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tissue to clarify the mutational spectrum in PNH, as it is possible
that some pre-PIGA mutations were excluded due to their pres-
ence in the entire hematopoietic compartment.

Our study, while showing that intrinsic somatic factors
may contribute to clonal expansion, is also consistent with the
immune selection theory of the evolution of PNH. Multiple
independent clones characterized by PIGA mutations illustrate
that a growth advantage may promote selection of several priv-
ileged clones, which in the process of disease may be further
enabled by subsequent somatic events or by primordial passen-
ger events in the ancestral stem cell affected by PIGA mutations.
Phenotypically, this intraclonal diversity may not be easily dis-
tinguishable, although we have identified a significant relation-
ship between the presence of both type II and type III PNH cells
in patients with more than 1 PIGA mutation, supporting previ-
ous research (40). Nevertheless, our results suggest that deep
targeted NGS of PIGA may have ancillary diagnostic potential
in PNH, including quantitating the clonal size and composition
of aberrant cells, yet flow cytometry remains the most effective
diagnostic method, as we failed to detect PIGA mutations in 3
of 12 cases by WES, 1 of 10 by targeted deep sequencing, and
21 of 36 by Sanger sequencing. Other genes in the biosynthetic
pathway, including all other PIG genes such as PIGT (41), were
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Figure 3. PIGA mutation as the initial ancestral event in
PNH8. (A) A PIGA mutation together with 3 other somatic
mutations (C17orf34, RBP3, and MUC7) were detected via
WES at various allelic frequencies. All mutations were
confined to the PNH fraction. Of note is that, in this case,
the PIGA mutation was hemizygous, rendering the clone size
equivalent to the allelic frequency. (B) Single-colony Sanger
sequencing further confirmed the results obtained from deep
sequencing and suggested that a PIGA mutation was the
initial event. n = the number of colonies with the indicated
mutations observed. Colonies that were not reproducible in
independent experiments are not shown. (C) Proposed model
of clonal architecture in this case based on VAFs and colony
sequencing results.

examined in WES cases, but no lesions were found,
raising the possibility that intronic mutations may
lead to the loss of GPI anchors on the cell surface.
Furthermore, the high failure rate of Sanger sequenc-
ing could be due to a number of reasons including
small clone size, intronic mutations, or micro/large
deletions only detectable by SNP array.

At the onset of our study, we postulated several
theoretical possibilities as to the clonal architecture
of PNH: (a) PIGA gene defects are the initial ancestral
events, and other mutations are acquired subsequently,
similar to the situation in MDS; (b) other initial somatic
events are followed by PIGA mutations constrained
within and completely overlapping the PNH clone, sug-
gesting that the initial non-PIGA events are passenger
mutations; (c) secondary PIGA mutations arise in the
context of other clonogenic mutations that are present
in both PIGA mutant and wild-type cells; and (d) both
myelodysplastic and PNH clones independently coex-
ist. While PIGA mutations appear to be the initial event
in many cases, we identified concomitant somatic mutations in a
large proportion of PNH patients. In such cases, subsequent sub-
clonal events can occur and are similar to those present in more
aggressive hematologic malignancies. In cases in which the preced-
ing clonal mutation was found but was limited to the PNH fraction,
one could suggest that a passenger mutation was clonally “fixed”
by the subsequent PIGA event. However, in some cases, permissive
leukemogenic effects appeared to be instigated by mutations in
JAKR2, TET2, or STAC3, suggesting that these primary events arose,
conveying an initial growth advantage, with a PIGA mutation as a
subclone conveying an additional growth advantage. In particular,
the presence of 2 cases with “myeloproliferative” JAK2 mutations
suggests that the propensity toward clonal proliferation may be fur-
ther modified by the presence of PIGA defects and that JAK2 muta-
tions in concert with PIGA mutations lead to a markedly different
phenotype than that of a myeloproliferative neoplasm (MPN). In
addition, there were a significant number of cases in which PIGA
was the lone mutation, although WES data suggest that this may be
less frequent when entire exomes are analyzed.

Regardless, in many cases, the subclonal or clonal occur-
rence of associated mutations resembles the typical architecture
of MDS (10). We and others have previously described additional
somatic events in PNH patients demonstrating that even PIGA
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Figure 4. Mutational summary and clonal architecture scenarios. (A)
Cohort frequency of 4 different scenarios for the clonal architecture encoun-
tered in PNH: ancestral PIGA mutation (B), secondary PIGA mutation (C),
PIGA mutation as an isolated genetic event (D), and PIGA mutation leading
to a PNH clone that independently coexists with an MDS clone (E).

mutation-negative cases were clonal (6-8). The inability to detect
significant recurrent additional mutations may be due to the rela-
tively small cohort and surprising diversity discovered in this study.
Nevertheless, our results suggest that an obligatory secondary
event does not occur in PNH, yet PNH clonal expansions appear
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to be aided by the presence of additional mutations. Depending
on the permissivity of additional genetic events, the PIGA mutant
clone may expand quickly, smolder, or disappear. This heteroge-
neous scenario would also be consistent with a relative lack of
correlation between immunosuppression and the size of the clone,
which may be driven under some circumstances by additional
subclonal events. Our results suggest that future investigations
into PNH will offer the opportunity to examine the implications
of hematopoiesis sustained primarily by 1 or 2 mutated stem cells,
with many cases demonstrating an accumulation of additional
mutations that may be due to an increase in the self-renewal bur-
den placed on stem cells as a consequence of the disease.

Methods

Patients. Bone marrow aspirates and/or blood samples were collected
from 60 patients with PNH at the Cleveland Clinic. Diagnosis was
confirmed and assigned according to the guidelines for the diagnosis
and management of PNH (42).

Cytogenetics and SNP arrays. Cytogenetic analysis was performed
according to standard banding techniques based on 20 metaphases, if
available. Technical details regarding sample processing for SNP array
(SNP-A) assays were previously described (43, 44). Affymetrix 250K
and 6.0 kits were used. A stringent algorithm was applied for the iden-
tification of SNP-A lesions. Patients with SNP-A lesions concordant
with metaphase cytogenetics or typical lesions known to be recurrent
required no further analysis. Changes reported in our internal or pub-
licly available (Database of Genomic Variants; http://projects.tcag.ca/
variation) copy number variation (CNV) databases were considered
nonsomatic and excluded. Results were analyzed using CNAG version
3.0 (20) or Genotyping Console (Affymetrix). All other lesions were
confirmed as somatic or germline by analysis of CD3-sorted cells (45).

WES. WES was performed as previously reported (46). Briefly,
tumor DNA was extracted from patients’ bone marrow or periph-
eral blood mononuclear cells. DNA was obtained from paired
CD59-positive and -negative cells. Whole-exome capture was
accomplished based on liquid-phase hybridization (SureSelect;
Agilent Technologies) according to the manufacturer’s protocol.
The SureSelect Human All Exon 50 Mb kit was used for 12 cases.
The captured targets were subjected to massive sequencing using
Illumina HiSeq 2000 according to the manufacturer’s instructions.
The raw sequence data were processed through the in-house pipe-
line constructed for whole-exome analysis of paired cancer genomes
at the Human Genome Center, Institute of Medical Science, The
University of Tokyo, and are summarized in a previous report (46).
Data processing was divided into 2 steps: (a) generation of a BAM
file (http://samtools.sourceforge.net/) for paired normal and tumor
samples for each case, and (b) detection of somatic SNVs and indels
by comparing normal and tumor BAM files. Alignment of sequernc-
ing reads on hgl9 was visualized using Integrative Genomics Viewer
(IGV) software (http://www.broadinstitute.org/igv/) (47).

Targeted deep sequencing and Sanger sequencing. We applied tar-
geted exon sequencing to the validation of WES results as previously
described (46, 48). Briefly, the number of reads containing SNVs and
indels in both tumor and reference samples was determined using SAM
tools, and the null hypothesis of equal allele frequencies in PNH and
non-PNH samples was tested using the 2-tailed Fisher’s exact test. A
variant was adopted as a candidate somatic mutation if it had a P value
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of less than 0.01. First, amplicons of each observation were subjected
to Sanger sequencing by standard techniques on an ABI 3730x] DNA
analyzer (Applied Biosystems). All mutations were confirmed by bidi-
rectional sequencing and scored as pathogenic if not present in non-
clonal, paired CD59-derived DNA. Then, deep NGS was applied to
additional validation for variant allelic frequency and small clone
detections. The amplicon libraries were generated according to an Illu-
mina pair-end library protocol and subjected to deep sequencing on
an Tllumina MiSeq sequencer according to the standard protocol. For
PIGA (exons 2-6) and KDM3B (exons 1-24), direct genomic sequencing
was performed as previously described, together with deep sequenc-
ing, so that even very small mutated events would not be missed.

