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Myelodysplastic syndrome (MDS) is a hematopoietic stem cell disorder. Several genetic/epigenetic
abnormalities are deeply associated with the pathogenesis of MDS. Although bone marrow (BM) aspira-
tion is a common strategy to obtain MDS cells for evaluating their genetic/epigenetic abnormalities, BM
aspiration is difficult to perform repeatedly to obtain serial samples because of pain and safety concerns.
Here, we report that circulating cell-free DNAs from plasma and serum of patients with MDS can be used
to detect genetic/epigenetic abnormalities. The plasma DNA concentration was found to be relatively
high in patients with higher blast cell counts in BM, and accumulation of DNA fragments from mono-/
Epigenetics di-nucleosomes was confirmed. Using serial peripheral blood (PB) samples from patients treated with
LINE-1 hypomethylating agents, global methylation analysis using bisulfite pyrosequencing was performed at
TET2 the specific CpG sites of the LINE-1 promoter. The results confirmed a decrease of the methylation per-
centage after treatment with azacitidine (days 3-9) using DNAs from plasma, serum, and PB mono-
nuclear cells (PBMNC). Plasma DNA tends to show more rapid change at days 3 and 6 compared with
serum DNA and PBMNC. Furthermore, the TET2 gene mutation in DNAs from plasma, serum, and BM cells
was quantitated by pyrosequencing analysis. The existence ratio of mutated genes in plasma and serum
DNA showed almost equivalent level with that in the CD34+/38- stem cell population in BM. These data
suggest that genetic/epigenetic analyses using PB circulating DNA can be a safer and painless alternative
to using BM cells.
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Genetic mutations

© 2012 Elsevier Inc. All rights reserved.

1. Introduction cytopenia and reduction of blast counts for certain patients, bio-

markers, such as genetic mutations and methylation status of spe-

Myelodysplastic syndrome (MDS) is one of the hematopoietic
stem cell disorders, showing the features of dysplasia and a high
rate of progression to acute myeloid leukemia (AML). Recent re-
ports using next generation DNA sequencing techniques and single
nuclear polymorphism (SNP) array analyses have suggested that
specific gene mutations, resulting in aberrant DNA methylation
[1], histone modification [2], and RNA splicing [3], may contribute
to the pathogenesis of MDS. Furthermore, it is also speculated that
an aberrant methylation status in some specific gene promoters
[4,5] also contributes to pathogenesis and disease progression [6].

DNA hypomethylating reagents such as azacitidine and decita-
bine, known to be DNA methyltransferase inhibitors (DNMTi) [7],
have recently come to be considered as standard therapeutics for
patients with MDS [8]. Although DNMTi provide improvement of
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cific promoters, that predict the effectiveness of DNMTi before and/
or during treatment, are still unclear. So far, cytogenetic and
molecular analyses using bone marrow (BM) cells are the standard
strategies for confirming the disease status of MDS; however, a dis-
advantage is that patients hesitate the performance of repeated BM
aspiration because the procedure is more painful than peripheral
blood (PB) aspiration. It is therefore highly desirable to find alter-
native strategies for detecting the serial genetic/epigenetic altera-
tions those occur in BM cells.

Recently, circulating cell-free nucleic acids in the plasma and
serum of PB, such as genomic DNA, mRNA, and microRNA, are rec-
ognized as useful materials for the detection of genetic/epigenetic

* abnormalities in malignant cells especially in patients who have

solid tumors [9]. Previous reports suggest that a higher concentra-
tion of these nucleic acids correlates with disease progression or a
higher tumor burden of solid tumors [10]. Furthermore, specific
genetic mutations and epigenetic abnormalities including DNA
methylation in solid tumors are also detectable by using circulat-
ing nucleic acids [9]. Circulating nucleic acids are expected to be
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good materials for determining tumor status without performing
re-operations or re-biopsies.

This report aims to show the usefulness of PB circulating DNAs
for genetic/epigenetic analyses in patients with MDS. Plasma and
serum circulating DNAs were obtained repeatedly from patients’
PB after the administration of DNMTi. Serial changes of global
DNA methylation status were successfully confirmed by using
bisulfite pyrosequencing analysis. We propose that analysis using
circulating DNAs can be a safer and painless alternate strategy
compared to repeated BM -aspiration for determining the genetic
and epigenetic events in BM cells.

2. Materials and methods
2.1. Patients

Five patients with MDS in Nagoya University Hospital were en-
rolled into this analysis after obtaining appropriate informed con-
sent. Patient UPN1 was a 74-year-old male who was diagnosed
with MDS refractory anemia with excess blasts (RAEB)-1 by the
World Health Organization (WHO) classification. He died after
three courses of therapy with a demethylating agent because of
disease progression to acute myeloid leukemia (AML). UPN2 was
a 75-year-old male who was diagnosed as chronic myelomonocytic
leukemia. He died at day 9 after the first course of azacitidine treat-
ment (5 days) because of severe pulmonary bleeding originating
from a background of autoimmunity. UPN3 was 74-year-old male
who was diagnosed with MDS RAEB-2, and received azacitidine
for 5 days, every 4 weeks. UPN4 was 65-year-old male diagnosed
with MDS RAEB-t/AML, and received azacitidine for 7 days, every
4 weeks, UPN5 was 77-year-old female diagnosed with MDS
refractory cytopenia with multilineage dysplasia, who received
therapy with a demethylating agent and achieved complete
remission.

2.2. Preparation of serum, plasma, and MNC from PB and BM of MDS
patients

PB was drawn and placed into plain tubes with a separating
agent for serum, and tubes with sodium ethylenediaminetetraace-
tate or heparin for plasma. Plasma and serum were aliquoted into
1.5 mL tubes after centrifugation at 415g or 1660g for 10 min at
room temperature, and stored at —80°C until genetic analysis.
PBMNC and BM cells were collected using Ficoll paque [11].

2.3. DNA extraction

Genomic DNAs from PBMNC and BM cells were extracted using
the QlAamp DNA Blood Mini Kit (QIAGEN, Valencia, CA). Circulat-
ing DNAs in plasma and serum (450 pL each) were extracted using
MinElute Virus Vacuum Kit (QIAGEN) according to the manufac-
turer’s instructions.

2.4. DNA methylation analysis with the bisulfite pyrosequencing
strategy

Bisulfite conversion of genomic or circulating DNAs was per-
formed using MethylEasy Xceed Rapid DNA Bisulphite Modifica-
tion Kit (Takara, Ohtsu, Japan). DNA (15-300 ng) was utilized for
one assay of conversion. For the polymerase chain reaction (PCR)
for the analysis of long interspersed nuclear elements-1 (LINE-1)
(GenBank; X58075), the following primers were used, as indicated
previously [12]: LINE-1-F; 5-TTTTGAGTTAGGTGTGGGATATA-3',
and LINE-1-R; 5'-AAAATCAAAAAATTCCCTTTC-3' with 5’ end bio-
tinylation. PCR conditions were 95 °C for 30's, 54 °C for 30s, and

72 °C for 40 s for a total of 40 cycles. The PCR products were puri-
fied and single stranded with the PyroMark Vacuum Workstation
according to the manufacturer's protocol and analyzed by the
PSQY6MA Pyrosequencing System (QIAGEN) [12]. The primer for
the pyrosequencing of the Line-1 PCR product was as follows:
LINE-1-pyro; 5'-AGTTAGGTGTGGGATATAGT-3' [12]. The ratio of
methylation was calculated from the existence percentage of
unmethylated and methylated cytosines, indicated as thymine
and cytosine. The methylation status for each sample was analyzed
at least twice, and the results were statistically evaluated.

2.5, Single nuclear polymorphism (SNP) array analysis

The SNP array was analyzed with BM DNA using the 250k_Nsp
GeneChip-SNP (Affymetrix), as previously described [13].

2.6. Pyrosequencing analysis for TET2 mutation

The PCR primers for TET2 exon 6 were as follows: TET2-Ex6-F; 5'-
GGCTGCAGTGATTGTGATTC-3/, and TET2-Ex6-R; 5-TTGGGCTTTCC-
TATCAGTGG-3' with 5’ end biotinylation, with the following condi-
tions: 95 °Cfor 15 5,56 °C for 20 s, and 72 °C for 30 s for a total of 50
cycles. Sequencing analysis was performed by the ABI 310 genetic
analyzer (Applied Biosystems, Foster City, CA) with the following
sequencing primer; TET2-Ex6-F2; 5'-GTCTCTGGCTGACAAACTCT-
3. The existence percentage of the TET2 mutation was measured
by pyrosequencing analysis using the primer as follows; TET2-
Ex6-pyro; 5'-AGTTAGGTGTGGGATATAGT-3'.

2.7. Cell sorting

BM cells were sorted into CD34(+)/CD38(—), CD34(+)/CD38(+),
and CD34(-) subpopulations with the BD FACS Aria (Becton Dick-
inson, Franklin Lakes, NJ) using the anti-CD34 APC antibody (Bec-
ton Dickinson) and the anti-CD38 PE-Cy7 antibody (Becton
Dickinson), as shown previously [14].

