USA) was used to determine the amount of cellular PI(4,5)P,
according to the manufacturer’s instructions.

Results

Pi(4,5)P, accumulates at invadopodia formed in invasive
human breast cancer cells. Localization of PI(4,5)P, in invado-
podia was first determined by immunocytochemistry. MDA-
MB-231 is a highly invasive human breast cancer cell line with

a basal-like phenotype, the most aggressive form of breast can-
cers.?” MDA-MB-231 cells were plated onto fluorescence-
labeled gelatin and then stained with an anti—PIS4,5)P2 antibody,
whose specificity was validated previously.?” MDA-MB-231
cells have been shown to form invadopodia, which are observed
as dot-like accumulations of actin filaments (F-actin) associated
with black areas formed by the degradation of fluorescent gela-
tin matrix. The PI(4,5)P, signals were mainly observed at the
plasma membrane (Fig. 1, left). On the ventral surface of the

(b)

Fig. 2.

PI(4,5)P; is necessary for invadopodia formation. (a) MDA-MB
and microinjected with mouse anti-PI(4,5)P, antibody. Cells were furth

-231 cells were plated onto fluorescent gelatin-coated coverslips for 2 h
er cultured for 3 h to allow them to form invadopodia and then stained

with phalloidin and antimouse IgG secondary antibody to detect injected cells. The arrowhead denotes the gelatin degradation sites. (b)
Quantification of invadopodia activity. The degradation area of the gelatin matrix was calculated as described in the Materials and Methods
and shown as a percentage of uninjected cells. Data are mean = SEM (n = 95, 47, and 100 cells for uninjected, control (Ctrl) I1gG, and anti-
PI(4,5)P, antibody injected cells, respectively). *P < 0.04, Student's t-test. (c) MDA-MB-231 cells transfected with GFP or GFP-PLC31-PH constructs
(WT and R40D) were cultured on fluorescent gelatin-coated coverslips. Representative microscopy images of the cells are shown. The arrowhead
denotes the gelatin degradation sites. (d) The degradation area of the gelatin was quantified among cells transfected with the indicated
constructs. Data are mean + SEM (n = 51, 51, and 48 cells for control, WT, and R40D, respectively). **P < 0.02, Student’s t-test.
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cells, the PI(4,5)P, signals were observed as small vesicles and
some of them were localized in close proximity to the degrada-
tion sites of gelatin formed by invadopodia (Fig. 1, right). The
vesicular signals often surrounded the F-actin structures of in-
vadopodia (Fig. 1, right). These observations indicate that
PI(4,5)P, accumulates at-invadopodia and associated gelatin
degradation sites.

PI(4,5)P, is required for invadopodia formation. The role of
PI(4,5)P, in invadopodia formation was then examined. Micro-
injection of an anti-PI(4,5)P, antibody was previously shown
to inhibit the cellular functions of PI(4,5)P,.* MDA-MB-231
cells were plated onto fluorescent gelatin and microinjected
with control IgG or anti-PI(4,5)P, antibody. The cells were
further cultured to allow them to form invadopodia and
degrade the gelatin matrix. Cells injected with anti-PI(4,5)P;
antibody showed a decreased ability to form invadopodia and
degrade the gelatin matrix compared to the uninjected and con-
trol IgG-injected cells (Fig. 2ab). It was also observed that
microinjection of anti-PI(4,5)P, antibody tend to increase corti-
cal F-actin (Fig. 2a). However, some of the cells injected with

anti-PI(4,5)P, antibody showed impaired invadopodia forma-

tion without such changes in the actin cytoskeleton, excluding
the possibility that the loss of invadopodia is secondarily
caused by aberrant accumulation of F-actin. The role of
PI(4,5)P, in invadopodia formation was also determined using
a PLC81-PH domain fused to GFP (GFP-PLC81-PH). GFP-
PLC81-PH specifically binds to PI(4,52>P2 and therefore seques-
ters PI(4,5)P, upon overexpression.”® Compared to control
GFP-transfected cells, invadopodia formation and gelatin deg-
radation were significantly impaired in cells overexpressing
GFP-PLC$1-PH (Fig. 2c,d). This effect was not observed when
cells were transfected with the R40D mutant of GFP-PLCS1-
PH, which possesses a point mutation in an amino acid
essential for PI(4,5)P, binding® (Fig. 2c,d). Although the
GFP-PLC61-PH signals were almost exclusively observed at
the plasma membrane, signals in the R40D mutant were
mainly detected in the cytosol and the nucleus similar to the
control GFP signals (Fig. 2c). These results demonstrate that
PI(4,5)P, function is necessary for invadopodia formation and
ECM degradation. :

(a)

Fig. 3. PIP5Kla is an essential regulator of
invadopodia formation. (a) Expression of PIP5KIs in
MDA-MB-231 cells was analyzed by real-time
quantitative PCR. Relative expression of PIPSKIs
normalized by cyclophilin B expression is shown.

Data are mean £ SEM of three independent
experiments.  (b) MDA-MB-231  cells were
transfected with non-silencing control (Ctrl),

PIPSKIa, or |y siRNA, and subjected to RT-PCR (left)
and immunoblot (right) analyses. Cyclophilin B
(Cycl) and actin were used as controls. (c) Cells
transfected with siRNAs were cultured on
fluorescent gelatin-coated coverslips and stained
with phalloidin to visualize invadopodia. (d) The
degradation area of the gelatin was quantified
among cells transfected with the indicated siRNAs.
Data are meanxSEM of four independent
determinations. In each determination, at least 40
cells were analyzed. *P < 0.02 and ** P < 0.0003,
Student'’s t-test.
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PIPSKlx is an essential regulator of invadopodia
formation. PI(4,5)P, in mammalian cells is mainly produced by
the PIPSKI family, which consists of three isoforms, PIP5KIa,
1B, and Iy. We next determined whether the PIPSKI family is
involved in invadopodia formation. The expression of the
PIP5K1 family in MDA-MB-231 cells was examined by real-
time quantitative PCR analysis. PIPSKIo was abundantly
expressed in these cells, while the expression level of PIP5KIy
was only about 7% of that of o (Fig. 3a). The expression of 1B
was undetectable in this analysis (Fig. 3a), although the primer
set used could efficiently detect I expression when human
¢DNA mixture was used as a template (data not shown). These
data indicated that PIP5Kla is the most abundantly expressed
isoform in MDA-MB-231 cells.

In order to examine the roles of PIPSKIa and Iy in invadopo-
dia formation, cells were transfected with siRNAs targeting
these enzymes, Efficient knockdown of each isoform was con-
firmed by RT-PCR analysis (Fig. 3b, left), and immunoblotting
in the case of PIPSKIa (Fig. 3b, right). Cells with a reduced
level of PIP5KIa showed a marked decrease in invadopodia for-
mation and gelatin degradation activity (Fig. 3c,d). Similar
results were obtained with another siRNA targeting a different
region of the PIP5KIx gane (Fig. 3b,d). In contrast, such effects
were not observed in cells transfected with PIPSKIy siRNA
(Fig. 3c,d), which should target both Iy635 and Iy661. Addition-
ally, PIPSKIP siRNA also had no effect on invadopodia forma-
tion (data not shown). These results indicate that PIP5KIa,
among the PIPSKI family members, is specifically involved in
invadopodia formation.

