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Thyroid Function influences Serum Apolipoprotein B-48 Levels in

Patients with Thyroid Disease
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Aim: Apolipoprotein B-48 (apoB-48) is a major apolipoprotein of intestine-derived chylomicrons
(CM) and CM remnants (CMR). Clinically overt hypothyroidism (OH) has been associated with
premature and accelerated coronary atherosclerosis. To clarify the clinical significance of apoB-48
measurement in patients with thyroid disease, we investigated the correlations between the serum
apoB-48 level and thyroid hormones.

Methods: From outpatients of Osaka University Hospital, patients with OH, subjects with subclini-
cal hypothyroidism (SH) and subjects with normal thyroid function were collected and analyzed by
measuring serum TSH, FT4 and FT3 levels. Serum apoB-48 levels were measured by a chemilumi-
nescence enzyme immunoassay and the correlations with thyroid hormone levels or lipid profiles
were assessed. These levels were compared among subjects with OH, SH and healthy controls.

Results: Serum apoB-48 level was correlated with TSH, total cholesterol (TC) and triglycerides (TG),
but negatively with FT4 and FT3 level. LDL-C and HDL-C levels were not correlated with serum
apoB-48 levels. Serum apoB-48 in patients with OH (7.4+5.9 pg/mL) was significantly higher than
in those with hyperthyroidism (5.1+3.5 pg/mL; p<0.01) and normal subjects (4.7 3.7 pg/mL;
»<0.01), but decreased after levo-thyroxine replacement. ApoB-48, TG and TSH were significantly
higher in SH subjects than normal subjects, suggesting that serum apoB-48 level depends on the thy-
roid function status, similar to TC, LDL-C and TG.

Conclusion: Increased serum apoB-48 concentrations and CMR may contribute to the increased risk

of atherosclerosis and premature coronary artery disease in the hypothyroid state.

J Atheroscler Thromb, 2012; 19:890-896.

Key words; Apolipoprotein B-48 (apoB-48), Hypothyroidism (OH), Chylomicrons (CM),
Chylomicron remnants (CMR), Subclinical hypothyroidism (SH)

Introduction

Thyroid hormones influence all aspects of lipid
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metabolism, including synthesis, transport, and degra-
dation, especially cholesterol metabolism in hepatic
cells® 2. Overt hypothyroidism (OH) is characterized
by hypercholesterolemia®. Furthermore, about 4-14%
of hypercholesterolemic patients were reported to be
in the hypothyroid state?. Hypercholesterolemia and
high serum LDL-cholesterol (LDL-C) levels are
strongly correlated with the development of athero-

sclerotic cardiovascular diseases (CVD)?. Thus, high
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LDL-C is a major therapeutic target in the treatment
of dyslipidemia®. While there is controversy regarding
serum triglyceride (TG) concentrations in patients
with hypothyroidism” ®, serum LDL-C and TG-rich
lipoproteins (TRL), including chylomicrons (CM),
very-low-density lipoproteins (VLDL), and their rem-
nant lipoproteins, were reported to be increased in
patients with hypothyroidism® '”. Therefore, increased
LDL-C and remnant lipoproteins in patients with
OH are clinically important from the point of CVD
prevention V.

Subclinical hypothyroidism (SH) is defined as
the clinical status of elevated serum thyroid-stimulat-
ing hormone (TSH) in the presence of normal free
thyroxine (FT4) and free triiodothyronine (FT3)!2.
~ SH as mild thyroid failure has clinical importance
because of its high prevalence, the risk of progression
to OH and consequences including neurobehavioral,
cardiac and lipid abnormalities'®'”. On the other
hand, in patients with hyperthyroidism, TC and
LDL-C were reduced while those of TG and HDL-C
were unchanged '®.

It has been reported that postprandial hyperlip-
idemia is an independent risk factor for atherosclerotic
cardiovascular diseases'”??, which is due to the post-
prandial increase of TRL and their hydrolyzed prod-
ucts, remnants. TRL derived from the small intestines
in the postprandial state are CM, and CMR are the
hydrolyzed products of CM by lipoprotein lipase
(LPL)**9. CMR are taken up by monocyte-derived
macrophages by many kinds of receptors and lead to
foam cell formation. Many basic studies have sug-
gested that accumulated CMR particles may promote
atherogenicity in the arterial wall. Indeed, elevated
intestinally derived remnant lipoproteins have been
associated with an increased risk for cardiovascular
diseases® ?9. CM and CMR have a characteristic apo-
lipoprotein B-48 (apoB-48), each having one apoB-48
molecule per particle. In contrast, VLDL and their
remnants (intermediate-density-lipoproteins, IDL), or
VLDL remnants (VLDL-R)) contain one apolipopro-
tein B-100 (apoB-100) molecule per particle. CMR
contain apoB-48, but not apoB-100?”. Both CM and
CMR contain one molecule of apoB-48 per particle,
and it is assumed that the measurements of serum
apoB-48 concentration can evaluate the synthesis and
metabolism of CMR. We previously developed a novel
enzyme-linked immunosorbent assay (ELISA) to mea-
sure serum apoB-48 concentration, using a microplate
assay 3%, Recently, we have established a chemilumi-
nescent enzyme immunoassay (CLEIA) to measure
serum apoB-48 concentrations?V.

Very few studies have so far investigated the cor-

relation between fasting serum apoB-48 levels and the
development of atherosclerosis among subjects with
hypothyroidism and hyperthyroidism. In the current
study, we measured the serum apoB-48 concentration
in patients with hyperthyroidism and hypothyroidism
and evaluated the correlations between serum apoB-
48 and thyroid hormones.

Materials and Methods

Subjects

Outpatients (z=376) at Osaka University Hos-
pital and healthy subjects (»=34) at Minani-Osaka
Hospital were enrolled in the current study. We mea-
sured thyroid hormone, thyroid stimulating hormone
(TSH), free thyroxine (FT'4) and free triiodothyronine
(FT3). The following diagnosis was made using the
standard values, which were decided by Osaka
University Hospital. Patients with hyperthyroidism
(n=128; male 33, female 95; age 14-78) were diag-
nosed by FT3 >3.4 pg/mL and FT4 >1.6 ng/dL,
while those with OH (z=147; male 59, female 88;
age 13-88) were diagnosed by FT3 <2.0 pg/mL and
FT4 <0.9 ng/dL. Subjects with SH (z=31; male 15,
female 16; age 18-80) were diagnosed by TSH >3.8
plU/ml and normal FT4, and the rest (n=104) were
diagnosed as normal. Normal subjects (z=104; male
50, female 54; age 22-79) were outpatients at Osaka
University Hospital with euthyroid (»=70) and
healthy subjects (2=34) who underwent a medical
examination at Minami-Osaka Hospital. None of the
patients had disorders which affect lipid metabolism,
including diabetes mellitus, renal failure, nephrotic
syndrome, or pancreatitis, and patients with dyslipid-
emia (TC 2300 mg/dL or TG 2300 mg/dL) were
excluded. This study was approved by the Ethics
Committee of Osaka University Hospital, and all par-

ticipants gave written informed consent.

