG54 knockout but it does not have to be the same in the animal system. Different 

organs may respond differently to IFN stimulation. Moreover, in the spleen where MHV68 

establishes chronic infection, low levels of IFN are constitutively present even in the absence of 

pathogens (200).  

Elucidation of the molecular mechanisms that allow ISG54 to participate in anti-viral 

defense is another future challenge. Our data show that ISG54-induced apoptosis probably plays 

only a minor role in blocking viral replication. Therefore anti-viral activity of ISG54 is likely 

linked to another mechanism. Previously ISG54 was reported to interact with STING and this 

interaction was also confirmed in our experiments. Since STING is a part of multiprotein 

complex involved in activation of IRF3 and ISG54 itself forms complex with ISG56 and ISG60, 

it is possible that both these protein complexes interact with each other. Together they could be 

responsible for effective induction of IFN response during viral infection. Therefore it is worth to 

evaluate interactions of ISG54,56 and 60 with other members of STING complex such as TBK1 

or MAVS. Another approach would be to measure induction of IFN genes in Wild-type vs. 

ISG54KO MEFs using RT-PCR. Since signaling through STING leads to production of IFN, 

ISG54KO MEFs should display impaired expression of IFN genes.  

ISG54 is robustly induced following virus infection or IFN treatment, so it’s possible that 

its effects are not limited to influence on STING signaling and causing apoptosis. Interaction 

with other binding partners can also contribute to anti-viral activity. For instance, binding to 

eEF-1α and DLC1 that are involved in functioning of cytoskeleton may disrupt transport of viral 

particles or assembly of viral capsids. Binding to PRDX5 may result in increased levels of 

reactive oxygen species that play important role in immune defense and possible interaction with 

IFITM1 can activate other signaling pathways. All these interactions are worth studying and may 

broaden our knowledge about functions of ISG54 in fighting off viral infections. 

Together our data show that ISG54 is an important element in the interferon response. By 
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promoting apoptosis it plays a substantial role in the cytotoxic effect of IFN and contributes to 

anti-viral defense. The sacrifice of a transformed or infected cell can ensure survival of the host, 

evident by the fact that many cancers and viruses have evolved mechanisms to block the cellular 

apoptotic defense (113,125,126,201). Moreover, ISG54 has a significant effect on viral latency 

and reactivation, phenomena that are intricate parts of chronic infection by herpesviruses. It 

forms an oligomeric complex with other members of ISG54 family and binds the proteins that 

are crucial in defense against intracellular pathogens and oxidative stress. In the future more 

studies in our lab would be performed to fully explore all the functions of ISG54. Deciphering 

the mechanism by which it promotes apoptosis can improve existing IFN-based cancer therapies 

as well as define new therapeutic targets. Elucidating its effect on reactivation and latency can 

open new possibilities in therapy of diseases caused by herpesviruses.  
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Figure 1. Activation of Interferon Stimulated Genes (ISGs). Binding of type-I IFN to type I 

IFN receptor composed of subunits IFNα Receptor 1 (IFNAR1) and IFNAR2 activates Janus 

kinases (JAK and TYK) that autophosphorylate themselves and then recruit Signal Transduction 

and Transactivation (STAT) proteins. STAT1 and STAT2 that remains bound to Interferon 

Regulatory Factor 9 (IRF9) become phosphorylated and form trimeric molecule referred to as 

Interferon-Stimulated Gamma Factor 3 (ISGF3). ISGF3 subsequently translocates to the nucleus 

where it binds to the promoter of the genes containing Interferon Stimulated Response Element 

(ISRE) and induces expression of ISGs  
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Figure 2.Mechanism of type I IFN induction.  Pathogen Recognition Receptors (PRRs) 

recognize foreign molecules and trigger protein-protein interaction cascade leading to activation 

of latent kinases. Kinases phosphorylate transcription factors that become activated and initiate 

transcription of IFN genes. Interferons are next secreted from the cells to the extracellular milieu,  
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Figure 3. Role of STING and MAVS in induction of type I IFN response. Stimulator of 

Interferon Genes (STING) and Mitochondrial Antiviral Signaling (MAVS) are adapter proteins 

anchored in the ER and mitochondrial membrane respectively. Viral RNA sensors RIG-I 

(retinoic acid inducible gene I ) and MDA-5 melanoma differentiation associated factor 5) bind 

MAVS  after recognition of alien RNA. MAVS interacts with the complex of over 30 adapter 

proteins including TNF receptor associated factors 3 and 6 (TRAF3/6) that participate in 

activation of TBK1 (Tank-binding kinase 1) and IKK complex respectively. TBK1 

phosphorylates Interferon Regulatory Factors 3 and 7 (IRF3/7) that stimulate expression of IFNα 

and β genes while IKK activates NF-κB ( that enhances expression of IFNβ).  

