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The UPR sensor IRE1α and the adenovirus E3-19K
glycoprotein sustain persistent and lytic infections
Vibhu Prasad 1, Maarit Suomalainen 1, Yllza Jasiqi1, Silvio Hemmi1, Patrick Hearing2, Louise Hosie 3,4,

Hans-Gerhard Burgert3,5 & Urs F. Greber 1✉

Persistent viruses cause chronic disease, and threaten the lives of immunosuppressed indi-

viduals. Here, we elucidate a mechanism supporting the persistence of human adenovirus

(AdV), a virus that can kill immunosuppressed patients. Cell biological analyses, genetics and

chemical interference demonstrate that one of five AdV membrane proteins, the E3-19K

glycoprotein specifically triggers the unfolded protein response (UPR) sensor IRE1α in the

endoplasmic reticulum (ER), but not other UPR sensors, such as protein kinase R-like ER

kinase (PERK) and activating transcription factor 6 (ATF6). The E3-19K lumenal domain

activates the IRE1α nuclease, which initiates mRNA splicing of X-box binding protein-1 (XBP1).

XBP1s binds to the viral E1A-enhancer/promoter sequence, and boosts E1A transcription, E3-

19K levels and lytic infection. Inhibition of IRE1α nuclease interrupts the five components

feedforward loop, E1A, E3-19K, IRE1α, XBP1s, E1A enhancer/promoter. This loop sustains

persistent infection in the presence of the immune activator interferon, and lytic infection in

the absence of interferon.
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Pathogens persist within host cells, which makes them dif-
ficult to treat as they minimally interfere with the host and
escape immune clearance. Viral persistence comprises

chronic and latent infections, for example, human immunodefi-
ciency virus (HIV), herpesvirus, papilloma virus, polyoma virus,
hepatitis B virus, and human adenovirus (AdV)1–3. Viral persis-
tence involves the restoration of homeostasis upon initial infec-
tion. The unfolded protein response (UPR) restores homeostasis
upon ER stress. Enveloped viruses, including influenza virus and
herpes viruses subvert the UPR for the synthesis of viral glyco-
proteins4–6. They involve three transmembrane sensors in the ER,
the inositol-requiring enzyme 1 (IRE1), activating transcription
factor 6 (ATF6/p90), and protein kinase RNA-like ER kinase
(PERK). IRE1α, ATF6, and PERK enhance the levels of the
transcription factors XBP1s, ATF6/p50, and ATF4, respectively,
and upregulate gene expression of chaperones and slow down
protein translation restoring ER homeostasis7–10. IRE1α has
cytoplasmic kinase and nuclease domains. Its phosphorylation
enhances ATP binding, activates the ribonuclease, and initiates
the splicing of XBP1 mRNA by removing a short intron of 26
nucleotides (nt)11. Back-ligation of the spliced mRNA by the
tRNA ligase Rtcb generates XBP1s mRNA encoding the func-
tional transcription factor XBP1s12. During the lytic cycle, Kaposi
sarcoma herpesvirus activates all three UPR sensors, and inhibits
the downstream transcription of host genes by yet unknown
mechanisms reviewed in ref. 13.

Here, we explored how the UPR affected the nonenveloped non-
enveloped AdV. AdVs are widespread pathogens causing self-
limiting disease in the eyes (species B, D, and E), the upper and
lower respiratory tracts (species B, C, and E), and the gastro-
intestinal tract (species F and G)14. AdV-B, C, E, and F persist in
lymphoid and other cell types of the digestive tracts, and produce
low levels of particles in the presence of cellular and humoral
cytokines, interferon (IFN) type I, or the proinflammatory IFN-
γ15–18. In immunocompromised or stressed individuals, AdVs give
rise to morbidity and mortality19,20.

AdV enters cells by receptor-mediated endocytosis, endosomal
rupture, and cytoplasmic transport, and dismantles the capsid to
deliver viral DNA (vDNA) into the nucleus for progeny pro-
duction and establishment of persistence21–23. Expression of the
immediate early viral E1A gene gives rise to transactivators from
alternatively spliced mRNA24,25. E1A proteins interact with
numerous host proteins on double-stranded DNA, and control
host transcription, the cell cycle, DNA replication, and suppress
the expression of IFN-stimulated genes. They activate all early
AdV promoters, including those controlling E1B, E2, E3, and E4,
and drive viral replication21,26,27.

The E3 transcription unit protects the host from disease,
especially uncontrolled inflammatory response, and the virus
from eradication28–31. AdV-C E3 encodes seven open-reading
frames (ORFs), five of which are membrane proteins. The E3A
region gives rise to CR1-alpha, also known as 7.1K (AdV-C5) or
6.7K (AdV-C2), which inhibit apoptosis by degrading the TNF-
related apoptosis-inducing ligand (TRAIL) receptor 2. The gly-
coprotein E3-19K (short 19K) and the AdV death protein (ADP
in AdV-C) of E3A suppress cellular immune responses and
may promote lytic virus release, respectively29. 19K suppresses
the adaptive immune response toward AdV-infected cells by
blocking the transport of MHC class-I molecules from the ER to
the cell surface, and reduces the activation of cytotoxic CD8
T cells and NK cells32–35. The E3B region encodes RIDα and
RIDβ blocking apoptosis mediated through tumor necrosis factor
(TNF), Fas ligand, and TRAIL signaling.

Recent studies with telomerase reverse transcriptase (TERT)-
immortalized human dermal fibroblasts established a persistence
model for AdV, where IFN-I or IFN-II suppresses AdV-C5

infection by reducing the recruitment of the positive transcription
regulator GABPα/β, and enhancing the E2F/Rb repressor com-
plex on the E1A promoter sequence36. Removal of IFN leads to
virus lytic release, akin to acutely immunosuppressed patients17.
Here, we show that the AdV glycoprotein 19K selectively activates
IRE1α but not PERK and ATF6. This gives rise to a transcrip-
tional feedforward loop, including five components—19K, IRE1α,
XBP1s, the E1A enhancer/promoter (e/p), and E1A protein. This
loop maintains long-term viral persistence in the presence of IFN,
and boosts lytic infection in the absence of IFN.

Results
IRE1α-mediated XBP1 splicing enhances AdV infection.
Mammalian cells express two homologs of the yeast Ire1p, IRE1α
(encoded by the ERN1 gene) and IRE1β (ERN2), the latter in a
tissue-specific manner, for example in the digestive tract37,38. To
explore the role of IRE1α in AdV infection, we used CRISPR/
Cas9 to generate IRE1α-knockout HeLa cells (HeLa I-KO). A
guide RNA targeting exon 2 yielded a KO phenotype affecting all
three allelic copies of IRE1α (Fig. 1a, Supplementary Fig. 1a, b).
Two IRE1α alleles were edited by frameshift mutations and one
had a 15-nt in-frame deletion. HeLa I-KO was significantly less
susceptible to AdV-C5 infection than HeLa or HeLa I-KO ecto-
pically expressing IRE1α from a lentivirus, as shown by AdV late
protein VI expression and virus production (Fig. 1a). Infection
inhibition was not due to reduced virus entry, as the incoming
vDNA was effectively delivered into the nucleus 2.5 hpi39 (Sup-
plementary Fig. 1c). Akin to IRE1α KO, the IRE1α nuclease
inhibitor 4µ8C40 reduced viral replication, as shown by quanti-
tative (q)-PCR (Fig. 1a).

To test if AdV infection enhanced the IRE1α nuclease activity,
we measured the levels of XBP1s by quantitative reverse
transcriptase (qrt) PCR in extracts of infected HeLa and HeLa I-
KO cells41. AdV-C5 infection consistently increased the XBP1s
mRNA levels at 24, 48, or 72 hpi (Fig. 1b). Note that the band
denoted with asterisk (*) is a background product and can be
removed by EndoT digest (see Supplementary Fig. 1d). XBP1s
(denoted as 1S) was not enhanced in HeLa I-KO cells, but restored
by ectopic expression of IRE1α (Fig. 1b). Importantly, XBP1s
induction occurred in AdV-C2 or C5-infected HeLa and human
corneal epithelial (HCE) cells, or in diploid human fibroblasts WI-
38, but not in cells infected with AdV-C5 lacking the E1 region
(Fig. 1b, Supplementary Fig. 1e–g). E1 encodes the E1A immediate
early transactivator protein, the antiapoptotic E1B-19K and E1B-
55K proteins24,42. Collectively, the data show that AdV infection
of both transformed and nontransformed non-transformed
human cells induces XBP1s depending on IRE1α and the early
viral genes E1A–E1B.

Phosphorylation of IRE1α and not PERK in AdV infection. We
next tested if XBP1s induction was conserved in murine cells.
AdV-C5 infection for 24–48 h readily induced XBP1s in mouse
embryonic fibroblasts (MEFs) expressing Flag-IRE1α, but not in
cells lacking IRE1α (I-KO)43, akin to the short-term chemical
stimulation of ER stress by thapsigargin (5 h), which inhibits the
ER calcium pump and depletes calcium ions from ER stores44

(Fig. 2a). Both I-KO and normal MEFs were readily infected with
AdV-C2, as indicated by the expression of the early 19K
glycoprotein.

To test if AdV-C5 activated IRE1α, we analyzed the migration
of the endogenous IRE1α protein in SDS-PAGE containing Phos-
Tag. Such gels retard the migration of phosphoproteins relative to
the nonphosphoproteins. IRE1α migration was retarded upon
AdV-C5 infection at 16 or 24 hpi, and retardation blunted by
treatment of the cell lysates with phosphatase (Fig. 2b). In
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contrast, PERK did not show an upward shift upon AdV-C5
infection, unlike treatment with the reducing agent dithiothreitol
(DTT), a known activator of PERK45 (Fig. 2c). We found no
evidence that AdV-C5 induced the regulated IRE1α-dependent
decay (RIDD) pathway, unlike DTT, as assayed with Bloc1S1
mRNA (see Supplementary Fig. 2a).