Single-cell colony culture. Colony formation assays in semi-solid
cultures were used to obtain colonies for single-colony sequencing. A
total of 10° bone marrow cells from PNH patients were plated in 1 ml of
methylcellulose supplemented with G-SCF, GM-SCF, and EPO cytok-
ines (STEMCELL Technologies) as well as FBS in a 35-mm culture
plate at 37°C with 5% CO,. After 7 to 10 days of culturing, individual
colonies were removed, and DNA was extracted for sequencing.

Cell sorting. Following lysis of rbc, immunomagnetic selection of
cells was performed using anti-CD59 PE (Life Technologies) followed
by anti-PE microbeads (Miltenyi Biotec). Samples were separated
using LS Columns (Miltenyi Biotec), and purity was verified in each
fraction by flow cytometry on a Beckman Coulter FC500.

Flow cytometry. Whole blood was stained with antibodies against
GlyA, CD15, CD24, CD55, CD59 (Beckman Coulter), CD59 (Life
Technologies), and FLAER (Alexa 488 Proaerolysin Variant; Cedar-
lane Scientific) in various combinations to quantitate the number of
GPI-deficient rbc and wbc in each patient. Samples were run on a
Beckman Coulter FC500 or XL-MCL.
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Accession codes. WES results have been deposited in the Sequence
Read Archive (SRA) public database (PRJNA254174).

Statistics. JMP Pro 10 (SAS Institute Inc.) was used for statistical
analysis. Either a Wilcoxon or Fisher’s exact test was performed to evalu-
ate statistically significant differences between groups, with an a of 0.05.

Study approval. Research was conducted according to protocols
approved by the IRB of the Cleveland Clinic and in accordance with
Declaration of Helsinki principles. Written informed consent was
received from all patients prior to enrollment in the study.
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Increased glycosylphosphatidylinositol-anchored
protein-deficient granulocytes define a benign subset of
bone marrow failures in patients with trisomy 8
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Abstract

Trisomy 8 (+8), one of the most common chromosomal abnormalities found in patients with myelodysplastic
syndromes (MDS), is occasionally seen in patients with otherwise typical aplastic anemia (AA). Although
some studies have indicated that the presence of +8 is associated with the immune pathophysiology of bone
marrow (BM) failure, its pathophysiology may be heterogeneous. We studied 53 patients (22 with AA and 31
with low-risk MDS) with +8 for the presence of increased glycosylphosphatidylinositol-anchored protein-
deficient (GPI-AP™) cells, their response to immunosuppressive therapy (IST), and their prognosis. A
significant increase in the percentage of GPI-AP™ cells was found in 14 (26%) of the 53 patients. Of the 26
patients who received IST, including nine with increased GPI-AP™ cells and 17 without increased GPI-AP™
cells, 14 (88% with increased GPI-AP~ cells and 41% without increased GPI-AP™ cells) improved. The overall
and event-free survival rates of the +8 patients with and without increased GPI-AP™ cells at 5 yr were 100%
and 100% and 59% and 57%, respectively. Examining the peripheral blood for the presence of increased
GPI-AP~ cells may thus be helpful for choosing the optimal treatment for +8 patients with AA or low-risk
MDS.
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Karyotypic abnormalities in patients with bone marrow
failure are generally regarded as a hallmark of clonal hema-
topoietic disorders with the propensity toward transformation
into acute myeloid leukemia (AML). The incidence of cyto-
genetic abnormalities in aplastic anemia (AA) and myelodys-
plastic syndromes (MDS) is approximately 4% and 50%,
respectively (1, 2). Trisomy 8 (+8), one of the most frequent
chromosomal abnormalities found in patients with MDS, is
occasionally seen in patients with otherwise typical AA
(3-8). A recent study based on 2072 MDS patients showed
that 8% of these patients had +8 in isolation (9). For both
AML and MDS, +8 is listed in the ‘intermediate-risk cytoge-
netic group’ (6, 9, 10). Several studies have shown that

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

MDS patients with +8 are highly responsive to immunosup-
pressive therapy (IST) (3, 7, 11). However, +8 in AA
patients is associated with an increased risk of evolving into
MDS/AML (5, 8). Thus, the prognostic significance of +8 in
patients with AA or low-risk MDS remains unclear.

Small populations of glycosylphosphatidylinositol-anchored
protein-deficient (GPI-AP™) blood cells are often detected in
the peripheral blood (PB) of patients with AA or low-risk
MDS, such as refractory anemia (RA) and refractory cytope-
nia with multilineage dysplasia (RCMD) in the FAB classifi-
cation (12-14). The GPI-AP™ blood cells are detectable
even in patients with BM failure who have chromosomal
abnormalities, including +8 (15-17). Parlier and Longo
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reported the first patient with GPI-AP™ blood cells and + 8
who had ringed sideroblasts (18, 19). Our recent study
showed a close association of del(13q) with the presence of
increased GPI-AP™ cells as well as a favorable response to
immunosuppressive therapy (IST) (16). In patients with AA
or RA possessing +8, the presence of GPI-AP™ cells may
affect response to IST as well as prognosis. To test this
hypothesis, we analyzed clinical data of 53 BM failure
patients with +8 whose blood cells were examined for the
presence of GPI-AP™ cells.

Patients and methods

Patients

This study included retrospective analysis of clinical records
for 1228 BM failure patients: 733 with AA and 495 with low-
risk MDS, including 286 with refractory cytopenia with uni-
lineage dysplasia (RCUD), 149 with RCMD, and 60 with
unclassified MDS (MDS-U). In all patients, blood samples
were examined for the presence of GPI-AP™ granulocytes and
erythrocytes at our laboratory between May 1999 and July
2010. BM smear slides and trephine biopsy specimens were
reviewed by two independent hematologists. BM cellularity
was expressed as the percentage of BM volume occupied by
hematopoietic cells in the trephine biopsy specimens. Hypo-
cellular marrow was defined as <30% cellularity in patients
<70 yr, or <20% cellularity in patients >70 yr (20). Chromo-
somal analysis was conducted using the G-banding method,
and the presence of +8 clones was confirmed by fluorescent in
situ hybridization (FISH) when the number of +8 revealed by
G-banding was less than or equal to two. The results of
G-banding were described according to the International Sys-
tem for Human Cytogenetic Nomenclature (ISCN) (21). The
Ethics Committee of Kanazawa University Graduate School
of Medical Science approved the study protocol, and all
patients provided informed consent prior to sampling.

Therapy and response criteria

Horse anti-thymocyte globulin (ATG, Lymphoglobulin, Gen-
zyme, Cambridge, MA, USA) in combination with cyclospor-
ine (CsA) was given to patients with severe aplastic anemia
(SAA). Four to 6 mg/kg of CsA was administered to patients
with moderate AA (MAA) or MDS. Trough levels of CsA
were maintained between 150 and 250 ng/mL. Six patients
(four with AA and two with MDS) received 10-20 mg/d of
methenolone acetate in addition to CsA. Responses to IST
were defined according to the established criteria (22, 23).

Monoclonal antibodies

Monoclonal antibodies (mAbs) used for flow cytometry
were FITC-conjugated anti-CD59 (P282E, IgG2a; Beckman

Hosokawa et al.

Coulter, Brea, CA, USA), FITC-conjugated anti-CD55
(IA10, IgG2a; BD PharMingen, San Diego, CA, USA), PE-
conjugated anti-CD11b/Mac-1 (ICRF44, IgG1; BD PharMin-
gen), and PE-conjugated anti-glycophorin A (JC159, IgGlI;
Dako, Glostrup, Denmark).

