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ABSTRACT

Serine protease HtrA1 belongs to a family of chymotrypsin-like proteases that were first identified in bacteria and later in mammalian
systems. These proteases were identified as components of protein quality control in prokaryotic systems and as regulators of diverse signaling
pathways in mammalian systems. In particular, HtrA1 is implicated in trophoblast cell migration and invasion, tumor progression,
chemotherapy-induced cytotoxicity, osteoarthritis, age-related macular degeneration, and pathogenesis of Alzheimer’s disease. However,
systematic analysis of its potential substrates in biological system is still lacking. Therefore, we performed a mixture-based oriented peptide
library screening to identify putative substrates of HtrA1. We identified [AEGR]-[LAGR]-[IAMLR]-[TVIAL] as consensus residues for P1 to P4
sites. We identified several putative substrates of HtrA1 involved in the pathogenesis of various diseases. In this study, we report on the
identification of tubulins as potential substrates of HtrA1, and validated tubulins as in vitro and intracellular substrates of HtrA 1. These results
provide initial insights into substrate identification and functional characterization of HtrA1 in pathogenesis of various diseases. J. Cell.
Biochem. 107: 253-263, 2009. © 2009 Wiley-Liss, Inc.
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T he HtrA family of serine proteases was initially identified in
E. coli by two phenotypes of null mutants that were unable to
grow at elevated temperatures (HtrA for high temperature
requirement) [Lipinska et al., 1988], or failed to digest misfolded
protein in the periplasm (DegP) [Strauch and Beckwith, 1988].
Subsequently, homologues of HtrA/DegP have been described in a
variety of species, including Gram-negative and -positive bacteria,
plants and mammals. These proteins normally contain two
conserved core domains, a chymotrypsin-like protease domain,
and at least one C-terminal PDZ domain. In contrast to other
protease-chaperone systems, HtrA represents the first well-known
protein quality control factor that acts in an ATP-independent
manner [Pallen and Wren, 1997; Spiess et al., 1999].

Until now, four human homologues of E. coli HtrA have been
identified: HtrA1 (L56 or PRSS11) [Zumbrunn and Trueb, 1996; Hu
etal., 1998], HtrA2/Omi [Faccio et al., 2000; Gray et al., 2000], HtrA3
(PRSP) [Nie et al., 2003], and HtrA4. All mammalian HtrA proteins,
belonging to this family, share a highly conserved chymotrypsin-
like serine protease domain and one PDZ domain at the C-terminus
[Oka et al., 2004]. Otherwise, structure of N-terminal regions of

mammalian HtrA1, 3, and 4 are distinct from that of HtrA2/Omi:
mitochondrial HtrA2/Omi posses a transmembrane anchor, and a
large section of the N-terminus is removed by processing, whereas
the N-termini of HtrA 1, 3, and 4 all contain predicted signal peptides
as well as domains that are recognized as IGF binding and protease
inhibitor domains [Clausen et al., 2002]. Although HtrA1 contains
signal peptide, intracellular localization of HtrA1 has recently been
reported [Clawson et al., 2008].

The HtrA family of serine protease appears to be involved in
several important biological mechanisms in mammals, such as
growth, apoptosis, arthritis, embryogenesis, neurodegenerative, and
neuromuscular disorder, and cancer. HtrA1 is the first sequenced
member of the human HtrA protein family when it was identified as
a gene expressed by normal fibroblasts but not by SV40 transformed
counterparts [Zumbrunn and Trueb, 1996]. Subsequently, it was
identified as a protein overexpressed in osteoarthritic cartilage [Hu
et al., 1998]. HtrA1 has a widespread pattern of expression, and
suggested to modulate several physiologic and pathophysiologic
processes, such as TGF-3 signaling [Oka et al., 2004], programmed
cell death [Chien et al., 2004, 2006], cell proliferation [Baldi et al.,
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2002], trophoblast migration and invasion [Ajayi et al., 2008],
osteoarthritis [Hu et al., 1998; Tsuchiya et al., 2005; Grau et al.,
2006], tumor progression [Baldi et al., 2002; Chien et al., 2004], age-
related macular degeneration [Yang et al., 2006], Alzheimer’s
disease [Grau et al., 2005], and implantation [De Luca et al., 2003].

Extracellular matrix proteins, such as collagens, fibronectin,
fibromodulin, and cytokines, such as TGF-3 and BMPs, have been
identified as potential substrates of HtrA1l. To identify additional
proteins that could act as potential substrates of HtrAl, we
determined HtrA1 cleavage site motifs using a mixture-based
oriented peptide library screening, and identified tubulins as
potential substrates of HtrAl. These results provided potential
insights into the functional role of HtrA 1 in microtubule-related cell
biology.

