EMBO

reports

scientific report

Synoviolin promotes IRE1 ubiquitination
and degradation in synovial fibroblasts from
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The E3 ubiquitin ligase synoviolin (SYVN1) functions as an
anti-apoptotic factor that is responsible for the outgrowth of
synovial cells during the development of rheumatoid arthritis.
The molecular mechanisms underlying SYVN1 regulation of cell
death are largely unknown. Here, we report that elevated SYVN1
expression correlates with decreased levels of the protein
inositol-requiring enzyme 1 (IRE1)—a pro-apoptotic factor in
the endoplasmic reticulum (ER)-stress-induced apoptosis path-
way—in synovial fibroblasts from mice with collagen-induced
arthritis (CIA). SYVNT1 interacts with and catalyses IRE1
ubiquitination and consequently promotes IRE1 degradation.
Suppression of SYVN1 expression in synovial fibroblasts from
CIA mice restores IRE1 protein expression and reverses the
resistance of ER-stress-induced apoptosis of CIA synovial fibro-
blasts. These results show that SYVN1 causes the overgrowth of
synovial cells by degrading IRE1, and therefore antagonizes
ER-stress-induced cell death.
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INTRODUCTION

Synoviolin (SYVNT), the mammalian orthologue of yeast Hrd1 (3-
hydroxy-3-methylglutaryl reductase degradation), is a multispan-
ning membrane protein with its carboxy-terminal RING-H2 finger
domain located in the cytoplasm (Hampton et al, 1996). Many
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studies have shown that SYVNT is an E3 ubiquitin ligase for
endoplasmic reticulum (ER)-associated degradation (ERAD), a
process involved in cellular quality control and adaptation of cells
to ER stress induced by degrading misfolded proteins (Friedlander
et al, 2000; Gardner & Swarbrick, 2000). ERAD has been
implicated in many human diseases, including neurodegenerative
diseases (such as Parkinson disease, cerebral ischaemia/hypoxia
and Alzheimer disease) and diabetes (Yoshida, 2007).

SYVNT1 has recently been identified as a rheumatoid regulator,
and its expression is highly associated with the development of
rheumatoid arthritis. Transgenic SYVN1 mice with overexpressed
SYVNT develop spontaneous arthropathy, whereas mice with
reduced SYVNT (SYVNT*/~ mice) are resistant to collagen-
induced arthritis (CIA; Amano et al, 2003). Recently, we showed
that the pro-inflammatory cytokines interleukin-1p and tumour
necrosis factor-o. induce SYVN1 expression in mouse synovial
fibroblasts through the ERK1/2-ETS1 pathway (Gao et al, 2006).
The elevated expression of SYVNT triggers synovial fibroblast
outgrowth, which results from its anti-apoptotic activities (Amano
et al, 2003; Yamasaki et al, 2005).

3-Hydroxy-3-methylglutaryl-coenzyme A reductase is the first,
to our knowledge, identified substrate of Hrd1 and is tightly
regulated by metabolic feedback control (Hampton et al, 1996).
Hrd1 is also involved in ERAD of other ER proteins, such as CPY*
and Sec61-2 (Bordallo et al, 1998; Taxis et al, 2002). Hrd1 uses
the ubiquitin-conjugating enzyme 7 (Ubc?) as a major E2 but also
cooperates with Ubc6 and Ubc1 in ERAD (Gardner & Swarbrick,
2000). To recruit misfolded proteins, Hrd1 forms a 1:1 complex
with Hrd3, an ERAD factor with a large ER luminal domain that
interacts with misfolded substrates (Denic et al, 2006; Gauss et al,
2006). Recently, it was reported that SYVN1 targets p53 for
ubiquitination and degradation to regulate the cell cycle and
apoptosis (Yamasaki et al, 2007), suggesting that SYVN1 can also
target proteins that are not directly involved in ERAD for
ubiquitination to regulate cell death and survival.

CIA, similar to rheumatoid arthritis, is characterized by
overgrowth of articular synovial cells, the so-called ‘pannus’.
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Fig 1| Decreased IRE1 protein expression in synovial fibroblasts from mice with collagen-induced arthritis. (A) The expression of SYVNI1, IRE1, CHOP,

ATF6 and actin in the lysates of synovial fibroblasts from normal and CIA mice were determined by western blotting. (B) The band densities of each

protein in (A) were quantified and shown. (C-F) Total RNA from synovial cells was purified and reverse transcribed into complementary DNA using
oligo-dT primers. The cDNA levels of (C) SYVNI, (D) irel, (E) chop and (F) ATF6 were determined by real-time PCR. Error bars represent data from
three independent experiments. Student’s t-test was used for statistical analysis; *P>0.05; **P <0.05; ***P<0.001. CIA, collagen-induced arthritis;

IRE1, inositol-requiring enzyme 1; SYVNI, synoviolin.

