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Abstract

Kit/CD117 plays a crucial role in the cell-cell and cell-matrix adhesion of mammalian
mast cells (MCs); however, it is unclear whether other adhesion molecule(s) perform
important roles in the adhesion of MCs. In the present study, we show a novel
Kit-independent adhesion mechanism of mouse cultured MCs mediated by Notch
family members. On stromal cells transduced with each Notch ligand gene, Kit and its
signaling become dispensable for the entire adhesion process of MCs from tethering to
spreading. The Notch-mediated spreading of adherent MCs involves the activation of
phosphatidylinositol 3-kinases and mitogen-activated protein kinases signaling, similar
to Kit-mediated spreading. Despite the activation of the same signaling pathways, while
Kit supports the adhesion and survival of MCs, Notch only supports adhesion. Thus,
Notch family members are specialized adhesion molecules for MCs that effectively
replace the adhesion function of Kit in order to support the interaction of MCs with the

surrounding cellular microenvironments.
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Introduction

Mast cells (MCs) are tissue-resident immune cells that constitutively express the
receptor tyrosine kinase, Kit (CD117). The differentiation and survival of MCs in vivo
depend on Kit signaling (1-3), provided by stromal cells such as fibroblasts and
endothelial cells that express the Kit ligand (Kitl) (4-7).

In addition, the crucial roles of Kit and its signaling in the cell-cell and
cell-matrix adhesion of MCs have been revealed by in vitro adhesion assays with
cultured MCs. The adhesion of floating round-shaped cultured MCs to stromal cells
begins with tethering, an anchoring response that maintains the original shape. Kit and
membrane-bound Kitl function as critical cell adhesion molecules mediating the
tethering of cultured MCs to fibroblasts (8-11), as shown by the impaired attachment of
Kit-deficient MCs to fibroblasts (8-10). The tethering of MCs by Kit-Kitl occurs in a
manner that depends on their binding, but not Kit signaling, as shown by the normal
attachment response of MCs harboring mutant Kit that cannot signal (8, 10).

The tethering of cultured MCs is followed by the spreading (changing the cell
shape) of adherent MCs, a complex response that is considered to involve integrins and
cytoskeletal reorganization (15-17). Kit signaling induces the spreading of tethered MCs
through not only the activation (conformational change) of integrins that enables
tethered MCs to adhere to extracellular matrices (ECMs) (15-20), but also by the
induction of cytoskeletal reorganization that enables MCs to deform (21-24). These
processes enable MCs to spread, and make tight contact with or migrate through the
surrounding cellular and ECM environments. The Kit-induced spreading of adherent
MCs involves the activation of downstream signaling pathways, including

phosphatidylinositol 3-kinases (PI3K) and mitogen-activated protein kinases (MAPKs)
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(17, 18, 20-24).

We previously reported that Notch family members function as cell adhesion
molecules for cultured mouse MCs (25-27). Notch receptors and their canonical ligands
are single-pass transmembrane signaling molecules (28-32). Humans and rodents have
four Notch receptors (Notchl-Notch4) and two distinct families of canonical Notch
ligands: Delta-like (DIl) ligands (DI11, D113, and DIl4) and Jagged (Jag) ligands (Jagl
and Jag2). In MC biology, Notch signaling has been reported to regulate the
differentiation (33-35), localization (36), and effector functions of MCs (37). When
co-cultured with stromal cells transduced with each Notch ligand gene (DIl1, D114, Jagl,
and Jag2), the adhesion of cultured MCs was markedly enhanced in a manner that
depended on the interaction of each Notch ligand with Notchl and Notch2 on MCs (25,
26). The Notch receptor-ligand interaction strongly supported the tethering of MCs to
stromal cells (25, 26), but also appeared to enhance the transitioning of tethered MCs to
the spreading state. However, the mechanisms by which the spreading of MCs was
induced remained unclear, and whether Kit and its signaling played a role during the
Notch-mediated adhesion of MCs was unknown.

In the present study, in order to reveal the requirement of Kit during the
Notch-mediated adhesion of MCs, we analyzed the adhesion response of Kit-deficient
MCs and the effects of an antagonistic antibody against Kit on wild-type (WT) MCs on
Notch ligand-transduced stromal cells. We found that a dysfunction in Kit in MCs had
negligible suppressive effects on the entire adhesion process of MCs from tethering to
spreading on Notch ligand-transduced stromal cells. The Kit-independent spreading of
adherent MCs on Notch ligand-transduced stromal cells involved the activation of the

MAPKs and PI3K pathways, similar to the Kit-dependent adhesion of WT MCs on



1 normal stromal cells. Our results showed the presence of a Kit-independent adhesion

2 mechanism of MCs mediated by Notch family members.
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Methods

Mice

C57BL/6] mice were purchased from Japan CLEA (Tokyo, Japan). C57BL/6J-Kit*/"-s"
mice (RBRCO01888) were provided by RIKEN BRC (Ibaraki, Japan) through the
National Bio-Resource Project of MEXT, Japan, and were bred to obtain
C57BL/6J-Kit"”* and -Kit"*""" mice. Mice were maintained in a specific
pathogen-free facility in Tottori University. Experiments were approved by and
performed in accordance with the guidelines of the Animal Care and Use Committee of

Tottori University.