BiP dissociates from IRE1α in AdV infection independent of
19K. In UPR, the association of the ER chaperone BiP/Grp78
(BiP) with IRE1α decreases upon initial ER stress, and restores
under persistent UPR stimulation, when BiP and co-chaperones
are transcriptionally induced46,47. We assessed the levels of

BiP–IRE1α by immunoprecipitation experiments of Flag-hIRE1α
expressed in IRE1α−/− MEFs at near-endogenous levels43. The co-
immunoprecipitation data, western blots, and rt-PCR measure-
ments of E1A mRNA showed that BiP dissociated from IRE1α at
7 hpi, when only low amounts of E1A protein were present, and
neither 19K protein nor XBP1 splicing were detectable (Fig. 2d).
This was in contrast to conventional UPR induced by DTT where
BiP–IRE1α dissociation was rapidly followed by XBP1 splicing
(Supplementary Fig. 2b). Similar results were obtained in HeLa I-
KO cells transduced with lentivirus encoding Flag-hIRE1α, where
BiP dissociated from IRE1α at 4 h post AdV-C2 infection (Sup-
plementary Fig. 2c, d). In MEFs, AdV-C5 lacking E1A and E1B
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Fig. 1 IRE1α activation enhances AdV infection of HeLa cells. a IRE1α-knockout (I-KO) HeLa cells are less susceptible to infection by AdV-C5 (MOI 75, 75
vp/cell) compared with normal HeLa, as indicated by late viral protein VI expression, whereas the ectopic lentivirus-mediated expression of IRE1α in HeLa
I-KO cells restores infection (left panel, upper row middle and right panels showing representative images and quantifications, respectively. Scale bar, 200
µm). Data show the means ± SD from four independent experiments. Reduced virus growth in HeLa I-KO cells compared with wild-type cells. Cells were
infected with AdV-C5 (MOI 500) for 1 h at 37 °C (equivalent to MOI 50 in continuous infection), unbound virus washed off, and virus titers from cells and
supernatant measured at 48 and 72 hpi (lower row middle panel). Data show the means from two independent experiments. The IRE1α endonuclease
inhibitor 4µ8C reduces AdV-C5 titers in long-term infections of HDF-TERT cells (lower row, right panel). HDF-TERT cells were infected with AdV-C5 (MOI
200, 37 °C, 1 h), followed by addition of 4µ8C (100 µM) 13 days pi. Data show the means from two independent experiments. b. IRE1α and the expression
of the viral E1A protein are required to enhance XBP1 splicing in AdV-C2 and C5 infections. Rescue of XBP1 splicing in AdV-infected I-KO cells by IRE1α
overexpression (first panel). Cells were transduced and infected as in a; cell lysates were subjected to XBP1 splicing assays at 24 hpi. Reduced XBP1s
transcripts in HeLa I-KO compared with normal HeLa cells upon AdV-C5 infection (MOI 5, second panel). Data show the means ± SD from three
independent experiments. XBP1 splicing in human conjunctival epithelial cells infected with AdV-C2 or C5 (MOI 75, third panel). E1A-deleted AdV-C5
mutant does not activate XBP1 splicing in HeLa cells 24 hpi (MOI 200 each, fourth panel). The asterisk denotes a background product. Source data are
provided as a Source Data file.
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ORFs did not dissociate BiP from IRE1α, in contrast to a mutant
lacking the 19K ORF (Fig. 2e). Notably, AdV-C5 infection did not
increase the levels of BiP and IRE1α, unlike treatment with DTT,
which massively increased the BiP levels (Fig. 2f). Accordingly, the
ectopic expression of BiP did not attenuate the induction of XBP1s

by AdV-C2, unlike thapsigargin treatment (Supplementary Fig. 2e,
f), consistent with earlier reports46. Collectively, the data indicate
that AdV activates IRE1α in a non-canonical manner, whereby
BiP dissociates long before XBP1 splicing, and independent
of 19K.
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An early AdV gene product activates IRE1α. E1A activates all
early viral promoters, and together with E1B enhances trans-
formation and replication48,49. We assessed if viral replication
was required for the IRE1α/XBP1s induction by treating HeLa
cells with the nucleoside analog cytosine arabinoside (AraC),
which blocks viral replication and late protein expression past
the immediate early phase of E1A induction50,51. AraC neither
affected the E1A expression nor the levels of XBP1s (Supple-
mentary Fig. 3a). In contrast, an inhibitor of the positive tran-
scription elongation factor, flavopiridol, blocked E1A expression
24 hpi as expected52, and wiped out the induction of XBP1s
(Supplementary Fig. 3b). The data reinforce the notion that E1A
is required for XBP1s induction.

The lumenal domain of C2/5–19K activates IRE1α. We used a
range of E3 mutant viruses to test for induction of XBP1s
(Fig. 3a). AdV-C5-dl327 lacks 7.1K, 19K, ADP, and RIDα/β53,
dl309 lacks RIDα/β and 14.7K54, and AdV-C2-dE3B has a dele-
tion of RIDα/β55. The deletions in dl327 and dl309 were validated
by PCR, and in addition, all three viruses were found to express E1A
and 19K, except dl327 that lacked 19K (Supplementary Fig. 3c).
Importantly, dl327 did not activate IRE1α unlike dl309 and AdV-
C2-dE3b (Fig. 3a).

We investigated the role of 19K in the activation of IRE1α in
HDF-TERT cells. Phos-tag SDS-PAGE indicated that a mutant
lacking the 19K ORF (AdV-C5-Δ19K) poorly induced IRE1α
phosphorylation, and barely induced XBP1s at 24 hpi unlike
AdV-C5 (Fig. 3b). Similar results were obtained in time-course
studies in HeLa cells (Supplementary Fig. 3d). Remarkably, the
AdV-C5-Δ19K-infected cells showed reduced E1A expression
levels compared with AdV-C5. This finding was in accordance
with the RNAi data against 19K, where a pool of more than a
dozen synthetic dsRNAs targeting 19K strongly reduced the
induction of XBP1s, and also reduced the expression of E1A,
while control RNAi pools against E4-Orf4 had no effect on E1A
(Supplementary Fig. 3e).

To test if 19K was sufficient for the induction of XBP1s, we
coexpressed the AdV-C5 E3A ORFs 12.5K, 7.1K, ADP, and 19K.
Together, they strongly induced XBP1s in HeLa cells (Fig. 3c).
The abrogation of individual ORFs demonstrated that expression
of 19K was necessary for XBP1s induction (Fig. 3c, Supplemen-
tary Fig. 3f). The expression of 19K alone was sufficient to induce
XBP1s, but not PERK phosphorylation, unlike DTT (Fig. 3c).

The 19K glycoprotein has an N-terminal cleavable signal
sequence, a transmembrane segment, and a small cytosolic tail
with a di-lysine ER retention signal56. To identify the domain that
triggered IRE1α activation, we expressed 19K chimeras with
transmembrane and cytoplasmic domains from murine MHC-I
H-2Kd in HeLa cells35. All three chimeras had comparable
expression levels and induced XBP1s, but 19K lacking the LD
only weakly induced XBP1s (Fig. 3d, and Supplementary Fig. 3g).
The human MHC class-I antigen binding defective M87A 19K
mutant35 strongly induced XBP1s, indicating that MHC-I
binding was not required for XBP1s induction (Fig. 3d). The
expression of the C2 19K-LD alone with or without a C-terminal
HDEL motif activated IRE1α to comparable levels as the full-
length protein, and much more effectively than the D8 19K-LD or
full-length 19K (Fig. 3e, Supplementary Fig. 3h, i). The AdV-C2/
5–19K glycoproteins have a highly conserved LD of 122 and 123
amino acids, 92% of which are identical, whereas the D8-LD of
119 amino acids is 30% identical with the C2/5-LDs (Supple-
mentary Fig. 3j). This underscores that 19K alone or in context of
AdV-C infection induces the phosphorylation of endogenous
IRE1α followed by XBP1 splicing. This suggests the formation of
IRE1α oligomers triggering trans-autophosphorylation and allos-
teric activation of the endonuclease domain9.

The C2-19K lumenal domain interacts with IRE1α but not
PERK. To test if 19K interacted with IRE1α, we stably expressed C2
19K in human embryonic kidney (HEK) 293 cells, yielding a reti-
cular ER-like pattern in the cytoplasm (Supplementary Fig. 4a).
Immunoprecipitation of 19K by the monoclonal IgG antibody
3A9 significantly enriched IRE1α compared with pulldowns with a
control IgG, suggesting a complex of IRE1α and 19K. We next
tested if the lumenal domains of C2-19 K and IRE1α interacted in
the ER. Tripartite split-GFP fluorescence complementation assays
were used in cells expressing the 19K-LD and IRE1α or PERK-LD.
The Flag-IRE1α containing the 20-amino-acid domain GFP10 at the
C terminus and the C2 19K-LD with the C-terminal 18 amino acids
of GFP11 gave rise to reticular ER-like green fluorescence signals in
transfected cells expressing signal sequence containing GFP1–9 with
a HDEL ER retention signal (Fig. 4a, b). Green fluorescence signals
colocalized with the anti-19K and anti-Flag immunostainings vali-
dating the GFP complementation signals. In contrast, no green
fluorescence was obtained with Flag-tagged PERK-GFP10-LD,
although both 19K and PERK localized in reticular cytoplasmic

Fig. 2 AdV infection of mouse embryonic fibroblasts induces XBP1 splicing and displaces BiP/Grp78 from IRE1α. a Flag-IRE1α-expressing MEFs but not
IRE1α-KO MEFs induce XBP1s upon AdV-C2 infection (MOI 300) or thapsigargin (Tg, 10 µM) treatment (left panel). Representative immunofluorescence
images with the anti-19K antibody 3A9 showing 19K expression in AdV-C-infected IRE1α-KO MEFs and Flag-IRE1α-expressing IRE1α-KO MEFs 24 hpi
(clones 30 and 574, respectively, right panel, scale bar, 20 µm). Three independent experiments gave similar results. Source data are provided as a Source
Data file. b AdV induces phosphorylation of IRE1α. Flag-IRE1α expressing IRE1α-KO MEFs at 7, 16, and 24 hpi with AdV-C5 (MOI 300) immunoblotted with
anti-IRE1α antibody. Lysates were resolved on a 6% SDS-PAGE gel containing 25 µM Phos-tag. Samples were treated with or without alkaline phosphatase.
Phosphorylated (p) and hypophosphorylated (o) forms of IRE1α are indicated by the dashed lines, and the percentage of IRE1α phosphorylated was
calculated as indicated. Lysates are the same as in panel D demonstrating β-tubulin loading. Three independent experiments gave similar results. Source
data are provided as a Source Data file. c AdV-C5 infection of HeLa cells (MOI 200) does not activate PERK, unlike treatment of cells with the reducing
agent DTT. Activated phosphorylated PERK is indicated by p, and the inactive form by o. Two independent experiments gave similar results. d BiP
displacement from IRE1α occurs before XBP1 splicing in Flag-IRE1α-expressing IRE1α-KO MEFs infected with AdV-C5 (MOI 300). Cells were lysed and
BiP–IRE1α complexes immunoprecipitated (IP) with anti-Flag antibody, and a western blot with anti-IRE1α, anti-BiP, and anti-β-tubulin antibodies was
performed. A separate non-reducing immunoblot probed with anti-19K Tw1.3 antibodies revealed monomeric and dimer forms of 19K indicated as mo and
di, respectively. Input lysates were 1% of the immunoprecipitated samples. The corresponding samples were also analyzed for XBP1 splicing and E1A mRNA
levels by rt-PCR (reverse transcription polymerase chain reaction), as indicated. Three independent experiments gave similar results. Source data are
provided as a Source Data file. e BiP–IRE1α dissociation requires E1, not 19K. Co-immunoprecipitation of Flag-IRE1α and BiP was performed as described in
d with AdV mutants lacking E1 (AdV-C5-ΔE1) and 19K (AdV-C5-Δ19K) at MOI 300 each. Two independent experiments gave similar results. Source data
are provided as a Source Data file. f AdV-C5 infection does not increase BiP/Grp78 and IRE1α levels given in arbitrary units (a.u.), unlike the canonical UPR
triggered by DTT (2mM). The bar graph shows the normalized levels of IRE1α and BiP from three independent experiments. Data show the means ± SD
from three independent experiments. Source data are provided as a Source Data file.
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patterns, akin to IRE1α, indicating selectivity of complementation.
The 19K-LD of AdV-D8 (D8 19K-GFP11-LD) gave only faint GFP
complementation with SS-GFP1–9-HDEL, but signals with SS-
GFP1–10-HDEL as strong as C2 19K-GFP11-HDEL, indicating
robust expression of both C2 and D8 19K-GFP11-HDEL fusion
proteins (Supplementary Fig. 4b, c). Collectively, the data show that
the C2 19K-LD closely and specifically associates with IRE1α, acti-
vates IRE1α, and triggers XBP1 splicing.

