samples were derived from malignant lymphoma patients without
bone marrow involvement as described earlier.?*** Our analysis
of WT1, GATA-T and GATA-2 was approved by IRB (approved
number 99) of the Nagoya University School of Medicine. Some
leukemia cell lines were provided by Dr Hirokazu Nagai
(National Hospital Organization, Nagoya Medical Center,
Nagoya, Japan). Solid tumor cell lines with high WT7 mRNA
levels® were the generous gifts of Dr Haruo Sugiyama (Osaka
University Graduate School of Medicine, Osaka, Japan).

Quantitative reverse transcriptase-PCR

Quantitative reverse transcriptase-PCR was performed as
described.2*%* WTT mRNA was measured using the Light Cycler
system (Roche Diagnostics, Mannheim, Germany). Each primer
set and PCR conditions have been described before.?*?> GATA-1,
GATA-2 and  glyceraldehyde-3-phosphate  dehydrogenase
{GAPDH) mRNAs were measured with a Power SYBR Green
master mix using the ABI PRISM 7000 sequence detection systems
(Applied Biosystems Japan Ltd, Tokyo, Japan). After producing
first-strand ¢DNA, quantitative PCR was carried out using the
following primer sets: GATA-1, forward 5'-CCCAAGAAGCGCCT
GATTGT-3; reverse 5'-GTGTAGCTTGTAGTAGAGGCCGC-3'.
GATA-2, forward 5'-CGTTCCTGTTCAGAAGGC-3'; reverse 5'-G
TTCTGCCCATTCATCTTGT-3'. GAPDH, forward 5'-CAGGAGC
GAGATCCCTCCAA-3'; reverse 5'-CCCCCTGCAAATGAGCCC-3'.
PCR conditians were GATA-1, 95 °C for 10s followed by 56 °C for
15s; GATA-2, 95°C for 10s followed by 56°C for 15s; and
GAPDH, 95 °C for 10s followed by 63 °C for 15s. Forty cycles
were used for WT1, GATA-1, GATA-2 and GAPDH. GAPDH was
used as the internal contral for both clinical samples and cell lines.
Relative mRNA was calculated as the respective mRNA/GAPDH
mRNA in the log scale.

Western blotting

Western blotting of WT1, GATA-1, GATA-2 and Sp1 was carried
out using the anti-WT1 antibody (clone 6F-H2, Dakocytomation,
CA, USA), anti-GATA-1 (sc-265), anti-GATA-2 (sc-9008) and
anti-Sp1 (sc-59) antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), respectively. We used the ECL
chemiluminescence kit (Amersham Pharmacia Biotech,
Buckinghamshire, UK) for signal detection.

Rapid amplification of 5 cDNA ends (5 RACE)
The transcription initiation point of WT1 was determined as
described in the Supplementary information.

Cloning of WT1 promoter and enhancer regions

We obtained an ~1.8-kb fragment covering the 5' region of
exonl of WTT using the 5’ rapid amplification of cloned ends.
This fragment was inserted into the Kpn-l and Bgkll sites of
pGL3 basic vector (Promega, Madison, WI, USA), and used for
the promoter analysis (—1807/Luc). Truncation and mutation of
WT1 promoter were prepared by the PCR-based method.
Similarly, the intron 3 and 3 enhancers of the WTT were also
obtained by the PCR-based method. Production of the trunca-
tion and mutation of 5' promoter and enhancer is described in
the Supplementary information.

Promoter and enhancer analysis
K562 (1 x10°), Jurkat (1x10%, TYK-nu-cPr (1x10% and
HepG2 (1 x 10°) cells were transfected with 1pg of reporter
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plasmid containing various lengths of the 5' promoter and/or
enhancer region of WTT gene and 1pg of B-galactosidase
expression vector (Promega). The lipofectin reagent (Invitrogen,
Carlsbad, CA, USA) was used for K562. The calcium precipita-
tion method was used for TYK-nu-cPr and HepG2. Trans
IT-Jurkat (Mirus Bio Co., Madison, WI, USA) was used for jurkat
cells. After 48 h, cell lysates were prepared. Luciferase activity
was normalized with the B-galactosidase activity.

DNA transfection

Transfection of the expression vector was carried out using Trans
{T-Jurkat, for Jurkat, and the calcium precipitation method for
TYK-nu-cPr cells. GATA-T and GATA-2 expression vectors were
obtained from Dr Ritsuko Shimizu (Tsukuba University, Tochigi,
Japan) and Dr Haruhiko Asano (Chubu University, Kasugai,
Aichi, Japan), respectively. GATA-T cDNA or GATA-2 cDNA
was transferred into pcDNA3.1 vector (Invitrogen).

RNA interference

K562 cells (5 x 10°) were transfected with small interfering RNA
(siRNA) (final 100nM) wusing Oligofectamine reagent
(invitrogen). GATA-1 siRNA (ID no. 3197) and GATA-2 siRNA
(ID no. 145419) were purchased from Ambion (Austin, TX,
USA). Scrambled siRNA was purchased from Dharmacon (GE
Healthcare Sciences, Tokyo, Japan).

Electrophoresis mobility shift assay

Nuclear extract was prepared from K562, jurkat, Daudi, HL-60,
TYK-nu-cPr, Sw480, Az521 and HepG2 cells. Electrophoretic
mobility shift assay (EMSA) was performed as described
earlier.?® For the supershift experiment, anti-GATA-1 or anti-
GATA-2 antibody (Santa Cruz Inc.) was added to the nuclear
extract for 30min at room temperature before mixing with
biotin-labeled probes as described below. Forward, 5'-CATTTA
TATCAGCCGTTTTTATCTTTITCCTG-3'; reverse, 5-CAGGAAA
AGATAAAAACGGCTGATATAAATG-3' (Bold letters are the
GATA binding motifs). In some experiments, mutated oligo
was used. Proximal-mutated GATA: forward, 5-CATTTCCAAA
AGCCGTTCCAAATTTTCCTG-3'; reverse, 5-CAGGAAAAGT
TTGGAACGGCTTTTGGAAATG-3'. Distal mutated GATA: forward,
5-CATTTATATCAGCCGTTCCAAATTTTCCTG-3'; reverse, 5'-CAG
GAAAAGTTTGGAACGGCTGATATAAATG-3' (Bold letters are the
mutated GATA binding sites). Biotin label was attached to the 3’ end
of each forward probe (Sigma Genosys, Hokkaido, Japan).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay was carried out as
described earlier.2® K562, Jurkat and TYK-nu-cPr cells were
used for the crosslinking with formaldehyde. For the immuno-
precipitation, normal mouse IgG, anti-GATA-1-antibody (Santa
Cruz, final concentration; 3pg/ul) or anti-GATA-2-antibody
(Santa Cruz) was added and incubated at 4°C overnight.
tmmunocomplexes were extracted and crosslinking was
reversed by heating the elutes at 65 °C overnight. The eluates were
then digested with proteinase K at 50°C for 5h and extracted
with phenol/chloroformvisoamy! alcohol. DNA was purified by
ethanol precipitation. The WT1 enhancer region was amplified
by PCR using primers 5'-GGGAATTCGACTCATTTATATCAG
CCGTTTT-3 (forward) and 5'-GGGTCGACCCTGGCTCTTTCC
GACTC-3' (reverse).
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Results and discussion observed in 10 out of the 20 cell lines analyzed, with the
expression levels being heterogeneous. GATA-2 mRNA was
Correlation between mRNA levels of WT1 and also observed in 13 out of those 20 cell lines. The correlation
GATA-1/GATA-2 in acute leukemia clinical samples index between WTI and GATA-T or WTI and GATA-2
and cell lines was significant, suggesting a positive relationship between
In Figure 1, we analyzed 20 established leukemia cell lines to WTT and GATA-1/-2 mRNA (Figure 1 lower part). The corre-
determine the correlation between WTT and GATA-1/GATA-2 lation between GATA-T and GATA-2 mRNA was also positive.
(Figures Ta and c). Seventy-five percent of the cell lines showed When we examined solid tumor cell lines (SW480, Az521 and
high mRNA expression (more than 107 of GAPDH mRNA), TYK-nu-cPr), which express high WTT mRNA? (Figure 1b),
whereas others (such as Daudi and U937) showed a very low  we found that those cell lines with high WTT mRNA showed
or undetectable level of WTT mRNA. GATA-7 mRNA was high GATA-2, but not GATA-T mRNA. We also found a high
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Figure 1 WT1, GATA-T and GATA-2 mRNA in leukemia cell lines (a) and solid tumor cell lines (b). Relative WT1, GATA-T and GATA-2 mRNA
levels were examined by a quantitative reverse transcriptase-PCR. The internal control was GAPDH. The asterisks denote below the detection
limit. The lower panels (c) show the correlation between WTT and GATA-1, WTT and GATA-2, and GATA-1 and GATA-2, respectively.
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Figure2 WTI1, GATA-1, GATA-2 and Sp1 protein levels of representative cell lines. Left: Representative leukemia cell lines with high (K562, HEL,
KUB812F and HL60 cells) and low WT7 mRNAs (U937, Daudi and Jurkat cells) were examined for their WT1, GATA-1, GATA-2 and Sp1 protein
expressions by western blotting as described in Materials and methods. B-Actin was shown as the internal control. Right: solid tumor cell lines with
high WTT mRNA (TYK-nu-cPr, Az521, SW480) as well as the negative control of HepG2 cells were analyzed for their WT1, GATA-1 and GATA-2
protein levels.
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expression of GATA-3 in Jurkat cells (data not shown), but its
expression levels in the cell line panels were not examined
further, as it was reported to express mainly in T lymphocytes
and the embryonic brain.?”** We did not analyze PAX family
genes because there are clear examples of tumor cell lines in
which PAX8 is not expressed but WTT is, or vice versa.**°

Supplementary Figure 1 illustrates the relative mRNA levels of
WTI1, GATA-1 and GATA-2 from 23 AML and 3 ALL patient
bone marrows. Most leukemia patients (85%) showed WTT
mRNA levels of more than 1072 of GAPDH mRNA, whereas the
absence of WT7 mRNA (below our detection limit) was
observed only in one AML patient. GATA-T mRNA was very
low in one AML case, whereas GATA-2 mRNA was well
observed in most. A low correlation index between WT1 mRNA
and GATA-1/2 mRNA was obtained (data not shown) probably
because of the heterogeneous percentage of blast cells within
samples, and because of the remaining erythroid and mega-
karyocytic lineage cells.

