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Abstract

Lok, SH2-B, and APS form a conserved adaptor protein family. All of those proteins are expressed in mast cells and their
possible functions in signaling through c-Kit or FceRI have been speculated. To investigate roles of Lnk, SH2-B or APS in mast
cells, we established IL-3-dependent mast cells from Ink~/—, SH2-B-/~, and APS~/~ mice. IL-3-dependent growth of those cells was
comparable. Proliferation or adhesion mediated by c-Kit as well as degranulation induced by cross-linking FceRI were normal in
the absence of Lnk or SH2-B. In contrast, 4PS-deficient mast cells showed augniented degranulation after cross-linking FeeRI
compared to wild-type cells, while c-Kit-mediated proliferation and adhesion were kept unaffected. APS-deficient mast cells showed
reduced actin assembly at steady state, although their various intracellular responses induced by cross-linking FceRI were indis-

tinguishable compared to wild-type cells. Qur results suggest potential roles of APS in controlling actin cytoskeleton and magnitude

of degranulation in mast cells.
© 2004 Elsevier Inc. All rights reserved.
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Mast cells play critical roles in allergic and inflam-
tnatory responses. Mast cells express the high affinity
IgE receptor FceRI and cross-linking of IgE bound to
FceRI by antigens initiates a series of molecular events
in mast cells, which lead to degranulation and release of
a wide variety of chemical mediators such as histamine,
arachidonic acid metabolites, and soluble proteins in-
cluding neutral proteases and cytokines [I-3]. Even in
the absence of antigen, binding of monomeric IgE to
FcgRI induces cytokine production and cell survival [4).
Mast- cells differentiate from hematopoietic progenitor
cells. Stem cell factor (SCF), which is also known as
mast cell growth factor, and IL-3 provide signals for
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their differentiation, proliferation, and survival medi-
ated through c-Kit receptor tyrosine kinase and IL-3
receptor, respectively. SCF also regulates chemotaxis
and adhesion of mature mast cells [1,5].

Lnk, SH2-B, and APS form a conserved family of
adaptor proteins, whose members share a homologous
N-terminal region with proline rich stretches, PH and
SH2 domains, and a congerved C-terminal tyrosine
phosphorylation site [6-9}. Lnk plays a critical role in
regulating production of B cell precursors and hemato-
poietic progenitor cells, and functions as a negative
regulator of c-Kit-mediated signaling. We have shown
that Ink~/~ mice show enhanced B cell production be-
cause of the hypersensitivity of B cell precursors to SCF
{8]. In addition, Ink~/~ mice exhibit increased numbers
of hematopoietic progenitors in the bone marrow, and
the ability of hematopoietic progenitors to repopulate
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irradiated host animals was greatly enhanced by the
absence of Lnk [10]. Independently, Velazquez et al. [11]
- have reported Ink-deficiency results in abnormal mod-
ulation of SCF and IL-3-mediated signaling pathways
and augmented growth of bone marrow cells or
splenocytes. SH2-B is originally identified as a protein
associated with immunoteceptor tyrosine-based activa-
tion motifs (ITAMs) of FceRI y-chain by a modified
two-hybrid (tribrid system) screening [6]. We have
shown that SH2-B is a critical molecule for the matu-
ration of reproduction organs that is at least in part
mediated by insulin-like growth factot I (IGF-I) recep-
tor signaling [12]. APS is identificd as a potential sub-
strate of c-Kit by two-hybrid system [7]. We also
independently isolated the murine counterpart of APS
as a protein homologous to Lnk and SH2-B [9]. APS is
phosphorylated upon stimulation with various growth
factors, inchuding EPO-R, PDGF-R, insulin, nerve
growth factor (NGF), and cross-linking B cell receptor
(BCR) [9,13-16]. Recently, we generated 4APS—/~ mice
and found that B-1 cells in peritoneal cavity were in-
creased, and humoral immune responses to type-2 an-
tigen significantly enhanced in APS~/~ mice [17).

Lok-family adaptor proteins, Lnk, SH2-B, and APS,

are all expressed in bone marrow-derived mast cells
(BMMCs) [12]. In addition, various experiments using
cell lines overexpressing those Lnk-family adaptor pro-
teins suggested their possible functions in signaling med-
iated through c-Kit or FceRI. We investigated and
compared for the first time consequences of the deficiency
either of Lnk, SH2-B or APS in mast cell functions using
primary cultured cells, We established BMMCs from
bone marrow progenitors of Ink™/~, SH2-B~/~, ABS—/~
mice, and their respective control wild-type mice. IL-3~
dependent BMMCs were equally established even in the
absence of Lnk, SH2-B or APS. SCF-dependent prolif-
eration or adhesion was also not compromised and was
compatable among Ink~/~, SH2-B~/-, and APS~/-
BMMC:s. Although FceRI-mediated degranulation was
not affected by the absence of Lnk or SH2-B, 4P5~/-
BMMCs showed enhanced degranulation -after cross-
linking FceR1. APS~/~ BMMCs showed reduced fila-
mentous actin (F-actin) assembly at steady state and was
resistant to inhibitors disrupting F-actin microfilaments
in FceRI-mediated degranulation responses. These re-
sults suggest that APS plays a role in negative regulation
of mast cell degranulation by controlling actin dynamics.

Materials and methods

Cells and culture. Bone marrow cells were obtained from 8- to 10-
week-old Ink~/— [8], SH2-B~/~ [12], AFS~/~ mice [17], and their re-
spective wild-type littermates, and cultured in RPMI1640 supple-
mented with Sng/ml murine IL-3 (PeproTech), 8% fetal calf serum
(FCS), nonessential amino acids (Gibco-BRL), 100IU/ml penicitlin,
100 pg/ml streptomycin, and 10 uM of 2-mercaptoethanol. Cells were

split and supplied with fresh medium every 4 or 5 days. After 4 weeks
of cultivation, greater than 95% of cells were ¢-Kit and FeeR1 positive
as assessed by flow cytometry.

Flow cytometry and cytochemistry, For the detection of FeeRlI,
BMMCs were incubated in a supernatant of IGEL a2 (15.3) hybrid-
oma containing mouse anti-DNP IgE monoclonal antibody (mAb)
and then stained with fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgE mAb (LO-ME-2, Oxford Biomarketing, UK). For the
detection of c-Kit, cells were stained with phycoerythrin (PE)-conju-
gated anti-CD117 mAb (2B8, Pharmingen). For measurements of F-
actin content, cells were fixed in 3.7% formaldehyde for 6h at 4°C
permeabilized with 0.2% Triton X-100 in PBS for 30min and then
stained with rhodamine-conjugated phalloidin (Molecular Probes,
Eugene, OR) for 1h. Stained cells were then analyzed by flow cy-
tometry using a FACSCalibur (Becton-Dickinson).

Unstimulated or stimulated BMMCs were resuspended in PBS and
deposited onto microscope slides using a Cytospin 3 (Shandon Scien-
tific, Cheshire, England). After staining with May-Gruenwald’s and
Giemsa’s solutions (MERCK), cellular morphology was assessed by a
light microscope.

Proliferation and survival assays. BMMCs (5 x 10%) were cultured in
0.2ml of flesh medium containing various concentrations of SCF
(PeproTech) in a 96-well multi-well plate for 72h. Cells were pulsed
with PHjthymidine (0.2 pCi/well) in the last 12} of culture and har-
vested and incorporated {PH]thymidine was measured in triplicate
determination using a MATRIX 96 Direct Beta Counter (Packard,
Meriden, CT). Cells were cultured in media alone or in the presence of
various concentrations of anti-DNP IgE mAb (SPE-7, Sigma). Per-
centage of viable cells was determined by trypan blue exclusion.

Adhesion assay. Adhesion assays to fibronectin were performed as
previously described [18]. In brief, 5 x 10* BMMCs labeled with 2',7-
bis-(2-carboxyethyl)-5-(and-6)-carboxy fluorescein (BCECF: Molecu-
lar Probes, Eugene, OR) were incubated in triplicate in a 96-well
polystyrene plate (Lynbro-Titertek, Aurora, OH) coated with fibro-
nectin (Sigma) in the presence of various concentrations of SCF or
10ng/ml PMA at 37°C for 30min. Unbound cells were removed by
washing the plates with binding medium RPMI 1640 containing
10mM Hepes (pH 7.4), and 0.03% BSA four times. Adhered cells were
quantified by measuzing fluorescence of input and bound cells using a
Fluorescence Concentration Analyzer (IDEXX Laboratories, West~
brook, ME).

Degranulation assay. BMMCs were sensitized with anti-DNP IgE at
37°C for 18h, washed, and resuspended in Tyrode’s buffer (10mM
Hepes, pH 7.4, 130 mM NaCl, 5mM K.Cl, 1.4 mM CaCl,, 1 mM MgCl,,
5.6mM glucose, and 0.1% BSA). Cells (5 x 10° in 0.2ml) were then
stimulated with various concentrations of DNP-BSA or 10ng/mi PMA
plus 400ng/ml ionomycin at 37°C for 1h. Enzymatic activities of
B-hexosaminidase in supernatants and cells solubilized in 0.5% Triton
X-100 Tyrode’s buffer were measured using p-nitrophenyl N-acetyl-f-p-
glucosaminidase (Sigmay) as substrates. Degranulation was caleulated as
the percentage of B-hexosaminidase released from cells in the total
amount of the enzyme in the supernatants and cell pellets as described
before [18]. For the experiment using lairunculin, sensitized BMMCs
were pretreated with various concentrations of latrunculin for 15 min at
37°C before assays. Histamine released into culture supernatants after
degranulation was measured using ELISA kit Immunotech, Marseille,
France) according to manufacturer’s recommendation.

Calcium measurements. Sensitized BMMCs were incubated with
6puM Fura PE3/AM (TEFLARS, Austin, TX) in PBS containing
20mM Hepes (pH 7.4), 5mM glucose, 0.025% BSA, and 1 mM CaCl,
(HBS} at 37°C for 60min. Cells were washed and resuspended in HBS
(1 x 10° cells/0.1 ml) in a stirring cuvette. Fluorescence was monitored
continuously with a fluorescence spectrophotometer (CAF-110: JAS-
CO, Osaka, Japan) at an emission wavelength of 500nm and two
different excitation wavelengths (340 and 380 nm).

Immumoblotting, Cell lysates from stimulated BMMCs were sub-
jected to immunoprecipitation and Western blot analysis as previously
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described [9]. The proteins were resolved by SDS-8% PAGE and
transferred to PVDF membranes (immobilon, Millipore). After
blocking with 5% BSA, membranes were probed with anti-phospho-
tyrosine mAb (4G10, Upstate Biotechnology) and incubated with
HRP-conjugated secondary antibodies. Blots were washed in 0.05%
Tween 20/Tris-buffered saline, pH 7.6, and proteins were detected by
chemiluminescence (Perkin-Elmer Life Sciences).

