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first protein that specifically binds to the ion channel
modulator,

Xuan et al. have suggested that the majority of human serum
PSP94 has a high molecular mass of more than 60 kDa [10].
Later, it was reported that PSP94 binds to a protein in human
blood (PSP94-binding protein) [11]. Human PSP94 also exists
in a complex with CRISP-3 in seminal fluid [12]. CRISP family
proteins are widely distributed in mammals, reptiles [13], and
amphibians and are involved in a variety of biological reactions.
The N-terminal region of the PSP94-binding protein is ho-
mologous to the N-terminal domain of CRISPs.

In order to address the biochemical and physiological functions
of the 3 SSPs more thoroughly, the molecular nature of SSPs in
Habu serum was examined. Analysis by gel filtration and reverse-
phase HPLC revealed that all the SSPs in the serum had high
molecular masses of approximately 60 kDa, suggesting the pre-
sence of an SSP-binding protein. Identification of the binding
molecules will help in the understanding of SSP action. Afler the
purification of the SSP-binding protein from Habu serum, a novel
CRISP family protein with sequence homology to triflin was
identified. We have examined the structure and property of this
protein, which is termed serotriflin. Among the 3 SSPs tested, only
SSP-2 formed a stable, noncovalent complex with serotriflin. We
will also discuss the role of SSP-2 and serotriflin in Habu blood.

2. Materials and methods
2.1. Materials

We collected blood from 7. flaveviridis individuals from the Tokumoshima Island
by decapitation. The serum was sep d by centrifugation and dat—20°C. The

venom of T flaveviridis was also collected, lyophilized, and siored at - 20 °C. Triflin
mWMWwannmm{?}mw

i i with sulfite into Pyo P, as described previously [14). All the

other chernicals were purchased from Wako Pure Chemical Industries Lid. (Osaka).

All penments with animals were performed in el with the ethical
ided by the Intenational Society in Toxinology [15] ad approved by the

Institutional Animal Care and Use Committee of Fukuoks University.

2.2, Column chromatography

Analytical gel filtration was carried out using & TSKgel G3000SW column
(0.75%30 em, Tosoh) equilibrated with 0.2 M NaCl1-50 mM phosphate buffer
(pH 7.0) at a flow rate of 1.0 mVmin. Elution was monitored at 280 nm using
an 807-IT integrator. An analytical reverse-phase HPLC was performed on a
SepaxBio-C8 column (0.46x25 em, Sepax Technologies Inc.) with a linear
gradient of acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1.0 ml/min,
and elution was monitored &t 220 nm.

2.3, Ultrafiltration

Serum fraction Py, (1 mg) was dissolved in 150 ul of various buffers: 50 mM
NaCl-50 mM citrate buffer (pH 3-6) and 50 mM NaCl-50 mM phosphate buffer
(pH 7). After centrifugation at 7000 rpm for 20 min, the residue was removed and
the supernatants were transferred to ultrafiltration tubes with a molecular weight
cut-off of 30,000 (Ultracel YM-30, Millipore). The tubes were centrifuged at
4000 =g for 30 min, and the retained solution and the ultrafiltrate were separated.

5

2.4, Sodium dodecyl sulfate-polyacryl
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Sodium dodecyl sulfate-polyscrylamide gel electrophoresis (SDS-PAGE)
was camied out on 16.5% polyacrylamide gels under reducing conditions [16].

Ovalbumin (46,000), carbonic anhydrase (30,000), soybean trypsin inhibitor
(20,500), lysozyme (14,300}, and aprotinin (6500) were used as molecular
weight markers. Afier running the gels under a constant current, they were
stained with 0.1% Coomassie brilliant blue R-250 and destained with 10%
acetic acid.

2.5 Quantification of proteins

The concentration of pure samples was determined using a spectro-
photometer, and the molar extinction coefficients were calculated at 280 am
for SSP-2 (10,595 M™' em™'), wiflin (52,340 M’ em "), and serotriflin
(46,380 M~ em™") [17].

2.6. Purification of SSP-binding protein

Fraction Py, (150 mg) was dissolved in a small amoumt of 0.2 M NaCl-
50 mM Tris-HC! (pH 8.0) and loaded on a Sephacryl S-200HR column
(2.6%94 cm). Elution was carried out at 4 °C with the same buffer, and 5-ml
fractions were collected. Proteins in the second peak were desalted by dialysis
and subjected o jon-exchange chromatography using a column
(1.6%15 cm) equilibrated with 50 mM Tris-HCl (pH 80). Elution was
performed at 4 °C with a linear gradient of NaCl from 0 to 0.4 M in the same
buffer, and 2-ml fractions were collected. Proteins in the second peak were
collected, desalted by dinlysis, and subjected to reverse-phase HPLC. An
analytical nin was carried out using a column of Cosmosil-5C;-AR-300
(0.46 x 15 em, Nacalai tesque). Elution was cirried out with an sppropriate gradient
of acctonitrile in 0.1% wifluoroacetic acid at a flow rate of 1.0 mlmin and was
maonfioned a1 230 nm. For the preparstion of SSP-binding protein, a YMC-Pack C8
column (1.0%25 cm, YMC) was used at a flow rate of 3.0 mlimin. The effluent
containing the SSP-binding protein was collected, and the pH was immediately
adjusted to 8.5 by the addition of 0.5 M Tris-HCl (pH 8.5).

2.7. Mass spectrometric analysis

Mass p was 1 on a Voyager DE-STR MALDI-TOF-mass
spectrometer (PerSeptive Biosystems), The sample was dissolved m 0. 1%
trifluoroscetic acid—50% acetonitrile containing « 4-hydr
ll:ld{leg}nd}asibcmﬂnx,andZ;dahqtﬂxwmmllyud.Thexpmwmn
was calibrated with the mass of

2.8. Protein sequence analysis

Seromflin was reduced and S-pyridylethylated according to Friedman et al
[18]. The S:pyridycthylated protein (400 g each) was digested at 37 °C with Lys-
C(E/S=1:90) for 6 hin 2 M urea-50 mM Tris-HC1 (pH 9.0), a-chymotrypsin (F/
§=1:100) for 4 h in | M urea—50 mM NHHCO,, or Asp-N (E/S=1:100) for 16 h
in 1.6 Murea20 mM phosphate buffer (pH 8.0). The digests were Iyophilized and

i d by phase HPLC on a YMC-Pack ODS column (0.46 % 25 cm,
YMC)in 0.1% tnfluoroacetic acid with an appropriate gradient of acetonitrile. The
amino acid sequences of proteins and peptides were d ined by the i
protein sequencing system PPSQ 21.

2.9. Cloning of cDNA fragment encoding the serotriflin precursor

Total RNA was extracted from the liver of T)‘Iawwu'u by the acid gua-
idini L ‘ hilk fi 1 hod .nd m o l)"l!ﬂlﬁll):
cDNA Erst strands using an adaptor-linked oligo{dT) primer ($'-GGCCAC-
GCGTCGACTAGTAC(dT)+-3"). The resultant cDNAs were used as a tem-
plate for the 3'-rapid amplification of cDNA ends (RACE) reaction, Synthetic
oligonucleotides, namely, Srfsig (5'-GCTGCAGTGCTGCAACAGTCTTCT-
GGAAC-3') and 3%-Adp (5'-GGCCACGCGTCGACTAGTAC-3"), were used
for PCR amplificstion. The Srifsig primer was designed based on the signal
sequence of tnflin [], and 3'-Adp corresponded to the adapts q within
the adaptor-linked oligo{dT) primer. The amplification product was subcloned
into the plasmid vector pBl ipt I1. The nucleotide seq of cDNA insens
were determined using ABI PRISM 377 DNA Sequencing System (Applied
Biosystems).
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Fig. 1. Analysis of molecular states of SSPs in Habu serum. (A) Analytical gel
filtration of T flavoviridis serum (solid line) and $SP-1 (broken line). Either the
serum (10 pl) or 500 uM of purified SSP-1 (10 wl) was applied 1o a column of
TSKgel GI00OSW (0.75%30 em) equilibrated with 0.2 M NaCl-50 mM
phosphate buffer (pH 7.0). (B) Reverse-phase HPLC on a column of SepaxBio-
C8 (0.46% 25 cm) of fractions P-1, P-2, P-3, and P4.

2.10. Binding assay of SSPs and serotriflin

A constant amount of serotriflin was mixed with various amounts of SSP-1, SSP-
2, and SSP-3in 1.0 M NaCl-50 mM phosphate buffer (pH 7.0). Afler the mixture was
left & room temperature for 10 min, the aliquots were subjected to analytical gel
filtration as described above except that 1.0 M NaCl-50 mM phaosphate buffer (pH
7.0) was used as the eluent. Elution was monitored at 280 nm, and the peak arca was
determined using an 807-IT imtegrator (Jasco). Column was calibrated by bovine
serum albumin (67,000), ovalburmin (46,000), mnd soybean trypsin inhibutor (20,500).

2.11. Surface plasmon resonance analysis of binding kinetics

Kinetic measuremenis of the interaction between SSP and tnflin/seroiriflin
were performed using a Biacore 2000 instrument (Biacore). The flow cells of CMS
sensor chips were activated with 100 pl of 0.2 M [-cthyl-3-{3-dimethylaminopro-
pylicarbodiimide and 0.05 M A-hydroxysuccinimide at a flow rate of 10 plmin.
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SSP-2 at a concentration of 10 pg/ml n 10 mM sodium acetate buffer (pH 4.0) was
injected to reach 5040 resonance units (R}, and the unreacted groups were hlocked
with 20 pl of | M cthanolamine (pH 8.5). SSP-| was used as 2 negative control
protein. The analytes, diluted 10 vanous concentrations in 10 mM Hepes-0.15 M
NaCl-3 mM EDTA.--0.005% surfaciant P20 (pH 7.4), were injected for 90 s during
the iation phase at a flow rate of 20 ul/min. The dissociation was
subsequently followed for 180 s at the same flow rate. The surface of the sensor
chip was regenerated using 10 mM Gly-HC1 buffer (pH 2.0) afler the binding of
malyte. The sensograms were comrected by subtraction of the signal from the
negative control surface and used to calculate the mte and affinity constants by
using BiaEvaluation 4,] (Biacore AB) and Origin 5.0 (Microcal).

