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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 RUNXT 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 RUNX7 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™
Scal*c-kitt (LSK) cells 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 RUNX71. As for this mechanism, we
found that RUNX1 directly regulates the transcription of
GADDA45A 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 muiti-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.%7 Among
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these changes, point mutations of RUNXT have been detected in
about 10-20% of patients classnﬂed as MDS/AML (high-risk
MDS and AML following MDS).*> The transcription factor
RUNX1 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 m either subunit of a CBF are commonly
called CBF leukemias.® Recently, Tang et al.® reported RUNXT
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 Runx7-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 RUNXT-C-terminal mutation showed
significantly lower GADD45A expression than those from MDS/
AML patients with WT RUNXT. These results suggest RUNX1
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regulates Gadd45a transcription and impaired RUNXT1 function
can cause additional mutation(s) required for multi-step
feukemogenesis.

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-RUNX1dC cells were analyzed by the AACt method.

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

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

a
RUNX1b

RUNX1dC [T T 1 7T 228 aa
RuUNx1s [ 100 ] 260 aa

b £8K (no culture)

| /H2AX [Hoechst |

c

RUNX1dC

~
G @

p=0.0006

&~ o,
[

(=]

N
L]

% of foci positive cells
S

e B
k3
i
£
13
%

LSK
Figure 1

Mock RUNXidC
RUNX1dC induces DNA-damage accumulation in LSK cells. (a) Structures of WT RUNX1 (RUNX1b), RUNX1dC and RUNXTa.

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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Figure2 RUNXT1dC-transduced cells attenuate the DDR response to double-strand breaks in LSK cells. (a) 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 yYH2AX 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
disease, as controls. All of the MDS/AML patients were
diagnosed at Hiroshima University Hospital and its affiliated
hospitals between 2000 and 2005. Diagnosis was made based on
morphologic and immunophenotypic studies according to the
French-American-British classification.’® Clinical characteristics
of MDS/AML patients are shown in Supplementary Table 2."° This
project was approved by the Institutional Review Board at
Hiroshima University, and BM samples were taken after
obtaining informed consent. Probes and primers used in the
quantitative PCR assay are listed in the Supplementary Methods.

Statistical analysis

All values are expressed as meansts.e.m. We performed
statistical analysis using Student's t-test. Values were considered
statistically significant at P<0.05.

Results

RUNX1dC induces DNA-damage accumulation in LSK cells
DNA-damage accumulation and its repair pathways have
important roles in tumor development.’® Thus, we first

evaluated DNA-damage accumulation in a C-terminal truncated
RUNX1T mutant-transduced LSK cells. In this study, we utilized
the RUNX1dC, which lacks 225 amino acids covering both
transactivating and transrepressing domains of WT RUNX1
(Figure 1a). This mutant was originally identified in a patient
with MDS, and we and others previously showed it functions as
a dominant-negative mutant over WT RUNX1 (RUNX1b) by
inhibiting its DNA-binding activity.?>?' RUNX1dC resembles in
size an isoform of RUNX1, RUNXT1a, (Figure 1a), which also has
an inhibitory effect against RUNX1b.*? Two days after gene
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
DSBs were detected in RUNX1dC-transduced LSK cells than
in Mock-transduced LSK cells (42% foci-positive cells in
RUNX1dC-transduced cells vs 15% foci-positive cells in
Mock-transduced cells, P=0.0006).

RUNXT1dC transduction results in the attenuation of the
DDR response to DSBs in LSK cells

We next examined the DDR response in RUNX1dC-transduced
LSK cells after exposure to environmental stressors. yH2AX foci,
which indicate the immediate chromatin modification in
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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.?* Therefore, sustained accumulation of
yH2AX foci indicates attenuation of the DDR response to DSBs.
A total of 6h 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 RUNXTdC-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 RUNXTdC-transduced LSK vs 48.8% in Mock-
transduced LSK, P=0.0251; Figure 2c right panel).

RUNX1dC 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 RUNX1dC-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.
(a) 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 meansts.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-, D171N- and RUNXTb-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 RUNXT
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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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-RUNX1dC-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).

RUNXT1 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 GADD45A gene, we found two RUNX-
binding sequences neighboring the p53-binding site in
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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
GADDA5A expression through this p53-binding site.?*2° 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
GADD45A gene. Intron 3B-Luc contained only the upstream
binding sequence (+ 1469) and intron 3C-Luc contained only
the downstream binding sequence (4 1566; Figure 5a).
RUNX1b together with its heterodimerization partner CBFp
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
RUNXTb and p53 revealed these two genes synergistically
activate the intron 3A-Luc construct {only p53: 59.6-fold
activation and p53 with RUNXT: 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/CM cells (data not shown).
Next, we examined the co-expression effects of RUNXT mutants
on GADDA45A-reporter activation with RUNX1b. We had to
transfect high amount of DNA into test cells; therefore we
utilized the adherent cell line, 2937, 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
RUNX1b and 5-fold activation in RUNX1dC). In the case of the
D171N mutant, the D171N mutant did not show the significant
GADDA45A-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 (RUNX1 wt) or C-terminal
mutations (RUNX1 mut) are shown. Horizontal bar and value denotes
mean GADD45A expressions (normalized to GAPDH). The patients’
characteristics are shown in Supplementary Table 2.

reporter activity (2.9-fold). In addition, we found RUNX1b-
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 RUNXT binds to the
GADD45A 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 1gG. Together,
these data indicate that endogenous RUNXT binds to two
RUNX1-binding sites in intron 3 of the GADD45A gene, thereby
regulating its transcription.

