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3 X 107 cells/well in a 24-well culture dish and were transfected with 40 ng
of NF-kB reporter plasmid (pNF-kB-Luc; BD Biosciences/BD Clontech),
2 ng of NEMO mutant expression construct, 10 ng of internal control for the
normalization of transfection efficiency (pRL-TK;; Toyo Ink), and 148 ng of
mock vector using FuGENE HD Transfection Reagent (YOYO-B-Net)
according to the manufacturer’s protocol. Twelve hours after transfection,
the cells were stimulated with 15 ng/mL lipopolysaccharide (LPS; Sigma-
Aldrich) for 4 hours and the NF-kB activity was measured using the
PicaGene Dual SeaPansy assay kit (TOYO-B-Net). Experiments were
performed in triplicate and firefly luciferase activity was normalized to
Renilla luciferasc activity.

Subcloning analysis of cDNA

Cell sorting of the various cell lineages was performed by FACSVantage
(BD Biosciences). 'The purity of each lincage was > 95%. The cDNA from
sorted cells was purificd and reverse transcribed by Super Script 11
(Invitrogen) with random and amplified by the proc ing PCR
enzyme KOD, as previously described./™?! The PCR primers used were
NEMO2 (5'-AGAGACGAAGGAGCACAAAGCTGCCTTGAG-3") and
NEMO3 (5'-ACTGCAGGGACAATGGTGGGTGCATCTGTC-3"). The
PCR products were subcloned using a ‘TA cloning kit (Invitrogen) and
sequenced by ABI 3130x1 Genetic analyzer (Applicd Biosystems). To
determine whether additional mutations occurred in revertant subclones
that had wild-type seq in the original site, the entire coding
region of the NEMO gene was sequenced and an additional mutation was
considered present when the same mutation was detected in multiple
subcloncs.

Allele-specific PCR

The mRNA purified from sorted Tcells and monocytes was reverse-
transcribed by SuperScript II (Invitrogen) with the gene-specific primer
NEMO2 and amplificd by the proofreading PCR cnzyme KOD (Toyobo)
using the primers NEMO3 and NEMO 4 (5'-TGTGGACACGCAGT-
GAAACGTGGTCTGGAG-3"). The PCR products were used as templates
for allele-specific PCRs with Ex Taq polymerase (Takara Bio). Mutant and
wild-type NEMO DNA was generated from cach NEMO expression
plasmid, mixed al graded ratios, and used as controls. PCR conditions and
primer scq arc listed in ) l Table I (availablc on the Blood
Web site; see the Supplemental Materials link at the top of the online
article).

Proliferation of NEMO"™a! and NEMO'** T cells

To obtain PHA-induced T-cell blasts, PBMCs were stimulated with PHA
(1:100; Invitrogen) and cultured in RPMI 1640 supplemented with 5% FCS
and recombinant human IL-2 (50 IU/mL; kindly provided by Takeda
Pharmaceutical Company) at 37°C for 7 days. Subcloning analysis of the
¢DNA obtained [rom the ‘F-cell blasts was performed as described in
*“Subcloning analysis of cDNA.”

Results

Reversion mosaicism of NEMO occurred in sibtings with
similar immunologic phenotypes

We previously reported patient 1 with a duplication mutation of the
NEMO gene spanning intron 3 to exon 6, who was diagnosed as
XL-EDA-ID at 1year of age after suffering from recurrent
infections.!” At first, genetic diagnosis of the patient was difficult
becausce the cxpression of aberrant NEMO mRNA was masked by
the expression of normal NEMO mRNA by the revertant cells.
Flow cylometric analysis of intracellular NEMO expression re-
vealed cells with normal (NEMO™™%) and reduced (NEMO'¥)
levels of NEMO expression, indicating the presence of reversion
mosaicism of the NEMO gene, and further analysis revealed that
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the NEMO mutation was disease-causing. PCR across the mutated
region and sequencing of the PCR products revealed a duplication
extending from intron 3 to exon 6, which was confirmed by
Southern blot analysis. Additional copy number analysis of the
NEMO gene of patient 1 and his mother excluded the possibility of
a complex chromosomal aberration such as multiple duplication of
the NEMO gene (supplemental Figure 1). Furthermore, polymor-
phism analysis using variable number tandem repeats on
NEMO™m and NEMO" cells from patient 1 revealed that these
cells were derived from the same origin (supplemental Table 2),
indicating that the NEMO gene mosaicism was less likely because
of amalgamation. The genomic analysis of the NEMO"™a! cclis
revealed a complete reversion of the NEMO gene with no
additional mutations. The clinical phenotype of patient 1 was
combined immunodeficiency with a reduced number of T cells and
mitogen-induced proliferation (Tables 2-3). We previously deter-
minced that reduced NEMO cxpression in the mutant T cells caused
impairment of T-cell development and mitogen-induced
proliferation.

Patient 2, the younger brother of patient 1, was diagnosed as
XL-EDA-ID with the same duplication mutation as his brother.
Flow cytometric analysis of intracellular NEMO expression per-
formed at diagnosis showed that most of his PBMCs had reduced
NEMO expression (Figure 1A). At 2 months of age, when most of
the T cells were NEMO™Y, absolute counts of the patient’s T cells
and the mitogen-induced proliferation of the patient’s PBMCs were
comparable with those of the healthy controls (Figure 1A-B; Table
2). These findings indicated that the NEMO mutation had no effect
on T-cell development and mitogen-induced proliferation during
early infancy in patient 2.

NEMO™™d T cells gradually increased as patient 2 grew older,
while the absolute count of NEMO®¥ T cells decreased (Figure
1A-B). Accordingly, normal [ull-length NEMO ¢DNA, which had
been undetectable in cord blood, was detectable in the patient’s
peripheral blood at 12 months of age. However, while NEMQrormal
T cells were increasing, mitogen-induced T-cell proliferation started
to decrease (Table 3), and the patient started to show poor weight
gain from 6 months of age. When patient 2 was 17 months old, a
blood culture revealed an M szulgai bacteremia. At this time, the
absolute count of NEMO™™! T ¢clls peaked, and NEMOW* T cells
were at a minimum. He began to gain weight after anti-
Mycobacterium medication was initiated, although NEMOmom™d!
T cells started to decrease and NEMO"™ T cells began to increase
(Figure 1B). When (he patient was 23 months old, mitogen-induced
T-cell proliferation was still low and a roughly equal number of
NEMOP¥ and NEMOmm™a T celis were detected (Table 3). Overall,
as patient 2 grew older, NEMO™™a T cells increased as the total
number of T cells and the mitogen-induced T-cell proliferation
decreased, similar to what had occurred in patient 1 at a similar age.

Various analyses were performed to compare the immunologic
phenotype of NEMO™ and NEMO™ ™! T cells in detail. Both
NEMO™™al and NEMOWY CD4* Tecells carried a diverse
VB repertoire, but CD8* Tcells had a skewed VB repertoire
regardless of NEMO expression level (Figure 1C). Surface marker
analysis revealed that most of the NEMOmm=a Tcells were
CD45RA™/CCR7~ and most of the NEMOYW Tcells were
CD45RA*/CCR7* (Figure 1D). The NEMO™ ™2l T cells produced
similar amounts of IFN-y and TNF-ot as healthy control cells, while
the production of these cytokines were reduced in NEMO™ T cells
(Figure 1E-F). Taken together, these data implied that the immuno-
logic phenotype of T cells [rom patient 2 converged with that ol
paticnt 1 as paticnt 2 grew older.
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Table 2. Surface marker analysis of peripheral mononuclear cells of patients 1 and 2

Healthy

Patient 1 Patient2 controls
Age at analysis 2y 2mo. : 19 mo
Ccb3 1503 2366 1014 2997 * 1751
Cb4 292 1583 374 1683 * 874
CcDs 1160 783 547 1114 = 978
TCRap 1386 2295 439 2620 £'1612
TCRyd 108 74 574 343 =177
CD4+CD45RA 58 1336 105 1471.% 890
CD4+*CD45RO 263 307 266 497 = 189
CD8*CD45RA 1178 783 297 1083 %1078
CD8*CD45R0O 361 21 250 385 + 442
CD4*CD25 80 427 a3 210x 99
cD1g 1200 941 1543 1252 + 1145
cDh2o 1189 931 1536 1125 = 837
CD19*Sm-IgG 7 18 17 54 * 21
CD18*Sm-IgA 15 4 . 14 i 18.x14
CD19+Sm-igh 171 g10 1505 1057 + 881
CD19'Sm-igD 1171 908 1495 1052 * 884
CD16 912 176 24 287 = 200
CDs6 908 176 . . 24 306 = 207

Surface markers expressed by XL-EDA-ID patients’ PBMCs are shown as absclute counts per microliter of peripheral blood. Healthy control values are based on children

aged 1 to 6 years and are shown as the mean * SD.
Sm indicates the surface membrane.

High incidence of somatic mosaicism of the NEMO gene in
XL-EDA-ID patients

It is worth noting that somatic reversion mosaicism of the NEMO
gene occurred in both of the 2 XI.-EDA-ID siblings carrying a
duplication mutation. To determine whether a high frequency of
reversion is a specific event for this type of NEMO duplication
mutation®*?* or if the reversion of the NEMO gene occurs
commonly in XL-EDA-ID patieins, we recruited an additional
8 XL-EDA-ID patients from throughout Japan (Table 1) and
analyzed the presence of NEMO reversion. These patients had
various combinations of clinical phenotypes characteristic of
XL-EDA-ID such as ectodermal dysplasia, innate and acquired
immunity defects, and susceptibility to pyogenic bacteria and
Mycobacterium infcctions. Every patient had a mutation of the
NEMO gene with reduced NF-«B activation potential, as evaluated
in a NEMO reconstitution assay (Figure 2).

Among the 8 patients, only patient 3 had a large proportion of
NEMO ¥ cells by flow cytometric analysis. The majority of patient
3’s PBMCs were NEMO', whereas 10% of the patient’s CD8*
cells were NEMO®™a (Figure 3A). This patient was identified as
carrying the D311E mutation. Because missense mutations of the
NEMO gene often do not result in the reduced expression of
NEMO protein, subcloning and sequencing analysis was per-
formed on the NEMO cDNA isolated from the remaining patients,

and 6 of the 7 patients had normal NEMO subclones (Table 3).
Expansion of matcrmal cclls after fetomatemnal transfusion was ruled out
in these patients by FISH analysis with X and Y probes (Table 1).

Additional genetic analysis of the entire coding region of the
NEMO gene was performed on NEMO™:d cells from patient
3 and on reverted subclones from the other patients, except for
patient 10 who had alrcady received stem cell transplantation. The
NEMO gene in these samples had reverted to wild-type with no
additional mutations (Figure 3B and data not shown). To specifi-
cally determine in which cell lineages the reversion occurred,
subcloning and sequencing analysis of cDNA in various cell
lincages was performed. This analysis revealed that all the rever-
tant cells were of the T-cell lineage and that no reversion occurred
in monocytes and very little occurred in B cells (Table 4).
Allele-specific PCR confirmed that reversion occurred in T cells
but not in monocytes (Figure 4).

Selective advantage of NEMOo™ma! cells in XL-EDA-ID carriers

The high frequency of somatic mosaicism in T cells of XL-
EDA-ID patients indicated a strong selective advantage of wild-
type NEMO Tecells over Tcells carrying mutant NEMO. To
confirm this hypothesis, NEMO cDNA analysis was performed on
various cell lineages from the mothers of the patients who are
heterozygous for NEMO mutation and thus have mosaicism

Table 3. logis ysis of p 1and2
Patient 1 Patient 2 (treated with IVIG)
Age at analysis, mo 9 9 S : E 20
Serum immunoglobulin levels, g/L (control)
19G 10.68 (4:51-10.46) 844 (4:51-10.46) 10,37 (7.15:9.07)
IgA 1.36 (0.14-0.64) 1.88 (0.14-0.64) 3,93 (0.22-1,44)
IgM : - 0.4{0.33-1.00) 0.17 (0.38-1:00) :¢ 0,20 (0.34-1.28)
Age at analysis 2y 2mo 23 mo
T-cell proliferation, Sl (control) 9.3 (206.9 * 142.5) 55.3 (64.8 = 8.1) 7.2(89.4£31.2)

Control values of serum immunoglobulin levels are based on children aged elther 7 to 9 months or 1 to 2 years and are shown as the mean = SD. The T-cell proliferation
assay was performed as described previously'7 with at least three healthy adults as controls.
Slindicates stimulation index; and IVIG, 2,5 g of monthly IV immune globulin infusion.
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Figure 1. itication and ization of NEMO Tcels m patientz.(A) IntmceIIUIarexpressnnchEMO invarious PBMC lineages from a heathy adutt control and
patiert 2 were Forthe p: , results of and 23 months are shown. Solid fines indicate staining with the anti-NEMO mAb,

and dotted lines indicate (hs lsotype control, (B) Time-course vanat;ons inthe absclute oounl af NEMOnomat ang NEMO‘-"” T cells in patient 2. M indicates age in months. (C) TCR-V3
repertoire analysis of the patient's CD4+ and CD8* T cells, PBMCs from the pati the TCR-V panel, CD4, CD8, and NEMO, and analyzed by
flow cytometry. (D) Phenotype analysis of T cells in patient 2, PBMCs from the panent and a control were stained for the exprassion of NEMO, CCR7, CD45RA, and CD4 or CD8. Data
shown were gated on NEMO™™! or NEMO®* CD4* or CD8* cells. (E-F) Cytokine production from NEMOr™! and NEMO®* T cells. PBMCs from the patient and a control were
stimulated with PMA and ionomyecin for 6 hours and stained for Intracellutar (€) IFN-y or (F) TNF-« along with NEMO. Celis shown are gated on the CD3* population.

because of X-chromosome inactivation. This analysis assumes that ~ wild-type NEMO cDNA was observed in T cells from the mothers
the percentage of cDNA for wild-type NEMO reflects the percent-  of patients 1/2, 3, 8, and 10, although wild-type NEMO cDNA was
age of cells expressing wild-type NEMO. A high proportion of not predominant in T cells from the mother of patient 4 (Table 5).

(%)
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i
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Figure 2. NF-«B transactivation by NEMO mutants from the XL-EDA-ID patients. NF-kB transactivation induced by NEMO mutants in the XL-EDA-ID patients. Mock

vectors and wild-type (wt) NEMO were used as controls. The NF-kB activation index of NEMO variants were calculated as (NF-«B activation by each NEMO variant — NF-kB

activation cf the mock vector)/(NF-xB acllvailon by wild-type NEMO — NF-xB activation of the mock vector). The data shown are the mean * SD of triplicate wells and are
of 31 with similar resuits.
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Figure 3, NEMOrevertant T cells in patient 3. (A) Intracellular expression of NEMO
in CD8* cells from patient 3. (B) Sequencing chromatograms of DNA from
NEMOremal or NEMO CD8"* cells of patient 3. Arrows indicate the mutated base
position atc, 931,

Similarly, there was an apparent high proportion of wild-type
NEMO cDNA in monocytes and B cells from the mothers of
patients 1/2, 8, and 10 (Table 5). These findings suggested a general
sclective advantage of NEMO®m™d cells over NEMO®Y cells
in vivo, especially in T cells.

Proliferation capacity of NEMO"e™! and NEMO'o¥ T cells

T-cell proliferation stimulated by mitogens such as PHA is usually
not reduced in XL-EDA-ID patients. However, the emergence of
NEMO®™! cells coincided with a reduction in mitogen-induced
proliferation in patient 2. To further determine the effect of
NEMO"™ cells on mitogen-induced proliferation of peripheral
T cells, the proportions of T cells carrying the wild-type and
mutant were examined before and after PHA stimulation in
XL-EDA-ID paticnts and their mothers (Table 6). In paticnts 2, 4,
and 8, the percentage of the NEMO™4 cells decreased after PHA
stimulation, while NEMO®™2 cells prevailed in patient 9. In the
mothers of patient 4 and 10, the percentage of NEMOuorm cells
increased after PHA stimulation, while the per of the
NEMO®mal celis decreased in the mother of paticnt 3. These
results indicated that the NEMO mutation does not directly allect
the mitogen-induced proliferation capacity of T cells and factors
other than the NEMO genotype determine the proliferation capacity
of NEMO"™™ and NEMO™™ T cells.

Discussion

Somatic reversion mosaicism has been described in several disor-
ders affecting the hematopoietic syster, the liver, and the skin.?326
Reports of somatic reversion cases have been particularly abundant
in patients with immunodeficiency diseases, including Wiskott-
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Aldrich syndrome (WAS)¥ and SCID, which occur because of
mutations in the interleukin receptor common <y chain,2 CD3{,%
RAG-I*, and ADA genes.' Patients with somatic reversion
mosaicism may present with significantly milder clinical pheno-
types compared with nonrevertant patients with the same germline
mutation, although this is not always the case.? Onc common
feature in most cases where the somatic reversion mosaicism has
been observed is a strong in vivo selective advanlage of the
revertant cells that express the wild-type gene product. One of the
most intensively investigated diseases associated with somatic
reversion mosaicism is WAS.?34 A report showed that up to 11%
of WAS patients have presented with somatic reversion mosaicism.??

In our investigation, 9 of 10 XL-EDA-ID paticnts presented
with somatic mosaicism. Two of the 9 were cases of reversion from
a duplication mulation, while the others exhibited troe back-
reversion from a substitution or insertion mutation. This finding
calls for caution when diagnosing XL-EDA-ID patients. Because
the existence of a NEMO pseudogene makes it difficult to perform
genetic analysis using genomic DNA, diagnosis of the disease is
often confirmed by scquencing analysis of NEMO cDNA, and the
presence of somatic mosaicism can cause misdiagnosis of XL-
EDA-ID patients either when NEMO"™m™2 cells make up the
majority of the patients’ PBMCs or when the cDNA of the mutated
NEMO gene cannot be amplified by PCR. In [act, mutated NEMO
cDNA could not be amplified from the PBMCs of patient 2 even
when NEMOuormid cells were absent (during early infancy), and
only wild-type NEMO cDNA was amplificd after the appcarance of
NEMO™m cefls (data not shown), probably because of the
instability of the mutated NEMO mRNA. Flow cytometric analysis
of intracellular NEMO protein is of help in identifying the
NEMO©¥ cells in some patients, but the technique is not applicable
when the NEMO mutation does not cause reduced expression of
NEMO protein. Thus, some cases of XIL-EDA-ID patients with
reversion may be difficult to diagnose.

