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or a suite of markers, that can then be vali-
dated by conventional methods such as
Northern blot analysis, i situ hybridization,
and quantitative polymerase chain reaction.
This approach has advantages because regula-
tory agencies such as the U.S. FDA have pro-
posed procedures to address gene and protein
biomarkers, and other organizations, such as
the Organisation for Economic Co-operation
and Development (OECD 2005), are
embarking on establishing similar guidance
(Supplemental Material, Section 13 heep://
ehp.niehs.nih.gov/members/2005/8247/
suppl.pdf).

Proof-of-principle studies could be con-
ducted concurrently with existing regulatory
test methods using similar samples of test com-
pounds. In such situations, it may be appropri-
ate to use in vivo systems, which are widely
accepted by the regulatory community. Parallel
in vitro studies could be conducted in situations
where an appropriate test system is available. It
may be wise to focus initial efforts on defining
relationships between gene expression changes
and toxicity for individual compounds or com-
pound classes with well-defined end points.
The experimental design should address con-
ventional aspects of dose and time (dose
response), species and strain susceptibility,
group size and sex, and selection of end points
for study (e.g., histopathology, clinical chem-
istry). Numerous commercial microarray plat-
forms offer genomewide- coverage for model
systems such as rat, mouse, Caenorbabditis
elegans, and humans. Commercial microarrays
are also available for genes that are highly
expressed in specific tissues (e.g., liver, breast)
and during specific biological processes such as
metabolism (e.g., P450 enzymes). Both
genomewide and dedicated arrays can be used
with RNA samples from in vivo and in vitro
(tissue and cell culture) systems, enabling paral-
lel studies to be conducted with a single
microarray platform. This is important because
the results of microarray experiments can vary
depending on the array design and the selection
and performance of gene probes on the array.
Encouraging results on cross-platform compar-
isons and between-laboratory reproducibility
are now emerging (Bammler et al. 2005; Chu
et al. 2004; Irizarry et al. 2005; Larkin et al.
2005; Yauk et al. 2004). Toxicogenomics stud-
ies conducted in parallel and comparative sys-
tems can demonstrate the biologic relevance of
in vitro models as surrogates for in vivo models
without the need to address cross-platform
(technologic) issues (Boess et al. 2003; Huang
et al. 2003). Although initial efforts should
focus on defining simple gene and protein bio-
markers for specific compound classes, end
points, and model systems, the end goal is to
establish a compendium of compound-specific
knowledge that transcends technology plat-
form. Ideally, the markers should be robust
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enough to withstand technologic advances in
toxicology that add to the existing knowledge
about the compound. Once sufficient and ade-
quately validated data are available, toxico-
genomics can become part of a hierarchical
approach to compound assessment.

The use of toxicogenomics to identify
(screen) compounds with the potential to
cause adverse effects may present opportuni-
ties to reduce the need for full animal tests, or
perhaps refine animal use, and/or reduce the
numbers of animals needed when i vivo tests
are necessary. Of course, the statistical power
of any test will influence the number of ani-
mals used in an #n vivo test as well. Screening-
type assessments may be appropriate for
priority setting, dose setting, chemical rank-
ing, and so forth. The extent of validation
required for screening tests may be different
than that required for full replacement tests
because negative compounds might still
undergo full animal testing. Establishing a
compendium of compound-specific informa-
tion will enable regulators and sponsors to
access what is known about a compound
across multiple test systems, species, and end
points, thereby improving the biological rele-
vance of regulatory decisions to safeguard
human health and the environment.

Strategy 2: use of gene expression signatures
to predict toxicity. Toxicogenomics holds great
promise for improving predictive toxicologic
assessments. Gene expression profiling has
been used to classify compounds by chemical
class and mechanism (Hughes et al. 2000;
Scherf et al. 2000; Steiner et al 2004; Thomas
et al. 2001), tumors by origin and type (Chung
et al. 2002), and breast cancer patients for fol-
low-up chemotherapy (van ‘t Veer et al. 2002).
In all cases, classification was based on a set of
discriminatory gene elements, between 10 and
several hundred, identified from a larger pool
of genes on a microarray. The pattern of gene
expression, not the measurement of a single or
a small set of genes, was the basis for classifica-
tion. A variety of gene expression analysis algo-
rithms were used to discriminate samples based
on gene expression signature. In all cases, the
compound class or tumor status was known
a priori, and gene expression signatures for
known samples were used to predict classifica-
tion for other known but blinded samples
(Blower et al. 2002; Brindle et al. 2002). Such
models are currently being developed in the
private sector {e.g., Gene Logic, Iconix) and are
commercially available but cannot, as yet, be
exploited by regulators and the scientific com-
munity because the underlying data sets and
algorithms have not been made available
outside the private sector.

Predictive model development will require
an extensive “training” set of gene expression
measurements for classes of model compounds
in a variety of test systems, both in vivo and

in vitro, at multiple doses and time points.
Initial studies can be conducted concurrently
with conventional testing systems as a way to
confirm model predictions. In the short term,
it is unlikely that sufficient data will be avail-
able for gene expression signatures to replace
conventional approaches. Until then, such data
can be used as part of a hierarchical approach
to toxicity testing in conjunction with accepted
methods routinely used for regulatory pur-
poses. In the long-term, sufficient data should
accumulate from well-designed validation stud-
ies such that gene expression signatures could
be part of a battery of tests that reduce or

replace animal procedures.

Model validarion will necessitate multiple
independent data sets and application of
sophisticated statistical approaches. Acceptance
of these models will require that research and
regulatory communities have access to the data
analysis tools used to build the models, and
that they become familiar with the limitations
and uncertainties of using these complex com-
purtational models. Confidence in and accep-
tance of these models will also require rigorous
performance standards and appropriate con-
trols to ensure reproducibility and stability
over time (see below) and adequate sensitivity
and specificity to discriminate toxic from non-
toxic responses. Initial model development
could easily be accelerated through coordinated
sector-spanning efforts. Coordinated efforts
across academia, government, and industry
partnerships will accelerate progress in defining
gene sets that are robust and discriminatory
both within and across technology platforms.
This is an ideal scenario given the rapidly
advancing pace of technology development.

An important aspect of any toxico-
genomics validation strategy is the need to
measure the range of biological variability of
gene responses for a given test system. Ideally,
this should be accomplished by one species,
tissue, and end point at a time, in order to
adequately assess cross-species differences that
often hamper risk assessments. Measurerments
of biologic variability under baseline and toxi-
cant-challenged conditions will enable regula-
tors to better discriminate biologically relevant
responses from baseline homeostatic fluctua-
tion. This is an important issue for toxicoge-
nomics, as studies conducted on cell culture
populations demonstrate a wide range of bio-
logical variability in gene expression measure-
ments for individual cells under both baseline
and challenged conditions (Kuang et al.
2004). Therefore, it is necessary to define cri-
teria to adequately address biological variabil-
ity in a dara submission and to establish
whether the burden of maintaining these dara
is that of the regulator or sponsor.

The recommendations related to the bio-
logical validation of toxicogenomics-based test
methods are listed in Table 1.
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Standardization and Validation of
Toxicogenomics-Based Methods:
Focus on the Technology

Considerations given to validation of the
technology encompassed the technical and
bioinformatics issues related to the validation
of toxicogenomics-based test methods. The
starting premise adopted was that with the
availability of bioinformatics expertise, bio-
logical data generated from toxicogenomics
studies could be interpreted with a high degree
of confidence. The ultimate aim was to iden-
tify a strategic approach that would enable
credible biological observations and conse-
quential judicious regulatory decisions, and
that this approach would be independent of
the toxicogenomic platform used. Moreover,
standardization and validation of toxicoge-
nomic platforms were seen as essential for
identifying and reducing technologic artifacts.
Standardization would also be required to
increase the certainty by which biological
observations could be extrapolated across and
between different microarray platforms. It is
therefore important to build on the learning
of previous and ongoing efforts in standard-
ization of toxicogenomics (reviewed by
Sansone et al. 2004).

Three distinct levels where validation is
necessary were identified (see Figure 1 and dis-
cussion below). The first level of validation is
the responsibility of the array manufacturer or
provider and has to be performed only once.
This can be seen as a “one-off validation” and
relates to both the microarray quality and the
instrumentation. The second level of validation
is the responsibility of both the experimental
toxicologist and the array manufacturer or
provider. This can be seen as “routine valida-
tion” or best practice to allow data comparabil-
ity. It encompasses quality control (QC)

aspects of the critical experimental components
and is a process that occurs on a regularly

scheduled basis. The third level of validation,
that is, determination of reliability and rele-
vance, is needed every time a change is intro-
duced into the test procedure. Performance
standards developed based upon the original
test method would serve as the criteria against
which the revised method would be compared.
Despire these multilevel validation needs, it
was repeatedly emphasized that significant
technologic development and progress in

microarray platforms are still under way and
that efforts to validate and standardize these
technologic platforms must not be at the

expense of innovation.

One-Off Validation

The one-off validation is the responsibility of
the array manufacturer or array provider. This
is required to ensure that the array platform
being used is robust and that the inherent vari-
ability within the platform is transparent to the
user and the regulator (Figure 1). The follow-
ing were identified as being necessary for
microarray-based toxicogenomics to be used in
regulatory assessments:

* Microarrays should be fabricated in accor-
dance with the principles of Good Manu-
facturing Practice (GMP).

* Specifications and performance criteria for
all instrumentarion and method compo-
nents should be available.

¢ All quality assurance/quality conrtrol
(QA/QC) procedures should be transparent,
consistent, comparable, and reported.

* The array should have undergone sequence
verification, and the sequences should be
publicly available.

* All data should be exportable in a MAGE
(MicroArray and Gene Expression)-compatible
format.

Table 1. Recommendations: focus on biological systems.

responses to exogenous compounds

Encourage increased use of toxicogenomics-based approaches to define the mechanistic context of toxic

Promote greater understanding of the relationships between gene expression responses and altered phenotype,

considering the biological pathways affected, dose response, and the point of departure from adaptive to toxic

response

strengths of pathway analysis

animal care and use, age-related context)

°

testing approaches

serve as surrogates for in vivo systems

o

characterize the system to fulfill validation criteria

toxicity testing methods

multiple species, end points, and test systems

Favor the identification of biomarkers that are independent of technology platform but acknowledge the potential
Characterize the range and extent of biological variability of responses for the test systems (e.g., diurnal effects,
Encourage the immediate use of toxicogenomics-based approaches in conjunction with conventional toxicity

Explore the extent to which toxicogenomics can address cross-species responses and specific disease states
Promote the conduct of parallel and comparative in vivo and in vitro studies to identify in vitro systems that can

Characterize predictive toxicology models with respect to parameters such as dose, time, study design, relevance;
Promote the identification of gene and protein biomarkers as early {prognostic) markers as a refinement to existing
Establish a compendium of toxicant information based on gene expression responses for model compounds across

Foster the development of effactive partnerships between academic, government, and industry groups to promote

collaborative efforts to validate toxicogenomics-based test methods and generate sufficient high-quality data to

support regulatory decision making
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Routine Validation

Routine validation is an ongoing process that is

the responsibility of the experimental toxicolo-

gist and the array manufacturer or provider

(Rockett and Hellmann 2004). Again, for

microarray-based toxicogenomic assays to be

used in regulatory decision making the follow-

ing important factors were identified (Figure 1):

« Oligos, cDNAs, or clones that are arrayed
should be randomly sequence-verified to
ensure that no errors are introduced between
batch syntheses. This verification process
should be recorded and reported by the
manufacturer

* All reagent components should be identified.
Reagents should be prepared according to
GMP and/or GLP as appropriate. Data
regarding batch variability should also be

* recorded and reported

« Common reference RNA standards (house-
keeping genes) should be adopted to facilitate
comparison between array platforms. This
may be achieved in collaboration with the
international Microarray Gene Expression
Data (MGED) Society and other related
efforts (see below).

