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autoantigen directly affecting its interaction with auto-
antibodies.
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CUTTING EDGE

Cutting Edge: Fas Ligand (CD178) Cytoplasmic Tail Is a
Positive Regulator of Fas Ligand-Mediated Cytotoxicity’

Satoshi Jodo,”* Vyankatesh ]. Pidiyar,”" Sheng Xiao,” Akira Furusaki,* Rabul Sharma,’

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 report that FasLg_-mediated
cytotoxicity is regulated by the FasL cytoplasmic tail
(FasL,). Deleting the N-terminal 2-70 aa (A70) or N-
terminal 2-33 aa (A33) reduced the cytotoxic strengeh 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 dem-
onstrates that FasL, ;5 a sequence unique to fasL, is crit-
ically required for the optimal expression of FasL . ,-me-
diated cytotoxicity. The Journal of Immunology, 2005,

174: 4470-4474.
F 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 ability 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 posttranslational levels. An effective way to down-
regulate FasL expression is by shedding that generates soluble

as (CD95) is a type I transmembrane protein expressed

FasL (sFasL). Shed sFasL exhibits weak cytotoxicity and excess -

sFasL inhibits FasL-based, cell-mediated cytotoxicity (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 VP remains unknown.

Among TNF family members, FasL possesses a distinctive
cytoplasmic il (FasLc,) of 80 aa. The sequence of FasLc, is
highly conserved among species, suggesting it may have specific
functions (11~14). Here, we reporta novel function of FasL,.
We found that FasL,, is critically required for the full expres-
sion of FasL-mediated cytotoxicity, a function associated with
FasLg,.. Compared with FasLc, deletion mutants, FasL, en-
hances cytotoxicity by as much as 30- to 100-fold. In addition,
we identified FasL,_;3, a 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 reagents

Neuro-2a (mouse neuroblastoma), NIH-3T3 (mouse fibroblast), and COS-7
(monkey kidney fibroblast) were obtained from American Type Culture Col-
lection (ATCC). G247.4, NOK-1 mAb, and PE-conjugated streptavidin were
obtained from BD Biosciences. All restriction endonucleases were obtained
from New England Biolabs. The prokaryotic expression vector pBlueScript 11
KS was obtained from Stratagene. The human FasL ¢DNA construct and the
mammalian expression vector BCMGSneo were kindly provided by Dr. S. Na-
gata of Osaka University Medical Center (Osaka, Japan) (11).

Construction of FasL deletion mutants

The full-length human FasL cDNA cloned in pBlueScript 11 KS was used to
generate deletion mutants by PCR using different 5’ primers and the same 3’
primer (Integrated DNA Technologies). All 5* primers used contain the trans-
lation start sequence ATG that codes for methionine, therefore, deletion begins
with amino acid residuc 2 of FasL. The sequences of the 5’ primers are: 5'-
ATGACCTCTGTGCCCAGAAGGCC-3’ (for A33 in which FasL,_ is de-
leted), 5'-ATGCTGAAGAAGAGAGGGAACCACAGC-3' (for A70 in
which Fasl, ,, is deleted), 5'-ATGCAGCTCTTCCACCTACAGAAG
GAGC-3' (for A102 in which FasL,_,o, is deleted) and 5'-GGCCTGGT
CAAAGGAGGGGGAACCACAGCACAGGC-3" (for APRD (proline-rich
domain deletion mutant) in which FasLys 4 is deleted). We used A102 FasL
together with BCMGSneo (vector control (Vc)) in every transfection experi-
ment to control any unforeseen effect of our recombinant engineering process.
The sequence of the 3’ primer is 5’ -GTAAAACGACGGCCAGTGAGCG-3’
of the pBlueScript Il KS. The PCR products were subcloned into pBlueScript
I1 KS. The inserts were excised with Nosl and Xhol and cloned into the BC-
MGSneo vector. The gene sequence of each construct was confirmed by DNA
sequencing. :
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A

FIGURE 1. Cell surface expression
of FasL by various transfectants. The
WT human FasL sequence was shown
in A. The amino acid positions 2, 33,
70, and 102 were marked to indicate
the sequence deleted for 433 (2-33),
A70 (2-70), and A102 (2-102) FasL
mutants. PRD is underlined. The
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Neuro-2a transfectants (upper panels)
and NIH-3T3 uansfectants (lower pan-
els) were stained with biotin-conjugated £
NOK-1 mAb (shaded area) or isotype
control (open area), followed by FITC-

Courts

conjugated streptavidin and analyzed =3
with a flow cytometer. Data presented
is representative of three separate exper-
iments. C, Western blot analysis of Cc
FasL of various transfectants (2 and &)
and their FasL VP (¢ and 4) of
Neuro-2a and NIH-3T3 series. Lanes

1-5 are samples from WT, A33, A70, e o
A102, and Vc transfectants, respec- s

tively. Molecular mass markers are m .”.
shown on the /eft side of each panel. w -

Transfection

The derivation, characterization, and culture condition for maintenance of
transfectants of various cell lines have been described (15).

Flow cytometric analysis

Cells (0.5 X 10°) were suspended in 0.1 ml of PBS containing 0.2% BSA and
1 ug of biotinylated NOK-1 or biotinylated control isotype. Binding reaction
was conducted at 4°C for 30 min with gentle mixing periodically. Afterward,
cells. were washed twice with cold PBS. Bound Abs were measured by incubat-
ing with 0.5 ug of FITC-conjugated streptavidin for 30 min at 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 104 stained cells in the
gated area were selected with each sample.

Preparation of sFasL and FasL VP

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

Table L.  FasL prosein levels in various compartments of transfectant culture
WT A33 A70 A102¢ vt
Neuro-22a¢
Cell lysate 3 19 89 <0.01 <0.01
FasL VP 17 14 50 <0.02 <0.02
sFasL 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 samples was determined by ELISA. Data presented are representative of three
separate experiments.

% The numbers indicate the limits of FasL detection, which depend on sample volumes
used in the assay.

¢ The numbers indicate FasL total amounts in picomoles in samples. See Maserials and
Meshods for sample preparation.
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Quantification of FasL

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

Western blor analysis

Western blot analysis was conducted as previously described (9). Protein con-
centrations loaded were 0.1-5 pg. For samples lacking detectable FasL, 5 pug of
total protein was loaded. FasL was detected using FasLg, -reactive G247.4 mAb
followed by anti-mouse IgG-HRP (Sigma-Aldrich). Specific bands were devel-
oped using ECL (Amersham).

Cyrovoxicity assay

A cytotoxicity assay was conducted as previously described using >'Cr-labeled,
A20 B lymphoma cells or Jurkat T lymphoma cells as targets (10). Various
amounts of effector were incubated with 2 X 10% target cells for 4~ 8 hat 37°C
ina 10% CO, incubator. At the end of incubation, cell-free supernatants were
collected and counted with a gamma-counter (LKB). Cyrotoxicity, expressed as
percent-specific Cr release, was calculated by the formula: 100 X (experimental
release — background release)/(total release — background release). Back-
ground release was determined by culturing target cells with medium. Total
release was determined by lysing target cells with 2% Triton X-100. Experi-
ments were conducted in duplicate and repeated at least twice.

Results and Discussion
FasL ,, regulates FasL expression level

We prepared a series of FasL deletion mutant expression con-
structs and used them to transfect Neuro-2a and NIH-3T73 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
transfectants stained positive but a significantly stronger stain-
ing was observed with A33 and A70 FasL transfectants. Cell
surface FasL expression was not observed with A102 FasL or Vc
transfectants.
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FIGURE 2. FasL-mediated cytotoxicity does not correlate with FasL mem-
brane expression levels of transfectants. Cell-mediated cytotoxicity was con-
ducted with various transfectants of Neuro-2a (A) and NIH-3T3 (B) series.
Transfectants were cultured with 3! Cr-labeled Jurkat cells at various E: T ratios.
The percent-specific Cr release was determined after 4 h of incubation.

We used FasL-specific ELISA to determine the total FasL. lev-
els in transfectants. 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
level was observed for A33 FasL and A70 FasL transfectants. No
FasL was detected in A102 FasL or Ve transfectants. Thus, the
total FasL levels in transfectants correlated with their cell sur-
face expression. In contrast, FasL levels in FasL VP and sFasL
preparations did not correlate with the total FasL levels of trans-
fectants (TableI). We have recently reported that the increase in
FasL 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, Aand B). A small size and faintly stained band was observed
with the A102 FasL transfectant. No band was observed with
Ve transfectants. FasL of predicted sizes were also observed with
FasL VP prepared from the corresponding WT, A33, and A70
FasL wansfectants. No band was observed with vesicles pre-
pared from A102 FasL and Ve transfectants (Fig. 1C).

Both WT and FasL,,, delevion mutants express FasL-mediated
cytotoxicity .

We tested these transfectants for cell-mediated cytotoxicity
against the >'Cr-labeled Jurkat target (Fig. 2). Cytotoxicity was
not detected with A102 FasL and Vc transfectants. Transfec-
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 fact that the latter
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, A and B). For both series of trans-
fectants, 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 target cells by FasL,,,..
The data therefore strongly suggest that FasLc,, regulates
FasLg, -mediated cytotoxicity across 2 membrane barrier. This
difference in the strength of cell-mediated killing could be in-
trinsic to FasLc, or due to the cellular environment of FasL
transfectants, or both.

