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ABSTRACT Adeno-associated virus (AAV) is extensively used as a viral vector to
deliver therapeutic genes during human gene therapy. A high-affinity cellular receptor
(AAVR) for most serotypes was recently identified; however, its biological function as a
gene product remains unclear. In this study, we used AAVR knockdown cell models to
show that AAVR depletion significantly attenuated cells to activate unfolded protein
response (UPR) pathways when exposed to the endoplasmic reticulum (ER) stress in-
ducer, tunicamycin. By analyzing three major UPR pathways, we found that ATF6 sig-
naling was most affected in an AAVR-dependent fashion, distinct from CHOP and XBP1
branches. AAVR capacity in UPR regulation required the full native AAVR protein, and
AAV2 capsid binding to the receptor altered ATF6 dynamics. Conversely, the transduc-
tion efficiency of AAV2 was associated with changes in ATF6 signaling in host cells fol-
lowing treatment with different small molecules. Thus, AAVR served as an inhibitory
molecule to repress UPR responses via a specificity for ATF6 signaling, and the AAV2
infection route involved the release from AAVR-mediated ATF6 repression, thereby facil-
itating viral intracellular trafficking and transduction.

IMPORTANCE The native function of the AAVR as an ER-Golgi localized protein is
largely unknown. We showed that AAVR acted as a functional molecule to regulate
UPR signaling under induced ER stress. AAVR inhibited the activation of the tran-
scription factor, ATF6, whereas receptor binding to AAV2 released the suppression
effects. This finding has expanded our understanding of AAV infection biology in
terms of the physiological properties of AAVR in host cells. Importantly, our research
provides a possible strategy which may improve the efficiency of AAV-mediated
gene delivery during gene therapy.
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Adeno-associated viruses (AAVs) belong to the Parvoviridae family in the Dependovirus
genus. Twelve major human AAV serotypes (AAV 1 to 12) have been identified and

exhibit broad expression differences in tissue tropisms and different transduction efficien-
cies (1). The absence of a discernible pathology post-host infection has facilitated AAVs
and other modifiable recombinant variants as ideal vectors for gene therapy against some
human diseases (2). AAVs have been successfully used in several clinical trials to treat he-
reditary and neurological diseases and, most recently, were approved for the treatment of
genetic metabolic diseases, such as lipoprotein lipase deficiency (3–6).

Various host factors facilitate AAV entry during infection. Heparan sulfate proteogly-
can mediates AAV2 attachment in most permissive cells (7). Human fibroblast growth
factor receptor-1 (FGFR1) and hepatocyte growth factor receptor serve as putative core-
ceptors to promote viral infection (8, 9). However, FGFR1 or MET knockout only displays
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minor effects on AAV2 infection, thereby failing to explain tropism differences in different
tissue types (10). Recently, a genome-wide insertional mutagenesis screen in haploid
human cells identified an adeno-associated virus receptor (AAVR or KIAA0319L) as a high-
affinity receptor for multiple AAV serotypes. This receptor identification greatly expanded
our understanding of AAV transduction biology and may improve the application of
diverse AAV serotypes to different biological techniques (10, 11). Nonetheless, an impor-
tant question has remained; what is the fundamental cell biological role of AAVR as a
gene product? Even if the sole function of AAVR was to mediate AAV cell entry, how does
AAVR function in intracellular viral infection pathways, and what are its effects on AAV
transduction efficiency?

Currently, studies exploring the KIAA0319L gene and the AAVR protein are limited.
From animal and transgenic models, the protein/gene was linked to dyslexia and was
potentially implicated in neuronal migration and axon guidance (12). AAVR contains
five polycystic kidney disease (PKD) domains (PKD 1 to 5) in the N-terminal extracellular
portion which are linked to a single-pass membrane-spanning helix (10). These PKD
domains are widely distributed and conserved structural elements, but without well-
defined signatures. The first member of the PKD protein family to be identified was
polycystin-1 (PDK1), which is implicated in polycystic kidney disease. PDK1 is a large
cell-surface glycoprotein involved in protein-protein and protein-carbohydrate adhe-
sive interactions (13, 14). PKD domains are found in many other proteins, usually in the
extracellular domains of transmembrane proteins, including AAVR (10). However, it is
unclear how exactly these PKD domains mediate interactions between themselves and
other PKD-containing proteins.

AAVR is a common and critical viral entry receptor that mediates the infection of
many AAV serotypes and variants (10, 11). It was suggested that the viral capsid of dif-
ferent AAV serotypes interacted with the receptor via distinctive PKD domains (11, 15–
17). Recently, Pillay et al. reported that AAVR was associated with trans-Golgi network
46 (TGN46), a cis-medial marker (giantin) and colocalized with a marker. By chasing a
pool of labeled AAVR in 4°C precooled cells, the authors showed that AAVR rapidly
migrated from the plasma membrane to the Golgi, immediately after the temperature
rose to initiate endocytosis (10). These data suggested that AAVR shared a behavior
profile with several trafficking proteins and possibly had functions other than binding
AAV at the cell surface.

