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ABSTRACT

It is believed that DNA double-strand breaks induced by Zika virus (ZIKV) infection in pregnant women is a main reason
of brain damage (e.g. microcephaly, severe brain malformation, and neuropathy) in newborn babies [1,2], but its
underlying mechanism is poorly understood. In this study, we report that the depletion of ERp57, a member of the
protein disulphide isomerase (PDI) family, leads to the limited production of ZIKV in nerve cells. ERp57 knockout not
only suppresses viral induced reactive oxygen species (ROS) mediated host DNA damage, but also decreases
apoptosis. Strikingly, DNA damage depends on ERp57-bridged complex formation of viral protein NS2B/NS3. LOC14,
an ERp57 inhibitor, restricts ZIKV infection and virus-induced DNA damage. Our work reveals an important role of
ERp57 in both ZIKV propagation and virus-induced DNA damage, suggesting a potential target against ZIKV infection.
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Introduction

Mosquito-borne flaviviruses, such as dengue virus
(DENV), West Nile virus (WNV) and Zika virus
(ZIKV), have garnered significant global attention due
to their heightened transmissive rate and the escalating
incidence of congenital brain abnormalities [1,3,4]. Par-
ticularly noteworthy is the firmly established causal
relationship between ZIKV infection during pregnancy
and fetal microcephaly [5,6]. ZIKV possesses a single-
stranded positive RNA genome which is translated
into a large polyprotein. Subsequently, this polyprotein
undergoes proteolytic processing by host and viral pro-
teases, leading to the production of three structural pro-
teins and seven nonstructural proteins [7,8]. Recent
research have increasingly focused on elucidating the
functional roles of ZIKV nonstructural proteins, as
they play indispensable roles in viral life cycle [9]. Nota-
bly, ZIKV nonstructural protein 1 (NS1) exhibits the
ability to modulate the host antibody response and
may contribute to virus-induced oxidative stress [10].
In addition, NS4A and NS4B are believed to manipulate
host cell innate immune responses and autophagy
[11,12]. Furthermore, the combination of NS2B and
NS3 has been implicated in the cleavage and

subsequent inactivation of the mitochondrial-bound
enzymes [13-15].

Given that brain damage is a prominent consequence
of ZIKV infections, investigating its underlying mechan-
ism holds great promise for the development of antiviral
drugs. The accumulation of DNA damage emerges as a
significant factor contributing to brain malfunctions
[16-18]. Research demonstrated that DNA damage mar-
kers serve as indicators for individuals experiencing brain
damage following mild traumatic brain injury (mTBI)
[19]. Most viruses inevitably engage in host cell DNA
process, whether through modulating gene expression
and cellular DNA replication or due to viral genome inte-
gration. This probably triggers DNA damage response
(DDR), which is an evolutionary mechanism aimed
at preserving genetic integrity [20]. ATM (Ataxia telan-
giectasia mutated) and ATR (ataxia telangiectasia and
Rad3-related protein), members of phosphoinositide
3 (PI-3) kinase families, are activated in response to
DNA double-strand breaks (DSB) or single strand breaks
(SSB) respectively. They subsequently regulate cell cycle
progression and apoptosis [21].

Existing evidence suggests that ZIKV infection
leads to DNA double-strand breaks through activating
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ATM/ChK?2 pathway [2]. It is also reported that ZIKV
can impede host cell replication by arresting cells in S
phase [2]. However, the specific mechanisms invol-
ving host protein in this process remain elusive, and
the responsible viral protein is still veiled. ERp57 is a
member of protein disulphide isomerases (PDIs),
known for its multifunctional oxidoreductase and cha-
perone functions involved in catalyzing disulphide
bond formation, isomerization, and reduction within
the ER [22]. Considering the essential roles of PDIs
in oxidative protein folding and maintaining ER
homeostasis, they have emerged as potential contribu-
tors to a spectrum of diseases, including virus infec-
tion. The overexpression of PDI has been implicated
in facilitating viral membrane fusion, indicating a
potential mechanism by which viruses exploit the
PDI family to gain entry into host cells [23]. Moreover,
recent findings by Marco et al. have conducted redox
proteomics analysis of HPV positive tissues, revealing
a positive correlation between ERp57 expression level
and tissue redox status [24]. This observation suggests
a potential association between ERp57 and viral-
induced oxidative DNA and protein damage.
Additionally, studies have demonstrated a diminished
replication of influenza A and B virus with knock-
down of ERp57 [25]. However, the specific relation-
ship between ERp57 and ZIKV has never been
described.

In this study, we investigated the pivotal role of
ERp57 (PDIA3), an ER chaperone protein, in ZIKV-
induced DNA damage and viral activities. We show
that ERp57 is critical for ZIKV-induced endoplasmic
reticulum stress (ER stress) and reactive oxygen
species (ROS) production. Mechanistically, ERp57
serves as a facilitator for the formation of ZIKV
NS2B and NS3 complex, leading to increased DNA
damage, apoptosis, and viral infections. These findings
provide insight to the mechanism of ERp57 in sup-
porting ZIKV infections, suggesting a potential target
for developing antiviral strategies against ZIKV
infections.

Results

ERp57 depletion suppresses ZIKV production in
vitro

Stress proteins, known as chaperon proteins, are
actively synthesized and play a crucial role in respond-
ing to various cellular stresses and virus infections.
Previously, our group illustrated that heat shock pro-
teins (HSPs), including Hsp90p, Hsc70, Hsp27, and
ERp57, are important for enterovirus A71 (EV-A71)
infection [26-29]. However, apart from GRP78 and
Hsp70, limited information is available regarding the
functions of other HSPs in Zika virus (ZIKV) infec-
tion. RD cells are extensively used to study the

infections by ZIKV and other viruses [30,31]. In this
study, we discovered that both intracellular and extra-
cellular ZIKV RNA level and envelope protein level
decreased in the Hsp90p knockout RD cells (Figure
S1(A-D)). Similarly, silencing heat shock cognate
protein 70 (Hsc70) also restricted ZIKV RNA levels
and cytopathic effects (CPE) (Figure S1(E-H)).