" Results

Establishment of BMMCs lacking either Luk, SH2-B or
APS

Lnk, SH2-B, and APS were all expressed in normal
BMMCs [12]. To investigate possible functions of those
-adaptor proteins in mast celis, we established IL-3-de-
pendent BMMCs from bone marrow progenitors of
Ink=/=, SH2-B~/~, and APS~/~ mice and their responses
were compared with those of BMMCs established from
respective control wild-type littermates. IL-3-dependent
growth of Ink~'~, SH2-B~/~ or APS~/~ bone marrow
progenitor cells was almost comparable to that of re-
spective control progenitor cells (Fig. 1A). Established
Ink~/=, SH2-B~/~ or APS~/~ BMMCs were not distin-
guishable from the wild-type BMMCs in terms of surface
expression of FceRI and c-Kit (Fig. 1B). Mast cell dif-
ferentiation and proliferation induced by IL-3 was not
affected at all even in the absence of Lnk, SH2-B or APS.

Functions of Ink~/-, SH2-B~/~ or APS~/~ BMMCs

First, we examined proliferative responses of estab-
lished BMMCs to SCF and found no difference among
Ink~—, SH2-B~/~, APS~/-, and respective control BMM
Cs (Fig. 2A). Adhesion to fibronectin induced by SCF or
PMA was also not affected in the absence of Luk, SH2-B
or APS (Fig. 2B). We then examined degranulation of

those BMMC:s induced by cross-linking FeeRI by mea- -

suring fB-hexosaminidase and histamine released after
stimulation. - Degranulation from Ink~/- or SH2-B~/-
BMMCs was almost comparable to that from control
wild-type BMMCs (Fig. 2C). In contrast, APS—/—
BMMCs showed enhanced degranulation responses
upon cross-linking FeeRI (Fig, 2C). Degranulation from
APS™/~ BMMCs, determined by B-hexosaminidase re-
leasability, was 130-140% of that from control cells at
each stimulation condition, and the enhancement was
statistically significant at the concentrations of DNP-BSA
over 0.5 pg/ml (T'able 1). Histamine released after cross-
linking FceRI was also augmented in APS~/~ BMMCs
(data not shown).

FesRI-mediated cellular responses in APS—'~ BMMCs

To clarify the possible molecutar mechanisms leading
to the enhanced degranulation in the absence of APS,
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Fig. 1. (A) Cumulative cell numbers of Ink~/~, SH2-B~/—, ARSI~
(closed circles), and respective wild-type control (open circles)
BMMCs. Differentiation of BMMCs from progenitors and their celi
growth induced by IL-3 was comparable in the absence of either Lnk,
SH2-B or APS. Representative results obtained from multiple inde-
pendent pairs of BMMCs are shown. (B) Surface expressions of FeeRI
(upper panels) or c-Kit (lower panels) on ink~/~, SH2-B~/~, APS~/~
(bold lines), and respective wild-type control {dotted lines) BMMCs.
After JgE sensitization, BMMCs were stained with anti-c-Kit or anti- -
IgE antibodies and analyzed by fiow cytometry. Representative results
of multiple independent experiments are shown.

we tried to evaluate various celiular events induced by
cross-linking FceRI. We first cytochemically evaluated
the proportion of degranulated BMMCs after stimula-
tion. Percentage of degranulated celis increased in a
dose-dependent manner as the concentration of antigens
increased. Importantly, the ratic of degranulated
BMMUCs in each stimulation condition was comparable
between 4PS~/~ and wild-type BMMCs (Fig. 3A). The
enhanced degranulation from 4PS~/~ BMMCs was thus
due to augmented degranulation from each mast cell but
not to increased proportion of cells that underwent de-

‘granuiation. We then analyzed calcium influx induced

by. cross-linking FegRI, however, we did not observe
significant difference in initial peak and following sus-
tained increase of intracellular free calcium between.
APS~/- and control BMMCs. (Fig. 3B). Cell survival
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Fig. 2. Responses of Ink™/~, SH2-B~/~ or APS~/~ BMMCs (filled bars)
and of respective control BMMCs (open bars} induced by activation of
c-Kit or FeeRI (A) Proliferation upon stimulation with various con-
centrations of SCF. Values shown are the mean cpm = SD of triplicate
determinations. (B) Adhesion to fibronectin induced by various con-
centrations of SCF or 10ng/ml PMA, Shown are average=SD of
triplicate measurements. (C) Degranulation after ¢ross-linking FeeRI.
Cells sensitized with anti-DNP IgE mAb were stimulated with the
various concentrations of DNP-BSA. Shown is the percentage of -
hexosaminidase activity released into culture supernatants out of the
total B-hexosaminidase initially stored in cells. APS~/'~ BMMCs
showed augmented degranulation responses (see also Table 1). Rep-
resentative results- of three independent experiments are shown from
(A) through (C).

mediated by binding of monomeric IgE to FceRI was
also comparable (Fig. 3C). Tyrosine phosphorylation of
various ceilular proteins was rapidly induced after cross-
linking FceR1I in mast cells and was comparable between

Table |
Enhancement of FeeRI-induced degranulation in £APS-/~ BMMC

APS~/~ and wild-type BMMCs. Phosphorylation of
neither Akt nor PKC3 molecules was affected in the
absence of APS (data not shown).

Decreased actin assembly in APS~/~ BMMCs

It has been shown that Lok associates with an actin
binding protein ABP-280 [19] and that SH2-B plays a
role in actin reorganization and cell motility mediated
by growth hormone receptor [20,21]. We recently
found that Lnk facilitates actin reorganization in
transfected fibroblast cells (S.M.K. and S.T., unpub-
lished data). In addition, a negative correlation be-
tween actin polymerization and FceRI-mediated
degranulation from RBL-2H3 mast cell line has been
presented [22,23].

We speculated APS may regulate actin cytoskeleton,
which potentially has regulatory process for degranula-
tion in mast cells. Therefore, we investigated conse-
quences of inhibition of actin polymerization induced by
cross-linking FceRI in BMMCs and its effect on de-
granulation by treatment with latrunculin. Treatment
of sensitized BMMCs with latrunculin resulted in the
reduction of F-actin contents as demonstrated by rho-
damine—phalloidine binding (Fig. 4A, left panel). Cross-
linking FceRI induced reduction of F-actin contents in
stimulated BMMCs, Consistent with observations using
RBL-2H3 cells, inhibition of actin assembly by treat-
ment with latrunculin enhanced degranulation from
normal BMMCs in a dose-dependent manner (Fig. 4A,
right). Interestingly, sensitized 4APS~/~ BMMCs showed
reduced F-actin content (about 70% of control) com-
pared to wild-type cells (Fig. 4B, left). The reduction in
F-actin contents became less evident in cells treated
with latrunculin. Finally, the effect of latrunculin on
degranulation was compared between 4PS~/~ and con-
trol BMMCs. As shown in Fig. 4B, augmented de-
granulation by APS-/~ BMMCs became less evident by
treatment with latrunculin, which was well correlated
with difference in F-actin contents between latrunculin
treated APS~/~ and control cells. These results suggested
that A PS-deficiency in mast cells made actin assembly at
relatively low levels and that resulted in facilitated de-
granulation process after cross-linking FceRI.

DNP-BSA(ug/ml)

Degranulation (% maximal response induced by PMA plus ionomycin)

0 0.1 0.5 7 2.5

+ {n=11) 5.6+09 19.4:+2.4 289425 29.4+2.1
—f=(n=11) 5.040.7 258139 39.553.0¢ 40634
(% +/+ response) (89%) (133%) (136%) (138%)

Sensitized BMMCs were stimulated with the various concentrations of DNP-BSA. or 10ng/ml PMA plus 400 ng/mi ionomycin. Values represent
the mean = SE of % P-hexosaminidase activity normalized by the value induced with PMA plus ionomycin as 100%. *p < 0.05, “p < 0.01 compared

to +/+ BMMCs by Student’s ¢ test.
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Fig. 3. Cellular responses of 4P5~/~ BMMCs mediated through cross-linking FesR1I. (A) Proportion of degranulated cells after cross-linking FceRI
with various concentrations of antigens was determined by cytochemistry. Percentages of degranulated cells were comparable between APS—/~ (closed
bars) and wild-type control mice (open bars). The average + SD of three independent experiments are shown. (B} Calcium influx induced upon cross-
linking FesR1 in APS~/~ (lower line) and wild-type (upper line) BMMCs. After IgE sensitization, BMMCs were loaded with Fura PE3 and stimuiated
with 5 pg/ml DNP-BSA and 10 ug/mi ionomycin at the indicated time points (arrows), and fluorescence intensity ratio at 340-380 nm was measured.
Representative results of two independent experiments are shown. (C) Survival of 4PS~/~ (closed circles) and wild-type (open circlesy BMMCs by
binding of monomeric IgE to FceRI. Cells were cultivated in the absence or in the presence of various concentrations of monomeric IgE and
percentages of live cells were measured. The average +:SD of three independent experiments are shown. (D) Tyrosine phosphorylation of total
cetlular proteins after cross-linking FeeRI. Sensitized BMMCs were stimulated with 2.5 ug/ml DNP-BSA for the indicated times. Total cell lysates

were separated through SDS-PAGE and subjected to immunoblot using anti-phosphotyrosine mAb (4G10). Representative results of three
experiments are shown, '

Discussion published data). It is likely that ink-deficiency alone
. hardly affects mast cell function because of low ex-

We investigated functions of Lak, SH2-B or APS in pression of Lnk in mast cells,
mast cells, since possible regulatory roles of Lnk-~family APS had been cloned as a possible candidate sub-
adaptor proteins in signaling through c-Kitor FceRI had . strate for the c-Kit [7]. However, APS~/- BMMCs did
been suggested. We established BMMCs lacking either not show any altered responses upon stimulation with

Lok, SH2-B or APS and examined their cellular re- SCF. Instead, they showed enhanced FceRI-mediated
sponses. None of those mutant BMMCs showed altered degranulation. 4PS~/~ BMMCs showed reduced actin
responses against IL-3 or SCF, the ¢-Kit ligand. 4PS- assembly at steady state compared to normal BMMCs.
deficiency resulted in enhanced FegRI-mediated degran- Inhibition of actin assembly in normal BMMCs by la-
uvlation, while both Ink~/~ and SH2-B-/- BMMCs did not trunculin resulted in enhanced degranulation similar to
show any abnormal responses induced by cross-linking APS~/~ BMMCs. In APS~/~ mice, B-1 cells in peritoneal

FceRIL cavity increased and showed reduced F-actin contents.

