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C-terminal mutation of RUNXT attenuates the DNA-damage repair response

in hematopoietic stem cells
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Loss-of-function mutations of RUNX7 have been found in acute
myeloid leukemia (AML) and myelodysplastic syndromes
(MDSs). Although several reports have suggested roles for
RUNX1 as a tumor suppressor, its precise function remains
unknown. Because gene alterations of RUNX1 by themselves
do not lead to the development of leukemia in mouse models,
additional mutation(s) would be required for leukemia develop-
ment. Here, we report that the C-terminal deletion mutant of
RUNX1, RUNX1dC, attenuates DNA-damage repair responses
in hematopoietic stem/progenitor cells. YH2AX foci, which
indicate the presence of DNA double-strand breaks, were more
abundantly accumulated in RUNX1dC-transduced lineage™
Scat *c-kit* (LSK) celis than in mock-transduced LSK cells
both in a steady state and after y-ray treatment. Expression
profiling by real-time -PCR array revealed RUNX1dC represses
the expression of Gadd45a, a sensor of DNA stress. Further-
more, bone marrow cells from MDS/AML patients harboring the
RUNX1-C-terminal mutation showed significantly lower levels
of GADD45A expression compared with those from MDS/AML
patients with wild-type RUNX1. As for this mechanism, we
found that RUNX1 . directly regulates the transcription of
GADD45A and that RUNX1 and p53 synergistically activate the
GADDA45A transcription. Together, these results suggest Gad-
d45a dysfunction due to RUNX7 mutations can cause additional
mutation(s) required for multi-step leukemogenesis.

Leukemia (2012) 26, 303-311; doi:10.1038/leu.2011.202;

published online 12 August 2011

Keywords: RUNX1; DNA damage; GADD45A; acute myeloid
leukemia; myelodysplastic syndromes

Introduction

Myelodysplastic syndromes (MDSs) are clonal hematological
disorders derived from gene alterations at the level of
hematopoietic stem cells, which are characterized by ineffective
hematopoiesis, dysplastic morphology of blood cells and a high
possibility of transition to acute myeloid leukemia (AML). A
" number of genetic or epigenetic alterations involved in the
pathogenesis of MDS have been identified: activating point
mutations of signaling molecules such as N-RAS and FLT3;'
deletion, point mutations and/or silencing of cell cycle
inhibitory molecules such as p15 and p53;** deletion, point
mutations and generation of chimeric genes from transcriptional
factors such as EVI-1 and RUNX1;*® and point mutations of
nuclear proteins such as nucleophosmin and TET2.%” Among
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these changes, point mutations of RUNXT have been detected in
about 10-20% of patients classified as MDS/AML (high-risk
MDS and AML following MDS).> The transcription factor
RUNXT1 and its heterodimeric partner core-binding factor (CBF)B
(also known as phosphatidylethanolamine-binding protein2p)
comprise CBFs. CBFs are the most frequent targets of gene
rearrangement and mutation in human leukemias; leukemias
harboring mutations in either subunit of a CBF are commonly
called CBF leukemias.® Recently, Tang et al.® reported RUNX1
mutations were detected in 13.2% of 470 adult patients with
de novo AML. In addition, hereditary loss-of-function mutations
of RUNXT cause familial platelet disorder with predisposition to
AML, which is characterized by decreased platelet count and
propensity to develop AML."® These findings suggest RUNX1
works as a tumor suppressor and impaired RUNX1 function
promotes leukemia development. Nonetheless, RUNXT deletion
or dominant-negative inhibition of RUNX1 by itself is not
sufficient for leukemia development in several mouse
models,"""'? indicating that additional cooperating events are
required. However, the mechanisms by which impaired RUNX1
functions lead to subsequent genetic alterations are not fully
understood.

Cells in the human body are always exposed to DNA stresses,
which induce damages to chromosomal DNA."® Physiological
stresses such as hydrolytic reactions, non-enzymatic methyla-
tions and oxygen radicals generate DNA-base lesions.'*
Environmental agents such as ultraviolet (UV), ionizing radiation
and a lot of genotoxic chemicals also induce DNA damages
including single- and double-strand breaks (DSBs). These DNA
lesions are repaired through damage-specific repair pathways.
However, if these lesions are left unrepaired, these cells
alone and/or in combination with additional mutations would
have a higher risk of tumor development.’ In a previous study,
it was reported that RunxI-deficient mice had an increased
incidence of hematological malignancy compared with wild-
type (WT) mice after treatment with the mutagen, N-ethyl-
N-nitrosourea.'®

We speculated RUNX1 might have a role in the DNA-damage
repair (DDR) response. Here, we show that a C-terminal
deletion mutant of RUNXT, RUNX1dC, enhances DNA-damage
accumulation in hematopoietic stem cell-enriched line-
age~Scal *c-kit™ (LSK) cells. Furthermore, we found RUNX1dC
attenuates the DDR response after exposure to DNA-damage
agents. As for this mechanism, we found that RUNX1dC
suppresses the transcription of a sensor of DNA stress,
Gadd45a."” Moreover, bone marrow (BM) cells from MDS/
AML patients harboring a RUNXT1-C-terminal mutation showed
significantly lower GADD45A expression than those from MDS/
AML patients with WT RUNXT. These results suggest RUNX1

- 157 -



RUNX1 mutation attenuates DNA-damage response
Y Satoh et al

304

regulates Gadd45a transcription and impaired RUNXT function
can cause additional mutation(s) required for multi-step
leukemogenesis.