Intriguingly, we observed an increased ERp57 level
in a time-dependent manner with ZIKV infections
(Figure S2(B)). To further explore the function of
ERp57 on ZIKV infections, we constructed two
ERp57 knockout RD cells (Figure S2(A and B)). Strik-
ingly, sharply decreased intracellular ZIKV RNA levels
were found in the two ERp57 knockout RD cell lines
after 24 or 48 h infections. The second knockout cell
line exhibited over 90% reduction in RNA levels at
48 h post-infection (Figure 1(A)). However, no notice-
able changes were observed during the virus absorp-
tion and entry process within the initial 5-hour
infection (Figure S2(C and D)). A previous study indi-
cated that the ubiquitination of ZIKV envelope
protein enhances viral entry by interacting with the
receptor TIM1 [32]. In our study, we detected that
ERp57 expression did not affect the RNA level of
TIM1 (Figure S2(E)). This highlights the impact of
ERp57 on other stages of the viral life cycle. Addition-
ally, less obvious cytopathic effects (CPE) were also
detected in the ERp57 knockout cells, shown by
fewer rounding and detached cells (Figure 1(B)). Con-
sistently, the plaque assay demonstrated a significant
reduction in viral titres with ERp57 knockout (Figure
1(C) and S2(F)).

Moreover, we applied OM (Oblongifolin M), an
inhibitor for PDI family proteins [27], to RD cells.
In consistent with knockout cell results, less obvious
CPE was discovered with OM treatment (Figure S2
(G)). Since ZIKV can cause neurological disorders,
the effect of ERp57 on ZIKV was further tested in
human glioblastoma cells (U87) and neuroblastoma
cells (SH-SY5Y) cell lines, which are widely used in
studies of the Zika virus and neuroscience [33-35].
Similarly, a decreased intracellular RNA level was dis-
covered in the ERp57 silencing U87 cells, and the
extracellular RNA decreased over 60% with ERp57
knockdown (Figure 1(D) and S2(H)). Correspond-
ingly, the viral titre in wild type cells was over 50
folds of the ERp57 silencing U87 cells (Figure 1(E)).
ERp57 silencing also protected glioblastoma cells
from severe CPE (Figure S2I). On the other hand,
ZIKV envelope protein level significantly decreased
in different ERp57 silencing cell lines, including RD,
A549, U87, and SH-SY5Y (Figure 1(F-H) and S2(J)).
Correspondingly, the expression of ZIKV envelope
protein level increased in a dose-dependent manner
with ERp57 overexpressed (Figure 1(I)). These results
indicated that ERp57 plays an important role in ZIKV
infections, which is cell type independent.
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Figure 1. ERp57 depletion suppresses ZIKV production in vitro. (A) Wild type RD and ERp57-KO cells were infected with ZIKV (MOI
=1). Intracellular RNA samples were collected at the indicated time post infection, later used for quantitative RT-PCR. (B) Repre-
sentative CPE images of wild type or ERp57-KO RD cells at 72 h after ZIKV (MOI = 1) or mock infection. CPE of ZIKV is indicated by
rounding and detachment of cells. (C) Wild type RD or ERp57-KO cells were infected with ZIKV (MOI = 1). Infectious viral particles in
culture supernatants and cell lysates were measured by plaque assay. (D) and (E) U87 cells were transfected with scramble siRNA
or siERp57 for 24 h. Cells were infected by ZIKV (MOI = 1) for 24 h. Intracellular RNA samples were collected and used for quan-
titative RT-PCR (D). Viral titre was determined by TCIDs, after the indicated viral infection time (E). (F)-(H) RD or A549 or U87 cells
were transfected with scramble siRNA or siERp57 for 24 h. Cells were then infected by ZIKV (MOl = 1) for the indicated time and
protein samples were analysed by western blot. (I) Wild type RD cells were transfected with ERp57 plasmid for overexpression.
Cells were infected by ZIKV (MOl =1) with 24 h and protein samples were harvested at the indicated time. Viral titres and
gRT-PCR data are means* SEM from three independent experiments. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001

(unpaired t-test).

ERp57 depletion reduces ZIKV-induced ER stress
and ROS production

ZIKV is known for inducing ER stress due to the over-
whelming burden placed on ER folding machinery
[36]. In our study, we discovered that ZIKV infection
triggered a robust upregulation level of GRP94, an ER
stress protein, and C/EBP homologous protein
(CHOP), a key marker of ER stress-induced apoptosis.
Remarkably, the depletion of ERp57 effectively
restricted the upregulation of these ER stress markers
(Figure 2(A,B,D), and S2(K)). The unfolded protein
response (UPR) is a cellular mechanism activated in
response to ER stress for restoring the homeostasis
in ER and ensuring normal protein folding. Strikingly,
we observed that ZIKV infection induces upregulation
of UPR-associated markers phosphorylated EIF2a and
IREla (Figure 2(C,D)). Notably, the increased level of
these markers was significantly attenuated upon

ERp57 depletion, highlighting the regulatory role of
this ER chaperone protein.