PIP5Kla knockdown does not affect PI3K signaling. PI3K
activities are necessary for invadopodia formation in human
melanoma cells.®? Because PI(4,5)P, serves as a substrate of
PI3K for generating P1(3,4,5)P3, it is possible that suppression
of invadopodia formation by PIP5KIa knockdown is due to the
inhibition of PI3K signaling. To test this possibility, the effects
of PIP5KIo. knockdown on the activation of PI3K signaling
were examined. EGF stimulation is known to activate PI3K sig-
naling, which results in the phosphorylation and activation of
the downstream target Akt. As expected, EGF stimulation
markedly increased the amount of phospho-Akt in control cells

(b)

Gelatin F-actin
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(Fig. 4a,b). The level of phospho-Akt in PIP5KIa knockdown
cells was comparable to that in control cells (Fig. 4a,b). Total
cellular content of PI(4,5)P, in PIP5KIo knockdown cells was
also examined using an enzyme-linked immunosorbent assay
(ELISA)-based method. This analysis showed that the total
amount of P1(4,5)P, in PIP5KIo. knockdown cells decreased to
61% of that in control cells (Fig. 4c). Because the PI(3,4,5)P;
level is considerably lower than that of P1(4,5)P,,®" the reduc-
tion of PI(4,5)P, by PIPSKIo knockdown may have minimal
effect on PI3K signaling.

PIP5KIz localizes at invadopodia. Localization of endogenous
PIP5KIo at invadopodia was examined by immunocytochemis-
try. MDA-MB-231 cells were cultured on gelatin matrix and
stained with anti-PIPSKIo antibody and phalloidin. PIP5KIa
mainly localized at the plasma membrane (Fig. 5a). At the ven-
tral membrane of the cells, the PIP5KIa signals accumulated at
some invadopodia, but not all (Fig. 5a). To confirm the localiza-
tion of PIP5KIa at invadopodia, cells were transfected with a
GFP-PIP5KIa construct. The signals for GFP-PIPSKIa also
accumulated at the gelatin degradation sites on the ventral cell

(a) A (b)

—— e wes

i S e B

membrane (Fig. 5b). These observations indicate that PIP5KIo.
localizes and functions at invadopodia.

Discussion

Here, we showed that PI(4,5)P, accumulates at invadopodia and
that inhibition of P1(4,5)P, function by antibody microinjection
or overexpression of PLC31-PH, a PI(4,5)P,-binding domain,
blocks invadopodia formation and ECM degradation by human
breast cancer cells. Consistent with these results, a gelsolin
peptide, which binds to and sequesters PI(4,5)P, in a similar
manner to PLC31-PH, introduced into osteoclasts inhibits the
formation of podosomes, structures closely related to invadopo-
dia.®? Moreover, Ziel er al.®® recently reported that anchor
cells form F-actin and PI(4,5)P,-rich invasive protrusions of the
ventral plasma membrane to invade the basement membrane in
C. elegans. Although the functional relationship between these
structures and invadopodia needs further investigation, P1(4,5)P,
may have a conserved function in the formation of invasive
membrane structures in a broad range of cell types.

(c)

Fig. 4. PIPSKIa knockdown does not affect PI3K signaling. (a) MDA-MB-231 cells were transfected with non-silencing control (Ctrl) or PIP5Kla
siRNA, The cells were serum-starved and stimulated with 50 ng/mL of EGF for 10 min. Cell lysates were then prepared and subjected to
immunoblotting with antibodies against total and phospho-Akt. (b) The relative amount of phospho-Akt was calculated from the immunoblots.
Data are mean + SEM of four independent experiments. (c) Relative amount of cellular PI(4,5)P, was determined as described in the Materials
and Methods. Data are mean = SEM of four independent determinations. *P < 0.002, Student’s t-test.
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Fig. 5. PIPSKIa localizes at invadopodia. (a) MDA-
MB-231 cells plated onto gelatin-coated coverslips
were stained with anti-PIPSKla antibody and
phalloidin. Upper and lower images were XY and
XZ sections obtained by confocal microscopy.
Arrowheads denote invadopodia associated with
PIP5Kla signals. (b) Cells transfected with the GFP-
PIP5Kla construct -were cultured on fluorescent
gelatin and observed by confocal microscopy.
Inserts are magnified images of the boxed regions.
Arrowheads denote accumulation of GFP-PIPSKIa
signals at the sites of gelatin degradation.
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The staining of PI(4,5)P, were observed at vesicular struc-
tures surrounding invadopodia. These structures morphologi-
cally resemble the internalized lipid raft membranes that
accumulate and traffic around invadopodia.® As disruption
of lipid rafts inhibits invadopodia formation, these vesicular
structures likely have an important role, such as trafficking of
invadopodia components, in invadopodia biogenesis.” Previous
studies have shown that PI(4,5)P, is enriched in lipid raft
fractions, and promotes recruitment and activation of specific
signaling components.®? Therefore, PI(4,5)P, may regulate
transport and activation of invadopodia components in these
lipid raft-enriched vesicular structures.

PIP5KIs generate P1(4,5)P, and have been implicated in sev-
eral cellular processes that require dynamic actin cytoskeleton,
such as cell migration, endocytosis, phagocytosis, and neurite
remodeling.®> In this study, we found that PIP5KIa is an essen-
tial regulator of invadopodia formation and localizes at invado-
podia; however, it is worth noting that PIP5KIa did not localize
at all invadopodia. This observation suggests that PIP5KIa is
not a structural component of invadopodia but rather has regula-
tory functions in invadopodia formation. It is possible that
PIP5Kla is transiently recruited to invadopodia at specific stages
of invadopodia formation.

Interestingly, PIP5KIa knockdown did not completely deplete
cellular PI(4,5)P, and had little effect on the PI3K signaling
pathway. This suggests that a pool of PI(4,5)P, locally produced
by PIP5KI1a directly regulates invadopodia formation rather than
acting as a precursor for PI(3,4,5)P; formation. Because
PI(4,5)P, directly binds to several components of invadopodia,
such as N-WASP, cofilin, and dynamin-2,%*? it may control
localization and/or activation of these proteins at invadopodia
assembly sites.

Synaptojanin-2, which dephosphorylates PI(4,5)P, at the D-5
position on the inositol ring, localizes at invadopodia.®® Given
that PIP5KIa and synaptojanin-2 both localize and function at
invadopodia, P1(4,5)P, turnover may play an important role in
invadopodia formation. Supporting this idea, overexpression of
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PIP5KIa in MDA-MB-231 cells, which should interfere with
the PI(4,5)P, turnover, inhibited invadopodia formation (data
not shown). In the endocytic process, local P1(4,5)P, turnover
mediated by PIPSKI and synaptojanin is necessary for proper
formation and internalization of clathrin-coated pits.®” There-
fore, it would be important to determine if similar PI(4,5)P,
turnover occurs at invadopodia.

Arf6 is a small GTPase that has been implicated in the regula-
tion of the actin cytoskeleton and membrane trafficking. These
functions of Arf6 are at Jeast partly mediated by the direct acti-
vation of PIP5KIs.*® Recently, Arf6 has been reported to
function in invadopodia-mediated cancer cell invasion,???
Therefore, PIP5SKIo may act as a downstream target of Arf6 for
invadopodia formation. Further studies are needed to elucidate
this possibility. ’

In conclusion, our results provide evidence that PI1(4,5)P, and
PIP5KIa are essential regulators of invadopodia formation.
These findings identify a novel role for P1(4,5)P, in cancer cell
invasion and should provide new insights into the molecular
mechanisms of invadopodia formation. This will contribute to
the development of new therapeutic strategies for cancer inva-
sion and metastasis.
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Abstract

