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TABLE V. Correlation of Cardiac Measurements and Total Dose
of THP

Measurements Correlation coefficient P

FS 0.01 0.09
EF 0.90 0.49
E/A ratio 0.08 0.57
CVNN 0.26 0.08
6MWT 0.02 0.88
BNP at rest 0.11 0.42
BNP after exercise 0.27 0.03

THP, pirarubicin; FS, fractional shortening; EF, ejection fraction.
CVNN, co-variance of NN intervals; 6MWT, 6-min walk test.

was observed for subjects with =300 mg/m* of THP, but not for
subjects with <300 mg/m> of THP. Although correlations
between the measurements of left ventricular function (FS and
EF) and cumulative THP dose or BNP levels were studied, no
significant results were obtained (Supplemental Appendix).

DISCUSSION

THP is a derivative of DOX developed in Japan, and its
cardiotoxicity may be lower than that of DOX [12-15]. Tsurumi
et al. and Niitsu et al. reported that acute cardiotoxicity with THP
was less frequent than that with DOX among adult lymphoma
patients [17-20]. However, no studies for late cardiotoxicity of
THP have been reported. In this study, cardiac function and
biomarkers were measured in long-term survivors with ALL
who received THP treatment and in whom no apparent cardiac
dysfunction was detected. Thus, this is the first report of late
cardiotoxicity of THP in cancer survivors.

The incidence of AC-induced cardiac dysfunction in childhood
cancer survivors varied considerably across studies. The inciden-
ces of 14-24% for cardiac dysfunction assessed by echocardiog-
raphy had been reported in five studies, in which median doses of
cumulative AC ranged from 165 to 450 mg/rn2 [6,7,28,29,31].
Three other studies also reported that cumulative AC dose was
significantly associated with reduced FS function, and high cumu-
lative dose >300 mg/m? increased the risk of cardiac dysfunction
[11,26,27]. When our results are compared with these findings, it
appears that incidence of cardiac dysfunction after THP treatment

100 E
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% 40 .
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Fig. 1. Correlation between plasma BNP values after exercise and

cumulative pirarubicin (THP) dose.
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TABLE VI. Plasma BNP Levels According to Total Dose of THP

<300 mg/m® =300 mg/m? P value vs.

Total dose of THP (n = 39) (n=21) <300 mg/m*
BNP at rest (pg/ml) 12.5 £ 13.8 148 + 15.8 0.56
BNP after exercise (pg/ml) 12.2 £9.9 20.6 +£21.2 0.04
ABNP (pg/ml) ~03+78 54+81 0.01

Values are expressed as mean = SD. THP, pirarubicin.

is relatively low. However, it should be noted that EF and FS
may not be sensitive parameters for monitoring cardiac injury,
because they often remain normal until critical point in the face
of cardiac compensation [30]. Tissue Doppler echocardiography
(TDE) has became widely available. Since TDE gives a more
precise estimation for diastolic dysfunction than the E/A ratio
used in this study, it may be helpful in future studies [40].

Non-invasive techniques for identifying patients who are at
high-risk of developing AC-induced cardiomyopathy are critically
important. For this purpose, natriuretic peptides including BNP
and N-terminal fragment of BNP pro-hormone (NT-pro-BNP), are
currently used for detection of cardiac injury in both adults
and children [41]. Until now, 4 studies have reported BNP levels
in childhood cancer survivors who received AC therapy [28-31].
In 3 of these, elevated BNP levels were detected [28,30,31],
although the values did not significantly correlate with cumulative
AC doses. Our study showed no significantly different BNP levels
in patients from controls, but BNP levels after exercise were
significantly correlated to cumulative THP dose. A similar finding
was reported by Pinarli et al. [30], in which they found high BNP
levels after exercise by treadmill, but no correlation with cumu-
lative AC dose. Since augmented response in plasma BNP levels
to exercise has been reported in adult patients with left ventricular
dysfunction or exercise-induced ischemia [42,43], the increased
BNP levels and ABNP after exercise in our study may be associ-
ated with subclinical myocardial injury. The stability of BNP in
blood samples should be considered when interpreting BNP val-
ues after exercise. McNairy at al. found that post-exercise BNP
returned to baseline levels within 60 min for normal subjects
[44]. On the other hand, NT-pro-BNP is characterized by its
stability against protease and longer half-life in comparison with
BNP. Thus, the measurement of NT-pro-BNP may provide
additional evidence in the early detection of anthracycline-
induced cardiotoxicity in childhood and adolescence.

Currently, the 6MWT is considered to represent the most
suitable method to assess the exercise tolerance. This self-paced
test is easy to perform, well tolerated, and highly acceptable to
children [39,45]. In our study, all subjects finished the test without
difficulty or premature stopping. Consequently, the 6MWT may
be used both in assessment and follow up of functional capacity in
childhood cancer survivors.

In conclusion, the present study suggested that THP-induced
late cardiac dysfunction is rare. However, further investigation is
warranted to clarify the pathopsysiological significance of elev-
ated BNP levels after the exercise test in asymptomatic patients.
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Immunophenotypic analysis has become a powerful tool
for the correct identification of leukemic cell lineage. Our
study evaluates the diagnostic utility of flow cytometric
immunophenotyping of pediatric AML. We retrospectively
collected data of immunophenotype from 375 cases of de
novo AML studied from 1997 to 2007 at central laboratory
institutions of the Japanese Pediatric Leukemia/Lymphoma
Study Group (JPLSG): Department of Pediatrics and
Developmental Science, Mie University Graduate School
of Medicine; Department of Pediatrics, Osaka University
Graduate School of Medicine; Center for Clinical
Research, National Center for Child Health and Develop-
ment; and Department of Pediatrics, Aichi Medical Uni-
versity. The diagnosis of AML was made according to the
French-American-British (FAB) classification based on
morphology and enzyme cytochemical analysis as follows:

For the Immunological Diagnosis Committee of the Japanese
Pediatric Leukemia/Lymphoma Study Group.
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MO (acute myeloid leukemia without differentiation,
n=11), Ml (acute myelocytic leukemia with little
differentiation, n = 41), M2 (acute myelocytic leukemia
with differentiation, n = 113), M4 (acute myelomonocytic
leukemia, n = 47), M5 (acute monocytic leukemia,
n = 54), M6 (acute erythroleukemia, n = 6), and M7
(acute megakaryoblastic leukemia, n = 61).

Mononuclear cells of bone marrow or peripheral blood
samples were stained with various combinations of
fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-
labeled monoclonal antibodies against the following anti-
gens: CD4, CD7, CD13, CD14, CD15, CDI19, CD33,
CD34, CD36, CD41, CD42b, CD45, CD56, CD61, CD65,
CD117, glycophorin A (GPA: CD235a), and HLA-DR.
Cytoplasmic MPO was also detected by anti-MPO anti-
body after permeabilization. Two-color flow cytometric
immunophenotyping was performed by collecting 10,000
ungated list mode events. An antigen was considered as
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Table 1 Immunophenotypic profile of 375 de novo cases of acute myeloid leukemia

CD117 HLADR MPO CD13 CD33 CD14 CD15 CD65 GPA CD36 CD41 CD42b  CD61 CD7 CD4 CD19 CD356 CD45

CD34

90.0 (10)
90.9 (33)
110) 97.3 (74)

455 (11)
19.5 (41)

9.1
73 (41
0(95) 24.8 (113) 36.4

9.1 (11)
2.7 (37)

545 (1)
51.2 (41)
14.3 (112)

11) ND
36) ND

92) ND

0 (6)

16.7 (6)

33.3 (6)

53) 85.7(14) 69.6 (56)

[N N N 22

20.0 (50)

N N A

0
2.2

9.1
10.8
4.5
2.1

9.1 (1D
4.5 (112)
0 (42)

0(37) 189 (37) 10.0 (40)
0(93) 12.0 (92)

2.8 (36)

9.1 (11)
5.6 (54)

5.6 (36)

01D
2.3 (43) 51.2 (43) 10.6 (47)

2.3 (43) 60.5 (43)

20)
63)
26)
31)
31

58.5

35) 32.0 (50) 78.0(50) 72.4 (58)

DR S R VN

57

8.9 (45)

N RGN N N

RN N N N AN

94.9 (39

78.7 (47)

e N N N

2.8 (36) 73.7

74,5 (51) 49.1 (57)

[N RN S TN

M2 (113) 83.8

Values indicate proportion of positive cases (%); parentheses indicate evaluable cases, ND not done

positive, if more than 30% of the gated cells showed
specific labeling above that of controls, or if positive
subpopulation was distinctively identified even in <30%
positive cases.