Considering the intricate interplay between ER
stress and ROS, we sought to investigate the potential
involvement of ERp57 in ZIKV-induced ROS gener-
ation, given its pivotal role in oxidative folding pro-
cesses. Our investigations revealed a discernible
augmentation in ROS levels after ZIKV infections.
Notably, the wild-type cells exhibited significantly
higher ROS levels in comparison to the ERp57 knock-
out RD cells (Figure 2(E)). Additionally, a significant
decrease in ROS fluorescence intensity was observed
in the ERp57-silenced A549 cells after ZIKV infection,
as shown by confocal imaging, microplate reader
analysis, and flow cytometry (Figures 2(F-I)). These
compelling findings underscore the indispensable
role of ERp57 in orchestrating ZIKV-triggered ER
stress and ROS induction, highlighting its
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Figure 2. ERp57 depletion inhibits ZIKV-induced ER stress and ROS production. (A) U87 cells were transfected with scramble siRNA
or siERp57 for 24 h. Intracellular RNA samples were collected after 24 h infection, later used for quantitative RT-PCR. (B) Wild type
RD and ERp57-KO cells were infected with ZIKV (MOl = 1). Intracellular RNA samples were collected at indicated time point, later
used for quantitative RT-PCR. (C) RD cells were transfected with scramble siRNA or siERp57 for 24 h. Protein samples were har-
vested after 48 h ZIKV infection (MOI=1). (D) Both wild-type and knockout RD cells were infected with ZIKV (MOI=1) for
48 h and the protein expression were analysed by western blot. (E) Immunofluorescence images showing ROS in WT and KO
RD cells. Cells were infected with or without Zika virus (MOl = 1) for 24 h. Cells were stained with ROS (green) and DAPI (blue)
and visualized under confocal microscope. (F-1) A549 cells were transfected with either scramble siRNA or siERp57 for 24 h, fol-
lowed by ZIKV infection for the indicated time. ROS production was stained and measured by confocal image (green) (F), micro-
plate plate reader (G), and flow cytometry (H and I). Results were expressed as mean =+ standard deviation (error bars) of at least
three repeats. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001 (unpaired t-test).

multifaceted involvement in the cellular response to
ZIKV infection.

To further confirm our finding, we performed the
neutral comet assay to assess the DNA double strand
breaks (DSBs) generated by ZIKV infection [41]. By
evaluating the length of comet-like tails, we uncovered
a physical increase in DNA DSBs upon ZIKV infec-
tion. Notably, the presence of ERp57 is necessary for

ERp57 depletion decreases ZIKV-induced host
cell DNA damage

ROS is a well-known inducer of DNA damage and
ZIKV is found to cause DNA damage [37,38]. We
employed 8-oxoguanine, a widely recognized marker
for oxidative DNA damage [39,40], to investigate the
potential contribution of ERp57 on ROS induced
DNA lesion. In the wild-type RD cells with ZIKV
infection, we observed a progressive increase in the
number of green foci, thereby suggesting heightened
DNA lesions resulting from oxidative stress after
ZIKV infection, whereas 8-oxo-foci was barely visible
even after 48 h of ZIKV challenge in the ERp57-
depleted cells (Figure 3(B) and S3(A)).

the generation of host cell DNA damage, as evidenced
by shorter and smaller comet tail length in the knock-
out cells (Figure 3(A)). These findings provided strong
evidence that ZIKV infection could induce oxidative
DNA damage, wherein the involvement of ERp57 is
critical.

To further validate our results, we conducted
immunofluorescence and immunoblotting assays to
examine y-H2AX activation, a key marker of DNA
damage response initiation. In wild-type cells, ZIKV
infection led to a significant increase in y-H2AX
level, particularly after 48 h. However, ERp57
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Figure 3. ERp57 depletion decreases ZIKV-induced host cell DNA damage. (A) Representative comet assay images of ZIKV-induced

DNA fragmentation. Cells were infected with Zika virus (MOl = 1) 24 h or 48 h before being harvested. Each round dot represents
the original cell nuclear area, while the comet shaped tails to the left indicate fragmented DNA. The bigger the DNA tail area or the
longer the DNA tail length, the more significant the damage. (B) Immunofluorescence images showing accumulated 8-oxoguanine
within WT and KO RD cells. Cells were infected with Zika virus (MOl = 1) 24 h or 48 h before being harvested. Cells were fixed and
stained with anti 8-oxoG (green) fluorescence antibody and DAPI (blue) and visualized under confocal microscope. (C) Immu-
nofluorescence images showing foci of gamma H2AX within nucleus of ZIKA infected RD cells. WT and ERp57-KO RD cells
were infected with ZIKA virus (MOl = 1) for the indicated time. The cells were fixed and stained with anti-gamma H2AX (red)
and ERp57 (green) fluorescence antibody afterwards. (D) Wild type or knockout RD cells were infected with ZIKA virus (MOl =
1). Cell lysate was collected at the indicated time point, and protein expressions were analysed over a time course. (E) and (F)
Wild type or knockout RD cells were infected by ZIKV at MOI =10 for the indicated time. Nuclear and cytosol protein were

extracted and separated by Beyotime Kit. The protein expressions were analysed by western blot.

knockout cells exhibited consistently low levels of y-
H2AX foci (Figure 3(C-D) and S3(B-C)). Similar
results were observed in the U87 cell lines and SH-
SY5Y (Figure S3(D-E)). We also discovered that
H,0, treatment (ROS induction) triggered more
DNA damage with the help of ERp57 (Figure S3
(F)). Furthermore, we assessed the expression and
activation level of other DDR related factors. When
sensing a DSB, ATM kinase can phosphorylate and
activate y-H2AX at Ser-139 (y-H2AX) [42,43]. An
elevation of ATM level was also detected after virus
infection in the wild type cells, while ERp57
knockout cells exhibited lower expression levels
(Figure 3(D)).