2.8. Statistical analysis

Using Prism version 5 software (Graph Pad Software, Inc., La Jolla,
CA), differences in methylation and the mutation percentage were
analyzed with two way repeated measure ANOVA and one-way fac-
torial ANOVA, respectively. The p values were 2-tailed, and a p-value
of less than .05 was considered statistically significant.

3. Results
3.1. Peripheral blood circulating DNAs in MDS patients

Peripheral blood circulating DNA from plasma and serum ob-
tained from healthy volunteer donors (Fig. 1A, lanes 1-4, and B)
and MDS patients (Fig. 1C, Patient UPN1 to UPN5) were visualized
via agarose gel electrophoresis. These DNAs were all prepared from
450 pL of serum or plasma, and suspended in 30 pL of distilled
water after DNA extraction. Twenty-five percent of the total ob-
tained DNA was applied for each one lane of the electrophoresis.
The DNA from healthy volunteers was confirmed in all lanes: the
DNA concentration in serum was much higher than that in plasma
(Fig. 1A, lanes S versus P). The circulating DNA showed the ladder
pattern suggesting the fragmentation of genomic DNA by the effect
of deoxyribonuclease against chromatinized genomic DNA [15], as
reported previously [9]. The size of the DNA fragments, analyzed
by BioMax 1D software (Kodak), supported this phenomenon
showing the multiple numbers of 160-180 base pairs from
mono-, di-nucleosomes, and so on.
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Fig. 1. Detection of peripheral blood circulating DNA from normal and MDS patients. (A) Circulating DNA from plasma (P) and serum (S) harvested from four healthy
volunteer donors was visualized via agarose gel electrophoresis. DNA ladders were confirmed, especially with respect to serum DNA. Weak bands were confirmed also in
plasma DNA after a longer exposure (data not shown). (B) DNA ladders were measured by DNA analysis software, and the size was calculated. The estimated band size of the
serum DNA was indicated at the right side of the gel image. (C) Plasma'and serum circulating DNAs were harvested from five MDS patients (UPN1-5) and visualized via
agarose gel electrophoresis. The laboratory data for the white blood cells (WBC) and the blast cell count in PB and BM are also indicated in the bottom panel. Note that the
DNA concentration of the plasma DNA was higher in some patients who had higher blast counts in their bone marrow cells. M: 100 bp DNA ladder marker.

When using the samples from the patients with MDS, the DNA
concentration in the plasma was relatively higher than that in the
serum; and the concentration seemed to parallel the amount of tu-
mor (blast) cells in the BM and peripheral blood (Fig. 1C, Patient
UPNT, 2, and 4). In these patients, DNA fragments from mono- -
nucleosome were relatively accumulated (the: black triangle in
Fig. 1C), and further digestion of the DNA was confirmed in one pa-
tient (UPN1, P). The total amount of the DNA from 1 mL of plasma
or serum varied from 1.40 to 141 pg. The genomic DNA was ob-
tained from PBMNC and also loaded into the gel electrophoresis.

These data suggest that the circulating DNAs from plasma and
serum are also confirmed in MDS patients. The concentration of
the plasma DNA may tend to reflect the blast cell amounts in the
BM cells.

3.2. Analysis of LINE-1 methylation in plasma and serum circulating
DNAs

LINE-1 are repeated sequences that exist in the amount of about
85,000 copies in normal cells. LINE-1 are moderately rich in CpG

sites. Most methylated CpGs are located in the 5 region of the se-
quence that can function as an internal promoter [9]. Recent re-
ports indicate that the methylation status of the CpG sites
reflects the global methylation status, and that aberrant hypome-
thylation of these sites may correlate with malignant tumor biol-
ogy [12,16].

We performed bisulfite pyrosequencing analysis for four CpG
sites of the LINE-1 promoter (Fig. 2A) using plasma and serum cir-
culating DNA to confirm the usefulness of those DNAs to determine

- the global methylation status in MDS patients. Plasma, serum and

MNC were obtained from UPN2 at days 1, 4 and 6 after starting the
first course of azacitidine treatment, and the LINE-1 methylation
percentage was confirmed. The methylation percentage of each
CpG site generally decreased after started the azacitidine treat-
ment (Fig. 2B). Next, the average methylation ratio of all four
CpG sites was confirmed. The methylation percentage at day 1 (un-
treated) was adjusted as 1, and the relative methylation rates at
days 4 and 6 were calculated (Fig. 2C). In this assay, the demethyl-
ation effect produced by azacitidine on the LINE-1 element was
confirmed in PBMNC and plasma at day 6 and also confirmed in
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Fig. 2. LINE-1 promoter CpG methylation status in a MDS patient treated with hypomethylating agent can be measured by using circulating DNAs. (A) Schematic
representation of the LINE-1 promoter CpG sites (GenBank; X58075, nucleotide position 108-520, complementary strand). Four CpG sites (1-4) were selected to measure
cytosine methylation status by bisulfite pyrosequencing. (B) Peripheral blood was obtained from MDS UPN2 during the first azacitidine treatment cycle at days 1, 4, and 6.
DNAs were prepared from plasma, serum, and PBMNC, and the methylation percentage of the four sites (CpG1-4) was quantitated by pyrosequencing analysis. The
percentage of the methylation generally decreased after treatment with azacitidine. (C) The changing ratio of the methylation of all four sites was calculated using DNAs from
PBMNC, plasma and serum, and the mean changing ratio was indicated in the bar graphs with the mean standard deviation (S.D.). The p-value was also indicated if the
differences were significant.

plasma at day 4. In PBMNC, the tendency toward a decrease of the 3.3. Longer follow up of the global methylation status after treatment
methylation ratio can be seen also at day 4, but was not significant. with a demethylating agent using plasma and serum circulating DNAs
These data suggest that circulating DNA from plasma can be used

for global methylation analysis with analysis of the LINE-1 pro- Almost the same analysis was performed using peripheral blood
moter as an alternative strategy using MNC in peripheral blood samples from UPN4. PB was harvested 7 and 5 times during azacit-
and/or BM. idine treatment cycles 1 and 2 (Fig. 3A) and analyzed. The global
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methylation ratio at the four CpG sites of the LINE-1 elements gen-
erally decreased after starting treatment until day 9, and then in-
creased again until the next treatment was started (days 12-28).
To determine which samples of DNA were suitable for detection
of the changing ratio after administration of azacitidine, the aver-
age methylation percentage of those four CpG sites was calculated
using the data from days 1 to 9 in the first azacitidine course
(Fig. 3B). In this assay, all DNA samples from PBMNC, plasma,
and serum could detect the significant change of methylation sta-
tus after azacitidine treatment. In particular, in this assay, plasma
circulating DNA could detect the change much earlier at day 3 than
DNA from PBMNC and serum. These data suggest that repeated
sample collection from MDS patients can provide more accurate
information about methylation status, and the methylation ratio
of the LINE-1 elements can be measured by using DNA circulating
in the peripheral blood. Furthermore, taken together with the data

of DNA concentration as shown in Fig. 1C, it is suggested that the
DNA in plasma may be much more sensitive for detecting the
change of methylation status in the blast cells in MDS patients.

3.4. Detection of genetic mutation using peripheral blood circulating
DNAs

To test whether circulating DNAs can also be used for the detec-
tion of genetic mutations in MDS cells, mutation analysis was per-
formed using plasma and serum circulating DNAs. BM cells from
UPN1, showing 4q uni-parental disomy (UPD) by a SNP array
(Fig. 4A), were utilized for genetic mutation analysis for the TET2
gene. A non-sense point mutation of the TET2 gene in exon 6,
resulting in C-terminus truncation at the cysteine rich domain
(CRD), was confirmed (Fig. 4B and C). Next, we performed pyrose-
quencing analysis to show the existence ratio of the TET2 mutation
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Fig. 3. A longer follow up of the LINE-1 promoter CpG methylation status in an MDS patient treated with a hypomethylating agent using circulating DNAs. (A) Peripheral
blood was obtained from MDS UPN4 during the first (#1) and the second (#2) azacitidine treatment cycle as indicated. DNAs were prepared from plasma, serum, and PBMNC,
and the methylation percentage of the four sites (CpG1-4) was quantitated as analyzed in Fig. 2. Note that the methylation percentage was generally decreased until day 9,
and the ratio was reversed until the next azacitidine treatment was started. (B) The mean changing ratio of the methylation of all four sites was calculated using DNAs from

PBMNC, plasma, and serum, as analyzed in Fig. 2C.
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Fig. 4. Detection of the genetic mutations in an MDS patient using peripheral blood circulating DNAs. (A) SNP array analysis of UPN1. The DNA copy numbers were indicated
on the green and red lines. UPD was observed in chromosome 4q. (B) Non-sense point mutation in the TET2 gene exon 6, from TAC (tyrosine) to TAG (stop), was confirmed by
the dye-terminator method. (C) Functional domains of wild-type TET2 and the putative C-terminally truncated TET2 protein (TET2-dC) in UPN1. CRD: cysteine rich domain,
DD: dioxygenase domain. (D) Pyrosequencing analysis for the mutated region of the TET2 gene using BM cells. The existence percentage of the wild-type (blue) and mutated
(red) nucleotide was calculated by analyzing software. (E) BM cells of UPN1 were sorted into three subpopulations: CD34+/CD38~ (stem), CD34+/CD38+(progenitor), and

CD34-- (others). (F) The existence ratio of the TET2 mutation in each DNA prepared from circulating DNA (plasma and serum) and BM cell subpopulations (CD34+/CD38—,
CD34+/CD38+, and CD34-).
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using genomic DNA from whole BM cells of this patient. This muta-
tion was detected by this assay indicating 57.8% of mutated clones.
Since the mutation can be observed in both alleles in one cell
(UPD), it was suggested that the wild type sequence came from
the normal component of the patient.