The result is summarized in Table 1. Cytoplasmic MPO
expression was found in less than half of cases with MO
(45.5%), which is consistent with other reports [1, 2].
However, MO blasts expressed CD33 (90.0%) and CD117
(90.9%), and, less frequently, CD34 (72.7%), suggesting
myeloid lineage. The low expression of CD13 as compared
to CD33 in our study may reflect a more mature myeloid
profile in pediatric cases [1, 3]. CD7, expressed in more
than half cases, is known to be expressed in a proportion of
AML-MO and M1 cases [3-5], consistent with the fact that
CD7 is expressed during early stages of normal myeloid
differentiation [6]. CD56 was also expressed in nearly half
of cases, but only one case co-expressed CD7 and CD56
consistent with NK/myeloid-cell precursor acute leukemic
cells [7].

M1 and M2 blasts expressed CD34, CD117, HLA-DR,
MPO, CD13, CD33, and HLA-DR in more than 80% of
cases, and less commonly CD15 and CD65. CD7 was
detected in 51.2% of M1 cases, while its expression was
repressed in M2. CD19, detected in 24.8% of M2 cases,
was reported to be detected in 78-81% of M2 cases with
t(8;21) translocation [8, 9].

M3 cells expressed CD13, CD33, and MPO at high
frequency, as for M1 or M2 cells. However, the frequency
of CD117 expression was 76.7%, lower than for M1 or M2
cells. A striking feature is that the expression of CD34
and HLA-DR was low, at 14.3 and 4.8%, respectively. The
lack of CD34 and HLLA-DR was a feature of M3 blasts
[4, 5, 10].

Leukemic cells of most M4 and M5 cases expressed
monocyte markers, CD15 and CD65. The less common
expression of CD14 has been reported by others, particu-
larly in M5 cases [2, 5, 10]. M4 and M5 expressed CD33 at
similarly high frequencies. The progenitor-associated
antigens, CD34 and CD117, were seen in a lower propor-
tion of M5 cases, which might reflect commitment to
monocytic lineage. CD4 was expressed in 52.1% of M5
cases and 23.1% of M4 cases, in line with other reports
[2, 10].

We observed only six M6 cases. Leukemic erythroblasts
expressed CD36 and GPA in 66.7 and 83.3% of cases,
respectively. Myeloid antigens (MPO, CD13, and CD33)
and hematopoietic progenitor-associated markers (CD34
and CD117) were also expressed at variable frequencies.
The expression of monocytic markers (CD14 and CD15)
was absent, as well as megakaryocyte-associated antigens
(CD41 and CD42b).

The expression frequencies of megakaryocyte-associ-
ated antigens, CD41 and CD42b in cases with M7, were
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72.4 and 58.5%, respectively. All cases expressed CD41
and/or CD42b. CD36 was expressed at a high frequency,
but its expression was also seen in other subtypes (M4, M5,
and M6). Myeloid antigens (CD13 and CD33) were
expressed in most cases, but lack of MPO expression was
observed. Hematopoietic progenitor-associated antigens
(CD34 and CDI117) were expressed in many cases, and
CD7 was expressed in 69.6% of cases.

In conclusion, each subtype of AML possesses distin-
guishing features of antigen expression. Some antigens
appear to be associated with certain subtypes, but are not
necessarily specific. Uncommon expression must be inter-
preted in the context of the entire immunophenotyping
profile for correct identification of AML subtypes.
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ABSTRACT

Protein delivery to primary cells by protein transduction domain (PTD) serves as a novel measure for
manipulation of the cells for biological study and for the treatment of various human conditions.
Although the method has been employed to modulate cellular function in vitro, only limited reports
are available on its application in the replacement of deficient signaling molecules into primary cells.
We examined the potential of recombinant proteins to compensate for defective cytosolic components
of the NADPH oxidase complex in chronic granulomatous disease (CGD) neutrophils in both p47°Phox
and p67P"°* deficiency. The p47P"°% or p67°"° protein linked to Hph-1 PTD was effectively expressed
in soluble form and transduced into human neutrophils efficiently without eliciting unwanted signal
transduction or apoptosis. The delivered protein was stable for more than 24 h, expressed in the cyto-
plasm, translocated to the membrane fraction upon activation, and, most importantly able to restored
reactive oxygen species (ROS) production. Although research on human primary neutrophils using the
protein delivery system is still limited, our data show that the protein transduction approach for neutro-
phils may be applicable to the control of local infections in CGD patients by direct delivery of the protein

product.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Chronic granulomatous disease (CGD) is a primary immunodefi-
ciency that affects phagocytes of the innate immune system and is
characterized by recurrent life-threatening bacterial and fungal
infections. The disease is caused by the lack of a component of
NADPH oxidase complex [1]. NADPH oxidase is a multicomponent
enzyme that is critical in non-mitochondrial ROS production, and
is composed of a flavocytochrome b558 (gp91P"°* and p22P"°%), cyto-
solic components (p40P"°%, p47°1°% and p67°"°%) and a small GTP-
binding protein (Racl or Rac2) [2]. About 60% of CGD cases are
caused by mutations in the gene encoding gp91P"* located on X
chromosome. Mutation in NCF1 (encoding p47°"°%) causes the most
common autosomal recessive form of CGD accounting for approxi-
mately 20% of all CGD cases. Mutation in NCF2 (encoding p67P"°%) ac-
counts for about 5% of all CGD cases [1,3]. Hematopoietic cell
transplantation is currently the only proven curative therapy, but
is often associated with transplant-related mortality [1,4]. There

* Corresponding author. Address: Department of Pediatrics and Developmental
Biology, Tokyo Medical and Dental University Graduate School of Medical and
Dental Sciences, 1-5-45 Yushima, Bunkyo-Ku, Tokyo 113-8519, Japan. Fax: +81 3
5803 5245.

E-mail address: tmorio.ped@tmd.ac.jp (T. Morio).
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has been no effective therapeutic method to modulate neutrophil
function or to reconstitute the functional defects in CGD neutrophils.

The intracellular delivery of proteins or peptides, has been dif-
ficult to achieve until recently, primarily due to plasma membrane
barrier restrictions on the uptake of macromolecules. Cell pene-
trating peptide or protein transduction domain (PTD) is a short
peptide of generally fewer than 30 amino acids that can cross bio-
logical membranes in a receptor- and cell-cycle-independent man-
ner [5-7]. PTD is especially useful for delivery of large molecules
into transfection-resistant cells, and can be incorporated into virtu-
ally any types of cells [5,8,9].

The protein transduction technique has most commonly been
employed for modulation of specific protein-protein interactions
with target transcription factors, signal transduction proteins,
and cell cycle mediators [10]. Specific proteins and peptides for
therapeutic targeting of oncogenes have been developed and
tested in vitro and with in vivo animal models [10,11]. The protein
transduction approach has also been used for delivery of active en-
zymes or other functional molecules in neurodegenerative disor-
ders and metabolic diseases. PTD enzyme replacement in vitro
has been successfully demonstrated in many previous publications
[12-14]; however, their potential advantage as a method for intra-
cellular replacement therapy in vivo is still largely unknown.
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Replacement of functional signaling molecules by PTD tech-
niques in cells is more technically demanding than delivery of pro-
tein-protein interaction modulators or active enzymes. This is
because, in PTD, the delivered protein should be expressed at a
physiological level, targeted to the specific cellular location, associ-
ated with other molecules, modified and translocated upon stimu-
lation, and biologically active as long as the endogenous molecule.