Biological standards. Performance stan-
dards, test component standards, and QC
measures are key components of any validation
strategy for a toxicologic test method.
Establishing standards is particularly important
for gene expression technologies due to the
inherent technologic and biological “noise” in
these systems. Commonly used biological stan-
dards are reference RNAs that are competi-
tively hybridized with the sample of interest in
two-channel array formats, and i vitro RNA
transcripts that are “spiked into” RNA samples
of interest in either one-channel or two-chan-
nel array formats. Establishing accepted RNA
standards will address concerns of regulatory
reviewers about data quality and variability
within and between laboratories and across dif-
ferent technology platforms. The standards will
also provide a common benchmark for regula-
tors to assess platform petformance over time.
To achieve this goal, we must establish stan-
dards that maintain a defined level of accuracy,
sensitivity, specificity, and reproducibility
across platforms.

Reference RNAs can be derived from tissue
extracts, cell lines, or both and serve a variety of
purposes. Workshops sponsored by govern-
ments and industry have focused on defining
the specifications for reference RNAs for dlini-
cal and regulatory applications (Joseph 2004).
The consensus is a that multiple RNA stan-
dards are needed to measure the accuracy,
dynamic range, sensitivity, and specificity of
varied technology platforms under varied con-
ditions. Important questions are whether regu-
latory agencies will define preferred sources of
RNA standards, and, if so, who will generate
and maintain baseline information about these
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standards. Although the selection of a given
RNA standard depends primarily on the pur-
pose and application, all RNA standards should
be tested for a clearly defined number of copies
of a given sequence within an RNA preparation
over some linear range (Cronin etal. 2004).
Some initiatives are raising awareness of
the effects of variables that might hamper data
comparability and are working toward devel-
oping best practice guidelines for microarray-
based measurements (Hopkins et al. 2004).
For example, recommendations for best prac-
tice in array normalization, together with per-
formance characteristics in terms of sensitivity,
accuracy, and comparability of different array
platforms (cDNA and oligo, spotted and
in situ synthesis), are beginning to emerge
together with proposals for transparency and
availability through publicly accessible data-
bases (http://www.vam.org.uk). Other initia-
tives are considering the use of quality metrics
for standardizing and validating array-based
toxicogenomics measurements. The extent to
which such efforts will be pursued and the
impact they will have upon the standardiza-
tion issues that are a necessary prerequisite to
the validation exercises remain to be seen.
Quality assurance and Good Laboratory
Practice. GLP is intended to promote proper
documentation, quality, and authenticity of
toxicity test data and is required for data
acceptance by regulatory agencies (e.g., U.S.
FDA, U.S. EPA). At the international level,
GLP has been promulgated under the OECD
guidelines program (OECD 1998). As part of
the progression toward regulatory acceptance,
toxicogenomics experiments should ideally be
conducted in accordance with GLP. However,
at present, most large-scale toxicogenomics
efforts are not arising from GLP-compliant
laboratories, and requiring compliance for
data submission could greatly hamper the
technical advancement of new technologies
and retard their migration into the regulatory
arena. To avoid discouraging technologic
progress while maintaining a level of GLP
conformity, it could be argued that for
research and technical development and
improvement purposes, it might be acceptable
if array-based studies could at least measure up
to the reporting standards required by GLP.
However, with the adoption of the toxico-
genomics-based technologies into regulatory
decision-making practices, GLP compliance
undoubtedly will be expected. Procedural
aspects of GLP compliance not currently cap-
tured in MIAME-Tox (minimum information
about a microarray experiment for toxico-
genomics) will need to be identified but can
be incorporated over time. Until then, it may
be possible to allow for proof-of-principle and
prevalidation studies to be conducted in accor-
dance with the “intent” of GLP practices by
requiring submitters to adequarely document
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procedures and control measures and make
experimental data open to regulatory review.
“Best practices” for toxicogenomics can be
established until formal procedures are
adopted. This may be a more realistic solution
that permits the advancement of science while

addressing the need for QA and QC.

Validation as a Result
of Procedural Changes

This third level of validation is necessary when-
ever a technical or methodologic change is
introduced into the test. Such changes might,
on one hand, be restricted to the microarray
technology (e.g., modification or addition of
sequences to a microarray, changes in data
analysis procedures). Alternatively, they could
involve the experimental design (e.g., dose,
time, cell culture procedures). One considera-
tion is that a distinction between minor and
major procedural changes that might be incor-
porated into a test would help determine

the extent of such validation necessary.

Additionally, to facilitate the process, perfor-
mance standards should be defined based upon
the original validated test procedure. Minor
changes would entail a demonstration of
equivalence of results obtained with the modi-
fied test to that obtained from the validated
test. Major changes would involve the need
to define a new set of reference materials to be
tested and a more extensive validation.

Guidance on the use of performance standards
and the elements comprising them have been

published ICCVAM 2003) and have been
employed for in vitro dermal corrosion assess-
ment methods (ICCVAM 2004). Such guid-
ance can also help facilitate the establishment
performance standards for toxicogenomics-
based test methods in which procedural modi-
fications have been introduced after an initial
validation exercise, thereby providing a basis
for the comparison of reliability and accuracy

" of the modified method relative to the vali-

dated and accepted reference test method.

The concept of performance standards was
originally developed to evaluate the acceptabil-
ity (accuracy and reliability) of proposed test
methods that are based on similar scientific
principles and that measure or predict the same
biologic or toxic effect as an accepted (previ-,
ously validated) test method. Because some
regulatory authorities and international test
guidelines programs (e.g., OECD) have restric-
tions regarding the use of proprietary test
methods (methods that are copyrighted, trade-
marked, or patented), performance standards
also allow for the development and validation
of comparable nonproprietary methods based
on performance standards derived from the
corresponding proprietary antecedent method.
Under these circumstances, performance stan-
dards allow the characteristics and functional
attributes of a proprietary method or technique
to be described and offer a procedure for evalu-
ating the performance of methods claimed
to be substantially similar. A method that
meets the established performance standards is

Routine validation
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In vivo—in vitro
biological sample
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Figure 1. Scheme of the different steps in a toxicogenomics-based test. Three distinct levels were identified
where validation is necessary: one-off validation (left), which should be performed once and is mainly
related with the quality of the microarray and the instrumentation (blue); routine validation and QC (top),
representing the ongoing requirements that are the responsibilities of the experimental toxicologist and the
manufacturer {red); and the extent of validation necessary whenever a technical or methodologic change is

introduced in the test (right): a method should meet th
be considered reliable and relevant as the original test

e preestablished performance standards in order to
method (green). Q-PCR, quantitative PCR.
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considered sufficiently accurate and reliable for
the specific testing purpose for which it is
designed and is viewed as comparable with the
original test method upon which it is based. If
the correct performance standards have been
developed, a method for which the results have
the same accuracy and reliability as the original
should by definition also be as relevant as the
original method.

The conceptual framework and scope of
performance standards could be expanded or
adaprted to include innovations or advance-
ments in areas such as microarray or protein or
metabolite separation and identification tech-
nology, where proposed improvements might
or might not be generally or completely analo-
gous to those in existing systems but would still
enable similar applications. Performance stan-
dards could still provide a gauge for evaluating
newer or revised technologies to ensure that
their reliability and accuracy were at least com-
parable with that of existing acceptable tech-
niques using similar chemicals even if essential
test method components (i.e., structural, func-
tional, and procedural elements of a validated
test method to which a proposed, mechanisti-
cally and functionally similar test method
should adhere) were not substantially similar.

This level of validation, which does not
imply that a test needs to be complerely revali-
dated, is of extreme importance for tests based
on rapidly evolving technologies. It would be a
mistake to immobilize these technologies by
enforcement of a strict and inflexible validation
approach that would hamper progress and test
improvement. Finally, a periodic reassessment
of a test method’s performance (accuracy and
reliability) employing established performance
standards would help ensure adherence to
essential test method components and the reli-
ability and accuracy of the modified test
method relative to the validated antecedent
method (Hartung et al. 2004). Such assurance
could be best established and reported by inter-
national validation bodies such as ECVAM
and ICCVAM/NICEATM, which could track
the history, performance, and validation status
of a given test.

Data Management

The lack of robust QC procedures and

capture of adequate metadata has caused prob-
lems with the analysis and reproducibility of
array-based transcriptomics investigations.
Consequently, the international MGED
Society proposed standards for publication
(Nature 2002) that were designed to clarify
the MIAME guidelines (Brazma et al. 2001).
As a result, a number of journals now require
that articles containing microarray experi-
ments must be compliant with the MIAME
standard; some also require that the data inte-
gral to the article’s conclusions be submitred
to the ArrayExpress database at the EBI

(European Bioinformatics Institute) (Brazma
et al. 2003), GEO (Gene Expression

- Omnibus) at NCBI (National Center for

Biotechnology Information) (Edgar et al.
2002), and CIBEX (Center for Information
Biology Gene Expression database) at DDB]
(DNA Databank of Japan) (Ikeo et al.
2003)—the European, American, and
Japanese database counterparts, respectively.

There is a critical need for public toxico-
genomics databases because of the significant
volume of data associated with these experi-
ments, the complexity of comparing different
gene annotations and splice variants across plat-
forms, and the need for a resource for complex
informatics analyses of the traditional toxicol-
ogy and microarray data in parallel. However,
to fully achieve the potential of this emerging
interdisciplinary field, it is necessary that we
move toward the establishment of a common
public infrastructure for exchanging toxico-
genomics data (Mattes et al. 2004). The infra-
structure should address ) the technical
problems involved in data upload, &) the
demand for standardizing data models and
exchange formars, ¢) the requirement for identi-
fying minimal descriptors to represent the
experiment, d) the necessity of defining param-
eters that assess and record data quality, and
¢) the challenge of creating standardized
nomenclarure and ontologies to describe bio-
logical data. The goal is also to create an inter-
nationally compatible informatics platform
integrating toxicology/pathology data with
transcriptomics, providing the scientific com-
munity wich easy access to integrated dara in a
structured standard format, facilitating data
analysis and data comparison, and enhancing
the impact of the individual data sets and the
comprehension of the molecular basis of actions
of drugs or toxicants. Ultimately, such a knowl-
edge-base could be maintained (respecting con-
fidentiality as appropriate) as a reference for
regulatory organizations to evaluate toxico-
genornics and pharmacogenomics data submit-
ted by registrants to those organizations.