Materials and methods

Real-time (RT)-PCR array

Total cellular RNA was extracted from 4 x 10° cells using the
RNeasy Mini Kit (Qiagen, Tokyo, Japan). A total of 4 ug of RNA
was reverse-transcribed into cDNA using the RT? First Strand Kit
(SABiosciences, Frederick, MD, USA) and subjected to RT-PCR
array analysis (RT?Profiler PCR Array: Mouse DNA Damage
Signaling, SABiosciences). Gene expression profiles of 32D-neo
and 32D-RUNXT1dC cells were analyzed by the AACt method.

Colony-forming assay
32D-neo and 32D-RUNX1dC cells (1x10° cells) were
suspended in 500 pl of phosphate buffered saline and exposed

a
RUNX1D

RUNX1AC |

to UV-B (800 or 1600}J/m?). Then, cells were washed twice with
PBS containing 2% FBS, plated into dishes (1 x 10® cells/dish)
and cultured in the methylcellulose media M3231 (Stem Cell
Technologies, Vancouver, British Colombia, Canada) containing
mouse interleukin-3 (mlL-3). Colony numbers were counted
after 7 days of culture. Also, retrovirus-transfected LSK cells
were exposed to UV-B (2400)/m?), plated into dishes (2 x 10°
cells/dish) and cultured in methylcellulose media M3434 (Stem
Cell Technologies) containing mSCF, miL-3, human IL-6 (hIL-6)
and human erythropoietin. Colony numbers were counted after
10 days. All experiments were carried out in triplicate. DNA
repair activities of the test cells are represented relative to those
of untreated cells.

Quantitative PCR assays for the expression of
GADDA45A in MDS/AML patients

Total cellular RNA was extracted from BM mononuclear cells
of 23 MDS/AML patients, 5 healthy donors and 5 non-Hodgkin
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Mock RUNX1dC
RUNX1dC induces DNA-damage accumulation in LSK cells. (a) Structures of WT RUNX1T (RUNX1b), RUNX1dC and RUNX1a.

RUNX1dC lacks 225 C-terminal amino acids because of the insertion of ACCGT at 669-670bp, which causes a frameshift mutation.
(b) Accumulations of DSBs in Mock- and RUNX1dC-transduced LSK cells were detected by yH2AX antibody (2 days after gene transduction). LSK
refers to LSK cells just after FACS sorting. Hoechst refers to Hoechst 33342. The scale bar (10 um) applies to all images. (c) The percentage of
YH2AX foci-positive cells in Mock- and RUNX1dC-transduced LSK cells. Results shown are the average of three experiments. Open square
indicates % of YH2AX foci-positive cells (with fewer than four foci per cell), and closed square indicates % of multiple foci-positive cells (four or

