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Flgure 1. Retroviral construct, stem cells, and transduction. (A) Schematic representation of the retroviral vector, pMYMHES-11G, encoding HES-1 linked by internal
ribosome entry site (IRES) to a cONA encoding EGFP. (B) Flow cytometric anatysis of murine hematopoietic stem cells in adult bone mamow and fetal liver. Staining profile of
Sea-1 versus ¢-Kit on lineage-negative populations in bone marrow (left) and fetal liver {right) calls. {C} Flow cytometric analysis for GFP in infected c-Kit* Sca-1* Lin~ (KSL)
cells of bone marrow (top} and fetal liver {bottom). Efficiency of infection of these populations is indicated.

particularly when the assay was performed after an additional
3-day culture. The HES-1lgv-transduced L-KSL—derived cells
also formed a significantly higher number of HPP-mix-derived
colonies than the GFPv-transduced L-KSL—derived cells (Figure
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Figure 2. Relative preservation of KSL phenotype by constitutive expression of
HES-1. (A) Colony-forming ability of ransduced cells was examined soon after
sorting GFP* cells and after an additional 3-day culture. HPP-mix; colanies larger
than 1.5 mm in diameter and consisting of at least granulocyte/macrophage and
erythroid clusters. The number of HPP-mix—derived colonies in 1000 cells (culiure
day 2; sort day 0) or 2000 cells (culture day 5; sort day 3) is shown. Data show the
mean = SD of triplicates from 2 independent experiments. (B} Long-term repopula-
tion ability of selected ransduced cells was assessed by transplantation to suble-
thally iradialed recipients. Donor (GFP+Ly5.1%)—derived cells were detacted in
periphera! blood of reciplent mice {Ly5.2). The percentage of donor-derived cells
within myeloid (Mac-1* and Gr-1*) and lymphoid (Thy1.2* and B220*) cells was
measured at various time points after transplantation. Results for HES-1IGv and
GFPv are shown as the mean + SD of 12 and 9 measurements, respectively, from 3
independent experiments {2-6 animals per experiment).

2A). We then transplanted 1000 of the GFP* B-KSL- and
L-KSL-derived cells sorted soon after the 48-hour infection period
to sublethally irradiated recipient mice. In both B-KSL- and
L-KSL—derived cell transplant recipients, donor cell chimerism
was initially established but rapidly decreased within 2 months
after transplantation in the control GFPv-transduced group, whereas
high levels of chimerism were maintained for up to 6 months after
transplantation in the HES-1Tgv—transduced group in both myeloid
and lymphoid lineages (Figure 2B). Immunophenotyping of the
bone marrow, spleen, and thymus cells at 3 months after transplan-
tation confirmed that donor chimerism in these tissues was similar
to that in the blood cells (data not shown).

We next examined the ratios of KSL populations in the recipient
bone marrow. Recipient-derived (GFP™) and donor-derived (GFP*)
bone marrow cells contained similar ratios (0.117% * 0.054% and
0.092% =* 0.021%, respectively) of KSL in the GFPv-transduced
cell transplant group. In contrast, an approximately 5-fold higher
ratio (0.577% * 0.109%) of donor-derived bone marrow cells
showed the KSL phenotype in the HES-1Igv-transduced cell
transplant group (Figure 3A). In GFP* KSL sorted from the
recipicnt bene marrow of the GFPv and HES-1IGv groups,
RT-PCR confirmed a lower level of HES-1 mRNA expression in
KSL from the GFPv-transduced group and a higher level in KSL
from the HES-11gv—transduced group (Figure 3B).

HES-1 maintains stem cell activity of 34-KSL in vitro

The findings above indicated that HES-1 decreases the rate of loss
of immaturity and preserves self-renewability of KSL in vitro. This
encouraged us to examine whether HES-1 could maintain 34-KSL
cells, the most highly purified HSCs, which have never been shown
to be expanded or even maintained in vitro. Although FL has often
been used for retrovirus gene transfer directed to HSCs because
infection efficiency is generally very low without it, it has been
reported that the use of FL is associated with the loss of
self-renewal capacity of KSL cells.?”*# Therefore, we took advan-
tage of omitting FL and used only SCF and TPO for HES-11Gv and
GFPv infcction of 34K SL eells (Figure 4A). Both viruses gave an
infection efficiency of no less than 20% (Figure 4B). For a
competitive LTRA, we also cultured 34-KSL for 48 hours in the
same conditions as those for the virus infection, except for the
absence of virus. At the end of the 48-hour culture period, most
cells lost the 34"KSL phenotype in any virus-transduced and
virus-nontransduced group, as anticipated (data not shown). Even
KSL cells did not represent a major population in any groups.
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Moreover, although the nontransduced 34K SL-derived cells kept
the KSL phenotype at 16.7% to 24.9%, GFPv-transduced 34-KSL-
derived cells kept the KSL phenotype at as low as 8.5% to 13.2%,
prabably reflecting the fact that only unquicscent and thus differen-
tiation-prone cells are susceptible to retrovirus infection. In con-
trast, the ratio of KSL in the HES-1lgv—transduced 34-KSL-
derived cells was 18.6% to 24.7%, which was as high as that in the
nontransduced 34"KSL-derived cells (Figure 4C).

To better evaluate the effect of HES-1 on 34 KSL cells, we
performed a competitive LTRA. We transplanted 1000 transduced
{GFP*-selected, Ly5.1%) and the same number of nontransduced
347KSL-derived cells (GFP~Ly5.1*) to lethally irradiated recipi-
ent mice (Ly5.2%), and assessed chimerism of the GFP*Ly5.1*
(tester) and GFP~Ly5.1* (competitor) populations in myeloid and
lymphoid lineages in the blood at several time points, At all time
points examined, the ratios of the tester-derived cells in the total
donor-derived cells, that is, the percent of GFP* cclls among the
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Figure 4. Competitive repopulation assay using 34-KSL-derived cells. (A)
Staining profile of Sca-1 versus ¢Kit in lineage-depleted and CD34~"»_gated
populations in bone marrow. (B) Flow cytometric analysis for GFP in infected
34~KSL-derived cells. Effieciency of infection at the end of the 2-day infection period
is indicated. (C} Maintenanca of the KSL phenotype in 34-KSL-derived cells by
HES-1. Left, nontransduced 34-KSL-derived cells; middle, HES-1Igv—transduced
34-KSL-derived cells; right, GFPv-transduced 34-KSL-derived cells, {D) Chimerism
of GFP*Ly5.1* cells in the total Ly5.1* cells in the blood of recipients. Results for
HES-1IGv and GFPv are shown as the mean % SD of 12 and 8 measurements,
respectively, from 3 independent experiments (2 to 6 animals per experiment).
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B Flgure 3. Analysis of bone marrow cells in recipients at 3
HES-1IGv* GFPy* dv months after transplantation. (A} Flow cytometric analysis for
-t & KSL in recipient mice. Respective gates for GFP~ {recipient-
0625 % ng‘ ¥ derived, left) and GFP* (donor-derived: HES-1lgv-transduced,
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R . population were analyzed for c-Kit an ca-1 staining.
5 . k‘ HES-1 L = Expression of HES-T mRNA in reconstituted cells. The amount of
lni))‘;)}r“‘ HES-1 (RT-) SRNUWNE templates for RT-PCR was normalized to give equivalent signals
e et for GAPDH. RT- indicates PCR performed without reverse

» GAPDH | s e | transcriptase reaction.

Ly5.1* cells, were more than 40% and more than 35% in the
myeloid and lymphoid lincages, respectively, in the HES-1Igv—
transduced group. In the GFPv-transduced group, in contrast,
chimerism of the tester-derived cells in the total donor-derived cells
was less than 15% in both lineages at 2 months after the
transplantation (Figure 4D). We also assessed GFP~Ly5.2* (recipi-
ent-derived) cells at each time point and confirmed that this
populatien decreased to a negligible level. These results indicated
that stem cell activity of the HES-1Igv—transduced, but not
GFPv-transduced, 34~ KSL-derived cells was almost equivalent to
that of the nontransduced 34K SL-derived cells.

The HES-1+* KSL population contains higher ratios of SP and
34b%= cells in the recipient bone marrow and
shows higher reconstituting activity

We compared the SP phenotype and CD34 expression profile of the
virus-transduced and nontransduced recipient bone marrow KSL in
each competitive LTRA recipient mouse. At 3 months after the
transplantation, ratios of SP and CD34"%'~ cells in total KSL were
14.6% and 32.0% in the recipient of the HES-1Igv—transduced
34-KSL-derived cell transplant (Figure 5A-B), and 10.7% and
27.3% in the recipient of the GFPv-transduced 34~KSL-derived
cell transplant (data not shown), respectively. We then separated
total KSL into GFP~ (mostly virus-nontransduced donor {competi-
tor-derived) and GFP* (tester-derived) fractions. Remarkably,
ratios of SP and CD34'™/~ cells in the GFP* KSL population were
3.5- and 8-fold higher than those in the GFP~ KSL population from
the HES-1Igv—transduced cell transplant recipient. In contrast,
ratios of SP and CD34%% ~ cells in the GFP* KSL population were
much lower than those in the GFP~ KSL pepulation from the
GFPv-transduced cell transplant recipient (Figure 5A-B). This
indicated that HES-11Gv transduction preserved the KSLU cells
characterized by the SP and CD34'™%~ profile, suggesting that
HES-1 stores the most immature HSCs without preventing them
from supplying mature blood cells.

To further investigate whether the greater ratios of SP and
CD34%w'= cells in the HES-1* than in the HES-1-KSL population
truly reflect the greater reconstitution activity of HES-1* than that
of HIES-1~KSL cclls, GFP* and GFP~ KSL cells were sorted from
the bone marrow of HES-11gv—transduced cell transplant recipients
3 months afier the primary transplantation, and 1000 cells from
either KSL population were transplanted to lethally irradiated
secondary recipient mice (Ly5.2%). At 6 months and 10 months
after the secondary transplantation, donor chimerism in the blood
cells of the secondary recipient was approximately 30% to 40% in
the GFP* KSL transplant group and less than 10% in the GFP~
KSL transplant group, both in the myeleid and lymphoid lineages
(Figure 5C). Although it is more than 1 year since the primary
transplantation, no leukemias or lymphomas have developed in any
primary or sccondary recipicnt mice (data not shown).
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Figure 5. Identification of SP and CD34%*" cells in recipient bone marrow KSL
calls. {A) Hoechst dye efflux in various gates of KSL prepared from bone marrow of
competitive LTRA recipients. Total KSL, GFP*Ly5.1* KSL, and GFP~Ly5.1% KSL
from a representative recipient of HES- 1fgw—transduced tester ¢ells and cormpetitor
cells, and GFP*Ly5.1* KSL from a representative recipient of GFPv-transduced
tester cells and compaetitor cells were analyzed for staining for Hoechst 33342Blue
and Hoechst 33342Red. (B} CD34 expression profile in various gates of KSL
prepared from recipients of competitive LTRA. The same gates as panel Awere used.
To stain CD34 without FITC, PerCP-Cy5.5-labeled mouse CD34 antibody was used.
This makes the fluorescence activated ce!l sorting (FACS) patiern different from that
used for CD34-KSL sorting. (C) Evaluation of stem cell activity on secondary
transplantation. At each {ime point, chimerism of donor-derived cells in recipient
blood was plotted. Plots are shown as the mean * SD of 4 animals.

Discussion

In the present study, we demonstrate that retroviral transduction of
KSL and 347KSL with the HES-1 gene results in preservation of
the stem cell activity of these cells in vitro. Moreover, transduction
of 34"KSL with HES-T results in a striking accumulation of SP and
CD34%= cells among the KSL population in the recipient bone
marrow, while maintaining production of differentiated blood cells.