Bone marrow-derived cultured MCs

Cells from femora were cultured in minimum essential medium alpha (MEMa,;
Gibco-BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, JRH
Biosciences, Lenexa, KS), antibiotics (penicillin and streptomycin, Meiji Seika, Tokyo,
Japan), and 50 U/mL culture supernatant of Chinese hamster ovary cells producing
recombinant mouse interleukin (IL)-3 (a gift from Dr. Sudo, Toray Industries, Inc.,
Kanagawa, Japan) in a humidified atmosphere with 5% CO; at 37°C. Non-adherent
cells were placed into fresh media every 5-7 days. After more than 8 weeks, more than
97% of cells were MCs, as judged by the surface expression of Kit and FceRla with
flow cytometry (25, 26). In Figure 1A, MCs obtained from C57BL/6] mice (Japan

CLEA) were used. In other experiments, MCs from age- and sex-matched pairs of
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C57BL/6J-Kit"* and -Kit"*""-" mice (RIKEN BRC) were used.

Stromal Cells

OP9 stromal cell lines transduced with the mouse D11, DII3, DIl4, Jagl, or Jag2 gene
(OP9-Dll1, -DlI3, -Dli4, -Jagl or -Jag2) and control OP9-Ret10 cells (OP9-Ctrl) were as
described previously (38). All OP9 cells expressed the green fluorescent protein (GFP).

They were cultured with MEMa supplemented with 20% FBS and antibiotics.

Antibodies

The following monoclonal antibodies (mAbs) were used in flow cytometry:
FITC-conjugated anti-mouse Kit (ACK2, Tonbo Biosciences, San Diego, CA) (39),
PE-conjugated anti-mouse FceRla (MAR-1), and CD49b (DXS5) (eBioscience, San
Diego, CA).

Unlabeled ACK2, anti-mouse IL-7Ra (A7R34), and anti-mouse Gr-1
(RB6-8C5) mAb dissolved in PBS were used in cell cultures (all made in-house).
Purified sheep anti-mouse Notchl (AF5267) or Notch2 (AF5196) polyclonal Abs
(pAbs) and sheep control IgG (5-001-A) were purchased from R&D Systems

(Minneapolis, MN).

Reagents

Sodium azide (NaN3), dimethylsulfoxide (DMSO), SB203580, SP600125, and
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PD98059 (Wako Pure Chemical Industries, Osaka, Japan), LY294002 (Merck Millipore,
Darmstadt, Germany), N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT) (Peptide Institute, Osaka, Japan), and cytochalasin D (Sigma-Aldrich, St

Louis, MO) were used.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

A RT-PCR analysis was performed as previously described (26). Briefly, synthesized
cDNA (equivalent to 25 ng total RNA) was amplified using rTaq DNA polymerase and
TaKaRa PCR Thermal Cycler Dice® Gradient (Takara, Shiga, Japan). Primers were as

described: Kit (40), Fcerla (41), and Kitl (25).

Adhesion assay

OP9 stromal cells (1.6x10* for 48-well plates (for Figure 1A) and 5.0x103 for 96-well
plates (for other experiments)) were seeded in the wells of 48- or 96-well flat-bottomed
culture plates (Corning) and cultured for 2 days in order to prepare confluent
monolayers. After washing OP9 cells once with phosphate-buffered saline (PBS), MCs
suspended in MEMa. with 10% FBS were seeded onto the wells (1.5%10° in 100 uL for
48-well plates and 5.0x10* in 50 pL for 96-well plates) with or without reagents, and
incubated at 37°C for 60 min. In adhesion assays with inhibitors (SB203580, SP600125,
PD98059 LY294002, and DAPT), MCs were pre-treated with the inhibitors at room
temperature for 10 - 60 min, and then seeded onto OP9 cells with inhibitors. The culture

supernatant was recovered after agitation (low speed, scale 5) for 30 sec with a
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MicroMixer E-36 (Taitec corporation, Saitama, Japan), and non-adherent MCs in the
supernatants were counted with hemocytometers. The percentages and numbers of
adherent MCs relative to those initially added were calculated.

In the assay with fixed stromal cells, confluent monolayers of each OP9 cell
were fixed with 2% paraformaldehyde (PFA, Wako) at room temperature for 5 min.
After washing wells three times with PBS, the adhesion assay was performed.

In the evaluation of the adhesion states of MCs, photomicrographs
(magnification: x200) of each well (avoiding the center of the wells at which adherent
MCs were very dense) were taken immediately after the removal of the supernatant. The
numbers of adherent MCs in each adhesion state in a chosen area
(1000x1000~1200%1200 pixels) in a well were counted, and the numbers of adherent

MCs in each state were calculated.

Survival assay

OP9 stromal cells (3x10* for 24-well plates (for Figure 6B and 6C) and 1.5x10* for
48-well plates (for other experiments)) were seeded on the 0.1% type A gelatin
(Sigma-Aldrich)-coated wells of 24-well or 48-well flat-bottomed culture plates
(Corning). The next day, MCs (1.5%10° in 500 uL for 24-well plates and 7.5%10%* in 200
pL for 48-well plates) suspended in MEMa with 10% FBS were seeded on the
sub-confluent OP9 monolayer with or without reagents, and were cultured at 37°C for 7
days. On day 4, 1x volume of fresh media without or with inhibitors (1x concentration)
were added. On day 7, all cells in a well were recovered by trypsinization, stained with

propidium iodide (PI, Sigma-Aldrich) to exclude dead cells, and suspended in the same
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volume of buffer. Cells were analyzed with the flow cytometer EPICS XL (Coulter, Palo
Alto, CA) under the same flow rate for 60 sec. GFP-positive cells (OP9 cells) were
excluded and live MCs (PI"GFP-) were counted using WinMDI ver 2.9 software (Purdue
University, West Lafayette, IN). The percentages of live MCs relative to those initially

added, which were analyzed with the same methods on day 0, were calculated.

