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ABSTRACT 

 

Glycoproteins are processed through the secretory pathway and require folding in the 

endoplasmic reticulum (ER). When unfolded proteins accumulate in the ER, the sensor 

protein ATF6 is activated, translocated to the Golgi, and proteolytically processed into 

ATF6-N, a member of the heterodimerizing family of basic leucine zipper (bZIP) 

transcription factors. ATF6-N restores proteostasis by upregulating chaperones and ER-

associated degradation genes. Kaposi’s sarcoma-associated herpesvirus (KSHV) activates 

ATF6 cleavage but suppresses the downstream production of antiviral effectors. I 

hypothesized that ATF6-N is antiviral and KSHV must subvert its antiviral activity. 

Indeed, I showed that ectopically expressed ATF6-N reduces viral titers. I investigated if 

K-bZIP, a viral bZIP and multifunctional transcriptional repressor essential for viral 

replication, is an inhibitor of ATF6, but found that K-bZIP does not perturb ATF6-N 

signaling. Conversely, ATF6-N impairs nuclear import of K-bZIP. I concluded that 

ATF6-N is antiviral to KSHV, but the mechanism of action remains unknown. 
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CHAPTER 1: INTRODUCTION 

1.1 KSHV Epidemiology and Pathogenesis 

Kaposi’s sarcoma associated herpesvirus (KSHV) or human gammaherpesvirus 8 

(HHV-8) is a human oncogenic, double-stranded DNA gammaherpesvirus and close 

relative of Epstein-Barr virus (EBV) and various gammaherpesviruses of other mammals, 

including non-human primates [1]. The DNA genome of KSHV is ~165,000 base pairs in 

length and encodes more than 80 proteins, many of which are homologous to proteins 

expressed by other herpesviruses [371]. Some KSHV genes, ORFs K1-K15, encode 

proteins that are unique to KSHV and have no known homologues [372]. KSHV displays 

differential global distribution and is most common in sub-Saharan Africa and parts of 

the Mediterranean, with seroprevalence rates of greater than 50% and up to 30%, 

respectively. KSHV is uncommon in the Americas, Europe, and Asia with seroprevalence 

rates of less than 10%. Seroprevalence is also higher in certain ethnic groups, as well as 

in men who have sex with men [2,3].  

KSHV is the etiologic agent of two distinct cancers and two inflammatory 

disorders: the AIDS-defining Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), 

HHV-8 associated multicentric Castleman disease (MCD), and KSHV inflammatory 

cytokine syndrome (KICS) [2,3]. The biggest determinant of KSHV-associated 

pathogenesis is immune status; individuals with compromised immune systems, such as 

HIV-positive individuals, organ transplant recipients [3], and diabetics [4], are most at risk 

of developing KSHV malignancies. KS is an endothelial-derived tumor that affects the 

skin and organs [5]. KS is one of the most common cancers in HIV/AIDS patients but may 

also occur in individuals without HIV co-infection [2,6]. PEL is a B-cell lymphoma that 

manifests as pleural effusions collecting in body cavities but can also manifest as solid 

tumors in the skin, lymph nodes, gastrointestinal tract, central nervous system, and lungs 

[3]. PEL most commonly affects HIV/AIDS patients and may occur concurrently with KS 

and MCD [7]. The B-cell lymphoproliferative disorder and inflammatory disease HHV-8-

associated MCD, like KS and PEL, is most common in HIV/AIDS patients [3], and 

involves inflammatory symptoms, such as fever, thrombocytopenia, anemia, and 

hepatosplenomegaly caused by high levels of pro-inflammatory cytokines. Untreated 
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HHV-8 associated MCD is almost always fatal [2]. KICS, the most recently identified 

KSHV-associated disease, shares many of its symptoms with HHV-8-associated MCD 

and is characterized by high serum levels of IL-6 and IL-10 but does not involve 

lymphoproliferation and other MCD-associated pathologies [2,3].  

A hallmark feature of herpesviruses is their ability to undergo latency and 

establish life-long persistence in their hosts. During latency, KSHV expresses only a few 

genes needed to maintain the viral plasmid-like genome, the episome, and spreads 

passively to daughter cells during cell division. Infectious progeny is only made once the 

virus switches to the lytic cycle and expresses the proteins required to regulate viral gene 

expression, facilitate immune evasion, and assemble new virions [8]. Latent and lytic 

replication both contribute to viral tumorigenesis [9,10]. 

KSHV infection is life-long and cannot be cured, but KSHV-associated 

malignancies can be treated. Chemotherapy with one or multiple therapeutic agents, such 

as doxorubicin, an inhibitor of DNA synthesis, is commonly used to treat KS tumors [11] 

and PEL [12]. For HIV positive patients, antiretroviral therapy (ART) is also effective at 

controlling KSHV malignancies like PEL [12], but has limited efficiency at treating AIDS-

associated KS [11] and HHV-8 associated MCD [13]. HHV8-associated MCD is more 

difficult to treat and does not respond well to ART or chemotherapy and is instead treated 

with the monoclonal anti-CD20 antibody rituximab alone or in combination with ART to 

prolong survival of patients [13].  

1.2 KSHV Tropism and Replication Cycles 

 KSHV is primarily transmitted between individuals by saliva, but is also present 

in other bodily fluids, which include the blood, semen, and vaginal excretions. As such, 

KSHV can be transmitted sexually and non-sexually [14]. KSHV may also be transmitted 

vertically from mother to child [15,16]. Once inside the host, KSHV infects a range of cell 

types, including epithelial cells, endothelial cells [17], B cells [18], macrophages, and 

dendritic cells [19]. Cell entry is initiated by interaction of the viral surface glycoproteins 

glycoprotein B (gB) [19,20], K8.1A [21,22], and gH/gL [23] with cellular heparan sulfate 

sugars that act as binding receptors [20] and integrins [24,25], ephrin type-A receptor 2 

(EphA2) [26], and dendritic cell-specific intercellular adhesion molecule-3- (ICAM-3) 
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grabbing nonintegrin (DC-SIGN) that act as entry receptors [19]. Following successful 

attachment, KSHV enters target cells by clathrin-mediated endocytosis [27,28], or 

micropinocytosis [29], and releases its capsid into the cytosol by fusion of the viral 

envelope with the endosomal membrane (Fig. 1). The precise mechanism of membrane 

fusion is not fully understood but requires the viral glycoproteins gB and gH/gL [30] as 

well as the cellular cysteine/glutamate exchange transporter xCT [31]. KSHV induces the 

hyperacetylation of microtubules and initiates transport of the viral capsid to the nucleus 

via the motor protein dynein [32]. The capsid then docks at the nuclear pore and the viral 

dsDNA is injected into the nucleus [33] and circularized into covalently closed circular 

DNA (cccDNA), known as the episome (Fig. 1). cccDNA is the most abundant form of 

viral DNA present during latency, whereas linear DNA is the primary form that 

accumulates during lytic replication [34].  

1.3 Latency 

To establish and maintain latency, the viral transcription program needs to shift to 

the activation of latent genes and the repression of lytic genes. Importantly, expression of 

the potent lytic viral replication and transcription activator (RTA) must be tightly 

controlled during latency, because overexpression of RTA alone is sufficient to reactivate 

latent KSHV in PEL body-cavity-based lymphoma (BCBL-1) and KS renal carcinoma 

(SLK) cell lines [35,36]. Modification of the viral gene expression landscape takes place by 

histone modification and methylation of cytidine (C) residues in CpG islands on the 

KSHV genome. These reversible, epigenetic changes convert regions of the genome, 

specifically those encoding immediate early (IE) or early (E) lytic genes, to 

transcriptionally silent heterochromatin [36,37]. During the initial stages of infection, 

starting as early as 4 hours post-infection (hpi), histones localized on promoter regions of 

the viral genome acquire modifications, such as acetylation of lysine 27 on histone 3 

(H3K27-ac), tri-methylation of lysine 4 on H3 (H3K4-me3) [36], and acetylation of lysine 

9 and/or 14 on H3 (H3K9/14-ac) [37], that positively regulate transcription. By contrast, 

the activating histone modifications are replaced 24-72 hpi by repressive modifications, 

such as tri-methylation of lysine 4 or 27 on H3 (H3K4-me3/H3K27-me3) [36,37]. Enhancer 

of zeste homolog 2 (EZH2) is a cellular methyltransferase and part of the  
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Figure 1. Phases of KSHV infection.  

Following reversible attachment to cellular attachment and entry receptors, KSHV enters 

target cells by endocytosis or micropinocytosis depending on cell type. KSHV escapes 

the endosome by membrane fusion and is transported to the nucleus, where LANA 

tethers the viral episome to the cellular DNA to establish latency. Latency is disrupted by 

expression of RTA from ORF50 and initiates lytic replication, which culminates in viral 

gene expression, capsid assembly, and genome packaging. Viral capsids escape the 

nucleus and acquire a lipid envelope decorated with viral glycoproteins by budding into 

vesicles of the ER-Golgi intermediate compartment (ERGIC) or the Golgi. Virions leave 

the cell by exocytosis. 
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Figure 1. Phases of KSHV infection. 

 

 

 

 

 

 

 



6 

 

Polycomb repressive complex 2 (PRC2) that mediates tri-methylation of H3K27. The 

viral latency-associated nuclear antigen (LANA) co-localizes and forms complexes with 

PRC2 24 hpi to facilitate widespread transcriptional repression of the viral genome and 

help establish latency [38]. Histone modification across the KSHV genome is variable and 

some promoters, such as the ORF50 promoter from which the viral RTA is encoded, 

carry both activating and repressive histone modifications during latency, whereas the 

LANA promoter almost exclusively carries activating histone modifications [36]. The 

cellular histone deacetylase (HDAC) sirtuin 1 (SRT1) also assists in the transcriptional 

silencing of early lytic KSHV genes by binding the ORF50 promoter. SIRT1 inhibition or 

knockdown leads to an increase in H3K4-me3 and a decrease in H3K27-me3 on the 

ORF50 promoter, which reactivates KSHV from latency in BCBL-1 cells [39].  

Methylation of CpG motifs provides an additional mechanism for gene silencing 

and maintaining latency. The KSHV genome is subject to CpG methylation and becomes 

abundantly methylated at 5 days post-infection (dpi) in BCBL-1 and SLK cells [37]. Like 

histone modification, methylation of the KSHV genome is variable. As such, the ORF50 

gene encoding RTA is hypermethylated during latency in some KSHV-infected cell lines 

but not in others, and the ORF73 gene encoding LANA is not subject to DNA 

methylation [37,40]. Therefore, establishment and maintenance of viral latency is a 

multifactorial process that requires multiple layers of transcriptional regulation.  

1.3.1 Latency-Associated Nuclear Antigen (LANA) 

LANA is a multifunctional, DNA-binding protein that is encoded from ORF73 

and is abundantly expressed in latently infected cells [41–43]. The protein localizes to the 

nucleus and forms nuclear aggregates by oligomerization of its C-terminal DNA-binding 

domain. Oligomerization is critical to LANA function and required for DNA binding and 

episome maintenance. Oligomerization-deficient LANA mutants fail to associate with the 

viral terminal repeat (TR) sequence and display a diffuse pattern of localization inside the 

nucleus instead of forming nuclear aggregates [44]. LANA allows the episome to persist in 

infected cells by binding the viral TR sequence and cellular chromosomes and therefore 

tethering the episome to the cellular DNA (Fig. 1). LANA also recruits cellular origin 

recognition complexes (ORCs) and minichromosome maintenance (MCM) proteins to 
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the viral TR that initiate episome unwinding and DNA replication. As such, LANA is not 

only essential for episome maintenance but also allows the episome to be passed on to 

daughter cells [45–47]. LANA also regulates the latent gene expression landscape by 

binding viral latent promoters and recruiting the human SET domain-containing 1 (hSet1) 

methyltransferase that tri-methylates H3K4 and permits transcriptional initiation. Cellular 

promoters may also be subject to LANA-mediated epigenetic control because LANA 

associates with H3K4-me3 at various cellular promoters, including those that regulate 

chromosome organization and apoptosis [43,48]. Other functions of LANA include 

promoting cell survival and oncogenesis, which the protein facilitates by inhibiting the 

tumor suppressor protein p53 [49] and by dysregulating tumor growth factor β (TGF-β) 

signaling through silencing of the TGF-β receptor II [50].  

1.3.2 Other Latent Transcripts 

Most latent viral transcripts found in all KSHV-associated malignancies are 

expressed from the latency locus, a region on the KSHV genome that encodes multiple 

polycistronic transcripts. One of these transcripts is transcribed from three distinct ORFs 

and encodes LANA (from ORF73), a viral cyclin D homologue (v-Cyclin, encoded from 

ORF72), and Fas-associated death domain (FADD)-like IL-1β-converting enzyme 

(FLICE)-inhibitory protein (vFLIP, encoded from ORF71) from a single promoter [51–53]. 

Adjacent to ORFs 73-71 are ORF K12 and two GC-rich direct repeat (DR) sequences, 

which comprise the Kaposin locus that encodes Kaposin A-C from a single promoter by 

use of alternative, non-AUG, start codons [54,55]. The region that separates ORFs 71-73 

from ORF K12 also contains promoters and expresses 13 micro RNAs (miRNAs) from 

the sense and antisense strand that are then processed into a total of 25 mature miRNA 

derivatives [56–58]. miRNAs are short, non-coding RNAs ~22 nucleotides (nt) in length 

that are initially made as pre-miRNAs and are then processed into mature miRNAs. They 

can base-pair with complementary 5’ and 3’ untranslated regions (UTRs) of mRNAs and 

promoter regions of genomic DNA to regulate gene expression by silencing at the 

transcriptional and post-transcriptional level [59]. The KSHV-encoded miRNAs are 

multifunctional and target cellular transcripts, such as those encoding p21 [60], inhibitor of 

nuclear factor kappa B (IκBα) [61,62], and CCAAT/enhancer-binding protein α (C/EBPα), 
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to inhibit expression of all classes of lytic genes [63], and regulate the NF-κB pathway to 

prevent growth arrest, protect from apoptosis of infected cells [64], and promote 

oncogenesis [62]. Likewise, v-Cyclin and vFLIP prevent G0/G1 cell cycle arrest [65,66] and 

inhibit lytic gene expression [67], respectively. v-Cyclin and vFLIP are also oncogenes and 

induce tumorigenesis in mouse models and therefore most likely contribute to the 

tumorigenesis of KSHV in human patients as well [68–70].  

Another latently expressed contributor to KSHV pathogenesis is Kaposin B, the 

most abundant protein product of the Kaposin locus expressed in the BCBL-1 PEL cell 

line [54]. Transcription from ORF K12 yields a transcript that spans ORF K12 as well as 

the DRs immediately downstream of K12. The transcript is spliced and translation 

initiation from different sites within the transcript yields the three Kaposin proteins A-C. 

Translation of the DR sequences is initiated from a CUG codon located in the 5’ region 

of the DR sequences and produces Kaposin B  [54,55]. The presence and length of 

additional repeat elements 5’ to the DR sequences varies between PEL and KS isolates 

and affects translation, such that some KS and PEL tumors lack Kaposin B, but still 

express Kaposin A and C [55]. During latency, Kaposin B activates the cellular mitogen-

activated protein kinase (MAPK) p38, and MAPK-activated protein kinase 2 (MK2) - a 

target of p38-mediated phosphorylation - which are implicated in inflammatory responses 

and cell proliferation. The Kaposin B-mediated dysregulation of the p38/MK2 pathway 

results in the upregulation of cytokine-expressing genes, such as IL-6, which in turn 

provide a favourable environment for the survival and proliferation of KS spindle cells 

[71].  

1.4 Lytic Replication 

 A small percentage of latently infected cell populations can undergo spontaneous 

reactivation and lytic replication. Spontaneous expression of lytic markers, such as RTA 

and the capsid protein ORF65, has been observed in KSHV-positive PEL cell lines, KS 

skin biopsies, and other latently infected cells [72–77]. Lytic replication culminates in a 

temporally regulated cascade of gene expression, DNA replication, and virion production 

and allows the virus to spread to new tissues in the host (Fig. 1). KSHV episomes are not 

stably maintained in all cell types and may be lost after repeated rounds of cell division. 
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Therefore, lytic replication may provide a mechanism to sustain viral infection and 

pathogenesis in the host [78]. Reactivation from latency is accompanied by epigenetic 

changes and chromatin remodeling that permit the efficient transcription of lytic genes. 

During latency, the ORF50 promoter is bivalent and occupied by histones carrying both 

repressive (H3K27-me3) and activating (H3K4-me3) histone modifications. This bivalent 

chromatin profile contributes to RTA suppression during latency but allows for more 

rapid RTA expression following reactivation. Some early genes, including K4.2, K8, 

ORF45, and ORF48, are likewise tri-methylated during latency and display the same 

bivalent histone modification profile as the ORF50 promoter. During early lytic 

replication, the repressive H3K27-me3 modifications of the bivalent promoters decrease 

and the activating H3K4-me3 modifications increase, which permits the expression of 

RTA and early lytic genes. Most E gene promoters are occupied by histones carrying 

activating modifications during latency and lytic reactivation but depend on RTA for 

their expression. Conversely, promoters of most late (L) genes retain their repressive 

histone modifications during E gene expression to provide additional temporal control to 

the lytic gene expression program [37,79]. The viral early gene product, ORF59, a DNA 

polymerase processivity factor, and the viral non-coding polyadenylated nuclear RNA 

(PAN RNA) transcript co-operate to restructure the epigenetic landscape of the ORF50 

promoter during lytic reactivation. PAN RNA binds the ORF50 promoter and forms a 

scaffold that allows ORF59 to interact with the cellular demethylases ubiquitously 

transcribed tetratricopeptide repeat protein X-linked (UTX) and Jumonji domain 

containing 3 (JMJD3). The interaction between PAN RNA and ORF59 mediates the 

recruitment of UTX and JMJD3 to the ORF50 promoter where the demethylases remove 

the repressive H3K27-me3 histone modification and relieve ORF50 silencing [80,81]. More 

recently, ORF59 has also been found to inhibit the cellular protein arginine 

methyltransferase 5 (PRMT5) during early lytic replication. PRMT5 di-methylates 

arginine 3 of H4 (H4R3me2s) and promotes placement of the repressive H3K27-me3 

modification, therefore converting the viral episome to heterochromatin and maintaining 

latency. The association of ORF59 with the methyltransferase site of PRMT5 prevents its 

association with the viral chromatin and reduces H4R3me2s enrichment while 

simultaneously increasing H3K4-me3 modifications on viral promoters [82]. Lastly, PAN 
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RNA has been shown to interact with the methyltransferase myeloid/lymphoid or mixed-

lineage leukemia protein 2 (MLL2), which tri-methylates H3 at lysine 4 (H3K4-me3) and 

might promote viral reactivation [80]. As such, ORF59 and PAN RNA may assist in 

converting the viral heterochromatin to transcriptionally active euchromatin during lytic 

reactivation.  

1.4.1 Immediate Early and Early Gene Products 

 RTA is the only viral IE gene product, and its expression is crucial to lytic viral 

replication. The potent viral transcription factor drives expression of all classes of lytic 

genes during infection [83] and is required for origin-dependent DNA replication of the 

viral genome [84,85]. The early gene product and transcription factor (TF) KSHV basic 

leucine zipper (K-bZIP), expressed from the K8 gene, fine-tunes the lytic transcription 

program by interaction with RTA. K-bZIP functions as a co-factor and repressor of RTA 

[86,87] and modulates the transactivation activity of RTA to enhance expression of E and L 

genes while repressing expression of RTA. Thus, K-bZIP provides temporal control to 

lytic gene expression [83]. The abundantly expressed PAN RNA also plays a regulatory 

role during lytic reactivation and permits efficient viral gene expression. PAN RNA 

deficient viruses are not able to produce progeny virions and viral gene expression is 

reduced in the absence of PAN RNA [80]. The non-coding RNA binds the promoter 

regions of the viral episome and the cellular genome and might influence gene expression 

by recruiting transcription factors and histone methyltransferases or preventing promoter 

access [80,88].  

Viral transcripts are synthesized in the host cell nucleus and are exported to the 

cytoplasm with the aid of the early gene product and RNA-binding protein ORF57. 

ORF57 interacts with viral transcripts and facilitates the nuclear export of intronless 

RNAs [89–91], protects protein-coding and non-coding RNAs from RNA decay [92,93], and 

enhances the translation of viral transcripts by mediating their splicing [94]. ORF57 

enhances lytic gene expression at the post-transcriptional level and is required for 

efficient viral replication and virion production [95]. 
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1.4.2 Immune modulation 

Multiple early gene products serve to create an environment conducive for 

efficient viral replication. Type 1 interferons (IFNs) are cytokines produced in response 

to viral infection and constitute signaling pathways that induce a range of cellular 

processes involved in antigen presentation, induction of apoptosis, and inhibition of viral 

replication and gene expression. Cellular pattern recognition receptors (PRRs) sense viral 

DNA, RNA, and peptides, and activate interferon regulatory transcription factors (IRFs), 

such as IRF3 and IRF7, that transactivate the expression of type 1 IFNs. These type 1 

IFNs then act in a paracrine and autocrine fashion and signal through various adaptors, 

such as the interferon-stimulated gene factor 3 (ISGF3), comprised of signal transducer 

and activator of transcription 1 (STAT), STAT2, and IRF9, to activate the expression of 

interferon-stimulated genes (ISGs) that encode antiviral effectors [96]. KSHV encodes 

four individual proteins with homology to cellular IRFs. These viral IRFs, vIRF1-4, 

interfere with type 1 IFN production and signaling by various mechanisms [97]. vIRF4, 

expressed from ORF K10, prevents the dimerization of the cellular IRF7 and subsequent 

transactivation of the IFN-α promoter, therefore reducing intracellular IFN levels [98]. 

Similarly, vIRF3, expressed from ORF K10.5, also targets IRF7 and interferes with its 

ability to bind and transactivate the IFN-α promoter [99]. Downstream of type 1 IFN 

production, vIRF2, expressed from ORF K11, inhibits the ISGF3 complex from 

transactivating interferon-stimulated response elements (ISREs) in the promoters of ISGs 

[100].  

Other viral proteins that interfere with type 1 IFN signaling include the E gene 

product of ORF45, which inhibits the phosphorylation and nuclear localization of IRF7 

and therefore inhibits type 1 IFN production [101]. The late gene product and tegument 

protein ORF52 binds and inhibits the sensor of viral cytosolic dsDNA cyclic GMP-AMP 

synthase (cGAS) and prevents the downstream activation of IRF3 and type 1 IFN 

production [102]. The early gene products and ubiquitin ligases K3 and K5 downregulate 

the expression of surface major histocompatibility complex (MHC) class I to prevent 

activation of innate immune effector cells [103,104]. Lastly, broad inhibition of host gene 

expression by a process termed host shutoff may also facilitate immune evasion and 
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allow for more efficient co-opting of the cellular replication machinery in favour of 

enhanced viral replication [105]. The viral shutoff and exonuclease (SOX), encoded from 

ORF37 early during lytic viral replication, possesses endoribonuclease (RNase) and 

deoxyribonuclease (DNase) activity and facilitates the degradation of most host mRNAs 

in the cytoplasm [105,106]. Only 20% of cellular transcripts, such as the one encoding IL-6, 

are refractory to SOX-mediated host shutoff and accumulate normally during lytic 

replication [107,108]. SOX is site-specific and targets and cleaves mRNAs that contain 

adenine dimers or trimers [109] as well as stem loops or bulge structures [105]. The cleaved 

mRNAs then become substrates for the cellular exoribonuclease 1 (Xrn1), which 

mediates the decay of the cleaved transcripts and results in a global downregulation of 

cellular gene expression [105,110]. Virus mediated host shutoff may therefore provide 

KSHV with an additional mechanism for controlling the expression of type 1 IFNs and 

class I MHC.  

