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Abstract

Tetrahydrobiopterin (BH,) deficiency is a rare, congenital and lethal condition resulting in phenylalanine build-up that can lead
to mental retardation and developmental defects, unless properly treated. About 1 million newborn infants in Japan undergo neo-
natal PKU screening every year, of which about 1 in 2 million are diagnosed with the condition. In this post-marketing surveillance
study, 19 patients with BH, deficiency in whom BH, supplementation with sapropterin dihydrochloride (Biopten®) (hereafter
referred to as ‘BH, therapy’) was initiated before the age of 4 years, were followed up for <28 years. Patients who screened positive
for BH, deficiency were treated with supplemental BH, plus L-dopa and 5-hydroxytryptophan. Data on the patients’ clinical courses
were collected once yearly at 10 medical centers in Japan. Seventeen patients were diagnosed with 6-pyruvoyl tetrahydropterin syn-
thase deficiency and two with dihydropteridine reductase deficiency at an average age of 3.6 months; the mean age at end of follow-
up was 14.6 years. Average duration of BH, therapy (mean dose, 5 mg/kg per day) was 13.2 years. Serum phenylalanine was reduced
from more than 10 mg/dL at the start of drug administration to less than 2 mg/dL at end of follow-up. No abnormalities in height or
weight were observed in any patients, except for one female patient with familial obesity. No unwarranted side effects were reported
throughout the long-term course of treatment, even during pregnancy. BH, therapy can effectively maintain serum phenylalanine
levels within the normal range in patients with BH, deficiency, and demonstrated excellent long-term safety, with no side effects.
© 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Phenylketonuria (PKU) and hyperphenylalaninemia
(HPA) in infants are markers indicative of a congenital
deficiency of tetrahydrobiopterin (BH,4), an essential
cofactor in the enzymatic biosynthesis of nitric oxide
and several neurotransmitters. High levels of phenylala-
nine in the brain due to untreated BH, deficiency are
severely neurotoxic, and can lead to mental retardation
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City University Graduate School of Medicine, 1-4-3 Asahimachi,
Abeno-ku, Osaka 545 8585, Japan. Tel.: +81 6 6645 3816; fax: +81 6
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and developmental defects [1,2]. About 1 million new-
born infants in Japan undergo neonatal mass screening
for PKU every year, since the program was started in
1977. The incidence of HPA in Japan is about 1 in
80,000, lower than in Europe [1,2]. However, BH, defi-
ciency occurs in about 1 in 2 million Japanese people,
in line with the global average frequency [3]. Thirty-
two patients with BH, deficiency in Japan are currently
being treated with sapropterin hydrochloride, an active
form of BH,; (R-BH,), which was developed in Japan
in 1981 (hereafter referred to as ‘BH, therapy’).
Sapropterin dihydrochloride granules 2.5%; Biopten®
(Daiichi Sankyo, Japan) was approved in Japan 1992 to
decrease serum phenylalanine values in HPA (atypical
HPA) due to dihydrobiopterin synthase (DHBS) deficiency

0387-7604/$ - see front matter © 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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or dihydropteridine reductase (DHPR) deficiency. Since
2008, Biopten® has been further approved to decrease serum
phenylalanine values in HPA due to BH4-responsive hyper-
phenylalaninemia (BH4-responsive HPA).

Postmarketing surveillance of Biopten® for BH, defi-
ciency has been underway in Japan for the last 16 years.
In this study, we assessed the efficacy and safety of this
agent in 19 patients with BH, deficiency in whom treat-
ment was initiated before the age of 4 years.

2. Patients and methods

Among 19 HPA patients detected by neonatal PKU
screening in Japan (Table 1), 17 were diagnosed with
6-pyruvoyl tetrahydropterin synthase (PTPS) deficiency
based on pteridine analysis of urine or serum, whereas
two were diagnosed with DHPR deficiency, based on
Guthrie test results. All 19 patients were diagnosed with
BH,; deficiency and received treatment with BH,,
L-dopa, and S-hydroxytryptophan (5-HTP), initiated
before the age of 4 years, between 1982 and 2008.

This study was performed as a post-marketing sur-
veillance study at 10 medical centers in Japan, between
April 1992 and December 2008. During this period,
the doctors in charge reported annually on the patients’
heights, weights, serum phenylalanine concentrations,
BH, dosages, concomitant medications, and provided
information on drug effectiveness and safety in accor-
dance with regulated survey slips. Similar information
was retrospectively collected from clinical records avail-
able between 1982 and 1991.

Serum phenylalanine concentrations were determined
using an automated amino acid analyzer (L-8800; Hit-
achi, Tokyo, Japan). Serum pteridine was measured by
high-performance liquid chromatography (LC-10;
Shimazu, Kyoto, Japan) after iodine oxidation. DHPR
activity was measured using Guthrie card specimens,
as described previously [4].

3. Results

Patients’ background clinical characteristics are
shown in Table 1. Seventeen patients were diagnosed
with PTPS deficiency and two with DHPR deficiency;
the mean age at end of follow-up was 14.6 years, and
the mean age at initiation of BH, supplementation was
3.6 months. The mean duration of BH, therapy was
13.2 years; more than half the patients received BH,
continuously for more than 10 years. The longest treat-
ment duration was 28 years (z = 1). The mean daily dos-
age was 5 mg/kg; eight patients received less than 5 mg/
kg and 11 patients received more than 10 mg/kg.