Evidence from FasL VP

To firmly establish that FasLc, regulates FasL-mediated cyto-
toxicity, we determined the cytotoxic strength of FasL VP pre-
pared from transfectants (Fig. 3, C and D). FasL VP is presum-
ably a minimum subcellular component capable of expressing
functional FasL transmembrane protein. It 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 cytotoxicity than the FasL VP
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derived from A33 or A70 FasL transfectants. By contrast, the
sFasL derived from these transfectants, either from Neuro-2a
series (Fig. 3E) or from NIH-3T3 series (Fig. 3F), displayed
nearly identical cytotoxicity. The data suggest that FasL, ;5 is
important for the optimal expression of FasL-mediated cyto-
toxicity.

FasL, ;5 but not FasL pgy, is required for the optimal expression of
FasL-mediated cytotoxicity

FasLc,, contains PRD that may interact with certain cellular
proteins (12). To determine whether FasL,,, 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 cytotoxicity 30- to 100-fold less
than WT FasL VP. The data indicate that FasLpgp is not re-
quired for the optimal expression of FasL-mediated cytotoxic-
ity. Taken together, the critical role of FasL,_;; is demonstrated
both by its deletion (as in A33 FasL and A70 FasL) that resulted
in losing the FasLg,, cytotoxic strength and by its presence (as in
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FIGURE 4. FasLpgp is not required for the optimal expression of FasL-me-
diated cytotoxicity. Samples of FasL VP were prepared from WT and APRD
FasL transfecrants of Neuro-2a and COS-7 cell lines. FasL contents were de-
termined using ELISA. Various amounts of FasL were compared for cytotoxic
strength against > Cr-labeled A20 target. As controls, FasL VP prepared from
A33 FasL Neuro-2a transfectant and A70 FasL COS-7 transfectant were ana-
lyzed in parallel. The data presented is representative of three experiments.
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APRD FasL and WT FasL) that resulted in optimal display of
FasLg,, cytotoxicity.

Our study used an artificial expression system to determine
the structure and function relationship between FasL, and
FasLg,,-mediated cytotoxicity. Deletion of FasLc,, could po-
tentially result in different localization of cell membrane FasL,
change in sFasL production, faster FasL membrane 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 this purpose and
perhaps for other bioactive transmembrane 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 cyto-
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 FasLpgp did not play a role in FasL-mediated
cytotoxicity rules out the participation of potential FasLpgp-
interacting proteins such as Grb2, Grap, p47”%*, and Nck in
this process (12). Moreover, no interacting protein was detected
using GST-FasL,_,4 (12). These data suggest the ability to op-
timize FasL cytotoxicity is intrinsic to FasL, ;. FasL,_;; con-
tains a DSSASSP motif that is a potential substrate for CK-I,
CK-II, and GSK-3 kinases. Among them, the CK-I site (SXXS)
is shared with several TNF superfamily members. Otherwise,
FasL,_s3, including the Cys;,, a potential site for disulfide
bonding and acetylation/palmitoylation, is unique among
members 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 opti-
mized. The dramatic enhancement of cytotoxicity by FasL,_;
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 FasL, 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 s crit-
ically involved in peripheral tolerance, lymphocyte homeosta-
sis, and immune-mediated tissue 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 FasLc,, and
FasL; 35 to control the expression levels and biochemical prop-
erties of transmembrane proteins.
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Pkd1 regulates immortalized proliferation
of renal tubular epithelial cells through
p53 induction and JNK activation

Saori Nishio, 2 Masahiko Hatano,2 Michio Nagata,?® Shigeo Horie,?
Takao Koike,' Takeshi Tokuhisa,2 and Toshio Mochizuki'
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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 JNK-mediated apoptosis in interme-
diate stages. In late-stage cysts, Pkd17/- cells continued immortalized proliferation with downregulation of p53.
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

Autosormal dominant polycystic kidney disease (ADPKD) is the
most common human monogenic genetic disorder and is charac-
terized by progressive bilateral renal enlargement wich numerous
cysts and fibrosis in the renal parenchyma. It is often accompanied
by extra-renal manifestations, such as hypertension, intracranial
aneurysms, and hepatic and pancreatic cysts (1). The disease is pro-
gressive, and many patients develop renal insufficiency in the 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 any segment of one nephron and maintain
continuity with the “parental” nephron (2). Fully developed cysts
are apparently isolated from the “parental” nephron and expand
through the accumulation of cyst fluid (3).

The PKD1 gene (encoding polycystin-1) (4) and the PKD2 gene
(encoding polycystin-2) (S) have been identified by positional
cloning as being the genes responsible for ADPKD. Loss of het-
erozygosity or second somatic mutations at the PKD1 or PKD2
loci have been reported in cystic epithelia from ADPKD patients
(6-10). Several lines of mice in which the Pkd1 or Pkd2 gene was
targeted show similar phenotypes. Although heterozygous knock-
out mice develop renal and hepatic cysts later in life (after age 16
months) (11), those mice do not fully recapitulate the severity of

Nonstandard abbreviations used: ADPKD, autosomal dominant polycystic kidney
disease; DBA, Dolichos biflorus agglutinin; LZ, LacZ; MEF, mouse embryonic fibroblast;
p-, phosphorylated; 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 Pkd2¥$2%- mice, which carry a unique Pkd2
allele chat is prone to genomic rearrangement leading to a null
allele, develop severely polycystic kidneys during adulthood and
thus resemble the ADPKD phenotypes (12). These model animals
suggested that a “2-hit” mechanism at either the PKD! or PKD2
gene explains the late onset of the disease as well as some of the
variation in clinical symptoms (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 polycystin-2 are localized in the pri-
mary cilium of renal tubular epithelial cells (19). The relationship
between cystogenesis and the disruption of cilia has been reported
(20, 21). Although polycystin-2 in node monocilia contributes to
the development of left-right asymmetry (22), polycystin-1 and
polycystin-2 in the primary cilium transduce the extracellular
mechanical stimulus induced by urinary flow into increases in
cytosolic Ca?*, which may regulate renal tube size (19, 23).

The cyst epithelial cells of ADPKD kidneys have a high mitotic
rate in vitro (24) and in vivo, as detected by immunostaining for
proliferating cell nuclear antigen (PCNA) (25), c-Myc, and Ki-67
(26). Their high mitotic rate has also been supported by the fol-
lowing results. First, expression of growth factors such as EGF and
their receptors increases in ADPKD cysts (3, 27). Second, cAMP
stimulates the in vitro proliferation of ADPKD cyst epithelium
and cyst growth (28, 29). Third, overexpression of the Pkd] gene
in a cell line induced cell cycle arrest at the GO/G1 phase with
upregulation of p21 through activation of the JAK-STAT pathway
(30). Thus, the proliferation of a PKD~- cyst epithelial cell might
explain the cystogenesis of ADPKD kidneys. However, polycystin-1
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Figure 1

Generation of Pkd1-- 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 2—-6 by a neomycin-resistance gene cassette (neo) (A) or a hygromycin-resistance gene
cassette (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 polycystin-2 can be detected in some of the cyst epithelial cells
of ADPKD kidneys (31-36). These results suggest a contribution
of normal renal tubular epithelial cells to cystogenesis.

The cystogenesis of ADPKD kidneys cannot be fully reproduced
in the kidneys of Pkd1/- mice, because these mice die in utero and
their renal tubular epithelial cells are not mosaic for Pkd1~- 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 Pkd1-/- ES cells and normal morulae
from LacZ* (LZ*) ROSA26 mice (37). We show here that chime-
ric mice with a low degree of chimerism survived for more than
1 month and had multiple cysts not only in the kidneys but also
in the liver and pancreas, suggesting this may be a feasible model
for human ADPKD. Surprisingly, both Pkd1~/- and wild-type (LZ*)
epithelial cells were involved in early cystogenesis in kidneys of the
chimeric mice. We discuss here the molecular mechanisms of the
cystogenesis of Pkd1~/- and Pkd1*/* renal tubular epithelial cells.

Results

Cystogenesis of Pkd1~/-/LZ* chimeric mice. We generated mice carry-
ing a mutation in the Pkd1I gene using standard gene-targeting
procedures by replacing exons 2-6 with the neomycin-resistance
gene (Figure 1A). Homozygous mutant (Pkd17/-) mice died in
utero with severely polycystic kidneys and cardiac abnormali-
ties (data not shown), similar to previous descriptions (14, 15).
A second targeting vector with the hygromycin-resistance gene
(Figure 1B) was transfected into heterozygous (Pkd1*/-) ES cells
to obtain Pkd1~/- ES cells. Each gene targeting was confirmed by
Southern blot (Figure 1, C and D). Then, we generated chimeric
mice composed of mixtures of Pkd1~/- and wild-type cells. To
monitor cells derived from Pkd1~- ES cells in chimeric mice, we
used morulae from LZ* ROSA26 mice. Four independently tar-
geted Pkd1~- ES clones were aggregated with ROSA26 morulae
to generate Pkd1~/-/LZ* chimeric mice.

Several Pkd1/-/LZ* mice survived beyond 1 month of age, and
their survival closely depended on the degree of chimerism, as esti-
mated by coat color. When the contribution of Pkd1-/- ES cells to
coat color was more than 30%, the chimeric mice either died in
utero or died by P7 with severely polycystic kidneys. Pkd1~/-/LZ*
mice with a lower contribution (less than 10%) of Pkd1~/- ES cells

The Journal of Clinical Investigation

htep://www.jciorg  Volume 115

to their coat color survived beyond 1 month of age. Renal cysts
were detected in all the Pkd1-/-/LZ* mice examined (n = 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). Pkd1~/-/LZ* kidneys were enlarged
due to scattered tubular cysts observed in both the cortex 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 Pkd17/-/LZ* mouse had bilateral enlarged kidneys deformed by
many cysts and often accompanied by hemorrhage (Figure 2C). Cut
surfaces of the kidney showed little renal parenchyma (Figure 2D).
This mouse also exhibited hepatic and pancreatic cysts. These
pathological findings in Pkd1~-/LZ* mice with low degree of chi-
merism were similar to those of human ADPKD.