To confirm whether the TET2 mutation can also be detected in
circulating DNA, and if so, whether the existing ratio of the muta-
tion in circulating DNAs is much higher than that in components of
BM cells, especially in stem cell population, three sorted BM cell
populations (stem: CD34+(38—, progenitors: CD34+/38+, and oth-
ers: CD34-) were utilized for the TET2 mutation analysis using
the pyrosequencing strategy. BM and peripheral blood aspiration
from this patient were carried out in the same day. DNAs from
plasma, serum, and the three populations of BM cells (Fig. 4E) were
prepared, and pyrosequencing analysis was performed to confirm
the existence ratio of the mutated TET2 gene. The result was that
the existence ratio of the mutants was significantly higher in ser-
um and plasma than that in CD34-negative BM cells (Fig. 4F). These
results indicated that circulating DNAs from plasma and serum can
be used for the detection of genetic mutations in MDS cells. Fur-
thermore, these data also suggest that plasma and serum DNA
may likely come from the MDS clones distributed in these three
populations, especially in CD34+/38— population, which might be
relatively more fragile than normal cells. Further investigation is
required to prove this hypothesis.

4. Discussion

The aim of this study was to check whether peripheral blood
circulating DNA is useful for the detection of disease specific genet-
ic and epigenetic changes in patients with MDS. Because MDS usu-
ally shows relatively slow disease progression compared with
acute leukemia, patients and clinicians tend to hesitate to perform
BM aspiration repeatedly to estimate the disease status. Our data
suggest that plasma and serum DNAs are able to be used for the ge-
netic and epigenetic assays instead of BM cells.

Interestingly, our data suggest that the plasma DNA concentra-
tion tends to reflect BM blast counts (Fig. 1C). This finding may
indicate that the PB circulating DNA may come from relatively
fragile MDS cells rather than normal cells. If so, there is a possibil-
ity that abnormal DNAs from the MDS clone may be much more
enriched in the circulating DNA compared with DNAs from BM
or PBMNC. This hypothesis may also explain two of our results:
(1) the methylation status can be decreased more rapidly in plasma
DNA than in PBMNC, as shown in Figs. 2C and 3B, (2) the existence
ratio of the genetic mutation in plasma and serum DNA is relatively
higher than that in the BM cells. A large number of patients are
needed to confirm this phenomenon.

As shown in Fig. 1C, a higher concentration of digested DNA
fragments, especially the accumulation of DNA fragments from
mono-nucleosomes, can be observed in MDS patients who may
have a relatively higher tumor volume in BM. Since the fragmenta-
tion of the DNA in the chromatin structure can occur through the
enzymatic activity of deoxyribo-nuclease I (DNase I), a higher de-
gree of enzymatic activity in plasma may serve as a biomarker that
shows disease activity in MDS. Interestingly, further digestion of
DNA fragments from one nucleosome structure (~200 bp) could
be observed in UPN1 (Fig. 1C). This fragmentation could not be ob-
served when we used the plasma sample after several freeze and
thaw treatments (data not shown). This may indicate that some
other DNase activity in specific patients correlates with this phe-
nomenon. Further investigation is needed.

In our experiments, the plasma circulating DNA concentration
of MDS patients was much higher than that in serum. An explana-
tion for this phenomenon may be that many DNA fragments can be

absorbed into blood clots after collection into sample tubes. The
difference between the DNA concentrations in plasma and serum
may correlate with the phenomenon that plasma DNA, compared
with serum DNA, tends to more effectively detect the epigenetic
changes in MDS cells (Figs. 2 and 3). These findings indicate that
circulating DNA from plasma is better suited for epigenetic analy-
sis than that from serum in MDS patients.

For detection of the CpG methylation status of specific gene pro-
moters, we analyzed the methylation status of the p15™%*® pro-
moter, known to be one of the hypermethylated genes in MDS
patierits [4,17]. Unfortunately, the result did not seem to be accu-
rate with relatively varied data among the repeated experiments,
even when using plasma DNA and nested PCR technique (data
not shown). One possibility is that the DNA concentration was
not sufficient for the bisulfite sequencing analysis. In contrast,
the result of the LINE-1 methylation (Figs. 2 and 3) was much more
reliable compared with the analysis for the p15"™¥%B gene, because
of the sufficient number of DNA copies for the LINE-1 promoter:
~85,000 copies for LINE-1 versus only two copies for the p15™NK*
gene in one cell. From this standpoint, DNA methylation analysis
focusing on the LINE-1 promoter using plasma circulating DNA
may be a good strategy to confirm the global methylation status
in MDS patients.

Interestingly, an experiment for UPN4 indicated that the
decreasing ratio of DNA methylation of the LINE-1 promoter after
treatment with azacitidine was detected much earlier when using
plasma DNA (Figs. 2C, day 4, and 3B, day 3) than when using
PBMNC (Figs. 2C and 3B, day 6). Since DNMTi are incorporated into
DNA (and RNA) during cell division, MDS/AML cells that have a
more rapid cell division cycle compared with intact cells may be
affected more quickly by DNMTi in BM. Furthermore, MDS clones
have a more fragile character resulting from “dysplastic” back-
grounds. Taking this into consideration, circulating DNA from plas-
ma may better reflect the DNA that comes from MDS clones in BM
than from intact cells. Further investigation is required to prove
this hypothesis.

Harvesting PB is painless, and is a safer and easier procedure
compared with obtaining BM cells. Preparing plasma is much eas-
ier than preparing PBMNC, and plasma can very easily be stored in
tubes in the freezer. Utilization of plasma circulating DNA for MDS
patients may provide a new way to analyze the serial genetic/epi-
genetic changes that are integral to an understanding of MDS path-
ogenesis and their disease condition.
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Idiopathic aplastic anemia (AA) is a com-
mon cause of acquired BM failure. Al-
though autoimmunity to hematopoietic
progenitors is thought to be responsible
for its pathogenesis, little is known about
the molecular basis of this autoimmunity.
Here we show that a substantial propor-
tion of AA patients harbor clonal hemato-
poiesis characterized by the presence of
acquired copy number-neutral loss of
heterozygosity (CNN-LOH) of the 6p arms
(6pLOH). The 6pLOH commonly involved

the HLLA locus, leading to loss of one HLA
haplotype. Loss of HLA-A expression from
muitiple lineages of leukocytes was con-
firmed by flow cytometry in all 6pLOH(+)
cases. Surprisingly, the missing HLA-
alleles in 6pLOH(+) clones were conspicu-
ously biased to particular alleles, includ-
ing HLA-A*02:01, A*02:06, A*31:01, and
B*40:02. A large-scale epidemiologic
study on the HLA alleles of patients with
various hematologic diseases revealed that
the 4 HLA alleles were over-represented

in the germline of AA patients. These
findings indicate that the 6pLOH(+) hema-
topoiesis found in AA represents “es-
capes” hematopoiesis from the autoim-
munity, which is mediated by cytotoxic
T cells that target the relevant auto-
antigens presented on hematopoietic pro-
genitors through these class | HLAs. Our
results provide a novel insight into the
genetic basis of the pathogenesis of AA.
(Blood. 2011;118(25):6601-6609)

Introduction

Acquired aplastic anemia (AA) is a rare condition associated with BM
failure and pancytopenia.! A series of classic observations and experi-
ments have unequivocally supported that the autoimmunity to hemato-
poietic stem/progenitor cells (HSPCs) critically underlies the pathogen-
esis of the BM failure in the majority of AA cases. According to the
widely accepted model of immune-mediated BM failure, activated
cytotoxic T cells (CTLs) that recognize an auto-antigen(s) presented on
HSPCs through their class I HLA molecules have a major role in
initiating the autoimmune reactions.>* However, no definitive evidence
exists that supports this model or the presence of such CTL repertoires.
Moreover, little information is available about their target antigens or
about the way by which they are recognized by effector T cells.

Another long-standing issue on AA is its close relationship with
clonal hematopoiesis.>6 It was first suspected from an apparent overlap
between AA and paroxysmal nocturnal hemoglobinuria (PNH)”# and
was also implicated by the frequent development of late clonal disorders
in AA, such as myelodysplastic syndromes, PNH, or even acute myeloid
leukemia (AML).>!" Clonal hematopoiesis can be explicitly demon-
strated by conventional clonality assays at presentation in a substantial
proportion of newly diagnosed typical AA cases.!> Although it has been
expected that the inciting autoimmune insult somehow confers selective
pressures on the evolution of clonal hematopoiesis,’ the exact mecha-
nism for such immunologic selection or escape is still unclear.