The objective of this study was to compensate neutrophil dys-
function in CGD lacking a cytosolic component of the NADPH oxi-
dase complex by the protein delivery system using Hph-1, an 11-
amino acid long unique peptide of human origin, as PTD [15,16].
To achieve this, the transduced protein should function as its
endogenous counterpart inside the cells. Activation of the complex
is tightly controlled by plasma membrane targeting and/or phos-
phorylation of the cytosolic components [2,17]. Upon priming sig-
nal that activates PI3K, Rac2 released from GDP-dissociation
inhibitor translocates to the membrane. During activation, p47 is
phosphorylated on multiple Serines by PKC, leading to the translo-
cation of the p47/p67/(p40) complex to the membrane [2,17,18].
The cytosolic components should locate in the cytoplasm in resting
state, receive modification upon activation, associate with other
molecules, and translocate to the membrane.

We also investigated possibility of the protein transduction to
activate, or induce apoptosis in, neutrophils. Neutrophils have a
short lifespan in the periphery and ex vivo, and the cells are quickly
responsive and sensitive to the external stimuli, all factors that
render cell manipulation even more difficult. Neutrophils sense
microbes through various receptors, engulf foreign bodies, and
are destined to undergo apoptosis after production of reactive oxy-
gen species (ROS) and releasing neutrophil extracellular traps
[19,20]. It has been postulated that PTD-mediated delivery of mac-
romolecules does not elicit the innate immune response or cyto-
toxicity [9,10,13], but, to our knowledge, the cellular reactions
elicited by protein delivery has not been formally addressed in hu-
man neutrophils.

A B

Negative

We show here evidence that PTD-based protein delivery does
not elicit non-specific activation or apoptosis of human neutro-
phils. We show that transduced recombinant p47 or p67 protein
linked to Hph-1 distributes to a physiological location (i.e., moving
to the plasma membrane) and restores normal ROS production in
CGD neutrophils deficient in p47 or p67, respectively.

2. Results

2.1. Transduction efficacy of recombinant protein into human
neutrophils and its effect on neutrophil activation and apoptosis

We first generated a construct for Hph-1-EGEP as a control pro-
tein for assessing expression kinetics, activation, and cellular apop-
tosis in neutrophils following protein transduction (Fig. 2A). The
EGFP recombinant was expressed in bacteria, purified, treated with
polymyxin B, and incubated with 1 x 10° purified human neutro-
phils with various concentrations and for various time periods.
The recombinant was similarly incubated with human activated
T-cells (CD3+ >95%) and with human B-cell line (i.e., Daudi cells).

The kinetics study monitored by flow cytometer showed the
expression level at 10 min was higher in neutrophils compared
to that in activated T-cells and Daudi cells. In neutrophils, the
expression level reached a maximum by 30 min; and >95% of
the recombinant protein was expressed, while in activated T-cells
the level peaked at 60 min (Fig. 3A).

The transduced protein was easily detectable in the cytoplasm at
1 M by confocal fluorescence microscopy (CFM) as well as by flow
cytometer, and the expression was increased in a dose dependent
fashion (Fig. 3Band C). The dose-response was similar to that in Dau-
di cells; but significantly more EGFP protein was detected in neutro-
phils than in activated T-cells. The expression was detected at least
up until 24 h post-Hph-1-EGFP transduction, suggesting that no ma-
jor biodegradation of incorporated protein occurred (Fig. 3D).

3> EXON 2
HC : CAGCACTAT GTGTACATGTTCCTGGTGAA
Pt-01 CA G A

DAL

: ‘ QL ey
(c.73_74delGT, p.Tyr26HisfsX25)

L BEU LN
€.1223delA, p.Asp408AlafsX2)

Fig. 1. Diagnosis of CGD in patients 1, 2, and 3 by assessment of ROS production and by sequencing analysis. (A and C) A representative FACS histogram for assessment of ROS
production, measured by DHR123 fluorescence in purified neutrophils from healthy control (HC), p47-deficiency patient (Pt-01) (A) and from p67 deficiency (Pt-02) (C). (B
and D) A result of sequencing analysis of NCFI in Pt-01 (B) and NCF2 in Pt-02 and Pt-03 (D).
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Hph-1-Gal4: Hph-1
Hph-1-EGFP:

Hph-1-p47rhex:

Hph-1-p67°rhex;

B

Primer Sequence Rggg‘,%g”

Gals 5'-GAATTCAAGCTACTGTCTTCTATC-3 EcoR |

5-AAGCTTCGGCGATACAGTCAA-3' Hind I

EGFP 5'-GAATTCGTGAGCAAGGGCGAGGAG-3 EcoR 1

5'-AAGCTTTCCTTGTACAGCTCGTCCATG-3 Hind 11l

47900 5'-GAATTCGGGGACACCTTCATCCGTC-3' EcoR |

p 5-AAGCTTGACGGCAGACGCCAGCTTCCGC-3' Hind Il

pE7oox 5-GAATTCTCCCTGGTGGAGGCCATCAGCCT-3 EcoR |

5-AAGCTTCTAGACTTCTCTCCGAGTGCTTTCT-3' Hind Il

Fig. 2. Schematic diagram of Hph-1-recombinant constructs. (A) Schematic diagram of Hph-1-Gal4, Hph-1-EGFP, Hph-1 -p47°"°* and Hph-1-p67°P°, (B) Primer sequences

. for construction of the indicated Hph-1-recombinant protein.

We next examined whether the transduction of foreign protein
per se activates neutrophils or potentially elicits cellular damage
leading to augmented or earlier apoptosis. Fig. 3D shows that the
proportion of apoptotic cells does not increase in neutrophils
transduced with Hph-1-EGFP compared to untreated neutrophils.
Induction of Hph-1-EGFP did not induce significant activation of
tyrosine kinases, activation of Akt, or phosphorylation of the intra-
cellular components of the NADPH oxidase complex (Fig. 3E). Sim-
ilarly, ROS production was not observed upon transduction with
Hph-1-EGFP protein in addition to fMLP in control neutrophils.
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The similar results were obtained when neutrophils were treated
with Hph-1-Gal4 (data not shown).

2.2. Hph-1-p47P" and Hph-1-p67°"°* compensate for defective
NADPH oxidase activity in neutrophils of autosomal recessive CGD
patients

We hypothesized that restoring intracellular p47 or p67 by pro-
tein delivery would correct defective NADPH activity, if the trans-
duced protein were functional. To test this, we designed constructs

Neutrophils C
Hph-1-
EGFP
450 a0
=k
. w2
Z 3004 »5
=3 n10
& (uM)
w1504

ActT Daudi Neutrophils

Hph-1-
Untreated EGFP PMA
0051 6 00516 0.5(hr)
p-paTeex (S345) | ‘
p47eex | —
p-pA 0P (T154) [= — —
p40rhox
p-AKT (3473) [

Fig. 3. Time-dependent and concentration-dependent transduction of Hph-1-EGFP in human neutrophils, and the effect of transduction on cellular activation and apoptosis.
(A) Time dependent transduction kinetics of Hph-1-EGFP in human neutrophils, activated T-cells (ActT), and Daudi cells. (B) CFM analysis of transduced protein. (C)
Concentration dependent intracellular delivery of EGFP in human neutrophils, activated T-cells (ActT), and Daudi cells (n = 3). (D) Percentage of neutrophil apoptosis and
EGFP-positivity after EGFP protein delivery. Summary of three independent experiments is shown. (E) Tyrosine phosphorylation of neutrophil proteins, activation of AKT, or
phosphorylation of cytosolic factors of NADPH oxidase complex after transduction of Hph-1-EGFP. One representative Western blot out of three independent experiments is

shown. Mean + SD is indicated in (A, C, and D).
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for Hph-1-p47P"°* and Hph-1-p67P"°* (Fig. 2A) and investigated
their capacity to confer the ability to produce ROS in CGD neutro-
phils either lacking in p47 or p67. Hph-1-p47P"* and Hph-1-
p67PP°* were expressed abundantly and recovered insoluble frac-
tion in BL21DE3 Escherichia coli strain at 37 °C incubation (Fig. 4A).