CELL CULTURE

SKOV3 and 0V202 cells were grown as previously described [Chien
et al., 2006]. Transfection was performed using Lipofectamine as
previously described [Chien et al., 2006].

GENERATION OF PEPTIDE LIBRARIES

The first random mixture of peptide library was generated as
previously described [Turk et al., 2001; Turk and Cantley, 2004]. The
second peptide library was generated as M-A-X-X-X-X-R-P-D-F-
(K-biotin), where X represents totally degenerate amino acid
residue, similar to procedure previously described [Turk et al.,
2001; Turk and Cantley, 2004].

PRIMARY PEPTIDE LIBRARY SCREENING AND DETERMINATION OF
PRIMED SIDE SELECTIVITY

Mixture-based oriented primary peptide library containing com-
pletely random octamer acetyl-XXXXXXXX-amide, where X
indicates a degenerate position, was synthesized following
previously described procedure [Turk et al., 2001; Turk and Cantley,
2004]. This library (2 mg/ml) was digested with 2 pg of purified
recombinant HtrA1 for 3 h at 37°C and processed as previously
described before subjecting to amino terminal sequencing [Turk
et al., 2001; Turk and Cantley, 2004]. Based on the molar proportion
of each residue present within a given sequencing cycle, selectivity
of amino acid for P1 to P4 relative to cleavage site is determined
[Turk et al., 2001; Turk and Cantley, 2004].

SECONDARY PEPTIDE LIBRARY SCREENING AND DETERMINATION
OF UNPRIMED SIDE SELECTIVITY

Secondary peptide library containing partially degenerate M-A-X-
X-X-X-R-P-D-F-K(biotin)-amide was synthesized following pre-
viously described procedure [Turk et al., 2001; Turk and Cantley,
2004]. This library was pre-purified with immobilized reversible-
binding avidin column to remove peptides with no affinity to the
column [Turk et al., 2001; Turk and Cantley, 2004]. Purified peptide
library (2 mg/ml) was digested with 2 pg of purified recombinant
HtrA1 for 3 h at 37°C and subjected to avidin affinity purification to
remove un-reacted and C-terminal fragments of cleaved peptides as
previously described [Turk et al., 2001; Turk and Cantley, 2004].

Unbound peptides were subjected to amino terminal sequencing to
determine the selectivity of amino acids corresponding to P1 to P4 of
unprimed side as previously described [Turk et al., 2001; Turk and
Cantley, 2004].

N-TERMINAL SEQUENCING
Sequencing was performed as previously described [Turk et al.,
2001; Turk and Cantley, 2004].

IN VITRO DIGEST

Purified tubulins (Cytoskeleton, Denver, CO) were incubated with
varying concentrations of purified HtrA1 for 3 h at 37°C. Reaction
products were resolved on SDS-PAGE and either stained with
Coomassie blue or immunoblotted with specific tubulin antibodies.
Purified collagens (2 pg; Rockland Immunochemicals, Inc.,
Gilbertsville, PA) were incubated with specified concentrations of
purified HtrA1 for 3 h at 37°C. Reaction products were resolved on
SDS-PAGE and stained with Coomassie blue.

ANTIBODIES

Polyclonal antibodies raised against a polypeptide corresponding to
amino acids 161-480 of HtrA1 were affinity purified as previously
described [Chien et al., 2006]. Monoclonal antibodies against
B-actin and acetylated and non-acetylated «-tubulin were
purchased from Sigma-Aldrich.

EXPRESSION CONSTRUCTS

Protease active (WT) and protease inactive mutant (SA) HtrAl
construct in pcDNA3.1 plasmids were generated as previously
described [Hu et al., 1998]. GFP-fusion constructs were generated by
PCR cloning into pcDNA3.1/TOPO/GFP (Invitrogen).

PURIFICATION OF RECOMBINANT HtrA1
Human recombinant HtrA proteins were purified from bacteria as
previously described [Grau et al., 2006].

TRANSFECTION WITH siRNA

Scrambled control siRNA (5-UCCUGCUGGAGCCUCAUGUTT-3')
and HtrA1 siRNA targeting the 3’-UTR (5'-CGGCCGAAGUUGCCU-
CUUUTT-3’) were purchased from Proligo LLC (Boulder, CO) and
transfected at the final concentration of 0.25 uM in OptiMEM using
Oligofectamine (Invitrogen). SKOV3 cells were plated at 20,000
cells/well in 24-well plate or at 100,000 cells/well in 6-well plate for
transfection with siRNA. Effectiveness of RNAi was determined by
immunoblot after 2 days of transfection. Using standard conditions
provided by the manufacturer, we typically achieved >90%
reduction in HtrA1 expression after 2 days of transfection.