3. Results

3.1. Analysis of molecular states of SSPs in Habu serum

Small proteins in serum, such as SSPs, likely to be easily
excreted in the urine if freely present in plasma in its monomeric
form. To determine the native molecular status of SSPs, we first
attempted to estimate their molecular mass by a gel filtration of
native Habu serum proteins. Analytical gel filtration using a
TSKgel G3000SW column showed that SSP-1 was eluted at
9.88 min (Fig. 1A). However, when Habu serum was analyzed
in the same manner, 4 protein peaks (P-1 -P-4) appeared at 5.03,
6.75, 7.85, and 8.86 min, but no peak was observed near 10 min.
To examine the presence of SSPs after gel filtration, 4 fractions
containing peaks P-1-P-4 were collected and subjected directly
to an analytical reverse-phase HPLC. As shown in Fig. 1B,
most of the SSPs were detected in fraction P-3. The apparent
molecular mass of P-3 was approximately 60 kDa. This result
clearly indicates that the S5Ps are not in a free state but exist in
the high molecular mass form in Habu serum. Since SSPs do not
form any oligomer in physiological buffers, the presence of an
SSP-binding protein is suggested.

3.2, Property of SSP-protein complex
In order to identify the SSP-binding protein, some properties
of the SSP-protein complex were examined. An ammonium

sulfate fraction (Pg) was dissolved in buffers at pH 3-7 and
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Fig. 2. pH-dependent dissociation of the SSP-protein complex, The pH of
T flavoviridis serum was adjusted with the addition of buffers (pH 3-7), and the
mixture was filtered through an ultmfiltration membrane of molecular weight cut-
off of 30,000. The inner solution (/) and the outer ultrafiltrate (o) were analyzed by
SDS-PAGE. M, marker protems. An amow indicates the positon of SSPs.



624 N Aoki et al / Biochimica et Biophysica Acta 1784 (2008) 621628

Am (A)

An  (C) 2 45

Retention time (min)
(D)

M12345
kDa =
1S e
- -
. -
205
145 =
0 6 |2
50 100 150
Fr. No.
Fig. 3. Purifi of the SSP-binding i {A}G:lﬁluumo[lnlmmmsul&lchcum[Pm)fanﬂamwduwummnthml&ZOOHRwlum
Fractions indicated by & bar were collected. (B) Q-Sepl ct graph of:heumpled:u.med&rmgclﬁlmm Fractions indicated by a bar were collected.
(C) Reverse-phase HPLC of the sample obtained from Q-Seph ck graphy on a Ci 1-5C g-AR-300 column. (D) SDS-PAGE of the samples obtained

from the peaks 1-5 by reverse-phase HPLC. M, a mixture of marker proteins.

subjected to ultrafiltration with a membrane having a molecular
weight cut-off of 30,000. The inner (retained) solutions and the
outer ultrafiltrates were then analyzed by SDS-PAGE (Fig. 2).
SSPs were retained on the membrane in solutions above pH 5.
On the other hand, SSPs were detected in the outer solutions
below pH 4, and a small amount of SSPs were present in
the ultrafiltrates. No other protein band of above 10 kDa was
detected. This indicates that the SSP—protein complex disso-
ciates in acidic solutions, and the SSP-binding protein cannot
pass through the membrane.

3.3. Identification of SSP-binding protein

The SSP-protein complex was purified from Py by gel
filtration and anion-exchange chromatography. The gel filtra-
tion of Py resulted in 2 peaks on a Sephacryl $-200HR column
(Fig. 3A). SSPs were detected only in the second peak. This
material was further purified by anion-exchange chromato-
graphy on a Q-Sepharose column, resulting in 2 major peaks
(Fig. 3B). Since the second peak contained the highest amount
of SSPs, the components in this peak were examined by reverse-
phase HPLC on a C8 column (Fig. 3C). Under the acidic
conditions used in this chromatography, SSPs could be libera-
ted from the complex, and 5 major peaks were detected. SDS-
PAGE analysis revealed that peaks 1, 2, and 5 corresponded to
SSP-1, PLI-I [19], and serum albumin, respectively (Fig. 3D).
Peak 4 was formed by a mixture of at least 4 proteins, including

PLI-I [19] and HSF [14]. Peak 3 corresponded to a single
protein having a molecular mass of approximately 30 kDa.
MALDI-TOF-mass spectrometry revealed the exact mass of
this protein to be 27,645.7 Da. The protein recovered from
peak 3 was directly subjected to N-terminal sequence analysis,
yielding the following 39 residues: TVDFASESAN ERETQ-
KEILD KHNALRRSVR PTARNMLQM. Since a similarity
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Fig. 4. Determination of the primary structures of serotriflin. D, Asp-N digests;
K. Lys-C digests; C, chymotrypsin digests.



was observed between this sequence and that of triflin [9] from
T. flavaviridis venom, this new protein was termed serotriflin.
The primary structure of serotriflin was determined by protein
sequencing. S-pyridylethylated serotriflin was digested by Asp-
N, Lys-C, or chymotrypsin, and the amino acid sequences of
fragment peptides were determined (Fig. 4). We could de-
termine the entire sequence except for residues 48 and 221
(the C-terminal residue). To elucidate the amino acid sequence
of the serotriflin precursor, we cloned the cDNA-encoding
serotriflin precursor from the liver of 7. flavoviridis. The result
is shown in Fig. 4 in italics. The C-terminal amino acid was
assigned to be Lys. As was expected, residue 48 was Asn. The
sequence Asn*®-X-Thr’® may suggest that a sugar chain is
attached to this residue.

3.4. Binding analysis of serotriflin with SSPs

In a previous paper, we reported that triflin can selectively
bind to $SP-2 [7]. High similarity between the sequences of
both triflin and serotriflin suggested that serotriflin could also
bind to some SSPs. Native serotriflin was purified as described
above, At the final step of purification, the pH of the effluent
was immediately adjusted to 8.5 by the addition 0of 0.5 M Tris
HC1 (pH 8.5) since prolonged storage in an acidic solution may
denature serotriflin. Lyophilization and desalting with dialysis
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Fig. 5. Binding of SSP-2 to serotriflin, To a constant amount of serotriflin
(40 uM) were added vanng amounts of SSP-2, and the mixtures were analyzed
by gel filiration HPLC on a column of TSKgel G3000SW (0.75%30 cm) in
1.0 M NaCl-50 mM phosphate buffer (pH 7.0) with a fow rate of 1.0 ml/min.
Armows indicate the positions of serotriflin-SSP-2 complex (s), serotriflin
(b), and SSP-2 ()
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Fig. 6. Surface plasmon resonance analyses of the binding of SSP-2 to CRISP
family proteins. Representative data of equilibrium binding of triflin (A) and
scrotriflin (B) to SSP-2. Serially diluted serotriflin (from 500 to 63 nM for triflin
and from 350 to 44 nM for serotriflin) were injected at a flow rate of 20 pl/min
through flow cells with the SSP-2 immobilized to the sensor chip surface at
500 RU.

revealed that the native serotriflin and its circular dichroism
(CD) spectrum were considerably similar to native triflin and its
CD spectrum, respectively (data not shown). In order to examine
the possibility of serotriflin being the SSP-binding protein in
Habu serum, we first tested the binding of serotriflin to the
3 SSPs by using the same method of native PAGE as that used
for the binding analysis of triflin [7]. However, we could not
detect any band of serofriflin by this method since serotriflin is
a basic protein with a calculated p/ of 8.8 and does not enter the
gel under standard conditions [20]. Therefore, the binding
was monitored by analytical gel filtration, Because serofriflin
was eluted at an apparent molecular weight of 16,000 in a
solvent containing 0.2 M NaCl, elution was performed with a
buffer containing 1.0 M NaCl to eliminate the unordinary
interaction between the protein and the gel matrix. Vanous
amounts of SSPs were mixed with serotriflin and the mixtures
were analyzed by gel filtration: serotriflin, SSP-1, SSP-2, and
SSP-3 were eluted at 9.76, 10,73, 10.90, 11.35 min, respectively.
When the molar ratio of SSP-2/serotriflin was less than |, a
shoulder was observed at 9.32 min (Fig. 5). When more than 1
equivalent of SSP-2 was mixed with serotriflin, the 9.32-min
peak (peak a in Fig. 5) was the major one, and a peak appeared
at 10.90 min (peak ¢) due 1o excess SSP-2. Peak a was assumed
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Table |

Surface pl analyses of the binding of serotriflin and triflin to immobilized SSP-2

Ligand Analyte k, (1/Ms) ky (1/8) Kn (M)

S8p-2 Triflin 5.42=0,65x10* 1.26+0,04%107"° 240+ 114 % 107" (1.76-3.25x 107")
$SP-2 Serotriflin 4.00+038x10° 8.65+0.12x107* 2.15+036x 107" (1.86-2.68x 107"

The kinetics of the interaction between SSP-2 and CRISP family proteins (triflin and serotriflin) was evaluated with a Biacore 2000 instrument. The ligand SSP-2 was
immobilized on a surface that was challenged with different concentrations of serotriflin mdmﬂm. and association and dissociation rates (k, and ;) were measured,

The average values of four mdependent experiments are cited. The range of equil

(Kp) are given in parentheses.

o be formed by a complex between SSP-2 and serotriflin
because its molecular weight was estimated 1o be 37,000 by a
calibration curve. On the other hand, SSP-1 and SSP-3 resulted
in 2 peaks corresponding to free serotriflin and each of the SSPs,
and no peak corresponding to the complex with serotriflin could
be detected (data not shown).