We also examined WT1, GATA-1 and GATA-2 mRNA levels
of both normal human hematopoietic stem cell fractions
(CD34%, CD38~, Lin™) and progenitor cell fractions (CD34 ™,
CD387, Lin") purified from two independent samples accord-
ing to the method described in the Supplementary information.
WTT mRNA levels of normal stem cell and progenitor cell
fractions were significantly lower than those of AML samples
with high WTT mRNA, whereas the GATA-1 and GATA-2
mRNA levels were almost equivalent to those of AML samples.
In normal stem cell/progenitor cells, factors other than GATA-1/2
might also be relevant to their WTT mRNA expression. The
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contribution of GATA-1/2 to WTT mRNA expression of normal
stem cell/progenitor cell fraction should be further analyzed in
future experiments.

As to the WTT mRNA of the stem cell fraction, Hosen et al.*'
described the very low frequency of normal CD34-positive-
hematopoietic progenitor cells with WTT mRNA level similar to
those in leukemia cells. Our current study supports their results.
Mouthon et al.*? reported their in situ hybridization, suggesting
the gradual increase of GATA-T mRNA from stem cells to
immature erythroblasts and megakaryocytes. In our results,
increase of GATA-T mRNA was observed from stem cell fraction
to progenitor cell fraction. Furthermore, Maratheftis et al’’
reported the upregulation of GATA-T mRNA of CD34™ cells in
myelodysplastic syndrome compared with that of normal
control.

For precise and further analysis of a pure leukemia popula-
tion, we used leukemia cell lines. Figure 2 illustrates the WT1,
GATA-1, GATA-2 and Sp1 protein levels of representative cell
lines with either high or low WTT mRNA. In these cell lines,
WTT protein levels were well correlated with WTT mRNAs. In
WT1-high-leukemia cell lines, GATA-1 and GATA-2 protein
levels were higher than those in WT1-low-leukemia cell lines. In
the case of SW480, factors other than GATA1 and GATA2 might
be involved in its WT1 expression.

5 -promoter analysis of WT1 gene
We determined the WTT transcription start site of K562 cells
using the 5 rapid amplification of cloned ends method.*® The

wmma : Jurkat
e=m : K562

-224 Splmut

-203

7
: Jurkat
: K562
0 2 4 6 8 HE
Relative luciferase activity
emma : Jurkat
e 3 K562
4 6 8 9

Relative luciferase activity

Figure 3 Promoter analysis of the 5’ region of WTT gene. Using either K562 or jurkat cells, the promoter activity of WTT gene was examined by
transfecting the pGL3 basic reporter vector containing various lengths of the 5 promoter region as described in Materials and methods (a). Results
were shown as the ratio of luciferase activity/B-gal. Data of pGL3 basic without 5' promoter were regarded as 1.0. The Sp1 site located between
—224 and ~203 bp is illustrated in (b). The solid circle in {c) shows mutated Sp1 site. The mean *s.d. was calculated from three independent

experiments.
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start site of K562 cells was 185 bp downstream of the reported (Figure 4b). Interestingly, this 3’ enhancer was also active in
site in the National Center for Biotechnology Information  TYK-nu-cPr cells, a solid tumor cell line with high WTT mRNA.
database and 380bp downstream of the one reported In our analysis, the intron 3 enhancer did not play a major role
earlier."*'* On the basis of our result, we cloned the —1.8-kb  in WTT gene expression, as was described earlier,® though
region of WTT1 5 promoter. Figure 3 showed that the most some additive effect was detected in the presence of 3/
potent promoter activity was located between —224 and  enhancer. We further analyzed 3’ enhancer by preparing
—~203 bp from exon 1 (Figures 3a and b). The introduction of a various truncated forms of this region. Figure 4b showed that
mutation into a putative Sp1 site in this region (Figure 3¢) clearly the distal region containing three out of six GATA sites was
showed this Sp1 site is essential for the 5'-promoter activity of ~ important. In earlier studies, Fraizer et al.'* reported the
WTT1, which is consistent with the result of Cohen et al.™ Italso  importance of 3’ enhancer, and Wu et al.'® confirmed their
suggests that this pramoter activity was not the sole determinant  results using EMSA. However, the minimal responsive GATA
of the WTT expression, because K562 and Jurkat cells, which site within this region has not been determined. Subsequent
were associated with the high and low WT1 expression, experiments using a mutated GATA motif introduced into these
respectively (Figure 2), showed similar promoter activity, and putative sites (Figure 4c) clearly showed that the minimal region
the Sp1 protein level did not correlate with the WT1 protein in determining the total promoter/enhancer activity was the
level (Figure 2). most distal GATA site of this enhancer.
The effects of transient expressions of GATA-1 and GATA-2
on WTT mRNA and WTT promoter and on WT1 protein of
Enhancer analysis of WT1 gene Jurkat and HepG2 cells are illustrated in Figure 5. GATA-1
On the basis of results in Figures 2 and 3 as well as earlier  overexpression induced WT1 mRNA in both Jurkat cells (1.9
reports suggesting the importance of intron 3 and 3’ en- times compared with mock-transfected cells) and HepG2 cells
hancers,'**” we prepared luciferase reporter vectors containing (2.0 times), whereas GATA-2 overexpression increased WT1
—303 bp of the 5'-promoter region combined with the intron 3 mRNA in both Jurkat cells (1.7 times compared with mock-
and/or putative 3’ enhancer illustrated in Figure 4a. It is clear  transfected cells) and HepG2 cells (2.4 times), respectively.
that the 3’ enhancer is potent in K562 cells with high WTT1 GATA-induced WTT1 protein expression was clearly observed in
mRNA, but not in Jurkat or HepG2 cells with low WTT mRNA HepG2 cells (Figure 5b). The increase of WT1 protein in Jurkat
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Figure 4 Effects of the intron 3 and 3’ enhancers of WTT gene. Effects of the intron 3 and 3’ enhancers were analyzed by luciferase reporter assay
using various combinations of the promoter and enhancers as shown in (a) left. The sequence information was derived from earlier
publications'*'*2° and is described in Supplementary information. The mean +s.d. was calculated from three independent experiments. Data of
the relative luciferase activity of control vector {without enhancer elements) of each cell line were regarded as 1.0. In (b and ¢) deletion and
mutation were introduced as illustrated in the left part of each panel. The open circle denotes wild-type GATA site, whereas the solid circle shows
mutated GATA site. Data of the relative luciferase activity from luc vector containing only 5 promoter and intron 3 enhancer were regarded as 1.0.
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Figure 5 Effect of modulation of GATA family genes. GATA-T and GATA-2 expression vectors were transiently introduced to jurkat and HepG2
cells whose original WTT mRNA levels were low. Under overexpression conditions shown in the upper parts of a and b, we determined WT1
promoter/enhancer activities using the e2 reporter of Figure 4c (a), or WT1 protein levels (b). Promoter/enhancer activity was expressed with the
mock transfectant regarded as 1.0. (c) siRNAs of GATA-1 and GATA-2 were transfected as described in the Materials and methods. At 48h after
transfection, the WT1 protein level was evaluated by western blotting with B-actin as the internal control ( right). Scramble siRNA was used as the
control of the specificity of siRNAs used.
cells was only faintly detectable, probably because of the low  (Figure 6a lower-right). In addition to the commonly observed
transfection efficiency (data not shown). However, increased  band d, we also observed bands e and f. They are also competed
WTT promoter activity of Jurkat cells by transient GATA-7 and  with the cold competitor (Figure 6b right). Interestingly, the
GATA-2 expression was clearly observed (Figure 5a). siRNA of  band pattern of HL60 with GATA-2, but not GATA-1 expression,
GATA-1 and GATA-2 effectively inhibits WT1 expression  was similar to that of TYK-n-cPr (Figure 6a). The probe with the
(Figure 5¢). Our quantitative reverse transcriptase-PCR, western mutated GATA site (mutl), but not mut2, produced band e,
blotting and promoter/fenhancer analyses, and siRNA analysis ~ which was reduced by anti-GATA-2 but not anti-GATA-1
showed that not only GATA-1 but also GATA-2 mRNA was antibody (Figures 6c and d).
expressed in both leukemia cell lines and clinical samples, and The molecular weight and function of GATA-1 and GATA-2
that GATA-1 and GATA-2 are equally effective in WTI gene  were not markedly different. The difference observed in the
expression by binding to a GATA site located in the 3"-enhancer EMSA pattern between K562 and TYK-nu-cPr was unexpected
region. and quite interesting. Treatment with anti-GATA-1 and anti-
GATA-2 antibodies showed that both GATA-1 and GATA-2
bound to the same GATA motif, and that GATA-2, but not
GATA-1, was bound in TYK-nu-cPr cells. The complex
. . . . :
EMSA ana!y sis of the d'Sta" GATA 5'{6 of 3 enhancer formation between the GATA family and other cofactors might
In EMSA, using the two most distal GATA sites (Figure 6a upper),  axplain the different patterns observed. Further analysis is
several retarded bands (3, b, ¢ and d) were observed in K562 hoeded to elucidate the real binding mode of these GATA
nuclear extract, with smaller amounts in Jurkat and Daudi cells factors.
(Figure 6a lower). The intensities of the retarded bands were in
proportion to their WT1 mRNA levels (Figure 2). The cold
competitor erased all the retarded bands supporting their Chromatin immunoprecipitation assay using anti-
specificity (Figure 6b left). The probe with a mutated distal GATA-1 and anti-GATA-2 antibodies
GATA site (mut2), which is the same as m3 in Figure 4c,  To confirm our EMSA data, a chromatin immunoprecipitation
produced no retarded bands other than band d, suggesting that assay was carried out. Figure 7 shows that both GATA-1 and
a, b and ¢ bands are produced by GATA binding to the distal site GATA-2 hound the 3’ enhancer sequence in K562 cells, and that
(Figure 6c left); another probe with the mutated proximal GATA GATA-2, but not GATA-1, bound this enhancer in TYK-nu-cPr
site (mutl) (described as m2 in Figure 4c) produced band  cells, a finding consistent with our promoter/enhancer analysis
patterns similar to those of wild-type probe (wi), supporting the and EMSA data.
results of our promater analysis (Figure 4). Both anti-GATA-1
and anti-GATA-2 antibody to K562 nuclear extract inhibited
bands a, b and c, suggesting that both GATA-1 and GATA-2 Conclusion
were the factors bound to this GATA site (Figure 6d upper).
We also examined solid tumors, TYK-nu-cPr and several other  Taken together, these results showed that not only GATA-1'+'5
cell lines. EMSA of TYK-nu-cPr differed from those of k562 cells but also GATA-2 bound to the most distal GATA site of
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Figure 6 (a) EMSA analysis using probes covering the two distal GATA sites. Using biotin-labeled probes containing the two most distal GATA
sites (oligo wild type, GATA mutt and GATA mut2), the binding of transcription factor was examined using nuclear extracts from K562, jurkat,
Daudi, or HL60 cells (left) and TYk-nu-cPr, SW480, Az521 or HepG2 cells (right). Retarded bands were named a, b, ¢, d, e and f, respectively. (b)
In addition to the labeled probe, a cold probe (x1-x10 excess) was added to the reaction mixture of K562 and TYK-nu-cPr cells, and EMSA was
carried out. (c) A labeled probe with wild-type or with the mutated GATA site (GATA mut1 or GATA mut2 shown in (a) was used. (d) Anti-GATA-1
{final concentration: from 0.1 to 10pg/ml) or anti-GATA-2 (final concentration: from 0.1 to 10ug/ml) was added to nuclear extracts before
incubation with the labeled DNA probe, as described in Materials and methods.
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The oral iron chelator deferasirox represses signaling
through the mTOR in myeloid leukemia cells by
enhancing expression of REDD1
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To evaluate the effect of deferasirox in human myeloid leukemia cells,
and to identify the moleclular pathways responsible for antiprolifer-
ative effects on leukemia cells during chelation therapy. we performed
gene expression profiling to focus on the pathway involved in the
anticancer effect of deferasirox. The inhibitory concentration (IC,) of
deferasirox was 17-50 uM in three human myeloid cell lines (K562,
U937, and HL60), while those in fresh leukemia cells obtained from
four patients it varied from 88 to 172 uM. Gene expression profiling
using Affymerix GeneChips (U133 Plus 2.0) revealed up-regulation of
cyclin-dependent kinase inhibitor 1A (CDKN1A) encoding p21<%, genes
regulating interferon (i.e. IFITT). Pathways related to iron metabolism
and hypoxia such as growth differentiation factor 15 (GDF-15) and
Regulated in development and DNA damage response (REDD7) were
also prominent. Based on the results obtained from gene expression
profiling, we particularly focused on the REDD1/mTOR (mammalian
target of rapamycin) pathway in deferasirox-treated K562 cells, and
found an enhanced expression of REDD1 and its down-stream protein,
tuberin (TSC2). Notably, S6 ribosomal protein as well as phosphorylated
$6, which is known to be a target of mTOR, was significantly repressed
in deferasirox-treated K562 cells, and REDD1 small interfering RNA
restored phosphorylation of $6. Aithough iron chelation may affectmultiple
signaling pathways related to cell survival, our data support the conclusion
that REDD1 functions up-stream of tuberin to down-regulate the mTOR
pathway in response to deferasirox. Deferasirox might not only have
benefit for iron chelation but aiso may be an antiproliferative agentin
some myeloid leukemias, especially patients who need both iron chela-
tion and reduction of leukemia cells. (Cancer Sci 2009; 100: 970-977)

