ROLE OF IKK2 AND MKK?7 IN OSTEOCLASTOGENESIS

Adenovirus vector—induced IKK2PY and MKK7™Y
expression in RAW264.7 cells

A series of recent works have indicated that RANKL
stimulation of osteoclast precursors activates both NF-«xB
and JNK pathways and that these two pathways play essen-
tial roles in the differentiation of osteoclast precursors into
mature osteoclasts.*** However, the detailed signaling
events leading to their activation in osteoclast precursors
still remain elusive, and the molecular interaction between
these two signaling pathways is not fully understood, Pre-
vious studies show the critical implication of IKK com-
plexes, in which IKKI and IKK2 serve as the catalytic
subunits, in NF-xB activation, and MKK4 and/or MKK7
serve as the catalytic subunits in JNK activation. To exam-
inc the role of these two signaling pathways in osteoclast
development individually, we constructed adenovirus vec-
tors carrying dominant negative IKK2 (AXTKK2PNy or dom-
inant negative MKK7 (AXMKXK7°™), First, to determine the
efficiency of these vectors, RAW cells were infected with
either AXIKK2™ or AxMKK7"N at different MOls, and the
expression of the proteins was examined by Western blot-
ting with specific antibodies. It was reported that RAW cells
express high levels of RANK and require RANKL but not
M-CSF for their differentiation into osteoclast-like multinu-
cleated cells. ® As shown in Figs. 2A and 2B, both AxIKKPY
and AxMKK7PY induced the expression of these molecules
in RAW ¢ells. No obvious morphological changes of the
cells were observed even at MOI 100, and cell viability was
comparable with that of AxLacZ virus-infected cells as
determined by 3-(4,5-dimethylthiazol-2y1)-2,5-diphenylte-
trazolium bromide (MTT) assay (Fig. 3).

Specific inhibition of NF-kB activation in RAW cells
by adenovirus vector-mediated IKK2DN expression

We then examined whether overexpression of TKK2P¥

could specifically suppress NF-«xB activation by RANKL.
RAW cells infected with AxIKK2™Y were treated with
RANKL, and NF-«B activation was determined by 1xB-a
degradation. As shown in Fig. 4A, RANKL treatment
clearly induced rapid IxB-u degradation in RAW cells, and
adenovirus-mediated overexpression of IKK2PN clearly in-
hibited the process. This also was confirmed by electro-
phoretic mobility shift assay (EMSA) and luciferase re-
porter gene assay of NF-«B as shown in Figs. 4D-4F.
Importantly, RANKL-induced JNK activation was unaf-
fected by IKK2P" virus infection even at the concentration
that strongly blocks NF-«xB activation (Figs. 4B and 4C).
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These results indicate the important role of IKK2 in
RANKL-induced NF-«B activation in RAW cells.

Specific inhibition of JNK activation in RAW264.7 cells
by adenovirus vector-mediated MKK7"Y expression

In an attempt to determine if MKK7P¥ overexpression
specifically inhibits RANKL-induced JNK activation in
RAW cells, AxMKK7V-infected RAW cells were stimu-
lated with RANKL, and INK activity was determined by
Western blotting with anti-phospho-JNK antibody and by
in vitro kinase assay. As shown in Figs. 5A, 5B, 5D, and 5E,
RANKL-induced JNK activation was inhibited by
MKK7°N overexpression, and no obvious difference in
NF-«B activation was observed as determined by IxB-a
degradation (Fig. 5C), EMSA (Figs. 4D and 4E), and lucif-
erase assay (Fig. 4F), MKK7°" overexpression also did not
affect the p38 activation in response to RANKL (data not
shown). These results suggest that RANKL-induced JNK
activation can be suppressed specifically by MKK7™Y over-
expression without affecting NF-«kB or p38 activation,

Overexpression of IKK2PY or MKK7PY inhibits
osteoclast differentiation of progenitor cells

Finally, we examined the effect of these adenovirus vec-
tors on RANKL-induced osteoclastogenesis of RAW cells.
Because adenovirus infection decreased the number of ad-
herent cells as mentioned previously, the effect of
AXIKK2"™ or AxMKK7™™ on osteoclast differentiation
was expressed as the proportion of TRAP™ cells in the total
cells, The proportion of TRAP* cells induced by RANKL
was not changed by AxLacZ virus infection {data not in-
cluded). To examine the importance of NF-«B activation
and JNK activation in osteoclastogencsis separately, RAW
cells were infected with either AXIKK2P™ or AXMKK7™Y
and stimulated by sSRANKL. As shown in Fig. 6, the ratio of
TRAP* cells to total cells was decreased in both the
AxIKK2P.infected group and the AxMKK7".infected
group in an MOI-dependent manner. These results show
that both NF-kB activation and JNK activation are indis-
pensable for RANKL-induced osteoclast differentiation.

DISCUSSION

Remarkable progress in the field of osteoclast research
has been made during the last several years, especially after
the discovery of OPG, RANKL, and RANK.®* The impor-

10 JNK (lower panel). (C) Fold induction of p-JNK normalized by JNK is shown. (D) The effect of overexpression of IKK2"™ on NF-«B activation
induced by RANKL was analyzed by EMSA. RAW cells were infected with AxLacZ, AXIKK2P™, or AxMKK7"" and stimulated with 100 ng/ml
of SRANKL as indicated. The closed and open arrowhead indicates the band of NF-xB and Rel-A supershift, respectively. The result was the
representative of the experiment performed twice. (E) Fold induction of NF-xB measured by densitometry is displayed. (F) Inhibitory effect of
IKK2"™ on NF-xB activation was confirmed also by luciferase reporter gene assay, RAW cells stably transfected with the NF-kB-dependent
luciferase reporier construct were infected with AxLacZ, AxIKK2PY, or AXMKKTPM at the indicated MOIs. After 48 h of infection, cells were
stimulated with 25 ng/m! of sSRANKL and luciferase activily was measured. The relative value of the luciferase activity was plntted. Significant
difference *p < 0.001. The significant differences were determined by analysis of varance {ANOVA) with repeated measures. Error bars represent

the SD (n = 6).
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FIG. 5. Specific inhibition of RANKL-induced JNK activation in
RAW cells by overexpression of MKK7"M. The 10° RAW cells were
plated on a 6-cm culiure plate and infected with AxLacZ or
AxMEKT7™ at MOI 100, Cells were further cultured for 48 h and then
stimulated with 100 ng/in! SRANKL for the indicated times. (A) JNK
activity was analyzed by Western blotting using antibody specific for
p-JNK. The blot was stripped and reprobed with antibody specific for
JNK (lower panel). (B} Fold induction of p-INK normalized by JNK is
shown. {C) Degradation of IxB-ar was detected by Western blotting
using specific antibody to [kB-a. The blot was stripped and reprobed
with antibody specific for B-actin (lower panel}). Rapid induction of
IxB-a degradation was seen in both AxLacZ- and AxMKK7"™-
infected cells. (D) In vitro kinase assay of JNK was performed as
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tance of the RANKL-RANK pathway in osteoclast differ-
entiation and activation has been established by the results
of the targeted disruption and overexpression of various
genes involving in this signaling. Mice deficient in RANKL
showed osteopetrotic pathology caused by the lack of oste-
oclast differentiation” and targeted disruption of RANK,
the receptor of RANKL, also induced osteopetrosis in
mice.®*¥ In contrast, a deficiency of OPG, a specific in-
hibitor of RANKL, caused osteoporotic skeletal changes in
mice, and its overexpression led to osteopetrosis.t!®f#1%
These results clearly show that the RANKL-RANK path-
way plays a crucial role in osteoclast differentiation.
RANK is a member of TNFR superfamily and transduces
its signal through several TRAFs, including TRAF2,
TRAFS, and TRAFS, followed by activation of NF-«B
and JNK.('416-1R454%) NP B is a dimerized transcription
factor composed of various combinations of the structurally
related proteins pS0 (78 FKB1), p52 (NFKB2), p65 (RelA).
c-Rel, and RelB. NF-xB signaling pathways are involved in
a wide variety of external stimuli including cytokines,
pathogens, and stresses and induce a large number of genes
important for cell growth, differentiation, and development.
These stimuli induce phosphorylation and subsequent ubig-
uitination and degradation of I«B inhibitory proteins,
thereby releasing NF-xB for translocation to the nucleus to
function as transcription factors.2*2% A large multiprotein
complex, the I«B kinase (IKK) signalsome, was found to
contain the cytokine-inducible 1IKK activity that phosphor-
ylates IxkB-a and IkB-8. The functional IKK complex con-
tains IKK1 (TKKea), IKK2 (IKKf), and NEMO (IKKY), and
IKK1 and IKK?2 appear to make an important contribution
to IxkB phosphorylation. In spite of the high sequence sim-
iarity between IKK1 and 1KK2, there exists a critical dif-
ference in their contribution to IxB phosphorylation and
NF-kB activation, which was revealed by the studies of
IKK1 and IKK2 knockout mice.***® Stimulation of
IKK1-/— cells with proinflammatory cytokines resulted in
normal IKK activation and I«B degradation, although
NF-kB DNA-binding activity was reduced partially, indi-
cating that IKK! is at least partly dispensable for NF-«B
activation by proinflammatory cytokines. IKK2 deficiency,
in contrast, almost completely abrogates TNF-a— and inter-
leukin (IL)-1-induced NF-kB activation. These results sug-
gest that IKK2 is more potent for NF-«B activation by
proinflammatory stimuli than IKK1. In this study, we used
an adenovirus vector carrying the dominant negative mutant
of IKK2 (AxIKK2°™) and found that IKK2P™ expression
remarkably suppressed the RANKL-induced NF-«B activa-
tion in RAW cells, suggesting that IKK2 plays an essential
role in RANKL-induced NF-«xB activation as well, JNK is
activated by the phosphorylation of Thr and Tyr residues via
MKK4 and/or MKK?7. Previous studies showed that MKK4
is activated primarily by environmental stress and MKK7 is

described in the Materials and Methods section. The blot of p-c-jun was
stripped and reprobed vsing specific antibody to INK (lower panel).
Inhibition of JNK activation mediated by AXMKK7®N was clearly
seen. (E) Fold induction of JNK is shown.
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FIG. 6. Inhibition of RANKL-induccd osteoclastogenesis of RAW cells by overexpression of IKK2%Y or MKK7™™, (A} RAW cells were
infected with AxLacZ, AxIKK2™M, or AxMKK7PN at the MO indicated and stimulated with 100 ng/ml of sSRANKL. followed by TRAP staining.
(B) The ratio of TRAP* cells to total cells was plotted. Error bars represent the SD {n = 6).

