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SUMMARY

In liver development, a number of growth factors (GFs)
and components of the extracellular matrix (ECMs) lead to
differentiation of liver parenchymal cells. As the liver
contains many cell types, specifically investigating their
functional effects on hepatic stem cell populations is
difficult. Prospective isolation and clonal assays for hepatic
stem cells enable the examination of direct effects of GFs
and ECMs on this rare cell fraction. Using previously
purified cells that fulfill the criteria for hepatic stem cells,
we examined how GFs and ECMs regulate differentiation
in the developing liver. We show here that hepatocyte
growth factor (HGF) induced early transition of albumin
(ALB)-negative stem cells to ALB-positive hepatic
precursors resembling hepatoblasts and then oncostatin M
(OSM) promoted their differentiation to tryptophan-2, 3-

dioxygenase {TO}-positive mature hepatocytes. During this
transition, ECNs were necessary for the differentiation of
stem cells and precursors, but their effects were only
supportive. In the first step of stem cell differentiation
induced by HGF, the expression of CCAAT/enhancer
binding protein (C/EBP), a basic leucine zipper
transcription factor, changed dramatically. When C/EBP
function was inhibited in stem cells, they stopped
differentiating to hepatocyte-lineage cells and proliferated
actively. These are the first findings to illustrate the
mechanism of hepatic stem cell differentiation in liver
development.
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INTRODUCTION

In mouse. embryogenesis, the liver primordium initially
develops from the ventral foregut endoderm at embryonic day
(E) 8 (Wilson et al., 1963; Zaret, 2000). Signals from the
adjacent cardiac mesoderm and septum transversum, which are
mainly mediated by fibroblast growth factors (FGFs) and bone
morphogenetic proteins (BMPs), induce cells to express
albumin (ALB} and o-fetoprotein (AFP), and to initiate liver
bud formation (Jung et al., 1999; Rossi et al., 2001). After the
specification of the liver, hematopoietic cells move into this
organ and produce oncostatin M {OSM), which induces the
maturation of hepatocytes (Kamiya et al., 1999; Kinoshita et
al.. 1999). At posmatal stages, hepatocyte growth factor (HGF)
produced by non-parenchymal liver cells {sinusoidal. stellate
and endothelial cells) is involved in hepatic maturation {Hu et
al., 1993; Kamiya etal.. 2001). These findings demonstrate that
several signals mediated by mesoderm-derived cells steer cell
fates towards hepatic lineages and induce differentiation into
functional hepatocytes, It is not knowr, however, whether these
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signals act directly or indirectly to affect hepatic stem cell
growth and differentiation. Thus, it is essential to examine the
effects of such growth factors (GFs) in single-cell-based
studies using purified stem cell populations.

In a previous study, using flow cytometry and single-
cell-based assays, we prospectively identified hepatic stem
cells with multilineage differentiation potential and self-
renewing capability (Suzuki et al, 2002). These cells
expressed the hepatocyte growth factor receptor Met and
were low-positive for CD49f (¢6 integrin subunit), but did
not express Kit (stem cell factor receptor), CD45 (leukocyte
common antigen) and TER119 (a molecule resembling
glycaphorin, exclusively expressed on immawre erythroid
cells). Sorted stem cells could be clonally propagated in
culture for over 6 months, where they continuously produced
hepatocytes and cholangiocytes as descendants, while
maintaining primitive stem cells that expressed neither
albumin nor cytokeratin 19 during the greater part of their
expansion. Our studies with highly enriched populations with
stem cell activity showed that HGF was a critical requirement
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for proliferation (Suzuki et al., 2000; Suzuki et al., 2002). It
remained unknown, however, whether the MevHGF
interaction had a role in stem cell differentiation. Spagnoli et
al. {Spagnoli et al., 1998) established a bi-potential hepatic
precursor cell line from transgenic animals that constitutively
expressed the activated form of Met. This and our previous
findings suggest that, while the Met/HGF interaction is
crucially responsible for maturation of differentiating
hepatocytes in the postnatal liver (Hu et al., 1993; Kamiya et
al, 2001) and division of mature hepatocytes in liver
regeneration {Michalopoulos et al., 1984; Ishiki et al., 1992),
it is also involved. through a separate mechanism, in stem cell
growth and differentiation.

In this study, we investigated the direct effects of GFs and
extracellular matrix components (ECMs) on proliferation and
bi-potential differentiation of prospectively isolated and
clonally cultured hepatic stem cells. To analyze primitive stem
cells and stem cell-derived differentiating hepatocytes,
respectively, cell type was determined by the expression of
ALB enhancer/promoter-EGFP. We demonstrated that HGF,
but not FGFs, induced early transition from ALB-negative
(ALB"} stem cells to ALB-positive (ALB*) hepatic precursors
through signaling via the CCAAT/enhancer-binding protein
(CEBP), a basic leucine zipper transcription  factor.
Subsequently, HGF was an effective mitogen for
differentiating cells, while OSM inhibited their proliferation
and induced their maturation, as assessed by expression
of glucose-6-phosphatase (G6P) and tryptophan-2, 3-
dioxygenase (TQ). By contrast. these factors suppressed
differentiation into cholangiocyte-lineage cells. Inactivation of
C/EBPs, even in the presence of both HGF and OSM, strongly
inhibited the differentiation of stem cells into hepatocyte-
lineage cells and allowed cells to self-renew efficiently.
Although several ECMs could also induce differentiation of
stem cells by regulating C/EBPs, their effect was much weaker
and may just work supportively for stem cell differentiation.
Our present data show that gradual effects from HGF and
OSM, mediated by the transcription factor C/EBP, lead
stem cells to differentiate into hepatocytes rather than
cholangiocytes  through the efficient expansion of
differentiating cells and permissive signals inducing the
maturation of hepatocytes.

MATERIALS AND METHODS

Flow-cytometric sorting and culture of hepatic stem cells

Stem cell clones were prospectively isolated from C57BL%
embryenic day (E) 13.5 fetal mice (CLEA, Tokyo. Japan) and were
clonally cultured as described (Suzuki et al., 2002). Afier the initiation
of culture, cells were maintained in culture by replating them every 7
days. Three clones were randomly selected and those cells were used
for examination. For the GF test, we used HGF (generous gift from
Dr T. Ishii. Mitsubishi Pharma Corp), OSM tSigma, St Louis, MO),
acidic FGF (aFGF) (Peprotech. London, UK), and basic FGF (bFGF)
(Peprotech). and for the ECM test, we used non-coated dishes. and
laminin-, type 1V collagen-. type 1 collagen- and fibronectin-coated
dishes (Becton Dickinson, San Jose, CA).

Isolation of total RNA

We prepared total RNA from test samples and, as RNA standards for
real-time PCR. from fetal, neonatal and adult liver. using an RNeasy
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Mini Kit (QIAGEN, Tokyo, Japan) according to the manufacturer’s
instructions, Total RNA was diluted and used for quantitative analyses.

Semi-quantitative RT-PCR analysis

Sorted 1x10* cells were used to prepare total RNA. After various
diluticns of template ¢DNA, we optimized their concentration for
each primer. In these concentrations, amplification by PCR did not
reach plateau but could be used semi-quantitative analysis, PCR was
conducted using hepatocyte-specific primers for albumin (ALB), o-
l-antitrypsin (0AT), glucose-6-phosphatase (G6P), and tryptophan-
2,3-dioxygenase (TO). and for positive control hypoxanthine
phosphoribosyliransferase (HPRT) as described {Suzuki et al., 2000;
Suzuki et al., 2002). PCR cycles were as follows: initial denaturation
at 95°C for 4 minutes followed by 40 cycles of 94°C for 1 ninute,
56°C for 1 minute, 72°C for 1 minute and final extension at 72°C for
10 minutes, PCR products were separated in 2°% agarose gel.

PCR primers and TagMan fluorogenic probes

PCR primers and TagMan fluorogenic probes for real-time quantitative
PCR were designed using the Primer Express sofiware program
(Version 1.0) (Applied Biosystems, Tokyo, Japan). The sequences were
as follows: hepatocyte-differentiation primers for ALB (forward, 5'-
TGT CCC CAA AGA GTT TAA AGC TG-3; reverse, §-TCT TAA
TCT GCT TCT CCT TCT CTG G-3'; and probe. 5-ACC TTC ACC
TTC CAC TCT GAT ATC TGC ACA CT-¥), o-letoprotein (AFP)
(forward. 5'-CCT GTC AAC TCT GGT ATC AGC CA-3": reverse, 5'-
CTC AGA AAACTG GTG ATG CAT AGC-3; and probe. 5°-TGC
TGC AAC TCT TCG TAT TCC AAC AGG A-3). 0AT (forward, 5'-
TCG GAG GCT GAC ATC CAC AA-3; reverse, 5-TCA ACT GCA
GCT CAC TGT CTG G-3": and probe, 5-TTC CAA CAC CTC CTC
CAA ACC CTC AA-3"). G6P (forward, 5-GTT CAA CCT CGT CTT
CAA GTG GAT-3; reverse, 5-TGC TGT AGT AGT CGG T GT CCA
GGA-3; and probe, 5“TTT GGA CAA CGC CCG TAT TGG TGG-
3 and TO (forward, 5-CAA GGT GAT AGC TCG GAT GCA-3:
reverse. 5-TCC AGA ACC GAG AAC TGC TGT-3; and probe, 5’
TGT GGT GGT CAT CTT CAA GCT CCT GG-3'): cholangiocyie-
differentiation primers for cytokeratin 19 (CK19) (forward, 5-TGA
AGA TCC GCG ACT GGT-¥: reverse, 5-TAA AGT AGT GGT TGT
AAT CTC GGG A-3"; and probe, 5-CCA GAA GCA GGG ACC CGG
ACC-3'), and y-glutamyltranspeptidase (GGT) {forward, 5-TTT GCC
TAT GCC AAG AGG AC-3"; reverse, 5-TTG CGG ATC ACC TGA
GAC A-3"; and probe, 5°-ATG CTC GGT GAC CCA AAG TTT GTC
G-3'). or miscellaneous primers for hepatocyte nuclear factor 1 (HNFJ)
{forward, 5’-GCT AGG CTC CAA CCT TGT CAC G-¥; reverse, 5'-
TTG TGC CGG AAG GCT TCC T-3"; and probe, 5"-AGG TGC GTG
TCT ACA ACT GGT TTG CCA-3'), hepatocyte nuclear factor 4
(HNF4) {forward, 5-TGG TGT TTA AGG ACG TGC TGC-3": reverse,
5-ACG GCT CAT CTC CGC TAG CT-3'; and probe, 5-CAA TGA
CTA CAT CGT CCC TCG GCA CTG T-39, hepatocyte nuclear factor
6 (HNF6) (forward, 5-CCG GAG TTC CAG CGC AT-3'; reverse, 5'-
TCT TGC TCT TTC CGT TTG CA-3; and probe, 5-TCG GCG CTC
CGC TTA GCA GC-3). Met {forward, 5-GAT CGT TCA ACC GGA
TCA GAA-3": reverse, 5-GGA AGA GCC CGG ATA ATA ACA A-
3% and probe, 5-TGC AGG ATT GAT CAT TGG TGC GGT C-).
CCAAT enhancer binding protein-alpha (C-EBPw) (forward, 5-AGC
AAC GAG TAC CGG GTA CG-3"; reverse, 5-TTA TCT CGG CTC
TTGCGC A-3"; and probe, 5-CGG GAA CGC AAC AAC ATC GCG-
3') and CCAAT'enhancer binding protein-p (C/EBPP) (forward, 5'-
CGG ATC AAA CGT GGC TGA G-¥; reverse, -CGC AGG AAC
ATC TTT AAG GTG A-3": and probe, 3-ACG TGT AAC TGT CTA
GCC GGG CCC TG-3"). All Taghan probes used in this experiment
carvied a 5" FAM reporter dye { Applied Biosystems),