1.4.3 Oncogenesis and Angiogenesis 

Multiple lytic viral gene products contribute to oncogenesis and survival of 

infected cells [10]. vIRF1, expressed from ORF K9, downregulates the expression of the 

tumor suppressor protein p53 and the cyclin-dependent kinase inhibitor p21 to prevent 

cell cycle arrest and apoptosis in KSHV-infected cells [111–113]. vIRF3, the only vIRF also 

expressed in latently infected cells, is required for the proliferation and survival of 

KSHV-infected PEL cells. In vIRF3 knock-down body-cavity based lymphoma (BC-3) 

cells, caspases 3 and 7 are cleaved and infected cells undergo apoptosis [114]. KSHV also 

expresses a constitutively active G protein-coupled receptor (vGPCR, from ORF74) with 

homology to human IL-8 early during lytic replication [115,116]. vGPCR induces 

tumorigenesis and angiogenesis in vitro and in vivo [115] by signaling through the 

phosphoinositide-3 kinase (PI3K) and protein kinase B (Akt) pathway [116], and MAPK 

and p38 pathways [117] to activate NF-κB, activator protein 1 (AP-1) [118], vascular 

endothelial growth factor (VEGF) [117], and cyclooxygenase-2 (COX-2) [119] to promote 

the production of proinflammatory and angiogenic cytokines and chemokines [118]. K-

bZIP and ORF45 directly and independently associate with and inhibit the transactivation 
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activity of the tumor suppressor p53 and potentially facilitate tumor persistence by 

preventing apoptosis of infected cells [120,121].  

1.4.4 DNA Replication 

Six E genes encode proteins that are directly involved in lytic DNA replication 

and include the viral DNA polymerase. During latency, genome replication is initiated 

from the viral TR and requires the host machinery, including the cellular DNA 

polymerase, to replicate the viral episome. By contrast, lytic DNA replication is initiated 

at two homologous lytic origins of replication (oriLyt), termed oriLyt-L and oriLyt-R, 

and the DNA is subsequently amplified by rolling circle replication using the viral DNA 

polymerase, ORF9. OriLyt-L is located between ORFs K4.2 and 5 and is an inverted 

homolog of oriLyt-R, which is located about 50,000 bp away from oriLyt-L, between 

ORFs 69 and 71 [84,122]. Efficient DNA replication relies upon cis- and trans-acting 

elements: both oriLyt sequences contain eight C/EBPα binding sites organized into four 

palindromes, two AT-rich palindromic sequences, an RTA response element (RRE), a 

TATA box, and three cyclic AMP response elements (CREs), all of which are required 

for efficient DNA replication [84,123]. The trans-acting factors required for DNA 

replication are RTA, K-bZIP, and the viral pre-initiation complex (vPIC) consisting of 

the viral DNA polymerase (ORF9), processivity factor (ORF59), helicase (ORF44), 

primase (ORF56), primase-associated factor (PAF, ORF40/41), and single-stranded DNA 

binding protein (SSB, ORF6). RTA and K-bZIP do not actively partake in genome 

replication but act as origin-binding proteins and allow DNA replication to initiate. K-

bZIP is likely recruited to the C/EBPα binding sites through its interaction with C/EBPα, 

whereas RTA associates with the RRE directly. oriLyt-L/R contain a promoter that is 

RTA-inducible; transactivation of this promoter may license DNA replication and allow 

the vPIC to assemble on the DNA and commence genome replication [84,123].  

1.4.5 Late Gene Expression 

Continuous viral genome replication is necessary for L gene expression. The 

exact mechanism by which ongoing genome replication licenses L gene expression is 

unknown but may involve the maintenance of nuclear replication compartments that 

permit transcription from newly synthesized genomes. In addition to viral DNAs, these 
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replication compartments may also contain viral and cellular transcription factors needed 

for L gene expression or may exclude histones and other DNA-binding proteins that 

would otherwise render the DNA inaccessible to transcription factors. Blocking viral 

DNA replication leads to the dissolution of nuclear replication compartments and 

abolishes L gene expression [124]. L gene expression is regulated differently from early 

gene expression and requires a set of viral transcription factors that are conserved across 

all γ-herpesviruses. In KSHV, these transcription factors are encoded by ORFs 66, 31, 18, 

30, 34, and 24 [125,126]. ORF24 encodes a functional analog of the cellular TATA-binding 

protein (TBP) that binds the C-terminal domain repeats of the cellular RNA polymerase 

II (Pol II) [127] to recruit Pol II to viral L promoters and initiate gene expression [128]. 

ORF24 mutants that cannot bind Pol II are unable to induce L gene expression [128]. 

ORF34 is likewise required for L gene expression and acts as a scaffold to connect the 

viral TFs ORF66, 31, 18, 23, and 30 to ORF24 and Pol II and therefore promotes the 

assembly of a transcription-competent pre-initiation complex on viral L promoters 

[125,126].  

1.4.6 Genome Packaging, Capsid Assembly, and Egress 

Multiple L genes encode capsid, envelope, and tegument proteins that collectively 

make up progeny virus particles. The icosahedral capsid is composed of around 3,000 

proteins and includes the major capsid protein (MCP, encoded from ORF25), which 

organizes into hexamers (hexons) or pentamers (pentons) to form the capsid structure. 

The protein products of ORFs 62, 26, and 65 provide further structural support by cross-

linking neighboring hexons and pentons. The small capsid protein (SCP, encoded from 

ORF65) joins adjacent MCP at their tips (called the floor), whereas the triplex, comprised 

of one Tri1 protein (encoded from ORF62) and two Tri2 proteins (encoded from ORF26), 

joins adjacent MCP at their base (called the tower) [129,130]. Capsid assembly is similar for 

all herpesviruses and takes place in the nucleus (Fig. 1). The KSHV scaffolding protein 

(SCAF, encoded from ORF17.5) assists in the assembly of a pro-capsid by forming a 

lattice upon which the MCP units are layered. As the initially spherical pro-capsid 

matures, it becomes angular and the SCAF protein is digested by the viral protease 

ORF17 and extruded from the capsid [131–133]. Three distinct types of mature capsids can 
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be recovered from herpesviruses: A, B, and C capsids. All mature capsids contain the 

capsid shell comprised of MCP, SCP, and triplexes. A-capsids only contain the capsid 

shell and lack the scaffolding protein and viral DNA. B-capsids contain the capsid shell, 

internal scaffold and the ORF17 protease, but lack DNA. C-capsids are the only capsids 

that give rise to infectious virions and contain the capsid shell and DNA, but no 

scaffolding protein [132]. Viral dsDNA head-to-tail concatemers are fed into pro-capsids 

through a portal ring that consists of 12 copies of the ORF43 portal protein [134,135] by 

action of an ATP-powered terminase complex thought to consist of ORF7, ORF29, and 

ORF67.5 [136,137]. The E protein ORF68 also assists genome packaging and forms a 

pentameric ring that might couple the terminase to the portal complex and cleave 

concatemeric DNA [138,139]. Herpesviruses, including KSHV, acquire their membrane 

glycoproteins and lipid envelope by budding into intracellular membranes. The egress 

mechanism is not fully understood and might involve an intermediary budding step 

through the nuclear membrane as well as transient acquisition of an envelope [140,141]. 

Inside the cytoplasm, the viral particles acquire a tegument layer that later forms the 

interface between the capsid and the envelope. Tegument proteins include ORFs 63, 64, 

and 45, and are involved in the intracellular transport of virus capsids during entry and 

egress, and mediate virion assembly by positioning the capsid at the Golgi network from 

which the lipid envelope will be acquired [142–144]. Of those, the outer tegument protein 

ORF45 is crucial to viral egress and mediates the transport of the mature capsids along 

microtubules by interaction with the cellular kinesin family member 3A (KIF3A) subunit 

of the kinesin-2 motor protein [145]. ORF45 also promotes budding by associating with 

membrane microdomains, called lipid rafts, of the Golgi network [141]. Finally, virus 

particles acquire their lipid envelope by budding into Golgi-derived vesicles and exit the 

cell by exocytosis [140,141] (Fig. 1). Release of infectious virions permits transmission to 

neighboring cells and facilitates spread.  

1.5 Reactivation from Latency 

 RTA expression alone is sufficient to reactivate KSHV from latency and induce 

the expression of early lytic genes [35,146]. Viral and cellular factors co-operate with RTA 

to augment expression from the ORF50 gene for sustained lytic replication [147,148]. 
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Reactivation from latency is controlled by suppression of the ORF50 promoter. Relief of 

this suppression or induction of ORF50 expression facilitates the lytic switch. For 

instance, the DNA methyltransferase inhibitor 5-azacytidine removes suppressive CpG 

methylation from the ORF50 promoter and permits RTA production [40]. The histone 

deacetylase inhibitor sodium butyrate (NaB) increases acetylation of histones H3 and H4 

at the ORF50 promoter and restructures the nucleosomes to free a binding site for the 

cellular transcription factors specificity protein 1 and 3 (Sp1/Sp3) that then transactivate 

ORF50 [149,150]. The proto-oncogenic serine/threonine kinases proviral insertion in murine 

1 (Pim1) and Pim3 phosphorylate LANA and prevent the LANA-mediated inhibition of 

transcription from ORF50 to also relieve suppression of the ORF50 promoter [151]. The 

ORF50 promoter also contains binding sites for hypoxia-inducible factor-1α (HIF-1α), X-

box binding protein 1 spliced (XBP1s), and AP-1, which are cellular transcription factors 

that can transactivate ORF50 and facilitate KSHV reactivation [152–154]. HIF-1α is 

expressed in response to hypoxia and transactivates the ORF50 promoter in co-operation 

with LANA [152]. XBP1s is produced during ER stress as part of the unfolded protein 

response (UPR) [155]. AP-1 expression is activated by multiple MAPKs, including 

extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinase (JNK), and p38, 

in response to the chemical 12-O-tetradecanoyl-phorbol-13-acetate (TPA) [154]. Aside 

from TPA, MAPK signaling pathways can also be induced by members of the Ras family 

of GTPases [156], co-infection with herpes simplex virus type 1 (HSV-1) [157], the reactive 

oxygen species (ROS) hydrogen peroxide (H2O2) 
[77], and the signaling molecule 

histamine [158], all of which reactivate KSHV from latency in BC-3, BCBL-1, or renal 

carcinoma iSLK.219 cell lines. Co-infection with other viruses, including HIV [159] and 

vesicular stomatitis virus (VSV), can also trigger the lytic switch by activating cellular 

signaling pathways, such as toll-like receptor (TLR) 7 and 8 signaling [160]. 

1.6 The Unfolded Protein Response 

The following section 1.6 was adapted from the review titled “The bZIP Proteins of 

Oncogenic Viruses” [161]. 

 The unfolded protein response (UPR) is a cellular stress response that responds to 

accumulation of unfolded proteins in the endoplasmic reticulum (ER), the site of 



17 

 

synthesis and folding of secreted and transmembrane proteins [162]. Nutrient deprivation, 

Ca2+ depletion, hypoxia, heart disease, diabetes and viral infection are all factors that can 

cause accumulation of unfolded proteins in the ER lumen and trigger stress responses 

[163]. Cells sense ER stress through the ER-resident transmembrane receptors inositol-

requiring enzyme 1 (IRE1), protein kinase R-like endoplasmic reticulum kinase (PERK) 

and activating transcription factor 6 (ATF6) (Fig. 2). In the absence of ER stress, the 

luminal domains of IRE1, PERK, and ATF6 are bound by the cellular chaperone binding 

immunoglobulin protein (BiP), which represses activation of each of these sensors [164]. 

The dual function of BiP as a chaperone and repressor of the UPR sensors is controlled 

by a post-translational modification (PTM) that involves addition of adenosine 

monophosphate (AMP) to threonine 158 of BiP. This modification is carried out by the 

cellular protein adenylyltransferase FIC-domain-containing ER-localized enzyme (FICD) 

and is called AMPylation. BiP AMPylation reduces substrate binding affinity and 

switches BiP to a repressor of the UPR sensors. When unfolded proteins accumulate in 

the ER, FICD de-AMPylates BiP to increase substrate affinity and switch BiP to a 

chaperone [165]. As BiP becomes active as a chaperone, it dissociates from the stress 

sensors, therefore activating the UPR [166]. The UPR sensors may also respond to 

unfolded proteins directly, as IRE1 can become activated upon association with unfolded 

proteins [167]. The IRE1, PERK, and ATF6 arms of the UPR collectively function to 

increase the ER folding capacity and restore homeostasis. This includes mediating the 

degradation of unfolded proteins, upregulating chaperone synthesis, and enhancing lipid 

biogenesis. If ER stress cannot be resolved, the cell switches from an adaptive response 

to an apoptotic response [162]. 

1.6.1 The ATF6 Arm of the UPR 

 ATF6 is a constitutively expressed type II transmembrane protein that resides in 

the ER but undergoes ER-to-Golgi localization and proteolytic processing upon ER stress 

sensing and activation [168,169]. In the ER, ATF6 exists as dimers stabilized by interchain 

disulfide bonds formed between cysteines at amino acid (aa) positions 467 or 618 in the 

luminal domain of ATF6 [170,171]. Under normal physiological conditions, BiP associates 

with the luminal domain of ATF6 and sequesters ATF6 in the ER by masking its Golgi  
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Figure 2. The unfolded protein response responds to ER stress to restore 

homeostasis. The UPR transmembrane sensors PERK, IRE1, and ATF6 are suppressed 

by the ER chaperone BiP in the absence of ER stress. When unfolded proteins 

accumulate in the ER lumen, BiP dissociates from the sensors to assist in protein folding, 

thereby activating the UPR. The kinase PERK oligomerizes, autophosphorylates, and 

phosphorylates translation initiation factor eIF2α, which attenuates global translation. 

Transcripts containing 5’ uORFs, such as the ATF4 transcript, are preferentially 

translated when eIF2α is phosphorylated. Translation of the ATF4 transcript yields the 

bZIP transcription factor ATF4, which induces genes involved in restoring homeostasis 

and regulating apoptosis. The ribonuclease IRE1 oligomerizes, is phosphorylated, and 

excises an intron from the xbp1 transcript. Excision of the intron results in a frameshift 

that allows expression of the bZIP XBP1s, which induce the expression of BiP and genes 

involved in ERAD. ATF6 is shipped to the Golgi and proteolytically processed by 

proteases S1P and S2P to liberate its N-terminus, ATF6-N, which is a bZIP transcription 

factor that induces genes encoding xbp1 and chaperones, including BiP.  
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Figure 2. The unfolded protein response responds to ER stress to restore 

homeostasis. 

 

 

 

 

 

 

 

 

 



20 

 

localization signals (GLS) [172]. Upon induction of ER stress and BiP dissociation, these 

GLS become unmasked, but the ER-resident oxidoreductase ER protein 18 (ERp18) 

retains ATF6 in the ER until ATF6 dimers are successfully reduced to monomers [170]. 

Monomers are then transported to the Golgi in coat protein II (COPII)-coated vesicles 

[173]. The Golgi-resident serine proteases 1 and 2 (SP-1 and SP-2) cleave the luminal 

domain of ATF6 near aa 418 and in the adjacent transmembrane domain in a two-step 

process to remove the C-terminal portion of the protein and release the 373 aa N-terminal 

portion that represents the transcriptionally active ATF6-N [169]. ATF6-N localizes to the 

nucleus and induces or upregulates the expression of genes encoding the chaperones BiP, 

glucose-related protein 94 (GRP94), calreticulin, and protein disulfide isomerases (PDIA) 

4 and 6 [174] (Table 1). Some of the protein products of ATF6-N target genes, including 

the TF XBP1s, the DNA J domain-containing (DnaJ) family of co-chaperones and the ER 

degradation enhancing alpha-mannosidase like protein (EDEM) family, are involved in 

mediating ER-associated degradation (ERAD) of unfolded or misfolded proteins [174]. As 

such, ATF6 is pivotal to the proper folding or degradation of excess proteins during ER 

stress. ATF6-N also increases ER folding capacity by transactivating genes whose protein 

products participate in the synthesis of lipids and fatty acids that increase ER surface 

area. Indeed, lipotoxic stress can activate ATF6 in a BiP-independent manner and 

represents a pathway for ATF6 activation in the absence of ER stress [175]. ATF6 mounts 

a rapid response to ER stress and localizes to the Golgi as soon as 30-45 minutes 

following activation [170]. The ATF6-N-mediated response to ER stress is controlled - and 

perhaps limited - by a half-life of only about 40 minutes [176]. The N-terminus of ATF6 

contains a short 8 aa sequence with 75% aa homology to the VN8 region of the HSV 

viral protein 16 (VP16). The VN8 sequence renders VP16 and ATF6 susceptible to rapid, 

proteasomal degradation [177]. ATF6 is also a substrate of ERAD and can be degraded in a 

SEL1-dependent manner that requires the C-terminal, luminal domain of ATF6 [176].  

1.6.2 The IRE1 Arm of the UPR 

 The IRE1 arm is the sole arm that governs the UPR in budding yeast [178]. IRE1 is 

a type I transmembrane serine/threonine kinase and RNase that resides in the ER. In 

mammals, two genes encode the homologues IRE1α and IRE1β. Both proteins contain  
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Table 1. Promoters of ATF6-N and XBP1s target genes contain conserved 

transcription factor binding sites. ATF6-N and XBP1s can recognize and bind ERSE-I, 

ERSE-II, UPRE, and UPRE-II sequences with different affinities. ERSE-I, ERSE-II, and 

UPRE-II contain 5’-CCAAT-3’ sites that facilitate binding of NF-Y, which is required 

for ATF6-N and XBP1s binding to the downstream 5’-CCACGT-3’ or 5’-CCGCGT-3’ 

[186,187]. NF-Y binding is not required for XBP1s binding to ERSE-II and UPRE-II [187]. 

The promoters of some UPR-sensitive genes, such as HSPA5, HERPUD1, and CHOP, 

can be induced by ATF6-N, XBP1s, and ATF4 [174,188–192]. 
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conserved domains and carry out conserved functions to regulate the UPR, but IRE1α is 

expressed in all cell types whereas IRE1β is only expressed in intestinal epithelial cells 

[179–183]. IRE1α (from here on called IRE1 for simplicity) dimerization and 

phosphorylation is required for its activation in response to ER stress [167,179,181,182,184]. 

Unfolded or misfolded proteins might also contribute to IRE1 activation by binding an 

MHC-like peptide binding groove in the luminal domain of IRE1 [167,185]. In the absence  

of ER stress, BiP is recruited onto the luminal domain of IRE1 by the co-chaperone 

endoplasmic reticulum-localized DnaJ protein 4 (ERdj4) and represses IRE1 activation 

and RNase activity by promoting IRE1 monomerization [193,194]. BiP dissociation permits 

the formation of back-to-back dimers of IRE1 where the kinase active sites of the 

individual monomers face and phosphorylate each other to generate RNase-competent 

IRE1 complexes [184,195]. Phosphorylation of the activation loop located in the kinase 

domain is critical to conferring RNase function [183]. Activated IRE1 oligomers utilize 

their C-terminal, cytoplasmic RNase domains to excise an intron from the yeast Hac1 

transcript and its mammalian homologue Xbp1 in a spliceosome-independent manner 

[155,178]. Conventional RNA splicing is a multi-step process that relies on several small 

nuclear RNAs (snRNAs) and proteins working in concert. Canonical introns contain 

conserved 5’ and 3’ flanking sequences, as well as an intronic branch point containing a 

critical A nucleotide. During conventional splicing, the ribonucleoprotein complexes 

assemble on the intron and cleave and attach the 5’ splice site (SS) to the branch point A 

to generate a branched intermediate known as the lariat. The 5’ SS and 3’ SS are then 

joined, the lariat is removed, and the splice sites are re-ligated to generate a spliced 

transcript [196]. By contrast, the IRE1-mediated splicing of Hac1/Xbp1 only requires two 

enzymes: IRE1 and a cellular tRNA ligase. IRE1 recognizes two stem-loops in the 

Hac1/Xbp1 transcript and cleaves each loop once to excise a 252/26-nt intron. The tRNA 

ligase then re-joins the resulting fragments [155,178,197,198]. Hac1/Xbp1 is not the only target 

of IRE1-mediated splicing; IRE1 dimers can also cleave other RNAs by regulated IRE1-

dependent decay (RIDD) to reduce the number of transcripts that need to be translated 

and polypeptides that need to be folded in the ER [199,200].  
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Xbp1 splicing results in a frameshift that produces the TF XBP1s upon translation 

[155]. XBP1s induces or upregulates the expression of ERAD genes and chaperones in co-

operation with ATF6-N to maximize protein folding and reduce the burden on the ER 

folding machinery [174,189]. Additionally, XBP1s co-ordinates the expression of secretory 

(Sec) genes whose protein products constitute the COPII ER to Golgi trafficking pathway 

and mediate lipoprotein secretion in the liver. XBP1s not only responds to ER stress but 

also nutrient availability, because it promotes COPII-mediated lipoprotein secretion when 

nutrients are abundant and suppresses the COPII pathway when nutrients are limited [201]. 

Unspliced Xbp1 produces the truncated XBP1u that shares its N-terminus with XBP1s, 

but not its C-terminus. XBP1u is not a transcriptional activator but plays an important 

role in restoring homeostasis by binding and destabilizing XBP1s and ATF6-N and 

targeting them for degradation by the proteasome during the resolution phase of ER stress 

[202,203]. 

1.6.3 The PERK Arm of the UPR 

 PERK, like IRE1, is a type I transmembrane serine/threonine kinase that becomes 

activated upon oligomerization and autophosphorylation [204,205]. BiP and the cellular 

chaperone GRP94 bind the N-terminal luminal domain of PERK and prevent its 

activation, possibly by keeping PERK in a monomeric or dimeric state and preventing 

oligomerization [204]. Upon BiP and GRP94 dissociation, PERK forms kinase-competent 

oligomers that phosphorylate the eukaryotic translation initiation factor 2 subunit alpha 

(eIF2α) to attenuate global translation and stall cell cycle progression [204,206]. Misfolded 

proteins may also promote PERK oligomerization and activation by engaging with a 

peptide binding groove located in the luminal domain of PERK and tethering adjacent 

PERK dimers together [167,207]. PERK, like IRE1, forms back-to-back dimers, but unlike 

IRE1, the C-terminal kinase activation loops of the PERK monomers face away from 

each other. PERK phosphorylation might therefore be achieved by adjacent dimers 

phosphorylating each other once they have assembled into oligomers. Upon 

phosphorylation, the unstructured kinase activation loop of PERK becomes ordered and 

binds eIF2α [205]. eIF2α is a subunit of the GTP-bound eIF2 protein complex that together 

with the initiator methionyl-tRNA (Met-tRNAi) and the 40S small ribosomal subunit 
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forms the 43S pre-initiation complex (PIC). The PIC initiates translation by scanning 

mRNAs for the AUG start codon and recruiting the 60S large ribosomal subunit. Once 

the AUG has been identified, the PIC locks onto the mRNA, the GTP bound to eIF2 is 

hydrolyzed to GDP, and eIF2 is released. To begin another round of translation initiation, 

eIF2-GDP needs to be re-cycled to eIF2-GTP by the guanine nucleotide exchange factor 

eIF2B [208]. eIF2α makes direct contact with the α, β, and δ subunits of eIF2B during the 

exchange. Phosphorylation of eIF2α at serine 51 stabilizes the interaction between eIF2 

and eIF2B and prevents the re-cycling of eIF2-GDP to eIF2-GTP, thereby preventing the 

assembly of another PIC [209]. By phosphorylating eIF2α, PERK inhibits global 

translation and relieves the burden on the ER folding machinery during ER stress. The 

kinases protein kinase double-stranded RNA-dependent (PKR), general control non-

derepressible-2 (GCN2), and heme-regulated inhibitor (HRI) are activated by diverse 

stresses and likewise phosphorylate eIF2α and represent a complex and versatile 

machinery to control translation [210]. 

