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With the outbreak of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), coronaviruses have begun to
attract great attention across the world. Of the known human
coronaviruses, however, Middle East respiratory syndrome
coronavirus (MERS-CoV) is the most lethal. Coronavirus pro-
teins can be divided into three groups: nonstructural proteins,
structural proteins, and accessory proteins.While the number of
each of these proteins varies greatly among different coronavi-
ruses, accessory proteins are most closely related to the patho-
genicity of the virus. We found for the first time that the ORF3
accessory protein of MERS-CoV, which closely resembles the
ORF3a proteins of severe acute respiratory syndrome coronavi-
rus and SARS-CoV-2, has the ability to induce apoptosis in cells
in a dose-dependent manner. Through bioinformatics analysis
and validation, we revealed that ORF3 is an unstable protein and
has a shorter half-life in cells compared to that of severe acute
respiratory syndrome coronavirus and SARS-CoV-2 ORF3a
proteins. After screening, we identified a host E3 ligase, HUWE1,
that specifically induces MERS-CoV ORF3 protein ubiquitina-
tion anddegradation through the ubiquitin–proteasome system.
This results in the diminished ability of ORF3 to induce
apoptosis, which might partially explain the lower spread of
MERS-CoV compared to other coronaviruses. In summary, this
study reveals a pathological function of MERS-CoV ORF3 pro-
tein and identifies a potential host antiviral protein, HUWE1,
with an ability to antagonize MERS-CoV pathogenesis by
inducing ORF3 degradation, thus enriching our knowledge of
the pathogenesis of MERS-CoV and suggesting new targets and
strategies for clinical development of drugs for MERS-CoV
treatment.
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Coronaviruses are a group of related RNA viruses with en-
velope and a linear single positive strand genome (1–5) that
infect a broad range of hosts, producing symptoms and diseases
ranging from the common cold to severe and fatal illnesses. At
present, seven coronaviruses can infect humans, including
HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, severe
acute respiratory syndrome coronavirus (SARS-CoV), Middle
East respiratory syndrome coronavirus (MERS-CoV), and se-
vere acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
(3, 6, 7).With the emergence of SARS-CoV-2 at the end of 2019,
public attention to coronaviruses has increased in an unprece-
dentedmanner (8–10). Its global spread has brought great threat
to human health and social stability. As of October 8, 2021, the
number of confirmed cases has reached nearly 214millionwith a
case fatality rate of 2% (https://covid19.who.int). While public
health measures and immunization programs have been effec-
tive to control the pandemic, there remains a need for amore in-
depth and systematic research efforts to understand the path-
ogenesis of coronaviruses.

Of the seven coronaviruses with ability to infect humans,
SARS-CoV, MERS-CoV, and SARS-CoV-2 cause severe acute
respiratory syndrome that could be fatal (11–13). Among these
three coronaviruses, MERS-CoV has the highest pathogenicity
and mortality of about 35%. Since the first MERS-CoV
outbreak in the Middle East in 2012, there have been
confirmed 2468 cases and 851 deaths (14–17). Unlike
SARS-CoV-2, the distribution of MERS-CoV had been limited
with just few countries reporting laboratory-confirmed in-
fections. But because of its high mortality, the pathogenicity of
MERS-CoV proteins warrant further investigations since such
efforts could provide new strategies and targets for the pre-
vention and treatment of MERS-CoV and other emerging
coronaviruses.

The typical genome of a coronavirus is around 30 kb.
MERS-CoV genome is 30.12 kb, which can encode 25 viral
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HUWE1 regulates the stability of MERS-CoV ORF3 protein
proteins (18). Coronavirus proteins can be divided into three
categories: nonstructural proteins (NSPs) that are translated by
frameshift translation of polyproteins under the cleavage of
proteases, structural proteins such as spike, envelope, mem-
brane (M), and nucleocapsid (N), and accessory proteins of
varying numbers in different coronavirus (19). NSPs are
generally involved in virus replication, including multiple en-
zymes such as papain-like protease (20, 21), main protease
(22, 23) and RNA polymerase (24). The structural proteins
form the protein shell, protecting the genome of the virus and
mediating the virus invasion in host cells (25). However, the
number of accessory proteins in different coronaviruses varies.
At present, the prevailing view is that accessory proteins are
related to the pathogenicity of coronaviruses (26–29).

When the coronavirus invades the host, the viral protein
encoded by the viral genome can affect the normal physio-
logical functions or antagonize the immune response of the
host. This can be achieved through various mechanisms
including inhibition of interferon (IFN) production, interfer-
ence with host cell metabolism, or induction of cell apoptosis
(30). Some studies have reported that SARS-CoV ORF3a
protein activated nuclear factor kappa B and NACHT, LRR
and PYD domains-containing protein 3 inflammasome by
promoting TNF receptor-associated factor 3-dependent
ubiquitination of p105 and apoptosis-associated speck-like
protein containing a caspase recruitment domain (31).
Another accessory protein of SARS-CoV, ORF9b, induced a
strong intracellular autophagic effect (32). ORF6, ORF8, and N
protein of SARS-CoV-2 could inhibit the production of IFN-β
(33–35), while ORF3a protein induced apoptosis in cells (36).
For MERS-CoV, accessory proteins ORF4a, ORF4b, and ORF5
and structural proteins M and N demonstrated anti-IFN ability
(37), among which ORF4b antagonized type I IFN production
in both cytoplasm and nucleoplasm (38, 39). In addition,
MERS-CoV membrane protein triggered apoptosis by acti-
vating protein kinase R-like endoplasmic reticulum kinase
signaling (40). In contrast to SARS-CoV and SARS-CoV-2, the
pathogenesis of MERS-CoV is poorly studied despite its high
mortality rate.

An evolutionary tug-of-war exists between a virus and its
host. The host seeks to eliminate the pathogen, while the virus
aims to achieve immune escape. During virus infection of host
cells and disease development, ubiquitination plays a double-
edged sword (41). On one hand, viral proteins can induce or
promote the ubiquitination and degradation of certain key
cytokines, thereby weakening the immune response of cells or
tampering their normal functions. For example, N protein of
SARS-CoV and SARS-Cov-2 could inhibit the ubiquitination
of RIG-I, which in turn weaken its activation (42, 43). SASR-
CoV ORF8b induced degradation of IRF3 by the ubiquitin–
proteasome pathway (44), and SARS-CoV-2 M protein
induced TBK1 ubiquitination and degradation (45). All of
these viral proteins can lead to suppression of the innate im-
mune pathway. Nonetheless, the host cell can also employ a
multitude of mechanisms to achieve viral clearance. Host cells
could use its own E3 ligases to specifically degrade certain viral
proteins, thereby reducing virulence of the virus. For instance,
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NSP16 and ORF8b of SARS-CoV and ORF9c of SARS-CoV-2
could be degraded through ubiquitin–proteasome system in
the cells (46–48).