Real-time PCR conditions

The RT and the PCR were performed in one step by using TagMan
EZ RT-PCR Core Reagents (Applied Biosystems). The reaction
mixwre (25 pl final volume) includes 100 or 500 ng total RNA.



xTaqMan EZ buffer (5 pl), MntOAcr (3 mM), rTih DNA
polymerase (0.1 U/uD, uracil N-glycosylase (0.01 Uul), dATP, dCTP,
dGTP, dUTP (each 300 M), and forward and reverse primers (200
nM), and probe (100 nM). Reverse transcription was performed at
60°C for 30 minutes. PCR was performed as follows: initial
denaturation at 95°C for 5 minutes followed by 60 cycles of 95°C for
15 seconds and 60°C for | nrinutes. A template-free control was
included in each ‘experiment. All template-free controls, standard
RNA dilutions and test samples were assayed in triplicate.

Analysis of real-time PCR data

The starting amount of mRNA in each test sample was calculated by
preparing a standard curve using known dilutions of RNA standards.
For each dilution, the ABI-PRISM 7700 sofiware (Applied
Biosystems) generated a real-time amplification curve constructed by
relating the fluorescence signal intensity {ARn) to the cycle number.
The ARn value corresponded to the variation in the reporter
fluorescence intensity before and afier PCR, normalized to the
fluorescence of an intemal passive reference present in the buifer
solution. The standard curve was then generated on the basis of the
linear relationship existing between the Ct value (cycle threshold:
corresponding 1o the cycle number at which a significant increase in
the fluorescence signal was first detected) and the logarithm of the
starting quantity. Starting quantities of mRNA in samples were
quantified by ploting the Ct on this standard curve,

Gene transfer into hepatic stem cell cultures

Stable transfection of hepatic stem cell cultures was carried out by
lipofection. Briefly, 10 pg of a construct containing both the enhanced
green fluorescence protein (EGFP) driven by the ALB promoter (-0.3
kb} and enhancer, a region located 8.5-10.4 kb upstream of the ALB
promoter (Pinkert et al., 1987), and the Zeocin resistance gere was
used to transfect 1x10° cells using Lipofectamine 2000 (Gibco BRL,
Gaithersburg, MD). Stably transfected cells were selected by growth
on laminin-coated dishes (Becton Dickinson) in our standard medium
supplemented with 600 pgiml Zeocin (Invitrogen. Groningen,
Netherlands) and isolated by using cloning rings (lwaki Glass, Tokye,
Japan). The frequency of EGFP-positive cells was assayed by FACS-
Vantage (Becton Dickinson). In this paper, representative data from a
transfected stem cell clone are shown because similar results were
obtained from others,

Retrovirus production and FACS analysis of transduced
cells

The retroviral vector pGCsam (MSCVY) is described elsewhere
{Kaneko et al. 2001). A dominant-negative form of C/EBP (A-
C/EBP) followed by IRES EGFP or IRES nerve growth factor
receptor truncated in the cytoplasmic domain (tNGFR) were
subcloned into pGCsam (GCsam-A-C/EBP-IRES-EGFP, GCsam-A-
C/EBP-IRES-NGFR, respectively). To produce recombinant
retrovirus. plasmid DNA was transfected into 293gp cells (293 cells
containing the gug and pof genes but lacking an envelope gene) along
with 10A] env expression plasmid (pCL-10A1) (Miller et al., 1996)
by CaPQ, co-precipitation, and supematant from the transfected cells
was collected to infect cells. To detect the expression of INGFR on
the cell surface, cells were stained by mouse anti-human NGFR
(Chemicon. Temecula, CA) followed by phycoerythrin (PE)-
conjugated rabbit anti-mouse lIgs (Dako, Caminteria, CA} and
analyzed by FACS-Vantage {Becton Dickinson).

RESULTS

Purification of ALB- and ALB* cells from
heterogeneous stem cell cultures

As an experimental source, we used fluorescence-activated cell
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sorting (FACS) to sort cells from the Met* CD49f* low Kit-
CD45- TER119- cell fraction in E13.5 fetal mouse livers, in
which self-renewing multipotent hepatic stem cells are highly
enriched, and then expanded these cells in clonal cultures. Afier
cell transplantation of expanding stem cells, even into mice with
immunodeficiency, we have never found abnormal development
and tumor formation by donor-derived cells. Furthermore,
karyotype-analysis using FACS and propidium iodide showed
that they maintained normal G0/G1 (2n) and G2/M {4n) pattern
similar to primary sorted cells. These results strongly suggest
that those cells are not the product of transformation and are
diploid without the karyotypic rearrangements.

To examine direct roles for GFs and ECMs in stem cell
differentiation, stem cell clones were placed in several culture
conditions and the state of differentiation was analyzed by
using FACS and quantitative PCR (Fig. 1). In our stem cell
cultures, however, in addition to self-renewing stem cells,
differentiating progeny such as hepatocytes and cholangiocytes
were spontaneously produced from stem: cells. Owing to this
heterogeneity, the target cells for the effects of GFs and ECMs
could not be determined. To elucidate which steps of stem cell
differentiation were affected by differentiation-inducibie
factors, we separated the original cell population into ALB~
and ALB' cells using FACS, following gene transfer of the
ALB enhancer/promoter-EGFP construct into stem  cell
culures (Fig. 1, Fig. 2A). After FACS-sorting, semi-
quantitative RT-PCR analysis was conducted to compare the
expression of hepatocyte markers in EGFP* (ALB'} cells with
that in EGFP~ (ALB") cells. As expected, the expression of
hepatocyte markers in ALB* cells was much higher than in
ALB- cells {Fig. 2B). These data clearly show that stem
cell-derived differentiating heaptocyte-lineage cells can be
visualized and specifically separated from other lineage cells.
We next examined the expression of the liver-enriched
transcription factors in ALB~ and ALB* cells. Interestingly,
although there was little difference in the expression of HNF1
and HMF4 between ALB- and ALB* cells in the result of real-
time quantitative PCR analysis, the expression of HNF$, which
is known to be a regulator of pancreatic endocrine cell
differentiation (Jacquemin et al., 2000), was much higher in
ALB* cells (Fig. 2C). These results suggest that HNF6 could
be involved in hepatocyte-differentiation from hepatic stem
cells in the liver development.

Following independent culture, both ALB- and ALB' cells
gave rise to ALB* as well as ALB- cells as assessed by FACS
and a confocal microscopy (Fig. 2A.D). In addition, those
sorted ALB~ and ALB* cells capable of proliferation in
culture, both possessed the capacity for differentiation into
cholangiocytes (data not shown). These results demonstrated
that ALB expression begins at a very early stage of stem cell
differentiation, and that lincage specification into either
hepatocytes or cholangiocytes cannot be determined by its
expression. Therefore, early-differentiated ALB* cells may
represent a bipotent hepatic precursor such as hepatoblasts.
which express ALB and AFP, but are still capable of
differentiating into cholangiocytes in the developing liver
{Shiojiri et al., 1991).

Regulation of growth and differentiation of purified
ALB~ and ALB? cells by GFs and ECMs

To examine the effects of GFs and ECMs on ALB- and ALB*
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cells, sorted cells were independently cultured in six-well
plates {1x10* cells/well) using several conditions and
examined 10 days later. Although single cell cultures of sorted
cells required ECMs and HGF similar to primary cultures, this
high number of purified cells allowed slow growth even
without GFs and ECMs. For ALB- sorted cells, HGF strongly
induced their proliferation. FGFs had a smaller positive effect,
while OSM, by contrast, inhibited their proliferation (Fig. 3A,
upper left graph). For ALB* sorted cells, extensive
proliferation was also found when cultured with HGF, but not
with OSM and FGFs (Fig. 3A, lower left graph). The laminin,
type IV collagen, and type 1 collagen were more effective on
ALB* cells than ALB- cells (Fig. 3A, right graph). FACS
analysis of cultured cells indicated that induction of ALB* cells
from ALB~ sorted cells was stimulated by HGF and OSM, and,
to a lesser extent, by laminin, type 1V collagen and type 1
collagen (Fig. 3B, upper graph), By contrast, HGF and OSM
strongly inhibited the generation of ALB- cells from ALBY
sorted cells. Laminin, type IV collagen and type I collagen-
coated dishes had simijlar inhibitory effects on the generation
of ALB™ cells (Fig. 3B, lower graph). Interestingly, aFGF and

Clone-sorting of the Met- CR494~xw
Kit CB45 TER119 cells

Clonal expansion in culture

Fig. 1. Experimental procedure to elucidate

the manner of hepatic stem cell
’ differentiation. The Met* CD49f* ow Ky
\j CD45 TERI19 cells isolated from E13.5
fetal mouse livers were cultured clenally in
96-well plates. Cells that expanded in
culture and produced hepatocytes and a
cholangiocytes as descendants while
maintaining primitive stem cells
undergoing self-renewing divisions were
used fo analyze differentiation status, We
chose three independent stem cell clones
tor exanunation. Following transfection of
the ALB enhancer promoter-EGFP
construct, cells were examined by using
Y FACS and quamitative PCR alier they had
been cultured with several GFs or ECMs.
Scale bar: 100 pun.