 Not all mRNA translation is attenuated while eIF2α is phosphorylated. 

Translation of the Atf4 transcript is upregulated when eIF2-GTP is limited and produces 

the TF ATF4 [211]. The 5’ UTR of the Atf4 transcript contains two short upstream ORFs 

(uORFs), uORF1 and uORF2, that regulate translation of the downstream ORF that 

encodes ATF4. uORF2 overlaps with the coding region of ATF4. As such, the ATF4 

coding region cannot be translated when uORF2 is translated and vice versa. Atf4 

translation begins when the scanning PIC encounters the uORF1 start codon and the 80S 

ribosome assembles for translation. Once uORF1 has been translated, the 80S ribosome 

disassembles and the 40S subunit resumes scanning until it finds the next start codon. 

When eIF2-GTP levels are high, the 40S ribosome may acquire eIF2-GTP before it 

reaches the uORF2 start codon, the PIC assembles, and uORF2 is translated. When eIF2-

GTP is low, the 40S ribosome may not acquire eIF2-GTP before it reaches the uORF2 

start codon and resumes scanning without translating uORF2. If the ribosome then 

acquires eIF2-GTP before it reaches the start codon of the ATF4 coding region, the Atf4 

transcript is successfully translated and ATF4 is made [212]. ATF4 is at the center of 

responses to ER stress, hypoxia, infection, and amino acid starvation [210] and responds by 

inducing the expression of gene products involved in protein folding, amino acid 
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metabolism [191,211,213,214] autophagy [215,216], and tumor progression and survival [217]. The 

ATF4 target and TF C/EBP homologous protein (CHOP) governs cell fate by balancing 

between autophagy, apoptosis, and ER stress resolution. CHOP and ATF4 cooperatively 

induce the expression of autophagy genes and promote cell survival by increasing the 

metabolite recycling capacity of the cell [215,218]. Prolonged ER stress and CHOP 

expression shift the balance from a pro-survival to an apoptotic response, which is 

coordinated by CHOP and its binding partner C/EBPβ [219] through multiple mechanisms 

[220]. On the other hand, the CHOP-inducible growth arrest and DNA damage-inducible 

protein 34 (GADD34) promotes recovery from ER stress and protects from apoptosis by 

recruiting the protein phosphatase 1 α (PP1α) that then de-phosphorylates eIF2α and 

allows protein translation to resume normally [221,222]. 

 Together, the ATF6, IRE1, and PERK arms facilitate a coordinated response to 

ER stress and increase the ER folding capacity by attenuating global translation, 

promoting mRNA and protein turnover, maximizing protein folding, and increasing lipid 

biosynthesis to restore the cell to homeostasis. The UPR controls cell fate in response to a 

variety of stimuli and may initiate apoptotic programs if the stress cannot be resolved. 

1.7 The Basic Leucine Zipper Family of Transcription Factors 

The following section 1.7 was adapted from the review titled “The bZIP Proteins of 

Oncogenic Viruses” [161]. 

The UPR-governing TFs ATF6-N, XBP1s, ATF4, and CHOP are all members of 

the dimer-forming family of basic leucine zipper (bZIP) TFs. bZIPs are eukaryotic DNA-

binding proteins that regulate gene expression programs that govern cell proliferation, 

apoptosis [223,224], response to ER stress, homeostasis [162], and long-term memory [225]. All 

bZIP TFs contain two common structural motifs: an α-helical leucine zipper (ZIP) 

dimerization domain, and a DNA-binding domain rich in basic amino acid (aa) residues 

(Fig. 3 & 4). The leucine zipper is 60–80 aa in length and organizes into repeats of seven 

aas (heptad repeats) that contain highly conserved leucines at every seventh position 

throughout the domain [226]. Each heptad repeat spans two α-helical turns, allowing ZIP 

domains to form homodimers or heterodimers with adjacent ZIP-helices through 

hydrophobic interactions between leucines in the ‘d’ positions and other, commonly 
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hydrophobic residues in the ‘a’ positions. Formation of salt bridges between charged aas 

in the ‘e’ and ‘g’ positions further stabilize dimer formation. The interaction between two 

monomers forms a coiled-coil structure [227]. The DNA-binding domain is located 

adjacent to the ZIP domain [228] and is connected to the first heptad repeat of the leucine 

zipper by a short hinge region. The DNA-binding domain, also called the basic domain, 

makes direct contact with specific DNA sequences known as response elements (REs) 

and provides transactivation specificity. This domain comprises highly conserved basic 

amino acid residues that stabilize DNA-protein interactions [226].  

bZIPs organize into multiple families and subfamilies that evolved from common 

ancestors by diversification and gene duplications. Vertebrates contain the most diverse 

bZIPs and include the Jun, Fos, ATF, musculoaponeurotic fibrosarcoma (Maf), old 

astrocyte specifically induced substance (OASIS), CRE-binding protein (CREB), and 

C/EBP subfamilies of bZIPs [229]. A well-studied example of a heterodimeric bZIP TF is 

the AP-1 complex, which is commonly depicted as consisting of one c-Jun and one c-Fos 

monomer that together form a heterodimer. The AP-1 complex not only forms between 

members of the Jun and Fos families of bZIP proteins, but can also comprise members of 

the ATF, and Maf families of bZIPs [223]. bZIP assembly into homo- and heterodimers 

controls sequence-specific DNA binding [228,230]. For example, ATF homodimers bind the 

5’-TGACGTCA-3’ CREs and Maf family homodimers recognize 5’-

TGCTGAC(G)TCAGCA-3’ Maf response elements (MAREs), whereas ATF/Maf 

heterodimers recognize a hybrid 5’-TGCTGACGTCA(C/T)-3’ motif that shares sequence 

similarities with both CREs and MAREs. Jun homodimers bind 5’-TGA(G/C)TCA-3’ 

TPA response elements (TREs), and ATF4 homodimers recognize CREs, whereas 

Jun/ATF4 heterodimers bind both TREs and CREs [230]. Divergent bZIP proteins can bind 

common REs: for example, CREs are bound by ATFs, but also by CREB family 

members [225]. Heterodimer formation is ubiquitous between and within all families of 

bZIP proteins. The C/EBP family of bZIPs comprises six members (C/EBP-α, -β, -γ. -δ, -

ε, and CHOP) that recognize 5’-(A/G)TTGCG(T/C)AA(T/C)-3’ DNA consensus sites, 

called CAAT boxes [231]. C/EBPs do not participate in the formation of AP-1 complexes 

but can form homodimers or heterodimerize with other C/EBP family members, or with 

ATF, Jun, Fos, and Maf family members [232–234]. CREB family members also do not  
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Figure 3. Structure of the c-Jun/c-Fos heterodimer. The c-Jun/c-Fos complexes bind 

DNA as heterodimers. Each bZIP protein contains a leucine zipper (ZIP) and adjacent 

basic (b) DNA-binding domain that together constitute the bZIP domain. The ZIP domain 

organizes into heptad repeats with amino acid residues denoted as positions a–g. 

Hydrophobic interactions (black arrows) between a (blue) and d (red) residues and 

electrostatic interactions (dotted arrows) between g and e residues stabilize dimer 

formation) [161]. 
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Figure 3. Structure of the c-Jun/c-Fos heterodimer.  
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Figure 4. Sequence alignment of viral and human bZIPs. Amino acid sequences were 

obtained from the National Center for Biotechnology Information (NCBI) gene database 

and from the UniProt Knowledgebase. Colored residues represent consensus (red and 

gray) or basic (blue) amino acids. The viral bZIPs Zta, K-bZIP, MEQ, HBZ, and NS4B 

are expressed by the viruses Epstein-Barr virus, Kaposi’s Sarcoma associated 

herpesvirus, Marek’s disease virus, human T-lymphotropic virus, and hepatitis C virus, 

respectively. NCBI Accession Numbers: c-Jun NP_002219.1; c-Fos NP_005243.1; 

C/EBPα AAC50235.1; CHOP NP_001181982.1; CREB1 NP_001358356.1; NFIL3 

NP_001276928.1; XBP1s NP_001073007.1; ATF4 NP_001666.2; ATF6α NP_031374.2; 

ATF6β NP_004372.3; Zta YP_401673.1; K-bZIP AAD21530.1; MEQ AFU65791.1; 

HBZ BAX35088.1; NS4B PRO_0000037526 [161]. 
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Figure 4. Sequence alignment of viral and human bZIPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

bZIP      ------basic domain------ ------------ZIP domain------------ 

             abcdefgabcdefgabcdefgabcdefg 

c-Jun  251-ERIKAERKRMRNRIAASKCRKRKL ERIARLEEKVKTLKAQNSELASTANMLREQVAQLKQ-310 

c-Fos  136-EEEKRRIRRERNKMAAAKCRNRRR ELTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEF-195 

C/EBPα 281-NSNEYRVRRERNNIAVRKSRDKAK QRNVETQQKVLELTSDNDRLRKRVEQLSRELDTLRGIFRQLPE-347 

CHOP      128-RKQSGHSPARAGKQRMKEKEQENE RKVAQLAEENERLKQEIERLTR-173 

CREB1 268-AARKREVRLMKNREAARECRRKKK EYVKCLENRVAVLENQNKTLIEELKALKD-320 

NFIL3      72-KDAMYWEKRRKNNEAAKRSREKRR LNDLVLENKLIALGEENATLKAELLSLKL-124 

XBP1s  69-PEEKALRRKLKNRVAAQTARDRKK ARMSELEQQVVDLEEENQKLLLENQLLREKTHGLVVENQELRQ-135 

ATF4      277-KLDKKLKKMEQNKTAATRYRQKKR AEQEALTGECKELEKKNEALKERADSLAKEIQYLKD-336 

ATF6α 305-AVLRRQQRMIKNRESACQSRKKKK EYMLGLEARLKAALSENEQLKKENGTLKRQLDEVVSENQRLKV-371 

ATF6β     323-KLLKRQQRMIKNRESACQSRRKKK EYLQGLEARLQAVLADNQQLRRENAALRRRLEALLAENSELKL-389 

 

Zta   171-CDSELEIKRYKNRVASRKCRAKFK QLLQHYREVAAAKSSENDRLRLLLKQMCP-223 

K-bZIP  162-CDQSHSPTRKQGRYGRVSSKAYTR QLQQALEEKDAQLCFLAARLEAHKEQIIFLRDMLMR-221 

MEQ       46-EKQKLERRRKRNRDAARRRRRKQT DYVDKLHEACEELQRANEHLRKEIRDLRTECTSLRV-105 

HBZ  132-QERRERKWRQGAEKAKQHSARKEK MQELGIDGYTRQLEGEVESLEAERRKLLQEKEDLMG-191 

NS4B         1-SQHLPYIEQGMMLAEQFKQ KALGLLQTASRQAEVITPAVQTNWQKLEV-48 

 
L – heptad repeat dimerization contact residue ‘d’ 

N/R – DNA-binding residue 

K/R/H – basic residues 

A/N – other conserved residues        

Cellular 

Viral 
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participate in the formation of AP-1 complexes and prefer to heterodimerize with 

members of their own family or with ATFs [230,233]. Heterodimer formation not only 

controls RE recognition and binding affinity, but also affects function. C/EBP/c-Jun 

heterodimers can bind a hybrid TRE and CAAT box with a higher affinity than C/EBP 

homodimers. C/EBP/c-Jun and C/EBP/c-Fos heterodimers also potently drive monocyte 

differentiation in mouse bone marrow mononuclear cells compared to weaker C/EBP 

homodimers and c-Jun/c-Fos heterodimers [235]. Together, these studies of bZIP 

complexes have reinforced the idea that heterodimer formation diversifies the 

transcriptional output of bZIP TFs. 

1.7.1 Cross-talk Between the Three Arms of the UPR 

The UPR comprises three distinct arms, yet XBP1s, ATF6-N, and ATF4 induce 

overlapping sets of target genes. For instance, all three transcription factors can drive the 

expression of UPR target genes HSPA5 (encoding BiP), homocysteine-inducible ER 

protein with ubiquitin-like domain 1 (HERPUD1), and DDIT3 (encoding CHOP) [174,188–

192]. This cross-talk can be attributed to the propensity of these TFs for binding similar 

DNA motifs, as well as the presence of multiple different motifs in a single promoter 

(Fig. 5). The motifs that facilitate TF binding to most UPR-sensitive targets are well 

characterized and constitute the 5’-CCAAT-N9-CCACG-3’ ERSE-I [188], the 5’-ATTG-

N-CCACG-3’ ERSE-II [236], the CRE-like 5’-TGACGTG(G/A)-3’ UPRE [237], and the 

ERSE-II-like 5’-ATTG-N-CCGCG-3’ UPRE-II [238] (Table 1). The ERSE-I is a bipartite 

sequence that contains a 5’-CCAAT-3’ nuclear factor Y (NF-Y) binding site and a 5’-

CCACG-3’ ATF6-N and XBP1s binding site separated by a 9 bp spacer. NF-Y binding is 

required to facilitate ATF6-N and XBP1s binding to the adjacent 5’-CCACG-3’ [155,186]. 

The ERSE-II is similar to the ERSE-I in that it also contains an NF-Y binding site, albeit 

inverted, and a 5’-CCACG-3’ ATF6-N and XBP1s binding site separated by a one 

nucleotide spacer. ATF6-N and XBP1s induce this ERSE-II by binding the 5’-CCACG-

3’ portion on one strand, whereas NF-Y presumably binds the 5’-CCAAT-3’ portion on 

the complementary strand [236]. XBP1s is more NF-Y independent than ATF6-N and can 

bind the ERSE-II and UPRE independently of NF-Y [187]. UPRE-II is nearly identical to 

ERSE-II and only differs from ERSE-II in that the highly conserved A in the  
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Figure 5. Promoters of UPR target genes contain multiple transcription factor 

binding sites. The HSPA5, CALR, HERPUD1, and HYOU1 promoters all contain ERSE-

I elements and are ATF6-N- and XBP1s-inducible. The HERPUD1 and HYOU1 

promoters also contain ATF6-N- and XBP1s-indubible ERSE-II elements. The 

Additionally, the HERPUD1 promoter contains an XBP1s binding site, and an AARE 

that can be bound by ATF4. The HYOU1 promoter contains a UPRE that can be induced 

by ATF6-N and XBP1s heterodimers. The HPSA5 also promoter contains a CRE-like 

sequence that can be bound by ATF4. 
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5’-CCACG-3’ ATF6-N and XBP1s binding site is substituted for a G. This A to G 

substitution abolishes ATF6-N binding but permits NF-Y independent XBP1s binding. 

To date, the SYVN1 promoter is the only identified mammalian promoter that contains an 

UPRE-II [238]. The 5’-TGACGTG(G/A)-3’ UPRE is an element that only differs from the 

classical 5’-TGACGTCA-3’ CRE in its last two nucleotides but maintains the 5’-

TGACGT-3’ core sequence. The UPRE was initially discovered through artificial 

selection of ATF6-N binding sites from a pool of synthetic oligonucleotides [237], but has 

since been identified in the mammalian promoters of some ERAD genes, such as EDEM1 

[239] (Table 1). XBP1s binds ERSE-II, UPRE, and UPRE-II with a higher affinity than 

ATF6-N [187] and transactivates a larger pool of genes [174]. By contrast, ATF6-N has a 

higher affinity for ERSE-I than XBP1s [187] and also responds to lipotoxic stress and 

induces the expression of lipid metabolism genes besides its classical chaperone targets 

[175]. ATF6-N has a very low affinity for the UPRE and only binds the UPRE when 

overexpressed or when heterodimerized with XBP1s [187,239]. Therefore, the primary 

function of ATF6-N might be the induction of xbp1, chaperone genes, and lipid synthesis 

genes early during ER stress, and may then shift to assisting in the induction of ERAD 

genes once enough XBP1s has been made to allow for the formation of XBP1s/ATF6-N 

heterodimers [239,240].  

The minimal sequence required to facilitate XBP1s binding to a promoter is 5’-

ACGT-3’ as identified by chromatin immunoprecipitation sequencing (CHiP-seq) [241]. 

This sequence constitutes the core of the ERSE-II and UPRE but is also partially present 

in the ERSE-I and UPRE-II (Table 1, yellow highlights). Such a 5’-ACGT-3’ core 

sequence is contained in the human and mouse promoter of the DnaJ Heat Shock Protein 

Family (Hsp40) Member B9 (DNAJB9) gene (encoding ERdj4) and can be bound and 

induced by XBP1s to drive optimal gene expression [242]. Interestingly, XBP1s can 

reactivate KSHV from latency by transactivating the ORF50 promoter from a 5’-ACGT-

3’ binding motif located within 200 bp of the ATG start codon [153,243].  

ATF4 has not been suggested to bind ERSE-I, ERSE-II, and UPRE-II, but binds 

CRE elements and may therefore also bind the CRE-like UPRE. Indeed, early research 

identified a cis-acting element in the rat HSPA5 promoter that facilitates human ATF4 
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binding and permits ATF4 to transactivate HSPA5 expression. In rat, this ATF4 binding 

element has a sequence of 5’-TGACGTGA-3’ and is therefore identical to the UPRE [190]. 

ATF4 can also induce expression from the human HSPA5 promoter [192], in which the 

corresponding sequence is 5’-TGACGTTT-3’ (Fig. 5), which retains the 5’-TGACGT-3’ 

core of CRE-like elements [237]. As mentioned, ATF4 is responsive to amino acid 

starvation in addition to ER stress because the kinase GCN2 is activated in response to 

nutrient deprivation and, like PERK, phosphorylates eIF2α and leads to the uORF 

dependent translation of the ATF4 transcript [244]. To respond to both ER stress and amino 

acid starvation, ATF4 induces the expression of DDIT3, amino acid metabolism genes, 

such as the ASNS gene encoding asparagine synthetase, and genes whose products 

maintain proteostatic homeostasis, such as the chaperone BiP and protein disulfide 

isomerases [211]. ATF4 induces expression of some targets, including HERPUD1, an 

ERAD gene, sodium-dependent neutral amino acid transporter-2 (SNAT2), a gene 

encoding an amino acid transporter, and DDIT3 by binding amino acid response elements 

(AAREs) that constitute composite C/EBP/ATF sites with a consensus of 5’-

(R/C)TT(R/T)CRTA-3’ where R denotes a purine [191,214,245]. Additionally, some 

promoters, including those found in the DDIT3, SNAT2, ATF3, and asparagine synthetase 

(ASNS) genes, also contain AAREs with a consensus sequence of 5’-

TGATG(G/A)(G/A)AH-3’, where H denotes any nucleotide that is not a G [215]. These 

AAREs are functionally and structurally related. The DDIT3 AAREs have a sequence of 

5’-ATTGCATCA-3’ and 5’-TGATGCAAT-3’, which are complementary to one another 

and constitute a 5’-TGATG-3’ ATF4 half-site and a 5’-CAAT-3’ C/EBP half site [215,245]. 

The affinity with which ATF4 binds AARE sites is altered by heterodimerization or 

multimeric complex formation with its bZIP binding partners. For instance, the ATF4-

mediated induction of the DDIT3 5’-ATTGCATCA-3’ AARE is increased when ATF2, 

another bZIP that responds to amino acid starvation, is activated. DDIT3 expression is 

therefore higher during amino acid starvation than ER stress [246]. ATF4 

heterodimerization with C/EBPα, CHOP, or C/EBPβ liver-enriched activating protein 

(LAP), a truncated isoform of C/EBPβ derived by alternate splicing, promotes the 

activation of AARE-containing genes, whereas complex formation with ATF3 or 

C/EBPβ liver-enriched inhibitory protein (LIP), a truncated and dominant negative 
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isoform of C/EBPβ, represses or inhibits activation from AAREs. As such, the time-

sensitive and stimulus-dependent expression of ATF4 binding partners provides precise 

and directed transcriptional control in response to ER stress, amino acid depletion, and 

other stresses that induce ATF4 expression to coordinate a transcriptional response that is 

tailored to the specific stress pathway [213–215,247].  

1.7.2 Viral bZIP TFs and their Functions 

The following section 1.7.2 was adapted from the review titled “The bZIP Proteins of 

Oncogenic Viruses” [161]. 

 Through millennia of co-evolution with their hosts, many viruses have acquired 

host genes that evolve further when mutations that optimize viral fitness are fixed in the 

genome [248]. Some viruses have evolved to encode their own bZIP transcription factors. 

To date, viral bZIPs have been identified in the human oncoviruses EBV, KSHV, human 

T-lymphotropic virus 1 (HTLV-1), and hepatitis C virus (HCV), as well as in the 

oncogenic chicken herpesvirus Marek’s disease virus (MDV). These bZIPs are BamHI Z 

EBV replication activator (BZLF1, Zta) [249], K-bZIP [250], HTLV-1 bZIP factor (HBZ) 

[251], non-structural 4B (NS4B) [252], and MDV Eco Q (MEQ) [253]. MEQ, HBZ, and 

NS4B are oncoproteins that drive proliferation by different mechanisms, Zta and K-bZIP 

primarily act as transactivators of the viral lytic cycle and inhibitors of cell proliferation. 

Most viral bZIP proteins interact with transcription factors to influence viral and host 

gene expression. Immune evasion and cell cycle control are also common features of 

these proteins. All viral bZIPs, with the exception of NS4B, have been demonstrated to 

bind DNA as homodimers and/or heterodimers [161]. Dimerization affects the functions 

and DNA-binding specificities of cellular bZIPs and viral bZIPs alike. MEQ homodimers 

recognize a unique 5’-RACACACAY-3’ motif [254] and function as repressors, whereas 

MEQ and Jun heterodimers preferentially bind TREs and CREs and function as 

transcriptional activators [255]. HBZ, much like the Fos family of bZIPs, exclusively 

heterodimerizes with cellular bZIPs [256] and selectively activates [257,258] or inhibits [259–

262] cellular and viral transcription. By contrast, Zta and K-bZIP do not form 

heterodimers, but may associate with C/EBPα as higher-order oligomers [263,264]. The ZIP 

and basic domains of viral bZIPs adhere to the sequence consensus less tightly than 
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cellular bZIPs (Fig. 4). K-bZIP and HBZ contain atypical basic domains, whereas Zta and 

NS4B contain atypical ZIP domains. Regardless of these structural abnormalities, most 

viral bZIPs function as DNA-binding transcription factors. Viral bZIPs recognize unique 

DNA-binding motifs [254,265], but also classical REs, such as CREs [254,262], TREs [254,266], 

MAREs [267], and CAAT boxes [85]. Unlike cellular bZIPs, viral bZIPs have evolved to 

carry out a greater variety of functions that pertain to viral replication and fitness. Not all 

functions these bZIPs carry out involve their bZIP domains. K-bZIP has small ubiquitin-

like modifier (SUMO) E3 ligase activity [268], MEQ contains an N-terminal proline-rich 

transactivation domain apart from its bZIP domain [269], HBZ has an LXXLL-containing 

N-terminal transactivation domain [270], and NS4B is primarily a transmembrane protein 

that re-shapes cellular membranes to allow viral replication compartments to form [271,272]. 

