linking trunk cells to the extracellular environment remain totally
unknown.

To gain insights into the functions of TROP2, we examined the
expression of TROP2 together with EpCAM during mouse
development and found that the two differ significantly. During
development, EpCAM was widely expressed in epithelial tissues,
whereas TROP2 expression was restricted to EpCAM™ cells in a
few organs. In particular, a unique pattern of TROP?2 expression
was found in fetal kidney, i.c., TROP2 expression increases from
the tip toward the trunk of the ureteric bud, whereas EpCAM was
expressed uniformly. In this study, we show that the expression
pattern does not appear to correlate with the known functions of
TROP2 in cell proliferation and tight junction formation. Using
anti-TROP2 and anti-EpCAM antibodies (Abs), we isolated the
tip cells and trunk cells of the ureteric buds, and revealed that their
morphology on collagen-gel differs significantly, ie. tip cells
spread, whereas trunk cells remain a rounded shape. We further
demonstrate that TROP2 alters cell shape and motility on
collagen-gel using a primary culture of ureteric bud cells and that
it also inhibits branching of MDCK cells. Our findings suggest that
TROP?2 plays a role in the development of a ductal structure of
ureteric trunks by suppressing the formation of new branches.

Results

Expression of TROP2 during kidney development

We performed an immunohistochemical analysis of mouse
embryos by using anti-EpCAM and and-TROP2 Abs. At
embryonic day 14.5 (E14.5), EpCAM was cxpressed in a variety
of cpithelial tissues including lung, gut, kidney, pancreas and
epidermis. By contrast, TROP2 expression was restricted to a few
tissues including kidney, gut and epidermis, and the TROP2" cells
were a subpopulation of EpCAM™ cells (Fig. 1A-C). Because
TROP2 was highly expressed in the kidney, we focused on the
expression and role of TROP2 in kidney development.

In mice, the ureteric bud emerges at E10.5 from the Wolffian
duct, which is induced by GDNF from metanephric mesenchyme
[18,19]. Subsequently, the urcteric buds are also induced to form
the first branch at E11.5 and undergo further branching until
E14.5~15.0 by the signals from metanephric mesenchyme.
Immunostaining in the fetal kidney at E11.5 revealed that
EpCAM was uniformly expressed in the ureteric bud and the
Wolffian duct (Figure 2A, arrow and arrowhead, respectively)
[20]. Interestingly, TROP2 was expressed at the trunk of the
uretcric bud and the Wolffian duct, but its expression was weak at
the tip of the ureteric bud that is surrounded by metanephric
mesenchyme (Figure 2A, yellow arrowhecad). At E14.5, although
EpCAM was expressed uniformly throughout the ureteric buds,
TROP2 was expressed at the trunk but barely detectable at the tip
(Figure 2B, yellow arrowhead). This gradient of TROP2
expression at the ureteric bud suggests TROP2 to be involved in
morphogenesis of the ureteric bud, especially in the trunk.

Characterization of TROP2* and EpCAM?* cells in fetal
kidney

To characterize the cells expressing TROP?2 in the ureteric bud,
we performed a flow cytometric analysis and revealed that
EpCAM" cells in E12.5 kidney were divided into at least 2
populations, TROP2* and TROP2™ cells (Figure 2C). At E14.5,
TROP2 expression was up-regulated, resulting in a broad
distribution of TROP2 expression from TROP2'" to TROP2™e",
In addition, the EpCAM*TROP2™ cells increased during
development, which is consistent with the results of immunostain-
ing. These results suggested that the expression profiles of EpCAM
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and TROP2 define the distinct cell types in the developing urinary
duct. To characterize E14.5 kidney cells, EpCAM" cells were
fractionated into three populations by cell sorting, EpCAM™-
TROP2™, EpCAM"TROP2Y and EpCAM*TROP2"8" cells,
based on the expression levels of TROP2 (Figure 2D).

The tip and trunk cells of the ureteric bud can be distinguished
by the expression of specific markers. Quantitative RT-PCR
revealed that Ret, Wntll and GFRa, tip cell markers [21-24],
were highly expressed in EpCAM™TROP2'®Y cclls, whercas
Wnt9b, a trunk cell marker [25], was strongly expressed in
EpCAM*TROP2"S" cells (Figure 2E). These results indicate that
the EpCAM™TROP2®™ and EpCAMYTROP2M" populations
include the tip and trunk cells, respectively, and that ureteric bud
cells at different locations can be isolated by cell sorting based on
TROP2 expression. It has been reported that EpCAM is
expressed in the ureteric bud and also in the tissue derived from
the metanephric mesenchyme by the mesenchymal-epithelial
transition (MET) [20]. We found that EpCAM™TROP2™ cells
expressed Salll, a marker of metanephric mesenchymal cells
[26](Figure 2E), and that the number of EpCAM™TROP2™ cells
increased from E12.5 to E14.5, corresponding to the timing of
MET [27](Figure 2C). These results suggest that the EpCAM™-
TROP2™ population is mainly composed of epithelial cells derived
from the metanephric mesenchyme.

Expression of TROP2 in ureteric buds

TROP2 is highly expressed in a variety of carcinomas and
involved in cancer cell proliferation {11,28]. In kidney develop-
ment, a previous study showed that cell proliferation is restricted
mainly to the tip of the urcteric bud in fetal kidney, which
corresponds to TROP2'™ cells [17]. In fact, immunostaining of
Ki67, a marker of cell proliferation, showed the expression to be
higher in the tip cells than in the trunk cells (Figure S1). This result
suggests that, unlike in carcinomas, the TROP2 expression level is
not positively correlated with cell proliferation in fetal kidney.

Furthermore, in the corneal epithelia, TROP2 enhances the
expression and localization of tight junctional proteins, including
Claudin-1 and Claudin-7 [12]. However, immunostaining showed
that in contrast to the gradient of TROP2 expression, Claudin-7
was uniformly expressed throughout the ureteric bud cells (Figure
S2A). Morcover, Claudin-7 was found only in the lateral
membrane of the urcteric duct, while TROP?2 was located in
both the lateral and basal membranes (Figure S2B). These results
indicate that expression of TROP2 and Claudin-7 are not fully
correlated in the fetal kidney, suggesting that TROP?2 is not only
involved in the formation of tight junctions in the ureteric bud.