At present, the underlying mechanisms of synovial hyperplasia
are poorly understood. Here, we show that increased expression
of SYVNT correlates strongly with reduced inositol-requiring
enzyme 1 (IRET) and CHOP expression in the synovial fibroblasts
during the development of CIA in mice. Interestingly, SYVN1
is physically associated with and catalyses IRET ubiquitination.
IRET has kinase and RNase activities and transmits an ER
stress signal to the cytosol by targeting proteins involved in
ERAD. As a consequence, IRE1 regulates ER-stress-induced
apoptosis (Mori et al, 1993; Shamu & Walter, 1996; Welihinda
& Kaufman, 1996). These data help us to explain the novel
mechanism by which SYVN1 regulates cell survival and cell death.

RESULTS AND DISCUSSION

Decreased IRET and CHOP expression in CIA synovial cells
As an E3 ubiquitin ligase, SYVN1 might regulate cell proliferation
and apoptosis by downregulating the proteins that are involved in
synovial cell apoptosis. Thus, we determined the expression levels
of proteins involved in ER-stress-induced cell death in synovial
fibroblasts isolated from CIA and naive control mice. Intriguingly,
we found that the expression levels of the pro-apoptotic proteins
IRET and CHOP were significantly decreased (65% and 48%
reduction, respectively) in CIA synovial cells. However, the
expression of activating transcription factor 6 (ATF6), which is
involved in ER stress responses, was not affected by CIA. In
addition, the expression of PERK, a PKR (RNA-dependent protein
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kinase)-like ER kinase that attenuates protein translation in
response to ER stress, did not change in CIA synovial fibroblasts.
Consistent with previous reports (Yamasaki et al, 2005; Gao et al,
2006), the protein expression levels of SYVNT increased about
threefold in CIA synovial fibroblasts when compared with normal
synovial fibroblasts (Fig 1A,B; supplementary Fig 1 online). These
results indicate that upregulation of SYVN1 correlates with the
decreased expression of the anti-apoptotic factors IRET and CHOP
in synovial fibroblasts from CIA mice.

Protein expression could be regulated at either messenger RNA
or protein levels. Therefore, we examined the mRNA levels of
irel, chop, ATF6 and SYVNT in normal and CIA synovial
fibroblasts by using real-time PCR with the B-actin gene as a
control. The mRNA expression levels of both irel and ATF6
were comparable between the two types of synovial fibroblast
(Fig 1D,F), whereas chop mRNA levels were reduced in CIA
fibroblasts (Fig 1E). By contrast, SYVNT mRNA levels were
increased about twofold in CIA fibroblasts (Fig 1C). These results
indicate that the altered expression of both CHOP and SYVNT is
regulated at the mRNA level, whereas IRET expression is affected
at post-mRNA levels during CIA.

SYVNT1 interacts with IRE1

Our findings that the IRE1 protein, but not its mRNA, is decreased
in CIA synovial fibroblasts in which SYVNT1 expression is
increased, prompted us to investigate whether IRET could be a
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Fig 2| Synoviolin interacts with IRE1. (A) Flag-tagged SYVN1 and IRE1
expression plasmids were co-transfected into human embryonic
kidney 293 cells. IRE1 protein in the lysates of transfected cells was
immunoprecipitated with an IRE1 antibody. The interaction of SYVN1
with IRE1 was detected with a Flag antibody (top panel). The same
membrane was reprobed with an IRE1 antibody (middle panel). The
expression levels of SYVN1 in the whole-cell lysates were determined
using a Flag antibody (bottom panel). (B) SYVN1 protein was
immunoprecipitated from the lysate of synovial cells using anti-SYVN1
or normal rabbit IgG. The interaction of IRE1 (top panel) or CHOP
(middle panel) with SYVN1 was detected with IRE1 and CHOP
antibodies, respectively. The same membrane was reprobed with a
SYVNI antibody (bottom panel). IRE1, inositol-requiring enzyme 1;
SYVN1, synoviolin.