I ron plays a central role in the regulation of many cellular
functions.!”? Evidence suggests that iron is required for cell
survival and proliferation, and perturbation in cellular iron uptake
can arrest cell growth both in vitre and in vivo.® As a part of
ribonucleotide reductase, the enzyme responsible for deoxyribonu-
cleotides synthesis, iron is an essential growth factor and rate-
limiting trace element in DNA synthesis.”” Dysregulaton of iron
metabolism leads to iron overloading associated with deleterious
effects on cells and tissues.® Numerous iron chelators have been
synthesized in order to treat iron overload diseases, especially
thalassemia. Evidence suggests the hyperproliferative effect of
iron overload in a subset of cancer cells and iron depletion by
chelators inhibits the proliferation of cancer cells, including leuk-
emia cells.“*"® Among the different molecules synthesized, hexa-
denate deferoxamine (DFO) is the major molecule used for the
treatment of iron overload. However, it is highly hydrophilic, and
inactive if taken perorally. For this reason, the perorally active
iron chelator, deferasirox, is of special interest, since recent reports
demonstrated that it acts as a potent nuclear factor kappa-light-
chain-enhancer of activated B cell (NF-kappa-B) inhibitor and
improves hematological data in a subset of patients with myelody-
splastic syndromes (MDS).®!"

Cancer Sci | May2009 | vol. 100 | no.5 | 970-977

To evaluate the effect of deferasirox (also knows as ICL670,
Novartis, Basel, Switzerland), and to identify molecular pathways
responsible for the observed reduced transfusion requirement
during chelation therapy, we performed gene expression profiling
to focus on the pathway involved in the anticancer effect of
deferasirox.

Materials and Methods

Reagents and cell cultures, The oral iron chelator, deferasirox
was donated by Novartis. We purchased three human myeloid
leukemia cell lines, K562, U937, and HL-60 from Health Science
Research Resources Bank (Osaka, Japan) for this study. Cells were
grown in RPM11640 with 10% fetal bovine serum. After obtaining
written informed consent, peripheral blood mononuclear cells
(PBMCs) were isolated from four patients with acute myeloid
leukemia (AML) by the Ficoll-Hypaque technique. This study was
approved by our institutional medical ethics committee.

Cell viability and apoptosis assay. The inhibitory effect of defer-
asirox on cell growth was assessed by a Cell Counting Kit-8 (Wako
Chemicals, Tokyo, Japan). Briefly, the cells (5000 cells/well) were
incubated in triplicate in a 96-well plate in the presence or absence
of indicated test samples at a final volume of 0.1 mL for 48 h at
37°C. Thereafter, 0.01 mL of tetrazolium salt, WST-1, was added
to each well. After 2-h incubation at 37°C, the optical density
(OD) at 450 nm was measured using a 96-well multiscanner auto-
reader with the extraction buffer used as a blank. Cell viability was
expressed as a percentage (OD of the experiment sample/OD of
the control x 100). Inhibitory concentration (IC,,) was calculated
by GraphPad Prism 5§ (GraphPad Software, La Jolla, CA, USA).
For detection of apoptosis, caspase-3/7 activity was analyzed by
the Caspase-Glo 3/7 assay (Promega, Madison, WI, USA). This test
provides a pro-luminescent caspase-3/7 substrate, which contains
the caspase-specific tetrapeptide sequence DEVD in a reagent, and
determination of caspase and luciferase activity. The addition of
a caspase-3/7 reagent results in cell lysis, followed by caspase-
mediated cleavage of the Z-DEVD, release of luciferase reaction
and finally the generation of luminescence.!?