In our study, we showed that the widely expressed native AAVR acted as an inhibi-
tory factor to pacify endoplasmic reticulum (ER) stress, with selectivity primarily toward
the ATF6-mediated unfolded protein response (UPR) pathway. The binding and inter-
action of AAVR with AAV2 virions deprived the suppressive function of AAVR on ER
stress induced by chemical reagents. These results provided valuable insights on the
physiological functions of AAVR. They also exemplified the UPR pathway as a novel
mechanism in AAV infections and intracellular trafficking. These findings not only
explain the effects of several agents that modulate AAV transduction efficiency, but
also provide a discovery platform for modifiable host targets to improve AAV infection
efficiency.

RESULTS
AAVR depletion enhances ER stress responses induced by tunicamycin (TM). In

addition to the plasma membrane, AAVR also localizes to ER-Golgi compartments (10).
Also, AAVR knockout appears to cripple cell responses to environmental stresses.
Several reagents, including teniposide (18), bortezomib (MG132) (19), and chloroquine
(20, 21), are known to alter AAV infection and transduction and disrupt ER stress path-
ways (22), therefore, we explored whether AAVR was involved in ER stress response
regulation using these reagents. We used TM, which is a typical ER stress inducer and
affects viral uptake or trafficking, to treat host cells. In HeLa cells transfected with plas-
mids carrying short hairpin RNA (shRNA) sequences targeting AAVR, AAVR expression
was significantly reduced (Fig. 1A). Also, the BIP molecule, as an indicator ER of stress
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activation, was detected by Western blotting. Thus, AAVR knockdown had significantly
increased BIP/GRP78 levels following TM induction. To verify these findings, we gener-
ated a stable AAVR knockdown strain (aavr–) using lentiviral infection procedures.
Similar results were identified when compared with the native HeLa parental line (Fig.
1B). Cell growth assays showed that AAVR downregulation exerted inhibitory effects at
72 h and should have no significant influence on the examination of ER stress markers
at 24 or 48 h (Fig. 1C). To further exclude the possibility of nonspecific effects from TM
treatment or shRNA transfection, we transfected aavr– cells with an AAVR overexpres-
sion plasmid to perform rescue experiments. AAVR recovery in aavr– cells significantly
suppressed induced BIP protein expression from TM treatments (Fig. 1D). We also com-
pared TM dose responses between aavr– and AAV1 cells at 72 h and observed that
AAVR rescue recovered cell viability due to AAV knockdown (Fig. 1E). These data sug-
gested a functional involvement of AAVR in regulating ER stress responses.

AAVR knockdown enhances ATF6 signaling in the UPR induced by TM. ER stress
is induced by various assaults and elicits complex downstream signaling. The UPR is a
common cause of ER stress and occurs when protein synthesis overwhelms protein
folding capacity in the ER or improperly folded proteins accumulate and block normal
ER homeostasis (23). ER stress linked to the BIP sensor could be activated by three dif-
ferent pathways from UPR signals, represented by key molecules of ATF6, PERK, and
IRE1a, respectively. When dissociated from BIP at the Golgi, ATF6 is cleaved and
becomes an active transcription factor. PERK phosphorylates the initiation factor 2a
(eIF2) and produces CHOP, which activates UPR target genes. Then, IRE1a induces the
mRNA cleavage of X box-binding protein 1 (XBP1) to translate spliced XBP1 protein
(XBP1s), which is a key regulator of ER folding (24, 25). To study AAVR regulatory roles
in UPR processes, we investigated changes in cleaved ATF6, CHOP, and XBP1s levels
using Western blotting and/or reverse transcriptase PCR (RT-PCR). As shown (Fig. 2A),
cleaved ATF6 N-terminal protein levels increased following TM induction for 8 h in
aavr– cells. Also, GRP94 expression levels (an ATF6 regulated UPR gene) were signifi-
cantly increased. Although CHOP expression levels were also significantly increased, it
appeared that activation of PERK signaling was less dependent on AAVR abundance
(Fig. 2B). The fold changes in XBP1s mRNA levels were not significantly different between
conditions, despite TM treatment increasing XBP1 expression in both aavr– and native

FIG 1 AAVR depletion enhances tunicamycin (TM)-induced endoplasmic reticulum (ER) stress responses
in HeLa cells. (A) HeLa cells were transfected with short hairpin RNAs (shRNAs) sh-1 and sh-2 targeting
AAVR for 24 h. Western blotting for BIP/GRP78 was performed with or without 2.5 mmol/L TM for 6 h.
(B) An AAVR knockdown cell line (aavr–) was prepared from shRNA lentivirus infection and compared
with parental HeLa cells on TM treatment in BIP expression. (C) A CCK-8 time course assay comparing
aavr– and HeLa cell growth. (D) Transfection of an AAVR-expressing plasmid into aavr– cells (AAVR1)
and Western blotting for BIP with or without TM. (E) 48-h dose response curves of TM treatments by
CCK-8 assay. Data are expressed as the mean 6 standard deviation (n = 3). Statistical significance was
determined using Student’s t test. *, P , 0.05; **, P , 0.01.
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HeLa cells (Fig. 2C). To quantitatively evaluate the activation of different UPR signal path-
ways, we generated luciferase-based reporters for ATF6, CHOP, and XBP1s. Reporter
assay data, with or without TM, are summarized (Fig. 2D) and indicated that ATF6 was
the primary signal molecule that conveyed AAVR functions of UPR regulation during ER
stress responses following TM treatment.