Laboratory Measurements

Blood samples were collected after overnight fast-
ing. The basal performance of a recently developed
CLEIA for apoB-48 measurement kit (Fujirebio Inc.,
Tokyo, Japan) has been reported®, and the assay was
carried out on a Lumipulse f fully automated immu-
noassay analyzer (Fujirebio Inc.). Choletest CHO
(Sekisui Medical Ltd., Tokyo, Japan) was used for the
measurement of total cholesterol (T-CHO); Choletest
TG (Sekisui Medical Ltd.) for triglycerides; Choletest
LDL (Sekisui Medical Ltd.) for LDL-cholesterol; and
Choletest N HDL (Sekisui Medical Ltd.) for HDL-
cholesterol, respectively. BM2250 fully automated
chemical analyzer (Nihondenshi Ltd., Tokyo, Japan)
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Fig.1. Correlations between serum levels of apoB-48 and thyroid hormones.

In all subjects, including patients with hyperthyroidism (7 =128), and subjects with overt hypo-
thyroidism (OH, n=147), subclinical hypothyroidism (SH, »=31) and normal thyroid func-
tion (z=104), we analyzed the correlations between thyroid hormone and apoB-48 levels. (a)
serum apoB-48 and TSH (z=375), (b) serum apoB-48 and FT4 (»=405), and (c) serum apoB-
48 and FT3 (n=393). Correlations were assessed by Spearman’s rank correlation coefficients.

was used for automated measurements. TSH, FT4
and FT3 were measured by enzyme immunoassays
with the AIA-1800 analyzer (TOSOH Co., Ltd.,
Tokyo, Japan). All samples were treated in accordance
with the Helsinki Declaration.

Statistical Analyses

Statistical analyses were performed using Stat
Flex V5.0 statistical software. Correlation coefficients
were assessed by Spearman’s rank correlation coeffi-
cient. ANOVA and Dunnett’s test was used to com-
pare statistical differences between groups. Statistical
significance was established at p<0.01 or p<0.05.

Results
In 376 patients with thyroid disorders and 34

healthy controls, the correlations between serum
apoB-48, TSH and thyroid hormones (FT4, FT3) and
lipid levels (TC, TG, LDL-C, HDL-C) were analyzed.
As shown in Fig. 1, serum apoB-48 was positively cor-
related with the TSH and negatively with FT4 and
FT3.

Serum apoB-48 was positively correlated with
TC and TG; however there was no significant correla-

tion between serum apoB-48 and LDL-C or HDL-C

Table 1. Correlations between apoB-48 and other related para-

meters
ApoB-48 (pg/ml)
n r ?
TC (mg/dL) 299 0.619 <0.01
LDL-C (mg/dL) 156 0.065 0.430
HDL-C (mg/dL) 186 -0.036 0.089
TG (mg/dL) 276 0.653 <0.01

(Table 1). These data suggested that serum apoB-48
had a significant correlation with hypothyroidism.

In order to further investigate the relationship
between serum apoB-48 and thyroid function, serum
apoB-48 was determined in subjects with normal thy-
roid function (z=104), patients with OH (n=147)
and in those with hyperthyroidism (#=128). As shown
in Fig.2, serum apoB-48 was significantly higher in
patients with OH (7.4%5.9 pg/mL) than in subjects
with normal thyroid function (4.7+3.7 pg/mL) (p<
0.01) or patients with hyperthyroidism (5.1+3.5 pg/
mL) (p<0.01), respectively. There was no significant
difference in serum apoB-48 concentrations between
subjects with normal thyroid function and patients
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Fig.2. Relationship between serum apoB-48 in subjects with
normal thyroid function and patients with overt hypo-
thyroidism and hyperthyroidism.

Serum apoB-48 was compared among subjects with normal thy-
roid function (n=104), and patients with hypothyroidism (n=
147) and hyperthyroidism (=128). Statistical significance was
assessed by ANOVA and Dunnett’s test.

with hyperthyroidism. Serum TC and TG were higher
in patients with OH than in other groups, but serum
LDL-C and HDL-C were higher in subjects with nor-
mal thyroid function (Table 2).

Fig.3 shows the effect of levo-thyroxine (L-T4)
replacement on serum apoB-48 in patients with OH.
In 13 patients with OH, serum apoB-48 was signifi-
cantly decreased after one or two months of L-T4
replacement (»<0.05). Furthermore, Fig.4 presents
the correlation coefficients between the reduction in
TSH and the reduction in apoB-48. The reduction in
apoB-48 significantly correlated with the reduction in
TSH (r=0.156, p<0.05) and with the increase in
FT4 (r=-0.452, p<0.01) and FT3 (»=-0.330, p<
0.01).

We investigated the difference in serum apoB-48
between subjects with normal thyroid function and

SH. Subjects with SH (n=31) were collected by the

diagnosis of both elevated serum TSH (25 pIU/mL)

and within the normal range of FT4 and FT3. In
these patients and 34 subjects with normal thyroid
function, serum apoB-48, TSH, FT4, FT3, TC and
TG were measured and compared. Normal subjects
included those with euthyroid (»=70) in Table 2, and
patients with euthyroid who had been treated with
L-T4 were excluded from this analysis. Serum apoB-
48 (p<0.01), TG (p<0.01) and TSH (»<0.0001)
were significantly higher in SH subjects than in sub-
jects with normal thyroid function, while no signifi-

Table 2. Comparison of lipid profiles between normal con-
trol subjects and patients with OH and hyperthy-

roidism
N Mean=SD p
TC (mg/dL)
Normal 86 204.0+43.9 IECE
Hypothyroidism 100 211.9+44.4 ] *
Hyperthyroidism 90 163.2+34.2 -
TG (mg/dL)
Normal 77 89.0+42.4 T%
Hypothyroidism 93 121.5%57.6 ] dok
Hyperthyroidism 83 97.7%57.3 -
HDL-C (mg/dL)
Normal 55 62.4+14.7 IE
Hypothyroidism 68 59.8 +24.6 ] *
Hyperthyroidism 45 56.5+15.7 -
LDL-C (mg/dL)
Normal 43 145.9+40.1 IEn
Hypothyroidism 60 121.0£40.2 ] # *
Hyperthyroidism 42 93.8%26.6 -

*p<0.05, **NS

cant differences were noted in TC, HDL-C, FT4 and
FT3. Serum LDL was lower in SH subjects (Table 3).

Discussion

The accumulation of remnant lipoproteins is
very important as well as LDL for the development of
atherosclerotic plaque® . Previously, the accumula-
tion of remnant lipoproteins was shown to be related
to the development of atherosclerosis in patients with
acute myocardial infarction assessed by polyacrylamide
gel electrophoresis®?. For a more quantitative analysis
of remnant lipoproteins, the measurement of choles-
terol in remnant-like lipoprotein particles (RLP-C and
RemL-C) has been developed and used for statistical
analysis*; however, remnant lipoproteins consist of
two different lipoprotein particles, chylomicron rem-
nants and VLDL remnants (or IDL). No assessment
system can distinguish these two lipoproteins. Thus,
for the first time, we developed an ELISA system for
the measurement of apoB-48°”. Since one apo B-48 is
present in CM and CMR per particle, the measure-
ment of apoB-48 is critically useful for the selective
and dynamic evaluation of CM and CMR metabo-
lism283Y. The accumulation of CMR is considered to
be related to the development of atherosclerotic
plaque, so serum apoB-48 measurement may provide
important information for assessment of the global
cardiovascular risk. In a previous study, we reported
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Fig.3. Effect of L-T4 replacement on serum apoB-48 levels.