Many investigators have introduced a gene of interest into bone
marrow and fetal liver cells by a retroviral gene transfer method
and transplanted the transduced cells to recipicnt animals.’?40
These studies have described a number of interesting phenotypes in
the blood compartment of recipients, such as those showing the
development of leukemia and an increase or decrease in hematopoi-
esis in a certain lineage, and aided understanding of the roles of
introduced genes in HSCs. However, with rare exceptions, the use
of highly purified HSCs for virus transduction is rare and it has
therefore been unclear which cells are transduced. Strictly, none of
the previous studies have directly proved the expansion or mainte-
nance of virus-transduced HSCs. A few reports?24! have shown
multilincage hematolymphopoietic reconstitution in the recipient
mice with a sorted single HSC characterized by Lin~, Sca-1*,
c-Kit*, and CD34"%~_ Although 34"KSL cells do not represent a
homogenous population, they are the most highly purified 115Cs, at
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least in steady-state adult bone marrow. The use of this population
as a target of genc transduction and transplantation to recipient
mice greatly facilitates study of the function of the gene of interest
and the technology of ex vivo HSC expansion. Normally, culturing
purified HSCs for only 48 hours without stromal cells significantly
reduces their stem cell activity. Moreover, retrovirus transduction
requires cell division, which in general indicates a further decrease
in stem cell activity.’” Given these factors, the decreased ability of
GFPv-transduced 34”KSL-derived cells to retain the immature
phenotype in vitro and decreased engraftment capacity in mice
receiving these cells compared with the nontransduced 34-KSL-
derived cells (Figure 4C-D) is reasonable. In clear contrast, these
capacities in HES-1Igv—transduced 34-KSL-derived cells are at
least the same as those of nontransduced 34"KSL-derived cells
(Figure 4C-D), indicating that FJES-! introduction in 34 "KSL cells
strongly preserves the original biologic phenotype of these cells
in vitro.

HES-1 is a basic helix-loop-helix transeription factor, which
functions as a negative regulator for cell differentiation in various
systems, such as neurogenesis,>*#24 myogenesis,??” and hair cell
formation,* although it also induces cell differentiation in selected
contexts, such as in glial cell differentiation.** Down-regulation
and up-regulation of HES-1, togcther with HES-5, in neuronal stem
cells in developing mice indicate that this gene functions as a
positive regulator of neuronal stem cell self-renewal.2® QOur obser-
vation suggests that HES-1 has a similar effect on hematopoietic
stem cells.

In addition to its strong ex vivo maintenance capacity for
347KSL, we showed that HES-1 dramatically accumulates SP and
CD34/*~ cells in the recipient bone marrow KSL cells. The ability
to escape Hoechst dye staining is considered to represent an
important feature common to stem cells of various lineages.’? In
the hematopoietic compartment, it has been shown that long-term
reconstituting cells exist in SP and that SP and 34"KSL partially
overlap.%s We indeed show that the HHES-1* KSL population that
contains a greater ratio of SP and CD34"%= cells has a reconstitu-
tion capacity greater than the HES-1~KSL population (Figure 5C).
This implies that HES-1 confers an increased self-renewal capacity
to the most primitive HSCs in vivo, and we propose that HES-1 is a
positive regulator of the expansion of HSCs without exhausting
their stem cell activity. The mechanism by which HSC-containing
populations such as SP and 34"KSL accumulate while normal
differentiation and supply of blood cclls are maintained remains to
be elucidated.

Recently, phenotypes of the recipients who received transplants
of lineage-negative bone marrow cells introduced with HES-1 and
HES-5, as well as active Notch-1, were reported.*® The phenotype
of HES-1-transduced lineage-negative cell transplant recipients
described in that report was similar to ours in that the recipients do
not develop T-cell leukemia, in contrast to the fact that T-cell
leukemia develops in active Notch-1-transduced lineage-negative
cell transplant recipicnts.**47 The finding in the previous report that
the tecipients had a greater number of clonogenic cells in bone
marrow could be similar to our finding that immature clonogenic
cells were maintained in vitro or that the recipients had a greater
number of stem cells such as SP cells in bone marrow. However,
there is a significant diffcrence in the development of lymphoid
cells in the recipients. In contrast to the results described in the
previous report, we did not find any distortion in the lymphoid
compartment of the J/ES-I—transduced HSC transplant recipients.
This difference could be attributed to the difference in the
experimental system. We used highly purified HSCs for retroviral
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gene transfer, implying that we transplanted much fewer numbers
of HES-i—transduced committed progenitor cells. If less-purified
bone marrow cells are used for retroviral transduction, it might be
the case that the gene of interest is preferentially introduced into the
committed progenitors such as T-cell progenitors, rather than into
stem cells, and that in such cases the phenotype derived from
progenitors rather than stem cells is prominent.

Interestingly, HES-1 is a direct target of a transcriptional
activator complex comprising RBPJ and activated Notch in neuro-
genic, myogenic, and lympheid cells. Further, a growing body of
evidence shows that activation of Notch signaling results in
prevention of differentiation. We therefore expect that if ligands for
Notch can efficiently up-regulate HES-1 expression in 34~KSL,
they may serve as potential tools for ex vive HSC expansion,
particularly given that ligand-induced up-regulation of HES-1 does
not require retrovirus transduction, an experimental system used in
this work which is nevertheless disadvantageous to the mainte-
nance of stem cell activity because of requirement of cell division,

BLOCOD, 1 MARCH 2003 » VOLUME 101, NUMBER 5

Indeed, others have already investigated the possibility of Notch
ligands for this purpose.!”182¢ Although these efforts have yet to
show clinical impact, our data strongly support their value and the
potential for further methodologic development.

In the present study we show using several independent
experimental designs that purified HSCs can be maintained ex vivo
by HES-1 up-regulation. With technical improvement, the use of
Notch ligands or other methods to up-regulate HES-1 carries strong
promise for future clinical use.
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Molecular characterization of the recurrent unbalanced translocation

der(1;7)(q10;p10)

Lili Wang, Seishi Ogawa, Akira Hangaishi, Ying Qiao, Noriko Hosoya, Yasuhito Nanya, Kazuma Ohyashiki,

Hideaki Mizoguchi, and Hisamaru Hirai

An unbalanced translocation der(1;7}(q10;
p10) is a nonrandom chromosoma!l aber-
ration commonly observed in myelodys-
plastic syndrome and acute myeloid
leukemia. We molecularly analyzed the
breakpoints of der(1;7)(q10;p10) by quan-
titative fluorescent in situ hybridization
(FISH) analyses using centromeric satel-
lite DNAs mapped to chromosomes 1 and
7 as probes. We found that the signal
intensities of 2 centromere alphoid
probes, D1Z7 on chromosome 1 and D7Z1

on chromosome 7, were almost invariably
reduced on the derivative chromosome
compared with those on their normal
counterparts, These results suggest that
this translocation resu'ts from the recom-
bination between the 2 alphoids, which
was further confirmed by fiber FISH ex-
periments. Because the relative reduc-
tion in the intensities of D1Z7 and D7Z1
signals on the derivative chromosomes
was highly variable among patients, it
was estimated that the breakpoints in

these patients were randomly distributed
over several megabase pairs within each
alphoid cluster except for its extreme end
to the short arm. Our results provide a
novel insight Into the structural basis for
generation of this translocation as well as
its leukemogenic roles. (Blood. 2003;102:
2597-2604)
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Introduction

The unbalanced whole-arm translocation of chromosome 1 (chrl}
and chromosome 7 {chr7), der(1;7)(q10;p10), is a nonrandom
chromosomal abnormality first described by Geraedts et al.! It is
commonly found in myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML) and less frequently in myeloproliferative
disorders, involving all subgroups of MDS and AML. Since more
than half of the patients had a history of previous antitumor
chemotherapy (especially containing alkylating agents) and/or
radiotherapy or occupational exposure to toxic agents, it has been
causally related to secondary or therapy-related MDS or AML.29 In
MDS, as many as 6% of the patients are reported to have this
karyotypic abnormality. They typically present trilincage meorpho-
logic myelodysplasia in the bone marrow and pancytopenia in the
peripheral blood and have a high rate of progression to AML with
generally poor prognosis. 10!

This unbalanced translocation, typically described as 46, XY (or
XX}, +1, der(1;7)(q10;p10), has 2 prominent cytogenetic charac-
teristics: (1) it retains only 1 of 2 possible derivative chromosomes,
containing lq and 7p; and (2) there are 2 copies of apparently
normal chrl and only 1 copy of nermal chr7, resulting in trisomy of
1q and monosomy of 7q (Figure 1). In the early fluorescent in situ
hybridization (FISH) studies, several authors pointed out the
dicentric nature of this translocation, in a sense that the signals of
the 2 alphoids from chr] and chr7 are colocalized on the derivative
chromosome. Alitalo et al'2 reported that FISH signals of D125 and
D7Z2 coexisted on the der(1;7)(q10;pl0), and others'd! also
described that D1Z5 and D7Z1 cohybridized to the derivative

chromosome in this translocation, However, no further molecular
analysis, especially concerning exact locations of the breakpoints
and their distribution, has been conducted to date.

In this paper, in order to disclose the genomic mechanism
generating der(1;7)(q10;p10), we focused on the centromere al-
phoid sequences on chrl and chr7 and dissected the structural
alterations associated with this translocation by the 2-color FISH
method with simultaneous measurements of FISH signals.

Patients, materials, and methods
Clinical samples

A total of 27 bone marrow samples were collected from patients carrying
der(1;7)(q10;p10) and subjected to FISH analysis. The patients’ profiles are
summarized in Table 1. All patients gave their informed consent to the
sample collection and to the biologic analyscs included in the present study
according to the Declaration of Helsinki. Giemsa trypsin G-banding
(GTG-banding) analysis was performed according to the standard protocol.'?

DNA probes

The screening of bacterial artificial chromosome (BAC) or Pl-based
artificial chromosome (PAC) clones was previously described.!® DNA from
BACs or PACs was extracted using the Large-Construct Kit (QIAGEN,
Tokyo, Japan). AD1Z7 clone, pE25.a, was purchased from American Type
Culture Collection (ATCC; Manassas, VA). A clone of D771, called
D7Z1%™ was obtained from polymerase chain reaction (PCR) amplifica-
tion with primers spanning the dimer and the tetramer of the published
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Figure 1. Partial karyotype of der (1;7)(q10;p10). GTG-banding analysis from Pt 1
shows that the whole long arm of chromosome 1 (chr1} and the whole short arm of
chromosome 7 {chr7) fuse 1o constitute der(1,7)(q10;510} (der).

D7Z| sequences (National Center for Biotechnology Information [NCBI]
accession: M16087, M16101). The sequences of the ptimers were 5'-
TCCACTTGCAAATTCCACAA-3" and §5'-TGGATATATGGACCG-
CATTG-3'. The probes of satellite III (Satlll) and D722 were also
generated by PCR. Primers for Satlll (GenBank database X60726) were
5"-TCCATTCCAGTCCATTCGAT-3' and 5'-AATCATCATCCAACG-
GAAGC-3' and those for D7Z2 (NCBI accession: G31642) were 5'-
CTGGAGGCGGATATTAGGGT-3" and 5'-CTGGGAATACTTCTGTC-
TAT-3". All the plasmid DNAs were extracted using QIAGEN Plasmid
Maxi Kit (QIAGEN). Three directly labeled probes, CEP 1/5 (Spectrum
Orange), CEP 1 {Spectrum Orange), and CEP 7 (Spectrum Green), which
detect the sequences of D1Z7, DIZS5, and D7Z1, respectively, were
purchased from VYSIS (Downers Grove, IL).

FISH analysis

FISH experiments on metaphase chromosomes and interphase nuclei were
performed as described’” with some modifications in posthybridization
washes, which consisted of 2 X standard saline citrate (SSC)/50% form-
amide at 37°C for 15 minutes followed by 2 X S5C and 1 X SSC at room
temperature for 15 minutes each, Biotin- and digoxigenin-labeled probes
were detected with avidin-fluorescein isothiocyanate (FITC; Roche, Mann-

Table 1. Cytogenetic profile of patients
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heim, Germany) and anti-digoxigenin-rthodamine Fab fragments (Roche),
respectively, For fiber FISH experiments, the released chromatin fibers
were prepared as described’® and hybridized with 2 directly Jabeled probes,
CEP 1/5 and CEP 7, following the procedures recommended by the
manufacturer, Samples were examined with a Nikon E800 epi-fluorescence
microscope (Tokyo, Japan) at X 1000 magnification, and the FISH images
were captured to 8-bit—depth image files using a Kodak KAF1400
thermoelectronically cooled charge-coupled device (CCD) camera (Roper
Scientific, Tucson, AZ) and the SimpleVision software (Digital Scientific,
Cambridge, United Kingdom) through a triple-band-pass filter, which
allowed rhodamine, FITC, and DAPI (4,6 diamidino-2-phenylindole)
signals to be captured without any image displacement. For each experi-
ment, more than 30 metaphase images taken under exact focus conditions
were stored. The whole intensity of each signal was automatically
computed as the sum of pixel intensities under the indicated area by using
the TP lab/PathVysion Extras software (Scanalytics, Fairfax, VA), and
finally the average was taken from the 30 measurements together with
calculation of the standard deviation. The allelic origin of the 7p and Iq
components of the der(1;7)(q10;pl0) was determined by comparing the
signal intensity of polymorphic satellite elements on chrl (Satlll) and on
chr7 (D722), which were safely apart from the breakpoints and their
sequences were expected to be completely reserved on the der(1;7)(q10;
pl0) in tumor cells.

