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Abstract

:

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of two human cancers, Kaposi’s Sarcoma (KS) and primary effusion lymphoma (PEL), and a lymphoproliferation, Multicentric Castleman’s Disease (MCD). Progression to tumor development in KS is dependent upon the reactivation of the virus from its latent state. We, and others, have shown that the Replication and transcriptional activator (Rta) protein is the only viral gene product that is necessary and sufficient for viral reactivation. To induce the reactivation and transcription of viral genes, Rta forms a complex with the cellular DNA binding component of the canonical Notch signaling pathway, recombination signal binding protein for Jk (RBP-Jk). Formation of this Rta:RBP-Jk complex is necessary for viral reactivation to occur. Expression of activated Notch has been shown to be dysregulated in KSHV infected cells and to be necessary for cell growth and disease progression. Studies into the involvement of activated Notch in viral reactivation have yielded varied results. In this paper, we review the current literature regarding Notch dysregulation by KSHV and its role in viral infection and cellular pathogenesis.
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1. Kaposi’s Sarcoma-Associated Herpesvirus


Kaposi’s sarcoma-associated herpesvirus (KSHV) or human herpesvirus 8 is a γ-herpesvirus discovered in 1994 from Kaposi’s sarcoma tissue by the identification of unique viral sequences [1]. The virus was later isolated from body cavity lymphoma tissue from patients with acquired immune deficiency syndrome [2] and from Multicentric Castleman’s disease [3]. Current treatment options for the KSHV-associated diseases include anti-retroviral therapy, radiation, and in the case of Kaposi’s Sarcoma (KS) when one or a few lesions are present, surgery [4,5]. However, none of these treatments specifically target KSHV.



Recent studies have implicated the manipulation of the Notch signaling pathway in KSHV and primary effusion lymphoma (PEL) pathogenesis [6,7], adding these viral cancers to a long list of non-viral human malignancies whose etiologies are associated with dysregulated Notch (reviewed in [8,9]). Specifically, the dysregulation of recombination signal binding protein for Jk (RBP-Jk), a Notch pathway component and transcriptional regulator, has proven to be essential in the switch from latency to lytic reactivation. Other components of the Notch signaling pathway, such as the Notch receptor itself, have been shown to be dysregulated in KSHV-infected cells as well [6,10]. In fact, the activated form of the Notch receptor has a major role in KSHV-related oncogenesis [6,11,12]. However, it is not as clear what role activated Notch plays in viral reactivation, as various reports have suggested contradictory effects of activated Notch [13,14,15,16].



1.1. Virion Structure


KSHV belongs to the rhadinovirus genus of the herpesviridae family of viruses. Similarly to all other members of this genus, the KSHV virion is enveloped with an icosahedral capsid protecting the genome (Figure 1). The genome encodes at least 81 open reading frames (ORFs), from which all viral proteins, including those composing the mature virion, and 12 pre-microRNAs are expressed [17,18].



The KSHV envelope consists of a lipid bilayer studded with viral glycoproteins. These viral glycoproteins play a role in viral recognition of host cells and entry. The glycoprotein gB interacts with the cellular receptor integrin α3β1 to mediate viral entry [19], while K8.1, a protein commonly used as a marker of viral reactivation, interacts with host cells by binding heparan sulfate-like moieties [20].



The envelope is connected to the capsid via cellular and viral proteins organized in an intricate network of protein–protein interactions [21,22]. This network is known as the tegument layer, and is acquired by the viral capsid in the host cell cytoplasm during virion assembly and release. Tegument proteins predominantly play roles in viral release, but are also involved in immune evasion and other regulatory functions [23]. Recent studies suggest that the KSHV miRNAs are also contained within the tegument layer [24].



Tegument proteins regulate viral immune evasion by inhibiting: type I interferon (IFN)-mediated immune responses [25,26], activated caspase 1, and interleukin induction [27]. Furthermore, tegument proteins inhibit NF-κB activation [28] and purine biosynthesis [29].



As previously mentioned, this tegument layer is connected to the viral capsid. Similarly to α and β herpesviruses, KSHV’s capsid is arranged in a T = 16 icosahedral lattice with an identical inner radius to that of HSV-1 [30]. Within this capsid is a 160–170 kb linear double stranded DNA genome [31]. Approximately 140.5 kb of the genome consists mainly of the coding region unique to KSHV, and is flanked by about 35 kb of terminal repeats. Interestingly, 81 consensus and additional non-consensus RBP-Jk DNA binding sites have been identified within the KSHV genome [32] (Lukac Lab, Unpublished observations), suggesting that KSHV might manipulate the host Notch transcriptional pathway to regulate the expression of its own genes.




1.2. KSHV Infection of Target Cells and Egress


KSHV identifies and infects cells through the use of viral glycoproteins that are found on the envelope surface (Figure 2). The binding of KSHV glycoproteins to heparan sulfates [19,33,34], integrins [35], the ephrin receptor tyrosine kinase, EphA2 [36], and dendritic cell specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) [37] not only provides the virus with an initial point of cellular contact, but also induces signal cascades involved in viral endocytosis, movement through the cytoplasm, and delivery to the nucleus [38,39].



Viral entry is facilitated by the cellular E3 ligase, c-Cbl (Casitas B-lineage Lymphoma), which translocates extracellular KSHV along with the host’s cell receptors to lipid rafts to promote the association of integrins with ephrin receptors. This results in the formation of a complex between integrins, c-Cbl, and myosin, which induces the creation of endocytic blebs [40], allowing the virus to enter the cell. KSHV binding to integrins also induces the autophosphorylation of focal adhesion kinase (FAK) which is capable of interacting with downstream effectors Src, PI3-K, and c-Cbl [41,42]. Phosphorylated FAK is also involved in endocytosis [43], to help the virus enter the cell, and associates with RhoA and cytoskeletal proteins to facilitate the transportation of the virus to the nucleus [41]. RhoA mediates the acetylation and aggregation of microtubules [44]. The microtubules and dynein motor proteins transport the virus through the cytoplasm, and subsequently deliver the virus to the nucleus [45].



Once viral DNA has entered the host cell nucleus via the nuclear pore, the genome expresses viral lytic genes involved in host cell immune evasion [46]. For instance, K5 is expressed, which downregulates the expression of cell surface molecules, helping the infected cell evade the immune system, while the expression of K2, K4, K6, and K7 has anti-apoptotic properties and protects the virus from interferons and natural killer cells [38]. At the same time, KSHV also reprograms the host cell transcriptional machinery to regulate apoptosis, the cell cycle, angiogenesis, signaling pathways, and the response to inflammation [47]. Expression of the viral lytic transcription factor, Replication and transcriptional activator (Rta), immediately following KSHV infection is believed to be involved in host cell reprogramming and the induction of the anti-apoptotic lytic genes [46]. Furthermore, Rta transactivates the lytic latency-associated nuclear antigen (LANA) promoter, indicating that the regulator of viral reactivation is also a main contributor to the establishment of latency [48]. LANA is required for the establishment and maintenance of latency [49,50] (see latent vs. lytic section). This regulation of LANA by Rta requires RBP-Jk, the DNA binding component of the Notch signaling pathway [51]. The removal of the RBP-Jk site located within the LANA promoter delays the establishment of latency post-infection, and decreases viral infectivity and genome maintenance within infected cells. It is evident that the dysregulation of the Notch signaling pathway, specifically through viral use of the RBP-Jk component, is essential for successful KSHV infection.



Upon entrance into the latent phase, the linear genome is circularized into an episome and tethered to the host cell genome [52]. The viral genome will now replicate along with the host cell genome, producing no new virus, until an environmental trigger induces the virus to switch back to its lytic state [53]. This switch is termed reactivation.



Once the virus switches to its lytic state, and mature virions are produced, the virus leaves infected cells via exocytosis (Figure 3). During exocytosis, the virion matures by acquiring tegument proteins and the viral envelope as it passes through the nucleoplasm, cytoplasm, and Golgi apparatus [22]. Multiple models have been proposed to describe how herpesviruses mature and are released; however, evidence suggests the envelopment-deenvelopment-reenvelopment model to be the model by which maturation most likely occurs [54].



In this model, viral DNA is packaged into preformed capsids in the nucleus [22,55]. This is termed the “nucleocapsid”, which traverses the nucleoplasm via actin filaments [56], making its way to the inner nuclear membrane from which it buds, acquiring a primary envelope and tegument layer in the process [22,57,58]. This primary envelope is then lost when it fuses with the outer leaflet of the nuclear or endoplasmic membrane, thus releasing the nucleocapsids into the cytoplasm [22,55].



In the cytoplasm, the nucleocapsid acquires both its final tegument and final envelope [22,55]. This event is driven by an intricate network of protein–protein interactions [59]. Once the virus has acquired its final envelope by budding from the Golgi, it is released into the extracellular space via exocytosis. The mature virions are released when the Golgi vesicles fuse with the plasma membrane of the cell, but the proteins involved in this process have yet to be identified [22].




1.3. Pathogenesis


It is believed that the principal site of KSHV latency is in B lymphocytes due to the isolation of the virus from the bone marrow of infected individuals [60,61] and the detection of the virus in the CD19+ cells of KS patients [62,63]. This notion is further supported by the fact that B cells are the latency reservoirs for the closely related gammaherpesviruses Epstein–Barr virus (EBV) [64] and MHV68 [65]. The reactivation of KSHV leads to increased viral detection in the peripheral blood. It is believed that reactivation facilitates the access of KSHV to endothelial cells, where it can establish infection and initiate the development of KS. Indeed, epidemiologic data show that 55% of healthy patients with detectable KSHV in their blood progressed to KS, and 50% of human immunodeficiency virus (HIV)-infected patients progress to KS within 3.5 years of KSHV detection in their blood as compared to either healthy blood donors or HIV positive patients not infected with KSHV [66]. Furthermore, studies of antiherpesvirus drugs such as cidofovir and ganciclovir have shown a correlation between a decrease in viremia and a decrease in the detection of KSHV markers within biopsies [67,68]. Detailed pathogenic studies are hampered by the lack of a small animal model for KS that supports robust KSHV infection.




1.4. Transmission


There is still some debate as to how KSHV is transmitted from one individual to another. The disagreement arises in part from variations in the prevalence of KSHV and KS incidence based on age, sex, and geographical region. It is generally agreed upon that saliva [69,70] is likely the most predominant vehicle of KSHV transmission, but that there is potential for spread via blood transfusions [71], transplants [61], vertical transmission from mother to child, and sexual fluids [72]. Indeed, the oral inoculation of two marmosets led to the formation of KS-like lesions in only one of them [73].




1.5. Disease


As previously mentioned, KSHV is the causative agent of two human cancers, Kaposi’s sarcoma [1] and Multicentric Castleman’s disease (MCD) [3], and a lymphoproliferation, primary effusion lymphoma (PEL) [2].



There are an estimated 1863 to 2050 expected cases of Castleman’s disease in the U.S. per year, with 294 occurring among individuals infected with HIV [74]. Castleman’s disease patients present with non-cancerous growths in lymph tissues with approximately 70% of all cases occurring in the chest, 15% occurring in the neck, and another 15% occurring in the abdomen and pelvis [75]. Symptoms include fever, weight loss, respiratory symptoms, enlargement of both the spleen and liver, swelling of the lymph nodes, and abnormal accumulation of fluid beneath the skin [76]. At diagnosis, individuals with KSHV-associated MCD generally receive a poor prognosis [75]. Highly active antiretroviral therapy (HAART) is used in patients with acquired immunodeficiency syndrome (AIDS)-KSHV associated MCD. While effective, this therapy often diminishes the patient’s immune system and does not prevent relapse [76].



A condition similar to MCD, KSHV inflammatory cytokine syndrome (KICS), was recently identified. Patients with KICS exhibit similar symptoms as those with MCD, but no pathologic nodal changes are observed, nor is lymphadenopathy prominent [77]. Because a diagnosis of KICS is dependent on the exclusion of MCD diagnosis and KICS often leads to MCD development, there has been some controversy as to whether it can, in fact, be considered a distinct syndrome [78,79].



KSHV infection is not uniformly associated with MCD development, however KSHV is the causative agent of all cases of PEL. Malignant PEL cells are always infected with KSHV [80], and commonly, but not always, co-infected with EBV. This lymphoma presents as a lymphomatous growth in a liquid phase in body cavities near the heart, lungs, and the abdomen [81]. The symptoms of PEL are the result of tumor development, and patients often present with shortness of breath, enlargement of the abdomen, and an increase in abdominal pressure. Like MCD, the prognosis for those with PEL is poor, with an average survival time at diagnosis of six months even with treatment [81]. Currently only two treatment options are available for this illness because of its rarity in the general population: HAART and combination chemotherapy [81].



