VALINE>? B,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-8,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-B8,GPI anti-
bodies. Methods for the detection of anti-B,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 B8,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 IV 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-3,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, Ly5242, Ala®®) and Ser®** were suggested to
play a role in the interaction between domains I'V 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

217

affinity of monoclonal aCL established from paticnts
with APS and that of purified IgG from paticnts positive
for B,GPI-dependent aCL. We conformationally opti-
mized to domain V and the domain IV-V complex of
B,GPl 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 arc
similar between valine and leucine, the replacement of
Leu?” by Val** leads to a significant alteration in the
tertiary structure of domain V and/or the domain 1V-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 8,GPI.

Another possible explanation of the correlation
between the Val/Leu®* polymorphism of $,GPI and
anti-B,GPI antibodies is T cell reactivity. Ito et al (32)
investigated T cell epitopes of patients with anti-B,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 S,GP1.
We further show the significance of the Val/Leu®*’
polymorphism of 3,GPI in the strength of the binding
between B,GPI and anti-B,GPl 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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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 bilaceral 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 Pkdl7/~ 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. Pkdi~" cyst epithelial cells changed in
shape from cuboeidal to flat and replaced Pkd1** cyst epithelial cells lost by JNK-mediated apoptosis in interme-
diate stages. In late-stage cysts, PhdI~- 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 Pkdi~- mice. Thus, Pkdl plays a role in preventing immortalized proliferation of renal cubular

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 numerous
cysts and fibrosis in rhe renal parenchyma, I is often accompanied
by extra-renal manifestacions, such as hypertension, intracranial
aneurysms, and hepatic and pancreatic eysts (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 Delieved to Le the dilatation and “out-pocketing” of tubules.
The cysts arise from any segment of one nephron and maintain
continuity with the "parencal” nephron (2). Fully developed cysts
are apparently isolated from the “parental” nephron and expand
through the accumulation of cyst (fuid (3).

The PKD1 gene (encoding polyeystin- 1) (4) and the PND2 gene

cloning as being the genes vesponsible for ADPKD. Loss of het-
erozyvgosity or second somartic mutations at the PKD! or PKD2
loci have been reported in eystic epithelia from ADPKD patients
(6-10). Several lintes of mice inn which the Phkdl or Phd2 gene was
targeted show similar phenotypes. Alchough heterozygous knock-
out mice develop renal and hepade cyses lacer in life (alier age 16
monchs) (11), those mice do not fully recapiculace the severity of

Nonstandard abbreviations used: ADPED . aatosomal dommant pulyvevsuc bidney
disease; DRA, Delichos bitlores aggluwsiin: LZ. LacZ: MEE, mouse embryomie fibroblast:
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human ADPKD. Homozygous knockout mice dic in urtero and
develop severely polycystic kidneys {12-16). Interestingly, com-
pound heterozygous Pkd2™5 - mice, which cary a unique Pkid2
allele that is prone to genomic rearrangement leading to a null
allele, develop severely polyuyseic kidneys during adulchood and
thus resemble the ADPKD phenotypes (12). These model animals
suggested that a “2-hic” mechanism at either the PKDI or PKD2
gene explains 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 cubular epithelial cells have been studied
extensively, Polycystin-1 and polyeystin-2 are localized in the pri-
muary cilivm of renal cubular epichelial cells (19). The relationship
between cystogenesis and the disruption of cilia has been reported
(20, 21). Although polycystin-2 in node monacilia conwributes o
the development of left-right asymmetry (22), polyeystin-1 and
polyeystin-2 in dhe primary cilivm tansduce chie extracellular
mechanical sumulus induced by arinary (low into increases in
cytosolic Ca?', which niay regulate renal tube size (19, 23).

The cyst epithelial cells of ADPKD kidneys have a high mitotic
rate in virro (24) and in vivo, as dececred by immunostaining for
proliferating cell nuclear antigen (PCNA) (25), ¢-Myc. and Ki-67
(26). Their high mitotic rate has also been supported by the fol-
lowing resules. Firse, expression of growth factors such as EGF and
cheir receprors 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 Pkdl gene
in a cell line induced cell cycle arrest at the GB/GI phase with
upregularion of p21 chrough acrivation of the JAK-STAT pachway
(30). Thus, the proliferation of a PKD~ cyst epithelial cell might
explain the cystogenesis of ADPKD kidneys. However, polyeystin-1
Nuiber 4
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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 desighed 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 hands were detected hy a probe, as described in Methods. Fragments cotresponding to wild-type (15.1 kb) and
targeled (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 wtero and
rheir renal rabwlar epithelial cells are nor mosaic for Pldl- and
normal cells, as are ADPKD kidneys, In an actempt to escablish 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 that chime-
ric mice with a low degree of chimerism survived for more than
1 month and had mulcdiple cysts not only in the kidneys but also
in the liver and pancreas. suggesting this may be a feasible model
for humun ADPKD. Surprisingly, borh Phdl -~ and wild-rype (LZ7)
epithelial cells were involved in early cystogenesis in kidneys of the
chimeric mice. We discuss here the molecular mechanisms of the
cvstogenesis of Pkdt - and Pkdl” * vrenal rubular epithelial cells.

Results
Cystogenesis of Phd 1 -, LZ* chimeric mice. We generated mice carry-
ing a mutation in the Pd] gene using standard gene-targeting
procedures by replacing exons 2-6 with the neomycin-resistance
gene (Figure 1A). Homozygous mutant (Pkdl-7) mice died in
utero with severely polyeystic kidneys and cardiac abnormali-
ties (data not shown), similar to previous descriptions (14, 15).
A second targeting vector with the hvgromycin-resistance gene
(Figure 1B) was transfected into heterozygous (Phdl* -) ES cells
to obtain Pkdl- - ES cells, Each gene rargeting was confirmed by
Southern blot (Figure 1, C and ). Then, we generated chimeric
mice composed of mixtures of Pkd1-- 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 Phd! o ES clones were aggregated with ROSA26 morulae
to gencrace Phdl
Several Pldl-/1.Z" mice survived bevond 1 monih of age. and
their survival closely depended on the degiee of chimerism, as est-
mated by coat color. When the conuribution of Phkdl- - ES cells to

/LZ* chimeric mice.

coat color was more than 30%, the chimeric mice eicher died in
urero or died by P7 with severely polycystic kidneys. Pkdl = /LZ"
mice with a lower contribution (less than 10%) of Phd) ES cells

The Journal of Clinical Investigation

hirp:/www joorg

to their coat color survived beyond | monrth of age. Renal cysts
were detected in all the Pkd!  /LZ* mice examined (# = 90). When
we compared chimerism and cyst formation in P7 Phdl--/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 cysts observed in both rhe correx and the
outer medulla. These cyses occupied roughly 20-90% of the curt
surface of the kidneys, in parallel with the degree of chimerism. A
P60 Pkdl~ /L.Z° mouse had bilateral enlarged kidneys deformed by
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 cyses. These
pathological findings in Pkdl~ /LZ' mice with low degree of chi-
metism were similar ro those of human ADPKD.

To examine initial eyst formacion in kidneys of Pkdi- /LZ'
and Pkdi-" mice, we microdissected a single nephron from the
kidneys of those mice at E17.5. As shown in Figure 2E, muldi-
ple “our-pocketing” eysts were observed in all segments of the
nephivon from Pkdl---/LZ" mice, whereas cysts in the nephrons
from Phkdl-+ mice were confined mainly co the distal tubule.
Surprisingly, the eyst epithelia in chimeric mice were composed
of not only Pkdi- - cells but also LZ' wild-type cells, as derecred
by p-gal staining (Figure 2F). Histochemical examinacion also
showed the presence of LZ* wild-type cells in the cyst epithelia of
Pkdi-~/LZ kidneys (Figure 2G).

Dudifferentiation of cyst epithelial cells in Phdl - LZ wice. Cystogen-
esis in kidneys of Pkd?=/1.Z" mice with low degree of chimerism
was analyzed histologically between P1and P30, At the early stage
(P1). small cyses were numerous and cheir eyse epithelia were com-
posed of many LZ’ cells and some Pld 1= cells (Figure 3A). At che
late seage (P30), individual cysts were enlarged and maost of che
cyst epithelia were composed of Phdl~ cells. Similar histological
findings were observed in the livers of Pkd?- /LZ" mice (data not
shown). Morphological analysis of cyst epichelial cells at che carly
stage of cystogenesis demonstrated that many of the cyst epulielial
Phd !~ and LZ* cells were cuboidal in shape (Figure 3B). Although
the shape of LZ cyst epithelial cells was still cuboidal at the incer-
mediate stage of cystogenests, many Phdl™ - cyse epichelial cells
changed their shape from cuboidal to flac (Figure 3C), sugeesting
chat flac cyse epithelial cells are dedifferentiated.

