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Table 1. continued

gene ID symbol - . description refs
51061 TXNDCI11 thioredoxin domain containing 11 ' 2

53347 UBASH3A ubiquitin associated and SH3 domain containing A 2

10869 USP19 ubiquitin specific peptidase 19 >

9218 VAPA VAMP (vesicle-associated membrane protein)-associated protein A, 33 kDa 2

9217 VAPB VAMP (vesicle-associated membrane protein)-associated protein B and C this study; 22,2846
10493 VAT1 vesicle amine transport protein 1 homologue (T. californica) this study
55737 VPS35 vacuolar protein sorting 35 homologue (S. cerevisiae) i

6293 VPS52 vacuolar protein sorting 52 homologue (S. cerevisiae) 2

140612 ZFP28 zinc finger protein 28 homologue (mouse) this study
9726 ZNF646 zinc finger protein 646 2

Quantitative Reverse-Transcription PCR (gRT-PCR)

Total RNA was prepared from the cell and culture supernatant
using the RNeasy mini kit (QIAGEN, Hilden, Germany) and
QIAamp Viral RNA Mini Kit (QIAGEN), respectively. First-
strand ¢cDNA was synthesized using high capacity cDNA
reverse transcription kit (Applied biosystems, Carlsbad, CA,
USA) with random primers. Each cDNA was estimated by
Platinum SYBR Green qPCR Super Mix UDG (Invitrogen) as
per the manufacturer’s protocol. Fluorescent signals of SYBR
Green were analyzed with ABI PRISM 7000 (Applied
Biosystems). The HCV internal ribosomal entry site (IRES)
region and human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene were amplified with the primer pairs S'-
GAGTGTCGTGCAGCCTCCA-3’ and 5'-CACTCG-
CAAGCACCCTATCA-3', and 5'-GAAGGTCGGAGT-
CAACGGATT-3" and §'-GATGACAAGCTTCCCGTTCTC-
3/, respectively.*” The quantities of the HCV genome and the
other host mRNAs were normalized with that of GAPDH
mRNA. RTN1 and RTN3 genes were amplified using the
primer pairs purchased from QIAGEN.

Cell Lines and Virus Infection

Cells from the Huh7OK1 cell line are highly permissive to
HCV JFHI strain (genotype 2a) infection compared to Huh
7.5.1 and exhibit the highest propagation efficiency for JFH1.*
These cells were maintained at 37 °C in a humidified
atmosphere and 5% CO,, in the Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented
with nonessential amino acids (NEAA) and 10% fetal calf
serum (FCS). The viral RNA of JFH1 was introduced into
Huh7O0K1 as described by Wakita et al.** The viral RNA of
JFH1 derived from the plasmid pJFHI1 was prepared as
described by Wakita et al.**

Statistical Analysis

Experiments for RNAi transfection and qRT-PCR were
performed two times. The estimated values were represented
as the mean = standard deviation (n = 2). The significance of
differences in the means was determined by the Student’s ¢-test.

B RESULTS AND DISCUSSION

identifying Host Proteins That Interact with HCV NS3A
Protein

We employed an integrated approach that combined an
experimental Y2H assay and comprehensive literature mining
to identify human host proteins interacting with NSSA.

First, we performed an Y2H screening to characterize the
interactions between NSSA and host proteins. The analysis of
positive colonies revealed 17 host factors as interacting partners
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of NSSA (Tables 1, S1, Supporting Information), 14 of which
are novel. The other three interactions have been characterized
previously; vesicle-associated membrane protein (VAMP)-
associated protein B (VAPB), a membrane trafficking factor,
and FKS06-binding protein 8 (FKBPS), an immunoregulation
protein, independently regulate HCV replication via inter-
actions with NS5A;****5% Bridging integrator 1 (BIN1), a
tumor suppressor protein, interacts with NSSA and significantly
contributes to HCC.*” Among the newly discovered
interactors, MAP4K4 is overexpressed in HCC, and knock-
down of MAP4K4 expression inhibits HCC progression;*®
RTNI and VAT1 were previously observed to be elevated in
HCV infected cells,* and ARL6IP1, EPHB6, GABARAPL2,
ITSN1 and NISCH were differentially expressed in HCV
infection in vitro.”® Furthermore, five (ARL6IP1, FKBPS,
RTN1, RTN3, VAPB) of the 17 interactors (29.4%) localize to
the endoplasmic reticulum (ER; GO:0005783; p = 0.0028),
which is consistent with the role of NSSA as a crucial
constituent of the HCV replication complex associated with the
ER.>' These results suggest that the PPIs detected by our Y2H
assay may closely reflect NSSA interactions in vivo.

We next scanned the biomedical literature to expand the
repertoire of NSSA—host interactions. Because of an ever
increasing volume of biomedical literature describing the
pathogenesis of infectious diseases, the identification of specific
host—pathogen interactions and their roles in pathogenicity is a
nontrivial task, and therefore, recent years have witnessed a
rapid development of computational tools for biomedical
literature mining. We performed extensive literature mining
using computational tools that facilitate the retrieval and
extraction of relevant information from the biomedical
literature (Pubmed, EBIMed, Protein Coral) and followed it
up with a careful manual inspection to identify additional host
factors, which directly interact with NSSA and which were not
present in the Y2H data set. One hundred and fifteen pairwise
interactions between NSSA and human proteins (consisting of
93 catalogued by a high throughput study of binary HCV—host
interactions®> and 22 from assorted reports; see Supporting
Information, Table S2) were extracted from the literature in
this manner and were added to the existing interactors. The
resulting NSSA—human interactome thus comprised 132
human host proteins directly interacting with NSSA (Table
1), all of which are expressed in the liver (see Supporting
Information, Table S3).

Network Topological Analysis of the NS5A—host
Interactions: NS5A Preferentially Targets Hubs and
Bottlenecks in the Host Protein Interactome

To further understand the biological significance of the NSSA—
host interactions, we retrieved PPIs for the nodes targeted by
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Figure 1. Topological analysis of the NSSA infection network. (A) The node degree distributions of the NSSA interatcors in the HPI, NSSA
infection network, and HPI are represented as box plots. The average degree of the NSSA interactors in HPI (19.02) was higher than those of the
NSS5A infection network (8.24) and HPI (5.96). Median node degrees (indicated by thick horizontal lines) of the NS3A interactors in HPI, NSSA
infection network, and HPI are 8, S, and 3, respectively. (B) The average degree of the nodes targeted by NSSA in HPI was much higher than mean
average degree of 1000 sets of the randomly selected 108 nodes in HPIL (C) The shortest path length distributions of the NSSA infection network
and HPL The path length is represented on the x-axis while the y-axis describes the frequency, i.e.,, the percentage of node (protein) pairs within the
PPI network with a given shortest path length. For simplicity, only the node frequencies for path lengths 1—5 in the HPI are displayed. (D) The
number of bottlenecks among the nodes targeted by NSSA in HPI was much higher than mean of the number of bottlenecks among 1000 sets of the

randomly selected 108 nodes in HPIL *: p < 0.001.

NSSA in the HPI and incorporated them with the initial
interactions to infer an extended NSSA infection network. PPIs
for 108 of 132 NSSA interactors were retrieved in this manner;
24 of 132 NSSA interactors had no PPIs in the HPI
(Supporting Information, Tables S4, SSa, S5b). For the
NSSA infection network and the HPIL we computed the
node degree distribution and the characteristic/average path
length measures to capture the topologies of the two networks.
The degree of a protein, which corresponds to the number of
its interacting partners, may often reflect its biological relevance
since a better connected protein is likely to have a higher ability
to influence biological networks via PPIs. Average path lengths
provide an approximate measure of the relative ease and speed
of dissemination of information between the proteins in a
network.