To examine initial cyst formation in kidneys of Pkd17/-/LZ*
and Pkd17- mice, we microdissected a single nephron from the
kidneys of those mice at E17.5. As shown in Figure 2E, multi-
ple “out-pocketing” cysts were observed in all segments of the
nephron from Pkd17/-/LZ"* mice, whereas cysts in the nephrons
from Pkd1~- mice were confined mainly to the distal tubule.
Surprisingly, the cyst epithelia in chimeric mice were composed
of not only Pkd17/- cells but also LZ* wild-type cells, as detected
by B-gal staining (Figure 2F). Histochemical examination also
showed the presence of LZ* wild-type cells in the cyst epithelia of
Pkd1-/-/LZ* kidneys (Figure 2G).

Dedifferentiation of cyst epithelial cells in Pkd1-/-/LZ* mice. Cystogen-
esis in kidneys of Pkd17-/LZ* mice with low degree of chimerism
was analyzed histologically between P1 and P30. At the early stage
(P1), small cysts were numerous and their cyst epithelia were com-
posed of many LZ* cells and some Pkd1~/- cells (Figure 3A). At the
late stage (P30), individual cysts were enlarged and most of the
cyst epithelia were composed of Pkd1~- cells. Similar histological
findings were observed in the livers of Pkd1~/-/LZ* mice (data not
shown). Morphological analysis of cyst epithelial cells at the early
stage of cystogenesis demonstrated that many of the cyst epithelial
Pkd1-- and LZ* cells were cuboidal in shape (Figure 3B). Although
the shape of LZ* cyst epithelial cells was still cuboidal at the inter-
mediate stage of cystogenesis, many Pkd1/- cyst epithelial cells
changed their shape from cuboidal to flat (Figure 3C), suggesting
that flac cyst epithelial cells are dedifferentiated.
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Figure 2

Pkd17-/LZ+ mice as an animal model of human ADPKD. (A) Appearance of a
P7 Pkd1-+7/1Z+ mouse with an intermediate chimeric rate. The chimeric rate
was estimated by coat color. (B) Kidneys of P7 Pkd1--/L.Z+ 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)
of a P60 Pkd17/-/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
Pkd17-/LZ+ mouse. Cystic dilation begins at the distal tubule of the nephron of
the Pkd1+- mouse. Scale bar: 100 um. (F) Staining of a microdissected tubule
with g-gal. A cystic fragment of the Pkd1+/-/LZ* mouse was composed of Pkd1++
(blue; LZ+) and Pkd1-- (white; LZ-} cells. Scale bar: 100 um. (G) Histochemiical
analysis of the kidney of a Pkd1+-/LZ* mouse at E17.5 with B-gal. The cyst (*)
began at tubules involving Pkd1-- (LZ-) and LZ* cells. Some tubules composed
of LZ- cslls (black arrowheads) showed no cystic dilatation. Counterstaining:
Nuclear Fast Red. Original magnification, x400.

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

Proliferation and apoptosis of cyst epithelial cells.
Immunohistochemistry of cyst epithelial cells in Pkd1-/-/1.Z*
kidneys revealed that LZ* cells occasionally showed focal
hyperplastic features (Figure SA) such as micropolyps,
as observed in human ADPKD. Some of cuboidal cyst
epithelial cells were accompanied by PCNA expression
(Figure 5B). We investigated expression of the cell cycle
regulators p21 and p53 in Pkd17/-/LZ* kidneys by West-
ern blot. Although very low expression of p21 has been
reported in the whole body of Pkd1/- embryos at E15.5
(30), the amount of p21 in the kidneys of Pkd1- embry-
os at E16.5 and Pkd1~/-/LZ* mice 1 month of age was
slightly less than chat in wild-type mice (Figure 5C). Sta-
tistical analysis of the amount of p21 in 4 independent
experiments indicated a significant difference between
wild-type kidneys and Pkd1~/- kidneys (¥ = 0.016) but no
difference between wild-type kidneys and Pkd1-/-/LZ*
kidneys (P = 0.107). Interestingly, the amount of p$3 in
Pkd1~- (P =0.003) and Pkd17-/LZ* (P = 0.044) kidneys
was reduced compared with that in wild-type kidneys.
Indeed, the amount of pS3 decreased in the cuboidal cyst
epithelial cells as well as in the flat cyst epithelial cells of
Pkd1-/-/LZ* kidneys (Figure SD).

To examine the proliferation of cyst epithelial cells in
vitro, we cultured microdissected single nephrons with
cysts from Pkd1~-/LZ* kidneys in collagen gel with 10%
ECS. Cells in cystically dilated parts of the nephrons rapid-
ly proliferated in a sheet-like fashion within 18 hours (Fig-
ure 5, E-G). Although the great majority were Pkd1-/- cells,
some LZ* cyst epithelial cells proliferated. This significant

proliferation of Pkd17-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 Pkd1~-and LZ* cells in Pkd1~-/LZ*
kidneys, then flac Pkd1-/- cells became dominant in
cyst epithelia at the intermediate stage. As there were
many apoptotic cells present in Pkd1~/-/LZ"* kidneys at
the intermediate stage (data not shown), the cuboidal
LZ* cells in the cyst epithelia might have been dead
due to apoptosis and then filled with flat Pkd1~/- cells.
Indeed, TUNEL staining of the cyst epithelial cells in
Pkd1-~/-{LZ" kidneys revealed scattered TUNEL-positive

To examine dedifferentiation of flat cyst epithelial cells, we
examined expression of polycystin-2 and acetylated tubulin as a
marker of primary cilia in the cyst epithelial cells of Pkd17/-/LZ*
kidneys. All of the cyst epithelial cells expressed polycystin-2 regard-
less of morphological changes and Pkd1 expression (Figure 4A),
and both LZ* and Pkd1-/- (LZ") cyst epithelial cells manifested cilia
(Figure 4B). However, some of the cyst epithelial cells had lost
expression of Dolichos biflorus agglutinin (DBA) lectins (Figure 4C)
and Na-K ATPase (Figure 4D). The loss of expression did not cor-
relate with loss of the Pkd1 gene in cyst epithelial cells. The mean
cell height of cyst epithelial cells with or without Na-K ATPase
was lower than that of normal epithelial cells (P < 0.001), and the

912 The Journal of Clinical Investigation
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cells (Figure 6A). Apoptosis in LZ* cyst epithelial cells was 3- to
4-fold larger than that in Pkd17- cyst epithelial cells (Figure 6B).
Electron microscopic analysis of the cyst epithelia showed occa-
sional apoptotic figures in cuboidal cells overlaid by neighboring
cells (Figure 6C). In addition, flat cells overlaid several degenerated
cells that were detached from the tubular basement membrane
(Figure 6D), suggesting rearrangement by flat Pkd17- cells.
Signaling pathways in relation to proliferation or apoptosis of cyst epithelial
cells. Signaling pathways related to cell proliferation were analyzed
in the kidneys of Pkd1~/- and Pkd1~/-/LZ* mice. Phosphorylated
EGEFR (p-EGFR) detected in the cyst epithelial cells of Pkd17/-/LZ’
kidneys was significantly greater than in those of wild-type kidneys
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(data not shown). To elucidate the downstream signaling path-
way of growth factors, we analyzed the amount of activated MAP
kinases in kidneys using Western blot and immunohistochemistry.
Although the amount of p-ERK in Pkd1+- and Pkd1/-/LZ" kid-
neys was not different from that in wild-type kidneys (Figure 7A),
expression of p-ERK was significantly more in the cyst epithelial
cells of Pkd1-/-/LZ* kidneys regardless of their shape, cuboidal
(Figure 7B) or flat (data not shown).

As for signaling pathways related to apoptosis, the amount
of p-JNK was more in Pkd17/-/LZ* kidneys (P = 0.046) but
less in Pkd17/- kidneys (P = 0.002) than in wild-type kidneys.
Immunohistochemistry revealed that p-JNK expression was
increased in the cuboidal cyst epithelial cells rather than in the
flat ones of Pkd1-/-/LZ* kidneys, suggesting that LZ’ cyst epithe-
lial cells with p-JNK expression induce apoptosis. In contrast,
the amount of p-p38 in Pkd1/-/LZ* and Pkd1~/- kidneys was
similar to that in wild-type kidneys. Furthermore, the amount of
p-Akt, an apoptotic inhibitory signal, in both Pkd1-/- (¥ = 0.008)
and Pkd1/-/LZ* (P = 0.037) kidneys was more than that in
wild-type kidneys. Indeed, p-Akt expression was significantly
increased in bocth cuboidal (data not shown) and flat cyst epi-
thelial cells. The amount of Bcl-X, in Pkd1-/-/LZ* kidneys was
clearly less than that in wild-type kidneys (P = 0.032), whereas
that in Pkd1~/- kidneys was similar to that in wild-type kidneys.
The amount of Bcl-2 and Bax in Pkd1-/-/LZ* and Pkd1-/- kidneys

Figure 4

Dedifferentiation of Pkd1-- cyst epithelial cells.
(A-D) A kidney from a P8 Pkd1+-/L.Z* mouse was
stained with anti—polycystin-2 (red, polycystin-2;
blue, DAPI) (A), anti-acetylated tubulin (red, acety-
lated tubulin; green, g-gal; blue, DAPI) (B), anti-DBA
(C) or anti~Na-K ATPase (D). (Right panels: A, C,
and D) The same section was stained with g-gal
and counterstained with Nuclear Fast Red. White
and black arrowheads indicate the same epithelial
cells. Original magnification, x400. (B) Left and right
panels indicate stainings in cuboidal and flat cyst
epithelia, respectively. (E) Relationship between
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).