The ureteric bud is surrounded by collagen-l in fetal
kidney

‘The extracellular matrix (ECM) is important for the growth and
branching morphogenesis of embryonic organs [29]. In fetal
kidney, the ureteric bud and the collecting duct express low and
high levels of collagen-binding integrins ol and o2, respectively,
suggesting collagen to play a role in the differentiation and
maturation of the ureteric bud by binding to integrins [30,31].
Because trunk cells in the ureteric bud differentiate to form the
collecting duct, we cxamined the expression of collagen and
TROP2 in the developing kidney by immunostaining. In E14.5
kidney, type I collagen (collagen-I) was abundant surrounding the
TROP2" trunks as well as in the mesenchyme and stroma around
the ureteric bud trunk (Figure 3A). By contrast, little collagen-I was
detected surrounding EpCAM™ tip cells (Figure S3).

Integrins are major cell-surface receptors that mediate interac-
tions between cells and the ECM and play a crucial role in various

December 2011 | Volume 6 | Issue 12 | 28607

—780 -



TROP2 Defines Branch Formation in Fetal Kidney

Epi

Figure 1. Expression of TROP2 and EpCAM in mouse at E14.5. (A-C) Immunostaining of E14.5 mouse frozen sections with anti- EpCAM (green)
and anti-TROP2 (red) Abs. EpCAM was expressed in epithelial cells of various organs. By contrast, TROP2 expression was restricted to EpCAM" cells in
the kidney, gut and epidermis. L ; Lung, Lv ; Liver, P ; Pancreas, G ; Gut, K ; Kidney, Epi ; Epidermis, D ; Dermis, Scale bars =200 pm.

doi:10.1371/journal.pone.0028607.9001

cellular functions such as adhesion, migration, proliferation and
anti-apoptosis [32,33]. Integrins consist of o and B subunits, with
the extracellular domain of the o subunit conferring their
specificity. To compare the expression of collagen-binding
integrins such as integrin olBl and integrin a2f1 between the
trunk and tip cells in the ureteric bud, we performed a quantitative
RT-PCR analysis of intcgrins using the sorted EpCAM"TRO-
P2 and EpCAM*TROP2"S" cclls from EI4.5 kidney
(Figure 3B). There was no significant difference in the levels of
collagen-binding integrin subunits, ol, a2 and Bl between the
trunk and tip cells, suggesting that the tip and trunk cells have a
similar potential to bind collagen via integrins. Considering the co-
localization of TROP2 and collagen-1 at the basal membrane of
the urcteric bud, TROP2 may play a role in the development of
trunk cells such as branching by modulating the function of
collagen-I.

Tip and trunk cells exhibit different potential to attach to

and spread on collagen-|

To further characterize the collagen-binding properties of fetal
ureteric bud cells, sorted tip and trunk cells in the ureteric buds
were cultured on collagen-coated dishes. The numbers of cells
attached to collagen-coated dishes were smaller for EpCAM™-
TROP2" cells than EpCAM™TROP2'™ cells, indicating that
the trunk cells bind to collagen-I less efficiently (Figure 4A).
Furthermore, while forward and side scatter by flow cytometry
showed no significant difference in cell size between tip and trunk
cells before plating (data not shown), the EpCAM™ [ROP2"Y cells
were spread on the collagen-coated plates and exhibited
membrane ruffles, resulting in an increase in cell size compared

@ PLoS ONE | www.plosone.org

with the EpCAMYTROP2™" trunk cells (Figure 4 B, C). It is
known that new branches emerge from the tip and trunk cells form
the mature ducts during the formation of urcteric bud branches,
suggesting that the characteristics of tip and trunk cells in the same
branch are different. These findings indicate that our primary
cultures of ureteric bud cells recapitulate the differentiation process
in vivo, i.e., the tip cells spread and migrate into the metanephric
mcscnchymc, whereas the differentiating trunk cells are less active.

Furthermore, although there was no difference in the expression
of collagen-binding integrins between the tip and trunk cells in the
urcteric bud, the potential of EpCAM*YTROP2™ME" prunk cells to
attach to and spread on collagen-coated plates was low, suggesting
that factors other than the integrins regulate the interaction
between trunk cells and collagen-1. Because TROP2 was
expressed at a higher level in the trunk than tip cells and co-
localized with collagen-I in the basal membrane of ureteric ducts,
TROP2 may affect the potential of trunk cells to adhere to
collagen-coated plates.

TROP2 expression suppresses cell spreading

To reveal the role of TROP2 in the cell spreading on collagen-1,
we sorted EpCAMYTROP2"Y cells and overexpressed TROP2 by
expression vector in the primary culture. Compared with the
control cells transfected with the empty vector, the size of cells
overexpressing TROP2 was markedly reduced, strongly suggesting
that TROP? affects the potential of EpCAMYTROP2™®™ tip cells
to spread on collagen-1 (Figure 4D, E).

To further confirm the role of TROP2 in the formation of
ureteric bud branches, we utilized Madin-Darby canine kidney
(MDCK) cells [34], established as a model for studying the
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Figure 2. Characteristics of ureteric bud cells in the developing kidney. (A-B) Immunostaining of E11.5 (A) and E14.5 (B) kidney with anti-
EpCAM (green) and anti-TROP2 (red) Abs and nuclei (blue). (A) Arrowheads indicate the Wolffian duct and the arrow indicates the ureteric bud.
Higher magnification images of the boxed regions are shown underneath. In the lower figure of A, the ureteric bud grows toward the bottom and
the yellow arrowhead indicates the tip of the ureteric bud. Scale bars=50 um. (B) The dotted line delineates the periphery of the kidney. Scale
bars =100 pm. (C) Flow cytometry of E12.5 and E14.5 kidney cells using anti-EpCAM and anti-TROP2 Abs. The boxed regions and the dotted boxed
regions show TROP2" and TROP2™ cell populations, respectively. (D) Fractionation of EpCAM+ cells in E14.5 kidney using anti-EpCAM and anti-TROP2
Abs. The upper, middle and lower boxed regions in the panel indicate the EpCAM'TROP2"9", EpCAM*TROP2'®" and EpCAM*TROP2"9% cell
population, respectively. (E) Quantitative RT-PCR analysis of marker genes in freshly isolated E14.5 EpCAM*TROP2"®%%(—), EpCAM*TROP2'°"(+) and
EpCAM*TROP2"9"(++) cells. The relative gene expression of marker/GAPDH is shown. Error bars are s.d.