In addition, Radl, Rad9, and Husl are recruited
and formed a 9-1-1 complex when sensing DDR.
Under normal conditions, Husl predominantly
remains in the cytoplasm, while its nucleus localiz-
ation requires Rad9’s nuclear localization signal
(NLS) upon DNA damage sensing [44]. We observed
that the expression level of Husl and Rad9 remained
consistent regardless of the presence of ERp57 (Figure
3(D) and S3(G-H)). However, in the wild type cells, a
significant proportion of Husl localized in the
nucleus, while in the knockout cells, the majority
remained in the cytosol, even following ZIKV infec-
tion (Figure 3(E,F)). Furthermore, a co-immunopreci-
pitation assay showed that the binding of Husl and
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Rad9 only existed in the wild-type RD cells with ZIKV
infection, indicating reduced DNA damage in the
knockout cells (Figure S3(I)).

Moreover, we investigated the level of PARP1 (poly
(ADP-ribose) polymerase 1), a key marker in DNA
repair process. We detected a great increase of
PARPI1 level in the nucleus after ZIKV infection
(Figure 3(E,F)). However, the expression of PARP1
was lower in the ERp57 knockout cells, suggesting
diminished DNA damage and repair (Figure S3(J)).
Collectively, these results strongly support the require-
ment of ERp57 for ZIKV-induced DNA lesion and
subsequent DDR activation.

ERp57 depletion inhibits ZIKV-induced
apoptotic cell death

Apoptosis is a common consequence of DNA damage
for protecting normal cellular activities from damaged
cells. To elucidate the mechanism by which ERp57
depletion suppressed ZIKV infection induced cell
death, we conducted the flow cytometry experiment.
Both the early (Annexin positive/PI negative) and
late apoptotic cells (Annexin positive/PI positive) dra-
matically increased after ZIKV infection as compared
to the mock group and the apoptotic cells could be
observed as early as 24 h post ZIKV infection. More
importantly, the percentage of cells in both early and
late apoptotic stages showed a significant drop in the
ERp57 knockout groups compared to wild type cells
(Figure 4(A,B)).

p53 plays a central role in DNA damage response
and acts as a coordinator in DNA repair by halting
cell cycle and inducing apoptosis. We first observed
an increased level of p53 with ZIKV infection, which
was consistent with others finding that ZIKV can elicit
p53 activation and apoptosis (Figure 4(C) and S4(A-
B)) [45]. Interestingly, the RNA level of p53 decreased
about 38% in the ERp57 knockdown U87 cells com-
pared to the wild type cells after 36 h ZIKV infection
(Figure 4(C)). Similar results were found in p53
protein level (Figure S4(A and B)). Moreover, the
expression level of p21, a p53-inducible protein,
remained low in the ERp57 knockout RD cells (Figure
S4(B)), which illustrated the importance of ERp57 in
DNA damage-induced apoptosis after ZIKV infection.

On the other hand, we also analysed several signal
transducers of the apoptosis pathway to confirm the
results. A marked increase could be observed in the
activation level of pro-apoptosis factor, Bax, after
ZIKV infection in the wild type cells, while their
expression maintained low in either ERp57 knockout
RD cells or ERp57 silencing U87 cells (Figure 4(D-E
and G) and S4(C)). Remarkedly, the RNA level of
BAX decreased over 66% in the knockout cells com-
pared to wild type cells after 48 h infections (Figure
4(E)). On the other hand, the expression and

phosphorylation level of anti-apoptosis factors,
including Bcl-xL, Bcl-2, and GSK3B was higher in
the ERp57 depleted cells (Figure 4(F-G) and S4(D)).
More importantly, the cleaved form of caspase 3 and
8, the key regulators of apoptosis, were reduced in
the ERp57 knockout cells (Figure 4(H)). These
findings demonstrated that ERp57 played a key role
in ZIKV-induced apoptotic cell death.

ERp57 is critical for ZIKA nonstructural protein
expression and function

Numerous studies have elucidated the significance of
ZIKV nonstructural proteins in viral life cycle and
their impact on viral activities. We hypothesized that
ERp57 may influence the expression levels of these
nonstructural proteins, thereby modulating the sub-
sequent DNA damage response. Consistent to other’s
findings [46], ZIKV NS5, the viral RNA dependent
RNA polymerase (RdRp), was predominately located
within host cell nuclei (Figure 5(A)). Interestingly,
the existence of ERp57 does not affect either the local-
ization or the expression of NS5 (Figure 5(A,B)).
However, we detected an interesting pattern that the
expression of NS1, NS2B, and NS3 decreased mark-
edly in the knockout RD cells (Figure 5(C)). A similar
result was found in the ERp57 silencing nerve cells
(Figure S5(A and B)).

Given the previous data highlighting the signifi-
cance of NS1 in ER remodelling [47], our focus shifted
towards investigating the impact of ERp57 affects NS1
expression and its associated DNA damage. Consist-
ent with the western blot result, a significant decrease
of NS1 was detected in the ERp57 knockout cells,
shown by immunofluorescence (Figure 5(D)). To
further validate if NSI is necessary for ZIKV-induced
DNA damage, we transfected NS1-Flag expression
plasmid into cells during ZIKV infection and per-
formed immunoblotting to analyse several signal
transducers of the DDR and apoptosis pathway
(Figure 5(E)). Consistent with the previous data, we
detected a reduced expression level of DNA damage
marker (y-H2AX) and pro-apoptosis factor (Bax),
accompanied by an elevated level of the anti-apoptosis
factor (Bcl-2) in the ERp57-depleted cells after ZIKV
infection compared to the wild type cells. However,
NS1 significantly restored the level of y-H2AX and
Bax while decreasing the expression of Bcl-2 in the
knockout cells, proving that NS1 protein helped
ZIKV-induced DNA damage response and apoptosis.