XBP1s boosts E1A and 19K, IFN-γ inhibits E1A expression.
We next asked if XBP1s directly enhanced AdV infection.
Lentivirus-mediated transduction of human XBP1s gave a dose-
dependent increase of XBP1s in HeLa I-KO cells, and increased
AdV-C2 infection (Fig. 5a). This was confirmed by qrt-PCR
measurements of E1A mRNA and 19K protein levels (Fig. 5a).
The XBP1s enhancement of E1A was dependent on the activation
domain of XBP1s, as demonstrated by expression of mutant murine
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XBP1s lacking the activation domain due to a premature stop
codon after the leucine zipper domain (Supplementary Fig. 5a).
Both wild-type and mutant XBP1s mRNAs were expressed simi-
larly, although we could only detect wild-type XBP1s in western
blots with an antibody against the C-terminal region containing the
transactivation domain. The ectopic expression of XBP1s enhanced
the E1A protein levels under the viral E1A-e/p in HeLa and HDF-
TERT cells (Fig. 5b). The application of the IRE1 nuclease inhibitor
4µ8C reduced E1A expression, indicating that both XBP1s and
IRE1α boost E1A expression in the absence of other AdV gene
products (Fig. 5b). In contrast to XBP1s and IRE1α, IFN-γ reduced
E1A expression. Notably, the XBP1s-binding sites on the E1A-e/p
are separated from the E2F co-repressor-binding sites controlled by
IFN-γ36. The enhancement of E1A expression by IRE1α and XBP1s
was further confirmed by small-interfering RNAs targeting IRE1α
and XBP1, which reduced the lentivirus-based E1A expression in
both untreated and IFN-γ-treated HeLa or HDF-TERT cells
(Fig. 5b). The treatment of HDF-TERT cells with IFN-γ also sup-
pressed AdV-C5 long-term infection, as indicated by strongly
reduced expression of the E4-GFP-Orf4 fusion protein (Supple-
mentary Fig. 5c), in agreement with the literature36.

Since reduced XBP1s levels may affect cell proliferation57,58, we
checked if XBP1s levels affected the growth of HDF-TERT cells.
Label-free, real-time impedance measurements (xCELLigence)
reporting on cell numbers, cell adhesion, and cell–cell interac-
tions59 indicated that both 4µ8C and RNAi against XBP1 reduced
cell numbers upon 2–3 days of treatment. The washout of 4µ8C
5 days post treatment restored cell proliferation, indicating that
4µ8C affected cell growth but not viability, whereas XBP1s RNAi
led to cell death 4–5 days post treatment (Supplementary Fig. 5d).
We conclude that IRE1α KO cells exhibit reduced levels of basal
XBP1s, and do not increase XBP1s upon ER stress induction. XBP1
on the other hand is essential for cell viability. Ectopic XBP1s
enhances E1A expression, even if E1A is expressed in the absence
of other viral genes.

XBP1s binds to the E1A-e/p and promotes E1A expression.
XBP1s is an integral element of the UPR, and binds to the pro-
moters of genes restoring homeostasis upon ER stress60,61. We
identified multiple elements of the ACGT and the CCACG-
binding box motifs in the E1A and the E4 promoters, and one of
each in the major late (ML) promoter, conserved in several AdV

species, including B, C, D, and F (Fig. 6a). To test if XBP1s bound
to the E1A-, E4-, and ML promoters, ChIP analysis of AdV-C2-
infected cells was performed. XBP1s antibodies enriched the E1A,
MLP, and E4-e/p regions fivefold to sevenfold over isotype con-
trol antibodies (Fig. 6b). The deletion of the four E1A XBP1s-
binding sites in E1A significantly reduced E1A expression in
HDF-TERT cells from dl309_Δ63–95 compared with dl309, most
prominently, if XBP1s was overexpressed (Fig. 6c). This result
was supported by site-specific mutagenesis of the five XBP1s-
binding sites (ACGT, CCACG, and CACG boxes) yielding AdV-
C5-XBP1s-mut, which showed strongly attenuated E1A expres-
sion compared with AdV-C5 (Fig. 6c). In accordance, the vDNA
copy numbers were four logs reduced in dl309_Δ63–195-infected
HDF-TERT cells compared with dl309 at 216 hpi (Supplementary
Fig. 6a). Similar result was obtained with AdV-C5-XBP1s-mut
compared with AdV-C5. The reduced cytopathic effects of
dl309_Δ63–195 and AdV-C5-XBP1s-mut compared with dl309
and AdV-C5 were confirmed by impedance measurements
(Supplementary Fig. 6b). We conclude that XBP1s binds to the
E1A-e/p, transactivates E1A transcription, and drives lytic AdV
infection.

The IRE1α–XBP1s axis enhances persistence. We next explored
if IRE1α–XBP1s controlled persistent AdV infections of HDF-
TERT cells. Short-term (72 h) persistent infection in the presence
of IFN-γ reduced the expression of protein VI about tenfold,
which was further reduced by RNA interference against either
IRE1α or XBP1, also in the presence of IFN-γ (Fig. 7a). In long-
term infections (22 days), 4µ8C reduced both lytic (without IFN-
γ) and persistent (in the presence of IFN-γ) infections, as
determined by E1A expression and vDNA copy numbers
(Fig. 7b).

To test if persistence depended on the E1A-e/p, we used
impedance measurements and q-PCR to monitor infections with
dl309_Δ63–195 and AdV-C5-XBP1s-mut lacking the major
XBP1s-binding sites in the E1A-e/p due to deletion or point
mutations, respectively. The E1A-wild-type viruses dl309 and
AdV-C5 were used as controls. HDF-TERT cells were seeded
onto xCELLigence plates, treated with IFN-γ, infected 36 h later,
and incubated in the presence of IFN-γ until 22.5 days post
seeding, followed by IFN-γ washout and incubation for another
13.5 days. Multiplicities of infection (MOI) of both viruses was

Fig. 3 The lumenal domain of the 19K glycoprotein activates IRE1α. a Schematic drawing showing the deletions in the E3 region of AdV mutants with
yellow boxes indicating the deletions (left panel). Infection was carried out with a median of 150 particles bound per cell. Asterisk denotes a background
product. At least three independent experiments gave similar results. Source data are provided as a Source Data file. b AdV-C5 19K enhances IRE1α
phosphorylation, XBP1s splicing, and E1A levels. Phosphorylation of IRE1α in AdV-C5- and AdV-C5-d19K-infected HDF-TERT cells (MOI 75000, 24 hpi)
was analyzed in lysates treated with or without alkaline phosphatase, and fractionated by SDS-PAGE (6%, containing 25 µM Phos-tag, first panel).
XBP1 splicing in AdV-C5- and AdV-C5-d19K-infected HDF-TERT cells 24 hpi (MOI 75,000, second panel). Immunofluorescence data of E1A are shown as
a scatterplot using n= 14,000 cells randomly chosen per condition, 24 hpi (MOI 75000). Central line of the box plot indicates median with first and third
quartiles, and whiskers are shown as boxes and lines, respectively. Statistics were performed using the Wilcoxon two-sided nonparametric test with *p <
0.0001 (third panel). Three independent experiments gave similar results. Source data are provided as a Source Data file. c Schematic depiction of lentiviral
vectors expressing the AdV-C2 E3A locus open-reading frames (left panel). Premature termination of C2 E3A genes encoding the membrane proteins 7.1K,
and ADP maintains XBP1s induction, whereas premature termination of 19K abolishes it (second panel). Data show the means from two technical
replicates. Two independent experiments gave similar results. The western blot in the last panel displays activated phosphorylated (p) and
unphosphorylated PERK (o). Source data are provided as a Source Data file. d Chimeric and mutant 19K constructs lacking transmembrane and cytoplasmic
domains or the MHC-I binding site (M87A mutant) can induce XBP1s (left and middle panels). The wild-type lumenal, transmembrane, and cytoplasmic
domains are labeled as L, T, and C, respectively, whereas mutant murine MHC-I domain replacing them is labeled as K56. The relative 19K expression levels
in HeLa cells are shown in the right panel after Tw1.3 staining. Data are presented as mean from two technical replicates, and two independent experiments
gave similar results. Source data are provided as a Source Data file. e Expression of the lumenal domain (LD) of C2 19K with a Flag tag, and a C-terminal ER
retention signal (HDEL) is sufficient to induce XBP1s to levels similar as from the full-length 19K construct (left and middle panels). Immunofluorescence
staining with the anti-19K 3A9 antibody in parallel samples depicts the expression levels of the full-length and the lumenal 19K proteins (right panel, scale
bar, 50 µm). Data show a scatterplot of 20,000 randomly chosen cells per sample. Central line of the box plot indicates median with first and third
quartiles, and whiskers are shown as boxes and lines, respectively. Source data are provided as a Source Data file.
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chosen such that similar cytopathic effects occurred without IFN-
γ treatment at 120 h post seeding (Fig. 7c, right panel, see also
E1A expression data in Supplementary Fig. 7b). While dl309 and
AdV-C5 infections led to cell death after 12.5 and 11 days,
respectively, in the presence of intermittent amounts of IFN-γ,
the dl309_Δ63–195 and the AdV-C5-XBP1s-mut-infected cells
remained viable throughout the course of the experiment to about
36 days (870-h time point), akin to uninfected cells (Fig. 7c).
Under IFN-γ, the titers of dl309_Δ63–195 and AdV-C5-XBP1s-
mut did not rise (middle panel), and the cells remained viable as

