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cells after size fractionation of PA-labeled oligosaccharides [3,7].
Alternatively, fractionated oligosaccharides can be directly ana-
lyzed in conjunction with electrospray ionization mass spectrome-
try (ESI-MS), where m/z and GU can be obtained simultaneously. In
any case, this reversed-phase HPLC is a powerful method for iden-
tification of free glycan structures (especially isomers) recovered
from the cytosol of animal cells, where derivarives of Gnl-type,
high-mannose-type glycans were predominant, whereas Gn2 gly-
cans can be increased under certain conditions [12,13].
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distinguishing between benign and malignant thyroid nodules, we developed an enzyme-linked immu-
nosorbent assay. We quantified galectin-3 in fine needle aspirates from a series of 118 patients with

thyroid nodules and serum galectin-3 from another series of 46 patients, which were compared with final
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assay

histology after thyroidectomy. Relative galectin-3 value (ng/mg), defined as galectin-3 concentration
(ng/ml) divided by total protein concentration (mg/ml] in fine needle aspirates, was significantly higher
in papillary carcinoma than in the other thyroid entities. There was no significant difference in serum
galectin-3 level among patients with thyroid nodules and healthy individuals. Accordingly, relative galec-
tin-3 value allows a definitive diagnosis of papillary carcinoma independent of cellular morphology,

whereas serum galectin-3 does not serve as a marker for papillary carcinoma,

© 2008 Elsevier Inc. All rights reserved.

Galectin-3, a [i-galactoside-binding lectin, is presumed to be
involved in carcinogenesis. Subcellular distribution of galectin-3
is predominantly in the cytoplasm [1], and cytoplasmic galectin-
3 expression is increased in a diversity of human malignancies
|2-4]. In particular, almost all well differentiated thyroid carcino-
mas express cytoplasmic galectin-3, whereas normal thyroid tissue
and most benign thyroid lesions do not [2,3]. On the other hand,
serum galectin-3 is less well examined, although galectin-3 is
secreted [1].

Fine needle aspiration (FNA) cytology is a diagnostic procedure
of first choice for the evaluation of patients with thyroid nodules
|5]. Since the diagnosis of follicular carcinoma is defined by the
presence of capsular or vascular invasion [6], FNA cytology is
unable to differentiate follicular carcinoma from its benign coun-
terpart. Many patients with follicular thyroid nodules are referred
for thyroidectomy without real therapeutic necessity, approxi-
mately 10% of whom have malignant nodules upon surgery [7].
Moreover, false negative cytodiagnoses commonly occur in papil-
lary carcinoma [7]. A molecular marker for malignant thyroid
nodules is necessary to eliminate potentially unnecessary surgery
for benign thyroid nodules and to improve the preoperative diag-

* Corresponding author. Fax: +81 6 6879 3959,
E-muil address: hinohara@ent.med.osaka-uac.jp (H. Inohara)

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi: 10.1016/|.bbrc.2008.09.041

nostic accuracy of thyroid malignancies. In the present study, we
developed an enzyme-linked immunosorbent assay (ELISA) of
galectin-3, We describe a potential feasibility of cytoplasmic and
serum galectin-3 concentrations for the differential diagnosis
between benign and malignant thyroid nodules.

Materials and methods

Generation of MAb, Monoclonal antibodies (MAbs) were pro-
duced by a modification of the procedure of Banno et al. [8]. Female
BALB/c mice of 8-week-old age were immunized by recombinant
human galectin-3 prepared as described previously [9]. The iso-
types of MAbs were determined with a mouse MonoAb ID EIA
Kit (Zymed Laboratories Inc., San Francisco, CA). MAbs were
cl d to Fab' frag s, which were coupled to horseradish per-
oxidase (HRP) according to Ishikawa et al. [10]. All mice were bred
in Immuno-Biological Laboratories animal facilities and used in
accordance with institutional guideline.

Twao-site MAb-based ELISA. Microtiter plates with 96 wells were
coated with 100 pljwell of 100 mM carbonate buffer (pH9.5)
containing 10 pg/m! purified anti-galectin-3 MAb at 4°C over-
night. The plates were washed with phosphate-buffered saline
(PBS), pH 7.4, containing 0.05% (v/v) Tween 20 (PBS-T) and blocked
with 200 plfwell of 1% (w/v) bovine serum albumin (BSA) in PBS
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containing 0.05% NaN; for 1h at room temperature, Following
washes with PBS-T, 100 pl of samples or purified recombinant
galectin-3 as a standard, serially diluted in 1% BSA in PBS-T, were
added in duplicate and incubated at 37 °C for 1 h. After washing,
100 il of 0.2 pg/ml HRP-conjugated anti-galectin-3 MAb was
added to each well and incubated for 30 min at 4 °C. Following fur-
ther washing, 100 pl of freshly prepared tetramethyl benzidine
solution was added to each well as a substrate and incubated in
the dark for 30 min at room temperature. The reaction was termi-
nated by the addition of 100 ul of 1 N H,50,. The absorbance at
450 nm was measured in an ELISA reader (Bio-Rad, Hercules, CA),

Construction and expression of galectin-3 fusion plasmids. Four
forms of truncated galectin-3 were produced as glurathione-S-
transferase (GST) fusion proteins, cDNAs encoding amino acids
(aa) 1-64 (Region #1), aal1-129 (Region #2), aa120-250 (Region
#3), and aa184-250 (Region #4) were amplified by PCR using full
length galectin-3 cDNA as a template. Combinations of the sense
and antisense primers are as follows: Fwl (5'-ACGGATCCAA
AATGGCAGACAATTTTTCGC-3' -Rv1 (5'-CCCTCGAGTTAAGGGTAGG
CGCCTGGAGGT-3'), Fwil-Rv2 (5-GTCTCGAGTTAGCGAGGCACCAC
TCCCCCA-3"), Fw2 (5'-CTGAATTCCTGCCTTTGCCTGGGGGAGTGG-
3')-Rv3 (5'-CTCTCGAGTTATATCATGGTATATGAAGCA-3'), and Fw3
(5'-GAGAATTCGAAAGACAGTCGGTTTTCCCAT-3')-Rv3. Full length
galectin-3 cDNA was also amplified with Fw1 and Rv3. The PCR
fragments were digested with BamHl and Xhol, ligated into
PGEX-4T-1 vector (Amersham Biosciences, Piscataway, NJ), and
transformed into Escherichia coli ]M109 cells (Promega, Madison,
WI). These five fusion proteins were expressed with IPTG induction
(Sigma Chemical, St. Louis, MO) and purified by affinity chromatog-
raphy using Glutathione-Sepharose 4B column (Amersham
Biosciences ).

Immunoblotting. Monolayer cultures of human thyroid papillary
carcinoma cell line NPA and human fetal thyroid follicular cell line
TAD-2 were harvested in ice-cold TNE buffer (10 mM Tris, pH 8.0,
1% NP-40, 150 mM NacCl, 1 mM EDTA). Ten micrograms of aliquots
of the cell lysates was subjected to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) on 12.5% gels under
reducing conditions. After electrophoresis, the proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes, which were
quenched overnight at 4 °C. The blots were probed with anti-galec-
tin-3 MAbs at a concentration of 1 pg/mi for 1 h, followed by
trearment with HRP-conjugated rabbit anti-mouse IgG (Zymed) for
1 h. The blots were then processed for exposure with Enhanced
Chemiluminescence (ECL Western blotting detection reagents;
Amersham). Alternatively, the blots were probed with anti-galec-
tin-3 MAb M3/38 produced by TIB166 hybridoma (American Type
Culture Collection, Rockville, MD) and HRP-conjugated rabbit anti-
rat IgG secondary antibody (Zymed), In addition, 10 pg aliquots of
purified GST-fused proteins of galectin-3 were resolved by 12.5%
reducing SD5-PAGE and transferred to PVDF membranes, which
were probed with anti-galectin-3 MADbs or anti-GST antibody
(Amersham), and processed as described above. In some experi-
ments, fusion proteins were treated with thrombin to remove GST,
and fractionated by 12.5% reducing SD5-PAGE for immunoblotting.

