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SARS-CoV-2 viral protein ORF3A
Injures renal tubules by interacting
with TRIM59 to induce STAT3 activation
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Acute kidney injury occurs frequently in COVID-19 patients in-
fected by the coronavirus SARS-CoV-2, and infection of kidney
cells by this virus has been reported. However, little is known
about the direct impact of the SARS-CoV-2 infection upon
the renal tubular cells. We report that SARS-CoV-2 activated
signal transducer and activator of transcription 3 (STAT3)
signaling and caused cellular injury in the human renal tubular
cell line. Mechanistically, the viral protein ORF3A of SARS-
CoV-2 augmented both NF-kB and STAT3 signaling and
increased the expression of kidney injury molecule 1. SARS-
CoV-2 infection or expression of ORF3A alone elevated the pro-
tein level of tripartite motif-containing protein 59 (TRIM59),
an E3 ubiquitin ligase, which interacts with both ORF3A and
STAT3. The excessive TRIM59 in turn dissociated the phospha-
tase TCPTP from binding to STAT3 and hence inhibited the
dephosphorylation of STAT3, leading to persistent STAT3 acti-
vation. Consistently, ORF3A induced renal injury in zebrafish
and mice. In addition, expression of TRIM59 was elevated in
the kidney autopsies of COVID-19 patients with acute kidney
injury. Thus, the aberrant activation of STAT3 signaling by
TRIMS59 plays a significant role in the renal tubular cell injury
caused by SARS-CoV-2, which suggests a potential targeted
therapy for the renal complications of COVID-19.

INTRODUCTION

The COVID-19 pandemic has had an unprecedented impact on public
health on a global scale. Although the causal virus SARS-CoV-2 pri-
marily attacks the respiratory system and the major symptom of
COVID-19 is acute respiratory disorder, acute kidney injury (AKI)
is a frequent complication associated with the SARS-CoV-2 infec-
tion."> Multiple mechanisms may underlie the pathogenesis of AKI
in COVID-19. These include excessive immune response, abnormal
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metabolic condition, organ crosstalk, and direct viral infection of renal
cells, etc.” Accumulating evidence of direct infection of renal cells in
COVID-19 patients has been documented recently.* ® In particular,
a recent study showed that the cellular receptor for SARS-CoV-2
was elevated in renal tubular cells under diabetic conditions, which
increased the susceptibility of SARS-Cov-2 infection in human kidney
cells.” Therefore, cytotoxicity conferred by the viral proteins to renal
tubular epithelial cells may be one of the potential pathogenic mech-
anisms contributing to the AKI in COVID-19 patients.

SARS-CoV-2 carries a single-strand RNA genome of about 30 kb.®
Two large open reading frames ORFla and 1b can be translated
and processed into 27 non-structural proteins. Additional open
reading frames encode the spike protein (S), envelop protein (E),
membrane protein (M), nucleocapsid protein (N), and several acces-
sory proteins (3A, 3B, 6, 7A, 7B, 8, and 10). Following the viral infec-
tion, these proteins are synthesized in large quantities to establish a
cellular environment that favors viral replication and generation of
new viral particles. Several of the viral proteins encoded by the
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SARS-CoV-2 genome have been reported to interact with host cell
proteins and perturb a series of cell signaling pathways that lead to
cell injury.” These include aberrant activation of NF-kB pathways,”
NLRP3 inflammasome pathway,'>'" interferon signaling path-
ways,'>"? TGF-B/SMAD pathways,'* and STAT pathways.'>'°

The Janus kinase/signal transducers and activators of transcrip-
tion (JAK/STAT) pathway regulates a wide range of cellular pro-
cesses and is implicated in a variety of kidney diseases,'”'
as AKI, diabetic nephropathy, and glomerular diseases. The selec-
tive and combinatorial actions of four JAK members and seven
STAT members are involved in the JAK/STAT pathway in
response to various extracellular signals, ranging from cytokines
to growth factors. Among them, STAT3 plays an essential role
in normal development, and its dysregulation is critical to
many disease conditions, including kidney diseases.'®'? Canonical
STAT3 activation is induced by interleukin-6 (IL-6), leading to
the dimerization of IL-6 receptors and signal transducer gp130
and subsequent phosphorylation of STAT3. Phosphorylation of
STAT3 at Tyr705 causes its dimerization and nuclear transloca-
tion that in turn results in the transcription of STAT3 target
genes. Massive cytokine release (known as a cytokine storm) oc-
curs in COVID-19 patients, in which IL-6 and TNF-a are two
key cytokines,”’ so aberrant STAT signaling has been proposed
to play a central role in the pathogenesis of COVID-19 complica-
tions.'™*' Recently, we reported excessive phosphorylation of
STAT3 in the kidney autopsy of COVID-19 patients with
AKIL**** However, it remains unclear whether direct viral infec-

such

tion modulates the STAT3 activation in response to systematic
cytokine exposure in kidney cells.