FIG 2 AAVR knockdown enhances ATF6 signaling in tunicamycin (TM)-induced stress on the unfolded
protein response (UPR) in HeLa cells. (A) Western blots for ATF6 activation on both expression of full-
length ATF(F) and cleaved ATF6(N) induced by TM for 6 h in aavr– and parental HeLa cells. Levels of BIP
and GRP94 upstream and downstream of ATF6 signaling were detected. (B) CHOP expression in aav–
and HeLa cells with or without TM stress. (C) XBP1s and XBP1u mRNA levels during IRE1 pathway
activation by semiquantitative PCR. (D) Luciferase reporter assays showing UPR pathway activation. HeLa
and aavr– cells were transfected with 0.2 mg firefly luciferase reporter and 0.04 mg pTK-Renilla plasmid
for 24 h with/without 2.5 mM TM for 6 h. Data are presented as the mean 6 standard deviation (n $ 3).
Statistical significance was determined using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.
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AAVR mutants attenuate the inhibiting role of ATF6 signaling during UPR
progress. Different AAVR segments have been assigned distinct functions related to
viral binding, subcellular localization, etc. For example, the AAVR C-terminal tail is
required for AAVR migration from the plasma membrane to the TGN. Therefore, we dis-
sected which AAVR segment was required to regulate ATF6 activities. Accordingly (Fig.
3A), five AAVR mutants were constructed (structures are shown in Fig. 3C) to test their
influence on UPR signaling. Western blotting showed that the rescued expression of
AAVR in aavr– cells significantly reduced the levels of cleaved N-terminal ATF6 as
increased by TM treatment, and all the mutants in both the N-terminal and C-tail of
AAVR attenuated its inhibiting role in ATF6 signaling (Fig. 3A). These results indicated
that mutations in the N-terminal and C-tail of AAVR attenuated its inhibitory effects on
CHOP and XBP1 signal activation (Fig. 3A). To quantitatively measure ATF6 activity inhi-
bition, we generated indices from normalized reporter assays comparing TM responses
under specific conditions (Fig. 3B). The data are shown in Fig. 3C.

From immunofluorescence assays, mutant AAVR with a C-terminal replacement
altered its intracellular distribution as previously reported, including cPVR (the C termi-
nus of AAVR replaced by the C terminus of poliovirus receptor) and c0319 (the C termi-
nus of AAVR replaced by the C terminus of KIAA0319 protein, a homologous protein of
AAVR) as shown in Fig. 3C. Wild-type AAVR and its mutants at the N terminus, includ-
ing shuffled PKD domains (s41235 and s14253) and a replacement mutant (n0319, the
AAVR N terminus, was replaced by the N terminus of KIAA0319 protein), were localized
to the TGN and colocalized with TGN46 (Fig. 3C). Both cPVR and c0319 attenuated the
inhibitory role of AAVR toward ATF6 transactivation, from 65.0% to 34.4% and 49.9%,

FIG 3 The effect of AAVR and mutants on inhibition of ATF6-mediated unfolded protein response (UPR) following
tunicamycin stress. (A) Transfection of various AAVR mutants into aavr– cells and UPR assessment via ATF6, CHOP,
and XBP1 activation (Western blots). (B) Illustration of defining a quantitative measurement on AAVR inhibition of
ATF6 signaling by luciferase assays. (C) Intracellular localization of transfected AAVR mutants and their impact on
inhibiting ATF6 activation. Scale bar = 10 mm. Data are presented as the mean 6 standard deviation (n $ 3).
Statistical significance was determined using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.

ATF6 Released from AAVR Facilitates AAV2 Transduction Journal of Virology

February 2022 Volume 96 Issue 3 e01103-21 jvi.asm.org 5

https://jvi.asm.org


respectively, indicating the importance of the AAVR C-tail on ATF6 inhibition. Other N-
terminal AAVR mutants impaired the inhibition of ATF6 activation to different extents,
including s41235, s14253, and n0319 (Fig. 3C). When the five PKD domains were
replaced by the KIAA0319 sequence (n0319), a low inhibitory measurement was
observed at 30.4%. These results suggested that complete AAVR activity required the
full protein sequence. N-terminal ectopic and C-tail intravehicular portions were
equally important for inhibiting UPR; however, the interface for AAV binding (PKD 1 to
3) had to be intact. However, whether AAVR directly or indirectly interacts with cleaved
or uncleaved ATF6 forms requires future investigation.

ATF6 signaling activation elicited by AAV2 infection influences AAV transduction
in HeLa cells. To explore the impact of AAVR in UPR signal modulation during AAV
infection, we compared wild-type AAV2 and an AAV2 G265E-N268Q mutant (lacking
receptor binding) in HeLa cells, with or without different chemical treatments. Cleaved
ATF6 appeared during a 2- to 8-h infection time course and was accompanied by
increased BIP and GRP94 protein levels (Fig. 4A). No significant changes were identified
in CHOP protein or XBP1s mRNA levels (Fig. 4A). These results suggested that the UPR-
related activation of ATF6 signaling was dependent on AAVR binding to its ligand and
could be a physiological requirement during AAV2 infection. Our semiquantitative
assays (Fig. 4B) also appeared to support this theory. Following treatment with various
ER stress inducers (Fig. 4C), including TM, PUGNAc, TG, etc., we noted that AAV2-
induced ATF6 activation was enhanced, whereas in AAV2 G265E-N268Q cells, it was
not (Fig. 4E). However, AEBSF (blocks ATF6 cleavage) significantly inhibited AAV2 trans-
duction. Similar changes were observed when GRP94 inhibitior-1, a GRP94-selective in-
hibitor (26), was used (Fig. 4D). Thus, mutant AAV2 G265E-N268Q failed to respond to
GRP94 inhibitor-1 treatment in reporter activities for the quantification of transduction
efficiency. These results suggested that AAV2 exploited the UPR, as provoked by ATF6
activation signaling, rather than the CHOP and XBP1 pathways. Also, modulating ATF6
and other downstream molecules could facilitate a natural AAV infection route.

