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Figure 1. Identification and characterization of NEMOrevertant T cells in patient 2. (A) Intracellular expression of NEMO in various PBMC lineages from a healthy adult control and
patient 2 were evaluated by flow cytometry. For the patient, results of the analyses performed at 2 months and 23 months are shown. Solid lines indicate staining with the anti-NEMO mAb,
and.dotted fines indicate the isotype contral. (B) Time-course variations in the absolute count of NEMO™™al and 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 patient and a healthy aduit control were stained for the TCR-Vp panel, CD4, CD8, and NEMO, and analyzed by
flow cytometry. (D) Phenotype analysis of T cells in patient 2. PBMCs from the patient and a control were stained for the expression of NEMO, CCR7, CD45RA, and CD4 or CD8. Data
shown were gated on NEMOnem™al or NEMO®" CD4* or CD8* cells. (E-F) Cytokine production from NEMO"™al and NEMOR¥ T cells. PBMCs from the patient and a control were
stimulated with PMA and ionomycin for 6 hours and stained for intraceliular (E) IFN-y or (F) TNF- along with NEMO. Cells 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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Figure 2. NF-xB transactivation by NEMO mutants from the XL-EDA-ID patients. NF-«B 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-«xB
activation of the mock vector)/(NF-kB activation by wild-type NEMO ~ NF-«B activation of the mock vector). The data shown are the mean * SD of triplicate wells and are
representative of 3 independent experiments with similar results.
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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
NEMOromal or NEMO'o¥ CD8* cells of patient 3. Arrows indicate the mutated base
position at ¢. 931.

NEMO

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
selective advantage of NEMO™™al cells over NEMOWY cells
in vivo, especially in T cells.

Proliferation capacity of NEMO"°™al and NEMO'°% 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™m™mal cells coincided with a reduction in mitogen-induced
proliferation in patient 2. To further determine the effect of
NEMO™™al 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 patients and their mothers (Table 6). In patients 2, 4,
and 8, the percentage of the NEMO"™! cells decreased after PHA
stimulation, while NEMO®™2! cells prevailed in patient 9. In the
mothers of patient 4 and 10, the percentage of NEMO®mmal cells
increased after PHA stimulation, while the percentage of the
NEMOromal cells decreased in the mother of patient 3. These
results indicated that the NEMO mutation does not directly affect
the mitogen-induced proliferation capacity of T cells and factors
other than the NEMO genotype determine the proliferation capacity
of NEMOmormal and NEMOWY T cells.

Discussion

Somatic reversion mosaicism has been described in several disor-
ders affecting the hematopoietic system, the liver, and the skin.*>26
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 v chain,?® CD3{,%°
RAG-1*, 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.?® One common
feature in most cases where the somatic reversion mosaicism has
been observed is a strong in vivo selective advantage 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.323 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 patients presented
with somatic mosaicism. Two of the 9 were cases of reversion from
a duplication mutation, while the others exhibited true 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 sequencing analysis of NEMO c¢DNA, and the
presence of somatic mosaicism can cause misdiagnosis of XL-
EDA-ID patients either when NEMO™™ cells make up the
majority of the patients’ PBMCs or when the cDNA of the mutated
NEMO gene cannot be amplified by PCR.!7 In fact, mutated NEMO
cDNA could not be amplified from the PBMCs of patient 2 even

“when NEMQvemal cells were absent (during early infancy), and

only wild-type NEMO cDNA was amplified after the appearance of
NEMOmrmal cells (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™Y 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 XL-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™™a celis, 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 NEMQO"™ monocytes and very few NEMO"™al B cells
were detected in the recruited XL-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

Mutation Age at analysis CD4, % {proportion)

Patient

10 1167 ins C mo

CD8, % (proportion) CD14, % (proportion) CD19, % (proportion)

MG 9.3 (4/43)

For patients 1 to 3, data represent the percentages of NEMO"™a! cells 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™™al cells compared with
NEMOQY¥ cells. The high proportion of reverted T cells seen in
patients | and 2 as well as in patient 8 was associated with a highly
disruptive mutation of the NEMO gene (ie, 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 XI.-EDA-ID patients indicated a strong selective
advantage for NEMO™™al cells over NEMOPY cells. It is also
noteworthy that reverted T cells were not detected in patient 5, who
carried an L.227P 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 L227P 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 little
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 candidate trigger could be infection. Because
the dominance of the memory phenotype and the skewed TCR

€03 CL14 100%
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Figure 4. NEMO reversion selectively occurs in T celis,
of XL-EDA-ID patients. Allele-specific PCR for NEMO
on CD3* or CD14* cells from (A) patient 4, (B) patient 5,
(C) patient 6, (D) patient 7, (E) patient 8, and (F) patient 9.
Numbers below each figure indicate the percentages of
wild-type NEMO cDNA mixed with each mutant. Primers
used in each PCR are shown on the left.

0% 1R 0% 0%

repertoire among CD8* T cells in NEMO™™! cells were observed
in both patients [ and 2 (Figure IC and Mizukami et al'®),
continuous infection of pyogenic bacteria in patient 1 and
M szulgai in patient 2 could be a reason for the emergence of
NEMO™ ™ cells and the elimination of NEMOPY cells. The
decrease in NEMO™ cells and restoration of NEMO"®Y cells
after anti-mycobacterial therapy in patient 2 support this hypoth-
esis. In the case of patient I, the predominance of NEMOromal
T cells 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 NEMOYY cells were predominant during his early infancy.
Because some reports have indicated that TNF-c—induced programmed
cell death of several cell types, including a human T-cell line, was
enhanced by hypomorphic NEMO mutations,'> and considering our
finding that the levels of TNF-a expressed in revertant T cells were
similar to levels in healthy control T cells in vitro (Figure |F), TNF-a
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
NEMO®mal T cells increased (Figure 1B; Table 3). This finding
indicates that the NEMOY T cells did not have intrinsically
impaired mitogen-induced proliferation. One reasonable explana-
tion for the reduced proliferation observed after the increase in
NEMO"™a 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

Mutation

Sample

Analysis

Subtype Mutant type, % (proportion)

Mother of patient 3 D311E FACS CD3 3
CD3~ 54
Subcloning CD3 22 (6/27)
CcD3~ 55 (12/22)

Mother of patient 8 Q348X

Subcloning

cD3 0 (0/26)
cD14 17 (3/18)
cD19 0 (0/18)

Data are shown as either the percentages of NEMO™mal 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 4 h A169P : Subcloning ‘ cD3 52 (11/21
18 (9/49)

Mother of patient 10 1167insC Subcloning | CD3 18 (7/39)

PHA blast

A169P Subcloning CD3 79 (19/24)
PHA blast 100 (37/37)

ubcloning

PHA biast 0 (0/28)

