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The proprotein convertases (PCs) furin, PC5, PACE4, and PC7 cleave secretory proteins after basic residues, including the HIV
envelope glycoprotein (gp160) and Vpr. We evaluated the abundance of PC mRNAs in postmortem brains of individuals exhibit-
ing HIV-associated neurocognitive disorder (HAND), likely driven by neuroinflammation and neurotoxic HIV proteins (e.g.,
envelope and Vpr). Concomitant with increased inflammation-related gene expression (interleukin-1(3 [IL-1]), the mRNA lev-
els of the above PCs are significantly increased, together with those of the proteinase-activated receptor 1 (PAR1), an inflamma-
tion-associated receptor that is cleaved by thrombin at ProArg,, | (where the down arrow indicates the cleavage location), and
potentially by PCs at Arg,, XXXXArg,, | . The latter motif in PAR1, but not its R46A mutant, drives its interactions with PCs.
Indeed, PAR1 upregulation leads to the inhibition of membrane-bound furin, PC5B, and PC7 and inhibits gp160 processing and
HIV infectivity. Additionally, a proximity ligation assay revealed that furin and PC7 interact with PAR1. Reciprocally, increased
furin expression reduces the plasma membrane abundance of PAR1 by trapping it in the trans-Golgi network. Furthermore, sol-
uble PC5A/PACE4 can target/disarm cell surface PARI1 through cleavage at Arg,, | . PACE4/PC5A decreased calcium mobiliza-

tion induced by thrombin stimulation. Our data reveal a new PC-PARI1-interaction pathway, which offsets the effects of HIV-
induced neuroinflammation, viral infection, and potentially the development of HAND.

he mammalian proprotein convertases (PCs) form a family of

nine secretory serine proteinases exhibiting similarities to bac-
terial subtilisin and to kexin of Saccharomyces cerevisiae (1,
2).There are seven basic amino acid-specific PCs more specifically
related to yeast kexin: PC1 (also known as PC1/3), PC2, furin,
PC4, PC5 (also known as PC5/6), PACE4, and PC7. These pro-
teinases cleave after single or paired basic amino acids within the
motif (R/K)-X,-(R) |, where X,, is 0, 2, 4, or 6 variable amino
acids separating the two canonical basic residues required for
cleavage recognition and the down arrow indicates the cleavage
location.

The membrane-bound furin, PC5B, and PC7 and soluble
PC5A and PACE4 have a wide tissue distribution and proteolyti-
cally process precursors in the constitutive secretory pathway.
These PCs are implicated in the activation of a wide variety of
proteins such as growth factors, receptors, enzymes, blood coag-
ulation factors, and viral envelope glycoproteins (2). Furin has
enzymatic activity primarily in the trans-Golgi network (TGN)
and at the cell surface and/or endosomes (3), whereas in many
instances the soluble isoform PC5A and PACE4 exert their func-
tions either at the cell surface as they bind heparin sulfate pro-
teoglycans (HSPGs) or extracellularly (1, 4). PC7 has been re-
ported to function exclusively near the cell surface (5, 6).
Although a number of endogenous substrates of PCs are
known, the potential role of PCs in targeting pathogen proteins
has also been reported (2, 7). For example, the envelope glyco-
protein gp160 (8, 9) and the cytotoxic accessory protein Vpr
(10) involved in the pathophysiology of the human immuno-

3684 mcb.asm.org

Molecular and Cellular Biology

deficiency virus (HIV) are potential targets of the convertase
family of proteinases.

HIV infects the central nervous system soon after primary in-
fection (11) and establishes a tissue reservoir by productively in-
fecting brain myeloid cells, which eventually leads to neurocogni-
tive impairment in a subset of patients (reviewed in reference 12).
HIV-associated neurocognitive disorder (HAND) represents a
daunting and ongoing challenge in the diagnosis and care of peo-
ple with HIV/AIDS. HAND displays a spectrum of cognitive and
motor symptoms, including loss of memory, reduced concentra-
tion, impaired decision making, and psychomotor slowing (13,
14). The clinical manifestations of HAND result from concurrent
neurodegeneration associated with synapto-dendritic injury and
neuronal death. This process is believed to be driven by neuroin-
flammation involving innate immune activation of infiltrating
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FIG 1 Expression of PCs in human HIV-positive brain and cells undergoing inflammation. (A) mRNA levels of PCs were measured in brains from patients with
HIV/AIDS (HIV™") (group B, without neurocognitive impairment; group C, with neurocognitive impairment; group D, with neurocognitive impairment and
encephalitis) using quantitative PCR analysis and compared to brains from of HIV-uninfected patients (HIV ™) (group A, other disease controls; n = 10 per
group). (B) PC expression was also measured in HeLa cells after 24 h of exposure to several cytokines (TNF-a, IL-18, and IFN-y). TNF-a, tumor necrosis factor
a; IL-1B, interleukin-1B; IFN-y, gamma interferon (n = 3 per condition). ¥, P < 0.05; **, P < 0.005. Bars represent the means * SEM, and P was determined

by a Student ¢ test (two-tailed). Casp4, caspase 4.

macrophages and resident microglia within the brain, coupled
with the direct neurotoxic effects of secreted HIV-encoded pro-
teins (15), including Vpr (16) and gp120 (17).

Highly active antiretroviral therapy (HAART), which has been
demonstrated to be effective in controlling viral replication, de-
creased the incidence of HAND although its prevalence is increas-
ing due to improved survival. Suppression of viral replication by
HAART delays, and perhaps prevents, the onset of HAND in pa-
tients with HIV infection. Nonetheless, a substantial proportion
of HIV/AIDS patients receiving HAART display HAND (~20%),
with a worsened overall survival (18). HIV/AIDS patients receiv-
ing HAART at the time of death display both provirus and viral
RNA together with ongoing neuroinflammation (19).

Neuroinflammation and neurodegeneration have been linked
to the upregulation of proteinase-activated receptor 1 (PAR1) and
its downstream inflammatory signaling (20, 21). PAR1 is a G-pro-
tein coupled receptor that is highly expressed in astrocytes, micro-
glia, and neurons. Its expression is also significantly upregulated at
the mRNA and protein levels in astrocytes of brain samples of
HIV/AIDS patients (22). PAR1 downstream signaling is activated
via cleavage by thrombin, a blood coagulation factor (23), in its
N-terminal extracellular domain at Arg,, | . This cleavage ex-
poses a new N-terminal sequence composed of amino acids (aa)
42 to 47, SFLLRN,, that acts as an intramolecular ligand, which
binds the extracellular loop located between transmembrane do-
mains 2 and 3 of PARI, and induces downstream signaling leading
to inflammation (21). In addition, cleavage of the PAR1 N-termi-
nal sequence at Arg,, | , e.g., by activated protein C (APC), un-
masks an alternate PAR1-regulated pathway that triggers anti-
inflammatory protective signaling by PAR1 (24-26). This Arg, |
cleavage by APC also disarms PARI by separating the thrombin
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target sequence (ProArg,, | ) from the receptor so that thrombin
can no longer activate inflammatory signaling.

Of importance for our present study, we noticed that the
PARI1-tethered ligand sequence (underlined), LDPR,,SFLLR ¢
NPN, exhibits a potential PC cleavage motif (position 1 [P1] Arg,
and P6 Arg,, in PARI; in boldface) (2). Interestingly, a recent
report demonstrated that PAR1 inhibits furin-mediated process-
ing of the human metapneumovirus glycoprotein Fc (27). How-
ever, the underlying mechanism, the implication of other PCs,
and their ability to regulate PAR1 signaling and its cellular traf-
ficking are unknown. Because PCs can potentially target not only
PAR1 but also the gp160 envelope glycoprotein of HIV (28-30),
we hypothesized that, along with PAR1 (22), the levels of PCs
could be altered in the setting of HAND. Therefore, our work
sought to (i) evaluate mRNA expression levels of furin, PCS5,
PACE4, and PC7 in postmortem brain samples from individuals
with HIV/AIDS and (ii) assess the processing of PAR1 by one or
more of the above PCs to determine whether this cleavage could
regulate its function.