CUB domain-containing protein 1 (CDCP1) is a membrane protein that is highly expressed in several solid
cancers. We reported previously that CDCP1 regulates anoikis resistance as well as cancer cell migration and
invasion, although the underlying mechanisms have not been elucidated. In this study, we found that expres-
sion of CDCP1 in pancreatic cancer tissue was significantly correlated with overall survival and that CDCP1
expression in pancreatic cancer cell lines was relatively high among solid tumor cell lines. Reduction of CDCP1
expression in these cells suppressed extracellular matrix (ECM) degradation by inhibiting matrix metallopro-
teinase-9 secretion. Using the Y734F mutant of CDCP1, which lacks the tyrosine phosphorylation site, we
showed that CDCP1 regulates cell migration, invasion, and ECM degradation in a tyrosine phosphorylation-
dependent manner and that these CDCPl-associated characteristics were inhibited by blocking the
association of CDCP1 and protein kinase C§ (PKC5). CDCP1 modulates the enzymatic activity of PKC6 through
the tyrosine phosphorylation of PKC$ by recruiting PKCS to Src family kinases. Cortactin, which was detected
as a CDCP1-dependent binding partner of PKCS, played a significant role in migration and invasion but not in
ECM degradation of pancreatic cells. These results suggest that CDCP1 expression might play a crucial role in
poor outcome of pancreatic cancer through promotion of invasion and metastasis and that molecules block-
ing the expression, phosphorylation, or the PKCS-binding site of CDCPI are potential therapeutic candidates.
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Introduction

CUB domain-containing protein 1 (CDCP1) is a type I
transmembrane protein with several tyrosine residues that
can be phosphorylated by Src family kinases (SFK; refs. 1-5).
CDCP1 was first identified as the product of a gene preferen-
tially expressed in colon cancer cells compared with normal
tissue (1). We recently reported that tyrosine-phosphorylated
CDCP1 in lung cancer cells plays a novel role in acquiring
resistance to anoikis, a type of cell death caused by detach-
ment from extracellular matrix (ECM). CDCP1 was reported
to directly bind to protein kinase C8 (PKCS) at a unique C2
domain—a novel phosphotyrosine-binding domain—in a
phosphorylation-dependent manner (4). The biological mean-
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ing of interaction with PKCS had not been revealed until we
recently discovered that tyrosine-phosphorylated CDCP1 reg-
ulates the anoikis resistance of lung cancer cells by acting as a
physical link between SFKs and PKCS, which is a putative cell
death-associated molecule (5). Using scirrhous gastric cancer
cells, we further reported that phosphorylation of CDCP1
promotes cell migration and invasion in vitro and peritoneal
dissemination in vivo in mice (6). Recent studies of lung ade-
nocarcinoma and renal cell carcinoma have shown that
CDCP1 expression has important associations with disease
progression (7, 8). Despite accumulating evidence showing
the significant involvement of CDCP1 in tumor progression,
metastasis, and invasion, the role of the CDCP! signaling
pathway during these biological procedures is not yet well
understood.

Pancreatic cancer is one of the most malignant tumors,
with poor prognosis due to its aggressive behavior and high
metastatic potential. Moreover, pancreatic cancer is some-
times accompanied with specific types of invasion, such as
perineural invasion, which can cause severe pain and dis-
comfort. Appropriate treatment that inhibits invasion and
metastasis of pancreatic cancers is urgently required to im-
prove both the survival and quality of life of patients.

In this study, we found that CDCP1 is expressed in primary
pancreatic tumors as well as in sites of invasion and metas-
tasis of pancreatic cancer. We analyzed the expression levels
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of CDCP1 protein in human pancreatic cancer tissues by us-
ing immunohistochemistry and discovered that high CDCP1
expression is correlated with poor prognosis. Tyrosine phos-
phorylation of CDCP1 was also shown to be essential for
ECM degradation in pancreatic cancer through the forma-
tion of the CDCP1-PKCS complex and enzymatic activation
of PKCS in highly invasive pancreatic cancer cell lines. Our
results suggest that CDCP1 is a promising therapeutic target
that modulates metastasis and invasion of several cancer

types.

Materials and Methods

Cell culture and transfection

Pancreatic (Suit4, Capanl, PANC1, BxPC3, and CFPACI)
and gastric (HSC44As3 and HSC59) cancer cell lines were
cultured in RPMI 1640 with 10% fetal bovine serum (FBS)
at 37°C with 5% CO,. The fibrosarcoma cell line HT1080
was cultured in DMEM with 10% FBS. For transfection, cells
were seeded on a plate at 2.0 x 10° per 10-cm dish, and trans-
fection was performed after 24 hours. Expression plasmids
were transfected with Lipofectamine 2000 according to the
manufacturer's instructions (Invitrogen). Transfected cells
were selected in the presence of G418 at the concentration
of 1,200 pg/mL (BxPC3) or 900 pg/mL (Capanl).

Short interfering RNA treatment

Two sets of short interfering RNAs (siRNA) of CDCP1
were synthesized as described elsewhere (5). Two sets of siR-
NAs of PKCS or cortactin were synthesized asfollows: PKCS
siRNA-1, 5'-GGUGCAGAAGAAGCCGACCAUGUAU-3' (sense)
and 5'-AUACAUGGUCGGCUUCUUCUGCACC-3' (antisense);
PKCS siRNA-2, 5'-CCAAGGUGUUGAUGGUCGGUUCAGUA-
3’ (sense) and 5'-UACUGAACCGACCAUCAACACCUUGG-3'
(antisense); cortactin siRNA-1, 5-CCCAGAAAGACUAUGU-
GAAAGGGUU-3' (sense) and 5'-AACCCUUUCACAUAGU-
CUUUCUGGG-3’ (antisense); cortactin siRNA-2, 5-
GGAGAAGCACGAGUCACAGAGAGAU-3’ (sense) and 5'-AU-
CUCUCUGUGACUCGUGCUUCUCC-3’ (antisense). The con-
trol siRNA was Stealth RNAi Negative Control Medium GC
Duplex. All siRNAs were obtained from Invitrogen. siRNAs
(40 pmol) were incorporated into cells using Lipofectamine
2000 according to the manufacturer's instructions. Cells
were used for further experiments at 72 hours after sikNA
treatment.

Plasmids, antibodies, and reagents

Plasmids of human CDCP1 and of CDCP1 Y734F (Tyr™ to
Phe) with FLAG tag have already been described (5). CDCP1
rescue mutant, which introduced silent mutations not to be
suppressed by CDCP1 siRNA, with COOH terminus FLAG tag
was generated by PCR using KOD-Plus-Mutagenesis kit
(Toyobo Co. Ltd.). A cDNA fragment of the C2 domain of hu-
man PKCS with hemagglutinin (HA) tag has already been de-
scribed (5). The antibodies against PKC8 (C-20; 1:2,500), HA
(Y-11; 1:2,500), and actin (I-19; 1:200) were purchased from
Santa Cruz Biotechnology. The phospho-PKCB (Tyr*'%;
1:500) and phospho-PKCS (Thr°®; 1:500) antibodies were

from Cell Signaling. The FLAG M2 (1:5,000) and a-tubulin
(1:10,000) antibodies were from Sigma. Polyclonal antibody
against CDCP1 (1:500) and tyrosine-phosphorylated CDCP1
(Tyr"™*; 1:1,000) was prepared as described previously (5).
The monoclonal antibodies that recognize cortactin (clone
4F11; 1:5,000), matrix metalloproteinase-9 (MMP-9; 1:500),
and phosphotyrosine (4G10; 1:2,500) were purchased from
Millipore.

Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were per-
formed as described previously (5). Protein concentration
was measured by bicinchoninic acid protein assay kit
(Pierce). Supernatant was concentrated by 10% trichloroace-
tic acid precipitation, and then samples were washed twice
with diethyl ether. Polyvinylidene difluoride membrane
(Immobilon-P, Millipore) was used for the transfer mem-
brane, and Blocking One (Nakarai Tesque) was used for
the blocking of the membrane. For immunoprecipitation,
1,000 pg protein was mixed with 2 pg of each antibody,
and then samples were rotated with protein G-Sepharose
beads (GE Healthcare). :

Cell migration and Matrigel invasion assay

Migration and invasion assay were performed using mod-
ified Transwell chambers with a polycarbonate nucleopore
membrane (BD Falcon) as described previously (9). Cells
treated with each siRNA were detached with trypsin-EDTA.
Then, the cells in 100 pL of RPMI 1640 with 10% FBS were
seeded onto the upper part of each chamber. After incuba-
tion for 6 hours for migration, and 18 hours (BxPC3) or
30 hours (Capanl) for invasion, the cells on the membrane
were fixed. The totals of migrated or invaded cells were de-
termined by counting the cells on the lower side of the mem-
branes from two wells (two fields per membrane) at a
magnification of x100, and the extent of migration or inva-
sion was expressed as the average ratio (number of cells
transfected with siRNA per field/average number of cells
transfected with control siRNA per field). The results were
from three independent experiments. '

ECM degradation assays

The 12-mm-round cover glasses were coated with fluores-
cein-conjugated type I collagen from bovine skin (Invitrogen)
diluted at 1 pg/pL in PBS for 5 minutes at room temperature,
and the cover glasses were dried out for 10 minutes at room
temperature. The collagen-coated glasses were then fixed
with 0.5% glutaraldehyde solution on ice for 10 minutes
and at room temperature for 30 minutes. After washing six
times with PBS, the glasses facing upward were transferred
to each well of a 24-well plate containing 70% ethanol and
incubated for 15 minutes. After two washes with PBS, 2 x 10¢
cells were plated onto the coated glass in RPMI 1640 con-
taining 10% FBS. After 18 hours (BxPC3) or 30 hours
(Capanl) of culture, cells were fixed and stained with Alexa
phalloidin (1:100; Invitrogen) in PBS. The staining was visu-
alized using a Radiance 2100 confocal microscopic system
(Bio-Rad). The cells degrading collagen were determined to
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overlap the degradation area. Data in 20 fields at a magnifi-
cation of x800 were used to calculate the cells degrading
collagen per total cells. The results were from three indepen-
dent experiments.

Gelatin zymography

Gelatin zymography was conducted with a polyacrylamide
gel containing gelatin (0.8 mg/mL) as described previously
(10). The SDS-polyacrylamide gel was incubated for 24 hours
in the incubation buffer with or without 2.7 nmol/L MMP
inhibitor II (MMP-1, MMP-3, MMP-7, and MMP-9 inhibitor;
Calbiochem) or DMSO at 37°C. Enzyme activity was visual-
ized as negative staining with Coomassie brilliant blue.

Immunocytochemical staining

Immunocytochemical staining was performed as previously
described (11). The cover glasses were coated by FBS for 1 hour
before seeding the cells. For transfection, 5.0 x 10 cells were
seeded on a glass and then fixed and stained. The staining was
visualized using a confocal microscopic system (Bio-Rad).
Patients and tissue samples

Pancreatic tumor specimens were obtained from 158 pa-
tients who underwent surgery at the National Cancer Center
Hospital (1990-2005; clinicopathologic findings from these
158 patients are summarized in Supplementary Table S1).
The follow-up period for survivors ranged from 0.067 to
172.833 months (median, 14.433 mo). Tumors were classified
according to the International Union Against Cancer tumor-
node-metastasis classification (12), the classification of pan-
creatic carcinoma of the Japan Pancreas Society (13), and the
WHO classification (14). The study was approved by the eth-

ical review board of the National Cancer Center. Informed

consent was obtained from each patient.

Immunohistochemistry

Immunohistochemical staining was performed on the
formalin-fixed, paraffin-embedded slides using the avidin-
biotin complex method, as described previously (15), A spe-
cific antibody against CDCP1 (rabbit polyclonal antibody,
1:500) was used as the primary antibody. Staining in the ab-
sence of the primary antibody provided the negative control.
The staining on each slide was evaluated by one researcher
with two independent observations. Samples were blinded to
clinicopathologic data and patient outcomes during observa-
tion. Immunoreactivity was scored semiquantitatively ac-
cording to the estimated percentage of positive tumor cells
(1, <50% reacting cells; 2, 50-80% reacting cells; 3, >80%)
and intensity (1, weaker than the intensity of surface staining
in the islet of Langerhans; 2, equal to the intensity of the islet
of Langerhans; 3, stronger than the intensity of the islet of
Langerhans). The slides, whose islet of Langerhans was not
significantly stained, were considered to be in bad condition
and were not evaluated. A total immunohistochemical score
was calculated by summing the percentage score and the in-
tensity score. The quantity of CDCP1 expression was classi-
fied into two groups by the total score (low group, 2-4; high
group, 5 and 6).

Statistical analysis

We used the StatView software and SAS version 9.1.3 (SAS
Institute, Inc.) for statistical analyses. Cochran-Armitage
trend test and % test were used to assess the association
between CDCP1 expression levels and clinicopathologic
parameters (Supplementary Table S2). Kaplan-Meier meth-
ods were used to calculate overall survival, and differences
in survival curves were evaluated with the log-rank test.
The hazard ratios (HR) with 95% confidence intervals (cn
of the CDCP1 high-expression effect were estimated using
univariate and multivariate Cox's proportional hazards
model (Table 1). P values of <0.05 were considered to be sta-
tistically significant.

Results

CDCP1 expression is correlated with prognosis of
patients with pancreatic cancer

During the screening for the protein expression of CDCP1
in various cancer cell lines, we noticed that CDCP1 is highly
expressed and phosphorylated at tyrosines in most pan-
creatic cell lines (Fig. 1A). CDCP1 is also expressed in other
cancer cells such as lung cancers and gastric cancers as we
previously reported, whereas it is not expressed in some can-
cers such as neuroblastomas (data not shown). We further
examined CDCP1 expression in human pancreatic cancer tis-
sues by immunohistochemical analysis. Both well-differentiated
and poorly differentiated types of pancreatic cancers were sig-
nificantly stained with the CDCP1 antibody whereas normal
pancreatic ducts were not obviously stained (Fig, 1B, a and b).
CDCP1 staining was also detected in the perineural inva-
sion site and at sites of lymph node metastasis (Fig. 1B,
c-e). Expression levels of CDCP1 in poorly differentiated
cancers are generally higher than in well-differentiated
types, especially at invasion sites and metastatic loci.
CDCP1 protein expression was examined in surgical speci-
mens from 158 patients with pancreatic cancer. Expression
levels of CDCP1 were evaluable in 145 cases, and they were
classified into the low-expressing (63.4%, n = 92) and high-
expressing (36.6%, n = 53) groups, as described in Materials
and Methods. There were no significant associations in the
clinicopathologic parameters between CDCP1 expression

. groups (Supplementary Table S2). The Kaplan-Meier plots

also showed that there was a significant difference in over-
all survival rates (P = 0.0391) between groups with high and
low CDCP1 expression (Fig. 1C). The effect of CDCP1 ex-
pression on overall survival is similar between univariate
and multivariate analyses (Table 1).

