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Synoviolin, also called HRD1, is an E3 ubiquitin ligase and
is implicated in endoplasmic reticulum -associated degra-
dation. In mammals, Synoviolin plays crucial roles in
various physiological and pathological processes, includ-
ing embryogenesis and the pathogenesis of arthropathy.
However, little is known aboul the molecular mechanisms
of Synoviolin in these actions. To clarify these issues, we
analyzed the profile of protein expression in synoviolin-
null cells. Here, we report that Synoviolin targets tumor
suppressor gene p53 for ubiquitination. Synoviolin
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sequestrated and metabolized p53 in the cytoplasm and
negatively regulated its cellular level and biological func-
tions, including transcription, cell cycle regulation and
apoplosis. Furthermore, these p53 regulatory functions of
Synoviolin were irrelevant to other E3 ubiquitin ligases
for p53, such as MDM2, Pirh2 and Copl, which form
autoregulatory feedback loops. Our results provide novel
insights into pS3 signaling mediated by Synoviolin.
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sj.emboj.7601490; Published online 14 December 2006
Subject Categories: proteins

Keywords: apoptosis; cell growth; E3 ubiquitin ligase;
endoplasmic reticulum-associated degradation; rheumatoid
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Introduction

The ubiquitin-proteasome system (UPS) consists of a small
polypeptide ubiquitin, a framework of enzymes that mediates
the covalent attachment of ubiquitin to proteolytic substrates
and the 265 proteasome that digests the modified proteins
into peptides. The formation of ubiquitin conjugates requires
the successive action of three classes of enzymes. This
process is first activated by an El (activating enzyme) in an
ATP-dependent manner, forming a high-energy thioester
bond between ubiquitin and an E1, and the activated ubiqui-
tin is then transferred to an E2 (conjugating enzyme), form-
ing a similar thioester linkage between ubiquitin and E2, and
then E3 ubiquitin ligase transfers ubiquitin to the target
proteins. Through repeated reactions of this cycle, a poly-
ubiquitin chain is formed on the target proteins, which is
recognized by the 265 proteasome for ultimate degradation
(Hershko and Ciechanover, 1998; Pickart, 2001). In the UPS
pathway, the E3 ubiquitin ligases play critical roles in the
selection of target proteins for degradation, because each
distinct E3 ubiquitin ligase usually binds a protein substrate
with a degree of selectivity for ubiquitination in a temporally
and spatially regulated fashion,

Synoviolin, a representative of endoplasmic reticulum
(ER)-resident E3 ubiquitin ligases, is a mammalian homolog
of Hrd1p/Der3p that “substrates” misfolded carboxypeptide
yscY (CPY*) (Bordallo et al, 1998) and 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGR), a key enzyme of the
mevalonate pathway in yeast (Shearer and Hampton, 2004,
2005). We cloned Synoviolin from rheumatoid synovial cells
(RSCs) and described that Synoviolin is highly expressed in
synoviocyles of patients with rheumatoid arthritis (RA)
(Amano et al, 2003). In that report, we demonstrated that
overexpression of Synoviolin in transgenic mice leads to
advanced arthropathy caused by reduced apoptosis of syno-
viocytes. On the other hand, synoviolin*’~ mice showed
resistance to the development of arthritis owing to enhanced
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Statistical analysis using Student r-test indicated no significant difference between Syno ™’

apoptosis of synovial cells. These results indicate that
Synoviolin is a novel causative factor for arthropathy based
on its anti-apoptotic effects. In another study, we reported
that all mice fetuses lacking synoviolin (Syno™'") died
in utero around E13.5 (Yagishita ef al, 2005), although Hrd1p/
Del3p, a yeast ortholog of Synoviolin, was described as non-
essential for survival. Syno were anemic owing (o en
hanced apoptosis of fetal liver cells (Yagishita et al, 2005). It
is surprising that an ER-associated degradation (ERAD)-asso
ciated E3 ubiquitin ligase, Synoviolin, is involved in cell
hyperplasia of dividing cells via its anti-apoptotic effect. In
this regard, like RSCs, the anti-apoptotic effect of Synoviolin
was observed even for synowviolin expressed ectopically
in NITH3T3 cells, which resulted in enhanced cell overgrowth
in these cells (Tsuchimochi et al, 2005). These results were
confirmed also in the Drosophila fly (Supplementary Figure
1). An important question remains unanswered at this stage.
What is the mechanism of Synoviolin-induced cell over
growthi The present study was designed to identify the
substrates for Synoviolin that may be involved in cell growth

Results

Accumulation of p53 in synoviolin-null cells

To identify target(s) for Synoviolin, we assumed that the lack
of Synoviolin results in accumulation of substrate proteins
First, we carried out a two-dimensional polyacrylamide gel
electrophoresis (PAGE) using mouse embryonic fibroblasts
(MEFs) of Syno™'". In these experiments, p53 was identified
as one of the major targets in the profile by LC-MAS analysis
(Supplementary Figure 2). Indeed, the level of p53 was
markedly enhanced in Syno MEFs (Figure 1A) and
Syno™’~ embryos, especially in the posterior part of the
body such as somites, brains and maxillary or branchial

114 Tha EMBO Journal VOL 26 | NO 1 | 2007

* and Syno™"~ MEFs (NS)

arches (Supplementary Figure 3), as reported previously
(Gottlieb et al, 1997). The accumulated p53 was predomi
nantly localized in the nuclei of Syno™'~ MEFs (Figure 1B),
although the mRNA level of p53 was not altered in Syno
MEFs (Figure 1C). Phosphorylation of pS3 was not observed
in Syno~’'~ MEFs (Supplementary Figure 4).

Increment of functional p53 in synoviolin-null cells

Next, we tested whether impairment of Synoviolin influences
the functions of p53 in the cell. Knockdown of Synoviolin by
small interfering RNA (siRNA) for synoviolin (Syno siRNA)
in RKO cells, a human colon cancer cell line known to
express wild-type (WT) p53 (Smith et al, 1995), resulted in
almost complete disappearance of Synoviolin expression
(Figure 2A). Synoviolin knockdown was associated with
Increased p53 protein level and nuclear accumulation of
p53 (Figure 2A and B). but no change in p53 mRNA levels
(Figure 2C). No changes were noted in the expression levels
of other ubiquitin ligases for p53 such as MDM2, Arf-BP (data
not shown) and Parc (see Figure 4B), in synoviolin-null RKO
cells (Brooks and Gu, 2006). On the other hand, the expres-
sion levels of unfolded protein response (UPR) markers such
as HERP and PERK (Wu and Kaufman, 2006) were increased,
which suggests that accumulation of unfolded proteins in
synoviolin-knockdown RKO cells caused ER stress, followed
by UPR (data not shown). These results were confirmed
in other cell lines (HEK293 cells and Hela cells, data not
shown). In another experiment, a marked Increase was noted
in the binding of p53 to its consensus sequences such as
GADD45, MDM2 and p2] promoter in synovielin-knockdown
cells compared with GFP-knockdown cells (Figure 2D).
Furthermore, further additions of the respective competitor
abrogated the binding capacity dose-dependently, confirming
the specific interactions of p53 on electrophoretic mobility

© 2007 European Molecular Biology Organization
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Figure 2 Functional evaluation of increased p53 in synowviolin-deficient RKO cells. (A) Increment of endogenous p53 by depletion
of synoviolin. (B) Depletion of synoviolin causes nuclear accumulation of p53. Merged images are shown in the bottom panels (iii, vi)
(C) synoviolin depletion does not affect mRNA levels of p53. Real-time PCR was performed as in Figure 1C, *P<0.01. (D) DNA-binding activity
of p53 for promoters of the indicated genes increases by depletion of synoviolin. (E) Transactivation activity of p53 is increased upon depletion
of Synoviolin. Relative transactivation activity was determined by normalizing lucilerase to an internal control, f-Gal activity from RSV-p-gal
plasmid. RLU, relative light units. (F) siRNA depletion of synoviolin causes activation of p21 expression. (G) siRNA-induced depletion of
synoviolin induces G, arrest. The cell-cycle profile was determined by propidium iodide staining and FACS. The results represent the average of
triplicate experiments. Data in (C), (E) and (F) are mean+s.e.m. of four experiments.

shift assay (EMSA) (Figure 2D). We also noted three times
increment of luciferase activities on GADD45-MLP-Luciferase
reporter plasmid in synoviolin-deficient RKO cells compared
with GFP-siRNA-treated RKO cells (Figure 2E). Moreover, In
Syno siRNA-treated RKO cells, we detected enhanced expres-
sion of p21, one of the target genes of p53 (Figure 2F), and the
accumulation of cells in G; phase and decreased cells in §
phase (Figure 2G). Taken together, the above results indicate
that Synoviolin deficiency is not only associated with increased
levels of p53, but also with functional activation of p53

©2007 European Molecular Biology Organization

Synoviolin sequestrates p53 in the cytoplasm

To understand the molecular mechanism of Synoviolin
induced control of p53, we investigated the interaction between
Synoviolin and p53 in vitro. As shown In Figure 3A, GST-
SynoATM interacted directly with p53 (lane 8). A series of
N-terminus Synoviolin-TM deletion mutants showed that the
amino-acid sequence 236-270 of Synoviolin is responsible for
binding with p53 (lanes 1-6) (this binding domain was
termed provisionally as ‘53BD’). Furthermore, a synthetic
53BD peptide Inhibited Synoviolin-p53 interaction in a dose-

