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TABLE 5
Correlation of Disease Progression and Genomic Status*
TP53 (17p13) deletion + -

Disease progression

+ 3 11

- 0 38 P =002
ATM (11g22) deletion + -

Disease progression

+ 3 11

- : 3 35 P=122
Additional genomic abnormalities’ + -

Disease progression

+ 6 8

- 17 21 P=2872
ZAP-70 expression + -

Disease progression

+ 7 7

- 12 26 P<.001
IgVH status Nonmutated Mutated

Disease progression

+ 9 5

- 8 30 P <.001

+ Indicates presence; ~, absence; 1gVH, immunoglobulin heavy-chain.

* Correlations of disease progression and genomic abnormalities were examined by using the chi-
square test. The clinical status of 51 patients was examined, and P values are shown.

! Additional abnormalities included genomic abnomalities (see Tables 2 and 3) other than the 4
common genetic abnormalities (trisomy 12, deletion of TP53, deletion of ATM, and deletion of
13q14).

These higher resolution SNP-chips will have greater
sensitivity to detect this small deletion in CLL com-
parable to the sensitivity of FISH analysis. We believe
that the higher resolution (250-500 k) SNP-chip will
be able to supplant FISH and cytogenetics.

One of the advantages of our method is that we
can detect allele-specific gene dosage levels without
matched normal controls. We used pooled data from
several hundred normal DNA samples, and our com-
puterized software selected optimal reference data
for individual CLL samples.!”® This new technique
allowed us precisely to detect UPD, one of the com-
mon genetic abnormalities observed in cancers,
without matched control DNA.'® It is noteworthy
that we identified 2 patients with UPD of the whole
chromosome 13 among patients with homozygous
deletion of 13q14 (Patients 23 and 24). This finding
pinpoints the usefulness of SNP-chip analysis to
detect copy number neutral loss of heterozygosity. It
also suggests that homozygosity of the whole chro-
mosome 13 is a step in the clonal evolution of CLL,
resulting in the loss of both alleles at the CDR on
13q14. We also observed UPD and deletions that
involved 17p13, which contains the tumor suppressor
gene TP53. Sequencing the TP53 gene in the sample
with UPD showed a previously reported polymorphic

TABLE 6
Correlation of Genomic Abnormalities
Trisomy 12 + -
13914 Deletion
+ 0 33
- 4 19 P =010
. TP53 (17q13) deletion + -
Additional abnormality*
+ 3 2
- 0 31 P =034
13q14 Deletion + -
Additional abnormality*
+ 12 14
- 21 10 P =.046

+ Indicates presence; -, absence.

* Additional abnormalities included genomic abnommalities (see Tables 2 and 3) other than the 4
common genetic abnormalities (m'shmy 12, deletion of TP53, deletion of ATM, and deletion of
13q14). P values are shown.

nucleotide change at codon 72 in both alleles. It is
unclear whether TP53 is the target gene of this UPD.

Recently, Pfeifer et al reported an SNP-chip anal-
ysis of 70 CLL samples using 10- to 50-k Affymetrix
GeneChip genomic microarrays.”’ The difference
between our study and theirs is that we examined
patients with early-stage CLL who were not treated at
the time the samples were collected, whereas Pfeifer
et al analyzed patients in all stages of CLL, and
approximately 50% of their patients previously had
received chemotherapy. Chemotherapeutic reagents,
especially alkylating reagents (which are used fre-
quently to treat CLL??), damage DNA and lead to
therapy-related genetic abnormalities.?® Furthermore,
treatments with chemotherapeutic reagents select
the resistant clones in CLL, and drug-resistant clones
become dominant after prolonged treatment.?* Those
clones may be different from initial CLL malignant
cells. Our patients were not treated with any reagents
and most likey had genetic events that occurred dur-
ing the early stage of development of CLL. Although
Pfeifer et al observed duplication/amplification of 2p
involving Rel and BCL11A,*" we did not observe.these
genetic abnormalities. Duplication/amplification of
Rel and BCL!IA may be associated with either
advanced disease or secondary events caused by che-
motherapeutic treatment.

Pfeifer et al also reported that patients who had
CLL with biallelic loss of 13q14 had a worse progno-
sis.?! In our study, 15 of 33 patients who had 13ql4
deletion had clones with biallelic loss of this region
(percentages of clones with biallelic loss, 3%-64%)
detected by FISH. Only 4 of those 15 patients with bial-
lelic loss of 13q14 (percentage of cells with biallelic loss:
8%, 11%, 28%, and 35%) developed progressive disease.



Therefore, biallelic loss of 13q14 did not appear have an
adverse effect on the prognosis of patients CLL in our
study (P =.953) (Supplementary Table).

We demonstrated that 13ql4 deletion and tris-
omy 12 were exclusive of each other. MiR15a/16-1
commonly are deleted in patients with 13q14 dele-
tions. MiR15a/16-1 are micro-RNAs that block the
function of a variety of target genes.”® Cyclin D2 is
one of the target genes of these micro-RNAs (avail-
able at URL: http://www.targetscan.org/ Accessed on
August 1, 2007) and is localized on 12p13. Overex-
pression of cyclin D2 is observed frequently in CLL.?®
Deletion of miR15a/16-1 may lead to restoration of
cyclin D2 expression in CLL; likewise, trisomy 12
may be an alternative means to enhance expression
of this gene. Cyclin D2 may be a common down-
stream target of both deletion of 13ql4 and trisomy
12. Unfortunately, we were not able to obtain expres-
sion levels of cyclin D2 or miR15a/16-1 in our sam-
ples. Future analysis will elucidate the correlations of
these important genes in the development of CLL.

In summary, the results from the current study
suggest that SNP arrays can accurately detect the
common abnormalities in CLL. The technique also
revealed a large number of new abnormalities, espe-
cially smaller regions that were undetected by prior
methods. Several of these abnormalities involve
genes of potential interest, because they may be
causative of CLL and will require further study. The
SNP-chip is a rapid, robust assay that can survey the
entire genome, provide diagnostic and prognostic
clarity, and help identify new therapeutic targets. The
cost of the assay is decreasing quickly, and it has the
potential to replace conventional techniques.

REFERENCES

1. Zwiebel JA, Cheson BD. Chronic lymphocytic leukemia: sta-
ging and prognostic factors. Semin Oncol. 1998;25:42-59.

2. Seiler T, Dohner H, Stilgenbauer S. Risk stratification in

chronic lymphocytic leukemia. Semin Oncol. 2006;33:186— °

194.

3. Binet JL, Caligaris-Cappio F Catovsky D, et al. Perspectives
- on the use of new diagnostic tools in the treatment of
chronic lymphocytic leukemia. Blood. 2006;107:859-861.

4. Oscier D, Fegan C, Hillmen P, et al. Guidelines on the diag-
nosis and management of chronic lymphocytic leukaemia.
Br ] Haematol. 2004;125:294-317.

5. Shanafelt TD, Geyer SM, Kay NE. Prognosis at diagnosis:
integrating molecular biologic insights into clinical practice
for patients with CLL. Blood. 2004;103:1202-1210.

6. Dohner H, Stilgenbauer S, Benner A, et al. Genomic aber-
rations and survival in chronic lymphocytic leukemia. N
Engl ] Med. 2000;343:1910-19186.

7. Migliazza A, Bosch F Komatsu H, et al. Nucleotide
sequence, transcription map, and mutation analysis of the
13q14 chromosomal region deleted in B-cell chronic lym-
phocytic leukemia. Blood. 2001;97:2098-2104.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

SNP-Chip Analysis of CLL/Lehmann et al. 1305

Bullrich E Fujii H, Calin G, et al. Characterization of the
13q14 tumor suppressor locus in CLL: identification of
ALT1, an alternative splice variant of the LEU2 gene. Can-
cer Res. 2001;61:6640-6648.

Calin GA, Dumitru CD, Shimizu M; et al. Frequent dele-
tions and down-regulation of micro-RNA genes miR15 and
miR16 at 13ql4 in chronic lymphocytic leukemia. Proc
Natl Acad Sci USA. 2002;99:15524-15529.

Calin GA, Ferracin M, Cimmino A, et al. MicroRNA signa-
ture associated with prognosis and progression in chronic
lymphocytic leukemia. N Engl ] Med. 2005;353:1793~1801.
Lindblad-Toh K, Tanenbaum DM, Daly M], et al. Loss-
ofheterozygosity analysis of small-cell lung carcinomas
using single-nucleotide polymorphism arrays. Nat Biotech-
nol. 2000;18:1001-1005.

Nannya Y, Sanada M, Nakazaki K, et al. A robust algorithm
for copy number detection using high-density oligonucleo-
tide single nucleotide polymorphism genotyping arrays.
Cancer Res. 2005;65:6071-6079.

Yamamoto G, Nannya Y, Kato M, et al. Highly sensitive
method for genome-wide detection of allelic composition
in non-paired, primary tumor specimens using SNP geno-
typing micorarrays. Am J Hum Genet. 2007;81:114-126.
Matutes E, Owusu-Ankomah K, Morilla R, et al. The immu-
nological profile of B-cell disorders and proposal of a scor-
ing system for the diagnosis of CLL. Leukemia.
1994;8:1640-1645.

Sambrook J, Russell DW. Molecular Cloning: A Laboratory
Manual. 3rd ed. Cold Spring Harbor, NY: Cold Spring Har-
bor Laboratory Press; 2001.