Alterations in ATF6 signaling influence AAV2 transduction. From previous stud-
ies, particular agents (i.e., proteasome inhibitors) potently promoted AAV transduction
efficiency (21). However, these mechanistic investigations did not identify correlations
with virus degradation. We speculated if drug-induced UPR effects could enhance AAV

FIG 4 AAV2 infection alters ATF6-mediated unfolded protein response (UPR) signaling and activates transduction
in HeLa cells. (A) Western blots showing ATF6, CHOP, and XBP1 expression during AAV2 infection time courses. (B)
Quantification of data from panel A by densitometry (n = 3). (C) Comparison of AAV2 with a nonreceptor binding
mutant, G265D-N268Q, for transduction in HeLa cells following treatments of various reagents of UPR modulation.
(D) Comparison of infection of AAV2 and the G265D-N268Q mutant following inhibition of ATF6 or downstream
GRP94. Data are presented as the mean 6 standard deviation (n $ 3). Statistical significance was determined
using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.
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infection. HeLa cell treatment with TM, MG132, and Bort significantly enhanced AAV
transduction (Fig. 5A). Using these treatments, ATF6 activation levels appeared to be
correlated with cleaved ATF6 fragments seen using Western blotting (Fig. 5B). In addi-
tion, 3-MA and BAFA1, which mainly trigger ER stress by inhibiting autophagy without
a requirement for ATF6 signaling (data not shown), appeared less effective in promot-
ing AAV infection (Fig. 5A). To further evaluate the effects of AEBSF on blocking ATF6
cleavage, ATF6 luciferase reporter assays (Fig. 5C) were conducted to examine AAV2
transduction efficiency (Fig. 5D) in different combinations. We identified a significant
correlation between AAV transgene expression and ATF6 activity, and also, AEBSF inhib-
ited AAV transduction under broad conditions. These data demonstrated that the effects
on activation of ATF6 signal could indeed influence the AAV infection efficiency of AAV.

Activation of ATF6-mediated UPR promotes AAV2 transduction in primary
hepatocytes. We next investigated the effects of ATF6 activation via AAV2 infection
on AAV transduction in primary monkey hepatocytes. From our luciferase reporter
assays, ATF6 was significantly activated in cells after AAV2 infection for 6 h (Fig. 6A). No
significant differences were identified in CHOP and XBP1 activation levels (Fig. 6A).
Thus, AAV2 induced UPR primarily through ATF6 activation and was dependent on
AAVR. As shown (Fig. 6B), cleaved ATF6 N-terminal protein levels increased after 1 h
when induced by AAV2 infection, together with increased BIP levels. Under AAVR
knockdown conditions (Fig. 6C), TM-induced ATF6 signals were enhanced similarly to
aavr– HeLa cells. Luciferase reporter assay data for XBP1 and CHOP were also altered
following TM treatment; therefore, we theorized these may have been compensatory
effects due to AAVR depletion in primary cells. For hepatocytes subjected to chemical
treatment, AEBSF inhibition of ATF6 downstream was found to reduce AAV transduction
under all experimental conditions, and the correlation in AAV transgene expression (Fig. 6D)
and ATF6 activity (Fig. 6E) was maintained. These data verified our previous finding in HeLa
cells and indicated that ATF6 signal activation involved AAV infection, again suggesting that

FIG 5 The effects of ATF6-mediated unfolded protein response following treatment with different
reagents to modulate AAV2 transduction. (A) AAV2 infection of a luciferase reporter in HeLa cells treated
with reagents to assess AAV transduction. (B) Western blots showing ATF6 activation comparing AEBSF
treatments (with/without) to inhibit ATF6 cleavage. (C) Reporter assays for ATF6 activation. (D) AAV2
transduction efficiency in HeLa cells. Data are presented as the mean 6 standard deviation (n $ 3).
Statistical significance was determined using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.
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the transduction efficiency of AAV2 could be altered by modulating ATF6 and downstream
signals in primary hepatocytes.

ATF6 activation is involved in AAV5 transduction in HeLa cells. As AAVR binds
the AAV5 capsid, we evaluated ATF6 signaling during AAV5 infection in HeLa cells. Luciferase
reporter assays showed a significant increase in ATF6 activation at 6 h postinfection (Fig. 7A).
Western blotting indicated that ATF6 N-terminal fragment levels were also increased, correlat-
ing with increased BIP and GRP94 expression levels (Fig. 7B). Various chemical treatments
altered AAV5-mediated transgenic expression (Fig. 7C), which correlated well with ATF6 activ-
ity as previously shown in HeLa cells (Fig. 5C). These results suggested that ATF6 signal activa-
tion, which was dependent on AAVR, also facilitated the transduction efficiency of AAV5.