Changes in BH, dosage with age are shown in Fig. 1.
The mean dosage in patients with PTPS deficiency
increased over the initial few years of treatment, then
remained stable thereafter. As of 2008, the average daily

Table 1
Baseline characteristics.
Parameter n (%)
Type
PTPS deficiency 17 (89.5)
DHPR deficiency 2 (10.5)

Sex (M/F) 10/9 (52.6/47.4)
Hospitalization
Outpatients 11 (57.9)
In < out 8 (42.1)
Age at initiation of drug administration (years)
0 16 (84.2)
1 2 (10.5)
2 0 (0.0
3 1(5.3)
Age at end of follow-up (years)
0 1(5.6)
1-<4 4(22.2)
4-<10 2 (11.1)
10-< 16 1(5.6)
=16 10 (55.6)
BH, dosage at start of therapy (mg/kg/day)
<5 8 (42.1)
5-<10 7 (36.8)
=10 4(21.1)
BH, dosage at end of follow-up (mg/kg/day)
<5 7 (36.8)
5-<10 4 (21.0)
=10 8 (42.1)
L-dopa use during follow-up
Yes 19 (100.0)
No 0 (0.0)
5-HTP use during follow-up
Yes 19 (100.0)
No 0(0.0)
Phenylalanine-restricted diet during follow-up
Yes 12 (63.2)
No 6 (31.6)
Unknown 1(5.3)
Blood phenylalanine level at neonatal mass screening (mg/dL)*
Mean 14.2
Range 6.0-48.9

" Data available for 13 patients.

dose in 15 patients with PTPS deficiency was 7.9 mg/kg
(Fig. 1). Of the two patients with DHPR deficiency, one
was controlled by a stable dose, while the other required
a high dose to control their serum phenylalanine level
(Fig. 2).

Serum phenylalanine values in 13 of the 19 cases for
whom data were available at the time of newborn
screening are shown in Table 1. Changes in serum phen-
ylalanine levels in patients with PTPS deficiency are
shown in Fig. 2a. Serum phenylalanine was high
(10 mg/dL) at the start of drug administration, but
decreased to less than 2mg/dL following Biopten®
administration, with good phenylalaninemic control
being maintained thereafter (Fig. 2a).

However, one patient with deficiency of DHPR, an
enzyme responsible for BHy recycling, struggled to con-
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Fig. 1. Time courses of BH, dosage in patients with (a) PTPS
deficiency (n = 17) and (b) DHPR deficiency (cases 1 and 2).

trol serum phenylalanine levels despite the fact that the
value at the start of treatment was slightly lower
(9.1 mg/dL) than that in patients with PTPS deficiency.
Serum phenylalanine levels fluctuated in this individual
from the time of treatment initiation until the start-of-
school age (Fig. 2b; case 1). However, another patient
with DHPR deficiency exhibited stable long-term phen-
ylalanine values (4.6 mg/dL at end of follow-up), within
the age-specific reference range (Fig. 2b; case 2). The
patients’ heights and body weights by sex are shown in
Fig. 3.

The mean height by age for male patients with PTPS
deficiency (n=9) was similar to that for the normal
healthy population, but their body weight was lower
by —1 standard deviation (SD), compared with healthy
subjects (Fig. 3a). Female patients (n = 8), however, had
greater mean height (+1 SD) and similar body weight to
age-matched healthy females, except for one female
patient with PTPS deficiency who had severe familial
obesity (Fig. 3b). The two patients with DHPR defi-
ciency (one male and one female) showed almost normal
growth in terms of both height and body weight.

3.1. Combination therapy

Seventeen patients had evaluable data at the end of
the survey period. L-dopa was used together with BH,
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Fig. 2. Changes in serum phenylalanine levels in patients with (a)
PTPS deficiency (n = 17) and (b) DHPR deficiency (cases 1 and 2).

in all patients, and 5-HTP was used in 13 patients.
The doses of both L-dopa and 5-HTP tended to increase
with age, probably consistent with normal weight gain,
because the dosages/body weight remained roughly the
same, at approximately 10 mg/kg per day of L-dopa
(Fig. 4a) and 3-5mg/kg per day of 5-HTP (Fig. 4b)
throughout the study period. All patients with PTPS
deficiency and one patient with DHPR deficiency
showed good control of serum phenylalanine levels with
BH, alone, with no need for restrictive diet therapy,
indicating that BH, therapy could improve the patient’s
quality of life. However, one patient with DHPR defi-
ciency received a phenylalanine-restricted diet in combi-
nation with BH, therapy, because BH, alone was unable
to maintain serum phenylalanine levels within the nor-
mal reference range.

3.2. Safety and efficacy

No patients failed to respond to BH, therapy. One
patient with PTPS deficiency who started BH, therapy
soon after birth died at the age of 3 years, while not
receiving BH, therapy. BH,4 therapy was considered to
be effective in decreasing serum phenylalanine levels in
all the remaining 18 patients with BH, deficiency.

Nervous system disorders were reported in two
patients (10.5%); one patient experienced seizure and
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Fig. 4. Time courses of mean daily dosage of (a) L-dopa and (b)
5-hydroxytryptophan (5-HTP).

one developed increased muscle tone. These symptoms
were deemed to have resulted from insufficient 1-dopa
doses, rather than being caused by BH,. No other side
effects were reported and no patient discontinued treat-
ment because of side effects.

4. Discussion

BH, deficiency was first reported first by Smith et al.
[5], while DHPR deficiency was the cause of BH,

deficiency was recognized by Kaufman et al. [6]. Danks
et al. {7] found no effect of oral BH, administration on
DHPR deficiency, because of poor absorption from
the intestinal tract. However, Schaub et al. [8] reported
that oral administration of BH, was effective in a patient
with DHBS deficiency, after which oral BH,; was used to
~ treat BH, deficiency. The form of BH, used initially was
a mixture of the 6R and 6S isomers, because 6S form of
BH,4 was inactive, but in 1982, Suntory Limited (Japan)
succeeded in synthesizing 6R BHy, after which 100% 6R
BH,, as Biopten® (sapropterin dihydrochloride), has
been used in Japan. The first patient who was given
Biopten® at that time now represents the longest-term
usage of 28 years. Biopten® was approved for BHy defi-
ciency in 1992, and over half the patients since then have
been continuously administered BH, for more than
10 years. All 19 patients in this study also received treat-
ment with t-dopa and 5-HTP, combined with BH,, from
before they were 4 years old, between 1982 and 2008.
And, this study summarizes those patients, which repre-
sents a unique, long-term follow-up of a patient with
BH, deficiency. : '
Control of serum phenylalanine levels by BH, appears

