
acyl-lysophosphatidic acids) from phospholipids
(16, 17). LPA has been described as an extra-
cellular mediator of many biological functions,
such as proliferation, antiapoptotic activity, and
cytoskeletal organization, and appears to signal
through at least five members of a family of G
protein–coupled receptors (12, 17–22). Lipase H
is highly homologous to lipase I (LIPI) and
phosphatidylserine-specific phospholipase A1
(PS-PLA1). These three proteins also share
common structures of short lid domains and
partially deleted b9 loop domains that probably
determine the specificity of their phospholipase
activity in the production of LPA (14, 23) (figs.
S7 and S9).

To elucidate whether the LIPH gene is
expressed in hair follicle development, we
analyzed mRNA transcripts isolated from human
hair follicles and other tissues. The expression of
LIPH, but not LIPI and PS-PLA1, was prominent
in hair follicles, including the stem cell–rich
bulge region (Fig. 3 and fig. S8). These data
further indicate the importance of LIPH in
normal hair formation and growth.

The physiological function of LIPH has not
yet been elucidated. We speculate that intragenic
deletion of the LIPH (loss-of-function mutation)
abolishes the enzymatic activity of lipase H and
diminishes the production of LPA mediators in
hair follicles. Such lipid mediators may affect the
migration, differentiation, or proliferation of
keratinocytes, culminating in arrest of hair growth

(fig. S9). However, LPA-independent mecha-
nisms and other activities, for example, intra-
cellular functioning of LIPH, cannot be ruled out.
Like age-related hair loss in the general popula-
tion, the hypotrichosis and alopecia described
here are not associated with other pathologies,
and they progress with age. The identification of a
genetic defect in LIPH suggests that this enzyme
regulates hair growth and therefore may be a po-
tential target for the development of a therapeutic
agent for the control of hair loss or growth.
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Microtubule-Severing Activity of
Shigella Is Pivotal for
Intercellular Spreading
Sei Yoshida,1,4 Yutaka Handa,1,4 Toshihiko Suzuki,1,4 Michinaga Ogawa,1,4 Masato Suzuki,1,4
Asuka Tamai,5 Akio Abe,5 Eisaku Katayama,2 Chihiro Sasakawa1,3,4*

Some pathogenic bacteria actually invade the cytoplasm of their target host cells. Invasive bacteria
acquire the propulsive force to move by recruiting actin and inducing its polymerization. Here we
show that Shigella movement within the cytoplasm was severely hindered by microtubules and that
the bacteria destroyed surrounding microtubules by secreting VirA by means of the type III
secretion system. Degradation of microtubules by VirA was dependent on its a-tubulin–specific
cysteine protease–like activity. virA mutants did not move within the host cytoplasm and failed to
move into adjacent cells.

Cytoplasm-invading pathogens, including
Shigella (1–3), Listeria monocytogenes
(4–6), the spotted-fever group Rickettsia

(7–9), Mycobacterium marinum (10), and
Burkholderia pseudomallei (11, 12), induce
local actin polymerization at one pole of the
bacterium, which gives them the propulsive
force to move within the cytoplasm and into
adjacent host cells, an important bacterial ac-
tivity for establishing an infectious foothold and
for renewing replicative niches. Although the
bacterial proteins involved in mediating actin

polymerization differ, they share the ability to
recruit and activate actin-related proteins 2 and
3 in complex (Arp2/3) in the vicinity of the
bacterial surface, which induces local actin
polymerization (13–15). The actin-based motil-
ity of Shigella is mediated by the special in-
terplay between an outer membrane protein,
VirG (IcsA), and the neural Wiskott-Aldrich
syndrome protein (N-WASP) (16, 17). When
VirG and Cdc42 bind to N-WASP, N-WASP
becomes activated and, in turn, recruits the
Arp2/3 complex (17, 18).

The rate of motility and direction of move-
ment of pathogens within the host cytoplasm,
however, is highly variable and depends on the
stage of bacterial multiplication and location in
the host cell (19). The bacterial movement be-
havior of motile Shigella is heterogeneous:
Some bacteria suddenly change direction, spin
around, or stop moving within the cytoplasm,
independent of bacterial division (fig. S1) (20),
whereas bacterial movement at the perinuclear
surface or along the periphery of the cytoplasm
tends to proceed smoothly and rapidly, which
suggests that some intracellular structure, such
as a subcellular organelle or the cytoskeleton,
influences the rate of motility. This notion is
supported by studies on L. monocytogenes,
whose movement in host cells is affected by a
subcellular organelle and the cytoskeleton (21).