STING is involved activation of TBK1 in response to pathogens’ DNA. It localizes in the ER 

membranes associated with mitochondria and interacts both with TBK1 and MAVS. It also binds 

TRAF3 protein and may interact directly with IRF3. It is speculated that after infection with 

dsDNA containing pathogen, specific DNA sensors can bind STING and induce TBK1 

activation. However, so far these sensors have not been yet identified.  
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Figure 4. Schematic organization of mouse ISG54 gene. Mouse ISG54 promoter contains 

TATA box and two upstream IFN-stimulated response elements (ISRE). ISRE elements are the 

only known regulatory sequences of either murine or human ISGs. Mouse ISG54 gene consists 

of three exons. First exon does not code for any protein sequence, second codes only for the 

initiation ATG codon while the third exon codes for the rest of the protein. Human ISG54 has the 

same organization except it lacks  the first non-coding exon.  
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Figure 5. Schematic depiction of ISG54 protein. ISG54 is 54 kDa protein that is characterized 

by the presence of tetratricopeptide (TPR) motifs. Since the three-dimensional structure of 

ISG54 has not been solved, the exact number of TPR domains remains unknown. Presented 

graph is based on the calculations made with TPRPRed algorithm from Max Plack’s Institute 

(80). Simulation predicts the presence of 9 TPR motifs distributed evenly along the protein 

sequence. The amino acid sequence of TPR motifs is weakly conserved and does not show 

significant similarities between particular domains. 
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Figure 6. Expression of ISG54mGFP decreases quickly with time. HeLa cells were 

transfected with ISG54mGFP and the number of GFP positive cells at different timpoints after 

transfection was evaluated with fluorescent microscopy (upper panel) and with flow cytometry 

(lower panel). A relatively low number of cells expressed ISG54 24hs after transfection and that 

number decreased dramatically with time. Cells expressing ISG54 showed altered morphology 

indicating on the possibility of ongoing apoptosis 
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Figure 7. Expression of ISG54 induces cell death. HeLa cells were transfected with plasmid 

encoding ISG54mGFP or mGFP, stained with PI at 24h, 48h and 72h after transfection and 

analyzed with flow cytometry. The percent of cells positive for both GFP and PI was quantified. 

Cell expressing ISG54mGFP displayed significantly higher level of cell death comparing to 

mGFP control. Lower panel: A single dimension histograms of flow cytometry data obtained for 

the cells expressing mGFP or ISG54-mGFP after 48 h transfection are shown. Calculated p 

values comparing cells expressing mGFP and ISG54mGFP were <0.0001 
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Figure 8. Cell death in cultures transfected with ISG54mGFP. HeLa cells were transfected 

with ISG54mGFP, stained with PI 24h, 48h and 72hs after transfection and analyzed with flow 

cytometry. The percent of PI positive cells was compared between the cells positive and negative 

for GFP.  Cell death was significantly elevated in the cells that expressed ISG54mGFP. 

Calculated p values comparing cells expressing and non-expressing ISG54mGFP for 48 and 72hs 

timepoints were <0.001. 
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Figure 9. ISG54 promotes cell death in an inducible system. HeLa cells were co-transfected 

with tetracycline-inducible pRev-ISG54-mGFP and pLib-rtTAm2-iresTRSID-iresPuro coding 

for TetRepressor/Transactivator. Cells were stimulated with 2μg/ml doxycycline for 24, 48, and 

72 hrs, stained with PI and analyzed with flow cytometry for cell death. GFP positive and 

negative cells in the culture were compared in terms of PI staining. Calculated p values 

comparing GFP positive and negative cells for 48 and 72hs timepoints were <0.001. 
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Figure 10. Expression of ISG54 induces apoptosis. HeLa cells were transfected with plasmid 

encoding ISG54mGFP or mGFP, stained with annexinV at 24h, 48h and 72h after transfection 

and analyzed with flow cytometry. The percent of cells positive for both GFP and annexinV was 

quantified. Cell expressing ISG54mGFP displayed significantly higher level of apoptosis 

comparing to mGFP control. Lower panel: A single dimension histograms of flow cytometry 

data obtained for the cells expressing mGFP or ISG54-mGFP after 48 h transfection are shown. 