to be easy in patients with PTPS deficiency [6], but more
difficult in patients with DHPR deficiency, although lev-
els can be still maintained within the range of age-specific
reference values. Unlike the situation in PTPS deficiency,
BH,4 cannot be recycled in DHPR deficiency. However,
the sex-specific heights and body weights of patients with
both PTPS and DHPR deficiencies were almost normal,
or within 1SD. BH, administration in patients with BH,
deficiency is intended to strictly limit serum phenylalanine
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levels, though a phenylalanine-restricted diet, in combi-
nation with BH, therapy, may be necessary if BH, alone
is unable to maintain levels within the normal range. The
mental development of patients with BH, deficiency
depends not only on the control of serum phenylalanine
levels, but also on the treatment of neurotransmitter defi-
ciencies, and combination therapy with a phenylalanine-
restricted diet/BH,, as well as supplementation with the
neurotransmitter precursors, L-dopa and 5-HTP, is
required. Because BH,4 does not pass the blood-brain
barrier, L-dopa and 5-HTP are essential for the treatment
of the central nervous system, and were used together
with BHy in all patients. Therefore, although one patient
started BH, administration after 3 years old, she devel-
oped normally because L-dopa and 5-HTP therapy with
a phenylalanine-restricted diet had started already dur-
ing infancy. The doses of both L-dopa and 5-HTP tended
to increase with age, which was considered to be associ-
ated with weight gain. 5-HTP has not been approved as a
drug in Japan, and although the 5-HTP sold as a supple-
ment was used once, patients now buy S5-HTP as a
supplement from overseas via the internet, because this
represents a much cheaper option.

Nervous system side effects were reported in two
patients (seizure and increased muscle tone, respec-
tively), with an incidence of 10.5% (2/19). These symp-
toms were deemed to have occurred as a result of
insufficient L-dopa, and were thought to be unlikely to
be associated with BH4. No other particular side effects
were noted and no patients discontinued treatment
because of side effects, suggesting that this drug showed
a high degree of safety.

Women with PKU can have healthy children, as long
as they maintain strict adherence to a low-phenylalanine
diet throughout their pregnancy. One patient treated
with sapropterin dihydrochloride for 28 years continued
to take BH, during pregnancy to achieve adequate con-
trol of her serum phenylalanine. Apart from discontinu-
ing BH, for a few days because of morning sickness, she
recovered and resumed BH, therapy. She delivered a
baby in October 2008, representing the first successful
pregnancy of a patient while taking BH, in Japan. Both
mother and baby were healthy, and the baby was con-
firmed as normal. The same patient is pregnant again,
and continues to take BHy without morning sickness.

Sapropterin was originally found in Japan, and was
approved for BHy-responsive HPA in the US in 2007,
and after a year EU approved for both BHy-deficiency
and BHy-responsive HPA in 2008 (bland name in US

and EU is Kuvan®). Then, more than 1000 patients of
PKU were continuously administered sapropterin in
each US and EU, and currently about 40 patients were
taking in Japan as well. However, clinical trials were
performed in patients older than 4 years in US and
EU. The treatment of BH, deficiency requires lifelong
administration of sapropterin, therefore it necessitates
a high degree of safety. This was confirmed by the
results of this survey.

5. Conclusions

BH, therapy is effective in controlling serum phenyl-
alanine levels within the normal range in patients with
BH, deficiency, with excellent long-term safety and no
unwarranted side effects. Nineteen patients in Japan
with BH, deficiency treated with BH4 from before the
age of 4 years have been followed for up to 28 years,
representing a unique long-term follow-up of individuals
with BH, deficiency. BH, deficiency requires lifelong
drug therapy, and a high degree of drug safety is there-
fore required. The results of our survey suggest that BH,
therapy is associated with a high level of safety in the
setting of early treatment.
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Pediatric Neurotransmitter Disease in Japan

Harvo Shintaku, MD
Department of Pediatrics, Osaka City University Graduate School of Medicine, Osaka

Pediatric neurotransmitter disease (PND)) encompasses a range of rare genetic disorders that affect the metabolism of neurotransmit-
ters in children. While these neurological disorders are often studied independently of each other, they all manifest central nervous sys-
tem symptoms and require proper diagnosis and intervention at early stages. Since clinical symptoms of PND can be nonspecific, the con-
ditions are often under-diagnosed, leaving patients without a chance to receive effective treatment. Envisioning PND as a whole, a com-
prehensive research effort is underway for a better understanding of pathophysiology and epidemiology in Japan, and toward the establish-
ment of diagnostic criteria. The early diagnosis and development of new effective therapies are of urgent irnportance for these rare
disorders that are not covered by newborn mass screening. For rarer forms of PND, at the same time, it is important to encourage recogni-

tion and understanding of the disease concept among healthcare professionals.

No To Hattatsu 2012 ;44:361-7
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T-cell receptor ligation causes Wiskott-Aldrich syndrome
protein degradation and F-actin assembly downregulation

Yuko Watanabe, MD, PhD,?* Yoji Sasahara, MD, PhD,2* Narayanaswamy Ramesh, PhD,®* Michel J. Massaad, PhD,b*
Chung Yeng Looi, PhD,? Satoru Kumaki, MD, PhD,? Shigeo Kure, MD, PhD,? Raif S. Geha, MD,"} and

Shigeru Tsuchiya, MD, PhD?®f Miyagi, Japan, and Boston, Mass

Background: Wiskott-Aldrich syndrome protein (WASP) links
T-cell receptor (TCR) signaling to the actin cytoskeleton. WASP
is normally protected from degradation by the Ca**-dependent
protease calpain and by the proteasome because of its
interaction with the WASP-interacting protein.

