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BiP: Master Regulator of the Unfolded Protein 
Response and Crucial Factor in Flavivirus 
Biology
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Flaviviruses have an intimate relationship with their host cells, utilizing host proteins during replication. 
Much of viral genome replication and virion assembly occurs on and within the endoplasmic reticulum 
(ER†). As a cellular protein folding hub, the ER provides an ideal environment for flaviviruses to 
replicate. Flaviviruses can interact with several ER processes, including the unfolded protein response 
(UPR), a cellular stress mechanism responsible for managing unfolded protein accumulation and ER 
stress. The UPR can alter the ER environment in several ways, including increasing ER volume and 
quantity of available chaperones, both of which can favor viral replication. BiP, a chaperone and master 
regulator of the UPR, has been demonstrated to play a key role in several flavivirus infections. Here we 
describe what is known in regard to BiP, its implicated role with flavivirus infection, and what remains to 
be discovered.
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INTRODUCTION 

A eukaryotic cell is a tightly controlled biological 
microcosm. Multiple metabolic and regulatory path-
ways must function in concert with each other to perform 
normal cellular processes, maintain homeostasis, and 
manage a variety of internal and external insults. Many 
of the cell’s functions are dependent upon proteins, and 

the proper regulation of protein production is a critical 
feature of cellular wellbeing. Consequently, cells have 
evolved systems to cope with aberrant protein synthe-
sis. The unfolded protein response (UPR) is one cellular 
stress mechanism designed to facilitate proper protein 
folding and to prevent accumulation of unfolded proteins 
in the ER lumen. Such accumulation of unfolded proteins 
often occurs when the regulation of protein synthesis is 
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disrupted, either intrinsically, such as by a mutation in 
a regulatory element, or extrinsically, such as by unre-
stricted viral protein translation. The UPR functions to 
mitigate imbalance by increasing capacity for proper pro-
tein folding in the ER and decreasing the load of newly 
synthesized peptides. Binding immunoglobulin protein 
(BiP) acts as a master regulator for the process, and thus 
plays a key role in the UPR.

Viruses, as obligate intracellular pathogens, rely 
heavily on host translation machinery to manufacture 
proteins. Due to their extrinsic nature, viral protein 
translation is subject to different restrictions than host 
proteins, and often results in ER peptide burden stress. 
Because of the critical role the UPR plays in maintaining 
protein balance intracellularly, several viruses, includ-
ing flaviviruses, can co-opt the pathway to modulate the 
cell environment to better meet their replication needs. 
In this brief review, we first examine the function of BiP 
and the UPR, and then describe the current knowledge of 
UPR-flavivirus interactions.

BIP PROTEIN FUNCTION

BiP, also known as glucose regulated protein 78 
(GRP78), is a member of the heat shock protein 70kDa 
(HSP70) family of proteins (specifically HSPA5). It func-
tions as a chaperone, selectively binding unfolded proteins 
in the ER lumen by interacting with exposed hydrophobic 
residues on nascent peptides [1]. Similar to other HSP70 
proteins, BiP has two major domains. The N-terminal do-
main contains an ATP catalytic site and the C-terminal 
domain contains the substrate-binding site [2]. The two 
domains communicate by binding and releasing ATP and 
unfolded peptides respectively to regulate activity. When 
ATP is bound in the catalytic site, the C-terminus has a 
low affinity for unfolded proteins. However, in the pres-
ence of hydrophobic residues on a nascent peptide, the 
hydrolysis of ATP to ADP is catalyzed [3], and the affinity 
for the bound substrate increased, thus allowing time for 
proper folding. Subsequent exchange of ADP for ATP re-
leases the peptide substrate [4], allowing a new unfolded 
protein, or the same protein if hydrophobic sites are still 
exposed, to interact with BiP again. Through the interplay 
between the domains, BiP is able to temporarily bind and 
release unfolded proteins until they fold properly or are 
targeted for degradation [5].

BIP AND THE UNFOLDED PROTEIN 
RESPONSE

The function of BiP is integral and critical to the 
UPR. As noted, during times of ER stress induced by an 
overload of protein, the UPR acts as a corrective pathway, 
capable of both increasing the ER folding capacity as well 

as decreasing the incoming polypeptide load. The UPR 
provides the cell machinery with situational awareness of 
the peptide-folding environment via three protein sensors 
embedded in the ER membrane; activating transcription 
factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and 
PKR-like ER kinase (PERK). BiP transiently binds to the 
luminal domain of each receptor (Figure 1). If unfolded 
proteins begin to accumulate in the ER lumen, BiP can 
detach from the sensors and bind exposed hydrophobic 
regions on the nascent polypeptides. The decoupling of 
BiP activates the sensors, by allowing oligomerization 
and autophosphorylation in the case of IRE1 and PERK 
[6], and as a yet unknown mechanism for ATF6, which 
may involve alternate glycosylation [7]. The subsequent 
downstream pathway of each of the three UPR sensors 
appears to have an innate preference for a particular type 
of ER stress. Experiments using different ER stress in-
ducers showed ATF6 responded quickly and robustly 
to disulfide bonding disruption caused by dithiothreitol, 
whereas PERK responded quickly to perturbations of 
Ca2+ homeostasis caused by thapsigargin. IRE1 is the 
most highly conserved of the three sensors and it appears 
to respond equally well to all types of stress, likely an 
evolutionary function conserved from its time as the sole 
sensor of ER stress [8]. 

Upon dissociating from BiP, each of the three UPR 
sensors modifies the ER to alleviate stress in its own 
unique way. ATF6, a basic leucine zipper transcription 
factor embedded in the ER membrane, is often the first 
sensor to respond to ER stress. Once ATF6 dissociates 
from BiP, Golgi localization signals [9] are exposed al-
lowing ATF6 translocation to the Golgi apparatus. In the 
Golgi apparatus, ATF6 is cleaved by site-1 protease (S1P) 
and site-2 protease (S2P) [10]. The cytosolic domain of 
ATF6 is then free to translocate to the nucleus, where it 
moderates increased expression of several proteins in-
volved in lipid biosynthesis and chaperones, including 
BiP and x-box binding protein 1 (XBP1) [11]. This in-
creases the volume of the ER and provides more chaper-
one proteins to aid in folding, thus relieving some of the 
ER stress. 