KSHV also causes KS, the disease in which the virus was discovered and identified as a separate entity from HIV [1]. The lesions that characterize this disease are composed of vascular spaces made up of endothelial cells that protrude into the lumen of the blood and lymphatic vessels. Since Moritz Kaposi first identified these lesions in the 19th century, four clinical forms of KS have been identified: classic KS, endemic KS, transplant-associated KS, and AIDS-associated KS [4,5].



Classic KS predominantly occurs in older, HIV-negative men of Mediterranean and Eastern European decent [82]. Because this form of KS causes little to no pain and is slow growing, aggressive therapy is not required. Surgical removal and radiotherapy are the most common treatment options for classic KS when treatment is pursued. However, because of its relatively benign nature, individuals with classic KS may choose not to undergo treatment [4,5].



Unlike classic KS, endemic or African KS is very aggressive, is regularly seen in HIV-seronegative children and young adults, and is a leading cause of death in Sub-Saharan Africa [83]. Individuals with this form of KS can develop lesions on both the skin and internal organs, the latter of which can be fatal [84]. Patients also commonly present with swollen lymph nodes throughout the body. When available, cytotoxic chemotherapy and/or radiation are used to treat this illness. In cases where KS is localized to the limbs, amputation is the preferred method of treatment [4,5].



Transplant-associated or iatrogenic KS is found in patients seropositive for KSHV taking immunosuppressant therapy. This form of KS causes a significant number of deaths in countries with high KSHV seroprevalences [85]. Individuals receiving solid organ transplants, especially liver transplants, are at highest risk for contracting this form of KS [86]. KS in these patients can be traced to the receipt of KSHV infected organs, or, most commonly, to seropositivity before transplantation and subsequent treatment with immunosuppressants. Tapering the immune-suppressive regimen is the therapy most often used to treat this form of KS [87], although the use of antiretroviral drugs has also become a treatment option [4,5].



The most aggressive and common variant of KS is AIDS-associated or epidemic KS [88]. This variant is an AIDS-defining disease and has an increased frequency in HIV positive men [89]. In more than half of those with AIDS-KS, lesions will present on internal organs causing symptoms such as diarrhea, weight loss, bleeding, cough, and even death. Treatment with HAART is the first line of defense in AIDS-KS, but is not always effective and in some cases can make KS worse [90]. If this occurs, systemic chemotherapy may be used. Although few in the general population in the U.S. are at risk for disease if exposed to KSHV, in those at risk the effects can be both painful and deadly.




1.6. Lytic vs. Latent Infection


KSHV contributes to KS progression using two molecular phases: latent and lytic. While the majority of infected cells within a KS tumor are latently infected [91], the expression of viral lytic genes promotes KS development (reviewed in [53]). These observations suggest that both the latent and lytic phases of KSHV are essential for the persistence of the virus and KS pathogenesis [17,53]. In transgenic mice, expression of the lytic gene vGPCR was found to be required for tumor formation and growth [92], further indicating the necessity of the lytic phase for disease progression [93]. Interestingly, the vGPCR promoter contains two RBP-Jk elements that bind to RBP-Jk and are required for Rta transactivation [94]. These observations support the direct connection between the manipulation of Notch signaling by the virus and KSHV pathogenesis.



During latent, or non-productive, KSHV infection, the 160–170 kb viral DNA genome [31] replicates along with the host cell genome [95], and a small subset of viral genes are expressed to maintain the viral genome and subvert the host’s immune system [96] (Figure 4). These viral genes are located in the region termed the latency locus, located between ORF69 and K14 (reviewed in [53]). Transcripts from this region include: LANA (latency-associated nuclear antigen) encoded by ORF73, v-Cyclin encoded by ORF72, v-FLIP encoded by ORF71, Kaposin encoded by K12, and 12 pre-microRNAs [53,97].



LANA, the most thoroughly investigated latency protein, is responsible for maintaining latency by inhibiting lytic gene expression [49,50] and ensuring the maintenance of the viral episome [95,98]. LANA inhibits lytic gene expression by recruiting DNA methyl transferases to lytic gene promoters, thus inhibiting the transactivation of these promoters. It is in this manner that LANA inhibits the transcription of the lytic switch protein, Rta [49]. LANA is also capable of interfering with transactivation by Rta, as LANA has been shown to interact directly with Rta [99] and associate with the cellular component of the Rta transactivation complex, RBP-Jk [100]. LANA’s interaction with RBP-Jk represses the transactivation of the Rta promoter, as mutations to RBP-Jk binding sites within the Rta promoter induce both a decrease in Rta expression and KSHV genomes [101]. Direct interaction between LANA and RBP-Jk is required for LANA to repress Rta expression and prevent uncontrolled viral reactivation [102]. As was observed when LANA expression was not properly induced in de novo infection, LANA mutants with defective RBP-Jk interactions fail to support episome persistence. These observations highlight the importance of Notch dysregulation by LANA in controlling latency and lytic reactivation. Another viral protein, vIRF4, also binds and sequesters RBP-Jk to hinder Notch signaling [103], with an unknown effect on viral replication. To maintain episomal KSHV, LANA tethers KSHV DNA to the host chromosome, ensuring proper segregation into daughter cells [104]. LANA is also sufficient for the induction of episomal replication, suggesting that LANA recruits cellular DNA replication machinery to the KSHV origin of replication [105]. In addition to maintaining latency, LANA also contributes to infected cell growth and survival by inhibiting the tumor suppressors p53 and pRb [106,107] and activating the oncogene, c-Myc [108].



The latent protein vCyclin is also capable of contributing to cell proliferation by constitutively activating CDK6, which phosphorylates cellular proteins such as histones and pRb [109,110]. Similarly to vCyclin, vFLIP contributes to cell survival by activating the NF-κb pathway, thus inhibiting apoptosis [111] and directly inhibiting autophagy [112,113]. The three Kaposins, A, B, and C, also affect cell signaling, potentially contributing to cell growth [114,115].



The microRNAs encoded within the intron between vFLIP and kaposin and in the coding region of ORFK12 [18] all contribute to latency by targeting either the expression of viral lytic genes or cellular proteins involved in apoptosis [116]. In addition, some microRNAs are capable of decreasing the expression of proinflammatory cytokines, thus contributing to virus escaping detection by the host’s immune system [117].



Many environmental changes can cause the virus to switch from its latent to its lytic state. These environmental changes include hypoxia, inflammation, infection by HIV, and oxidative stress [118,119,120]. In fact, hypoxia impacts KSHV reactivation in a Notch-dependent fashion, as hypoxia-inducible factor 1α (HIF-1α) coordinates with RBP-Jk to transactivate lytic genes containing HIF-1α responsive elements [121].



In addition to environmental signals, histone deacetylase inhibitors such as sodium butyrate, trichostatin A, and valproic acid reactivate KSHV from latency by inducing histone acetylation and demethylation of viral DNA [122,123,124]. Furthermore, the phorbol ester, TPA, reactivates KSHV through the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway [125]. Cross-linking of B cell receptors with anti-IgM antibody has also been shown to activate full lytic replication [126,127,128].



The Rta protein, encoded by ORF50, is the only viral protein that is necessary and sufficient for the induction of viral reactivation [129], thus inducing active viral replication [130]. Presumably, Rta is a key pathogenic factor, since its expression leads to the release of mature virions with the potential to infect endothelial cells and cause KS [131]. However, in order to successfully make and release mature virions, viral gene expression must occur in a time-controlled and tightly regulated manner [53] (Figure 4). Immediate early genes (IE) are the first genes expressed in lytic induction, and are involved in gene transcription and modulating cellular gene expression, preparing the host cell for viral replication. The immediate early genes include: Rta, ORF45, K8α, K8.2, K4.1, K4, ORF48, ORF29b, K3, and ORF70 [131,132].



The delayed early genes (DE) are first expressed 10–24 h post lytic induction [131,132]. These delayed early genes include: ORF57, K-bZIP, ORF59, and ORF6. ORF59 and ORF6 protein are both directly involved in viral DNA replication [133,134]. Mta, the protein encoded by ORF57, on the other hand, contributes to viral replication in a less direct manner.



Studies from our lab indicate that the presence of Mta enhances reactivation by Rta and that the expression of Mta is tightly associated with complete viral reactivation [135]. Furthermore, the knockout of Mta has been shown to disrupt the expression of lytic genes ORF59, K-bZIP, and K8.1, and decrease the amount of virus produced [136]. These results are likely due to Mta’s ability to cooperate with Rta to induce the transcription of certain viral genes in a cell line specific manner, increase RNA stability [137,138], function as a viral splicing factor [139], and promote protein translation [140,141]. Mta alone has also been shown to transactivate the viral gene product nuclear transcript-1/polyadenylated nuclear RNA (nut-1/PAN) in 293 cells without Rta, and contribute to nut-1/PAN accumulation [135]. Nut-1/PAN is a long non-coding RNA that contributes to the modulation of immune response [142].



Like Mta, K-bZIP cooperates with Rta to activate lytic promoters while also activating some promoters alone [143]. Conversely, K-bZIP has also been shown to repress Rta-mediated transactivation, suggesting that cooperation is promoter-specific [144]. K-bZIP also directly contributes to viral DNA replication by overcoming LANA repression of the OriLyt [145]. As such, K-bZIP has two roles in lytic reactivation, one as a regulator of viral gene expression, and a second as a direct facilitator of replication [97,131].



Upon the completion of viral DNA replication, late genes are expressed. These genes are expressed 48–72 h post lytic induction, and encode proteins responsible for the packaging of viral DNA [132]. These proteins make up the capsid, tegument, and glycoprotein components of the mature virion (reviewed in [97,131]).





2. KSHV Gene Regulation by Replication and Transcriptional Activator (Rta) Partially Mimics the Cellular Notch Protein


As mentioned, Rta is the viral gene responsible for the switch from non-productive to productive viral infection [130,146]. In performing this role, Rta initiates the transcription of lytic genes by interacting with RBP-Jk [147]. As such, Rta and activated Notch appear to be functional homologs. This 120 kDa protein is encoded by the ORF50 gene of KSHV. Its mRNA transcript is detectable within 1 h of TPA treatment, and is classified as an immediate early gene due to its insensitivity to the protein synthesis inhibitor, cycloheximide [146,148]. Rta protein is easily detectable within 8 h post induction [132].



2.1. Structure


Currently, no three-dimensional or high resolution structures of Rta exist. However, secondary structure predictions of Rta provide insight into its function, clearly suggesting Rta’s role as a transcriptional activator. Two nuclear localization signals are found within Rta, indicating that Rta primarily functions within the nucleus. However, only one of these nuclear localization signals has been shown to be functional [149]. This observation was confirmed via immunofluorescence of reactivation-induced infected B cells [146]. Furthermore, electrophoretic mobility shift assays using probes designed from the Mta, K-bZIP, and nut-1/PAN promoters clearly demonstrate Rta’s ability to bind DNA. Truncated Rta extending from amino acids 525–691 or amino acids 1–272 were generated and their abilities to bind to consensus responsive elements within the Mta promoter were determined by EMSA. A shift was only observed in samples incubated with the truncated Rta-containing amino acids 1–272, indicating that this N terminal region of Rta is required for DNA binding [150].



Prior to determining the Rta DNA binding domain and the cognate protein’s ability to activate the transcription of Mta and K-bZIP [150], studies showed that the C terminal transactivation domain (TAD) located from amino acids 486–691 are required for the transcription of viral genes and viral reactivation [146]. The transactivation domain deficient Rta mutant (Rta∆STAD) including amino acids 1–530 was shown to be unable to activate the transcription of the Mta promoter alone, and upon co-transfection with WT Rta inhibited activation by WT Rta in a dose-specific manner. Furthermore, Rta∆STAD was unable to induce reactivation as measured by the expression of markers K8.1 and ORF59 in KSHV-infected B cells. In addition, in B cells transfected with Rta∆STAD and treated with the viral inducer TPA, a noticeable decrease in the expression of K8.1 and ORF59 was observed, indicating that not only is Rta∆STAD reactivation deficient, but also forms inactive multimers, thus regulating Rta transactivation in a dominant-negative fashion. Co-immunoprecipitations performed both in vivo and in vitro confirm this homodimerization of Rta∆STAD and WT Rta, as WT Rta was detected in samples immunoprecipitated using antibodies specific for Rta∆STAD [129,151]. Further co-immunoprecipitations were performed using differentially tagged WT Rta, confirming that full length Rta forms homomultimers. Gel filtration chromatography proved that these complexes include Rta tetramers, and Rta mutants that exclusively form tetramers retain WT transactivation and reactivation functions [151].