Flow cytometry

Hank’s solution (Nissui Pharmaceutical, Tokyo, Japan) containing 2.5% heat-inactivated
FBS and 0.02% NaN3 was used as staining buffer. Cells were initially incubated with
33% rabbit serum (Gibco) with anti-CD16/32 (2.4G2, Tonbo Biosciences) for blocking,
and then stained with fluorescein-labeled mAbs and PI. Regarding the detection of
Notch receptors in Figure 1D, cells were stained with fluorescein-labeled mAbs and
sheep control, anti-mouse Notchl, or anti-mouse Notch2 pAbs (R&D Systems), and
then with rabbit anti-sheep IgG-biotin (Vector Laboratories) and streptavidin-PE

(SouthernBiotech). Cells were analyzed with EPICS XL and WinMDI software.

Statistical analysis

Each experiment was repeated more than twice, with similar results being obtained each
time, and representative results were shown unless otherwise indicated. Statistical
analyses were performed in Microsoft Excel (for Welch’s #-test) and IBM SPSS
Statistics version 25 (for a one-way ANOVA with post-hoc tests). The significance of

differences was established at p < 0.05.

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Results

Kit was dispensable for the adhesion of MCs to Notch ligand-transduced stromal cells

In order to examine the role of Kit during Notch-mediated MC adhesion, WT cultured
MCs were incubated on a confluent monolayer of OP9 stromal cells transduced with
each Notch ligand gene (OP9-DIl1, -Dll4, -Jagl, and -Jag2) (26, 38), with or without
ACK2, an antagonistic mAb against mouse Kit. In the presence of a control mAb, the
adhesion of MCs was more strongly promoted on OP9-DIl1, -Dll4, -Jagl, or -Jag2 than
the responses on OP9-Ctrl (Figure 1A, open circles). The addition of ACK2
significantly inhibited the adhesion of MCs to OP9-Ctrl cells, but had a negligible effect
on adhesion to OP9 cells transduced with Notch ligands (Figure 1A).

We then assessed cultured MCs obtained from C57BL/6-Kit™* and -Kit"-s"/"-sh
mice (hereafter MCs-Kit™* and -Kit”*""-") (Supplemental Figure 1). W is an
inversion mutation in the transcriptional regulatory elements upstream of the Kit
transcription start site (37). Therefore, MCs-Kit"*""-s" failed to express the Kit (9), but
not Fcerla transcript (Figure 1B and supplemental Figure 1). The adhesion of
MCs-Kit"#"=sh to OP9-Ctrl cells at 60 min of the adhesion assay was significantly
weaker than that of MCs-Kit"* (Figure 1C). In contrast, the promoted adhesion of MCs
to OP9-DIl1, -Dll4, -Jagl, and -Jag2 was not influenced by the insufficiency of Kit
expression (Figure 1C). MCs-Kit"* and -Kit”*""s" were both immature (Supplemental
Figure 2) and expressed Notchl and Notch2 on their surfaces (Figure 1D). Mature
peritoneal MCs from C57BL/6 mice also expressed Notchl and Notch2 (Figure 1D and

Supplemental Figure 2), suggesting that the expression of Notch receptors is maintained
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throughout the maturation of MCs. MCs-Kit"*#"-s" did not express Kit mRNA after a

60-min co-culture with each OP9 transductant (Figure 1E) and every OP9 transductant

expressed Kit/, but not Kit or Fcerla mRNA (Figure 1F and Supplemental Figure 3).
These results showed that the lack of the Kit-Kitl interaction did not affect the

adhesion of MCs to Notch ligand-transduced stromal cells.

Spreading of adherent MCs on Notch ligand-transduced stromal cells was affected less

by the insufficiency of Kit in MCs

Kit signaling induces cytoskeletal reorganization, leading to changes in the cell
morphology of adherent MCs (21-23). In our adhesion assay, while some adherent MCs
maintained their original morphology (spherical and refractile), some adherent MCs
spread on stromal cells with deformed shapes and appeared dark under phase-contrast
microscopy (Figure 2A). In cultures with the inhibition of cellular metabolism by NaNj3
(a mitochondrial F-ATPase inhibitor) (43) or on ice, and in the presence of cytochalasin
D (an actin polymerization inhibitor), deformed MCs were not observed and most of the
adherent MCs maintained their original morphology (Figure 2B). Therefore, deformed
and dark-looking adherent MCs represented an advanced stage of cell adhesion
accompanied by cytoskeletal reorganization.