Transfection {ALB e/p-EGFP)

’// .
&~ '
Sorting of ALB+ cells Sorting of ALB- cells

Y Y
GF & ECM test

FACS analysis & Quantilalve PCR

bFGF, which induce hepatogenesis in ventral endoderm at E8
{Jung et al,, 1999), had little effect on stem cell growth and
differentiation in our culture system.

In addition to FACS-analyses we further examined the effect
of HGF and OSM on stem cell cultures to determine in detail
the mechanism by which they induce differentiation of
hepatocyte-lineage cells. After 10 days culture of either ALB-
or ALB* sorted cells, quantitative PCR was performed to
examine the expression pattems of hepatocyte or cholangiocyte
differentiation markers. In ALB- sorted cell cultures, HGF
strongly induced ALB and ¢AT expression, and OSM induced
G6P expression, which is normally activated at the mid-late
gestational stage. TO, a marker for mature hepatocytes,
expressed only in adult liver, could not be detected because of
its much lower expression (Fig. 4A, left). Although HGF also
induced expression of ALB and GAT in ALB* sorted cell
culwres, it did not induce latter markers of hepatocyte
differentiation, such as G6P and TO. By contrast, OSM
efficiently induced the expression of G6P and TO, and
promoted the maturation of differentiating hepatocytes (Fig.
4A, right). In cultures with either HGF or OSM. AFP
expression was decreased in both ALB- and ALB* sorted cell
cultures. Cholangiocyte marker gene expression was also
suppressed in cultures of both cell types by HGF and OSM
(Fig. 4B). The laminin, type 1V collagen and type 1 collagen
promoted the expression of hepatocyte marker genes in both
ALB~ and ALB* cell cultures. Their effects, however, were not
as strong as those of HGF and OSM, because relatively high
expression of hepatocyte-differentiation marker genes was not
detected until 20 days of culture and, furthermore, the
expression of TO was too low to be determined by quantitative
analysis (data not shown).

These results demonstrated that HGF can initiate the primary
differentiation of stem cells into ALB* hepatic precursors.
HGF subsequently works as a mitogen to expand early-
-differentiating cells, while OSM
inhibits  their proliferation and
promotes their differentiation into
mature cells. Both HGF and OSM
direct stem cells to the hepatocyte
lineage, and  also  suppress
development into the bile duct
lineage. Several ECMs such as
laminin, type IV collagen and type |
collagen also induce differentiation
of stem cells, in a similar manner to
HGF and OSM, but their effect is
much less dramatic than that of
GFs. ECMs may function in the
maintenance of stem cells and play
supportive  role  in  their
differentiation, Alternatively, ECMs
may not affect stem cells directly, but
instead could act on stem cell-
derived precursors to promote their
survival and differentiation.

The expression of C/EBPs
changed dramatically during
stem celi differentiation

To reveal the transcriptional control
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of hepatocyte-differentiation from stem cells, we first hepatocytes exhibited biliary epithelial cell characteristics and
examined the effect of HGF on the expression of C/EBPs, many pseudoglandular structures appeared, suggesting an
which are candidate key factors. C/EBP proteins comprise a  involvement of C/EBPu in directing differentiation of bi-
family of transcription factors that have a bZIP structure,  potent hepatic stem cells along the hepatocyte-tineage
consisting of a DNA binding basic region and a leucine zipper  (Tomizawa et al., 1998). As shown in Fig. 5A, the expression
dimerization domain (Lekstrom-Himes et al., 1998). They  of C/EBPat in an original stem cell population was stimulated,
directly control the expression of genes encoding hepatocyte-  ina dose-dependent manner, by HGF as well as laminin, type
specific proteins such as ALB and olAT (Costa et al.,, 1989; IV collagen and type I collagen. The differentiation of
Maire et al., 1989; Trautwein et al., 1996). The expression of hepatocytes, represented by the expression of ALB, o AT and
C/EBPa is particularly upregulated when hepatocytes shift  G6P, was also stimulated in stem cell cultures by high
from proliferation to the differentiation state (Rana et al., concentrations of HGF in the presence of ECMs (data not
1994; Runge et al., 1997). In the fetal liver of € ebpa=" mice, shown). By contrast, the expression of C/EBPJ was decreased

by these culture conditions (Fig. 5A).

HGF and ECMs were found to have

A little affect on the expression of C/EBPS
: 16 days In culture and C/EBPy (data not shown),
A T After sorting and culture of ALB-
Resoring 1. | se7m . k 225% | and ALB* cells, (/EBPa was highly
el o 03% & 25% expressed in culture of ALB- cells with
1 ; i B *  HGF, in which hepatic precursors
Sr2% 3 3 actively differentiated from stem cells
& 28% % and proliferated, rather than ALB* cells
g (Fig. 5B). As C/EBPo. expression was
2 _ also synchronized with the expression
< . y 22% of hepatocyte-differentiation  genes
99.9 % & T8 % such as ALB and oAT in culture of
- 2l ALB- cells with HGF, as described
> m . @ in Fig, 4A (left), C/EBPa probably has
Re-sorting = o] . A . .
a |, < ; a role in the primary differentiation of
bl l stem ¢ells into hepatocyte-lineage cells.
B Cc D
Phase EGFP Merge
0‘7’\\6,0‘??? -~ B - )
& & s
ALg | R <
AT hond : 3
GEP e z
. £ 2
TO bl 5
£ 1
HPRT e ko ]
s
SEES

Fig. 2. Separation of differentiating ALB* cells from the stem cell population. {A) Afier gene transfer of the ALB enhancer promoter-EGFP
construct into expanding stem cell populations, ALB* and ALB cells were sorted resirictively using FACS, Immediate re-analysis of sorted
cells showed purification of both ALB* and ALB cells, Afier the culture of each sorted cell subpopulation for 16 days on type 1V collagen-
coated dishes. FACS analysis demonstrated that ALB cells emerzed from ALB* cells, and that ALB* cells emerged from ALB cells.
Percentages of fraciionated cells are shown at the top of each panel. Establishment of the gate was based on the profile of the negafive control.
{B) Semi-quantitative RT-PCR analysis of sorled EGFP~ (ALB*)and EGFP (ALB ) cells. Note that ALB* sorted cells expressed hepatocyte-
lincage markers. such as ALB, 0tAT, G6P and TO. at much higher levels than did ALB cells, (C) Quantitative analysis of sorted ALB- cells
using real-time quantitative PCR. All data were normalized to the vatue of ALB sorted cells and fold-difTerences are shown. Representative
data from a transfected stem cell clone are shown: three samples were examined for each protein. Data are meanzs.d. (D) (a-1) Several sorted
ALB cells could form clonal colonies including boih ALB* and ALB cells at day 20. (g-i) Moreover, ALB™ sorted cells gave rise 1o ALB
cells even 1 day after the initiation of culture, and finally formed mosaic colonies similar to those from ALB cells (black airowhead in g, an
otiginal EGFP~ cell: white arrowhead in g, a daughter cell). {a.d.2) Phase contrast. (b.e,h) Enhanced green fluorescence protein (EGFP)
imaging. (c.f.i) Merge. d-f are magnifications of a-c. respectively. Scale bars: 100 pm,
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Fig. 3. Growth and differentiation of sorted ALB and ALB" cells
cultured with GFs and ECMs. FACS-sorted ALB  and ALB* cells
were cultured separately. For the GF test, cells were cultured with or
without HGF, OSM, aFGF, bFGF or a mixture of all GFs on type [V
collagen-coated dishes. For the ECM test, cells were cultured on
either non-coated, or laminin-, type 1V collagen-, type [ collagen- or
fibronectin-coated dishes. After 10 days in culture. proliferation (A)
and differemtiation (B} of sorted cells were examined by cell
counting {A) or FACS (B). Representative data from a transfected
stem cell clone are shown; three samples were examined for each GF
or ECM, Data are meands.d. (A) HGF sirongly promoted the
proliferation of both ALB and ALB" sorted cells, whereas lesser
effects were noted with OSM, aFGF and bFGF, OSM specifically
suppressed the proliferation of ALB cells. For the ECMs, laminin.
type [V collagen and type ! cotlagen induced the proliferation of
ALB- cells, but to a lesser degree than HGF. All data were
normalized to the value of no-GF (GF test) or a 11on-coated dish
(ECM test) and fold-differences are shown. (B) FACS-analysis
reveated that HGF and OSM have the potential to induce ALB™ cells
from ALB sorted cells, and inhibit generation of ALB cells from
ALB" sorted cells. Laminin, type 1V collagen and type [ collagen
possessed similar, but lesser, efiects than did HGF and OSM. Alt
data are nomalized to the value at the day of sorting (day 0) (GF
test) or to the value of a non-coated dish (tECM test) and fold
differences are shown,

65

Lack of C/EBP proteins inhibits hepatocyte
differentiation from stem cells

Using a retroviral gene transfer system, we expressed
C/EBPo or B in stem cell cultures to examine their roles
in differentiation. Transduced cells, however, stopped
proliferating and died within a few days (data not shown).
This suggested that too much C/EBP disrupted the
homeostasis of hepatic stem cells. Therefore, we transduced
cells with the retroviral vector GCsam-A-C/EBP-IRES-
EGFP, which drives expression of both A-C/EBP and EGFP
(Twama et al., 2002), which disrupts the functien of C/EBP
proteins. A-C/EBP, a dominant-negative C/EBP that has the
potential to antagonize all C/EBP members, is a 102 amino
acid protein consisting of an N-terminal 9 amino acid Flag
epitope, a 13 amine acid linker, a 31 amino acid designated
acidic amphipathic helix, and a 49 amine acid leucine zipper
domain of C/EBPu (Olive et al., 1996). The leucine zipper
from A-C/EBP specifically interacts with endogenous C/EBP
leucine zippers, and the N-terminal acidic extension forms a
coiled coil with endogenous C/EBP basic regions. . This
heterodimeric coiled coil structure is much more stable than
C/EBPo bound to DNA, and thus, the dominant-negative
protein abolishes DNA binding of all endogenous C/EBP
family members.