The EMBO Journal VOL 26 | NO 1| 2007 115
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Figure 3 Synoviolin sequestrates p5S3 in the ER through its 53BD-dependent interaction with p53. (A) Identification of p53-binding domain of
Synoviolin in vitro. Black box: p53-binding domain (53BD), gray box: proline-rich domain, oval box: GST. Relative binding ability is denoted as
percentage (100% =SynoATM., lane 8). (B) S3BD-dependent in vivo binding of Synoviolin with p53 in HEK293 cell. (C) Interaction between
endogenous Synoviolin and p53 in HEK293 cells. Cell lysates were immunoprecipitated in the presence or absence of 5DS by using anti-ps3
antibodies, anti-Synoviolin antibodies or control IgG. Inputs and immunoprecipitates were analyzed by Western blot by using anti-p53 or anti-
Synoviolin antibodies. (D) P53 is anchored around ER In a Synoviolin-dependent manner. Saos-2 cells were transfected with HA-p53 (i) or co-
transfected with HA-p53 and Synoviolin-FLAG (ii-v). Panel v shows a merged image with p53 (green), Synoviolin (red) and ER-Tracker stain
(blue). (E) Binding of p53 with Synoviolin is required for p53 anchoring in the ER. 5a0s-2 cells were co-transfected with HA-p53 and Synoviolin
WT-FLAG (I-iii) or SynoviolinAS3BD-FLAG (iv-vi). Merged images are shown in the bottom panels (iii, vi).

dependent manner, whereas a peptide representing amino
acids 322-332 of Synoviolin, used as a negative control, did
not show any inhibitory activity (Supplementary Figure 5).
We also confirmed (n vive, using co-immunoprecipitation
assay, the interaction of transiently expressed exogenous
Synoviolin WT-FLAG and p53, and the necessity of 53BD
was also apparent (Figure 3B). The interaction of these two
molecules was independent of ubiquitin ligase activity of
Synoviolin, because Synoviolin C307S-FLAG lacking E3
activity bound to p53, as its WT (Figure 3B). Furthermore,
endogenous interaction of p53 and Synoviolin was also
confirmed in HEK293 cells (Figure 3C),

116 The EMBO Journal VOL 26 | NO 1 | 2007

Considering the interplay between the ER-resident
Synoviolin and the nuclear p53, we next investigated their
cellular localization in Saos-2 cells, a human osteosarcoma
cell line that lacks the endogenous p53 gene (Fogh et al,
1977), under conditions of transient expression of exogenous
HA-p53 with Synoviolin WT-FLAG or SynoviolinA53BD-FLAG
(Figure 3D and E). By overexpression of HA-p53 alone in
these cells, HA-p53 was localized in the nucleus (Figure 3Di),
as reported previously (Shaulsky et al, 1990). On the other
hand, when HA-p53 was coexpressed with Synoviolin WT-
FLAG, HAp53 was predominantly colocalized with
Synoviolin WT-FLAG in the perinuclear regions, but not in

©2007 European Molecular Biology Organization

= =



A U208 cells

i 1 1. 4

of P53 by Synovioli

$ Yamesaki of af

GFP-siANA

Syno-siANA

N -
N .

Parc-siANA

Figure 4 pS3-related functional differences between Synoviolin and Parc. (A) Nuclear accumulation of p53 by knockdown of synoviolin or
Parc. (B) Different levels of p53 lollowing knockdown of synoviolin compared with Parc,

the nucleus (Figure 3Dii, iii and v). The perinuclear regions
were confirmed to be the ER, by counterstaining with ER-
Tracker Blue-White DPX (Figure 3Div and v). In addition,
ectopically expressed SynoviolinA53BD-FLAG did not affect
the translocation of HA-p53 into the nucleus (Figure 3E).
These results clearly indicate that Synoviolin entraps p53
around ER, and that 538D is required for this sequestration
in vivo. In this regard, a previous study reported that another
RING finger protein, Parc (Nikolaev et al, 2003), also acts as
a cytoplasmic anchor for p53. To compare the characteristics
of Synoviolin and Parc, we investigated pS3 localization in
U20S cells, a human osteosarcoma cell line known lo express
WT p53 (Ponten and Saksela, 1967), after depletion of
synoviolin or Parc (Nikolaev et al, 2003), Treatment with
either Syno siRNA (Figure 4Aii and v) or Pare siRNA (Figure
4Aiil and vi) resulted in accumulation of p53 in the nucleus
with diffused and lesser staining in the cytoplasm, different
from treatment with GFP siRNA. Whereas the nuclear trans
location of p53 was comparable in both Syno siRNA and
Parc siRNA cells, a higher expression of p53 was observed
in synoviolin-deficient U20S cells (Figure 4Ail and iii).
Western blotting analysis also revealed increased level of
p53 in Synoviolin-knockdown but not in Parc-knockdown
cells (Figure 4B). These findings indicate that Synoviolin
regulates both localization and quantity of p53, whereas
Parc does not affect the amount of p53, as reported previously
(Nikolaev et al, 2003).

Synoviolin functions as a novel E3 ubiquitin ligase for
p53 degradation

Considering that Synoviolin interacts with p53 in vitro and
in vive, we next examined whether Synoviolin ubiguitinates
p53. As shown in Figure 5A, polyubiquitinated GST-p53
was detected only in the presence of ATP, PK-His-HA-Ub,
El, E2 (UbcHSc) and SynovioinATM (SynoATM). This
activity was not observed when we used Synoviolin with
mutation in the RING finger domain (Figure 5B), and the
deletion of 53BD also did not show any ubiquitination
activity on p53 (Figure 5B), but this mutant by itself still
preserved the auto-ubiquitination activity (Supplementary
Figure 6). In addition, the 53BD peptide also inhibited poly-
ubiquitination of p53 compared with a control peptide
(amino acids 322-332), although the 53BD peptide did not
influence the auto-ubiguitination activity of Synoviolin

©2007 European Molecular Biolegy Organization

(Supplementary Figure 7). Moreover, ubiquitinated FLAG-
p53 was observed when HA-tagged ubiquitin and
Synoviolin WT were coexpressed in HEK293 cells because
of its easy transfection, but Synoviolin C307S did not
(Figure 5C). As a positive control, p53 was ubiquitinated by
MDM2 in an in vive ubiquitination assay (Figure 5C) (Haupt
et al, 1997; Kubbutat et al, 1997).

In the next step, we tested the implication of ubiquitination
of pS3 by Synoviolin in the degradation of p53 in vivo. In
HEK293 cells, overexpressed Synoviolin WT significantly
shortened the half-life of endogenous p53, whereas
Synoviolin C3075 and SynoviolinA53BD did not increase
the degradation rate of p53 (Figure 5D top, mock: 125.5+
18.2 min, Synoviolin WT; 44.8+3.8min, Synoviolin C307S:

7.3+26.8min and SynoviolinA53BD: 161.0+41.4 min)
These results indicate that Synoviolin is responsible for the
turnover of p53 as its E3 ubiquitin ligase in vivo, Consistent
with these data, the half-life of p53 was significantly pro-
longed in Syno™~ MEFs (Figure 5D (bottom]), Syno™
MEFs: 26.1+41.6min; and Syno™'~ MEFs: 120.0+ 30.3 min.
P<0.05) as well as RKO cells treated with synoviolin siRNA
(Supplementary Figure 8). In this regard, several ubiquitin
ligases, such as Copl (Dornan et al, 2004), Pirh2 (Leng et al
2003) and MDM2 (Haupt et al, 1997; Kubbutat et al, 1997),
are already reported to negatively regulate p53 (Bode and
Dong, 2004). To ascertain the significance of Synoviolin
relative to these ligases, we compared the effects of depletion
of synovielin and/or Copl, Pirh2 or MDM2 on the expression
level of p53 in RKO cells. The amount of p53 by synoviolin
ablation was less than that by MDM2 ablation, but equivalent
to that by Copl ablation. Depletion of synoviolin in cells
treated with siRNA for Copl, Pirh2 or MDMZ2 non-redun-
dantly increased p53 levels (Figure 5E). Therefore, Synoviolin
functionally targets p53 independent of other ubiquitin ligase
pathways. Then, does Synoviolin regulate pS3 activation
process? To address this question, we applied genotoxic stress
as a stimulus for p53 activation (Kastan et al, 1991; Vogelstein
et al, 2000). Syno siRNA and GFP siRNA-transfected RKO cells
were treated with or without genotoxic stresses such as
camptothecin, actinomycin D and y-irradiation. As expected,
increased level of p53 by Synoviolin knockdown was coop-
eratively enhanced by treatment with genotoxic stresses in
these cells (Figure 5F). Thapsigargin induced Synoviolin
expression, as reported previously (Yagishita et al, 2005),
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Figure 5 Synoviolin up-regulates p53 level in cells under normal and genotoxic stress conditions. (A) Synoviolin ubiquitinates p53 in vitro.
(B) The ubiquitination of p53 Is dependent on an intact RING finger domain. (C) WT Synoviolin, but not RING finger mutant, ubiquitinates
p53 in vivo. (D) Synoviolin over-expression in HEK293 cells increases degradation of p53 {top). At 24 h after the transfection with empty vector,
wild type Synoviolin (WT), mutants in RING finger domain (C307S) or p53 binding domain deletion mutant (AS3BD), p53 expression was
examined at indicated time of cycloheximide treatment. Degradation of p53 is inhibited in synoviolin knockout MEFs (Syno™'~) compared with
wild type MEFs (Syno*’*). The p53 expression was examined after the indicated time of cycloheximide treatment. The remaining p53
expressions were normalized to B-actin expression and plotted against time (minutes). (E) Effects of knockdown of Synoviolin and/or other
known E3 ubiquitin ligases for p53 on the level of p53 in RKO cells. Quantified p53 level is expressed as relative levels (1.0 =GFP-siRNA treated
RKO cells). (F) Genotoxic stress induces p53 accumulation in the absence of Synoviolin. GFP- siRMA (G). syno siRNA (5). At 48h after
transfection, the RKO cells were treated with vehicle, camptothecine (CPT, 0.5 uM), actinomycin D (ActD, 5 nM], X-Ray (9 Gray) or thapsigargin (TG,
1 uM) for 6h. (G) Synovialin knockdown sensitizes cells to genotoxic stress. At 48 h after transfection, cells were exposed to the indicated doses of
fonizing-radiation for 24 h, followed by PACS analysis to detect annexin V-positive cells, Data in (D) and (G) art mean+s.em. of n=3. *P<0.05.