RESCUE OF RNAi

For rescue of RNAI, cells were initially transfected with siRNA.
Twenty-four hours later, cells were transfected with plasmid
carrying HtrA1 ORF. At the same time, control groups received
mock transfections. Since RNAI is targeted toward the 3'-UTR of
HtrA1 mRNA, the mRNA encoded from the plasmid containing
HtrA1 ORF does not contain the 3’-UTR and therefore is resistant to
RNAI.
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IMMUNOSTAINING AND FLUORESCENCE MICROSCOPY
Immunostaining was performed as described previously [Lingle and
Salisbury, 2001]. Laser-scanning confocal microscopy was per-
formed on a Zeiss LSM510 with krypton-argon and helium-neon
lasers.

ANALYSIS OF TUBULIN IMMUNOFLUORESCENCE

Fluorescence intensity was analyzed by first converting red
fluorescence signal from raw images to grayscale and analyzing
the pixel intensity by KS400 Imaging System software (Zeiss). Total
fluorescence intensity and surface area of at least 40 cells were
measured. Average intensity of each cell was obtained by dividing
total intensity with surface area. Data were represented as mean
measurement £ s.e.m. of 40 cells.

FLOW CYTOMETRY

SKOV3 cells transfected with either control siRNA or HtrA1-
targeting siRNA, or rescued with ectopic expression of HtrA1 were
fixed, permeabilized, stained with antibody against a-tubulin, and
analyzed by flow cytometry.

IMMUNOBLOTTING

Cells were lysed in buffer (20 mM Tris-HCl at pH 7.6, 120 mM NaCl,
1 mM EDTA, 0.5% Nonidet P40, 1 mM dithiothreitol) supplemented
with complete protease inhibitors (Roche). Whole cell lysates and
cytosolic extracts were analyzed by western blot with anti-HtrA1
antibody (dilution 1:1,000), anti-B-actin antibody (1:5,000), anti-c-
tubulin (1:1,000), and anti acetylated-a-tubulin (1:1,000).

DENSITOMETRIC ANALYSIS

Immunoblots from three independent experiments were analyzed by
Scion Image software (Frederick, MD). Arbitrary intensity values
were normalized to B-actin loading controls and expressed as fold-
change over DMSO-treated SKOV3 cells stably transfected with
non-targeting shRNA (NT). Mean + s.e.m. are shown in bar graphs.

STATISTICAL ANALYSIS

Significance of change in expression values (expressed as fold-
change) for a-, -, and y-tubulins following HtrA1 knockdown was
analyzed by Analysis of Varian (ANOVA) followed by Newman-
Keuls Multiple Comparison Test with P<0.05 for significance.
Significance of change in expression values for a-, B-, and -
tubulins following Taxol and Nocodazole treatment was analyzed
by ANOVA followed by Dunnett’s Multiple Comparison Test with
P <0.05 for significance. Dunnett’s test allows comparison of all
groups versus control group (DMSO-treated SKOV3 cells stably
transfected with non-targeting shRNA).

IDENTIFICATION OF CONSENSUS P1' TO P4' CLEAVAGE SITE MOTIF
USING COMPLETELY DEGENERATE PEPTIDE LIBRARY

Amino-terminal acetylated peptide library was incubated with
recombinant HtrA1 for 3 h, and P1’ to P4’ consensus residues of
cleaved peptides were identified by N-terminal sequencing by
Edman degradation. Uncleaved intact peptides and the N-terminal

fragments of cleaved peptides remain blocked and do not contribute
to the sequencing results. In contrast, newly generated N-termini of
cleaved C-terminal fragments can be sequenced. The relative
distributions of each amino acid present in a given cycle indicate the
preference for such residues at a particular site. For example, the first
sequencing cycle determines consensus (most) preferred residues for
the P1’ position, the second cycle for the P2’ position, and so on. The
results, shown in Figure 1, indicate R-P-D-F as the consensus motif
occupying P1’ to P4/, respectively.

IDENTIFICATION OF CONSENSUS P1 TO P4 CLEAVAGE SITE MOTIF
USING ORIENTED SECOND PEPTIDE LIBRARY

Based on the consensus primed-side motifs, we generated the second
library containing mixture of peptides with the following motif:
MAXXXXRPDF(K-biotin), where X indicates a degenerate position,
K-biotin is &-(biotinamidohexanoyl)lysine, and the N-terminal is
unblocked. The fixed RPDF represents the consensus primed-side
motif, whereas residues occupying unprimed (P1 to P4) positions are
totally degenerate. This approach affords determination of
consensus unprimed motif for HtrAl. Following digestion with
HtrA1, unreacted (uncleaved) peptides and cleaved C-terminal
fragments are removed from the reaction by avidin column, and
flow through, containing N-terminal fragments of cleaved peptides
were subjected to N-terminal sequencing by Edman degradation.
The results, shown in Figure 2, indicate [AEGR]-[LAGR]-[IAMLR]-
[TVIAL] as the consensus unprimed motifs for HtrA1 substrates.