The high frequency of somatic mosaicism observed in XL-
EDA-ID patients indicates a strong in vivo selective advantage for
NEMO™™ cells, which express the wild-type gene product.
Patient 2 presented with a high mutant T-cell count at birth that
gradually decreased over time (Figure 1B). This finding indicates
that wild-type NEMO expression is critical for the survival of
certain cell lineages, including T cells, after birth. On the other
hand, no NEMO™™# monocytes and very few NEMO"m™ B cells
were detected in the recruited X1L-EDA-ID patients (Table 4). This
specific feature is similar to other somatic reversion mosaicism
seen in primary immunodeficiency patients?® and indicates that the
expression of NEMO is less critical for the survival of monocytes
or B cells compared with that of T cells. There is also an apparent

Table 4. Analysis of NEMO gene mosaicism in various cell lineages for each patient

Patient Mutation Age at analysis CD4, % (p CD8, % (proportion) CD14, % (proportion) CD19, % (proportion)
1 Duplication 2y 90 100 'ﬁ 0 4.0

2 Duplication 15 mo 45 66 0 4.0

3 D311E 3y 24 99 0 : 12

3 A169P 12y 0 (0r19) 24 (9/37) 0(0/19) 0(0/47)
5 L227P ay 0(0/28):- 0 (0/35) 0 (0/30)" ()
6 R182P 4y 18 (5/28) 17 (9/52) 0(0/27) 0 (0/33)
7 R175P 6y 0.4 (1/25) 39 (11/28) 0.(0/28) 70 (oles)
8 Q348X 8y 38 (6/16) 47 (9119) 0 (0/33) 0 (0/25)
9 R175P 1By 30/ (9/80) 36 (12/33) Co(oray 0(0/14)
10 1167ins C 9mo PBMG 9.3 (4/43)

For patients 1 to 3, data represent the percentages of NEMO™mal gells in each lineage, as assessed by flow cytometry. For patients 4 to 10, the ratio indicates the number
of wild-type NEMO clones in various cell lineages as compared with the total number of clones analyzed, based on subcloning and sequencing analysis.
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concordance between the degree of the disruption of NEMO gene
and the proportion of reverted NEMO™™! cells compared with
NEMO¥ cells. The high propostion of reverted T cells seen in
patients 1 and 2 as well as in patient 8 was associated with a highly
disruptive mutation of the NEMO gene (e, a duplication mutation
in patients 1 and 2, and a truncation mutation in patient 8). In
addition, the highly selective X-chromosome inactivation observed
in the mothers of XL-EDA-ID paticnts indicated a strong sclective
advantage for NEMO™™ cells over NEMO®Y cells. It is also
noteworthy that reverted T cells were not detected in patient 5, who
carried an L227P mutation that was not localized to either of the
functional domains in the NEMO protein. Other reported cases
with the same mutation presented with polysaccharide-specific
humoral immunodeficiency and autoinflammatory diseases, but
were spared complications such as cellular immunodeficiency and
susceptibility to Mycobacterium (similar to patient 5).%% This may
reflect the fact that the 1.227P mutation in NEMO has less influence
on T-cell growth than NEMO mutations that occur in functional
domains, and suggests that reversion of the mutation has litle
impact on T-cell survival. Although the number of cases in our
study is limited, it appears that the more disruptive NEMO
mutations favor the survival of NEMO™™ cells after reversion
and X-chromosome inactivation.

Regarding the gradual decline in the number of NEMO-
deficient T cells, one candidaie trigger could be infection. Because
the dominance of the memory phenotype and the skewed TCR
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Figure 4. NEMO reversion selectively occursin T cells
of XL-EDA-ID patients. Allele-specific PCR for NEMO
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(C) patient 6, (D) patient 7, (E) patient 8, and (F) patient 8.
Numbers below each figure indicate the percentages of
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repertoire among CD8™* T cells in NEMO™™®! cells were observed
in both palients 1 and 2 (Figure 1C and Mizukami el alls),
continuous infection of pyogenic bacteria in paticnt 1 and
M szulgai in patient 2 could be a reason for the emergence of
NEMOrmal cells and the elimination of NEMO®¥ cells. The
decrease in NEMO™msl cclls and restoration of NEMO®Y cells
after anti-mycobacterial therapy in patient 2 support this hypoth-
esis. In the case of patient 1, the predominance of NEMOmma
Teells with an effector/memory phenotype at diagnosis (Table 4 and
Mizukami et al'8) is likely to be the result of chronic infection, and it is
possible that NEMO™¥ cells were predominant during his early infancy.
Because some reports have indicated that TNF-a—induced programmed
cell death of several cell types, including a human T-cell line, was
enhanced by hypomorphic NEMO mutations,'23 and considering our
finding that the levels of TNF-« expressed in revertant T cells were
similar to levels in healthy control T cells in vitro (Figure 1F), TNF-ce
produced from these cells in response to infection could be involved in
mutant T-cell elimination.

Unexpectedly, T-cell proliferation in patient 2 was equivalent to
that of normal controls at the age of 2 months and was reduced after
NEMOnomal T cells increased (Figure 1B; Table 3). This finding
indicates that the NEMO'Y Tcells did not have intrinsically
impaired mitogen-induced proliferation. One reasonable explana-
tion for the reduced proliferation observed after the increase in
NEMOmma T cells is a reduction in the absolute number of T cells
(naive T cells in particular), probably because of the infection.

Table 5. Expression of mutant NEMO in various cell lineages for the mother of each XL-EDA-ID patient

Sample Mutation Analysis Subtype Mutant type, % (proportion)

Mother of patients 1 and 2 : Duplication - FACS cD3 : 0
R : cD14 o
; . . co19 . o
Mother of patient 3 D311E FACS cD3 13
cD3~ 54

Subeloning cD3 22 (6127)

CD3~ 55 (12/22)

Mother of patient 4 “A169P : Subeloning cos s2(11/21)

- e cDi4 . .58 (11/19)

o : : cp18 .42 (5112)

Mother of patient 8 Q348X Subcloning Ccb3 0(0/26)

cDi4 17 (3/18)

cD19 0 (0/18)

Mother of patient 10 1167insC Subcloning cn3 18 (7/39)

co14 12 (5/43)

cD19 27 (12/44)

Dala are shown as either the percentages of NEMO™™ cells, as assessed by flow cytometry, or as the ratio of clones containing wild-type NEMO to the total number of

clones, as analyzed by subcloning and sequencing analysis,
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Table 6. Expression of mutant NEMO in CD3-positive cells and PHA blasts

Sample Mutations Analysis Subtype Mutant type, % (proportion)
Mother of patient 3 D311E FACS cD3 13
PHAblast 47
Subcloning cD3 22 (6/27)
PHA blast 48 (11/23)
Mother of patient 4 A189P Subcloning cb3 52 (11/21)
PHA blast 18 (3/49)
Mother of patient 8 Q348X Subcloning cD3 . 0 {0/26)
PHA blast 0 (0i21)
Mother of patient 10 1167insC Subcioning CcD3 18 (7/39)
PHA blast 9 (4/43)
Patient 2 Duplication FACS cD3 73
PHAblast 93
Patient 4 A169P Subcloning cb3 79 (19/24)
PHAblast 100 (37/37)
Patient 8 Q348X Subcloning cb3 56 (18/32)
: PHAblast 100 (16/18)
Patient9 R175P Subcloning cD3 87 (34/38)
PHA blast 0(0/28)

PHA blasts were obtained by incubating PBMCs with PHA and soluble IL-2 for 7 days. Data are shown as either the percentages of NEMOrema cells, as assessed by flow
cytometry, or as the ratio of clones containing wild-type NEMO to the total number of clones, as analyzed by subcloning and sequencing analysis.

Therefore, to identify other mechanisms underlying reduced T-cell
proliferation, the impact of NEMO mutation on PHA-induced
T-cell proliferation was indirectly examined in vitro by comparing
the response of NEMO™m! and NEMO™ cells derived from
XL-EDA-ID patients and their mothers. After PHA stimulation and
proliferation, the proportion of NEMO®¥ Tecells increased in
patients 2, 4, and 8, while the opposite result was observed in
paticnt 9 and in the mother of paticnt 4 (Table 6). Although the
precise mechanism is unclear, a reduction in the proportion of
NEMOroma cells after PHA stimulation would reflect the lower
proliferative capacity of NEMO™™ cells compared with that of
NEMO¥ cells, which may be another explanation for the reduced
T-cell proliferation observed in patient 2 at 23 months of age when
NEMOroma T cells were dominant. In the reports on reversion
mosaicism of JL2RG gene mulations,2836 (he restoration of T-cell
function and clinical symptoms varicd among paticnts. Thercfore,
other factors besides the genotype of the mutations, such as the
developmental stage where reversion occurred and the frequency
of reversion, affect the clinical impact of somatic mosaicism of
NEMO gene mutations.

In this study, the effect of somatic mosaicism of the NEMO gene
on clinical phenotype could not be fully evaluated. However,
cytokines produced by revertant T cells could influence the devel-
opment of clinical symptoms of XL-EDA-ID, such as inflamma-
tory bowel discase. In a mousc model, intestinal cpithelial cell-
specific inhibition of NF-xB through the conditional ablation of
NEMO resulted in the development of chronic bowel inflammation
sensitized intestinal epithelial cells to TNF-a~induced apoptosis.>’
In this model, the first phase of intestinal inflammation was
initiated by epithelial cell death and was followed by a second
phase of TNF-a-induced intestinal inflammation, the latter being
dependent on T cells. Another report showed that HSCT in
XL-EDA-ID patients exacerbated the patients’ inflammatory bowel
discasc.3 Indeed, in patient 4, the percentage of reverted T cells
was reduced after repeated administrations of anti-TNFa blocking
Ab, and the symptoms of inflammatory bowel disease improved.'®
Considering this evidence, somatic mosaicism in T cells might be
an important factor leading to inflammatory disease in XL-EDA-ID
patients with defective NF-kB activation. However, our study did
not show a tight association between inflammatory bowel discase
and somatic mosaicism, and further investigation is needed to

determine whether the NEMO™™ T cells play a role in inflamma-
tory processes in XL-EDA-ID.

In conclusion, this study has identified a high frequency of
somatic mosaicism in XL-EDA-ID patients, particularly in T cells,
and has revealed important insights into human T-cell immunobiol-
ogy in XL-EDA-ID. Although we could not demonstrate the
clinical impact of somatic mosaicism in XL-EDA-ID patients, our
findings suggest that carc is requircd when making molecular
diagnoses of XL-EDA-TD, and might shed light on the mechanisms
underlying the variability in the clinical manifestation of XI.-
ED-ID and facilitate the search for appropriate treatments.
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Trib1 has been identified as a myeloid
oncogene in a murine leukemia model. Here
we identified a TRIBT somatic mutation in a
human case of Down syndrome-related
acute megakaryocytic leukemia. The muta-
tion was observed at well-conserved argi-
nine 107 residue in the pseudokinase do-
main, This R107L mutation remained in

leukocytes of the remission stage in which
GATAT mutation disappeared, suggesting
the TRIB1 mutation is an earlier genetic
eventin leukemogenesis. The bone marrow
transfer experiment showed that acute my-
eloid It ¥ was 1|

ated by transducing murine bone marrow
cells with the R107L mutant in which en-

hancement of ERK phosphorylation and
C/EBPa degradation by Trib1 expression
was even greater than in those expressing
wild-type. These results suggest that
TRIB1 may be a novel important onco-
gene for Down syndrome-related acute
megakaryocytic leukemia. (Blood. 2012;
119(11):2608-2611)

Introduction

The Down syndrome (DS) patients are predisposed to developing
myeloid leukemia, and those patients frequently exhibit GATAI
mutations.! However, it is proposed that the GATA] mutation is
important for transient leukemia in DS but not sufficient for
full-blown leukemia, suggesting that additional genetic alterations
arc nceded.! Thercfore, it is important to scarch the subscquent
genetic changes lor DS-related leukemia (ML-DS) o predict
malignant transformation and prognosis of the patients.

Tribl has been identified as a myeloid oncogene that
cooperates with Hoxa9 and Meis! in murine acute myeloid
leukemia (AML).2 As a member of (he tribbles family of
proteins, TRIB1 interacts with MEKI1 and enhances ERK
phosphorylation.2? Moreover, TRIB1 promotes degradation of
C/EBP family (ranscription factors, including C/EBPa, an
important tumor suppressor for AML, and we observed that
degradation of C/EBPa by Tribl is mcdiated by its interaction
with MEK1.* Thus, TRIB1 plays an important role in the
development of AML by modulating both the RAS/MAPK
pathway and C/EBPa function logether with Trib2 that has also
been identified as a mycloid-transforming gene.® Potential
involvement of TR/B/ in human leukemia has been reported in
cases of AML with 8q34 amplification in which both ¢-MYC and
TRIBI are included in the amplicon.® The enhancing elfect ol
TRIB1 on the MAPK signaling suggests that TRIB1 altcrations
may be related to AML cases, which do not show any mutations
in the pathway members, such as FLT3, c-Kit, or Ras. In this
report, we identified a novel somatic mutation of TRIBI in a case
of human acute megakaryocytic leukemia developed in DS
(DS-AMKL). Retrovirus-mediated gene transfer followed by
bone marrow transfer indicated that the mutation enhanced
leukemogenic activity and MAPK phosphorylation by TRIB1.

Methods
Patients

TRIBI mutations have been investigated in 12 cases of transient leukemia
(IL), 5 of DS-AMKL, and 4 cell lines of DS-AML. Peripheral blood
leukocytes of T'L and bone marrow cells of DS-AMKL were used as sources
for the molecular analysis. ‘This study was approved by the Ethics
Comunittee of Hirosaki University Graduate School of Medicine, and all
clinical samples were obtained with informed consent from the parents of
all patients, in accordance with the Declaration of Helsinki.

Patient 84 showed trisomy 21 and extensive leukocytosis at birth.
Hematologic findings revealed the white blood cell count to be 148 X 10%/L,
including 87% myeloblasts, a hemoglobin level of 19.4 g/dL, and a platelet
count of 259 X 10%L. Patent ductus arteriosus and atrial septal defect have
been pointed out. Based on the hematologic data and the chromosomal
abnormality, the patient was diagnosed as DS-related TL. The hematologic
abnormality was then improved, but 8 months later 3% of 6.9 X 10%L
white blood cells became myeloblasts (Figure 1A). A karyotype analysis of
bone marrow cells revealed 48, XY,+8,+21 in 3 of 20 cells. In addition,
GATAI mutation was detected at nt 113 from A to G, resulting in loss of the
first methionine.” He was diagnosed as AMKL at this time, and his disease

was in remission by subseq t Y.

PCR and sequencing

The entire coding region of human TRIBJ cDNA of patients’ samples was
amplified using Taq polymerase (Promega) and specific primer pairs (the
sequences of the primers are available on request). The genomic DNA
samples of patient 84 were also analyzed. The sequence analysis of GATAI
was performed as described previously.” After checking the PCR products
by agarose gel electrophoresis, the products were purified and directly
sequenced.

bmi D ber 12,2010; January 6, 2012. Prepublished online
as Blood First Edition paper, January 31, 2012; DOI 10.1182/blood-2010-12-
324808.
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Figure 1. TRIB1 R107L mutation identified in
DS-related leukemias. (A) Giemsa staining of the case
84 peripheral blood smear diagnosed as AMKL. The
image was acquired using a BX40 microscope equipped
with a 100x/1.30 NA oil objective (Olympus) and a
C-4040 digital camera (Olympus). (B) Fluorescent dye
sequencing chromatographs of TRIB? genotyping by
direct sequencing of the case 84 using a cDNAsample as
a lemplate. The vertical arrow indicates mixed G and
T signals at codon 107. (C) Fluorescent dye sequencing
chromatographs of TRIB1 of peripheral blood leukocytes
(top) or nail (bottom) in the same case at the complete
remissfon stage. The red arrows indicate that the muta-
tion remains in leukocytes but not in nail. The reverse
strand sequences are shown. (D) GATA1 sequence. The
start codon that was mutated in AMKL? is normal in the
peripheral blood leukocytes at the remission stage.
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Retroviral infection of murine bone marrow cells and bone
marrow transfer

Bone marrow cells were prepared from 8-week-old female C57BI/6) mice
5 days after injection of 150 mg/kg body weight of 5-fluorouracil (Kyowa
Hakko Kogyo). Retroviral infection of bone marrow cells and bone marrow
transfer experiments were performed as described.? Transduction efficien-
cies evaluated by flow cytometric techniques were comparable between
wild-type (WT; 5.3%) and R107L (3.4%). Animals were housed, observed
daily, and handled in accordance with the guidclines of the animal carc
[+ ittee at J; Fc ion for Cancer Research. All the diseased
mice were subjected to autopsy and analyzed morphologically, and the
blood was examined by flow cytometric techniques. The mice were
diagnosed as positive for AML according o the classification of the
Bethesda proposal.® ‘The survival rate of each group was evaluated using the
Kaplan-Mcicr mcthod, and differences between survival curves were
compared using the log-rank test.

Immunoblotting

Immunoblotting was performed using cell lysates in RIPA buffer as
described.* Anti-p44/42 ERK (Cell Signaling Technologies), anti—
phospho-p44/42 ERK (Cell Signaling Technologies), anti-C/EBPa
(Santa Cruz Biotcchnology), anti-FLAG (Sigma-Aldrich), and anti-
GAPDH (Hy Test L.td) antibodies were used.

Results and discussion

‘The important role of TRIB1 on the MAPK signaling suggests
that TRIB1 alterations may occur in some AML cases, which do
not show overlapping mutations in the pathway members, such
as FLT3, KIT, or RAS. Therefore, we tried to search mutations
of TRIBI in cases of ML-DS and TL in which such mutations are
infrequent.® In a casc of DS-AMKL (casc 84), a nuclcotide
change {rom guanine (o thymine has been identified at 902 that
results in amino acid alteration from arginine 107 (R107) to
leucine (Figure 1B). The sequence changes were confirmed by
subcloning the PCR product into the TA-type plasmid vector
(data not shown). The nucleotide change was not observed in the

DNA sample derived from the nail of the same patient at all
(Figure 1C), indicating that this change is a somatic mutation.
Interestingly, the mutation was retained in the peripheral blood
sample in the complete remission stage in which the GATAL
mutation completely disappeared (Figure 1C-D). These results
indicate that the TRIBI mutation precedes the onset of TL and
the GATAI mutation, and suggest that TRIBI mutation occurred
at the hematopoietic stem cell level and that the clone retaining
the TRIBI mutation survived after chemotherapy. In case 84,
there was no mutation for FLT3 exons 14, 15, and 20, PTPN1I
exons 3 and 13, KRAS exons 2, 3, and 5, and KIT exons 8, 11,
and 17 by the high-resolution melt analysis (data not shown).

An additional mutation was found in a case of TL (case 109) at
the nucleotides 805 and 806 from GC to AT, which results in amino
acid conversion from alanine (A75) to isoleucine (supplemental
Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article). TRIBI expression in
DS-related and DS-unrelated leukemias was examined by real-time
quantitative RT-PCR (supplemental Figure 2).