which was abolished in Syno siRNA-transfected RKO
cells (Figure 5F). Consistent with the findings of a previous
report (Qu et al, 2004), thapsigargin, an ER stress inducer,
destabilized p53 expression compared with vehicle treatment
in GFP siRNA-treated RKO cells, Interestingly, the thapsigar-
gin-induced inhibition of p53 expression was reversed, at
least in part, by the ablation of Synoviolin (Figure 5F).
In addition, the sensitivity of syno siRNA-treated RKO cells
to y-irradiation was significantly increased compared
with GFP siRNA-treated RKO cells (Figure 5G). Considered
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together, these results indicate that Synoviolin also partici-
pates in genotoxic stress response through the mechanism
identified here.

Synoviolin regulates p53-dependent apoptotic pathway
in vivo

The above experiments provided several pieces of evidence
that Synoviolin is a novel class of E3 ubiquitin ligase for p53.
However, the majority of the results obtained from cultured
cells may not fully reflect the physiological function of p53 in
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the context of the whole organism. Therefore, we used
Drosophila to confirm the association between Synoviolin
and p53. Among Drosophila clones, CG1937 was identified by
BLASTP (protein-protein blast analysis using flybase—
htp://flybase.bio.indiana.edu/blast/) as the gene with 63%
homology to mammalian Synoviolin, and the RING domain
of CG1937 is highly conserved (82 %] and in vitro ubiquitina-
tion assay evidently indicated that Drosophila Synoviolin
(dSyno) ubiquitinates Drosophila p53 (Dmp53) (Figure GA)
(Ollmann et al, 2000). To investigate the role of Synoviolin in
p53 regulation in the whole organism, we generated trans-
genic flies in which Dmp53 or dSyno was overexpressed
by tissue-specific Gald driver (Harrison et al, 1995). By
crossing each transgenic fly, we generated el6E-Gald/UAS-
Dmp53;UAS-dSyno/ + flies, in which both Dmp53 and dSyno
could be overexpressed in the posterior halves of wings by
el6E-Gal4 driver. The expression level of Dmp53 in the wing
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discs was significantly decreased in el6E-Gald/UAS-
Dmp53,UAS-dSyno/ + discs compared with el6E-Gald/
Dmp53; +/ + discs (Figure 6B). Moreover, acridine orange
staining of apoptotic cells in these discs demonstrated that
the level of apoptosis induced by overexpression of Dmp53
was diminished by dSyno overexpression (Figure 6C). These
results indicate that dSyno affects Dmp53 protein levels in the
fly system, similar to the results of the cell culture system.
In addition to decreased Dmp53 protein level by dSyno in
the wing discs of adult flies, dSyno altered the wing pheno-
type. Namely, overexpression of Dmp53 by el16E-Gal4 driver
caused bubbled wing phenotype at the posterior half of wings
(Figure 6Di). This phenotype was completely suppressed
by dSyno overexpression (Figure 6Dii and Supplementary
Table 1). Overexpression of dSyno alone by elGE-Gal4 driver
also produced wing phenotype (weak wrinkling of the poster-
ior edge of the wing) (Figure 6Diii). This wrinkled phenotype

(Density INT/mm?}

Retativa p53 protein leval

a16E-Gald/UAS-DmpS3 : UAS-dsvno/+

o16E- GaW'UAS Dmps:i
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Figure 6 Synoviolin directly regulates p53-dependent apoptotic pathway in Drosophila fly. (A) Fly homolog of Synoviolin ubiquitinates fly
homolog of p53 in vitro. GST-fusion Drosophila melanogaster pS3 (Dmp53) was incubated with or withowt ATP, His-PK-HA-Ub, His-El
(human), His-UbcH5C (human) and Drosophila Synoviolin (dSyno)ATM. Ubiquitinated proteins were probed with anti-HA antibody. (B) P53
protein level of wing discs was determined by immunostaining using anti-Dmp53 antibody (left). 2 representative pictures of each fly are
shown. The fluorescence intensity of each 15 fly disc was quannhcd and the net density level (Density INT/mm") was determined by
subtracting the density level of the background area (anterior half of disc) from the measured level of the target area (posterior half of disc)
(right). Data are mean +s.e.m. of n= 15. (C) Apoptosis was examined by Acridine orange staining of wing disc. Overexpression of dSyno in the
posterior half of the discs reduced Dmp53 overexpression-induced apoptosis. (D) Overexpression of dSyno suppressed the Dmp53-induced
bubbled wing phenotype. The extent of wing bubble (*) in el16E-Gald /UAS-Dmp53 flies varied with age, but the penetrance of bubbled wing
phenotype was close to 100% (Supplementary Table 1). Overexpression of dSyno suppressed the Dmp53-induced bubbled wing phenotype, but
dSyno-induced wrinkled phenotype at the posterior edge of wing was still observed (arrow).
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induced by dSyno overexpression was not affected by Dmp53
in the double overexpressing flies (Figure 6Dii and ili, arrow).
These results confirm that dSyno regulates Dmp53 protein
level in vivo and such regulation might be accomplished
through ubiquitination of dDmp53.

To determine whether this phenotypic suppression of
Dmp53 by dSyno is specific to Dmp53, we investigated the
interaction between dSyno and the upstream activators of
p53 such as dATM, CHK2, using the same strategy. None of
these activators showed interaction with dSyno (data not
shown), suggesting that dSyno regulates Dmp53 protein
level directly in vivo.

Discussion

We provide concrete evidence for the first time of the func-
tional relationship between Synoviolin and p53. As a target
for Synoviolin, p53 is evidently a non-ERAD substrate. In this
regard, DoalOp, the RING finger E3 ubiquitin ligase, is known
not only to be involved exclusively in removing ER proteins
in the ERAD, but also to eliminate cytoplasmic targets,
especially the soluble transcriptional factor Matx2, which
translocates into the nucleus similar to p53 (Swanson et al,
2001; Laney and Hochstrasser, 2003). Thus, our finding can
be viewed within the same framework of yeast though in
higher eukaryotes. In the meantime, it was proposed that the
ERAD in yeast is composed of two distinct surveillance
mechanisms, that is, the folded state of luminal domains
and the cytosolic domains are monitored by ERAD-luminal
(ERAD-L) and ERAD-cytosolic (ERAD-C) pathways, respec-
tively (Vashist and Ng, 2004; Nishikawa et al, 2005). Hrd1p is
recognized as an ERAD-L ligase; however, this classification
is not applicable to Synoviolin as a human homolog of yeast
Hrd1, because Synoviolin can target both ERAD-L substrate
and cytoplasmic p53 (ERAD-C substrate). Therefore, we
propose the novel regulatory system of Synoviolin as a
different classification of the ERAD-L/C pathway.
Maintenance of homeostasis is an important cellular func-
tion, and cells are equipped with various processes to main-
tain their conditions. Transcriptional alteration mediated by
p53 results in a variety of cell fate changes, including growth
arrest and apoptosis (Vousden and Lu, 2002; Meek, 2004).
Normally, the cell maintains low levels of p53 through rapid
protein degradation via the UPS by the function of ubiquitin
ligases. In contrast, under genotoxic stress conditions, stabi-
lization of p53 is promoted and the diffusely distributed p53
translocates to the nucleus owing to growth inhibition and
apoptosis by its transcriptional activity. Thus, adjusting the
level and nuclear localization of p53 are two essential pro-
cesses for cells in order to maintain the physiological state.
Although p53 mutations have been documented in more than
half of all human tumors (Hollstein et al, 1999), it is also
known that tumor cells retain WT p53. In this regard,
functional inactivation of WT p53 by abnormal cytoplasmic
sequestration is frequently observed in many tumor types
(Moll et al, 1992, 1996; Schlamp et al, 1997). The RING finger
protein Parc is considered to act as a cytoplasmic anchoring
molecule of p53, but this clone does not have a p53 ubiqui-
tination activity (Nikolaev et al, 2003). On the other hand,
our present findings demonstrated that Synoviolin not only
anchors p53 in the cytoplasm, but also ubiquitinates it, and
thus differs from Parc (Figure 4). Moreover, Synoviolin
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diverges from other ligases for p53; each of the three ubiqui-
tin ligases for p53 (MDM2, Pirh2 and Copl) forms an auto-
regulatory negative feedback loop, resulting in lower p53
activity upon its expression, but these three ligases are target
for the p53 transcriptional pathway (Dornan et al, 2004; Leng
et al,- 2003), whereas the expression of Synoviolin is not
regulated by p53 (Figure 5F). Indeed, the synoviolin promoter
reglon does not have a p53 target sequence, whereas it
contains the ER stress responsive element (Tsuchimochi
et al, 2005) and responds to the stress (Figure S5F). The
reason for the multiple post-translational steps for ps3 is
the enormous importance of this molecule in maintaining
cellular homeostasis, p53 is negatively regulated by various
ubiquitin ligases, such as MDM2, MdmX, HAUSP, ARF, COP1,
Pirh2 and ARF-BP1 (Brooks and Gu, 2006), and it is assumed
that each molecule has its specific roles in p53 control.
Among them, Synoviolin is alsc a unique regulator of p53
because of its independency from other ligases and transcrip-
tional regulation by p53. ER localization and canonical func-
tion in ERAD.