PHA blasts were obtained by incubating PBMCs with PHA and soluB!e IL-2 for 7 days. Data are shown as either the percentages of NEMO"™™a 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  determine whether the NEMO™™al T cells play a role in inflamma-
proliferation, the impact of NEMO mutation on PHA-induced tory processes in XL-EDA-ID.
T-cell proliferation was indirectly examined in vitro by comparing In conclusion, this study has identified a high frequency of
the response of NEMO"™a and NEMOY¥ cells derived from  somatic mosaicism in XL-EDA-ID patients, particularly in T cells,
XL-EDA-ID patiénts and their mothers. After PHA stimulation and  and has revealed important insights into human T-cell immunobiol-
proliferation, the proportion of NEMOY¥ T cells increased in  ogy in XL-EDA-ID. Although we could not demonstrate the
patients 2, 4, and 8, while the opposite result was observed in  clinical impact of somatic mosaicism in XL-EDA-ID patients, our
patient 9 and in the mother of patient 4 (Table 6). Although the findings suggest that care is required when making molecular
precise mechanism is unclear, a reduction in the proportion of  diagnoses of XL-EDA-ID, and might shed light on the mechanisms
NEMOromal cells after PHA stimulation would reflect the lower  underlying the variability in the clinical manifestation of XL-
proliferative capacity of NEMO"™# cells compared with that of ~ED-ID and facilitate the search for appropriate treatments.
NEMO®¥ cells, which may be another explanation for the reduced '
T-cell proliferation observed in patient 2 at 23 months of age when
NEMOmmal T cells were dominant. In the reports on reversion Acknowledgments
mosaicism of IL2RG gene mutations,?®3¢ the restoration of T-cell ,
function and clinical symptoms varied among patients. Therefore,  The authors are grateful to all the XL-EDA-ID patients and their
other factors besides the genotype of the mutations, such as the  families for their participation. They also thank Shoji Yamaoka
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Summary

«IIbB3 integrin mutations that result in the complete loss of expression of
this molecule on the platelet surface cause Glanzmann thrombasthenia.
This is usually autosomal recessive, while other mutations are known to
cause dominantly inherited macrothrombocytopenia (although such cases
are rare). Here, we report a 4-generation pedigree including 10 individuals
affected by dominantly inherited thrombocytopenia with anisocytosis. Six
individuals, whose detailed clinical and laboratory data were available, car-
ried a non-synonymous [TGB3 gene alteration resulting in mutated integrin
B3 (ITGB3)-L718P. This mutation causes partial activation of the olIbf3
complex, which promotes the generation of abnormal pro-platelet-like
protrusions through downregulating RhoA (RHOA) activity in transfected
Chinese Hamster Ovary cells. These findings suggest a model whereby the
integrin (3-L718P mutation contributes to thrombocytopenia through
gain-of-function mechanisms.

Keywords: integrin $3 L718P mutation, familial thrombocytopenia, autosomal
dominant inheritance, whole exome sequencing, inhibition of RhoA.

Lifelong haemorrhagic syndromes are in part caused by point
mutations in the ITGA2B and ITGB3 genes encoding
ITGA2B and ITGB3 proteins (integrin oIlb and B3, respec-
tively). The ollbB3 complex regulates thrombopoiesis by
megakaryocytes and aggregation of platelets in response to
extracellular stimuli, such as ADP and collagen. The autoso-
mal recessive’ syndrome, Glanzmann thrombasthenia, is the
most frequently encountered disease caused by allbB3 muta-
tions (George et al, 1990; Nurden, 2006; Nurden & Nurden,
2008; Nurden er al, 2011a). Patients have a homozygous or a
compound heterozygous mutation in the ITGA2B or ITGB3
genes that causes loss of function of the alIlbf3 complex.
Although platelet counts and size are generally normal,
patients typically have severe mucocutaneous bleeding, such
as epistaxis, menorrhagia and gastrointestinal bleeding, fre-
quently because of defects in platelet aggregation.

Mutations of the aIlbB3 complex are also involved in con-
diseases other than Glanzmann

genital haemorrhagic
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thrombasthenia (Ghevaert et al, 2008; Schaffner-Reckinger et
al, 2009; Jayo et al, 2010; Kunishima et al, 2011; Nurden et
al, 2011b). For example, the integrin B3 D723H mutation is
found '
(Ghevaert et al, 2008). Biochemical analysis revealed that in-
tegrin B3-D723H is a gain of function mutation which acti-
vates the olIbf3 complex constitutively, albeit only partially.
This results in the formation of proplatelet-like protrusions
in transfected Chinese Hamster Ovary (CHO) cells, a model
of relevance for the formation of Ihacrothrombocytes
(Ghevaert et al, 2008; Schaffner-Reckingér et al, 2009).

More recently, a sporadic patient carrying an integrin
B3-L718P mutation was reported (Jayo er al, 2010). She had
mild thrombocytopenia (127 x 10°/1), platelet anisocytoéis
and reduced platelet aggregation potential. This mutation

in autosomal dominant macrothrombocytopenia

also induces abnormal proplatelet formation.
In the present study, we report a pedigree with a total 10 of
individuals affected by a dominantly inherited haemorrhagic
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syndrome. Six individuals whose detailed clinical and labora-
tory data are available, presented with thrombocytopenia
accompanied by anisocytosis and carry a non-synonymous
ITGB3 T2231C alteration resulting in the integrin B3-L718P
mutation. We also performed entire exon sequencing by a
next-generation sequencing and found that the integrin
B3-L718P mutation is most likely the sole gene responsible for
thrombocytopenia in this pedigree.

Materials and methods

Written “informed consent was obtained from individuals
in the family in accordance with the Declaration of Hel-
sinki for blood sampling and analysis undertaken with the
approval of the Hiroshima University Institutional Review
Board.

Patient

The patient was 4-year-old Japanese girl (iv.3 in Fig 1A),
who presented with mild bleeding tendencies, such as recur-
rent nasal bleeding and purpura in her extremities. Her
platelet count was 49-72 x 10°/l with a mean platelet vol-
ume (MPV) of 9:8-10-9 fl. White blood cell and red blood
cell counts were within the normal range and there were no
morphological abnormalities including inclusions in neu-
trophils. Bone marrow examination was not performed. A
total of six of her relatives, namely her father (iii.2), sister
and brother (iv.1 and iv.2), two cousins (iv.4 and iv.5) and
an aunt (iii.5); were subsequently found to have low platelet
counts and were referred to our institute for further investi-
gation.