ApoB-48 was measured before and after L-T4 treatment. After
L-T4 replacement, serum apoB-48 decreased in 13 patients with

OH (p<0.05).

that gender affects serum apoB-483%.

The increased LDL-C observed in patients with
OH is clinically important because it has been associ-
ated with an increased risk for the development of
CVD™). Thyroid hormone binds with a thyroid hor-
mone nuclear receptor, and the hormone-receptor
complex induces SREBP-2 (sterol regulatory element-
binding protein-2) and increases protein products®.
Since SREBP-2 upregulates the expression of LDL
receptor and increases the cholesterol contents in
hepatocytes, in a state of hypothyroidism, decreased
SREBP-2 downregulates the expression of LDL recep-
tor in hepatocytes, resulting in increases in serum TC,
LDL-C and IDL-C. At the same time, when thyroid
hormone is decreased markedly, the activities of
hepatic triglyceride lipase (HTGL) and plasma choles-
teryl ester transfer protein (CETP) are reduced and
serum TG increases because of the increase in TG-rich
lipoproteins (CM and VLDL)?. In previous studies,
the reduced activities of LPL and HTGL impaired the
metabolism of remnant lipoproteins®® ¥ and the
accumulation of remnant lipoprotein particles® ?®. In
the current study, serum apoB-48 was higher in
patients with OH than in other groups, positively cor-
related with TSH and negatively with FT4 and FT3.
These data suggested that lower thyroid hormone was
associated with the accumulation of apoB-48-contain-
ing lipoproteins (CM and CMR) because the activities
of LPL and HTGL were impaired in patients with
hypothyroidism. Moreover, since many studies
reported that there were significant changes in LDL-C
after L-T4 replacement in patients with OH7 %49 we
investigated changes in serum apoB-48 after L-T4

25 7

20 -
© r=0.156

15 ® ¢ p <0.05

10 7

e
0 ‘. . .‘ T .“r
’ 5 10 15 20

ATSH Concentration (¢ IU/ml)

Fig.4. Relationship between treatment-induced reductions in
TSH and ApoB-48 in patients with OH.

The relationship between treatment-induced reduction in TSH
and apoB-48 in 13 patients with OH was investigated.

replacement in patients with OH. In the current study
we found that L-T4 replacement decreased apoB-48,
suggesting that L-T4 replacement therapy may have
enhanced the activity of HTGL and LPL, leading to
the accelerated metabolism of CM. Furthermore,
there was a positive correlation between the reduction
in TSH and apoB-48, suggesting that L-T4 replace-
ment therapy improves lipid abnormalities as well as
thyroid function. Ito ez al. also reported that serum
TC, non-HDL-C, LDL-C, apoB and RLP-C were
markedly decreased after 3 months’ treatment?V;
therefore, it can be speculated that L-T4 replacement
therapy might be effective to improve the impaired
metabolism of CMR, as well as VLDL or LDL.

Many studies have emerged that SH is a strong
indicator for the development of atherogenesis and
increased risk of CVD *7); however some studies have
shown that SH was not associated with the risk of
CVD*. In order to elucidate the possible contribu-
tion of CMR in subjects with SH, we compared
serum apoB-48 in these subjects with normal subjects
and found that serum apoB-48 and TG were signifi-
cantly higher. It was supposed that this was due to the
decreased activities of LPL and HTGL in subjects
with SH, resulting in the increase of TG-rich lipopro-
teins, VLDL or CM. Taken together, SH caused high
serum apoB-48 because of the accumulation of CMR.

In conclusion, in subjects with OH and SH,
high apoB-48 obviously suggested that the impair-
ment of thyroid function accelerates the accumulation

of CMR and may enhance atherogenicity, which
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Table 3. Characteristics of patients with subclinical hypothyroidism and subjects with normal

thyroid function

Normal Subclinical hypothyroidism
(n=34) (SH) (»=31) »
ApoB-48 (pg/mlL) 27x1.4 5.3+3.8 <0.01
TSH (pIU/mL) 1.6%0.8 7.0£1.9 <0.0001
FT4 (ng/dL) 1.2%0.2 1.2%0.1 0.66
FT3 (pg/dL) 26203 2503 0.13
TC (mg/dL) 214.9%32.1 200.7+41.8 0.06
TG (mg/dL) 72.8+24.5 110.8£52.5 <0.01
LDL-C (mg/dL) 143.1+32.0 103.7+15.4 <0.01
HDL-C (mg/dL) 63.3%15.4 56.9%12.3 0.18
might be ameliorated by the administration of L-T4. 1971; 74: 1-12
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Introduction

Phenotypic modulation of mesangial cells (MCs) in response to
injury is implicated in the development of glomerular disease.
Activation of MCs  viwo contributes to hyperplasia or hypertro-
phy and marked accumulation and reorganization of the
mesangial matrix, all of which precede glomerulosclerosis
[1,2,3]. Therefore, it is important to elucidate the transcriptional
mechanisms underlying the altered genetic program of MCs and
glomerulosclerosis. a-SMA has been shown to be a crucial marker
for activation and dedifferentiation of MCs [4,5]. Although
elucidating transcriptional mechanisms regulating a-SMA expres-
sion in MGCs should yield some insight into genetic mechanisms
that determine the activated phenotype, little is known about the
regulation of a-SMA expression in MCs.

The 5'-flanking region of the a-SMA gene contains conserved
E-boxes (CANNTG motifs). E-boxes bind to homo- or
heterodimers of basic helix loop helix (bHLH) proteins, with
the general paradigm being heterodimerization between a

@ PLoS ONE | www.plosone.org

ubiquitously expressed class I bHLH protein and a cell-selective
class II bHLH protein. Kumar et al demonstrated that the two
E-boxes found within the 5’ region of the a-SMA promoter
were required for the expression in transgenic mice [6].
Furthermore, they provided evidence that the class I bHLH
proteins (including E2-2, E12, and HEB) are involved in o-
SMA regulation in cultured smooth muscle cells. On the other
hand, a number of studies have suggested that E2A proteins
related to epithelial mesenchymal transition (EMT) [7,8].
Accordingly, we postulated that the class 1 bHLH factor E2A
protein (E12/E47, especially E12) is also involved in a-SMA
regulation in MGis.

The E2A gene encodes two alternatively spliced products, E12
and E47, which differ only in their bHLH domains [9]. Both
proteins are involved in the control of cell-specific differentiation
and cell proliferation [10,11]. Regulation of HLH factors has been
shown to occur through multiple mechanisms including protein
expression, phospholylation, dimerization with other HLH factors,
cell localization, ubiquitination, and subsequent proteasome
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degradation [12,13]. Therefore, strict control of HLH levels and
activity is necessary to prevent uncontrolled cell proliferation and
dedifferentiation and may be necessary for tissue repair following
injury.