The other two sensors, IRE1 and PERK, remain 
as integral ER proteins, but oligomerize and autophos-
phorylate following BiP disassociation. Some evidence 
exists to suggest that BiP dissociation does not necessar-
ily activate IRE1, but rather that unfolded proteins acti-
vate oligomerization [12]. BiP may play a role instead to 
modulate IRE1 activity rather than function as a switch 
[13,14]. IRE1, has two isoforms in mammals, IRE1α and 
IRE1β. IRE1α is the more common of the two isoforms, 
and is expressed ubiquitously in mammals. In contrast, 
IRE1β is expressed only in the epithelial lining of the 
lungs and gut where it plays a role in mucin production 
[15]. Both phosphorylated IRE1 isoforms exhibit en-
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doribonuclease activity, splicing multiple mRNA targets 
destined for translation in the ER. This process is known 
as regulated IRE1-dependent decay (RIDD) and reduc-
es the translational burden on the ER. Both IRE1α and 
IRE1β have this nuclease activity. Mammalian IRE1 has 
been shown to be far more selective than that of Dro-
sophila melanogaster, indicating more regulation of 
RIDD is present in mammals [16]. Although most targets 
of RIDD are degraded after IRE1 splicing, some of the 
spliced transcripts have important functions. One such 
transcript is from the XBP1 gene. While the unspliced 
Xbp1 transcript (Xbp1u in Figure 1) is translated into a 
potent inhibitor of the UPR (XBP1u in Figure 1) [17], 
the spliced form (Xbp1s in Figure 1) is translated into 
a transcription factor (XBP1s in Figure 1) that promotes 
expression of several more proteins involved in lipid bio-
synthesis, ER-associated protein degradation (ERAD), 

and also more chaperones, including BiP. The increase 
in lipid and chaperone protein production has a similar 
effect to ATF6, increasing both the size of the ER and 
the density of chaperone proteins within it. Additional-
ly, some of the newly expressed proteins serve to reduce 
peptide burden in the ER by degrading proteins through 
ERAD, a process by which unfolded proteins are marked 
with ubiquitin and targeted for proteasome degradation. 
IRE1α may also be linked to innate immune pathways. 
Phosphorylated IRE1α interacts with TNF receptor as-
sociated factor 2 (TRAF2) and TNF receptor associated 
factor 6 (TRAF6), linking the UPR to multiple inflamma-
tory pathways including the c-Jun amino-terminal kinas-
es (JNK) [18]. The IRE1 pathway acts as a generalized 
response to ER stress increasing ER volume and folding 
capacity while preventing additional peptides from enter-
ing the ER.

Figure 1. Overview of the unfolded protein response. BiP dissociates from UPR sensors, ATF6, IRE1, and PERK, 
in the presence of unfolded proteins. ATF6 translocates to the Golgi apparatus where it is subsequently cleaved by 
S1P and S2P. The cytosolic domain translocates to the nucleus where it promotes transcription of BiP, XBP1, proteins 
involved with lipid biosynthesis, and other chaperones. IRE1 and PERK both oligomerize and autophosphorylate 
after dissociating from BiP. IRE1 splices incoming mRNAs, including Xbp1. Spliced Xbp1 is translated (XBP1s) 
and promotes transcription of BiP, EDEM1, proteins involved in lipid biosynthesis, and other chaperones. The 
product of unspliced Xbp1 translation (XBP1u) inhibits other components of the UPR, specifically XBP1s and 
ATF6. Phosphorylated PERK in turn phosphorylates eIF2α, inhibiting translation. Some proteins, such as ATF4, 
are unaffected by this block, and are preferentially translated. ATF4 promotes transcription of CHOP, GADD34, and 
proteins involved with amino acid regulation, redox homeostasis, and apoptosis.



Lewy et al.: Role of BiP in flavivirus biology294

BIP AS A CYTOPROTECTIVE AGENT

BiP has been implicated as a cytoprotective agent in 
a variety of scenarios, not limited to viral infection. Stud-
ies detailing the role of BiP during animal development 
have deemed it necessary for proper development in vitro 
and in vivo. Mouse knockout BiP-/- embryos were able to 
implant in the uterus, but quickly degenerated and were 
reabsorbed. Heterozygous BiP embryos are able to sur-
vive, although expression of BiP was roughly 50 percent 
of wild-type mice. Additionally, BiP plays a central role 
in the survival of tumor cells. In several drug-resistant 
tumor types, BiP protein is found at significantly elevat-
ed levels. Even in tissues with historically low levels of 
BiP expression such as brain, cancers such as malignant 
glioma exhibit high levels of BiP expression [24]. Over-
expression of BiP in cancer cell lines confers increased 
resistance to several chemotherapeutic agents. Addition-
ally, suppression of BiP via siRNA knockdown has been 
shown to reverse this resistance and increase susceptibil-
ity [25]. BiP not only protects against chemical agents, 
but from the natural machinery of the immune system as 
well. Cancer cells resistant to destruction by T killer cells 
were found to overexpress BiP. This resistance was also 
lost following BiP knockdown [26]. BiP has thus been 
demonstrated to play a cytoprotective role in a variety of 
stressful cellular conditions involving rapid growth and 
protein synthesis, including embryo development and tu-
mor biogenesis.