In the present study, we demonstrated that Synoviolin
participates in genotoxic stress-mediated p53 signaling, and
its to participation in the ER stress-induced apoptosis is also
well known (Bordallo et al, 1998; Kaneko et al, 2002; Kikkert
et al, 2004; Yagishita et al, 2005). Therefore, Synoviolin seems
to regulate two distinct apoplotic pathways and the ubiqui-
tination of pS3 by Synoviolin may be another target for
crosstalk between them. Another linkage between ER stress
and pS3 pathway is also implicated by our finding that UPR
markers are increased in cells with synoviolin knockdown
(data not shown). Two reports described a crosstalk of p53-
and ER stress- induced apoptosis pathways, that is, ER stress
antagonizes pS3-mediated apoptosis through the cytoplasmic
localization of pS3 due to phosphorylation by glycogen
synthase kinase-3f (GSK-3p) (Qu et al, 2004), and p33
destahilization utilized the cooperative action of MDM2 and
GSK-3p in ER-stressed cells (Pluquet er al, 2005). In this
regard, it is important to note that UPR activation upon
Synoviolin knockdown in RKO cells may be related to ER
stress with impaired ERAD system. Since Synoviolin null cells
show upregulation of pS3, it is possible that the effect of p53
stabilization by Synoviolin knockdown exceeds the p33
destabilization effect of UPR induced by Synoviolin knock-
down. This hypothesis may be supported by the finding
that synoviolin siRNA trealment seemed to restore the ex-
pression of p53 at least in part, which was suppressed by ER
stress (Figure 5F). The regulatory action of Synoviolin on p53
under ER stress Is obviously more complex, because ER stress
also induces Synoviolin expression. Further studies are
necessary to determine the physiological regulatory role of
Synoviolin in p53 expression under ER stress conditions.

The function of p53 in patients with RA is still controver-
sial (Firestein et al, 1997; Reme et al, 1998; Inazuka et al,
2000; Muller-Ladner and Nishioka, 2000; Sun and Cheung,
2002). Mice lacking p53 do not develop spontaneous arthro-
pathy but have severe collagen-induced arthritis (CIA)
(Yamanishi et al, 2002; Simelyte et al, 2005). As we reported
previously, overexpression of Synoviolin resulted in sponta-
neous arthropathy and its deficiency resulted in resistance
to CIA in mice (Amano et al, 2003), Therefore, we assumed
that the severity of arthritis could be determined by the
Synoviolin-p53 control pathway and that the onset of spon-
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taneous arthropathy may be caused by p53-independent
pathway in these models. The influence of these relationships
on arthritis is currently being examined in our laboratories,
using synoviolin and p53 double null mutant mice. We hope
that our research could uncover new pathogenic mechanisms
of RA. Furthermore, since p53 Is an important tumor sup-
pressor gene, we believe that Synoviolin could be a useful
therapeutic target for not only RA but also cancer based on its
cytological and biochemical features, i.e., cytoplasmic locali-
zation and enzymatic activity (Hopkins and Groom, 2002).

In conclusion, we demonstrated that Synoviolin acts as an
ERAD E3 ubiquitin ligase that controls cellular p53 and thus
opens, a new concept for proliferative disorders such as RA
and cancer.

Materials and methods

Plasmids

pcDNA3/Synoviolin WT or C3075-FLAG, pcDNA3/HA- and FLAG-
p53, pcDNA3/MDM2 and pcDNA/HA-Ub plasmids have been
described previously (Amano et al, 2003; Matsushita et al, 2005),
Deletion of 53BD, MBP- and GST-fusions in Synoviolin deletion
mutants was performed by PCR-based method in this study. To
clone a ¢cDNA encoding Drosophila homolog of human Synoviolin
(dSyno), 2282bp of CG1937 was cut out from EST GHI1117 with
EcoRl/Xhol, and subcloned into pUAST wvector (Brand and
Perrimon, 1993). The sequences of all plasmids generated by PCR
were confirmed by ABI auto-sequencer.

Cells and transfections

RKO and HEK293 cells were cultured in Minimum Essential
Medium (Sigma) and U20S and Saos-2 in Dulbecco’s modified
Eagle’s medium (Sigma). The sense sequences of sIRNA oligo-
nucleotides to synoviolin are (1) GGUGUUCUUUGGGCAACUG, (2)
GCUGUGACAGAUGCCAUCA, (3) GGUUCUGCUGUACAUGGCE.
Changes in p53 protein in RKO cells were determined by all these
siRNAs. The sense sequence of siRNA oligonucleotides 1o GFP is
GGCUACGUCCAGGAGCGC.

GST pull-down assay

GST-fusion proteins were expressed in Escherichia coli strain BL)
(Invitrogen) and purified by using glutathione-Sepharose beads
{Amersham Biosciences). In vitro-translated *5S-labeled ps3 was
pre-cleaned with 10ug GST protein for 1h at 4°C, followed by
incubation with 10 pg of each GST-fusion protein in binding buifer
(20 mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid
(HEPES), pH 7.9, 150mM NaCl and 0.2% TritonX-100) for 1h at
4°C. After washing, bound proteins were separated by SDS-PAGE
and detected by BAS.

Immunoprscipitation assay

For co-immunoprecipitation assay between exogenous Synoviolin
and exogenous p53, HEK293 cells were co-transfected with HA-p53
and pcDNA3-Synoviolin WT-FLAG, pcDNA3-SynoviolinA53BD-
FLAG or pcDNA3-Synoviolin C3075-FLAG plasmids. Cell extracts
were prepared with high-salt buffer (20 mM HEPES pH 7.2, 420 mM
NaCl, 10% glycerol, 0.5% NP-40, 0.5 mM dithiothreitol (DTT), and
1 mM phenylmethylsulfony! fluoride (PMSF)) and diluted at three-
fold with 0.5mM DTT and a protease inhibitor solution, followed
by incubation with mouse IgG or anti-FLAG antibody. Precipitated
proteins were detected by anti-HA or antl-FLAG antibodies.

To detect the interaction between endogenous Synoviolin and
p53, HEK293 cells were lysed in 100mM Tris-HCl, 80mM NaCl,
1 mM EDTA, 5mM EGTA, 5% glycerol, 2% (w/v) digitonin, 0.1%
Brij 35, protease inhibitor cocktail and 20 uM of MG132.
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Immunoprecipitation was carried out in the presence or absence
of SDS by using anti-p53 antibodies, anti-Synoviolin antibodies or
control IgG. The immunoprecipitated samples were analyzed by
western blot by using anti-pS3 or anti-Synoviolin antibodies.

In vitro and in vivo ubiquitination assays

The in vitro ubiquitination assay was conducted as described
previously (Amano er al, 2003). For the peptide inhibition assay,
reaction solutions lacking no MBP-SynoviolinATM-6xHis and ATP
were incubated with 538D or control peptides (50, 100, and 200 pM)
for 30min at 4°C. Reactions were started by addition of MBP-
SynoviolinATM-6xHis and ATP and incubating at 37°C.

For the (n vivo ubiquitination assay, HEK293 cells were
transfected with pcDNA3/HA-Ubiquitin, pcDNA3/FLAG-pS3, and
pcDNA3/Synoviolin WT, C3075 or pcDNA3/MDM2. At 24 h post-
transfection, cells were treated with MG132 (10 uM) for 1 h, then the
cells were lysed in SDS containing buffer (S0mM Tris, pH 7.5,
0.5mM EDTA, 1% SDS, and | mM DTT) and boiled for 5min to
denature the proteins. The denatured samples were diluted with
immunoprecipitation buffer (S0mM Tris, pH 7.5, 2mM EDTA,
150 mM NaCl, and 0.1% NP-40 and protease inhibitor cocktail) and
the ps3 protein was immunopurified by using anti-p53 antibody.
Ubiquitinated p53 was detected by western blotting by using anti-
HA antibody.