Tyrosine-phosphorylated CDCP]1 regulates cell
migration and invasion

As pancreatic cancer cells with high metastatic potential,
such as BxPC3 and CFPAC]I, seemed to show relatively high
phosphorylation levels of CDCP1 at tyrosines (Fig. 1A), we
analyzed the role of phosphorylated CDCP1 in the invasion
and metastasis of pancreatic cancers. Localization of CDCP1
was mainly detected at cell-cell contact in human tissue sam-
ples (Fig. 1B). CDCP1 was also expressed at cell-cell contact
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Table 1. Univariate and multivariate analyses of prognostic factors for overall survival
Overall survival
Univariate Multivariate

HR (95% CI) P HR (95% Cl) P
Stage* 1.549 (1.275-1.883) <0.0001 1.458 (1.185-1.795) 0.0004
Primary tumor* 2.833 (1.403-5.718) 0.0037 — -
Regional lymph nodes* 2.963 (1.5692-5.515) 0.0006 — —
Distant metastasis* 1.994 (1.166-3.408) 0.0117 — —
Histology™ 1.340 (0.997-1.801) 0.0525
Lymphatic invasion (ly0 + ly1 or ly2 + ly3)t 1.954 (1.381-2.765) 0.0002 1.507 (0.977-2.325) 0.0639
Venous invasion (vO + v1 or v2 + va)t 1.536 (1.093-2.160) 0.0136 1.308 (0.861-1.987) 0.2084
Intrapancreatic nerve invasion (n0 + n1 or n2 + n3)t 1.340 (0.953-1.884) 0.0923
Spread within the main pancreatic duct [mpd (-) 1.065 (0.679-1.668) 0.7848

or mpd (b) + (+)]'

CDCP1 1.470 (1.017-2.125) 0.0404 1.482 (1.022-2.150) 0.0381
Abbreviations; mpd, main pancreatic duct; b, borderline.
*Classified according to the classification of international Union Against Cancer.
tClassified according to the classification of pancreatic carcinoma of Japan Pancreas Society.
*Classified according to the classification of WHO.

in pancreatic cancer cell lines, whereas much lower expression
was detected at the free edges of cells (Supplementary Fig. S1).

Suppression of CDCP1 expression by siRNA strongly inhib-
ited cell migration and invasion of pancreatic cancer cells

(Fig. 2A; Supplementary Fig S2). Similar to the previous re- .

port in lung cancer cells (5), downregulation of CDCP1 in
pancreatic cancer cells had no significant effect on the phos-
phorylation of AKT and extracellular signal-regulated kinase
1/2, which are essential components of the growth factor
signaling pathway mediating cell survival, proliferation, and
motility (data not shown). For rescue experiments, vectors
expressing wild-type CDCP1 and Y734F mutant CDCP1,
which lacks the SFKs-binding site, were designed to contain
silent mutations to be resistant to siRNA for CDCP1 as
shown in Fig. 2B (CDCP1 res-F and Y734F res-F, respectively).

Tyrosine phosphorylation of CDCP1 is shown to be attenua--

ted in Y734F mutant through dissociation from SFKs
(Supplementary Fig. $3). After suppression by CDCP1 siRNA,
CDCP1 expression was restored by transfection of either
CDCP1 res-F or Y734F res-F constructs in BxPC3 as expected
(Fig. 2C). Both migration and invasion were recovered by
the CDCP1 res-F construct to the level of original BxPC3
cells, but not by the Y734F res-F mutant (Fig. 2D), suggesting
that CDCP1 regulates migration and invasion in a tyrosine
phosphorylation-dependent manner.

Tyrosine-phosphorylated CDCP1 promotes ECM
degradation :

Because the biological role of CDCP1 in invasion is totally
unknown, we first examined whether CDCP1 influences ECM
degradation of cancer cells. Loss of CDCP1 decreased the
ability to degrade fluorescence-conjugated collagen on cover
glasses (Fig. 3A), whereas it caused no significant effect on

the degree of cell-ECM attachment (data not shown). To
quantify the ability of ECM degradation, cells-that are >50%
covered by dark area with degraded collagen were counted,
and the ratio to the total number of cells was calculated. This
ratio of degradation showed 40% to 90% decrease in BxPC3
and Capanl by suppression of CDCP1 (Fig. 3B). Protease se-
cretion was then analyzed by zymography to identify factor
(s) that regulates ECM degradation. Suppression of CDCP1
attenuated gelatin degradation bands at ~90 kDa detected
in culture medium of BxPC3 and CFPACI (Fig. 3C, top; Sup-
plementary Fig. $4). The bands at ~90 kDa in the zymogram
correspond to the molecular size of MMP-9, a major MMP
expressed in invasive cancer, and were actually detected by
Western blotting using the anti-MMP-9 antibody (Fig. 3C,
bottom left). Treatment of MMP inhibitor I, which inhibits
a series of MMPs including MMP-9, suppressed the bands at
~90 kDa in both BXPC3 and HT1080, which is already known
to secrete MMP-9 (Fig. 3C, bottom right), whereas the bands
at ~60 kDa, presumably MMP-2, were not inhibited in
HT1080 cells. The quantity of MMP-9 mRNA was not affected
by CDCP1 siRNA (data not shown). These results indicate
that CDCP1 controls ECM degradation through secretion of

_ proteases, including MMP-9, in pancreatic cancer cells.

CDCP1 induces activation of PKC3 through tyrosine
phosphorylation of PKC3
It was shown in pancreatic cancer cell lines that tyrosine

phosphorylation of CDCP1 at Tyr™* triggers its association

with a downstream target PKC8, recruitment of PKCS to

the CDCP1-SFKs complex, and tyrosine phosphorylation of .

PKCS (Fig. 2C; Supplementary Fig. S3), which is required
for anoikis resistance of cancer cells (5). Suppression of PKCS
inhibited cell migration and invasion (Supplementary Fig. S5)
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and also blocked ECM degradation and protease secretion in
BxPC3 and CFPACI (Fig. 4A; data not shown). The overex-
pression of the HA-tagged C2 domain of PKCS, which was
designed to block the CDCP1-PKCS interaction (4, 5), re-
sulted in decrease of migration and invasion of Capan] cells
(Fig. 4B), suggesting the CDCP1-PKCS association is essential
for these characteristics. Moreover, the overexpression of
Y734F-F mutant in BxPC3 decreased ECM degradation and
the secretion of proteases, including MMP-9 (Fig. 4C). This
Y734F-F mutant suppressed tyrosine phosphorylation of
PKC6 without significantly affecting the phosphorylation
states of wild-type CDCP1 (Fig. 4C), possibly by interfering
the extracellular signal, which might also modulate CDCP1-
PKCGS signal in a dominant-negative manner. Phosphoryla-
tion of PKC8 at Thr™®, which was reported to indicate kinase
activity of PKCS (16), was examined by using a phosphospe-

cific antibody. Phosphorylation of PKC§ at Thr®® was actu-
ally induced by treatment of phorbol 12-myristate 13-acetate
(PMA), an activator of PKCs, whereas it was reduced by sup-
pression of CDCP1 expression (Fig. 4D). It was indicated that
tyrosine phosphorylation of PKC8 by CDCP1 affects the ki-
nase activity of PKCS.

Cortactin is a candidate protein downstream of the
CDCP1-PKCd pathway in cell migration and invasion
Treatment of CDCP1 siRNA did not cause significant ef-
fects on the phosphorylation status of several signaling pro-
teins such as paxillin, focal adhesion kinase, and adducin,
which were reported as downstream molecules of PKC§
(data not 'shown). On the other hand, we discovered that cor-
tactin, which has been detected as one of the major sub-
strates for SFKs and has been reported to play an essential
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Figure 1. CDCP1 expression is correlated with prognosis of patients with pancreatic cancer. A, expression and tyrosine phosphorylation of CDCP1 in
pancreatic cancer and noninvasive (HSC59) or invasive (HSC44As3) gastric cancer cell lines. Black arrowheads, CDCP1; white arowheads, cross-reactive
bands. B, CDCP1 expression in human pancreatic cancer tissues. Left, H&E staining; right, immunohistochemistry with anti-CDCP1 antibody. a, black
arrowhead, normal pancreatic cells; black arrow, well-differentiated types of pancreatic cancers. b, poorly differentiated types of pancreatic cancers;

¢, perineural invasion (dotted line, epineurium; *, nerve); d and e, lymph node metastasis. e, enlargements of yellow squares in d. Magnifications, x20 (d),
%100 (a and b), and x200 (c and €). C, black arrowheads, pancreatic cancer: black arrows, islet of Langerhans for control staining. Kaplan-Meier plots of
overall survival of patients with pancreatic cancer. High, CDCP1 high-expression group; Low, CDCP1 low-expression group.
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role in cell migration and invasion (17-19), was localized
with CDCP1 and PKC$ at cell-cell contact in BXPC3 (Fig. 5A),
and showed physical association with PKCH through immuno-
precipitation (Fig. 5B). Interestingly, suppression of CDCP1
disrupted the physical association between PKC8 and cortac-
tin. On the other hand, tyrosine phosphorylation of cortactin
was not affected by suppression of CDCP1 (Supplementary
Fig. S6). Suppression of cortactin decreased migration and
invasion in BxPC3 (Fig. 5C), as also reported in other cell
types (20, 21), whereas it did not suppress ECM degradation
(Fig. 5D) and gelatin degradation by proteases in the zymo-

. gram (data not shown) in BxPC3 and CFPACI cells. These

results suggest that cortactin might be one of the mediators
of the CDCP1-PKCS signaling complex in cancer cell migra-
tion but not in the ECM degradation.

