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Table 3 Comparison between patients with CBSCT and
BMT/PBSCT
CBSCT BMT[PBSCT
(n=15) (n=10)
Gender
Male 10 7
Female 5 3
Age (median, years old) 5 6
Minimum sodium level (median, 120 121.5
mmol/l)
Onset of SIADH (median, day) 19* 46*
WBC at onset of SIADH (median, 1.0* 3.1*
x 10°/1)
Severe symptom at SIADH 8* o*
Neurological sequelae 4 1

Abbreviations: CBSCT=cord blood SCT; SIADH=syndrome of
inappropriate antidiuretic hormone.

*P<0.05.
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Figure 1 (a) Day of the onset of syndrome of inappropriate secretion of
antidiuretic hormone (SIADH) following cord blood SCT (CBSCT) and
BMT/PBSCT. (b) WBC at the onset of SIADH in patients with CBSCT
and BMT/PBSCT.

Neurological sequelae occurred in 4 (26.6%) of the 15
patients receiving CBSCT, but in only 1 (10.0%) of the 10
patients after BMT/PBSCT. In analysis limited to survi-
vors, neurological sequelae occurred in 4 (30.8%) of the 13
survivors after CBSCT, whereas it occurred in one (12.5%)
of the eight survivors following BMT/PBSCT. These
differences were not significant (P> 0.30).

Discussion

In this study, we revealed for the first time the differences
in SIADH clinical features between CBSCT and BMT/
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PBSCT treatments; patients receiving CBSCT had an
earlier onset, a lower WBC count at the onset, and more
severe symptoms than did those receiving BMT/PBSCT,
and neurological sequelae were more frequent following
SCT in survivors with SIADH than in those without
SIADH.

Antineoplastic agents,>® glucocorticoid,” hematological
diseases®!! and other factors have been reported to be
associated with SIADH. In this study, multivariate analysis
revealed that only an alternative donor was independently
associated with an increased risk of SIADH, whereas
recipient age, gender, primary diseases, acute GVHD or
drugs used in the peritransplant period were not indepen-
dent risk factors (data not shown). These results, except for
age, concurred with our previous report.® Although we
have no available data at present, IL-6 has been reported to
be involved in SIADH.'?"*4 In addition, levels of cytokines
such as IL-6 and tumor necrosis factor-a are known to be
high in SCT from an HLA-mismatched donor or an
unrelated donor.’” These cytokines may induce SIADH
following SCT, even though acute GVHD was not
associated with the occurrence of SIADH.

In patients with SIADH following SCT, we found
different SIADH clinical features following CBSCT and
BMT/PBSCT. CsA and methylprednisolone were used
more frequently in patients with STADH following CBSCT,
whereas antithymocyte globulin, FK506 and MTX were
used more frequently in patients with SIADH following
BMT/PBSCT (P<0.04). These drugs, however, were not
associated with the occurrence of STADH. Therefore, these
clinical differences are likely due to the difference in the
source of stem cells. A major difference in the outcome
between CBSCT and BMT/PBSCT is recognized to be that
CBSCT needs a longer period for hematological/immuno-
logical reconstitution than does BMT/PBSCT. However,
the hypothesis that SIADH following SCT treatment is
related to the expansion of donor cells is not likely because
patients with SIADH following CBSCT had an approx-
imate 3 week earlier onset and one-third of the WBC count
at the onset compared to those with SIADH following
BMT/PBSCT. The difference in cytokine reactions between
CBSCT and BMT/PBSCT, such as pre-engraftment im-
mune reactions proposed as an early phenotype of post-
CBSCT immune reaction,'®!” may explain these clinical
differences.

We have previously shown significantly higher overall
and event-free survival rates in patients with SIADH
following SCT than those without SIADH.? In this study,
although this conclusion was confirmed (data not shown),
neurological sequelae following SCT occurred in survivors
with SIADH more frequently than in those without
SIADH. All patients with SIADH were promptly and
appropriately treated with fluid restriction, diuretics or
hypertonic saline (3% NaCl) and recovered from hypona-
tremia. NaCl (3%) was given to 23 of the 25 patients and its
duration (median, 23 days; range, 1-116 days) was not
associated with the source of stem cells or neurological
sequelae (data not shown). Patients had no other metabolic
disturbances, such as hypocalcaemia, hypomagnesaemia
and hyper- or hypoglycemia. Only one patient diagnosed
with human herpes virus 6 (HHV-6) encephalitis had a



neurological disorder other than SIADH. We therefore
speculate that the causes of neurological sequelae are
identical to those of SIADH. Although the precise basis for
SIADH following SCT still remains unknown, there may
be a pattern of cytokines inducing not only SIADH but
also a GVL/tumor effect without GVHD. To test this
hypothesis, it is important to determine whether there are
significant differences in survival rates between malignant
and non-malignant diseases. For this purpose, further
analysis of a much larger number of patients with SIADH
following SCT will be needed.

After the onset of SIADH, one patient (case 21) was
diagnosed with HHV-6 encephalitis by PCR for HHV-6
using his cerebrospinal fluid. Although he was appropri-
ately treated for SIADH and recovered from hyponatre-
mia, he finally subsequently developed seizures and
developmental delay. There are also a few reports of
SIADH related to HHV-6 encephalitis.'®'® Therefore, we
speculate that, in this case, HHV-6 encephalitis caused
SIADH and neurological sequelae. SCT often causes many
neurological disorders,>22 some of which, such as CNS
infections (bacterial and viral),'®!2*-¢ intracranial bleed-
ing and drug toxicity (FK506),>” have been reported to be
associated with SIADH. Thus, subclinical neurological
disorders might be present in these patients and elude
diagnosis, although we were unable to demonstrate any
neurological disorders in other patients with SIADH. Not
only cytokine reactions after SCT but also neurological
disorders caused by SCT can cause SIADH following SCT
and neurological sequelae. SIADH may be considered as a
potentially important symptom of neurological disorders
and a predictor of neurological sequelae.

In conclusion, we revealed the differences in SIADH
clinical features between CBSCT and BMT/PBSCT treat-
ments and the more frequent occurrence of neurological
sequelae following SCT in survivors with than without
SIADH. The onset of SIADH following SCT was assumed
to be associated with cytokine reactions after SCT and/or
other neurological disorders caused by SCT. Further
analysis of a much larger number of patients with SIADH
following SCT is needed to explore the mechanisms of
SIADH developing after SCT and to appropriately manage
such patients.
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Abstract

The Wiskott-Aldrich syndrome protein (WASP), which is defective in Wiskott-Aldrich syndrome (WAS)
patients, is an intracellular protein expressed in non-erythroid hematopoietic cells. Previously, we have
established methods to detect intracellular WASP expression in peripheral blood mononuclear cells
(PBMNCs) using flow cytometric analysis (FCM-WASP) and have revealed that WAS patients showed
absent or very low level intracellular WASP expression in lymphocytes and monocytes, while a significant
amount of WASP was detected in those of normal individuals. We applied these methods for diagnostic
screening of WAS patients and WAS carriers, as well as to the evaluation of mixed chimera in WAS
patients who had previously undergone hematopoietic stem cell transplantation. During these procedures,
we have noticed that lymphocytes from normal control individuals showed dual positive peaks, while their
monocytes invariably showed a single sharp WASP-positive peak. To investigate the basis of the dual posi-
tive peaks (WASP'OWIoNt and WASPheNeieh) e characterized the constituent linage lymphocytes of
these two WASP-positive populations. As a result, we found each WASP'®*/"S" population comprised dif-
ferent linage PBMNCs. Furthermore, we propose that the difference between the two WASP-positive
peaks did not result from any difference in WASP expression in the cells, but rather from a difference in
the structural and functional status of the WASP protein in the cells. It has been shown that WASP may
exist in two forms; an activated or inactivated form. Thus, the structural and functional WASP status or
configuration could be evaluated by flow cytometric analysis.

