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protein quality control 兩 amyloid ␤ 兩 C99

T

he HtrA (high temperature requirement) family represents
a novel class of oligomeric serine proteases. Its members are
classified by the combination of a catalytic domain resembling
trypsin with one or more C-terminal PDZ domains. PDZ
domains are protein modules that mediate specific protein–
protein interactions and bind preferentially to the three to four
C-terminal residues of target proteins. The N-terminal domains
of HtrAs vary among the family members and include single
transmembrane segments (prokaryotic DegS and human
HtrA2), signal sequences, insulin-like growth factor binding
domains, and serine protease inhibitor domains (human HtrA1,
HtrA3, and HtrA4). Another specific feature of HtrAs is that
their protease activities can be switched on and off by the novel
mechanism of reversible zymogen activation (for review see refs.
1 and 2).
Prokaryotic HtrAs are involved in various stages of protein
quality control such as stress sensing, activation of the unfolded
protein response, and repair and degradation of misfolded
proteins (3–6). Human HtrAs are believed to be involved in
arthritis, apoptosis, neuromuscular disorder, and cancer although the underlying biological mechanisms are not well understood (1, 7, 8).
HtrA1 was originally identified as a gene down-regulated in
simian virus 40-transformed fibroblasts (9), and recent studies
indicate that HtrA1 is either absent or significantly downregulated in various tumors (10–13). In addition, overexpression
of htrA1 inhibits proliferation and tumor growth and causes cell
death (11, 12). These results suggest a tumor suppressor function
for HtrA1.
Alzheimer’s disease (AD) is characterized by the occurrence
of various pathological features, including the formation of
neurofibrillary tangles within neurons, neuronal loss, reactive
gliosis, inflammation, and the accumulation of amyloid ␤ (A␤)
in the walls of blood vessels and senile plaques (14). A␤ peptides
are generated by interplay of various secretases cleaving amyloid
precursor protein (APP) and C99. They accumulate in the brain
and form senile plaques consisting mainly of two A␤ species,
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0501823102

A␤40 and A␤42. Although A␤ peptides are continuously secreted from cells (15, 16), a metabolic balance prevents plaque
formation. An imbalance in A␤ levels, caused, for example, by
mutations in various AD-related genes, results in the accumulation and aggregation of these peptides (17, 18). Clearance of
cerebral A␤ peptides can be achieved either by excretion into
blood through the blood–brain barrier, microglia, or degradation by proteolytic enzymes (19). Recent studies have focused on
neuroglial cells as important players in A␤ metabolism. Activation of astrocytes and microglia occur early in AD in the
periphery of senile plaques (20). Both cell types are highly
reactive to environmental changes and secrete complement
proteins, inflammatory cytokines, acute phase reactants, and
proteases and their inhibitors (21, 22). When astrocytes are
plated on unfixed A␤-rich brain sections from transgenic mice
expressing human APP, A␤ levels decreased ⬇40% within 24 h
(23). Furthermore, the exposure of astrocytes to A␤42 in cell
culture supernatants led to a complete removal and degradation
of A␤ within 48 h. Although these findings suggest an important
role for astrocytes in A␤ metabolism it is still unclear whether A␤
digestion occurs on the cell surface of astrocytes by secreted
proteases or internally. Several candidate proteases, such as
insulin-degrading enzyme, neprilysin, and endothelin-converting
enzyme, have been implicated in the removal of A␤ (19).
In the present article, we demonstrate that purified HtrA1
degrades various APP fragments including A␤. Astrocytes produce significant levels of HtrA1 and A␤, and the application of
an HtrA1 inhibitor leads to accumulation of A␤ in cell culture
supernatants. Consistently, HtrA1 colocalizes with amyloid deposits in human brain samples.
Methods
Antibodies. Rabbit polyclonal and mouse mAbs (24) against
HtrA1 were generated from purified recombinant protein
(amino acids 141–480). Polyclonal and monoclonal antibodies
against A␤40, A␤42, and ␤-actin were from Oncogene, Chemicon, and Santa Cruz Biotechnology, respectively. Monoclonal
antibodies against APP were a gift from C. Haass (LudwigMaximilians-Universität, Munich).
HtrA1 and A␤40 ELISA. A␤40 levels were determined by A␤40specific ELISA (The Genetics Company, Zurich). HtrA1 in
conditioned media was quantified by HtrA1-specific ELISA.
ELISA plates were coated with monoclonal ␣-HtrA1 (1:100) and
blocked with 5% BSA兾PBS. Plates were washed with 0.05%
Tween兾PBS and incubated with samples for 2 h at 30°C. After
washing, polyclonal ␣-HtrA1 (1:500) was added for 1 h at 30°C
followed by a biotin- conjugated swine ␣-rabbit (1:5,000) (Dako
Abbreviations: AD, Alzheimer’s disease; A␤, amyloid ␤; APP, amyloid precursor protein;
FTICR, Fourier transform ion cyclotron resonance; PS1, presenilin 1.
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The defining features of the widely conserved HtrA (high temperature requirement) family of serine proteases are the combination
of a catalytic protease domain with one or more C-terminal PDZ
domains and reversible zymogen activation. Even though HtrAs
have previously been implicated in protein quality control and
various diseases, including cancer, arthritis, and neuromuscular
disorder, the biology of the human family members is not well
understood. Our data suggest that HtrA1 is directly involved in the
␤-amyloid pathway as it degrades various fragments of amyloid
precursor protein while an HtrA1 inhibitor causes accumulation of
A␤ in astrocyte cell culture supernatants. Furthermore, HtrA1
colocalizes with ␤-amyloid deposits in human brain samples. Potential implications in Alzheimer’s disease are discussed.