Southern blot analysis

Neol and And, Neo7 and NT18, Neo2, Neol6, and Neo19, were monochro-
mosemal human-mouse hybrid cell lines containing human chromosome 1,
7,2, 16, and 19, respectively, and were purchased from the JCRB Cell Bank
(Japanese Collection of Research Bioresources, Osaka, Japan). Genomic
DNAs were extracted from the cell lines'® and subjected to Southern blot
analysis essentially as described. 2 High-stringency hybridization was done -
at 53°C for 16 to 18 hours in hybnidization solution containing 50%

Patient  Age, yisex Diagnosls Karyotype
1 45/M MDS (RA) 46.XY,+1,der(1,7)(q10;p10),add{10){(q7?)[20]
2 74/M MDS (RA) 46,5Y,+1,der(1:7){(q10:p103[18]
3 B7/M MDS (RA) 46,XY, +1,der(1;7{q10;p10)[9)/46,XY]6)
4 74M MDS$ (RA) 46,XY, +1,der(1,7)(q10;p10).del(20)(q11)[12)/45.idem, —20[4]
5 66/M MDS, MF 48,XY, +1,der(1;7)(q10;p10}51/47.idem, +8[13]
6 58/M MDS (RA) 46,XY,+1,der(1;7)(q10;p 10)3V46,XY[18)
™ 53/F MDS 46,20, +1,der(1,{q10,p 10} 12)/46,X, =X, +1,der(1,)(q10;p 10}, +der(1,7Hq10;p10), —2,+5,+6,—-8,—- 12,+14,-16,=17,+18,
+21[1)46 XX{7}
g8 70/M MDS (RA) 46,XY, +1,der(1.7){(q10;p10}{181/46,XY(2]
9 67/M MDS (RA) 46X, +1,der(1;7)(q10:p10){1/47.idem, + B¥20/46 idem.del(20)(q11)[2/47 Idem, + 8,del(20)(q11)[15)
10 51/M MDS (RAEB) 46,XY, +1,der(1;7){q10;p10}{ 19)/45,X, - Y idem[1]
11 53/M MDS 46 XY +1.der(1,7)(q10;p10){20]
12 63/M MDS 46,XY,+1,der(1;7)(q10;p10}{10)/46,X¥[10]
13 49/M MDS (RA} 48, XY, +1,der(1;7)(q10;p 10} 12)/46,XY]8]
14 49/M AML (MDY 46,XY,+1,der(1,7)(q10;p10)[20]
15 68/M AML (M2) 46,XY,+1,der(1;7)(q10;p10)[5)/47 idem, + B[ 16]
16 88/M MDS (RA} 47 XY, +1.der(1,7)(q10;p10).del(20)(47).del(20)[9]/46,XY[10]
17 56/M MDS (RA) 46,XY,+1,der(1.7)(q10:p10)[18Y46.XY[4]
18 47M MF 46,XY,+1,8er(1,7)(q10;p10)[16)/46,XY[2]
19 58/M MDS (RA) 46,XY,+1,der{1,7}{q10;p10)[3}/47 idem, + B[ 16)/46 XY[2]
20 T4IM MDS (RA) 46,XY,+1,der{1;7}(q10;p10)[ 13146, XY]1)
21* 68/M MDS (RAEB-Y)  46,XY.+1,der{1,7)(q10;p10)[14}/46,XY]6}
22 54/M MDS (RA) 46,XY, +1,der(1,7){q10:p10){2)/46,XY]18]
23 72IM MF 46,XY,+1,der{1,7){q1 0;p10)[ 1146, XY del(13Hq10q21)[4)46,XY[14]
24 57TIM MM 46, XY, +1,der(1.73(q10:p10)[S5)46,XY[16]
25 70/M MDS (RA) 46,XY,+1,der(1;7)(q10:p10)[9)
26 72IM AML (M) 46,XY,+1,der(1:7)(q10:p10)[17)/45,idem, = 14[1)/45,idem, - 211148, XY([1]
27 58/M MDS/AML 47, XY ,+1,der(1;7)(q10;p10), + 8[4)/47 idem del(20)(q11)[1}/46 XY{1]

RA indicates refractory anemia; MF, myelofibrosis; RAEB, refractory anemia with excess blasts; MO, minimally differentiated acute myeloblastic leukermia; M2, acute
myeloblastic leukemia with maturation; RAEB-1, refractory anemia with excess blasts in transformation; and MM, multiple myeloma.
*Therapy-related cases.
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formamide, 5 X SSC, and 1 X Denhaldt solution, The final wash was
performed at 65°C in 0.1 X $8C/0.1% sodium dodecyl sulfate (SDS) for
20 minutes.

Results
Breakpoint mapping of der{1;7){q10;p10) by FISH

Initially, in order to map the breakpoint of der(1;7)(q10;p10), we
repeatedly performed FISH experiments using a series of probes
already mapped to, or newly isolated from, the pericentric regions
of chrl and chr7. Finally, the breakpoints were mapped between
D1Z1 and 1183445 on chrl and between D722 and sWSS5295 on
chr7, when no more BAC probes could be obtained to extend the
contigs because of a heavy load of repetitive sequences around
these regions (data mot shown). It was noted, however, that the
FISH signals of D1Z7 (probe pE25.a) on the derivative chromo-
some always looked weaker compared with those on normal chrls
in most cases, raising a possibility that the breakpoints on chrl
might be within the D1Z7 alphoid region. On the other hand,
several BAC clones mapped to the pericentromeric region of chr?
seemed to produce a reduced FISH signal on the derivative
chromosome when compared with the signal on the normal ¢hr7 in
tumor cells. Subsequent database analyses and Southern blot
experiments revealed that these BAC clones characteristically had
varying contents of D7Z1 alphoid sequences (data not shown),
suggesting that the breakpoint on chr7 might be associated with the
D7Z1 alphoid cluster.

Identification of the alletic chr1 and chr7 counterparts
of the derivative chromosome

Both D127 and D7Z1 belong to the centromere alpha satellite
DNAs (or alphoid DNA), which are characterized by a large block
of tandem repeats (a subset) spanning from 250 kilobase (kb) to
5000 kb, depending on chromosomes.'?2!-2 Each alphoid subset is
composed of highly ordered repeats of multimers, which consist of
homologous 17 I~base pair (bp) monomer units. Accerding to their
sequence homology and array structure, alphoid subsets can be
divided into 5 different suprachromosomal families.?! Because
alphoid DNAs typically show extensive polymorphism regarding
the number of their tandem repeats,2*2? we had to determine the
exact allelic origin of the derivative chromosome before properly
evaluating the reduction of the D1Z7 and D7Z1 signals on this
chromosome, as the intensity of these FISH signals directiy
depends on their ¢luster length,

To this end, we used the other 2 repetitive sequences as the
allelic references, Satlll on 1ql1 to q1221-382% and D7Z2 on the
short-arm side of D7Z1 on chr?,3%3! which also exhibit a prominent
allelic polymorphism. When FISH was performed using D1Z7 and
SatlIll probes, as shown in Figure 2A-F and 2M, the origins of the 2
homologous chrls could be distinguished by the relative intensity
of their Satlll signals, which were uniform among all the meta-
phases from normal as well as abnormal (tumor} cells (Table 2),
indicating that the 2 apparently normal chrls in tumor cells have
different allelic origins and did not result from duplication of either
of the 2. Of note is that the Satlll signa! on the derivative
chromosome always had the same intensity as either of the 2 SatIll
signals on the normal chrls. Similarly, using D7Z2 probes, relative
intensities of the 2 D7Z2 signals in abnormal and, if existed,
normal metaphases were also uniform (Figure 2G-L,0O; Table 3),
showing that the short-arm portion of the derivative chromosome
and the remaining normal chr? had different allelic origins. Given
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Figure 2. Representative results of 2-color FISH experiments and comparison
of signal intenslties in centromere alpholds. Two-color FISH was performed with
Satlll {green) and D1Z7 (red) probes for normal {A-C) and abnormal (D-F) meta-
phases in Pt 6 and with D7Z2 (red}, 97G24 {red), and D721 (green) probes for normal
{G-l}and abnormal (J-L} metaphases in Pt 16. 97G24 s a PAC probe located on 19132
that helps detect trisomy of 1q. Images for FITC (B,E,H,X), Rhadamin {C,F IL), and
both {A,D.G.J) were separately captured through a single triple—band-pass filter with
an appropriate first-pass filter using a synchronized wheel filter device. 1 and 1*, 7
and 7', and d indicate different alleles of chr1, ¢chr7, and derivative chremosome,
respectively. Captured images were subjected to measurement of signal intensities.
Original magnification, X 10C0. Intensity of the D1Z7 signal on derivative chromosome (*)
is grossly reduced from its original intensity (**), as determined using Satlll intensity as a
reference in Pt & (M) and Pt 8 (N). Likewise, D7Z1 signal on derivative chromosome (*} is
also shown to decrease when compared with its original signal {™), as determined using
D7Z2intensity in Pt 16 (O). Arrows in panels A-L indicate the centromeres of chromosome
1, chromosome 7, or the ¢erivative chromosome. Arrowheads in panel L point to the D722
signals in order to distinguish these signals from the red signals of 97G24. Emor bars
represent the 5D from 30 measurements in 1 patient.

these measurements, we could determine the origins of c¢hrl and
chr7 portions of the derivative chromosome using Satlll and D7Z2
as allelic markers, respectively, and thus quantitatively evaluate the
alteration of the signal intensities on the derivative chromosome on
an allelic basis.

Reduction of the D127 and D721 signal intensities
on the derivative chromosome

Comparison of the D1Z7 signals based on the Satlll marker
showed that the signal intensity of D1Z7 on the derivative
chromosome was clearly reduced from that of the normal counter-
part to the varying extent in all but one (patient [Pt] 27) of the 27
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Table 2. Relative intensities of D127 and Satlll signals on the derivative chromosome and its allelic equivalent

o1z7 Satlll
Normal cells Tumor cells Nomal eells Tumor cells
Patient chr1* chrt* der chri* chr1* der

1 ND 124.9 {18.5) 3.8{2.6) ND 166.8 (64.2) 168.2 {59.5)

2 ND 80.8 (9.5} 17.5({5.5) ND 50.2 {17.4} 48.9 {11.5)

3 190.0 (27.3} 188.3 (24.5) 37.9(10.7) 57.9(8.8) 57.2(10.8) 56.0 {10.3)

4 ND 127.7 (17.6} 15.9(7.9) ND 41.3(8.7) 41.8(10.2)

5 ND 128.0 (18.1) 7.0{4.7) ND 68.7(13.3) 68.3 {12.6)

6 68.5(9.2) 64.3(7.8) 5.7 (3.3) 56.3 (9.0} 51.5{8.4) 53.7 (11.4)

7 163.4 (24.5} 158,2 (39.0) 28.8(14.7) 46.7 (5.3} 45.9(9.2) 46.1(7.6)