In this study, we hypothesized that SARS-CoV-2 viral protein(s)
may interfere with host cell signaling in renal tubular cells and
cause kidney cell injury. We used transgenic zebrafish to screen
for viral proteins that caused tubular epithelial cell injury and
observed in transgenic zebrafish that ORF3A expression in pro-
nephric tubular epithelial cells resulted in the induction of kidney
injury molecule 1 (KIM-1), a hallmark of renal tubular injury. Us-
ing in vitro cultured renal tubular cell line (HK-2), we found that
the viral protein ORF3A interacted with the E3 ubiquitin ligase
TRIM59, which modulated STAT3 phosphorylation and down-
stream activities. Furthermore, we showed that expression of
ORF3A was sufficient to induce STAT3 phosphorylation, KIM-1
expression, and renal injury in mouse kidneys and could exacer-
bate ischemia/reperfusion-induced kidney injury. Moreover, the
inhibition of STAT3 activities could ameliorate the renal injury
induced by ORF3A expression in vivo. Consistently, we found
that in HK-2 cells, SARS-CoV-2 infection also elevated the expres-
sion of TRIM59 and activated STAT3, which was confirmed by
immunohistochemistry on kidney autopsies of human COVID-
19 patients. Taken together, our findings have provided a previ-
ously unrecognized mechanism of the renal cell injury caused by
SARS-CoV-2 infection via the action of viral protein ORF3A
that dysregulates STAT3 signaling downstream to the cytokine-

induced STAT3 phosphorylation. It is informative for the develop-
ment of a potential therapeutic strategy for the renal complications
associated with COVID-19.

RESULTS

Functional screening identified the cytotoxicity of ORF3A in
pronephric tubular cells in transgenic zebrafish

We used transgenic zebrafish as an in vivo functional screening plat-
form to test the cytotoxicity of individual viral proteins of SARS-
CoV-2 that may injure pronephric tubular epithelial cells. The binary
Gal4-UAS system was employed to drive the expression of viral pro-
teins in a renal tubular cell-specific manner (Figure 1A). A transgenic
zebrafish line Tg(enpep: Gal4) we published previously** was used to
drive the renal tubular expression of the Gal4 transcription activator,
which can drive the expression of transgene under the control of the
UAS promoter sequence. We have generated seven transgenic zebra-
fish lines for viral proteins (ORF3A, ORF7A, ORF6, ORF8, M, N, E)
using the UAS promoter and crossed these lines with Tg(enpep:Gal4)
respectively (data not shown). Among them, the transgenic fish ex-
pressing ORF3A in the tubular epithelial cells displayed a significant
peri-cardiac effusion phenotype at 48 hours postfertilization (hpf)
(Figure 1B, B’) that resembled the morphology of other zebrafish
models of AKL>>*° At 48 hpf, 33.3% +8.3% (n = 151 embryos in three
individual clutches) of each clutch of double transgenic embryos devel-
oped peri-cardiac edema, while almost none of the non-transgenic sib-
lings (0.15% +0.05%, n = 105 embryos in three individual clutches)
had this phenotype. The variable penetrance of the edematous pheno-
type may be due to the variable expression level of the transgene
among different animals. The edema deteriorated and eventually led
to whole-body edema and lethality around 7 days post fertilization.
This phenotype is consistent with previously reported zebrafish
models of renal injury.”>*’ kim-1 expression in the renal epithelia in
pronephros was detected by in situ hybridization in the transgenic
fish expressing ORF3A but not in the control fish (Figure 1D, D’), as-
certaining that renal injury was induced by ORF3A.

Quantitative PCR revealed the expression of kim-1 and a number of
cytokines and interferon gamma target genes were elevated by
ORE3A expression (Figure 1E). The other viral proteins that we tested
in zebrafish did not produce any obvious morphological changes in
the embryos (data not shown), so we concluded that ORF3A overex-
pression in pronephric tubular cells in zebrafish is sufficient to cause
renal injury and thus carried out further functional studies of ORF3A.

ORF3A of SARS-CoV-2 modulates NF-kB and STAT3 signaling in
HK-2 cells

To perform in vitro functional studies, we used HK-2, a human renal
proximal tubular cell line that has been shown to be susceptible to
SARS-CoV-2 infection.” In these renal tubule-derived cells, expres-
sion of ORF3A effectively activated the NF-kB pathway by increasing
the phosphorylation of p65 (at both S536 and S276 position) (Fig-
ure 2A). In particular, it also induced the expression of KIM-1
(Figures 2A and 2B), indicating renal cell injury. The level of cleaved
caspase-3 was also elevated by ORF3A (Figure 2A), suggesting a role
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Figure 1. SARS-CoV-2 ORF3A causes renal injury in pronephros of transgenic
zebrafish

(A) Schematic graph of the transgene structure of Tg(enpep:Gal4) and Tg (UA-
S:0RF3A,myl7:Venus). (B) Tglenpep:Gal4; UAS:NTR-mCherry) zebrafish embryo
shows normal morphology at 48 hpf. (B’) zebrafish embryos show peri-cardiac edema
at 48 hpf. (C) Red fluorescence illustrates the expression of NTR-mCherry transgene in
pronephric tubules in Tglenpep:Gal4; UAS:NTR-mCherry). (C’) Yellow fluorescence in
the myocardium indicates the transgene of UAS:ORF3A,myl7:Venus. (D) Side view of
a normal control zebrafish embryo at 72 hpf shows no detectable kim-1 expression in
the pronephros. (D’) Side view of a transgenic zebrafish embryo expressing ORF3A in
pronephric tubules shows kim-1 expression detected in the pronephros by in situ
hybridization. (E) Quantitative real-time PCR for target genes in 72 hpf Tg(enpep:-
Gal4;UAS:NTR-mCherry; UAS:ORF3A,myl7:Venus) zebrafish embryos. The mRNA
transcript levels are normalized to efla mRNA, and folds of change compared with
age-matched Tg(enpep:Gal4; UAS:NTR-mCherry) embryos are plotted. Bar graphs
indicate the means of triplicates and the standard deviations. *p < 0.05; **p < 0.01.

of ORF3A in apoptosis induction that has also been reported in other
cell lines. TNF-a. is a cytokine that can activate NF-kB pathway and
cause renal tubular cell injury, and we found that ORF3A expression
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could potentiate the action of TNF-a in HK-2 cells (Figure 2A). The
mRNA levels of TNFa, IL-6, and CXCL11, which are downstream
targets of NF-kB, were elevated by ORF3A in HK-2 cells
(Figures 2A and 2B), confirming that the NF-«B signaling pathway
was modulated by ORF3A.