DETERMINATION OF POTENTIAL SUBSTRATES OF HtrA1

To determine the potential substrates containing the consensus
unprimed motifs, [AEGR]-[LAGR]-[ITAMLR]-[TVIAL] motif was
searched using ProScan website, and potential substrates were
identified (Table I). Putative substrates identified through afore-
mentioned approach are categorized into classes of proteins or their
pathologic association to specific disease groups (Table I).

IDENTIFICATION OF TUBULINS AS SUBSTRATES OF HtrA1

A set of the proteins identified as potential substrates of HtrA1l
included tubulins (Table I). These results were consistent with our
initial independent observation that HtrA 1 localizes to microtubules
(Fig. 3A-D). HtrA1 is localized to microtubules in both interphase
and mitotic cells (Fig. 3B,C). In addition, destabilization of
microtubules by Nocodazole (5 wM for 2 h) resulted in diffuse
staining of both tubulin and HtrA1 indicating that cytoskeletal
localization of HtrA1 is dependent on intact microtubules (Fig. 3D).
Finally, in 293T cell line with inducible expression of HtrAl,
immunoprecipitation of HtrA1 resulted in co-precipitation of all
three types of tubulins (Fig. 3E). These results further support our
analysis from peptide library screenings that tubulins may serve as
potential substrates of HtrA1l. Therefore, we selected tubulins for
further analyses to determine whether they can be degraded by
HtrA1.

HtrA1 DEGRADES PURIFIED TUBULINS IN VITRO

To determine whether HtrA1 degrades tubulins, various concentra-
tions of purified HtrA1 were incubated for 3 h with 500 ng of bovine
brain-purified tubulins, and reaction products were resolved by
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Identification of consensus HtrA1 cleavage motif for primed positions. Purified peptide library (2 mg/ml) was digested with 2 g of purified recombinant HtrA1 for 3 h

at 37°C and subjected to N-terminal sequencing. Since N-termini of all peptides in the library are blocked, only the cleaved peptides contribute to sequencing. Based on the
molar proportion of each residue present within a given sequencing cycle, selectivity of amino acid for P1 to P4 relative to cleavage site is determined [Turk et al., 2001; Turk and

Cantley, 2004].

SDS-PAGE. Coomassie blue staining of gels indicates dose-
dependent degradation of tubulins by wild-type HtrA1 (Fig. 4A).
In contrast, protease mutant (SA) did not show tubulin degradation,
indicating that it is dependent on HtrA1 protease activity. We could
not detect partially degraded products of tubulins by Coomassie
stain (Fig. 4A). Because we started with very small amount of
tubulins in the digestion reaction, it is possible that partially
degraded tubulins could be below the detection limit of Coomassie
stain. Therefore, we next started with 10 pg of tubulins in the
subsequent digestion experiments with higher amounts of HtrA1 as
well. However, we did not observe partially degraded products of
HtrA1 (Fig. 4B). Only when we performed immunoblotting with
anti-tubulin antibodies, we were able to detect partially degraded
tubulins in the digestion reactions (Fig. 4D). Under similar
conditions, we did not observe degradation of type I collagens
(Fig. 4C), demonstrating the selectivity of HtrA1 toward specific
substrates.

HtrA1 DEGRADES TUBULINS IN INTACT CELLS

To determine whether HtrA1 could target tubulins in intracellular
environment in intact cells, we transfected either wild-type or
protease mutant HtrA1 into ovarian cancer cell line, 0V202, and
immunolocalization of HtrA1 and immunofluorescence intensity of
a-tubulin were determined. Following expression of GFP-tagged