MATERIALS AND METHODS

Quantitative reverse transcription-PCR (RT-PCR) analysis. Using
TRIzol (Invitrogen) and an RNeasy purification kit (Qiagen), total RNA
was prepared from frontal cortical samples from HIV-uninfected patients
(group A; n = 10), HIV-infected patients without neurocognitive impair-
ment (group B; n = 10), HIV-infected patients with neurocognitive im-
pairment (group C; n = 10), and HIV-infected patients with neurocog-
nitive impairment and encephalitis (group D; n = 10). HeLa cells cultured
in serum-free medium were treated with a cytokine cocktail composed of
tumor necrosis factor alpha (TNF-o; 50 ng/ml), gamma interferon
(IFN-v; 50 ng/ml), and interleukin-1@ (IL-1; 10 ng/ml) for 24 h before
they were collected for RNA extraction in TRIzol. The cDNAs were syn-
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thesized using Superscript II reverse transcriptase (Invitrogen). Semi-
quantitative real-time PCR was performed using SYBR green (IQ SYBR
Supermix; Bio-Rad) detection and the AC;- (where C is threshold cycle)
method (31). Threshold cycle values for the gene of interest were normal-
ized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(for brain samples) and the TATA binding protein (for cell lysates) and
are represented as the mean relative fold change compared to control
sample values. Excel software was used for calculating standard errors of
the means (SEM) and Student’s ¢ test probabilities.

Immunohistochemistry. Human brain sections (8 m) were depar-
affinized and hydrated using decreasing concentrations of ethanol. Sec-
tions were boiled in 0.01 M citrate buffer, pH 6.0, for 10 min for PARI and
glial fibrillary acidic protein (GFAP) immunostaining. Endogenous per-
oxidases were blocked by incubating sections in 0.3% hydrogen peroxide
for 20 min. To prevent nonspecific binding, sections were preincubated
with 10% normal goat serum—0.5% Triton X-100 for 1 h at room tem-
perature. Rabbit anti-human PARI antiserum was used in accordance
with previously described work (22). Mouse anti-GFAP antibodies were
purchased from Dako (Copenhagen, Denmark). Primary antibodies were
diluted in phosphate-buffered saline (PBS)-serum (PARI, 1:500; GFAP,
1:1,000) and incubated overnight at room temperature, followed by wash-
ing. All washes were conducted for 15 min with 0.01 M PBS, pH 7.4, and
antibodies were diluted in PBS containing 10% normal goat serum. Im-
munolabeling with primary antibodies was detected with biotinylated
goat anti-rabbit or biotinylated goat anti-mouse antibodies (Vector Lab-
oratories) and then with avidin-biotin-peroxidase complexes (Vector
Laboratories) for 1 h at room temperature for each step. Immunoreactiv-
ity was detected using 3,3’-diaminobenzidine tetrachloride (brown)
and/or 5-bromo-4-chloroindolylphosphate (blue) (32). All human brain
specimens were collected with consent (19).

In situ hybridization. Ten-micrometer-thick cryosections were pre-
pared from brains of 3-month-old mice, fixed in 4% formaldehyde, and
hybridized as previously described (33) with mouse sense (negative con-
trol) and antisense cCRNA probes. The latter probes corresponded to the
mouse PARI, furin, PC5, PACE4, or PC7 coding region for aa 1 to 420, 1
to 793, 80 to 348, 1 to 214, 1 to 213, respectively, and were synthesized
using *>S-UTP (PerkinElmer).

In vitro assays. Enzymatic in vitro activities of the purified soluble
furin, PC5/6, PACE4, and PC7 (a gift of Robert Day, Université de Sher-
brooke) were measured at 37°C in 100 pl of buffer (25 mM Tris-HCI, 1
mM CaCl,, pH 7) in the presence of a 100 wM concentration of the
fluorogenic substrate pyroglutamic acid-RTKR-7-amido-4-methylcou-
marin (Pyr-RTKR-MCA; Peptide International). The release of free
7-amino-4-methyl-coumarin (AMC) was detected with a Spectra Max
Gemini EM microplate spectrofluorimeter (Molecular Devices) (excita-
tion, 370 nm; emission, 460 nm; emission cutoff, 435 nm). One unit of
enzymatic activity was defined as 1 pmol of AMC released from 100 uM
Pyr-RTKR-MCA/min at 37°C. The 19-mer synthetic peptide mimicking
the tethered ligand and putative PC cleavage site (in boldface) of human
PARI, NATLDPR,, SFLLR,, | NPNDKYE (hPARI,; ,,), was obtained
from GenScript. To assess the in vitro cleavage of hPAR1;; 5, by PCs, the
synthetic peptide was incubated at 37°C in vitro (100 M peptide in 100 pl
of buffer consisting of 25 mM Tris-morpholineethanesulfonic acid
[MES], 1 mM CacCl,, pH 7) with 90 nM active purified PCs (18 h) or with
2 pg/ml trypsin (5 min and 1 h). Trypsin cleaves at Arg,; | (preferen-
tially) and at Arg,, | and was used as a reference for the reverse-phase
high-pressure liquid chromatography (RP-HPLC) profile of the resulting
peptide fragments; a 5-min digestion results in cleavage at Arg,, | and a
1-h digestion leads to cleavage at both Arg,, | and Arg, | . The digestion
products were separated by RP-HPLC on a Varian C,4 column (particle
size, 5 pm; pore size, 100 A;4.6 by 250 mm) using a 5% to 50% acetonitrile
(plus 0.1% trifluoroacetic acid [TFA]) gradient over 45 min at a flow rate
of 1 ml/min. Peptide bonds were detected at 214 nm, and Tyr-containing
peptides were detected at 280 nm. By comparing the RP-HPLC profiles of
trypsin- and PC-digested hPARI;; 55, it was determined that PACE4
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FIG 2 Increased PARI expression in astrocytes in HIVE. (A and B) GFAP
immunoreactivity was infrequently detected in astrocytes in HIV ™ brain com-
pared to results in brain from HIVE, which showed numerous hypertrophied
GFAP-positive astrocytes. (C and D) Major histocompatibility antigen class IT
(MHC class IT) immunoreactivity, a marker for activated microglia, was also
increased in brain from HIVE compared to that in HIV ™ brain. (E) PAR1
immunoreactivity (purple) was minimally detected in GFAP-positive astro-
cytes (brown) in non-HIV brain. (F) PAR] immunoreactivity (blue) was evi-
dent in GFAP-positive astrocytes in HIVE (purple results from blue plus
brown), which was localized on the cell body and processes (inset). HIVE, HIV
with encephalitis. Original magnification, X20; inset magnification, X40.

cleaves the 19-mer at the predicted site R,,SFLLR, |, . The percent cleav-
age was calculated as the ratio of the normalized peak area (peak area/
number of peptide bonds) of the C-terminal fragment NPNDKYE to that
of the intact 19-mer peptide (at time zero).

Plasmids and reagents. The cDNA encoding human PAR1 (hPARI;
pcDNA3.1 vector containing mCherry at the N terminus and enhanced
yellow fluorescent protein [eYFP] at the C terminus) was used as reported
previously (34). Site-directed mutagenesis was used to generate the hu-
man PAR] mutants R46A and R41A and the double mutant R41A R46A.
All PC constructions (human furin, mouse PC5A, mouse PC5B, human
PACE4, and human PC7) were cloned in pcDNA3 or pIRES2-EGFP
(where IRES is internal ribosome entry site and EGFP is enhanced green
fluorescent protein) vectors, as previously described (35). Plasmid expres-
sors encoding hemagglutinin (HA)-tagged Vpr as well as HxBc2 Env were
previously described (10, 36). The plasmids coding for mouse growth
differentiating factor 11 (GDF11) (37) and human transferrin receptor 1
(TfR1) (5) were used as reported previously.