Detection of GPI-AP~ cells by flow cytometry

All blood samples were analyzed within 24 h of collection
to avoid false-positive results due to cell damage. Staining
with each mAb was performed according to the lyse-stain
protocol as previously described (24, 25). The presence of
CD557CD59 glycophorin A* erythrocytes at the level of
>0.005% and/or CD557CD597CD11b* granulocytes at the
level of >0.003% was defined as an abnormal increase
(‘positive’) based on results obtained from 183 healthy indi-
viduals (26). With careful handling of samples and elaborate
gating strategies, cutoff values can be lowered to these levels
without producing false-positive results (24, 27, 28).

Statistical analysis

Prevalence of increased GPI-AP™ cells among different
patient populations was compared using the chi-squared test.
The Kaplan—-Meier method and the Cox proportional hazards
model were used to estimate time-to-event analysis. Overall
survival (OS) was caiculated in months from date of diagno-
sis until date of death or last follow-up. Event-free survival
(EFS) was defined as the time from diagnosis to AML evo-
lution or death. Two-sided P-values were calculated, and
P < 0.05 was considered statistically significant. All statisti-
cal analyses were carried out using the EZR software pack-
age (Saitama Medical Center, Jichi Medical University), a
graphical user interface for R (The R Foundation for Statisti-
cal Computing, version 2.13.0) (29).

Results

Incidence of BM failure patients with +8

Of 754 patients with AA, 22 (2.9%) possessed +8; instead,
of 483 patients with low-risk MDS, 31 (6.4%) possessed +8.
Their clinical features are summarized in Table 1. The med-
ian age of patients with +8 was 61, and BM was hypocellu-
lar in 32 patients, normocellular in 15, and hypercellular in
six. Thirty-five patients had trisomy 8 alone (+8 alone),
while 18 patients had additional chromosomal abnormalities
(+8 others). The median percentage of +8 cells in karyo-
typed cells was 15%. Diagnoses of 31 MDS patients accord-
ing to the 2008 WHO classification included nine patients
with RCUD, 16 with RCMD, and six with MDS-U. None of
the patients with +8 had ringed sideroblasts. All MDS
patients were classified as Int-1 according to the Interna-
tional Prognostic Scoring System (IPSS).

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 1 Clinical features of bone marrow failure patients with trisomy 8

%

of +8  Other % GPI-AP™ % GPI-AP™  GPI-AP~ Cause of AML
UPN Age Sex Dx Cellularity IPSS cells abnormalities Granulocytes Erythrocytes celis Treatment  Response Outcome  death transformation
1 69 M SAA Hypo NE 5 - 0.034 0.038 Positive  ATG+CsA PR Death infection No
2 21 F SAA Hypo NE 25 + 39.124 2.106 Positive ~ ATG+CsA PR Alive No
3 50 F SAA Hypo NE 15 - 0.002 0.026 Positive  ATG+CsA  NR Alive No
- BMT
4 26 F SAA Hypo NE 10 - 0 0 Negative ATG+CsA PR Death Infection No
5 16 M SAA Hypo NE 20 - 0 0 Negative ATG+CsA  NR Death Infection No
-BMT
6 26 M SAA Hypo NE 15 - 0 0 Negative Allo-BMT NA Death infection Yes
7 68 M SAA Hypo NE 5 - 0.002 0.002 Negative Allo-BMT  NA Alive Yes
8 46 F SAA Hypo NE 55 + 0 0.004 Negative CsA— NR Death GVHD Yas
Allo-BMT
9 66 F MAA Hypo NE 10 — 0.007 0 Positive  CsA PR Death Infection No
10 61 M MAA Hypo NE 10 - 6.201 8.657 Positive  CsA PR Alive No
" 50 M MAA Hypo NE 10 - 0.033 0.039 Positive ~ CsA+AS PR Alive No
12 71 M MAA Hypo NE 10 - 0.049 0.092 Positive ~ CsA+AS PR Alive No
13 68 M MAA Hypo NE 5 — 0.363 0.045 Positive  No NA Alive No
treatment
14 65 F MAA Hypo NE 80 - 0.64 0.327 Positive  No NA Alive No
treatment
15 69 M MAA Hypo NE 15 - 0 0.001 Negative CsA NR Death Lung No
cancer
16 35 M MAA Hypo NE 5 - 0 0 Negative CsA NR Alive No
17 79 M MAA Hypo NE 45 + 0 0 Negative CsA NR Alive No
18 71 F MAA Hypo NE 30 - 0 0.002 Negative CsA PR Alive No
19 10 M MAA Hypo NE 80 - 0 0.004 Negative CsA+AS NR Death Pneumonia  No
20 33 M MAA Hypo NE 35 - 0 0 Negative CsA+AS PR Alive No
21 60 F MAA Hypo NE 25 - 0 0.001 Negative No NA Alive No
treatment
22 31 F MAA Hypo NE NE — 0 0 Negative No NA Alive MNo
treatment
23 42 F RCUD(RA) Normo Int-1 50 + 0 0 Negative CsA NR Death Heart No
failure
24 87 F RCUD(RA) Hypo Int-1 35 + 0 0.003 Negative CsA+AS NR Death infection No
25 70 M RCUD(RA)  Hyper Int-1 5 - 0 0 Negative CsA+AS NR Death Heart No
failure
26 81 M RCUD(RA)  Normo Int-1 5 + 0 0 Negative AS,VitK Progression  Death Progression  No
27 51 M RCUD(RA) Hypo Int-1 70 + 0 0 Negative  Allo-BMT NA Alive No
28 56 F RCUD(RA) Normo Int-1 85 - 0 0.001 Negative PSL SD Alive No

(continued)
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Table 1 (continued)

%

of +8 Other % GPI-AP~ % GPI-AP~™  GPI-AP™ Cause of AML
UPN Age Sex Dx Cellularity IPSS cells  abnormalities Granulocytes Erythrocytes cells Treatment  Response Outcome death transformation
29 75 M RCUD(RA)  Normo Int-1 15 - 0 0.001 Negative AS Progression  Death Progression  No
30 72 F RCUD(RA)  Hypo Int-1 75+ 0 0 Negative No NA Alive No
treatment
31 66 F RCUD(RA) Normo Int-1 0  + 0 0.01 Negative No NA Alive No
treatment
32 81 M RCMD Hyper Int-1 5 - 0.034 0 Positive  NA NA Alive No
33 88 F RCMD Hyper Int-1 50 — 0.142 0.23 Positive ~ AS PR Alive No
34 18 F RCMD Hypo Int-1 55 + 0.003 0.008 Positive  Allo- NA Alive No
PBSCT
35 59 F RCMD Hyper Int-1 5 - 0.001 0.001 Negative CsA CR Alive No
36 65 M RCMD Hypo Int-1 5 - 0 0.001 Negative CsA HI-1 Alive No
37 28 F RCMD Normo Int-1 20 - 0 0 Negative CsA HI-1 Alive No
38 61 F RCMD Hyper Int-1 100 - 0 0 Negative CsA HI-2 Death Bleeding No
39 59 M RCMD Hypo Int-1 35 + 0.001 0.003 Negative CsA Progression  Death Progression  Yes
40 51 F RCMD Hypo Int-1 13+ 0 0.002 Negative PSL SD Death Infection No
41 89 M RCMD Normo Int-1 50 - 0 0 Negative AraC Progression Death Progression No
42 72 M RCMD Normo Int-1 10+ 0 0 Negative  VitK NA Death Pneumonia  No
43 50 F RCMD Normo Int-1  NE - 0 0.001 Negative  AS,VitK sD Alive No
44 77 F RCMD Normo Int-1 10 + 6] 0.003 Negative AS Progression  Death Progression  Yes
45 7 M RCMD Normo Int-1 10 - 0 0.002 Negative  Allo-BMT NA Death TMA No
46 63 F RCMD Normo Int-1 NE + 0 0 Negative No NA Death Progression  No
treatment
47 56 F RCMD Normo Int-1 40 — 0 0.002 Negative No NA Alive No
treatment
48 70 F MDS-U Hypo Int-1 5 + 0.005 0.023 Positive  CsA CR Alive No
49 81 M MDS-U Hypo Int-1 95 + 6.851 0.272 Positive ~ CsA NA Alive No
50 75 M MDS-U Hyper Int-1 5 - 0 0 Negative AS HI-3 Death Infection No
51 77 M MDS-U Normo Int-1 35+ 0 0 Negative  AS,VitK Progression  Death Progression No
52 34 F MDS-U Hypo Int-1 NE - 0 0 Negative  Allo- NA Alive No
PBSCT
53 55 F MDS-U Normo Int-1 45 - 0 o] Negative No NA Alive No
treatment
Median 61 15

AML, acute myeloid leukemia; ATG, anti-thymocyte globulin, RCMD, refractory cytopenia with multilineage dysplasia; RCUD, refractory cytopenia with unilineage dysplasia; SAA, severe aplas-
tic anemia.
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Prevalence of patients possessing increased GPI-AP~
cells

As shown in Table 1, 14 (26.4%) of patients with +8 had
GPI-AP™ cells that accounted for 0.003% to 39.124% (med-
ian, 0.049%) of granulocytes. One patient who possessed
0.002% GPI-AP™ granulocytes was judged positive because
0.026% of the patient’s erythrocytes were GPI-AP™ cells
(Figure S1). None of the patients evolved into clinical PNH
during the observation period of 2~10 yr. The prevalence of
increased GPI-AP™ cells was lower than that (43%) in 937
BM failure patients (637 with AA and 300 with MDS) with
normal karyotype (16). Of 22 AA patients with -8, nine
(41%) had increased GPI-AP™ cells; instead, of 31 low-tisk
MDS patients with +8, five (16%) had increased GPI-AP™
cells (P = 0.04).