R107 is located within a psuedokinase domain of TRIB1 that is
considered as a functionally core domain of TRIB family pro-
teins.!® Sequence comparison among 3 TRIB family proteins as
well as tribbles homologs in other organisms revealed that the
R107 is well conserved in mammalian TRIB1 and TRIB2,1¢
suggesting that (his arginine residue is evolutionary conserved and
may be related to an important {unction. On the other hand, A75 is
located outside of the pseudokinase domain, not conserved be-
tween human and mouse, or other tribbles homologs. Moreover,
the N-terminal domain containing A75 is dispensable for the
leukemogenic activity of Trib1.# Therefore, we tried to investi-
gate whether the R107L mutation could affect the leukemogenic
activity of TRIB1.

R107L was introduced into the murine Trib! cDNA by site-
directed mutagenesis. Both WT and R1071. ¢cDNAs were subcloned
into the pMYs-IRES-GFP retroviral vector and were used for
retrovirus-mediated gene transfer followed by bone marrow trans-
fer according to thc mcthod previously described.! All the mice
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A B Figure 2, AML development by bone marrow transfer
100y using Trib? WT and R107L. (A) Kaplan-Meier survival
= pHIG Tribt vt Tribt RIOTL curves are shown. The P value was calculated with the
é: 80 Mlagmin) O 15 30 60 O 15 30 60 § 15 30 &0 log-rank test. (B) Immunoblot analysis of Trib1 WT AML
g 1 (Mac-1 56.2%, Gr-1 52.5%, CD34P, c-kit~, Sca-1-) and
£ Tribt R107L Tribt wit ¢ R107L AML (Mac-1 41.4%, Gr-1 25.2%, Cd34%, c-kite,
Rad o
a % {n=10) (n=15) PERK1/2 - s ‘; ot g&‘ H Sca-1-) derived from bone marrow of recipient mice
E : (WT #T73 and R107L #T151 in supplemental Table 1).
p 40 roisiivevaive 1,0 14 1.3 1645 54 M 15 53101 61 62 Enhancement of ERK phosphorylation is more significant
E p=0.0111 - - in R107L. Relative values of ERK phosphorylation were
£ 20 gk | - VU o s e B W by analysis. (C)
g i S omwess | analysis for G/EBPu of the same AML samples as in
9 panel B. Relative expression level of C/EBPa is quanti-
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transplanted with bone marrow cells expressing WT (n = 15) or
RI107L (n = 12) developed AML (Figure 2A). The mean survival
time was shorter in the recipients with R107L-cxpressing bone
marrow cells (110 days) than those with WT (136 days; Figure 2A).
The difference was significant (P = .0111, log-rank test). The
result indicates that the R107L mutation enhances the leukemo-
genic activity of TRIB1. These results also suggest that TRIBI
mutation might cooperate with GATAI mutation in the genesis of
DS-AMKL, and that trisomy 21, TR/BI, and GATAI mutations
occurred consecutively, which contributed to the multistep leuke-
mogenic process.

We have shown that TRIBI intcracts with MEK1 and
enhances phosphorylation of ERK.2 The R107L mutant co-
hanced ERK phosphorylation more extensively than WT
(Figure 2B) in AML cells derived from bone marrow of recipient
mice, and more significant degradation of C/EBPa was induced
by the R107L mutant (Figure 2C). These findings might be
correlated to the enhanced leukemogenic activity of the mutant.
Both R107L and WT proteins could interact with MEK 1, having
the binding motif in their C-termini. The residue 107 is located
at subdomain II of the pseudokinase domain.!' The mutation
may affect conformation of the domain and may promote the
MEK1 function on ERK, although additional studies are re-
quired to address the possibility. A recent study demonstrates
that Tribl and Trib2 failed to show ERK phosphorylation in
32D cells.'? The different response to Tribl between primary
lcukemic cells and the cell line might depend on the ccllular
context and/or combination of additional mutations. The AML
phenotypes were somewhat varied in each case and Mac-1-
positive/Gr-1-negative AMLs were more remarkable in WT
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than in R107L, although the difference was not statistically
significant (supplemental Figures 3-4; supplemental Table 1).
The current study underscores the role of TRIBI in human
leukemogenesis and the significance of the R107L mutation in
its function. Further sequence analysis of tribbles family genes
in a larger cohort will emphasize the importance of R107L
and/or additional mutations of TRIB! in leukemic patients.
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CrinicaL AND LABORATORY OBSERVATIONS

A Novel Mutation of Ribosomal Protein S10 Gene in a
japanese Patient With Diamond-Blackfan Anemia

Makoto Yazaki, MD* Michi Kemei, MD, ¥ Yasuhiko fto, MD,} Yuki Konno, MD,}
RulNan Wang, MD.§ Tsutomu Toki, MD,} and Etsuro Tto, MD}

Summary: Diamond-Bluck{an anemia {DBA) is an inherited bone
e. The condition is characterized by anemia that
usually presents during infancy or early childhood and congenital
malformation. Several reports show that DBA is associated with
mutations in the ribosomul protein (RP) genes, RPSIV, RPS24.
RPSI7, RPL354, RPLS, RPL{/, and RPS?. Recently, § and 12
patients with mutations in RPS/0 and RPS26, re
identified in a cohort of 117 DBA yproband:
sereened the DBA patients who were negative for mutations in
these DBA genes for mutations in R2S70 and RPS26. The present
e report describes the id = of the fiest Jag DBA
patient with a novel mutation in KPS,

Key Words: Dinmond-Blackfan anemia, vibosomal protein genes,
mutation in RPSI0

J Pediarr Hematol Oncol 2012;34:293-295)

Diamond-fﬂacki‘an anemia (DBA) is an inberited bone
murrow disease. The condition is characterized by
anemia that usually presests during infancy or mrt},
chifdhood, LoxxLme} malformation, and an increased in-
cidence of cancer.™ Tn 1999, it was reported that DBA is
associaied with mutations in the ribosomal protein (RP)
gene, RPS19.4 This mutation was identified in 25% of DBA
prob.mds and prompted the search for other RP genc
mutations. Subsequently, DBA patients with mutations in
RPS24, RPS17, RPL3SA, RPLS, RPLLI, and BPS7 were
reported, suggesting that DBA is a diserder of rxbo&oma!
biogenesis and/or function. 7 Recently, Doherty et al¥ re-
ported 3 distinet mutations of the RPS/¢ in 5 patients from
a cohort of 117 DBA probands. Therefore, we screened the
Japanese DBA patients who were negative for mutations in
these RP genes for mutations in RPST0 and RPS26. Here,
we report the first Japanese DBA patient with a novel
nmutation in KRPSI0.
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CASE REPORT

A beyear-old boy was referred to our hospital with anemia
with no other significant cytopenia. He was @ only child with no
family hnum of anemia. He has no congenital malformations

escribed i “classical DBA." apart from bilateral Jymphangioma
of the foot. His white blood cell count was 4.3 < 10%/L, the eryth-
rocyle count was 2540 % 1691, the hematocrit was 24, 6%, hemo-
globin concentration was 8.3 2/dL, the mean corpuscular volume
was 96918, the mean corp\xswhr hemoglobin was 32.7pg. the
plaielet count was 278 x 10%/L, and the r«,txculonylc count was
1.5%. The fetal hemoglobin was 1.4%. The serum iron was 93 g/
dl, the serum unsalurated iron-binding capacity was 184 pgidl,
and the serum ferritin was Yng/mL. The seram vitamio BI2 was
850 pgiml and the serum folic acid was 6.8ng/mL. The serum
aspartate aminotransferase was 17 UjmL, the alanine amino-
transferase was HU/mL, and the lactate dehydrogenase was
201 U/ml.. The eryihropoietin level was 1170 mU/fL. The serum
total bilirubin was 0.5mg/dL. The direct and indirect Coombs
tosts were negative, The anti-B19 parvovirus immunoglobulin M
and immunoglobulin G antibodies were negative. Bone marrow
aspiration showed that the cellularity was sh},huv hypoplastic
(78300/uL), with a paucity of uythmid cells (16.8%; macroeytic-
basophil xmbhm 0.4%, noromoceytic-busophilic eryth-

$ xmromm poh a.hromxc ery throblasts, 10.4%,
but the morphol-

’msu.d {h'\t m\eloxd cells (34.4%) have no
abnormalities associated with m lodysplastic ;udrcmcs Lym-
phoid cells (35%) and megaka s were normal. (,xmgunenc
analysis showed no chromosoni 4bnommhu On the basis of
these findings, DBA was dingnosed in this p'mmnx The patient
responded 1o oral steroids but not 1o cyclosporine, A small dose of
predsisolone {0.18 to 0.23my/kg/d) were given to maintain an
erythrocyte count of 23 10°L, a bemoglobin concentration of
8.0 g/dL, and his daily activities. The most distressing complication
has been oby . He has never received blood transfusion.

AL 22 years of age, analysis of RP genes was performed. In-
Formed consent wis obtained according to the guidelines set out by
Hirosaki University Graduate School of Medicine. Initinlly, the
patient was screencd for mutations in the 8 genes known to be
associated with DBA. RPSI9, RPS2d, RESI7. RPLS, RPLIL.
RPL3SA, RPSIO, and RPS26, using high-resofution amplicon
melting anatysis. He was also screeoed for RPSIS mutations, which
are a causative gene for Sg-syndrome. The results showed a sepa-
rated signal derived from the heteroduplex polymerase chain re-
action product from the third exon of RPSH). Direct sequencing
analysis of the polymerase chain reaction product and the cloned
amplicon idemified a heterozygous mutation (283_306delinsTGCC)
!) This mutation resulted in a frameshift at codon 95 and a
smp at codon 100 (Fig. 2).

DISCUSSION
Nine RP genes, RPSI9, RPS24, RPSI7, RPLS,
RPLII, RPLISA, RPSI4, RPSI0, and RPS26. were
screened in 64 Japanese probands with DBA. Screening
identified 8, 6. and 3 patients with mutations in RPSIY,
RPLS, and RPLII, respectively, and a single patient
cach with a mutation in RPSI7, RPSI0, and RPS26° and

www jpho-onfine.com | 293
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FIGURE 1. Sequence changes and frameshift in the REST0. Direct sequencing showed a separated signal derived from the heteroduplex
polymerase chain reaction product from the third exon of RPST0. Sequencing of the cloned mutant allele identified a heterozygous

mutation (¢.283_306delinsTGCC) and frameshift.

(unpublished data). In tmai 20 (3! 3% of the Japanese
DBA patients had mutations in RP genes. This is a slightly
Jower frequency than that reported in Western countries,
although the data from both populations are based on rel-
atively low numbers of patients, and data showing sig-
nificant differences betseen populations are lacking.

The RPSPIO gene is tocated on chromosome 6 and
contains 6 exons, with the start codon in exon 2. RPSIY
encodes a profein of 165 amino acids, which is a component
of the 408 ribosomad subuuit. To our knowledge, this is the
first report of a Japanese DBA patient with a mutation in
RPSIO. The mutation (283_306delins TGCC) results in &
frameshift at codon 95 and the premature termination of
codon 100. This novel mutation has not been reported in
the fterature. Doherty et af® identified 2 heterozygous se
quence changes in RASIS in 5/117 probands, with no evi-
dence of mutations in any of the known DBA genes. One
sequence chunge was a missense mutation 3G > A (Metl to
Tle}, which eliminates the start codon. The next downstream
start codon is located at nucleotide position 61 to 63 and is
predicted to start translation of a truncated protein. Another
mutation was ¢.260.261insC, which results in a frameshift

Deletion

at codon 87 and a “stop” at codon 97. Three other pro-
bands contained a common nonsense mutation, ¢.337C > T,
causing an Argli3 “stop.” In our case, the mutation seems
to be the result of both a deletion and an insertion. These
mutations are very rare in DBA. To understand the mech-
apism of mutagenesis, we examined RPSIO psuedogenes
(PRSIOPT to RPSIGP3]Y to see if this mutation arose {rom
interlocus gene conversion. However, we could find no evi-
desce that the mutation arose due to gene conversion. The
authors estimated that RPSI0 mutations were present in
about 2.6% of the DBA population. Although more in-
formation is needed to estimate the incidence of RPS/O
mutations in Japanese DBA patients, the frequency of
RPSI0 mutations in the Japanese population was similar to
that in Western countries. All the RPSJ0 mutations observed
in patients with DBA, including our case, are nonsense or
frameshift mutations, Nonsense apd frameshift mutations
aze likely 1o be pathogenic in the wajority of cases; however,
determining the pathoganicity of a particular missense mu-
fation may be ditficult.

The RPSI9 pmtem plays an important role in 188
rRNA maturation in both yeast and human cefls.'®1? Other

283

> 306

ACCCTACGCCGTAGCCGTCCAGAGACTGGCAGGCCTCGGCCT

AAA

T LR RS R PE TG RP RPK

\ 4

Insertion

ACCCTATGCCAGGCCTCGGCCTAA

T L C Q A § A *(stop)

FIGURE 2. Deletion and insertion of this patient in R5P70. The ¢.283_306delinsTGCC mutation resulted in » frameshift at codon 95 and

a “stop™ at cadon 100,
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Mutated RPS10 Gene in DBA Patients

studies demonstrate alterations of pre-
small or l:ir,ge ribosomal subunit synthesis in human cells
with RPS24, RPS7, RPL35A, RPLS, and RPLII defi-
A Increased apoptosis has been demonstrated in
hematopoictic cell lines and bone marrow cells deficient in
RPS19 and RPLISAIBE {mbalances in p53 family pro-
teins have been sugacmd as u mechunism of aboormal em-
bryogenesis and anemia in zebrafish upon pum*mmm of
RPS19 expression.”? Also, the DBA pheuotype in mice was
ameliorated by knockdown of pS329 We hope to use hemu-
wpoietic progenitor cells to investigate why mutations in
RPS10 affect crythropoiesis in DBA. patients.

Patients with “classical DBA™ [ulfill all the major diag-
nostic criteria, including anemia presenting before the first
birthday.! However, a definitive diagnosis of DBA is often
difhicult because of incomplete phenotypes and a wide vasiation
in clinical expression. This particular patient presented with
macrocytic anemia at 6 years of age, with go family history and
none of the congenital anomalics described for “classical
DBA.” The identification of pathogenic mutations in RPSI0
provides a definitive diagnosis of DBA in this patient.
Although the use of motecular dingnostic techniyues is essential
to establish a delinitive diagnosis and research the cause of
DBA, such a diagnosis in onl\, obtained for 0% to 40% of
patients. Therefore, it is tnportant to identify all genes that
cause DBA i we are to improve the efficiency of molecular
diagnostic techniques and  understand  the  pathogenesis
of DBA.

processing and
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Yamaguchi Hiroki Dan Kazuo

BAEMASE MBNE W > EEHR

JSummary  Dyskeratosis congenita (DKC) 13, BKEHAB, MOBR, SHEOBREMEERS
BEEBRRSETSHS5, FOXS~CHAHERKT SBETE, Shelterin MESHEMRT
B TINF2, TOX*5—EHESHEZAD Cajalbody ICBITE 5 TCABI ' DKC DREBETF
ELTERE MR, DKC I, ThOOBEFERNEEOTOA PHERRC, HEEEDN
BHMbDZ ETFOAFHERLL, TOEREMBAEL EDQMEEICBEL 4 LT RE
THEEADNTLD, UL, MBS LTRILEARERAL, S5R3RBORITIESD

Ml aREN TS,

LI

F AT RPEE ORI TFET 5808
L &5 %4> DNA (& b T 5 -TTAGGG-3')
L, FICRET ST O AT —EHEEP Shel-
lerin B EDf4DEAE LBREAT
WABY, FOATREFOMEYE, MOBERTE
37 DNA JIHi RS & Xhl S 1, DNA O3 PE
ErbREkRREL, MENLIUEENLR
EEROWMEELTLSY,

bRk EDBYERD HBD I LA
2, BMEOSBEEHYET LT O A TR ER
{EUBR A’ LTS, fildEle ) RS
BHbhsr ¥, THIGHES RO DNABR

.