Using photomicrographs of adherent MCs after the removal of floating cells,
we assessed the numbers of adherent MCs in each adhesion state, i.c., refractile ones as
in tethering, dark ones as in spreading, and intermediate ones as in a transitional stage
(Figure 2A). In the adhesion assay for MCs-Kir™”* on OP9-Ctrl cells, the ratio and

number of spreading MCs were gradually increased and maximized at 60-120 min

12
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(Figure 2C and 2D). In contrast, MCs-Kit"""-s" showed an impaired transition from
the tethering to spreading state (Figure 2C and 2D), demonstrating the importance of
Kit signaling in this process. The kinetics of the adhesion states of MCs-Kit** on
OP9-DIl1, -Dll4, -Jagl, and -Jag2 were similar to that on OP9-Ctrl, except that the
numbers of transitioning plus spreading MCs were higher (Figure 2E).

We compared the numbers of adherent MCs in each state at 60 min between
MCs-Kit™* and MCs-Kit"""-sh (Figure 3A and 3B). MCs-Kit"* showed higher cell
numbers in the transitioning plus spreading states on OP9-DII1, -Dll4, and -Jagl than
those on OP9-Ctrl (Figure 3B, each left bars). The numbers of spreading MCs-Kit"* on
OP9-Dll4 and -Jagl were significantly higher than that on OP9-Ctrl cells in some (but
not all) experiments. In contrast to the response on OP9-Ctrl cells, the lack of Kit in
MCs-Kit"#"-sh only had a small inhibitory or no effect on their transition from the
tethering to spreading states on Notch ligand-transduced OP9 cells (Figure 3B).
Moreover, the treatment with ACK2 during the adhesion assay did not markedly affect
the spreading response of MCs-Kit** on Notch ligand-transduced OP9 cells (Figure
30).

These results indicate that the spreading of adherent MCs on OP9-Ctrl cells
required Kit signaling, whereas that on Notch ligand-transduced stromal cells mostly

occurred in a Kit-independent manner.

Spreading of MCs-Kit"""s" on Notch ligand-transduced stromal cells occurred in a

manner depending on the Notch receptor-ligand interaction, but not canonical Notch

signaling

13
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We hypothesized that Notch receptors on MCs functioned not only as cell adhesion
molecules mediating the tethering of MCs (25, 26), but also induced the subsequent
spreading of adherent MCs via Notch signaling. In canonical signaling, Notch
receptor-ligand binding between neighboring cells ultimately induces the proteolytic
cleavage of the receptor by the y-secretase complex. This permits the Notch intracellular
domain to translocate into the nucleus, in which it induces the transcription of Notch
target genes (28-32). MCs mainly express Notch2 and, to a lesser extent, Notchl, both
of which cooperatively function in the Notch-mediated adhesion of MCs (26). The
treatment with anti-Notchl plus anti-Notch2 pAbs during the adhesion assay for
MCs-Kit"-s#"-sh gignificantly reduced the numbers of adherent MCs in each adhesion
state on each Notch ligand-transduced OP9 cell (Figure 4A). The treatment of these
pAbs did not affect the adhesion states of MCs-Kit”*""-sh on OP9-Ctrl cells. Thus, the
initiation of the entire adhesion process of MCs-Kit"*""-s" depended on the Notch
receptor-ligand interactions on Notch ligand-transduced OP9 cells.

We then tested whether the treatment with the canonical Notch signaling
inhibitor, DAPT (y-secretase inhibitor) inhibited the spreading of adherent MCs. The
treatment with 50 uM DAPT had no effect on the adhesion states of MCs-Kit"""#-sh on
each OP9 cell (Figure 4B). The spreading of MCs-Kit"* on each OP9 cell in the
presence of ACK2 was also not suppressed by the additional treatment with DAPT
(Figure 4C). We previously confirmed that the treatment of 10 uM DAPT was sufficient
to reverse the activation of transcription of Notch target genes (Hes!/ and Heyl) in WT
MCs cultured on OP9-DII1 (26).

These results indicated that the spreading of adherent MCs-Kit"""=sh in

Notch-mediated cell adhesion was dependent on the Notch receptor-ligand interaction,

14
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but independent of canonical Notch signaling mediated by y-secretase activity.

Kit-independent spreading of adherent MCs-Kit"*""=" on Notch ligand-transduced

stromal cells involved the activation of MAPKs and PI3K pathways

Kit signaling activates PI3K and three MAPKs pathways: p38 MAPKSs, extracellular
signal-regulated kinases (ERKs), and c-Jun amino-terminal kinases (JNKs) (44-47).
These signaling pathways mediate the Kit-induced cytoskeletal reorganization of
adherent MCs (21-23). Consistent with these findings, the numbers of the Kit-dependent
spreading of adherent MCs-Kitr™”* on OP9-Ctrl cells were significantly reduced, and
tethering was increased by the treatment with inhibitors for p38 (SB203580), JNKs
(SP600125), ERK1/2 (PD98059), and PI3K (LY294002) (Figure SA).

Treatments with these inhibitors also significantly impaired the spreading, and
increased the tethering of MCs-Kit"*""-h on OP9-DII4 cells (Figure 5B and 5D) and
other Notch ligand-transduced OP9 cells (Supplemental Figure 4). In order to exclude
the effects of these inhibitors on stromal cells, we performed the adhesion assay on 2%
PFA-fixed OP9-DII4 cells. The spreading of adherent MCs-Kit"""" was also
significantly inhibited and most of the adherent MCs were tethering by the treatment
with these inhibitors (Figure 5C and 5D).

These results suggested that on Notch ligand-transduced stromal cells, MAPKs
(p38, INK and ERK) and PI3K pathways were all activated, even in Kit-deficient MCs,

directing the effective spreading of adherent MCs.