In our current work, we discovered that MERS-CoV ORF3
protein can induce cell apoptosis. By mass spectrometry
analysis and experimental verification, we showed that ORF3
was an unstable protein that could be degraded through the
ubiquitin–proteasome pathway in the host cell. By examining
ORF3 protein interactome, we found that the E3 ligase
HUWE1 regulated the ubiquitin-mediated degradation of
ORF3. Moreover, HUWE1 weakened the ability of ORF3 to
induce apoptosis. Our work reveals a new mechanism for the
host cells to antagonize MERS-CoV and provides a new target
for drug treatment of MERS-CoV.

Results

The ORF3 protein of MERS-CoV induces apoptosis in cells

MERS-CoV encodes five accessory proteins: ORF3, ORF4a,
ORF4b, ORF5, and ORF8b. To test whether these proteins are
related to the pathogenicity of the virus, we tested their anti-
IFN ability by luciferase reporter assay and qPCR. Under the
condition of Sendai virus stimulation, the four accessory pro-
teins—excluding ORF3—can inhibit the production of IFN-β
(Fig. 1, A–C). This suggested that ORF3 may play another role
that was distinct from the roles of the other accessory proteins.
Because ORF3a protein of SARS-CoV and SARS-CoV-2 was
reported to promote cell apoptosis (36, 49), we speculated
whether the ORF3 protein of MERS-CoV had a similar func-
tion. We overexpressed ORF3a protein of SARS-CoV and
SARS-CoV-2 as well as ORF3 protein of MERS-CoV in
HEK293T cells. As shown in the results, ORF3 protein of
MERS-CoV significantly increased the proportion of apoptotic
cells, similar to ORF3a protein of SARS-CoV and SARS-CoV-2
(Fig. 1, D–F).

MERS-CoV is a virus that mainly infects the respiratory
tract. To explore how ORF3 could affect the respiratory tract,
we overexpressed ORF3 protein in normal lung cell BEAS-2B
and lung cancer cells Calu3 and A549. Consistent with our
results from HEK293T, ORF3 enhanced apoptosis in all of
these cell lines (Figs. 1G and S1, A and B). To further elucidate
this ORF3-induced apoptosis, we determined the levels and
activation of proteins involved in apoptosis. We found that
ORF3 induced the cleavage/activation of caspase-8 and
caspase-3, whereas no apparent changes on BAX and Bcl-2
protein levels. This suggested that ORF3 induced cell death
through the extrinsic pathway of apoptosis, not the mito-
chondrial pathway (Figs. 1H and S1C). Overall, the results
implied that the ORF3 protein of MERS-CoV induced patho-
logical changes in the host by inducing apoptosis in cells.

MERS-CoV ORF3 is an unstable protein

While ORF3 of MERS-CoV-2 and ORF3a of SARS-CoV and
SARS-CoV-2 had similar function, they differed in terms of
amino acid sequences. The amino acid sequence homology
was higher between ORF3a/b of SARS-CoV and SARS-CoV-2,
which is not surprising given the close evolutionary relatedness