The objectives of this study, therefore, were to characterize the
clonal nature of the hematopoiesis that is maintained even under
the severe autoimmune insult in AA, and to explore the genetic/
immunologic mechanism that could underlie the pathogenesis of
AA. To achieve these aims, we performed single nucleotide
polymorphism (SNP) array-based analysis of genomic copy num-
bers and/or allelic imbalances in peripheral blood (PB) specimens
obtained from 306 patients with AA. Initially, we found that AA
patients frequently showed clonal/oligoclonal hematopoiesis that
lost specific HLA alleles as a result of copy number-neutral loss of
heterozygosity (CNN-LOH) of the 6p arms, which led us to further
analyses of the contribution of 6pLOH(+) clones to residual
hematopoiesis and a large-scale epidemiologic study on the HLA
alleles that are over-represented in AA, involving a total of 6,613
transplants registered in the Japan Marrow Donor Program (TMDP).

Methods

Subijects

PB specimens from a total of 306 patients with AA were analyzed for the
presence of genetic alterations using SNP arrays (see Figure 1). The clinical
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Table 1. Patient characteristics

Newly Previously
diagnosed treated
{n =107) (n =199)
Median age at diagnosis, mo (range) i 64 (988) S 24‘7(2-80‘)”1'7'
Sex, male/female, no. 58/49 110/89
Severity of AA at onset, no. (%) ofpatlents = o
Severe 79 (74) 185 (93)
Nonsevere lesee) 1AM
History, mo, median (range) 19 (0.1-251) 51 (0.1-372)
Past treatment, no. (%) of patients ; SR B
ATG + CsA — 39 (20)
CsA alone e = 51(26)
Anabolic steroid alone — 13 (7)
Unknown* Chaoan i 96 (48)

ATG indicates antithymocyte globulin; CsA, cyclosporine A; and —, not appli-
cable.

*Information regarding previous therapies of 96 cases (from Japan Marrow
Donor Program) was unavailable.

characteristics of these patients are summarized in Table 1 and supplemen-
tal Table 1 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Among the 306 patients, 107 were
newly diagnosed and 199 were previously treated. Ninety-six patients
received allogeneic BM transplantation from unrelated donors through the
JMDP, and their HLA information was available from the JMDP. The other
210 were newly genotyped for HLA-A, -B, -C, -DRB1, -DQB1, and -DPB1
alleles as described elsewhere.!3 A total of 103 patients had been treated
with anti-thymocyte globulin plus cyclosporine, cyclosporine alone, or
anabolic steroids at the time of sampling. All patients and healthy persons
provided their informed consent before sampling in accordance with the
Declaration of Helsinki. The study protocol was approved by the ethics
committee of the Graduate School of Medical Science, Kanazawa University and
also by that of the Graduate School of Medicine, University of Tokyo.

Analysis of genomic copy numbers and detection of 6pLOH

Genomic copy numbers, as well as allele-specific copy numbers, were
analyzed by using GeneChip 500K arrays (Affymetrix) as previously
described.!*15 Briefly, genomic DNA from AA patients and normal controls
were analyzed on GeneChip 500K arrays separately. After adjusting several
biases introduced during experiments, signal ratios of the corresponding
probes between test (patient) and controls were calculated across the
genome to obtain genome-wide copy numbers. Genetic lesions, including
copy number gains and losses, as well as CNN-LOHs, were first detected
using a hidden Markov model-based algorithm implemented in the CNAG
software.!415 Known copy number variations were carefully excluded by
referring to the Database of Genomic Variants (www.projects.tcag.ca/
variation). CNN-LOH in 6p involving the HLA locus was more specifically
and sensitively detected by statistically evaluating the mean differences in
allele-specific copy numbers between heterozygous SNPs on 6p
(N = ~ 1400) that were telomeric from the 5'-end of the HLA-A locus
(rs1655927) and all non-6p heterozygous SNPs (N = ~ 105 000) using the
Mann-Whitney U test with the R package (www.r-project.org). Possible
false-positive findings arising from multiple testing involving the 306 samples
were evaluated by maintaining the false discovery rate under 0.01 as
previously described,'® where the microarray data of 1000 JMDP donor
specimens obtained from an ongoing whole genome association study
(unpublished data) were used to calculate an empiric null distribution.17:18

Determination of the missing HLA alleles in 6pLOH(+) clones in
patients with AA

The 500K SNP data of the 1800 JMDP donor-recipient pairs (JMDP
dataset), together with their HLA genotyping information, was used to
generate an HLLA SNP haplotype table on the GeneChip 500K platform,
which contains the consensus SNPs of the 3 major haplotypes (P1, P2, and
P3) in Japanese subjects'® and the SNP sequences of all observed HLA

only.
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haplotypes complementary to P1 to P3 within the IMDP set (N = 1576;
data not shown). To determine the missing HLA haplotype in each
6pLOH(+) patient, those “HLA” haplotypes were first selected from the
aforementioned HLA haplotype table that were compatible with the
observed HLA genotypes of that patient. Among these, a candidate
haplotype was selected such that it contained the minimum number of
SNPs that were incompatible with the patient’s genotype. For each
candidate haplotype, genomic copy numbers were inferred at the
heterozygous SNPs along that haplotype using the circular binary
segmentation algorithm,!%20 which divided the haplotype into one or
more discrete segments with different mean copy numbers. Finally, each
copy number segment was thought to be “missing,” when the alternative
hypothesis (Ha: S; # S, for ¥;) was supported against the null hypothesis
Hy: S, = §,for") using the Wilcoxon signed rank test with a significance
level of .05, where S; represents the allele-specific copy number at the ith
heterozygous SNP site within the segment of the candidate haplotype
with §; being the corresponding value for the complementary haplotype
(supplemental Figure 1). Finally, for those HLA types that appeared
more than 8 times among 6pLOH(+) cases, their contribution to the
observed allelic loss of HLA haplotypes was evaluated by multivariate
logistic regression analysis with stepwise backward selection

Flow cytometry

Heparinized PB and BM were collected from the patients at diagnosis
and/or after treatment. HLA-A expression on granulocytes, monocytes,
B and T cells, and BM CD34+ cells was analyzed by flow cytometry using a
FACSCanto I instrument (BD Biosciences) with the FlowJo 7.6.1 program
(TreeStar). The monoclonal antibodies used for this study are provided in
supplemental Table 2.

Human androgen receptor assay

The human androgen receptor gene was amplified from genomic DNA of
23 female patients, including 3 6pLOH(+) patients, as described by
Ishiyama et al?! with some modifications. Clonality was assessed using an
“S value” as a marker of skewing in granulocytes and T lymphocytes.

Association of HLA types with AA

A total of 6613 patients who had received allogeneic BM transplantation
through the JMDP between 1992 and 2008 were investigated to see whether
the HLA alleles frequently missing in CNN-LOH in 6p with the develop-
ment of AA could represent risk alleles for the development of AA. Thus,
the frequencies of patients with each of the candidate risk alleles (HLA-A*31:
01, B*40:02, A*02:01, and A*02:06) and those having none of these alleles
were compared between 407 patients with AA and those with other
hematopoietic disorders (1827 with AML, 1606 with acute lymphocytic
leukemia, 1014 with chronic myeloid leukemia, 825 with myelodysplastic
syndrome, 566 with non-Hodgkin lymphoma, and 368 with other hemato-
poietic neoplasms; supplemental Table 3) by calculating the Fisher P values
in the corresponding 2 X 2 contingency tables.

Results
Genetic lesions in AA detected by SNP array analysis

After excluding known or suspected copy number variations, a
total of 50 genetic lesions were identified in 46 of the 306 (15%) PB
specimens of our AA case series (Table 1; Figure 1). Among these
by far, the most conspicuous was the recurrent CNN-LOH involv-
ing the 6p arm, which was detected in 28 cases as a significant
dissociation of allele-specific copy number graphs in 6p regions
using a hidden Markov model-based algorithm implemented in the
CNAG software>'*!5 (Figure 2A-2B). Of particular interest was
that all CNN-LOH in 6p commonly affected the HLA locus,
causing a haploid loss of HLA alleles and uniparental HLA
expression. In some cases, the breakpoint of the 6pLOH was
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B CN=3/4 mCN=1 B CNN-LOH i CN=2

Figure 1. Copy number changes and allelic imbalances in 46 of the 306 AA cases. The copy number changes and allelic imbalances (or CNN-LOHs) in each case are
summarized in the chromosomal order vertically for 46 AA cases with copy number abnormalities. Gains and losses, as well as CNN-LOHs, are shown in the indicated colors.