doi:10.1371/journal.pone.0028607.g002
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Figure 3. Expression of collagen-l and integrins in the fetal kidney. (A) Immunostaining of E14.5 kidney with anti-TROP2 (green) and anti-
collagen-} (red) Abs and nuclei (blue). Higher magnification images of the boxed regions are shown underneath. Arrowheads indicate collagen-l
surrounding the ureteric trunks. Scale bars =100 um. (B) Quantitative RT-PCR analysis of integrin subunits in freshly isolated EpCAM'TROP2""(+) and
EpCAM*TROPZ”gh(H) cells from E14.5 kidney. The relative gene expression of integrin/GAPDH is shown. Error bars are s.d.

doi:10.1371/journal.pone.0028607.g003

formation of branches of urcteric bud. As no endogenous canine
TROP2 was detectable in MDCK cells by RT-PCR (Figure S4A),
we established MDCK cell lines stably expressing TROP2 using
retroviral vectors (Figure S4B and S4C).

To confirm the results obtained with the primary cultures of
urcteric bud cells, the effect of TROP2 expression on the
spreading of MDCK cells was cxamined. Cells detached from a
confluent monolayer were plated on a collagen-coated glass cover
slip and images were captured at 1 and 2.5 h after plating. Gontrol
MDCK cells started to spread at least 30 min earlier than
MDCK-TROP2 cclls (data not shown). At 2.5 h after plating,
approximately 50% of the control MDCK cells had spread
(Figure 5 A, B). By striking contrast, 70% of MDCK-TROP2 cells
retained a round shape without cytoplasmic extensions. This result
together with the results obtained using the primary cultures
indicates that the expression of TROP2 significantly suppressed
spreading of kidney cells.

MDCK cells displayed membrane ruffles with cortical actin
filaments and stress fibers when cultured on collagen-coated glass
cover slips, whereas TROP?2 cxpression suppressed the membrane
ruffling and stress fibers (Figure 5C). Since membrane ruffling is

@ PLoS ONE | www.plosone.org

implicated in cell motility, we examined the effect of TROP2 on
cell motility with the wound healing assay. The gap in cell sheets
formed by a scratch was measured at 0 and 6 h. Expression of
TROP2 suppressed the migration of MDCK cells 6 h after the
scratch was made (Figure 5 D, E), suggesting that TROP2 also
plays a role in suppressing cell spreading and migration on
collagen.

TROP2 inhibits the branching of MDCK cells in collagen-

gel culture

As the spreading and migration of ureteric bud cells are
necessary for the development of renal tubules, we examined the
effect of TROP2 on tubulogenesis and branch morphogenesis
using MDCK cells in three-dimensional collagen-gel cultures.
There was no significant difference in cyst size between clusters of
control MDCK and MDCK-TROP2 cells in the collagen-gel
cultures (Figure 6A, the top pancls). The addition of 20 ng/mL of
hepatocyte growth factor (HGF), a cell scattering factor, induced
morphological changes in control MDCK cells, forming branches
(Figure 6A, the left bottom pancl). By contrast, MDCK-TROP2
cells formed round cysts without branching (Figure 6A, the right
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D control TROP2

Figure 4. Characterization of ureteric tip and trunk cells in vitro. (A) Attachment of tip and trunk cells to collagen-coated plates. An equal
number (5x107 cells/well) of freshly isolated EpCAM*TROP2'™™ and EpCAM*TROP2"9" cells from E14.5 kidney were plated on a collagen-coated 96-
well plate and stained for actin filaments with Alexa488-conjugated phalloidin (green) after 24 h of culture. The fluorescence of GFP and the actin
filaments was visualized under a microscope. Nuclei (blue). Scale bars=100 um. (B) Cell morphology of ureteric bud tip and trunk cells. Higher-
magnification images of (A) are shown. Arrowheads indicate the ruffles forming at the edge of membranes. Scale bars =50 um. (C) Spreading of
EpCAM'TROP2°"(+) and EpCAM*TROP2"9"(++) cells. Cell size was measured using imageJ (n = 3). Error bars are s.d., * p<0.005, (D) Cell morphology
of EpCAM™TROP2'®¥ cells after enforced expression of TROP2. EpCAM*TROP2'" cells cultured for 24 h were transiently transfected with pTIB741 or
pTIB741-TROP2 plasmid. At 24 hours after transfection, cells were stained with Alexa555-phalloidin (red). Arrowheads indicate the transfected cells
expressing GFP. (E) The ratio of spreading in transfected cells. The cell of which diameter is more than two-fold of nuclear is counted as “spreading
cell”. All the experiments were repeated three times and the similar results were obtained. Total number of tested transfectants is as follows: Control;

66, TROP2; 94. Representative results are shown.
doi:10.1371/journal.pone.0028607.g004

bottom panel) and cctopic TROP2 significantly suppressed the
branching formation (Figure 6B). These results suggest that
TROP2 antagonizes the cell scattering activity of HGF during
branch formation. These results together reveal that TROP2
suppresses cell spreading and migration on collagen-I, suggesting
that it contributes to the complicated branching structures of the
kidney by suppressing the formation of branches from the ureteric
bud trunks.

Discussion

TROP2 and EpCAM are structurally related molecules,
however, their expression profiles differ significantly. In the
E14.5 fetus, EpCAM is widely expressed in various epithelial
tissues, whereas TROP2 expression is restricted to some epithelial

@ PLoS ONE | www.plosone.org

cells in the kidney, lung and epidermis (Figure 1). During the
branching morphogenesis of urcteric buds, new branches emerge
from the tip through the proliferation and migration of tip cells.
Meanwhile, the trunk elongates to form a rigid structure like a
stalk without branching. TROP2 expression shows a gradient,
increasing from the tip to trunk, suggesting that TROP2
contributes to the trunk structure (Figure 2).

