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Fig. 2. Kaplan-Meier cumulative survival curves for patients with telomerase activity levels and ATRX alterations. A: Survival curves for patients with high, moderate, and low levels
of telomerase activity in tumor samples. These data were analyzed in our previous report [9]. Patients with NBLs having high telomerase activity (n =22, thick solid line) showed signif-
icantly poorer prognoses than those with moderate (n = 54) or low (n = 45) activity (P< 0.007). However, patients without high telomerase activity did not usually show good outcomes.
B: Survival curve of patients with NBL tumors with ATRX mutation or deletion (n = 10) and that of the remaining patients without high telomerase activity (n = 88). The case with the
DAXX mutation and the one ATRX deleted case were excluded in this analysis because these tumors had high telomerase activity. In NBLs without high telomerase activity, patients with
altered ATRX tumors had significantly worse survival rates (P < 0.001). Length of follow-up in all cases was 69 & 17 months (n = 121).

subgroups has now been attempted. ATRX or DAXX mutated NBLs might
become a new subgroup for targeted molecular therapy.
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Transcription activator-like effector nuclease (TALEN)-mediated genome editing is a powerful
technique for analyzing gene functions in various cells and organisms. At target loci, TALENSs
can not only introduce short insertions and deletions, but also yield large deletions through
the use of two TALEN pairs. Here, we report easy and efficient methods for enrichment of
cells with TALEN-induced mutations and large deletions. First, we established the fluores-
cence-activated sorting of TALEN-induced deletions (FAST-id) system that enabled fluores-
cence-activated cell sorting-mediated enrichment of cells with TALEN-induced mutations. In
the FAST-id system, either EGFP or mCherry and TALENs were co-expressed. Using dual
fluorescence selection, both left and right TALEN-expressing cells were easily concentrated,
resulting in enrichment of TALEN-mediated mutated cells. Next, to apply the FAST-id sys-
tem to enrichment of cells with large deletions, we developed the fast unification of separate
endonucleases (FUSE) method for assembly of two TALENSs into a single expression vector.
Using the FUSE method, we easily obtained a TALEN pair-expressing plasmid driven by a
single promoter. By combining the FAST-id system and FUSE method, cells with large dele-
tions were efficiently enriched. To the best of our knowledge, this is the first report of enrich-
ment of cells with TALEN-induced large deletions.

Introduction

Recently, targeted genome engineering using engi-
neered nucleases, including zinc finger nucleases
(ZFNs) and transcription activator-like effector nuc-
leases (TALENS), has attracted attention as an effec-
tive tool in various cultured cells or organisms
(Umov et al. 2010; Joung & Sander 2013). Engi-
neered nucleases are composed of a sequence-specific
DNA-binding domain and a nonspecific DNA cleav-
age domain derived from the Fokl restriction endo-
nuclease, which can induce double-strand breaks
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(DSBs) into target sequences. Engineered nuclease-
induced DSBs can be repaired by nonhomologous
end-joining (NHE]) or homology-directed repair
(HDR). Error-prone NHEJ repair frequently leads to
the introduction of short insertions and deletions
(indels), frequently resulting in gene disruption via a
frameshift (Santiago et al. 2008). In the template-
dependent repair pathway, HDR, insertion of exoge-
nous genes into the genome is achieved using a
donor template containing ~1-kb homology arms
adjacent to the target sequence (Moehle et al. 2007,
Hockemeyer et al. 2011). Furthermore, DSBs can be
introduced into two sites through the use of two
pairs of ZFNs or TALENS, resulting in chromosomal
deletions, inversions, and duplications when two
DSB sites are on the same chromosome (Lee ef al.
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2010, 2012) and chromosomal translocations when
the sites are on different chromosomes (Brunet et al.
2009; Piganeau et al. 2013).

To facilitate the use of TALEN technology, it is
absolutely necessary to develop easy and efficient
methods for selecting TALEN-induced mutated cells.
Currently, several methods have been reported for
enrichment of ZFN- or TALEN-induced mutated
cells. A surrogate reporter system (Kim et al. 2011,
2013a) can be used to validate the activity of ZFNs
or TALENs in living cells and to select potentially
mutated cells by sorting based on fluorescence inten-
sity, magnetic separation, or antibiotic selection. As
another method, enrichment of TALEN-induced
mutated cells by co-expressing TALENs and fluores-
cent proteins and subsequent sorting of TALEN-
expressing cells based on fluorescence intensity was
reported (Ding et al. 2013). However, there are no
reports regarding methods for enrichment of chromo-
somally rearranged cells using two TALEN pairs.

Here, we report efficient methods for enrichment
of cells with TALEN-induced mutations and chro-
mosomal deletions. We constructed vectors to visual-
ize the expression levels of TALENs on the basis of
fluorescence intensity. Subsequently, we showed that
sorting of cells exhibiting high expression of TALENs
based on fluorescence intensity using fluorescence-
activated cell sorting (FACS) enabled enrichment of
cells with TALEN-induced mutations or large
deletions.

Results

Enrichment of cells with TALEN-induced
mutations by FACS

To select cells in which mutations such as indels are
introduced into the target sites by TALENS, it is nec-
essary to distinguish cells showing high expression of
both left and right TALENSs from a variety of cells
expressing either the left or right TALEN alone or
neither TALEN. To monitor the expression of a
TALEN pair, we planned to construct two types of
plasmid vectors in which a gene for a fluorescent
protein (mCherry or EGFP) was bicistronically linked
to a gene for one TALEN (L or R) via the ‘self-
cleaving’ 2A peptide sequence (Fig. 1A). Following
transfection of these plasmids into mammalian cells, it
was expected that both the TALEN and the fluores-
cent protein’ would be expressed as separate proteins.
Therefore, by sorting of positive cells for both
mCherry and EGFP fluorescence, we can easily select

Genes to Cells (2014) 19, 419431
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Figure 1 Schematic overview of the fluorescence-activated
sorting of TALEN-induced deletions (FAST-id system).
(A) Scheme of TALEN-mediated mutagenesis using the
FAST-id system. A TALEN and either EGFP or mCherry are
co-expressed and translated as individual proteins, which
allows visualization of the expression level of the TALEN by
the fluorescence intensity. The NHE] pathway often intro-
duces insertions and/or deletions (indels, red lines) at the
TALEN target site. CMV, cytomegalovirus promoter; 2A, 2A
sequence. (B) Scheme of enrichment of cells with TALEN-
induced mutations. Fluorescence intensity-dependent cell
sorting using fluorescence-activated cell sorting enables selec-
tion of cells showing high expression of both the left and
right TALENs, resulting in enrichment of cells with
TALEN-induced mutations. eG, EGFP; mC, mCherry.

cells expressing both the left and right TALENS,
which are expected to introduce indel mutations at
the target site (Fig. 1B). We referred to this system as
the ‘fluorescence-activated sorting of TALEN-
induced deletions (FAST-id)’ system.

To investigate whether cells with TALEN-induced
mutations can be efficiently enriched by the FAST-id
system, we constructed fluorescent protein-2A-TA-
LEN plasmids targeting the human hypoxanthine

© 2014 The Authors
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phosphoribosyltransferase 1 (HPRTT) locus (HPRT1_
B TALEN), transfected these plasmids into HCT116
cells, and performed flow cytometric analyses.
HPRTT is an X-linked gene, and HCT116 cells have
only one copy of this gene in their genome. As
shown in Fig. 2A, the transfected cells showed vari-
ous intensities of EGFP and mCherry fluorescence,
indicating that there were variations in the TALEN
expression levels in the transfected cells (Fig. 2A,

left  panel). To evaluate the extent of the
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Enriching TALEN-induced mutated cells

