pGlu-Af Formation Is Mediated by Glutaminyl Cyclase
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FiGure 6: QC-dependent pGlu formation of APP(WT) was investi-
gated by Western blotting after immunoprecipitation of A8 peptides
(application in comparison 1o standard Af peptides) using antibody
6E10, detecting total-Af (A) and antibody detecting pGlu-modified
AB (B). (C) QC-dependent pGlu formation investigated using an
ELISA after concentration of Afi-containing cell media using cen-
trifugal devices [single transfection of APP(WT) or cotransfection of
APP(WT) with hQC] (Af concentration in picograms per milliliter)
(asterisks, P < 0.001; Student's r test; n = 5).

LNZ308 cells (Figure 5C,D). The cell culture medium was
analyzed for potential Aflzge)40 formation. Intriguingly, the
expression of APP variants containing the N3Q mutation led
only in the case of APP(WT) and APP(London) to significant
amounts of Affse)40, whereas the presence of the Swedish
mutation resulted only in scarce amounts of ABygya0. This
result was also observed when Afypp. was analyzed,
pointing to differences in the liberation of Af peptides from
APP molecules bearing the APP(WT) and APP(Swedish)
sequence at the fS-secretase cleavage site.

These significant differences in the liberation of N-
truncated Af} peptides prompted us to investigate the
formation of Affxgg from APP(WT). As described for the
APP(NLE) construct, cotransfection of APP(WT) and human
QC was implemented to facilitate the formation of Afge,.
On the basis of the urea—PAGE Western blot analysis, two
different Af forms were detected (Figure 6A). The lower
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band corresponds to Aflipg.s, whereas the upper band
migrates slower than Afp,s0, again suggesting an N-
terminus differing from that of full-length Af, observed for
APP(WT) expression. In addition, the results obtained by
IP—Western blot analysis were validated by application of
a pGlu-specific antibody (Figure 6B) and by concentration
of the supemnatant in centrifugal devices, followed by an
ELISA, revealing significant ABy;g, formation after cotrans-
fection of APP(WT) and human QC (Figure 6C),

DISCUSSION

The AS peptides of amyloid deposits in brains of patients
with Alzheimer's disease display a profound N- and C-
terminal heterogeneity (7, 11, 29). Cleavage of y-secretase
causes primarily the C-terminal differences. Because neuritic
plaques are mainly composed of Ay, and the deposition
of Af;, precedes that of Afy, Afg is thought to be more
amyloidogenic than Aflg (27, 30). The role and formation
of N-terminal modifications, however, are more poorly
understood. In particular, it is known that truncated AfS
peptides possessing a pGlu residue at the N-terminus are
highly abundant in affected brains of patients with Alzhe-
imer's disease and Down syndrome (//, /2, 14). Further-
more, the amyloidogenic peptides ABri in familial British
dementia (FBD) and ADan in familial Danish dementia
(FDD) possess an N-terminal pGlu residue, and pGlu
formation appears to be crucial for the deposition of the
ADan peptides in vivo (31, 32). Moreover, these pGlu-
modified peptides have been shown to seed the aggregation
of Afypye2 (17). Therefore, the prevention of pGlu formation
might represent a new concept for the causal treatment of
Alzheimer's disease and other pGlu-related amyloidoses.

However, the generation of pGlu peptides in AD, FBD, and
FDD remained elusive, leaving room for speculation about their
generation. In addition, despite evidence of an early role of
pGlu-Af in the development of Alzheimer's disease, the
formation of pGlu-Af peptides is frequently considered as a
spontaneous secondary reaction occurring late in the progression
of the disease (33). It should be noted that the uncatalyzed
cyclization of N-terminal glutamic acid occurs exceptionally
slowly, with half-lifes of years to decades under in vivo
conditions (43, 44). In addition, since Af anabolism and
catabolism make up a homeostasis showing a high rate of daily
turnover, it is conceivable to assume an enzyme-catalyzed
formation of pGlu-Af peptides. On the basis of artificial peptide
substrates, recent in vitro studies provided the first evidence
that glutamate cyclization at the N-terminus of A might be
due to catalysis of QC (27, 22). These results are highlighted
here by the proof that the formation of Afigeysu from
glutamate occurs after amyloidogenic processing of APP. Most
importantly, we describe for the first time the generation of
Ay after expression of APP(WT), which is present in the
vast majority of all AD cases, substantiating the assumption
that QC might be a novel drug target for the treaument of pGlu-
related amyloidoses.

According to the previous investigations of substrate specific-
ity, the QC-catalyzed cyclization of glutamate requires a
protonated y-carboxyl group and an unprotonated c-amino
group. The highest concentrations of these species are found
under mildly acidic conditions around pH 6.0 (2/). Similar pH
conditions have been described for the secretory compartments
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(37). As summarized in Figure 4, APP and QC are colocalized
at least within the Golgi complex, where a spatially high
concentration of both QC and Af or the respective §-CTFs
can be expected (34-36). In this regard, these data suggest that
the colocalization of QC and Af enhances pGlu-Af formation
(Figure 3) and further suppont a catalyzed generation of this
peptide species. In addition, the accumulation of pGlu-Af might
also contribute to the intracellular aggregation of Af, which is
frequently detected in patients with Down syndrome and
Alzheimer's disease (38—41), in terms of generating the initial
insoluble seeds for further Af deposition. The seeding capability
of pGlu-Af8 was recently investigated in vitro, supporting the
possibility that pGlu-Af can initiate seeding of full-length AS
peptides (17).

Although these results strongly imply a QC-catalyzed
formation of AfB3g;, a molecular pathway of APP processing
leading finally to the substrate Afyg., has never been
investigated in detail. To examine the generation of Afs
from APP processing, we introduced a novel monitoring
mutation [APP(E599Q)], which leads to instant pGlu forma-
tion following the release of the N-terminal amino acids of
Af. Intriguingly, the results suggest that the WT sequence
at the B-secretase cleavage results in the production of
N-truncated Af species, whereas the Swedish mutation leads
preferentially to full-length Afypy.. peptides (Figure 7).
Apparently, the endoproteolytic processing of APP(WT) and
APP(Swedish) by f-sécretase differs not only in our analyzed
model system. Data from studies in transgenic animals
overexpressing the APP(Swedish) mutation, e.g., Tg2576,
have revealed conspicuous differences with regard to the Af
composition (42). AD patients display up to 50% of pGlu-
Af deposited as an early Aff species. These mouse models,
in stark contrast, show only minor amounts of pGlu-Af [up
to 0.5% (unpublished data)] occurring late in the life span
of Tg2576 (12—15 months of age) (S. Schilling et al.,
manuscript in preparation). Most intriguingly, Tg2576 shows
only mild, if any, cognitive deficits, whereas animal models
accumulating larger amounts of pGlu-Af display strong
cognitive decline and hippocampal neuron loss (20).

In conclusion, the data presented here provide for the first
time evidence that (i) cyclization of glutamic acid generating
APugraa is facilitated by QC after amyloidogenic process-
ing of APP, (ii) the localization of QC and APP and the
significant formation of Afypg.awa after coexpression point
to a primarily intracellular pGlu genération, and (iii) the
generation of N-truncated Af, accounting for the majority
of Aff in AD and DS, is possibly mediated by an alternative
pathway of APP processing. The latter result is reflécted in
the unexpected finding of tremendous ABsqeysvsz formation
in an APP(E599Q) variant, suggesting that the WT sequence

at the f-cleavage site leads to A molecules that are prone
to cyclization by QC (Figure 7).

The results thus strongly imply that the majority of the
pGlu peptides deposited in AD and DS brains are formed
by enzymatic catalysis following processing of APP(WT).
QC activity, mediated by the neurotoxic potential of Afsg).
o2, might be involved in the first intracellular events of
the amyloid cascade, potentially driving the aggregation
process of AfS. The enhanced aggregation propensity and
stability of pyroglutamated Af, in tum, might trigger the
aggregation of other Af species, which are generated by f-

and y-secretase at higher levels, Accordingly, the prevention
of pGlu-Af formation might represent a novel concept for
a causal treatment of Alzheimer's disease.
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Altered Function of Factor I Caused by Amyloid f3:
Implication for Pathogenesis of Age-Related Macular
Degeneration from Drusen’

Jiying Wang,* Kyoko Ohno-Matsui,** Takeshi Yoshida,* Ariko Kojima,* Noriaki Shimada,*
Ken-ichi Nakahama," Olga Safranova,” Nobuhisa Iwata,* Takaomi C. Saido,*
Manabu Mochizuki,* and Ikuo Morita'

The results of recent studies have implicated local inflammation and complement activation as the processes involved in the
pathogenesis of age-related macular degeneration (AMD). We have demonstrated that amyloid B (AB), which is deposited in
drusen, causes an imbalance in the angiogenesis-related factors in retinal pigment epithelial cells. We have also shown that
neprilysin gene-disrupted mice accumulate A B, and develop several features of AMD. The purpose of this study was to investigate
the mechanisms involved in the development of AMD that are triggered by AB. Our results showed that AB binds to complement
factor I which inhibits the ability of factor I to cleave C3b to inactivated iC3b. Factor H and factor I are soluble complement-
activation inhibitors, and preincubation of factor I with AB in the presence of factor H abolished the ability of AB to cleave C3b,
and also abolished the ability of factor I to cleave FGR-AMC, In contrast, Af did not affect the function of factor H even after
binding. The production of iC3b was significantly decreased when C3b and factor H were incubated with the eyes from neprilysin
gene-disrupted mice as compared with when C3b and factor H were incubated with eyes from age-matched wild-type mice, These
results suggest that A activates the complement system within drusen by blocking the function of factor I leading to a low-grade,
chronic inflammation in subretinal tissues. These findings link four factors that have been suggested to be associated with AMD:

inflammation, complement activation, AB deposition, and drusen. The Journal of Immunology, 2008, 181: 712-720.

he complement system is a component of the humoral
immune system involved in host defense, and it can be
activated through three distinct pathways: the classical,
the alternative, and the lectin. Activation of these three pathways
leads to the cleavage of C3 into C3a and C3b (1), which finally
leads to the formation of the C5b-9 membrane attack complex
{MAC)? (1-3). The MAC is a lytic complex that is lethal not only
to foreign pathogens but also to local host cells and tissues, Thus,
the regulation of complement activation is important for the main-
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tenance of tissue homeostasis and is mediated by a family of com-
plement proteins.

There has recently been an increased interest in the involvement
of complement in the development and progression of many dis-
eases including age-related macular degeneration (AMD), AMD is
the leading cause of irreversible vision loss, affecting 30~-50 mil-
lion elderly individuals worldwide (4-7). Two major clinical phe-
notypes of AMD are recognized: a nonexudative (dry) type and an
exudative (wet) type, Recent studies have demonstrated that local
and chronic inflammation induced by the complement pathway
plays a central role in the formation of drusen and the development
of AMD (8-11).