Gene expression and microarray data analysis. K562 cells were
exposed to 10 uM or 50 pM (IC,, dose) of deferasirox for 24 h.
After treatment, cells were harvested, and total RNA was extracted
using an RNeasy Mini Kit (Qiagen, Germantown, MD, USA). The
amount of RNA was measured by NanoDrop (NanoDrop Techno-
logies, Wilmington, DE, USA), then the quality of extracted RNA
was checked using a 2100 Bioanalyzer (Agilent Technologies,
Wilmington, DE, USA). Gene expression profiling was done using
the GeneChip U133 Plus 2.0 (Affymetrix, Santa Clara, CA, USA),
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according to the manufacturer’s instructions. Experiments were
done in duplicate, and the microarray data were deposited in GEO
(NCBI, Gene Expression Omnibus). For statistical analysis of gene
expression, we utilized a GeneSifter® (geospiza, Seattle, WA, USA).
Analysis of variance (ANOVA), and Student’s t-test, were done using
GeneSifter®. P-values of less than 0.05 were considered to indicate
a statistically significant difference and the Benjamini-Hochberg
algorithm was used for estimation of false discovery rates.?
Real-time reverse transcriptase polymerase chain reaction (RT-PCR).
To confirm the microarray results, we performed RT-PCR by an
ABI Prism 7700 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) as we reported elsewhere.!¥ We used Taq-
man gene expression assays for REDDI (Regulated in development
and DNA damage response, assay ID: Hs00430304_gl; Applied
Biosystems), and the amount of gene expression in each sample
was evaluated as a percent of the standard curve generated
from a senial dilution of quantitative PCR human reference total
RNA (Stratagene, La Jolla, CA, USA). The obtained data from
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used
to standardize the sample variation in the amount of input cDNA.
Immunoblotting. Cells were cultured for 24 h following respec-
tive treatments. Cells were washed twice in ice-cold phosphate-
buffered saline (PBS) and cell pellets were lyzed in buffer containing
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium
dodecylsulfate (SDS) and a cocktail of protease inhibitors (Roche
Diagnostics, Mannheim, Germany) at 4°C for 20 min. After centri-
fugation at 10000g for 20 min at 4°C, equal amounts of proteins
were resolved by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). The separated proteins were blotted onto a polyvinylidene
difluoride (PDVF) membrane (Bio-Rad, Hercules, CA, USA). After
blockage of non-specific binding sites with BlockAce (Dainippon-
Sumitomo Pharma, Osaka, Japan), the filter was incubated with the
following antibodies for 60 min at room temperature; REDD1
(Protein Tech Group, Inc., Chicago, IL, USA), tuberin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mammalian target of
rapamycin (mTOR) (Cell Signaling, Denver, MA, USA), pho-
sphorylated mTOR (S2448) (Cell Signaling), p70S6 kinase (Cell
Signaling), phosphorylated S6 (Cell Signaling), and antiactin
(Chemicon International Inc., Temecula, CA, USA). After washing,
the blots were incubated for 60 min with horseradish peroxidase
(HRP)-linked antimouse or antirabbit IgG (GE Healthcare,
Buckinghamshire, UK). Signals were visualized using ECL Western
blotting detection reagents and analysis system (GE Healthcare).
Small interfering RNA (siRNA). siRNA oligonucleotides for the
REDDI and GAPDH (control) were purchased from Thermo Scien-
tific Dharmacon (Waltham, MA, USA) and resuspended in RNase-
free-H,O according to the manufacturer’s instructions. K562 celis
were transfected with REDD! or control siRNA in the presence
or absence of 50 uM of deferasirox. For cell transfection, approxi-
mately 1 X 10° cells were plated in 96-well plates to give 50%
confluency. The cells were transfected with siRNA using a Gene
Pulser electroporation system, then 48 h after transfection with
REDDI or control siRNA, deferasirox or dimethyl sulfoxide
(DMSO) were added to the culture. The efficacy of transfection
was evaluated by Western blotting as well as real-time RT-PCR
as we reported elsewhere.!'¥
Action of deferasirox in nude mice bearing transplantable human
myelogenous leukemic cell line. For the in vivo assessment of defer-
asirox, 6-week-old female nude mice were injected with U937
cells and then assigned randomly to either the distilled water alone
or deferasirox treatment groups. At 24 h after the injection, these
mice were orally given either distilled water or deferasirox (50 mg/
kg, daily) dissolved in distilled water. Mice were observed daily,
and their body weight as well as signs of stress (e.g. lethargy, ruffled
coat, or ataxia) were used to detect possible toxicities. The average
turnor weight per mouse was calculated and vsed to analyze the
group mean tumor weight + SE (n = 10 mice). Tumors were coll-
ected at the predetermined times and fixed in paraformaldehyde.

Ohyashiki et al.

Table 1. Inhibitory concentration of 1CL670 (deferasirox) in human
myeloid leukemia cells

Cells Deferasirox (M)

Cell lines K562 46.33
U937 16.91
HL-60 50

Patient specimen UPN1: post-MDS-AML 87.63
UPN2: AML (M0) 92.17
UPN3: AML(M4) 89.65
UPN4: refractory AML (M5) 172.2

MDS, myelodysplastic syndromes; AML, acute myeloid leukemia.

Paraffin-embedded tissues were sectioned and processed for gross
histopathology by hematoxylin—eosin staining or by the terminal
deoxynuceotidyl transferase-mediated dUTP-biotin nick-end
labeling (TUNEL) method to evaluate apoptosis."'”

Results

Deferasirox-induced cell death in myeloid leukemia cells. We first
examined the effects of deferasirox in vitro in various myeloid
leukemia cells by a cell-counting assay. The median inhibitory
concentration (IC,,) of deferasirox for K562 cells was 46.33 uM,
that for U937 was 16.91 pM, that for HL-60 was 50 pM, respec-
tively, and those for fresh leukemia cells obtained from four AML
patients ranged from 87.63 to 172.2 uM (Table 1). To determine
whether or not the cell death induced by deferasirox was due to
apoptosis in myeloid leukemia cell lines, K562, U937, and HL60,
we measured the activity of caspase-3/7 by a Caspase-Glo 3/7 kit
(Promega). The number of viable cells were counted after 24 h
exposure to deferasirox, in order to normalize the caspase-3/7
activity with respect to the number of cells per well. In all three
leukemia cell lines tested, the activity of caspase-3/7 significantly
increased after SO uM deferasirox exposure (Fig. 1A-C). As shown
in Fig. 1(D), the fold increase of apoptosis after normalization
of cell numbers was evident in a dose-dependent manner.

Gene expression profile of deferasirox-treated K562 cells. To further
understand how deferasirox induced cell death in human myeloid
cells, K562 cells were treated with deferasirox or control for
short time-periods, and microarray analysis was performed using
a GeneChip (GEO, GPL570). Differential expression was analyzed
using a GeneSifter®. All the microarray data was deposited
in GEO (GSE11670: http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgittoken=fparzqkgqugqexi&acc=GSE11670). Up-regulated
or down-regulated genes in deferasirox-treated K562 cells
(expression level in the sample was 4-fold greater or lower than
in untreated cells) are listed in Table 2. The salient features of
up-regulated genes are summarized as follows. First, up-regulation
of genes related to cell-cycle regulation was evident; cyclin G2 and
cyclin-dependent kinase inhibitor LA (CDKNIA) encoding p21,
CDXK-interacting proteinl (Cip). Second, genes regulating inter-
feron were also up-regulated: interferon-induced protein with
teteratricopeptide repeat 1 (IFIT1, ISG56), IFIT3 (ISG 60), and
interlenkin 23 A (IL23A), which stimulate the production of
interferon-y. Third, genes related to apoptosis, such as inhibin-p,
B-cell lymphoma (BCL6), pleckstrin homolog-like domain family
A member 1 (PHLDAI), Bel2/adenovirus E1B19-kDa protein-
interacting protein 3-like (BNIP3L), tribbles homolog 3 (TRIB2),
a negative regulator of NF-xB, were up-regulated. Fourth, growth
differentiation factor 15 (GDF15), which is currently known as a
negative regulator of the iron regulatory protein hepcidin, is
remarkably up-regulated. Finally, it is notable that genes closely
related to the oxygen regulatory system, including those regulated
in development and DNA damage responses 1 (REDDJ, also known
as a HIF-1 responsive protein, RTP801), and phosphoglycerate
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Fig. 1. Deferasirox-induced cell death in myeloid
leukemia cell lines (A, K562; B, U937; C, HL60). Left
Y axis indicates caspase 3/7 activity in 1C;, dose of
deferasiox-treated cell lines. The ‘no cell’ blank
control value was subtracted from each reading.
The percentage of viability is plotted with respect
to untreated cells (right Y axis). The results are
shown as means (+SD) percentage of viability from

deferasirox (uM)

triplicate cultures with repeated experiments.
(D) Caspase-3/7 activity is expressed relative to
untreated control cells.
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Up-regulation of REDD1 in deferasirox-treated myeloid leukemia
celis. Based on the results obtained from the differential expres-
sion pattern, we particularly focused our study on a gene closely
related to oxygen regulation, REDDI. To determine whether up-
regulation of REDDI takes place ubiquitously in the antitumor
activity of deferasirox, we examined the change of REDDI expres-
sion by real-time RT-PCR in three human myeloid leukemia cell
lines. Cells were treated with or without deferasirox (10 uM and
50 uM) for 24 h, and total RNA was collected. The REDDI expres-
sion remarkably increased after deferasirox treatment with a more
than 2-fold increase of REDDI expression at 50 pM deferasirox,
in all three leukemia cell lines (Fig. 2A). We also examined REDD 1
expression in four samples obtained from AML patients. Although
the degree of increased REDDI expression varies among the
samples, REDDI expression was up-regulated after deferasirox
treatment in some freshly obtained samples from AML patients
(Fig. 2B).