Key words Wiskott-Aldrich syndrome protein; flow cytometry; Wiskott-Aldrich syndrome; peripheral blood mononuclear cells
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The Wiskott-Aldrich syndrome protein (WASP) is the
causative molecule underlying WAS (1). WASP com-
prises 502 amino acid residues, and is encoded by the
WASP gene, which is organized into 12 exons encom-
passing 9 kb gDNA, and is located on the X-chromo-
some at Xpll.23-p11.22 (2). WASP belongs to the
growing family of WASP/Scar/WAVE cytoplasmic
scaffolding proteins, which are involved in cytoskeleton
remodeling and actin nucleation/polymerization in

© 2009 John Wiley & Sons A/S
82 (223-230}

response to activation stimuli (3, 4). Recent studies
have revealed that WASP interacts with a number of
intracellular molecules and plays key roles in signal
transduction and the regulation of actin-polymerization
(5-9). Furthermore, on the basis of crystal structure
studies of the WASP molecule, it has been shown that
WASP is involved in an auto-inhibition and activation
mechanism via intra-molecular conformation changes
(10).
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Application of FCM for evaluation of WASP function

Loss of function mutations in the WASP genes
causes WAS, and X-linked thrombocytopenia (XLT)
(11, 12), while gain of function mutations in the
WASP gene have shown to cause X-linked neutropenia
(XLN) (13). However, the full extent of the varied
clinical symptoms observed in these patients (14-20)
has not been fully elucidated in relation to WASP
abnormalities.

Previously, we have established methods to detect
intracellular  WASP  expression in peripheral blood
mononuclear cells (PBMNCs) by flow cytometric analy-
sis (FCM-WASP) (21). We have applied the methods to
the screening of WAS patients, for the identification of
carrier (22-24), or for the evaluation of WAS patients
after receiving hematopoietic stem cell transplantation
(25) and finally to detection of spontaneous reversion of
WAS cases (26). During these pervious FCM-WASP
experiments, we have identified normal contro} individ-
ual lymphocytes that showed dual positive peaks (WAS-
plow-bright ynd WASPhiEn-trighy 1y this study, we tried to
characterize the constituent cell lineage members of
these two distinct populations of normal lymphocytes as
detected by FCM-WASP, and investigate the mechanism
underlying the two populations. Here we demonstrate
that the two WASP populations consist of different lin-
age lymphocytes, and the difference between the two
WASP"*/hieh fymphocyte populations seems to result
from differences in the functional status of the WASP
molecule in the cell.

Materials and methods

Anti-WASP antibodies

Two different anti-WASP antibodies were used in this
study. One is 3F3A5 (1.2 mg/mL), unconjugated mouse-
IgGl monoclonal anti-WASP antibody (11), which was
raised against recombinant WASP corresponding to
anino acids 202--302. We used 3F3A5 for FCM-WASP
with fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse IgGl antibody (Southern Biotechnology
Associates, Birmingham, AL, USA, 1.0 mg/ml). The
second antibody was B-9 (Santa Cruz Biotechnology,
Inc, 200 ug/mL), a phycoerythrin (PE)-conjugated
mouse monoclonal IgG2a antibody, which was raised
against recombinant WASP corresponding to amino
acids 1-250.

FCM-WASP

FCM-WASP was performed as previously described
(21). In brief, PBMNCs were purified using Ficoll-Hyp-
aque, and both the cell surface and cytoplasm were
stained. For staining cytoplasmic WASP, cells were trea-

224

Nakajima et al.

ted with Cytofix/Cytoperm solution from the CytoStain
kit (Pharmingen, San Diego, CA, USA) at 4°C for
20 min. After two washes with Perm/Wash solution
(Pharmingen), they were incubated with 200x diluted
mouse anti-WASP antibody (3F3AS5) or 5x diluted
mouse IgG1l antibody (BectonDickinson, San Jose, CA,
USA) at 4°C for 30 min. After washing in phosphate-
buffer saline (PBS)-2% fetal bovine serum (P-2), they
were incubated with 100x diluted goat anti-mouse 1gGl-
FITC antibody (Southern Biotechnology Associates) as
the secondary antibody again at 4°C for 30 min. In
some experiments, a second, 10x diluted different anti-
WASP antibody (B-9) was used. We used 10x diluted
PE-conjugated mouse IgG2 as an isotypic control anti-
body. For surface/intracellular dual staining using the
3F3A5 antibody, we first stained the cell surface, fol-
lowed by washing twice before performing intracellular
staining. Antibodies used for surface staining were as
follows; 5 ul. of PE-conmjugated anti-CD4, 10 uL of
anti-CD8, and 10 uL of anti-CD56 (Southern Biotech-
nology Associates); PE-conjugated 10 pl of anti-CD20
(Beckman Coulter, Fullerton, CA, USA); and 10 uL of
PE-Cy5-conjugated anti-CD45RA and 10 uL of anti-
CD45RO (eBioscience, San Diego, CA, USA). The anti-
bodies or the cell surface staining were mouse 1gG2 to
avoid cross reactivity with the 100x diluted goat anti-
mouse IgGl-FITC antibody. We washed it with P-2
twice and stained intracellular WASP as described
above. Stained PBMNCs were analyzed by FACSCali-
bur (BD, San Jose, CA, USA), using CeliQuest software
(Becton Dickinson).

Simultaneous staining with the two anti-WASP
antibodies

After fixation and permeabilization procedure, normal
control individual lymphocytes were simultaneously
stained with 3F3AS5 and B-9 at 4°C for 30 min, followed
by staining with goat anti-mouse IgG1-FITC, and then,
FCM-WASP was performed. The two WASP antibodies

were used at the same protein concentration.

CD3+/CD45RA+ and CD3+/CD45R0+ purification

The two populations of CD3+/CD45RA+ and
CD3+/CD45RO+ were purified as follows. Twenty mi-
croliters of CD3, CD45RA or CD45RO MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) diluted
with 80 uL. of magnetic cell sorting (MACS) buffer (pH
7.2, PBS 0.5% BSA, 2 mm EDTA) were incubated with
each batch of 107 lymphocytes at 4°C for 15 min, and
then, these cells were washed in MACS buffer. After-
wards, the two populations prepared as above were sepa-
rated with Vario MACS (Miltenyi Biotec) and an MS

© 2009 John Wiley & Sons A/S
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column (Miltenyi Biotec). Each cell population was
checked for purity by flow cytometry.