Patients and samples. FNA with a 22-gauge needle attached to a
10-ml syringe was performed preoperatively on a series of 118 pa-
tients with thyroid nodules, The aspirates were subjected to
conventional cytology and ELISA of galectin-3. Each fine needle
aspirate was rinsed with 500 pL of ice-cold TNE buffer and stored
at —80°C. All of the patients underwent thyroidectomy at Kuma
Hospital in 2003, and surgically excised lesions were subjected to
immunohistochemistry of galectin-3. Histopathologically the
lesions consisted of 42 papillary carcinomas, 16 follicular carcino-
mas, 26 follicular adenomas, and 34 adenomatous goiters. Blood
samples were obtained from another series of 46 patients before
and 3-4 weeks after thyroidectomy at Kuma Hospital in 2002.

| Research Communicatio s 376 (2008) 605-610

Histopathologically the lesions consisted of 10 papillary carcino-
mas, 6 follicular carcinomas, 10 follicular adenomas, and 20 ade-
nomarous goiters. The sera were stored at —B80°C until assay.
Sera were also obtained from 20 healthy volunteers. Informed con-
sent was obtained from each subject with the approval of the Insti-
tutional Review Board.

ELISA of human samples. Cell suspensions of the aspirates were
gently rotated for 30 min at 4 °C and centrifuged at 12,000g for
30 min at 4 °C to remove nuclear pellet. Cell lysares and sera were
serially diluted with PBS-T containing 1% BSA, and subjected to an
ELISA of galectin-3 as described above. Simultaneously, total
protein concentration of the cell lysate was determined using
Lowry's method [11). A relative galectin-3 value (ng/mg) was cal-
culated by dividing galectin-3 concentration (ng/ml) by total
protein concentration (mg/ml).

Immunohistochemistry. Immunohistochemistry of galectin-3
was performed by means of anti-galectin-3 MAb M3/38 and a bio-
tin-free detection system (Histofine Simple Stain MAX PO; Nichirei,
Tokyo, Japan) as described previously [12]. The distribution of
cytoplasmic immunoreactivity was evaluated as follows: negarive
staining = 0; focal to moderate staining = 1+, when less than 40%
of follicular cells were positive; diffuse staining = 2+, when greater
than or equal to 40% of follicular cells were positive.

Statistical analysis. The utility of relative galectin-3 value to
identify papillary carcinoma was evaluated by constructing a recei-
ver-operating characteristic (ROC) curve, The cut-off value was
defined as that which was closest to a crossing point between
the ROC curve and a diagonal line representing an equality of
sensitivity and specificity. The determination of 95% confidence
intervals using Clopper-Pearson method was employed for statis-
tical analysis between diagnostic modalities in terms of the diag-
nostic accuracy of papillary carcinoma. The difference in relative
galectin-3 values between histopathological entities was analyzed
by Steel Dwass test, Spearman rank coefficient was calculated to
test the degree of linear association between relanive galectin-3
value and immunohistochemical galectin-3 staining intensity. Ser-
um galectin-3 level from independent groups was compared by
Kruskall-Wallis test. The difference in serum galectin-3 level
between pre- and post-thyroidectomy was analyzed by Wilcoxon
signed rank test. A difference with P<005 was considered
significant.

Results
Characterization of anti-galectin-3 MAb

Five clones of hybridomas producing anti-galectin-3 MAbs were
obtained, and designated as 11A4, 19E2, 50A3, 74E2, and 87B5. As
shown in Fig. 1A, all MAbs detected a major band migrating at a
molecular weight (MW) of 31 kDa in NPA cells, rich in endogenous
galectin-3 [1]. Minor bands with smaller MWs were also identified,
which were probably degenerated products of galectin-3. Galectin-
3 is a substrate for matrix metalloproteineses-2 and -9 [13]. In
contrast, all MAbs, except 11A4, detected a faint single band migrat-
ing ata MW of 31 kDa in TAD-2 cells, poor in endogenous galectin-3
| 1], while 11A4 addressed a couple of non-specific bands with higher
MWs. A well characterized anti-galectin-3 MAb M3/38 also recog-
nized a band of a MW of 31 kDa. M3/38 dose not detect degenerated
products of galectin-3 [13]. The isotypes of the MAbs were deter-
minedtobe lgG1(11A4, 1962, and 50A3) and 1gG2a(74E2 and 87B5).

Esrablishmenr of ELISA of galectin-3

We developed five different combinations of the MAbs for ELI-
SA, which were evaluated in their ability to quantify galectin-3
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Table 1
Sandwich ELISA ing to comt of MABs

Catcher MAb Detector MAb Galectin-3 (ng/mi]5 « 10° cells)

NPA TAD-2

11A4 1962 15 L
1962 8785 17 13
50A3 8785 1819 157
T4aE2 11A4 168 &1
8785 A4 1045 109

(Fig. 1A). The standard dose-response curve of the ELISA with
50A3 and 87B5 is shown in Fig. 18 over the range of 0.624 and
40 ng/ml. To evaluate the intra- and interassay variations, two
standard curves per day on 4 consecutive days were tested. The
intra- and interassay coefficient variations were acceptable
(<15%) (data not shown). Neither repeated freezing and thawing
of sample nor presence or absence of protease inhibitors in sample
buffer yielded a significant difference (data not shown).

Epitope mapping

To address the epitopes recognized by 50A3 and 8785, galectin-
3 was divided into four fragments (Regions #1:aal-64, #2:aa1-
129, #3:aa120-250, and #4:aa184-250), and expressed as GST
fusion proteins with MWs of about 31, 37, 38, and 31 kDa on
SD5-PAGE. respectively (Fig. 1C). These GST-truncated galectin-3
fusion proteins, as well as GST-full length galectin-3 fusion protein
with a MW of approximately 50 kDa were analyzed by immuno-
blotting (Fig. 1D). Since, 50A3 shows a non-specific reaction
against GST fusion proteins (data not shown), the galectin-3 seg-
ments were recovered from GST fusion protein after treatment
with thrombin and subjected to the immunoblatting analysis.
The 50A3 was able to detect Regions #1 and #2 as well as intact
galectin-3, while Regions #3 and #4 were not detected, indicating
that the epitope recognized by 50A3 lies within the residues of
aal-64. Likewise, the 87B5 recognized intact galectin-3, Regions
#1 and #2, while it failed to detect Regions #3 and #4, suggesting
that the epitope recognized by 87B5 lies also within the residues of
aal-64. Yet there is another possibility that Region #1 includes
only a part of the binding region for 8785 and that the rest could
be locared within the residues of aa65-119, because the 8785
recognizes Region #2 much stronger than Region #1.

galectin-3 value

D

Ma 1 2 3 4 & hDa

480 114 .

200 | - ad

w0-| 400

LS B — 328-

08 7.

30- 168 Rel,

50A3 87BS Anti-GST

Fig. 1. Establishment of ELISA of galectin-3 and epitope mapping of anti-galectin-3
MABs. [A) Western blot analysis by anti-galectin-3 MAbs. Lanes 1 and 2 represent
NPA and TAD-2, respectively. {B) Standard dose-response curve for ELISA of
galectin-3 using 50A3 (catcher) and HRP-conjugated 8785 (detector) The bars
represent SD in quadlicates, (C) Schematic of the relation of various partial
sequence constructs to full-length galectin-3. The numbers above and at the ends of
each construct correspond to the full-length galectin-3 cDNA and denote the first
and last amino add included in the respective fragments. () Epitope mapping of
S0A3 and 8785 by Western blotting. Lanes 1. 2, 3. 4. and 5 represent full-length
galectin-3 protein. Regions #1, #2, #3, and #4, respectively. For Western blotting
with 50A3, the lysates were digested with thrombin to dissociate galectin-3
fragments from GST because 50A3 non-specifically cross-reacts with the GST fusion
protein

expressed by NPA and TAD-2 cells. Table 1 shows galectin-3
concentrations (ng/ml) of cell lysates prepared from NPA and
TAD-2 at 5 = 10*cells/mL. Although the combinations of 50A3
and B7B5, as well as 87B5 and 11A4 as catcher and detector,
respectively, matched well with the immunoblotting result, the
combination of 50A3 and 8785 was selected for further study be-
cause 11A4 showed non-specific binding on immunoblotting

Fine needle aspirates, the majority of which consist of follicular
cells, differ in cell number between samples. In order to neutralize
the difference, galectin-3 concentration measured by ELISA was di-
vided by total protein concentration in the aspirates, which yielded a
relative galectin-3 value. Relative galectin-3 value (median, range)
was 214, 2.3-1260 for papillary carcinoma, 10.1, 0.5-53.4 for follic-
ular carcinoma, 6.0, 0.16-23.4 for follicular adenoma, and 6.1.0.34-
55.3 for adenomatous goiter (Fig. 2A). Papillary carcinoma showed
significantly higher relative galectin-3 values than the follicular
entities (P < 0.0001 ). There was no statistically significant difference
in relative galectin-3 values among the follicular entities.