We have shown that Lnk negatively regulates c-Kit Conversely, in transgenic mice overexpressing APS in
signaling in B cell precursors and hematopoietic pro- ‘lymphocytes, B cells were reduced and showed enhanced
genitor cells {8,10]. We did not observe significant actin assembly [17]. These results suggest that APS may
enhancement in SCF-dependent growth of Imk~/~ negatively regulate degranulation process by controlling
BMMC:s in contrast to a previous report by Velazquez actin dynamics in mast cells. In RBL-2H3 mast cells, F-
et al. [11]. SCF-dependent adherence was also com- actin assembly induced by cross-linking FceRI nega-
parable to normal cells. Expression levels of Ink tively controls degranulation as well as calcium signaling
transcripts aie rather low in BMMCs compared to [22,23]. Oka et al. [24] recently reported that monomeric
B-lineage cells or hematopoietic progenitor cells (un- IgE binding induced actin assembly and that inhibition
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. Fig: 4. Enhanced degranulation correlated with reduced F-actin con-
tents in BMMCs treated with inhibitor of actin assembly, latrunculin
or by APS-deficiency. (A) Treatment with latrunculin inhibited actin
assembly and resulted in reduced F-actin content in BMMCs. Sensi-
tized wild-type BMMCs were incubated with the various concentra-
tions of latrunculin, kept unstimulated (squares) or stimulated with
2.5 pg/ml DNP-BSA (circles). F-actin contents of cells were then an-
alyzed by rhodamine-phalloidin staining and flow cytometry, and the
results are shown as relative F-actin contents compared with that of
unstimulated cells in the absence of latrunculin (left). Degranulition
was determined by measuring B-hexosaminidase activity released into
culture supernatants, and results were shown as percent maximal re-
sponses induced by PMA and ionomycin treatment (right). (B) F-actin
content of APS~/~ BMMCs in the absence or the presence of various
concentrations of latrunculin was measured and relative F-actin con-
tents compared with those of control cells treated with the same con-
centrations of latrunculin were shown (left). Degranulation from
APS~~ BMMCs treated with latrunculin was measured, and shown as
percent reaction compared with those from wild-type control cells in
the same conditions (right). Results shown are means+ SE of values
obtained from three independent experiments.

of IgE-induced actin assembly by cytochalasin D initi-
ates calcium influx and degranulation. Although en-
hancement of calcium influx in ARS~/~ BMMCs was not
observed; reduction of actin assembly in APS~/-
BMMCs may lead to augmented degranulation in
analogy with those observed in RBL-2H3 mast cells.
The molecular mechanisms for APS-mediated actin as-
sembly as well as APS function downstream of cross-
linking FceRI remain to be elucidated.

APS function in insulin-R signaling has been also
indicated in various experiments using cell lines
[15,16,25-27]. APS~/~ mice exhibited increased sensitiv-
ity to insulin and enhanced glucose tolerance [28]. 1t is
intriguing to examine whether effect of APS-deficiency

on insulin sensitivity is also mediated by actin dynamics.
Regulation of actin cytoskeleton seems one of the
common functions of Lnk-family adaptor proteins. Lnk
associates with an actin binding protein ABP-230 [19]
and facilitates actin assembly in overexpressed fibro-
blasts by activating Vav and Rac (S.M.K. and S.T.,
unpublished data). SH2-B is required for actin reorga-
nization and regulates cell motility induced by GH-R
activation [20,21].

SH2-B has been identified as a possible adaptor
binding to ITAMs of FcgRI y chain [6). However, all
examined responses' induced by FceRI ligation were
normal with SH2-B~/~ BMMCs. It seems SH2-B-defi-
ciency do not affect mast cell function. However, it
should be notified that interaction of SH2 domains of
Lnk-family proteins with ¢-Kit or ITAM of FcsRI v
chain had been demonstrated in overexpression systems
with different combinations, for example, SH2-B with
FceRI v chain, APS with ¢-Kit, SH2-B~/~ mice showed
mild growth retardation and infertitity due to impaired

" maturation of gonad organs [12]. Thus, SH2-B seemed

to have a true target except FceRl], worked as a positive
regulator of signal transduction in contrast to Lnk and
APS that function as negative regulators as shown in
previous studies and in this study. Despite the significant
structural similarities between APS, Lnk, and SH2-B,
their functions appear to be quite different from each
other. However, possible common functions of those
adaptor proteins in vivo should be examined by gener-
ating mutant mice lacking APS, Lnk or SH2-B in vari-
ous combinations.

In conclusion, our studies describe roles of Lnk
family adaptor proteins on BMMCs. Both Lnk and
SH2-B were dispensable for various mast cell responses
mediated through c-Kit, FceRI as well as IL-3-R. APS
plays a role in controlling FesRI-induced degranulation
response but not in c-Kit-mediated proliferation or ad-
hesion. APS may regulate degranulation by controlling
actin dynamics in mast cells.
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Asthma is a chronic inflammatory disease characterized by variable
bronchial obstruction, hyperresponsiveness, and by tissue damage
known as airway remodeling. In the present study we demonstrate
thatinterleukin (IL)-5 plays an obligatory rofe in the airway remodel-
ing observed in éxperimental asthma, BALB/c mice sensitized by
intraperitonealinjections of ovalbumin and exposed daily to aerosol
of ovalbumin for up to 3 wk, develop eosinophilic infiltration of
thebronchi and subepithelial and peribranchial fibrosis. The lesions
are associated with increased amounts of hydroxyproline in the
lungs and elevated levels of eosinophils and transforming growth
factor (TGF)-p1 in the bronchoalveolar favage fluid. After 1 wk
of allergen challenge, TGF-B is mainly produced by eosinophils
accumulated in the peribronchial and perivascular lesions. At a later
stage of the disease, the main source of TGF-B is myofibroblasts,
identified by «-smooth muscle actin mAb. We show that all these
lesions, induding fibrosis, are abolished in sensitized and allergen-
exposed IL-5 receptor—nuil mice, whereas they are markedly accen-
tuated in IL-5 transgenic animals. More importantly, treatment of
wild-type mice with neutralizing anti-iL-5 antibody, administered
before each allergen challenge, almost completely prevented sub-
epithelial and peribronchial fibrosis. These findings demonstrated
that eosinophils are involved in allergen-induced subepithelial and
peribronchial fibrosis probably by produdng a fibrogenic factor,
" TGF-g1.

Bronchial asthma is a chronic inflammatory disorder, character-
ized by variable and reversible bronchial obstruction, airway
eosinophilic inflammation, and bronchial hyperresponsiveness
(1). However, patients with chronic asthma develop irrevérsible
alterations of pulmonary function despite appropriate and ag-
gressive anti-inflammatory therapy (2, 3). These alterations re-
sult from the structural changes of the airways, known as airway
remodeling, characterized by goblet cell hyperplasia, subepithel-
ial fibrosis, and smooth muscle hypertrophy (4). The precise
mechanisms leading to airway remodeling are still unknown, but
it is thought to result from an injury-repair response driven by
several mediators derived from the inflammaiory cells.

Eosinophils are thought to be principal inflammatory cells in
the pathophysiology of the disease, through the release of lipid
mediators, cytokines, and cytotoxic proteins (5). Eosinophils
also produce fibrogenic factors, such as transforming growth
factor-B1 (TGF-B1) (6) and plateiet-derived growth factor (7).
Eosinophils indnce fibroblast proliferation (8) and accumulate
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in the lesional sites of various fibrotic disorders (9). These obser-
vations suggest that eosinophils may also play an important role
in the airway remodeling of patients with asthma; however, this
hypothesis kas not been fully investigated in vivo and the results
are still controversial (10-12). Moreover, role of eosinophil-
derived TGF-g1 in the development of airway remodeling
caused by allerges challenge has not been fully examined.

Recently, we have established a mouse model of allergic
asthma in which sensitized animais are exposed daily to allergen
aerosol for three consecutive weeks (13-15). As a result, mice
develop a typical Th2 response leading to bronchial hyper-
responsiveness to cholinergic stimufi, ¢cosinophilic inflammation,
goblet cell hyperplasia, and subepithelial fibrosis (13-15). Aller-
gen-induced airway remodeling revealed to be Th2-dependent
and closely associated with the intensity of airway eosinophil
infiltration (14, 15). Moreover, there was a clear correlation
between subepithelial fibrosis and both the levels of TGF-81
and the numbers of eosinophils in broachoalveolar lavage fluid
(BALF) (13).

In the present study, we analyzed the role of interleukin
(IL)-5 and eosinophils in the development of airway remodeling,
by using genetically manipulated mice lacking IL-5 receptor o
chain (IL-5Ra KQ), or mice transgenic for IL-3 {IL-5Tg). In
addition, we have examined the role of IL-5 in airway remodeling
by treating allergic wild-type animals with a neutralizing Ab to
IL-5

Materials and Methods

Animals

Seven-week-old female BALB/c mice (Japan SLC, Shizucka, Japan), -
IL-5 transgenic mice (EL-5Tg; BALB/¢ background; 16), IL-5 receptor
« chain gene KO mice (IL-SRaKO; 129 Ola X BALB/c background;
backcross to BALB/e five times [NS); 17) and age-matched wild-type
animals were used. Experiments were undertaken following the guide-
lines for the care and use of experimental animals of the Japanese
Association for Laboratory Animals Science in 1957.

Agents

The following drugs and chemicals were purchased commercially and
used: ovalbumin (OVA; Seikagalu Kogyo, Tokyo, Japan), bovine se-
rum albumin (Seikagaku Kogyo), Tiirk solution {Wako Pure Chemical
Indusiries, Ltd., Osaka, Japan), sodium pentobarbitone (Abbott Lab.,
Chicago, IL), EDTA-2Na (Nacalai Tesque, Kyoto, Japan), Diff-Quick
solotion (Infernational Reagent Corp., Ltd.,, Kobe, Japan), 2a mAb
against human [1-5 (5AS, movse IgG1), and hydroxy-L-proline (Naca-
1ai Tesque).

Sensitization and Antigen Challenge

Experiments were performed as reported previously (14, 15). Mice
were actively sensitized by intraperitoneal injections of 50 pg OVA
with 1 mg alum on Days 0 and 12. Starting on Day 22, they were exposed
to OVA (1% wifvol diluted in sterile physiological saline) for 30 min
every day for 3 consecutive wks. As 2 negative control, animais were
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injected with saline or OV A plus alum and ¢xposed to saline in a similar
manner. BAL, as well as biochemical and histologic examination, were
performed 24 h after the final antigen challenge.