Nutnber 4 a1l
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Figure 2

Pkd1--/LZ* mice as an animal model of human ADPKD. (A} Appearance of a
P7 Pkd1-~/LZ' 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)
of a P60 Pkd1--/L2Z' 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--/L.2", Pkd1--, and wild-type mice at E17.5. Mul-
tipie “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 Pkd71-~ mouse. Scale bar: 100 jm. (F) Staining of a microdissected tubule
with [3-gal. A cystic fragment of the Pkd1 “/LZ* mouse was composed of Pkd7++
(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 [i-gal. The cyst (*)
hegan at tubules involving Pkd1- (LZ") and LZ* cells. Some tubules composed
of LZ- cells (black arrowheads) showed no cystic dilatation. Counterstaining:
Nuclear Fast Red. QOriginal magnification, x400.

cell height of cyst epithelial cells without Na-K ATPase
was slighely fower than char of cysr epichelial 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 vells.
Immunohistochemistry of cyst epithelial cells in Pkd1~-/LZ’
kidneys revealed that LZ7 cells occasionally showed focal
hyperplastic features (Figure 5A) such as micropolyps,
a5 observed in human ADPKD. Some of cuboidal cysr
epithelial cells were accompanied by PCNA expression
(Figure 3B). We investigated expression of the cell cycle
regulators p2 1 and pS§3 tn Pkdl - /LZ" kidnevs by West-
ern blot. Although very low expression of p21 has been
reported in the whole body of Phdl-" embryos at E15.5
(30), the amount of p21 in the kidneys of Pkdl"~ embry-
os at E16.5 and Pkdl- -/LZ" mice 1 month of age was
shghely Jess chan rthar in wild-rype mice (Figure SC). Sca-
ristical analysis of the amount of p21 in 4 independent
experiments indicated a significant difference between
wild-type kidneys and Pkdl~ kidneys (P = 0.016) bur no
difference berween wild-type kidneys and Pkdl /LZ?
kidneys (P = 0.107). Interestingly, the amount of p53 in
Pkdi~~ (P=0.003) and Pkdl~ /LZ" (P = 0.044) kidneys
was reduced compared with that in wild-type kidneys.
Indeed, the amount of p33 decreased in rhe cuboidal cyse
epithelial cells as well as in the flac cyst epichelial cells of
Pkdi~-/LZ" kidneys (Figure 5D).

To examine the proliferation of cyst epithelial cells in
vitro, we cultured microdissected single nephrons wich
cysts from Phdl~-/LZ" kidneys in collagen gel with 10%
FCS. Cells in cystically dilated parts of the nephrons rapid-
ly proliferated in a sheet-like fashion within 18 hours (Fig-
ure §, E-G). Although the grear majoricy were Pld1-- cells,
some LZ* cyst epithelial cells proliferated. This significant
proliferation of Pkdl-~ 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
compused of cuboidal PRd - and LZ cells in Pkdl~ /LZ’
kidneys, then flat Pkd 1=~ cells became dominant in
cyst epithelia at che intermediare stage, As there were
many apoprotic cells present in Pkdi~/LZ' kidneys at
the intermediate stage {data not shown), the cuboidal
LZ' cells in the cyst epithelia might have been dead
due to apoptosis und then filled wich (Tuc Phdl - cells.
Indeed, TUNEL staining of the cyst epithehial cells in
Pkd 17~ /L.Z> kidneys revealed scattered TUNEL-positive

To examine dedifferentiation of flac cyst epithelial cells, we
examined expression of polyeystin-2 und acervlared cubulin as a
marker of primary cilia in che cyst epithelial cells of Phdi -~ /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") cyst epithelial cells manifested cilia
(Figure 4B). However, some of the cyst epithelial cells had lost
expression of Doliches biflorus agglucinin (DBA) lectins (Figure 4C)
and Na-K ATPase (Figure 4D). The loss of expression did not cor-
relate with loss of the Phd! gene in cyst epithelial cells. The mean
cell heighe of cysr epithelial cells with or without Na-K ATPase
was lower than that of normal epithelial cells (P < 0.001), and the
912
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cells (Figure 6A). Apoptosis in LZ' cyst epithelial cells was 3- 1o
4-fold larger than that in Phdl=~ cyse epithelial cells (Figure 6B).
Electron microscopic analysis of the cysc epithelia showed occa-
sional apoptotic figures in cuboidal cells overlaid by neighboring
cells (Figure 6C). In addition, flac cells overlaid several degenerated
cells chat were detached from che tubular basement membrane
(Figure 6D), suggesting rearrangement by fTat Phd1=- cells.
Signaling pathways in velation lo prolijeration or apoptosis of cyst epithelial
cells. Signaling pathways related to cell proliferation were analyzed
in the kidneys of Pkdl- - and Pldt-~/LZ" mice. Phosphorviated
EGEFR (p-EGFR) detected in the cyst epichelial cells of Pkdi- /L2’
kidneys was significanty greater than in those ol wild-type kidneys
Nusuber 4
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(data not shown). To clucidate the downscream signaling pach-
way of growrh fucrors, we analyzed the amounr of activared MAP
kinases in kidneys using Western blot and immunohistochemisry.
Although the amount of p-ERK in Pldl - and Pkdl - /LZ' kid-
neys was not different from thar in wild-cype kidneys (Figure TA),
expression of p-ERK was significantly more in the cyse epichelial
cetls of Phd1--/LZ* kidneys regardless of their shape, cuboidal
(Figure 7B) or flat (data not shown).

As for signaling pathways tvelated to apoptosis, the amount
of p-JNK was more in Phdi--/LZ" kidneys (P = 0.046) bur
less in Pkdi~ kidneys (P = 0.002) than in wild-type kidneys.
Immunohistochemisiry revealed that p-JNK expression was
increased in che cuboidal cyst epithelial cells rather than in the
flac ones of Phd! - /LZ? kidneys. suggeseing that LZ cysc epiche-
lial cells with p-JNK expression induce apoptosis. In contrast,
the amount of p-p38 in Pkdl- /LZ" and Pkdi- - kidnevs was
similar to that in wild-type kidneys. Furthermore, the amount ol
p-Ake, un apoproricinhibirory signal, in borh Pkdl (P = 0.008)
and Pkdl~ /LZ' (P = 0.037) kidneys was more than that in
wild-type kidneys. Indeed, p-Akt expression was significantly
increased in both cuboidal (daca not shown) and flar cyst epi-
thelial cells. The amount of Bel-X in Pldl - /LZ* kidneys was
clearly less than that in wild-wype kidnevs (P = 0.032), whereas
that in Pkd /- kidneys was similar co thar in wild-type kidneys.
The amountof Bel-2 and Bax in Phd !+ /LZ" and Pkd I~ kidneys

Figure 4

Dedifterentiation of Pkd7-- cyst epithelial cells.
(A-D) A kidney from a P8 Pkd1/LZ- mouse was
stained with anti-polycystin-2 (red, polycystin-2.
biue, DAPI) (A), anti—acetylated tubulin (red, acety-
lated tubulin; green, p-gal; biue, DAPI) (B), anti-DBA
(C) or anti-Na-K ATPase (D). (Right panels: A, C,
and D) The same section was stained with [3-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).
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Figure 3

Histochemical analysis of Pkd1--/LZ* kidneys. Kidneys of
Pid1--/LZ' mice were stained with 3-gal and counterstained
with Nuclear Fast Red. (A) Kidneys of Pkd1/ /LZ- mice with
the low chimeric rate al P1, P17. and P30. At the early stage

Ealr_ (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--/LLZ"
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-) celis and cuboidal L2
cells. Pkd1-- (LZ-) cyst epithelial cells changed their shape
from cuboidal to flat. Original magnification, x200.

was similar to chat in wild-type kidneys (P = 0.224 and 0.821,
respecrively). These findings suggest thar LZ" cvse epithelial cells
are more apoptotic than are Phd /=~ cyst epichelial cells.

Immortalized growtl of Phd 1= mouse embiyonic fibroblasis. Most
cvst epichelial cells in Phkd /=~ /LZ" kidneys at the late stage of
cystogenesis were Pkdl  cells, and these grew very well in col-
lagen gel, suggesting a relationship between loss of Phd1 and cell
immortalization. Because the 3T3 culcure protocol of mouse
embryonic fibroblasts (MEFs) is one of the well characterized
experimental models of cell immorralizarion (38) and because
normal MEFs express PkdJ (data not shown), we cultured Phdl--
MEFs according ra the 3T3 protocol. Wild-type MEFs entered a
characteristic cell cvcle arrest known as cell senescence after pas-
sages 8- 9 and immorcalized cells (2 0f 21 wells) appeared scochias-
tically and eventually overtook the senescent cells (Figure 8A).
In contrast, immortalized cells appeared in a farge number of
wells (21 of 24 wells) in Pkdl- - MEF culwures, thereby suggesting
a high incidence of immorralization.

Because the amount of the cell eyele regulator p16 increases in
MEFs at the senescence stage (39), we analyzed expression of the
cell eycle regularors p1o, p21, and p53 in Pkdl- METs using West-
ern blot. The amount of chese proteins was similar in Phd/ and
wild-type METs until passage 8, whereas the amount of pl6 clear-
ly increased in both Pldi- - and wild-type MEFs after passage 8
(Figure 8B). However, the amount of pS3 in Pkdl- ~ MEFs au 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
occasionally showed tocal 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
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 representative of 4 independent experiments. (D) Kidneys of P12 Pkd1-+/L2*
and P12 wild-type mice were stained with anti-p53. Expression of p53 was detected in
the flat epithelial cells (while arrowhead) but was significantly decreased in the cuboidal
cyst epithelial cells (black arrowheads) of the Pkd1--/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 L2+ and

(LZ") cells and of monitoring the contribution
of Pld1 cells in cysrogenesis. Analyses of the
cyst epichelial cells in Phdi--/LZ* kidneys can
help us to understand the in viva effect of poly-
cystin-1 on cysrogenesss,

Prolifevation of normal tubular epithelial cells
in early cystogenesis. Cystogenesis in human
ADPKD has been proposed as being a mono-
clonal proliferation of PKD1- or PRD2-defi-
ctent epichelial cells (6-10). However, we found
that the cystic epithelium ac che early stage of
cystogenesis was composed of both Pkd!~- and
LZ* wild-type cells. This finding is supported
by resules showinyg that expression of polycys-
tin-1 and polycystin-2 was detected in most
culeured cells derived from ADPKD kidneys
{(40). We stress that che strong expression of
polyevsrin-1 and polyeysrin-2 on cvstic epi-
thelia in ADPKLD kidneys (31-30) may reflect
involvement of normal cyst epichelial cells in
the cystogenesis of human ADPKD.