Western blot analysis

The CD3+CD45RA+ (WASPW-Prighty Jineages and
CD3+CD45RO+ (WASPMEMPIEhYy cells were respec-
tively dissolved in RIPA buffer (Sigma, St Louis, MO,
USA) containing protease inhibitors at 4°C for 20 -min
and were centrifuged at 14 500 g at 4°C for 20 min. We
completely dissolved the cells in SD sample buffer
(Sigma) and after boiling the samples, the cell extract of
comprising 5 x 10° equivalency was electrophoresed with
10% polyacrylamide gel and blotted on a Hybond-
PPVDF membrane (Amersham, Buckinghamshire, UK).
We then stained the membrane with 1000x diluted
3F3AS and 250x diluted anti-WIP antibody (kindly pro-
vided by Dr Ramesh N, Children’s Hospital, Harvard
University, MA, USA) as a loading control, followed by
1000x diluted peroxidase-conjugated goat anti-mouse
1gG and 1000x -diluted peroxidase-conjugated goat anti-
rabbit IgG, and then used the ECL detection system
(Amersham, Aylesbury, UK) for the detection of bands.

RT-PCR analysis

Total RNA  from CD3+ CD45RA +cells or
CD3+ CD45RO+ cells was extracted using an RNA iso-
lation solvent (RNA zolTM Cinna/Biotecx. Houston,
TX, USA). Two micrograms each of total RNA was
used for cDNA synthesis with the first-strand cDNA
synthesis kit (Pharmacia LKB Biotechnology. Uppsala,
Sweden) and then, the same volume of each part of
cDNA product was PCR-amplified with a set of primers
(forward: GAAGACAAGGGCAGAAAGCA, reverse:
GGGTTATCCTTCACGAAGCA). We performed elec-
trophoresis of the PCR products and photographed the
bands stained with ethidium bromide in the gel under
ultraviolet light.

FCM-WASP for CD8+ lymphocytes after in vitro short-
term activation

The change of WASP-positive pattern in CD8+ lympho-
cytes was studied after in vitro short-term activation.
CD8+ cells were purified in the following way.
PBMNCs from normal individuals were incubated at
4°C with each 20 ul of CD4, CD56 and CD20 MicroBe-
ads (Miltenyi Biotec) for 15 min, and cells were obtained
after performing Vario MACS using an LD column and
their purity was checked and used for the experiment.
After in vitre short-term activation with ionomycin
(25 ng/mL) and PMA (1 pg/mL) at 37°C for 4h,
CD8+ lymphocytes were performed FCM-WASP and

© 2009 John Wiley & Sons A/S
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analyzed by CellQuest software (Franklin Lakes, NJ,
USA).

Results

Normal peripheral blood mononuclear cells showed
two WASP-positive populations by FCM-WASP

We have detected two WASP-positive populations; WAS-
plow-bright ynd WASPPiE-tright i normal PBMNCs using
3F3AS5. In monocytes, these two distinct populations
have never been detected, but only low-bright positive
have been previously described. The pattern of these dual
positive peaks showed some variation among individuals
(Fig. 1). We first studied the pattern of the two WASP-
positive populations in the different lymphocyte lineages
including; CD4+, CD§ +, CD20+, CD56+. The results
showed that CD20+ cells were WASP'OYPHEt - yhereas
CD56+ cells were WASPMEMPrEh 15 cases of CDA+
and CD8+ cell lineages, both WASP'/Meh positive
peaks werc observed. We subsequently studied the pat-
tern of WASP in CD4+ /CD45RA + or CD45RO+ and
CD8+/CD45RA+ 'or CD45RO+ lymphocytes. This
demonstrated that CD45RO+ cells that were either
CD4+ or CD8+ were WASPMEMPAEM | gnd  that
CD45RA+ cells with either CD4+ or CD8+ showed
WASP\O\»"hrighl (Flg 2)

Simultaneous staining with two anti-WASP antibodies
revealed that the two WASP-positive peaks were
detected with 3F3A5, but not with B-9 using

The two lymphocyte WASP-positive peaks observed
using FCM-WASP  were repeatedly detected using
3F3AS5, but not with the B-9 antibody. To clarify these
findings, we performed FCM-WASP on normal lympho-
cytes with simultaneous staining with 3F3AS and B-9.
The results clearly showed that the two WASP-positive
peaks could be detected only with 3F3A5, but not with
B-9 (Fig. 3A).

No differences in the amount of WASP protein, or
WASP mRNA levels were detected between WASP!o™
bright 4 d WASPRigh-bright gelt nopulations

We isolated the CD3+/CD45RA + lymphocyte popula-
tion as WASPVPEM cells, and CD3+/CD45RO+
population as WASPMEMPTight cefls We compared the
amount of WASP protein and message levels between
these two cell populations. We used WIP as a loading
protein control and glyceraldehyde-3-phosphate dehydro-
genase as a standard c¢cDNA control. No obvious
differences were observed at the WASP protein (Fig. 4A)
or message levels (Fig. 4B) between the two populations.
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Figure 1 Two WASP-positive populations were detected in lymphocytes by FCM-WASP. Using the anti-WASP antibody 3F3AS, a pattern of two
WASP-positive populations; WASPMERbIt cells and WASPOWSi9M \were observed in lymphocytes from normal individuals. In contrast, mono-
cytes from the same individuals showed only a single WASP-positive population. {A) a patient with WAS, {B-D) normal control individuals. The
1op figure shows analysis of the lymphocyte gate (R1), and the monocyte gate (R2). The middle 4 figures show the results of lymphocytes, the

lower 4 figures show the results of monocytes.

The WASP-positive pattern in CD8+ lymphocytes
as seen by FCM-WASP changed during in vitro
short-term activation

We next studied the effects of short-term lymphocyte
activation on the WASP-positive cell pattern by
FCM-WASP in the same lineage cells. We used CD8+
lymphocytes, because the CD8+ lineage has two popu-
lations most remarkably. To avoid synthesis of new
WASP during activation, we settled on using a short-
term (4 h) i vifro activation system and used 3F3AS
and B-9 antibodies together with FCM-WASP. We puri-
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fied CD8+ lymphocytes by negative selection and these
cells were used for FCM-WASP after PMA/ionomycin
stimulation. After the short-term stimulation, the
WASP-positive pattern showed significant up-regulation
in FCM-WASP using 3F3A5, but not in FCM-WASP
using B-9 (Fig. 5).

Discussion

In our previous studies., we noticed that lymphocytes
from healthy individuals showed two WASP expression

© 2009 John Wiley & Sons A/S
82 {223-230)



Nakajima et al.

ChH20 A
}:, [ — e . g it ot
. . ;{z , H
! 5 i
o
L3 3
;o L
e " T o
T3 HE ' 1 !
CD56 CDR
X R,
-1
; “
: |
-]
o B bt i

Application of FCM for evaluation of WASP function

CDACDASRA CDR/CDASRA

e T '
CDA/CPASRO CDS/CDASRO

. »

-ﬁ‘- .’ v '

s

.