Because the deletion of the leucine rich region of Rta prevented Rta∆STAD from competing with full length Rta for transactivation, this region was implicated in participating in Rta:Rta interactions. To further confirm this finding and identify the domains required for homomultimerization, truncated Rta mutants ranging from amino acids 1–238, 1–272, and 1–414 were generated, and co-immunoprecipitations performed for each with WT Rta [151]. Although the mutant containing amino acids 1–272 contained the leucine rich region, only truncated Rta containing amino acids 1–414 was precipitated by WT Rta, indicating that the leucine rich region alone was not sufficient for Rta:Rta interactions. Furthermore, this data shows that amino acids 238–414 are necessary for Rta to bind to itself.



In addition to binding itself, Rta also binds the cellular Notch signaling pathway protein, RBP-Jk, an interaction that is also necessary for the transactivation of viral genes and reactivation [147,152]. In the canonical model for Notch, RBP-Jk functions as a transcriptional repressor in the absence of Notch activation [153]. However, activated Notch binds to RBP-Jk to specify genes for RBP-Jk-dependent transactivation. Therefore, the direct interaction between Rta and RBP-Jk is functionally similar to that of Notch intracellular domain; i.e., activated Notch (NICD) and RBP-Jk. However, unlike NICD’s stable interaction with a single domain of RBP-Jk, two independent domains of RBP-Jk, amino acids 1–180 and 179–500 of RBP-Jk, were each necessary and sufficient to bind to Rta. These data suggest that Rta tetramers might contact multiple domains of RBP-Jk simultaneously, one potential explanation for the functional differences observed between Rta and NICD. Moreover, unlike the canonical model for Notch (see Section 3.1, below), there is no formal evidence that Rta displaces transcriptional co-repressors from DNA bound RBP-Jk. Instead, current evidence supports the conclusion that RBP-Jk specifies only some of Rta’s transcriptional targets; indeed, RBP-Jk is not poised uniformly as a transcriptional repressor on the KSHV genome, but rather Rta stimulates RBP-Jk binding to a subset of viral promoters [13,154].



To determine the region of Rta necessary for binding RBP-Jk, various Rta truncations were made and GST pull-downs performed to determine the regions necessary for Rta:RBP-Jk complex formation. Amino acids 170–400 of Rta were found to be necessary for Rta:RBP-Jk complex formation. Furthermore, this region contains the leucine rich repeat region, which, when deleted, severely compromises Rta:RBP-Jk complex formation, indicating that the entirety of this region is necessary for Rta:RBP-Jk interactions.



In addition to domains required for Rta’s transactivation function, portions of Rta play a role in Rta’s ability to function as a ubiquitin E3 ligase and to contribute to replication of the viral genome. Mutations made within the 118–207 amino acid region of Rta rendered Rta unable to degrade both nuclear and cytoplasmic IRF7, indicating that this region is essential for this function [155], while amino acids 401–500 contribute to the interaction with ORF59 and viral replication [134]. IRF7 is a transcription factor that mediates type I IFN induction [156]. As such, the regulation of IRF7 degradation allows Rta to also control IFN expression.



A summary of these domains and their functions is indicated in (Figure 5).




2.2. Functions


The structure of Rta provides insight into its function, with most of Rta’s domains playing a role in its transactivation and reactivation abilities. However, Rta’s structure also indicates that Rta is directly involved in vDNA replication and protein degradation.



2.2.1. Viral DNA Replication


Eight viral proteins, ORF59, ORF6, ORF40/41, ORF44, ORF56, ORF59, K-bZIP, and Rta are required for the replication of the KSHV genome at the origin of replication [158]. Rta, specifically, contributes to viral replication through its interaction with the processivity factor ORF59. ORF59 is brought to the nucleus by ORF6 [159], where it is phosphorylated by ORF36 [160]. This phosphorylation event is required for the interaction of ORF59 and Rta [160]. Consequently, interaction with Rta is required for ORF59 binding to the origin of replication as well as the initiation of replication [134]. As such, Rta plays an essential role in directly regulating the replication of the viral genome.




2.2.2. Transactivation of Viral Promoters


Rta’s most well-known and direct contribution to viral reactivation is through the transactivation of viral genes [129]. Rta has been shown to transactivate 34 viral promoters in uninfected cells [143], including: vIL6, nut-1/PAN, ORF57/Mta, ORF59, K-bZIP, vIRF1, ORFK1, ORF65, ORF56, SOX (ORF37), vOX, and ORF52 [149]. In addition to these promoters, Rta has been shown to regulate its own expression through the transactivation of the Rta promoter [149].



To determine the mechanism by which Rta activates these promoters, thus contributing to viral reactivation, many studies were performed to identify the components of the Rta transactivator complex. Screens for potential Rta-interacting proteins were performed using a yeast two-hybrid approach, which identified the cellular protein, RBP-Jk. Co-immunoprecipitations confirmed the RBP-Jk–Rta interaction [152]. To determine whether Rta required RBP-Jk to transactivate viral genes, viral promoters were transfected into RBP-Jk null cells and transactivation by Rta alone or Rta and RBP-Jk analyzed. Rta alone was unable to activate the transcription of these viral genes, but was able to do so when RBP-Jk was added, indicating that RBP-Jk is necessary for Rta transactivation of some viral genes [152,161]. Furthermore, transactivation deficient Rta (Rta∆STAD) is sufficient to rescue transactivation by RBP-Jk fused to a VP16 activation domain, and stimulates RBP-Jk DNA binding [13]. The requirement of RBP-Jk for mature virion production was confirmed by inducing the lytic cycle in RBP-Jk null cells [162]. Rta alone was insufficient to induce the expression of K8.1, K-bZIP, and ORF59, but was able to induce the expression of these markers in RBP-Jk positive cells [147]. Electromobility shift assays identified that Rta:RBP-Jk complexes recognize RBP-Jk sites on some viral promoters through binding to CANT consensus sites located near RBP-Jk binding sites [13,154]. CANT sites all contain the core tetranucleotide sequence CAnT and conform to the consensus sequence 5′-ANTGTAACANT(A/T)(A/T)T-3′ in the KSHV genome.



It was further discovered that Rta and RBP-Jk do not form a complex in a 1:1 ratio, but rather that Rta forms a tetramer. Rta mutated to ensure tetramer formation was able to activate the transcription of the K-bZIP viral promoter at levels similar to that of wild-type Rta [151]. This information, taken together with the knowledge that RBP-Jk is required for viral reactivation, provides the current model of viral transcription and reactivation mediated by Rta (Figure 6).



While RBP-Jk is necessary for the Rta transactivation of some viral genes, Rta transactivates other viral promoters in an RBP-Jk-independent fashion [152,163]. Moreover, many studies suggest that additional molecular interactions are essential for the formation of a transcriptionally competent Rta-RBP-Jk complex [13,154,164,165,166]. These interactions include the direct binding of Rta to DNA (Figure 6) and to the cellular protein Octamer-1 [164]. Indeed, a DNA binding mutant of Rta has been described that retains its ability to bind RBP-Jk but is reactivation deficient [166]. Data from that publication also demonstrated that Rta can sequester RBP-Jk to disrupt normal Notch signaling.




2.2.3. Degradation of Cellular Proteins


Rta has been shown to have ubiquitin E3 ligase activity, which targets IRF7 for degradation via the ubiquitin proteasome pathway. Increasing amounts of Rta decrease the amounts of IRF7 present in a dose-dependent fashion. Upon treatment with a proteasome inhibitor, this decrease was no longer observed. In addition, when cells were co-transfected with DNA for IRF7 and ubiquitin, ubiquitinated IRF7 was detected in samples lacking Rta. However, upon the addition of Rta, both ubiquitinated IRF7 and unmodified IRF7 levels were reduced, indicating that Rta functions as a ubiquitin E3 ligase capable of degrading IRF7. Furthermore, Rta mutants were unable to inhibit the accumulation of IRF7 in 293 cells [155]. It was also shown that Rta was capable of degrading itself via this pathway [155]. Not surprisingly, further studies have shown that Rta can degrade a number of different proteins via this pathway, including the transcription factor and known Rta repressor, NF-κB [167]. However, further analysis indicates that this downregulation of NF-κB is not direct, but rather regulated through the targeting of vFLIP by Rta for degradation [168]. Further cellular proteins regulated via Rta-mediated degradation include the downstream target of the Notch signaling pathway, Hey 1 [169]. Degradation of Hey 1 by Rta allows Rta to regulate its own expression, as Hey 1 can function as an Rta repressor [169]. Rta also upregulates Hey 1 expression [170], further supporting the hypothesis that Rta tightly regulates KSHV reactivation.



Rta’s ability to manipulate Hey 1 expression to act as a feedback loop, coupled with the requirement of RBP-Jk for the transactivation of viral genes, indicates a complex relationship between Rta and the Notch signaling pathway.






3. Notch


The Notch signaling pathway is a highly conserved mechanism used to regulate gene transcription in response to extracellular ligands. The effects of Notch pathway dysregulation were first observed in female Drosophila containing a mutant Notch allele [171]. Female mutants with only one wild-type copy of this gene were found to exhibit serrations or “notches” in their wing tips. Furthermore, this gene was shown to be X-linked in Drosophila, as upon cross-breeding with wild-type males, none of the surviving male progeny exhibited this phenotype.



Since 1917, when the first observation about Notch was made, more insights into the components of the Notch signaling pathway, Notch’s role in cell signaling, and its importance to cell regulation have been made. In fact, Notch dysregulation has been implicated in developmental syndromes [8,9] and adult onset diseases (reviewed in [8]), and Notch can function as on oncogene in numerous cancers such as T cell acute lympohoblastic leukemia/lymphoma [172], melanoma [173], breast cancer [174], and ovarian cancer [175].



3.1. Function


In its ground state, the Notch protein component of the Notch signaling pathway functions as a transmembrane receptor. As such, the epidermal growth factor (EGF) domain repeats 11 and 12 of the Notch extracellular domain recognize Delta (DLL)- and Jagged (JAG)-like ligands [176] located on the surface of neighboring cells. These ligands contain Delta, Serrate, and Lag2 (DSL) and EGF domains, which are required for interacting with Notch [177]. This interaction leads to a series of conformational changes allowing the Notch heterodimerization domain (HD) to be cleaved by A Disintegrin and Metalloprotease (ADAM) twelve amino acids before the Notch transmembrane domain. This cleavage event releases the Notch extracellular domain and creates a membrane-tethered intermediate. The Notch intermediate is then cleaved by γ-secretase within the transmembrane domain (reviewed in [178,179]), thus releasing the Notch intracellular domain (NICD). Because of its role in the final activation of the Notch receptor, gamma secretases are popular targets of Notch inhibitors [12,172].



Once released from the membrane, NICD translocates to the nucleus where it interacts with RBP-Jk bound to DNA. In the absence of Notch, RBP-Jk is bound by transcriptional co-repressor complexes containing the proteins SHARP/MINT, Drosophila Hairless, KDM5A histone demethylase, or KyoT2 [153,180]. These proteins recruit histone deacetylases to prevent transcription. When NICD associates with RBP-Jk, the co-repressors are released, and transcriptional co-activators are recruited. These co-activators include mastermind/mindbomb (MAML) and histone acetyltransferases (HAT). MAML stabilizes the RBP-Jk:NICD:DNA complex to recruit the histone acetyltransferases and change the epigenetic landscape to activate transcription [181]. Notch pathway induction activates the expression of many cellular genes, including: the transcription factors Hes1, Hes5, Hey1, cMYC, and GATA3; cyclin D1, a regulator of cell cycle progression; and Notch isoforms 1 and 3 (reviewed in [153]), indicating the importance and complexity of the Notch signaling pathway. Furthermore, the amount and types of genes transactivated by Notch are both cell-type and Notch isoform-dependent [182]. The Notch signaling pathway is summarized in Figure 7.




3.2. Structure


To fully understand the role of Notch in cell signaling, it is first important to understand its structure. The 2543 amino acid mammalian Notch protein consists of two main domains: the extracellular and intracellular domains. The extracellular domain contains regions required for ligand recognition, while the intracellular domain contains regions required for transcriptional activation and self-regulation.