To determine the efficacy of transduction, the p47 protein was

incubated with 10° purified neutrophils from p47-deficiency at .

various concentrations, and their expression was checked by Wes-
tern blotting (Fig. 4B). The expression level of p47 was equivalent
to that in control neutrophils when incubated at 1-5uM for
30 min.

To confirm that Hph-1 induced p47 into the cells, we carried out
CFM and Western blotting. CFM visualized the presence of p47 in
the cytoplasm prior to stimulation, and the colocalization of p47
and gp91 at the membrane after PMA treatment in >95% of the
cells (Fig. 4C). We also prepared cytoplasmic and membrane frac-
tions from Hph-1-p47P"* transduced neutrophils and carried out
anti-p47 Western blotting. The analysis further confirmed that
the incorporated p47 protein, and endogenous p67, were located
in the cytoplasm, but not in the membrane (Fig. 4C).

We then asked whether the transduced Hph-1-p47P"°% was
functional by measuring PMA-induced ROS production in the neu-
trophils from Pt-01. The Hph-1-p47°"% delivery restored the
capacity to generate ROS in p47-deficient CGD neutrophils, while
the additional expression did not result in augmented ROS release
in control neutrophils (Fig. 4D). Transduction of the p47 recombi-
nant did not enhance apoptosis as examined by Annexin V staining
until 24 h post protein delivery (Fig. 4E). The delivery did not in-
duce cellular activation in neutrophils detected by anti-phosphoty-
rosine blot (Fig. 4F). In addition, the transduced p47 was still
detectable at 24 h as observed in Hph-1-EGFP transduction.

Five-times more expression of p67 was observed in p67-defi-
cient neutrophils compared to control neutrophils when Hph-1-
p67P"°* was incubated at 5uM for 30 min (Fig. 4G). The p67
expression was observed in >90% of the transduced cells by enu-
meration under CFM. DHR123 assay and luminol assay demon-
strated that the intracellular delivery of p67 protein via Hph-1
restored the capacity to generate ROS in response to PMA in p67-
deficient CGD neutrophils (Fig. 4H and I). ROS production in the
transduced cells was slightly reduced compared to normal neutro-
phils, when the expression level of the recombinant was adjusted
to the level of endogenous p67 (by incubation at 1 uM), but the dif-
ference was not statistically significant (Fig. 4H and I). Neither
apoptosis nor ROS production was observed in control neutrophils
transduced with Hph-1-p67Phox,

3. Discussion

In this paper, we have demonstrated that Hph-1-based protein
delivery restores neutrophil ROS production in p47P"*_deficient
and p67P"*-deficient CGD patients. The Hph-1-p47P"°* and Hph-
1-p67P"°* was recovered in soluble fraction in large quantity in
bacteria, and the transduction efficacy to neutrophils was at least
more than 80%. The transported protein was localized in the cyto-
sol of neutrophils and was translocated, upon stimulation, to the
membrane associating with flavocytochrome b558 to cause the
activation of NADPH oxidase. The cellular concentration of the re-
combinant was observed in a concentration-dependent manner,
and thus was adjustable to the target level of choice. The PTD-med-
iated protein delivery per se did not trigger neutrophil activation or
affect neutrophil cell survival.

To date, many groups in wide arenas of clinical and basic biclogy
are working toward PTD-based delivery of therapeutic molecules.
The diseases being treated in vitro or in vivo animal systems range
from cancer, ischemia, neurodegenerative disease, and enzyme defi-

ciency [8,11,14]. Despite the notable successes and high expecta-
tions, the use of PTD to deliver proteins has yet to become
common place in cell biology, especially in fields using primary cells.
This can be ascribed to inefficient protein expression, insolubility of
protein, and biodegradation in transduced cells. In particular, re-
search on primary neutrophils using protein delivery system has
been limited; and most of the existing research employed peptide
fragments for functional modulation of neutrophils [21,22].

Correction of defective molecule in neutrophils has not yet been
attempted with PTD-based approach, much less for the replace-
ment of cytoplasmic protein defective in CGD phagocytes. A pio-
neering work by Polack et al. has shown that the Pseudomonas
aeruginosa strain harboring a plasmid encoding ExoS-N-terminal
p67 fusion protein, CHA-pBP31, can infect an EBV-transformed cell
line from p67-deficient CGD [23]. CHA-pBP31 was able to reconsti-
tute the NADPH oxidase activity, to approximately 40% of normal
at MOIs of 5 or 10. The system, however, is labor-intensive, has
limits in deliverable molecular size, and is toxic at higher MOL
However, the intracellular delivery of p67 protein can now be
achieved more easily, safely, effectively, and in more controlled
manner with our PTD-based system.

The only curative therapies available for CGD are hematopoietic
cell transplantation and gene therapy, both of which are associated
with therapy-related toxicity and adverse effects [1,4]. In addition,
infection control is critically important for the success of these
curative therapies [1,4]. The true potential of the Hph-1-p47°h°*
and Hph-1-p67P"°* as a therapeutic measure to correct deficient
ROS production is yet to be tested in animal models. This protein
delivery can be used, however, in local control of infection of the
CGD patients, for example, by using as an ointment, or by applying
the protein directly to the site of infection.

PTD-based enzyme replacement therapy has been proven effec-
tive in only limited cases or primary immunodeficiency. Purine
nucleotide phosphorylase (PNP) is an intracellular enzyme critical
for purine degradation, and PNP defects result in severe T-cell
immunodeficiency. One study has reported that PNP fused to TAT
rapidly enters PNP-deficient lymphocytes and increases intracellu-
lar enzyme activity for 96 h [12]. The same group has demon-
strated in PNP~/~ mice that TAT induced rapid and efficient
delivery of active PNP into many tissues, including the brain, lead-
ing to correction of metabolic diseases and immune defects [13].

The protein transduction system thus can be applied for the cor-
rection of other immuno deficiencies lacking the intracellular en-
zyme or cytoplasmic signal molecule, either in part or entirely.
The examples include severe congenital neutropenia due to muta-
tion in HAX1, ELA2, or MPO and severe combined immunodefi-
ciency caused by mutation in JAK3, LCK, DCLREIC, NHEJ1, and
LIGIV. Although the efficacy and safety should be examined in de-
tail with an in vivo animal model system, clinical applications of
these approaches would become a useful therapeutic option, until
the time the patients receive curative therapy (e.g., hematopoietic
cell transplantation or gene therapy). The unique ability of PTD will
facilitate the design of therapeutic proteins that are defective in
primary immunodeficiency.