TALEN-induced mutations, we carried out PCR
amplification of the target region of the HPRT1_B
TALEN using genomic DNA extracted from unse-
lected cells and EGFP—/mCherry— and EGFP+/
mCherry+ cells (Fig. 2A, squares), and examined
each mutation rate by restriction fragment length
polymorphism (RFLP) analysis after digestion with
the restriction enzyme Hpy188l, which has a site
located in the middle of the HPRTI_B TALEN
spacer region. If a mutation was introduced into the
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Figure 2 Enrichment of cells with TALEN-induced mutations. (A) Flow cytometric analyses of HCT116 cells transfected with
HPRT1_B (left panel) or ATM_A (right panel) TALEN-encoding plasmids. Cells showing high expression (EGFP+/mCherry+)
and minimal expression (EGFP—/mCherry—) were collected (squares). Indexes of numbers and percentages of collected cells are
listed in Table S5 in Supporting Information. Vertical and horizontal lines indicate background fluorescence levels of EGFP and
mCherry, respectively. (B) RFLP analyses of mutations induced by HPRT1_B (left panel) or ATM_A (right panel) TALENs. The
genomic PCR products of unselected, EGFP—/mCherry—, and EGFP+/mCherry+ cells transfected with the HPRTI_B or
ATM_A TALEN-encoding plasmids or untransfected cells were purified, digested, and analyzed by agarose gel electrophoresis.
The arrowheads indicate the expected positions of the undigested products. (C) Sequences observed in unselected and EGFP+/
mCherry+ cells transfected with the HPRT1_B or ATM_A TALEN-encoding plasmids. The wild-type sequence of ATM or
HPRT1 is shown at the top with the TALEN target sequence (capital letters with underlines). Deletions are indicated by dashes.
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spacer region of the HPRTI1_B TALEN target site,
mutated alleles would be detected as resistant frag-
ments against Hpy188I digestion. As shown in
Fig. 2B, an Hpy188I-resistant fragment was strongly
detected in the PCR  products from EGFP+/
mCherry+ cells, but scarcely detected among the
PCR products from unselected cells and EGFP—/
mCherry— cells (Fig. 2B, left panel). Similarly, we
constructed fluorescent protein-2A-TALEN plasmids
targeting the ataxia—telangiectasia mutated (ATM)
locus (ATM_A TALEN). ATM is an autosomal
gene, and HCT116 cells have two copies of this
gene in the genome. After transfection of these
plasmids and fluorescence-mediated cell sorting
(Fig. 2A, right panel), we carried out RFLP analysis
with the restriction enzyme Fnu4HI. Consistent
with the results for the HPRT1 gene, a restriction
enzyme-resistant fragment was observed in the PCR
products from EGFP+/mCherry+ cells, but hardly
observed among the PCR products from unselected
and EGFP—/mCherry— cells (Fig. 2B, right panel).

Next, to investigate the rate and context of the
mutations, we analyzed the mutations introduced into
the target sites by the TALENs. DNA fragments
amplified by PCR using genomic DNA extracted
from unselected or EGFP+/mCherry+ cells were
subcloned, and their nucleotide sequences were
determined (Fig. 2C). We found that the mutation
frequency of the HPRTI_B TALEN target site in
EGFP+/mCherry+ cells was 83%, whereas that in
unselected cells was 20%, showing 4.2-fold enrich-
ment of cells with TALEN-induced mutations
(Table 1). Similarly, in the fluorescent protein-2A-
ATM_A TALEN plasmid-transfected cells, the muta-
tion frequency in EGFP+/mCherry+ cells was 100%,
whereas that in unselected cells was 20%, showing
5-fold enrichment of cells with indel mutations
(Table 1). These results suggest that the FAST-id
system is efficient for enrichment of cells with
TALEN-mediated mutations.

Establishment of a unification system for TALEN
expression vectors

Although systems for enrichment of cells with
TALEN-induced indel mutations have been reported
(Kim et al. 2011, 2013a; Ding et al. 2013), there are
no previous reports regarding systems for enrichment
of cells with TALEN-mediated chromosomal dele-
tions. For TALEN-mediated chromosomal deletions,
it is necessary to express two pairs of TALENs in
cells to cut two different sites on the same chromo-
some. To monitor the expression levels of the two
pairs of TALENs and select cells using the FAST-id
system, the expression of four kinds of fluorescent
proteins would be required. However, it is thought
that the transfection efficiency of four types of fluo-
rescent protein-2A-TALEN plasmids may be low. In
addition, it is difficult to sort cells expressing two
pairs of TALENs on the basis of four kinds of fluo-
rescence intensity, because the fluorescence spectra
must overlap. Therefore, we planned to construct a
vector expressing a fluorescent protein and a pair of
TALENs in a single plasmid to allow monitoring of
the expression of the TALEN pair by a single fluores-
cent protein, such that we can select cells showing
high expression of two pairs of TALENSs using only
two fluorescent proteins.

To realize the above-described system, we estab-
lished the ‘fast unification of separate endonucleases
(FUSE) method. In the FUSE method, we construct
left and right TALEN expression vectors as separate
vectors at the first step, and subsequently unify these
vectors into a single expression vector by digestion
and ligation at the second step (Fig. 3A). In the left
TALEN expression vector, a fluorescent protein gene
is ligated to the left TALEN gene via the 2A
sequence, whereas in the right TALEN expression
vector, the 2A sequence is inserted in the upstream
of the right TALEN gene. Furthermore, BamHI sites
are inserted in the upstream of the stop codon of the

Table 1 Comparison of mutation frequencies in unselected and EGFP+/mCherry+ cells

Mutation frequency (%)

EGFP+/ Fold
TALEN Unselected mCherry+ enrichment Types of mutation
HPRT1_B 20 83 4.2 Indel
ATM_A 20 100 5.0 Indel
HPRT1_B + HPRT1_E 3 41 13.7 Chromosomal deletion
ATM A + ATM_D 11 77 7.0 Chromosomal deletion

Genes to Cells (2014) 19, 419431
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left TALEN gene and between the start codon and
the 2A sequence in the right TALEN expression vec-
tor for the assembly of both TALENs. Importantly,
we can evaluate the activity of these TALEN expres-
sion vectors by a single-strand annealing (SSA) assay
(Sakuma et al. 2013), because they retain the
structure of a TALEN expression vector. A pair of

© 2014 The Authors

Enriching TALEN-induced mutated cells

Figure 3 Schematic overview of the combined system using
the fast unification of separate endonucleases (FUSE) method
and fluorescence-activated sorting of TALEN-induced dele-
tions (FAST-id) system. (A) Scheme of the FUSE method.
Left and right TALEN expression vectors are constructed
separately and subsequently unified by double digestion with
BamHI and Pvul followed by ligation. FP, fluorescent protein.
(B) Scheme for combining the FUSE method and FAST-id
system. Transfection of two kinds of one TALEN pair-encod-
ing plasmids created by the FUSE method into cells enables
the introduction of two double-strand breaks on the target
chromosome, resulting in the introduction of a large deletion.
(C) Scheme of enrichment of chromosomally deleted cells.
Fluorescence intensity-dependent cell sorting using fluores-
cence-activated cell sorting enables selection of cells showing
high expression of the two TALEN pairs, resulting in enrich~
ment of cells with the chromosomal deletion.

TALENSs, whose activity is confirmed, can be unified
quickly by BamHI digestion and ligation along with
removal of unnecessary start and stop codons to form
a single gene encoding fluorescent protein-2A-left
TALEN-2A-right TALEN. Although the footprint of
the BamHI site (5'-GGATCC-3') is retained in front
of the 2A-right TALEN, it functions as part of a
GSG linker at the N-terminus of the 2A peptide.
Thus, we can enable seamless ligation of the left and
right TALEN array into a single expression vector
(Fig. 3A) to efficiently obtain cells with two DSB-
induced large deletions (Fig. 3B).

Enrichment of cells with TALEN-induced large
deletions using the FUSE method and FAST-id
system

Next, we carried out the enrichment of chromosom-
ally deleted cells by combining the FUSE method
and FAST-id system (Fig. 3C). We planned to con-
struct two pairs of TALENs targeting different
regions of the HPRT? locus (HPRT1_ B and
HPRTI_E, Fig. 4A). After confirming the mutagenic
frequency using separate TALEN expression vectors
by the SSA assay, we used the FUSE method to unify
the HPRT1_B TALEN pair into a single expression
vector containing the mCherry sequence and the
HPRT1 E TALEN pair targeting approximately
1100-bp upstream of the HPRTI_B TALEN target
site into a single expression vector containing the
EGFP sequence. We then examined the mutagenic
frequencies of the HPRTI1_ B and HPRTI_E
TALENs as single expression vectors or separate

Genes to Cells (2014) 19, 419431
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M #17 #18 #19 #20 #21 #22 #23 #24 #25 #26 #27 #28 #29 #30 #31 #32 #33 #34 #35 #36
HPRTT_B + HPRTT_E Unselected cells 3%(1/36)

HPRTT_E TALEN Left site HPRTI B TALEN Right site
agcattctgtCTTATGGAGATACCATAactgatttaaccagt..1139bp. . tttatcagactgaagAGCTATTIGTGTGAGTATatttaatata WT
agcattctgtCTTATGGAGATACCATAactg-ttt-vevmeve e mmemmmcnnncwnnn actgaagAGCTATTIGTGTGAGTATatttaatata

(F) HPRT1 B + HPRT1 E TALEN (EGFP+/mCherry+ cells)
M #1 #2 #3 #4 #5 #6 #7 #8 #9 #10#11#12 #13 #14 #15 #16  #17
HPRTT.B + HPRT1_E EGFP+/mCherry+ cells 41X(7/17)