However, the presence of ERp57 did not influence
NS1 induced DDR and apoptosis when cells were
not infected with ZIKV simultaneously. In the wild
type cells, the expression of y-H2AX level increased,
while Bcl-2 level reduced after NS1 transfection. How-
ever, those protein levels were similar in both wild
type and the ERp57 knockout cells with NSI
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Figure 4. ERp57 depletion inhibits ZIKV-induced apoptotic cell death. (A) and (B) Flow cytometry analysis of ZIKV-induced early-
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(double positive) cell populations are shown as percentage (B). (C) and (D) and (F) U87 cells were transfected with scramble siRNA
or siERp57 for 24 h. Cells were then infected by ZIKV (MOI = 1) for the indicated time. Intracellular RNA samples were then col-
lected and used for quantitative RT-PCR. (E) Both wild type RD cells and knockout cells were infected by ZIKV (MOI = 1) for the
indicated time. Intracellular RNA samples were then collected and used for quantitative RT-PCR. (G) and (H) Representative images
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with ZIKA (MOI = 1), and protein expression analysed over indicated time course. *P < 0.05, **P < 0.01, ***P <0.001, ****P <

0.0001 (unpaired t-test).

expression (Figure 5(F)). Together, these results
suggested that ZIKV NS1 protein is important for
viral induced host cell DDR and apoptosis, but it
does not depend on ERp57.

ERp57 helps NS2B and NS3 binding to promote
DDR

Since ERp57 expression did not influence the NS1
induced DDR and apoptosis, we assumed that other
ZIKV proteins were involved in this process. The
viral proteases NS2B and NS3 complex formation is
important for viral transcription and many other
viral activities [48,49]. First, we discovered that the
y-H2AX expression was higher in wild type RD cells

with NS2B or NS3 expression alone, compared to the
knockout RD cells (Figure 6(A) and S6(C)). Surpris-
ingly, the increased level of y-H2AX became more
obvious with NS2B and NS3 coexistence (Figure 6(A)
and S6(A-B)), while its level was still low in the KO
cells (Figure 6(A)). Similarly, a decreased y-H2AX
level was detected in ERp57-silenced SH-SY5Y cells
with NS2B and NS3 transfection (Figure S6(D)).
Additionally, we used immunofluorescence to further
illustrate this finding. In the ERp57 knockout cells,
the intensity of y-H2AX produced by NS2B or NS3
decreased markedly (Figure 6(B,C)). More importantly,
the existence of both NS2B and NS3 expanded the
DNA damage on wild type cells, while the influence
on the knockout cells was still minimum (Figure 6
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ZIKV (MOI = 1) at the indicated time and protein level was analysed by western blot. (D) Both WT and KO RD cells were infected
with ZIKV (MOI = 1) for the indicated time. Cells were fixed and stained with anti-NS1 (green) fluorescence antibody and DAPI

(blue) and visualized under confocal microscope. (E) Both wild

type RD cells and ERp57-KO cell line were transfected with

NS1-flag plasmid or vector, then infected with ZIKV (MOl = 1) for 48 h. Protein samples were blotted to investigate the expression

level of NS1 and other DDR related factors. (F) Western blot images
vector for 24 h.

(D)). Further, an elevated ROS level was detected in
wild type cells after co-transfecting NS2B and NS3
(Figure S6(E)). Therefore, NS2B and NS3 complex
can cause ROS and severe DNA damage to cells and
ERp57 is important during this process.

The next question raised to us: how does ERp57
get involved in NS2B and NS3 complex and induce
DNA damage. We first confirmed the binding
between NS2B and NS3 in the wild-type RD cells
(Figure 6(E) and S6(F)). Surprisingly, we detected
an interaction between ERp57 and NS2B, but not
with NS3, by immunofluorescence and Co-immuno-
precipitation assay (Figure 6(F) and S6(F-G)). How-
ever, the interaction between ERp57 and NS3
appears with NS2B existence, and their binding is
likely to be located on ER (Figure S6(H)). We further
wondered if the binding of ERp57 and NS2B could
impact the formation of NS2B and NS3 complex.
Interestingly, we observed a decreased binding
between these two proteases in the ERp57 knockout
cells (Figure 6(G-I)). Similar results were confirmed
by confocal images (Figure 6(E)). These indicated
that the interaction between ERp57 and NS2B pro-
moted the binding of NS2B and NS3 in the wild
type cells. However, the generation of NS2B and

of WT and ERp57-KO cells transfected with NS1-Flag plasmid or

NS3 complex was interfered in the knockout cells,
which caused less severe DNA damage to cells.
Therefore, ERp57 is the key factor to bridge NS2B
and NS3 complex formation for the induction of
DNA damage.

ERp57 inhibitor decreases ZIKV infection and
virus-induced DNA damage

A previously reported ERp57 reversible modulator,
LOC14, can bind to the active site of ERp57 and
decrease its reductase activities [50]. LOC14 was
found to decrease ER stress and influenza A level
[51,52]. We therefore examined the effect of LOC14
on ZIKV infections. The CCK-8 assay showed that
LOCI14 only affects cell growth at high concentration
(Figure S7(A)). Moreover, we discovered that LOC14
significantly decreases ZIKV RNA level (Figure 7
(A)). Both ZIKV envelope and NS3 protein levels
were also inhibited by LOC14 in a dose-dependent
manner (Figure 7(B)). Notably, the ZIKV-induced
CPE and viral titre were attenuated after LOC14 treat-
ment (Figure 7(C) and S7(B-C)). Additionally, confo-
cal microscopy results showed a decreased ZIKV
envelope level upon LOC14 treatment (Figure S7(D)).
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To further illustrate the importance of ERp57 in
ZIKV-induced DNA damage, we treated cells with
different concentrations of LOC14 along with ZIKV
infections. We observed a dose dependent reduction
in y-H2AX with LOC14 treatment (Figure 7(D)). A
similar result was confirmed by immunofluorescence
image (Figure 7(E)). Both phosphorylated EIF2a and
Caspase 3 level decreased with LOC14 treatment, indi-
cating restricted ER stress and apoptosis (Figure S7
(E)). Since ERp57 is critical for ZIKV NS2B and NS3
proteins to induce DNA damage, we used LOC14 to
further confirm this mechanism. Interestingly,
LOCI14 inhibited y-H2AX levels caused by NS2B and
NS3 transfection, shown by both western blot and
confocal image (Figure 7(E,F)). Our findings demon-
strate that the ERp57 inhibitor, LOC14, can effectively

inhibit ZIKV replication and virus-induced DNA
damage, suggesting its potential as a therapeutic can-
didate against ZIKV infections.