Crespo M, Bosch F, Villamor N, et al. ZAP-70 expression as
a surrogate for immunoglobulin-variable-region mutations
in chronic lymphocytic leukemia. N Engl ] Med. 2003;348:
1764-1775.

Xiong Z, Laird PW. COBRA: a sensitive and quantitative DNA
methylation assay. Nucleic Acids Res. 1997;25:2532~2534.
Kalachikov S, Migliazza A, Cayanis E, et al. Cloning and
gene mapping of the chromosome 13q14 region deleted in
chronic lymphocytic leukemia. Genomics. 1997;42:369-377.
Largaespada DA. Haploinsufficiency for tumor suppression:
the hazards of being single and living a long time. J Exp
Med. 2001;193:F15-F18.

Stankovic T, Weber P, Stewart G, et al. Inactivation of ataxia
telangiectasia mutated gene in B-cell chronic lymphocytic
leukaemia. Lancet. 1999;353:26-29. ’
Pfeifer D, Pantic M, Skatulla I, et al. Genome-wide analysis
of DNA copy number changes and LOH in CLL using high-
density SNP arrays. Blood. 2007;109:1202-1210.

Robak T, Kasznicki M. Alkylating agents and nucleoside
analogues in the treatment of B cell chronic lymphocytic
leukemia. Leukemia. 2002;16:1015-1027.

Karp JE, Smith MA. The molecular pathogenesis of treat-
ment-induced (secondary) leukemias: foundations for
treatment and prevention. Semin Oncol. 1997;24:103-113.
Bosanquet AG, Bell PB. Novel ex vivo analysis of nonclassi-
cal, pleiotropic drug resistance and collateral sensitivity
induced by therapy provides a rationale for treatment stra-
tegies in chronic lymphocytic leukemia. Blood. 1996;87:
1962-1971.

Yoon S, De Micheli G. Prediction of regulatory modules
comprising microRNAs and target genes. Bioinformatics.
2005;21(suppl 2):ii93-ii100.

Delmer A, Ajchenbaum-Cymbalista F, Tang R, et al. Overex-
pression of cyclin D2 in chronic B-cell malignancies.
Blood. 1995;85:2870-2876.



Available online at www.sciencedirect.com
T
°c® ScienceDirect NCER

Cancer Letters 257 (2007) 206-215

www.elsevier.com/locate/canlet

Dehydroxymethylepoxyquinomicin (DHMEQ) therapy
reduces tumor formation in mice inoculated with
Tax-deficient adult T-cell leukemia-derived cell lines

Takeo Ohsugi **, Toshio Kumasaka b Seiji Okada €, Takaomi Ishida d
Kazunari Yamaguchi ¢, Ryouichi Horie £ Toshiki Watanabe 4 Kazuo Umezawa &

* Division of Microbiology and Genetics, Center for Animal Resources and Develapmenl? Institute of Resource Development
and Analysis, Kumamoto University, 2-2-1 Honjo, Kumamoto 860-0811, Japan
® Department of Human Pathology, Juntendo University Graduute School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan
¢ Division of Hematopoiesis, Center for AIDS Research, Kumamoto University, 2-2-1 Honjo, Kumamoto 860-0811, Japan
4 Laboratory of Tumor Cell Biology, Department of Medical Genome Sciences, Graduate School of Frontier Sciences,
The University of Tokyo, 4-6-1 Shirokaneduai, Minato-ku, Tokyo 108-8639, Jupan
¢ Department of Safety Research on Blood and Biologics, National Institute of Infectious Diseases, Gakuen 4-7-1,
Musashimurayama-shi, Tokyo 208-0011, Japan
T Department of Hematology, Faculty of Medicine, Kitasato University, 1-15-1 Sagamihara, Kanagawa 228-8555, Japan
& Department of Applied Chemistry, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi,
Kohoku-ku, Yokohama 223-0061, Jupan

Received 23 February 2007; received in revised form 20 July 2007; accepted 23 July 2007

Abstract

Adult T-cell leukemia (ATL) is an aggressive neoplasm caused by human T-cell leukemia virus type I (HTLV-I), which
induces nuclear factor-xB (NF-xB), a molecule central to the ensuing neoplasia. The NF-xB inhibitor dehydroxymethy-
lepoxyquinomicin (DHMEQ) has been shown to inhibit NF-kB activation in Tax-expressing HTLV-I-infected cells. In this
study, we used NOD/SCID B2-microglobulin™ mice to show that intraperitoneal inoculation with Tax-deficient ATL cell
lines caused rapid death, whereas DHMEQ-treated mice survived. Furthermore, DHMEQ treatment after subcutaneous
inoculation inhibited the growth of transplanted ATL cells. These results demonstrate that DHMEQ has therapeutic effi-
cacy on ATL cells, regardless of Tax expression.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Adult T-cell leukemia (ATL) is a mature T-cell’

malignancy caused by human T-cell leukemia virus
type I (HTLV-]) infection {1,2]. A minor proportion
of HTLV-I-infected carriers develop ATL after a
long latency period. However, almost 1000 cases
of ATL are diagnosed each year in Japan, no
accepted curative therapy for ATL exists, and

patients progress to death with a mean survival time -

of 13 months [3]). ATL patients retain poor progno-
sis mainly because of resistance to conventional,
high-dose, or combination chemotherapy treatment
(4). Therefore, development of novel anti-ATL ther-
apies is greatly needed.

Tax, a 40 kDa protein encoded by the pX region
of HTLV-I viral genome activates nuclear factor-xB
(NF-kB) by stimulating the activity of the IxB
kinase (IKK), which in turn leads to phosphoryla-
tion and degradation of IxBa [5,6]. NF-kB is then
released from IkBa and translocates to the nucleus
where it transactivates various genes encoding cyto-
kines, chemokines and anti-apoptotic proteins [7].
However, NF-kB also may be activated in primary
ATL cells and some ATL-derived cell lines that lack
viral expression [7-9]. These facts show that Tax-
independent mechanisms for constitutive NF-«xB
activation are present in ATL cells. Regardless of
‘Tax expression, constitutive activation of NF-«xB
in ATL cells is required for ATL cell growth and
survival [7]. Thus, blocking the NF-xB pathway
may be a key strategy for the treatment of ATL
patients [10,11].

The NF-kB inhibitor, dehydroxymethylepoxy-
quinomicin (DHMEQ), inhibits activation of NF-
kB by preventing nuclear translocation of p65, an
NF-kB subunit [12-14]. DHMEQ has already
shown potential for inducing apoptosis in prostate
cancer, thyroid cancer, pancreatic cancer, multiple
myeloma and breast cancer [15-20]. We recently
reported that DHMEQ strongly inhibits constitu-
tively activated NF-xB in both ATL-derived cell
lines and in primary cultures of ATL cells from
patients, inducing apoptosis in these cells at concen-
trations that do not affect the viability of peripheral
blood mononuclear cells [9]. We also observed that
DHMEQ induces apoptosis in the Tax-expressing
HTLV-I-infected cell lines MT-2 and HUT-102
and inhibits nuclear translocation of the p65 subunit
in vitro and in vivo [21,22]. However, we could not
evaluate the effects of DHMEQ on the Tax-deficient
ATL-derived cell lines TL-Om1 and MT-1 in vivo,

because these cells did not grow in severe combined
immunodeficiency (SCID) mice in which natural
killer (NK) cell activity had been eliminated (NK-
free SCID mice) [21].

In this study, we establish a mouse model of
ATL using non-obese diabetic (NOD)/SCID and
B2-microglobulin knockout (NOD/SCID B2m™")
mice that have low NK cell activity and addition-
ally lack P2-microglobulin (p2m), the light chain
of the MHC class I molecule [23]. We inoculated
these mice intraperitoneally or subcutaneously
with either TL-Om1 or MT-1 and evaluated the
effect of DHMEQ treatment in vivo. Mice
injected with TL-Oml or MT-1 cells intraperito-
neally but not treated with DHMEQ died soon
thereafter from tumor and infiltrative leukemic
cell growth, whereas DHMEQ-treated mice sur-
vived and showed a decreased rate of inoculated
cell infiltration. In- the subcutaneous model,
DHMEQ induced apoptosis and inhibited the
growth of TL-Om] cells transplanted at the injec-
tion site.

2. Materials and methods
2.1. Cell lines

Four HTLV-I-infected T-cell lines, TL-Om1 [24], MT-
1 [2], MT-2 [25] and HUT-102 [l], were maintained at
37°C in 5% CO; in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 U/ml of penicillin and
100 pg/ml of streptomycin. TL-Om! and MT-1 are leuke-
mic T-cell lines derived from patients with ATL. MT-2 is
an HTLV-I-transformed T-cell line established by an

*in vitro co-culture protocol. HUT-102 was established

from a patient originally diagnosed with cutaneous T-cell
lymphoma which was later considered a lymphoma type
ATL. The clonal origin of this cell line is unclear, and
can no longer be determined. An HTLV-I-negative T-cell
line, MOLT-4, was maintained in RPMI 1640 supple-
mented with 10% fetal bovine serum at 37 °C in 5%
CO, and the antibiotics listed above. All cells lines were
passaged twice a week.