Calculated p values comparing cells expressing mGFP and ISG54mGFP were <0.001. 
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Figure  11.   ISG54 promotes apoptosis in various cell lines. HT1080 cells (upper panel) and 

HEC1B cells (lower panel) were transfected with plasmid encoding ISG54mGFP or mGFP, 

stained with PI at 24h,48h and 72h after transfection and analyzed with flow cytometry. Percent 

of the cells positive for GFP and annexinV was quantified. Calculated p values for 72hs 

timepoint comparing cells expressing mGFP and ISG54mGFP were <0.001. 
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Figure 12.  Levels of ISG54 protein expressed in transfected cultures compared to 

endogenous ISG54 induced in response to IFNα. HeLa cells were untreated, or treated with 

1000 or 5000 U/mlIFNα for 48 hrs to serve as endogenous samples. HeLa cells were transfected 

with ISG54-mGFP plasmid for 24 or 48 hrs, and cells expression ISG54-GFP were isolated by 

FACS. Lysates were prepared from the respective cells and the same amount of protein was 

evaluated by Western blot with polyclonal antibody to human ISG54. A representative 

experiment is shown, and the protein levels were compared with Image J software. Results 

indicated that ISG54-mGFP expression was equivalent to 98% of endogenous ISG54 induced by 

5000 U/ml IFNα at 24 hrs, and 91% of endogenous ISG54 induced at 48hrs.  
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Figure 13. ISG54 does not induce an Unfolded Protein Response. HeLa cells were transfected 

with ISG54mGFP or mGFP as a control. At 24h and 48h after transfection GFP positive cells 

were isolatedby FACS. These cells were lysed and evaluated with Western-Blotting for the 

induction of BiP protein. Untransfected cells and cells treated overnight with 10ug/ml 

tunicamycin were used as a positive and negative control respectively. No induction of BiP was 

observed in ISG54 positive cells.  
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Figure 14. ISG54mGFP does not display increased accumulation in the ER.  Upper panel: 

HeLa cells expressing ISG54mGFP were stained by immunofluorescence with antibodies to 

calnexin, an ER marker, and secondary TRITC-conjugated anti-mouse antibodies. Colocalization 

of ISG54mGFP (green) and calnexin (red) was calculated with ImageJ software. Pearson’s 

coefficient values of colocalization were calculated between 0.05-0.12 indicating only a weak 

positive correlation. Lower panel: Image of the cell from upper panel (arrow in merged image) 

was analyzed with LSM5 Pascal software to evaluate the correlation between red and green 

fluorescence. Graph presents the profile of fluorescence along the white arrow. Red fluorescence 

peaks crossing into the ER region, but fluorescence of ISG54mGFP remains the same. 
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Figure 15. ER Stress inhibitor does not reduce ISG54 induced cell death. HeLa cells were 

transfected with mGFP or ISG54mGFP and 6 hrs after transfection cells were treated with 15μM 

or 30μM salubrinal, an ER stress inhibitor. Cells were harvested 24, 48, or 72 hours post 

transfection and analyzed for cell death with PI staining and flow cytometry. There was no noted 

effect of salubrinal on ISG54 induced cell death. 
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Figure 16. Knockdown of ISG54 using shRNA.  Upper panel: Four different shRNAs were 

designed targeting four different regions of ISG54 mRNA. Numbers denote 5’ position of 

mRNA sequencetargeted by each shRNA. Lower panel: Stable HeLa cell lines expressing each 

of shRNAs were established and the cells were treated overnight with interferon to induce ISG54 

expression. As a control HeLa cell line expressing non-specific shRNA was used. Levels of 

ISG54 expression were evaluated by Western-blotting with anti-ISG54 antibodies. 1075shRNA 

displayed over 60% reduction in ISG54 expression measured by (Image J software) 
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Figure 17. ISG54 knockdown reduces sensitivity of cells to IFN-induced apoptosis.  Cells 

expressing stable knockdown of ISG54 with 1075shRNA were evaluated for their apoptotic 

response to IFN compared to either cells expressing non-specific shRNA (upper panel) or 

specific 136shRNA that failed to knock down ISG54 expression (lower panel). Calculated p 

value comparing effects of IFN in cells with 1075 shRNA or nonspecific shRNA was <0.03. P 

value comparing effects of IFN in cells with 1075 shRNA or 136 shRNA was <0.05. 
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Figure 18. ISG54 induces activation of caspases. HeLa cells were transfected with 

ISG54mGFP or control mGFP plasmid and at 48hs after transfection they were evaluated for the 

activation of caspase-3 with immunofluorescence. Cells expressing ISG54mGFP showed 

significant activation of caspase-3 (upper panel). Quantitation of cells positive for GFP and 

active caspase-3 at 48hs showed over threefold higher number of cells with active caspase-3 in 

the population expressing ISG54mGFP (lower panel).  
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Figure 19. ZVAD-FMK inhibits ISG54-induced apoptosis. HeLa cells were transfected with 

ISG54mGFP and 6hs after transfection pan-caspase inhibitor ZVAD-FMK or caspase-8 inhibitor 

ZIETD-FMK were added to cell media at 20μM concentration. Cell death was monitored with 

flow cytometry by PI staining. ISG54-promoted apoptosis was inhibited by ZVAD-FMK but not 

by ZIETD-FMK.  Calculated p values comparing cells treated and untreated with ZVADFMK 

were <0.01. 
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Figure 20. ISG54-induced apoptosis can be blocked by inhibitors of mitochondrial 

apoptotic pathway. HeLa cells were transfected with ISG54mGFP and control plasmid or with 

ISG54mGFP and Bcl-xL or ISG54mGFP and Bcl-2. Cell death was evaluated using flow 

cytometry and PI staining. Both BCl-2 and Bcl-xL potently inhibited ISG54-induced apoptosis. 