HtrA1, it was observed to be co-localized with microtubules. In
addition, transfected cells displayed shrinkage of cytoplasmic
volume, rounded cell morphology, and reduction in «-tubulin
immunofluorescence (Fig. 5A). These changes in cell morphology
and tubulin fluorescence are dependent on the protease activity of
HtrA1 because these changes are not observed in cells transfected
with the protease mutant HtrA1 (Fig. 5B). Quantitative analyses of
tubulin immunofluorescence intensity within transfected cells
compared to neighboring non-transfected cells also indicate a
decrease in tubulin immunofluorescence within transfected cells
(Fig. 5C,D). Similarly, in SKOV3 cells with endogenous HtrAl,
down-regulation of HtrA1 by RNAI resulted in slight but noticeable
increased immunoreactivity to «- and y-tubulin. Most significantly,
rescue of HtrA1 expression by ectopic expression of HtrA1 resulted
in decreased immunoreactivity to «-tubulins and v-tubulins
(Fig. 5E). Flow cytometry analysis also indicates an increase in
a-tubulin  immunofluorescence following down-regulation of
HtrA1, but a decrease in a-tubulin immunofluorescence following
rescue of HtrA 1 expression (Fig. 5F). Finally, in 0V202 cell line with
no detectable endogenous HtrA1 expression, forced expression of
HtrA1 reduces the endogenous levels of a- and B-tubulins. This
reduction in endogenous tubulin levels can be rescued by pre-
incubation of cells with serine protease inhibitor, AEBSF, but not
with broad caspase inhibitor, ZVADfmk, demonstrating that
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Identification of consensus HtrA1 cleavage motif for unprimed positions. Purified peptide library (2 mg/ml) was digested with 2 g of purified recombinant HtrA1 for

3 hat 37°C and subjected to avidin affinity purification to remove un-reacted and C-terminal fragments of cleaved peptides as previously described [Turk et al., 2001; Turk and
Cantley, 2004]. Unbound peptides were subjected to amino terminal sequencing to determine the selectivity of amino acids corresponding to P1 to P4 of unprimed side as

previously described [Turk et al., 2001; Turk and Cantley, 2004].

decreased endogenous levels of tubulins were as a result of HtrA1
protease activities (Fig. 5G).

EFFECT OF HtrA1 ON TUBULIN LEVELS UNDER AGENTS THAT
MODULATE MICROTUBULE STABILITY

To determine whether stable knock-down of HtrA1 has an effect on
tubulin levels in SKOV3 cells, we stably infected the cells with
lentiviruses containing HtrAl-targeting shRNAs (shRNA1 and
shRNA2) and non-targeting shRNA (NT) as a control. Batch-stable
cell lines were generated and treated with Taxol, Nocodazole, or
DMSO vehicle for 24 h. Immunoblot analyses indicate higher levels
of a-tubulins in SKOV3 cells with stable knock-down of HtrAl
(Fig. 5H). Densitometric analyses from three independent experi-
ments indicate a statistically significant increase in a-tubulin levels
following stable knock-down HtrA1l by two different shRNAs
(Fig. 5I). Although we also observed the increase in a-tubulin levels
in HtrA 1 knock-down cells following Taxol treatments (Fig. 5H), the
increase was not statistically significant (Fig. 5I). No significant
increase in B-tubulin or y-tubulin levels was observed following
HtrA1 knock-down (Fig. 5H-K). Consistent with previous studies
[Gong and Brandhorst, 1988], stabilization of microtubules by Taxol
significantly increases all three forms of tubulins (Fig. 5H-K). On the
other hand, destabilization of microtubules by Nocodazole has no
effect on overall levels of tubulins (Fig. 5SH-K). These results further

confirm the potential role of endogenous HtrA1 in regulating the
levels of a-tubulin.

Serine protease HtrA1l has been implicated in pathogenesis of
including age-related macular degeneration,
Alzheimer’s disease, osteoarthritis, preeclampsia, and tumor
progression [Hu et al., 1998; Baldi et al., 2002; Chien et al., 2004,
2006; Grau et al., 2005; Tsuchiya et al., 2005; Grau et al., 2006; Yang
et al., 2006; Ajayi et al., 2008]. However, little is known about
biological (pathologic or physiologic) substrates of HtrA 1 or the role
of these substrates in pathogenesis associated with HtrA1l. In this
study, our effort to identify potential substrates of HtrAl by
determination of HtrA1 cleavage motif produced many promising
candidates that need to be further validated.

We used mixture-based oriented peptide library approach to
identified potential substrates of HtrA1l. This approach has been
successfully used by others to identify potential substrates of matrix
metalloproteinases and calpain [Turk et al., 2001; Cuerrier et al.,
2005]. For example, Turk et al. [2001] had successfully used this
approach to identify neurocan as a substrate of MMP-2. In addition,
Turk et al. in the same study, identified cleavage site motifs of six
MMPs. They observed poor selectivity of P’ residues, with the

various diseases,

JOURNAL OF CELLULAR BIOCHEMISTRY

257

TUBULINS AS SUBSTRATES OF HtrA1



TABLE I. Representative List of Putative Substrates Identified From the Peptide Library

VCAM1 (P19320)

TPPP3 (Q9BW30)
TTBK1 (Q5TCY1)
TTBK2 (Q61Q55)
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For MDR proteins, number of accessible sites (outside of transmembrane domains) and total number of putative cut sites are indicated in the last column.