Cytomation, Carpinteria, CA) for 1 h at 30°C. HtrA1 was
detected by using horseradish peroxidase-conjugated streptavidin (1:500) (Amersham Pharmacia). Plates were developed by
using 3,3⬘,5,5⬘-tetramethybenzidine (Sigma) in 100 mM citric
acid and 0.1% H2O2, pH 3.95. The reaction was stopped with 7%
H2SO4, and optical densities were determined at 450 nm with a
plate reader (Dynex Technologies, Chantilly, VA).
Cell Culture. The astrocytoma cell line U373 was cultured in

DMEM (Gibco) supplemented with 5% FBS in six-well plates to
80% confluence. HtrA1 inhibitor was diluted in DMEM supplemented with 0.5% FBS. Supernatants were collected 24 h
after the inhibitor was added.
Preparation of Cell Lysates. Control and treated astrocytes were
washed in PBS and lysed in STEN lysis buffer (50 mM Tris䡠HCl,
pH 7.6兾150 mM NaCl兾2 mM EDTA兾0.2% Nonidet P-40) for 30
min on ice. Nuclear fractions were separated by centrifugation
for 10 min at 15,800 ⫻ g at 4°C. Protein concentration was
determined with a BCA protein determination kit (Sigma).
Recombinant Production and Purification of HtrA1. Purified recom-

binant HtrA1 was produced in Escherichia coli (details are
available in Supporting Methods, which is published as supporting
information on the PNAS web site). Recombinant C99 and PS1
were produced as described (25). Protein samples used in
protease assays contained 0.05% dodecyl maltoside. Membranes
containing C99 were collected from French press lysates by
ultracentrifugation using a Ti70 rotor (Beckman) at 40,000 rpm
for 45 min. Membranes were washed in 50 mM Tris䡠HCl, pH 8.5
and 150 mM NaCl and stored at ⫺70°C.
Protease Assays. Inhibition of HtrA1 by NVP-LBG976 (Novartis,
Basel) was determined by preincubation of HtrA1 for 20 min at
room temperature with various concentrations of inhibitor before adding the substrate. Samples were incubated at 37°C
overnight in the dark. The reaction was stopped by trichloroacetic acid precipitation. After centrifugation, the supernatant
(400 l) was mixed with 600 l of 0.5 M Tris䡠HCl, pH 9.5, and
the absorbance was determined at 574 nm.
MS. For MS, protease assays using HtrA1 (90.2 nmol) and A␤ or