4. Materials and methods
4.1. Case presentation

Pt-01 is 31-year-old female with recurrent skin infection, otitis,
and genital candidiasis. She developed CGD colitis at the age of 19.
PMA-driven ROS production of neutrophils as assessed by DHR123
staining is minimal (Fig. 1A). Sequencing analysis of the four
NADPH oxidase genes (CYBA, CYBB, NCF1, and NCF2) revealed the
homozygous c.73_74delGT mutation in NCF1 (Fig. 1B).
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Fig. 4. The delivery of a cytosolic factor of NADPH oxidase complex via Hph-1 PTD results in the expression in the cytoplasm, co-localization with gp91 in the membrane
upon stimulation, and restored ROS production in neutrophils from p47- and p67-deficiency. (A) Coomassie Brilliant Blue staining of the purified Hph-1-p47P°%, -p67Phox,
and -Gal4 protein. (B) Expression of p47 in control neutrophils and in p47 deficiency transduced with indicated concentration of Hph-1-p47Ph°*, A representative data out of
three independent experiments is shown. Actin is shown as a loading control. (C). Intracellular localization of transduced p47 assessed by CFM (left panel) and by WB (right
panel). Flotillin was used as a membrane marker. (D) ROS production assessed by DHR123 staining in control neutrophils and in p47-deficient neutrophils that were
transduced with Hph-1-p47Ph°* or with Hph-1-Gal4, and were stimulated as indicated. DMSO was used as a control reagent. Summary of three independent experiments is
shown in the lower panel. (E) Percentage of apoptotic cells and p47-expressing cells in p47-negative CGD neutrophils incubated with or without Hph-1-p47PP°*, Apoptosis
was assessed by Annexin V staining, and percentage of p47-positive cells was enumerated by counting the cells with cytoplasmic p47 expression under CFM. (F) Anti-
phosphotyrosine blot following transduction of Hph-1-p47P"°* in p47-deficient neutrophils. (G) Expression of p67 in neutrophils from HC and from p67-deficiency with or
without transduction of indicated recombinant protein. One representative data out of three independent experiments for Pt-02 and Pt-03 is shown. (H) Mean DHR123
fluorescence in control neutrophils and in p67-deficient neutrophils, transduced with or without the indicated recombinant. Combined results from three independent
experiments for Pt-02 and Pt-03 are shown. (I) Time course of PMA-driven H,0, production, measured by a luminol assay, in control neutrophils and p67-deficiency
neutrophils with or without Hph-1-p67°"°* transduction. One representative data is shown. The experiment was repeated three times in three HCs and p67 deficient patient
(Pt-02). HC: healthy control. Mean + SD is shown in D, E, H, and I.

Pt-02 is 8-year-old boy who developed perianal abscess and Pt-02. Pt-03 was well until 2-months old when she developed diar-

cervical lymphoadenopathy at 1-year old. Bacterial culture of the
abscess revealed the presence of Serratia marcescens and Group A
Streptococci. The DHR123 assay revealed positive but significantly
attenuated ROS production (Fig. 1C). Sequencing of the four
NADPH oxidase genes revealed a homozygous c1233delA mutation
in NCF2 (Fig. 1D).

Pt-03 is currently 2-year-old girl and is a younger sister of Pt-
02. The patient harbored the same mutation in NCF2 detected in

rhea of unknown origin lasting for >8 weeks. Pt-02 and Pt-03 have
been on Sulfamethoxazole-Trimethoprim and Itraconazole after
diagnosis of CGD and have been well without major infection.
However, perianal abscess frequently recurs in Pt-02.

Written informed consent was obtained from all subjects (or
their parents). The study protocol was approved by the ethics com-
mittee of the Faculty of Medicine, Tokyo Medical and Dental
University.
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4.2. Reagents

Anti-phosphotyrosine mAb (4G10) and rabbit polyclonal anti-
body to gp91P"°* were from Upstate. Mouse mAb to flotillin-1,
p67P"°% and isotype-matched FITC-mouse IgG were from BD
Pharmingen. Mouse mAbs to phospho-AKT, to p47°"°* were from
Rockland Immunochemicals, and from Santa-Cruz, respectively.
MADs to 6x His and to phospho-p40P"* were obtained from Cell
signaling technology. Antibody directed against phosphor-Ser345
was generated in rabbits by injection with ovalbumin conjugated
to the phosphopeptide sequence of p47°"* (QARPGPQS
[phospho]PGSPLEEE). PMA, dihydrorhodamine 123 (DHR123),
DAPI, and luminol were from Sigma-Aldrich.

4.3. Sequencing of NCF1 and NCF2

Sequencing was performed for all exons and exon-intron
boundaries of NCF1 and NCF2 as previously described [24] using
ABI310 automated genetic analyzer using NCF1 and NCF2 specific
primers.

4.4. Isolation of peripheral blood neutrophils

Neutrophils were purified using a standard technique from hep-
arinized peripheral blood using MonoPoly mixture (Flow Laborato-
ries, McLean, VA). The neutrophil-enriched fraction was further
purified to >97% by immunomagnetic negative selection (StemCell
Technologies). All procedures were carried out under sterile and
endotoxin-free conditions.

Subcellular fractionation of neutrophils was carried out accord-
ing to standard technique previously described. Flotillin was used
as a membrane marker,

4.5. Preparation of activated T-cells

Activated T-cells were prepared by incubating peripheral blood
mononuclear cells in an OKT3-coated flask in the presence of
350 U/ml IL-2 as previously described [24].

4.6. Measurement of ROS production

Purified neutrophils were loaded with DHR123 at 5 pg/mL for
5 min at 37 °C. Cells were washed, stimulated with PMA (100 ng/
mi for 30 min at 37 °C), and ROS production was quantified via
flow cytometry (FACSCalibur, Becton Dickinson) by measuring
intracellular rhodamine. Alternatively, ROS production was quanti-
fied using a standard chemiluminescence method.

4.7. Generation and purification of Hph-1-fusion protein and protein
transduction

Hph-1-protein constructs were generated by using the primers
shown in Fig. 2B. EGFP, p47P"*, and p67P"°* were amplified from
PEGFP-N1 plasmid, NCF-1 ¢DNA clone (FCC117E05 obtained from
TOYOBO), and ¢DNA from control peripheral lymphocytes, respec-
tively. The amplified fragment and Hph-1 was combined and
cloned into pET28b (+) plasmid (Novagen) as previously described.
Gal4 construct was described elsewhere.

Protein induction was carried out as previously described [16].
Prepared protein was treated with Detoxi-Gel™ Endotoxin Remov-
ing gel (Takara Bio) to eliminate endotoxin.

The cells were incubated with Hph-1 recombinants in PBS at
indicated concentrations for indicated time, washed and then were
subjected to further analysis.

4.8. Western blotting

Neutrophil lysates were prepared using a lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM Nadl, 0.25M sucrose, 5 mM EGTA,
5mM EDTA, 15 pg/ml leupeptin, 10 ug/ml pepstatin, 10 png/ml
aporotinin, 2.5 mM PMSF, 1.0% NP-40, 0.25% sodium deoxycholate,
10 mM sodium pyrophosphate, 25 mM NaF, 5 mM Na;VO,, 25 mM
B-glycerophosphate). Western blotting was carried out as de-
scribed previously [25].

4.9. Immunofluorescence staining

Cytospin preparations of neutrophils were air-dried and fixed
for 10 min with paraformaldehyde in PBS, and then permeabilized
using acetone at —20 °C for 20 min, washed, and incubated with
the indicated antibodies. Nuclei were counterstained with DAPI.
The slides were analyzed with a fluorescence microscope (FV10i,
Olympus) equipped with Fluoview viewer and review station.

4.10. Statistical analysis
Student’s t-test was used for statistical analysis.
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Introduction

Ataxia-telangiectasia (A-T; MIM# 208900) is an autosomal reces-
sive neurodegenerative disorder characterized by progressive cere-
bellar degeneration, ocular apraxia and telangiectasia, increased
cancer risk, immunodeficiency, sensitivity to ionizing radiation (IR),
chromosomal instability, and cell cycle abnormalities [Boder and
Sedgwick, 1958; Gatti, 2001]. A-T is caused by mutations in the
ATM gene (MIM# 607585) that usually encodes a 13 kb transcript
that produces a 370 kDa protein [Gatti et al., 1988; Lange et al.,
1995; Savitsky et al., 1995]. Intranuclear ATM protein is low or ab-
sent in most A-T patients, despite the presence of relatively normal
levels of ATM transcripts. ATM is activated by autophosphoryla-
tion after binding with the MRN (Mrel1-Rad50-Nbs) complex at
sites of DNA double strand breaks [Bakkenist and Kastan, 2003;
Kozlov et al., 2006}, and subsequently phosphorylates hundreds of
downstream target proteins involved in cell cycle checkpoints, DNA
repair, and apoptosis [Bolderson et al., 2009; Matsuoka et al., 2007;
Shiloh 2006]. ATM also appears to play a critical role in resolving
chronic inflammation [Westbrook and Schiestl, 2010].