predicted to fall within the HLA locus (Figure 2B). These findings
strongly indicated that the HLA locus was the genetic target of
these 6pLOHs. Also supporting this was the finding that, in half of
the cases, the dissociations in the allele-specific copy number
graphs were gradually attenuated to the baseline over several mega
base pair regions rather than showing a discrete breakpoint,
indicating the presence of multiple 6pLOH(+) clones within a
single case that had different breakpoints but still shared the same
missing HLA alleles (Figure 2C). Moreover, the 6pUPDs existing
only in a minor population were more sensitively detected by
statistically evaluating the size of dissociation of allele-specific
copy numbers in the 6p arm. With this improved statistical test,
CNN-LOH in 6p was found in a total of 40 cases (13%; Figure 2D;
supplemental Figure 2), where the false discovery rate was
maintained at 0.01 to avoid too many false positive findings. In all
6pLOH(+) cases, substantial numbers of heterozygous SNP calls
were retained within the affected regions, thus indicating that the
CNN-LOHs in 6p were not constitutional but represented acquired
genetic events only found in the affected subclones (Figure 1).
Indeed, all 6pLOH(+) cases were shown to have “heterozygous”
HLA alleles in high-resolution HLA typing of their PB (Table 2).
Moreover, 6pLOH was not detected in the CD3-positive T cells in
selected cases (cases 25 and 26, supplemental Figure 3). By
quantitatively comparing the observed differences in allele-specific
copy numbers in the 6pLOH segments with what were expected
assuming 100% LOH(+) components, the 65pLOH(+) clones were
estimated to account for 0.2% to 53.9% of the PB leukocytes (Table
2). The trend of the lower percentages of the 6pLOH(+) fraction in
newly diagnosed patients compared with those in patients at
remission was thought to reflect the fact that the former patients
tended to have lower counts of granulocytes and monocytes, which

were the predominant targets of 6pLOH (see supplemental
Table 1).

The disease status of the 40 patients at the sampling was before
treatment in 16 cases, during remission for 1 to 16 years after
therapies in 15, and before BM transplantation for refractory
disease in 9. All evaluable 6pLOH(+) AA cases responded to
immunosuppressive therapy (IST) (23 of 23), whereas 101 of 126
evaluable cases with 6pLOH(~) responded (P = .014; Table 3).

Uniparental expression of HLA-A in multilineage hematopoietic
cells

The genetic loss of one HLA haplotype in SNP array analysis was
further confirmed by expression analysis of HLA-A in PB leuko-
cytes using flow cytometry in 19 eligible cases with 6pLOH(+), in
which the HLA-A alleles were heterozygous and fresh PB samples
were available. Loss of expression of one HLA-A antigen was
confinmed in all 19 6pLOH(+) cases (Figure 3A; supplemental
Figure 4). The HLA-A missing cells in the PB were shown to have
appeared shortly after the onset or before the initiation of treat-
ments in 2 cases, and were confirmed to persist for 1 to 16 months
(median, 6 months) in 14 patients (supplemental Table 1; supple-
mental Figure 5). The percentage of granulocytes lacking HLA-A
antigens in the 2 patients who were responsive to IST remained
almost the same during the convalescent period of 2 to 3 months
(supplemental Figure 6). Importantly, uniparental expression of
HLA-A alleles was detected in multiple cell lineages, including
granulocytes, monocytes, B cells, and, to a lesser extent, in T cells.
Moreover, uniparental HLLA-A expression was demonstrated in BM
CD34+ cells in 5 patients whose BM samples were available for
flow cytometry. All 5 patients possessed various proportions of BM
CD34~ cells (49.7%-71.3%), which had lost the expression of one
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Figure 2. Acquired 6pLOHs in AA patients that target the HLA locus. (A) Typical CNAG outputs in SNP array analysis showing CNN-LOH (purple line) that appears as
significant dissociation in allele-specific copy number graphs (red and green lines) from the baseline with normal total copy numbers (tCN; top panel). As a result of an allelic
conversion, the affected segment causes LOH (* indicates 1; bottom panel). The “acquired” origin of these lesions is indicated by the retention of substantial numbers of
heterozygous SNP calls (green bars below the chromatogram) that would otherwise mostly disappear. (B) The breakpoints of 6pL.OHs found in a total of 28 AA cases, all
involving the HLA locus in common. In more than half of cases (indicated by arrowheads in panel B). the exact location of the breakpoint was difficult to uniquely determine,
where dissociation of the allele-specific copy number graphs continuously tapered along the 6p arm, indicating the presence of multiple 6pLOH(+) clones with common
missing alleles (C). Indeed, the breakpoint containing regions are separated into multiple segments having significantly different copy numbers in the circular binary
segmentation model, as indicated by solid lines with P values. Note that the most telomeric breakpoint is located within (case 24) or centromeric to (case 23) the HLA locus in
each case. (D) A skewed distribution of the logarithm of P values in AA cases compared with normal persons. The P values were calculated in the Mann-Whitney U test, with
which the difference in the mean allele-specific copy numbers between 6p and other chromosomal regions was evaluated (see “Analysis of genomic copy numbers and
detection of 6pLOH"). Atotal of > 250 values are plotted as 250.

HLA-A antigen; and in each case, the missing HLA-A allele was  obtained 2 years before analysis (supplemental Figure 7).
identical to that in the PB leukocytes (Figure 3B). The Together, these findings suggested that the 6pLOH involved
uniparental expression of HLA-A in case 13 was also observed early HSPCs and that the 6pLOH occurred at the level of
in the CD34* compartment of the archived BM specimen long-term repopulating stem cells.



From bloodjournal.nematologylibrary.org at KANAZAWA UNIVERSITY on February 1, 2012. For personal use

BLOOD, 15 DECEMBER 2011 « VOLUME 118, NUMBER 25 only. HLAALLELIC LOSS VIA6pLOH INAPLASTICANEMIA 6605
Table 2. 6pL.OH(+) AA cases and imputed allelic status of HLA alleles

6pUPD(+) Missing alleles Retained alleles
uD fraction,* % A B c DRB1  DQB1 DPB{ A B c DRB1  DQB1 DPB1
19 53.9 31:01tF - 40:021 03041 . 12:01 - 03:01  05:01 24:02 5201 1202 1502  06:01 . 05:01
12 51.8 02:01t% 40:02t  03:08 15:01  06:02 0501  26:02 40:06  08:01 0%:01  03:03 0501
17 51.6 2402 1301 0304t 1202 03:01 04102 . 2402 5201 1202 1502 = 06:01.  09:01
304 49.3 31:011% 55:02 01:02 1202 03:01  41:01  24:02 07:02  07:02 01:01  05:01 0402
11 48.0 02:061f 0 40:02f  03:04f 1501  08:02° ND|  11:01 6701 0702 iE:02° 0502 ND|
21 46.2 31:01%§ 51:01 14:02 14:05  05:08 03:01  24:02 07:02  07:02 01:01  05:01 0402
24 44.9 31010 40021 0 03041 1101 03:01 0201 24:02 40:06- - 08:01 09:01  03:08 - 05:01
26 44.3 31:0114§  40:01 03:04f 0405 0401 0301  26:03 52:01  12:02 1502 06:01  09:01
27 435 0206t ' 40:02t  03:04f . 0410 0402 0201 . 11:01. . 5201 . 1202 . 1502 - 0801 0901
10 42.1 at:01t 40:02t  0304f  08:08  06:01 0201 2402 5101 14:02 09:01 0303 0201
8 408 0206t 0 40:02f  03:03° - 1201 0301 0501 = 24:02 5201 - 12:02 1502 06:01 - 04:02
23 35.2 40:02t  03:04f  09:01  08:03 0201 2402 5401 01:02 0405 0401 04102
25 32,1 Jvi . NolOH . otot © . NoloH
9 235 : 39:01 07:02 08:02 0402 0201  24:02 1518 07:04 0401 0301 1401
20 217 26:01% 40:02t  03:03 15:01 © 08:02 05:01 0218 46:01  01:02 - 0803  06:01  05:01
14 217 31:01t% 51:01 14:02 09:01  03:03 0501  24:02 5201 12:02 15:02  06:01  09:01
22 206 02:01% 39:01 07:02 08:03 ~ 06:01  05:01 . 24:02 52:01  12:02 1502 - 06:01 . 09:01
18 17.6 02:01t% 40:06 08:01 09:01 0303 0201 2402 35:01  03:03 1501 06:02  04:02
15 17.4 02:061 40:06 08:01 09:01 0303 0201 2402 07:02  07:02 0t:01 0501 0201
41 5.2t 31:011% 35:01 03:03 09:01 0303 0301  26:01 89:01  07:02 08:08  06:01 05:01
28 i2.8 24:02 | 54:01 01:02 01:01 ' 05:01 0402 2402 5201 1202 1502  06:01 . 0901
29 1.7 31:011 40:02t  03:04t  15:01  06:02 0201 2402 5401  01:.02 0405 0401 0501
305 10.3 . 02:06t% 40:021 - 15:02 16:02  06:01 04:01  24:02 51:01 1402 09:01  03:03 - 02:01
13 9.6 24:02% 40:02t 0304t  15:01  06:02 0201  0201F 3501 0801 09:01 0303 0201
306 8.5 24:024 40:02t 0304t  09:01 0303 0201 26:02 40:06 - 08:01 09:01 0303  02:01
16 8.1 11:01 40:06 08:01 No LOH 24:02 46:01  01:02 No LOH
30 8.0 0206t 39:01 07:02 No LOH 24:02 40:06 - 08:01 No LOH
72 5.6 02:011 40:02f  03:04t  09:01 0303 0501 0207 48:01  01:02 08:03  06:01 02:02
36 4.0 02:011% NDY ND# 15:02  06:01 09:01  24:02 NDY ND# 15:02 - 06:01 - 08:01
124 35 24:02 40:02f  03:04t 1201 0301 0201  24:02 5201 1202 1502 06:01  08:01
223 28 31:011% 48:01 03:04f  09:01  03:03 0501 = 0206t  39:01  07:.02 1501 06:02  02:01
215 28 31:01t 51:01 14:02 08:02  04:02 0402  03:01 44:02 0501 1301 06:03  05:01
181 1.3 02:06t 13:01 03:041 12202 03:01 0501  24:02 5201 1202 15:02  06:01 . 09:01
97 1.0 24.02 07:02 07:02 01:01 05:01  05:01 02:011 39.01 07:02 15:01 06:02  02:.01
252 0.9 ND* 40:02t 0304t  09:01 0303 0501 ND* 46:01 - 01:02 0405  04:01 0501
118 09 02:063§ 40:02f  03:04t  08:02  03:02 0501  24:02 52:01  12:02 16:02  06:01  09:01
298 0.8 24:02 40:02f 0304t  15:01  06:02 0501  24:02 52:01  12:02 15:02  06:01 = 09:01
188 07 24:02 52:01 12:02 15:02  06:01  09:01 0201t 5201 {202 11:01  03:0t 0501
291 0.7 31:01% 51:01 14:02 15:01 06:02  02:01 24:02 40:01 03:041 11:01 03:01 05:01
196 02 NDtt (A*02:06/24:02, B*35:01/51:01, C*03:03/15:02, DRB1*04:03/15:01, DQB1#03:02/06:02, DPB1*0:201/02:01)