E T
. *.0‘ .':-—»--rl%»v R -

-

Anli-WASP antibody 3F3AS

Figure 2 Characterization of the constituent cell lineages of the each WASP-positive population. By dual/1riple staining of intracellular WASP and
surface cell markers, we determined that CD20+, CD4+/CD45RA+ and CD8+/CD45RA+ cells belonged to the WASPlwbna ponulation, whereas
CD56+, CD4+/CD4BRO+ and CD8+/CDASRO+ cells belonged to WASPhohbram

A B9

Figure 3 FCM-WASP after simultaneous stain-
ing with two different anti-WASP antibodies;
3F3A5 and B-9 (A). The top figure indicates the
results of simultaneous analysis with 3F3A5
and B-9, showing two distinct subpopulations
using the 3F3AS antibody, but a single positive
population by B-9. The lower two figures show
each independent result. The scheme showing
the WASP structure {B) Figures indicate amino
acid number The underlined region {242-310)
highlights a part of the GBD domain that is B
thought 1o be used for binding to the VCA
domain in the inactive form of WASP. The
scheme includes areas of possible epitopes for
B-9 and 3F3Ab5 antibody binding represented.
GBD domain {amino acids 235~288) is included
within the 3F3A5 recognition site {amino acids
202-302).

i

5 runnoed

profile populations; WASP'™ P and WASPEhbrien
using FCM-WASP. In this study, we confirmed two
WASP-positive cell populations detected in the normal
lymphocyte populations using FCM-WASP, and have
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proposed a possible mechanism causing the two popula-
tions.

We characterized the constituent cell ineage members
of the each WASP-positive population. It was found that

227



Application of FCM for evaluation of WASP function

wip

CD45RA CD45RO

B WASP

CD435RA
GAPDH

CD45RA CD45RO CD45RA

IF3AS

CD45RO

CD45RO

Nakajima et al.

Figure 4 Protein and message levels of WASP
in CD3+CD45RA+ cells and CD3+CD45R0O+
cells. No significant difference in WASP protein
or message levels was observed between
WASP™b1" (0134 /CDA5RA+) and WASPNe"
bright (¢D3+,/CD45R0O+) populations. We used
WIP as a loading protein control and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as a
standard cDNA control. {A) Western blot
analysis. (B) Reverse transcriptase (RT}-PCR
analysis
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Figure 5 Effects of short-term activation on
the WASP expression pattern in CD8+ cells
analyzed using FCM-WASP. Purified CD8+ cells
were incubated with or without activation for

4 h and the WASP-expression patterns are

f\

P .
O e rricg L

109 To! 10
FL2-H

tUppercontrol sumple, Lowerzactivated sample)

compared by FCM-WASP. Using the 3F3A5
antibody, the pattern was clearly changed upon
2 activation. In contrast, this postactivation

Anti-WASP antibody

monocytes, CD20+ cells, CD4+/CD45RA+ cells and
CD8+/CD45RA + cells belonged to the WASPow-bright
population, whereas CD56+ cells, CD4+/CD45RO +
cells and CD8++/CD45R0O + cells belonged to the WAS-
phigh-bright o105, It is interesting that these results seem
to be linked to the hierarchy of WASP dependency for
cell proliferation/survival; which we have proposed based
on various aspects of studies on WAS patients and their
families. These studies included WAS carrier analysis
(21, 22), mixed chimera analysis in WAS patients after
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pattern showed no change using B-S.

hematopoietic stem cell transplantation (25) and cell line-
age analysis in WAS patients who showed somatic mosa-
icism due to spontaneous reversion to normal from
inherited mutations (26). Based on these results, we spec-
ulated that WASP-dependency was lower in monocytes
and B cells compared to T cells, and among T cells,
naive T cells were less WASP dependent than memory T
cells. Although we cannot accurately place the require-
ments for NK cells in this hierarchy for WASP depen-
dency, recent reports suggested that NK cell WASP

© 2009 John Wiley & Sons A/S
82 (223-230)
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dependency seemed high (27, 28). Thus, those less WASP
dependent cells belong to the WASP ¥P78 population,
while highly WASP dependent cells belong to the WAS-
phigh-brieht 5 hulation. This consistency suggests that the
difference between the two WASP-positive populations is
linked to the difference in the response of these cells
through WASP-mediated stimulations.

Next, we studied the basis of differences between the
two WASP-positive populations. Differences in WASP
staining dot brightness as demonstrated by flow cytome-
try are generally considered as differences in the quantity
of molecules detected by antibodies. Unexpectedly, how-
ever, we found that the two WASP-positive lymphocyte
populations detected by FCM-WASP were only identi-
fied using the 3F3AS5 antibody, but not with the B-9 anti-
body, which was confirmed by simultaneous staining
with 3F3A5 and B-9 (Fig. 3A). These results indicate
that the difference between WASP™PIEM and WAS-
phish-bright elis results not from any disparity in WASP
expression, but from disparity in antibody binding to
WASP that is likely dependant on protein confirmation.
Accordingly, we purified CD3+/CD45RA+ and
CD3+/CD45RO+ cells, representing WASP'ow-Prisht
and WASPhehbright 1o ulations respectively, and per-
formed Western blot and RT-PCR analysis. The results
showed there was no apparent difference in WASP or
WASP mRNA levels between them (Fig. 4A,B), support-
ing the speculation that there is no disparity in WASP
expression between lymphocytes showing WASPlow-bright
and WASPMENPrieht craining patterns.

Recently, WASP autoinhibition and activation mecha-
nisms have been reported (10). The crystal structure
model of the WASP, indicated that it could exist in
cither an activated or an inactivated form based on intra-
molecular structural changes. WASP has an N-terminal
Ena/VASP homology domain 1 (EVHI1) domain, a
Cdc42/Rac GTPase binding domain (GBD), a proline-
rich domain, a G-actin binding verprolin homology (V)
domain, a cofilin homology (C) domain and a C-terminal
acidic (A) segment.

WASP interacts with Cdc42-GTP via its GBD, with
multiple SH3 domain-containing proteins that include
Nck via its proline-rich region, with actin and the
ARP2/3 complex via its VCA domain. WASP is usually
present in cells in a closed, inactive conformation due to
intramolecular regulatory interactions that involve the C-
terminal acidic domain and the basic region that pre-
cedes the GBD. Binding of Cdc42-GTP is thought to
cause WASP conformational change, which allows the
VCA domain to interact with and activate the Arp2/3
complex (10) (Fig. 3B).

Based on these auto-inactivation and activation mech-
anisms of WASP, we speculate that the results from the
two WASP-positive lymphocyte populations detected by

© 2009 John Wiley & Sons A/S
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FCM-WASP are related to this mechanism. As shown in
Fig. 4, the two WASP-positive lymphocyte populations
were detected with anti-WASP antibody 3F3A35, not with
B-9. The WASP epitopes recognized by these two anti-
bodies are different; 3F3AS recognizes an epitope within
amino acids 202~302 of WASP (this region includes the
GBD), whereas the B-9 antibody recognizes an epitope
lying within [~250 amino acids of WASP (11). It is
important to note that a part of the GBD (amino acids
235~288), that is hypothesized to be involved in binding
to the VCA domain in the inactive form of WASP,
might be included in the 3F3AS5 antibody recognition
site. Thus, we propose that the 3F3AS antibody might
be able to be used to distinguish a structural or activa-
tion state change in WASP, that is not possible using the
B-9 antibody.

Finally, we studied the effects of short-term activation
on the WASP-positive pattern by FCM-WASP in these
CD8+ lineage cells. To avoid new WASP synthesis, we
cultured cells for short term in virro activation (4 h). Our
data revealed that short-term activation forced a dra-
matic change to the WASPMENPTEht pattern in the same
cell lineage (Fig. 5).