Immunastaining of fly wing discs

Fly wing discs were dissected in PBS, fixed in a buffer containing
50mM Tris-HCI, pH 6.8, 1mM EGTA, 1% Triton x-100, 2mM
MgSO,, 150mM NaCl, and 2.2% formaldehyde for 15min, and
blocked using a blocking buffer (50 mM Tris-HC, pH 6.8, 150 mM
NaCl, 0.5% NP-40 and 5 mg/ml BSA), The fixed wing discs were
incubated overnight at 4°C in a 1:200 dilution of anti-Dmp53
(d-200) antibody. After washing in a wash bulfer (50 mM Tris-HCl,
pH 6.8, 150mM NaCl, 0.5% NP-40 and 1 mg/ml BSA), they were
incubated for 3h at 4°C in donkey anti-rabbit FITC at 1:200 dilution,
washed with the wash buffer and then mounted in a mounting
solution (50 mM Tris-HCl, pH 6.8, 30% glycerol, 150 mM NaCl, and
5mg/ml phenylethylendiamine). The fluorescence intensity of each
disc was quantified with Quantity One software (Bio-Rad Labora-
tories). Acridine orange staining was performed as reported
previously (Brodsky et al, 2000).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal .org).
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Effects of Cyclosporin A on the Activation of Natural
Killer T Cells Induced by «-Galactosylceramide

Takashi Kajiwara,' Yukihiro Tomita,"® Shinji Okano,” Toshiro Iwai,' Youichi Yasunami,*
Yasunobu Yoshikai,* Kikuo Nomoto,” Hisataka Yasui," and Ryuji Tominaga™®

Background. Natural killer T (NKT) cells play crucial roles in preventing autoimmune diseases and inducing trans-
plantation tolerance. We investigared whether cyclosporin A (CsA ), which is generally used in clinical transplantation
and autoimmune disease therapy, could modulate the NKT cell activation induced by a-galactosylceramide { a-GalCer)
treatment.

Methods. C57B1/6 (B6) mice were given daily intraperitoneal injections of CsA (30 or 50 mg/kg) from day =1 and
injected intravenously with a-GalCer (2 pg/mouse) on day 0. The kinetics of NK1.1 *CD3 " or NK1.1* Thy1.2* cellsin
the liver and spleen were analyzed by flow cytometry. Apoprosis of NK1.17CD37 cells, cytokine levels (interleukin
|1L]-2, 1L-4, IL-10 and interferon [IFN|-y) in the recipient serum and changes in dendritic cell activation in the spleen
were analyzed.

Results. In B6 mice treated with a-GalCer, NK1.1"CD3" cells rapidly decreased in both the liver and spleen, and
repopulated ro their normal levels by day four, while NK1.1 " Thy1.2" cells rapidly decreased, expanded by day four and
reduced to their normal level by day 15, When B6 mice were treated with a-GalCer plus 30 or 50 mg/kg CsA.
NKI.17CD3" or NK1.1" Thy1.2" cells were similarly decreased and then expanded via extensive proliferation by day
seven or four, respectively. When B6 mice were treated with a-GalCer, substantial amounts of 11.-2, 1L-4 and IFN-y
were produced, and the surface markers of dendritic cells were upregulated. However, these cytokine productions and
maturation of dendriric cells were profoundly suppressed after rreatment with w-GalCer and CsA. Apoptosis of
NKL1"CD3" cells was not affected in mice treated with a-GalCer or a-GalCer and CsA.

Conclusions. CsA suppresses a-GalCer-induced cytokine productions and dendritic cell maturation of mouse NKT
cells but does not decrease NK1.1"CD3" cells on day one. The modulation of NKT-mediated im gulatory
functions by CsA requires careful consideration in clinical transpl ion and autoi li therapy.

Keywords: Natural killer T cells, Cyclosporin A, a-galactosylceramide.

(Transplantation 2007;83: 184-192)

Natuml killer T (NKT) cells have been characterized as
cells that coexpress the natural killer (NK) cell marker
NK1.1 and the T-cell receptor (TCR) (/—4). Although their
natural ligands have not been well characterized, NKT cells
recognize and are strongly stimulated by a glycolipid antigen,
a-galactosylceramide («-GalCer), presented by the major
histocompatibility complex (MHC) class I-like molecule
CD1d (5). By using flow cytometry (FCM) and RNA extrac-
tion assays, initial studies have revealed that a-GalCer quickly
activates NKT cells, which then become undetectable. This
finding is correlated with increased apoptosis and increased
expression of Fasand FasL by NKT cells (6 -8). Another study
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reported a similar disappearance of NKT cells in vivo after
stimulation with an anti-CD3 mAb or IL-12 (9). This demise
of NKT cells after treatment with an anti-CD3 mAb or inter-
leukin (IL)-12 was usually followed by repopulation within
two to three days after the stimulation due to homeostatic
proliferation in the bone marrow. On the other hand, more
recent studies have suggested that receptor down-regulation
is the primary cause of the NKT cell disappearance and reap-
pearance following «e-GalCer treatment (10-12).

After recognition of a-GalCer, NKT cells activate and
rapidly secrete large amounts of both Thl and Th2 cytokines,
such as [L-4 and interferon (IFEN)-y (5). The activation of
NKT cells has been considered to develop their immunoregu-
latory functions through Thl and/or Th2 cytokines. NKT
cells activated by a-GalCer have been shown to play impor-
tant roles in preventing autoimmune diseases and enhancing
anti-tumor cytotoxicity (13-16). In transplant immunity,
NKT cells play vital roles in the induction of not only allograft
tolerance but also xenograft tolerance, although the precise
mechanisms for these effects have not yet been clarified (17, 18).

Cyclosporin A (CsA) is a popular immunosuppressive
drug that is widely used in organ transplantation and aulo-
immune disease therapy. In mice, a middle dose (30 mg/kg)
of CsA suppresses IL-2 production by CD4 " helper T cells,
whereas a high dose (75 mg/kg) suppresses that by both
CD4" and CD8 " helper T cells (19). Paradoxically, however,
CsA can cause autoimmune diseases (20, 21) and a grafi-
versus-host (GVH)-like syndrome in syngeneic bone marrow
transplantation (22, 23), and interfered with the induction of
allograft tolerance in rodents (24). Because NKT cells play
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essential roles in the maintenance of tolerance and prevention
of autoimmune diseases, breakdown of the transplantation
tolerance or autoimmune disease prevention induced by CsA
may be caused via the suppression of NKT cell functions.

Therefore, in the present study, we investigated whether
middle and high doses of CsA (30 and 50 mg/kg, respectively)
could modulate the activation of NKT cells following treat-
ment with a-GalCer on day 0. After treatment with a-GalCer
and CsA, a similar rapid disappearance of NK1.1 "CD3" cells
was observed on day one, but these cells subsequently increased
to a higher level than that after treatment with «-GalCer alone.
Cytokine productions were completely suppressed and
CD11c* dendritic cells did not become mature after treat-
ment with - GalCer and CsA. These results indicate that CsA
could completely suppress the cytokine productions by NKT
cells, but did not down-regulate their surface markers, There-
fore, the results of the present study suggest that suppression
of the immunoregulatory functions of NKT cells by CsA may
be one of the causes of autoimmune disease development and
interfere with tolerance induction.

MATERIALS AND METHODS

Animals

Inbred female mice of the C57BL/6 SnSlc (B6; H-2°)
strain were obtained from Japan SLC Inc. (Hamamatsu, Shi-
zuoka, Japan), and used at 8—16 weeks of age. All animals
received humane care in compliance with hoth the Guidelines
for Animal Experiments of Kyushu University and the Law (No.
105) and Notification (No. 6) of the Japanese government.

Reagents

a-GalCer (KRN7000) was kindly provided by Kirin
Brewery (Takasaki, Japan), dissolved in 0.5% polysorbate 20
at a concentration of 200 ug/ml and then further diluted with
0.9% NaCl. CsA (Novartis Pharmaceuticals, Basel, Switzer-
land) was dissolved in 0.9% NaCl at a concentration of 2
mg/ml.

In Vivo Treatments

Mice were injected intravenously (i.v.) with 2 pg of
a-GalCer. Asa control, mice were injected with an equivalent
amount of vehicle, namely 0.5% polysorbate 20 and 0.9%
NaCl. From one day before the a-GalCer treatment, mice
received daily intraperitoneal (i.p.) injections of CsA (30 or
50 mg/kg). The day of the a-GalCer injection is referred to as
day 0 throughout this report.

Cell Preparation

Mice were sacrificed by decapitation, and cell suspen-
sions were prepared from the liver and spleen. The liver was
disrupted in Roswell Park Memarial Institute (RPMI) 1640
medium (Gibco, Grand Island, NY) supplemented with 10%
fetal calf serum (FCS) by pressing the liver fragments between
two glass slides, then washed, resuspended in 40% isotonic
Percoll solution (Amersham Biosciences, Piscataway, NJ) and
overlaid on 67.5% isotonic Percoll solution. Following cen-
trifugation at 3000 rpm for 30 min at room temperature, liver
mononuclear cells (LMNC) were isolated from ihe interface,
washed twice with Hanks balanced salt solution (HBSS) con-
taining 2% FCS and then resuspended in the same solution,
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The spleen was disrupted in RPMI 1640 medium in the same
manner as the liver, and then washed with HBSS containing
2% FCS. The spleen cell (SC) suspensions obtained were fil-
tered through cotton gauze and washed twice with HBSS con-
taining 2% FCS. Viable nucleated cells were counted and usu-
ally adjusted to 1107 cells/mL..