Polymorphisms in the genes coding for complement factor H
and factor B have been shown to be predictors of the risk of de-
veloping AMD (12-17). Factor H and factor B are key components
of the alternative complement pathway. Factor H, the most impor-
tant soluble complement activation inhibitor, blocks the binding of
factor B 1o C3b, supports the dissociation of the C3bBb complex
(decay-accelerating activity), and acts as a cofactor in the cleavage
of C3b by factor 1 (18, 19). Another susceptible locus for AMD is
the hypothetical gene called LOC387715/HTRAI (17, 20-22). The
population risk associated with variants of factor H, factor B, and
LOC387715/HTRAI is at least 50% (17). In addition, a very recent
study confirmed that functional polymorphisms in the C3 gene
were strongly associated with AMD (23). These genetic studies in
patients with AMD, together with the finding that proieins asso-
ciated with inflammation and immune-mediated processes are de-
posited in drusen and Bruch's membrane in eyes with AMD (24),
support the hypothesis that inflammation and complement activa-
tion are involved in the pathogenesis of AMD, Also, animal ex-
periments, using a laser-induced choroidal neovascularization
model, showed that the activation of the complement alternative
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pathway was critical for the development of choroidal neovascu-
larization (25), a major feature of the neovascular form of AMD,

One of the earliest clinical hallmarks of AMD is subretinal ex-
tracellular deposits, known as drusen, which accumulate beneath
the retinal pigmented epithelium (RPE) (26), Epidemiological
studies have shown that numerous and/or confluent drusen signif-
icantly increase the risk for the development of AMD (27, 28).
However, the mechanism of the development of AMD from drusen
has not been precisely determined. Recent proteomic analyses
have shown that drusen contain many proteins, such as cholesterol,
apolipoproteins B and E, C-reactive protein, clusterin, vitronectin,
and amyloid B (AP) (24, 29, 30). Among these proteins, we fo-
cused on AB as the primary stimulus that causes the development
of AMD (31).

AP peptides vary in length from 39- to 43-aa residues and are
produced by the sequential proteolytic processing of amyloid pre-
cursor proteins. Studies have shown that AB is the main compo-
nent of senile plaques in the brain of patients with Alzheimer's
disease (AD), and the transition of AB from the monomeric form
to the oligomeric or aggregated form in the brain is a key event in
the pathogenesis of AD (32-34). The results of our earlier study
demonstrated that exposure of RPE cells to AB induced a marked
increase in vascular endothelial growth factor and a marked de-
crease of pigment epithelium-derived factor, an antiangiogenic
factor, in the RPE cells (31). Importantly, there was an increase in
the deposition of A in the subretinal space of senescent neprilysin
gene-disrupted mice, and these mice developed several features of
human eyes with AMD (31). These results suggest that A8 depos-
ited in drusen may be a key contributor 1o the development of
AMD. However, the underlying molecular mechanism on how A8
leads to the features of AMD has not been determined.

The pathogenesis of AD has also been considered to be one of
the inflammatory processes caused by complement activation (35).
AB is colocalized with activated complement components, the
C5b-9 MAC, in the brain of AD patients (36). AB activates the
alternative pathway by triggering the formation of covalent, ester-
linked complexes of AB with C3b/iC3b, an activation product of
the third complement component (C3) (36). Also in AMD, John-
son et al. (29) demonstrated that AB is colocalized with the acti-
vation-specific fragments of complement C3 in unique substruc-
tural domains, the “amyloid vesicles,” within the drusen thereby
identifying them as potential sites of complement activation,

These findings led us to hypothesize that AMD results from an
abnormal inflammatory process which includes an unregulated ac-
tivation of the complement pathway triggered by AB, as suggested
for AD. Although there has been a publication demonstrating the
colocalization of complement proteins and Ap in eyes with AMD
(29), the precise mechanism of how complement is activated by
Af in AMD has not been determined. Based on the human patho-
logical studies and our previous animal experiments, we have ex-
plored the influence of AB on the activation of the alternative
pathway, and we will present new evidence that AB binds and
inactivates the function of complement factor 1. This then results in
an unregulated activation of complement in subretinal tissues.

Materials and Methods
Materials

DMEM, TRIzol reagent, and the SilverQuest silver staining kit were pur-
chased from Invitrogen; plastic ware (Falcon) was obtained from BD Bio-
sciences; FCS was obtained from HyClone; human recombinant basic fi-
broblast growth factor (FGF) was obtained from R&D Systems; laminin
was obtained from Upstate Biotechnology; You-Prime First-Strand Beads,
PCR beads, and nylon membranes were obtained from Amersham Phar-
macia Biotech; agarose was obtained from Takara; AB,_,, (HCl form) and
Af gy were obtained from Peptide Institute. The mAb against A (4G8)
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was purchased from SIGNET; the iC3b ELISA lal, punfied human factor
H, and purified human factor 1 were obtained from Quidel; purified human
C3b was obtained from Biogenesis; mAb against humen factor 1
(MCAS07, 0X21), mAb against human factor H (MCAS09, OX24), and
polyclonal antiserum against human C3 (AHCO007) were obtained from
Serotec; recombinant substrate FGR-AMC was obtained from American
Disgnostica; Microfluor white plates were obtained from Packard Bio-
science; the0.4-um pore-size transwell was obtained from Coming; the
XTT cell proliferation assay kit was obtained from Cayman Chemical.

Human RPE cell cultures

Primary cultures of human RPE cells were a gift from Dr. P. A. Cam-
pochiaro (Wilmer Eye Institute, Johns Hopkins University, Baltimore,
MD). The cultures used for the experiments were at the third or fourth
passage at the time of separation. Cultures were shown to be pure popu-
lstions of RPE cells by immunccytochemical staining for cytokeratins
(data not shown). mmmmmmmw“mm
(37, 38). RPE cell cultires were d in DMEM l d with
10% FBS and 10 ng/ml basic FGF. Meslhnh;hmdap\MIlm;hnl
ogy and expressed CRALBP, a marker for differentiated RPE cells (38).

RPE cells were subcultured in 12-well tissue-culture plates at s density
of 6 X 10* cells/well. Seven days after reaching confluence, the medium
was changed, and cells were incubated in serum-free DMEM (500 pl) in
the presence (50 i£M) or absence of AB,_,, peptide (HCI form). After 24 h,
the medium was collected and stored at —20°C until use for Western blot
analysis and ELISA. The cells were homogenized, and their RNA and
protein were extracted. Each condition was examined in triplicate, and
results were repeated in at least three independent experiments.

Cell viability assay

Seven days afier reaching cellular confluence, the medium was changed,
and cells were incubated in serum-free DMEM in the presence (25 or 50
M) or absence of AB,_,, peptide (HCI form) for 24 h. The XTT assay
was used to measure viability using XTT reagent (Cayman Chemical),
which was added for I h &t 37°C and was qumr.lﬂnd using an ELISA plate
reader. The d for medium plus treatment was
subtracted from atch test sample. Each experiment was performed at least
three times on different days.

RT-PCR for C3, C5, factor H, factor H-like protein (FHL),
factor B, and factor |

Total RNA was extracted from cultured RPE cells using TRIzol reagent.
cDNA was synthesized from 2 ug of total RNA usiug You-Prime Hm
Strand Beads according 1o the fi and the
products were subjected to PCR mphj.cnim un.ng the GeneAmp PCR
system (Cetus; PerkinElmer). The mRNAs of human C3, C3§, factor H,
FHL (a truncated form of factor H (39)), factor B, and factor | were am-
plified with the following primers: for C3 (40), 5"-TCACCGTCAACC
ACAAGCTGCTACC-3' (forward) and 5'-TTTCATAGTAGGCTCGGA
TCTTCCA-3' (reverse), for C5 (40), 5'-GTGGCATTAGCAGCAGTG
GACAGTG-3' (forward) and 5'-GCAGGCTCCATCGTAACAACATT
TC-3' (reverse); for factor H (41), 5-TCTGCATGTTGGCCTTCCT
GTC-3'  (forward) and 5-CTTCCTTGTAAATCTCCACCTG-3'
(reverse); for FHL (40), 5'-CAGAAGTTCAGAGGGTAAAGCT-3" (for-
ward) and 5'-TACTGGCTGGATACCTGCTCCG-3' (reverse); for factor
B (42), 5'-CAACAGAAGCGGAAGATCGTC-3' (forward) and 5°-TAT
CTCCAGGTCCCGCTTCTC-3' (reverse); and for factor 1 (43), 5'-GGC
AGGTGGCAATTAAGGATG-3' (forward) and 5"-GGTGTATCCAGT
CTACTACTGT-3"(reverse).

The PCR for factor H and FHL was repeated for 30 cycles, and each
cycle included denaturation at 94°C for 1 min, annealing at 58°C for 1 min,
and primer extension at 72°C for 1 min. The PCR for C3 and C5 was
repeated for 30 cycles, and cach cycle included denaturation at 94°C for 1
min, annealing a1 62°C for | min, and primer extension at 72°C for 1 min.
The PCR for factor 1 was repeated for 30 cycles, and each cycle included
denaturation al 94°C for 1 min, annealing at 60°C for | min, and primer
extension at 72°C for | min. The PCR for factor B was repeated for 35
cycles, and each cycle included denaturation at 94°C for 1 min, annealing
a1 59°C for | min, and primer extension at 72°C for | min. The ex|
size of the reaction was 186 bp for C3, 315 bp for C5, 424 bp for
FHL. 354 bp for factor H, 884 bp for factor B, and 146 bp for factor L

LightCycler real-time PCR

The cDNA was subjected 10 quantitative PCRs on a LightCycler Instru-
ment (Roche Diagnostics) using the QuantiTect SYBR Green PCR kit
(Qiagen) for C3, factor H, and factor 1. PCR amplifications were performed
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FIGURE 1. RT-PCR detection of complement pro-
teins and their regulators in colured human RPE cells.
Human RFPE cells were cultured in DMEM containing
10% FCS and 10 ng/ml basic FGF. Afier attaining con-
fluence, total RNA was extracted from cultured RPE
cells. cDNAs were synthesized from 2 ug of 1otal RNA,
and the reaction products were subjected to PCR am-
plification using specific primers for each fsctor. FH,
Factor H; Fl, factor I; FB, factor B,

with specific primers in a total volume of 20 ul containing 2 i of sense
and antisense primer mixture (0.5 uM of each primer), 10 pul of 2X SYBR
Green QPCR Master Mix (Qisgen), 1 ul of 1/10 diluted cDNA, and 7 pl
of nuclease-free PCR-grade water. The mixture was used as a template for
the amplification afier initial denaturation at 95°C and 40~50 cycles (95°C
for 10 5, 58~62°C for 15 5, and 72°C for 30 s). The primer sequences of
human GAPDH were 5'-ACCACAGTCCATGCCATCAC-3' (forward)
and 5'.-TCCACCACCCTGTTGCTGTA-3" (reverse). The primer se-
quences of C3, factor H, factor B, and factor 1 were the same as used for
semiguantitative RT-PCR. SYBR Green fluorescence was measured, and
quantification of each PCR product was expressed relative to GAPDH.