Since IL-6 is a major activator of STAT3 signaling pathway,'® we
examined the phosphorylation of STAT3 at Y705 position, a modifi-
cation promoting the nuclear translocation of this transcription
factor. We found ORF3A expression was sufficient to elevate the
phosphorylation of STAT3 in HK-2 cells (Figures 2C and 2D). It
also enhanced TNF-a or IL-6-induced phosphorylation of STAT3
(Figures 2C and 2D). Since KIM-1 is a downstream target gene of
STAT3 signaling,”” ORF3A also significantly enhanced the induction
of KIM-1 expression by IL-6, through the phosphorylation of STAT3
(Figure 2D). Thus, ORF3A expression could modulate the STAT3
signaling pathway and injure renal tubular cells. Our data suggest
that ORF3A expression activates the NF-kB signaling pathway to in-
crease the downstream target gene IL-6, which in turn activates
STATS3 signaling pathway and enhances the injury of renal tubular
cells.

ORF3A injures HK-2 cells via TRIM59-mediated STAT3

activation

Although ORF3A can possibly activate STAT3 signaling by induction
of IL-6 via the modulation of NF-«kB pathway, we sought to explore
whether ORF3A can directly regulate STAT3 phosphorylation. A
large-scale proteomic study revealed that ORF3A interacts with
TRIMS59, an E3 ubiquitin ligase that physically binds to STAT3.*
We thus tested these protein interactions in HK-2 cells expressing
Strep-tagged ORF3A. Using co-immunoprecipitation or Strep-tag-
based pull-down assays, we found that both TRIM59 and STAT3
could be reciprocally precipitated with ORF3A-Strep from HK-2 cells
(Figure 3A). Interestingly, we noticed that ORF3A-Strep not only
increased TRIM59 expression, but it also enhanced the interaction
between STAT3 and TRIM59 in HK-2 cells (Figure 3A).

In glioma cells, TRIM59 can interfere with the dephosphorylation of
STATS3 by the phosphatase TCPTP through blocking of the interac-
tion between STAT3 and TCPTP.>"*? In HK-2 cells, we found that
reducing TRIM59 expression by shRNA-mediated knockdown
increased the amount of STAT3 that was co-immunoprecipitated
with TCPTP, while expression of ORF3A decreased the interaction
between STAT3 and TCPTP likely through increased TRIM59
expression (Figure 3B). This suggests that ORF3A protein of SARS-
CoV-2 can not only increase TRIM59 expression, but it can also
interact with TRIM59 in order to competitively inhibit the interaction
between TCPTP and STAT3, leading to more phosphorylated
STATS3. The phosphorylation of STAT3 at Y705 position facilitates
the nuclear translocation of STAT3. In HK-2 cells expressing
ORF3A, we found more phosphorylated STATS3 in the nuclear frac-
tion compared to the GFP-expressing controls, confirming that
ORF3A elevated the phosphorylated STAT3 translocated to the
nuclei (Figure 3C). In addition, we found a small amount of
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Figure 2. SARS-CoV-2 ORF3A enhances NF-kB and STAT3 signaling and injures HK-2 cells

(A) Western blots for protein lysates from HK-2 cells transfected with pPCMV-GFP (GFP) as controls and pCMV-ORF3A (ORF3A) following TNF-a treatment. Cells were treated
with TNF-a for the given periods of time. (B) Quantitative real-time PCR for the expression of inflammation and renal injury markers genes in ORF3A-expressing cells. All data
were normalized to 18S ribosomal RNA, and the ratios are shown for relative mRNA levels. Each bar represents the mean + SD (n = 3). *p < 0.05; **p < 0.01. (C) Western blots
for protein lysates from HK-2 cells transfected with pPCMV-GFP (GFP) as controls and pCMV-ORF3A (ORF3A) following TNF-a treatment of given periods of time. Western
blot signals were quantified by densitometry. (D) Western blots for protein lysates from HK-2 cells transfected with pCMV-GFP (GFP) as controls and pCMV-ORF3A (ORF3A)
following IL-6 treatment of given periods of time. Western blot signals were quantified by densitometry.

ORF3A was also present in the nuclear fraction by western blot (Fig-
ure 3C), and this was confirmed by immunofluorescence staining
(Figure 3D). These results indicate that a fraction of ORF3A protein
could be translocated to the nuclei together with STAT3, although the
majority of the ORF3A appears to be located in the cytoplasm
(Figure 3D).