UID indicates unique ID.

*The percentage of 6pUPD(+) fraction is derived from total peripheral blood leukocytes that include lymphoid as well as myeloid element.

THLA types significantly deviated to missing alleles.

1The allelic loss was confirmed by flow cytometry.

§The missing haplotype was determined by flow cytometry.
IDPB1*04:02/05:01.

B*15:18/52:01.

#C*08:01/12:02.

**A*02:01/02:07.

ttMissing allele was not determined because copy number changes in these segments were not statistically significant.

Clonality of the HLA-missing granulocytes

The human androgen receptor-based clonality assays in granulo-
cytes were performed in 3 6pLOH(+) and 20 6pLOH(~) patients,
in which all 3 6pLOH(+) and 4 (20%) of the 6pLLOH(—) patients
showed evidence of clonality in granulocyte populations (supple-
mental Figure 8).

Missing HLA alleles in 6pLOH

Given that the HLA is the genetic target of 6pLOH in AA, the
missing HLA alleles in 6pLOH are of particular interest because
in this context they are thought to be directly involved in the
presentation of the target auto-antigens to CTLs and, therefore,

to be critically important in the pathogenesis of AA. We
determined the missing HLA alleles in each 6pLOH(+) AA
patient by the haplotype imputation of HLA alleles based on the
large data of HLA haplotypes observed in the JMDP set,
followed by statistical evaluation of allele-specific copy num-
bers along the imputed haplotypes (Figure 4). The imputed
haplotypes were confirmed in 4 cases by the family studies on
the HLA. The allelic status was imputed at least partially in
39 of the 40 6pLOH(+) cases. The imputed results were
consistent with the patterns of uniparental expression of HLA-A
in flow cytometry in 18 cases with 6pLOH (Table 2; Figure 4),
except for those in case 26, in which no valid SNP haplotype
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Figure 3. Uniparental expression of HLA in AA cases with CNN-LOH in 6p. Allele-specific expression of HLA-A antigens in AA specimens was examined by flow cytometry
using monoclonal antibodies that specifically recognize the indicated HLA types (red lines), where leukocytes from healthy persons were used as a control (blue lines).
(A-B) The uniparental expression of HLA-A antigens in PB leukocytes and BM CD34 cells obtained from 3 AA cases with CNN-LOH in 6p. Different leukocyte compartments
were separately examined, including granulocytes (G), monocytes (M), B-lymphocytes (B), and T-lymphocytes (M.

around the HLA-A locus was identified and the status of HLA-A
was determined by flow cytometry. The missing HLA alleles in
6pLOH(+) AA showed a comspicuous deviation to some
selected HLA alleles, including HLA-A*31:01, B*40:02, C*03:
04, and, to a lesser extent, HLA-A*02:01 and A*02:06. After the
effects of linkage disequilibrium between individual HLA
alleles were taken into consideration by multivariate analysis,
4 HLA alleles were shown to remain as the principal determi-
nants of the missing haplotypes, HLA-A*31:01, B*40:02,
A*02:01, and A*02:06 (supplemental Table 4).

Table 3. Response rate (CR + PR) according to the Camitta criteria

Over-representation of frequently missing HLAs in AA
populations

Because these missing HLA alleles in 6pL.OH could be involved in
the pathogenesis of AA, we next tested whether these relevant HLA
alleles are associated with the risk of the development of AA
among the 6,613 JMDP registrants. As shown in Table 4, the
4 major missing HLA alleles, HLA-A*31:01, B*40:02, A*02:01,
and A*02:06, were more frequently observed in AA cases com-
pared with nonsignificant HLA alleles (ie, all HLA alleles other

Newly diagnosed (n = 107)

Previously treated (n = 103)

6pLOH(-) 6pLOH(+) 6pLOH(-) 6pLOH(+)
(n = 91), no. (%) (n = 16), no. (%) (n = 88), no. (%) (n = 15), no. (%)
Immunosuppressive therapies (all) 36/49 (73) 11/11 (100) 65/77 (84) 12/12 (100)
ATG + CsA 14/19 (74) 7/7 (100) 27/33 (82) 5/5 (100)
CsA alone 22/30 (73) 4/4 (100) . 38/44 (86) 717 (100)
Anabolic steroid alone 0/0 (0) 0/0 (0) 7111 (64) 2/2 (100)
Unknown/not evaluable 42 5 0 1

CR indicates complete remission; PR, partial remission; ATG, antithymocyte globulin; and CsA, cyclosporine A.
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Figure 4. Imputation of missing HLA haplotypes. The
observed allelic copy numbers at heterozygous SNP
sites along each candidate SNP haplotype are color-
coded as indicated at the bottom. Green bars showed the
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than these 4 alleles), where the odds ratios for the risk of the
development of AA between each of these alleles and nonsignifi-
cant alleles were 1.87 (95% confidence interval [CI], 1.43-2.43)
for A*02:01, 2.22 (95% CI, 1.70-2.90) for A*02:06, 1.37 (95%
CI, 1.00-1.88) for A*31:01, and 1.95 (1.48-2.58) for B*40:02
(Table 4). The combined relative risk for all these alleles was
1.75(1.42-2.17; P = 1.3 X 1077).

Discussion

The origin of clonal hematopoiesis in AA is a focus of long-
standing disputes, in which a profoundly reduced hematopoietic
stem cell pool and/or escape from the autoimmune insults have
been implicated in the evolution of the clonal hematopoiesis in
AA3222 Qur findings on 6pLOH in AA provide an intriguing

‘insight not only into the underlying mechanism of the clonal

hematopoiesis in AA but also into the origin of the autoimmunity
that is responsible for the pathogenesis of AA. A recent study from
the United States also reported 3 cases with 6pLOH.>* With a
sensitive detection algorithm, the presence of the 6pLOH(+)
components was demonstrated in as many as 13% of typical cases
with AA, and the evidence from the subsequent studies strongly
indicated that the HLA genes are the genetic targets of 6pLOH in
AA patients. First, the HLA locus was commonly and critically
involved in all 6pLOHs found in AA. Second, some AA patients
carried multiple 6pLOH(+) subclones with different breakpoints,
but in all cases, the 6pL.OH involved the HLA locus and occurred in
a manner that targeted the same parental HLA allele. Moreover,
particular class I HLA alleles were over-represented among
6pLOH(+) cases and consistently found in the missing haplotypes.
Finally, many of these HLA alleles were shown to be tightly

Table 4. Association of missing HLA alleles with AA in Japanese patients

Other diseases Total Odds ratio (95% Cl)
Risk allele (N = 6206) (N = 6613) P (x? test) (vs no risk alleles)
AOi01 ; . 25%408 ¢ 1.87 (1.43-2.43)
A*02:06 <1.0x 1077 2.22 (1.70-2.90)
A a 0048 137 (1.00-1.88)
B*40:02 1.8 x 108 1.95 (1.48—2.58)
Allriskalleles 0 ooioeg 3250 85187 1.3 x 1077 C175 (1.42-247)
No risk alleles 139 2956 3095 k - —

— indicates not applicable.
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Figure 5. A proposed mechanism for escape hemato-
polesis in 6pLOH(+) AA. In AA, the targets of CTLs are
the HSPCs that present some auto-antigen through
particular class | HLA molecules, including HLA-A*02:01,
A*02:06, A*31:01, and B*40:02. In the presence of these
autoimmune insults, the HSPCs that lose their expres-
sion of the antigen-presenting HLA molecule as a result
of CNN-LOH in 6p would acquire a growth advantage
over other HSPCs expressing the relevant HLA, leading
to clonal outgrowth of the 6pLOH(+) progenies.

associated with the development of AA in Japanese patients in
case-control studies using the large IMDP registry.