Treatment of Anti-{L-3 mAb

The mAb against human IL-5 (SAS, mouse Ig(31) was purified from
ascites by sequential (NHA4)2804 precipitation and protein A affinity
chromatography, dialyzed against phosphate-buffered saline (PBS), and
kept at —80°C until use. The mAb (0.5 or 1 mg/animal) was treated
by intraperitoneal injection 1 h before every antigen inhalation. Conirol
Ab (mouse IgG1) was treated in a similar manner, In a prelimingry
experiment, we confirmed the efficacy of the mAb to neutralize mouse
IL-5 using Th2 cells (D10. G4. 1: mouse Th2 cells clone)-mediated
peritoneal eosinophilia, -

BAL

To evaluate airway inflammation, we examined the accumulation of
inflammatory cells in BALF. Experiments were performed according
to previously described methods (14, 15). Animals were killed with an

intraperitoneal injection of sodium pentobarbitone (100 mg/kg). The

trachea was cannulated and the left bronchi were tied for histologic

examination. Then, the right air lumen was washed 4 times with 0.5-

m!l calcium- and magnesium-free PBS containing 0.1% bovine serum

albumin and 0.05 mM EDTA-2Na. This procedure was repeated three

times (total volume; 1.3 ml, recovery > 85%). BALF from each animal

was poeled in a plastic tube, cooled on ice and centrifuged (150 X g)

at 4°C for 10 min. Cell pellets were resuspended in the same buffer

(0.5 m]). BALF was stained with Tiizk solution, and the number of
nucleated cells was counted in 2 Burker chamber, A differential count

was made on a smear prepared with a cytocentrifuge (Cytospin II; -
Shandon, Cheshire, UK} and stained with Diff-Quick solution (based

on standard morphologic criteria) of at least 300 celis (magnification

X400}, The supernatant of BALF was stored at —30°C for determina-

ion of cytokine production.

Cytokine Levels in BALF

The TGF-B1 content in BALF was also measured using ELISA (Gen-
zyme Tecne, Minneapolis, MN}, which can detect mouse TGF-1 pro-
tein, becanse of the high homology of TGF-B1 acrossspecies, The assay
detects only the active form of TGF-Bl. Each sample was directly
measured for the detection of the active form or was activated before
measuring according to the manufacturer’s recommendations, for the
detection of total amouni of TGF-p1. The detection limit was 7 pg/ml.

Measurement of Hydroxyproline Content in the Right Lungs

Whole coliagen content of the right lung was evaluated by determining
hydroxyproline (EIP) content as described previously (14, 15). Briefly,
after recovery of BALF, the right lung lobes were removed and cut
into sections {1 mm thick). The chopped lungs were dried with acetone.
Then, the dried lung samples were hydrolyzed with 2 ml of 6N HCl at
120°Cfor 24 hin sealed glass tubes. The amount of HP in the hydrolysate
was measured according to Kivirikko and coworkers (18). Authentic
HP (hydroxy-L-proline) was used to establish a standard curve.

Histopathologic Study

The left lungs were distended with 10% buffered formalin via the
trachea (10 cm H,O) for 30 min, and thea excised and immersed in the
fresh fizative for 24 b. Tissues were sliced and embedded in paraffin, and
6-pum sections were stained with hematoxylin and ecsin and Masson-
Trichrome for light microscopic examination. Section analyses, de-
scribed below in detail, were performed in a blind fashion, and siides
were presented in random order for each examination.
Masson-trichrome stained sections were used for assessment of sub-
epithekal fibrosis using a Leica image analysis system (Leica, Cambridge,
UK) as deseribed previously (15). Briefly, two to four specimens of the
Masson-trichrome-stained histologic preparations of the left lobe, in which
the total length of the epithelial basement membrane of the bronchioles
was 1.0-2.5 mm, were selected and the fibrotic area (Stained in blue)
beneath the basement membrane at 20 pm depth was measured, The
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Figure 1. Effect of IL-5Rx gene deficiency on allergen-induced increases in the numbers of eosinophils in BALF, TGF-1 production in BALF,
and the amount of HP in the right lungs in sensitized BALB/c background mice. Repeated aliergen challenge induced increases in the numbers of
cosinophils and the level of TGF-B1 in BALF and the amount of HP in the right lung in sensitized wild-type animals. In contrast, the deficiency
of IL-5 signating through IL-5Ra clearly inhibited these parameters. Values represent the mean + SEM of 5-8 mice in each group. N.D., not
detectad; N, nonsensitized; OVA, ovalbumin-exposed; S, sensitized; Sal, saline-exposed. **P < 0,01, ***P < 0.001 (versus S-OVA group); 1P <

0.01 (versus wild-type).
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mean scores of the fibrotic area divided by basement membrane length
in 2-4 preparations of one mouse were calculated, then the mean scores
of subepithelial fibrosis were calculated in each group.

Immunohistochemistry

To identify the cellular source of TGF-B1 within the airway wall, immu-
nostaining was performed using avidin-biotin peroxidase compiex
method. The left lungs were distended with 10%. buffered formalin via
the trachea (10 em ¥,0) for 30 min, and then excised and immersed
in the fresh fixative for 24 h. Tissues were sliced and embedded in
paraffin, and 4-um sections were treated with 0.3% kydrogen peroxide-
methanol and normal goat serum for blocking nonspecific binding and
endogenous peroxidase activity. Sections were washed with PBS and
stained with a pelyclonal Ab against TGF- (SC-146, rabbit IgG; Santa
Cruz, Santa Cruz, CA), which recognize a peptide mapping at the
carboxy terminus of the precursor form of TGF-B1 of human origin
(identical to corresponding mouse sequences). Slides were then washed
and incubated with biotinylated goat polyclonal anti-rabbit immuno-
globulin (DakoCytomation Co. Ltd., Kyoto, Japan), Color development
was conducted using streptavidin-labeled peroxidase (Nichirei Corpora-
_tion, Tokyo, Japan) and 3,3'-diaminobenzidine tetrahydrochloride (His-
tofine; Nichirei) as a chromogen. As a contro), rabbit IgG was used.
To identify the ceils positive for a-smooth muscle actin, the sections
- were treated with 0.3% hydrogen peroxide-methanol. After washing
with PBS, sections were stained with peroxidase-labeled anti-e-smooth
muscle actin Ab (1A4; DakoCytomation Co. Ltd.), Color development
was conducted using 3,3'-diaminobenzidine tetrahydrechloride (His-
tofine; Nichirei) as a chromogen.,

Statistical Analysis

Values are presented as the mean * SEM. Statistical significance be-
tween two groups was estimated using the two-tailed Student’s ¢ test
or the Mann-Whitney [/ test after the variances of the data were evalu-
ated with F-test. To define statistically significant differences among
control animals and mAb-treated animals, the data were subjected
to Bartlett’s analysis followed by a parametric or a non-parametric

Dunnett’s multiple range test. P values < 0.05 were considered to be
significant.

Results

Effect of the Deficiency of IL-5Ra

To clarify whether the deficiency of IL-5 signaling influenced
the development of allergen-induced airway remodeling, we ex-
amined the accumulation of eosinophils in BALF, the production
of a fibrogenic factor, TGF-BL, in BALF, the amounnt of HP in

- the right lung tissues, and the fibrotic area around the airways

in IL-5Ra KO mice compared with those of wild-type mice. As
shown in Figure 1, repeated allergen inhalation induced the
significant increases in the numbers of eosinophils and total and
activated TGF-B1 production in BALF, the amount of HP in
the lungs, and the fibrotic area around the airways in sensitized
wild-type mice. In contrast, the deficiency of IL-5 signaling
through I1-5Ra clearty abolished aflergen-induced airway eosin-
ophilia and significantly attenuated the increased levels of both
total and activated TGF-B1 and the fibrotic changes around the
airways (P < 0.01}.

Effect of Systemic Overexpression of IL-5

We next investigated the effeet of systemic overexpression of
IL-5 on subepithelial and peribronchial fibrosis caused by
chronic aliergen challenge wsing IL-5Tg mice compared with
BALB/c mice. As expected, allergen-induced increases in the
numbers of eosinophils in BALF was significantly potentiated
in IL-5Tg mice compared with BALB/c mice (P < 0.05) (Figure
2). In addition, the level of total but not activated TGF-B1 in
the airways (P < 0.05), the HP levels, and the fibrotic lesions
(P < 0.01) were significantly augmented in IL-5Tg mice.
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Figure 2. Effect of systemic overexpression of IL-5 on allergen-induced increases in the numbers of eosinophils in BALF, TGE-81 production in
BALF, and the amount of HP in the right langs in sensitized BALB/c mice. The overproduction of IL-5 significantly augmented airway eosinophilia,
TGF-B1 production, and the amount of HP. Values represent the mean + SEM of 5-8 mice in each group. N.D., not detected; N, nonsensitized;
OVA, ovalbumin-exposed; 8, sensitized; Sal, saline-exposed. **P < 0,01, ***P < 0,001 (versus 8-OVA group); 1P < 005, "P < 0.01 (versus BALB/c).
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Effect of 2 Neutralizing mAb against IL-5 during Allergen Challenge
The implication of IL-5 in allergic airway remodeling was con-
firmed by the treatment of wild-type animals with neptralizing
anti-IL-5 mAb before each allergen challenge. Asseen in Figure
3, this treatment sigpificantly inhibited, in a dose-dependent
manner, allergen-induced airway eosinophilia, the increases in
total but not activated TGF-B1 production in BALF and the
subepithelial and peribronchial fibrosis, and normalized the HP
level (P << 0.01).

Histopathologic Examination
Figure 4 shows the representative sections of each group stained
with Masson-Trichrome for detection of connective tissue, The
quantitative findings of the subepithelial and peribronchial §-
brosis are shown in Figures 1-3 as described above.

As shown in Figare 4B, OVA-cxposed sensitized BALB/c
mice displayed increased in fibrotic area beneath the basement
membrane of the bronchi compared with saline-exposed animals

(Figure 4A). In contrast, the deposition-of connective tissue .

was clearly abrogated in IL-5Ra KO animals (Figure 4C), and

markedly increased in IL-5Tg mice (Figure 4D), Moreover, the -

fibrotic: changes were significantly attenuated by treatment of
wild-type animals with neatralizing anti-IL-5 mAb (Figure 4F),
~ whereas the administration of mouse {gG1 did not affect these
structural changes (Figure 4E).

Immunohistochemical Analysis

To determine- the ceflular source of TGF-B, lung sections were
stained with anti-TGF-B mAb at Day 28 (after 1 wk of allergen
challenge, Figure 5B), Day 35 (after 2 wk of allérgen challenge,
' Figure 5D) and Day 42 (after 3 wk of allergen challenge, Figure
5F), Saline-exposed mice displayed few TGF-B-producing cells
during the period of exposure (Figures 5A, 5C, and 5E). After

1 wk, lung sections of OVA-exposed mice showed significant
inflammatory infiltrates around the bronchi and blood vessels.
Inflammatory cells, including mononuclear cells, alveolar macro-
phages, and especially eosinophils, produced TGF-B (Figures
5B, 6B, and 6D). In contrast, mesenchymal cells around the
blood vessels and the airways as well as alveolar epithelial cells
became positive for TGF-B on Days 35 and 42, and the intensity
of the staining was related to the duration of aliergen challenge
(Figures SD and 5F), Moreover, the cells around the airways
and the vessels were myofibroblasts, as identified by staining -
with an Ab specific to a-smooth muscle actin (Figures 6F and
6G).