A-T patients are usually compound heterozygotes, carrying two
distinct mutations. Mutations occur throughout the entire gene
without hot spots. Founder effects are commonly observed in many
ethnic isolates [Birrell et al., 2005; Campbell et al., 2003; Cavalieri
et al., 2006; Gilad et al., 1996a; Laake et al., 1998; McConville et al.,
1996; Mitui et al., 2003, 2005; Telatar et al., 1998a, b] wherein
patients often carry mutations in a homozygous state. We have
previously shown [Du et al.,, 2007, 2009, 2011; Lai et al., 2004]
that accurately analyzing the functional consequences of mutations
in individual A-T patients enables the grouping of patients into
“mutation categories” that are most likely to be corrected by future
customized mutation-targeted therapies.

The aims of the present study were to: (1) characterize the
ATM mutations in Japanese A-T (JPAT) families; and (2) identify
which JPAT patients might be candidates for personalized mutation-
targeted therapy. We report that three of eight JPAT families exam-
ined are potential candidates for mutation-targeted therapy based
on partial restoration of functional ATM protein production.

Additional Supporting Information may be found in the online version of this article.
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members of eight Japanese A-T families, including three sibling
pairs (JPAT4/5, 8/9, and 11/12). The families came from different
geographical regions. Clinical descriptions of patients from these
families have been reported previously [Morio et al., 2009].

Short Tandem Repeat (STR) Haplotype Analysis

Standardized STR (short tandem repeat/microsatellite) genotyp-
ing for the ATM gene region was performed as previously described
[Mitui et al., 2003]. Briefly, we used four fluorescently labeled mi-
crosatellite markers located within a 1.4 cM region of chromosome
11q22-q23: D11S1819, NS22, D11S2179, and D1151818. Markers
NS22 and D11S2179 are located within the ATM gene, in introns
45 and 62, respectively [Udar et al., 1999; Vanagaite et al., 1995].
Allelic sizes were detected with an ABI 3730 DNA analyzer (Ap-
plied Biosystems Inc, Carlsbad, CA) and standardized to a reference
sample (CEPH 1347-02).

ldentification of Mutations

Total RNA was isolated from patient-derived T-cell lines using
RNeasy (QIAGEN, Valencia, CA), and cDNA was synthesized using
random primers and the Superscript III reverse transcriptase (In-
vitrogen, Carlsbad, CA). The entire ATM coding region was divided
into eight overlapping fragments (Regions 1-8) ranging from 1,500
to 1,800 bps [Du et al., 2008]. These regions were PCR amplified
and then sequenced using 19 different primers. Mutations on the
cDNA level were confirmed in genomic DNA (gDNA) by sequenc-
ing relevant exon and intron boundaries. Mutation analysis is based
on the same ATM reference sequence used for ATM mutations in
the Leiden Open Variation Database (www.LOVD.nl/ATM; NCBI
reference sequence:NM_000051.3).

Maximum Entropy Scores and Search for Exonic Splicing
Enhancers (ESEs)

The strength of the 5" and 3’ splice sites (ss) was determined by cal-
culating and comparing the wild-type and mutant 5 and 3’ ss using
the Maximum Entropy software available at http://genes.mit.edu/
burgelab/maxent/Xmaxentscan_scoreseq.html [Eng et al., 2004;
Mitui et al., 2009; Yeo and Burge, 2004]. We scanned for puta-
tive binding motifs for serine/arginine-rich (SR) proteins using
the ESEfinder software available at http://rulai.cshl.edu/tools/ESE
[Cartegni et al., 2003; Smith et al., 2006].

Long-Range PCR and Breakpoint Regions
for Genomic Deletions

To amplify large gDNA fragments, 500 ng of gDNA was used as
template, followed by 35 cycles of 95C for 1 min, 68°C for 10 min,
and extension at 72°C for 15 min using EX Taq polymerase accord-
ing to the manufacturer’s protocol (Takara Bio Inc, Shiga, Japan).
Fragments containing large genomic deletions (LGDs) were isolated
from agarose gels and sequenced to determine the breakpoints.

Multiplex Ligation-dependent Probe Amplification (MLPA)

A total of 100 ng of gDNA was used as starting material for the
SALSA MLPA P041 and P042 ATM kits (MRC-Holland, Amsterdam,
Netherlands, www.mrc-holland.com) [Schouten et al., 2002]. The
P041 probe mix contained probes for 33 of the 65 exons as well as
three probes for exon 1. The P042 ATM probe mix contained probes
for the remaining ATM exons. Both probe mixtures also contained

probes for control genes. After hybridization, ligation, and ampli-
fication, according to the instructions of the manufacturer, 1 pl of
PCR product was mixed with 0.2 pl of ROX-500 labeled internal
size standard, separated on an ABI Prism 3100 Avant automatic se-
quencer (Applera, Norwalk, Connecticut, CA), and analyzed using
the GeneScan software ver.3.1. For MLPA data analysis, we used
Coffalyser MLPA DAT software developed by MRC-Holland. For
each probe, a range from 1 * 0.2 was considered as a normal
exon dosage, while a deletion was determined as being between 0.3
and 0.7.

Antisense Morpholino Oligonucleotide (AMO) Design
and Treatment

A 25-mer antisense morpholino oligonucleotide (AMO) was de-
signed to target the 5’ aberrant splice site of a pseudoexon mutation
in pre-mRNA of JPAT11/12. The AMO-J11 sequence was: CCTG-
GAAAAATACTTACAATTAAAC. AMO748C (ATTCACACACTC-
GAATTCGAAAGTT) and AMO4956GC (CTTGGATAACTGCAA-
CAAATTGACA) were designed to target wild-type sequences to
determine potential regulatory elements at the site of a mutation(s).
AMOs were synthesized by Gene-Tools (Philomath, OR). Treat-
ment of LCLs with AMOs was performed as previously described
[Du et al., 2007]. Cells were suspended in 5% FBS/RPMI medium
and the AMO was added directly to medium at the concentrations
indicated. Endo-Porter (Gene-Tools) was added to the medium to
assist in intracellular incorporation of the AMO. Cells were collected
after 48 hr for RNA analysis, and after 84 hr for ATM protein detec-
tion. Vivo-AMO was also used to treat JPAT 11 to enhance cellular
delivery (Gene-Tools).

Irradiation Induced ATM-Ser1981 Foci Formation (IRIF)

Immunostaining of nuclear foci of ATM-Ser1981was performed
as described [Du et al., 2007, 2009]. In brief, LCLs were first treated
with the relevant compounds for 4 days before being irradiated with
2 Gyand then incubated at 37°C for 30 min. Next, the cells were fixed
with 4% paraformaldehyde and then permeabilized on cover slips.
The cover slips were blocked for 1 hr and incubated with mouse anti-
ATM pSer1981 for 1 hr (1:500; Cell Signaling Technology, Danvers,
MA). After a second blocking, cells were stained with Alexa Fluor
488 anti-mouse IgG (1:150; Invitrogen) for 1 hr and mounted onto
slides.

Flow Cytometry Analysis of ATM-Ser1981
Autophosphorylation (FC-ATM-pSer1981)

FC-ATM-pSer1981 was used to verify the restoration of Ser1981
autophosphorylation by readthrough compounds (RTCs) [Du etal.,
2009; Nahas et al., 2009]. The cells were treated for 4 days with RTCs,
resuspended in PBS, and irradiated with 10 Gy. After 1 hr, the cells
were fixed and permeabilized using FIX & PERM (Invitrogen). The
cells were then incubated with 1 pl of mouse ATM-s1981 antibody
(Cell Signaling Technology) for 2 hr at room temperature. After this
time, cells were washed and resuspended in 100-pl PBS with Alexa
Fluor 488 anti-mouse IgG (Invitrogen) for 45 min, and then washed
and resuspended in PBS with 0.2% paraformaldehyde, before being
analyzed using a FACSCalibur (BD, Franklin Lakes, NJ).