Notch receptor-ligand interactions did not support the survival of MCs-Kit"-s""-sh

15
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On fibroblasts expressing Kitl, while WT MCs survive over the long term, MCs lacking
functional Kit cannot survive and disappear from the culture (8, 9). Kit signaling
prevents the apoptosis of cultured MCs in a manner depending on the activation of the
PI3K and ERKs pathways (48, 49). Since the PI3K and MAPKs pathways in MCs were
activated in a Kit-independent manner on Notch ligand-transduced OP9 cells, we
investigated whether Notch ligand-transduced OP9 cells support the survival of
Kit-deficient MCs.

After culturing MCs-Kit"" or -Kit"s"""s" on each OP9 transductant for 7 days,
the number of live MCs-Kit"""-s" was significantly lower than that of MCs-Kit"" on
every OP9 transductant (Figure 6A and Supplemental Figure 5A). Any improvement in
the survival of MCs-Kit”*""s" on every Notch ligand-transduced OP9 cell was not
observed from their response on OP9-Ctrl (Figure 6A). Without OP9 stromal cells,
neither MCs-Kit"* nor -Kit"*""-s" survived (Figure 6A, OP9(-)). The survival responses
of MCs-Kit™* on OP9-DIl4 and -Jag2 were slightly weaker than those on OP9-Ctrl
(Figure 6A), and were improved in the presence of DAPT in 3 out of 3 or 1 out of 3
experiments, respectively (Supplemental Figure 5B), suggesting that Notch signaling
exerts negative effects on the survival of MCs. Histocytochemistry showed that granule
contents in MCs-Kit"'* cultured on every OP9 transductant remained in the immature
state (Supplemental Figure 6). The survival of MCs-Kit"* on OP9-Ctrl depended on Kit
signaling because the treatment with ACK2 reduced their survival to the level of
MCs-Kit"s""-sh (Figure 6B). In addition, the survival of MCs-Kit"" on OP9-Ctrl was
impaired by the inhibition of PI3K (LY294002) and, to a lesser extent, p38 (SB203580)

and ERK1/2 (PD98059) (Figure 6C), showing the involvement of these signaling

16
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pathways in the Kit-dependent survival of MCs. The effects of the JNK inhibitor
(SP600125) were unclear because of its toxicity against stromal cells in this long-term
culture (data not shown).

These results suggested that although Notch ligand-transduced stromal cells
effectively supported the entire adhesion process of Kit-deficient MCs from tethering to
spreading, with the latter process involving the activation of the PI3K and MAPKSs
pathway, they were unable to support the survival of MCs-Kit”"""-hThus, Notch
family members were specialized molecules for the mediation of the cell adhesion of

MCs, while Kit supported the survival and adhesion of MCs (Figure 7).
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Discussion

We herein demonstrated the existence of a Kit-independent adhesion mechanism for
mammalian MCs mediated by Notch family members (Figure 7). On Notch
ligand-transduced stromal cells, not only was the entire adhesion process of cultured
MCs from tethering to spreading effectively induced in a manner depending on the
Notch receptor-ligand interaction, but Kit became dispensable to this process. Thus, the
Notch-mediated adhesion of MCs is a novel mode of MC interaction with the
surrounding microenvironments.

A small number of Kit-deficient MCs still adhered to OP9-Ctrl cells. Although
OP9-Ctrl cells weakly expressed endogenous Jagl on their surface (26), it did not
contribute to the adhesion of MCs (ref. 26 and Figure 4A), suggesting that other
adhesion molecules, such as ICAM1 and VCAMI, expressed by OP9 cells (25) are
involved in this process. This result also indicates that Notch ligands require a certain
level of surface expression to induce MC adhesion. Our results suggested that when
expression exceeds a certain level, the functions of the Notch-mediated and
Kit-mediated adhesion pathways become redundant.

The Notch-mediated spreading of adherent MCs involved the activation of
PI3K and MAPKs (p38, INK, ERK), similar to Kit-mediated spreading. However, it is
unclear how these pathways are activated in Kit-deficient MCs during Notch-mediated
adhesion. Since y-secretase activity, which is essential for canonical Notch signaling,
was dispensable for the induction of spreading, the 7-secretase-independent
non-canonical Notch signaling pathway may be involved (50-52). Previous studies

suggested the direct activation of the PI3K pathway by non-canonical Notch signaling
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(53-55). In contrast, although Notch signaling has been shown to indirectly regulate
MAPKSs signaling activated by other cell surface receptors (56-66), there does not
appear to be any evidence of direct MAPKs activation by non-canonical Notch
signaling. Therefore, one possible mechanism for Notch-mediated spreading is that
non-canonical Notch signaling directly activates PI3K and indirectly enhances MAPKs
pathways in tethered MCs, leading to cytoskeletal reorganization for deforming (Figure
7).

Notch ligand-rich environments did not support the survival of Kit-deficient
MCs despite their capacities to activate the MAPKs and PI3K pathways in adherent
MCs. Kit-mediated MC survival involves the down-regulation of pro-apoptotic BCL-2
family members (Bim and Puma) by a series of reactions starting from activated PI3K
and ERK (48, 49). Thus, the Notch-mediated activation of these signaling pathways
may not lead to the down-regulation of Bim or Puma. Although it currently remains
unclear why this qualitative difference between the Kit- and Notch-mediated activation
of PI3K and ERK occurs, Notch family members appear to be specialized molecules
that induce cell adhesion, while Kit supports the adhesion and survival of MCs.