ELISA measurements of C3 fragments

The amount of iC3b secreted from RPE cells into the conditioned medium
was determined with a commercial ELISA kit according to the fac-

COMPLEMENT FACTOR I DYSFUNCTION CAUSED BY AB

FH FHL Fl FB C3 cs

treated with 5.0% nonfat dried milk in 50 mM Tris (pH 8.0) and then
incubated overnight with 2 monoclonal Ab against human C3 (1/1000 di-
lution), mAb against human factor H (1/200 dilution), or mAb against
human factor 1 (1/200 dilution). SDS-PAGE analysis for C3, factor H, and
facior | was performed under nonreduced conditions.

Measurement of factor I cofactor activiry

The cleavage of C3b by factor 1 in the presence of factor H was performed
in 10 mM phosphate buffer (pH 7.4) containing 145 mM NaCl, according
10 the method of Sahu et al. (45) In a typical assay, C3b (80 ng/pul), factor
H (80 ng/ul), and factor 1 (3.5 ng/ul) were mixed in 10 uM phosphaie
buffer (pH 7.4; containing 145 mM NaCl). The total volume in each re-
action tube was adjusted 1o 20 pl, and the tube was incubated a1 37°C. In
some exp factor | and/or factor H were preincubated with ABy_4

turer's instructions, The absorbance was measured at 405 nm in a Bio-Rad
Model 450 microplate reader. Serial dilutions of recombinant C3 and iC3b
were measured and a standardized curve was constructed.

Five days after cellular confluence, the medium was changed 1o serum-
free DMEM. Then, the cells were incubated with or without AB,_, (HC1
form; 50 uM) or Ay, for 24 h, In some experiments, exogenous C3b (S
pgfrnl} was added to the medium, and in other experiments, cells were

bated with or wi APy _ 4 (HCI form; 50 uM) for 12 h. After the
preincubation, C3b (5 ug/ml) and various concentrations of purified human
factor H or factor I were added to the medium. The conditioned media were
collecied afier another 12 h, and the amount of iC3b was measured.

For transwell membrane experiments, cultured RPE cells were seeded
onto cell culture inserts (0.4-um pore size; Costar; Coming). Five days
after cellular confluence, the medium was changed to serum-free DMEM.
In this experiment, the exogenous C3b and APy . were added into the
lower chamber, The conditioned media were also collected from the lower
chamber.

Because it has already been reported thal mouse complement factor |
can cleave human C3b in the p of human pl factor H (44),
the: ability of cleaving human C3b by the eye samples from both 12-mo-old
neprilysin gene-disrupted mice (which leads 10 an increased deposition of
AP s we demonstrated previously (31)) and age-matched wild-type mice
was examined, Briefly, eyes were enucleated and the anterior segment as
well as the neural retina was removed from the eyecup before sclera and
the vascular choroid were carefully removed s much as possible using
forceps. Electron microscopic examination confirmed that the intact RPE-
Bruch’s membrane-choriocapillaris complex and only a small amount of
vascular chorold were removed in preliminary experiments (data not
shown). The RPE-Bruch's b horiocapillaris complex was pooled
from four eyes, respectively, from wild-type or neprilysin gene-disrupted
mice, and then were transferred into 1.5-ml assay tubes containing 40 pl of
10 pM phosphate buffer (pH 7.4; containing 145 mM NaCl) including 3.2
pg of human C3b and 3.2 pg of buman factor H. The mixiures were
centrifuged and incubated @ 37°C for 12 h before being submitied 1o hu-
man iC3b EIA.

Western blot analyses

For the Western blot analysis of C3, factor H, and factor I, RPE cells were
maintained in serum-free medium for 24 h; the conditioned media were
collected and cells were lysed in | ml of sample buffer (125 mM Tris-HCl
(pH 6.8), 2% SDS, 5% glycerol, 0,003% bromphenol blue, and 1% 2-ME).
The final protein concentration was determined using a BCA assay (Pierce)
sccording to the manufacturer’s instructions. Equal amounts of secreted
protein (8 ug) or a sample of the whole cell Iyute (80 p.g,) were separaied
by &% SDS-PAGE and electrophoreti ferred onto nylon mem-
branes. The nylon h [ lht transferred proted

were pre-

(200 M) for 1 h, and then incubated with C3b. After another 1 h, samples
(5 jal) were removed and mixed with sample buffer containing DTT, boiled
for 5 min, and subjected to electrophoresis on an 8% SDS-PAGE gel. The
cleavage products were made visible by silver staining of the gel.

Amidolytic assay using synthetic substrate

The cleavage of the synthetic FGR-AMC by factor 1 in the presence ar
absence of AP was examined. This substrate is cleaved by factor [ in the
absence of any cofactors (46). FGR-AMC (50 uM; final concentration) in
20 mM HEPES at pH 8.5 was added to factor | (0.5 uM, final concentra-
tion) in the same buffer in a white Microfluor plate. The final reaction
volume was 200 pl. The reaction was performed in the presence or absence
of Af;_s (200 uM, final concentration). The amidolytic activity of factor
| was measured using a microtiter plate reader (Fluoroskan; Thermo Life
Sciences) by excitation a1 355 nm and continuous monitoring of emission
at 460 nm for 1 h or more a1 37°C. Activity of factor | was expressed as
fluorescence of total free AMC released from FGR-AMC by the cleavage
of factor L

Coimmunoprecipitation

To examine the binding of facior I or factor H and A B, human purified
factor 1 (210 ng) or human purified factor H (4.8 ug) and AB,_., (200 uM;
final concentration) were added to 10 uM phosphate buffer (pH 7.4; con-
taining 145 mM NaCl) to a final volume of 60 ul After 1-h incubation at
37%C, the mixtures were reacted with 200 pul of factor 1 Ab or 200 ul of
factor H Ab and further incubated at 4°C with gentle end-over-end mixing
for 90 min. Afier incubation, 100 ul of 50% agarose slurry (protein G type)
was added to both mixtures and further incubated at 4°C for 30 min with
gentle md—ov:r-md mixing. After 30 min of incubation, each mixture was
centrifuged, the was d, and the sgarose containing fac-

tor -AB mplcx or factor H-AB complex was washed with PBS three
times before being loaded in diluied sample buffer (by PBS, 1/1) which did
not contain DTT. The samples was heated for 5 min at 100°C and centri-
fuged. Then, 50 ! of the supernatamt from each sample was respectively
subjected 10 Western blot analysis using factor 1 Ab (MCAS07, 1/200) or
factor H Ab (MCAS09, 1/200), and AP (4GS, 1/1000) Ab. Complex im-
munoreactivity was made visible by exposure of x-ray film 1o blots incu-
bated with ECL reagent.

Statistical analyses

Data are expressed as means £ SEM. The significance level was set atp <
0.05. Statistical analysis was performed with the Mann-Whitney U test.
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FIGURE 2. Concentration of immunoreactive iC3b in the supernatant
of cultured RPE cells. Human RPE cells were incubated in the presence (50
uM) or absence of A andfor C3b (5 pg/ml). The expression of iC3b
protein in the culture supernatants was analyzed by ELISA after 24 h of
culture, Values are expressed as the means = SEMs. n = 4, », p < 0.05.

Results
Expression of C3, C5, factor H, FHL. factor B, and factor I in
RPE cells

The liver is the primary site of synthesis of the majority of the
complement proteins in the human plasma. Extrahepatic biosyn-
thesis of complement proteins may be an important factor in trig-
gering and perpetuating local inflammatory reactions, especially in
tissues that are shielded from the plasma components by a blood-
tissue barrier. RT-PCR demonstrated the constitutive expression of
the mRNAs for C3, C5, factor H, FHL, factor B, and factor 1 (Fig.
1) in the RPE cells. These findings suggest that RPE cells have a
capacity lo modulate the activation of the alternative pathway of
complement.

C3b degradation is inhibited in AB-treated RPE cells

In all three pathways of complement activation, the pivotal step is
the conversion of complement C3 1o C3b, which is then covenly
coupled 10 pathogens and Ag-Ab complexes. C3b is cleaved by
factor 1 to iC3b in the presence of factor H and other cofactors
(47). To determine whether C3b was cleaved by the RPE cells, we
measured the level of iC3b in the supernatant by ELISA. Without
exogenous C3b and AB,_,, the average level of iC3b was 0.95 +
0.08 pg/ml in the supernatants of RPE cells (Fig. 2). When the
RPE cells were incubated with 50 uM AB,_, for 24 h, the amount
of iC3b was significantly reduced to 0.13 = 0.01 pg/ml (p =
0.007). When C3b (5 pg/ml) was added to the medium, the aver-
age amount of 1C3b in the RPE cell supernatant was significantly
increased to 2.00 = 0.14 pg/ml. However, when 50 uM AB, 4,
was added to the medium, the amount of iC3b was significantly
decreased to 0.78 = 0.07 pg/ml (p = 0.013). In contrast, AB,g_,
alone had no effect on the cleavage of C3b.

When we added the AB,_,, into the lower chamber using the
transwell culture system, the amount of iC3b within the medium from
the lower chamber was significantly decreased to 0.11 % 0.01 pg/ml
as compared with 0,175 = 0.005 pg/ml within the medium from the
nontreated RPE cells (p = 0.034) (Fig. 3). When C3b (5 pg/ml) was
added into the lower medium, the average amount of iC3b was sig-
nificantly increased 1o 1.5 = 0.3 pg/ml. However, when 50 uM
AP, _4p was added 1o the lower medium together with C3b, the
amount of iC3b was significantly decreased to 0.2 + 0,02 pg/ml (p =
0.0016) (Fig. 3). In addition, the 50 uM AB,_,, did not affect the cell
viability as determined by the XTT assay (data not shown),
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FIGURE 3. Decreased production of iC3b in the RPE cells in the pres-
ence of AB;. 4 using the transwell culture system. Cultured RPE cells were
seeded into Costar cell culture inserts (0.4-um pore size; Coming). Five
days afier cellular confl the medium was changed 10 serum-free
DMEM. In this experiment, the exogenous C3b and AB,_, were added
into the lower chamber. The conditioned media were also collected from
the lower chamber, and the amount of iC3b was measured using ELISA,
n=13+ p<005

IC3b concentration (ug/mi)

Addition of factor I restores iC3b production in AB-treated
RPE cells

To confirm the direct contribution of either factor 1 or factor H in
the decrease of C3b degradation by AB, we then examined the
effect of purified factor I or factor H on AB-induced degradation of
C3b. After changing the medium 1o serum-free medium, RPE cells
were preincubated with (50 uM) or without AB,_ ,, for 12 h. Then,
5 pg of rC3b was added to the medium, and the supernatant was
collected after another 12 h. The amount of iC3b was determined
by ELISA. The concentration of iC3b in the supernatants of non-
treated RPE cells was 2.30 = 0.10 pg/ml (Fig. 4), but the iC3b was
significantly decreased to 0.87 = 0.05 pg/ml in Af-treated RPE
cells (p = 0.013). The addition of human purified factor 1 (1, 2,
and 5 pg) significantly restored iC3b generation, but the addition
of purified factor H (1, 2, and 5 ug) did not increase the amount of