Figure 1. The ORF3 protein of MERS-CoV induces apoptosis in cells. A, HEK293T cells were transfected with the indicated plasmids expressing
HA-tagged MERS-CoV accessory proteins. Forty-eight hours later, cells were collected for immunoblotting. B, HEK293T cells were cotransfected with empty
vector or expression plasmids for MERS-CoV accessory proteins as indicated, together with IFNβ-luc and pRL-TK plasmids. Twenty-four hours after
transfection, the cells were infected with Sendai virus (100 HAU/ml) for 12 h and lysed for dual luciferase assay. C, HEK293T cells transfected with indicated
plasmids were infected with Sendai virus for 12 h. Total RNA was extracted, reverse transcribed, and analyzed by real-time PCR with primers specific for
IFNβ. D and E, HEK293T cells were transfected with the indicated plasmids expressing Flag-tagged SARS-CoV ORF3a, MERS-CoV ORF3, and SARS-CoV-2
ORF3a. After 24 h, 90% cells were stained with Annexin V-FITC/PI for flow cytometric analysis (D), and the remaining cells were lysed for immunoblot-
ting (E). F, the percentage of apoptotic cells were measured. Error bars indicate SD of technical triplicates. Statistical significance was calculated using
unpaired, two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. G, Calu3 cells were transfected with the indicated plasmids expressing MERS-CoV
ORF3. After 24 h, cells were stained with Annexin V-FITC/PI for flow cytometric analysis. H, HEK293T cells were transfected with empty vector or Flag-MERS-
CoV ORF3 as indicated. After 24 h, cells were subjected for immunoblotting using the indicated antibodies. Cells treated with staurosporine (STS), an
apoptosis inducer, for 5 h were used as a positive control. HAU, hemagglutinating unit; IFNβ-luc, interferon beta promoter-driven firefly luciferase reporter;
MERS-CoV, Middle East respiratory syndrome coronavirus; pRL-TK, HSV-thymidine kinase promoter-driven Renilla luciferase reporter; SARS-CoV, severe acute
respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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of the two viruses (5). But the ORF3 had low homology with
ORF3a/b (Fig. 2A). To show structural homology of the three
viral proteins, we utilized the resolved 3D structure of
SARS-CoV-2 ORF3a deposited in public databases and used
I-TASSER to predict the structures of the SARS-CoV ORF3a
and MERS-CoV ORF3 (Fig. 2B). We found that the structure
of both ORF3a were similar (Fig. 2C). But when the 3D
structures of the MERS-CoV ORF3 protein and the two
ORF3a proteins were aligned, the results showed they were
quite different (Fig. S2, A and B). This implied that compared
to the ORF3a protein of SARS-CoV and SARS-CoV-2, ORF3
protein of MERS-CoV had a distinct structure. We then pulled
down the ORF3 protein in HEK293T cells (Fig. S2C). The
Figure 2. MERS-CoV ORF3 is an unstable protein. A, the amino acid sequenc
by clustalW. The phylogenetic tree was constructed by MEGA. B, the protein s
iterative threading assembly refinement (I-TASSER) server. MERS-COV ORF3: g
SARS-CoV and SARS-CoV-2 was analyzed by PyMOL. SARS-CoV ORF3a: cyan, SAR
proteins of ORF3 were identified by mass spectrometry, and KEGG enrichmen
E, HEK293T cells transfected with the indicated plasmids were treated with cy
times for immunoblotting. F and G, HEK293T cells were transfected with emp
indicated. Twenty-four hours later, 90% cells were collected and stained with An
lysed for immunoblotting (G). H, the percentage of apoptotic cells were measu
calculated using unpaired, two-tailed Student’s t test. *p < 0.05; **p < 0.01.
respiratory syndrome coronavirus; SARS-CoV, severe acute respiratory syndrom
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proteins in the samples were identified by mass spectrometry
(Table S1), and Gene Ontology enrichment (Fig. S2, D–G) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis (Fig. 2D) were performed. KEGG enrichment
analysis showed that the interacting proteins of ORF3 were
significantly enriched in the proteasome pathway which sug-
gested that ORF3 might be an unstable protein. At this end,
cells overexpressing ORF3 were treated with cycloheximide
(CHX) to inhibit protein expression. When the synthesis of
ORF3 protein was inhibited, the level of ORF3 protein grad-
ually decreased over time, while ORF3a of SARS-CoV and
SARS-CoV-2 was stable and had a longer half-life (Fig. 2E).
Based on the earlier finding of proapoptotic effect of MERS-
es of the specified genes were downloaded from NCBI and were compared
tructures of MERS-CoV ORF3 and SARS-CoV ORF3a were predicated by the
reen, SARS-CoV ORF3a: cyan. C, the structure alignment between ORF3a of
S-CoV-2 ORF3a: yellow. D, top 20 of KEGG terms enrichment. The interacting
t analysis was performed using the OmicShare tools, a free online platform.
cloheximide (CHX, 100 μg/ml), and lysates were collected at the indicated
ty vector or increasing amounts of plasmids expressing MERS-CoV ORF3 as
nexin V-FITC/PI for flow cytometric analysis (F), and the remaining cells were
red. Error bars indicate SD of technical triplicates. Statistical significance was
KEGG, Kyoto Encyclopedia of Genes and Genomes; MERS-CoV, Middle East
e coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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CoV ORF3, we overexpressed ORF3 in a dose-dependent
manner and found that apoptosis was positively correlated
with its expression (Fig. 2, F–H). These results suggested a new
mechanism for the host to antagonize MERS-CoV by pro-
moting ORF3 degradation to suppress its proapoptotic activity.

ORF3 is degraded by ubiquitin–proteasome system

There are two common ways to clear damaged and poten-
tially toxic proteins in cells: the ubiquitin–proteasome pathway
and the lysosomal pathway. Based on KEGG enrichment
analysis, we found that ORF3 might be degraded through the
Figure 3. ORF3 is degraded by ubiquitin–proteasome system. A, HEK293T c
bortezomib (BTM, 10 μM), chloroquine (CQ, 20 μM), and NH4Cl (10 mM) for 8 h b
B, ORF3 protein levels normalized to β-actin were quantified by ImageJ.
***p < 0.001, Student’s t test. C, HEK293T cells were transfected with the plasmi
12-well plate. After 12 h, cells were then cotreated with MG132 (20 μM) and CH
level of ORF3 was analyzed by immunoblotting. D, ORF3 protein levels normal
Prism 7 as mean ± SD, n = 3 independent experiments. **p < 0.01, two-way
plasmid containing HA-ORF3, split, and cotreated with MG132 (20 μM) and CH
level of ORF3 were analyzed by immunoblotting. F, ORF3 protein levels normal
Prism 7 as mean ± SD, n = 3 independent experiments. ***p < 0.001, two-way
were treated with MG132 for 8 h before collection. The whole cell lysates were
HA antibody to detect the polyubiquitin chains of ORF3. CHX, cycloheximide;
proteasome pathway. To validate this, cells expressing ORF3
were treated with proteasome inhibitors MG132 and borte-
zomib (BTM) and lysosomal inhibitors NH4Cl and chloro-
quine for 12 h, and then the changes of ORF3 protein levels
were analyzed. The treatment with proteasome inhibitors
MG132 and BTM significantly increased the level of ORF3
protein as compared to the control group and the lysosomal
inhibitor treatment groups (Fig. 3, A and B). Next, we over-
expressed ORF3 in HEK293T and cotreated with CHX and the
various inhibitors to analyze ORF3 half-life. After treatment
with MG132 and BTM, the protein level of ORF3 remained
ells overexpressing ORF3 protein were treated with DMSO, MG132 (20 μM),
efore collection. Then, ORF3 protein level was detected by immunoblotting.
Results were shown as mean ± SD, n = 3 independent experiments.
ds expressing ORF3 protein. Twelve hours later, cells were split equally into a
X (100 μg/ml) or DMSO and CHX (100 μg/ml) for 0, 2, 4, or 8 h. The protein

ized to β-actin were quantified by ImageJ. Data were analyzed by GraphPad
ANOVA test. E, A549, Calu3, and BEAS-2B cells were transfected with the