DISCUSSION

The ER contains many chaperone proteins that facilitate the proper conformational
folding and modification (if required) of newly synthesized peptides. ER dysfunction

FIG 6 Activation of ATF6-mediated unfolded protein response and AAV2 transduction in monkey primary
hepatocytes. (A) Reporter assays for ATF6, CHOP, and XBP1 activation in monkey primary hepatocytes following
AAV2 infection for 6 h. (B) Western blot and densitometric quantification of ATF6, BIP, and GRP94 during AAV2
infection time courses. (C) Luciferase reporter assays showing ATF6, CHOP, and XBP1 activation. Monkey primary
hepatocytes were transfected with AAVR-targeted short hairpin RNA (shRNA) or a scrambled control(sh-scream) for
24 h. (D) Reporter assays showing ATF6 activation in monkey primary hepatocytes treated with reagents. (E) AAV2
infection of a luciferase reporter in monkey primary hepatocytes. Data are presented as the mean 6 standard deviation
(n $ 3). Statistical significance was determined using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.
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leads to the accumulation of misfolded peptides or, occasionally, a massive influx of
exogenous proteins which trigger UPR-mediated ER homeostasis and the restoration
of normal cell functions (27). UPR failure to respond to ER stress endangers cell survival;
therefore; this pathway is key for cell homeostasis, and also viral infection (23). Earlier
studies of AAVR functions, although few in number, suggested that limited AAVR
expression damaged cell robustness in terms of adapting to stress environments. Since
AAVR predominantly localized in the ER/Golgi (10), and ER stress with activation of the
UPR can be a very frequent cause of cell stresses (23), it was plausible that AAVR could
have roles in ER function and UPR regulation. As ER stress regulation involves multiple
pathways, with possible redundancy and cross talk, the technical dissection of these
processes was highly challenging. However, we not only detected up- and downstream
factors in major UPR pathways by Western blotting, but we also used luciferase-based
reporter quantitative assays in host cell transfections. Our approach greatly facilitated
a greater understanding of the terminal and PKD domains of the AAVR protein. We
postulated that, as a gene of long history and a protein of localization, AAVR could
serve as a native regulator (or a participant) of ER homeostatic maintenance. AAV infec-
tion could utilize such a function of AAVR and be partially used for transduction activa-
tion. This could elucidate why different AAV serotypes use a common receptor and
behave similarly during uncoating and transduction processes after cell internalization.

In cell biology, viral infection is closely related to UPR processes. Herpes simplex virus,
cytomegalovirus, hepatitis C virus, and others induce ER stress and activate UPR signaling
pathways (28–31). However, the UPR pathway appears to be required to establish productive

FIG 7 Activation of ATF6-mediated unfolded protein response facilitates AAV5 transduction in HeLa
cells. (A) Reporter assays showing ATF6, CHOP, and XBP1 activation in HeLa cells at 6 h post-AAV5
infection. (B) Western blot and densitometric quantification of ATF6, BIP, GRP94, and CHOP during
AAV5 infection time courses. (C) AAV5 transduction in HeLa cells treated with various reagents that
modulate AAV transduction. Data are presented as the mean 6 standard deviation (n $ 3). Statistical
significance was determined using the unpaired Student’s t test. *, P , 0.05; **, P , 0.01.
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infection of many viruses, such as Japanese encephalitis virus, Tula virus, and Zika virus
(32–35). The interplay of ER stress signals with viral entry is more frequently observed for
coated viruses, such as influenza virus and rotavirus, which differentially cross-activate
UPR mechanisms (36–38). As a primary choice for gene therapy vectors, whether AAV
infection alters UPR signals in host cells remains poorly characterized, as most target tis-
sues tolerate AAV infection even at high doses (multiplicity of infection/cell measures),
where changes in intracellular trafficking profiles were observed (39). Balakrishnan et al.
observed IRE1a and PERK signal activation at 12 to 48 h after AAV2 infection (22). We
observed that UPR alterations occurred much quicker during AAV infection. In our studies,
the induction of the ATF6 signaling pathway occurred 1 to 8 h after the infection of AAV2
(Fig. 4). AAVR is a high-affinity receptor for multiple AAV serotypes; it mediates postat-
tachment events for viral entry and rapidly undergoes endocytosis from the plasma mem-
brane to the TGN (40, 41). This allows the virus to mimic UPR conditions with the AAVR in
the loaded state and release its inhibition on ATF6 signal, which tricks host cells into acti-
vating the expression of downstream genes to facilitate AAV transduction. This suggests
that the tissue tropism of different AAV serotypes not only depends on the abundance of
receptors or coreceptors, but is also determined by ATF6 activation toward tissue-specific
AAV-facilitating genes. Thus, profiling ATF6 activity or analyzing the expression of down-
stream genes could sufficiently and dynamically approximate AAV infection behaviors in
both in vivo and in vitro applications. The underlining molecular mechanism needs to be
further studied.