target protein for SYVNT1-induced ubiquitination. E3 ligases confer
specificity to the ubiquitin system by directly interacting with the
substrate proteins and helping to transfer ubiquitin to them. Thus,
we investigated whether SYVNT interacts with IRET. IRET was
detected in the immunoprecipitates from human embryonic
kidney (HEK)293 cells when Flag-SYVN1 was co-transfected,
but was not detected in control cells. This indicates that SYVN1
interacts with IRET (Fig 2A). This was confirmed by the
observation that endogenous IRE1 but not CHOP interacted with
SYVNT in mouse synovial fibroblasts (Fig 2B), providing the
possibility that SYVN1 might catalyse IRE1 ubiquitination.

SYVNT1 induces IRET ubiquitination

Next, we examined whether IRE1 is ubiquitinated by SYVNT in
HEK293 cells. Transient expression of IRET with haemagglutinin
(HA)-Ub alone resulted in the formation of a slowly migrating
species of IRET that was recognized by HA antibody, indicating
that IRE1 can be ubiquitinated. Coexpression of IRET and SYVNT1
markedly enhanced IRE1 ubiquitination (Fig 3A). Conversely,
suppression of SYVNT in mouse synovial fibroblasts by short
interfering RNA (siRNA) inhibited endogenous IRET ubiquitination
(Fig 3B). These data indicate that IRET is polyubiquitinated and
that SYVNT can act as an E3 ligase for IRET.

The RING finger domain harbours the E3 ligase activity by
recruiting ubiquitin-carrying E2s, and mutation of the conserved
cysteine to alanine in the RING finger can disrupt its ligase activity
(Joazeiro et al, 1999). We then assessed whether mutation of the
conserved cysteine 307 to alanine in SYVNT (SYVN1/C307A)
affected its ligase activity towards IRET ubiquitination. Coexpres-
sion of SYVN1/C307A completely abolished its ability to promote
IRET ubiquitination (Fig 3C). Analysis of these cell lysates
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Fig 3 | Synoviolin induces ubiquitination of IRE1. (A) Different
combinations of IRE1, HA-Ub and SYVN1 expression plasmids were
co-transfected into human embryonic kidney 293 cells. IRE1 proteins in
the lysates of transfected cells were immunoprecipitated with an IRE1
antibody. The conjugation of ubiquitin onto IRE1 was detected with an
HA antibody (top panel). The same membrane was reprobed with an
IRE1 antibody (middle panel). The protein expression of SYVNI1 in the
whole-cell lysates was detected with a SYVN1 antibody (bottom panel).
(B) Synovial fibroblasts from normal mice were transfected with
SYVNI short interfering RNA expression plasmids (lane 1) or control
plasmids (lane 2). Two days after transfection, GFP + cells were sorted,
reseeded and then transfected with HA-Ub expression plasmid. IRE1
ubiquitination in those transfected cells was determined as described in
(A) (top panel). The expression levels of IRE1 (second panel), SYVN1
(third panel) and GFP (bottom panel) in the whole-cell lysates were
analysed by western blotting. (C) IRE1 and HA-Ub expression plasmids
were co-transfected with SYVN1 or its C307A (CA) mutant. IRE1
ubiquitination in the transfected cells was determined as described in
(A). (D) IREI1 expression plasmids were co-transfected with SYVN1 or
SYVN1/CA mutant. SYVN1 proteins in the lysates of transfected cells
were immunoprecipitated with a Flag antibody and the interacting
IRE1 was detected with an IRE1 antibody (top panel). The same
membrane was reprobed with a SYVN1 antibody (middle panel).

The expression levels of IREI in the whole-cell lysates were used

as controls (bottom panel). GFP, green fluorescent protein;

HA, haemagglutinin; IRE1, inositol-requiring enzyme 1;

SYVNI, synoviolin; WT, wild type.
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showed comparable levels of protein expression between wild-
type SYVNT and its C307A mutant. The SYVN1/C307A
mutant functioned in a dominant-negative manner because its
expression inhibited IRE1T ubiquitination mediated by the
endogenous SYVNT (Fig 3C). This C307A mutant of SYVNT did
not affect its interaction with IRET (Fig 3D). These results
indicate that the RING finger of SYVNT is required for catalysing
IRET ubiquitination.