1.8 Viruses and the UPR 

 Viruses usurp cellular pathways to facilitate immune evasion or optimize viral 

replication efficiency. The UPR is an apt target for viral dysregulation because it is 

potentially pro- and antiviral. UPR activation leads to the production of chaperones that 

promote the folding of cellular and viral proteins and is therefore proviral. By contrast, 

UPR activation also leads to increased mRNA and protein turnover and attenuation of 

global translation and is therefore antiviral. For example, UPR activation reduces 

influenza A virus (IAV) replication. The viral glycoprotein hemagglutinin (HA) activates 

IRE1 during infection and is degraded through ERAD following deglycosylation by the 

mannosidases EDEM1, -2, and ER mannosidase I (ERManI) [273]. Viruses may directly 

trigger ER stress by overloading the ER folding machinery with viral glycoproteins or by 

altering ER membrane composition. To harness the proviral effects of the UPR but 

suppress the antiviral effects, viruses need to dysregulate the UPR. For instance, HCV 

NS4B induces ROS and disrupts cellular Ca2+ signaling and induces the UPR through the 

NF-κB pathway [274]. In parallel, NS4B prevents the XBP1s-mediated expression of 

ERAD genes but allows BiP to be synthesized normally [275]. The flavivirus Dengue 

Virus 2 (DENV-2) inhibits PERK early during infection to reduce eIF2α phosphorylation 

and avoid global translation attenuation. Late during viral infection, DENV-2 activates 

CHOP and GADD34 production through the IRE1 pathway and further limits eIF2α 
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phosphorylation without inducing apoptosis [276]. UPR activation also reduces virion 

production of the flavivirus Zika virus (ZIKV), which activates the PERK and IRE1 arms 

during viral infection. ZIKV reduces the antiviral effects of the UPR by downregulating 

the production of BiP [277]. HSV-1 combats eIF2α phosphorylation and ERAD by 

inhibiting PERK and IRE1, but not ATF6 [278,279]. The HSV-1 glycoprotein B (gB) 

associates with the luminal domain of PERK and prevents its activation [278], whereas the 

viral tegument protein and host shutoff endonuclease unique long 41 (UL41) degrades the 

Xbp1 transcript [279]. Other viruses selectively activate the UPR to harness its proviral 

effects. XBP1s transactivates the KSHV ORF50 and EBV BZLF1 promoters from 5’-

ACGT-3’ binding sites [153,280] and drives expression of the lytic switch proteins KSHV 

RTA and EBV ZTA to reactivate both viruses from latency [153,281]. HCV infection 

activates all three UPR sensors and induces autophagy to facilitate innate immune 

evasion. Expression of autophagy-related genes that encode CHOP, autophagy-related 

gene 5 (ATG5), and microtubule-associated proteins 1A/1B light chain 3B (LC3B) 

prevents the expression of IFN-β in response to viral pattern-associated molecular 

patterns (PAMPs) and allows for efficient HCV RNA replication [282]. The EBV RNA-

binding protein and ORF57 homologue EB2 promotes ATF6 processing and leads to the 

upregulation of BiP production to maximize virion production [283]. XBP1s and ATF6-N 

activate the major immediate-early promoter (MIEP) of murine cytomegalovirus 

(MCMV) from a 5’-ACGT-3’ DNA motif. In the absence of ER stress or during the 

resolution phase of ER stress, XBP1u leads to the degradation of XBP1s and ATF6-N 

and therefore prevents transactivation of the MIEP and impairs MCMV replication. To 

counter the antiviral effect of XBP1u, MCMV induces the IRE1 arm early during viral 

replication and drives the cell toward xbp1 splicing and XBP1s production, which 

reduces the cellular levels of XBP1u [284]. UPR activation may also promote viral 

pathogenesis. The HIV-1 transactivator of transcription (Tat) leads to the accumulation of 

glial fibrillary acidic protein (GFAP) in astrocytes, which triggers ER stress and UPR 

activation and results in neurotoxicity [285]. 
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1.8.1 KSHV Modulates the UPR during Lytic Replication 

 KSHV usurps the UPR during lytic replication. Our lab has found that lytic 

KSHV induces the UPR sensors ATF6, IRE1, and PERK and requires their expression 

for efficient viral replication and virion production. During lytic replication, ATF6 is 

properly processed into ATF6-N, Xbp1 is spliced, and eIF2α is phosphorylated, but 

ATF6-N and XBP1s targets are not expressed and ATF4 is not produced. XBP1s 

overexpression reduces viral titers; its inhibition is therefore beneficial to the virus [286]. 

Our lab is actively pursuing avenues to investigate the KSHV-mediated dysregulation of 

the UPR. KSHV is a large virus and UPR modulation is likely multi-faceted and requires 

the concerted action of multiple viral proteins. Several candidate inducers and inhibitors 

of the UPR have been identified through preliminary screening [287]. K-bZIP shows 

promise as a candidate inhibitor of the UPR, although it did not score in the initial screen.   

1.9 K-bZIP is a Viral Transcription Factor and Repressor 

The following section 1.9 and its subsections 1.9.1-1.9.5 were adapted from the review 

titled “The bZIP Proteins of Oncogenic Viruses” [161]. 

The viral bZIP TF K-bZIP is expressed early during lytic viral replication from 

the K8 gene. The K8 pre-mRNA contains four exons and three introns that can be 

differentially spliced and translated to yield up to four different potential protein isoforms 

(I-IV), the most abundant of which is the 237 aa K-bZIP [250,288,289]. The relative 

expression levels of these alternatively spliced isoforms during viral replication remain 

only partially understood. K-bZIP is a functional homolog of the EBV bZIP TF Zta and 

plays a role as a transactivator and repressor of viral and host genes during lytic KSHV 

replication. K-bZIP is required for lytic replication and virion production in the KSHV-

infected B cell lymphoma cell line BCBL-1 [84,290] and inhibits G1 cell cycle progression 

to further aid viral replication [291,292]. 

K-bZIP contains a classical ZIP domain at its carboxy terminus with only one 

leucine in the ‘d’ position replaced by isoleucine (Fig. 4). The DNA-binding domain of 

K-bZIP is atypical and contains fewer basic aa residues than other cellular and viral 

bZIPs and lacks conserved arginine and asparagine residues (Fig. 4) [250]. The 
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transactivation ability of K-bZIP has long been in question because K-bZIP lacks a 

classical basic domain [293]. The basic domain is an important determinant of DNA 

binding, but homo- and heterodimerization between bZIPs can likewise affect DNA 

binding and sequence specificity [230]. An interaction between K-bZIP and DNA may 

therefore be stabilized by homodimer formation or by association with other proteins, 

viral or cellular. More recently, several stable K-bZIP/DNA complexes have been 

identified. For instance, K-bZIP is required for oriLyt-dependent KSHV replication and 

may act as an origin-binding protein. K-bZIP and RTA bind the oriLyt in concert and 

potentially recruit the vPIC to initiate viral DNA replication [84,85]. In this model, K-bZIP 

binds a cluster of CAAT boxes to which it might be recruited by C/EBPα [85]. 

DNA binding does not warrant transactivation activity. However, Ellison and 

colleagues showed that K-bZIP can transactivate 21 of 83 KSHV promoters in the 

absence of RTA. The group also found that K-bZIP modulates RTA transactivation 

activity to repress expression from RTA-responsive early lytic promoters, including the 

K8 promoter, and to enhance expression from RTA-responsive late promoters [83]. Thus, 

K-bZIP is required to precisely regulate viral gene expression.  

K-bZIP, like Zta, co-operates with the immediate early RTA protein to regulate 

viral gene expression during lytic replication [83,86,87]. Immunostaining and co-

immunoprecipitation experiments confirmed that K-bZIP and RTA co-localize in the 

nuclei of lytic BCBL-1 cells [87], as well as transfected HeLa cells [86] and associate in 

vitro. The interaction between the two proteins is likely multi-faceted. The N-terminal 

basic domain of K-bZIP is required to associate with RTA in BCBL-1 cells [87], but the 

ZIP domain is required to associate with and repress RTA in HEK293T cells [86]. To date, 

no further studies have investigated the nature of the protein-protein interaction between 

the two proteins. K-bZIP and RTA drive lytic gene expression but can also associate with 

cellular promoters to transactivate host gene expression [265]. A recent study identified a 

novel 5’-AAAATGAAAA-3’ K-bZIP-binding motif in viral and cellular promoters by 

ChIP-seq in TREx-BCBL-1-Rta cells. The viral genes containing this motif include all 

classes of lytic genes (early and late), as well as the K8 gene. The cellular genes 

containing the motif encode collagen type IV alpha-3-binding protein (COL4a3BP), an 
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ER transmembrane transporter of ceramide; deleted in malignant brain tumors 1 protein 

(DMBT1), a candidate tumor suppressor; melanoma-associated antigen C3 (MAGEC3), a 

tumor antigen; ubiquitin-protein ligase E3A (UBE3A), a ubiquitin ligase of the 

proteasomal pathway; cell division cycle 7-related protein kinase (CDC7), a cell cycle 

regulating kinase; and Rho associated coiled-coil-containing protein kinase 1 pseudogene 

1 (ROCK1P1), a pseudogene [265]. K-bZIP can induce transcription from luciferase 

constructs containing the novel motif, but how K-bZIP affects de novo transcription from 

the above-mentioned genes requires further investigation. It is also not yet known 

whether other viral bZIP proteins bind this motif. 

1.9.1 K-bZIP Stalls Cell Cycle Progression 

Like Zta, K-bZIP regulates the cell cycle and causes growth arrest to aid viral 

replication [292,294] (Fig. 6). K-bZIP delays G0/G1 growth phase progression by binding 

and inhibiting cyclin-dependent kinase 2 (CDK2) in BCBL-1 cells. The interaction 

between K-bZIP and CDK2 requires the basic domain of K-bZIP [292]. K-bZIP expression 

also induces C/EBPα and p21 in HeLa cells and stalls G1 to S phase progression in 

human diploid fibroblast cells [294]. K-bZIP associates with C/EBPα and p21 in vitro and 

modulates their activity to affect cell cycle regulation at the post-transcriptional level [264]. 

K-bZIP, like Zta, binds C/EBPα with its ZIP domain. Glutaraldehyde cross-linking and 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) experiments 

demonstrated that K-bZIP and C/EBPα do not form heterodimers [264], suggesting that 

they may instead associate via higher-order oligomers. More recent peptide microarray 

experiments confirmed that K-bZIP prefers homodimerization over heterodimerization 

and does not heterodimerize with various viral and cellular bZIPs [256]. 

1.9.2 K-bZIP Facilitates Immune Evasion 

During lytic replication, K-bZIP plays a role in immune evasion. Type 1 IFNs are 

produced in response to viral infection and constitute signaling pathways that induce a 

range of cellular processes involved in antigen presentation, apoptosis, and inhibition of 

viral replication and gene expression [295]. Many viruses, including KSHV, have evolved 

to subvert host cell innate immune responses to facilitate immune evasion and promote 

ongoing viral replication. K-bZIP assists KSHV by dampening host antiviral type 1 IFN 
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Figure 6. K-bZIP inhibits antiviral innate immune signaling and anti-proliferative 

signaling. Viral cytosolic dsDNA activates the cGAS/STING pathway, which recruits 

TBK1 to phosphorylate and activate IRF3. IRF3 transitions to the nucleus to turn on 

expression of antiviral type 1 IFN genes. The early lytic viral transcription factor K-bZIP 

prevents IRF3 promoter access to inhibit IFN-β production. K-bZIP inhibits p53 and 

CDK2 but activates p21 to cause G0/G1 cell cycle arrest and prevent apoptosis. K-bZIP 

also prevents the association of p300/CBP with Smad proteins to inhibit expression of 

TGF-β-responsive genes in response to TGF-β signaling [161]. 
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Figure 6. K-bZIP inhibits antiviral innate immune signaling and anti-proliferative 

signaling. 
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responses [289,296] (Fig. 6). K-bZIP binds and obstructs the IFN-β promoter and prevents 

IRF3 from binding and activating IFN-β transcription in K-bZIP-expressing 293T cells 

[296]. Downstream of type 1 IFN expression, K-bZIP interferes with the expression of the 

IFN-α-responsive genes encoding the antiviral 2’-5’ oligoadenylate synthetase (2’-5’ 

OAS) and the cytokine ISG15 [289]. 

The cellular tumor suppressor proteins p53 and promyelocytic leukemia protein 

(PML) are also activated in response to type 1 IFN signaling and represent pathways to 

counter viral infection by inducing cellular senescence and apoptosis [297,298]. The PML 

gene can be activated by IFN-α, IFN-β, and IFN-γ in response to viral infection or cancer 

[297] and leads to the acetylation, and therefore activation, of p53 and cell cycle arrest [299]. 

K-bZIP binds and inhibits p53 downstream of IFN signaling, thereby preventing the 

apoptosis of KSHV-infected cells [120]. An early study showed that co-transfection of a 

p53-deficient cervical cancer cell line (C33A) with K-bZIP and p53 inhibited gene 

expression from a p53-dependent luciferase reporter gene. Zta also binds and inhibits p53 

[300,301]. Both bZIPs associate with p53 via their ZIP domains [300,302]. A later study also 

found that K-bZIP recruits p53 to PML bodies in PEL cells [302]. PML-deficient PEL cells 

displayed reduced viral DNA replication, late gene expression, and virion production, 

which suggests that PML is important to the viral lytic life cycle. K-bZIP is one of 

several viral proteins shown to interact with PML [303]. The functional relevance of the 

localization of p53 to PML bodies during lytic KSHV infection remains to be determined.  

1.9.3 K-bZIP is a Multifunctional Interacting Protein 

K-bZIP and Zta associate with the histone acetylase and transcriptional co-

activator CREB-binding protein (CBP) in vitro, but these interactions lead to different 

outcomes. CPB enhances the Zta-mediated transactivation of lytic EBV promoters 

[304,305], whereas K-bZIP competes with Smad proteins for CBP binding and prevents 

assembly of the Smad/CBP complex and activation of Smad-responsive promoters in 

response to TGF-β signaling (Fig. 6) [306,307]. TGF-β is a cytokine that regulates cellular 

proliferation. The K-bZIP-mediated inhibition of TGF-β signaling may therefore 

contribute to KSHV tumorigenesis [307]. K-bZIP also inhibits the function of CBP as a 

transcription co-factor and represses CBP-dependent gene expression from a TRE-
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containing luciferase construct in KSHV/EBV-negative follicular B cell lymphoma 

(BJAB) cells [306]. 

K-bZIP co-localizes with HDAC proteins in PML bodies and recruits HDACs to 

the ORF50 and oriLyt promoters to epigenetically silence viral gene expression [308]. K-

bZIP also interacts with the yeast chromatin remodeling complex subunit sucrose non-

fermentable 5 (SNF5) and its human homologue, hSNF5. The interaction between 

SNF5/hSNF5 and K-bZIP enhance the transactivation activity of K-bZIP in yeast and 

might assist K-bZIP-mediated viral gene expression [309]. 

K-bZIP associates with multiple cellular and viral proteins. ORF57 [310] and viral 

protein kinase (vPK) [311] are viral K-bZIP binding partners. vPK phosphorylates K-bZIP 

at threonine 111 and relieves the K-bZIP-mediated repression of RTA. The K-bZIP/vPK 

interaction and subsequent K-bZIP phosphorylation may switch K-bZIP from functioning 

as a repressor of early gene expression to a transactivator of select early and late genes 

[311]. Further interactions between K-bZIP and RTA [86] or K-bZIP and ORF57 [310] may 

establish a feedback mechanism by which these proteins regulate transcription from their 

own promoters [86,310]. These viral protein-protein interactions may serve to modulate the 

respective functions of K-bZIP in a timely manner and may represent a mechanism to 

fine-tune lytic KSHV replication [310,311]. For example, early during lytic replication, the 

role of K-bZIP may be to inhibit the RTA-mediated expression of early viral genes, such 

as ORF57 and K8, to assist the transition to late gene expression. Then, later during lytic 

replication, K-bZIP could assist RTA in the expression of viral structural proteins and 

other late gene products. 

1.9.4 K-bZIP is a SUMO E3 Ligase 

In addition to a classical, C-terminal bZIP domain, K-bZIP also contains an N-

terminal SUMO interaction motif (SIM). The SIM confers SUMO E3 ligase activity to 

K-bZIP and allows the protein to bind and covalently attach SUMO-2 and SUMO-3, two 

of the four different SUMO isoforms, to lysine residues on itself and other viral and 

cellular proteins [268]. SUMOylation is a reversible PTM that can alter the function of a 

protein by affecting its ability to bind proteins or DNA or by changing its intracellular 

location. SUMOylation controls diverse cellular processes including transcription, DNA 
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replication, DNA damage repair, and cell division. Because many cellular events are 

regulated by SUMOylation, some viruses, such as HIV-1, IAV, EBV, and KSHV, have 

evolved mechanisms to manipulate the SUMOylation machinery to aid viral replication 

and virion production [312]. Many cellular proteins, including the bZIPs Jun/Fos [313], 

C/EBPβ [314], ATF6 [315], and XBP1s [316], are SUMOylated. SUMOylation negatively or 

positively affects the transcriptional activity of SUMOylated TFs to provide another layer 

of transcriptional regulation [317]. How SUMOylation affects bZIP dimer formation and 

stability remains to be determined. 

In the context of KSHV infection, SUMOylation is important for the assembly 

and disassembly of PML bodies, modulating type 1 IFN responses, and remodeling 

chromatin during the latent and lytic phases of KSHV infection. At least two viral 

proteins, K-bZIP and LANA, can be SUMOylated [318]. K-bZIP SUMOylation is required 

for some of its repressive function, such as repression of IFN-α signaling [289] and 

repression of the RTA-mediated transactivation of the ORF57 promoter [288]. K-bZIP-

mediated SUMOylation enhances p53 transcriptional activity, and K-bZIP recruitment to 

p53 target genes is SIM-dependent, which suggests that a SUMO-rich environment 

stabilizes K-bZIP/p53 interactions [268].  

SUMOylation also plays an important role in the regulation of lytic gene 

expression and virion production. During viral reactivation, SUMOylation of histones 

occupying the viral chromatin represses gene expression and virion production. Mutation 

of leucine 75 to alanine abrogates the SUMO E3 ligase activity of K-bZIP and restores 

viral gene expression and shows that SUMO enrichment of the viral chromatin is 

dependent on K-bZIP. This suggests that K-bZIP-mediated SUMOylation regulates viral 

lytic gene expression, which may facilitate immune evasion and efficient viral replication 

[319].  

SUMOylation can also serve as a signal for ubiquitination and proteasomal 

degradation and can affect the half-life of SUMOylated proteins. SUMO-targeting 

ubiquitin ligases (STUbLs) target SUMOylated proteins for degradation [320]. The 

immediate early RTA protein is a SIM-containing viral STUbL that exhibits SUMO2/3 

binding and ubiquitinates proteins conjugated with SUMO2/3 [321]. Because K-bZIP is a 
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viral E3 SUMO ligase that displays SUMO2/3 specificity, and because SUMO2/3 are the 

preferred substrates for RTA-mediated ubiquitination and subsequent proteasomal 

degradation, K-bZIP and RTA may work in concert to regulate cellular protein levels 

during lytic replication to create an optimal environment for KSHV replication. To date, 

the cellular and viral targets of K-bZIP-mediated SUMOylation are not known, and the 

extent to which K-bZIP and RTA work in concert to degrade SUMOylated target proteins 

is not well understood. In future studies, affinity purification and mass spectrometry 

approaches could be employed to identify cellular and viral protein targets of K-bZIP and 

their SUMOylation status. Hits from this unbiased approach could be corroborated by 

bioinformatic analysis (i.e., SIM identification) and in vitro SUMOylation assays [322].  

1.9.5 K-bZIP is a Potential Inhibitor of the UPR 

K-bZIP is a multifunctional viral repressor and transcriptional co-activator that 

assists KSHV with viral DNA replication, lytic gene expression, cell cycle arrest, and 

immune evasion through concerted action with diverse cellular and viral binding partners. 

The UPR bZIPs ATF6-N and XBP1s and ATF4 and CHOP heterodimerize with one 

another to transactivate gene expression from RE-containing promoters. 

Heterodimerization between K-bZIP and the UPR-governing bZIPs has not been 

documented, because K-bZIP prefers homodimerization [256]. Despite the apparent lack of 

heterodimerization, many protein-protein interactions between K-bZIP and its binding 

partners are mediated by the ZIP domain. This suggests that the ZIP domain of K-bZIP 

may broadly facilitate and/or stabilize protein-protein interactions that allow K-bZIP to 

partner with a structurally diverse range of cellular and viral proteins and is not limited to 

bZIP-bZIP interactions. K-bZIP may also associate with cellular bZIPs through 

oligomerization, as has been observed for C/EBPα [264]. K-bZIP is also a SUMO E3 

ligase with SUMO2/3 specificity. XBP1s transactivation activity is negatively regulated 

by SUMOylation of lysines 276 and 297 with SUMO2 [316] and it is possible that KSHV 

infection further exacerbates this phenotype.  

 

 



49 

 

1.10 Hypotheses and Experimental Approaches 

Because K-bZIP is a multifunctional repressor and interacting protein, I 

hypothesized that K-bZIP assists in the KSHV-mediated repression of UPR-responsive 

target genes by interaction with and/or modification of the UPR TFs ATF6-N, XBP1s, 

and ATF4. To test this hypothesis, I transduced a fluorescent hamster cell line with K-

bZIP and analyzed IRE1 and PERK signaling, XBP1s expression, and ATF4 expression 

and transactivation by flow cytometry. I also transduced HEK293A cells with K-bZIP 

and assessed the expression of the UPR-responsive target genes HSPA5 (encoding BiP), 

DDIT3 (encoding CHOP), HERPUD1, EDEM1, and DNAJB9 (encoding ERdj4) by 

quantitative reverse transcription polymerase chain reaction (RT-qPCR). Lastly, I 

transfected HEK293T cells and assessed if K-bZIP can inhibit or diminish the ATF6-

mediated induction of ERSE-I in co-operation with its known viral interaction partners 

RTA, ORF57, and vPK.  

To show that ATF6-N is functional during lytic KSHV replication, I assessed the 

nuclear accumulation of ATF6-N in KSHV-infected iSLK.219 and TREx-BCBL-1-RTA 

cells by nuclear and cytoplasmic fractionation and western blotting. To assess if ATF6-N 

overexpression is antiviral to KSHV, I transduced iSLK.219 cells with increasing 

concentrations of ATF6-N and quantified viral titers by flow cytometry. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Culture and Chemicals 

All cells were cultured in 10 cm dishes or T75 flasks at 37°C and supplied with 

5% CO2. Human embryonic kidney cells HEK293T (ATCC), HEK293A (ThermoFisher), 

doxycycline-inducible renal carcinoma iSLK.219 cells [323], and Chinese hamster ovarian 

CHO-KI (ATCC) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, 

Gibco) supplemented with 10% heat inactivated fetal bovine serum (FBS, Gibco), 100 

U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine (ThermoFisher). 

iSLK.219 cells were cultured in 10 μM puromycin (Gibco) to maintain the recombinant 

KSHV episome [323]. CHO-7.1 CHOP::GFP XBP1s-mCherry reporter cells (a gift from 

David Ron, unpublished) (Fig. 7) were cultured in Ham’s F12 medium (ThermoFisher) 

supplied with 10% FetalCycloneII serum (ThermoFisher) and penicillin, streptomycin, 

and L-glutamine at concentrations described above. Doxycycline-inducible BCBL PEL 

TREx-BCBL1-RTA cells [324] were cultured in Roswell Park Memorial Institute (RPMI) 

1640 medium (Gibco) supplied with 500 μM β-mercaptoethanol (Gibco), as well as FBS, 

penicillin, streptomycin, and L-glutamine at concentrations described above. All cells 

were passaged with 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA, Gibco). 