Objective: We investigated whether WASP is degraded after
TCR ligation and whether its degradation downregulates
F-actin assembly caused by TCR ligation.

Methods: Primary T cells, Jurkat T cells, and transfected 293T
cells were used inimmunoprecipitation experiments. Intracellular
F-actin content was measured in splenic T cells from wild-type,
WASP-deficient, and c—Casitas B-lineage lymphoma (Cbl)-b—
deficient mice by using flow cytometry. Calpeptin and MG-132
were used to inhibit calpain and the proteasome, respectively.
Results: A fraction of WASP in T cells was degraded by calpain
and by the ubiquitin-proteasome pathway after TCR ligation.
The Cbl-b and c¢-Cbl E3 ubiquitin ligases associated with WASP
after TCR signaling and caused its ubiquitination. Inhibition of
calpain and lack of Cbl-b resulted in a significantly more
sustained increase in F-actin content after TCR ligation in wild-
type T cells but not in WASP-deficient T cells.

Conclusion: TCR ligation causes WASP to be degraded by
calpain and to be ubiquitinated by Cbl family E3 ligases, which
targets it for destruction by the proteasome. WASP degradation
might provide a mechanism for regulating WASP-dependent
TCR-driven assembly of F-actin. (J Allergy Clin Immunol
2013;132:648-55.)

Key words: Wiskott-Aldrich syndrome, Wiskott-Aldrich syndrome
protein, T-cell receptor, calpain, ubiquitination, proteasome,
F-actin, Cbl family proteins
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Abbreviations used
Arp: Actin-related protein
Cbl: Casitas B-lineage lymphoma
EVHI: Ena-VASP homology domain 1
IS: Immune synapse
TCR: T-cell receptor
WAS: Wiskott-Aldrich syndrome
WASP: Wiskott-Aldrich syndrome protein
WIP: WASP-interacting protein
WT: Wild-type
ZAP-70: { Chain—associated protein kinase of 70 kDa

Wiskott-Aldrich syndrome (WAS) is an X-linked recessive
disorder characterized by variable immunodeficiency, eczema,
and thrombocytopenia.' The gene for Wiskott-Aldrich syndrome
protein (WASP) is mutated in patients with WAS and X-linked
thrombocytopenia. WAS is located on Xpl1.22-p11.23 and
encodes a protein of 502 amino acids and approximately 60
kDa in molecular weight.>> WASP expression is restricted to
hematopoietic cells.? v

WASP has an N-terminal Ena/VASP homology domain
1 (EVH1) domain, a Cdc42/Rac GTPase-binding domain, a
proline-rich domain, a G actin—binding verprolin homology (V)
domain, a cofilin homology (C) domain, and a C-terminal acidic
(A) segment.1 The last 3 domains are located at the C-terminal
end of WASP and are collectively referred to as the VCA domain.
WASP interacts with WASP-interacting protein (WIP) through its
EVHI1 domain; with Cdc42-GTP through its GTPase-binding
domain; with multiple SH3 domain—containing proteins, which
include Nck, Grb2, and cortactin, through its proline-rich region;
and with the actin-related protein (Arp) 2/3 complex that initiates
actin polymerization through its VCA domain.*®

WASP plays a critical role in T-cell activation and actin
reorganization.”® T cells from patients with WAS and WASP ™/~
mice are deficient in their ability to increase their F-actin content,
secrete IL-2, and proliferate after T-cell receptor (TCR) liga-
tion. %' WASP exists in cells in a closed inactive conformation
through intramolecular interactions that prevent the VCA domain
from activating the Arp2/3 complex. Binding of Cdc42-GTP or of
the SH3 domain of adaptor proteins, as well as phosphorylation of
tyrosine (Y) at position 291, is thought to cause a conformational
change in WASP, which allows the VCA domain to interact with
and activate the Arp2/3 complex.”*'> The WASP-interacting
protein (WIP) is expressed at high levels in lymphoid tissues.
Most of WASP is associated with WIP in T cells.'® WIP binds
through its C-terminal end to the EVH1 domain of WASP. WIP
plays an important role in the recruitment of the WASP-WIP com-
plex to { chain—associated protein kinase of 70 kDa (ZAP-70) and
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to the immunologic synapse after TCR ligation.!” More impor-
tantly, WIP stabilizes WASP in T cells. This is evidenced by the
finding that WASP levels are significantly reduced in T cells
from WIP™/™ mice and a WIP-deficient patient.'®'® Furthermore,
most missense mutations in WASP that result in diminished
WASP levels are localized to the WIP-binding EVH1 domain of
WASP and disrupt the WASP-WIP interaction.'®*° Expression
of the WASP-binding domain of WIP in these cells restores
WASP levels close to normal.*' Treatment with calpain and pro-
teasome inhibitors increases WASP protein levels in T cells from
WIP™'™ mice and patients with WAS with missense mutations
that disrupt WIP binding,'® indicating that WASP can be subject
to degradation by calpain and the ubiquitin-proteasome pathway.

Unregulated activation of WASP is detrimental to many cell
types, especially cells of the myeloid lineage. Three different
mutations of WASP, namely L270P, S272P, and 1294T, destroy the
autoinhibitory conformation of WASP, resulting in a constitu-
tively active protein, and cause X-linked neutropenia.’” The
L270P and S272P mutations localize to the GTPase-binding
domain,®® whereas the 1294T mutation is located close to the
tyrosine residue Y291, which, when phosphorylated, results in
the activation of WASP.>* Knock-in mouse models mimicking
the L270P and I294T mutations have been described.”” T and
B cells from these mice show a marked increase in F-actin levels
but migrate normally in response to chemokines.

In this study we demonstrate that TCR ligation causes WASP to
be degraded by calpain and by Casitas B-lineage lymphoma
(Cbl)-mediated ubiquitination and proteasomal destruction. We
demonstrate that WASP degradation provides a mechanism for
downregulating TCR-driven assembly of F-actin.