HPRTT_E TALEN Left site HPRTT_B TALEN Right site
agcattctgtCTTATGGAGATACCATAactgatttaaccagt..1139bp. . tttatcagactgaagAGCTATTGTGTGAGTATatttaatata WT
agcattctatCTTATGGAGATACCATAGCEgA v mem e e cmmrencnicictrnnaen aagAGCTATTGTGTGAGTATatttaatata x2
agcattctgtCTTATGGAGATACCATAGCEga v evwmemec ettt aaceiacnaan agAGCTATTGTGTGAGTATatttaatata x2
agcattctgtCTTATGGAGATACCATAGCEga v vvecrcmmmvrtmanccucccnrnnnnnn gAGCTATTGTGTGAGTATatttaatata
agcattctgtCTTATGGAGATACCATAactgaat~crccememm e c s e ccmcmi e i aagAGCTATTGTGTGAGTATatttaatata
agcattctgtCTTATGGAGATACCA---ctgat-=----emrccmccc e mcca e e caane aagAGCTATTGTGTGAGTATatttaatata
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Figure 4 Enrichment of chromosomally deleted cells ac the HPRTT locus. (A) Schematic illustration of the human HPRTT gene.
The target sites of the HPRT1_B and HPRTI_E TALENs are shown by the yellow and red arrowheads, respectively. E, exon.
(B) Flow cytometric analysis of HCT116 cells transfected with the HPRT1_B and HPRT{_E TALEN-encoding plasmids. Cells
showing high expression (EGFP+/mCherry+) and minimal expression (EGFP—/mCherry—) were collected (squares). Indexes of
numbers and percentages of collected cells are listed in Table S5 in Supporting Information. Vertical and horizontal lines indicate
background fluorescence levels of EGFP and mCherry, respectively. (C) Cel-I assays of cells transfected with the HPRT1_B and
HPRT1_E TALEN-encoding separate vectors (Ligation—) and single vectors (Ligation+). The arrowheads indicate the expected
positions of the digested products.% NHE] (nonhomologous end-joining) was estimated using Image] software as previously
described (Hansen et al. 2012). (D) Genomic RCIR analysis of chromosomal deletions at the HPRTT locus of unselected,
EGFP—~/mCherry—, and EGFP+/mCherry+ cells transfected with the HPRT1_B and HPRTI_E TALEN-encoding plasmids and
untransfected control cells. The arrowhead indicates the expected position of the PCR product with the 1100-bp deleted
sequence. (E, F) Frequencies of chromosomal deletions in unselected (E) and EGFP+/mCherry+ (F) cells. The genomic PCR
products were subcloned, and colony PCR was carried out. After analysis by agarose gel electrophoresis, the nucleotide sequences
of the smaller DNA fragments were determined. Red clone numbers indicate the sequenced clones. The wild-type sequence of
HPRT1 is shown at the top with the TALEN target sequence (capital letters with underlines). Deletions are indicated by dashes.

expression vectors using the mismatch-sensitive endo-
nuclease (Cel-I) assay (Fig. 4C). The results showed
that the mutagenic frequencies of the unified TALEN
vectors were at similar levels to those of the separate
TALEN expression vectors.

To enrich cells with large deletions, we simulta-
neously transfected the unified expression vectors for
the HPRT1_B and HPRT1_E TALEN pair-express-
ing plasmids into HCT116 cells. At 72 h post-trans-
fection, we obtained unselected, EGFP—/mCherry—
and EGFP+/mCherry+ cells and amplified the DNA
fragments including the HPRTI1 B and HPRT1_E
TALEN target sites by PCR. using genomic DNA
extracted from these cells as well as negative control
cells (Fig. 4B, squares; Fig. 4D). We clearly observed
1100-bp deleted DNA fragments in the PCR. prod-
ucts of EGFP+/mCherry+ cells and weakly detected
such fragments in the products of transfected-unse-
lected cells, but did not detect such fragments in the
products of untransfected-unselected cells and
EGFP—/mCherry— cells. To investigate whether the
smaller DNA fragments were caused by chromosomal
deletions, the DINA fragments amplified by PCR
using genomic DINA extracted from unselected cells
were subcloned, and the nucleotide sequences of the
smaller DNA fragments were determined (Fig. 4E).
As a result, we found that the left site of the
HPRT1_E TALENs and right site of the HPRT1_B
TALENs were joined and that a region of approxi-
mately 1100 bp in length of the genomic sequence
between the two TALEN sites was deleted. The fre-
quency of chromosomal deletions was 3% in unse-
lected cells. In addition, large deletions were
observed in the DNA fragments of EGFP+/mCher-
ry+ cells by sequencing, and the frequency of these

© 2014 The Authors

large deletions was 41%, showing 13.7-fold enrich-
ment of deleted cells after the selection (Fig. 4F).

Next, we investigated whether this system enables
the enrichment of cells with large deletions in an
autosomal genomic locus. We constructed two pairs
of TALENs targeting the ATM locus using the FUSE
method, in which the ATM_A TALEN target site
was located approximately 1400-bp downstream of
the ATM_D TALEN target site (Fig. 5A). After con~
firmation of the TALEN activities by the SSA assay,
we examined the formation of short indels (Fig. 5C)
and large deletions (Fig. 5D) with or without fluores-
cence selection (Fig. 5B). We subsequently analyzed
the deletion frequencies in transtected cells by DNA
sequencing. For the ATM locus, the frequencies of
chromosomal deletions were 11% (Fig. 5E) and 77%
(Fig. 5F) in unselected and EGFP+/mCherry+ cells,
respectively, indicating 7-fold enrichment of cells
with large deletions after the selection (Table 1).

Enrichment of cells with TALEN-induced
extra-large chromosomal deletions

To test the ability of our FUSE method and FAST-id
system to enrich cells with more complex chromo-
somal rearrangements, we finally tried enrichment of
cells with extra-large chromosomal deletions, chromo-
somal inversions and translocations. We additionally
constructed a pair of TALEN targeting nuclear protein,
ataxia—telangiectasia locus (NPAT) gene (NPAT_A
TALEN, Fig. 6A), whose target site is approximately
30 kb away from ATM_A TALEN target site. After
confirming the mutagenic activity of FUSEd and un-
FUSEd NPAT_A TALENs by Cel-I assay (Fig. 6C),
we transfected NPAT_A and ATM_A TALEN
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(E) ATM A +ATM D TALEN (Unselected cells)
M #1 #2 #3 #5 #6 #7 #8 #9 #10#1 12#1 #14 15#16

M #17 #18 #19#20 #21 #22 #23 #24 #25 #26 #27 #29 #30 #31 #32 #33 #34 #35

ATN A + ATA D Unselected cells 11%(4/35)

ATM.D TALEN Left site ATH_A TALEN Right site
gaggcettggtETACGAATGATCCTGTCactcaggtagtgage..1390bp. . tgcttatectgetgecGTCAACTAGAACATGATagagetacag WT
gaggcttggtGTACGAATGATCLTGTCACgG - r e menevecmmrm s e e aneacenmnnann tgeccGTCAACTAGAACATGATagagctacag x2
gaggcttggtGTACGAATGATCLTGTCAC rrrememe e cnca e cncncc e mnnaann tgccGTCAACTAGAACATGATagagectacag x2

(F) ATM_A + ATM D TALEN (EGFP+/mCherry+ cells)
M #1 #2 #3 #4 #5 #6 #7 #8 #9 #10#11#12 #13 #14 #1656 #16 #17

ATM_A + ATM D EGFP+/mCherry+ cells 77%(13/17)