Antibodies and reagents

Unconjugated or phycoerythrin-cyanin 5 (PC5)-conjugated
anti-CD41 monoclonal antibody (Ab) (clone P2) against the
ollbB3 complex (Beckman Coulter, Brea, CA, USA), fluores-
cein isothiocyanate (FITC)-conjugated anti-CD41a monoclo-
nal Ab (clone HIP8) (Beckman Coulter), FITC- or peridinin
chlorophyll (PerCP)-conjugated anti-CD61 monoclonal Ab
(clone RUU-PL 7F12) (BD Biosciences, San Jose, CA, USA),
FITC-conjugated PAC-1 (BD Biosciences) and Alexad88-
conjugated human fibrinogen (Life Technologies, Carlsbad,
CA, USA) were used in flow cytometry. Anti-CD61
monoclonal Ab (clone EP2417Y) (Abcam, Cambridge, UK),
anti-DDDDK-tag polyclonal Ab (Medical & Biological Labo-
ratories, Nagoya, Japan), Alexa488-conjugated phalloidin and
Hoechst 33342 (both Life Technologies) were used for
immunofluorescence microscopy. The oligopeptide Arg-Gly-
Asp-Ser (RGDS) (Sigma—Aldrich, St Louis, MO, USA) was
used to competitively inhibit the binding of ligands to
allbP3, and adenosine diphosphate (ADP) (nacalai tesque,
Kyoto, Japan) was used for the stimulation of oIIbf3 on
platelets.
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Construction and transfection of expression vectors

Full-length wild type (WT) ITGA2B and ITGB3 cDNA were
amplified by polymerase chain reaction (PCR) and cloned into
pcDNA3.1 expression vectors. A PCR-mediated site-directed
mutagenesis technique was applied to produce ITGB3 mutants
encoding integrin B3-L718P, -D723H and -T562N with or
without truncation at the C-terminal side of Y™ (del. 759).
RHOA ¢DNA, which encodes RhoA (RHOA) protein, was
amplified by PCR and its mutants (T19N and Q63L) were
generated by site-directed mutagenesis, followed by cloning
into p3xFLAG-CMV-10 vectors (Sigma—Aldrich). The ITGA2B
and ITGB3 expression vectors were simultaneously transfected
into CHO cells cultured in Ham’s F12 medium supplemented
with 10% fetal bovine serum at 37°C, in 5% CO,, using
Lipofectamine LTX reagent (Life Technologies) according to
the manufacturer’s instructions.

Immunofluorescent laser-scanning confocal microscopy

Cells grown on coverslips coated with 100 pg/ml fibrinogen
were fixed with 4% paraformaldehyde, followed by permeabi-
lization with phosphate-buffered saline containing 0-1%
Triton X100. After blocking, the cells were stained with
primary antibodies at appropriate dilutions, followed by
staining with Alexa488- or Cy3-conjugated secondary anti-
bodies together with Hoechst 33342. High-resolution immu-
nofluorescent images were taken under a laser-scanning
confocal microscopy (LSM5 Pascal, Carl Zeiss, Oberkochen,
Germany) using a x63 objective.

FElow cytometry

The expression and activation of integrin ollb and B3 on the
platelet surface was indirectly estimated by flow cytometry

- with the antibodies described above. Mean fluorescence inten-

sity (MFI) of values in an affected individual were divided by
those in an unrelated normal control and recorded as relative
MFI value (%). For the quantitative determination of alIbp3
molecules on the platelet surface, QIFIKIT (Dako, Glostrup,
Denmark) was used according to the manufacturer’s instruc-

. tions. MFI of the calibration beads containing five populations

(antibody-binding capacity: 2600, 9900, 46 000, 221 000 and
741 000) were 16-12, 63-83, 262-84, 1483-2 and 3772-1, respec-
tively, whereas that of the negative control sample was 1-62.
Therefore, alIbB3 molecules (copies/platelet) was calculated as
1011022 > log(MFD + 2:1679)_541 - Activation of platelets and
CHO cells was estimated by methods previously described
(Shattil et al, 1987; Hughes et al, 1996). Activation index was
defined as (F—F,) / (F—Fy), where F is the MFI of PAC-1-
stained CHO cells transfected with aIIbB3-L718P or «IIbB3-
D723H, and Fy and F are those transfected with olIbp3-WT
and oIIbP3-T562N, respectively. The samples were analyzed
on a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ,
USA), equipped with an argon laser operating at 488 nm.
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Exome sequencing

Genomic DNA was obtained from four affected individuals in
the pedigree and whole exome sequencing was performed.
Briefly, 3 pig genomic DNA was fragmented by Covaris S2
(Covaris, Woburn, MA, USA) and ligated to adaptors, followed
by hybridization to biotinylated RNA baits according to the
manufacturer’s instruction (Agilent Technologies, Santa Clara,
CA, USA). The generated sequence tags were sequenced by the
76 bp paired-end protocol of Humina GAllx (Hlumina,
San Diego, CA, USA) and mapped onto the human genomic

sequence (hgl8, UCSC Genome Browser) using the sequence .

alignment program Eland (Illumina). Unmapped or redun-
dantly mapped sequences were removed from the data set, and
only uniquely mapped sequences were used for further analyses.
Positions relative to RefSeq genes were calculated based on the
respective genomic coordinates. Genomic coordinates of exons

and the protein-coding regions of the RefSeq transcripts
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are as described in hgl8. To verify the presence of ITGB3
gene alteration, amplification and direct sequencing of a part
of exon 14 was performed with the following primers; 5-C
ATAGCCAGTTCAAGTGACTCCTG-3' for forward primer
and 5-ACGATGGTACTGGCTGAACATGAC-3' for reverse
primer.

Results

Pedigree of a family with autosomal dominant
thrombocytopenia with anisocytosis

In the original patient, marked platelet anisocytosis was
observed in peripheral blood samples (Fig 1B). Platelet
aggregation induced by ADP (1-4 umol/l) and collagen (0-5—
2 pg/ml) was markedly reduced (Fig. 1C and Table I), but
agglutination induced by ristocetin (1-25 mg/ml) was within
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the normal range (data not shown). Three affected individu-
als (iii.5, iv.1, and iv.2) showed abnormalities in platelet
function similar to those of the original patient. In these
affected individuals, the allb and B3 expression levels, which
were indirectly estimated as relative MFEL value (%), were
43-75% of a healthy control (Fig 1D and Table I). The num-
ber of allbB3 molecules on the platelet surface in patients, as
evaluated by flow cytometry using QIFIKIT, was 35 000-
38 400 copies/platelet (MFI: 212.1 -232.4), whereas in an
unaffected individual of the pedigree (iii.1) and an unrelated
control, there were 65 200 and 62 100 copies/platelet (MFI:
389-2 and 371-3), respectively (Table I). The tendency to
bleed was mild to moderate, as exemplified by the following
episodes: when family member iv.1 received a bruise to the
face, treatment with recombinant Factor VIla was required
because of persistent epistaxis; also, family member iii.5 had
had to give birth by Caesarean section because of low platelet
count. The family pedigree (Fig 1A), which shows no evi-
dence of consanguineous marriage, strongly suggests the
inheritance of thrombocytopenia as an autosomal dominant
trait. The laboratory findings are shown in Table I.