ECM components play fundamental roles in the branching
morphogenesis of the urcteric bud, exerting their functions
through ECM-specific integrin receptors. Mice deficient in o3~
integrin, a laminin-binding integrin subunit, fail to form branches
of ureteric buds from the Wolffian duct, indicating laminin to be
an important ECM component for branching morphogenesis [16].
On the other hand, the function of collagen-I in fetal kidney
remains unknown, because mice deficient in ecither ol or o2
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Figure 5. Attachment and migration of MDCK cells. (A) Cell spreading assay. Equal numbers of MDCK-control cells and MDCK-TROP2 cells,
which expressed GFP and TROPZ, respectively, were plated on collagen-coated glass coverslips. At 1 and 2.5 h after plating, spreading cells in several
random fields were counted under a phase-contrast microscope. Arrowheads indicate spreading cells. Scale bars =100 um. (B) The percentage of
spreading cells (n=200). (C) MDCK-control cells and MDCK-TROP2 cells were plated on collagen-coated glass coverslips for 24 h and stained with
Alexa555-Phalloidin. Arrowheads indicate the membrane ruffling at the edge of cells. Scale bars =50 um. (D) Wound healing assay. Cells grown as a
monolayer on collagen-gel were scratched with a pipette tip. Photomicrographs were taken at 0, 6 and 16 h to record the healing process.
Representative images are shown. An arrowhead indicates the unrecovered area. Scale bars =100 um. (E) The average migratory distance at 6 h after
the scratch was measured manually (n=3). Error bars, s.d. * p<<0.05, ** p<<0.01.

doi:10.1371/journal.pone.0028607.g005

collagen-I-binding integrin subunit do not show severe defects in
the branching of ureteric buds [35,36]. However, collagen-gel
cultures of MDCK cells show that integrin ol and o2 arc essential
for generating new branches and tubular structures [30,37]. We
have demonstrated here that collagen-I is present around the
ureteric bud and there is a gradient of its expression from the tip to
trunk during branching (Figure 3 and Figure S3). These results
together suggest that collagen-I plays an important role in
branching morphogenesis in fetal kidney.

An important finding of this study is the restricted expression
and co-localization of TROP2 and collagen-I at the trunk of the
ureteric duct. In contrast to collagen-I, where expression is

@ PLoS ONE | www.plosone.org

restricted to that region, laminin is expressed almost uniformly
around the ureteric bud (Figure S5). These expression patterns
suggest a functional link between TROP2 and collagen-I. In fact,
TROP2"#" grunk cells showed reduced adhesion and spreading on
collagen-I-coated plates compared to TROP2'® tip cells, though
levels of collagen-binding integrin receptors al, a2 and BI were
comparable between the trunks and tips (Figure 3B). To reveal the
role in TROP?2 for the binding and spreading of ureteric bud cells
on collagen-I, we overexpressed TROP2 in TROP2Y tip cells
and found the binding and spreading to be reduced. We also
demonstrated that TROP2 expression inhibits the spreading and
migration of MDCK cells on collagen-1.
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Figure 6. Branch formation in collagen-gel culture of MDCK cells. (A) Phase-contrast images of MDCK-control cells and MDCK-TROP2 cells
cultured in 3-dimensional collagen gels. The cells were cultured without (upper panels) or with 20 ng/mL of HGF (lower panels). Both cells
proliferated and formed round cysts without HGF (upper panels). Branches were formed in MDCK-control cells but suppressed in MDCK-TROP2 cells
(lower panels). Scale bars=100 um. (B) The percentage of branching cysts in the culture with HGF. (n =3). Error bars, s.d. * p<0.05.

doi:10.1371/journal.pone.0028607.g006

Branching morphogenesis is regulated by not only the ECM but
also growth factor signaling. In collagen-gel cultures of MDCK cells,
a well-established model of branch formation, growth factors such as
HGF and GDNF arc nccessary for branching [18,38]. Studics with
fetal kidney organ cultures and knockout mice have revealed the
essential roles for many growth factors in branching morphogenesis.
In response to growth factors, tip cells proliferate, migrate and finally
form new branches, whereas trunk cells exhibit cell polarization,
clongation and anti-apoptotic activity without branching [39-41]. In
this paper we showed that TROP2 inhibits not only the attachment
of cells onto collagen-coated plates but also branching in collagen-gel
culturcs. These results strongly suggest that TROP2 suppresses the
formation of new branches at the trunk of the ureteric bud.

Focal adhesion kinase (Fak) is phosphorylated by the activation of
integrins through binding to ECM and also growth factor
stimulation [42]. p-Fak promotes cell extension and migration
through actin polymerization and the connection of F-actin to
integrin and growth factor receptors at the edge of cells, contributing
to branching. In cell spreading assays, the phosphorylation level of
Fak in MDCK-TROP2 cclls was declined (Figure S6A), suggesting
that TROP2 may inhibit the Fak signaling pathway at the ureteric
trunk to avoid extra branching. While immunostaining showed that
p-FAK levels are comparable in the tip and trunk cells (Figure S6B),
it may be difficult to capture the transient event in static sections.

TROP2 and EpCAM are expressed in normal epithclial tissucs,
while they are known as oncogene and promote cancer cell
proliferation and migration. EpCAM up-regulates cell motility by
binding to several membranc proteins, Claudins, CD44 and
tetraspanins, and o-actinin, a linker of F-actins [8,43]. Furthermore,
in cancer cells, intracellular domain of EpCAM cleaved by TACE
and presenilin-2 accelerates cell proliferation through the activation
of B-catenin signaling [9]. By contrast, the molecular mechanisms of
TROP?2 in normal and cancer tissuc are not known. Immunopre-
cipitation assays showed that TROP2 binds EpCAM (data not
shown), suggesting the possibility that TROP2 interacts with EpCAM
and regulates the cell proliferation and migration activity. In ureteric
bud development, TROP2 expression shows a gradicnt pattern in
contrast to uniform expression of EpCAM. Furthermore, the
TROP2 expression declines toward tip where cells are actively
proliferating and migrating, suggesting that TROP?2 is involved in
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regulation of cell proliferation, possibly via interaction with other
proteins like EpCAM. Thus, the difference in expression profiles of
TROP2-interacting proteins between normal and cancer cells may
modulate the function of TROP2. The precise role of the TROP2 in
normal and cancer tissuc needs further investigation.

