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FIG. 5 (continued);

induced In these patients. Conversely, the reactions were
also positive for NRC, most notably in Case 4, as judged
by the skin reaction size (Table 2). The possible causes for
this strong background DTH reaction include minimally
residual xenoproteins of collagenase or trypsin in GVAX
[14] and unknown common antigens existing between
NRC and RCC, as the cells that infiltrated into the
vaccination sites of RCC and NRC were phenotypically
identical, although the number of the former cells was
more prominent {data not shown). Thus, possible adverse

events of autolmmune nephritis should be monitored
carefully. Qur follow-up observations over 3 years showed
no remarkable renal dysfunction in Cases 2, 3, and 4.
Also, Case 1 had no pathological changes associated with
autoimmune nephritis in autopsy specimens 7 months
after the vaccinations (data not shown). This long-term
observation might support the safety of GVAX and its
capability of inducing anti-RCC-specific immunity.

The significance of our effector-phase pathological
analysis should be emphasized. We had a chance to
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FIG. 6. Appearance of antitumor antibody responses in Cases 1 to 4, who received GVAX. (A) Comparisons of serum reactivity to autologous RCC proteins pre-
GTx and post-GTx. Proteins extracted from cultured tumor cells (lane T) or normal kidney cells (lane N) were electrophoresed, transferred onto PVDF
membranes, and detected with autologous patient sera {Cases 1 to 4). Sera were harvested before (PRE) and after (POST) the first vaceination (day 0), (B)
Comparison of the serum reactivity to autologous RCC, H69 cells, and human lip fibroblasts (HLF). The reactivity to high-molecular-weight proteins was
significant in autologous RCC and HLF, while it was weak in H69 cells. Autologous RCC from Case 2 (pat #2) was used. {C) Time course of changes in serum
reactivity to high-molecular-weight proteins of approximately 250 kDa in Case 2. Immunoblotting of RCC proteins from Case 2 with autologous sera harvested
at several postvaccination days (post-5th, 6th, Bth, and 17th vaccination and before the administration of low-dose IL-2).

investigate pathologically the RCC before and after
vaccinations in Case 1 and have demonstrated the
induction of tumor site-specific infiltration of predomi-
nantly CD8" T cells. This was associated with tumor
apoptosis in postvaccinated biopsy and autopsy tumor
specimens, whereas CD4* T cells predominated and
tumor cell apoptosis was negligible in the original RCC
(Fig. 3). Notably, these changes were demonstrated in
the biopsy specimen that was obtained before IL-2
administration. These observations strongly suggest the
induction of tumor-specific immunity by GVAX.
Although GVAX could induce both the localization of
CD8" cells within metastatic tumors and significant

apoptosis, not all of the tumors showed regression.
Thus, GVAX-induced antitumor immunity per se may
not be sufficient for clinical efficacy. '
We studied various parameters, as it is still unknown
which immune factors can be used to predict the
therapeutic efficacy of antitumor immune gene therapy.
The results of our in vitro assessment of cytokine
production were compatible to those reported by Soiffer
et al. [13]. These cytokine profiles indicated the coordi-
nate expression of gene products associated with both
Th1 and Th2 cells and suggested that multiple lympho-
cyte effector mechanisms contribute to the potent anti-
tumor immune response. The cytokines produced by
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these CD4* T cells activate eosinophils, as well as macro-
phages that produce both superoxide and nitric oxide.
Both of these cell types then collaborate at the site of the
tumor challenge to cause its destruction [13]. Our
observation suggested that this Th2-dominant immuno-
logical response was particularly enhanced, namely, an in
vivo immune shift from Thl dominance to Th2 domi-
nance was induced after repeated vaccinations and
maintained. Previous studies of GM-CSF immune gene
therapy assayed cytotoxicity using PBMC or TIL [13-15].
Kusumoto et al. reported that vaccination with irradiated
autologous GM-CSF-producing melanoma cells appeared
to increase the cytotoxicity against autologous tumor
cells in five patients, although repeated vaccination
appeared to decrease the CTL activity in two of these
cases. They suggested that vaccination of these patients
with autologous melanoma cells caused T cell anergy or
tolerance [14] without demonstrating the precise under-
lying immune mechanism involved. In the present study,
Case 1, with large lung metastases, which might have
contributed to the observed immunological suppression,
showed similar results. Although cytotoxicity assayed
using PBMC gradually decreased in Case 1, our patho-
logical findings in the metastatic lesion showed the
predominant infiltration by CD8 T cells. These findings
might support the limited predictability of the in vivo
antitumor reaction using only traditional immunoassays
using PBMC.