The Journal of Clinical Investigation

Figure 3

Histochemical analysis of Pkd1--/LZ* kidneys. Kidneys of
Pkd1+/LZ* mice were stained with g-gal and counterstained
with Nuclear Fast Red. (A) Kidneys of Pkd1+-/LZ* mice with
the low chimeric rate at P1, P17, and P30. At the early stage
(P1), cyst epithelia were composed of Pkd1~- (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 cells
are cuboidal in shape. Original magnification, x400. (C) Kidney
of a P8 Pkd1+-/LZ* mouse with the low chimeric rate. Cyst epi-
thelia are composed of flat Pkd1-- (LZ-) cells and cuboidal LZ*
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,
respectively). These findings suggest that LZ" cyst epithelial cells
are more apoptotic than are Pkd17/- cyst epithelial cells.

Immortalized growth of Pkd1-/- mouse embryonic fibroblasts. Most
cyst epithelial cells in Pkd1/-/LZ* kidneys at the late stage of
cystogenesis were Pkd1-/- cells, and these grew very well in col-
lagen gel, suggesting a relationship between loss of Pkd! and cell
immortalization. Because the 3T3 culture protocol of mouse
embryonic fibroblasts (MEFs) is one of the well characterized
experimental models of cell immortalization (38) and because
normal MEFs express Pkd1 (data not shown), we cultured Pkd1~/-
MEFs according to the 3T3 protocol. Wild-type MEFs entered a
characteristic cell cycle arrest known as cell senescence after pas-
sages 8-9 and immortalized cells (2 of 21 wells) appeared stochas-
tically and eventually overtook the senescent cells (Figure 8A).
In contrast, immortalized cells appeared in a large number of
wells (21 of 24 wells) in Pkd1-/- MEF cultures, thereby suggesting
a high incidence of immortalization.

Because the amount of the cell cycle regulator p16 increases in
MEFs at the senescence stage (39), we analyzed expression of the
cell cycle regulators p16, p21, and pS$3 in Pkd1~/- MEFs using West-
ern blot. The amount of these proteins was similar in Pkd1~- and
wild-type MEFs until passage 8, whereas the amount of p16 clear-
ly increased in both Pkd1~- and wild-type MEFs after passage 8
(Figure 8B). However, the amount of p53 in Pkd1~/- MEFs at pas-
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Proliferation of Pkd 1-- cyst epithelial cells. (A) A kidney from a P17 Pkd1--/LZ+ mouse
was stained with B-gal and counterstained with Nuclear Fast Red. LZ+ epithelial cells
occasionally showed focal hyperplastic features such as micropolyps. Original magnifica-
tion, x400. (B) A kidney froma P12 Pkd1~-/LZ* mouse was stained with an anti-PCNA.
Some cuboidal LZ* cyst epithelial cells were accompanied by PCNA expression. Original
maghnification, x400. (C) Expression of p21 and p53 in the kidneys of Pkd71~- mice at
E16.5 and Pkd1--/LZ* mice 1 month of age. The amount of p21 and p53 in kidneys was
examined using Western blot. Actin was used as a loading control for protein. Data pre-
sented are 1 representative of 4 independent experiments. (D) Kidneys of P12 Pkd1+-/LZ*
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 Pkd1+-/L.Z*+ 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 Pkd77-/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 Pkd1-/- cells in cystogenesis. Analyses of the
cyst epithelial cells in Pkd17/-/LZ* kidneys can
help us to understand the in vivo effect of poly-
cystin-1 on cystogenesis.

Proliferation of normal tubular epithelial cells
in early cystogenesis. Cystogenesis in human
ADPKD has been proposed as being a mono-
clonal proliferation of PKD1- or PKD2-defi-
cient epithelial cells (6- 10). However, we found
that the cystic epithelium at the early stage of
cystogenesis was composed of both Pkd1/-and
LZ* wild-type cells. This finding is supported
by results showing that expression of polycys-
tin-1 and polycystin-2 was detected in most
cultured cells derived from ADPKD kidneys
(40). We stress that the strong expression of
polycystin-1 and polycystin-2 on cystic epi-
thelia in ADPKD kidneys (31-36) may reflect
involvement of normal cyst epithelial cells in
the cystogenesis of human ADPKD.

The initial cystogenesis in the kidney with
Pkd1-/- tubular epithelial cells requires stimula-
tion, as some of the tubules with Pkd1~- epithe-
Lial cells occasionally had no cystic dilatation and
metanephric culture of organs harvested from
Pkd 1/~ 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, tubular elongation with cell differen--
tiation (41). During nephron development, itis -
hypothesized that the renal tubular diameter is
maintained at the proper size (23) and that the
primary cilium affects the maintenance of the

Pkd 17~ (LZ-) cells proliferated. Scale bars: 100 um.

sage 30 (P = 0.001) but not that in wild-type MEFs at passage 13
(P=0.636) was clearly less than that in Pkd1~/- and wild-type MEFs
at passage 1. The amount of activated MAP kinases in MEFs was
examined further. The amount of p-ERK in Pkd1-"- MEFs at passage
30 was slightly more than that in wild-type MEFs at passage 13.
Although the amount of p-JNK (P = 0.032) and p-p38 (P = 0.038)
increased in wild-type MEFs from passage 8 to passage 13, it was
stable in Pkd17/- MEFs until passage 30. The amount of p-Akt in
Pkd1-/- MEFs was also stable until passage 30. Furthermore, the
amount of Bcl-2 family proteins was similar in Pkd1~/- and wild-
type MEFs at passages 30 and 13, respectively (data not shown).

Discussion

In the present study, we developed Pkd17/-/LZ* chimeric mice.
The pathological findings in Pkd1~/-/LZ* kidneys were similar to
those in human ADPKD kidneys. Therefore, Pkd1-/-/LZ"* mice, like
Pkd2Vs2s/- mice (12), are a feasible model for human ADPKD. As
intragenic recombination events in Pkd2¥52%- mice occurred grad-
ually and postnatally, as in human ADPKD, whereas Pkd17/-/LZ"
mice have Pkd1-/- cells by inheritance, cyst formation in Pkd1-/-/LZ*
kidneys progressed more rapidly than that in Pkd2¥s?%- and
human ADPKD kidneys. However, with Pkd1--/LZ’ mice, we
have the advantage of distinguishing Pkd17/- cells from normal
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tubular diameter by its mechanosensor function

(19, 20). Cilia structure and polycystin-2 expres-

sion were manifested in the cyst epithelial cells
of Pkd17/-/LZ’ kidneys. Thus, we surmise that polycystin-1 in the
primary cilium is required for further inhibition of the proliferation
of tubular epichelial cells to maintain their proper size. A Pkd1~- epi-
thelial cell, which is missing negative regulatory signals from poly-
cystin-1, continuously proliferates, and this proliferation induces a
“compensatory” proliferation of the surrounding normal epithelial
cells in an attempt to re-establish appropriate tubular diameter and
structure. This proliferation of tubular epithelial cells accounts for
early cyst formation in human ADPKD.

Proliferation of Pkd1~/- cyst epithelial cells. EGFR (14, 27), cAMP
(28, 29), Wnt/B-catenin (42), and p21 (30) have all been linked to
the proliferation of cyst epithelial cells. However, the relationship
between activation of these molecules and PKD deficiency is not
clear, as those studies assumed that only PKD~- cells proliferated
in human ADPKD. Although downregulation of p21 expression in
whole embryos of Pkd 17/~ mice has been suggested to be involved in
the proliferation of cyst epithelial cells (30) and we reproduced this

-downregulation in Pkd1~- kidneys, p21 expression in Pkd1-/-/LZ*

kidneys revealed only a slight decrease. The expression of p53 was
significantly decreased in the kidneys of Pkd1~/- and Pkd1~/-/LZ*
mice. These results support the findings that p53 expression
is decreased in human embryonic kidney 293 cells with loss of
polycystin-1 activity (43) and is also slightly decreased in human

Number4  April 2005

— 548 —



— 4 H

2 .

a3

82

Q

g 1

< L
P1-P7 P8-P17
Days after birth

ADPKD kidneys compared with normal kidneys (26). p53 inhibits
cell cycle by induction of p2 1 (44), and polycystin-1 inhibits Cdk2
activity by upregulation of p21 through the activation of JAK2
(30). Thus, the decrease in pS53 in addition to the lack of activa-
tion of the JAK-STAT pathway in Pkd 1 deficiency may compound
the decrease in p21 expression. Because expression of p53, among
the cell cycle regulators examined, was affected most strongly in
both Pkd1-- cyst epithelial cells and immortalized Pkd1-- MEFs,
polycystin-1 may regulate the growth of renal tubular epithelial
cells chrough induction of pS$3.

Pkd1-/- cyst epithelial cells were not transplantable in nude mice
{data not shown). Isolated early cysts from Pkd1~/-/LZ* kidneys
exhibited significant proliferation in vitro with 10% FCS, whereas
the proliferation was stunted without FCS (data not shown), sug-
gesting that proliferation of Pkd1~/- cyst epithelial cells is not auton-
omous, as in neoplasms, but instead is growth factor dependent.
Among many growth factors and their receptors related with cys-
togenesis, strong EGFR expression was observed on cystic epithelia
of Pkd1-/- kidneys (14). Interestingly, EGFR expression increased
on both cuboidal and flat cyst epithelial cells in Pkd1/-/LZ"

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 LZ* (black
bars) and in LZ-(Pkd1~-) cyst epithelial cells (white bars), respectively.
The mean and SD are from 9 independent mice. *P < 0.05. (C and D)
Electron microscopic analysis of the cyst epithelium of a Pkd1--/L.Z*
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 flat
cyst epithelial cells in Pkd1--/LZ" kidneys.