The initial cystogenesis in the kidney with
Phdl-- tubular epithelial cells requires stimula-
tion, as some of the tubules wich Pldl™ - epiche-
lial cells occasionally had no cystic dilatation and
meranephric culrure of orguns hatvesred from
Pldi - mice at E13.5 failed to show cyst develop-
ment (datanot shown). It has been suggested that
urinary flow promotes nephron developmen, in
particalar, cubular elongation wich cell differen-
tiadon (41). During nephiron development, it is
hyporthesized that the renal rubular diameter is
maintained at the proper size (23) and that the
primary cilwm affects rhe mainrenance of the

Pkd1+ (LZ ) cells proliferated. Scale bars: 100 pm.

sage 30 (P = 0.001) but not thar in wild-type MEFs at passage 13
(P=0.636) was clearly less than thacin Phdl - and wild-type MEFs
at passage 1. The amount of activated MAP kinases in MEFs was
examined further. The amount of p-ERK in Pl /- - MEFs al passage
30 wuas slightly more than that in wild-tvpe MEFs ar passage 13.
Alchough the amount of p-INK (P = 0.032) and p-p38 (P = 0.038)
increased in wild-type MEFs [rom passage 8 to passage 13, it was
stable in Pkdl- - MEFs undil passage 30. The amount of p-Akr in
Phdi « MEFs was also stable undil passage 30, Furthermore, the
amount of Bel-2 family proteins was similar in Phd] = and wild-
rype MEFs ac passages 30 and 13, respectively (data not shown).

Discussion

In che presenc study, we developed Phdl-/LZ" chimeric mice.
The pathological findings in Pkdl~-/LZ" kidnevs were similar to
those in human ADPRD kidneys. Thevefore, Pkdd™ - /L7 mice, like
Pleel2¥2%  mice (12). are a feasible model for human ADPKD. As
intragenic recombinaion events in Phd2V34%- mice occurred grad-
vally and postnatally, as in human ADPKD. whereas Phd i /LZ!
mice have Pkl = cells by inhericance, eyst formation in Pkd ! /LZ!
kidnevs progressed more rapidly than thar in Pd2¥5- and
human ADPKD kidneys. However, wich Phdl- /LZ" mice. we
have the advantage of distinguishing Phdl - cells lrom normal
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tubular diameter by its mechanosensor function
(19, 20). Cilia structure and polycystin-2 expres-
ston were manifested in the cyst epithelial cells
of Pkdl  /LZ* kidneys. Thus, we surmise that polycystin-1 in the
primary cilium is vequired for further inhibition of the proliferation
of tubular epithelial cells to maintain their proper size. A Pkdl - epi-
thelial cell, which is missing negative regulatory signals from poly-
cystin-1, continuously proliferaces, and this proliferation induces a
“compensatory” proliferation of the surrounding normal epithelial
cells in an acempt to re-establish appropriate cubular diameter and
strucrure, This proliferation of tubular epithelial cells accounts for
carly cyst formacion i human ADPKD.
Proliferation of Phdi- = cyst epitheliul cells. EGFR (14, 27), cAMP
(28, 29), Wne/f-catenin (42), and p21 (30) have all been linked to
the proliferation of cyst epithelial cells. However, the relationship

beeween activation of these molecules and PKD deficiency is nor
clear, as those studies assumed that only PRI~ cells proliferated
in human ADPKD. Although downregulation of p21 expression in
mice has been suggesced to be involved in

whole embryos of Phd/
the proliferation of eyst epitheliad cells (30) and we reproduced this
downregulation in Phd 1~ kidnevs. p21 expression in Pkdl /LZ"
kidneys revealed only a slight decrease. The expression of p53was
significantly decreased in the kidneys of Pkdl-" and Pkdl ~/LZ
mive. These resulrs support the findings thar p33 expression
is decreased in human embryonic kidney 293 cells wich loss of
polycystin-1 activity (43) and is also slightly decreased in human
Nuwubet 4
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ADPKD kidneys compared with normal kidneys (26). pS3 inhibirs
cell eyele by induction of p21 (44), and polyeystin-1 inhibits Cdk2
activiry by upregalation of p21 rhrough rhe activarion of JAK2
(30). Thus, the decrease in p33 in additon to che lack of activa-
tion of the JAK-5TAT pathway in Pkd1 deficiency may compound
the decrease in p2 1 expression. Because expression of p53, among
the cell cycle regularors examined. was affected most strongly in
both Pkdl~ cyst epithelial cells and immorialized Phd1- - MEFs,
polyeystin-1 may regulace the growrh of venal rubular epithelial
cells through induction of pS3.

Pldi- cysrepirhelial cells were nor transplantable in nude mice
(data not shown). Isolated carly cysts from Phdl~" /LZ" kidneys
exhibited significant prolileration in vicro with 10% FCS, whereas
the proliferation was scunted without FCS (daca not shown), sug-
gesting chat proliferation of Pkd!
omous, as in neoplasms, but instead is growth factor dependent.

cystepithelial cells is norauton-

Among many growth factors and cheir receprors related wich cvs-
togenesis, strong EGFR expression was observed on cystic epithelia
of Pkdl- - kidneys (14). Interestingly, EGFR expression increased

reccalcl miticl

Figure 6

Apoptosis of cyst epithelial cells. (A) Apoptosis of cyst epithelial cells
in the kidney of a P8 Pkd1--/LZ* mouse was delected by the TUNEL
assay. The same section was stained with -gal and counterstained
with Nuclear Fast Red. Arrowheads indicate TUNEL-positive cells. Origi-
nal magnifications, x400. (B) Summary of resulls shown in A. Each
graph represents the percentage of TUNEL-positive cells in LZ* (black
bars) and in LZ- (Pkd'1-) cyst epithelial cells (white bars), respectively.
The mean and SD are from 8 independent mice. *P < 0.05. (C and D)
Electron microscopic analysis of the cyst epithelium of a Pkd1-/LZ~
kidney. (C) Occasional apoptotic cells (black arrowheads) are ovetlaid
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 supporced by the finding of
scattered activation of the ERK pathway in both cuboidal and flat
cyst epithelial cells in Phei= - /LZ" kidneys.

Dedifferentiation of Phd 17~ cyst epithelial cells. The cyst epithelia in
human ADPKD are composed of cuboidal cells such as normal
venal epithelial cells and flar cells (24). A similar phenomenon was
noted in Pkd2"%2% kidneys. These 2 morphologically different cells
constitute the cyst epithelium at the carly and intermediate stages
of cystogenesis (45). We also detected 2 kinds of cyst epichelial cells
in Pkdl~-/LZ* kidneys. Both Phdl=- and LZ' cyst epithelial cells
were cuboidal in shape at the eatly stage of cvsrogenesis, and some
Phd i~ cystepithelial cells changed their shape to flar ac the incer-
mediate stage. As LZ! cyst epithelial cells are nearly cuboidal, Pkdt
deficiency is related to the morphological change.

Mosr flat cyse epichelial cells are negative for nephron segment
markers and Na-K ATPase (45), suggesting that the morphalogical
transicion of Pkt~ cyst epichelal cells is accompanied by loss of
functional phenotype. However, expression of renal tubular markers
wichin single cvses in Phdl- /LZ' kidneys was discontinuous. Loss
of expression was also detected in the cuboidal cyst epithelial cells at
che carly stage of cystogenesis. Although there is 2 wendency for cor-
relation berween 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 f-catenin are bound
Lo polycystin-1 and polyeystin-2 (42), and E-cadherin expression
decreases in Pkl - kidnevs (14). Thus, Pkd1 deficiency may change

on both cubvidal and flar cyst epithelial cells tn Phdl-"/LZ"  the polaricy of cyst epithelial cells by affecting cell adhesion or
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Signa[ing pgthways related lo plrolifera}ion or apoplosis !n pg P g
cyst epithelial cells. (A) Expression of signal transducers in o e e
the kidneys of Pkd7-* mice at E16.5 and Pkd1-"/LZ* mice B[:‘:’f e —
1 month of age was analyzed using Western blot. Actin was Bax  comm douen oo i
used as a loading control for protein. Data presented are 1 Aclin e amme s 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
[;-gal and counterstained with Nuclear Fast Red. Black and
white arrowheads indicate the same epithelial cells. Original
magnification, x400.
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cytoskeletal orgamization, However, the localization and intensity
of buth E-cadherin and P-catenin in some cyst epithelial cells were
similar ro those in normal renal cubular cells ar the intermediace
stage of cystogenesis (data not shown). These resules indicate that
the morphological change in cyst epithelial cells is not due to loss
of rubular markers or ro repression of cell adhesion molecules. As
Pkdl  cystepithelial cells cultured in collagen gel sometimes made
tubules in the gel (data not shown), outgrowing PhdI-" cyst epi-
thelial cells retain some funcrions of renal tubular epithelial cells.
Further studies will be done to elucidate the cause of the morpho-
logical change and the dedifferenciarion (Joss of tubular markers)
of cyst epithelial cells initiared by deficiency in che Pkdl gene.