The ER is a highly dynamic organelle, with complex functions significantly influ-
enced by multiple parameters, both inside the cell and the local microenvironment.
In addition, complex cross talk during ER stress signaling modules also leads to the
instability of endoplasmic reticulum signal and the difficulty of accurate quantifica-
tion (23, 42). Moreover, experimental transfection procedures can induce transient
disruption of cell measurements, especially when performing chemical stimulation
studies or investigating cell models. These issues contributed to study limitations
and complexity. For example, our data were often equivocal in terms of what was
usually expected from, e.g., reporter assays or mutant analyses. Our data showed the
N-terminal ectopic and C-tail intravehicle portions were important for inhibiting UPR
to different extents (Fig. 3). Using our data, we were unable to definitively assign pre-
cise functional contribution percentages for each PKD domain. Thus, multiple AAVR
protein segments appeared to contribute to ATF6 signal modulation, as many chap-
erone proteins, especially PKD family members, do not contain kinase-like domains
for specific activities. Maximum AAVR activity appears to require an intact protein
structure, similar to AAV2, which mainly interfaces with PKD2, whereas AAV5 contacts
the PKD1 domain of AAVR. Other serotypes (including AAV1 and AAV8) require a
combination of PKD1 and PKD2 for efficient viral transduction, but both AAV1 and
AAV8 bind only to PKD2 in virus overlay assays (11, 15, 16). AAVR is a multiserotype
receptor for AAVs and is the first example of a single receptor responsible for multiple vi-
ral strains. Although divergent interactions exist between multiple virus strains and AAVR,
the PKD 1 to 3 domains appear to be important and necessary. Coincidentally, PKD 1 to 3
were required for the inhibiting activity of AAVR in ATF6 signal (Fig. 3), suggesting an in-
tracellular function for PKD 1 to 3 as well as an interface for AAV binding. The mechanism
of AAVR inhibiting UPR, such as the interaction with ER chaperones or specific kinase of
ER stress signal, requires investigation in future studies.

An unresolved issue was the role of AAVR in ER stress regulation, which also
affected non-AAVR-dependent transduction. Also, how do variations in AAVR binding
affinities translate to altered ATF6 activation? The strength of the UPR was provoked
differentially by the distinct AAV serotypes during their intracellular trafficking (21, 39),
which could be due to the different binding properties between AAV and AAVR and
the different suppression effect released from the binding. Among the 13 distinct AAV
serotypes, AAV2 is traditionally used in broad tissue tropisms (3). However, recent
research demonstrated that AAV1 was more efficient in transducing muscle than AAV2
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(43). It was speculated that this higher transduction efficiency was due to AAV1’s
remarkably high AAVR binding affinity (13.9 nM) compared with that of AAV2 (57 nM)
(15, 16). AAV5 is distinct among the parvoviruses, as it was originally isolated from a
patient sample and has unique sequences and biochemical features (44, 45). AAV2
exhibited 6- to 32-fold higher transduction efficiencies than AAV5 in COS, HEK293,
HeLa, IB3, and MCF7 cells, but both viruses exhibited poor transduction efficiencies in
NIH 3T3, SKBR3, and T-47D cell lines (44). These features may be related to the binding
of virus particles to the AAVR or the inhibitory function of AAVR toward ATF6 signaling,
which may regulate infectious pathways and efficiency.

We used a spectrum of small molecule reagents to either induce ER stress via
UPR or modulate AAV transduction. In fact, a significant fraction of these reagents
displayed both functions. The regulation of ER stress by proteasome inhibitors in
cellular models was shown to influence AAV transduction (21). Remarkably, blocking
the ATF6 pathway by inhibiting ATF6 hydrolysis or activating GRP94 significantly
reduced the infection efficiency of AAV (Fig. 4). Correspondingly, promoting ATF6
signaling by proteasome inhibitors (TM, MG132, and Bort) significantly increased the
infection efficiency of AAV (Fig. 5). This finding suggests that proteasome inhibitors
benefit AAV transduction through the regulation of activation of ATF6 signaling
instead of preventing the protein degradation associated with ER stress. Notably,
the chemical stimulation inhibiting the activation of ATF6 signaling suppressed AAV
infection efficiency (Fig. 5D), suggesting a novel and effective strategy to regulate
AAV transduction. We demonstrated that effects of suppressing ATF6 signal on
attenuating AAV transduction were consistent with different chemical treatments.
However, it remains to be seen if enhanced AAV infection in ATF6 mutant models
can be achieved. These observations provide new insights on the search for com-
pounds which could facilitate improved AAV trafficking and transduction in human
gene therapy applications.

Deciphering the exact role of ATF6 on AAV transduction required further comprehen-
sive and in-depth mechanistic explorations. Due to the limitation of the present study,
several important questions remained to be unanswered, including finding the interac-
tive protein partner that is directly in contact with AAVR and its specific domains and
identifying the key participant involved in ATF6 upstream signal molecules and specific
downstream regulated genes. More elegant or advanced technology may be of great
help to address the unsolved issues, such as applications of AAVR knockout (or human-
ized knock-in mutant) transgenic mouse models, establishing single cell clones with dif-
ferent AAVR-KD levels, and conducting high-throughput screening experiments involv-
ing immunoprecipitation mass spectrum and sequencing technologies.