GADD45A expression is significantly decreased in
MDS/AML patients harboring RUNX1-C-terminal
mutations compared with those with WT RUNX1
Finally, we evaluated GADDA45A 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
RUNXT1-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 RUNXT 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 RUNX1 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 GADDA45A 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.??3
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
RUNX1 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—c%/cle 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
RUNX1dC-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 CBFB.> 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 CBFB.
Differences in the DDR response between N-terminal in-frame
type mutations (such as the D171N 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 p53.2° 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 5c); 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 ftrying to examine the
cooperating effect of RUNXT 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 RUNX1 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 RUNXT 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
RUNXT abnormalities and to prevent disease progression.
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Summary

T-cell acute lymphoblastic leukaemia (T-ALL) and T-cell lymphoblastic
lymphoma (T-LBL) are combined into one category as T lymphoblastic
leukaemia/lymphoma in the current World Health Organization (WHO)
classification. However, there is still ongoing discussion on whether T-ALL
and T-LBL are two separate entities or represent two variant phenotypes of
the same disease. Cytogenetic analysis has been used to identify the molecular
background of haematological malignancies. To compare the distribution of
chromosomal abnormalities of T-ALL and T-LBL, large series of cytogenetic
data are required, but are absent in T-LBL in contrast to the abundant data in
T-ALL. Among 111 T-LBL cases in our clinical trial, we obtained complete
cytogenetic data from 56 patients. The comparison between our cytogenetic
findings and those from three published T-LBL studies revealed no significant
difference. However, meta-analysis showed that translocations involving
chromosome region 9q34 were significantly more common in T-LBL than in
T-ALL. In particular, four out of the 92 T-LBL cases, but none of the 523
paediatric T-ALL cases, showed translocation (9;17)(q34;q22-23)
(P = 0-0004). Further studies are needed for the possible linkage between
abnormal expression of genes located at 9q34 and/or 17q22-23 and the
unique ‘lymphoma phenotype’ of T-LBL.

Keywords: T-cell lymphoma, child, non-Hodgkin lymphoma, cancer cyto-
genetics, leukaemia.

In children and adolescents, precursor T lymphoblastic neo-
plasms have been classified into two diseases: T-cell acute
lymphoblastic leukaemia (T-ALL) and T-cell lymphoblastic
lymphoma (T-LBL). Although the current World Health
Organization (WHO) classification designates both malignan-
cies as T lymphoblastic leukaemia/lymphoma (Borowitz &
Chan, 2008), there is continuing discussion on whether T-ALL
and T-LBL are two separate entities or whether they represent
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two different clinical presentations of the same disease. They
show overlapping clinical, pathological and immunophenotypic
features. In general, the word ‘lymphoma’ is used if there is a
bulky mass in the mediastinum or elsewhere, with less peripheral
blood and bone marrow (BM) involvement. Most study groups
distinguish between leukaemia and lymphoma on the basis of
the extent of BM involvement: patients with <25% lymphoblasts
in the BM are diagnosed with lymphoblastic lymphoma; in cases




of 25% or more BM blasts, the diagnosis is leukaemia. While this
distinction may appear somewhat arbitrary, a notable observa-
tion is that T-LBL patients with large mediastinal masses
frequently exhibit little, if any, evidence of tumour dissemina-
tion and BM involvement, but the molecular background for
this difference is unknown.

Chromosomal analysis has been widely used as a primary
step that is required to narrow down the responsible genes that
define a disease entity. For instance, discovery of Ph chromo-
some led to the identification of the chimeric BCR/ABLI gene,
which is responsible for and defines chronic myeloid leukae-
mia. Compared with T-ALL, chromosomal abnormalities in T-
LBL are not well defined. Reports in the literature and current
textbooks claim that the typical chromosomal aberrations
reported in T-ALL can also be found in T-LBL (Borowitz &
Chan, 2008). However, there are no large series of cytogenetic
data on T-LBL (Burkhardt, 2010).

This study aimed to fill the gap regarding cytogenetic data in
T-LBL and compare the cytogenetic findings of T-ALL and
T-LBL, which may lead to identification of the molecular
background behind phenotypical differences between the two
disease entities. i

Study patients

From November 2004 to October 2010, 154 eligible children
(aged 1-18 years) with newly diagnosed advanced stage LBL
(Murphy stages III and IV) (Murphy, 1980) were entered in
the Japanese Paediatric Leukaemia/Lymphoma Study Group
(JPLSG) ALB-NHLO03 study (UMIN000002212, http://www.
umin.ac.jp/ctr/index-j.htm). Patients with primary immun-
odeficiencies, Down syndrome and T-cell diseases as second
malignancies were excluded. The ethics committee of each
participating institute approved the study protocol.