The Notch extracellular domain is composed of the conserved epidermal growth factor (EGF) domain and the negative regulatory region (NRR), consisting of the Lin-12-Notch repeats (LNR) and heterodimerization domain (HD). The EGF domain consists of 36 EGF repeats [183]. Of these 36 repeats, only repeats 11 and 12 are required for interaction with Jagged and Delta-like ligands [176], and repeats 24–29 may be involved in Notch inhibition by ligands expressed in the same cell, such as calcium ions [176,184]. While the EGF domain is involved in ligand interaction, the negative regulatory region ensures that the activation of Notch does not occur without this interaction. The LNR of the negative regulatory region wraps around the heterodimerization domain, protecting it from cleavage events that would activate the protein [185]. Activating mutations within this domain were discovered in T-ALL, resulting in constitutively active Notch [186].



The crystal structure of the Notch-Jag1 and Notch-DLL4 complexes reveal that Notch EGF repeats 8–12 are required for Notch-Jag1 interactions, while EGF repeats 11–13 are required for interaction with DLL4 [187]. Furthermore, it was shown that DLL4 has a higher affinity for Notch binding than Jag1. However, extended binding between Notch and the ligand is required to ensure conformational changes remain in place long enough to allow the cleavage of the extracellular domain from the intracellular domain. Jag1 has been shown to undergo hinge-like movements that extend the bond time, allowing for downstream cleavage events.



The Notch intracellular domain (NICD) consists of the transmembrane, RBP-Jk association module (RAM), proline/glutamic acid/serine/threonine-rich (PEST) domains, and ankyryn-like repeats. The transmembrane domain spans the cellular membrane, connecting the domains required for ligand recognition and those involved in transactivation. This domain is largely alpha helical in structure [188]. The RAM and ankyryn-like repeat domains are required for interaction with the cellular repressor, recombination signal binding protein Jk (RBP-Jk)/CBF-1, Su(H), Lag-1 (CSL) [189]. More specifically, the RAM domain directly interacts with the β trefoil domain (BTD) of RBP-Jk, while the ankyryn domain acts as a site for the binding of the RBP-Jk C terminal domain and N terminal domain of Mastermind/Mindbomb (MAML), a protein that forms part of the activation complex [181].



The crystal structure for the Notch:RBP-Jk:Mastermind complex reveals an N terminal cap structure directly preceding the ankyryn repeat region that likely stabilizes the interaction between Notch and RBP-Jk [181]. Furthermore, the beta hairpin loop within the ankyryn domain of Notch has been shown to interact with the BTD of RBP-Jk. Previous studies of the crystal structure of RBP-Jk noted that the BTD domain was lacking a β hairpin motif typically found in a β trefoil fold [190]. However, binding of the RAM domain of Notch to this region mimics the missing β hairpin motif. It is also of note that the Notch RAM domain contains the ΦPΦW motif, which is conserved in the EBV transactivator EBNA2, but not in Rta [191]. This motif is the most specific determinant of RBP-Jk binding.



The transactivation domain harbors the PEST domain, which is responsible for the stability of the Notch intracellular domain. Numerous studies have discovered mutations within this domain in cancer derived cells, all of which have been found to increase the stability of Notch [186,192]. Current studies indicate that phosphorylation of the PEST domain recruits the E3 ubiquitin ligase complex for NICD degradation [193]. The four Notch isoforms 1–4 all contain conserved domains within the extracellular and intracellular domains apart from the transactivation domain. The transactivation domains of Notch 3 and 4 contain the PEST domain, but lack the phosphorylation sites that allow for the modulation of Notch activity by other cellular signaling pathways [194,195].



Notch’s secondary structure and domain composition are summarized in Figure 8.




3.3. Dysregulation in KSHV Infection


As discussed, the KSHV protein Rta transactivates viral genes to induce viral reactivation in a mechanism that requires the Notch signaling component RBP-Jk [147,152]. The dysregulation of the Notch signaling pathway by Rta coupled with Notch dysregulation in cancer suggested that other components of the Notch signaling pathway, such as Notch itself, might be dysregulated in KSHV as well.



3.3.1. Notch in KSHV Disease Progression and Oncogenesis


The initial studies in KSHV-infected cells noted elevated Notch expression. Immunostaining of KS tumor cells showed increased cytoplasmic staining for Notch isoforms 1 and 4. Perinuclear Notch staining and increased expression of the Notch target, Hes-1, indicated that Notch isoforms 1 and 4 were active [6]. No increase in cytoplasmic Notch isoform 2 was observed in KS tumor cells, but an increase in nuclear and perinuclear Notch 2 was observed. Further studies performed in KSHV-infected lymphatic endothelial cells detected an increase in the expression of the Notch ligands DLL4, JAG1, and DLL3, the Notch targets, Hes-1 and Hey-1, and Notch receptor 4 via mRNA levels [10]. These results indicate that Notch is in fact overexpressed and active in KSHV-infected cells, implicating Notch signaling in KS progression and tumor development.



Multiple KSHV proteins contribute to Notch receptor overexpression and constitutive activation. In lymphomas from Eμ-v-cyclin mice, wherein KSHV v-cyclin initiates T cell lymphoma, increased expression of Notch3 was observed [196]. In uninfected 293 cells, the ectopic overexpression of the viral lytic protein vGPCR and vIL6 induces the expression of Notch2 and 3, and Jagged 1, and the overexpression of vIL6 induces the expression of Notch4, DLL1, and DLL4, respectively [197]. Furthermore, the latent protein vFLIP induced increases in Notch 1 and 4 expression as well as the DLL1 and 4 ligands, while LANA increased DLL4 expression. In a similar model, LANA increased Notch activation both by inducing DLL4 expression and stabilizing activated Notch. In the absence of LANA, Sel10 directly binds to NICD and targets it for degradation [193]. LANA increases NICD stability by binding the WD40 domain of Sel10, thus directly competing with NICD for Sel10 binding [198]. In addition to increasing NICD stability, LANA also prevents the degradation of the NICD target, Hey1 [199]. LANA-dependent Hey1 accumulation was shown to be necessary for angiogenesis.



To determine the pathologic consequences of increased Notch receptor expression and activation on KSHV infection and disease progression, labs have evaluated the effects of treating cells with gamma secretase inhibitors (GSI) such as N-[(3,5-Difluorophenyl)acetyl]-l-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT) [6,12]. The inhibition of Notch by gamma secretase inhibitors in infected SLK cells not only reduced the activation of Notch isoforms 1, 2, and 4 and the downstream targets Hes1, Hey 1, and Hey 2, but also induced apoptosis [6]. The same effect of GSIs was observed in primary KS tumor cells [6] and infected PEL cells [11]. In lymphomas induced in nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice inoculated with KSHV infected PEL cells, treatment with GSI resulted in the necrosis of the lymphomas [12], thus supporting the hypothesis that Notch signaling was essential for disease progression in both cultured cells and animal models.



Because of Notch’s overexpression in KSHV-infected cells and tumors, coupled with the apoptosis and necrosis observed in GSI treated samples, many labs have attempted to determine the mechanism by which Notch might contribute to KSHV progression. Multiple studies have shown a link between Notch signaling and the endothelial to mesenchymal transition (EMT), a step considered to be a hallmark of KSHV infection [7,197,200].



Lymphatic endothelial cells (LEC) infected with KSHV express endothelial precursor markers such as CD133 and late mural cell markers [197]. In these cells, both latent and lytic viral proteins, including Rta, increased the expression of Notch ligands and receptors. The inhibition of Notch using GSI and soluble DLL4 decreased the expression of the endothelial precursor marker, CD133. This was the first evidence that Notch plays a role in EMT in KSHV-infected cells.



Additional studies showed that DAPT treatment of KSHV-infected LECs decreased sprouting, a key EMT process [7]. Moreover, Notch inhibition also downregulated the mesenchymal markers PDGFRB, TAGLN, VIM, and CDH2. Inhibiting the viral proteins vGPCR and vFLIP also decreased sprouting, suggesting that these proteins regulate Notch in KSHV-infected cells. In this cellular pathogenesis model, the viral proteins vGPCR and vFLIP influence Notch expression, leading to the activation of Membrane-Type-1 Matrix Metalloproteinase (MT1-MMP) expression, an enzyme involved in cancer cell invasion, to affect EMT.



Building upon these studies, Notch was also shown to stimulate the EMT in KSHV-infected dermal microvascular endothelial cells (DMVEC) [200]. Again, treatment with DAPT resulted in a decrease in the expression of the mesenchymal markers and transcription factors involved in EMT, called Slug, ZEB1, and ZEB2. These proteins were thus all shown to be overexpressed in a KSHV- and Notch-dependent manner.



These three studies conclusively show that KSHV stimulates the EMT in a Notch-associated manner. Each of these studies implicated different mechanisms by which Notch regulated this transition, highlighting a primary role for Notch in disease progression in KSHV-infected cells [7,197,200].



Other studies suggest that Notch isoform 1 drives oncogenesis in KSHV infected cells, as its inhibition leads to necrosis [11]. KSHV-infected B cells with high Notch expression levels exhibited greater proliferation than B cells with low Notch levels. The inhibition of Notch resulted in cell cycle arrest at G1 and a decreased expression of cyclin D1, which promotes progression through the G1/S phase. The cyclin D1 promoter was activated by NICD 1, indicating that Notch also contributes to disease progression by driving cell proliferation and thus oncogenesis by activating cyclin D1 transcription.




3.3.2. Notch in KSHV Reactivation


Based on the knowledge that there are approximately 81 consensus and additional non-consensus RBP-Jk binding sites within the KSHV genome [32] (Lukac Lab, Unpublished observations), and that the majority of cells in a KS tumor are latently infected, it is surprising that constitutively active Notch would be detected in KSHV-infected cells and be so vital to infected cell survival. One would reasonably expect constitutively active Notch to initiate viral gene transcription and reactivation and subsequent cell death. However, the effect of activated Notch on the virus is not straightforward.



One of the earliest studies to address the effect of Notch on KSHV showed that Notch can activate viral gene expression. The Jung lab expressed doxycycline-inducible NICD 1 in infected PEL cells, and identified a subset of viral genes from all points during the lytic and latent cycles of KSHV that were activated [201,202]. However, NICD 1 was not able to induce the expression of all viral genes. It is of note that one of the delayed early genes induced by NICD 1 overexpression, ORF57, was shown by our lab and others to enhance reactivation by Rta [135,136]. Further studies from our lab show that NICD 1 cannot directly transactivate the Mta promoter in uninfected cells unless Rta stimulates RBP-Jk binding to the promoter [13]. Taken together, these data suggest that Notch may regulate gene-specific KSHV expression in a manner that differs in the presence or absence of Rta.



As the literature had already voluminously demonstrated that Notch also activates the expression of repressed EBV viral genes in an RBP-Jk-dependent fashion [203,204,205], we and others asked if Notch was capable of productively reactivating KSHV from latency. Using luciferase assays, it was shown that the intracellular domain of Notch 1 in complex with RBP-Jk is capable of activating the Rta promoter [15], providing further evidence that Notch isoform 1 might play a critical role in viral reactivation. Using immunofluorescence of both Rta and another viral protein LANA, coupled with fluorescence-activated cell sorting (FACS) analysis and extracellular viral DNA amplification via PCR, it was shown that expression of ectopic NICD 1 is sufficient to induce viral reactivation in infected B cells [15]. However, our lab reported that NICD 1 was unable to reactivate KSHV in PEL cells as measured by immunofluorescence of the true late gene, K8.1, viral extracellular DNA amplification using real time PCR, or Southern blotting [13], nor through the induction of the infectious reporter virus from Vero cells [14]. Ectopic NICD2, 3, and 4 are similarly unable to induce KSHV reactivation [14].



Further complicating matters, a recent study in infected SLK cells provides evidence suggesting that Notch does not positively contribute to viral reactivation, but instead inhibits reactivation [16]. Using infected SLK cells treated with a known viral inducer and the Notch inhibitors, DAPT and Notch1 specific siRNAs, this study shows an increase in the mRNA expression of viral lytic genes when Notch activity or expression is reduced [16]. The proposed mechanism for this action is through the direct inhibition of the Rta promoter by the Notch downstream effector, Hes1.



However, we could not corroborate those data in a new latency/reactivation system that measures the production of infectious virus as detected by a trans-complemented reporter. These infected Vero cells permit the efficient transfection of plasmid DNA and siRNA, and yield robust and reproducible reactivation. In that work, we inhibited Notch through the use of DAPT, siRNAs, and the ectopic expression of a dominant negative mastermind mutant [206], all of which decreased the amount of infectious virus produced in response to HDACi or ectopic Rta (Lukac Lab, Unpublished).