Response to IST in BM failure patients with +8

Twenty-six patients (49%) were treated with IST, and 25 of
these had evaluable responses. IST included CsA alone in
15 patients, CsA and ATG in five patients, and CsA and
methenolone acetate in six patients. The overall response
rate to IST in the +8 patients was 56% (14/25 patients). Of
16 AA patients with +8 treated with CsA and ATG (5) or
CsA =+ methenolone acetate (11), nine (56%) responded.
Nine MDS patients with +8 were treated with CsA & me-
thenolone acetate, and five (56%) improved (P = 0.97). Of
eight patients positive for GPI-AP™ cells treated with IST,
7 (88%) responded; instead, of 17 patients negative for GPI-
AP cells, 7 (41%) responded (P = 0.03). Comparison of
patients with +8 with 141 BM failure patients (120 with AA
and 21 with MDS) with normal karyotypes that were
included in our previous study (16) showed that +8 patients
had lower response rates to IST than patients with normal
karyotypes, 56% in +8 AA patients vs. 81% in normal
karyotype AA patients (P = 0.03) and 56% in +8 MDS
patients vs. 62% in normal karyotype MDS patients
(P = 0.75), although the differences were not statistically
significant in MDS patients (16).

Prognosis in BM failure patients with +8

None of the 14 + 8 patients with increased GPI-AP™ cells
progressed to advanced MDS or AML during the follow-up
period of 2-239 months (median, 67 months). On the other
hand, five of the 39 + & patients without GPI-AP™ cells
developed AML. The 5-yr OS and EFS rates of the 53
patients with +8 patients were 69.4% and 68.1%, respec-
tively (Fig. 1A). The 5-yr OS/EFS rates of +8 patients with
increased GPI-AP™ cells were 100%/100%; instead, the 5-yr
OS/EFS rates of +8 patients without increased GPI-AP™
cells were 58.6%/56.9% (P = 0.0347, P = 0.0269, respec-
tively; Fig. 1B). The 5-yr OS rates of +8 patients with +8

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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alone were 81.7%; instead, the 5-yr OS rates of +8 patients
with +8 with other abnormalities were 45.5% (P = 0.0196;
Fig. 1C). When age, gender, diagnosis, cellularity, clone
size, karyotype complexity, and GPI-AP™ cells were
included in the multivariate analysis, higher age (60 yr or
older) and the absence of GPI-AP™ cells represented inde-
pendent negative predictors for OS (Table 2).

To further evaluate the significance of GPI-AP™ cells in
+8 patients, the 5-yr OS rates of BM failure patients with -+8
were compared with those of 246 BM failure patients (179
with AA and 67 with MDS) with normal karyotype who
were included in our previous study (16). There was no sig-
nificant difference in the survival rates between the two
groups with increased GPI-AP™ cells (100% vs. 92.7%
P = 0.914; Fig. 2A), while the survival rate of +8 patients
without increased GPI-AP™ cells (58.6%) was lower than
that of patients with normal karyotype not possessing
increased GPI-AP™ cells (79.5%, P = 0.0007; Fig. 2B).

Discussion

The current retrospective study of a large number of BM
failure patients revealed distinctive clinical features of BM
failure patients with +8 abnormalities. Of the 483 patients
with low-risk MDS, 31 (6.6%) possessed +8, which was
comparable to the 8% reported in a recent study of 2072
MDS patients (2). That study did not provide any detailed
diagnoses of the patients with +8. The present study detected
GPI-AP™ cells in 26.4% of patients with +8, and the preva-
lence of increased GPI-AP™ cell percentages was higher in
AA patients (41%) than in those with low-risk MDS (16%).
This study is the first to reveal the prevalence of increased
GPI-AP™ cell percentages based on a large number of AA
and low-risk MDS patients with +8.

Approximately half of the patients with +8 were treated
with IST, with an overall response rate of 56%. The rela-
tively high response rate was probably achieved because IST
was only administered to patients who had clinical features
associated with a good response to IST, such as a short dis-
ease duration and the presence of thrombocytopenia with
decreased megakaryocytes (30). The response rates were
similar between AA (56%) and low-risk MDS patients
(56%). However, there was a significant difference in the
response rate between the patients with and those without
increased GPI-AP™ cells (88% vs. 41%).

Consistent with our current data, several studies demon-
strated that AA and MDS patients with +8 are likely to
respond to IST (3, 7, 11). There may thus be a common mech-
anism underlying the preferential commitment of hematopoi-
etic progenitor clones with +8 in immune-mediated BM
failures. One study revealed an increased expression of the
WT1 gene by BM mononuclear cells from MDS patients with
+8, which may elicit specific T-cell responses to WT1 pep-
tides and lead to the suppression of non-+8 hematopoietic
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Figure 1 Overall and event-free survival rates
of BM failure patients with trisomy 8. (A} Five-
year overall survival {OS) and event-free survival
(EFS) rates of +8 patients. (B) Five-year OS and
EFS rates of +8 patients with and without
increased GPI-AP™ cells. (C) Five-year OS and
EFS rates of +8 patients with +8 alone and +8
with other abnormalities (8+ others). The EFS
was defined as the time from diagnosis to
acute myeloid leukemia (AML) evolution or
death.

Table 2 Results of multivariate analysis of prognostic factors for overall survival of patients with BM failure with trisomy 8

BMF with trisomy 8

Variable Categories Hazard ratio (95% Cl) P-value
Age >60 yr vs. <60 yr 3.8 (1.1-13.6) <0.05
Sex Male vs. female 1.5 (0.6-4.2) 0.42
Diagnosis AA vs. MDS 1.3 (0.3-5.8) 0.74
Cellularity Hypocellular vs. others 0.5{0.1-1.9) 0.31
Karyotype complexity 8+ alone vs. 8+ others 0.4 {0.1-1.3} 0.12
Clone size (% of +8 cells) 215% vs. <15% 0.5 (0.2-1.3) 0.16
GPI-AP~ cells Positive vs. negative 0.1 (0.02-0.7) <0.05

GPI-AP~ cells, glycosylphosphatidylinositol-anchored protein-deficient blood cells; AA, aplastic anemia; MDS, myelodysplastic syndrome; Cl, confi-

dence interval; BMF, bone marrow failure.

progenitor cells by bystander effects of activated T cells (11).
The same group proposed that BM CD34™ cells of +8 patients
exhibit resistance to apoptosis and increased myc expression

42

as the mechanisms underlying the proliferative advantage of
+8 clones (31). We were unable to examine WT1 gene expres-
sion and the number of WT1-specific T cells in our +8 patients

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons 1_td



Hosokawa et al.