The NSSA infection network consisted of 1442 entities
(nearly all of which are expressed in the liver; see Supporting
Information) with 6263 interactions between them (Supporting
Information, Tables $4, SSa). The average degree (defined as
the number of interactions for a given protein) of the NSSA
infection network (8.24) was notably higher than the degree
inferred for the HPI (5.96) (Figure 1A). Furthermore, the
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average degree of the nodes targeted by NS3A in the HPI
(19.02) was even higher; this number is significantly greater
than the average degree obtained from a sample of randomly
selected nodes (6.17 + 1.08 with p < 0.001; Figure 1B; see
Supporting Information). Also the degrees inferred for the
majority of the NSSA interactors in the HPI (65 of 108;
60.18%) were higher than the mean degree of the HPI (5.96)
(Figure 1A). Our observations therefore suggest that NSSA
preferentially targets several highly connected cellular proteins
(hubs) with an ability to influence a large number of host
factors in HCV infection. The average (shortest) path length of
the NSSA infection network (3.26) was significantly shorter
than the HPI (4.54), and also the distribution of shortest path
lengths was shifted toward the left (Figure 1C), thereby
suggesting that the NSSA influenced cellular network is more
compact and inclined toward faster communication between
the constituents relative to the host cellular network.

Next, we examined the betweenness measures of the NSSA
interactors in the HPI to assess their significance in the HPI
and the NSSA infection network. The betweenness of a node,
determined by the number of shortest paths passing through it,
reflects the importance of that node in the network; the nodes

dx.doi.org/10.1021/pr3011217 | /. Proteome Res. 2013, 12, 2537-2551
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with the highest betweenness prominently regulate the flow of
signaling information and are therefore “bottlenecks”, repre-
senting central points for communication in an interaction
network.*”> Previously, proteins with high betweenness have
been implicated in crucial roles in HCV infection and
pathogenesis.*>>* To investigate if NSSA preferentially targets
bottlenecks (defined as the top 10% of the nodes in the HPI
ranked by betweenness), we estimated the fraction of NSSA
interactors that were bottlenecks in the HPIL A significant
proportion (39 of 108; 36.1%) of the NSSA interactors were
identified as bottlenecks in the HPI (Supporting Information,
Table S6); this number is significantly higher than the number
of bottlenecks among randomly selected nodes (10.72 + 3.17
with p < 0.001; Figure 1D; see Supporting Information). These
include growth factor receptor-binding protein 2 {GRB2),
which plays an important role in the subversion of host
signaling pathways by NS5A;> tumor protein 53 (TP53), a key
mediator of the oncogenic effect of NSSA in HCV-induced
HCC;*® and tyrosine kinase SRC, which regulates the
formation of NS5A-containing HCV replication complex.”’
Among the NSSA interacting proteins identified by our Y2H
screening, ITSN1, an endocytic traffic associated protein, and
GABARAPL2, an autophagy associated protein, were identified
as network bottlenecks.

Our observations therefore suggest that NSSA preferentially
interacts with highly central proteins in the host protein
interactome; these interactions may help the virus to regulate
efficiently the flow of the infection-related information in the
host cellular network and manipulate the host metabolic
machinery for its own survival and pathogenesis. Our
observations are consistent with studies that suggested that
viral pathogens tend to interact with well-connected host
proteins that are central to the host cellular networks, thus

enabling them to appropriate essential cellular func-
tions 21 2:26,58,59

Functional Analysis of NS5A Interaction Network

Next, we investigated the NSSA infection network for the
enrichment of specific biological associations (KEGG pathways,
CATH structural domains; GO terms and Reactome Pathways;
Supporting Information, Tables S7a, S7b, S7c and S7d).
Notably, a significant proportion of the proteins in the NSSA
infection network were mapped to the CATH Phosphorylase
Kinase; domain 1, domain (CATH:3.30.200.20; 138 out of
1442, p = 2.61 X 107%) including 23 of the 132 NSSA
interacting host proteins (p = 3.38 X 107'%) (13 of which are
bottlenecks in the HPI), based on the Gene3D protein domain
assignments (Supporting Information, Table S7b). These
include two novel interactions between EPHB6 (a kinase
deficient receptor) and MAP4K4 and NSSA, identified by our
Y2H assay (Table 1). The significant representation of cellular
kinases in the NSSA infection network is consistent with the
key roles played by reversible phosphorylation of NSSA in
modulating various NSSA functions in HCV pathogenesis.
Impairing NSSA hyperphosphorylation has been shown to
inhibit HCV replication, and thus, the cellular kinases that
regulate NS5A ghosphorylation are important targets for anti-
HCV therapy.”®™%

The analysis of NSSA infection network revealed an
enrichment of 79 KEGG pathways (Supporting Information,
Table S7a). Furthermore, 31 of the 39 NSSA interacting
bottlenecks (hereafter referred to as bottlenecks) were mapped
to 75 of the 79 enriched KEGG pathways (Supporting
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Information, Table S5). Among the 75 bottleneck-associated
enriched KEGG pathways, the highest numbers were associated
with various cancers and infectious diseases (31 enriched
KEGG pathways; 27 bottlenecks), followed by immune system,
signal transduction and endocrine system (23 enriched KEGG
pathways; 27 bottlenecks), cell growth and death (4 enriched
KEGG pathways; 9 bottlenecks), nervous system (4 enriched
KEGG pathways; 8 bottlenecks) and cellular communication (3
enriched KEGG pathways; 14 bottlenecks) among others
(Tables 2, S8a, Supporting Information). Below we describe
our observations on the most prominent enriched biological
themes of interest that were associated with the NSSA infection
network, with a specific focus on the bottlenecks.

Cancers and Infectious Diseases

The analysis of the NSSA interaction network revealed that
NSSA specifically targets host factors that participate in various
complex human diseases. Thirty-four NSSA interactors
including 24 bottlenecks were mapped to one or more of the
17 enriched KEGG pathways associated with different
infectious diseases (Supporting Information, Tables S7a, S8a).
Among the most prominent associations, 12 bottlenecks were
mapped to “Epstein—Barr virus infection” (p = 1.36 X 107);
10 to “Hepatitis C” (p = 347 X 107*); 10 to “HTLV-I
infection” (p = 1.39 X 107%%); 9 to “Hepatitis B” (p = 3.33 X
107%); 8 to “Measles” (p = 5.69 X 107"); 7 bottlenecks were
mapped to “Influenza A” (p = 5.01 X 107*%); 7 to “Herpes
simplex infection” (p = 1.47 X 107"®) and 6 to “Tuberculosis”
(p = 3.02 X 107*) (Supporting Information, Tables S7a, S8a).
These associations include infectious diseases induced by
various bacterial and viral pathogens thereby suggesting that
HCV and other pathogens may systematically target specific
host factors, the perturbation of which may contribute to the
onset of various human diseases.

Also, 19 bottlenecks were mapped to one or more of the 16
enriched KEGG pathways associated with various cancers.
Among the most prominent associations, 10 bottlenecks were
mapped to “Viral carcinogenesis” (p = 1.3 X 107°); 8 each
were mapped to “Prostrate cancer” (p = 427 X 107%),
“Endometrial cancer” (p = 5.52 X 107*') and “Colorectal
cancer” (p = 4.22 X 107'*); 7 to “Pancreatic cancer” (p = 1.94
X 107'%); 6 to “Chronic myeloid leukemia” (p = 1.61 X 107°)
and S each to “Non-small cell lung cancer” (p = 8.66 X 107")
and “Glioma” (p = 238 X 107**) (Supporting Information,
Tables S7a, S8a). The significant association of HCV with host
factors central to various cancer pathways (including tumor
suppressors such as TPS3) is consistent with previous
observations that viral pathogens significantly targeted host
proteins associated with cancer pat}1ways,59’6 55 which likely
plays major roles in tumorigenesis.