Apaptosis on normal (LZ ) eyst epithelial cells. Apoptosis has been fre-
quently observed in non-dilated and cystic rubuli and glomeruli
in ADPKD kidnueys, whereas it is extremely rare in normal kidneys
(46). In addition, the increased rate of growtin 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
muinly in cuboidal epithelial cells in Pldl- - /LZ* kidneys. Elec-
tron microscopy revealed characteristic apoprotic features among
cuboidal cyst epithelium, which was covered by [at cells. Apoptotic
cells were lost from cyst epichelium and neighboring flat cells ined
tubular lumina. These findings suggest net replacement of cuboi-
dal 1.Z' epichelial cells by flat Pkd -~ epithelial cells,

Expression of p-JNK increased in Pkdl-~/LZ" kidneys but not
in Pkdl- - kidneys. In contrast, Bel-Xo expression was decreased in
Pkdi1--/LZ" kidneys bur not in Phdl- - kidneys. Although p-Ake
expression was significantly increased in both cuboidal and flat
cyst epithelial cells, cuboidal cyst epithelial cells are more apoptotic
than are flac cvse epithelial cells. The 3T3 cell
cultures usting Pkdd MLFs also deimon-
strated that expression of p-J]NK and p-p38
was increased in wild-type MEFs ar the cell

senescence stage (after passage | 3). However,
this expression did not increase in immortul-
1zed Phd 1=~ MEFs until passage 30, As poly-
cystin-1 triggers activation of [NK but not
that of pa8 (47}, flac Phd- - epichelial cells
and Pkdl
apoptosis mediated by Accivarion of INK,
These immortalized flat Pkdl epichelial
cells slowly spread co form large cysis.
Amodel of cvstogenesis. We developed chime-

MEFs in the 3T3 culcure escape [

8]
oy
Figure 9

ric mice by aggregation of Pkdl ES cells and
Pkd ' morulae of LZ' ROSA26 mice. These
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mice are a unigque mouse model for human ADPKD. In Pkdi~~ /LZ’
kidneys, sporadic Pkdl- - epithelial cells deteriorated the entire
tubular incegricy by the proliferarion of both Phdl~~ and normal
(LZ") epichelial cells at the early stage of cystogenesis (Figure 9).
When tubular epithelial cells, including Pkdl- epithelial cells,
receive stimulation, both Pkdi-- and normal cubular epithelial
cells proliferate co expand che cubularsize. The Pkdt < cubular epi-
thelial cells lack negative signals for proliferation by polycystin-1
and continue to proliferate. Alchough surrounding normal cubu-
lar epithelial cells also proliferate to retain both the round shape
and diamerer of the rubule, normal epichelial cells are gradually
lost by JNK-mediated apoprosis at the intermediate stage. Some
Phd 1~ tubular epithelial cells change shape from cuboidal to flat
(dedifferentiacion), and the flat Pkd1- epithelial cells grow in an
immortalized fashion to form large cysts in the kidney at the lare
stage of cystogenesis. As p53 expression and JNK activation were
very low in flat PRdl- cyst epithelial cells, polycystin-1 plays a role
in the prevendon of immortalized proliferation of renal tubular
epithelial cells via p53 inducrion and JNK acrivation.

Methods

Geareration of Pld 1= - mice. Murine Phdl genomic clones were obtained by
screening a 129/Sv mouse genomic library (14). R1ES cells were cransfece-
ed with linearized Pkd] neomycin-rargeting vecrors by vlectroporation and
were subjected to positive und negative selection for 14 days using G418
and diphtheria toxin. Approximately 134 clones were examined using
Southern blot, and homologous recombmation was detected in 18 clones.
One independent targeted ES clone was used to generate chimeric mice
using the aggregarion method (48). DNA from rail rissue of agouri pups

Intermediate stage

Late stage ——————p.

Pdki1- cell
Pdk1- cuboidal cell
flat cell

Apoptotic cell

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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obained by mating chimeric mice wich CS7BL:6 mice (Japan SLC) was
dn.ll)";’.(‘d llSil]g Sl)‘ll'hl‘rn {"Il“, l'IUITI(Y/.'\'S(NLS muant I‘\ll",\ were Sl’n(’r«”l‘d
by intererossing of heterozygous mutant mice. All procedures conformed
ro the Chiba University Resolurion on Use of Animals in Research and
were approved by the Institutional Animal Care and Use Connnitiee of the
Graduate School of Medicine, Chiba University (Chilw, Japan).

Generation of Pkdl - ES cellcand Pkd 1 LZ* chimieric mice. One of the Pkd1-
targeted ES clones was transiected by electroporation with linearized PRd?
hygromycin cargeting vectors to generate Pkl 7 ES cells. Approximately
17 ES clones were examined by Southern blot, and 1 independent Phdi
ES clones were obtained. Those Phd -~ ES cells were aggregated with mor-
ulae of ROSA26 mice with rhe exogenous LacZ gene (a gift from H. Koseki,
RIKEN Research Center tor Allergy and Timmunology. Yokohama, Japan)
to generate Phdd - /LZ" chimeric mice

Southern blot. Genotyping was done by digestion of genomic DNA (10 pg)
with FeoRV, Southert teansfer, and hybridization with a 1.3-kb DNA probe
that was external to the targeting vector. The probe was labeled wich digoxi-
genin (Roche Diagnosiics) using PCR. The probe detected the wild-type allele
asa 15.1-kb fragment and the mutant aleles as 7.7-kb and 8.3-kb fragments.

Histology and immamolkistochemisty Tissues were fixed in 10% phos-
phate-bufTered formalin and were embedded in paraflin. Sections
(3 pm chick) were stained with H&E according to standard protocols. For
immunohistochemisivy, after deparaffinization through a graded xylene
and echanol series, sections were washed in PBS (pH 7.4) and were treated
for 1§ minutes with 0.3% hydrogen peroxide in methanol. After blocking,
sections were stained with the following antibodivs: anti-p33, anvi-p-EGPR
{Santa Cruz Biotechnology Inc.). and anti-PCNA (Sigma-Aldrich). For
immunofluorescence, frozen secrion were staimed wich YCC2 (anci- polyeys-
tin-2: a kind gitt from Y. Cai, Yale University, New Haven, Connecticur, USA).
anti-f3-gal (Chemtcon International Inc), anci- Na-K ATPase (Upseace), anti-
acetylated rubulin, anti-DBA. anti-lectin Lotus tetragmolobus (Sigma-Aldrich).
anti- p-ERK. anti- p-Akt, or anti-p-JNK (Cell signaling Technology Tine.). Pho-
tomicrographs were obtained using a microscope (Carl Zeiss International).

{3 getl stainung of kidneys. Kidneys were fixed tor 30 minues at 4°Cin 2.7%
formaldehyde, 0.02% NP-40, and 0.2% glataraldebyde in PBS (pH 7.4) and
were washed. Processing was carried out chrough a graded sevivs of sucrose
concentrations from 15% to 30% in PBS at 1°C tor §-12 hours for each
step. Kidneys were then embedded in OCT (Tissue-Tek) and were frozen in
2-mechyl-butane submerged in liquid nitrogen. Sections (3 pm thick) were
then prepared, mounted on slides, and washed in PBS for 5 minutes, and were
subsequently stained at 37C overnight in X-gal selution {1 mg/ml X-gal
in DMS0, 2 mM MgCl., 20 mM potassium {erricyanide, 20 mM potassium
ferrocyanide, and 0.02 % NP-40 in PBS). Sections were vounterstained with
Nuclear Fast Red (Trevigen Inc).

Microdissection of nephron segments. Nephrons were isolated from the kid-
L and Phidd
ol nibules was done in PBS vnder a stereomicroscope (2).

Wstern blor. Kidneys were sonicated in Tris lysis bufTer (20 mM Tis-HCl,
150 mM NaCl, 100 mM NaF, | mM EDTA, 1 mM sodium orthovanadate,
I mM phenylmethylsulfonyl Tuoride, 1.5 nM aprotinin, and 10 nM leu-

neys of wild-tvpe, Phadi ,LZ mice at ET7.5 Mivodissection

peptin). Proteins were separated by SDS-PAGE and were vansferved (o
polyvinylidene diffuoride membranes (Millipore). Membranes were blocked
with nonfac dey inilk (Cukijirushiy and were incubated with the following
antibodies: ant-pS3, anu-p2 L, Jg]ti-ERK, ana-Bd-X(, anti-Bax, anti-pl6,
anti-actin (Santa Cruz Biotechnology Inc.), anti-Ake, anti-p-Ake, anti-
p-ERRK. anti-p38, anti p-pa8 (Cell Signaling Technolagy Inc). ant-JNK,

1. Gabow, PALTY93, Autosomal dominane polveyseie
Kidney disease. N Engl ] Alvd 329:332-5342,

2. Baert, L. 1978, Flevedicary polyeysun kidney dis
case (adult form): a mcrodissecaon stady of 1wo

13:519-525.

T Med 350:058-164,
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cases at an early stage of the disease. Kudnyy Tnt.

3. Wilson, P 2004 Polyeysin kidoey disease. N. Eugl.
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anti-p-JNK (BD Biosciences Pharmingen), or anti-Pel-2 (R&D Systems)
The filters were washed with TBS/0.1% Triton-X, and immunoreactive
bunds were visualized by enhanced chemilunuinescence.

In vitro culture of mticrodissected tubules. Microdissection of tubules was
done in [-135 mediwm (Sigma-Aldrich) followed by culture at 37°Cin 5%
CQ, in collagen gel (Neurral Solution, DMEN Culeure Medium; Koken) in
DMEM supplemenred wich 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-{ixed overnight with 4% paraformaldehyde. The tis-
sues were equilibraced wich 20% sucrose and were cucinto sections 3 jum
in thickness on a cryosrat. The TUNEL assay was carried as desenbed
with slight maodification (49). The tailing reaction was carried out for
1 hour at 37 C in TdT buffer in the presence of dUTP-biotin (The Mceb-
stain Apopuaosis kit, Medical & Biological Laboratories). Signals were
visualized using Avidin-Rohdamine (Vector Laboratories), Sections were
counterstained wich DAPI (Molecular Probes).

Elcctron microscepy. Specimens were {ixed in formalin followed by 2% plu-
vwraldehyde, were post-lfixed with 1% osmium tetroxide, und were embued-
ded in epoxy resin mixeure. Ulrrathin secoions were mounred on grids,
stained with uranyl acetate-lead citrate, and observed under a transimis-
sion electron microscope (Hitachi).

Cell culture. MEFs were established from Phd!

Heuds and livers were removed {rom embryos, and the remaining embry-

embryos (E13.5).

onic tissues were crypsinized at 37°C for 30 minutes. The disrupred cis-
sues were plated in DMEM supplemented with 10% FCS (Sigma-Aldrich)
and were caleured at 37°Cin 5% CO,. The 3T3-type serial MET cultiva-
rron was done as desenibed (38). Briefly, 3 x 10° cells were placed on
a 6-cm well; 3 days fater, the total number of cells was counted, and
3 x 10¥ eells were plated on a separace well. The cumulative increase in
cell number was calculared according o the formula Log(N; / N.)/Log2.
where Ny is the initial number of cells plated and Niis che final number
of cells counted after 3 days.