X (100 μg/ml) or DMSO and CHX (100 μg/ml) for 0, 4, 8, or 12 h. The protein
ized to β-actin were quantified by ImageJ. Data were analyzed by GraphPad
ANOVA test. G and H, HEK293T cells transfected with the indicated plasmids
subjected to pulldown with anti-Flag beads and immunoblotting with anti-
DMSO, dimethyl sulfoxide.
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stable without degradation (Fig. 3, C and D, Fig. S3A), while
the treatment of NH4Cl and chloroquine failed to stabilize
ORF3 (Fig. S3, B and C). Similarly, the stability of ORF3 under
the influence of MG132 was also seen in A549, Calu3, and
BEAS-2B cells (Fig. 3, E and F). If a protein is degraded by the
proteasome, it often needs to be ubiquitinated before it can be
recognized by the proteasome prior to hydrolysis by proteo-
lytic enzymes. We sought to examine the possibility that ORF3
could be ubiquitinated. When ubiquitin and ORF3 were co-
overexpressed, the in vivo ubiquitination assay showed that
ORF3 could conjugate with ubiquitin chains (Fig. 3G). Also,
ORF3 could conjugate with endogenous ubiquitin to form
polyubiquitin chains (Fig. S3D). Ubiquitin can form ubiquitin
chains through their own lysine and the first methionine. The
ubiquitin chains formed by K48 and K63 were most widely
studied, in which the K48-linked ubiquitin chain regulated
protein degradation. Therefore, we co-expressed ORF3 and
WT ubiquitin or mutated ubiquitin (K48R and K63R) for
in vivo ubiquitination experiments. The results showed that
ORF3 mainly conjugated with K48 ubiquitin chain in cells
Figure 4. ORF3 interacts with E3 ligase HUWE1. A, KEGG network was constr
to proteasome pathway, apoptosis, E3 ligase, and ubiquitin-mediated prote
E3 ligases and ubiquitin-mediated proteolysis were plotted based on the
cotransfected with plasmids containing Flag-ORF3 and GFP-HUWE1. WCLs were
detected by immunoblotting with indicated antibodies to analyze the intera
plasmids containing Flag-ORF3. WCLs were precipitated with the anti-Flag b
MERS-CoV, Middle East respiratory syndrome coronavirus; WCLs, whole cell ly
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(Fig. 3H). These results proved that ORF3 can undergo ubiq-
uitination, resulting to its degradation in host cells.

ORF3 interacts with E3 ligase HUWE1

In the KEGG pathway enrichment analysis of ORF3 inter-
acting proteins, we created a network map of the first 20
pathways to acquire an intuitive understanding of their rela-
tionship (Fig. 4A). Because we sought to demonstrate the
ubiquitination-mediated degradation of ORF3, we took out the
proteins related to the ubiquitin–proteasome pathway, such as
proteasome subunits, ubiquitin-mediated proteolysis, and E3
ligases to create a protein interaction network diagram
(Fig. 4B). Meanwhile, based on the number of peptides of the
interacting proteins identified by mass spectrometry, we made
a heat map of the E3 ligases and ubiquitin-mediated proteol-
ysis identified in the control group and the experimental group
(Fig. 4C). As a key link in the ubiquitin–proteasome system, E3
ligase can specifically recognize the target protein and conju-
gate ubiquitin to the protein to form polyubiquitin chains and
finally make it recognized by the proteasome and degraded
ucted based on KEGG enrichment analysis. B, the interacting proteins related
olysis were clustered as a protein–protein network. C, a heatmap of the
interacting proteins of MERS-CoV ORF3 protein. D, HEK293T cells were
precipitated with the anti-Flag beads. WCLs and precipitated proteins were
ction between ORF3 and HUWE1. E, HEK293T cells were transfected with
eads to analyze the interaction between ORF3 and endogenous HUWE1.
sates.
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(50). In our results, five E3 ligases were identified to interact
with ORF3 protein. Among them, HUWE1 had the most
identified peptides and was most likely to be the key E3 ligase
for ORF3 ubiquitination. To verify whether ORF3 can interact
with HUWE1 at the cellular level, we overexpressed ORF3 and
HUWE1 in HEK293T cells. ORF3 could bind to both exoge-
nous and endogenous HUWE1 (Fig. 4, D and E). These results
confirmed the interaction of ORF3 and HUWE1 in cells,
suggesting that HUWE1 was the key E3 ligase that regulated
the ubiquitination and degradation of ORF3.
Figure 5. Proapoptotic activity of ORF3 is weakened by HUWE1-mediat
transfected with increasing amounts of plasmids containing GFP-HUWE1. Cell
analyzed by immunoblotting. B, ORF3 protein levels normalized to β-actin were
SD, n = 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Stud
vector or GFP-HUWE1 plasmids, treated with CHX, and collected at indicated ti
ORF3 protein level was normalized to β-actin. Results were shown as mean
E, HEK293T cells transfected with the indicated plasmids were treated with M
pulldown with anti-Flag beads and to detect the polyubiquitin chains of ORF3
were transfected with ORF3-containing plasmid, treated with CHX, and collec
ORF3 protein level was normalized to β-actin. Results were shown as mean ±
H, HEK293T cells stably expressing shNC and shHUWE1 were transfected w
collection. The whole cell lysates were subjected to pulldown and detect the po
were transfected with increasing amounts of plasmids containing HA-HUWE1-C
ORF3 was analyzed by immunoblotting. J, HEK293T cells expressing ORF3 pro
with CHX, and collected at indicated time for immunoblotting to test the prot
β-actin. Results were shown as mean ± SD, n = 3 independent experiments. NS
indicated plasmids. Twenty-four hours later, cells were stained with Annexin V-
was measured. Error bars indicate SD of technical triplicates. Statistical signifi
**p < 0.01, ***p < 0.001, NS, not significant.
Proapoptotic activity of ORF3 is weakened by HUWE1-
mediated degradation

Since our previous result confirmed the interaction of ORF3
with HUWE1, we next investigated whether HUWE1 was
indeed the E3 ligase that regulated the ubiquitination and
degradation of ORF3. As the expression of HUWE1 increased,
the expression level of ORF3 protein gradually decreased
(Fig. 5, A and B), while the other identified E3 ligases (UBR5,
TRIM33, Cullin5, Cullin3, and UBR4) had no effect on the
stability of ORF3 (Fig. S4, A–E). HUWE1 overexpression
ed degradation. A, HEK293T cells overexpressing the ORF3 protein were
s were collected 48 h after transfection, and the protein level of ORF3 was
quantified by ImageJ. Data were analyzed by GraphPad Prism 7 as mean ±

ent’s t test. C, HEK293T cells expressing ORF3 protein were transfected with
me for immunoblotting to test the protein level of ORF3. D, quantification of
± SD, n = 3 independent experiments. **p < 0.01, two-way ANOVA test.
G132 for 8 h before collection. The whole cell lysates were subjected to
by immunoblotting. F, HEK293T cells stably expressing shNC or shHUWE1

ted at indicated time to test the protein level of ORF3. G, quantification of
SD, n = 3 independent experiments. ***p < 0.001, two-way ANOVA test.