After transduction, EGFP-positive cells (98.2+0.8%:; =3}
were sorted by FACS and then subjected to in vitro and in
vivo assays. Stem cells expressing A-C/EBP failed to express
hepatocyte-differentiation markers such as ALB, AFP, ¢AT,
G6P and TO, even when cultured with both HGF and OSM,
which normally induce hepatocyte differentiation (Fig. 6A).
By contrast, the expression of CK19 and GGT, markers of
cholangiocyte-differentiation, was relatively enhanced in
cells expressing A-C/EBP. The expression of the transcription
factors HNF1, HNF4 and Met was also activated by blocking
C/EBP function, but this change was not significant.
Interestingly, the expression of HNF6 was decreased in
transduced ceils, in a similar manner to other hepatocyte-
differentiation ~ markers (Fig. 6B). Both ALB
immunocytochemistry and PAS staining also revealed that
stem cells expressing A-C/EBP did not give rise to
functionally mature hepatocytes expressing ALB and
containing abundant glycogen stores (Fig. 6C). Instead of
differentiation along the hepatocyte-lineage, cultured cells
expressing A-C/EBP grew actively and formed a lot of large
colonies including more than 100 cells in comparison with
mock controls, suggesting activation or maintenance of self-
renewal status (Fig. 6D). Sorted ALB* and ALB- cells were
also transduced with the retroviral vector GCsam-A-C/EBP-
IRES-NGFR and analyzed for differentiation potential into
hepatocyte-lineage cells. In ALB* cultured cells that
expressed A-C/EBP (ALBY/NGFR* cells) after FACS
sorting, ALB~ cells emerged efficiently. Transduction of
ALB- cells, by contrast, strongly inhibited the generation of
ALB* cells (Fig. 6E). Taken together, these data indicate that
the expression of C/EBPs, induced by HGF, OSM and ECMs,
is a key event for primary differentiation of stem cells into
bipotent precursors and hepatocyte-lineage cells, and that
disruption of this transcriptional regulation leads to the
maintenance of stem cell status, including self-renewal
activity.



Fig. 4. Quantitative analysis of the effect of HGF and OSM on sorted
ALB and ALB* cells. FACS-sorted ALB and ALB* cells were
cultured separately with or without HGF or OSM on type IV
collagen—coated dishes for 10 days. Then, quantitative PCR was
performed ta determine the expression of several hepatocyte or
cholangiocyte marker genes. Representative data from a transfected
stem cell clone are shown: three samples were examined for each GF.
Data are meanzs.d. (A} Inthe ALB cell culture, HGF strongly
induced ALB and oAT expression. The mid-latter marker G6P was
induced exclusively by OSM, but TO expression was still not
detected. In the ALB* cell culture, however, OSM strongly induced
G6P and TO expression. The expression of ALB in the ALB" sorted
cell eultures was also promoted by HGF and OSM, but its effects
were not greater than in ALB cells, (B) Both HGF and OSM
suppressed the expression of cholangiocyte marker penes such as
CK19 and GGT in ALB and ALB* sorted cell culmres. Al] data
were normalized to the values ol no-GF and fold differences are
shown. ND, not detected.

DISCUSSION

To describe precisely sequential liver cell lineages derived
from hepatic stem cells, we analyzed the differentiation status
of purified stem cell populations in clonal experiments, after
the exclusion of a number of differentiated cells and other cell
lineages in the liver. Our previous report made it possible to
isolate primary cells with stem cell activity from fetal mouse
livers using FACS and culture them from single cells (Suzuki
et al., 2002). Based on our present findings, we propose a
possible lineage of stem cell differentiation in the developing
liver (Fig. 7). Analysis of isolated stem cells revealed that
initiation of the early differentiation of hepatocyte-lineage cells
from stem cells was directly mediated by HGF. This identifies
a novel function of HGF in liver development. In postnatal
liver, HGF functions as an inducer of hepatocyte maturation
(Hu et al., 1993: Kamiya et al., 2001), and in the regenerating
liver, it stimulates proliferation of adult hepatocytes
{(Michalopoulos et al., 1984 Ishiki et al., 1992). HGF has been
suggested to serve a role in the physiological activities of
organ-specific stem cells owing to its ability to elicit repair and
regeneration of many adult organs (Kawaida et al., 1994
Michalopoules and DeFrances, 1997; Matsuda et al., 1997;
Matsumeoto et al., 1997; Stolz et al., 1999; Menke et al.,, 1999;
Fausto, 2000; Xian et al,, 2000; Sakamaki et al.. 2002). Indeed,
it simulates differentiation and proliferation of human CD34-
positive hematopoietic precursors and human embryonic stem
cells (Galimi et al., 1994; Schuldiner et al., 2000). Thus, direct
regulation by HGF may be a common mechanism among stem
cells in multiple organs and critical for their differentiation and
proliferation. We found that during the transition to ALB* cells’
from ALB- stem cells, HGF promotes production of ALB*
ceils and allows them to proliferate efficiently. The ALB* cells
produced still possess the capacity to differentiate into
cholangiocytes expressing CK19 and GGT in clonal cultures,
Therefore, differentiating and proliferating ALB* cells freshly
generated from ALB~ stem cells may be equivalent to bi-potent
hepatoblasts, which express several lincage markers and
largely occupy the developing liver. Our previous data have
also shown that isolated hepatic stem cells reside in the
developing fiver without expressing both hepatocyte and
cholangiocyte lincage markers (Suzuki et al.. 2000; Suzuki et
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al.. 2002). Furthermore, such cells were much fewer in number
than previously hypothesized and appear to decrease as
gestation advances. These consolidated findings support our
present hypothesis described above.

After the initiation of hepatic stem cell differentiation by
HGF. OSM, which is preduced by hematopoietic lineage
cells, gave a permissive signal for differentiation of hepatic
precursors to mature hepatocytes expressing G6P and TO. Both
HGF and OSM strongly stimulated differentiation of ALB*
hepatic precursors into hepatocyte-lineage cells, and also
prevented them from restoring the ALR- phenotype and
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differentiating into cholangiocyte-lineage cells, Several ECMs,
such as {aminin, type [V collagen and type 1 collagen, also
induced differentiation of stem cells. Although ECMs are
necessary for proliferation and differentiation of stem cells,
their effects are likely to be only supportive for the
differentiation of hepatocytes and cholangiocytes, based on
their weaker potential for stem cell differentiation. Factors
regulating cholangiocyte differentiation from stem cells or
hepatic precursors were not identified in this study, suggesting
that stem cell to cholangjocyte differentiation may be a favored
pathway in stem cell differentiation, that does not require
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Fig. 5, HGF and several ECMs regulate C/EBP expression during
stem cell differemtiation. (A} When cells were cultured on type 1V
collagen-coated dishes for 8 days, C/EBPw expression was promoted
in a dose-dependent manner by HGF, as well as by the presence of
laminin, type IV collagen and type | collagen. By contrast, C.EBPJ
expression was decreased in these culture conditions. All data were
normalized to the expression values from 0 nginl (HGF) or non-
coated dishes (ECM) and fold differences are shown. Representative
data from a stem cell clone are shown: three samples were examined
for each concentration of HGF or each ECM. Data are meanzts.d.

{B) C EBP« was highly expressed in ALB and ALB* sorted cells
cultured with HGF for 10 days. lis expression was promoted
exclusively in the mransition of ALB cells to ALB™ hepatic
precuisors induced by HGF. All data were normalized to the value of
no-GF and fold differences are shown, Representative data from a
translected stem cell clone are shown: three samples were examined
for each GF. Data are meants.d.
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specific signals. Further intensive studies will be necessary to
elucidate the manner of cholangiocyte differentiation from
stem cells.

In ALB- cells generated from ALB* precursors in clonal
cultures, both CK19* cholangiocyte-lineage cells and ALB-
CK19- cells that possess a stem cell phenotype were identified
{data not shown). These results suggest that ALB expression
early during the differentiation of stem cells is flexible and cells
can flow between stem cells and ALB* hepatic precursors
before they obtain gradual signals for differentiation first from
HGF and secondarily from OSM. In hepatogenesis from the
endoderm layer starting at E8, FGFs produced by cardiac
mesoderm play a key role in the generation of ALB* ¢ells (Jung
et al., 1999). Our present data, however, showed that FGFs
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have much smaller effects on the transition from ALB- stem
cells to ALB* cells. The E13.5 fetal mouse livers that we used
for isolating stem cells had already been apart from cardiac
mesoderm, indicating that FGFs should have finished their
role in early liver development by this stage. A few cells
receiving no signals from cardiac mesoderm or other lining
mesenchymal cells in early hepatogenesis may be maintained
in an undifferentiated state until the E13.5 mid-fetal stage.
FGFs may directly induce the differentiation of hepatocytes
and/or ALB* hepatic precursors from foregut endoderm, but
HGF stimulates the differentiation of dormant stem cells
preserved in developing livers, A number of factors are
likely to work mutually as inducers or repressors of liver
organogenesis based on subtle timing.

C/EBP proteins regulate liver-specific gene expression and
cell proliferation (Costa et al., 1989; Maire et al., 1989; Rana
et al., 1994; Trautwein et al, 1996: Soriano et al.,, 1998;
Greenbaum et al., 1998). In particular, C/EBPo; is highly
expressed in quiescent hepatocytes and positively regulates
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hepatocyte-specific gene expression, such as ALB and oAT
{Costa etal., 1989; Mairc et al., 1989; Rana et al., 1994; Runge
et al,, 1997; Soriano et al.,, 1998), In the developing liver of
C/EBPa knockout mice, a number of pseudoglandular
structures that co-express antigens specific for hepatocytes and
cholangiocytes were found in the liver parenchyma, but the
formation of bile ducts was not affected (Tomizawa et
al., 1998). These data demonstrated that C/EBPu is an
important regulator of hepatocyte differentiation, but not of
cholangiocytes in either liver development or regeneration. In
the results presented here, C/EBPu expression was highly
induced during the progression of hepatocyte differentiation
from ALB- stem cells to ALB* hepatic precursors by HGF. We
suggest that HGF directly regulates the expression of C/EBPa,
which plays a crucial rele in the transition of stem cells to
ALB* hepatic precursors. C/EBPP is also a liver enriched
transcription factor {Descombes et al., 1990), which, similar to
C/EBPuw, is involved in the regulation of liver-specific genes
such as ALB (Trautwein et al., 1996). In the transition
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Fig. 6. Dominant-negative C/EBP (A-C/EBP) inhibits
hepatocyte differentiation from stem cells. (A.B) After
culturing FACS-sorted EGFP* transduced cells for 10 or 20
days, quantitative PCR was performed. The expression of
hepatocyte-differentiation markers ALK, AFP, ¢AT, G6P and
TO in the stem cell population was significantly suppressed
evert when cultured with both HGF (H) and OSM {Q), which
induce hepatocyte differentiation. By contrast, the expression
of CK19 and GGT, which are markers of cholangiocyte
differentiation, was elevated in cells expressing A-C/EBP, The
expression of HNF I, HNF4 and Met was also relarively
enhanced, but not significantly. The expression of HNF§,
however, was decreased in transduced cells, in g similar
fashion to hepatocyte marker genes. All data were nonmalized
to the value of mock controls {day 10: no GF) and fold
differences are shown, Representative data from a stem cell
clone are shown: three samples were examined for each
condition. Data are meants.d. (C) Immunocytochemical
staining of ALB and PAS-staining were performed on cells

expressing EGFP (mock) or A-C EBP at day 20. In cells expressing A-C EBP. few cells were positive for ALB and stored glycogen,
(counterstain: Hematoxylin). {D) Alter culture of sorted EGFP (mock) or A-CVEBP-expressing cells for 5 days in clonal density cultures (5x10>

cells/well in six-well plates). the number of large (»100 cells in a colony

y and small colonies was counted (#=6). The number of large colonies

was increased when cells were transduced with A-C EBP. Data are means d. (*P<0.005). (E) After transduction of FACS-sorted ALB” or
ALB cells by A-C'EBP-NGFR and culture of each cell population for 14 days, ALB*'NGFR* cells or ALB /NGFR* cells were sorted
separately and cultured with or without HGF and OSM for 10 days (plating density is 1x10° cells’em?). Then, the generation of ALB cells
from ALB"/NGFR” sorted cells and the generation of ALB™ cells from ALB 'NGFR™ sorted cells was examined by using FACS. Compared
with mock controls, cells expressing A-C/EBP failed to maintain ALR expression in ALB* sorted cells and were unable 1o generate ALB" cells
from ALB sorted cells, Representative data from a transfected stem cell clone ave shown: three samples were examined for each condition.