8 225.5 (46.9) 233.8(57.2) 104.9 {37.0) 129.9 (23.4) 131.9(25.4) 130.1 (22.0)

g9 ND - 75.6(8.3) 43.5 (7.0) ND 65.0({4.8) 69.0 {6.3)
10 ND 191.6 (41.2) 3130129 ND 48.1 (6.6) 439(7.7)
11 ND 64.3 {9.6) 3r4(89) WD 266.5 (59} 266.6 (52.2)
12 124.7 (14.8) 1222 (14.5) 15.6 (4.2) 52.3(8.5) 49.5 (6.5) 48.0(8.7}
13 152.6 (15.8) 1492 {12.4) 51.7(9.3) 171.5{24.4) 174.1 {30.6) 176.1 {30.5)
14 ND 1402 (13.1) 50,7 (7.7) ND 21.2{4.6) 19.3(7.1)
15 ND 1495 (13.3} 56.6 (9.7) ND 269.3 (43.3) 270.1 (38.0)
16 78.2 (6.1) 78.1(8.4) 33.3(8.3) 187.5(11.8) 169.3 (18.5) 1704 (18.1)
17 130.8 (9.5) 1292 (9.8) 8.4 (2.7 75.2(6.5) 721(7.9) 72.1(6.8)
18 ND 70.7(7.1) 10.2 (7.0 ND 63.2(8.2) 63.2 (8.0}
19 ND 149.7 (14.9) 24.8 (6.6) ND 60.9(10.3) 62.1(9.8)
20 64.7 (9.1) 65.3 (8.5) 33.4(3.7) 45.3(7.0) 43.4 (6.5) 43.1(8.4)
21 153.6 ('8.7) 158.5 {(18.1) 69.1(10.0 §1.7(4.2) 50.8 (10.0) 50.8 (9.3)
22 149.4 (10.8) 143.4 (19.0) 31.3(12.8) 20.8{2.8) 21.7(3.6) 20.6 (4.7)
23 185.0 (10.7) 179.0 {17.5) 45.3(13.9) 138.9(6.5) 137.1(13.1) 136.7 (17.1)
24 137.4 (6.1) 142.8 [13.0) 58.5(14.2) 34.9(2.8) 35.2 (4.4) 35.8(6.3)
25 ND 160.5 (16.0) 51.6(7.9) ND 52.9(7.5) 52.6 {6.6)
28 ND 192.9(8.7) 22.7(6.0) ND 22.0(1.8) 22727
27 52.8 (4.9 53.5(5.5) 0 45.7(3.1) 45,1 (8.1) 474 (6'.2)

The allelic equivalent of the derivative chromosome for chrt was determined by comparing the relative intensities of Satlll signals within normal and abrormal metaphases.
Then the intensities of D1Z7 and Satlll on the derivative chromesome and its equivalent normal chr1 were expressed as relative values to those on their homologous ¢hri,
where the latter were set to 100, The mean values calculated frem 30 measurements for normal and abnormal metaphases are presented, and the standard deviations are

given in parentheses.

der indicates the derivative chromosome, and chri*, the normal chri from which the derivative chromosome was generated. ND indicates that there is either no detectable
normal metaphase in the samples or that the normal metaphases are too little to get a reliable statistical estimation.

samples examined (the ratios of D1Z7 and Satlll signals are
summarized in Table 2). Even when the D1Z7 signal on one of the
normal chrls seemed weaker than that on the derivative chromo-
some, the signal reduction in the latter could also be detected
when compared properly with its authentic normal counterpart
(Figure 2N). In the same manner the reduction of the D7Z1
signal on the derivative chromosome was also demonstrated,
except for Pt 27, using D7Z2 as an allelic reference, though the
comparison was more complicated and, in principle, only
possible for those samples that contain normal metaphases
(Table 3). These observations strongly suggest that the break-
points of der(1;7)(q10:p10) are located within the D1Z7 alphoid
¢luster on chrl and D7Z1 on chr7.

FISH analysis of D1Z5 alphoid clusters

D125 is another kind of alphoid on the centromere of chrl and is
clustered on both sides of the D1Z7 alphoid.'”3? Results from
interphase FISH and fiber FISH experiments suggest that there
seems to be no intervening sequences between these alphoids.!”
When the interphase nuclei from normal samples were hybridized
with a D1Z5 probe (CEP1), the 2 separate clusters of DI1Z5 could
be clearly recognized as a pair of doublet signals with different
signal intensities (Figure 3A). In contrast, in all other tumor
samples except for Pt 27, in addition to the 2 pairs of the doublet
signals corresponding to the 2 normal chrls, there was another
signal having the intensity comparable to that of the larger signal in

one of the 2 doublets (Figure 3B). This indicated that the smaller
D1Z5 cluster was lost on the derivative chromosome and that the
breakpoint of der(!;7)(q10.p10) exists between the 2 D1Z5 clus-
ters, most likely within the D1Z7 cluster.

Breakpoint in Pt 27

Pt 27 was considered an exceptional case because no visible D1Z7
or DIZ5 signal was detected on the derivative chromosome,
whereas the D7Z1 and Satlll signals seemed completely preserved
(Tables 2-3; data not shown). This suggested that, in this particular
case, the breakpoint should be mapped between the larger cluster of
D1Z5 and SatIll on chrl and between D7Z1 and the 7q tail on chr7
(Figure 4A).

Interphase and fiber FISH analysis

As expected from these results, pE25.a (D1Z7) and D7Z]6mer
(D7Z1) signals were observed largely overlapped on metaphase
chromosomes as well as in interphase nuclei of der(1;7)(q10;p10)
samples in dual-color FISH experiments (Figure 3C-D). To im-
prove the FISH resolution and to further confirm the direct
recombination between D1Z7 and D7Z1 in der(1;7)(q10;p10), we
performed fiber FISH analysis. As shown in Figure 3E, the D1Z7
(the red beads) and the D7Z1 (the green beads) signals were found
directly connected on the same DNA fiber in 10 tumor samples
examined (Pt 2-Pt 9, Pt 12, and Pt 20).
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Table 3. Relative intensities of D7Z1 and D722 signals on the
derivative chromosome and its allelic equivalent

D7zt D722
Patient norm der norm der

3 1302 {11.3) 72.2{(2.1) 283.0 (40.4) 277.5(38.5)

[ 303.7(9.2) 182.4 (19.3} £9.7 {6.3) 72.1(8.2)

7 133.0 {14.7) 456.4 (8.4) 49.5(6.9) 51.8{7.5)

8 1150 (11.1) 88,6 (5.9) 48.0 (15.1) 48.6(9.3)
12 802 (9.0) 554 (8.7) 364.5(74.8) 364.2 (70.4)
13 2226 (16.6) 168.8 {16.5) 2451 (23.0) 254.3(29.2)
16 293.3 (25.1) 1446 (8.3) 293.0{30.3) 290.3 (25.0%
17 2314 (22.00 210.2 {8.6) 233.0(19.4) 246.1 (16.0)
20 220.7 (15.3) 133.3{4.0) 644 (4.0) 62.8 (2.0}
21 225.5 (18.9) 103.1(12.3) 177.0(8.7) 173.1 {14.8)
22 76.3(4.0) 61.8{1.6) 181.9 (16.9) 182.3(9.7)
23 246.8 (22.1) 118.7 {6.7) 552 (4.3) 54.8 (5.5)
24 1442 (5.1) 84.1{4.0) 74.3(3.8) 755 (2.0)
27 50.1 {4.6) 493 {(4.7) 172.3(19.8) 179.6 {27.8}

The allelic equivalent of the derivative chromosome for ¢chr7 was determined by
comparing the relative intensities of D722 signals within normal and abnormal
metaphases. Then the intensities of D7Z1 and D722 on the derivative chromosome
and its equivalent normatl chr7 were expressed as relative values to those on their
homolegous chr?, where the latter were set to 100. The mean values calculated from
30 measurements for normal and abnomal metaphases are presented, and the
standard deviations are given in parentheses. We were able to obtain the information
regarding the signal reduction of D721 from only 14 of the 27 patients because in the
remaining cases, there were either no normal metaphases in their samples or
the numbers of normal metaphase were too small to make a reliable
statistical assessment.

der indicates the derivative chromosome; and norm, the normal chr? from which
the derivative chromosome was generated.

Distribution of the breakpoints within the alphoid regions

To investigate the characteristics of this translocation more in
detail, we focused on the residual proportions of DIZ7 and D721
signals on the derivative chremosome, which could provide a gross

Figure 3. FISH analysis with the patients using various centromeric alphoid
probes. Interphase FISH with a D1Z5 probe, CEP4, in normal (A} and abnormal {B)
cells. Two-color FISH with pE25.a (green} and D7215m {red} with tumor cells,
showing almost completely overlapped signals {arrows} on metaphase (C) and
interphase (D} nuclei. Original magnification, X 1000. (E) Fiber FISH analysis of
der{1,74q10.p10) using a D1Z7 probe, CEP1/5 {red}, and a D7Z1 probe, CEP7
{green), visualizing direct connection of both alphoids on the same DNA finer.
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Figure 4. Breakpoint mapping In der(1;7)(q10;p10) and proposed mechanism
generating this translocation. (A} Breakpoints are widely distributed within D127
and D7Z1. The ends lo the short arm within both alpholds (%) are free from
recombinations. A broad arrow indicates the hypothetical critical point on each
alphoid. A recombination that eccurs beyond this point might compromise segrega-
tion of recombined chromosomes and eventually result in their loss. Thin arraws
represent the locations of the breakpoints; yellow stars indicate the hypothetic active
centromere. (B) Three possible medels for the quadrineadral formation with relation
to relative location of active centromeres to the breakpoint. Active centromeres may
be either contralaterally (Model 1), ipsilaterally (Model 2), or centrally {Model 3)
positioned. For the sake of stable maintenance of sister chromatids, the contralateral
madel might be favored, and only this seems to be compatible with the real
distribution of the breakpecints and with alelic distibution in this unbalanced
translocation. (C} Proposed mechanism of generation of 48, XY {or XX), +1,
der(1;7}{q10;p10). Active centromere sequences on cht1 and chr? are indicated as
yellow and blue circles, respectively. For simpllcity, some fezatures of chromosomes
are not always as they really are. For example, sister chromatids are depicted
separalely from before recombination, which should be tighlly paired and stuck to
each cther through cohesion molecules.

estimation for the relative locations of the breakpoints within each
cluster. As summarized in Figure 5, the relative reduction in D127
and D7Z1 sequences on the derivative chromosome was different
from patient to patient. Considering each alphoid cluster is
estimated to be several megabase pairs in length, our results
suggest that the breakpoints on c¢hrl and chr7 are not clustered but
widely distributed within the DI1Z7 and D7Z1 sequences among
these patients.

Similarity of the 2 involved alphoid subsets

When hybridized to the human genomic DNA at high stringency,
D1Z7 (pE25.a) and D7Z1 (D7Z 1™ produced almost an identical
hybridization pattern (Figure 6A). To separately evaluate the
specific hybridization of each probe to different homologous
alphoids on different human chromosomes, the DNAs from a series
of monochromosomal human-mouse hybrid cells were examined
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Figure 5. Relative reduction of D1Z7 and D7Z1 con-
tents on the derivative chromosome in different

Residual D127 confent
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Reslfual DTZ1 content
aS2 8580283

by Southern blot analysis using both probes. Under the same
stringent condition, D1Z7 probe strongly hybridized to chrl but
also, to a lesser extent, to chr7, creating the similar hybridization
pattern with 3 major bands of 340-bp dimer, 680-bp tetramer, and
1020-bp hexamer (Figure 6B). D7Z1 also created the similar
hybridization pattern with stronger hybridization to chr7 than to
chrl. While chri6 and chrl9 contain alphoids of the same
suprachromosomal family 1 as D127 and D7Z1,2 the hybridiza-
tion patterns in chrl6 and chri9 were substantially different. No
hybridization was detected in chr2, which has no suprachromo-
somal family 1 alphoid. These results indicated that D1Z7 and
D7Z1 were more similar than other alphoids of suprachromosomal
family 1, not only in their sequence contents but also in their
higher-order array structures.

