VALINE® 8,GPI ALLELE AND RISK OF APS

DISCUSSION

This study shows the positive correlation between
the Val**” B,GPI allele and anti-B,GPI antibody pro-
duction in a Japanese population, confirming the corre-
lation observed in a British Caucasian population in our
previous report (15). A positive correlation between the
Val** allele and the presence of anti-B,GPI antibodies
was also reported in Asian American (26) and Mexican
patients (27). However, this correlation was not ob-
served in other American populations (26) or in patients
with thrombosis or pregnancy complications in the UK
(28). This discrepancy may be the result of the difference
in the frequency of the Val**” allele among races, or the
difference in the background of investigated patients.
Another possibility is that the relationship between the
Val* allele and thrombosis in Caucasians may be
controversial due to underpowered studies or to differ-
ences in the procedure used to detect anti-3,GPI anti-
bodies. Methods for the detection of anti-8,GPI anti-
bodies differ among laboratories. For example,
cardiolipin-coated plates or oxygenated plates are used
in some methods, whereas unoxygenated plates are used
in others. In addition, bovine 8,GPI is used instead of
human B,GPI in some assays. The antibodies used for
standardization also differ, although monoclonal anti-
bodies such as EY2C9 and HCAL (29) have been
proposed as international standards of calibration mate-
rials.

B,GPI is a major target antigen for aCL, and,
according to our previous investigation, B cell epitopes
reside in domain I'V and are considered to be cryptic and
to appear only when B,GPI interacts with negatively
charged surfaces such as cardiolipin, phosphatidylserine,
or polyoxygenated polystyrene surface (7), although
other studies indicate that the B cell epitopes are located
on domain I (13) or domain V (14). According to
another interpretation for the specificity of aCL, incre-
ment of the local antigen density on the negatively
charged surface also contributes to anti-8,GPI detection
in ELISA (8,30). Studies on the crystal structure of
human B,GPI revealed that the lysine-rich site and an
extended C-terminal loop region on domain V are
crucial for phospholipid binding. Position 247 is located
at the N-terminal side of domain V, and, around this
position, Lys**?, Ala**, and Ser** were suggested to
play a role in the interaction between domains IV and V
(9,23,31).

Although the Val/Leu**” polymorphism may not
be very critical for the autoantibody binding, the amino
acid substitution at this point was revealed to affect the
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affinity of monoclonal aCL established from patients
with APS and that of purified IgG from patients positive
for B,GPI-dependent aCL. We conformationally opti-
mized to domain V and the domain IV-V complex of
B,GPI variants at position 247, referring the crystal
structure of B,GPL. IgG aCL was screened using the
standardized aCL ELISA, in which both the Leu®’ and
the Val**’ allele of B,GPI are contained as antigen.
Although biochemical characteristics and structure are
similar between valine and leucine, the replacement of
Leu" by Val**7 leads to a significant alteration in the
tertiary structure of domain V and/or the domain IV-V
interaction (Figure 4). It is likely that the structural
alteration affects the affinity between anti-8,GPI auto-
antibodies and the epitope(s) present on its molecule.
One explanation for this phenomenon is that this 8,GPI
polymorphism affects the electrostatic interaction be-
tween domain IV and domain V or the protein—protein
interaction, resulting in differences in the accessibility of
the recognition site by the autoantibodies, or the local
density of B,GPIL.

Another possible explanation of the correlation
between the Val/Leu*” polymorphism of 8,GPI and
anti-B,GPI antibodies is T cell reactivity. Ito et al (32)
investigated T cell epitopes of patients with anti-3,GPI
autoantibodies by stimulating patients’ PBMCs with a
peptide library that covers the 8,GPI sequence. Four of
7 established CD4+ T cell clones reacted to peptide
fragments that include amino acid position 244-264,
then position 247 is included among the candidate
epitopes. Arai et al (33) found preferred recognition of
peptide position 276-290 by T cell clones from patients
with APS. They also found high reactivity to peptide
247-261 in one patient. We speculate that a small
alteration in the conformation arising from the valine/
leucine substitution at position 247 may affect the sus-
ceptibility to generate autoreactive T cell clones in
patients with APS.

Our results in this study indicate that the Val/
Leu**” polymorphism affects the antigenicity of 8,GPI
for anti-B,GPI autoantibodies, and that the Val*’ allele
can be a risk factor for having autoantibodies against this
molecule. Therefore, the Val/Leu®*’ variation of 8,GPI
may be crucial for autoimmune reactivity against 8,GPL.
We further show the significance of the Val/Leu®’
polymorphism of B,GPI in the strength of the binding
between B,GPI and anti-B,GPI autoantibodies. The
significance of antigen polymorphisms in the production
of autoantibodies or in the development of autoimmune
diseases is not well understood. To our knowledge, this
report is the first to present a genetic polymorphism of
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autoantigen directly affecting its interaction with auto-
antibodies.
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Abstract

Cytotoxic T lymphocyte antigen-4 (CTLA-4) is constitutively expressed on CD25°CD4* regulatory

T cells (Treg) and is suggested to play a role in Treg-mediated suppression. However, the results of
analysis with anti-CTLA-4 have been controversial. We addressed this issue by analyzing mice
over-expressing or deficient in CTLA-4. For over-expression, CTLA-4 fransgenic mice expressing

a full-length (FL) or a truncated (TL) mutant of CTLA-4 were analyzed. FL T cells expressed similar
levels of CTLA-4 to Treg, whereas TL T cells expressed much higher levels on the cell surface. The
number of Treg in both mice was decreased, although Foxp3 expression was not altered. Treg from
both mice exerted suppressive activity, whereas CD25~ T cells from FL. mice showed no suppression.
Furthermore, CD25*CD4 thymocytes from young CTLA-4-deficient mice were analyzed and found o
exhibit suppressive activity. These results indicate that Treg exert in vitro suppressive activity

independent of CTLA-4 expression.

Introduction

Cytotoxic T lymphocyte antigen-4 (CTLA-4) is an inhibitory
co-stimulation receptor of Tcells that mediates the inhibition of
Tcell activation. As CTLA-4 shares its ligands (CD80 and CD86)
with CD28 and has much higher affinity for the ligands than
CD28, a low expression of CTLA-4 mediates strong inhibition.
Whereas CD28 is constitutively expressed, CTLA-4 is induced
only upon TCR stimutation. CTLA-4 inhibits T cell activation by
competing with CD28 for ligand binding to block the positive
co-stimulation and the delivery of inhibitory signals (1-3). The
inhibitory function of CTLA-4 is evidenced by the finding that
CTLA-4-deficient (7/~) mice develop lymphoproliferative dis-
ease and become moribund at several weeks of age (4). These
observations indicate that CTLA-4 down-regulates T cell
activation and maintains peripheral tolerance in vivo.

Naturally occurring CD25*CD4* regulatory T cells (Treg)
suppress self-reactive CD25™ T cells to prevent the development
of autoimmunity in vivo (5, 6). Treg down-regulate the proliferation
of CD25~ Tcells upon TCR stimulation in vitro in an antigen-non-
specific manner, although Treg activation is antigen specific (7).
The Treg-mediated suppression requires cell contact and is not

mediated by cytokines such as IL-10, IFNy and tissue growth
factor-B (7-9). Treg develop in the thymus and migrate to the
periphery (10, 11). Approximately 5% of CD4*CD8™ [CD4 single
positive (SP)] thymocytes are CD25%, and CD25*CD4SP cells
have suppressive property in vitro. Neonatal thymectomy causes
various organ-specific autoimmune diseases in normal mice due
to the reduced number of Treg in the periphery (12). The adoptive
transfer of CD25~CD4SP cells into athymic mice has resulted in
the development of similar disorders (13). These studies reveal
that Treg differentiate in the thymus and maintain natural self-
tolerance.

It has been shown that Treg constitutively express CTLA-4
(14), glucocorticoid-induced tumor necrosis factor receptor
(GITR) (15, 16) and CD103, and the Fab fragment of anti-
CTLA-4 abrogates the in vitro suppressive activity of Treg.
Normal mice treated with high doses of anti-CTLA-4 or
a mixture of anti-CTLA-4 and anti-CD25 develop autoimmune
gastritis. The administration of anti-CTLA-4 reverses the Treg-
mediated inhibition of CD25~ T cell-induced colitis in vivo (17).
These findings suggest that the engagement (or blockade) of
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Fig. 1. Foxp3 mRNA expression in T cells from CTLA-4 Tg mice. (a)
Foxp3expression in Treg. Foxp3 mRNA expression in Treg from WT, FL.
and TL mice was analyzed by real-time PCR in triplicate, normalized to
that of B-actin and presented as the ratio to the expression level in
CD257CD4* T celis from WT (WT257). (b) Foxp3 expression in
CD257CD4" T cells. The same analysis as (a) for CD25-CD4" Tcells.
Data are representative of two experiments.

CTLA-4 is involved in the Treg-mediated suppression in vitro
and the maintenance of self-tolerance in vivo. In contrast to
these studies, however, anti-CTLA-4 was found to unsuccess-
fully reverse the in vitro suppression in other studies (7, 18),
and therefore, the role of CTLA-4 in Treg remains controversial.

Recently, forkhead box P3 (Foxp3) has been shown to be
specifically expressed in and essential for the development of
Treg. A mutation in Foxp3results in a lethal lymphoproliferative
disorder in mice (scurfy) (19) as well as humans (immune
dysregulation polyendocrinopathy enteropathy X-linked syn-
drome [IPEX]) (20). The transduction of Foxp3 into
CD25-CD4" T cells leads to the up-regulation of CTLA-4 as
well as CD25 and the conversion into Treg (21).

Here, we intended to clarify the requirement of CTLA-4 for
Treg function by analyzing mice with no expression (knockout
mice) or over-expression [transgenic (Tg) mice] of CTLA-4,
The results demonstrate that CTLA-4 is not required by Treg to
exert in vitro suppressive activity.

Methods

Mice
C57BL/6 mice were purchased from SLC Inc. (Shizuoka,
Japan). CTLA-4~'~ mice were provided by Tak Mak (University

of Toronto, Toronto, Canada). CTLA-4 Tg mice were generated
by injecting the inserts of constructs with the human CD2
promoter (22) and a full-length (FL) or a truncated [tail-less
(TL)] CTLA-4 cDNA (six amino acids remain in TL) (23) into
fertilized eggs of C57BL/6 mice. Two of each Tg founder were
obtained and backcrossed onto CTLA-47/~ mice with the
C57BL/6 background (24).