Cytogenetic analysis

Cytogenetic analysis was performed on cell suspensions
obtained from 31 tumour/lymph nodes, 19 pleural effusions
and six bone marrow samples. The methods of chromosome
preparation for cytogenetic analysis are described elsewhere
(Sanger et al, 1987; Horsman et al, 2001). Karyotypes are
described according to the International System for Human
Cytogenetic Nomenclature (ISCN) (Shaffer & Tommerup,
2005). Only those cases with abnormal cytogenetic study results,
defined as two or more cells with the same structural
abnormality or the same numerical gain, three or more cells
with the same numerical loss or isolated cells with disease-
associated abnormalities, were eligible for inclusion in this study.

Statistical methods

Two-tailed Fisher’s exact test was used to analyse the patients’
characteristics and the frequency of each chromosome abnor-
mality. Significant differences in the analysis of he frequency of
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each chromosome abnormality were determined by the two-
tailed Fisher’s exact test with Bonferroni correction compar-
ison. The P value threshold for inclusion of a new variable was
chosen to be P < 0003 in this analysis (0-05/17, after
Bonferroni correction). A review of T-LBL and T-ALL
karyotypes reported in the literature was obtained from a
PubMed search and information on chromosome abnormal-
ities and gene fusions was obtained from Mitelman Database
of Chromosome Aberrations and Gene Fusions in Cancer
(http://cgap.nci.nih.gov/Chromosomes/Mitelman).

Results

Patient characteristics

A total of 154 children were enrolled on JPLSG ALB-NHLO03
protocols; 111 cases were T-LBL. Among 111 T-LBL cases, the
study population for the current analysis included 56 patients
for whom complete cytogenetic data were obtained. With
respect to presenting features, patients with reviewed and
accepted cytogenetic data were similar to both those without
accepted cytogenetic data and the entire cohort of concurrently
enrolled T-lineage LBL patients (Table S1).

Frequency of chromosomal abnormalities

Multiple chromosome abnormalities were identified in 31
patients (45%). Structural chromosome abnormalities were
identified in 29 patients (52%), and numerical chromosome
abnormalities were identified in 18 patients (32%). Ploidy
results included pseudodiploid in 14 patients (25%), hypo-
diploid in three patients (5%), hyperdiploid with 47-50
chromosomes in 10 patients (18%), hyperdiploid with more
than 50 chromosomes in four patients (7%) and diploid in 25
patients (45%) (Table S2).

All of the hypodiploid cases had 43-45 chromosomes; none
had a near-haploid karyotype. Of the four cases with more
than 50 chromosomes, two had near-tetraploid karyotypes.
The frequencies of ploidy groups in this series are compared
with those reported in other series of karyotyped T-LBL
patients and paediatric T-ALL (Table $2). Structural chromo-
some abnormalities were identified in 29 patients (52%). In the
current study, seven patients (13% of those with abnormal
karyotypes) exhibited a rearrangement at one or more of the
chromosome bands (7p15, 7q32-36 and/or 14q11-13) that are
the locations of T-cell receptor chain genes. Rearrangements in
the 14q11-13 region, in which the T-cell receptor o/8 chain
genes are located, were present in three patients (5%) of the
karyotypically abnormal cases in this series (Table S2). Struc-
tural abnormalities involving chromosome region 9934 were
identified in nine patients (16%). Translocations involving
chromosome region 9q34 were identified in three patients
(5%) (t(9;17)(q34;q22), t(7;9)(q34;q34) and t(2;9)(q23;934)).
In comparison between cytogenetic findings in the current
data and combined data of three published reports (Burkhardt

© 2011 Blackwell Publishing Ltd, British Journal of Haematology, 154, 612-617 613



M. Sekimizu et al

et al, 2006; Lones et al, 2007; Uyttebroeck etal, 2007;
Table S1), the frequencies of numerical and structural cytoge-
netic abnormalities in T-LBL and T-ALL had no significant
difference (Table S2).

We compared the cytogenetic findings in the current study
with the published reports from the three largest-scale studies
on T-LBL (Burkhardt et al, 2006; Lones et al, 2007; Uytteb-
roeck et al, 2007; Table $3) and those from the two largest-
scale studies on T-ALL combined (Heerema et al, 1998;
Schneider et al, 2000; Table S3) (Table I). The frequencies of
almost all of the cytogenetic abnormalities in T-LBL and

T-ALL had no significant difference, but translocation involv-

ing chromosome region 9934 was significantly more common
in T-LBL than in T-ALL (P = 0-0004, Table S3) and translo-
cation t(9;17) was also more common in T-LBL (4%, 4/92)
than in T-ALL (0%, 0/523, P = 0-0004) (Table I).

The current study included a patient with translocation
1(9;17)(g34:q22). As far as we could tell from the consulted
published reports, all T-LBL patients with translocation t(9;17)
presented with a mediastinal mass and without any bone
marrow involvement (Kaneko et al, 1988; Shikano et al, 1992)
(Table II).