In the lung, which also has a tree-like structure, branching
morphogenesis is induced by the interaction between mesenchyme
and epithelial cells, similar to the ureteric bud [44]. However,
TROP2 is not expressed in the lung (Figure 1A) and the branching
pattern is clearly different from the ureteric buds in the early
stages. Lung epithelial cells generate several lateral branches from
trunks. By contrast, the urcteric bud generates two epithelial tips
after the first branching and repeats this dichotomous branching
process, and trunks form a rigid duct structure by establishing tight
cell-cell junctions and suppressing the formation of new branches
[45]. Specific expression of TROP? in the kidney may result in the
difference in branching patterns between the lung and kidney.

In conclusion, this study revealed a unique pattern of TROP2
expression in the ureteric bud, Le., the expression was strongest in
the trunk and gradually declined toward the tip. TROP2 and
collagen-I were co-localized to the basal membrane of the trunk cells
and TROP?2 suppressed cell spreading and migration on collagen-1.
Based on these findings, we propose that TROP2 plays a role in the
morphogenesis of the wureteric bud by inhibiting unnecessary
branching from the trunk. Further studies on the function of
TROP?2 forming a specific pattern of tubular structures should shed
light on the molecular basis of branching in various organs.

Materials and Methods

Ethics Statement

The mice were maintained and mated in the institutional animal
facility according to the guidelines of the University of "Tokyo. The
experimental procedures in this study were approved by the Animal
Rescarch Committee of the Institute of Molecular and Cellular
Biosciences, the University of Tokyo (approval number is 23003).

Immunohistochemistry

Mouse embryonic kidneys were fixed for 16 h at 4°C in
Zamboni’s solution [46], which was replaced with a 10, 15 and
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finally 20% sucrose solution at 4°C for 12 h, respectively. They
were embedded in OCT compound and frozen. Thin sections
were prepared with a cryostat (Leica). Cultured ureteric bud cells
and MDCK cells were fixed in 4% PFA for 10min. Samples were
incubated with the primary antibodies listed in ‘Table S1. Signals
were visualized with Alexa Fluor-conjugated secondary antibodies
(Molecular Probes) used at a dilution of 1:500. F-actin bundles
were detected with Alexa Fluor 488- or 555-conjugated phalloidin
(Molecular Probes) at a dilution of 1:250. Nuclei were counter-
stained with Hoechst 33342 (Sigma).

Flow cytometric analysis and cell sorting

Kidneys isolated from embryos were incubated with 0.25%
trypsin and 0.5mM EDTA at 37°C for 30min and dissociated into
a single-cell suspension. Cells were co-stained with fluorescein- and
biotin-conjugated antibodies, washed, incubated with allophyco-
cyanin-conjugated streptavidin - (Invitrogen), and analyzed by
FACSCalibur (Becton Dickinson). Dead cells were excluded by
propidium iodide staining. For cell sorting, MoFlo XDP (Beckman
Coulter) was used.

RNA extraction and quantitative reverse transcription
PCR (RT-PCR)

Total RNA was extracted from cach cell preparation using a First
Pure RNA kit (Takara). Total RNA (0.3 ug) and random hexamer
primers were used to synthesize cDNA with a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Quantitative Real-
time RT-PCR experiments were conducted with a LightCycler
(Roche Diagnostics) and SYBR Premix Ex Taq (Takara-bio).
Primers for Glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
were used as the control. The pairs of primers used were as follows:
5'-TGAACGGGAAGTCACTGG-3" (Gapdh primer, sense), 5'-
TCCACCACCCTGTTGCTGTA-3" (Gapdh primer, antisense),
5'-CTGACCTAGACTCCGAGCTG-3" (TROPZ primer, sensc),
5-CGGCCCATGAACAGTGACTC-3" (TROPZ2 primer, anti-
sense), 5'-AGGGGCGATCCAGAACAACG-3" (EpCAM primer,
sense), 5'-ATGGTCGTAGGGGCTTTCT-3" (£pCAM primer,
antisense), 5'-AAGTACAGCACCAAGTTCCTCAGC-3" (Wnt9b
primer,  sense), 5'-GAACAGCACAGGAGCCTGACAC-3
(Wnt9b primer, antisensc), 5'-CTGAATCAGACGCAACACTG-
TAAAC-3' (Watl 1 primer, sensc), 5'-CTCTCTCCAGGTCAAG-
CAGGTAG-3" (Wuill primer, antisense), 5'-GGAAGGT-
GTCGTTGATGAAGGA-3' (Ret primer, sense), 5'-CTCAGCA-
TCCGCAATGGTG-3" (Ret primer, antisense), 5'-CACTCCTG-
GATTTGCTGATGT-3" (GFRo primer, sense), 5-CTGAAG-
TTGGTTTCCTTGCCC-3' (GFRo primer, antisense), 5'-CCC-
GATGACCAAATGAAAGACG-3' (Salll primer, sense), 5'-TA-
GAGAGGTTGTGATCGCTGA-3" (Salll primer, antisensc).