activated by proinflammatory cytokines.“” To specifically
inhibit JNK activation in RAW cells, we used dominant
negative MKK7 becanse MKK4 is known to activate p38
MAPK as well and, therefore, it is possible that the domi-
nant negative mutant of MKK4 may affect the p38 activa-
tion in response to RANKL. Overexpression of MKK7™Y
suppressed RANKL-induced JNK activation in RAW cells
as shown in Figs. 5A, 5B, 5D, and 5E. This may suggest that
MEKK7 is the major activator of INK in osteoclast precur-
sors in response to RANKL, but it also is possible that
MKK4 and MKK7 work together to activate JNK., Inhibi-
tion of either NF-kB or JNK activation reduced osteoclast-
like cell formaticn in response to RANKL, indicating indis-
pensable roles for both of these pathways in osteoclast
differentiation. These results are consistent with the finding
that mice deficient in both the p50 and the p52 subunits of
NF-«B fail to generate mature osteoclasts and exhibit severe
osteopetrosis.'?¥” INK-induced phospherylation of c-Jun
at Ser-63 and Ser-73 increases transcriptional activity of

AP-1, which is composed of various combinations of Fos
and Jun family members. Because targeted disruption of
e-fos gene also induced osteoclast deficiency in mice, 22D
it is tempting to consider that RANKL-induced JNK acti-
vation is important for the AP-1 activation in osteoclast
precursors. However, the situation seems more complicated
because mutational removal of the JNK phosphorylation
sites in c-Jun did not cause obvious skeletal abnormatlity in
mice,**" and neither JNK1 nor JNK2 knockout mice
showed any skeletal abnormalities, and lack of both JNKI1
and JNK2 results in embryonic lethality around E11.5%
This may suggest that INK has an as yet undetermined role
in vsteoclast development other than AP-1 activation, and
further investigation is required to understand precisely
what the role is. Our results do not rule out the possibility
that pathways other than NF-xkB and JNK are required for
osteoclast differentiation, In fact, overexpression of both
active IKK2 and active MKK7 was not enough to induce
osteoclast differentiation of RAW cells (Yamamoto ¢t al.,
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unpublished observation). Possible candidates of such path-
ways are the p38 MAPK and the Smad signaling. Recently,
Matsumoto et al.™® reported that RANKL activates p38
pathways in osteoclast precursors, which is essential for
osteoclast differentiation, and Fuller et al."™” and Kaneda et
al.®" showed the eritical role of transforming growth factor
(TGF) 8 in osteoclast differentiation and survival. The role
of these pathways in osteoclast development should be
clarified in the future. We showed efficient adenovirus
vector-mediated gene transduction 10 RAW cells, and this
system is uscful for studying osteoclast differentiation.
However, adenovirus infection was much less efficient in
transducing primary bone marrow precursor cells (M-
BMM¢). Matsuo et al. reported an efficient gene transfer
into osteoclast precursors using a retrovirus vector sys-
tem,*¥ However, the level of gene expression by retrovirus
vectors is not enough for experiments using dominant neg-
ative molecules like this study, Developing more efficient
gene transduction systems to primary osteoclast precursers
will be helpful for the further analysis of the signaling
pathways of osteoclast development.
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IL-1 Regulates Cytoskeletal Organization in Osteoclasts Via
TNF Receptor-Associated Factor 6/c-Src Complex!

Ichiro Nakamura,’*' Yuho Kadono,* Hiroshi Takayanagi,* Eijiro Jimi,* Tsuyoshi Miyazaki,*
Hiromi Oda,* Kozo Nakamura,* Sakae Tanaka,* Gideon A. Rodan, and Le T. Duong’

Targeted disruption of either ¢-Src or TNFR-associated factor 6 (TRAFG) in mice causes osteoclast dysfunction and an osteope-
trotic phenetype, suggesting that both molecules play important roles in osteoclastic bone resorption. We previously demonstrated
that IL-1 induces actin ring formation and osteoclast activation. In this study, we examined the relationship between IL-1/TRAF6-
dependent and c-Src-mediated pathways in the activation of osteoclast-like cells (prefusion cells (pOCs); multinucleated cells)
formed in the murine coculture system. In normal pOCs, IL-1 induces actin ring formation and tyrosine phosphorylation of
p130*, a known substrate of c-Sre. However, in Sre-deficient pOCs, p130©** was not tyrosine phosphorylated following IL-1
treatment. In normal pOCs treated with IL-1, anti-TRAF6 Abs coprecipitate p130©**, protein tyrosine kinase 2, and ¢-Sre. In
Sre-deficient pOCs, this molecular complex was not detected, suggesting that c-Src is required for formation of the TRAFG,
p130°*, and protein tyrosine Kinase 2 complex. Moreover, an immunocytochemical analysis revealed that in osteoclast-like
multinucleated cells, IL-1 induced redistribution of TRAFG to actin ring structures formed at the cell periphery, where TRAFS
also colocalized with c-Src. Taken together, these data suggest that IL-1 signals feed into the tyrosine kinase pathways through a
TRAF6-Src molecular complex, which regulates the cytoskeletal reorganization essential for osteoclast activation. The Journal

of Immunology, 2002, 168: 51035109,

jous cellular and tissue functions (1). Bone is one of the most

sensitive tissues to [L-1 (2-4). IL-1 exhibits potent bone-
resorbing activity in vivo (3) and in vitro (2, 4), and the natural
inhibitory protein, IL-1R antagonist, blocks the ability of IL-1 to
stimulate bone resorption in organ culture (5) and in ovariecto-
mized rats in vivo (6). Several lines of evidence suggest that IL-1
is also involved in the bone destruction associated with multiple
myeloma, rheumatoid arthritis, and osteoporosis (1).

Osteoclasts, the bone-resorbing cells, are macrophage-related
multinucleated cells that play a critical role in bone remodeling (7, 8).
Osteoclastic bone resorption consists of multiple steps: proliferation
of osteoclast progenitors, differentiation of progenitors inte mononu-
clear prefusion osteoclasts (pOCs), fusion of pOCs into osteoclast-
like multinucleated cells (OCLs), sealing zone (actin ring) and ruffled
border formation, the active resorption, and eventually apoptosis. In
vitro evidence indicates that IL-1 participates in the following steps:
1) IL-1 stimulates osteoclast formation indirectly by stimulating PGE,

I nterleukin-1 is a multifunctional cytokine that regulates var-
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synthesis in osteoblasts/stromal cells (9); 2) IL-1 induces fusion of
mononuclear osteoclasts, leading to multinucleation (10); 3) IL-1 po-
tentiates osteoclast function (pit-forming activity) directly (10) or in-
directly via osteoblasts (11); 4) and finally, IL-1 is directly involved in
prolonging osteoclast life span (12~14).

The objective of this study was to investigate the intraceilular
signaling involved in osteoclast activation by IL-1. Afier IL-1
binding, the IL-1R-associated kinase (IRAK), a serine/threonine
kinase, becomes autophosphorylated and is recruited to the recep-
tor complex by binding to MyD88. Another adapter, TNFR-asso-
ciated factor 6 (TRAF6), then interacts with IRAK (15). Interest-
ingly, targeted distuption of TRAF6 in mice results in osteoclast
dysfunction and in osteopetrotic phenotype (16), which is similar
to that in c-Src-deficient mice (17, 18), suggesting that both mol-
ecules play important roles in osteoclastic bone resorption. In this
study, we examined the relationship between IL-1/TRAF6-depen-
dent and ¢-Src-mediated pathways in osteoclast-like cells derived
from the in vitro coculture system, and showed that IL-1 cross-
regulates the tyrosine kinase pathway via the association of
TRAF6 and c-Src, leading to osteoclast cytoskeletal rearrangement
and activation.

Materials and Methods

Abs and other reagents

Vitronectin (Vn) and poly(1-lysine) (PL) were from Life Technologies
{Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), respectively. Abs
specific to c-8rc (N-16) and TRAF6 (H-274 and D-10) were from Santa
Cruz Biotechnology (Santa Cruz, CA); p130%* (mAb 21) and protein ty-
rosine kinase 2 (PYK2) (mAb 11) from BD Transduction Laboratories
(Lexington, KY); phosphotyrosine (4G10) and c-Sre (GD11) from Upstate
Biotechnology (Lake Placid, NY); and c-8re (mAb 327) from Oncogene
Research Products {Cambridge, MA). Other conjugated secondary Abs
were from Jackson ImmunoResearch Laboratories (West Grove, PA) and
Amersham (Arlington Heights, IL). The la,25-dihydroxyvitamin D3
(1a,25(0H)2D3) and collagenase were from WAKQ (Dallas, TX), and
dispase was from Boehringer Mannheim (Indianapolis, IN). Human rlL- 1«
and murine M-CSF were from R&D Systems (Mirmeapolis, MN).