Antibodies and reagents

All cells were grown in RPMI 1840 (Sigma, St Louis, MO,
USA) supplemented with 10% heat-inactivated FCS (Sigma),
100 U ml™" penicillin, 100 pg mi~" streptomycin, 50 uM 2-
mercaptoethanol (WAKO, Osaka, Japan), 0.1 mM non-
essential amino acids and 1 mM sodium pyruvate (Invitrogen
Corp., Carlsbad, CA, USA). FITC-conjugated antibodies for
I-A® and CD4 were purchased from BD PharMingen (San
Diego, CA, USA), and FITC-anti-B220, FITC-anti-CD8, PE
anti-CD25, biotinylated mAbs for CD8e, CTLA-4 and CD103,
allophycocyanin-CD4 and-streptavidin (SA) were from eBio-
science (San Diego, CA, USA). Anti-CD3 (145-2C11) and anti-
GITR (DTA-1) were provided by J. Bluestone (University of
California~San Francisco, San Francisco, CA, USA) and S.
Sakaguchi (Kyoto University, Kyoto, Japan), respectively. 5,6-
Carboxyfluorescein diacetate succinimyl ester (CFSE) was
purchased from Molecular Probes (Eugene, OR, USA).

Cell preparation

CD25" and CD25-CD4™ T cells were isolated from spleen and
lymph node cells by staining with a mixture of mAbs (FITC-
conjugated anti-I-A®, anti-B220, anti-CD8 and PE-anti-CD25),
followed by incubation with anti-FITC beads. The flow through
from a MACS column (Miltenyi Biotec, Auburn, CA, USA)
was incubated with anti-PE beads and CD25* cells were
separated using MACS. The purities of CD25*CD4* and
CD257CD4" cells were >94 and 99%, respectively. For
CD25*CD4SP thymocytes, single-cell suspensions from thymi
of 10- to 12-day old mice were stained with FITC-anti-CD4,
PE-anti-CD25 and biotin-anti-CD8, and then with SA beads,
followed by magnetic separation using MACS. CD25% cells
were then sorted by FACS Aria (BD Bioscience, San Jose, CA,
USA). These thymocytes contained ~10-20% CD25~ cells
and 10% CD25*CD4CD8™ cells. Erythrocyte-depleted irra-
diated (3500 rad) whole splenocytes were used as antigen
presenting cells (APC). In cell division analysis, CD25-CD4*
T cells from wild-type (WT) mice were labeled with 2 pg m!™’
CFSE in 2% FCS-containing RPMI for 8 min at 37°C.

Fig. 2. Suppressive activity of CD25" and CD25-CD4" Tcells from CTLA-4 Tg mice. (a) Surface expression of CTLA-4 on CD25* and CD25-CD4*
Tcells from WT, FL and TL mice. Cells were stained with biotinylated anti-CTLA-4 and SA-APC. (b) Proliferation of CD25" or CD25-CD4" T cells
from CTLA-4 Tg mice. Left panel: 2 X 10* CD25" or CD25-CD4* T cells from WT (open bar), FL (hatched bar) and TL (closed bar) mice were
cultured with 8 X 10% APC in the presence of 1 ug mi™" anti-CD3 at 37°C for 72 h. Right panel: the same culture was stimulated with 10 ng mi~’
phorbol myristate acetate + 1 uM ionomycin at 37°C for 72 h. {(c) Suppressive activity of Treg from CTLA-4 Tg mice. Graded numbers of Treg from
WT (squares), FL (triangles) and TL (circles) mice were cultured with 2 x 10* CD25-CD4* responder T cells in the presence of 1 pg ml~* anti-CD3
and 8 X 10* APC. (d) Suppressive activity of non-regulatory CD25-CD4* Tcells from CTLA-4 Tg mice on proliferation of responder T cells. Graded
numbers of Treg from WT (WT257; closed squares) mice or CD257CD4" Tcells from WT (WT257, open squares), FL (FL257, open triangles) and TL
(TL257, open circles) mice were cultured with 2 X 10 responder Tcells in the presence of 1 pg mi™" anti-CD3 and 8 X 10* APC. (e) Inhibition of
responder T cell division by CD25* or CD25-CD4* T cells from CTLA-4 Tg mice. A total of 2 X 10% CFSE-labeled CD25-CD4* responder T cells
were cultured with WT25%, WT257, FL25™ and TL25™ in the presence of 1 pg mi™" anti-CD3 and 8 X 10* APC. Data are representative of three

experiments.
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Real-time PCR

Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Foxp3 mRNA expression levels were
quantified by real-time PCR using an ABI PRISM 7000
(Applied Biosystems, Foster City, CA, USA) and Foxp3
primers (5'-GGG GCC CAC ACC TCT TCT TCC T-3" and 5'-
GGC TGATCATGG CTG GGT TGT CC-3'). Cycling conditions
were 50°C for 2 min, 95°C for 10 min and 40 cycles of 95°C for
30 s, 60°C for 30 s and 72°C for 30 s. Relative Foxp3 mRNA
expression in each population was determined by normalizing
to that of B-actin, and presented as the ratio to the expression
level of CD25-CD4" T cells from WT mice.

Proliferation assay

Atotal of 2 X 10" CD25-CD4™ responder Tcells were cultured
with 8 X 10% APC and graded numbers of sorted CD25*CD4*
or CD25-CD4* Tcells and 1 or 10 ug mi~" anti-CD3 at 37°C for
72 h. Tritiated thymidine incorporation during the fast 8-10 h of
the culture was measured. For cell division analysis, CFSE-
labeled CD257CD4* T cells were cultured with various
populations for 72 h and analyzed by flow cytometry.

Results

Over-expression of CTLA-4 did not alter Foxp3 mRNA
expression in Treg

Tg mice expressing FL and truncated (TL.) forms of CTLA-4 under
the control of the CD2 promoter were established (24) and
crossed with CTLA-4~/~ mice. Analysis of splenic Tcells showed
that CD25*CD4" Treg in both Tg mice were reduced in number.
CD25" Tcells constituted 2.1 = 1.1% of CD4" Tcells from FLTg
mice and 1.6 = 1.0% from TLTg mice, whereas WT C57BL/6 mice
contained 9.0 = 20%. As Foxp3 is correlated with Treg
development (21), Foxp3 mRNA expression in CD25*CD4* and
CD25~CD4* T cells from both Tg mice (FL25"/25~ and TL25"/
257, respectively) was examined, FL25% and TL25" cells
expressed similar levels of Foxp3 mRNA to WT Treg (Fig. 1a).
Whereas Foxp3 mRNA expression was much lower in WT257
cells thanin Treg, it was significantly reduced in FL25~ and TL25~
cells reciprocally to the CTLA-4 expression (Fig. 1b). These results
indicate that CTLA-4 neither enhances Foxp3 mRNA expression
in CD25* Tcells nor induces it in CD25~ Tcells.

Over-expression of CTLA-4 did not affect suppressive
activity of Treg

Despite the decrease in the number of Treg, both FL and TL
mice did not develop any lymphoproliferative diseases (24),

suggesting that the decrease in the number of Treg is sufficient
for suppressing self-reactive T cells. Therefore, we examined
the suppressive activity of Treg from Tg mice by isolating Treg
by cell sorting. The surface expression of CTLA-4 on FL25"
cells was similar to that on Treg, whereas the expression was
much higher on TL25" cells (Fig. 2a) due to the lack of adaptor
protein complex-2 (AP2)-mediated endocytosis (23). CTLA-4
was constitutively expressed also on CD257CD4"* T cells from
FL (FL257) or TL (TL257) mice, both of which were as hypo-
responsive to TCR stimulation as Treg (Fig. 2b). Moreover,
FL257 and TL25™ cells exhibited lower responses to TCR
stimulation reciprocally to the expression level of CTLA-4 (Fig.
2b). When CD25™ Tcells were mixed with CD25™ Tcells for the
analysis of the in vitro suppressive activity, both FL25" cells
and TL25" cells exhibited suppression similar to WT25* cells

" (Fig. 2¢). These findings indicate that the cytoplasmic tail of

CTLA-4 is dispensable for the Treg-mediated suppression and
that the expression level of CTLA-4 does not determine the
extent of the suppression.

Constitutive expression of the physiological level of CTLA-4
on CD25™ Tcells did not induce suppressive activity

We then examined whether the constitutive expression of
CTLA-4 induced suppressive activity in non-regulatory CD25~
T cells. Although FL257 cells expressed similar levels of
surface CTLA-4 to Treg, they did not show any significant
suppressive activity compared with Treg (Fig. 2d). In contrast,
TL25™ cells that expressed much higher levels of CTLA-4 than
Treg exerted as strong a suppressive activity as Treg. We
further analyzed the cell division of CFSE-labeled responder
T cells to determine the influence of FL25~ or TL25™ cells on
the responder T cells. As shown in Fig. 2(e), WT25" cells and
not FL25™ cells strongly inhibited the responder T celi division.
In contrast, TL25™ cells delayed the division to the same extent
as that of WT25* cells. These results confirm that the
suppressive activity of Treg does not depend on the
expression of CTLA-4, although an extremely high expression
of CTLA-4 can provide non-Treg with suppressive activity.

CD25"CD4SP thymocytes from young CTLA-4~"~ mice
exert in vitro suppressive activity

An analysis of the suppressive activity of Treg from CTLA-4~/~
mice would obviously provide an answer to the question of
whether CTLA-4 is required for the Treg-mediated suppres-
sion. Peripheral CD4" T cells showed the activation phenotype
in CTLA-4~~ 'mice (4). Indeed, ~30 and 10% of splenic CD4*
Tcells expressed CD25 in young CTLA-4~/~ and normal mice,

Fig. 3. Suppressive activity of CD25"CD4 SP thymocytes from young CTLA-4™"" mice. (a) Normal thymocyte development in young CTLA-47/~
mice. Thymocytes from 10- to 12-day old CTLA-4+/+, +/— and —/- mice were stained with anti-CD4 allophycocyanin and anti-CD8 FITC. (b)
Expression of CTLA-4, GITR and CD103 on the cell surface of thymocytes from 10- to 12-day old CTLA-47" mice. Thymocytes were stained with
anti-CD4 allophycocyanin, PE-anti-CD25 and biotinylated anti-CTLA-4, anti-GITR or anti-CD103. CD25"CD4 thymocytes were gated and
analyzed for CTLA-4 (upper panels), GITR (middle panels) and CD103 (bottom panels). (c} CD25" CD4 SP thymocytes from young CTLA-4~"~
mice are hypo-responsive, A total of 1 x 10* CD25* CD4 SP thymocytes from 10- to 12-day old CTLA-these changes result in “CD25” CD4 SP
thymocytes”+/+, +/— and —/— mice were cultured in the presence of 10 pg mi~" anti-CD3 and 4 X 10? APC. (d) Suppressive activity of CD25" CD4
SP thymocytes from 10- to 12-day old CTLA-4~~ mice. A total of 2 x 10" adult CD25™ responder T cells were cultured with graded numbers of
CD25"CD4SP (+/+, closed triangles; +/—, closed diamonds; —/~, closed circles), CD25-CD4 SP (+/+, open triangles; +/—, open diamonds; —/—,
open circles) or adult T cells (CD25%, closed squares; CD25™, open squares) in the presence of 10 g mi™" soluble anti-CD3 and 8 x 10% APC.