To further confirm that TRIM59 mediates the activation of STAT3
and the induction of kidney injury by ORF3A, we overexpressed
TRIM59 or knocked down TRIM59 in HK-2 cells expressing V5-
tagged ORF3A. In these cells, overexpression of TRIM59 significantly

elevated the level of phosphorylated STAT3 and KIM-1, while knock-
down of TRIM59 reduced the level of phosphorylated STAT3 and
KIM-1 (Figures 4A-4C). We also confirmed that STAT3 activation
plays a major role in ORF3A-induced renal cell injury by showing
that within ORF3A-expressing HK-2 cells, the co-expression of a
dominant-negative form of STAT3, which cannot be phosphorylated
at Tyr705, reduced the KIM-1 expression, even though TRIM59
expression remained elevated by ORF3A (Figures 4D-4F).

Since there is a lack of appropriate animal model for SARS-CoV-2

infection in kidneys, we had to utilize the in vitro cultured HK-2 cells

Molecular Therapy Vol. 31 No 3 March 2023 777


http://www.moleculartherapy.org

A GFP 3A B
-Strep -Strep GFP TRIM59 3A 3A+
KD TRIM59 KD
p-sTAT3 [ o
(K05 | STATS | o g
STAT3 |~ - O - TR
EXTXxxd
= —— |—I TCPTP - . .
3 | TRivse[ L O o
E GFPTRIM59 3A 3A+
GFP-Strep | s KD  TRIM59 KD
3A-Strep “ STAT3 | s s s— —
B-ACTIN
- e NN R —
s
GFP 3A a 1
-Strep -Strep c TRIMS9 | s & o 0
a =
m .
= 3A-Strep a
E B-Actin | — S— — —
GFP 3A
Nucl
-Strep -Strep c Cytosol ~ Nucleus
€ TRIM59 - GFP 3A GFP 3A
:: 3 P-STATS | (o e
- STAT3 | s s (Y705)
& -
QL | 3Astep - STAT3 [N =
3A-strep R
GFP  3A —
-Strep -Strep
65 | srars —_ GAPDH | s S
=
E. TRIMSO | s Histone - -
e
Q. | 3AStrep -
D

Figure 3. SARS-CoV-2 ORF3A interacts with TRIM59 and STAT3 and
interferes with STAT3 binding to TCPTP in HK-2 cells

(A) Co-immunoprecipitation was carried out for ORF3A, STAT3, and TRIM59 with
lysates of HK-2 cells expressing ORF3A-Strep. (B) Co-immunoprecipitation was
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to determine whether SARS-CoV-2 infection of kidney cells could
induce similar activation of STAT3 signaling pathway and kidney
cell injury. We found that SARS-CoV-2 infection of HK-2 cells
induced KIM-1 expression and STAT3 phosphorylation as well as
elevation of the TRIM59 expression (Figure 5A). Previously, we
have reported that STATS3 is activated in the kidney autopsies of
some COVID-19 patients with AKL.>> With immunohistochemical
staining, we found TRIM59 was significantly highly expressed in
the nuclei of renal tubular cells in these COVID-19 kidney autopsy
specimens (Figures 5B-5D). These data are consistent with our
in vitro findings and suggest that ORF3A is one of the viral proteins
responsible for SARS-CoV-2-induced kidney cell injury by activating
STAT3 via TRIM59.

Taken together, our data suggest that SARS-CoV-2 ORF3A protein
upregulates TRIM59 expression, forms a complex with TRIM59
and STAT3, and subsequently enhances the STAT3 phosphorylation
by competing with TCPTP to cause renal cell injury.

ORF3A exacerbates kidney injury induced by ischemia-
reperfusion (I/R) in mice

To investigate the in vivo effects of ORF3A expression on kidney cells,
we injected lentiviruses encoding ORF3A-Strep into the mouse kid-
ney, induced I/R-kidney injury, and analyzed the kidneys 3 weeks
later (Figure 6A). We found that either overexpression of ORF3A
or I/R alone induced KIM-1 expression, along with increased expres-
sion of TRIM59 and phosphorylated STAT3 (Figures 6B and 6C).
BUN and serum creatinine levels were also increased (Figure 6D),
and a number of downstream genes of the STAT3 pathway were
induced (Figure 6E), indicating the impairment of renal function
and activation of STAT3 signaling by ORF3A or I/R. Moreover, I/R
in ORF3A-expressing kidney induced a significantly higher expres-
sion of TRIM59 and KIM-1 and phosphorylation of STAT3 than
either I/R or ORF3A overexpression alone, as demonstrated by
both western blots and immunohistochemical staining (Figures 6B
and 6F). BUN and serum creatinine levels and the expression of
downstream genes of the STAT3 pathway were further increase in
ORF3A-expressing kidney with I/R (Figures 6D and 6E). These
data suggest that ORF3A could activate STAT3 and exacerbate I/R-
induced kidney injury in mice. This may explain a synergistic effect
between SARS-CoV-2 infection and sepsis/ischemia on the develop-
ment of AKI in sick COVID-19 patients.