0022-1767/02/302.00
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Animals

BALB/c mice were obtained from Taconic Farms (Germantown, NY). Het-
erozygote Src™~ mice obtained from The Jackson Laboratory (Bar Harbor,
ME) were mated in our laboratory, and Src™~ mice were phenotypically
distinguished from their Src*” siblings by lack of tooth eruption. All animals
were cared for according to the Institutional Animal Care and Use Committee
Guide.

Cell cultures

pOCs were prepared as described previously, with slight modifications (19).
Briefly, spleen cells isolated from 2- to 3-wk-old Src™™ or their nommal lit-
tenmates were cocultured with osteoblastic MB1.8 cells for 5-6 days in the
presence of 10 nM 1a,25(0H)2D3. pOCs were reteased from dishes with 10
mM EDTA after removing MB1.8 cells with collagenase-dispase.

Murine OCLs were prepared using BALB/c mice, as described previ-
ously (20). Primary osteoblastic cells were obtained from newborn mouse
calvaria, and bone marrow cells were obtained from tibiae of 7- to 9-wk-
old male mice. Cells were cocultured in a-MEM containing 10% FBS and
10 nM 10, 25(OH)2D3 on culture dishes preccated with 5 ml 0.2% collagen
gel matrix (Nitta Gelatin, Osaka, Japan). OCLs were formed within 7 days
of culture, and were released from the dishes by treatment with 5 m1 0.2%
collagenase, before being collected by centrifugation at 250 X g for 5 min
(crude OCL preparation). Crude OCL preparations were cultured on cul-
ture dishes or glass coverslips for 4 h and then purified by collagenase and
dispase (purified QCL preparation).

Cell adhesion and IL-1 treatment

After isolation, pOCs (8 X 10°cells/condition) were washed twice with
serum-free e-MEM medium containing 0.1% BSA (Sigma-Aldrich) and

TRAF6 AND c-Src IN OSTEOCLASTS

allowed to attach to polystyrene dishes coated with ¥n (20 ug/ml) or PL
(50 pg/ml). After culture for 60 min, cells were treated with IL-1 (10
ng/ml) for the indicated periods, and an equal volume of 2X TNE lysis
buffer (20 mM Tris (pH 7.8), 300 mM NaCl, 2 mM EDTA, 2% Nonidet
P-40, 2 mM Na,VO,, 20 mM NaF, 20 ug/ml leupeptin, 10 pg/ml aproti-
nin, and 2 mM PMSF) was added to the plates. For coimmunoprecipitation,
1.5 X 10° cellg/condition and 1 X TNE lysis buffer with 10% glycerel (10
nM Tris (pH 7.8), 300 mM NaCl, 1 mM EDTA, 1% Nonidet P40, 1 mM
Na;VQ,, 10 mM NaF, 10 pg/ml leupeptin, 0.5 TIU/ml aprotinin, | mM
PMSF, and 10% glycerol) were used. Clarified lysates were subjected to
immunoprecipitation and immunoblotting. Altematively, cells were fixed
and stained for tartrate-resistant acid phosphatase, a marker enzyme of
osteoclasts, and F-actin (20).

Analysis of kinase activity of ¢-Sre

Osteoclast-like cells were prepared as described previously, with slight
modifications (21). After the removal of bone marrow stromal cells, non-
adherent bene marrow cells (2.5 X 10%well in six-well plates) were cul-
tured in e-MEM containing 10% FBS and 10 ng/ml M-CSF for 3 days, and
adherent cells were subsequently used as bone marrow monocyle/macro-
phage precursor cells afier washing out the nonadherent cells, including
lymphocytes. The bone mammow maonocyte/macrophage precursor cells
were further cultured in the presence of 100 ng/ml soluble receptor acti-
vator of NF-«xB (RANK) ligand (Peprotech, Rocky Hill, NJ} and 10 ng/ml
M-CSF to generate murine osteoclast-like cells. Afier 3 days, the medium
was changed to serum-free a-MEM for 2 h before stimulation with 10
ng/ml IL-1. At the indicated time points, whole cell lysates were prepared
and assayed for the kinase activity using poly(Glu-Tyr) as a substrate after
immunoprecipitation with anti-v-Src Ab by universal tyrosine kinase assay
kit (Takara, Tokyo, Japan), according to the manufacturer’s protocol. A

FIGURE 1. Effect of IL-1 on actin ring forma-
tion of pOCs. Sre¢*” pOCs were plated on Vn (20
pg/ml) (A-H)- or PL (50 pzg/ml) (f}-coated dishes
in the absence of serum. Afier culture for 60 min,
cells were treated with IL-1 (10 ng/ml) for 0 (4, B,
and D), 5 (C and D), 15 (E and F), 30 (G), and 60
(H) min. Cells were fixed and stained for tartrate-
resistant acid phosphatase (4, C, £ and ) or F-
actin (B, D, F, G and H). Bar = 20 pm,

Vn/IL-1, 60 min
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unit of c-Sre kinase activity is defined as an activity to incorporate ! pmol
phosphate inte a substrate (KVEKIGEGTYGVVYK) per minute.

Immunoblotting and immunoprecipitation

Immunoprecipitation and immunoblotting were performed as previously
described (22). Briefly, lysates were precipitated with anti-p130©™,
TRAF6, or c-Src Abs (2 ug) for 2 h at 4°C, followed by protein G-Sepha-
rose for 1 h at 4°C. After washing with lysis buffer (four times), proteins
were separated on an 8% SDS-PAGE and blotted onto Immobilon-P mem-
brane (Millipore, Bedford, MA). Afier blocking with 100 mM NaCl, 10
mM Tris, (1.1% Tween 20, and 2% BSA, the membrane was incubated with
primary Abs, followed by HRP-conjugated secondary Abs, and detected
with the ECL system (Amersham).

Immunofluorescence

Crude preparations of OCLs were seeded on glass coverslips. After culture
for 4 h, osteoclasts were purified as described above, serum starved for 4 h,
and then treated with or without 10 ng/ml IL-1 for 30 min. Cells were fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS,
and incubated for 30 min at 37°C with rabbit anti-TRAF6 polyclonal (H-
274) or anti-c-Src mAb 327 Abs. Cells were washed with PBS and incu-
bated for 30 min at 37°C with Cy3-conjugated goat anti-rabbit IgG (Jack-
son ImmunoResearch Laboratories), FITC-conjugated goat anti-mouse
IgG (Jackson ImmunoResearch Laboratories), or Oregon Green 488 phal-
loidin {(Molecular Probes, Eugene, OR). Samples were viewed with a con-
foeal microscope (Radiance; Bio-Rad, Hercules, CA),

Preparation of nuclear proteins

Purified OCLs treated with or without IL-1 for 30 min were washed, col-
lected with 1 ml 0.1% BSA in PBS, and spinned down for 2 min at 3000
rpm. The pellet was resuspended in 200 pl ice-cold buffer A (10 mM
HEPES (pH 7.9), 10 mM KCI, 0.1 mM EDTA, 1 mM PMSF, ! TIU/ml
aprotinin, 10 mM NaF, and 1 mM DTT) and left to swell on ice for 10 min,
After the addition of 1% Nonidet P-40 detergent (10 gl), lysates were
subjected to vortexing for 30 s and centrifuged for 5 min at 3000 rpm. The
pellets were washed once in buffer A (100 w!), centrifuged at 1.5 min at
3000 rpm, replaced with 50 pl buffer B (20 mM HEPES (pH 7.9), 04 M
NaCl, 1 mM EDTA, 1 mM PMSF, 10 pm/ml aprotinin, 10 mM NaF, and
I mM DTT), and then shaken vigorously at 4°C for >15 min. Subse-
quently, the mixture was centrifuged for 20 min at 14,000 rpm. Finally, the
supernatant was recovered and used as source for nuclear proteins. To
determine the purity of the nuclear extract preparations, PYK2 was used as
an abundant cytosolic marker in osteoclasts, When proteins (25 ug) iso-
lated from nuclear and cytosolic fractions were subjected to Wester blot-
ting for PYK2, the level of PYK2 detected in nuclear extract was about 5%
of that in the cytosol (data not shown), suggesting that the purity of the
nuclear extracts was >90%,

Results
Effect of IL-1 on actin ring formation of pOCs

It was previously shown that IL-1 induces actin ring formation,
leading to osteoclast activation (10). In this study, we confirmed
these findings in a serum-free system. pOCs were prepared from
the murine coculture system and plated on Vn-coated dishes in the
absence of serum. pOCs spread on Vn-coated surfaces 60 min after
plating (Fig. 14), whereas on PL they remain rounded (Fig. 1J).
Initial adhesion to Vn did not induce actin ring formation (Fig.
1B); however, after treatment with IL-1, these cells started to form
actin rings in a time-dependent manner (Fig. 1C-H).