Here we report a new possible application of flow
cytometry for analysis of intracellular WAS protein and
its structural and functional status, However, from our
data we cannot determine the relation or possible func-
tion of the two WASP-positive populations and their
relationship to their WASP activation or inactivation
status. Further different aspects of studies, such as
FCM-WASP for patients with XLN, will be needed to
answer these questions.
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Objective To assess the feasibility of T-cell receptor excision circles (TRECs) quantification for neonatal mass
screening of severe combined immunodeficiency (SCID).

Study design Real-time PCR based quantification of TRECs for 471 healthy control patients and 18 patients
with SCID with various genetic abnormalities (L2RG, JAK3, ADA, LIG4, RAG1) were performed, including patients
with maternal T-cell engraftment (n = 4) and leaky T cells (n=3).

Results TRECs were detectable in all normal neonatal Guthrie cards (n = 326) at the levels of 10* to 10° copies/ug
DNA. In contrast, TRECs were extremely low in all neonatal Guthrie cards (n = 15) and peripheral blood (n = 14) from
patients with SCID, including those with maternal T-cell engraftment or leaky T cells with hypomorphic RAG1
mutations or LIG4 deficiency. There were no false-positive or negative results in this study.

Conclusion TRECs quantification can be used as a neonatal mass
screening for patients with SCID. (J Pediatr 2009;155:829-33).

See related article, p 834
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evere combined immunodeficiency (SCID) is a genetic disorder charac-
terized by the absence of T-cells and adaptive immunity."? Affected in-
” fants usually have severe infections due to opportunistic pathogens in
the first months of life. Hematopoietic stem cell transplantation can reconstitute
immune function, although severe infections before hematopoietic stem cell
transplantation can be fatal to the patients within the first year of life.>* Thus,
early diagnosis before the occurrence of severe infection is essential.>”

Four different mechanisms have been identified as a cause of SCID, including
purine metabolism defects, defective signaling of the common y-chain—depen-
dent cytokine receptors, defective V(D)J] recombination, and defective pre-
TCR/TCR signaling."? Although human SCID is caused by mutations of at least
10 different genes, all patients have a characteristic decreased number of newly

BCG Bacillus Calmette-Guérin

BMT Bone marrow transplantation

CMV Cytomegalovirus

FISH Fluorescent in situ hybridization
HSCT Hematopoietic stem cell transplantation
PB Peripheral blood

PCR Polymerase chain reaction

sjTRECs Signal joint TRECs

SCID Severe combined immunodeficiency
TCR T-cell receptor

TRECs T-cell receptor excision circles

ucse Umbilical cord blood
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CD45R0+ Guthrie cards PB Pre-HSCT
/
Age at Age at CD4+CD3  Maternal TRECs TRECS
onset of SCID  Lymphocytes CD3+ CD3+ CD19+ + lymphocyte {/ug (/g
Patient Sex Genotype symptoms diagnosis {/pL) %) (fub) (%) (%) engraftment DNA) DNA) Age

1 M JL2RG 3mo 3mo 720 0.0 0o - 86.0 <10 - -

2 M IL2RG - 0 mo 780 0.0 0 - 94.0 - <10 <10 0y, 0mo

3 M IL2RG - 0 mo 920 0.0 0 - 91.0 - <10 <10 0y, 0mo

4 M IL2RG 4 mo 5mo 2550 0.2 5 NA 99.4 - <10 <10 0y,5mo

5 M IL2RG 10 mo 10 mo 1035 0.0 0 - 94.7 - <10 <10 0y, 10mo

6 M IL2RG 4 mo 5 mo 3560 0.0 0 - 95.8 - <10 <10 0y,5mo

7 M IL2RG - 0 mo 966 0.7 7 953 715 - <10 <10 0Oy, 0mo

8 M JAK3 4 mo 4 mo 3810 0.0 0 - 87.0 - <10 - -

9 F JAK3 2 mo 5 mo 2495 0.0 0 - 89.8 - <10 <10 0y, 6mo
10 M ADA 1 mo 4 mo 90 400 36 995 44 - <10 <10 0y, 2mo
11 M ADA 1 mo 2m 100 6.8 7 899 0.9 - 6.2 x 107 <10 0y, 1mo
12 M IL2RG 8 mo 8 mo 3250 40.8 1326 898 65.5 T+ NK+ - <10 1y
13 M IL2RG - 0 mo 950 42 40 NA 68.6 T+ <10 - -

14 M IL2RG 9 mo 10 mo 860 70 60 996 85.9 T+ NK+ <10 <10 0Oy, 10mo
15 M IL2RG 3mo 3mo 300 365 110 NA 535 T+ <10 - -
16 F LG4 - 0 mo 550 387 213 976 0.3 - - <10 2y
17 M LiG4 1y, 6mo 4y 300 443 133 262 0.1 - <10 <10 4y
18 F RAG1 8 mo 1y9mo 550 531 292 916 12.0 - - 8.0x10" 2y
\, v

NA, Not available.

developed T cells."*®® T-cell receptor excision circles
(TRECs) are small circular DNA fragments formed through
rearrangement of the T-cell receptor (TCR) « locus and do
not multiply during cell division.”'> Therefore, TRECs
quantification is reportedly useful for determining recent
thymic emigrants. Two reports of a method for neonatal
screening of SCID using TRECs quantification by real-time
PCR have been published.*” Both studies quantified TRECs
of patients with SCID using peripheral blood and found sig-
nificantly lower levels of TRECs than those of control neo-
nates. In addition, Guthrie cards from 2 patients with SCID
retrospectively had undetectable TRECs.® Most control neo-
nates had high amounts of TRECs. However, TRECs were
undetectable in some samples. To increase specificity, 1
study’ proposed a 2-tiered strategy using a combination of
quantified TRECs and IL-7.

We have evaluated blood from Guthrie cards and periph-
eral blood from control patients and patients with SCID for
detecting TRECs.

Peripheral blood samples were obtained from 112 healthy
volunteers (median age, 14 years; range, 0.1 to 51 years).
Thirty-three umbilical cord blood samples (median gesta-
tional age, 38.9 weeks) were collected at the National Defense
Medical College Hospital. Dried blood spots of umbilical
cord blood were obtained by applying 50 uL of residual blood
to the 11-mm circles on filter-paper cards (PKU-S, Toyo-
roshi, Tokyo, Japan). Twenty-six neonatal Guthrie cards
with dried blood spots were donated from surplus routine
samples for newborn mass screening from neonates born at
National Defense Medical College Hospital during this study
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period (January 2005 to December 2007). In addition, 300
neonatal Guthrie cards, stored at —20°C for less than 5 years
in a neonatal mass screening center at Shimane University,
were analyzed.

Eighteen patients with SCID were analyzed for TRECs
(Table). All patients were genetically diagnosed using geno-
mic DNA sequencing. Mutations of either IL2RG (n=11),
JAK3 (n=2), RAGI (n=1), ADA (n=2), or LIG4 (n=2)
were identified in the patients (Table).

Peripheral blood samples of 14 patients before hematopoi-
etic stem cell transplantation were used. In addition, neonatal
Guthrie cards of 15 patients that had been stored in newborn
mass screening centers were obtained.

Maternal T and NK lymphocyte engraftment was diag-
nosed by fluorescent in situ hybridization (FISH) using
X and Y chromosome-specific probes after purification of
each compartment by specific monoclonal antibodies and
immunomagnetic beads.

The study protocol was approved by the National De-
fense Medical College Institutional Review Board, and in-
formed consent was obtained from the parents of patients
with SCID and healthy control patients, as well as adult
control patients, in accordance with the Declaration of
Helsinki.