Discussion

This is the largest study involving cytogenetic analysis of
T-LBL and the first study to directly compare cytogenetic
findings of T-LBL and T-ALL. The frequencies of almost all of
the cytogenetic abnormalities in both entities were found to
have no significant difference, but translocation involving
chromosome region 9q34 was significantly more common in
T-LBL than in T-ALL. The current study included a patient
with unique translocation t(9;17)(q34;q22). Interestingly, four
out of the 92 T-LBL cases, but none of the 523 paediatric
T-ALL cases, showed this translocation (P = 0-0004) (Table I).
Translocation t(9;17) has been reported in several haemato-
logical diseases, such as precursor B-cell ALL (Coyaud et al,
2010), acute myeloid leukaemia (Mrézek et al, 2001), chronic
myeloid leukaemia (DeAngelo et al, 2004), chronic lympho-
cytic leukaemia (Michaux et al, 2005), diffuse large B-cell
lymphoma (Hammond ef al, 1992) and follicular lymphoma
(Aamot et al, 20607), but these breakpoints, 9934 and 17q22—
23, are limited in the cases of T-LBL (http://cgap.nci.nih.gov/
Chromosomes/Mitelman). These results imply a linkage
between abnormal expression of genes located at 9g34 and/
or 17q22-23 and the unique phenotypes of the T-LBL
mentioned above.

Cytogenetic analysis has been used to identify the molecular
background of haematological malignancies. To compare the
distribution of chromosomal abnormalities of T-ALL and
T-LBL, large series of cytogenetic data are required, but are
absent in T-LBL in contrast to the abundant data in T-ALL.
Three recent series of cytogenetic data on paediatric T-LBL
have been published, reporting the cytogenetic findings in 13,
11 and 12 paediatric T-LBL cases (Burkhardt et al, 2006; Lones

Table I. Comparison of cytogenetic findings between T-LBL and
T-ALL.

T-LBL T-ALL

n % n % P value
Total 92 523
Normal karyotypet 36 39 219 42 06478
Abnormal karyotype 56 61 304 58 06478
Hypodiploid 4 4 20 4 09999
Pseudodiploid 30 33 204 39 02000
Hyperdiploid(47-50) 18 20 64 12 00328
Hyperdiploid(>50) 4 4 16 3 05217
Any translocation 26 28 177 34 03367
Any del chrome. 19 21 160 31 00328
Any der chrome. 4 4 58 11 00583
del(6q) 6 7 69 13 00833
Loss of 9p 10 11 44 8 05487
Any 14q11-13 abnormality 10 11 72 14 05100
Any 7q32-36 abnormality 7 8 35 7 08220
Any translocation including 9¢34 8 9 7 1 00004*
t(7;10) 1 1 2 0 03855
t(10;11) 1 1 8 2 09999
t(9:;17) 4 4 0 0 0-0004*

tIncludes one Klinefelter syndrome, and one inv(9) without other
abnormality in current report.

The P value threshold for inclusion of a new variable was chosen to be
0-003 (0-05/17, after Bonferroni correction). *P < 0-003.

T-LBL: current study (JPLSG ALB-NHLO03) combined with three
published reports(Burkhardt et al, 2006; Lones et al, 2007; Uyttebroeck
et al, 2007).

T-ALL: combined two published reports (Heerema et al, 1998;
Schneider et al, 2000).

et al, 2007; Uyitebroeck et al, 2007). Thus, this study can play
a role to fill the gap of cytogenetic data on T-LBL.

Translocation involving chromosome region 9q34 was
found to be significantly more common in T-LBL than in
T-ALL (Table I). Among genes located in the 9q34 region,
SET, PKN3, ABL1, NUP214 and NOTCHI have previously
been implicated in malignancy, with SET, ABL1, NUP214 and
NOTCH]I being implicated in leukemogenesis (Ellisen et al,
1991; van Vlierberghe et al, 2008; Hagemeijer & Graux, 2010).

An oncogenic SET-NUP214 fusion gene has been reported
in a case of acute undifferentiated leukaemia with a reciprocal
translocation t(9;9)(q34; q34) (von Lindern ef al, 1992) and
NK adult acute myeloid leukaemia as a result of a cryptic
deletion of 9934 (Rosati et al, 2007). van Vlierberghe et al
(2008) identified the SET-NUP214 fusion gene in three patient
samples out of 92 paediatric cases of T-cell leukaemia. SET-
NUP214 may contribute to T-ALL pathogenesis by inhibition
of T-cell maturation through the transcriptional activation of
the HOXA genes (van Vlierberghe ef al, 2008). However, the
frequency of this mutation in T-LBL is unknown.

NOTCH]I, previously termed TANI, was discovered as a
partner gene in T-ALL with a translocation t(7;9)(q34;934.3),

" and was found in <1% of T-ALLs (Ellisen et al, 1991). Several
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Table II. Clinical characteristics and detailed karyotype data in T-LBL patients with t(9;17).