The physiological conditions under which Notch-mediated MC adhesion is
operating remain unknown; however, this adhesion will enable MCs to maintain or to
form cell-cell and cell-ECM adhesion with cells not expressing Kitl, but expressing
Notch ligands, or when Kit-mediated adhesion becomes dysfunctional. There are some
inhibitory mechanisms of Kit-mediated MC responses. The binding of Kitl induces the
internalization of surface Kit on MCs (67, 68) and the activation of MCs induces the
shedding of the Kit ectodomain through the activation of proteases (67-69), both of

which result in the impaired adhesion of MCs to fibroblasts (68). Moreover, blood
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plasma contains a higher level of the soluble Kit ectodomain than soluble Kitl (70), and
soluble Kit inhibits Kitl bioactivity by acting as a decoy (71). One possible condition
under which Notch-mediated adhesion functions is chronic inflammation, in which
Notch ligands are up-regulated in stromal cells (72-76) and MCs frequently accumulate
(77). Therefore, the activation of tissue MCs and increased vascular permeability may
lead to impaired Kit-mediated MC adhesion. Notch-mediated adhesion may provide an
advantage to MCs harboring reduced surface Kit for their interactions with and
migration through the surrounding cellular environments.

In mice, the niche retention of hematopoietic stem cells (HSCs) in bone
marrow was recently suggested to involve Notch-mediated cell adhesion (78, 79). Since
HSCs express Kit and Notch receptors as MCs, further studies are warranted in order to
examine the relationship between these two receptors in niche retention based on our
results. Moreover, since the expression of Notch receptors is considered to be
maintained throughout the differentiation of diverse immune cell lineages (28, 30), the
role of Notch-mediated cell adhesion in various Notch-dependent responses throughout

life needs to be examined.
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Figure legends

Figure 1. Adhesion of MCs to Notch ligand-transduced OP9 stromal cells was not
inhibited by the insufficiency of Kit in MCs. (A) WT MCs were cultured on each OP9
stromal cell with 5 pg/ml of anti-IL-7Ra mAb (Ctrl mAb) or anti-Kit mAb (ACK2).
The percentages of adherent MCs at each incubation time (5, 15, 30, 60, and 120 min)
were shown. Data are the mean = S.E. of triplicate cultures (p < 0.05 between Ctrl
mAb and anti-Kit mAb at each time point, 2-tailed Welch’s #-test). (B) Surface
expression of Kit and FceRloo on MCs-Kit"" and -Kit"""-h (C) Percentages of
adherent MCs-Kit"'" and -Kit"*""-s" on each OP9 stromal cell at 60 min of the adhesion
assay were shown (mean + S.E. of triplicate cultures. “p < 0.05, 2-tailed Welch’s z-test).
(D) Surface expression of Notchl and Notch2 on MCs-Kit™* and -Kit"*""-h and Kit"
peritoneal MCs (See Supplemental Figure 2). (E) The expression of Kit and Fcerla in
the mixed lysates of adherent MCs-Kit"* or -Kit"""-" and each OP9 stromal cell after
60 min of the adhesion assay was analyzed by RT-PCR. RT-PCR with total RNAs from
each MC alone before the adhesion assay was designated as ‘Pre’. (F) The expression of
Kit, Fcerla, and Kitl in each OP9 stromal cell was analyzed by RT-PCR. (E, F) Original

gel sources and negative controls are in Supplemental Figure 1.

Figure 2. Temporal changes in adhesion states of MCs on OP9 cells. (A) A
representative photomicrograph of adherent MCs-Kit™”* on OP9-DIl4 cells after the
removal of non-adherent MCs at 60 min of the adhesion assay. Scale bar; 50 um. (B)
(Left panels) Adhesion assay (60 min) for MCs-Kit"”* on OP9-DII4 cells with the
F-ATPase inhibitor NaN3 (50 mM) or its solvent PBS (0.83% vol/vol) at 37°C or on ice.
(Right panels) Adhesion assay (60 min) for MCs-Kit"" on 2% PFA-fixed OP9-DII4
cells with the actin polymerization inhibitor cytochalasin D (5 uM) or its solvent DMSO
(0.05% vol/vol). Photomicrographs of adherent MCs were shown. Arrowhead:
spreading MCs. (C, D) Adhesion assays for MCs-Kit"* and MC-Kit"""-s" on OP9-Ctrl
cells with various incubation times. (C) The ratios and (D) numbers of adherent MCs in
each adhesion state in a well were shown. (E) Adhesion assays for MCs-Kit"* with
various incubation times on each OP9 transductant. Dotted lines indicate the total

number of MCs plated in each well.
Figure 3. Spreading of adherent MCs on Notch ligand-transduced OP9 stromal cells

was affected less by the insufficiency of Kit in MCs. (A and B) Adhesion assays (60
min) for MCs-Kit"* and MCs-Kit""""-s" on each OP9 cell. (A) Representative
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photomicrographs of adherent MCs. Scale bar; 50 um. Arrowhead: spreading MCs. (B)
The numbers of adherent MCs in each state were shown. (C) Adhesion assays (60 min)
for MCs-Kit"* on each OP9 cell with a control mAb (A7R34) or anti-Kit mAb (ACK2)
(10 pg/ml each). (B and C) Data are the mean + S.E. of triplicate cultures. Dotted lines
indicate the total number of MCs plated on each well. Asterisks denote significant
differences in each adhesion state between (B) MCs-Kit"* and MCs-Kit"""=" or (C)
the control mAb and ACK2 (p < 0.05, 2-tailed Welch’s #-test).