5

IG3b concentration (ug/ml)
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a
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FIGURE 4. Effects of the addition of purified factor 1 or factor H on
1C3b production in human RPE cells treated or not treated with AB. Twelve
hours after changing the medium to serum-free DMEM supplemented with
S0 uM AR and § pug/ml rC3b, purified factor H or factor I in different
concentrations (1, 2, and 5 ug/ml) were added. Afier incubation for 12
more hours, the supernatants were collected and analyzed by ELISA for
iC3b, n = 3, », p < 0.05; FH, factor H; FI, factor 1.
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FIGURE 5. Upper lane, Real-time PCR analysis of cDNA of C3 (leff), factor H (center), and factor | (right) prepared from RNA isolated from cultured
human RPE cells in the presence or absence of AB (50 uM) for 24 h. The levels of mRNA are siandardized to the level of GAPDH. The levels of mRNA
of AB-treated RPE cells are shown as a ratio of those of nontreated RPE cells, and the averages of three samples (£ SEMs) are plotted. Data are from five
independent experiments, Lower lane, Immunoblot of C3 (left), factor H (center), and factor 1 (right) in cell lysates and the supernatants from human RPE
cells in the presence or absence of 50 uM AP for 24 h. The supernatants (20 ullane) or cell lysates (80 pg/lane) were separated by SDS-PAGE, blotted
onto nylon membrane, and detected with polyclonal anti-C3 (left), anti-factor H (center), or anti-factor | (rfght). This is a representative figure of five

independent experiments.

iC3b, although the high concentration of factor H (5 ug) was able
to restore iC3b generation in part.

Effects of AB on expression of gene and protein of C3,
factor H, and factor | in human RPE cells

To determine whether the decrease of iC3b in the A B-treated RPE
cells was due to a modified production of different complement-
related proteins, we determined the expression of the mRNA and
protein of C3, factor H, and factor I. The results showed that the
expressions of the mRNA of C3, factor H, and factor 1 were not
significantly different between RPE cells with and without AB
treatment by real-time PCR (p > 0.05; Fig. 5, upper lane).

A representative photograph of a Western blot of C3, factor H,

treated cells was similar, although it was slightly higher than that
in the cell lysates. The secretion of factor H protein was decreased
more in the supernatant of RPE cells treated with AB,_,; than that
in nontreated cells, and factor H protein was also increased in the
A B-treated RPE cell lysates compared with nontreated cell lysates.
The secretion of the protein of factor I was decreased more in the
supernatant of AB-treated RPE cells than in nontreated cells; how-
ever, factor I protein was slightly increased in the cell lysates of
Ap-treated cells than in nontreated cell lysates.

Binding of AB with factor H and factor |

Because it has already been reported that AB binds to factor H
(48), we investigated whether AB also forms a complex with factor

and factor | protein is shown in Fig. 5. Compared with no i
RPE cells, the amount of C3 protein in the supernatants of Ap-

FIGURE 6. Coimmunoprecipitation of factor 1-AB
complex (A) and factor H-A complex (B). AB and factor
1 or factor H were incubated in phosphate buffer (pH 7.4)
for 1 h at 37°C before being loaded with factor 1 Ab or
factor H Ab and further incubated at 4°C with gentle end-
over-end mixing. Then, 50% agarose slurry (protein G
type) was added 1o the mixture and forther incubated at
4°C. Total mixture was centrifuged, supernatant was re-
moved, and agarose-containing facior 1-A complex or
factor H-AB complex was washed in PBS. The sample
was centrifuged and the supematant was subjected to
Western blot analysis. The band in the 88-kDa area cor-
responding to factor | was detected by both factor 1 Ab
(MCAS07, 1/200) and AB Ab (4GB, 1/1000) (Fig. 54).
The band in the 155-kDa area corresponding 1o factor H
was detected by both factor H Ab (MCAS09, 1/200) and
AP Ab (4G8, 1/1000) (Fig. 58). FH, Factor H: FI, factor I;
IP, immunoprecipitation; WB, Westem hilotting.

1. Coi precipitation analysis detected a band in the 88-kDa
area, which comresponded to the molecular mass of factor 1, both

We: Fi

IP: aFH IP; uFH
WB: cAp wa: aFH
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tor T with AB inhibits the cleavage of

a-chain of C3b in a cofactor assay. incubation (1 hr)

Factor H and/or factor | were prein- Ap - - = - + — = - n

cubated or not preincubated with AR FH - - + + + - + +

(200 pM) for 1 h, and then mixed A - + - + + + > 2 ¥

with C3b for another 1 h. All of the Gb  + + ¥ + ¥ + + + +

reactions were performed at 37°C in
10 uM phosphate buffer (pH 7.4)
containing 145 mM NaCl and the re-
action was stopped by the addition of
SDS-PAGE buffer containing 2-ME.
The reaction mixture was loaded onto
8% SDS-PAGE gel, and the cleavage
products were made visible by silver
staining. This is a representative pho-
tograph of five independent experi-
ments. FH, Factor H; F1, factor L.

by Abs against factor I as well as against AB (Fig. 64). Also, a
band in the 155-kDa area, which corresponded to the molecular
mass of factor H, was detected by the Abs against factor H and AB
(Fig. 6B8). These findings indicated that A B binds to factor I as well
as factor H to form a complex.

AP affects activity of factor I but not factor H

We next analyzed whether AB affected the ability of factor T and
factor H to cleave C3b. When C3b was incubated in only phos-
phate buffer, we detected two bands corresponding to the a- (110-
kDa) and B- (70-kDa) chains of C3b (Fig. 7, first lane). The ad-
dition of factor H or factor I alone did not cause the degradation of
C3b (Fig. 7, second and third lanes). When we incubated C3b with
both factor H and factor I, two degradative fragments of the
a-chain, viz., 68- and 43-kDa, appeared (Fig, 7, fourth lane). The
absence of the 68- and 43-kDa fragments in reactions with C3b
and factor 1 or factor H alone showed that both factor 1 and factor
H are necessary for the cleavage of C3b under these conditions
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FIGURE 8. Amidolytic assay using synthetic substrate FGR-AMC.
FGR-AMC (50 uM) and factor 1 (0.5 uM) in the presence () or the
absence (W) of 200 uM AP were incubated in 20 mM HEPES (pH 8.5) and
at 37°C under light protection. Fluorescence of released AMC was mea-
sured by the excitation al 355 nm and emission al 460 nm, at different ime
poinis, n = 3, +, p < (.05

(Fig. 7, fourth lane). The presence of the 68- and 43-kDa frag-
ments indicated that factor | mediated the cleavage of C3b between
Arg'?®® and Ser'*® in the generation of iC3b,. Finally, when we
simultaneously incubated C3b with factor H, factor I, and AB,_ 0.
the a-chain of C3b was also cleaved into two fragments (Fig. 7,
[ifth lane).

Next, we investigated whether preincubation of factor H or fac-
tor I with AB affected its ability to cleave of C3b. When factor H

kL

25

iC3b concentration (ug/ml)

——
FIGURE 9. Decreased production of iC3b when C3b and factor H were
incubated with the RPE-Bruch's membrane complex of neprilysin gene-
disrupted mice as compared with that when C3b and factor H were incu-
bated with the RPE-Bruch's membrane complex of wild-type mice. The
RPE-Bruch's membrane-choriocapillans complex was extracted from each
four eyes of wild-type mice and neprilysin gene-disrupted mice. These
complexes were then transferred into 40 wl of 10 uM phosphate buffer (pH
7.4; containing 145 mM NaCl) with C3b and factor H and incubated at
37°C for 12 h. Afier incubation, the supernatants were collected, diluted by
25 dmes in 10 uM phosphate buffer (pH 7.4, containing 145 mM NaCl),
before being submitted to ELISA for iC3b. FH, Factor Hy n = 3; »,
p < 0.05.
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was preincubated with AB,_,, for 1 h, and then incubated with
C3b and factor 1 for an additional 1 h, the degradation of the
a-chain occurred (Fig. 7, seventh lane). However, when factor 1
was preincubated with AB,_ 4, for 1 h before with C3b and factor
H for another hour, the degradation of a-chain did not occur (Fig.
7, ninth lane). These results indicated that the preincubation with
AP affected the ability of factor I, but not factor H, to cleave C3b
into iC3b,

Effects of AB on the amidolytic activity of factor 1

To further explore whether A affected the function of factor I, we
examined the amidolytic activity of factor 1. This assay determines
the levels of amidolytic activity of factor | against the FGR-AMC
substrate without any cofactors. The addition of AB,_,, abolished
the amidolytic activity of factor I for 1-12 h (Fig. 8).

C3b degradarive activity is decreased in the eyes of neprilysin
gene-disrupted mice

Finally, we incubated the RPE-Bruch’s membrane-choriocapillaris
complex from the eyes of 12-mo-old neprilysin gene-disrupted
mice or age-matched wild-type mice with exogenously added hu-
man C3b and factor H. The results demonstrated that the produc-
tion of iC3b was significantly decreased to }4.2 = 1.25 ug/ml
when C3b and factor H were incubated with the eyes from nepri-
lysin gene-disrupted mice compared with when C3b and factor H
were incubated with the eyes from wild-type mice (29.0 = 2.5
ug/ml; p = 0.049; Fig. 9).

Discussion

In our previous study regarding the developmental mechanism of
AMD from drusen, (31) we focused on AB accumulated within
drusen, and demonstrated that senescent neprilysin gene-disrupted
mice which accumulate an excess amount of A2 manifested sim-
ilar features of human AMD. Although the mechanism for why AB
induced the development of AMD was unclear, we hypothesized
that A B-induced complement activation in subretinal tissue plays
an important role for the development of AMD, and explored the
mechanism of Ag-induced complement activation in the present
study.

Our results showed that the generation of inactivated C3b, and
thus iC3b, was inhibited in RPE cells exposed to AB (Fig. 2). This
finding was confirmed in experiments using the RPE-Bruch's
membrane-choriocapillaris complex from neprilysin gene-dis-
rupted mice (Fig. 9), which accumulated AS deposition in RPE
cells as well as within the sub-RPE deposits, as we reported pre-
viously (31). The mechanism for this inhibition is the binding of
AP to factor I which abolishes its ability to cleave its substrates as
shown in two functional assays: the cofactor assay and the amido-
Iytic assay,

Factor 1 is an 88-kDa serum glycoprotein which is a serine pro-
tease and cleaves the a-chains of C3b and C4b in the presence of
its cofactor proteins (46). By inactivating C3b and C4b through
limited proteolytic cleavage and thereby preventing the formation
of the C3 and C5 convertases, factor I inhibits the allernative and
the classical component pathways. Thus, the dysfunction of factor
I accelerates the formation of the C3 convertase in the alternative
pathway (45) resulting in unregulated complement activation.