Culture of ureteric bud cells and transfections

Urcteric bud cells from E14.5 kidneys were suspended in
DMEM/F12 (1:1) medium (Gibco) containing 10% FBS (JRH)
and antibiotics. Cells were sceded on type-I collagen-coated dishes.
Relative cell size was measured as the actin-positive area using
Image) (Rasband, W.S., NIH) and cellular arca was determined.
To cxpress mouse TROP2, its ¢cDNA fragment was inserted
upstream of IRES-GFP in the vector pTIB731, provided by Dr.
Tohru Itoh (University of Tokyo). Ureteric bud cells were sorted
and cultured for 24 h prior to transfection. The transfection was
carried out using polyethylencimine “Max” reagent (Polysciences
Inc.). Twenty four hours later, the cells were immunostained and
the size of the GFP* transfected cells was cxamined under a
fluorescence microscope.
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MDCK cell culture and virus infection

MDCK cells were cultured in DMEM (Gibco) containing 10%
FBS (Equitech) and antibiotics [34]. For expression of mouse
TROP2, its cDNA was inserted into the pMxs vector. The pMxs-
IRES-GFP vector was used as a negative control. Retrovirus was
produced using the retrovirus packaging cell line PLAT-A and
MDCK cells were infected as described previously [47]. Cells
expressing TROP2 or GIP were sorted using anti-TROP2 Abs or
GFP and MDCK cells expressing GIFP (MDCK-control) or
TROP2 (MDCK-TROP2) were established.

Immunoblotting

MDCK cells were lysed in TNE buffer (20 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 1 mM Pefabloc SC (Roche Applicd
Science), and 10 pg/ml leupeptin), and the whole cell extracts
were separated by SDS-PAGE and transferred onto polyvinyli-
dene difluoride membranes (Immobilon-P;  Millipore). The
membrancs were subjected to Western blot analyses with anti-
TROP2, and-Fak or anti-p-Fak (Tyr397) antibody. Anti-B-actin
antibody was used to confirm cqual loadings.

Cell spreading assay

MDCK cells were detached by trypsin and resuspended in
serum-free medium at 5x10° cells/ml. The cell suspension (1 ml)
was added to type I collagen-coated coverslips. Cells were allowed
to spread, and spread cells were scored manually under a phase-
contrast microscope at 1 and 2.5 h after plating. Spread cells were
defined as the cells with extended processes.

Wound healing assay

MDCK cells were grown on collagen-coated 60 mm dishes.
The monolayer of cells was scratched with a pipette tip and the
culturc medium was changed to serum-free medium. Pictures were
taken at 0, 6 and 16 h and the length of the gap between cell sheets
was mcasured at 0 and 6 h.

Collagen gel culture

MDCK cells were detached from plates with trypsin and
triturated into a single cell suspension. Cells were diluted to
0.5%10% cells/mL in a type I collagen solution and the ccll solution
was plated in a 24-well plate (500 pL/well). After incubation at
37°C to allow the collagen solution to gel, 1 mL of the culture
medium was added. The medium was changed every 24 h, and
after 2 days, medium containing 20 ng/mL of HGF was added
and cultured for additional 2 days.

Supporting Information

Figure S1 Expression of TROP2 and Ki67 in E14.5 kidney.
(TTF)

Figure S2 Expression of Claudin7 and TROP2 in E14.5
kidney.

(TIF)

Figure S3 Expression of collagen-I and EpCAM in E14.5
kidney.

(T1F)

Figure S4 Establishment of MDCK cells expressing
TROP2.

(TIF)

Figure S5 Expression of laminin in E14.5 kidney.

(I'1E)
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Figure S6

Phosphorylated-FAK in the tip and trunk of

the ureteric bud.

(T1F)

Table S1 Primary antibodies used in immunofluores-
cence chemistry and flow cytometric analysis.

(TIE)
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After partial hepatectomy (PH), regenerating liver accumulates unknown lipid species. Here, we analyzed
lipids in murine liver and adipose tissues following PH by thin-layer chromatography (TLC), imaging
mass spectrometry (IMS), and real-time RT-PCR. In liver, IMS revealed that a single TLC band comprised
major 19 TG species. Similarly, IMS showed a single phospholipid TLC band to be major 13 species. In adi-
pose tissues, PH induced changes to expression of genes regulating lipid metabolism. Finally, IMS of phos-
phatidylcholine species demonstrated distribution gradients in lobules that resembled hepatic zonation.
IMS is thus a novel and power tool for analyzing lipid species with high resolution.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The liver has a remarkable capacity to regenerate after injury
[1,2] and partial hepatectomy (PH) in rodents has been useful for
investigating the underlying mechanisms. Following PH, hepato-
cytes in the remaining liver tissue start proliferating such that nor-
mal liver mass is restored; the regenerative response is then
terminated. To support this hepatocyte proliferation, the liver rem-
nant transiently accumulates lipids that supply the energy and
membrane components needed for cell division [3-5]. However,
it is unclear what molecular species of lipids are involved and
whether PH affects other tissues.

Matrix-assisted laser desorptionalf/ionization (MALDI) mass
spectrometry is often used to analyze low molecular weight com-
pounds such as lipids. A recent refinement called “imaging mass
spectrometry” (IMS) allows visualization of the amount and distri-
bution of individual molecular species in tissue sections [6,7]. IMS

Abbreviations: BAT, brown adipose tissue; CE, cholesterol ester; Chol, choles-
terol; DG, diacylglycerol; FA, fatty acid; FFA, free fatty acids; IMS, imaging mass
spectrometry; LPC, lysophosphatidylcholine; MALDI-TOF, matrix-assisted laser
desorptional ionization-time of flight; PC, phosphatidylcholine; PE, phosphatidyl-
ethanolamine; PH, partial hepatectomy; Pl, phosphatidylinositol; PS, phosphati-
dylserine; SM, sphingomyelin; SCF, subcutaneous fat; TG, triglyceride; VF, visceral
fat.

# Corresponding author. Address: 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510,
Japan. Fax: +81 3 5803 5829.
E-mail address:; nishina.dbio@mri.tmd.ac.jp (H. Nishina).
' These authors contributed equally to this work as first authors.

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.03.133

has successfully revealed changes in lipid identity, amount and dis-
tribution in tissue sections of plants and animals [8-11]. In this
study, we used IMS to identify lipid species in murine liver regen-
erating after PH. We also carried out gene expression analysis to
define the effects of PH on adipose tissues, which are important
for lipid metabolism.

2. Materials and methods
2.1. Reagents

All chemicals used were of the highest purity, including trifluo-
roacetic acid (TFA) and methanol (Kanto Chemical, Japan) and 2,5-
dihydroxybenzoic acid (DHB) (Bruker Daltonics, Germany). Ultra-
pure water from a Milli-Q system (Millipore, USA) was used for
all buffers and solvents.