Identification of the integrin 3 L718P mutation by
whole exome analysis

To isolate a candidate gene alteration responsible for the
thrombocytopenia, whole exome sequencing analysis was
performed using genomic DNA obtained from the patient
(iv.3), her sister and brother (iv.l and iv.2) and a cousin
(iv4). A total of 794 non-synonymous gene alterations
among 1551 SNPs that are not registered in dbSNP 129/130
were detected in the patient. To isolate the responsible
gene, we selected non-synonymous gene alterations shared
by the four affected individuals as strong candidates.
Among the 90 alterations commonly found in the affected

Table 1. Laboratory data of seven individuals of the pedigree.

individuals of the pedigree (individual numbers of SNPs/
mutations are shown in Table II), we focused on the het-
erozygous non-synonymous T2231C alteration in exon 14
of the ITGB3 gene, which results in the substitution of leu-
cine at 718 for proline (L718P) in the integrin B3 protein.
We selected this because it was recently reported as a candi-
date mutation responsible for thrombocytopenia (Jayo et al,
2010). The presence of the mutation in six affected individ-
uals of the pedigree (iv.1, iv.2, iv.3, iv.4, iii.5 and iv.5) and .
its absence in an unaffected individual (iii.1) and an unre-
lated control was confirmed by a direct-sequencing (Fig 2).
As far as we could determine, no other non-synonymous
gene alterations previously reported to cause thrombocyto-
penia or defective platelet function were present in the
affected individuals of the pedigree. In addition, the L718
residue in integrin B3 is well-conserved between species and
amino acid substitution in this position is predicted by bio-
informatic tools, including Polyphen and SIFT, to cause a
significant change in protein structure and function (data not
shown). These observations strongly suggest that the L718P
mutation in integrin B3 is the responsible gene alteration that
causes familial thrombocytopenia.

Constitutive but partial activation of the «IIbfi3 complex
by B3-L718P

To elucidate the effects of the integrin P3-L718P mutation
on the activation status of alIbf3 complexes in resting or
ADP-activated platelets, fresh platelets were analysed by flow
cytometry using PAC-1, a ligand-mimicking antibody that
specifically recognizes the activated form of the olIlbp3
complex (Shattil et al, 1987).

Resting control platelets from healthy individuals bound
PAC-1 with a similar affinity to those treated with RGDS, a
peptide which competitively inhibits the binding of ligands for

Relative
MEFI value
compared
to control Platelet aggregation
0, Q
Platelet (%) allbB3 molecules . (%)
Age count k ADP collagen
Patient Sex  (years) (x10°71) MPV (fl) PDW (%) allb B3 MFI copies/platelet (4 uM) (20 pg/ml)
iii.1 F 37 210 10-2 121 110 111 389-2 65 200 NA NA -
iii.5 F 34 38-67 8-5-11-3 10-0-19-0 43 75 NA NA 15 12
iv.1 F 11 30-43 . 7-8-11-2 9-7-16-3 52 62 232-4 38 400 16 8
iv.2 M 8 49-64 10-3-11-1 10-1-14-7 50 56 216-4 35 700 23 16
iv.3 F 6 49-72 9-8-10-9 11-1-13-3 50 60 212-1 35 000 12 8
iv.Ad F 4 32-59 9-9-10-8 12.3-15-6 NA NA NA NA NA NA
iv.5 M 2 28-50 8-:9-9-0 18-0-18-4 49 51 NA NA NA NA

MPV, mean platelet volume (normal range: 9-4-12.3 fl); PDW, platelet distribution width (normal range: 9-5-14-8 %); NA, not available.
olIbB3 molecules (copies/platelet) were calculated as 104922 * log(MFD) + 2:1679)_ 941 (see Materials and methods).
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Table II. Number of SNPs/mutations detected by whole exome
sequencing.

Case iv.l iv.2 iv.3 iv.4
SNP 21 531 21 697 20413 20113
Not in dbSNP 1674 1722 1473 1551
129 and 130
Non-synonymous alternations
Homozygous 62 58 65 42
Heterozygous 800 815 667 752
Non-synonymous (common) 90

olIbB3 complex such as fibrinogen and PAC-1 (Fig 3A,
compare black and blue lines), indicating that wild-type
ofIbP3 in resting platelets is not activated. In contrast, platelets
obtained from the affected individuals (iii.5, iv.1, iv.2 and iv.3)
showed a slight increase of PAC-1 binding compared to those
treated with RGDS (Fig 3A). Indeed, resting platelets from
affected individuals showed a slight but significant increase of
PAC-1 binding relative to healthy individuals (Fig 3A, top
panel). In addition, flow cytometric analysis using FITC-
conjugated fibrinogen also showed a significant increase of
fibrinogen binding potential in resting platelets from affected
individuals compared with healthy controls (bottom panel).
Because MPV (shown in Table I) did not exceed the normal
range (9-4-12-3 fl) and surface expression levels of oITbf3
were lower in patients than controls (Fig 1D), it is proposed
that these observations indicate spontaneous activation of
oIIbB3-L718P in resting platelets.

ADP-activated platelets from healthy volunteers, on the
other hand, bound to PAC-1- with a very high affinity
(Fig 3B, red lines and 3B, top panel), as expected. In
contrast, only a small increase of affinity to PAC-1 was
observed in ADP-treated platelets carrying the B3-L718P
mutation, resulting in a marginal increase of binding poten-
tial (bottom panel). These findings suggest that olIbf3-
L718P is partially activated in the absence of inside-out
signals such as ADP, but nevertheless cannot be fully
activated in the presence of such signals.

To confirm the contribution of the integrin B3-L718P
mutation to spontaneous activation of olIbp3, CHO cells
were transiently transfected with expression vectors encoding
integrin B3-WT, -L718P, -D723H or -T562N together with a
vector encoding ollb-WT. Flow cytometric analysis (Fig 3C)
revealed that odIbP3-L718P expressed in CHO cells bound to
PAC-1 to the same degree as alIbB3-D723H, a mutant previ-
ously reported to partially activate oIIbP3, and to a lesser
extent than a fully active alIbB3-T562N mutant (Kashiwagi
et al, 1999). We calculated the activation indices (see Materi-
als and methods) (Hughes er al, 1996; Schaffner-Reckinger et
al, 2009) of ollbP3-L718P and -D723H as 0-23 + 0-07 and
0-16 = 0-02, respectively, taking olIbB3-T562N as fully active
(=1-0) and olIbP3-WT as inactive (=0) (Fig 3D). Because
CHO cells were not stimulated by ADP in this experiment,
each index represents olIbP3 activation status at rest.

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529

Control

?ﬁ%?iﬁ%‘?z E%ﬁﬁ Gar ?Eﬁ?é?? éfégli”%?