2.2. Characterization of HTLV-I-infected cell lines

To analyze cell cultures for the presence of Tax
mRNA, total RNA from cells was extracted using an
RNA extraction kit (Qiagen, Valencia, CA) and treated
with 10 U DNase I (Takara Bio, Tokyo, Japan) for
30 min at 37 °C. Reverse transcriptase polymerase chain
reaction (RT-PCR) was performed using a one-step
RNA PCR kit (Takara Bio) with a set of primers for
the Tax mRNA [26].
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To analyze cell cultures for the presence of Tax pro-
tein, samples containing 50 pg of total protein from cell
lysates were electrophoresed and transferred to a polyvi-
nylidene difluoride membrane (Atto, Tokyo, Japan). Wes-
tern blot analysis was carried out to detect Tax protein in
each cell line as described [22].

To evaluate viral release into the supernatant, culture
samples were taken 3 days after passage. Cell culture med-
ium was centrifuged at 1200g for 10 min at 4 °C. Superna-
tants were then examined for the presence of the HTLV-I
pl19 antigen using an enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol (Zep-
tomatrix, Buffalo, NY).

For evaluation of NF-kB activity, the cells (5x 10°)
were centrifuged at 200g for 5min at 4 °C and washed
with cold phosphate-buffered saline and nuclear extracts
were subsequently prepared using a nuclear extraction
kit (Active Motif, Carlsbad, CA). DNA-binding activity
of NF-kB p65 was then measured using microplate-based
ELISAs according to the manufacturer’s protocol (Trans-
AM NF-xB p65 Transcription Factor Assay kit; Active
Motif). Absorbance at 450 nm was determined in each
well using a microplate reader (Bio-Rad, Richmond, CA).

2.3. Chemicals

Racemic DHMEQ was synthesized as described [13],
dissolved in DMSO and subsequently diluted in culture
medium to a final concentration of <0.1%.

2.4. Nuclear staining to determine apoptosis in vitro

Cells (1 x 10%) were cultured with 20 or 40 pg/ml of
DHMEQ for 48 h. Cells treated with the same concentra-
tions of DMSO solvent without DHMEQ served as con-
trols. Morphologic examination of cells was performed
using a phase contrast microscope (CK40: Olympus,
Tokyo, Japan). Cells were stained with Hoechst 33342
(Calbiochem, San Diego, CA) and stained apoptotic
nuclei were calculated as reported [21,22].

2.5. Measurement of NF-xB activity in cells treated with
DHMEQ

TL-Om1 or MT-1 cells (5 x 10%) were cultured with 20
or 40 pg/ml DHMEQ for 16 h. The HTLV-I-uninfected
T-cell line, MOLT-4, served as a control. Nuclear and
cytoplasmic fractions were then prepared using a nuclear
extraction kit according to the manufacturer’s protocol
(Active Motif). NF-kB activity in nuclear and cytoplasmic
fractions was determined by measuring the DNA-binding
activity of p65, as described above, and was expressed as a
percentage of the binding measured in control cells that
were not treated with DHMEQ. The relative ratio of
nuclear to cytoplasmic p65 was calculated from the absor-
bance value of nucleus divided by that of cytoplasm.

2.6. Mice

Non-obese diabetic (NOD)/severe combined immuno-
deficiency (SCID) and B2-microglobulin knockout (NOD/
SCID B2m™") mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). The mice were maintained
under specific pathogen-free conditions in laminar-flow
benches at 22 + 2 °C with a 12 h light/dark cycle. Mice
were fed sterilized (y-irradiated) pellets and received acid-
ified drinking water (pH 2.5-3.0) ad libitum. All proce-
dures involving animals and their care were approved by
the animal care committee of Kumamoto University in
accordance with Institutional and Japanese government
guidelines for animal experiments. )

2.7. Administration of DHMEQ to NODISCID B2m™"
mice injected intraperitoneally with TL-Oml or MT-1 cells

TL-Oml or MT-1 cells (5x 107) were washed three
times with phosphate-buffered saline and introduced by
intraperitoneal injection into 7- to 10-week-old NOD/
SCID p2m™" mice that had been pretreated 1 day earlier
with 2 Gy irradiation. DHMEQ was dissolved in 0.5% -
carboxymethyl cellulose (vehicle) to a final concentration
of 1.2 mg/ml. DHMEQ (12 mg/kg) or vehicle was admin-
istered intraperitoneally on day 0 of cell inoculation and
three times a week thereafter for 5 weeks. Mice surviving
for 5weeks after cell inoculation were autopsied and
tumor formation was assessed.

2.8. Histology

Organs were fixed in 10% neutral-buffered formalin
immediately after removal, embedded in paraffin, cut
into 4 um sections, and stained with hematoxylinh and
eosin,

2.9. PCR analysis of genomic DNA

To detect HTLV-1 proviral sequences, 0.5pg of
genomic DNA extracted from tumors or various organs
was subjected to PCR analysis [21,22]. Oligonucleotide
primers for tax and for the human f-globin genes (con-
trol) were used and PCR was performed as described
(21,22].

2.10. Administration of DHMEQ to NODISCID p2m™"
mice injected with TL-Oml subcutaneously

DHMEQ was dissolved in 0.5% carboxymethyl
cellulose (vehicle) to a final concentration of 1.2 mg/
ml. TL-Om1 cells (5 x 107) were washed three times with
phosphate-buffered saline and introduced by subcutane-
ous injection into the post-auricular region of 7- to 10-
week-old NOD/SCID B2m™" mice that had been pre-
treated 1 day earlier with 2 Gy irradiation. DHMEQ
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" (12 mg/kg) or vehicle was administered by intraperito-
neal injection on day O of cell inoculation and three
times a week thereafter for Sweeks. Both tumor size
and body weight were measured weekly. Tumor volume
was calculated according to the formula: a*xbx0.5,
where ¢ and b are the smallest and largest diameters,
respectively. :

2.11. Detection of apoptosis in vivo

Animals were sacrificed 5 weeks after cell inoculation.
Gross tumors were immediately fixed in 10% neutral-buf-
fered formalin, appropriately cut and then embedded in
paraffin. The tissues were sectioned to 4 um thickness
and stained with hematoxylin and eosin. Apoptosis in tis-
sue sections was examined by TUNEL (terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate
nick end-labeling) assay using the in situ Apoptosis Detec-
tion kit (R&D systems, Minneapolis, MN) according to
the manufacturer’s instructions.

2.12. Statistical analysis

Statistical analysis was performed using Fisher’s exact
probability test and Student’s z-test. Statistical signifi-
cance was defined as P <0.05.

3. Results
3.1. Characterization of HTL V-IL-associated cell lines

As expected, MT-2 and HUT-102 expressed signifi-
cant amounts of Tax mRNA and protein (Fig. la).
MT-1 cells expressed the HTLV-l Tax transcript, but
we were unable to detect Tax protein (Fig. la, lower
panel). TL-Oml cells did not express detectable
amounts of Tax at either mRNA or protein levels. To
assess virus release in these cell lines, we analyzed for
the presence of HTLV-l Gag protein in cell culture
supernatants using a pl9-specific ELISA. MT-2 and
HUT-102 cells expressed high levels of the HTLV-I
Gag protein, pl9, whereas only small amounts of p19
(10%- to 10°-fold lower than that of MT-2 and
HUT-102) were detected in the ATL-derived cell lines
TL-Oml and MT-1 (Fig. la, upper panel). The
HTLV-I-uninfected human T-cell line MOLT-4 did not
express pl9 Gag protein (data not shown).

Next, the activity of NF-kB in these cell lines was
determined by ELISA. All of these cells showed constitu-
tive NF-xB activity, which was elevated compared with
MOLT-4 cells (Fig. 1b). TL-Om1 cells showed the highest
mean levels of NF-kB activity among the tested cell lines,
although they did not express Tax or viral antigens. There
was no significant difference in NF-xB activity between
Tax-expressing and non-expressing HTLV-I-associated
cell lines, as described [27].

3.2. DHMEQ inhibits NF-xB in Tax-deficient HTLV-1-
associated cell lines

We evaluated the effects of DHMEQ on two HTLV-I-
associated cell lines that lack Tax protein (TL-Om1 and
MT-1). Morphologically, DHMEQ induced significant
apoptosis as shown by deletion of cell clusters and nuclear
fragmentation (Fig. lc). After 48 h of DHMEQ treat-
ment, Hoechst 33342 staining of nuclei showed significant
apoptosis in both TL-Om1 and MT-1 cell lines (Fig. 1d).
We next examined the effects of DHMEQ on the constitu-
tive DNA binding activity of NF-xB in these cells. The
cells were cultured with various concentrations of
DHMEQ (0, 20 or 40 pg/ml) for 16 h (Fig. le). Both con-
centrations of DHMEQ inhibited NF-xkB activation in
MT-1 cells by approximately 60% compared to control
cells. Likewise, DHMEQ (20 and 40 pg/ml) inhibited
NF-xB activation in TL-Om1l cells by approximately
80% and 90%, respectively, compared to control cells.
NF-xB p65 translocation to the nucleus was inhibited in
TL-Oml and MT-1 cells treated with DHMEQ
(Fig. 1f). The relative nuclear-to-cytoplasmic ratio of
p65 in TL-Oml and MT-1 cells without DHMEQ was
>3.0 and 1.5, respectively, whereas in cells treated with
DHMEQ, the ratio was the same as in the HTLV-I-unin-
fected T-cell line, MOLT-4. These results are consisted
with our previous report [9].