Statistical analysis. Data presented represents the mean £ SD ol more
than 3 independent experiments. Statistical analysis was performed
using an unpaired Srudent’s ¢ rest. Pvalues of less than 0.05 were con-
sidered to be significant,
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Butyrate Suppresses Tumor Necrosis Factor o Production by
Regulating Specific Messenger RNA Degradation Mediated
Through a cis-Acting AU-Rich Element

Jun Fukae, Yoshiharu Amasaki, Yumi Yamashita, Toshiyuki Bohgaki, Shinsuke Yasuda,
Satoshi Jodo, Tatsuya Atsumi, and Takao Koike

Objective. To study the capacity of butyrate to
inhibit production of tumor necrosis factor o (TNFa) in
macrophage-like synoviocytes (MLS) from patients with
rheumatoid arthritis (RA), in human peripheral mono-
cytes, and in murine RAW264.7 macrophages.

Methods. The concentrations of TNFa in culture
supernatants of these cells were measured using
enzyme-linked immunoserbent assay. The expression
levels of various messenger RNAs (mRNA), such as
those for TNFa, the mRNA-binding protein TIS11B,
and luciferase, were measured using real-time quanti-
tative polymerase chain reaction. The in vitro effects of
butyrate on transcriptional regulation were evaluated
by transfection with various reporter plasmids in
RAW264.7 macrophages. The effects of TIS11B on
TNFa expression were examined using an overexpres-
sion model of TIS11B in RAW264.7 cells.

Results. Butyrate suppressed TNF« protein and
mRNA production in MLS and monocytes, but paradox-
ically enhanced transactivation of the TNFa promoter.
Expression of the AU-rich element (ARE)-binding pro-
tein TIS11B was up-regulated by butyrate. Induction of
TNFa mRNA by lipopolysaccharide was significantly
inhibited when TIS11B was overexpressed. Butyrate
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facilitated the degradation of luciferase transcripts con-
taining the 3'-untranslated region (3’-UTR) of TNFa,
and this effect was dependent on the ARE in the 3'-UTR
that is known to be involved in the regulation of mRNA
degradation.

Conclusion. These results indicate that butyrate
suppresses TNFa expression by facilitating mRNA de-
gradation mediated through a cis-acting ARE. Butyrate
has the ability to regulate TNFea at the mRNA level and
is therefore a potential therapeutic drug for RA pa-
tients.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease characterized by cartilage destruction
and extracellular matrix degradation in multiple joints
(1). The pathogenesis of RA is not clearly understood;
however, tumor necrosis factor a (TNFa) is involved in
its development, a conclusion which is supported by
successful treatments with anti-TNFa reagents (2). The
production of TNFa was found to be increased in
rheumatoid synovium, followed by the induction of
other proinflammatory cytokines, including interleukin-
18 (IL-1B), IL-6, and IL-8, as well as matrix metallopro-
teinases involved in cartilage and bone destruction in
RA (3-5). These cytokines are involved in synovial cell
activation and proliferation, leading to generation of
pannus (6).

Synovial tissue consists of heterogeneous im-
mune and non-immune cell populations, including
fibroblast-like synoviocytes, macrophage-like synovio-
cytes (MLS), lymphocytes, dendritic cells, and endothe-
lial cells (7). Among these populations, MLS originating
from bone marrow-derived monocytes are largely re-
sponsible, upon activation, for the production of TNFa
protein (6). Monocytes can give rise to osteoclasts
involved in rheumatoid bone destruction (8). The mech-
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anisms of MLS activation have been only partially
understood. Macrophages express TNFa via activation
of Toll-like receptor 4-NF-«B signaling, and this type of
activation may be mimicked experimentally by adminis-
tration of lipopolysaccharide (LPS) (9,10).

TNFa-mediated chronic inflammation has also
been studied in inflammatory bowe!l diseases and in
animal models of such diseases. In those studies, physi-
ologic roles for short-chain fatty acids have been iden-
tified (11,12). Short-chain fatty acids are a natural
product of colonic anaerobic fermentation of dietary
fiber by luminal microflora. These are the preferred
sources of energy for the normal colonic epithelial cell,
and they can modulate a variety of fundamental cellular
processes to induce cell-cycle arrest, differentiation, and
apoptosis in transformed cells (13,14). These molecules,
especially butyrate, have potent antiinflammatory ef-
fects and can modulate TNFa expression in colonic
epithelial cells and in monocytes (15). It has also been
shown that administration of butyrate suppresses exper-
imental enteritis induced in mice by dextran sulfate
sodium (16). Experiments in colonocytes revealed that
butyrate down-regulates TNFa expression by modulat-
ing NF-«kB-DNA binding activity (15), although the
precise mechanism is not fully understood. In addition,
butyrate is known to function as a histone deacetylase
(HDA) inhibitor in cells, and it can induce alteration of
the chromatin structure (17,18), although the effect of
this activity on TNFa down-regulation is not yet under-
stood. We investigated whether butyrate could suppress
TNFa production in activated synovial cells and macro-
phages, in order to evaluate short-chain fatty acids as a
potential investigational new treatment for chronic in-
flammation in RA.

MATERIALS AND METHODS

Preparation of primary synoviocytes and culture. Pri-
mary synoviocytes were obtained from surgically resected
synovial tissue from Japanese patients with RA. Informed
consent was obtained from each patient. Tissue specimens
were minced and dissociated in Hanks’ balanced salt solution
(Invitrogen, Carlsbad, CA) containing 5 mg/m! type I collage-
nase (Sigma, St. Louis, MO) and 0.15 mg/ml DNase I (Sigma)
for 2 hours at 37°C. Samples were then passed through a metal
mesh and a nylon mesh, each with a 100-um pore size. Cells
were collected by centrifugation and resuspended at 0.5 X
10%ml in Iscove’s modified Dulbecco’s medium (Invitrogen)
containing 10% heat-inactivated fetal bovine serum (FBS) and
antibiotics. The resulting synoviocytes were cultured in a 6-well
tissue culture plate (Becton Dickinson, Mountain View, CA)
at 37°C in a humidified atmosphere with 5% CO, for 24-48
hours. Our primarily rheumatoid synoviocyte cultures con-
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tained ~10-35% of a CD14-positive subpopulation as assessed
by fluorescence-activated cell sorting (FACS Calibur system;
Becton Dickinson) (data not shown). The proportion of CD14-
positive rheumatotd synoviocytes varied depending on the
patient’s background, such as duration or activity of the disease
and treatment. Before the stimulation assay, nonadherent cells
were removed by washing twice with phosphate buffered saline
(PBS).

Cell culture and stimulation. Human monocytes were
enriched from whole blood obtained from healthy Japanese
volunteers. The mononuclear cell fraction was prepared by
density-gradient centrifugation over Ficoll-Paque (Amersham
Biosciences, Uppsala, Sweden), followed by plating in culture
medium at 37°C for 1 hour in a humidified incubator to obtain
the adherent cells. After washing the cells twice with PBS,
adherent cells were resuspended in RPMI 1640 medium
(Invitrogen) containing 10% heat-inactivated FBS and antibi-
otics, then counted and diluted to 0.5 X 10%ml. Cells were
processed for the stimulation assay on the same day that the
blood was collected. Purity of CD14-positive cells was 80-90%
as assessed by fluorescence-activated cell sorting (data not
shown). The murine macrophage cell line RAW264.7 (no.
TIB-71; American Type Culture Collection, Rockville, MD)
was grown in Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen) containing 10% heat-inactivated FBS and antibi-
otics at 37°C in a humidified atmosphere with 5% CO, (19).
Cells were resuspended at 0.25 X 10%ml, then 2 ml/well of the
cell suspension was transferred to 6-well tissue culture plates,
followed by 24 hours of culture before stimulation. After prein-
cubation, cells were stimulated with LPS (no. L4391; Sigma) or
were used without stimulation. In some experiments, various
concentrations of sodium butyrate (Sigma) were included in the
culture. Where indicated, actinomycin D (Sigma) was also in-
cluded in the culture to restrict transcriptional events.

RNA preparation and real-time quantitative polymer-
ase chain reaction (PCR) analysis. Total RNA was obtained
by using TRIzol RNA Reagent (Invitrogen) according to the
manufacturer’s instructions. In some experiments, total RNA
was extracted from transfected cells using the Concert Cyto-
plasmic RNA Reagent (Invitrogen) in combination with
DNase I Amplification Grade (Invitrogen) to eliminate resid-
ual plasmid DNA. RNA samples were reverse-transcribed
using oligo(dT) primers and ReverTra Ace (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions. Real-time
quantitative PCR analyses were performed using 100 nM
TagMan probe and 200 nM forward and reverse primers in a
final volume of 30 ul using 2XPCR reagent (Applied Biosys-
tems, Chiba, Japan) in an ABI PRISM 7000 Sequence Detec-
tion System instrument (Applied Biosystems) based on dual-
labeled fluorogenic probe technology (20).