To confirm these observations in human cells, we treated PEL cells with the viral inducer, valproic acid (VPA), and Notch inhibitor, DAPT, and scored reactivation based on the expression of the late gene K8.1. Using immunofluorescence, we observed a decrease in K8.1 expression upon treatment with DAPT (Lukac Lab, Unpublished), but no decrease in Rta expression (Lukac Lab, Unpublished).



All of these provocative, yet contradictory results hint at the complexity of interactions of Notch with KSHV and demand further studies to fully understand the effects of Notch on viral infection.






4. Conclusions


Many viruses manipulate host signaling pathways to regulate viral gene expression. KSHV employs this biologic strategy by manipulating the Notch pathway. Due to the presence of RBP-Jk sites within lytic gene promoters [32] and Notch’s functional homology to the lytic switch protein, Rta, it is unsurprising that a number of researchers have proposed that Notch may have a role in regulating KSHV reactivation [13,15,202]. Indeed, engaging Notch activity downstream of the viral switch protein Rta facilitates lytic gene expression (Lukac Lab, Unpublished). This observation implies a scenario in which Notch could activate viral productive cycle genes without the need for continued Rta antigen expression. In turn, this scenario could be consistent with KS progression.



Studies reporting the overexpression of activated Notch in KS lesional tissue and infected cells [6] corroborates well with the data from other cancers, including T-ALL, that indicate a primary role for constitutive Notch activity in tumor growth and malignancy [186]. Furthermore, studies show that the inhibition of Notch induces apoptosis in KSHV-infected cells [6] and contributes to a decrease in tumor size in infected mice [12] as is observed in other non-viral cancers [207].



The contribution of the Notch signaling pathway in KSHV disease progression remains a vital topic in virology. A consensus on whether Notch is sufficient to “flip the switch” and reactivate KSHV from latency has not yet been reached. Conflicting answers to that question support potential cell-specific effects for Notch activity in reactivation. Because the literature also reports promoter-specific effects of activated Notch for the virus and host cell, the means of quantitating reactivation could also influence the conclusions of different studies. Superficially, Rta appears to mimic activated Notch, but detailed studies highlight significant mechanistic differences between the proteins. Continued investigation of the mechanism by which Notch and Rta function in B cells during KSHV reactivation is required to grasp the complexity and pathologic consequences of KSHV–Notch interactions and regulation.
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Goedert, J.J.; Vitale, F.; Lauria, C.; Serraino, D.; Tamburini, M.; Montella, M.; Messina, A.; Brown, E.E.; Rezza, G.; Gafà, L.; et al. Risk factors for classical Kaposi’s sarcoma. JNCI J. Natl. Cancer Inst. 2002, 94, 1712–1718. [Google Scholar] [CrossRef] [PubMed]

	



Chokunonga, E.; Levy, L.M.; Bassett, M.T.; Mauchaza, B.G.; Thomas, D.B.; Parkin, D.M. Cancer Incidence in the African Population of Harare, Zimbabwe: Second Results from the Cancer Registry 1993–1995. Int. J. Cancer 2000, 85, 54–59. [Google Scholar] [CrossRef]

	



Wood, N.H.; Feller, L. The malignant potential of HIV-associated Kaposi sarcoma. Cancer Cell Int. 2008, 8, 14. [Google Scholar] [CrossRef] [PubMed]

	



Penn, I. Kaposi’s sarcoma in organ transplant recipients: Report of 20 cases. Transplantation 1979, 27, 8–11. [Google Scholar] [CrossRef] [PubMed]

	



Andreoni, M.; Goletti, D.; Pezzotti, P.; Pozzetto, A.; Monini, P.; Sarmati, L.; Farchi, F.; Tisone, G.; Piazza, A.; Pisani, F.; et al. Prevalence, incidence and correlates of HHV-8/KSHV infection and Kaposi’s sarcoma in renal and liver transplant recipients. J. Infect. 2001, 43, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Louthrenoo, W.; Kasitanon, N.; Mahanuphab, P.; Bhoopat, L.; Thongprasert, S. Kaposi’s sarcoma in rheumatic diseases. Semin. Arthritis Rheum. 2003, 32, 326–333. [Google Scholar] [CrossRef] [PubMed]

	



Bottler, T.; Kuttenberger, J.; Hardt, N.; Oehen, H.P.; Baltensperger, M. Non-HIV-associated Kaposi’s sarcoma of the tongue. Int. J. Oral Maxillofac. Surg. 2007, 36, 1218–1220. [Google Scholar] [CrossRef] [PubMed]

	



Ferdinando, M.; Massimiliano, B.; Emanuela, V.; Ornella, S.; Ernesto, Z.; Umberto, T. AIDS-related Kaposi’s sarcoma: State of the art and therapeutic strategies. Curr. HIV Res. 2009, 7, 634–638. [Google Scholar]

	



Krown, S.E. Highly active antiretroviral therapy in AIDS-associated Kaposi’s sarcoma: Implications for the design of therapeutic trials in patients with advanced, symptomatic Kaposi’s sarcoma. J. Clin. Oncol. 2004, 22, 399–402. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Lagunoff, M. Establishment and maintenance of Kaposi’s sarcoma-associated herpesvirus latency in B cells. J. Virol. 2005, 79, 14383–14391. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu, A.D.A.; Cavallin, L.E.; Vincent, L.; Chiozzini, C.; Eroles, P.; Duran, E.M.; Asgari, Z.; Hooper, A.T.; La Perle, K.M.D.; Hilsher, C.; et al. In vivo-restricted and reversible malignancy induced by human herpesvirus-8 KSHV: A cell and animal model of virally induced Kaposi’s sarcoma. Cancer Cell 2007, 11, 245–258. [Google Scholar] [CrossRef] [PubMed]

	



Montaner, S.; Sodhi, A.; Molinolo, A.; Bugge, T.H.; Sawai, E.T.; He, Y.; Li, Y.; Ray, P.E.; Gutkind, J.S. Endothelial infection with KSHV genes in vivo reveals that vGPCR initiates Kaposi’s sarcomagenesis and can promote the tumorigenic potential of viral latent genes. Cancer Cell 2003, 3, 23–36. [Google Scholar] [CrossRef]

	



Liang, Y.; Ganem, D. RBP-J (CSL) is essential for activation of the K14/vGPCR promoter of Kaposi’s sarcoma-associated herpesvirus by the lytic switch protein RTA. J. Virol. 2004, 78, 6818–6826. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Garber, A.C.; Renne, R. The latency-associated nuclear antigen of Kaposi’s sarcoma-associated herpesvirus supports latent DNA replication in dividing cells. J. Virol. 2002, 76, 11677–11687. [Google Scholar] [CrossRef] [PubMed]

	



Dittmer, D.; Lagunoff, M.; Renne, R.; Staskus, K.; Haase, A.; Ganem, D. A cluster of latently expressed genes in Kaposi’s sarcoma-associated herpesvirus. J. Virol. 1998, 72, 8309–8315. [Google Scholar] [PubMed]

	



Ye, F.; Lei, X.; Gao, S.-J. Mechanisms of Kaposi’s sarcoma-associated herpesvirus latency and reactivation. Adv. Virol. 2011, 2011, 19. [Google Scholar] [CrossRef] [PubMed]

	



Si, H.; Verma, S.C.; Lampson, M.A.; Cai, Q.; Robertson, E.S. Kaposi’s sarcoma-associated herpesvirus-encoded LANA can interact with the nuclear mitotic apparatus protein to regulate genome maintenance and segregation. J. Virol. 2008, 82, 6734–6746. [Google Scholar] [CrossRef] [PubMed]

	



Lan, K.; Kuppers, D.A.; Verma, S.C.; Robertson, E.S. Kaposi’s sarcoma-associated herpesvirus-encoded latency-associated nuclear antigen inhibits lytic replication by targeting Rta: A potential mechanism for virus-mediated control of latency. J. Virol. 2004, 78, 6585–6594. [Google Scholar] [CrossRef] [PubMed]

	



Lan, K.; Kuppers, D.A.; Robertson, E.S. Kaposi’s sarcoma-associated herpesvirus reactivation is regulated by interaction of latency-associated nuclear antigen with recombination signal sequence-binding protein Jκ, the major downstream effector of the Notch signaling pathway. J. Virol. 2005, 79, 3468–3478. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Verma, S.C.; Cai, Q.; Saha, A.; Dzeng, R.K.; Robertson, E.S. The RBP-Jκ binding sites within the RTA promoter regulate KSHV latent infection and cell proliferation. PLoS Pathog. 2012, 8, e1002479. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Y.; He, Z.; Liang, D.; Zhang, Q.; Zhang, H.; Deng, Q.; Robertson, E.S.; Lan, K. Carboxyl-terminal amino acids 1052 to 1082 of the latency-associated nuclear antigen (LANA) interact with RBP-Jκ and are responsible for LANA-mediated RTA repression. J. Virol. 2012, 86, 4956–4969. [Google Scholar] [CrossRef] [PubMed]

	



Heinzelmann, K.; Scholz, B.A.; Nowak, A.; Fossum, E.; Kremmer, E.; Haas, J.; Frank, R.; Kempkes, B. Kaposi’s sarcoma-associated herpesvirus viral interferon regulatory factor 4 (vIRF4/K10) is a novel interaction partner of CSL/CBF1, the major downstream effector of notch signaling. J. Virol. 2010, 84, 12255–12264. [Google Scholar] [CrossRef] [PubMed]

	



Ballestas, M.E.; Chatis, P.A.; Kaye, K.M. Efficient persistence of extrachromosomal KSHV DNA mediated by latency-associated nuclear antigen. Science 1999, 284, 641. [Google Scholar] [CrossRef] [PubMed]

	



Fejér, G.; Medveczky, M.M.; Horvath, E.; Lane, B.; Chang, Y.; Medveczky, P.G. The latency-associated nuclear antigen of Kaposi’s sarcoma-associated herpesvirus interacts preferentially with the terminal repeats of the genome in vivo and this complex is sufficient for episomal DNA replication. J. Gen. Virol. 2003, 84, 1451–1462. [Google Scholar] [CrossRef] [PubMed]

	



Radkov, S.A.; Kellam, P.; Boshoff, C. The latent nuclear antigen of Kaposi sarcoma-associated herpesvirus targets the retinoblastoma-E2F pathway and with the oncogene Hras transforms primary rat cells. Nat. Med. 2000, 6, 1121–1127. [Google Scholar] [PubMed]

	



Cai, Q.-L.; Knight, J.S.; Verma, S.C.; Zald, P.; Robertson, E.S. EC5S ubiquitin complex is recruited by KSHV latent antigen LANA for degradation of the VHL and p53 tumor suppressors. PLoS Pathog. 2006, 2, e116. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Martin, H.J.; Liao, G.; Hayward, S.D. The Kaposi’s sarcoma-associated herpesvirus LANA protein stabilizes and activates c-Myc. J. Virol. 2007, 81, 10451–10459. [Google Scholar] [CrossRef] [PubMed]

	



Van Dross, R.; Yao, S.; Asad, S.; Westlake, G.; Mays, D.J.; Barquero, L.; Duell, S.; Pietenpol, J.A.; Browning, P.J. Constitutively active K-cyclin/cdk6 kinase in Kaposi sarcoma-associated herpesvirus-infected cells. JNCI J. Natl. Cancer Inst. 2005, 97, 656–666. [Google Scholar] [CrossRef] [PubMed]

	



Direkze, S.; Laman, H. Regulation of growth signalling and cell cycle by Kaposi’s sarcoma-associated herpesvirus genes. Int. J. Exp. Pathol. 2004, 85, 305–319. [Google Scholar] [CrossRef] [PubMed]

	



Field, N.; Low, W.; Daniels, M.; Howell, S.; Daviet, L.; Boshoff, C.; Collins, M. KSHV vFLIP binds to IKK-γ to activate IKK. J. Cell Sci. 2003, 116, 3721–3728. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.-S.; Li, Q.; Lee, J.-Y.; Lee, S.-H.; Jeong, J.H.; Lee, H.-R.; Chang, H.; Zhou, F.-C.; Gao, S.-J.; Liang, C.; et al. FLIP-mediated autophagy regulation in cell death control. Nat. Cell Biol. 2009, 11, 1355–1362. [Google Scholar] [CrossRef] [PubMed]

	



Leidal, A.M.; Cyr, D.P.; Hill, R.J.; Lee, P.W.K.; McCormick, C. Subversion of autophagy by Kaposi’s sarcoma-associated herpesvirus impairs oncogene-induced senescence. Cell Host Microbe 2012, 11, 167–180. [Google Scholar] [CrossRef] [PubMed]

	