Diagnosis of papillary carcinoma

We evaluated the utility of relative galectin-3 value to diagnose
papillary carcinoma. A ROC curve was drawn to determine the cut-
off value distinguishing papillary carcinoma from follicular lesions,
which was defined as 38.4 (Fig. 2B). The sensitivity, specificity
positive predictive value, and negative predictive value of relative
galectin-3 value were 88%, 92%, 86%, and 93%, respectively, while
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Fig. 2. Stratification of thyroid lesions by relative galectin-3 value. (A) Relative
galectin-3 value in thyroid lesions. The bax represents the difference between the
25th and 75th percentiles, whereas the honzontal line mside the box represents the
median. Whiskers are drawn from the ends of the box to the maximum and
minimum valun PC, papillary carcinoma; FC, fnltlrular carcinoma; FA, follicular

o | AG. goiter. (B) Rec P 1 characteristic curves for
relative galectin-3 value in the diagnosis of papillary ummm A diagonal line
represents an equality of sensitivity and specificity

those of cytology were 86%, 96%, 100%, and 92%, respectively. There
was no significant difference in a diagnostic accuracy between the
two modalities

Immunohistochemistry of galectin-3

Two of 42 papillary carcinomas were not analyzed because the
specimens peeled off the shides due to excessive calcification.
Fig. 3A-D shows the representative immunohistochemistry of each
thyroid entity, Galectin-3, when expressed, was predominantly
found in the cytoplasm of follicular cells. Papillary carcinoma gen-
erally showed more intense expression of galectin-3, as compared
with follicular lesions. Galectin-3 expression was never detected in
follicular cells of normal thyroid tissue adjacent to neoplastic or
hyperplastic lesions. In the stroma, galectin-3 was observed in a
diversity of cells, such as fibroblasts, endothelial and smooth
muscle cells, and macrophages. Table 2 summarizes the immuno-
histochemical results.

Association berween ELISA and immunohistochemistry

Since follicular lesions showed variable levels of immunohisto-
chemical galectin-3, it was of interest to address whether relative
galectin-3 value correlated with staining intensity. As depicted in
Fig. 3E, relative galectin-3 value (median, range) was 5.6, 0.16-
11.2 for O staining intensity, 12.4, 0.65-51.1 for 1+, and 193,
15.9-53.4 for 2+ when follicular adenomas and carcinomas were

oL =

0 1+ ™
Staining intensity

Fig. 3. Immunohistochemical anatysis of galectin-3 in thyroid lesions (A-D) and
relative galectin-3 value according to staining intensity of thyroid follicular tumors
(E). (A) Papillary carcinoma (staining level 2+); (B) follicular carcinoma (staining
level 2+); (C) follicular adenoma (staining level 0); (D) follicular adenoma (staining
level 14} (E) The box represents the difference between the 25th and 75th
percentiles, whereas the horizontal line inside the box represents the median
Whiskers are drawn from the ends of the box to the maximum and minimum
values.

Tabile 2

tmmunohistochemical galectin-3 in thyroid nodules

Histology No, of pati Staining level ¥ Positive
0(x) 1+(X) 2+(X)

Papillary carcinoma 40 0(0) 4(10) 36(90) 100

Follicular carcinoma 16 6(38) 7(44) 3(19) 63

Follicular adenoma 26 17(65) 6(23) I(12) 35

Adenomatous goiter 34 26(76) 6(18) 2(6) 24

combined. There was a significant association hetween relative
galectin-3 value and staining intensity (Spearman rank coeffi-
cient = 0.588, P < 0.0001), When adenomatous goiters were further
combined, the association became less significant (Spearman rank
coefficient = 0.287, P = 0,003),

Serum galectin-3

The level of serum galectin-3 is summarized in Table 3. There
was no significant difference in serum galectin-3 level among
patients with thyroid nodules and healthy individuals. After thy-
roidectomy, serum galectin-3 level of patients with adenomatous
goiter was significantly decreased (P=0.002), whereas that of pa-
tients with the other thyroid entities showed no significant change.

Discussion

Relative galectin-3 value yielded a diagnostic accuracy for pap-
illary carcinoma, comparable to cytodiagnosis. Five of 42 papillary
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Table 3
Serum galectin-3 amonyg panents with thyroid nodules and healthy controls
Dhagnosis No. Th i Serum galectin-3 (ng/mi)
Median  Range Povalue
Healthy individuals 20 11 031-21
Papillary carcinoma 10 Pre 18 036-69
Post 18 084-7.1
Fallicular carcinoma & Pre 14 0.77-52
Post 1.8 0.41-69
Follicular adenoma 10 Pre 12 0.53-49
Post 15 031-43
Adenomatous goiter 20 Pre 16 031-41 0002
Post 03 031-55

* Pvalue refers to the difference between the groups of pre- and post
thyroidectomy.

carcinomas (12%) showed relative galectin-3 values less than the
curt-off (false negative results), which was probably due to sam-
pling error, because all of these cases showed diffuse expression
of galectin-3 on immunohistochemistry. Only single aspirate of
each thyroid nodule was subjected to the analysis of relative galec-
tin-3 value. Notewarthy is that both of two papillary carcinomas
with non-diagnostic cytological results after repeated FNA showed
relative galectin-3 values higher than the cut-off. When relative
galectin-3 value was combined with cytology. the sensitivity was
increased up to 100%. This increment was not statistically signifi-
cant because the sensitivities of the two modalities were high by
themselves. There were six cases with false positive results, two
and four of which were follicular carcinomas and adenomatous
goiters, respectively. None of follicular adenomas showed false
positive results. Among four adenomatous goiters with false
positive results, two showed no expression of galectin-3 on immu-
nohistochemistry, suggesting that contamination of galectin-3-po-
sitive inflammatory cells such as macrophages caused false
positive results. It should be noted that a subset of aspirates from
adenomatous goiters show moderate to abundant background
macrophages |14]. Moreover, it has been reported that the pres-
ence of macrophages explains the false positive expression of
galectin-3 in aspirates of adenomatous goiters [15).

Relative galectin-3 value failed to identify follicular carcinoma
among follicular lesions, although relative galectin-3 value of follic-
ular carcinoma tended to be higher than that of the other follicular
entities. This is ar least in part attributed to the finding that 9 of 26
follicular adenomas (35%) and 10 of 16 follicular carcinomas (63%)
immunohistochemically expressed galectin-3, since there was a
positive correlation between relative galectin-3 value and immuno-
histochemical staining intensity. This immunohistochemical results
disagree with previous literature | 2,3, because of the failure to show
aclose relationship of galectin-3 with malignant phenotype in follic-
ular lesions. Observer variation of histopathological diagnosis may
explain the discrepancy at least in part. The dissociation of relative
galectin-3 value with immunochistochemical results among ade-
nomatous goiters is explained, at least in part, by the contamination
of macrophages in aspirates as described above.

Observer variation has long been a recurrent topic in the diag-
nosis of follicular lesions. Follicular carcinoma is subdivided into
minimally and widely invasive types. Since widely invasive follic-
ular carcinoma shows extensive invasion, pathologists have less
difficulty in diagnosing the follicular lesion as malignant, and the
reproducibility of diagnosis among pathologists is within accep-
tance [16]. In contrast, the histopathological reproducibility of
minimally invasive follicular carcinoma is low because the evalua-
tion of vascular or capsular invasion is less reproducible [ 16]. More
explicit criteria for diagnosis of follicular lesions, minimizing the

impact of observer variation, are needed to establish the relevance
of galectin-3 in benign and malignant phenotypes among follicular
lesions. Interestingly, Saggiorato et al. reported that galectin-3-po-
sitive follicular adenomas showed histological features suspicious
of malignancy, such as hypercellularity, increased nucleus~cyto-
plasm ratio. and mitoses [17].

Serum galectin-3 concentration of patients with papillary carci-
nomas did not differ significantly from that of patients with follic-
ular lesions and healthy individuals. Under organ culture, medium
conditioned by papillary carcinoma tissue contained a 7-fold high-
er concentration of galectin-3 than that conditioned by normal
adjacent thyroid tissue (data not shown). It seems likely that pap-
illary carcinoma secretes galectin-3 in the circulation under certain
stimuli. On the other hand, only patients with adenomatous goiter
showed a decreased level of serum galectin-3 after thyroidectomy,
suggesting that the source producing serum galectin-3 may vary
among thyroid entities. Infiltrating inflammatory cells expressing
galectin-3 are responsible, at least in part, for serum galectin-3 in
patients with adenomatous goiters. Since a diversity of cells in-
volved in immune system secrete galectin-3 [18), immune system
seems likely to be concerned with serum galectin-3.