To examine the role of STAT3 in mediating the kidney injury caused
by ORF3A expression, we tested whether inhibition of STAT3 activa-
tion could ameliorate the injury in mouse kidneys expressing ORF3A.
We administered STAT3 inhibitor S31-201 to mice injected with

carried out for STAT3 and TCPTP with lysates of HK-2 cells that were transduced
with lentiviruses encoding ORF3A-Strep or an shRNA targeting TRIM59. (C) Cytosol
and nucleus fractions were isolated from HK-2 cells transduced with lentiviruses
encoding ORF3A-Strep or GFP-Strep. (D) Confocal images of HK-2 cells trans-
duced with lentiviruses encoding ORF3A-Strep showing nuclear localization of
STATS (red) and ORF3A-strep (green). The nuclei were counter-stained with DAPI.
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Figure 4. HK-2 cellular injury induced by ORF3A is mediated by upregulation of TRIM59 and STAT3 signaling activities

(A) Western blots for protein lysates from HK-2 cells. Expression of GFP, TRIM59, or ORF3A-v5 was achieved by Viafect transfection. TRIM59 was knocked down by shRNA.
(B) Densitometric quantitation of western blot signals shown in (A). (C) Quantitative real-time PCR for HK-2 cells shown in (A). (D) Western blots for protein lysates from HK-2
cells. Expression of GFP, TRIM59, or dominant-negative STAT3 (DN-STAT3) was achieved by lentiviral transduction. (E) Densitometric quantitation of western blot signals
shown in (D). (F) Quantitative real-time PCR for HK-2 cells shown in (D). *p < 0.05; **p < 0.01.

lentiviruses encoding ORF3A-Strep for 3 weeks and induced injury by
I/R (Figure 7A). The STATS3 inhibitor S3I-201 effectively reduced the
levels of KIM-1 and phosphorylation of STAT3 in mice with both
OREF3A expression and I/R (Figures 7B and 7C). Consistently, it
also reduced the BUN and serum creatinine levels as well as the
expression of STAT3 downstream target gene (Figures 7D and 7E),
but it did not significantly affect the expression of Trim59
(Figures 7B, 7C, 7F, and 7G). This suggests that STAT3 acted down-
stream of Trim59, and targeting STAT3 could be a potential approach
to attenuate renal tubular cell injury associated with COVID-19.

DISCUSSION

In this study, we employed both in vitro and in vivo model systems to
uncover a previously unrecognized pathogenic mechanism of kidney
injury associated with COVID-19, in which dysregulation of STAT3
signaling plays a central role. Our recent reports about increased
STATS3 phosphorylation in COVID-19 patient kidney biopsy suggests
that aberrant STAT?3 signaling due to the SARS-CoV-2 infection could
be one of the pathomechanisms underlying the renal injury in
COVID-19 patients,”>*” given that STAT3 activation in kidney cells
has been implicated in various kidney diseases.'® However, how the
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Figure 5. TRIM59 expression is increased in HK-2
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(A) Western blots for protein lysates from HK-2 cells infected
with SARS-CoV-2 (MOl = 1). Immunohistochemical staining
of TRIM59 in a control kidney biopsy (B) and two COVID-19
kidney autopsies with AKI (C, D). Scale bar: 100 pm.

STATS3 signaling pathway in kidney cells is perturbed by SARS-CoV-2
infection remains unclear.

A massive secretion of cytokines is elicited by SARS-CoV-2 infection
in COVID-19 patients, including IL-6, a potent activator of STAT3
signaling, so the systematic cytokine response to the viral infection
is one of the triggers to activate the STAT?3 signaling. However, recent
reports about the detection of viral mRNA and proteins in kidney bi-
opsies of COVID-19 patients*** and infection of human kidney or-
ganoids by SARS-CoV-2 viruses in vitro® suggest that kidney cells
could be infected directly by the virus. This opens a new question of
whether direct viral infection by SARS-CoV-2 can alter STAT3
signaling and modulate the severity of kidney injury due to the expo-
sure to massive cytokines. To address this question, we found that
in vitro cultured HK-2 cells infected by SARS-CoV-2 had an elevated
level of phosphorylated STAT3 and KIM-1 expression, demonstrating
that direct infection of SARS-COV-2 can disturb the STAT3 signaling
and cause renal tubular epithelial cell injury. This is consistent with a
recent report showing that the JAK-STAT pathway was solely acti-
vated in the proximal tubule cells infected by the virus.®

In order to understand the mechanism for the renal cell injury caused
by direct infection of SARS-CoV-2, we generated a number of trans-
genic zebrafish to express individual viral proteins of SARS-CoV-2 in
the embryonic pronephric tubular epithelial cells and found that the
viral protein ORF3A could induce renal tubular injury in zebrafish.
ORF3A, one of the largest accessory proteins of SARS-CoV-2, en-
codes a viroporin with ion channel activities that is localized to
plasma membrane and lysosomes and is involved in viral release.”®
Like SARS-CoV ORF3A, SARS-CoV-2 ORF3A has been shown to
induce apoptosis, necrosis, and pyroptosis in HEK293T and Vero
E6 cells,>*" and it can activate NF-kB and NLRP3 inflammatory
pathways in HEK293T and A549 cells.*” However, the pathogenic
role of ORF3A has not been characterized in the context of kidney
cells or STATS3 signaling. Here, we presented both in vitro evidence
with HK-2 cells and in vivo evidence with transgenic zebrafish that
ORF3A in kidney cells is indeed able to modulate the NF-kB pathway
and increase cytokine production in kidney cells, including TNE-o
and IL-6, which are NF-kB target genes and strongly associated
with the severity of COVID-19 patient outcomes.”>* Therefore,
our data support that, upon viral infection, certain viral proteins
such as ORF3A affect the inflammatory pathways triggering cytokine
release to activate the STAT3 pathway and induce renal cell injury.