METHODS

Cell lines and T cells

Jurkat T cells were obtained from the American Type Culture Collection
and maintained in RPMI medium (Gibco, Carlsbad, Calif) supplemented with
10% FBS. 293T cells were a gift from Dr N. Ishii (Tohoku University, Sendai,
Japan) and were maintained in Dulbecco modified Eagle medium (Gibco)
supplemented with 10% FBS. Spleens from Cbl-b knockout (Chi-b™") mice
and genetically matched wild-type (WT) shipping controls were a generous
gift from Dr H. Gu, Columbia University. WASP-deficient mice were obtained
from Dr Scott Snapper. Splenic T cells were isolated by using T-cell enrich-
ment columns (Miltenyi Biotec, Bergisch Gladbach, Germany).

Antibodies

Anti-WASP 5A5 mAb, which recognizes the epitope in the region
corresponding to amino acids 146 to 265, was developed in our laboratory.2®
Anti-WASP rabbit polyclonal antibody K374 (a gift from Dr Ignacio Molina)
is directed to the C-terminal 20 amino acids of WASP.'® Anti~phospho-WASP
antibody, which recognized WASP phosphorylated on Y291, was purchased
from Abcam (Cambridge, United Kingdom). Anti-ubiquitin mAb P4D1,
anti-c-Cbl mADb A-9, and anti—Cbl-b mADb G-1 were from Santa Cruz Biotech-
nology (Santa Cruz, Calif). Anti-actin mAb and anti-FLAG mAb were from
Sigma (St Louis, Mo). Anti-HA mAb was from Cell signaling (Danvers,
Mass). Control rabbit IgG was from Upstate (Billerica, Mass).

TCR stimulation, immunoprecipitation, and
Western blotting

TCR ligation was performed, as described previously.” Briefly, T cells
were incubated with 10 pg/mL anti-CD3 mAb UCHT1 (Calbiochem, San
Diego, Calif) on ice for 20 minutes, followed by cross-linking with
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15 pg/mL goat anti-mouse IgG (H+L; Caltag, Buckingham, United King-
dom) at 37°C for the indicated period. Cells were lysed in ice-cold lysis buffer
containing 1% Triton X-100 and protease inhibitors. Cell lysates were clarified
at 14,000 for 20 minutes at 4°C. For immunoprecipitation, cell lysates were
precleared with protein G-Sepharose (GE Healthcare, Fairfield, Conn) for 2
hours and incubated overnight at 4°C with 4 pg of the indicated antibody pre-
adsorbed onto protein G-Sepharose. Beads were washed 4 times with modi-
fied lysis buffer containing 0.2% Triton X-100. Bound proteins were eluted,
run on 10% SDS-PAGE gels, and analyzed by means of Western blotting
with the indicated antibodies followed by anti-mouse or anti-rabbit antibodies
conjugated to horseradish peroxidase and enhanced chemiluminescent detec-
tion (Amersham Life Sciences, Piscataway, NJ). Densitometry was performed
with CS Analyzer version 2.08 software (ATTO Corporation, Tokyo, Japan) or
Imagel version 1.45 software.

Calpain and proteasome inhibition

The proteasome inhibitor MG132 and the calpain inhibitor calpeptin were
purchased from Calbiochem. Cells were cultured with calpeptin (1 pmol/L) or
MG132 (10 wmol/L) for 6 hours before anti-CD3 stimulation.

Expression vectors and transfection

Human pcDNA3.1-EGFP-hWASP-WT was a generous gift from Dr K. A.
Siminovitch (University of Toronto, Toronto, Ontario, Canada). Control
pAcGFP1-C1 vector was purchased from Clontech (Mountain View, Calif).
Human pcDNA3.1-3xFLAG-c-Cbl-WT, pcDNA3.1-3xFLAG-Cbl-b-WT, and
pcDNA3.1-HA-Ub were gifts from Drs N. Ishii and Y. Tanaka (Tohoku
University).?” Control p3xFLAG-CMV-14 vector was purchased from Sigma.
293T cells were transiently transfected with lipofectamine, as described pre-
viously,27 and harvested 48 hours after transfection.

Determination of cellular F-actin content

Flow cytometric analysis of F-actin content was performed, as described
previously.'® Briefly, mouse T cells were purified by using negative selec-
tion with the Pan T Cell Isolation Kit (Miltenyi Biotec) and then incubated
for 6 hours with 1 wmol/L calpeptin. Cells were then washed and incubated
with 10 pg/mL rat anti-mouse CD3 mAb (Serotec, Oxford, United King-
dom) for 30 minutes on ice. Cells were stimulated for the indicated times
by cross-linking with goat anti-rat IgG (H+L) secondary antibody (Jackson
Immunoresearch, West Grove, Pa). Cells were fixed in 4% formaldehyde,
washed, and permeabilized with the CytoFix/CytoPerm cell staining kit
(BD Biosciences, San Jose, Calif). F-actin was stained with tetramethylr-
hodamine isothiocyanate-labeled phalloidin (Invitrogen, Carlsbad, Calif).
F-actin content was analyzed by measuring the mean fluorescent intensity
with FACS LSRFortessa (Becton Dickinson) and FlowJo (TreeStar, Ash-
land, Ore) software.

Statistical analysis
Statistical analysis was performed with the Student ¢ test.