ith the ORF3 expressing plasmid and treated with MG132 for 8 h before
lyubiquitin chains of ORF3. I, HEK293T cells overexpressing the ORF3 protein
4341A. Cells were collected 48 h after transfection, and the protein level of
tein were transfected with vector or HA-HUWE1-C4341A plasmids, treated
ein level of ORF3. K, quantification of ORF3 protein level was normalized to
, not significant, two-way ANOVA test. L, HEK293T cells were transfected with
FITC/PI for flow cytometric analysis. M, the percentage of the apoptotic cells
cance was calculated using unpaired, two-tailed Student’s t test. *p < 0.05,
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shortened the half-life of ORF3 protein, and ORF3 degraded
faster than the control group (Fig. 5, C and D). Moreover,
when HUWE1 was overexpressed, the ubiquitin chains of
ORF3 were significantly enhanced (Fig. 5E). To further
corroborate these results, HUWE1 was knocked down in
HEK293T cells using shRNAs. The knockdown of HUWE1
increased ORF3 protein level (Fig. S4F). Next, we tested the
stability of ORF3 in control cells and stable HUWE1-
knockdown cell lines, respectively. We found that compared
with the control group, the reduction of HUWE1 stabilized
ORF3 with no apparent degradation (Fig. 5, F and G), and
HUWE1 knockdown significantly reduced the ubiquitin chains
(Fig. 5H). In addition, we overexpressed HUWE1-C4341A, the
ubiquitin ligase activity–deficient mutant, to test its effect on
the stability of ORF4b. With the increase of HUWE1-C4341A
expression, the protein level of ORF4b was not reduced
(Fig. 5I). Also, overexpression of C4341A did not shorten the
half-life of ORF4b (Fig. 5, J and K). Furthermore, we performed
an in vitro ubiquitination assay using GST-ORF3, HUWE1-
HECT, and the enzyme-deficient HUWE1-HECT-C4341A
purified from bacteria (Fig. S4G). These results confirmed that
HUWE1 mediated ORF3 ubiquitination to direct its degrada-
tion by the proteasome. Unlike MERS-CoV ORF3, neither the
ORF3a protein of SARS-CoV nor SARS-CoV-2 could interact
with HUWE1 (Fig. S4H). Moreover, the overexpression of
HUWE1 attenuated ORF3-induced apoptosis, while over-
expression of HUWEI alone had little effect on apoptosis
(Fig. 5, L andM). All in all, these results strongly indicated that
HUWE1 was an E3 ligase that specifically regulated the
degradation of ORF3 via ubiquitination.

Ubiquitination-resistant mutant could increase the stability of
ORF3

Ubiquitination generally occurs on the lysine residues of the
substrate protein (51). ORF3 is a small accessory protein
(only103 amino acids long) with only two lysine residues: K24
and K45 (Fig. 6A). Using PyMOL to analyze the predicted
structure of the ORF3 protein, we found that K24 was located
on the random coil while K45 was located on the β-fold; both
of which were located on the surface of the protein (Fig. 6B).
The tandem mass spectrometry results further showed that
K45 could be a ubiquitination site (Fig. 6C). To validate the MS
data, we constructed ubiquitination-resistant mutants of
ORF3-K24R and ORF3-K45R. The polyubiquitin chains con-
jugated on the ORF3-K45R was significantly weaker than
ORF3-WT and ORF3-K24R (Fig. 6D). Further, ORF3-WT and
ORF3-K24R protein levels with MG132 treatment were
significantly higher than that of the control group without
MG132, while the protein level of ORF3-K45R was not
affected by MG132 (Fig. 6, E and F). Moreover, we went on to
analyze the half-lives of ORF3-WT, ORF3-K24R, and ORF3-
K45R. With CHX treatment, the protein levels of ORF3-WT
and ORF3-K24R gradually decreased with time, while K45R
remained relatively stable with a longer half-life (Fig. 6, G and
H). To further determine that lysine 45 was the site in which
HUWE1 conjugated ubiquitin, we overexpressed HUWE1 in a
gradient and tested its effect on the ubiquitination-resistant
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mutant ORF3-K45R. The protein level of ORF3-K45R was
not affected by the overexpression of HUWE1 (Fig. 6I). Also,
ORF3-K45R could still induced apoptosis and was not affected
by HUWE1 (Fig. 6, J and K). These results demonstrated that
K45 was the site regulated by HUWE1 to facilitate ubiquiti-
nation that affected ORF3 stability.

Discussion

The SARS-CoV-2 outbreak is so far the most serious global
health crisis in the recent history. Because of its cosmopolitan
distribution as well as its detrimental impact to the health-care
system and economies, SARS-CoV-2 has received an unpar-
alleled attention. In a way, the COVID-19 pandemic somehow
led to increasing concerns on coronaviruses. Since 2003,
several coronaviruses that cause severe respiratory diseases
have emerged in a cyclical outbreak trend. Among them,
MERS-CoV was by far the most lethal of all the human
coronaviruses. First identified in the Middle East in 2012, the
mortality rate of MERS-CoV is as high as 35%, which is several
folds higher than the mortality of SARS-CoV and SARS-CoV-
2. There is neither specific treatment nor approved vaccine for
MERS-CoV. Although MERS-CoV was predominantly
endemic in the Middle East, there was a trend for MERS-CoV
to cause a global epidemic as well, since cases were reported in
Europe, North America, and Asia, especially in South Korea,
where a major outbreak occurred in 2015 (52, 53). While the
infection rate of MERS-CoV is lower than SARS-CoV-2, its
reemergence in the future still constitutes a huge threat to
public health. Thus, further research on the transmission
route, pathogenesis, and development of antiviral drugs for
MERS-CoV also warrant attention.