Cell culture and cDNA transfections. HEK293 (human embryonic
kidney-derived epithelial) and COS-1 (monkey kidney fibroblast) cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) (Invitrogen) and were maintained at 37°C under
5% CO,. Using JetPrime (PolyPlus) for HEK293 and Lipofectamine 2000
(Invitrogen) for COS-1 (unless otherwise indicated), 80 to 90% confluent
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FIG 3 Localization of PAR1 and PCs in adult mouse brain. I situ hybridization histochemistry was performed in cryosections of mouse brain using **S-labeled
cRNAs. Cb, cerebellum; Cx, cerebral cortex; DG, dentate gyrus; Hi, hippocampus; Hy, hypothalamus; Po, pons; OL, olfactory lobe; St, striatum.

cells were transiently transfected with pcDNA3 recombinants of dually
tagged human PAR1 with full-length human furin, mouse PC5A or PC5B,
human PACE4, human PC7, or an empty pcDNA3 plasmid. Twenty-four
hours after transfection, the cells were washed and incubated in serum-
free medium for an additional 20 h before medium collection and cell
lysis.

Immunofluorescence. HEK293 cells were plated on polylysine-
coated coverslips and transfected. Twenty-four hours posttransfection,
fresh serum-free medium with 1 unit/ml of thrombin (Calbiochem)
and/or 5 WM E64 (a cysteine proteinase inhibitor; Calbiochem) was added
to the cells and incubated overnight. Our previous work (34) indicated
that many cells, including HEK293 cells, secrete PAR-regulating protein-
ases that can cleave the N terminus of PARs, including PARI1. Thus, E64
was found to preserve the N terminus so that it can in principle be targeted
by other noncysteine proteinase enzymes. In experiments using PC-spe-
cific inhibitors, 25 uM cell-permeable decanoyl-RVKR-chloromethylke-
tone (cmk) (RVKR-cmk; Bachem Bioscience) and 10 M nonpermeable
hexa-p-arginine (D6R; EMD Chemicals) were added at this point with
fresh serum-free medium (38). After 20 h, the cells were washed three
times with PBS and then fixed in 3.7% formaldehyde with 0.01 mM su-
crose for 15 min at room temperature. Following a final three washes with
PBS, the coverslips were mounted with ProLong Gold antifade reagent
with 4’,6'-diamidino-2-phenylindole (DAPI; Invitrogen). Immunofluo-
rescence analyses were performed with a Zeiss LSM-710 confocal micro-
scope. When antibodies were used, the cells were washed three times with
PBS and permeabilized with 0.25% Triton X-100 (or with PBS for non-
permeabilized cells) for 7 min following fixation. Blocking was performed
subsequent to an additional three washes with PBS using 1% bovine se-
rum albumin for 30 min. The cells were incubated overnight at 4°C with
anti-golgin-97 monoclonal antibody (MAb) (Santa Cruz), V5 MAb (In-
vitrogen) for human furin, and monoclonal HA (in-house) primary an-
tibodies for human PACSI at 1:250 dilutions in 1% bovine serum albu-
min. Alexa Fluor 647-conjugated secondary antibodies (Invitrogen),
diluted 1:500 in 1% bovine serum albumin, were incubated for 1 h at
room temperature after three washes with PBS.
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Western blot analyses. Proteins were extracted from cells in 50 mM
Tris-HCI, pH 8, 150 mM NacCl, 0.1% SDS, 1% Nonidet P40, and 0.25% Na
deoxycholate (1X radioimmunoprecipitation assay [RIPA] buffer) in the
presence of a cocktail of protease inhibitors (Roche). Protein concentra-
tions were estimated by a Bradford assay. After SDS-PAGE and blotting
onto polyvinylidene difluoride (PVDF) membranes, the latter were incu-
bated with Chessie 8 anti-gp41 (1:10) (39), monoclonal HA (1:1,000;
American Type Culture Collection), monoclonal V5 (1:5,000; Invitro-
gen), monoclonal Flag M2 (1:5,000; Stratagene), and rabbit polyclonal
anti-B-actin (1:1,000; Sigma-Aldrich) antibodies and finally with appro-
priate secondary antibodies. Immunoreactive species were detected using
enzymatic chemiluminescence (Amersham Bioscience) and quantified
using Image], version 1.41, software (NIH).

Calcium mobilization assay. HEK293 cells from a T75 flask were de-
tached in enzyme-free, EDTA-containing, cell dissociation buffer and re-
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FIG 4 In vitro cleavage of PAR1 by PACE4. A synthetic peptide (19-mer)
mimicking the tethered ligand and putative PC cleavage site of human PAR1
was used to assess in vitro cleavage by PCs. Comparative RP-HPLC analyses of
PARI 19-mer digestion with purified soluble PCs or trypsin (which cleaves
preferentially at Arg,, | and at Arg, | ) revealed that PACE4 cleaves human
PARI at the expected Arg,, | . The products were separated by RP-HPLC on a
Varian C,4 column, and peptide bonds were detected at 214 nm. The percent
cleavage was calculated as the ratio of the normalized peak area (peak area/
number of peptide bonds) of C-terminal fragment NPNDKYE to that of the
intact 19-mer peptide (at time zero).
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FIG 5 Schematic representation of human PAR1 constructs. Human PAR1
construct (wild-type and single-site mutant at Arg,s) containing mCherry at
its N terminus and eYFP at its C terminus was overexpressed with/without PCs
in HEK293 cells to confirm the proteolytic cleavage of PAR1 by PCs. While non-
cleaved PAR1 would contain both mCherry (red) and eYFP (yellow) fluorescence,
cleaved-PARI would lose mCherry fluorescence.

suspended in serum-containing growth medium, and approximately
100,000 cells/well were seeded into cell culture-treated clear-bottom 24-
well CellBIND plates (Corning) coated with polylysine. The next day, cells
were transfected with 0.5 g of the PACE4 and PC5A cDNAs per well with
a FuGene transfection reagent according to the manufacturer’s protocol.
At 24 h posttransfection the medium was replaced with serum-containing

DAPI

hPAR1

hPAR1
+ Thrombin

hPAR1
+ Thrombin
+ Anti-Thrombin Ill

hPAR1
+ mPC5A

hPAR1
+ hPACE4

Cherry-PAR1

growth medium. The next day the culture medium was replaced with
isotonic Hanks buffered salt solution (HBSS) and fluo-4-acetoxymethyl
ester (AM) no-wash calcium indicator dye (Invitrogen), followed by in-
cubation at 37°C for 30 min. Intracellular fluorescence (excitation at 494
nm and emission at 516 nm) was monitored for 2 min after the addition of
20 nM thrombin, using n Envision 2104 Multilabel Reader (PerkinElmer
Life Sciences). The relative fluorescence measured per second was plotted,
and the average values from each experiment for each condition were
analyzed utilizing a nonlinear regression equation (GraphPad Prism).
Peak height was calculated from the highest peak point to baseline of the
average nonlinear regression lines.