Discussion

CDCP1 was originally identified as a membrane protein se-
lectively expressed in the surface of metastatic cancers such
as colon and lung cancers. It was later shown that CDCP1 is a
potent substrate of SFKs in vitro, and our previous analysis
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revealed that phosphorylation of CDCP1 by SFKs is essential
for the anoikis resistance, which supports distant metastasis
of solid cancers. In this study, we showed that CDCP1 is a sig-
nificant prognostic factor that predicts the overall survival of
patients with pancreatic cancer. We further showed for the
first time that CDCP1-PKCS signaling plays a crucial role in
cell migration and ECM degradation in pancreatic cancer cells.

CDCP1 mRNA and protein expressions were found in var-
ious human solid cancers, including colon, lung, and breast
cancers (1, 7, 22). CDCP1 was recently shown to be a prog-
nostic factor of lung adenocarcinoma and renal cell carcino-
ma by using a large-scale analysis of CDCP1 expression in
tumor samples (7, 8). By histologic analysis using human
pancreatic cancer tissues, CDCP1 expression was detected
not only in the original lesion but also in lymph node metas-
tasis and perineural invasion (Fig. 1B). Pancreatic cancer is

one of the most frequent causes of cancer-related deaths
worldwide. The poor prognosis is attributed to the high inci-
dence of distant metastasis at the point of diagnosis and the
highly invasive nature of this cancer. In that sense, it is
important that the patients with high CDCP1 expression
showed significantly worse overall survival on both univari-
ate and multivariate analyses, suggesting that it might be a
novel and independent prognostic factor of pancreatic can-
cer (Table 1). The individual clinicopathologic factors were
not statistically significantly correlated with CDCP1 expres-
sion, which may be due to remarkably short overall survival
in patients with pancreatic cancers compared with those
with renal cell carcinomas or lung cancers. Although general
prognostic markers such as p16, MMP-7, and vascular endo-
thelial growth factor are also applicable to patients with pan-
creatic cancer (23), CDCP1 is an essential marker of poor
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Figure 4. CDGP1 regulates migration and invasion via the PKCB kinase activity. A, quantification of ECM degradation assay and zymogram of BxPC3 cells

transfected with PKCB siRNAs. Black arrows, MMP-9. B, left, Capan1 cells transfected with the C2 domain of PKC5 tagged with HA (PKC5 C2-HA) or

pcDNA3.1 (Mock) were selected by G418. The lysate immunoprecipitated (IP) with anti-CDCP1 or anti-HA antibodies was used for immunoblotting

with the indicated antibodies. Right, migration and invasion assay using Capan1 (4.0 x 10* cells) transfected with the indicated plasmids. C, left, top, BxPC3
cells transfected with the CDCP1 mutant (Y734F res-F) or pcDNA3.1 (Mock) were selected by (G418 and used for immunoblotting with the indicated
antibodies; bottom, culture medium of the BXPC3 was analyzed by gelatin zymography and Western blotting with anti-MMP-9 antibody. Ratio, total MMP-9
of mock or Y734F/total MMP-9 of mock in Westem blotting. Right, quantification of ECM degradation of BxPC3. Columns, mean; bars, SD. The asterisks
indicate statistically significant differences from the cells transfected with control siRNA or mock. Black arrowheads, CDCP1; white arrowheads,
cross-reactive bands; black arows, MMP-9. *, P < 0.05; ™, P < 0.005. D, BxPC3 cells transfected with CDCP1 siRNAs are cultured in 0.5% FBS for 24 h and
treated with 100 nmol/L PMA or DMEM for 20 min at 37°C. The cells were used for immunoblotting with the indicated antibodies. Ratio,
[phospho-PKCB8 Thr®/PKC5 (each siRNA)/[phspho-PKCE Thr*®/PKC3 (control siRNA)].

prognosis that is functionally related to particular malignant breast, and lung, but not in the pancreatic duct (Fig. 1B),
characteristics such as migration, ECM degradation, and an- whereas the levels of CDCP1 phosphorylation in these nor-
oikis resistance of cancer cells. This study also indicates that mal tissues were much lower than those in cancer cells
CDCP1 induces ECM degradation through secretion of pro- (27). We previously reported that phosphorylation of CDCP1
teases including MMP-9 (Figs. 3C and 4C). MMP-9 secretion ~ at Tyr'>" is increased during peritoneal dissemination of gas-
has also been reported in human pancreatic tissue (24, 25) tric cancer in vivo and that it could promote migration of
and was also considered to be a potential prognostic factor gastric cancer cells in vitro (6). In this study, we showed that
in pancreatic cancer (26). phosphorylation of CDCP1 at Tyr’* plays a significant role

A recent observation indicates that CDCP1 protein is ex- in promotion of cell migration and ECM degradation, in ad-
pressed in some normal human tissues, such as the colon, dition to anoikis resistance of cancer cells. Therefore, it is
www.aacrjournals.org Cancer Res; 70(12) June 15, 2010
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reasonable that not only the expression but also the tyrosine
phosphorylation of CDCP1 is required for these characteris-
tics of cancer cells associated with invasion and metastasis.

The complex formation between tyrosine-phosphorylated
CDCP1 and PKC? is required for the promotion of migration
and ECM degradation. Our results also suggest that tyrosine
phosphorylation of PKC8, which was triggered by the as-
sociation with phosphorylated CDCP1 coupled with SFKs,
is essential for CDCP1-induced cell migration and ECM
degradation. Judging from the levels of phosphorylation at
Thr®® of PKCS (Fig. 4D), a putative autophosphorylation site
in an activation loop (16), tyrosine phosphorylation of PKC§
by the SFKs-CDCP1 pathway might activate PKCS. Previous
studies on PKC8 have shown that phosphorylation of PKCS
at Tyr®! results in enhanced phosphorylation at Thr**® (28)
and that activation of PKCS enhances the MMP-9 activity

(29). These findings suggest that the formation of the
SFKs-CDCP1-PKC8 complex triggered by tyrosine phosphor-
ylation of CDCP1 causes tyrosine phosphorylation of PKCS
and activation of kinase activity of PKC8, which promotes
cell migration and ECM degradation.