C99 (10 nmol) as substrates were carried out in a final volume
of 500 l of 50 mM Tris䡠HCl, pH 8.0. After incubation at 50°C
for 24 h, samples were desalted with Ziptip (Millipore) and
analyzed by MALDI-TOF-MS and Fourier transform ion cyclotron resonance (FTICR)-MS.
MALDI-TOF mass spectra were obtained with a BrukerBiflex linear time-of-flight mass spectrometer equipped with a
nitrogen UV laser (337 nm) and a dual-channel plate detector
(Bruker Daltonik). Two calibration standards were prepared
and measured with each sample, or batch of samples, to ensure
reliable mass accuracy. For proteolytic peptides measurements,
a calibration mixture of bradykinin (monoisotopic [M⫹H]⫹ ⫽
1,060.57, average [M⫹H]⫹ ⫽ 1,061.23), angiotensin I (monoisotopic [M⫹H]⫹ ⫽ 1,296.69, average [M⫹H]⫹ ⫽ 1,297.50), corticotropin (clip 18–39) (monoisotopic [M⫹H]⫹ ⫽ 2,465.20,
average [M⫹H]⫹ ⫽ 2,466.7), and bovine insulin (average
[M⫹H]⫹ ⫽ 5,734.56) provided a good calibration between 500
and 6,000 Da. For the molecular mass determinations, BSA was
used to calibrate over the range from 15 to 150 kDa (average
[M⫹3H]3⫹ ⫽ 22,157, [M⫹2H]2⫹ ⫽ 33,216, [M⫹H]⫹ ⫽ 66,431,
and [2M⫹H]⫹ ⫽ 132,861).
MALDI兾electrospray ionization-FTICR-MS measurements
were performed with a Bruker Apex II FTICR-MS instrument,
which is equipped with an actively shielded 7-Tesla superconducting magnet, a cylindrical infinity ICR analyzer cell, and
external electrospray ionization and MALDI sources with
6022 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0501823102

Fig. 1. Degradation of C99. (A) Purified recombinant C99 (2 g) was incubated with increasing amounts of purified recombinant HtrA1 for 16 h at 37°C.
Samples were loaded on a SDS兾PAGE, immunoblotted, and stained with either
monoclonal ␣-HtrA1 antibody or polyclonal ␣-C99 antiserum. The asterisk
indicates a proteolytic product of C99. (B) To monitor the efficiency of the
HtrA1 inhibitor in vitro, purified HtrA1 (5 g) was preincubated for 20 min at
room temperature with various inhibitor concentrations before adding 60 g
of resorufin-labeled casein. Data represent the mean of four experiments. (C)
Purified recombinant HtrA1 (2.5 g) was preincubated with various concentrations of HtrA1 inhibitor for 20 min before adding purified C99 (2 g).
Samples were loaded on a SDS兾PAGE, immunoblotted, and stained with either
monoclonal ␣-HtrA1 or ␣-C99 antibody. (D) Degradation of membrane-bound
C99 was analyzed by using cytoplasmic membrane fractions of strain KU98
overproducing C99. Membranes were incubated with or without 10 g of
purified HtrA1. Samples were analyzed by Western blotting using ␣-C99
antibody. (E) Degradation of A␤42. One microgram of A␤42 (preincubated in
PBS to allow multimerization) was incubated with 5 g of HtrA1 for 14 h at
37°C. Samples were immunoblotted and stained with ␣-A␤42 antibody.

pulsed collision gas. The FTICR instrument and experimental
conditions have been described (26, 27). A 100-mg䡠ml⫺1 solution
of 2,5-dihydroxybenzoic acid (Aldrich) in acetonitrile兾0.1%
trifluoroacetic acid in water (2:1) was used as the matrix for
MALDI FTICR-MS experiments; aliquots of 0.5 l of sample
Grau et al.

Fig. 2. Identification of cleavage sites of HtrA1 in C99 by MALDI-FTICR-MS. The detected cleavage sites of HtrA1 in recombinant C99 are shown. The
transmembrane segment of C99 is shown in bold and underlined. Digestion was performed at an enzyme兾substrate ratio of 1:50. Proteolytic fragment mixture
was desalted and analyzed by MALDI-FTICR-MS as described in Methods. (A) MALDI-FTICR spectrum of HtrA1-digested C99. Monoisotopic masses were selected
manually and used for fragment identification by means of the GPMAW program (Lighthouse Data, Odense, Denmark). (B) Fragments of C99 and sequences are
identified.