Effect of IL-1 on tyrosine phosphorylation of p130°* and ¢-Src
kinase activity

We previously reported on the role of p130°® and PYK2 in the
a3, integrin-mediated signaling pathways that lead to actin ring
formation in osteoclasts (22-25). We therefore examined the in-
volvement of pl30%* in IL-1-induced actin ring formation, Ty-
rosine phosphorylation of p130“** and PYK2 following cell adhe-
sion peaks at 30—60 min after plating (22, 24, 25). pOCs were
therefore plated on PL- or Vn-coated dishes for 60 min and then
treated with or without IL-1 for 30 min. Cell lysates from these
samples were immunoprecipitated with anti-p130©%* Abs and an-

5105

alyzed by Western blotting with anti-phosphotyrosine Abs, As re-
ported previously (24, 25), cell adhesion resulted in tyrosine phos-
phorylation of p130® (Fig. 24, left upper panel). Interestingly,
IL-1 increased the tyrosine phosphorylation of p130“® (Fig, 24,
left upper panel), suggesting that p130“** might be a downstream
mediator of the IL-1R-dependent signaling pathway, PYK2 was
also tyrosine phosphorylated not only by cell adhesion to Vn, but
also by IL-1 treatment (data not shown).

Several lines of evidence, including our previous findings, have
shown that tyrosine phosphorylation of p130“™ is mediated by Src
kinase and that ¢-Src deficiency abrogated adhesion-induced
p130°** phosphorylation in fibroblasts and osteoclasts (23-27).
We examined therefore the involvement of ¢-Src in IL-1-induced
tyrosine phosphorylation of pl30°®, using Src-deficient pOCs. As
shown in Fig. 24 (right upper panel), neither cell adhesion to Vn
nor IL-1 treatment induced tyrosine phosphorylation of p130™,
Furthermore, nor did IL-1 induce actin ring formation and pit-
forming activity in Sr¢™/~ pOCs (data not shown). These data
suggest that c-Src may play an important role in IL-1-induced
tyrosine phosphorylation of p130°® and its osteoclast activation.

To support the above notion, we also examined the effect of IL-1 on
¢-Src kinase activity using poly(Glu-Tyr) as a substrate. As shown in
Fig. 28, IL-1 induces activation of c-Sr¢ within 5 min after treatment,

A
Src(+) Srel-)
r ar 1
ECM PL VN ¥N VN VN VN
IL-1 - - 4+ + - +
- - - - 18: pTyr
tP: Cas
ewes| wWEgp!| B:cas
TCL [0 ome emp | [o= IB: ¢-5r¢
B
5
(]
o
£
Z
c
o
2
@
E
3
<
&

o 5 10 15 k1
IL-1 treatment [min]

FIGURE 2. Effects of IL-1 on tyrosine phosphorylation of p130%® and
¢-Src kinase activity in pOCs. 4, Src*"™ or Sre ™/~ pOCs were plated on Vi
(20 pg/ml)- or PL (50 peg/ml)-coated dishes in the absence of serum. After
cutture for 60 min, cells were treated with or without IL-1 (10 ng/m]) for
30 min. Total cell lysates were immunoprecipitated with anti-p130°* Ab,
followed by immunoblotting with anti-phosphotyrosine (pTyr) Ab (upper
panels). The same membranes were stripped and blotted with anti-Cas Ab
(middle panels). Total cell lysates were also subjected to immunoblotting
with anti-c-Src Ab (lower panels). ECM, IB, IP, and TCL: extracellular
matrix, total cell [ysate, immunoblotting, and immunoprecipitation, respec-
tively. B, Osteoclast-like cells were prepared as described in Maverials and
Methods. Cells were serum starved for 2 h before treating with 10 ng/ml
IL-1. After the indicated periods, whole cell lysates were extracted and
assayed for the kinase activity using poly(Glu-Tyr) as a substrate after
immunoprecipitation with anti-v-Sre Ab by universal tyrosine kinase assay
kit. A unit of c-Sre kinase activity is defined as an activity to incorporate
1 pmol phosphate info a substrate (KVEKIGEGTYGVVYK) per minute.
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suggesting that ¢-Sr¢ activity might be directly regulated by the IL-1
signaling pathway, leading to the tyrosine phosphorylation of down-
stream mediators such as p130°* and PYK2.

IL-1 induces association of TRAFS and ¢-Src

Among members of the TRAF family adapter proteins, TRAF6 is
to date the only one mediating IL-1 signaling, through its interac-
tion with the IRAK (28). We therefore examined the relationship
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FIGURE 3. Association of TRAF6 with ¢-Src, PYKZ2, and p130°* in
pOCs, 4, Sre*” pOCs (1.5 X 10° cells/condition) were plated on Vn (20
pg/ml)- or PL (50 pg/ml)-coated dishes in the absence of serum. After
culture for 60 mir, cells were treated with or without IL-1 (10 ng/ml} for
30 min. Total cell lysates (=1 mg/ml} were immunoprecipitated with anti-
TRAF6 Ab (H-274) (lanes 1-12), followed by immunoblotting with anti-
phosphotyrosine Ab (lanes /—3). The same membrane was sequentially
stripped and blotted with anti-PYK2 and c-Sre (/anes 4-6), anti-p130°™
(lanes 7-9), and anti-TRAFG (D-10) (fartes 10-12) Abs. Total cell lysates
were also subjected to immuncblotting with anti-c-Src and PYK2 Abs
(lanes 13-15). B, Src*"” {lanes 1, 4, 7, 10, 13, and 16) and Src™"" (fmtes
23,506,809, 11,12, 14,15, 17, and 18) pOCs were plated on Vn- or
PL-coated dishes in the absence of serum. Afiler culture for 60 min, cells
were treated with or without IL-1 for 30 min, Total cell lysates (>1 mg/ml)
were immunoprecipitated with anti-TRAF6 Ab (H-274) (lanes I-15), fol-
lowed by immunoblotting with anti-phosphotyrosine Ab (fares [-3). The
same membrane was sequentially stripped and blotted with anti-c-Src
(lanes 4-06), anti-PYK2 (lanes 7-9), anti- pl 30°** (fanes 10-12), and anti-
TRAF6 (D-10) (fanes 13-15) Abs. Total cell lysates were also subjected to
immunoblotting with anti-c-Src and PYK2 Abs (lanes 16-18). The mo-
lecular masses of marker proteins are indicated in kDa on the Jeft. ECM,
IB, IP, TCL, and pTyr: extracellular matrix, immunoblotting, immunopre-
cipitation, total ce!l lysate, and phosphotyrosine, respectively.

TRAF6 AND c-Src IN OSTEOCLASTS

of TRAF6 with IL-1-induced tyrosine-phosphorylated proteins in
osteoclasts. Src*” pOCs were plated on PL- or Vn-coated dishes
for 60 min and then treated with or without IL-1 for 30 min. Cell
lysates were immunoprecipitated with anti-TRAF6 Ab and ana-
lyzed by Western blotting with anti-phosphotyrosine Ab. Interest-
ingly, from lysates of cells plated on Vn and treated with IL-1,
anti-TRAF6 Abs coprecipitated at least three tyrosine-phosphory-
fated proteins with molecular mass values of about 130, 120, and
60 kDa (Fig. 34, lanes 1-3, arrowheads). Western blotting of the
same membrane revealed that anti-TRAF6 Ab coprecipitated c-Src
(~60 kDa), PYK2 (~110-120 kDa), and p130°** (~130 kDa)
(Fig. 34, lanes 4-9), suggesting that these three proteins could be
the major tyrosine-phosphorylated proteins in IL-1-treated cells. In
contrast, we could not rule out additional unidentified proteins with
similar molecular masses could be tyrosing phosphorylated in IL-1-
treated ostcoclasts. These observations indicate that IL-1 treatment
induces the formation of a complex containing TRAFS, ¢-Src, PYK2,
and p130°™ in osteoclasts on Vn. Adhesion appears to be a prereg-
uisite for IL-1/TRAF6-dependent association with ¢-Src, PYK2, and
p130%®, because IL-1 treatment of pOCs on PL or in suspension did
not result in the same complex formation (data not shown).

We next asked which molecule is essential for the formation of
this complex with TRAF6. To address this question, we plated
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FIGURE 4. Association of TRAF6 and c-Src in OCLs. Purified OCLs
were prepared as described in Materials and Methods. A, After culture fer 4 h
in the absence of serum, cells were treated with (Janes 2 and 4) or without 10
ng/ml IL-1 (Janes I and 3) for 30 min, Total cell lysates (>1 mg/ml) were
immunoprecipitated with anti-TRAF6& (H-274) Ab, followed by immunoblot-
ting with anti-c-Src (GD11). The same membrane was stripped and blotted
with anti-TRAF6 Ab (D-10). B, Purified OCLs were treated with IL-1 (10
ng/ml) for 30 min. Total celt lysates (>1 mg/ml) were immunoprecipitated
with anti-c-Sre (fane I, N-16; lane 2, mAb327, lane 3, GDi1) Abs, followed
by immunoblotting with anti-TRAF6 Ab (H-274). The same membrane was
stripped and blotted with anti-c-Src Ab (GD11). The molecular masses of
marker proteins are indicated in kDz on the left. TCL, IB, and IP: total cell
lysate, immunoblotting, and immunoprecipitation, respectively. Arows and
armowheads show the position of ¢-Src and TRAF6, respectively.
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Src™/~ pOCs on Vn, treated with IL-1, and found that anti-TRAF$
Abs did precipitate neither PYK2 nor p130“* (Fig. 3B, lanes
7-12), suggesting that ¢-Src may play an important role in the
association of PYK2 and p130°® with TRAF6. IL-1-mediated as-
sociation of TRAF6 and ¢-Src was further confirmed in OCLs, in
which IL-1 induced the coimmunoprecipitation of c-Src with
TRAF®, using anti-TRAF6 Abs (Fig. 44, lanes 1 and 2). Further-
more, anti-c-Sr¢ polyclonal Abs reciprocally pulled down TRAF6
from [L-1-treated OCLs (Fig. 48, lane 1). We also tried two dif-
ferent anti-c-Src mAbs only to fail to coprecipitate TRAF6 under
the same condition (Fig. 48, lanes 2 and 3), probably because these
mAbs might interfere with the TRAF6 and Src association.