8+ GPI-AP- cells (+) : 5-yr OS = 100%

(n=14)
A 10 i 4 :
e ‘ ) )
T ety L
0.8 Normal karyotype GPI-AP- cells (+) : 5-yr O8 = 92.7%
(n=112)
E 0.6
Z
?
E
S 04
o
0.2+
P=0914
0.0
H T T T
0 20 40 60 80
Months from diagnosis
B 10+ Normal karyotype GPI-AP- cells (-) : 5-yr OS =79.5%
(n=134)
g
| (i
08 4 bbbty
Ty
T§ 6.6 - : + g
g :
; 8+ GPI-AP- cells (=) : 5-yr OS = 58.6%
g 04 - (n=139)
>
o
027 P=0.0007
00
T H T T
Q 20 40 60 80

Months from diagnosis

Figure 2 Overall survival rates of BM failure patients with trisomy 8
and normal Kkaryotype. (A) Five-year overall survival (OS) rates of +8
patients and normal karyotype patients with increased GPI-AP™ cells.
(B) Five-year OS rates of +8 patients and normal karyotype patients
without increased GPI-AP™ cells.

who were responsive to IST. However, we believe that the
specific immune responses to +8 clones may not be the main
mechanism underlying the immune-mediated BM failure, for
the following reasons: First, if the immune response is directed
against +8 clones, successful T-cell suppression by IST should
lead to the expansion of the abnormal clone. In reality, the
changes in the percentage of +8 clones in patients responding
to IST were highly variable and did not show a steady increase
(Figure S2). Second, the likelihood of responding to IST was
determined by the presence of GPI-AP™ cells, not by the +8
clones; the +8 patients did not respond better to IST than

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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patients with a normal karyotype (56% of AA patients with +8
vs. 81% of AA patients with a normal karyotype and 56% of
MDS patients with +8 vs. 62% of MDS patients with a normal
karyotype). Third, leukocytes with copy number-neutral loss
of heterozygosity in the short arm of chromosome 6 (6pLOH)
should be detected in patients with +8 if they are targets of
cytotoxic T-cell attacks, based on our previous study showing
that leukocytes with 6pLLOH are detectable in 13% of AA
patients (32). However, none of the six patients with +8 stud-
ied in the present population had leukocytes with 6pLOH
(data not shown).

The IPSS classifies +8 as an intermediate risk factor for
the progression of MDS (10, 33). The prognostic signifi-
cance of +8 was confirmed by recent studies that involved
MDS with at least 5% blasts (34). However, its significance
in patients with AA and low-risk MDS with less than 5%
blasts has not been extensively studied. In contrast to previ-
ous reports (3, 11), this study revealed that AA and MDS
with less than 5% blasts comprise a subset of patients with
a propensity to evolve into AML. Recently, Schanz et al.
studied 2902 MDS patients including 133 patients with +8
who had a median blast percentage of 4% in their BM and
revealed that the median overall survival of the 133 patients
was 23 months (6). However, this study included 1190
(42.7%) patients with blast percentages >5% in the BM.
The median overall survivals in our 53 patients with +8
were 78 months in AA and 43 months in MDS patients.
This study is the first to estimate the overall survival in AA
and low-risk MDS patients with +8 whose blast percentage
in the BM is less than 5% based on a large number of
patients.

On the other hand, the finding that the 5-yr EFS of +8
patients with an increased GPI-AP™ cell percentage was
100% suggests that this subset of +8 BM failures is a benign
type of BM failure similar to that of AA patients with nor-
mal karyotypes possessing increased GPI-AP™ cells rather
than a clonal disorder associated with a high risk of develop-
ing AML. The median age (66 yr vs. 59 yr) and prevalence
of hypercellular marrow (14% vs. 10%) in patients with and
without GPI-AP™ cells were similar.

By comparing clinical courses between +8 patients and
normal karyotype patients, both patient groups with
increased GPI-AP™ cells proved to have good prognosis
regardless of the presence of +8, while in patients without
increased GPI-AP™ cells, the survival rate of +8 patients
was significantly lower than that of patients with normal
karyotype, strongly suggesting the importance of detecting
GPI-AP™ cells in predicting the prognosis of +8 patients.
The WHO 2008 classification defined +8 as an intermedi-
ate-risk abnormality of MDS. The BM failure patients with
+8 possessing an increased number of GPI-AP™ cells may
therefore be treated in an inappropriate way such as with
hypomethylating agents and allogeneic stem cell transplan-
tation from unrelated donors. Therefore, our present
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findings suggest that it is important to determine whether
increased GPI-AP™ cells are detectable when BM failure
patients are found to have +8. The significance of detecting
GPI-AP™ cells in +8 patients needs to be confirmed by pro-
spective studies involving a large number of BM failure
patients.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. One patient who possessed 0.002% GPI-AP™
granulocytes was judged positive because 0.026% of the
patient’s erythrocytes were GPI-AP™ cells.

Figure S2. Changes in the proportion of +8 cells for six

patients. The percentage of +8 clones revealed by G-banding
increased in three patients (UPN3, 20, 33) and decreased in
two patients (UPN2, 9) after successful IST.
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ABSTRACT

5-Azacytidine (AZA) exerts its anti-tumor effects by exerting cytotoxicity via its incorporation into RNA
and DNA, which causes the reactivation of aberrantly silenced growth-regulatory genes by promoter
demethylation, as well as DNA damage. AZA is used for patients with myelodysplastic syndrome and
acute myeloid leukemia. However, some patients demonstrate resistance to AZA, the mechanisms of
which are not fully elucidated. We therefore sought to better characterize the molecular mechanism of
AZA resistance using an in vitro model of AZA resistance. We established AZA-resistant cell lines by
exposing the human leukemia cell lines U937 and HL-60 to clinical concentrations of AZA, and
characterized these cells. AZA-resistant cells showed a down-regulation of the DNMT3A protein, in
correlation with their marked genome-wide DNA hypomethylation. Furthermore, genes involved in
pyrimidine metabolism were down-regulated in both AZA-resistant cell lines; AZA sensitivity was
restored by inhibition of CTP synthase. Of note is that the DNA damage response pathway is
constitutively activated in the AZA-resistant cell lines, but not in the parental cell lines. Inhibition of the
DNA damage response pathway canceled the AZA resistance, in association with an increase in apoptotic
cells. We found that the molecular mechanism underlying AZA resistance involves pyrimidine
metabolism and the DNA damage response through ATM kinase. This study therefore sheds light on the
mechanisms underlying AZA resistance, and will enable better understanding of AZA resistance in
patients undergoing AZA treatment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

the treatment of patients with myelodysplastic syndromes (MDS)
and acute myeloid leukemia (AML) in the USA, Europe, and Japan,

5-Azacytidine (AZA) is one of the most effective DNA
demethylating agents used in cancer treatment. It is used for

Abbreviations: AZA, 5-azacytidine; MDS, myelodysplastic syndromes; AML, acute
myeloid leukemia; azaCMP, azacytidine monophosphate; azaCTP, azacytidine
triphosphate; DNMT, DNA methyltransferase; DAC, 2-desoxy-AZA; CDKN, cyclin
dependent kinase inhibitor; TP53, tumor protein p53; PTEN, phosphatase and
tensin homolog; WT1, Wilms tumor 1; RB1, retinoblastoma 1; POLR2B, polymerase
(RNA) II (DNA directed) polypeptide B; UCK2, uridine-cytidine kinase 2; CDA,
cytidine deaminase; AK3, adenylate kinase 3; POL II, RNA polymerase II; CTP,
cytidine triphosphate; UTP, uridine triphosphate; 3-DU, 3-deazauridine; MMC,
mitomycin C; phosphorylated proteins were indicated as, p-protein symbol.

* Corresponding author at: 6-7-1 Nishi-shinjuku, Shinjuku, Tokyo 160-0023,
Japan. Tel.: +81 3 3342 6111; fax: +81 3 3345 0185.

E-mail address: s-ima@tokyo-med.acjp (S. Imanishi).
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0006-2952/© 2014 Elsevier Inc. All rights reserved.
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among others, and yields a 40-60% response rate in these diseases
[1]. However, some patients treated with AZA develop resistance
against AZA after various treatment durations {2,3]. The prognosis
of MDS patients after AZA treatment failure is poor, with a median
overall survival time of 5.6 months {4].