Calculated p values comparing cells transfected with ISG54mGFP with cells cotransfected with 

Bcl2 or Bcl-xL were < 0.0001. 

 

 

 

 

 

 

 

 



 

89 
 

 

 

 

 

 

 

 
 

 

Figure 21. Bax and Bak are necessary for apoptotic effect of ISG54. Wild type BMK cells or 

bax_/_
 bak_/_

 double knock-out BMK cells were transfected with mGFP or ISG54-mGFP for the 

times indicated, and GFP-positive cells were analyzed by flow cytometry after PI staining. 

Calculated p values comparing apoptosis in wild-type vs bax-/-bak-/- cells were <0.01 
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Figure 22. Viral anti-apoptotic proteins inhibit ISG54-induced cell death. HeLa cells were 

cotransfected with ISG54mGFP and viral proteins that are homologues of human Bcl-2: v-Bcl2 

from Kaposi’s Sarcoma Virus, M11 from Mouse GammaHerpesvirus-68 and adenoviral 

E1B19K. At 24hs,48hs and 72hs apoptosis was evaluated with annexinV staining. All the viral 

proteins were effective in the inhibition of apoptosis with E1B-19K having the strongest effect. 

Calculated p values comparing cells transfected with ISG54mGFP with cells cotransfected with 

viral anti-apoptotic proteins were < 0.01. 
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Figure 23.  ISG54 does not enter inside the mitochondria. Live-cell imaging of cells 

expressing ISG54-mGFP (left) and stained with MitoTracker Orange (right) 24hs after 

transfection reveals the ISG54mGFP localizes in the cytoplasm but is excluded from 

mitochondrial compartment. 
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Figure 24. ISG54 stimulates translocation of Bax to the mitochondria. HeLa cells were 

cotransfected with Bax-GFP and ISG54-v5 and visualized with confocal microscopy 24h and 

48hs after transfection. ISG54 was visualized by immunofluorescence with anti-v5 antibodies.  

At 24hs Bax is distributed evenly in the cells while ISG54 maintains cytoplasmic localization 

(upper panel). At 48hs (lower panel) cells expressing ISG54 show altered phenotype and Bax 

GFP forms characteristic puncta corresponding to its translocation to the mitochondria (indicated 

by arrows). Partially speckled pattern of ISG54 signal comes from the noise due to weak red 

fluorescence.  
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Figure 25.  ISG54 expression decreases mitochondrial potential. HeLa cells were transfected 

with ISG54mGFP or mGFP as a control and at 24hs and 48hs their mitochondrial potential was 

evaluated by staining with MitoTracker Orange and analysis with flow cytometry. Distribution 

of cells according to the intensity of MitoTracker staining was visualized as a histogram. Dead 

cells displayed weak MitoTracker signal due to their low mitochondrial potential and localized in 

the left part of histogram. Expression of ISG54mGFP induced a characteristic peak coming from 

dying cells with low mitochondrial potential at 48hs (upper panel). Quantitative analysis of the 

Mitotracker staining showed that the cells expressing ISG54mGFP display lower mitochondrial 

potential than the cells expressing mGFP. Calculated p value at 48hs comparing cells expressing 

mGFP with cells expressing ISG54mGFP was  <0.03 
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Figure 26. P53 is not required for ISG54 induced apoptosis. HeLa cells were cotransfected 

with ISG54mGFP and dominant negative form of p53 (DNp53). Flow cytometry analysis of cell 

death revealed no significant influence of  DNp53 on ISG54-induced apoptosis (upper panel). 