Sadler, R.; Wu, L.; Forghani, B.; Renne, R.; Zhong, W.; Herndier, B.; Ganem, D. A complex translational program generates multiple novel proteins from the latently expressed kaposin (K12) locus of Kaposi’s sarcoma-associated herpesvirus. J. Virol. 1999, 73, 5722–5730. [Google Scholar] [PubMed]

	



McCormick, C.; Ganem, D. The kaposin B protein of KSHV activates the p38/MK2 pathway and stabilizes cytokine mRNAs. Science 2005, 307, 739. [Google Scholar] [CrossRef] [PubMed]

	



Plaisance-Bonstaff, K.; Choi, H.; Beals, T.; Krueger, B.; Boss, I.; Gay, L.; Haecker, I.; Hu, J.; Renne, R. KSHV miRNAs decrease expression of lytic genes in latently infected PEL and endothelial cells by targeting host transcription factors. Viruses 2014, 6, 4005. [Google Scholar] [CrossRef] [PubMed]

	



Moody, R.; Zhu, Y.; Huang, Y.; Cui, X.; Jones, T.; Bedolla, R.; Lei, X.; Bai, Z.; Gao, S.-J. KSHV microRNAs mediate cellular transformation and tumorigenesis by redundantly targeting cell growth and survival pathways. PLoS Pathog. 2013, 9, e1003857. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Renne, R.; Dittmer, D.; Ganem, D. Inflammatory cytokines and the reactivation of Kaposi’s sarcoma-associated herpesvirus lytic replication. Virology 2000, 266, 17–25. [Google Scholar] [CrossRef] [PubMed]

	



Gregory, S.M.; West, J.A.; Dillon, P.J.; Hilscher, C.; Dittmer, D.P.; Damania, B. Toll-like receptor signaling controls reactivation of KSHV from latency. Proc. Natl. Acad. Sci. USA 2009, 106, 11725–11730. [Google Scholar] [CrossRef] [PubMed]

	



Ye, F.; Zhou, F.; Bedolla, R.G.; Jones, T.; Lei, X.; Kang, T.; Guadalupe, M.; Gao, S.-J. Reactive oxygen species hydrogen peroxide mediates Kaposi’s sarcoma-associated herpesvirus reactivation from latency. PLoS Pathog. 2011, 7, e1002054. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Zhu, C.; Guo, Y.; Wei, F.; Lu, J.; Qin, J.; Banerjee, S.; Wang, J.; Shang, H.; Verma, S.C.; et al. Inhibition of KAP1 enhances hypoxia-induced Kaposi’s sarcoma-associated herpesvirus reactivation through RBP-Jκ. J. Virol. 2014, 88, 6873–6884. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, R.N.; Arbiser, J.L.; Offermann, M.K. Valproic acid induces human herpesvirus 8 lytic gene expression in BCBL-1 cells. AIDS 2000, 14, 899. [Google Scholar] [CrossRef] [PubMed]

	



Lu, F.; Zhou, J.; Wiedmer, A.; Madden, K.; Yuan, Y.; Lieberman, P.M. Chromatin remodeling of the Kaposi’s sarcoma-associated herpesvirus ORF50 promoter correlates with reactivation from latency. J. Virol. 2003, 77, 11425–11435. [Google Scholar] [CrossRef] [PubMed]

	



Daigle, D.; Gradoville, L.; Tuck, D.; Schulz, V.; Wang’ondu, R.; Ye, J.; Gorres, K.; Miller, G. Valproic acid antagonizes the capacity of other histone deacetylase inhibitors to activate the Epstein-Barr virus lytic cycle. J. Virol. 2011, 85, 5628–5643. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, A.; Brodie, C.; Sarid, R. An essential role of ERK signalling in TPA-induced reactivation of Kaposi’s sarcoma-associated herpesvirus. J. Gen. Virol. 2006, 87, 795–802. [Google Scholar] [CrossRef] [PubMed]

	



Kati, S.; Hage, E.; Mynarek, M.; Ganzenmueller, T.; Indenbirken, D.; Grundhoff, A.; Schulz, T.F. Generation of high-titre virus stocks using BrK.219, a B-cell line infected stably with recombinant Kaposi’s sarcoma-associated herpesvirus. J. Virol. Methods 2015, 217, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Dollery, S.J.; Santiago-Crespo, R.J.; Kardava, L.; Moir, S.; Berger, E.A. Efficient infection of a human B cell line with cell-free Kaposi’s sarcoma-associated herpesvirus. J. Virol. 2014, 88, 1748–1757. [Google Scholar] [CrossRef] [PubMed]

	



Kati, S.; Tsao, E.H.; Günther, T.; Weidner-Glunde, M.; Rothämel, T.; Grundhoff, A.; Kellam, P.; Schulz, T.F. Activation of the B cell antigen receptor triggers reactivation of latent Kaposi’s sarcoma-associated herpesvirus in B cells. J. Virol. 2013, 87, 8004–8016. [Google Scholar] [CrossRef] [PubMed]

	



Lukac, D.M.; Kirshner, J.R.; Ganem, D. Transcriptional activation by the product of open reading frame 50 of Kaposi’s sarcoma-associated herpesvirus is required for lytic viral reactivation in B cells. J. Virol. 1999, 73, 9348–9361. [Google Scholar] [PubMed]

	



Sun, R.; Lin, S.-F.; Staskus, K.; Gradoville, L.; Grogan, E.; Haase, A.; Miller, G. Kinetics of Kaposi’s sarcoma-associated herpesvirus gene expression. J. Virol. 1999, 73, 2232–2242. [Google Scholar] [PubMed]

	



Purushothaman, P.; Uppal, T.; Verma, S.C. Molecular biology of KSHV lytic reactivation. Viruses 2015, 7, 116–153. [Google Scholar] [CrossRef] [PubMed]

	



Arias, C.; Weisburd, B.; Stern-Ginossar, N.; Mercier, A.; Madrid, A.S.; Bellare, P.; Holdorf, M.; Weissman, J.S.; Ganem, D. KSHV 2.0: A comprehensive annotation of the Kaposi’s sarcoma-associated herpesvirus genome using next-generation sequencing reveals novel genomic and functional features. PLoS Pathog. 2014, 10, e1003847. [Google Scholar] [CrossRef] [PubMed]

	



Peng, C.; Chen, J.; Tang, W.; Liu, C.; Chen, X. Kaposi’s sarcoma-associated herpesvirus ORF6 gene is essential in viral lytic replication. PLoS ONE 2014, 9, e99542. [Google Scholar] [CrossRef] [PubMed]

	



Rossetto, C.C.; Susilarini, N.K.; Pari, G.S. Interaction of Kaposi’s sarcoma-associated herpesvirus ORF59 with oriLyt is dependent on binding with K-Rta. J. Virol. 2011, 85, 3833–3841. [Google Scholar] [CrossRef] [PubMed]

	



Palmeri, D.; Spadavecchia, S.; Carroll, K.D.; Lukac, D.M. Promoter- and cell-specific transcriptional transactivation by the Kaposi’s sarcoma-associated herpesvirus ORF57/Mta protein. J. Virol. 2007, 81, 13299–13314. [Google Scholar] [CrossRef] [PubMed]

	



Majerciak, V.; Pripuzova, N.; McCoy, J.P.; Gao, S.-J.; Zheng, Z.-M. Targeted disruption of Kaposi’s sarcoma-associated herpesvirus ORF57 in the viral genome is detrimental for the expression of ORF59, k8α, and k8.1 and the production of infectious virus. J. Virol. 2007, 81, 1062–1071. [Google Scholar] [CrossRef] [PubMed]

	



Massimelli, M.J.; Kang, J.-G.; Majerciak, V.; Le, S.-Y.; Liewehr, D.J.; Steinberg, S.M.; Zheng, Z.-M. Stability of a long noncoding viral RNA depends on a 9-nt core element at the RNA 5′ end to interact with viral ORF57 and cellular PABPC1. Int. J. Biol. Sci. 2011, 7, 1145–1160. [Google Scholar] [CrossRef] [PubMed]

	



Kang, J.-G.; Pripuzova, N.; Majerciak, V.; Kruhlak, M.; Le, S.-Y.; Zheng, Z.-M. Kaposi’s sarcoma-associated herpesvirus ORF57 promotes escape of viral and human interleukin-6 from microRNA-mediated suppression. J. Virol. 2011, 85, 2620–2630. [Google Scholar] [CrossRef] [PubMed]

	



Majerciak, V.; Yamanegi, K.; Allemand, E.; Kruhlak, M.; Krainer, A.R.; Zheng, Z.-M. Kaposi’s sarcoma-associated herpesvirus ORF57 functions as a viral splicing factor and promotes expression of intron-containing viral lytic genes in spliceosome-mediated RNA splicing. J. Virol. 2008, 82, 2792–2801. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, K.; Ueda, K.; Guwanan, E.; Sakakibara, S.; Do, E.; Osaki, E.; Yada, K.; Okuno, T.; Yamanishi, K. A posttranscriptional regulator of Kaposi’s sarcoma-associated herpesvirus interacts with RNA-binding protein PCBP1 and controls gene expression through the IRES. Virology 2004, 325, 364–378. [Google Scholar] [CrossRef] [PubMed]

	



Boyne, J.R.; Jackson, B.R.; Taylor, A.; Macnab, S.A.; Whitehouse, A. Kaposi’s sarcoma-associated herpesvirus ORF57 protein interacts with PYM to enhance translation of viral intronless mRNAs. EMBO J. 2010, 29, 1851–1864. [Google Scholar] [CrossRef] [PubMed]

	



Rossetto, C.C.; Pari, G. KSHV PAN RNA associates with demethylases UTX and JMJD3 to activate lytic replication through a physical interaction with the virus genome. PLoS Pathog. 2012, 8, e1002680. [Google Scholar] [CrossRef] [PubMed]

	



Ellison, T.J.; Izumiya, Y.; Izumiya, C.; Luciw, P.A.; Kung, H.-J. A comprehensive analysis of recruitment and transactivation potential of K-rta and K-bZIP during reactivation of Kaposi’s sarcoma-associated herpesvirus. Virology 2009, 387, 76–88. [Google Scholar] [CrossRef] [PubMed]

	



Izumiya, Y.; Lin, S.-F.; Ellison, T.; Chen, L.-Y.; Izumiya, C.; Luciw, P.; Kung, H.-J. Kaposi’s sarcoma-associated herpesvirus K-bZIP is a coregulator of K-Rta: Physical association and promoter-dependent transcriptional repression. J. Virol. 2003, 77, 1441–1451. [Google Scholar] [CrossRef] [PubMed]

	



Rossetto, C.; Yamboliev, I.; Pari, G.S. Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 K-bZIP modulates latency-associated nuclear protein-mediated suppression of lytic origin-dependent DNA synthesis. J. Virol. 2009, 83, 8492–8501. [Google Scholar] [CrossRef] [PubMed]

	



Lukac, D.M.; Renne, R.; Kirshner, J.R.; Ganem, D. Reactivation of Kaposi’s sarcoma-associated herpesvirus infection from latency by expression of the ORF 50 transactivator, a homolog of the EBV R protein. Virology 1998, 252, 304–312. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Ganem, D. Lytic but not latent infection by Kaposi’s sarcoma-associated herpesvirus requires host CSL protein, the mediator of Notch signaling. Proc. Nat. Acad. Sci. USA 2003, 100, 8490–8495. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, F.X.; Cusano, T.; Yuan, Y. Identification of the immediate-early transcripts of Kaposi’s sarcoma-associated herpesvirus. J. Virol. 1999, 73, 5556–5567. [Google Scholar] [PubMed]

	



Bu, W.; Palmeri, D.; Krishnan, R.; Marin, R.; Aris, V.M.; Soteropoulos, P.; Lukac, D.M. Identification of direct transcriptional targets of the Kaposi’s sarcoma-associated herpesvirus Rta lytic switch protein by conditional nuclear localization. J. Virol. 2008, 82, 10709–10723. [Google Scholar] [CrossRef] [PubMed]

	



Lukac, D.M.; Garibyan, L.; Kirshner, J.R.; Palmeri, D.; Ganem, D. DNA binding by Kaposi’s sarcoma-associated herpesvirus lytic switch protein is necessary for transcriptional activation of two viral delayed early promoters. J. Virol. 2001, 75, 6786–6799. [Google Scholar] [CrossRef] [PubMed]

	



Bu, W.; Carroll, K.D.; Palmeri, D.; Lukac, D.M. Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 ORF50/Rta lytic switch protein functions as a tetramer. J. Virol. 2007, 81, 5788–5806. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Chang, J.; Lynch, S.J.; Lukac, D.M.; Ganem, D. The lytic switch protein of KSHV activates gene expression via functional interaction with RBP-Jκ (CSL), the target of the Notch signaling pathway. Genes Dev. 2002, 16, 1977–1989. [Google Scholar] [CrossRef] [PubMed]