Multiple molecular mechanisms have been proposed to mediate the
dysregulation of STAT3 signaling by SARS-CoV-2, such as the imbal-
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ance between STATI and STAT3 activation and the crosstalk be-
tween plasminogen activator-inhibitor 1 and STAT3 signaling.”’
We showed in HK-2 cells, both SARS-CoV-2 infection and expres-
sion of SARS-CoV-2 ORF3A alone could upregulate TRIM59, which
competitively block the interaction between STAT3 and the phospha-
tase TCPTP and reduce the dephosphorylation of STAT3, leading
to persistent activation of STAT3. This represents a previously unrec-
ognized mechanism of the regulation of STAT3 signaling by a
SARS-CoV-2 viral protein downstream to the JAK-mediated
STATS3 phosphorylation. Furthermore, since ORF3A could simulta-
neously activate NF-kB and STATS3 signaling, our data suggest that
direct infection by SARS-CoV-2 may create a positive feedback
loop to enhance the cellular response to cytokines such as IL-6 in kid-
ney cells and aggravate the injury. Such simultaneous activation of
NF-kB and STAT3 has been observed in clinical samples from pa-
tients with other inflammatory diseases as an evidence of IL-6
signaling amplifier,**** so it is worthwhile to explore whether this
mechanism is applicable to other cell types besides kidney cells, and
further investigation is needed to test it in other cell types susceptible
to SARS-CoV-2 infection, such as pulmonary alveolar cells and endo-
thelial cells.

We discovered that ORF3A of SARS-CoV-2 could interact with
TRIM59 and STATS3, but it is unclear whether these interactions
are involved in the regulation of STAT3 activation. Previously
ORF3A was found to be localized to the lysosome-endosome mem-
branes and inhibiting autophagy in cultured cells.”””” We found
that ORF3A is also present in the nuclei of HK-2 cells, which is consis-
tent with its interaction with STAT3 that translocates to the nuclei
when it is phosphorylated. Whether nuclear ORF3A also affects
activity of other transcriptional factors requires further studies.

To corroborate our in vitro findings, we also examined the expression
TRIM59 in the kidney autopsies of COVID-19 patients with AKI and
found that its expression was significantly increased in the renal
tubular cells. However, it is still unclear how TRIM59 is regulated
in the COVID-19-associated nephropathy. As ORF3A has been
shown to inhibit autophagosome/lysosome function, it is possible
that TRIM59 degradation is affected by ORF3A, which deserves
further investigation.

To explore the potential role of ORF3A in COVID-19-associated
AKI, we established a murine model with transient ORF3A expres-
sion in kidney and showed that ORF3A exacerbated kidney injury
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induced by ischemia/reperfusion, and inhibition of STAT3 activities
could ameliorate this effect. These results demonstrate the cytotox-
icity of ORF3A in kidney cells in a mammalian animal model and
suggest that STAT3 is a critical mediator of renal injury in COVID-
19-associated kidney injury. Recently, the N protein of SARS-CoV-
2 has been reported to cause renal tubular necrosis in mice by dysre-
gulating the TGF-B-Smad3 pathway.'* Thus, multiple pathogenic
pathways may be involved in the COVID-19-related renal injury.
An appropriate animal model for kidney injury induced by SARS-
CoV-2 infection is needed to further confirm these findings.

Zebrafish is a small vertebrate model organism that has been applied
to AKI research.”>”%*“"*° Because of the ease of genetic manipulation
in zebrafish and its organ similarity to human, we used transgenic ze-
brafish to perform the functional screening of several viral proteins of
SARS-CoV-2 in relation to kidney injury and identified ORF3A as a
cytotoxic gene for tubular epithelial cells. Although we did not iden-
tify the N gene of SARS-CoV-2 in our screening, presumably because
zebrafish kidney is minimally susceptible to fibrosis and may have a
different response to TGF- signaling, the zebrafish may still be useful
to test other viral proteins of SARS-CoV-2 to identify a virulent gene
affecting different organs or cell types. In addition, the zebrafish
models could be used to screen drugs for treatment of COVID-19-
induced kidney injury.

In summary, SARS-CoV-2 ORF3A protein can augment both NF-kB
and STATS3 signaling and exacerbate the injury of renal tubular cells
in the presence of cytokines induced by SARS-CoV-2 infection. In
addition, ORF3A modulates the STAT3 signaling via TRIM59-medi-
ated inhibition of dephosphorylation. Therefore, targeting the aber-
rant STAT3 activation may serve as a potential therapy for AKI in
COVID-19 patients.

MATERIALS AND METHODS

Cell culture, transfections, stimulations, and nuclear-
cytoplasmic fractionation

HK-2 cells were grown at 37°C and 5% CO, in supplemented RPMI
1640 medium. pCMV-ORF3A, TRIM59 KD, and STAT3 DN were
transfected into HK-2 cells with ViaFect Transfection Reagent
(Promega, USA). After transfecting 24 h, we changed the media
without serum for 24 hours; then we treated with TNF-o (10 ng/
mL) or IL-6 (10 ng/mL) for 15, 30, and 60 min, respectively. Cells
were lysed for protein analysis. For the immunoprecipitation experi-
ment, HK-2 cells were transduced with lentiviruses expressing
ORF3A-Strep, TRIM59, or GFP-Strep respectively for 24 h, and total
protein was harvested 48 h later. Nuclear-cytoplasmic fractionation
was conducted using the NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagents kit (Thermo Fisher Scientific, cat. no. 78835) according
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to the manufacture’s protocol. For the nuclear-cytoplasmic fraction-
ation experiments, HK-2 cells were transduced with lentiviruses for
ORF3A-Strep or GFP (control) expression.