Selection of Brain Samples. Brains were collected at autopsy

(University of Trieste) from 10 subjects with a well documented
clinical history of AD (median age 77.2). Autopsy was performed within 36 h after death in all cases. Specimens were fixed
in 10% freshly made paraformaldehyde in 0.1 M phosphate
buffer and embedded in paraffin. Different sections for each
specimen were processed. Light-microscopic examination was
performed after staining with hematoxylin兾eosin, hematoxylin兾
Van Gieson, Bielschowsky’s silver staining, and Congo red.
Morphologic analysis of tissue structure, cellular and nuclear
integrity, and inflammatory infiltrates was performed.
Immunohistochemistry. Immunohistochemistry was carried out as

described (12). Briefly, sections, embedded in paraffin, from
Grau et al.

each specimen were cut at 5–7 m, mounted on glass, and dried
overnight at 37°C. All sections were deparaffinized in xylene,
rehydrated through a graded alcohol series, and washed in PBS.
PBS was used for all subsequent washes and antiserum dilution.
Tissue sections were heated twice in a microwave oven for 5 min
each at 700 W in citrate buffer (pH 6) and then quenched
sequentially in 3% hydrogen peroxide and blocked with PBS-6%
nonfat dry milk (Bio-Rad) for 1 h at room temperature. Slides
then were incubated at 4°C overnight with the rabbit polyclonal
antiserum raised against HtrA1 (12) at a 1:10 dilution or with the
mouse mAb APP amyloid-␤ 1–16 (Chemicon MAB5206) at 1:25
dilution. After several washes to remove antiserum excess, the
slides were incubated with diluted goat anti-rabbit or anti-mouse
biotinylated antibodies (Vector Laboratories) for 1 h at room
temperature. Subsequently, slides were processed by the ABC
method (Vector Laboratories) for 30 min at room temperature.
Diaminobenzidine and Novared (Vector Laboratories) for antiHtrA1 and anti-APP, respectively, were used as the final chromogens, and hematoxylin was used as the nuclear counterstain.
To perform double stainings, sections were first stained for
anti-HtrA1 and then anti-APP. Negative controls for each tissue
section were prepared by leaving out the primary antibody and
with HtrA3 antibody (Abgent, San Diego).
Results
Native Substrates of HtrA1. HtrA1 belongs to a novel family of

oligomeric serine proteases. As only little information is available
about the biological function of HtrA1 we searched for native
substrates. We speculated that proteins expressed in brain might be
PNAS 兩 April 26, 2005 兩 vol. 102 兩 no. 17 兩 6023
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and matrix solutions were mixed on the stainless-steel MALDI
sample target and allowed to dry before the target was inserted;
spectra were calibrated with the same calibration mixture used
for MALDI-TOF-MS. The flow rate of the sample solution into
the electrospray ion source was 2 l䡠min⫺1. Electrospray ionization conditions were ⬇2 kV voltage of the nanospray needle and
100-nA spray current. Ions were accumulated for 2 s in the
intermediate hexapole ion trap and then transferred into the
ICR cell. A short accumulation time was used to preclude
unwanted collisional activation in the hexapole. The spectra
were calibrated against a commercially available mixture of
peptides (Hewlett–Packard) in the 622 to 2,722 range of m兾z
values. The experiments were performed three to five times to
establish reproducibility of the results.