Discussion

The present study demonstrates the obligatory role of 115 in
the airway remodebng observed in an experimental model of
chronic asthma. The development of allergen-induced subepi-

thelidl and peribronchial fibrosis was abolished in IL-5Ra KO
mice, markedly attenuated in wild-type animals treated with a

" neutralizing mAb to IL-5, and strongly increased in IL~-5Tg mice,

Subepithelial fibrosis, a typical feature of airway remodeling in
patients with asthma, resulis from the deposition of collagen
type IIL I, V, and fibronectin in the reticular layer undernzath
the basement membrane (19). In keeping with recent findings,
our observations suggest that the collagen deposition was related
to the airway eosinophilic inflammation, probably through
TGF-f1 production. Within the first week of allergen challenge,
TGF-B1 was mainly produced by eosinophils, whereas after 2-3
wk, myofibroblasts, identified as a-smooth muscle actin-positive
cells, were the major source of this factor. _

TGF-B1 was reported to be an important factor in the patho-
genesis of fibrosis, becavse of its ability to stimulate the production
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Figure 3. Effect of & neutraiizing mAb against IL-5 (ofL-5; 0.5 or 1 mg/mouse) on allergen-induced increases in the nuombers of eosinophils in
BALF, TGF-B1 production in BALF, and the amount of HP in the right fungs in sensitized BALB/c mice. The neutralization of IL-5 function with
the mAb during allergen challenge clearly inhibited these parameters in a dose-dependent manner. Values represent the mean = SEM of 6-7 mice
in each group. mIgG1, mouse IgG1; N.D., not detected; OVA, ovalbumin-exposed; S, sensitized; Sal, saline-exposed. ¥*P < 001, ***P < 0.001 {versus.

S-OVA group); "P < 0.01 (versus mIgG1-8-OVA),
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Figure 4. Subepithelial and peribronchial fibrosis (biue) after 3 wk of
allergen challenge. Histologic analysis of lung sections stained with Mas-
son-trichrome (X 100) 24 h after the final antigen challenge of sensitized
mice. Allergen-induced subepithelial and peribronchial fibrosis (B and
E) was clearly attenuated in IL-5Ro KO mice (C) and in wild-type mice
treated with neutralizing mAb against IL-5 during allergen challenge
{F). By contrast, massive fibrotic changes around the bronchi and the
blood vessels were observed in IL-5Tg animals (D). (A ) Sensitized and
saline-challenged BALB/c mice; (B) sensitized and OVA-challenged
(8- OA) BALB/c mice; (C) §-OVA IL-5Ra KO mice; (D) 5-OVA IL-
5Tg mice; (E) S-OVA wild-type mice treated with murine IgG1; (F)
$-OVA wild-type treated with nentralizing mAb against IL-5 (1 mg/
mouse).

of extracellular matrix proteins and to inhibit the formation of

extracellular proteases (20). In fact, a large amount of TGF-R1 is -

found in clinical specimens obtained from fibrotic diseases, such
as early keloid skin lesions, sclerodermia, and pulmonary fibrosis
{20). Furthermore, inhibition of TGF-B1 prevenis lurg and Liver
fibrosis in animal models (20). The expression of TGF-B1 is
increased in BALF and biopsy specimens of patients with
asthma, and its expression levels correlate with the severity of the
disease and the degree of subepithelial fibrosis (21}, In addition,
Kobayashi and coworkers clearly demonstrated that mouse eo-
sinophils from IL.-5 Tg mice can produce TGF-R1 spontancously,
and that the production was enhanced in the presence of IL-3
or IL-3 (22). Thus, IL-5 produced in the airways after repeated
altergen challenge may promote eosinophils to produce TGF-p1.
Taken together, the present findings demonstrated that IL-3
signaling recruits eosinophils that induce subepithelial and peri-
bronchial fibrosis associated with the production of TGF-p at
the early stage of airway inflammation, and indirectly, probably
accomparnied by the transformation of fibroblasts into myofi-
broblasts producing TGF-B1 at a later stage of the experimental
disease.

TGF-1 is preduced in an inactive form that requires activa-
tion before it can exert a biological effect. In the present study,
total amount of TGF-p1 in BALF was associated with the num-
bers of eosinophils in BALF. In contrast, the amount of the
active form was ~ 10% of total TGF-g1 in GV A-inhaled mice,
and it was not associated with fibrotic area or eosinophil counts
in the airways. These findings suggested that totat TGF-$1 pro-

duction is clearly dependent on airway eosinophilia and that
eosinophils by themselves are not involved in its activation in
our model, although the dissociation between the amount of
active form TGF-81 and the degree of structural changes could
not be explained, therefore, further experiments will be needed.

Myofibroblasts have been identified as a key component of
active fibrotic lesions and are thought to be responsible for
collagen production (23). Myofibroblast hyperplasia is 2 typical
feature of asthma and its intensity is correlated with the amount
of subepithelial collagen deposition (24). Here, we found myofi-
broblasts hyperplasia after repeated allergen challenges for 3
wk. At this late stage of the experimental disease, myofibroblasts
were the main cellular source of TGF-B1, instead of eosinophils
that were less abundant, possibly because of apoptotic cell death
inducéd by TGF-p1 (25). Ir vivo -and in vifro observations have
strongly suggested that TGF-1 itself is responsible for the differ-
entiation of perivascular adventitial fibroblasts into myofibroblasts
(26). Moreover, Pipps and colleagues clearly demonstrated that
skin fibroblasts differentiate into myofibroblasts npon coculture
with eosinophils, through the production of TGE-B1 from eosino-
phils (27). Morishima and coworkers also reported that myo-
fibloblasts induced by TGF-31 are functionally more active in
producing coflagen than resting fibroblasts in vitro (28). These
findings indicate that accumulated and/or differentiated myofi-
broblasts around the airways after repeated allergen challenge
could be responsible in subepithelial and peribronchial fibrosis
in our model. In contrast, a more recent study has demonstrated
that fibrocytes, a population of circulating cells, are precursors
of myoﬁbroblasts and are involved in the genesis of subepithelial
fibrosis in individuals with allergic asthma (29). Thus, it is also
possible that circulating fibrocyies can migrate fto the injured
tissue and differentiate into myofibroblasts in this model.

TGFE-B1 is also reported to be produced by airway epithelial .
cells (30, 31). Pelton and colleagues demonstrated that both
mRNA and protein expression for all three isoforms of TGF-
B(1--3) are localized in the murine epithelivm (30). More impor-
tantly, Morishima and associates (28) and Zhang colleagues (31)
clearly demonstrated that TGF-R1 secreted by airway epithelial
cells is involved in myofibroblasts induction and proliferation in
vitro. In the present study, we detected little TGF-B1 signals
in bronchial and peribronchial epitheliai cells after repeated
allergen challenge. Furthermore, we could not detect both Jatent
and active form of TGF-B2 in BALF at any time point during
allergen challenge (data not shown). Therefore, TGF-B1 seems
to be the major isoform produced in the airways im our model.

In addition to its fibrogenic properties described above, TGF-81
is also a multifunctional cytokine with potent anti-inflammatory
activities (20). In fact, this cytokine was recently shown to be a
potent negative regulator of bronchial hyperresponsiveness and
airway inflammation in experimental asthma (32). For example,
the transfer of Ag-specific Th cells engineered in vitro to express
TGE-R1 abolished bronchial hyperresponsiveness and airway
inflammation induced by Ag-specific Th2 cells (33). Conversely,
allergen-induced airway eosinophilic inflammation was mark-
edly enhanced in Tg mice expressing a dominant-negative TGF-§
receptor on their T cells (34). Therefore, therapeutic inhibition
of TGF-B1 could not attenuate airway remodeling, because it
would augment the airway mﬂammatmn generating the fibrotic
healing response,

Regarding as the role of IL-5 in the development of a]lergen-
induced airway remodeling, Blyth and coworkers (10) and Trifi-
licff and colleagues (12) have reported that IL-5is a critical factor
in allergen-induced subepithelial fibrosis wsing a neutralizing
antibody or IL-5 gene—deficient mice, respectively. Our present
findings are supported by their daia, although they did not pro-
vide the relation between the numbers of eosinophils and the
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Figyre 5. Immunohistochemical staining of lung sections with anti-
TGF-B mAb after aerosol challenge for 1 wk (Day 28, B), 2 wk (Day

35, D), and 3 wk (Day 42, F) compared with saline-exposed animals
(A, C, and E, respectively) (X100). Saline-exposed animals appreciated
few cells produced TGF-B during the period of exposure (4, C, and E).
After 1 wk, inflammatory cells around the airways and the blood vessels
produced TGF-B in the long section of OV A-inhaled animals (8). In
contrast, mesenchymal cells around the airways and the blood vessels
as well as alveolar epithelial cells became positive for TGF-B at the late
stage, i.e,, on Days 35 (D) and 42 (F), and the intensity was dependent
on the duration of allergen challenge.

production of TGF-B1 in the airways. In contrast, Foster and
associates clearly demonstrated that epithelial and fibrotic
changes after chronic-allergen inhalation were not dependent
on IL-5 in semsitized BALB/c mice. The discrepancy between
their data and our present findings may be due to the differences
in the experimental protocol. In their model, mice were immu-
nized with OVA with alum, and then exposed OVA (2.5% wt/
vol} 3 d/wk for 6 wk, whereas sensitized mice were exposed
OVA (1% wt/vol) every day for three consecutive weeks in the
present study, Especially, the frequency and concentration of

allergen challenge may influence the mechanisms which cells

and/or functional molecules are involved in the development of
asthma-like responses as reported (35), although similar data
were observed with the treatment of anti-CD4 mAb in both
lzboratories (14, 36).

We recognize some limitations in the present study. Fu'st, the
mechanisms by which myoftbroblasts accumulate in the site of
inflammation are not clear, Second, it is also unknown how IL-
Sfeosinophils participate in myofibroblast hyperplasia around
the airways. As described above, there is a possibility that the
origin of myofibroblasts is extrapulmonary in origin and is espe-
cially derived from bone marrow (29). Therefore, further experi-
ments will be needed to clarify first the origin of these cells in
our model using the transgenic mice expressing green fluorescent
protein.