The aims of our study were two folds: (i) to identify novel classes
of proteins that interact with E12 and modulate expression of a-
SMA in MCs by utilizing yeast two-hybrid screening; and (ii) to
clarify the role of these genes in experimental mesangial
proliferative glomerulonephritis.

Results

Cloning of PIASy as E12-interacting Proteins

To identify novel classes of proteins that interact with E12 and
modulate expression of 0-SMA in MCs, we performed yeast two-
hybrid screening using a mouse mesangial cDNA/GAL4 activa-
tion domain fusion library and the region between amino acids
505 and 651 including bHLH of E12 as bait. From 1.5 x 10°
independent transformants, three different clones were found to be
true interacting positives on selection medium SD/—His/ —leu/
—Trp plate only when they were co-expressed with Gal4-E12-
bHLH fusion protein. DNA sequence analysis of the plasmid
insert and computer-assisted database search revealed that the
nucleotide sequence of one clone encoded a member of the protein
inhibitor of activated STAT (signal transducers and activators of
transcription) family, PIASy.

To determine whether the interaction of PIASy and EI2
proteins observed in our yeast two-hybrid screen also occurs in
mammalian cells, co-immunoprecipitation assays were per-
formed. First, flag epitope-tagged PIASy and myc epitope-
tagged E12 were cotransfected into COS7 cells. Cell lysates
were then subjected to immunoprecipitation with anti-flag
antibody followed by Western blotting with anti-myc antibody.
We showed the presence of E12 in anti-flag immunoprecipitates,
but not in control IgG precipitates based on Western blotting
with anti-myc antibody (Figure 1A). Subsequent immunopre-
cipitation assays were performed with anti-myc antibody
followed by Western blotting with anti-flag antibody
(Figure 1B). Results showed that PIASy was detected in anti-
myc immunoprecipitates. Furthermore, we demonstrated an
association between endogenous PIASy and E12 in cultured
mouse MCs by co-immunoprecipitation with anti-PIASy anti-
body, but not with control immunoglobulin G (Figure 1C). In
viwo, we utilized an acute model of mesangial proliferative
glomerulonephritis known as Thyl glomerulonephritis (Thyl
GN) to examine whether observed interaction occurs between
partner proteins expressed from endogenous genes in rat
glomeruli. We also demonstrated an association between these
proteins at day 6 by co-immunoprecipitation with anti-PIASy
antibody, but not with control immunoglobulin G; however we
did not detect the association at day 0 (Figure 1D). These
results indicate that the interaction of PIASy and E12 could be
dependent on mesangial activation.

PIASy Blocked the Enhancement of a-SMA Promoter
Activity Induced by E12

To examine whether E12 affects «-SMA gene expression, we
tested the transcriptional activity of the o-SMA promoter
reporter gene by co-transfecting with E12 expression plasmids
to mouse MOGs. Luciferase activity of the o-SMA promoter
reporter gene was increased by co-transfection of E12 expres-
sion plasmids in a dose-dependent manner (Figure 2B), which
was confirmed by Western blot analysis (Figure 2A). Then, to
determine the effects of PIASy on o-SMA promoter activities,
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mouse MCs were co-transfected with PIASy and E12 expression
plasmids along with the o-SMA promoter reporter gene. As
shown in Figure 2D, E12 markedly increased the o-SMA
promoter activity, whereas co-transfection of PIASy blocked the
El12-induced increase. PIAS family members possess E3-ligase
activity for SUMO (small ubiquitin-related modifier), and the
RING domain of the PIAS protein is essential for this
sumoylation. To examine the involvement of the RING domain
on PIASy-mediated suppression of El2 activity, we used a
PIASy RING mutant (PIASy®®), which was shown to have no
sumoylation activity on Tcf-4 [14]. As shown in Fig. 2E; PIASy,
but not PIASy®® suppressed 0-SMA activity induced by E12.
These results suggest that sumoylation of E12 by PIASy through
the RING domain is important for the PIASy-mediated
suppression of 0-SMA activation by E12.

PIASy Acts as E3 Ligases for E12 Sumoylation

To determine whether E12 is modified by SUMO-1, i vivo
sumoylation assays were performed by transiently expressing myc-
tagged E12 and HA-tagged SUMO-1. Western blot analysis using
anti-myc antibody revealed the presence of myc-tagged E12 in
cells transfected with the plasmid expressing myc-E12. When HA-
SUMO-1 was co-expressed, an additional slower migrating band
was detected by anti-myc antibody, and anti-HA antibody
identified the slower migrating form of E12 (Figure 3A, lanc 2).
These results suggest that SUMO-1 is conjugated to E12. Next, we
examined the effect of PIASy expression on SUMO-1 modifica-
tion of E12 in 293T cells. Sumoylation of E12 was enhanced by
PIASy (Figure 3A, lane 3), indicating that PIASy is targeting E12
for the SUMO-1 modification.

EI2 has a consensus sumoylation sequence, IKRE, which is
conserved among other species (Figure 3B). We speculated that
Lys-496 in mouse E12 is a likely target for sumoylation. To
address this hypothesis, mutant E12 (K/R), in which lysine 496
was converted to Arg was prepared. Consistent to the previous
observation, wild-type E12 was sumoylated @ vivo; however, the
transfection of E12 (K/R) abrogated the slower migrating band
(Figure 3B), suggesting that Lys-496 is a major SUMO-1
conjugation site.

Sumoylation has been shown to affect the activity of many
transcription factors. Therefore, we investigated whether sumoyla-
tion site mutations with lysine to arginine (K/R) affect a-SMA
transcriptional activity. To test this, mouse MCs were transiently
co-transfected with expression plasmids encoding wild-type E12 or
mutant E12 (K/R), together with the a-SMA promoter reporter
gene. As shown in Figure 3C, mutant EI2 (K/R) showed
significantly higher activity compared to that of the wild-type,
suggesting that the sumoylation of E12 antagonizes its transcrip-
tional activation potential.

siRNA Specific for PIASy Increased the Transcriptional
Activity of «-SMA in Cultured Mesangial Cells