Dedifferentiation of Pkd17/- cyst epithelial cells. The cyst epithelia in
human ADPKD are composed of cuboidal cells such as normal
renal epithelial cells and flat cells (24). A similar phenomenon was
noted in Pkd2¥525/- kidneys. These 2 morphologically different cells
constitute the cyst epithelium at the early and intermediate stages
of cystogenesis (45). We also detected 2 kinds of cyst epithelial cells
in Pkd17/-/LZ* kidneys. Both Pkd1~/- and LZ* cyst epithelial cells
were cuboidal in shape at the early scage of cystogenesis,and some
Pkd17- cyst epithelial cells changed their shape to flat at the inter-
mediate stage. As LZ’ cyst epithelial cells are nearly cuboidal, Pkd1
deficiency is related to the morphological change.

Most flat cyst epithelial cells are negative for nephron segment
markers and Na-K ATPase (45), suggesting that the morphological
transition of Pkd1/- cyst epithelial cells is accompanied by loss of
functional phenotype. However, expression of renal tubular markers
within single cysts in Pkd1-/-/LZ* kidneys was discontinuous. Loss
of expression was also detected in the cuboidal cyst epithelial cells at
the early stage of cystogenesis. Although there is a tendency for cor-
relation between loss of Na-K ATPase expression and flat shape of
cyst epithelial cells, the morphological change of cyst epithelial cells
is not completely correlated with the loss of tubular markers.

The cell adhesion molecules E-cadherin and B-catenin are bound
to polycystin-1 and polycystin-2 (42), and E-cadherin expression
decreases in Pkd1-- kidneys (14). Thus, Pkd1 deficiency may change
the polarity of cyst epithelial cells by affecting cell adhesion or
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Signaling pathways related to proliferation or apoptosis in AP e -
cyst epithelial cells. (A) Expression of signal transducers in - -
the kidneys of Pkd1~ mice at E16.5 and Pkd1+/LZ mice 232 = T Z T |
1 month of age was analyzed using Western blot. Actin was Bax e " o -
used as a loading control for protein. Data presented are 1 Aclin < — o - S

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-Akt. The same section was stained with
B-gal and counterstained with Nuclear Fast Red. Black and
white arrowheads indicate the same epithelial cells. Original
magnification, x400.
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cytoskeletal organization. However, the localization and intensity
of both E-cadherin and B-catenin in some cyst epithelial cells were
similar to those in normal renal tubular cells at the intermediate
stage of cystogenesis (data not shown). These results indicate that
the morphological change in cyst epithelial cells is not due to loss
of tubular markers or to repression of cell adhesion molecules. As
Pkd1-/- cyst epithelial cells cultured in collagen gel sometimes made
tubules in the gel (data not shown), outgrowing Pkd1-/- cyst epi-
thelial cells retain some functions of renal tubular epithelial cells.
Furcher studies will be done to elucidate the cause of the morpho-
logical change and the dedifferentiation (loss of tubular markers)
of cyst epithelial cells initiated by deficiency in the Pkdl gene.

Apoptosis on normal (LZ) cyst epithelial cells. Apoptosis has been fre-
quently observed in non-dilated and cystic tubuli and glomeruli
in ADPKD kidneys, whereas it is extremely rare in normal kidneys
(46). In addition, the increased rate of growth in cyst epithelial cells
is accompanied by an increased rate of apoptosis in human ADPKD
(26). Of note, our study showed that apoptotic cells were present
mainly in cuboidal epithelial cells in Pkd1~/-/LZ* kidneys. Elec-
tron microscopy revealed characteristic apoptotic features among
cubotidal cyst epithelium, which was covered by flat cells. Apoptotic
cells were lost from cyst epithelium and neighboring flat cells lined
tubular lumina. These findings suggest net replacement of cuboi-
dal LZ* epithelial cells by flac Pkd1-/- epithelial cells.

Expression of p-JNK increased in Pkd1~-/LZ* kidneys but not
in Pkd1-- kidneys. In contrast, Bcl-X, expression was decreased in
Pkd1~/-/LZ" kidneys but not in Pkd1-/- kidneys. Alchough p-Akt
expression was significantly increased in both cuboidal and flat
cyst epithelial cells, cuboidal cyst epithelial cells are more apoptotic
than are flat cyst epithelial cells. The 3T3 cell
culcures using Pkd1~/- MEFs also demon-

strated that expression of p-JNK and p-p38 Early stage
was increased in wild-type MEFs at the cell

senescence stage (after passage 13). However, & Aelo
this expression did not increase in immortal- °° ‘:) : ?

ized Pkd17- MEFs until passage 30. As poly- o 0. ®
cystin-1 triggers activation of JNK but not '
that of p38 (47), flac Pkd17/- epithelial cells
and Pkd1~/- MEFs in the 3T3 culture escape .
apoptosis mediated by activation of JNK. ¢}
These immortalized flat Pkd1-/- epithelial
cells slowly spread to form large cysts.

A model of cystogenesis. We developed chime-
ric mice by aggregation of Pkd17- ES cellsand
Pkd1** morulae of LZ* ROSA26 mice. These

Figure 9
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mice are a unique mouse model for human ADPKD. In Pkd1-/-/LZ*
kidneys, sporadic Pkd1-/- epithelial cells deteriorated the entire
tubular integrity by the proliferation of both Pkd1~- and normal
(LZ") epithelial cells at the early stage of cystogenesis (Figure 9).
When tubular epithelial cells, including Pkd 1~ epithelial cells,
receive stimulation, both Pkd1~- and normal tubular epithelial
cells proliferate to expand the tubular size. The Pkd1-/- tubular epi-
thelial cells lack negative signals for proliferation by polycystin-1
and continue to proliferate. Although surrounding normal tubu-
lar epithelial cells also proliferate to retain both the round shape
and diameter of the tubule, normal epithelial cells are gradually
lost by JNK-mediated apoptosis at the intermediate stage. Some
Pkd17/- tubular epithelial cells change shape from cuboidal to flat
(dedifferentiation), and the flat Pkd1-/- epithelial cells grow inan
immortalized fashion to form large cysts in the kidney at the late
stage of cystogenesis. As p53 expression and JNK activation were
very low in flat Pkd1~/- cyst epithelial cells, polycystin-1 plays a role
in the prevention of immortalized proliferation of renal tubular
epithelial cells via p53 induction and JNK activation.

Methods

Generation of Pkd17/- mice. Murine Pkd! genomic clones were obtained by
screening a 129/Sv mouse genomic library (14). R1 ES cells were transfect-
ed with linearized Pkd1 neomycin-targeting vectors by electroporation and
were subjected to positive and negative selection for 14 days using G418
and diphtheria toxin. Approximately 134 clones were examined using
Southern blot, and homologous recombination was detected in 18 clones.
One independent rargeted ES clone was used to generate chimeric mice
using the aggregation method (48). DNA from tail tissue of agouti pups
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Pdk 1~ cuboidal cell
Pdk 1~ flat cell
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A model schema of the cystogenesis in ADPKD. The germline mutation of 1 allele of the Pkd1
gene is present in all tubular epithelial cells.
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obtained by mating chimeric mice with C57BL/6 mice (Japan SLC) was
analyzed using Southern blot. Homozygous mutant pups were generated
by intercrossing of heterozygous mutant mice. All procedures conformed
to the Chiba University Resolution on Use of Animals in Research and
were approved by the Institutional Animal Care and Use Commitree of the
Graduate School of Medicine, Chiba University (Chiba, Japan).

Generation of Pkd1/~ ES cells and Pkd17-/LZ" chimeric mice. One of the Pkd1-
targeted ES clones was transfected by electroporation with linearized Pkd1
hygromycin targeting vectors to generate Pkd1-/- ES cells. Approximately
17 ES clones were examined by Southern blot, and 4 independent Pkd1~-
ES clones were obtained. Those Pkd1~- ES cells were aggregared with mor-
ulae of ROSA26 mice with the exogenous LacZ gene (a gift from H. Koseki,
RIKEN Research Center for Allergy and Immunology, Yokohama, Japan)
to generate Pkd1~-/LZ* chimeric mice.

Southern blot. Genotyping was done by digestion of genomic DNA (10 ug)
with EcoRV, Southern transfer, and hybridization with a 1.3-kb DNA probe
that was external to the targeting vector. The probe was labeled with digoxi-
genin (Roche Diagnostics) using PCR. The probe detected the wild-type allele
as a 15.1-kb fragment and the mutant alleles as 7.7-kb and 8.3-kb fragments.

Histology and immunobistochemistry. Tissues were fixed in 10% phos-
phate-buffered formalin and were embedded in paraffin. Sections
(3 pm thick) were stained with H&E according to standard protocols. For
immunohistochemistry, after deparaffinization through a graded xylene
and ethanol series, sections were washed in PBS (pH 7.4) and were treated
for 15 minutes with 0.3% hydrogen peroxide in methanol. After blocking,
sections were stained with the following antibodies: anti-p53, anti-p-EGFR
(Santa Cruz Biotechnology Inc.), and anti-PCNA (Sigma-Aldrich). For
immunofluorescence, frozen section were stained with YCC2 (anti-polycys-
tn-2; akind gift from Y. Cai, Yale University, New Haven, Connecticut, USA),
anti-B-gal (Chemicon Internadonal Inc.), anti-Na-K ATPase (Upstate), anti-
acetylated tubulin, anti-DBA, anti-lectin Lotus tetragonolobus (Sigma-Aldrich),
anti-p-ERK, anti~p-Akt, or anti-p-JNK (Cell signaling Technology Inc.). Pho-
tomicrographs were obtained using a microscope (Carl Zeiss International).