Immunofluorescence was used to detect dominant negative p53 and showed that ISG54mGFP 

and p53 coexpress well in the same cells (lower panel)  



 

95 
 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 27. Viral inhibitors of p53 cannot inhibit ISG54-induced apoptosis. Cells were 

cotransfected with ISG54mGFP and adenoviral inhibitors of p53: E1B55K and E4ORF6. At 

24hs, 48hs and 72hs cell were analyzed with flow cytometry and PI staining to evaluate levels of 

apoptosis. No inhibitory effect of viral proteins was observed. 
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Figure 28. ISG54 does not have an effect on translation. Upper panel: HeLa cells were 

transfected with empty pEF1-v5 vector or ISG54-v5 for 12hs and subsequently transfected with 

m7G-capped and polyadenylated mRNA encoding luciferase. 6hs after RNA transfection cells 

were lysed and luciferase activity was measured Cells treated with 10 ug/ml cycloheximide or 

1000U/IFN 1h prior to RNA transfection were used as a positive control for translation 

inhibition. Lower panel:  HeLa cells were transfected with plasmids expressing mGFP or ISG54-

mGFP for 16 h and subsequently were transfected with m7G-capped and -polyadenylated mRNA 

encoding luciferase (m7G) or with polyadenylated mRNA encoding luciferase regulated by a 5’- 

IRES (IRES). GFP-positive cells were isolated by FACS 5 h after mRNA transfection, and 

luciferase activity was measured 
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Figure 29. Ectopic expression of translation factors does not inhibit ISG54-induced 

apoptosis. Eukaryotic Initiation factors 3c and 3e were cloned into pEF1-v5 plasmid and their 

expression was verified with Western-blotting (upper panel). HeLa cells were cotransfected with 

ISG54mGFP and eIF3c-v5 or ISG54mGFP and eIF3e-v5 or ISG54mGFP and eIF3c-v5 and 

eIF3e-v5 together. Cells were evaluated for apoptosis with annexin V staining and flow 

cytometry. No influence of translation factors on ISG54 promoted apoptosis was observed 

(lower panel).  
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Figure 30.  Components of Ras signaling pathway can partially inhibit ISG54-induced 

apoptosis. HeLa cells were transfected with ISG54mGFP and the constitutive active components 

of H-Ras signaling pathway: H-Ras-V12 mutant, constitutive active Akt kinase and 

constitutively active PI3K kinase.  Apoptosis in cells was evaluated with PI staining and flow 

cytometry. H-Ras had the strongest inhibitory effect while the effect of Akt and PI3K was more 

moderate. Calculated p values comparing cells transfected with ISG54mGFP and cells 

cotransfected with ISG54mGFP and components of Ras signaling pathway were < 0.05.  
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Figure 31. ISG54 forms oligomers with itself, ISG56 and ISG60.  HeLa cells were transfected 

with T7-ISG54 or T7-empty vector for 24 h, and immunocomplexes were collected from cell 

lysates with anti-T7 antibodies. Proteins were separated by SDS-PAGE and silver-stained, and 

proteins specific to ISG54 expression were identified by mass spectrometry as ISG60 (upper 

band) and ISG56 and ISG54 (lower band). Molecular mass standards are indicated (M) in kDa. 
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Figure 32. ISG54 interacts with itself, with ISG56 and ISG60.  HeLa cells were co-

transfected with V5-ISG54 and FLAG-empty vector (c) or FLAG-ISG54 (54), FLAGISG56 

(56), FLAG-ISG58 (58), or FLAG-ISG60 (60). Upper panel: ISG54 protein was 

immunoprecipitated (IP) with anti-V5 antibodies, and associated proteins were detected by 

Western blot with anti-FLAG antibodies. Lower panel: Input expression of all FLAG-tagged 

ISG constructs was evaluated by Western blot with anti-FLAG antibodies.   
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Figure 33. ISG54 interacts with ISG56,  ISG60 and with itself.  HeLa cells were co-

transfected with V5-ISG54 and FLAG-empty vector (c) or FLAG-ISG54 (54), FLAG ISG56 

(56), FLAG-ISG58 (58), or FLAG-ISG60 (60). Upper panel: FLAG-tagged ISG proteins were 

immunoprecipitated (IP) with anti-FLAG antibodies, and associated ISG54 was detected by 

Western blot with anti-ISG54 antibodies. Lower panel: Expression of all FLAG-tagged ISG 

constructs was evaluated by Western blot with anti-FLAG antibodies.   
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Figure 34. ISG56 interacts with ISG54 and ISG60.  HeLa cells were co-transfected with HA-

ISG56 and GFP-empty vector (c) or GFP-ISG54 (54), GFP ISG56 (56), GFP-ISG58 (58), or 

GFP-ISG60 (60). Upper panel: GFP-tagged ISG proteins were immunoprecipitated (IP) with 

anti-GFP antibodies, and associated ISG56 was detected by Western blot with anti-HA 

antibodies. Lower panel: Expression of all GFP-tagged ISG constructs was evaluated by Western 

blot with anti-GFP antibodies.   
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Figure 35. Truncations of ISG54.  A schematic diagram of full length ISG54 and four 

truncated constructs that were v5-tagged and used to study interactions with other members of 

ISG54 family. Diagram shows amino acid positions and TPR content of each of deletion 

mutations.  
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Figure 36. Expression of V5-tagged ISG54 truncations that were presented on figure 33. All 

the constructs expressed well and were easily detectable by Western blot. Numbers correspond to 

TPR domain within ISG54 
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Figure 37. First TPR domain of ISG54 is necessary for binding to ISG60. HeLa cells were 

co-transfected with FLAG-ISG60 and either empty vector (c), one of the truncations of ISG54-

V5 (noted by TPR content), or full-length ISG54-V5. Immunoprecipitation (IP) of ISG60 was 

performed with anti-FLAG antibody, and Western blot was performed 

with anti-V5 antibody to detect associated ISG54 fragments. 