Thymectomy

Recipients were anesthetized by an i.p. administration
of 50 mg/kg phenobarbital (Nembutal; Shionogi, Osaka, Ja-
pan). After a partial sternotomy, a thymectomy was per-
formed via an en bloc excision using two forceps (25). The
absence of thymic tissue was always confirmed when the
thymectomized animals were sacrificed, and animals show-
ing the presence of residual thymic tissue were excluded from
the analysis.

Flow Cytometry

The surface phenotypes of the LIMNC and SC were
identified by two-color FCM. Cells were incubated with phy-
coerythrin (PE)-conjugated anti-NKI1.1 or anti-CD5 (BD
PharMingen, San Diego, CA), biotin-conjugated anti-CD3e
or anti-NK1.1 (BD PharMingen) monoclonal antibodies
(mAbs) and fluorescein isothiocyanate (FTTC)-conjugated anti-
Thyl.2 (BD PharMingen) for 60 min at 4°C and then washed
twice with HBSS containing 29 FCS, Biotin-conjugated re-
agents were developed with FITC- or allophycocyanin (APC)-
conjugated streptavidin (SA; BD PharMingen).

Todetect the NKT cells undergoing apoptosis, three-color
FCM was used. LMNC were isolated at three hr after the
a-GalCer injection. The cells were stained with PE-conjugated
anti-NKI.1 (BD PharMingen) and biotin-conjugated anti-
CD3e (BD PharMingen) mAbs, Biotin-conjugated reagents
were developed with APC-SA (BD PharMingen). Cells were
washed twice in annexin V binding buffer (BD PharMingen)
before labeling with FITC-conjugated annexin V (BD PharMingen)
for 30 min at room temperature in the dark.

To analyze the maturation of dendritic cells (DC), SC
were isolated at 24 hr after the «-GalCer injection. The cells
were stained with FITC-conjugated anti-CD11¢ (BD PharM-
ingen) and PE-conjugated anti-1-A® (BD PharMingen), anti-
CD40 (BD PharMingen), anti-CD80 (BD PharMingen) or
anti-CD86 (BD PharMingen) mAbs for 30 min at 4°C. To
block nonspecific FeyR receptor binding of the labeled anti-
bodies, 10 pl. ofan undiluted culture supernatant containing
2.4G2 (a rat antimouse FcyR mAb) was added to the first
incubation, and then washed. All data were analyzed with a
FACSCalibur (Becton Dickinson, Sunnyvale, CA), Dead cells
were excluded by gating out low forward scatter and high
propidium iodide-retaining cells.

Cytokine Secretion Following In Vivo a-GalCer
Treatment

Mice were injected with either a-GalCer or vehicle
alone and then bled after 2 or 18 hr. The cytokine levels (11-2,
IL-4, [L10 and IFN-y) in the serum were determined using a
standard sandwich enzyme-linked immunosorbent assay
(ELISA) (BioSource International Inc., Camarillo, CA).
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Statistics

The statistical significance of the data was determined
using Students ¢ test. A P value of less than 0.05 was consid-
ered to be statistically significant.

RESULTS

Kinetics of the Percentages of NK1.1°CD3" Cells
in the Liver and Spleen of Recipient Mice
Treated with a-GalCer and CsA

When a-GalCer is administered to Bé mice, a rapid
reduction followed by restoration has been shown for
NKI1.1'CD3" cells among the LMNC and SC (5, 26). Here,
we examined the effects of CsA on the kinetics of NKI.
1'CD3" cells induced by a-GalCer. A middle or high dose of
CsA (30 or 50 mg/kg, respectively) was injected i.p. daily from
one day before the a-GalCer treatment. As shown in Figure 1A,
the percentage of NK1.1°CD3" cells in the LMNC rapidly de-
creased to less than 2% on day one, was restored to around 8%
by day four and then remained constant until day 15 in mice
treated with a-GalCer. In the LMNC of mice treated with
a-GalCer plus 30 mg/kg CsA, the NK1.1'CD3" cells were
reduced to less than 2% on day one, restored to the normal
level by day seven and then reduced to about 13% by day 15.
In the LMNC of mice treated with a-GalCer plus 50 mg/kg
CsA, the NK1.1°CD3" cells were similarly reduced to less
than 2% on day one, restored to above the normal level by day
seven and then reduced to the normal level by day 15. Similar
results were observed for the SC of mice treated with a-GalCer
plus 30 or 50 mg/kg CsA, and representative dataare shown in
Figure 1A. We analyzed the early response of NKT cells afier
treatment with a-GalCer or a-GalCer and CsA by using other
T-cell markers such as CD5 or Thyl.2. The kinetics of the
NKL.1"CD5" cells after treatment with a-GalCer or a-GalCer
and CsA were same as those observed for the NK1.1"CD3"
cells (data not shown). The kinetics of the NK1.1 ' Thyl.2*
cells in the liver and spleen of recipient mice treated with
a-GalCer and CsA are shown in Figure | B. In the liver of mice
treated with a-GalCer alone, NK1.1 Thy1.2" cells rapidly
decreased on day one and repopulated by day four. In the liver
of mice treated with a-GalCer plus 30 or 50 mg/kg CsA,
NKIL.1"Thyl.2" cells also decreased on day one and then
gradually increased by days 7 to 15. In the spleen of mice
treated with a-GalCer alone or a-GalCer plus 30 or 50 mg/kg
CsA, NKI.1 " Thyl.2" cells rapidly decreased on day one, in-
creased 1o above the normal level by days four and seven and
then returned to the normal level on day 15.

Kinetics of the Numbers of NK1.1*CD3" Cells
among the LMNC and SC of Mice Injected with
a-GalCer and CsA

We further examined the numbers of total cells and
NKL.1°CD3" cellsin the liver after treatment with a-GalCer
and CsA. The LMNC counts did not change significantly on
day one, increased by day four and then decreased lo the
normal level by day 15 in mice treated with a-GalCer alone or
a-GalCer plus 30 or 50 mg/kg CsA (Fig. 2a). The LMNC
dramatically increased in mice treated with «-GalCer alone
(-~ fourfold) and «-GalCer plus 30 or 50 mg/kg CsA {—six- to
cight-fold) on day four. These expansions of the LMNC num-
ber on day four showed significant differences hetween mice

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Transplantation * Volume 83, Number 2, January 27, 2007

treated with ae-GalCer alone and those treated with a-GalCer
plus 30 or 50 mg/kg CsA. Similar results were observed for the
changes in the SC counts, although the LMNC were more
extensively increased than the SC.

In the liver of mice treated with «-GalCer alone, the
NKL.17CD3" cell counts rapidly decreased on day one, were
restored (o the normal level by day four and then gradually
decreased by day 15 (Fig. 2b). On the other hand, the
NKIL.1'CD3" cell counts in the liver of mice ireated with
a-GalCer plus 30 or 50 mg/kg CsA showed similar decreases
on day one, then increased to above the normal level by day
four, further increased on day seven (~fourfold) and gradu-
ally decreased by day |5, There were significant differencesin
the NKI1.1'CD3" cell numbers between mice treated with
«-GalCer alone and those treated with a-GalCer plus 30 or 50
mg/kg CsA on day seven. Similar results were observed for the
changes in the spleen NKT cell counts. Asshown in Figure 1A,
NKI.17CD3" cells in mice treated with a-GalCer plus 30 or
50 mg/kg CsA were still decreased on day four and repopu-
lated by day seven. Therefore, the number of NK1.1'CD3"
cells showed the largest increase on day seven, while the total
number of LMNC showed the largest increase on day four.
NKIL.1"Thyl.2" cells in the liver and spleen of mice treated
with a-GalCer alone or a-GalCer plus 30 or 50 mg/kg CsA
showed rapid decreases on day one and expansion on day
four (Fig. 2c).

Effects of Thymectomy on the Kinetics of the
NK1.1"CD3" Cell Counts After Treatment with
«a-GalCer and CsA

Many studies have suggested that the thymus is in-
volved in the normal development of NKT cells. Therefore,
we investigated whether the thymus was involved in the
repopulation of NKL.1 "CD3" cells after treatment with a-
GalCer and CsA by using thymectomized B6 mice. In thymec.
tomized mice treated with a-GalCer alone or «r-GalCer plus 30
or 50 mg/kg CsA, the percentage of NK1.1 CD3" cells in the
LMNC rapidly decreased on day one, remained the same on
day four and was then restored to above the normal level by
day seven. Therefore, the NK1.1 "CD3" cells in thymecto-
mized mice showed the same kinetics as those in nonthymec-
tomized mice (Fig. 3).

In Vivo Cytokine Responses at 2 or 18 Hours
After Injection of a-GalCer and CsA

To further examine the effects of CsA on the a-GalCer-
induced activation of NKT cells, the productionsof Th1 (IL-2
and y-1EN) and Th2 (IL-4 and IL-10) cytokines were mea-
sured. Al 2 and 18 hr after the administration of a-GalCer,
serum was collected from the mice and the level of each cyto-
kine was determined using a standard sandwich ELISA. Con
sistent with previous studies (7, 13, 14), a-GalCer treatment
induced the productions of IL-2, IL-4 and y-IFN (Fig. 4).
However, these cytokine productions were almost abrogated
in the serum of mice treated with a-GalCer plus 30 or 50
mg/kg CsA.