suitable candidates as HtrA1 is significantly produced in these
tissues (13). Also, HtrA2 was identified as a potential interaction
partner of presenilin 1 (PS1) in a two-hybrid screen (28) and is
activated by the C terminus of PS1 (29). PS1 is part of the
␥-secretase complex and is involved in the formation of A␤ in AD.
We therefore used purified proteins to assess whether HtrA1 could
process PS1 and兾or C99 in vitro (for information on production and
purification of recombinant HtrA1 see Fig. 5, which is published as
supporting information on the PNAS web site). Although HtrA1
did not process PS1, it did degrade the APP fragment C99. C99 is
the precursor of the A␤ peptide and one substrate of ␥-secretase.
It contains 99 residues including a single transmembrane segment
(see Fig. 2). To carry out protease assays in vitro, recombinant C99
was purified from E. coli (25). HtrA1 efficiently degraded C99, and
one product was detected in limited proteolysis experiments
(marked by an asterisk in Fig. 1).
One valuable tool for further characterization of C99 processing
is an inhibitor that abolishes protease activity. NVP-LBG976, a
potent inhibitor of HtrA1, was obtained from a high-throughput
screen. It was active with recombinant HtrA1 as it inhibited
HtrA1-dependent degradation of resorufin-labeled casein in a
dose-dependent manner (Fig. 1B). In addition, it prevented degradation of C99 and casein at 1 and 0.5 M concentrations,
respectively (Fig. 1 B and C). The C99 processing experiments were
carried out by using C99 in detergent solution, which may have
contributed to the accessibility of C99 to HtrA1. We therefore
repeated the protease assay by using membrane fractions containing recombinant C99, indicating that membrane-embedded C99 is
degraded by HtrA1 (Fig. 1D). Furthermore, when A␤42 is used as
a substrate, HtrA1-dependent degradation of monomeric and
multimeric forms was observed (Fig. 1E).

Fig. 3. A␤40 accumulation in supernatants of astrocytes after HtrA1 inhibition. The astrocytoma cell line U373 was grown in six-well plates to 80%
confluence in DMEM. (A) After 24 h, supernatants were harvested and assayed
for HtrA1. (B) A␤40 levels in culture supernatants were determined from cells
grown with or without HtrA1 inhibitor (1–5 M final concentration). Data
represent the mean of four different treatments, each measured in duplicates.
*, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001 as determined by Student’s t test. ELISAs
in A and B were done as described in Methods. (C) Equal concentrations of
protein from supernatants and cell lysates were analyzed by Western blotting
to detect full-length APP, APPs, and ␤-actin by using antibodies against APP
and ␤-actin, respectively.

Mass Spectrometric Identification of Cleavage Sites in C99 and A␤.

Proteolytic digestion by HtrA1 was analyzed with C99 in comparison to A␤(1–40), A␤(1–42), and the cytosolic C-terminal
polypeptide APP(724–770), and digestion products were identified directly by both high-resolution electrospray and MALDIFTICR MS. All proteolytic peptide fragments were identified by
molecular ions (singly and multiply charged protonated molecular ions) with mass determination accuracies of ⬇10 ppm or
better, which provided unequivocal assignments of partial sequences for abundant and minor fragment sequences. In addition, digestion of C99 with trypsin as a control was analyzed by
FTICR-MS, yielding cleavage products at all substrate cleavage
sites expected, Lys and Arg residues 6, 17, 29, 54, 55, 56, 77, 81,
93, and 101 (data not shown). A specific molecular cleavage
pattern was identified for HtrA1 digestion of C99, as shown by
MALDI spectrum and sequences of major product fragments
(Fig. 2). Digestion was established to occur predominantly after
residues Val-13, Gln-16, and Asn-85, providing degradation
products of approximately equal sequence lengths. To verify
these cleavage sites, A␤s and APP-C-terminal fragment ␥
(AICD) were used as additional substrates. The same specific
cleavage sites (Val-13 and Gln-16) were also found in A␤(1–40)
and A␤(1–42); however, additional sites were identified in
A␤(1–40) located two and three residues further downstream
(see Fig. 6A, which is published as supporting information on the
PNAS web site). A consistent molecular fragmentation pattern
was found for AICD, when using APP(724–770) peptides as a
substrate. Although the cleavage site at Asn-85 (or 755 when
using the APP nomenclature) found in C99 was verified in
APP(724–770), additional major cleavage sites were observed
after Gly-734, Val-738, and His-748 residues (Fig. 6B). Taken
together, these results show HtrA1 has no clear preference for
P1 residues but generates products of similar lengths ranging
between 10 and 20 residues. Because the product spectrum of the
redundant substrates C99, A␤40, and APP(724–770) is similar,
6024 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0501823102