VirA is a Shigella effector, secreted bymeans
of the type III secretion system (TTSS), that is
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Fig. 1. VirA activity facilitates bacterial
movement. (A) COS-7 cells were in-
fected with Shigella and stained for DNA
with TOPRO-3 to identify the bacteria
(blue), with rhodamine-phalloidin for
actin (red) and with a VirA-specific anti-
body for VirA (green). Scale bar, 5 mm.
(B) COS-7 cells were infected with the
WT (WT), the virAmutant (virA–), or the
full-length VirA complementation
strain (cvirA-FL), and the movement of
each strain in the cells was observed.
Arrowheads indicate bacteria. Scale
bar, 5 mm. (C) The fraction of motile
bacteria was investigated and its per-
centage was calculated. *P < 0.05.

Fig. 2. Shigella destroys the host MT network
during spreading. (A) COS-7 cells were infected
with the WT and stained with rhodamine-
phalloidin (actin, red), an antibody against S.
flexneri lipopolysaccharide (Shigella, blue), and
an antibody against a-tubulin (MT, green).
Scale bar, 5 mm. (B) COS-7 cells were infected
with WT, and the bacterial movement of each in
the cells was observed. Arrowheads indicate
bacteria. Scale bar, 5 mm. (C) Nocodazole-
treated (Noco) and untreated (NT) cells were
infected. The fraction of motile bacteria under
each condition was investigated and its per-
centage was calculated. *P < 0.05. (D) FFEM
image of the Shigella-induced F-actin network
and destroyed MTs (red arrowheads, green) in
COS-7 cells. Scale bar, 0.2 mm.
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required for entry into epithelial cells and sub-
sequent intra- and intercellular spreading (22).
VirA can interact with the a,b-tubulin hetero-
dimer and can induce microtubule (MT) desta-
bilization in vitro and in vivo (23, 24). VirA
expression by Shigella is highly responsive to
intracellular conditions (22, 25), and virA mu-
tants fail to disseminate into adjacent cells,
which suggests that VirA plays a pivotal role in
promoting the intra- and intercellular spreading
of Shigella (22).

To clarify the role of VirA in the intracel-
lular Shigella motility process, we localized
VirA secreted by intracellular wild-type Shigella
(WT) by immunofluorescence microscopy.
Around 80 min after bacterial invasion of
COS-7 cells, VirA signals were detected on
the motile bacterial surface, which formed a
long actin tail at one pole of the bacterium
(Fig. 1A). We used time-lapse photography to
investigate the intracellular behavior of the
WT, cvirA-FL (the virA gene was replaced
with a cloned full-length virA gene), and the
virA mutant (virA–). Although both the WT
and cvirA-FL moved smoothly, virA– occa-
sionally changed direction but did not move
(Fig. 1B). Around 80 min after invasion, the
virA mutant, like the WT, formed a long actin
tail (fig. S2A), which suggested that the defect
in the motility of virA– was not directly related
to the VirG activity required for formation of
the actin tail. At this stage of infection, about

80% of the WT and cvirA-FL were motile,
whereas only about 30% of the intracellular
virA mutant were motile (Fig. 1, B and C).
Thus, VirA activity is pivotal for promotion of
bacterial motility.

To determine whether cytoplasmic MTstruc-
tures act as a physical barrier to bacterial
movement, COS-7 cells pretreated with the
MT-destabilizing drug nocodazole were infected
with the virA mutant. Although the motile WT
population in COS-7 cells treated with or without
nocodazole was ~60%, the motile virA mutant
population in the cells treated with nocodazole
was as high as ~60%, comparedwith ~20% in the
untreated cells (fig. S2, B and C). The movement
of the WT in the COS-7 cells occasionally
followed a zigzag path. At some point the
bacterial movement would stop, and the
bacteria would change direction (+20 and 30 s)
and continue to move within the cytoplasm
(+40 s) (fig. S1A). The bacterial movement in
cells pretreated with nocodazole, however,
became smooth (fig. S1B). Bacterial movement
in the cytoplasm of COS-7 treated with noco-
dazole tended to proceed smoothly by sliding,
without stopping, in contrast to the movement
in the cells not treated with nocodazole. The
highest speed in the cells not treated with
nocodazole was 0.68 mm/s, and the slowest
speed was 0.08 mm/s (fig. S1C), whereas the
highest speed in the cells treated with nocoda-
zole was 0.48 mm/s, and the lowest speed was

0.13 mm/s (fig. S1D). Clearly, the speed with
which Shigella moved in the cytoplasm ex-
hibited greater variation in cells not treated
with nocodazole. The standard deviation of the
speed of the WT in the untreated cells was sig-
nificantly greater than in the cells treated with
nocodazole (fig. S1E). By contrast, when COS-7
cells were treated with taxol, an agent that
freezes MT instability, the distribution of the
standard deviation of the bacterial speed in
COS-7 cells was not substantially different
(fig. S1F).