%m T

5

?5@?{:%%%?5@%%’%§ﬁ?ﬁ@?ﬁ?@fﬁ&ﬁ%@?ﬁ %%ﬁ a58

TR T

Fig 2. Direct sequencing analysis around T2231 in exon 14 of the
ITGB3 gene. Genomic DNA extracted from the affected and unaf-
fected individuals of the pedigree were amplified by polymerase
chain reaction and sequenced. Arrows indicate the position of the
T2231 mutation in the ITGB3 gene. -
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Fig 3. Functional analysis of integrin $3-L718P mutation. (A) Spontaneous binding of PAC-1 antibody to platelets obtained from affected indi-
viduals of the pedigree. Non-activated platelets (within 10 min after blood collection), incubated with or without 1 mM RGDS, were stained with
FITC-conjugated PAC-1 antibody. After fixation, binding of PAC-1 to platelets was analysed by flow cytometry. Activation status of allbB3 com-
plex on resting platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Mean fluorescence intensity (MFI) ratio was estimated by
dividing the MFI of resting platelets by that of resting platelets incubated with RGDS. (B) Reduced activation of allbB3 from affected individuals.
The resting and ADP-stimulated platelets, stained with FITC-conjugated PAC-1 antibody were analysed by flow cytometry. Activation status of
allbB3 on stimulated platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Values were estimated by dividing the MFI of platelets
stimulated with ADP by those of resting platelets. (C) Partial activation of alIbp3-L718P and -D723H on CHO cells. CHO cells transfected with
allbP3 expression vectors (B3-WT, -L718P, -D723H and -T562N) were seeded on 100 pg/ml fibrinogen-coated coverslips in 6-well dishes. The
cells, treated with or without RGDS, were stained with FITC-conjugated PAC-1 antibody and PerCP-conjugated anti-CD61 antibody and analysed
by flow cytometry. (D) Activation index of allbp3 mutants. Activation status of CHO cells expressing olIbp3-L718P and -D723H was compared
with that of alIbB3-T562N as described in the “Materials and methods”.
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Mock-transfected

Fig 4. Overexpression of RhoA mutants or
integrin $3-L718P (del. 759) modulates the
formation of proplatelet-like cell protrusions in
CHO cells. (A) Changes in CHO cell morphol-
ogy by allbB3 mutants. CHO cells transfected

with allbP3-L718P, -T562N and -D723H were
seeded on fibrinogen-coated coverslips. After
an 8-h incubation, the cells were fixed and
stained with anti-CD41 and -CD61 antibodies
followed by staining with Cy3- and Alexa
488-conjugated secondary antibodies. Mock-
transfected cells were stained with Alexa
488-conjugated phalloidin and Hoechst 33342.
(B) Inhibition of proplatelet-like protrusion
formation by constitutively-active RhoA. An

expression vector that encodes FLAG-tagged
RhoA (Q63L) was transfected together with
alIbB3-L718P or -WT expressing vectors into
CHO cells. The cells grown on fibrinogen-
coated coverslips were fixed and stained with
anti-CD41 and anti-DDDDK-tag antibodies
followed by staining with Alexa 488- and
Cy3-conjugated secondary antibodies. (C)
C-terminal deletion of $3-1.718P inhibits the
formation of proplatelet-like protrusions.

C-terminal deleted integrin B3-L718P or -WT
(del. 759) was expressed together with allb in
CHO cells. The cells were fixed and stained
with anti-CD41 antibody followed by staining
with Cy3-conjugated secondary antibody and
Alexa-488-labeled phalloidin. (D) A dominant-
negative (T19N) form of RhoA was overexpres-
sed in CHO cells. Images were taken as in (B).

Involvement of RhoA signalling in proplatelet-like
protrusion formation :

As previously reported by others (Ghevaert et al, 2008; Jayo
et al, 2010), CHO cells expressing oIIbp3-L718P, as well as
allbp D723H, formed long proplatelet-like protrusions on
fibrinogen-coated dishes that were not observed in cells
expressing wild-type allbB3 (Fig 4A). In contrast, although
cells expressing allbB3-T562N, which yields a fully activated
conformation (Kashiwagi et al, 1999), changed from their
original round shape surrounded by a broad protrusion
(Fig 4A, mock-transfected) to rhomboid-like cell morphol-
ogy, proplatelet-like protrusions were rarely seen (Fig 4A).

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529

This suggests that mutants partially activating the integrin
complex induce long proplatelet-like protrusions.

Recently, it was reported that the formation of proplat-
elet-like protrusions in CHO cells is mediated by the
downregulation of RhoA activity (Chang et al, 2007; Schaff-
ner-Reckinger et al, 2009), which is initiated by the binding
of c¢c-Src to the C-terminal tail (amino acid 760-762,
Arg-Gln-Thr; RGT) of integrin B3 (Flevaris et al, 2007). We
found that the formation of long cell protrusions was inhib-
ited when a constitutively-active form of RhoA (Q63L) was
introduced into ollbB3-L718P-expressing cells (Fig 4B).
In addition, CHO cells expressing oIIbf3-L718P (del. 759)
mutant, which lacks the C-terminal ¢c-Src binding site of in-
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tegrin B3 (RGT), did not form any proplatelet-like protru-
sions (Fig 4C). Given that enforced activation of RhoA
caused by introducing RhoA (Q63L), as well as de-repression
of RhoA through C-terminal deletion of B3 in cells express-
ing ollbP3-WT, did not induce morphological changes in
CHO cells (Figs 4B, C), it is proposed that constitutive inhi-
bition but not activation through the c-terminal of 3 is
responsible for the formation of abnormal cell protrusions in
L718 mutants. However, as the enforced expression of a
dominant negative form of RhoA (TI9N) in ollbB3-WT
expressing cells did not result in typical proplatelet-like pro-
trusions (Fig 4D), this suggests that downregulation of RhoA
was required but not sufficient for the formation of proplat-
elet-like protrusions induced by integrin f3-L718P.

Discussion

We report a pedigree with individuals suffering from a
lifelong haemorrhagic syndrome, all of whom were carrying
the integrin P3-L718P mutation. This had previously been
reported only in a sporadic patient (Jayo et al, 2010).
Next-generation sequencing, together with the clinical data
of the patients, established that this integrin [3-L718P
mutation causes thrombocytopenia resembling the disease
caused by a different integrin mutation, [B3-D723H,
although the size of the platelets seems to differ somewhat
between these mutations (Ghevaert et al, 2008; Schaffner-
Reckinger et al, 2009).

Considering the dominant inheritance pattern of the
haemorrhagic tendency caused by integrin B3-L718P as well
as P3-D723H, these would be gain of function mutations,
unlike those causing Glanzmann thrombasthenia. Indeed,
expression of integrin PB3-D723H partially activates the
allbB3 complex, resulting in downregulation of RhoA activ-
ity and induction of microtubule-dependent proplatelet-
like cell protrusions considered relevant for production of
macrothrombocytes (Ghevaert et al, 2008; Schaffner-Reckin-
ger et al, 2009). Integrin B3-L718P appears to act in a similar
fashion (Fig 4A and B). Interestingly, we demonstrate that
the three C-terminal amino acid residues (RGT) of integrin
B3 are required for L718P to form proplatelet-like cell
protrusions (Fig 4C). RGT provides a binding site for c-Src
tyrosine kinase, which was shown to inactivate RhoA
(Flevaris et al, 2007), further supporting the hypothesis that

integrin B3-L718P plays a role in causing megakaryocytes to
produce abnormal platelets through the inhibition of RhoA.