3.5. Kinetics of complex formation between SSP-2 and triflin or
serotriflin

The SSP-2-triflin complex is stable and does not dissociate
during native PAGE analysis [7]. The gel filtration experiments
described above also show the stable nature of the SSP-2-
serotriflin complex. The affinity between the SSPs and the 2
CRISP proteins was further examined in detail by continuous
monitoring of binding and dissociation by surface plasmon
resonance technology. Preliminary experiments using the 3
S5Ps have indicated that SSP-1 and SSP-3 do not bind o triflin
and serotriflin (data not shown). Therefore, SSP-1 was selected
as a negative control protein in the surface plasmon resonance
experiments. The affinity of SSP-2 was evaluated for triflin
(Fig. 6A) and serotriflin (Fig. 6B). The sensograms reveal that
both proteins have high affinity with SSP-2, as indicated by
the low dissociation rates. Global evaluation using the 1:1
Langmuir binding model yielded kinetic binding parameters of
the 2 proteins (Table 1). The association rate (k,) of SSP-2
for triflin was approximately 10 times higher than that for
serotriflin, but the dissociation of the SSP-2-serotriflin com-
plex was considerably slower than the complex with triflin. The
low dissociation constants (Kp) also suggest that the interac-
tions between the 2 proteins and SSP-2 are highly specific.

4. Discussion

Even though PSP94 was first isolated as a major protein from
human seminal plasma [21], it was later found to be present at
the same level in women as that in men [22). Besides its roles
in fertility [23.24], several functions have been postulated to
this protein [25.26]. PSP94 family proteins have been isolated
from pig [2], monkey [4,6,27], mouse [3], rat [28], and ostrich
[5]. They are composed of 91-94 amino acids, have 10 highly
conserved cysteine residues, and remain quite stable on heai-
ing and at extreme pH values [29]. Recently, it was reported
that human PSP94 exists as the complex with PSP94-bind-
ing protein (PSPBP) in the blood [11]. PSPBP is a glycosylated
protein, and the N-terminal region within the human PSPBP
showed sequence similarity (more than 40% identity) with a
defined family of proteins having the sperm coating glycopro-

tein (SCP)-like domain [30]. The CRISP {amily protein also has
the SCP domain. The PSPBP can be considered to be a member
of this family. Udby et al. [ 12] reported that human PSP94 also
exists as a complex with CRISP-3 in seminal fluid. Since SSPs
are low molecular mass proteins belonging to the PSP94 family,
they may also be present in a high molecular mass form. Gel
filtration analysis of Habu serum clearly indicated that all the
SSPs have molecular masses higher than the monomeric pro-
tein. The presence of a binding protein with a high molecular
mass can be expected in the serum. Serotriflin has been isola-
ted from Habu serum as a candidate for an SSP-binding pro-
tein, Structural analysis by peptide sequencing as well as cDNA
cloning has proved that this new protein is a member of the
CRISP family. This family of proteins shows a wide phylo-
genetic distribution, ranging from plants to mammals, and is
charactenized by the presence of conserved cysieine residues
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Fig. 7. Alignment of the amino acid sequences of serotniflin and representative
CRISP family members from several snake venoms. Conserved residues are
indicated by asterisks. Cysteine residues are shown in white-on-black. For each
CRISP member sequence, corresponding GenBank accession number and percent
identity to serotriflin are as follows: (1) serotrifling (2) miffin (AAMA5665, 68%);
(3) ablomin (AAM45664, 69%); (4) piscivorin (AADG2994, 71%); (5) tigrin
(AAMI9739, 65%); (6) natrin-2 (Q7ZZNS, 79%); (7) latisemin (AAM45666,
81%) (8) pseudochetoxin (QBAVA4, 73%). anqmdc of pseudochetoxin is
underlined.
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[13]. Several CRISP proteins have been associated with crucial
biological processes such as gamete maturation, fertilization
and host defense responses [31]. However, the functions of
most CRISPs remain unknown. Serotriflin has 16 cysteine
residues and is highly homologous to several CRISP proteins
from a variety of snake venoms as shown in Fig. 7. When the
amino acid sequence of serotriflin was compared with that of
trifling — a snake venom CRISP that inhibits smooth muscle
contraction by inhibiting the Ca’" channel 9], the sequence
identity was 65% in the mature protein region. Both the pro-
teins are composed of 221 residues, whereas the molecular
masses of triflin and serotriflin were determined to be 24,803.5
and 27,645.7 Da, respectively, by MALDI-TOF-mass spectro-
metry. The larger molecular mass of serotriflin is attributable
to the presence of a sugar chain at Asnd8, In the cloning
experiments, we used a primer that was designed based on
the signal sequence of triflin for PCR amplification. It is likely
that the signal peptide of serotriflin may be quite similar to that
of triflin. Although many CRISP family members have been
identified as the venomous proteins, serotriflin is the first CRISP
family protein found in snake serum.

In spite of the sequence similanty between triflin and sero-
triflin, the latter must have no toxic activity such as the Ca®"
channel-blocking activity. On the basis of the crystallogra-
phic study of CRISPs, Morita et al. have shown that triflin is
composed of 2 domains and hydrophobic residues (including
PhelB9, Leu 195, Tyr205, and Phe215), which may obstruct
the target ion channel and are exposed to the solvent [32]. They
also proposed the significance of 2 residues, namely, Glul86
and Phel89, as the most likely functional residues. In serotri-
flin, these residues are replaced by Vall186 and Tyrl189 (Fig. 7).
Moreover, no homology between triflin and serotnflin can be
observed at residues 184190, which is thought to be a possible
interaction site. This may support the above suggestion of the
ion-channel-blocking activity of triflin, and serotriflin appears to
have no such activity.

The complexes between SSPs and their binding proteins could
dissociate in acidic solutions below pH 4 (Fig. 2). When Py, was
dissolved in a buffer with pH 7.4 and subjected to ultrafiltration,
no SSP was recovered in the ultrafiltrate. In contrast, the ultra-
filtrate of Py at pH 3.5 contained 3 SSPs as the main components
when analyzed by reverse-phase HPLC (data not shown). SSPs
purified by HPLC at pH 2 had complete activity, as judged by
either metalloproteinase inhibition [ 7] or binding afTinity to tnflin.
The SSPs are considerably stable to extreme pH values as well
as high temperatures (data not shown). This property may be
attributable to the tight conformation of SSPs as estimated
from the 3D structure of human and porcine PSP94 [33]. The
acid stability of SSPs facilitated the Biacore experiments; re-
peated washing of the sensor chip conjugating the SSP-2 with
a buffer at pH 2 indicated no decrease in the binding potency
to triflim or serotriflm. The gel filtration experiment suggested
that the stoichiometry of serotriflin and SSP-2 in the complex is
1:1 (Fig. 5). This is in contrast 1o the 2:1 stoichiometry between
human PSP94 and CRISP-3 [12], Both triflin and serotriflin were
bound to SSP-2 with high affinity; the dissociation constants
for the SSP-2 - triflin and SSP-2 -serotriflin complexes were 24.0

and 21.5 nM, respectively. The k, and ky of SSP bound to
serotriflin were both approximately 10-150 times lower than
those of SSP bound to nflin. This indicates that serotriflin is an
excellent cammier protein for SSP-2. As described above, SSP-2
may exist as a complex with serotriflin. If SSP-2 can bind to triflin
instead of serotriflin in blood serum and suppress the toxic acti-
vity of triflin, SSP-2 may play a role in the defense system
of venomous snakes in the case of self~envenomation. Unlike
SSP-2, other SSPs could not effectively bind to serotniflin or to
triflin; however, they also exist in high molecular mass forms
(Fig. 1). Since SSP-1 and SSP-3 do not aggregate in aqueous
bufTers, another binding protein should be present in Habu serum.
The identification of such a protein is currently underway.
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Objective. Various cytokines and growth factors control the differentiation and maturation of
megakaryocytes (MKs). However, the mechanism regulating platelet release from MKs is not
well understood. Here, we investigated a role of Lnk/Sh2b3, an intracellular adaptor protein,
in megnkaryopoiesis.

Materials and Methods. Number of MK progenitor in bone marrow (BM) of wild-type or
Lak ™'~ mice and their sensitivity to thrombopoietin (TPO) were determined in colony-forming
unit assay. Using BM-derived wild-type or Lak "~ MKs stimulated with TPO, activation of the
signaling molecules was biochemically analyzed and effect of integrin stimulation on TPO sig-
nals was studied by addition of vascular cell adhesion molecule (VCAM-1). Platelet production
from MKs in the presence of VCAM-1 was counted by flow cytometry and their morphological
change was observed by time-lapse microscopy.

Results, Lnk™'~ mice showed elevated platelets and mature MKs due to enhanced sensitivity
of progenitors to TPO. Erkl/2 phosphorylation induced by TPO was augmented and pro-
longed in Lak~'~ MKs while activation of signal transducers and activators of transcription
(Stat)3, StatS, and Akt was normal. Wild-type MKs, but not in Lak~"~ MKs on VCAM-1
showed reduced StatS phosphorylation and mitogen-activated protein kinases activation
upon stimulation with TPO. Additionally, the presence of YCAM in culture accelerated
spontaneous platelet release from mature wild-type MKs, but not from Lak '~ MKs.
Conclusions. Results suggest that contact of MKs with adhesion molecules via integrins might
contribute to platelet release, which is under Lok-mediated regulation of Stat-5 activation and
show that Lnk functions in responses controlled by cell adhesion and in crosstalk between
integrin- and cytokine-mediated signaling. © 2008 ISEH - Society for Hematology and

Stem Cells. Published by Elsevier Inc.

Megakaryocytes (MKs) and the platelets they produce are
required for normal thrombosis and hemostasis [1). Recent
evidence indicates early roles of platelets in innate immune
responses and tumor cell biology [2]. MK progenitors that
reside in the bone marrow (BM) undergo endomitosis and
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differentiate into large, MKs with polyploidy in preparation
for platelet production [3). Thousands of platelets can be
released from a single MK into the bloodstream. Thrombo-
poietin (TPO) is required for both MK development and
maintenance of platelet production. Mutant mice lacking
TPO or its receptor, c-Mpl, show severe thrombocytopenia
[4,5). However, the remaining platelets in those mice are
morphologically and functionally normal [6]. Thus, the
TPO/c-Mpl system plays a critical role in the survival and
proliferation of MKs, but is not indispensable for either
MK maturation or release of platelets.