more foci per cell).
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Figure 2 RUNX1dC-transduced cells attenuate the DDR response to double-strand breaks in LSK cells. (@) Accumulations of yH2AX foci in Mock-
and RUNX1dC-transduced LSK cells 1 h after y-ray treatment (left panel). Hoechst refers to Hoechst 33342. The scale bar (10 um) applies to all
images. The percentage of yH2AX foci-positive cells in Mock- and RUNX1dC-transduced LSK cells are shown (right panel). Results are the average of
three experiments. Open square indicates % of YH2AX foci-positive cells (with fewer than four foci per cell), and closed square indicates % of
multiple foci-positive cells (four or more foci per cell). (b) Accumulations of YH2AX foci in Mock- and RUNX1dC-transduced LSK cells 6 h after
y-ray treatment (left panel). The percentage of YH2AX foci-positive cells in Mock- and RUNX1dC-transduced LSK cells 6 h after y-ray treatment are
shown (right panel). (c) Colony-forming ability of Mock- and RUNX1dC-transduced LSK cells after UV-B treatment. Each bar shows absolute colony
numbers (left panel) or the % of colonies relative to those of non-treated cells (right panel). Data are means +s.e.m. of triplicate experiments.
lymphoma patients, who did not have BM involvement of the  evaluated DNA-damage accumulation in a C-terminal truncated
disease, as controls. All of the MDS/AML patients were RUNXT mutant-transduced LSK cells. In this study, we utilized
diagnosed at Hiroshima University Hospital and its affiliated ~ the RUNX1dC, which lacks 225 amino acids covering both
hospitals between 2000 and 2005. Diagnosis was made based on transactivating and transrepressing domains of WT RUNX1
morphologic and immunophenotypic studies according to the (Figure 1a). This mutant was originally identified in a patient
French-American-British classification.'® Clinical characteristics with MDS, and we and others previously showed it functions as
of MDS/AML patients are shown in Supplementary Table 2."° This ~ a dominant-negative mutant over WT RUNX1T (RUNX1b) by
project was approved by the Institutional Review Board at inhibiting its DNA-binding activity.”>*' RUNX1dC resembles in
Hiroshima University, and BM samples were taken after size an isoform of RUNX1, RUNX1a, (Figure 1a), which also has
obtaining informed consent. Probes and primers used in the  an inhibitory effect against RUNX1b.>* Two days after gene
quantitative PCR assay are listed in the Supplementary Methods. transduction, we evaluated accumulations of DSBs using an
antibody recognizing the phosphorylated histone variant H2AX
at serine 139 (yH2AX).?> As shown in Figures 1b and ¢, more
Statistical analysis DSBs were detected in RUNX1dC-transduced LSK cells than
All values are expressed as means+s.e.m. We performed in Mock-transduced LSK cells (42% foci-positive cells in
statistical analysis using Student’s t-test. Values were considered RUNX1dC-transduced cells vs 15% foci-positive cells in
statistically significant at P<0.05. Mock-transduced cells, P=0.0006).
Results RUNXT1dC transduction results in the attenuation of the
DDR response to DSBs in LSK cells
RUNX1dC induces DNA-damage accumulation in LSK cells ~ We next examined the DDR response in RUNX1dC-transduced
DNA-damage accumulation and its repair pathways have LSK cells after exposure to environmental stressors. YH2AX foci,
important roles in tumor development.'”” Thus, we first ~ which indicate the immediate chromatin modification in
Leukemia
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response to the formation of DSBs, reached a peak 30-60 min
after irradiation (Figure 2a). Thereafter, the number of foci
decreased with a half-life of several hours due to the DNA-repair
response to DSBs.2* Therefore, sustained accumulation of
vH2AX foci indicates attenuation of the DDR response to DSBs.
A total of 6 h after y-ray treatment, RUNX1dC-transduced cells
showed significantly higher accumulation of YH2AX foci than
Mock-transduced LSK cells (P=0.0112; Figure 2b). Moreover,
although the percentage of multiple foci-positive cells carrying
more severe accumulations of DSBs was only 37.6% among
yH2AX-positive cells in Mock transduction, most (93.5%)
yH2AX-positive cells had multiple foci in RUNX1dC-transduced
LSK cells (Figure 2b right panel). In addition, we analyzed the
colony-forming ability of Mock- or RUNX1dC-transduced LSK
cells after treatment with UV-B. In this assay, the DDR response
of tested cells can be measured by relative colony numbers
because only cells that recovered from DNA damage can make
colonies.?® At steady state, there was no significant difference in
colony-forming ability between Mock- and RUNX1dC-trans-
duced LSK cells (Figure 2c left panel). On the other hand,
analyses of relative colony numbers revealed RUNX1dC-
transduced LSK cells showed significantly lower colony-forming
ability than Mock-transduced LSK cells after UV-B exposure
(32.2% in RUNX1dC-transduced LSK vs 48.8% in Mock-
transduced LSK, P=0.0251; Figure 2c right panel).