In platelets derived from megakaryocytes that carry the
integrin P3-L718P mutation, full activation of allbB3 com-
plex in response to inside-out stimuli is inhibited, as shown
by reduced binding of PAC-1 and fibrinogen on stimulation
with ADP (Fig 3B). A simple scenario is that, in platelets,
integrin B3-L718P acts as a loss of function mutation. How-
ever, given that the carriers of Glanzmann’s thrombasthenia
who have both normal and mutant allele and express
reduced amounts of the allbP3 complex, in general show
normal platelet aggregation; it is possible that the integrin
B3-L718P mutation gains a function that ultimately results in
the reduction of inside-out signals.

In summary, identification of a pedigree showing autoso-
mal dominant inheritance leads to a model whereby the
integrin 3-1718P mutation contributes to thrombocytopenia
accompanied by anisocytosis most likely through gain-
of-function mechanisms. Further investigations are necessary
to fully elucidate these mechanisms by which this mutation
exerts its abnormal effect on thrombocytosis and platelet
aggregation.
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The Polycomb-group complex is a chromatin regulatory factor that is classified into two
different complexes: Polycomb repressive complex 1 and 2. Components of Polycomb repres-
sive complex 1 are involved in the self-renewal of hematopoietic stem cells. Bmil, one of these
components, maintains the immaturity of neural and cancer stem cells as well as that of hema-
topoietic stem cells. We constructed recombinant protein transduction domain (PTD)-
Polycomb proteins and transduced them into murine bone marrow (BM) cells. We designed
and fused the PTD-protein transduction domain to three proteins (i.e., green fluorescent
protein, Bmil, and Mell8). Murine BM cells were incubated for 48 h and each PTD-
Polycomb protein was added. Then, we analyzed the function of hematopoiesis using the
colony assay and transplantation. BM cells exposed to PTD-Bmil showed an increased
number of colonies. In contrast, BM cells exposed to PTD-Mell8 or to both proteins showed
a decreased number of colonies. Hematopoietic cells derived from PTD-Bmil-transduced BM
cells were significantly increased in the peripheral blood at 6 weeks after transplantation.
Moreover, 80% of mice transplanted with PTD-Bmil-transduced BM cells died at 8 to 24
weeks after transplantation. However, only a few early deaths were observed in the mice
transplanted with BM cells exposed to both PTD-Bmil and PTD-Mel18. We expect that hema-
topoietic stem cells could proliferate after transduction with PTD-Bmil, but this may generate
undesirable effects, e.g., tumorigenesis. Thus, Bmil and Mell8 have opposing functions and
are present in distinct complexes. © 2012 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.

a relationship between BMI/ expression and prognosis
has been reported for various types of tumors [21-24].

Polycomb-group genes encode molecules that form the
Polycomb-group complex, which is involved in the methyl-

ation and ubiquitylation of histones [1-4]. The Polycomb-
group complex is a chromatin regulatory factor that
includes two types of complexes: Polycomb repressive

complex (PRC) 1 and PRC2 [5-9]. The components of

PRC1 are involved in the self-renewal of hematopoietic
stem cells (HSCs) in mammals [10-14]. Bmil, one of these
components, maintains the immaturity of neural and cancer
stem cells as well as that of HSCs [15-20]. However, BMI1
is also involved in the malignancy of cancer cells, and
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Supplementary data related to this article can be found online at http://
dx.doi.org/10.1016/j.exphem.2012.05.005.

BMI1 is related to tumorigenesis as well as to the immatu-
rity of cells.

The Mel18 protein is composed of 342 amino acids, and
the N-terminal region of the 102™ amino acid, which
includes the really interesting new gene (RING) finger motif
and shares 93% homology with the Bmil protein [25]. In
addition, the secondary structure of this region shows
a high homology with the Mel18 and Bmil proteins. Many
studies have shown that mell8, which has 90% homology
to bmil, has opposing functions to bmil [26-29]. We previ-
ously reported that meli8 is necessary for the differentiation
of murine HSCs, and not for their self-renewal, in experi-
ments using knockout mice and gene knockdown with
RNA interference (RNAIi) [13]. This function of mell8 is
the opposite to that of bmil. Moreover, we reported that
bmil and mell8 act reciprocally in HSCs [14].

0301-472X/$ - see front matter. Copyright © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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~ In protein transduction, high molecular-weight target
proteins are induced into cells by fusing them with peptides
called protein transduction domains (PTDs), such as HIV
tat and polyarginine [30,31]. An innovative study showed
the induction of self-renewal in murine HSCs using a re-
combinant TAT-HoxB4 protein {32]. Furthermore, Zhou
et al. recently reported the successful establishment of
induced pluripotent stem cells using a recombinant protein
fused with polyarginine [33].

In this study, we constructed recombinant PTD-Polycomb
proteins and transduced them into murine HSCs. Although
the transduced HSCs showed potential symptoms of tumor-
igenesis, our results indicate that the transduced Bmil or
Mel18 may regulate the self-renewal or differentiation of
HSCs without gene transduction.

Materials and methods

Mice .

We used 5- to 8-week-old C57BL/6 mice (Ly5.1 or Ly5.2). Ly5.1
mice were obtained from The Sankyo Labo Service Corporation
(Tokyo, Japan). All mice were bred and maintained in the animal
facility at Hiroshima University.

Cells :

Collection of murine bone marrow cells. Bone marrow (BM) was
flushed from the medullary cavities of murine bones using
phosphate-buffered saline.

Murine erythroleukemia cells. Murine erythroleukemia (MEL)

cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum and 2% penicillin/streptomycin.

Preparation of the Polycomb expression vector, protein
extraction, and purification '
Full-length bmil and mell8 complementary DNAs were generated
by real-time reverse transcriptase polymerase chain reaction
(PCR) (ReverTra Ace and KOD plus; TOYOBO Co., Ltd., Osaka,
Japan) from messenger RNA extracted from murine BM cells.
Restriction enzyme sites were created on both ends of the PCR
primers. To generate recombinant proteins that could penetrate
the plasma membrane, we designed and fused a TAT peptide to
the N-terminus or a polyarginine protein transduction domain to
the C-terminus of three proteins (i.e., green fluorescent protein
[GFP], Bmil, and Mel18). The TAT and the polyarginine peptides
enabled the recombinant proteins to enter the cells and allowed
their translocation into the nucleus. GFP, bmil, and mell8
complementary DNAs were cloned into the pET47 expression
plasmid (Merck. KGaA, Darmstadt, Germany). The plasmids
were transformed into Escherichia coli BL21 (DE3). Cells were
grown in LB medium with kanamycin at 37°C using the Overnight
Express Autoinduction System (Merck). His-tagged proteins were
purified using TALON metal affinity resin (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s instructions.