We identified cortactin as a binding partner of PKCS§. Cor-
tactin is one of the key molecules that control cell migration
and invasion. Some studies have reported that serine phos-
phorylation, but not tyrosine phosphorylation, of cortactin in-
creases N-WASP binding and facilitates N-WASP-dependent
actin polymerization (30, 31). Because the kinase activity of
PKCb (Fig. 4D) and the association of PKC§ and cortactin
(Fig. 5B) can be affected by CDCP1, CDCP1 possibly regu-
lates cell migration by altering serine/threonine phospho-
rylation of cortactin through PKCS. Unfortunately, this
could not be confirmed due to the lack of a good specific
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Figure 5. Cortactin, a PKC3-associated protein, regulates cell migration and invasion. A, top, BxPC3 stained with anti-HA antibody (PKC8-HA; red) and
anti-CDCP1 antibody (green). The nucleus was stained with TOTO3. Middle, BXPC3 stained with anti-CDCP1 antibody (green) and anti-cortactin
antibody (red). Bottom, BxPC3 stained with anti-HA antibody (PKC&-HA; green) and anti-cortactin antibody (red). B, immunoprecipitation with anti-cortactin
or anti-PKCd antibodies in BxPC3 transfected with each siRNA. Samples were immunoblotted with the indicated antibodies. C, migration and invasion
assay of BxPC3 (1.0 x 10* cells) transfected with cortactin siRNAs. Columns, mean; bars, SD. The asterisks indicate differences from cells treated

with control siRNA. *, P < 0.05; **, P < 0.005. D, quantification of ECM degradation of protease in BxPC3.
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antibody against serine/threonine-phosphorylated cortactin.
Cortactin has also been reported to play a role in the func-
tion of invadopodia in several cancers (32, 33), although a
structure similar to invadopodia was not found in the pan-
creatic cancer cells used in this study. Loss of cortactin did
not suppress ECM degradation and protease secretion in
pancreatic cancer cells, suggesting that some molecules
other than cortactin might be regulating ECM degradation
under the control of CDCP1, whereas cortactin is involved
in CDCP1-induced migration of cells possibly through regu-
" lation of actin dynamics.

As CDCP1 binds the regulatory domain of SFKs (5), there
is a possibility that CDCP1 controls the activity of SFKs by
unfolding these proteins. Positive correlation between
CDCP1 expression and Tyr*'® phosphorylation, which indi-

cates autophosphorylation activity of SFKs, was obtained in
BxPC3 cells (data not shown), whereas no clear correlation
was obtained in other pancreatic cell lines. Further study will
be required to understand the functional association be-
tween SFKs and CDCP1, including identification of other
modulators of association.

Collectively, CDCP1 is a novel prognostic factor of pancre-
atic cancer, and inhibition of a specific cellular signal origi-
nating from the expression of phosphorylated CDCP1 has
been shown to regulate cell migration, invasion, and ECM
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p130Cas, Crk-Associated Substrate Plays Essential
Roles in Liver Development by Regulating Sinusoidal
Endothelial Cell Fenestration

Tatsuya Tazaki,"* Takaaki Sasaki,”* Kenta Uto,> Norimasa Yamasaki," Satoshi Tashiro,? Ryuichi Sakai,*
Minoru Tanaka,® Hideaki Oda,® Zen-Ichiro Honda,%’ and Hiroaki Honda'

p130Cas, Crk-associated substrate (Cas), is an adaptor/scaffold protein that plays a central
role in actin cytoskeletal reorganization. We previously showed that mice in which Cas
was deleted (Cas™'”) died #n utero because of early cardiovascular maldevelopment. To
further investigate the #n vivo roles of Cas, we generated mice with a hypomorphic Cas al-
lele lacking the exon 2—derived region (Cas®*#2¢2) | which encodes Src homology domain
3 (SH3) of Cas. Cas**?'**Z mice again died as embryos, but they particularly showed pro-
gressive liver degeneration with hepatocyte apoptosis. Because Cas expression in the liver
is preferentially detected in sinusoidal endothelial cells (SECs), the observed hepatocyte
apoptosis was most likely ascribable to impaired function of SECs. To address this possi-
bility, we stably introduced a Cas mutant lacking the SH3 domain (Cas ASH3) into an
SEC line (NP31). Intriguingly, the introduction of Cas ASH3 induced a loss of fenestrae,
the characteristic cell-penetrating pores in SECs that serve as a critical route for supplying
oxygen and nutrients to hepatocytes. The disappearance of fenestrae in Cas ASH3—express-
ing cells was associated with an attenuation of actin stress fiber formation, a marked reduc-
tion in tyrosine phosphorylation of Cas, and defective binding of Cas to CrklIl.
Conclusion: Cas plays pivotal roles in liver development through the reorganization of the
actin cytoskeleton and formation of fenestrae in SECs. (HerstoLOGY 2010;52:1089-1099)

Abbreviations:: Cas, p130 Crk-nssociated substrate; Cas DAex2, exon 2—deleted p130 Crh-nssociated substrate; Cas ASH3, p130 Crk-associated substrate mutant
lacking Src homology domain 3; Cas FL, full-length p130 Crk-associated substrate; cDNA, complementary DNA; Cre, cyclization recombination; dpe, days post
coitum; FN, fibronecting HA, hemagglutinin; HE, hematoxylin and eosin; loxP locus of X-over P1; MEF, mouse embryonic fibroblast: Neo, neomycin resistance;
NS, nor significant; PCR, polymerase chain reaction; SBD, Src-binding domain; SD, substrate domain; SEC, sinusoidal endothelial cell; SH2, Src homology
domain 2; SH3, Src homology domain 3; Stab2, stabilin 2; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine rriphosphate nick-end labeling:
WT, wild-type; YsxI} Tyr-x-x-Pro.
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he liver sinusoids are a unique multicellular

system consisting of various cell types such as

Kupffer cells, stellate cells, and sinusoidal en-
dothelial cells (SECs).'"® These cells coordinately sup-
port and maintain hepatocyte survival, and their dys-
function results in hepatocyte apoptosis, which
ultimarely leads to liver failure.** SECs are not associ-
ated with basal laminas and possess characteristic cell-
penetrating pores known as fenestrae.””> Fenestrae pro-
vide a critical route for supplying oxygen and nutrients

to hepatocytes and support the immunological contact

of T cells with hepatocytes.>*® They are extremely sen-

sitive to environmental conditions and change in num-
ber and diameter in response to external stimuli such
as hormones, drugs, and toxins.'? The molccular
mechanisms regulating their structure are not fully
understood, but previous studies have shown that the
actin cytoskeleton is deeply involved.'”

p130Cas, Crk-associated substrate (Cas), the gene
product of breast cancer anti-estrogen resistance 1, was
initially identified as an approximately 130-kDa, highly
tyrosine-phosphorylated protein in cells transformed by »-
sre and v-crk oncoproteins.® It later became recognized as
a central adaptor for actin cytoskeletal reorganization.”’®
Under physiological conditions, Cas is phosphorylated on
its tyrosines by stimuli that include integrin engagement,
growth factor activation, mechanical stretching, and bac-
terial infection.”'® Cas is composed of several different
protein-protein  interaction domains: N-terminal Src
homology domain 3 (SH3), a substrate domain (SD)
containing multiple Tyr-x-x-Pro (YxxP) motifs, and a C-
terminal Src-binding domain (SBD).2'® The SH3 do-
main binds to signaling molecules via their proline-rich
domains, which include focal adhesion kinase,'' focal ad-
hesion kinase—related nonkinase,'? proline-rich tyrosine
kinase 2,'® protein tyrosine phosphatase 1B,' protein
tyrosine phosphatase-PEST (proline, glutamate, serine,
and threonine),’” guanine nudleotide exchange factor
C3G,'® and zinc finger protein CIZ (Cas-interacting zinc
finger protein).'” The multiple YxxP motfs in the SD
serve as docking sites for the Src homology domain 2
(SH2) domains of the adaptor proteins CrkII'® and non
caralytic region of tyrosine kinase adaptor protein (Nck)'®
and for the SH2 domain containing inositol 5-phospha-
tase 2.2° The SB domain contains a proline-rich motif
and a YxxP mouf, which bind to the SH3 and SH2
regions of Src, respectively.?’ Thus, Cas has a modular
structure, and the individual module transmits signals by
interacting with selected intracellular molecules.