Bgal staining of kidneys. Kidneys were fixed for 30 minutes at 4°Cin 2.7%
formaldehyde, 0.02% NP-40, and 0.2% glutaraldehyde in PBS (pH 7.4) and
were washed. Processing was carried out through a graded series of sucrose
concentrations from 15% to 30% in PBS at 4°C for 5-12 hours for each
step. Kidneys were then embedded in OCT (Tissue-Tek) and were frozen in
2-methyl-butane submerged in liquid nitrogen. Sections (3 wm thick) were
then prepared, mounted on slides, and washed in PBS for S minutes,and were
subsequently stained at 37°C overnight in X-gal solution (1 mg/ml X-gal
in DMSO, 2 mM MgCl,, 20 mM potassium ferricyanide, 20 mM potassium
ferrocyanide, and 0.02 % NP-40 in PBS). Sections were counterstained with
Nuclear Fast Red (Trevigen Inc.).

Microdissection of nephron segments. Nephrons were isolated from the kid-
neys of wild-type, Pkd1-/-, and Pkd1~-/LZ* mice at E17.5. Microdissection
of tubules was done in PBS under a stereomicroscope (2).

Western blot. Kidneys were sonicared in Tris lysis buffer (20 mM Tris-HCl,
150 mM NaCl, 100 mM NaF, 1 mM EDTA, 1 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride, 1.5 nM aprotinin, and 10 nM leu-
peptin). Proteins were separated by SDS-PAGE and were transferred to
polyvinylidene difluoride membranes (Millipore). Membranes were blocked
with nonfar dry milk (Yukijirushi) and were incubated with the following
antibodies: anti-p53, anti-p21, anu-ERK, and-Bcl-X), anti-Bax, anti-p16,
anti-actin (Santa Cruz Biotechnology Inc.), anti-Akt, anti-p-Akt, anti-
p-ERK, anti-p38, anti-p-p38 (Cell Signaling Technology Inc.), anti-JNK,

1. Gabow, P.A. 1993. Autosomal dominant polycystic
kidney disease. N. Engl.]. Med. 329:332-342.

2. Baert, L. 1978. Hereditary polycystic kidney dis-
ease (adult form): a microdissection study of two

13:519-525.

J. Med. 350:151-164.
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anti-p-JNK (BD Biosciences-Pharmingen), or anti-Bcl-2 (R&D Systems).
The filters were washed with TBS/0.1% Triton-X, and immunoreactive
bands were visualized by enhanced chemiluminescence.

In vitro culture of microdissected tubules. Microdissection of tubules was
done in L-15 medium (Sigma-Aldrich) followed by culture at 37°C in 5%
CO;in collagen gel (Neutral Solution, DMEM Culture Medium; Koken) in
DMEM supplemented with 10% FCS (Sigma-Aldrich).

TUNEL assay. Animals were perfused with a solution of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Organs were dis-
sected and were post-fixed overnight with 4% paraformaldehyde. The tis-
sues were equilibrated with 20% sucrose and were cutinto sections 3 um
in thickness on a cryostat. The TUNEL assay was carried as described
with slight modification (49). The tailing reaction was carried out for
1 hour at 37°C in TdT buffer in the presence of dUTP-biotin (The Meb-
stain Apoptosis kit, Medical & Biological Laboratories). Signals were
visualized using Avidin-Rohdamine (Vector Laboratories). Sections were
counterstained with DAPI (Molecular Probes).

Electron microscopy. Specimens were fixed in formalin followed by 2% glu-
taraldehyde, were post-fixed with 1% osmium tetroxide, and were embed-
ded in epoxy resin mixture. Ultrathin sections were mounted on grids,
stained with uranyl acetate-lead citrate, and observed under a transmis-
sion electron microscope (Hitachi).

Cell culture. MEFs were established from Pkd1~- embryos (E13.5).
Heads and livers were removed from embryos, and the remaining embry-
onic tissues were trypsinized at 37°C for 30 minutes. The disruprted tis-
sues were plated in DMEM supplemented wich 10% FCS (Sigma-Aldrich)
and were cultured at 37°C in 5% CO;. The 3T3-type serial MEF cultiva-
tion was done as described (38). Briefly, 3 x 10° cells were plated on
a 6-cm well; 3 days later, the total number of cells was counted, and
3 x 103 cells were plated on a separate well. The cumulative increase in
cell number was calculated according to the formula Log(N¢/ Ni)/Log2,
where N is the initial number of cells plated and Nris the final number
of cells counted after 3 days.

Statistical analysis. Data presented represents the mean + SD of more
than 3 independent experiments. Statistical analysis was performed
using an unpaired Student’s ¢ test. P values of less than 0.05 were con-
sidered to be significant.
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A functional variant in FCRL3, encoding Fc
receptor-like 3, is associated with rheumatoid
arthritis and several autoimmunities

Yuta Kochi'?, Ryo Yamada!, Akari Suzuki!, John B Harley?, Senji Shirasawa?, Tetsuji Sawada2,
Sang-Cheol Bae®, Shinya Tokuhiro!, Xiaotian Chang!, Akihiro Sekine®, Atsushi Takahashi’, ,
Tatsuhiko Tsunoda’, Yozo Ohnishi®, Kenneth M Kaufman?, Changsoo Paul Kang®, Changwon Kang?,
Shigeru Otsubo!®, Wako Yumurall, Akio Mimori%, Takao Koike'2, Yusuke Nakamura!®!3,

Takehiko Sasazuki? & Kazuhiko Yamamotol2

Rheumatoid arthritis is a common autoimmune disease with a complex genetic etiology. Here we identify a SNP in the promoter
region of FCRL3, a member of the Fc receptor-like family, that is associated with susceptibility to rheumatoid arthritis

(odds ratio = 2.15, P = 0.00000085). This polymorphism alters the binding affinity of nuclear factor-xB and regulates FCRL3
expression. We observed high FCRL3 expression on B cells and augmented autoantibody production in individuals with the
disease-susceptible genotype. We also found associations between the SNP and susceptibility to autsimmune thyroid disease and
systemic lupus erythematosus. FCRL3 may therefore have a pivotal role in autoimmunity.

Rheumatoid arthritis is one of the most common autoimmune
diseases and is characterized by inflammation of synovial tissue and
joint destruction. Although the disease is believed to result from a
combination of genetic and environmental factors, its complete
etiology has not yet been clarified!. Specific haplotypes of human
leukocyte antigen (HLA)-DRBI, usually referred to as shared-epitope
N sequences?, have been repeatedly reported to confer susceptibility to

=W rheumatoid arthritis>; other genetic components are also involved®.

This combination of HLA haplotypes and non-HLA genes accounting
for disease susceptibility is also observed for other autoimmune
diseases®®. In autoimmune thyroid disease (AITD), for instance, the
HLA-DR3 haplotype is associated with disease risk, as is a functional
haplotype of a non-HLA gene, CTLA4, that has recently been
associated with AITD susceptibility’. )
Identification of non-HLA genes associated with rheumatoid
arthritis susceptibility and other autoimmunities seems difficult,
because of the low relative risk of disease resulting from these non-
HLA genes compared with the strong relative risk from disease-
associated HLA haplotypes. In a search for non-HLA determinants

of disease susceptibility, whole-genome studies have been done for
both human autoimmune diseases and experimental animal models.
These studies have identified nonrandom clustering of susceptibility
loci for clinically distinct diseases®!9. The overlap of susceptibility loci
for multiple autoimmunities suggests that common susceptibility
genes exist in those regions. Intense studies of loci-clustering regions
identified genes commonly associated with multiple autoimmune
diseases, such as CTLA4 on 2q33 (ref. 9), SLC22A4 and SLC22A5 on
5q31 (ref. 11) and PTPN22 on 1p13 (ref. 12).

Cytoband 1q21-23 is one of the regions implicated in susceptibility
to multiple autoimmune diseases. The Fcy receptor (FcyR) II/III genes
are located at 1923, and a new family of genes, Fc receptor-like genes
(FCRLs, also known as FcRHs'!4, IRTAs'>!6 or SPAPs!7), clusters
nearby at 1q21 (Fig. 1a). FCRLs have high structural homology with
classical FcyRs, although their ligands and function are not yet known.
These receptors are good candidates for involvement in autoimmu-
nity, as they are believed to be involved in the pathogenesis of
rheumatoid arthritis and other autoimmune diseases'®. Region 1q23
is a candidate locus for susceptibility to systemic lupus erythematosus
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Figure 1 LD and association of the FCRL gene cluster. (a) Pairwise LD
between SNPs, as measured by A in 658 controls. The 16-Mb region in
1q21-23 (upper left) and the 2-Mb region around the FCRL gene cluster
(lower right) were evaluated. (b) Location of LD blocks, genes and 41 SNPs
in the FCRL gene cluster. (¢} Casecontrol association test with 41 SNPs in
the FCRL gene cluster using 830 affected individuals and 658 controls.

@'Peak association.

(SLE), and variants in the classical FcyR II/III genes partially account
for disease susceptibility®!. Region 1q21 is a candidate locus for
susceptibility to psoriasis (PSORS4; refs. 7,20) and multiple sclerosis?!.
The mouse homologous region to human 1q21, on chromosome 3,
also contains susceptibility loci for multiple autoimmune disease
models®, including collagen-induced arthritis (Cia5, also called
Mcia2 (ref. 22); Eae3 (ref. 23); Tmevd2 (ref. 24); Idd10, and Idd17

(ref. 25)). Although 1q21-23 is a good candidate region for containing -

Table 1 Case-control analysis of FCRL3
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rheumatoid arthritis—susceptibility genes, the association of classical
FcyRs with disease susceptibility remains controversial?4?’. Here we
focused on the 1q21-23 region to identify rheumatoid arthritis—
associated genes in Japanese subjects using linkage disequilibrium
(LD) mapping.