The following forward and reverse primers and Tag-
Man probes, designed by Primer Express software (Applied
Biosystems), were used for analyses: mouse TNFa, forward
primer 5’-CAGACCCTCACACTCAGATCATCT-3', reverse
primer 5-GCACCACTAGTTGGTTGTCTTTGA-3', Tag-
Man probe 5-CAAGCCTGTAGCCCACGTCGTAGCA-3';
mouse TIS11B, forward primer 5'-TTGTTGGTAGCTTCT-
GGCTTGA-3', reverse primer 5'-GGCATCTACTGACAA-
AAGATGGAA-3', TagMan probe 5'-TCCATTTCATAGC-
CCACTTAACCACGCA-3'; luciferase, forward primer 5'-
TGACCGCCTGAAGTCTCTGA-3', reverse primer 5'-
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ACACCTGCGTCGAAGATGTTG-3', TagMan probe 5'-
CCGCTGAATTGGAATCCATCTTGCTC-3’; AU-rich
element (ARE) mutation, forward primer 5'-ATGCACAG-
CCTTCCTCACAG-3', reverse primer 5'-CCCGGCCT-
TCCAAATAAATAC-3', minor groove binder (MGB) Taq-
Man probe 5'-TATCCATTATCCATCCATTATCCATC-3'.
The first 3 TagMan probes were labeled on the 5’ end with
FAM reporter dye and on the 3’ end with TAMRA quencher
dye; the ARE mutation MGB TagMan probe was labeled on
the 5’ end with FAM reporter dye and on the 3’ end with
conjugated MGB.

To measure the gene copy number of the various
transcripts, the purified artificial gene product containing an
amplification sequence was serially diluted to achieve a stan-
dard curve. Data for each messenger RNA (mRNA) quantity
were normalized based on the mRNA copy number of
GAPDH obtained using the TagMan rodent GAPDH control
reagents {Applied Biosystems). ‘

Enzyme-linked immunosorbent assay (ELISA). The
concentrations of human and mouse TNFa proteins were
determined using specific sandwich ELISA kits (no. 656227
from Cosmo Bio [Tokyo, Japan] and no. 10019 from Genzyme
[Cambridge, MA], respectively) according to the manufactur-
ers’ instructions.

Plasmid construction. The luciferase reporter plas-
mids pNF«B-Luc and pGL3-BASIC were purchased from
Stratagene (La Jolla, CA) and Promega (Madison, WI), re-
spectively. Murine genomic DNA extracted from a normal
C57BL/6 mouse using a standard protocol (21) was used
for amplification of a genomic DNA fragment of the mouse
TNFa gene. A 0.9-kb DNA fragment corresponding to the
5'-untranslated region (5'-UTR) of the mouse TNF« gene was
PCR-amplified with the sense and antisense primers 5'-CTC-
AAGCTTATCAGAGTGAAAGGAGAAGGC-3’ and 5'-
CTCAAGCTTAGTGAAAGGGACAGAACCTGC-3', re-
spectively. The product was inserted into the Hind 111 cloning
site of pGL3-BASIC and designated pGL-mTNFa. The 0.8-kb
3'-UTR of the mouse TNFa gene was similarly amplified using
PCR, and the Xba I and Bam HI restriction sites were intro-
duced with the PCR primers 5'-TCTAGAGGGAATGGG-
TGTTCATCC-3' and 5'-GGATCCCATGCCCCAGGGCAAA-
3’, respectively. The resulting DNA fragment was used to
replace the 3’-UTR of the pGL-mTNFe, and the resulting
plasmid was designated pGL-mTNFa-UTR.

A pGL-CMV-UTR plasmid, in which the luciferase
gene was constitutively expressed under the control of the
cytomegalovirus (CMV) promoter, was generated by replacing
the Hind II fragment corresponding to the TNFa promoter
region in the pGL-mTNFa-UTR vector with a DNA fragment
containing the CMV promoter sequences from pFLAG-
CMV-2 (Sigma). In addition, the AT repeat (ARE) in pGL-
CMV-UTR corresponding to the TNFa 3'-UTR sequence
(+1299 to +1332) was mutated to yield an ARE mutation
plasmid (pGL-CMV-UTR/mARE) using standard recombi-
nant techniques and the mutagenic oligonucleotide
5'-ACAGCCTTCCTCACAGAGCCAGCCCCCCTCTATT-
TATATTTGCACTTATTATCCATTATCCATCCATTAT-
CCATCCATTTGCTTATGAATGTATTTATTTGGAAG-
GCCG-3'. The sequences of all the DNA fragments obtained
by PCR amplification were confirmed by DNA sequencing and
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completely matched the reported mouse TNFa genomic se-
quence (GenBank accession no. Y00467) (22).

A mammalian expression plasmid, pFLAG-TIS11B,
that encodes mouse TIS11B complementary DNA (cDNA)
(23) was generated by introducing a mouse full-length TIS11B
cDNA fragment into the pFLAG-CMV-2 plasmid (Sigma).
The TIS11B cDNA fragment was obtained by PCR amplifica-
tion of cDNA from RAW264.7 cells and the specific sense and
antisense primers 5'-GAATTCGATGACCACCACCCTCGT-
3’ and 5'-TCTAGAGGAGAGGTGAAGGAGGCATG-3',
respectively. After subcloning into pCR-blunt and confirma-
tion by DNA sequencing, the 1.2-kb fragment corresponding to
the TIS11B ¢cDNA (GenBank accession no. BC016621) was
excised and ligated into pFLAG-CMV-2 at the Xba I and Eco
RI cloning sites.

Transfection and luciferase assay. RAW264.7 cells
(0.25 X 10°) were transferred to 8-cm tissue culture plates
(Becton Dickinson) and incubated for 24 hours to 70% con-
fluence. Transfections were achieved using Transfectam re-
agent (Promega), according to the manufacturer’s instructions,
with the plasmids described above. Plasmid DNA (10 ug) was
mixed with 20 ul of Transfectam reagent in 3 ml of FBS-free
DMEM and transferred to the plates. After 2 hours of
incubation, complete culture medium was added to the cells,
followed by further incubation to semiconfluence. The trans-
fection efficiency in the current protocol was ~5% when cells
transfected with green fluorescent protein—expressing plasmid
were analyzed by fluorescence-activated cell sorting (data not
shown). Transfected cells were collected and distributed into
new 6-well tissue culture plates (Becton Dickinson) before the
stimulation assay. This step was performed to equalize the
number of transfected cells and eliminate any differences in
transfection efficiency between plates.

Where indicated, the luciferase assay was carried out
according to the procedure described previously with minimal
modifications (24). Briefly, RAW264.7 cells were transfected
with various reporter plasmids as described above. After
incubation and stimulation, cells were lysed using lysis buffer
(Promega). Cell lysates were stored at —80°C until the lucif-
erase assay was performed. The protein content of each sample
was determined using a protein assay reagent (Bio-Rad, Her-
cules, CA), and the luciferase activities of the samples were
normalized according to the protein content of the samples.
Data are reported as relative luciferase units.

Cell proliferation assay. In order to exclude the pos-
sibility that butyrate directly affects cell viability, a prolifera-
tion assay was performed using MTS (3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) tetrazolium assay (Cell Titer96 AQueous One
Solution Cell Proliferation Assay; Promega). RAW?264.7 cells
(0.25 X 10°) were transferred into microtiter-plate wells in 100
wl of DMEM containing various concentrations of butyrate,
then MTS reagent was added to the wells. Optical density was
read using a microplate autoreader (Microplate Reader Model
3550; Bio-Rad) at a wavelength of 490 nm after addition of
MTS reagent.

Statistical analysis. Statistical analyses were calculated
by Student’s r-test with the use of the Excel program (Mi-
crosoft, Redmond, WA).
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RESULTS

Suppression by butyrate of TNFa protein pro-
duction in cultured primary synoviocytes. We first ana-
lyzed the effect of butyrate on TNFa production in
rheumatoid synoviocytes during stimulation with LPS.
When primary synoviocytes were stimulated with LPS,
significant amounts of TNFa protein were detected in
the culture supernatants (Figure 1A). Addition of bu-
tyrate to the culture medium led to a significant, dose-
dependent decrease in LPS-stimulated TNFa produc-
tion. MLS, major producers of TNFe« in the rheumatoid
inflammatory synovium, play an important role in the
initiation of synovitis and bone destruction (25). We
paid attention to the subpopulation of monocyte/
macrophages, and thus we repeated the experiments on
the effect of butyrate on TNFa production both by
peripheral monocytes and by the macrophage cell line
RAW264.7. Human peripheral monocytes and
RAW?264.7 cells both secreted significant amounts of
TNFo upon LPS stimulation (Figures 1B and C). As was
the case in the primary cell culture, there was a signifi-
cant decrease in LPS-stirnulated TNFa secretion with
increasing butyrate concentrations in the medium. In
all experiments, similar GAPDH mRNA expression
levels were confirmed in each cell preparation after
treatment with LPS/butyrate (data not shown).

RAW264.7 cells were exposed to various concen-
trations of butyrate, and MTS tetrazolium assay was
performed to assess cell proliferation. The results re-
vealed that butyrate had no significant effect on cell
proliferation (Figure 2B).