PLA. HEK293 cells seeded into 24-well plates were transfected with
c¢DNAs with a FuGene transfection reagent according to the manufactur-
er’s protocol and 24 h later reseeded into a -Slide eight-well ibiTreat
microscopy chamber (Research Products/Ibidi). Cells were incubated
with rabbit anti-PAR1 (Santa Cruz) and mouse anti-V5 (Invitrogen) pri-
mary antibodies overnight at 4°C. Duolink in situ (Olink Bioscience)
proximity ligation assay (PLA) probes, anti-rabbit antibody minus sense
and anti-mouse antibody plus sense, with a far-red detection kit were
utilized to detect the interaction of mCherry-hPAR1-eYFP with V5-
tagged furin or PC7 according to the Duolink in situ protocol. The num-
ber of dots (indicating interactions of PLA probes) per cell were manually
counted utilizing Image]J software (NIH).

PAR1 inhibition of gp160 processing and viral infectivity. For pro-
tein expression assays, 1 X 10° HEK293T cells were seeded in 100-mm
plates and transfected using the calcium phosphate procedure with 5 pg of
HIV-1NL4-3 proviral DNA (NIH AIDS Reagent Program, NIH) (40) and
either 1 pg of control vector EGFP-C1 (Clontech) or combinations of
control vector and wild-type (WT) mCherry-hPAR1-eYFP or mutant

FIG 6 Ex vivo cleavage of PARI by soluble PC5A and PACE4. A human PARI construct containing mCherry at its N terminus and eYFP at its C terminus was
overexpressed with PCs in HEK293. Thrombin cleaves PAR1 at Arg,, | , and its activity is inhibited by anti-thrombin III. Soluble PC5A and PACE4 cleave PAR1

at Arg,, | . Scale bars, 20 um.
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Merge

FIG 7 PARI colocalizes with the cell surface low-density lipoprotein receptor (LDLR). A human PAR1 construct containing mCherry at its N terminus and eYFP
at its C terminus overexpressed with LDLR-V5 (green; detected with an Alexa Fluor 647-conjugated secondary donkey anti-mouse antibody) in HEK293
demonstrates the colocalization of PAR] and LDLR at the cell surface. Scale bar, 20 pm.

mCherry-hPAR1 R46A-eYFP constructs. Cells were harvested after 2 days
of culture and lysed in buffer (25 mM Tris, pH 7.4, 1% Triton X-100, 150
mM NaCl) containing protease inhibitors (Roche). Cell supernatants
were briefly centrifuged and filtered on 0.45-pm-pore-size membranes,
and virus pellets were obtained following ultracentrifugation on 20% (wt/
vol) sucrose cushions for 2 h at 130,000 X gin a Beckman ultracentrifuge.
Virus pellets were then resuspended in 100 wl of PBS and aliquoted. A
total of 20 g of protein in cell lysates was added to 5X Laemmli buffer,
and the proteins were separated by 12.5% SDS-PAGE prior to transfer on
nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5%
milk in Tris-buffered saline (TBS)—0.1% Tween 20, washed in TBS, and
incubated with the appropriate antibodies overnight at 4°C: mouse anti-
gp160 (Chessie 13-39.1, 1:10) (39), mouse anti-gp41 (Chessie 8, 1:10)
(39), and mouse anti-gp120 (IIIB 902, 1:10) (41, 42) (all obtained from
the NIH AIDS Reagent Program); mouse anti-p24 (31-90-25, 1:3,000; ME
Biotech Services); rabbit anti-GFP (1:500; Life Technologies); and rabbit
anti-GAPDH (1:1,000; Biolegend). Following three washes in TBS—0.1%
Tween 20, blots were incubated with anti-mouse or anti-rabbit horserad-
ish peroxidase (HRP)-labeled antibodies (1:5,000), washed, and pro-
cessed for enhanced chemiluminescence assay (Pierce). Films were
scanned, and protein signals were quantified using ImageJ (NIH) soft-
ware. For infection assays, the TZM-bl reporter cell line (obtained from
the NIH AIDS Reagent Program) (43, 44) was used. These HeLa-based
modified cells harbor a copy of the firefly luciferase gene under the control
of the HIV-2 long terminal repeat (LTR) and express CD4 and the HIV
coreceptors CXCR4 and CCR5 (43). Following HIV-1 p24 quantitation
by enzyme-linked immunosorbent assay (ELISA; XpressBio Life Science),
virus obtained from the previously described HEK293T cells cotrans-
fected with 0.1 pug of WT or mutant R46A PAR1 was used in the assay.
Briefly, either 1 ng, 0.2 ng, or 0.04 ng of virus was added to 30,000 TZM-bl
cells/well in 24-well plates. Following 2 days of culture, cells were lysed,
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and luciferase activity was measured using a Promega luciferase assay kit
(Promega) on a GloMax luminometer. Infections using the most diluted
virus (0.04 ng) were nonsaturating and were used to determine viral in-
fectivity.

Ethics approvals. The decedents used in this work were from the
National NeuroAIDS Tissue Consortium (NNTC) (19). The use of autop-
sied brain tissues is part of ongoing research (Pro00002291) approved by
the University of Alberta Human Research Ethics Board (Biomedical).
Written informed consent documents were signed for all samples col-
lected. The protocols for obtaining postmortem brain samples comply
with all federal and institutional guidelines, with special respect for the
confidentiality of the donor’s identity, and were approved by the ethics
committee of the University of Texas Medical Branch, Galveston.

Statistical analysis. Quantifications are defined as means = SEM and
expressed as percentages of the control value, which was considered to be
100%. The statistical significance was evaluated by Student’s ¢ test. Prob-
ability values of <0.05 were considered significant. Data were analyzed
and graphics were generated with the Prism program (GraphPad Soft-
ware).

RESULTS

Furin, PC5, PACE4, and PC7 expression levels are upregulated
along with PARI in the brains of HAND patients with neuroin-
flammation. The frontal cortex is a particularly vulnerable region
of the brain in HAND (11). Thus, to test our hypothesis that PCs
are elevated in brains of HIV-infected subjects, we measured PC-
expression in the frontal cortex from HIV-negative and HIV-pos-
itive (HIV™ and HIV™, respectively) individuals with neurocog-
nitive impairment and encephalitis (# = 10 for each group). Brain
transcript analyses revealed that furin, PC5, PACE4, and PC7
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FIG 8 Cleavage of PARI at Arg,; by PC5A and PACE4. A single-amino acid variant of human PAR1 at Arg, was coexpressed with PC5A and PACE4. The mutant
prevented the cleavage, indicating that PC5A and PACE4 cleave at Arg,,. Scale bars, 20 pm.

mRNA levels were all markedly increased (3- to 8-fold) in HIV™"
brains of patients with neurocognitive impairment and encepha-
litis (HAND with encephalitis, or HIVE; group D), suggesting a
role for PCs in neuroinflammation caused by HIV infection (Fig.
1A). Similar increases were observed in the expression levels of a
prototypic inflammatory factor, IL-1p (10-fold), as well as those
of PAR1 (6-fold), an inflammation-associated receptor that has
previously been reported to be upregulated in HIVE (22). This G
protein-coupled receptor (GPCR) has previously been linked to
neuroinflammation and neurodegeneration (20-22). In contrast,
the mRNA levels of PCs, IL-13, and PAR1 did not change in HIV ™
brains (group A), HIV™ brains without neurocognitive impair-
ment (group B), and HIV" brains with neurocognitive impair-
ment (HAND; group C) (Fig. 1A). Notably, the mRNA levels of
inflammation-modulated caspase-4 and IL-33 from the same co-
hort were not affected (Fig. 1A), affirming that the increases ob-
served were specific to HIV-induced neuroinflammation and not
to a general inflammatory response.