ATM_D TALEN Left site ATHM_A TALEN Right site
gaggcttggtGYACGAATGATCCTGTCactcaggtagtgage..1390bp. . tgcttatctgetgccGTCAACTAGAACATGATagagetacag WT
L L R R R R R R e ctacag x2
gaggcttggtGTACGAATGATCCTGTCactcaggttag -tgctgeccGTCAACTAGAACATGATagagetacag
gaggcttggtGTACGAATGATCCTGT Cactctget oo mmro s rm e e gccGTCAACTAGAACATGATagagctacag
gaggct tggtGTACGAATGATCCTGTCactCag - rmmmmrmrmenme e e c e aan ccGTCAACTAGAACATGATagagctacag
gaggettgOtG - - - -GAT AT v e c e e ctgccGTCAACTAGAACATGATagagetacag
gaggcttggtGTACGAATGATCLTGTCactcaggttgr---mmrevmememamamnnnunn gctgccGTCAACTAGAACATGATagagetacag
gaggcttggt GTACGAATGATCCTGTCAcCtC revemmmmm e ceee e e e vaan s tgccGTCAACTAGAACATGATagagctacag
9aggcttggtGTACGAATGATCCTGT Cactcagg------mmev e e oo mcm e e encaan s cGTCAACTAGAACATGATagagctacag
9aggcttggtGTACGAATGATCCTOT Ca -~vsveve s e mmcme s a e i e aaama tgccGTCAACTAGAACATGATagagctacag
gaggcttggtGTACGAATGATCCTGTCactcaggtagt----cemcamacmemcnnn --ctgccGTCAACTAGAACATGATagagetacag
gaggcttggtGTACGAATGATCCTGT Cactecaggtagt--omcemcmmecccaecccacccsmeaaaas AACTAGAACATGATagagctacag
gaggcttggtGTACGAATGATCLTGTCacteaggtaat-- v v eremccacanaaaaaen actgccGTCAACTAGAACATGATagagctacag
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Figure 5 Enrichment of chromosomally deleted cells at the ATM locus. (A) Schematic illustration of the human ATM gene. The
target sites of the ATM_A and ATM_D TALENs are shown by the yellow and red arrowheads, respectively. E, exon. (B) Flow
cytometric analysis of HCT116 cells transfected with the ATM_A and ATM_D TALEN-encoding plasmids. Cells showing high
expression (EGFP+/mCherry+) and minimal expression (EGFP—/mCherry—) were collected (squares). Indexes of numbers and
percentages of collected cells are listed in Table S5 in Supporting Information. Vertical and horizontal lines indicate background
fluorescence levels of EGFP and mCherry, respectively. (C) Cel-I assays of cells transfected with the ATM_A and ATM_D TA-
LEN-encoding separate vectors (Ligation—) and single vectors (Ligation+). The arrowheads indicate the expected positions of the
digested products.% NHE] (nonhomologous end-joining) was estimated using Image] software as previously described (Hansen
et al. 2012). (D) Genomic RCR analysis of chromosomal deletions at the ATM locus of unselected, EGFP—/mCherry—, or
EGFP+/mCherry+ cells transfected with the ATM_A and ATM_D TALEN-encoding plasmids and untransfected control cells.
The arrowhead indicates the expected position of the PCR. product with the 1400-bp deleted sequence. (E, F) Frequencies of
chromosomal deletions in unselected (E) and EGFP+/mCherry+ (F) cells. The genomic PCR products were subcloned and colony
PCR was carried out. After analysis by agarose gel electrophoresis, the nucleotide sequences of the smaller DNA fragments were
determined. Red clone numbers indicate the sequenced clones. The wild-type sequence of ATM is shown at the top with the
TALEN target sequence (capital letters with underlines). Deletions are indicated by dashes.
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Figure 6 Enrichment of cells with extra-large chromosomal deletions. (A) Schematic illustration of a part of human chromosome
11. The target sites of ATM_A and NPAT_A TALENs are shown by the yellow and red arrowheads, respectively. E, exon. (B)
Flow cytometric analysis of HCT116 cells transfected with ATM_A and NPAT_A TALEN-encoding plasmids. Cells showing high
expression (EGFP+/mCherry+) and minimal expression (EGFP—/mCherry—) were collected (squares). Indexes of numbers and
percentages of collected cells are listed in Table S5 in Supporting Information. Vertical and horizontal lines indicate background
fluorescence levels of EGFP and mCherry, respectively. (C) Cel-I assay of the cells transfected with NPAT_A TALEN-encoding
separate vectors (Ligation-) and a single vector (Ligation+). The arrowheads indicate the expected positions of the digested prod-
ucts. (D) Genomic RCR analysis of extra chromosomal deletions at the chromosome 11 of unselected, EGFP—/mCherry—, or
EGFP+/mCherry+ cells transfected with ATM_A and NPAT_A TALEN-encoding plasmids and untransfected control cells. (E)
Sequences observed in EGFP+/mCherry+ cells transfected with ATM_A and NPAT_A TALEN-encoding plasmids. The wild-
type sequence of a part of chromosome 11 is shown at the top with the TALEN target sequence (capital letters with underlines).
Deletions are indicated by dashes.
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pair-expressing plasmids into HCT116 cells. Genomic
PCR and DNA sequencing showed that cells with 30-
kb chromosomal deletions were successfully enriched
by FACS selection (Fig. 6B,D,E).

It has been reported that chromosomal inversion
sometimes occurs with the use of two pairs of TA-
LENs targeting the same chromosome (Lee et al.
2012; Gupta et al. 2013; Xiao et al. 2013). Therefore,
we carried out PCR analyses to investigate whether
chromosomal inversions were generated. For
HPRT1, one of the ten sequences (Fig. 4F, #7
among the black-lettered numbers) exhibited chro-
mosomal inversion with an expected size in EGFP+/
mCherry+ cells transfected with the HPRT1_B and
HPRT1_E TALEN pair expression vectors. How-
ever, no chromosomal inversions were detected in 35
sequences (Fig. 4E, all black-lettered numbers) with
the expected size in unselected cells transfected with
the HPRT1_B and HPRTI_E TALEN expression
vectors. On the other hand, chromosomal inversions
were not detected in cells transfected with the
ATM_A and ATM D TALEN expression vectors.

Double-strand breaks induced on different chro-
mosomes potentially cause chromosomal transloca-
tions (Brunet ef al. 2009; Piganeau et al. 2013). We
transfected ATM_A and HPRTI_E TALEN pair-
expressing plasmids into HCT116 cells, collected
EGFP+/mCherry+ cells, and tried to detect translo-
cated alleles by genomic PCR.  analysis, but no
intended amplicons appeared.

Discussion

In this study, we have showed that our FAST-id sys-
tem enabled enrichment of cells with TALEN-
induced mutations and that the combination of the
FAST-id system and FUSE method efficiently
enriched cells with TALEN-induced large deletions.
The FAST-id system and FUSE method have sev-
eral advantages compared with conventional methods
using additional reporter vectors. First, we construct a
bicistronic expression vector that is expected to
express the same number of TALEN and fluorescent
protein molecules, meaning that there is no necessity
to construct and transfect additional plasmids.
Furthermore, transfection of the vector enables us to
exactly identify the cells expressing the TALEN and
evaluate the expression level of the TALEN by mon-
itoring the expression level of the fluorescent protein.
Second, the FUSE method enables us to construct
vectors that express the same molecular number of
left TALEN, right TALEN, and fluorescent protein,

Genes to Cells (2014) 19, 419431

and thus, the combination of the FAST-id system
and FUSE method enables us to select cells express-
ing both the left and right TALENs by monitoring
the fluorescent protein. Third, our system enables us
to reduce the kinds of vectors required for transfec-
tion, which is expected to improve the selection effi-
ciency for cells with mutations. In fact, the mutation
rates of TALEN-transfected cells after selection in this
study (83% and 100%) were higher than those in pre-
vious studies (Kim ef al. 2011, 2013a). Moreover, our
methods are thought to be capable of enriching cells
with TALEN-induced mutations and large deletions
after synthesized mRINA transfection, whereas DNA
transfection, which has a risk of random integration
into the genome, is indispensable for previous repor-
ter vector-based methods. Fourth, our system is easy
to use, because the novel vectors for the FAST-id
system and FUSE method are fully compatible with
the Golden Gate TALEN and TAL Effector Kit
(Cermak et al. 2011) and the Yamamoto Laboratory
TALEN Construction and Evaluation Accessory Pack
(Sakuma et al. 2013) distributed by Addgene (Cam-
bridge, MA, USA).

Transcription activator-like effector nuclease-medi-
ated large deletion is a useful technique for analyzing
the functions of not only a single gene, but also mul-
tiple genes. In zebrafish, it has been reported that a
noncoding RINA gene cluster was successfully excised
from the genome using two pairs of TALENs (Liu
et al. 2013). In that case, the excised genomic region
was approximately 1.2 kb in length, which was a
similar size to the experiments in the present study.
Furthermore, it has been shown that much larger
genomic regions, up to megabases in length, can be
deleted through the use of two pairs of TALENs in
zebrafish (Gupta ef al. 2013) and cultured cells (Kim
et al. 2013b). Although a previous report estimated
quite low frequencies of TALEN-mediated large
chromosomal deletions (0.61% for 3.6-Mb deletion
and 0.40% for 24-Mb deletion; Kim et al. 2013b),
our FAST-id system and FUSE method have the
possibility of enriching cells with such large chromo-
somal deletions, thereby enabling the disruption of
multiple genes including clustered genes that have
redundant functions and disease-related genes that are
known to cause afflictions such as cancer and neuro-
psychiatric disorders through copy number variations.

As all the TALENs used in this study contain
homodimeric Fokl nuclease domains, there remains
to be improved regarding targeting specificity. It is
expected that TALENs containing obligate heterodi-
meric Fokl nuclease domains will significantly
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decrease the risk of off-target mutations, especially in
the experiments using two pairs of TALENS.