Previous studies on the pathogenicity of MERS-CoV have
mostly focused on IFN-resistant accessory proteins, such as
ORF4a, ORF4b, and ORF5, or viral proteases, such as papain-
like protease and main protease (37, 54, 55). In particular, our
study has several highlights. First, we have identified for the
first time that the viral protein ORF3 of MERS-CoV could
induce apoptosis in host cells, revealing a new pathogenic
mechanism that can be capitalized as new viral target protein
for clinical treatment of MERS-CoV. Second, we found that
ORF3 protein was unstable in host cells and could be degraded
through the ubiquitin–proteasome pathway. Third, among the
interacting proteins of ORF3, HUWE1 was an E3 ligase with
the most peptides identified by mass spectrometry, implying
that HUWE1 was likely to be the specific E3 ligase. The
interaction of HUWE1 and ORF3 was further validated
experimentally, and HUWE1 ubiquitinated ORF3 at lysine 45
to tag it for proteasomal degradation. Fourth, overexpression
of HUWE1 can effectively attenuate the induction of apoptosis
by ORF3-WT, but not the ubiquitination-resistant mutant
ORF3-K45R. This suggested that HUWE1 was an anti-MERS-
CoV factor in host cells that could effectively antagonize the
pathogenicity of ORF3 (Fig. 7). Whereas HUWE1 had been
reported to play roles in various pathologies (56–61) and was
rarely studied as antiviral factor in host immunity (62–64), this
was the first time that HUWE1 was found to play an antago-
nistic role in the pathogenesis of coronavirus infection.



Figure 6. Ubiquitination-resistant mutant could increase the stability of ORF3. A, the amino acid sequence of MERS-CoV ORF3 was downloaded from
NCBI, and all the lysine residues were marked in red. B, the structure of ORF3 protein was visualized by PyMOL with two lysine residues highlighted in red.
C, HEK293T cells were transfected with ORF3-expressing plasmid for 48 h. ORF3 protein was purified and analyzed by tandem mass spectrometry. One
peptide containing glycine residue was identified, K45 (in red). D, HEK293T cells were transfected with the indicated plasmids and treated with MG132
(20 μM) for 8 h before collection. The whole cell lysates were subjected to pulldown with anti-Flag beads and later immunoblotting with indicated an-
tibodies to detect the polyubiquitin chains of ORF3-WT and ORF3 mutants. E, single ubiquitination-resistant mutants, including K24R and K45R were
constructed. HEK293T cells were transfected with the indicated plasmids and treated with MG132 (20 μM) for 8 h before collection. Cell lysates were used to
detect the indicated protein level by immunoblotting. F, Quantification of ORF3 protein level was normalized to β-actin. Results were shown as mean ± SD,
n = 3 independent experiments. ***p < 0.001, NS, not significant, Student’s t test. G, HEK293T cells were transfected with plasmids expressing ORF3-WT,
ORF3-K24R, and ORF3-K45R. Twelve hours later, cells were evenly divided into 12-well plates. After 24 h, cells were treated with CHX (100 μg/ml) and
collected at indicated time to detect the protein level of ORF3. H, quantification of ORF3 protein level was normalized to β-actin. Results were shown as
mean ± SD, n = 3 independent experiments. ***, p < 0.001, NS, not significant, two-way ANOVA test. I, HEK293T cells overexpressing the ORF3-K45R protein
were transfected with increasing amounts of plasmids containing GFP-HUWE1. Cells were collected 48 h after transfection of the GFP-HUWE1 plasmid, and
the protein level of ORF3-K45R was analyzed by immunoblotting. J, HEK293T cells were transfected with indicated plasmids. Twenty-four hours later, cells
were stained with Annexin V-FITC/PI for flow cytometric analysis. K, the percentage of the apoptotic cells was measured. Error bars indicate SD of technical
triplicates. Statistical significance was calculated using unpaired, two-tailed Student’s t test. **p < 0.01, NS, not significant. CHX, cycloheximide; MERS-CoV,
Middle East respiratory syndrome coronavirus.

HUWE1 regulates the stability of MERS-CoV ORF3 protein
Apoptosis is a highly organized type of programmed cell
death that enables cells to maintain the stability of the internal
environment in normal physiological processes or under
pathological conditions (65). However, excessive apoptosis can
disrupt the structure and integrity of the bronchoalveolar
network and lead to associated acute respiratory distress syn-
drome (66). Coronavirus-induced apoptosis was described in
multiple tissues (67–71), and diverse components were shown
to trigger apoptosis (36, 40, 49, 72, 73). Nonetheless, the role
and significance of apoptosis in the pathogenesis of
MERS-CoV remains largely unexplored. During long-term
evolution, viruses have also developed a self-defense
mechanism that induces or inhibits apoptosis by viral proteins.
For example, in the early stages of infection, viruses inhibited
apoptosis until active viral particles were produced. In the late
stage of infection, the virus encoded another protein that
induced apoptosis and wrapped the virus particles in apoptotic
vesicles, which were later absorbed by surrounding cells (74).
Taking this perspective, virus-induced apoptosis facilitates the
release and spread of the virus (75–78). Here, we showed that
similar to ORF3a of SARS-CoV and SARS-CoV-2, MERS-CoV
ORF3 protein also induced apoptosis in the host cells, but it
had a shorter half-life compared to that of ORF3a and could be
degraded by the proteasome. This could at least partially
J. Biol. Chem. (2022) 298(2) 101584 9



Figure 7. A pattern diagram of HUWE1 mediating the ubiquitination and degradation of ORF3 to weaken its proapoptotic activity. DPP4, dipeptidyl
peptidase 4; FADD, Fas-associated death domain; FAS, tumor necrosis actor receptor superfamily member 6.

HUWE1 regulates the stability of MERS-CoV ORF3 protein
explain the less infectivity of MERS-CoV compared to SARS-
CoV and SARS-CoV-2.

Our discovery of ORF3 degradation by HUWE1 might offer
therapeutic implications. One is, regulating ORF3 by ubiq-
uitination and degradation may confer better resistance to viral
release during its life cycle. This can be achieved by designing
small compounds to enhance the binding between HUWE1
and ORF3, thereby increasing the degradation of ORF3. In
recent years, an emerging protein hydrolysis targeting chimera
(PROTAC) strategy has provided a new approach to drug
development (79–81). PROTAC has been widely used in drug
development in the field of cancer and is expanding into areas
such as immune abnormalities and neurodegenerative disease
(82). However, PROTAC strategies for viral infections are
rarely addressed (83). Since viral proteins are exogenous,
degradation of viral proteins by PROTACs has higher targeting
efficiency and specificity. Moreover, the antigenic fragments
generated by the degradation of proteins induced by
PROTACs also effectively promotes the immune response of
the organism (84). Therefore, targeting the MERS-CoV ORF3
protein by PROTAC small molecule drugs will have more
advantages and better prospects for clinical applications.