Additionally, an increased density of hypertrophied astrocytes
(Fig. 2B) and microglia (Fig. 2D), which are widely assumed to be
indicative of neuroinflammation, was evident in HIVE brain in
contrast to observations in HIV™ patient brain sections (Fig. 2A
and C). PARI1 expression was markedly upregulated (Fig. 2F) in
HIVE compared to levels in HIV™ brain sections (Fig. 2E). This
finding was limited to astrocytes and not apparent in neurons or
microglia (data not shown).
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The deleterious effect of inflammatory cytokines in promoting
immune response and inflammation via various mechanisms, in-
cluding the generation of nitrogen intermediates, has been re-
ported in cell lines such as pancreatic  cells, epithelial cells, and
HelLa cells. Many of these studies show synergetic effects by utiliz-
ing a cocktail of cytokines instead of a single cytokine (45, 46). We
adapted this method of using a cytokine cocktail that simulates
inflammation in HeLa cells, which exhibited a robust response
and expressed all four PCs (Fig. 1B). Thus, upon a 24-h exposure
of HeLa cells to a mixture of TNF-a, IL-1[3, and IFN-v, the mRNA
levels of furin, PC5, PACE4, and PC7 were upregulated by these
inflammatory cytokines (2- to 4-fold) (Fig. 1B), independent of
HIV infection. This was similarly observed only in HIV" brains
displaying encephalitis (Fig. 1A).

PAR1 and the PCs are coincidently expressed in mouse
brain. Upon analysis of the sequence of the N-terminal tethered
ligand of PARI (NPR,,SFLLR 4 | |NP; possible cleavage sites in
boldface), we hypothesized that PCs may cleave at Arg,, | instead
of its activating thrombin cleavage site Arg,, | , potentially lead-
ing to anti-inflammatory effects (23, 26). For this cleavage to oc-
cur, we hypothesized that PAR] and enzymatically active PCs
must be coexpressed in the same tissue and meet along the secre-
tory pathway. To support our hypothesis, we first examined PAR1
and PC expression profiles in adult mouse brain to determine if
the two proteins might be coexpressed in similar regions (Fig. 3).
PART1 is highly expressed in the olfactory lobe, hippocampus, den-
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FIG 9 Cleavage of PAR1 by PC5A and PACE4 on cell surface. Both PC specific inhibitors, cell-permeable RVKR-cmk and nonpermeable D6R, prevented the
cleavage of PARI, indicating that PC5A and PACE4 cleave PARI on cell surface rather than in the TGN. Scale bars, 20 pm.

tate gyrus, and cerebellum. Furin and PC7 are also highly ex-
pressed in the olfactory lobe, hippocampus, cerebellum, and fron-
tal cortex region. PC5 is rich in the cerebral cortex and dentate
gyrus, while PACE4 is particularly abundant in the cerebellum.
Notably, the frontal cortex and the hippocampus are major sites of
motor and/or cognitive functions, which are selectively damaged
in HAND (11). Although indicative of coexpression, this does
not prove that the PAR1 and PC proteins are colocalized intra-
cellularly. However, as presented later, we provide evidence for
the protein cellular colocalization of PARI with membrane-
bound PCs.

The soluble PC5A and PACE4 cleave PARI at Arg,, | . To
examine PC cleavage of PARI directly, a synthetic peptide (19-
mer) mimicking the N-terminal tethered ligand and putative PC
cleavage site of human PAR1 was incubated with recombinant
soluble furin, PC5A, or PACE4 or soluble PC7 (using equal enzy-
matic activities) to assess in vitro cleavage by these PCs, as we
previously published (38). Digestion with trypsin, which cleaves
the 19-mer at Arg,, | (preferentially) and Arg, | , was used as a
reference for the resulting peptide fragments. By comparing the
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RP-HPLC profiles of the trypsin- and PC-digested peptide corre-
sponding to human aa 35 to 53 of PAR1, it was determined that in
vitro only PACE4 inefficiently (10% in 19 h) cleaves human PAR1
at the expected Arg,, | , separating most residues of the tethered
ligand (SFLLR,4 | N,,) (Fig. 4).

To evaluate whether in cells such PC cleavage would be more
efficient, we used a human PAR1 construct containing mCherry at
its N terminus and eYFP at its C terminus (pcDNA3/mCherry-
hPAR1-eYFP) (Fig. 5). Our published work evaluating the signal-
ing properties and receptor dynamics of this dually tagged PAR1
construct indicates that the epitope-tagged receptor is fully func-
tional, in keeping with the properties of the wild-type receptor
(34). Accordingly, we coexpressed the mCherry-hPAR1-eYFP du-
ally tagged PAR1 with and without furin, PC5A, PC5B, PACE4, or
PC7 in HEK293 cells. We monitored the results of the coexpres-
sion of the PCs with the fluorescently tagged PAR1 utilizing con-
focal microscopy. The N-terminal ligand of PAR1 was intact when
expressed alone as both N-terminal red and C-terminal yellow
fluorescence signals were detected at the cell surface (Fig. 6, top
panel). The cell surface expression of the PARI construct was
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FIG 10 No effect of membrane-bound PC5B and PC7 on PAR1. A human PAR1 construct containing mCherry at its N terminus and eYFP at its C terminus was
overexpressed with PCs in HEK293. Exogenous overnight addition of 1 unit/ml thrombin cleaved PAR1 while membrane-bound PC5B and PC7 had no effect.

Scale bars, 20 pm.

confirmed by its colocalization with the low density lipoprotein
receptor (LDLR), which is expressed and functions at the plasma
membrane (Fig. 7) (47). However, LDLR does not necessarily co-
localize with PARI in the endosomal-like structures near the cell
surface (Fig. 7). Upon either short-term (e.g., 3 min) (34) or long-
term (overnight) exposure of cells to thrombin (1 unit/ml), PAR1
lost its N-terminal red fluorescence and only a punctate C-termi-
nal yellow fluorescence remained at the cell surface, confirming
the thrombin cleavage and release of the N-terminal mCherry tag
(Fig. 6, top row, Cherry-PAR1), as previously reported (23, 34). In
addition, anti-thrombin III, which is a potent thrombin inhibitor,
blocked the thrombin cleavage at Arg,, so that the N-terminal
mCherry tag was retained (Fig. 6, middle row). Interestingly, co-
expression of PAR1 with soluble PC5A or PACE4 removed the
N-terminal red tag while preserving the C-terminal yellow tag,
which was more evenly spread around the cell surface than that of
thrombin-cleaved PAR1 (Fig. 6). While cleavage by thrombin at
Arg,, | does cause PARI to internalize (34) and results in a punc-
tate pattern (Fig. 6), some enzymes, e.g., neutrophil elastase, can
cleave PAR1 at a noncanonical site without causing receptor in-
ternalization (34). Our imaging data thus indicate that cleavage of
PAR1 by PC5A and PACE4 results in a PAR1 form that loses its N
terminus but does not internalize, resulting in a uniform distribu-
tion at the cell surface (Fig. 6). The PC cleavage site was confirmed
at Arg,, | since expression of these soluble PCs with a mutant
PARI (R46A; P1 Ala) construct prevented the loss of the N-termi-
nal mCherry fluorescent tag (Fig. 5 and 8). As the motif R,; XXX
XR,e | in PARI is a general basic amino acid-specific PC motif
(2), we also confirmed that the mutant R41A (P6 Ala) was not
processed by either PC5A or PACE4 (data not shown). These data
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also demonstrated that PC5A and PACE4 cleavage of PARI does
not occur within the mCherry domain since cleavage is prevented
in the R46A mutant and since the sequence of mCherry does
not contain a PC recognition motif. We determined that PAR1
cleavage occurs at the cell surface by demonstrating that it was
completely blocked by two PC inhibitors (38): cell-permeable
decanoyl-RVKR-cmk and nonpermeable D6R (Fig. 9). Finally,
cleavage at Arg,¢ | occurs only with soluble PCs as the mem-
brane-bound PC5B and PC7 did not have any apparent effect
on PARI (Fig. 10).