2.2. Animals

Female C57BL/6] mice (10 weeks old; CLEA Japan Inc.) were
kept in a temperature-controlled room with a 12 h dark/light cycle
and fed CE-2 diet (CLEA). PH or sham surgery was performed as de-
scribed [12] between 9 and 10 a.m. and animals were sacrificed at
0, 6, 12 or 24 h post-operation. All animal experiments were con-
ducted according to the guidelines of Tokyo Medical and Dental
University.
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Fig. 1. Dramatic changes of multiple triglyceride species in concentration during liver regeneration. (A) Oil red O-stained liver sections showing increased TG (red) globules in
hepatocytes at 24 h post-PH. Scale bar, 100 pm. (B) TLC of neutral lipids in liver extracts from mice at 24 h post-PH or sham surgery. For all experiments, results shown are
representative of 3 mice/group. (C) MALDI-TOF average mass spectra of liver from mice at 24 h post-PH or sham surgery. A range from 875 m/z to 1000 was examined. (D)
MALDI-TOF-MS imaging of lipid ion species in liver sections from the mice in (C). Scale bar, 500 pm.

2.3. Oil red O staining

Frozen liver sections were prepared using O.C.T Compound
(Sakura Finetek, Japan) and a cryostat (CM 1950; Leica Microsys-
tems, Germany) set to 10 um. Oil red O staining was performed
as described [13].

2.4. Lipid extraction and thin-layer chromatography

Liver lipids were extracted using chloroform:methanol (2:1) as
described [14]. For TLC, Silica Gel 60 plates (Merck, USA) were run
in n-hexane:diethyl ether:acetic acid (80:30:1) to separate neutral
lipids, and in methyl acetate:propanol:chloroform:methanol:0.2%
KCl (25:25:25:10:9) to resolve phospholipids. Lipids were visual-
ized using primuline (Nakarai Tesque, Japan) and identified based
on migration compared to standards [15].

2.5. Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed as described [16].
Primer sequences are listed in Supplementary Information
(Table S1).

2.6. IMS samples

IMS samples were prepared as previously described [10,17]
with a slight modification. Frozen liver cryostat sections (8 pm)
were mounted on indium-tin-oxide-coated glass slides (Bruker
Daltonics). DHB matrix solution (50 mg/ml DHB in 70% metha-
nol/0.1% TFA) was sprayed uniformly over mounted sections with
a 0.2 mm nozzle airbrush (Mr. Hobby, Japan).
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Fig. 3. The existence and dynamic distribution of clearly multiple phospholipids. (A) TLC of phospholipids in liver extracts from mice at 24 h post-PH or sham surgery. (B)
MALDI-TOF mass spectra of liver extracts from mice at 24 h post-PH or sham surgery. A range from 440 m/z to 875 was examined. (C) MALDI-TOF-MS imaging of lipid ion

species in liver sections from the mice in (B). Scale bar, 500 pm.

2.7. MALDI-TOF IMS

MALDI mass spectrometry was performed using an Ultraflex II
TOF/TOF instrument (Bruker Daltonics) equipped with a 355 nm
Nd:YAG laser with a 200 Hz repetition rate. The measurement pitch
was 50 um. Data were acquired in positive-ion mode using an
external calibration method. Mass spectrometer parameters were
set to obtain m/z values of 400-2000. All spectra were acquired
automatically with FlexImaging software (Bruker Daltonics). The
laser was irradiated 200 times per position. Peaks were normalized
to total ion current and compared. The Lipid Search (http://lipid-
search.jp) database were used to determine lipid molecular species.

3. Results
3.1. Multiple triglyceride species in regenerating liver

Oil red O staining of hepatocytes in regenerating liver at 24 h
post-PH revealed an accumulation of TG that did not appear in

sham-treated livers (Fig. 1A). TLC of extracted total lipids from
these livers revealed bands of CE, TG, FFA, Chol and DG that were
increased or unchanged in extracts from PH livers (Fig. 1B). IMS
analysis of liver sections at 24 h after sham treatment or PH re-
vealed increases in PH livers of several peaks in the mass range
from my/z 875 to m/z 1000 (Fig. 1C), 19 of which represented abun-
dant TG molecular species (Table S2). The visualization of these
data shown in Fig. 1D confirms that multiple TG species undergo
dramatic changes in concentration during liver regeneration.

3.2. Changes to expression of lipid-related genes in regenerating liver
and adipose tissues

Because adipose tissues are vital for lipid metabolism, we inves-
tigated whether PH affected these tissues as well as the liver. We
examined gene expression patterns in liver, visceral fat (VF), sub-
cutaneous fat (SCF) and brown adipose tissue (BAT) of animals sub-
jected to PH or sham surgery. Specifically, we monitored the
expression of fabp4, which encodes FFA binding protein and served
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as a positive control; dgat, encoding an enzyme catalyzing the final
stage of TG synthesis; pnpla2, encoding an enzyme catalyzing the
first step in TG hydrolysis; mttp, encoding a protein involved in
B-lipoprotein production; vidlr, important for the metabolism of
apoprotein-E-containing TG-rich lipoproteins; and acox, encoding
the first enzyme of the FA p-oxidation pathway. The mRNA levels
of these genes as determined by real-time RT-PCR were normalized
to the internal controls gapdh (Fig. 2) and tubb2b (data not shown),
yielding similar results. Consistent with a previous report [18],
fabp4 was upregulated in regenerating liver, showing its highest
induction at 6 h post-PH. The same pattern held true for upregula-
tion of dgat and pnpla2, with acox peaking at 12 h post-PH. In con-
trast, mttp was downregulated at 6 h post-PH but upregulated over
control levels by 12 h post-PH. The level of liver vidlr mRNA was
not altered by PH. For dgat1, pnpla2 and acox, mRNA levels had re-
turned to baseline by 24 h post-PH. Interestingly, different expres-
sion patterns were observed in adipose tissues. At 6 h post-PH,
dgat1 mRNA was upregulated only in BAT whereas pnpla2 tended
to be upregulated only after 12 h post-PH. Unlike its pattern in li-
ver, mitp mRNA was not downregulated in adipose tissues and
steadily rose after 12 h post-PH. Levels of vidlr, which were un-
changed in liver, were downregulated in VF. Acox mRNA was
upregulated over control levels in SCF and BAT by 24 h post-PH.
These results indicate that PH induces striking changes to lipid-re-
lated gene expression patterns in adipose tissues.