Immune System and Signal Transduction

HCV infection induces various active and passive host immune
responses including the recognition of viral RNA by host cell
receptors. These events lead to the production of Type I
interferons (IFN-@/f) and inflammatory cytokines in the
infected hepatocytes, initiating the antiviral response. HCV
persistence in the host is determined by the virus’s ability to
impair host immune responses.**”%

The analysis of the NSSA interaction network revealed that
21 of the 132 NSSA interacting proteins, including 16
bottlenecks and their interacting partners, were mapped to
one or more enriched KEGG pathways associated with the
immune system (Supporting Information, Tables S7a, S8a).

dx.doi.org/10.1021/pr3011217 | J. Proteome Res. 2013, 12, 2537-2551
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KEGG pathway “MAPK signaling pathway” (p = 2.4 X 107"
Supporting Information, Tables S7a, S8a). Elements of the
MAPK signaling cascades are directly involved in the
progression of HCV infection, particularly in association with
HCV Core and E2 proteins,”” 47677 thereby suggesting that
NSSA interactions with the key facilitators of MAPK signaling
in the host interactome may play an important role in
regulating the reversible phosphorylation of NS5A and may
contribute to the progression of HCV pathogenesis.

Bottlenecks AKT1, GRB2, GSK3B, PIK3R1 and RAF1 and
many of their interactors were mapped to the enriched KEGG
pathway “Insulin signaling pathway” (p = 2.42 X 107
Supporting Information, Tables S7a, S8a); these proteins are
highlighted in Figure 2. Insulin signaling plays an important
role in regulating glucose and lipid metabolism, and the
disruption of this process may contribute to insulin resistance
(IR). IR is linked with steatosis, fibrosis Bm%Tession and poor
interferon-a response in HCV infection.”* ™" Suppression of
AKT1 and GSK3B activity in HCV infection disrupts glucose
metabolism and contributes to IR.*"** Furthermore, PIK3R1
and NSSA interactor PIK3CB (Figure 2) are subunits of
phosphatidylinositol 3-kinase (PI3K), which controls insulin
secretion;> PI3K also facilitates the activation of the proto-
oncogene beta-catenin (CTNNB1) by NSSA, which contrib-
utes to the development of HCC in HCV pathogenesis.**
Previously, HCV Core protein has been directly implicated in
the induction of IR in HCV infection,® while there is little
evidence suggesting definitive links between NSSA and IR. Our
observations, however, suggest that NSSA directly interacts
with key regulators of insulin metabolism and may, therefore,
play a major role in modulating HCV-induced IR and
eventually HCC.

associated bottlenecks

ACTB, AKT1, CDKI, CSNK2A1, CTNNBI1, FLNA, FYN, GPSZ; GRB2,

HSPBI, JAK1, LCK, LYN, PIK3R1, PPP2CA, RAF1, SRC, STATI, SYK,

TGEBRI, THBS1, TP53, TRAF2
AKT1, GRB2, GSK3B, LYN, PIK3R1, PPP2CA, RAF1, TP53

GSK3B, HSPB1, JAK!, LCK, LYN, PIK3R1, PPP2CA, RAF1, SRC, STAT],

SYK, TBP, TGEBRI, TP53, TRAF2
AKT1, AXINI, CDK1, CTNNB1, GRB2, GSK3B, HSP90AAL, JAKI, LYN,

RAF1, SRC, STATI, SYK, TBP, TGFBRI, THBS1, TPS3, TRAF2

PIK3R1, PIN1, RAF1, SRC, STATI, SYK, TRAF
AKT1, AXIN1, CSKN1A1, CTNNB1, FLN, GRB2, GSK3B, HSP90AAL,

PPP2CA, RAF1, SRC, TGEBRI, THBS1
AKTI, FHL2, FYN, GRB2, GSK3B, JAKI, LCK, PIK3R1, STATI, SYK,

TGFBRI1, THBS1

TRAF2

AKT1, CDKI, GSK3B, PIK3R1, PLK1, PPP2CA, THBS1, TP53, TRAF2
ACTB, AKT1, CSNK2A1, CTNNB1, FLNA, FYN, GRB2, GSK3B, PIK3R1,

ACTB, AKT1, CTNNBI, FYN, GRB2, GSK3B, HSP90AA1, LCK, LYN,
AKT1, CDK1, GRB2, GSK3B, HSP90AAL, PIK3RI, PLK1, RAF1, SRC,

W
bottle-
necks
24
9
16
22
8
10
9
14
1

no.of
16
0
9
N
4
4
3
3

communication

endocrine system
cell growth and

death

nervous system
cell

infectious
diseases

cancers

immune system
transduction

development

Table 2. KEGG Pathway Functional Categories (Subclasses) Sorted by the Number of Enriched Pathways (>3) Associated with One or More NS5A Interacting Bottlenecks
signal
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Figure 2. N'SSA interacting bottlenecks and their interacting partners associated with the enriched KEGG pathway hsa04910: “Insulin signaling

pathway”.

Cell Adhesion and Communication

The perturbation of adherens and tight junction associated
proteins has been implicated in HCV entry, cell—cell
transmission and hepatoma migration in HCV infection, %658
In the NSSA infection network, eight bottlenecks (ACTB,
AKT1, CSNK2A1, CTNNBI1, FYN, PPP2CA, SRC and
TGFBR1) were mapped to either or both of the enriched
KEGG pathways “Adherens Junction” (p = 1.03 X 107) and
“Tight junction” (p = 1.19 X 107°), which are associated with
cell adhesion junctions and cellular communication (Support-
ing Information, Tables S7a, S8a). CSNK2AL is the catalytic
(alpha) subunit of Casein Kinase II (CK2), which phosphor-
ylates NSSA and regulates the production of infectious viral
particles.®> CTNNBI, a key component of cell-adhesion
complexes, is positively regulated by CK2.*° Furthermore, the
activation of CTNNBI1 by NSSA significantly contributes to
HCC.2* Taken together, our observations suggest that NSSA
interactions with bottlenecks, which regulate cell—cell adhesion
(CSNK2A1, CTNNB1) and cytoskeletal organization (ACTB),
may significantly contribute to the progression of HCV life
cycle and tumorigenesis in HCV pathogenesis.

2545
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Eleven bottlenecks were mapped to the enriched KEGG
pathway “Focal Adhesion” (p = 1.02 X 107"7; Supporting
Information, Tables S7a, S8a), thereby reiterating that focal
adhesion is a major target of NSSA.** Focal adhesion regulates
cell migration and adhesion, and some of its components were
directly implicated in the regulation of HCV replication and
propagation in our earlier study.”* Our observations thus
suggest that NSSA interactions with key components of the
focal adhesion machinery may play important roles in the HCV
lifecycle. For instance, NSSA interacts with bottleneck THBS1
(Thrombospondin-1), a glycoprotein, which was mapped to
the KEGG “Focal Adhesion” pathway. THBS1 plays a key role
in NS5A-mediated activation of the cytokine TGE-f1, which
facilitates HCV replication and progressive liver fibrosis in
HCV infection.”® Our observations suggest that direct NSSA
interactions with the bottlenecks THBS1 and TGFBR1 (TGF-
p receptor 1; KEGG Pathway “Adherens Junction”), a key
facilitator of TGF-f downstream signaling, may be crucial in
facilitating HCV replication and tumorigenesis in HCV
pathogenesis.

dx.doi.org/10.1021/pr3011217 | . Proteome Res. 2013, 12, 2537—2551
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Figure 3. ER-localized host factors RTN1 and RTN3 were found to interact (blue edges) with NSSA in an Y2H screening of human liver cDNA

library using NSSA as bait.
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Figure 4. Effects of knockdown of RTN1 and RTN3 on HCV propagation and replication. Host factors RTN1 and RTN3 were suppressed by RNAi
(A) in Huh70K1 cells infected with HCV JFH1 strain (genotype 2a). The amounts of viral titer (B) and intracellular viral RNA (C) were estimated.
Each value was represented as percentage of the cells transfected with the control siRNA. FFU: Focus-forming units; *: p < 0.05, **: p < 0.01.