RUNXT1dC suppresses Gadd45a expression in LSK cells
As DSBs were more prominent in RUNX1dC-transduced LSK
cells than in Mock-transduced LSK cells, we speculated that the
defect in the DDR response gene may be a cause of enhanced
DNA-damage accumulation in RUNX1dC-transduced LSK cells.
Therefore, we next examined whether RUNX1dC alters expres-
sions of DNA-damage signaling molecules. We prepared
32Dcl3 cells expressing RUNX1dC and confirmed expression
by immunoblot (Supplementary Figure 1). We profiled the
expression of 84 genes involved in DNA-damage signaling
by RT-PCR array using this subclone. Before performing the
RT-PCR array experiment, we confirmed 32D-RUNX1dC
showed significantly lower colony-forming ability than 32D-neo
cells after UV-B exposure, just like RUNXTdC-transduced LSK
cells (at 1600)/m?: 38.2% in 32D-RUNX1dC vs 67.2% in 32D-
neo, P<0.0234; Figure 3a right panel). Furthermore, we
evaluated the accumulation of cyclobutane pyrimidine dimers,
which are major products of DNA damage induced by UV-B, in
32D-neo and 32D-RUNX1dC cells.?® There was no distinct
difference in cyclobutane pyrimidine dimer accumulation
between 32D-neo and 32D-RUNX1dC cells before UV-B
treatment (Figure 3b). Although 1h after UV-B treatment the
levels of cyclobutane pyrimidine dimer accumulation were the
same in 32D-neo and 32D-RUNX1dC cells, the removal of
cyclobutane pyrimidine dimer was significantly impaired in
32D-RUNX1dC cells compared with 32D-neo (Figure 3b). In
addition, as with RUNX1dC-transduced LSK cells, 32D-
RUNX1dC cells showed sustained accumulation of yH2AX foci
after y-ray irradiation (Figure 4b). After correction using five
housekeeping genes (Gusb, Hprt1, Hsp90ab1, Gapdh and Actb),
we obtained four candidate genes, in which expression was
repressed in 32D-RUNX1dC cells compared with 32D-neo cells
with a fold-difference cutoff of <0.5 (Figure 3¢ and Supple-
mentary Table 1). Among these candidate genes, the expression
of Gadd45a was particularly decreased in 32D-RUNX1dC cells
compared with 32D-neo cells (Figure 3¢ and Supplementary
Figure 2a). Quantitative RT-PCR using 32D-RUNX1dC and
32D-neo cells confirmed the expression of Gadd45a was
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Figure 3 RUNX1dC suppresses Gadd45a expression in LSK cells.
(@) Colony-forming assays for 32D-neo and 32D-RUNX1dC cells after
treatment with UV-B. Test cells (1 x 10°) were plated onto methyl-
cellulose medium and cultured with IL-3. Each bar shows absolute
colony numbers (left panel) or the % of colonies relative to that of non-
treated cells (right panel). Data are meansts.e.m. of triplicate
experiments. (b) Determination of UV-B induced DNA damage by
enzyme linked immunosorbant assay using anti-cyclobutane pyrimi-
dine dimers antibody. Data are means*s.e.m. of quadruplicate
experiments. (c) Expression profiling of 84 genes involved in DNA-
damage signaling by RT-PCR array. Fold differences of gene
expressions with a cutoff of <0.5 (32D-RUNX1dC/32D-neo) are
shown. (d) Relative mRNA expression levels of Gadd45a in Mock-,
RUNX1dC-, D17IN- and RUNX1b-transduced murine LSK cells
(normalized to Gapdh). Data are means s.e.m. of triplicate experi-
ments.

significantly lower (42%) in 32D-RUNX1dC cells than in 32D-
neo cells (Supplementary Figure 2b). To examine if this result
was relevant to normal LSK cells, we also examined the
expression of Gadd45a in RUNX1dC-transduced LSK cells.
RUNX1dC-transduced LSK cells showed significantly lower
expression (44%) of Gadd45a than Mock-transduced LSK cells
(Figure 3d). LSK cells, which were transduced with a RUNX1
mutant harboring a point mutation in the Runt homology
domain (D171N)'??" also showed significantly lower (53%)
expression of Gadd45a compared with Mock-transduced LSK
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Figure 4 Exogenously expressed Gadd45a reduced yH2AX-positive foci in 32D-RUNX1dC. (a) Colony-forming ability of 32D-RUNX1dC-GFP
and 32D-RUNX1dC-Gadd45a cl1 cells after UV-B treatment. Each bar shows absolute colony numbers (left panel) or the % colonies relative
to those of non-treated cells (right panel). Data are means *s.e.m. of triplicate experiments. (b) Accumulations of YH2AX foci in 32D-neo-GFP,
32D-RUNX1dC-GFP and 32D-RUNX1dC-Gadd45a cl1 cells 6 h after y-ray treatment (left panel). The percentage of YH2AX foci-positive cells in
32D-neo-GFP, 32D-RUNX1dC-GFP and 32D-RUNX1dC-Gadd45a cl1 cells 6 h after y-ray treatment are shown (right panel). Results are the
average of three experiments. Open square indicates % of yH2AX foci-positive cells (with fewer than four foci per cell), and closed square

indicates % of multiple foci-positive cells (four or more foci per cell).

cells (Figure 3d). Moreover, WT RUNX1-transduced LSK cells
expressed more Gadd45a, an increase of 108% relative to
Mock-transduced LSK cells (Figure 3d). To examine whether
the impaired colony-forming ability of 32D-RUNX1dC cells
attributed to the repressed expression of Gadd45a by
RUNX1dC, we introduced the expression vector for Gadd45a
into 32D-RUNX1dC cells, which was named 32D-RUNX1dC-
Gadd45a (Supplementary Figure 3a). Consistent with the report
from Perugini et al.,”” Gadd45a overexpression reduced the cell
proliferation ability at steady state (Figure 4a left panel). After
UV-B treatment, exogenously expressed Gadd45a restored the
colony-forming ability in 32D-RUNX1dC-Gadd45a cl1 cells
(32D-RUNX1dC-GFP, 21.8%; 32D-RUNX1dC-Gadd45a cl1,
132%; Figure 4a right panel). Similar results were obtained
from two other clones (Supplementary Figure 3b). Furthermore,

we found exogenously expressed Gadd45a reduced yH2AX-
positive foci in 32D-RUNX1dC-Gadd45a cl1 cells compared
with 32D-RUNXTdC-GFP cells after UV-B treatment (Figure 4b).
In addition, the reduction of yH2AX-positive foci in 32D-
RUNX1dC-Gadd45a cl1 cells was also observed at steady state
(Supplementary Figure 3c).