REDD1 suppresses 56 ribosomal protein via mTOR pathways. We
therefore focused on the REDD1/TSC (tuberous sclerosis complex)
pathway, which modulate mTOR signaling. An important mech-
anism through which mTOR signaling is regulated involves the
Tuberin-Hamartin complex. We found up-regulation of TSC2
(tuberin) in accordance with REDDI1 in deferasirox-treated K562
cells (Fig. 3A). Since TSCL is regulated by V-AKT murine thymoma
viral oncogene homolog 1 (AKT), we also examined the AKT
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Fig. 2. Up-regulation of Regulated in development and DNA damage
response (REDD1) expression in human myeloid leukemia cells. Relative
REDD1 messenger RNA (mRNA) levels are determined using real time
reverse transcription — polymerase chain reaction. The REDD1 gene
expression level is normalized to the GAPDH mRNA levels as reported
previously (Ref. no. 13). (A) The REDD1 gene expression is remarkably up-
regulated in human myeloid leukemia cell lines. (8) REDD1 gene expres-
sion in fresh leukemia cells obtained from four patients.

dehydrogenase (PHGDH), which is related to NO metabolism,
are up-regulated. Unlike up-regulated genes, we could not subdivide
the extracted genes according to the molecular function; however,
we found down-regulation of solute carrier family 5 member 6
(SLC5AG6), which is related to iron-transport. .

972

expression in deferasirox-treated K562 cells. However, AKT protein
expression was not altered after deferasirox treatment (data not
shown). This indicates that TSC2 is up-regulated through the
REDD!/TSC2 pathway, rather than the AKT/TSC2 pathway. Sub-
sequently, phosphorylated mTOR, and phosphrylated-p70S6kinase,
decreased in a dose-dependent manner (Fig. 3A,B). We noted a dose-
dependent decrease of phophorylated-S6 protein, which is known
as a downstream effecter of mTOR, in K562 cells treated with
50 uM of deferasirox (Fig. 3A bottom), indicating that deferasirox
inhibits ribosomal S6 via mTOR pathway in K562 cells. Down-
regulation of phosphorylated ribosomal S6 protein was also found
in deferasirox-treated U937 and HL60 cells (Supporting File S1).
Inhibition of REDD1 resutores S6 ribosomal protein. To assess
whether or not the enhanced expression of REDD1 mRNA was
necessary for repression of mTOR signaling, siRNAs direct against
the human REDD! mRNA were used to reduce its expression in
K562 cells in the presence or absence of deferasirox. Treatment

doi: 10.1111/.1349-7006.2009.01131.x
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Table 2. Genes altered in deferasirox-treated K562 cells

No. Gene ID Gene name Molecular function P-value
1. Up-regulated genes in deferasirox-treated K562 cells
1 INHBE Inhibin beta E Hormone activity 0.00051
2 IFIT1 Interferon-induced protein with Immune response 0.000906
tetratricopeptide repeats 1, 1SG56
3 MYEF2 Myeloin expression factor 2 Transcription 0.000224
4 REDD1 Regulated in development and DNA damage Inhibitor of mtor pathway 0.000027
responsed 1,DNA damage-inducible transcript 4,
DDIT4, HIF1-responsive protein RTP801
5 PHGDH Phosphoglycerate dehydrogenase L-serine biosynthetic process; regulation of 0.000002
oxideructase activity (Redox)
6 ATF3 Activating transcription factor 3 Regulation of transcription, DNA-dependent 0.000016
7 TP53INP1 p53-dependent damage-inducible nuclear protein 1 P53-dependent apoptosis 0.001184
8 ASNS Asparagine synthetase Asparagine biosynthetic process; NO metabolism  0.000063
9 GDF15 Growth differentiation factor 15 Signal transduction; TGF beta family 0.000003
10 I8 Interleukin 8 Angiogenesis 0.000298
1 CTH Cystathionase {cystathionine gamma-lyase) Amino acid biosynthetic process 0.000034
12 MYOS5A Myosin VA (heavy polypeptide 12, myoxin) Transport 0.000445
13 GADD153 DNA-damage-inducible transcript 3, DDIT3 Cell cycle arrest 0.000344
14 MAPKAPKS  Mitogen-activated protein kinase-activated protein kinase 5  Protein amino acid phosphorylation 0.000489
15 BCL6 B-cell CLL lymphoma 6 Protein import into nucleus, translocation 0.000156
16 PMAIP1 Phorbol-12-myristate-13-acetate-induced protein 1 Release of cytochrome ¢ from mitochondria 0.000019
17 CCNG2 Cyclin G2 Regulation of progression through cell cycle 0.000653
18 HPSE Heparanase precursor Proteoglycan metabolic process 0.000714
19  CDKN1A Cyclin-dependent kinase inhibitor 1 A (p21, Cip1) Response to DNA damage stimulus 0.000104
21 PHLDA1 Pleckstrin homology-like domain, family A, member 1 Apoptosis 0.000129
22 BNIP3L Bel2/adenovirus E1B 19-kdprotein-interacting protein 3-like  Apoptosis 0.000146
23 NR4A1 Nuclear receptor subfamily 4, group A, member 1 Transcription: MAPK signaling 0.000739
24  IFIT3 Interferon-induced protein with Immune response 0.000355
tetratricopeptide repeats 3, 1SG 60
25 1L23A Interleukin 23-alpha Inflammatory response; stimulate the 0.000503
production of interferon-gamma (ifng)
26 IGF1 Insulin-like growth factor 1 (somatomedin C) Skeletal development 0.000059
27  TRIB3 Tribbles homolog 3 (Drosophila) Negative regulator of NF-kappaB 0.000409
II. Down-regulated genes in ICL670 treated K562 cells
28  TNFSF13B Tumor necrosis factor ligand superfamily, member 13 B cell homeostasis 0.001076
29 LYAR cDNA DKFZp434G0514 Protein binding 0.000295
30  SLCSAs Solute carrier family 5 (sodium-dependent lon transport 0.000018
vitamin transporter), member 6 (SLC5A6)
31 PCDH12 Protocadherin 12 Cell adhesion 0.000589
32 EVIt Ecotropic viral integration site 1 Multicellular organismal development 0.001132
33 FABP5 Fatty acid binding protein 5 (psoriasis-associated) Lipid metabolic process 0.000627
34 RLBP1 Retinaldehyde-binding protein 1 Vitamin a metabolic process 0.000011
35 DRD1 D-1 dopamine receptor Signal transduction 0.000388
36 CDH7 Cadherin 7 Homophilic cell adhesion 0.000282
37 ccbCi4 cDNA clone ZE16C03 Electron transport 0.000862
38 CCDC39 c¢DNA DKFZp434A128 Mitochondrion 0.000062

of REDDI siRNA caused a reduction in REDDI1 expression to
~50% of the value observed in untreated cells or cells that had
been treated with control siRNA (Fig. 4A). Moreover, treatment
of REDD! siRNA prior to deferasirox dramatically atienuated the
drug-induced expression of REDDI1 (Fig. 4B). Notably, deferasirox-
induced decrease in S6K1 phosphorylation was blocked by REDD1
$iRNA treatment. In contrast, the control siRNA had no effect
on the deferasirox-induced decrease in S6K1 phosphorylation.
Deferasirox supresses heterotransplated tumor growth in nude
mice bearing myeloid leukemia cells. To further study the activity
of deferasirox on tumnor growth in vivo, we tested a mouse model
of human myeloid leukemia. Subcutaneous injection of U937 cells
into nude mice resulted in an aggressive malignancy resembling
acute leukemia, characterized by tumor, splenomegaly, and invasion
of lenkemia cells into hematopoietic and non-hematopoietic tissue:
some of them had ascites without obvious tumor formation at
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the injected area. The control mice (distilled water alone) died
of a condition resembling acute leukemia or tumor-bearing by 50
days; however, 2/10 mice treated with deferasirox survived for
more than 90 days; deferasirox-treated mice tended to survive
longer than those with saline (P = 0.2450) (Fig. 5A). The tumor
volume of the subcutaneous tumors was significantly smaller in
mice treated by deferasirox compared to those with vehicle alone
(P < 0.0001) (Fig. 5B). No deferasirox-treated mice showed any
adverse events. Histopathological analysis of xenotransplant mice
revealed infiltration of the spleen and bone marrow with leukemic
blasts. In contrast, deferasirox-treated mice demonstrated distinct
morphological changes, including condensed nucleoli and an
increasing number of apoptotic cells detected by the TUNEL
method (Fig. 5C). These results indicate that deferasirox yields
a desirable therapeutic index that can reduce the in vivo growth
of myeloid leukemia cells in an efficacious manner.
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Fig. 3. Western blot analysis of K562 cells with or without treatment by
deferasirox (10uM and 50 uM). (A) Expression of Regulated in
development and DNA damage response (REDD1) and tuberous sclerosis
complex 2 (TSC2) are increased in deferasirox-treated K562 cells.
Phosphorylated mammalian target of rapamycin (mTOR), phosphorylated-
p70S6 kinase and phosphorylated 56 ribosomal protein, were decreased
in a dose-dependent manner. (B) The intensity of signals were measured by
a Versa-Doc gel imaging system (Bio-Rad Laboratories, Hercules, CA, USA).
The ratio of phophorylated protein per total protein is expressed as an
arbitrary unit. We confirmed the dose-dependent decrease of phospho-
rylated mTOR and phophorylated-p70S6 proteins in deferasirox-treated
K562 cells.