RESULTS
WASP is C-terminally truncated by calpain after
TCR ligation

Purified peripheral blood T cells were stimulated with anti-
CD3 mAb followed by cross-linking with secondary antibody and
cell lysates were immunoblotted for WASP to investigate whether
WASP is degraded after TCR ligation. Immunoblotting with mAb
5AS5, which recognizes an epitope in the region corresponding to
amino acids 146 to 265, revealed a 62- to 64-kDa band in
unstimulated T cells (Fig 1, A), as previously observed.”® Stimu-
lation with anti-CD3 resulted in the appearance of a 55-kDa
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FIG 1. WASP is cleaved by calpain after TCR ligation. A and B, WASP immunoblot of peripheral blood T cells
stimulated for 0 to 15 minutes with anti-CD3 mAb using mAb 5A5 (Fig 1, A) or polyclonal antibody K374 (Fig
1, B). C, WASP immunoblot of Jurkat T cells stimulated with anti-CD3 mAb using mAb 5A5. D, Effect of pre-
treatment for 6 hours with calpeptin on anti-CD3-driven WASP degradation in peripheral blood T cells.
Lysates were immunoblotted with mAb 5A5. *Nonspecific band. The positions of molecular weight markers
are indicated on the leftin Fig 1, Ato D. The ratio of cleaved WASP to full-length (FL)WASP in Fig 1, Aand D,
represents the mean of 5 experiments. Similar results were obtained in Fig 1, A to D, in 5 independent

experiments.

WASP fragment at 5 minutes, which increased at 10 and 15
minutes after stimulation. Scanning densitometric analysis
revealed that the intensity of the cleaved WASP band was approx-
imately 5% that of the full-length WASP band at 10 and 15 min-
utes after stimulation. Similar results were obtained in Jurkat
T cells (Fig 1, C).

Immunoblotting Iysates of T cells with the rabbit polyclonal
antibody K374 raised against the C-terminal 20 amino acids of
WASP revealed the same 62- to 64-kDa band detected by using
mADb 5A5 but did not detect the 55-kDa WASP fragment in anti-
CD3-stimulated T cells that was detected by using mAb 5A5 (Fig
1, B). Similar results were obtained in Jurkat T cells (data not
shown). This result indicates that the 55-kDa WASP fragment
lacks the C-terminal VCA domains of WASP (amino acids 421-
502) responsible for its actin-polymerizing activity.

Calpain cleaves WASP in vitro®® and contributes to WASP deg-
radation in WIP-deficient T cells.'®** To examine whether
calpain was responsible for the cleavage of WASP after TCR liga-
tion, T cells were pretreated with the calpain inhibitor calpeptin
for 6 hours, washed, and stimulated with anti-CD3 mAb for 5
minutes. Preincubation with calpeptin attenuated by approxi-
mately 50% the generation of the 55-kDa WASP fragment in
response to anti-CD3 stimulation (Fig 1, D), strongly suggesting
that calpain mediates the C-terminal truncation of WASP after
TCR/CD3 ligation, at least in part.

WASP is ubiquitinated and degraded by the
proteasome in T cells after TCR ligation

In the absence of WIP, WASP is degraded by the ubiquitin-
proteasome pathway. 16300 investigate whether WASP is a substrate
for ubiquitination, we incubated in vitro transcribed and translated
WASP with purified ubiquitin and ubiquitin-conjugating enzymes

(mixture of E1, E2, and E3 enzymes), and the reaction mixture
was immunoblotted with anti-ubiquitin mAb. WASP was polyubi-
quitinated in the presence of ubiquitin and ubiquitin-conjugating
enzymes, as indicated by an intense high-molecular-weight smear
(Fig 2, A). Addition of the 26S proteasome fraction to the ubiq-
uitination mixture resulted in marked attenuation of the ubiquitinated
WASP smear. These results indicate that after TCR/CD3 ligation,
WASP is subject to ubiquitination, which targets it for destruction
by the proteasome.

We next examined whether WASP is ubiquitinated in T cells
after TCR ligation. Fig 2, B, shows the appearance of polyubiqui-
tinated WASP after anti-CD3 mAb stimulation of Jurkat T cells.
To examine whether WASP ubiquitinated after TCR ligation is
targeted for destruction by the proteasome, Jurkat T cells were
pretreated with the proteasome inhibitor MG132 for 6 hours
and then stimulated with anti-CD3 mAb for 10 minutes, and
WASP immunoprecipitates were prepared from their lysates
and probed for ubiquitin. Fig 2, C, shows that ubiquitinated
WASP was weakly detectable in unstimulated Jurkat cells, but
its levels increased after TCR/CD3 stimulation. Pretreatment
with MG132 modestly increased the amounts of ubiquitinated
WASP in unstimulated Jurkat cells and strongly increased the
amounts of ubiquitinated WASP detected after TCR/CD3 liga-
tion. These results indicate that WASP is ubiquitinated and
degraded by the proteasome after TCR ligation.

The Cbl family proteins ¢-Cbl and Cbl-b associate
with WASP after TCR ligation and act as E3
ubiquitin ligases for WASP

Members of the Cbl family of E3 ubiquitin ligases are negative
regulators in TCR signaling.>'** We tested the hypothesis that
Cbl proteins might be involved in WASP ubiquitination. We first
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FIG 2. WASP is ubiquitinated and degraded by the 26S proteasome in vitro and in anti-CD3-stimulated
Jurkat cells. A, Ubiquitination of in vitro translated purified WASP by ubiquitin-conjugating enzymes and
its degradation by the 26S proteasome. Reaction mixtures were probed with anti-ubiquitin. B, Generation
of ubiquitinated WASP in Jurkat T cells after stimulation with anti-CD3 mAb. WASP immunoprecipitates
were probed with anti-ubiquitin mAb. Polyubiquitinated WASP appears as a smear. C, Protection of
ubiquitinated WASP from degradation by the proteasome inhibitor MG132 in anti-CD3-stimulated Jurkat
T cells. Similar results were obtained in Fig 2, Ato C, in 4 independent experiments. The relative smear
intensity in Fig 2, B and C, represents the mean of 4 experiments. /P, Immunoprecipitate; Ub, ubiquitin;

WB, Western blot.

investigated whether Cbl proteins and WASP form a complex.
WASP immunoprecipitates from Jurkat cell lysates were probed
for ¢-Cbl and Cbl-b. ¢-Cbl, but not Cbl-b, coprecipitated weakly
with WASP in unstimulated Jurkat T cells. TCR ligation increased
the association of ¢-Cbl with WASP. It also induced the associa-
tion of Cbl-b with WASP at 10 and 15 minutes after stimulation
(Fig 3, A).