Interestingly, the simultaneous incubation of AB with C3b, fac-
tor H, and factor 1 did not inhibit the C3b degradation in the co-
factor assay, However, preincubation of factor | with A B abolished
its ability to cleave the a-chain of C3b in the cofactor assay and to
cleave FGR-AMC in the amidolytic assay. The HCI form of AB is
known to be aggregated within 30 min when incubated in medium
by The Peptide Institute (Osaka, Japan). This might suggest that
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the aggregation of AB might be necessary for the binding to factor
1to AB as shown for the binding of factor H to AB (48). However,
the mechanism of how the function of factor 1 is disturbed after
binding to AB requires further investigation. As best we know, the
binding of factor I to A has not been reported, while the binding
of factor H to the aggregated fibrillar form of Ap has been reporied
(48). Aggregated fibrillar AP is generally considered to be a rather
sticky complex capable of binding proteins nonspecifically, al-
though a charge-based interaction might be one possibility as sug-
gested by Strohmeyer and associates (48).

Westem blot analyses showed that exposure of RPE cells to AB
decreased the amount of factor H and factor 1 secreted into the
supernatant of cultured RPE cells (Fig. 5), while Western blot
analyses using cell lysates showed that the amount of C3, factor H,
and factor I was increased in AB-treated RPE cells (Fig. 5). This
difference might be because A B binds to these molecules and traps
them possibly on the cell membrane as reported (43). Thus, not
only the dysfunction of factor I by binding to AB, but also a de-
crease of the secreted amount of free factor H and factor I into the
subretinal space might be involved in the process of the unregu-
lated activation of complement.

The extrahepatic biosynthesis of complement is considered to be
an important source of complement which triggers and perpetuates
local inflammatory reactions, especially in tissues that are shielded
from the plasma components by a blood-tissue barrier such as the
retina. By using specific primers and RT-PCR, we demonstrated
that human RPE cells constitutively express the major components
of the complement alternative pathway, including C3, factor B,
factor H, FHL, CS5, and factor I (Figs. 1 and 2). A Medline search
identified only one publication that reported the synthesis of factor
H by human and mouse RPE cells (49). However, we did not find
any publications for the expression of the other complement com-
ponents by RPE cells,

The expression of various complement components in human
RPE cells suggests that most of the complement proteins and their
regulators that are present within the drusen and in the subretinal
space can be synthesized by RPE cells, although some of the pro-
Ieins may be derived from the choroidal circulation. Therefore, it
is highly likely that the RPE cells regulate the activation of the
complement pathway and maintain this aspect of retinal homeosta-
sis under physiological conditions, However, once the RPE cells
become senescent or pathological, the regulation of the comple-
ment pathway might be disturbed.

Although recent genetic studies suggested an important role of
the complement system for the pathogenesis of AMD (12-17, 20-
23), we suspect that this is probably due to the tissue specificity of
the macular area in the eye. The retina is shielded from the plasma
components by a blood-tissue barrier like the brain, and further-
more, the retina of the macular area is completely avascular. In
such kind of shielded tissue, once unregulated complement acti-
vation induced by the accumulated AR occurs, it might be difficult
to stop the amplification loop. Subsequently, the chronic exposure
of RPE cells to bioactive fragments of complement components
might induce pathological damage on RPE cells, In addition,
chronic activation of complement might cause a migration of
monocytes that might be involved in the degradation of Bruch's
membrane.

Chronic inflammation induced by complement activation is also
considered 1o be a significant contributor to the neurodegenerative
processes in the brains of patients with AD (35, 36, 43, 50, 51). In
any case, the pathogenesis of AD and AMD may have many sim-
ilarities, and the observations made in our study might also apply
to the brain of AD patients.
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For AMD to develop, an interaction between the envi
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and genetic susceptibility has been considered to be critical.
Very recently, Campochiaro and colleagues demonstrated that
oxidative stress reduces the ability of IFN-v, an inflammatory
cytokine, to increase the expression of factor H in RPE cells
(52). Also, in an investigation of a potential trigger for com-
plement activation in AMD, Zhou et al. (53) explored the idea
that the complex mixture of products resulting from photo-ox-
idation of A2E might include a range of fragments that could be
recognized by the complement system as “foreign,” and could
activate the complement system, leading to low-grade inflam-
mation. A2E is a bis-retinoid pigment which accumulates as
lipofuscin in RPE. They found that iC3b and C3a were elevated
in the medium overlying ARPE-19 cells that had accumulated
AZ2E and were irradiated to induce A2E photo-oxidation. In our
study, we showed that AB directly inactivated factor 1. Taken
together (52, 53), these data suggest that there are important
interactions between environmental exposures and genetic sus-
ceptibilities in the pathogenesis of AMD.

In conclusion, we have demonstrated that AS binds to factor 1

and blocks its ability to inhibit the inactivation of C3b, resulting in
unregulated complement activation. Our findings provide new in-
sights into the pathogenesis and the treatment strategies of AMD,
especially to prevent the progression to AMD from its earliest
clinical halimark of drusen deposits.
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Cerebral deposition of B-amyloid (A B) peptides isa patholog-
ical hallmark of Alzheimer disease, Intramembranous proteol-
ysis of amyloid precursor protein by a multiprotein y-secretase
complex generates A, Previously, it was reported that CD147,a
glycoprotein that stimulates production of matrix metallopro-
teinases (MMDPs), is a subunit of y-secretase and that the levels
of secreted AB inversely correlate with CD147 expression. Here,
we show that the levels and localization of CD147 in fibroblasts,
as well as postnatal expression and distribution in brain, are
distinct from those of integral y-secretase subunits. Notably, we
show that although depletion of CD147 increased extracellular
Ap levels in intact cells, membranes isolated from CD147-de-
pleted cells failed to elevate AB production in an in vitro
y-secretase assay. Consistent with an extracellular source
that modulates AB metabolism, synthetic A was degraded
more rapidly in the conditioned medium of cells overexpress-
ing CD147. Moreover, modulation of CD147 expression had
no effect on e-site cleavage of amyloid precursor protein and
Notchl receptor. Collectively, our results demonstrate that
CD147 modulates Af levels not by regulating y-secretase
activity, but by stimulating extracellular degradation of Af.
In view of the known function of CD147 in MMP production,
we postulate that CD147 expression influences Ap levels by
an indirect mechanism involving MMPs that can degrade
extracellular Af.
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Alzheimer disease is an age-associated neurodegenerative
disorder that is clinically manifested by the progressive loss of
memory and cognitive functions. An early event in the devel-
opment of Alzheimer disease is the aggregation and deposition
of B-amyloid (AB)* peptides in the brains of affected individu-
als. AB is derived from type I transmembrane protein, termed
amylold precursor protein (APP), through sequential cleavage
by - and y-secretases (1, 2). y-Secretase is a multimeric pro-
tein complex consisting of presenilin (P51 or PS2), nicastrin,
APH]1, and PEN-2 as core subunits (2). The exact functional
contribution of each y-secretase subunit to enzyme activity has
not been fully elucidated, but multiple lines of evidence suggest
that PS1, a protein that accumulates as endoproteolytically pro-
cessed N-terminal (NTF) and C-terminal (CTF) fragments, is
the catalytic center of y-secretase, whereas nicastrin appears to
facilitate substrate recruitment (3-5), Coexpression of these
four transmembrane proteins is sufficient to reconstitute
y-secretase activity in yeast, an organism that lacks orthologous
proteins (6). Gene knock-out and small interfering RNA
(siRNA)-mediated knockdown studies have demonstrated that
AP production is compromised in the absence of any one of
these core components (7-10). Collectively, these latter studies
establish that PS1, nicastrin, APH1, and PEN-2 are necessary
and sufficient for y-secretase processing of APP.

The biogenesis, maturation, stability, and steady-state levels
of y-secretase complex subunits are codependent (reviewed in
Ref. 11). For example, limiting expression of any one of the
integral components affects the post-translational maturation
and stability of the other subunits, indicating that their assem-
bly into high molecular mass complexes is a highly regulated
process that occurs during biosynthesis of these polypeptides.
In thisregard, the heavily glycosylated type I membrane protein
nicastrin does not mature and exit the endoplasmic reticulum
(ER) in cells lacking PS1 expression (12). On the other hand,
PS1 fails to undergo endoproteolysis to generate stable NTFs

* The abbreviations used are: a\B B-amy!oid APP, amyloid precursor protein;
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PS, p iling NTF, N-terminal fi CTF, C-terminal fragment; siRNA,
small Inlerfenng RNA; ER. endoplasmic reticulum; MMP, matrix metallo-
protei MEFs mouse embryonic fibroblasts; CHAPSO, 3-[(3-cholami-
d imett lo)-2-hydroxy-1-propanesulfonic acid; DRM,

detergent resistant mernbrane MOPS, 4-morpholinepropanesulfonic
acid; ELISA, linked immur 1t assay; WT, wild-type; AICD,
APP intracellular domain; NICD, Notch intracellular domain; Tricine,
N-[2-hydrexy-1,1-bis(hydroxymethyl)ethyllglycine.
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and CTFs in cells lacking nicastrin, APH1a, or PEN-2 expres-
sion (11). The use of detergents with dissimilar solubilization
properties and different biochemical purification methods has
led to discrepant size predictions of the active y-secretase com-
plexes, with estimates ranging from 250 kDa to 2 MDa (13, 14).
Although a recent study has shown that active y-secretase con-
tains one of each of these four essential components (15), it is
notable that the estimated sizes of the y-secretase complexes
exceed the sum of the four integral subunits. Thus, it is gener-
ally anticipated that one or more cofactors might associate with
the four integral subunits of the y-secretase complex and that
these polypeptides modulate enzyme activity.

Recently, two type I membrane proteins, CD147 and p23,
have been shown to co-immunoisolate with the y-secretase
complex and regulate AB levels (16, 17). CD147 (also called
EMMPRIN (extracellular matrix metalloproteinase inducer),
Basigin, neurothelin, and M6 leukocyte activation antigen) is a
multifunctional cell-surface type I transmembrane protein that
stimulates matrix metalloproteinase (MMP) secretion (18). p23
(also called TMP21) is a member of the p24 type I transmem-
brane protein family involved in vesicular trafficking between
the ER and Golgi (19). siRNA-mediated knockdown of CD147
or p23 expression causes dose-dependent increases in the levels
of secreted AB (16, 17). Nevertheless, because only a small frac-
tion of the cellular pool of CD147 or p23 remains complexed
with y-secretase at steady state, the precise mechanisms by
which these proteins modulate y-secretase activity remain
obscure. For example, p23 influences AB levels by modulating
y-secretase cleavage of APP and by regulating secretory traf-
ficking of APP and possibly APP secretases (20). In this study,
we show that CD147 does not directly modulate y-secretase
cleavage of APP substrate in an in vitro y-secretase assay.
Instead, we found evidence for enhanced degradation of AB in
medium conditioned by cells overexpressing CD147, suggest-
ing the potential involvement of CD147-induced MMP
secreted forms in modulating extracellular AS levels, Consist-
ent with this indirect mechanism, the absence of PS1 and nicas-
trin has no effect on CD147 stability and subcellular localiza-
tion, and CD147 expression fails to influence y-secretase
subunit expression and lipid raft association. A distinct expres-
sion pattern and distribution of CD147 and nicastrin in brain
further support our view that CD147 regulates extracellular A
levels via mechanisms independent of y-secretase processing of
APP.