shown by phase-contrast microscopy and impedance measure-
ments using xCELLigence, indicative of only low levels of
persistence, whereas titers of dl309 or AdV-C5 increased by
102−103-fold, indicating high persistence of E1A normal viruses
(Fig. 7c). Importantly, upon removal of IFN-γ 22.5 days post
seeding, the dl309_Δ63–195 and AdV-C5-XBP1s-mut titers
increased several hundred to a thousand-fold 36 days post
seeding, while the dl309 or AdV-C5 infections lead to rapid cell
death. These results demonstrate that the XBP1s-binding sites in
the E1A-e/p support the persistence under IFN-γ. The data show
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Fig. 4 19K forms a complex with IRE1α in the ER. a Schematic representation of tripartite split-GFP lumenal domain (LD) constructs used in ER-lumenal
GFP complementations. Green fluorescence is restored when proteins containing the GFP10 and GFP11 domains are in close proximity together with the
core GFP1–9 targeted to the ER lumen. b Interaction of C2 19K-LD with IRE1α-LD but not PERK-LD. HeLa cells co-transfected with C2 19K-LD-GFP11, SS-
(signal sequence)-GFP1–9-HDEL, and Flag-IRE1α-GFP10 or PERK-LD-GFP10 were fixed and stained with anti-19K (3A9) and anti-Flag antibodies and DAPI
(nuclei). Confocal images were segmented with CellProfiler using DAPI as a nuclear mask, and the reticular ER signal was measured in a ten-pixel area
around the nuclei. Arrows indicate high-intensity split-GFP complementation signals in IRE1α-LD-transfected cells, and arrowheads low-intensity split-GFP
complementation. Zoomed in representative immunofluorescence micrographs of split-GFP complementation in SS-GFP1–9-HDEL, IRE1α-LD-GFP10, and
C2 19K-LD-GFP11-transfected cells. Cells were imaged with Leica SP8 microscope using Nyquist x–y–z sampling with ×63 objective. Following acquisition,
images were deconvolved using SVI Huygens using theoretical point-spread function (PSF) automatically calculated from the imaging parameters. Split-
GFP complementation signals appear in the region of ER tubules where 19K and IRE1α colocalize. Flag and 19K-positive cells (n= 492 for IRE1α-LD and n=
40 for PERK-LD) were plotted for GFP intensity, and the percentage GFP-positive cells is indicated. Data are presented as median with first and third
quartiles, and whiskers as boxes and lines, respectively. Statistical tests were performed using Wilcoxon two-sided nonparametric test, and two
independent experiments gave similar results (lower right panel).
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Fig. 5 XBP1s enhancement of E1A and 19K levels depends on the E1A promoter. a The expression of human XBP1s (hXBP1s) enhances E1A and 19K
expression and infection. Dose-dependent expression of hXBP1s in HeLa I-KO (IRE1α-knockout) cells transduced with lentivirus vectors for 72 h (first
panel). AdV-C2-dE3b-mCherry infection (MOI 100) is rescued in HeLa I-KO cells by hXBP1s expression, where the cells were transduced with lentiviruses
for 2 days and infected with AdV-C2 for 24 h (second panel). Data are presented as mean from two technical replicates, and two independent experiments
gave similar results. qrt-PCR showing the rescue of E1A mRNA by hXBP1s overexpression in AdV-C2-(MOI 75) infected HeLa I-KO cells. Data are
presented as mean ± SD from three independent experiments (third panel). Increased 19K protein levels by hXBP1s expression in AdV-C2-(MOI 75)
infected HeLa I-KO cells (n= 3627 and 2317 for lenti-empty and lenti-hXBP1s, respectively, fourth panel). Data show the medians and first and third
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0.001. Two independent experiments gave similar results. b E1A expression from the E1A-e/p can be increased by ectopic XBP1s, or reduced by the IRE1α
inhibitor 4µ8C in HeLa cells (left panel). A similar experiment was carried out in HDF-TERT cells including IFN-γ to suppress the E1A promoter/enhancer
expressed from a lentivirus vector (middle panel). E1A expression in HDF-TERT cells is reduced by RNA interference against IRE1α and XBP1, but not by
nontargeting siRNA (siNeg1, 20 nM siPools, right panel). Error bars represent standard deviations. For all the graphs, data are presented as mean from two
technical replicates, and two independent experiments gave similar results.
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that noncanonical activation of IRE1α maintains a feedforward
loop between the ER and the nucleus, gives rise to E1A and 19K
expression, maintains AdV persistence, and boosts lytic infection
(Fig. 7d).

Discussion
AdVs encode several immune-modulatory membrane proteins.
We showed that the E3-19K glycoprotein of species C2/5 but not
of the divergent D8 AdV is necessary and sufficient to selectively
activate IRE1α, but not PERK, ATF6, and RIDD, see also ref. 59.
Activations of PERK and RIDD normally restore homeostasis
upon ER stress by phosphorylation of the eukaryotic initiation
factor 2 GTPase inhibiting global protein synthesis, and degrad-
ing mRNA and microRNAs, respectively45,62. This is in accor-
dance with unabated protein production at the time of full IRE1α
activation, that is no loss in Flag-hIRE1α, BiP, or β-tubulin,

indicating that AdV does not activate the UPR to inhibit protein
synthesis. The ensuing 19K expression and association of the
19K-LD with the IRE1α-LD induced IRE1α phosphorylation and
XBP1 mRNA splicing yielding XBP1s. These results are compa-
tible with proteomics data showing that XBP1s levels are
increased in AdV-infected cells63.

Remarkably, AdV-infected cells dissociated BiP from IRE1α
before XBP1 splicing, and independent of 19K expression, but
dependent on E1A, indicating that the E1A protein, its mRNA,
or an E1A-controlled gene product dissociates BiP from IRE1α.
This may be akin to a subset of ER-targeted cellular mRNAs,
signal recognition particle RNA, ribosomal RNAs, or transfer
RNAs, which can directly activate IRE1α64. The noncanonical
UPR induction by AdV contrasts the known cellular and viral
UPR inductions. Lumenal peptides can bind to both BiP and
IRE1α, for example, the 8ab protein of SARS-coronavirus
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triggers the transition of IRE1α from a closed to an open con-
formation, and leads to IRE1α oligomerization65. Consequences
of IRE1α activation comprise inflammatory reactions in con-
junction with activation of pattern recognition receptors66. The
LD of C2 19K and IRE1α was in close association based on

immunoprecipitations and split-GFP complementation assays.
This mode of IRE1α activation contrasts with a recent lipid
stress activation model of IRE1α, where BiP binding to IRE1α is
not affected43,67. Importantly, IRE1α activation by C2 19K was
independent of 19K interaction with MHC-I in the ER lumen,
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indicating that MHC-I sequestration and prevention of CTL-
mediated killing of infected cells are not required for IRE1α
activation.

The initiation of XBP1 mRNA splicing is a key output from
activated IRE1α reviewed in refs. 9,68. XBP1s is central in boosting
lytic and persistent AdV-C2/5 infections. Lytic infection could be
rescued by overexpression of XBP1s in IRE1α KO cells. More
specifically, XBP1s was found in a complex with the E1A-e/p in
infected cells, and boosted E1A (and also 19K) expression, and
lytic infection. The XBP1s-binding sites on the E1A-e/p are dis-
tantly located from the E2F-Rb repressor-binding sites36, a con-
figuration that allows for coregulation by repressors and
stimulators, which we show here is crucial in AdV persistently
infected cells in the presence of IFN-γ. The concept of cor-
egulation by activators and repressors is found with herpes
viruses and HIV, where transcriptional coregulation occurs dur-
ing persistence69,70. In accordance, the IRE1α nuclease inhibitor
4µ8C, which reduces XBP1s, reduced AdV-C5 persistence in
HDF-TERT cells under IFN-γ.

The C2/5 19K glycoprotein of the E3 region together with the
transcriptional activator E1A is important to maintain the levels
of XBP1s, as indicated by infection of HDF-TERT cells with
AdV-C5-Δ19K. 19K activates IRE1α, which increases XBP1s, and
XBP1s enhances E1A transcription. This supports both lytic and
persistent infection of HDF-TERT cells, as indicated by AdV-C5
mutants lacking functional XBP1s-binding sites in the E1A-e/p.
In nonlymphoid cells, the E3 promoter, which lacks XBP1s-
binding sites is controlled by E1A, and in lymphoid cells, it is
E1A-independent but NF-κB dependent71. This may lead to cell
death. For example, TNFα exposure induces ER stress, IRE1α,
and NF-κB activation, and exacerbates death signaling through
the TNF receptor 1, involving c-JUN N-terminal kinase72. If and
how AdV antagonizes this signaling pathway is unknown.
Alternatively, other host transcription factors could be involved
in E3 regulation. For example, SP1, which is induced by XBP1s60

has 29 predicted binding sites in the E3 promoter, and could
enhance E3 transcription. Regardless of the nature of the E3
promoter regulation, the deletion of the 7.1K and 19K region in
AdV-C5 reduced viral persistence in Syrian hamsters73. Our data
highlight the therapeutic potential of the IRE1α branch of the
UPR, and converge on the notion that in Zika virus-infected
human and mouse embryos, the UPR was observed in the cere-
bral cortex of postmortem fetuses, and the IRE1α nuclease inhi-
bitor 4µ8C reduced the microcephaly frequency74. In conclusion,
the selective activation of IRE1α by 19K provides an environment

conducive for AdV persistence, and supports the lytic cycle under
conditions of impaired immunity.

Methods
Cells and viruses. A549 and HeLa-ATCC cells were obtained from American
Type Cell Culture (ATCC). HCE cells were obtained from Dr Niklas Arnberg
(UMEA University, Sweden). Human diploid fibroblasts immortalized with telo-
merase (HDF-TERT)75 and other cells were grown at 37 °C in 5% CO2 environ-
ment in DMEM (Sigma) supplemented with 10% fetal calf serum (FCS). For
generation of the AdV-C2_dE3B-mCherry virus, the GFP ORF in AdV-
C2_dE3B_GFP55 was replaced with the mCherry ORF. The virus genome was
cloned into pKSB276, followed by two homologous recombination steps according
to the recombineering protocol numbers 1 and 377. Note that the MOI varied
between different experiments and viruses depending on the susceptibility of the cells,
the nature of the experiment (persistence/lytic/early/late infection readout), and the
infection protocol (warm or cold-synchronized infection). For generation of AdV-C5-
E3-Δ19K and AdV-C5-XBP1s-mut viruses, AdV-C5 (wt300) DNA78 was inserted into
pKSB276 followed by two homologous recombination steps according to the recom-
bineering protocol numbers 1 and 377. Insertion of the sequence 5′-ATTTATTGTC
AGCTTTTTAAACGCTGGGGTCGCCACCCAAGATGATTTACTAAGTTACAA
AGCTAATGTCACCACTAACTGCTTTACTCG-3′ in the second step introduced a
complete deletion of the 19K ORF except the first 4 nt, allowing to keep the over-
lapping stop of the upstream 6.7K CR1a gene (AdV-C5-dE3-19K). Similarly, insertion
of 5′-CCTTAATTAAGGGCGGCCGCATTTAAATTAATTAACATCATCAATAAT
ATACCTTATTTTGGATTGAAGCCAATATGATAATGAGGGGGTGGAGTTTGT
GCATGTTCGCGGGGCGTGGGAACGGGGCGGGTGCATGAGTAGTGTGGCGG
AAGTGTGATGTTGCAAGTGTGGCGGAACACATGTAAGCGACGGATGTGG
CAAAAGTGCATGTTTTGGTGTGCGCCGGTGTACACAGGAAGTGACAATT
TTCGCGCGGTTTTAGGCGGATGTTGTAGTAAATTTGGGCGTAACCGAGTA
AGATTTGGCCATTTTCGCGGGAAAACTGAATAAGAGGAAGTGAAATCTGA
ATAATTTTGTGTTACTCATAGCGCGTAATATTTGTCTAGGGCCGCGGGGA
CTTTGACCGTTTCATGGGAGACTCGCCCAGGTGTTTTTCTCAGGTGTTT
TCCGCGTTCCGGGTCAAAGTTGGCGTTTTATTATTATAGTCAGCTTCAT
GGTAGTGTATTTATACCCGGTGAGTTCCTCAAGAGGCCACTCTTGAGT
GCCAGCGAGTAGAGTTTTCTCCTCCGAGCCGCTCCGACACCGGGACTGAA
AATGAGACATATTATCTGCCACGGAGGTGTTATTACCGAAGAAAT-3′ in the
E1A-e/p region introduced XBP1s-binding sites mutagenized using A<>C; G<>T
substitution rule (AdV-C5-XBP1s-mut, Fig. 6c). All the indicated MOI were calculated
as the estimated number of viruses per cell where virus titer was determined by q-PCR
based described in the section “Virus titer estimation.” For specific reagents, see
Supplementary Table 1.