Suppression by butyrate of TNFa expression at
the mRNA level in monocytes and in the macrophage
cell Jine RAWZ264.7. To determine how butyrate reg-
ulates TNFa production in monocytes, we next examined
the effect of butyrate on TNFa mRNA expression. We
performed semiquantitative reverse transcriptase (RT)-
PCR analysis using specific primers for initial screening
and found that butyrate suppressed TNFa mRNA induc-
tion in response to stimulation with LPS in human mono-
cytes (data not shown). Butyrate also suppressed LPS-
stimulated TNFa production in RAW264.7 cells in a
dose-dependent manner, confirmed by real-time quantita-
tive PCR (Figure 2A). The macrophage cell line
RAW?264.7 is responsive to butyrate; therefore, we used
the RAW?264.7 cells as an appropriate system for transfec-
tion assay.
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Figure 1. Effects of butyrate on tumor necrosis factor o (TNFa)
protein secretion by synoviocytes and monocytes. An enzyme-linked
immunosorbent assay (ELISA) specific for human TNFa protein was
used to determine levels of TNFa in A, culture supernatants of
primary synoviocytes (obtained from patients with rheumatoid
arthritis) not stimulated with lipopolysaccharide (LPS) or stimulated
with 2 pg/mi LPS for 6 hours in the presence or absence of
sodium butyrate, and B, human peripheral blood monocytes (obtained
from healthy donors) not stimulated with LPS or stimulated with
50 ng/ml LPS for 4 hours in the presence or absence of sodium
butyrate. C, Levels of mouse TNFa were measured in culture
supernatants from RAW264.7 cells not stimulated with LPS or stim-
ulated with 10 ng/m! LPS for 6 hours in the presence or absence of
sodium butyrate, using an ELISA specific for mouse TNFa. Experi-
ments in A, B, and C were repeated 15, 9, and 6 independent times,
respectively, and representative results are shown. Values are the
mean and SEM.
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Figure 2. Effects of butyrate on TNFa mRNA expression and cell
proliferation in RAW264.7 cells. A, Real-time quantitative polymerase
chain reaction (PCR) (described in Materials and Methods) was used
to estimate TNFa expression in RAW?264.7 cells not stimulated with
LPS (lanes 1 and 2) or stimulated with 10 ng/mi LPS (lanes 3-6) in the
presence (lanes 2 and 4-6) or absence (lanes 1 and 3) of sodium
butyrate for 2 hours. The amount of TNFa c¢DNA transcripts is
displayed as a relative value obtained by dividing the value for TNFa
transcripts by the value for GAPDH cDNA transcripts. Real-time
quantitative PCR data were obtained from triplicate transwells and are
representative of 3 independent experiments. Values are the mean and
SEM. B, Cell proliferation assay (described in Materials and Methods)
was used to examine the toxicity of butyrate on RAW264.7 cells. Celis
were treated with various concentrations of butyrate (0, 2, 5, and 10
mM), and the optical density (OD) was read at a wavelength of 490 nm
serially at 1-, 2-, 3-, 4-, and 6-hour time points. Data were obtained
from triplicate transwells. Values are the mean * SEM of 3 indepen-
dent experiments. See Figure 1 for other definitions.

No suppression by butyrate of transcriptional
activity driven through the TNFa promoter, To test
whether butyrate could affect TNFa mRNA expression
via transcriptional repression, RAW264.7 cells were
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transfected with reporter plasmids containing the con-

_sensus NF-«kB binding sequence or the full-length TNFa

promoter sequence. When cells were transfected with
pNF«B-Luc or pGL-mTNFq, however, butyrate did not
suppress the transcriptional activities (Figures 3A and
B). Instead, butyrate showed a dose-dependent en-
hancement of transactivation, which was inconsistent
with its effects on the mRNA and protein expression of
TNFa. These results indicate that butyrate regulates
TNFa mRNA levels via a mechanism other than tran-
scriptional repression in RAW264.7 cells.
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Figure 3. Effect of butyrate on TNFa promoter—related transcrip-
tional activities. RAW264.7 cells were transfected with various types of
luciferase reporter plasmids (see Materials and Methods for descrip-
tion of methods of transfection and luciferase assay). Forty-eight hours
after transfection, cells were stimulated with 10 ng/ml LPS in the
absence or presence of sodium butyrate (1, 2, or 5 mM) for 6 hours.
The luciferase activities in cell lysates were measured and normalized
using the protein concentration in each sample, A, Transcriptional
activity of cells transfected with pNFxkB-Luc. B, Transcriptional activ-
ity of cells transfected with pGL-mTNFa. Data shown in A and B were
obtained from triplicate transwells and are representative of 6 inde-
pendent experiments. Values are the mean and SEM. SV40 polyA =
simian virus 40 late poly(A) signal; RLU = relative luciferase units
(see Figure 1 for other definitions).
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Figure 4. Expression of the tristetraprolin (TTP) family of genes in RAW264.7 cells upon treatment with butyrate. A, Expression of mRNA for
TIS11B (a representative member of the TTP family of proteins) in RAW264.7 cells upon treatment with butyrate. RAW264.7 cells were not
stimulated with LPS or were stimulated with 10 ng/ml LPS (lanes 3-6) in the presence (lanes 2 and 4-6) or absence (lanes 1 and 3) of butyrate. After
1 hour of stimulation, total RNA was obtained, followed by real-time quantitative polymerasé chain reaction (PCR) for TIS11B. The amount of
TIS11B cDNA transcripts is displayed as a relative value obtained by dividing the value for TIS11B transcripts by the value for GAPDH ¢cDNA
transcripts. Real-time quantitative PCR data were obtained from triplicate transwells and are representative of 3 independent experiments. Values
are the mean and SEM. B, Effect of TIS11B on expression levels of TNFa mRNA in RAW264.7 cells stimulated with LPS. RAW?264.7 cells were
transfected with the TIS11B expression vector, pFLAG-TIS11B (solid bars) or with the control pFLAG empty (mock) vector (open bats).
Forty-eight hours after transfection, cells were stimulated with 10 ng/ml LPS (lanes 3 and 4); total RNA was obtained after 2 hours of stimulation.
The amount of TNFa cDNA transcripts was determined using real-time quantitative PCR. Data are schematically displayed as a relative value
obtained by dividing the value for TNFo transcripts by the value for GAPDH c¢DNA transcripts. Real-time quantitative PCR data were obtained
from triplicate transwells and are representative of 3 independent experiments. Values are the mean and SEM. NS = not significant (see Figure 1

for other definitions).

TIS11B as a candidate molecule for butyrate-
mediated inhibition of TNFa mRNA expression. TNFa
gene expression involves posttranscriptional regulation,
including the ARE in the 3’-UTR that is thought to play
a critical role in the regulatory mechanism (26). AREs
are found in multiple cytokine genes including TNFa,
and the cis-regulatory effects of these elements are
mediated by several polypeptides that can bind AREs.
Tristetraprolin (TTP) is an ARE-binding protein that
facilitates TNFa mRNA degradation, and TIS11B and
TIS11D are representative members of the TTP family
of proteins that are also capable of interacting with
AREs. We hypothesized that the effects of butyrate
were related to the posttranscriptional regulation medi-
ated through the AREs and ARE-binding proteins. To
search for the butyrate-mediated induction of ARE-
‘binding proteins, we first used semiquantitative RT-
PCR to screen for the expression of TTP family proteins
such as TTP, TIS11B, and TIS11D in RAW264.7 cells
treated with butyrate. Among the factors examined,
butyrate induced only TIS11B mRNA but neither TTP
mRNA nor TIS11D mRNA (data not shown). Real-time
quantitative PCR revealed that butyrate induced

TIS11B mRNA in a dose-dependent manner (Figure
4A).

We determined that TIS11B had a suppressive
effect on levels of TNFa mRNA. RAW264.7 cells were
transfected with TIS11B expression plasmid or with a
control mock vector, then stimulated with LPS. The
expression level of TNFoa mRNA decreased significantly
in RAW264.7 cells transfected with TIS11B expression
plasmid (Figure 4B). These results suggested that bu-
tyrate down-regulated levels of TNFa mRNA via bind-
ing of TIS11B to an ARE.

Facilitation by butyrate of mRNA degradation
via the function of an ARE in the TNFa 3'-UTR. We
next studied whether the inhibitory effects of butyrate
on TNFa specifically depended on an ARE. To deter-
mine whether butyrate affects the amounts of gene
transcripts carrying the TNFa 3’-UTR, we designed a
real-time TagMan RT-PCR-based quantitative assay
that detects mRNA turnover (Figure 5). RAW264.7 cells
were transfected with pGL-CMV-UTR reporter plasmid
and treated with actinomycin D to repress generation of
newly transcribed mRNA. To equalize the difference in
transfection efficiency between plates, all transfected
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Figure 5. Effect of butyrate on the turnover of luciferase mRNA
containing a tumor necrosis factor a 3'-untranslated region.
RAW?264.7 cells were transfected with pGL-CMV-UTR (see Materials
and Methods). After no treatment or pretreatment with butyrate (2
mM) for 2 hours, cells were placed in culture medium containing
actinomycin D (10 pg/ml) to halt transcription. Cells were then
harvested serially at 0-, 10-, 30-, and 60-minute time points, and total
RNA was extracted. After extensive treatment with RNase-free DNase
I to digest the plasmid vector DNA, total RNA samples were reverse-
transcribed for real-time quantitative polymerase chain reaction using
primers specific for the luciferase gene product (described in Materials
and Methods). The amount of luciferase cDNA transcripts is displayed
as a relative value obtained by dividing the value for luciferase
transcripts by the value for GAPDH cDNA transcripts. The datum at
the 0-minute time point (for luciferase/GAPDH) was assigned a value
of 100%, and other data are shown relative to this value. Values are
the mean = SEM of 3 independent experiments.

cells were collected and distributed into new plates
before butyrate treatment. The time course of decrease
of mRNA levels was in direct proportion to the rate of
degradation. The amount of cDNA transcripts contain-
ing the 3'-UTR was serially quantified by real-time PCR.
We observed a significant decrease in cDNA transcripts
derived from pGL-CMV-UTR in cells treated with
butyrate, both at the 10-minute time point and thereaf-
ter (Figure 5). This suggested that butyrate facilitated
the degradation of mRNA transcripts of TNFe carrying
the 3’-UTR sequence.

In various cytokine genes, including TNF«, an
ARE in the 3'-UTR has been shown to affect stability of
the gene transcripts (26). To test whether the inhibitory
effects of butyrate on TNF« are mediated by the action
of this cis ARE, we generated pGL-CMV-UTR/mARE
containing a mutated ARE from pGL-CMV-UTR (Fig-
ure 6A). The amounts of transcripts derived from these
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plasmids were quantified and compared using
RAW264.7 cells and the TagMan PCR method. In this
assay, total amounts of transcripts derived from mixed
plasmids were determined by reactions using a luciferase
TagMan probe, and, at the same time, amounts of
transcripts carrying the ARE mutation derived from
these mixed plasmids were determined using an ARE
mutation MGB TagMan probe (Figure 6A). The quan-
tification of these 2 transcripts was made possible by
using a common gene standard, R-luc-AU, that con-
tained both the mutated ARE and part of the common
luciferase open reading frame sequence, and changes in
the expression of these 2 transcripts were described as a
ratio and calculated as follows: transcripts with mutated
ARE:transcripts with intact ARE = (M/G):([A —
M]/G) = M:(A — M), where A is the total amount of
luciferase transcripts, M is the amount of transcripts
with mutated ARE, and G is the internal control
GAPDH.