2.2 Plasmid Generation 

 All plasmids used in this study are listed in Table 2. 

pLJM1-K8α-puro (Fig. 8B) was generated from pcDNA 3.1 K-bZIP (previously 

generated in the McCormick lab) by PCR amplification with primers 5’-

AATTGCTAGCACCATGCCCAGAATGAAGGACATACC-3’ (forward) and 5’-

TTAAGAATTCTCAACATGGTGGGAGTGGCG-3’ (reverse) to introduce NheI and 

EcoRI restriction sites as well as a Kozak sequence. The amplicon was digested with 

NheI and EcoRI and subsequently cloned into pLJM1-B*-puro (previously generated in 

the McCormick lab) (Fig. 8A) with T4 DNA ligase.  
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Figure 7. CHO-7.1 reporter cells express GFP and mCherry during ER stress. The 

reporter cell line encodes GFP under the control of a murine CHOP promoter. Following 

PERK activation in response to ER stress and BiP dissociation, ATF4 is translated from a 

uORF containing transcript and transactivates GFP expression from the CHOP promoter. 

The reporter also encodes mCherry fused to XBP1s. Following IRE1 activation in 

response to stress, IRE1 removes an intron from the Xbp1 transcript by splicing. The 

spliced transcript is translated into the XBP1s-mCherry fusion protein. 
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Figure 7. CHO-7.1 reporter cells express GFP and mCherry during ER stress.  
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Figure 8. K-bZIP-encoding plasmids were generated by PCR and restriction cloning. 

(A) pLJM1-B*-puro was previously generated in the McCormick lab and provided the 

plasmid background for (B) pLJM1-K8α-puro. (B) pLJM1-K8α-puro was generated from 

pcDNA 3.1 K-bZIP by restriction cloning. (C) pcDNA 3.1 (+) K8α was generated from 

pLJM1-K8α-puro by restriction cloning.  
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Figure 8. K-bZIP-encoding plasmids were generated by PCR and restriction cloning.  
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Table 2. Plasmids used in this study 

 

Plasmid Name 

 

Source 

Antibiotic 

Selection 

Cassette 

Mammalian 

Selection 

Cassette 

Protein 

Product 

pLJM1-B*-puro McCormick 

lab 

Ampicillin Puromycin N/A 

pLJM1-B*-blast McCormick 

lab 

Ampicillin Blasticidin N/A 

pLJM1-K8α-puro This study Ampicillin Puromycin K-bZIP 

pLJM1-HA-ATF6 BSD McCormick 

lab 

Ampicillin Blasticidin HA-ATF6 

pLJM1-HA-ATF6 1-373 

BSD 

McCormick 

lab 

Ampicillin Blasticidin HA-ATF6 

1-373 

pcDNA3.1(+) Addgene Ampicillin Neomycin N/A 

pcDNA3.1 K-bZIP McCormick 

lab 

Ampicillin Neomycin K-bZIP 

pcDNA3.1 K8α This study Ampicillin Neomycin K-bZIP 

pcDNA3 FLAG-RTA McCormick 

lab 

Ampicillin Neomycin FLAG-

RTA 

pcDNA3.1 HA-ORF36 McCormick 

lab 

Ampicillin Neomycin HA-

ORF36 

pcDNA3.1 HA-ORF57 McCormick 

lab 

Ampicillin Neomycin HA-

ORF57 

pCGN-ATF6 Addgene Ampicillin Hygromycin ATF6 

pmCherry-N1 Addgene Kanamycin Neomycin mCherry 

pEGFP-C1 Addgene Kanamycin Neomycin EGFP 

pEGFP-ATF6N This study Kanamycin Neomycin EGFP-

ATF6 1-

373 

pGL4.45[luc2P/ISRE/Hygro] Promega Ampicillin Hygromycin FLuc 

pMSCV-hygro-STING Addgene Ampicillin Hygromycin STING 

pTRIP-CMV-tagRFP-

FLAG-cGAS 

Addgene Ampicillin N/A RFP-

FLAG-

cGAS 

pGL4.26 2XERSE McCormick 

lab 

Ampicillin Hygromycin FLuc 

pGL4.74[hRluc/TK] Promega Ampicillin N/A RLuc 

pGL4.74 promoterless This study Ampicillin N/A RLuc 
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pcDNA3.1 K8α (Fig. 8C) was generated from pLJM1-K8α by digestion with 

NheI and EcoRI, and subsequently ligated into pcDNA3.1(+) (Addgene) with T4 DNA 

ligase. 

pEGFP-ATF6N (Fig. 9A) was generated from pCGN-ATF6 (Addgene) by PCR 

amplification using primers 5’-AATTAGATCTGGGGAGCCGGCTGGG-3’ (forward) 

and 5’-CGATAAGCTTTAAGGGACTTTAAGCCTCTGGTTCTC-3’ (reverse) to 

amplify the first 724 base pairs of the ORF corresponding to amino acids 1-373 of ATF6. 

The primer pairs also introduced BglII and HindIII restriction sites. The amplicon was 

then digested with BglII and HindIII and subsequently cloned into pEGFP-C1 (Clontech) 

with T4 DNA ligase. The plasmid expresses ATF6-N with an N-terminal EGFP tag.  

pGL4.74 promoterless (Fig. 9C) was generated from pGL4.74 (Promega) by 

digestion with KpnI and HindIII to remove the HSV TK promoter. The resulting 5’ and 

3’ overhangs were filled in with T4 DNA polymerase and the plasmid was re-circularized 

by blunt-end ligation with T4 DNA ligase.  

Enzymes were purchased from New England Biolabs and used in accordance with 

the manufacturer’s instructions. All plasmids were maintained in Stbl3 chemically 

competent E. coli and cultured in liquid Luria broth (LB, Wisent) or on LB agar plates 

supplemented with 100 μg/mL carbenicillin (Invitrogen) or 50 μg/mL kanamycin 

(Sigma) prior to plasmid purification. Plasmid DNA was extracted and purified in 

accordance with the QIAGEN plasmid midi protocol or the QIAGEN spin miniprep 

protocol. 

All plasmid sequences were confirmed by Sanger sequencing through Azenta Life 

Sciences.  

2.3 Lentivirus Generation 

HEK293T cells were seeded into 10 cm dishes to achieve 50-60% cell density 24 

h later. Prior to transfection, cells were washed with phosphate buffered saline (PBS, 

Wisent) and supplied with serum-free, antibiotic-free DMEM. Cells were then transfected 

dropwise with 1 μg pMD2.G (Addgene) VSV-G envelope plasmid, 2 μg pSPAX2 

(Addgene) packaging plasmid, and 3 μg pLJM1-B*-puro, pLJM1-K8α-puro, pLJM1-B*  
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Figure 9. Plasmids used for dual luciferase assays. (A) pEGFP-ATF6N was generated 

from pCGN-ATF6 by PCR cloning and inserted into a pEGFP-C1 vector by restriction 

cloning. (B) pGL4.26 2XERSE was cloned from pGL4.26 [luc2/minP/Hygro] by PCR 

cloning by Taylor Caddell. (C) pGL4.74 promoterless was generated from pGL4.74 

[hRluc/TK] through removal of the TK promoter by restriction cloning.  
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Figure 9. Plasmids used for dual luciferase assays.  
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BSD, pLJM1-HA-ATF6 BSD, or pLJM1-HA-ATF6 1-373 BSD per dish using the 

transfection reagent polyethylenimine (PEI, Polysciences Inc.) diluted in Minimum 

Essential Medium (Opti-MEM, Gibco). 5 h post-transfection, medium was replaced with 

DMEM as described in section 2.1. 48 h post-transfection, lentivirus-containing medium 

was harvested from transfected cells and passed through 0.45 μm sterile polyethersulfone 

(PES) filters (Sarstedt), and subjected to centrifugation at 500 x g for 5 min. Aliquots 

were stored at -80°C. 

2.4 Lentivirus Transduction 

 For lentiviral titering, HEK293T, HEK293A, or iSLK.219 cells were seeded into 

12-well plates at densities of 10x104, 7.5x104, or 5x104 cells/mL, respectively. The 

following day, cells were transduced with serially diluted lentivirus and supplemented 

with DMEM containing 10 μg/mL polybrene (Sigma). Cells were transduced at 37°C for 

24h. 24h post-transduction, medium was replaced with fresh DMEM containing 2-5 

μg/mL puromycin or 10 μg/mL blasticidin (Gibco) to select for transduced cells. The 

highest dilution of lentivirus that protected >90% of cells from cell death was designated 

as a MOI of 1 and was used for all further transductions. 

 To transduce CHO-7.1 reporter cells with pLJM1-B*-puro or pLJM1-K8α-puro, 

cells were seeded into 12-well plates at a density of 5x104 cells/mL and incubated at 

37°C. The following day, cells were transduced with lentiviruses at a MOI of 10 and 

supplemented with Ham’s F12 medium containing 10 μg/mL polybrene. Cells were 

incubated at 37°C for 24 h, after which transduced cells were selected for with 8 μg/mL 

puromycin at 37°C for 48 h.  

 To transduce HEK293A cells with pLJM1-B*-puro or pLJM1-K8α-puro, cells 

were seeded into 6-well plates at a density of 5x104 cells/mL and incubated at 37°C. The 

following day, cells were transduced with lentiviruses at a MOI of 5 and supplemented 

with DMEM containing 4 μg/mL polybrene. Cells were incubated at 37°C for 48 h prior 

to harvest. 

 To transduce iSLK.219 cells with pLJM1-B* BSD, pLJM1-HA-ATF6 BSD, or 

pLJM1-HA-ATF6 1-373 BSD, cells were seeded into 6-well plates at a density of 5x104 
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cells/mL and incubated at 37°C. The following day, cells were transduced with 

lentiviruses at MOIs of 1, 2, 5, 7, or 10 and supplemented with DMEM containing 4 

μg/mL polybrene. Cells were incubated at 37°C for 24 h before treatments were 

administered.  

2.5 Flow Cytometry Analysis with CHO-7.1 Reporter Cell Line 

 CHO-7.1 reporter cells were transduced as described in section 2.5. CHO-K1 cells 

were seeded into 12-well plates at a density of 5x104 cells/mL and incubated at 37°C for 

24 h. The following day, cells were washed once with PBS and supplied with serum-free, 

antibiotic-free DMEM. Cells were then transfected with 500 ng pEGFP-C1 or pmCherry-

N1 using 3 μg/mL PEI diluted in Opti-MEM. 5h post-transfection, medium was replaced 

with DMEM, and cells were incubated at 37°C until harvest. 52 h post-transduction, 

CHO-7.1 cells were treated with 1 mM thapsigargin (Tg, Sigma) or 0.05% dimethyl 

sulfoxide (DMSO, Sigma-Aldrich) at 37°C for 20 h. 72h post-transduction or 48h post-

transfection, CHO-KI and CHO-7.1 cells were washed once with PBS, lifted off the 

culture wells with 10 mM EDTA, and collected into 1.5 mL Eppendorf tubes. Samples 

were then pelleted at 1000 x g for 5 min and washed with PBS twice. Following another 

spin step at 1000 x g for 5 min, cells were fixed with 4% paraformaldehyde (VWR) at 

room temperature for 20 min. After fixation, cells were spun at 2000 x g for 2 min and 

washed with PBS. Supernatant was discarded and pellets were subsequently resuspended 

in FACS buffer (1% bovine serum albumin (BSA, Bio-Rad or BioShop), 5 mM EDTA in 

PBS) and transferred to polystyrene tubes (Falcon). Samples were stored at 4°C until use. 

CHOP::GFP and XBP1s-mCherry fluorescence signals were detected for 10,000 cells per 

sample on a BD LSRFortessa Flow Cytometer using a 488 nm blue laser (530/30 filter) 

and a 561 nm yellow/green laser (610/20 filter). Cell populations were visualized using 

BD FACSDiva (Beckton Dickinson Biosciences). FCSExpress 7 (De Novo) and FlowJo 

(LLC) were used for data analysis. Samples were gated for live events and single cells 

and then analyzed for GFP and mCherry expression. All samples were compensated for 

background GFP and mCherry using transfected CHO-KI cells as the compensation 

controls. The median fluorescence intensity (MFI) of each sample was normalized to 

untransduced and untreated (DMSO) CHO-7.1 cells.  
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2.6 Immunoblotting 

 All antibodies used in this study are listed in Table 3.  

 Cells were washed once with PBS, lifted off the culture wells with 10 mM EDTA, 

and collected into 1.5 mL Eppendorf tubes. Samples were then pelleted at 1000 x g for 5 

min and washed with PBS. The supernatant was discarded, and the pellets were lysed 

with radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl, 150 mM NaCl, 1 

mM EDTA, 1% IPEGAL, 0.1% SDS, 0.5% sodium deoxycholate (all Sigma)) 

supplemented with cØmplete mini EDTA-free protease inhibitors (Roche) for 20 min on 

ice. Lysates were spun at 20,000 x g to precipitate debris, and supernatants were stored at 

-20°C in 4X Laemmli buffer (250 mM Tris-HCl, pH 6.8 (Sigma); 8% SDS (Wisent), 

40% glycerol (Wisent), 20% β-mercaptoethanol, 0.004% bromophenol blue (BioShop)) 

and 50 mM dithiothreitol (DTT, Sigma) until use. Protein concentration was quantified 

with a DC protein assay (Bio-Rad) using BSA as the standard. Prior to SDS-PAGE, 

samples were boiled at 95°C for 5 min. 2.4-10 μg per protein sample were loaded onto 8-

12.5% polyacrylamide (Bio-Rad) gels and resolved by SDS-PAGE at 80-100 Volts. 

Proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad) 

using a Trans-blot Turbo (Bio-Rad) and blocked in 4% BSA or 5% skim milk powder 

(Nestle) diluted in Tris-buffered saline (TBS) supplemented with 0.1% Tween 20 (TBST, 

Fisher) on a table-top shaker at room temperature for 1 h. For protein detection, primary 

antibodies were diluted in 4% BSA diluted in TBST, and membranes were incubated on a 

table-top shaker at 4°C overnight. Following incubation, membranes were washed three 

times with TBST for 5 min each and membranes were incubated with HRP-linked anti-

mouse or anti-rabbit antibodies in 4% BSA diluted in TBST on a table-top shaker at room 

temperature for 1h. Following another set of wash steps, membranes were developed with 

Clarity or Clarity Max Western ECL substrate (Bio-Rad) and imaged on a Bio-Rad 

ChemiDoc Imaging System using the chemiluminescence and Ponceau S settings.  
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Table 3. Antibodies used in this study. 

Target Source Catalog Number Dilution Used At 

Anti-rabbit IgG HRP-linked Cell Signaling  #7074 1:5000 

Anti-mouse IgG HRP-linked Cell Signaling #7076 1:5000 

β-actin HRP-linked Cell Signaling #5125 1:5000 

α-tubulin Cell Signaling  #2144S 1:2000 

GFP Cell Signaling #2555S 1:2000 

HA-tag Cell Signaling  #2367 1:1000 

FLAG-tag Cell Signaling #8146 1:1000 

K-bZIP Santa Cruz sc-69797 1:2000 

ORF57 Santa Cruz sc-135746 1:1000 

ORF65 Shou-Jiang 

Gao (gift) 

N/A 1:1000 

XBP1 (s + u) Cell Signaling #12782 1:2000 

BiP Cell Signaling #3177 1:1000 

Lamin A/C Santa Cruz sc-7292 1:1000 

Calnexin Cell Signaling #2679 1:1000 

Calreticulin Cell Signaling #12238 1:1000 

Histone H3 Cell Signaling #4499 1:1000 
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2.7 Quantitative Reverse Transcription PCR (RT-qPCR) 

 All primer sets used for RT-qPCR are listed in Table 4. 

 HEK293A or iSLK.219 cells were transduced as described section 2.5. 24 h post-

transduction, iSLK.219 cells were reactivated with 1 μg/mL doxycycline (Sigma) or 

0.0005% DMSO for 44 h. 44 h post-transduction or 44 h post-doxycycline addition, cells 

were treated with 150 nM Tg or 0.00015% DMSO at 37°C for 4h. Following the 4 h 

treatment, cells were washed once with PBS and lysed with RLT plus buffer (QIAGEN). 

Lysates were passed through 21-gauge syringes or vortexed for 30 seconds to reduce 

viscosity, transferred to 1.5 mL Eppendorf tubes, and stored at -80°C until use. Cellular 

RNA was extracted and purified from lysates in accordance with the QIAGEN RNeasy 

Plus Mini protocol and eluted with dH2O. RNA integrity was assessed by agarose gel 

electrophoresis using a 1% agarose bleach gel [325]. cDNA was synthesized from 250 ng 

RNA per sample using Maxima H Minus reverse transcriptase (Thermo Scientific) in 

accordance with the manufacturer’s instructions. cDNA was diluted 1:10 or 1:40 with 

nuclease-free dH2O. 2 μM per primer were diluted 1:6 with GoTaq RT qPCR Master Mix 

(Promega) and combined with cDNA into clear-bottom 96-well qPCR plates (Bio-Rad) 

for a final concentration of 200 nM per primer per reaction. RT-qPCR was then 

performed using a CFX Connect Real Time System (Bio-Rad) at an annealing 

temperature of 60°C. Fold changes in target gene mRNA levels were calculated using the 

ΔΔCt method. For samples harvested from HEK293A cells, GAPDH was used as the 

reference gene for normalization. For samples harvested from iSLK.219 cells, 18S rRNA 

was used as the reference gene.  

2.8 Dual Luciferase Assays 

Validation of K-bZIP Functionality Using pGL4.45 ISRE 

 HEK293T cells were reverse-transfected with 200-900 ng pcDNA3.1(+), 400 ng 

pcDNA3.1 K8α, 150 ng pMSCV-hygro-STING, 150 ng pTRIP-CMV-tagRFP-FLAG-

cGAS, 100 ng pGL4.45[luc2P/ISRE/Hygro], and 20 ng pGL4.74 promoterless using 3 

μg/mL PEI diluted in Opti-MEM. Transfection reagents were added to 24-well plates and 

HEK293T cells were seeded into transfection reagents at a density of 4x105 cells/mL.  
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Table 4. Primer Sets Used For RT-qPCR. 

Target Transcript Forward Primer 5’-3’ Reverse Primer 5’-3’ Efficiency 

GAPDH GAGTCAACGGATTTGGT

CGT 

TTGATTTTGGAGGGATC

TCG 

N/A 

18S TTCGAACGTCTGCCCTA

TCAA 

GATGTGGTAGCCGTTTC

TCAGG 

86% 

HSPA5 GCCTGTATTTCTAGACC

TGCC 

TCCATCTTGCCAGCCAG

TTG 

99% 

HERPUD1 AACGGCCATGTTTTGCA

TCTG 

GGGGAAGAAAGGTTCC

GAAG 

106% 

DDIT3 ATGAACGGCTCAAGCA

GGAA 

GGGAAAGGTGGGTAGT

GTGG 

89% 

EDEM1 TTGACAAAGATTCCACC

GTCC 

TGTGAGCAGAAAGGAG

GCTTC 

88% 

DNAJB9 CGCCAAATCAAGAAGG

TTC 

CAGCATCCGGGCTCTTA

TTTT 

115% 

K8 CGAAAGCAAGGCAGAT

ACG 

CATCAGCATGTCGCGAA

G 

103% 

Native RTA CCGAGACTGAAGTGTTC

GCA 

AACGGAGGAAATACCA

CCCC 

N/A 

Trans RTA ACTGTACCAGCTGCACC

AAT 

GGGAGGGGCAAACAAC

AGAT 

N/A 

ORF57 TCCAGTTTTGCTCCCCA

CTG 

TTCTGCCGTATTGTAGG

CGG 

N/A 

ORF11 ACATTTGACAACACGCA

CCG 

AAAATCAGCACGCTCGA

GGA 

N/A 

ORF59 CACCAGGCTTCTCCTCT

GTG 

TCGCTGACAGACACAGT

CAC 

N/A 

ORF45 TGATGAAATCGAGTGGG

CGG 

CTTAAGCCGCAAAGCAG

TGG 

N/A 

ORF26 CAGTTGAGCGTCCCAGA

TGA 

GGAATACCAACAGGAG

GCCG 

N/A 

K9 (vIRF1) GTCATTGACTGGGGTCG

GTT 

CTACGCAAGGCCGATGA

GAT 

N/A 

K8.1 AGATACGTCTGCCTCTG

GGT 

AAAGTCACGTGGGAGG

TCAC 

N/A 

ORF65 TGGCTCGCATGAATACC

CTG 

CTGCAGATGATCCCGCC

TTT 

N/A 

ORF71 (vFLIP) CAGTCACGTCCCCAAGA

GC 

CAGGTTCTCCCATCGAC

GAC 

N/A 

ORF73 (LANA) TCCCACAGTGTTCACAT

CCG 

GAGGTAAAGGTGTTGCG

GGA 

N/A 
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Cells were supplied with antibiotic-free DMEM and incubated at 37°C. 48h post-

transfection, cells were washed once with PBS, lysed with 100 μL passive lysis buffer 

(Promega) per well, and incubated on a Belly Dancer orbital shaker (Stovall) at room 

temperature for 15 min. Lysates were collected into 1.5 mL Eppendorf tubes and firefly 

and Renilla luciferase relative light units (RLU) were subsequently measures on a 

GloMax 20/20 luminometer (Promega) in accordance with the Promega Dual Luciferase 

Reporter Assay protocol. Firefly luciferase signal was normalized to Renilla luciferase 

signal using the following formula:  

 

Ratio (firefly luciferase to Renilla luciferase) = firefly luciferase RLU / Renilla luciferase 

RLU 

2.9 Assessment of ATF6-N Transcriptional Activity Using pGL4.26 2XERSE 

 HEK293T cells were reverse-transfected with 300 ng pEGFP-C1, pEGFP-

ATF6N, or pCGN ATF6, 300-600 ng pcDNA3.1(+), 300 ng pcDNA3 FLAG-RTA, 

pcDNA3.1 HA-ORF37, and/or pcDNA3.1 HA-ORF57, and/or pcDNA3.1 K8α, 100 ng 

pGL4.26 2XERSE (Fig. 9B), and 20 ng pGL4.74 promoterless using 5 μg/mL PEI 

diluted in Opti-MEM. Transfection reagents were added to 24-well plates and HEK293T 

cells were seeded into transfection reagents at a density of 4x105 cells/mL. Cells were 

supplied with antibiotic-free DMEM and incubated at 37°C for 48 h. 48 h post-

transfection, cells were harvested for dual luciferase assays as in section 2.8.  

2.10 Nuclear and Cytoplasmic Fractionation of iSLK.219 and TREx-BCBL1-RTA Cells 

 Nuclear and cytoplasmic fractionation was performed in accordance with the Lyse 

& Wash protocol [326]. 