Maturation of DC After Intravenous Injection of
a-GalCer and CsA

A recent report ( 27) demonstrated that a-GalCer treat-
ment induces the maturation of splenic CD11c’ DC, as indi-
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FIGURE 1. Phenotypic characterization of NK1.1'CD3" cells by two-color immunofluorescence. B mice were injected
with a-GalCer on day 0 and CsA (30 or 50 mg/kg) daily from one day before the «-GalCer treatment. The cells were labeled
with PE-conjugated anti-NK1.1 and FITC-conjugated anti-CD3 mAbs (A) or PE-conjugated anti-NK].1 and FITC-conjugated
anti-Thyl.2 mAbs (B). Liver mononuclear cells (a) and spleen cells (b) were isolated after the indicated times and analyzed
by flow cytometry. The numbers indicate the percentage of cells in the quadrant relative to the total cell population. The
experiment shown is representative of four independent experiments.
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FIGURE 2. Influence of CsA on the induction of cell proliferation after «-GalCer treatment. Cells were labeled with
PE-conjugated anti-NK1.1 and FITC-conjugated anti-CD3 mAbs or PE-conjugated anti-NK1.1 and FITC-conjugated anti-
Thyl.2 mAbs. The kinetics of the total cell numbers (a), NK1.1'CD3" cells (b) and NK1.1'Thyl.2" cells (c) in the liver
mononuclear cells and spleen cells of BE mice treated with a-GalCer and CsA are shown. B8 mice were injected with
«-GalCer onday 0 and CsA (30 or 50 mg/kg) daily from one day before the a-GalCer treatment, Liver and spleen cells were
obtained from B6 mice treated with «-GalCer alone (@ n=4), «-GalCer plus 30 mg/kg CsA (A n=4), n-GalCer plus 50 mg/kg
CsA (M n=4), 30 mg/kg CsA alone (A n=4) or 50 mg/kg CsA alone ({] n=4). Vertical bars represent the SD. *P<0.08,
TP<0.0] vs. mice treated with a-GalCer alone.
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FIGURE 3. Kineticsof NK1.17CD3" cells in thymectomized mice treated with a-GalCer and CaA. The kinetics of the mean
percentages of NK1.1'CD3" cells in the liver mononuclear cells (a) and spleen cells (b) of thymectomized B8 mice treated
with «-GalCer and CsA are shown. Cells were labeled with PE-conjugated anti-NK1.1 and FITC-conjugated anti-CD3 mAbs.
B6 mice were thymectomized at four weeks before the «-GalCer treatment. The thymectomized mice were i.v, injected with
a-GalCer (2 pg) on day 0 and i.p. injected with CsA (30 or 50 mg/kg) daily from one day before the a-GalCer treatment.
Liver and spleen cells were obtained from non-thymectomized B8 mice treated with «-GalCer alone (O n=4), «-GalCer plus
30 mg/kg CsA (A: n=4) or a-GalCer plus 50 mg/kg CsA (] n=4), and from thymectomized B6 mice treated with «-GalCer
alone (® n=4), «-GalCer plus 30 mg/kg CsA (A n=4) or a-GalCer plus 80 mg/kg CsA (M n=4). Vertical bars represent the
8D *P<0.08, 1P<0.01 vz, mice treated with a-GalCer alone.

cated by the up-regulation of 1-A®, CD40, CD80 and CD86,
At 24 hours after a-GalCer treatment, SC were stained with
FITC-conjugated anti-CD11¢c and PE-conjugated anti-1-A",
CD40, CD80 or CD86 mAbs, and the CID 1 1c” cells were an-
alyzed. As shown in Table 1, the expressions of 1-AP, CD40,
CDB80, and CD86 were clearly augmented in the CDIlc" SC

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

of mice treated with a-GalCer alone compared with those of
untreated mice. The increases in the CD40, CDB0, and CD86
expressions were lower in the CDI1c¢' SC of mice treated
with «-GalCer plus 30 or 50 mg/kg CsA than in those of mice
treated with a-GalCer alone. On the other hand, the expres-
sion of I-A® was not augmented in the CD11c* SC of mice
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FIGURE 4. Production of Thl and
(c) IL-4 (d) IL-10 Th2 cytokines in B6 mice at2 and 18 hr
2t 100 after o-GalCer fireatment. B8 mice
5 4 b T8 were injected with CsA (30 or 50 mg/
= B kqg) one day before the a-GalCer treat-
g 10 E 5 ment. The serum levels of 0-2 (a),
- By o IFN-v (b), I1-4 (¢), and IL-10 (d) at 2 and
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0 o hicle were determined by ELISA. The
aGalCae - - - o+ I - - - 5 data shown are the mean=>5D of three
CsA(mgkg) — 10 s - I s - M 50 - 3 50 mice for each group.
TABLE 1. Maturation of surface markers on splenic dendritic cells at 24 hours after treatment with «-GalCer and CsA
Treatment” Median fluorescence intensity (mean values=5D)
Group  a-GalCer(2pg)  CsA(mg/kg)  No.of mice I-A® CD40 CD80 CD86
1 s -_ 4 117462742 46.8+6.2 51.5%25 4032+*55
2 S 30 4 B4B.1+822 379%47 49.0%5.1 IB4=x32
3 - 50 4 633.8x83.7 36.7x3.6 40.7x54 377246
4 + — 4 2714.4+51.8" 151.2+9.8" 186.8217.5*  413.6232.6"
5 + 30 4 B65. 4231097 66,5 16.65" 59.0%6.5° TLIE16.7
6 + 50 4 681.8+91.6 67.1%6.6% 53.124.1% 71.7x18,5%

* Mice received CsA an days =1 and 0 and were injected with a-GalCer on day 0.

¥ P<0.01 vs. Group 1.
“ P<0.05 vs. Group 2.
4 p=0,05 vs. Group 3,
“P<0.0] vs. Group 4.

treated with a-GalCer plus 30 or 50 mg/kg CsA compared
with those of mice treated with CsA alone. However, the aug-
mentations of all these molecules were suppressed in the
CDllc* SC of mice treated with a-GalCer plus 30 or 50
mg/kg CsA compared with those of mice treated with o-
GalCer alone.

a-GalCer-Induced Apoptosis of NK1.1*CD3*
Cells After Treatment with o-GalCer and CsA
Depletion of NK1.1 ' CD3 " cellsamong the LMNC and
SC is already observed a1 three hours after the administration
of a-GalCer, and most of the NK1.1 " CD3 " cells become un-
detectable at 24 hours after the «-GalCer injection. Previous
reports have shown that liver NKI.1'CD3" cells from a-
GalCer-treated mice exhibit a significant increase in annexin
V binding at three hoursafter the injection compared to those
from control mice (6, 7). This observation indicates that the
rapid depletion of NK1.1 'CD3" cells after «-GalCer treat-
ment is primarily due to apoptotic cell death. However, a
recent study showed no significant increase in annexin V
binding in liver NK1.1 *CD3" cells in cr- GalCer-treated mice

(11). Therefore, we tested whether liver NKT cells exhibited
an increase in annexin V binding at three hours after the
injection of a-GalCer and CsA (Table 2). The median fluores-
cence intensity (MFI) and percentage of annexin V-positive
NK1,1"CD3" cells in the LMNC of mice treated with CsA alone
did not differ significantly from those in untreated mice. More-
over, the MFI and percentage of annexin V-positive
NKL1 CD3" cells in the LMNC of mice treated with a-GalCer
alone did not increase significantly compared with those in
untreated mice. Similarly, there were no significant changes
in the MFI values and percentages of annexin V-positive
NK1.1'CD3" cells of mice treated with a-GalCer plus 30 or
50 mg/kg CsA.

DISCUSSION
NKT cells have been characterized as cells that express
an invariant Val4 TCR together with the NK cell marker
NK1.1. To date, a number of studies have reported on the
unique characteristics and physiological functions of NKT
cells (28). NKT cells recognize a glycolipid antigen, o GalCer,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 2. Apoptosis of NKT cells after treatment with a-GalCer and CsA
Treatment® Analysis of annexin V binding in LMNC (means £5D)

Group a-GalCer ( 2 pg) CsA (mg/kg) No. of mice Percent positive cells Median fluorescence i ity

1 - —_ 3 11644 51.2x64

2 - 30 3 129215" 46.2=16.5"

3 - 50 3 18.9x5.4" 55.4=11.4"

4 + — 3 17.6=4.9" 63.1=7.4"

5 + 30 3 16,0%2.3% 61.924.4%

& + S0 3 139%3.5% 55,9720

* Mice received CsA on day = | and 0 and were injected with a-GalCer on day 0,

! No significant difference vs. Group 1.
* No significant difference vs. Group 2.
“ N significant difference vs. Group 3.
" Nosignificant difference vs, Group 4.

presented by CD1d. After this recognition, NKT cells rapidly
produce large amounts of Thl and Th2 cytokines (5). It has
heen reported that a-GalCer induces NKT cells to exert anti-
tumor cytotoxicity and prevent the onset of autoimmune dis-
eases. [n transplant immunity, NKT cells also play a vital role
in the induction of transplantation tolerance (17, 18). In ad-
dition, NKT cells activated by a-GalCer subsequently activate
other cell types, such as NK cells, macrophages, CD4 T cells
and CD8 T cells through their secretion of IFN-y or I1-12,
thereby promoting a functional bridge between innate and
acquired immunity (29). NKT cells have potent immuno-
regulatory functions, and are therefore expected to be useful
for new immunoregulatory protocols or medical therapies
for the suppression of autoimmune diseases (13, [4). Indeed,
administration of a-GalCer was found to prevent NOD mice
from suffering autoimmune diabetes. However, the physio-
logical functions and immune system roles of NKT cells are
not yet completely understood. Therefore, studies on NKT
cells are vigorously being pursued at the present time.