Not only does BiP protect the cell against a myri-
ad of insults, but it along with other components of the 
UPR machinery are highly conserved across species. 
The UPR is an ancient cellular stress pathway, conserved 
from yeast to humans. Yeast has only one sensor, IRE1, 
which splices a homolog of XBP1, HAC1 [27]. BiP is 

The third UPR sensor is PERK which also oligom-
erizes and autophosphorylates its cytoplasmic domain 
following dissociation from BiP. The oligomerization 
domain of PERK shares a high degree of homology with 
IRE1, and may also use BiP as a modulatory element, 
rather than a switch. However, unlike IRE1, the PERK 
kinase phosphorylates eukaryotic initiation factor 2α 
(eIF2α), effectively inhibiting translation. Because eIF2α 
phosphorylation rapidly reduces the peptide load in the 
ER, it is a common way to give the cell more time to 
respond to stimuli. Additional stressors such as amino 
acid starvation and double-stranded RNA also feed into 
this pathway; therefore the steps downstream from eIF2α 
phosphorylation are commonly referred to as the integrat-
ed stress response (ISR) [19]. Although protein synthesis 
is globally inhibited after eIF2α phosphorylation, some 
mRNAs are less susceptible to this inhibition due to up-
stream open reading frames located in the 5ʹ untranslated 
region. These unaffected mRNAs allow some key proteins 
involved in ER stress signaling to be synthesized, thus 
bypassing the translational block. One of these proteins, 
crucial for the UPR, is activating transcription factor 4 
(ATF4). ATF4 activates transcription of multiple proteins 
involved with amino acid metabolism, redox homeosta-
sis, and apoptosis, including CCAAT-enhancer-binding 
protein homologous protein (CHOP), growth arrest and 
DNA damage inducible protein 34 (GADD34), and to 
some extent, BiP [20,21]. CHOP activates endoplasmic 
reticulum oxidoreductase 1α (ERO1α), which promotes 
an oxidizing environment in the ER [22] and leads to 
eventual apoptosis through caspase 12 [23]. Interestingly, 
GADD34 de-phosphorylates eIF2α, thus reversing some 
of the translation block. The PERK pathway plays multi-
ple roles in the UPR, with responses ranging from global 
protein synthesis attenuation to apoptosis.

Table 1. Predicted BiP cellular function and arthropod vector orthologs.
KEGG 
name(s)

Description KEGG 
Ortholog

KEGG Ortholog pathway(s) Predicted arthropod vector 
HSPA5/BIP orthologs◊

BiP/ 
HSPA5

Heat shock 
70kDa protein 5

K09490 Protein export; protein processing 
in endoplasmic reticulum; thyroid 
hormone synthesis; prion diseases

Ixodes scapularis: 
ISCW017754*
Aedes aegypti: 
AAEL017349** 
AAEL018061***
Aedes albopictus: 
AALF021504*** 
AALF021835***
Culex quinquefasciatus: 
CPIJ003550**

◊Denoted in VectorBase gene model accession IDs
*Identified as a ortholog from K09490 KEGG Ortholog of KEGG (http://www.kegg.jp/dbget-bin/www_bget?ko:K09490)
**Identified as a ortholog from K09490 KEGG Ortholog of KEGG (http://www.kegg.jp/dbget-bin/www_bget?ko:K09490); also 
identified as orthologs of ISCW017754 from VectorBase (https://www.vectorbase.org/Ixodes_scapularis/Gene/Compara_Ortholog?g
=ISCW017754;r=DS696337:18885-23790;t=ISCW017754-RA)
***Identified as a ortholog to ISCW017754 from VectorBase (https://www.vectorbase.org/Ixodes_scapularis/Gene/Compara_Ortholo
g?g=ISCW017754;r=DS696337:18885-23790;t=ISCW017754-RA)
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Additionally, evidence exists to show BiP localization to 
the mitochondria and nucleus during ER stress, where it 
may play another role in cell survival. [36,37]. Finally, 
secreted BiP, along with other ER chaperones, has been 
detected during ER stress, both in cell culture media and 
human peripheral circulation, but no function has yet been 
attributed to it [38]. Although BiP can be found in multi-
ple sites outside of the ER, further research is required to 
determine the function of many of these variants.

BIP AND FLAVIVIRUS INFECTION

Viral infection can lead to significant ER stress be-
cause viral protein production is not subject to the same 
stringent controls as host protein translation. This often 
leads to an active UPR during infection. Certain measures 
taken by the UPR to alleviate ER stress may actually help 
provide an optimal environment for viral reproduction, 
including increasing the volume of the ER and the quan-
tity of host chaperone proteins present to assist in protein 
folding. The UPR has been implicated in the life cycle of 
several enveloped viruses; however, in this review, focus 
is on the vector-borne flaviviruses [39,40]. These agents 
are transmitted by the bite of a mosquito (mosquito-borne 
flaviviruses; MBFVs) or tick (tick-borne flaviviruses; TB-
FVs). Although there are fewer cases of infections annual-
ly when compared to MBFVs, TBFVs such as tick-borne 
encephalitis virus (TBEV) and Powassan virus (POWV) 
are highly neurovirulent agents that cause an estimated 
10,000 to 15,000 confirmed encephalitic cases per year 
worldwide. Flaviviruses, like other viruses, are obligate 
intracellular pathogens. They hijack the host cell machin-
ery to replicate their genome, to produce and package 
virions, and to egress from the cell to ultimately infect 
new ones. Flaviviruses have a single-stranded, positive 
sense RNA genome roughly 11kb in size, which is direct-

also conserved in yeast through the homolog KAR2 [28] 
and interacts with HAC1 in a similar manner to mam-
malian systems [29]. Predicted orthologs of BiP have 
been identified in several medically-relevant arthropod 
species, including Aedes aegypti, Aedes albopictus, Ixo-
des scapularis, and Culex quinquefasciatus (Table 1). A 
BiP homolog, heat shock protein cognate 3 (HSC3) has 
also been identified in the model fly organism, D. melan-
ogaster, a close relative of the Aedes and Culex mosquito 
genera. BiP retains a high amino acid conservation (> 76 
percent) between mammals and arthropods (Table 2). In 
D. melanogaster, ER stress has been demonstrated to in-
crease HSC3 protein expression in an XBP1-dependent 
manner [30,31], but still has not been confirmed to in-
teract with the UPR sensors biochemically. Homologs of 
IRE1 and PERK have both been functionally confirmed 
in D. melanogaster, and a predicted homolog of ATF6 
exists, but remains to be tested [32,33]. The arthropod 
unfolded protein response has many of the predicted or-
thologs present in the mammalian system, although fur-
ther research is necessary to confirm the function of these 
proteins. Due to the conserved nature of these proteins, 
they may be preferentially targeted by multi-host patho-
gens like the arthropod-borne flaviviruses.