Discussion

We set out to determine the moleclular pathways responsible for
antiproliferative effects on human myeloid leukemia cells during
chelation therapy. The antiproliferative effect of iron chelating
agents has been well recognized.*’'*'% However, in the past, the
exact mechanism of the antineoplastic effects of iron chelator were
not clearly determined. Among iron chelators, deferasirox has been
shown to have higher antiproliferative effects by apoptosis in
cultured hurman hepatocytes and hepatocellular carcinoma cell
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Fig. 4. Inhibition of Regulated in development and DNA damage response
(REDD1) by small interfering RNA (siRNA) in the presence or absence of
deferasirox in K562 cells. (A) REDD1 siRNA induced phosphorylation of 56
ribosomal protein in cells with or without deferasirox. However, the effect
was more evident in deferasirox-treated K562 cells. (B) REDD1 protein
contents are expressed as a percent with respect to untreated cells.
Administration of REDD1 siRNA caused a reduction in REDD1 expression
up to 50% of the value observed in untreated cells or cells that had
been administrated a control glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) siRNA,

lines than O-trensox,!'*? and deferasirox is now available as an
oral iron chelator. Chantrel-Graussard er al. further demonstrated
that deferasirox induced cell cycle blockade in the G2-M phase
and inhibited polyamine biosynthesis by decreasing ornithine
decarboxylase and spermidine Nl-acethyltransferase activities
and decreasing ornithine decarboxylase mRNA level,'” and they
concluded that deferasirox has powerful antineoplastic effects and
blocks cell proliferation in neoplastic cells by a pathway different
from that of other iron chelators. However, they only refer to a
limited number of reports regarding antiproliferative effect on
human leukemia cells. Iron is critical for DNA synthesis and energy

doi: 10.1111/].1349-7006.2009.01131.x
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Fig. 5. In vivo effect of deferasirox in U937 xeno-
grafts. (A) Nude mice inoculated with 5 x 10° of
U937 cells subcutaneously. Oral administration of T
deferasirox (50 mg/kg) or distilled water {control) umar .
was started 24 h after U937 injection. Oral admini-  TUNEL stain
stration of deferasirox induced some, but not signi-
ficant, prolongation, of tumor-bearing mice (P =
0.2450). (B) Orally administered deferasirox inhi-
bited the growth of U937 cells in vivo. Tumor
volume (TV) was calculated for each individual
mouse from the recorded caliper measurements of
the longest (L) and shortest (L) dimensions
(expressed in mm) of the one approximately
ellipsoid tumor, according to the following formula:
TV (mg) = (W2 x L)/2. A significant reduction of
tumor volume was noted in desferasirox-treated Spleen
mice (P < 0.0001). (c) Representative photographs of H.E. stain

biopsy samples from mice treated for 23 days
with phosphate buffered saline (PBS) (control) or
deferasirox. H&E: hematoxyline-eosine; TUNEL,
TdT-mediated dUTP nicked-end labeling. Original
magnification x200.

production, and neoplastic cells require more iron for their rapid
proliferation.® Iron depletion inhibits iron-containing enzymes,
ribonucleotide reductase, and up-regulates proapoptic proteins,
Bax, caspase-3, caspase-8, and caspase-9 that induce apoptosis.
Recently, orally available deferasirox has been given to patients
with MDS to prevent excess iron deposition. Evidence suggests
that iron chelation therapy actually reduces transfusion require-
ments, and improves some hematological findings in a subset of
MDS patients, regardless of the percentage of blasts.?" These
findings lead us to consider molecular mechanisms of iron chelation
by which proliferation of leukemic cells are inhibited.

In the current study, we demonstrated the cytotoxic effects due
to apoptosis in human leukemia cell lines and freshly obtained
leukemia cells from AML patients. The IC,, value of these cells
ranged from 17 uM to 50 pM in leukemia cell lines and 87 pM
to 172 UM in fresh leukemia cells. Since the phase I study of defer-
asirox treatment for heavily transfused patients receiving daily
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oral deferasirox of 20 mg/kg (the recommended dose for iron
chelation therapy) demonstrated that 100 uM could be achieved
in vivo,® the pharmacological dose of the antiproliferative effect
in vitro is considered to be reasonable.

Gene expression profiling in deferasirox-treated K562 cells
clarified up-regulation of several pathways which may reflect
molecular mechanisms of iron chelator in human myeloid leukemia
cells. The most prominent molecular feature is the up-regulation
of CDKNIA encoding p21°F, which is consistent with the obser-
vation by Fu et al.® Deferroxamine paradoxically up-regulated
P21CPUWARE RNA and down-regulates protein expression due
to inhibition of the translocation of the P21P"WAF! pathway and
the induction of ubiquitin-independent proteasome degradation.
We also noticed another pathway related to interferon. Several
investigators have reported a possible association of iron chela-
tion and inferferon.®* Regis et al. reporter that iron regulates
T-lymphocyte sensitivity to the IFN-gamma/Signal transducer
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Fig. 6. Schematic model of REDD1/mTOR (mammalian target of rapamycin)
pathways in deferasirox-treated K562 cells. The thicker arrow indicates the
effect of deferasirox. When deferasirox is given, dephosphorylation of
mTOR followed by up-regulation of the REDD 1/tuberous sclerosis complex
2 (TSC2) pathway, induces dowp-regulatxon of ribosomal S6 protein,
thereby, inhibiting cell proliferation.

and activator of transcription (STAT1) signaling pathway in vitro
and in vivo.® More rccently, Mori ef al. found that expression
of IFN-gammaR?2 is restored by iron chelation, deferoxamine,
and the increased expression of I[FN-gammaR2 enhances the
antiproliferative effect of IFN-gamma through induction of
apoptosis in colon cancer cells.® Taking those findings together,
the IFN pathway may partly be involved in the process of the
anticancer effect during iron chelation.

In the current study, we found a novel pathway involving REDD1
which has recently been identified as a stress-response gene and
is strongly induced by hypoxia,?” (Fig. 6). REDDI can activate
the TSC2 protein:®* TSC is composed of two proteins, TSC1
(also known as hamartin) and TSC2 (also known as tuberin), which
function to integrate growth factors and cell stress responses. It
has been shown that the major function of the TSCI/2 complex
is to inhibit the checkpoint protein kinase mTOR,®* a major
regulator of cell death and proliferation. The mTOR enhances
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We investigated magnetic resonance imaging T2-star (MRI-T2*) values and left ventricular ejection frac-
tion (LVEF)in 7 adult patients with bone marrow failure with heavy transfusion to elucidate the correlation
between cardiac iron overload and dysfunction. We demonstrated a positive correlation between the total
volume of red blood cells (RBC) transfusion and ejection fraction. The normal T2* limit value, which repre-

sents cardiac siderosis, is probably 200 mL/kg RBC transfusion. Patients with serum ferritin levels of under
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Iron overload
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5000 ng/mL and who received 200-400 mL/kg RBC transfusion showed mild but progressive decrease of
the T2* value without obvious reduction of the ejection fraction, indicating that the T2* value of MR could
be a predictor for cardiac iron deposition before the appearance of myocardial dysfunction. Transfused RBC
amount of >400 mL/kg or rapid elevation of ferritin Ievel of >5000 ng/mL might be warning sign for critical
cardiac dysfunction. Since iron overload of the heart is a major factor affecting co-morbidity of bone mar-

row failure, MRI evaluation of cardiac iron overload and functional disturbance in adult non-thalassemic

patients is essential.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Iron overload is a major problem in managing patients with
bone marrow failure syndromes, since it has been clarified that
cardiac dysfunction is a major life-threatening co-morbidity {1].
Takatoku et al. demonstrated that most of the deaths of iron over-
load adult patients with marrow failure syndromes were due to
infection and leukemia; while cardiac and liver failure were noted
in 24.0% and 6.7%, respectively {1]. Therefore, early detection of
cardiac iron overload before apparent cardiac dysfunction, and
chelation therapy for patients receiving heavy transfusion with
acquired anemia is recommended. In the past, a limited number
of studies regarding myocardial iron overload in adult patients
with transfusion-dependent acquired anemias have been pub-
lished {2--7]. Some reports suggested that the cardiac magnetic
resonance imaging T2-star (MRI-T2*) technique could be useful
in determining cardiac iron overload {3,7}, while the efficacy of
MRI is still controversial [2]. We, therefore, planned to address this
relevant clinical issue.

* Corresponding author. Tel.: +81 3 3342 1510; fax: +81 3 5381 6651.
E-mail address: shya 145 (K. Ohyashiki).

0145-2126/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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2. Materials and methods

2.1. Patients

We studied 7 adult patients with hematologic diseases, all of whom were
transfusion-dependent. Total red cell transfusion value at the time of MRl evaluation
ranged from 64 (12,800 mL) to 242 (48,400 mi) Japanese units {1 unit=200mL) of
red blood cells (RBC). Serum ferritin levels ranged from 2868 ng/mL to 17,547 ng/mL
at the time of the MRI study. Of the 7 patients, 2 each was given a diagnosis of
diabetes mellitus or liver dysfunction ( ¢ 1). None of the patients in this study
received oral chelation therapy, but ali of them received intermittent intravenous
deferoxamine therapy.

2.2. MRl evaluation

We used a Magnetom Avanto 1.5 T scanner (Siemens AG, Erlangen, Germany)
using a gradient echo T2" MRI technique. Gradient echo (GRE) T2"WI, and true-
fast imaging with steady-state procession {true FISP) sequence was applied for a
single mid-ventricular short-axis slice of the left cardiac ventricle at seven echo
times (5ms, 7ms, 10ms, 13ms, 15ms, 17ms and 20ms). The repeat time between
each radiofrequency pulse was 170 ms. Phased array coils, electrocardiogram (ECG)
gating, and breath holding methods were also utilized. We selected the short-axis
of the left cardiac ventricle and applied true-FISP sequence to obtain cine MRI.