RESULTS

Case-control study by SNP-based LD mapping at 1q21-23

To evaluate the extent of association, we analyzed LD with SNPs
distributed in a 16-Mb region on 1q21-23, including the FCRL gene
cluster and the classical FcyRs (Fig. 1a). We genotyped 658 control
subjects for 742 SNPs from the JSNP database and selected 491 SNPs
with allele frequency > 0.1, successful genotyping rate >0.95and P >
0.01 with Hardy-Weinberg equilibrium testing for evaluation of LD.
We calculated the pairwise LD index A (ref. 28) for each pair of SNPs,
identifying 110 LD blocks'! at a threshold of A > 0.5 (Fig. la).

For association testing, we examined the Japanese set of 830 cases
and 658 controls used for LD block evaluation. We initially genotyped
94 rheumatoid arthritis cases for 491 SNPs and compared their allele
frequendies with those of 658 control subjects. We identified nine
SNPs that had allele frequencies differing by more than 0.1 between
658 controls and 94 cases with P < 0.01. We genotyped the remaining
cases for these nine SNPs and tested their allele frequencies for case-
control association. We identified the smallest P value between an
intronic SNP. in the gene FCRL3 and rheumatoid arthritis (fcrl3_6,
P = 1.8 x107% association was statistically significant in both
rheumatoid arthritis subgroups (94 and 736 individuals)). This SNP
was located in a LD block containing four of the five FCRL genes;
the fifth was in the adjacent block. We therefore evaluated the origin
of this association in these two LD blocks (Fig. 1b), although our
results do not exclude the presence of variants associated with
rheumatoid arthritis or other autoimmune diseases in other LD blocks
at 1q21-23.

In addition to the 25 SNPs of the 491 that we used for LD block
evaluation, we identified 16 additional SNPs in exons and 5 and 3’
flanking regions of five FCRL genes and one pseudogene (FCRLy 4) by
searching the public database and sequencing genomic DNA from
Japanese individuals with rheumatoid arthritis. We genotyped these
16 SNPs in the identical case and control samples (830 cases, 658
controls) to increase the density of variants in the targeted region. We
observed a peak of association in a short segment consisting of four
SNPs in FCRL3 (P < 1.0 x10~%; Fig. 1c and Supplementary Table 1
online): fcrl3_3, ferl3_4, ferl3_5 and ferd3_6, located at nt —169, —110,
+358 (5" untranslated region of exon 2) and +1381 (intron 3; 204 bp
and 859 bp from the 3’ and 5" ends of the flanking exons) relative to
the transcription initiation site, respectively.

We observed the smallest P value without correction in recessive-
trait genotype comparison of fcri3_3 in FCRL3 (P = 8.5 x10~7; odds
ratio = 2.15; 95% confidence interval = 1.58-2.93; Table 1). This

Allele 1 frequency

Genotype 11 versus 12 + 22

SNP Location Allele (1/2) Affected individuals Controls OR (95% c.i.) 12 P
ferl3_3 -169 (o8 042 0.35 2.15(1.58-2.93) 243 0.00000085
fcri3_4 -110 A/G 0.25 0.18 3.01(1.71-5.29) 16.1 0.000060
fcrl3_5 Exon 2 C/G 0.42 0.35 2.05(1.51-2.78) 216 0.0000033
ferl3_6 Intron 3 A/G 0.42 0.34 2.02(1.49-2.75) 20.8 0.0000052
SNPs with P < 0.0001 in allete frequency comparison test are shown. c.i., confidence interval; OR, odds ratio.
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Table 2 Haplotype structure and frequency in FCRL3

Frequency
Haplotype Sequence (fcri3_3-4-5-6) Affected individuals Controls
1 . TGGG 0.58 0.65
2 CACA 0.25 .19
3 CGCA 0.17 0.14

Haplotypes with frequency >0.01 are shown.

P value was still significant when the most conservative Bonferroni
correction was applied (comparisons for 507 SNPs; corrected P =
0.00043). The four strongly associated SNPs were in LD with each
other, and we inferred three common haplotypes (Table 2); fcrl3_3,
ferl3_5 and ferl3_6 showed strong LD with each other (A > 0.99),
whereas farl3_4 showed relatively weak LD with the other three SNPs
(mean A = 0.68).

To identify causal variants in this segment on the basis of genotype
data, we carried out a forward stepwise-regression procedure with a
cut-off P value to proceed to the next step of 0.01 (ref. 29). No SNP in
FCRL genes other than FCRL3 improved the model. None of the four
SNPs in FCRL3 were preferred over the others in these data (data not
shown). This result implied that one of the SNPs in FCRL3 might
cause the disease, but the possibility remained that variants in other
genes were truly associated with the disease.

To validate the case-control association test, we evaluated the
impact of population stratification on the case-control study (830
cases, 658 controls). We selected 2,069 SNPs, each of which was
identified as a tagging SNP?® in 2,069 distinct LD segments that
were previously identified by genotyping 74,842 SNPs distributed in
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Figure 2 Correlation of FCRL3 expression with allele and genotype. (a) Promoter activity of d
haplotypes in FCRL3 (top) and enhancing activity of the 30-bp promoter region around T
—169C—T (middle and bottom), as evaluated by luciferase assay. Data represent mean + s.e.m.
Representative data from three experiments done in quadruplicate. *P < 0.0001; **P < 0.001;
**P < 0.01 by Student’s t-test. (b) Binding affinity of nuclear factors to the 30-bp promoter
region around —169C— T evaluated by EMSA. Allelic difference and competition experiment (left)
and supershift experiment using antibodies for NF-xkB components (right). (¢) Expression of
FCRL3 measured by quantitative TagMan PCR of RNA purified from CD19* B cells obtained [

Competitor — - TC C T

autosomal chromosomes®!. We analyzed population structure’? and
the x* sum® to evaluate stratification but detected no significant
evidence of population stratification (Supplementary Fig. 1 online).
These results are suggestive of no or negligible stratification of our
samples and support the validity of the case-control association results
by removing this confounding factor from further consideration.

Regulatory effect of SNP —-169C—T on FCRL3 expression
Because none of the four SNPs in FCRL3 (fcri3_3, fcrl3_4, fcrd3_5 and
fcrl3_6) produces amino-acid substitutions, we assessed potential
effects of the SNPs on transcription factor binding using TRANSFAC
software. Nuclear factor-xB (NF-xB) was predicted to bind the
sequence containing the rheumatoid arthritis—susceptibility allele
fer3_3 (—169C) with a high score (core match 1.000, matrix match
0.957); substitution with the nonsusceptible allele T decreased the
score of NF-xB binding substantially (core match 0.760, matrix match
0.824). The other three SNPs were not predicted to bind to any
transcriptional factor with high score, and nucleotide substitution was
not predicted to affect binding at any regulatory factor. We therefore
focused on the 5 flanking region of fcri3_3 to explore the regulatory
effects on expression of FCRL3.

We carried out reporter gene analysis using the genomic sequence
of FCRL3 from nt —523 to +203. We made constructs corresponding
to the three haplotypes using SNPs at nt —169 (C—T, ferl3_3) and
—110 (G- A, fcrl3_4; Fig. 2a) and used them to transfect Raji cells, a
Burkitt’s lymphoma cell line that expresses FCRL3 (ref. 13) and is
derived from germinal center B cells. Luciferase activity was substan-
tially greater in cells transfected with —169C —110G or —169C —110A
constructs than in cells transfected with —169T —110G constructs.
This suggests that SNP —169C— T is crucial for regulation of FCRL3
expression. To clarify, we cloned single or four tandem copies of 30-bp
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oligonucleotides surrounding SNP —169C—T and control oligonu-
cleotides into a vector with the SV40 promoter. Cells transfected with
a single copy of the C allele produced substantially greater luciferase
activity than cells transfected with a single copy of the T allele. More
convincingly, transfection with four tandem copies of the C allele
enhanced luciferase activity by a factor of 20 over transfection with
four tandem copies of the T allele (Fig. 2a).

To elucidate specific nuclear factors that bind the disease-susceptible
allele, we analyzed the sequence around —169C—T. These sequences

1., were predicted by TRANSFAC software to have binding affinity for
@: F-xB, which regulates a wide variety of genes in the immune system.

-7 The disease-susceptible sequence (including —169C) had higher
matrix similarity to the consensus NF-xB binding motif than the
nonsusceptible sequence (induding —169T). We then carried out
electrophoretic mobility shift assays (EMSAs) to examine whether
differences between the susceptible —169C allele and the nonsuscept-
ible —169T allele affected binding of nuclear proteins from Raji cells.
We used the same 30-bp labeled oligonucleotides used in the luciferase
assay. These sequences contain the predicted NF-xB binding site. We
observed two main bands, I and 11, in the presence of nuclear extracts;
the intensity of band I was higher for the susceptible —169C allele than
for the nonsusceptible ~169T allele (Fig. 2b). Competition assays with

© 2005 Nature Publishing Group http://www.nature.com/naturegenetics
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Figure 3 Expression patterns of FCRL3 in human tissues and cells.

(a) Relative expression of FCRL3 in various tissues. (b) Relative expression
of FCRL3 in fractionated leukocytes using MTC panel (Clontech).