SYVN1 contains many transmembrane regions in its amino
terminus, as well as a RING finger and several proline-rich regions
in its C terminus. A region between the transmembrane and RING
finger, known as 53BD (p53-binding domain), recruits p53 for p53
ubiquitination and degradation (Yamasaki et al, 2007; supple-
mentary Fig 2A online). The C terminus of SYVNT is required for
recruiting IRE1 because the RING finger with the C terminus of
SYVN1 was sufficient to mediate its interaction with IRET and to
promote IRET ubiquitination (supplementary Fig 2B,C online).
Deletion of the C terminus of SYVNT completely abolished its
ability to promote IRE1 ubiquitination as well as its interaction
with IRE1 (supplementary Fig 2D,E online). Thus, SYVN1 recruits
IRET and p53 through different regions for their ubiquitination in
the regulation of cell death.

SYVNT1 promotes IRE1 degradation

Ubiquitin conjugation to protein substrates can induce their
degradation. We examined whether the coexpression of SYVN1
could affect the stability of IRE1. Fig 4 shows that IRET was
gradually degraded in HEK293 cells with a half-life of about 3.1 h.
Coexpression of SYVNT facilitated IRE1 degradation by shortening
IRET half-life to about 1.5h. Together with our findings that
SYVNT catalyses IRE1 ubiquitination, these results indicate that
SYVNT promotes IRET degradation through the ubiquitin path-
way. This was supported by the observation that expression of the
RING finger mutant of SYVNT, which failed to mediate IRE1
ubiquitination, did not promote IRET degradation and even
stabilized IRET, possibly because this mutant dominant-negatively
blocks endogenous SYVNT-mediated IRET degradation. As for the
controls, expression of neither SYVNT nor its RING finger mutant
did not affect the stability of ATFé.

SYVN1 knockdown restores IRE1 in CIA synovial cells
To determine further whether elevated SYVNT1 expression in the
synovial fibroblasts from CIA mice is responsible for reduced IRE1
expression, we used siRNA to knock down SYVNT expression.
siRNA significantly inhibited SYVNT expression in the synovial
fibroblasts from both normal and CIA mice. Interestingly, knock-
down of SYVN1 restored IRET expression in those CIA
synovial fibroblasts (Fig 5A). This finding suggests that elevated
SYVNT protein expression is responsible for the reduced IRE1
protein expression.

SYVNT is an anti-apoptotic factor the elevated expression of
which is responsible for the outgrowth of synovial tissue during
arthritis development (Amano et al, 2003). Here, we confirmed
that the synovial fibroblasts from CIA mice were resistant to
ER-stress-induced apoptosis when compared with normal mice
(Fig 5B). Interestingly, when SYVNT1 expression was inhibited, CIA
synovial fibroblasts were susceptible to apoptosis induced by ER
stress (Fig 5C). Together, these results indicate that elevated
SYVNT1 expression is involved in the reduced cell death of
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Fig 4| Synoviolin promotes IRE1 degradation. (A) IRE1 and ATF6
expression plasmids were co-transfected with or without SYVN1 or
SYVN1/C307A (CA) expression plasmids into human embryonic kidney
293 cells. Transfected cells were treated with cycloheximide (CHX) for
different periods, as indicated. The protein stability of IRE1 (top panels)
and ATF6 (bottom panels) was determined by western blotting. (B) The
band densities of western blotting were quantified using Phosphorimager
software. Error bars represent data from three independent experiments
(mean * s.d.). The half-lives (t,,,) of IRE1 were calculated. IRE1, inositol-
requiring enzyme 1; SYVNI, synoviolin.

synovial fibroblasts, possibly by degrading IRET protein. We also
noticed that suppression of SYVNT expression in normal synovial
fibroblasts only slightly increased their apoptosis induced by ER
stress (Fig 5C). Complete loss of SYVNT in mouse embryonic
fibroblasts significantly enhanced ER-stress-induced apoptosis
(Yagishita et al, 2005). This discrepancy could be due to the
difference in cell type and/or the existence of a small fraction of
SYVNT1 in these knockdown cells.

Transient expression of IRET significantly enhanced apoptosis
of synovial fibroblasts from both normal and CIA mice (Fig 5D),
indicating that SYVNT1 suppresses apoptosis of CIA synovial cells
through IRE1 degradation. We also found that IRET overexpression
had more robust effects on the apoptosis of synovial fibroblasts
from normal mice (Fig 5D). This is possibly because the protein
levels of the IRET E3 ligase, SYVN1, are much higher in CIA
synovial cells, and SYVNT1 suppresses apoptosis of synovial cells
from CIA mice by targeting, either directly or indirectly, several
substrates, such as CHOP.