Data are meanzs.d. Seale bars: 100 um.
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from proliferating to differentiated hepatocytes, the
C/EBPa:C/EBPP ratio was found to be increased (Runge et
al., 1997). In the present study, during the induction of
hepatocyte-differentiation by HGF, the C/EBPo:C/EBP ratio
was also highly increased. These results demonstrate that the
relative proportions of C/EBP¢ and C/EBPf} may be important
for hepatocyte differentiation from stem cells in the developing
liver.

Using knockout mice, several functions for C/EBPs in liver
development have been identified (Wang et al., 1995; Soriano
et al., 1998; Tomizawa et al., 1998). However, as redundancy
exists among C/EBP family members, their intrinsic roles in
liver development remain to be clarified. For example, liver
cells in C/EBPa knockout mice could differentiate into
hepatocytes when they were cultured on Matrigel (Soriano et
al., 1998), suggesting that partial redundancy with other C/EBP
proteins exists. To eliminate these complicated interpretations,
we used the dominant-negative A-C/EBP to abolish
endogenous DNA binding of all C/EBP family members. The
expression of A-C/EBP in ALB- stem cells resulted in semi-
complete inhibition of the generation of hepatocyte-lineage
cells, even in cultures including both HGF and OSM. In
addition, A-C/EBP expression in ALB* cells advanced the
transition to ALB- cells. These findings. collectively, show that
the C/EBP family, especially C/EBPo and 8, which are directly
regulated by HGF, are required for the early steps in hepatic
stem  cell differentiation. In addition to inhibiting
differentiation, lack of all C/EBP functions in stem cells
enhances their self-renewal divisions in culture. In the
developing liver, however, the number of stem cells is very low
and their proliferation is restricted. even with the low
expression of C/EBP proteins. Thus, other mechanisms may
exist to maintain their quiescent status in liver development.

A number of molecular events in the differentiation of
hepatic stem cells. such as the interaction of C/EBPs and other
clements. are required for the defermination of hepatocyte or
cholangiocyte lineage. C/EBPo-mediated growth arrest is

“known to require interaction with p21, a cyclin-dependent
kinase (CDK) inhibitor and CDK2 (Timchenko et al., 1997;
Harris etal., 2001). This mechanism may be involved in OSM-
mediated growth arrest of hepatic precursors, in order to then
induce differentiation into mature hepatocytes. Because such
growth inhibition is hirelevant to the transcriptional activity of
C/EBP¢ (Harris et al., 2001), another mechanism should exist
to control transcription of genes important for liver
development. Actually, in the transcriptional control regions of
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Hepatocytes
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ALB and AT, liver-enriched transcription factors such as
HNF1 (Baumhueter et al., 1990), HNF3 and HNF4 (Costa et
al., 1989), and, widely distributed proteins such as activator
protein 1 (AP1) (Hu et al., 1994) bind to regulate these genes
along with C/EBP proteins. The currently proposed cascade of
sequential transcriptional control of hepatic stem  cell
differentiation, however, is still unreliable. Qur present results
show that HNF6 was expressed more highly in ALB* cells than
ALB- cells during the early differentiation of stem cells, and
HNF6 expression was also suppressed when stem cell
differentiation was inhibited by dominant-negative C/EBP
proteins. The HNF6-binding sequence, in fact, is present in the
promoter regions of several hepatocyte-enriched genes, such as
AT, AFP, cytochrome P450, GLUT2 and TO (Samadani et
al.. 1996; Tan et al., 2002). Thus, HNF6 may be one possible
candidate involved in the early transition of stem cells to
hepatic precursors, and its expression may be regulated by
C/EBPs. In Hinf6~ - mice, abnormalities of the intrahepatic and
extrahepatic bile ducts and of the gallbladder were observed
{Clotman et al., 2002). These data suggest that HNF6 is
essential for differentiation and maturation of biliary lineage
cells rather than hepatocytes. However, in the E13.5 developing
liver of these mice a number of cytokeratin-positive biliary
lineage cells emerged compared to normal mice, suggesting
that HNF6 regulates not only morphogenesis of biliary tract
but turning point of the differentiation of primitive hepatic stem
cells.

A precise description of stem cell differentiation would
allow the contrel of hepatocyte differentiation and the
induction of liver regeneration by manipulating the
endogenous stem cell compartment. Our clonal culture assay
with hepatic stem cells should reveal the mechanism that
regulates their self-renewal potential and the signals that
restrict their proliferation and differentiation in the developing
liver. Exploring diverse gene programs activated in stem cells
or differentiating cells should provide a molecular framework



for future research into liver development. Key elements of
stem cells, such as quiescent status and pluripotency, would
be elucidated by comparing hepatic stem cells with other
tissue-derived stem cells. The prospective isolation and
characterization of stem cells is required for better
understanding what exactly a stem cell is and what it does.
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Abstract

Immune responses are regulated by opposing positive and negative signals triggered by the in-
teraction of activating and inhibitory cell surface receptors with their ligands. Here, we describe
novel paired activating and inhibitory immunoglobulin-like receptors, designated myeloid-
associated immunoglobulin-like receptor (MAIR) [ and MAIR-II, whose extraceltular do-
mains are highly conserved by each other. MAIR-I, expressed on the majority of myeloid cells,
including macrophages, granulocytes, mast cells, and dendritic cells, contains the tyrosine-based
sorting motif and the immunoreceptor tyrosine-based inhibitory motf-like sequences in the
cytoplasmic domain and mediates endocytosis of the receptor and inhibition of IgE-mediated
degranulation from mast cells. On the other hand, MAIR-I], expressed on subsets of peritoneal
macrophages and B cells, associates with the immunoreceptor tyrosine-based activation motif-
bearing adaptor DAP12 and sdmulates proinflammatory cytokines and chemokine secretions
from macrophages. Thus, MAIR-I and MAIR-II play important regulatory roles in cell signaling

and immune responses.

Key words: ITAM  ITIM « innate immunity « DAP12 « myeloid cells

Introduction

The activating and inhibitory cell surface receptors play im-
portant regulatory roles in immune responses (1, 2). The
immune inhibitory receptors are characterized by a consen-
sus amino acid {aa)* sequence, immunoreceptor tyrosine-
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The Institute of Medical Science, University of Tokyo, Tokva, 108-8639
Japan.

*Abbreviasions wsed i this paper: aa, amino acid: FISH, fluorescence in

based inhibitory motif (ITIM), present in their cytoplasmic
domains. The prototype six-aa sequence for ITIM is (I/V/
L/8)-x-Y-x-x—(L/V), where x denotes any aa, Upon Ligand
binding, immune inhibitory receptors result in tyrosine
phosphorylation, which provides a docking site for the re-
cruitment of Src homology 2 (SH2)-containing cytoplas-

si hybridizadon; ITAM, immunorecepror tyrosine-based activation
morif; ITIM, immunereceptor tyrosine~based inhibitory mouft MAIR,,
myeloid-associated immunaglobulin-like receptor; MCP-1, monocyte
chemoatractane protein 1; PIR, paired Ig-like receptor; RDA, representa-
tional difference analysiss RT, reverse transcription; SH2, St homalogy
2; SHIP, SH2 domain-containing inositol-5—phosphatase,
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mic phosphatases (3, 4), shutting down activation signals by
dephosphorylation of intracellular substrates at the earliest
steps of the activation response. An expanding family of
immune inhibitory receptors has been identified on a vari-
ety of immune cell types (1).

Recent progress has further demonstrated that many of
these immune inhibitory receptors pair with acdvating, as
well as inhibitory, isoforms (2, 5), both of whose genes are
located in small clusters on a chromosome (6). For exam-
ple, the NK inhibitory receptor families KIR, CD94/
NKG2, and Ly49, which recognize MHC class I ligands,
contain both activating and inhibitory receptors within the
families (7). The paired activating and inhibitory receptor
families have also been identified on other cell types. The
CD28 and CTLA4 expressed on T cells bind the same
ligands (i.e., CD80 and CID86) yet deliver opposing posi-
tive and negative signals, respectively (8). Similarly, B and/
or myeloid cells express paired receptor families, including
hunian and murdne Fey receptors (9, 10), murine paired
Ig-like receptors (PIRs; references 11, 12) and possibly its
hunun homologue, Ig-like transcripts (ILT; CD85; refer-
ences 13-15), and signal regulatory proteins (16-18). In
contrast to the inhibitory receptors, the activating receptors
have a short cytoplasmic domain lacking ITIM but con-
taining a charged aa residut in the transmembrane region,
which is involved in association with immunoreceptor
tyrosine-based activation motif {(ITAM)-bearing adaptor
tansmembrane proteins, such as FceRIly or DAP12, or
with DAPL0 adaptors containing P13 kinase binding motif
{19, 20). Among these activating and inhibitory receptors,
KIR, PIR, ILT, and signal regulatory proteins belong to
the Ig supergene family, which is characterized by the ex-
tracellular portion containing Ig-like domain, in some cases
binding the same ligands that are highly homologous to
each other (2, 6). The genes encoding most of these recep-
tors are located on human chromosome 19q13.4 or its syn-
tenic region on murine chromosome 7 (6).