All MRI data were analyzed using Argus soft ware (Siemens AG) to calculate left
ventricular ejection fraction (LVEF). Regions of interest {RO1) were set to the left
ventricle wall. Measured signal intensity was fitted for an exponential curve and we
obtained the T2* value of the myocardium. Axial T2*W1 of upper abdomen was also
obtained to determine the amounts of iron deposition in other organs, including the
liver, pancreas, spleen, and vertebrae,
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Table 1
Clinico-hematologic characteristics of patients with iron overload.

Diagnosis Plateieis {x i Serum forritin {ng/miy  Fel T2 value fmst IVEFD

MDS-RAEB: 31 3,056 174 81

2 7 MDS-RA 158 16,887 334 52.8
2 5 MDS-RA 13 3,856 ND 83

4 3 AA 3 12,547 379 255
5 5 AA i1 3,443 233 548
3 7 PMF 34 2,858 152 58.5
7 7 PMF 212 317 30¢ 6.3

Disease
anemia; PV

i r ejection fraction in the 7 patients ranged from
26.5% to 63% {(normal range: 36-78% hy MRI}, with 3 {patient nos.
2, 4, and 5 of them being below the normal range. Two (patient
nos. 2 and 4) of the 3 patients with recuced LVEF levels had heavy
RBC transfusion of >160 Japmese units and the serum ferritin
levels were >15,000 ng/mL. tnouo.l the remaining 4 transfusion-
dependent patients showeﬁ ritin levels of around 3000 ng/mL,
none of them showed marked }eduw n of LVEF, except patient
5 who was given a diagnosis of aplastic anemia in childhood
and in whom the exact transfused RBC amount could not be
calculated.

Because of blurring artifacts, we measured cardiac T27 value
in 6 patients. Breath holding was difficuit for patient no. 2 and
we therefore failed to establish the RO! in the myocardium of this
patient. Although the number of patients in this study is too small
to provide a definite conclusion, we were able {o note some ten-
dencies regarding iron overload in the heart. Two patients (nos.
1 and 6) who received relatively simall amounts of RBC transfu-
sions {approximately 60 ]Japanese units: 12,000 mL) had normai
T2* value, suggesting that at 60 units RBC (200 mL/kg) transfusion
myocardial iron overioad may not occur. Most pa{;ems with RBC
transfusion of 60-120 units (200-400 mi/kg) maintained normal
LVEF, while so e of them demonstrated mild reductionin T2% value

35.71 ms and 35.59 ms); but the above 2 patients {nos. 3 and 7)
1 60 units of transfusion showed the limit of the normal range
T2 value reported by Anderson et al, Le, 52 16ms [7}. These
data indicate that some patients with heavy transfusion of 60-120
RBC Japanese units (12,000-24,000 mL RBC) may not be detectable
myocardial damage by LVEF alone, and the T2* value of MRI could
show cardiac iron deposition before the appearance of myocardial
dysfunction.

We utilized GraphPad Prism 5.0 software (GraphPad Software
Inc., San Diego, CA, USA) to obtain non-lineal fitting capabilities
between total transfused RBC volume and serum ferritin, T2* value,
or ejection fraction by MRI (Fiz. 1).

(1) No obvious cardiac siderosis: patients with RBC transfusion of
<200 mL/kg {<12,000 mL RBC) exhibiting elevated serum fer-
ritin up to 4000ng/mL, normal T2* value (36-68ms), and
normal LVEF (56-78% by MRI).

(2) Cardiac siderosis: patients with RBC transfusion of
200-400mLj/kg (12,000-24,000mL RBC) exhibiting ele-
vated serum ferritin up to 4000 ng/mL, progressive reduction
of the T2” value, and normal LVEF (56-78% by MRI).

(3) Cardiac dysfunction due to siderosis: patients with RBC trans-
fusion of >400 mL/kg (>24,000 mL) exhibiting elevated serum
ferritin levels of more than 15,000 ng/mL, reduced T2* value
(<20 ms), and abnormal LVEF (<56% by MRI).
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4. Discussion

In the current study, we failed to demonstrate a linear correla-
tion between the T2* value and left ventricular ejection fraction,
especially in patients with transfusion of less than 120 Japanese
units of RBC (<400 mL/kg). Approximately 50% of them showed
some reduction of T2* value, while most of them exhibited a nor-
mal LVEF, indicating that these high transfusion level patients are at
high risk for developing cardiac dysfunction, and detection of insid-
iously progressive dysfunction detected by MRl might be important
for those patients. The situation is similar in those with serum fer-
ritin levels between 2000 ng/mL and 4000 ng/mL: evaluation of
LVEF alone by echocardiogram may fail to find out the pre-existing
myocardial damage due to iron overload.

The T2* value is related to not only iron deposition but also
fibrosis, and MRI reflects total images of these pathologic changes.
Currently iron chelation therapy for hematologic disease patients,
especially those with myelodysplastic syndromes (MDS), with
transfusion-dependency is recommended [3], and definitions of
iron overload for MDS patients have been proposed |8,8]. Although
the starting point for iron chelation therapy is proposed, the exact
evaluation of iron overload and functional estimation in each organ
is probably important. Reduction of iron deposition in mouse
organs by chelation therapy was demonstrated [ 10}. Thus, improve-
ment of cardiac siderosis and myocardial dysfunction by chelation
therapy should be determined.

Anderson et al. reported cardiac iron deposition in 109 tha-
lassemia patients with iron chelation therapy and found significant
ventricular dysfunction in patients with myocardial T2* values of
less than 20ms, and progressive decline in ejection fraction [7]

Ferritin

LVEF (%)/
{ng/mL) T2* (msec)
20,000 - - ~100
‘ ~e~ Ferritin
15,000~ (ng/mL)
10,000~ ~50 _s- LVEF (%)
5,000~ -m - T2* value
. (msec)
0- -
0 20,000 40,000 60,000

RBC transfusion volume (mL)

Fig. 1. Correlation between total units of red blood cell transfusion (horizontal axis)
and left ventricular ejection fraction {LVEF), serum ferritin, and cardiac T2* value
using GraphPad Prism 5.0 software. Rapid decline of T2" value, but stable LVEF within
the normal range until 400 mL/kg of red blood cell transfusion and serum ferritin
tevel of <5000 ng/mL are notable. The rapid decline of LVEF following rapid elevation
of serum ferritin is evident.
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Fig. 2. Correlation between cardiac T2* value and left ventricular ejection fraction.
The vertical dotted line indicates the cut-off value of T2* (20 ms) and the horizontal
dotted line shows the cut-off value of LVEF (56%) for cardiac dysfunction.

In contrast, Jensen et al. failed to demonstrate significant corre-
lation between cardiac T2* value and serum ferritin levels [5].
More recently, Di Tucci et al. reported myocardial iron overload
detected by MRI in adult transfusion-dependent acquired anemias
and found cardiac T2* value correlated with transfusion burden,
and suggested that 290 mL{kg RBC might be a cut-off for myocardial
damage [6]. Our results show that patients who received trans-
fusions of up to 24,000 mL RBC (approximately 400 mL/kg) had a
progressive decrease of the T2* value, but most of them had a nor-
mal left ventricular ejection fraction. These data clearly indicate
that patients receiving 200-400 mL/kg RBC transfusion with mod-
erate reduction of T2* value, but not less than 20 ms, in acquired
anemia patients with heavy transfusion may be at high risk for
progressive cardiac dysfunction (Fig. 2).

In conclusion, RBC transfusion of 200 mL/kg RBC might be the
limit for monitoring normal T2* values. Patients who received
200-400 mL/kg RBC transfusion showed progressive decrease of
T2* value without obvious reduction of ejection fraction, indicat-
ing that the T2* value of MRI could indicate cardiac iron deposition
before apparent myocardial dysfunction. Patients who had received
>400mL/kg RBC transfusion eventually showed progressive car-
diac failure.
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ARTICLE INFO ABSTRACT

Article history:

Monosomy 7 and interstitial deletions in the long arm of chromosome 7 (—7/7g—) is a common non-
random chromosomal abnormality found frequently in myeloid disorders including acute myeloid leuke-
mia (AML), myelodysplastic syndrome (MDS), and juvenile myelomonocytic leukemia (JMML). Using a
short probe-based microarray comparative genomic hybridization (mCGH) technology, we identified a
common microdeletion cluster in 7q21.3 subband, which is adjacent to ‘hot deletion region’ thus far iden-
tified by conventional methods. This common microdeletion cluster contains three poorly characterized
genes; Samd9, Samd9l, and a putative gene LOC253012, which we named Miki. Gene copy number assess-
ment of three genes by real-time PCR revealed heterozygous deletion of these three genes in adult
patients with AML and MDS at high frequency, in addition to JMML patients. Miki locates to mitotic spin-
dles and centrosomes and downregulation of Miki by RNA interference induced abnormalities in mitosis
and nuclear morphology, similar to myelodysplasia. In addition, a recent report indicated Samd9 as a
tumeor suppressor. These findings indicate the usefulness of the short probe-based CGH to detect mic-
rodeletions. The three genes located to 7q21.3 would be candidates for myeloid tumor-suppressor genes
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Introduction

Monosomy 7 and interstitial deletions in 7q (-7/7q~) are a
common nonrandom chromosomal abnormality found frequently
in myeloid disorders. In 1964, prior to chromosome band identifi-
cation, monosomy 7 was first reported in three patients with
refractory anemia as monosomy of a C-group chromosome [1].
Since that time, —7/7q~ have been identified in 10-20% of a
wide range of myeloid malignancies including MDS, AML, and
JMML |2].