 

 

 

 

 

 

 

 

 

 



 

106 
 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 38. Both N and C-terminal regions of ISG54 participate in its binding to ISG56. 

HeLa cells were co-transfected with HA-ISG56 and one of the truncated versions of ISG54-V5 

as in Figure 35. Immunoprecipitation of ISG56 was performed with anti-HA antibody, and 

associated ISG54 fragments were detected by Western blot with anti-V5 antibody. 
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Figure 39. Both N and C-terminal part of ISG54 participate in its self-oligomerization. 
HeLa cells were co-transfected with HA-ISG54 and truncated versions of ISG54-V5 as in the 

Figures 35,36. Immunoprecipitation of ISG54 was performed with anti-HA antibody, and 

associated ISG54 fragments were identified by Western blot with anti-V5 antibody. 
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Figure 40.  Glycerol gradient sedimentation of protein markers. 50ug of bovine serum 

albumin (70 kDA), alcohol dehydrogenase (150kDa), catalase (250kDa) and apoferritin 

(448kDa) were loaded on the top of 25-40% glycerol gradient and centrifuged overnight at 

40000 rpm. Fractions were collected from the top of the gradient, and applied on an SDS-PAGE 

gel. During electrophoresis subunits of oligomeric proteins dissociate: catalase, alcohol 

dehydrogenase and apoferritin. SDS-PAGE gel was stained with Coomassie Blue to visualize 

proteins and their positions in fractions served as a reference standard. Numbers of fractions are 

indicated at the bottom and molecular mass markers for Western blot (M) are indicated on the 

side in kDa.  
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Figure 41. ISG54, 56 and 60 colocalize in the same fractions. HeLa cells were co-transfected 

with ISG54-V5, FLAG-ISG56, and FLAG-ISG60 plasmids and treated with IFN for 18 h. 

Lysates were sedimented through 25–40% glycerol gradients in parallel with mass markers 

present in figure 38, and fractions were collected Western blot with anti-ISG54 antibody was 

used to detect ISG54-V5 and endogenous ISG54 (ISG54en). (upper panel). Western blot with 

anti-FLAG (FL) antibody detected both FLAG-ISG56 and FLAG-ISG60 (lower panel). The 

sedimentation positions of molecular mass markers in the gradients are indicated at the top and 

molecular mass markers for Western blot (M) are indicated on the side in kDa. Numbers of 

fractions are displayed on the bottom 
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Figure 42. ISG60 inhibit ISG54 induced apoptosis. HeLa cells were cotransfected with 

ISG54mGFP and either control plasmid or ISG56-v5 or ISG60-v5. GFP positive cells were 

analyzed for annexin V staining with flow cytometry. While ISG56 had weak effect on ISG54 

induced apoptosis, ISG60 significantly reduced ISG54 promoted cell death. Calculated p values 

for the inhibitory effect of ISG60 were <0.02 and <0.007 at 48 and 72 h, respectively. 
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Figure 43. ISG60 stabilizes the levels of ISG54. Upper panel: HeLa cells from the experiment 

presented in figure 40 were analyzed with flow cytometry regarding number of GFP positive 

cells. In the presence of ISG60 number of the cells that express ISG54mGFP increased.  Lower 

panel: Western blot from the cells that were cotransfected with ISG54mGFP and either control 

vector (c), or ISG56 or ISG60. In the presence of ISG60 levels of ISG54 are elevated.  
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Figure 44. ISG60 inhibits apoptosis by binding to the first TPR domain of ISG54. HeLa 

cells were transfected with either ISG54-mGFP and empty vector, ISG54-mGFP and ISG60-V5, 

2–9TPR-ISG54-mGFP and empty vector, or 2–9TPR-ISG54-mGFP and ISG60-V5. GFP-

positive cells were analyzed for annexin V staining by flow cytometry after 24, 48, or 72 h post-

transfection. ISG60 effectively inhibited apoptosis caused by full-length ISG54 but not by the 

mutant lacking first TPR domain. Calculated p values for the inhibitory effect of ISG60 were 

<0.003 and < 0.01 at 24h and 48h respectively. 
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Figure 45. Interferon stimulation inhibits ISG54-induced apoptosis. Cells were transfected 

with ISG54mGFP or 2-9TPR-ISG54mGFP and after 12 hours the cells were untreated or treated 

with 2000 U/ml IFNα. GFP-positive cells were analyzed for annexin V staining by flow 

cytometry after 24, 48, or 72 h post-transfection. Upper panel: IFN treatment effectively 

inhibited apoptosis caused by full-length ISG54 but not by the mutant lacking first TPR domain. 