Quantification of TRECs by Real-Time PCR
We used 100 ul of whole blood (EDTA anticoagulated pe-
ripheral blood and heparinized cord blood) or 2 punches
of 6 mm in diameter from Guthrie card to extract genomic
DNA.

Concentrations of DNA from peripheral blood, fresh dried
blood punches from normal neonates (n=26), and stored
dried blood spots from normal neonates (n=300) were

Morinishi et al
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Figure 1. Umbilical cord blood (UCB) (n = 33) and peripheral
blood (n =112, 0 to 51 years) samples were analyzed. TRECs
in different age groups are shown. TRECs were significantly
higher in umbilical cord blood (6.2 3.2 x 10° copies/ug
DNA) and infants (5.8 = 2.3 x 10° copies/ug DNA) as com-
pared with other age groups of children (3.5 4 2.8 x 10°
copies/ug DNA in 2 to 6 years old, 2.0+ 1.4 x 10® copies/ug
DNAin7to 12 yearsold, 8.2 £ 6.3 x 102 copies/ug DNA in 13
to 18 years old) and adults (3.4 + 3.6 x 10? copies/ug DNA).

40.6 - 2.3 ng/uL (mean £ SEM) (range, 13 to 167 ng/uL),
7.8 £2.8 ng/ul. (2.9 to 13.0 ng/uL), and 5.3 £ 0.2 ng/uL
(0.6 to 20.2 ng/uL), respectively.

Quantitative real-time PCR for dRec-yJa sjTRECs was
performed using the same primers and 0Rec probes as
reported by Hazenberg et al.™*

As an internal control, RNaseP gene was amplified in each
sample tested using TagMan RNaseP Primer-Probe (VIC
dye) Mix (Applied Biosystems, Foster City, California).

Statistical Analysis
An exponential regression model was used to quantify the re-
lationship between age and TRECs levels (per ug DNA and
per RNaseP). Goodness-of-fit of the model was evaluated
by R%. The Dunnett multiple comparison test was conducted
to test the differences of each age group (0to 1,2t0 6,7 to 12,
13 to 18 years and adults) versus umbilical cord blood com-
parisons serving as a control group (Figure 1). RNaseP and
TRECs levels of patients with SCID and control patients
were compared by an unpaired Student ¢ test (if the variance
was equal) or Welch t test (if the variance was different).
All statistical analyses were performed using GraphPad
Prism Version 4.00 (GraphPad Software, San Diego, Califor-
nia). P < .05 denotes a statistically significant difference.

_ Results

TRECs were detectable in all DNA samples from whole blood
of normal control patients, including umbilical cord blood
(n=33), healthy infants (0 to 1 year old, n=12), children
(2 to 18 years old, n=63), and adults (n=37). TRECs in
whole blood were found to decline with increasing age
(r=0.851). TRECs of umbilical cord blood were significantly
higher than those of children and adults but were not signif-
icantly different from those of infants (Figure 1). We found
a strong correlation between TRECs copies/ug DNA and
TRECs/RNaseP ratio (r=0.979).

TRECs of peripheral blood samples from all 14 patients
with SCID before hematopoietic stem cell transplantation
were below detectable levels (<10 copies/ug DNA) with the
exception of 1 (P18, see below), in contrast to high levels
of control infants (5.840.7 x 103/;Lg DNA, n=12)
(P < .0001) (Figure 2, A).

Next, we analyzed TRECs of dried blood spots from
normal control neonates using simulated Guthrie cards
from cord blood (n =31), neonatal Guthrie cards obtained
during this study period (January 2005 to December 2007)
(n = 26), and those stored in a neonatal mass screening center
for less than 5 years (n = 300). TRECs were detectable in all
dried blood spots: in cord blood (1.3 £ 0.1 x 10* copies/ug
DNA, mean+SEM), in neonatal Guthrie cards
(2.3 +0.2 x 10* copies/ug DNA), and in stored neonatal
Guthrie cards (3.6 £ 0.2 x 10° copies/ug DNA).

To determine whether this method can identify patients
with SCID, we quantified TRECs using 15 stored neonatal Gu-
thrie cards from patients with SCID (patients 1 through 11, 13
through 15, and patient 17). RNaseP levels were high in all neo-
natal Guthrie cards from patients with SCID (1.8 4 0.3 x 10°
copies/ug DNA, n = 15), which were similar to control levels
(2.3 4 0.1 x 10° copies/ug DNA, n=26) (P=.184), indicat-
ing an appropriate amount of genomic DNA was extracted
from the neonatal Guthrie cards (Figure 2, B). In contrast,
TRECs were below detection levels in all patients (P < .0001)
except 1 (patient 11). This patient with SCID had compound
heterozygous mutations of ADA (Gln119Stop/Arg34Ser). He
had detectable but significantly lower levels of TRECs
(6.2 x 10* copies/ug DNA) than those of control neonates
(2.3 £0.2 x 10* copies/ug DNA, n = 26) (Figure 2, B). At 1
month of age, the TRECs from the peripheral blood of patient
11 were below detectable levels (Table and Figure 2, A).

These results indicate that neonatal mass screening of
SCID by quantitative real-time PCR for TRECs using neona-
tal Guthrie cards is feasible.

We analyzed TRECs in 4 patients with SCID with maternal
T-cell engraftment (patients 12 through 15, CD3" cells: 40 to
1326/uL). We found that all patients had undetectable levels
of TRECs in neonatal Guthrie cards (patients 13 through 15)
and peripheral blood (patients 12 and 14). Patient 12 had
a normal lymphocyte count (3250/uL) on admission as
well as a significant number of T, B, and NK cells (Table).
His peripheral blood TRECs level was below the detection

|dentification of Severe Combined Immunodeficiency by T-Cell Receptor Excision Circles Quantification 831
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Figure 2. A, RNaseP levels in peripheral blood from patients with SCID (2.1 + 0.2 x 108 copies/ug DNA, n = 14) were comparable
with those from control infants (2.2 + 0.2 x 10° copies/ug DNA, n = 12) (P = .725). Peripheral blood TRECs from all typical patients
with SCID were undetectable (<10 copies/ug DNA) as compared with the high copy number of peripheral blood TRECs from
control neonates (5.8 + 0.7 x 10° copies/ug DNA, n=12) (P < .0001). Patient 18, with hypomorphic RAG1 mutations, had de-
tectable but extremely low TRECs in peripheral blood (8.0 x 10" copies/ug DNA). B, RNaseP levels in neonatal Guthrie cards from
patients with SCID (1.8 + 0.3 x 10° copies/ug DNA, n = 15) were comparable with those from control neonates (2.3 + 0.1 x 10°
copies/ug DNA, n = 26) (P =.184). TRECs of Guthrie cards from 14 of 15 patients with SCID during the early neonatal period were
undetectable (<10 copies/ug DNA). An ADA-deficient patient (ADA™", patient 11) had detectable but significantly low TRECs
levels (6.2 x 10% copies/ug DNA) compared with control neonates (2.3 + 0.2 x 10* copies/ug DNA, n = 26).

levels despite the presence of peripheral T cells. FISH analysis
revealed that all circulating CD3" cells (1326/ul) were
derived from his mother. Similarly, TRECs of other patients
(patients 13 through 15) were also undetectable despite the
maternal T cells (Table).