In conclusion, our systemn is simple, easy, and reli~
able for the enrichment of cells with TALEN-
induced mutations or large deletions. To the best of
our knowledge, this is the first report of efficient
enrichment of cells with TALEN-induced chromo-
somal deletions. Importantly, we successfully showed
not only approximately 1-kb deletions but also 30-kb
extra-large chromosomal deletions. Our system will
promote the utility of TALENs in both basic and
biomedical research.

Experimental procedures

Construction of co-expression vectors for
TALENSs and fluorescent proteins

The pcDNA~-mC-2A-TAL-NC2 plasmid, a destination vector
for construction of the mCherry-2A-TALEN expression plas-
mid, was constructed by the In-Fusion cloning method (Clon-
tech, Mountain View, CA, USA). Briefly, the mCherry
sequence was amplified by PCR using mCherry-F and mCher-
ry-2A-R primers (Table S1 in Supporting Information). 2A
sequences were synthesized and converted to double-stranded
DNA by primer extension using 2A-F and 2A-R
oligonucleotides (Table S1 in Supporting Information).
pcDNA-TAL-NC2 plasmids (Addgene) were linearized by
inverse PCR using pcDNA-TAL-NC-Inverse-F and pcDNA-
TAL-NC-Inverse-R primers (Table S1 in Supporting Informa-
tion). These three DINA fragments were assembled by the In-
Fusion cloning method. As the products generated by In-
Fusion cloning erroneously contained a stop codon in the
mCherry sequence, it was excluded by inverse PCR using 2A-
Inverse-F and mCherry-Inverse-R. primers (Table S1 in Sup-
porting Information) to generate pcDNA-mC-2A-TAL-NC2
plasmids. The pcDNA-eG-2A-TAL-NC2 plasmid, a destina-
tion vector for construction of the EGFP-2A-TALEN expres-
sion plasmid, was constructed by the In-Fusion cloning
method. Briefly, pcDNA-mC-2A-TAL-NC2 plasmids were
linearized, and the mCherry sequence was excluded using
pcDNA-TAL-NC-2A-Inverse-F  and  pcDNA-TAL-NC-
Inverse-R. primers (Table S1 in Supporting Information). The
EGFP sequence was amplified by PCR. using Infusion-EGFP-
F and Infusion-EGFP-R primers (Table S1 in Supporting
Information). These two DINA fragments were assembled by
the In-Fusion cloning method. For unification of one TALEN
pair into a single vector, pcDNA-mC-2A-TAL-NC2-Uni,
pcDNA-¢G-2A-TAL-NC2-Uni, and pcDNA-2A-TAL-NC2-
Uni plasmids were constructed as destination vectors for con-
struction of mCherry-2A-TALEN-BamHI), EGFP-2A-TA-
LEN-(BamHI), and (BamHI)-2A-TALEN expression vectors,
respectively.  The  pcDNA-mC-2A-TAL-NC2-Uni  and
pcDNA-eG-2A-TAL-NC2-Uni plasmids were constructed by
inverse PCR using +BamHI-FokI-F and +BamHI-FokI-R
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primers (Table S1 in Supporting Information) for insertion of a
BamHI site (5'-GGATCC-3'). The pcDNA-2A-TAL-NC2-
Uni plasmid was constructed by inverse PCR from the
pcDNA-mC-2A-TAL-NC2 plasmid using +ATG + BamHI-~
2A-F and pcDNA-TAL-NC-Inverse-IR. primers (Table S1 in
Supporting Information) to exclude the mCherry sequence and
insert a start codon and BamHI site (5'-ATGGGATCC-3").

Design and construction of TALENs

The design of the HPRT1_B TALENs was described previ-
ously (Sakuma et al. 2013). HPRTI1_E, ATM_A, and ATM_D
TALENs were newly designed using TAL Effector Nucleotide
Targeter 2.0 (Doyle et al. 2012; hutps://tale-nt.cac.comnell.edu/
node/add/talen-old). The target sites of each TALEN are listed
in Table S2, in Supporting Information (capital letters). The
TALENs were constructed as previously described (Sakuma
et al. 2013) using the modified destination vectors described
above. The combinations of the TALEN arrays and vectors
used are listed in Table S3 in Supporting Information. The left
and right TALEN arrays of one TALEN pair were unified into
a single vector by double restriction enzyme digestion using
BamHI (Takara Bio, Shiga, Japan) and Pvul (TaKaRa Bio) and
subsequent ligation. Successful construction of one TALEN
pair into a single vector was confirmed by digestion with Xbal
(Takara Bio). Because the vector contained Xbal sites exclu-
sively in the N-terminal domains of the TALENS, an approxi-
mately 3-kb DNA fragment appeared after Xbal digestion if
the two TALEN vectors were assembled successfully.

Transfection and Cel-I assay

Transfection for the Cel-I assay was carried out as follows. On
the day before transfection, 200 000 HCT116 cells were plated
into 35-mm dishes. On the day of transfection, a total of 2.5 pg
of TALEN plasmids was transfected using 5.0 pL of Lipofecta~
mine LTX (Invitrogen, Carlsbad, CA, USA) and 2.0 pL of Plus
Reagent (Invitrogen) according to the manufacturer’s instruc~
tions. On the day after transfection, the cells were moved to
60-mm dishes. At 72 h post-transfection, the cells were col-
lected and their genomic DNA was isolated using a DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany). Genomic
PCR was carried out with the primers listed in Table S4 in
Supporting Information. The amplified products were purified
with a Wizard SV Gel and PCR. Clean-Up System (Promega,
Madison, WI, USA), and 400 ng of purified DNA was used for
the Cel-I assay with a SURVEYOR Mutation Detection Kit
(Transgenomic, Omaha, NE, USA) according to the manufac~
turer’s instructions. The products were analyzed by electropho-
resis in 3% agarose gels and ethidium bromide staining.

Transfection and FACS

Transfection for cell sorting was carried out as described above
with several modifications. On the day before . transfection,
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Hepatoblastoma state of the art: pathology,
genetics, risk stratification, and chemotherapy
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Recent fmdmgs S

" The Children’s Hepatic tumor Internohonol Co“aborchve (CHIC) effort has fostered mternchonal .
cooperation in this rare children’s tumor, leading to the establishment of a large international collcbomhve‘
dataset, the CHIC database, which has been interrogated fo refine risk stratification and inform treatment
options. Apace with this effort has been the internationdl collaboration of pediatric pathologists working
together to establish a new international histopathologic consensus classification for pedno'mc ||ver fumors
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“'Summary
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‘understanding of surglcol resechon ophons formmg the foundahon for the development of an upcommg

mterncﬂonul fherapeuhc tnal

‘ Keywords

chemotheropy; genehcs hepcfoblasfoma pofhology, nsk sfrahflcahon

INTRODUCTION

This is part one of a two-part state of the art -
hepatoblastoma. The companion, part two, article
deals with PRE-Treatment EXTent of tumor
(PRETEXT) radiographic staging, surgical guidelines
and liver transplantation and also appears in this
issue. Over the last 4 decades, overall survival in
hepatoblastoma has increased from roughly 30% to
over 80%, primarily because of advances in chemo-
therapy and in our ability to achieve complete
surgical resection, even in the most advanced
of tumors. Detailed herein are some of the key advan-
ces in histopathology, epidemiology, genetics,
chemotherapy, and risk stratification that have
helped drive the improved survival seen in hepato-
blastoma.

HISTOPATHOLOGY AND EPIDEMIOLOGY
OF HEPATOELASTOMA

Although primary liver tumors are rare in children,
hepatoblastoma is the most common primary
pediatric liver tumor, usually diagnosed during
the first 3 years of life [1]. Most cases of hepatoblas-
toma are sporadic; however, some are associated
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with constitutional genetic abnormalities, malfor-
mations, and familial cancer syndromes, such as
Beckwith—-Wiedemann syndrome (BWS) and fami-
lial adenomatous polyposis (FAP) [2-4]. Recent
pediatric cancer epidemiological studies, including
the US National Cancer Institute Surveillance
Epidemiology and End Results (SEER), as well as
others in Japan and Europe [5,6], report an average
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KEY POINTS

o New international pediatric hepatoblastoma consensus
classification (Table 1) includes histological subtypes
and categories, recognizing how challenging some
tumors are to c|assufy particularly after chemotherapy.

o CHIC risk factor cmc]ysw (chle 3) shows reﬂned
‘prognostic estimates in smaller subgroups than -

- previously possible by interrogating a collaborative -
“dataset that includes comprehenswe data on 1605
children treated by the four major hepatoblastoma
sfudy groups between 1989 and 2008.

o SIOPEL 4 shows an |mpre55|ve lmprovemenf in survival
for metastatic patients using a'novel schema that * -
incorporated weekly dose dense cnsplchn chemothercpy

'E(Toble o). ,

o COG, SIOPEL/! GPOH and JPLT are now cochorcmng
fo develop a cooperative international hepatoblastoma
trial, fostering our ability o compare the historic
differences between the chemotherapeutic and surgical
‘approaches of different study groups cmd enhance
biologic study in this rare tumor. i

annual percentage increase in the incidence of
hepatoblastoma during the last 30 years. Indeed,
the incidence does seem to be slowly increasing, with
a current rate of 1.2-1.5 cases/million population/
year. Because premature birth and very low birth
weight have been found to be associated with the
later appearance of hepatoblastoma, increase in these
patient cohorts may be driving the increase in inci-
dence [77]. Oxygen therapy, medications such as
furosemide, Total Parenteral Nutrition (TPN), radi-
ation, plasticizers, and other toxins are postulated to
perhaps play arole, but the exact mechanisms are not
yet understood.