The potential exists for the international
development of this public infrastructure. As
part of the collaborative undertaking with the
International Life Sciences Institute Health and
Environmental Sciences Institute (ILSI-HESI)
Technical Committee on the Application of
Genomics to Mechanism Based Risk
Assessment (http://www.hesiglobal.org/com-
mittees), the European Molecular Biology
Laboratory of the European Bioinformatics
Institute (EMBL-EBI; Brazma et al. 2003;
http://www.ebi.ac.uk/microarray/Projects/tox-
nutri/index.html), the National Institutes of
Health/National Institutes of Health National
Institute of Environmental Health Sciences
National Center for Toxicogenomics (NCT;
Waters et al. 2003; http://www.niehs.nih.gov/
nct/), and the U.S. FDA NCT (Tong et al.
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2003; hrtp://www.fda.gov/nctr/science/centers/
toxicoinformatics/index.htm) have worked
closely together. The respective databases are
based on the international standards developed
by the MGED Society (Brazma et al. 2001;
Spellman et al. 2002). After the very favorable
response that the MIAME received from the
microarray community and key scientific jour-
nals (Ball et al. 2002, 2004; Nature 2002), the
MIAME checklist was extended to describe
array-based toxicogenomics experiments. The
MIAME-Tox checklist (MGED 2004) is an
attempt to define the minimum information
required to interpret unambiguously and
potentially reproduce and verify array-based
toxicogenomics experiments. MIAME-Tox also
supports a number of other objectives, for
example, linking data from different experi-
mental domains within a study and linking
several studies from one institution and
exchanging toxicogenomics data sets among
public databases. The major objective of
MIAME-Tox is to guide development of
toxicogenomics databases and data manage-
ment sofrware. Without a sufficient depth of
data in these resources, the scientific commu-
nity’s opportunity to develop consensus on
analysis and application of these data for risk
assessment or screening may be limited. The
availability of this level of information regard-
ing platform specification, appropriate com-
mon reference standards, and the toxicologic
study alone will facilitate the predictive value of
toxicogenomics across different array-based
platforms. This, in turn, will result in a greater
appreciation of and confidence in the value of
toxicogenomics within a regulatory context,
such that testing strategies can be optimized,
predictive alternative models can be identified,
and animal use can be reduced (Supplemental
Material, Section 2; http://ehp.niehs.nih.gov/
members/2005/8247/suppl.pdf).

Moreover, the long-term provision of a
MIAME-Tox~compliant database with a
MAGE-ML (Microarray Gene Expression
Markup Language) export is required for the
long-term storage of toxicogenomics dara. This
would directly support the role of ECVAM,
ICCVAM/NICEATM, and other validation
bodies in the validation of toxicogenomics-
based test methods.

The recommendations related to the tech-
nical and bioinformatics aspects of validation
are listed in Table 2.

Regulatory Acceptance of
Validated Toxicogenomics-
Based Methods

Regulatory scientists are increasingly being
called upon to consider incorporation of toxi-
cogenomics data in regulatory assessment
processes that involve evaluation of potential
human health or environmental hazard and
risk. Those scientists will need to be able to
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judge the level of confidence to place in both
in wivo and in vitro toxicogenomics-based test
methods and the resulting data that might be
submitted in support of regulatory decision
making. Whether a method has been deter-
mined to be valid for a specific purpose will be
an important factor for the consideration of its
use for regulatory purposes. Furthermore, the
tevel of confidence held by regulators will
influence regulatory acceptance of methods
and data, and will affect both the further pur-
suit of toxicogenomics technologies and rech-
nologic improvements and the extent of
industry application of these technologies.
Potential uses of toxicogenomics data in the
regulatory area. The potential of toxico-
genomics-based methods in contriburing to
regulatory assessment processes is broad.
Examples might include, but would not be
limited to, obtaining microarray data from
individual i vivo bioassays or in vitro cell or
tissue-based assays or from batteries of assays,
using conventional or high-throughput
approaches. In accordance with the current
developing state of the science, realistic possi-
bilities for initial uses of toxicogenomics data
in regulatory settings might be first in the
realm of hazard assessment, such as to support
chemical mechanism of action arguments.
Other early uses might include aiding individ-
ual chemical/chemical mixture screening or
ranking exercises to set priorities for toxicity
testing or to sort chemicals into batches. These
types of applications might involve identifica-
tion of individual genes or gene parterns associ-
ated with particular toxic effects or pathways,
adaptive responses, or metabolic pathways.
However, global pattern recognition—type
techniques are, as yet, not considered to be
ready to fully replace traditional bicanalytical
methods for predicting toxicity or elucidating
information on mechanism of action or bio-
chemical pathway component identification.
Using only human or animal i vitro or
in vive data derived from toxicogenomics
technology to estimate such parameters as
adverse/no adverse effect levels or to determine
dose—response relationships for conducting
risk assessments is regarded as a much longer
term goal. However, for hazard assessment
purposes, the possibility of considering toxi-
cogenomics data along with other types of
toxicologic information and data [e.g., from
in vivo and in vitro studies, determinations of
quantitative structure—activity relationships
(QSAR) or SAR] in a weight-of-evidence
approach on a case-by-case basis was not dis-
counted. Regulatory bodies have begun to
craft preliminary proposals, policies, and guid-
ance for the submission and use of omics-type
data in regulatory deliberations and to provide
encouragement for the use and further devel-
opment of the technology (U.S. EPA 2002;
U.S. FDA 2005). Additionally, organizations
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such as the QECD are actively working with
member countries on approaches that seek to
harmonize the use of omics-derived informa-
tion for hazard assessment related to health
and environmental effects.

Harmonization of toxicogenomics-based
test methods will first necessitate the standard-
ization and validation of the specific test proto-
col(s) developed for a specific purpose(s), as
conducted by international validarion bodies
such as ECVAM and ICCVAM/NICEATM.
It will then be important for such organiza-
tions to interface with the OECD to ensure
the appropriate crafting of harmonized OECD
toxicogenomics-based test guidelines thar are
based upon standardized, adequately validated
procedures, that are considered practical, and
that permit consistent regulatory judgments.

Case for a modular approach to validarion.
Because of the extraordinary rate at which
toxicogenomics technologies are evolving, cur-
rent validation processes might need to adapt so
as to accommodate the rapidly developing
changes and advancements while still observing
the basic tried-and-true validation principles.
To meet this anticipated need, a modular
approach to validation (Hartung et al. 2004)
was considered, not to abridge the process but
to allow for more flexibility in data collection
and evaluation throughout the progressive
changes that the technology will undergo.
Typically, in the conventional validation proce-
dures for an alternative test method, a sequen-
tial approach to the process is taken. The test
protocol is first optimized and its transferability
is determined. The resulting standardized
method is then evaluated for within-lab and
between-lab reproducibility and for its accu-
racy. Thus, an optimized, standardized prorocol
linked to specific test method elements and a
prediction of outcome for given classes of
chemicals are evaluated together for perfor-
mance characteristics and applicability. Such a

Table 2, Recommendations: focus on technology.

linear validation model, although effectively
employed for other test methods, might not be
optimal for dynamic test methods in which
changes are rapidly introduced that improve or
alter the protocol or the technology incorpo-
rated in the protocol in any substantive way.
The linear validation model might result in
unnecessary delays in incorporating innovations
into toxicogenomics-type test methods. In con-
trast, with a modular approach to validation,
which capitalizes on the fundamental classic
concepts of validation as defined by ECVAM
and ICCVAM (Balls et al. 1995; ICCVAM
1997, 2003), the different steps in the valida-
tion process are subdivided into independent
modules, each of which can be assessed individ-
ually so that those components that have been
completed need not undergo repeated valida-
tion. Further validation activities would instead
be directed to only that part of the process flow
where needed. The proposed model would

accommodate validation of innovation affecting
only a particular part of the sequence such that
incorporation of advancements in a particular
sector into testing strategies would less likely
be impeded. At the same time, a modular

approach to validation could efficiently handle
information/data gaps that could be filled over
time withour derailing the validation srages

already achieved. The modular approach, com-
plemented with the use of performance stan-
dards (see “Validation as a Result of Procedural
Changes” above), is expected to facilitate and
help expedite the validation of the toxico-

genomics technology and test methods that are
based on toxicogenomics.

The modular approach follows the funda-
mental classic conceps of validation as defined
by ECVAM and ICCVAM. Validation is
defined as the process by which the relevance
and reliability of a test method for a specific
purpose are determined (Balls et al. 1995;
ICCVAM 1997, 2003). Adequate validation

MIAME guidelines should be adhered to

e o o o

uncertainties and limitations

* o

Common reference standards should be considered

biologic aspects of microarray analyses)

data for regulatory and research purposes
Studies should be MIAME-Tox compliant

* ©

incorporating procedural modifications

Validation and QA/QC should be mandatory during the manufacturing of the arrays
The array should undergo sequence verification and sequences should be available in the public domain

Initially, develop “best practices” for toxicogenomics, including the interpretation of data and how to manage
Subsequently develop guidance for and adherence to GLPs for toxicogenomics experiments
A workshop should be convened to address the development of standards for RNA sample preparation {and other

Develop a “common” RNA standard including developing consensus about sources and maintenance of baseline

Performance standards should be developed and implemented to evaluate reliability and accuracy of test methods

An ongoing dialogue should be maintained between scientists in the various relevant disciplines, including

bicinformaticians, through meetings, published papers, and advisory/discussion panels (e.g., ILSI-HES! committee,

NCT consortium, OECD panel)

e e o 0 @

Ensure that validation efforts and QA/QC criteria are not restrictive to the technology or its advancement
Explore whether toxicogenomics measurements can define toxicologic effects quantitatively

Develop prediction models {e.g., algorithms) for toxicogenomics-based test methods

Develop a data infrastructure for capturing, storing, and reporting toxicogenomics data

Ensure continuation of financial support for long-term public database maintenance
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involves development of a standardized test
method protocol and assessment of the proto-
col’s within- and between-laboratory variabil-
ity, predictive capacity/accuracy, usefulness and
limitations, and adherence to performance
standards.