The conspicuous bias of the missing HLA alleles in 6pLOH to
particular HLA types and the significant association of AA with
those HLA types strongly suggest that the recurrent 6pLOH in AA
is a phenomenon tightly related to the pathogenesis of AA rather
than mere secondary event during the course of AA. Based on these
observations, it is well reasoned that, in 6pLOH(+) AA cases, the
autoimmunity to HSPCs is mediated by the CTLs that target the
antigens presented via specific class I HLA molecules and that the
6pLOH(+) cells found in AA could be explained as escape
hematopoiesis that survives the autoimmune insult by genetically
deleting the relevant HLA species that are required for antigen
presentation (Figure 5). These scenarios are further supported by
the recent reports showing that the CNN-LOH in 6p provides a
common mechanism of leukemic relapse after HLA haploidentical
stem cell transplantations, in which leukemic cells that lost the
mismatched HLLA haplotype through CNN-LOH in 6p are thought
to escape the immunologic surveillance of the engrafted donor
T cells.?>? Importantly, it was experimentally demonstrated by
immunologic assays that the 6pLOH(+) leukemic cells actually
escaped GVL by CTLs, whereas 6pLOH(—) leukemic cells were
effectively killed by the same CTLs. Although the immunologic
targets of CTLs are different between relapse after haploidentical
transplants (mismatched HLAs themselves) and AA (still unknown
autoantigens presented on missing HLAs), the prominent similari-
ties found in both cases further support that CNN-LOH in 6p
confers an escape mechanism from autoreactive CTLs in AA.

Inlight of the above considerations, the chronologic behavior of
the 6pLOH(+) components in PB is also interesting and worth
discussing. Despite the assumption that 6pLOH is an effective
escape mechanism from CTLs, the 6pLOH(+) stem cells were
unable to repopulate the BM to cure AA, unless effective IST was
applied (supplemental Figure 6). This is most probably explained
by the presence of inflammatory cytokines, such as IFN-y and
TNF-e, which have also been shown to play an important role in
the BM failure in AA and are thought to be responsible for the
continued prevention of the 6pLOH(+) stem cells from fully
expanding and reconstituting the BM (supplemental Figure
9 A_B)_27,28

When the autoimmune insults are removed after IST, no further
injury of normal stem cells would occur. However, this does not

necessarily mean the surviving normal stem cells can eventually
outnumber the 6pLLOH(+) stem cells over time. Note that, once the
autoimmune insults disappear, nothing could biologically or immu-
nologically discriminate a 6GpL.OH(+) stem cell from a 6pLOH(~)
stem cell (supplemental Figure 9A). In particular, a 6pLOH(+)
stem cell and a 6pLOH(—) stem cell will produce the same number
of progeny on average and feed the same number of mature blood
cells. As a consequence, once established, the predominance of
6pLOH(+) stem cells over 6pLOH(—) stem cells should be
maintained, after the severely reduced hematopoietic stem cell pool
has been re-expanded with removal of the inciting autoimmunity. It
is also of note that the recovery of myeloid components after IST,
which are affected more strongly by 6pLOH than lymphoid cells,
contributes to an apparent increase in 6pLOH components in the
SNP array analysis in PB (supplemental Figure 6A).

One of the most significant findings in the current study is the
identification of the HLA alleles that are over-represented in the
Japanese AA populations, including HLA-A*31:01, B*40:02,
A*02:01, and A*02:06. All of these HLA alleles belong to class I
MHCs and thus are thought to be involved in the antigen
presentation to CTLs. This provides another prominent example, in
which specific HLA types play a critical role in the development of
a human disease, and the information about these particular HLA
types provides a solid basis on which we can ultimately isolate the
relevant antigens responsible for the development of AA. Of
particular note, there was a previous report indicating that HLA-
B*40:02 and A*02:06 were over-represented in PNH as well as
AA, although the study size was much smaller than the current
study.” Combined with our study, these findings support the
hypothesis that AA and PNH are the different outcomes of the same
immunologic insult>*0 and may also provide the genetic basis of
the high prevalence of AA and PNH in East Asia.3:32

In some AA cases, hematopoiesis could be maintained over
years by the progenitors that escaped and survived the inciting
autoimmune insult by deleting the target HLA through CNN-LOH
in 6p. Given that the 6pLOH was detected in only 13% of our
series, it is probable that other escape mechanisms may also
operate to maintain hematopoiesis in AA. Indeed, clonality was
clearly demonstrated in 20% of the 6pLOH(—) cases in the human
androgen receptor assay study (supplemental Figure 8). In addition,
our SNP array analysis also revealed a variety of clonal abnormali-
ties in AA cases (Figure 1), although it is still open to question
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whether these abnormalities actually represent the mechanism of
escape hematopoiesis or were related to some neoplastic process.
Further studies on the genetic basis of the escape mechanisms
would contribute to our understanding of the molecular pathogene-
sis of AA.
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Enucleation of human erythroblasts involves non-muscle myosin IIB
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Mammalian erythroblasts undergo enucle-
ation, a process thought to be similar to
cytokinesis. Although an assemblage of
actin, non-muscle myosin Il, and several
other proteins is crucial for proper cytoki-
nesis, the role of non-muscle myosin Il in
enucleation remains unclear. In this study,
we investigated the effect of various cell-
division inhibitors on cytokinesis and
enucleation. For this purpose, we used
human colony-forming unit-erythroid

(CFU-E) and mature erythroblasts gener-
ated from purified CD34+ cells as target
cells for cytokinesis and enucleation as-
say, respectively. Here we show that the
inhibition of myosin by blebbistatin, an
inhibitor of non-muscie myosin Il ATPase,
blocks both cell division and enucleation,
which suggests that non-muscle myosin
Il plays an essential role not only in
cytokinesis but also in enucleation. When
the function of non-muscle myosin heavy

chain (NMHC) IIA or 1B was inhibited by
an exogenous expression of myosin rod
fragment, myosin IlA or IIB, each rod
fragment blocked the proliferation of
CFU-E but only the rod fragment for lIB
inhibited the enucleation of mature eryth-
roblasts. These data indicate that NMHC
IIB among the isoforms is involved in the
enucleation of human erythrobiasts.
(Blood. 2012;119(4):1036-1044)

Introduction

During erythropoiesis, stem cells undergo lineage specific commit-
ment and generate erythroid progenitor cells through cellular
division events including nuclear (mitosis) and cytoplasmic (cyto-
kinesis) division. These progenitor cells consist of immature and
mature erythroid progenitors, the burst-forming unit-erythroid
(BFU-E) and the colony-forming unit-erythroid (CFU-E), respec-
tively. The BFU-E can be considered as a progenitor of the CFU-E.
Indeed, after 6 to 7 days in culture, cells generated from human
BFU-E have all the functional characteristics of CFU-E'. After an
additional 6 to 7 days in culture, human CFU-E proliferate and
differentiate into mature erythroblasts.! Terminally differentiated
erythroblasts in mammals expel their nuclei via a process termed
enucleation, becoming reticulocytes and subsequently mature
erythrocytes. The nucleus separates from the remainder of the cell
and is phagocytosed by reticular cells such as macrophages (for a
review, see Chasis et al?).

Enucleation of erythroblasts is thought to occur through a
process similar to cytokinesis. Several general principles apply to
cytokinesis. Firstly, the microtubule cytoskeleton plays an impor-
tant role in both the choice and positioning of the division site.
Once this site is chosen, the local assembly of the actomyosin
contractile ring remodels the plasma membrane. Finally, membrane
trafficking to, and membrane fusion at the division site result in the
physical separation of the daughter cells, a process termed abscis-
sion (for reviews, see Barr et al® and Glotzer et al*). Although
modulation of the actomyosin cytoskeleton is crucial for proper
cytokinesis, there is a paucity of information regarding how
non-muscle myosin II contributes to enucleation.

Several investigations have studied the molecular mechanisms
underlying the enucleation of mammalian erythroblasts. Koury et al

used murine splenic erythroblasts infected with the anemia-inducing
strain of Friend-virus (FVA cells), and demonstrated that filamentous
actin (F-actin) accumulated in the contractile ring.’ They also showed
that the treatment of FVA cells with cytochalasin D blocked nuclear
extrusion, while the addition of colchicine, vinblastine or taxol did not
affect enucleation. Based on these findings, they concluded that F-actin
plays an important role in enucleation, while microtubules do not. It has
also been shown that Rac 1 GTPases and their downstream effector
mDia2 play important roles in the cytoskeletal reorganization that leads
to the extrusion of the pycnotic nucleus from late-stage erythroblasts.®
Recently, important roles for Mye,” Claudin 138 (a member of the
Claudin family of tight junction proteins), histone deacetylase 2.° and
membrane trafficking!® have been reported in the regulation of terminal
maturation in mammalian erythroid cells.