CELLULAR LOCALIZATION OF BIP

BiP localization in mammalian systems is not ex-
clusively limited to the ER lumen; there are several cas-
es of atypical BiP expression as well. BiP is commonly 
expressed on the surface of several tumor cell types and 
proliferating endothelial cells, where it is involved in sig-
nal transduction in association with various proteins [34]. 
A cytosolic splice variant of BiP, GRP78va, was discov-
ered to play a potential role in cytosolic modulation of 
PERK signaling, resulting in a cytoprotective effect [35]. 

Table 2. Amino acid conservation among human BiP and predicted orthologs.

◊Amino acid sequence identified from K09490 KEGG Ortholog of KEGG (http://www.kegg.jp/dbget-bin/www_bget?ko:K09490)
∞Amino acid sequence identified from orthologs of I. scapularis ISCW017754 of VectorBase (https://www.vectorbase.org/Ixodes_
scapularis/Gene/Compara_Ortholog?g=ISCW017754;r=DS696337:18885-23790;t=ISCW017754-RA)
*% alignment identified from ClustalW = http://www.genome.jp/tools/clustalw/

Species % amino acid coverage* of predicted 
species ortholog to Homo sapiens 
ortholog

Number of amino acids making 
up predicted HSPA5/BIP 
orthologs

Mus musculus◊ 98.6% 655
Ixodes scapularis◊ 83.6% 658
Drosophila melanogaster◊ 79.5% 656
Aedes aegypti (AAEL017349)◊ 80.7% 655
Aedes aegypti (AAEL018061)∞ 78.6% 662
Aedes albopictus (AALF021504)∞ 76.5% 657
Aedes albopictus (AALF021835)∞ 81% 656
Culex quinquefasciatus◊ 79.7% 657
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genome replication. Interestingly, overexpression of BiP 
protein prior to DENV infection however, had no effect 
on infectious virus production [43]. Additionally, BiP 
protein expression is increased in uninfected bystander 
cells during DENV infection, suggesting potential stress 
signaling [43]. While a mechanistic link between BiP and 
flaviviral proteins has not been observed, yeast two-hy-
brid assays have shown that DENV envelope (E) protein 
binds directly to BiP [44]. Similar to DENV, infectious 
JEV release was reduced 10-fold during siRNA knock-
down of BiP transcript, while viral RNA levels remained 
unchanged [45]. This implies BiP plays a similar role in 
JEV infection and may play a conserved role in gener-
al MBFV infection of mammalian cells. Considering 
its localization in the ER lumen and its effect on virion 
assembly, BiP likely interacts with the structural flavi-
viral proteins that localize within the ER lumen, E and 
pre-membrane (prM), if at all.

BiP plays a key role in managing the UPR. There-
fore, it is imperative to examine the other UPR sensors 
with which it interacts in order to appreciate the complete 

ly translated to encode a single polyprotein with multiple 
transmembrane regions (Figure 2). This polyprotein is 
cleaved into three structural and seven nonstructural pro-
teins using host and viral proteases [41]. RNA replication 
occurs within spherules on the rough ER whereas virion 
assembly occurs within the ER lumen [42]. Specifically, 
the MBFVs dengue virus (DENV), Japanese encephalitis 
virus (JEV), West Nile virus (WNV), and the attenuated 
WNV, Kunjin virus (WNVKUN) have been shown to inter-
act with the mammalian UPR in some detail. 

DENV, JEV, WNV, and WNVKUN infections have 
been shown to lead to increased BiP protein expression. It 
remains unclear if this results from specific interaction of 
viral proteins with factors of the host cell, or if the BiP in-
crease is simply due to the general ER stress caused by an 
abundance of unfolded viral protein in the ER. Post-trans-
lational BiP protein knockdown by SubAB toxin led to a 
decrease in release of infectious DENV. Levels of viral 
genome RNA were unaffected during protein knockdown 
in these experiments, implying that BiP was involved pri-
marily in viral protein folding and virion assembly, not 

Figure 2. Flavivirus polyprotein synthesis and topology. The flaviviral polyprotein is translated into the ER 
membrane. It is cleaved at later time points by host and viral proteases to produce the viral proteins, denoted by 
different colors along the polypeptide chain. PrM (tan), E (light blue), and NS1 (red) are located in the ER lumen, NS3 
(light orange) and NS5 (light green) are located in the cytoplasm, and C (dark green), NS2A (teal), NS2B (yellow), 
NS4A (dark blue), and NS4B (dark orange) remain anchored in the ER membrane. BiP is constitutively expressed 
throughout the ER lumen.
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infectious virus release [52]; however, knockdowns of 
XBP1 have no effect. There is a notable increase in cyto-
pathic effect in XBP1 knockout MEFs, potentially indi-
cating a cytoprotective role of XBP1 downstream targets 
[51]. WNVKUN also alters IRE1 activity. NS4A and NS4B 
were shown to enhance Xbp1 splicing, leaving undetect-
able amounts of unspliced Xbp1 in transfected samples 
[46]. Like JEV, WNV infection in XBP1-/- MEFs does not 
cause a significant change in viral release. It remains to 
be seen if ATF6 has any compensatory effect in the XBP1 
knockout MEFs, or if they lack increased BiP expression. 