Search motif used to produce this partial list is as follow: [AEGR]-[LAGR]-[IAMLR]-[TVIAL].

Accession numbers are shown in parentheses next to each protein.

BIRC8 (Q96P09)
CASP8 (Q14790)

CASP9 (P55211)

exception of P1’ of cleavage site motifs for some MMPs. Unlike
MMPs, our results suggest that HtrAl serine protease has
some selectivity to both primed and unprimed cleavage motif.
The primary sequence specificity of unprimed cleavage sites
indicates that the protease favors cleavage following aliphatic
residues, similar to bacterial HtrA1 and consistent with sequence
specificity of mammalian HtrA2 [Martins et al., 2003]. However,
unlike HtrA2 that shows preference for aliphatic residues at P1 and
P4 [Martins et al., 2003], HtrA1 shows preference for aliphatic
residues at all four unprimed positions (with the exception of polar
threonine residue at P1) (Fig. 2). For the primed positions, the
protease shows preference to hydrophilic polar residues at P1’ and
P3’ (Fig. 1). In addition, compared to the unprimed position, more
defined primary sequence specificity was observed for residues at
primed positions (Fig. 1). Similar approach has been used by Cuerrier
et al. [2005] to show the primed side selectivity of p-calpain.

In this study, we identified tubulins as potential substrates of
HtrA1 and further characterized these proteins as in vitro and
intracellular substrates of HtrA1. The fact that HtrA1 co-localizes to
intracellular microtubules is also consistent with the observation
that tubulins may serve as potential substrates of HtrA1. Moreover,
we observed co-immunoprecipitation of a-, B-, and +y-tubulins
when endogenous HtrA1 is immunoprecipitated (data not shown). In
addition, sedimentation of microtubules by ultracentrifugation
resulted in co-sedimentation of HtrA1 in microtubules pellets (data
not shown). Finally, in vitro and intracellular tubulin degradation
studies further support the role of tubulins as in vitro and
intracellular substrates of HtrA1. Although several proteases, such
as calpains, caspases, granzyme B and granzyme M, have been
implicated in degradation of tubulins in vitro [Goll et al., 2003;
Adrain et al., 2006; Bovenschen et al., 2008], we are the first to
report serine protease HtrA1l targeting tubulins for in vitro and
intracellular degradation. It is interesting to note that levels of
intracellular a- and B-tubulins decreased following overexpression
of HtrA1, and that this decrease in a- and B-tubulin levels was
prevented by pre-incubating the cells with serine protease inhibitor,
AEBSF, but not by broad caspase inhibitor, ZVADfmk. These results
support the role of HtrA1 and other serine proteases in targeting
tubulins for degradation.

It is important to note that our observation that tubulins may
serve as potential substrates of HtrA1l should be viewed in the
pathophysiologic context. Although our knockdown experiments,
using transient and stable knock-down of HtrAl, provided the
evidence for a role of endogenous HtrA1l in regulating a-tubulin
levels, the physiologic significance of such regulation is not
currently known. Nonetheless, we showed that overexpression of
HtrA1 contributed to tubulin degradation and microtubule loss.
Previous studies have shown that HtrAl is upregulated and
activated during chemotherapy-induced cytotoxicity [Chien et al.,
2006]. Moreover, HtrA1l is upregulated in osteoarthritis and in
preeclampsia [Tsuchiya et al., 2005; Grau et al., 2006; Ajayi et al.,
2008]. Therefore, our observation that HtrA 1 may target tubulins for
degradation should be viewed in the pathophysiologic contexts
whereby aberrant HtrA 1 expression may contribute to alterations in
cytoskeletal dynamics that accompanied the initiation of cell death
programs or pathogenic processes such as Alzheimer’s disease,
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Fig. 3. Localization of endogenous HtrA1 to microtubules. A: Endogenous expression of HtrA1 in SKOV3 cells (observed under 10 x objective lens). B,C: Localization of HtrA1
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inducible HtrA1 expression, immunoprecipitation of HtrA1 resulted in co-precipitation of a-, -, and y-tubulins.

osteoarthritis, or preeclampsia. Under these pathologic conditions, it
will be interesting to determine whether pathologic substrates of
HtrA1 contribute to pathogenesis of these diseases.