3.3. DHMEQ inhibits death in mice inoculated
intraperitoneally with Tax-deficient HTLV-1-infected cell
lines

To evaluate the anti-tumor effect of DHMEQ against
HTLV-I-infected cell lines derived from ATL patients,
intraperitoneal inoculation of NOD/SCID #2m™" mice
with 5x 107 TL-Oml or MT-1 cells was performed. A
dose of 12mg/kg of either DHMEQ or vehicle was
administrated via intraperitoneal injection on day 0 of cell
inoculation and three times a week thereafter for 5 weeks.
Whereas 5 of 6 (83%) DHMEQ-treated mice were alive
5 weeks after TL-Oml inoculation, all 6 of the control
(vehicle-treated) mice died by 4 weeks after cell inocula-
tion (P = 0.008 by Fisher’s exact test; Fig. 2a). Likewise,

- only 1 of 5 (20%) control mice inoculated with MT-1 sur-

vived for § weeks after cell inoculation, whereas all 6 of
the DHMEQ-treated mice were alive at 5 weeks post-
inoculation (P = 0.015 by Fisher’s exact test; Fig. 2b).

In TL-Oml-inoculated mice, all of the six mice that
received vehicle alone had visible tumors (see representa-
tive mouse Fig. 3a, left panel and Fig. 3b), whereas only
two of six DHMEQ-treated mice (33%) formed small gross
tumors (P = 0.03 by Fisher’s exact test; see representative
tumor-free mouse Fig. 3a, right panel and Fig. 3b). In MT-
1-inoculated mice, 40% of mice treated with vehicle alone .
had gross tumors, whereas none of the mice treated with
DHMEQ had gross tumors (Fig. 3b). To determine
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Fig. 1. Characterization of HTLV-I-associated cell lines and analysis of the effects of DHMEQ on NF-xB activity in Tax-deficient cell
lines in vitro. (a) The upper panel reflects p19 Gag antigen content in culture supernatants from each cell line, as detected by ELISA. Bars
represent mean values & standard deviation (SD) of triplicate samples. The middle panel reflects Tax mRNA expression in each cell line
detected by RT-PCR and the lower panel reflects Tax protein expression in each cell line detected by Western blot analysis. (b) NF-xB
activity in TL-Oml, MT-1, HUT-102, MT-2 and in an uninfected cell line, MOLT-4, was measured by ELISA. This experiment was
repeated three times (n = 3), and the data presented represent means = SD. Statistical analysis was performed using the Student’s r-test.
*P <0.05, ""P <0.01 vs. MOLT-4. (c) Morphologic examination of TL-Om1 and MT-1 cells after treatment with DHMEQ using a phase
contrast microscope. TL-Om1 and MT-1 cells were treated with DHMEQ (20 pg/ml) for 24 h prior to analysis (magnification, 200x). (D)
Induction of apoptosis of TL-Om! and MT-1 cells by DHMEQ. After 48 h of DHMEQ treatment, cells were fixed and stained with
Hoechst 33342. At least 1000 stained cells were counted and assessed as apoptotic or non-apoptotic. Representative results of three
independent experiments are shown. (¢) DHMEQ inhibits NF-kB activity in TL-Om1 and MT-1 cells. After 16 h of incubation with
DHMEQ or with vehicle alone (DMSQ), NF-xB activity was measured in using ELISA. MOLT-4 was used as an HTLV-I-uninfected cell
control. Data are expressed as a percentage of control (vehicle-treated) activity and represent means =& SD. (f} The nuclear to cytoplasmic
p65 in DHMEQ-treated cells. The results of three independent experiments are shown. Data are expressed as a percentage of control
(vehicle-treated) activity and represent means &= SD. Statistical analysis was performed using the Student’s t-test. *P < 0.01 vs. control.
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whether the tumors were derived from inoculated cells,
genomic DNA extracted from tumors was subjected to
PCR using primers specific for the HTLV-I tax and human
p-globin genes. PCR analysis showed that tumors origi-
nated from the inoculated cells (Fig. 3c).

We next compared the infiltration of inoculated cells
into organs of control mice and DHMEQ-treated mice.
To detect infiltration of inoculated cells into various
organs, genomic DNA extracted from each organ was
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subjected to PCR analysis. The organs in which both
HTLV-l tax and human f-globin genes were detected
were considered positive (Fig. 4a). In TL-Om! inocu-
lated mice, injected cells were present in all organ types
tested from both DHMEQ-treated and untreated mice.
However, the incidence of organs positive for both
genes in DHMEQ-treated mice was lower than that in
untreated mice. Specifically, 33% of kidneys from mice
treated with DHMEQ were positive, compared with
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Fig. 3. DHMEQ inhibits tumor formation arising from intraperitoneal inoculation of TL-Om1 or MT-1 cells in NOD/SCID B2m™ mice.
(a) In TL-Om1 inoculated mice, we observed gross tumor formation in the peritoneal cavity of vehicle-treated control mice (left) but not in
DHMEQ treated mice (right). (b) DHMEQ reduces the incidence of gross tumors in mice inoculated with TL-Om1 or MT-1 cells. P,
Fisher’s exact test P-value. (c) PCR analysis to detect HTLV-I rax (159 bp PCR product) and human f-globin (262 bp PCR product) was
used to determine whether tumors originated from the inoculated cells. Lane 1, tumor from TL-Om1l inoculated vehicle-treated mice; lane
2, tumor from MT-1 inoculated vehicle-treated mice; N, no template DNA; M, 100 bp ladder marker. '
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HTLV-I tax or human f-globin. Only those organs. in which both genes were detected were considered positive. (a) Agarose gel
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were positive for both genes. N, no template DNA; P, positive control from TL-Om1 cell genomic DNA: M, 100 bp ladder marker. (b and
c¢) Graphical representation of PCR analyses indicating the infiltration of tumor cells into various organs in mice inoculated with TL-Om1
(b) or MT-1 (c) cells treated with DHMEQ or vehicle (control). P, Fisher’s exact test P-value.

100% of kidneys from mice treated with vehicle alone
(P =0.03 by Fisher’s exact test, n =6 for each group;
Fig. 4b).

Similarly, in MT-1 inoculated animals, the incidence of
infiltrated organs in DHMEQ-treated mice was lower than
that in untreated controls, although the infiltration of MT-
1 cells in various organs overall was lower than that of TL-
Om1 cells (Fig. 4c). Spleen infiltration was found in 20% of
mice treated with DHMEQ and in 100% of mice treated
with vehicle alone (P =0.024 by Fisher’s exact test,
n =15 for each group; Fig. 4c). Taken together, these data
suggest that DHMEQ inhibits tumor-related death, tumor
formation, and infiltration of HTLV-I-infected cells
derived from ATL patients in this mouse model.

3.4. In vivo treatment of subcutaneous TL-Oml tumors with
DHMEQ

We next attempted to quantitate the effect of DHMEQ
on tumors from NOD/SCID B2m™" mice in which TL-
Oml cells were introduced into the post-auricular area
by subcutaneous injection. In control mice, tumors
appeared 3 weeks after inoculation, and after 5 weeks they
encompassed the whole area surrounding the cervical ver-
tebrae (Fig. 5A; right). In contrast, mice treated with
intraperitoneal DHMEQ injections had small tumors near
the cervical vertebrae (Fig. 5A; left). Treatment with
DHMEQ significantly inhibited the growth of TL-Oml
cells in vivo (P <0.05 by Student’s ¢-test, n = 8 for each



T. Ohsugi et al. | Cancer Letters 257 (2007) 206-215 : 213

DHMEQ control

L1

16000
5000 |
4000 f
3000
2000
1000

Tumor volume (mm?)

—e— Control (n=8)
-o— DHMEQ (n=8)

3 4. 5

Weeks after inoculation

Fig. 5. DHMEQ inhibits tumor formation arising from subcutaneous inoculation of TL-Om1 in NOD/SCID p2m™" mice and increases
apoptotic tumor cell death. TL-Om1 cells (5 x 107 per mouse) were inoculated subcutaneously in the post-auricular region. Mice were
treated with intraperitoneal injections of DHMEQ (12 mg/kg) or vehicle. (A) Photograph of a representative DHMEQ-treated mouse
(left) and a vehicle-treated mouse (right). (B) Serial changes in tumor volume in DHMEQ- and vehicle-treated mice. Data represent
means =+ SD. *P < 0.05 vs. control by Student’s t~test. (C) Representative TUNEL assay showing apoptosis in gross tumors from a mouse
treated with DHMEQ (a). No apoptotic cells were seen in vehicle-treated tumors (b). Original magnification, 50x.

group), and the serial changes in subcutaneous tumor vol-
ume in DHMEQ-treated and untreated mice are shown in
Fig. 5B. We confirmed the inoculated cell origin of all
tumors recovered from the mice using PCR primers for
HTLV-I tax and human f-globin genes (data not shown).
To examine the effect of DHMEQ on the induction of
apoptosis in these tumors, we performed TUNEL assays
on tumor tissue sections. We observed no apoptotic cells
in tumors from untreated mice (Fig. 5C, panel b), whereas
apoptotic cells in tumors from DHMEQ-treated mice
were observed (Fig. 5C, panel a).