Standards for comparison. As technologic
advancements are made and new, modified, or
revised toxicogenomics-type test methods are
put forward for consideration, it will be neces-
sary to have a means by which the performance
of proposed methodologies can be compared
with that of existing (traditional and nontradi-
tional) methods, especially those that employ
animals. The lack of an approach rooted firmly
in high-quality science could jeopardize
attempts to seek or gain regulatory acceprance
of roxicogenomics-based test methods and
strategies. Evaluations of test method perfor-
mance might be based on comparisons made
between particular parameters, as dictated by
the specific intent for which the assay was
developed. Examples include the following:

* In vivo—in vivo study comparisons to examine
concordance of gene changes with such fac-
tors as onset, duration, severity, dose, age,
possible temporal changes of effects, and
species differences

o In vitro~in vivo study comparisons to explore
gene changes associated with a critical event
or end point in an 7 vitro cell-based assay and
an established # vivo biomarker of toxicity

* In vitro-in vitro study comparisons to analyze
the responses of human and animal cell sys-
tems to xenobiotics

* Technologic comparisons to evaluate the
effects of proposed technical improvements
(e.g.» comparing gene changes using different
techniques of array/platform preparation)

Data from omics technologies

Prediction 1

Gene expression changes

Prediction 2

Biochemical pathways

Prediction 3

Toxicologic effect

Prediction 4

Relevance for human health
orthe environment

Figure 2. Process flow showing different indepen-
dent prediction [evels considered important in
assessing validity of a toxicogenomics-based test
method.

Accordingly, to detemine the appropriate
types of validation activity and comparison in a
given situation, it is important that the specific
purpose of the proposed methodology and a
detailed description of all relevant procedures
be clearly elaborated (Balls et al. 1995;
Hartung et al. 2004; ICCVAM 1997, 2003).

Toxicogenomics data from in vitro systems
and data relevance. At the present time,
toxicogenoniics data derived from #n virro sys-
temns have been considered to have limited util-
ity in regulatory applications. However, a grear
deal of interest exists for the further develop-
ment of in vitro-based toxicogenomics meth-
ods, for an examination of their potential
applicability in the regulatory arena, and for an
appraisal of their potential for contributing o
improvements in animal welfare. It is antici-
pated that technologic advancements will ulti-
mately facilirate the use of in virro-based
methods as adjuncts to or surrogates for
in vivo-based methods. Possible areas where
validated iz witro-based toxicogenomics test
methods might play a future role include
a) preliminary assessments (prescreens),
b) complementary testing that might assist in
obtaining additional (e.g., mechanistic) infor-
mation, and ¢ surrogate tests that could help
in the refinement, reduction, and replacement
of animals used for omics-based or traditional
testing methods. One exciting aspect of toxico-
genomics technology is the prospect of being
able to identify species differences and/or
similarities in the response to a xenobiotic.
Although this is not viewed as near-term
prospect, it obviously has potential applications
for hazard and risk assessment purposes and
could also have an impact on previous regula-
tory decisions when the technology becomes
sufficiently advanced to permit such uses for it.

Additional regulatory acceptance issues. In
considering approaches to validation, achieving
regulatory acceptance of toxicogenomics-based
methods or acceptance of informarion/dara
derived from such methods is an important
goal. Regulators will be asked to evaluate
whether data submitted using omics technolo-
gies can be used in support of a particular or
broader based toxicologic, pharmacologic, or
physiologic premise. For example, experiments
using microarrays demonstrated increased
expression of a cluster of related genes that was
associated with enhanced activity and produc-
tion of a microsomal enzyme important in the
metabolic activation of a chemical to a toxic
entity, which in turn was associated with a
histopathologic biomarker lesion in the liver
with a known human cancer correlate. Each of
the events in this example can be thought of
as a sequence of separate critical steps or
information levels (Figure 2) that progressively
connect omics data (from microarrays) to gene
expression changes (increased expression), to a
biochemical pathway (liver enzyme induction
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leading to toxic metabolite formation), to a
toxicologic effect in vivo (liver lesion) with
human relevance (cancer). Moving between
two levels involves a prediction of outcome
linking both steps. At each of these prediction
junctures, regulators would be looking for evi-
dence to scientifically substantiate moving to
the next step and whether the prediction link-
ing the levels (e.g., in this example, prediction
1, 2, 3, or 4 in Figure 2) was adequately vali-
dated. Theoretically, with this type of system,
validated links could be established between
any two levels. Technologic advancements or
new information could be independently
incorporated into a given level and considered
and evaluated for the specific relevant predic-
tion juncture. In this way, each of the predic-
tion levels can be assessed independently and
the validity of the links determined.

In the future toxicogenomics-based rest
methods may be shown to have been ade-
quately validated and technically suitable for
certain specific purposes, but regulatory
acceprability and implementation will depend
partly on whether the methods validated can
be used for a given regulatory agency or pro-
gram, that is, they are applicable to the prod-
ucts that fall within their regulatory purview.
Some regulatory bodies may have internal
peer-review processes, specific regulatory man-
dates, and/or regulatory assessment procedures
thar also have a role in the determination of
test method applicability in regularory pro-
grams, even though a test method may have
been appropriately validated.

The widespread use of omics technologies
will also bring about increasing demands on the
regulatory community in terms of training of
regulatory personnel in areas such as potential
applications; data QC, analysis, and interpreta-
tion; statistical analysis; limitations of the tech-
nology; and how the information might be
incorporated into safety, hazard, and risk assess-
ment processes. To satisfy these needs, regula-
tory agencies have been engaging in developing
and implementing training procedures, hiring
scientists with the necessary technical knowl-
edge and experience, establishing centers of
excellence and dedicated laboratories focused
specifically on the various omics and related
informatics areas [e.g., National Center for
Toxicological Research (U.S. FDA), NCT
(NIEHS), Minister of Health Labour and
Welfare~National Institute of Health Sciences
Project in Japan, Netherlands Genomics
Initiative, and EMBL-EBI, where informatic
scientists are working with experimental
practictioners and the MGED Socdiety to ensure
that transcriptomic experiments can be mapped
on to regulatory toxicology studies]. In addition
the regulatory arena has found that mainte-
nance of open lines of communication with
appropriate external scientists facilitates cooper-
ation and the sharing of technical aspects, skills,
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and practical experiences that help to broaden
the collective knowledge base. Regardless, as the
technology evolves further and finds wider
application and acceptance, it will be necessary
to address such fundamental matters as 4) the
generation, management, and interpretation of
massive amounts of data; &) the consequent
complex questions that will undoubtedly arise
(e.g., what constitutes an adverse effect as
identified using the technology; how does a
given gene pattern correlate with a particular
toxic end point or relate to onset, duration, and
severity of effects, and to age, dose, and
species?); and ¢ the limitations to the technol-
ogy. Addressing such issues efficiendy will war-
rant an ongoing dialogue between regulators
and practitioners and a willingness to share rele-
vant experiential and theoretical knowledge.
Standard submission and presentation formats
compatible with electronic data submission
likely would need to be developed. Programs
and staff would need to learn how information
from the new technologies might be incorpo-
rated in regularory practices and decision-
making processes and would also have to face
possible incongruities between toxicogenomics-
derived data and existing or future submissions
of conventional toxicity data. A number of
regulatory authorities have already begun 1o
contemplate and make provisions for this enor-
mous and challenging task, but others may not
yet have committed the resources o do so.

The recommendations related to regulatory
acceptance and use of toxicogenomics-based
test methods are listed in Table3.

Conclusions

This workshop was organized as a result of the
rapid growth and technologic advancements in
the field of toxicogenomics; the promise it
offers for numerous scientific arenas, especially
human health and the environment; and the
interest demonstrated by regulatory agencies as

well as by the industrial sector. Consequently, it
has become apparent that a considerable effort
needs to be invested in the appropriate valida-
tion of both the technology alone and those test
methods that incorporate the technology. The
workshop provided a platform for technical
experts in the field to become cognizant of the
validation principles and regulatory issues to be
encountered and for regulators and principal
validation bodies to gain a better sense of those
technologic aspects that would lend themselves
to standardization, harmonization, and valida-
tion. Thus, this workshop was an important
initiative that fostered an exchange of informa-
tion fundamental to the ultimate adoption of
toxicogenomics-based test methods for regula-
tory decision-making purposes. It is envisioned
thar the conclusions and recommendations that
resulted will be a basis for future validation con-
siderations for test method applications of
toxicogenomics technologies in the regulatory
arena and evaluating their potential utility for
hazard/safety/risk assessments.

Several aspects of the validation of roxico-
genomics that were identified as needing fur-
ther exploration to help facilitate regulatory
acceptance of future toxicogenomics-based test
methods are as follows:

o Conduct toxicogenomics-based tests and the
associated conventional toxicologic tests in
parallel to #) generate comparative data sup-
portive of the use of the former in place of
the latter or #) provide relevant mechanistic
data to help define the biological relevance of
such responses within a toxicologic context

¢ Determine and understand the range of
biologic and technical variability berween
experiments and between laboratories and
ways to bring about greater reproducibility

* In the short term, favor defined biomarkers
that are independent from technology plat-
forms, and therefore are easier to validate; in
the longer term, focus on pathway analysis

Table 3. Recommendations: focus on regulatory acceptance of toxicogenomics-based methods.

» Build on and/or learn from previous and ongoing efforts in toxicogenomics, standardization, validation, and
harmonization efforts where possible {e.g., MIAME, ICCVAM, ECVAM, NCT, EMBL-EBI, ILSI-HESI, U.S. FDA,

U.S. EPA, OECD)

Fund pilot programs to test possible validation strategies and processes
Identify training needs and assist in developing training vehicles and ways of presenting the state-of-the-

science to regulators and the regulated community {including electronic means)

* Maintain transparency of validation processes

accommodate new and rapidly changing technologies

technical developments

.

Explore additions, amendments, and revisions to [CCVAM and ECVAM validation guidance that would
implement the modular approach to vatidation to accommodate existing knowledge and future

Establish performance standards for toxicogenomics-based test methods and have them accommodate rapid
technologic advancements and procedural modifications

Explore, develop, and support sector-spanning worldwide harmonization entities

Create confidence among regulators by involving them early on in discussions and various scientific forums

that would facilitate application of the technology for regulatory purposes

* ®

Encourage industry and other parties to share data, in part, to support validation comparisons
Promote high-quality science in supporting the use and development of the technology for

regulatory purposes to further protection of human health and the environment

Consider opportunities for synergy between QSAR, pharmacokinetic,

and pharmacadynamic modeling, and other in sifico efforts and the toxicogenomics communities
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(i.e., system biology approach) rather than

just on individual genes
» Harmonize reference materials, QC mea-
sures, and data standards and develop com-
patible databases and informarics platforms
that are key components of any validation
strategy for a toxicologic method; this can
only be achieved by promoting partnerships
and collaborations among ongoing initia-
tives in toxicogenomics, standardization,
and validation
Determine performance standards for
toxicogenomics-based test methods that will
serve as the yardsticks for comparable test
methods that are based on similar opera-
tional properties
Define further the modular validation
scheme that would allow keeping up with
methodologic improvements and innovations
without having to, repeat the entire validation
process but would, however, integrate
ECVAM and ICCVAM principles of valida-

tion and acceptance.