further sequential or structural constraints of protein substrates
seem to apply.
APP Metabolism in Astrocytes. To obtain evidence for the physiological relevance of the in vitro data, we searched for a cell
culture system to investigate the effects of HtrA1 on APP
fragment metabolism. Recent reports suggest that neuroglial
cells, mainly astrocytes, participate in A␤ metabolism (23, 30).
The human astrocytoma cell line U373 produces and secretes
HtrA1 (1,900 pg兾ml in 24 h) as determined by an HtrA1-specific
ELISA (Fig. 3A). Furthermore, astrocytes secrete A␤40 (55
pg兾ml in 24 h) as measured in an A␤40-specific ELISA (Fig. 3B),
and APP levels can be visualized on Western blots (Fig. 3C),
making this untransfected cell line a suitable system for investigating the role of HtrA1 in APP兾C99兾A␤ metabolism. Because
of the unavailability of specific ELISAs to quantify C99 levels
and the known instability of AICD (31), A␤40 accumulation was
investigated in the presence and absence of HtrA1 inhibitor.
The application of HtrA1 inhibitor resulted in a significant
dose-dependent increase in A␤40 accumulation in cell culture
supernatants (Fig. 3B). Western blot experiments of the same
supernatants indicated that the accumulation was not caused by
an increase in APP levels (Fig. 3C) or ␤-secretase processing as
detected by monitoring the soluble APP-␤ fragment (APPs)
(Fig. 3C). In addition, Western blot analysis of corresponding
cell lysates using an antibody against ␤-actin confirmed that
equal amounts of total protein and cells were used (Fig. 3C).
Previous studies showed that the HtrA1 inhibitor is not active
against trypsin but decreases thrombin and chymotrypsin activity
to 75% and 10% at 1 M concentration, respectively (data not
shown). We therefore used two different approaches to confirm
the specificity of our results. Inhibition of the bacterial HtrA1
homologue DegP was examined by using resorufin-labeled casein as substrate. Even a high inhibitor concentration (5 M) did
Grau et al.

not have any effect on DegP activity, which was 0.56 nmol
casein ⫻ min⫺1 ⫻ mg⫺1 HtrA1 with or without inhibitor. Also,
a broad range protease inhibitor mixture (Calbiochem) acting
against all major proteases, including thrombin and chymotrypsin, was used in the cell culture system, and no increase in A␤
levels was observed (data not shown). These results support the
model that HtrA1 is a candidate modulator of A␤ levels.
Colocalization of HtrA1 and Amyloid Deposits in Human Brain Samples.

Neuropathological investigation of brains from AD patients by
hematoxylin兾eosin staining, Congo red staining, Bielschowsky’s
silver staining, and ␤-amyloid immunohistochemistry revealed
the presence of the characteristic lesions in this disease, such as
A␤ amyloid plaques, dystrophic neurons, neurofibrillary tangles,
and perivascular amyloid (Fig. 4 A–C). By using a specific
antiserum, we investigated the expression of HtrA1 in these
samples. The specificity of the HtrA1 antiserum and its suitability for immunohistochemistry was previously validated, including the observation that it does not crossreact with HtrA2 and
HtrA3 (32). In agreement with the above results, HtrA1 was
strongly expressed in astrocytes and cortical neurons (Fig. 4
D–F). In contrast, HtrA1 expression in neuroglial components
and neurons of normal adult brains is always very low (33).
HtrA1 also colocalizes with ␤-amyloid deposits in human brain
samples. In fact, most amyloid plaques, positively stained with
Congo red, were also positive for HtrA1 expression (Fig. 4G).
Moreover, several dystrophic neurons, positive for ␤-amyloid
immunohistochemistry, stained positive also for HtrA1 (Fig.
4H). This colocalization was also evident at the perivascular level
as shown in consecutive sections of a representative small
arteriole in the hippocampus by staining with hematoxylin兾
eosin, Congo red, ␤-amyloid, and HtrA1 immunohistochemistry
(Fig. 4 I–L).
Discussion
We describe a role of HtrA1, a member of the widely conserved
HtrA family of serine proteases, in alternative proteolytic processGrau et al.