Receatly, clinical trials of a humanized antibody to IL-5 in
mild or severe asthma were performed (37, 38). The antibody
is shown to have a potential to inhibit the increases in the num-
bers of eosinophils in sputum, but asthmatic symptoms in pa-
tients were not affected at all. Now, the interpretations of the

Figure 6. Immunohlstochcmlcal staining of lung section with hematoxy-
lin and eosin {4 and B} and anti-TGF-§ Ab (C and D), at Day 28
(after allergen challenge for 1 wk). Arrewheads are eosinophils, which
produced TGF-B around the airways and the biood vessels (B and D).
Panels E-H correspond to tissue sections obtained after 3 wk of allergen
challenge (Day 42) and stained with anti—x-smooth muscle actin Ab (E
and F) or anti-TGF-B Ab (G and H). Arrowheads are myofibroblasts,
located around the airways and the blood vessels, producing TGF-g and
stained with anti-o-smooth muscle actin Ab. Original magnification:
X100 for A, C, E, and G, X1,000 for B, D, F, and H, respectively.

disappointing results of their studies (37, 38) are still discussed
{39, 40). Although there has been no information available on
the role of eosinophils and IL-5 in airway remodeling of the
disease and the present model did rot demonstrate the complete
features of airway remodeling in asthma, the present findings
raise the possibility that the inhibition of the function of IL-5
and/or ¢osinophils may have a therapeutic approach to prevent
the airway remodeling, especially sebepithelial fibrosis, in aller-
gic asthima.
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Abstract

.Bruton’s tyrosine kinase (Btk) is required for B cell development and signal transduction through
cell-surface mofecules such as BCR and IL-5 receptor. We have identified a Btk-associated
molecule, BAM11 (hereafter referred to as BAM) that binds to the pieckstrin homology (PH) domain
of Bik, and inhibits Btk activity both /n vivo and in vitro. In this study, we demonstrate BAM’s
transcriptional co-activation activity and its functional interaction with Btk. By using transient
transcription assays, we demonstrate that the enforced expression of BAM enhances
transcriptional activity of the synthetic reporter gene. The C-erminus of BAM is essential for the
transcriptional co-activation activity. The ectopic expression of Btk together with BAM enhances -
BAM’s transcriptional co-activation activity. BAM's transcriptional co-activation activity is
enhanced through interaction with Btk, and requires both its intact PH domair and functional
kinase actlvity, We also show that enforced expression of TFIl-l, another Btk-binding protein with
transcriptional activity, together with BAM and Btk, further augments BAM- and Btk-dependent
transcriptional co-activation. Furthermore, BAM can be co-immunoprecipitated with the INH/SNFS
protein, a member of the SWISNF complex that remodels chromatin and activates transcription.
We propose a model in which Btk regutates gene transcription in B cells by activating BAM and

the SWI/SNF transcriptional complex via TFIl-] activation,

Intraduction

Bruton's tyrosine kinase (Btk} plays a pivotal role in signal
transduction pathways regulating survival, activation, prolifer-
ation and differentiation of B lineage cells (1,2). Following
ligation of BCR, Syk, phosphatidylinositol-3-kinase, Btk, BLNK,

phospholipase C (PLC)-¥2 and NF-xB can be activated (3-7).

Upon BCR stimuiation, Btk is targeted to the plasma mem-
brane by the binding of phosphatidylinositol-3,4,5-tipho-
sphate (PIP3) to its pleckstrin homology (PH) domain (8,9).
Binding of Btk to BLNK is crucial for phosphorylation and
activation of PLCy2, implicating Btk as a mediator of BCR-
mediated calcium rmobilization (3,5,10-12). It has recently

been shown that Btk is involved in BCR-induced NF-xB
activation (13-16). The PH domain of Btk is involved in signal
transduction by interacting with various molecules, including
By complexes of the heterotrimeric G protein {(17), protein
kinase C (PKC) (18) and PIP3 (8,9).

Mutations in the PH domain of human and mouse Btk cause
maturational blocks at early stages of B cell ontogeny leading
to X-linked agammaglobulinemia {(XLA} in humans (19-21),
and defective B cell development and function leading to X-
linked immuncdeficiency (Xid) in mice (22-24). In order to
digsect how the PH domain is involved in Btk-defived signaling
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pathways, we isolated Btk-associated molecule, BAM11
(hereafter referred to as BAM), which binds to the PH domain
of Btk, but not to Itk or Tec (25). Although the celiular function
of BAM remains unknown, forced expression of the
Btk-binding region of BAM (amino acids 246-368) in an IL-5-
dependent early B celt ling, Y16, suppresses IL-5-induced Btk
activation and cell proliferation. Using a green fluorescence
protein (GFP)-fused Btk protein we also demonstrated that a
significant proportion of Btk is capable of tocalizing to the
nucleus (25). BAM has ~90% homology to human LTG19/ENL/
MLLT4, which was initially identified as part of a chromosome
translocation, 111;19),(g23:p19.3), involving the MLL/ALL-1/
HHAX gene in a case of human acute leukemia (26,27).

In addition to the sequential activation of molecules that
follows Btk activation, Btk also operates as a nucleccytoplas-
mic shuttle {28) regulating potential targets inside the nucleus
that result in the up-regulation or down-regulaiion of certain
genes. Accumulating evidence suggests that Btk regulates
activation of NF-xB (14,16) and the nuclear localization as well
~ as the transcriptional activity of the multifunctional transcrip-
tion factor BAP-135/TFil{l (28-31). TFll-l is ubiquitously
expressed, and has broad biological function which may
include involvement in the Williams-Beuren syndrome and
XLA {32). Based on iis unique interaction at both the nr
element and upstream regulatory sites (33-35), TFli-l is
postultated to be a transcriptional cofactor that integrates
signals {rom regulatory components to the basal machinery
(35-37). In B cells, a significant fraction of cytoplasmic TFIl-l is
constitutively associated with Btk (29,30). Upon BCR cross-
linking, Bik transiently tyrosine-phosphorylates TFI-l, thus
enabiling its release and nuclear translocation (30,31,38); this
suggests that TFIl-l transcriptional activity could be regulated
by alteration of its subceilutar localization.

The SWIfSNF family of chromatinremodeling complexes
has been identified in many species (39). Genstic and
biochemical data indicate that the SWI/SNF complex in-
creases the accessibility of several transcription factors and
histone-modifying complexes to DNA (39,40). Several mem-
bers of the 9-12 subunit-cortaining human SWI/SNF ATP-
dependent chromatin-remodeling complexes have been
described (41-44). Recently, ENL/LTG19, a homolog of the
yeast SWI/SNF subunit TFG3/TAF30/ANCT, was found to be a
new member of a specific subset of the human SWI/SNF
complex. ENL/LTG19 associates and cooperates with the
SWI/SNF complex to activate transcription of the HoxA7
promoter, a downstream efement essential for the oncogenic
activity of MLL-ENL (45). It remains unclear whether BAM, the
murine counterpart of ENL/LTG 19, is involved in the SWI/SNF
complex. .

In this study, we investigated the involvement of BAM
transcriptional activity and its regulatory role in conjunction
with Btk. Here, we report that BAM has transcriptional co-
activator activity {i.e. as a transactivator) which is up-regulated
by Bik’s interaction with its C-terminus, Furthermorg, THI-I
further augments Bik-dependent enhancement of BAM's
tfranscriptional co-activation activity. Moreover, BAM is co-
immunoprecipitated with INI1/SNFS protein, a member of the
SWI/SNF complex. These results suggest that Bik acts as a
positive regulator of BAM transcriptional co-activation activity
when BAM-Btk compléexes are co-localized in the nucleus.

Kl

Methods

Call lines and antibodies

The COS7 cell line was maintained in RPMI 1840, and
supplemented with 10% heat-inactivated FCS, 100 U/mi
penicillin, 100 pg/mi streptomycin and 50 pi 2-mercaptoetha-
nal. Al celis were cultured ai 37°C in a humidified 5% CO,
incubator. Anti-INi1/hSNF5 (BD Biosciences PharMingen, San
Diego, CA), anti-Bik (C-20) {Santa Cruz Biotechnology, Santa
Cruz, CA), anti-myc (clone 9E10; ATCC, Rockville, MD), anti-
TFIl-I {Santa Cruz Biotechnology) and anti-FLAG {clone M2;
Sigma, St Louis, MO) antibodies were purchased.

Vectors and plasmid constructs

The pME 185-myc marmmalian expression vector, which allows
for in-frame fusion with the human myc epitope tag, was
generously provided by T. Yamamoto (University of Tokyo,
Japan). The p146 vector expressing the GST-TFII-l fusion
protein (31} was kindly provided by A. L. Roy (Tufts University,
Boston, MA), To generate pMEmyc-BAM (pME185-myc con-
taining the BAM ¢DNA), a DNA fragment encoding BAM was
amplified by PCR using primers incorporating EcoRl sites at
the 5" ends. The amplified product was cloned into the EcoRl
sites of pMEIBS-myc. To produce the GST fusion construct,
DNA fragments encoding ‘BAM (full length; amino acids
1-847), BAM-N (amino acids 1-186), BAM-BB (amino acids
131-258), BAM-B (amino acids 240-368) and BAM-C (amino
acids 383-547) were amplified by PCR, and cloned into the
EcoR sites of pGEX-4T {Amersham Biosciences, Piscataway,
NJ); these constructs were designated pGEX-BAM, pGEX-
BAM:-N, pGEX-BAM-BB, pGEX-BAM-B and pGEX-BAM-C
respectively. The construct pGEX-BAM-NC expressing the
defetion mutant of BAM (BAM-NC; amino acids 1-186 ligated
with amino acids 363-547) was constructed from plasmids
containing BAM-N and BAM-C. Plasmids encoding GAL4
fusion proteins were derived from pBIND vector {Promega,
Madison, W), which expresses the GAL4 DNA-binding
domain (amino acids 1-147) under control of the human
cytomegalovirus immediate early promoter. To produce
GAL4-BAM fusion constructs, DNA fragments encoding
BAM, BAM-N, BAM-BB, BAM-B, BAM-C and BAM-NC wers
amplified by PCR. Amplified products were cloned into the.
BamH| and Xbal sites of the pBIND vector downstream and in-
frame with GAL4, resulting in pBIND-BAM, pBIND-BAM-N,
pBIND-BAM-BB, pBIND-BAM-B, pBIND-BAM-C. and pBIND-
BAM-NC respectively. The pG5iuc vector (Promega), contain-
ing five tandem copies of the GAL4 consensus binding site,
cloned upstream of a firefly luciferase gene driven by the
major late promoter of adenovirus, was used as a reporter
construct. The pGSiuc-Alnr vector was generated by three-
step PCR, and was cloned into the EcoR and Befl sites of the
pG5iuc vector. In the first PCR reaction, the sense primer &'-
CCGCGAATTCCGGAGTACTGTCC-3 and antisense primer
-CAGCAGATCTCGGCTGAGGACGA-3" were applied to the
pG5luc as template, and in the second PCR reaction, the
gsense primer 5-TCGTCCTCAGCCGAGATCTGCG-3' and
antisense primer &5-CATGATCAGTGCAATTGTCTIGT-3
were applied to the pGSiuc template. The two PCR products
were complementary to each other and used as templates in
the third PCR reaction together with the primary sense and the
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secondary antisense primers. The vectors pME-Btk and pME-
Bik(APH) that express wild-type Bik and the Btk mutant
iacking the PH domain were previously described (186).

Two different lines of Btk mutant constructs were used.
R28C and K430R mutant consfructs, referred to as Btk(Xid)
and Btk{K430R) respectively, were generated by PCR-based
site-directed mutagenesis. The resulting mutated cDNA were
subcloned into pME18S, resulting in pME-Btk{Xid} and pME-
Btk(K430R) respectively. To produce GFP fusion constructs,
the DNA fragments encoding Btk and Btk{R28C) were cloned
between the Xhol and BamHl sites of the pEGFP-NI vector
{Clontech, Palo Alto, CA); these constructs were designated
pPEGFP-Bik and pEGFP-Bik{Xid) respectively. All constructs
involving PCR manipulation were sequenced to ensure the
absence of mutation.