.
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Expression of IAP-Family Proteins in Adult Acute
Mixed Lineage Leukemia (AMLL)

Yasunori Nakagawa,"? Maki Hasegawa,' Morito Kurata,” Kouhei Yamamoto,’
Shinya Abe,! Miori Inoue,’ Tamiko Takemura,® Katsuiku Hirokawa,’
Kenshi Suzuki,? and Masanobu Kitagawa'*
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Inhibitor of apoptosis protein (IAP)-family proteins suppress apoptotic signaling in nor-
mal/neoplastic cells in various settings. To determine the apoptosis-resistant mechanism
in adult acute mixed lineage leukemia (AMLL) with biphenotypic biasts responsible for
resistance against chemotherapy, the expression levels of IAP-family proteins in AMLL
bone marrow cells were analyzed by quantitative RT-PCR. The overall expression levels
of IAPs were higher than those in control, AML, and ALL cells. A significant difference for
the expression of survivin was observed between AMLL and AML (P < 0.05), and differ-
ences between AMLL and ALL were significant for the expression of survivin (P < 0.05),
NAIP (P < 0.05), and XIAP (P < 0.05). These findings suggest that higher expression of
varlous {APs is assoclated with the chemotherapy-resistant nature of this specific type of

leukemia. Am. J. Hematol. 78:173~180, 2005.

© 2005 Wiley-Liss, Inc.
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INTRODUCTION

The regulation of apoptotic cell death has a pro-
found effect on the pathogenesis and progression of
hematological malignancies. Acute mixed lineage leu-
kemia (AMLL) is a relatively rare group of hemato-
logical malignancies that exhibits the expansion of
biclonal or biphenotypic blasts in peripheral blood
[1,2]. According to FAB criteria, AMLL may present
as ALL or as one of the AML subtypes, often as M1
[2]. AMLL has a high incidence of clonal chromo-
somal abnormalities, the most common being the
t(9;22)(q34;q11) (Ph chromosome) and structural
abnormalities involving 11923 [2]. Recently, molecu-
lar analysis revealed that the mixed lineage leukemia
(MLL) gene rearrangement occurs in AMLIL cases
and also in a fraction of AML/ALL patients [3].
One characteristic feature of AMLL as well as MLL
gene-rearranged leukemia is a poor patient prognosis
associated with lower sensitivity to chemotherapeutic
procedures [2,4]. Resistance against chemotherapy
might result from the resistance to apoptosis-inducing

© 2005 Wiley-Liss, Inc.

drugs such as steroids and Ara-C [5,6]. Regarding the
complicated mechanisms that regulate apoptosis in
the bone marrow of acute leukemias and myelodys-
plastic syndromes (MDS), we previously showed that
a variety of apoptosis-related molecules are active in
hematopoietic cells [7-13]. However, the associated
parameters and molecules involved in. apoptosis in
AMLL are unclear.
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IAP-family proteins, including survivin, block apop-
tosis induced by a variety of triggers [14,15]. Although
the biochemical mechanism by which IAP-family mem-
bers suppress apoptosis is under debate, survivin is
known to bind directly to and inhibit caspase-3 and
-7, which act as terminal effectors in apoptotic protease
cascades [15,16]. The expression of survivin is ubiqui-
tous in fetal tissues but is restricted during development
and is negligible in the majority of terminally differen-
tiated adult tissues [17,18]. However, an analysis of the
differences in gene expression between normal and
tumor cells reveals that survivin is a protein whose
gene is most consistently overexpressed in tumor cells
relative to normal tissue [19]. Survivin is prominently
expressed in transformed cell lines and in many human
cancers, including hematopoietic cell tumors [20]. It is
also usually detected in the cytoplasm of tumor cells
and is therefore widely regarded as a cytoplasmic pro-
tein [17,21,22]. However, several studies have shown
the nuclear accumulation of survivin in gastric cancer
cells [23] and lung cancer cells {24]. We recently
reported that ALL cells principally exhibited the
nuclear localization of survivin, while CLL cells exhib-
ited cytoplasmic distribution [13]. Although the signifi-
cance of this nuclear-cytoplasmic expression in tumor
cells is still controversial, the subcellular localization of
survivin should also be clarified for AMLL subjects.

We also reported that survivin exhibited higher
levels of expression in acute lymphocytic leukemia
(ALL) and that chronic lymphocytic leukemia
(CLL) cases exhibited significant over-expression of
survivin and cIAP2 [13]. In acute myelogenous leuke-
mia (AML) cases, some of these IAP-family proteins,
such as NAIP and XIAP, are expressed at signifi-
cantly higher levels [25]. To focus on the contribution
of TAPs to the expansion of blasts in AMLL,
we examined cases of AMLL that exhibited bipheno-

TABLE I. Summary of Cases With Adult AMLL

typic proliferation of blasts. The expression levels of
survivin tended to be high in AMLL samples com-
pared with control bone marrow, AML, and ALL
subjects. The expression of other IAPs, including
clAP1, cIAP2, NAIP and XIAP, which suppress
apoptosis by inhibiting caspase and procaspase [26—
29], was also observed in these samples. The signifi-
cance of IAP-family proteins in resistance against
chemotherapy in AMLL is discussed.

MATERIALS AND METHODS
Patients

Fresh-frozen and formalin-fixed paraffin-embedded
bone marrow-aspirated samples from 13 individuals
with no hematological disorders were used as normal
controls (male/female 5:8; age, median 52 years, range:
25-84 years), 9 patients with AML (8 with M2 and
I with M1 according to the FAB classification, male/
female 5:3; age, median 41 years, range: 19-78 years),
7 patients with ALL (male/female 2:5; age, median
58 years, range: 46-87 years), and § patients with
AMILL with biphenotypic blasts (male/female 4:4; age,
median 50 years, range 17-73 years) were examined. To
rule out the influence of aging on bone marrow cells,
age-matched control cases were analyzed. Flow-cyto-
metic analysis was routinely performed for CD2, CD3,
CD4, CD5, CD7, CDS8, CD10, CD13, CD14, CD16,
CD19, CD20, CD33, CD34, CD41a, CDS56, and HLA-
DR. Among them, the data for CD19, CD13, and
CD33 were tabulated to demonstrate the biphenotypic
nature of blastic cells in AMLL samples (Table I).
Diagnoses were based on Catovsky’s standard clinical
and laboratory criteria [2] including cell morphology
[30,31]. All samples were collected at the time of the
initial aspiration biopsy and stored at —80°C. We
selected the adult M1 or M2 AML samples and adult

Cell markers (%)

Case Age Blast

no. (years) Sex (%) CD19 CD13 CD33 Chromosome abnormality

t 40 F 90.2 98.7 58.3 99.4 45, XX, der(12)t(12:22)(p13;q11) ~22

28 57 M 4.2 312 50.2 55.0 46,XY

3 67 M 94.4 95.2 67.8 0.9 36,XY,~3,~3,-5.-7,~-9,~13,—15,-16,~17,—20

4 61 F 95.7 95.9 6.4 56.6 46,XX

5 17 M 96.4 99.8 53.8 50.6 46,XY

6 21 F 76.0 97.3 75.2 64.0 47,XX,+8

7 43 F 92.0 97.9 67.6 83.1 46,XX,1(8)(q10)del(9)(?q).
der(9)del(9)(p22)t(9;22)(q34;q 1 1 ),der(22)1(9;22)

8 73 M 69.2 89.2 45.4 13.5 46,XY.del(20)(q11.2)

*For case 2, material for flow-cytometric analysis was not sufficient at the time of initial diagnosis, although the diagnosis was confirmed as
AMULL at the time of second biopsy. For the second biopsy sample, the blast count accounted for more than 90% of the bone marrow cells and
consisted of more than 90% CD19-positive cells and more than 50% CD13/CD33-positive cells.
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ALL samples for the comparison with AMLL. The
AML, ALL, and AMLL samples exhibited the prolif-
eration of blastic cells accounting for more than 80% of
all bone marrow cells. The patients were not infected
with viruses including HTLV-1 and had not been
treated with therapeutic drugs prior to the study.

The procedures. followed were in accord with the
ethical standards established by the ethics committee
of Tokyo Medical and Dental University.

Double Staining for Myeloid and Lymphoid
Cell Markers

The phenotype of leukemic cells in AMLL was con-
firmed by double immunostaining using the formalin-
fixed paraffin-embedded bone marrow samples. Sec-
tions were deparaffinized and incubated with mono-
clonal antibody against CD20 or CD79a (DAKO,
Glostrup, Denmark) and polyclonal antibody against
myeloperoxidase (DAKO). Next, the sections were
treated with peroxidase-conjugated anti-mouse IgG
followed by a DAB development system and then
with alkaline phosphatase-conjugated anti-rabbit IgG
(DAKO) followed by development with an alkaline
phosphatase-nitroblue tetrazolium chloride-5-bromo-
4-chloro-3-indolyl phosphatase development system
(DAKO).

Identification of Apoptotic Cells

To identify apoptotic cells, the terminal deoxy-trans-
ferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) method was used as previously described
[10]. Briefly, tissue sections were deparaffinized and
incubated with proteinase K (prediluted, DAKO) for
15 min at room temperature. After the tissues were
washed, TdT, fluorescein isothiocyanate (FITC)-
dUTP and -dATP (Boehringer Mannheim, Mannheim,
Germany) were applied to the sections, which were then
incubated in a moist chamber for 60 min at 37°C. Anti-
FITC-conjugated antibody-peroxidase (POD conver-
ter, Bochringer Mannheim) was employed to detect
FITC-dUTP labeling, and color development was
achieved with DAB containing 0.3% hydrogen per-
oxide solution. The sections were then observed under
a microscope and the proportion of TUNEL-positive
cells was determined by dividing the number of posi-
tively stained cells by the total cell number (count of
more than 1,000 cells).