ing of APP fragments. With respect to C99 metabolism, HtrA1
represents a candidate protease that processes C99 in addition to
␥-secretase in the plasma membrane. With respect to A␤ degradation, HtrA1 could function in concert with other proteases such
as insulin-degrading enzyme and neprilysin that cleave A␤ (19).
The presence of secreted and intracellular HtrA1 suggests that
HtrA1 has the potential to cleave the extracellular and intracellular segments of C99. This notion is supported by mass spectrometric mapping of the cleavage sites. These sites were Val-13
and Gln-16 in the extracellular segment and Asn-85 in the
intracellular segment. Val-13 and Gln-16 are located one and
four residues upstream of the ␣-secretase cleavage site, respectively (34). Further processing of these HtrA1 products is
expected as the slightly shorter product of ␣-secretase is a
substrate of ␥-secretase (35). As the resulting p3 fragment is
nonpathogenic, it can be expected that the potentially further
processed HtrA1 products are also nonpathogenic.
MS detected a similar pattern of cleavage sites in A␤40, A␤42,
and AICD, and degradation of the pathogenic A␤42 peptide was
confirmed by in vitro proteolysis experiments. HtrA1 activity
could therefore reduce formation of A␤ deposits in human
brains by competing with ␥-secretase for substrate and removing
A␤. The finding that HtrA1 interferes with A␤ production at
least in astrocytes supports this model. Here, the application of
an HtrA1 inhibitor led to a significant accumulation of A␤ in cell
culture supernatants.
Furthermore, immunohistochemistry indicated a striking colocalization of HtrA1 with amyloid deposits and APP in blood
vessels and neurons of AD patients. HtrA1 was strongly expressed in astrocytes and cortical neurons (Fig. 4 D–F), whereas
expression in neuroglial components and neurons of normal
adult brains is always very low (33). In particular, the percentage
of neurons overexpressing HtrA1 ranged from 1–2% of cerebellum and occipital cortex to 2–4% of frontal, parietal, and
temporal cortex and 8–10% of hippocampus.
Most of the well studied HtrA family members play important
roles in protein quality control (1, 2). In analogy, it might be this
PNAS 兩 April 26, 2005 兩 vol. 102 兩 no. 17 兩 6025
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Fig. 4. Histopathological and immunohistochemical analysis of AD’s autoptic brains. For histopathological analysis, AD brains were analyzed by hematoxylin兾
eosin staining, Bielschowsky’s silver staining, and Congo red staining. (A–C) Typical lesions shown are: an amyloid plaque positive for Congo red staining (A); a
neurofibrillar tangle evidenced by Bielschowsky’s silver staining (B); and a dystrophic neuron positive for ␤-amyloid immunohistochemistry (C). (D–F) Analysis
of HtrA1 expression by immunohistochemistry revealed that the protein was present both in cortical neurons (D and F) and astrocytes (E). (G–L) For colocalization
of HtrA1 and amyloid deposits, HtrA1 was expressed in the brain’s areas where amyloid deposits were evident, such as in amyloid plaques (G), dystrophic neurons
(H), or peri-vascular level (I–L). The same small arteriole of a cortical region evidenced by hematoxylin兾eosin (I) is positive for Congo red staining (J), HtrA1 (K),
and ␤-amyloid immunohistochemistry (L). (Magnifications: ⫻500, A, B, D, E, and G-L; ⫻1,000, C and F.)

function that is responsible for the HtrA1-dependent removal of
several APP fragments that are produced by the various secretases.
This model is supported by recent reports indicating that other
quality-control elements interact with amyloid deposits, are modulating protein aggregation in poly Gln diseases, and can suppress
toxicity (36). These results suggest that activation of protein qualitycontrol factors represents one promising general strategy for tackling degenerative diseases that are based on protein aggregation
and amyloid formation.
Future studies should aim at identifying conditions that activate HtrA1 in brain tissue, either on the genetic or enzymatic
level, and investigating the effect of activation on A␤ levels and
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plaque formation in an animal model of AD. The mechanism of
transcriptional activation of HtrA1 is currently unknown but
activation of protease activity by peptides binding to its PDZ
domain has been reported (37). This mechanism of reversible
zymogen activation appears to be conserved in HtrA family as
it has also been observed for human HtrA2 and prokaryotic
DegS and DegP (5, 6, 29, 38, 39).
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