Discussion

On exploring the centromeric fusion in this unbalanced transloca-
tion, the conventional methods for identification of chromosomal
breakpoints, such as Southern blot analysis, were not available due
to the highly repetitive and polymorphic features of the pericentric
sequences, Nevertheless, it was these features that allowed us the
other approach to molecularly delineate the structure of dern(1;7)(g10;
p10); variations of the large cluster lengths of the involved alphoid
sequences can be easily detected and compared on an allelic basis
by measuring the intensity of polymorphic satellite signals. The
reproducibility of our signal measurements was satisfactory enough
to get a reliable estimation on the alterations of the signal intensity.
Although the relationship between the intensity of FISH signals
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Figure 6. Simllarity of the 2 involved alphoid subsats. Southem blot analysis of
D1Z7 (pE25.a) and D7Z1 {D7Z18e") alphoids in total human genome (A) digested
with BamHi (b}, EcoRI (e), and Hindlll (h), as well as in DNAs from human
monochromoasomal mouse hybrid cells containing chromosome 1 (Neo1 and And), 7
(Neo7 and NTI8), 2 (Neo2), 16 {Nec16), or 18 (Neo19) digested with EcoRl (B).
Locations of dimmer (340 bp), tetramer {680 bp), and hexamer (1020 bp} are
indicated to the left. D127 and D721 created a similar hybridization pattern with some
cross hybridization with each other.

samples. The remaining proportions of D127 {A) and
D7Z1 (B) alphoids are depicted based on the measure-
ments of FISH signals, They show great variations from
patient to patient, Indicating the wide distribution of the
breakpoints within each alphoid in der{1,7){q10;p10).
MNote that the extrema ends to the short arm within both
alphoids are retained, and therefore are devoid of break-
points. As indicated by the armows, the 1p portion of D127
and the 7q portion of D7Z1 are lost on the derivative
chromosome,

and the alphoid length might not be linear, it was still expected to
be monotonic. Given this monotonic relationship, we could grossly
estimate the relative reduction in the length of both involved
alphoid clusters. According to this estimation, the proportion of
shortening of each alphoid sequence is highly variable, indicating
that the breakpoints of der{1;7)(q10;p10) translocation were widely
distributed within D1Z7 on chrl and D7Z1 on chr7, although they
seemed to spare the extreme end to the short arm within both
alphoids (Figure 5). Therefore, it seems unlikely that there exists a
unique gene target at or near those breakpoints, and the leukemo-
genic potential of this translocation may well be ascribed to altered
gene dosages resulting from trisomy 1q andfor monosomy 7q,
well-known chromosomal abnormalities found in MDS/AML
(7q—) as well as many selid cancers (+1q), even though the critical
gene targets for these deletion and duplication remain to be unveiled.

FISH analysis in this study also provided additional information
as to the structure of the alphoids on chrl, their order being
1p-D1Z5 (smaller cluster)-D1Z7-D1Z5 (larger cluster)-1g. Of
interest is that this translocation generates a derivative chromo-
some that contains 4 alphoid subsets at its centromeric region, 2
from chrl and the other 2 from chr7 (mapped as 7p-D7Z2-partial
D7Z1-partial D1Z7-the Jarger cluster of D1Z5-1q). This is the first
report in the literature that 4 alphoid subsets coexist on a single
centromere. Further investigations will be required to understand
how this multi-alphoid centromere can function and be maintained
in eukaryotic cells.

With regard to the exact sequences that participate in this
centromeric fusion, our fiber FISH results strongly indicated that
D1Z7 and D7Z1 were directly involved in the DNA recombination.
This is also supported by the fact that the centromere alphoid
clusters are highly ordered tandem arrays without interruptions by
other elements!®32.% except at their marginal regions of the
cluster. 3% In addition, both alphoids have extremely high struc-
tural homology, which is estimated to be about 90% at a unit
component level. Both are composed of dimer and tetramer repeat
units, each of which is defined by EcoRI sites. This extreme
similarity in their higher-order array structures was also confirmed
by our Southern blot experiment (Figure 6). These particular
similarities in the unit component as well as higher-order structures
seem to make both alphoids especially prone to be recombined to
each other,

Although the exact mechanism through which this alpheid
recombination takes place is still unclear, we may postulate that it
is mediated by an error that occurred during DNA repair processes
because, clinically, dcr(l;?)(q]O;pIO) has been closely associated
with secondary MDS/AML that arises after heavy doses of
chemotherapy, especially of alkylating agents, the well-known
antitumor drugs that cause DNA double-strand breaks (DSBs).3637
As the excessive accumulation of DSBs imposed on either D1Z7 or
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D7Z1, cells would recruit the repair processes, which are thought to
erroneously mediate recombination between these highly homolo-
gous alphoid sequences. Given that the initiating DSBs occur
randomly, it might be expected that the chromoseme having a
larger centromere alphoid content would be involved more fre-
quently. In fact, in our case scries, the der(1:7) tended to be
originated from the homologous chromosome with a larger alphoid
content. Participation of the chromesome allele with a larger
amount of D1Z7 and D7Z1 was observed in 19 of 26 and 11 of 13
samples, respectively.

From a cytogenetic point of view, der(1;7)(ql0;p10) has a
consistent feature in that it contains 2 apparently normal chrls and
only one copy of normal chr7, and our analysis has clearly
demonstrated that the 2 apparently normal chrls as well as the
remaining chr7 and the 7p of the derivative chromosome in the
tumor cells always have different allelic origins. To explain this
prominent cytogenetic feature we could assume that the recombina-
tion occurs during or after DN A synthesis (Figure 4). In this model,
a double-stranded DNA breakage taking place on ome of the
just-duplicated daughter chromatids of chrl or chr7 evokes a
recombination repair process, during which an error occurs to
misconnect the D1Z7 and D7Z1 sequences and leads to the
quadriradial formation involving the 2 pairs of daughter chromatids
(Figure 4B-C). At this stage, there may be several possibilities as to
the way of kinetocore formation and separation of duplicated
chromatids, as shown in Figure 4B. This process {mitosis) is
thought to invelve a number of well-coordinated interactions of
DNA and proteins, and, for the time being, we could not know its
exact mechanism. However, the cytogenetic profile of the der{1;
7¥ql0;p10) seems to be most simply explained by Model 1 shown
in Figure 4B, in which “active™ or “critical™ centers of kinetocore
formation on the replicated chrl and chr7 are both polarized to the
short arm of cach chromosome. According te this model, the
quadriradial daughter chromatids, also previously proposed by
Morrison-DeLap et al,® will be separated following the usual
mechanism of mitosis. Of the 2 possible ways of chromatid
distributions only one will result in the unbalanced translocation
with uneven distribution of chromosomal materials, which might
confer a growth advantage to the cells that inherit der(1;7)ql10;
p10} (Figure 4C). Although in the budding yeast, only a 125-bp

References

BREAKPOINT ANALYSIS OF der(1,7)(q10;p10) 2603

sequence ensures the complete centromere functions including
kinetocore attachment, spindle formation, and successful chroma-
tid scparation, little has been known about the essential part of
mammalian centromeres. In order to explain the unique karyotypic
feature of der(1;7){q10:;p10), we hypothesize existence of the
sequences related to this active centromere function and kinetocore
formation to the centromere region polarized to the short arm of
cach chromosome. There is no definite evidence for this hypothesis
but there are some rationales: first of all, this gives us the simplest
explanation. Once the quadriradial structure is formed, the cytoge-
netic configuration of der(1;7)(q10;p10) under interest will be
directly generated without involvement of any other abnormalities
in mitotic machinery. Second, our model also holds true for Pt 27,
an exceptional case in terms of the location of the breakpoints,
because the quadriradial chromatids (Figure 4A-B, Model 1) in Pt
27 are expected to retain the whole of the D7Z1 and D722 clusters
on its 7p arm and the whole of the D1Z7 and D1Z5 clusters on its
Ip amm. In this case we could more safely conclude that the active
centromeres are ocalized to the 7p and 1p arms. Finally, as shown
in Figure 5, the breakpoints strangely spare the short-arm ends of
both D1Z7 and D7Z1, where we presumed the hypothetical active
centromere elements are localized.

In conclusion, we disclosed the molecular characteristics of
der(1;7)(q10:p10), onc of the most common forms of chromosomal
abnormalities found in secondary MDS/AML. It directly involves
2 centromere alphoids of its participating chromosomes, and the
underlying mechanism that gives rise to this translocation seems to
be closely related to the structural similarities of both alpheids and
their association with centromere functions. It requires further
investigation of human centromere structure and its functions to
fully understand the entire pathogenesis, which may serve as
prevention of this translocation with poor prognosis.
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Identification of a novel fusion gene, TTL, fused to ETV6 in acute lymphoblastic leukemia
with t(12;13)(p13;q14), and its implication in leukemogenesis
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ETS variant gene 6 (ETV6)/translocation, ETS, leukemla (TEL)-
involving chromosomal translocations are frequently observed
in various hematologic neoplasms. We describe here a novel
ETV6&-involving translocation, 1(12;13)(p13;q14), found In the
case of acute lymphoblastic leukemia, in which ETVE fused with
a previously unknown gene, named Twelve-thirteen Transloca-
tion Leukemia gene {(TTL), at 13q14. TTL was weakly but
ubiquitously expressed in normal human tissues as detected
by reverse transcribed-PCR. Three TTL splicing forms were
identified, TTL-T from a human testis ¢cDNA library, with an
open-reading frame of 402 bp encoding 133 amino acids {aa),
and TTL-BT and -B2 from a human brain ¢cDNA library. These
proteins have no homology to known proteins. In leukemic cells
from the patient, both reciprocal fusion transcripts, ETV6/TTL
and TTLETVSE, were expressed. The predominant fusion
transcript, TTL/ETVE-1, encodes a predicted 530 aa fusion
protein containing 89 aa of the N-terminal TTL fusing to the
helix-loop—helix domain and ETS-binding domain of ETVE.
Although the function of TTL Is yet to be elucidated, our
findings will provide another insight into the molecular
pathogenesis of leukemia having ETVé&Involving transloca-
tions.
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Introduction

Leukemia-associated chromosamal translocations frequently
result in the creation of aberrant fusion genes, which play a
pivotal role in leukemogenesis." A number of chimeric genes
have been cloned and characterized from nonrandom translo-
cations, including AMLI/MTGE in  t(8;21)(q22;q22),°
PML/RARA in t(15;17){q22,q21),3 and ETVE/PDGFRS in
t5:12)(g33;p13%* ETV6 (ETS variant gene 6), also known as
TEL ttranslocation, ETS, leukemia), is a member of the Ets family
of transcription factors and is characterized by a C-terminal Ets
domain responsible for specific DNA-binding activities and an
N-terminal helix-loop-helix (HLH) oligomerization domain that
is suggested to play a role in the protein—protein interaction with
Ets factors to modulate transcriptional activity. ETV6 is mapped
to chromosome 12p13 and was originally identified as a gene
that is fused to PDGFRf gene in 1(5;12){q33;p13), one of the
recurring chromosomal translocations found in chronic myelo-
monocytic leukemia (CMML).* Subsequently, a growing number
of genes, including ABL® JAK2,%7 TRKC® AML1,~"" MDSL/
EVILY MN1' CDX2'* STLY BTL' ARG, ACS2,'t
HLXB9," and PAX5,2® have been identified as fusion partners
of ETV6 in more than 40 different chromosomal translocations
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in a broad spectrum of hematopoietic neoplasms. In normal
hematopoietic cells, ETV6 appears to act as a transcriptional
repressor and is essential for the definitive hematopoiesis,®'*?
However, several implications have been advanced as to the
significance of functional modifications of ETV6 and transloca-
tion pariners in leukemogenesis. Therefore, the identification
and characterization of new fusion partners of £TV6 may help to
further understand the critical rale of ETV6 in the development
of leukemias with these ETV6-involving translocations.

t(12;13) is a rare, but recurring chromaosome translocation
described in a wide spectrum of leukemias including acute
lymphoblastic leukemia (ALL), 23727 AML,28-3* CML,?% CLL, and
MDS.*® A literature search revealed at least 35 or more cases
with t{12;13) harboring breakpoints cytogenetically scattered
from 12p11 to 12p13 and from 13q11 to 13g34. With regard to
the breakpoints on 134, there seem to exist at least three distinct
types of translocations:  t(12;134p11-13;q12), t(12;13)
(p11-13;q14), and t{12;13)(p11-13;q34}. Among them, 13 cases
had a breakpoint at 12p13 and 13q14, incfuding seven cases of
ALL, four cases of AML, one CMML, and one MDS. In ALL, five
had a pre-B-lineage phenotype and six were pediatric ALL. The
molecular nature of these t(12;13)p13;q14) translocations,
however, has not been clarified to date.

We report here a molecular delineation of a case of
t(12;13)p13;q14) observed in an adult pre-B ALL, in which
ETVG is rearranged with a novel gene, TTL, on 13q14, and both
ETVE/TTL and TTL/ETVE fusion messages are transcribed. Qur
finding might provide important clues in understanding the
molecular mechanism of the t(12;13)(p13;q14) translocation in
leukemogenesis.