0301-472XN8 S-sce front matter. Copyright © 2008 [SEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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A critical step in thrombopoiesis is migration and adhe-
sion of MKs to sinusoidal endothelial cells, where proplate-
lets elongate into the extravascular space [7-9]. The process
is regulated by a variety of chemokines and cytokines as
well as by adhesive interactions between adhesion
molecules and extracellular matrix proteins. Mice lacking
P-selectin, but not E-selectin, show increased numbers of
interleukin (IL)-3-responsive MK progenitors and mature
MKs with high ploidy [10]. A deficiency of platelet-
endothelial cell adhesion molecule-1 leads to migration
defects of MKs in response to stromal cell-derived factor-
1 (SDF-1) and their increased adhesion to BM matrix
proteins [11,12]. SDF-1 promotes localization of MK pro-
genitors to the sinusoidal vascular zone in BM. This occurs
through vascular cell adhesion molecule-1 (VCAM-1) and
fibroblast growth factor-4 augmented very late antigen—4
(VLA-4)-mediated adhesion of MKs to endothelial cells,
enhancing both MK survival and maturation [13). These
findings suggest pivotal roles of MK interaction with endo-
thelial cells in BM via integrins and their ligands as well as
cytokine-independent regulation in thrombopoiesis.

Lnk, recently designated as SH2B adaptor protein 3
(Sh2b3), belongs to an adaptor protein family composed
of SH2-B (Sh2bl) and adaptor protein with PH and SH2
domains, APS (Sh2b2). Lnk negatively regulates lympho-
poiesis and early hematopoiesis. Lnk-deficiency results in
enhanced production of B cells partly due to enhanced sig-
naling through c-Kit, and expansion as well as enhanced
function of hematopoietic stem cells (HSCs) [14-16]. In
addition, it appears that Lnk negatively controls erythropoi-
ctin- and TPO-dependent signals in erythropoiesis and
thrombopoiesis [16-18]. Our previous study revealed that
motility of hematopoietic progenitor cells on VCAM-1,
an integrin ligand, was modulated by Lnk-mediated path-
ways [19]. Although the expansion of HSCs in Lnk '~
mice is largely TPO-dependent, it appears that the
enhanced capability of Lak™'~ HSCs for repopulating
irradiated host animals is not accomplished solely by
a TPO-dependent pathway [20]. These observations suggest
that Lnk might participate in control of integrin-mediated
cell motility in addition to regulation of cytokine-dependent
growth.

In this study, we investigated the possibility that Lok
might control thrombopoiesis by modulating integrin-
mediated responses in addition to TPO-dependent growth
signaling. Lnk specifically suppressed TPO-induced activa-
tion of Erk1/2, constraining the sensitivity of MKs to TPO.
Costimulation of MKs with TPO and VCAM-1 resulted in
downregulation of signal transducers and activators of
transcription (Stat) S and upregulation of mitogen-activated
protein kinase (MAPK) activation compared to stimulation
by TPO alone. Those changes mediated by co-stimulation
by TPO and VCAM-1 were not observed in MKs lacking
Lnk. Our results revealed a formerly unrecognized
regulatory mechanism in thrombopoiesis through integrin

I He logy 2008,36:897-906

signaling and showed that Lnk modulates crosstalk between
integrin-mediated signals and cytokine-induced signals.

Materials and methods

Mice and reagenis

C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan).
Lok~ mice [14-16] and green fluorescent protein (GFP) trans-
genic mice [21], both are on CSTBL/6 background, were bred
and maintained under specific pathogen-free conditions at the an-
imal facility of the Institute of Medical Science, the University of
Tokyo. Recombi h TPO, IL-3, and mouse IL-6
were purchased from Peprotech (London, UK). Mouse VCAM-
I/Fc chimera was provided by R&D Systems (Minneapolis,
MN, USA). Purified human fibrinogen was from American Diag-
nostica Inc. (Stamford, CT, USA). Human collagen type | was
from Nycomed Pharma GmbH (Munich, Germany). Anti--actin
(clone 2.1) was obtained from Sigma (St. Louis, MO, USA), while
anti-phospho-Stat5  (pTyr694), anti-phospho-Stat3 (pTyr705),
anti-Stat3, anti-phospho-Akt (Serd73), anti-Akt, anti-phospho-
Erkl/2  (pThr202/pTyr204), anmti-Erk1/2, anti-phospho-p38
(pThri80/pTyr182), and anti-p38 were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). Additional antibodies
included anti-Stat5a and anti-Stat5h (Santa Cruz Biotechnologies
Inc., Santa Cruz, CA, USA), and secondary antibodies, horserad-
ish peroxidase—coupled goat anti-rabbit IgG and sheep anti-mouse
TgG (Amersham Pharmacia Biotechnology). Anti-Lnk antibodies
were generated [14,15].

Flow cytomerric analysis

BM cells or splenocytes from wild-type and Lnk-deficient mice
were harvested with Iscove’s modified Eagle’s medium (IMDM;
GIBCO, Invitrogen, Grand Island, NY, USA) containing 2% fetal
bovine serum (FBS), incubated with anti-FcRy2 antibody (2.4G2)
to block nonspecific binding and stained with fluorescein isothio-
cyanate or phycoerythrin-conjugated anti-CD41 (MWReg3(0: BD
Biosciences, San Jose, CA, USA). The percentage of CD417 cells
in total BM was determined with a FACSCalibur instrument (BD
Biosciences), and the absolute number of CD41™ MKs in BM or
spleen was calculated. The ratio of GFP* platelets in total CD41*
platelets was also determined by flow cytometry. For polyploidy
analysis, BM cells directly harvested from wild-type and Lak™'~
mice were dissociated in CATCH buffer (Hank's balanced salt
solution [GIBCO, Invitrogen], including 0.38% sodium citrate, 1
mM adenosine, and 2 mM theophylline) and stained with fluores-
cein isothiocyanate-CD41 antibody. To stain nuclei, the labeled
cells were washed and incubated overnight in 100 pg/mL propi-
dium citrate and 50 pg/mL RNase in 1% sodium citrate solution
at 4°C and subjected to flow cytometric analysis. For MKs used
in the following biochemical analysis and in vitro platelet forma-
tion, bone marrow cells were cultured for 3 days and the ploidies
of MKs punified from the culture were analyzed by the same
method as described.

Plarelet count

Peripheral blood was taken from wild-type and Lnk-deficient mice
retro-orbitally and platelet count was analyzed on the flow cytom-
eler programmed with mouse-specific parameter (Sysmex, Hyogo,
Japan).
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In vivo wrnover of platelers

Platelet-rich plasma from GFP transgenic mice or GFP transgenic
Lnk™'" mice was separated by centrifugation of whole blood at
150g for 15 minutes without braking. One micrometer prostaglan-
din E, and 5 U/mL apyrase (Sigma) were asdded followed by
centrifugation at 750g for 10 minutes. The platelet pellet was re-
suspended in modified Tyrode-HEPES buffer pH 74 (10 mM
HEPES, 12 mM NaHCO,, 138 mM NaCl, 5.5 mM glucose, 2.9
mM KCI, and 1 mM MgCl,) and the concentration was deter-
mined on the flow cytometer (Sysmex). Resultant platelets (2.5
x 10%) were intravenously injected into wild-type C57BL/6
mice or Lnk~'"~ mice. Peripheral blood was collected by plastic
tip from the retro-orbital sinus of recipient mice at several time
points and was incubated with biotinylated anti-CD41 and peridi-
nin-chlorophyll-protein-conjugated streptavidin for 20 minutes at
room temperature, and the percentage of GFP' platelets was
determined on a FACSCalibur.

Immunohistochemistry

Freshly dissected nondecalcified femurs from 6- o 8-week-old
wild-type C57BL/6 mice or Lnk™'~ mice were embedded in 4%
carboxymethyl cellulose (FINETEC, Fuchu, Japan) and snap-
frozen in N-hexane chilled in a slury of ethanol and dry ice.
Sections were generated via Kawamoto's film method (Cryofilm
transfer kit; FINETEC). The 150-pm-thick cryostat sections
were first blocked with 5% FBS/phosphate-buffered saline and
then stained with fh ein isothiocyanate—conjugated anti-
CD41 in blocking buffer. Cell nuclei were labeled with TO-
PRO3 (Molecular Probes, Invitrogen). Sections were then
mounted with PERMAFLUOR (Beckman Coulter, Fullerton,
CO, USA), and confocal microscopic analysis was performed
with an Olympus FV-500 confocal microscope.

In vitro colony assays

BM cells were flushed from femurs of wild-type or Lnk™" mice
with IMDM (GIBCO, Invitrogen) containing 2% FBS. Marrow
cells (1 x 10%) were cultured in double-chamber slides using
MegaCult-C (Stem Cell Technologies, Vancouver, Canada) in
the presence of different concentration (0, 0.1, 1, 10, and 100
ng/mL) of human TPO or 100 ng/mL TPO, 10 ng/mL mouse
IL-3, and 20 ng/mL mouse IL-6. After 7 days of cultivation, slides
were dehydrated in cold acetone for 5 minutes and colonies were
stained for acetylcholinesterase activity with 5 mM sodium citrate
solution, including 3 mM CuS0,, 0.5 mM K;|[Fe(CN)g4), and 75
mM Na,HPO, (pH 6.0). Slides were scored microscopically, and
megakaryocyle colonies were defined as colomes with at least
three megakaryocytes.

Megakaryocyre culrure and purification

Lineage-negative BM cells (depleted of cells expressing B220,
CD3, Mac-1, Gr-1, and TER-119) were enriched using Hemato-
poietic Progenitor Cell Enrichment Set (BD Bioscience) following
manufacturer’s protocol. In brief, BM cells were labeled with a bi-
otinylated cocktail of lineage-specific antibodies followed by
Streptavidin-conjugated magnetic beads and lineage marker-
negative (Lin~) cells were collected using BD IMagnet. Lin~ cells
(1 x 10°) were incubated in IMDM containing 0.5% bovine serum
albumin (BSA), 10 ng/mL human transferrin, human insulin, 1.6
pg/mL low density lipoprotein, 40 pM adenosine triphosphate,
40 pM uridine triphosphate, 40 uM cytidine triphosphate, 40

MM guanosine triphosphate (Sigma), 50 uM 2-mercaptoethanol,
29.2 pg/mL 1-glutamine, 100 IU/mL penicillin, and 100 pg/mL
streptomycin (GIBCO, Invitrogen), in the presence of 20 ng/mL
or 2 ng/mL TPO for wild-type or Lnk™'"" cells, respectively. After
culturing for 3 days, mature MKs were harvested by low-speed
centrifugation (120g for 10 minutes) and purified by gravity
sedimentation through discontinuous BSA (0%/1.5%/3%) for 45
minutes at room temperature.