To address the role of endogenous PIASy and E12 in the
regulation of o-SMA, we used stealth small interfering RNA
(siRNA) to reduce the expression of PIASy and E12. MCs
transfected with siRINA oligonucleotide against PIASy and E12 or
control siRNA were harvested and analyzed by RT-PCR at 48
hours after transfection. siRNA for PIASy significantly increased
endogenous o-SMA mRNA expression (Figure 4A and 4B), while
siRNA for E12 reduced its expression in MCs (Figure 4F and 4G).
In Western blot analyses, siRINA for PIASy significantly increased
endogenous o-SMA expression (Figure 4C, D, E), while siRNA for
E12 reduced its expression in MCs (Figure 4H, I, J).
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Figure 1. Interaction of E12 with PIASy. (A) Coimmunoprecipitation of E12 and PIASy. COS7 cells were transfected with expression plasmids
encoding the indicated proteins and incubated for 48 hours. Cell lysates were then prepared, immunoprecipitated (IP) with anti-flag antibody, and
analyzed by Western blotting (WB) with anti-myc (top) or anti-flag (bottom) antibodies (Ab). Mouse IgG was used as a control. Input materials (10%)
were used as a reference standard. Molecular size markers are indicated on the left. (B) Cell lysates were immunoprecipitated with anti-myc antibody
and analyzed by Western blotting (WB) with rabbit anti-flag (top) or anti-myc (bottom) antibodies (Ab). Mouse IgG was used as a control. Input
materials (10%) were used as a reference standard. Molecular size markers are indicated on the left. (C and D) Endogenous PIASy and E12
coimmunoprecipitation. Cell lysates from mouse MCs or glomerular lysates from Thy1 rat were immunoprecipitated with anti-PIASy antibody and
control IgG. The presence of E12 in the immunoprecipitates was determined by Western blotting with E12 antibody.
doi:10.1371/journal.pone.0041186.g001
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Figure 2. Effect of E12 and PIASy on a-SMA gene expression. (A) Effect of E12 on a-SMA gene expression. Mouse MCs (0.25 x10°) were plated
in 12-well plates, and six hours later, transfected with the E12 expression plasmid (100, 200, 500 ng plasmid DNA/well). After 48 hours, cell lysates
were prepared, and a-SMA was visualized by Western blot analysis. Results are means = SD (n=5). (B) Mouse MCs (0.15 x10°) were plated in 24-well
plates, and six hours later, cotransfected with 25, 50, and 150 ng of the E12 expression plasmid, and 150 ng of the reporter construct. Luciferase
activities in lysates prepared 36 hours post-transfection were measured. The activity of the reporter plasmid alone was arbitrary given a value of 1,
and the activities of the other transfections were adjusted relative to this assay. Means of three independent experiments in triplicate are shown. (C)
Mouse MCs were cotransfected with 150 ng of the PIASy expression plasmid, 25 ng of the E12 expression plasmid, and 150 ng of the reporter
construct. Luciferase assay was performed as described in the legend for B. (D) Extracts from mouse MCs transfected as in C were prepared for
Western blotting with anti-myc, anti-flag, and anti-GAPDH antibodies (Ab). (E} Mouse MCs were cotransfected with 25 ng of the E12 expression
plasmid, and 150 ng of the reporter construct, together with or without increasing amounts of PIASy or PIASy™ as indicated. Luciferase assay was
performed as described in the legend for B. *P<0.05, v.s. control,

doi:10.1371/journal.pone.0041186.g002

TGF-B Increased PIASy and E12 in Mesangial Cells tochemical analysis confirmed that PIASy was expressed at a low
The importance of TGF-P as a potent stimulus for phenotypic level in glomeruli before induction, and its expression was

modulation of MCs has been demonstrated in previous reports dramatically induced at day 6 (Figure 8E). We noticed that PIASy

[15,16]. Therefore, we examined the effects of TGF-B on mRNA and E12 were upregulated and distributed similarly in glomeruli in

levels of PIASy and E12. Total RNA from MCs treated with 1 ng/ the proliferative phase. Moreover, immunohistological analysis

ml TGF-B were analyzed by RT-PCR. We found that the levels of revealed that SUMO-1 was also distributed similarly in glomeruli

PIASy and E12 mRINA were significantly increased at 24 hours at day 6, suggesting that protein sumoylation was involved in the

after TGF-B treatment in accordance with the increase of e-SMA ~ progression of glomerulonephritis (Figure 8G and H).

(Figure 5A). TGF-B also increased PIASy and protein levels in

MCs at 24 hours along with the increase of a-SMA (Figure 5B and PIASy Inhibited Cell Proliferation in MCs

C). Furthermore, the induction of PIASy and E12 proteins was Finally, we determined if E12 and PIASy were involved in cell
increased dose dependently in response to TGF- (Figure 5D and proliferation in MCs. Knockdown of E12 alone by siRNA did not
E). affect the BrdU incorporation, whereas knockdown of PIASy

significantly enhanced the cell proliferation at 48 hours after

Effect of siRNA Specific for PIASy on TGF-p Mediated o- transfection. Moreover, the enhancing effect of siPIASy was
SMA Expression in Mesangial Cells significantly attenuated when we knocked down E12 at the same

To examine the role of PIASy in TGF-B mediated o-SMA Fime (Figure 9) These .resul.ts indicate that PIASy‘ plays an
expression, knockdown studies were done using siRNA specific for important role in cell proliferation of MCs through the interaction
PIASy. In immunoblot analyses, PIASy was markedly reduced in with E12.
cells transfected with siRNA compared with that transfected with
control RNAi in both TGF-B treated or non-treated cclls ~ Discussion
(Figure 6A and B). The expression of o-SMA protein after 24
hours of stimulation with TGF-B was markedly increased by
siRNA for PIASy, indicating that TGF-f up-regulated PIASy
expression in MCs to down-regulate a-SMA gene transcription
(Figure 6A and C).

In this study, we have identified an association between PIASy
and EI12 and demonstrated the role of PIASy as a negative
regulater of a-SMA expression in MCs upon the interaction with
E12. Furthermore, at least part of its activity is dependent on E12
sumoylation by PIASy. TGF-§ treatment increased PIASy and
. . . E12 in accordance with o-SMA induction. Moreover, reduced
Expresspn of O'(_SMA TGF-p and E12 in FXpe“mental expression of PIASy protein by siRINA specific for PIASy leads to
Mesangial Proliferative Glomerulonephritis an increase in the magnitude of TGF-p mediated o-SMA

We utilized an acute model of mesangial proliferative glomer- expression. We also demonstrated that the expression of PIASy
ulonephritis known as Thyl glomerulonephritis (Thyl GN) to and E12 was markedly increased in the proliferative phase in Thyl
examine whether PIASy and E12 are up-regulated along with GN concomitant with a-SMA expression, suggesting that PIASy
TGF-B and o-SMA i vivo. In Thyl GN, the proliferation of MCs and E12 are involved in the regulation of o-SMA.

began at day 2, peaked at day 6, and subsided at 12 days after the In the present study, the «-SMA gene is regulated by E12 in
injection. Figure 7A shows a representative light microscopic  M(s, suggesting that E12 functions as a transcription factor.
picture at days 0, 3, 6, and 12. Immunohistochemical analysis Furthermore, PIASy negetively regulates 0-SMA expression upon
revealed that o-SMA was hardly scen in glomeruli before the interaction with EI12. Interestingly, Kawai-Kowase et al

induction of Thyl GN, but was highly expressed at day 6 reported that PIASI induces transcriptional activation of SMC
(Figure 7A). In parallel to the o-SMA expression, E12 was slightly  gifferentiation marker genes through cooperative interactions with
seen before the induction, but was highly expressed in the both SRF and class] bHLH proteins in cultured smooth muscle
glomeruli at day 6 (Figure 7A). To analyze the development of  ¢¢Jis [17]. This difference might be derived from that PIAS