PACE4 and PC5A reduce calcium mobilization in response
to thrombin stimulation. PAR1 activation by thrombin signals
via G proteins and leads to Ga,-mediated calcium release, which
ultimately results in inflammation (21). Thrombin cleavage of
PARI has been previously demonstrated to induce calcium mobi-
lization (34). In order to evaluate the inhibitory effects of PACE4
and PC5A on thrombin-induced calcium mobilization, we trans-
fected HEK293 cells, which endogenously express PARI, with
c¢DNAs coding for PACE4 or PC5A and then monitored their
effect on thrombin-induced calcium mobilization (Fig. 11). The
data showed that PACE4 and, less so, PC5A significantly reduced
by ~2.5-fold the amount of calcium mobilization in response to
thrombin stimulation. This result agrees with the hypothesis that
PACE4 and PC5A would cleave PAR1 at Arg,, thereby disarming
PARTI for thrombin activation and attenuating the calcium mobi-
lization induced by thrombin cleavage of PAR1 at Arg,,. Notably,
since PCs require both P1 Arg,, and P6 Arg,, for substrate recog-
nition, the reduced thrombin-induced calcium signaling in cells
overexpressing PACE4 or PC5A means that the PCs must have
cleaved PARI at the cell surface before thrombin, which would
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FIG 11 PACE4 and PC5A cleavage of PAR1 decreases calcium mobilization in
response to thrombin stimulation. HEK293 cells were mock transfected or
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The next day the cells were incubated for 30 min with fluo-4-AM no-wash
calcium indicator dye and then treated with 20 nM thrombin. Intracellular
calcium mobilization was immediately assayed by the fluorescence signal (see
Materials and Methods). Representative plots of the nonlinear fits of relative
fluorescence measured at 516 nm are shown in panel A, and the peak heights
are compared in panel B (n = 3). *, P < 0.05, one-way analysis of variance with
Dunnett’s post hoc test.

<> &
e &

have otherwise removed the P6 Arg,, and prevented PC cleavage.
However, we cannot exclude the possibility that proteins in addi-
tion to PAR1 in HEK293 cells are also sensitive to PACE4 and
PC5A so as to diminish thrombin-induced calcium mobilization
via a concurrent non-PAR1 mechanism.

Furin causes PARI1 retention in the TGN. Unlike the mem-
brane-bound PC5B and PC7 (Fig. 10), furin relocalizes PAR1 to
the TGN (Fig. 12, colocalized with the golgin-97 marker). Addi-
tionally, furin does not seem to cleave PAR1 as both red and yellow
fluorescence were detected in the TGN. In contrast, overexpres-
sion of the PAR1 R46A mutant did not result in PAR1 relocaliza-
tion to the TGN, indicating that this effect requires furin to bind to
the N-terminal domain of PARI in the Arg,, region (Fig. 12).
Furthermore, the mutant R41A (P6 Ala) or the double mutant
R41A R46A (P6 and P1 Ala) does not affect the subcellular local-
ization of PAR1 in the presence of furin (data not shown). These
data argue for the binding of PAR1 at the active site of furin, which
likely recognizes the R,; XXXXR, sequence (2) of PAR1 but does
not cleave the receptor.

We next sought to define the mechanism behind this relocal-
ization of PAR1 to the TGN in the presence of furin and to deter-
mine if the phospho-furin acidic cluster sorting protein 1
(PACS1) regulates this process. PACSI has been reported to bind
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PART1 Inhibits Furin and Is Cleaved by PACE4 and PC5A

the serine-phosphorylated acidic domain of the cytosolic tail (CT)
of furin (EECPS,,;DS,,;EEDE; serines are underlined), thereby
redirecting the localization of furin to the TGN (48). Therefore, it
was possible that via PACS1 binding to the CT of furin, the furin-
PARI1 complex would be redirected to the TGN. Furthermore,
since it was reported that the CT of PAR1 is phosphorylated be-
cause it contains an acidic serine-rich sequence, ESSDPSSYNSSG
QLMAS, 6 (49), we speculated that, like furin, PARI could also be
redirected to the TGN in the presence of excess PACSI. In support
of this hypothesis, a relocalization of PAR1 to the TGN was also
observed upon coexpression of PAR1 with PACS1 (Fig. 13).

PARI1 reduces cleavage activity of the membrane-bound fu-
rin and PC5B, partially inhibits PC7 activity, and colocalizes
with furin and PC7. HIV glycoprotein gp160 is cleaved by furin to
produce gp120 and gp41 (Fig. 14A and B), which are critical com-
ponents for viral entry and infection of host cells (28-30). In
COS-1 cells, cleavage of gp160 by endogenous convertases or by
overexpressed furin (38) into gp120 was markedly reduced (40 to
50%) in the presence of PARI1 (Fig. 14A). PAR1 R46A does not
inhibit the gp160 processing by furin (Fig. 14B), indicating that
Arg,, plays a critical role in the inhibitory effect of PARI, likely
through Arg,e binding to the catalytic domain of furin.

The HIV accessory protein Vpr, which has neurotoxic proper-
ties, is cleaved and inactivated by soluble PC5A and PACE4 (10)
(Fig. 14C). However, and in accordance with the ability of these
convertases to process PAR1 (Fig. 6), this cleavage is not inhibited
by PARI (Fig. 14C).

It was previously shown that PC5A and PC5B can similarly
process the proform of GDF11 (proGDF11) into GDF11 (37). As
evidence for a differential effect of PAR1 on the two PC5 isoforms,
we demonstrate that the PC5A processing of proGDF11 is not
affected, while cleavage by PC5B is blocked by PAR1 (Fig. 15A).
This result reveals that PAR1 is an inhibitor of PC5B but not
PC5A.

In HEK293 cells the PC7-specific cleavage of human TfR1 (5) is
only partially (~25 to 30%) inhibited by PAR1 (Fig. 15B), likely
due to the fact that the steady-state localization of activated PC7 is
in punctate-like structures just below the cell surface (6). This
subcellular location may not be readily accessible to PARL. We
conclude that PAR1 inhibits the membrane-bound furin, PC5B,
and partially PC7 but is cleaved by soluble PC5A and PACE4.

In order to monitor the colocalization of the membrane-
bound PCs and PAR1 on a more cellular level, we employed a
Duolink i situ proximity ligation assay (PLA). The PLA detects
the physical proximity of two proteins by utilizing primary anti-
bodies from two different species, such as rabbit and mouse,
against each protein of interest. The secondary PLA probes (anti-
rabbit antibody plus sense and anti-mouse antibody minus sense)
interact with their respective primary antibodies, and if within
close proximity this interaction will lead to the production of
PCR-amplified distinct fluorescent dots that can be quantitated by
fluorescence microscopy. Since PC5B is expressed only in the
small intestine and adrenal cortex (50) while furin and PC7 are
abundant in most tissues, including brain (2), we sought to ana-
lyze the colocalization of PAR1 with furin and PC7. The data
clearly show that both enzymes interact with mCherry-hPAR1-
eYFP when cotransfected into HEK293 cells, in contrast to results
with cells cotransfected with mCherry-hPARI-eYFP and an
empty pIRES vector (Fig. 16). Thus, based on the distribution of
the number of dots/cell, we estimate that on average cells ini which

mcb.asm.org 3693


http://mcb.asm.org

Kim et al.

DAPI

Cherry-PAR1

hPAR1

hPAR1
+ hfurin

hPAR1 (R46A)
+ hfurin

DAPI  Cherry-PAR1

hPAR1
+ hfurin

FIG 12 PARI retention in the TGN by furin. Ahuman PAR1 construct containing mCherry at its N terminus and eYFP at its C terminus overexpressed with furin
in HEK293 results in PARI1 retention in the trans-Golgi network as confirmed by a TGN marker, golgin-97. Scale bars, 20 pm.