These results confirm the findings of Patel et al® indicating
that TRECs quantification is both effective and reliable for the
screening of SCID even in the presence of maternal T cells.

Patient 18 with hypomorphic RAGI mutations was lym-
phopenic (550/ul) at 21 months of age, but T (53.1%), B
(12.0%), and NK cells (31.2%) were present in peripheral
blood. Both T cells with TCRaf chain and TCRyé chain
were derived from the patient, as determined by FISH analy-
sis of the sex chromosome.

The peripheral blood TRECs from this patient (8.0 x 10
copies/ug DNA) (Figure 2, A) was significantly lower than
age-matched control patients (5.24 3.2 x 10> copies/ug
DNA, n=5). We purified T cells with TCRaf chain by
FACS sorting. T cells with TCRaf from patient 18 had very
low TRECs/cells (4.0 x 10" copies/10° cells) than those of
age-matched control patients (5.1 x 10> copies/10° cells).

We also analyzed TRECs in 2 LIG4-deficient patients
(patients 16 and 17) who had leaky T cells (Table). Peripheral
blood TRECs were undetectable in both patients (Figure 2, A),
and TRECs in the neonatal Guthrie card were also undetect-
able in patient 17 (Figure 2, B).

These results indicate that TRECs are extremely low in
patients with SCID, even if leaky T cells are present.

832

We demonstrated that TRECs were undetectable, or were
significantly lower (10' to 10? copies/ug DNA) than healthy
neonates and infants (10* to 10° copies/ug DNA), in both
neonatal Guthrie cards and peripheral blood samples
obtained from SCID. All types of SCID tested, including
IL2RG, JAK3, ADA, RAGI, LIG4 deficiencies, were identified
by measuring TRECs. This finding was consistent with the
previous reports that showed the usefulness of TRECs for
the identification of SCID®”? and further indicates that
TRECs can identify SCID with maternal T cells and SCID
with leaky T cells. In 2 LIG4-deficient patients with
leaky T cells (CD3 +38.7% and 44.3%) and in 1 patient
with hypomorphic mutations in RAGI gene, who had
immunodeficiency and autoimmunity with residual memory
T cells,'®'® TRECs were undetectable. These results indicate
that TRECs is a good marker to identify the defect of
V(D)] recombination, in which LIG4 and RAG1 play essen-
tial roles. We observed progressive loss of TRECs in a patient
with SCID and ADA deficiency (patient 11). This observation
is compatible with the report that the loss of naive T lympho-
cytes occurs after birth in patients with ADA deficiency.'”'®

No false-negative was observed in this study (TRECs were
below normal range in all cases of SCID), although sample
size was too small to determine the exact false-negative
rate,

Morinishi et al
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Consistently, there were no false-positive (TRECs were all
positive) in the control samples in this study. The previous
studies showed 2.9% and 7.7% of false-positive rates.®’
The primers and probe used in this study '* were different
from previously studies.*” However, both probes were found
to result in equivalent quantities (data not shown). Thus, the
reason of the different false-positive rate between this and the
previous studies is currently undetermined. Mass screening
using larger population will disclose the exact false-positive
and false-negative rate.

The cost to test 1 sample in our study is $5 per sample,
which was reported to be cost-effective.'” We are now trying
to further reduce the cost.

Early diagnosis of SCID can prevent severe and recurrent
infection, which is often fatal and makes stem cell transplan-
tation difficult. Identification of SCID by newborn screening
by TRECs will improve the prognosis and quality of life of
patients with SCID. =
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Two Candidate Tumor Suppressor Genes, MEOX2 and
SOSTDCI, ldentified in a 7p21 Homozygous Deletion
Region in a Wilms Tumor

Junjiro Ohshlma,' 2 Masayuki Haruta, Yasuhito Aral, Fumio Kasai,' Yuiko Fujiwara,' Tadashi Avriga,’
Hajime Okita,* Masahiro Fukuzawa,® Jun-Ichi Hata,* Hiroshi Horie,* and Yasuhiko Kaneko'**

Research Institute for Clinical Oncology, Saitama Cancer Center, Ina, Saitama, Japan
Department of Pediatrics, Hokkaido University School of Medicine, Sapporo, japan

3Cancer Genomics Project, National Cancer Center Research Institute, Chuo-Ku, Tokyo, Japan
*Japan Wilms Tumor Study Group (JWiTS), ltabashi-Ku, Tokyo, Japan

A SNP-based array analysis of 100 Wilms tumors (WT) from 97 patients identified 7p alterations (hemizygous and homo-
zygous deletions and uniparental disomy) in nine tumors. The homozygous deletion (HD) region of 7p21 found in one tu-
mor partially overlapped with another HD region reported previously, and was narrowed down to a 2.1-Mb region, Based
on an expression analysis of 10 genes located in the HD region in 3 WT lines and previous studies on tumorigenic roles
of MEOX2 and SOSTDCI, we further analyzed these two genes. Sequencing showed no mutation in MEOX2, but two mis-
sense mutations (L50F and Q129L) in SOSTDC! in four tumors; L50F in two tumors was of germline origin. Expression
levels (0, |4 and 2+) of MEOX2 were lower in four tumors with 7p alterations than in 18 tumors with no 7p alterations
(P = 0.017), and those of SOSTDC/ tended to be lower in five tumors with 7p alterations or SOSTDC/ mutation than in
17 tumors with no 7p alterations or SOSTDC! mutation (P = 0.056). There were no significant differences in clinical char-
acteristics between nine patients with 7p alterations and 88 patients with no 7p alterations; however, there was a differ-
ence in the status of IGF2 (uniparental disomy, loss of imprinting, or retention of imprinting) between the two patient
groups (P = 0.028). Losses of MEOX2 and SOSTDC/ may accelerate angiogenesis and augment signals in the Wnt pathway,
respectively. Both genes may be prime candidates for 7p tumor suppressor genes, which may have a role in the progres-
sion of Wilms tumorigenesis.  © 2009 Wiley-Liss, Inc.

INTRODUCTION several known and unknown genetic events also
Wilms tumor (WT) (OMIM 194070) is one of contrib.ute to Wilms tu'mongcnesw. .
the most common pediatric malignancies, Previous cytogenetic, loss of heterozygosity

(LLOH), and comparative genomic hybridization
(CGH) studies indicated alterations of the
short arm of Chromosome 7 in a substantial

accounting for 8% of childhood cancers and
occurring in 1 in 10,000 children. The develop-
ment of WT has been associated with abnormal-

ities of genes or chromosomal regions, which are
involved in the development of the embryonic
kidney. The abnormalities include W77 located
at 11pl3, IGF2, and HI19 at 11p15.5, WITX at
Xqll, 16q (WT3), 17q12-q21 (WT4), and 7p21-
pll.2 (W75) (Perlman et al., 2004; Rivera and
Haber 2005; Rivera et al., 2007); however, dele-
tion or mutation of W77 and W7X has been found
in only 15-33% and 7-24%, respectively (Haruta
et al.,, 2008; Perotti et al., 2008; Ruteshouser
et al., 2008; Fukuzawa et al., 2009), and loss of
imprinting (LOI) of IGF2 in 40-70% of tumors
(Ravenel et al.,, 2001; Yuan et al., 2005). Although
WT is thought to arise according to the original
paradigms of Knudson’s two-hit model (Knudson
and Strong, 1972), it has become apparent that

© 2009 Wiley-Liss, Inc.

number (10-25%) of WTs (Wang-Wuu et al,
1990; Kaneko et al,, 1991; Grundy et al., 1998;
Powlesland et al., 2000; Sossey-Alaoui et al,,
2003; Yuan et al., 2005), and suggested the pres-
ence of tumor suppressor genes in the deleted
region. The POUGF2 gene at 7pl4.l (Perotti
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et al., 2004) and PTH-BI at 7p14.3 (Vernon et al,,
2003) have been proposed as 7p (WT5) genes,
however; the roles of the two genes in Wilms tu-
morigenesis have not been fully elucidated. In
addition, previous studies proposed another 7p
region (7p22-p15) where candidate 7p genes re-
side (Grundy et al, 1998; Powlesland et al,
2000).