In the present investigation, we have identfied novel
paired activating and inhibitory Ig-like receptors, desig-
nated myeloid-associated immunoglobulin-like receptor
(MAIR) T and MAIR-II, expressed on the majority of
macrophages, granulocytes, dendritic cells, mast cells. and a
subset of B cells. Here, we describe the molecular and
functional characteristics of the MAIR..

Materials and Methods

Awmibadies.  Control rat and mouse IgGs, and-mouse TCR,
CD45R/B220, CD11b (Macl), CDlle, Ly6G (Gr-1), CDD21,
CD23, and CD32/16 mAbs and DX-5 mAb were purchased
from BD Biosciences; antiphosphoryrosine (4G10) and and-
FceRIy mAbs were purchased from Upstate Biotechnology:
anti-Flag mAb was purchased from Sigma-Aldrich; ant-SHP-1
anti=SHP-2, and anti~3H 2 domain—containing inositol-5-phos-
phatase (SHIP) antbodies were purchased from Santa Cruz Bio-
technology, Inc.; and rat IgE and-DNP mAb was purchased
from Zymed Laboratories. Anti-DAP12 polyclonal antibody was
a gift from M. Ono (Ehime University School of Medicine,
Ehime, Japan). TX-8 (anti-MAIR-I), TX-10 (anti-MAIR-] and

MAIR-II), and TX-13 (anti-MATR-II}) mAbs were generated in
our laboratory by fusing the Sp2/0 myeloma cell line with
popliteal lymph node cells from rats that had been immunized by
injecdon of Ba/F3 transfectants expressing the MAIR-I or
MAIR-II, and each extracellular protein was fused with the Fe
portion of human IgG into footpads, as described previously
{21). F(ab"), fragments were prepared by digesing TX-8 and
TX-13 mAbs with immobilized pepsin (10 mg IgG in 10 ml of
0.2 M sodium citrate, 0.15 M NaCl buffer, pH 3.5, with 2.5 ml
of immobilized pepsin for 1 h at 37°C; Pierce Chemical Co.),
and afterwards, by removing residual intact mAb by protein A af-
finity chromatography. Purity of the F{ab"), fragments were de-
termined by SDDS-PAGE.

Representational Differenrce Analysis (RDA) and ¢(DNA Cloning.
Total RNA was isolated using Isogen LS solution (Nippon
Gene), and oligo(dT)-primed double-smranded ¢cDNA was syn-
thesized using a cIDNA synthesis system (GIBCO BRL) accord-
ing to the manufacturer’s insructions. RDA was performed, as
described previously (22), using day 14 fecal livers from wild-rype
and PU.17"" mice. Full-length ALAIR-I: cDINA was cloned by
screening of a macrophage ¢cDNA bibrary, using a cIDNA frag-
ment generated by RIDA as a probe. Full-length ALAIR-B,
MAIR-Ia, and AMAIR-1Tl ¢DNAs were also isolated by screening
the samne cDNA library, using the extracellular domain of ALAIR-
Ia cDNA 35 a probe.

Northern Blat Analysis.  ALAIR-I ¢DNA was labeled with
[¥P]dCTP using the Ready to Go DNA Labeling Beads (Amer-
shan Biosciences). Membranes containing ~10 pg of total RINA
in each lane from different mouse dssues were hybridized with
the [*P]dCTP-labeled <DNA probes ar 68°C in modified
Church’s hybridization buffer (0.5 M Church’s phosphate buffer,
7% SDS, and 1% BSA}. The membranes were washed at 68°C for
1 h-in Church’s washing buffer (40 mM Church’s phosphate
bufter and 1% SDS) and developed by autoradiography.

Reverse Transeriprion{fRTHPCR.  RINA was subjected to RT
and PCR. using ALAIR-Fspecific primers (5'-GCTGATAG-
GCATCCAGAGC-3' and 5'-AAGGAGTCACAGGTAAAG-
GTC-3"), MAIR-I-specific primers (5'-TCGAGCCTTGA-
GAGTGGTAGAC-3" and 53'-AGGAGCTGTGTTTAGGGA-
CAG-3"), DAP12-specific primers (5'-GGCTCTGGAGCCC-
TCCTGGT-3" and 3'-CTGTGTGTTGAGGTCACTG-3"), or
HPRT-specific primers (3'-GCTGGTGAAAAGGACCTCT-3
and 5'-CACAGGACTAGAACACCTGC-3"), The amount of
cDNA was normalized by the quantitative PCR. using TagMan
rodent GAPDH control. reagent (Applied Biosystems; reference
23). Conditions used for PCR were as follows: 30 or 35 cycles of
20-3 denaturation (94°C), 20-s annealing (55°C), and 30-s exten-
sion (72°C).

Fluorescence in Sitse Hybridization (FISH), The direct R-band-
ing FISH method was used for chromosomal assignment of the
ALAIR-I gene in mouse and rat. Preparation of R-banded chro-
mosomes and FISH were performed, as described by Matsuda et
al. (24) and Marsuda and Chapnman (23),

Establishment "of Trassfectants Expressing MAIR-T or MAIR-II.
The MAIR-T and MAIR-IT ¢<DNA tagged with the flag ¢DNA at
the NH; tenminus were subcloned into the pMX retroviral vec-
tors {26). To generate site-directed MAIR-I mutant at residues
¥, PCR primers, which contained a codon for F23* (TTT) in-
stead of Y33 (TAT), were designed, BW5147, Ba/F3, and RAW
cells stably expressing Flag-tagged MAIR-T and MAIRAI were
established as described previously (27).

Scroronin-release Assay.  Bone marrow cells obrained front the
femur and tibia of adult Balb/c mice were cultured at a concen-
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tration of 2 X 10° cells/ml in RPMI 1640 medium containing
10% FBS, 4 ng/ml mouse rIL-3 (BD Biosciences), and 10 ng/inl
mouse rSCF (provided by KIRIN). The bone marrow~denived
nonadherent cells were transferred weekly into new culture
dishes over a 4-10-wk culture interval. Ig-E—mediated serotonin
release assay was performed as described previously {28). In
brief, bone marrow~derived mast cells were incubated with 5
pCi/ml PH)serotonin (5-]1 2-*H(N)]-hydroxytryptamine creat-
inine sulfare; NEN Life Science Products) for 5 h at 37°C,
washed, and reincubated for an additional 1 h 1o reduce back-
ground radioactivity. [*H|Serotonin-loaded mast cells were
plated in 96-well plates that contained 10 l of rat IgE, 25 pg/
ml and-DNP mAb, and various concentrations of F(ab"), frag-
ments of rat anti~MAIR-I or conwol IgG, incubated for 30 min
at 4°C, washed, and resuspended in 25 pl of culture medium.
Antibody-primed mast cells were challenged with 25 pl of
F(ab'); fragments of 40 pg/ml rabbit anti—rat g antibody for
30-60 min at 37°C. The reactions were terminated by adding 50
pl of cold PBS. [*H]Serotonin in che supernatants were mea-
sured by a liquid scintillation counter.

Tutemalization Assay. Peritoneal macrophages were incu-
bated with biotin-libeled anti-MAIR -1 mAb (TX-8), followed
by allophycocyanin-labeled strepravidin ac 4° or 37°C for 30 min.
Cells were treated or not with 2.5% wypsin and analyzed by flow
cytomerry. Ba/F3 transfectants expressing Flag-tagged MAIR-T at
the NH, terminus were incubared with and-Flag mAb, followed
by cross-linking with FITC-labeled anti-mouse 1gG secondary
antibody ac 4°C. Cells were resuspended in RPMI 1640 contain-
ing 10% FBS, plated onto polylysine-precoated chamber slide
(Lab-Tek II; Nune) and incubated ar 37°C for 30 min. Cells were
cenmifuged at 1,500 rpm for 5 min at 4°C, washed with PBS
twice, and fixed with 3% paraformaldehyde. Cells were mounted
with VECTASHIELD including DAPI (Vector) and analyzed
under a confocal scanning laser microscope.

Biochemisiry.  BWS5147 transfectants expressing Flag-tagged
MAIR-1 or -1I were lysed in Tris-buffered saline (50 mM Tris
and 15 mM NaCl, pH 8.0) containing 1% NP-40, protease in-
hibitors {1 mM PMSF and 20 Kallikrein inhibitor U/ml aproti-
nin), and phosphatase inhibitors (1 mM EGTA, 10 mM NaF,
1 mM Na,P,0; 0.1 mM B-glycerophosphate, and 1 mM
Na,VO,). To examine N-glycosyltion of MAIR-I, lysates of
BW5147 wransfectants expressing Flag-tagged MAIR-I were im-
munoprecipitated with ant-Flag mAb or control Ig and treated
or not with N-glycosidase F (Boehringer) using the condidons
recommended by the manufacturers. To examine tyrosine phos-
phorylation of MAIR-I or association of MAIR-I with phos-
phatases, mast cells were stimulated or not with 100 mM sodium
pervanadate for 10 min ac 37°C. Cells were lysed in 1% digitonin
(Sigma-Aldrich) buffer (0.12% Triton X-100; Katayama Pure
Chemical), 150 mM NaCl, 20 mM triethanolumine {Katayama
Pure Chemical), or 1% NP-40 buffer, containing the protease
and phospharase inhibitors. For analysis of association of MAIR
Il with DAP12 or FceR1Iy, 293T or RAW mransfectants express-
ing MAIR-II or B cells separated from spleen cells were lysed in
1% digiconin buffer, and cell lysates were immunoprecipitated
with control Ig, and-DAP12, or anti-FceREy,

Lysates or immunoprecipitates were separated by SDS-PAGE,
transferred (100 V, 1 hin 25 mM Tris, 195 mM glvcine, and 2014
methanol) to PVDF membranes {Immobilon-D: Millipore).
Membranes were incubated overnight in Tris-buffered saline
conaining 0.3% Tween 20, MgCl,, and 3% BSA at 4°C, and in-

* cubated with primary antbodies (! pg/ml in Tris-butfered saline

with 3% BSA) for 2 h at room temperature, Proteins were de-
P
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tected by using HRP-conjugated goat anti-mouse, antd-rat, or
anti—rabbit Igs (Amersham Biosciences), and were developed
with SuperSignal CL-HRP substrate (Pierce Chemical Co.).
Chemiluminescences were detected by autoradiograph or image
analyzer (LAS model 1000 mini; Fuji Film).