4. Discussion

Here, we have shown that Tax expression could
not be detected in MT-1 cells by Western blotting,
but could be detected by RT-PCR, whereas Tax
expression in TL-Oml cells was not detected by
either method. These data indicate that MT-1 and
TL-Om1 cell lines do in fact closely reflect the status
of Tax expression found in primary leukemic cells
isolated from ATL patients [28,29]. Among the cells
lines tested, NF-kB activity and the nuclear translo-
cation of p65 were the highest in TL-Om1 cells. In
both TL-Om} and MT-1 cells, DHMEQ induced
apoptosis and inhibited activation of NF-kB by
reducing the nuclear translocation of p65 to levels

found in the HTLV-I-uninfected cell line MOLT-
4. These results suggest that Tax-independent mech-
anisms for induction of NF-xB activation exist in
these cells, and that DHMEQ inhibits both Tax-
dependent and -independent mechanisms of NF-
kB activity in ATL cells. In agreement with this,
NF-xB inhibition by DHMEQ has been shown to
down-regulate expression of genes involved in
anti-apoptosis or cell cycle progression [9].

To establish the growth of the ATL-derived cell
lines TL-Om1 and MT-1 in mice, we used NOD/
SCID B2m™" mice — which have low NK cell activ-
ity and lack B2-microglobulin (B2 m) [23]. Mice
inoculated with these cells via intraperitoneal injec-
tion showed rapid death from tumors. We demon-
strated that DHMEQ also inhibited tumor
formation, inhibited infiltration of inoculated cells -
into various organs, and reduced mortality in
NOD/SCID 82m™" mice inoculated with Tax-defi-
cient ATL-derived cell lines. It is important to note
that these data resemble the effects of DHMEQ in
NK-free SCID mice injected with the Tax-express-
ing HTLV-I-transformed cell lines MT-2 and
HUT-102 [21,22] and suggest that DHMEQ may
have broad application for treatment of ATL
patients. We found that 100% of NOD/SCID
B2m™ ! mice inoculated with TL-Om] cells formed
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gross tumors (defined as having a largest measured
diameter of >3 mm) in the peritoneal cavity,
whereas only 40% of MT-1-inoculated animals dem-
onstrated gross tumor formation. In fact, control
mice that were injected with MT-1 primarily formed
very small disseminated masses, rather than gross
tumors, within the peritoneal cavity. However, the
origin of these masses could not be identified
because we could not detect either the HTLV-I
tax or human f-globin genes by PCR due to the
small amount of genomic DNA available.

~ The TL-Om1 cell line -was chosen for further

analysis of the anti-tumor effects of DHMEQ
because 100% of TL-Oml-inoculated NOD/SCID
B2m™" mice formed gross tumors in the peritoneal
cavity. We showed that DHMEQ suppressed the
growth of transplanted cells in NOD/SCID g2m™"
mice injected with TL-Om1 cells subcutaneously, in
contrast to the significant increase in tumor burden
observed in non-treated mice. Furthermore, apopto-
tic cells were present in tumors from DHMEQ-trea-
ted mice, similar to that reported for Tax-expressing
‘HTLV-I-transformed cells [21]. Although mice
injected subcutaneously with HUT-102 cells have
been shown to form tumors at the inoculation site
and have shown infiltration of inoculated cells into
various organs [22], we could not detect the infiltra-
tion of TL-Oml cells into other organs in either
DHMEQ-treated or non-treated mice inoculated
with TL-Om1 cells subcutaneously. This discrep-
ancy is probably due to tumor volume at the inocu-
lation site, because we found little difference in
infiltration of these cells via intraperitoneal injection
in each mouse model [21]. However, this system was
useful for directly measuring response to DHMEQ
in vivo and for detecting apoptosis.

In conclusion, DHMEQ significantly prevented
the growth of tumors resulting from injection of
Tax-deficient HTLV-I-infected cells in NOD/SCID
B2m™" mice. Combined with previous studies, these
results indicate that DHMEQ has strong potential
for ATL therapy, regardless of whether Tax expres-
sion can be detected. In addition, our data provide a
more extensive analysis of an NF-xB inhibitor pre-
dicted to act as an ATL chemotherapeutic agent
in vivo than any other study to date.
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Abstract:

Formalin-fixed, paraffin-embedded (FFPE) material tends to
yield degraded DNA and is thus suboptimal for use in many
downstream applications. We describe an integrated analysis
of genotype, loss of heterozygosity (LOH), and copy number for
DNA derived from FFPE tissues using oligonucleotide micro-
arrays containing over 500K single nucleotide polymorphisms.
A prequalifying PCR test predicted the performance of FFPE
DNA on the microarrays better than age of FFPE sample.
Although genotyping efficiency and reliability were reduced for
FFPE DNA when compared with fresh samples, closer
examination revealed methods to improve performance at
the expense of variable reduction in resolution. Important
steps were also identified that enable equivalent copy number
and LOH profiles from paired FFPE and fresh frozen tumor
samples. In conclusion, we have shown that the Mapping 500K
arrays can be used with FFPE-derived samples to produce
genotype, copy number, and LOH predictions, and we provide
guidelines and suggestions for application of these samples to
" this integrated system. [Cancer Res 2007;67(6):2544-51]

Introduction

The challenges associated with DNA derived from formalin-fixed,
paraffin-embedded (FFPE) samples have prevented widespread
application of FFPE DNA to many of the technologies available for
high-quality DNA, although some options with lower genomic
coverage are available (1-3). In this study, we show the feasibility
and limitations of a genome-wide assessment of genotype, loss of
heterozygosity (LOH), and copy number using FFPE DNA on the
Affymetrix Mapping 500K array set, which includes the Mapping
250K Nsp Array and the Mapping 250K Sty Array (Santa Clara, CA).
These arrays use a process termed whole-genome sampling
analysis (WGSA; ref. 4), in which genomic DNA is digested and
ligated to adaptors. A subset of digested fragments are then PCR
amplified in a complexity reduction step before hybridization to
the arrays. PCR proved to be the critical step when processing
FFPE samples.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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We compared several extraction methods to determine which
protocol provides FFPE DNA most suitable for array analysis and
found that a PCR-based assessment of DNA quality predicted the
downstream performance of FFPE DNA samples better than age
of FFPE sample. We identified a necessity for (a) in silico
compensation against fragment size bias and (b) a fragment size
filter during analysis of FFPE samples. We tested our new
guidelines for FFPE DNA qualification and analysis on archival
samples of various tissue types, storage times, and location sources.
Quality of FFPE DNA varied but the methods outlined by this study
enabled prediction of performance. These results show that FFPE
DNA can be suitable for a combined study of genotype, LOH, and
copy number on a whole-genome scale.

Materials and Methods

Sample selection and DNA extraction. Five primary endometrioid
ovarian cancers were selected without screening for the initial portion of
this study. For each sample set, normal lymphocytic DNA, fresh tumor
tissue, and FFPE tissue were analyzed. Samples were collected between 1993
and 1999 as part of a larger study of ovarian cancer in women living in and
around Southampton, United Kingdom (5). At the time of collection, DNA
was extracted from blood samples and fresh tumor biopsies were snap
frozen in liquid nitrogen. A portion of each frozen tumor biopsy was
sectioned to assess the proportion of tumor. For samples 526T and 594T,
microdissection was done (6) to obtain DNA with a >80% tumor
component. DNA was extracted from the fresh frozen tissue using a salt
chloroform method (7).

In 2002, a portion of each frozen tumor biopsy was formalin fixed and
paraffin embedded as described previously (8), with all tumors fixed in 10%
neutral buffered formalin for <24 h at room temperature. At the time of
DNA extraction, the FFPE tumors had been embedded in paraffin blocks for
3 years. Five sections (10 pm) were deparaffinized twice in xylene (5 min)
and rehydrated in 100%, 90%, and 70% ethanol (1 min each). The sections
were stained with hematoxylin (4 min) and washed with water (1 min), acid
alcohol (10 s), water (1 min), Scott’s tap water (1 min), and water (1 min).
The sections were then stained with eosin (3 min), rinsed with water (10 s),
and dehydrated in 70%, 90%, and 100% ethanol (30 s each). Tumor cells
were manually microdissected under a dissecting microscope as described
previously (6) to obtain high-purity (>80%) ‘tumor DNA. The tumor
component for sample 594 was high enough that it was not stained or
microdissected. DNA was extracted from the five endometrioid FFPE
tissues using a modified Qiagen protoco! (Valencia, CA; described below).
Following DNA extraction from FFPE tissue, a salt precipitation DNA
cleanup was done as described in the Affymetrix GeneChip Mapping Assay
Manuals.

For the study of independent sample sets, DNA was extracted from
FFPE tissue from 17 breast tumors and 8 colorectal tumors. FFPE blocks
were collected from 11 pathology laboratories and ranged in age from 1 to
17 years. The formalin fixation and paraffin embedding protocols used for
these tissues are not known but are likely to be quite varied. For breast
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tumors, 10 pm sections were deparaffinized, stained with H&E, and
manually microdissected (described above). The colorectal tumors were not
~ stained or microdissected due to their high tumor component. DNA was
extracted from breast and colorectal tissues (described below), and as
before, a salt precipitation DNA cleanup was done.

The collection and use of tissues for this study were approved by the
appropriate institutional ethics committees.

Trial of DNA extraction methods for FFPE tissue; Five DNA extraction
methods were trialed using whole 20 um sections from three FFPE blocks.
The methods that were compared were the MagneSil Genomic Fixed
Tissue System (Promega,® Madison, WI), ChargeSwitch gDNA Micro Tissue
kit (Invitrogen,” Carlsbad, CA), PureGene (Gentra Systems,® Minneapolis,
MN), DNeasy Tissue kit (Qiagen®), and a phenol/chloroform extraction.
With the exception of the DNeasy Tissue kit and phenol/chloroform, the
extractions were done according to the manufacturer’s instructions. The
extractions done with the DNeasy Tissue kit and with phenol/chloroform
both were modified to include an initial incubation at 95°C for 15 min
followed by 5 min at room temperature as described previously (9), before
being digested with proteinase K for 3 days at 56°C in a rotating oven with
periodic mixing and fresh enzyme added each 24 h. A salt precipitation was
done on DNA from all five extraction methods.