EXPERIMENTAL PROCEDURES

¢DNA Constructs and Oligonucleotides—Human CD147
cDNA was generated by reverse transcription-PCR using total
RNA isolated from HEK293 cells. C-terminally Myc/His-
tagged CD147 was constructed by subcloning CD147 cDNA
into the pAG3-Myc-His vector. The following primers were
used to generate RNA duplexes using a Silencer siRNA
construction kit (Ambion): CD147 siRNA, AAGACCTTGGC-
TCCAAGATACCCTGTCTC and AAGTATCTTGGAGC-
CAAGGTCCCTGTCTC; and scrambled siRNA, AACTCT-
TCCGCGTAGCAAAGACCTGTCTC and AATCTTTGC-
TACGCGGAAGAGCCTGTCTC. The cDNA encoding
C-terminally Myc-tagged APP (APPswe-6Myc) (a kind gift
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from Dr. Alison Goate) (21) was subcloned into the pCB6 vec-
tor. An expression plasmid encoding truncated Notchl
(mNotchAE) was kindly provided by Dr. Jeffrey S. Nye.

Cell Lines—Mouse embryonic fibroblasts (MEFs) and
HEK?293 cells were maintained in Dulbecco’s modified Eagle's
medium supplemented with 10% fetal bovine serum. HEKswe
cells were maintained in the presence of 200 ug/ml G418 (22).
HEK293 cells were transfected with CD147-Myc-His plasmid,
and stable transfectants were selected as pools in the presence
of 200 pg/ml Zeocin. PS1™'~/PS27'~ and NCT ™'~ cells stably
expressing PS1 or nicastrin were generated by retroviral infec-
tions of MEFs and selected in the presence of 4 pug/ml puromy-
cin as described previously (23). CD147 and scrambled siRNA
duplexes were transfected into HEK293 cells using Lipo-
fectamine (Invitrogen) and analyzed after 48 h.

Co-immunoprecipitation—PS1~'~/P§27'~ cells stably ex-
pressing either vector or PS1 were lysed in buffer containing
1% CHAPSO, 25 mm HEPES (pH 7.4), 150 mm NaCl, 2 mm
EDTA, and a mixture of protease inhibitors. Equal amounts
of proteins from the post-nuclear supernatants were used for
co-iImmunoisolation using the PS1,,, antibody as described
previously (24).

Protein Analysis, Immunostaining, and Detergent-resistant
Membrane (DRM) Isolation—Total protein lysates from cul-
tured cells and mouse brain harvested during embryonic and
postnatal developmental stages were prepared essentially as
described previously (25). Antibodies against y-secretase sub-
units, APP, and organelle markers have been described (26).
Goat anti-CD147 (Santa Cruz Biotechnology) and anti-human
CD147 (Chemicon) monoclonal antibodies were used to detect
CD147. Immunofluorescence staining and isolation of DRMs
from Lubrol WX lysates of cultured cells by discontinuous flo-
tation density gradients were performed as described (26, 27).
Immunchistochemical staining was performed on 30-pm sag-
ittal sections of 2-month-old C57BL/6] mouse brain with rabbit
anti-nicastrin (SP718; 1:1000) or goat anti-CD147 (1:5000)
antibody as described (28).

In Vitro y-Secretase Assays—Membranes prepared from
HEK293 cells transfected with either scrambled or CD147
siRNA were used to examine y-secretase activity using C100-
FLAG substrate as described previously (14). Briefly, cells were
homogenized 10 times using a glass-Teflon homogenizer in
buffer containing 10 mm MOPS, 10 mm KCL, 1 mm EDTA, and
protease inhibitor mixture, The homogenate was subjected to
centrifugation at 1000 X g for 10 min at 4 °C. The supernatant
was saved, and the pellet was passed through one more round of
homogenization. Pooled supernatants were centrifuged at
100,000 X g for 1 hat 4 *C. The resulting pellet was resuspended
in homogenization buffer and centrifuged again at 100,000 X g
for 1 h at 4 °C. The pellet-containing membranes were used for
in vitro y-secretase activity assay in the presence or absence of 1
M L685,458 to establish the specificity of the assay.

AP Digestion Assay Using Synthetic AB—9 ul of culture
medium was incubated with 6 ng of synthetic AB,, or A, for
14 h at 37 °C. After incubation, the reaction mixtures were
resolved by gradient SDS-PAGE followed by Western blotting
using monoclonal antibody 6E10.
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FIGURE 1. Subcellular localization of CD147 in the absence of y-secretase subunit llfl.llil:ll‘l. A, comparison of the steady-state levels of CD147 and

y-secretase subunits. Total cell lysates from WT and PS1™/~/P§2~'~ MEFs and PS1~/~/P52™"" pools stably transduced with retrovirus harboring empty vector
or human PS1 cDNA were probed with the indicated antibodies. Similar results were obtained In two Independent pools of stably transduced cells. FL,
full-length; mar, mature; imm, immature; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, co-immunoprecipitation analysis of CD147 with y-secretate
subunits. PS1 ™/~ [PS2/= MEFs stably overexpressing empty vector or human PS1 were lysed in 1% CHAPSO, codmmunoprecipitated using the P51, antibody
as described under “Experimental Procedures,” and probed with the indicated antibodies. Note that the endogenous y-secretase components nicastrin and
PEN-2 co-immunoprecipitated with PS1; CD147 was not detected as pant of the immunoprecipitated complex, Similar results were obtained in co-immuno-
precipitation analysis of mouse N2a neuroblastoma cells and HEK293 cells. C, analysis of the indicated PS17'7/P52'~ MEFs pools by double immunofluores-
cence staining with anti-CD147 antibody (green) and antibedy against GM130 (cls-Golgl) or cadherin (cell surface) (red). The right panels represent image
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Assay for AP-degrading Metalloproteases in Culture
Medium—The culture medium from either HEK293 cells or
HEK293 cells stably overexpressing CD147 was incubated with
metalloprotease-specific inhibitors to indirectly identify the
type of AB-degrading metalloproteases induced by CD147. 30
wl of conditioned medium from HEKswe cells (as the source of
secreted Af3) was incubated overnight in a 37 *C incubator with
30 wl of conditioned medium from either naive HEK293 cells or
CD147-overexpressing cells. To inhibit the degradation of AB
during the incubation, different protease inhibitors were
included as indicated. The final concentrations of the inhibitors
used were 10 mm 1,10-phenanthroline (Aldrich), 5 mm EDTA,
2.5 um thiorphan (Sigma), 10 um Nap (a kind gift from Dr.
Malcolm Leissring), 100 um actinonin, and 50 pm GM6001
(BIOMOL International). AS remaining intact at the end of the
incubation period was analyzed by Western blotting and quan-
tified by enzyme-linked immunosorbent assay (ELISA) follow-
ing the manufacturer’s protocol (Invitrogen).

Zymography Analysis of Conditioned Medium— 6 pl of con-
ditioned medium from either naive HEK293 cells or CD147-
overexpressing cells was mixed with nonreducing sample
buffer and fractionated on a 7.5% SDS gel containing 0.1% gel-
atin. After electrophoresis, the gel was developed and stained
with Coomassie Blue as described previously (29).

RESULTS

Stability of CD147 Is Not Affected in the Absence of y-Secre-
tase Core Components—If CD147 is a bona fide component of
y-secretase, one would anticipate that the behavior of the
polypeptide with respect to regulated stability would be similar
to that already established for other core components of the

JULY 11, 2008-VOLUME 283-NUMBER 28

pendent experiments, and similar results were observed In analysis of NCT™/~ MEFs.

complex, Le. that the stability and maturation of y-secretase
subunits are co-regulated. To examine the stability of CD147 in
cells lacking PS1/PS2, we employed fibroblasts derived from
PS17'7/PS27'" embryos and their wild-type (WT) littermates.
As reported previously (9, 12), maturation of endogenous
nicastrin was impaired, and the steady-state levels of endoge-
nous PEN-2 were significantly reduced in PS1™7"/PS27'"
MEFs compared with WT MEFs. In contrast and for reasons
that are presently not clear, endogenous CD147 levels were
elevated in PS17'~/P§27'~ MEFs (Fig. 1A, first and second
lanes). Toaddress the possibility that the observed difference in
the levels of CD147 may be a result of cell-to-cell variation in
the MEFs analyzed, we generated stable pools of P51/
PS27'~ MEFs overexpressing human PS1 by retroviral infec-
tion. Stable expression of PS1in PS§17'~/PS27'~ cells restored
mature glycosylation of nicastrin and stabilized PEN-2, but did
not markedly affect CD147 protein levels (Fig. 1A, third and
Sourth lanes), Similarly, CD147 levels were not reduced in
NCT ™'~ or APHlab™'~ MEFs compared with WT MEFs, as
would be expected if this polypeptide were a y-secretase com-
ponent (data not shown), Thus, the stability of CD147 is not
co-regulated in a manner such as PS1, nicastrin, APHL, and
PEN-2, indicating that CD147 is unlikely to be an integral sub-
unit of the y-secretase complex.

To further confirm the above findings, we also performed
co-immunoprecipitation analyses in PSI™/~/PS2”'~ MEFs.
Aliquots of 1% CHAPSO lysates of PS1™'~/P§2"'" MEFs sta-
bly overexpressing human PS1 were immunoprecipitated with
the PS1 N-terminal antiserum PS1,.. The resulting immune
complexes were subjected to Western blot analysis with anti-
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CD147 antibody. The blots were then sequentially reprobed
with antibodies against nicastrin, PEN-2, and PS1 CTFs. The
results show efficient co-immunoprecipitation of endogenous
y-secretase core components nicastrin and PEN-2 with human
PS1 expressed in PS17/~/PS2™'~ MEFs (Fig. 1B). In contrast,
CD147 failed to co-immunoprecipitate with PS1, nicastrin, and
PEN-2 under these conditions (Fig. 18). Thus, we conclude that
CD147 is not a stoichiometric subunit of the y-secretase
complex.

Subcellular Localization of CDI147 Is Unaffected by the
Absence of y-Secretase Core Components—Several studies have
demonstrated that the integral components of y-secretase
cooperatively mature and exit the ER. CD147 is a type I mem-
brane protein that is principally localized to the cell surface
(30). To examine the subcellular localization of CD147 in the
absence of y-secretase core components, we performed confo-
cal microscopic analysis of CD147 in PSI™/~/PS2™'~ and
NCT ™'~ MEFs. There was no observable difference in the over-
all distribution of CD147 between PS1~'~/PS2~/~ MEFs and
those expressing human PS1. Co-staining with organelle mark-
ers GM130, a cis-Golgi-associated protein, and cadherin, a cell-
surface protein, showed similar CD147 localization in the Golgi
and at the cell surface (Fig. 1C). Similar results were obtained in
NCT '~ cells (data not shown). Thus, the subcellular localiza-
tion of CD147 is not dependent on the expression of PS1 or
nicastrin.