ELISA. RAW cells expresing Flag-tagged MAIR-IT or
peritoneal macrophages derived from C57BL/6 mice were pre-
treated with anti-CD32/16 (FeyR) to block Fevy receptors, stim-
ulated with plastic-coated conrrol Ig, anti-Flag, or and—MAIR.-I}
mAb, and culrured for 24 or 48 h. TNF-w, IL-6, and monocyte
chemoatractane protein 1 (MCP-1) concentrations in culture su-
pernatants were measured using an ELISA kit (eBioscience) ac-
cording ta the manufacturer’s instructions,

Results

Cloning and  Molecular Characteristics of MAIR-I and
MAIR-II.  To identify novel genes involved in immune
responses by myeloid cells, we performed representational
differential analysis (RDA), which is a PCR-based subtrac-
tive hybridization, using day 14 fetal livers from PU,1-/-
mice lacking myeloid cells and control littermates. We
idendfied several cDNA clones unique to myeloid cells.
Full-length ¢DNAs were cloned by screening a macro-
phage cDNA library. The predicted aa sequence demon-
strates that the protein encoded by one of these cDNAs is a
type-1 transmembrane protein with a 27-a2 leader se-
quence, a 152-aa exxracellular domain, a 23-2a transmem-
brane domain, and a 112-aa cytoplasmic region (Fig. 1 A),
A pair of cysteine residues in the exrracellular domain is
flanked by consensus sequences for one Ig-like domain, in-
dicating that the protein, designated MAIR-Ia, is 2 mem-
ber of the Ig superfamily. The extracellular domain has one
potential site for N-linked glycosylation, suggesting that
MAIR-Ia is a glycoprotein. The cytoplasmic domain con-
tains the five tyrosines at residues 233, 258, 270, and
299. Among these tyrosines, the residues at 258 and 270
may comsist of ITIM-like sequences (VEYZSSTL and
LHY?™SSV, respectively) based on the consensus sequence
for ITIMs (I/V/L/SXYxxL/V), suggesting that MAIR-I
may recruit protein tyrosine phosphatases and mediate in-
hibitory signals. We found that the modf Y**VNL is also a°
consensus sequence involved in receptor internalization
(29, 30).

To examine whether MAIR-a is a member of paired
activating and inhjbitory receptors, we further screened the
macrophage ¢DNA library using the cDNA encoding ex-
tracellular domain of MAIR-1a as a probe. We identified a
clone encoding the protein, designated MAIR-IIa, which
contains one Ig-like domain with 92% aa identty to that of
MAIR-la in extracellular domain, a transmembrane region
with a charged (Lys aa) and a short (20 aa) cytoplasmic tail
(Fig. 1, A and B). In addition, we found the isoforms
of MAIR-Ia and MAIR-IIa, designated MAIR-Ib and
MAMR-IIb, which contain addidonal four and two aas, re-
spectively, in the extracellular domain. These are alternate
splicing variants of MAIR-Is and MAIR-I, as suggested by
the genomic DNA sequence of MAIR-I and MAIR-II (un-
published data). Southern blot analysis of murine genomic
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Figure 1. Molecular and biochemical characteristics of MAIR-I and MAIR-II. (A) Pre-~
dicted aa sequences of MAIR-T and MAIR-1L. The putative leader and transmembrane do-
main are underlined. Potential N-linked glycosylation sites in the extracellular domain and
the charged aa residue in the ransimembrane region are drcled. Potential cysteine residues
invelved in disulfide bonding of the lg-like domains are indicated in bold. ITIM-like or
sarting motif in the cytoplasmic domain are baxed. The ¢DNA sequence data are available
from GenBank/EMBL//DDBJ under accession nos. ABOS1765, ABO91766, AB091767,
and ABO91768 (ALAIR L, MAIR-Ib, MAIR-Ia, and MATR-I, respectively). (B} Schemaric
diagram of MAIR-T and MAIR-IT proteins. A pair of cysteine residues in the extracelular
pattion porendally able to partivipate in intrachain disulfide bonding for the formation of
Ig-like domains are indicated. (C) Seuthern blot analysis of genomic MAIR-f and MAIR-IL

Mouse genomic DNA was digested with the indicated enzymies (E, EcoRI; B, BanHI; H, HindlII; X, Xbal; and P, Pstl) and probed with the cDNA
encoding the exmacellular portion of MAIR-I. (D) BW5147 cells expressing the Flag-tagged MAIR-T or MAIR-IT were lysed and proteins were ana-
lyzed by immunoblotting with anti-Flag mAb under reducing and nonreducing conditions. (E) BW5147 cells expressing the Flag-tagged MAIR-T or
parental BWS 147 cells were lysed and proteins were bmumunoprecipitated with ana-Flag. Precipitates were mweated or not with N-glycosidase F and
inumunoblotted with anti-Flag mAb under nonreducing condiions.
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DNA, using the cDNA enceding the conserved Ig-like do-
main in the extracellular domain of MAIR-I and MAIR-
I, demonstrated a simple hybridization pattern, suggesting
that each MAIR-T and MAIR-II is encoded by a single
gene (Fig. 1 C). The MAIR-I and MAIR-II genes are lo-
cated to the proximal tegion of the E2 band of mouse
chromosomie 11 and consist of six and four exons, respec-
tively, as determined by FISH and a genomic DNA se-
quence database (unpublished data}, Database search dem-
onstrated that MAIR-I and MAIR-II are most similar to
human CMRF-35-H9 (31) with 44% homology and to
human CMRF-35 (31) with 49% homology, respectvely.
Moreover, both CMRF-35-H9 and CMRF-35 genes are
located near to human chromosome 17, syntenic region of
mouse chromosome 11 (32), suggesting that these are the
human homologues to murine MAIR-I and MAIR-II.
Mouse T cell leukemia BW5147 cells were transfected
with the MAIR-Is and MAIR-Ila cDNAs tagged with Flag
peptide at the NH, terminus, which resulted in surface ex-
pression of the receptor as detected by immunofluores-
cence using an anti-Flag mAb (unpublished dara), Im-
munoprecipitation of the Flag-tagged MAIR-Ia and
MAIR-IIa receptors on the BW5147 transfectants with
ant anti-Flag mAb revealed ~50 and ~35 kD proteins, re-
spectively, when analyzed under both reducing and non-

~ reducing conditions (Fig. 1 D). The mobility of MAIR-Ia

decreased from ~v50 to ~45 kD after treatment with
N-glycosidase F, which is consistent with the size of the
polypeptide predicted from the ALAIR-I cDNA and the
presence of one potential N-linked glycosylation site in
the exwracellular domain (Fig. 1 E).

Expression of MAIR-I and MAIR-II. Northern blot
analysis using the full-length MAIR-Ia <DNA, containing
the conserved cDNA sequence of the ALAIR-I and MAIR-
II as a probe demonstrated that ALAIR-T and/or MAIR-IT
transcripts were detected in lymphohematopoietic tissues,
including spleen and bone marrow, but not in thymus and
nonhematopoietic organs (Fig, 2 A). We also observed that
peritoncal macrophages express significant amount of
MAIR transcripts, which were up-regulated in these cells
after in vivo stimulation with thioglycollate. The preferen-
tial expression of MAIR transcript was also observed in my-
eloid cell lines, including 4168, WEHI3, RAW, and M!
cells (Fig. 2 A).

To further analyze the expression of the MAIR-I and
MAIR-II on hematopoietic cells, RINA was obtained from
lymphohematopoietic progenitors and lineage-committed
cells purified by flow cytometry from the bone marrow,
thymus, and spleen. RT-PCR analysis using the specific
primers for MAIR-T and MAIR-IT demonstrated that both
the transcripts were expressed in multilineage cells, includ-
ing lymphohematopoietic progenitors, granulocytes, mac-
rophages, erythroid cells, and B cells in bone marrow, and
in T, B, and NK1.1* cells in the spleen. However, neither
of the MAIR-Tand MAIR-II transcripts was detected in im-
mature and mature T cells in the thymus (Fig. 2 B).

To examine the cell surface expression of the MAIR-I
and MAIR-I] proteins, we generated monoclonal andbod-
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Figure 2, Expression of MAIR-1 and MATRAIT transcripts. (A) Expres-
sion of MAIR-1 and/or MAIR-IT transcripts was analyzed by Northern
blot analysis using ¢DNA encoding MAIR-D extracellular portion as a
probe, The comparable amount of B-actin transeript expression in each
lane using f-actin ¢DNA was confirmed (not depicted). (B) cDDNA, ad-
justed to comparable quantities using a HPRT control, was prepared from
purified cells by cell sorter, as indicated. These ¢cDNA and water (used as a
negative control) were wsed a5 templates for RT-PCR. PCR. products
were amplified using specifi¢ primers for MAIR-T and MAIR-11.

les TX-8 and TX-13, which preferentially react to MAIR.-I
and MAIR-II, respectively (Fig. 3 A). Analysis of spleen
and bone marrow cells by flow cytometry showed that
MAIR-I is expressed on the majority of myeloid cells, in-
cluding macrophages, dendritic cells, granulocytes, and
bone marrow—derived cultured mast cells, and MAIR-1 is
expressed on a subset of B cells, but neither on T nor NK
cells (Fig. 3, B and D). In contrast, MAIR-II protein is de-
tected only on cell surface of subsets of B cells and perito-
neal macrophages (Fig. 3, B and E). These results indicated
that the transcript’s expressions of MAIR-I and MAIR-II
do not always result in cell surface expression of the pro-
teins. To further characterize the B cell subsets expressing
MAIR-T or MAIR-II, spleen cells were simultaneously
stained with and-CID21 and anti-CD23 mAbs in combina-
tion with either anti-MAIR-I or anti-MAIR-II. The mar-
ginal zone B cells that are characterized by cell surface
phenotype of CD21MCD23%° express higher amount of
MAIR-I and MAIR-II than the CD21"CD23% follicular
B cells (Fig. 3 C; reference 33). These results suggest that
marginal zone B cells consist of the major populaton of
MAIR-IT expressing B cell subset in spleen.