Materials and methods
Patients

The patient was a 46-year-old man, diagnosed as ALL in 1995.
Cytogenetic analysis of his blasts showed a karyotype of
46,XY,add(6)(q15),t(12;13)(p13;q14),add{22)(g11). Once he at-
tained a complete remission, but was relapsed thereafter and
died of the refractory disease 4 years after the diagnosis. The
immunophenotype of his blasts was CD10(+/=), CD19{+),
CD20(-), €D33(+), and CD34(+). The sample used in this
analysis was obtained with the informed consent.

Fluorescent in situ hybridization (FISH)

Since this translocation involves 12p13, which is the locus for
ETV6, we investigated the potential involvement of ETV6 gene
by FISH experiments with a panel of cosmid probes containing
different exons of ETV6. The cosmids were kindly provided by
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Figure 1 Analysis of breakpoint on chromosome 12. {a} A genomic map of ETV6 exons and location of the cosmid probes used for FISH
analysis. (b} FISH analysis of the patient’s leukemic cells. The signals were found both on the der(12} and on the normal 12 with 2G8 probe, which
contains exons 1B, 3 and 4. {c) Southern blot hybridization with a genomic probe (94H4-F). Rearranged bands, indicated by arrowheads, were
found only in patient samples, but not in contro! cells. (d) A partial restriction map of casmid 94H4 spanning the breakpoint region and ETV6 exon
2. The location of the probe is indicated by a black box.
Dr Peter Marynen (University of Leuven, Belgium). The order  Rapid amplification of cDNA end (RACE)
and the relative locations of these cosmids are depicted in
Figure 1a. FISH analyses on chromosome 12 were performed  We adopted the RACE method to identify the fusion partners of
according to the standard procedures.*®?” Briefly, the probes  ETV6 in t(12;13)(p13;q14). Assuming both reciprocal fusion
were labeled by nick translation using biotin-16-dUTP (Boeh- transcripts involving £TV6, 3'RACE was used for obtaining the 3’
ringer, Mannheim, Germany). After overnight hybridization and fusion fragment with ETV6 exon 1, and 5'RACE for the 5' fusion
posthybridization washes, the hybridized probes were detected  fragment. Total RNA was extracted from a cryopreserved
via an avidin-fluorescein isothiocyanate (Boehringer, Man- leukemic sample of this patient as described previously.*® For
nheim, Germany). For identification, chromosomes were 3'RACE, the primer R2N6 was used for reverse transcription.’
counter stained with 4,6-diamidino-2-phenylinodole. The pre- Nested 3'RACE-PCR was performed using primers specific for
sence or absence of the FISH signals was scored on an average ETV6 exon 1, ETV6-Fia and ETV6-F1b, in combination with
of three to six abnormal metaphase cells per probe. primers N6R1 and N6R2, respectively.”'® For 5'RACE, the first-
strand ¢cDNA was tailed with dCTP, followed by nested PCR
with primers specific for £TV6 exon 3, ETV6-R3a and ETV6-
Southern blotting R3b,'® in combination with primers of 5"-adaptor-UAP-1 and 5'
adaptor-UAP-2, respectively. The nucleclide sequences of
In all, 10 ug of high-molecular weight DNA were extracted from primers R2ZN6, N6R1, N6R2, ETV6-Fla, ETV6-F1b, ETV6-R1a,
blood and bone marrow cells of this patient by standard and ETV6-R3b are the same as described by Peeters et al’ and
procedure, digested to completion with either Hindlll or EcoRl Cools et al.'® The thermal cycling profile was as follows: 94°C
restriction endonucleases and subjected to Southern blot  for 2 min followed by 35 cycles of 94°C for 455, 60°C for 4555,
analysis as described.*®?? According to the restriction enzyme  72°C for 905, and a final extension at 72°C for 10 min. The PCR
map, a series of genomic probes covering the region from exons praducts were subcloned into the TA vector (Invitrogen, Tokyo,
1 to 3 of ETV6 gene were prepared by genomic PCR and labeled Japan) and the positive colonies were screened by colony
with **P- deoxycytoxine triphosphate (dCTP) by random  hybridization using the standard protocols. We isolated clones
priming. PCR primers of 95H4-F1 and 95H4-R1 were used for positive {or the FTV6 exon 1 but negative for ETV6 exon 2 in the
making probe of 95H4-F. 3'RACE experiment, and those positive for ETV6 exon 2 and
Leukemia
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negative for ETV6 exan 1 in the 5'RACE experiment were
selected. All the selected clones were sequenced using
flucrescently laheled dideoxy terminators on the 377 Applied
Bisystems automated sequencer (Applied Biosystems, Urayasu,
Japan).

¢DNA library screening

Human testis and brain cDNA libraries in lambda gt
(10° pfu/ml) (kindly provided by Dr Shuntaro Ikawa, Tohoku
University, Japan) were screened for ¢DNAs of the fusion
partner with the fragments identified by 3'RACE experiments as
probes. The probes were labeled with **P-dCTP by random
priming. Positive clones were subcloned into pBluescript-KS{-)
and sequenced.

Radiation hybrid mapping

The GeneBridge 4 Radiation Hybrid Panel (Research Genetics,
Huntsville, AL, USA) was used for chromosome mapping. A
series of PCRs were carried out for this panel by using primers
RHM-F and RHM-R, which are specific for the fragments
identified by 3'RACE experiments. The PCR cycle cordition was
as follows: one initial cycle of 2-min denaturation at 94°C,
followed by 45 cycles of 30-s denaturation at 94°C, 30-s
annealing at 60°C and 1-min extension at 72°C, and a final
cycle extension of 10-min at 72°C. The PCR results from the
radiation mapping vectors were formatted according to the
manufacturer’s instructions and were analyzed using the
server at the Stanford Human GCenome Center (http://
www-shgc.stanford.edu) to search the STS markers on the
screening panel.

Reverse transcribed reaction-PCR (RT-PCR)

In all, 5 ug of the total RNA from leukemic cells of the patient
were RT with 2 U of Moloney murine leukemia virus reverse
transcriptase {(MMLV-RT, Stratagene, USA) using a random
hexamer or an oligo-dT primer (Ro-Ri-oligo-dT).'* One tenth of
the synthesized c¢cDNA was directed to PCR analysis. For
amplification of ETVG/TTL transcripts, primers ETV6-F1 and
TTL-R1 were used for the first round, and ETV6-F2 and TTL-R2
for the second round. The first and second round primers for
TTL/ETVE were TTL-F1 and ETV6-R1, and TTL-F2 and ETV6-R2,
respectively (Figure 2). For amplification of TTL messages, we
used TTL-F3 and TTL-R3 for the first round PCR, and TTL-F4 and
TTL-R4 for the second round. For detection of full-length ETV6
expression from leukemic cetls of the patient, primers ETV6-F1
and ETV6-.R3 were used in the RT-PCR. The PCR conditions
were the same as described above,

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed using a Light-
Cycler-FastStart DNA Master SYBR Green | kit and instrument
{Roche Diagnostics, Mannheim, Germany). For the construction
of standard curves, ETV6- and TTL/ETV6-containing plasmids,
pME18s-FTV6 and pME18s-TTL/ETV6,*® were used with serial
dilutions according to the manufacturer’s instructions and the
concentration of MgCl, was adjusted to 2mm. The RT cDNA
samples from the patient were prepared as described above.
PCR primers for ETV6 amplification are ETV6-F3 and ETV6-R4,
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and those for TTL/AETVE are TTL-F4 and ETVE-R2Z. PCR
conditions are as follows: initial denaturation at 95°C for 10
min, followed by 30 cycles at 95°C for 153, 60°C for 55 and
72°C for 8s. Data were calculated by using LightCycler™
analysis software provided by the LightCycler apparatus. The
specificity of the PCR reactions was also verified by ethidium
bromide staining on 2% agarose gels.

Primers

Primers used in PCRs were listed in the Table 1.

Results
Identification of the breakpoint on chromosome 12

From the G-banding analysis, the breakpoint on chromosome 12
was expected to be within ETV6 gene. To test this, we performed
FISH experiments using several probes from the ETV6 locus
(Figure 1a). Hybridization signals from cosmids 179A6 and
50F4, which contain exons 1A and 2 of ETV6 gene, respectively,
were found on der(13) as well as the apparently normal
chromosome 12 (data not shown), whereas signals from cosmids
2G8 {Figure 1b} and 163E7 (data not shown)} containing exons
1B, 3-5 , respectively, were on der(12) but not on der(13),
indicating the breakpoint on 12p13 to be within ETV6 gene,
around exon 2. To further define the breakpoint on 12p13,
Southern blot was performed with a series of genomic probes
covering the range of introns 1 and 2 of ETV6 gene. With a
genomic probe located in the intron 1 of ETV6 gene, tumor-
specific rearrangement bands were identified (Figure 1c and d).
According to the restriction map of ETV4 and the sequence
analysis of the locus, the breakpoint on 12pi13 was
finally localized within a 5.6kb Hindlll/EcoRl fragment,
which is between ETVH exons 1 and 2, (Figure 1d),
indicating a possibility that ETV6 may participate in the
genetic aberration that would result in the generation of a
fusion transcript involving the other yet undefined gene on
13gi4.

Identification of the fusion partner of ETV6 with
RACE-PCR

To identify the possible fusion partner of ETV6, we tried 3’ as
well as 5'RACE-PCRs for leukemic samples from the patient.
Although the 5'RACE PCR failed to amplify possible fusion
messages, 3'RACE-PCR products were successfully obtained,
subcloned into plasmids, and screened by colony hybridization,
in which colonies positive for ETV6 exon 1 and negative for
ETV6 exon 2 were isolated and subjected to the sequencing
analysis. All the analyzed clones contain a still unknown
sequence with a consensus 450bp in length (F450 fragment in
Figure 2a) immediately after the end of the ETV6 exon 1. As
shown below, the latter unknown sequence was revealed to be a
part of a novel gene, designated as TTL for Twelve-thirteen
Translocation Leukemia gene. The chimeric transcript
comprises the ETV6 exon 1 in-framely fusing to the F450
fragment, within which a stop codon appears 60 bp downstream
from the fusion point. To further confirm the localization of the
F450 fragment, we performed radiation hybrid mapping. The
data were transmitted and analyzed by the Stanford Human
Genome Center and indicated that this novel sequence was



A novel ETV6 fusion partner

YCazetal
1115
a
13 g telomere centromere
TIL
exon
FoXo1A 1 2 3 4 5 6 7 g b Fa50. o
! b I |
A A A
ATG TAG TAG TAG
{(TTL-T} {TTL-B2) {TTL-B2}
RP11-350A18
RP11-89L15 RP11-172E9
1kb
b TS
1 2 3 4 5 § 7 8a8b
TTL-T C T T TONESSSS T 1T Jpoly A
CRF
1.2 3 4 9
TTL-B1 T RO AN R Ipoly A
—_— "+ T7TL.R14
ORF
#+TTL-382-FITTLA11-F
1 2.3 4 5 8 9
TTL-B2 it St g X0 RN ] poly A
ORF
12 3 4 5
ETV6 C LT
e HH
ETV6-F1-3 ETV6-R1,24
TTL ETV6
5¥2 31 4 5
TTL/ETVE-1 I S SO S I R R
ORF
TTL<TPETV6
5 8a” 2 3 4 5
TTL/ETVE-2 T ASSSSSE 1w
ORF
ETVI TTL
ETVE/TTL {
dr_a 1
ORF
Figure 2 Schematic diagrams of TTL and its fusions with ETV6. (a) Genomic organization of TTL exons (black boxes) and FOXO1A gene (a
hatched box) are illustrated with corresponding BAC clones. The locations of putative initiation and stop codons are indicated by arrowheads. (b}
Schematic representations of three alternative splicing forms of TTL, ETVS, and the fusion transcripts. The expected ORF of each transcript is
underlined with solid bars. The ORFs of different TTL splicing forms are also shown by hatched boxes. Boxes with broken border indicate possible
sequences that could not be successfully isolated but expected to be present in each splicing form, Double arrows are the positions of RT-PCR
primers as described in the materials and methods. HLH: helix-loop-helix domain, ETS: Ets-family DNA-binding demain.
located on the long arm of chromosome 13, between However, using nested RT-PCR, we could find almost ubiqui-
CHLC.GATABBO? and WI-13180, tous TTL expression in human tissues, including lung, liver,
thymus, and bone marrow (Figure 3a). The TTL message could
be detected on the first round of the nested PCR in brain and
Identification of full-length cONAs for a novel gene, TTL  testis, suggesting relatively higher expression of TTL in these
tissues. By screening human testis and brain ¢DNA librartes with
Since the unknown 450bp sequence from the putative novel the 450bp novel sequence (F450 fragment) as a probe and
gene, TTL, has no homology to known genes, we first examined employing 5 and 3'RACE and RT-PCR, we identified three
its expression in human tissues. Northern blot analysis using a splicing forms of TTL, TTL-T, TTL-BT and -B2 (Figures 2b and 4.
human RNA panel failed to detect any TTL transcripts. Accession nos. AY116214, AY116215, and AY116216,
Leukemia
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Table 1 Primers used for PCR amplifications