Cellular Transport

Cellular factors associated with endocytic trafficking are key
facilitators of the HCV life cycle, particularly HCV entry into
the hepatic cells.”" ™ Endocytosis of the extracellular growth
factor receptor (EGFR) in association with the cell surface
glycoprotein CD81 plays a crucial role in HCV internalization
and entry and is, therefore, an attractive target of anti-HCV
strategies.94 In the NSSA infection network, NSSA interactors
ARAP1 and HSPAIA together with two bottlenecks (SRC,
TGFBR1) were mapped to the enriched KEGG pathway
“Endocytosis” (p = 2.97 X 107% Supporting Information,
Tables S7a, S8a). ARAP1, a Golgi associated protein, negatively
regulates EGFR trafficking, and decreased ARAP1 expression
contributes to enhanced EGFR endocytosis.”® Therefore, NSSA
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interaction with ARAP1 may facilitate EGFR internalization
and thus viral entry in HCV infection.

NS5A Interacting Host Proteins RTN1T and RTN3 Function in
HCV Propagation but Not Replication

Traditionally, viral and host proteins associated with the HCV
lifecycle (internalization, replication, assembly and release)
have been preferred targets in the anti-HCV studies. During
infection, HCV localizes to the detergent-resistant membrane
fraction (DRM) derived from the ER, where the viral
replication and assembly take place.* Thus, of the novel
interactions identified in our Y2H assay, we focused on two ER-
localized host factors RTN1 and RTN3 (Figure 3). RTN1 and
RTN3 belong to a group of proteins named Reticulons, which
are integral to maintaining the shape and organization of the
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ER and have been implicated in facilitating the replication of
various positive-strand RNA viruses.”*"*® Furthermore, both
RTNI and RTN3 have been specifically detected in the very
low density lipoprotein (VLDL) transport vesicle (VTV);”
VTV is a key component of the VLDL secretory pathway,
which plays an essential role in the production and the release
of the infectious HCV particles."” Therefore, NSSA
interactions with RTNI1 and RTN3 suggested novel and
potentially crucial roles of the two host proteins in the
replication and/or release stages of the HCV lifecycle.

We performed cellular assays to assess the impact of RTN1
and RTN3 siRNA knockdowns on HCV replication and
release. Since the HCV-production systems using the HCV
JFH1I infectious strain (genotype 2a) isolates alone are capable
of both efficient replication and the production of the infectious
HCV particles, JFH1 was used to infect the Huh7OK1 cell line
24h after transfection with each siRNA (see Materials and
Methods). The infected cells were harvested after 72 h
postinfection, and the expression of each host protein was
assessed by gRT-PCR (Figure 4A). The viral titer was
significantly decreased by individual and double knockdowns
of RTN1 and RTN3 (Figure 4B). However, RTNI and RTN3
knockdowns had no effect on the intracellular viral RNA levels
in the HCV infected cells (Figure 4C), suggesting that RTN1
and RTN3 regulate HCV propagation but not HCV replication.

B CONCLUSIONS

We describe here our observations of PPIs between HCV
NSSA and host proteins. By employing a multifold approach
involving an experimental Y2H assay and literature mining, we
derived a comprehensive set of experimentally determined
binary interactions between NSSA and host proteins. We
proceeded to map the combined NSSA—host interactions onto
an overall interaction network, which comprised a repertoire of
connections, which potentially enable NS5A to link up with and
modulate the components of the host cellular networks. We
then employed a network-based approach to understand the
biological context of these connections in HCV pathogenesis
with the help of the TargetMine data warehouse.

A functional analysis of the PPI networks highlighted NS5A
interactions with several well connected host factors (hubs) and
centrally located “bottlenecks” in the host cellular networks that
function in cellular pathways associated with immune system
and cell signaling, cellular adhesion and cell transport, cell
growth and cell death and ER homeostasis among others. The
“bottlenecks” include several proteins that were previously
implicated in HCV pathogenesis, thereby suggesting that NSSA
interactions with centrally connected host factors may enable
the virus to influence strongly the host cellular processes in
HCV infection. Notably, many bottlenecks were mapped to
pathways associated with the infectious diseases induced by
diverse bacterial and viral pathogens of the human host. These
observations thus suggest the presence of some common
themes underlying the onset of various human diseases
associated with pathogenic infection in humans, a better
understanding of which may be helpful in optimizing broad
spectrum approaches to counteracting a wide range of
pathogenic infections.

Cellular assays based on siRNA knockdowns in the HCV
infected and replicon cells demonstrated RTN1 and RTN3,
ER-Jocalized NS5A interacting proteins, to be novel regulators
of HCV propagation, but not replication, and thus promising
novel candidates for anti-HCV therapy.
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Our analysis therefore provides further insights into the role
of NSSA—host interactions in HCV infection, a deeper
understanding of which may aid in the identification of new
clinically relevant targets for optimizing the therapeutic
strategies to manipulate HCV-host interactions and thus
more effectively combating HCV infection. Our analysis also
emphasizes the importance of elaborate network-based
computational approaches that integrate diverse biological
data types in investigating host—pathogen interactions.
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Nitrosative Stress Induces Peroxiredoxin 1 Ubiquitination
During Ischemic Insult via EGAP Activation
in Endothelial Cells Both In Vitro and In Vivo
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Abstract

Aims: Although there is accumulating evidence that increased formation of reactive nitrogen species in cerebral
vasculature contributes to the progression of ischemic damage, but the underlying molecular mechanisms
remain elusive. Peroxiredoxin 1 (Prx1) can initiate the antioxidant response by scavenging free radicals.
Therefore, we tested the hypothesis that Prx1 regulates the susceptibility to nitrosative stress damage during
cerebral ischemia in vitro and in vivo. Results: Proteomic analysis in endothelial cells revealed that Prx1 was
upregulated after stress-related oxygen—glucose deprivation (OGD). Although peroxynitrite upregulated Prx1
rapidly, this was followed by its polyubiquitination within 6 h after OGD mediated by the E3 ubiquitin ligase
E6-associated protein (E6AP). OGD colocalized E6AP with nitrotyrosine in endothelial cells. To assess
translational relevance in vivo, mice were studied after middle cerebral artery occlusion (MCAO). This was
accompanied by Prx1 ubiquitination and degradation by the activation of E6AP. Furthermore, brain delivery of
a lentiviral vector encoding Prx! in mice inhibited blood-brain barrier leakage and neuronal damage signifi-
cantly following MCAO. Innovation and Conclusions: Nitrosative stress during ischemic insult activates
E6AP E3 ubiquitin ligase that ubiquitinates Prx1 and subsequently worsens cerebral damage. Thus, targeting
the Prx1 antioxidant defense pathway may represent a novel treatment strategy for neurovascular protection in
stroke. Antioxid. Redox Signal. 00, 000-000.

Introduction

RAIN MICROVASCULAR ENDOTHELIAL CELLS provide a

barrier between the bloodstream and brain that is critical
in brain development, maturation, and homeostasis (9, 37).
The balance between endothelial cell survival and death is
pivotal for brain remodeling and repair (41). Increased cell
death of cerebrovascular endothelial cells exacerbates in-
flammatory, ischemic, and degenerative brain diseases (26).
Before a new strategy can be developed to counter these

adverse effects of ischemia-induced endothelial dysfunction
and neurovascular damage, it is necessary to define the fac-
tors responsible for ischemia-induced blood-brain barrier
(BBB) damage.