Age (years) Sex Tumour site Stage BM blast % Karyotype

Kaneko et al (1988) 14 F Mediastinum IIT 0 46,XX,t(9;17)(q34;923)
15 M  Mediastinum II 0 46,XY,-9,del(6)(q13q21),t(%;17)(g34;q23),+der(9)t(%;17)(q34:923)
10 M  Mediastinum II 0 47,XY,+19,1(9;17)(q34;:923)

Shikano et al (1992) 14 F  Mediastinum I 0 46,XX,t(9;17)(q34;923)
7 M  Mediastinum III 0 49,XY-L+der(1)t(1;2) (p36;2),t(9;17)(q34;q23),+14,+marl,+mar2
5 F  Mediastinum III 0 47,XX,1(9;17)(q34;q23),+der(17)t(9;17)(q34;q23)

Burkhardt et al (2006) ND ND ND ND ND 46,XX,del(6)(q122q126),t(9;17)(q34;q22)
ND ND ND ND ND 47,XX,t(9;17)(q34;q22),+20

Lones et al (2007) 8 M  Mediastinum III 0 47,XY,t(9;17)(q324;q223),+20

Current study 7 M Mediastinum III 0 46,XY,t(9;17)(q34;q922)

ND, no data available.

study groups reported NOTCHI mutations in 31-62% of Acknowledgements

T-ALL patients (Weng et al, 2004; Breit et al, 2006; van Grotel
et al, 2006; Zhu et al, 2006; Malyukova et al, 2007; Asnafi et al,
2009; Gedman et al, 2009; Park et al, 2009). In contrast, only
two studies reported NOTCHI mutation analyses in T-LBL:
Park et al (2009) reported NOTCHI mutations in six out of 14
paediatric T-LBL patients (43%), and Baleydier et al (2008)
reported mutations in six out of nine paediatric T-LBL (66%),
with 32 adult patients with NOTCHI mutations in 16 cases
(54% in all patients) (Baleydier et al, 2008). According to these
reports, the frequencies of NOTCHI mutation were not
significantly different between T-LBL and T-ALL.

ABL1 fusion genes have been identified that provide
proliferation and survival advantage to lymphoblasts.
NUP214-ABL1, EMLI-ABL1, BCR-ABL1 and ETV6-ABL1
chimeric genes have been reported. The most frequent one
in T-ALL is the NUP214-ABL1 fusion gene, which has been
identified in 6% of cases, in both children and adults (Graux-
et al, 2009). In addition, using an oligonucleotide microarray,
ABL1 overexpression was identified in 8% of cases in T-ALL
(Chiaretti et al, 2007). Our review of these published reports
indicated that the frequency of ABL1 mutation in T-LBL is
unknown.

Raetz et al (2006) analysed the gene expression profiles of
ten T-ALL BM samples and nine T-LBL samples using a
microarray. They identified 133 genes for which the expres-
sion levels differed between T-LBL and T-ALL. ZNF/9
(encoding zinc finger protein 79) and ABLI, both located
in chromosome region 9934, were included in these genes
and showed at least twofold higher overexpression in T-LBL
than that in T-ALL. Additionally, MED13 (previously termed
THRAPI), which is located in 17q22-q23, also showed at least
twofold higher overexpression in T-LBL than that in T-ALL
(Raetz et al, 2006). Taking these findings together, it is
possible that ZNF79, ABLI or THRAPI as well as other genes
at 934 and 1792223 are involved in the ‘lymphoma
phenotype’ such as a bulky mass in the mediastinum and
minimal BM involvement. These findings need further study
to determine if this linkage constitutes a unique ‘lymphoma

phenotype’.
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induced pluripotent stem cells (iPSCs)
can be generated by the expression of
defined transcription factors not only
from normal tissue, but also from malig-
nant cells. Cancer-derived iPSCs are
expectad to provids a novel experimen-
t=! opportunity to establish the disease
model. We generated iPSCs from
imatinib-censitive chronic myelogenous
isukiemia (CML) patient samples. Re-
markably, the CML-iPSCs were resistant
to imatinib aithough they consistently

expressed BCR-ABL oncoprotein. In
CML-iPSCs, the phosphorylation of
ERK1/2, AKT, and JNK, which are essen-
tial for the maintenance of both BCR-
ABL (+) leukemia celis and iPSCs, were
unchanged after imatinib treatment,
whereas the phosphoryiation of signal
transducer and activator of transcrip-
tion (STAT)5 and CRKL was significantly
decreased. These results suggest that
the signaling for iPSCs maintenance
compensates for the inhibition of BCR-

ABL. CML-iPSC—derived hematopoietic
cells recovered the sensitivity to ima-
tinib although CD34+38-90*45+ imma-
ture cells were resistant to imatinib,
which recapitulated the pathophysi-
ologic feature of the initial CML. CML-
iPSCs provide us with a novel platform
to investigate CML pathogenesis on the
basis of patient-derived samples.
(Blood. 2012;119(26):6234-6242)

Introduction

Hematologic malignancies including leukemias are often
chemotherapy-resistant, most of which follows an aggressive
clinical course.! Multiple drug therapies are usually required to
treat them, although they are occasionally accompanied with
many side effects. Thus, the invention of novel targeted
therapies based on newly revealed molecular pathogenesis is
expected to overcome the current situation.? However, previous
approaches to understanding pathogenesis involve several limi-
tations. Many mouse models of human diseases have been
established, but they may not fully recapitulate many aspects of
original human diseases.> Many kinds of cell lines are also
available for research. However, they do not cover all diseases,
because it is usually difficult to establish a cell line from a
primary patient sample. Furthermore, additional gene mutations
may be accumulated in cell lines. Theoretically, primary patient
samples should be used for research, but the amount of obtained
cells may be inadequate for various analyses.