AZA exerts its anti-tumor effects via its incorporation into RNA
and DNA [5]. Induction of the differentiation of malignant cells
might also be involved in the anti-tumor effects of AZA [6]. AZA
taken up by cells is phosphorylated to azacytidine monophosphate
(azaCMP) by uridine-cytidine kinase 2 (UCK2), and approximately
80-90% of azaCMP is subsequently phosphorylated to azacytidine
triphosphate (azaCTP), which is incorporated into RNA. AzaCTP
incorporated into RNA then promotes the degradation of RNA and
inhibits protein synthesis [5].
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The remaining 10-20% of azaCMP is further mono-phosphory-
lated and converted to 2’-deoxy-azaCTP (aza-dCTP) by ribonucle-
otide reductase. Aza-dCTP is subsequently incorporated into DNA
during replication [5]. When incorporated into a hemimethylated
CpG site, the 2/-deoxy-azaCTP entraps DNA methyltransferase
(DNMT) 1, whereas when it is incorporated into an unmethylated
CpG site, it captures DNMT3A or DNMT3B [7], and forms covalent
DNMT-DNA adducts. The formation of DNMT-DNA adducts
induces the DNA damage response [8], subsequently resulting in
cytotoxicity, and also causes the depletion of soluble DNMT
protein levels, leading to replication-dependent global demethyl-
ation [9] and gene reactivation [10]. The DNA damage response
induced by DNA damaging stimuli, as well as AZA[11], involves the
activation of the Ataxia telangiectasia mutated (ATM) protein [12].
This is followed by phosphorylation and activation of checkpoint
kinase 1 and 2 (CHK1 and CHK2) and breast cancer 1, early onset
(BRCA1) proteins. Activated CHK1 and CHK2 phosphorylate p53
resulting in cell cycle arrest and apoptosis, whereas activated of
BRCA1 promotes DNA damage repair [12].

The recent attention given to the activity of AZA or 2-desoxy-
AZA (DAC) has focused on their demethylating activity rather than
on their induction of DNA damage. Attention has particularly been
given to demethylation in the promoter region of tumor-
suppressor genes, because MDS and AML involve the abnormal
regulation of epigenetic modifications [13,14]. The major obstacle
toward the understanding of AZA sensitivity and resistance is that
the degrees of involvement of each mechanism, namely, the
incorporation of AZA into RNA, DNA, or both, in exerting the
clinical and hematological improvements in MDS and AML are not
yet fully elucidated.

To overcome this obstacle, we established cell lines that are
resistant to clinical doses of AZA, from AZA-sensitive human
leukemia cell lines, and compared their molecular and cellular
properties to clarify the mechanism underlying AZA activity and
resistance.

2. Materials and methods
2.1. Cell culture and reagent treatment

A human histiocytic leukemia cell line U937 [15], a human
promyelocytic leukemia cell line HL-60 [16], and their AZA-
resistant derivatives R-U937 and R-HL-60 cells were incubated in
RPMI 1640 medium (Life Technologies Inc., Carlsbad, CA, USA)
including 10% inactivated fetal bovine serum and 1% penicillin/
streptomycin (Life Technologies). For the maintenance of R-U937
and R-HL-60 cells, AZA was added to the medium at a final
concentration of 3 M. For treatment with the reagents, cells were
collected by centrifugation and resuspended at 3 x 10° cells/ml in
fresh medium with the agents or the vehicle. For immunostaining
and western blotting of proteins of the DNA damage response
pathway, R-U937 and R-HL-60 cells were incubated in the absence
of AZA for one week before the experiment. Cell viability was
measured by the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan),
as reported previously [17]. Apoptotic cells were quantified using
the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences,
Franklin Lakes, NJ, USA) as follows. Cells were treated with the
indicated reagents for 36 h. After washing in ice-cold phosphate-
buffered saline (PBS), the cells were incubated with FITC-labeled
annexin V and propidium iodide (PI) for 15min at room
temperature in the dark. Flow cytometric measurements were
performed on a BD Accuri C6 Flow Cytometer (BD Biosciences). A
488 nm blue laser was used for the excitation, and signals were
detected by the FL1 channel (533 nm) for FITC and were detected
by the FL2 channel (585 nm) for PL The signals of 30,000 events
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were obtained. Analyses of the obtained data were performed
using the C6 software Ver. 1.0 (BD Biosciences).

2.2. Chemical reagents and antibodies

The reagents used in this study were from the following sources.
AZA, DAC,RG108, mitomycin C(MMC), etoposide (ETP) and cisplatin
(CDDP) were purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan), and 3-deazauridine (3-DU) and caffeine were
purchased from Sigma Aldrich Inc. (St. Louis, MO, USA). The ATM
kinase inhibitor KU55933, the PARP inhibitor olaparib, the anti-
DNMTT1 antibody 4H80, the anti-DNMT3A antibody H-295, the anti-
DNMT3B antibody Q-25, the anti-ATM antibody 2C1 and the anti-f3-
ACTIN antibody C4 were purchased from Santa Cruz Biotechnology
Inc. (Dallas, TX, USA). The anti-phosphorylated H2AX (p-H2AX)
antibody was purchased from Trevigen Inc. (Gaithersburg, MD,
USA). The anti-phosphorylated ATM (Ser1981) (p-ATM) antibody
10H11.E12 was purchased from Upstate (Temecula, CA, USA).
Antibodies for the phosphorylated form of p53 (Ser15) (p-p53),
BRCA1 (Ser1524) (p-BRCA1), CHK1 (Ser345) (p-CHK1), CHK2
(Thr68) (p-CHK2), and ATR (Ser428) (p-ATR) were contained in
the DNA Damage Antibody Sampler Kit purchased from Cell
Signaling Technology Inc. (Danvers, MA, USA) and the anti-ATR
antibody was purchased from Rockland Immunochemicals Inc.
(Gilbertsville, PA, USA). Anti-P-glycoprotein antibody JSB-1 was
purchased from Abcam Plc. (Cambridge, UK). The secondary
antibodies, namely, horseradish peroxidase (HRP)-labeled anti-
mouse IgG antibody and HRP-labeled anti-rabbit IgG antibody were
purchased from GE Healthcare (Buckinghamshire, UK). Alexa 546~
labeled anti-rabbit IgG antibody and Alexa 488-labeled anti-mouse
IgG antibody were purchased from Life Technologies Inc.

2.3. Western blotting

Western blotting was performed as previously described [17].
Briefly, the membranes were probed with antibodies directed
against DNMT1 (1:200), DNMT3A (1:200), DNMT3B (1:200), p-
ATM (1:500), p-ATR (1:500), p-p53 (1:500), p-BRCA1 (1:500), p-
CHK1 (1:500), p-CHK2 (1:500), ATM (1:200), ATR (1:500) or B-
ACTIN (1:200) and then treated with the appropriate secondary
antibodies. The amount of each protein was determined using the
Image ] software.

2.4. Methylation analysis

To determine the global DNA methylation levels, we performed
the single-molecule methylation assay (SMMA) as previously
described [18]. Briefly, TAMRA-labeled methyl-CpG-binding do-
main protein 2 (MBD2), unlabeled MBD2, 0% methylated DNA
(negative control)and 100% methylated DNA (positive control) were
used. Comprehensive analyses using the Infinium HumanMethyla-
tion450 BeadChip Kit (Illumina, San Diego, CA, USA) were also
performed according to the manufacturer’s instructions. Briefly,
DNA samples were treated with bisulfite using the EZ DNA
Methylation Kit (Zymo Research, CA, USA). The bisulfite-treated
DNA was fragmented and suspended in hybridization buffer. The
fragmented DNA was then dispensed onto a HumanMethylation450
BeadChip and hybridization was performed for 20 h. The methyl-
ation level of each CpG locus was calculated using the GenomeStudio
Methylation Module (Illumina) as a methylation S-value (8 =in-
tensity of the methylated allele (M)/(intensity of the unmethylated
allele (U) + intensity of the methylated allele (M) + 100). The heat
maps were created using the GeneSpring 12.5 GX software (Agilent
Technologies, Santa Clara, CA, USA) using the S-value without any
modification. Analyses of the methylation levels in the promoter
regions of specific genes were performed using the Methylated DNA
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immunoprecipitation (MeDIP) assay kit (Active Motif, Carlsbad, CA,
USA) following the manufacturer’s instructions.

2.5. Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described
[19]. Tagman gene expression assays were used for AK3
(Hs00750254_s1), CDA (Hs00156401_m1), uck2
(Hs00367072_m1) and POLR2B (Hs00265358_m1). The TagMan
Pre-Developed Assay Reagent (Life Technologies) was used for
ACTB. The expression level of each gene relative to the expression
level of ACTB was determined by the ACT method.