Addition of PTD-Polycomb proteins
We added 20 ng/mL solution of the human fit3 ligand (PeproTech,
London, UK) and human thrombopoietin (Kirin Brewery Co.,
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Tokyo, Japan) to Dulbecco’s modified Eagle’s medium containing
a supplement (StemPro 34; Invitrogen Inc., San Diego, CA, USA).
The initial concentration of BM cells was 1.0 x 10° cells/mL. The
culture plates were incubated at 37°C for 48 h in a humidified
atmosphere with 5% CO,. Each PTD-Polycomb protein was added
at a final concentration of 50 nM. We introduced each PTD-
Polycomb protein into our cell cultures every 6 h.

Flow cytometry analysis

To analyze the primitive hematopoietic cells, the collected cells
were labeled with an antibody cocktail consisting of biotinylated
anti-Grl, anti-Macl, anti-B220, anti-CD4, anti-CD8, and anti-
Terl19 mouse antibodies. The cells were stained with
phycoerythrin-conjugated anti-Scal, allophycocyanin-conjugated
anti—c-Kit, and streptavidin-conjugated peridinin-chlorophyll-
protein complex. All antibodies were purchased from BD Phar-
mingen (San Diego, CA, USA). Dead cells stained with propidium
iodide were excluded from the analysis. Flow cytometry analysis
was performed on a FACSCaliber system (BD Biosciences, Bed-
ford, MA, USA).

Western blot analysis

The MEL cells that were exposed to PTD-Polycomb proteins were
separated into the nuclear and cytosolic fractions. For fraction-
ation, a Nuclear/Cytosol Fractionation Kit (BioVision Inc., Moun-
tain View, CA, USA) was used according to the manufacturer’s
protocol.

After 48 h of coculturing MEL cells with PTD-Polycomb
proteins, His-tagged Polycomb proteins were extracted using
TALON metal affinity resin (BD Biosciences). Cell extracts
were used as samples for the pull-down assays.

Protein extracts were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and immunoblotting. The blot was
removed from the transfer apparatus and blocked overnight at 4°C
in Tris-buffered saline-Tween 20. The blot was washed three times
in Tris-buffered saline-Tween 20 after the overnight incubation.
We used the following primary antibodies: mouse monoclonal
antibodies against Ringl and Bmil (Millipore Corporation, Biller-
ica, MA, USA), a goat polyclonal antibody against Mel18 (Ab-
cam, Cambridge, UK), and a mouse monoclonal antibody
against the 6x His synthetic peptide (Abcam). Chemiluminescence
was detected using ECL plus Western blotting detection reagents
(GE Healthcare UK Ltd, Little Chalfont, UK).

Quantitative reverse transcriptase PCR

To analyze the influence of PTD-Polycomb proteins, we per-
formed reverse transcription using BxScript reverse transcriptase
and SYBR Premix Ex Tag (TAKARA BIO Inc., Shiga, Japan) ac-
cording to manufacturer’s protocol. Real-time PCR was used for
the quantitative analysis of gene expression (Opticon; Bio-Rad
Laboratories, Hercules, CA, USA). The following specific primers
were used: mouse cdkn2a (ink4a), sense primer 5-CGA TTC
AGG TGA TGA TGA TGG-3' and antisense primer 5-CAG
CGT GTC CAG GAA GC-3'; and mouse actB, sense primer 5'-
CAT CCG TAA AGA CCT CTA TGC CAA C-3’ and antisense
primer 5'-ATG GAG CCA CCG ATC CAC A-3.

Methylcellulose colony assay )
In vitro colony-forming cell activity was assessed by performing
a methylcellulose colony assay. BM cells (1000 cells/well) were-
cultured in a methylcellulose medium containing various
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Figure 1. Preparation of recombinant TAT-Polycomb proteins. (A) bmil, mell8, and GFP genes were fused with a HisTag and TAT at their N-terminus. (B)
The recombinant TAT-Polycomb proteins were purified. Proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis, and the
polyacrylamide gel was stained with Coomassie brilliant blue. (C) Purified TAT-Polycomb was added to cultures of MEL cells. The MEL cells were sepa-
rated into the nuclear and cytosolic fractions. GFP was detected more often in the cytosol than in the nucleus. Bmil and Mell8 were detected exclusively in

the nucleus.

cytokines (Methocult GF M3434; StemCell Technologies, Van-
couver, BC, Canada). The culture plates were incubated at 37°C
for 7 days in a humidified atmosphere with 5% CO,. A colony
was defined as a group of >50 cells. Erythroid, myeloid, and
mixed erythroid-myeloid colonies were counted using an inverted
microscope. A secondary colony-forming cell assay was per-
formed by replating aliquots of the cells obtained by harvesting
complete primary colonies. The secondary colonies were counted
after an additional week of incubation.

In vivo BM transplantation assay .

We performed a transplantation experiment in which the recipient
mice were Fl hybrids of Ly5.1 and Ly5.2 mice. Donor and
competitor cells (2.0 X 10° cells each) were intravenously trans-
planted into Fl recipients that were lethally irradiated with
a dose of 9 Gy (rate, | Gy/min). Four donor and four competitor
mice were used for each marrow transplantation experiment. Eight
to 12 mice were used as the recipient mice for each BM transplan-
tation experiment. For the donor Ly5.2 cells, each cell was
exposed to PTD-Polycomb proteins before being analyzed, and
the competitor Ly5.1 cells were exposed to PTD-GFP. Peripheral
blood samples were collected from the recipient mice every 4
weeks after transplantation. To distinguish between the 2
competing transplant cell populations, we stained the cells with
phycoerythrin-conjugated  anti-Ly5.1 and allophycocyanin-
conjugated anti-Ly5.2. All antibodies were purchased from Abcam.

Statistical analysis

Data are presented as the mean = standard error, unless otherwise
stated. Student’s ¢ test was applied. Differences of p < 0.05 were
considered statistically significant.
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Results

Preparation of recombinant PTD-Polycomb proteins

We manipulated the bmil, mellS, and GFP genes such that
they were fused to a HisTag and TAT at their N-terminus or
a polyarginine at their C-terminus and inserted the designed
genes into pET plasmids (Fig. 1A, Supplementary
Figure E1A; online only, available at www.exphem.org).
These pET plasmids were transformed into DE3 cells,
and the recombinant PTD-Polycomb proteins were purified
as described previously (Fig. 1B, Supplementary
Figure E1B; online only, available at www.exphem.org).
Most GFP proteins form dimers because of their high
concentrations. Purified PTD-Polycomb was added to
cultures of MEL cells. The MEL cells were separated
into their nuclear and cytosolic fractions after 6 h of culture,
and the distribution of the PTD-Polycomb proteins was
analyzed. GFP was detected more often in the cytosol
than in the nucleus. Bmil and Mell8 were detected exclu-
sively in the nucleus (Fig. 1C, Supplementary Figure E1C;
online only, available at www.exphem.org). These results
indicate that PTD-Polycomb proteins can be translocated
to the nucleus after their addition to the culture medium.