Thyl GN, we examined glomerular gene expression of TGF-B, 0= [1oteins exert differential effect on EI12. Alternatively, tissue-
SMA and E12 by quantitative RT-PCR, and found that TGF-f, specific factors may modulate the PIAS function.

oc-SMA, apd E12 mRNA were increased at day 6 in a parallel Moreover, we found that disruption of the E3-ligase activity of
fashion (Figure 7B, G and D). PIASy abolished its ability to down-regulate the a-SMA promoter,

suggesting that at least part of its activity is dependent on protein

PIASy and SUMO-1 Expression in Experimental Mesangial sumoylation. PIAS family proteins have been originally identified
Proliferative Glomerulonephritis as a cofactor that inhibits the transcriptional activation potential of
Glomerular expression of PIASy was then examined by Western STAT and in mammals five PIAS proteins (PIAS], 3, Xo, X8,
blotting and immunohistochemical analysis. Figure 8A shows that and y) have been reported [18]. Recently, PIAS family proteins
PIASy protein was significantly increased at day 6. Immunohis- have been proposed to function as a SUMO-ES3 ligase [19]. PIASy

. PLoS ONE | www.plosone.org 5 July 2012 | Volume 7 | Issue 7 | e41186
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Figure 3. PIASy promotes sumoylation of E12 in vivo. (A) 293T cells were cotransfected with (+) or without (—) 2 pg of plasmid expressing myc-
E12, 2 pg of plasmid expressing HA-SUMO-1, and 2 pg of plasmid expressing flag-PIASy. Cell lysates were immunoprecipitated (IP) with anti-myc
antibody. The immunoprecipitates were subjected to SDS-PAGE and analyzed by Western blotting (WB) with anti-myc antibody. After ECL
development, the filter shown in the first panel was stripped and reproved with anti-HA antibody (second panel). The levels of proteins expressed in
whole cell lysates (WCL) were analyzed and shown as indicated. Each experiment was performed at least three times and representative data was
shown. (B) SUMO-1 is conjugated at lysine 496 of E12 in vivo. Upper panel, schematic representation of mouse E12. The activation domain | (AD 1),
activation domain Il (AD Il) and ubiquitin ligase domain (ULD) are shown. The lysine residue in the putative SUMO-1 acceptor site is indicated by a
black dot within the consensus sumoylation sequence. Lower panel, sumoylation of wild-type E12 but not mutant E12 (K/R) in vivo. 293T cells were
transfected with plasmids expressing myc-E12 or myc-E12 (K/R) with (+) or without (=) HA-SUMO1. Cell lysates were immunoprecipitated (IP) with
anti-myc antibody. The immunoprecipitates were subjected to SDS-PAGE and analyzed by Western blotting(WB) with anti-myc antibody. After ECL
development, the filter shown in the first panel was stripped and reproved with anti-HA antibody (second panel). (C) Mouse MCs (0.15x10°) were
plated in 24-well plates, and six hours later, cotransfected with 25 ng of the wild-type E12 or mutant E12 (K/R) expression plasmid, and 150 ng of the
reporter construct. Luciferase activities in lysates prepared 36 hours post-transfection were measured. The activity of the reporter plasmid alone was
arbitrary given a value of 1, and the activities of the other transfections were adjusted relative to this assay. Means of three independent experiments
in triplicate are shown.

doi:10.1371/journal.pone.0041186.g003
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Figure 4. Effect of siRNA specific for PIASy and E12 in a-SMA regulation in MCs. (A) PIASy mRNA and protein were reduced by transfection
of siRNA against PIASy in mouse MCs. Gene expression of PIASy was examined by quantitative RT-PCR using mRNA of MCs transfected with siRNA
against PIASy or control siRNA (20 nM). (B) a-SMA mRNA expression was increased by transfection of siRNA against PIASy. (C) Western blots of MCs
transfected with siRNA against PIASy or control siRNA. (D and E) Optical densitometry of PIASy and a-SMA in immunoblotting. (F) E12 mRNA and
protein were reduced by transfection of siRNA against E12 in mouse MCs. Gene expression of E12 was examined by quantitative RT-PCR using mRNA
of MCs transfected with siRNA against E12 or control siRNA (10 nM). (G) «-SMA mRNA expression was suppressed by transfection of siRNA against
E12. (H) Western blot analysis of MCs transfected with siRNA against E12 or control siRNA. (I and J) Optical densitometry of E12 and a-SMA in
immunoblotting. Means of four independent experiments are shown. The results were presented as the fold-increase or decrease compared with the
values of cells transfected with control siRNA. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. *P<<0.05, v.s. control.

doi:10.1371/journal.pone.0041186.g004

was shown to catalyze sumoylation of p53, LEF-1, Smad3, C/
EBPS, EIAF, Ets-1 and Tcf+¢ [14], [20], [21,22,23,24,25).
Intriguingly, we found that PIASy acts as E3 ligases for E12
sumoylation by i vivo sumoylation assays. Moreover, we found
that PIASy preferably mediates SUMO-1 modification of E12
over SUMO-3 modification (Figure S2). SUMO-1 modification
and SUMO-2/3 modification can result in distinct consequences
in alteration of target protein’s function. Further study is required
to address the role of SUMO modification in the function of E12
and its modification by PIASy.

Sumoylation has been shown to affect the activity of many
transcription factors. We found that mutant E12 (K/R), E12
sumoylation defective mutants, showed significantly higher o-
SMA promoter activity compared to that of the wild-type,
suggesting that the sumoylation of E12 antagonizes its transcrip-
tional activation potential. Next, we examined whether overex-
pressing PIASy has a different effect on E12 (either wild-type or
K/R)-mediated transactivation. As shown in Figure S3, the
percentage of decrease in mutant E12 (K/R)-mediated transacti-
vation by overexpressing PIASy was significantly lower than that

“E). PLOS ONE | www.plosone.org

of the wild-type, suggesting that mutant E12 is more resistant to
the effect of PIASy overexpression.

Due to the significant sequence homology within the PIAS
family and their redundant interactions, it is likely that other post-
transcriptional modifications and/or their local concentrations
largely govern their specificity @ vivo. As shown in Figure S1B, in
vivo sumoylation assay revealed that PIASI also acts as E3 ligases
for E12 sumoylation in 2937T cells, but the minor slowly migrating
bands were weaker than in the case of PIASy. On the other hand,
we examined the expression level of PIAS family members in
mouse MCs. As shown in Figure S1A, RT-PCR revealed that
PIASy is most predominantly among PIAS family members
expressed in mouse MOCs. These results suggest that PIASy
predominantly acts as E3 ligases for E12 in MCs among PIAS
family members.