Preparation of RNA and Quantitative Assay for
IAP-Family Proteins Using TagMan RT-PCR

RNA was extracted from frozen bone marrow sam-
ples of control subjects with no hematological dis-
orders, AML, ALL and AMLL patients using an
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RNeasy Mini Kit (Qiagen, Valencia, CA) according
to the manufacturer’s directions. For quantitative
RT-PCR, fluorescent hybridization probes and a
TagMan PCR Core Reagents Kit with AmpliTag
Gold (PerkinElmer Cetus, Norwalk, CT) were used
with an ABI Prism 7900HT Sequence Detection Sys-
tem (PerkinElmer, Foster City, CA). Oligonucleotides
as specific primers and TaqMan probes for the JAP-
family and glutaraldehyde-3-phosphate dehydrogen-
ase (GAPDH) mRNA were synthesized at a commer-
cial laboratory (PerkinElmer Cetus). The primers and
TagMan probes used were as follows. The sequence
of the forward primer for survivin mRNA was 5'-
TGCCTGGCAGCCCTTTC-3 and that of the reverse
primer was 5-CCTCCAAGAAGGGCCAGTTC-3;
the TagMan probe was 5-CAAGGACCACCG
CATCTCTACATTC-3. For cIAP] mRNA, the for-
ward primer was 5-CAGCCTGAGCAGCTTGCAA-
3 and the reverse primer was 5-CAAGCCACCAT
CACAACAAAA-3; the TagMan probe was 5-TTT
ATTATGTGGGTCGCAATGATGATGTCAAA-3.
For cIAP2 mRNA, the forward primer was 5-
TCCGTCAAGTTCAAGCCAGTT-3 and the reverse
primer was 5-TCTCCTGGGCTGTCTGATGTG-3;
the TagMan probe was 5-CCCTCATCTACTTGAA
CAGCTGCTAT-3'. The forward primer for NAIP
mRNA was 5-GCTTCACAGCGCATCGAA-3' and
the reverse primer was 5-GCTGGGCGGATGCT
TTC-3; the TagMan probe was 5-CCATTTAAAC
CACAGCAGAGGCTTTAT-3. The forward primer
for XTIAP mRNA was 5-AGTGGTAGTCCTGTTT
CAGCATCA-3 and the reverse primer was 5-
CCGCACGGTATCTCCTTCA-3; the TagMan
probe was 5-CACTGGCACGAGCAGGGTTTICTT
TATACTG-3'. Finally, the forward primer for
GAPDH mRNA was 35-GAAGGTGAAGGTCG
GAGT-3 and the reverse primer was 5-GAA
GATGGTGATGGGATTTC-3; the TagMan probe
was 5-CAAGCTTCCCGTTCTCAGCC-3'. The con-
ditions for one-step RT-PCR were as follows: 30 min at
48°C (stage-1, reverse transcription), 10 min at 95°C
(stage 2, RT inactivation and AmpliTag Gold activa-
tion), and then 40 cycles of amplification for 15 sec at
95°C and 1 min at 60°C (stage 3, PCR). The expression
of survivin and other JAP-family proteins was quanti-
tated according to a method described elsewhere [13].
Briefly, the intensity of the reaction was evaluated from
the quantity of total RNA in Raji cells (ng) correspond-
ing to the initial number of PCR cycles to reveal the
linear increase in reaction intensity (threshold cycle) for
each sample on a logarithmic standard curve. Data on
the quantity of RNA (ng) for the IAP family was
normalized using the data for GAPDH in each sample,
and then the ratio to the mean value of control subjects
was calculated and compared.
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Immunohistochemistry for Survivin and
Proliferating Cells

Tissue sections (4 pm thick) of bone marrow from
- the control, AML, ALL, and AMLL cases were cut
on slides covered with adhesive. The sections were
deparaffinized, and endogenous peroxidase was
quenched with 1.5% hydrogen peroxide in methanol
for 10 min. Antibodies were applied to identify survi-
vin and to characterize proliferating cells. The pri-
mary antibodies included polyclonal rabbit antibody
against human survivin (SURV 11-A, Alpha Diag-
nostic International, Inc., San Antonio, TX) and
monoclonal antibody Ki-67 (DAKOQO). All sections
were developed using biotin-conjugated secondary
antibodies against rabbit IgG or mouse IgG followed
by a sensitive peroxidase-conjugated streptavidin sys-
tem (DAKOQO) with DAB as the chromogen. Negative
control staining was performed using rabbit or mouse
immunoglobulin of irrelevant specificity substituted
for the primary antibody. The proportion of Ki-67-
positive cells was determined in the same way as the
proportion of TUNEL-positive cells.

Statistical Analysis

Statistically significant differences in the quantita-
tive analysis were determined using the Mann—Whit-
ney U-test for comparisons between the control,
AMIL, ALL, and AMLL samples.

RESULTS ‘
Clinicopathological Characteristics of Cases
With Acute Mixed Lineage Leukemia

To determine the clinicopathological characteristics
of cases with AMLL, the clinical data for cases
including laboratory findings are summarized in

TABLE ll. Treatment and Outéome of Cases With Adult AMLL*

Table I. As indicated by the flow-cytometric data,
bone marrow blasts in these cases exhibited a high
frequency of B-cell lineage antigen (CD19) and mye-
loid cell marker (CD13 and/or CD 33) expression.
Thus, blasts of these cases were “biphenotypic.”
Chromosomal abnormalities were identified in
5 cases (cases 1, 3, 6, 7, and 8), and the Philadelphia
chromosome was identified in two cases (cases 1 and
7). Although abnormalities involving chromosome
11q were identified in two cases (cases 1 and 8), the
molecular rearrangement of the mixed lineage leuke-
mia (MLL) gene located on chromosome 1123
[32,33] was not observed at the chromosome level.

In spite of AML- and ALL-directed therapy (cytar-
abine, vincristine, etoposide, adriamycin, predonin,
etc.), five patients failed to exhibit complete hemato-
logical remission, having blast persistence in bone
marrow above 10%. Although complete remission
could be induced by chemotherapy in four cases
(cases 3, 6, 7, and §), relapse with leukemic blast
proliferation occurred within 6 months in two cases
(cases 3 and 6, Table IT). Overall, most cases exhibited
a poor prognosis and the survival times after diagno-
sis were shorter than 14 months for 5 cases. However,
one patient who received a bone marrow transplant
(case 6) and the other patients who received chemo-
therapy (cases 7 and 8) lived.

Double Immunostaining for Myeloid and Lymphoid
Cell Markers on AMLL Cells

To confirm the biphenotypic nature of blasts in the
AMLL samples, double immunostaining for myeloid
and lymphoid cell markers was performed. The
majority of AMLL cells exhibited positive signals
for B-cell markers such as CD20 or CD79a, while
the myeloid cell marker (myeloperoxidase) was par-
tially observed for many of the cases examined

Case Response Survival
no. First treatment and status Second treatment Response status {months)
1 A-VVV Failure H-CPM/VP-16 Failure 3
2 H-CPM/VP-16, H-AraC+MIT Failure TBI + CPM Failure 5
3 DCM, H-AraC+MIT CR, relapse A-VVV, H-AraC Failure 6
4 L-AdVP, MVP Failure B-VVV, H-CPM/VP-16, H-AraC, L-AdVP Failure 11
5 AdVP Failure A-VVV, VP-16, CAG Failure 14
6 DC, A-VVV, H-CPM/VP-16 CR, relapse H-AraC + MIT, BMT CR and alive >6
7 A-VVV CR H-AraC + MTX CR and alive >6
8 CAG CR DC CR and alive >9

*Abbreviations: A-VVV, AraC (cytarabine) + VCR (vincristine) + VLB (vinblastine) + VP-16 (ctoposide); H-CPM, high-dose CPM (cyclopho-
sphamide); H-AraC, high-dose AraC; MIT, mitoxantrone; TBI, total body irradiation; DCM, DNR (daunorubicin) + AraC + 6-MP
(mercaptopurine); CR, complete remission; L-AdVP, L-Asp (1-asparaginase) + ADR (doxorubicin) + VCR + PDN (predonin) + CPM; MVP,
MIT + VP-16 + PDN; B-VVV, BHAC (enocitabine) + VCR + VLB + VP-16; CAG, AraC + ACR (acurabicin) + G-CSF (lenograstim); DC,
DNR + AraC; BMT, bone marrow transplantation; MTX, methotrexate.
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Fig. 1. Double immunostaining for a B-cell marker (CD79a)
and myeloid cell marker (myeloperoxidase) in cases with
AMLL (A, case 8; and B, case 6; original magnification
400x). Note that the majority of blasts stained positively for
CD79a (brown) and a portion of them also stained positive
for myeloperoxidase (blue) in both cases. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

(Fig. 1A for case 8 and Fig. 1B for case 6). These
findings were consistent with the flow-cytometric ana-
lytical data shown in Table L.

Apoptotic Frequency and Proliferation Activity
of Acute Mixed Lineage Leukemia

To identify the apoptotic and proliferative cells
present in the bone marrow samples, the TUNEL
method and immunohistochemistry for Ki-67 were
performed on paraffin-embedded sections. As
expected from our previous studies [7,10], the fre-
quency of apoptosis was significantly lower in AML
(median, 0.769; range, 1.06-0.219) (P < 0.001) and
ALL bone marrow cells (median, 0.543; range, 1.18-
0.072) (P < 0.01) than control cells (median, 2.03;
range, 2.81-0.848), and the proliferative cell ratio in
AML/ALL bone marrow (median, 39.7; range, 47.8-
32.4/median, 45.9; range, 71.9-34.2) was significantly
higher than that in control cases (median, 19.2; range,
24.3-10.0) (P < 0.0001 and P < 0.001, respectively).
As shown in Table III, AMLL cells exhibited a
tendency similar to AML and ALL cells in that the
apoptotic ratio (median; 0.176; range, 1.69-0.021)
was significantly lower than the control (P < 0.01)
and the proliferative cell ratio (median, 26.7; range,
49.1-18.3) was significantly higher (P < 0.01). How-
ever, AMLL cells exhibited a relatively lower apopto-
tic index and also significantly lower proliferative
index compared with the AML (P < 0.05) or ALL
samples (P < 0.09).

Expression of IAP-Family Proteins Determined
by Real-Time Quantitative PCR

To quantitate the mRNA expression levels of the
TAP-family members in AMLL cells, real-time quan-
titative RT-PCR was performed using bone marrow
samples from control, AML, ALL, and AMLL cases.

=316~
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TABLE lll. Apoptotic Frequency and Proliferation Activity of
Bone Marrow Cells From Control and Acute Leukemia Cases*

TUNEL™ cell ratio (%) Ki-67% cell ratio (%)

Cases Median (max-min) Median (max-min)
Control 2.03 (2.81-0.848)P< 19.2 (24.3-10.0y4F
AML 0.769 (1.06-0.219)* 39.7 (47.8-32.4)%¢
ALL 0.543 (1.18-0.072)° 45.9 (71.9-34.2)°"
AMLL 0.176 (1.69-0.021)¢ 26.7 (49.1-18.3)"eh

*Values indicate the median, maximum, and minimum. Differences
were significant between the TUNEL-positive cell ratio for control and
AML (*P < 0.001), control and ALL ("P < 0.01), and control and
AMLL (°P < 0.01) as seen by the Mann—Whitney U-test. The Ki-67-
positive cell ratio exhibited significant differences between control and
AML (‘P < 0.0001). control and ALL (°P < 0.001), control and
AMLL (P < 0.01). AML and AMLL (¢P < 0.05), and ALL and
AMLL ("P < 0.05) as seen by the Mann-Whitney U-test.

As shown in Fig. 2, the expression of survivin (P <
0.05), cIAP1 (P < 0.05), NAIP (P < 0.01), and XIAP
(P < 0.01) exhibited significant up-regulation in
AMLL compared with the controls. The mRNA for
survivin (P < 0.05) showed significantly higher levels
of expression in AMLL than AML, while the expres-
sion levels of survivin (P < 0.05), NAIP (P < 0.05),
and XIAP (P < 0.05) in AMLL were significantly
higher than those in ALL.