The third pathway of the UPR is mediated via 
PERK. PERK is responsible for downstream activation 
of several limiting factors for viral replication, namely 
translation inhibition and apoptosis. The PERK pathway 
is considered to have an antiviral effect on most flavi-
viruses. Knockout studies using PERK-/- [46,50] and  
CHOP-/- [48] MEFs showed an increase in infectious 
DENV, WNV, and WNVKUN release. Additional studies in 
PERK-/- MEFs showed phosphorylation of eIF2α occurs 
early in DENV infection, but is rapidly reversed, even 
when treated with a potent small molecule, ER stress in-
ducer, thapsigargin [50]. However, a recent study showed 
that PERK may play some proviral role in DENV infec-
tion by promoting autophagosome formation and turn-
over, a process beneficial to infectious virus production 
[53]. An interesting comparison can be drawn between 
the highly neurovirulent WNV and the attenuated WN-
VKUN. WNV induces phosphorylation of eIF2α and ro-
bustly induces CHOP and GADD34 expression through 
ATF4. Alternatively, WNVKUN shows minimal phosphor-
ylation of eIF2α and induction of ATF4 during infection. 
This suggests that PERK signaling may be partially re-
sponsible for the deleterious effects observed in particu-
larly neurovirulent flaviviruses. 

Recently, atypical variants of BiP have been impli-
cated in flavivirus entry. As noted in a previous section, 
a small fraction of expressed BiP can localize to the cell 
surface in certain cell types. BiP was identified as a re-
ceptor element for DENV in HepG2 liver cells by the 
viral overlay protein binding assay (VOPBA) and mass 
spectrometry fingerprinting [54]. Additionally, in one of 
the few studies focusing on an arthropod vector, A. al-
bopictus, BiP was similarly implicated as a part of the 
DENV viral entry process in C6/36 cells. It was found to 
be nonessential for virion binding, but appeared to play 
some role in entry [55]. With BiP having high amino acid 
conservation between humans and arthropod vectors (Ta-
ble 2), it may be possible it is functioning in the same 
manner in both systems.

Studies examining the ultrastructure of TBFV infec-
tion have shown ER enlargement and chaperone recruit-
ment in TBEV and Langat Virus (LGTV), similar to the 
MBFVs [56,57]. TBEV infection induced the IRE1 and 

picture in flavivirus infections. ATF6 is one of the first 
sensors in the UPR to increase BiP protein expression. 
WNVKUN appears to preferentially activate the ATF6 path-
way. A 10-fold increase in XBP1 transcripts, a product 
of ATF6-mediated transcription, was observed in WN-
VKUN-infected cells after the viral latent period, 18 hours 
post infection (hpi). This also correlated with a signifi-
cant increase in BiP protein expression [46]. Downstream 
mRNA products of the other pathways, ER degradation 
enhancing alpha-mannosidase like protein 1 (EDEM1) 
and ATF4 (IRE1 and PERK, respectively), were only in-
creased 3-fold at peak transcription. Nonstructural pro-
tein 4A (NS4A) and nonstructural protein 4B (NS4B) 
alone each significantly increased XBP1 transcript levels, 
potentially indicating an interaction between the non-
structural WNVKUN proteins and the ATF6 pathway. Ad-
ditionally, infectious virus release was shown to be low-
er in ATF6-/- MEFs. This corresponded to an increase in 
PERK-related factors, suggesting ATF6 may play a role 
in dampening PERK signaling [47]. In contrast, WNV 
degrades ATF6 in a proteasome-dependent manner [48]. 
ATF6 has been shown to activate and translocate to the 
nucleus during DENV infection [49]; however, infectious 
DENV release was unchanged in mouse embryonic fibro-
blast (MEF) ATF6-/- knockouts [50]. ATF6 appears to be 
preferentially activated during milder infections, such as 
WNVKUN, but is non-essential for more lethal infections 
such as DENV and WNV, implying a potential cytopro-
tective role for the ATF6 pathway during infection.

IRE1, the primordial sensor of the UPR, is conserved 
in most eukaryotes, including yeasts, plants, and animals, 
potentially allowing ample time for viruses to co-evolve 
alongside it. During DENV infection, cleaved ATF6 was 
not found in the nucleus early in infection [50]; however, 
XBP1 transcripts spliced by IRE1 were shown to increase 
[51]. Confocal microscopy also showed the localization 
of XBP1 in the nucleus 24 to 36 hpi [50]. This suggests 
that IRE1 is responsible for the increase in BiP protein 
expression during DENV infection. DENV grown in  
IRE1-/- knockout MEFs yielded significantly lower infec-
tious virus [50]. The viral nonstructural protein NS2B-
3 (fused NS2B and NS3 proteins) was able to increase 
Xbp1 splicing 6-fold when transfected alone; however, it 
should be noted that DENV infection increased splicing 
140-fold, suggesting multiple viral proteins are involved 
in enhancing IRE1 splicing activity. JEV also induces 
Xbp1 splicing, but NS2B-3 does not appear to play a sig-
nificant role in the process, as demonstrated in a similar 
transfection experiment [51]. Interestingly, JEV takes ad-
vantage of the RIDD activity of IRE1. While the IRE1 
endonuclease cleaves most mRNAs encoding proteins 
destined for the ER, JEV mRNA is unaffected [52]. This 
allows the JEV genome to be preferentially translated 
into the ER. Knockdowns of IRE1 significantly reduce 
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to decrease infectious viral titer while having no effect on 
viral mRNA levels. 