Cas9 knockout of IRE1α in HeLa-ATCC cells. HeLa-ATCC and 293T cells were
transduced with Lentiviral vector expressing Cas9 (Addgene, 49535) and a guide
RNA against exon 2 of mammalian ERN1 (IRE1α, chromosome 11)79. A poly-
clonal population of both cell lines expressing Cas9 was selected with puromycin
(2 µg/ml), and single clones were isolated from HeLa-ATCC. For selection of clonal
population, a polyclonal population was seeded at high dilution in a 15-cm dish
and allowed to grow into several sparse clones. Using circular rings, small popu-
lations from single clones were trypsinized, collected, and seeded on 96-well clear-
bottom plates for expansion. After several weeks, DNA from the growing clonal
population was extracted, and using primers flanking the target site of Cas9 on
exon 2 of IRE1α, PCR was performed, and fragments were ligated into plasmid
vector (Bluescript). Positive clones were sequenced, aligned to the wild-type

Fig. 7 IRE1α and XBP1s facilitate persistent and lytic AdV infections. a Reduction in late AdV-C5 protein VI expression (MOI 180) of HDF-TERT cells
upon RNA interference against IRE1α and XBP1 in the presence or absence of IFN-γ, including nontargeting siRNA (siNeg1). Data show the means ± SD
from three independent experiments (n= 3). b E1A expression of AdV-C5-infected HDF-TERT cells (MOI 200, 37 °C, 1 h) with or without 500 IU IFN-γ, or
IRE1α RNase inhibitor 4µ8C (100 µM) at 13 days pi was analyzed by immunofluorescence showing representative images (left) and a scatterplot with
15,000 cells per condition (middle). Data show the median, first and third quartiles, and whiskers as boxes and lines, respectively. Significance was
assessed with two-tailed Wilcoxon nonparametric test (middle panels). Virus titers (q-PCR, right panel) were determined after 5 days of incubation with
the drug (18 d pi). Q-PCR data show the means from two technical replicates. Two independent experiments gave similar results. Scale bar, 100 µm.
c xCELLigence impedance plots showing HDF-TERT cell viability upon dl309 or dl309-63/195 and AdV-C5 or AdV-C5-XBP1s-mut infections (MOI 200).
Cells were seeded on xCELLigence E-16 plate, and impedance readout for cell viability was measured live at 15-min intervals. Data show the means ± SD
from three technical replicates. Two independent experiments gave similar results (left row). Experimental conditions and virus amount were as in panel
b Genome copy numbers of virions released to the supernatant from the same experiment. Data show the means from two technical replicates. Two
independent experiments gave similar results (middle row). Representative phase-contrast images of parallel samples imaged live for dl309 or dl309-63/
195 infections (images on the right side, scale bar, 200 µm). d Schematic model depicting AdV infection under the control of a five-component feedforward
loop. (1) The immediate early E1A protein transactivates early promoters. including the E3 and E4, giving rise to the 19K glycoprotein (2). Activation of
IRE1α by 19 K increases XBP1s mRNA, and XBP1s protein (3), which translocates into the nucleus, and binds to the E1A enhancer/promoter (e/p) of the
episomal viral genome (4). Binding of XBP1s to the E1A-e/p increases the E1A levels (5), which enhances output from the E3 promoter, enhances the 19K
levels, and maintains a feedforward loop supporting viral persistence and lytic infection.
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mammalian IRE1α locus (NCBI identifier NC_000017.11 region 64039142–
64132469), and the resulting mutations were identified. As IRE1α is triploid in
HeLa cells80, sequencing of the clone used in this study revealed three distinct
mutations, namely insertion of A, frameshift deletion of 23 nt, and in-frame
deletion of 15 nt (Supplementary Fig. 1b).

Lentivirus production, cloning, and transduction. The cDNA inserts for human
IRE1α43, human XBP1s (Addgene 63680, NCBI Gene ID 7494), mouse XBP1s
(NCBI Gene ID 22433), AdV-C5 E1A enhancer, promoter, and E1A expression
cassette (1-1701 genomic region from AdV-C5 genome NCBI AC_000008.1) were
cloned into PLVX-IRES-Puro (Clontech 632183). Lentiviral vectors were produced
in HEK293T cells by transfecting lentiviral construct, pCMVR8.91-Gag-Pol and
pVSV-G (Clontech)81. Relative titers of different lentiviruses were determined
using dose–response of puromycin 72 h post transduction. For transduction of
cells, predetermined amounts of lentivectors that gave good expression of the target
gene were added to cells at the time of seeding, and transduction was performed for
48 h. Cells were either collected for analyses of the transgene expression levels by
western blotting or for chromatin immunoprecipitation or infection assays, as
indicated.

For the ectopic expression of AdV-C2 and D8 E3-19K (Genbank AB448767.1)
in the absence of other viral factors, an expression system was developed where
codon-optimized AdV-C2 E3-19K construct after the N-terminal calreticulin signal
sequence (Css) was synthesized by GeneArt/Life Technologies and inserted into
pSG5 expression vector82 (pSG5-19K-CO Css). For insertion of AdV-D8 E3-19K
in the same construct, D8 E3-19K ORF after the wild-type signal sequence was
amplified by PCR from purified vDNA and substituted with the C2 E3-19K
sequence in pSG5-19K-CO Css plasmid after the Css sequence using NEBuilder®

HiFi DNA assembly cloning kit (New England Biolabs). Lumenal domain (LD)
19K-LD-Flag-HDEL mutants of C2 and D8 19K were made by the deletion of the
transmembrane and cytoplasmic domains of E3-19K and insertion of Flag-HDEL
domain by site-directed mutagenesis using the Q5® Site-Directed Mutagenesis Kit
(New England Biolabs). The correctness of all the constructs was verified by
sequencing.

Transfection and infection. For knockdown experiments, siPoolsTM oligos
(siTools Biotech GmbH, Martinsried, Germany) were used. siPools have minimal
off-target effects due to subthreshold concentrations of individual dsRNAs83.
siRNAs were mixed with 9.8 µl of Opti-MEM medium (Invitrogen) and Lipo-
fectamine RNAiMax reagent (0.2 µl/well, Invitrogen), and incubated at room
temperature for 5 min in a 96-well plate (Greiner). Ten thousand HeLa-ATCC or
HDF-TERT cells were added in 90 µl per well of DMEM medium supplemented
with 10% FCS of the 96-well plate and incubated at 37 °C in a 5% CO2 environ-
ment for 48 h. After this, continuous infection with AdV-C5 or AdV-C2-
dE3B_mCherry was carried out for 24, 48, or 72 h. Multiplicity of infection (MOI)
was calculated from the absorbance of purified particles at 260 nm in the case of
AdV-C5_dl309 or dl309_Δ63–195, by the infectious titer determined in A549 cells,
or as indicated.

For HeLa cells, the final concentration of 10 nM, and for HDF-TERT cells, 20 nM
of siPools were transfected, based on knockdown efficiency. For the rescue of
infection in knockout cells, cells were transduced with lentivectors expressing human
XBP1s or IRE1α for 48 h, incubated with indicated viruses for 24 h followed by
fixation and staining with protein VI or E1A (M58). Control cells were transduced
with lentivectors devoid of the transducing gene. Further analysis was done with
high-throughput microscopy, western blotting, or quantitative PCR as
described below.

For transfection of split-GFP constructs in HEK293T cells, 100 ng of each
construct per well of the 96-well plate was mixed with 9.8 µl of Opti-MEM
medium (Invitrogen) and Lipofectamine 2000 reagent (0.2 µl/well, Invitrogen),
and incubated at room temperature for 5 min after directly spotting on a 96-well
plate (Greiner). Ten thousand HEK293T cells were added in 90 µl of DMEM
medium supplemented with 10% FCS per well of the 96-well plate and incubated
at 37 °C at 5% CO2 for 48 h. Cells were fixed 48 h post transfection and stained
with anti-E3-19K (3A9) and anti-Flag antibodies followed by imaging and
analysis as described in the section called high-throughput imaging and
measurement of infection. Representative images of split-GFP constructs for
Fig. 4b were taken with a confocal SP5 microscope (Leica) and maximal
projection images are shown.

For Neon transfection (Thermo Fisher Scientific) of E3-19K constructs in
HeLa-ATCC cells, 5 µg of the plasmid DNA was mixed with Resuspension buffer
(Neon) at a density of 0.5 × 107 cells/ml and filled in the Neon Tip (100 µl of
plasmid plus buffer) attached to the Neon Pipette. Neon Tube was filled with
electrolytic buffer and attached to the Neon Pipette Station. The cells were
electroporated at 1005-V pulse voltage, at 35-ms pulse width, and two pulses.
Following this, the cells were resuspended in antibiotics-free DMEM medium
supplemented with serum (FCS) and seeded on the 6-well plate for RNA extraction
or western blotting or 96-well plate for immunofluorescence staining. Twenty-four
hours after transfection, cells were either collected for RNA extraction or fixed and
DAPI stained for the calculation of the percentage E3-19K-expressing cells.

XBP1-splicing assay. Total RNA from HeLa-ATCC and HDF-TERT cells was
lysed in Trizol Reagent (Invitrogen) and extracted using the Direct-zol RNA
MicroPrep kit (Zymo Research). The cDNA synthesis was carried out with MMLV
RT (Promega, M170) using Oligo dT 15 mer primers (Promega, C1101). PCR
amplification for XBP1 gene was performed, and products were digested with PstI
and treated with T7 Endonuclease (NEB, E3321) to get rid of the hybrid
XBP1s–XBP1u bands (Supplementary Fig. 1f). The DNA bands were resolved in
2% agarose gel and images were taken with GeneSnap (Syngene).

IRE1α and PERK mobility shift assay. Activation of PERK signaling arm of UPR
was checked using the electrophoretic mobility shift assay. Hyperphosphorylated
forms of PERK were detected by sufficiently resolving the 1-h DTT-(10 mM)
treated cell lysates in 4–20% gradient gels (Biorad), and detecting the protein using
anti-PERK antibody (Cell Signaling). For separating the phosphorylated from
hypophosphorylated forms of IRE1α, 6% polyacrylamide gels containing 25 µM
Phos-tag (Fujifilm WAKO) and ZnCl2 was used. All buffers were prepared as
described by the manufacturer (https://www.igz.ch/downloads/16079/phos-
tagtm_sds-page_guidebook_11.pdf), and Phos-tag-bound proteins resolved on the
polyacrylamide gels were incubated with 10 mM EDTA for 10 min prior to
transferring them to PVDF membranes to reduce the adverse effects of Zn2+ on
protein transfer efficiency.