Zebrafish maintenance

Wild-type (AB strain) zebrafish, transgenic zebrafish, and larvae were
maintained in the zebrafish facility according to the Institutional An-
imal Care and Use Committee (IACUC) standards. All procedures
were approved by IACUC at the Icahn School of Medicine at Mount
Sinai (IACUC-2019-0081). Eggs were collected in Petri dishes and
raised in an incubator with constant temperature at 28.5°C.

Transgenic zebrafish

The pDONR207-SARS-CoV-2 ORF3A were obtained from Addgene
(ID: 141271).”° The Tol2-Gateway system was used to generate the
transgenic construct Tg(UAS:ORF3A,myl7:Venus) following the pub-
lished multisite gateway cloning method.”" The transgenic construct
was co-injected with Tol2 transposase RNA into one-cell-stage
embryos for genomic integration. The stable transgenic lines
were screened by presence of Venus (yellow fluorescent protein)
expression in the myocardium. Tg(UAS:Eco.NfsB-mCherry) (also
termed Tg(UAS:NTR-mCherry)) transgenic fish were obtained
from Zebrafish International Resource Center (ZFIN ID:
ZDB-TGCONSTRCT-110215-5). Tg(enpep:Gal4) was previously
reported.”® Triple transgenic zebrafish Tg(enpep:Gal4;UAS:NTR-
mCherry; UAS:ORF3A,myl7:Venus) were obtained by multiple
rounds of crossing the transgenic zebrafish. Imaging of transgenic ze-
brafish was captured under an Olympus SZX16 stereoscope.

Quantitative real-time PCR

Total RNA was extracted from zebrafish embryos (72 hpf) or HK-2
cells using Direct-zol RNA MiniPrep (Zymo Research). Radiant
cDNA Synthesis kit (Radiant Molecular tools) was used for reverse
transcription of 1 pg of total RNA. Quantitative real-time PCR was
performed using SYBR Green Master Mix (Applied Biosystems)
and the 7500 Real-Time PCR System (Applied Biosystems). Intron-
spanning primer sets selectively targeting mRNA and not genomic
DNA sequence were designed using Primer-BLAST (NCBI). Tran-
script levels of genes of interest were normalized to the housekeeping
gene EFla or 18S ribosomal RNA, and folds of change in transcript
levels relative to the control group were calculated using the 224"
method. The primers for quantitative real-time PCR are listed in
Table SI.

Western blot

Cells were lysed with M-PER mammalian protein extraction
reagent containing protease and phosphatase inhibitor cocktail. The
antibody against KIM-1 was from R&D (AF1817). Antibodies for

Figure 6. SARS-CoV-2 ORF3A enhances STAT3 signaling and exacerbates kidney injury in mice with ischemia-reperfusion

(A) Schematic graph showing the timeline of the experimental procedures. (B) Western blots for protein lysates from mouse kidneys following ORF3A expression (3A) and
ischemia-reperfusion (I/R). (C) Densitometric quantitation of western blot results shown in (B) (normalized to Vaculin) and the mRNA level of KIM-1 measured by quantitative
real-time PCR (normalized to 18S rRNA). (D) Measurements of BUN and serum creatinine in mice. (E) Quantitative PCR measurements of mRNA levels of STAT3 target genes,
normalized to 18S rRNA. (F) Immunohistochemical staining of mouse kidney sections. (G) Quantification of IHC staining results shown in (F). *p < 0.05; **p < 0.01.
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phosphor-STAT3(Ser727) (9134), phosphor-STAT3(Tyr705) (9145),
phosphor-p65(Ser536) (3033), phosphor- p65(Ser276) (3037), and
cleaved-caspase3 (9664) were from Cell Signaling Technology.
TRIM59 (ab69639), STAT3 (ab68153), and p65(ab52175) were
from Abcam. Blots were developed with the enhanced chemilumines-
cence system and imaged with Odyssey FC Imager (LI-COR Biosci-
ences, NE).

Whole-mount in situ hybridization

The complete coding sequence of zebrafish kim-1 was PCR amplified
and cloned into pCR-blunt, and the riboprobe was synthesized using
DIG RNA Labeling Kit (Roche). Zebrafish embryos were collected
and fixed in 4% paraformaldehyde in PBS. In situ hybridization was
carried out following a standard protocol.”” Following coloration, ze-
brafish embryos were cleared with 50% glycerol/50% PBS and
deyolked and imaged under an Olympus SZX16 stereoscope.

Mouse models

B57BL/6 mice were generated by the Model Animal Center at Renji
Hostal, School of Medicine, Shanghai JiaoTong University. The
mice were housed in pathogen-free conditions. All animal experi-
ments were performed according to the Animal Protocol Committee
of Shanghai JiaoTong University and were approved by the animal
care committee of Renji Hospital, School of Medicine, Shanghai
JiaoTong University (Protocol: m20170324).

The I/R-AKI mice were constructed as described in previous
studies.”®”* Six adult male mice were included in each group. The an-
imal was anesthetized with 50-60 mg/kg of pentobarbital sodium by
intraperitoneal injection. The skin in the surgical area was then wiped
clean with 70% alcohol swab. Then the mice were placed on the ho-
meothermic blanket of a homeothermic monitor system and covered
by sterile gauze. The body temperature was monitored through a
rectal probe and controlled at 36.5°C. The skin and muscle on the
left side were cut open along the back to expose the left kidney. A mi-
cro-aneurysm was used to clamp the pedicle to block the blood flow to
the kidney for 30 min to induce renal ischemia. Complete ischemia
was indicated by color change of the kidney from red to dark purple
in a few seconds. After the ischemia, the micro-aneurysm clips were
released. Then the kidney would start reperfusion, which is indicated
by the change of kidney color to red. At the same time, we removed
the right kidney. 0.5 mL warm sterile saline was given intraperitone-
ally to each mouse. The mice were kept on a heating pad until they
gained full consciousness before being returned to their housing cage.