Here, we discovered that the rheumatoid factor SYVN1 targets
IRET for ubiquitination and degradation in the synovial fibroblasts.
This targeted suppression of IRE1 function protects synovial cells
from ER-stress-induced apoptosis. In addition, SYVN1 might
indirectly inhibit CHOP expression. Both IRE1 and CHOP are
pro-apoptotic factors during ER-stress-induced cell death (Mori
et al, 1993; Welihinda & Kaufman, 1996). Thus, elevated SYVN1
expression facilitates the hyperproliferation of synovial tissues by
antagonizing IRET and CHOP functions during the development
of arthritis. The hyperproliferation of synovial tissues, which
results in the increased production of synovial pro-inflammatory
cytokines and the direct invasions and destruction of the bone and
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Fig 5| Suppression of synoviolin expression in synovial cells of mice with
collagen-induced arthritis restores IRE1 protein expression. (A) SYVN1
siRNA expression plasmids or control (CTL) plasmids were transfected
into synovial fibroblasts from normal and CIA mice. Three days after
transfection, GFP-positive cells were sorted and the expression of SYVN1
(top panel) and IRE1 (middle panel) was determined by SYVN1 and
IRE1 antibodies, respectively. The protein levels of actin were analysed as
loading controls (bottom panel). (B,C) Synovial fibroblasts, transfected
with either (B) control plasmids or (C) SYVN1 siRNA expression
plasmids, were treated with or without tunicamycin (TM; 10 pg/ml) for
18 h. Apoptosis was determined by annexin V staining by using flow
cytometry. (D) Synovial fibroblasts from normal and CIA mice were
transfected with or without IRE1 expression plasmids. Three days after
transfection, cells were treated with TM or dimethyl sulphoxide (DMSO)
as a control. The percentages of apoptotic cells were analysed as
described in (B) and (C). Error bars (mean *s.d.) represent data from
three independent experiments. Student’s t-test was used for statistical
analysis. CIA, collagen-induced arthritis; IRE1, inositol-requiring

enzyme 1; siRNA, short interfering RNA; SYVNI, synoviolin.

cartilage, is essential for rheumatoid arthritis development.
Therefore, suppression of SYVNT-mediated IRET ubiquitination
has great therapeutic potential for treating rheumatoid arthritis.

METHODS

Induction of CIA in DBA/1 mice and isolation of synovial
fibroblasts. CIA induction in DBA/1 mice and the isolation of
synovial fibroblasts were performed as described previously (Gao
et al, 2006). A detailed protocol is provided in the supplementary
information online.

Co-immunoprecipitation, SDS—polyacrylamide gel electrophoresis
and western blotting. A detailed protocol is provided in the
supplementary information online.

Real-time PCR analysis. Synovial fibroblasts were collected and
lysed in TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total
RNA was extracted and was reverse transcribed using 200 U of
Moloney murine leukaemia virus reverse transcriptase (Invitrogen)
and oligo-dT primers. Quantitative real-time PCR was performed
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on a Prism 7000 sequence detection system (Applied Biosystems,
Foster City, CA, USA). The B-actin gene was used as a reference
for sample normalization. Mouse SYVNT primers and probe, as
well as all B-actin primers and probe, were purchased as forms of
Assay-on-Demand (Applied Biosystems). The standard amplifica-
tion protocol of the manufacturer was followed.

Suppression of SYVN1 expression by siRNA. The 19-nt sequence
of mouse Syn, 668-GGTCCTGCTGTACATGGCC-686, was
inserted into the pSuper small RNA-expressing vector. A
non-silencing control vector (pSuper-control) was constructed using a
19-nt sequence (GCGCGCTTTGTAGGATTCG) with no significant
homology to any mammalian gene sequence (Brummelkamp et al,
2002). These plasmids were confirmed by DNA sequencing. Each
plasmid was transfected into mouse synovial fibroblasts and the
protein level of SYVN1 was detected by western blotting.
Apoptosis analysis. Synovial fibroblasts were plated in a 24-well
dish at 5 x 10% cells per well 1 day before treatment. The cells
were either left untreated or treated with 10 pg/ml tunicamycin for
18h. Treated cells were trypsinized and collected with the
supernatants, and cell apoptosis was determined by annexin V
(Sigma-Aldrich, St Louis, MO, USA) staining by using flow
cytometry.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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