(c) Relative expression of FCRL3 in response to stimuli (antibody to CD40,
1 pg mi-1; antibody to IgM, 1 pg mi-1; IL-4, 10 ng mI-1; APRIL, 10 ng
mi=1; BAFF, 10 ng mi~!; LPS, 100 ng mi-1) for 4 h. Representative data
from three experiments done in triplicate. (d,e) Lymphocyte aggregates in
rheumatoid arthritis synovium. T cells and B celis in serial sections were
immunostained using antibodies to CD3 (d) and CD20 (e), respectively.
(f.g) FCRL3 mRNA expression (blue stain) in rheumatoid arthritis synovium
as analyzed by in situ hybridization. Higher magnification views of synovium
(g) are denoted by the box in f (magnifications: df, x100; g, x400).
Counterstaining: d,e, hematoxylin; f,g, nuclear fast red.

unlabeled oligonudleotides indicated that these complexes were spe-
cific for the probes. In addition, competition assays with unlabeled
probes of the C allele for T and the T allele for C showed that the C
allele was better able to compete for binding, a result consistent with
the higher binding affinity of labeled C allele probes alone. We also
carried out a supershift experiment with antibodies specific for NF-xB
components (p50, p52, p65, RelB and cRel). We observed supershifts
in some lanes with specific antibodies for p50, p65 and cRel (Fig. 2b).
Among these, only antibody to p50 shifted band II, suggestive of the
presence of a p50-p50 homodimer. Band I had the highest intensity
and a substantial allelic difference and was supershifted by antibodies
to p50, p65 and cRel. Although these findings indicate that band I
comprises a mixture of heterodimers, the greater shifts caused
by antibodies to p50 and cRel suggest that the main component is a
p50-cRel heterodimer.

The two in vitro assays showed the potent transcriptional activity of
the disease-susceptible haplotype regulated by NF-xB, suggesting that
expression of FCRL3 is greater from the disease-susceptible —169C
allele than from the nonsusceptible —169T allele. To extend these
findings, we quantified expression of FCRL3 in peripheral blood B
cells from healthy donors using quantitative TagMan methods and
analyzed the effect of the number of susceptible copies on the
transcript level by regression model. Regression analysis identified a
significant positive correlation between number of susceptible chro-
mosomes and transcription level (R? = 0.49, P = 0.0076; Fig. 2¢).

We also carried out allele-specific transcript quantification®* to
confirm the effect of the SNP on transcription. Using an Eagl
restriction-fragment length polymorphism located at position +358
in exon 2 of FCRL3 (krl3_5, +358C—G), we measured the relative
contribution of each haplotype to transcript production in hetero-
zygous individuals (Fig. 2d). We evaluated the transcripts of five
doubly heterozygous individuals with genotype —169C/T +358C/G;
the mean ratio (susceptible versus nonsusceptible haplotype) was 1.63,
significantly higher than that of DNA amplicons (ratio = 1.06, P < 1
x1073) from the same individuals. (The quantity of template DNA
from the two haplotypes was equal.) These results show that the

Table 3 Genotype and autoantibodies in individuals with rheumatoid arthritis

RF Antibody to CCP
Genotype " Serum level® (JU/ml) [ Positivity (%)
-168C/C 29 479.9 + 91.3¢ 17 100.0°
-169C/T 75 3237 + 47.39 35 94.3¢
-169T/T ) 44 216.4 + 44.09 19 73.7¢

3N = 148. °Mean + s.e.m. °N = 71. 9RZ = 0.049, P = 0.0065 by regression analysis. ®P = 0.029 by Fisher's exact test.
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Table 4 Association of SNP —169C — T with AITD and SLE

Genotype Recessive-trait comparison
Disease n cc cT TT Allele C frequency OR (95% c.i.) © P
GD 351 72 179 100 0.46 1.79(1.34-2.39) 15.7 0.000074
HT 158 30 74 54 0.42 1.62 (1.07-2.47) 5.2 0.022
AITD total 509 102 253 154 0.45 1.74 (1.35-2.24) 18.5 0.000017
SLE 564 100 259 205 0.41 1.49(1.16-1.92) 9.8 0.0017
RA* + AITD + SLE 2,437 438 1,167 832 0.42 1.52(1.29-1.79) 24.2 0.00000084
Control 2,037 257 995 785 0.37

id arthritis

expression of FCRL3 is higher in individuals with the disease-suscept-
ible haplotype and suggest that higher expression of FCRL3 is a
potential cause and component of the pathological mechanism(s)
leading to rheumatoid arthritis.

Expression of FCRL3 mRNA

We then quantified FCRL3 expression in multiple tissues using Taq-
Man methods. Expression of FCRL3 transcripts was high in the spleen
and tonsils (Fig. 3a), which are secondary lymphoid organs. We
observed lower expression in thymus and bone marrow. In human
blood fractions, CD19" cells, which represent the B-cell population,
had the greatest FCRL3 expression among peripheral blood mono-
nuclear cells. CD4* and CD8* cells had less expression (Fig. 3b). We
next examined the effect of B-cell stimulation on FCRL3 expression.
We cultured peripheral blood B cells from a healthy donor for 4 h
using known B-cell stimulants and then quantified FCRL3 mRNA
(Fig. 3¢). Expression of FCRL3 was increased by antibody to CD40
and lipopolysaccharide (LPS).

We then investigated expression of FCRL3 transcripts in synovial
tissue using in situ hybridization methods. T and B cells are the key
players with regard to inflammation in synovial tissue, producing
proinflammatory cytokines and autoantibodies that might be patho-
genicl. These cells show three distinct histological patterns: diffuse
o, infiltration, clustering in aggregates and follicles with germinal-center
reaction®>%%, We observed aggregations of T and B cells in paraffin-
=7 embedded synovial sections from individuals with rheumatoid arthri-
tis, using immunostaining with antibodies to CD3 and CD20,
respectively (Fig. 3d,e). In situ hybridization assay with serial sections
detected FCRL3 mRNA in aggregated lymphocytes (Fig. 3fg).
Although strict differentiation between B and T cells was difficult, at
least some aggregated B cells were positive, with strong expression of
FCRL3 mRNA. Synovium from two other individuals with rheuma-
toid arthritis had similar lymphocyte aggregates and FCRL3 expres-
sion (Supplementary Fig. 2 online).
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SNP association with autoantibody and HLA-DRB1 status

Because we suspected that higher FCRL3 expression led to B-cell
abnormalities in rheumatoid arthritis, we examined associations in
individuals with rheumatoid arthritis between genotype and two
rheumatoid arthritis—related autoantibodies: rheumatoid factor (RF)
and antibody to cyclic citrullinated peptide (CCP). RF is a well-known
autoantibody for the Fc region of IgG, and titers correlate with
rheumatoid arthritis disease activity’’. Antibody to CCP recognizes
peptides containing citrulline and is detected in rheumatoid arthritis
with extremely high specificity’®3?. RF titer in individuals with
rheumatoid arthritis was significantly positively correlated with the
number of susceptible alleles (R* = 0.049, P = 0.0065; Table 3). The

sum of three sets (n = 1,364). c.i., confidence interval; GD, Graves' disease; HT, Hashimato's thyroiditis; OR, odds ratio; RA, rheumatoid arthritis.

positive ratio of antibody to CCP in individuals with rheumatoid
arthritis also differed significantly among genotypes (P < 0.05) and
correlated with number of susceptible alleles.

Because genetic interactions between HLA and non-HLA loci have
been described in susceptibility for rheumatoid arthritis and other
autoimmune diseases?®*%, we compared genotype distributions for
SNP —169C—T among three rheumatoid arthritis subgroups strati-
fied by number of HLA-DRBI shared-epitope alleles. We previously
genotyped HLA-DRBI in our population and observed significant
associations between rheumatoid arthritis susceptibility and shared-
epitope alleles®. Allele frequency of the rheumatoid arthritis—
susceptibility allele —169C was significantly higher in the subgroup
with two copies of shared-epitope alleles (0.49, n = 113) than in the
subgroup with no shared-epitope alleles (0.39, n = 215; P < 0.05).

Replication study of association in three auteimmunities

To confirm associations between the FCRL3 variant and rheumatoid
arthritis susceptibility, we carried out a replication study (540 indivi-
duals with rheumatoid arthritis, 636 controls). We compared allele
frequency and found a significant association between ferl3 3
(—169C—T) and rheumatoid arthritis susceptibility (allele frequency
was 040 in individuals with rheumatoid arthritis versus 0.46 in
controls; P = 0.041; Supplementary Table 2 online). We noted no
significant differences between two cohorts that consisted of the
replication samples. These results further confirmed the association
of the ferl3_3 —169C allele with rheumatoid arthritis susceptibility in
Japanese individuals.

Because this region is associated with multiple autoimmune dis-
eases, and because several variants are involved in multiple autoim-
munities, we investigated associations between SNP —169C—T and
two other autoimmune diseases: AITD and SLE. We recruited 509
Japanese individuals with AITD (351 with Graves' disease and 158
with Hashimoto’s thyroiditis) and 564 Japanese individuals with SLE
and compared them with 2,037 Japanese controls. In addition, we
combined AITD, SLE and rheumatoid arthritis cases as subjects with
an autoimmune phenotype and tested for associations with the SNP.
Individual diseases, as well as combination of two AITDs and
combination of AITD, SLE and rheumatoid arthritis, were signifi-
cantly associated with the SNP (odds ratio = 1.52, P = 0.00000084 in
Japanese for a recessive model between all four autoimmunities
considered in aggregate and controls; Table 4). As rheumatoid
arthritis—specific autoantibodies were correlated with the number
of susceptible alleles, antibody to DNA titer was higher in indivi-
duals with SLE with genotype —169C/C than in subjects with
other genotypes (294.1 IU mi~! versus 145.5 IU ml™!; n = 120;
P = 0.026 by Student’s t-test), a conclusion not further established by
regression analysis (P = 0.12).
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