Immunoprecipitation and immunoblotting. HeLa-ATCC, Flag-IRE1α-MEFs, or
293T cells were seeded on 10-cm dishes. Twenty-four hours later, cells were
infected with AdV-C2 (MOI 100 for HeLa-ATCC or twofold higher for Flag-
IRE1α-MEFs) at 37 °C, 5% CO2 for 24 h. Following this, the medium was aspirated
and washed with ice-cold PBS several times. Cells were scraped in 600 µl of DMEM
and collected in 1.5-ml tubes. Cells were pelleted and resuspended in 600 µl of ice-
cold IP lysis buffer (Tris-HCl, pH 8.5, NaCl 150 mM, MgCl2 1 mM, EDTA 1mM,
Nonidet P-40 0.5%, and protease inhibitor cocktail) under agitation at 4 °C for
20 min. The cells were centrifuged at 16,000 × g at 4 °C for 10 min, and the
supernatant was collected. Fifty microliters of the cell lysates were kept for an input
control sample and the rest was precleared with protein-A sepharose beads
(Abcam, ab193256). Precleared lysates were incubated with anti-3A984, anti-Flag
(Sigma, F7425), or an equivalent amount of IgG control overnight at 4 °C. The
next day, 30 µl of Protein-A sepharose beads were added per sample and incubated
at 4 °C for 1 h with agitation. Beads were spun down, the supernatant removed, and
beads washed in IP lysis buffer several times. After this, the beads were mixed with
2× SDS lysis buffer (10% w/v), boiled at 95 °C for 5 min, and the supernatant was
collected. Samples were resolved with polyacrylamide gel electrophoresis after
addition of DTT (50 mM) for anti-Flag and without DTT for anti-3A9 immuno-
blotting. For immunoprecipitations of Flag-IRE1α from Flag-IRE1α-expressing
MEFs and lumenal domain of IRE1α-expressing HeLa cells, the ratio of BiP to
IRE1α in the IP fraction was normalized to their respective levels in the lysate.

Tripartite split-GFP protein interaction assay. The tripartite split-GFP com-
plementation assay was modified based on earlier protocols85,86. For the con-
struction of tripartite split-GFP plasmids, lumenal domains of E3-19K from AdV-
C2 or D8, and Flag-tagged human IRE1α or PERK was PCR amplified (Supple-
mentary Table 2) and inserted into pcDNA 3.1 plasmid having the GFP11 and
10 domains, respectively. The rest of the GFP1–9 and GFP1–10 domain was
inserted after Css at the N terminus and ER retention signal HDEL at the C
terminus and cloned in pcDNA 3.1. For full-length split-GFP constructs shown in
Supplementary Fig. 4b, IRE1α-GFP11 and 19K-GFP10 pair was chosen due to the
better signal:noise ratio of this pair. For IRE1α, GFP11 domain was inserted at the
linker region after the transmembrane domain of IRE1α. The rest of the GFP
domains 1–9 were cloned in pcDNA 3.1. One hundred nanograms of all the
plasmids were transfected in HeLa or 293T cells using Lipofectamine transfection
method. Forty-eight hours later, cells were fixed with 3% paraformaldehyde (PFA)
and stained with anti-Flag and anti-E3-19K (3A9) antibodies and imaged with
high-throughput and confocal microscopes to measure the expression levels. The
number of cells was determined with DAPI staining. Total tripartite split-GFP
puncta were identified using custom-made CellProfiler script (Supplementary
Table 4) and plotted using JMP 13.

Chromatin immunoprecipitation. HeLa-ATCC cells (~1 × 106 cells) grown on a
10-cm dish were transduced with lentivirus vector expression human XBP1s.
Forty-eight hours after transduction, cells were infected with AdV-C5 at a MOI of
1200 at 37 °C for 1 h. Unbound virus was washed away, and infection was con-
tinued for 23 h after which the medium was replaced with 5 ml of DMEM, and
cross-linking with 333 µl of 16% PFA was done for 10 min and 37 °C. Cross-linking
was stopped by the addition of 761.85 µl of glycine (125 mM) at RT for 5 min. After
this, cells were washed twice with ice-cold PBS, scraped off the plate, and collected
with 600 µl of PBS. Cells were pelleted by centrifugation at 1000 g at 4 °C for 5 min
and resuspended in 600 µl of SDS lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM
EDTA, 1% SDS, and freshly mixed with protease inhibitor cocktail, Roche
4693159001) at 4 °C for 10 min. Shearing of the cells was performed with Covaris
S2 using Duty cycle 10, intensity 5, cycles 3, cycles/burst 200, and time/cycle of 60 s.
Samples were centrifuged at high speed to remove cellular debris. One microgram
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of chromatin was kept for input determination. Ten micrograms of chromatin-
containing cell lysates were diluted tenfold with dilution buffer (Tris-HCl, pH 8.0,
NaCl 167 mM, EDTA 1.2 mM, SDS 0.01%, and Triton X-100 1.1%) and precleared
with protein-A agarose/salmon sperm DNA slurry (Millipore) with rotation at 4 °C
for 1 h. Cell lysates were spun to remove precleared complexes and incubated with
3 µg of anti-XBP1s (BD Biosciences) and Rabbit-IgG isotype control (Thermo
Fisher Scientific) overnight at 4 °C with rotation. Immune complexes were captured
by incubation with protein-A agarose/salmon sperm DNA slurry (Millipore) at
4 °C for 2 h and pelleted by centrifugation (2000 × g for 1 min). Washing with low-
salt buffer (20 mM Tris-HCl, pH 8.0, NaCl 167 mM, EDTA 150 mM, SDS 0.1%,
and Triton X-100 1%), high-salt buffer (20 mM Tris-HCl, pH 8.0, NaCl 500 mM,
EDTA 2mM, SDS 0.1%, and Triton X-100 1%), LiCl wash buffer (10 mM Tris-
HCl, pH 8.0, LiCl 0.25 M, EDTA 1mM, SDS 1%, Triton X-100 0.5%, and sodium
deoxycholate 1%), and TE buffer (Tris-HCl, pH 8.0, 10 mM EDTA, 1 mM) was
performed, and elution with elution buffer (NaHCO3 100 mM, SDS 1%) was done
by incubation with rotation at room temperature for 15 min. Reverse cross-linking
for formaldehyde complexes was done by incubation with 5 M NaCl, 0.5 M EDTA,
1M Tris-HCl, and proteinase K (20 mg/ml) at 65 °C overnight. DNA was extracted
using the Qiagen blood and tissue extraction kit and subjected to quantitative PCR
using primers listed in Supplementary Table 2. Data were plotted as fold enrich-
ment relative to input.

Virus titer estimation. Long-term persistent AdV-C5-infected HDF-TERT cells
were washed with PBS and collected after scraping of the cells from the plate. DNA
extraction was performed with Qiagen blood and tissue kit (Qiagen, #69504), and
viral genome copy numbers were determined using quantitative PCR with primers
on the AdV E1A enhancer region (Fwd 5′-GGTGGAGTTTGTGACGTGG-3′ and
Rev 5′-CGCGCGAAAATTGTCACTTC-3′). First the relative abundance of E1A
templates was calculated using ΔΔCt method and normalized to the cellular PDK1
gene (see Supplementary Table 2). Afterward, absolute viral gene copy numbers of
one of the infected samples were calculated with an E1A standard curve using a
plasmid DNA containing the E1A promoter and enhancer region followed by
relating it to the relative fold difference derived from the ΔΔCt method above.
Details of the quantitative PCR are mentioned in the section about
quantitative PCR.

Establishment of persistent AdV infection. HDF-TERT cells were incubated with
IFN-γ (500 IU/ml) for 24 h prior to infection. Infection with AdV-C5 (MOI 25) was
performed in the presence of IFN-γ for 14 h; cells were washed and incubated with
IFN-γ. For establishment of long-term persistence, the medium and fresh IFN-γ were
replaced every 5 days until the end of the experiment36.

Promoter activity assays. The AdV-C5 E1A gene under the E1A enhancer and
promoter elements (genomic region 1-1701 of AC_000008.1) were cloned in
pLVX-IRES-Puro lentivector (Clonetech) and used to transduce HeLa-ATCC and
HDF-TERT cells along with empty and human XBP1s lentivectors. Forty-eight
hours post transduction, 4µ8C (100 µM) or IFN-γ (500 IU) were added to the cells.
Seventy-two hours post transduction, cells were fixed with PFA and stained with
anti-E1A (M58). The percentage of E1A-expressing cells was determined using
custom-made CellProfiler script and data analyzed with Knime software.

High-throughput imaging and measurement of infection. After fixation and
staining, cells were imaged with high-throughput wide-field microscope (Molecular
Devices IXM-XL). DAPI staining was used to segment the nuclear mask for the
cells, and the intensity of E1A (M58 and 73) and protein VI was measured over this
mask using CellProfiler87. For the reticular staining of split-GFP and E3-19K
staining, nuclear mask was expanded by ten pixels, and E3-19K intensity was
measured over this ring-shaped object. The separation of mCherry, E1A, protein
VI, or E3-19K-expressing and nonexpressing cells was calculated with KNIME, and
graphs were plotted either in JMP version 13 or GraphPad Prism version 8.

Western blotting. At the time of anlaysis, cell lysates were collected in lysis buffer
(0.2 ml of 200 mM Tris, pH 8.8, 20% glycerol, 5 mM EDTA, 50 mM DTT, 5% SDS,
and 0.02% bromophenol blue) by boiling at 95 °C and shearing through G21
needles (Sterican). Proteins were resolved in polyacrylamide gels and transferred to
a polyvinyldifluoride membrane (Amersham). Blocking of unspecific protein-
binding sites of the membrane was done with 5% milk powder. Primary antibody
incubation was performed at 4 °C, followed by horseradish peroxidase (HRP)-
tagged secondary antibody incubation at room temperature. Protein bands were
visualized by incubation with chemiluminescent reagent (Amersham) and the
Amersham Imager 600.

Quantitative rt-PCR. Cells were lysed in Trizol Reagent (Invitrogen) and total
RNA extracted using the direct-zol RNA MicroPrep kit (Zymo Research). cDNA
synthesis was carried out with MMLV RT enzyme (Promega, M170) using Oligo
dT 15 mer primers (Promega, C1101). The amplification was done using SYBR
Green JumpStart Taq ReadyMix in Applied Biosystems Quant Studio 3 Real-Time
PCR System with primers listed in Supplementary Table 2. For ChiP experiments,

the relative quantification procedure of the Pfaffl method was used to convert the
average Ct values for each sample to relative fold-change information88.

xCELLigence impedance measurements. For measuring cell toxicity of AdV and
chemicals, the xCELLigence impedance measurement (Roche Applied Science and
ACEA Biosciences) was used59,52. For AdV toxicity in lytic or persistent infections,
cells were seeded on E-16 plates for 48 h, followed by incubation with IFN-γ
(persistent infection) for 24 h and incubation with AdV at 37 °C for 1 h. Cells were
either further incubated with IFN-γ (persistent infection), or with normal medium
(lytic infection), and cell index measurements were recorded live at intervals of
15 min. For assessing the effects of 4µ8C on cell viability, cells were seeded and
incubated with 4µ8C for 7 days followed by drug washout.

Click chemistry and visualization of single viral DNA dots. HeLa wild-type and
I-KO cells were seeded on alcian-blue-coated coverslips and infected with EdC-
labeled AdV-C5 virus at 37 °C for 1 h, followed by washout of unbound virus and
further incubation at 37 °C for 1.5 h. Cells were fixed with formaldehyde and
analyzed for capsid-free vDNA by copper-catalyzed click chemistry39. Viral capsids
were stained with antihexon antibody (9C12) and samples imaged with an SP8
confocal microscope (Leica)52. Maximal projections of signals were analyzed with
CellProfiler where DAPI staining was used to identify a nuclear mask together with
overexposed hexon signals to segment the cell boundaries. Viral capsids, vDNA
over the nucleus and in the cytoplasmic area was counted, and the distribution of
capsid-free vDNA over nuclei and the cytoplasm calculated.