DRM Association of CD147 and the Core Components of the
y-Secretase Complex Is Not Codependent—\X'e and others (27,
31) have reported that the PS1 NTF and CTF, mature nicastrin,
APH1, and PEN-2 are localized within detergent-insoluble
membrane microdomains, which are enriched in the lipid raft
markers flotillin-2 and prion protein. Interestingly, we found
that the assembly of core components precedes DRM associ-
ation of the y-secretase complex. For example, in NCT~'~ fibro-
blasts, the low levels of APH1 and PEN-2 that escape degradation
reside in non-raft domains (27). Therefore, we investigated
whether DRM association of CD147 is dependent on the pres-
ence of y-secretase complex components. To this end, we ana-
lyzed DRM association of CD147 in PSI™/~/PS27'~ and
NCT'~ MEFs and compared these profiles with that of either
WT MEFs or NCT~'~ MEFs stably overexpressing nicastrin,
respectively. By sucrose density gradient fractionation, we
found that CD147 was enriched in Lubrol WX-resistant mem-
brane fractions of WT MEFs (Fig. 24). However, DRM associ-
ation of CD147 was unchanged in PSI~/~/PS2™'~ and
NCT '~ cells (Fig. 2). Thus, expression of y-secretase subunits
does not regulate lipid raft association of CD147.

Several lines of evidence in cell culture and mouse brain indi-
cate that lipid raft microdomains are the principal sites of amy-
loidogenic processing of APP (26, 31). Therefore, we consid-
ered the possibility that the levels of CD147 might affect the
association of PS1 with DRMs and thereby influence APP proc-
essing in lipid rafts. To address this issue, we prepared mem-
branes from HEK293 cells with different levels of CD147
expression. We observed that neither elevated nor lowered
expression of CD147 had a discernible effect on the DRM asso-
ciation of endogenous PS1 (Fig. 3). Thus, we find it implausible
that CD147 modulates lipid raft localization of y-secretase,
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FIGURE 2. DRM association ofCDNT is not d denton the p of
A, WTand P§1 =/~ [PS2~'~ MEFs were solubi-
Iiud in osﬂ- I.ubmlwx au‘(ioriﬂnﬂn The lysates were then subjected to

trifug rose gradients as described pre-
viously {2?1 Thegradlmts were harvested from the top (fractions 1-12; top to

and the distr of P51, CD147, syntaxin-6, and flotillin-2 was
determined by fractionating 60-ul aliquots of gradient fractions 4-12.
B, NCT™'~ MEFs stably infected with retrovirus harboring empty vector or WT
nicastrin cDNA were lysed and fractionated as described above. Note that
fractions 1-3 contained no detectable signal for any protein analyzed. The
raft marker flotillin-2 was recovered primarily in fractions 4 and 5, and the
non-raft protein y-adaptin was recovered in demgent soluble rrmlom
9-12. The data are rep of two indep ts; mo
over, DRM fractionation was perfi inWT, NCT/~,and APH1ab~ 'MEF:
with similar results. FL, fuﬂ-l:nq!h.

Postnatal Expression and Distribution of CDI147 in Brain
Show Lack of Correlation with Nicastrin—Our fallure to docu-
ment that CD147 levels, subcellular localization, and DRM
association are co-regulated by the core components of
y-secretase in cultured cells was perplexing and prompted us to
assess the expression patterns of CD147 in brain, arguably a
more relevant setting. Unfortunately, little information is avail-
able pertaining to CD147 expression in brain, and hence, we
sought to characterize the expression profile of CD147 relative
to the y-secretase core components PS1 and nicastrin in mouse
brain during postnatal developmental stages. Western blot
analyses of total brain lysates showed that CD147 protein levels
were remarkably low at embryonic day 15, but readily detecta-
ble at birth. CD147 expression increased by 3.5-fold between
postnatal days 0 and 7 and remained at this high level through
12 months of age (Fig. 4, A and B). A completely different
expression pattern was observed for the y-secretase core com-
ponents P51 and nicastrin, with high levels of expression occur-
ring between embryonic day 15 and postnatal day 7 and then
gradually declining after postnatal day 14 (Fig. 4, A and B).
These results reveal that the developmental expression patterns
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FIGURE 3. DRM association of P51 is not affected by CD147 overexpres-
slon or depletion. A, HEK293 cells transfected with an empty vector and
stably transfected cells overexpressing CD147 were lysed in 0.5% Lubrol WX
and analyzed by flotation on sucrose gradients. Lipid raft localization of
CD147, P51 NTF, and flotillin-2 was analyzed by Western biotting. 8, HEK293
cells transfected with CD147 or sérambled siRNA were fractionated as
described above to analyze DRM distribution of PS1 and CD147.

of the y-secretase core components PS1 and nicastrin do not
correlate with that of CD147.

Next, we also observed remarkable differences in the cellular
distributions of nicastrin and CD147 in adult mouse brain using
immunohistochemical staining. We found that nicastrin
immunoreactivity was restricted mainly to neuronal cell bodies
throughout the cortex and to pyramidal as well as granule cells
in the hippocampus (Fig. 4C). CD147 immunoreactivity was
excluded from neuronal cell bodies, and punctate CD147 stain-
ing was seen mainly in neuronal processes. Intense CD147
staining was observed in the CA1l region of the hippocampus
and upper layers of the cortex, whereas CA2 was only weakly
labeled, and the dentate gyrus region was not labeled (Fig. 4C).
The striking difference in CD147 immunoreactivity at the junc-
tion of the CAl and CA2 regions was reproducible in all sec-
tions examined from multiple animals. The mutually exclusive
pattern of nicastrin and CD147 distribution was particularly
obvious in the pyramidal cell layer of the hippocampus, where
nicastrin was found in the cell body and CD147 immunoreac-
tivity was found largely in the neuronal processes within the
stratum oriens, stratum radiatum, and stratum lacunosum-mo-
leculare (Fig. 4E). These results do not exclude the possibility of
an interaction between CD147 and y-secretase components
present at low levels in neuronal processes, but strongly suggest
that CD147 is involved mainly in functions other than the reg-
ulation of the y-secretase complex in neurons.

CD147 Depletion Increases Extracellular Af Independent of
a- and B-Secretase Processing of APP—Consistent with the
report by Zhou et al. (16), transfection of CD147 siRNA at
increasing concentrations revealed a dose-dependent increase
in AP levels in the medium of HEK293 cells transiently overex-
pressing human WT APP695 (Fig. 5A). In these studies, we

fang
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found no significant change in the levels of full-length APP,
APP CTFs, or secreted APPa (Fig. 54) These results suggest
that the increase in secreted A B associated with the depletion of
CD147 expression is independent of - and [3-secretase proc-
essing of APP. To confirm these data, we analyzed the effect of
siRNA-mediated knockdown of CD147 expression on secreted
AP levels in cells stably expressing APPswe. We observed a
small but consistent increase in secreted A levels in cells trans-
fected with CD147 siRNA compared with those transfected
with control siRNA, whereas the steady-state levels of a- and
B-CTFs remained unchanged (Fig. 5B). Taken together, these
results indicate that siRNA-mediated depletion of CD147
expression increases the levels of A in medium without signif-
icant changes in the levels of APP CTFs, the penultimate sub-
strates of y-secretase, hence arguing against an effect on g- or
a-secretase processing of full-length APP.

In addition to the extracellular release of AP, y-secretase
cleavage of APP CTFs at the “e-site” releases the APP intracel-
lular domain (AICD) from the membrane. Similarly, e-cleavage
of Notch releases the Notch intracellular domain (NICD). To
examine the potential influence of CD2147 on e-cleavage of sub-
strates, we first asked whether depletion of CD147 has any
effect on AICD production, We found that there was no quan-
titative difference in the levels of AICD generated by cleavage of
C-terminally epitope-tagged APP (APP695-6Myc) in trans-
fected HEK293 cells following siRNA-mediated depletion of
CD147 expression (Fig. 5C). Furthermore, CD147 depletion
had no discernible effect on the generation of the NICD follow-
ing y-secretase cleavage of N-terminally truncated Notch
(mNotchAE) at the e-site (Fig. 5D). Pretreatment of transfected
cells with Compound E markedly diminished the production of
the AICD and NICD, establishing the specificity of these com-
monly used cell-based y-secretase assays. Thus, we conclude
that CD147 does not modulate e-cleavage of substrates by the
y-secretase,

CD147 Effect on AB Levels Is Not Mediated through Direct
Modulation of y-Secretase Activity—CD147 has been impli-
cated in many cellular functions, including the induction of
MMPs (18) and cell-surface trafficking of the monocarboxylate
transporters MCT1 and MCT#4 (32). Therefore, we asked
whether the influence of CD147 on extracellular AB levels
could be mediated through direct modulation of y-secretase, as
was reported previously (16), or by an indirect mechanism
unrelated to y-secretase processing of APP B-CTFs. To this
end, we asked whether we could recapitulate the cell-based
findings of a role for CD147 in A production in a well estab-
lished in vitre reconstitution system that employs detergent-
solubilized membranes in conjunction with a purified C100
substrate (14), The rationale for using the in vitro assay is that it
selectively reports on A production by y-secretase cleavage of
recombinant C100-FLAG substrate, thereby formally ruling
out the potential influence of CD147 on trafficking of APP or
the B-CTF, exocytosis or endocytosis of Af, and stability of
extracellular AB, which might account for the increase in AB
levels in the conditioned medium of CD147-depleted cells
observed in both our experiments and the earlier study. Asan
internal control for the enzyme selectivity in this in vitro assay,
we incubated parallel reactions with L685,458, a potent transi-

JOURNAL OF BIOLOGICAL CHEMISTRY 19493

G002 ‘g1 Arerugad uo g1 NIMIH 1B fuorog/ mmm way papeoumog



CD147 Mediates Extracellular Degradation of A

0
E15 PO P7 P14 P30 2mo Emo 1yr

ulates extracellular Ap levels via an
indirect mechanism that engages a
known functional attribute of the
polypeptide. Among the diverse
functions assigned to CD147 in
diverse physiological and patholog-
ical systems, a major function of
CD147 is to stimulate production of
a set of MMPs, some of which are
shed into the extracellular space.
Thus, we reasoned that MMPs that
are regulated/induced by CD147
might modulate extracellular Ap
levels. To address this possibility,
we generated stable HEK293 cells
overexpressing CD147 and ob-
served a small decrease in A in the
conditioned medium compared
with that of parental HEK293 cells
(Fig. 6A). As we had predicted based
on siRNA studies, overexpression of
CD147 had no effect on the levels of
AICD or NICD production in cells
transfected with APP695-6Myc or
mNotchAE, respectively (Fig. 6, B
and C).