Data are representative of five independent experiments.
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respectively (data not shown). TCR stimulation induced CD25
expression on CD25™ T cells, although these cells did not
show suppressive activity (7). Thus, Treg and activated T cells
could not be discriminated in peripheral T cells from adult
CTLA-4™"~ mice. We therefore characterized Treg in thymo-
cytes from 10- to 12-day old CTLA-4~/~ mice that have normal
thymocyte subsets (Fig. 3a) (25). CD25*CD4SP cells consti-
tuted 5% of the CD4SP cells in CTLA-4**, *= and /=
genotypes (data not shown), suggesting that Treg normally
developed in the thymi of these young CTLA-4~'~ mice.

We isolated CD25*CD4SP thymocytes from 10- to 12-day-
old CTLA-4** (+/+25%), ¥~ (+/—25") and ~~ (—/—25%) mice
by cell sorting. CTL.A-4 was expressed on +/+25" and +/-25*
but not on —/—25*, whereas both GITR and CD103 were
equally expressed on these cells (Fig. 3b). Similar to +/+257,
+/—25% and peripheral Treg (adult CD25%), —/-25% cells
themselves did not respond to TCR stimulation (Fig. 3c).
However, by mixing with adult CD25™ cells as responder cells,
—/-25" cells suppressed the proliferation of responder T cells
in a dose-dependent manner, similar to +/+25* and +/—25*
cells. In contrast, no CD25~CD4SP cells from either genotype
showed such suppression (Fig. 3d).

Taken together, these resulis demonstrate that CTLA-4 is not
essential for the in vitro suppressive activity of CD25*CD4SP
thymocytes. The reason why the suppressive activity of
—~[-25" cells seems to be weaker than that of +/—25" cells
may be attributed to the contaminated CD25-CD4SP thymo-
cytes, as CD25-CD4SP cells from CTLA-4™"~ mice were
hyper-responsive to TCR stimulation compared with those
from the other genotypes (data not shown). Nevertheless, it
cannot be excluded that a minor population of Treg mediate
the suppression in a CTLA-4-dependent manner,

Discussion

We addressed the question of whether CTLA-4 is required by
Treg to exert suppressive activity by analyzing mice with over-
expression and deletion of CTLA-4. Treg from both FL and TL
Tg mice expressed the same level of Foxp3 as WT25" and
exhibited similar suppressive activity to WT257, indicating that
the constitutive expression of CTLA-4 does not augment the
suppressive activity of Treg. We obtained the answer to the
question of the suppressive activity of Treg in CTLA-4~/~ mice
by utilizing CD25*CD4SP thymocytes from 10- to 12-day old
CTLA-47"" mice, based on the observation that none of the
activated T cells invaded thymi at this stage (26). We found
that CD25*CD4SP thymocytes differentiated normally in
CTLA-47~ thymus and could exert in vitro suppressive
activity. These results suggest that CTLA-4 is not essential
for the Treg-mediated suppression and its expression level
does not affect the suppressive activity of Treg.

The analysis of Foxp3 mRNA expression in these Tg mice
demonstrated that the over-expression of CTLA-4 neither
enhanced Foxp3 mRNA expression in Treg nor induced it in
non-regulatory cells. The number of peripheral Treg from FL
and TL mice was reduced and Foxp3 mRNA expression in
these Treg was the same as that in WT Treg, consistent with the
current idea that Foxp3 expression developmentally deter-
mines the cell lineage of Treg. The apparently decreased
number of Treg in both Tg mice may resuit from the inhibition of

CD28-mediated co-stimulation by the expressed CTLA-4
because co-stimulation is required for the development and
homeostasis of Treg.

On the other hand, our data showed that the physiological
level of the CTLA-4 expression in CD25™ non-Treg did not
induce suppressive activity. FL25™ neither expressed Foxp3
nor mediated significant suppression in spite of the similar
level of CTLA-4 expression to Treg. In contrast, TL25™
expressed extremely high levels of CTLA-4 on the cell surface
and exhibited as strong a suppressive activity as Treg. These
results indicate that non-Treg do not acquire Treg function by
constitutive expression of the physiological level of CTLA-4,
whereas the excessive expression of the cell-surface CTLA-4
may induce suppression, probably by inhibiting the B7-CD28
interaction,

It has been shown that Treg modulate tryptophan metabo-
lism in dendritic cells to mediate suppressive effects in
a CTLA-4-dependent fashion (26). Therefore, Treg or even
CTLA-4-expressing non-Treg may induce such a function.
However, because we used splenocytes as APC, the in vitro
suppression in our results may not be relevant to this
regulation.

The survival of CTLA-4-lg-treated CTLA-47'~ mice and mice
deficient in B7 or CD28 reveals that co-stimulation through the
B7-CD28 pathway is essential for the development of
lymphoproliferative disorder in CTLA-4™~ mice (1, 3, 27).
These results suggest that the blockade of B7 by CTLA-4
expressed on CD25~ cells may inhibit the expansion of self-
reactive T cells as an additional mechanism for preventing the
development of autoimmune disease. Both Tg mice, however,
survived as long as normal mice (24), suggesting that such
a small number of Treg are sufficient to prevent the dev-
elopment of autoimmune disease and/or that CTLA-4 expres-
sion in autoreactive T cells may prevent their proliferation.

In spite of the normal development of Treg with suppressive
activity in the thymus, CTLA-4~/~ mice developed a fatal
lymphoproliferative disease, despite the presence of such
suppressive CD25*CD4SP cells, suggesting that CTLA-4
deficiency might impair not the development but the mainte-
nance of Treg in the periphery. This suggestion is supported
by the fact that CTLA-4~"~ Foxp3 Tg mice have increased
numbers of CD25"CD4™* T cells and survive longer than CTLA-
47~ mice (28). Whereas the homeostasis of Treg depends on
MHC (29) and CD28 (30), its dependence on CTLA-4 remains
unknown. The adoptive transfer of splenocytes from CTLA-4™/~
mice produces lymphoproliferative disorder, and the co-
transfer of WT splenocytes prevents disease development
(31). CD25" T cells isolated from peripheral T cells of adult
CTLA-4~"~ mice were shown to exhibit weak suppressive
activity, and normal Treg suppressed the proliferation of
CD25~ Tcells from CTLA-4~/~ mice in vitro (14). These results
suggest that a fatal lymphoproliferative disorder in CTLA-4~/~
mice may result from a deficiency or a functional impairment of
Treg in the periphery. In addition, the intrinsic activation of
autoreactive CD25~ T cells and the maintenance of T cell
homeostasis were also impaired due to the lack of CTLA-4-
mediated inhibitory signaling because CTLA-4 can induce
ligand-independent inhibitory function (1).

In summary, CTLA-4~~ mice have normal Treg in their thymi
and CTLA-4 Tg mice have a small number of Treg, indicating
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that CTLA-4 is dispensable for Treg development in the
thymus but plays a role in regulating the number of Treg in the
periphery. For peripheral CD25™ T cells, CTLA-4 may inhibit
the expansion of autoreactive CD25™ T cells and contribute to
the maintenance of T cell homeostasis. Further analysis of the
mechanism of CTLA-4-mediated regulation of Treg homeo-
stasis may lead to the elucidation of Treg-mediated suppres-
sion of autoimmunity.
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Abbreviations

APC antigen-presenting cells

CTLA-4 cytotoxic T lymphocyte antigen-4
FL full length

Foxp3 forkhead box P3

GITR glucocorticoid-induced tumor necrosis factor receptor
SA streptavidin

SP single positive

Tg transgenic

TL tail-less

Treg regulatory T cells

WT wild type
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Cutting Edge: Fas Ligand (CD178) Cytoplasmic Tail Is a
Positive Regulator of Fas Ligand-Mediated Cytotoxicity'

Satoshi Jodo,>* Vyankatesh J. Pidiyar,”" Sheng Xiao,” Akira Furusaki,* Rahul Sharma, d
Takao Koike,* and Shyr-Te Ju’ !

The cytotoxic function of CD178 (Fas ligand (FasL)) is

critical to the maintenance of peripheral tolerance and

immune-mediated tissue pathology. The active site of

FasL resides at the FasL extracellular region (FasLy,,) and
it functions through binding/cross-linking Fas receptor on
target cells. In this study, we repors that FasLg, -mediated
cytotoxiciry is regulated by rhe FasL cytoplasmic tail
(FasL C),,). Deleting the N-terminal 2-70 aa (A70) or N-
terminal 2-33 aa (A33) reduced the cyrotoxic strength as
much as 30- to 100-fold. By contrast, change in the cyto-
toxic strength was not observed with FasL deleted of the
proline-rich domains (45-74 aa, APRD) in the FasL,,
Our study identifies a novel function of FasL ., and den-
onstrates that FasL, 53, a sequence unigue to FasL, is crit-
ically vequired for the optimal expression of FasLg,,-me-
diated cytotoxicity. The Journal of Immunology, 2005,
174: 4470~4474.

as (CDY3) is a type | transmembrane protein expressed

by many nucleated cells (1). The physiological ligand

for Fas (Fasl,* or CD178) is a type II transmembrane
protein expressed by activated T cells and non-T cells under a
variety of conditions (2, 3). The extracellular domain of FasL
(FasLg,,) has the abilicy to bind Fas of target cells. Cross-linking
of Fas induces target cells to undergo apoptosis (4), The FasL-
mediated apoptosis pathway has been implicated in peripheral
tolerance (1, 2), tissue pathology (5, 6), and maintenance of the
immune privileged sites (7).