Recently, T cell receptor B chain repertoire analysis
methods were reported to facilitate the detection of clonal
T cell expansion in various biological spectmens. As RCC
is thought to be a tumor whose growth may be controlled
by the immune response, characterization of T lympho-

important issue [16,17]. Using CDR3 length pattern
analysis, Puisseux et al. demonstrated a selective locali-
zation of oligoclonal T cell populations in malignant
tissues after comparisons to the T cell repertoire in the
tumor and in the autologous peripheral blood lympho-
cytes or normal adjacent kidney [16]. Importantly, in our
clinical studies, the induction of oligoclonal expansion of
T cells with the selected TCR in the peripheral blood, skin
biopsy specimens from DTH sites, and tumors was
demonstrated after vaccination. The reasons for the
observed different clonal T cell expansions in the different
tissues in our studies may arise from either a polymorphic
T cell response to the same antigen or a different
immunogenic environment [17]. Hanada et al. recently
demonstrated the important role of posttranslational
protein splicing in the immune recognition of self and
foreign peptides using human RCC antigens, and this
phenomenon may explain our results [29]. Although we
could not prove directly that these oligoclonally
expanded T cells responded to RCC antigens, our findings
of the generation of MHC-restricted and TCR-mediated
cytotoxicity against autologous RCC and the predomi-

cytes found in RCC patients may demonstrate this.

nant infiltration of CD8 T cells and apoptosis in meta-
static lesions [1] supported this possibility.

In addition to the enhanced antitumor cellylar
immunity, GVAX is thought to induce antitumor
humoral immunity. Simons et al. measured increased
titers of antibodies recognizing prostate tumor antigens
in sera from patients vaccinated with GM-CSF-trans-
duced autologous prostate tumor cells. New antibodies
recognizing polypeptides of 26, 31, and 150 kDa in
extracts from LN CapPCA cells were observed in three
of eight patients following the final vaccinations [18].
Soiffer et al. reported similar observations, with anti-
bodies recognizing different polypeptides, in melanoma
patients [13]. In the present study, Western blot
analysis identified RCC.derived polypeptides of 65
and 250 kDa, We are currently screening RCC c¢DNA
expression libraries with our patients’ sera using the
SEREX method to look for RCC-specific antigens other
than RAGE and G250 [30,31]. We have already cloned
several candidate cDNAs and are studying their RCC
specificities and the possibility of their future applica-
tion in anti-RCC immunotherapy.

Currently, several candidate strategies to enhance the
systemic anti-RCC immunity of GVAX can be consi-
dered. These include the coadministration of IL-2 to
enhance basal antitumor immunity [3,5-7,32-34], allo-
geneic stem cell transplantation including nonmyeloa-
blative stem cell transplantation to introduce allogeneic
immunity [27], [L-12 or CD80 ¢DNA-transduced auto-
logous tumor cells for the direct activation of CTLs, the
blockade of CTLA-4/B7 interactions with monoclonal
antibody to activate costimulation signals, and the
functional activation of dendritic cells using HSP gp9l
[35-38]. The administration of low-dose IL-2 as an anti-
cancer immunotherapy has recently been introduced to
decrease both the side effects and the cost of treatment
[39-42].0ur experience with three patients who were
given GVAX followed by low-dose IL-2 would cast new
light on anti-cancer immunotherapy, possibly by induc-
ing tumor-specific immunity by GVAX, followed by
enhancement of the bread antitumor immunity with
systemic low-dose IL-2. In the present study, in vitre CTL
analysis in these two patients supported the hypothesis
that the antitumor CTL activity was maintained after
administration of IL-2. The optimal duration of treat-
ment with low-dose IL-2 in combination with GVAX
remains to be determined by closely monitoring anti-
tumor immunity both in vitro and in vive,