To investigate whether the
observed decrease in extracellular
levels of A is mediated through
CD147 induction of MMPs that are
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FIGURE4.U lated i

P p profileb CD147 and y-secretase integral components
In mouse brain, A, lysates from mouse brains harvested at the indicated stages of embryonic (E), postnatal (),
and adult development were analyzed by immunoblotting. mo, month; yr, year. 8, signal intensities of CD147
and nicastrin were determined from three Independent samples and normalized to N-cadherin levels. For
compariser, the normalized expression level of each protein at postnatal day 0 was set to 1, and the level of
expression relative to postnatal day 0 was plotted. C, shown Is the immunocytochemistry for nicastrin and
CD147 in the hippocampus and overlying cortex of 2-month-old C57BL/6) mouse brain. D and E, higher
magnifications are shown of the cortex and pyramidal cell layer in the CA1 region of the hippocampus. Nicas-
trin immunoreactivity was essentially restricted to neuronal cell bodies in the cortex and hippocampus,
whereas CD147 immunoreactivity was excluded mainly from the cell bodies. Intense CD147 immunoreactivity
was found in the CA1 stratum orlens (so), stratum radiatum (sr), and also stratum lacunosum-moleculare (sim),
Note that anti-CD147 amtibody also labeled blood vessels. DG, dentate gyrus; gcl, granule cell layer; mi, molecular
layer; sp, stratum pyramidale. Scale bar = 100 um. These images are representative of two Independent

known to be capable of degrading
AP (29, 33-36), we examined the
stability of synthetic AB,, and AB,,
peptides in the conditioned
medium of HEK293 cells trans-
fected with an empty vector or sta-
ble CD147 cells. For this assay, we
incubated aliquots of conditioned
medium (containing undetectable
levels of endogenous AB) with 50 ng
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experiments.

tion-state isostere inhibitor of y-secretase. Surprisingly, the in
vitro A3 assays revealed that membranes isolated from CD147-
depleted HEK293 cells did not increase AB production com-
pared with those of control siRNA (Fig. 5E). Compared with the
obvious increase in extracellular AB levels followed by CD147
depletion in intact cells, the results obtained from in vitro AR
assays were unanticipated. The above results strongly suggest
that the regulatory function of CD147 on extracellular AB levels
is unlikely mediated through its proposed role as a regulatory
subunit of the y-secretase complex, which modulates
intramembranous proteolysis of substrates.

Reduced Stability of Synthetic A in Medium Conditioned by
HEK293 Cells Overexpressing CD147—The series of preceding
experiments failed to confirm the proposal that CD147 plays a
role in A production by modulating y-secretase levels and
activity. Hence, we were left with the scenario that CD147 mod-
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of synthetic AB,, peptides at 37 °C
overnight and performed Western
blotting to detect synthetic AB,, remaining in the reaction.
Surprisingly, there was considerable loss of synthetic Af in the
reactions containing culture medium from CD147-overex-
pressing cells compared with HEK293 cells (Fig. 7B). After 14 h
ofincubation in vitro, the medium conditioned by CD147-over-
expressing cells degraded significantly higher levels of input A
(nearly 90 and 70% of input AB,, and AB,,, respectively, by the
medium of CD147 cells versus 60 and 50% of input AB,, and
AB,, by the medium of naive HEK293 cells). To further rule out
any contribution of y-secretase to extracellular degradation of
synthetic A potentiated by CD147 overexpression, we treated
stable CD147 cells treated with the y-secretase inhibitor Com-
pound E prior to collecting the conditioned medium. In vitro
AP degradation assays showed that the medium conditioned by
stable CD147 cells degraded A to the same degree regardless
of the differences in their y-secretase activity, i.e. treated or not
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FIGURE 5. Increase in Af levels associated with the depletion of CD147 Is
independent of APP secretase activities. A, HEK293 cells were transiently
transfected with increasing doses of CD147 siRNA together with WT APP&SS
¢DNA. 50 ug of total cell lysates was analyzed by Western blotting to examine
the levels of full-length (FL) APP, APP CTF, and CD147. The levels of secreted
APP (APPs) and AB conditioned medium were analyzed by immunoblotting.
B, HEKswe cells were transfected with scrambled or CD147 siRNA and ana-
lyzed as described above. The levels of AB were quantified by ELISA and
plotted (mean £ S.E, n = 3;* p < 0.02). C, HEK293 cells were cotransfected
with either scrambled or CD147 siRNA duplex and a plasmid encoding APP-
swe-6Myc. Compound E (Comp E; 10 nm) was added as indicated to inhibit
y-secretase activity. D, conditions were the same as described for C except
that cells were transfected with a plasmid encoding mNotchAE instead of
APP.E, membranes prepared from siRNA-treated cells were used inan In vitro
assay 10 monitor y-secrétase processing of recombinant C100-FLAG sub-
strate (14). The reactions were performed In the presence or absence of 1
L685,458 to establish the specificity of the assay. A, generated by y-secre-
tase cleavage of the substrate was quantified by ELISA and plotted (mean +
SE.n=13)

with Compound E (Fig. 7, A and B). Thus, CD147-mediated
extracellular degradation of Af levels by CD147 is independent
of y-secretase activity.

A recent report has linked MMP-2 and MMP-9 to AB deg-
radation (29). To examine the possibility that these two
enzymes might be involved in A degradation in the condi-
tioned medium of CD147-overexpressing cells, we performed

psng
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FIGURE &, Decrease in Af} levels associated with CD147 overexpression is
independent of APP secretase activities. A, overexpression of CD147
reduces Af In conditioned medium. Total cell lysate and the conditioned
medium from HEK293 cells stably expressing either APPswe or APPswe
and Myc-tagged CD147 were used to analyze the levels of full-length (FL)
APP and AB. Total AB levels in the conditioned medium were quantified
by ELISA and plotted (mean = S.E, n = 3; *, p < 0.0005). 8, HEK293 cells
were transiently cotransfected with an empty vector (Vec) or with Myc-
tagged CD147 cDNA along with APPswe-6Myc. Compound E (Comp E; 10
nw) was added as indicated to inhibit y-secretase activity. C, conditions
were the same as described for 8 except that cells were transfected witha
plasmid encoding mNotchAE instead of APP. AICD and NICD experiments
were repeated twice with simllar results.

gelatin-substrate zymography (Fig. 84). We failed to detect dif-
ferences in the levels of MMP-2 and MMP-9 activities in the
culture medium of CD147-overexpressing cells relative to that
of naive HEK293 cells, This result ruled out the contribution of
these two enzymes and indicated that other protease(s) likely
contribute to enhanced A degradation in CD147-conditioned
medium. Therefore, we mixed several metalloprotease inhibi-
tors with the conditioned medium from CD147-overexpressing
cells and then incubated these mixtures with A secreted from
HEKswe cells for 15 h at 37 *°C (Fig. 8B8). As a control, we used
the conditioned medium from naive HEK293 cells in the
absence of inhibitors. Each of the inhibitors used in this assay
showed different levels of inhibition of Ap degradation. EDTA
and 1,10-phenanthroline exhibited the highest level of inhibi-
tion, indicating metalloprotease(s) are involved in A degrada-
tion. Thiorphan and Nap, a neprilysin inhibitor and an insulin-
degrading enzyme inhibitor, respectively, as well as two MMP
inhibitors, actinonin and GM&001, also inhibited AB degrada-
tion. Although these results cannot identify a single enzyme
activity that is responsible for enhanced A degradation in the
conditioned medium of CD147-overexpressing cells, they
could imply that one or more metalloproteases or MMPs are
involved in this degrading activity. At present, the identity of
the protease(s) in the conditioned medium of CD147-overex-
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FIGURE 7. Comparison of AB,, and Afl,; deg the

medium from HEK293 or HEK293 cells overexpressing CD147, A and 8,
CD147 potentiation of extracellular AP degradation is Independent of
y-secretase activity. Nalve HEK293 cells or CD147-overexpressing cells were
cultured in the presence or absence of 10 nm Compound E (Comp E) over-
night, and their conditioned media were collected, A, Western blots of deter-
gentlysates show CD147 overexpression and an increase in endogenous APP
CTFs by Compound E treatment. B, aliquots of the conditioned media were
mixed with 50 ng of synthetic AB, ., and the mixtures were incubated at 37 °C.
After a 14-h incubation, the mixtures were resolved on a Tris/Tricine gel and
blotted with 2606 to detect the remaining AB,, peptides. C, synthetic ABy,or
AB,z was incubated for 14 h with medium conditioned by nalve HEK293 cells
or cells stably overexpressing CD147. A, and AB,, remaining Intact at the
end of the incubation period were quantified by Western blotting, and the
percentage of A8 remaining was calculated relative to the levels in reactions
containing fresh culture medium (mean = 5.E, n = 8 *, p < 0.001),

pressing cells is elusive, but it remains an active subject of
investigation.

DISCUSSION

CD147 was previously identified as a protein associated with
y-secretase complex in detergent-solubilized HeLa cell mem-
branes (16). These earlier studies revealed that siRNA knock-
down of CD147 caused a dose-dependent increase in secreted
AP levels. Remarkably, the mechanism(s) by which CD147
expression modulated extracellular AB levels were not deter-
mined at the time of publication, and information has not
emerged in the interim in this regard. In this study, we have
provided a detailed examination of the potential regulatory role
of CD147 in the y-secretase complex and now offer several
novel insights, First, we have provided several lines of in vitro
and invive evidence to suggest that CD147 expression, stability,
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FIGURE 8, Assays of CD147-dependent prot that degrade Afl in the
medium. A, gelatin-substrate zymography shows no difference in MMP-2
and MMP-9 activities In culture medium from CD147-overexpressing cells
relative to medium conditioned by naive HEK293 cells. Lanes 2 and 3 contain
recombinant MMP-9 and MMP-2, respectively. B, conditioned medium from
CD147-overexpressing cells was incubated with secreted AB (medium from
HEKswe cells) as described under "Experimental Procedures” in the presence
or absence of different protease inhibitors. The conditioned medium from
nalve HEK293 cells was used as a control in the absence of protease inhibitor.
The levels of remaining AB were either visualized by Western biotting or
quantified by ELISA and plotted. Note that for unknown reason, the levels of
A in medium containing 1,10-phenanthroline (1, 10-phen) were consistently
underestimated by ELISA. These experiments were repeated three times,

and localization are regulated independently of the core sub-
units of y-secretase, Furthermore, we failed to observe a detect-
able interaction between CD147 and y-secretase complex sub-
units using a co-immunoprecipitation condition widely used by
several groups to immunoaffinity purify the active y-secretase
complex (for example, see Ref. 14). Second, although we con-
firmed that depletion of CD147 in a human cell line modulates
extracellular AP levels similarly as reported previously in Chi-
nese hamster ovary cells (16), we failed to demonstrate that
CD147 modulates AB production in an in vitro y-secretase
reconstitution assay. Moreover, we have shown that overex-
pression or depletion of CD147 expression failed to affect AICD
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