FasL expression is regulated at the transcriptional, transla-
tional, and postrranslational levels. An effective way to down-
regulate FasL expression is by shedding that generates soluble
FasL (sFasL). Shed sFasL. exhibits weak cytotoxicity and excess
sFasL inhibits Fasl.-based, cell-mediared cytotoxiciry (8). FasL
is also released from cells in the form of vesicles (FasL vesicle
preparation (VP)). FasL VP display full-length Fasl.and express
strong cytotoxicity (9, 10). The physiological significance of
FasL VI remains unknown.

Among TNF family members, FasL possesses a distinctive
cytoplasmic tail (FasLe,,) of 80 aa. The sequence of FasLc,, is
highly conserved among species, suggesting it may have specific
functions (11-14). Here, we report a novel function of FasL . ,.
We found that FasL,, is critically required tor the full expres-
sion of FasL-mediated cycoroxicity, a function associated with
FasLg,.. Compared with FasLe,, deletion mutants, FasL, en-
hances cytotoxicity by as much as 30- to 100-fold. In addition,
we idencified FasL, 45, « unique sequence not found in other
proteins, as the positive regulator of FasL-mediated cytotoxic-
ity. Our study demonstrates a novel regulatory function of
FasL,_,; for an effector mechanism that is critically involved in
various important aspects of the immune system.

Materials and Methods

Cell lines and reugents

Neuro-2a (mouse neuroblastoma), NTH-3T3 (mouse fibroblast), and COS-7
(monkey kidney fibroblast) were obained from American Type Culiure Col-
lecrion (ATCC). G247.4, NOK-1 mAb, and PE-conjugared sureptavidin were
obtained from BD Biosciences. All restriction endonucleases were obtained
from New England Biolabs. The prokaryotic expression vector pBlueScripe I
KS was obtined from Stratagene. The human FasL ¢<DNA construct and the
mammalian expression vector BCMGSneo were kindly provided by Dr. 8. Na-
gata of Osaka University Medical Center (Osaka, Japan} (11).

Construction of FasL deletion mutants

The full-length human FasL ¢DNA cloned in pBlueScripe IT KS was used to
generate deletion mutants by PCR using different 3° primers and the same 3’
primer (Integrated DNA Technologies). All 5' primers used contain the tans-
lation scare sequence ATG thac codes for mechionine. therefore, deledion begins
with amino acid residue 2 of FasL. The sequences of the 5 primers ave: §'-
ATGACCTCTGTGCCCAGAAGGCC-3" Tfor A33 in which Fasl, _yy is de-
lered), 5'-ATGCTGAAGAAGAGAGGGAACCACAGC-3' (for A70 in
which Fasl, 5, is deleted), 5" ATGCAGCTCTTCCACCTACAGAAG
GAGC-3" {for A102 in which FasL,. 5, is deleced) and 3'-GCCCTGGT
CAAAGGAGGGGGAACCACAGCACAGGC-3' (for APRD (proline-tich
domain deletion mutang) in which FasLs_,, is deleced). We used A102 FasL
together with BCMGSneo (vector conmol (Ve)) in every transfection experi-
ment to control any unforeseen effect of our recombinant enginecring process.
The sequence of the 3' primer is 5’ -GTAAAACGACGGCCAGTGAGCG-3'
of the pBlueScripe 11 KS. The PCR produces were subcloned into pBlueScripe
11 KS. The inserts were excised with No#l and Xbol and doned into the BC-
MGSneo vector. The gene sequence of each construct was confirmed by DNA
sequencing.
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FIGURE 1.
of FasL by various transfectants. The
WT human FasL sequence was shown

Cell surface expression

in A, The amino acid positions 2, 33,
70, and 102 were marked to indicate
the sequence deleted for A33 (2-33), B
A70 (2-70), and A102 (2-102) FasL
mutans. PRD is undedined. The

4471

MO QPFNYPYPQIYWYDSSASSPWAPPGTVL PCP  TSVPRRPGORRPFPPEPPPPLPPPPEPPPLERLPLPP™
LKKRGNHSTGLCLLVMFFMYLVALVGLGLGMF QLFHLOKELAELRES TSOMHTASSLEKQIGHP SPPPEKKE
LRIVAHLTGKSNSREMPLEWEDTYGIVELSGVKYKKGGLMVINETGLY FVYSKVYFRGQECNNLPL SHKVY RN
SKYPQDLYMMEGKMMS YCTTGOMWARSSYLGAVFNLT SADHLYVNVSELSLYNFEESQTFRGLYKL

WT

transmembrane domain is icalicized.
The strike-through sequence represents
the wimerization modf. B8, Various

Hpgedn

Neuro-2a wansfectanes (npper panel)
and NIH-3T3 tansfectants (lower pan-

els) were stained wich biotin-conjugaced
NOK-1 mAb (shaded area) or isorype
control (open area), followed by FITC-

conjugated sureptavidin and analyzed
with 2 flow cyrometer. Dara presenced
is representative of three separate exper-
imengs. C, Western bloc analysis of o
FasL of various wansfecrants (2 and b)
and their Fusl. VP (¢ and 4) of
Neuwro-2a and NIH-3T3 series. Lanes
15 ave samples from W'T, A33, A70,
A102, and Vc wansfecrants, respec-
tively, Molccular mass mackers are
shown on the left side of each panel.

Transfection

The desivation, characeerization, and culture condition for maintenance of
uansfectants of various cell lines have been described (15).

Flow cytometric analpsis

Cells (0.5 X 10) were suspended in 0.1 ml of PBS containing 0.2% BSA and
1 ug of biotinylaced NOK-1 or biotinylated control isotype. Binding reaction
was conducted at 4°C for 30 min with gentle mixing periodically. Afterward,
cells were washed owice wich cold PBS. Bound Abs were measured by incubat-
ing with 0.5 ug of FITC-conjugated strepravidin for 30 min ac 4°C. Cells were
washed twice with cold PBS and then analyzed using FACScan (BD Bio-
sciences) equipped with CellQuest software. At least 2 X 10% stained cellsin the
gated area were selected with each sample.

Preparation of sFusL. and FusL VP

Cells ac ~80% confluence were maintained in 150 mm X 25 mm peuri dishes
in 25 ml of culeure medium for 48 h. FasL VP and sFasL were prepared as
previously described (9, 10).

Table L. Fasl protein levels in various compartments of transfoctant culture®
wT 433 A70 AL02° A\
Neuro-2a
Cell lysate 3 19 89 <0.01 <0.01
FasL VP 17 14 50 ~0.02 <0.02
sFask, 9 15 10 <0.2 <0.2
NIH-3T3°
Cell lysate 8 65 72 <0.01 <0.01
FasL VP 31 44 54 <0.02 <0.02
sFasL 46 139 132 0.2 <0.2

“FasL in sumples was dererminced by ELISA. Dasa presented are representative of three
separate experiments.

*"The numbers indicace the limits of FasL deceetion, which depend on sample volumes
used in the assay.

" The numbers indicate FasL total amounts in picomoles in samples. See Materials and
Methods for sample preparation.

Quantification of Fusl

The amounts of FasL in cell extract, FasL VP, and sFasL of all transfecrants were
determined using the FasLg, ~specific ELISA kit (Oncogene) as previously de-
scribed (10), A standard curve using recombinane sFasL provided with the kitis
included in every individual assay.

Western blot analysis

Western blot analysis was conducted as previously described (9). Prowein con-
centrations loaded were 8.1-5 pg. For samples lacking detectable FasL, 5 ug of
tocal procein was loaded, FasL was decected using FasLg_-reactive G247.4 mAb

followed by anti-mouse IgG-HRP (Sigma-Aldrich). Specific bands were devel-
oped using ECL, (Amersham),

Cytotoxicity ussay

A cytotoxicity assuy was conducted as previously described using ' Cr-labeled,
A20 B lymphoma cells or Jurkat T lymphoma cells as carges (10), Various
amounts of effector were incubated with 2 X 10 rarget cells for 4— 8 h a¢ 37°C
in 1 10% CO; incubator. At the end of incubation, cell-free supernatants were
collecced and counted wich a gamma-counter (LKB). Cytotoxicicy, expressed as
percenc-specific Cr release, was caleulated by che formula: 100 X (experimental
relcase — background release)/(total release — background release). Back-
ground release was determined by culruring target cells with medium, Total
release was determined by lysing cuget cells with 2% Triton X-100. Experi-
ments were conducted in duplicate and repeaced at Jeast twice.

Results and Discussion

FusL ¢y, regulates FasL expression level

We prepared a series of FasL deletion murant expression con-
structs and used them to transfect Neuro-2a and NTH-3T3 cells
(Fig. 14). G418-resistant transfectants were selected. We used
flow cytometry to determine the cell surface expression of FasL.
(Fig. 1B). In both series of transfectants, wild-type (WT) FasL
wransfectants stained positive but a significantly stronget stain-
ing was observed with A33 and A70 FasL uansfectants. Cell
surface FasL expression was not observed with A102 FasL or Ve
transfectants,
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FIGURE 2. Fasl.-mediated cytotoxicity does not correlate with FasL mem-

beanc expression fevels of cansfecants. Cell-mediated cytotoxicity was con-
ducted with various transfectants of Neuro-2a (4) and NIH-3T3 (B) series.
Transfectants were cultured with *' Cr-labeled Jurkat cells at various E:T ratios.
The percenc-specific Cr release was derermined afier 4 b of incubadon.

We used FasL-specific ELISA to determine the total FasL lev-
els in cransfectants. Under the specific condition, WT transfec-
tants of NIH-3T3 and Neuro-2a cell lines expressed 8 and 3
picomoles of FasL, respectively. A 6- to 30-fold increase in FasL
{evel was observed for A33 FasL and A70 FasL transfectants. No
FasL was detected in A102 FasL or V¢ cransfectants. Thus, the
total FasL levels in transfectants correlated with their cell sur-
face expression. In contrast, FasL levels in FasL VI and sFasL
preparations did not correlate with the total FasL levels of trans-
fectancs (Table I). We have recently reported that the increase in
FuasL expression in A33 and A70 FasL, transfectants is the result
of an increase in the FasL translation rate (15).