DNA quality assessment and preparation. The extracted DNA was
quantified using UV spectroscopy at 260 nm. Random amplified
polymorphic DNA-PCR (RAPD-PCR; ref. 10) was done to assess the quality
of DNA and maximum fragment lengths as described previously using 50, 5,
or 0.5 ng DNA (11). Qiagen HotStarTaq was used, with 0.4 units per
reactions (Qiagen®). Products were visualized with ethidium bromide on a
3% gel.

Preparation and application of DNA to the mapping arrays. Matched
fresh and FFPE samples were analyzed on the Affymetrix GeneChip Human
Mapping 10K v2 Xba Array and 50K Xba Array and prepared using the
Mapping 10K v2 Assay kit and the Mapping 100K Assay kit (Affymetrix)'®
The only exception to the manufacturer’s protocol was that 10 cycles were
added to the PCR cycling conditions for each FFPE sample.

Matched fresh tumor, FFPE tumor, and normal samples were assayed
using the Mapping 250K Nsp Assay kit and the Mapping 250K Sty Assay
kit'® and hybridized to the 250K arrays. The 500K assay was done according
to the manufacturer’s protocol, beginning with 250 ng DNA. Ninety
micrograms of PCR product were fragmented and labeled, using additional
PCRs when necessary for FFPE breast and colorectal samples.

Data analysis. Genotype calls were produced using the dynamic model
algorithm (12) by the Affymetrix GeneChip Genotyping Analysis Software
version 4.0. A stringent P value cutoff threshold of 026 was used.
Concordance was determined by calculating the number of single
nucleotide polymorphisms (SNP) that gave the same call in both fresh
frozen and FFPE DNA from the same tumor and dividing this number by
the total number of SNPs that were called in both samples.

LOH predictions were produced using dChipSNP software (dChip2005_f4
version'’; ref. 13). LOH values were inferred using the Hidden Markov Model
and restricting to SNPs on fragment sizes <700 bp.

Copy number estimates for ovarian tumor samples using 500K data were
determined by pairing tumor and matching normal samples in
CNAG_v2.0."> Nonpaired, nonmatching references were used for copy
number prediction of 10K and 50K data. Log 2 ratios were imported into
Spotfire DecisionSite (Spotfire,’® Somerville, MA) and the Affymetrix
Integrated Genome Browser for visualization and comparison. Copy
number estimates for breast and colon FFPE tumors were done using data
from 48 HapMap samples (available online'®) as a reference.

© http://www.promega.com

7 http://www.invitrogen.com

® http://www.gentra.com

? http://www.giagen.com

' http://www.affymetrix.com

' http://www.dchip.org

2 http://www.genome.umin.jp/
'3 http://www.spotfire.com

Genome-Wide Genotype and Copy Number from FFPE DNA

Estimated inter-SNP mean and median distances after exclusion of
fragment sizes >700 bp were determined by first calculating the distance
between all SNPs on each chromosome. Distances were then sorted per
chromosome in descending order and the largest distances (representing
centromeres) were removed for each chromosome, except for the
acrocentric chromosomes 13 to 15 and 21 to 22.

Pearson (linear) correlations were calculated in Partek Genomics Suite
(Partek," St. Louis, MO).

Microsatellite analysis. Nine microsatellite markers were used to assess
LOH at three loci: chromosome 1q (D1S2816, D1S413, and D1S1726),
chromosome 7p (D7S691, D75670, and D782506), and chromosome 14q
(D1451011, D14S258, and D14S1002). Regions were selected where array-
based LOH analysis showed discordant LOH results for fresh and FFPE-
derived DNA. The forward primer was labeled with a 5'-fluorescent dye
(FAM or HEX). The samples were analyzed using a 3130 Genetic Analyzer
(Applied Biosystems,'® Foster City, CA) with POP7 palymer. An assessment
of LOH was done using GeneMapper version 3.7. LOH was scored by
calculation of the ratio of tumor DNA peaks (T1/T2) compared with that in
the normal DNA to give a relative ratio (T1/T2)/(N1/N2). A ratio of
0 indicates complete allele loss and a ratio of 1 indicates no LOH. A ratio of
<0.5 was scored as indicative of LOH. '

Results

DNA extraction from FFPE tissue. Five DNA extraction
methods (phenol/chloroform, Qiagen DNeasy Tissue kit, Invitrogen
ChargeSwitch, Promega MagneSil, and Gentra PureGene) were
tested on consecutive sections from different FFPE ovarian tumor
biopsies. Phenol/chloroform and modified Qiagen protocols (see
Materials and Methods) provided the highest DNA yield as
determined by UV spectroscopy; these yields were 2.2 times more
than the average yield from any of the other three extraction
protocols (Fig. 14). RAPD-PCR, which uses primers of 10 bps to
produce a ladder of amplicons, was also done to assess both
amplification efficiency and maximum product size for each
extraction protocol (11). Compared with DNA extracted from fresh
lymphocytes, the FFPE-derived DNA from all extraction methods
yielded consistently smaller PCR fragments, with a maximum
reliable size of ~ 800 bp (Fig. 14). Phenol/chloroform and modified
Qiagen extractions produced more intense and consistent PCR
fragments across dilutions, suggesting that products were relatively
free of contaminant inhibitors (Fig. 14). DNA extracted with these
two methods was processed through the PCR step of the Mapping
50K Xba Assay to further assess amplification efficiency. In this
test, the modified Qiagen extraction provided a slightly higher PCR
yield on average than the phenol/chloroform method (214 pg
compared with 192 pg) and was therefore chosen for DNA
extraction from FFPE tissues in this study.

Mapping 500K array performance. Five matched sets; each
containing (a) nontumor, no/n-FFPE lymphocytic DNA, (b) fresh
frozen ovarian tumor DNA, and (¢) FFPE ovarian tumor DNA; were
assessed for performance on the Mapping 500K arrays. All five
FFPE samples had been stored for 3 years and provided average
RAPD-PCR maximum amplicon sizes from 526 to 800 bp. During
the PCR step of the Mapping assay, amplification products from all
five FFPE tumors were concentrated <700 bp, a fragment size range
that was reduced compared with non-FFPE samples (Fig. 1B).
Decreased yield from the Mapping PCRs (Table 1) accompanied the
decrease in amplicon size distributions. FFPE samples produced

' http:/ /www.partek.com
' http://www.appliedbiosystems.com
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Figure 1. Performance of different FFPE DNA extraction methods and the Atfymetrix GeneChip Mapping 500K assay. A, visualization of RAPD-PCR products on a
3% agarose gel comparing the undiluted DNA extraction (1), a 1:10 dilution of input DNA (10), and a 1:100 dilution of DNA (100) from one FFPE tissue (047)
using five different extraction methods. The maximum fragment size in the extracted FFPE DNA samples reached 1,100 bp although only with sample dilution.

The maximum reproducible fragment was 800 bp. DNA yield per extraction method is listed below. B, visualization of the PCR products during the Mapping 500K assay
reveals a downshift in the distribution of fragment size, which is specific to the FFPE samples. C, SNP call rates are reduced in FFPE samples, but SNPs on
smaller fragments are genotyped with equal efficiency from fresh and paraffin samples. The size dependénce for higher call rates is specific to the FFPE samples.
D, concordance between fresh frozen and matching FFPE samples is incrementally increased with fragment size selectivity, with larger dips in accuracy for sizes
>700 bp. Exclusion of some regions (chromosomes 1q, 7p, 15, and 16q) shown to be genetically different between 95 fresh and FFPE samples causes an upshift in

concordance for this sample (95 Alt versus 95).

63 to 83 ug PCR products for the Mapping 250K Nsp Array, whereas
all non-FFPE samples produced >90 ug.

The assay was continued using 90 ug PCR product as the manual
instructs or the total PCR yield when this was less than assay
requirements. Importantly, the protocol was otherwise never
modified. Normal and fresh tumor samples gave typical SNP call
rates, with an average of 94.5% and 93.5%, respectively. These call
rates are lowered due to application of a strict confidence score
threshold (P < 0.26; the default threshold is P < 0.33). In contrast,
FFPE samples achieved an overall average call rate of 79.84% and
75.17% for Nsp and Sty, respectively (Table 1). These decreased call
rates are consistent with the poor amplification of larger fragments
during PCR. Exclusion of SNPs on larger fragments significantly
increased the call rates, such that incrementally more stringent
fragment size restrictions incrementally increased call rates
(Fig. 1C). In fact, stringent fragment size restrictions produced
similar call rates between fresh frozen and FFPE samples,
indicating that the Mapping 500K is well suited for FFPE DNA

and identifying the limiting factor as the size of amplicons
produced from the degraded DNA.