CsA is a very important immunosuppressive drug that
is widely used to suppress graft rejection or treat autoimmune
diseases in clinical practice. CsA binding to a cellular protein
called cyclophilin blocks activation of the transcription fac-
tor, nuclear factor of activated T cells (NFAT) and the tran-
scription of IL-2 and other cytokine genes (30,31). As a result
of these actions, CsA blocks IL-2-dependent growth and dif-
ferentiation of T cells. On the other hand, CsA inhibits the
development of mature single posilive CD4'CD8  and
CD4 CD8" thymocytes and activation-induced cell death
(AICD) in T cells (32-34). Consequently, CsA interferes with
the deletion of autoreactive T cells during ontogeny in the
thymus. These effects of CsA treatment induce the develop-
ment of autoimmune diseases or auto graft-versus-host dis-
ease (GVHD) and increase tumor growth (35, 36). The
achievement of tolerance induction requires AICD during
the early period of induction protocols (37, 38). The admin-
istration of CsA and FK-506, which bind calcineurin and inhibit
its aclivity in the early period of such protocols, interferes with
the induction of tolerance (39-41). We also reported that ad-
ministration of CsA interferes with cyclophosphamide-induced
tolerance (24). However, it has not yet been reported whether
CsA can modulate the immunoregulatory functions of NKT
cells, which play essential roles in autoimmunity and trans-

Copyright @ Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

plantation immunity. Therefore, we investigated the effectsof
CsA administration on the production of large amounts of
cytokines and the activation of DC by NKT cells. In other
words, we investigated whether NKT cells, which regulate the
onset of autoimmune diseases and the induction and main-
tenance of tolerance, show more or less intense immunolog-
ical effects after CsA treatment, If NKT cells show reduced
immunoregulatory functions, this implies that patients with
autoimmune diseases or transplant recipients who are treated
with CsA in clinical practice may also suffer from diminished
functions of NKT cells in a similar manner.

T cells undergo AICD in the context of anti-CD3 stim-
ulation (42). Some studies have shown that administration of
a-GalCer results in rapid death of activated NKT cells by
apoptosis within 24 hours, followed by their repopulation
(6, 7). However, it has recently been reported that anti-CD3
mAb- and a-GalCer-induced apoptotic cell death of NKT
cells is hard to be detected, and that this rapid disappearance
is mainly caused by the downregulation of surface markers
(9-12). In the current study, we observed that the percentage
and absolute number of liver NK1.1°CD3" ¢ells rapidly de-
creased on day one after treatment with «-GalCer and then
returned 1o the normal level by day four. After treatment with
both a-GalCer and CsA, we found a similar rapid disappear-
ance and repopulation of liver NK1.1*CD3" cells to that ob-
served following treatment with a-GalCer alone. Since the
spleen NK1.1"CD3" cells showed the same dynamics after
administration of a-GalCer or «-GalCer and CsA, this indi-
cates that CsA cannot prevent the a-GalCer-induced down-
regulation of NKI.1'CD3" cells.

Next, we investigated the apoptosis of liver
NKL1'CD3" cells after a-GalCer treatment. The apoptosis
of liver NKL.1"CD3 " cells treated with a-GalCer did not
differ significantly from that of untreated cells. After treat-
ment with a-GalCer and CsA, the liver NK1.1°CD3" cells
undergo apoptosis, similar to the case for treatment with
«-GalCer alone. To date, it has been reported that a-GalCer
rapidly induces liver NK1.1 "CD3 " cells to undergo apopto-
tic cell death (6, 7). However, some studies have reported that
a-GalCer-induced apoptosis of NK1.1 *CD3 " cells is not ob-
viously detectable by FCM after staining with annexin V (11).
In addition, the rapid disappearance of NKT cells after a-
GalCer treatment is due nol only to apoptotic cell death but
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also 1o surface receplor downregulation (10, 12). In our
study, CsA did not significantly suppress the apoptosis of
NKIL.1°CD3" cells after ar-GalCer treatment. However, it is
possible that NKT cells which were undetectable by staining
with anti-NK1.1 and CD3 mAbs were induced to undergo
apoptosis after a-GalCer treatment. In mice treated with
a-GalCer and CsA, the liver NK1.1'CD3" cells disappeared
on day one, were repopulated to the control level by day four
and showed more intensive expansion by day seven than
those in a-GalCer-treated mice. Spleen NKI.17 CD3" cells
showed the same kinetics after treatment with a-GalCer and
CsA. On the basis of these results, the expansion of
NKI.1 'CD3" cells by day seven may indicate that CsA sup-
presses the apoptosis of NK1.1*CD3 " cells which were un-
detectable at three hours after the a-GalCer treatment as well
as the apoptosis of other phenotypes of NKT cells after «r-
GalCer treatment.

Itisinteresting that the total numbers of LMNC and SC
were markedly increased in mice on day four after treatment
with a-GalCer and CsA. Since CsA inhibits AICD (34), we
can speculate that this increase consisted of activated but
undetectable NKT cells which escaped from apoptosis and
bystander lymphocytes which were activated by NKT cell ac-
tivation and escaped from apoptosis. Furthermore, there was
amarked increase in the percentage of NK1.1 "CD3" cellson
day four in the liver of mice treated with a-GalCer and CsA.
Previous studies have shown that NKT cells rapidly down-
regulate NK1.1 and afTCR until 24 hr after «-GalCer stim-
ulation. Subsequently, re-expression of afTCR occurs
within two to three days after the treatment, but the NK1.]
malecule remains at a lower level for about seven days (10, 11).
On the other hand, CsA inhibits AICD (34). Thus, we
strongly suggest that the increased NK1.17CD3 " cells may
represent some NKT cells which are downregulated and es-
cape from apoptosis. In the liver of mice treated with «-
GalCer and CsA, NKT cells may start to re-express NK1.1 and
CD3 on day seven and the number NK1.1 "CD3° cells may
reach its peak. This increase in NKI1.1 CD3" cells on day
four was not observed in the spleen. This discrepancy may be
explained by the difference in the absolute numbers of NKT
cells between the liver and spleen. Furthermore, there were
dramatic increases in the total numbers of mononuclear cells
in the liver and spleen on day 4 in mice treated with a-GalCer
and CsA.

NKT cell development takes place in the thymus (43—
45). Therefore, we used thymectomized mice to investigate
the relationship between the thymus and the kinetics of NKT
cells after a-GalCer treatment. When B& mice are treated
with an anti-CD3 mAb, NKT cells (NK1.1 'CD3" ) are rap-
idly depleted, followed by repopulation within two to three
days, and the bone marrow is the major site of this NKT cell
proliferation (9). In the current study, thymectomized mice
showed similar depletion and repopulation of NK1.1 *CD3"
cells to that observed in nonthymectomized mice. These data
indicate that the repopulation of NK1.1°CD3" cells in
er-GalCer-treated mice is not dependent on the thymus.

After administration of a-GalCer, NKT cells produce
large amountsof Th1 and Th2 cytokines. In tumor immunity,
NKT cells play important roles mediated by IFN-vy (7). [1-4
produced by NKT cells is very important for preventing the
occurrence of autoimmune diseases (13, 14). The results of
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the present study have shown that CsA completely suppresses
the production of both Thl and Th2 cytokines. Therefore,
CsA interferes with the activation of innate cytotoxicity and
acquired immunity of NKT cells. This suppression of the im-
munoregulatory functions of NKT cells may cause the onset
of autoimmune diseases, induce progressive lumor growth
and inhibit the induction of immunologic tolerance. These
results imply that the effects on the immunological functions
of NKT cells require careful consideration when immuno-
suppressive therapies with CsA are used for autoimmune dis-
eases and organ transplantation. In the current study, the two
doses of CsA (30 and 50 mg/kg) used had the same suppres-
sive effects on the cytokine productions by NKT cells. 1f we
can specifically suppress the production of either Thl or Th2
cytokines by NKT cells, we can modulate the immunologic
functions of NKT cells or DT and potentially develop new
immunosuppressive methods or therapies.

Activation of NKT cells by a-GalCer induces the mat-
uration of DC, thereby increasing their expressions of several
surface markers. This maturation of DC induces not only the
activation of T cells and B cells but also potent immunoregu-
latory functions via the activation of NKT cells after a-GalCer
treatment. We investigated whether CsA modulated the
expressions of 1-A%, CD40, CD80, and CD86 by DC after
injection of a-GalCer, and found that the a-GalCer-induced
maturation of surface markers on DC was diminished by
CsA. There were no significant differences between the doses
of CsA investigated. Therefore, these findings indicate that
CsA interferes with the potent immunoregulatory functions of
NKT cells, DC and other cells induced after ae-GalCer treatment.

In conclusion, the present results indicate that CsA
modifies the potent immunoregulatory functions of NKT
cells induced by a-GalCer. CsA completely suppressed the
productions of both Thl and Th2 cytokines and DC matura-
tion, but did not affect the decrease in NK1.1 "CD3 " cells on
day one. These findings provide us with important infor-
mation regarding consideration of the influences of im-
munosuppressive drugs on NKT cell functions in clinical
transplantation and autoimmune disease therapy.
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