CUTTING EDGE: FasL..,, FOR FULL CYTOTOXICITY EXPRESSION

We validated the size of FasL deletion. mutants by Western
blot analysis (Fig. 1C). WT, A33, and A70 FasL transfectants
expressed the recombinant proteins of the predicted sizes (Fig.
1, A and B). A small size and faintly stained band was observed
with the A102 FasL transfectant. No band was observed with
Ve transfectants, Fask of predicted sizes were also observed with
FasL VP prepared from the corresponding WT, A33, and A70
Fasl. transfectants. No band was observed with vesicles pre-
pared from A102 FasL and Ve vansfectanes (Fig. 10).

Both WT and FasL,, deletion mutants express FasL-medinted
cytotoxicity

We tested these transfectants for cell-mediated cytotoxicity
against the > Cr-labeled Jurkar target (Fig. 2). Cytotoxicity was
not detected with A102 FasL and Ve wansfectants. Transfee-
tants expressing cell surface FasL displayed a dose-dependent
killing based on various E:T ratios. Interestingly, the cytotoxic
strength of WT Fasl. transfectants was comparable to that of
A33 or A70 FasL transfectants despite the face that the latcer
transfectants expressed significantly more FasL.

We also determined the cytotoxic strength based on the total
FasL amount of transfectant using >'Cr-labeled A20 B lym-
phoma cells as target (Fig. 3, 4 and B). For both series of trans-
fecrancs, the cytotoxic strength of WT FasL was 10- to 30-fold
stronger than that of A33 or A70 FasL transfectants. This dra-
matic difference is surprising because the cytotoxicity is depen-
dent on cross-linking Fas receptors on targer cells by FasLg,,.
The data cherefore strongly suggest that Faslc, regulares
FasLg-mediated cytotoxicity across a membrane barrier, This
difterence in the strength of cell-mediated killing could be in-
trinsic to FasLe,, or due to the cellular environment of Fasl.
transtectants, or both,

Evidence from FasL VP

To firmly establish that FasLe, regulaces FasL-mediated cyro-
toxicity, we determined the cytotoxic strength of FasL VP pre-
pared from transfectants (Fig. 3, Cand D). FasL VP is presum-
ably a minimum subcellular component capable of expressing
funcrional FasL rransmembrane protein. Ic is free from sFasL.
Its cytotoxicity, unlike transfectants, does not depend on pro-
tein synthesis (10). Using the same amount of FasL, FasL VP
derived from WT FasL. transfectants of Neuro-2a or NIH-3T3
delivered 10- to 30-fold stronger cyrotoxicity than the FasL VP
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derived from A33 or A70 FasL uanslectants. By contrasy, the
sFasL dertved from chese transfectants, eicher from Neuro-2a
series (Fig, 3E) or from NIH-3T3 series (Fig. 3F), displayed
nearly idencical cytotoxicity. The data suggest that FasL,_y is
important for the opcmal expression of FasL-mediated cyto-
toxicity.

FusL, o but not Faslppp is required for the optimal expression of
FasL-mediated cytoroxicity

FasL, contains PRD that may interact with certain cellular
proteins (12). To determine whether FasLygp, plays a role in
FasL-mediated cytotoxicity, we generated PRD-deleted
(APRD) FasL transfectants from Neuro-2a and COS-7 cell
lines. In contrast to A33 and A70 FasL transfectants, FasL ex-
pression was not increased in APRD transfectants (data not
shown). We prepared FasL. VP from these transfectants and de-
termined their cytotoxic strength (Fig. 4). For both Neuro-2a
and COS-7 transfectants, the cytotoxic strength of APRD Fasl.
VP was comparable to WT FasL VP. As controls, FasL VP pre-
pared from A33 Fasl, Neuro-2a transfectant and A70 FasL
COS-7 transfectant displayed cyrotoxicity 30- to 100-fold less
than WT FasL VP. The data indicate that Faslygpy is not re-
quired for the optimal expression of Fasl.-mediated cytotoxic-
ity. Taken together, the critical role of FasL,_; is demonstraced
both by its deletion (as in A33 FasL and A70 FasL) chat resuleed
in losing the FasLg,, cyrotoxic strength and by its presence (as in
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FIGURE 4. FaslL,g;, is not required for the optimal expression of FasL-me-
diated cytotoxicity. Sumples of FasL VP were prepared from WT and APRD
FusL cransfectancs of Newro-2a and COS-7 cell lines, FasL contenes were de-
termined using ELISA. Various amounts of FasL were compared for cyenroxic
strength against >'Cr-labeled A20 warget. As controls, FasL VP prepared from
A33 FasL Neuro-2a transfectant and A70 Fasl. COS-7 wransfectant were ana-
lyzed in parallel: The daca presented is representative of three experiments.
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APRD FasL and WT FasL) that resulted in optimal display of
FasL,, cytotoxicity. ' )

Our study used an arcificial expression system to determine
the structure and function relacionship berween Fasl,, and
Fasl.g -mediated cytotoxicity. Deletion of FasL,, could po-
tentially result in different localization of cell membrane FasL,
change in sFasL production, faster FasL membranc movement,
loss of interaction with FasL, -interacting proteins, loss of the
ability to form oligomers, changes in FasLg,, conformation,
change in phosphorylation state, etc. Additional studies are
needed to determine the precise mechanism(s) and FasL-bear-
ing vesicles offer a simple and novel system for chis purpose and
perhaps for other bioactive ransmembrane proteins. Among
these possibilities, we have ruled out the overproduction of
sFasL. as a mechanism for the down-regulation of cell-mediated
cytotoxicity. Moreover, under the assay conditions, sFasL re-
leased were insufficient to influence the cell-mediated cytotox-
icity (10). Our data further indicate that the weakened cyro-
toxic potential of sFasL is in part due to loss of FasLCy(, in
addition to loss of multivalency as previously described (8). The
observation that FasLyp did not play a role in FasL-mediated
cytotoxicity rules out che participation of potential FasLyyy-
interacting proteins such as Grb2, Grap, p47"’”’", and Nck in
this process (12). Mareover, no interacting protein was detected
using GST-Fasl.;_.¢ (12). These data suggest the ability to op-
timize FasL cytotoxicity is intrinsic to FasL, 5. FasL, ;. con-
tains a DSSASSD motif chat is a potential substrate for CK-],
CK-11, and GSK-3 kinases. Among them, the CK-I site (SXXS)
is shared with several TNF superfamily members. Ocherwise,
Fasl., 35 including the Cys;,, a potential site for disulfide
bonding and acetylation/palmitoylation, is unique among
memberss of the TNF superfamily ((www.ncbi.nlm.nih.gov)).
These properties should be helpful in determining the molecu-
lar mechanism by which the FasL-based cytotoxicity is opu-
wized, The dramatic enhancement of cytotoxicity by Fasl, 55
may explain why FasL. plays a critical role in peripheral toler-
ance and immune-mediated tissue damage that is dependent on
cytotoxicity strength.

A regulatory role of FasLc,, on FasLg, -mediated cytotoxicity
had not been previously envisaged and our study provides the
first definitive evidence supporting this novel function. Our
study has significant implications with respect to regulation of
membrane protein function in general and we have demon-
strated this significant point in one effector function that is crit-
ically involved in peripheral tolerance, lymphocyte homeosta-
sis, and immune-mediated ussue pathology. Our results also
point out a potential complication in studies in which the cy-
toplasmic tail of a transmembrane protein is deleted by recom-
binant engineering as well as the potential use of FasL-, and
FasL;_3;to control the expression levels and biochemical prop-

J—33

erties of transmembrane proteins.
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Pkd1 regulates immortalized proliferation
of renal tubular epithelial cells through
P53 induction and JNK activation
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Autosomal dominant polycystic kidney disease (ADPKD) is the most common human monogenic genetic dis-
order and is characterized by progressive bilateral renal cysts and the development of renal insufficiency. The
cystogenesis of ADPKD is believed to be a monoclonal proliferation of PKD-deficient (PKD) renal tubular
epithelial cells. To define the function of Pkdl, we generated chimeric mice by aggregation of Pkd1~/- ES cells
and Pkd1*/* morulae from ROSA26 mice. As occurs in humans with ADPKD, these mice developed cysts in the
kidney, liver, and pancreas. Surprisingly, the cyst epithelia of the kidney were composed of both Pkd1-/- and
Pkd1*" renal tubular epithelial cells in the early stages of cystogenesis. Pkd1-~ cyst epithelial cells changed in
shape from cuboidal to flatand replaced Pkd1** cyst epithelial cells lost by INK-mediated apoptosis in interme-
diate stages. In late-stage cysts, Pkd1/~ cells continued immortalized proliferation with downregulation of p§3.
These results provide a novel understanding of the cystogenesis of ADPKD patients. Furthermore, immortal-
ized proliferation without induction of p53 was frequently observed in 3T3-type culture of mouse embryonic
fibroblasts from Pkd1/- mice. Thus, Pkd1 plays a role in preventing immortalized proliferation of renal tubular

epithelial cells through the induction of p53 and activation of JNK.

Introduction

Autosomal dominant polveystic kidney disease (ADPKD) is the
most common human monogenic genetic disorder and is charac-
terized by progressive bilateral renal enlargement with nuimerous
cyses und fibrosis in rhe renal parenchyma. Ie is often accompanied
by extra-renal manifescations, such as hypertension, intracranial
ancurysms, and hepatic and pancreatic cysts (1). The discase is pro-
gressive, and many parients develop renal insufficiency in che fifth
and sixth decades of life. Cystogenesis has been studied by micro-
dissection of ADPKD kidneys. The initial event in cyst formation
is believed to be the dilatation and “out-pocketing” of tubules,
The cysts arise from dny segment of one nephron and maintain
conrinuicy with the “parencal” nephron (2). Fully developed cysts
are apparently isolated from the “parental” nephron and expand
through the accumulation of cyst (luid (3).

The PNDI gene {encoding polyeystin- 1) (4) and the PRD2 gene
(encoding polyeystin-2) (5) have been idencificd by positivnd
cloning as being the genes responsible for ADPKD. Loss of het-
erozygosity or second somatic mutations at the PKDI or PKD2
loci have been reported in cystic epithelia from ADPKD patients
{6-10). Several lines of mice in which the Phdl or Pld2 gene was
rargeced show similar phenocypes. Alchough heterozygous knock-
out mice develop renal and hepatic cysts later in ife (afier age 16
months) (1), those mice do noc fully recapiculare the severity of

Nonstandard abbreviations used: ADPKD, autosomal dommant polvevsuc kidnev
disease; DRA, Dolchos bylores agglunnin: LZ. LacZ: MEL, mouse embryvome fibroblast:
pr. phosphonlated: PCNA, proliferating cell nuclear antigen.
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human ADPKD. Homozygous knockout mice die in utero and
develop severely polycystic kidneys (12-16). Interestingly, com-
pound heterozygous Pkd2W - mice, which carry a unique Pkd2
allele that is prone to genomic rearrangement leading to a null
allele, develop severely polycysric kidneys durtng adulchood and
thus resemble the ADPKD phenotypes (12). These model animals
suggested that a "2-hit” mechanism ac either the PKDI or PKD2
gene explaing the late onset of the disease as well as some of the
variation in clinical symproms (17, 18).