To further characterize bacterial movement
within the cytoplasm, we examined COS-7 cells
infected with WT by immunofluorescence con-
focal microscopy, 80 min after invasion. In some
areas of bacterial movement within the cyto-
plasm, MTs were lacking (Fig. 2A). The tunnel-
like area created through the MT networks
behind the bacteria corresponded to the area
where the actin tail of the motile bacterium had
formed (Fig. 2A and fig. S3). A tunnel-like area
created behind motile Shigella was also ob-
served in other cell lines (fig. S3). When we
viewed motile bacteria by time-lapse photogra-
phy, they occasionally followed the same course
as created by the bacterium ahead of them (Fig.
2B). After 80 to 120min after invasion, ~20% of
motile bacteria were followed by another bac-
terium along the same course, whereas only 3%
of motile bacteria in the cells pretreated with
nocodazole were followed by another bacterium
along the same course (Fig. 2C). Thus, the tun-
nel created by the first motile bacterium facili-
tates the movement of the second. We then
performed freeze-fracture electron microscopy
(FFEM) to further characterize the tunnel-like
zone visualized by MT staining (20). Frag-
mented structures (Fig. 2D) were frequently
detected within the actin tail created by motile
Shigella, which resembled the characteristic MT
structure (see also below); this observation
strongly suggested that motile Shigella could
break down surrounding MTs as it moves.
Indeed, when motile Shigella were quadruple
stained for F-actin, bacterium, MTs, and VirA
and examined by confocal immunofluores-
cence microscopy, the VirA signal was de-
tected on the bacterial surface, where the local
MTs surrounding the bacterium had been de-
stroyed (fig. S4).

The VirA-treated MTs underwent severe
segmentation and appeared much rougher than
the MTs incubated with buffer alone (Fig. 3, A
and B). Both the VirA-treated MTs and the
fragmented structures detected in the Shigella
actin tail were composed of six strips, a char-
acteristic of MTs (Fig. 3, B to D), which sug-
gests that the VirA protein secreted by motile
Shigella was involved in breaking down the
surrounding MTs as the bacteria moved.

Because the distinctive two-dimensional
structure resembled that of a group of cysteine
peptidases known as the Clan CA family (Fig.
4A) (26, 27), we investigated whether VirA acts

Fig. 3. VirA secreted from
motile Shigella destroys
surrounding MTs. (A) Elec-
tron microscopic (EM) image
of the MTs in vitro. (B) EM
images of the VirA-treated
MTs in vitro. (C) FFEM
images of the Shigella-
induced F-actin network
and destroyed MTs (red
arrowheads) in COS-7 cells.
(D) Comparison between
the EM image of the VirA-
treated MTs (middle) and
FFEM image of Shigella-
induced MT destruction
(bottom). EM image of MTs
treated with buffer alone
(top) as a control. The
twice-cycled MT proteins
that containedMAPs (micro-
tubule-associated proteins,
known as MT-stabilizing
factors) prepared from bo-
vine brain lysates were used
in (A) and (B). After induc-
ing the polymerization, MTs
were incubated with VirA
proteins, which were puri-
fied from the glutathione
S-transferase fusion protein
GST-VirA, in PIPES-based buf-
fer containing 1.3 M glycerol (23) at 37°C for 30 min, and analyzed by EM (20, 23). Scale bar, 0.1 mm.
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as a cysteine protease. b-Tubulin was repro-
ducibly precipitated by VirA-specific anti-
body, but a-tubulin was not (Fig. 4B) (23).
a-Tubulin was highly degraded, but b-tubulin
was not degraded at all, when tubulin was
incubated with VirA-FL (full-length VirA) in
the protease buffer for 120 min (Fig. 4, C and D).
To confirm the cysteine protease–like activity of
VirA, cysteine 34 was replaced by serine (VirA-