RUNXT transcriptionally regulates Gadd45a expression
To analyze the mechanism by which RUNX1 regulates
Gadd45a expression, we utilized luciferase assays using a
human myeloid leukemia cell line UT-7/GM. Although there
was no consensus sequence for RUNX binding in the 5'-flanking
region of the human GADDA45A gene, we found two RUNX-
binding sequences neighboring the p53-binding site in
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Figure 5 Analyses of transcriptional regulation of GADD45A by RUNX1. (a) Structures of human GADD45A luciferase reporter genes. Open
circle indicates RUNX-binding sequences (at + 1469 and + 1566) and the closed circle indicates the reported p53-binding site in intron 3 of
GADDA45A. Crossed open circle indicates a mutation of the RUNX-binding sequence (TGTGGT changed into TGTTAG,). (b) Reporter assays using
human GADDA45A luciferase reporter genes. Each bar indicates the fold induction of reporter activity induced by RUNX1b (relative to pRC-CMV
control vector). UT-7/GM cells were transfected with 2 ug of each reporter gene (intron 3A-Luc (containing +1389-1601), intron 3B-Luc

(+1389-1524), intron 3C-Luc (+ 1505-1601), 1469 MT-Luc, 1566 MT-Lu
Rluc, 1pg of CBFB, and 2 pg of RUNX1b or pRC-CMV. Results shown

c and 1469/1566 MT-Luc) or back bone plasmid, 0.5 pg of pRL-CMV-
are the means ts.e.m. of triplicate experiments. (¢} Co-expression

experiment of RUNX1b and p53 using the intron 3A-Luc construct. Each bar indicates the fold induction of reporter activity induced by RUNX1b

and/or p53 (relative to pRC-CMV control vector). Cells were transfected witl

h 2 pg each of RUNX1b and/or p53 with 2 ug of intron 3A-Luc or Back

bone plasmid, 0.5 pg of pRL-CMV-Rluc and 1 pg of CBFp. Results shown are the means +s.e.m. of triplicate experiments. (d) ChIP assays using the
nuclear extract of UT-7/GM cells with the anti-RUNX1 Ab or control goat IgG. Two sets of closed arrows indicated primer positions in intron 3 of
the GADDA45A gene. Open circle indicates the RUNX-binding sequences and NTC means non-template control.

intron 3 of the GADD45A gene. Intron 3 is highly conserved
between humans and rodents, and p53 transcriptionally activates
GADDA45A expression through this p53-binding site.?%?° There-
fore, we generated three types of luciferase reporter genes
covering this region. Intron 3A-Luc contained the two RUNX-
binding sequences (at +1469 and +1566) of the human
GADDA45A gene. Intron 3B-Luc contained only the upstream
binding sequence (+ 1469) and intron 3C-Luc contained only
the downstream binding sequence (+1566; Figure 5a).
RUNX1b together with its heterodimerization partner CBFf
activated intron 3A-Luc, intron 3B-Luc and intron 3C-Luc 11.2-fold,
8.6-fold, and 3.2-fold, respectively (Figure 5b). The 1469
MT-Luc and 1566 MT-Luc constructs, which have one mutated
RUNX-binding sequence (TGTGGT changed to TGTTAG),
showed reduced reporter activity by RUNX1b compared with
intron 3A-Luc (7.3-fold activation in 1469 MT-Luc and 6.1-fold
activation in 1566 MT-Luc, Figures 5a and b). Furthermore,
the 1469/1566 MT-Luc construct, which has two mutated
RUNX-binding sequences, showed a 63% reduction of reporter
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activity by RUNX1 compared with intron 3A-Luc (4.1-fold
activation). In addition, the co-expression experiment with
RUNX1b and p53 revealed these two genes synergistically
activate the intron 3A-Luc construct (only p53: 59.6-fold
activation and p53 with RUNXI: 108.4-fold activation;
Figure 5c). We also examined the change in intron 3A-Luc
activation by RUNX1b and/or p53 after y-ray irradiation; yet,
there was no difference in reporter activities between y-ray
irradiated and non-irradiated UT-7/GM cells (data not shown).
Next, we examined the co-expression effects of RUNX1 mutants
on GADD45A-reporter activation with RUNX1h. We had to
transfect high amount of DNA into test cells; therefore we
utilized the adherent cell line, 293T, to perform the luciferase
assay.?? Single transduction experiment of RUNX1dC revealed
RUNX1dC showed reduced GADD45A-reporter activity com-
pared with the transduction of RUNX1b (10-fold activation in
RUNXT1b and 5-fold activation in RUNX1dC). In the case of the
D171N mutant, the D171N mutant did not show the significant
GADD45A-reporter activity (3.3-fold) compared with back-bone
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Figure 6 Expression levels of GADD45A in MDS/AML patients.
Relative expression levels of GADD45A in BMMNCs from controls
and MDS/AML patients with WT RUNXT (RUNXT wt) or C-terminal
mutations (RUNX1 mut) are shown. Horizontal bar and value denotes
mean GADDA45A expressions (normalized to GAPDH). The patients’
characteristics are shown in Supplementary Table 2.