The molecular mechanisms of the cyst formation of Pkd-defi-
cient (Pkd™ ") renal tubular epithelial cells have been studied
extensively. Polycystin-1 and polyeystin-2 arce localized in the pri-
mary cilium of renal cubular epichelial cells (19). The relationship
berween cystogenesis and the disruption of cilia has been reported
(20, 21). Although pelyeystin-2 in node monaocilia contributes Lo
the development of left-right asymmetry (22), polyeystin-1 and
polyeystin-2 in the primary cilium transduce che extracelular
mechanical sumalus induced by wrinary flow into increases in
cytosolic Ca?', which may regulace renal cube size (19, 23).

The cyst epithelial cells of ADPKD kidneys have a high mitouc
rate in virro (24) and in vivo, as detecred by immunostaining for
proliferating cell nuclear antigen (PCNA) (25), ¢-Myc. and Ki-67
(26). Their high mitotic race has also been supported by the fol-
lowing resules. Firse, expression of growth factors such as EGE and
their receprors increases in ADPKD cyses {3, 27). Second, cAMP
stimulates the in vitro proliferation of ADPKD cyst epithelium
and cyst groweh (28, 29). Third, overexpression of the Pkdl gene
in a cell line induced cell eyele arrest at the GO/G1 phase with
upregulation of p2 1 through activarion of the JAK-STAT pachway
{30). Thus, the proliferation of a PKI* cyst epichelial cell might
explain the cystogenesis of ADPKD kidneys. However, polycystin-1
Nisther 4
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Figure 1

Generation of Pkd'1-" ES cells. (A and B) Genomic organization of 2 targeting vectors. Exons are depicted as filled boxes. The targeting vectors
were designed to replace a DNA segment of exons 26 by a heomycin-resistance gene cassette (neo) (A) or a hygromycin-resistance gene
cassetle (hyg) (B). EGFP, gene encoding enhanced GFP. (C and D) Southern blots of genomic DNA derived from ES clones. Purified DNA
was digested with EcoRV and bands were detected by a probe, as described in Methods. Fragments corresponding to wild-type (15.1 kb) and
targeted (7.7 kb and 8.3 kb) alleles are shown. +/+, wild-type; —/—, Pkd1--.

and polyeysrin-2 can be detected in some of the cyse epichelial cells
of ADPKD kidneys (31-36). These results suggest a contribution
ol normal renal vubular epithelial cells to cystogenesis.

The cystogenesis of ADPKD kidneys cannort be fully reproduced
in the kidneys of Pkd '+ mice, because these mice die in utero and
their renal rubular epichelial cells are nor mosaic for PdI-- and
normal cells, as are ADPKD kidneys. In an attempt to establish an
animal model for human ADPKD, we generated chimeric mice by
an aggregation method using Pkdi- = ES cells and normal morulae
from LacZ' (LZ*) ROSA26 mice (37). We show here chat chime-
ric mice with a low degree of chimerism-survived for more than
1 monch and had muleiple cysts not only in the kidneys but also
in the liver and pancreas, suggesting this may be a feasible model
for human ADPKD. Surprisingly, borh Pldl - and wild-rype (LZ")
epithelial cells were involved in carly cystogenesis in kidneys of the
chimeric mice. We discuss here the molecular mechanisms ol the
cvstogenesis of Phdl - and Pkd1* * renal tubular epithelial cells.
Results
Cystogenesis of Pldl
ing a mutation in the Pkd! gene using standard gene-targeting
procedures by replacing exons 2-6 with the neomyvin-resistance
gene (Figure 1A). Homozygous mutant (Pldl™ ) mice died in
utero with severely polyeystic kidneys and cardiac abnormali-
ties {dara noc shown), similar to previous deseriptions (14, 135).
A second targeting vector with the hygromycin-resistance gene
(Figure {B) was wansfected into heterozygous (Phdl® -) ES cells
to obcain Phdl- - ES cells. Each gene targeting was confirmed by
Southern blot (Figure 1, C and D). Then, we generated chimerie
mice composed of mixtures of Phdl- and wild-type cells, To
monitor cells derived from Pkdl™ - ES cells in chimeric mice, we
used morulae from LZ ROSA26 mice. Four independently tar-
geced Phdl ES clones were aggregated with ROSA26 morulae
to generate Phdl /LZ chimeric mice.

Several Phd 1 /L.Z" mice survived beyond 1 month of age. and
their survival closely depended on the depree of chimerism, as esti-
mated by coat color. When the conwribution of Phdl - ES cells to

/LZ" chimeric mice. We wenerated mice carry-

coart color was more than 30%, the chimeric mice eicher died in
utero or died by P7 with severely polycystic kidneys. Pkds " /LZ!

mice with a lower conuibution (less than 10%) of Phd! ES cells
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to their coat color survived beyond 1 month of age. Renal cysts
were decected in all the Pkdl /LZ* mice examined (i = 90). When
we compared chimerism and cyst formation in P7 Pkd1--/LZ' kid-
neys, the incidence of cysts roughly correlated with the degree of
chimerism (Figure 2, A and B). Pkdl~~/LZ* kidneys were enlarged
due ro scarrered rubular cysrs observed in both the correx and the
outer medulla. These cysts occupied roughly 20-90% of the cut
surface of the kidneys, in parallel with the degree of chimerism. A
P60 Phdi~- /LZ mouse had bilateral entarged kidneys deformed Uy
many cysts and often accompanied by hemorrhage (Figure 2C). Cuc
surfaces of the kidney showed little renal parenchyma (Figure 2D)

This mouse also exhibited hepatic and pancreatic cysts. These
pathological lindings in Pkdl- [LZ* mice with low degree of chi-
merism were similar ro those of human ADPKD.

To examine inital cyst formacion in kidneys of Pkdi-/LZ"
and PkdJ- mice, we microdissected a single nephron fram the
kidneys of those mice at E17.5. As shown in Figure 2E. multi-
ple “out-pocketing” cysts were observed in all segmenes of the
nephron from Pkdl--/LZ* mice, whereas cvsts in the nephrons
from Pkdl~~ mice were confined mainly to the distal tubule.
Surprisingly, the cyst epithelia in chimeric mice were composed
of not only Pld !~ cells but also LZ* wild-type cells, as derecred
by f-gal staining (Figure 2F). Histochemical examination also
showed the presence of LZ wild-type cells in the cyst epichelia of
Pkdl-~/LZ" kidneys (Figure 2G).

Dedifferentiaiion of ovst epithelial cells i Phdd - L2 mice. Cysiogen-
esis in kidneys of Pkl /LZ" mice with low degree of chimerism
was analyzed histologically beeween P1 and P30. Acthe early stage
(P1), small cysts were numerous and cheir eyst epithelia were com-
posed of many LZ* cells and some Phd 1= cells (Figure 3A). Ar the
late stage (P30), individual cysts were enlarged and most of che
cystepithelia were composed of Phd i~ cells. Similar histological
findings were observed in che livers of Phdt - /LZ" mice (data not
shown). Morphological analysis of cyst epithelial cells at che carly
stage of cystogenesis demonstrated that many of the cyst epichelial
Phd1~-and LZ* cells were cuboidal in shape (Figure 3B). Although
the shape of LZ" eyst epithelial cells was still cuboidal at the incer-
mediare stage of cystogenesis, many Phdl- - cyst epichelial cells
changed cheir shape from cuboidal to flat (Figure 3C), suggesting

that (Tac cyse epithelial cells are dedifferenciated.
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Figure 2

Pkd1-~/LZ* mice as an animal model of human ADPKD. (A) Appearance of a
P7 Pkd1--/LLZ' mouse with an intermediate chimeric rate. The chimeric rate
was estimated by coat color. (B) Kidneys of P7 Pkd1-*/LZ* mice. Low and Mid
(intermediate) indicate the chimeric rate as estimated by coat color: Low, less
than 10%; Mid, 10% to approximately 30%. (C) Kidneys of a P60 Pkd1--/LZ!
mouse. Black arrowheads indicate hemorrhagic cysts; white arrowhead indicates
pancreatic cysts. (D) Cross sections of kidney (Kid). liver, and pancreas {(Panc)
ot a P60 Pkd1--/LZ' mouse. Approximately 90% of the renal parenchyma is
occupied by large cysts (PAS staining). Liver and pancreas show numerous
cysts (H&E). Original magnification, x2 (kidney) and x2.5 (liver and pancreas).
(E) Single nephrons of Pkd1--/LZ', Pkd1-, and wild-type mice at E17.5. Mul-
tiple "out-pocketing” cysts are present in all segments of the nephron from the
Pkd1--/LZ' mouse. Cystic dilation begins at the distal tubule of the nephron of
the Pkd1-- mouse. Scale bar: 100 wm. (F) Staining of a microdissected fubule
with [3-gal. A cystic fragment of the Pkd1-"/LZ* mouse was composed of Pkd1++
(blue; LZ*) and Pkd1-* (white; LZ-) cells. Scale bar: 100 pm. (G) Histochemical
analysis of the kidney of a Pkd1--/LZ' mouse at E17.5 with fi-gal. The cyst (*)
begah at tubules involving Pkd 1~ (LZ") and LZ* cells. Some tubules composed
of LZ- cells (black arrowheads) showed no cystic dilatation. Gounterstaining:
Nuclear Fast Red. Original magnification, x400.

cell height of cyst epithelial cells without Na-K ATPase
was slightly lower than that of cyse epithelial cells with
Na-K ATPase (P = 0.029) (Figure 4E), indicaring a ten-
dency of correlation between the dedifferentiation and
the flat shape of cvst epichelial cells.