Hepatoblastoma is an embryonal tumor
thought to originate from a hepatocyte precursor
cell (hepatoblast) that often recapitulates the stages
of liver development, displaying a combination of
histological patterns [8]. Clinical trials have demon-
strated that, in addition to staging, some histo-
logical types are also associated with prognosis [9].
One early review showed that 67% of hepatoblas-
tomas were epithelial, with a combination of mixed
embryonal and fetal patterns, and 21% displayed a
mesenchymal component in addition to the com-
mon epithelial patterns. Most importantly, approxi-
mately 7% of the total were composed of a pure, well
differentiated fetal (WDF) epithelial component,
and 5% demonstrated primitive appearing or so-
called small cell undifferentiated (SCU) tumor cells
[10]. Since then, several studies have demonstrated a
correlation between improved survival and WDF
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histology composed only of cells resembling fetal
hepatocytes with minimal mitotic activity. In a
recent Children’s Oncology Group (COG) publi-
cation, Malogolowkin et al. [11] reported that,
whenever complete tumor specimens can be
resected and evaluated prior to chemotherapy,
patients with WDF histology [formerly referred to
as pure fetal histology (PFH)] and low mitotic
activity may be treated exclusively with surgery,
and no chemotherapy is necessary. Patients with
WDEF/PFH histology completely resected upfront
and receiving no postoperative chemotherapy com-
prised 7% of the total number of patients (COG
studies INT-0098 and P9645) and showed 100%
event-free survival (EES). This is in striking contrast
to other international protocols, which historically
have treated all children with liver tumors and
elevated alphafetoprotein (AFP) with chemotherapy
prior to surgical resection [12*]. It is important to
remember, though, that most hepatoblastomas are
extremely heterogeneous, often with closely inter-
mixed histological components, and only rarely
composed of a single histological type [13"].

A second histological subtype worth mention-
ing is the SCU. This may be part of an otherwise
typical hepatoblastoma, representing a component
intermixed with other histologies or present as the
sole component in the so-called ‘pure small cell’
hepatoblastoma. This histologic pattern is some-
times associated with low serum AFP levels and poor
response to chemotherapy. The first report regard-
ing the negative association of SCU component
was by Kasai and Watanabe, followed by Haas’s
Children’s Cancer Group-Pediatric Oncology
Group (CCG-POG, also referred to as COG legacy
groups) report, in which none of the patients with
small cell hepatoblastoma survived 24 months after
the diagnosis [14,15]. Trobaugh-Lotrario et al. [16]
recently reviewed a large series of hepatoblastoma
with small cell histology and confirmed 11 patients
with SCU hepatoblastomas presenting with clini-
cally normal or minimally increased serum AFP
levels, none of whom survived. Interestingly, six
of these tumors were INII nuclear negative by
immunohistochemical staining and three of them
demonstrated cytogenetic and molecular abnormal-
ities similar to those seen in rhabdoid tumors,
suggesting that some, but not all, of these tumors
may represent INII-negative neoplasms within the
spectrum of primary rhabdoid tumors. However, the
significance of small cell component when admixed
with other epithelial types, and whether these small
foci are sometimes INII1 expressing, is still under
investigation. Participants in the Los Angeles 2011
International Pathology Pediatric Liver Symposium
agreed upon a panel of immunohistochemical stains
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including INT1, which should be closely correlated
with the morphology in order to further character-
ize this pattern and its prognostic significance. In
addition, the group recommended that all INII-
negative tumors should be submitted for molecular
testing, and patients and family members referred to
a genetic counselor to possibly be screened for germ-
line mutations whenever appropriate [13"].

The rarity of hepatoblastoma, combined with
the rarity of upfront resection, has resulted in a
paucity of complete annotated prechemotherapy
specimens, compromising biology studies. There-
fore, several international conferences have been
sponsored to foster intermational collaboration
and clinical trials. As a result of these meetings,
recommendations were outlined for submission,
sampling, and evaluation of pediatric liver tumor
samples, including minimum diagnostic specimen
requirements and evaluation of the uninvolved liv-
er, as well as the necessity of providing minimal
clinical information to the reviewer, which should
always include age, AFP level at the time of diag-
nosis, underlying liver disease, and correlation with

imaging [13"7]. There was also consensus between
the pathologists regarding the importance of
obtaining prechemotherapy specimens for the
initial diagnoses and tumor classification. Finally,
the group also highlighted the importance of tissue
banking for biological studies [13""].

The newly proposed pathology consensus of
pediatric hepatoblastoma classification (Table 1)
[13™"] includes all prognostically relevant histologi-
cal types (WDF and SCU), as well as the new
categories (‘pleomorphic epithelial’ and ‘malig-
nant hepatocellular neoplasm’), recognizing how
challenging some tumors are to classify, particu-
larly after chemotherapy. Reviewers also high-
lighted the importance of appropriately sampling
and following specimen submission recommen-
dations, as well as the imperative need to charac-
terize the biology of hepatoblastoma, pediatric
hepatocellular carcinoma, and other hepatocellu-
lar neoplasms, and to identify biological markers
that could be used for tumor classification, clinical
stratification, and to develop new novel thera-
peutic strategies.

Table 1. International consensus classification of the histologic subtypes of hepatoblastoma

Well differentiated and uniform
(10-20 wm diameter),
round nuclei, cords with
minimal mitotic activity, EMH

Fetal

Pleomorphic, poorly differentiated
Moderate anisonucleosis,
high N/C, nucleoli

10-15 pum diameter, high N/C,
angular, primitive tubules, EMH

Embryonal

Stromal derivatives Spindle cells {blastemay), osteoid,

skeletal muscle, cartilage

Small cell
undifferentiated (SCU)

{5-10 um diameter) no architectural
pattern, minimal pale amphophilic
cytoplasm, round to oval nuclei
with fine chromatin and
inconspicuous nucleoli, +/-

H a

EMH, extramedullary hematopoiesis; HB, hepatoblastoma. Data from [13%%]

“Pure small cell undifferentiated needs to be differentiated from malignant rhabdoid tumers {discohesive, eccentric irregular nuclei, prominent nucleoli, abundant

cytoplasmic filaments including cytokeratin and vimentin, negative nuclear INI).
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PREDICTING PROGNOSIS: GENETICS
Several prognostic markers and constitutional
genetic syndromes such as Trisomy 18/Edward’s
syndrome, BWS, and FAP have been reported in
association with hepatoblastoma [17]. There have
been at least seven published cases of hepatoblastoma
in children with trisomy 18/Edward’s syndrome.
BWS predisposes to a number of embryonal tumors
and the overall percentage of children with BWS who
develop tumorsis 7.5-13.5%, with the most frequent
tumors being Wilms’ tumor and- hepatoblastoma.
Regarding FAP, it appears that there may be geno-
type—phenotype links between specific mutations to
the APC gene, which is mutated in FAP. In families
with FAP and hepatoblastoma, referral to a genetic
counselor is recommended.

The most frequent genetic aberrations (70-90%)
in hepatoblastoma occur in genes involved in
the Wnt signaling pathway [18,19]. A majority of
hepatoblastoma have Wnt signal abnormalities.
Recently, telomerase activation and genetic expres-
sion profiles were identified as prognostic factors
[20,21]. Among 212 hepatoblastoma enrolled in
Japanese Study Group for Pediatric Liver Tumors
(JPLT)-2 between 2000 and 2010, large deletion of
CTNNBI1 was detected in 107 cases and mutation of
CTNNBI1 exon 3 was detected in 56 cases. Approxi-
mately 80% had abnormalities of these factors,
including APC and Axin genes. Immunohistochem-
istry revealed B-catenin was accumulated in the
tumor cells with Wnt signal aberrations. Not all,
but a majority, of the samples showed elevated
expression of Wnt signal target genes such as cyclin
D1, survivin, and MYC.