PARI colocalizes with furin, PC7, or an empty vector show 35, 23,
or <2 dots/cell, respectively. This result affirms the close intracel-
lular proximity of PAR1 with the membrane-bound furin and
PC7. This interaction very likely explains the inhibitory effect of
PARI on the proteolytic activities of furin and PC7 and the cellular
relocalization of PAR1 by furin.

PAR1 inhibits the processing of HIV-1 gp160 and signifi-
cantly reduces viral infectivity. Having demonstrated that PAR1
affects the processing of gp160 into gp120 and gp41 (Fig. 14A and
B), we next set out to determine if this inhibition of gp160 pro-
cessing had a direct impact on virus infectivity. Accordingly,
HEK293T cells were cotransfected with the NL4-3 HIV-1 proviral

DAPI

hPAR1
+ hfurin

hPAR1
+ hPACS1

Cherry-PAR1

plasmid (40) and different amounts of cDNAs coding for either
mCherry-hPAR1-eYFP or its R46A mutant. Following 2 days of
cell culture, the cell lysates were analyzed by Western blotting using a
panel of antibodies against p24, gp160/gp120, gp41, and GAPDH, as
well as GFP as a measure of mCherry-hPAR1-eYFP protein. As pre-
viously observed in COS-1 cells (Fig. 14A and B), gp160 processing
was also inhibited by overexpression of PAR1 in HEK293T cells but
not by that of its R46 A mutant (Fig. 17A and B).

In order to further quantify the impact of PARI overexpression
on HIV-1, we measured the infectivity of viral particles produced
from cotransfected HEK293T cells with 0.1 pg of cDNAs coding
for PAR1 or PAR1 R46A using the TZM-bl reporter cell line (43).

Merge

FIG 13 PARI retention in the TGN by PACS1. A human PAR1 construct containing mCherry at its N terminus and eYFP at its C terminus overexpressed with
PACS], a transporting protein of furin from early endosome to TGN, results in similar PAR1 retention in the TGN. Scale bars, 20 pm.
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Three viral loads (1, 0.2, and 0.04 ng of p24) were tested, and the
0.04-ng virus load was found to be nonsaturating in the assay
parameters (data not shown). Under these viral load conditions,
we observed a significant (P = 3 X 10~ ") 3-fold decrease in in-
fectivity of viruses obtained from HEK293T cells overexpressing
PAR1 compared to infectivity of the R46A mutant (Fig. 17C).
Thus, PAR1 overexpression inhibits the infectious potential of
released HIV-1 viral particles. These data represent the first evi-
dence that PAR1 can reduce HIV-1 viral infectivity, likely due to
its inhibition of viral glycoprotein processing by furin.

DISCUSSION

Higher transcript and protein levels of PARI, a proinflammatory
thrombin-cleaved GPCR, have previously been associated with
HIV encephalitis (22), a result also observed in our HAND cohort
with encephalitis (Fig. 1A). Cleavage of PARI by thrombin at
Arg,, | exposes an internal N-terminal sequence, SFLLR ;4N that
is believed to bind to the second extracellular loop of PARI via an
Arg,/Glu,, ionic interaction, resulting in a proinflammatory re-
sponse and an increase in calcium mobilization. However, it has
also been demonstrated that PAR1 is cleaved by neutrophil elas-
tase (34) and APC (26) at SFLL | R,4N and SFLLR 4 |, N, respec-
tively. This cleavage disarms the tethered ligand SFLLR N, to
prevent PARI activation by thrombin, and instead generates a
biased PARI tethered ligand signal that leads to an anti-inflam-
matory/cytoprotective response (24-26, 34).

PCs can activate metalloproteinases that are responsible for the
generation of inflammatory molecules such as TNF-« (2) or for
protection against inflammation via production of transforming
growth factor B (TGF-B) (51). However, a link between the PCs
and the direct processing of a GPCR that mediates inflammation
has not been reported. Herein, we report that in brains from pa-
tients with HAND and neuroinflammation, verified by the pres-
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ence of encephalitis (Fig. 1A), there is a marked increased expres-
sion of PAR1 and of four closely related basic amino acid-specific
PCs: furin, PC5, PACE4, and PC7 (2) (Fig. 1A). The upregulation
of these PCs was also observed in HeLa cells treated with a cocktail
of inflammatory cytokines (Fig. 1B). The collective upregulation
PARI1 and PCs in HAND brains suggests a possible role of the PCs
in neuroinflammation and neurodegeneration.

Our studies provide evidence that PAR1 is cleaved at Arg,, | by
the soluble convertases PC5A and PACE4 (Fig. 6 and 8), likely dis-
arming the PARI tethered ligand, SFLLR 4N, and reducing throm-
bin’s effect on PARI. In support of this conclusion, we also ob-
served that overexpression of either PACE4 or PC5A in HEK293
cells expressing PAR1 endogenously results in a significant de-
crease in calcium mobilization in response to thrombin (Fig. 11).
Additionally, it is expected that processing of PAR1 by either
PACE4 or PC5A primarily takes place at the cell surface, in accor-
dance with the location of the zymogen activation of these con-
vertases, which occurs via binding to cell surface HSPGs (4). This
conclusion is supported by the lack of cleavage of PAR1 by these
PCs in the presence of heparin, which prevents their binding to
HSPGs and hence their zymogen activation (4) (data not shown).

Interestingly, proGDF11 is cleaved by PC5A/B and PACE4
only at the sequence RSRR,44 |, N, which exhibits a critical Asn,,,
(underlined) at the P1’ site. Replacement of this Asn,q, by Asp,q,
resulted in the ability of all convertases to process proGDF11 (37).
Coincidentally, in mammals this highly conserved P1’ Asn,;, fol-
lows the PARI cleavage site SFLLR |, N, which might rationalize
its selective processing by PC5A and PACEA4. Further investigation
is required to determine if mutation of Asn,, to Asp,, in PAR1
would also lead to the lack of selectively in its processing by PCs, as
for proGDF11, and possibly the loss of furin inhibition.

While PC5A, PACE4, and APC cleave cell surface PARI at
Arg,e | , APC does so only at the surface of endothelial cells. In
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FIG 15 PARI inhibition of membrane-bound PC5B and PC7. Human PAR1 was transiently overexpressed with PC5A, PC5B, or PC7 in HEK293 cells. (A) PAR1
inhibits processing of proGDF11 by PC5B, not PC5A. The structures of PC5A and PC5B are illustrated below. The arrows represent the autocatalytic cleavage
sites. The positions of the active site Asp, His, and Ser and the oxyanion hole Asn are also shown. The transmembrane domain (gray) of PC5B is before the green
cytosolic tail. The Cys-rich domain is represented in pink. (B) PAR1 partially inhibits PC7 processing of human TfR1. FG, Flag; s-hTfR1, soluble human TfR1.

these cells, the thrombomodulin-mediated binding of thrombin
greatly enhances its ability to activate the anticoagulant protein C
into APC on the vascular wall (25). Furthermore, binding of pro-
tein C to its endothelial receptor (EPCR, for endothelial protein C
receptor) is required for its effective activation by thrombin via its
cleavage at ProArg,,, | yielding APC (52). This protease in turn
cleaves PAR1 at Arg,s| (24). The resulting PARI cleaved at
Arg, | isreported to promote cytoprotective signaling via a non-
canonical PAR1 tethered ligand (24-26). However, in the brain
APC mRNA is expressed at low levels (53). In contrast, PC5 (50)
and PARI are widely expressed in the brain, while PACE4 (54) and
PARI are rich in the cerebellum (Fig. 3). Our colocalization data
support the notion that in the brain both PC5A and PACE4 could
process endogenous PARI, unmasking the N,,-tethered ligand,
leading to an anti-inflammatory response. This process may rep-
resent a protective reaction to the observed inflammation in
HAND patients with encephalitis (Fig. 1 and 2).