In conclusion, we have developed an ELISA of galectin-3 which
allows a quick and quantitative measurement of galectin-3. Relative
galectin-3 value is useful for the definitive diagnosis of papillary
carcinoma independent of cellular morphology, and complements
FNA cytology, although serum galectin-3 does not serve as a marker
for papillary carcinoma.
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Glycosylation is one of the most

of t-m id Il. which prevents N-linked oligosaccharide

modification reactions, and nearly half of all known proteins in
eukaryotes are glycosylated. In fact, changes in oligosaccharide
structure (glycan) are associated with many physiological and patho-
logical events, including cell adhesion, migration, cell growth, cell
differentiation and tumor invasion. Glycosylation reactions are cata-
lyzed by the action of glycosyltransferases, which add sugar chains 0
ious complex carbohydrates such as glycoproteins, glycolipids and
proteoglycans. Functional glycomics, which uses sugar remodeling
by glycosyltransferases, is a promising tool for the characterization
of glycan functions. Here, we will focus on the positive and negative
regulation of biological functions of integrins by the remodeling
of N-glycans with N-acetylglucosaminyltransferase 111 (GnT-111)
and N-acerylglucosaminyliransferase V (Gn'T-V), which catalyze
branched N-glycan formations, bisecting GleNAc and 31,6 GlcNAc,
respectively. Typically, integrins are modified by GnT-11I, which
inhibits cell migration and cancer metasrasis. In contrast, integrins
modified by GnT-V promote cell migration and cancer invasion.

Protein glycosylation encompasses N-glycans, O-glycans and
Glycosaminoglycans, N-glycans are linked 1o asparagine residues of
proteins, which is a specific subset residing in the Asn-X-Ser/Thr
morif, whereas O-glycans are artached 1o a subset of serines and thre-
onines (Fig. 1)." An increasing body of evidence indicates thar glycans
in glycoproteins are involved in the regulartion of cellular functions
including cell-cell communication and signal transduction.* In facr,
most receptors on the cell surface are N-glycasylated—integrins and
epithelial growth factor receptors; and transforming growth facror
receprors. Here, we focus mainly on the modification of N-glycans of
integrin a3B1 and 0051 to address the imporrant roles of N-glycans
in cell adhesion and migration.

Previous studies indicate that the presence of the appropriate oligo-
saccharide can modulate integrin activation. When human fibroblasts
were cultured in the presence of I-deoxymannojirimycin, an inhibitor
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processing, immature @5B1 integrin appeared at the cell surface, and
fibronectin (FN)-dependent adhesion was greatly reduced.” In addi-
uion, the reatment of purified integrin @51 with N-glycosidase F,
which cleaves berween the innermost GleNAc and asparagine residues
of N-glycans from N-linked glycoproteins, resulted in the blockage of
5P 1 binding to FN and the inherent association of both subunits,”
suggesting that N-glycosylation is essential for functional integrin
@51, The production of glycoprotein glycans is catalyzed by various
glycosyleransferases. N-Acetylglucosaminylransferase 1 (GnT-11T)
transfers N-acetylglucosamine (GleNAc) from UDP-GleNAc 1o a
B1. 4 mannosc in N-glycans to form a “bisecting” GleNAc linkage,
as shown in Figure 2. Bisecting GleNAc linkage is found in various
hybrid and complex N-glycans. Gn'I=111 is generally regarded as a key
glycosylransferase in N-glycan biosynthetic pathways. Introduction
of a bisecting GlcNAc suppresses further processing and clongation
of N-glycans catalyzed by N-acerylglucosaminyltransferase V (Gn'T-
V), which is strongly associated with cancer metastasis, since Gn'T-V
cannot urilize the bisecred oligosaccharide as a substrate.¥ It has
also been reported that GnT-V activity and B1, 6 branched N-glycan
levels are increased in highly metastatic tumor cell lines.>'" When
NIH3T3 cells were transformed with the oncogenic Ras gene, cell
spreading on FN was greatly enhanced due to an increase in B, 6
GleNAc branched tri- and tetra-antennary oligosaccharides in a5p1
integrins,” Similarly, the characterization uf N-glycans of integrin
a3pl from non-metastatic and me lanoma cell
lines showed that B1, 6 GlcNAc branched structures were expressed
at high levels in metasraric cells compared with non-metastaric cells. '
Cancer mertastasis was consistently, and significandy, suppressed in
GnT-V knockout mice."!

To explore the possible mechanisms involved in increased PI,
six branched N-glycans on cancer cells, Guo et al. found that cell
migration wward FN and invasion through the martrigel were both
substantially stimulared in cells in which the expression of GnT-V
was induced.'? Increased branched sugar chains inhibited the clus-
tering of integrin @5B1 and the organizarion of F-actin into extended
microfilaments in cells plated on FN-coated plates, which supports
the hypothesis that the degree of adhesion of cells to their extracel-
lular matrix (ECM) substrate is a critical factor in regulating the
rate of cell migration, i.c.. migration is maximal under conditions of
intermediate levels of cell adhesion.' Conversely, GnT-V null mouse
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embryonic fibroblasts (MEF) displayed enhanced cell adhesion 1o,
and spreading on, FN-coared plates with the concomitant inhibition
of cell ion, The ¢ ion of GnT-V <DNA in the null MEF
reversed these abnormal characteristics, indicating the direct involve-
ment of N-glycosylation events in these phenotypic changes.

In contrast o GnT-V, the overexpression of GnT-111 resulted in an
inhibition of a5B1 inregri liatedcell spreading and migration,
and the phosphorylation of the focal adhesion kinase.' The affinity
of the binding of integrin o5B1 to FN was significantly reduced
as a result of the inroduction of a bisccring GleNAc to the o5
subunir, In addirion, overexpression of Gn'T-I11 in highly merastaric
melanoma cells reduced B1. six branching in cell-surface N-glycans
and increased bisected N-gl'yc:.m.'" Therefore, GnT-111 has been
proposcd as an antagonistic of Gn'T-V, thereby contributing to the
suppression of cancer metastasis, In fact, the opposing effects of
GnT-111 and GnT-V have been observed for the same targer protein,
integrin 03B1.'¢ GnT-V stmulates a3f1 integrin-mediated cell
migration. while overexpression of GnT-11I inhibits GnT-V-induced
cell migration. The modification of the @3 subunit by GnT-111
supersedes modification by GnT-V. As a result, GnT-111 inhibirs
Gn'l-V-induced cell migration. These results strongly suggest thar
remodeling of glycosyltransferase-modified N-glycan strucrures cither
positively or negatively modulates cell adhesion and migraton.

In addition, sialylation on the non-reducing terminus of N-glycans
of @5B1 integrin plays an important role in cell adhesion. The
increased sialylation of the B1 integrin subunit was correlated with
a decreased adhesiveness and metastatic potential.'”!” On the other
hand, the enzymatic removal of a2, eight-linked oligosialic acids from
the @5 integrin subunit inhibited cell adhesion to FN,*" supporting
the observation that the N-glycans of ¢ and B integrin subunits play
distinet roles in cell-ECM interactions.?! Collectively, these findings

+ [ GlcNAc

Rﬁ @ mannose
[ GaiNAc
O galactose
& sislic acid

oS,

Figure 1. Two major types of protein glycosylotion. Mglycons are covalently
linked to asparagine (Asn) residve of proteins, specifically the Asn-X-Ser/Thr
mofif. In contrast, O-glycans are atiached to a subset of glycosidically linked
hydroxyl groups of the amine acids serine (Ser] and threonine (Thr)

cell-cell conracts is known to suppress cell migration, and thar effect
has been best described in the context uflumuﬁgtnuis.m Conversely,
the disruption of E-cadherin-mediated cell adhesion appears 1o be
a central event in the transition from non-invasive 1o invasive carci-
nomas. Interestingly, we recently found thar E-cadherin-mediared
cell-cell interaction upregulated GnT-111 expression,”” ¥ suggesting
that regulation of GnT-11l and E-cadherin expression may exist
as a positive feedback loop. Taken together, the overexpression of
GnT-1I inhibits cell migration by at least two mechanisms: an

suggest that the interaction of integrin at5B1 with FN is depend
on N-glycosylation and the processing status of NV-glycans.