To assess the subcellular localization and relative protein abundance of transiently 

expressed HA-ATF6 and HA-ATF6 1-373, iSLK.219 cells were transduced with 

lentiviruses at MOIs of 7 as described in section 2.4. 24 h post-transduction, latent 

rKSHV.219 was reactivated using 1 μg/mL doxycycline and 1 mM NaB (Sigma) or 

0.001% DMSO (control) at 37°C for 48 h.  
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To assess the subcellular localization and relative protein abundance of 

endogenous ATF6, iSLK.219 or TREx-BCBL1-RTA cells were seeded at a density of 

5x104 cells/mL or 2.5x105 cells/mL, respectively, and incubated at 37°C for 24 h. After 

24 h, latent KSHV was reactivated using 1 μg/mL doxycycline and 1 mM NaB or 

0.001% DMSO (control) at 37°C for 44 h. After 44 h, cells were treated with 150-250 

nM Tg or 0.00015-0.00025% DMSO (control) for 4 h.  

At the point of harvest, adherent cells were washed once with PBS and lifted off 

the plates with 0.05% trypsin-ethylenediaminetetraacetic acid. Trypsinized cells were 

diluted with 800 μL ice-cold DMEM to quench the trypsin, collected into 1.5 mL 

Eppendorf tubes and pelleted at 500 x g at 4°C for 4 min. Suspension cells were directly 

collected into 2 mL Eppendorf tubes and pelleted as described. Pellets were subsequently 

washed with 500 μL ice-cold PBS and pelleted as before. Pellets were re-suspended in 

150 μL ice-cold hypotonic buffer (20 mM Tris-HCl, 10 mM KCl, 2 mM MgCl2, 1 mM 

EGTA (all Sigma), 1 tablet of cØmplete mini EDTA-free protease inhibitors) and 

incubated on ice for 3 min to separate the ER from the nuclei. Cells were then lysed with 

0.1% Nonidet P 40 substitute (Fluka) and incubated for an additional 3 min on ice. After 

incubation, lysates were spun at 1,000 x g at 4°C for 5 min to separate nuclei (pellet) 

from all other cellular components (supernatant). Supernatants containing cytoplasmic 

proteins were centrifuged at 15,000 x g at 4°C for 3 min to precipitate any remaining 

nuclei and debris, collected into fresh 1.5 mL Eppendorf tubes, and 50 μL 4X Laemmli 

buffer containing 0.5 mM DTT were added. Pellets containing nuclei were re-suspended 

in 200 μL isotonic buffer (20 mM Tris-HCl, 150 mM KCl, 2 mM MgCl2, 1 mM EGTA, 1 

tablet of cØmplete mini EDTA-free protease inhibitors) and incubated for 5-10 min on 

ice. Following incubation, nuclei were precipitated at 1,000 x g at 4°C for 3 min and the 

supernatants were discarded. Pellets were lysed with 200 μL 2X Laemmli buffer (6.25 

mM Tris-HCl, pH 6.8; 2.35% SDS, 10% glycerol, 1 mM EDTA) and samples were 

homogenized, and genomic DNA was sheared by passing lysates through 21-gauge 

syringes. Finally, 0.001% bromophenol blue and 0.5 mM DTT were added to nuclear 

lysates. Nuclear and cytoplasmic lysates were stored at -20°C until SDS-PAGE as 

described in section 2.6.  
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2.11 Flow Cytometry Assessment of ATF6-N Antiviral Activity 

For assessing the potential antiviral activity of ATF6-N, iSLK.219 cells were 

transduced with pLJM1-B* BSD or pLJM1-HA-ATF6 1-373 BSD at MOIs of 1, 2, 5, 

and 10 as described in section 2.4. 24 h post-transduction, latent rKSHV.219 was 

reactivated using 1 μg/mL doxycycline and 1 mM NaB for 96 h, after which virus-

containing supernatants were collected, spun at 3,300 x g for 5 min, and stored at -80°C 

until use. For spinoculation, HEK293A cells were seeded into 12-well plates at a density 

of 1x105 cells/mL to produce a confluent monolayer 48 h later. Virus-containing 

supernatants were diluted two-fold (1/2 - 1/64) with DMEM containing 3 μg/mL 

polybrene and 25mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, 

Gibco) and spinoculated onto HEK293A cells at 800 x g and 30°C for 2 h. Following 

spinoculation, cells were supplied with fresh DMEM and incubated for 20 h at 37°C. 

After 20 h, cells were washed once with PBS, lifted off the culture wells with 100 μL 

trypsin-ethylenediaminetetraacetic acid, and collected into 1.5 mL Eppendorf tubes. At 

the point of harvest, cell counts were also obtained from uninfected HEK293A cells. 

Samples were then pelleted at 1000 x g for 5 min and washed with PBS twice. Following 

another spin step at 1000 x g for 5 min, cells were then fixed with 4% paraformaldehyde 

at room temperature for 20 min. After fixation, cells were spun at 2000 x g for 2 min and 

washed with PBS. Supernatant was discarded and pellets were subsequently resuspended 

in FACS buffer and transferred to polystyrene tubes. Samples were stored at 4°C until 

use. GFP signal was detected for 50,000 cells per sample on a BD FACSCelesta Flow 

Cytometer using a 488 nm blue laser (530/30 filter). Cell populations were visualized 

using BD FACSDiva (Beckton Dickinson Biosciences). FCSExpress 7 (De Novo) was 

used for data analysis. Samples were gated for live events and single cells and then 

analyzed for GFP expression (Fig. 10). GFP positive events were determined by 

comparison with uninfected HEK293A cells. Virus titer was calculated as IU/mL using 

the following formula:  

Virus titer (IU/mL) = (% GFP positive events * total cell count as determined at the time 

of harvest) / dilution factor 

 



68 

 

Figure 10. Flow cytometry gating strategy for GFP-expressing HEK293A cells. Live 

cells were gated based on side scatter (SSC) and forward scatter (FSC) (A). Single cells 

were further gated using FSC-A and FSC-H (B). GFP signal was measured using a 

488nm blue laser (530/30 filter) (FITC-channel). GFP-positive, single-cell populations 

were defined to the exclusion of autofluorescent GFP signal from unstained HEK293A 

cells (C).  
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Figure 10. Flow cytometry gating strategy for GFP-expressing HEK293A cells.  
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Only titers obtained from samples displaying 1-30% GFP positivity were considered for 

statistical analysis. 

2.12 Statistical Analysis 

Statistical analysis was performed using Prism 9 (GraphPad). Statistical 

significance between two different groups was determined with unpaired, two-tailed 

Student’s t-tests. Statistical significance between three or more different groups was 

determined with two-way ANOVAs using Tukey’s test for correction. A p value of < 

0.05 was considered statistically significant. Significance was denoted as follows: **, p 

value < 0.01; ***, p value < 0.001; ****, p value < 0.0001.  
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CHAPTER 3: RESULTS 

3.1 K-bZIP Expressed from Plasmids and Lentiviral Vectors is Functional  

The predominant and transcriptionally active isoform of K8 is the 237 aa, bZIP-

containing K8α or K-bZIP [250]. For my experiments, I generated K-bZIP-encoding 

plasmids by PCR cloning from an intronless parent plasmid amplified from viral cDNA. 

To confirm that the pLJM1-K8α-puro and pcDNA3.1 K8α plasmids used in this study 

produce a functional K-bZIP protein, I performed immunoblots and luciferase assays. 

HEK293A cells transduced with pLJM1-K8α-puro or HEK293T cells transfected with 

pcDNA3.1 K8α express a K-bZIP of about 35-40 kDa in size (Fig. 13B, Fig. 16), which 

is consistent with previous observations [87,288,311]. K-bZIP has been reported to facilitate 

immune evasion by disrupting IFN signaling prior to and following type I IFN production 

[289,296]. Upstream of type I IFN production, K-bZIP binds the ISRE located on the IFNB1 

and C-C Motif Chemokine Ligand 5 (CCL5) promoters and prevents the IFN-β inducer 

IRF3 from binding [296]. Downstream of type I IFN production, K-bZIP represses the 

expression of ISGs, such as that encoding 2’, 5’ OAS, by a mechanism that is not 

understood [289]. IRF3 is responsive to phosphorylation and activated as part of cellular 

pathogen sensing pathways. The cellular PRR cGAS activates the stimulator of interferon 

genes (STING) upon sensing cytosolic dsDNA [327]. STING then activates TANK-

binding kinase 1 (TBK1), which is one of the kinases that phosphorylate and activate 

IRF3 [328,329]. To recapitulate K-bZIP-mediated repression of ISRE-containing genes, I 

assessed firefly luciferase production by an ISRE-containing luciferase plasmid in 

HEK293T cells. I artificially induced the type I IFN signaling pathway by co-transfection 

with cGAS and STING. I decided against treatment with IFN-α because I wanted to 

stimulate the signaling pathway upstream of IFN production. I Initially induced type 1 

IFN production with the IRF3 agonist polyinosinic:polycytidylic acid (poly I:C) [330,331], 

but co-transfection with poly I:C was inefficient and only minimally induced ISRE-

driven luciferase production. By contrast, ectopic cGAS and STING expression induced 

luciferase production from the ISRE-containing luciferase plasmid almost 1,400-fold 

(Fig. 11). This increase was reduced roughly 50% or 600-fold in cells that were also 
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expressing K-bZIP. My data shows that pLJM1-K8α-puro and pcDNA3.1 K8α encode a 

~40 kDa K-bZIP that represses gene expression from ISRE and is therefore functional.  

3.2 K-bZIP Does Not Affect the PERK and IRE1 Arms of the UPR in CHO-7.1 Reporter 

Cells 

 To test the hypothesis that K-bZIP inhibits the UPR, I investigated UPR 

activation with ectopic K-bZIP expression using a Chinese hamster ovary reporter cell 

line. The CHO-7.1 CHOP::GFP/XBP1s-mCherry reporter cell line expresses GFP under 

the control of the mouse DDIT3 promoter and expresses mCherry fused to XBP1s (Fig. 

7). DDIT3 expression is induced by ATF4 following PERK stimulation and GFP signal 

therefore provides a quantitative measure of PERK activation and ATF4 expression and 

transcriptional activity. XBP1s is produced in response to IRE1-mediated xbp1 splicing 

and mCherry signal therefore provides a measure of IRE1 activation and Xbp1 splicing 

and expression. The cell line does not allow us to monitor the ATF6 arm of the UPR. To 

assess if K-bZIP inhibits the PERK and IRE1 arms of the UPR, I performed flow 

cytometry analysis of GFP and mCherry signals in CHO-7.1 cells transduced with 

pLJM1-K8α-puro-carrying lentiviruses in the presence of acute ER stress induced by the 

sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor thapsigargin [332]. As 

expected, 20 h treatment with 1 mM Tg increased GFP and XBP1s-mCherry signal, 

which indicates that Tg activates the PERK and IRE1 arms of the UPR and leads to the 

production of ATF4 and XBP1s, respectively (Fig. 12). GFP and XBP1s-mCherry were 

similarly induced in K-bZIP-expressing cells with no observable difference in 

fluorescence intensity compared to untransduced control cells (Fig. 12B). These results 

show that ectopic expression of K-bZIP does not affect GFP and XBP1s-mCherry 

expression in the CHO-7.1 model, which suggests that K-bZIP does not inhibit PERK 

and IRE1 activation, ATF4 expression and/or activity, and Xbp1 splicing. 

I questioned the validity of CHO cells as a model for studying UPR activation in 

the presence of KSHV-encoded protein products. KSHV is a human herpesvirus that is 

restricted to humans and only infects a limited range of human cells. KSHV does not 

naturally infect cells derived from other animals and cannot productively infect murine 

cells [333]. However, the UPR is conserved across mammalian cells and constitutes 
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Figure 11. K-bZIP inhibits cGAS and STING-mediated induction of luciferase from 

an ISRE-containing promoter. HEK293T cells were transfected with plasmids 

encoding K-bZIP, RFP-FLAG-cGAS, and STING for 48 h and firefly (B) and Renilla 

luciferase (C) relative light units (RLU) were measured using a luminometer. Data shown 

for four independent experiments. Error bars represent SEM. (A) Fold changes in 

luciferase expression between cells expressing K-bZIP alone or co-expressing RFP-

FLAG-cGAS and STING were measured. Fold changes were normalized to empty vector 

(EV) cells not expressing cGAS and STING. A two-way ANOVA was done to determine 

statistical significance (*, p value < 0.05; **, p value < 0.01; ***, p value < 0.001; ****, 

p value < 0.0001). 
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Figure 11. K-bZIP inhibits cGAS and STING-mediated induction of luciferase from 

an ISRE-containing promoter. 
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Figure 12. K-bZIP does not inhibit the PERK and IRE1 arms of the UPR. Flow 

cytometry analysis of dual reporter CHO-7.1 cell line expressing GFP under the ATF4-

responsive CHOP promoter or expressing an XBP1s-mCherry fusion protein. CHO-7.1 

cells were transduced with empty vector (EV) or K-bZIP (K8) expressing lentiviruses for 

72 hours and selected for with puromycin. Cells were then left untreated (DMSO) or 

treated with 1 mM Thapsigargin (Tg) to induce ER stress for 20 h. CHOP::GFP and 

XBP1s-mCherry signal was measured by flow cytometry on 10,000 cells per sample. (A) 

Tg treatment induces mCherry and GFP expression indicative of PERK and IRE1 

activation (DMSO, orange; 1 mM Tg, blue). (B) K-bZIP does not reduce CHOP::GFP 

and XBP1s-mCherry expression in untreated and Tg-treated CHO-7.1 cells. Data shown 

for one independent experiment.   
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Figure 12. K-bZIP does not inhibit the PERK and IRE1 arms of the UPR. 
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homologous sensors and effector molecules in human and other mammals [334]. Basic 

Local Alignment Search Tool (BLAST) analysis shows that human and Chinese hamster 

ATF4 share 87.5% aa sequence identity, human and Chinese hamster PERK share 90% 

aa identity, and human and Chinese hamster IRE1 share 94% aa identity. By contrast, 

mouse and human ATF4, PERK, and IRE1 share 86-92% aa sequence identity. Based on 

these similarities, Chinese hamster represents a model organism for studying the UPR in 

mammalian systems. Protein-protein and protein-DNA interactions often require 

recognition of specific binding sites and motifs that can vary between species due to 

nucleotide substitutions in gene promoters or amino acid differences between 

homologous proteins. Another limitation of the CHO-7.1 reporter cell line is that it does 

not allow us to measure ATF6 activation and transcriptional activity and XBP1s activity. 

I therefore decided to assess the expression levels of multiple UPR-responsive transcripts 

representative of all three arms of the UPR in human embryonic kidney HEK293A cells. 

3.3 K-bZIP Does Not Affect the PERK, IRE1, and ATF6 Arms of the UPR in human 

(HEK293A) Cells 

 To test the hypothesis that K-bZIP inhibits the UPR in human cells, I assessed 

transcript levels of multiple UPR targets by RT-qPCR. I harvested RNA from HEK293A 

cells that were transduced with empty vector or K-bZIP and treated with 150 nM Tg for 4 

h. I measured the fold changes in expression of the UPR-responsive target genes HSPA5 

(BiP), HERPUD1, DDIT3 (CHOP), EDEM1, and DNAJB9 (ERdj4) by RT-qPCR (Fig. 

13A). HSPA5, HERPUD1, and DDIT3 are transactivated by ATF6-N, XBP1s, and ATF4 

to varying degrees [174,188–192]. DNAJB9 and EDEM1 are induced by XBP1s alone or 

ATF6-N/XBP1s heterodimers [174,187,239]. Tg induced the levels of all transcripts 2-40-fold 

compared to untreated cells (Fig. 13A) and increased the accumulation of XBP1s and BiP 

protein (Fig. 13B). HERPUD1 and DDIT3 transcript levels displayed the greatest 

induction with roughly 40-fold increase in levels following Tg treatment. HSPA5 levels 

were induced 15-fold, whereas EDEM1 and DNAJB9 levels were only mildly induced by 

2- and 7-fold, respectively.  

As expected, Tg treatment did not affect the accumulation of K-bZIP protein (Fig. 

13A). Ectopic expression of K-bZIP did not significantly reduce or increase the transcript  
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Figure 13. K-bZIP does not inhibit the UPR. HEK293A cells were transduced with 

empty vector (EV) or K-bZIP-expressing lentiviruses for 72 hours. Cells were then left 

untreated (DMSO) or treated with 150nM thapisgargin (Tg) to induce ER stress for 4 h 

and lysates were harvested for (A) RT-qPCR and (B) immunoblot analysis. (A) 

Expression of the ATF6-N-induced gene HSPA5, the ATF6-N- and XBP1s-induced 

genes HERPUD1 and EDEM1, the PERK-induced gene DDIT3, and the XBP1s-induced 

gene DNAJB9 were measured by RT-qPCR. Data shown for three independent 

experiments. Error bars represent SEM. Data was normalized to GAPDH mRNA and 

changes in fold expression were determined using the ΔΔCT method. A two-way 

ANOVA was done to determine statistical significance (*, p value < 0.05; **, p value < 

0.01; ***, p value < 0.001; ****, p value < 0.0001). (B) Immunoblot analysis of K-bZIP 

(K8) and UPR markers BiP and XBP1s was performed. α-tubulin and β-actin were used 

as loading controls. 
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Figure 13. K-bZIP does not inhibit the UPR. 
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levels of any of the assessed UPR targets regardless of treatment (Fig. 13A). K-bZIP also 

did not reduce the accumulation of XBP1s and BiP protein (Fig. 13B), which suggests 

that K-bZIP does not interfere with the transcription and translation of BiP, as well as 

Xbp1 splicing and translation. My RT-qPCR data and immunoblots therefore show that 

K-bZIP has no significant effect on the expression of UPR target genes. It is unclear if K-

bZIP does not interact with the cellular bZIPs ATF4, ATF6-N, and XBP1s, or if a 

potential interaction with these transcription factors does not affect their ability to 

transactivate UPR targets. A lack of interaction is supported by data from other groups 

that previously showed that the bZIP domain of K-bZIP forms strong homodimers, but 

not heterodimers [256]. The interaction of K-bZIP with the cellular bZIP C/EBPα is also 

through the formation of higher-order oligomers rather than heterodimerization [264]. An 

interpretation of the qPCR data is limited by the small range of UPR targets I picked. I 

only assessed expression of five UPR-induced target genes, but the pool of UPR-induced 

genes is much larger and contains more than 50 different genes [174]. Furthermore, during 

authentic viral replication, the expression kinetics and repressive activity of K-bZIP are 

in part regulated by other viral proteins, including the serine/threonine protein kinase 

vPK [311] and ORF57 [94]. Ectopic expression of K-bZIP in isolation of other viral proteins 

does therefore not account for potential combinatorial effects. A more comprehensive 

approach to study the potential, K-bZIP-mediated inhibition of UPR target expression 

would be to perform RNA-sequencing in KSHV-infected cell lines using K-bZIP mutants 

that lack diverse functional domains. The phosphorylation- and SUMOylation-deficient 

T111A [311] and K158R [288] mutants, or the SIM-deficient L75A mutant [268] are well 

characterized. 

3.4 EGFP-ATF6-N is Functional and Induces Luciferase Expression From ERSE-I 

 UPR TFs transactivate UPR-sensitive target genes by binding DNA motifs, such 

as the ERSEs. Contrary to assessing the expression levels of select targets, the 

transcriptional activity of ATF6-N, XBP1s, and ATF4 can also be studied by assessing 

transcription from a single DNA-binding motif. The best studied UPR-responsive motif is 

the 5’-CCAAT-N9-CCACG-3’ ERSE-I that can be bound by ATF6-N and XBP1s [188]. 

We have a pGL4.26 firefly luciferase plasmid, pGL4.26 2XERSE, that contains a 
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minimal promoter and two back-to-back copies of the ERSE-I immediately upstream of 

the luciferase coding frame (Fig. 9B). Although ERSE elements in naturally occurring 

promoters, such as the HSPA5 promoter, are separated by >10 bp spacers and never back-

to-back, a single ERSE-I is enough to drive ATF6-N-specific expression of xbp1. As 

such, even if one of the ERSE-I motifs in pGL4.26 2XERSE would not be functional, the 

downstream luciferase gene could still be induced. pGL4.26 2XERSE does not contain 

any additional ERSEs or CRE-like consensus sites that allow ATF6-N, XBP1s, or ATF4 

to bind. ATF6-N transactivates ERSE-I more strongly than XBP1s [174] because it has a 

higher affinity for ERSE-I than XBP1s [187]. To induce pGL4.26 2XERSE, I designed 

pEGFP-ATF6-N, a plasmid that encodes the first 373 aas of ATF6 that correspond to the 

proteolytically processed, 50 kDa bZIP ATF6-N. The N-terminal EGFP tag allows me to 

detect the transgene directly without detecting endogenous ATF6. ATF6-N can 

transactivate xbp1, but not mediate its splicing and translation to the transcriptionally 

active XBP1s [155]; in the absence of UPR stimulators, such as Tg, pEGFP-ATF6N and 

pGL4.26 2XERSE might therefore provide a means of studying the transactivation 

activity of ATF6-N separately from the IRE1 and PERK arms.  

To confirm that EGFP-ATF6-N, the protein product of pEGFP-ATF6-N, can 

induce expression of its UPR targets, I harvested protein from HEK293A cells that were 

transfected with EGFP-ATF6-N or full-length ATF6 and treated with 150 nM Tg for 4 h 

and compared protein expression by immunoblotting (Fig. 14). EGFP-ATF6-N induced 

BiP protein accumulation regardless of Tg treatment, whereas full-length ATF6 only 

induced BiP expression following Tg treatment. EGFP-ATF6-N was able to induce 

XBP1u accumulation, and therefore Xbp1 transcription, but was not able to elevate 

intracellular levels of the spliced product XBP1s. These results are consistent with 

previous findings that ATF6-N alone is not sufficient to direct Xbp1 splicing in the 

absence of IRE1 activation [155]. Co-induction of ERSE-I by baseline XBP1s is probably 

minimal in the EGFP-ATF6-N/pGL4.26 2XERSE system. 

To assess if EGFP-ATF6-N is sufficient to induce gene expression from ERSE-I 

in the absence of ER stress and UPR activation, I performed dual luciferase assays and 

measured firefly luciferase production from pGL4.26 2XERSE in HEK293T cells  
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Figure 14. EGFP-ATF6-N induces UPR target gene expression in the absence of ER 

stress. HEK293A cells were transfected with plasmids encoding EGFP, EGFP-ATF6-N, 

or full-length HA-ATF6 for 48 h. 4 h prior to harvesting lysates, cells were treated with 

150 nM thapsigargin (Tg) or DMSO. Immunoblot analysis of exogenous ATF6 and UPR 

markers BiP and XBP1s/XBP1u was performed. α-tubulin and β-actin were used as 

loading controls. 
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Figure 14. EGFP-ATF6-N induces UPR target gene expression in the absence of ER 

stress. 

 

 

 

 

 

 

 

 

 

 

 



84 

 

transfected with EGFP-ATF6-N. As a transfection control, I co-transfected a 

promoterless pGL4.74 Renilla luciferase plasmid (Fig. 9C). The pGL4.74 parent plasmid 

drives Renilla luciferase expression from the HSV TK promoter, but HSV TK and CMV 

promoters contain multiple 5’-TGAC-3’ CRE half-sites that are ATF6-N-inducible. 