Name Sequence (5"~ &)

94H4-F1
94H4-R1
5'-adaptor-UAP-1

GCCGGTGTTGCTATTACTCC
CTTTGGGACACATGCCATAA
CCAGTGAGCAGAGTGACGAGGAC
TCGAGCTCAAGCGGGGGGEG
CCAGTGAGCAGAGTGACG
AACAGCAT GGAGCAAGGAAA
GGAGAGACTGACCCATGGAC
TCCTGATCTCTCTCGCTGTG
TITCCTTGCTCCATGCTGTT
GAGACTCCTGCTCAGTGTAGC
CACCTGAGTCCTCAGAAAAGG
CATTGCTGAGATGAGTGAGGA
GTGTTGCTGTCAATTGGCCT
TCAGAAAATCAGGCCTCCTC
GAMACTCATTTTCAGCCCAC
TCAGAAAATCAGGCCTCCTC
CAGACTGGCCAACAGAGACA
GGAATGTGCCTCAGCTICTG
GTGTGAGGAGAGGGGTCAAA
AAGTGTCCCTGCCATTTCTG
TGAGACATGTCTGAGACTCCTGCT
TCGAGTCTTCCTCCATCCTG
CCTGGAACATGGRAGATGCT
TITGCTGAAGGAACGAGTGA

5-adaptor-UAP-2
RHM-F
RHM-R
ETV6-F1
TTL-R1
ETVE-F2
TTL-R2
TTL-F1
ETVE-R1
TTL-F2
ETV6-R2
TTL-F3
TTL-R3
TTL-Fa
TTL-R4
ETVE-R3
ETVE-F3
ETVE-R4
TTL-382-F
TTL-411-F

respectively.) The sequences of these clones were further used to
search GeneBank for genomic clones corresponding to the TTL
locus, and we identified two BAC clones for the TTL locus,
ramely, clone RP11-350A18 and clone RP11-172E9 (Figure 2a).
By comparing c¢DNA sequences with deposited genomic
sequences of these clones, we determined the genomic
organization of TTL exons depicted in Figure 2.

TTL-T, isolated from human testis library, is 2090 bp in length
with a polyA tail and composed of TTL exons 1-8. The longest
open-reading frame (ORF) of T7TI-T, that follows the Kozac's
rule, harbors exons 4, 5, and a part of exon 6, encoding 133
amino acids (aa} which so far has no homology to known
proteins in GeneBank (Figures 2a and 4a).

TTL-B1 on the other hand, was originally isolated from the
human brain library as a fragment containing part of exons 5 and
9, By 3'RACE in comhination with a series of PCR experiments
(data not shown), we determined its polyA end that appeared at
the terminal of exon 9 consisting of 3183 bp. In the following
nested RT-PCR on human testis RNA using outer (TTL-382-F,
TTL-R3) and inner {TTL-411-F, TT1-R4) primary sets (Figure 2b),
we identified a transcript that contained TTL exons 4, 5, and a 5
sequence of exon 9. Thus, the expected TTL-BT splicing form
consists of at least 3450 bp and contains an ORF, which starts
from the same start codon as TTL-T but differentially terminates
at the 20th codon {TGA) of exon 9 (Figures 2b and 4h).

Finally, we alsa found the other form of TTL, TTL-B2, in which
the exon 8a sequence is inserted between exons 5 and 9.
Expression of this form of transcript was detected by RT-PCRin a
wide variety of tissues and cell types, including bone marrow,
thymus, spleen, and liver (Figure 3a, the large band). Although
we could not isolate the full length of TTL-8B2, it may well
correspond to the TTL-BT form with an exception that it has the
insertion of exon 8a between exons 5 and 9 (Figures 2b and 4b).
The putative TTL-B2 has 3588bp and its ORF is supposed to
share the same ATG codon with TTL-87 and TTL-T, but stopped
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Figure 3 Expression of TTL and TTL fusion transcripts. (a} RT-PCR
analysis of TTL expression in normal human tissues. Two specific
bands were detected according to the presence or absence of the exon
8a in the transcripts as revealed by sequencing of the PCR products.
Primers, TTL-F3 and TTL-R3, were for the first round PCR, and TTL-F4
and TTL-R4 for the second round PCR. GAPDH positive controls are
shown below. (b) Detection of TTL/ETVS as well as ETVE/TTL fusion
messages by RT-PCR in the patient’s feukemic sample. Two alternative
forms of TTLAETVE (with primers TTL-F1 and ETV6-R1 for the first
round PCR and TTL-F2 and ETV6-R2 for the second round) and a
single ETVE/TTL fusion transcript (with primers ETV6-F1 and TTL-R1,
and ETVE-F2 and TTL-R2 for the first and second round PCR,
respectively) are specifically detected in leukemic cells having
1{12:13)p13;q14). {c) Detection of ETV6 message with RT-PCR. With
primers within ETV6 exon 1 (ETV6-F1 primer) and exon B, (FTV6-R3
primer} the predicted product is 1516bp in length.