WThbhash, V=T 4 VBERECIL—E
NBEZDLHMLT. F¥ A VHEIBROME T 52
A2 b6 200 bp En/cE CABEBOLD
DT AT —EGRENE D, 3 KHO—Hi
AC—DRRELLBLDTHE Y, 2/, ]
KHAS KRBT TA v - BRENTH, 8
WET 7473 DNA CEREShicvicw, 7
O AT OMEMILEBT RGOS, L, &
MmEpaPEMMk L L TE, ToAs—Fick
37 uATROBRMENTOIE D, HICH
RS RNAIRETHS ",
EE, COTHATEOMEMIEOREN

Dyskeratosis congenita (DKC), —#OB4£F
BEAMPEMRUERE, SREMBLERED

DKC (Dyskeratosis congenita)

#7927 47 Vol 22, No. 6, 2012 53 (941)

H1 DKC DSBS GRR

DKC ORI SHERT R &R, LB Ol

RO %o

B E R &N, & S @ SRR, B
B O, P2 £ O IEAND SRR
NTVBY, KRTE, DKC & £ DEiir 24
B3R & 7w o0 A

1. DKCiZHITS
FOAT7HEBEREGTER
DKC i RgR sz rhnd, Mo, i L ol
FUBEAE & £ 5 19500 24F (Bone marrow failure:
BMF) T, 10 hits 2 TICH 80% DL LofEMC

PRV, f3 0B SMAREAERY, TR
(R0

SAUD ORI EHETT RAMTEI L BMF % 585 ¥
BE1)7, FLTLEMIMC S, RIMSET B,
MifigEs, (EEHR, Wi B, oW
%, ML EDSHLGIHED 15 ~ 25% O
i bh, &7 8 %DM, LI,
LT OFRTEL BRI A ¥ ORI,
BESOEREREE (MDS), Hodgkin i, 2L
HEENIAG & £ OB O REVSED LR
57,

ARG R X R 5 35%, HWR@
R AR DY 15%, WG A REL R %

BMF (Bone marrow fajlure : {144 MDS (FHESGEEEHE

54 1942) W74 7

Vol. 22, No. 6, 2012
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R1 FTOATRERERFERLER

SMEF (BR) RBHFEERN | DKC ESIFSEEMARE | ERO type wE
Telomerase

\' TERC , 3q21-28 5~ 10% Heterozygous | AD-DKC, AA, ET, MDS PNH, PF
Lol Heterozygous | AD-DKC, AA. HHS, PF
TERT ! : 5pls. 5% "

 TERE (TERT) p15.33 % Biallelic | AR-DKC, HHS

- -DKCI (Dyskerin) Xq28 30% Heterozygous | X-linked DKC, HHS

. NHP2 (N,HP/Z)’ 5¢35.3 < 1% Bialielic AR-DKC

. NOPI0 (NOP10) | 15ql4-ql5 < 1% Heterozygous | AR-DKC

TCABL . 17p13.1t < 1% Biallelic AR-DKC

Shefﬁe,rin i

: T[NFZV,(T{NFZ) ldgil.2 10~ 15% Heterozygous | AD-DKC, AA, HHS, RS

AD-DKC : 4 i ff BHEU R DKC,

FER R AE 7 0 R,

#Ha DKC, AR-DKC
DKC {260tk U Ao @ f

AR €

CEB HIE DY, R O 40%IE < PEAFH
THHT, WA, TuAT—-EEERERRT S
BHERFITH S, DKCI, telomerase RNA compo-
nent (TERC), telomerase reverse transcripiase
(TERT), NOP10, NHP2, Shelterin 8% {f % Wk
¥ % TRF-imeracting nuclear protein (TINF2), 7 @
A9 —EB G k2 ERNO Cajalbody K BIT S ¢
B TCAB! % DKC o #f (£ {55
(F®&1) °7'%, DRC @ INbHD]
B o A7 LU,
DHRAR I PR S
LHEIHMTVS
& 7o, DKC oAy, Bk, Eunlso
HIEET O AT OEMEDOBE IS HMNES
i, BIRODKCOHER L EL LA TS
Hoyeraal-Hreidarsson syndrome (HHS) !
DRC & gL TFa A7 o i’%ﬁf)"aﬁlbl"ﬁ:ﬁigi
BhTHs W,

HHS 35 RO Wz A R S 2 AT 5

i, BT
Hoyeraal-Hreidarsson syndrome, X-kinked DK
RS | Revesz Syndrome
E{L L, 2 ORULIE MURHTIE 4 X oM MR AR U, AR
CHE, ROEM, S4XOWPARTEORBIIERINDL EFZLRTOS,

BEE o ME A, MDS‘-?:"@M‘HE!&?&‘!" ARE, PNH:

Xilisfshte

(LT & 9 8

BRI C B 5, P S RASHC /NI,
ANEIRIBR, RRESSEIRAE, BT, BRINEL
NK #EB O, MlhaEree s, X
RO 10 MIETECY 3 2, BEER
DREERXEPHEREOHRESRTEL
B, RO HHS b s h%i’)(:&"ﬂ“ =,
R ORE TR HHS @ 1/3 ol i ic, *
DR R R AR ’R‘hﬁ fEEshT0s v,
HHS @ LBl LTE 2 ohThkd
ZD# HHS & DKCI, TERT 2 EDF
HHEF AR SR S h, DRCOF
AB LIk,

2. XEHSHHIRED DKC

DKCI AR T (DRCD &, He(afk Xq28 ki
a—F&h, XESHBEHRENO DKC oBRE
ZFTH D DKCI S & » TR 3 1ua Dyskerin
BN E A small nucleolar RNAs (snoRNA)

TERC {telomerase RNA component)  TERT (191()mwa.\'e reverse transcriptase)  TINF2 (TRF-inferacting nuclear protein)

HHS (Hoyeraal-Hreidarsson syndrome)  DKCI (DKC! #{55

ME7a>F 4T Vol

"} snoRNA (smail nucleolar RNAs)

22, No. 6, 2012 58 (943}

12
It

¢ € 1132 amino acids

A B CD El B EW

Telomerase

Reversetranscriptase  Celenminal
motifs

\ : s &
TERC S T

{——

{ {
{
W i
HIACA
(CR6 and CRS)

region

CR4 and CRS

3

Hypervatiable
region

Core pseudoknot
{CR2 snd CR3}

Template
{CR1)

B2 FTOXS—EESHE
TERC B BT 2 RBHEZ L, 5" Mo pseudoknot K A4 & CRA-CRS F A4 243

TERT EH#HL, 70 45—

CHELTOS, 7, 3 IO boxH/ACA kA4 it

Dyskerin % ¥ 0 snoRNA M P & $5% L, CR7 F A 4 > & small Cajalbody RNAs # 1

(scaRNAs) & CABbox 27t LTHIHTH I & T,
bility (KB LTV 5,

DT, boxHACA K A4 > 286, o
snoRNA T# 5 NOP10, NHP2, GAR} & ¥#&
AL, ribosomal RNA (rRNA) @ process-
ing % pre rRNA OGS B O WA IS (pseu-
douridylation) S LTV 2 EH L5 TH
2 W, %/, Dyskerin 2 & snoRNA B&H@
TERC @ boxH/ACA F A A &L, o4
S —EHEWRD processing & b O &8

F A 5 —EREED processing P sta-

(RO & 9 D

feLTwnd (E2)!

XEE{H o DKC & 0 DKCI DRI L > T
HERIERLEHFZ LTSN, ZOERO
KEZE point mutation T, large deletion %A
T2ARAEREWHTD B, NI DKCI D
knockout =7 ARMEBIEEE T L a5,
Dyskerin MM OEFICHFAOBATHDH D

TREOVHPETHEENE D, DKCI DL

rRNA {ribosomal RNA}

56 (944) MEZ T 4T Vol 22, No. 6, 2012



5. BRETEERECHIDFOATEER

BE FOAFRBEOER

-EvT -

exon 3, 4, 10, 11, 12C8pL-TeY, T
4 exon 11 @ PUA pseudouridin & % 5% # ©
F—7 LR BE L OERPROL NG, i,
DKCI 43D 30%1238h 55 A3E3V i hot
spot LEZHNTEY ., TERC & snoRNA © ac-
cumulation, 71 2 —Eif%, rRNA process-
ing % pseudouridylation 52, DKCo
FHENOMEIREN TV B, &7, TruB
pseudouridin & FEREF — 7 DLER T 5 UK
DM THD S121G % RISEW 48, DKC oy T4
BWEBELLNTHD HHS MR ARy ki
BRSO SETH S P, UL, DRC & HH i
ROLNZEMG 7 . RGN DRC @)
FEKE, HHS & OB AR i@ 1, 8
542, DKCI @ promoter @1 # 2 .32 o GC-
rich cis-elements HIEE L, Spl & Sp3 &b
DKCI OFBDMIME N TV 5, 20 Spl bind-
ing site DERTH %~ 141C/G HEDKCT DFER
AN 82 DKC e €5 2 Laifithah
T Y. DKC & Dyskerin OZSUC L 2 8HY A%
HWEGTHd, MLRETHIIETE I L2090
BahTns ",
DKC DEF & LT, DKCI O exon 1215
DR E foF exon 15 D A KHT B Dyskerin
hypomorphic 884~ 2 A TORI T hATL
5%, ZODKCI OHMEE LTS ERLTT
e AT, BYWOE2HREBEZCCDRCo
HHBD B ENS, BUERO I L1, DRC o
BRpHB & s W2l R ETE, RNAD
processing ° mTERC DI L 71 A 5 —455Fk
DET RS LN EHH, 70 2T RO
BT, WAMRECA-TLIPLFuATE
DR RDSNE ™. SO L, DKC O
TEDERIC Y RV — L O BRERCE DS LT s

TEERLTOS,

3. BResEHEERE0 DKC

1) TERC & TERT BIEFER

H R EEENER E8O DKC ST & L
T, FOAZ—EEERD TERC & TERT D35
ENTWV S, TERC Xl 3g21-28 Lica—
Fah, BECHRI DO 45 bpORNA L L
TTFRATNRIST 8 BoRNY L To
BV TERC (L 8T 2 KM 2 B L, 5 (o>
pseudoknot K A4 > & CR4-CRS K A4 >,
TERT EMEBELTTF o AT —Elkc By LTy
B F 0 3T D boxH/ACA ¥ A 4 >k
Dyskerin % & @ snoRNA B L& L, CRT
A A & small Cajalbody RNAs # F1 (scaR-
NAs) & CABbox 2/ LT#&¥H LT, Fo
A5 —EHE D processing 4 stability (2144
LTwa ([E2) "™, scaRNAs H 1 3 #1M o Ca-
jalbody IZTEE L, snoRNA & kS rRNA (23
L T pseudouridylation % methylation % & %
fEfid B WAEHD BB EH A LN TOB ™, —J7,
FuAS—EEFHICBOTHREREO R
B b DTERTE, M EadsSpisica—Fah
TERC binding O #figh’®H % N-terminus, 700

conserved motifs 745 9 i Ea b D re-
verse transcriptase (RT) &, telomerase mul-
timerization ®EHEL H 5 C-terminu P30 D
region THRES ATV 2 (B2) ™
SR GBI RETO DKC O/ #E, Xl
HHUMERO DRC & Wl L TR R RO
MEPBETHIHEMPZVELSI LT
BT, TRk, #BIloR 4R DRC T DKCI
RABDLNT, ZORBEI BT TERC
TERT DSBS LI B T Ehs iEls
S5V In vitro DREHERHIN T, TERC OB E %
5 E O PG dominant negative ST T F u

B

%
@
’P

scaRNAs (small Cajalbody RNAs #ED RT (reverse transcriptase)

mygrars47

Vol. 22, No. 6, 2012 57 (945)

AEAEREIE - B MARIEAE

WO RY T~

T — ”
MIMNIEE  peaTREH

min

Fip

B3 DKC DFEERF

DRC & F v A 7 Bl £ 15
BRCIETH S, Fa A7 HhGE

T AT HUERIE ORI,
BOT 2 AT HIE

HEFCRE, Infa sk
PRI DM E AP, R

AR SEAT O OIE R, DKC OB ERT AL L 4w TR S8 DKC %56

THEEYDH S .

AT —EE AR R 55, 2OhoEig
haploinsufficiency ZH AR L, 70 A5 —Hi
HOMBOBEEITL, TOI &R EBEYE
HAEB O DKC OREK P H AT HLoo U »ii e ©
HE-DOMHELT kS
7o, BEFATUATLREMOFMEDPU LTS
Y, HEEOD DKCHLSFER 2 7 202 ICE £ ¢
{2 DKC ORBEHHHE NI 0L T, TERC

- 25

A BRTV S R

* TERT O knockout v 7 AT 1 Ko L7
02T OB 5, LI DT
HFTREMTIBROZE, EiEo sy ¥
T, BECRPLEEBR LEOY R -2k E

BROLEND &I CE D, DKC ORBEIZ R

o R, Ras
X} B

LipL-fi T, TERT OERZE4H T 2 HHS 0%
U R RIIEMDEEL THE D, SAd oz
RO 7 L O BEBROF A ¥ 55 DKC
DRBBICWEG LTOBaHEEYH 2 P, £,

TERC DEMWFEDH NS DRCOEFKICH T

58 (946) Mz 47

R}

@ RANEE DR THEE 2SR & 0, T
AT ROBH W& > T B HARRER R

BHHLNY, TOZLBNBOTY AEFAT
HIBROBERVB S AT Y, DKC ORI
SRR OREN RS ENE LT B L PHEA
B2 LT, Fanconi 1IM4 £ ool 1%
FBIR AR D FEREAE I L filihs 10 L F A odic
WLT, DKC & 18 i, G DEEEAH
IRATEEEhTHE I s, BRIGERTT
e <Ml S DRKC D FMBC Mtz LTo
LHETHBEAL (BRI,

2) TINF2 BRFER

JEAE, Mk 141 1.2 ISR B TINR2 0
RS R R B R o DRC TRIE S R
fot 0 TINF2 A4S Shelterin I E B 2 M+ 2
TIN2Z 3= FLTV2™, 5Fui7 DNA DI
. DNA @ 3" HEAS5EI (3=
SOLT KBS R 5T D, . MFEO T
VAT GO T T N~ T LTRSS

ES:

Vol. 22, No. 6, 2012



. BETR2EEBICHSHETOATHHAES

BE FOATERSMER

-vvl -

Chromosome

,\ C)’

g /\“c\

er :1
435 7%

< et

Hexamer

D loop
Wﬁw

3\' RTRLE
e Uy

E4 Shelterin WEHEK

F AT DNA OBRETHIE. DNA & 3 EiHY

4 {F— s 7Y LT

ChoThS, 3

Fo, WSO F o AT Y M TT — f“ﬂ"(&‘r'l.é(‘?xﬁﬂ:% 0, ZOF— 28— L R AR
DNA . 2@ LMOT A7 IABOIUIA D RAD b— 72 IR %, Shelterin 8 RIZ, O

(87 W AR BRI 2 ¥ R FT o T B,

EY, IOF == U AR DNA 22
(] j'ﬁm-ru AT ZABOYII A9 A, DA—

BN 5%, Shelterin #E 3 2 ORESAY
;tff;m!f;ﬁk%:’{z*'-ﬁa‘; E#F T 5D, Shel-
terin & R @ AR DNA LG4 2 TRFI &
TRE2, A8 DNA W& T2 POTI, Iihho
HHUeHEB S EHUERLZERTEHWE LD
TIN2, RAPI, TPPI T s hTuv s (B
4) %,

TINF2 DR DKC @f 10 ~ 15% i85
i, DKCl ORCEH B HRBBETFERTD
A7, TINF2 DEROE {{E~F 110 point mu-
tation T, FEY EHTRFY LOfEE R AL D
oy | 282arginine OERTH B, 2/,

2] ltﬂ@é’déa)}\&%{ HaF 282 :fx‘f}’-mzzé‘é ¢
COBIBNTINF2 DIBEE LCIETHS
& &wd@tb T 5, TINF2 DEROBIECHL

mzarsq47

RO kYA

TRFWLREHEL L HDHH, TINF2 & knock out
U AR L A B T &bu; TINF2 i34l
DEFICBHDEHTH S I LW FRERS ™,
72, TINF2 0) conservation region D85k
TREY L O#&HnTEil Z & T Shelterin

GROBREVHLE SRS U‘)‘ﬁif;ﬂ‘i)»;‘: &
711 TV5 ™,

4. BREHFLHEO DKC

R E R R E O DKC 08I E b <,
ZED I ~2% L LrE» LAY, ThET
CHEEBETFE LTY, MWko TERT % snoRNA
T B NOPIO, NHP2 B3l i S hT v % (&
1) R ER SRR O DKC @ bh
fo TERT OFESE, RT FAA yo)t}*ec(ﬁm"ﬁ»
RBIIC £ ROOIW D FRELEHRTH S ™, Thb

.22, No. 6, 2012 59 (947)

D4 FL ) BT haploinsufficiency %) ¢ 5 o
AT —HENREBE LY, REERTHL L
HTa AT —HEROEE L . DRC % HHS
DRBYAHRT, LarL, ThHD TERTERD
DKC FEE TG 2 A3 S (ot 95 138 45 59 0> (3 SR W g
T, RBIICHEMD~F D
BETEHHDRC OHMME 4 2 S b0
BERFLTEY, EUEHEISEATOAR VDI
DKC O#BE M- TR0y Uik,
NOPI0#NHP2 i3, Dyskerin %2 ¥ ¥ snoRNA
UEHZIEL, TERC 0 boxH/ACA F A4 > &
HEL., ToAZ—EHEED processing & %
FLOBMERALLTOEYS, ThETr
NOPIO IR TAERDS, NHP2 R BEREW T v
NWERNEDLATO LS, TALOEMI L
T TERC DFERBHEAL, T i 3~J”§f;i’tffﬁ%‘

BY5 L TDOKCHRET L LA 50T
Z}S.’«,S’uc
HEAE, AW O BB T AR AR AL

DKC 2#Eflic BT, FuA5—EHEERON
DR TH D TCABI S 7 L L O T A B
FER AN, TCABL i3 TERC & CAB box % 1t
LTHE LENO Cajalbody 1287 &4, Dysk-
erin {0 scaRNAs % Cajalbody IZ RS ¢ 5
T ETTRAT—HHHEED processing Z il
GREEVHHLEHEILNTOS, ZOTCABI®D
ANTOEREH T HEES DKC OFRB AR L
TR L5, in vitro TOWRERVIFEEL A
TCABI 3 3Rt fb LM o) DKC DFIRME T &
HEHNTE Y,

5. T2E® DKC

RN o TR S BT R 2 B3 8HRic 38
FETE FEFEODKCOUFEEVHLI ML -

o ® 400 DKC 1, BRI G AR ik
T AP P EfER E LBlanTos

EH% L LT S EAT RS
T B O Ak 5 LA ¥ OB ER A2
D2 ~B%ICAEMD DKC 43 &5 ¥,
A 4R DKC o FLEREF £ LTE, TERC,
TERT, TINFZDEHH HH, il & I
TERC, TERT 45843 haploinsufficiency %8 %
AL, TrAD— L0 O B 41,:swf~
. DKC 0 ZEHM L 4 2 1 @ A E 2 I b3
PEELBZIENHE, 5 LLEROBEE,
DR OFEM TR DRC O EBEEHEIET, F
FEORC L LTBEFs 0Tl VL ETE
5 (B3},
CHETRE

SRy 1/3 OFEFH
FRATRWPHEBEL, HETEER OB,
ISR OIS L oA ST H
Jed3 U B AR 28 DKC OFFEEDNH 5 2
K7 B PIBTOMET, MERBERME Fa AT
ROV FEFRETNOFRECEDL S
HELTOE»EHELL TS, L LFeR
D DRC &, BHROE 5 R4 O R 3T
B O, BTSRRI O BR @
B TN B B A 5 O R 4228 DKC g At
F-L LTHEALVTRIEHHB00, BIR
jiERE A muu¢ag&a~ﬁm%?
BEU S LAFEHO DRC ALY —=
FTH0E, BHIRS xs/Wru’fLTU ATED
WEETZERHMTHHEEXS,

6. REELFOXT

AFIR LY = V) —E R (WS Werner Syn-
drome) 1w F LV - FNTx—F- TS
Y 7 HEEEE (HGPS: Hutchinson-Gilford Proge-

WS (Werner Syndrome | 7 = b — 550200

HGPS (Hutchinson-Gilford Progeria Syndrome t N F 2V > « F47 4 —F - Fo P U THERED

60 (848) MP7a>r547 Yol

22, No. 6, 2012



5. BNARERRCHIIDTOXATHHES

R TOXATRBEONE

-GVT -

ria Syndrome) er%:é#L?Hﬂhv( R &
e b TMHREMEEETH S ™ BRI E L TR,
FHAEREL Y wwgﬁw%m L& mitc Y il
DIEEBEAUUBIL, LoiF
ENHFCROLND .,

HaE, D=DEBI LTS ATy
B b &Y SRR (RTS : Rothmund Thomson
Syndrome) %2, poikiloderma with neutropenia
(PN) DEREHEFD~DTH B Clborf57 0)%’25@
MEH N DKC &M s A M THRA
7o ¥, RTS % PN &k, DKC & #ilid 2 4% fx;’(f‘l:!kmi
M2 S ROL I D, TRHOBED
F—= Ty T B & BEOFERE S N
Tud, UL, Cléors7 o’ Wbtz DKC
FEGNE, RIIT o X7 RORME RS S TO
Wl SO L, BEROTUATEERLC
& o THIET B DKC & @884 2 S o DKC
DFEEREL TS,