Proliferation and apoptosis of cyst epithelial cells.
Immunohistochemistry of cyst epichelial cells in Phd1~-/1LZ-
kidneys revealed that LZ cells occasionally showed focal
hyperplastic feacures (Figure SA) such as micropolyps,
as observed in human ADPKD. Some of cuboidal cysr
epichelial cells were accompanied by PCNA expression
(Figure 5B). We investigaced expression of the cell cycle
regularors p21 and pS3 in Phd7~-/LZ* kidneys by West-
ern blot. Alchough very low expression of p21 has been
reported in the whole body of Pkd1-* embryos at E15.5
(30). che amount of p21 in the kidneys of Pkd =~ embry-
os at E16.5 and PkdJ- -/LZ* mice | month of age was
slightly less than thar in wild-type mice (Figure 5C). Sra-
aistical analysis of the amount of p21 in 4 independent
experiments indicated a significant difference between
wild-type kidneys and Phd1~- kidreys (P= 0.016) bur no
diffesence berween wild-type kidneys and Pkd?  /LZ!
kkidneys (P=0.107). Interestingly, the amount of p33 in
Pkl (P=0.003) and Pkdl7-/LZ" (P = 0.044) kidnevs
was reduced compared with that in wild-type kidneys.
Indeed, rhe amount of p53 decreased in the cuboidal cyse
epithelial cells as well as in the fTac cyst epichelial cells of
Pldl--/LZ* kidneys (Figure 5D).

To examine the prolifevation of cyst epithelial cells in
vitro, we culeured microdissected single nephrons wich
cysts from Pld1=-;LZ" kidneys in collagen gel with 10%
FCS. Cells in cystically dilared parts of the nephrons rapid-
ly proliferated in asheet-like fashion within 18 hours (Fig-
ure §, E-G). Alchough the grear majority were Phd 1~ cells,
some LZ* cyse epichelial cells proliferated. This significant
proliferation of Pkdi/- and LZ' cyst epithelial cells was
sustained by FCS, as a less significant proliferation was
observed in collagen gel without FCS (data not shown),

Cyst epithelia at the early stage of cystogenesis were
composed of cuboidal Pkd [~ and LZ* cells in Pkd -~ /L2
kidneys, then f1at Pkdl-~ cells became dominant in
cyst epithelia at che intermediare scage. As there were
many apoprotic cells presenc in Phdi--/LZ" kidneys ac
the intermediate stage (data not shown), the cuboidal
LZ" cells in the cyst epithelia might have been dead
duc to apoptosis and then filled with fac Phdl - cclls.
Indeed, TUNEL staining of the cyst epithelial cells in
Phel 17 /LZ: kidneys revealed scattered TUNEL-positive

To examine dedifferentiation of flac cyst epithelial cells, we
examined expression of polyeystin-2 and acervlared cubulin as a
marker of primary cilia in the cyst epithelial cells of Pkd1--/LZ"
kidneys. All of the cyst epithelial cells expressed polycystin-2 regard-
less of morphological changes and PkdJ expression (Figure 4A),
and both LZ" and Pkd/  (LZ") eystepithelial cells manifested cilia
(Figure 4B). However, some of the cyst epithelial cells had lost
expression of Doliches biflorus agglucinin (DBA) lecting (Figure 4C)
and Na-K ATPase (Figure 41)). The loss of expression did not cor
velace wich loss of the Phd 1 gene in cyst epithelial cells, The mean
cell height of cyse epithelial cells with or without Na-IC ATPase
was lower than that of normal epithelial eclls (P < 0.001), and the
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cells (Figure 6A). Apoptosis in LZ* cyst epithelial cells was 3- wo
4-fold larger than that in Phdl=~ cyse epithelial cells (Figure 6B).
Eleceron microscopic analysis of the cvst epithelia showed occa-
sional apoproric figures in cuboidal cells overlaid by neighboring
cells (Figure 6C). In addirion, flat cells overlaid several degenerared
cells thae were decached from che cubular basement membrane
(Figure 6D). suggesting rearrangement by Tar Phd - cells.
Signating pathways i velation ta prolijeration or apoptasis of cyst epithelial
cells. Signaling pathways related Lo cell proliferation were analyzed
in the kidneys of Pkdi= - and Phdi--/1.7Z° mice. Phosphorvlated
EGFR (p-LGFR) detected in the cystepichelial cells of Pkt~ /L2
lidneys was significanty greater than in (iose of witd-type kidneys
Nunber 1
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(data not shown). To clucidate the downstream signaling path-
way of growrh facrors, we analyzed rhe amount of acrivared MAP
kinases in kidneys using Western blot and immunohistochemistry.
Although the amount of p-ERK in Pkdl~ and Pkd)-"/LZ" kid-
neys was not different from that in wild-type kidneys (Figure TA),
expression of p-ERK was significantly more in the cyst epichelial
cells of Phd1- /12" kidneys regardless of their shape, cuboidal
(Figure 78) or flat (data not shown).

As for signaling pathways related to apoptosis, the amount
of p-JNK wius more in Phdi—-/LZ kidneys (P = 0.046) bur
less in Pkd !~ kidneys (P = 0.002) chan in wild-type kidneys.
Immunohistochemistey revealed that p-JNK expression was
increased in the cubotdal eyse epichelial cells vacher than in the
flacones of PRdl - /LZ' kidneys. suggesting that LZ* cyst epithe-
Hal cells with p-JNK expression induce apoptosis. In contrast,
the amount of p-p38 in Pkdi--/LZ" and Pkdl- - kidnevs was

similar to that in'wild-type kidneys. Furthermore, the amount of

p-Akr, an apoproric inhibirory signal, in boch Pkd -+ (P = 0.008)
and Phdi~ /LZ* (P = 0.037) kidneys was more than that in
wild-type kidaeys. Tndeed, p-Ake expression was significantly
mcreased in both cuboidal (dara noc shown) and flar eyse epi-
thelial cells. The amount of Bel-Xy in Phdl - /LZ' kidneys was
clearly less than chat in wild-type kidnevs (P = 0.032), whereas
thatin Pkd/ - kidnoeys was similar to chac in wild-type kidneys.
The amount of Bel-2 and Bax in Pkd] « /LZ" and Pkd1~ kidneys

Al

Figure 4

Dedifferentiation of Pkd1-- cyst epithelial cells.
(A-D) A kidney from a P8 Pkd1+/LZ* mouse was
stained with anti—polycystin-2 (red, polycystin-2;

blue, DAPH (A), anti-acetylated tubulin (red, acety- G
lated tubulin; green, f-gal; blue, DAPY) (B), anti-DBA
(C) or anti-Na-K ATPase (D). (Right panels: A, C,
and D) The same section was stained with -gal
and counterstained with Nuclear Fast Red. White
and black arrowheads indicale the same epithelial
cells. Original magnification, x400. (B) Left and right
panels indicate stainings in cuboidal and flat cyst
epithelia, resbectively. (E) Relationship hetween
cell height and Na-K ATPase expression in the cyst
epithelial cells shown in D. Each symbol indicates
a cyst epithelial cell (Pkd1--/LZ') or normal tubular
epithelial cell (WT).
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Figure 3

Histochemical analysis of Pkd1--/LZ* kidneys. Kidneys of
Pkd1--/LZ* mice were stained with [3-gal and counterstained
with Nuclear Fast Red. (A) Kidneys of Pkd7-"/LZ* mice with
the low chimeric rate at P1. P17. and P30. At the early slage
(P1), cyst epithelia were composed of Pkd71-~ (LZ-) and LZ*
cells. At the late stage (P30), individual cysts were enlarged
and most cyst epithelia were composed of Pkd1-- (LZ-) cells.
Original magnification, x200. (B) Kidney of a P3 Pkd1-~/LZ"
mouse with the intermediate chimeric rate. At the early stage
of cystogenesis, both Pkd1-- (LZ-) and LZ* cyst epithelial celis
are cuboidal in shape. Otiginal maghnification, x400. (C) Kidney
of a P8 Pkd7-*/LZ* mouse with the low chimeric rate. Cyst epi-
thelia are composed of flat Pkd71-- (LZ-) cells and cuboidal L.2*
cells. Pkd1-- (LZ-) cyst epithelial cells changed their shape
from cuboidal to flat. Original magnification, x200.

was similar to that in wild-type kidneys (P = 0.224 and 0.821,
respecrively). These findings suggest that LZ7 cyst epithelial cells
are more apoptotic than are Phkdl~"~ cyst epithelial cells.

Immortalized growth of PRd1-~ nrouse embryonic fibroblasts. Most
cvst epichelial cells in Phd/-/LZ" kidneys at the late stage of
cystogenesis were Pkdl cells, and chese grew very well in col-
lagen gel, suggesting a velationship becween loss of Pkdl and cell
immortalization, Because the 3T3 culture protocol of mouse
embryonic fibroblasts (MEFs) is one of the well characterized
experimenral models of cell immortalizicion (38) and because
normal MEFs express Pkdl (data not shown), we cultured Pkdi -
MEFs according to the 3T3 protocol. Wild-type MEFs entered a
characteristic cell cvele arvest known as cell senescence after pas-
sages 8- 9 and immortalized cells (2 of 21 wells) appeared stochas-
ucally and eventually overtook the senescent cells (Figure 8A).
In contrase, immortalized cells appeared in a large number of
wells (21 of 24 wells) in Pkd1- - MEF cualtures, thereby suggesting
a high inadence of immorralization.

Because the amount of the cell cycle regulator pl 6 increasesin
MEFs at the senescence stage (39), we analyzed expression of the
cell eyele regualators p 16, p21, and p33 in Phd? MEFs using West-
ern bloc. The amount of these proteins was similar in Pkd!  and
wild-type METs until passage 8, whereas the amount of pl6 clear-
ly increased in both Pkdi~~ and wild-type MEFs after passage 8
(Figure 8B). However, the amount of p53 in Pld) - MEFs at pas-
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Figure 5§

Proliferation of Pkd1-/- cyst epithelial cells. (A) A kidney from a P17 Pkd1-"/LZ* mouse
was stained with fi-gal and counterstained with Nuclear Fast Red. LZ* epithelial cells
occasiohally showed focal hyperplastic features such as micropolyps. Original magnifica-
tion, x400. {B) A kidney froma P12 Pld1--/LZ* mouse was stained with an anti-PCNA.
Some cuboidal LZ* cyst epithelial cells were accompanied by PCNA expression. Original
magnification, x400. (C) Expression of p21 and p53 in the kidneys of Pkd1-~ mice at
E16.5 and Pkd1 */LZ~ mice 1 month of age. The amount of p21 and p53 in kidneys was
-examined using Weslern blot. Actin was used as a loading control for protein. Data pre-
sented are 1 represenlative of 4 independent experiments. (D) Kidneys of P12 Pkd1--/L.Z
and P12 wild-type mice were stained with anti-p53. Expression of p53 was detected in
the flat epithelial cells (white arrowhead) but was significantly decreased in the cuboidal
cyst epithelial cells (black arrowheads) of the Pikd1--/LZ* mouse. Original magnification,
x400. (E-G) The proliferation of cyst epithelial cells in vitro. A single nephron isolated by
microdissection from the kidney of a Pkd1-+/LZ' mouse at E17.5 was cultured in collagen
gel for 18 hours. (F and G) Higher magnifications of the boxed area above. Both LZ* and

(LZ') cells and of monitoring the contribution
of Pled1- ¢cells in cystogenesis. Analyses of the
cyst epichelial cells in Pkd1="/LZ* kidneys can
help us to understand the in vivo effect of poly-
cystin-1 on cystogenesis.