Concordance of genotype calls between paired FFPE and fresh
frozen ovarian tumor DNA samples was examined to determine the
reliability of genotypes from FFPE DNA. It is important to note that
tumor heterogeneity lead to confirmed genuine differences in
genomic content between matched FFPE and fresh frozen DNA,
which would lower these concordance rates. Average overall
concordance between FFPE and fresh frozen samples from the
same tumor was 93.6%. Exclusion of the larger fragments increased
concordance such that all SNPs located on fragment sizes <700 bp
displayed an average of 97.4% concordance (Fig. 1D). Exclusion of
several regions (chromosomes 1q, 7p, 15, and 16q) displaying
heterogeneity between fresh frozen and paraffin sample 95
increased the concordance by >2% (Fig. 1D). These high rates of
concordance, despite shown genetic differences between paired
samples, underscore the reliability and reproducibility of genotype
calls produced using FFPE-derived DNA samples with this
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Nsp, and 250K Sty arrays ;

* Table 1. Performance of normal, fresh frozen and FFPE samples on Aﬂymetrlx GeneChlp Mapplng 10K v2, 50K Xba 250K

A PRV 4....114. Lol oL

Type . Array PCR yield* Call rate’ AAcall ABcall BB call Signal MCR' (%) MDR“ (%) Overall
(ng) (%) (%) (%) (%) detection * (%) concordance? (%)

Fresh tumor 10K v2 204 93.44 37.96 23.50 38.54 99.82° — — 96.20

FFPE tumor 10K v2 19.2 86.30 39.77 19.83 4041 97.39 — —

Fresh tumor 50K Xba 483 90.07 40.28 20.24 39.48 — 87.65 - 98,57 56.95

FFPE tumor 50K Xba 46.0 31.86 47.30 6.76 45.94 — 15.25 22.15

Normal 250K Nsp 115.1 95.86 37.95 2554 36.51 - -— 94.22 98.60

Fresh tumor 250K Nsp 1144 93.99 41.81 18.09 40.10 - 88.26 98.52 94.74

FFPE tumor 250K Nsp 716 79.84 43.42 14.89 41.69- — 65.60 80.32

Normal 250K Sty 121.1 93.05 38.87 24,28 36.85 — 90.90 97.45

Fresh tumor 250K Sty 1144 92.96 42.38 17.59 40.03 — 87.95 98.38 92.07

FFPE tumor 250K Sty 954 75.17 43.66 16.68 39.66 — 62.57 79.37

t Percentage of SNPs able to be genotyped.
* Signal detection used to assess 10K arrays.

IMPAM detection rate used to assess 100K and 500K arrays.

*For the 250K arrays, this is the total yield of DNA obtained after combining three PCRs according to protocol. For the 10K v2 and 50K arrays, the PCR
yield for the FFPE tissues was increased by increasing either the number of reactions or the number of PCR cycles.

$Modified partitioning around medoids (MPAM; a genotyping algorithm; ref. 17) call rate used to assess 100K a.nd 500K arrays.

1Percentage of SNPs genotyped in both fresh frozen and FFPE samples that are given the same genotype.

platform. Importantly, it indicates the need to exclude SNPs on
larger fragments for reliable genotype data. Because SNP fragment
size is distributed randomly across the genome, the general effect
of excluding larger fragment sizes is to reduce the overall resolution
without preferentially losing extensive coverage in specific regions
(see Supplementary Fig. S1). The effect of fragment size on concor-
dance was specific to FFPE samples and is not observed in
comparisons between frozen samples (data not shown).

LOH and copy number assessment. The reliability of genotype
assignments using paraffin samples suggests their suitability for
LOH predictions. In fact, FFPE and fresh tumor pairs produced
similar LOH profiles when including SNPs on fragments sizes
<700 bp (Fig. 24). Regions of inconsistent LOH predictions between
paired samples (for example, see Fig. 24, boxes) were predicted
independently by both Nsp and Sty arrays and appeared along
concentrated regions, rather than being sporadically distributed
across the genome, suggesting that they reflected true biological
differences between the samples. We assessed several discordant
regions of LOH using conventional microsatellite marker analysis
and in all cases, the microsatellite analysis confirmed that the array
predictions were genuine (data not shown).

The ability to associate copy number estimates with SNP
genotypes relies on quantitation of SNP probe intensities (14).
Because larger fragment SNPs were inadequately amplified during
WGSA, these SNPs were noninformative for copy number analysis
of FFPE samples (Supplementary Fig. $2A). Exclusion of these large
fragment SNPs significantly increased the amplitude (signal) of
copy number shifts and at the same time reduced the SD (noise)
associated with the copy number estimates for all FFPE samples
but not the fresh frozen samples (Supplementary Fig. S2B). This
increase in signal to noise ratio justifies the use of such a filter,
which maintained 308,788 SNPs for FFPE copy number analysis
(Table 2). Probe intensities from the remaining smaller fragment
SNPs predicted copy number profiles for FFPE samples consistent
with those from matching fresh frozen material (Fig. 2B).

Equivalent copy number changes were predicted between FFPE
and fresh frozen pairs both across different chromosomes and
different sample sets (Fig. 2C).

In addition to limiting fragment size, compensation against
fragment size bias was necessary to produce reliable copy number
predictions. Although bias due to amplicon size can be negligible
when using high-quality DNA, it becomes exaggerated when the
DNA sample is degraded (Fig. 3, top). For FFPE samples, the mean
copy number was grossly affected by the size of the amplicon
carrying the SNP, such that smaller amplicons SNPs predicted gains
and larger amplicons SNPs predicted losses in copy number.
Quadratic regression helped to neutralize this fluctuation in mean
copy number (Fig. 3, middie). Exclusion of SNPs on amplicons >700
bp before regression effectively removed the fragment size bias from .
copy number detection (Fig. 3, bottom). Copy number analysis of
FFPE samples was done using the freely available CNAG_v2.0
software'? (15), which automatically uses compensation against
fragment size bias and includes an option to exclude SNPs based on
fragment size. Alternate software tools that lack this compensation
produced copy number estimates from FFPE samples that were
noisier even with exclusion of large fragment sizes (data not shown).

Comparison of Mapping 10K, 100K, and 500K array
performance. Although the various Mapping arrays all use the
same technology and similar assays for genotype and copy number
analysis, they each have differences that may - influence their
compatibility with FFPE samples. Particularly, the Mapping 500K
and 10K arrays share the same amplicon distribution during the
PCR step of WGSA, but the Mapping 100K assay relies on a wider
amplicon size distribution (250-2,000 bp). Consequently, Mapping
100K data are more significantly affected by DNA degradation; for
example, there are only 59 SNPs on fragment sizes <500 bp.on the
Mapping 50K Hind array. Previously, we showed the application of
FFPE DNA to the 10K arrays (3) although without the analytic tools
applied here. Now, we compared performance of FFPE samples on
all Mapping arrays: As expected, call rates and concordances were
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poor when FFPE DNA was applied to the Mapping 100K assay,
whereas performance was similar for the Mapping 500K and 10K
arrays (Table 1; Supplementary Fig. S3). Furthermore, both the
Mapping 500K and the 10K arrays, but not the Mapping 100K
arrays, provided correct copy number predictions from FFPE DNA,
whereas the Mapping 500K arrays best accommodated SNP filters
to retain high genomic resolution (Supplementary Fig. S3).
Prediction of mapping array performance for a range of
FFPE samples. DNA from FFPE samples can vary in quality as a
result of the fixation protocol, years of storage, the extraction
protocol, tissue source, and several other uncontrollable and
controllable variables. To both identify a method for qualifying
FFPE DNA samples for array analysis and test our guidelines for
FFPE DNA extraction and data analysis, we measured the
performance of an additional 25 FFPE tissue sources processed
at separate institutes and stored for 1 to 17 years (Supplementary
Table S1). These samples were not prescreened nor selected based
on expected performance. Experiments were done without

matched fresh frozen or nontumor samples. In a small test set,
we found that application of 90 pg PCR product from FFPE
samples increased call rates by several percentage points (data not
shown); therefore, we assayed these samples using 90 ug whenever
possible, even if this required pooling extra PCRs.

For each sample, we noted the largest amplicon size produced
during RAPD-PCR as well as the size range of PCR products during
the Mapping assay. Call rates were calculated for SNPs on fragment
size <200 bp, 250 bp, 300 bp, and so on to determine the size at
which call rates dropped <90%. This call rate drop-off value was
used to indicate genotyping efficiency and reliability because
fragment sizes with high call rates provided high concordance as
well. Call rate drop-off values ranged from 250 to 750 bp compared
with 700 to 850 bp for the five FFPE ovarian tumors. Therefore, most
of these samples would provide reduced resolution for genotype and
LOH. Copy number detection was more robust than genotype, and
those cutoffs ranged from 300 bp up to no filter requirement at all.
Plots of copy number versus fragment size were. evaluated to
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Figure 2. Genome-wide plots of LOH and copy number for fresh frozen and FFPE samples. A, genome-wide display of inferred LOH for fresh frozen and FFPE
samples, including SNPs on fragments sizes <700 bp. Blue regions, LOH; yellow regions, retention of heterozygosity. Chromosome numbers are indicated below.
Three discordant LOH predictions specific to either fresh frozen or FFPE samples were confirmed by microsatellite analysis of DNA (brown boxes, regions). B, raw
single SNP log 2 ratios indicate gains and losses for fresh frozen (above) and FFPE (below) sources of sample 151 across the genome. Ratios represent copy number
of tumor DNA over copy number of nontumor, non-FFPE lymphocytic DNA. Each color represents a different chromosome. SNPs were filtered for fragments

<700 bp for the FFPE sample. C, raw single SNP log 2 ratios for fresh frozen (orange) and FFPE (blue) DNA are plotted across single chromosomes of multiple
samples. SNPs were filtered for fragments <700 bp for FFPE data only. Highlighted copy number changes were confirmed by quantitative PCR.
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Table 2. SNP numbers per fragment size filters . . .