Under conditions of intense oxidative stress, such as is-
chemia or hypoxia injury, increased generation of nitric oxide
(NO) and superoxide (0,°7) results in the formation of
peroxynitrite (ONOO™) (50). This is a short-lived highly
reactive oxidant that attacks and inactivates many proteins.
Specifically, ONOO™ irreversibly inactivates prostacyclin
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Innovation

~ Our study is the first demonstration that nitrosative stress
initiates the ubiquitination of peroxiredoxin 1 (Prx1) and
subsequent disturbance of redox homeostasis in endothelial
cells during ischemia-like injury. Our findings further identi-
fied E6-associated protein (E6AP) E3 ligase that ubiquitinated
Prx1. Thus, repression of peroxynitrite (ONOO ™) formation
or E6AP knockdown dampened the ischemia-induced dis-
turbance of Prx1 defense signaling. Since an active Prx1 was
required for optimal neurovascular cell survival, targeting the
Prx1 antioxidant defense pathway may represent a novel
treatment strategy for neurovascular protection after stroke.

synthase and oxidizes tetrahydrabiopterin to dihydrabiopterin,
thereby uncoupling endothelial NO synthase and directing it to
generate O,° "~ in place of NO. Indeed, endothelial cells are the
primary targets of nitrosative stress in cardiovascular disease,
stroke, and neurodegenerative disorders (18, 48). Although
nitrosative damage to lipids, proteins, and DNA has been
implicated in neurovascular damage following cerebral is-
chemia, the downstream signaling mechanisms remain elusive
(13, 16, 17, 29).

Peroxiredoxins (Prxs) are thiol-specific antioxidant en-
zymes that maintain redox balance under both normal con-
ditions and oxidative stress (6, 7, 10, 28). Although Prx1 is
the most abundant and widely distributed member of the
mammalian Prxs (23, 24) and is a recognized peroxide-
detoxifying enzyme, its pathophysiological role during brain
disease remains unclear (38, 44). Cultured PrxI-deficient
fibroblasts have decreased proliferation and increased sen-
sitivity to oxidative DNA damage. Prx/-deficient mice de-
veloped hemolytic anemia caused by increased erythrocytic
reactive oxygen species (ROS) (34). Furthermore, mutant
Hungtington (mHtr) gene expression decreased Prx1 levels
and increased its sulfonylation (35).

We tested the hypothesis that Prx1 in endothelial cells in
culture and in the brain in vivo is a pivotal antioxidant
pathway but can be damaged by nitrosative stress during
hypoxia or ischemia, thereby exacerbating injury. We report
that oxygen/glucose-deprived endothelial cells ubiquitinate
Prx1 by nitrosative activation of E3 ubiquitin ligase (E6-
associated protein [E6AP]). The outcome is that Prx1 is tar-
geted for degradation leading to cellular redox imbalance
and loss of the integrity of the endothelial BBB in mice fol-
lowing ischemia. Repression of ONOO™ formation or E6AP
knockdown dampened these disturbances of Prx1 defense
signaling in endothelial cells. The initial study was made in
human umbilical vascular endothelial cells, and key obser-
vations were confirmed and extended in human brain mi-
crovascular endothelial cells (HBMECs). Thus, our results
indicate that Prx1 is a pivotal molecule for the protection of
endothelial cells and microvessels from ischemia-induced
neurovascular damage both in vitro and in vivo.

Resulis

Identification of differentially expressed proteins
after oxygen—glucose deprivation in endothelial cells

Two-dimensional gel electrophoresis was performed in
EA hy926 endothelial cells to identify proteins that were

TAO ET AL.

differentially expressed between control and oxygen—glucose
deprivation (OGD)-treated endothelial cells. Figure 1A shows
a silver-stained two-dimensional gel electrophoresis reference
map of the OGD-treated endothelial cultures (Fig. 1A, n=3,
lower) in comparison to the control profile (Fig. 1A, n=3,
upper). The spots that showed a twofold or greater difference
between treatments were further characterized by trypsin di-
gestion and matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectrometry. Twenty-
two different proteins from 36 spots were identified with high
confidence (CI % ranging from 97.5% to 100%) (Supple-
mentary Table S1; Supplementary Data are available online at
www .liebertpub.com/ars). The identified proteins were clas-
sified into functional groups (Supplementary Fig. S1). We
selected Prx1 for further study since it was implicated in oxi-
dation-reduction balance and abundantly increased 2.5-fold
after OGD treatment (Supplementary Fig. S2A).

Temporal changes of Prx1 protein levels in endothelial
cells after OGD

Immunoblotting studies demonstrated a time-dependent
increase in Prx1 over 1-6h followed by a decline after 12h
(Fig. 1B, C). There was a similar pattern of protein levels of
heat shock protein 27 (HSP27) (Fig. 1B, C). Molecular
chaperones such as HSP27 can defend against protein mis-
folding after sublethal stressful stimuli (4). Immunocyto-
chemical experiments demonstrated intracellular localization
of Prx1 (Fig. 1D), which increased 6 h after OGD treatment in
the cytosol of endothelial cells (Fig. 1D, E).

Characterization of OGD-induced Prx1 ubiquitination
in endothelial cells

Unexpectedly, our western blot data demonstrated a con-
tinual increase ‘in the density of a broad, high-molecular-
weight (>118kDa) band for Prx1 starting 6h after OGD
treatment (Fig. 2A). A similar increase in a high-molecular-
weight band (>118kDa) was detected following OGD
treatment after probing with an anti-ubiquitin antibody
(Fig. 2B). The OGD-induced ubiquitination of Prxl was
confirmed and extended in HBMECs (Fig. 3 A, B) and mouse
cerebral microvascular endothelial cells (bEnd.3) (Supple-
mentary Fig. S2B).

Inhibition of proteosomal uptake with MG132 or lacta-
cystin also increased the high-molecular-weight isoforms of
Prx1 (Fig. 2C and Supplementary Fig. S3). Probing with an
anti-Prx1 antibody in ubiquitin immunocomplexes from
OGD-treated endothelial cells revealed a predominant band
larger than 118kDa (Fig. 2D and Fig. 3C). OGD-induced
ubiquitination of Prx1 was confirmed by the immunopre-
cipitation of Prx1 followed by immunoblotting with an anti-
ubiquitin antibody (Fig. 2E and Fig. 3D). Consistently,
western blot analysis of cell extracts from OGD-treated cells
demonstrated that high-molecular-weight conjugates of Prx1
were significantly reduced in ubiguitin-K48R-transfected
endothelial cells (Fig. 2F and Fig. 3E, F).

The role of Prx1 during proapoptotic cascades
after OGD treatment

Proapoptotic proteins were identified by immunoblotting
of EA.hy926 cells transfected with either an empty vector or
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FIG. 1. The proteomic identifi-

cation of differentially expressed

PH3 <
proteins after OGD in endothe-
lial cells. (A) Representative silver-
stained two-dimensional gel of
control and OGD-treated EA.hy926
endothelial cells. Whole proteins
(450 ug) were separated on a non-
linear pH gradient (3—10) followed
by 12% SDS-PAGE. (B) Time
course of Prx1 and HSP27 protein
levels in cell lysates of endothelial
cells following OGD. Quantifica-
tions of the temporal changes of