There were several limitations in this study that requires
follow-up research. First, ORF3 induced apoptosis through the
extrinsic pathway, and the KEGG enrichment analysis identi-
fied several host proteins in the apoptosis pathway to interact
with ORF3.Whether ORF3 protein affects the functions of
these proteins to induce apoptosis remains to be investigated.
In addition, it has not been addressed whether the replicative
capacity of MERS-CoV could be enhanced when expression of
HUWE1 in host cell is repressed or when mutation is
10 J. Biol. Chem. (2022) 298(2) 101584
introduced at lysine K45 of ORF3. This would require exper-
iments in BSL3. Live virus assays can also further clarify the
antagonistic effect of HUWE1 as an antiviral host factor
against MERS-CoV.

Our study reveals a novel mechanism for host antagonism
to the pathogenicity of MERS-CoV. We found that
MERS-CoV ORF3 protein can induce apoptosis in host cells.
Further, ORF3 protein was unstable and can be degraded by
the ubiquitin–proteasome system, resulting in the inhibition of
its ability to induce apoptosis. We uncovered the E3 ligase
HUWE1 mediated the ubiquitination of ORF3 protein to
facilitate its degradation. This was the first time that HUWE1
had been shown to play an antiviral role in host immunity.
Current therapeutic antibodies or small molecule drugs
against MERS-CoV mostly target the spike protein and are
based on the inhibition of virus entry into cells and virus
replication. There are fewer therapies related to the inhibition
of cytopathic effects. This study described the pathogenic
mechanism of MERS-CoV and identified a new host protein
against MERS-CoV. Our findings provided a new target pro-
tein for treatment of MERS-CoV infection with great prospects
for clinical application.
Experimental procedures

Cell culture

HEK293T, A549, Calu3, and BEAS-2B cells were purchased
from ATCC. HEK293T, A549, and BEAS-2B were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone).
Calu3 cells were cultured in minimal essential medium
(Hyclone). All these cell lines were supplemented with 10%
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fetal bovine serum (ZATA), penicillin (100 U/ml), and strep-
tomycin (100 μg/ml) and maintained at 37 �C in a humidified
atmosphere of 5% CO2.

Plasmids and antibodies

The MERS-CoV pCAG-Flag-ORF3 was a gift from Wenjie
Tan lab. The SARS-CoV and SARS-CoV-2 pCAG-Flag-ORF3a
was purchased from Tsingke. All the mutants and target gene
with different tags were cloned into pCAGGS vector by us.
HUWE1-WT and HUWE1-C4341A expressing plasmid was a
gift from Genze Shao lab. Antibodies used in immunoblotting
are as follows: anti-FLAG (Sigma), anti-HA (CST), anti-
Ubiquitin (LifeSensors), anti-HUWE1 (Abcam), anti-β-actin
(Sigma), anti-GAPDH (Sigma).

Cell transfections, immunoprecipitation, and immunoblotting

Cells were transfected with various plasmids using Lip-
ofectamine 3000 (Invitrogen) reagent or PEI according to the
manufacturer’s protocol. Forty-eight hours later, cells were
harvested and lysed with NP40 buffer (50 mM Tris-HCl [pH
7.4], 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5% glycerol)
supplemented with a protease inhibitor cocktail (Bimake).
Whole cell lysates were sonicated and centrifuged at
12,000 rpm for 15 min. Supernatant was harvested and then
incubated with anti-Flag agarose beads at 4 �C for 4 h. The
agarose beads were washed extensively, and samples were
eluted by boiling at 95 �C for 10 min with protein loading
buffer. Both lysates and immunoprecipitate were examined
using the indicated primary antibodies followed by detection
with the related secondary antibodies and the Immobilon
Western Chemiluminescent HRP Substrate (Millipore).

Dual luciferase reporter gene assay

The IFN beta promoter–driven firefly luciferase reporter
plasmid was transfected into HEK293T cells seeded in 12-well
plates with Renilla luciferase expression vectors at a ratio of
10:1 (Firefly: Renilla). Twenty-four hours after transfection, the
cells were infected with Sendai virus (100HAU/ml) for 12 h, and
the medium was removed. After washing once with PBS, the
cells were lysed and used to measure luciferase activity (Dual
Luciferase Reporter Gene Assay Kit, 11402ES60, Yeasen). The
relative firefly luciferase activity levels were normalized to the
luciferase activity of Renilla control plasmid. Data represent the
mean ± SD of three independent experiments.

Mass spectrometry

To identified the interacting proteins and ubiquitination
sites of MERS-CoV ORF3 protein, HEK293T cells were
transfected with plasmids containing Flag-ORF3. Transfected
cells were harvested at 48 h after transfection, and the ORF3
proteins were purified with Flag-conjugated agarose beads
(Sigma) from whole cell lysates. The proteins on the beads
were eluted by 0.2 M glycine–HCl buffer (pH 3.0) and
neutralized with 1.0 M Tris-HCl buffer (pH 9.0). The proteins
were digested by trypsin, and each fraction was injected for
nanoLC-MS/MS analysis. The LC-MS/MS analysis and data
analysis were performed by Shanghai Applied Protein Tech-
nology. Gene Ontology enrichment and KEGG enrichment
analyses were performed using the OmicShare tools, a free
online platform for data analysis (http://www.omicshare.com/
tools).

Protein half-life assay

For the ORF3 half-life assay, plasmids encoding ORF3 WT
were transfected into HEK293T, A549, Calu3, and BEAS-2B
cells when these cells in 6 cm dishes reached about 90%
confluence. Twelve hours after transfection, the cells were
evenly divided into 12-well plates. Twenty-four hours later, the
cells were treated with the protein synthesis inhibitor CHX
(Sigma, 100 μg/ml) for the indicated durations before collec-
tion. ORF3 mutants expressing plasmids were used in trans-
fection as indicated in individual experiments. The cells stably
expressing the indicated shRNA were also transfected with
ORF3 expressing plasmid and then treated with CHX. For the
proteasome inhibitor, MG132 (Sigma, 20 μM) was added into
the cells at the same time with CHX.