PATIENTS AND METHODS

Selection of Patients

The details of the study design and methods of vaccine
production were essentially the same as those reported
by Simons et al. [13,14), except for modifications that
were implemented according to the regulations for

812

" MOLECULAR THERAFY Vol. 10, No, 4, October 2004
Copyright © The American Society of Gene Therapy




doi: 10,101 6/j.ymthe.2004.07.001

clinical gene therapy announced by the Japanese gov-
emnment between 1995 and 1997, Briefly, patients with
stage [V RCC (Union Internationale Contre le Cancer
classification of 1997) were eligible. Chemotherapy,
radiotherapy, systemic IL-2- or interferon-a-based regi-
mens, or other investigational agents were also offered
as treatment options to these patients. The following
eligibility criteria were used: primary RCC in place with
evaluable metastasis after nephrectomy; Fastern Coop-
erative Oncology Group performance status of zero or
one; appropriate surgical candidate and estimated life
expectancy of at least 6 months; no major surgery,
radiotherapy, chemotherapy, immunotherapy, or immu-
nosuppressive medications within 1 month prior to
enroliment; age >18 years; absence of active infection,
ie, WBC count <4000/ul, platelets <100,000/u], total
bilirubin <1.5 mg/dl, and creatinine <2.0 mg/dl; HIV
seronegativity; and no history of autoimmune disease,
The exclusion criteria included age <20 years; pregnant
or lactating women; double malignant tumors; surgery;
local or systemic treatment with corticosteroids; immu-
notherapy; irradiation or anti-cancer drugs 1 month
before registration; leukocytosis of unknown origin;
history of systemic lupus erythematosis, sarcoidosis,
rheumatoid arthritis, auteimmune hemolytic anemia,
autoimmune thyroiditis, glomerulonephritis, or vasculi-
tis; apparent infection requiring treatment before second
stage; apparent brain metastasis detected on CT scan or
MRI; postnephrectomy deep vein thrombosis or pulmo-
nary embolism that required treatment; and opium or
alcohol abuse. The study was reviewed and approved by
the Committee on Clinical Investigation and Institu-
tional Gene Therapy Ethical Committee, The Institute of
Medical Science, University of Tokyo, in April 1998, and
by the Joint Committee of the BioScience Committees
of the Ministry of Health, Labor, and Welfare and the
Ministry of Education, Culture, Sports, Science, and
Technology in August 1998,

Study Design

Patients were enrolled from September 1998 to May 2001.
Eligible patients were nephrectomized after giving their
initial informed consent. The second informed consent
was obtained after safety confirmation tests, which
included negative tests for microbial contaminants such
as bacteria, fungi, mycoplasma, RCR, and endotoxin, and
when sufficient production (>40 ng/10° cells/24 h) of
GM-CSF was detected in the GM-CSF gene-transduced
RCC. The vaccination schedule of GVAX, including
additional vaccinations, is described precisely under
Vaccine preparation and administration. Peripheral
blood was obtained (as per NIH Recombinant DNA
Advisory Committee and Food and Drug Administration
guidelines) for detecting RCR before treatment, after
vaccination, monthly for 3 months, every 3 months for
the next 9months, and then yearly [14]. Long-term

follow-up, including periodic evaluation for autoimmune
disease and tumor progression, was performed.