Fh, WS OBREETTH D WSl kT,
HGPS ORIEBHE T CTH 5 LMNA M T @, 7

AT ERWMEYT B BEND S, WS HGPS ©

(:U;‘L‘h‘!?’iﬁffiii?‘:ld)?ﬂx lz«?)%*iai’;{l,fﬁ»w B3,

Wi, Fa AT i‘cmmme'Ji{! PRI
WS T S b, MR, R,
AE, FhRERELMC G 0T a7
TR T 6 e BAM LTV 4, L

uﬂ\, il

L7ch, BERORAR DKCE, MERROFa A7
N 0 AL S B AR D B O (R E A R L T
WA L,

7. DKC @&

BWED L 25, DKC OfARMHEMEHEs R
Ty, DRC o2 R, 38 ik :

Hx & iHEL, ﬂﬁﬁlﬁﬂ)mi‘tﬂﬂ'&}k 2 HDHK
BRTHHT Y, ThE THCH LTS
MINEES A (stem cell transplantation: SCT) 7%
ALNTEID, HHD s"fnhﬁ&l%’wrmkiﬂu_

SCT i, Bl B O RAERE 20 ¥ 0N #5 4f
SR, RO IR B IEAE 2 & TR EE 2
<, BMAEREMGHTH o2, DKCIoBLT
SCT o mt G Aa OB @&, B, Wik
TiRE. L e e & il 5 o1 A 7 ERITE D
Sk BHIEME D B EFRERTY

it

= Ay

%W, FO#, fNudarabine &#-~<—2 & L 75l

JEREIHTALEC X % SCT TR, Mk R
MR, BHOLHEH B b D &
Il P L, #ilo L 512 DRC @
HS 5 R 8o DKC £ T OB 2
T, ED& D LAEH c;ﬁbf EDMMCED LS
(LT SCT 24T dr & oo 2o BRI 2 38543 1)
LipiZaoTwao, A, WOBENAZEHR
BRI B SCT AT, DRCicL T
PRI O BRSO & D L D s
'iffﬁ‘éﬁf LHY, FBROEMOEVDBLET
DKC o @B R e i B LT o MERRE L
BT & D anabolic steroid % G-CSF 7z ¥ @
AIEAHE SN TET ¥, ¥HZ, anabolic
steroid T b % oxymetholone (0.5 ~5mg/kg/
day) OWESHS LT, #2/3 OFEFITIESER
TS O PERED Shic b ATV 3, O
N T anabolic steroid (2 & 2 DKC D Mitigseay
BUBORFEFETH o, W, TERTO
promoter #IIC A b o & B R RIS 5
M, TRy e A buy s EoilrLe
T UaAZ—EiEER TS S S LGRS R
T, IO EDE, RAMBTBE S iR g
Mo DKC 4 LT %, anabolic steroid % ¥ (2
ZWMEHEDTHD Ebhs,

RTS (Rothmund Thomson Syndrome ; AL K -

P AV AEERD PN (poikiloderma with neutropenia)

SCT (stem cell transplantation : #UEAIIEH)  iPS (induced pluripotent stem}

mrars47

Wol. 22, No. 6. 2012 61 (949)

HhUI

DKC &, XSS ER oL DKC 4
BREN, ZOBEBBTOATORERETHD
CEBWEIL Y, FOBT OATORESRE
LOHHE LY, MO DRC OFEHSHE H
KhoTE, L, UL LT LA
Hrel, Eo64s if;a““(/)“ SIS X B R S
HOMETHIIEE N2, LY, Hruss
Lt & # 7 DKC 1 3% @ induced pluripotent
stem (iPS) #iflidiz 51T, OCT4 5 NANOG &
Vv P AL T B O HE R I OB B 128
TERC %0 DKC] @38 270l &4, DRC #0757
U AT —EEHEROBERE2ERL, 747
S, SO EH, DRC sk
DIPSHINEG T o A 7R EFARIC L s 7o

TIROBIER D H - T b T a AT A
MEBILERLTBY, FROBIEOMIEC
FEETHLOLNTE,

Xk

O Sullivan RJ, Karlseder J: Telomeres: protect-
ing chromosomes against genome instability.
Nat Rev Mol Cell Biol 11 (3} 1 171-181, 2010.
Harley CB, Futcher AB, Greider CW : Telo-
meres shorten during ageing of human fibro-
blasts. Nature 345 © 458-460, 1990.

Harley CB, Vaziri H, allsopp RC, et al: The telo-
mere hypothesis of cellular aging. Exp Geron-
wl 27 1 375-382, 1992,

Waison ID  Origin of concatemeric 17 DNA.
Nat New Biol 239 : 187-201, 1972,

Olovnikov AM 1 A theory of marginotomy. The
incomplete copying of template margin in en-
zymic synihesis of polynucieotides and biologi-
cal significance of the phenomenon. J Theor
Biol 41 : 181-190, 1973,

Calado RT, Young NS @ Telomere mainienance
and human bone marrow failure. Blood 111
(9) @ 4448-4455, 2008.

e

«

i

3

6}

62 (950 mgza>ry47

<2}

©

l

1

6

-1

o

Walne Al, Dokal I:Advances in the understand-
ing of dyskeratosis congenita. Br J Haematol
146 (2} : 164-172, 2009,

Carroll KA, Ly H © Telomere dysfunction in hu-
man diseases:the long and short of it! Int I Clin
Exp Pathol 2 : 528-543, 2009.

Calado RT, Young NS : Telomere diseases. N
Engl ] Med 361 {24} @ 2353-2365, 2009.

) Zhong F, Savage SA, Shkreli M, et al : Disrup-

iion of elomerase wrafficking by TCABL muta-
tion causes dyskeratosis congenita. Genes Dev
25 (1) 1 11-16, 2011,

Vulliamy T1. Marrone A, Knight SW, et al @ Mu-
tations in dyskeratosis congenita © their impact
on telomere lengih and the diversity of clinical
presentation. Blood 107 © 2680-2685, 2006.
Dokal 1: Dyskeratosis congenita in all its forms.
BrJ Haematol 110 (4} : 768-779, 2000.
Marrone A, Dokal | @ Dyskeratosis congenita :
molecular insights into telomerase function.,
ageing and cancer. Expert Rev Mol Med 6
(26) © 1-23,2004.

Filipowicz W, Pogacic V! Biogenesis of small
nucleotar ribonucleoproteins. Curr Opin Cell
Biol 14 (3} 1 319-327, 2002.

He J, Navarrete S, Jasinski M. et al @ Targeted
disruption ol Dkel, the gene mutated in X-
linked dyskeratosis congenila, causes embry-
onic lethality in mice. Oncogene 21 @ 7740-
7744, 2002.

Mochizuki Y, He J, Kulkarni S, et al @ Mouse
dyskerin mutations affect accumutation of te-
lomerase RNA and small nucleolar RNA, te-
fomerase activity, and ribosomal RNA process-
ing. Proc Natl Acad Sci U S A 101 10756-
10761, 2004.

Salowsky R, Heiss NS, Benner A, et ol @ Basal
transcription activity of the dyskeratosis con-
genita gene is mediaied by Spl and Sp3 and a
patient mutation in a Spl binding site is associ-
ated with decreased promoter activity. Gene
293 :8-19, 2002,

Ruggero D, Grisendi-S, Piazza F, et al @ Dysk-
eratosis congenita and cancer in mice deficient
in ribosomal RNA modification. Science 289 :
259-262, 2003.

Vol. 22, No. 6, 2012



BE TFOATRESMBERH
5. ANMTEERECSITDTOATHNRR

401 Yamaguchi H, Inokuchi K, Takeuchi J, et al:
Identification of TINF2 gene mutations in adult

48) Oswonofl F, Ostronoff M, Calixto R, et al:
19} Cong YS, Wright WE, Shay JW : Human te- 30) de Lange T: Shelterin: the protein complex that

I~

-9%T -

lomerase and its regulation. Microbiol Mol Biol
Rev 66 (3) 1 407-425, 2002.

Chen JL, Greider CW : Telomerase RNA struc-
wre and function @ implications for dyskerato-
sis congenita. Trends Biochem Sci 29 183-
192, 2004.

Xin ZT, Beauchamp AD, Calado RT, et al:Fune-
tional characterization of natural telomerase
mutations found in patients with hematologic
disorders. Blood 109 (2} : 524-532, 2007.
Marrone A, Stevens D, Vulliamy T, el al © Het-
erozygous telomerase RNA mutations {found in
dyskeratosis congenita and aplastic anemia re-
duce telomerase activity via haploinsufficiency.
Blood 104 ! 3936-3942, 2004.

Ly H. Calado RT, Allard P, et &l @ Functional
characterization ol telomerase RNA variants
found in patients with hematologic disorders.
Blood 105 1 2332-2339, 2005.

Cheong C. Hong KU, Lee HW : Mouse models
{or telomere and telomerase biology.
Med 35 1 141153, 2003,

Marrone A, Walne A, Tamary M, et al @ Te-
lomerase reverse-transcriptase homozygous
mutations in autosomal recessive dyskeratosis
congenita  and Hoyeraal-Hreidarsson  syn-
drome. Blood 110 (13} 1 4198-4205, 2007.
Vulliamy T, Marrone A, Szydlo R, et al: Disease
anticipation is associated with progressive telo-
mere shortening in families with dyskeratosts
congenita due to muwtations in TERC. Nat
Genet 36 : 447-449, 2004,

Alter BP @ Diagnosis, genetics, and manage-

“xp Mol

ment of inherited bone marrow failure syn-
dromes. Hematology Am Soc Hematol Educ
Program : 29-39, 2007.

Savage SA, Giri N, Alter BP, et al @ TINF2, &
component of the shelterin telomere protection
complex, is mutated in dyskeratosis congenita.
AmJ Hum Cenet 82 (2) : 501-508, 2008.
Walne Al, Vulliamy T, Dokal 1, et al : TINF2 mu-
tations resull in very short telomeres @ analysis
of a large cohort of patients with dyskeratosis
congenita and refated bone marrow failure syn-
dromes. Blood 112 (9) : 3594-3600, 2008.

shapes and safeguards human telomeres.
Genes Dev 19 (18) 1 2100-2110, 2005.
Chiang YI, Kim S-H, Hodes RI, et al: Telomere-
Associated Protein TIN2 [s Essential for Early
Embryonic  Development through a
Telomerase-Independent  Pathway., Mol Cell
Biol 24 : 6631-6634, 2004.

Kim SH, Davalos AR, Beausejour C, et al: Telo-
mere dysfunction and cell survival © roles for
distinct TIN2-containing complexes. J Cell Biot
181 (3) : 447-460. 2008.

} Walne AJ, Vulliamy T, Marrone A, et al: Genetic

heterogeneity in autosomal recessive dyskera-
tosis congenita with one subtype due 10 muta-
tions in the telomerase-associated protein
NOPIO. Hum Mol Genet 16:1619-1629,
2007.

34) Vulliamy T, Beswick R, Kirwan M, et al © Muta-

tions in the telomerase component NHP2
cause the premature ageing syndrome dyskera-
tosis congenita. Proc Natl Acad-Sci US A 105
(23) 1 8073-8078, 2008.

Pogarty PF, Yamaguchi H, Wiestner A, et al :
Late presentation of dyskeratosis congenita as
apparvently acquired aplastic anaemia due 1o
mutations in telomerase RNA. Lancer 362 :
1628-1630, 2003.

Yamaguchi H. Baerlocher GM, Lansdorp PM,
et g © Mutations of the human telomerase RNA
gene (TERCH in aplastic anemia and myelodys-
plastic syndrome. Blood 102 (3) : 916-918,
2003.

Yamaguchi H, Calado RT. Ly H, et al : Mua-
tions in TERT, the gene for telomerase reverse
transcriptase, in aplastic anemia. N Engl J Med
352 1413-1424, 2005.

Liang J, Yagasaki H, Kamachi Y, et al : Muta-
tions in telomerase catalytic protein in Japa-
nese children with aplastic anemia. Haemato-
fogica 91 : 656-658, 2006.

Takeuchid, Ly H, Yamaguchi H, et al:Identifica-
tion and functional char;

sterization of novel te-
lomerase variant alleles in Japanese patients
with bone-marrow failure syndromes. Blood
Cells Mol Dis 40 : 185-191, 2008.

Japanese patients with acquired bone marrow
failure syndromes. Br J Haematol 150 : 725-
727, 2010.

Ball SE, Gibson FM, Rizzo S, et al: Progressive
telomere shortening in aplastic anemia. Blood
91 (10) : 3582-3592, 1898.

Brummendorf TH, Maciejewski IP, Mak I, et al:
Telomere length in leukocyte subpopulations
of patients with aplastic anemia. Blood 97 (4}
895-900, 2001.

Lee JI, Kook H, Chung I, et al: Telomere length
changes in patients with aplastic anaemia. Br J
Haematol 112 (4) @ 1025-1030, 2001,

Martin GM : Genetic modulation of senescent
phenotypes in Homo sapiens. Cell 120 {4} :
523-532, 2005.

Walne Al, Vulliamy T, Beswick R, et al : Muta-
tions in Cl6orf57 and normal-length telo-
nieres unify asubset of patients with dyskerato-
sis congenita, poikiloderma with neutropenia
and Rothmund-Thomson syndrome. Hum Mol
Genet 19 (22) : 4453-4461, 2010,

Decker ML, Chavez E, Vulio 1, et al : Telomere
fength in Hutchinson-Gilford progeria syn-
drome. Mech Ageing Dev 130 (8) @ 377-383,
2009.

fshikawa N, Nakamura K, lzumivama-Shi-
momura N, et al : Accelerated in vive epidermal
telomere loss in Werner syndrome. Aging 3
(4) 1 417-429, 2011.

Fludarabine. cyclophosphamide. and antithy-
mocyte globulin for a patient with dyskeratosis
congenita and severe bone marrow failure,
Biol Blood Marrow Transplant 13 (3) : 366-
368, 2007.

de la Fuente 1, Dokal 1: Dyskeratosis congenita:
advances in the understanding of the te-
lomerase defect and the role of stem cell trans-
plantation. Peciatr Transplant 11 (6) : 584-
594, 2007.

Coman D, Herbert A, Hallahan A, et al © Unre-
lated cord blood transplantation in a girl with
Hoyeraal-Hreidarsson syndrome. Bone Mar-
row Transplant 42 {4) : 293-294, 2008.
Bayne S, Liu JP : Hormones and growrh factors
regulate telomerase activity in ageing and can-
cer. Mol Cell Endocrino} 240 @ 11-22, 2005.
Erduran E. Hacisalihoglu S, Ozoran Y : Treat-
ment of dyskeratosis congenita with
granulocyte-macrophage  colony-stimulating
factor and erythropoietin. | Pediair Hemato}
Oncol 25 (4) : 333-335, 2003.

Calado RT, Yewdell WT, Wilkerson KL, et al :
Sex hormones, acting on the TERT gene, in-
crease lelomerase activity in human primary
hematopoietic cells. Blood 114 (11) @ 2236-
2243, 2009.

Agarwal S, Loh YH, McLoughlin EM, et al : Te-
lomere elongaton in induced pluripotent stem
cells from dyskeratosis congenita patients. Na-
wure 464 {7286) : 292-296, 2010.

64 (952} MEEZT>F 47 Vol. 22, No. 6, 2012
M7 a2547 Vol 22, No. 6. 2012 63 (951)



-LYT -

Pediatr Transplantation 2012: 16: 340-345

© 2012 John Wiley & Sons AJS.

Pediatric Transplantation
DOI: 10.1111(.1399-3046.2012.01669.x

Matched sibling donor stem cell
transplantation for Fanconi anemia patients
with T-cell somatic mosaicism

anemia patients with T-cell somatic mosaicism.

patients with T-cell somatic mosaicism.

Somatic mosaicism, the presence of non-FA
cells among FA hematopoietic cells, has been
considered a risk factor for engraftment in SCT

Abbreviations: ALG, antilymphocyte globulin; ATG,
antithymocyte globulin; BMT, bone marrow transplanta-
tion; CsA, cyclosporine A; CY, cyclophosphamide; DEB,
diepoxybutane; FA, Fanconi anemia; Flu, fludarabine;
GVHD, graft-vs.-host disease; HLA, human leukocyte
antigen; INFA, International Fanconi Anemia Registry;
MDS, myelodysplastic syndrome; MMC, mitomycin-C;
MTX, methotrexate; RA, refractory anemia; RRT, regi-
men-related toxicity; SCT, stem cell transplantation; TAI,
thoracoabdominal irradiation; TBI, total body irradiation.
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from alternative donors, because DEB-resistant T-
cells may increase the risk of graft rejection (1).
Wagner et al. (2) reported that engraftment was
poorer in unrelated donor recipients with T-cell
somatic mosaicism not treated with a Flu-contain-
ing regimen. We reported that there is a high
frequency of T-cell somatic mosaicism in Japanese
FA patients (3). The current study presents the
results of matched sibling donor SCT in 15 FA
patients undergoing two types of conditioning
regimens: radiation-based conditioning with CY
dose modification and Flu-based regimen without
radiation.

Patients and methods
Patients and donor selection

Between 1987 and 2008, 15 patients with FA received 17
SCTs from their HLA-matched sibling donors. The diag-
nosis of FA was confirmed by chromosomal breakages in-
duced by MMC or 0.1 ug/mL DEB. The chromosomal
fragility test for CY metabolites was performed using the
serum obtained from other CY-treated, non-FA SCT pa-
tients with severe aplastic anemia as previously described
(4). We chose the concentration of 0.4 ug/mL for CY
metabolites in chromosomal fragility testing of FA patients
because it induces multiple chromosomal breaks in FA
patients while having little clastogenic effect on normal cells
(4). Peripheral lymphocytes from 78 FA patients underwent
both CY metabolite and DEB tests in our laboratory.
Patients with 50% or more cells insensitive to treatment with
0.1 ug/mL DEB and/or 0.4 pg/mL CY metabolite were
classified as high-mosaic in this study for comparison with
patients in the IFAR (5). Patient characteristics are shown in
Table 1. Age at transplant ranged from 5 to 24 yr. Twelve
patients had severe aplastic anemia, and three had RA.
Determination of complementation groups was informative
in 11 patients, of whom six were placed in group A and five
in group C. Of our 15 patients, seven had received androgen
therapy, and all 15 were transfusion-dependent at the
time of SCT. All 15 donors (14 bone marrow, one cord
blood for patient 8) had negative results of DEB/MMC test
prior to transplant and were matched (at HLA loci A, B,
and DR) to HLA-identical siblings. Harvested marrow was
not manipulated.