We previously reported that Cas-deficient (Cas™)
mice died 77 urero at 12.5 days post coitum (dpc) and
showed retarded cardiac development with disorgan-

HEPATOLOGY, Seprember 2010

ized myofibrils and disrupted Z-disks? We also
observed that Cas™" fbroblasts had impaired actin stress
fiber formation and profound defects in cell motility,
migration, and spreading.”>** These results demonstrated
that Cas functions as an actin-assembling molecule and
plays vital roles in cell dynamics and organ development.
To further understand the roles of Cas in organogenesis,
we generated mice with a hypomorphic Cas allele devoid
of the exon 2-derived region (CasA“z/A':“z) encoding the
entire SH3 domain. Interestingly, although Cas®®#42
mice also died as embryos, they had no cardiovascular
system defects but instead showed progressive liver degen-
eration with hepatocyte apoptosis. Because Cas expression
in the liver was not found in hepatocytes but was
detected in SEGs, it is likely that exon 2-deleted Cas
(Cas Aex2) indirectly affects hepatocyte survival by alter-
ing SEC function. By employing an SEC line as an in
vitro model system, we demonstrated that Cas lacking
SH3, which possesses biochemical properties similar to
those of Cas Aex2, resulted in impaired actin stress fiber
formation and loss of fenestrac in SECs. These results
indicated that Cas plays pivotal roles in liver develop-
ment through the regulation of SEC fenestration.

Materials and Methods

Construction of the Targeting Vector and Genera-
tion of Cas*****? Mice. The construction of the
targeting vector and the generation of Cas®*#A%?
mice are described in derail in the supporting
information.

Western Blotting and Inmunoprecipitation. Wes-
tern blotting and immunoprecipitation were performed
as described.”” The procedure and antibodies used for
the experiments are described in detail in the support-
ing information.

Histological, Immunobistochemical, Immunocyto-
chemical, and Immunofluorescent Analyses. Histolog-
ical, immunohistochemical, immunocytochemical, and
immunofluorescent  analyses were performed as
described.”? The procedure and antibodies used for
the experiments are described in detail in the support-
ing information.

Terminal Deoxynucleotidyl Transferase-Mediated
Deoxyuridine  Triphosphate ~Nick-End Labeling
(TUNEL) Assay. The TUNEL assay was performed
with the ApopTag peroxidase in -situ oligo ligation
detection kit (Chemicon, Temecula, CA) according to
the manufacturer’s instructions.’

Separation of Hepatic Parenchymal and Nonpar-
enchymal Cells. The separation of hepatic parenchymal
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and nonparenchymal cells was performed essentially as
previously described.?* The procedure is described in
detail in the supporting information.

Culture of NP31 SECs. A rat hepatic SEC line
(NP31)* was cultured on type I collagen—coated
dishes (Iwaki, Chiba, Japan) in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum, penicil-
lin (100 U/mL), and streptomycin (100 ug/mL) at
37°C with 5% CO,.

Retrovirus Infection. A retrovirus vector (pMxIG)*®
and a retrovirus packaging cell line (Plat-E)?” were
used to generate recombinant retroviruses. Hemagglu-
tinin (HA)-tagged complementary DNAs (cDNAs) of
full-length Cas (Cas FL) and a Cas mutant lacking the
SH3 domain (Cas ASH3)28 were subcloned into
pMxIG, and ecotropic retroviruses were produced by
the transient transfection of Plat-E cells with viral vec-
tors using FuGENE (Roche, Basel, Switzerland). Infec-
tion was performed in the presence of 8 ug/mL Poly-
brene (Sigma, St Louis, MO).

Cytoskeletal Staining. After fixation in 4% parafor-
maldehyde in phosphate-buffered saline for 10
“minutes, cells were permeabilized with 0.5% Triton X-
100 in phosphate-buffered saline for 5 minutes at
room temperature and incubated with Alexa 594—con-
jugated phalloidin (1:40; Invitrogen, Carlsbad, CA) in
1% bovine serum albumin in phosphate-buffered sa-
line for 30 minutes at 37°C. Cells were mounted with
Vectashield and observed on an Axioplan2 microscope
with AxioCam MRm' controlled by Axiovision soft-
ware (Carl Zeiss, Germany).

Electron Microscopy. NP31 cells, cultured on glass
cover slips, were fixed in 2% glutaraldehyde buffered
with a 1 M cacodylate buffer (pH 7.4) for 12 hours at
4°C and then with 1% osmium tetroxide in a cacodyl-
ate buffer (pH 7.4) for 1 hour at 4°C. After dehydra-
tion in a graded series of ethanol solutions, cells were
dried to a critical point and sputter-coated with os-
mium. Cell surfaces were examined with an S-4300
scanning microscope (Hitachi, Tokyo, Japan) at a 30-
kV accelerating voltage.

Results

. Generation of Mice Deficient in Cas Exon 2. To
create a reduction-of-function Cas allele by gene tar-
geting, we deleted exon 2 of the Cas gene, which enc-
odes the entire SH3 and the N-terminal part of the
SD domain containing one YLVP motif and four
YQxP motifs. To this end, we constructed a targeting
vector containing Cas exon 2 flanked by two locus of
X-over P1 (loxP) sequences and followed by the Frr-
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flanked neomycin resistance (Neo) gene (Fig. 1A).
When the floxed Cas exon 2 was correctly excised,
exon 1 joined in frame to exon 3, and this resulied in
a Cas transcript devoid of the exon 2—derived segment.
Correctly targeted embryonic stem cells, identified by
Southern blotting and genomic polymerase chain reac-
tion (PCR; Fig. 1B, left and middle panels), were
sclected and used for the generation of heterozygous
mice (Cas+/ﬁ oxNewy  The Fr-flanked Neo gene and
floxed Cas exon 2 were sequentially deleted with
flippase recombinase e (Flpe) and cyclization recombi-
nation (Cre) recombinases to generate flox and Aex2
alleles, respectively. The genomic deletions were con-
firmed by internal genomic PCR (Fig. 1B, right
panel). The structure of the resultant protein encoded
by the Aex2 allele (Cas Aex2) is shown at the bottom
of Fig. 1A. As shown by western blotting (Fig. 1C), a
protein of the expected molecular weight (~90 kDa)
was detected in the sample from Cas®*¥4*? mice
(Cas Aex2), and this indicated correct targeting, the
excision of Cas exon 2, and the production of the
short Cas protein lacking the corresponding segment.

Mice Deficient in Cas Exon 2 Died In Utero and
Showed Impaired Liver Development with Progres-
sive Hepatocyte Reduction Due to Apoptosis. Hetero-
zygous (Cas*'*?) mice were apparently normal and
were intercrossed to produce homozygous (Cas®“%4%?)
mutants. No live Cas®*#4%2 neonates were obtained,
and this indicated that the Cas®*#4“? mice died as
embryos. To investigate the date of embryonic lethal-
ity, embryos obtained from the intercrossing of Cas™
422 mice were examined at different embryonic stages.
As shown in Table 1, Cas®*¥4“? embryos were alive
until 12.5 dpe, but no live Cas®*?44? embryos were
obtained after 13.5 dpc.

To examine the cause of embryonic lethality in
Cas®*?8e2  niice, wild-type (WT) and Cagresibes
embryos at approximately 12.5 dpc were subjected to
pathological examination. A remarkable and progres-
sive change was observed in the livers of Cas®*#4*?
embryos. At 11.5 dpc, when macroscopic change was
not yet apparent (Fig. 2A, left panels), hematoxylin
and eosin (HE)-stained sections revealed that part of
the liver of a Cas®*?2"? embryo began to collapse
from the inside (Fig. 2B, second bottom panel). At
12.5 dpe, this change was more pronounced, and the
liver capsule of a Cas®*?4“? embryo was macroscopi-
cally enlarged with a mass left inside (Fig. 2A, fourth
panel). HE-stained sections showed that most of the
hepatocytes were lost, whereas hematopoietic cells were
preserved (Fig. 2B, fourth bottom panel). Despite in-
tensive analysis, no pathological abnormalities were