C34S), and VirA-C34S was tested for its abil-
ity to degrade a-tubulin by incubating tubulin
heterodimer under the same conditions. The im-
munoprecipitation assay with VirA-specific
antibody indicated that both a-tubulin and
b-tubulin interacted with VirA-C34S but that
a-tubulin was degraded less efficiently than
VirA-FL (Fig. 4B). Indeed, when tubulin was
incubated with VirA-FL or VirA-C34S in the

protease buffer for 120 min, VirA-FL resulted
in greater degradation of a-tubulin than VirA-
C34S (Fig. 4E). When leupeptin, a serine and
cysteine protease inhibitor, was added to the
assay medium under the same conditions,
VirA-FL activity was completely inhibited (Fig.
4F). Although less effective than leupeptin, another
cysteine protease inhibitor, cystatin C, also in-
hibited the degradation of a-tubulin by VirA

Fig. 4. VirA has cysteine protease–like activity and a critical cysteine residue.
(A) Comparison of the secondary structure profile of VirA and of the CA clan of
cysteine proteases, papain, streptopain, staphopain, and YopT, using the 3D-
PSSM protein folding recognition server (30). The red box represents the a
helix, and the green box represents the b sheet. “34C” indicates Cys34, which
is located at the start of a major a helix. (B) Purified human tubulin (0.5 mM)
(HeLa cells) heterodimer (composed of a- and b-tubulin) was mixed with
purified VirA-FL (1 mM) or VirA-C34S (1 mM) in a protease assay buffer [20 mM
Hepes, pH 7.4, 10 mM DTT, 0.1% CHAPS, 10% sucrose, 1 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF)] on ice. After
incubation at 37°C for 3 hours, the mixture was immunoprecipitated with
VirA-specific antibody at 4°C overnight, and the immunoprecipitates were
subjected to immunoblotting. (C) After mixing 1 mM tubulin and 1 mMVirA-FL,
they were incubated at 37°C for 60 or 120 min, and samples were analyzed by
immunoblotting with an antibody against a-tubulin. (D) Same as in (C),
but an antibody against b-tubulin was used. The numbers below the

images are the result of the NIH image analysis. (E) After mixing 1 mM
tubulin with 1 mM VirA-FL or 1 mM VirA-C34S, the mixture was incubated
at 37°C for 60 or 120 min, and analyzed by immunoblotting with an
antibody against a-tubulin. The blots were quantified by measuring relative
intensity with NIH-image software version 1.63, and the values are indicated
below the images. (F and G) After mixing 1 mM tubulin, 1 mM VirA-FL, and
leupeptin (100 mg/ml) (F) or cystatin C (1 mM) (G) in a plastic well, they were
incubated at 37°C for 60 or 120 min and analyzed by immunoblotting with an
antibody against a-tubulin. The numbers below the images are the results of
NIH image analysis. (H) GFP–VirA-FL or GFP–VirA-C34S was expressed in COS-7
cells. After fixation, the cells were subjected to immunofluorescence staining.
Scale bar, 10 mm. (I) COS-7 cells were infected with cvirA-FL (FL), cvirA-C34S
(C34S), and cvirA-∆TBD (∆TBD); leupeptin-treated COS-7 cells were infected
with cvirA-FL (FL+leu). Movement of each of the bacteria in the cells was
observed. Arrowheads indicate bacteria. Scale bar, 5 mm. (J) The percentage of
the motile bacterial fraction of (I) was calculated. *P < 0.05.
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(Fig. 4G). To confirm the effect of the substitu-
tion of serine for cysteine 34 on VirA activity in
vivo, we investigated the MTstructure of COS-7
cells transfected with green fluorescent protein
pGFP–VirA-FL or pGFP–VirA-C34S (20). The
MT networks were severely disrupted in the
COS-7 cells transiently expressingGFP–VirA-FL,
but not in those expressing GFP–VirA-C34S
(Fig. 4H). Indeed, when cell lysates containing
GFP–VirA-FL or GFP–VirA-C34S were pulled
down by GFP-specific antibody, more a-tubulin
and b-tubulin were precipitated by GFP–VirA-
C34S than by GFP–VirA-FL. Consistent with
these results, time-lapse photography showed
that the motility rate of Shigella expressing
VirA-C34S (cvirA-C34S, the VirA-C34S
complementation strain) in COS-7 cells was
less than that of cvirA-FL (Fig. 4, I and J).
Because the portion of VirA encompassing
residues 224 through 315 [tubulin-binding
domain (TBD)] (Fig. 4A) has been shown to
be involved in interaction with tubulin in vitro
(23), we created a VirA-∆TBD complemen-
tation strain (cvirA-∆TBD) and investigated
intracellular movement. The bacterial motility
rate of cvirA-∆TBD was further decreased
compared with that of cvirA-C34S (Fig. 4, I
and J). It was also decreased when the cells
were treated with leupeptin (Fig. 4, I and J),
which demonstrated that VirA-protease–like
activity was important for promoting intracel-
lular bacterial movement.