Conditioning regimen and GVHD prophylaxis

The conditioning regimen of eight patients of a-group (Nos.
1-8) consisted of the following: modified CY (20-120 mg/
kg), either TAI (500-600 cGy) or TBI, and ATG or ALG.

Matched sibling donor SCT for Fanconi anemia

We provisionally reduced the dose of CY according to the
increase of chromosomal breaks case by case, although we
set a minimum dose of 20 mg/kg.

Since 2000, Flu — an antimetabolite and immunosup-
pressive agent — has been used as a part of conditioning. The
regimen of seven patients of b-group (Nos. 9-15) included
CY (40 mg/kg), Flu (150-180 mg/m?), and ATG, without
radiation. GVHD prophyld)us was carried out usmg CsA;
short-term MTX (15 mg/m® on day 1; 10 mg/m® on days 3,
5, and 11) administration was utilized in patients older than
10 yr.

Analysis of chimerism

Engraftment on the bone marrow was assayed using short
tandem repeats analysis, XY chromosomal analysis, or
fluorescence in situ hybridization with XY chromosome-
specific probes.

The Tokai University Hospital institutional review board
approved the collection and reporting of these data.

Results
Chromosomal fragility test

Table 2 shows a summary of the results of
cytogenetic testing of 78 FA patients; there was
a linear correlation between the percentage of
aberrant metaphases in lymphocytes treated with
CY metabolites and the percentage in lympho-
cytes treated with DEB (r = 0.868) (Fig. 1).
Among the 12 patients tested for DEB, four
were shown to be high-mosaic: two in a-group
and two in b-group (Table 1). In the CY metab-
olite test, eight of 15 patients (four in each group)
were shown to have high-mosaic.

Table 1. Patient istics; (a) radiation-based with CY dose modification group; (b) fludarabine-based conditioning without radiation group
Age at Status at SCT Clonal Complementation CY mosaic  DEB mosaic No. of prior

No.  SCT{y) Sex (% blasts) abnormality  group test (%) (%) Prior therapy blood transfusions

(a)

1 8 F SAA (0) No A 018 91.0 56.0 PSL, Androgen >20

2 6 M SAA{D) No c 043 732 NT None 1-20

3 14 M SAA{D} No C 044 794 NT Androgen 1-20

4 n M SAA (0} No Unknown 023 710 NT PSL 1-20

S 5 M SAA (0) No c 112 470 340 GCSF, Epo, CsA 1-20

8 10 M SAA(D) No c 285 200 133 PSL, Androgen 1-20

7 2 F RA (<5) deli7)(p12)  Unknown 266 1.0 0 PSL, CsA, Androgen 120

8 5 F RA {<5) No c 086 495 56.0 PSL, Androgen 1-20

(b}

9 8 F SAA (0) No A 052 580 54.0 None 1-20

10 15 F SAA (0) No Unknown 081 500 80 None 1-20

1 6 M SAA (0) No Unknown 291 130 49 Androgen 1-20

12 6 M SAA (0} No A 105 270 17.0 Androgen 1-20

13 1 M RA (<5} Add(2)g33) A 020 820 63.0 None >20

14 9 F SAA (0} No A 061 66.0 16.0 None 1-20

15 4 F SAA {0) No A 280 150 30 None >20

F, female; M, male; SAA, severe aplastic anemia; CY test, cyclophosphamide metabolxles~|nduced (04 ug/mLD lesl wnh results listed as mean number of

chromosome breaks per cell; CY mosaic, percentage of cells with 0.4 pg/mL

DEB mosalc of cells with
" | 4

0.1 ug/mlL diepoxybutane insensitivity; NT, not tested; PSL, isolone; GCSF, gi

y y-stimulating factor; Epn eryth

n
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Table 2. Chromosome fragility test performed with DEB and CY metabolites in 78 FA patients

Agent Breaks/cell, n

Aberrant cells, % Aberrations/aberrant cell, n

Spontaneous 0.0 6 + 0,09 (0-0.49)
DEB (0.1 pg/miL) 3.10 + 2.67 (0.03~12.0)
CY metabolites (0.4 zg/ml) 1.38 = 1.16 (0-5.57)

7.93 + 10,63 (0-66) 1.04 £ 0.16 (1-2)
68.63 + 27.64 (2-100) 3.85 +2.37 (1-12)
§4.91 £ 24.61 (1-100) 2.20 +1.02 {1-5.93)

DEB, di b CY, cycl hamide, FA, Fanconi anemia.

1007 =0.868 >
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Aberrant cells by CY metabolites (%)

Aberrant cells by DEB (%)

Fig. 1. Linear correlation between the percentage of aber-
rant metaphases in lymphocytes treated with 0.4 ug/mL CY
metabolites and the percentage in lymphocytes treated with
0.1 pg/mL-DEB.

Engraftment and chimerism

The transplantation characteristics and the
follow-up characteristics after transplantation

are summarized in Table 3 and 4, respectively.
Seven of eight patients in a-group engrafted.
Patient 1, who was high-mosaic with 56% DEB-
insensitive and 91% CY metabolites-insensitive
lymphocytes, did not engraft; this patient re-
ceived an infusion of marrow cells from another
HLA-matched sibling after a conditioning regi-
men of TBI (8 Gy) + CY (150 mg/kg) + ALG,
and engrafted. Patient 7 achieved successful
engraftment after receiving 20 ng/kg of CY
without any RRT. Although she was not high-
mosaic, she developed late graft rejection on day
205 after pure red cell aplasia. Chromosomal
analysis of peripheral blood cultured with phy-
tohemagglutinin and that of bone marrow
showed mixed chimerism. She received a second
BMT from the same brother on day 240 after
TBI (7.5 Gy) + CY (60 mg/kg) + ALG, and
successfully engrafted.

Successful engraftment was achieved in all
seven patients in b-group, independent of the
proportion of DEB- or CY-insensitive cells

Table 3. Transplantati istics; (a) radiation-based conditioning with CY dose modification group; (b} fludarabine-based conditioning without radiation
group
Engraftment GVHD
Organ toxicity {Bearman) ~—————
No.  Conditioning TNC/kg (x10%)  Day ANC>0.5x 10%L  Day platelet 550 x 10%L  Grade I/l Acute  Chronic
(a)
11 CY{40)* + TAIE) + ALG 47 Rejection Rejection No NE NE
12 CY(150) + TB!(8) + ALG 45 21 74 Stomatitis, mucositis 1] Lim
2 CY{40) + TAI(E) + ALG 45 27 22 Stomatitis 0 -
3 CY(45) + TAI(6) + ALG 25 12 27 Stomatitis 0 Lim
4 CY[120) + TAIB) + ALG 17 13 26 No 0 -
5 CY(20} + TAI(6) 66 16 21 No 0 -
6 CY(20) + TAI(6) + ATG 31 17 33 No 0 -
71 CY(20] + TAI5) + ALG 220 14/No 16/No No 0 -
7-2 CY(60) + TBI[7.5) + ALG 220 15 Unknown/Yes Stomatitis, fiver ] Ext
8 CY(40) + TBI(B) + ATG 021" cB 15 38 Stomatitis 0 -
{b}
9 CY(40) + Flu{180) + ATG 62 10 12 No 0 -
10 CY(40) + Flu(150) + ATG 52 14 23 Stomatitis, liver ] -
1" CY(40) + Flu(150) + ATG 35 14 3 Stomatitis 0 -
12 CY(40) + Flu{150} + ATG 33 1 24 No 0 -
13 CY(40) + Flu{150) + ALG 78 9 17 Stomatitis 0 -
14 CY(40) + Flu{150) + ATG 41 1 17 Stomatitis 0 -
15 CY{40) + Flu{150) + ATG 38 12 24 No 0 -

TNC, total nucleated cells; NE, not evaluable.

*The number in parentheses indicates the dose, and units are Gy for TAl and TBI, mg/m? for Flu, and mg/kg for CY.

YPost-thawing cell dose of cord blood.
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Table 4. Follow-up characteristics after transplantation; (a} radiation-based conditioning with CY dose modification group; (b} fludarabine-based canditioning

without radiation group

Chimerism status {% donor cells)

At the first time At the last time

No. (source/days after SCT) {source/months after SCT) Complication {months after SCT) Qutcome {months after SCT)

(a)

11 NE NE Hepatitis B and C Rejection. 2nd SCT

12 100 (BM/42} NT Ovarian dysfunction Dead/hepatic carcinoma (147)
Hepatic carcinoma {145}

2 100 (BM/41} 100 (PB/280) Prediabetic state Alive (280}

3 NT NT Tongue carcinoma (102) Dead/tongue carcinoma {114}

4 NT NT No Alive {250}

] NT NT No Alive (220}

6 100 (BM/14) 100 (BM/2) No Dead/accident (154)

71 100 (BM/15) 50 (PB/3) Qvarian dysfunction PRCA/late rejection, 2nd SCT (eight months)

72 100 (BM/15) 100 (PB/60) Esophagus carcinoma (138} Alive with cancer disease (234)
Tongue carcinoma {177)

8 100 (PB/15) 100 (PB/178) Pheochromocytoma (147) Alive (178}
Prediabetic state

(b)

9 100 (BM/12) 100 (PB/105) No Alive (129}

10 100 (BM/32) 100 (PB/81) No Alive (117)

1 100 (BM/14) 100 (PB/60) No Alive {86)

12 98.8 (BM/14) 100 (PB/36) No Alive {48)

13 100 {BM/28) 100 {PB/17) No Alive {46)*

14 100 (BM/14) 100 {PB/46) No Alive (46)

15 100 {BM/14) 95 (PB/81) No Alive (41)

NE, not evaluable; BM, bone marrow; NT, not tested; PB, peripheral blood; PRCA, pure red cell aplasia.

*This case was reported by Oshima et al. (21).

(ranges, 3-63% and 13-82%, respectively). The
time to an absolute neutrophil count (ANC)
>0.5 x 10°/L was 9-14 days, and to a platelet
count of 50 x 10°/L. was 12-31 days. In pa-
tients of b-group, chimerism of their BM
mononuclear cells in the early stages after
SCT was 98.8-100% of donor type. Although
two of these seven patients showed transient
mixed chimerism (patient 14 and 15) in the
peripheral blood mononuclear cells during the
first year after SCT, all patients achieved
>95% donor chimerism.

Toxicity

The grade of toxicity was low both in two
groups. None of the patients showed grade III/
VI RRT (Bearman’s criteria) at any evaluation
point.

GVHD

Only one patient (patient 7) developed grade II
acute GVHD after the second transplant, and
chronic GVHD was observed in three patients
who developed malignancies as late effects
(patient 1, 3 and 7). No patients of b-group
had acute and/or chronic GVHD.

Outcome

In patients of a-group, hepatocarcinoma and
tongue/esophagus carcinoma were observed in
patients 1 and 7, at 12 and 10/14 yr after BMT,
respectively. Tongue carcinoma and pheochro-
mocytoma were also observed in patients three
and eight, at nine and 12 yr after BMT, respec-
tively. Causes of death in a-group were solid
cancer in two of eight, and one died of accident.
Two patients suffered from ovarian dysfunction
(patient 1 and 7), and two patients are in
prediabetic state (patient 2 and 8). None of the
b-group required a second SCT (median follow-
up, 48 months; range, 41-129 months); all
patients are alive with a Lansky/Karnofsky score
of 100%, and there are no late side effects such as
ovarian failure or other endocrinopathy.

Discussion

Graft rejection, RRT, and severe acute GVHD
have been the major causes of SCT failure in FA
patients. However, in FA patients, SCT from an
HLA-identical sibling donor is generally associ-
ated with an excellent outcome when performed
before leukemic transformation. The approach
used by Gluckman et al. (6), including low-dose
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CY (20-40 mg/kg) + TAI/TBI (400-450 cGy),
has been the standard SCT conditioning regimen.
This conditioning regimen provided good
results, with >80% survival at 3-10 yr (7, 8).
Non-radiation regimens have been increasingly
used for FA patients to reduce the late effects
associated with radiation, such as endocrinop-
athies, infertility, and cataracts.

Bonfim et al. (9) reported using only CY
(60 mg/kg) in 43 patients from matched-related
SCT donors; Ayas et al. (10) also reported using
a CY (60 mg/kg) + ATG regimen without radi-
ation in 34 patients with matched-related donor
SCT. Overall survival rate in these studies were
93% (median follow-up, 3.7 yr) and 96.9%
(median follow-up, 33.7 months), respectively.
However, MacMillan et al. (1) observed a high
rate of graft failure in FA patients receiving
unrelated donor transplants with T-cell somatic
mosaicism, suggesting that the presence of DEB-
insensitive T-cells increased the risk of graft
rejection.

We showed that there was a linear correlation
between the percentage of aberrant metaphases
in lymphocytes treated with CY metabolites and
those treated with DEB (Fig. 1). On the basis of
these data, we suggested that DEB-insensitive
cells are also CY-insensitive cells. Therefore,
incomplete ablation of DEB-resistant host lym-
phocytes might increase the risk of graft failure.
If patients with 50% or more DEB-insensitive
cells are classified as high-mosaic, only 10% of
FA patients have been reported to exhibit > 50%
insensitive cells in IFAR patients (5); however, in
our study, among the 78 patients, 24 were high-
mosaic (30.8%). A conditioning regimen that
exhibits strong cytotoxic activity against lym-
phocytes and minimized exposure to DNA cross-
linking agents may be necessary for Japanese FA
patients because the T-cell somatic mosaicism in
Japanese population is higher than the Caucasian
population. The patients in a-group received
high-dose therapy, particularly those who re-
ceived a second transplant. This might explain
the high incidence of cancer. Furthermore, the
two patients who developed tongue carcinoma in
a-group had oral chronic GVHD. There was a
significant association of the oral squamous cell
carcinoma with chronic GVHD (11, 12).

In recent years, Flu-containing conditioning
regimens for FA have become more popular and
have been successfully employed, especially in
SCT from alternative donors (2, 13, 14). Flu is an
antimetabolite and immunosuppressive agent
that is not a DNA cross-linking agent. The first
FA patient with leukemic transformation
successfully treated by matched sibling BMT
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following a Flu-based conditioning regimen was
reported in 1997 (15). Flu is an attractive and
tolerable agent for FA because it is not an
alkylating agent and has an antileukemic effect.
Furthermore, omission of irradiation from a
conditioning regimen has been considered to
reduce the late effects. Tan et al. (16) reported
that 11 patients with 0-20% DEB-insensitive
cells had received a conditioning regimen of CY
(20 mg/kg) + Flu (175 mg/m?) + ATG without
irradiation, followed by an infusion of HLA-
genotypically identical T-cell-depleted bone mar-
row or cord blood. Neutrophil engraftment was
observed in all patients, but secondary graft
failure was observed in one patient. No patients
experienced severe RRT or either acute or
chronic GVHD, and nine are alive and well at
a median follow-up of 2.9 yr. Ertem et al. (17),
who used a similar regimen (CY 20 mg/
kg + Flu 150 mg/m®> + ATG), reported suc-
cessful engraftment in 6 FA patients. Stepensky
et al. (18) also reported that a combination of
Flu with ATG and low-dose CY without radia-
tion was safe and demonstrated low rejection
rates when compared with alternative regimens
in patients with FA. After 2000, we selected Flu,
a consistent, reduced dose of CY 40 mg/kg, and
ATG without radiation as conditioning for
HILA-matched sibling donor SCT, and successful
engraftment was achieved in all seven patients
with stable chimerism, independent of the T-cell
somatic mosaicism. They are all disease free and
in good clinical condition without any late side
effects.

Age at SCT (>10 yr) is also a risk factor of
acute GVHD (19). To prevent moderate-to-severe
acute GVHD, we have used the combination of
CsA plus short-term MTX in patients older than
10 yr in matched sibling donor SCT and used
tacrolimus plus short-term MTX after alternative
donor transplant (13). No patients had severe
MTX toxicity, and none of them died of acute
GVHD in either a- and b-group. Bonfim et al. (9)
have also used CsA plus short-term MTX in HLA-
matched related donor SCT in 43 FA patients.
They found a very low incidence of acute GVHD
and suggested that less regimen-related tissue
damage enabled the delivery of all four scheduled
MTX doses in the majority of patients; MTX
dosing was previously shown to be important in
controlling the incidence of GVHD (20). These
combinations of GVHD prophylaxis including
MTX considerably decreased the severe acute
GVHD for FA patients, which could have varied
in accordance with ethnic differences.

Our study indicates that a Flu-based regimen
without radiation enabled successful engraftment

in HLA-matched sibling donor SCT even in FA
patients with evidence of T-cell somatic mosai-
cism. It is very difficult to compare the outcome
of two different regimens as there are two second
transplant in a-group and the major differences
between the follow-up times of two groups.
Long-term follow-up and larger studies are
warranted to confirm the high engraftment rates
and reduction of post-transplant malignancies.

Acknowledgment

The authors thank Mr. Satoshi Arakawa, Mr. Yuzo Ta-
naka, and Miss Atsuko Masukawa in the central laboratory
of Tokai University Hospital for their help with chromo-
somal analysis. We are indebted to Miss Ayako Tsuchida,
Mr. Tatsuya Sugimoto, Miss Chie Nakashioya, and Osamu
Hyodo in the Cell Transplantation center of Tokai Uni-
versity Hospital for chimerism analysis after the SCTs. This
work was supported by a grant-in-aid from the Ministry of
Education, Culture, Sports, Science, and Technology of
Japan (No. 20591262) and a Research Grant for Intractable
Discases (H-21-061) from the Japanese Ministry of Health,
Labor, and Welfare.

Disclosure

The authors declare no competing financial interests.

Author contributions

M. Yabe, H. Yabe: concept/design; M. Yabe, T. Shimizu, T.
Morimoto, T. Koike, H. Takakura, H. Tsukamoto, K.
Muroi, K. Asami, K. Oshima, M. Takata, T. Yamashita:
data analysis/interpretation; S. Kato, H. Yabe: approval of
the article.

References

1. MacMILLAN ML, AuerBacH AD, Davies SM, et al. Haemat-
opoietic cell transplantation in patients with Fanconi anaemia
using alternative donors: Results of a total body irradiation
dose escalation trial. Br J Haematol 2000: 109: 121-129.

2. WAGNER JE, EAPEN M, MacMiLLaN ML, ct al. Unrelated
donor bone marrow t ion for the t of
Fanconi anemia. Blood 2007: 109: 2256-2262.

3. Yase M, Yase H, HAMANOUE S, et al. In vitro effect of flu-
darabine, cyclophosphamide, and cytosine arabinoside on
chromosome breakage in Fanconi ancmia patients: Relevance
to stem cell transplantation. Int J Hematol 2007: 85: 354-361.