Clinical Evaluation

The patients received daily physical examinations and
periodic laboratory tests, which included hermnatological
parameters and liver, renal, and immunological func-
tions, prior to and after the vaccinations. The metastatic _
lesion volumes were measured using CT (lung, liver,
bone, brain), MRI (liver, bone, brain), and thallium or
technetium scintigraphy (whole body). Unenhanced
helical CT images that covered each lesion were obtained
during a single breath-hold. The thickness of the slices
ranged from 3 to 10 mm, depending on the lesion size.
The data were transferred to a workstation (Advantage
Windows; General Electric Medical Systems, Milwaukee,
WI, USA} to calculate the tumor volumes. Low-density
areas, which represent lung parenchyma, were excluded
at a threshold of —400 HU, and lesion sections were
selected manually from the remaining areas of each slice.
The lesion volume was calculated with a 3-D utility on
the workstation for Cases 1, 2, and 3. The lesion in Case 4
was calculated as the sum of the perpendicular diameters
of all lesions measured by CT scan, due to difficulties in
measuring small multiple tumors volumetricaily.

Vaccine Preparation and Administration

The methods used for autologous RCC vaccine prepara-
tion and MFGS-GM-CSF gene transfer at the Clinical Cell
Processing Facility of the Institute of Medical Science
Hospital at the University of Tokyo have been described
previously [13]. The procedure complied with good
manufacturing practices. Primary cultures were estab-
lished and transduced at the first passage. Following in
vitro expansion, the vaccine cells were irradiated at 150
Gy to prevent clonogenic survival in vivo after vaccina-
tion. GM-CSF production was determined using a GM-
CSF ELISA kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Genomic
integration of the GM-CSF ¢DNA into the patients’
autologous RCC cells was determined by the standard
Southern blotting method using MFG-GM-CSF plasmid
DNA to determine the copy number, as described else-
where [43]. The tests for microbial contaminants, i.e.,
bacteria, fungi, mycoplasma, RCR, and endotoxin, were
all performed by BioReliance Corp. (Rockville, MD, USA).
The vaccine cells were stored in liquid nitrogen until use,
On the day of vaccination, 4 x 107 viable cells were
administered intradermally in the first injectiont, and
thereafter, 2 x 107 cells were administered at least five
times at 2-week intervals, which was considered to be a
superior vaccination schedule as described by Soiffer et
al. (16]. Each patient was carefully screened for eligibility
according to the inclusion criteria by the Institutional
Review Board (IRB) of the Institute of Medical Science,
University of Tokyo. The IRB permitted additional
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administration of vaccine every 2 weeks when the yield
of cells was higher than the 1.4 x 10° cells tequired for
the six scheduled administrations and in cases in which
the patient’s physical condition was acceptable after
further informed consent was obtained. The vaccinated
sites were biopsied for microscopic examination at 3
and/or 7 days after every second vaccination.

Toxicity Assessment and Pharmacokinetic Analysis of
Serum GM-CSF Levels

The levels of toxicity were graded using the National
Cancer Institute's cancer common toxicity criteria for
clinical trials. Toxicities were identified ‘by medical
history, physical examination, and review of the labo-

ratory studies performed. Patients’ sera were frozen in 1- .

ml aliquots at —80°C until the day of testing. The serum
GM-CSF levels were determined for all collection time
points by enzyme-linked immunosorbent assay using the
Biotrak human GM-CSF ELISA system (Amersham Intet-
national Plc., Amersham, UK) according to the manu-
facturer’s protocol. '

Histological Studies

Six-millimeter punch biopsies were removed from the
intradermal injection sites on days 3 and/or 7 following
the first vaccination. Prevaccination skin biopsies were
obtained for comparison. Similarly, skin biopsies were
also taken for evaluation of the DTH reaction 48 h after
intradermal inoculation of RCC cells and NRC. Surgically
removed and autopsy materials were used for the
histological evaluation of tumors and tumor-infiltrating
cells. Biopsy materials were fixed in 10% buffered
formalin, embedded in paraffin, stained with H&E, and
labeled with antibodies to CD3, BMP (rabbit antiserum to
human myelin basic protein; DAKO Corp., Carpinteria,
CA, USA), AE1/AF3 (pooled mAbs to human epithelial
keratin, IgG1 subtype; Boehringer Mannheim, Indian-
apolis, IN, USA), S100 (rabbit anti-cow S100; DAKQ),
CD68 (anti-human macrophage CD68 mAb, IgG3-sub-
type; DAKO), HLA-DR (clone LN3, IgG2a subtype; Lab