Figure 4. Spreading of adherent MCs-Kit""""-sh on Notch ligand-transduced OP9
stromal cells was dependent on the Notch receptor-ligand interaction, but independent
of y-secretase-mediated Notch signaling. (A) Adhesion assays (60 min) for
MCs-Kit"""-sh on each OP9 cell with control pAb (20 pg/ml) or anti-Notchl pAb plus
anti-Notch2 pAb (10 pg/ml each). Cultures contained 76.9 uM NaN3, which had no
effect on the adhesion of MCs. (B) MCs-Kit"-""-sh were pretreated with the y-secretase
inhibitor DAPT (50 uM) or its solvent DMSO (0.5% vol/vol) for 30 min, and the
adhesion assay (60 min) was performed with the reagents. (C) MCs-Kit"* were
pretreated with an anti-Kit mAb (ACK2, 10 pg/ml) plus DAPT (30 uM) or DMSO
(0.3% vol/vol) for 10 min, and the adhesion assay (60 min) was performed with the
reagents. Data are the mean + S.E. of triplicate cultures. Asterisks denote the
significantly different responses of each adhesion state from control treatments (p <
0.05, 2-tailed Welch’s #-test).

Figure 5. Kit- and Notch-dependent spreading of adherent MCs both involved MAPKs
and PI3K signaling in MCs. (A-D) MCs-Kit"* or MCs-Kit"-""-s" were pretreated with
SB203580 (p38 inhibitor, 50 uM), SP600125 (JNK inhibitor, 50 uM), PD98059
(MEK1/2 inhibitor, 50 uM), LY294002 (PI3K inhibitor, 20 uM), or the solvent DMSO
(0.25% vol/vol) for 60 min, and adhesion assays (60 min) were performed with the
reagents on the indicated OP9 stromal cells. Data are the mean + S.E. of triplicate
cultures. Asterisks denote the significantly different responses of each adhesion state
from control treatments (p < 0.05, 1-tailed Welch’s ¢-test). (D) Representative
photomicrographs of adherent MC-Kit"-"/"-sh yunder the indicated conditions in (B) and

(C). Scale bar; 50 um. Arrowhead; spreading MCs.
Figure 6. The Notch receptor-ligand interaction did not support the survival of

MCs-Kit"-shW-sh MCs-Kit™" and MCs-Kit"""-sh were cultured on each OP9 stromal

cell for 7 days with the indicated reagents. Percent control responses of live MCs to day
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0 (total MCs initially added) were shown. (A) The survival responses of each MC on
each OP9 cell or without OP9 cells (OP9(-)). Data are the mean + S.E. of triplicate
cultures (*p < 0.05, one-way ANOVA with Tukey’s HSD test). Asterisks in the bars
denote significant differences in the response on each OP9 cell from that on each
OP9-Ctrl cell. (B) The responses of each MC on OP9-Ctrl cells with or without 10
pg/mL of an anti-CD4 mAb (GK1.5, for control) or anti-Kit mAb (ACK2). Data are the
mean + S.E. of triplicate cultures. “p < 0.05, one-way ANOVA with Tukey’s HSD test.
n.s.: not significant. (C) The responses of MCs-Kit** on OP9-Ctrl cells with SB203580
(SB, 40 uM), PD98059 (PD, 40 uM), LY294002 (LY, 20 uM), or the solvent DMSO
(0.2% vol/vol). Data are the mean + S.E. of triplicate cultures. “p < 0.05, one-way
ANOVA with 2-tailed Dunnett’s pairwise multiple comparison #-test.

Figure 7. Summary of Kit- and Notch-mediated cell adhesion. The tethering of MCs to
stromal cells is induced by Kit-Kitl and Notch receptor-ligand interactions (26). Kit
signaling activates the PI3K and MAPKSs pathways, leading to the induction of integrin
activation and cytoskeletal reorganization, which enables MCs to spread (15-24). The
Notch-mediated tethering of MCs leads to the activation of the above signaling pathway
that induces the spreading of adherent MCs as Kit-mediated adhesion, in a manner
independent of the y-secretase activity. The mechanisms by which the PI3K and
MAPKSs pathways are activated during Notch-mediated adhesion remain unclear;
however, y-secretase-independent non-canonical Notch signaling (50-52) may be
involved: (A), non-canonical signaling may directly activate PI3K (53-55), and (B)
Notch signaling may indirectly influence signaling from other RTKs to modulate the
activation of MAPKs (56-66). Kit supports the adhesion and survival of MCs, whereas
Notch only supports adhesion (Table).
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Figure 5
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Supplemental Figure 1
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Fig. S1. MCs-Kit"s"""-sh are MCs, not basophils.