Western Blotting

Nuclear extracts were prepared by following the NE-PER protocol
(Thermo Fisher Scientific, Rockford, IL). Proteins were separated
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on a 7.5% SDS-polyacrylamide gel. Western blots were prepared
as described [Du et al., 2007], and probed with anti-ATM (Novus
Biologicals, Littleton, CO), -SMC1, or -KAP1 antibodies (Novus
Biologicals).

Results

Mutation Analysis

We initially screened our A-T patients for two previ-
ously reported Japanese mutations, c.4776(IVS33)+2T>A and
€.7883_7887delTTATA [Ejima and Sasaki 1998; Fukao et al., 1998].
Neither of these mutations was detected.

STR genotyping of the ATM genomic region was performed for 11
JPAT patients, but since parental gDNAs were unavailable, we could
onlyverify that one patientwas homozygous for all markers (JPAT2):
. [51819, 131; NS22, 165; 52179, 143; $1818, 162] [Mitui et al., 2003].
As a result, we set out to directly sequence the entire ATM coding
region after PCR amplifying eight partially overlapping fragments
from patients’ cDNA [Du et al., 2008]. We identified 12 of the 16
expected mutations (75%) and confirmed them upon sequencing
gDNA (Table 1). Only one patient (JPAT2) was homozygous, sug-
gesting that most JPAT patients do not result from consanguineous
marriages. The 12 mutations included four frameshifts (counting
the homozygous JPAT2 twice), two nonsense, and six splice vari-
ants (Table 1). The remaining mutations (4/16; 25%) were four
LGDs, which we identified after performing long-range PCR using
gDNA as template. Fourteen mutations were novel; two had been
previously reported: ¢.748C>T in JPAT6 [Teraoka et al., 1999] and
€.2639-384A>G in JPAT11/12 [Sobeck 2001]. All mutations resulted
in the absence of ATM protein (Supp. Fig. S1 and data not shown).

Splicing Mutations

The six splicing mutations identified were analyzed by using Max-
imum Entropy software (MaxENT) to estimate the strength of the
splice sites [Yeo and Burge, 2004] and type of splice defect [Engetal.,
2004]. The mutations found are described below, and diagrams for
potential splicing mechanisms are shown in Figure 1.

(1) ¢.331+5G>A (IVS6): This mutation changed the MaxENT
score of the 5" ss from 9.8 to 3.6. A shorter PCR product
compatible with exon 6 skipping was observed at the cDNA
level in patient JPAT1 using primers for exons 4 and 7 (Figs. 1
and 2A, lane 3).

(2) c.748C>T: cDNA from patient JPAT6 showed skipping of
exon 9 (Figs. land 2B, lane 5). This allele with substitution
¢.748C>T predicted an amino acid change from Arg to a stop
codon (CGA >TGA). Given that ¢.748C>T did not affect the
scores for consensus splice sites, nor affect an ESE site, we
hypothesized that it affected an as yet unknown splicing reg-
ulatory element. To test this idea further, we designed an
AMO targeting the wild-type sequence at the site of the mu-
tation in order to block the interaction between any regula-
tory molecule(s) and the wild-type sequence. Wild-type cells
treated with increasing concentrations of AMO748C (Fig. 2G)
showed skipping of exon 9, supporting idea model that the
region around nucleotide 748 most likely contains a regula-
tory splicing motif.

(3) ¢.2639-384A>G (IVS19): The ¢.2639-384A>G variant in pa-
tient JPAT11/12 creates a novel splice acceptor site within
IVS19 (Fig. 1), thereby creating a cryptic splice and “pseudo-
exon” of 58 bp is created in intron 19 (Fig. 2C, lanes 5 and 6).
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(4)

(6)

This results in a frameshift and a predicted secondary prema-
ture stop codon.

€.2639-19_2639-7del13 (IVS19): In Figure 2D (lane 3), the
PCR products from JPAT3 cDNA showed a normal and an
additional prominent lower band (783 bp and 583 bp, respec-
tively). Sequencing of the 583-bp band revealed skipping of
exon 20. gDNA sequencing identified a 13 nt deletion in in-
tron 19 at position ¢.2639-19_2639-7. The 3’ MaxENT score
changed from 8.8 to 3.4 (Fig. 1).

c4956GC>TT:  In  family JPAT4/5, we  identi-
fied a c.4956GC>TT substitution within exon 35
(p-LQ1652_1653FX) that leads to skipping of exon 35
without affecting an ESE or canonical splice sites (Figs. 1 and
2E, lanes 3 and 4). Exposing wild-type LCLs to increasing
concentrations of AMO4956GC, targeting the mutation site,
revealed skipping of exon 35 (Fig. 2H); these results suggest
that nucleotide 4956 is part of a regulatory protein binding
site, which when disrupted influences the aberrant splicing
observed in JPAT4/5.

¢.8585-1G>C (IVS60): JPAT10 harbors the IVS60-1G>C mu-
tation that changed the MaxENT score of the 3’ ss from 10.2
to 2.0, resulting in a skipping of the exon 61 (Fig. 2F lane
4). Interestingly, the second allele of this patient was a splic-
ing mutation that is predicted to result in exon 60 skipping
(Fig. 2F, lane 4). We sequenced gDNA for exons 59-62 but
failed to find a mutation that would account for the skipping
of exon 60 (however, see additional results on JPAT10 below).

Large Genomic Deletions (LGDs)

1

c.902-19_1065+869del1052 (del ex10): Two siblings
(JPAT8/9) yielded an abnormal 369-bp fragment when cDNA

2

was amplified from exon 9 to 11 (Fig. 3A, cDNA gel, lanes 3
and 4). When this band was isolated and sequenced, we found
a deletion of exon 10. No mutation was observed in exons
9-11, ruling out a conventional splicing mutation. Using
long-range PCR to amplify the genomic region from exon
9 to 11, we obtained a 3.3 kb fragment (Fig. 3A, gDNA gel
lanes 3 and 4), whose sequence revealed a 1,052-bp deletion
from IVS9-19 to IVS10+869; this deletion included exon 10
(164 bp).

€.6807+272_7516-275del5350 (del ex49-52): Two siblings
(JPAT11/12) showed an abnormal PCR fragment of 1.1 kb
when cDNA was amplified from exon 48 to 53 (Fig. 3B, cDNA
gel). The sequence of the PCR product showed a deletion of
exons 49-52. A long-range PCR performed on gDNA using
primers for exons 48 and 53 produced a 1.1 kb band instead
of the expected 6.4 kb (Fig. 3B, left). Sequencing of the 1.1
kb band revealed a 5,350-bp genomic deletion that starts in
intron 48 and ends in intron 52.

c.8419-643_8507del732 (del ex 60): In patient JPAT10, we
suspected that skipping of exon 60 might reflect an LGD. We
amplified the gDNA surrounding exons 59-61 and found a
732-bp genomic deletion extending from IVS59-643 to nu-
cleotide 89 of exon 60 (Fig. 3C).