Although alteration of the oligosaccharide portion on integrin
o5P1 could affecr cis- and trans-interactions caused by GnT-11,
S$T6Gall and GnT-V, as described above, the molecular mechanism
temains unclear. Considering integrin 51 conmins 26 porential
N-linked glycosylation sites (14 in the @ subunir and 12 in the
B subunit), the determination of those crucial N-glycosylation
sites for its biological function is, therefore, quite importane for
an understanding of the underlying mechanism. We sequenually
mutated cither one or a combination of asparagine residues in the
putative N-glycosylation sites of glutamine residues, and found
that N-glycosylation on the f-propeller domain of the @5 subunit
(in particular sites number 3-5) is essential for its hetero-dimer
formation and its biological funcrions such as cell spreading and
cell migration, as well as for the proper folding of the a5 subunit.*
On the other hand, N-glycans on B1 integrin also play important roles
in the regulation of its biological funcrions®** (and our unpublished
data). Very recently, we also found that GnT-111 specifically modifies
one of the important glycosylation sites, which results in funcrional
regulation (unpublished dara). We postulate thar these imporant
sites may participate in supramolecular complex formation on the
cell surface, which controls intracellular signal transduction.

Ir also is worth noring that N-glycans regulare cell-ECM associa-
tion as well as cell-cell adhesion. Overexpression of GnT-111 slowed
E-cadherin turnover, resulting in increased E-cadherin expression
on the surface of B16 melanoma cells.®” E-cadherin engagement at
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hancement in cell-cell adhesion and a downregulation of cell-
ECM adhesion (Fig. 2).

Indeed, glycosylation defects in humans and their links to disease
have shown that the mammalian glycome contains a significant
amount of biological information.?” The mammalian glycome
repertoire is estimated to be berween hundreds and thousands of
glycan structures and could be larger than its proteome counterpart.
Nevertheless, characterization of the biological functions of each
glycan could one day make a significant contribution to the diagnosis
and treatment of discase.
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Introduction

The ability of the innate immune system 1o recognize and
respond to microbial components has been chiefly attrib-
uted to a family of type | transmembrane receptors
termed Toll-like receptors (TLRs) that are expressed
abundantly on antigen-presenting cells such as macro-
phages and dendritic cells and can discriminate among
the distinct molecular patterns associated with microbial
components,'” The TLR-initiated activation of nuclear
factor-kB (NF-kB) is essential for the regulation of induc-
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Summary

Toll-like receptors (TLRs) play an important role in innate immunity
while, f;-adrenergic receptors (,AR) provide the key linkages for the
sympathetic nervous system to regulate the immune system. However,
their role in macrophages remains uncertain. Here, we demonstrate the
cross-talk between ;AR and TLR signalling pathways. Expression of
B:AR was down-regulated by TLR4 ligand lipopolysaccharide (LPS) stimu-
lation. To investigate the physiological consequence of this down-regula-
tion RAW264 cells, a macrophage cell line, were transfected with a f,AR
expression vector (RAWar). Both LPS-stimulated inducible nitric oxide
synthase (NOS II) expression and NO production were markedly sup-
pressed in the RAWar cells. The activation of nuclear factor-xB (NF-xB)
and degradation of the inhibitor of NF-xB (IxBx) in response to LPS
were markedly decreased in these cells. The level of [-arrestin 2, which
regulates [1,AR signalling, was also reduced in RAW264 cells after stimula-
tion with LPS, but not in RAWar cells. Overexpression of f-arrestin 2
(RAWarr2) also inhibited NO production and NOS Il expression. Fur-
thermore, we demonstrated that [-arrestin 2 interacted with cytosolic
IxBa and that the level of IxBx coimmunoprecipitated by anti-f-arrestin
2 antibodies was decreased in the RAW264 cells but not in RAWar or
RAWarr2 cells. These findings suggest that LPS-stimulated signals sup-
press [LAR expression, leading to down-regulation of B-arrestin 2 expres-
sion, which stabilizes cytosolic IxBx and inhibits the NF-xB activation
essential for NOS II expression, probably to ensure rapid and sufficient
production of NO in response to microbial attack.

Keywords: [},-adrenergic receptor; monocytes/macrophages; nitric oxide;
nuclear factor-xB; toll-like receptor

ible nitric oxide synthase (NOS II) and several proinflam-
matory cytokines, which are produced in response to
invading pathogens. The NO produced by NOS I has a
number of important biological functions, including roles
in host defence against intracellular pathogens and
tumour-cell killing. Although this basic definition is still
accepted, over the past decade NO has been shown to
play a much more diverse role not only in the immune
system but also in other organ systems, including both
beneficial and detrimental effects.” For example, the sys-
temic inflammatory response syndrome, which includes
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severe septic shock and multiple organ system failure,
remains a leading cause of death in critically ill patients.
Therefore, it is necessary to clarify the molecular mecha-
nisms of TLR-initiated signalling that lead to NO produc-
tion in response to microbial components.

Nuglear factor-xB is found predominantly in the cyto-
plasm complexed with members of the inhibitor of NF-
kB (IkB) family. The release of NF-kB from IkB proteins
is an essential step in the generation of transcriptionally
competent NF-kB. The consensus is that IkB proteins
mask the nuclear localization signals of NF-kB proteins,
thereby regulating NF-xB activity, primarily by limiting
their nuclear translocation. Recent studies, however, have
indicated that IkBa is detected in both the nucleus and
cytoplasm and that although the NF-xB complexes shuttle
between the nucleus and cytoplasm under all conditions,
they are unable to bind DNA because of their association
with proteins of the IxB family.*” Nuclear IxBa is not
sensitive to signal-induced degradation. Therefore, follow-
ing stimulation, NF-xB activities are dependent on the
level of cytoplasmic NF-xB/IxBa complexes.

Recently, we demonstrated that the level of fi;-adrener-
gic receptor (P,AR) expression influences TLR4 signal-
ling." B;AR is a member of a family of G protein-coupled
receptors (GPCRs) and is the key link involved in
immune system regulation via the sympathetic nervous
system.”'" Primary and secondary lymphoid organs, such
as the thymus, spleen and lymph nodes, reccive extensive
sympathetic/noradrenergic innervation, and lymphocytes,
macrophages and many other immune cells bear func-
tional P,AR. Therefore, B.AR stimulation regulates pro-
inflammatory cytokine production, lymphocyte traffic and
proliferation, and antibody secretion through cyclic aden-
osine monophosphate (¢cAMP) generation and protein
kinase A (PKA) activation.'™" However, the role of f,AR
in the TLR signalling pathway in macrophages remains
vague. On the other hand, arrestins are cytosolic proteins
that play a critical role in the regulation of GPCR signal-
ling.'*"" Recent studies have shown that they also interact
with their partner molecules in a variety of signalling
pathways, including NF-kB signalling."* ' In the present
study, we investigated the physiological consequence of
the down-regulation of B,AR expression in macrophages
and analysed the cross-talk between the signalling of
P:AR and TLRs.

Materials and methods

Cell culture

The murine macrophage cell line RAW264 (RCHB0535)
was purchased from RIKEN Cell Bank (Ibaraki, [apan)
and cultured as described in our previous study.'” The
cells were stimulated with 1 pg/ml lipopolysaccharide
(LPS) from Escherichia coli 055 (Sigma-Aldrich, St Louis,

© 2008 Blackwell Publishing Ltd, immunology, 124, 348-356
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MO). Cell viability was assessed using the trypan blue dye
exclusion test and cell size was measured by flow cyto-
metric analysis of forward light scatter characteristics
using a FACSCalibur flow cytometer (Becton Dickinson,
Mountain View, CA).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as described elsewhere.'”
The NE-xB oligonucleotide probe (5-AGT TGA GGG
GAC TTT CCC AGG-3') was purchased from Promega
(Madison, W1) and labelled with biotin at its 3’ end. The
nuclear protein (2 pg) and excess amounts of labelled oli-
gonucleotide probes were incubated in 20 pl EMSA buffer
[20 mm HEPES, pH 7.6, 10 mm (NH,),S0,, 1 mm dith-
iothreitol, | mum ethylenediaminetetraacetic acid (EDTA),
0:2% Tween, 30 mm KCL 1 pg poly (dI-dC), | pg poly
t-lysine] at room temperature for 15 min, electrophoresed
in 7% polyacrylamide gels, transferred onto the Biodyne
Plus Membane (Pall BioSupport Division, Port Washing-
ton, NY). and cross-linked in ultraviolet light. To detect
signals, the blots were incubated with strepravidin-horse-
radish peroxidase conjugate in a blocking reagent for
15 min and with a chemiluminescent reagent for 5 min.
The blots were then exposed to Kodak X Omat AR flm
{GE Healthcare Bio-Science, Piscataway, NJ).