	



Borggrefe, T.; Oswald, F. The notch signaling pathway: Transcriptional regulation at notch target genes. Cell. Mol. Life Sci. 2009, 66, 1631–1646. [Google Scholar] [CrossRef] [PubMed]

	



Palmeri, D.; Carroll, K.D.; Gonzalez-Lopez, O.; Lukac, D.M. Kaposi’s sarcoma-associated herpesvirus Rta tetramers make high-affinity interactions with repetitive DNA elements in the Mta promoter to stimulate DNA binding of RBP-Jk/CSL. J. Virol. 2011, 85, 11901–11915. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Wang, S.E.; Hayward, G.S. The KSHV immediate-early transcription factor RTA encodes ubiquitin E3 ligase activity that targets IRF7 for proteosome-mediated degradation. Immunity 2005, 22, 59–70. [Google Scholar] [CrossRef] [PubMed]

	



Sato, M.; Suemori, H.; Hata, N.; Asagiri, M.; Ogasawara, K.; Nakao, K.; Nakaya, T.; Katsuki, M.; Noguchi, S.; Tanaka, N.; et al. Distinct and essential roles of transcription factors IRF-3 and IRF-7 in response to viruses for IFN-α/β gene induction. Immunity 2000, 13, 539–548. [Google Scholar] [CrossRef]

	



Guito, J.; Lukac, D. KSHV reactivation and novel implications of protein isomerization on lytic switch control. Viruses 2015, 7, 72. [Google Scholar] [CrossRef] [PubMed]

	



AuCoin, D.P.; Colletti, K.S.; Cei, S.A.; Papousková, I.; Tarrant, M.; Pari, G.S. Amplification of the Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 lytic origin of DNA replication is dependent upon a cis-acting at-rich region and an ORF50 response element and the trans-acting factors ORF50 (K-Rta) and K8 (K-bZIP). Virology 2004, 318, 542–555. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Ciustea, M.; Ricciardi, R.P. Processivity factor of KSHV contains a nuclear localization signal and binding domains for transporting viral DNA polymerase into the nucleus. Virology 2005, 340, 183–191. [Google Scholar] [CrossRef] [PubMed]

	



McDowell, M.E.; Purushothaman, P.; Rossetto, C.C.; Pari, G.S.; Verma, S.C. Phosphorylation of Kaposi’s sarcoma-associated herpesvirus processivity factor ORF59 by a viral kinase modulates its ability to associate with RTA and oriLyt. J. Virol. 2013, 87, 8038–8052. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yuan, Y. Essential role of RBP-Jκ in activation of the K8 delayed-early promoter of Kaposi’s sarcoma-associated herpesvirus by ORF50/RTA. Virology 2007, 359, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Scholz, B.A.; Harth-Hertle, M.L.; Malterer, G.; Haas, J.; Ellwart, J.; Schulz, T.F.; Kempkes, B. Abortive lytic reactivation of KSHV in CBF1/CSL deficient human B cell lines. PLoS Pathog. 2013, 9, e1003336. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Song, M.J.; Li, X.; Brown, H.J.; Sun, R. Characterization of interactions between RTA and the promoter of polyadenylated nuclear RNA in Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8. J. Virol. 2002, 76, 5000–5013. [Google Scholar] [CrossRef] [PubMed]

	



Carroll, K.D.; Khadim, F.; Spadavecchia, S.; Palmeri, D.; Lukac, D.M. Direct interactions of Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 ORF50/Rta protein with the cellular protein octamer-1 and DNA are critical for specifying transactivation of a delayed-early promoter and stimulating viral reactivation. J. Virol. 2007, 81, 8451–8467. [Google Scholar] [CrossRef] [PubMed]

	



Chang, P.-J.; Boonsiri, J.; Wang, S.-S.; Chen, L.-Y.; Miller, G. Binding of RBP-Jκ (CSL) protein to the promoter of the Kaposi’s sarcoma-associated herpesvirus ORF47 (gL) gene is a critical but not sufficient determinant of transactivation by ORF50 protein. Virology 2010, 398, 38–48. [Google Scholar] [CrossRef] [PubMed]

	



Papugani, A.; Coleman, T.; Jones, C.; Zhang, L. The interaction between KSHV RTA and cellular RBP-Jκ and their subsequent DNA binding are not sufficient for activation of RBP-Jκ. Virus Res. 2008, 131, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Yan, Z.; Wood, C. Kaposi’s sarcoma-associated herpesvirus transactivator RTA promotes degradation of the repressors to regulate viral lytic replication. J. Virol. 2008, 82, 3590–3603. [Google Scholar] [CrossRef] [PubMed]

	



Ehrlich, E.S.; Chmura, J.C.; Smith, J.C.; Kalu, N.N.; Hayward, G.S. KSHV RTA abolishes NFκB responsive gene expression during lytic reactivation by targeting vFLIP for degradation via the proteasome. PLoS ONE 2014, 9, e91359. [Google Scholar] [CrossRef] [PubMed]

	



Gould, F.; Harrison, S.M.; Hewitt, E.W.; Whitehouse, A. Kaposi’s sarcoma-associated herpesvirus RTA promotes degradation of the Hey1 repressor protein through the ubiquitin proteasome pathway. J. Virol. 2009, 83, 6727–6738. [Google Scholar] [CrossRef] [PubMed]

	



Yada, K.; Do, E.; Sakakibara, S.; Ohsaki, E.; Ito, E.; Watanabe, S.; Ueda, K. KSHV RTA induces a transcriptional repressor, HEY1 that represses rta promoter. Biochem. Biophys. Res. Commun. 2006, 345, 410–418. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, T.H. The theory of the gene. Am. Nat. 1917, 51, 513–544. [Google Scholar] [CrossRef]

	



Weng, A.P.; Nam, Y.; Wolfe, M.S.; Pear, W.S.; Griffin, J.D.; Blacklow, S.C.; Aster, J.C. Growth suppression of pre-T acute lymphoblastic leukemia cells by inhibition of notch signaling. Mol. Cell. Biol. 2003, 23, 655–664. [Google Scholar] [CrossRef] [PubMed]

	



Balint, K.; Xiao, M.; Pinnix, C.C.; Soma, A.; Veres, I.; Juhasz, I.; Brown, E.J.; Capobianco, A.J.; Herlyn, M.; Liu, Z.-J. Activation of Notch1 signaling is required for β-catenin-mediated human primary melanoma progression. J. Clin. Investig. 2005, 115, 3166–3176. [Google Scholar] [CrossRef] [PubMed]

	



Reedijk, M.; Odorcic, S.; Chang, L.; Zhang, H.; Miller, N.; McCready, D.R.; Lockwood, G.; Egan, S.E. High-level coexpression of JAG1 and NOTCH1 is observed in human breast cancer and is associated with poor overall survival. Cancer Res. 2005, 65, 8530–8537. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.T.; Li, M.; Nakayama, K.; Mao, T.-L.; Davidson, B.; Zhang, Z.; Kurman, R.J.; Eberhart, C.G.; Shih, I.-M.; Wang, T.-L. Notch3 gene amplification in ovarian cancer. Cancer Res. 2006, 66, 6312–6318. [Google Scholar] [CrossRef] [PubMed]

	



Rebay, I.; Fleming, R.J.; Fehon, R.G.; Cherbas, L.; Cherbas, P.; Artavanis-Tsakonas, S. Specific EGF repeats of Notch mediate interactions with delta and serrate: Implications for Notch as a multifunctional receptor. Cell 1991, 67, 687–699. [Google Scholar] [CrossRef]

	



D’Souza, B.; Meloty-Kapella, L.; Weinmaster, G. Canonical and non-canonical notch ligands. Curr. Top. Dev. Biol. 2010, 92, 73–129. [Google Scholar] [PubMed]

	



Kopan, R.; Ilagan, M.X.G. The canonical notch signaling pathway: Unfolding the activation mechanism. Cell 2009, 137, 216–233. [Google Scholar] [CrossRef] [PubMed]

	



Mumm, J.S.; Kopan, R. Notch signaling: From the outside in. Dev. Biol. 2000, 228, 151–165. [Google Scholar] [CrossRef] [PubMed]

	



Collins, K.J.; Yuan, Z.; Kovall, R.A. Structure and function of the CSL-KyoT2 corepressor complex: A negative regulator of notch signaling. Structure 2014, 22, 70–81. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, J.J.; Kovall, R.A. Crystal structure of the CSL-Notch-mastermind ternary complex bound to DNA. Cell 2006, 124, 985–996. [Google Scholar] [CrossRef] [PubMed]

	



Ong, C.-T.; Cheng, H.-T.; Chang, L.-W.; Ohtsuka, T.; Kageyama, R.; Stormo, G.D.; Kopan, R. Target selectivity of vertebrate notch proteins: Collaboration between discrete domains and CSL-binding site architecture determines activation probability. J. Biol. Chem. 2006, 281, 5106–5119. [Google Scholar] [CrossRef] [PubMed]

	



Wharton, K.A.; Johansen, K.M.; Xu, T.; Artavanis-Tsakonas, S. Nucleotide sequence from the neurogenic locus notch implies a gene product that shares homology with proteins containing EGF-like repeats. Cell 1985, 43, 567–581. [Google Scholar] [CrossRef]

	



Cordle, J.; RedfieldZ, C.; Stacey, M.; van der Merwe, P.A.; Willis, A.C.; Champion, B.R.; Hambleton, S.; Handford, P.A. Localization of the delta-like-1-binding site in human Notch-1 and its modulation by calcium affinity. J. Biol. Chem. 2008, 283, 11785–11793. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Choi, S.H.; Hu, T.; Tiyanont, K.; Habets, R.; Groot, A.J.; Vooijs, M.; Aster, J.C.; Chopra, R.; Fryer, C.; et al. Insights into autoregulation of Notch3 from structural and functional studies of its negative regulatory region. Structure 2015, 23, 1227–1235. [Google Scholar] [CrossRef] [PubMed]

	



Weng, A.P.; Ferrando, A.A.; Lee, W.; Morris, J.P.; Silverman, L.B.; Sanchez-Irizarry, C.; Blacklow, S.C.; Look, A.T.; Aster, J.C. Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science 2004, 306, 269–271. [Google Scholar] [CrossRef] [PubMed]

	



Luca, V.C.; Kim, B.C.; Ge, C.; Kakuda, S.; Wu, D.; Roein-Peikar, M.; Haltiwanger, R.S.; Zhu, C.; Ha, T.; Garcia, K.C. Notch-jagged complex structure implicates a catch bond in tuning ligand sensitivity. Science 2017, 355, 1320–1324. [Google Scholar] [CrossRef] [PubMed]

	



Deatherage, C.L.; Lu, Z.; Kim, J.-H.; Sanders, C.R. Notch transmembrane domain: Secondary structure and topology. Biochemistry 2015, 54, 3565–3568. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Taniguchi, Y.; Minoguchi, S.; Sakai, T.; Tun, T.; Furukawa, T.; Honjo, T. Physical interaction between a novel domain of the receptor Notch and the transcription factor RBP-Jκ/Su(H). Curr. Biol. 1995, 5, 1416–1423. [Google Scholar] [CrossRef]

	



Kovall, R.A.; Hendrickson, W.A. Crystal structure of the nuclear effector of Notch signaling, CSL, bound to DNA. EMBO J. 2004, 23, 3441–3451. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, S.E.; Ilagan, M.X.G.; Kopan, R.; Barrick, D. Thermodynamic analysis of the CSL·x notch interaction: Distribution of binding energy of the Notch RAM region to the CSL β-trefoil domain and the mode of competition with the viral transactivator EBNA2. J. Biol. Chem. 2010, 285, 6681–6692. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Zhang, Q.; Li, D.; Ching, K.; Zhang, C.; Zheng, X.; Ozeck, M.; Shi, S.; Li, X.; Wang, H.; et al. PEST domain mutations in Notch receptors comprise an oncogenic driver segment in triple-negative breast cancer sensitive to a γ-secretase inhibitor. Clin. Cancer Res. 2015, 21, 1487–1496. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Lyapina, S.; Das, I.; Li, J.; Gurney, M.; Pauley, A.; Chui, I.; Deshaies, R.J.; Kitajewski, J. SEL-10 is an inhibitor of notch signaling that targets notch for ubiquitin-mediated protein degradation. Mol. Cell. Biol. 2001, 21, 7403–7415. [Google Scholar] [CrossRef] [PubMed]

	