On days 11 and 63 of the induction of MCs from the bone marrow cells of C57BL/6-Kit"* and -
Kit"sW"-sh mice, the expression of Kit, FceRlIa, and CD49b (DX5, basophil, and NK cell marker)
was analyzed by flow cytometry. On day 11 of the MCs-Kit** culture, when MCs and basophils co-
exist (I), CD49b" cells were detected in the Kit fraction, whereas Kit" cells were FceRIo"CD49b-.
The MCs-Kit"""-sh culture also contained CD49b" cells. On day 63 of both cultures, most of the
cells were FceRIo"CD49b™. Histocytochemistry with May-Griinwald and Giemsa solution (Muto
Pure Chemicals, Tokyo, Japan) showed that all cells in both cultures on day 63 had similar
morphologies and granulation, suggesting that cells in both cultures are MCs.

I.  Ohnmacht, C., and Voehringer, D. 2009.
Basophil effector function and homeostasis during helminth infection. Blood 113:2816.



Supplemental Figure 2
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Fig. S2. Staining of Peritoneal MCs and bone marrow-derived MCs

(A) Detection of peritoneal mast cells (related to Figure 1D). Kit" cells in the peritoneal exudate cells of
C57BL/6-Kit™* mice expressed FceRIo.. MC-deficient C57BL/6-Kit"-""-s" mice lacked this population,
suggesting that they are MCs. (B) Histocytochemistry of MCs-Kit™* and -Kit"=""-s" (84 days of culture)
and peritoneal exudate cells from C57BL/6-Kit"" and -Kit"*""-" mice. Alcian blue + Safranin O: cells
were initially stained with Alcian blue (pH 2.5), and then with 0.1% safranin O (Muto Pure Chemicals).
Naphthol AS-D chloroacetate esterase (CAE): Cells were stained with CAE staining kit (Sigma-Aldrich)
according to the manufacturer’s instruction. Peritoneal MCs (C57BL/6-Kit"/*) were mature connective
tissue-type MCs (II), as shown by red staining with safranin O and CAE staining (red) (III). In contrast,
MCs-Kit™* and -Kit" """ were immature mucosal-type MCs (II), as shown by blue staining with
Alcian blue and weak to negative staining with CAE. Arrows: peritoneal MCs. Bars: 25 um.

II. Gurish, M.F. and Austen, K.F. 2012.
Developmental origin and functional specialization of mast cell subsets. Immunity 37:25.
III. Fukao, T., Yamada, T., Tanabe, M. et al. 2002.

Selective loss of gastrointestinal mast cells and impaired immunity in PI3K-deficient mice.
Nat. Immunol. 3:295.



Supplemental Figure 3
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Fig. S3. Original gel sources and negative controls related to Figures 1E and IF.

(A) Original gel sources for Figure 1E. (B) Negative control for the RT-PCR analysis related to
Figure 1E and (A). RT(-) denotes PCR with total RNA subjected to the reverse-transcription
reaction without a RT enzyme. (C) Original gel source and the negative control for Kit/ in Figure 1F.
(D) Original gel source for Kit and Fcerla in Figure 1F.



Supplemental Figure 4
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Fig. S4. Notch-dependent spreading of adherent MCs-Kit"""s" involved MAPKs and PI3K
signaling in MCs.

MCs-Kit"s""-sh were pretreated with SB203580 (p38 inhibitor, 50 uM), SP600125 (JNK inhibitor,
50 uM), PD98059 (MEK1/2 inhibitor, 50 uM), LY294002 (PI3K inhibitor, 20 uM), or the solvent
DMSO (0.25% vol/vol) for 60 min, and adhesion assays (60 min) were performed with the
reagents on the indicated OP9 stromal cells. Dotted lines indicate the total number of MCs plated
on the wells. Asterisks denote the significantly different responses of each adhesion state from
control treatments (p < 0.05, 1-tailed Welch’s #-test).
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Fig. S5. Notch signaling may negatively affect the survival of MCs-Kit"* on OP9-DIl4 and -Jag2.

(A) Detection of live MCs after a 7-day co-culture with each OP9 stromal cell by flow cytometry. On day 7
of the co-culture, all cells in the wells were harvested with trypsinization, stained with PI, and analyzed by
flow cytometry. GFPPI" cells in the 60-second flow were counted as live MCs. Representative histograms
were shown. (B) MCs-Kit™* were cultured on the indicated OP9 cell for 7 days with DAPT (20 uM) or the

same volume of DMSO (0.1% vol/vol), and the number of surviving MCs was analyzed. Percent control

responses to the response of OP9-Ctrl+DMSO in 3 independent experiments were shown. Data are the mean

+ S.E. of triplicate cultures. “p < 0.05, one-way ANOVA with Tukey’s HSD test. n.s.: not significant.
Asterisks in the bars indicate significant differences from each response on OP9-Ctrl.



Supplemental Figure 6

MCs-Kit** cultured on each OP9 transductant for 7 days
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Fig. S6. Granule contents of MCs-Kit™* did not show marked changes after a co-culture with each
OP9 transductant.

After culturing MCs-Kit"* on each OP9 transductant for 7 days, cells (OP9 cells + MCs) were
harvested and stained with the indicated reagents. Co-cultured MCs-Kir"" still showed blue staining
with Alcian blue and weak to negative staining with CAE, suggesting that Notch-mediated cell
adhesion did not influence the maturation of MCs-Kit"* during the co-culture (compare with
peritoneal mature MCs in Supplemental Figure 2). Arrows: MCs. Bars: 25 um.