Induced pluripotent stem cells (iPSCs) can be generated from
various types of cells by the transduction of defined transcrip-
tion factors.*10 In addition to the regenerative medicine,! iPSCs
have been used for studies of the pathogenesis of inherited
genetic diseases.!?-16 Recently, it was reported that iPSCs were
generated not only from normal tissue cells, but also from
malignant cells.!720 In those cases, cancer cells themselves must

have been the origins of iPSCs. However, in most published
data, established cell lines were used as the source material of
cancer cells, including chronic myelogenous leukemia (CML),!7
gastrointestinal cancers,'® and melanoma,'® except for the
JAK2-V617F mutation (+) polycythemia vera (PV) patient.?

CML is a myeloproliferative neoplasm that originates from
hematopoietic stem cells transformed by the BCR-ABL fusion
gene. The initial indolent chronic phase (CP) is followed by
aggressive stages, the accelerated phase (AP), and the blast
crisis (BC), in which immature leukemic cells expand.?! CML is
now initially treated with one of several tyrosine kinase
inhibitors (TKIs) including imatinib, dasatinib, and nilotinib,
which have dramatically improved the long-term survival rate of
CML patients up to approximately 90%. However, even TKIs
are not able to eradicate the CML clone completely, which is
demonstrated by the fact that discontinuation of TKIs in
molecular remission CML patients usually leads to the recur-
rence of the BCL-ABL clone. Therefore, many studies are
performed to elucidate the mechanisms of TKI-resistance in
CML stem cells and to overcome the resistance.

In this study, we established iPSCs from primary CML
patient samples, redifferentiated them into hematopoietic lin-
eage and showed the recapitulation of the pathophysiologic
features of the initial disease.
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Methods

Cell and cell culture

Primary samples of CML bone marrow cells were obtained after informed
consent. All studies using human cells were reviewed and approved by the
institutional review boards (IRBs) of University of Tokyo. Mononuclear
cells (MNCs) were isolated by centrifugation through a Ficoll gradient.
CD34* cells were isolated by an immunomagnetic separation technique
(auto magnetic-activated cell sorting; MACS). They were cultured with
o-minimum essential medium (MEM) containing 20% fetal calf serum
(FCS) supplemented with 100 ng/mL stem cell factor (SCF; Wako),
10 ng/mL thrombopoietin (TPO; Wako), 100 ng/mL FL3L (Wako), 10 ng/mL
1.3 (Wako), and 100 ng/mL IL6 (Wako).

Normal iPSCs established from cord blood (CB) CD34* cells or
fibroblasts?? and CML-iPSCs were maintained in Dulbecco modified Eagle
medium-F12 (Invitrogen) supplemented with 20% knockout serum replace-
ment (KSR; Invitrogen), 0.1mM 2-mercaptoethanol (Sigma-Aldrich), MEM
nonessential amino acids (Invitrogen), and 5 ng/mL recombinant human
basic fibroblast growth factor (FGF; Peprotech) on mitomycin C (MMC)—
treated mouse embryo fibroblast (MEF) feeder cells.”? Imatinib (LC
Laboratories) was added to the culture medium at the various concentra-
tions (1-10pM). U0126 and LY294004 (LC Laboratories) were used to
inhibit ERK and AKT, respectively.

The mouse C3H10T1/2 cells were cultured as previously described.?*

Production of VSV-G pseudotyped retroviral particles

Construction of pMXs vectors encoding Oct3/4, Sox2, Kif4, and c-myc
were performed as previously described.?? Highly concentrated VSV-G—
pseudotyped retroviral supernatant was prepared using reported procedures.
The 293GPG cells were kind gifts from Dr R. C. Mulligan (Children’s
Hospital Boston, Harvard Medical School, Boston, MA).> Stable 293GPG
cell lines, each capable of producing VSV-G-pseudotyped retroviral
particles on induction were established as previously described.?*? Retro-
viral supernatants were concentrated by centrifugation for 16 hours
at 6000g.

Generation of iPSCs from CML samples

Two days before infection, cells were stimulated with cytokines as
mentioned in “Cell and cell culture.” For infection, each well of a 24-well
dish coated with a fibronectin fragment CH296:RetroNectin (Takara-Bio)
was covered with virus-containing supernatants. After the adhesion of
viruses according to the manufacture’s recommendation, 1 X 105 cells of
CD34* CML cells or CB cells were inoculated into each well and filled
with the culture medium supplemented with cytokines. The next day,
concentrated viral supernatant was added to the culture. On day 3 after
infection, cells were harvested with vigorous pipetting, washed by phosphate-
buffered saline (PBS), and cultured with the same fresh medium for next
3 days. On day 6, cells were seeded on MMC treated MEF cells. Two to
4 days after, the medium was replaced with human ES medium as
previously described with 0.5mM valproic acid (VPA; Sigma-Aldrich).2
Subsequently, medium was changed every other day. After 20 days, ES-like
colonies appeared. Using live cell imaging technology with Tra-1-60
antibody as previously described,?” each fully reprogrammed colony was
distinguished from deficiently reprogrammed colonies, and was picked up
to be reseeded on new MEF feeder cells. Cloned ES-like colonies were
subjected to further analysis.