Lower panel: IFN treatment stabilized the number of cells expressing ISG54mGFP in culture. 

Calculated p values for the inhibitory effects of IFN were <0.01 and <0.008 at 48 and 72 h, 

respectively. 
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Figure 46. Truncations of ISG54 used for studying apoptosis.  A schematic diagram of full 

length ISG54 and six truncated constructs that were mGFP-tagged and used to study their ability 

to induce cell death. Diagram shows amino acid positions and TPR content of each of deletion 

mutations. 
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Figure 47. Ability of ISG54 truncations to induce apoptosis. HeLa cells were transfected with 

either ISG54mGFP or each of mGFP tagged truncations presented in Figure 44. Upper panel: 

Presence of the first TPR domain was sufficient to induce apoptosis as strong as full-length 

protein while the 9
th

 TPR domain had no apoptotic effect. Fragment containing four TPR 

domains: 5-8 caused apoptosis similar to the full-length protein. Lower panel: 9th
 TPR domain of 

ISG54 displays limited pro-apoptotic effect but this effect increases proportionally to the number 

of added TPR domains. Calculated p values comparing apoptosis caused by full-length ISG54 

with apotosis induced by truncated versions of the protein were <0.05. 
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Figure 48. ISG54 interacts with eukaryotic elongation factor-1α (eEF1-α) and STING. 

HeLa cells were transfected with eEF-1α or STING-v5 and stimulated overnight with IFNα at 

1000U/ml. The next day cells were lysed and endogenous ISG54 was immunoprecipitated with 

anti-ISG54 rabbit serum. As a control, non-specific rabbit serum was used. Associating proteins 

were detected by Western blot using  anti-v5 antibodies.  
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Figure 49. ISG54 interacts with dynein light chain 1 (DLC1) and peroxiredoxin 5 (PRDX5).  

HeLa cells were transfected with DLC1-v5 or PRDX5-v5 and stimulated overnight with IFNα at 

1000U/ml. The next day cells were lysed and endogenous ISG54 was immunoprecipitated with 

anti-ISG54 rabbit serum. As a control, non-specific rabbit serum was used. Associating proteins 

were detected by Western-blot using anti-v5 antibodies. 
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Figure 50. Schematic diagram of ISG54 knockout. Top diagram shows a simple layout of 

ISG54 gene with promoter, transcription start site (T), three exons (1-3) and translational start 

site (ATG). The targeting replacement plasmid consisted of LacZ gene and loxP flanked neo 

cassette was inserted through recombination into promoter region of ISG54 gene. Deletion of the 

insert was performed by Cre recombinase and as a result the promoter sequence and the first 

exon of ISG54 were removed. The entire coding sequence of the gene including the start codon 

remained intact. 
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Figure 51. ISG54 knockout (KO) mice do not express ISG54. Splenocytes from wild-type, 

heterozygous or ISG54 knockout mice were collected lysed and analyzed for ISG54 expression 

both on the RNA (RT-PCR, upper panel) and the protein (Western-blot, lower panel) level.  

ISG54 knockout animals failed to produce ISG54 mRNA or protein. 
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Figure 52.  MHV68 replicates to higher titer in ISG54KO MEFs. Wild-type or ISG54 

knockout Mouse Embryo Fibroblasts (MEFs) were infected with MHV68 at MOI 1.0 (upper 

panel) or MOI 0.01 (lower panel). Cells were harvested at different timepoints after infection 

and the viral titer was determined with plaque assay. ISG54 knockout MEFs display over five 

times higher viral titer at MOI1 and over tenfold higher viral titer at MOI 0.01. Calculated p 

values at 24hs and 48hs were <0.03 and <0.01 respectively 
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Figure 53. Spreading of MHV68 infection is increased in ISG54KO MEFs. Wild-type or 

ISG54 knockout (KO) MEFs were infected with MHV68 coding for YFP protein at MOI  0.01. 

At 48 hs cells were studied with fluorescence microscopy to evaluate the infection progression 

and spreading of the virus. ISG54 deficient MEFs displayed wide areas infected with the YFP 

virus (right) while in the wild-type culture only single cells showed yellow fluorescence (left). 