Immunoblotting

Purified mature MKs after 3-day cultvation were washed with
IMDM and further incubated in the absence of TPO for 16 hours
for starvation. Subsequently, cells were stimulated with 10 ng/mL
TPO for 0, 10, 30, and 60 minutes, and lysed in RIPA buffer (0.1%
sodium dodecyl sulfate, 1% Triton X-100, 1% sodium deoxycho-
late, 158 mM NaCl, 10 mM Tris-HCl, | mM ethylene glycol tetra-
acetic acid, 5 mM ethylene diamine tetraacetic acid, 100 U/mL
aprotinin, 1 mM sodium vanadate, 10 mM sodium fluoride, 10
pg/mL leupeptin, and 2 mM phenylmethylsulfonyl fluoride). For
integrin stimulation experiments, purified and starved MKs were
stimulated with 10 ng/mL TPO and 50 pg/mL VCAM-1, fibrino-
gen or collagen type | in the presence of 2 mM manganese for
10 minutes and lysed. Thinty-five micrograms of total protein
was subjected to immunoprecipitation and immunoblotting using
anti-Lnk antibodies or other antibodies as described previously
[14].

In vitro plateler formation

Twenty-four—well plates were precoated with 20 pg/mlL mouse re-
combinant VCAM-1 overnight at 4°C and washed three times
with MK-conditioned media. Purified mature MKs as described
above were incubated on BSA- or VCAM-1-coated plates includ-
ing 250 pL the conditioned media including | ng/mL TPO for 12
hours, and the culture supernatant was collected after addition of
ethylene diamine tetraacetic acid at a final concentration of 10
mM. Flow-Count Fluorospheres (Beckman Coulter) were added
and platelets gated on the same scatter properties as freshly pre-
pared blood plaielels were d with a flow cytometer.
For anti-integrin-ad antibody treatment, purified cells were incu-
bated with anti-CD49d, the 24 chain of the VLA-4 (PS/2; South-
emBiotech, Birmingham, AL, USA) at the concentration of 10 pg/
mL for 30 minutes prior to the assay.

Proplatelet formation analysis

Harvested fetal liver cells (E13 to 15) were incubated in DMEM
including 10% FBS, 100 TU/mL penicillin, 100 pg/mL streptomy-
cin, and 29.2 pg/mL L-glutamine, in the presence of 20 ng/mL or 2
ng/mL TPO for wild-type or Lnk ™"~ cells. After 3 to 5 days of cul-
tivation, mature MKs were purified as described and washed with
Leibovitz's L-15 medium (GIBCO, Invitrogen). MKs in suspen-
sion were mounted in semi-solid medium including 20% Leibo-
vitz's L-15, 80% MegaCult M-3234 (Stem Cell Technologies)
and 1 ng/mL TPO in 35-mm Petri dishes with a 10-mm glass
hole (Matsunami Glass, Osaka, Japan) coated with 10 pg/mL
BSA or VCAM-1. Images of proplatelet formation were obtained
using confocal microscopy in &8 CO; chamber (FV500; Olympus,
Tokyo, Japan).
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Results

Mature platelets are increased in the absence

of Lak, but showed normal wrnover in circulation
Platelets develop from HSCs in the BM. HSCs give rise to
multipotent progenitors, differentiate into committed MK
progenitors, and then further proliferate and differentiate
into mature MKs. Platelets released from mature MKs
circulate throughout the body for several days, and are
eventually captured and degraded by macrophages in the
spleen and liver. TPO plays key roles in the proliferation
and maturation of MK progenitors and megakaryocytes,
as well as in the expansion of HSCs. Previous studies by
this and other groups have demonstrated that Lok nega-
tively regulates TPO-dependent signals in megakaryocytic
cells as well as in HSCs [17,20,22]. Velazquez et al.
reported deregulated hematopoiesis including thrombocyto-
sis in Lnk-deficient mice [16]. Furthermore, Tong et al.
showed that various signaling molecules downstream of
c-Mpl (the TPO receptor), such as Jak2 tyrosine kinase,
Stat-5, Erkl/2, and Akt are all hyperactivated in Lnk-
deficient MK progenitors [17].

‘We auempted to confirm those observations, and also to
define the steps in thrombopoiesis, which were regulated by
Lnk-dependent pathway(s). First, we examined expression
of Lnk protein in MK-lineage cells, and found that substan-
tial amounts of Lnk protein were expressed in MKs and
maintained by mature platelets (Fig. 1A, and data not
shown). The number of platelets in peripheral blood was in-
creased nearly fivefold in Lak-deficient mice compared
with normal mice (Fig. 1B), consistent with previous obser-
vations by Velazquez et al. The absence of Lnk in mature
platelets might change their survival and turnover rate in
circulation. We assessed the half-life of platelets and the
phagocytic function of macrophages by adoptive transfer.
Platelet-rich fractions were prepared from the blood of
GFP-transgenic mice or GFP-transgenic Lnk~'~ mice, and
transferred into Lak-sufficient normal mice (Fig. 1C) or
Lnk-deficient mice (Fig. 1D). In both conditions, transferred
Lnk-deficient platelets disappeared from peripheral blood at
almost the same rate as normal mature platelets. The sur-
vival of mature platelets in circulation as well as removal
and degradation of old platelets by peripheral macrophages
were not affected by the absence of Lnk.

Increased MK precursors in

Lnk™" mice and their distribution in BM

Next, we examined thrombopoiesis in the BM. CD41"
MKs were significantly increased threefold in BM and
nearly tenfold in the spleen (Fig. 2A). To determine
whether MKs accumulated within specific regions of the
BM of Lnk™"" mice, we undertook an immunohistochemi-
cal analysis. As shown in Figure 2B, numerous CD41%
MKs were diffusely present throughout the BM in the
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Figure 1. Lnke:pmmonmnrgahryurylm(kﬂbjudth:mlxrylms
in Lnk-deficient mice. (A) S ion of Lok in MKs, Lin
cells obtained from bone marrow (BM) uf.".n.t*’* or Lak™ mice were
cultured in the presence of 20 ng/mL or 2 ng/mL thrombopoietin (TPO),
respectively. After a 3-day incubation, mature MKs were purificd on den-
sity gradients and lysed. Total proteins were d and i blotted
with an anti-Lok antibody (uppu' panel) or w:lh an anti-actin antibody, as
loading control (lower panel). NS = nonspecific band. (B) Fivefold
increase in number of platelets in Lak™"" mice. Peripheral blood was
obtained retro-orbitally from Lak™'™* (open column) or Lak™" (closed
column) mice and platelet counts were measured by flow cytometry. (C,
D) Platelet turnover in Lak™"" mice. Platelets obtained from green fluores-
oe.m pm.em pmmve (GFP™) w:ld—type (open circle) or GFP" Lak™'~
) mice were ferred to Lak™™ (C) or Lak™ mice (D).
kuwwwumnmwmmlmmmummse
of GFP” platelets was determuined by fAlow cy y. The rel
age of GFP™ platelets was calculated by dividing the percentage d GFr
platelets at each indicated time point by that at the day of transfer (Day 0),

femur in Lnk™'" mice, and no particular accumulating
spot of CD41" cells was observed.

Lak™'~ MK precursors are

hypersensitive to TPO and hypermature

The increase in MKs may be due to increased proliferation
of progenitors and/or prolonged survival and maturation of
MKs. Growth of MK progenitors and their sensitivity to
TPO were evaluated by colony-forming assays. Lnk™'~ pro-
genitors formed colonies even at very low concentrations of
TPO whereas normal progenitors hardly responded. Fur-
thermore, the number of colony-forming cells upon full
stimulation with TPO, IL-6, and IL-3 was twofold higher
in Lnk™'~ BM than in wild-type (Fig. 3A). Maturation of
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~ mice. (A) Significant increase in MKs in BM and

spleen. BM cells (left panel) or splenocytes (right panel) were harvested from Lnak*'* (open column) or Lak™" (closed column) mice and the percentage
of CD41* MKs was determined by flow cytometry. The absolute number of CD41° MKs in each tissue was calculated by multiplying the percentage by

the absol ber of total
analysis of Lak

‘lear cells. Shown are mean * SD of results obtained from two experiments. (B) Immunofluorescence microscopic
~ BM. Frozen sections of femurs from Lak*™'™ (upper) or Lak™"" (lower) mice were stained with anti-CD41 (green) and TO-PROA

(blue) and observed in confocal microscopy. Representative images of trabecular bone (left column) and long bone regions (right column) are shown.