In this study, we showed that TGF-f transcriptionally increased
the expression of PIASy and E12 along with a-SMA expression in
MCs. Moreover, reduced expression of PIASy protein by siRNA
specific for PIASy resulted in increased TGF-p-mediated a-SMA
expression. These results suggest that PIASy negatively regulates
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Figure 5. TGF-p increased PIASy, E12, and o-SMA mRNA and
proteins in MCs. (A) Mouse MCs were cultured in the presence or
absence of 1 ng/ml TGF- for the indicated times. Gene expression of
PIASy, E12 and a-SMA was examined by quantitative RT-PCR using
mMRNA of MCs treated or untreated with TGF-B. Means of four
independent experiments are shown. The results are presented as the
fold-increase or decrease compared with the values of 0 hours. Open
bars denote no treatment, closed bars TGF-p treatment. (C) Mouse MCs
were cultured in the presence or absence of 1 ng/ml TGF-B for the
indicated times. Total cell lysates were examined by Western blot
analysis using anti-PIASy, anti-E12, and anti--SMA antibodies. Repre-
sentative data from four independent experiments is shown. (B) Optical
densitometry of PIASy, E12 and o-SMA in Western blotting. The values
of PIASy, E12 and «-SMA were normalized for that of GAPDH and
compared with the values of 0 hours. Means of four independent
experiments are shown. Open bars denote no treatment, closed bars
TGF-B treatment. (D) TGF-B increased PIASy proteins in MCs in a dose-
dependent manner. Mouse MCs were cultured with the indicated doses
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of TGF-B for 24 hours. (E) TGF-B increased E12 proteins in mesangial
cells in a dose-dependent manner. Mouse MCs were cultured with the
indicated doses of TGF- for 24 hours. The values of PIASy and £12 were
normalized for that of GAPDH and compared with the values of control
vehicle. Means of four independent experiments are shown. *P<0.05,
v.s. control.

doi:10.1371/journal.pone.0041186.g005

TGF-B signaling by associating with E12 to prevent uncontrolled
cell proliferation and dedifferentiation, although this is not the
only mechanism involved in the control of this signal transduction.
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Figure 6. Effect of siRNA specific for PIASy on TGF-B mediated
@-SMA expression in mesangial cells. (A) Mouse MCs were
transfected with siRNA against PIASy or control siRNA. 12 hours after
the transfection, MCs were serum-starved in starving medium (0.5%
bovine serum albumin/DMEM) for 36 h. MCs were then stimulated with
TGF-B (1 ng/ml) for 24 hours. Total cell lysates were examined by
Western blot analysis using anti-PIASy and anti-o-SMA antibodies.
Representative data from three independent experiments is shown. (B
and C) Optical densitometry of PIASy and a-SMA in Western blotting.
The values of PIASy, E12 and 0-SMA were normalized for that of GAPDH
and compared with the values of cells transfected with control siRNA.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. *P<0.05, v.s.
control.

doi:10.1371/journal.pone.0041186.g006
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Figure 7. Glomerular expression of E12, 0-SMA, and TGF-§ in Thy1 GN. (A) Representative light microscopic pictures of glomeruli {periodic
acid-Schiff staining) and expression of a-SMA and E12 at day 0, 3, 6 and 12 in Thy1 GN. Significant proliferation of MCs was observed at day 6. (B, C
and D) Gene expression of E12, a-SMA, and TGF-§ was examined by quantitative RT-PCR using glomerular mRNA. The results were presented as the
fold increase compared with the values obtained before the induction of Thy1 GN (day 0). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
¥P<0.05, v.s. control. White scale bar=100 pm. Original magnifications, x400.

doi:10.1371/journal.pone.0041186.9007

Imoto et al demonstrated that PIASy associates with Smad3 and the effect of PIASy on TGF-P signaling is mediated through

inhibits TGF-B/Smad transcriptional responses such as PAI-1 multiple cascades.

using the negative feedback loop [20]. Thus it is also possible that In Thyl GN, PIASy and E12 were upregulated and distributed
similarly in the nucleus of the glomerulus in the proliferative
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Figure 8. Up-regulation of PIASy and SUMO-1 in Thy1
glomerulonephritis. (A) Expression of PIASy protein in glomeruli
from Thyl GN. Glomerular lysates were subjected to Western blot
analyses with an anti-PIASy antibody. Representative picture is shown.
PIASy was significantly upregulated at day3 and 6 in the course of Thy1
GN (n=4; P<0.05) (B) Optical densitometry of PIASy in Western
blotting. The data are expressed as mean = SD (n=4 in each group). (C,
D, E and F) Immunohistological analysis of PIASy in Thyl glomerulo-
nephritis at day 0 (C), day 3 (D), day 6 (E) and day 12 (F). Note that
nuclear staining of PIASy was seen in the glomeruli at day 3 and 6. (G
and H) Immunobhistological analysis of SUMO-1 in Thy1 glomerulone-
phritis at day 0 (G), and day 6 (H). Sections were counterstained with
hematoxylin solution. White scale bar= 100 um. Original magnifications,
x400.

doi:10.1371/journal.pone.0041186.9008

phase, along with increased o-SMA and TGF-B expression,
suggesting that these genes were involved in the regulation of o-
SMA under pathophysiological conditions # vive, and that tight
control of HLH levels and activity by PIASy is necessary to
prevent uncontrolled cell proliferation and dedifferentiation.
Interestingly, an association between PIASy and E12 proteins
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was observed at day 6 by IP-western blotting, but not at day 0,
suggesting that the interaction of PIASy and EI2 could be
dependent on mesangial activation. Taken together, we speculated
that TGF-P up-regulates PIASy expression in MCs at day 6 to
regulate «-SMA gene transcription by the interaction with E12. In
this model, however, we could not conclude whether PIASy down-
regulates «-SMA expression as demonstrated in 2 vitro knockdown
assays. Future studies using PIASy-deficient mice are needed.

In this study, we focused on E-box dependent o-SMA
transactivation. On the other hand, several key transcription
factors have been identified and shown to be important in
regulation of TGF-B-induced SMC-specific gene expression,
including SRF [26] and Smad family [27]. This may be one
reason why PIASy was increased in accordance with o-SMA
expression at day 6 in Thyl GN. However, in view of the
homeostatic importance of TGF-B, the targeting modalities would
not need to interfere with physiological activity. Partial attenuation
of overactivity appears to be sufficient to limit the consequences on
tissues. Prevention of diabetic retinal microangiopathy did not
require complete normalization of gene expression changes in the
TGF-B pathway [28]. Interestingly, siRNA specific for PIASy
significantly increased endogenous type 1 collagen (1.24+0.2 fold)
and PAI-1 (1.31+0.32 fold) mRNA expression, suggesting that
PIASy may be involved not only in &-SMA expression but also in
phenotypic changes of MCs. Moreover, we found that PIASy plays
an important role in mesangial cell proliferation through the
interaction with E12 (Figure 9). These results suggest that PIASy
may be a therapeutic target in glomerulonephritis.

In summary, we show that PIASy is a novel E12-binding
partner, and enhances its sumoylation as a specific SUMO-E3
ligase. Our study indicates that TGF- up-regulates PIASy
expression in MCs to down-regulate a-SMA gene transcription
by the interaction with E12. Further analysis of the modulation of
E12-induced o-SMA expression by PIASy is likely to provide us
new insights into molecular pathophysiology of progressive renal
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Figure 9. Effect of siRNA specific for PIASy and E12 in cell
proliferation in MCs. siRNA specific for E12 did not affect the BrdU
incorporation, but siRNA specific for PIASy obviously enhanced the cell
proliferation 48 hours later after the transfection. The enhancing effect
was significantly attenuated in combination with the knockdown of E12
by the RNA interference. Values were expressed as means = SD (n=3).
doi:10.1371/journal.pone.0041186.g009
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disease and helps establish new therapeutic approaches to
glomerulosclerosis.