Luciferase reporter assay

Transfections were carried out with the Superfect Transfection
Reagent (Qiagen, Hilden, Germany) in accordance with the
manufacturer's protocol. A series. of pBIND-BAM truncated
constructs were transfected either alone or with 100 ng of
pME-Btk, pME-Bik(Xid), pME-Btk(K430R}, pME-Btk(APH) or
p146. All transfections were performed with 2 pg of reporter

plasmid-(pG5iuc or pGSiuc-Ainr). Briefly, COS7 cells (1 X 105) .

were grown in BPMI 1640 containing 10% FCS to ~50%
confluency in a six-well plate {Corning, Corning, NY). The
indicated DNA constructs were added to 150 ul of DMEM, and
30 ul of the Superfect Transfection Reagent was added to the
DNA solution and incubated for 10 min at room temperature.
During this incubation period, COS7 celis were washed once
with 4 ml of Dulbecco’s PBS. After the incubation, 1 mi of
DMEM containing 10% FCS was added to the mixture, which
was then added to the washed CQOS7 cells. After 2 h of
incubation, the medium was aspirated and the celis were
washed once with PBS. Then, 2 ml of DMEM containing 10%
FCS was added to the plates and the cultures were incubated
for an additional 48 h. For reporter assays, luciferase activity
was assessed using the Dual-Luciferase Reporter Assay
Systern (Promega). Al raw firefly luciferase values were
normalized to the activity of Renilia luciferase values. The
normalized value was then divided by the luciferase activity
obtained by co-transfection of the reporter with pBIND afone.
The ratio was expressed as the relative luciferase activity.

Immunoprecipitation and western blot analysis

Immunoprecipitation and western blot analyses were carried
out as previously described (25). Briefly, COS7 cells (1 % 106)
were resuspended in 800 w! of electroporation buffer [120 mi
KCl, 0.15 mM CaClz, 10 mM KaHPO4/KH.PO, {pH 7.6), 26 mM
HEPES (pH 7.6}, 2mM EGTA (pH 7.6}, 5 mM MgClo, 2mM ATP
and 5 mM glutathione] containing 5§ pg of the appropriate
expreasion plasmid and electroporated at 300V, 980 pF. After
48 h of incubation, cells were collected by scraping in 50 ml of
PBS, pelleted and lysed on ice in lysis buffer [1% NP-40, 10%
glycerol, 150 mM NaCl, 20 mM Tris-HCl (pH 7.4}, 5 mM EDTA,
10 mM NaF, 1 mM sodium orthovanadate, 100 U/ml aprotinin,
10 mM iodoacetoamide, 25 pg/mt p-nitrophenyl-p’-guanidino-
benzoate]. in some experiments, cytosol and nuctear fractions
were prepared using NE-PER Nuclear and Cytoplasmic
Extraction Reagent (Pierce, Rockford, IL). Samples were
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precleared with Protein G-Sepharose 4B and incubated at
4°C overnight with 10 pg of the proper antibody. Immune
complexes were then precipitated with 20 pl of Protein G-
Sepharose during 60 min incubation at 4°C, washed 5 times
with lysis buffer and boiled for § min with 2 X Laemmli’s
sample buffer.

For wesiern blotting, samples were electrophoresed on
SDS-polyacrylamide gels (8%). Wet transfer to Immobilon-P
membrane (Nihon Millipore, Tokyo, Japan) was accomplished
by electrophoresis in buffer containing 26 mM Tris/192 mM
glycine and 10% methanol for 1 h at 80 V. After blocking with
Tris-buffered saline [TBS, 20 mM Tris (pH 7.6) and 150 mM
NaCl] containing 5% BSA, the membranes were incubated
with the appropriate primary antibody and washed in TBS
containing 0.05% Tween 20 (TBS-T). After incubation with
horseradish peroxidase-coupled goat anti-mouse IgG or goat
anti-rabbit 1gG secondary antibodies, the membranes were
washed with TBS-T and subjected to an ECL detection system
{Amersham Biosciences). For removal of immune complexes
from membranes, each blot was incubated with 62.5 mM Tris
{pH 6.8)/2% SDS/100 mM 2-mercaptoethancl for 30 min
at 55°C. The membrane was washed twice in TBS and
re-blocked as required for the next round of western bilot
analysis, '

Binding assay for GST fusion profeins with Btk

- GST fusion protein was expressed in the protease-deficient

Escherichia coli strain BL21 and purified on glutathione-
Sepharose beads {Amersham Biosciences) (25). An equal
amount of GST fusion protein was incubated with the bacterial
cell lysate expressing FLAG-Btk for 4 h at 4°C and washed
with PBS containing 0.1% of Triton X-100. After adding the
SDS-PAGE sample buffer, precipitates bound to the GST.
fusion protein were eluted by boiling and examined by
immunoblotting with the anti-FLAG mAb.

Histochemistry

The pEGFP-Btk, pEGFP-Bik(Xid) and pMEmyc-BAM con-
structs were introduced into COS7 cells by electroporation.
After 48 h, cells were coflected and fixed onto 0.1% poly-1-
lysine-treated glass slides. After fixation with 4% paraformal-
dehyde, csils were permeabilized with 0.3% Triton X-100 and
blocked with 5% normal rabbit serum (Santa Cruz
Biotechnology). For the staining of myc-BAM, glass slides
were incubated with mouse anti-myc antibody {3E10) followed
by CyS-conjugated rabbit anti-mouse igG (Chemicon,
Temecula, CA}. Some samples were incubated with 0.1 mg/
ml of propidium iodide for 15 min at room temperature, We
monitored the localization of GFP fusion proteins and BAM
using confocal laser -scanning microscopy (Bio-Rad,’
Hercutes, CA). Images were obtained with Noran intervision
2D Image Analysis modules. A composite image of flucrescein

~ and propidium iodide stains was generated.

Results

Nuclear co-localization of BAM and Btk

We and other investigators have reported that Btk is able to
shuttle from the cytoplasm to the nucleus {25,28). To examine
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whether Btk(Xid) localizes to the nucleus like wild-type Btk, we
transfectad COS7 cells with Bk-GFP or Btk(Xid)-GFP and
analyzed the cells by confocal immunostaining microscopy.
Most Btk as well as Bik(Xid) was localized in the cytoplasm,
but a significant proportion was also found in the nucleus
{Fig. 1A and B) in accordance wilh the published reports {28).
Because it has been reported that BAM is a Bik-binding
molecule whose gene has five nuclear localization signals
{NLS) {25), BAM may co-localize with Btk in the nucleus. To
address this hypothesis, we eciopically expressed myc-BAM
alone or myc-BAM and Btk-GFF in COS7 celis and analyzed
thelr localization by confocal microscopy. Staining of myc-
BAM-ransfected COS7 cells with antimyc and Cy5-
conjugated anti-mouse 1gG antibodies revealed intense red
nuclear staining, indicating the preferential localization of BAM
1o the nucleus as described (25,28) {data nct shown). When
we analyzed COS7 cells transfected with Btk-GFP and myc-
BAM, large proportions of Btk and BAM expression were
identified in the cytoplasm and nucleus respectively. When we
merged the expression of Btk and BAM, a significant propor-
tion of scattered discrete yellow spots was seen in the nucleus
{Fig. 1C), indicating the co-localization of BAM and Btk to the
nucleus.

BAM acts as a transcriptional co-activator

it has been reported that the ‘human LTG19/ENL/MLLTA
protein shows transcriptional transactivator potential in lym-
phoid and myeloid cells (46). Because BAM and Bik are
capable of interacting with each other and co-localizing to the
nucleus {Fig. 1), we assumed that BAM and Btk may regulate
the transcription of certain genes. To gain insight into the
functional significance of Btk-BAM interactions and to avoid
complication from the presence of endogenous Btk and BAM,
we chose to express Btk and BAM ectopically in COS7 cells
that do not express endogenous Btk.

At first, we co-transfected COS7 cells with the expression
vector pBIND-BAM, which consists of a GAL4 DNA-binding
domain fused to BAM (GAL4-BAM), and pGSiuc, a firefly
luciferase reporter cassette containing GAL4-binding sites.
The transcriptional co-activating activity of BAM was assessed
by a luciferase reporter assay and expressed as relative
luciferase activity. Transfectants expressing GAL4-BAM,
GAL4-BAM-C and GAL4-BAM-NC together with pGSiuc

frucieus)

showed enhanced luciferase activity, while transfectants
expressing GAL4 and pGSiuc showed alow level of luciferase -
activity (Fig. 2B). GAL4-BAM expression demonstrated a
slightly higher level of luciferase activity than those of GAL4-
BAM-C and GAL4-BAM-NC, In contrast, transfectants
expressing GAL4-BAM-N, GAL-4-BAM-BB or GAL4-BAM-B
did not show an enhancement of transactivator activity, BAM,
BAM-BB and BAM-B were capable of binding to Btk, while
BAM-N, BAM-C and BAM-NC were incapable of binding to Btk
{Fig. 2A). These results indicate that BAM has transcriptional
co-activation activity, Interestingly, the C-terminus of BAM is
indispensable for its transactivator activity, while the Bik-
binding region of BAM is not necessary for its transactivator
activity.

Btk up-regulates the transactivation activity of BAM

To examine the effect of Btk on BAM transcriptional co-
activation activity, BAM, GAL4-BAM or GAL4-BAM-NC and
Btk expression plasmids were co-transfected into COS7 cells
with pGbluc, As controls, transfectants expressing GAL4,
GAL4-BAM or GAL4-BAM-NC together with pG5/uc were also
analyzed. Interestingly, BAM transcriptional co-activation
activity was enhanced up to ~2.5-fold when Btk was co-
expressed (Fig. 3, upper panel). Importantly, BAM-NC
showed significant franscriptional co-activation activity; how-
ever, the activity was not affected by co-expression of Btk. As
BAM-NC is unable to associate with Btk (Fig. 2A), direct
interaction between BAM and Bik is required for enhancing
BAM activity. The co-expression of GAL4-VP16 and BiK in
COS7 cells did not alter the transcriptional activity of VP16
{Fig. 3, lower panel). These results further indicate that Btk up-
regulates the transcriptional co-activation activity of a Bik-
binding protein.