MKs in BM also was quantified by measuring their
ploidies. Polyploidy analysis of MKs in BM using flow
cytometry showed that mature MKs with high polyploidy
(32N and 64N) were more frequent in Lnk’ ~ BM. In
contrast, a majority of MKs in normal BM had 16 nuclei
(Fig. 3B). These data indicate that Lnk regulates the prolif-
cration of MK progenitors by limiting their sensitivity to
TPO, and Lnk-deficiency promoted expansion of MK-
lineage cells. It seemed that Lnk also played a role in
controlling maturation of MKs.
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Figure 3. Megakaryocytosis in Lak™"" mice. (A) Increased number of
megakaryocytes (MK) progenitors and their hypersensitivity to thrombo
poietin (TPO). Total bone marrow (BM) cells obtained from the BM of
Lak*"™" {open column) or Lk "~ (closed column) mice were cultured at
the indicated concentration of TPO, interleukin (IL)-3, and IL-6 for 7
days. The mean + SD of the aumber of colonies per femur are shown
from three independent experiments, (B) BM cells of Lak®* (upper col-
umn) or Lak™'" (lower column) mice were analyzed for DNA content
Representative data of multiple experiments are shown

Lnk-deficiency causes augmented MAPK

activation in MKs upon stimulation with TPO

To understand the molecular mechanism by which Lnk reg-
ulates TPO-induced MK proliferation, we examined overall
protein phosphorylation following TPO stimulation using
BM-derived MKs. We generated MKs with the same ploidy
from wild-type and Lnk~"" mice by adjusting TPO concen-
tration to levels that induced relatively comparahle prolifer-
ative responses, and used them for biochemical analyses
(Fig. 4A). Purified MKs were starved for 16 hours in
TPO-free medium, stimulated with 10 ng/mL TPO and
then lysed at several time points. The cell lysates were
subjected to immmnoblotting analyses for signaling mole-
cules activated and phosphorylated downstream of c¢-Mpl
(Fig. 4B). Stat3 and Akt was phosphorylated ten minutes
after TPO stimulation and lasted >60 minutes in wild-
type cclls. Activation of Stat5, p38, and Erk1/2 was tran-
siently observed, with peak phosphorylation 10 minutes af-
ter TPO stimulation. In Lnk~'~ MKs, Erk1/2 activation was
prolonged while phosphorylation levels of the other signal-
ing molecules were essentially comparable to those induced
in wild-type cells. Thus, our results indicated that Lok spe-
cifically inhibited activation or regulates inactivaton of
Erkl/2 in TPO-dependent (c-Mpl-mediated) signaling
pathways in MKs.

Megakaryocytic responses to combined exposure

to TPO and integrins are modulated by expression of Lnk
Our previous study showed that the motility of hematopoi-
etic progenitor cells on VCAM-1 was regulated by Lnk-
mediated pathways [19). We, therefore, asked whether
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additional stimuli through integrins might affect TPO-
mediated megakaryopoiesis. It was also important to deter-
mine whether Lnk might be involved in integrin-mediated
signaling pathways in MKs. Phosphorylation of cellular
proteins was examined in both wild-type and Lnk™’~
MKs, which were exposed to VCAM-1 in the presence of
TPO and manganese to activate integrins. In wild-type
cells, costimulation with TPO and VCAM-1 significantly
inhibited Stat5 phosphorylation, and enhanced activation
of p38 and Erk1/2 (Fig. SA). On the other hand, in Lnk™’
- MKs, TPO-dependent StatS activation was clearly in-
duced even in the presence of VCAM-1 costimulation,
while p38 activation was not enhanced (Fig. SA). These
observations suggest that costimulation by integrin engage-
ment changed the nature of signals downstream of ¢-Mpl in
MKs. Downregulated activation of Stat5 by VCAM-1 as
well as augmented activation of p38 and Erkl/2 by
VCAM-1 seemed to require Lnk-mediated pathways.

Costimulation by VCAM-1 and TPO
reduces the release of platelets by Lnk™'~ MKs

VCAM-1 is a ligand for a4B] and z4B7 integrins and is

expressed mainly on endothelial cells [23,24]. Adhesive in-
teraction between endothebial cells and MKs through the
VLA-4/VCAM-1 axis promotes maturation of megakaryo-
cytes [25]. To examine how VCAM-l-mediated changes
in TPO-induced cellular responses affected certain MK
functions, we evaluated platelet release from mature MKs
in vitro. Purified MKs were incubated on BSA- or

VCAM-1—coated plates for 12 hours, after which the num-
ber of released platelets was counted by flow cytometry. In
the absence of TPO, wild-type and Lak™'~ MKs produced
similar numbers of platelets on BSA- and VCAM-1-coated
plates. In the presence of TPO, wild-type MKs on VCAM-1
relcased greater numbers of platelets than those on BSA. In
contrast, the number of platelets released by TPO-stimu-
lated Lak™™ cells on VCAM-1 was comparable to that
observed with BSA. The number of rcleased platelets
from Lnk™™ MKs was significantly lower than that from
normal cells on VCAM-1 (Fig. 5B and Table 1). Pretreat-
ment by anti-integrin-a4 antibody completely abolished
the difference in platelet production between Lak™'~ and
wild-type cells on VCAM-1 (Fig. 5B). Apoptosis of MKs
leads to generation of functional platelets [26). There
was, however, no difference in the percentage of apoptotic
cells or their ploidy between wild type and Lak™'" cells ei-
ther on BSA- or VCAM-1-coated plate (data not shown).

We examined the possibility that reduced platelet forma-
tion by Lnk™"~ MKs on VCAM was due to morphological
changes in MKs. We generated proplatelet-forming MKs
from wild-type and Lnk ™" fetal liver progenitors and mon-
itored their morphological changes on BSA and VCAM-1
by time-lapse confocal microscopic analysis (Fig. 6). While
the wild-type MKs elongated proplatelets with pseudopodia
shape on BSA, they produced more branched proplatelets
from firmly auached and well-expanded cell body on
VCAM-1. Lnk™"~ MKs on BSA showed proplatelet
formation comparable to that of wild-type cells on BSA.
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cells were preincubated with 10 pg/mL anti-CD49d for 30 minutes prior.,

The number of platelets was measured by ﬂnw cytometry. Shown are mean * SD of results obtained from three independent experiments. *p < 0.01 com-
parison of Lak*'"* cells on VCAM-l—coated plates with that of Lak*'* cells on BSA-coated plates, of Lak™'" cells on VCAM-1-coated plates and of an-

tibody-treated Lak™" cells on VCAM-l—coated plates,

However, Lnk~'~ MKs on VCAM-1 developed proplatelets
from not only the edge but also the center of the cell body
with enlarged pseudopodial ends. This result suggests that
a stimulation of integrin bound to VCAM-1 promoted
platelet production by forming more proplatelets in wild-
type MKs, and Lnk plays a role in regulating morphological
changes for proplatelet formation.

Discussion

In this study, we demonstrated that Lnk~"~ MK progenitors
were hypersensitive to TPO, causing increased MK num-
bers, hypermaturation, and delayed platelet production on
VCAM-1, which in turn led to thrombocytosis. It has
been previously reported that Lnk-deficiency resulted in
hyperactivation of TPO-dependent signaling molecules
including Stat3, Stat5, Akt and Erk1/2 in MKs [17]. We
also observed a significant enhancement in TPO-induced
activation of Erk1/2 in Lak~’~ MKs, but not Stat3, Stat5
nor Akt in our experimental settings. The reasons for the
discrepancy are currently unknown, but might be ascribed
to the differences in the preparation of MKs used for bio-
chemical analysis. Because the sensitivity of MKs to TPO
declines during maturation and increase in ploidy [27],
we prepared wild-type and Lak™'~ MKs with equalized
ploidy and high purity from cultivated BM cells. MKs iso-
lated by flow cytometric sorting from normal and Lnk-
deficient mice might have different ploidy and purity
because of low frequency and fragility of MKs in BM.

Enhanced responses against other cytokines that activate
Jak/Stat pathway, such as IL-3 or IL-7, have been suggested
in the absence of Lnk. However, we did not observe any en-
hancements of cellular responses by IL-3, IL-7, and IL-5 in
Lnk™'" precursors ([14,22] and unpublished observations).
We believe that the inhibition of TPO-induced signals by

Table 1. VCAM-1 increases platelet release by megakaryocytes in the
presence of Lok

Plateler production ratios in the presence of VCAM-1°

Genotype
Cytokine addition Lak*™ Lak™"
-TPO 1.19 = 007 105 = 0.18
+TPO 1.86 = 0.15* 125 = 027"

*Lin™ bone marrow (BM) precursor cells from wild-type or Lak™ mice
were incubated for 3 days in the presence of 20 ng/mL or 2 ng/mL throm-
bopoietin (TPO), respectively. Purified megakaryocytes were incubated
with or without 1 ng/mL TPO for an additional 12 hours. The number of
platelets released in culture on vascular cell adhesion molecule (VCAM-
| }-coated plates was counted by flow cytometry and compared with that
on bovine serum albumin (BSA )—~coated plates (see also Fig. 5B). Platelet
production ratios were calculated by dividing the number of platelets on
VCAM-1-coated membranes by that on BSA-coated membranes in the ab-
sence of presence of TPO. Data are presented a5 mean *+ SD of results
from three independent experiments.

*p < 0.003 compared with that of Lak™ in the presence of TPO or that of
Lnk*™ in the absence of TPO.

**p > 0.2 compared with that of Lak™ in the absence of TPO.
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Lok* *

Figure 6. Morphological changes of Lat™"~

yoctyes (MKs) produci

latelets on vascular cell adhesion molecule-1 (VCAM-1). Fetal liver—

derived Lak*"" or Lak™'" MKs were cultured on bovine seram albamin (BSA)- (upper panels) or VCAM-l—coated plates (lower panels) in microscope
chambers and images were taken every hour up to 24 hours. Shown are representative images taken at the beginning of proplatelet elongation (0 hours),
and following 3- and 6-hour observation. Images of another independent MKs at 6 hours were also shown. Scale bars: 50 um.

Lnk involves cellular machinery specific to ¢-Mpl and does
not act via Jak2 activation.

Our results revealed novel regulatory mechanisms in
thrombopoiesis mediated by Lnk in addition to its role in
constraining TPO signals. Additional stimulation by integ-
rin ligand modulated TPO-induced signal responses of
MKs. Engagement of integrin ligand induced strong mito-
genic responses in MKs as well as in fibroblasts [28,29].
Interestingly, costimulation by TPO and VCAM-1 led to
suppression of Stat5 phosphorylation and upregulation of
p38 and Erk1/2 activation, which might change the nature
of TPO-induced signals from ones supporting cell growth
to those inducing cell-cycle arrest and differentiation. Con-
sistently with this, we showed that normal MKs released
greater numbers of platelets on VCAM-1 than on BSA.
Administration of SDF-1 and fibroblast growth factor-4 to
mice facilitates both MK maturation and platelet produc-
tion by enhancing migration and adhesion of MK progeni-
tors to BM endothelial cells through adhesion molecules
including VCAM-1/VLA-4 [13]. Cellular interaction
through VCAM-1 might trigger MKs to release platelets

into the blood stream by terminating expression of Stat5-
inducible genes after attachment of MKs to sinusoidal
endothelial cells (Fig. 7A).