immediately within exon B8a (Figures 2b and 4b). Thus, the
predicted amino acids from the three splicing form share the first
89 aa encoded by a part of exons 4 and 5, but have different
carboxyl termini depending on the different splicing.
Expressions of TTL-B1, TTL-B2 (Figure 3a), and TTL-T (data
not shown) were demonstrated by nested RT-PCR in a variety of
normal tissues (Figure 3a) as well as leukemia/lymphoma cell
lines, including Raji (B-malignant lymphoma), HPB-NULL
(B-ALL), BALM1 (B-ALL), KCL22 (B-CML), MT1 (T-ATL), Peer
{T-ALL), ATL35 (T-ATL), and Jurkat (T-ALL) (data not shown).
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RV U« IS PR M A A S 13 1 W T P L X D K E TTC ATA TCC CTT CAC ATT ACA TCA AGC TGG CTC AGT ©TC TCT CTT CTC CTC TGS H1O
ST RGT T GAG AAG AGC GCT TTC CAC OCC TCT OCT TCA GGA OCA TOC TGG ATG 756 OCA GAC AAT GOC AGA TCA CCT TOG TCA AGC ATG TOC TCT GGA CTA ATT &K CCA B4
K 4 W E K 5 A F H P S P 5 G P 5 W M GMC CAG GAT TAT TTA AAT ACA ACT CGT CCA TCT GCA CTT GTC CTT AAK ATC TGA Y18
ARG G FAR ITE TOC TOT TGG (G TCC TAT OGC TG CAA TAG OTT TCT TGC TCT B16 TTT ATA GAA GGT C7G TGT GG CTT GGC ATT ICT OGT GTC CAC TCA TTC TGT CTA 172
¢ L U L ¢ S W L S Y G W Qg * CTG AAT TGT CCT TCT TCC ATG ACG CCA GTG GTG ATA GAT CTC ACC CTC CTC TOA 1G2A
€M A I ARA ARG CAG GOT GTG TGT GTG TGT GTG CAT GOG TG ACG TGC TCA B64 TCC CTG GGC CIG TTG GTT G706 GAG TTT ATG GGC CAC TTC TGC AAC TTG ATG CCC HRE0
T GG CAT GOA CTG GAA BIC TAA GOC TGA GOC ATC GAA TGA CAA GAT 0CC TGA 918 TIG GOC CAT GGA AAG GOC TCT CAC OCC TTT TCT GGC ACT AGA ATG GAA GCT TCA 1134
AT R AGG 10 CAG RGC 100 TTA OO0 RAC CCC TAA TTT GOT GGG GCT GGG CTC 972 GTA GGG CAG GAA CCC TAT TTA GGC ATT TCA GTT NG GCT TGG CAC ACT O7C TTG 118K
17T UTA BTG (XX TGE UAG ACT UTG GTA GGC ACA AGG AGA CTG GCT GTA TAT GTC 1026 CAT GGA GAA AGC TCA GAA TAA GAC AGA GAT CCT MR GTA TCT TCA ACA GAA CTA 1242
WL TGT LU0 (TG GGC GAC TOT CCC AGT GAG CAA GGA CAC CAC CAA CCT TCT TCC 1080 ATC TGA CRA ATT TCC AAG GCT CCT TTG GGA GAT AAR ATC TAC TTG GGG GRh TGG 1234
COC CTA DAC COT CUA TAG GAC AGT GAG ATC CTG CAT TGG ATT ATG CAT GAO GTG 114 GAA AAS GAT GTC TAC ATA GAT TTA GAA TAA CGA OCA CCA CCA OCA TCA TCA TOC 1350
TAT MCA (TC TGO TTG TAC GTA TGT ATG GAA GAA AOG ATT TTG GCT TGA RAC ATT 1188 TTG ACA GAA CCT TTA TGC CAG GTG C€TG TTC TAA AGC ACT TTA CAT ACT TTA TCT 1404
PPTOCPTT ATT GGC AGA GAC AGC ACT TCT CTT AAA GGA AAT GOC GGA ATT TGC Chh 1242 CAT TTA ATC CTA ACA BCA GCC CTG TAA GAT AAC TGT TAC TAT GCG CTT TTT ACC 1458
ACTOAMG ST LA GAR GAA AKT ATA MG GAL AGT GTA AAA GAA ATC CAT GTT CAA 1296 TIT AAT GAA GAA ATA GOC TCA GOG AGM TTA AGA AAT TCA CUC AAG GTU ACA GAG 1512
NA PR CA WY CTG AAA CAT TCA AGA TTT TTG TGT GAA CAT CAC ATT GTG GGA 1350 CFA GAA TGT GAA AGA GCT GGA TTT OCA ACC CAA GIG TCC CTG ATC TCA ACT (TG 1566
LA RAR TTA AT TAA GOT GST CTC TGS CAA GCA TTC GRA TGA AAG CAD AMC TGG 1404 ATC TAA GAT GUG GAC GCA CAT GOG CAG AAT GAT GAC GTG CTC TTT CCA ACC 0T 1620
KX OAMS TV AIG GTG CTT GGG CAT TIT TTG CAA GRA GOC RAR CAG AGC ATA ATC 145R CAT TTA GOC AGC ATG TCA GMI GOC ARG GTG TCT TCA GCA ACC ATT TCA TTT GTA 1679
AiACTGA CAR TCA O0G ATC CUA MG GCT GGG TOC TTT TCT TCA TCT CAT TAA CAC 1512 AAC ATA CGT GTT TTT ATC CTT GGT CTA CGC ANT AGT RTT ACU ACA CAG GTA ATA 112R
WA MR AT TAA CTG CTT TGG GTC C0G AGG GTC CCA AGG ARG TGC CAA ARG AAC 1566 CCA GTG GGT GCT GGG TGT TTT TTT TTT TTT ¢CT CTT CTA CAT ATT CCC 'ICC AAA 1187
G AR T UTT CAC CTC CAC BAC TCA ATG ACA GGC ACA GAR GGA RTG ART TTC 1620 ATA AAT TAT TAA TTG CCC CTC TIC TAA ATC TTA TGT CAC AGT CTT TAA TOC CTG 1836
AT EAA AAA ATA TTT ATT GAG UAT CCT CAG AAT ATT TAT TGT GCA ARC TAC TGT 1674 CAT CIG AAT TGC TGT TAh AAC ATC TCT TOG AGT OUT TCC CTG TGA TAT TAC AGT 1840
TG AR CAC CAA AGG AGC GGA GG TOC CAG CTC CTT TAT GGA GTC TCC AGT CCA 1724 GOT TCC TGC GGC GTA ATC OCA CTT GCT GGT TTT TOU OTT TGU ATT GCA TIT 1944
NG M TGA AT CAA CTA ACT AGA AOC ABA CGC AGC TCA GAG CAA GTG CCC TGC 1782 GGG TGA TGA ATG GCC CTT TGA TGT TCC TGG CAT CTG CCT TOC TGO €1 AGG AM' 1798
Mal AGA PTG AAG CAR AGT GOC AGA GAA OGT GGG GG CAT 2CA AOA AXU AIG TIG 1816 TCA €TG <TG GGT QCT CTT TTC CCT GCT AAT GGC CCT GTT TGC CTI' A DGA CAG 2052
GAA GAG ATC ATT CTC CTG 'TTT GCA MAT GAS AMA CAA GTA TAG GTO TGA MA GAC 1890 AGA CTC AGA AMC ACT TGC ACC CAC GGC ACC TTT GGA CAT TG AGT TTG COTT 2106
O7G TOC ACA QOC ATT CAA CAR ATG ARA AQF OCA AZC GAA GAT OGO MOC POA TP 1044 C1G TIT CAC TCC €CT TIC TTIC TAT TTT TCT TTA CTC TGC CTC TIC TGT TCT TTG 2160
CIT ACA OCC €CAG GTA TCT GCT AT CAT CTT GGG TAA GAC CAC AGG GAC CAC CAA 1998 CTC TGG CCT GCT CCT GTT CCC TOG CAG CTC CAG CCA TGC AGC AAA CAG TCA CCA 214
VA W AR AAG AGA CAC TG ATT GTT TOC TGG ATG TTC CAG TTT TGG GGC CCA 2052 GTC TTC ACT TTA TCC TCA GAA CTG GTG ACA CAG CAC CTA CTC TCC TTA TCT CTG 2268
TN ATA TAT GOC ATT TAT TTT ACA TGC TTT CTA AAA AR D' TAG AGG CTT CCT CCA AAA TTT CTA TTA CTT AAC CCT TTC TCC TAG ACT LCT (CT 2122
TGE CGC TCA TCA 0% CTG AGG CCC TOC TCA GAT CTG TTT COC TCA GTT CTT T6G V4
GRA ACC ACC TOT CTC ACA TTG ATG TGC ATT TGT TTA GOC TTT TCT ATG TCT CAA /410
GCA TAG GTT TGT ATA GTC ATA GAG GTG GAT AAC ATA GTC TTA GGT GCT TTT CTT 24R4
CTT TTT TTA TAG ACT GG TCT TGC TCT GTC ACC CAG ACT GGR CTG CAG TOG CAC 2934
AAT CAC AGC TAC CTG TAMA CCT CAA ACT CCT GGG CTC ATG CAA TCE TOC CAC CTC 2542
AGC CTC TGG RGT AGE TGE GAC TAC M3 TTT GTG CCh CTA AGC OTG GAT AAT TTT 264k
TTA AAT TTT TTG TAS AGA TGG GGT TCT CGC TAT GTT GCC CAGQ OCT TTT TTT TTT 210
TIT TTT TTT TGA GAC AGA GTC T7G CIC TGT CAC CCA OGC TOG AGT GEA ATG GEA 2754
QGA TCT CAG CTC ACT GCA ACC TCC ACC TCG TTG GTT CAM GCA ATT (TA TG CCT ZROB
CAG CCT OCT GAG TAG CTG GGA CTA CAG GCA TGC AMC ACC ATG CCU AGC TGA T 2862
TTT TAT ATT TTT AT AGA GAG GGG GTT TCA CCA TGT TGG TCA GGC T6G TUT (GA 216
ACT OCT GAC CTG AMA TGA TOG CCT GCC TCA GCT TOC CAA AGT GOT GOG ATT ACh 270
GGC TTA AGC CAC OGT GOU G OCT GOC CAG GET TTT TAA AbA ATA GAT TTT ATT 1024
TTT TAA GTC TTT GGT OCA CAT ARC CAC AGC CTC CCC TAC TAT CAA CAT £CU ACA IR
CCA GAG CAG TAC ATT TGA CAT ATT CGA OGC ACC TAA CTT GAL ACA TCA TTA TCA 1112
CTC AMA GTC CAC AGC TTA CTC TAG (K TXG TTC TIG GCA TTG TGC ATT CTG TG 1B
CTT TTG ACA AAT GTA TAA TGA CAT GOG TCT ACC ATT GTA CTA TCA TCA GGA GTG 240
GG #UA 706 CCC TAT ACA TCC TTC ATG TCT TAG GGA TTT TTA AN OTT AGT ARA 3274
MGA CAT COG AR AAA ARA AMA AAA A T
Figure 4 cDNA and predicted amino-acid sequences of TTL. (a) TTL-T sequence. The ATG coden is shown by bold italic. The asterisk (%)
indicates a stop codon, The singly underlined 8% aa encoded by exons 4 and 5 are shared in common by all three TTL splicing forms, (b} Partial
cDNA sequence of TTL-81 and TTL-B2 following the commonly shared exons 4 and 5. Exon 8a, as shown by bold in both (a) and (b), is inserted
between exons 4 and 9 in TTL-B2, but not in TTL-B1. TTL-BT and TTL-B2 are supposed to share the same ATG codon as T71-Tin (a). The ORF of
TTL-B7 consists of the singly underlined 83 aa in (a) and the doubly underlined 20 aa in (b), while the TT{-82 ORF is composed of the singly
underlined 89 aa in (a) and the 4 aa acids encoding first 12 bp of exon 8a. The asterisk indicates a stop codon. The breakpoint is shown by an
arrowhead.
Detection of the TTUETV6E and ETV6/TTL fusion primers in TTL exon 5, and reverse primers in ETV6 exon 3. As
transcripts with nested RT-PCR shown in Figure 3b, two bands were specifically amplified from
the sample of the patient. Sequence analysis disclosed that the
Both reciprocal fusion transcripts, TTU/ETVE and ETVG/TTL, smaller but major band (TTL/ETV6-1) corresponded to the in-
were detected in the primary tumor sample by nested RT-PCR frame fusion of part of the exon 5 of TTL to the 5 end of £TV6
(Figure 3b). To identify the TTL/ETVE fusion, nested RT-PCR exon 2, while the larger one (TTL/ETV6-2) was an out-of-frame
analysis on patient materials was performed using forward fusion of the part of exons 5 and 8a of TTL to the £ETV6 exon 2
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{Figure 2b). The ORF of the latter fusicn transcript is prematurely
terminated in the stop codon within exon 8a of TTL before it
fuses to ETV6 exons. The reciprocal chimeric transcript of £ETV6
exon 1 and TTL (ETV6/TTL) could also be detected by RT-PCR,
in which ETV6 exon 1 was fused to the 5 end of the exon 9 of
TTL-B {Figure 2b). We evaluated the integrity of the remaining
ETV6 locus by FISH analysis, in which all the signals of the four
cosmid probes were normally detected on the remaining,
apparently normal chromosome 12, indicating that the other
ETV6 locus is grossly intact with no large deletions. To confirm
the expression of £TV6 from the intact allele, we performed RT-
PCR analysis for the patient’s leukemic sample using primers
located within ETV6 exons 1 and 8. As shown in Figure 3c, the
leukemic sample clearly showed ETV6 expression, Sequencing
analysis of the RT-PCR product confirmed that there were no
mutations in the RT product.

Analysis of mMRNA expression levels of ETV6 and
TT/ETVE

We measured expression levels of ETV6 and TTLETVG
transcripts in the leukemic cells of the patient by the quantitative
real-time RT-PCR analysis using LightCycler™. It demonstrated
that the level of TTL/ETV6 transcript was 40-fold lower than that
of ETV6 transcript (Figure 5a). Agarose gel analysis showed
RT-PCR bands of the correct size {Figure 5b).

Discussion

t{12;13)p13;914) is a recurring reciprocal chromosome translo-
cation found in ALL as well as in AML, CML, CLL, and MDS.
From the cytogenetic analysis, it is thought to be cytogenetically
distinct from t(12;13)(p13;q12), in which £TV6 is shown to be
combined with CDX2.'* In fact, the ETV6/CDX2 message was
not detected by RT-PCR in our case {data not shown). Rather we
have revealed that a novel gene, TTL, at 13q14 was rearranged
with ETV6 at 12p13, resulting in reciprocal fusion transcripts,
TTLETV6 and ETVE/TTL, in a case with t{12;13)(p13;q14).
However, it is still unclear whether all the cases described as
t(12;13)p13;q14) have the same molecular abnormality, since
they have been reported to involve leukemias of apparently
different lineages.

The involvement of the ETVE gene in leukemia-associated
translocations is notable for its wide variety of fusion partners
with different breakpoints in various subtypes of leukemias.”'
This promiscuous feature of ETV6-involving translocations and
their breakpoint variations apparently make it difficult to give a
simplified and straightforward explanation for the leukemogenic
mechanism of £TV6-invalving translocations. Rather, it seems to
involve different modalities according to the context of the type
of transtocations.

Clearly, the functional modification of the fusion partners is
critically important in some cases. For examples, in FTV#/
PDGFRf and other fusions involving ETV6 and tyrosine kinases,
the HLH domain of £7V6 functions as a homodimerization motif
that is necessary for the constitutive activation of their C-
terminal tyrosine kinases.*? In t{12;21), the ETV&/AMLT inhibits
the function of AML1 in a dominant-negative fashion.** In other
cases, in contrast, there are no known functional domains of
ETV6 or the partner proteins found in the fusion products (such
as ETV6/STL'® or ETV6/BTL'®), or only a tiny garbage sequence
derived from the partner followed by one or more functional
domains of ETV6 (such as HLXBWETVE,'® ACS2/ETVE,'® and
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Figure 5 Real-time quantitative RT-PCR analysis of FTV6 and TTL/

ETVE transcripts in patient’s leukemic sample. (a) Normalized
expression of ETV6 and TTL/ETV6 using the LightCycler™ system.
Each assay was performed in duplicate. (b) Agarose gel electrophoresis
of real-time RT-PCR products of £TV6 (lanes 1-7) and TTL/ETVE {lanes
8-14). Two plasmid constructs, pME18YETV6 (lanes 1-5) and
PMET18s-TTL/ETVE (lanes 8-12), were used as standards with 10-fold
serial dilutions starting from 40ng/iube and 4 pg/tube for quantifica-
tion of ETV6E and TTL/ETVG messages in patient's samples, respec-
tively. Lanes 6 and 13 are negative controls. 200 ng {lanes 7 and 14) of
cDNA from the leukemic sample were subjected to the real-time PCR
assay.

PAXS/ETVE™®) or vice versa (FTV6/CDX2'* and ETVE/MDS1/
EVIT'Z. In the latter examples, the promoter of ETV6 might drive
ectopic expression of the transcription factors, COX2 and EVI1.

In the current translocation, both possible reciprocal fusion
transcripts, TTUVETVG and ETVE/TTL, were expressed in the
tumor cells, which is also the case with MNT/ETV6 and ETVG/
MNT in t(12;22)ip13;q11),"> ACS2/ETV6 and ETV6/ACS in
t(5;12)(q31:p13),°%  and STL/ETVS and  ETVE/STL in
1(6;12)(q23;p13)."* With regard to ETV6/TTL fusion transcript,
the 3'TTL sequence introduced an in-frame stop codon 60 bp
after the end of ETVE exon 1, resulting in only a potential 31 aa,
and it could be hardly expected that this extremely short fusion
protein would have any functional roles. The other transcript,
TTL/ETVE, has two splicing forms, the predominant TTL/ETVG-1
and less abundant TTL/ETV6-2. The predominant TTL/ETVE-1
transcript was a direct in-frame fusion between TTL exon 5 and
ETV6 exon 2, in which the first 11 aa of ETV6 are replaced by 89
aa from the potential ORF of TTL. Since the predicted 530-aa
fusion protein consists mostly of £7TV6 with both HLH and ETS
domains being preserved, it might potentially have some
transcriptional activities, most likely to modify ETV6 function.
However, in quantitative estimation using real-time PCR, the
expression of TTL/ETVE was almost negligible compared with
the remaining expression of £ETV6, and we could not attribute
any functional significance to this fusion protein.

In view of no functional implications in the resulting fusion
proteins, the pathological significance of this translocation
would be better explained by the hypothesis of loss of function
of ETV6 and/or TTL. It has been much discussed that loss of, and
even haplo-insufficiency of ETV6 function might be important
for leukemogenesis, based on the ohservation that the second
ETV5 allele is deleted in some ETV6 translocations, especially in
more than 90% of cases associated with t(12;21).***5 In vitro