Proliferation of normal tubular epithelial cells
in carly cystogenesis. Cystogenesis in human
ADPKD has been proposed as being a mono-
clonal proliferation of PKD1- or PKID2-defi-
cient epitheliul cells (6-10). However, we found
that che cystic epithelium at the early stage of
cystogenesis was composed of both Phd !~ and
LZ" wild-type cells. This finding is supported
by resules showing that expression of polycys-
tin-1 and polycystin-2 was detected in most
culeured cells derived from ADPKD kidneys
(40). We stress that the strong expression of
polycystin-1 and polycysrin-2 on cystic epi-
thelia in ADPKD kidneys (31-36) may reflecc
involvement of normal cysc epithelial cells in
the cystogenesis of human ADPKD.

The inicial cystogenesis in the kidney wicth
Pkdi~ wbalar epichelial cells requires stimula-
tion, as some of the tubules with Pkdl- - epiche-
lial cells occasionally had no cystic dilatation and
meranephric culrure of organs hatvesred from
Phldl~ mice at E13.5 failed to show cyst develop-
ment (data not shown). It has been suggested that
urinary flow promotes nephron development, in
particular, cubular elongacion wich cell differen-
tation (41). During nephron development, it is
hypothesized that the renal cubular diamerter is
maintained at the proper size (23} and that the
primary cilium affects che maintenance of the

Pkd1-* (LZ') cells profiferated. Scale bars: 100 um.

sage 30 (P = 0.001) buc not that in wild-type MEFs at passage 13
(P=0.636) was clearly less than chacin Phd 1+ and wild-type MEFs
at passage . The amount of activated MAP kinases in MEFs was
examined further. The amount of p-ERK in Pk I~ - MEFs at passage
30 wus slightly more than that in wild-type MEFs at passage 13.
Although the amount of p-INK (£ = 0.032) and p-p38 (P=0.038)
mcreased in \\'ild—L)'pe MEPs [rom passage 8 Lo passage 13, it was
stable in Pkdl-- MEFs until passage 30. The amount of p-Akt in
Pied i+ MEFs was also stable until passage 30. Furthermore, the
amount of Bel-2 famity proteins was similar in Phd = and wild-
type MEFs at passages 30 and 13, respectively (data not shown).

Discussion

In che presenc study, we developed Pkdl- - /LZ' chimeric mice.
The pathological findings in Pkdl-~/LZ" kidneys were similar 1o
those in human ADPKD kidneys. Therefore, Phds - /L7 mice, like
Plal2V84x mice (12), are a feasible model for human ADPKD. As
intragenic recombination events in Phd2W4 - mice occurred grad-
ually and postnatally, as in human ADPKD, whereas Pkd = /LZ!
mice have Phkdl-~ cells by inheritance, cyst fonmation in Pkdi ~/LZ!
kidnevs progressed more rapidly than that in Pd2%525 and
human ADPKD kidneys. However, wich Pkd /- /LZ" mice, we
have the advantage of distinguishing Phd ! - cells rom normal
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tubular diamerer by its mechanosensor function
(19, 20). Cilia structure and polyeystin-2 expres-
ston were manifested in the cyst epithelial cells
of Pkdl /LZ" kidneys. Thus, we surmise chat polycystin-1 in the
primary allium is required for fusrcherinhibition of the proliferation
of tubular epithelial cells to maintain their proper size. A Phdl =~ epi-
thelial cell, which is missing negative regulatory signals from poly-
cystin-1, continuously proliferares. and this proliferation induces a
“compensatory” proliferation of the surrounding normal epithelial
cells in an attempt to re-establish appropriate tubular diameter and

struccure. This proliferation of tubular epithelial cells accounts for
carly cyst formation in human ADPKD.

Proliferation of Pkdl = cyst epithelial cells. EGFR (14, 27), cAMP
(28, 29), Wne/P-catenin (42), and p21 (30) have all been linked to
the proliferation of cystepichelial cells. However, the relationship
berween activation of these molecules and PKD deficiency is not
clear, as chose studies assumed that only PKD - cells proliferated
in human ADPKD. Although downregulation of p21 expression in
whole embeyos of Phd /-~ mice has been suggesced ro be involved in
the proliferation of eyst epichelial cells (30) and we reproduced this
downregulation in Pkdl- kidnevs, p21 expression in Pkd 17 /1.2°
lidneys revealed only a slight decrease. The expression of p53was
significandy decreased in the kidneys of Pkd /=" and Pkdl ~/LZ!
mice, These vesulrs support the findings that pS3 expression
15 decreased in human embryonic kidney 293 cells wich loss of
polycystin-1 activity (43) and is also slightly decreased in human
Nuwnber 4
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ADPKD kidneys compared with normal kidneys (26). p&3 inhibits
cell eycle by induction of p21 (44), and polycystin-1 inhibits Cdk2
aceiviry by upregulation of p21 rhrough the acrivarion of JAK2
(30). Thus. the decrease in pS3 in addition to the lack of activa-
tion of the JAK-STAT pathway in Pkd | defliciency may compound
the decrease in p21 expression. Because expression of p§3, among
the cell eyele regulators examined. was affected most strongly in
both Pled1- cvst epithelial cells and immortalized Phd1- - MEFs,
polycystin-1 may regulate the groweh of renal cubular epichelial
cells through induction of pS3.

Pldi- cysrepithelial cells were nor rransplantable in nude mice
(dara nat shown). Isolated early cysts from Pldl~~/LZ" kidneys
exhibited significant proliferation in vitro with [0% FCS, whereas
the proliferation was stunted without FCS (data not shown), sug-
gesting that proliferation of Pkd!  cyst epithelial cells is notaucon-
omous, as in neoplasms, but instead is growth factor dependent.
Among many growth factors and their receprors related with cys-
Logenesis, strong EGFR expression was observed on eystic epithelia
of Phdl- - kidneys (14). Interestingly, EGFR expression increased
on both cuboidal and flac cyst epithelial cells in Phdi-~/LZ

Figure 7
Signaling pathways related to proliferation or apoptosis in
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Figure 6

Apoptosis of cyst epithelial cells. (A) Apoptosis of cyst epithelial cells
in the kidney of a P8 Pkd1--/LZ* mouse was detected by the TUNEL
assay. The same section was stained with p-gal and counterstained
with Nuclear Fast Red. Arrowheads indicate TUNEL-positive cells. Origi-
nal magnifications, x400. {B) Summary of results shown in A. Each
graph represents the percentage of TUNEL-positive cells in L2+ (black
bars) and in LZ- (Pkd1-*} cyst epithelial cells (white bars), respectively.
The mean and SD are from 9 independent mice. *F < 0.05. (C and D)
Electron microscopic analysis of the cyst epithelium of a Pkd1-/L.2*
kidney. {C) Occasional apoptotic cells (black arrowheads) are overlaid
by neighboring cells. (D) Flat cells (white arrowheads) overlay several
degenerated cells that are detached from the tubular basement mem-
brane (black arrowheads). Original magnification, x1,500.

kidneys (data not shown). This was supported by the finding of
scattered activation of the ERK pathway in both cuboidal and fla
cystepithelial cells in Pleld=- /LZ* kidneys.

Dedifferentiation of Phd 1=~ cysi epithelial cells. The cyse epithelia in
human ADPKD are composed of cuboidal cells such as normal
renal epithelial cells and flatcells (24). A similar phenomenon was
noted in Pkd2“3% kidneys. These 2 morphologically differene cells
constitute the cyst epithelium acthe early and intermediate stages
of cystogenesis (45). We also dececred 2 kinds of cyst epichelial cells
in Pkdl~-/LZ' kidneys. Both Phdl~- and LZ' cyst epithelial cells
were cuboidal in shape ac the early srage of cystogenests, and some
Pld 17~ cyst epithelial cells changed their shape to flat at che inter-
mediate stage. As LZ' cyst epithelial cells are nearly cuboidal, Pkd1
deficiency is related to the morphological change.

Most flac cyst epithelial cells are negacive for nephron segment
markers and Na-K ATPase (45), suggesting that the morphological
transition of Phdl= cyst epithelial cells is accompanied by loss of
functional phenotype. However, expression of renal tubular markers
within single cyses in Phd1 /LZ" kidneys was discontinuous. Loss
of expression was also detecred in the cuboidal cyst epithelial cells ac
the carly stage of cystogenesis. Although chere is a tendency for cor-
relation berween loss of Na-K ATPase expression and flac shape of
cyst epithelial cells, che morphological change of cyst epithelial cells
is not completely correlated with the loss of tubular markers.

The cell adhesion molecules E-cadherin and f3-catenin are bound
to polycystin-1 and polycystin-2 (42), and E-cadherin expression
decreases in Phdl™ - kidnevs (14). Thus, Pkd 1 deficiency may change
the polaricy of cyst epithelial cells by affecting cell adhesion or
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cyst epithelial cells. (A) Expression of signal transducers in
the kidneys of Pkd1+ mice at E16.5 and Pkd1-"/LZ* mice

: : X L
1 month of age was analyzed using Western blot. Actin was : Bak s st st Gl
used as a loading control for protein. Data presented are 1 hctin s T

representative of 4 independent experiments. (B) A kidney
from a P8 Pkd1--/LZ* mouse was stained with anti-p-ERK,
anti~p-JNK, or anti-p-Akl. The same section was stained with
p-gal and counterstained with Nuclear Fast Red. Black and
white arrowheads indicate the same epithelial cells. Original
magnification, x400.
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