Inactivation of Stat5 was not observed in Lak™'~ MKs
treated with TPO and VCAM-1. Additionally, platelet
production from Lak ™"~ MKs was not increased in the pres-
ence of VCAM-1. Lak™’~ MKs on VCAM-1 showed some
morphological changes in proplatelet formation, which
might be due to insufficient activation of demarcation mem-
brane system of MKs [30], leading to inefficient platelet
release in vitro upon integrin ligation by VCAM-1. In the
absence of Lnk, MKs might continue undergoing endomito-
sis without producing platelets due to impaired Stat5 inac-
tivation even if they contacted endothelial cells. This may
lead to their hypermaturation in BM and result in more
platelets production (Fig. 7B), because MKs with high
ploidy are able to produce more platelets than those with
low ploidy [31]. Thrombocytosis in Lnk™"~ mice might
be a consequence of increased numbers of MKs due to hy-
persensitivity of MK progenitors (TPO-dependent), in com-
bination with accumulation of hypermature MKs attached
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platelet release, possibly due to impaired Stat$ inactivation, 1

to endothelial cells due to delayed platelet release (integrin-
mediated) in Figure 7B. Future experiments will determine
whether regulation of Stat5 is directly involved in initiation
of platelet release, and how activation of Stat5 and MAPK
in TPO-stimulated MKs is regulated by integrin- and Lnk-
mediated events.

In summary, our results shed light on formerly unrecog-
nized regulatory mechanisms in thrombopoiesis mediated
by Lnk, and crosstalk between cytokines and integrins in

MKs. TPO-induced Erk1/2 phosphorylation, but not activa-
tion of Stats and Akt, was constrained by Lnk, and was aug-
mented in the absence of Lnk. Reduction of TPO-induced
Stat5 and MAPKSs activation in the presence of VCAM-1
co-ligation was mediated by a Lnk-dependent manner.
Adhesion molecules play important roles in the biological
properties of hematopoietic cells as environmental factors
that determine cell fate. Understanding how integrin-medi-
ated signals affect gene regulation or cytokine- or growth
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factor-induced signaling pathways will be important to
efforts to fully understand thrombopoiesis, hematopoiesis,
and cellular responses.
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RhoH Plays Critical Roles in FceRI-Dependent Signal

Transduction in Mast Cells'

Hiroyo Oda,* Manabu Fujimoto,” Michael S. Patrick,** Dai Chida,* Yoshinori Sato,*
Yoshinao Azuma,* Hiroki Aoki,* Takaya Abe,” Harumi Suzuki,”* and Mutsunori Shirai*

RhoH is an atypical small G protein with defective GTPase activity that is specifically expressed in hematopoietic lineage cells.
RhoH has been implicated in regulation of several physiological processes including hematopoiesis, integrin activation, and T cell
differentiation and activation. In the present study, we investigated the role of RhoH in mast cells by generating RhoH knockout
mice. Despite observing normal development of mast cells in vivo, passive systemic anaphylaxis and histamine release were
impaired in these mice. We also observed defective degranulation and cytokine production upon FeeRI ligation in RhoH-deficient
bone marrow-derived mast cells. Furthermore, FceRI-dependent activation of Syk and phosphorylation of its downstream targets,
including LAT, SLP76, PLCy1, and PLCy2 were impaired, however phosphorylation of the y-subunit of FceRI remained intact.
We also found RhoH-Syk association that was greatly enhanced by active Fyn. Our results indicate that RhoH regulates FceRI
signaling in mast cells by facilitating Syk activation, possibly as an adaptor molecule for Syk. The Journal of Immunology, 2009,

182: 957-962,

hoH is a newly identified hematopoietic small G protein,
onginally cloned as one of the genes frequently disrupted

in diffuse large B cell lymphoma (1, 2). Because RhoH is
defective in (GTPase activity and thus constitutively active, the
function of this protein was thought to be regulated by its expres-
sion level. Overexpression of RhoH inhibited RhoA/Rac/cdcd2-
dependent NF-xB activation in HEK293 cells (3), and it also in-
hibited SCF-mediated Racl activation in bone marrow progenitor
cells (4). Knockdown of RhoH increased spontaneous LFA-1-me-
diated adhesion in Jurkat cells (5), and in vitro colony formation in
bone marrow progenitor cells (4). Recent studies, however, have
demonstrated that RhoH plays critical roles in T cell development
(6, 7) by functioning as an adaptor for ZAP-70 in TCR signaling
(7) via its tyrosine-phosphorylated ITAM-like motif (8). In the
absence of RhoH, development of T cells in the thymus is impaired
in both B-selection and positive selection, resulting in a severe
reduction of mature peripheral T cells (6, 7). RhoH-deficient T
cells showed defective phosphorylation of LAT and ERK upon
TCR stimulation, indicating that RhoH is critical in TCR-depen-
dent proximal signal transduction events. The precise function of
RhoH in TCR signaling, however, remains controversial because
there is @ discrepancy in the phosphorylation status of ZAP-70
between two reponts (6, 7). Furthermore, the physiological func-
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tion of RhoH in other hematopoietic lineage cells is largely
unknown,

Mast cells are widely distributed in the body and function as the
primary effectors in immediate-type hypersensitivity reactions (9,
10). Mast cells recognize Ags via IgE and specific, high-affinity Fc
receptors, termed FceRI (11-13). FezRI cross-linking triggers ac-
tivation of Src family kinases Lyn and Fyn, and phosphorylation of
ITAM motifs on the y subunit of FceRI complexes (14, 15). Sub-
sequently, ZAP-70-related Syk kinase binds to phosphorylated
ITAM motifs of the v subunit and is thus activated by Src kinases
(16-18). Activated Syk, in turn, phosphorylates LAT, LAT-2, and
SLP-76 to form the signalosome, which transduces signals down-
stream, initiating Ca** mobilization, degranulation, and the ex-
pression of specific genes (19-21). The FeeRlI-initiated signal cas-
cade in mast cells is analogous to the TCR-initiated signal cascade
in T cells, sharing many common molecules and features (14, 15,
22). This prompted us to investigate the function of RhoH in FeeR1
signaling in mast cells.

In this study, we report the critical role of RhoH in mast cell
activation. We established RhoH-deficient mice to unveil the phys-
iological roles of RhoH in mast cells. RhoH-deficient mice showed
impaired passive systemic anaphylaxis (PSA)’ and histamine re-
lease upon challenge with the specific Ag. Our in vitro data show-
ing impaired Syk activation with defective degranulation and cy-
tokine production in RhoH ™'~ mast cells supports the observed in
vivo phenotypes. Furthermore, we demonstrated that RhoH asso-
ciates with Syk. and this interaction was greatly enhanced in the
presence of constitutively active Fyn, These results suggest that
RhoH acts as a positive regulator for FexRI-mediated signal trans-
duction by facilitating Syk activation,

" Abtreviations used in this papes: PSA, passive systemic ansphylaxis; BMMC, bone
marrow-denved mast cell; HSA, buman serum albumin; HA, hemagglutinin.
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Materials and Methods

Mice

RhoH knockout mice (Acc.No.CDBO483K) were generaied using the pre-
viously described methods (23, 24). In brief, the entire ORF of the RhoH
gene located in the third exon was replaced with a cassette consisting of a
lacZ and neomycin resistance gene (LacZines) by homologous recombi-
nation. The lengths of the homologous regions in the targeting vector were
8.2 kb and 4.8 kb at the 5' and 3’ sides of the DT-A/LacZ/neo cassette
(http:/fwww.cdb.riken jp/arg/cassetie biml), respectively. Two  mutant
mouse lines were established from two independent homologous recom-
binant ES cell lines; no difference was found in their phenotype. All mice
were maintained after five generations of backcrossing Lo CS7TBL/6) (B6)
and housed under specific pathogen-free conditions in accordance with
institutional guidelines.

Mast cell culture

Bone marrow-derived mast cells (BMMCs) were prepared as described
(25). In brief, femurs were isolated from 8- o 20-wk-old RhoH*'* and
RhoH ™~ mice, and BM cells were cultured in 2% conditioned RPMI 1640
medium from X63-1L-3 cells (gift from Dr. H. Karasuyama, Tokyo Med-
ical and Dental University, Tokyo, Japan), containing 10% heal-inactivated
FBS. Afier at Icm4wtofc1ﬂmm.eclkmsmmdvmhl’ﬁ-cmmmd
anti-FceRl Ab and allophyc gated anti-c-kir Ab (BD Bio-
scm)mdtheunprmun wncmﬁmmdheﬁnnsemdlummm

Plasmids

Hemagglutinin (HA)-tagged RhoH cDNA was cloned into pcDNA3 vector
using a PCR-based strategy from a mouse thymus ¢DNA library made in
our laboratory. Myc-tagged Syk and active type Fyn cloned in pcDNAJ
vector were kind from Dr. T. Kurosaki (RIKEN Research Center for Al-
lergy and Immunology, Y okohama, Japan) and Dr, T, Yamamoto (Institute
of Medical Science, University of Tokyo, Tokyo, Japan).

Passive systemic anaphylaxis

Mouse IgE anti-DNP (100 pg, clone SPE-7, Sigma-Aldrich) was admin-
istered i.v. through the tail veio in volumes of 300 pl/mouse. Afier 24 h,
iMpgoththunmmdhunm(HSA)mBMu.lol'PBSman
jected iv. 1 liately after Ag challenge, body was
evﬂySmlubymﬂulthenmum MSOmml’d]mugAsch&ngc
mice were sacrificed and peripberal blood was taken by cardiac puncture
and plasma was used for histamine enzyme i y (SP1-BIO).