Western blotting analysis

Cell membrane proteins were prepared using the Plasma
Membrane Protein Extraction Kit (Bio Vision, Mountain
View, CA). Cytoplasmic protein extracts were prepared as
described previously (30). The protein concentration was
determined using the Bradford reagent (BioRad, Hercules,
CA), and equal amounts of membrane proteins or cyto-
plasmic proteins were loaded. The samples were separated
by 108 sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred on to polyviny-
lidene difluoride membranes (Applied Biosystems, Foster
City, CA). The membranes were blocked with 109 non-
fat dried milk in Tris-buffered saline and incubated with
goat polyclonal antibodies against (AR, goat polyclonal
antibodies against [-arrestin 2, or rabbit polyclonal anti-
bodies against IkBa and NOS 11 (Santa Cruz Biotechnol-
ogy. Santa Cruz, CA); this was followed by incubation
with appropriate secondary antibodies (horseradish per-
oxidase-conjugated rabbit anti-goat or goat anti-rabbir
immunoglobulin G; Dake, Kyoto, Japan). To ensure equal
protein loading, the membranes were incubated with
rabbit  anti-actin - or  anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Santa Cruz Biotechnology) for
the detection of cytoplasmic or cell surface GAPDH'™
after stripping. Immunoreactivity was visualized using
an enhanced chemiluminescence reagent (ECL, GE
Healthcare Bio-Science).

349



T. Kizaki et al.

Immunoprecipitation

The cells were lysed with lysis buffer (20 mm Tris—HCI,
pH 7-6, 150 mm NaCl, 2 mm EDTA, 0-5% Nonidet P-40
and protease inhibitors). The samples were clarified by
centrifugation at 21 000 g at 4° for 30 min. The protein
concentration was determined using the Bradford reagent
(Bio-Rad). P-Arrestin 2 was immunoprecipitated with
anti-f-arrestin 2 monoclonal antibodies (Santa Cruz Bio-
technology) from equal samples, followed by treatment
with 10 pl protein G-Sepharose beads (GE Healthcare
Bio-Science). After extensive washing, the complexes were
analysed by SDS-PAGE and Western blotting by using
rabbit polyclonal antibodies against IxBa,

Determination of nitrite concentration

Nitrite in the cell culture supernatants was measured
using the assay system of Ding et al*" The nitrite concen-
tration was calculated by comparison with sodium nitrite,
which was used as a standard. In some experiments,
200 pm pyrrolidine dithiocarbamate (PDTC, Sigma) was
added to the cultures.

Determination of intracellular cAMP concentration

Cells were cultured with or without LPS for 6 hr and
were stimulated with Salbutamol (1% 107 M) for the
final 30 min. Cell supernatants were then removed and
cells were lysed. Intracellular cAMP was determined with
a commercially available enzyme immunoassay (GE
Healthcare Bio-Science).

Real-time polymerase chain reaction (PCR)

Total cellular RNA was extracted from cells using the
RNeasy Mini Kit (Qiagen, Hilden, Germany), and aliqu-
ots of 2 pg were reverse-transcribed with ReverScript |
(Wako Pure Chemical Industries, Osaka, Japan) and an
oligo-dT(15-mer) (Roche Diagnostics, Indianapolis, IN)
at 42° for 50 min. The complementary DNAs (cDNAs)
were amplified by PCR under the following conditions
using the oligonucleotide primers and cycles listed in
Table 1: 94° for 30 seconds, 55° for 30 seconds, and 72°

Table 1. Oligonucleotide sequences used for polymerase chain reaction

for 30 seconds for NOS Il and 188 ribosomal RNA
(rRNA), and 94° for 30 seconds, 60° for 30 seconds, and
72° for 30 seconds for total and transfected (AR and
P-arrestin 2. The quantity of the c¢DNA template
included in these reactions and the number of amplifica-
tion cycles were optimized to ensure that the reactions
were stopped during the linear phase of product amplifi-
cation, thus permitting semiquantitative comparisons of
messenger RNA (mRNA) abundance between different
RNA preparations,

B:AR and f-arrestin 2 plasmid constructs and stable
transfection

Full-length murine P,AR (P.ar) and f-arrestin 2
{Parrestin2) ¢cDNAs were obtained by PCR using the
primers 5'-GCTGAATGAAGCTTCCAGGA-3' (sense) and
5-GCCTGTATTACAGTGGCGAG-3'  (antisense)  for
B:AR and 5'-GGCGGGCGGAGGGCGGCGAG-3 (sense)
and 5-CGTCCTAGCAGAACTGGTCA-3' (antisense) for
B-arrestin 2. The amplified B,AR and [-arrestin 2 frag-
ments were subcloned into the pGEM-T Easy vector
{Promega) and then into Notl-digested pcDNA4 (Invitro-
gen, Carlsbad, CA). The amplified PCR products were
sequenced using an automatic DNA sequencer (Applied
Biosystems). The plasmid DNA used for transfection was
prepared using the EndoFree Plasmid Kit (Qiagen).
RAW?264 cells were transfected with the pcDNA4 vector,
pcDNA4-Boar, or pcDNA4-Barrestin2 using LipofectA-
MINE Reagent (Invitrogen). Selection was initiated in a
medium containing 500 pg/ml Zeocine (Invitrogen).

Luciferase assays

The full-length murine NOS 11 promoter fragment was
cloned into the pGL3-enhancer luciferase reporter gene
vector (Promega) (pGL3-NOS 11) as described previ-
ously.”! RAW264 cells were transfected using the Lipofec-
tAMINE Reagent with constructs containing the luciferase
reporter gene, and luciferase activity was determined
using the Dual Luciferase Assay System Kit (Promega) as
described elsewhere.”! Activity was normalized relative to
an internal cotransfected constitutive control (Renilla
luciferase expression vector, pRL-TK; Promega). In some

Forward Reverse Cycle
P:AR GGAGCAGGATGGGOGGACGG GCCTTCCATGCCTGGGGGAT 34
Transfected fl,AR GOAGCAGGATGGGOGGACGG TGGTGATGGTGATGATGACC M
[-arrestin 2 GCAGCCAGGACCAGAGGACA CCACGCTTCTCTOGGTTGTC 35
NOS 11 CTTCCGAAGTTTCTGGCAGCAGCG GAGCCTCGTGGCTTTGGGCTCCTC 26
185 GAGAAACGGETACCACATCC COCAAGATCCAACTACGAGC 26

P:AR, fr-adrenergic receptor; NOS II, nitric oxide synthase 11
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experiments, RAW264 cells were transiently cotransfected
with the NF-xB-responsive promoter reporter-luciferase
construct pNF-kB-Luc (Clontech, Palo Alto, CA) or
pGL3-NOS 11 and pcDNA4-paar or IkBa dominant-nega-
tive vector pCMV-IkBaM (Clontech).

Statistical analysis

Student’s r-test for unpaired samples was used to com-
pare two means. For more than two groups, statistical
significance of the data was assessed by analysis of vari-
ance. Where significant differences were found, individual
comparisons were made between groups using the (-sta-
tistic and adjusting the critical value according to the
Bonferroni method. Differences were considered signifi-
cant at P < 0:05. Data in the text and figures are
expressed as means + SEM.

Results
Preventing the down-regulation of ;AR inhibits
LPS-stimulated NOS II expression

Levels of both P,AR protein and (AR mRNA were
markedly decreased in RAW264 cells following LPS stim-

(a) Wasisrn bioting ATPCA
RAW2G4 RAWEA
LPSd 0 3 8 jpgmg g 3 8
sl S I

b) Weestwm biotiing
AAWwec  AAWar

Cross-talk between ;AR and TLR pathways

ulation (Fig. 1a). To investigate the role of ;AR down-
regulation in response to LPS, a stable B,AR transfectant
(RAWar) and a wvector control (RAWwvec) were estab-
lished. Although the levels of both AR protein and
mRNA expression were notably decreased in RAWwvec
cells following LPS stimulation, the down-regulation of
B:AR expression was prevented in the RAWar cells
(Fig. Ib). The transfected B,AR protein did not have a
tag sequence capable of modifying P,AR function so the
protein levels of only transfected AR could not be anal-
ysed. The mRNA levels of transfected f.AR were low in
unstimulated RAWar cells but markedly increased in the
cells following LPS stimulation (Fig. Ic). In our previous
study, we showed that the levels of both protein and
mRNA of transfected cDNA cloned into the pcDNA4 vec-
tor were low in unstimulated RAW264 cells but were
markedly increased in the cells following LPS stimula-
tion.'” Therefore, it appears that total B:AR expression in
unstimulated RAWar cells was not much higher than in
RAWvec cells and that the decrease in intrinsic ;AR
expression in the LPS-stimulated RAWar cells was masked
by the increased expression of transfected B,AR as the
result of the LPS stimulation. Although, the intracellular
¢AMP concentration in RAWar cells stimulated with
salbutamol was similar to that in RAWvec cells, LPS