Discussion

Stress proteins are known to play critical roles in
maintaining homeostasis in host cells. Recently, their
involvement in viral infections has gained particular
attention. Previous research found the interaction
between GRP78, an ER-resident chaperone protein,
and ZIKV envelope protein, highlighting the role of
ER proteins in ZIKV replication [53]. Here, we ident-
ified another ER chaperon protein, ERp57, shares a
close relationship with ZIKV infections. Previous
work demonstrated the involvement of ERp57 on
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lysed by western blot. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001 (unpaired t-test).

neurodegenerative diseases [54], suggesting its potential
relevance in the context of ZIKV, which is associated
with neurological complications. Indeed, we observed
a significant decrease in viral load after silencing
ERp57 expression in human glioblastoma cells (U87)
and neuroblastoma cells (SH-SY5Y). This finding
uncovers a distinctive association between ERp57 and
viral infections, providing further insights into the intri-
cated interplay between ER proteins and pathogenesis.
When viruses invade cells, they initiate the production
of various viral proteins and cause an accumulation of
unfolded or misfolded host proteins. This disrupts ER
homeostasis, resulting in ER stress, which is linked to
oxidative stress due to the dysregulated disulphide
bond formation [55]. Several studies have highlighted
the role of ER stress and the disruption of redox balance
in the establishment of Zika virus infections [38,56].
ERp57, a thiol-disulphide oxidoreductase, is respon-
sible for catalyzing the formation, isomerization, and
reduction of disulphide bonds within ER. This under-
scores the significant role of ERp57 in ZIKV-induced
ER stress and ROS generation. Our study demonstrated
that ERp57 facilitated the formation of the NS2B and
NS3 complex. Additionally, we observed reduced levels
of the ER stress marker IRE1a and decreased ROS levels
in ERp57-silenced cells. The accumulation of ROS may
further influence viral pathogenesis and cellular
responses.

Viral infections are found to participate in host cell
DNA regulation and probably cause DNA damage.
For example, DNA viruses possess genomes capable
of directly activating DDR, triggered by viral DNA
entry or replication. RNA viruses such as retrovirus
which undergo reverse transcription and rely on a
DNA intermediate for replication, can also activate
DDR. Notably, a retroviral protein, HIV-1 Tat protein,
involved in viral transcription, has been reported to
induce increased ROS production and DNA damage
[57]. Although ZIKV does not undergo reverse tran-
scription, previous research also found it has been
linked to DNA damage [2]. Besides this, we revealed
a decreased level in H2AX phosphorylation in the
ERp57 silenced nerve cells, which indicates that
ERp57 acts as a key regulator in ZIKV-induced
DNA damage. Given the accumulation of DNA
damage is recognized as a significant factor contribut-
ing to brain dysfunction, this suggests that ERp57 can
potentially mitigate brain damage caused by ZIKV
infection.

Apoptosis, a programmed cell death process, is
often triggered when excessive DNA damage is pro-
duced that cannot be effectively repaired. The acti-
vation of the tumour suppressor protein p53 is
usually preceded for apoptosis and prevents the
propagation of cells with DNA damage, which further
induces the expression of other pro-apoptosis factors,



such as BAX. In our study, we discovered a promoted
level of p53 and BAX in both RD and U87 cell lines
upon ZIKV infections, indicating as a cell type inde-
pendent activity. However, the expression of those fac-
tors decreased significantly in the ERp57 depleted
cells. Together, these results suggested that ERp57 is
necessary for the induction of DNA damage and sub-
sequent apoptotic response caused by ZIKV infection.

Emerging evidence revealed that ZIKV nonstruc-
tural proteins target various host proteins, facilitating
viral replication and survival. NS5 has the potential to
impact host DNA damage by directly binding to host
DNA and regulating gene transcription [58]. Although
we confirmed the presence of NS5 in the nucleus, its
expression does not change with or without ERp57.
However, we found that ERp57 can affect ZIKV NS1
protein expression, but the ability of NS1 to manip-
ulate the host cell's DDR and apoptosis does not
require ERp57. Other research demonstrated that
NSI interacted with GRP78 and the NS1 expression
was inhibited by GRP78 inhibitor treatment [59]. Sub-
sequently, we identified that NS2B and NS3 probably
serve as the key mediators. The DNA damage markers
upregulated significantly with NS2B and NS3, while
their levels dropped in the ERp57-depleted cells. Pre-
vious studies found the formation of NS2B and NS3
complex is important for viral replication, and various
compounds have been designed to target this complex
for antiviral purposes [60,61]. Flavivirus NS2B func-
tions as a cofactor and the binding with NS3 is necess-
ary for the proteolytic processing of polyproteins [62].
Interestingly, previous research has demonstrated that
NS3 alone can induce apoptosis independently of
NS2B. In our research, we revealed that while y-
H2AX level slightly decreased in the ERp57 knockout
cells with NS2B or NS3 alone, the difference became
significantly more pronounced when NS2B and NS3
were present simultaneously. This indicated that the
complex formation of NS2B and NS3 acts as a key reg-
ulator for ERp57 dependent DNA damage caused by
ZIKV.