OGD {1y

Prx1 and HSP27 protein levels are |
shown in (C). Immunoblots are |
representative of three independent
experiments. *p <0.05; **p<0.01
versus control. Immunoblotting with
an anti-f-actin antibody showed
equal amounts of loaded protein in
each lane. (D) Changes in the im-
munostaining of Prxl (green) 6h
after OGD. Subcellular localization
of Prxl was determined by laser

confocal microscopy. Data are rep-
resentative of three independent
experiments. Scale bar=20um. (B) D
Quantification of Prx1 immunofluo-
rescence expressed as 10D as de-
scribed in the Materials and Methods
section. ***p < 0.001 versus control.
10D, integrated optical density;
HSP27, heat shock protein 27;
OGD, oxygen—glucose deprivation;
Prx1, peroxiredoxin 1; SDS-PAGE,
sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. To see this
illustration in color, the reader is re-
ferred to the web version of this article
at www.liebertpub.comy/ars

a Prxl expression vector following OGD insult (Fig. 4).
Calnexin is a type I integral endoplasmic reticulum (ER)
membrane chaperone involved in folding newly synthesized
(glycol) proteins (8). Overexpression of Prx1 significantly
inhibited calnexin, PERK, and Ire-1o degradation (Fig. 4A,
B) and also inhibited caspase-3 and poly ADP-ribose poly-
merase (PARP) cleavage (Fig. 4C, D). Exposure of vector-
transfected cells to OGD for 6 h decreased the phosphorylation
of anti-apoptotic proteins, such as phospho-ERK (Thr202/
Tyr204) and phospho-FKHR (Ser256) (forkhead transcrip-
tion factor Foxol), and also decreased the protein levels of
heme oxygenase-1 (HO-1) but increased the phosphorylation
of c-Jun N-terminal kinase (JNK) and P38 (Fig. 4E, F). By
contrast, overexpression of Prx/ after OGD injury resulted in
significant upregulation of anti-apoptotic proteins in endo-
thelial cells (Fig. 4E, F). Exposure of vector-transfected cells
to OGD for 6h elevated terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)-positive staining
(Fig. 4G, H), whereas overexpression of Prxl effectively
decreased TUNEL staining (Fig. 4G, H). The apoptosis of
endothelial cells was determined using flow cytometry with
Annexin V-FITC/propidium iodide (PI). In contrast to con-
trol cells (2.20%), we found that OGD treatment induced
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elevation in the fraction of Annexin V/PI-positive cells
(49.92%). Moreover, Prxl small interfering RNA (siRNA)
transduction further exaggerated OGD-induced cell death
(Fig. 41). The present data demonstrate that Prx1 elicits an anti-
apoptotic effect after OGD injury in endothelial cells, coin-
ciding with its antioxidant function in the endothelium (31).

EBAP activation contribuies to Prx1 siress
response after OGD

Since Prx1 has been identified as a novel E6AP-binding
protein (33), the present study further elaborates the role of
EOAP in ubiquitination of Prx1 during OGD. Representative
blots are presented in Figure 5A and show that E6AP was
activated following OGD exposure over 1-24h (Fig. 5A).
Similar change of E6AP was confirmed in HBMEC (Sup-
plementary Fig. S4A, B) and bEnd.3 endothelial cells after
OGD (Supplementary Fig. S2B). Immunocytochemical
analysis of the endothelial cells revealed OGD-induced
strong immunoreactivity for E6AP (red fluorescence) that
was undetectable in control cells (Fig. 5B-D and Supple-
mentary Fig. S4C, D), which suggests that OGD-induced
ubiquitination of Prx1 is associated with E6AP activation.

— 570 —



4 TAO ET AL.

A OGD (h) B

0GD (h)

Pext-(Ub),
{over 90kDa)

factin
8 1 1 20 0 1 16 20 GAPDH |
MG132(umoliL)
E 1P:Prxct ogh - - + 4

Con OGD- UbK4BR -~ + =~ 4

Prxi-(Ub), Prxt

{over 90%kDa)}

f-actin

FIG. 2. OGD induces ubiquitination of Prx1 in EA.hy926 endothelial cells. (A) Temporal changes in the high-
molecular-weight Prx1 isoform were observed in OGD-treated endothelial cells. The accumulated polyubiquitinylated
proteins were detected by western blot analysis with anti-Prx1 antibody. (B) Protein ubiquitination status after OGD
treatment in endothelial cells. The accumulated multiubiquitinylated proteins were detected by western blot analysis with an
anti-ubiquitin antibody. (C) The changes in polyubiquitinated Prx1 were detected following OGD treatment of endothelial
cells with or without proteasome inhibitors. The endothelial cells were treated with 1, 10, or 20 uM MGI132 or DMSO
30 min before OGD. The cells were then washed, harvested after 6 h OGD, and analyzed for polyubiquitinated Prx1 levels.
(D) The OGD-induced ubiquitination of Prx1 was detected by the immunoprecipitation of ubiquitin followed by immu-
noblotting with an anti-Prx!1 antibody. (E) Immunoprecipitation of Prx1 from cell lysates of OGD-treated endothelial cells
followed by blotting with an anti-ubiquitin antibody. (F) The ubiquitin K48R mutant decreased OGD-induced
Prx1 ubiquitination in endothelial cells. Endothelial cells were cultured and transfected with plasmid DNA encoding the
ubiquitin-K48R mutant or an empty plasmid, followed by OGD and immunobloting analysis. Immunoblots are represen-
tative of three independent experiments. Data are expressed as the percentage of values of control (mean = SEM). *p <0.05;
#%p < 0.01 versus control; *p <0.05 versus OGD.

E6AP and the active-site cysteine-to-alanine-inactivated
mutant E6AP were expressed in mammalian p3869HA-
E6AP C-A cells (22, 46). Here, after 48 h of transfection,
siRNA knockdown of E6AP (Fig. S5E, F) or transfection
with the E6AP C-A mutant (Fig. 5G, H) both significantly
blunted the ubiquitination of Prx1 in OGD-treated endo-
thelial cells.

Nitrosative stress associated with the Prx1 defensive
response after OGD

The ONOO™ donor 3-morpholinosydnonimine (SIN-1)
induced early dose-dependent elevation of Prxl (Supple-

mentary Fig. S5A, B) and Prx1 ubiquitination (Fig. 6A, B) in
endothelial cells as detected by immunoblot, accompanied by
increased Prx1 immunostaining (Fig. 6C) and activation of
E6AP (Fig. 6D). Whereas increased nitrotyrosine im-
munostaining and E6AP immunoreactivity were observed in
OGD-treated cells (Fig. 6E, F), inhibition of ONOO™ with
uric acid markedly reduced both nitrotyrosine and E6AP
immunostaining after OGD exposure (Fig. 6E). This was
confirmed by western blot (Fig. 6G, H). A similar result was
observed in endothelial cells treated with ONOO™ decom-
position catalysts (FeTPPS, 1 uM) (Supplementary Fig. S6A,
B). E6AP immunoprecipitates from the cell lysates were
probed with anti-nitrotyrosine antibody (Fig. 61). The results
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FIG. 3. The ubiquitination of
Prx1 in OGD-treated HBMEC.
(A) The time-dependent change of
OGD-induced Prx1 and ubiquitin
expression in HBMECs was de-
tected by western blot. (B) Densi-
tometry of the western blots for (A)
was normalized by the level of f-
actin as an internal control. (C)
OGD-treated HBMEC endothelial

cells were lysed and subjected to B-actin
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immunoprecipitation  with  anti-
bodies to ubiquitin. The resultant
precipitates were then subjected to
immunoblot analysis with antibodies
to Prxl. (D) Immunoprecipitation
of Prx1 from lysed HBMEC with
or without OGD treatment were
collected for immunoblot analysis
with ubiquitin antibody. (E) The
ubiquitin-K48R mutant transfection
attenuates Prx1 ubiquitination in
OGD-treated  endothelial  cells.
HBMEC were cultured and trans-
fected with plasmid DNA encoding
the ubiquitin-K48R mutant or an
empty plasmid. (F) Densitometry
of the western blots for (E) was
normalized by the level of f-actin
as an internal control. Immunoblots
are representative of three indepen-
dent experiments. Data are expressed
as the percentage of values of control
(mean+SEM). *p <0.05; *¥p<0.01
versus control; "p<0.01 versus
OGD. HBMEC, human brain mi-
crovascular endothelial cell.