To investigate whether Cbl proteins act as E3 ubiquitin ligases
for WASP, we transiently transfected 293T cells with plasmids
coding for WT WASP, HA-tagged ubiquitin, FLAG-tagged c-Cbl,
or FLAG-tagged Cbl-b. WASP coprecipitated with both c-Cbl and
Cbl-b and was polyubiquitinated significantly more when co-
transfected with ubiquitin, c-Cbl, and Cbl-b than with ubiquitin
and empty vector (Fig 3, B).

To examine the role of Cbl-b in WASP ubiquitination after
TCR ligation, we used purified T cells from spleens of Chl-b™"~
mice. Ubiquitination of WASP after TCR ligation was reduced,
although not completely abrogated, in T cells from Chl-b™"~
mice (Fig 3, C), suggesting that WASP is a substrate for Cbl-b
in antigen-stimulated T cells. We could not examine the role of
c-Cbl on WASP ubiquitination after TCR ligation because we
had no access to T cells from ¢-Chl ™™ mice.

WASP degradation after TCR/CD3 ligation limits
TCR/CD3-driven F-actin assembly in T cells

WASP is important for F-actin assembly in T cells.'” We
examined whether WASP degradation after TCR/CD3 ligation
regulates TCR/CD3-driven F-actin assembly. Purified T cells
from WT and WASP-deficient mice were incubated for 6 hours
with calpeptin or left untreated, washed and stimulated with
anti-CD3 mADb, and cross-linked with a secondary antibody. The
cells were then fixed, permeabilized, stained for F-actin with

fluorescein isothiocyanate—conjugated phalloidin, and analyzed
by means of flow cytometry. As previously reported, WASP-
deficient T cells had a lower F-actin content than WT T cells.'®
TCR/CD3 ligation caused a parallel increase in F-actin levels in
both WT and WASP-deficient T cells, which peaked at 5 minutes
after stimulation and returned almost to baseline 10 minutes after
stimulation. Pretreatment with calpeptin had no effect on F-actin
content of the T cells at baseline or at 2 and 5 minutes after stim-
ulation; however, it significantly increased the F-actin content of
WT T cells at 10 minutes after anti-CD3 stimulation, maintaining
it at almost the peak level achieved at 5 minutes after stimulation.
In contrast, pretreatment with calpeptin had no effect on the F-ac-
tin content of WASP-deficient T cells 10 minutes after anti-CD3
stimulation. These results suggest that calpain-mediated WASP
degradation limits the duration of F-actin assembly after TCR/
CD3 ligation.

We next examined whether ubiquitination, which targets WASP
for proteosomal degradation, regulates F-actin assembly after
TCR/CD3 ligation. Because Cbl-b participates in WASP ubig-
uitination, we examined F-actin assembly in T cells deficient in
Cbl-b. Baseline F-actin content and TCR-driven F-actin assembly
were both significantly increased in T cells from c-Cbl-deficient
mice compared with T cells from WT control animals (Fig 4, B).
These results suggest that WASP degradation by ubiquitination
regulates baseline and TCR-driven F-actin assembly. ‘

DISCUSSION : :

Our results demonstrate that TCR ligation triggers the degra-
dation of WASP by calpain-mediated cleavage and Cbl-mediated
ubiquitination and subsequent proteasomal degradation. We
present evidence that WASP degradation provides a mechanism
for limiting the duration of TCR-driven assembly of F-actin.
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FIG 3. Cbl family E3 ubiquitin ligases associate with and ubiquitinate WASP after TCR ligation. A, Western
blot analysis of WASP immunoprecipitates from anti-CD3-stimulated Jurkat T cells for ¢-Cbl and Cbl-b. IgG
control antibody precipitates were prepared 10 minutes after anti-CD3 stimulation and used as controls.
B, Ubiquitination of WASP in 293T cells transfected with WT WASP and HA-tagged ubiquitin plus either
FLAG vector alone (Vect.), FLAG-tagged c-Cbl, or FLAG-tagged Cbl-b. In the left panel WASP immunopre-
cipitates were probed for HA, FLAG, and WASP. In the right panel total lysates were probed for FLAG-c-
Cbl or FLAG-Cbl-b, WASP, and actin. C, WASP ubiquitination after TCR ligation in T cells from Cb/-b™"~
mice and WT control animals. WASP immunoprecipitates were probed for ubiquitin. Similar results were
obtained in Fig 3, Ato C, in 4 independent experiments. The relative smear intensity in Fig 3, C, represents
the mean of 4 experiments. /P, Immunoprecipitate; Ub, ubiquitin; WB, Western blot.

TCR/CD3 ligation resulted in the degradation of a small
fraction of WASP through calpain-mediated cleavage and the
ubiquitin proteasome pathway. We estimated that approximately
5% of WASP is degraded after TCR/CD3 ligation. This is
possibly an underestimate because the truncated 55-kDa WASP
might be less stable than intact WASP. We could not detect a
decrease in the levels of intact WASP in anti-CD3-activated
T cells, probably because Western blotting is not sensitive enough
to detect a small decrease in protein levels. We were unable to
detect the cleaved, C-terminal, approximately 10-kDa fragment
using an antibody to the C-terminus of WASP. This is most likely
because such a small cleaved fragment would be rapidly degraded
in the cell. Normally, WASP is protected from degradation by its
partner, WIP. 16 The conformational changes in WASP induced by
TCR signaling, which involve a change from an inactive to an
active form capable of activating the Arp2/3 complex and F-actin
polymerization, possibly increases the susceptibility of WASP to
calpain cleavage and to ubiquitination and proteasomal degrada-
tion. The observation that WASP is degraded by calpain after
TCR ligation is consistent with previous observations that
WASP can be degraded in platelet lysates by calpain® and that
in vitro translated WASP is a substrate for calpain I and IL'¢
The increase in intracellular Ca™* concentration that follows

TCR ligation could be the trigger for the Ca™ "-dependent activa-
tion of calpain in anti-CD3-stimulated T cells.