Prediction of SP1-binding sites in the E3 promoter. An overall consensus around
the GC-box core element GGGCGG of SP1-binding sites can be predicted at http://
tfbind.hgc.jp/89. Accordingly, up to 34 putative binding sites around the GC box
were predicted in the E3 promoter, and 29 of them have a predicted consensus
match for SP1 binding.

Quantifications and statistical analysis. Statistical analyses were performed
using JMP version 13. For statistical analysis used in Figs. 5a and 6c, pairwise
Wilcoxon nonparametric tests were performed.

We declare that no data have been excluded from experimental replicates.
Random sampling in Figs. 6c and 7b as well as S4 d was done to keep an even
number of cells analyzed between samples.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the article and its
Supplementary Information files, or are available from the authors upon request. The
source data underlying Figs. 1–3 and 5a, and Supplementary Figs. 1e, 2b–e, 3a, b, d–i, 4a,
and 5a are provided as Source Data files.

Code availability
Lists of the raw data used in the figures and the codes/scripts used to analyze them are
deposited at Mendeley Data. The details are provided in Supplementary Tables 3 and 4.

Received: 14 January 2020; Accepted: 30 March 2020;

References
1. Virgin, H. W., Wherry, E. J. & Ahmed, R. Redefining chronic viral infection.

Cell 138, 30–50 (2009).
2. Randall, R. E. & Griffin, D. E. Within host RNA virus persistence: mechanisms

and consequences. Curr. Opin. Virol. 23, 35–42 (2017).
3. Lynch, K. L., Gooding, L. R., Garnett-Benson, C., Ornelles, D. A. & Avgousti,

D. C. Epigenetics and the dynamics of chromatin during adenovirus
infections. FEBS Lett. 593, 3551–3570 (2019).

4. Gething, M. J., McCammon, K. & Sambrook, J. Expression of wild-type and
mutant forms of influenza hemagglutinin: the role of folding in intracellular
transport. Cell 46, 939–950 (1986).

5. Isler, J. A., Skalet, A. H. & Alwine, J. C. Human cytomegalovirus infection
activates and regulates the unfolded protein response. J. Virol. 79, 6890–6899
(2005).

6. Cheng, G., Feng, Z. & He, B. Herpes simplex virus 1 infection activates the
endoplasmic reticulum resident kinase PERK and mediates eIF-2alpha
dephosphorylation by the gamma(1)34.5 protein. J. Virol. 79, 1379–1388
(2005).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15844-2

14 NATURE COMMUNICATIONS |         (2020) 11:1997 | https://doi.org/10.1038/s41467-020-15844-2 | www.nature.com/naturecommunications

http://tfbind.hgc.jp/
http://tfbind.hgc.jp/
www.nature.com/naturecommunications


7. Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. & Mori, K. XBP1 mRNA is
induced by ATF6 and spliced by IRE1 in response to ER stress to produce a
highly active transcription factor. Cell 107, 881–891 (2001).

8. Harding, H. P. et al. An integrated stress response regulates amino acid
metabolism and resistance to oxidative stress. Mol. Cell 11, 619–633 (2003).

9. Walter, P. & Ron, D. The unfolded protein response: from stress pathway to
homeostatic regulation. Science 334, 1081–1086 (2011).

10. Korennykh, A. & Walter, P. Structural basis of the unfolded protein response.
Annu Rev. Cell Dev. Biol. 28, 251–277 (2012).

11. Sidrauski, C. & Walter, P. The transmembrane kinase Ire1p is a site-specific
endonuclease that initiates mRNA splicing in the unfolded protein response.
Cell 90, 1031–1039 (1997).

12. Jurkin, J. et al. The mammalian tRNA ligase complex mediates splicing of
XBP1 mRNA and controls antibody secretion in plasma cells. EMBO J. 33,
2922–2936 (2014).

13. Johnston, B. P. & McCormick, C. Herpesviruses and the unfolded protein
response. Viruses 12, 12–17 (2019).

14. King, C. R., Zhang, A. & Mymryk, J. S. The persistent mystery of adenovirus
persistence. Trends Microbiol. 24, 323–324 (2016).

15. Lion, T. Adenovirus infections in immunocompetent and
immunocompromised patients. Clin. Microbiol. Rev. 27, 441–462 (2014).

16. Hendrickx, R. et al. Innate immunity to adenovirus. Hum. Gene Ther. 25,
265–284 (2014).

17. Kosulin, K. et al. Persistence and reactivation of human adenoviruses in the
gastrointestinal tract. Clin. Microbiol. Infect. 22, e381–e388 (2016).

18. Schultze-Florey, R. E. et al. Persistent recipient-derived human adenovirus
(HAdV)-specific T cells promote HAdV control after allogeneic hematopoietic
stem cell transplantation. Bone Marrow Transplant. 52, 609–611 (2017).

19. Lynch, J. P. 3rd & Kajon, A. E. Adenovirus: epidemiology, global spread of
novel serotypes, and advances in treatment and prevention. Semin. Respir.
Crit. Care Med. 37, 586–602 (2016).

20. State of New Jersey Department of Health. Ongoing Adenovirus Outbreaks.
(State of New Jersey Department of Health, 2019).

21. Berk A. J. Adenoviridae: the viruses and their replication. In: Fields Virology 6th
edn, (eds. Knipe, D. M. & Howley, P. M.) (Lippincott Williams & Wilkins, 2013).

22. Greber, U. F. & Flatt, J. W. Adenovirus entry: from infection to immunity.
Annu Rev. Virol. 6, 177–197 (2019).

23. Bauer, M. et al. The E3 ubiquitin ligase mind bomb 1 controls adenovirus
genome release at the nuclear pore complex. Cell Rep. 29, 3785–3795e3788
(2019).

24. Berk, A. J. Adenovirus promoters and E1A transactivation. Annu Rev. Genet.
20, 45–79 (1986).

25. King, C. R., Zhang, A., Tessier, T. M., Gameiro, S. F. & Mymryk, J. S. Hacking
the cell: network intrusion and exploitation by adenovirus E1A. MBio 9,
e00390 (2018).

26. Jones, N. & Shenk, T. An adenovirus type 5 early gene function regulates
expression of other early viral genes. Proc. Natl Acad. Sci. USA 76, 3665–3669
(1979).

27. Berk, A. J., Lee, F., Harrison, T., Williams, J. & Sharp, P. A. Pre-early
adenovirus 5 gene product regulates synthesis of early viral messenger RNAs.
Cell 17, 935–944 (1979).

28. Fessler, S. P., Delgado-Lopez, F. & Horwitz, M. S. Mechanisms of E3
modulation of immune and inflammatory responses. Curr. Top. Microbiol.
Immunol. 273, 113–135 (2004).

29. Lichtenstein, D. L., Toth, K., Doronin, K., Tollefson, A. E. & Wold, W. S.
Functions and mechanisms of action of the adenovirus E3 proteins. Int Rev.
Immunol. 23, 75–111 (2004).

30. Mashalova, E. V. et al. Prevention of hepatocyte allograft rejection in rats by
transferring adenoviral early region 3 genes into donor cells. Hepatology 45,
755–766 (2007).

31. Ginsberg, H. S. et al. Role of early region 3 (E3) in pathogenesis of adenovirus
disease. Proc. Natl Acad. Sci. USA 86, 3823–3827 (1989).

32. Burgert, H. G. & Kvist, S. An adenovirus type 2 glycoprotein blocks cell
surface expression of human histocompatibility class I antigens. Cell 41,
987–997 (1985).

33. Andersson, M., Paabo, S., Nilsson, T. & Peterson, P. A. Impaired intracellular
transport of class I MHC antigens as a possible means for adenoviruses to
evade immune surveillance. Cell 43, 215–222 (1985).

34. Burgert, H. G., Maryanski, J. L. & Kvist, S. “E3/19K” protein of adenovirus
type 2 inhibits lysis of cytolytic T lymphocytes by blocking cell-surface
expression of histocompatibility class I antigens. Proc. Natl Acad. Sci. USA 84,
1356–1360 (1987).

35. Sester, M. et al. Conserved amino acids within the adenovirus 2 E3/19K
protein differentially affect downregulation of MHC class I and MICA/B
proteins. J. Immunol. 184, 255–267 (2010).

36. Zheng, Y., Stamminger, T. & Hearing, P. E2F/Rb family proteins mediate
interferon induced repression of adenovirus immediate early transcription to
promote persistent viral infection. PLoS Pathog. 12, e1005415 (2016).

37. Tirasophon, W., Lee, K., Callaghan, B., Welihinda, A. & Kaufman, R. J. The
endoribonuclease activity of mammalian IRE1 autoregulates its mRNA and is
required for the unfolded protein response. Genes Dev. 14, 2725–2736 (2000).

38. Malhotra, J. D. & Kaufman, R. J. The endoplasmic reticulum and the unfolded
protein response. Semin. Cell Dev. Biol. 18, 716–731 (2007).

39. Wang, I. H. et al. Tracking viral genomes in host cells at single-molecule
resolution. Cell Host Microbe 14, 468–480 (2013).

40. Cross, B. C. et al. The molecular basis for selective inhibition of
unconventional mRNA splicing by an IRE1-binding small molecule. Proc.
Natl Acad. Sci. USA 109, E869–E878 (2012).

41. Han, D. et al. IRE1alpha kinase activation modes control alternate
endoribonuclease outputs to determine divergent cell fates. Cell 138, 562–575
(2009).

42. White, E. Regulation of the cell cycle and apoptosis by the oncogenes of
adenovirus. Oncogene 20, 7836–7846 (2001).

43. Volmer, R., van der Ploeg, K. & Ron, D. Membrane lipid saturation activates
endoplasmic reticulum unfolded protein response transducers through their
transmembrane domains. Proc. Natl Acad. Sci. USA 110, 4628–4633 (2013).

44. Thastrup, O. Role of Ca2(+)-ATPases in regulation of cellular Ca2+
signalling, as studied with the selective microsomal Ca2(+)-ATPase inhibitor,
thapsigargin. Agents Actions 29, 8–15 (1990).

45. Harding, H. P., Zhang, Y., Bertolotti, A., Zeng, H. & Ron, D. Perk is essential
for translational regulation and cell survival during the unfolded protein
response. Mol. Cell 5, 897–904 (2000).

46. Bertolotti, A., Zhang, Y., Hendershot, L. M., Harding, H. P. & Ron, D.
Dynamic interaction of BiP and ER stress transducers in the unfolded-protein
response. Nat. Cell Biol. 2, 326–332 (2000).

47. Amin-Wetzel, N. et al. A J-protein co-chaperone recruits BiP to monomerize
IRE1 and repress the unfolded protein response. Cell 171, 1625–1637 (2017).
e1613.

48. Montell, C., Courtois, G., Eng, C. & Berk, A. Complete transformation by
adenovirus 2 requires both E1A proteins. Cell 36, 951–961 (1984).

49. Endter, C. & Dobner, T. Cell transformation by human adenoviruses. Curr.
Top. Microbiol. Immunol. 273, 163–214 (2004).