Conclusions. AAVR participated in the regulation of UPR processes and relieving ER
stress, specifically by suppressing ATF6 activation during different chemical stimulation
assays. The binding of AAV capsids to AAVR during infection released the inhibition of
AAVR on ATF6 cleavage for activation. ATF6 pathway and downstream signaling sup-
pression appeared to reduce AAV transduction efficiency. These observations provide
invaluable cell biological insights on the physiological role of AAVR, transduction acti-
vation, and intracellular trafficking during AAV infection.

MATERIALS ANDMETHODS
Tissue culture and cell treatments. The human embryonic kidney cell line HEK293T and the

human cervical carcinoma cell line HeLa were purchased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA). Cryopreserved male cynomolgus monkey (Macaca fascicularis) hepato-
cytes were purchased from Milestone Biotechnologies (Shanghai, China). A stable AAVR knockdown
HeLa cell line was generated as described previously (15). Briefly, shRNA sequences targeting AAVR
were designed and cloned into the pHS-GFP-2A-Puro plasmid. These shRNA sequences are shRNA-1,
59 AGATGTCTGCCAATAATATCC39, and shRNA-2, 59GAACTGAGGTGACACAATAGC39. Cells treated with
a scram-sequence were used as controls. HeLa cells were seeded in 12-well plates and transfected
with 1 mg shRNA plasmid using 3 mL polyethylenimine (PEI) transfection reagent (Invitrogen) (1 mg
mL21) in 50 mL Dulbecco modified Eagle medium (DMEM; Gibco) per well. The medium was changed
after 4 h, and cells were incubated for another 48 h before immunoblotting. Stably transfected cells
were selected with 1.5 mg/mL puromycin (Sigma-Aldrich) over 2 weeks until AAVR-silenced strains
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were generated. HeLa parental and knocked down cells were cultured in DMEM supplemented with
10% fetal bovine serum (Gibco) at 37°C in 5% CO2.

Monkey hepatocytes were seeded in seeding medium in precoated 24-well plates at 6 � 104 cells/
well. After 6 h, the medium was changed to culture medium according to the manufacturer’s instructions
(Milestone Biotechnologies). TM (HY-A0098; MCE), thapsigargin (HY-13433; MCE), dithiothreitol (HY-15917;
MCE), 3-MA (189490; Merck), chloroquine (HY-17589A; MCE), MG132 (C2211; Merck), bortezomib (Bort)
(HY-10227; MCE), melatonin (HY-B0075; MCE), AEBSF hydrochloride (AEBSF) (HY-12821; MCE), GRP94 inhib-
itor-1 (HY-112910; MCE), and PUGNAc (A7229; Merck) were used to evaluate AAVR biological functions.

Vector preparation and transfection. AAVR cDNA was cloned into the pcDNA3.1(1)-Myc tag vector
to generate the Myc tagged-AAVR expression construct, as described previously (15). Constructs of c0319
(containing the N-terminal 1 to 982 amino acids [aa] of AAVR and C-tail 1,006 to 1072 aa of KIAA0319),
cPVR (containing the N-terminal 1 to 982 aa of AAVR and C-tail 344 to 417 aa of poliovirus receptor), and
n0139 (containing the N-terminal 1 to 1,005 aa of KIAA0319 and C-tail 983 to 1,049 aa of AAVR) were PCR
amplified and subcloned into pcDNA3.1/CT-Myc as Myc fusion proteins. PKD 1 to 5 domain sequences
were amplified and subcloned into pcDNA3.1 to generate the AAVR mutants s41235 and s14253 using
NEBuilder HiFi DNA assembly master mix (E2621S; New England Biolabs, UK). Cells were transfected with
expression plasmids or shRNA constructs using PEI as described. At 48 h posttransfection, Western blotting
was performed to assess protein levels from corresponding genes.

pGL3-ATF6-Luc, pGL3-CHOP-Luc, or pGL3-XBP1-Luc reporters were used in HeLa cells to determine
the transactivation of ATF6, CHOP, and XBP1 induced by ER stress inducers. pGL3-ATF6-Luc was purchased from
Yeasen (11533ES03; Yeasen, China) and contained the ATF6 binding sequence, 59CTCGAGACAGGTGCTGACG
TGGCATTC39. pGL3-CHOP-Luc and pGL3-XBP1-Luc were constructed based on previous reports (46–48). Briefly,
the XBP-1 promoter (GenBank accession no. NG_012266, 2330 to 1129 region; these are nucleotide positions
relative to the transcription start site) and the CHOP promoter (GenBank accession no. NG_027674, 2870 to
117) were amplified from HeLa genomic DNA and cloned into the KpnI-BglI restriction sites of pGL3 (Promega),
which contained firefly luciferase coding sequence but lacked eukaryotic promoter or enhancer elements.

Virus production and purification. The packaging and purification of AAV2 or AAV5 was described
previously (15). Briefly, a triple-plasmid transfection (see below) was performed to generate recombinant
AAV2 or AAV5. HEK293T cells were cultured in 150-mm plates and at 80% confluence; they were trans-
fected with a pHelper plasmid (12 mg), pRC5/pRC2/pRC2-G265E-N268Q plasmids (10 mg), and pAV plas-
mid (6 mg). The pRC2-G265E-N268Q plasmid was generously provided by Z. Lou (15) and contained two
mutated AAVR-AAV2 compound binding sites. At 72 h posttransfection or when cytopathic effects were
observed, cells were centrifuged at 1,000 � g for 30 min at 4°C, and the pellet was resuspended in buffer
containing 10 mM Tris-HCl (pH 8.0). This suspension was subjected to four freeze-thaw cycles in dry ice/
ethanol and a 37°C water bath. Cell debris was sonicated and digested in DNase I (200 units in 1.5 mL
1% sodium deoxycholate) plus 0.05% trypsin for 1 h at 37°C. Following centrifugation at 10,000 � g for
10 min at 4°C, the supernatant was collected as an AAV crude lysate.