Removal of the HSV TK promoter from pGL4.74 reduced ATF6-N sensitivity (Fig. 

17B). EGFP-ATF6-N induced firefly luciferase expression from ERSE-I ~20-fold 

compared to EGFP (Fig. 15A). These findings confirm that EGFP-ATF6-N is a 

functional, constitutively active transcription factor that can be used to induce ERSE-I in 

the absence of ER stress.  

3.5 K-bZIP Does Not Affect the ATF6 Arm in HEK293T Cells 

 During lytic KSHV infection, viral proteins assemble into functional complexes. 

K-bZIP localizes to the nucleus in lytically infected cells and interacts with the viral 

proteins RTA [83,84,86,87], ORF36/vPK [311], and ORF57 [310]. K-bZIP regulates the 

transactivation activity of RTA to exert precise, temporal control over lytic gene 

expression [87] and is itself regulated by ORF36-mediated phosphorylation [311]. ORF57 

might further assist K-bZIP with fine-tuning RTA-mediated gene expression [310]. I 

sought to assess the combined effects of K-bZIP and known viral interaction partners on 

the transactivation ability of ATF6-N. To this end, I co-transfected HEK293T cells with 

EGFP-ATF6-N and a combination of K-bZIP with RTA, ORF36, or ORF57 and assessed 

BiP protein levels by immunoblotting (Fig. 16) or measured firefly luciferase expression 

in cells also expressing pGL4.26 2XERSE (Fig. 15B). K-bZIP did not reduce EGFP-

ATF6-N and BiP protein accumulation alone or in combination with RTA, ORF36, or 

ORF57. Likewise, K-bZIP did not reduce firefly luciferase expression from ERSE-I 

alone or in combination with ORF36 or ORF57. These findings are consistent with my 

flow cytometry and RT-qPCR data and collectively show that K-bZIP is not an inhibitor 

of the UPR.  

The effect of RTA expression on ATF6-N transactivation could not be assessed, 

because RTA consistently induced Renilla luciferase expression above background (Fig. 

17B). RTA might be able to induce Renilla expression because pGL4.74[hRluc/TK] 

contains RTA-responsive elements (RREs). These RREs have a consensus of  
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Figure 15. K-bZIP does not inhibit ATF6-N transcriptional activity alone or in 

combination with known viral interaction partners. HEK293T cells were transfected 

with plasmids encoding EGFP, EGFP-ATF6-N, K-bZIP (K8), FLAG-RTA, HA-ORF36, 

and HA-ORF57 for 48 h and firefly and Renilla luciferase relative fluorescent units 

(RFU) were measured using a luminometer. (A) Exogenous EGFP-ATF6-N induces an 

ATF6-responsive tandem (2X) ER stress response element (ERSE) luciferase construct. 

The ERSE constitutes the CCAAT-N(9)-CCACG upstream activating sequence that 

facilitates binding to ATF6-N, but not XBP1s. (B) K-bZIP does not affect ATF6-N-

mediated transcription of firefly luciferase alone or in combination with viral proteins, 

but ORF57 alone significantly increases firefly luciferase production. Data shown for 

four independent experiments. Error bars represent SEM. Fold changes in luciferase 

expression were normalized to (A) EGFP and (B) EGFP-ATF6-N (EV). A two-way 

ANOVA (B) or Student’s t-test (A) was done to determine statistical significance (*, p 

value < 0.05; **, p value < 0.01; ***, p value < 0.001; ****, p value < 0.0001). 
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Figure 15. K-bZIP does not inhibit ATF6-N transcriptional activity alone or in 

combination with known viral interaction partners. 
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5’-CC-N9-GG-3’ and are found in multiple viral promoters, including those of the genes 

encoding ORF57 and PAN [335]. Several of these RRE consensus sequences are also 

present on pGL4.26 2XERSE. RTA alone did not increase BiP accumulation (Fig. 16), 

suggesting that RTA does not transactivate BiP and does not modulate the transactivation 

activity of ATF6-N.  

ORF57 enhanced EGFP-ATF6-N-mediated luciferase expression from ERSE-I 

0.6-fold (Fig. 15B, Fig. 18). Although the change in firefly luciferase expression was 

statistically significant, it was subtle. Co-expression with K-bZIP did not further augment 

firefly luciferase expression, suggesting that this increase is dependent on ORF57 and not 

K-bZIP (Fig. 15B). ORF57 is an RNA-binding protein that enhances the translation of 

viral RNAs by facilitating their nuclear export [89–91,336], protecting them from RNA decay 

[92,93], and promoting their splicing by interaction with the spliceosome [94]. Indeed, 

ORF57 enhanced K-bZIP protein levels when both viral proteins were co-expressed but 

did not increase the accumulation of cellular proteins (Fig. 16). ORF57-mediated post-

transcriptional regulation has not been identified for cellular transcripts, and, unlike RTA, 

ORF57 only increased firefly but not Renilla luciferase expression (Fig. 18B & C). 

Furthermore, ORF57 required concurrent EGFP-ATF6-N expression to enhance firefly 

luciferase expression, suggesting that ORF57 increases the transactivation activity of 

EGFP-ATF6-N (Fig. 18B). ORF57 is not a transcription factor but has been shown to 

assist RTA in activating RRE-containing viral promoters, including those encoding PAN 

and ORF59 [337,338]. In several lymphoma cell lines, ORF57 only enhanced RTA-

mediated transactivation, but was not able to induce promoters on its own [338]. My data 

similarly shows that ORF57 was not able to induce expression from ERSE-I on its own 

and required co-expression of EGFP-ATF6-N (Fig. 18B). Previous research also shows 

that in some select cell lines, including HEK293 cells, ORF57 can induce viral promoters 

independently of RTA [338]. This might explain why ORF57 augmented transactivation of 

ERSE-I in the absence of RTA but does not explain the dependence on EGFP-ATF6-N. 

Co-immunoprecipitation or GST-pull-down experiments could identify a potential 

interaction between ORF57 and ATF6-N to assess if the mechanism by which ORF57 

enhances ATF6-N activity is through direct interaction. 
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Figure 16. K-bZIP does not inhibit BiP expression alone or in combination with 

known viral interaction partners. HEK293T cells were transfected with plasmids 

encoding EGFP, EGFP-ATF6-N, K-bZIP (K8), FLAG-RTA, HA-ORF36, and HA-

ORF57 for 48 h and lysates were harvested for immunoblot analysis for EGFP-ATF6-N, 

UPR marker BiP, and viral proteins. α-tubulin and β-actin were used as loading controls. 
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Figure 16. K-bZIP does not inhibit BiP expression alone or in combination with 

known viral interaction partners. 
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Figure 17. RTA induces pGL4.26 2XERSE firefly and pGL4.74 Renilla luciferase 

plasmids. HEK293T cells were transfected with plasmids encoding EGFP, EGFP-ATF6-

N, K-bZIP (K8), FLAG-RTA, HA-ORF36, and HA-ORF57 for 48 h and firefly and 

Renilla luciferase relative fluorescent units (RFU) were measured using a luminometer. 

(A) RTA and ORF57 induce an ATF6-responsive 2XERSE luciferase construct in the 

presence of exogenous ATF6-N. (B) RTA induces luciferase expression from the 

promoterless pGL4.74 Renilla internal control plasmid. Data shown for three out of four 

independent experiments. Error bars represent SEM. 
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Figure 17. RTA induces pGL4.26 2XERSE firefly and pGL4.74 Renilla luciferase 

plasmids. 
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Figure 18. ORF57 enhances the ATF6-N-mediated activation of luciferase from an 

ERSE-containing promoter. HEK293T cells were transfected with plasmids encoding 

EGFP, EGFP-ATF6-N, and HA-ORF57 for 48 h and firefly (B) and Renilla luciferase 

(C) relative light units (RLU) were measured using a luminometer. Data shown for four 

independent experiments. Error bars represent SEM. (A) Fold changes in luciferase 

expression between cells expressing EGFP-ATF6-N alone or co-expressing EGFP-ATF6-

N and ORF57 were measured. Fold changes were normalized to EGFP-ATF6-N. 

Student’s t-test (A), or two-way ANOVA (B & C) was done to determine statistical 

significance (*, p value < 0.05; **, p value < 0.01; ***, p value < 0.001; ****, p value < 

0.0001). 
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Figure 18. ORF57 enhances the ATF6-N-mediated activation of luciferase from an 

ERSE-containing promoter. 
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3.6 ATF6-N Localizes to the Nuclei of KSHV-infected Cells 

Lytic KSHV replication activates the ATF6, IRE1, and PERK sensors of the 

UPR, but suppresses the expression of UPR-responsive target genes by preventing the 

accumulation of the UPR-governing TFs ATF4, XBP1s, and CHOP. ATF6-N activation 

and cleavage are not affected by lytic replication, but despite its proper proteolytic 

processing, the expression of its canonical target BiP is suppressed by an unknown 

mechanism [286]. My RT-qPCR and luciferase experiments assumed a transcriptionally 

active ATF6-N, but we do not know whether ATF6-N retains its transactivation activity 

in KSHV-infected cells. ATF6-N, like all transcription factors, requires nuclear import to 

access DNA. It is currently unknown if ATF6-N properly localizes to the nuclei of 

KSHV-infected cells. If ATF6-N nuclear import were impaired in KSHV-infected cells, 

this would explain why ATF6-N targets fail to accumulate during lytic replication.  

 To assess if ATF6-N localizes to the nuclei of KSHV-infected cells, I used a 

nuclear and cytoplasmic fractionation protocol that separates the ER from the nuclei and 

allows me to distinguish between the ER-resident ATF6 and the nuclear ATF6-N [326]. 

We have two KSHV-infected cell lines, renal carcinoma iSLK.219 cells and B-cell 

lymphoma PEL TREx-BCBL1-RTA cells, that contain a chromosomal RTA transgene 

under the control of the tetracycline operator from which KSHV reactivation can be 

controlled by addition of doxycycline [323,324]. I assessed the nuclear accumulation of 

ATF6-N in doxycycline-treated iSLK.219 and TREx-BCBL1-RTA cells that were treated 

with Tg for 4 h and analyzed the accumulation of ATF6-N targets BiP and calreticulin by 

immunoblotting (Fig. 20 & 21). Expression of endogenous ATF6 is very low in 

iSLK.219 cells despite Tg treatment (Fig. 20). I therefore also fractionated iSLK.219 

cells that were transduced with full-length ATF6 or ATF6-N prior to reactivation with 

doxycycline (Fig. 19). The ~70 kDa ATF6-N accumulated in the nuclear fraction of 

iSLK.219 and TREx-BCBL1-RTA cells regardless of treatment (Fig. 19, 20 & 21), which 

suggests that KSHV does not interfere with the proper nuclear localization of ATF6-N. 

As expected, ATF6 was not processed into ATF6-N in the absence of ER stress and UPR 

induction (Fig. 19). Protein levels of ectopically expressed full-length and N-terminal 

ATF6 were significantly higher in iSLK.219 cells undergoing lytic KSHV replication  
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Figure 19. Lytic KSHV replication diminishes BiP accumulation but does not affect 

the nuclear localization of ectopically expressed ATF6-N in iSLK.219 cells. iSLK.219 

cells were transduced with lentiviruses encoding empty vector (EV), HA-ATF6 full-

length (FL), or HA-ATF6-N at MOIs of 7 for 24 h. Cells were then left untreated 

(DMSO) or reactivated with 1 μg/mL doxycycline for 48 h and lysates were harvested for 

immunoblot analysis of HA-ATF6, UPR markers BiP and calreticulin, and viral proteins. 

α-tubulin (cytoplasmic), calnexin (ER), LaminA/C (nuclear), and histone H3 (nuclear) 

were used as loading controls. 
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Figure 19. Lytic KSHV replication diminishes BiP accumulation but does not affect 

the nuclear localization of ectopically expressed ATF6-N in iSLK.219 cells. 
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Figure 20. Lytic KSHV replication diminishes BiP accumulation but does not affect 

the nuclear localization of stress-induced ATF6-N in iSLK.219 cells. iSLK.219 cells 

were left untreated (DMSO) or reactivated with 1 μg/mL doxycycline for 44 h. After 44 

h, cells were left untreated (DMSO) or treated with 150 nM thapsigargin for 4h and 

lysates were harvested for immunoblot analysis of ATF6, UPR markers BiP and 

calreticulin, and viral proteins. α-tubulin (cytoplasmic), calnexin (ER), LaminA/C 

(nuclear), and histone H3 (nuclear) were used as loading controls. 
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Figure 20. Lytic KSHV replication diminishes BiP accumulation but does not affect 

the nuclear localization of stress-induced ATF6-N in iSLK.219 cells. 
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Figure 21. Lytic KSHV replication does not affect the nuclear localization of stress-

induced ATF6-N in TREx-BCBL1-RTA cells. TREx-BCBL1-RTA cells were left 

untreated (DMSO) or reactivated with 1 μg/mL doxycycline and 1 mM sodium butyrate 

for 44 h. After 44 h, cells were left untreated (DMSO) or treated with 250 nM 

thapsigargin for 4h and lysates were harvested for immunoblot analysis of ATF6, UPR 

markers BiP and calreticulin, and viral proteins. α-tubulin (cytoplasmic), calnexin (ER), 

LaminA/C (nuclear), and histone H3 (nuclear) were used as loading controls. 
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Figure 21. Lytic KSHV replication does not affect the nuclear localization of stress-

induced ATF6-N in TREx-BCBL1-RTA cells. 
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than in latently infected cells (Fig. 19). In this experiment, ATF6 was expressed from the 

CMV promoter, which contains an RRE sequence and may therefore be RTA-inducible. 

As such, RTA might have upregulated full-length ATF6 and ATF6-N expression in cells 

undergoing lytic replication, but not in latently infected cells lacking RTA. Consistent 

with previous observations, protein levels of the ATF6-N target BiP were enriched in 

latently infected iSLK.219 cells but were diminished upon reactivation with doxycycline 

(Fig. 19 & 20). Transiently expressed ATF6-N accumulated to high levels in reactivated 

iSLK.219 cells, most likely because viral transcription factors can enhance the expression 

of ATF6-N from the CMV promoter. Despite the elevated concentration of ATF6-N in 

cells undergoing lytic replication, BiP protein levels were markedly reduced under these 

conditions. By comparison, BiP accumulated to higher levels in latently infected 

iSLK.219 cells in which ATF6-N concentrations were lower than in the lytic populations 

(Fig. 19).  Accumulation of the ER-resident chaperone and ATF6-N target calreticulin 

was only increased when ATF6-N was overexpressed and was not reduced during lytic 

replication (Fig. 16). The CALR promoter contains three ERSE-I sequences that allow for 

ATF6-N and XBP1s binding [188] (Fig. 5), but contains additional binding elements for 

other transcription factors, including Sp1 and adaptor protein complex 2 (AP-2) [339] and 

is responsive to intracellular calcium concentrations and heat shock [340]. Calreticulin 

expression is therefore augmented by, but not dependent on, ER stress and UPR 

activation.  

TREx-BCBL1-RTA cells displayed different protein expression patterns than 

iSLK.219 cells. 250 nM Tg did not visibly increase BiP accumulation in TREx-BCBL1-

RTA cells (Fig. 21), whereas 150 nM Tg were sufficient to upregulate BiP expression in 

iSLK.219 cells (Fig. 20). Interpretation of the TREx-BCBL1-RTA immunoblots is 

limited by significant spill-over of cytosolic and ER-resident proteins into the nuclear 

fraction (Fig. 21). It is therefore possible that Tg treatment enhanced BiP accumulation, 

but loss of BiP from the cytosolic fraction may have perturbed this phenotype. It is also 

possible that BCBL cells are more refractory to Tg treatment than SLK cells. Research 

shows that myeloid differentiation and tumorigenesis affect expression of SERCA 

isoforms, which are produced from three different genes (SERCA 1, 2, and 3) by 

alternative splicing. SERCA isoforms are differentially expressed across cell types and 
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multiple isoforms can be expressed concurrently [341,342]. SERCA expression kinetics and 

levels may therefore differ between TREx-BCBL1-RTA and iSLK.219 cells and may 

result in different Tg-sensitivities. Viral protein levels were also differently affected in 

the two cell lines. Endogenous and exogenous expression of ATF6-N reduced nuclear but 

not cytosolic accumulation of K-bZIP in iSLK.219 cells. By contrast, ATF6-N did not 

reduce the nuclear accumulation of ORF57 (Fig. 19 & 20). Conversely, Tg treatment 

increased nuclear but not cytosolic accumulation of K-bZIP and ORF57 in TREx-

BCBL1-RTA cells, but this phenotype could be a result of the loss of cytosolic protein 

and spill-over into the nuclear fraction during fractionation (Fig. 21). At this point, I 

cannot conclude whether UPR activation indeed increases viral protein levels in TREx-

BCBL1-RTA cells. Diminished accumulation of K-bZIP in the nuclear fraction was, 

however, consistently observed in ATF6-N-expressing iSLK.219 cells (Fig. 19 & 20). 

Whole protein levels of K-bZIP were not decreased by ATF6-N overexpression, 

suggesting that ATF6-N interferes with the nuclear import of K-bZIP and not its 

expression (Fig. 23). This is further supported by RT-qPCR data that shows that ATF6-N 

overexpression does not affect the accumulation of the K8α transcript in iSLK.219 cells 

(Fig. 24). K-bZIP contains a classical nuclear localization signal (NLS) with a sequence 

similar to the NLS of the SV40 large T antigen [306,343] and utilizes the importin family of 

proteins for nuclear import. Because ATF6-N and its targets have not been implicated in 

the regulation of nuclear import, it is unlikely that they interfere with the nuclear import 

of K-bZIP by interacting with the nuclear import machinery. A recent study demonstrated 

that nuclear import of RTA can be impaired by phosphoribosylformyl-glycinamidine 

synthetase (PFAS) mediated deamidation of asparagine residues critical to the nuclear 

localization of RTA [344]. It is possible that PTM of K-bZIP could likewise mask its NLS 

and inhibit or slow import. Compared to K-bZIP, ORF57 localized to the nuclei of 

iSLK.219 cells normally regardless of ATF6-N overexpression or UPR induction (Fig. 19 

& 20), but ORF57 also contains three NLS and may be more refractory to NLS masking 

[345]. Further studies are required to determine if UPR activation interferes with the 

nuclear import of additional viral proteins.   
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3.7 ATF6-N Inhibits rKSHV.219 in a Dose-Dependent Manner  

 K-bZIP is indispensable for efficient viral DNA replication and virion production 

[290] and directs viral lytic gene expression by modulating RTA transactivation [83,87]. 

Because the functions of K-bZIP require proper nuclear localization, it is possible that 

ATF6-N-mediated reduction of K-bZIP nuclear accumulation is detrimental to virion 

production. ATF6-N may therefore be antiviral to KSHV in iSLK.219 cells. To assess if 

ATF6-N has antiviral activity, I transduced iSLK.219 cells with ATF6-N at increasing 

MOIs (1, 2, 5 & 10; Fig. 23) and maximized viral reactivation and virion production by 

96 h treatment with doxycycline and the HDAC inhibitor sodium butyrate. rKSHV.219 

constitutively expresses GFP under control of the elongation factor 1-α (EF-1-α) 

promoter [346]; GFP expression from rKSHV.219-infected cells therefore directly 

correlates with viral titers. I subsequently infected HEK293A cells with virus-containing 

supernatants and quantified viral titers by flow cytometry. ATF6-N overexpression 

reduced viral titers in a dose-dependent manner, suggesting that ATF6-N is antiviral to 

rKSHV.219 (Fig. 22). At MOI 10 of ATF6-N, viral titers were reduced 0.6-fold over 

cells transduced with an empty control construct at the same MOI (Fig. 22A). This data 

contradicts previous findings that ATF6 inhibition with the selective ATF6 inhibitor 

Ceapin-A7 reduces viral titers from iSLK.219 cells [286]. Johnston and colleagues 

observed this pro-viral effect at steady-state levels of ATF6 in cells not experiencing ER 

stress, whereas I observed an antiviral effect at higher than physiological concentrations 

of ATF6-N. It is therefore possible that ATF6-N is pro-viral at low concentrations and 

antiviral at high concentrations. Interestingly, Johnston and colleagues also found that 

XBP1s overexpression reduces viral titers of rKSHV.219 in a dose-dependent manner. 

ATF6-N and XBP1s can both induce gene expression from ERSE-I and ERSE-II and 

share multiple target genes as a result [174,187]. As such, high concentrations of ATF6-N 

and XBP1s protein might reduce rKSHV.219 virion production by similar mechanisms. 

Because ATF6-N and XBP1s can also synergistically activate UPR-responsive target 

genes as heterodimers [174,239], assessing rKSHV.219 titers from cells co-expressing 

ATF6-N and XBP1s at various concentrations could help determine if ATF6-N and 

XBP1s act in concert to reduce the efficiency of virion production from iSLK.219 cells. I 

do not assume that ATF6-N overexpression would reduce virion production from  
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Figure 22. ATF6-N inhibits KSHV production in a dose-dependent manner. 

iSLK.219 cells were transduced with lentiviruses encoding empty vector (EV) or HA-

ATF6-N at MOIs of 1, 2, 5, or 10 for 24 h. After 24 h, cells were treated with 1 μg/mL 

doxycycline and 1 mM sodium butyrate to reactivate rKSHV.219 for 96 h, and virus-

containing supernatants were harvested. Supernatants were serially diluted (1/2 - 1/64 or 

1/8 - 1/512) and HEK293A cells were spinoculated with diluted supernatants at 800 x g 

at 30°C for 2 h and subsequently incubated for 20h. Infected cells were then fixed with 

4% formaldehyde and GFP signal was measured by flow cytometry on 50,000 events per 

sample. Fold changes represent the ratio of virus titer in IU/mL of empty vector (EV) to 

HA-ATF6-N at the same MOI. A two-way ANOVA was done to determine statistical 

significance (*, p value < 0.05; **, p value < 0.01; ***, p value < 0.001; ****, p value < 

0.0001). 
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Figure 22. ATF6-N inhibits KSHV production in a dose-dependent manner. 
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Figure 23. Ectopic expression of ATF6-N does not affect total protein levels of K-

bZIP. iSLK.219 cells were transduced with lentiviruses encoding empty vector (EV) or 

HA-ATF6-N at MOIs of 1, 2, 5, or 10 for 24 h. After 24 h, cells were left untreated 

(DMSO) or reactivated with 1 μg/mL doxycycline and 1 mM sodium butyrate for 48 h 

and lysates were harvested for immunoblot analysis of HA-ATF6-N, BiP, and viral 

targets. α-tubulin was used as the loading control.  
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Figure 23. Ectopic expression of ATF6-N does not affect total protein levels of K-

bZIP. 
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Figure 24. Ectopic expression of ATF6-N does not reduce viral transcript levels. 

iSLK.219 cells were left untransduced or transduced with lentiviruses encoding empty 

vector or HA-ATF6-N at MOIs of 1 or 10 for 24 h. After 24 h, cells were treated with 

0.2% DMSO or reactivated with 1 μg/mL doxycycline for 44 h (untransduced cells) or 48 

h (transduced cells). Untransduced cells were left untreated (DMSO) or treated with 150 

nM thapsigargin (Tg) to induce ER stress for 4 h prior to harvest. 48h post-reactivation, 

cells were harvested, and expression of viral transcripts was measured by RT-qPCR. Data 

shown for one independent experiments. Data was normalized to 18S rRNA and changes 

in fold expression were determined using the ΔΔCT method. Fold changes were 

calculated relative to control cells, empty vector of the same MOI for transduced cells, or 

relative to untreated (DMSO) for drug-treated samples. Expression of the indicated target 

transcripts in control cells were set to 1, as indicated by the dashed line. 
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Figure 24. Ectopic expression of ATF6-N does not reduce viral transcript levels.  
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TREx-BCBL1-RTA cells, because I did not observe any changes in viral protein 

accumulation in this cell line (Fig. 21). The cell line-specific differences between 

iSLK.219 and TREx-BCBL1-RTA are also supported by data from Johnston and 

colleagues showing that the antiviral effect of XBP1s overexpression was specific to 

iSLK.219 cells and could not be reconstituted in TREx-BCBL1-RTA cells [286]. 