In summary, survivin expression in AMLL was
significantly higher than the expression in control,
AML, and ALL. The expression level of cIAPI in
AMLL was significantly higher than that in control,
but similar with the expression in AML and ALL.
Regarding cIAP2, the AMLL cases exhibited stronger
expression than the control, AML, and ALL samples
although the differences were not significant. NAIP
expression in AMLL was significantly higher than
control and ALL. The expression level of XIAP in
AMLL was significantly higher than control and
ALL but similar with AML. No remarkable differ-
ences were found between IAP protein expression and
patients’ age, sex, phenotype, or genotype for AMLL,
although further analysis would be necessary because
the number of cases was rather small.

These results indicate that the overall expression of
IAP-family proteins in AMLL subjects tended to be
higher than that for the control, AML, or ALL sam-
ples. Specifically, survivin expression in AMLL was
significantly higher than that for the control, AML,
and ALL samples.

Immunohistochemical Detection of Survivin
in the Bone Marrow of AMLL Subjects

To investigate the distribution of survivin, immu-
nohistochemical staining was performed on bone
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Fig. 2. Expression of [AP-family proteins in control bone marrow and acute leukemias determined by real-time
quantitative RT-PCR. The relative intensity was calculated as (intensity of the reaction of IAP-family members [total Raji
RNA, ngl)/(intensity of the reaction of GAPDH [total Raji RNA, ng]). The intensities of the expressions from the AML, ALL,
and AMLL samples are indicated as the ratios to the intensity of the control subjects. The box-bar graphs indicate the
value of the control, AML, ALL, and AMLL cases: the bars indicate the 90'™ and 10" percentiles, and the box indicates the
75" to 25" percentiles. Differences were significant between samples as seen by the Mann~-Whitney U-test as follows:
(A) survivin—control and AMLL (°P < 0.01), AML and AMLL (°P < 0.05), and ALL and AMLL (°P < 0.05). (B} clAP1—control
and AML (°P < 0.01), control and AMLL (°P < 0.05), and AML and ALL (‘P < 0.05). (C) clAP2—differences were not significant.
{D) NAIP—control and AML (9P < 0.05), control and AMLL ("P < 0.01), and ALL and AMLL (‘P < 0.05). (E) XIAP—control and
AML (P < 0.01), control and AMLL (P < 0.01), AML and ALL (‘P < 0.05), and ALL and AMLL (™P < 0.05).

marrow samples from AMLL subjects. As we pre-
viously showed [13], survivin was detected in only a
few scattered myeloid cells in the control bone mar-
row samples and subcellular localization was mainly
cytoplasmic but partly nuclear. The staining pattern
and intensity in the control bone marrow was con-
stant between different samples. All of the AMLL
samples showed positive staining for survivin,
although the staining intensity and frequency varied
for each case. At the cellular level, survivin signals in
AMLL cells were predominantly localized in the
nucleus and also weakly in the cytoplasm (Fig. 3A).
However, one case exhibited prominent cytoplasmic
staining with mildly positive staining in the nucleus
(Fig. 3B). The tissue sections that reacted with pre-
immune rabbit antibody of nonrelevant specificity

showed no significant staining for any of the samples
(not shown).

DISCUSSION

AMLL blasts are expected to possess more imma-
ture or intermediate characters of AML and ALL
blasts because they express both myeloid and lym-
phoid phenotypes. Regarding the expression of sur-
vivin in myeloid neoplasms, previous studies have
revealed the significant expression of survivin in
AML [34,35]. Adida et al. [35] reported that survivin
expression frequently occurs in AML, detecting it in
60% of a series of 125 patients analyzed, and survivin
expression was found to be an unfavorable prognostic
factor. In contrast, in lymphoid neoplasms, several
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3A 3B

3C 3D

Fig. 3. Immunostaining for survivin in the bone marrow of
AMLL (A, case 5; and B, case 8) in comparison with AML (C)
and ALL (D) (original magnification 400x). Development was
performed using the peroxidase-DAB system (brown) with
hematoxylin counterstaining. Note the positive signals in
the nucleus as well as the cytoplasm of AMLL cells (A) in
contrast to the cytoplasmic staining (B). AML (C) and ALL
(D) cases exhibited nuclear and partial cytoplasmic
staining. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

studies investigated the dynamics of survivin expres-
sion in association with cell proliferation. The in vitro
data on mononuclear cells from peripheral blood or
bone marrow indicated that B-CLL cells expressed
survivin in concert with CD40 and that survivin was
the only TAP whose expression was induced by the
CD40 ligand (CD40L) [36]. CD40 belongs to the
TNF receptor superfamily [37], and its stimulation
rescues B-CLL cells from apoptosis and induces pro-
liferation [38]. We recently found that ALL as well as
CLL cells exhibited significant expression of survivin
and cIAP2 [13]. Thus, both in myeloid and lymphoid
neoplasms, IAPs are expressed and seemed to influ-
ence the prognosis of patients. Therefore, we can
imagine that TAPs would have functions also in
AMLL blasts; however, little is known about the
potential roles of survivin and other IAPs in the
pathogenesis of AMLL.

A major problem with leukemia treatment is drug
resistance to chemotherapeutic agents, which may
already be present upon diagnosis or after chemother-
apy for minimal residual blasts. Resistance originates
from genetic or epigenetic mutations during growth
of the leukemic clone. Anti-apoptosis mechanisms,
alterations of tumor suppressor genes, altered immu-
nogenicity, and drug-resistance mechanisms act in
combination [39]. AMLL exhibits strong resistance
against chemotherapy, resulting in poor patient prog-
nosis [40,41]. In the present study, expression levels of
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IAPs in AMLL blasts were higher than those in
control samples. Furthermore, several IAPs, such as
survivin, NAIP, and XIAP, exhibited stronger
expression in AMLL compared with conventional
acute leukemias. Thus, the TAP expression level is
one criterion that can be used to explain the strong
drug resistance in this category of leukemia. The IAP
might function probably via the inhibition of caspase-
dependent apoptotic signaling. Although we have yet
to clarify the caspase-independent pathway of apop-
tosis in AMLL, the findings of the present study
suggest that the regulation of IAPs may become a
possible target of AMLL therapy in the future.

In addition to its anti-apoptotic function, survivin
also helps regulate cell-cycle progression during mito-
sis [20]. The highly proliferative activity of AMLL
bone marrow cells as well as AML/ALL cells might
be associated with survivin expression. As for the
expression of TAPs in AML/ALL, the present study
found strong expression in some cases and control
levels in others, suggesting that AML/ALL cases are
heterogeneous in terms of IAP expression.

The human AMLL gene is involved in about 50 dif-
ferent chromosomal translocations associated with the
acute leukemia phenotype [42]. Although chromosomal
rearrangement involving chromosome 11g23 was not
identified, the cases in the present study were not exam-
ined for the presence of MLL gene rearrangement by
PCR analysis at the DNA level. Further studies are
necessary to clarify the interaction of the MLL gene
and TAP-family genes in association with apoptotic
signaling in AMLL blasts.

In conclusion, we showed that strong expression of
IAPs, especially survivin and NAIP, occurs in
AMLL. Further studies are warranted to clarify the
regulatory mechanisms of IAP expression in AMLL
in association with drug resistance in this leukemia.
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Abstract

Friend leukemia virus (FLV) infection strongly enhances vy-irradiation-induced apoptosis of hematopoietic cells of C3H hosts leading to a
lethal anemia. Experiments using p53 knockout mice with the C3H background have clarified that the apoptosis is p53-dependent and would
not be associated with changes of cell populations caused by the infection with FLV. In bone marrow cells of FLV + total body irradiation (TBI)-
treated C3H mice, the p53 protein was prominently activated to overexpress p2] and bax suggesting that apoptosis-enhancing mechanisms
lay upstream of p33 protein in the signaling pathway. Neither of DNA-dependent protein kinase (DNA-PK)-deficient SCID mice nor ataxia
telangiectasia mutated (4TM) gene knockout mice with the C3H background exhibited a remarkable enhancement of apoptosis or p53 activation
on FLV + TBI-treatment indicating that DNA-PK and ATM were both essential. ATM appeared necessary for introducing DNA damage-
induced apoptosis, while DNA-PK enhanced p53-dependent apoptosis under FLV-infection. Surprisingly, viral envelope protein, gp70, was
co-precipitated with DNA-PK but not with ATM in FLV + TBI-treated C3H mice. These results indicated that FLV-infection enhances DNA
damage-induced apoptosis via p53 activation and that DNA-PK, in association with gp70, might play critical roles in modulating the signaling
pathway. '
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

p53 has important roles in the cellular response to DNA
damage-inducing agents such as ionizing irradiation [1-3].
Ionizing irradiation induces DNA-double strand breaks in
cells, and then the stabilization and accumulation of p53
protein by phosphorylation of the N-terminal serine residues,
leading to a disruption of MDM?2 interaction which nega-
tively regulates p53 [4,5]. In response to DNA damage, p53
protein is also activated by phosphorylation or acetylation
allowing conformational changes convenient for the DNA

* Corresponding author. Tel.: +81 3 5803 5399; fax: +81 3 5803 0123.
E-mail address: masa.pth2@med.tmd.ac.jp (M. Kitagawa).
! These authors contributed equally to this work.

0145-2126/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2004.07.003

binding domain to play a role. Activated p53 binds to specific
DNA sequences and acts as the transcription factor whose
target genes are mainly involved in cell cycle arrest and
apoptosis. Although the mechanisms for the activation of p53
after DNA-double strand breaks are still unclear, the catalytic
subunit of DNA-dependent protein kinase (DNA-PK) and
ataxia telangiectasia mutated (ATM) kinase are candidates
for the upstream activator or the regulator of p53 [6,7].
These proteins have homology and are members of the phos-
phatidylinositol 3 (PI3) kinase family that can phosphorylate
p53 in vitro. Wang et al. [8] have proposed that DNA-PK
and ATM are similar in the selective activation of p53, but
dissimilar in that DNA-PK selects for apoptosis but not cell
cycle arrest, and ATM for cell cycle arrest but not apoptosis.
However, others have demonstrated that not DNA-PK but
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ATM functions as the major activator of p53 in response to
DNA damage in vivo [9-15]. On the other hand, the main role
of DNA-PK in vivo is thought to promote the rejoining of
DNA breaks by non-homologous end-joining [16,17]. There-
fore, the control mechanisms of these kinases, linking DNA
damage to p53-dependent apoptosis, are still controversial.

Viral infection has been known to have various effects on
the apoptotic signaling pathways of cells, negatively and pos-
itively. For example, viral FLICE-inhibitory proteins prevent
apoptosis induced by death receptors [18] and the ezs-2 tran-
scription factor inhibits apoptosisthrough a bel-xL-dependent
mechanism [19]. In contrast, HI V-infection causes apoptosis
in CD4%" T cells via various pathways [20], and Moloney
murine leukemia virus is shown to enhance thymocyte apop-
tosis [21]. HTLV-1 Tax expression promotes anti-apoptotic or
apoptotic processes in T cells according to the experimental
conditions [22].