50. Lauter, C. B., Bailey, E. J. & Lerner, A. M. Assessment of cytosine arabinoside
as an antiviral agent in humans. Antimicrob. Agents Chemother. 6, 598–602
(1974).

51. Schumann, M. & Dobbelstein, M. Adenovirus-induced extracellular signal-
regulated kinase phosphorylation during the late phase of infection enhances
viral protein levels and virus progeny. Cancer Res. 66, 1282–1288 (2006).

52. Prasad, V., Suomalainen, M., Hemmi, S. & Greber, U. F. Cell cycle-dependent
kinase Cdk9 is a postexposure drug target against human adenoviruses. ACS
Infect. Dis. 3, 398–405 (2017).

53. Thimmappaya, B., Weinberger, C., Schneider, R. J. & Shenk, T. Adenovirus
VAI RNA is required for efficient translation of viral mRNAs at late times
after infection. Cell 31, 543–551 (1982).

54. Jones, N. & Shenk, T. Isolation of adenovirus type 5 host range deletion
mutants defective for transformation of rat embryo cells. Cell 17, 683–689
(1979).

55. Yakimovich, A. et al. Cell-free transmission of human adenovirus by passive
mass transfer in cell culture simulated in a computer model. J. Virol. 86,
10123–10137 (2012).

56. Sester, M., Ruszics, Z., Mackley, E. & Burgert, H. G. The transmembrane
domain of the adenovirus E3/19K protein acts as an endoplasmic reticulum
retention signal and contributes to intracellular sequestration of major
histocompatibility complex class I molecules. J. Virol. 87, 6104–6117 (2013).

57. Blazanin, N. et al. ER stress and distinct outputs of the IRE1alpha RNase
control proliferation and senescence in response to oncogenic Ras. Proc. Natl
Acad. Sci. USA 114, 9900–9905 (2017).

58. Hasegawa, D. et al. Epithelial Xbp1 is required for cellular proliferation and
differentiation during mammary gland development. Mol. Cell Biol. 35,
1543–1556 (2015).

59. Prasad, V. et al. Chemical induction of unfolded protein response enhances
cancer cell killing through lytic virus infection. J. Virol. 88, 13086–13098
(2014).

60. Acosta-Alvear, D. et al. XBP1 controls diverse cell type- and condition-specific
transcriptional regulatory networks. Mol. Cell 27, 53–66 (2007).

61. Chen, X. et al. XBP1 promotes triple-negative breast cancer by controlling the
HIF1alpha pathway. Nature 508, 103–107 (2014).

62. Smith, M. H., Ploegh, H. L. & Weissman, J. S. Road to ruin: targeting proteins
for degradation in the endoplasmic reticulum. Science 334, 1086–1090 (2011).

63. Valdes, A., Zhao, H., Pettersson, U. & Lind, S. B. Time-resolved proteomics of
adenovirus infected cells. PLoS ONE 13, e0204522 (2018).

64. Acosta-Alvear, D, et al. The unfolded protein response and endoplasmic
reticulum protein targeting machineries converge on the stress sensor IRE1.
Elife 7, e43036 (2018).

65. Karagoz, G.E., et al. An unfolded protein-induced conformational switch
activates mammalian IRE1. Elife 6, e30700 (2017).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15844-2 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:1997 | https://doi.org/10.1038/s41467-020-15844-2 | www.nature.com/naturecommunications 15

www.nature.com/naturecommunications
www.nature.com/naturecommunications


66. Sung, S. C., Chao, C. Y., Jeng, K. S., Yang, J. Y. & Lai, M. M. The 8ab protein of
SARS-CoV is a luminal ER membrane-associated protein and induces the
activation of ATF6. Virology 387, 402–413 (2009).

67. Halbleib, K. et al. Activation of the unfolded protein response by lipid bilayer
stress. Mol. Cell 67, 673–684 (2017). e678.

68. Ron, D. & Walter, P. Signal integration in the endoplasmic reticulum unfolded
protein response. Nat. Rev. Mol. Cell Biol. 8, 519–529 (2007).

69. Meltzer, B. et al. Tat controls transcriptional persistence of unintegrated HIV
genome in primary human macrophages. Virology 518, 241–252 (2018).

70. Cliffe, A. R., Garber, D. A. & Knipe, D. M. Transcription of the herpes simplex
virus latency-associated transcript promotes the formation of facultative
heterochromatin on lytic promoters. J. Virol. 83, 8182–8190 (2009).

71. Williams, J. L. et al. Lymphoid specific gene expression of the adenovirus early
region 3 promoter is mediated by NF-kappa B binding motifs. EMBO J. 9,
4435–4442 (1990).

72. Hu, P., Han, Z., Couvillon, A. D., Kaufman, R. J. & Exton, J. H. Autocrine
tumor necrosis factor alpha links endoplasmic reticulum stress to the
membrane death receptor pathway through IRE1alpha-mediated NF-kappaB
activation and down-regulation of TRAF2 expression. Mol. Cell Biol. 26,
3071–3084 (2006).

73. Bortolanza, S. et al. Deletion of the E3-6.7K/gp19K region reduces the
persistence of wild-type adenovirus in a permissive tumor model in Syrian
hamsters. Cancer Gene Ther. 16, 703–712 (2009).

74. Gladwyn-Ng, I. et al. Stress-induced unfolded protein response contributes to
Zika virus-associated microcephaly. Nat. Neurosci. 21, 63–71 (2018).

75. Yu, J., Boyapati, A. & Rundell, K. Critical role for SV40 small-t antigen in
human cell transformation. Virology 290, 192–198 (2001).

76. Sirena, D., Ruzsics, Z., Schaffner, W., Greber, U. F. & Hemmi, S. The
nucleotide sequence and a first generation gene transfer vector of species B
human adenovirus serotype 3. Virology 343, 283–298 (2005).

77. Warming, S., Costantino, N., Court, D. L., Jenkins, N. A. & Copeland, N.
Simple and highly efficient BAC recombineering using galK selection. Nucleic
Acids Res. 33, e36 (2005).

78. Hearing, P. & Shenk, T. The adenovirus type 5 E1A transcriptional control
region contains a duplicated enhancer element. Cell 33, 695–703 (1983).

79. Shalem, O. et al. Genome-scale CRISPR-Cas9 knockout screening in human
cells. Science 343, 84–87 (2014).

80. Adey, A. et al. The haplotype-resolved genome and epigenome of the
aneuploid HeLa cancer cell line. Nature 500, 207–211 (2013).

81. Crameri, M. et al. MxB is an interferon-induced restriction factor of human
herpesviruses. Nat. Commun. 9, 1980 (2018).

82. Windheim, M. et al. A unique secreted adenovirus E3 protein binds to the
leukocyte common antigen CD45 and modulates leukocyte functions. Proc.
Natl Acad. Sci. USA 110, E4884–E4893 (2013).

83. Hannus, M. et al. siPools: highly complex but accurately defined siRNA pools
eliminate off-target effects. Nucleic Acids Res. 42, 8049–8061 (2014).

84. Menz, B., Sester, M., Koebernick, K., Schmid, R. & Burgert, H. G. Structural
analysis of the adenovirus type 2 E3/19K protein using mutagenesis and a
panel of conformation-sensitive monoclonal antibodies. Mol. Immunol. 46,
16–26 (2008).

85. Magliery, T. J. et al. Detecting protein-protein interactions with a green
fluorescent protein fragment reassembly trap: scope and mechanism. J. Am.
Chem. Soc. 127, 146–157 (2005).

86. Cabantous, S. et al. A new protein-protein interaction sensor based on
tripartite split-GFP association. Sci. Rep. 3, 2854 (2013).

87. Carpenter, A. E. et al. CellProfiler: image analysis software for identifying and
quantifying cell phenotypes. Genome Biol. 7, R100 (2006).

88. Pfaffl, M. W. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45 (2001).

89. Tsunoda, T. & Takagi, T. Estimating transcription factor bindability on DNA.
Bioinformatics 15, 622–630 (1999).

Acknowledgements
We thank I. Braakman for her kind gift of the anti-BiP antibody, R. Volmer and D. Ron
for IRE1α-knockout mouse embryonic fibroblasts and Flag-hIRE1α-expressing mouse
embryonic fibroblasts, S. Aluri and the Functional Genomics Center Zurich for help with
cell shearing in ChIP experiments, J. Hankinson and E. Mackley for codon-optimized
AdV-C2 E3 expression construct, and D. Ron, L. Neidhardt, P. Walter, E. Karagoz, and
M. Lam, and members of the Greber lab for discussions and sharing unpublished data.
This work was supported by grants from the Swiss National Science Foundation to UFG
(31003A_179256/1; R’Equip 316030_170799/1).

Author contributions
Conceptualization: V.P. and U.F.G. Coordination: U.F.G. Formal analyses and valida-
tions, data curation, software, design, and conduction of all cell-based experiments: V.P.
Cloning and mutagenesis of all ectopic constructs: V.P. Cloning of codon-optimized
AdV-C2 E3-19K plasmid DNA: L.H. and H-G.B. Generation of HeLa I-KO CRISPR/
Cas9 cells: M.S. and V.P. Viral persistence experiments: V.P. and Y.J. Generation of virus
mutants: P.H., S.H., and V.P. Data analyses and interpretation: V.P., M.S., Y.J., L.H., S.H.,
H-G.B., and U.F.G. First draft of the paper and figures: V.P. and M.S. Final draft of the
paper and figures: U.F.G. with input from V.P. and M.S., and other authors. Funding
acquisition: U.F.G.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15844-2.

Correspondence and requests for materials should be addressed to U.F.G.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15844-2

16 NATURE COMMUNICATIONS |         (2020) 11:1997 | https://doi.org/10.1038/s41467-020-15844-2 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-15844-2
https://doi.org/10.1038/s41467-020-15844-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	The UPR sensor IRE1α and the adenovirus E3-19K glycoprotein sustain persistent and lytic infections
	Results
	IRE1α-mediated XBP1�splicing enhances AdV infection
	Phosphorylation of IRE1α and not PERK in AdV infection
	BiP dissociates from IRE1α in AdV infection independent of 19K
	An early AdV gene product activates IRE1α
	The lumenal domain of C2/5–nobreak19K activates IRE1α
	The C2-19K lumenal domain interacts with IRE1α but not PERK
	XBP1s boosts E1A and 19K, IFN-γ inhibits E1A expression
	XBP1s binds to the E1A-e/p and promotes E1A expression
	The IRE1α–nobreakXBP1s axis enhances persistence

	Discussion
	Methods
	Cells and viruses
	Cas9 knockout of IRE1α in HeLa-ATCC cells
	Lentivirus production, cloning, and transduction
	Transfection and infection
	XBP1-splicing assay
	IRE1α and PERK mobility shift assay
	Immunoprecipitation and immunoblotting
	Tripartite split-GFP protein interaction assay
	Chromatin immunoprecipitation
	Virus titer estimation
	Establishment of persistent AdV infection
	Promoter activity assays
	High-throughput imaging and measurement of infection
	Western blotting
	Quantitative rt-PCR
	xCELLigence impedance measurements
	Click chemistry and visualization of single viral DNA dots
	Prediction of SP1-binding sites in the E3 promoter
	Quantifications and statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