In vivo ORF3 ubiquitination assay

For in vivo ORF3 ubiquitination assay, Flag-ORF3 and
HA-ubiquitin were transfected into HEK293T cells. Twenty-
four hours, the cells were treated with 20 μM of the protea-
some inhibitor MG132 (Sigma) for 8 h. The cells were washed
with PBS, pelleted, and lysed with NP40 lysis buffer (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5%
glycerol) plus 0.1% SDS, 10 mM DTT, and 20 μMMG132. The
lysates were centrifuged to obtain cytosolic proteins and
incubated with anti-Flag agarose beads for 4 h at 4 �C. Then,
the beads were washed three times with PBS. The proteins
were released from the beads by boiling in protein loading
buffer and analyzed by immunoblotting.

In vitro ORF3 ubiquitination assay

The MERS-CoV ORF3 and the HUWE1 HECT domain of
WT and C4341A mutant were cloned and expressed as
GST-fusion proteins. All the proteins were expressed in BL21
bacterial cells and purified with Glutathione Sepharose beads.
The beads with ORF3 protein were incubated with HUWE1
HECT WT or C4341A mutant, together with 200 ng of E1
(UBE1, R&D system), 400 ng of E2 (UbcH5b, R&D system),
and 2 μg of recombinant ubiquitin (R&D system) in reaction
buffer (50 mM Tris [PH 7.4], 2 mM MgCl2, 4 mM ATP
[Sigma]) at 37 �C for 1 h. The supernatant was removed, and
the reaction was terminated by adding 2x protein loading
buffer. The ubiquitin chain was detected by immunoblotting.

Lentivirus-mediated stable cell line construction

When the HEK293T cells reached 60% confluency, the
lentiviral packaging plasmid and shRNA were cotransfected
into the cells in a certain ratio (psPAX2: pMD2.G: shRNA =
5:7:10) through Lipofectamine3000 and replaced with new
DMEM medium after 6 h of transfection. After 48 h of
transfection, the culture medium was collected, centrifuged,
J. Biol. Chem. (2022) 298(2) 101584 11
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and filtered with a 0.45 μm filter membrane to obtain the virus
liquid. HEK293T cells were infected with the lentivirus in the
presence of polybrene (5 μg/ml) with centrifugation at
1800 rpm for 40 min at 30 �C. Cells were selected at 48 h after
infection and maintained in 10% fetal bovine serum DMEM
supplemented with puromycin (1�2 μg/ml). The knockdown
efficiency of HUWE1 was detected by immunoblotting with
anti-HUWE1 antibody. The shRNA sequences are below.

shHUWE1 #1: 50-GCTAACTCGGCTACAACATTT-3’;
#2: 50-CCTAGGCTGCAGGACTAATAT-3’;
#3: 50-TTTGATGTCAAGCGCAAATAT-3’;
#4: 50-TGCACAGCTAATGATTCAATG-3’.

RNA isolation and quantitative real-time PCR

Total cell RNA was extracted using TRIzol reagent (Invi-
trogen) following the manufacturer’s instructions. One micro-
gram of total RNA was subjected to reverse transcription to
synthesize cDNA using RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Quantitative real-time PCR was
performed using SYBR Green Master Mix (Monad), and a 10 μl
volume reaction consisted of 1 μl reverse transcription product
and 300 nM of each primer. Relative gene mRNA levels for each
target genewere calculated by the 2−△△Ctmethodusing β-actin
as an internal control. The primers used for IFNβ are as follows:

IFNβ-F: CTTTCGAAGCCTTTGCTCTG;
IFNβ-R: CAGGAGAGCAATTTGGAGGA.

Protein 3D structure prediction and alignment

The 3D structures of SARS-CoV-2 ORF3a protein (7KJR)
was downloaded from Protein Data Bank (PDB, https://www.
rcsb.org/). The protein structures of SARS-CoV ORF3a pro-
tein and MERS-CoV ORF3 protein were predicated by the
iterative threading assembly refinement (I-TASSER) server
which generated 3D atomic models from multiple threading
alignments and iterative structure assembly simulations. The
alignment between different protein structures was performed
by PyMOL.

Phylogenetic tree construction

The target viral proteins’ amino acid sequences were
downloaded from the NCBI, and multiple alignment of the
sequences were performed using clustalW. The bootstrap
method was chosen to calculate the test of hylogeny. The
number of bootstrap replications was set to 1000, and the
model selection was Poisson model. The root represented the
origin of evolution, branches represented the relationship be-
tween these sequences, and the branch length represented
evolutionary change. The bootstrap value marked on the node
was used to evaluate the trustworthiness of the branch.

Apoptosis detection

The flow cytometry assay was used to detect cell apoptosis.
The cells seeded on the 6-well plates were transfected with
indicated plasmids. After 36 h, cells were washed with PBS for
three times and collected by centrifugation at 1000g for 5 min.
The apoptosis assay was performed using FITC Annexin V
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Apoptosis Detection Kit I (BD Pharmingen), and the steps
were described as follows: Washed cells twice with cold PBS
and then resuspend cells in 1x Annexin V binding buffer at 1 ×
106 cells/ml. Transferred 150 μl of the solution to a 5 ml
culture tube. Then added 5 μl of FITC Annexin V and 5 μl
propidium iodide staining solution. Gently vortexed the cells
and incubated for 15 min at room temperature (20–25 �C) in
the dark. Added 300 μl of binding buffer to each tube and
performed flow cytometry analysis within 1 h.

Caspase-3/8/9 activity detection assays

The cells seeded on the plates were transfected with indi-
cated plasmids. Five hours before the collection, cells were
treated with staurosporine (1 μM, Sigma) or dimethyl sulfoxide
and then were lysed for Western blot. The indicated primary
antibodies were used to detect the full-length and cleaved
caspase3/8/9. Antibodies used in immunoblotting are as
follows: anti-caspase3 (abcam, ab32351), anti-caspase8 (pro-
teintech, 13423-1-AP), anti-caspase9 (proteintech, 10380-1-
AP), anti-Bcl-2 (abcam, ab32124), and anti-BAX (abcam,
ab32503).

Statistical analysis

Each experiment was repeated at least three times. All re-
sults were shown as the mean ± SD. Student’s t test (unpaired,
two-tailed) was used to compare two independent groups, and
two-way ANOVA test was performed for comparisons of
multiple groups. All statistical analyses were performed with
GraphPad Prism 7. p < 0.05 was considered statistically
significant.

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE re-
pository with the dataset identifier PXD030024. All other data
are included in this article and its supporting information.
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