Intracellular localization of TRAF6 and ¢-Src in osteoclasts

Prolein-protein interaction of TRAF6 and ¢-Src in osteoclasts led
us to examining the intraccllular localization of these molecules.

FIGURE 8. Effeet of IL-1 on in-
tracellular localization of TRAF6 in
OCLs. Purified OCLs were prepared
on glass coverslips, as described in
Materials and Methods. After purifi-
cation, cells were serum starved for
4 h, and then treated with {4, d-f
B, d—f} or without 0 ng/ml [L-1 (4,
a—;, B, a-c) for 30 min. Cells were
fixed and double immunostained for B
TRAF6 (4, b and ¢; B, b and e, red)
and c-Sr¢ (4, a and &, green) or F-
actin (B, a and 4, green). Their colo-
calization is shown in yellow (4, ¢
and £, B, ¢ and /). Bars = 20 um.
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Few actin rings were observed in purified OCLs that were seeded
and serum starved for 4 h on glass coverslips (Fig. 58a). In these
OCLs, c-Src and TRAF6 were distributed throughout the cyto-
plasm (Fig. 54, a and b; Bb). However, when cells were treated
with IL-1, both TRAF6 and c-Src were redistributed to the cell
periphery, where they were colocalized (Fig. 547). Moreover, the
ring-like distribution of TRAF6 at the cell periphery overlapped
with that of F-actin (Fig. 58/), suggesting that TRAF6-Src com-
plex may be involved in actin ring formation in osteoclasts,

An interesting phenomenon observed in this study was the
translocation of TRAF6 to nucleus following IL-1 treatment
(Fig. 5, Ae and Be), whereas c-Src was distributed only to pe-
rinuclear regions (Fig. 54d). As shown in Fig. 64, TRAF6
started to traffic to nucleus 5 min after 1L-1 treatment. The
translocation of TRAF6 to nucleus and cell periphery seems to
occur almost simultaneously. Furthermore, the translocation of

TRAF6

TRAF6
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-

IB: TRAF6

Nuclear proteins

FIGURE 6. Effect of IL-1 on translocation of TRAF$ to nucleus in OCLs. A, Purified OCLs were prepared on glass coverslips, as described in Materials
and Methods. Afer purification, cells were serum starved for 4 h, and then treated with 10 ng/ml [L-1 for 0 (a), 5 (b), 10 (¢}, and 30 {d) min. Cells were
fixed and immunostained for TRAF6. Bars = 20 um. B, Purified QCLs were serum starved for 4 h, and then treated with or without IL-1 (10 ng/ml) for
30 min. Nuclear proteins, prepared as described in Materials and Meihods, were immunoblotted with anti-TRAF6 Ab. 1B, immunoblotting.

TRAF6 to nucleus was also confirmed biochemically, as shown
in Fig. 68.

Discussion
In the previous study, we have shown that IL-1 is an important
cytokine for osteoclastic bone resorption (10). In this study, there-
fore, we examined the mechanism of IL-1-induced osteoclast ac-
tivation and the involvement of c-Src in IL-1 signal transduction in
the regulation of osteoclast function. Using Src*”? and Src™/ 0s-
teoclast-like cells, we first demonstrated that c-Src is required for
IL-1-induced tyrosine phosphorylation of p130%®, which was pre-
viously shown to take part in actin ring formation in osteoclasts in
vitro (23). Second, we showed that IL-1 induces the complex for-
mation of TRAF®6, an adapter molecule for IL-1 signaling, c-Sre,
PYK2, and pl130%™ in osteoclasts. c-Src is, also in this case, re-
quired for formation of this heteromeric complex, because 1L-1
treatment of Sre-deficient pOCs did not result in the association of
TRAF6 with PYK2 and p130“, Third, IL-1 induced the colocal-
ization of TRAF6 and ¢-Src in the ring-like structures at the pe-
riphery of spreading osteoclasts. These ring structures also con-
tained F-actin, a prerequisite for sealing zone formation during
osteoclast activation (29). Our previous studies have documented
the important role of ¢c-Src and its association with PYK2 and
p130“* in the maintenance of the ring structure of F-actin (actin
rings) and bone resorption (22, 24). Data presented in this work,
therefore, might clarify another interesting role of ¢-Src as a trans-
ducer of IL-1 signaling to tyrosine phosphorylation pathway, lead-
ing to cytoskeletal reorganization and osteoclast activation.
These findings also support the in vivo findings showing that
targeted disruption of either ¢-Src or TRAF6 in mice results in a
similar osteopetrotic phenotype, caused by osteoclast dysfunction
without change in osteoclast number (16, 17). In contrast, Naito et
al. (30} reported that TRAFS is an essential transducer for oste-

oclast differentiation, because TRAF6-deficient mice are defective
in osteoclast formation and exhibit severe osteopetrosis. Although
TRAF6 may be involved in both osteoclast differentiation and os-
teoclast function, in this study, we focused on the role of TRAF6
in osteoclast function.

During the course of this study, Wong ct al. (31) reported that
RANK ligand (TNF-related activation-induced cytokine/osteoclast
differentiation factor/osteoprotegerin ligand), a TNF family mem-
ber that stimulates osteoclast differentiation and function, activates
Akt/protein kinase B through a signaling complex that includes
TRAF6 and ¢-Src. In their study, the significance of this TRAF6-
Src complex lies in RANK ligand-induced cell survival through
the activation of Akt/protein kinase B, whereas our data suggest
that this molecular complex is involved in the IL-1-induced cy-
toskeletal rearrangement and osteoclast activation via ¢-Sre-medi-
ated tyrosine phosphorylation of PYK2 and p130“*. Wong et al.
also showed the direct interaction of TRAFS6 and c-Src mediated
by the RPTIPRNPK motif (aa 469-477) in TRAF6 and the Src
homology 3 (SH3) domain in ¢-Src. The findings obtained to date
and previous reports including ours suggest the sequence of the
heteromeric molecular complex containing TRAFS, ¢-Src, PYK2,
and p130°*, as follows: 1) association of TRAF6 and c-Src, me-
diated by the RPTIPRNPK motif in TRAF$6 and the SH3 domain
in ¢-Src (313; 2) interaction of ¢-Src and PYK2, mediated by the
$112 domain in ¢-Sre and phosphotyrosine in PYK2 (22); 3) con-
stitutive association of PYK2 and p130“*, mediated by proline-
rich regions in PYK2 and an $1{3 domain in p130“** (24, 32). This
study points to the significance of the TRAF6 and ¢-Src interaction
in osteoclast activation and presents evidence for cross-talk be-
tween IL-1 signaling and tyrosine kinase pathways. In contrast,
previous reports have demonstrated that IL-1-mediated cytosolic
and nuclear signaling pathways require appropriate assembly of
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cell-matrix adhesion complexes and organization of actin cytoskel-
eton (33-35). Therefore, we cannot rule out the possibility that the
molecular complex, including TRAFS, ¢-Sre, p130°*, and PYK?2,
shown in this work is indirectly involved in IL-1 signaling.

An additional novel observation reported in this study is the
intracellular localization of TRAF6 in osteoclasts. Before IL-1
stimulation, TRAF6 is distributed throughout the cytoplasm; IL-1
induces a redistribution of TRAF6 to the cell periphery, where
TRAFG6 is colocalized with ¢-Src and F-actin. We have previously
reported that both pI30** and PYK2 colocalize to the ring-like
structure of F-actin {24). The biochemical and morphological ev-
idence presented in this study suggests the involvement of a com-
plex containing TRAF6, ¢-Src, PYK?2, and p130%* in actin ring
formation, leading to osteoclast activation by IL-1. We find in this
study, using both morphological and biochemical methods, that
upon IL-1 treatment, TRAF6 translocates also to the nucleus, IL-1
thus appears to induce translocation of TRAF6 into two subcellular
localizations in osteoclasts, coincident with cell spreading: one
pool of TRAFG6 that localizes to actin rings in a ¢-Src-dependent
manner, and the other that translocates to the nucleus. The require-
ment of ¢-Sr¢ for TRAF6 nuclear translocation remains unclear, be-
cause IL-1 treatment did not induce cell spreading and actin ring for-
mation in Src-deficient osteoclasts. Biochemical analyses of TRAF6
translocation into the nuclear fraction of Src-deficient cells under
treatments with various cytokines will be a subject of our future study.
In addition, while TRAF4 was also reported to localize to cell nuclet
(36), the physiological significance of these two cellular localizations
of TRAF6 induced by cytokines requires further study.