Telomerase, the activated enzyme related to cell
immortality, is a reverse transcriptase for the
elongation of telomeres, is regulated by the expres-
sion of TERT (human telomerase reverse trans-
criptase), and is a catalytic component of human
telomerase [22,23]. Wnt signal activation usually
occurs in aggressive tumors, TERT expression plays
a major role in Wnt signal activation, and MYC (an
activated Wnt signal target gene) enhances TERT
expression. As a result, activation of TERT and
MYC signaling appears to play a role in the more
aggressive phenotypes of hepatoblastoma [24,25].
Additionally, recent microarray analysis by Cairo
and colleagues revealed a 16-gene signature that
discriminated invasive and metastatic hepatoblas-
toma and predicted prognosis. These 16 genes were
the highly proliferating subclass typified by upregu-
lated MYC signaling [26]. These findings support the
MYC activation theory by Wnt signaling activation
in aggressive hepatoblastoma, again suggesting that
a TERT and MYC vicious cycle may exist in aggres-
sive tumors.

22 www.co-pediatrics.com

PREDICTING PROGNOSIS: RiSK
STRATIFICATION AND CLINICAL
PROGNOSTIC FACTORS

The four major study groups — International child-
hood liver tumors strategy group (SIOPEL), COG,
German Society for Pediatric Oncology (GPOH), and
JPLT - have historically had disparate risk classifi-
cation categories, making it difficult to compare the
outcomes across the oceans. Fortunately, all groups
have increasingly used the PRETEXT grouping
system for risk stratification, as discussed in Part
Two of this review. Over the last 10 years, individual
study groups have attempted to define the relative
importance of a variety of suspected prognostic
factors present at diagnosis and in response to
therapy [9,11,27,28,29%,30] (Table 2). In SIOPEL,
good prognostic factors have included low PRETEXT
at diagnosis (PRETEXT I, I, and III tumors) [28]. In
COG, good prognosis has been shown for Stage I
tumors resected at diagnosis and tumors with pure
fetal histology [9,11]. Poor prognostic factors ident-
ified individually in these trials include PRETEXT IV,
metastatic disease, AFP less than 100, and SCU
histology [9,27]. Other variables such as tumor
rupture prior to diagnosis, tumor multifocality,
macrovascular tumor invasion, extrahepatic tumor
extension, age at diagnosis, very high (>1.2 million)
or borderline low (100-1000) AFP have been

Table 2. Potential prognostic factors in hepatoblastoma

PRETEXT (12, l1°, 1ll, Iv¥) Response to chemotherapy

M diag

Surgical resectability

Unresectable vessel
involvement (+V, +P)P

AFP, alphafetoprotein; CHIC, Children’s Hepatic tumor International
Collaboration.

°Good prognostic factor in CHIC multivariate analysis [30].

5Poor prognostic factor in CHIC multivariate analysis [30].

°Good prognostic factor [11].

dPoor prognostic factor [9,28,29™"].
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suggested as poor prognostic factors, but the relative
importance of their prognostic significance has been
difficult to define [297]. Factors in response to treat-
ment that had been hypothesized as poor prognos-
tic factors include poor response or progressive
disease on chemotherapy, gross positive surgical
margins, surgically unresectable tumor, and tumor
relapse.

Efforts to define clinical prognosis in hepato-
blastoma have historically been challenging because
of the low numbers of patients, even in multicenter
trials. To address this challenge, the Children’s
Hepatic tumor International Collaboration (CHIC)
initiative was formed to combine the results of
multicenter trials by SIOPEL, COG, JPLT, and GPOH
over the last 20 years and thereby gain enhanced
statistical power with increased numbers. In
cooperation with the data management group Con-
sorzio Interuniversitario (CINECA), CHIC created a
dataset that includes comprehensive data on all
children treated in 11 separate trials by the four
major hepatoblastoma study groups between 1989
and 2008, a total of 1605 patients [31]. Univariate
analysis was used to identify statistically significant
prognostic variables, which were then included in a
backwards elimination multivariate analysis to
identify those constellations of variables most pre-
dictive of outcome [30]. Factors significant by uni-
variate analysis at diagnosis were PRETEXT, AFP less

than 100, AFP 100-1000, metastatic disease, age
group, macrovascular involvement vena cava/hep-
atic veins (+V), macrovascular involvement portal
veins (+P), contiguous extrahepatic tumor (E),
multifocal disease, and spontaneous rupture at
diagnosis. Multivariate analysis of these factors
led to the selection of a risk backbone based upon
PRETEXT I/II, PRETEXT III, PRETEXT IV, AFP less
than 100, and metastatic disease. Within each of
these backbone groups, the presence or absence of
the remaining risk factors was further stratified by
multivariate estimates of EFS (Table 3) [30]. This
statistical effort is ongoing and has not yet been
rigorously validated. Upon maturation of outcome
data from the current COG trial, AHEPO731, the
CHIC group hopes to combine the data of
AHEPO731 and SIOPEL 4 to form a validation set
for the CHIC risk groups. Moreover, validation and
refinement of these risk groups is one of the
primary objectives in the planning for an upcom-
ing international collaborative hepatoblastoma
therapeutic trial.

HEPATOBLASTOMA MULTICENTER
TRIALS

Treatment of hepatoblastoma in children represents
a true success story of pediatric oncology in the last
25 years. From prechemotherapy survival rates in

land i

<3 >100

Table 3. Multivariate andlysis of risk groups in the Children’s Hepatic tumor International Collaboration (CHIC) database

92%

>100

>1 32

M+ (any pretexi) Any >100

Any and Prefext 4 259

AFP, alphafetoprotein. Data from [30].

9Other risk factors statistically significant in multivariate analysis: multifocal tumor, major venous involvement +V (all three hepatic veins or inferior vena cava),
major venous involvement +P (portal bifurcation or both portal veins), extrahepatic contiguous tumor extension +E, and tumor rupture.

BCHIC database includes patients from COG (INT-0098; P9645); SIOPEL (SIOPEL-2; SIOPEL-3SR, SIOPEL-3HR}; JPLT (JPLT-1; JPLT-2); and GPOH (HB89; HB 99).
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the 1970s of 30%, the use of adjuvant and neo-
adjuvant chemotherapy brought the patients’ sur-
vival to 70-80%. This progress was possible not only
because of the introduction of new drugs (i.e. cis-
platin and doxorubicin), but also because of the new
surgical approaches (i.e. hepatic exclusion, Pringle,
ultrasonic dissection, liver transplantation) and,
perhaps most importantly, because of multicenter
cooperative efforts of the major international study
groups (Table 4) [27,32-39].

One fundamental controversy between various
study groups has been the issue of primary hepatic
resection, with SIOPEL recommending preoperative
chemotherapy in every case, in every patient, and in
every tumor. The other groups have traditionally
carved out some lower-risk groups amenable to
upfront resection. The initial American approach
(INT-0098,P9645) put the upfront surgical decision
in the hands of the individual surgeon and recom-
mended an attempt at upfront resection in

everyone. The old COG Evan’s stages I, II, and III
were based upon the surgeon’s success or failure to
resect the tumor at diagnosis. In those who were not
‘resectable’, biopsy only was performed, followed by
chemotherapy, delayed surgery, and postoperative
chemotherapy. In those who were resectable, a
primary partial hepatectomy was followed by post-
operative chemotherapy [39]. The current COG
trial, AHEP-0731, has moved away from putting
surgical decisions arbitrarily in the hands of an
individual surgeon. This study’s surgical guidelines
recommend upfront resection only for PRETEXT I
and II tumors, when the diagnostic imaging shows
clear radiographic margins on the contralateral por-
tal vein, the middle hepatic vein, and the retrohe-
patic inferior vena cava [40].

The evolution of chemotherapeutic approaches
is well illustrated by following the progression of
results shown in Table 4. Contemporary chemo-
therapy protocols from the four major study groups

Table 4. Summary results of hepatoblastoma cooperative trials

INTO098 [CCG/POG)
1989-1992

C5V vs. CDDP/DOXO

Stage: I/1l: 50; Stage lI:
83; Stage IV: 40

4-Year EFS/OS: 1/11=88%/100% vs.
96%/96%; I1=60%/68% vs.

68%/71%; IV =14%/33% vs.