4. Yase M, Yase H, MATsUDA M, et al. Bone marrow trans-
plantation for Fanconi anemia: Adjustment of the dose of

lophosphamide for ditioning. Am J Pediatr Hematol/
Oncol 1993: 15: 377-382.

5. AuerBacH AD. Fanconi anemia and its diagnosis. Mutat Res
2009: 668: 4-10.

6. GLuckMAN E, BERGER R, DUTREIX J. Bone marrow trans-
plantation for Fanconi anemia. Semin Hematol 1984: 21: 20—

7. Durour C, RonpEeLLI R, LocaTeLLl F, et al. Stem cell trans-
plantation from HLA-matched related donor for Fanconi’s

o

20.

21

Matched sibling donor SCT for Fanconi anemia

anaemia: A retrospective review of the multicentric Italian
experience on behalf of ATEOP-GITMO. Br J Haematol 2001:
112: 796-805.

. FARZIN A, Davies SM, Smrti FO, et al. Matched sibling donor

haematopoietic stem cell transplantation in Fanconi anaemia:
An update of the Cincinnati children’s expericnce. Br J Hae-
matol 2007: 136: 633-640.

. BonFiIM CM, De Meperios CR, BITENCOURT MA, et al.

HLA-matched related donor hematopoietic cell transplanta-
tion in 43 patients with Fanconi anemia conditioned with
60 mg/kg of cyclophosphamide. Biol Blood Marrow Trans-
plant 2007: 13: 1445-1460.

. Avas M, AL-JRFRI A, AL-SERAIHI A, ELKUM N, AL-MAHR M,

Er-Sowu H. Matched related all ic stem cell tr lanta-
tion in Saudi patients with Fanconi anemia: 10 year’s experi-
ence. Bone Marrow Transplant 2008: 42: S45-548.

. Deec HJ, Socit G, ScHocH G, et al. Malignancies after mar-

row transplantation for aplastic anemia and Fanconi anemia:
A joint Scattle and Paris analysis of results in 700 patients,
Blood 1996: 87: 386-392.

. RoseENBERG PS, Socié G, ALter BP, GLuckman E. Risk of

head and neck squamous cell cancer and death in patients with
Fanconi anemia who did and did not receive tranplants. Blood
2005: 105: 6773,

. YaBE H, INouE H, MaTsumoTo M, et al. Allogeneic haemat-

opoietic cell transplantation from alternative donors with a
conditioning regimen of low-dose irradiation, fludarabine and
cyclophosphamide in Fanconi anaemia. Br J Haematol 2006:
134: 208-212.

. CHAUDHURY S, AuerBAcH AD, KErNAN NA, et al. Fludara-

bine-based cytoreductive regimen and T-cell-depleted grafts
from alternative donors for the treatment of high-risk patients
with Fanconi anaemia. Br ] Haematol 2008: 140: 644-655.

. KAPELUSHNIK J, OR R, SLavIN $, et al. A fludarabine-based

protocol for bone marrow transplantation in Fanconi's anemia.
Bone Marrow Transplant 1997: 20: 1109-1110.

. TAN PL, WaGNerR JE, AutersacH AD, DerorTE TE,

SLUNGAARD A, MACMILLAN ML. Successful engraftment
without radiation after fludarabine-based regimen in Fanconi
anemia patients undergoing genotypically identical donor
E ietic cell tr gt ion. Pediatr Blood Cancer 2006:
46: 630-636.

. ERTEM M, ILER1 T, AzIK F, UysaL Z, GozDASOGLU S. Related

donor poictic stem cell tra for Fanconi
ancmia without radiation: A single center experience in Turkey.
Pediatr Transplant 2009: 13: 88-95.

. STEPENSKY P, SHAPIRA MY, BaLasHov D, et al. Bone marrow

transplanation for Fanconi ancmia using fludarabine-based
conditioning. Biol Blood Marrow Transplant 2011: 17: 1282—
1288.

. NEUDRORF $, SAnDES L, Kosrinsky N, et al. Allogeneic bone

marrow transplantation for children with acute myelocytic
ancmia in first remission demonstrates a role for graft versus
leukemia in the maintenance of disease-free survival. Blood
2004: 103: 3655-3661.

NasH RA, PepE MS, STors R, et al. Acute graft-versus-host
disease: Analysis of risk factors after allogeneic marrow
transplantation and prophylaxis with cyclosporine and meth-
otrexate. Blood 1992: 80: 1838-845.

OsHima K, Kikuchr A, MocHizuki S, et al. Fanconi anemia in
infancy: Report of hematopoietic stem cell transplantation to a
13-month-old patient. Int J Hematol 2009: 89: 722-723.

345



- 09T -

z
b
o
e
2
£
2
=
<
¢
£
o
L
=4
@
E
<
@
4
2
©
-4
o~
=
o
&
©

ARTICLES

patuge
immunology

The kinase Btk negatively regulates the production
of reactive oxygen species and stimulation-induced
apoptosis in human neutrophils

Fumiko Honda!, Hirotsugu Kano?, Hirokazu Kanegane?, Shigeaki Nonoyama?, Eun-Sung Kim®, Sang-Kyou Lee?,
Masatoshi Takagi', Shuki Mizutani'! & Tomohire Morio!

The function of the kinase Btk in neutrophit activation is largely unexplored. Here we found that Btk-deficient neutrophils had
more production of reactive oxygen sp (ROS) after it of Toll-like receptors (TLRs) or receptors for tumor-necrosis
factor (TNF), which was d with more apoptosis and was d by transduction of bi Btk. Btk-deficient
neutrophils in the resting state showed hyperphosphorylation and acti of phosphatidylinesitol-3-OH kinase (PI(3)K) and
protein tyrosine kinases (PTKs) and were in a ‘primed’ state with piasma membrane—assoclated GTPase Rac2. In the absence of
Btk, the adaptor Mal was associated with PI(3)K and PTKs at the plasma membrane, whereas in control resting neutrophils, Btk

interacted with and confined Mal in the cytoplasm. Our data identify Btk as a critical gatekeeper of neutrophil responses.

Among ‘prolessional’ phagocytes with a sophisticated arsenal of micro-
bicidal features, neutrophils are the dominant cells that mediate the
earliest innate immune responses to microbes!=3. Neutrophils migrate
to the site of infection, sense and engulf microorganisms, produce
reactive oxygen species (ROS) and kill the invading microbes via ROS
by acting together with antimicrobial proteins and peptides'?. The
enzyme responsible for the respiratory burst is NADPH oxidase, which
catalyzes the production of superoxide from oxygen and NADPH. This
enzyme is a multicomponent complex that consists of membrane-
bound flavocytochrome bgsg (gp91719% and p22PboY), cytosolic compo-
nents (p47P1%%, p67Pho% and p40PheY) and a GTPase (Racl or Rac2)3,
Activation of NADPH oxidase is strictly regulated both temporally and
spatially to ensure that the reaction takes place rapidly at the appropri-
ate cellular localization. Activation of this system requires three sig-
naling triggers, including protein kinases, lipid-metabolizing enzymes
and nucleotide-exchange factors that activate the Rac GTPase? ¢,
Inadequate production of ROS is associated with various human
pathological conditions. Deficiency of any component of the NADPH
oxidase complex results in chronjc granulomatous disease, in which
bacterial and fungal infections are recurrent and life-threatening®.
Abnormalities in the molecules involved in the signal-transduction
pathway initiated by the recognition of pathogen-associated molecu-
lar patterns are accompanied by less production of ROS after exposure
to specific stimuli and by susceptibility to bacterial infection. These
abnormalities include deficiency in the kinase IRAK4, the adaptor
MyD88 deficiency or the kinase NEMO (IKKy)”. In contrast, many

other human disorders are believed to be associated with or induced
by excessive production of ROS that causes DNA damage, tissue dam-
age, cellular apoptosis and neutropenia®®.

Here we focus on determining the role of the kinase Btk in produc-
tion of ROS and cellular apoptosis in human neutrophils, as 11-30%
of patients with X-linked agammaglobulinemia (XLA), a human
disease of Btk deficiency, have neutropenia'®!!, and Btk is a criti-
cal signaling component of phagocytic cells'>~*4. The neutropenia
of XLA is distinct from that of common variable immunodeficiency
(CVID) in that the neutropenia is induced by infection, is usually
ameliorated after suppler ion with i globulin and is not
mediated by the autoimmune response!®! 4, Although a few reports
have suggested that myeloid differentiation is impaired in mice
with X-linked immunodeficiency'*15, the reason for the infection-
triggered neutropenia is unknown. The role of Btk in human neu-
trophils remains largely unexplored.

Btk is a member of the Tec-family kinases (TFKs) that are expressed
in hematopoietic cells such as B cells, monocytes, macrophages and
neutrophils'2. It has a crucial role in cell survival, proliferation, differ-
entiation and apoptosis, especially in cells of the B lineage. In humans
with XLA, B cells fail to reach maturity and are presumably doomed
to premature death by the BTK mutation that leads to the XLA pheno-
type'”. Both mice with X-linked immunodeficiency that have natural
mutations in Btk and mice in which Btk is targeted have B cell defects,
but these are associated with much milder effects than those seen in
XLA, which suggests species differences in the role of Btk'8!%,
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Btk is also an important signaling component of the innate
immune system in phagocytic cells. Btk is involved in signaling
via Toll-like receptors (TLRs) such as TLR2, TLR4, TLR7, TLR8
and TLRY, and is associated with the TLR adaptors MyD88, Mal
(TIRAP) and IRAK1 (refs. 12-14,20-22). Defective innate immune
responses have been observed in monocytes, dendritic cells, neutro-
phils and mast cells from Btk-deficient mice'2!%. Neutrophils
from mice with X-linked immunodeficiency have poor production
of ROS and nitric oxide'®.

The contribution of Btk to the human innate immune system is less
obvious, Stimulation via TLR2, TLR4, TLR7-TLR8 or TLR3 results
in impaired production of tumor-necrosis factor (TNF) by dendritic
cells from patients with XLA, whereas the TLR4-induced production
of TNF and interleukin 6 (IL-6) by monocytes from patients with XLA
remains intact?-25, Neutrophils from control subjects and patients
with XLA show no substantial differences in their phosphorylation
of the mitogen-activated protein kinases p38, Jnk and Erk induced by
engagement of TLR4 or TLR7-TLR8 or production of ROS induced
by the same stimuli?.

Here we evaluate the role of Btk in the production of ROS and cel-
tular apoptosis in human neutrophils through the use of Btk-deficient
neutrophils, a protein-delivery system based on a cell-permeable
peptide, and specific kinase inhibitors, Unexpectedly, and in con-
trast to published observations of mice with X-linked immunodefi-
ciency'3, the production of ROS was substantially augmented in the
absence of Btk in neutrophils stimulated via TLRs, the TNF receptor
or phorbol 12-myristate 13-acetate (PMA) but not in monocytes or
in lymphoblastoid B cell lines transformed by Epstein-Barr virus.
Excessive production of ROS was associated with neutrophil apop-
tosis, which was reversed by the transduction of wild-type Btk pro-
tein. Btk-deficient neutropbils showed activation of key signaling
molecules involved in the activation of NADPH oxidase, and this
was accompanied by targeting of Rac2 to the plasma membrane. Mal
was confined to the cytoplasm in association with Btk but was trans-
located to plasma membrane and interacted with protein tyrosine
kinases (PTKs) and phosphatidylinositol-3-OH kinase (P1(3)K) in
the absence of Btk. Here we present our findings on the mechanism
by which Btk regulates the priming of neutrophils and the amplitude
of the neutrophil response.

RESULTS

Excessive production of ROS in Btk-deficient neutrophils

To investigate the production of ROS in the absence of Btk, we
monitored ROS in neutrophils, monocytes and Epstein-Barr virus~
transformed lymphoblastoid B cell lines obtained from patients with
XLA, healthy controls and patients with CVID (disease control) by
staining with dihydrorhodamine 123 (DHR123) and a luminol chemi-
luminescence assay. PMA-driven production of ROS in Btk-deficient
neutrophils was three to four times greater than that in neutrophils
from healthy controls or patients with CVID, and we observed aug-
mented production of ROS with a suboptimal dose of PM A, whereas
the baseline production of ROS was similar (Fig. 1a-d). Similarly, and
in contrast to published reports?®, engagement of TLR2 (with its ligand
tripalmitayl cysteinyl seryl tetralysine lipopeptide (Pam;CSK )}, TLR4
(with its ligand lipopolysaccharide) or the TNF receptor (with TNF)
followed by stimulation with formyl-Met-Leu-Phe ({MLP), an agonist
of G protein-coupled receptors, elicited angmented ROS responses
in neutrophils from patients with XLA (Fig. 1e,f). The production of
ROS was minimal after stimulation with the TLR9 agonist CpG-A
in neutrophils from patients with XLA and was not significantly dif-
ferent from that of neutrophils from healthy controls. The observed
phenomena were reproduced in Btk-deficient eosinophils but not
in monocytes or Epstein-Barr virus-transformed lymphoblastoid
B cell lines obtained from patients with XLA (Supplementary Fig. 1).
These data indicated Btk-deficient neutrophils had excessive NADPH
oxidase activity after various stimuli.

Augmented apoptosis in Btk-deficient neutrophils

Because high ROS concentrations are potentially harmful to cells, we
investigated cell death induced by various stimuli in neutrophils from
patients with XLA by staining with annexin V and the membrane-
impermeable DNA-intercalating dye 7-AAD. Stimulation with PMA,
TLR agonist plus fMLP, or TNF plus fMLP induced a significantly
higher frequency of cells positive for annexin V among neutrophils
from patients with XLA than among control neutrophils, whereas spon-
taneous cell death in the absence of stimulation was not significantly
altered at 4 h in neutrophils from healthy controls versus those from
patients with XLA (Fig. 2a,b). We observed cleavage of caspase-3, lower
mitochondrial membrane potentials and degradation of proliferating

. . d ., OHC MXA e OHC mXLA
1,200 /e 10 06 MLP
900 1 05 1 3
Iy g 'EE‘ 0.4
§ e L & 08 fpams
I I
& 300 rll -3 o2
0 v 10%4 ]
100 10' 10° 109 10 HC_XLACVID HC XLA GVID 40 80 0 05 1 10 100 o 10 20 3 40
DHR et ut PMA Time (min) PMA (ng) Time (min)
y - . . - f &7 OHe mxa
Figure 1 Btk-deficient neutrophils show enhanced production of ROS. (a) Flow cytometry analysis of ROS
production, assessed as DHR123 (DHR) fluorescence in purified neutrophils from healthy controls (HC) and - 60
neutrophils purified from patients with XLA and left unstimutated (US) or stimulated with PMA (XLA). (b) DHR123 : o
fiuorescence in untreated {(UT) or PMA-stimulated (PMA) neutrophils from healthy controls (7 = 10), patients with £
XLA (1= 17) and patients with CVID (n = 5), presented as mean fluorescence intensity (MFI). *P=0.0001 S 20

(Student's t-test). (c) Kinetics of H;0, production in PMA-stimulated neutrophils from healthy controls (n = 10)

and patients with XLA {n = 7), assessed by 2 luminof chemiluminescence assay. ’P 0.025, **P=0.0048 and

**P=0,022 (Student's t-test). {d) ROS praduction in PMA-stimulated

2 & &
ST SF

P by DHR123 staining

and presented as 3 dose-response curve (n = 5 donors per group). (e) Kinetics of H202 production in neutrophils

stimulated with PamacSKA (Pam3) and fMLP by 2 luminol assay (n =7 donors per group). *P = 0.005 (Student’s t-test).
(f) DHR123 fluorescence in bated with lipog ide from Escherichia coli (EC-LPS) or Pseudomonas aelugmosa (PA-LPS),
Pam3CSK,, CpG-A or TNF, fol!owed by stimulation with fMLP (n = 7 donors per group). Data are rep of p {a) or are

pooled from at least five (b,c,e,f) or four (d) independent experiments (mean and s.d. in b-f}.
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Figure 2 Btk-deficient phils show is due to d aHe .:,LA N e DHC mXLA "
production of ROS. (a) Frequency of annexin V-positive {AnnV*) cells among 30 - 60 ’_‘
neutrophils obtained from healthy controls and patients with XLA (n = 11 donors g ®
per group) and incubated for O or 2.5 h with dimethyl sulfoxide (UT) or PMA. = 20 o 40
*P=0.001 (Student's t-test). (b) Frequency of apoptotic celis among neutrophils 8 &
obtained from healthy controls (n = 10) and patients with XLA (n = 12) and incubated % 10 2z 20
for 0, 2 or 4 h in medium with dimethy! sulfoxide (UT), PamyCSK, plus tMLP or & <
TNF plus fMLP, assessed by staining with annexin V and 7-AAD. *P = 0.036,
**P=0.0083 and ***P = 0.0002 (Student’s t-test). (c} Caspase-3 cleavage in UT NAC TNF TNF UT NAC PMA PMA
neutrophils from healthy controls (n = 3) and patients with XLA (n = 3), stimulated +MLP im&g +NAC

for 4 h as in b (above lanes). Pro-caspase-3 is the uncleaved form. {d,e) Frequency of
apoptotic Btk-deficient neutrophils (1= 5 donors) stimulated for 2 h (d) or 2.5 h (e) with the antioxidant N-acetyl-cysteine (NAC). *P = 0.043 and
**P=0.036 (d) or *P = 0.026 {e; Student’s f-test). Data are representative of three experiments (b) or at least five independent experiments

(a,c—e; mean and s.d. in a,b,d,e).

cell nuclear antigen; hence, cell death was caused by apoptosis (Fig. 2¢
and Supplementary Fig. 2). Apoptosis assessed by these methods was
augmented considerably for neutrophils from patients with XLA. The
observed apoptosis was most probably triggered by ROS, as coincuba-
tion of neutrophils with N-acetyl cysteine, an antioxidant, rescued the
cells from apoptosis induced by TNF plus fMLP or by PMA (Fig. 2d,e).
We detected much more ROS release and stimulation-induced apop-
tosis of neutrophils from all patients with XLA regardless of the site or
mode of their mutation (Supplementary Fig. 3). In addition, we found
no correlation between genotype and the extent of neutrophil produc-
tion of ROS. These data suggested that neutrophils from patients with
XLA are susceptible to apoptosis triggered by pathogens.