BPrxt

demonstrated that the E6AP/nitrotyrosine interaction in
OGD-treated endothelial cells was significantly increased.
Consistently, OGD-induced tyrosine nitration of E6AP was
further confirmed by the immunoprecipitation of nitrotyr-
osine followed by immunoblotting with an anti-E6AP antibody
(Fig. 6J). In addition, Prx1 immunoprecipitates from the lysates
were probed with anti-nitrotyrosine antibody demonstrating
that OGD did not induce Prx1 protein co-immunoprecipitate
with nitrotyrosine (Supplementary Fig. S7). Melatonin blunted
the ubiquitination of Prx1 in OGD-treated cells (Supplemen-
tary Fig. S8), suggesting that nitrosative stress induced Prx1
ubiquitination during OGD.

EBAP activation contributes to Prx1 stress response
in brain microvessels after transient middle cerebral
artery occlusion in mice

Since there are limited in vivo data on the degradation of
Prx1 by ubiquitin ligases in ischemic brain, we used a mouse
transient middle cerebral artery occlusion (tMCAQO) model
for further study. The immunoreactivity for EGAP was ob-
served predominantly in the ipsilateral brain microvessel
endothelium 6 h after tMCAOQ (Fig. 7A-e), accompanied by
increased Prx1 immunoreactivity (Fig. 7A-d). A representa-
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tive Z-stack image is shown in Figure 7B. However, after
24 h, Prx1 was downregulated where E6AP remained upre-
gulated in the brain microvessel endothelium (Fig. 7A, g-i).
Ubiquitination of Prx1 was elevated significantly in the brain
microvessels 6h after MCAO (Fig. 7C, D), whereas Prxl
staining was observed in microvessels of sham-operated an-
imals where ubiquitin staining was absent. To further deter-
mine E6AP as a key modulator in nitrosative stress-mediated
cerebrovascular damage in vivo, we stereotaxically delivered a
lentivirus carrying mouse shE6AP into the ventricle in mice 2
weeks before MCAO, followed by ischemia and 24h re-
perfusion. Western blot analysis showed that lentivirus-me-
diated cerebral E6AP knockdown reduced cerebrovascular
damage, which was demonstrated by preventing ischemia-
induced dephosphorylation of prosurvival kinases and tight
junction proteins breakdown (Fig. 7E-G).

Lentiviral-Prx1 brain transduction protects
against neurovascular damage in tIMCAO mice

Two weeks after the cerebroventricular injection of a
lentiviral-GFP vector encoding mouse Prx/ (LV-PrxI), there
was efficient and sustained GFP fluorescence in the brain
ventricles (Fig. 8A), cortex (Fig. 8B), hippocampus, and
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FIG. 4. Role of Prx1 in the OGD-induced apoptotic cascade in endothelial cells. (A) The effects of Prx1 on OGD-
induced ER stress signaling were determined by immunoblotting. (B) Densitometry of westem blots for PERK, Ire-14, and
calnexin levels 6h after OGD, with or without Prx] transfection. Data are expressed as densitomefry ratio of control
(mean + SEM). #p <0.05; **#p <0.001 versus control; *p <0.05 versus OGD. (C) The effects of Prx1 overexpression on OGD-
induced caspase-3 and PARP levels were evaluated by immunoblotting. EA.hy926 cells were cultured and transfected with
plasmid DNA encoding Prx] or an empty plasmid using Amactene (D) The quantlﬁcation data for biots are shown in (C).
Data are expressed as densitometry ratio of control (mean = SEM). **p <0.01 versus control; *p < 0.05; ™5 <0.01 versus OGD.
(E) The effects of Prx1 overexpression on OGD-induced protein levefs were evaluated by 1mmunobiottmg Cells were
transfected with Prx/ plasmid followed by 6 h of OGD or control stimulation. Cell lysates were prepared and resolved by SDS-
PAGE. The proteins were immunoblotted with antibodies against phospho-ERK, phospho-JNK, phospho-P38, phospho-FKHR
(Ser256), and HO-1. (F) Quantitative analysis of protein levels for (E) wag perfonned by densitometry. Data are expressed as
densitometry ratio of control (mean*SEM). *#p<0.01 versus control; #p <0.05; #p<0.01 versus OGD. (G) Changes in
apoptosis 6 h after OGD were detected using the TUNEL assay. Double staining was performed for TUNEL (green) and DAPI
(blue). The representative images show the increased percentage of TUNEL-positive apoptotic endothelial nuclei (green
fluorescence) 6 h after OGD. Scale bar= 100 um. (H) Quantification of TUNEL-positive apoptotic endothelial cells with or
without Prx/ transfection. Apoptosis was dramatically reduced following the overexpression of the Prx/ gene in endothelial
cells after OGD. **p <0.01 versus OGD group. (I) Representative flow cytometric dot plots of apoptotic cells after OGD with
or without Prx/siRNA transfection. Cultured EA.hy926 cells were stimulated for 6 h with OGD with or without Prx/siRNA
transfection. Cells were double-stained with Annexin-V and PI and analyzed by FACS. Immunoblots are representative of
three independent experiments. f-Actin was used as the loading control. DAPI, 4’,6-diamidino-2-phenylindole; ER, endo-
plasmic reticulum; HO-1, heme oxygenase-1; JNK, c-Jun N-terminal kinase; PARP, poly ADP-ribose polymerase; siRNA,
small interfering RNA; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; PI, propidium iodide. To see
this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars

— 573 —



NEUROVASCULAR PROTECTIVE ROLE OF PEROXIREDOXIN 1 7

osp - -+ F

SIEGAP -~ + -~ &
A OGD (h) kia

Con 1 3 6 12 24

p-actin

20 um |

Densitometry Ratio

20am

%m
08
T

o
¥
2
=
©
WL
~
i
&®
f-actin
H 25, .
P Prxt
B ak
k54
- g4
A @9 .
8 490 200 1200 1600 ki iSin e W
10D { % of Con ©
i o ) Qo @ﬁ“? 00
%\?
Q‘%

FIG. 5. EGAP activation contributes to the Prx1 stress response after OGD. (A) The representative image showing
E6AP activation at the indicated time points after OGD treatment. Data are expressed as densitometry ratio of control
(mean = SEM). *p <0.05; **p<0 01 versus control. (B) Immunocytochemical analysis of E6AP expression after OGD
treatment. Laser confocal microscopy demonstrated low to undetectable levels of E6AP in control cells. (C) Higher-
magnification image of endothelial staining from the insets of (B). DAPI counterstaining indicates nuclear localization
(blue). Scale bar=20 um. (B) Quantification of Prxl immunofluorescence expressed as integrated optical density (JOD).
##%p <0.001 versus control. (E) E6AP knockdown reduced the OGD-induced formation of multinbiquitinylated proteins.
Cells were submitted to E6AP knockdown and OGD or the control condition for 6h. Cell lysates were prepared and
resolved by SDS-PAGE. The proteins were immunoblotted with antibodies against Prxl, E6AP, and ubiquitin. (F)
Quantitative analyses for (E *2 are shown in the bar graph as densitometry ratio of control (meanz+SEM). *¥p<0.01;

*4%p < 0.001 versus control; "p <0.05 versus OGD. (G) The E6AP(., mutant decreased OGD-induced Prx1 ubiquitination
in endothelial cells. EA. hy926 cells were cultured and transfected with plasmid DNA encoding the E6AP(.4 mutant or an
empty plasmid using Attractene. (H) Quantitative analysis of protem levels for (G) was performed by densitometry. Data
are expressed as densitometry ratio of control (mean +SEM). *p <0.05; #*¥p <0.001 versus control; *p <0.05 versus OGD.