Some proteins in the UPR have been identified as 
potential therapeutic targets, including BiP and all three 
sensors. Small molecules are available to target these 
proteins, but much of the research focus utilizing these 
small molecules has been with protein misfolding diseas-
es and cancer [61,62]. No repurposing studies aimed at 
using these small molecules for potential therapeutics for 
flavivirus infection has been attempted. Flavivirus-mam-
malian host interactions in the UPR have been the subject 
of considerable study, but examination of the UPR in the 
arthropod system remains relatively neglected. Studies 
characterizing the UPR in arthropods have been mostly 
limited to Drosophila and few exist in species more rel-
evant to flavivirus infection. Although studies in mam-
malian systems are generally more relevant for transla-
tion into medical treatments, knowledge concerning the 
arthropod system may prove invaluable for identifying 
targets for vector control. By targeting key differences 
in the viral life cycle between mammals and arthropods, 
new therapeutic targets specific to arthropods could be 
developed, providing another option to reduce transmis-
sion to humans and ultimately the burden on global health 
systems.
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ATF6 pathways as evidenced by increased expression 
of pathway product transcripts, and inhibition of IRE1 
significantly reduced infectious virus release [58]. Pro-
teomic studies of TBEV- and Langat- infected tick cell 
lines have identified protein evidence for the predicted Ix-
odes scapularis BiP ortholog in infected cells [59,60], but 
nothing is known regarding specific interactions involv-
ing BiP and TBFVs in both mammalian and tick species.

CONCLUSIONS AND OUTLOOK

The UPR clearly plays a significant role in flavivirus 
infections. A summary detailing the cumulative knock-
down data for the above flaviviruses is presented in Table 
3. BiP, as the master regulator of the UPR, plays a key 
part during infection because its expression is increased 
by all flaviviruses studied so far. Knockdown studies 
have suggested a pro-viral role of BiP in DENV and JEV 
infection. The pathways of the UPR which increase pro-
tein expression of BiP, ATF6, and IRE1 are preferential-
ly activated during DENV, JEV, and WNVKUN infection. 
Additionally, the PERK pathway of the UPR, appears to 
play an antiviral role during flavivirus infection. Despite 
BiP’s role in activating each UPR sensor, each flavivi-
rus appears to preferentially activate different arms of the 
UPR. This may be due to viral elements interacting with 
the arms themselves, or perhaps the viruses have differ-
ent interactions with BiP itself. The primary role of BiP 
likely involves protein folding and virion assembly, spe-
cifically through E and prM, since perturbing BiP tends 

Table 3. Summary of predicted proviral or antiviral roles of BiP and UPR pathways on flavivirus 
infection.

 denotes protein or pathway plays a proviral role for infectious flavivirus release according to current data 
X denotes protein or pathway plays an antiviral role for infectious flavivirus release according to current data
- denotes protein or pathway plays minimal role for infectious flavivirus release according to current data
? denotes at this time, no sufficient functional study of BiP and UPR pathways on infectious flavivirus release has been performed.
1 [43]
2 [50]
3 [45]
4 [52]
5 [48]
6 [47]
7 [46]
8 [58]

BiP ATF6 Pathway IRE1 Pathway PERK Pathway
DENV 1 -2 2 X2

JEV 3 ? 4 ?
WNV ? ? ? X5

WNVKUN ? 6 ? X7

ZIKV ? ? ? ?
TBEV ? ? 8 ?
POWV ? ? ? ?
LGTV ? ? ? ?



Lewy et al.: Role of BiP in flavivirus biology 299

JS. Regulated Ire1-dependent decay of messenger RNAs in 
mammalian cells. J Cell Biol. 2009;186(3):323-31.

17. Yoshida H, Uemura A, Mori K. pXBP1(U), a negative reg-
ulator of the unfolded protein response activator pXBP1(S), 
targets ATF6 but not ATF4 in proteasome-mediated degra-
dation. Cell Struct Funct. 2009;34(1):1-10.

18. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding 
HP, et al. Coupling of stress in the ER to activation of JNK 
protein kinases by transmembrane protein kinase IRE1. Sci-
ence. 2000;287(5453):664-6.

19. Ron D, Walter P. Signal integration in the endoplasmic re-
ticulum unfolded protein response. Nat Rev Mol Cell Biol. 
2007;8(7):519-29.

20. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira 
M, et al. Regulated translation initiation controls stress-in-
duced gene expression in mammalian cells. Mol Cell. 
2000;6(5):1099-108.

21. Luo S, Baumeister P, Yang S, Abcouwer SF, Lee AS. In-
duction of Grp78/BiP by translational block: activation of 
the Grp78 promoter by ATF4 through and upstream ATF/
CRE site independent of the endoplasmic reticulum stress 
elements. J Biol Chem. 2003;278(39):37375-85.

22. Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, 
Jungreis R, et al. CHOP induces death by promoting protein 
synthesis and oxidation in the stressed endoplasmic reticu-
lum. Genes Dev. 2004;18(24):3066-77.

23. Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner 
BA, et al. Caspase-12 mediates endoplasmic-reticulum-spe-
cific apoptosis and cytotoxicity by amyloid-beta. Nature. 
2000;403(6765):98-103.

24. Pyrko P, Schonthal AH, Hofman FM, Chen TC, Lee AS. The 
unfolded protein response regulator GRP78/BiP as a novel 
target for increasing chemosensitivity in malignant gliomas. 
Cancer Res. 2007;67(20):9809-16.

25. Li J, Lee AS. Stress induction of GRP78/BiP and its role in 
cancer. Curr Mol Med. 2006;6(1):45-54.

26. Jamora C, Dennert G, Lee AS. Inhibition of tumor progres-
sion by suppression of stress protein GRP78/BiP induction 
in fibrosarcoma B/C10ME. Proc Natl Acad Sci U S A. 
1996;93(15):7690-4.

27. Cox JS, Walter P. A novel mechanism for regulating activity 
of a transcription factor that controls the unfolded protein 
response. Cell. 1996;87(3):391-404.

28. Rose MD, Misra LM, Vogel JP. KAR2, a karyogamy gene, 
is the yeast homolog of the mammalian BiP/GRP78 gene. 
Cell. 1989;57(7):1211-21.