To establish the in vivo role of VirA in bac-
terial infection, C57BL/6 mice were intranasally
infected with 5 × 107 CFU of the WT, the virA –,
cvirA, cvirA-C34S, or TTSS-deficient mutant
(20). Each mouse was weighed after bacterial

infection, and the survival rate was calculated
(fig. S5). Although 100% of the mice were killed
by the WT by day 9, none were killed by the
virA– or TTSS-deficient mutant. Although 100%
of the mice were killed by cvirA under the same
conditions, only 60%were killed by cvirA-C34S.
Thus, the VirA activity that degrades MT con-
tributes to Shigella’s pathogenicity and that the
cysteine 34 of VirA is a crucial residue for its
activity.

It is noteworthy that L. monocytogenes can
recruit Op18 (stathmin), an MT-sequestering
host protein (28), in the vicinity of the bacterial
surface in infected host cells (29). Perhaps the
Op18 recruited by intracellular L. monocyto-
genes causes local destruction of MTs sur-
rounding the bacterium, and that facilitates
bacterial movement.

In conclusion, the ability of VirA to degrade
MTs by means of cysteine protease–like activity
is critical to the intra- and intercellular spreading
by intracellular Shigella that leads to bacillary
dysentery, even though host-cell MT structures
obstruct bacterial movement (fig. S6).
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HTRA1 Promoter Polymorphism in Wet
Age-Related Macular Degeneration
Andrew DeWan,1 Mugen Liu,2* Stephen Hartman,3* Samuel Shao-Min Zhang,2* David T. L. Liu,4
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Age-related macular degeneration (AMD), the most common cause of irreversible vision loss in
individuals aged older than 50 years, is classified as either wet (neovascular) or dry (nonneovascular).
Inherited variation in the complement factor H gene is a major risk factor for drusen in dry AMD.
Here we report that a single-nucleotide polymorphism in the promoter region of HTRA1, a serine
protease gene on chromosome 10q26, is a major genetic risk factor for wet AMD. A whole-genome
association mapping strategy was applied to a Chinese population, yielding a P value of <10−11.
Individuals with the risk-associated genotype were estimated to have a likelihood of developing wet
AMD 10 times that of individuals with the wild-type genotype.

Age-related macular degeneration (AMD)
is the leading cause of vision loss and
blindness among older individuals in

the United States and throughout the developed
world. It has a complex etiology involving ge-
netic and environmental factors. AMD is broad-
ly classified as either dry (nonneovascular) or
wet (neovascular). The dry form is more com-

mon and accounts for about 85 to 90% of pa-
tients with AMD; it does not typically result in
blindness. The primary clinical sign of dry AMD
is the presence of soft drusen with indistinct
margins (extracellular protein deposits) between
the retinal pigment epithelium (RPE) and
Bruch’s membrane. The large accumulation of
these drusen is associated with central geograph-

ic atrophy (CGA) and results in blurred central
vision. About 10% of AMD patients have the
wet form, in which new blood vessels form and
break beneath the retina [choroidal neovas-
cularization (CNV)]. This leakage causes per-
manent damage to surrounding retinal tissue,
distorting and destroying central vision. The
factors that underlie why some individuals de-
velop the more aggressive wet form of AMD,
while others have the slowly progressing dry
type, are not yet understood.

Complement factor H (CFH) has been sug-
gested to mediate drusen formation (1). In our
previous whole-genome association study, in
which the presence of large drusen was the
primary phenotype under investigation, the CFH
Y402H variant, in which Tyr402 is replaced by
His, was shown to be a major genetic risk factor
(2). More recently, it has been reported that the
highest odds ratio for CFH Y402H was seen for
cases with AMD grade 4 (i.e., the presence of
CGA) in comparisonwithAMDgrade 1 controls
(3). An association between AMD and CFH
Y402H, as well as other intronic CFH variants,
has been demonstrated for more than ten dif-
ferent Caucasian populations (4–7).
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