In summary, we show that IL-1 induces, in Src-dependent man-
ner, tyrosine phosphorylation of PYK2 and p130®, known down-
stream mediators of the adhesion-dependent signaling pathway.
Furthermore, IL-1 regulates the tyrosine kinase pathway, possibly
by inducing the association of TRAF6 and c-Src, leading to further
recruitment of PYK2 and p130“**. Finally, IL-1 induces osteoclast
spreading and physical recruitment of the TRAF6/Src-dependent
complex to the actin ring adhesion structures, a prerequisite for
sealing zone formation, essential for osteoclast activation.
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Abstract

To investigate the molecular mechanisms responsible for the regional selectivity of early atherogenesis, we have applied a
non-uniform shear stress to cultured human umbilical vein endothelial cells (HUVEC). We used a microcarrier culture system and
a combination of subtraction and reverse-subtraction methods to isolate a number of genes upregulated by shear stress. The
resultant subtracted library includes several known genes (e.g. MCP-1, TM) whose responsiveness to shear stress has been
previously reported, indicating that the library is enriched for genes upregulated by shear stress. Also included are atherosclerosis-
related genes (e.g. CTGF, IL-8) whose responsiveness to shear stress had not been demonstrated, other known genes whose
relationship to atherosclerosis had not been reported, and novel genes. Some responsive to centrifugal force and shear stress
(RECS) genes are also upregulated following stimulation by steady laminar shear stress in a parallel plate chamber. Interestingly,
the library includes ET-1 and PAIL which are well known atherogenic factors that are downregulated by laminar shear stress. This
implies that turbulent shear stress has effects on HUVEC that are different from those elicited by laminar shear stress.
Importantly, analysis of specimens taken from human aorta showed that several RECS genes are transcriptionally upregulated in
atherosclerotic lesions, suggesting that the subtracted library includes novel therapeutic targets for the treatment of atherosclerosis.
© 2002 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Shear stress; Vascular endothelial cell; Atherogenic; Subtraction

atherosclerosis. Due to their unique location, endothe-
lial cells are dynamically exposed to a variety of bio-

1. Introduction

Many studies have shown that vascular endothelium, chemical substances contained in blood and are
the single-cell lining of the vasculature, plays a pivotal responsive to many of these substances, some of which
role in the normal functioning of the cardiovascular ~ aré necessary for vascular homeostasis, and others
system, and that endothelial dysfunction can be associ- which (e.g. cholesterol and oxidized LDL) can be risk
ated with the development of disease, especially factors for atherogenesis at elevated plasma concentra-

tions [I]. Despite the presence of these systemic risk

—_— factors, early atherosclerotic lesions are not randomly
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5:92(.: orresponding author. Tel.: +8 o distributed but are limited to specific regions of arterial
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areas that experience chaotic and non-uniform bleod
flow. In contrast, early lesions are generally absent
from more linear regions, where steady and streamlined
flow occurs. These observations have been reported not
only for experimental animals but also for humans and
suggest that hemodynamic forces are involved in the
initiation and localization of early atherogenesis [2].
Among biomechanical stimuli, shear stress, which is a
dragging force generated by blood flow and viscosity,
appears to be especially important, because it directly
provokes physiological alterations in endothelial cells,
many of which are associated with changes in gene
expression [3,4]. From numerous investigations it is
now clear that endothelial cells can sense and respond
to shear stress. It is therefore possible that endothelial
cells in vivo respond differentially to their local hemo-
dynamic environment, so that phenotypic changes in
these cells are involved in early atherogenesis. Although
the molecular mechanism by which shear stress is in-
volved in the initiation of atherosclerosis has not been
clarified, a number of studies using an in vitro flow
apparatus have shown that steady laminar shear stress
induces cellular responses that are essential for the
atheroprotective functions of endothelial cells [5-7).
For example, the production of NO, a vasodilator
critical for atheroprotection, rapidly increases upon
stimulation by laminar shear stress, due to a rapid
activation of the endothelial isoform of nitric oxide
synthase (ecNOS) [6]. A recent report by Topper et al.
indicated that the ecNOS mRNA is upregulated by
laminar flow but not by turbulent flow [7]. They also
showed that other atheroprotective genes, such as those
encoding cyclooxygenase (COX)-2 and manganese-de-
pendent superoxide dismutase (Mn-SOD), demonstrate
a laminar shear stress-selective pattern of induction [7].
A growing number of physiclogically or pathophysio-
logically important endothelial genes have been re-
ported to respond to fluid stimulation, leading to a
general paradigm that atheroprotective genes are upreg-
ulated and atherogenic genes are downregulated by
laminar shear stress [3,4]. Examples of downregulated
atherogenic molecules are wvascular cell adhesion
molecule (VCAM)-1 [8] and prepro-endothelin (ET)-1
[9]. There are exceptions, however, such as atherogenic
intercellular adhesion molecule-1, which is more clearly
upregulated by laminar shear stress than by turbulent
shear stress [7], and thrombomodulin (TM), an an-
tithrombotic factor, which is upregulated by turbulent
shear stress as well as by laminar shear stress [4,10].
Furthermore, TM has also been reported to be down-
regulated by laminar shear stress [11]. Thus, the rela-
tionship between the functions of these genes and their
expression profiles, as modulated by flow patterns, is
not clear-cut.

We have recently reported a highly efficient method
for subtraction cloning [12]. In the present study, we
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have used our method to identify a comprehensive list
of endothelial genes that are upregulated by non-uni-
form shear stress, certain of which could be novel
candidates for genes implicated in atherogenesis.

2, Materials and methods

2.1, Cell culture

Human umbilical vein endothehal cells (HUVEC)
were purchased from Clonetics (San Diego, CA) and
propagated in F-12K medium (Dainippon Pharmaceu-
tical, Japan) supplemented with 100 pg/ml heparin, 30
pg/m! endothelial cell growth supplement (Beckton
Dickinson, Flanklin Lakes, NI}, and 10% fetal calf
serum (FCS) in tissue culture plastic flasks precoated
with 2 mg/ml gelatin. Cells were routinely passaged
with 0.05% trypsin/2 mM EDTA in phosphate buffered
saline (PBS). Cells of up to the fifteenth passage were
used in shear stress experiments.

2.2. Shear stress apparatus

Non-uniform shear stress was induced by microcar-
rier culture in a modification of the method of Cooke et
al. [13]). Then 2 x 10% of HUVEC were scraped from the
dishes, washed in PBS, and suspended with 2 g of
Cytodex 3 microcarrier beads (Amersham Pharmacia
Biotech, Uppsala, Sweden) in 35 ml of F-12K medium.
The suspension was transferred to a spinner flask with
a volume of nearly 200 m! and a diameter of 6 cm. The
flask contained a stir bar and was mounted on a
magnetic stirrer. After microscopic observation to
confirm that the HUVEC had attached to the surfaces
of the microcarrier beads, the stirrer was activated at a
rotation speed of 160 rpm to induce a vortical flow. The
lengths of the periods of rotation were 0 (without shear
stress), 0.5, 1, 1.5, 2, 3, 4, 6, 10, or 20 h. Cells remained
attached to the beads even after 20 h of stimulation,
indicating that the flow forces generated in the flask are
likely within physiclogical ranges. Experiments of
steady laminar shear stress were performed using a
parallel-plate flow chamber as described previously [14].

2.3. Isolation of RNA

Total cellular RNA was isolated as reported previ-
ously [12]. One hundred micrograms of total RNA were
prepared from HUVEC subjected to shear stress for
each of nine different periods were pooled, and the
resultant 900 pg of total RNA was passed through an
oligo(dT)-cellulose chromatography column (Collabo-
rative Biomedical Products, Bedford, MA) for the
purification of poly(A)* RNA.
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2.4. RT-PCR analysis

c¢DNAs were synthesized from 1 pg of total RNA
with the SuperScript Preamplification System (Gibco
BRL., Rockville, MD), and one fortieth of the cDNA
preduct was used in each reaction. PCR reactions were
done on a Gene Amp PCR System 9600 (Perkin-—
Elmer, Norwalk, CT). For the analysis of laminar
flow-dependent expression, the PCR products were sub-
jected to electrophoresis and stained by SYBR Green I
(Takara Shuzo, Kyoto, Japan), and the intensity of the
fragments was quantified with a FluorImager (Molecu-
lar Dynamics, Sunnyvale, CA). The specific primers
used are shown in Table 1.

2.5. Construction of the subtracted ¢cDNA library

A cDNA library was generated from 3 pg of
poly(A)* RNA from HUVEC subjected to shear stress,
by the method of Kobori et al. [12). Subtraction proce-
dures are as described earlier [12] except that 20 pg
photobiotinylated poly(A)*™ RNA from HUVEC not
subjected to shear stress was hybridized with 0.5 pg

Table 1

Oligonucleotide sequences used for PCR

Gene name DNA strand Nucleotide sequences
t-PA Sense 5-CTGCAGCTGAAATCGGAT-
TCGT-3
Antisense §-CTGATGATGCCCACCAAA-
GTC-¥
Thrombomodulin  Sense S CTCATAGGCATCTCCATC-
GCG-¥
Antisense §-CCGCGCACTTGTACTCCA-
TCT-¥
PDGF-A Sense §-GTCCGCCAACTTCCTGAT-
CTGG-¥
Antisense SATTCAGGCTTGTGGTCGC-
GCAG-3
G3PDH Sense §-CCCATCACCATCTTCCAG-
GAGC-¥
Antisense §-TTCACCACCTTCTTGATG-
TCATCATA-3
RECSI Sense 5-CACCTACTGTATGACACC-
ACATTC-¥
Antisense 5-GAGATGCTGTTCCATGCT-
GGCCTG-¥
RECS10 Sense 5-TGGCATCTTCTTATGCTT-
CTAGTG-¥
Antisense S.TACAATGTAGATGTCTTIG-
GCGACC-¥
RECSI2 Sense 5.AAAAGAACCGGATGCAG-
CTTTCGG-3
Antisense 5-GCTCTCCATGCCTCAGAT-
TATCTC-3
RECS26' Sense §-TGTTATGTACCTGCATCA-
CGTTGG-Y
Antisense 5-CACGGCTTCACGTTICTG-
CTTTG-¥

single-stranded DNA from the cDNA library prepared
from shear-stressed HUVEC.