3.3. Phospholipids in regenerating liver

Phospholipids are a major component of all cell membranes and
are important for liver regeneration. TLC of liver extracts from our
PH- or sham-treated mice revealed equivalent bands of PE, PI, PS,
PC, SM and LPC (Fig. 3A). IMS performed at 24 h post-PH or sham
surgery showed several peaks in the mass range from m/z 440 to
m/z 875 that were present in both PH liver and sham-treated liver
(Fig. 3B). Of these, 11 were assigned by their masses to abundant
PC molecular species, one to LPC and one to sphingomyelin
(Table 1). Compared to sham-treated liver, levels of six putative
PC species such as PC (1-acyl 34:2) and PC (1-acyl 36:5) and one
sphingomyelin were increased in regenerating liver, whereas one
putative LPC and two putative PC species were decreased. The
IMS visualization of these molecular species shown in Fig. 3C
clearly demonstrates the differences in levels of liver phospholipid
species between PH- and sham-treated mice. In particular, the per-

Table 1
Changes to phospholipid species in post-PH liver sections as determined by MALDI-
TOF-MS.

mfz Change” Putative molecular species
496.3 | LPC(16:0)

780.5 1 PC(1-acyl 34:2)+ Na
782.6 1 PC(1-acyl 34:1)+ Na
796.5 1 PC(1-acyl 34:2)+ K
798.5 1 PC(1-acyl 34:1)+ K
802.5 1 PC(1-acyl 36:5)
808.5 i PC(1-acyl 36:2)+ Na
820.6 — PC(1-acyl 36:4)
824.6 T PC(1-acyl 36:2)+ K
828.5 1 PC(1-acyl 36:0)
843.6 1 SM(2-amid022:2)
844.6 T PC(1-acyl 38:6)
848.6 - PC(1-acyl 38:4)
868.5 ! PC(1-acyl 40:8)
870.6 - PC(1-acyl 40:7)
872.6 ! PC(1-acyl 40:6)

1, increase; |, decrease; —, unchanged; SM, sphingomyelin.
" Change relative to sham surgery.

ivenous area of the sham-treated liver displayed lower levels of m/
z 848.6 but higher levels of m/z 796.5 compared to periportal area.
These results show that levels of phospholipid species change
dynamically following PH, and that several of these species show
a gradient in their intralobular distribution that is reminiscent of
hepatic zonation [19].

4. Discussion

In this study, we have demonstrated that IMS can uncover pre-
viously hidden lipid species in regenerating liver after PH. We have
also shown that PH not only affects liver lipids but also the expres-
sion of lipid-related genes in adipose tissues. The most common
method used to analyze lipids in post-PH liver is TLC, which in
our hands detected only a single band of TG that increased with
time, as well as a collection of single phospholipid bands that did
not change in intensity (Figs. 1B and 3A). In contrast, IMS revealed
the existence and dynamic distribution of clearly multiple TGs
(Fig. 1C and D, Table S2) and phospholipids (Fig. 3B and C, Table
1). Our results therefore demonstrate that IMS is a highly useful
tool for both analyzing lipid species with high resolution.

Our results also show that PH affects the expression of genes
that regulate TG synthesis, degradation and p-oxidation in adipose
tissues (Fig. 2). Although adipose tissues are not directly connected
to liver, they synthesize and release TGs that can travel in the blood
to this organ. We propose that the injured liver may send an
unidentified signal to the adipose tissues that regulates lipid
metabolism. One possible route for such a signal might be via
the blood. Indeed, it was recently reported that the serum total
TG concentration was decreased by 75% at 6 h post-PH in mice
[18]. The altered gene expression we observed in adipose tissues
post-PH could result from cellular sensing of a reduction in blood
TG. Another possibility may be signal transmission via the central
nervous system (CNS). Imai et al. recently reported that hepatic
ERK activation regulates pancreatic beta cell mass via the CNS
[20]. Thus, following PH, hepatocytes may transmit a neural signal
to adipose tissues that communicates their need to acquire more
lipids for regeneration. Because the liver is a central metabolic reg-
ulator, interactions between the liver and other tissues mediated
through the blood and/or CNS may be essential for whole body
homeostasis.

Moreover, IMS allowed the 2D-visualization of TG and phospho-
lipid distribution patterns in liver (Figs. 1D and 3C). Hepatic zona-
tion refers to a gradient of molecules that appears from the
perivenous region of a liver lobule to its periportal region [19].
We found that the perivenous area of the sham-treated liver dis-
played lower levels of m/z 848.6 but higher levels of m/z 796.5
compared to periportal area (Fig. 3C), consistent with hepatic zona-
tion. Although a few previous studies have provided evidence of
differential distribution of some mRNAs and proteins in liver lob-
ules as determined by in situ hybridization and immunostaining,
our IMS analysis is the first to show that small molecules such as
lipids also exhibit hepatic zonation.

Increased fat content (steatosis) is a common feature of a liver
under stress, be it due to regeneration after PH, or to altered func-
tion due to severe fasting. Prior to our study, it was not clear
whether these fatty livers differed in their lipid content. Zaima
et al. and van Ginneken et al. reported that PC (1-acyl 34:2) was
the dominant lipid species increasing in the pathologic fatty liver
induced in fasting mouse and rat models [21,22]. These groups
therefore proposed that PC (1-acyl 34:2) is important for the evo-
lution of fatty liver in this context. In our study, we too observed an
increase in PC (1-acyl 34:2) in regenerating liver post-PH (Table 1).
However, we also detected elevations in additional lipid species
such as PC (1-acyl 36:5), which was decreased in fasting liver
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