The intact PH domain and kinase activity of Btk are
indispensable for enhancing BAM transcripticnal co-
activation activity

BAM is capable of binding similarly to Btk(Xid) and the kinase-
inactive Btk [Btk(K430R)]} mutant as it is to wild-type Btk {25).
We co-transfected expression plasmids for GAL4-BAM and
mutant Bik constructs such as the PH-deleted Btk [Btk(APH)],
Bik(Xid) or Btk(K430R), together with pG5/ue 10 assess up-
regulation of BAM transcriptional co-activation activity. We

Bik
N {nuclavs}
Bk Xid} :
{nucleus}

_,"

Fig. 1. Subcellular localization of Btk and BAM in COS7 cells. COS7 cells were transfected with pEGFP-Btk {A), pEGFP-Btk(Xid) (B),
pEGFP-Btk and pMEmyc-BAM (C) plasmids (5 pg) by electroporation. After 48 h, protein lacalization was analyzed by confocal laser scanning
microscopy. The nuclei were stained with propidium iodide (A and B) and myc-BAM was stained with a mouse anti-myc antibody followed b

a Cy5-tonjugated anti-mouse |gG antibody (C).
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also analyzed COS7 fransfeciants expressing DNA-binding
domain of GAL4, GAL4 and Btk as well as GAL4-BAM and ltk.
The expression levels of wild-type Btk and mutanit Btk proteins
in each of the transfectants were comparable, as estimated by
a western blot of the extracts probed with an anti-Bik antibody
(data not shown). Results revealed that the luciferase activity
of GAL4 transfectants and that of Btk and GAL4 transfectants
were comparable at baseline levels, indicating that by itself
Btk does not exert transcriptional co-activation activity. Co-
expression of Btk together with GAL4-BAM enhanced the
transcriptional co-activation activity of BAM, while co-expres-
sion of Btk(APH), Bik(Xid), Btk(K430R) or Itk with GALA-BAM
did not affect the transcriptional co-activation activity of BAM
{Fig. 4). These results indicate that both the intact PH domain
and the kinase activity of Btk are indispensable for enhancing
the transactivator activity of BAM. As the Btk({Xid) mutant
capable of associating with BAM failed to enhance the BAM
activity, resuits shown in Fig. 4 suggest that another PH
domain-binding protein, which is sensitive to the Xid mutation,
is involved in the Btk-mediated enhancement of the transacti-
vator activity of BAM.,

TFil-i augments the Btk-rmediated enhancement of BAM
activity regardless of the existence of the Inr element

Novina ef al. have reported that wild-type Btk and Btk(K430E),
but not Btk(Xid), constitutively associate with TFli-l, and that
wild-type Bk, but not Btk(iK430E), enhances its transcriptional
activity (30). It can be argued that Bik-induced enhancement
of BAM franscriptional co-activation activity may be influsnced
by THIi-l. When we examined COS7 transfectants expressing
GAL4 and TFH-l together with pGSfue, significant transerip-
tional activity was observed compared with GAL4 and pG5/uc

A

Binding fo Bik
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transfectants. In contrast, the luciferase aciivity of GAL4
transfectants and that of Btk and GAL4 transfectants were
comparable at baseline levels (Fig. 5), indicating that by itself
Btk does not exert transcriptional activity. Consistent with the
results reported by Novina et al (30), the transcriptional
activity of TFll-l was further enhanced ~2-fold by Bik co-
expression (Fig. 5). Co-exprassion of Btk(Xid) and Bik(K430R)
was ineffective in enhancing the transcriptional activity of
TFil-1. .

To gein insight into the molecular basis of TFH-1 activity
for Bik-mediated enhancement of BAM transcriptional co-
activation, we prepared mutant plasmids that deleted the
TFI--binding eferment (inr element) from the pGSiuc plasmid
(designated as pGS5iuc-Ainr. We co-transfected COS7 cells
with (GAL4-BAM, Btk and TFl-| expression plasmids with
pGSiuc or pGbluc-Alnr. Ag controls, COS7 transfectants of

. GAL4-BAM and TFIH-!l and pGSiuc or pGSiuc-Alnr were also

analyzed. Results of BAM transcriptional co-activation activity

* revealed that TFII-! slightly enhanced the transcriptional co-

activation activity of BAM, but to a fesser extent than Btk (Fig. 8,
upper panel). The enhancing effect of TFII- was diminished

* when pG5luc-ainr was expressed in place of pG5iuc (Fig. 6,

lower panel), indicating the impontance of the Inr element for
TFII-i activity. Importantly, the enhancing effect of Btk on BAM
activity was observed in both transfectants expressing pG5iug-
and pGBluc-Alry, regardless of the existence of the Inr
element (Fig. 8). Co-expression of TFll-l with GAL4-BAM
and Btk further enhanced BAM activity in transfectants
expressing pGS/uc-Alny to a similar extent to those expressing
pGSiuc (Fig. 6, lower panel). Btk(Xid) and Btk{(K430R) did not
show an enhancing effect on the transcriptional co-activation
activity of BAM in the presence of TFIl-, These results imply

GALY
GALA-BAM
GALA-BAM-N
cavtaanes ||
GAL4-BAM-B
GALS-BAM-C
CALSBANNC

L] ¥ ¥ E
b 5 W 15 2
Helative luciferase sctivity (fold)

Fig. 2. (A) Association between BAM and Btk. Schematic representation of GST-BAM fusion protein deletion mutants used for the binding
assay {(upper panel). Black boxes and hatched boxes represent the regions rich in serines and prolines respectively. Equal amounts of
GST-BAM fusion protein detetion mutants were bound o glutathione-coupled Sepharose beads and Incubated with bacterial celi lysates
expressing FLAG-Btk. The precipitated complexes were then separated using SDS-PAGE, transferred to membranes and blotted with an
anti-FLAG antibady {lower panel). (B) Transcriptional co-activation activity of BAM. COS7 cells were oo-transfected with the pG5iuc reparter
plasmid and a series of pBIND-BAM mutant constructs using the Superfect Transfection Reagent as described in Methods. For reporter
assays, luciferase activity was assessed using the Dual-Luciferase Reporter Assay System. Al raw values obtained from firefly luciferase were
normalized to the activity of Renifla luciferase values. The normalized value was then divided by the luciferase activity obtained by
co-transfection of the reporter with pBIND alone. Data are given as means of three independent experiments and SD.
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Fig. 3. Effects of Btk on the transcriptional co-activation activity of
BAM. COS7 cells were co-transfected with the pGSfuc reporter
ptasmid and pBIND-BAM, pBIND-BAM-NC {(upper panel} or pBIND-
VP18 (lawer panel) with or without pME-Btk. After 48 h of incubation,
luciferase activities in the cell lysates were measured and indicated
as Fig. 1. Data are given as means of three independent
experiments and SD.

that TFIl-l is capable of augmenting Bik-induced enhance-
ment of BAM transcriptional co-activation activity through a
non-lnr element.

BAM is a mouse homolog of yeast TFG3/TAFA0/ANC1 that
is co-immunoprecipifated with INIT

Using the BLAST algorithm we searched for a BAM gene
homolog. In this query we identified yeast TFG3/TAF30/ANCA,
a component of the SWI/SNF complex, which strikingly had 20
identical and 11 similar amino acids in common among BAM
amino acids 49-98 (Supplementary Fig. 1).

Yeast TFG3/TAF3D/ANC1 'biochemical data suggests a
strong association between TFG3/TAF30/ANCT and INI1/
hSNF5 (47). We therefore postulated that mouse BAM may
associate with INI1/SNF5. COS7 cells were transfected with
myc-BAM and their nuclear extracts were immunoprecipitated
with an’ anti-myc antibody. The immunoprecipitates were
analyzed by SDS-PAGE followed by immunoblotting with
anti-INi1, anti-TFli-} or anti-Btk antibodies. Results revealed
that INI1/SNF5 is co-immunoprecipitated with myc-BAM
(Fig. 7A), suggesting that BAM is a component of the mouse
SWI/SNF complex and associates with INI1/SNFS. In contrast,
a sizable amount of TFII-I could not be co-immunoprecipitated
with BAM from the nuclear extracts of COST cells transfected
with myc-BAM (Fig. 7B). Btk—BAM-INI1/SNF trimers were not
detected in the nuclear fraction, possibly. due to a low
sensitivity to detect a tiny amount of tfrimers in the nucleus
{data not shown), These results suggest that TFli-l does not
directly associate with BAM in the nucleus. COS7 cells
transfected with TFil-l and Btk confirmed their cytoplasmic
association (Fig. 7C) (30).

Discussion

Btk is required for B cell development, maturation and signal
transduction through the BCR and cytokine receptors

GALY

GAL4-BAM

GAL4-BAM + Btk

GALY +Bik
GALS-BAM + Btk (Xid)
GAL4-BAM + Btk (K430R)
GAL4-BAM +Bik (APH}
GALA-BAM + Itk

T T

0 it 20 30 . 40 s0
Relative luciferase activity (fold)

Fig. 4. Effects of Xid mutation, PH domain deletion and Btk kinase
activity on the regulation of BAM transcriptional co-activation activity,
COS7 cells were co-transfected with the pGSiuc reporter plasmid
and pBIND-BAM with or without pME-Bti, pME-Btk (Xid), pME-Btk
(K430R) or pME-Btk (APH). After 48 h of incubation, iuciferase
activities from cell lysates were measured and indicated as in Fig. 1.
Data are given as means of three independent experiments and SD.

including the IL-5 receptor. The PH domain of Btk has been
implicated as a protein interaction domain, and plays an
important role in Btk-mediated signal transduction..

We identified and characterized a molecule, BAM, that
binds to the PH domain of Btk (25). The human homolog of
mouse BAM is LTG19/ENL/MLLT1 that encodes a transcrip-
tional regulator with unknown function (46,48,49). In leukemia
cells, it has been suggested that the t{11;19) chromosomal
translocation fuses the AT-hook, a DNA binding domain from
the MLLJALL-1/HRX protein, with the LTGIHENLMLLTY
protein, resulting in the formation of a new transcription factor
that may play an important role in leukemogenesis. Doty ef al.
reported that the targeted disruption of the murine Mit1 gene,
which maps to mouse chromosome 17, ieads to embryonic
lethality, & finding which indicates its importance in early
development (50). .

In this study, we have examined BAM transcriptional co-

" activation activity and demonstrated five major findings. (i) By

using a GFP-BIK fusion protein, we demonstrate nuclear co-
localization of Btk and BAM. {ii) Forced expression of GAL4-
BAM in COS7 cells together with pGS/uc, a reporter gene that
contains a GAL4-binding domain, demonstrates BAM tran-
scriptional co-activation activity which is dependent on its
C-terminal region. {iii) This is further shown by Btk enhance-
ment of BAM transcriptional co-activation activity in experi-
ments employing the Btk(Xid) and Btk{K430R) mutants which
afe unable to enhance BAM transcriplional co-activation
activity, even though they are still able to associate with
BAM. (iv) TFlI-l augments Btk-mediated enhancement of BAM
transactivation activity. (v} BAM is co-immunoprecipitated with
INI1, a homologous component of the SWI/SNF complex.
BAM contains a NLS and is capable of associating with Bk,
Expression of a myc-tagged form of BAM was restricted to the
nucleus as was an epitope-tagged form of LTG19/ENL/MLLTA
{46) which co-localized to the nucleus with Btk when
co-expressed with Bik-GFP (Fig. 1). It is of note that BAM
has two major types of NLS: (i} a single stretch of 5-6 basic
amino acids, that is similarly present in the SV40 large T
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