2.6. Reverse subtraction

After four cycles of subtraction, the subtracted li-
brary was converted into single stranded DNA using
the helper phage R408. Two micrograms of photobi-
otinylated poly(A}* RNA from HUVEC exposed to
shear stress were incubated with 2 ug single-stranded
DNA at 42 °C for 48 h in 25 pl hybridization solution
[12]. Four hundred microliters of a solution containing
50 mM HEPES (pH 7.5), 2 mM EDTA, and 500 mM
NaCl, and 14 pg of streptavidin (Gibco BRL) were
added to the hybridization mixture, followed by incu-
bation at room temperature for 5 min. After three
rounds of phenol/chloroform treatment, the aqueous
phase containing single-strand DNA was removed.
Four hundred microliters of TE was added to the
organic phase, which contained the single-stranded
DNA complexed with poly(A)* RNA. The solution
was heated at 95 °C for 5 min and then chilled on ice
to denature the hybrids. The aqueous phase, which now
included the single-strand DNA that had been released
from the poly(A)* RNA, was collected and applied to
a microfilter (UFCP3LTK50, Millipore, Bedford, MA)
to be concentrated. Afterwards, the single-strand DNA
was converted into the double-strand form by a previ-
ously described method [12], followed by transforma-
tion into the E. coli strain MC1061A.

2.7. Northern blot analysis

Four micrograms of total RNA from shear-stressed
or unstressed HUVEC were electrophoresed through a
1% agarose gel containing formaldehyde and MOPS,
and transferred onto a Biodyne A nylon membrane
(PALL Biosupport, East Hills, NY). Northern hy-
bridization was performed by a previously described
method [12].

2.8. DNA sequencing and homology search

Dideoxy-chain termination sequencing reactions were
performed using the BigDye Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin—FElmer), and the
reaction products were analyzed by a 377 DNA se-
quencer (Perkin—Elmer). Sequences were compared by
BLAST analysis with the GenBank, EMBL, and EST
databases, as well as the human UniGene cluster
database.

2.9, Isolation of full-length ¢DNAs

A cDNA library was constructed from 4 pg of
poly(A)* RNA from shear-stressed HUVEC using a
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ZAP-cDNA synthesis Kit (Stratagene, La Jolla, CA),
according to the method described in the manufactur-
er’s manual. A digoxigenin-labeled cDNA probe corre-
sponding to each responsive to centrifugal force and
shear stress (RECS) clone was synthesized using a PCR
digoxigenin labeling mix (Hoffmann-LaRoche, Basel,
Switzerland) and used for plaque hybridization.

2.10. Analysis of the expression of RECS genes in the
human aorta

Aortic tissue was obtained by autopsy from a single
patient. Specimens were taken from the non-sclerotic
aortic arch and from the abdominal aorta near the
bifurcation of the common iliac arteries, which exhib-
ited advanced atherosclerosis. Total RNA was ex-
tracted with Sepasol-RNA solution (Nacalai Tesque,
Kyoto, Japan). Northern hybridization was done ac-
cording to the method described above.

3. Results
3.1. Evaluation of the experimental system

Since our objective was to isolate candidate genes
involved in the formation of lesions in early atheroscle-
rosts, we reasoned that a non-uniform fluid flow would
be more suitable for finding genes implicated in athero-
genesis than the laminar flow that is used in most shear
stress-related work. Thus, we used a microcarrier cul-
ture system that exposes cells to turbulent rather than
laminar shear stress. In this system, the pattern of flow
is vortical, in contrast to the laminar flow produced by
parallel-plate or cone-plate chambers. First, we tested
whether shear stress was actually experienced by HU-
VEC in our culture conditions by examining the expres-
sion of known shear stress-responsive genes.
Semiquantitative RT-PCR analysis showed that the
levels of intracellular mRNA of representative shear
stress-responsive genes, such as tissue-type plasminogen
activator (tPA), platelet-derived growth factor (PDGF)-
A and TM, clearly increase upon exposure to turbulent
flow (Fig. 1). The kinetics of expression of these genes
is similar to what has been previously reported, in that
tPA is upregulated at later times [15], PDGF-A is
expressed transiently at earlier times [16], and TM
shows a sustained increase in expression {10] from 2 to
20 h. Although laminar shear stress was utilized to
stimulate HUVEC in all previous studies of these three
genes, the reported data are consistent with our results
because several genes, such as PDGF-A, PDGF-B, and
TM, respond similarly to laminar and turbulent flow
[4,7.11]. On the other hand, the C-type natriuretic
peptide mRNA, which had been reported to be upregu-
lated by laminar shear stress [17], could not be detected

—326—

+ Shear stress (h)
10 20

0 2

t-PA

thrombomodulin

PDGF-A

G3PDH

Fig. 1. Upregulation of known shear stress-responsive genes in HU-
VEC under non-uniform flow conditions. Semi-quantitative RT-PCR
analysis was done as described in Section 2. The number of PCR
cycles was 25 for t-PA, 30 for TM and PDGF-A, and 20 for G3PDH.
For each gene, a representative result from three independent experi-
ments is shown.

at any time during our culture conditions (data not
shown), indicating that the profile of gene expression in
HUVEC in our non-uniform flow conditions overlaps
with, but s not identical to, that of HUVEC exposed to
faminar flow conditions.

3.2. Kentification of subtraction- and reverse
subtraction-enriched genes upregulated by shear stress

We first prepared a subtracted ¢cDNA lbrary by
carrying out four cycles of subtraction, using a method
developed to isolate osteoclast-specific genes [12]. We
used HUVEC subjected to shear stress as a tester and
untreated cells as a driver. In the resultant library, S4,
about 40% of the randomly picked clones contained
very short cDNA inserts or no insert at all, probably
because these clones were overrepresented due to multi-
ple rounds of hybridization. In order to determine the
success rate of the subtraction, 20 cDNA clones ran-
domly selected from the S4 library were subjected to
Northern analysis. We found that one clone demon-
strates clear upregulation by shear stress, nine show no
differential expression, and the other ten clones are not
expressed (data not shown). This suggests that the
subtraction was performed successfully, but clones that
are expressed rarely in both tester and driver fractions,
and which did not form hybrids, were overrepresented.
To raise the frequency of the upregulated genes, we
established a novel method of ‘reverse subtraction’. The
S4 library was hybridized with poly(A)* RNA from
HUVEC subjected to shear stress, and hybridizing sin-
gle-strand ¢cDNAs were isolated and used to construct a
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new version of the subtracted library, named S4R. We
found that about 90% of randomly picked clones from
S4R harbor insert DNAs, suggesting that the clones
without inserts in S4 had been removed by reverse
subtraction. Furthermore, specific signals for all 20 of
the randomly selected inserted cDNAs from S4R could
be detected by Northern analysis, among which five
clones show clear upregulation by shear stress (see
below). This result indicates that the rarely expressed
genes in the S4 library were also eliminated, and
consequently differentially regulated genes were concen-
trated by reverse subtraction. We used this S4R. library
to perform a comprehensive screen for upregulated
genes.

RECSI7 i
RECSIS |
RECSI9 &5
RECS20
RECS21
RECS22

RECS23
RECS24
RECS25 ik

RECS26

RECSII RECS27

RECSI2 %R RECS28 :

RECSI3 ¢ RECS29

RECS14 5 RECS30
RECSIS ¢ RECS3I

RECS16 § RECS32

3.3. RECS genes from the subtracted library

We randomly picked 500 independent clones from
the S4R subtracted library, and subjected them to
Northern analysis in order to select differentially regu-
lated genes. Eighty-two of these clones proved to be
upregulated by shear stress, and defined 63 independent
genes on the basis of DNA sequence. Fig. 2 shows the
Northern blot analysis of all shear stress-upregulated
genes identified in this study, which we have called
RECS. Since the RNA samples used in Fig. 2 are
mixtures of samples taken at nine different time points
(see Section 2}, this type of screen would identify only
those genes that are upregulated throughout the course

RECS49 - i

RECS33
RECS34 RECSS50
RECS35 RECSS]
RECS36 W} RECSS? 3 %
RECS37 ' ¥ RECSS3 |
RECS38 RECSS4 oAl
RECS39 | RECSSS Ll
RECS40 RECS56 {6
RECS41 RECS57
RECS42 : RECS58
RECS43 RECSS9 o @
RECS44 RECS60
RECS45 RECSS61
RECS46 RECSS2 wEHE
RECS47 RECS63 |
WS

RECS48 ¢4l G3rpH &

Fig. 2. Northern blot analysis of RECS genes. Total RNA from HUVEC stimulated with non-uniform flow in a spinner flask for nine different
lengths of time was mixed in equal ratio, and 4 pg of the mixture were loaded in the right lane in each gel. Four micrograms of total RNA
prepared from HUVEC on microcarrier beads not subjected to turbulent flow were loaded in the left lane.
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Fig. 3. Chronological expression of RECS genes. Four micrograms of total RNA prepared from HUVEC samples taken at 0, 0.5, 1, 1.5, 2. (3).
4, 6, 10 and 20 h after starting flow were loaded from left to right in each gel. Specific bands on each blot are indicated by arrows. G3PDH was

used as a loading control.