 The mechanism by which high concentrations of ATF6-N reduce viral titers from 

iSLK.219 cells is currently unknown and cannot be delineated solely by quantitating viral 

titers. During ER stress, the primary function of ATF6-N is that of a transcriptional 

activator and it is possible that ATF6-N or its products negatively affect viral gene 

expression. To determine if ATF6-N has a direct effect on the expression of viral genes, I 

transduced iSLK.219 cells with low (MOI 1) or high (MOI 10) concentrations of ATF6-

N, induced viral gene expression with doxycycline, and quantified viral transcripts by 

RT-qPCR. ATF6-N overexpression changed the levels of select viral early, late, and 

latent transcripts by less than 1-fold compared to the controls and therefore does not 

affect viral gene expression (Fig. 24). These results are unsurprising, because the KSHV 

episome does not contain ERSE-I or ERSE-II sequences in the promoter regions of viral 

genes that could facilitate ATF6-N binding. My immunoblots further show that ATF6-N 

did not reduce the accumulation of nuclear and cytoplasmic ORF57 (Fig. 19 & 20) or K-

bZIP total protein (Fig. 23). I therefore conclude that ATF6-N exerts an antiviral effect 

on iSLK.219 cells without reducing viral gene expression and protein accumulation.  
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CHAPTER 4: DISCUSSION 

4.1 K-bZIP is Not an Inhibitor of the UPR 

K-bZIP is a multifunctional transcriptional co-factor and repressor, but inhibition 

of UPR sensor signaling or suppression of UPR-sensitive target gene expression are not 

among its functions. I showed by flow cytometry that K-bZIP does not perturb IRE1 and 

PERK signaling in CHO reporter cells (Fig. 12B), I showed by RT-qPCR that K-bZIP 

does not inhibit the expression of select UPR target genes in HEK293A cells (Fig. 13), 

and I showed by luciferase assays that K-bZIP does not prevent ATF6-N-mediated 

transactivation of ERSE-I containing promoters in HEK293T cells (Fig. 15B). As such, 

K-bZIP is not an inhibitor of the UPR. K-bZIP shares some of its functions and cellular 

binding partners with EBV ZTA. K-bZIP and ZTA are functional, but not structural, 

homologues and share no significant aa sequence identity. Furthermore, KSHV and EBV 

are the only mammalian herpesviruses that encode bZIP TFs [161]. ZTA, like K-bZIP, 

prefers homodimerization over heterodimerization [256] and the only cellular bZIP K-bZIP 

and ZTA are known to associate with is C/EBPα [263,264]. UPR modulation has not been 

documented for ZTA to date. My experiments show that K-bZIP most likely does not 

interact with the cellular bZIPs ATF6-N, XBP1s, and ATF4 and does not contribute to 

the KSHV-mediated dysregulation of the UPR. 

4.2 ORF57 is a Weak Activator of ATF6-N Transactivation Activity 

 ORF57 is a RNA-binding protein that supports the KSHV lytic cycle primarily by 

mediating the nuclear export of viral transcripts and promoting their translation [89,336]. I 

assessed the transactivation activity of ATF6-N in the presence of various viral proteins 

and showed by luciferase assays that ORF57 enhanced the ATF6-N-mediated expression 

of firefly luciferase from an ERSE-I containing promoter by ~0.6 fold over empty vector 

(Fig. 15B, Fig. 18). ORF57 is a structural and functional homologue of the HSV-1 

protein infected cell culture polypeptide 27 (ICP27) together with human 

cytomegalovirus (HCMV) UL69, EBV EB2, Varicella-Zoster virus (VZV) ORF4, and 

herpesvirus saimiri (HVS) ORF57 [347]. EBV EB2, which shares 23% aa sequence 

homology with ORF57, also mediates the nuclear export of viral mRNAs, promotes the 

translation of spliced transcripts, and is essential to efficient viral DNA replication and 
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virion production [348–351]. A recent study conducted by Chen and colleagues investigated 

BiP expression from the HSPA5 promoter in various cell lines and found that EB2 

enhances BiP production in an ATF6-dependent manner. The group investigated firefly 

luciferase production from the ERSE-I-containing HSPA5 promoter in HEK293T cells 

and showed that ectopic expression of EB2 and ATF6 induced luciferase production ~50 

fold. The group also showed that KSHV ORF57 did not induce luciferase production in 

the same model [283]. In my experiment, however, ORF57 weakly induced luciferase 

expression from ERSE-I (Fig. 15B, Fig. 18). Chen and colleagues co-transfected 

HEK293T cells with 200 ng of an EB2- or ORF57-encoding plasmid and 50 ng of an 

ATF6-encoding plasmid for their luciferase experiments and stimulated UPR induction 

with tunicamycin or thapsigargin [283]. By contrast, I co-transfected 300 ng of ORF57-

encoding plasmid and 300 ng of an ATF6-N-encoding plasmid and did not chemically 

induce ER stress. The higher concentrations of transfected ORF57 and ATF6-N might 

explain why I observed weak luciferase production from ERSE-I, whereas Chen and 

colleagues did not. Chen and colleagues also investigated the potential mechanism by 

which EB2 increases ATF6 activity and showed that EB2 enhances the nuclear 

translocation of ATF6 in the EBV-infected B-cell lymphoma cell line P3HR1 and that the 

EB2 C-terminal zinc-binding domain is required to enhance ATF6-dependent BiP 

production [283]. ORF57 also contains a C-terminal zinc-binding domain that is important 

for protein stability [352]. Sequence-specific differences between the zinc-binding domains 

of EB2 and ORF57 could explain why EB2 is a more potent ATF6 activator than ORF57. 

I did not assess the nuclear localization of ATF6-N in the presence of ORF57, but nuclear 

and cytoplasmic fractionation or immunofluorescence experiments could allow us to 

investigate if ORF57, like EB2, enhances the nuclear localization of ATF6-N. The value 

of further investigating the ORF57-mediated increase in ATF6-N activity is in question, 

because ATF6-N-mediated gene expression is inhibited during lytic viral replication in 

iSLK.219 and TREx-BCBL1-RTA cells [286].  
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4.3 EGFP-ATF6-N and pGL4.26 are Tools to Study TF Activity in the Presence of Viral 

Proteins 

 In my experiments, EGFP-ATF6-N significantly induced luciferase expression 

from ERSE-I in the absence of ER stress and UPR activation (Fig. 15A) and therefore 

represents a tool to study RE-specific ATF6-N transactivation activity in isolation of 

XBP1s and ATF4. Using this system, I was able to show that ORF57 is a weak activator 

of ATF6-N (Fig. 15B, Fig. 18). We can further use this tool to screen individual KSHV 

ORFs for potential activators or inhibitors of ATF6-N. The assay can be scaled down 

from a 24-well format to a 96-well format and permit investigation of multiple viral 

proteins in parallel. CMV-driven plasmids encoding various KSHV ORFs were 

previously generated in the lab [287] and can be easily transfected into HEK293T cells. 

Because the system allows for co-transfections, we can also assess if viral protein 

complexes can modulate ATF6-N activity through concerted action. Potential hits can 

then be further validated by various molecular techniques, mutational analysis, and single 

gene knockdowns or knockouts in iSLK.219 and/or TREx-BCBL1-RTA cell lines. We 

can likewise clone XBP1s- and ATF4-encoding plasmids and generate 5’-ACGT-3’, 

UPRE-, CRE- and AARE-driven firefly luciferase plasmids to identify viral activators 

and inhibitors of XBP1s and ATF4. Identifying candidate activators or inhibitors of 

ATF6-N, XBP1s, and ATF4 will allow us to gain a better understanding of the 

multifaceted, KSHV-mediated dysregulation of the UPR during lytic viral replication. 

The biggest limitation of these luciferase-based assays is that they are quantitative and 

cannot provide a mechanistical explanation for how a given viral protein modulates TF 

activity. Furthermore, viral proteins, such as RTA, that enhance or inhibit expression of 

Renilla luciferase from the transfection control plasmid are not compatible with these 

assays and will result in a false positive or false negative hit. Overexpression experiments 

in isolation of viral infection are also not representative of the complex viral protein 

expression kinetics and protein-protein interaction networks that take place in a timely 

and spatially coordinated fashion during lytic viral replication. It is therefore important to 

follow up on potential hits with appropriate molecular techniques in relevant cell lines. 
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4.4 ATF6-N Impairs Nuclear Import of K-bZIP During Lytic KSHV Replication in 

iSLK.219 Cells 

 I assessed the subcellular localization of select viral and cellular targets in dox-

induced iSLK.219 cells transduced with ATF6-N-carrying lentiviruses or treated with Tg 

to induce ER stress and UPR activation. My nuclear and cytoplasmic fractionation 

experiments showed that Tg treatment and transient overexpression of ATF6-N reduced 

the accumulation of K-bZIP in the nuclei of lytically replicating iSLK.219 cells (Fig. 19 

& 20) without reducing total K-bZIP protein levels (Fig. 23). Because ATF6-N 

overexpression was sufficient to reduce nuclear levels of K-bZIP (Fig. 20), I concluded 

that ATF6-N expression interferes with the proper nuclear localization of K-bZIP. 

Proteins need to cross the nuclear envelope to translocate into and out of the nucleus. 

Import and export take place across the nuclear pore complex (NPC), a transmembrane 

channel consisting of up to 100 different proteins that allows for the bi-directional traffic 

of cargoes. The shuttling β-karyopherins importin-β and importin-α form a complex that 

recognizes and binds NLS-containing polypeptides and ferries them across the NPC by 

interaction with the nucleoporins that form the hydrophobic channel of the NPC. Inside 

the nucleus, the GTP-bound GTPase ras-related nuclear protein (Ran-GTP) binds 

importin-β and triggers a confirmational change that destabilizes the interaction between 

importin-β and importin-α and causes them to release their cargo. The importins are then 

shuttled back to the cytoplasm [353]. Nuclear export also utilizes β-karyopherin proteins 

and Ran-GTP and functions similarly to nuclear import [354]. UPR activation is not known 

to alter the nuclear import and export machinery. Indeed, most UPR-responsive genes 

encode ER-resident proteins that carry out proteostatic functions. I therefore conclude 

that the mechanism by which ATF6-N expression impairs the nuclear import of K-bZIP 

is not through inhibition of the nuclear import machinery. In my experiment, only the 

nuclear accumulation of K-bZIP, but not that of the viral ORF57, was diminished. I did 

not assess if K-bZIP is the only target whose nuclear import is impaired in the presence 

of ATF6-N. Nuclear and cytoplasmic fractionation of ATF6-N-expressing, dox-

reactivated iSLK.219 cells and detection of multiple, nuclear viral proteins by 

immunoblotting could help determine if ATF6-N expression impairs the nuclear 

translocation of additional viral proteins.  
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 Post-translational modifications can alter the nuclear localization of proteins. For 

instance, phosphorylation of IRF3 and the MAP kinases ERK1 and ERK2 promotes their 

nuclear translocation [355–357]. O-glycosylation permits the nuclear translocation of the 

heavy subunit of the macrophage iron-storage protein ferritin (H-ferritin) [358], 

polyubiquitination is required for the nuclear translocation of neurotrophin receptor 

interacting factor (NRIF) [359], and SUMOylation retains nuclear factor of activated T 

cells (NFAT) in the nucleus [360]. As mentioned previously, deamidation of asparagine 

residues adjacent to the NLS of RTA disrupts the interaction between RTA and importin-

β and impairs the nuclear import of RTA [344]. K-bZIP contains a classical, SV40 large T 

antigen-like NLS with an amino acid sequence of TRRSKRRLHRKF that is located 

between aas 124 and 135 [343]. Furthermore, K-bZIP is a substrate for phosphorylation 

and SUMOylation, both of which regulate its repressive function. Phosphorylation of 

threonine 111 reduces the ability of K-bZIP to repress RTA-mediated transactivation of 

target promoters and is therefore a negative regulator of K-bZIP activity and function 

[311]. SUMOylation of lysine 158 is required for the K-bZIP-mediated repression of RTA 

transactivation activity [288] and for the K-bZIP-mediated inhibition of gene expression 

from ISRE-containing promoters during type I IFN signaling [289] and is therefore a 

positive regulator of K-bZIP function. The role of phosphorylation and SUMOylation in 

the nuclear translocation of K-bZIP and its interaction with the nuclear import/export 

machinery has not been investigated to date. Furthermore, the target genes of ATF6-N 

primarily encode chaperones and protein disulfide isomerases [174] and do not include 

kinases, E3 ligases, phosphatases, or deconjugating enzymes that could alter the 

phosphorylation and SUMOylation status of K-bZIP. Other PTMs of K-bZIP have not 

been identified to date. The ATF6-N-dependent reduction of K-bZIP nuclear localization 

warrants further research. For instance, we can analyze the subcellular localization of K-

bZIP in ATF6-N-expressing iSLK.219 cells by immunofluorescence to assess how 

ATF6-N expression affects the cellular distribution of K-bZIP. Because ATF6-N and 

XBP1s induce overlapping transcriptional programs [174,189,239], and because the two TFs 

heterodimerize to co-operatively drive ERAD, we can co-express ATF6-N and XBP1s 

and investigate if their combined action impairs the nuclear translocation of K-bZIP more 

strongly than ATF6-N alone. The K-bZIP T111A mutant that cannot be phosphorylated 
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[311] or the K158R mutant that cannot be SUMOylated [288] are well characterized and 

could aid in determining if PTMs play a role in directing the nuclear localization of K-

bZIP. 

4.5 High Concentrations of ATF6-N are Antiviral to rKSHV.219 

 I quantified viral titers of rKSHV.219 harvested from doxycycline-induced 

iSLK.219 cells transduced with increasing concentrations of ATF6-N and showed that 

ATF6-N overexpression reduced viral titers in a dose-dependent manner and is therefore 

antiviral (Fig. 22). The ATF6-N-mediated reduction of viral titers was subtle and required 

a significant concentration of protein to reduce viral titers by 0.6-fold compared to empty 

vector (Fig. 22A). Endogenous ATF6 expression and protein accumulation is low in 

iSLK.219 cells despite UPR induction with Tg (Fig. 20). Overexpression of ATF6-N at a 

MOI of 10 results in protein accumulation multiple times the physiological protein level 

and is not representative of the concentration of ATF6-N that would accumulate in the 

nuclei of iSLK.219 cells during ER stress. ATF6-N overexpression at a MOI of 1 was not 

able to reduce viral titers (Fig. 22A), I therefore conclude that ATF6-N expression at 

levels comparable to those achieved during ER stress and UPR activation would not 

reduce rKSHV.219 titers.  

 The mechanism by which high concentrations of ATF6-N reduce viral titers is 

currently unknown. I showed by RT-qPCR that ATF6-N expression does not affect the 

accumulation of various viral transcripts accumulating during lytic and latent KSHV 

replication is iSLK.219 cells (Fig. 24). Therefore, it is unlikely that ATF6-N exhibits its 

antiviral effect by inducing or inhibiting the expression of select viral genes. KSHV gene 

promoters also do not contain any ERSE-I, ERSE-II, and UPRE elements that ATF6-N 

would be able to bind and transactivate. Because the primary function of ATF6-N is that 

of a transcriptional activator of UPR-responsive genes, ATF6-N might exert its antiviral 

effect through induction or upregulation of one or multiple effectors. Further studies can 

be aimed at determining if the transactivation activity of ATF6-N is required to carry out 

its antiviral function. Our lab has obtained plasmids encoding ATF6β, a homologue of 

ATF6. ATF6 and ATF6β are encoded from different genes located on different 

chromosomes and share only 43% aa sequence identity. In response to ER stress, both 
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proteins translocate to the Golgi and are proteolytically processed to produce 

transcription factors with N-terminal bZIP domains. The bZIP domains of ATF6 and 

ATF6β share 63% aa sequence identity and bind the ERSE-I in the presence of NF-Y 

[361]. The transactivation domain of ATF6β differs from that of ATF6 and is not able to 

induce expression from the HSPA5 promoter and inhibits ATF6-N transactivation of 

HSPA5 when both proteins are co-expressed [362]. As such, ATF6β is an inhibitor of 

ATF6. Because ATF6β is activated during ER stress and can recognize and bind the same 

REs as ATF6, but cannot transactivate target gene expression, we can use ATF6β-N to 

determine if the transactivation activity of ATF6-N is required to reduce rKSHV.219 

titers. If ATF6β-N cannot reduce rKSHV.219 titers, the antiviral effect of ATF6-N is 

likely mediated through induction of an ATF6-N-responsive target. 

ATF6-N might be able to reduce rKSHV.219 viral titers by inducing apoptosis 

through transactivation of DDIT3, which encodes CHOP [192,363]. I did not assess whether 

iSLK.219 cells transduced with increasing concentrations of ATF6-N are actively 

undergoing apoptosis. As such, it is possible that the dose-dependent reduction of viral 

titers is a result of premature cell death. To determine if ATF6-N overexpression induces 

apoptosis in iSLK.219 cells, we can detect apoptotic markers, such as cleaved caspase-3 

and cleaved poly ADP-ribose polymerase 1 (PARP-1), by immunoblotting or stain with 

annexin V and detect apoptotic cells by flow cytometry. We can also directly assess 

CHOP production in iSLK.219 cells transduced with ATF6-N by western blotting or RT-

qPCR. KSHV lytic replication inhibits the accumulation of UPR-responsive targets, 

including BiP and CHOP [286]. However, a high nuclear concentration of ATF6-N might 

be able to produce sufficient effectors to interfere with viral replication and reduce viral 

titers. This might explain why I only observed a significant reduction of viral titers at a 

MOI of 10 of ATF6-N, but not at lower concentrations.  

ATF6-N might also reduce viral titers through induction of autophagy in response 

to IFN-γ signaling during infection or in tumors [364]. IFN-γ signaling leads to the 

ERK1/2-dependent phosphorylation and activation of the bZIP C/EBPβ, which induces 

expression of the pro-apoptotic death-associated protein kinase 1 (DAPK1) from a CRE-

like element with a core sequence of 5’-GACG-3’ contained in the dapk1 promoter in 
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mouse embryonic fibroblasts (MEFs) [365]. The core of this CRE-like element is similar to 

the 5’-CCACG-3’ binding site of the ERSE-I and ERSE-II (Table 1). Indeed, IFN-γ 

signaling induces ATF6 cleavage and promotes the formation of ATF6-N/C/EBPβ 

heterodimers that work in concert to transactivate dapk1 expression from the CRE-like 

site in MEFs [364]. DAPK1 plays a role in autophagy and ATF6 knockout leads to reduced 

autophagy and significant mortality of mice in response to infection with Bacillus 

anthracis and Salmonella typhimurium [364]. Autophagy can also play a role in antiviral 

defense by triggering the degradation of viral and host proteins that promote efficient 

viral replication. Much like the UPR, autophagy can be pro- and antiviral [366]. Lytic 

KSHV replication induces autophagy and autophagosome formation, possibly to facilitate 

intracellular transport via autophagosomes [367], but prevents autophagosome maturation 

[368] and fusion with the lysosome in PEL cells [367]. Multiple viral proteins mediate the 

regulation of autophagy during KSHV infection. The viral B-cell lymphoma 2 (Bcl-2)-

homologue vBcl-2, the lytic K7, and the latent vFLIP inhibit autophagy by different 

mechanisms [368–370]. It is possible that ATF6 activation in response to IFN signaling and 

KSHV infection may help to partially overcome the KSHV-mediated dysregulation of 

autophagy. We can assess if DAPK1 plays a role in the ATF6-N-mediated reduction of 

viral titers by co-expressing or knocking down C/EBPβ in ATF6-N-expressing, dox-

reactivated iSLK.219 cells. 

 ATF6-N overexpression and Tg treatment impair the nuclear accumulation of K-

bZIP in iSLK.219 cells (Fig. 19 & 20). The primary functions of K-bZIP require access 

to DNA and therefore depend on proper nuclear import. K-bZIP modifies the 

transactivation activity of RTA to direct viral gene expression [83,87] and binds the viral 

oriLyt to license DNA replication [84,85]. Impaired nuclear accumulation of K-bZIP might 

reduce the efficiency of viral gene expression and DNA replication, which might result in 

reduced iSLK.219 titers. ATF6-N might therefore be antiviral to rKSHV.219 by 

impairing the nuclear translocation of K-bZIP. K-bZIP overexpression reduces viral 

DNA replication in BCBL-1 cells [87] and can likely not be used to attempt to re-

constitute viral titers in reactivated, ATF6-N-overexpressing iSLK.219 cells. However, 

nuclear translocation of K-bZIP was not impaired in reactivated, ATF6-N-overexpressing 

TREx-BCBL1-RTA cells (Fig. 21). We can quantify the viral titers of rKSHV recovered 
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from reactivated TREx-BCBL1-RTA cells transduced with increasing concentrations of 

ATF6-N to investigate the antiviral properties of ATF6-N across different cell lines. 

CHiP-seq can also be used to study how lytic viral replication affects the ATF6-N-

mediated transactivation of cellular target genes. 

4.6 Conclusion 

 I investigated K-bZIP as a potential inhibitor of the UPR based on the hypothesis 

that K-bZIP is a multifunctional, interacting bZIP TF and repressor that might interact 

with the UPR-governing bZIP TFs ATF6-N, XBP1s, and ATF4 and inhibit their function. 

I assessed UPR activation and signaling in K-bZIP-transfected or -transduced CHO, 

HEK293A, and HEK293T cells and showed by flow cytometry, RT-qPCR, and luciferase 

assays that K-bZIP does not perturb UPR signaling. I developed a luciferase-based assay 

that can be used to identify viral candidate activators and inhibitors of ATF6-N in 

HEK293T cells, and, using this assay, found that ORF57 is a weak activator of ATF6-N 

transactivation activity. The luciferase assay assesses ATF6-N and viral protein function 

in the absence of viral infection and assumes proper ATF6 processing and nuclear 

localization during lytic viral replication. I confirmed that ATF6-N properly localizes to 

the nuclei of KSHV-infected, reactivated iSLK.219 and TREx-BCBL1-RTA cells by 

nuclear and cytoplasmic fractionation. I discovered that ATF6-N expression in 

reactivated iSLK.219 cells impaired nuclear import of K-bZIP, but not other viral protein 

tested. Because K-bZIP is required for efficient lytic gene expression and DNA 

replication, and because ATF6-N impairs the nuclear translocation of K-bZIP in 

iSLK.219 cells, I hypothesized that ATF6-N might be antiviral to KSHV. I quantified 

viral titers of rKSHV.219 harvested from reactivated iSLK.219 cells expressing ATF6-N 

at various concentrations and found that ATF6-N reduces viral titers in a dose-dependent 

manner and is therefore antiviral. The mechanism by which ATF6-N reduces viral titers 

is currently unknown and requires further investigation. 
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