Immunodetection of f-actin was used as a loading control. Immunoblots are representative of three independent experi-
ments. E6AP, E6-associated protein. To see this illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/ars
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FIG. 6. Nitrosative stress is associated with ubiquitination of Prx1 in endothelial cells. (A) The ubiquitination of Prx1
after SIN-1 stimulation in endothelial cells. The blots were labeled with anti-Prx1 or anti-ubiquitin antibody and visualized with
the ECL system. Molecular sizes are.indicated on the right. (B) The SIN-1-induced changes in polyubiquitinated Prx1 were
quantified and shown in the bar graph as densitometry ratio of control (mean® SEM). *p<0.05; **p <0.01 versus control. (C)
Immunocytochemical: analysis of Prxl level after ONOO™ treatment by laser confocal microscopy. DAPI counterstaining
indicates nuclear localization (blue). (D) The effects of SIN-1 treatment on E6AP protein levels were examined in cell lysates of
endothelial cells. EA.hy926 endothelial cells were cultured with or without SIN-1 treatment for 6h at the indicated concen-
trations. Immunoblots are representative of three independent experiments (mean+SEM). *p<0.05 versus control. (E)
Fluorescence immunocytochemical staining of E6AP and nitrotyrosine 6h after OGD in endothelial cells with or without
0.5 mM uric acid treatment, DAPI counterstaining indicates nuclear localization (blue). NT, nitrotyrosine; UA, uric acid. (F)
Higher-magnification image of endothelial staining from the insets is shown in (E). (G) Effect of uric acid on E6AP expression in
endothelial cells following OGD. Immunodetection of S-actin was used as a loading control. (H) Quantification of EGAP protein
levels was perfoxmed using densitometric analysis of the immunoblots in (G). Immunoblots are representative of three inde-
pendent experiments. Data are expressed as the percentage of values of control (mean+SEM). **p<0.01 versus control;

"p <0.05 versus OGD. (I) Immunoprecipitation of EGAP from cell lysates of OGD-treated endothelial cells followed by blottmg
with an anti-nitrotyrosine antibody, **p <0.01 versus control. (J) The OGD-induced nitration of E6AP was detected by the
immunoprecipitation of nitrotyrosine followed by immunoblotting with an anti-E6AP antibody. Immunoblots are representative
of three independent experiments (mean+SEM). *p<0.05 versus control. SIN-1, 3-morpholinosydnonimine. To see this
illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars

striatum (Supplementary Figs. S9 and S10). Staining of brain
sections from lentiviral-GFP-injected mice with a neuronal
nuclear marker (NeuN) (Fig. 8B-d) and an endothelial marker
CD31 (Fig. 8B-e, f) indicates that the vector successfully
transduced cells in the brain. Although the lentiviral vectors
might directly diffused into the brain parenchyma, the present
data indicate that lentiviral vectors in cerebral ventricular can
diffuse along the neurovascular scaffold. Immunohisto-
chemical analysis of ipsilateral sections revealed stronger
GFP fluorescence in tMCAO mice that formed a continuous
interendothelial staining pattern that colocalized with CD31
(Fig. 8C, D).

The protective effects of Prx1 against ischemia-induced
neurological and functional deficit were evaluated by the
rotarod test and neurological score measurements. The neu-
rological scores were decreased significantly, and rotarod
time was increased in LV-Prx/-treated mice 24h after
tMCAO (Fig. 9A) and the infarct area was reduced accord-
ingly (Fig. 9B). The breakdown products of spectrin and

calcineurin were increased after tMCAO (Fig. 9C, D), coin-
cident with BBB leakage (Fig. 9E, F). LV-Prx] treatment
blocked the degradation of tight junction proteins zonula
occludens-1 (ZO-1) and claudin5 (Fig. 9C, D, and G) and
significantly reduced BBB leakage (Fig. 9E, F). LV-Prx]
transduction reduced the O,°” level assessed from dihy-
droethidium staining in the penumbra region of mice 24 h
after tMCAO (Fig. 9H, D).

Schematic illustration of the mechanisms
by which nitrosative stress induces Prx1 ubiquitination
during ischemic insult in endothelial cells

We hypothesize that ischemia-induced nitrosative stress
causes an early increase in Prx1 production during the
adaptive phase, whereas excessive or prolonged ischemia
activates EGAP E3 ubiquitin ligase, which targets Prx1 for
ubiquitination and degradation during the late phase, thereby
degrading the Prx1-related antioxidant defense pathway and
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FIG. 7. EGAP activation is as- g
sociated with Prx1 ubiquitination
in brain microvessels of cerebral
ischemia mice. (A) Double im-
munohistochemical staining for-
Prx1 and E6AP in the penumbra
after tMCAO. Fluorescence stain-
ing for Prxl (green) and E6AP
(red) was performed in ipsilateral
brain regions 6 and 24 h after brain
ischemic injury in mice. (B) The
orthogonal projections onto the x—z
(upper) and y—z (right) planes are
shown to confirm the colocalization
of Prx1 and EGAP throughout the
microvessels shown in (A). (C)
Fluorescence immunohistochemical
staining of Prxl and ubiquitin in
brain microvessels. Anti-ubiquitin
(red) and Prx1 (green) staining was
performed 6h after tMCAO in {3
mice. (D) Higher-magnification
image of endothelial staining from
the insets is shown in (C). Bach
image shown is representative of
five independent mice. (E) The ef-
fect of E6AP knockdown on neu-
rovascular damage after brain
ischemia in mice. The lentivirus
E6AP shRNA knockdown was used
to silence E6AP mRNA. The pro-
tein extracts from penumbra brain
region of mice were processed for
western blotting to detect ZO-1,
Occludin, and phosphorylated AKT, E
ERK, FHHR. (F, G) Quantitative
analysis of protein levels in (E) was
performed by densitometry. Densito-

metry values were normalized to the

average of all sham values (mean=*

SEM, n=6). *p<0.05;, *p<0.01

versus sham mice; *p<0.05;
#p<0.01 versus vehicle-treated

mice. Immunoblotting with an anti-f5-

actin antibody demonstrated equal

protein loading in each lane. tMCAQ,

transient middle cerebral artery oc-

clusion; ZO-1, zonula occludens-1;

shRINA, short hairpin RNA. To see

this illustration in color, the reader is

referred to the web version of this ar-

ticle at www.liebertpub.com/ars

Cortex

Cortex

rendering the endothelial cells in the microvessels suscepti-
ble to ischemic damage (Fig. 10).

Discussion

The present study demonstrates that in endothelial cells OGD
treatment leads to oxidative and nitrosative stress that engage an
early increase in Prx1 production and an antioxidant response.
However, more prolonged or severe ischemia-mediated ni-
trosative stress ubiquitinates Prx1 by the activation of E6AP
ligase, thereby degrading this antioxidant defense pathway. The
translational studies in mice after MCAO demonstrated that
neurovascular protection was coordinated by active Prx 1.
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Prx1 initiates the antioxidant response by scavenging free
radicals formed in response to a diverse array of cellular
stresses (40, 44). Upregulation of Prx1 may be secondary to
the activation of NFE-E2-related factor 2 (Nrf2) (24), as Prx/
promoter has.two antioxidant response elements that are
putative binding sites for Nrf2. Indeed, we recently demon-
strated that Nrf2 signaling coordinates the defense against
ischemia/nitrosative stress in endothelial cells (49).

The ubiquitin—proteasome system is important for protein
degradation in eukaryotic cells (19, 42). Unexpectedly, ubi-
quitin was not highly expressed in control endothelial cells,
but high-molecular-weight Prx1-polyubiquitin ladders were
observed after OGD or SIN-1 treatment. The aggregation of
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