(d)
- . 8
3 | o gj:l I "
ii:] I 5% L N

LPSMN 0 3 8 0 3 & LPS - . - . o
AW AW AAWvec FAWar o0 i 000
FEC-H

Figure 1. Lipopolysaccharide (LPS) stimulation down-regulates [i-adrenergic receplor ([LAR) expression. (a) RAW264 cells were stimulated
with LPS. The protein levels of B;AR and GAPDH (loading control) in the plasma membrane were analysed by Western blotting (left panel),
The B,AR messenger RNA (mRNA) and 185 ribosomal RNA (rRNA; loading control} were analysed by reverse transcription-polymerase chain
reaction (RT-PCR; right upper panel). Bar graphs show the relative intensity of the PCR bands from three separate experiments (mean + SEM)
(right lower panel). *P < 0:01 versus 0 hr. (b) RAW264 cells were transfected with the [iar construct or vector alone. The protein levels of i,AR
and GAPDH (left panel) and mRNA expressions of [L,AR and 185 rRNA (right upper panel) were analysed as in (a). Bar graphs show the relative
intensities of the PCR bands from three separate experiments (mean + SEM) (right lower panel). *P < 041 versus 0 hr. (c) mRNA expressions
of AR and 185 rRNA (upper panel) were analysed as in (a). Bar graphs show the relative intensities of the PCR bands from three separate
experiments (mean + SEM) (lower panel). *P < 0:0] versus 0 hr. (d) Cells were cultured with or without LPS for 6 hr and were stimulated with
salbutamol (1 % 107" M) for the final 30 min, Then, intracellular cyclic AMP concentrations were analysed. *P < 0105 versus without LPS, (¢) Cell

slze was

d by flow ¢ ic analysis of forward light scatter charactenistics (FSC).
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stimulation decreased the accumulation of intracellular
¢AMP in RAWvec cells but increased it in RAWar cells
(Fig. 1d), suggesting that the wransfected f,AR was func-
tionally active. Similar histograms of the distribution of
forward light scatter characteristics were observed in
RAWvec and RAWar cells, suggesting that the B,AR
transfection did not alter the cell size (Fig. le). In addi-
tion, cell viabilities were more than 98% in both cells.
The effects of forced B,AR expression on NO produc-
tion were examined. The nitrite concentration in the cul-
ture supernatants of the LPS-stimulated RAWar cells was
considerably lower than in the culture supernatants of the
RAWvec cells (Fig. 2a). After stimulation with LPS for
6 hr, a distinct 130 000 molecular weight NOS II protein
band was observed in the RAWvec cells but not in the
RAWar cells (Fig. 2b). Although a protein band corre-
sponding to NOS Il was observed in the RAWar cells
after sumulation with LPS for 24 hr, the expression level
was apparently lower than in the RAWvec cells. Similar

RAT-PCR

RAWwec  RAWar
LPS[I‘lI'IDG‘M O 6 24
NOS It

NOS 1l

9888

=
| [l

J 0 62406 24
AAWvec  RAWar

Figure 2. Forced Py-adenergic receptor ([l:AR) expression suppresses
nitric oxide (NO) production and nitric oxide synthase 11 (NOS II)
expression. (a) Cells were stimulated with lipopolysaccharide (LPS)
for 24 hr, and nitrite accumulation in the supernatants was mea-
sured using the Griess reagent. The results are expressed as mean-
s + SEM from three-well cultures. *P < 0-001 versus LPS-stimulated

results were obtained on reverse transcription PCR analy-
sis of NOS Il mRNA expression (Fig. 2b).

Preventing the down-regulation of ;AR inhibits
LPS-stimulated NF-xB activation,

Next, the effects of forced PAR expression on NF-xB
activation in response to LPS were analysed. As illustrated
in Fig. 3(a), marked NF-xB activation was observed in
the RAWvec cells stimulated with LPS for 3 and 6 hr but
not in the RAWar cells. The level of cytoplasmic IxBa
wis decreased in the RAWvec cells after LPS stimulation
for 6 hr but this Jevel was not decreased in the RAWar
cells (Fig. 3b). To further confirm the role of f,AR in
LPS-stimulated NF-xB activation, the effects of forced
PAR expression on NF-xB-dependent gene transcription
were analysed. NF-xB-mediated-luciferase reporter activ-
ity (Fig. 3c) and NOS Il promoter activity (Fig. 3d) after
stimulation with LPS were inhibited in cells that were
cotransfected with the pcDNA4-Bar construct (AR) as
well as in cells cotransfected with pCMV-IkBaM (DN-
kB). These findings suggested that f;AR functions as a
negative regulator of NF-kB activation by inhibiting IxBa
degradation in LPS-stimulated macrophages. Previously,
it has been shown that PDTC blocks NF-xB activation by
inhibiting IxBax degradation and subsequently the translo-
cation of NF-kB subunits to the nucleus.™ To elucidate
the effects of NF-xB activation on the expression of the
responsive gene, Nos2, PDTC was added to the RAW264
cell cultures at several time-points after the addition of
LPS, and accumulation of NO in the supernatants was
analysed after LPS stimulation for 24 hr. As illustrated in
Fig. 3(¢), when PDTC was added to cultures at 0-9 hr
after the addition of LPS, the NO concentrations in these
cultures were markedly lower than those in cultures stim-
ulated with LPS for 24 hr without PDTC (right column),
indicating that continuous NF-kB activation is essential
for adequate NOS [I1 induction.

[;AR regulates NF-xB activation through f-arrestins

As P-arrestin 2 has been reported to interact with
IxBa,'*'® we examined whether P-arrestin 2 participates
in the B;AR-mediated regulation of IkBx degradation and
NF-kB activation in response to LPS. The expression
of P-arrestin 2 was also down-regulated in the LPS-stimu-
lated RAW264 cells (Fig. 4, left panels). Forced B,AR
apmumn abolished the down-regulation of f-arrestin 2

RAW264 or RAWwvee cells. (h) The protein levels of NOS II and
GAPDH (left panel) and messenger RNA expressions of NOS 11 and
185 ribosomal RNA were analysed as in A (right upper panel). Bar
graphs show the relative intensity of the polymerase chain reaction
bands from four separate experiments (mean + SEM) (right lower
panel), *P < 001 versus corresponding RAWvec cells. Data shown
are representative of three or four separate experiments.
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exp (middle panels), suggesting that [-arrestin
2 expression was regulated by AR, Deletion of ;AR by
small interfering RNA (siRNA) decreased [-arrestin
2 expression (data not shown), supporting the theory that
B-arrestin 2 expression is regulated by P.AR. To investi-
gate the role of f-arrestin 2 down-regulation in response
to LPS, a stable B-arrestin 2 transfectant (RAWarr2) was

© 2008 Blackwell Publishing Ltd, Immunology. 124, 348-356
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(a) B ity Figure 3. Forced P-adrenergic receptor (f,AR) expression sup-
LPS {h1) $ 3 8 0: & s presses nuclear factor-xB (NF-xB) activation, (a) The vector control
cells and [LAR vransfectant were stimulated with lipopolysacchande
(LPS), and NF-kB activation was analysed by electrophoretic mobil-
- ity shift assay. (b) The vector control cells and fLAR transfectant
NF-xB . . - were stimulated with LPS, and cytoplasmic inhibitor of NF.xB
i . ) (IxBx) and GAPDH (loading control) were analysed by Western
blotting. (¢, d) RAW264 cells were cotransfected with the pNF-xB-
Luc vector (c) or the NOS 1T promoter-luciferase construct (d) and
(B} RAWvec RAWar vector (Vec), peNAA-fLAR (AR) or pCMV-IkBaM (DN-IxB), The
LPS (hr) 0 3 (] 0 3 8 cells were cultured with LPS for 24 hr, and luciferase activities were
! 4, The results are expressed as means £ SEM from six-well
cultures, *P < 0-001 versus cells cotransfected with Vec. (e) Pyrroli-
IxBa - — - e— —— dine dithiocarbamate (PDTC) was added to the cultures at the indi-
cated time-points after addition of LPS. Nitrite accumulation in the
supernatants at 24 hr of culture was measured wsing the Griess
GAPDH m-. = reagent. The results are expressed as means £ SEM from three-well
cultures, The error bars are too small to be distinguishable in the
figure (numenic data from the left ba 375 £ 018, 507 = 0.22,
{c) 25+ {d) 125 422 + 007, 569 £ 012, 10-38 £ 006, 1500 £ 005, and 25:20 ¢
0:28), *P < 0-001 versus LPS-stimulated cells without PDTC. Data
g 20 % shown are representative of two or three separate experiments
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established (Fig. 4, right panels). Since transfection with
the vector did not influence NO production (Fig. 1¢), cells
transfected  with  P-arrestin 2 were compared with
RAW264 cells. As shown in the RAWar cells (Fig. 2), NO
production (Fig. 5a) and NOS II protein and mRNA
expressions (Fig. 5b) were definitely decreased in the RA-
Warr2 cells.