Recently we found that Friend leukemia virus (FLV) in-
fection strongly enhanced DNA damage-induced apoptosis
in mice of an FLV-susceptible C3H strain [23]. Mice were
infected with FLV and then treated with split low dose -y-
irradiation (total body irradiation: TBI). Surprisingly, FLV +
TBI-treated C3H hosts died within 10 days after TBI treat-
ment, while mice just infected with FLV survived for more
than 40 days. The hematopoietic cells, especially erythroid
cells of FLV + TBI-treated C3H mice, revealed frequent apop-
tosis causing lethal anemia in these mice. Experiments using
53 knockout mice with the C3H background clarified that
the apoptosis was p53-dependent and would not be associ-
ated with changes of cell populations caused by the infection
with FLV [23]. Regarding apoptosis and FLV infection, an
enhancement of anti-apoptotic signaling has been observed
in transformed cell lines [24,25] as well as primary erythrob-
lasts [26]. However, effects of FLV-infection on pro-apoptotic
signaling have been unknown. In the present study, we used
C3H-SCID mice in which the activity of DNA-PK would
be deficient [27-29] and ATM knockout mice with the C3H
backgroundto elucidate the mechanisms behind the enhanced
apoptotic signaling in C3H cells after FLV + TBI-treatment.
The results indicated that enhanced apoptosis in vivo required
both DNA-PK and ATM. To further demonstrate the reg-
ulatory mechanisms of p53-dependent apoptotic pathways,
these PI3 kinases as well as viral protein were analyzed and
the relation between FLV-infection and the enhanced DNA
damage-induced apoptosis was discussed. The mechanism
of enhanced p53-dependent apoptosis in the present system
might aid in generating a novel gene therapy model using p53
by controlling the p53-dependent cell death,

2. Materials and methods

2.1. Mice

Eight to ten-week-old male C3H/He mice (C3H, H-2¢,
Fvy-2%), C3H-SCID mice and ATM knockout mice with the

C3H background (C3H-ATM~/~) were bred from our colony
at the Animal Production Facility of the National Insti-
tute of Radiological Sciences in Chiba. Methods for the
generation of the knockout construct and ATM~/~ mice
were described elsewhere [30]. The SCID and ATM~/~
mice with the C3H background were generated by crossing
CB.17-SCID and 129/Sv ATM~/~ mice to the C3H strain
of mice, respectively, followed by backcrossing through
more than 20 generations. All of the mice were reared
and treated in accordance with the guidelines governing the
care and use of laboratory animals at the National Insti-
tute of Radiological Sciences (approval numbers 1997-4 and
1997-17) and also the guidelines established by the Animal
Experiment Committee of the Tokyo Medical and Dental
University. :

2.2. Viral infection and total body irradiation

AnNB-tropic Friend leukemia virus (FLV) complex, orig-
inally from Dr. C. Friend, was prepared as described earlier
[31,32] and injected i.p. into mice at a highly leukemogenic
dose of 10* PFU/mouse [33]. On day 7 after inoculation with
FLV, 8-10-week-old mice were treated with 3 Gy of total
body irradiation (TBI). A dose of 3 Gy TBI was delivered

. from a GAMMA-CELL-40 at a dose rate of 1.12 Gy/min.

Sham-treated mice that were not irradiated were also pre-
pared in each experiment.

2.3. Detection of apoptotic cell

Fresh bone marrow tissue was mounted in an OCT com-
pound (Sakura, Tokyo, Japan), frozen with liquid nitrogen
and cut to make 8-10 um-thick frozen sections. To iden-
tify apoptotic cells on frozen tissue sections by terminal
deoxytransferase (TdT)-mediated dUTP nick end labeling
(TUNEL), an in situ cell death detection kit, fluorescein
(Boeringer Mannheim, Mannheim, Germany) was used as
described previously [34]. Briefly, frozen sections were fixed
with a 4% paraformaldehyde solution for 20 min, washed
with phosphate-buffered saline (PBS), incubated in 0.1%
sodium citrate-0.1% Triton X-100 for 2 min, washed with
PBS and then incubated with fluorescein isothiocyanate
(FITC)-labeled dUTP and TdT at 37°C for 60 min. Sec-
tions were then observed by fluorescence microscopy and
the TUNEL-positive cell ratio was determined by dividing
the cell number of positively stained cells by the total cell
number (counting more than 1000 cells).

2.4. Antibodies

The mouse monoclonal anti-pS3 antibody Pab421
(Oncogene Research Product, Cambridge, MA) was used
for immunoprecipitation. Cocktails of the mouse mono-
clonal anti-DNA-PK antibodies 18-2, 25-4, and 42-psc
(NeoMarkers, San Jose, CA) and the rabbit polyclonal
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anti-ATM antibody Ab-3 (Oncogene Research Product)
were used for immunoprecipitation or as primary antibodies
for immunoblotting. The mouse monoclonal anti-p53
antibody Pab240 (Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit polyclonal phospho-p53 (Serl5) antibody (Cell
Signaling Technology Inc., Beverly, MA), goat polyclonal
antibody for Friend MuLV (ATCC, Manassas, VA), goat
polyclonal anti-Moloney MuLV gp70 antibody (Quality
Biotech, Camden, NJ) which is known to cross-react with F-
MuLV gp70 [34], goat polyclonal anti-Raucher MuLV gp70
antibody (ATCC) which is expected to cross-react with F-
MuLV gp70 and rabbit polyclonal anti-actin antisera (Sigma
Chemicals) were used as primary antibodies for immunoblot-
ting. Horseradish peroxidase-conjugated anti-mouse IgG
antibody (Dakopatts, Glostrup, Denmark), horseradish
peroxidase-conjugated anti-rabbit antisera (Dakopaitts),
and horseradish peroxidase-conjugated anti-goat IgG an-
tibody (Dakopatts) were used as secondary antibodies for
immunoblotting.

2.5. Immunoprecipitation and immunoblotting analysis

The bone marrow cells from each experimental group
of mice were suspended in Iscove’s modified Dulbecco’s
medium (IMDM; Sigma Chemicals, St. Louis, MO) contain-
ing 10% fetal bovine serum and pelleted. Cell lysates were
prepared by incubating cell pellets on ice for 15 min in ice-
cold lysis buffer containing 10 mM Tris-HCIl, pH 7.5, 5 mM
EDTA, 1% Nonidet P-40, 0.02% NaN3, 1 mM PMSF, 0.1%
aprotinin, 100 uM leupeptin, and 100 pM TPCK (Sigma
Chemicals). Supernatants were separated from debris by cen-
trifugation at 12,000 rpm for 5 min at 4 °C. Protein concen-
trations were determined using a Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA). Cell lysates which
contained 100 pg of protein were incubated with antibod-
ies and protein A-sepharose beads (Amersham Life Science,
Buckinghamshire, England). The resulting immunoprecipi-
tates or whole cell lysates of 50~100 pg were subjected to
6-12.5% SDS-PAGE. Gels were transferred electrophoret-
ically to nitrocellulose membranes (Schleicher and Schull,
Dassel, Germany). The membranes were blocked in 10%
skim milk in PBS, incubated with primary antibodies, and
after washing, were incubated with peroxidase-conjugated
secondary antibodies. Bands in the washed membrane were
detected with an enhanced chemiluminescence (ECL) sys-
tem (Amersham Life Science) as described previously [35].

In a part of gp70 experiments, cell lysate was divided into -

two fractions, cytoplasmic and nuclear fraction, according to
the protocol by Dignam et al. {36], and then, these fractions
were used for immunoprecipitation and immunoblotting.

2.6. Reverse transcription (RT)-polymerase chain
reaction (PCR)

To determine the activation of p2] and bax, known as
downstream molecules of p53, and to examine the expres-

sion of DNA-PK and ATM genes at the mRNA level, an
RT-PCR was performed for each experimental group. The
RNA was extracted from the bone marrow using an RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manu-
facturer’s directions. Tissue RNA (100ng) was used as a
template for the amplification. Complementary (c)DNA was
synthesized using Rous-associated virus reverse transcriptase
(Takara Biomedicals, Kyoto, Japan). The PCR was performed
as described elsewhere [34]. Oligonucleotides as specific
primers for p21 and bax were synthesized by a commercial
laboratory (Life Technologies Oriental, Tokyo, Japan). As a
control reaction, B-actin was also detected in each run. The
sequences of primers were as follows: p27: 5/ PCR primer
AATCCTGGTGATGTCCGACC, 3’ PCR primer TTGCA-
GAAGACCAATCTGCG,; bax: 5 PCR primer CCAGCTCT-
GAACAGATCATG, 3’ PCR primer AGCTCCATATTGC-
TATCCAG; DNA-PK: 5 PCR primer GAATTCACCA-
CAACCCTGCT, 3’ PCR primer GCTTTCAGCAGGTTCA-
CACA; ATM: 5' PCR primer TTACGATGGCAACAGCA-
GAG, 3’ PCR primer TCCAGTTCTCGCTGAACCTT; -
actin: 5' PCR primer TGGAATCCTGTGGCATCCATGA, 3’
PCR primer ATCTTCATGGTGCTAGGAGCCAG. The ex-
pected sizes of the PCR products were 461 bp for p21, 187 bp
for bax, 188 bp for DNA-PK, 225bp for ATM, and 175bp
for B-actin. $X174/Haelll-cut DNA was run in parallel as a
molecular size marker.

2.7. Kinase assays

Kinase assays were performed according to the protocol of
Shangary et al. [37] with our modification. Cell lysates were
incubated with anti-DNA-PK or anti-ATM antibody for 2hon
ice and then, mixed with 25 p.l of protein A-sepharose beads
rocking at 4°C for 1 h. The immunoprecipitates obtained
with anti-DNA-PK or anti-ATM antibody was centrifuged,
washed three times, and used for kinase assays. The immuno-
precipitate was mixed with the substrate, 1 g of p53 protein
(p53 (1-393), Santa Cruz Biotechnology, Santa Cruz, CA),
along with 5 M cold ATP in kinase buffer (50 mM HEPES,
pH7.5,100mMKCl, 10 mM MgCly, 0.2 mM EGTA, 0.1 mM
EDTA, and 1 mM dithiothreitol). The kinase reaction was car-
ried out at room temperature for 30 min and terminated by
adding an equal volume of SDS sample buffer followed by
heat inactivation. The reaction products were subjected to
10% SDS-PAGE and transferred onto a nitrocellulose mem-
brane. The membrane was processed for immunoblotting us-
ing the phospho-p53 (Serl15) antibody as described above and
then, analyzed.

2.8. Densitometric analysis

The densities of the bands were measured by densitometric
analysis with an ImageQuant scanning imager (Molecular
Dynamics, Sunnyvale, CA). The relative intensities of the
bands were calculated by comparing the density of the sample
with that of the control.
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