As shown in Figure 6B, the amount of transcripts
carrying mutated ARE and the amount carrying intact
ARE were almost identical at the time point at which
actinomycin D had stopped the transcription, when cells
were treated (or not treated) with butyrate. It was shown
that the relative amount of transcripts carrying a mu-
tated ARE increased significantly during the time
course. Thus, transcripts carrying the mutated ARE
were more stable than those carrying intact ARE, and
butyrate’s ability to facilitate the degradation of tran-
scripts was lost when the ARE was mutated. This
indicates that the suppressive effect of butyrate on
TNFa expression is mediated through the specific ARE
in the 3’-UTR of the TNF« transcript.

DISCUSSION

In this report, we have shown that butyrate
strongly down-regulated the production of TNFa« in
primary synoviocytes, peripheral monocytes, and murine
RAW264.7 macrophages at the mRNA level. Our re-
sults also indicated that butyrate induced an ARE-
binding protein, TIS11B, that could facilitate TNFa
mRNA degradation. The collective data led us to believe
that the down-regulation of TNFa expression by bu-
tyrate was mediated through the TIS11B protein that
bound to a specific ARE and facilitated mRNA degra-
dation.

TNF« is a key cytokine in the pathogenesis of
RA. Therefore, inhibition of the action of TNFa« may
improve the clinical course of patients with RA. Biclogic
agents designed to interfere with the action of TNF«
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Figure 6. Effects of mutations in AU-rich elements (AREs) on the ability of butyrate to modify mRNA turnover. A, Schematic diagram of the
plasmids, primers, and TagMan probes that were used in these experiments. The plasmid pGL-CMV-UTR/mARE was derived by mutating the ARE
of the 3'-untranslated region (3'-UTR) of the plasmid pGL-CMV-UTR (see Materials and Methods). To measure the gene copy number of the
transcripts derived from pGL-CMV-UTR and pGL-CMV-UTR/mARE, the artificial DNA fragment R-luc-AU was generated from pGL-CMV-
UTR/mARE by polymerase chain reaction (PCR) amplification. The R-luc-AU fragment, which contained both the ARE mutation and part of the
common luciferase open reading frame sequence, was used to produce both the standard curve for the total luciferase transcripts and the curve for
transcripts containing the ARE mutation. B, Quantitative PCR analysis of the reporter gene products carrying intact or mutated ARE. RAW264.7
cells were transfected with a 50:50 mixture of pGL-CMV-UTR/mARE and pGL-CMV-UTR. Cells were then not treated (solid bars) or pretreated
with 5 mM sodium butyrate for 2 hours (open bars) and placed in culture medium containing actinomycin D (10 ug/ml) to halt transcription. Cells
were then harvested serially at 0-, 30-, and 60-minute time points, and total RNA was extracted. Degradation of plasmid DNA and subsequent cDNA
synthesis were carried out using the same method described in Figure 5. Real-time quantitative PCR analyses were done using a TaqMan probe,
with specific forward and reverse primers (see Materials and Methods). The amounts of total luciferase cDNA transcripts and transcripts with
mutated ARE were determined, and the y-axis shows the ratio of cDNA transcripts with mutated ARE to cDNA transcripts with intact ARE. Data
were obtained from triplicate transwells and are representative of 5 independent experiments. Values are the mean and SEM. CMV =
cytomegalovirus; TNFa = tumor necrosis factor «; MGB = minor groove binder; NS = not significant.

have been approved for the treatment of RA, and they various mRNA. The AREs are clustered into several
provide dramatic efficacy for the affected patients. How- categories and have been identified in a panel of genes
ever, the disadvantages of biologic agents, such as their other than TNFa (27-30). These genes largely encode
high cost, their instability, the difficulty of producing proteins that regulate cellular growth and the body’s
them, and the immune reaction of the host toward them, response to exogenous agents such as microbes and
remain to be addressed. Therefore, new chemical agents inflammatory and environmental stimuli. The mRNA
that down-regulate TNFa production have been re- containing AREs are commonly short lived, rapidly
searched extensively. Our current findings may provide a expressed in response to stimuli, and rapidly degraded
framework for the therapeutic down-regulation of once their critical role in gene regulation ceases.
TNFa production by butyrate or its analogs. To date, several ARE-binding proteins have been
Butyrate facilitated the degradation of luciferase reported that can stabilize or destabilize the target

transcripts when the TNFa 3'-UTR ¢cDNA sequence was mRNA by binding competitively to their AREs. TTP
included in the reporter construct. This effect appeared (also known as TIS11, Nup475, and G0S24) is one of

to be dependent on an ARE, since a mutation in the these ARE-binding proteins, and it has been character-
ARE in the reporter plasmids resulted in the loss of the ized as a critical factor that controls TNFa mRNA
butyrate-induced changes in the transcript turnover. turnover (31). Interestingly, genetically manipulated
Thus, butyrate could down-regulate TNFa mRNA ex- mice that lack TTP showed an abundance of endoge-
pression by facilitating TNFa mRNA degradation nous TNFe production, an RA-like arthritis, and auto-
through a mechanism that was dependent on the specific immunity, presumably mediated by an excess of TNFa
ARE. , (32-34). TTP-related proteins, designated TIS11B and

AREs are several repetitive sequences of TIS11D, are structurally similar to TTP in their zinc-

AUUUA or UUAUUUAUU present in the 3'-UTRs of finger motifs, and they share functions with TTP, al-
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though their unique functions have yet to be character-
ized (35). These TTP-related proteins are rapidly
expressed in response to 12-O-tetradecanoylphorbol-13-
acetate and other diverse stimuli in various types of
eukaryotic cells (23,36). The expression of these proteins
differs depending on the circumstances, hence they may
have their own roles in controlling mRNA turnover
under different circumstances (37). Among these pro-
teins, TTP is induced by TNF«, suggesting that TTP may
function as a feedback regulator of TNFa gene expres-
sion (31,38). Notably, a TIS11B homolog expressed
rapidly in response to butyrate has also been discovered
in human cells and characterized as butyrate response
factor 1 (BRF1) (39).

Consistently, butyrate rapidly induced the expres-
sion of TIS11B in RAW264.7 cells (Figure 4A). In
addition, the induction of TNFa mRNA by LPS stimu-
lation was strongly inhibited when TIS11B was overex-
pressed in these cells (Figure 4B). Stoecklin et al iden-
tified BRF1 as a regulator of ARE-dependent mRNA
decay, and also showed that BRF1 can bind directly to
ARE and promote the degradation of ARE-containing
mRNA (40). Thus, we postulated a model whereby
butyrate induced the expression of TIS11B/BRF1, fol-
lowed by the binding of this ARE-binding protein to the
ARE, thus facilitating TNFo mRNA degradation. Our
c¢DNA microarray (GeneNavigator cDNA Array Sys-
tem; Toyobo) revealed that butyrate suppressed expres-
sion of mRNA containing AREs in their 3’-UTRs (e.g.,
mRNA for IL-18, IL-15, and granulocyte-macrophage
colony-stimulating factor) (data not shown). This result
further supported the relevance of our hypothesis.

TIS11B has a unique character that facilitates
TNFa mRNA degradation; therefore, analyzing the
regulation of this molecule would provide a novel ap-
proach to the control of TNFa production. TNF«
expression is activated mainly by the transcription factor
NF-«xB and by the MAP kinase (MAPK) pathways (the
ERK, JNK, and p38 MAPK pathways). Recent studies
have shown that the p38 MAPK pathway in particular
plays an important role in posttranscriptional regulation
that leads to mRNA stabilization (41). The p38 MAPK
pathway also strongly induces and activates TTP, which
down-regulates TNFa (42-45). Those studies suggested
that the p38 MAPK pathway may play a crucial role in
regulating the expression of TNFa (involving a TTP-
dependent mechanism); however, the precise mecha-
nism is not completely understood, and less is known
about the relationship between TIS11B and the p38
MAPK pathway. Since butyrate induced TIS11B expres-
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sion and has been shown to affect the p38 MAPK
pathway (46), it may be that butyrate influences TIST1B
expression through the p38 MAPK pathway. Analysis of
the relationship between TIS11B and the p38 MAPK
pathway would be important for understanding the
effect of butyrate.

The effects of butyrate on TNFa gene expression,
other than those involving TIS11B- and ARE-dependent
mechanisms, also need to be addressed. In previous
studies, it was shown that butyrate can inhibit the
binding of NF-«B to DNA (12,15,47). In contrast, in the
reporter gene assays, butyrate enhanced the transcrip-
tional activity driven by NF-kB sites and the TNF«
promoter in a dose-dependent manner (Figures 3A and
B). This phenomenon may be explained in part by the
HDA-inhibitory effects of butyrate. Butyrate strongly
inhibits HDA activity in cells, and it can cause hyper-
acetylation of nucleotides and thereby nonspecifically
enhance transcriptional activity (18,48,49). As in the
case of genomic DNA, transfected plasmid DNA has
been shown to be assembled with histones to form a
“minichromosome” that is sensitive to histone hyper-
acetylation (50). Thus, butyrate can function as a non-
specific transcriptional enhancer for transfected plasmid
DNA,; hence, cotransfection with an internal control was
not informative in the current experiments.

Analysis of the regulation of TNFa by butyrate
provides information for a novel approach to the treat-
ment of patients with RA. Further investigation of the
regulation of TIS11B expression, including study of its
gene promoter, promises to pave the way for therapeutic
approaches that address ARE-dependent cytokine gene
regulation.
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