reporter activity (2.9-fold). In addition, we found RUNXT1b-
induced intron 3A-Luc activity was reduced to 55% by
RUNX1dC and to 37% by the D171N mutant (Supplementary
Figure 4). To test whether endogenous RUNX1 binds to the
GADDA45A gene in vivo, we conducted ChIP assays using the
nuclear extract of UT-7/GM cells. As shown in Figure 5d, the
two RUNX-binding sequences were immunoprecipitated with
the anti-RUNX1 antibody but not by control IgG. Together,
these data indicate that endogenous RUNX1 binds to two
RUNX1-binding sites in intron 3 of the GADD45A gene, thereby
regulating its transcription.

GADDA45A expression is significantly decreased in
MDS/AML patients harboring RUNX1-C-terminal
mutations compared with those with WT RUNX1
Finally, we evaluated GADD45A expression in BM mono-
nuclear cells from 23 MDS/AML patients with or without
RUNXT C-terminal mutations and from 10 controls.'® We found
BM mononuclear cells from MDS/AML patients harboring
RUNX1-C-terminal mutations had significantly lower GAD-
D45A expression compared with those from MDS/AML patients
with WT RUNXT (P=0.0233; Figure 6).

Discussion

We found RUNX1 transcriptionally regulates Gadd45a. In our
experiment using LSK cells, the expression of Gadd45a was
reduced to 44% of that of control cells by RUNX1dC (Figure 3d).
This level of Gadd45a expression is roughly the same as that
observed in Gadd45a*’~ mice, which do not develop
spontaneous tumors but are susceptible to tumor development
in response to mutagens because of genomic instability.”® Like
Gadd45a*"~ mice, heterozygous deletion of RUNXT predis-
poses mice to AML when accompanied by other gene
alterations.>' The similar phenotypes of Gadd45a*’~ and
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RUNXT*" mice raise the possibility that both molecules have
closely related roles in maintaining genome stability. As for the
relationship between RUNXT and Gadd45a, Perugini et al.”’
recently reported that GADD45A expression was significantly
downregulated in RUNX1-ETO-positive AML cells compared
with normal controls. Although they demonstrated ERK1/2
signaling was involved in the repression of GADD45A in
several AML cell lines, its mechanism was not analyzed in their
study. In previous papers, RUNX1-ETO was shown to decrease
the expression of several genes involved in the base excision
repair pathway, such as oxoguanine DNA glycosylase and
polymerase epsilon, thereby DNA damage accumulated.*??
Gadd45a functions in the nucleotide excision repair pathway
through its interaction with proliferating cell nuclear antigen;***¢
therefore, both base excision repair and nucleotide excision
repair might be impaired in hematopoietic cells carrying
RUNXT1 mutations. Gadd45a also functions as a stress sensor,
which is mediated by a complex interplay of physical
interactions with other cellular proteins that are implicated in
cell-cycle regulation and the response of cells to stress.'” Gupta
et al*” reported that Gadd45a-deficient hematopoietic cells
demonstrated an impaired DDR response. They found myeloid-
enriched BM cells from Gadd45a- or Gadd45b-deficient mice
were defective in G2/M arrest following exposure to UV and
VP-16 and these cells were sensitized to genotoxic-stress-
induced apoptosis.>” Similarly, we found that RUNX1dC-
transduced LSK cells showed lower colony-forming ability than
Mock-transduced LSK cells after UV-B exposure. Like
RUNXT1dC-transduced cells, Gadd45a expression was reduced
in D171N-transduced LSK cells compared with Mock-trans-
duced LSK cells (Figure 3d). The D171N mutant does not have
DNA-binding ability, whereas it still maintains the ability to
bind to CBF.> The co-expression experiment with D171N
inhibited GADD45A reporter activation induced by RUNX1b
(Supplementary Figure 4); therefore, it is possible that D171N
inhibits the function of WT RUNX1 by trapping CBFp.
Differences in the DDR response between N-terminal in-frame
type mutations (such as the D17IN mutant) and C-terminal
truncated mutations (such as the RUNX1dC) of RUNXT should
be explored in a future study.