The single nucleotide polymorphism (SNP)
array is a newly developed tool that can detect
hemizygous and homozygous chromosomal dele-
tions and uniparental disomy (UPD), and is supe-
rior to previous microsatellite markers for
detecting LOH that could not distinguish dele-
tions from UPD (Nannvya et al., 2005; Yuan et al,,
2005; Haruta et al,, 2008). The detection of a
small homozygous deletion (HD) has been crucial
for the identification of tumor suppressor genes
(Gessler et al., 1990), and use of the SNP array is
the most suitable way to detect such a deletion
(Northcott et al., 2009). An analysis of the present
series of 100 WTs showed 7p loss or UPD in
nine tumors, one of which had a HD region of
43 Mb at 7p21.3-p21.1. The region overlaps
with a homozygously deleted region reported in a
WT by Sossey-Alaoui et al., (2003), and was nar-
rowed down to an area of 2.1 Mb. Of the eight
genes within the HD region, we identified
two, MEOXZ (mesenchyme homeobox 2) and
SOSTDC1 (sclerostin  domain-containing-1), as
candidate tumor suppressor genes involved in
Wilms tumorigenesis.

MATERIALS AND METHODS

Patients and Samples

One hundred WTs were obtained from 97 Jap-
anese infants or children; three pairs of tumors
were obtained from three patients with bilateral
WTs. Eight patients with malformations were
syndromic; two with Drash syndrome, five with
WAGR syndrome and one with urinary tract mal-
formation, and all three patients with bilateral
tumors were syndromic. The remaining 89
patients had no malformations and a unilateral
sporadic tumor. Two (Nos. 1 and 100) of the 89
patients were identical twins and their tumors
shared the same frameshift mutation in Exon 1 of
WT1; one (No. 1) was reported as No. 36 in the
paper by Haruta et al., (2008). The age at diagno-
sis ranged from 2 months to 15 years with a me-
dian of 2 years and 9 months. Tumors were
staged at the time of initial biopsy or surgery,

Genes, Chromosomes & Cancer DOI 10.1002/gcc

which was carried out between September 1986
and September 2004, according to the National
Wilms’ Tumor Study Group (NW'TS) staging sys-
tem (d’Angio et al., 1989).

In all cases, the diagnosis of WT was made
with routine hematoxylin- and eosin-stained
slides by pathologists at each institution or the
JWITS pathology panel according to the classifi-
cation proposed by the Japanese Society of Pa-
thology andfor the NWTS pathology panel
(Beckwith and Palmer, 1978; Japanese Society of
Pathology, 2008). Pathologists in each institution
verified that the sample for molecular genetic
analysis contained 70% or more tumor cells.
Three cell lines derived from Wilms tumors
(HFWT, Ishiwata et al., 1991; WiT49, Alami
et al., 2003; and GCG99-11, a gift from Dr. Ben-
jamin Tycko) were included for mutation, expres-
sion, and SNP array analyses of the candidate
genes. Normal samples were obtained from either
peripheral blood or normal renal tissue adjacent
to the tumor from 21 of 97 patients. The status
of WT'1, IGF2, and CTNNB1 was analyzed as pre-
viously reported (Haruta et al., 2008). The ethics
committee of Saitama Cancer Center approved
the study design.

Copy Number and LOH Analysis Using SNP
Arrays and Quantitative Real-Time PCR

High-resolution SNP arrays, Affymetrix Map-
ping 50K-Xba and 250K-Nsp arrays (Affymetrix,
Santa Clara, CA), were used to analyze the chro-
mosomal copy number and LOH status in 100
tumors as described previously (Nannya et al,
2005; Haruta et al., 2008). The analysis detected
a HD at 7p21 in one tumor (No. 1), and the copy
number of six genes within or close to the HD
region was validated in this tumor by real-time
quantitative PCR using a LightCycler (Roche
Diagnostics, Indianapolis, IN). Primers and
probes designed to specifically amplify the six
genes or a reference gene, MOCS2, at 5ql1 are
listed in Table 1.

Mutation Analysis of the MEOX2 and
SOSTDCI Genes

To detect point mutations and deletions of the
two candidate genes, MEOX? and SOSTDCI,
genomic DNA from each tumor sample or cell
line was amplified using four or two sets of pri-
mers (Table 2). PCR products were directly
sequenced with the BigDye Terminator v3.1
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Abstract

The complement system is an ancient cascade system that has a major role in innate and adaptive immunity. Component C3 is central to the three
complement pathways. Hereditary compliment 3 (C3) deficiency characterized by severe recurrent infections and immune complex disorders is
extremely rare disease. Since 1972, inherited C3 deficiency has been described in many families representing a variety of national origins; however,
only 8 families of these cases have been identified their genetic defects. Interestingly, all except one (incomplete analysis) were shown to harbor
homozygous C3 gene mutations. Previously we proposed a hypothesis, based on the unique process of C3 synthesis; C3 deficiency is not inherited as
a simple autosomal recessive trait. Here, we report the first confirmed case with C3 deficiency caused by compound heterozygous mutations. They
were a novel one base insertion (3176insT) in exon 24 which is predicted to result in a frameshift and a premature downstream stop codon (K1105X)
in exon 26, and a nonsense mutation of C3303G (Y1081X) in exon 26 which was previously reported as homozygous mutations. This confirmed case
suggests that our proposed hypothesis has prospects of a new aspect of pathogenesis for C3 deficiency.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Complement protein C3 (OMIM+120700) is the major
protein in the complement system in plasma. Cloning of the C3
gene (19p13.3-13.2) revealed that the precursor molecule
consists of 1663 amino acids encompassed by 41 exons and is
located on chromosome 19. Inherited deficiency of C3 is an
extremely rare disease; thus far, only 10 patients from eight
families have had their molecular defects identified which led to
their C3 deficiency [1-8]. It is notable that almost all mutations,
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which vary among each family group, were homozygous [1—
4,6-8]. At present, only two cases (from one family) were
suspected as being caused by compound heterozygous muta-
tions after an incomplete analysis [5]. C3 is synthesized through
a unique process; the mature C3 molecule results from a C3
precursor, which is cleaved into the a and B chains, and then the
two chains are subsequently liked by disulfide bonds [9].
Previously, we reported the 10th case with C3 deficiency that
was due to a novel homozygous mutation, and proposed a
pathogenetic hypothesis, based on the unique process of C3
synthesis, that C3 deficiency is not inherited as a simple auto-
somal recessive trait [3]. Some compound heterozygous
mutations, such as some combinations of missense mutations