To examine regulatory mechanisms of the proteins ex-
pression on cell surface, purified B cells from spleen were
cultured in medium in the presence or absence of LPS, re-
suling in a significant up-reguladon of MAIR-II on the
cell surface in both the culture condition (Fig. 3 F), al-
though we did not observe any moduladon of MAIR.-I
and MAIR-II proteins expressions on macrophages from
spleen in the same culture condition (not depicted). Al-
though no MAIR-I and MAIR-II proteins were detected
on the NK cell surface despite the abundant presence of
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Figure 3. Cell surface expression of MAIR-T and MATR-IT proteins. (A) BW5147 mransfectants expressing MAIR-1 or MAIR-1I were stained with
contrel rat Ig or anti~MAIR-T (TX-8 mAb) or ant-MAIR-II {TX-13 mAb), followed by allophycocyanin-conjugated streptavidin. (B, D, and E)
Spleen, bone marrow, or peritoneal macrophages from C37/BL6 mice were stained with either biotin-conjugared F(2b")2 fragments of anti-MAIIR-I or
anti-MAIR-IT and the PE-conjugated mAbs indicated, followed by allophvcoryanin-conjugated swreptavidin, Greater than 99% of cells stained with
F(ab")2 fragments of control lgs were present in the botrom left quadrant of the contour plots (B and D, and noc depicted in C). (C) Spleen cells were
stained with FITC-conjugated ani-CD21, PE-conjugated and-CI>23, and biotin-conjugated and-MAIR-IT monodonal wtibodies, followed by allo-
phycocyanin-conjugated streptavidin, MATR-T and MAIR-IT expression on the CDI2IMCD23% (marginal zone B cells [MZB]) and CD21wC1323m
{follicular B cells [FOB]) cells were analyzed by flow cycometry. (E) B2 B cells purified from splenacytes or total splenocytes were cultured for 48 h
or not in the presence or absence of LPS or [L-12, as indicated, and stained with either biotin-conjugared F(ab')2 fragments of control Tg, anti~MAIR-]
or nti~-MAIR-IT and the FITC-conjugated B220 or DX5 mAb, followed by allophycocyanin-conjugated streptavidin. Cells were gated according to
B220 or IDX5 expressions and analyzed by tlow ¢ytometry. 1Xata are representative in several independent experiments.
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their transcripts, IL-12 stinwehited cell surface expression of
MAIR-I, but not MAIR-II, on NK cells (Fig. 3 F).

MAIR-I Mediates Endocytosis. The cytoplasmic do-
main of the MAIR-I contains a possible tyrosine-based
sorting motif (Fig. 1 A, YVNL), implicated in endosome
and lysosome targeting of diverse proteins and involved in
agonist-induced internalizadon (29, 30). To Investigate
whether the MAIR-I internalizes upon cross-linking,
MAIR-I expressed on peritoneal macrophages were
cross-linked with anti-MAIR-I mAb and incubated at 4
or 37°C for 1 h. Some of the cells were treated with
trypsin to remove the cell surfaice MAIR-I that did not
undergo internalization. Treatment with trypsin signifi-
cantly decreased the fluorescence intensity of the cells,
which were incubated at 4°C after cross-linking (Fig. 4
A). By contrast, the fluorescence remained constant in the
cells, which wete incubated at 37°C after cross-linking,
despite treatment with trypsin, This suggests that cross-
linking the MAIR-! induced the receptor internalization
during culture at 37°C. To confirm MAIR-I internaliza-
tion upon cross-linking, the Ba/F3 transfectants express-
ing the Flag-tagged MAIR-I at the NH, terminus were
incubated with anti-Flag mAb, cross-linked with EITC-
labeled secondary antibody, and incubated at 37°C for 30
min. Although green fluorescence was detected only at
the cell surface before incubation, it was abundantly ob-
served in the cytoplasm of the transfectants 30 min after
incubation at 37°C under confocal scanning laser micro-
scope (Fig. 4 B), indicating that MAIR-I underwent in-
ternalization after cross-linking. In contrast, we did not
detect internalization of the MAIR-I mutated at the tyro-
sine residue 233 (Y-F**) in the sorting motif (Fig. 4 B),
indicating that the tyrosine at residue 233 is responsible
for the MAIR-I internalization.

MAIR-I Recritits the Tyrosine Phosphatase SHIP.  The
existence of the ITIM-like sequences in the cytoplasmic
region of MAIR-I suggested that MAIR-I is tyrosine phos-
phorylated and may recruit SH2-containing tyrosine phos-
phatases. Therefore, we first examined whether MAIR-I
expressed on bone marrow—derived cultured mast cells
were tyrosine phopshorylared by the stimulaion with per-
vanadate. As demonstrated in Fig. 5 A, stimulation with
pervanadate significantly induced tyrosine phosphorylation
of the MAIR-I (Fig. 5 A). Immunoprecipitation of the
protein tyrosine phosphatases, SHP-1 and SHP-2, and
SHIP demonstrated that MAIR-I associated with SHIP,
but not SHP-1 ard SHP-2, upon stimulation of mast cells
with pervanadate (Fig. 5 B). These results suggest that
MAIR.-I may mediate inhibitory signal upon phosphoryla-
tion of the tyrosines in the cytoplasmic region.

MAIR-I Inhibits IgE-mediated Serotonin Release from Mast-

Cells.  To address a functional role of MAIR-I in immune
responses, mast cells were loaded with [*H]serotonin and
stimulated with an IgE mAb plus F(ab'}, fragments of ant—
MAIR.-I mAb, followed by coligation with a common sec-
ondary reagent. As demonstrated in Fig, 5 C, cross-linking
MAIR-T with anti-MAIR-I mAb inhibited [gE-mediated
serotonin release from bane marrow—derived mast cells in
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Figure 4. Internalizadon of MAIR-1. {A) Peritoneal macrophages were
incubated with biotin-labeled anti-MAIR-T mAb (TX-8), followed by al-
lophycacyanin-labeled streptavidin at 4 or 37°C for 30 min. The cells
were treated (+) or not (=) with erypsin and analyzed by flow cytometry.
(B) Ba/F3 mansfectants expressing Flag-tagged wild-type and murtated
MAIR-T were incubated with anti-Flag mAb, followed by cross-linking
with FITC-labeled anti-mouse IgG secondary antibody at °C. Cells wete
incubated or not at 37°C for 30 min, fixed, mounted with VECTASHIELD
including I2AP, and analyzed using a confocal scanning luser croscope.
Data are representative in several independent experiments,

a dose-dependent manner, These results indicate that
MAIR-I transduces an inhibitory signal, resulting in sup-
pression of mast cell degranulation triggered by FceR]-
mediated activation signals,

MAIR-II Associates with DAP12. In  contast to
MAIR-I, MAIR-II has a short cytoplasmic tail and a posi-
tively charged aa residue in the transmembrane domain.
To test a noncovalent association of MAIR-II with an
adaptor transmembrane protein, such as the FeeRIy or
DAP12, 293T cells. which express neither FesRIy nor
DAP12, were transfected with AL4IR-I7 cDNA and either
FeeRly or DAP12. The transfectants were lysed in 1% dig-
itonin buffer and immunoprecipitated with anti-FeeRIy
or anti~-DAP12, and the isolated proteins were analyzed by
immunoblotting with ant-MAIR-II. As demonstrated in
Fig. 6 A, MAIR-II was coimmunoprecipitated with
DAPI12, but not with FceRlIy, suggesting the physical as-
sociation of MAIR-II with DAP12. Similary, MAIR-II
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Figure 5. MAIR-I recruits che tyrosine phosphatase SHIP and inhibits serotonin release from mast cells. (A and B) Mast cells, derived from bone
marrow cells after culture in the presence of 1L-3 and stem cel} factor (SCF), were stimulated or not with pervanadare for 10 min at 37°C and lysedin 1%
WNP-40 (A) or digitonin (B) buffer and immunoprecipitated with clg, ani-MAIR-1, anti-SHP-1, anti-SHP-I1, or anti-SHIP. The imnunoprecipitates
were immunoblorted with antiphosphotyrosine mAb (A} or anti-MAIR-T (B). (C) Mast cells were loaded with PHJserotonin and stimulated with an IgE
mAD plus either F(ab")2 fragments of anti-MAIR-I or control ra 1gG, followed by coligation with a common secondary reagent, [*H]Serotonin release
into the supernatants was measured by a liquid scintillarion counter, Dara are representative in several independent experiments.

was also coimmunoprecipitated with endogenous DAP12,
but not FceRly, in the lysates of mouse macrophage cells
RAW after transfection with ALAIR-II alone (Fig. 6 B}. To
confirm the physiological association of MAIR-II with
DAPI12 in primary cells, spleen cells were stimulated with
LPS for 48 h, resulting in the up-regulation of MAIR-II
expression of B cells and macrophages (unpublished data}.
The stimulated spleen cells were lysed in 1% digitonin
bufler and immunoprecipitated with anti-FceRIy or anti-
DAP12. Immunoblotting of the isolated proteins with
anti-MAIR-II again demonstrated the coimmunoprecipi-
tation of MAIR-II with the DAP-12, but not with the
FceRIy (Fig. 6 C), indicating that DAP12 is the physio-
logical parmer for MAIR-II of stimulated B cells and/or
macrophages in the spleen. These results were in agree-
ment with the observation that DAP12 expression on cell
surface of 293T cells depended on the expression of
MAIR-IL, although MAIR-II does not require DAP12 for
cell surface expression (Fig. 6 D).

MAIR-II Stinnddates Proinflamatory Cytokines and Chentro-
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kine Secretions from Muaerophages. Because macrophages
abundantly express DAP12 (34), we investigated a func-
tional role of MAIR -II-mediated signaling in immune re-
sponses by macrophages. Macrophage cells, RAW, were
wansfected with Flag-tagged MAIR-JI cDNA at the NH,
terminus and stimulated with control Ig or anti-Flag,
Cross-linking MAIR-II with anti-Flag significantdy stimu-
lated the production of TNF-u from the transfectants (Fig.
7). We further examined whether MAIR-II miediates
TNF-o0 secretion from primary macrophages from peri-
toneal cavity. As shown in Fig. 7, TNF-o secretion
from peritoneal macrophages was significantly increased
upon cross-linking of MAIR-IL. Similarly, engagement of
MAIR-IT stimulated IL-6 and MCP-1 secretions from
peritoneal macrophages (Fig. 7). However, we did not ob-
serve a significant increase of IL-12 secretion from perito-
neal macrophages after cross-linking MAIR-IT (unpub-
lished data). These results suggest that MAIR-II mediates
activation signal in macrophages, leading to cytokine and
chemokine secreton from macrophages.
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Figure 6. Physical association of MAIR-II with DAPI2. {A-C) 293T and RAW cells, which were transfected with cDNA as indicated, and spleen
cells after stimulation with LPS were lvsed in digitonin buffer, inununopredipitated with control Ig, anti-DAP12, or ant-FeeR 1y, and imumunoblotted
with and-MAITR-I1 (TX-t1). (1D} 293T cells were transfected with Flag-tagged DAPI2, MAIR-IL, or a combination of Flig-tageed DAPL2 and MAIR-1I,
and stained with biotin-conjugated anti-MAIR~II and FITC-conjugated anti-Flag mAbs, followed by allophycocyanin-conjugated streptavidin, Cell sur-

face expression of MAIR-IT and DAP12 was analyzed by flaw cytomenry,
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