Vision Corp., Fremont, CA, USA), CD3 (clone PS1, mAb,

IgG2a subtype; Novocastra Laboratories, Newcastle, UK),
CD4 (clone 1F6, mAb, IgG1 subtype; Novocastra Labo-
ratories), CD8 (clone 1AS, IgGl subtype; Novocastra
Laboratories), and CD20cy (B cell marker, clone L26,
mAb, 1gG2a subtype; Lab Vision Corp.). For the evalua-
tion of turor apoptosis, the TdT-mediated dUTP-biotin
nick end-labeling (TUNEL) method was applied using an
ApopTag Kit (Intergen Co., Purchase, NY, USA).

Delayed-Type Hypersensitivity Testing

To evaluate the cell-mediated immunity status of each
patient before and after treatment, DTH testing was
performed using seven common recall antigens (Multitest
CMI; Connaught Laboratories, Swiftwater, PA, USA)
according to the manufacturer’s instructions. Reaction

scoring was also performed according to the manufactur-
er's instructions. The patients were tested simultaneously
for reactivity to autologous, irradiated cultured RCC cells
and NRC. The autologous RCC cells and NRC for DTH
testing were prepared and stored in liquid nitrogen
according to the same procedure used for vaccine cell
production omitting GM-CSF transduction. During stor-
age, sterility testing for bacteria, fungi, mycoplasma, and
endotoxin was carried out at the Department of Labora-
tory Medicine, Institute of Medical Science, University of
Tokyo. PBMC were isolated using the standard Lympho-
prep (d = 1.077; Nycomed Pharma AS, Oslo, Norway)
density gradient centrifugation method. These cells were
washed three times with HBSS, counted, and injected
intradermally at 10° cells/0.2 ml. DTH reactions were
observed 48 h after each DTH injection, i.e., 1 week before
the first vaccination and 1 week after the second, fourth,
and sixth vaccinations in all four patients.

Tumor Tissues, Peripheral Blood, and Skin Biopsies
from Patients

Single-cell suspensions of tumor tissues were obtained
from biopsied or autopsied (Case 1) tumor specimens that
were minced mechanicaily and treated with collagenase
and DNase. RCC cells and TiLs were separated by density
gradient centrifugation, as described elsewhere [24].
Heparinized peripheral blood samples (20 m1) were drawn
from patients every other week before vaccination. For
follow-up, samples were also drawn when the patients
permitted. Patients’ sera were frozen at —80°C until use for
Western blot analysis. PBMC were isolated as above. PRMC
and TIL (5 x 10° cells/tube) were cryopreserved using a
programmable freezer and stored in liquid nitrogen. In
addition, the cell pellets were frozen in liquid nitrogen
until used for RNA extraction. Skin biopsies obtained from
the DTH reaction site (6 mm in diameter) were cut into
pieces measuring approximately 1 x 1 mm and rapidly
frozen in liquid nitrogen until used for RNA extraction.

Assessment of Lymphocyte Proliferation and Cytokine
Production

On the day of the assay, the cryopreserved samples were
thawed. PBMC (1 x 10° cells/well) were cultured in the
presence of irradiated (150 Gy) GM-CSF-transduced autol-
ogous tumor cells (1 x 10* cells/well) plus IL-2 (40 U/ml),
in 96-well flat-bottomed plates. RPMI 1640 medium with
L-glutamine (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (BioWhittakez,
Walkersville, MD, USA) and gentamicin was used as
complete medium. On day 3 or 6, culture supernatants
(100 plfwell) were collected from each well to determine
the cytokine levels, and fresh medium was added. The
Cultures were then pulsed with [*H]thymidine (0.5 uCi/
well; DuPont-NEN, Boston, MA, USA) for a final 18 h and
harvested on a Micro 96 harvester (Skatron, Lier, Norway),
and the incorporated radioactivity was measured using a
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microplate counter (Micro Beta Plus; Wallac, Turku, Fin-
land}. ELISAs for human IFN-v, IL-5, and IL-10 were per-
formed using ELISA kits (OptEIA; BD-Biosciences, Boston,
MA, USA}) according to the manufacturer’s protocols.