This crude lysate was diluted in 10 mM Tris-HCl (pH 8.0) to a final volume of 4 mL and bottom-
loaded in a discontinuous gradient of CsCl (1.25 g/cm3) and CsCl (1.50 g/cm3) in an 8.9-mL ultracentri-
fuge tube (3621623; OptiSeal). After ultracentrifugation at 200,000 � g for 8 h at 4°C, 1000-mL fractions
were collected. The titer-abundant fractions were combined and desalted using a 3-kDa cutoff ultrafiltra-
tion kit (4 mL; Millipore). Fraction titers were determined by quantitative PCR as previously described
and stored at280°C.

Cell viability. We seeded 5 � 103 cells/well in 96-well plates and cultured the cells for 1 to 3 days.
Cell viability was determined using a cell counting kit (KeyGen Biotech, China) according to the manufacturer’s
protocols. After processing, plates were scanned at 450 nm in a spectrophotometer (BioTek). Each final data
point generated an average from six replicates. Experiments were independently repeated three times.

Western blotting. Western blotting was performed as previously described (15). Briefly, cell lysates
were separated using 10% SDS-polyacrylamide gel electrophoresis and then transferred to polyvinylidene
fluoride membranes. Probing antibodies were against the following antigens: KIAA0319 (ab105385; Abcam),
Myc (2276; Cell Signaling Technology [CST]), Phospho-eIF2a (Ser51) (3398; CST), eIF2a (D7D3) (5324; CST),
CHOP (60304; Proteintech), GRP78/BIP (11587; Proteintech), GRP94 (14700; Proteintech), b-actin (66009;
Proteintech), and ATF-6a (sc-166659; Santa Cruz).

Immunofluorescence. HeLa cells, pretransfected with AAVR and AAVR mutant vectors, were seeded
onto glass coverslips in 24-well plates at 5.0 � 104 per well. Cells were fixed, permeabilized, blocked,
and finally washed in phosphate-buffered saline. Then, cells were probed with an antimyc marker and a
trans-Golgi marker, TGN46 (Novus Biologicals). After incubation with an Alexa Fluor 488 (Life
Technologies) and Alexa Fluor 594 secondary antibody (Life Technologies), cells were nuclear-stained
with Hoechst 33258 (Sigma-Aldrich). Finally, cells were visualized using a confocal microscope (TCS SP8;
Leica Microsystems, Germany). Control samples, without primary antibody, were prepared to assess non-
specific noise levels.

Dual-luciferase reporter assay. Cells were preseeded in 48-well plates for 24 h and transfected
with pGL3-ATF6-Luc, pGL3-CHOP-Luc, or pGL3-XBP1-Luc plasmids. Then, cells were assayed for lucifer-
ase activity using the Dual-Glo Luciferase assay system (Promega) according to the manufacturer’s
instructions. Firefly luciferase activities were normalized to Renilla luciferase activities. Data from at least
three independent experiments were used for analysis.

RNA extraction and RT-PCR. Total RNA was isolated using TRIzol (Life Technologies, Carlsbad, CA),
and the HiScript II Q reverse transcriptase (RT) kit (Vazyme, Nanjing, China) was used for reverse tran-
scription. PCR assays were conducted to amplify XBP1u and XBP1s. The XBP1u primers were forward 59-
CTTTTGCTAGAAAATCAGCTTTTACGAG-39 and reverse 59- AGAGGTGCACGTAGTCTGAGTGC-39. The XBP1s
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primers were forward 59-TTGCTGAAGAGGAGGCGGAAGCC-39 and reverse 59- CCTGCACCTGCTGCGGACT-
39. b-actin was used as a reference gene (forward 59- CATGTACGTTGCTATCCAGGC-39 and reverse 59-
CTCCTTAATGTCACGCACGAT-39).

AAV infections and luciferase reporter assays. Recombinant AAV2 and AAV5 vectors expressing
luciferase expression cassettes were used to evaluate viral transduction efficiency. At least 12 h prior to
infection, HeLa cells or monkey hepatocytes were seeded in 24-well plates at 80% confluence (approxi-
mately 5 � 105 cells per well). Purified AAV5-Luc and AAV2-Luc, in either wild-type or binding ability-
lose mutant AAV2-Luc (AAV2 G265E-N268Q), at 2,000 vg/cell were used to infect cells over 24 h.
Luciferase activities were then measured as described. Results from at least three independent experi-
ments were normalized to infected cell numbers and plotted as the mean6 standard error.

Statistical analysis. Analysis of variance (ANOVA) was used to determine statistical significance in
multiple groups. Student’s t test was used to compare cell functions between paired groups. A P value
of ,0.05 indicated statistical significance. Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA) was used
to plot the data.
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