Gadd45a is a well known transcriptional target of p53.”% p53
binds to the conserved sequence within intron 3 of the
GADDA45A gene in response to ionizing radiation.?® Here, we
showed that RUNX1 activates transcription of GADD45A
through binding to two RUNX-binding sites neighboring the
p53-binding site within intron 3 (Figure 5b). RUNX1 and p53
showed synergistic effects on intron3A-Luc activation
(Figure 5¢); therefore, these two molecules may cooperatively
regulate GADD45A expression. In our experiment, however,
y-ray irradiation did not influence intron 3A-Luc activation by
RUNX1 and/or p53. We are now trying to examine the
cooperating effect of RUNX1 and p53 on DDR response,
including GADD45A regulation, using a more physiological
setting.

MDS patients with a RUNXT mutation frequently present with
more advanced diseases and RUNXT mutations are considered
to be markers of a poor prognosis.’?#3? We speculate that a
RUNX1 mutation may be a cause of additional mutation(s)
through the impaired DDR response. In future studies, whole
genome analysis of MDS/AML samples harboring RUNX1
mutations would clarify the role of RUNXT mutations in the
occurrence of genetic abnormalities in these patients.

In conclusion, we demonstrated that a RUNXT C-terminal
deletion mutant attenuates the DDR response to environmental
and physiological stresses in LSK cells. As a possible explanation
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for this mechanism, we found a novel role for RUNX1 in the
transcriptional regulation of Gadd45a. The impaired Gadd45a
function leads to genomic instability; therefore, Gadd45a
dysfunction induced by RUNX1T mutations can cause the
additional mutation(s) required for multi-step leukemogenesis.
Further studies on RUNX1/Gadd45a would be useful to under-
stand the pathophysiology of MDS/AML patients harboring
RUNX1 abnormalities and to prevent disease progression.
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Increased natural killer cells and decreased CD3*CD8*CD62L*
T cells in CML patients who sustained complete molecular
remission after discontinuation of imatinib

The recent study by Mahon et al (2010) demonstrated that
approximately 60% of chronic myeloid leukaemia (CML)
patients who stopped imatinib therapy after a period of stable
complete molecular remission (CMR) relapsed molecularly
within the next 6 months, whereas nearly all the remaining
patients sustained a stable CMR beyond 18 months of follow-
up. The risk factors for molecular relapse were female gender,
high Sokal score at the time of CML diagnosis, and treatment
with imatinib for <50 months (Mahon et al, 2010). In a
similar study, patients who had maintained a stable CMR for
at Jeast 2 years on imatinib therapy were asked to stop
treatment (STOP-IM), but DNA polymerase chain reaction
(PCR) showed that CML cells persisted (Ross et al, 2010),
suggesting that the existence of minimum residual disease
might not always result in relapse of CML. On the other hand,

254

Mustjoki et al (2009) reported that treatment with dasatinib, a
second-generation tyrosine kinase inhibitor, resulted in a
favourable outcome in Ph* leukaemia with clonal expansion of
natural killer (NK) or T-cells. These findings suggest that,
although CML stem cells may remain, even in CMR (Sloma
et al, 2010), some CML patients could discontinue imatinib
therapy and maintain a stable condition, possibly owing to
immune surveillance. However, the safety profile for stopping
imatinib treatment is still under the discussion (Deininger, 2011).

To elucidate the immunological diversity of CML patients,
we assessed subsets of circulating lymphocytes obtained from
30 CML patients: 16 CML patients who had discontinued
imatinib treatment for more than 6 months (STOP-IM), and
14 CML patients who were receiving imatinib with CMR for
more than 2 consecutive years. Remission criteria were similar
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to those used in the study by Mahon et al (2010): patients with
CMR showed a 4-log or more reduction in BCR-ABLI
transcripts by quantitative reverse transcription (RT)-PCR,
and 4 of these CMR had no evidence of BCR-ABLI transcripts
by qualitative RT-PCR.

One-way analysis of variance revealed that certain cell
fractions of lymphocyte subsets were significantly altered in
STOP-IM patients compared with healthy volunteers and
CML-CMR patients (Table S1). We focused on the
CD3"CD8"CD62L* and CD37CD56"% cell fractions, because
other cell fractions, except CD19"CD20", were not particularly
different between STOP-IM and CML-CMR patients. The
CD3"CD8"CD62L" cell fractions in STOP-IM patients tended
to down-regulate (P = 0-0658) (Fig 1A) and the CD3CD56"
cell fraction increased significantly compared with that in
CML-CMR (P = 0-0214) (Fig 1B). Our observations indicate
that some lymphocyte subsets may be affected by imatinib
therapy, even in CMR. The differences in subset cell fractions
between CML-CMR and STOP-IM patients therefore may
have some bearing on discontinuation of imatinib therapy.