Then we thought to investigate the involvement of
ERp57 in the induction of DNA damage by NS2B and
NS3. ZIKV NS2B is a transmembrane protein, with its
N and C termini tightly associated with ER membrane
[63], indicating a potential interaction between NS2B
and ERp57. To test this hypothesis, immunofluores-
cence assays and Co-IP experiments were performed,
providing evidence for the physical association
between NS2B and ERp57. Moreover, this interaction
was found to facilitate the formation of the NS2B/NS3
complex. Previous study has demonstrated that ZIKV
NS3 itself localizes within mitochondrial, while NS2B
serves as a recruiter, directing NS3 to the ER. Notably,
NS2B mutations that lacks the help of NS3 protease
activity inhibit ZIKV replication [64]. This probably
explains that the disrupted binding between NS2B
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and NS3, resulting from the absence of ERp57, leads
to attenuated ZIKV infections. Additionally, NS2B
and NS3 complex, the serine protease, is essential for
polypeptide cleavage and the production of other
viral proteins [13]. This offers a rationale for the
decreased NS1 expression in the ERp57 knockout
cells. Consequently, our work uncovers that the inter-
action between NS2B and ERp57 emerges as a critical
determinant in NS2B/NS3 induced DNA damage.

In conclusion, our study provides novel insights
into the role of ERp57 in ZIKV replication and propa-
gation. We have discovered that ZIKV induces DNA
damage and apoptosis, and this effect is attenuated
in the ERp57 depleted cells. Additionally, we have
identified that NS2B/NS3 complex as a key regulator
of ZIKV-induced DNA damage, with ERp57 facilitat-
ing the interaction between these proteins. This obser-
vation explains the reduced DNA damage in the
ERp57 knockout cells during ZIKV infection (Figure
6(J)). More importantly, the ERp57 inhibitor,
LOC14, significantly decreases ZIKV infection and
ZIKV-induced DNA damage. Our findings unveil a
previously uncharacterized mechanism by which
ZIKV nonstructural proteins contribute to DNA
damage. The findings from this study are not only use-
ful to design additional studies to unravel the under-
lying mechanism of ZIKV pathogenesis and tropism
on neural tissue, but also helpful to develop strategies
against ZIKV infections.

Materials and methods

Virus, cells, and reagents

Human rhabdomyosarcoma cell line (RD), U87
(human glioblastoma cell line), HEK293 cells were
cultured using Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) with 10% fetal bovine serum (FBS,
Gibco) and 10 U/ml penicillin-streptomycin (PS,
Gibco) in a humidified incubation chamber with 5%
CO, at 37°C. Cell cultured adapted MR766 ZIKV
strain (VR-1838) was purchased from ATCC on 90%
confluent monolayer cells in DMEM with 2% FBS.
Virus titres were determined by plaque assays in RD
cells.

Oblongifolin M (OM) is an inhibitor for PDI family
proteins [27]. The inhibitor powder was dissolved in
DMSO, and then diluted to desired concentration
with blank DMEM medium. OM solution was added
to RD cells directly after ZIKV infection and left in
the culture medium until cells were collected for
data analysis.

Knockout by CRISPR-Cas9/sgRNA

Two sgRNAs targeting ERp57 were designed and
inserted in the lentiCRISPRv2 vectors. Lentiviral vec-
tors were generated in HEK 293 T cells. RD cells were
infected and selected with puromycin. Cell colonies
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were obtained from single cells, and the effects of
knockout were detected by western blot assays.

Plaque assay

Vero cells were seeded in a 12-well plate for 24 h. Cells
were washed with PBS once and infected with virus
samples for 1 h. The culture supernatant was aspirated
and replaced with DMEM containing 1% low-melting
agarose and 2% FBS. Viral plaques were stained with
crystal violate solution and counted 4 days post
infection.

TCIDs,

RD cells were seeded into 96-well plates for 24 h
before infection, then cells were infected by 100 ul
per well of serial 10-fold diluted supernatant in quin-
tuplicate. The 50% tissue culture-infected dose
(TCIDsg) was calculated by the Reed-Muench method
after 96 h of infection.

RNA isolation, reverse transcription, and qRT-PCR
Total RNA from cells or viruses was extracted with
TRIzol (Thermo Fischer Scientific). Viral RNA copies
were measured by qRT-PCR PrimeScript RT reagent
Kit (Takara), as specified by manufacturers. SYBR
Premix Ex Taq™ (Takara) was used to analyse
mRNA levels on a StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems). The program is shown in
following: 95°C for 30s followed by 40 cycles of 95°C
for 5 s and 60°C for 30 s. Target gene’s RNA transcrip-
tional level was normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) in the same sample
and results were calculated using 27**“' method.
The primers used in this study were (Table 1):

Flow cytometry assay

Apoptosis

Treated cells were collected with trypsin and trans-
ferred to clean 1.5 ml microtubes. The collected cells
were stained with a Propidium Iodine (PI) and Annex-
inV staining solution according to the manufacturer’s
instructions. Cells were selected depending on FSC
and SSC and the gating of cell population was deter-
mined by healthy wild type RD cells. 10,000 cells per
sample were analysed by BD FACSCanto machine
(BD Biosciences). Cells were distinguished as follows:
healthy cells (Annexin V7/PI'), early apoptotic
(Annexin V*/PT’), late apoptotic (Annexin V*/PI"),
and necroptotic (Annexin V*/PI"). Data were ana-
lysed by FlowJo software program.