29. Kimata Y, Kimata YI, Shimizu Y, Abe H, Farcasanu IC, 
Takeuchi M, et al. Genetic evidence for a role of BiP/Kar2 
that regulates Ire1 in response to accumulation of unfolded 
proteins. Mol Biol Cell. 2003;14(6):2559-69.

30. Plongthongkum N, Kullawong N, Panyim S, Tirasophon W. 
Ire1 regulated XBP1 mRNA splicing is essential for the un-
folded protein response (UPR) in Drosophila melanogaster. 
Biochem Biophys Res Commun. 2007;354(3):789-94.

31. Ryoo HD, Domingos PM, Kang MJ, Steller H. Unfolded 
protein response in a Drosophila model for retinal degener-
ation. EMBO J. 2007;26(1):242-52.

32. Pomar N, Berlanga JJ, Campuzano S, Hernandez G, Elias 
M, de Haro C. Functional characterization of Drosophila 
melanogaster PERK eukaryotic initiation factor 2alpha (eI-

Allergy and Infectious Diseases of the National Institutes 
of Health.

REFERENCES

1. Dorner AJ, Wasley LC, Kaufman RJ. Overexpression of 
GRP78 mitigates stress induction of glucose regulated pro-
teins and blocks secretion of selective proteins in Chinese 
hamster ovary cells. EMBO J. 1992;11(4):1563-71.

2. McKay DB. Structure and mechanism of 70-kDa 
heat-shock-related proteins. Adv Protein Chem. 1993;44:67-
98.

3. Flynn GC, Chappell TG, Rothman JE. Peptide binding and 
release by proteins implicated as catalysts of protein assem-
bly. Science. 1989;245(4916):385-90.

4. Wei J, Gaut JR, Hendershot LM. In vitro dissociation of 
BiP-peptide complexes requires a conformational change in 
BiP after ATP binding but does not require ATP hydrolysis. 
J Biol Chem. 1995;270(44):26677-82.

5. Gething MJ. Role and regulation of the ER chaperone BiP. 
Semin Cell Dev Biol. 1999;10(5):465-72.

6. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. 
Dynamic interaction of BiP and ER stress transducers in the 
unfolded-protein response. Nat Cell Biol. 2000;2(6):326-32.

7. Hong M, Luo S, Baumeister P, Huang JM, Gogia RK, Li M, 
et al. Underglycosylation of ATF6 as a novel sensing mech-
anism for activation of the unfolded protein response. J Biol 
Chem. 2004;279(12):11354-63.

8. DuRose JB, Tam AB, Niwa M. Intrinsic capacities of molec-
ular sensors of the unfolded protein response to sense alter-
nate forms of endoplasmic reticulum stress. Mol Biol Cell. 
2006;17(7):3095-107.

9. Shen J, Chen X, Hendershot L, Prywes R. ER stress regu-
lation of ATF6 localization by dissociation of BiP/GRP78 
binding and unmasking of Golgi localization signals. Dev 
Cell. 2002;3(1):99-111.

10. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R, 
et al. ER stress induces cleavage of membrane-bound ATF6 
by the same proteases that process SREBPs. Mol Cell. 
2000;6(6):1355-64.

11. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian 
transcription factor ATF6 is synthesized as a transmembrane 
protein and activated by proteolysis in response to endoplas-
mic reticulum stress. Mol Biol Cell. 1999;10(11):3787-99.

12. Kimata Y, Oikawa D, Shimizu Y, Ishiwata-Kimata Y, Kohno 
K. A role for BiP as an adjustor for the endoplasmic reticulum 
stress-sensing protein Ire1. J Cell Biol. 2004;167(3):445-56.

13. Gardner BM, Pincus D, Gotthardt K, Gallagher CM, 
Walter P. Endoplasmic reticulum stress sensing in the un-
folded protein response. Cold Spring Harb Perspect Biol. 
2013;5(3):a013169.

14. Pincus D, Chevalier MW, Aragon T, van Anken E, Vidal 
SE, El-Samad H, et al. BiP binding to the ER-stress sensor 
Ire1 tunes the homeostatic behavior of the unfolded protein 
response. PLoS Biol. 2010;8(7):e1000415.

15. Martino MB, Jones L, Brighton B, Ehre C, Abdulah L, Da-
vis CW, et al. The ER stress transducer IRE1beta is required 
for airway epithelial mucin production. Mucosal Immunol. 
2013;6(3):639-54.

16. Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman 



Lewy et al.: Role of BiP in flavivirus biology300

49. Umareddy I, Pluquet O, Wang QY, Vasudevan SG, Chevet 
E, Gu F. Dengue virus serotype infection specifies the acti-
vation of the unfolded protein response. Virol J. 2007;4:91.

50. Pena J, Harris E. Dengue virus modulates the unfolded pro-
tein response in a time-dependent manner. J Biol Chem. 
2011;286(16):14226-36.

51. Yu CY, Hsu YW, Liao CL, Lin YL. Flavivirus infection 
activates the XBP1 pathway of the unfolded protein re-
sponse to cope with endoplasmic reticulum stress. J Virol. 
2006;80(23):11868-80.

52. Bhattacharyya S, Sen U, Vrati S. Regulated IRE1-dependent 
decay pathway is activated during Japanese encephalitis vi-
rus-induced unfolded protein response and benefits viral 
replication. J Gen Virol. 2014;95(Pt 1):71-9.

53. Datan E, Roy SG, Germain G, Zali N, McLean JE, Golshan 
G, et al. Dengue-induced autophagy, virus replication and 
protection from cell death require ER stress (PERK) path-
way activation. Cell Death Dis. 2016;7:e2127.

54. Jindadamrongwech S, Thepparit C, Smith DR. Identification 
of GRP 78 (BiP) as a liver cell expressed receptor element 
for dengue virus serotype 2. Arch Virol. 2004;149(5):915-
27.

55. Vega-Almeida TO, Salas-Benito M, De Nova-Ocampo MA, 
Del Angel RM, Salas-Benito JS. Surface proteins of C6/36 
cells involved in dengue virus 4 binding and entry. Arch Vi-
rol. 2013;158(6):1189-207.