2.6. Immunocytochemistry

Cells were fixed in 4% formalin in PBS at 4 °C overnight. After
washing and permeabilization in 0.1% TritonX-100 in PBS, cells
were treated with an anti-p-H2AX antibody (1:500) or an anti-p-
ATM antibody (1:200) at room temperature for 1h, and then
~ washed in PBS. After treatment with the appropriate secondary
antibody, nuclei were stained with Hoechst 33342 (Dojindo,
Kumamoto, Japan). The cells were then observed and photo-
graphed using the Biozero BZ-8100 fluorescence microscope
system (Keyence, Osaka, Japan). For the analysis of p-H2AX-
positive cells, 3 photographs of each sample, with each photograph
including >200 cells, were analyzed using the Image ] software.
The ratio of p-H2AX-positive cells was determined as Alexa 546-
positive cells/Hoechst positive nuclei.

2.7. Statistical analysis

For statistical analyses, one-way or two-way ANOVA followed
by the t-test was performed using the GraphPad PRISM 6 software
(GraphPad Software Inc., La Jolla, CA, USA). The means + SD are
shown in the figures.
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3. Results
3.1. Growth inhibitory effect of AZA in AZA-resistant cell lines

To establish AZA-resistant human leukemia cell lines, U937 and
HL-60 cells were incubated with gradually increasing doses of AZA,
from 0.1 wM to 3 uM for 9 months and 3 months respectively. The
surviving cells were strongly resistant to AZA (Fig. 1A), and were
designated as AZA-resistant U937 (R-U937) cells and AZA-resistant
HL-60 (R-HL-60) cells. These cells were also resistant to DAC
(Fig. 1B), indicating that they acquired cross-resistance to DAC. The
AZA-resistant phenotype of the R-U937 and R-HL-60 celis were
maintained even after incubation in medium without AZA for 6
months (Fig. 1C). Both AZA-resistant cell lines demonstrated a
lower proliferation rate than their parental cell lines (Fig. 1D). AZA
treatment increased the ratio of annexin V-positive and Pl-positive
cells in U937 and HL-60 cells, but not in R-U937 and R-HL-60 cells
(Fig. 2A and B), suggesting that AZA-treated U937 and HL-60 cells
die from apoptosis. FACS analysis for the multi-drug transporter P-
gp detected no significant difference in expression between the
AZA-resistant cells and the parental cells (data not shown),
indicating that the resistant phenotype of the AZA-resistant cells
does not involve multi-drug resistance.

3.2. DNMT protein expression and DNA methylation in AZA-resistant
cell lines

We next examined the protein expression levels of DNMTT,
DNMT3A and DNMT3B in the AZA-resistant cell lines. Compared
with their parental cells, the AZA-resistant cells had equivalent
expression levels of DNMT1, whereas their DNMT3A levels were
significantly reduced (Fig. 3A). DNMT3B was not detected in any of
the cell lines (data not shown). The SMMA demonstrated that
global DNA methylation levels were significantly reduced in the
AZA-resistant cell lines compared with their parental cells (Fig. 3B).
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Fig. 1. Establishment of the AZA-resistant cell lines. (A, B) Viability of the cell lines in the presence of AZA (A) or DAC (B). R-U937 and R-HL-60 cells showed resistance to AZA
and DAC. Each triangle indicates increasing doses, from left to right, of AZA (0, 1, 5 and 10 uM) or DAC(0, 0.2, 1 and 2 pM). *: P < 0.01 compared with cells in the absence of
each reagent. (C) Comparison of AZA resistance of R-U937 and R-HL-60 cells after incubation with (+) or without (—) AZA for 6 months. The R-U937 and R-HL-60 cells were
resistant to AZA even after incubation in medium without AZA for 6 months. Each triangle indicates increasing doses, from left to right, of AZA (0, 1, 5 and 10 uM). (D)
Comparison of the cell growth between AZA-resistant cells and the parental cells. The AZA-resistant cell lines proliferated more slowly than their parental cells. The results

from 3 independent experiments were analyzed.
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Fig. 2. FACS analyses of apoptosis of the cells in the presence of 10 uM AZA. (A, B) FACS analyses of U937 and R-U937 cells (A) and HL-60 and R-HL-60 cells (B) for annexin V
and Pl staining. The annexin V-positive and Pl-positive fraction was increased in the parental cells but not in the AZA-resistant cells after 72 h of treatment with 10 M of AZA.
Typical plots from a representative experiment are shown. The experiments were repeated 3 times.

Global DNA demethylation was also confirmed by the methylation
array (Fig. 3C). Furthermore, the DNA methylation array revealed a
large variety of demethylation patterns among the tumor
suppressor genes (Fig. 3D). For example, we found that most of
the promoter regions of cyclin dependent kinase inhibitor 1A
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(CDKN1A) were demethylated in AZA-resistant cell lines compared
with those in their parental cells, whereas the demethylation
patterns of CDKN1B, CDKN2A and CDKN2B did not show a constant
tendency. The promoter region of tumor protein p53 (TP53) was
demethylated in both AZA-sensitive and AZA-resistant cells,

o

100~ P =0.0053"

g f ) P=0.0104*
<« 804 1= - i
P4

0 g0+

®

® 40~

Z

T 201

=

U937 R-U937 HL-60 R-HL-60

D 5

fe))

3
CDRNTS — CoKn2A
17P53 CDKN2B
PTEN [ Metnylated
Wr1
RBY

Unmethylated

Fig. 3. DNMT protein expression and DNA methylation in AZA-resistant cells. (A) Protein levels of DNMT1 and DNMT3A. A decrease in the level of DNMT3A was evident in
both AZA-resistant cell lines. The experiment was repeated 3 times. A representative blot is shown. The quantitative analyses are provided in the histogram. *: P < 0.01
compared with the parental cells. (B, C) Global DNA methylation was measured by the SMMA assay (B) and methylation array (C). Experiments were repeated 3 times for (B),
and 2 times for (C). Methylation was significantly decreased in R-U937 and R-HL-60 cells compared with U937 and HL-60 cells. (D) DNA methylation patterns of various

tumor suppressor genes,
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whereas a part of the promoter regions of phosphatase and tensin
homolog (PTEN) and Wilms tumor 1 (WT1) were demethylated in
AZA-resistant cells. Demethylation in retinoblastoma 1 (RB1) was
not prominent in the AZA-resistant cell lines.

3.3. Down-regulation of genes involved in the pyrimidine metabolism
pathway in AZA-resistant cell lines

To investigate the biological relevance of the RNA-dependent
pathway in AZA resistance, we first examined the RNA expression
of genes involved in pyrimidine metabolism, such as polymerase
(RNA) Il (DNA directed) polypeptide B (POLRZB), uridine-cytidine
kinase 2 (UCK2), cytidine deaminase (CDA), and adenylate kinase 3
(AK3), which were identified from the KEGG PATHWAY database
(http://www.genome.jp/dbget-binfwww_bget?pathway:-
map00240)[20,21]. We found that the RNA expression of UCK2 and
POLR2B was significantly decreased in both R-U937 and R-HL-60
cells compared with their parental cells (Fig. 4A and B), whereas
the RNA expression of AK3 and CDA was variable between the 2 cell
lines. POLR2B encodes a rate-limiting subunit of RNA polymerase II
(POL 1) and UCK2 encodes an enzyme specific for pyrimidine
metabolism. These results indicate the biological relevance of
UCK2 and POLR2B in the AZA-resistant phenotype.

To determine whether altered pyrimidine metabolism results
in a reduction of cytidine salvaging and acceleration of cytidine
triphosphate (CTP) synthesis from uridine triphosphate (UTP), we
incubated the AZA-resistant cell lines in 3-DU, a CTP synthase-
specificinhibitor [22], with increasing doses of AZA. The viability of
R-U937 and R-HL-60 cells was not affected by 40 wM and 5 puM 3-
DU, respectively. AZA induced growth inhibition in a dose-
dependent manner in the presence of 3-DU (Fig. 4C). Therefore,
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the accelerated conversion of UTP to CTP by CTP synthase plays an
important role in AZA resistance.