The CD62L antigen (L-selectin) is the important surface
molecule for homing of lymphocyte and is highly expressed on
naive T cells and subsets of memory T cells. In contrast, Usuki
et al (2009) demonstrated that CD8+ memory T cells were
significantly higher in therapy-free patients with sustained
major molecular remission. Rohon et al (2010) reported
immunophenotype profiling of CML patients during imatinib
therapy and found that the immunoprofile resembled healthy
controls, while some CML patients during dasatinib therapy
showed elevations of CD8", NK- and NKT-like cells with
elevation of late memory cytotoxic lymphocytes (expression of
CD57%, HLA-DR and CD45RO but low CD62L expression) in

Correspondence

peripheral blood. In our study, CML-CMR patients did not
show significant elevation of terminal effector cytotoxic T cells
(CD3*CD8*CD57"). An increased number of NK cells, in
combination with reduction of CD3"CD8"CD62L" cell frac-
tion, in STOP-IM patients, may therefore be an important
indicator that imatinib treatment could be discontinued. The
CD19"CD20" cell fraction decreased significantly in CML-
CMR patients compared with STOP-IM (P = 0-0083), possibly
due to imatinib therapy (Table S1) and links to low levels of
immunoglobulin during imatinib therapy.

Of note, in the STOP-IM patients in our study, an elevated cell
fraction was detected only in CD3™CD56" NK cells, and others
were down-regulated. We were able to determine NK cell activity
in 11 STOP-IM patients. This activity ranged from 24% to 69%
(normal range, 18-40%); 7 of the 11 patients had elevated NK
cell activity, and a positive correlation was found between NK
cell activity and NK cell percentages in the 11 STOP-IM patients
(data not shown). Two CMR patients satisfied criteria for both
up-regulated CD37CD56" NK cells and down-regulated
CD3*CD8"CD62L" cells compared with those of healthy
subjects: currently, one patient has sustained CMR for more
than 7 months after discontinuation of imatinib therapy.

In the current study, we noticed deviation in some fractions
of circulating lymphocytes in STOP-IM patients with CML, in
comparison with CML patients who were in CMR but were
still taking imatinib. Our results therefore may aid in the
selection of possible candidates for discontinuation of imatinib
therapy in patients with CMR. The minimal requirements for
discontinuation of imatinib treatment might be a CMR
duration of more than 2 years and low to intermediate Sokal
scores at the time of CML diagnosis, as presented by Mahon
et al (2010). In addition, increasing number of NK cells and
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Fig 1. Comparison of lymphocyte subsets in healthy volunteers (healthy volunteers, n = 16), CML patients who discontinued imatinib therapy
(STOP-IM, 1 = 16), and CML patients receiving imatinib therapy who were in complete molecular remission (CMR, n = 14). Heparinized whole
blood (10 ml) was obtained and mononuclear cells were separated by gradient method. Immunophenotyping was done with flow cytometry using
antibodies against the following antigens: CD3, CD4, CD8, CD16, CD45, CD56, CD57, HLA-DR, CD27, CD62L, CD45RO, CD19, CD20, T-cell
receptor (TCR) -o//B and TCR-y/8 (Beckman Coulter, Miami, FL, USA). The results are shown as cell number of each cell fraction. The analyses were
performed with three-color flow cytometer (EPICS XL, Beckman Coulter). This study was approved by the institutional review board of Tokyo
Medical University (no. 930: approved on June 24, 2008). (A) The CD3"CD8"CD62L" fraction in STOP-IM patients significantly decreased,
compared with healthy volunteers (P < 0:0001), and tended to be lower than in CMR patients (P = 0:0658). (B) The CD45 gating CD37CD56"
fraction in STOP-IM patients significantly increased compared with healthy volunteers (P = 0-0090) and CMR patients (P = 0-0214). Bars indicate
mean + standard error of the mean. (C) Schematic diagram of natural killer (NK) cells (x axis) and CD3*CD8"CD62L" cells (y axis). Two CMR
patients fall inside the area of NK cells > 0-38 x 10°/1 and CD3*CD8"CD62L" cells < 021 x 10°/1.
© 2011 Blackwell Publishing Ltd 255
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decreased CD3*CD8*CD62L" cell fractions may also indicate
that imatinib therapy can be stopped (Fig 1C). Further study
in details of time to relapse after imatinib discontinuation will
be needed in order to clarify the immunological background in
CML patients who are taking imatinib.
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Romiplostim for the early management of severe immune
thrombocytopenia unresponsive to conventional treatment

Primary immune thrombocytopenia (ITP) is an autoimmune
disorder that occurs both in children and in adults, and
is characterized by a peripheral blood platelet count < 100

256

-168 -

x 10%/1 in the absence of a clear predisposing aetiology. The
thrombocytopenia is due to both increased platelet destruction
and suboptimal platelet production. Clinical bleeding does not
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