56. Miorin L, Romero-Brey I, Maiuri P, Hoppe S, Krijnse-Lock-
er J, Bartenschlager R, et al. Three-dimensional architecture 
of tick-borne encephalitis virus replication sites and traffick-
ing of the replicated RNA. J Virol. 2013;87(11):6469-81.

57. Offerdahl DK, Dorward DW, Hansen BT, Bloom ME. 
A three-dimensional comparison of tick-borne flavivirus 
infection in mammalian and tick cell lines. PLoS One. 
2012;7(10):e47912.

58. Yu C, Achazi K, Niedrig M. Tick-borne encephalitis virus 
triggers inositol-requiring enzyme 1 (IRE1) and transcrip-
tion factor 6 (ATF6) pathways of unfolded protein response. 
Virus Res. 2013;178(2):471-7.

59. Grabowski JM, Perera R, Roumani AM, Hedrick VE, In-
erowicz HD, Hill CA, et al. Changes in the Proteome of 
Langat-Infected Ixodes scapularis ISE6 Cells: Metabolic 
Pathways Associated with Flavivirus Infection. PLoS Negl 
Trop Dis. 2016;10(2):e0004180.

60. Weisheit S, Villar M, Tykalova H, Popara M, Loecherbach 
J, Watson M, et al. Ixodes scapularis and Ixodes ricinus tick 
cell lines respond to infection with tick-borne encephalitis 
virus: transcriptomic and proteomic analysis. Parasit Vec-
tors. 2015;8:599.

61. Hetz C, Chevet E, Harding HP. Targeting the unfold-
ed protein response in disease. Nat Rev Drug Discov. 
2013;12(9):703-19.

62. Rivas A, Vidal RL, Hetz C. Targeting the unfolded protein 
response for disease intervention. Expert Opin Ther Targets. 
2015;19(9):1203-18.

F2alpha) kinase. Eur J Biochem. 2003;270(2):293-306.
33. Sidrauski C, Walter P. The transmembrane kinase Ire1p is a 

site-specific endonuclease that initiates mRNA splicing in 
the unfolded protein response. Cell. 1997;90(6):1031-9.

34. Ni M, Zhang Y, Lee AS. Beyond the endoplasmic reticulum: 
atypical GRP78 in cell viability, signalling and therapeutic 
targeting. Biochem J. 2011;434(2):181-8.

35. Ni M, Zhou H, Wey S, Baumeister P, Lee AS. Regulation 
of PERK signaling and leukemic cell survival by a novel 
cytosolic isoform of the UPR regulator GRP78/BiP. PLoS 
One. 2009;4(8):e6868.

36. Reddy RK, Mao C, Baumeister P, Austin RC, Kaufman RJ, 
Lee AS. Endoplasmic reticulum chaperone protein GRP78 
protects cells from apoptosis induced by topoisomerase in-
hibitors: role of ATP binding site in suppression of caspase-7 
activation. J Biol Chem. 2003;278(23):20915-24.

37. Sun FC, Wei S, Li CW, Chang YS, Chao CC, Lai YK. Lo-
calization of GRP78 to mitochondria under the unfolded 
protein response. Biochem J. 2006;396(1):31-9.

38. Delpino A, Castelli M. The 78 kDa glucose-regulated pro-
tein (GRP78/BIP) is expressed on the cell membrane, is re-
leased into cell culture medium and is also present in human 
peripheral circulation. Biosci Rep. 2002;22(3-4):407-20.

39. Baer A, Lundberg L, Swales D, Waybright N, Pinkham C, 
Dinman JD, et al. Venezuelan Equine Encephalitis Virus 
Induces Apoptosis through the Unfolded Protein Response 
Activation of EGR1. J Virol. 2016;90(7):3558-72.

40. Benali-Furet NL, Chami M, Houel L, De Giorgi F, Verne-
joul F, Lagorce D, et al. Hepatitis C virus core triggers apop-
tosis in liver cells by inducing ER stress and ER calcium 
depletion. Oncogene. 2005;24(31):4921-33.

41. Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus ge-
nome organization, expression, and replication. Annu Rev 
Microbiol. 1990;44:649-88.

42. Mlera L, Melik W, Bloom ME. The role of viral persistence 
in flavivirus biology. Pathog Dis. 2014;71(2):137-63.

43. Wati S, Soo ML, Zilm P, Li P, Paton AW, Burrell CJ, et 
al. Dengue virus infection induces upregulation of GRP78, 
which acts to chaperone viral antigen production. J Virol. 
2009;83(24):12871-80.

44. Limjindaporn T, Wongwiwat W, Noisakran S, Srisawat C, 
Netsawang J, Puttikhunt C, et al. Interaction of dengue vi-
rus envelope protein with endoplasmic reticulum-resident 
chaperones facilitates dengue virus production. Biochem 
Biophys Res Commun. 2009;379(2):196-200.

45. Wu YP, Chang CM, Hung CY, Tsai MC, Schuyler SC, 
Wang RY. Japanese encephalitis virus co-opts the ER-
stress response protein GRP78 for viral infectivity. Virol J. 
2011;8:128.

46. Ambrose RL, Mackenzie JM. West Nile virus differentially 
modulates the unfolded protein response to facilitate rep-
lication and immune evasion. J Virol. 2011;85(6):2723-32.

47. Ambrose RL, Mackenzie JM. ATF6 signaling is required 
for efficient West Nile virus replication by promoting cell 
survival and inhibition of innate immune responses. J Virol. 
2013;87(4):2206-14.

48. Medigeshi GR, Lancaster AM, Hirsch AJ, Briese T, Lipkin 
WI, Defilippis V, et al. West Nile virus infection activates 
the unfolded protein response, leading to CHOP induction 
and apoptosis. J Virol. 2007;81(20):10849-60.