of flow stimulation. In other words, transiently upregu-
lated genes, like tPA and PDGF-A, might be missed.
The timecourse of expression profiles does indeed show
that most of the examined RECS genes are upregulated
at almost all time points from 0.5 to 20 h (Fig. 3). The
cognate identification or characteristics for the 63 genes
is presented in Table 2. It should be noted that Table 2
includes several genes whose responsiveness to shear
stress has been already reported: monocyte chemoat-
tractant protein-1 (MCP-1; RECS9) [18], heparin-bind-
ing EGF-like growth factor (HB-EGF; RECS33) {19],
laminin Bl (RECS51) [20], TM (RECS55) [10], trans-
forming growth factor-B (TGF-B; RECS56) [21] and
thrombospondin (RECS62) [4] are all upregulated by
laminar shear stress. This is consistent with the result
shown in Fig. 1, namely, many known laminar flow-up-
regulated genes are also upregulated by non-uniform
flow in our culture conditions. The high frequency of
detection of these clones serves as a positive control to
indicate that the desired upregulated genes were en-
riched in the S4R library. Interestingly, ET-1 (RECSS5),
which was previously found to be downregulated by
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laminar shear stress [9], was the most frequent clone
encountered (four times among the 82 clones; Table 2),
and its mRNA level is dramatically increased upon
stimulation by non-uniform flow (Fig. 3). Another no-
table clone is PAI-1 (RECS59), which was reported to
be downregulated by laminar shear stress [22] or not to
respond to it [23]. The difference in results is pre-
sumably due to experimental conditions, in that turbu-
lent shear stress rather than steady laminar shear stress
was applied to the cells. Furthermore, we found several
genes which are atherosclerosis-related but have not
been reported to be shear stress-responsive, such as
connective tissue growth factor (CTGF; RECS53) and
interleukin (IL)-8 (RECS60).

3.4. Full-length cloning of novel or functionally
unknown RECS genes

Table 2 lists a number of genes whose functions have
not been clarified, or whose full-length ¢cDNAs have
not been registered in the public databases. Given that
many atherosclerosis-related genes are concentrated in



H. Yoshisue et al. / Atherosclerosis 162 (2002) 323-334

329

Table 2

List of shear stress-upregulated penes identified in the 54R subtracted cDNA library

Number? mRNA size (kb) Gene name Accession Frequency Comments
Recsl 30 PP1201 NM_022152 1 FLC®
Recs2 22 EST (UniGene) Hs.173840 1 FLC
Recs3 35 Thioredoxin reductase X91247 1

Recsd 1.8 L.PS-induced protein gene Q51544 1

Recs3 35 Endothelin-1 precursor JO5008 4 RSS®
Recs6 i3 Spliceosome-associated protein (SAP145) 41371 1

Recs7 43 AKO023281 AK023281 i FLC
Recs8 4.4 Puromycin-sensitive aminopeptidase AJ132583 1

Recs9 1.0 Monocyte chemotactic protein-1 8569738 1 RSS
Recsl0 5.5 EST (UniGene) Hs.5890 1

Recsll 3.0 Lamin C M13451 2

Recsl2 29 Cytokine-response gene CR8 {DEC1) T43383 1

Recsl3 4.1 Human enhancer of filamentation (HEF1)} 143821 1

Recsl4 45 KIAAL029 AB028952 1

Recsl3 1.0 Interferon-induced 15-kDa protein gene M21786 1

Recsl6 5.0 LDL receptor N60388 1

Recsl7 . 4.0 EST AWS504157 1

Recsl8 1.7 Peripheral myelin protein (PMP)-22 Q32869 2

Recsl9 3.7 Tyrosine kinase receptor UFO/Ark 565125 1

Recs20 6.5 EST (UniGene) Hs.112157 1

Recs?] 7.5 Calcium-ATPase HK2 M23115 1

Recs22 1.1 Human arginine-rich protein M3B3751 2

Recs23 3.0 Human PR0O1110 A37031 3 FLC
Recs24 3.5 EST {UniGene) Hs.121715 1 FLC
Recs25 4.2 BOG25 AF147747 1 FLC
Recs26 32 KIAAQ025 D14695 3

Recs27 3.2 High-maobility group phosphoprotein isoform 1-C U28749 2

Recs28 3.0 Human Ras-like protein X33415 1

Recs29 ER)) Cyclin DI X59798 2

Recs30 4.0 K1AA0964, PSD-95/SAP90-associated protein-4 AB023181 1

Recs3l 2.7 Lamin A M13452 l

Recs32 2.0 CYR61/connective tissue growth factor-2 Uea2015 3

Recs3l 2.6 Heparin-binding EGF-like growth factor M60278 1 RSS
Recs34 42 MIR 16, membrane interacting protein of RGS16 AF212862 1 FLC
Recs35 1.8 Human homolog of the p64 bovine chloride channel Y12696 1

Recs36 1.2 Nicotinamide N-methyltransferase v0g021 2

Recs3? 6.0 EST R07925 1

Recs38 i3 Surface glycoprotein 250022 1

Recs3% 35 Early growth response gene alpha (EGR-alpha) S81439 1

Recs40 3.0 Nuclear factor SF2p33 M69040 t

Recs4l 44 P66 she U733y I

Recs42 42 DKFZp564J0863 AL117600 I FLC
Recsa3 0 Lysosomal acid lipase (LAL}) M74775 l

Recsdd 30 NG, NS.dimethylarginine dimethylaminohydrolase ABO0Q1915 1

Recsds s EST (UniGene) Hs.34160 i

Recsd6 30 Serum deprivation response (SDPR) AF085481 1

Recs47 37 EST (UniGene) Hs.193974 1

Recs4d 6.0 AK(21823 AK021823 1

Recsd9 20 Cytokine-inducible nuclear protein C-193 X83703 1

Recs50 58 EST (UniGene) Hs.288309 1

Recs51 6.0 Laminin B! chain M61916 1 RSS
Recs52 1.0 Matrix Gla protein {(MGP) M58549 1

Recs53 2.5 Connective tissue growth factor X78947 1

Recs54 3.0 FLI-1/ERGB Q50644 1

Recs35 3.5 Thrombomodulin (TM) M16552 1 RSS
Recs56 32 Transforming growth factor-f (TGF-B) M60315 1 RSS
Recs37 31 HLA-E X56841 3

Recs58 3.0 Plasminogen activator inhibitor (PAI) M16006 2

Recs59 1.7 Keratin 18 M26326 2

Recs60 1.8 IL-8 M26383 1

Recs6l 22 EST (UniGene) Hs.105695 1

Recs62 6.0 Thrombospondin X14787 1 RSS
Recs63 1.7 Caveolin 718951 1

= Numbers are assigned in order of appearance in Northern blot screening.
®FLC, full length cDNA clones were isolated for the functional validation of novel or functionally unanalyzed genes.
©RSS, clones that had previously been reported as responsive to shear stress (see text in detail).
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Fig. 4. Effect of steady laminar shear stress on the expression of RECS genes. After exposing HUVEC to steady laminar shear stress (18
dynes/cm?; §8), total RNA was isolated at the indicated times, followed by semi-quantitative RT-PCR analysis. SC; static control, The number
of PCR cycles was 23 for RECS1, 25 for RECS10, 28 for RECS12, 26 for RECS526 and 20 for G3PDH. SYBR Green I staining of ¢ach gel is
shown and bands were quantified with a FluorImager. The expression level of each RECS mRNA normalized to that of G3PDH was standardized
10 the value at 0 h, and is shown as the fold increase. For each gene, a representative result of at least three independent experiments is shown.

the S4R library, these novel or functionally unknown
genes could also be relevant to atherosclerosis. Since
most clones from the subtracted library contain partial
cDNA inserts, we isolated full-length ¢cDNAs for some
RECS genes. Most of the genes whose full-length cD-
NAs were isolated, including RECS1, RECS2 and
RECS24, have recently been registered in the databases
by other groups, although their functions are still un-
known. RECSI, named as PP1201, shows significant
homology to rat neural membrane protein 35 (NMP35)
[24]. whose predicted amino acid sequence is highly
hydrophobic. RECS2 appears to be a novel member of
the immunoglobulin superfamily because it is weakly
similar to Coxsackie and adenovirus receptor [25], and
RECS24 corresponds to a Unigene cluster, and is sig-
nificantly homologous to known GTPase-activating
proteins (GAP) such as rthoGAP [26]. However, the
biological functions of these genes remain to be
elucidated,
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3.5. Some RECS genes are responsive to laminar shear
stress

Since laminar rather than turbulent shear stress was
utilized in most of the previous studies of this issue, we
examined whether RECS genes are also upregulated by
steady laminar shear stress in a parallel-plate flow
chamber. We randomly selected five RECS genes of
unknown function and whose responsiveness to laminar
flow had not yet been demonstrated, and analyzed their
mRNA levels in HUVEC by semiquantitative RT-PCR.
The mRNA levels of four of the five genes, RECS],
-10, -12 and -26, proved to be significantly elevated by
laminar shear stress, compared with static controls at
the same time points (Fig. 4). However, the remaining
clone, RECS7, does not respond to laminar shear stress
(data not shown). These results were expected, because
the upregulation of representative laminar flow-respon-
sive genes was confirmed by the data shown in Fig. 1,