.8851-2kbdel17kb (del ex64-65): When mutation screening
failed to identify a second pathogenic mutation in JPAT3, we
were prompted to search for an LGD mutation with Multiplex
Ligation-dependent Probe Amplification (MLPA). We ob-
served a significant decrease in peak height for the final exons
64 and 65, indicative of a deletion carried in heterozygous state
(Fig. 4A). Previous studies have demonstrated two LINE-1 se-
quences between IVS63 and downstream of exon 65, as well
as a 17 kb genomic deletion in the ATM gene of A-T patients
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Figure 2. Effect of splicing mutations on cDNA. Agarose gel images of PCR products showed aberrant spliced products. Patient cDNA were
used as templates for PCR amplifications in the regions displaying splicing mutations. M {lane 1) is 1 kb plus ladder (Invitrogen), wild-type cDNA
was used as control (lane 2). (A) Skipped exon 6 in JPAT1 (lane 3). (B} Skipped exon 9 in JPATB {lane 5) and skipped exon 10 in JPATS (lane 6). (C)
Pseudoexon of JPAT11 and JPAT12 (lanes 5 and 6). (D) Skipped exon 20 in JPAT3 (lane 3). (E) Skipped exon 35 in JPAT4 and JPATS (lanes 3 and 4).
(F) Skipped exons 60 and 61 in JPAT10 {lane 4). (G) AMO-treated wild-type lymphoblastoid celf line (LCL) produced alternative spliced product that
skipped exon 9. JPATS, carrying the ¢.748C>T mutation, showed a skipped exon 9 product (lane 6), (H) AMO 4956GC treated wild-type LCL produced
alternative spliced product that skipped exon 35. JPAT4 that has 4956GC>TT mutation showing skipped exon 35 products as a control (lane 6). See

text for additional details.

with Costa Rican, Dutch, and Brazilian backgrounds [Broeks
et al., 1998; Coutinho et al., 2004; Mitui et al., 2003; Telatar
et al., 1998b].

Figure 4B summarizes the locations of primers, LINE-1 se-
quences, and an LGD for this region.

We used two sets of primers: Primer set #1 (P1Fw and P4Rev)
was 23 kb apart, flanking the 17 kb deletion. Because of the na-
ture of our PCR conditions, no PCR product was anticipated from
the wild-type allele, while the mutant allele should yield a 6 kb
fragment. Primer set #2 (P2Fw and P3Rev) was placed within the
17 kb deletion, which should have produced a 2.4 kb fragment from
only the wild-type allele [Telatar et al., 1998b]. Figure 4B (lane 2)
shows that wild-type gDNA produced the 2.4 kb fragment, while
CRAT [B] (a Costa Rican patient homozygous for a 17 kb deletion)
produced the 6 kb fragment (lane 4). A CRAT [B] heterozygote
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produced both the 2.4 kb fragment and the 6 kb product from the
deletion (Fig. 4B, lane 5). The CRAT [B] band pattern was also ob-
served in the gDNA of JPAT3, suggesting the presence of an LGD be-
tween two LINE-1 sequences (Fig. 4B, lane 3). Available breakpoints
and surrounding sequences were analyzed using Repeat Masker
software to search for flanking repetitive elements [Babushok and
Kazazian, 2007; Kazazian and Goodier, 2002; Telatar et al., 1998b)]
(see Fig. 3). Because the breakpoint was in a highly homologous
repeat sequence, the ends could not be accurately determined. The
other Japanese patient (JPAT8) who did not have a deletion in
this region showed a pattern identical to the wild type (Fig. 4B,
lane 6).

The STR haplotypes for JPAT3, CRAT [B], and BRAT3 differed.
JPAT3: S1819 [131,133]; NS22 [173,175]; S2179 [137,137]; S1818
(160,168]; CRAT [B]: S1819 [131]; NS22 [171]; S2179 [141]; S1818
[160] [Mitui et al., 2003]; BRAT 3: S1819 [133]; N'S22 [155]; 52179
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Figure 3. Large genomic deletions (LGDs). (A) Schematic representation of cDNA showing deletion of exon 10 and agarose gel image of PCR
products (using primers GFw and GRev) {left}: Lane 1is 1 kb plus ladder (Invitrogen), lane 2 is wild-type control, lane 3 (JPAT8) and lane 4 (JPATY)
showing deletion of exon 10, lane 5 is JPAT control. Agarose gel image (right) for genomic DNA (gDNA} PCR products {using primers EX9Fw and
EX11Rev) showing deletion of 1 kb in JPAT8/9. Schematic representation of DNA shows LGD, as well as repetitive elements within the region (at
bottom). Sequence data with junction sequences are shown on right. (B) Schematic representation of cDNA change in JPAT11/12 between exon
48 and exon 53, which are analyzed by PCR {using primers FATFw and FATRev). Agarose gel image {left) for cDNA shows aberrant spliced products
of JPAT11 (lane 5). Lane 1is 1 kb plus ladder, lane 2 is wild-type, lanes 3 and 4 are JPAT control. Agarose gel image (right) for gDNA shows deletion
of 5.3 kb (using EX Taq polymerase with LREX48Fw and LREX53Rev primers). Schematic representation of gDNA (at bottom) shows large deletion.
Sequence data with junction sequences are shown on right. (C) Schematic representation of JPAT10 cDNA shows deletion of exon 60. Agarose
gel image {left) shows aberrant spliced products. Agarose gel image (right) for gDNA PCR products {using primers EX59Fw and EX61Rev) show
reduced size in JPAT10 (3.6 kb) compared to wild type (4.3 kb) and schematic representation of gDNA showing deletion at ¢.8269-643del732, which
includes the first 89 bp of exon 60. Sequences are shown atright.

[147]; S1818 [146] [Mitui et al., 2003]. These results suggested that
the ¢.8851-2kbdell7kb mutations in the three patients were not
ancestrally related.

Correction of Type Il Pseudoexon Splicing Mutation
using an AMO

In family JPAT11/12, we identified a type II splicing mutation
[Eng et al., 2004] ¢.2639-384A>G, which created a cryptic acceptor
splice site resulting in the inclusion of 58 bp of intronic sequence
(Figs. 2C and 5A). We designed AMO-J11 to target the cryptic 5
splice site (Fig. 5A) [Du et al., 2007; Eng et al., 2004]. The LCL of
JPAT11 was treated with AMO-J11 for 4 days followed by RT-PCR
analysis. Mutant splicing was almost completely abrogated in an
AMO dose-dependent manner and normal transcript was restored
(Fig. 5B). Nuclear extracts from treated JPAT11 cells also showed a

full-length ATM protein (data not shown). In order to enhance the
delivery and efficiency of the AMO, we also designed a structurally
modified AMO referred as “Vivo-AMO” [Morcos et al., 2008; Moul-
ton and Jiang, 2009]. Notably, a significant amount of functional
ATM protein was induced by 0.5 M Vivo AMO-J11 (Fig. 5C). How-
ever, “Vivo-AMO?” started to show possible cytotoxicity at 0.8uM
(Fig. 5C, lane 4).

Correction of Nonsense Mutation in JPATS8 using RTCs

The JPAT8/9 siblings lack ATM protein because they carryan LGD
and a nonsense mutation (¢.2877C>G, p.Tyr959X). Functional ATM
protein is inducible with compounds that readthrough premature
termination codons [Du et al., 2009] even when the LCL carries
the nonsense mutation in a heterozygous state [Lai et al., 2004]. We
treated JPAT8 LCL with the readthrough compound RTC13 for 4
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For each of the two analyses normalized peak area histograms of JPAT3 are shown. The dotted li
0.8 and 1.2. The heavy black arrows indicate the exon probes of decreased signal, corresponding
PCR products depicting a LGD between two LINE-1 sequences. Lane 1is 1 kb plus ladder, lane 2

JPAT3-P042 KIT

JPAT3-P041 KIT

1.2 [T EEPRANIUSHINEALY [EITLIT) [XT13

[Tarys LYTYTLTYNS

4 & 7 8

M WT I3 CRAT (B] 18
home het

—\{A
17 kb

P1,P4 normal=23 kb (can not amplify)
mutant=6 kb
P2,P3 normal=2.4 kb
mutant= no PCR product
P1, P2, P3 and P4: normal=2.4 kb
heterozygote =2.4 kb and 6 kb
homozygote=6 kb

Figure 4. Analysis of LGD in patient JPAT3. (A) Multiplex Ligation Probe Amplification (MLPA) analysis using MLPA P041 (A) and P042 (B) kits.

nes indicate the normal exon dosages between
to the genomic deletion of exons 64 and 65. (B)

is wild-type control, lane 3 is JPAT3, lane 4 is
homozygous CRAT [B] patient with a very similar mutation, lane 5 is a heterozygous individual with CRAT [B] mutation, lane 6 is JPATS. Schematic

diagram (below) shows the relative locations for four different primers at the region of the LGD.
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