These observations suggested that infection progresses faster and virus spreads more rapidly in 

ISG54 knockout MEFs 
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Figure 54.  Quantitation of MHV68-YFP spreading in WT vs. ISG54KO MEFsWild-type or 

ISG54 knockout MEFs were infected with MHV68 coding for YFP protein at MOI  0.01. At 

24hs and 48hs after infection MEFs were analyzed with flow cytometry to evaluate the number 

of YFP positive cells. At 24hs number of infected cells was low and no significant difference 

could be observed. However, at 48hs ISG54 knockout MEFs displayed over twofold higher 

percentage of cells infected with MHV68. Calculated p value comparing number YFP positive 

cells between WT and KO MEFS was < 0.001. 
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Figure 55. Effect of IFNβ on MHV68 replication in WT and ISG54KO MEFs. Wild-type or 

ISG54 KO MEFs were pretreated overnight with 100U/ml murine IFN-β and the next day 

infected with MHV68  at MOI 1. Viral titer was determined at 24hs and 36hs after infection with 

plaque assay and compared to the viral titer in the cells that were not treated with IFN. 

Calculated p values comparing viral titer in cells treated vs untreated with IFN were <0.01 

IFN treatment decreased MHV68 replication at similar rate in wild-type and knockout cells.  
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Figure 56. MHV68 mutant lacking M11 protein replicates better in ISG54 knockout cells 

than WT cells. Wild type or ISG54 knockout MEFs were infected with mutated MHV68 virus 

that lacked M11 protein at MOI 0.01. Viral titer was determined at different timepoints after 

infection using plaque assay. Viral titer was more than ten times higher in the ISG54 knockout 

versus wild-type cells. Calculated p value comparing viral titer in WT vs ISG54KO cells at 48h 

and 72hs were <0.001 and <0.0001 respectively. 
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Figure 57. ISG54 counteracts action of viral antiapoptotic M11 protein. Wild-type or ISG54 

knockout cells MEFs were infected with wt MHV68 virus or MHV68  that lacks M11 protein 

(MHV68-M11) or with control wild-type virus with the same backbone. Infection was performed 

at MO I 0.01 for 48hs and the viral titer was evaluated with plaque assay. While in the wild type 

MEFs difference between replication of wild-type and M11 deficient virus was not significant (p 

value = 0.11), in ISG54 KO MEFs wild type virus produced over two-times higher titer than 

M11 deficient virus  (p value <0.02) 
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Figure 58.  MHV68 acute replication in the lungs. Wild-type (WT) or ISG54-knockout (KO) 

mice were infected intranasally with 1000Pfu of MHV. At day 4 (d4) and day 9 (d9) after 

infections the lungs were removed, homogenized and viral titer was determined with plaque 

assay.  
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Figure 59. ISG54 is expressed in the lungs during MHV68 infection. Lung samples from two 

wild-type or two ISG54 knockout animals removed at day 9 post infection were homogenized, 

lysed and analyzed with Western-blotting for ISG54 expression. Wild-type mice showed 

expression of ISG54 while no ISG54 protein was detected in knockout animals. 
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Figure 60. MHV68 splenic reactivation is elevated in ISG54 knockout mice. Wild type (WT) 

or ISG54 knockout (54KO) mice were infected intranasally with MHV68 at Pfu 1000. 16 days 

after infection mice were sacrificed, spleens harvested and the intact splenocytes were plated at 

12 serial dilutions on the monolayer of mouse embryo fibroblasts (MEFs).  In parallel, 

mechanically disrupted cells were plated to detect the presence of preformed infectious virus. 2 

weeks after plating the wells were examined under microscope for the cytopathic effect. 

Percentage of wells positive for reactivation was calculated, plotted and analyzed with non-linear 

regression fit. ISG54 knockout animals displayed over ten times higher reactivation comparing 

to the wild-type mice. The levels of preformed virus were insignificant both in wild-type and 

knockout mice.  Dashed line at 63% corresponds to the minimal number of cells required to 

obtain at least one reactivating virus (according to Poisson’s distribution) 
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Figure 61. MHV68 splenic latency is elevated in ISG54 knockout mice. Wild type (WT) or 

ISG54 knockout (54KO) mice were infected intranasally with MHV68 at Pfu 1000. 16 days after 

infection mice were sacrificed, spleens harvested and the level of viral latency was evaluated 

with Limited Dilution PCR (LD-PCR).  ISG54 knockout animals displayed more than ten times 

higher latency comparing to the wild-type mice. Dashed line 63% corresponds to the minimal 

number of cells required to obtain at least one latent virus (according to Poisson’s distribution).  

 

 

 



 

130 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 62. ISG54 is expressed in the spleens during MHV68 infection. Combined pools of 

wild-type or ISG54 knockout splenocytes isolated at day 16 after viral infection (Pfu 1000) in 

three independent experiments were lysed and analyzed with Western-blotting for the presence 

of ISG54. ISG54 was induced in the wild-type splenocytes but not in ISG54-deficient cells.  

 
 

 

 