To clarify the possible association between the down-regula-
tion of genes involved in pyrimidine metabolism and the
demethylation of their promoter region, we performed the MeDIP
assay for the promoter regions of UCK2 and POLR2B. Against our
expectations, the promoter regions of these genes were highly
demethylated in both the AZA-resistant cell lines and their
parental cells, even when AZA was not added (Fig. 4D). We
therefore could not find any AZA-induced demethylation in the
AZA-resistant cell lines and their parental cells. These findings
indicate that the down-regulation of genes involved in the RNA-
dependent pathway is not due to demethylation of gene promoters
by AZA.

3.4. Involvement of the DNA damage response pathway in AZA
resistance

AZA is incorporated not only into RNA, but also into DNA, and
inhibits DNMT activity. To clarify whether DNMT inhibition plays a
central role in AZA sensitivity, we next compared the viability of
the AZA-resistant cells and their parental cells in the presence or
absence of RG108, which is a non-nucleoside analog DNMT
inhibitor that does not damage DNA [23]. Since cell growth was not
affected by RG108, we concluded that the growth-inhibitory effect
of AZA might be due to DNA damage rather than DNMT inhibition
(Fig. 5A). We then performed immunocytochemistry for phos-
phorylated H2AX (p-H2AX), which is a hailmark of the DNA
damage response (Fig. 5B). U937 and HL-60 cells incubated with
10 .M AZA or 2 pM DAC showed a significantly higher ratio of p-
H2AX-positive cells, whereas no such increase was detected in
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Fig. 4. Altered expression of genes involved in pyrimidine metabolism in AZA-resistant cells. (A, B) mRNA expression levels of pyrimidine metabolism genes in R-U937 (A) and
R-HL-60 cells (B). The results from 3 independent experiments were analyzed. Means = SD of relative mRNA expression levels normalized to ACTB are shown. The mRNA level in
the parental cells was regarded as 1 for each gene. *: P < 0.01 compared with the mRNA expression level of each gene in the parental cells. (C) AZA reduced the viability of R-U937
and R-HL-60 cells in the presence of 3-DU. The results from 3 independent experiments were analyzed. *: P < 0.01 compared with the 3-DU-untreated control at each indicated dose.
(D) Results of the MeDIP assay. The recovery rates for the transcription start site (TSS) and the area 500 bp upstream from the TSS (US) of UCK2 and POLR2B are shown. Even in the
absence of AZA, the AZA-resistant cells as well as their parental cells showed very low recovery rates in these regions. The results from 2 independent experiments were analyzed. A
primer pair for ZC3H13 was used as a positive control. IgG was used as a negative control for the anti-5-methylcytosine antibody. N.D., not detected.
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Fig. 5. DNA damage response in AZA-resistant cell lines. (A) Treatment with RG108 at the indicated doses did not reduce the viability of U937 and HL-60 cells. The results from
3 independent experiments were analyzed. (B) 10 uM AZA and 2 WM DAC increased the ratio of p-H2AX-positive cells in all the cell lines, whereas RG108 did not. *: P < 0.01
compared with the untreated control of each cell line. #: P < 0.01 compared with the parental cells treated with AZA or DAC. The results are shown as means =+ SD.

U937 and HL-60 cells incubated with RG108. These results indicate
that DNA damage plays a major role in exerting the effects of AZA
and DAC on human leukemia cells. We also found that the ratio of
p-H2AX-positive cells was increased in R-U937 and R-HL-60 cells
exposed to AZA or DAC, although the increase was significantly
lower in the AZA-resistant cells than in the parental cells.

To further elucidate the machinery associated with DNA
damage, we stained phosphorylated ATM (p-ATM) in the AZA-
resistant cells and their parental cells. In U937 and HL-60 cells, p-
ATM-positive nuclear foci were not detected before AZA treatment,
whereas p-ATM-positive nuclear foci were detected in the cells
after AZA treatment (Fig. 6A). Unlike the parental cells, R-U937 and
R-HL-60 cells already had a few p-ATM positive foci before AZA
treatment, and the number of foci increased after AZA treatment.
To clarify the role of the DNA damage response in AZA resistance,
we compared the phosphorylation levels of the proteins involved
in the DNA damage response, that is, ATM, Ataxia telangiectasia
and Rad3 related (ATR), BRCA1, CHK1, CHK2 and p53, in U937 and

R-U937 cells at 6,24 and 48 hin the presence of 10 WM AZA, as well
as before the treatment (Mock) (Figs. 6B and 7). In U937 cells in the
presence of AZA, a significant increase in the phosphorylation of
ATM and BRCA1 was detected at 6 h, and phosphorylation of CHK1,
CHK2 and p53 was increased at 24 and 48 h. In R-U937 cells, ATM
and BRCA1 were highly phosphorylated even in the absence of
AZA, and their phosphorylation levels were further increased at 6 h
and 24 h, respectively, in the presence of AZA. Phosphorylation of
p53 and CHK2 was not increased even in the presence of AZA in R-
U937 cells. Although phosphorylated CHK1 was significantly
increased in R-U937 cells at 6 and 24 h, it was decreased to the
basal level at 48 h. We were unable to detect the phosphorylated
ATR protein (data not shown).

We then evaluated cell viability with or without caffeine, which
is known to inhibit the DNA damage response pathway, with
increasing doses of AZA or DAC. Eventually, we found that 1 mM
caffeine reduced the viability of R-U937 and R-HL-60 cells in
10 wM of AZA or 2 pM of DAC (Fig. 8A). Although caffeine can
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Fig. 6. ATM signaling plays roles in the acquisition of AZA resistance. (A) Immunostaining for p-ATM (Ser1981). Positive foci were observed in the nuclei of AZA-treated cells
(right column). R-U937 and R-HL-60 possessed a few positive foci even in the absence of AZA (left column). Green: p-ATM (Ser1981). Blue: DAPI. *: Non-specific staining of
dead cells. (B) Results of Western blotting for the phosphorylated proteins involved in the DNA damage response, p-ATM (Ser1981), p-p53 (Ser15), p-BRCA1 (Ser1524), p-
CHK1 (Ser345), and p-CHK2 (Thr68), at the indicated times in the presence of 10 p.M AZA. Typical photographs obtained from 3 independent experiments for each protein are
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Relative amounts of phosphorylated proteins of the DNA damage response pathway in U937 cells and R-U937 cells. Relative amount of p-ATM (Ser1981) (A), p-BRCA1
(Ser1524)(B), p-p53 (Ser15){C), p-CHK1 (Ser345) and p-CHK2 {Thr68) (D) was quantified based on photographs obtained from 3 independent Western blotting experiments,
The amount of p-ATM (Ser1981) was normalized to the amount of total ATM, and the others were normalized to the amount of B-ACTIN. *: P < 0.05 compared with the mock

control. #: P < 0.05 compared with U937 cells of the corresponding hours.

affect multiple pathways, 10 uM of the ATM kinase activity
specific inhibitor KU55933 also canceled the AZA resistance in
R-U937 and R-HL-60 cells (Fig. 8A), demonstrating the critical
role of the ATM-dependent DNA damage response pathway in
the AZA resistance. Finally, to confirm the resistance to DNA
damage of the AZA-resistant cell lines, we treated the cells with

the DNA synthesis inhibitor MMC, the topoisomerase II inhibitor
ETP, and the cross-linking agent CDDP. Although the suscepti-
bility to these drugs greatly differed between the two parental
cell lines, the AZA-resistant cell lines demonstrated higher
resistance to the drugs than their corresponding parental cell
lines (Fig. 8B and C).
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Fig. 8. Inhibition of the DNA damage response restores AZA sensitivity in AZA-resista

nt cells. (A) Caffeine and KU55933 canceled the AZA resistance of R-U937 and R-HL-60

cells, and caffeine canceled the DAC resistance of R-U937 and R-HL-60 cells. (B, C) Higher viabilities were detected in R-U937 (B) and R-HL-60 cells (C) than in their parental

cells in the presence of mitomycin C (MMC), etoposide (ETP) and cisplatin (CDDP). *

: The results from 3 independent experiments were analyzed for each graph. P < 0.01

compared with the parental cell line treated with the indicated dose of MMC, ETP or CDDP. The statistical analysis for each agent was performed independently. (D) Annexin

V-positive cells were significantly increased in AZA-treated R-U937 cells in the pres:

ence of KU55933 compared with those in AZA-treated R-U937 cells in the absence of

KU66933. In contrast, olaparib did not affect the percentage of annexin V-positive cells in the AZA-treated R-U937 cells.
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