Antibodies, FACS analysis, and immunocytochemistry

The following fluorescent conjugated antibodies were used for fluorescence-
activated cell sorter (FACS) analysis and immunocytochemistry: anti—
human stage specific embryonic antigen (SSEA)—4 conjugated with Alexa
Fluor 488 (BD Bioscience), anti-human tumor related antigen (TRA)-1-60
conjugated with Alexa Fluor 555 (BD Bioscience), anti-CD34 phycoeryth-
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rin (PE) conjugated (Beckman Coulter), and anti-CD45 fluorescein isothio-
cyanate (FITC) conjugated (Beckman Coulter).

Cells were sorted with a FACSAria, and analysis was performed on
FACS LSRII (BD Bioscience).

For immunocytochemistry, cells were fixed with 4% paraformaldehyde
in PBS, after which they were labeled with an antibody against human
SSEA-4 and antibody against human TRA-1-60 antibody and observed
using a confocal microscope (Carl Zeiss).

Methylation profiling

Genomic DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN)
according to the manufacture’s instruction. Methylation status was evalu-
ated as previously reported.? Methylation status was analyzed using
HumanMethylation27 BeadChip (Illumina). Genomic DNA for methyl-
ation profiling was quantified using the Quant-iT dsDNA BR assay kit
(Invitrogen). Five-hundred nanograms of genomic DNA was bisulfite-
converted using an EZ DNA methylation kit (Zymo Research). The
converted DNA was amplified, fragmented and hybridized to a beadchip
according to the manufacturer’s instructions. The raw signal intensity for
both methylated (M) and unmethylated (U) DNA was measured using a
BeadArray Scanner (Illumina). The methylation level of the each individnal
CpG is obtained using the formula (M)/(M) + (U) + 100 by the Genome-
Studio (Ilumina).

Microarray analysis

Gene expression analysis was carried out as previously described® with the
use of the Human Genome U133 Plus 2.0 Armay (Affymetrix). The
hierarchical clustering techniques classify data by similarity and their
results are represented by dendrograms. Previously reported data of human
embryonic stem (ES) cells (GSM449729) and CML CD34* cells
(GSM366215, 366216, 366221, and 366222) were used to compare the
gene expression profile. The microarray data are available on the Gene
Expression Omnibus (GEO) database under accession number GSE37982.

Hematopoietic differentiation of iPSCs

To differentiate iPSCs into hematopoietic cells, we used the same protocol
previously used with ES cells and iPSCs.??* In brief, small clostess of
iPSCs (< 100 cells treated with PBS containing 0.25% trypsin, 1mM
CaCl,, and 20% KSR) were transferred onto irradiated 10T1/2 cells and
cocultured in hematopoietic cell differentiation medium, which was re-
freshed every third day. Differentiation medium consists of Iscove modified
Dulbecco medium supplemented with a cocktail of 10 pg/mi. human
insulin, 5.5 pg/mL human transferrin, 5 ng/mL sodiom selenite, 2mM
L-glutamine, 0.45mM o-monothioglycerol, 50 p.g/mL ascorbic acid, and
15% highly filtered FBS in the presence of 20 ng/mL human vascular
endothelial growth factor (VEGF).% On days 14 to 15 of culture, the
iPS-sacs were collected into a 50-mL tube, gently crushed with a pipeite tip
and passed through a 40-pm cell strainer to obtain hematopoietic progeni-
tors. Hematopoietic progenitors were collected by sorting with CD34 and
CD45 antibodies, Giemsa stained, and then examied under a microscope.
Hematopoietic progenitors were cultured in the a-medium plus 20% FCS
supplemented with 100 ng/mL SCF, 10 ng/mL TPO, 100 ng/mL FL3L,
10 ng/mL IL3, and 100 ng/mL IL6.

Hematopoietic colony-forming cell (CFC) assay

CFC assays were performed in MethoCult H4434 semisolid medium
(StemCell Technologies). Ten thousand hematopoietic progenitors har-
vested from an iPS-Sacs were plated in 1.5 mL of medium and cultivated
for 14 days.

RT-PCR and quantitative real-time PCR analysis

After extraction of total RNA with RNAeasy reagents (QIAGEN), reverse
transcription was performed with SuperScript II (Invitrogen). Primer
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Figuse 1. Experimenta! schems for generating of IPSCs from the CML patient
cample. Afler cytokine stimulation, CD34+ CML cells were reprogrammed by
transduction with Yamanaka factors. To anprove the reprogramming, valproic acid
was addad to the culture.

sequences used for the detection of stem cell genes were as previously
described®

Quantitative real-time PCRs (QPCRs) were carried out in the ABI-7000
sequence detection system with SYBR Green PCR Core reagents according
to the manufactrer’s instructions (Applied Biosystems). We analyzed
expression levels of BCR-ABL fusion transcript as previously described. 3
Each assay was performed in triplicate and the results were normalized to
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) levels.