Degranulation assay

BMMCs (5 x 107 per well) on 96-well plates were sensitized with 1 pg/ml
IgE anti-DNP for 4 h st 37°C. Nexi, cells were washed three times with
Tyrode's Buffer (130 mM NaCl, 5 mM KCl, 1.4 mM CaCl,, | mM MgCl,,
5.6 mM glucose, 0.1% BSA, 10 mM HEPES (pH 7.4)) and stimulated for
30 min with the indicated concentration of DNP-HSA or A23187 (200
ng/ml, Sigma-Aldrich) in iw;dof'r‘ymicsmﬂa Sampicswe:eocnr.rl—
fuged and supernatant was collected to the d B-h

dase. To determine the 1otal nellcunmmdlhumzyme.huupal.lﬂm
lysed with 0.5% Triton X-100 in Tyrode’s buffer and the lysate was col-
lected. For each sample, 50 pl of sub lution (1.3 mg/ml 4-nitro-
phenyl N-acetyl-8-D-glucosaminide in 0.1 M sodium citmale (pH 4.5);
Sigma-Aldrich) was added and incubated for 1 h at 37°C. The reaction was
stapped by the addition of 150 y of 0.2 M glycine solution (pH 10.7). The
absorbance at 405 nm was measured in a microplate reader (Bio-Rad).

Calcium flux assay

BMMCs were seasitized with | pg/ml IgE anti-DNP at 10°%ml without
IL-3 and labeled with 3 uM of Fura2-AM (lnvitrogen) for 30 min at 37°C.
Then, ullsmmh&lmummdmwtt&meymd:shzﬁuut
5 > 10°%/ml. Flu € i were d at an excitation wave-
length of 340 or 380 nm and an emission wavelength of 510 nm, with a
fluorescence spectrometer (Hitachi F-2500) during stimulation as indicated
in Fig. 5.

Real-time RT-PCR analysis

Total RNA was isolated from 10* stimolated or nonstimulated BMMCs (as
described above) using RNeasy kit (Qiagen), and cDNA was penerated using
the SuperScript I kit (Invitrogen) according to the manufacturer’s instuc-
tions. lemPCRmmmmdung&uRmSYﬂkaanCR
Supermix (Invitrogen) with specific primers for RhoH (5°

c13'/5 ageaggangocetgtgad’), IL-6 (5" getaccanaciggatataatcagea /5 ceaggtag

ctatggtactceagaal”), TNF-a (5'ictctcatcetgetigiggl’/s’
3'), and B-actin (5’ saggocancegignasagald' /S giggtacgaccagaggcataci’),

1, N

and i precipil
For immunoblotting, BMMCs were sensitized with | pg/ml anti-DNP IgE
at 10° cell/ml for 4 h without 1L-3, washed three times, and then stimu-
lated with DNP-HSA for the indicated periods. Stimulated BMMCs were
Iysed in lysis'wash buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM
Tris-Cl (pH 8.0), 1 mM sodium orthovanadate, | mM DTT, proteinase
inhibitors), subjected to 7.5-12.5% SDS-PAGE and Westem blotting (10°
cells per lane). For FcRv and Lyn, 10° BMMCs were lysed with lysis/wash
buffer and immunoprecipitated with | ug of the indicated Abs, then sub-
jected to 12.5% SDS-PAGE in tricine-SDS running buffer (0.1 M Tris, 0.1
M Tricine, 0.1% SDS for the upper chamber, (.2 M Tris-Cl (pH 8.9) for the
lower chamber), and Western blotting. For RhoH and Syk, 4.5 x 10° 2931
cells were transiently transfected with HA-tagged Rhol, myc-tagged Syk
with or without constitulively active Fyn using FUGENE 6 (Roche). After
24 h, transfected cells were incubated with or without 30 uM PP2 (src
kinase inhibitor) for 2 h before IymAﬂ:r2hc=llswmlyndmlh
magnesium containing lysis/wash buffer (1% NP40, 10 mM MgCl,, 25
mM HEPES (pH 7.3), 150 mM NaCl, 8% glycerol, | mM EDTA, | mM
sodium ortho date, and p ipitated with 1
mdmmmmmmymwiuwms PAGBI.ntnr:ur:-
SDS running buffer. We confirmed that 30 uM of PP2 did not affect the
overall tyrosine phosphorylation status of the cells, indicating that this
mmhumo{m specifically inhibits src kinases. Abs used for Western
and immunoprecipitation were anti-phospho Syk, -phospho PLCyl,
-phospho PLCY2, -ERK, -phospho p38, -p38, -Lyn (Cell Signaling Tech-
nology), anti-phospho SLP76 and -phospho LAT (BD Biosciences), anti-
phospho tyrosine (clone pY 20, Neomarkers), anti-phospho tyrosine (clone
4G10), -myc and -HA (Roche) and -FeRy (Millipore), We could not detect
endogenous RhoH using commercially available or in-house generaled
RhoH Abs from rabbit or rat.

(.1

Histochemistry

To observe tissue mast cells, 6-um paraffin sections of fixed tissues were
stained with toluidine blue (Sigma-Aldnich) and the total number of mast
cells in each tissue unit was counted. A skin unit was defined as the entire
area of an ear section along the cartilage, and a stomach unit was defined
as the entire area of a sagittal section.

Results
Generation of RhaH "~ mice

Mice carrying a mutant RhoH allele were generated from TT2
embryonic stem cells in which homologous recombination was
used 1o replace the entire coding region located in exon 3 of the
RhoH gene. As a result, there is no possibility of expression of any
truncated forms of the protein in the mice (Fig. 1A4). Offspring
carrying the mutant allele were identified by Southern bloting
(Fig. 1B). Homozygous RhoH-null mice were born at the expected
Mendelian ratio.

Impaired FceRI-mediated anaphylaxis in RhoH ™'~ mice

We found that RhoH is expressed in mast cells as well as T and B
cells (Fig. 1C), as previously reported (4). Because the role of
RhoH in immune cells other than T cells has not been character-
ized, we focused on mast cells in the present study. One of the
major functions of mast cells is inducing allergy and anaphylaxis,
therefore, we examined PSA, in which exogenously administered
IgE is passively taken up by mast cells and degranulation is evoked
by subsequent administration of Ag. As shown in Fig. 24, the
IgE-dependent PSA response in RhoH ™'~ mice, evaluated by the
reduction of core body temperature after DNP-HSA injection, was
smaller compared with those in RhoH*/* mice. As shown in Fig.
2B, measurement of plasma histamine concentration 30 min after
DNP-HSA challenge revealed reduced secretion of histamine in
RhoH™"" mice compared with RhoH™* mice. Collectively, we
demonstrated that RhoH is important in the systemic anaphylaxis
reaction in vivo.
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FIGURE 1. Generation of RhoH™"™ mice. A, Targeting vector was de-
signed to disrupt the RhoH gene by bomologous recombination. The en-
dogenous locus of RhoH (Endo), targeting vector (T'V), and targeted locus
(Targeted) are shown. The open box in the third exon represents the enlire
ORF of RhoH that was replaced by a LacZ/neomycin resistance gene. Re-
striction sites are sbbreviated as follows: §, Sall; Nc, Neol; N, Notl. P in
the open box indicates the location of probe for Southern blotting. B,
Southern blot analysis of Neol digested mouse gepomic DNA. A 12- and
6.2-kb band represent the wild-type and targeted alleles, respectively. C,
Expression of RhoH mRNA was detected by real time RT-PCR in the
indicated cells and tissues. Resulis are the mean and SE from three inde-
pendent experiments, n = 9 for each group.

Normal development of mast cells in RhoH '~ mice

Because we found impaired anaphylaxis in RhoH-deficient mice,
we assessed the effect of RhoH disruption on mast cell develop-
ment in vivo. Histological analysis by toluidine blue staining dem-
onstrated that the anatomical distribution and morphology of con-
nective tissue mast cells in the skin and mucosal mast cells in the
stomach of RhoH ™~ mice were comparable to those of RhoH */*
mice (Fig. 3A). The number of mast cells detected per area in these
tissues was not changed in these mice (Fig. 3B8). Growth rate and
total number of in vitro induced BMMCs from RhoH-deficient
mice were comparable to those from RhoH™* mice (data not
shown). After 4 wk culture, the proportion of FceRI and c-kir
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FIGURE 2. Impaired systemic anaphylaxis in RhoH™" mice. A,
RhoH ™" (O) and RhoH ™" (A) mice were sensitized with anti-DNP IgE
overnight, then challenged with DNP-HSA (100 ug), and the core body
temperature was measured up to 30 min. Representative data of three in-
dependent experiments is shown. B, At 30 min after induction of PSA.
peripheral blood was taken from Rhol *”* and RhoH™"~ mice by cardisc
puncture and the plasma histamine conceniration wns measured by EIA.
Results are the mean and SE [rom three independent experiments. Statis-
tical significance was determined by Welch's f test; =, p < 005, n = §
control mice, n = 6 knockout mice.

A B

RhoH +-

?

g &

Number of mast cells / unit
i o
e
5

* Siomach

FceRi
FIGURE 3. Normal development of mast cells in RhoH™'" mice. 4,
Mast cells in the ear skin (upper) and stomach (lower) in Rhol*’~ and
Rholi™*~ mice were detected with wiuidine blue smining. The highly
metachromatic cells are mast cells. §, Number of mast cells in indicated
tissues. Results are the mean and SE of mast cells per unit from indicated
number of mice. For ear skin, n = 4 mice per group; for stomach, n = 3
per group. C, Expression of FeeR] and c-kif on the surface of BMMCs
induced from RhoH*'* and RhoH™"" mice was analyzed by flow cytom-
etry. Shown are representalive dala from more than five independent
experiments.

double positive cells was >95% in both RhoH ™'~ and RhoH™*"*
BMMCs (Fig. 3C). From these results, we conclude that RhoH is
dispensable for mast cell development both in vivo and in vitro.
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FIGURE 4. FceRl-stimulated degranulation and cytokine production
were impaired in RhoH ™'~ mast cells. 4, BMMCs from RhoH*"* (CJ) and
RbhoH ™" (M) were scositized with anti-DNP IgE, then 30 min afier DNP-
HSA (at the indicated concentrations) or A23187 (lono, 200 ng/ml) stim
ulation, degranulation was i by B-he dase release. B, Anti-
DNP IgE-sensitized BMMCs were stimulated with DNP-HSA (10 ng/ml)
for | h or unstimulated. Then, IL-6 (leff) and TNF-a (righr) mRNA were
quantified by real time RT-PCR. Results are the mean and SE from three
independent experiments; n = 9 for each group. Statistical significance was
determined by Student’s ¢ test; =, p < 0.05; ==, p < 0.01.