37%/42%

Sfdg
HB 94 (GPOH) I/Il: IFOS/CDDP/DOXO Stage: I: 27; 1I: 3; 4-Year EFS/OS: | =89%/96%;
1994-1997 /1v: IFOS/CDDP/ lli: 25; IV: 14 I1=100%/100%; Il =68%/76%;

DOXO + VP/CARBO

IV=21%/36%

SIOPEL 2 1994-1998

SR: PLADO; HR: CDDP/
CARBO/DOXO

SIOPEL 4 2005-2009

: Block A: Weekly;
CDDP/3 weekly DOXO;
Block B CARBO/DOXO

PRETEXT: 1=6; [I=36;
I=25; V=21, Mets: 25

3-Year EFS/OS: SR: 73%/91%;
HR: IV=48%/61%; HR:
Mets: 36%/44%

i 9 :
ear EFS/OS:
All HR=76%/83%; HR:
V=75%/88%; HR:
Mets: 77%/79%

3

JPLT 2 1999-2010

I: low-dose CDDP Pirarubicin;
lI-1V: CITA Mets:
High dose + stem cell transplant

Stage: n=212; PRETEXT I: 95;
IIl: 95; lli: 100; IV: 48; Mets: 46

5-Year EFS/OS: 1=2/100%;
1=2/89%; l=2/93%;
IV=2/63%; Mets 32%

AFP, alphafetoprotein; CARBO, carboplatin; CCG, Children’s Cancer Group; CDDP, cisplatin; CITA, Cisplatin/Pirarubicin; COG, Children’s Oncology Group;
C5V, cisplatin + 5fluorouracil (5FU) + vincristine; DOXO, doxorubicin; EFS, eventfree survival; GPOH, German Society for Pediatric Oncology; HR, high risk;
IFOS, ifosfamide; JPLT, Japanese Study Group for Pediatric Liver Tumors; Mets, metastatic; OS, overall survival; PLADO, cisplatin + doxorubicin; POG, Pediatric
Oncology Group; PRETEXT, prereatment extent of tumor; SIOPEL, international childhood liver tumors strategy group; SR, standard risk; SUPERPLADO, cisplatin+
doxorubicin + carboplatin; THPA, tetrahydropyranyl adriamycin; VP, etoposide. Data from [27,32-38].

°Study closed early because of inferior results in CDDP/CARBO arm.
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Table 5. Current chemotherapy recommendations of the different study groups

COG (AHEP 0731)

Very low risk

None

Intermediate risk

CDDP, 5FU, VCR, Doxo x 6-8
VCR,

CDDP, 5FU, VCR, Doxo x 6

(SIOPEL 4)

High risk

PRETEXT il

All PRETEXT M+

CDDP weekly x 8, Doxo 3rd weekly x 3

Additional high-dose ETO/CARBO/MEL

After 8 CDDP/3 Doxo

er 5—7 courses

After 2 courses

After 4 courses

5-FU, 5-fluorouracil; CARBO, carboplatin; CDDP, cisplatin; COG, Children’s Oncology Group; Doxo, doxorubicin; ETO, etoposide; GPOH, German Society for
Pediatric Oncology; HR, high risk; IFOS, ifosfamide; JPLT, Japanese Study Group for Pediatric Liver Tumors; MEL, Melphalan; PIRA, pirarubicin; PRETEXT, pre-

treatment extent of tumor; VCR, vincristine. Data from []2",33,38,41 " 42].

are shown in Table 5 [12"*,33,38,41",42]. The SIO-
PEL1, 2, 3, 4 series of studies have shown progressive
improvements in survival, especially in the high-
risk (hepatoblastoma - high risk) cohorts (Table 6)
[34-36,41"",42]. SIOPEL 4 shows an impressive
improvement in survival for metastatic patients
using a novel schema that incorporated weekly
dose-dense cisplatin chemotherapy. The results
are startling and strike one as almost too good to
be true, with 98% (60 of 61 evaluable patients)
experiencing a partial response and only 1 of 20
who achieved a pulmonary complete response hav-
ing relapse [43]. As a single-arm trial, SIOPEL 4 was
not randomized; rather, outcomes were compared
with historical controls, and therefore further study
will be needed before it can be adopted as the stand-
ard of care. A total of 97% of patients had grade 3-4
hematologic toxicity. This is consistent with some

adult studies that have used a similar approach and
may be considered acceptable. However, fever and
neutropenia occurred in 71% of patients and four
patients had toxic deaths (two from infection, one
from surgical bleeding, and one with tumor bleed-
ing). The number of patients with significant hear-
ing loss was greater than 50%. As ototoxicity is
difficult to measure, notoriously underreported,
and can progress over time, the question remains
as to what hearing function these very young
patients will have in the long run. The SIOPEL 4
results suggest that this regimen should be com-
pared in a randomized trial, further evaluating the
toxicities of this design, and, in fact, planning is
underway to study this regimen in the high-risk arm
of a new international trial being planned as a joint
effort between COG, SIOPEL/GPOH, and JPLT.
Additionally, as exciting as these results are, it

Table 6. Progression of high-risk outcomes in SIOPEL studies over the last 2 decades

Response rate 78%

pl

‘ EFS metastatic 28%

44% 56%

76% 77.5% 97%

80%"*

EFS, eventfree survival; OS, overall survival; Prefext, pre-treatment extent of tumor; SIOPEL, international childhood liver tumors strategy group. Data from [34—

36,41%",42].
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emphasizes the urgent need for new agents to
address that subset of tumors that remain unrespon-
sive.

Novel strategies have been investigated by JPLT
and COG. In JPLT-2, the use of high-dose chemo-
therapy with autologous stem cell/bone marrow
transplant rescue was used in the highest-risk
patients, but was not found to improve survival
[39]. COG AHEP-0731, in collaboration with JPLT,
is studying patients using vincristine-irinotecan
and vincristine-irinotecan—-temsirolimus in meta-
static patients in a novel upfront window design
prior to beginning standard COG CSV-D chemo-
therapy (cisplatin, 5FU, vincristine, and doxorubi-
cin) [447].

CHEMIOTHERAPY, PROGRESSIVE
DISEASE AND TUMOR RELAPSE: NEW
DEVELOPMENTS N CHEMOTHERAPY

Few conventional chemotherapy agents have dem-
onstrated activity in progressive or relapse hepato-
blastoma [45]. Doxorubicin, carboplatin, etoposide,
and ifosfamide have been used as part of rescue
strategies and have been incorporated in upfront
therapy for high-risk patients as well [46-48].
Approximately one-third of the patients whose dis-
ease progressed or recurred after initial treatment
without anthracyclines could be successfully res-
cued with a doxorubicin-containing regimen and
surgery [46]. Irinotecan has been used experimen-
tally as a maintenance therapy in a handful of
patients suspected of being at high risk for relapse
[47]. A SIOPEL phase 2 study investigated irinotecan
in 28 patients with relapse and progressive disease
on conventional chemotherapy. Of the 23 evaluable
patients, 6 had a partial response, 11 had stable
disease, and 6 had progressive disease. Irinotecan
appeared to have significant antitumor activity in a
small but real subset of these patients [49]. High-
dose chemotherapy with stem cell rescue has been
used in the setting of progressive or relapsed hep-
atoblastoma. However, as the available data is based
on case reports or small series with potential for
selection bias, the role and efficacy of this approach
are still unknown [38,50-52]. Hepatic intra-arterial
chemoembolization has been shown to be effica-
cious in shrinking these tumors and allowing
complete surgical resection after initial systemic
chemotherapy [53,54]. Surgical resection of relapse
nodules in the lungs can be curative, but has a high
failure rate [55].

Agents like irinotecan and oxaliplatin have been
tested in small numbers of patients with relapse
[48,56,57]. Whereas irinotecan has shown to have
some activity, no objective response was seen for
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hepatoblastoma in a phase II study of oxaliplatin
[57]. Newer targeted agents that ‘selectively’ inter-
fere with the pathway targets involved in tumor
growth, progression, and vascular development,
such as insulin-like growth factor (IGF), phosphati-
dylinositol 3-kinase (PI3K), mammalian target of
rapamycin (mTOR), and vascular endothelial
growth factor (VEGF), are currently under develop-
ment. Gene-directed treatment approaches and
immunotherapy have high potential as future treat-
ment options. Both therapy options have displayed
promising results in preclinical models so far, but are
clearly only in the infancy of their scientific evalu-
ation [58-65].

CONCLUSION

Further understanding of the histopathologic sub-
types and molecular mechanisms responsible for the
development and progression of these tumors is
essential to prioritize the most promising agents
for clinical evaluation. International cooperation
is necessary for the continuous improvement in
the outcomes of these patients and the advance-
ment in the knowledge of the genetics, epidemiol-
ogy, and biology of these tumors. With the
foundation provided by the CHIC, work is now well
underway in the formation of a new cooperative
international hepatoblastoma trial, fostering our
ability to compare the historic differences between
the chemotherapeutic and surgical approaches of
different study groups and define the true state of
the art.
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