PCR primers used for quantitative PCR:

BCR-ABL F TCAGAAGCTTCTCCCTGACATCCGT

BCR-ABL R TCCACTGGCCACAAAATCATACAGT

GAPDH F TGCACCACCAACTGCTTAGC

GAPDH R GGCATGGACTGTGGTCATGAG

Western bloting

Fifty micrograms of cell lysates were subjected to sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis.
Antibodies used in immunoblotting were as follows; anti-phospho ERK1/2
(Thr202/Tyr204; Cell Signaling), anti-phospho Akt (Ser473; Cell Signal-
ing), anti-phospho JNK (Thr183/Tyr185; Cell Signaling), anti-phospho-
STATS5 (Tyr694; Cell Signaling), and anti-phospho CRKL (Tyr207; Cell
Sigpaling). Enhanced chemiluminescence detection (Amersham) was car-
ried out according to the manufacturer’s recommendations.

Results
Generation of iIPSCs from primary CML patient samples

Afier cbtaining informed consent, CD34™ cells were purified from
bone marrow mononuclear cells of a CML chronic phase patient.
Afier we stimulated them with cytokines for 2 days, retroviral
transduction with the transcription factors OCT3/4, SOX2, KLF4,
and MYC was performed. Two days after transduction, we
reseeded cells onto MEF cells and cultured them for another 2 days.
Then, we replaced the medium with human ES medium supple-
mented with 5 ng/ml. bFGE. To improve the efficiency of the
reprogramming, we added VPA,% a histone deacetylase inhibitor,
to the culture (Figure 1). Using a live cell imaging method with
Tra-1-60 antibody, bona fide iPSCs were distinguished from
deficiently reprogrammed cells.?’ As a result, 2 CML-derived
iPSCs (CML-iPSCs) were generated, which were derived from
independent patients. CML-iPSCs showed the typical morphology
as iPSCs (Figure 2A) and expressed the pluripotency markers, such
as SSEA4 and Tra-1-60 (Figure 2B), and the endogenous expres-
sion of embryonic stem cell (ESC) characteristic transcripts
(OCT3/4, SOX2, KLF4, NANOG, LIN28, and REX1) was con-
firmed by RT-PCR (Figure 2C). CML~PSCs also expressed
BCR-ABL, which demonstrated that they were truly derived from
CML (Figure 2D). Furthermore, fluorescence in situ hybridization
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with dual color BCR-ABL probes confirmed t(9;22) translocation in
CML-iPSCs at the single cell level (supplemental Figure 1A and
supplemental Table 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
However, although CML-PSCs expressed BCR-ABL, they were
resistant to imatinib (Figure 2E). Teratoma formation capacity was
confirmed, demonstrating the pluripotency of CML-iPSCs (supple-
mental Figure 2).

Comprehensive analysis of DNA methylation revealed that
methylation pattern of CML-iPSCs was different from that of
original CML sample but was very similar to that of normal iPSCs
although there were slight differences (Figure 3A). Previously,
stem cell-specific differentially methylated regions (SS DMRs)
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Figure 2. Generation of CML derived iPSCs. (A) Morphology of CML-IPSCs.
(B) Immunofiuirescence staining shows expression of pluripotent marker (left:
SSEA-4 and right: Tra-1-80) in CML-iPSCs. (C) RT-PCR analysis of ES cell marker
genes. Endogenous expression of these stem cell-specific genes in CML-iPSCs was
verified. (D) CML-iPSCs expressed the BCR-ABL fusion transcript. (E) Imatinib
(101M) were added to the culture of iPSCs. DMSO (top left panel) and imatinib (top
right panel) treated CML-iPSCs were shown. The number of alive CML-PSCs
(CML-iPS_1 and CML-iPS_2) and normal iPSCs (Nor-iPS) after 5 days treatment
was calculated (bottom panel). These were the representative data from 3 indepen-
dent experiments.
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Figure 3. Comprehensive analysis of DNA methylation and gene expression. (A) Unsupervised hierarchical clustering based on differentially methytated CpGs is shown
on the dendrogram. The accompanying heatmap shows the methylation status across 5001 differentially methylated CpGs. In the heatmap, red indicates a CpG methytation
more than 50%, and green less than 50%. The methylation status in hypo SS DMRs (B) or hyper SS DMRs (C) was shown in the heatmap. (D) Unsupervised hierarchical
clustering based on global gene expression data are shown on the dendrogram. The accompanying heatmap shows the nommalized log2 transformed expression values
(Z-scores) for each probe. In the heatmap, red indicates expression more than mean, and green less than mean.

were identified during reprogramming process of iPSCs.3! Hypo-
methylated SS DMRs (hypo SS DMRs) in the variety of iPSCs
were also hypomethylated in the CML-PSCs including the promot-
ers of OCT4 (Figure 3B). In the same way, hypermethylated SS
DMRs (hyper SS DMRs) in the variety of iPSCs were also
hypermethylated in the CML-iPSCs (Figure 3C). The promoters of
hematopoietic lineage-specific marker genes, such as CD45 and
CD11b, were hypermethylated in the CML-iPSCs. Thus, the

methylation pattern of CML-iPSCs was confirmed to be not
hematopoietic cell-like, but iPSC-like. Next, we compared the gene
expression pattern among CML-iPSCs and normal iPSCs
(Figure 3D). In a result, CML~iPSCs and normal iPSCs were very
similar in regard to global gene expression profile. Furthermore,
comparing our results with publicly available expression data of
human ES cells and CML CD34+ cells, we found that CML-iPSCs
were very similar to human ES cells, whereas they were different