Both ¢-Cbl and Cbl-b associated with WASP when overex-
pressed in 293T cells and acted as E3 ubiquitin ligases for WASP
ubiquitination in vitro. More importantly, WASP ubiquitination
after TCR ligation was impaired in Cbl-b-deficient T cells, impli-
cating at least Cbl-b in WASP ubiquitination in T cells. Cbl family
proteins act as negative regulators of TCR signaling by virtue of
their ability to ubiquitinate LCK and ZAP-70,**> which are
upstream of WASP. Thus Cbl family members might regulate
WASP activity indirectly by dampening TCR signaling upstream
of WASP, as well as directly by ubiquitinating WASP and target-
ing it for degradation. Evidence has been presented that the
activated WASP phosphorylated at Y291 is a target for ubiqutina-
tion.™ We have also found that inhibition of the proteasome by
MG132 increases the amount of tyrosine-phosphorylated WASP
in anti-CD3-stimulated cells (see Fig E1 in this article’s Online
Repository at www.jacionline.org). This observation lends further
support to the notion that activated WASP molecules are targets
for degradation after TCR ligation.

It is not clear whether the interaction between WASP and c-Cbl
and Cbl-b is direct or mediated by other proteins. It has been
reported that c-Cbl associates with multiple proteins, which
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FIG 4. Effect of calpain inhibition and loss of Cbl on F-actin assembly in T cells. A, Effect of pretreatment of
T cells from WT and WASP knockout mice with calpeptin on TCR-driven assembly of F-actin. Pretreatment
with the vehicle dimethyl suifoxide was used as a control. B, TCR-driven assembly of F-actin in T cells from
Cbi-b™"~ mice and WT control animals. T cells were stimulated with anti-CD3 for 10 minutes. Results are
expressed as a percentage of the baseline F-actin content in unstimulated WT T cells and represent the

means + SDs of 3 independent experiments. *P < .01.

include tyrosine phosphorylated ZAP-70,%® the adaptor proteins
Nck? and Grb2*’ through their SH3 domains, CrkL through its
SH2 domain,*® Src tyrosine kinases through their SH3 do-
mains,?**® and Vav and the p85 regulatory subunit of phosphati-
dylinositol-3-OH kinase through their SH2 domains.*""** Because
these proteins are also reported to associate with WASP, its part-
ner WIP, or both,'”*? an indirect association of Cbl with WASP
cannot be ruled out. Alternatively, c-Cbl and Cbl-b could directly
interact with an activated form of WASP, such as tyrosine-
phosphorylated WASP. Indeed, while this manuscript was in prep-
aration, it was shown that WASP phosphorylation at tyrosine 291
after TCR activation results in recruitment of Cbl-b.**

Our data suggest that the degraded fraction of WASP includes
activated WASP. This is supported by the observation that calpain
inhibition and lack of the WASP-ubiquitinating E3 ligase Cbl-b
resulted in more sustained F-actin assembly in WT T cells after
TCR/CD3 ligation. The small fraction of WASP that is cleaved
after TCR ligation could be important for F-actin polymerization
because of its location close to the TCR. Indeed, we have shown
previously that a fraction of WASP translocates together with a
fraction of the TCR/CD3 complex to lipid rafts.'” It is also well
known that a fraction of WASP colocalizes with TCR molecules
in the immune synapse (IS).174445 Cbl family molecules, which
are also recruited to the IS, where they are activated by LCK and
ZAP-70,¢*" could ubiquitinate WASP molecules recruited to the
IS, targeting them for degradation. The IS is a dynamic structure
that constantly undergoes protein kinase C6—dependent dissolution
and WASP/F-actin—dependent reformation of its peripheral supra-
molecular activation complex.*’ Protein kinase C—dependent dis-
solution breaks the symmetry of the IS and allows T-cell motility.

WASP/F-actin—dependent reformation of the IS is important for
the sustained signaling that is necessary for IL-2 production. We
speculate that cycles of TCR-triggered recruitment and activation
of WASP in the IS followed by local degradation of the activated
WASP might be important for IS dynamics and T-cell function.

The observation that baseline F-actin content was increased in
Chl-b~"~ T cells, but not in calpeptin-treated T cells, suggests that
under steady-state conditions, Cbl ubiquitination and proteasome
degradation, but not calpain, degrade WASP molecules in acti-
vated in T cells. The observation that calpain inhibition had no
effect on F-actin assembly in WASP-deficient T cells indicates
that calpain regulates F-actin assembly by targeting WASP for
degradation. These results strongly suggest that degradation of ac-
tivated WASP by calpain and by the ubiquitin/proteasome pathway
provide an important homeostatic mechanism for terminating sig-
naling to the cytoskeleton after TCR ligation. Furthermore, WASP
mutants that are resistant to ubiquitination are associated with
enhanced T-cell activation, supporting the notion that WASP deg-
radation limits TCR activation.**

Protein cleavage is used by prokaryotes and eukaryotes to
activate or terminate signaling. Well-documented examples
include the coagulation cascade, the complement activation
cascade, degradation of the nuclear factor kB inhibitor IkBa,
TNF receptor—associated factor 3, Argonaute, and voltage-gated
calcium-channel proteins.**>* Degradation of activated WASP
might regulate receptor signaling to the cytoskeleton not only in
T cells but also in other hematopoietic cells. Such a control mech-
anism would avoid the potential pathology observed in patients
with mutations that cause sustained WASP activation and mani-
fest as X-linked neutropenia.
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