It is also important to note that HtrA1 may have different roles in
physiologic and pathologic conditions. For example, full-length
HtrA1 contains N-terminal Kazal-type trypsin inhibitor that may
serve as intra- or intermolecular inhibitor of HtrA protease activity.
In fact, our previous studies indicate that full-length HtrA1 is less
potent inducer cell death compare to N-terminal deleted HtrAl,
suggesting that N-terminal Kazal-inhibitor serves to limit protease
activity of HtrA1 [Chien et al., 2006]. Therefore, it is possible that
intact HtrA1 may serve as microtubule-associated protein and
regulate cellular functions related to microtubules, rather than as a
protease that targets tubulins for degradation under physiologic
conditions. However, under pathologic conditions, whereby its
homeostasis is altered by aberrant expression of HtrAl or its
regulatory proteins, HtrA1 may target tubulins for degradation and
contribute to the pathogenic processes. For example, under
conditions of stress by chemotherapeutic agents and upon N-

terminal cleavage of HtrA1 during programmed cell death [Chien
et al., 2006], active HtrA1 may target tubulins and microtubules and
contribute to cell death. This function will be consistent with its pro-
apoptotic properties reported in our previous studies [Chien et al.,
2004, 2006]. In addition, HtrA1, under physiologic condition, may
target misfolded tubulins for degradation, and thereby may promote
incorporation of properly folded tubulins to enhance polymeriza-
tion of microtubules. Since microtubules are important in many
cellular functions, including cell migration, cell division, cell
shape integration, and organelle and protein transport, it will be
important to investigate the potential role of HtrA1 in these cellular
functions.

Our evidence also indicates that enhanced expression of HtrA1 in
ovarian cancer cell line OV202 resulted in microtubule loss as
evidence by decreased in intact microtubules and immunostaining
intensity. This microtubule severing activity is dependent on
protease activity of HtrA1 because no microtubule loss was observed
with overexpression of protease mutant HtrAl. Interestingly,
overexpression of protease mutant HtrA1 resulted in bundling of
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microtubules, suggesting that HtrA1 may function as a microtubule-
associated protein. Similarly, calpain 6, a member of cysteine
protease family, with no apparent protease activity also associates
with microtubules and causes microtubule bundles when over-
expressed in cells [Tonami et al., 2007]. These results suggest a role
of proteases in regulating microtubule dynamics, cytoskeletal
reorganization, and tubulin turnover.

The fact that HtrA1 antibodies targeted to the PDZ domain of
HtrA1 partially blocked degradation of tubulins by HtrA1 suggests
the potential role of the PDZ domain as a substrate recognition
module. This result is consistent with previous reports indicating
that PDZ domains of HtrA proteins may serve as substrate
recognition and regulator of protease activities [Li et al., 2002;
Murwantoko et al., 2004; Schlieker et al., 2004; Runyon et al., 2007;
Sohn et al., 2007]. In particular, previous studies by Runyon et al.
reported the binding specificity of PDZ domain of HtrA1. Because
PDZ domain of HtrAl protein is considered as a substrate
recognition domain, the binding specificity infers substrate
specificity. However, it is important to note that while Runyon
et al. focuses on binding specificity of PDZ domain, our study
focuses on cleavage specificity of protease domain. It is likely that
both of these specificities contribute to substrate specificity. It is
possible that HtrA1 may bind to a substrate through PDZ domain in
accordance with the binding specificity given by PDZ domain, but
may cleave the substrate at specific site based on specificity given by
protease domain. Therefore, differences in sequence specificity
between these studies reflect differences in specificity of PDZ
domain and protease domain. Previous reports by Martins et al.
[2003] and Oka et al. [2004] did indicate that protease domain
possess inherent specificity of candidate substrates. Runyon et al.
and others have reported that specificity may also be conferred by
PDZ domain. In addition, HtrA1, HtrA3, and HtrA4 contain N-
terminal Mac25 domain, and therefore, it is possible that Mac25

domain may also play a role in regulating substrate specificity
[Runyon et al., 2007]. Consequently, it is critical to dissect the
specificities of the individual domains and determine how these
domains function together to contribute to substrate specificity
[Runyon et al., 2007]. Therefore, both Runyon et al. and our studies
contribute to increased understanding of substrate specificity
inherent in HtrA1 protein. In this context, the identification of
promiscuous hydrophobic residues as binding motif of PDZ domain
of HtrA1 by Runyon et al. is quite informative and is consistent with
its putative role in the recognition of unfolded proteins. It is possible
that for denatured substrates, PDZ domain a play a critical role in the
recognition of these unfolded protein with specificity provided by
PDZ domain binding to hydrophobic residues. However, it is
unlikely that the recognition and degradation of unfolded proteins
by HtrA1 through PDZ is the only role for this protease. Evidence
suggests that HtrAl associates with TGF-$ and regulates its
signaling through the protease domain. HtrA1 also binds to IGFBP5
through its Mac25 domain and regulates its degradation. Recently,
several junctional proteins and ion channels have been identified to
bind to PDZ domain of HtrA1 and HtrA3 in very specific manner
[Stiffler et al., 2007]. These results therefore suggest a more complex
role of these proteases, in addition to their role in protein quality
control.