Fragment sizes 250K Nsp 250K Sty 500K array
included (bp) array array set
<300 13,636 15,845 29,481
<400 39,492 45473 84,965
<500 74,372 82,099 156,471
<600 113,687 120,025 233,712
<650 133,748 138,282 272,030
<700 153,198 155,590 308,788
<800 190,899 187,687 378,586
<850 209,017 201,004 410,021
<900 222,316 213,300 435,616
<1,000 244,644 230,527 475,171
Total 262,256 238,300 500,568

determine the optimal fragment size filter for copy number analysis.
These plots can be viewed in CNAG_v2.0, and various fragment size
filters can be applied until the mean copy number for the SNPs
retained in analysis are consistent across fragment size (Fig. 4C,
left). An example of this kntire workflow is shown in Fig 44 to C and
results are listed in Supplementary Table S1. As shown for a 733-kb
hemizygous loss highlighted in this example, the fragment size filter
suggested by this process was able to increase the signal to noise
ratio by preferentially removing the noisy SNPs instead of the
informative SNPs and at the same time was also able to retain
higher resolution by not overfiltering (Fig. 4C, right).

Years of storage and overall call rates displayed some correlation
to copy number and call rate drop-off values, but PCR-based
analyses had higher predictive power for these performance
metrics (Fig. 4D). The Pearson’s correlation of median RAPD-PCR
values to copy number drop-off was 0.93, indicating high predictive
power. Comparison of array performance to PCR-based DNA
quality tests gave R* values above 0.8. In contrast, R* values were
<0.7 when comparing performance with years of storage or
comparing copy number drop-off with overall call rate. These
results indicate that a PCR-based test of DNA quality is a
reasonable method for predicting whether a FFPE DNA sample
will be amenable to array analysis.

Six of the 25 samples (two breast and four colorectal) were not
applied to the arrays because no RAPD-PCR products were pro-
duced. Sample 0588 also failed RAPD-PCR, but it was still applied
to the array. Consistent with the RAPD-PCR prediction, this sample
was the only example, in which call rates broken up by fragment
size never exceeded 90%, and data from even the smallest fragment
SNPs were too noisy for copy number analysis.

Discussion

There exists a large and growing deposit of archived clinical
tissues, yet DNA extracted from these samples is usually degraded,
contaminated, and of general low quality. This study expands the
usefulness of the Mapping 500K arrays to DNA derived from FFPE

'samples, showing that the limiting factor for FFPE application

is the size distribution of PCR amplicons during WGSA. The
maximum amplifiable fragment size, which is correlated to array
performance, varied between samples and may be influenced by
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Figure 3. Compensation against fragment
size bias enables effective copy number
analysis of FFPE samples. Raw predicted
copy number (Y-axes) is influenced by
fragment size (X-axes) in fresh frozen
(right) and FFPE (left} samples, although
the effect is exaggerated in the latter
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an overestimate of copy number for
fragments below ~ 500 bp and an
underestimate for those above ~ 500 bp.
Compensation against fragment size
corrects this bias such that the mean After 2
predicted copy number (blue line) is Regression & =
constant independent of fragment size in Q o
fresh frozen samples (bottom right).

For FFPE samples, exclusion of
noninformative larger fragments before
quadratic regression is required to
effectively equilibrate copy number across
maintained SNPs (top left).

»

AlisNps B 70

FFPE sample

FF sample

Fragment 3 o
Sizes 5 C
< 700bp
After N
Regression Fragment Slze Fragment Size
www.aacrjournals.org 2549 Cancer Res 2007; 67: (6). March 15, 2007



Cancer Research

A B .
o 1873 R .
~ g0
s - F
. (4 L
70 I
- = 11
. O -
: 50 g 1 )
: 58f8¢ 8
: R : AR T Vi VL WMow Vi Ve vVl w
Upper Size: 275 425 450 Upper Size: 1100 400 Fragment Sizes (bp)
o
Log, Ratio versus Fragment Size ! Detetion Predictioy marve
' BEFORE Regression AFTER Regression ' A
1 Al e f s. 17 /41
1
5402!3;3 ] SNPs 35 (41%)
]
| $800 3digads  14/32
o : = -1.5 (440/0)
E : 13/19
(] 34 . o
g 1 5600 yp RN 0 . (68%)
: 733kh
| $400 “fA-Hedto 8/9
. i = 5 (89%)
Fragment Size Fragment Size réragment Sie : Physical Position
D orrelation Coefficients (R% Values)
Y <0 e en ) Median | Mapping Years Ovwverall | Call rate
RAPD PCR call rate | dropoff
Copy number dropoff | 0.8581 | 0.8136 | 0.6892 | 0.6521 | 0.8147
Call rate dropoff | 0.7555 | 0.7184 | 0.6863 | 0.7851 | ‘

Figure 4. Prediction of FFPE sample performance. A, display of RAPD-PCR and Mapping assay PCR for a single breast tumor sample (1873). Maximum size
amplicons from RAPD-PCR varied from 275 to 450 bp, with dilution factors (DF) of 1, 10, and 100. Although high-quality DNA had a maximum upper fragment size
of ~ 1,100 after PCR during the Mapping assay, this sample was well amplified only up to ~400 bp. B, call rate by fragment size was monitored for the same
sample, using a stringent confidence value threshold of 0.26. Chll rates dropped <90% when excluding SNPs on fragment sizes >400 bp. C, copy number versus
fragment size plots in CNAG_v2.0 show a strong influence by fragment size on copy number predictions before correction (left). Regression corrects this bias
somewhat, and more and more stringent filters further correct this bias (middle). With a filter excluding SNPs on fragment sizes >600 bp, the mean copy number
(blue line) is consistent regardless of fragment size, indicating that this sample requires a copy number filter at 600 bp. Log 2 ratios produced using various fragment
size filters are displayed for a region containing a 733-kb deletion on part of chromosome X. Under “Informative SNPs,” the number of SNPs predicting a deletion
with a log 2 ratio below —0.3 (considered to be “informative”) are listed to the left of the number of totat SNPs within the deletion region that were retained during the
fragment size filter. Below these values is the percentage of SNPs inciuded in the analysis that were informative of the deletion. D, R? regression values when the
fragment size at which call rates drop <90% or the maximum fragment size that can be included in copy number analyses are compared with median maximum
RAPD-PCR amplicon size, maximum Mapping PCR amplicon size, years of storage, or overall call rate (P < 0.26) are displayed. PCR tests better predicted copy
number performance than years of storage or overall call rate, and they were better predictors of genotype performance than years of storage was.

both extent of DNA degradation and modification as well as the
amount of inhibitors remaining in the sample. Use of a suitable
- DNA extraction protocol, such as the DNeasy Tissue kit, is
important for obtaining DNA amenable to the assay, but other
factors, such as years of storage and fixation process, will be harder
to control. This underscores the necessity for a pre-WGSA quality
control step that includes PCR of larger fragment sizes, such as
RAPD-PCR or multiplex PCR (16). This study attempts to outline
guidelines for qualifying FFPE DNA samples and analyzing qualified

samples, but not all FFPE blocks will yield DNA suitable for the
Mapping arrays.

FFPE DNA that is applied to the arrays may still vary in quality
and therefore require more or less stringent fragment size filters.
Despite reduction in coverage to accommodate loss of larger
fragments, high resolution for genotype, LOH, and copy number
assessment can still be maintained (Table 2; Supplementary
Fig. S1). This is true because of the large number of SNPs on small
fragments and because fragment size seems to be the only limiting
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factor. For example, with exclusion of SNPs on amplicons >700 bp,
as was required for the first set of five FFPE samples, 308,788 SNPs
were retained for analysis, providing a median and mean inter-SNP
distance of 4.3 or 9.5 kb, respectively. Although the 10K array is also
suitable for analysis of degraded DNA (3), the large SNP coverage
and the small fragment emphasis of the Mapping 500K arrays make
it ideal for FFPE sample analysis.

The percentage of FFPE samples archived in banks that could be
applied to the arrays with limited loss in genomic resolution would
be influenced by the methods of fixation and extraction used at
various institutes. Importantly, all samples stored for 6 years or
fewer provided copy number data for a minimum of 234K SNPs in
this study. Some of the samples applied to the arrays required
extremely stringent filters against fragment size, resulting in
significantly decreased resolution of genomic data. Potentially,
researchers may choose only to analyze DNA samples of such low
quality when the FFPE sample is considered to be particularly
precious. Importantly, RAPD-PCR results predicted that these
samples would display decreased performance on the array and a
PCR screen could be applied to avoid application of poorly doing
samples. With the advent of more standardized protocols for sample
processing in the future and with advances in DNA extraction, a
higher proportion of FFPE samples may be applicable to the arrays.

‘Despite the large banks of FFPE samples available for
retrospective studies that include follow-up analysis of patient
outcome, most of these studies currently focus on frozen samples
because of the limited options available for paraffin samples.
Additionally, FFPE processing holds advantages for tissue storage
during prospective studies, in which many biopsies are collected but
only a fraction of them are applied to downstream assays with
selection based on clinical outcome. These results outline guide-
lines for the application of FFPE samples to the same genome-wide
platform already available to high-quality DNA samples, thus
enabling widespread retrospective and prospective analysis of
tumor samples in their most common form of storage.
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