Reactive oxygen species (ROS) detection assay

Treated cells were collected in 1.5 ml microtubes by
trypsin. The assay was done by using ROS assay kit
(Solarbio CA1410). Cells were stained with ROS fluor-
escent probe DCFH for 20 min with occasionally

shaking and were then washed by blank medium with-
out FBS for three times. Stained samples were analysed
using a BD FACSCanto machine (BD Biosciences) and
data were analysed using Flow]Jo software.

Comet assay

The extent of DNA damage was evaluated by the
comet assay, which was performed under alkaline con-
ditions. A freshly prepared suspension of treated cells
in 1% low melting point agarose dissolved in phos-
phate buffered saline was cast onto microscope slides
precoated with 0.5% normal melting agarose. The
cells were then lysed for 1 h at 4°C in a buffer consist-
ing of 2.5 M NaCl, 100 mM EDTA, 1% Triton X-100,
10 mM Tris, pH 10. After the lysis, DNA was left to
unwind for 40 min in electrophoretic solution consist-
ing of 300 mM NaOH, 1 mM EDTA, pH > 13. Electro-
phoresis was conducted for 30 min at electric field
strength 0.73 V/cm (30 mA). The slides were then
neutralized with 0.4 M Tris, pH 7.5, and stained
with DAPIs [31].

The slides were examined at fluorescence micro-
scope (Nikon, Tokyo, Japan) equipped with a UV
filter block consist of an excitation filter (359 nm)
and barrier filter (461 nm) and connected to a per-
sonal computer-based image analysis system. 5-10
images were randomly taken from each experimental

group.

Lentivirus package

Lentiviral vectors were prepared as described pre-
viously [65]. Briefly, HEK293 T cells were seeded in
10-cm cell culture dishes 24 h before transfection.
Plasmids were transfected along with psPAX2 and
pMD2.G lentivirus packaging system plasmids into
HEK293 T cells. Plasmids containing genomes
encoding ZIKV nonstructural proteins were pur-
chased from Addgene, including NS1 (#79633),
NS2B (#79637), NS3 (#79635), NS4a (#79636), NS5
(#79639). The supernatant of cells was collected
and centrifuged after 48 h transfection and stocked
in —80°C. Both wild type RD cells and ERp57 knock-
out cells were infected by lentiviruses for 48 h and
then were selected in fresh medium containing
puromycin.

Immunoblotting

WT and ERp57~'~ RD cells were either directly
infected with ZIKV or transfected with the plasmids
listed in the main text and, where indicated, infected
with ZIKV afterwards. Cells were treated with lysis
buffer after indicated time (50 mM tris-HCl (pH
7.5), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1x pro-
tease inhibitor (Roche), 1x Phostop (Roche) if
needed). The cell extracts were immunoblotted with
the indicated antibodies to measure the level of the
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sense (5’-3') antisense (5-3")
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
ZIKV TGCCCAACACAAGGTGAAGC ACTGACAGCATTATCCGGTACTC
p53 GAAATTTGCGTGTGGAGTATTTG GTTCCGTCCCAGTAGATTACCAC
BAX TCCCCCCGAGAGGTCTTTT CGGCCCCAGTTGAAGTTG
Bcl-xL GGGTAAACTGGGGTCGCATTGTG AAAGTATCCCAGCCGCCGTTCTC

expressed proteins. Anti-Pactin, anti-GAPDH, anti-
ERp57 and other antibodies for apoptosis factors
were purchase from Santa Cruz, anti-H2AX, anti-
ATM and anti-p-ATM antibodies were purchased
from Cell Signaling Technology, rabbit anti-ZIKV
NS1 and other nonstructural protein antibodies were
purchased from GeneTex, anti-Flag tag antibodies
(Sigma-Aldrich) were also used for detection at the
appropriate dilutions.

Immunoprecipitation and

coimmunoprecipitation

WT and ERp57~'~ RD cells were infected by ZIKV at
MOI = 1. Thirty hours after transfection, protein was
extracted using solution A (50 mM tris-HCl (pH
7.5), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100,
1 mM PMSF, and 1x protease inhibitor). An aliquot
of the extracts was immunoblotted with the indicated
antibodies. The remaining extracts were immunopre-
cipitated using Sepharose beads bound to anti-Husl
or anti-NS2B antibodies at 4°C overnight. After wash-
ing the Sepharose beads four times with solution B
(50 mM tris-HCI (pH 7.5), 150 mM NaCl, 0.2% Triton
X-100, and 1 mM PMSF), proteins were eluted by
heating the beads to 95°C in 1x SDS-polyacrylamide
gel electrophoresis loading buffer (50 mM tris-HCI
(pH 6.8), 2% SDS, 6% glycerol, and 2% [-mercap-
toethanol). The eluate was analysed by immunoblot-
ting with the indicated antibodies.

Immunofluorescence staining and confocal
imaging

WT and ERp57~'~ RD cells were seeded in 24-well
plates with a pre-coated coverslip in each well. After
indicated time of infection, cells were fixed with 4%
paraformaldehyde for 15 min and permeabilized in
0.2% Triton X-100 for 15 min at room temperature
and blocked in PBS containing 20% bovine serum
and 1% BSA. Cells would be stained with the indicated
primary antibodies overnight at 4°C. Cover glasses
were washed 3-5 times with PBS before incubated
with immunofluorescent secondary antibodies.
Samples were then washed with PBS and stained
with DAPI for 10 min. DAPI dilution would be
removed before cover glasses were mounted onto
slides. Images were taken by Zeiss LSM 880 confocal
microscope and analysed using ZEN (Carl Zeiss) and
Image ] software.

Statistical analysis

All data were analysed using Prism software (Graph-
Pad). Statistical evaluation was performed by two-
way Student’s ¢ test. Data are means+ SEM, and P
values are indicated by *P<0.5, **P<0.01, **P<
0.001, **** P <0.0001. All cellular experiments were
repeated at least three times.
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