The search of potential substrates using HtrA1 cleavage motifs
also produces various proteins that were previously suggested to be
candidate substrates for HtrA1l. For example, collagens, fibromo-
dulins, fibronectin, aggrecan, decorin were previously identified as
substrates of HtrA1 [Tsuchiya et al., 2005; Grau et al., 2006]. Our
cleavage motif scan also indicates these proteins as potential
substrates of HtrA1 (Table I). Amyloid precursor protein has been
previously shown to be a substrate of HtrA1 [Grau et al., 2005]. Our
analysis also identified APP as a substrate of HtrA1, and therefore is
consistent with previous report [Grau et al., 2005]. In addition, our
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immunofluorescence. B: Exogenous expression of protease mutant HtrA1 (SA) resulted in bundling of microtubules. C: Tubulin immunofluorescence intensity analysis
indicates average intensity of tubulins within transfected cells decreased compared to non-transfected cells when adjusted for surface area of the cell. D: Overall intensity of
tubulins, not adjusted for surface area, decreased markedly in transfected cells compared to non-transfected neighboring cells. E: In SKOV3 cells with endogenous HtrA1, down-
regulation of HtrA1 by siRNA minimally increases endogenous tubulins, and rescue of HtrA1 expression in these cells markedly decreases endogenous tubulins. F: Flow
cytometry analysis of a~tubulin expression in these cells shows a decrease in tubulin immunofluorescence following rescue of HtrA1 expression, whereas an increase in tubulin
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treatment and (N) indicates Nocodazole treatment. Bar graphs represent mean +s.e.m.; “P < 0.05, with Newman-Keuls Multiple Comparison Test; *P < 0.05 with Dunnett's
Multiple Comparison Test.

analysis identified several putative substrates that may play a role in
various disease pathologies, such as age-regulated macular
degeneration, arthritis, and Alzheimer’s disease. However, abundant
caution needs to be applied in selecting these candidate substrates
for further validation since the list was generated with the most

inclusive search criteria involving at least four degenerate amino
acids for each unprimed positions corresponding to P1 to P4. It is
recommended that much more restrictive search criteria involving
just two most selective amino acids for each position should be
applied in selecting candidate substrates for further validation.
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Other potential groups of HtrA1 substrates include inhibitor of
apoptosis proteins (IAPs). In particular, XIAP has been identified as a
potential substrate of HtrA1. It is interesting to note that IAPs have
been identified as substrates of HtrA2, a second member of
mammalian HtrA family. Therefore, it is tempting to speculate that
HtrA serine proteases may share overlapping substrates. It is
important to note that both HtrA1 and HtrA2 are described as pro-
apoptotic proteins. In addition, expression of HtrA1 modulates
better response to chemotherapy in vitro and associates with better
response to chemotherapy in vivo [Chien et al., 2006]. Interestingly,
enhanced expression of HtrA1l resulted in increased activities of
caspase 3/7 [Chien et al., 2006]. Since IAPs regulate caspase
activities, it is conceivable that HtrA1l may regulate caspase
activities by regulating [APs.

Previous studies have shown that enhanced expression of either
HtrA1 or HtrA2 resulted in cells with rounded cell morphology
[Suzuki et al., 2001; Chien et al., 2004]. In light of the current finding
that HtrA1 may target tubulins for degradation, it is tempting to
speculate that HtrAl may disrupt microtubules by targeting
tubulins, resulting in cell rounding and cell death. It will also be
important to investigate whether HtrAl plays any role in
cytoskeletal remodeling during chemotherapy-induced cell death.
Our analysis also identified several cytoskeletal and adhesion
proteins as potential substrate of HtrA1. Therefore, it is likely that
targeted degradation of these potential substrates may play a role in
cytoskeletal remodeling during cell death programs.

Finally, our analysis also points to various transporter proteins as
potential substrates of HtrAl. These candidate substrates include
MDR1, MDR3, and ABCB proteins. Since these proteins contain
multiple transmembrane domains, which are unlikely to be
accessible by the protease, we indicated potential accessible cut
sites (outside of transmembrane domains) as well as all cut sites
identified by primary sequence. These proteins play an important
role in resistance to chemotherapy in vitro. Therefore, it will be of
significant interest to investigate the extent to which expression and
function of these transporter proteins are altered as a result of HtrA1
expression. These studies will undoubtedly provide additional
functional understanding of the role of HitrA1l
pathobiologic processes.
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