Bigas, A.; Martin, D.I.K.; Milner, L.A. Notch1 and Notch2 inhibit myeloid differentiation in response to different cytokines. Mol. Cell. Biol. 1998, 18, 2324–2333. [Google Scholar] [CrossRef] [PubMed]

	



Foltz, D.R.; Santiago, M.C.; Berechid, B.E.; Nye, J.S. Glycogen synthase kinase-3β modulates notch signaling and stability. Curr. Biol. 2002, 12, 1006–1011. [Google Scholar] [CrossRef]

	



Pekkonen, P.; Järviluoma, A.; Zinovkina, N.; Cvrljevic, A.; Prakash, S.; Westermarck, J.; Evan, G.I.; Cesarman, E.; Verschuren, E.W.; Ojala, P.M. KSHV viral cyclin interferes with T-cell development and induces lymphoma through Cdk6 and Notch activation in vivo. Cell Cycle 2014, 13, 3670–3684. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Li, X.; Tulpule, A.; Zhou, Y.; Scehnet, J.S.; Zhang, S.; Lee, J.-S.; Chaudhary, P.M.; Jung, J.; Gill, P.S. KSHV-induced notch components render endothelial and mural cell characteristics and cell survival. Blood 2010, 115, 887–895. [Google Scholar] [CrossRef] [PubMed]

	



Lan, K.; Verma, S.C.; Murakami, M.; Bajaj, B.; Kaul, R.; Robertson, E.S. Kaposi’s sarcoma herpesvirus-encoded latency-associated nuclear antigen stabilizes intracellular activated Notch by targeting the Sel10 protein. Proc. Natl. Acad. Sci. USA 2007, 104, 16287–16292. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; He, Z.; Xia, T.; Li, X.; Liang, D.; Lin, X.; Wen, H.; Lan, K. Latency-associated nuclear antigen of kaposi sarcoma–associated herpesvirus promotes angiogenesis through targeting notch signaling effector Hey1. Cancer Res. 2014, 74, 2026. [Google Scholar] [CrossRef] [PubMed]

	



Gasperini, P.; Espigol-Frigole, G.; McCormick, P.J.; Salvucci, O.; Maric, D.; Uldrick, T.S.; Polizzotto, M.N.; Yarchoan, R.; Tosato, G. Kaposi sarcoma herpesvirus promotes endothelial-to-mesenchymal transition through Notch-dependent signaling. Cancer Res. 2012, 72, 1157. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H. Notch signal transduction induces a novel profile of Kaposi’s sarcoma-associated herpesvirus gene expression. J. Microbiol. 2006, 44, 217–225. [Google Scholar] [PubMed]

	



Chang, H.; Dittmer, D.P.; Chul, S.-Y.; Hong, Y.; Jung, J.U. Role of notch signal transduction in Kaposi’s sarcoma-associated herpesvirus gene expression. J. Virol. 2005, 79, 14371–14382. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, J.J.; Henkel, T.; Salmon, P.; Robey, E.; Peterson, M.G.; Hayward, S.D. Truncated mammalian Notch1 activates CBF1/RBPJk-repressed genes by a mechanism resembling that of Epstein-Barr virus EBNA2. Mol. Cell. Biol. 1996, 16, 952–959. [Google Scholar] [CrossRef] [PubMed]

	



Hayward, S.D. Viral interactions with the Notch pathway. Semin. Cancer Biol. 2004, 14, 387–396. [Google Scholar] [CrossRef] [PubMed]

	



Gordadze, A.V.; Peng, R.; Tan, J.; Liu, G.; Sutton, R.; Kempkes, B.; Bornkamm, G.W.; Ling, P.D. Notch1IC partially replaces EBNA2 function in B cells immortalized by Epstein-Barr virus. J. Virol. 2001, 75, 5899–5912. [Google Scholar] [CrossRef] [PubMed]

	



Horn, S.; Kobberup, S.; Jørgensen, M.C.; Kalisz, M.; Klein, T.; Kageyama, R.; Gegg, M.; Lickert, H.; Lindner, J.; Magnuson, M.A.; et al. Mind bomb 1 is required for pancreatic β-cell formation. Proc. Natl. Acad. Sci. USA 2012, 109, 7356–7361. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.X.; Xu, A.; Zhang, C.C.; Olson, P.; Chen, L.; Lee, T.K.; Cheung, T.T.; Lo, C.M.; Wang, X.Q. Notch inhibitor PF-03084014 inhibits hepatocellular carcinoma growth and metastasis via suppression of cancer stemness due to reduced activation of Notch1-Stat3. Mol. Cancer Ther. 2017. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 06 00034 g001 550] 





Figure 1. Mature Kaposi’s sarcoma-associated herpesvirus (KSHV) virion structure. The 160–170 kDa linear double stranded DNA genome is surrounded by an icosahedral capsid. This capsid is composed of viral proteins ORF62, 26, 65, and decorated with ORF25 proteins (gold ovals). The capsid is connected to the envelope (blue) via the tegument layer, which contains the viral proteins ORF 11, 21, 33, 45, 50, 52, 63, 75, (green ovals) and 64 (green rectangles). The envelope consists of a lipid bilayer decorated with viral glycoproteins (gM, gN, gL, gH, gB, K8.1 (blue lollipops)) used for the binding and entry of target cells. 
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Figure 2. KSHV infection of target cells. Glycoproteins on the surface of the virion bind to heparan sulfate, dendritic cell specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), and integrin receptors on the surface of host cells. This interaction between the virus and the host induces a signaling cascade that recruits proteins, such as myosin and dynein (blue lines), that are required for endocytosis and the transport of viral DNA to the nucleus. Once delivered to the nucleus, viral and host cell genes are expressed to help subvert host immunity and establish latent infection. 
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Figure 3. KSHV egress. Viral DNA is packaged into preformed capsid. At the inner nuclear membrane (brown), the virus acquires a primary envelope which is lost during fusion with the outer nuclear membrane (dark purple). As the encapsidated viral DNA moves through the cytoplasm it acquires tegument proteins which allow for entry into the Golgi apparatus (green). The virus acquires its final envelope by budding into Golgi-derived vesicles. These vesicles fuse with the plasma membrane, releasing the mature virion into the extracellular space. 
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Figure 4. During the latent phase of the KSHV life cycle, a subset of viral genes (pink box) are expressed which maintain latency and allow the virus to subvert the host immune system. Environmental triggers induce reactivation, or the transition from the latent to lytic phase. The lytic phase is induced by cellular transcription factors (TFs, purple circle), which contribute to transcription of viral immediately early genes (maroon box), such as replication and transcriptional activator (Rta, green circle). Rta then induces the transcription of viral delayed early genes (light blue box) known to contribute to viral oncogenesis and viral DNA replication. Expression of the delayed early genes induces viral replication (grey box), which, once complete, triggers the expression of late genes (dark blue box). These late genes are involved in viral packaging. One of these late genes, K8.1, is a glycoprotein that is often used as a marker of viral reactivation. Mature virions are then released from the cell via egress as described previously (Figure 3). IE, immediate early; DE, delayed early. 
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Figure 5. Protein structure of replication and transcriptional activator (Rta). The Rta protein is 691 amino acids and includes two nuclear localization signals (black arrows/gray boxes), a serine/threonine rich region (green rectangle), a basic amino acid rich region (blue), a leucine heptapeptide repeat domain (yellow), and a region of hydrophobic and acid amino acid repeats (pink). Figure and legend modified with permission from [157]. 
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Figure 6. Model of viral transcription and reactivation by Rta. In the current model of viral reactivation, Rta (green) forms a tetramer and then complexes with cellular RBP-Jk (orange oval). This complex then recognizes RBP-Jk binding sites (orange outlined boxes) located within viral promoters through binding to CANT DNA repeats (blue outlined boxes). Once bound, the Rta:RBP-Jk complex activates the transcription of viral genes, thus leading to viral reactivation. Adapted with permission from [154]. 
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Figure 7. The canonical Notch signaling pathway. Jagged- and Delta-like ligands (dark blue) expressed on the surface of neighboring cells induce the proteolytic cleavage of the Notch extracellular domain (teal) from the intracellular domain (purple) by A Disintegrin and Metalloprotease (ADAM) and γ-secretase (lightning bolts). Following cleavage, the intracellular domain translocates to the nucleus where it associates with RBP-Jk (orange circle) to release the transcriptional co-repressors (red hexagon) and recruit co-activators (green hexagon and circle). These co-activators change the epigenetic landscape, allowing transcription to occur. NICD, Notch intracellular domain. 
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Figure 8. Summary of Notch’s secondary structure. The four Notch isoforms each consist of an extracellular and an intracellular domain (indicated by black bars). The extracellular domain comprises epidermal growth factor (EGF)-like repeats (pink box), lin-12 Notch repeats (light pink square), and the heterodimerization domain (light green square). While these domains are highly conserved, the four Notch isoforms differ in the number of EGF repeats (29–36). The components of the extracellular domain all play a role in ligand recognition and Notch activation. The intracellular domain of Notch consists of the transmembrane domain (yellow box) which spans the cellular membrane (indicated by orange lines), RBP-Jk association module (RAM) (purple box), ankyryn (magenta box), and proline/glutamic acid/serine/threonine-rich (PEST) (green box) domains. The RAM and ankyryn domains play a key role in interacting with the transcriptional repressor, RBP-Jk, and recruiting other coactivators to the protein complex, while the PEST domain regulates Notch stability. The NICD also contains a nuclear localization signal (gray box), which directs NICD for transport into the nucleus. NICD 1 and 2 both contain a transactivation domain (TAD) that may allow other pathways to regulate Notch activity. 






Figure 8. Summary of Notch’s secondary structure. The four Notch isoforms each consist of an extracellular and an intracellular domain (indicated by black bars). The extracellular domain comprises epidermal growth factor (EGF)-like repeats (pink box), lin-12 Notch repeats (light pink square), and the heterodimerization domain (light green square). While these domains are highly conserved, the four Notch isoforms differ in the number of EGF repeats (29–36). The components of the extracellular domain all play a role in ligand recognition and Notch activation. The intracellular domain of Notch consists of the transmembrane domain (yellow box) which spans the cellular membrane (indicated by orange lines), RBP-Jk association module (RAM) (purple box), ankyryn (magenta box), and proline/glutamic acid/serine/threonine-rich (PEST) (green box) domains. The RAM and ankyryn domains play a key role in interacting with the transcriptional repressor, RBP-Jk, and recruiting other coactivators to the protein complex, while the PEST domain regulates Notch stability. The NICD also contains a nuclear localization signal (gray box), which directs NICD for transport into the nucleus. NICD 1 and 2 both contain a transactivation domain (TAD) that may allow other pathways to regulate Notch activity.



[image: Pathogens 06 00034 g008]








© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  pathogens-06-00034


  
    		
      pathogens-06-00034
    


  




  





media/file8.jpg
NLS2

Vousse ess 691
oy
nedg

OA incing domain
Ubiqutin €3 igase

- Sinds R8Pk

0t e 50 Binds oRFs

25— 14 Binds ot

23

91 Towramarization doman

456 e—1 Transactivation domain





media/file11.png
Ed

w CANT [ Jk J CANT &-






media/file6.jpg





media/file1.png





media/file13.png
y-secretgse






media/file10.jpg





media/file7.png
oo O\

e R e penes L S begenesi L ] vonareot L e Genes!

Transactivating vDNA replication K8.1
proteins proteins
voncogenes






media/file12.jpg
NICD

y-secretyse

Notch





media/file9.png
NLS1 NLS2

1Y 85 166 246 275 V538 554 665 691
[ [l &
1 272 DNA binding domain
118 sss——— 207 Ubiquitin E3 Ligase
401 m—— 500 Binds ORF59
238 m——— 4 14 Binds itself
238 91 Tetramerization domain

486 M 691 Transactivation domain





media/file14.jpg
soform 1

soform 2

soform 3

Isoform 4

Noteh extracelluar domain

Noteh intracelllar domain






media/file5.png
7. Viral release by budding

! i', e 3
L5 Ledly
e

6. Acquisition of final envelope

3. Loss offprimary envelope

2. Acquisition of primary envelope





media/file15.png
Notch extracellular domain

Notch intracellular domain

Isoform 1 | EGF Repeats ‘LNR . 2 m
Isoform 2 | EGF Repeats 'l“ |ﬂ\| m
L]

SO o I
. L]
Isoform 4 I EGF Repeats l LNR m HD |] v m






media/file3.png





media/file4.jpg
7. Viral release by budding

6. Acquisition of final envelope






media/file0.jpg





media/file2.jpg