Recently, we reported that PAR1 can inhibit furin processing of
the Fc-viral glycoprotein of human metapneumovirus by an un-
known mechanism (27). In the present study, we demonstrated
that PAR1 can inhibit the proteinase activity of the three mem-
brane-bound basic amino acid-specific PCs (2), namely, furin on
HIV gp160, PC5B on proGDF11, and partially PC7 on human
TfR1 (Fig. 14A and 15). While the PC5B isoform is predominantly
expressed in the small intestine and adrenal cortex (50), the ex-
pression of furin and PC7 is widespread and enriched in the brain
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(Fig. 3). We chose HIV gp160 as a relevant substrate for furin (28),
Vpr for PACE4 (10), GDF11 for PC5A and PC5B (37), and human
TfR1 as a PC7-specific substrate (5). The data clearly demonstrate
that, for the four selected substrates, the expression of PARI is
associated with a loss of cleavage activity of membrane-bound
convertases but not soluble ones and that the PAR1 mutants R46A
or R41A R46A are not inhibitory. This result established that in-
hibition of the PC activity requires the recognition of the R,; XXX
XR, motif in PAR1 by the catalytic subunit of the membrane-
bound basic amino acid-specific PCs (Fig. 18). We envisage that
PARI1 binds these membrane-bound PCs via this motif, without
cleavage occurring, likely due in part to the presence of the Asn,,
at the P1’ position of PARI. However, it is not clear why the
membrane-bound PCs are inhibited and not the soluble ones,
especially since PAR1 inhibits proGDF11 cleavage by PC5B but
not by PC5A (Fig. 15A). Thus, it appears that membrane attach-
ment of PCs is a critical factor for the ability of the seven-trans-
membrane GPCR PARI to inhibit them, likely due to an optimal
proximity effect. Indeed, using a proximity ligation assay, we
demonstrated that furin and, less so, PC7 interact closely with
PARI (Fig. 16), thereby conferring the PAR1 inhibitory effect on
these PCs (Fig. 14A and 15B).

Our data demonstrated that while PAR1 inhibits the protease
activity of PC5B (Fig. 15A) but only partially that of PC7 (Fig.
15B), the localization of PARI at the cell surface colocalizing with
the LDLR (Fig. 7) is unaffected by these proteases (Fig. 10). How-
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FIG 16 A proximity ligation assay (PLA) demonstrates the interaction of furin and PC7 with PAR1. HEK293 cells were transfected with cDNAs as indicated and
incubated with rabbit anti-PAR1 and mouse anti-V5 primary antibodies. PLA probes, anti-rabbit antibody minus sense and anti-mouse antibody plus sense,
were utilized to detect the interaction of mCherry-hPAR1-eYFP with V5-tagged furin or PC7. The dots (indicating interactions of PLA probes) per cell were
manually counted. The enlarged pictures emphasize transfected cells where PAR1 colocalizes with either furin or PC7, indicated by green dots. Based on the
distribution of dots/cell (right panels), we determined that control cells averaged <2 dots/cell whereas those that express furin or PC7 averaged 35 and 23

dots/cell, respectively. Scale bars, 15 um.

ever, while PARI inhibits furin activity, overexpression of furin
results in a predominant concentration of wild-type PAR1 but not
its R46A mutant in the TGN (Fig. 12). The TGN is a region where
the steady-state concentration of furin is highest (3). Since bind-
ing of the cytosolic adapter protein PACSI to the serine-phos-
phorylated CT of furin results in its recycling from the cell surface
to the TGN (3), it was plausible that the phospho-CT-furin—PAR1
complex could also be recruited to the TGN via PACSI. Indeed,
overexpression of either PACSI or furin resulted in a similar TGN
recruitment of PAR1 (Fig. 13). Whether endogenous furin in
HEK?293 cells is enough to explain the PACS1-induced relocaliza-
tion of PARI to the TGN or whether overexpressed PACS1 would
also bind directly to the CT of PAR1 that has been reported to be
serine phosphorylated (49) is not yet clear. Mutagenesis of the
acidic serine-rich sequence ESSDPSSYNSSGQLMAS,, in the CT
of PAR1 may help to elucidate this process. However, the fact
that endogenous furin/PACS1 in HEK293 cells did not result in
an enrichment of overexpressed PAR1 in the TGN (Fig. 6)
indicates that the level of endogenous furin-PACS1 complex
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may be limiting and that the overexpression of either partner
may be enough to relocalize PARI to the TGN. Since a stoichi-
ometry of 1:1 would be expected for the furin-PAR1 complex
(Fig. 16) and since PACS1 is only transiently used and reused to
sort these proteins to the TGN, it is more likely that endoge-
nous furin may be the limiting factor in this process. Accord-
ingly, overexpression of PAR1 versus PAR1-furin in PACS1-
depleted cells would also be informative.

Furin is one of the major PCs that process the HIV-1 gp160
into gp120/gp41 (Fig. 14A) to allow viral fusion and entry into
cells (28, 29). In addition, a screen of a small interfering RNA
library directed against 5,000 genes identified furin as one of
the potential therapeutic targets implicated in HIV-1 infection
(55). Interestingly, and of relevance to HAND, HIV can be
detected in the frontal cortex soon after primary infection (11),
a region of the brain rich in furin expression (Fig. 3). Thus,
even though inflammation increases the levels of both furin
and PARI in the brain (Fig. 1), the latter would inhibit furin,
limiting its ability to process gp160, and hence could play a
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FIG 17 Inhibition of furin processing of gp160 of HIV-1 by PAR1 reduces virus infectivity. (A) HEK293T cells were cotransfected with the indicated
amounts of plasmids (pg), and cellular protein expression was analyzed following SDS-PAGE and Western blotting, as described in Materials and
Methods. (B) Quantitative analyses of selected intracellular viral proteins. (C) Infection assay for HIV-1 viruses. HEK293T cells were transfected with 5
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WT mCherry-hPAR1-eYFP plus 0.9 pg of control EGFP-C1 vector. A dilution curve of viral load confirmed nonsaturating conditions (1 ng of virus per
750,000 TZM-bl cells). Note the ~70% inhibition of virus infectivity by WT PARI. ***, P < 0.001 (Student’s t test). These data are representative of at

least two independent experiments.

protective role to dampen viral infection. Our data support this
model as overexpression of PAR1, but not that of its R46A
mutant that does not inhibit furin (Fig. 14A and B), resulted in
a 3-fold reduction in HIV-1 cellular infectivity (Fig. 17C). In
this context, we would like to emphasize that PARI represents
the first identified endogenous protein that selectively inhibits
the activity of membrane-bound convertases, including furin.
Identification of the mechanistic details of such inhibition and
the ability of furin to relocalize PAR1 to the TGN will surely
enhance our understanding of the relevance of PARI to
HAND. Additionally, the possibility that human PAR2 and PAR3,
which also exhibit the PC-like motifs (2) RSSKGR,, and KTFR,;,
respectively, are regulated by PCs will need to be further investi-
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gated. Finally, the increased PAR1 expression in cardiovascular/
immune/nervous systems, inflammation, and cancer (56) may
also inhibit furin in these pathologies.

In conclusion, the brains from HAND patients in associa-
tion with neuroinflammation exhibit increased expression of
PARI1 and four basic amino acid-specific PCs. Our results sug-
gest that the inflammation-induced upregulation of PARI and
the PCs might be neuroprotective. On one hand, PC5A and
PACE4 disarm PAR1, while, on the other hand, PAR1 inhibits
furin and PC7, which are the major enzymes that cleave gp160
into gp120/gp41 (28), likely ensuring that viral infectivity is
diminished (Fig. 17C). Thus, modulation of PC activity might
represent a potential therapeutic approach to limit the onset
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and progression of neuroinflammation and neurodegeneration
in persons with HAND.
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