Flow cytometry profile of recombinant TAT-Polycomb
protein-transduced murine BM cells

We performed flow cytometry analysis of murine BM cells
exposed to recombinant TAT-Polycomb proteins for 48 h.
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Figure 2. In vitro colony assay of recombinant TAT-Polycomb protein-transduced murine bone marrow (BM) cells. (A) The initial ratio of LSK cells from
BM of fresh mice was ~0.14%. The ratio of LSK cells was increased when TAT-Bmil was added in BM cells and cultured for 48 h compared with the other
recombinant proteins. (B) In comparison with the total cell number, the number of LSK cells was significantly increased following the addition of TAT-Bmil.
In addition to TAT-Mel18 alone, or the addition of both TAT-Bmil and TAT-Mel18, the number of LSK cells was not significantly increased compared with
TAT-GFP. (C) Recombinant TAT-Polycomb proteins were added during the first 48 h of culturing. A methylcéllulose colony assay was performed using
marrow cells to which each protein was added. Then, the secondary colony-forming potential of the cells was assayed.

Because the lineage marker—negative, Sca-1—positive, and
c-Kit-positive (LSK) cells possess the highest long-term
multilineage reconstitution ‘activity [34,35], we used this
population for these experiments. The ratio of LSK cells
from murine BM was 0.14%. The ratio of LSK cells
increased when TAT-Bmil was added to BM cells and
cultured for 48 h compared to the addition of other fused
proteins (Fig. 2A). The initial concentration of BM cells
was 1.0 x 10° cells/mL; the number of LSK cells was

13

significantly increased after the addition of TAT-Bmil. In
addition to TAT-Mell8 alone, or the addition of both
TAT-Bmil and TAT-Mel18, the number of LSK cells was
not increased compared with TAT-GFP (Fig. 2B).

In vitro colony assay of recombinant TAT-Polycomb
protein-transduced murine BM cells

We performed a secondary colony assay to assess primitive
hematopoiesis {13,14]. The secondary colony-forming
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Figure 2. (Continued) (D) There was no significant difference in primary colony-forming potential between the recombinant proteins. However, BM cells
exposed to recombinant TAT-Bmil showed an increased number of secondary colonies. In contrast, BM cells exposed to recombinant TAT-Mel18 or to both

proteins showed a decreased number of secondary colonies.

potential of murine BM cells exposed to recombinant TAT-
Polycomb proteins at a final concentration of 50 nM for 48
h was assayed (Fig. 2C). There were no significant differ-
ences in the primary colony-forming potential between the
recombinant proteins. There was no significant difference
in the classification of the colonies (e.g., colony-forming
unit granulocyte-macrophage, burst-forming unit erythroid),
even when TAT-Polycomb protein was added. However, BM
cells exposed to recombinant TAT-Bmil showed an
increased number of secondary colonies. In contrast, BM
cells exposed to recombinant TAT-Mel 18 or to both recombi-
nant proteins showed a decreased number of secondary colo-
nies (Fig. 2D). Similar results were obtained for recombinant
polyarginine-Polycomb (Supplementary Figure E2; online
only, available at www.exphem.org). These results suggest
that Mell8 may attenuate the potential of Bmil to increase
the formation of secondary colonies.

In vivo BM transplantation assay of recombinant
TAT-Polycomb protein-transduced murine BM cells

and tumorogenesis

Murine BM cells exposed to TAT-Polycomb for 48 h were
transplanted into 9-Gy-irradiated mice. Hematopoietic cells
derived from TAT-Bmil-transduced BM cells were signifi-
cantly increased in the peripheral blood at 6 weeks after trans-
plantation (Fig. 3A). The effect of Bmil was attenuated after
the transplantation of BM cells exposed to both TAT-Bmil
and TAT-Mel18. Figure 3B shows the flow cytometry analysis
of peripheral blood cells from these transplanted mice at 6
weeks after transplantation. Because 80% of mice trans-
planted with TAT-Bmil-transduced BM cells died at 8 to
24 weeks after transplantation, we could not perform long-
term engraftment analysis. However, only a few early deaths
were observed in mice transplanted with BM cells exposed to
both TAT-Bmil and TAT-Mell8 (Fig. 4A). It is possible that
. the mice transplanted with BM cells exposed to TAT-Bmil
died because of cancer, such as leukemia, because BMI! is
also involved in the malignancy of cancer cells [21-24].
However, we were not able to analyze this before the mice
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died. Murine BM cells were exposed to TAT-Polycomb for
only 48 h and then cell culturing was continued for 8 weeks
with cytokines. However, we detected no morphological
malignancies in the cells (Fig. 4B). During cell culturing
for 8 weeks, the number of Bmil-exposed cells was expanded
by approximately 500 times the original number of cultured
cells (Fig. 4C). Although we could not prove the malignancy
of these cells, this phenomenon could represent the prolifera-
tion of malignant cells.

Regulation of target gene expression by recombinant
TAT-Polycomb proteins in vitro

We added each TAT-fusion protein to MEL cells every 6 h
until 48 h and examined cell proliferation. Cell proliferation
increased after the addition of either Bmil or Mell8, as as-
sessed by cell growth (Fig. 5A). The cell cycle inhibitory
gene ink4a/arf is a target of Bmil. To analyze whether the
transduced recombinant Polycomb proteins regulate the
expression of their target genes, we performed real-time
reverse transcriptase PCR on MEL cells that were cultured
for 48 h with TAT-Polycomb at a final concentration of
50 nM. The expression of these genes was inhibited in
MEL cells exposed to TAT-Polycomb (Fig. 5B).

Bmil and Mell8 are present in distinct complexes
We previously demonstrated that only a small number of
hematopoietic cells simultaneously express bmil and
mell8 [14]. In the present study, we performed a pull-
down assay with HisTag to analyze whether Polycomb-
group complexes includes both Bmil and Mell8.

We did not detect Bmil, Mell8, or RinglA in the pull-
down assays of protein extracts from MEL cells exposed to
TAT-GFP for 6 h using a HisTag-specific resin. However,
in the pull-down assay of MEL cells exposed to TAT-Bmil,
Bmil, and RINGA1A were detected together with a small
quantity of Mell8. In contrast, Bmil was not detected in
MEL cells exposed to TAT-Mel18 (Fig. 5C). These results
suggest that PRC1 includes either Bmil or Mel18 (Fig. 5D).
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Figure 3. In vivo BM transplantation assay of recombinant TAT-Polycomb protein-transduced murine BM cells. (A) Hematopoietic cells derived from TAT-
Bmil-transduced BM cells were significantly increased in the peripheral blood at 6 weeks after transplantation. The effect of Bmil was attenuated following
the transplantation of BM cells exposed to both TAT-Bmil and TAT-Mel18. (B) Flow cytometry profiles of peripheral blood cells from transplanted mice at 6
weeks after transplantation.
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