Non-muscle myosin II is a major cytoskeletal protein that
interacts with actin to contribute to cellular processes such as cell
migration," cell adhesion,'? and cytokinesis.!3 In mammals there
are 3 non-muscle myosin II isoforms, each composed of one pair of
heavy chains and 2 pairs of light chains. Three separate genes (Myh
9, Myhl0, and Myh 14) encode the non-muscle myosin heavy
chains (NMHCs; NMHC IIA, 1B, and IIC) in chromosomes
22q11.2, 17p13, and 19q13, respectively.'*6 These isoforms share
considerable homology and some overlapping functions, yet they
exhibit differences in enzymatic properties, subcellular localiza-
tion, molecular interaction and tissue distribution (for a review, see
Even-Ram et al'”). The mechanistic knowledge about non-muscle
myosin II isoforms in enucleation may help us to explore the
unknown NMHC abnormalities in hematologic disorders. Indeed,
deficiency of non-muscle myosin II isoform can cause human
disease. The 4 main autosomal dominant disorders are related to
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mutations in Myh 9, the gene for the NMHC ITA: May-Hegglin,
Fechtner, Sebastian and Epstein (for a review, see Kunishima
et al'®). The common feature in all 4 syndromes is macrothrombo-
cytopenia, and granulocyte inclusion bodies characterize the first
3 syndromes. Some patients later show onset of deafness, cataracts,
and glomerulonephritis.'

In this study, we investigated the role of myosin in human
erythroblast enucleation in association with other cytoskeletal
molecules. The efficacy of inhibitors for cell division often varies
depending on the species of the cell observed and their redundancy
in the cells themselves.'® Therefore, efficient inhibitors of cell
division in human primary erythroid cells were selected using
human CFU-E generated from purified CD34+ cells to clarify the
possible efficacy of these inhibitors on the enucleation of erythro-
blasts. Here we show that the inhibition of non-muscle myosin II
ATPase by blebbistatin completely blocks enucleation of human
erythroblasts. When the function of NMHC IIA or IIB was
inhibited by an exogenous expression of myosin rod fragment, both
rod fragments blocked the proliferation of CFU-E and the rod
fragment for IIB inhibited the enucleation of mature erythroblasts.
These data indicate that the enucleation of human erythroblasts
involves non-muscle myosin IIB.

Methods

Reagents and antibodies

BSA, IMDM and propidium iodide (PI) were purchased from Sigma-
Aldrich. FCS, penicillin and streptomycin were obtained from Flow
Laboratories Inc. Insulin (porcine sodium, activity 28.9 U/mg) was
obtained from Wako Pure Chemical Industries. IL-3 and SCF were kind
gifts from Kirin Brewery Co Ltd, and erythropoietin (EPO) and G-CSF
were from Chugai Pharmaceutical Co. Vitamin B;, was purchased from
Eisai Co Ltd and folic acid was from Takeda Pharmaceutical Co Ltd. Triton
X-100 was obtained from Wako Pure Chemical Industries. Diaminobenzi-
dine-substrate chromogen and fuchsin-substrate chromogen systems were
from Dako. RNase (Type III-A) was from Sigma-Aldrich. MACS Mi-
croBeads for Indirect Magnetic Labeling was from Miltenyi Biotec.
FITC-labeled and phycoerythrin (PE)-labeled antibodies for glycophorin A
(GPA; JC159) were from Dako. Alexa Fluor 488- or Alexa Fluor
S546-conjugated goat IgG directed against rabbit and mouse IgG were from
Molecular Probes. Fe-blocking antibody (anti-CD16/32, clone: 93) was
from eBioscience. Normal mouse and goat sera and rabbit immunoglobu-
lins were from CellSignaling Technology. Alexa Fluor 488 phalloidin was
from Invitrogen. Rabbit polyclonal antibody to non-muscle myosin IIA was
from Sigma-Aldrich or Covance. Rabbit polyclonal antibody to non-muscle
myosin IIB was from Abcam or Cell Signaling Technology. Mouse
monoclonal antibody to tublin-« was from Neo Markers. Goat anti-mouse
IgG-HRP was from Santa Cruz Biotechnology Inc. Anti-rabbit IgG,
HRP-linked antibody and myosin light chain 2 antibody sampler kit were
from Cell Signaling Technology. Amersham ECL Plus Western Blotting
detection reagents were from GE Healthcare. Novex Sharp protein standard
and NuPAGE Novex Bis-Tris mini gels were from Invitrogen.

Cell division inhibitors

Blebbistatin, a small molecule inhibitor that shows a high affinity and
selectivity toward non-muscle myosin II ATPase,?0 and NSC23766, a
specific inhibitor of Racl GTPases?! that is known to inhibit enucleation,®
were purchased from Calbiochem. Cytochalasin D, an inhibitor of actin
polymerization that is known to inhibit enucleation,’ and colchicine, an
inhibitor of microtubules that are known to not be directly involved in
enucleation® (for a review, see Wilson et al??), were purchased from
Sigma-Aldrich. Y27632, a well-established inhibitor of ROCK that is a
regulator of myosin phosphorylation,”?* was purchased from Enzo Life
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Sciences, Inc. Monastrol, an inhibitor of kinesin Eg5 which is a microtubule-
based motor that plays a critical role in mitosis as it mediates
centrosome separation and bipolar spindle assembly and maintenance,?’
was from Merck.

Cell preparations

G-CSF mobilized human peripheral blood CD34* cells were purified from
healthy volunteers as described previously,? and stored in liquid nitrogen
until required. Informed consent was obtained from each subject before
their entry into this study, and the study was pre-approved by the Akita
University Graduate School of Medicine Committee for the Protection of
Human Subjects.

For the generation of erythroid progenitor cells, CD34* cells were
thawed and prepared for culture as previously described.?’ Cells were
cultured in IMDM erythroid medium containing 20% FBS, 10% heat-
inactivated pooled human AB serum, 1% BSA, 10 wg/mL insulin,
0.5 pg/mL vitamin By,, 15 pg/mL folic acid, 50nM B-mercaptoethanol
(B-ME), 50 U/mL penicillin and 50 wg/mL streptomycin in the presence of
50 ng/mL IL-3, 50 ng/mL SCF and 2 IU/mL EPO. Cells were maintained at
37°C in a 5% CO, incubator as described previously.?” After 7 days in
culture, cells (day 7 cells, D7) were harvested and washed 3 times with
IMDM containing 0.1% BSA and stored at 4°C until required. The
maturation levels of the day 7 cells were found to be similar to that of the
colony-forming unit-erythroid (CFU-E), a finding that has been reported
elsewhere.?’-28 As a result, day 7 cells are described as CFU-E throughout
this report.

Aliquots of CFU-E were also cultured in the erythroid medium with
EPO alone, but without 8-ME, SCF and IL-3, and then cultured for
additional days to induce differentiation with or without various inhibjtors
of cell division. The volume of inhibitors, H,O, PBS and DMSO vehicle
solutions was fixed to 5% of the erythroid medium. The final concentration
of DMSQ in the erythroid medium was fixed to 0.2% (vol/vol) as DMSO
over this concentration is known to be toxic for human erythroid progeni-
tors. The cells were harvested at various time points, washed 3 times with
IMDM containing 0.1% BSA, resuspended in IMDM containing 0.1% BSA
and stored at 4°C until required.

For the evaluation of the enucleation ratio, the cells were spun onto
slides using a Cytospin 3 (Shandon Lipshaw Inc) and stained with
May-Griinwald-Giemsa or o-dianisidine (for hemoglobin staining) and
hematoxylin. Enucleation was defined as the expulsion of the nucleus to the
outside of the reticulocyte. Reticulocytes that are touching expulsed nuclei
or that have thin, connecting strand of cellular material between the
reticulocyte and the nucleus were also considered the earliest cell that has
enucleated (supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). The enucle-
ation ratio of these cytospun cells was similar to that of cells prepared
without mechanical force.! The enucleation ratio was calculated as [Enucle-
ation ratio = erythrocytes/(erythrocytes+erythroblasts)] X 100% and by
counting 300 cells including erythrocytes and erythroblasts on each slide.
Triplicate cultures were used at each time point. The yield and viability
were measured by dye exclusion using 0.2% trypan blue dye and a
hemocytometer.

Cell cycle distribution

Cells were harvested, washed with cold PBS and fixed in 70% ethanol. The
cells were then stored at —20°C until analysis. The fixed cells were
centrifuged at 200g, washed with cold PBS twice, and RNase A was added
at a final concentration of 0.5 mg/mL. The cells were then incubated for
10 minutes at 37°C. Next, 25 pg/mL PI was added and the cells were
incubated for 30 minutes at room temperature in the dark. The cells were
analyzed using a FACS Calibur instrument (BD Biosciences) equipped with
CellQuest 3.3 software as reported previously.?® Multicycle Version 4.0.0.4 cell
cycle analysis software (Beckman Coulter) was used to determine the percent-
ages of cells in the different cell cycle phases.