Enormous efforts have been made to identify genes responsible
for —7/7q~. In the absence of definitive familial cases, the basic
strategy for gene hunting began with identifying patients that car-
ried 7q—. Detailed maps of regions deleted from individual patients
were then generated from the results of loss of heterogeneity as-
says or fluorescence in situ hybridization. Unfortunatety, the cumu-
lative results from thousands of patients were confounded by the
fact that the boundaries of commonly deleted regions derived by
separate research groups showed a poor degree of overlap [3].

= Corresponding author. Fax: +81 82 256 7103.
E-mail address: tinaba@hiroshima-u.ac.jp {T. Inaba).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/}.bbrc.2008.04.004

Currently, it is generally accepted that two or more genes near
bands 7q22 andfor 7q34 are involved in myeloid tumors,

Microarray-based comparative genomic hybridization (mCGH)
technology allows efficient detection of microdeletions (<100 kb)
that affect one or a few genes, enabling to search for small 7q dele-
tions that are not visible cytogenetically in marrow cells of MDS/
AML patients. Initially, bacterial artificial chromosome (BAC)-
based mCGH systems were developed, but this system had limited
potential to detect microdeletions because of the long probe size
(>100 kb). Thereafter, SNP-array hybridization turned out to be a
powerful method for detecting not only single nucleotide polymor-
phism, but also microdeletions {4]. However, because SNPs tend to
cluster within introns and intergenic spaces, SNP-array may bias
against the detection of microdeletions in critical genes.

Here, we describe the application of a modified BAC-based
mCGH system that uses short (<10 kb) genomic DNA fragments
without any repetitive sequences as probes to improve the detec-
tion of small deletions and reduce background hybridization. Be-
cause repeat-free fragments generally overlap exon-containing
regions, this type of probe not only yields a high signal/noise ratio,
but also can be useful in determining the copy number of a corre-
sponding gene. Using this system for identification of responsible
gene(s) for —7/7q~, we report the isolation of a common microde-
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letion among JMML patients that contains three poorly character-
ized genes.

Materials and methods

Short probe-based mCGH. This system was similar to that de-
scribed by others |5). Briefly, total 292 repeat-free segments
(2.7-9.5 kb) were identified using BlastN at the NCBI server (235
probes in 7q21.2-7q31.1, 15 in 4q12, 27 in 20q, and 15 in 21q).
Each of these fragments was PCR amplified from human placenta
DNA (Clontech, Mountain View, CA) and cloned into the pCR-XL-
TOPO vector (Invitrogen, Carlsbad, CA). The primer sets used to
amplify probes #14-#16 are listed in Table 1. Sequences of other
primer sets are available upon request. Five micrograms of each
target DNA, PCR-amplified fragments using universal primers in
the vector, was printed on poly-i-lysine coated glass slides (Mats-
unami Glass, Osaka, Japan) using a spotter (SPBIO, Hitachi Soft-
ware, Tokyo, Japan). Bone marrow samples were obtained after
informed consent and approval from the Institutional Review
Board at Hiroshima University. Test samples and reference pla-
centa DNA (2.5 ug) were random-prime labeled with CY3- and
CY5-dCTP (GE healthcare), respectively, and then hybridized to
the slide. Scanning of microarrays was performed using G2505A
scanner (Agilent Technologies, Santa Clara, CA) and signals were
analyzed with ArrayVision (GE healthcare),

Cell culture and gene transfer. EOL-1 and MUTZ-3 cells (|6] and
references in it) were cultured in RPMI1640 medium with 10%
(FBS). 293 and HeLa(tc) |7] cells were cultured in Dulbecco's mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS). siRNA oligonucleotides (100 nM, otherwise indicated, Table
2) were transfected using Oligofectamine (Invitrogen). C-terminal
FLAG-tagged Mikio or B protein, or MikiAN-FLAG(C) protein (lack-
ing N-terminal hydrophobic 30 aa of Mikip) was expressed using
the pcDNA3 expression vector (Invitrogen).

Other experimental procedures and reagents. Copy number
assessment by gPCR was performed according to the procedure de-
scribed [8]. qRT-PCR was performed as previously described {9]
using primer sets (Table 1). Immunoprecipitation and immunoblot
analyses were performed according to the standard procedures
[ 10] using 2% gelatin as a blocking agent. Immunostaining and im-
age analyses were performed as described |7,11]. Rabbit anti-Miki
antibodies was raised against GST-Mikiot (377-462 aa) and affinity
purified according to the standard procedures [10].

Table 2

Target sequences for RNAL

Name Sequence

SiRNA#79 CGGUUGAUGAUCCUGUCAC
siRNA#80 GGAAGACAUUGGGAAUUAC
siRNA#81 AGGCAUUUAUGCAAAUUGAA
shMiki#1 AUGCAUCUCUGCUUAUCAACC
shMiki#2 GAAGGCAAUUACAUCGUGAAG
shMiki#3 UCAGGGAAAUGGAACUCUAUC
shMiki#4 AGAAGACAAUGGACUAUGUGU
shMiki#5 GAAACUCAUUUCACAGUUAUC
shMiki#6 UGACUUCGGAAUAUAUGAAUY
Results

Identification of three candidate myeloid tumor-suppressor genes in a
common microdeletion cluster among JMML patients

Two hundred thirty-five probes in a region spanning 21.7 Mb
within 7q21.2-7¢31.1 and additional 57 control probes in 4q,
20q, and 21q were applied to a search for microdeletions using a
short probe-based mCGH system (see Materials and methods). Test
(teukemia) and reference DNA samples were labeled with CY3- and
CY5-dCTP, respectively, and then hybridized to slides on which
probes were printed,

We initially tested whether this system can detect copy number
changes in a small region. Genomic DNA extracted from EOL-1
cells, which is known to harbor a deletion spanning 800 Kb be-
tween the Rhe (FIP1L1) gene and the PDGFux gene in 4q [12]. All
eight probes (#239-#246) that locate within the deletion showed
low fluorescence ratios (Fig. 1A, bracket), demonstrating the poten-
tial of this system to detect microdeletions. For detection of mic-
rodeletion in myeloid leukemia cells, we selected fresh bone
marrow samples from adult AML/MDS patients or DNA from mye-
loid leukemia cell lines that did not show apparent 7q abnormali-
ties, However, as shown, for an example, in Fig. 1B, gross regional
copy number changes were still detected, and ‘single copy events’,
which could include both real copy number changes in a small re-
gion and noise of the system, were frequently observed, recognized
as general problems in detection of microdeletions in leukemia
cells [13]. We then applied the microarray CGH system to samples
from JMML patients, which is a subtype of MDS and is occasionally
associated with monosomy 7 |2]. In contrast to adult MDS/AML pa-

Table 1
Primer sets.
Forward Reverse
Probe#14 5'-AACTTCTCCTGACTCCAGTCATAGCTCCTT-3' 5'-ATCCATAGACCTGACATGTGTATCATATCC-3'
Probe#15 5'-GTGGGAATCGTCTACTTCCTGCACTCAAGA-3' 5'-TGATTAAAGACTGGACCAAAGAGCATGTGA-3'
Probe#16 5'-TGCTCACTCAACCGAAATCAATATTGAGAT-3' 5'-ATGCTTTAGGCTCCTAAGCCTTCTTTCCTT-3/
Top2b 5'-CAACTTTTTGCTGGCATCTG-3' 5'-GCTGGAATGTCTGGAAAAGC-3'
Tel 5'-ACAAATCACCGGCCTTCTCCTGACCC-3' 5'-GGCTGGATGGCTTCGGGTGGGACTC-3'
Albumin 5'-AGCTATCCGTGGTCCTGAAC-3' 5-TTCTCAGAAAGTGTGCATATATCTG-3'
c7orfl6 5'-CAGGCCCAGCCTCGGTGAGC-3’ 5'-GCACAACCCCGTGCCACCAG-3'
DDC 5'-CTCATGGCTCACGCGTCCAG-3’ 5'-CAAGCCGACCTAGGTTGGTG-3'
Cdké 5'-ACACTGCCTTGTTGGCAAAG-3/ 5'-AGGTTTGCAGAATCGAGGCC-3'
Samd9-5' 5'-AACCCAGATATGGCTAATCC-3" 5'-CAGGTCTATGGATGGTTGCC-3'
Samd9-3’ 5'-CGTTTACAAGGTCGAGCTGA-3' 5'-CCCAGGTAAAAAGACACCTT-3'
Samdol 5'-CATTCCTGTGCTTCTCCTTG-3! 5'-GGATTCCGGGATCTCATGCA-3'
Miki-5' 5'-CCTGGTGAGGAACCCTGTCA-3' 5-TCTCTGTGACTATCCTGGGA-3
Miki-3' 5'-CAAGGCATTCGGTTTGTAAG-3’ 5'-CTCTGGTGAAGCAGAATTCT-3'
CCDC132 5'-AGGATACCCTGGGTCGGCTC-3' 5'-TTCAGCCGCCGCGACTTACC-3'
Col1A2 5'-GCAGTAACCTTATGCCTAGC-3' 5'-GAGAGTCTGCCCTCCAAGTG-3'
Rint-1 5'-GCTGAGTATGTCTGTTGAAG-3' 5'-CCAAACTAGATACAGGTGCC-3

Lep 5'-GTATCTCCAGGATTGAAGAG-3'
Miki(RT) 5'-AACTCTATCTGCCAGTCAGAAG-3'
HPRT(RT) 5'-CCTCATGGACTAATTATGGACAG-3'

5'-CCCACTCTTTGCTGGGTGGA-3
5-TITAGCCATTGGTAAGCTAGCC-3
5'-GCAGGTCAGCAAAGAATTTATAG-3