Materials and Methods

Reagents and Antibodies

Human recombinant TGF-Bl was purchased from R&D
Systems (Minneapolis, MN). Rabbit anti-rat PIAS4, anti-E12
(Santa Cruz Biotechnology, Santa Cruz, CA), Rabbit anti-mouse
PIAS4 (Proteintech Group, Chicago, IL), anti-a-SMA (1A4),
Rabbit anti-flag, mouse anti-flag M2 (Sigma-Aldrich,St Louis,
MO), anti-GAPDH (6C5; Millipore, Billerica, MA), rat anti-HA
(3F10; Roche), and mouse anti-a-tubulin (Ab-1; Oncogene) were
purchased commercially.

Yeast two-hybrid Screening

Yeast two-hybrid screening was performed with a Matchmaker
GAL4 two-hybrid system (Clontech, Mountain View, CA) using
the reporter Saccharomyces cerevisiae strain AH109 as described
by the manufacturer. To generate a bait construct with the bHLH
domain of E12 (505-651 aa), the cDNA was amplified by PCR
from the full-length cDNA mouse E12 (RIKEN), and inserted into
the Ncol-Pstl site of the pGBKT7 vector. We prepared ¢cDNA
library from mouse mesangial cells and inserted it into the
pGADT7-Rec vector. Primary screening was based on activation
of the histidine selection marker by an interaction between bait
and library proteins and was performed using histidine-negative
plates. Secondary screening was based on further activation of a f3-
galactosidase reporter gene and was determined using blue/white
colony screening. Library-derived plasmids from the candidate
clones were rescued into the E. coli DH-5a and studied further.

Cell Cultures

Human embryonic kidney carcinoma cell line, 29371, and
COS7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum and
glutamine as previously described [29,30]. Mouse kidney mesan-
gial cells (MCs) were characterized and maintained in DMEM
supplemented with 20% fetal bovine serum and glutamine as
previously described [31]. The cultured cells fulfilled the criteria
generally accepted as glomerular MCs [32].

Expression Plasmid Construction

pcDNA3-HA-SUMO-1 were kindly provided by Dr. K.
Shimotohno [33]. pCAG-HA-SUMO-1, HA-SUMO-3 [34],
pEGFP-PIAS], pEGFP-PIASXco, pEGFP-PIASXP, pEGFP-
PIAS3 [35] and pEGFP-PIASy [36] were kindly provided by
T. Ohshima. The fragment of mouse &-SMA (—1074 to +43) were
subcloned into a pGL3-basic vector (Promega, Madison, WI) [37].
Full-length of mouse PIASy was amplified by PCR from the
¢DNA in mouse testis and cloned into the EcoR 1/Xba I sites of
pcDEF3-flag vector. Full-length of mouse E12 was amplified by
PCR from the full-length cDNA mouse E12 (RIKEN) and cloned
into the Sal I/Bgl II sites of PCMV-myc vector (Clontech). The
c¢DNAs for mutant E12 with substitution of Lys-456 to Arg, E12
(K/R), and PIASy RING mutant with substitution of Cys-335 and
Cys-340 to Ala, PIASy“®, were created using site-directed
mutagenesis and subcloned into expression vectors to obtain
pCMV-myc-E12 (K/R) and pcDEF3-flag-PIASy®*. All constructs
were confirmed by DNA sequencing.

Immunoprecipitation Experiments (IP-Western Blotting)

For the co-immunoprecipitation experiments, COS-7 cells were
transfected with plasmid DNA using Fugene6 (Roche), according

@ PLoS ONE | www.plosone.org

PIASy Regulates a-Smooth Muscle Actin Expression

to the manufacturer’s instructions. Cells were harvested 48 hours
after transfection, and Iysed on ice in 20 mmol/L Tris-HCI
(pH7.4), 150 mmol/L NaCl, 0.5% NP-40, supplemented with a
protease inhibitor cocktail (Roche) for 20 minutes. The lysates
were then precleared with protein agarose G (Roche) and
incubated overnight at 4°C with anti-myc antibody (9E10,
Upstate) followed by 3-hour incubation with protein agarose G.
For immunoprecipitation with anti-flag antibody, the lysates were
incubated overnight at 4°C with anti-flag M2 affinity gel (Sigma).
Samples were washed four times with phosphate-buffered saline
buffer, and immunoprecipitates were eluted and analyzed by
Western blot.

For the endogenous proteins, mouse MOCs lysates or rat
glomerular lysates were lysed on ice in 20 mmol/L Tris-HCI
(pH7.4), 150 mmol/L NaCl, 0.5% NP-40, supplemented with a
protease inhibitor cocktail (Roche) for 20 minutes. The lysates
were then precleared with protein agarose A (Roche) and
incubated overnight at 4°C with anti-PIAS4 antibody (Cell
Signaling Technology, Beverly, MA) followed by 3-hour incuba-
tion with protein agarose A. Samples were washed four times with
phosphate-buffered saline buffer, and immunoprecipitates were
eluted and analyzed by Western blot.

Western Blot Analysis

MCs or glomerular lysates were lysed in RIPA buffer as
described in previous reports [38]. Twenty ug of each sample was
fractionated on SDS-PAGE gels and electroblotted onto Protran
nitrocellulose membrane (Whatmann, UK), subjected to Western
blot using each antibody. Immunoreactive bands were visualized
and quantificated by imaging densitometer, Image J (http://rsb.
info.nih.gov/1j/index.html).

Reporter Assay

Transfections were perfomed using Fugene6. Luciferase activ-
ities were normalized to Renilla luciferase activities derived from
cotransfected pRL-SV40-Luc (Promega). All reporter assays were
performed in triplicate, and standard deviations (S.D.) are denoted
by the bars in figures.

In vivo Sumoylation Assays

HEK293T cells were transfected using Lipofectamine2000
(Invitrogen) according to the manufacturer’s instructions. In vivo
sumoylation assays was performed as described previously [33].

Preparation of Total RNA and Quantitative Reverse
Transcription-PCR

Total RNA was isolated by TRIzol reagent (Invitrogen,
Carlsbad, CA). The quantitative RT-PCR was performed as in
previous reports [38]. The oligonucleotide primers are listed in
Table 1.

RNA Interference

Stealth small interference RNA (siRNA) against E2A (5'-
AAUACUGGGAGCUGCUCUUGAUGCC-3"), PIASy (5'-
AAAGCUCUGGGCUACAGUCGAACUG-3) and Stealth
RNA Interference (siRNA) negative control duplex were provided
by Invitrogen. Transient transfection of the siRNA oligonucleo-
tides was carried out using Lipofectamine RNAI MAX (Invitrogen)
according to the manufacturer’s instructions.

Animals and Induction of Thy1 Glomerulonephritis

Male Wistar Kyoto rats (Shimizu Laboratory Animal Center,
Hamamatsu, Japan) weighing 180-200 g were used in this study.
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