Normalization of the ROS response by transduction of Btk

We next determined whether the enhanced apoptosis noted above was
due to a defect in Btk itself or abnormal myeloid differentiation in the
absence of Btk. For this, we prepared three recombinant Btk proteins
(full-length Btk; Btk with deletion of the pleckstrin homology (PH)
domain; and Btk with deletion of the kinase domain} fused to the
cell-permeable peptide Hph-1 (Fig. 3a,b). We purified the products
and transduced the proteins into neutrophils lacking Btk. The efficacy
of transduction was more than 95%; and Hph-1-Btk expression was
stable for at least 12-24 h (ref. 27). We adjusted the expression of Btk
to that in neutrophils from healthy controls by incubating 1 x 10¢
cells for 1 h with 1 tM recombinant fusion protein. Transduction of
full-length Btk into neutrophils from patients with XLA restored the
production of ROS and the frequency of apoptotic cells after PMA
stimulation to that observed for neutrophils from healthy controls
(Fig. 3¢,d). Transduction of the recombinant fusion of Btk with dele-
tion of the PH domain only modestly reversed neutrophil overactiva-
tion (Fig. 3¢), which indicated that appropriate cellular localization
and interactions with other molecules were required for Btk func-
tion. Transduction of the recombinant fusion of Btk with deletion of
the kinase domain minimally corrected excessive production of ROS
(Fig. 3c), which suggested that the kinase activity of Btk or molecules
that interacted via the kinase domain were critical for the regulation
of ROS. We also confirmed the importance of the kinase domain

NATURE IMMUNOLOGY VOLUME 13 NUMBER 4 APRIL 2012

by an experiment that showed excessive production of ROS in nor-
mal neutrophils treated with 50 uM LFM-A13, an inhibitor of the
kinase activity of Btk, but not in those treated with LFM-A11, a con-
trol compound (Fig. 3e). We also do d augmented apoptosi
in control neutrophils treated with LFM-A13 (Fig. 3f). These data
demonstrated that the enhanced production of ROS and apoptosis
was directly related to a defect in Btk,

NADPH oxidase components in Btk-deficient neutrophils
The NADPH oxidase plex consists of the tr
ponent (gp917Ph9% and p22Ph9%), a cytosolic component (p47Phox,
p67Phe% and pa0PRO%) and Rac2 (refs. 3-6). The activity of NADPH
oxidase is controlled by targeting of the cytosolic components to the
plasma membrane or phosphorylation of the cytosolic components
or both. To assess the mechanism of the excessive production of
ROS in Btk-deficient neutrophils, we investigated the abundance,
phosphorylation and subcellular localization of each component by
immunoblot analysis.

The expression of each component of the NADPH oxidase complex
was similar in neutrophils from patients with XLA and those from
healthy controls (Fig. 4a). The amount of p47Phe%, p67Phox and pagphox
in the cytoplasm and the membrane was not substantially different in
neutrophils from patients with XLA and those from healthy controls
(Fig. 4b). Similarly, the amount in the membrane-targeted fraction
after stimulation with PMA was not very different in neutrophils
from patients with XLA and those from healthy controls (Fig. 4c).
Phosphorylation of Ser345 in p47°%% and of Thr154 in p40Ph°X are
important for translocation of the cytosolic components to the mem-
brane*2%, Those modifications were not altered in Btk-deficient
neutrophils (Fig. 4c). In contrast, we detected Rac2 in the plasma
membrane of Btk-deficient neutrophils before stimulation with PMA.
We observed four- to fivefold higher membrane expression of Rac2
in neutrophils from patients with XLA than in those from healthy
controls in the resting state (Fig. 4b).

Typically, 10~15% of gp91P"°* is located in the plasma membrane
of unstimulated neutrophils, whereas the majority of the molecule
resides in specific granules. Membrane expression increases after

brane com-
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signaling via TLRs or G protein~coupled receptors because of trans-
location to the plasma membrane?. Immunoblot analysis with antibody
to gp91 (anti-gp91; Fig. 4b) and flow cytometry analysis of surface
flavocytochrome bgsg (Fig. 4d) showed higher gp91 expression in
neutrophils from patients with XLA. Immunohistochemical analysis

Figure 4 Btk-deficient neutrophils show
targeting of Rac2 to the plasma membrane,
colocalization of Rac2 with gp91P"** and

higher membrane expression of gpg1#hox,

{(a) Immunoblot analysis of the components

of the NADPH oxidase complex in neutrophils
from a healthy control and a patient with XLA.
B-actin serves as a loading control throughout.
(b) Immunoblot analysis (left) of the components
of the NADPH oxidase complex in the cytoplasm
(Cyt) and plasma membrane (Mem) of
neutrophils from healthy controls and patients
with XLA (n =9 per group). Right, quantification

Figure 3 Excessive production of ROS and apoptosis in neutrophils from
patients with XLA are abrogated by transduction of Hph-1-tagged fuli-
length recombinant Btk but not by Hph-1-tagged Btk with deietion of the
kinase or PH domain. (a) Hph-1-tagged Bik constructs: full-length Btk
(FL); Btk with deletion of the kinase domain {KDA); Btk with defetion of
the PH domain (PHA). 6xHis, six-histidine tag; TH, Tec h logy: SH3,
Src homology 3; SH2, Src homology 2. {b) Size of purified Hph-1-tagged
Btk proteins, confirmed by Ceomassie brilliant blue staining. (c) ROS
production in neutrophits from healthy contrels (n = 5) and patients with
XLA (n = 5), teft untransd (NT) or tr with the construct:

in a or Hph-1-tagged yeast transcriptional activator Gal4 (far right;
control), presented as the MFI of DHR123 relative to that of untreated
neutrophils from healthy controls, set as 1. (d) Frequency of apoptatic
cells among neutrophils from healthy controis and patients with XLA,

teft untransduced or transduced with Hph-1-tagged full-length Btk or
Gal4 (contrel). {e) DHR123 fluorescence in neutrophils from heaithy
controls (n = 7) left unireated or treated with PMA alone, or pretreated
with LFM-A13 (Bik inhibitor) or LFM-A11 (control) alone or followed by
stimulation with PMA (+ PMA). (} Frequency of annexin V-positive cells
among neutrophils from healthy controls (n = 7) left untreated or treated
with PMA alone, or pretreated with LFM-A13 (50 uM, a concentration that
does not inhibit other PTKs#7+48) alone or followed by stimulation with PMA.
*P=0.0021 (¢}, 0.018 (d), 0.021 {e) or 0.025 (f; Student's ttest ). Data
are representative of five experiments (b) or are pooled from six (c}, three (d)
or four (e,f) independent experiments (mean and s.d. in ¢-f).

by confocal fluorescence microscopy showed localization of gp91 and
Rac2 together in the membranes of resting Btk-deficient neutrophils
but not in neutrophils from healthy controls (Fig. 4e). These results
suggested that NADPH oxidase complex was partially assembled and
ready to be activated in steady-state Btk-deficient neutrophils.
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Activated PTKs and PI(3)K in resting XLA neutrophils
Assembly and activation of the cytosolic components and Rac
requires the involvement of kinases such as PTKs, PI(3)K and protein
kinase C. We thus explored a potential signaling pathway that would
lead to the partial assembly of NADPH oxidase. First, we examined
the extent of tyrosine phosphorylation of cellular substrates in Btk-
deficient and Btk-sufficient neutrophils before and after stimulation
with PMA. Btk-deficient neutrophils showed hyperphosphorylation
of protein species in the range of 50-53 kilodaltons (kDa), 72 kDa,
85 kDa and 150 kDa at baseline relative to phosphorylation in neutro-
phils from healthy controls (Fig. 5a). TLR4-mediated stimulation
led to more phosphorylation of protein species 38 kDa, 50-53 kDa,
60 kDa, 72 kDa and 85 kDa in size in Btk-deficient neutrophils
(Supplementary Fig. 4a).

In contrast, the baseline PTK activity in monocytes from patients with
XLA was unaltered or slightly diminished relative to that of monocytes
from healthy controls. TLR2-stimulated activation of PTKs was largely
similar or slightly less in the absence of Btk (Supplementary Fig. 4b).
We were able to directly ascribe the enhanced PTK activity to the

ARTICLES

absence of Btk, as transduction of recombinant Btk into neutrophils
from patients with XLA restored baseline phosphorylation to that
seen in neutrophils from healthy controls (Fig. 5b).

‘We next searched for tyrosine-phosphorylated proteins in Btk-
deficient neutrophils through the use of phosphorylation-specific
antibodies. The expression and activation of Tec and Bmx, TFKs
present in neutrophils, was not upregulated in neutrophils from
patients with XLA (Fig. 5c), which indicated that they did not
compensate for Btk function. However, we found that the tyrosine-
phosphorylated proteins 50-53 kDa, 72 kDa, 85 kDa and 150 kDa in
size were the kinases Lyn and c-Src, Syk, the p85 subunit of PI(3)K
(class 1A) and FAK, respectively (Fig. 5d,e). We found that c-Src,
Syk, PI(3)K-p85 and FAK were phosphorylated at their tyrosine
residues that have a positive regulatory function. Notably, Lyn, a
kinase known to have positive as well as negative roles in the modula-
tion of myeloid function, was phosphorylated at Tyr507, a negative
regalatory site?31,

We first focused on PI(3)K, as PI(3)K activation targets Rac2
to flavocytochrome bssg; this process is important for converting

© 2012 Nature America, Inc, All rights reserved.

OHC ®XLA
i b Neutrophils {US) e £_.30q % 53077 f
Neutrophils (PMA) Hph-1- Hph-1— HC XA 2T, 2820 OHC mXLA
HC XA UT Bik (FL) eGP PEAK »- wm 5% T 25, 04
Time (Min): g 4 515300 1 51530 R o= 2270 %g’w ] e
KD: KDa) pSyk e W0 0
i 1533_ (kDa)  HE XLAHC XLAHCXLA ORI 4“‘# (‘é- Q}ﬁvq\f & = 03 ¢
LY o e
PLYN i i £_.30 -I» € _.30 ey % 02
D e 3850 2850 2
pge e 850 €550 T o1
T e g2l £8° )
p-Hol G ot dT 0TS
Hek  Smatie o o & o 0
actin i bt FACH 9 < 0 5 10 15 20 25 30
Time (min)
d HC XLA h Hph-1-  Hph-1- |  [OHC mXtA
HC XLA P-PI3)K-pB5 g UT  BIK(FL) _eGFP L
i —
P-:mx -~ PI(3)K-p8S "3 087 i HC XLA HC XLA HC XLA 50 —
X o s
Tec w2 g p-PI(3)K-p85 — i -
Practin s - 06 z
< * [ S ——————
2,01 OHCM XLA o <
15 5 S 03 557 z®
1.0 g H gz 10 10
0.5 .’?, 2 R %sz 0.5 0
o = 5 &
&
o @ He X L e &
J TR v
BEEg

Figure 5 Btk-deficient neutrophils have higher baseline activity of PTKs and PI{(3)K, which is reversed by transduction of recombinant Btk protein.

(a) immunoblot analysis of phosphorylated tyrosine in lysates of PMA-stimulated neutrophils from healthy controls (n = 5) and patients with XLA (n= 7).
Arrows indicate hyperphosphorylated proteins in neutrophils from patients with XLA at O min. (b) analysis of ph yiated tyrosine {as in a)
in lysates from unstimulated (US) neutrophils from healthy controls {n = 4) and patients with XLA (n = 5), left untransduced or transduced with Hph-1-
tagged full-length Btk or eGFP, (c,d) Immunoblot analysis (top) of whale-cell lysates of neutrophils from healthy controls (7 = 5) and patients with XLA
(n=7), probed for total and phosphoryiated Bmx and total Tec (c) or total and phosphatylated PI{3)K-p85 and Vav {phosphorylated at Tyr508 (PI(3)K-p85)
or Tyr174 (Vav); d). Phosphorylated Tec was not detected by immunoblot analysis of phesphorylated tyrosine in samples immunoprecipitated with anti-Tec
(data not shown). Bottom, quantification of the expression at top, presented relative to ion of B-actin in phils from healthy controls, setas 1.
*P=0.038 and **P=0.0001 (Student's t-test). (e) Immunobiot analysis (left) of neutrophils from healthy controls (n = 5) and patients with XLA

(n=7), probed for total PTKs and PTKs phosphorylated at Tyr576 and Tyr577 (FAK); Tyr524 and Tyr525 (Syk); Tyr507 (Lyn; top) or Tyr397 (Lyn; bottom);
(Tyr416 (c-Src); and Tyrd11 (the kinase Hck). Phosphorylated PTKs Fgr and Yes were undetectable (data not shown). Right, quantification as in ¢,d.
*P=0.033, **P=0.004, ***P=0.0007 and tP = 0.0002 {Student's ¢t-test). (f) H,0, by fMLP-sti ils from healthy controls
and patients with XLA (n = 5 per group). (g) Enzyme-finked i bent assay of phosphatidyli (3.,4,5}-trisphosphate {Ptdins(3,4,5)P3) in
unstimulated neutrophils from patients with XLA (7 = 5). *P = 0.0005 (Student’s t-test). {h) Immunobliot analysis (top) of phosphorylated PI(3)K-p85 in
neutrophils from healthy controls and patients with XLA (n = 5 per group), left untransduced or transduced with Hph-1-tagged full-length Btk or eGFP.
Detection of phosphorylated PI(3)K-p85 in neutrophils from healthy controls required longer exposure. Below, quantification of results above, presented
relative to the expression of phosphorylated PI3)K-p85 relative to that of B-actin in neutrophils from patients with XLA, set as 1. (i) Production of ROS
in neutrophils from patients with XLA, treated with dimethyl sulfoxide (DMSO) or preincubated with Ly294002 (universal PI(3)K inhibitor; 50 uM}32 or
1C87114 (PH{3)KS inhibitor; 1 uM (a concentration that does not inhibit PH3)Ko, PI3)KP or PI(3)Ky)3?) and stimulated with fMLP. * P = 0.006 and
**pP = (0.003 (Student’s t-test). Data are representative of or pooled from six (a,f), seven (b—e), four (g), eight (h) or five (i) independent experiments
(mean and s.d. in c-e,g-i).
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Figure 6 Mal in neutrophils from healthy controls associates with Btk in the resting state and translocates to the plasma membrane after stimulation,
whereas Mal associates with PI(3)K at the plasma membrane in Btk-deficient neutrophils. (a,b) Coimmunoprecipitation analysis of Btk and Mal in the
cytopiasmic fraction of neutrophils from heaithy controls, left unstimulated (0 {a), b) or stimulated for § min with PMA (5 (a)). IP, immuneprecipitation;
1gG, control antibody. *, immunoglobulin light chain (a) or heavy chain (b). (c) Confocal microscapy of neutrophils from healthy controls, left
unstimulated (0) or stimulated for 15 min with PMA {15), then stained with anti-Mal (red) and anti-Btk {green) and counterstained with DAPI. Original
magnification, x600; scale bar, 10 um. (d) Coprecipitation analysis of PI(3)K-p85 and Mat in membrane fraction of neutrophils from heaithy controls
and patients with XLA. *, immunoglobulin heavy chain. (e} Confocal microscopy of neutrophils from healthy controls and patients with XLA, left
unstimulated or stimulated for 15 min with PMA, then stained with anti-Mal (red) and anti-P1{3)K-p85 (green) and counterstained with DAPL. Scale
bar, 10 pum. (f) Immunacblot analysis (above) of PI(3)K-p85 and Mal in the cytoplasm and plasma r of unsti d ils from healthy
controls and patients with XLA. Below, quantification of results above, d refative to the expi ion of flotitlin in neutrophils from heaithy
controls, set as 1. *P=0.0035 and **P = 0.0021 (Student's *-test). Data are representative of three (a,b), four (c,e), six (d) or seven (f) independent

experiments (mean and s.d. in f).

neutrophils into a ‘primed’ state in which they are ready for complete
activation of NADPH oxidase triggered by stimuli such as fMLP,
Indeed, Btk-deficient neutrophils were in a primed state, as {MLP alone
elicited excessive production of ROS (Fig, 5f). Greater phosphory-
lation of PI(3)K-p85 was accompanied by more enzymatic activity,
as shown by more baseline production of phesphatidylinositol-
(3,4,5)-trisphosphate and by phosphorylation of the adaptor Vav
(Fig. 5d,g). Furthermore, augmented P1(3)K activation was normal-
ized, although only partially, by transduction of full-length Btk linked
to Hph-1 (Fig. 5h).

The importance of PI(3)K in inducing the primed state was supported
by data showing inhibition of fMLP-driven production of ROS by prein-
cubation of Btk-deficient neutrophils with the universal P1(3)K inhibi-
tor LY294002 at a concentration of 50 4M (refs. 32,33). We observed
this inhibition in cells incubated with the PI(3)K&-specific inhibitor
1C87114 at a concentration of 1 WM (ref. 33) but not in those incubated
with the PI(3)Ky-specific inhibitor AS605240 at a concentration of § nM
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(ref. 34; Fig. 5i and Supplementary Fig. 5a). These findings suggested
PI(3)K8 activation was involved in the excessive ROS response.

Interaction of membrane-targeted Mal with PI(3)K
We next sought the reason for the PI(3)K activation in the absence
of Btk. For this, we first focused on a molecule that interacts with
both Btk and PI(3)K. Evidence obtained with monocytes indicates
that Mal is a critical component of TLR2-TLR4 signaling and is a
target of Btk!>142021 The TLR signal triggers activation of Btk,
which in turn phosphorylates Mal. Phosphorylated Mal translocates
to the plasma membrane via phosphatidylinositol-(4,5)-bisphosphate
(PtdIns(4,5)P,) and then interacts with and activates PI(3)K*".
Unexpectedly, coimmunoprecipitation assays of neutraphils from
human controls demonstrated that Mal was associated with Btk in the
resting state (Fig. 6a,b). We observed colocalization of Mal and Btk in the
cytoplasm and, after activation of cells with PMA, we detected the Mal-
Btk complex at the membrane by immunofluorescence staining (Fig. 6¢).
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Figure 7 Btk associates with Mal at the PH and kinase domains. {a) Hph-1-tagged Btk constructs: full-fength Btk (FL); Btk mutants with deletion of the
PH domain (PHa), Tec homology (THA), SH3 domain (SH3A), SH2 domain (SH24A) or kinase domain (KDA); and Btk mutants with truncation retaining
{+) only some domains (bottam six). (b,c) Immunobfot analysis {IB) of Mal (top) in extracts of cytoplasm of neutrophils from healthy controls, incubated
with nicke! beads bound to Hph-1-tagged recombinant full-length Btk or the deletion mutants (b} or truncation mutants (¢) in a, or to Hph-1-tagged
eGFP {negative control). Below, immunablot analysis after rebinding to nicke! beads, prabed with anti-histidine (His). To make these as equimolar as
possible, more beads were added for the +PH, PH+TH+SH3, SH3+SH2+KD and +KD constructs. Input, cytoplasmic extracts without precipitation.

{d) Quantification of Mal bound to the recombinant Btk proteins based on the results in b,c (1 = 4 donors), presented to results for full-length Bk, setas 1.
Data are representative of four experiments (b,c) or are a summary of four independent experiments (d; mean and s.d.).
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