Anti-B-arrestin - 2 antibodies  coimmunoprecipitated
IkBa in RAW264 cells before, but not after, LPS stimula-
tion for 6 hr (Fig. 6). On the other hand, the amount of
IkBx coprecipitated by anti-B-arrestin 2 antibodies was
not reduced but rather was increased in the RAWar and
RAWarr2 cells after LPS stimulation, indicating that the
LPS-stimulated down-regulation of l.AR and [-arrestin 2
is essential for IkBa degradation.

© 2008 Blackwell Publishing Ltd, Immunology, 124, 348-356

RAW264 RAWar RAWarmr2

Figure 4. Lipopolysaccharide (LPS) stimulation down-regulates
f-arrestin 2 expression. RAW264, RAWar, and RAWarr2 cells were
stimulated with LPS, and the protein levels of f-arrestin 2 and GAP-
DH (upper panel) and messenger RNA expressions of [l-arrestin 2
and 185 nbosomal RNA (muddle panel) were analysed as in
Fig. 1{a). Bar graphs show the relative intensity of the band from
three separate experiments (mean * SEM) (lower panel), *P < 001
versus 0 hr.

Discussion

In this study, we investigated the role played by AR in
the antimicrobial responses of macrophages. First, we
demonstrated that ;AR expression is decreased by LPS
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Figure 5. Forced [arrestin 2 expression suppresses nitric oxide
(NO) production and nitric oxide synthase IF (NOS 11) expression.
(a) Cells were stimulated with lipopolysaccharide (LPS) for 24 hr,
| in the sup wils d using the
Griess reagent. The results are expressed as means £ SEM from
three-well cultures, *P < 0-001 versus LPS-stimulated RAW264 cells.
(b) The protein levels of NOS 11 and GAPDH (left panel) and mes-
senger RNA expressions of NOS 11 and 185 ribosomal RNA (light
upper panel) were analysed as in Fig. 1{a). Bar graphs show the rela-
tive intensity of the polymerase chain reaction bands from three sep-
arate experiments (mean = SEM) (right lower panel). *P < 0.01
versus corresponding RAW264 cells, Data shown are representative
of theee to four separate experiments.

and nitrite acc

RAW264  RAWar RAW264  RAWarr2
PSS} 0 & 0 6 0 6 [
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wor [ E—
Figure 6, [l-arrestin 2 interacts with cytosolic inhibitor of NF-xB
(IxBa). Before and after stimulation with lipopolysaccharide (LPS)
for & hr, cells were lysed and immunoprecipitated with anti-f-arres-
tin 2 antibodies. Western blotting analysis was performed using anti-

IxBa antibodies (upper panel), The protein levels of GAPDH in
equal amounts of lysates were used for control (lower panel).

stimulation. To investigate the role of f,AR down-regula-
tion in response to LPS directly, we established a
macrophage cell line, RAWar. Prevention of the down-
regulation of AR expression in RAWar cells resulted in
reduced NO production, suggesting that the LPS-associ-
ated down-regulation of PB,AR expression plays an
important role in NO production in macrophages.
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Decreases in NOS Il mRNA expression were observed
in the RAWar cells, indicating that NOS Il expression was
transcriptionally down-regulated by forced AR expres-
sion. Prevention of the down-regulation of [LAR expres-
sion in the RAWar cells resulted in a marked decrease in
NF-xB activation and inhibited cytosolic IxBa degrada-
tion, indicating that the forced f,AR expression inhibited
LPS-induced NF-xB activation by IxBa stabilization.

On the other hand, B-arrestins, which are universally
expressed members of the arrestin family, are the major
regulators of GPCR signalling and bind to activated
GPCRs, causing receptor desensitization and internaliza-
tion.'" Recently, P-arrestins have been shown to play
functional roles in the regulation of a variety of signalling
pathways and in the mediation of cross-talk between sig-
nalling pathways. Moreover, there is accumulating evi-
dence that B-arrestin 2, which is expressed abundantly in
the spleen, is functionally involved in some important
immune rrspunm.u':" We have demonstrated that
P-arrestin 2 is down-regulated in LPS-stimulated
RAW264 cells. Down-regulation of fi-arrestin 2 was abol-
ished in RAWar cells, suggesting that B-arrestin 2 expres-
sion is regulated by B;AR. These findings suggest that
B-AR participates in signal transduction pathways from
TLR4 by regulating the level of P-arrestin 2 expression.
Meanwhile, the amount of IkBx coimmunoprecipitated
by anti-B-arrestin 2 antibodies was decreased in the
RAW264 cells after their stimulation with LPS but not in
the RAWar or RAWarr2 cells, suggesting that B,AR inhib-
ited LPS-induced NF-xB activation by stabilizing IxBa
through B-arrestin 2. The release of NF-xB following the
degradation of IxBx proteins is an essential step in the
generation of transcriptionally competent NF-xB. In addi-
tion, NF-kB activity following stimulation is dependent
on the level of cytoplasmic NF-xB/IxBx complexes free
from stabilizing factors. Therefore, the following appear
likely: (1) LPS-stimulated signals suppress [AR expres-
sion, (2) the reduction of B;AR results in the down-regu-
lation of [-arrestin 2 expression, (3) [-arrestin 2
stabilizes cytoplasmic IxBax and inhibits NF-xB activation
(so reduction in the level of f-arrestin 2 accelerates IxBax
degradation and NF-xB activation in LPS-stimulated
cells) and (4) nuclear translocation of NF-xB enhances
NOS II expression.

The cross-talk between [,AR and the TLR signalling
pathways is schematically summarized in Fig. 7.

Catecholamines increase ¢cAMP via (AR activation,
and PKA activation inhibits NF-xB-induced transcription
by phosphorylating ¢cAMP responsive element binding
protein (CREB), which competes with p65 for the limited
amounts of CREB-binding protein (CBP) (Fig. 7a(ii)).”
However, AR agonists did not suppress NO production
{(unpublished observation). In the present study, we dem-
onstrated that LPS stimulation suppressed the cAMP
accumulation in RAWvec cells stimulated with a B.AR
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Figure 7, Cross-talk between [by-adrenergic receptor ([LAR) and
Tuoll-like receptor (TLR) signalling pathways, (a) ;AR agonists sup-
press nuclear factor-xB (NF-xB) activation by increasing cytoplasmic
[-arrestin 2, which stabilizes the NF-xB/inhibitor of NF-xB (IxBx)
complexes in cytoplasm (i) or by activating ¢AMP response element
binding protein (CREB), which then produces competition between
CREB-binding protein (CBP) and NF-xB in the nucleus (ii). (b)
TLR4-dependent signals lead 10 the following steps both in the pres-
ence or absence of AR agonists: @ TLR4-dependent down-regula-
ton of fI;AR exp @ down-regul of [arrestin 2, ®
release of NE-xB/IxBx complexes in the cytoplasm, & degradation of
IxBa, and @ translocation of NF-kB to the nucleus and transcription

of its target genes.

agonist. In addition, we showed that prevention of the
down-regulation of ;AR inhibits the degradation of IxBx
through B-arrestin 2. which stabilizes IxBa in the steady
state (Fig. 7a(ii)). Therefore, the down-regulation of
expression of both AR and B-arrestin 2 by the TLR4-
dependent  pathway might provide a mechanism for
‘escaping’ anti-proinflammatory signals, such as the
(AR—AMP-PKA pathway” or the PB,AR-P-arrestin
2—-lkBa pathway. As the levels of B;AR ligands vary under

© 2008 Blackwell Publishing Ltd, Immunology, 124, 348-356

Cross-talk between ;AR and TLR pathways

different conditions, understanding the cross-talk between
TLRs and B;AR pathways may have both physiological
and pathophysiological importance. Taken together, the
observations of the present study regarding the regulation
of TLR4 signalling through P.AR appear to provide
another therapeutic target for the regulation of inflamma-
tory disease conditions.
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