A lentivirus expressing ORF-3A was prepared and directly injected
into the left kidney of mice according to previously described
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methods.”” ™’ Briefly, we anesthetized the mice and occluded the
left renal pedicle. Then, we inserted a 31G needle on a syringe from
the lower pole to the left kidney to the upper pole along the long
axis of the kidney. The needle was slowly withdrawn, while 100 pL
lentivirus (~1 x 10°> TU/uL) expressing GFP (control) or ORF3A
was continuously released. The occlusion of the renal pedicle was
reversed after the injection.

For the S3I-201 treatment, mice were randomized to receive either
$31-201 10 mg/kg (Selleck) or DMSO intraperitoneally three times
per week for 3 weeks.

Immunoprecipitation

For immunoprecipitation of cell lysates of cells expressing Strep-
tagged ORF-3A, GFP was incubated with magstrep “type3” XT Beads
(iba, cat. no. 2-4090-002) overnight at 4°C. After washing, immuno-
precipitated protein was eluted in sample buffer according to
the manufacture’s protocol and was immunoblotted using p-
STAT3(Y705), STAT3, TRIM59, and Strep tag antibodies as
indicated.

Lentiviral preparation and infection

HEK293T cells were transfected with either lentiviral plasmids ex-
pressing ORF3A-Strep, Trim59 shRNA, or GFP-Strep, plus psPAX2
packaging plasmid and pMD2.G envelop plasmid using Polyjet trans-
fection reagent according to the manufacturer’s protocol (SignaGen
Laboratories). The lentiviral particles were harvested by centrifuga-
tion from the HEK293T cell culture medium collected 48-96 h post
transfection. Concentrated lentiviral particles were used to infect
HK-2 cells.

Immunohistochemistry

Immunohistochemistry staining was performed on formalin-fixed,
paraffin-embedded kidney sections. Sections were deparaffinized
and heated in citrate for antigen retrieval. Then, sections were added
with H,0, to ablate endogenous peroxidase and blocked with diluted
horse serum for 1 h at room temperature, followed by incubation with
primary antibody overnight at 4°C. The next day, sections were
washed three times with phosphate-buffered saline and then incu-
bated with secondary antibody for 60 min. For quantification, 10 or
more nonoverlapping fields were randomly selected and imaged per
mouse. Positive area was quantified using the ImageJ software (Na-
tional Institutes of Health) and shown as an average percentage of
the positive area relative to the total area.

Figure 7. Inhibition of STAT3 activities in mice ameliorates kidney injury caused by ORF3A expression and I/R

(A) Schematic graph showing the timeline of the experimental procedures. (B) Western blots for protein lysates from mouse kidneys following the administration of S3I-201,
ORF3A expression (3A), and ischemia-reperfusion (I/R). DMSO was used as a negative control for S31-201 inhibitor. (C) Densitometric quantitation of western blot results
shown in (B) (hormalized to GAPDH) and the mRNA level of KIM-1 measured by quantitative real-time PCR (normalized to 18S rRNA). (D) Measurements of BUN and serum
creatinine in mice. (E) Quantitative PCR measurements of mRNA levels of STAT3 target genes, normalized to 18S rRNA. (F) Immunohistochemical staining of mouse kidney

sections. (G) Quantification of IHC staining results shown in (F). *p < 0.05; **p < 0.01.
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Cells immunofluorescence

Co-immunostaining of ORF3A was performed on HK-2 cells using
anti-Strep and anti-STAT3 following the standard protocol. After
washing, sections were incubated with fluorophore-conjugated sec-
ondary antibodies and mounted with aqueous mounting media con-
taining DAPI. The samples were imaged with a Leica SP5 confocal
microscope.

Immunohistochemistry for human autopsies

Autopsies were performed at the Mount Sinai Hospital in a negative
pressure room, utilizing appropriate personal protective equipment
and techniques as recommended by the Centers for Disease Control
and Prevention. Entire kidneys were procured as part of a full au-
topsy. Immunofluorescence studies were performed on 4-pm-thick
formalin-fixed paraffin-embedded tissue slides following antigen
retrieval in boiling citrate buffer (pH 6) (Vector labs), blocking
for 1 h at room temperature (10% normal donkey serum/0.5%
triton-X), and primary antibody incubation overnight at 4°C with
anti-TRIM59 antibody (Abcam ab69639, 1:250). On the next day,
sections were incubated with secondary antibody for 1 h after being
washed three times with PBS. Vectastain Elite ABC kit (Vector Lab-
oratories, PK-6100) was used for detection of the antibody. Normal
tissues from nephrectomy were used as negative controls.

Statistical analysis

Data were shown as mean + SD. For comparisons of means between
two groups, unpaired two-tailed t tests were performed. Two-way
ANOVA with Tukey’s post hoc multiple comparison test was applied
for analyses between three or more groups. Statistical significance was
achieved when p < 0.05. GraphPad Prism (v.9) was used for statistical
analysis.
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