Cytotoxicity Assay

To prepare effector cells, cultures with IL-2 and irradiated
GM-CSF-transduced autologous tumor cells as described
above were prepared in 96-well round-bottomed plates
and the plates were cultured for 7 days. On the day of the
assay, aliquots of 100 pl of the culture medium were
removed from each well and then labeled target cells (5 x
10° cells/100 pi/well) were added. To label the target cells,
single-cell suspensions of cultured autologous or alloge-
neic RCC cells, autologous NRC, and K562 cells were
incubated with Na3'CrO,4 (100 uCi) for 1 h at 37°C and
washed three times prior to use. For blocking experiments,
F(ab’)2 anti-CD3 mAb prepared as described previously
[44] was added to a final concentration of 10 pg/ml at the
start of the assay. The plates were incubated at 37°Cfor6 h,
the supernatants were collected using a Skatron cell
harvester system (Diversified Equipment Co., Lorton,
VA, USA), and the radioactivity was measured using a vy
counter. Spontaneous release (SR) and maximal release
(MR) were measured in the supernatant of target cells
alone with 100 pl of either medium or 109 Triton X-100
(Sigma, St. Louis, MO, USA). The percentage specific
cytotoxicity was calculated using the following formula:
9% cytotoxicity = experimental release — SR/MR — SR x 100.

Analysis of the TCR 3 Repertoire
Total RNA was isolated from PBMC and homogenized
tumor tissues using Trizol reagent (Invitrogen) with a
cryo-press crusher (Microtech Nichion, Tokyo, Japan).
TCR @ repertoire analysis was performed as described
previously [45]. Briefly, TCR B cDNA was synthesized
using C-oligonucleotides (5'-CGGGCTGCTCCTT
GAGGGGCTGCG-3") with AMV reverse transcriptase
(Invitrogen). The TCR ¢DNA was amplified by 40 cycles
of PCR with each of the 24 V3 & primers (VB 1-w24) and
the C3 3’ primer in PCR buffer containing 1 U of Hot
Start Taq polymerase (AmpliTaq Gold; Applied Biosys-
tems, Foster City, CA, USA). The products were subjected
to Southern blot analysis using a **P-labeled C3 probe.
Different samples of each V@ product were compared
after quantifying the autoradiographs by densitometry
BAS-2000I! (Fuji Photo Film Corp.). To refine CDR3 size
analysis, the VB-C3 PCR product was copied in a 10-
cycle run-off reaction with a fluorescence-labeled Cp
primer. The labeled PCR products were electrophoresed
on a DNA sequencer (ABI Prism 377; Applied Biosystems)
in the presence of a fluorescent size standard and
analyzed with a DNA fragment size program (GeneScan;
Applied Biosystems).

The PCR products of the CDR3 fragment were cloned
into the pCRII-TOPO vector system (Invitrogen). Thirty

colonies containing the insert fragment were selected at
random and sequenced using an ABI Prism Cycle
Sequencing Kit (Applied Biosystems) and an automatic
DNA sequencer ABI 373 (Applied Biosystems). The amino
acid sequence of the CDR3 region was deduced using the
software GENETYX-MAC v10.1.4 (Software Development
Co., Ltd,, Tokyo, Japan).

Detection of Antitumor Antibodies

The antitumor antibodies appearing in patients’ sera were
detected by Western blot analysis according to the
standard procedure with some modifications [18]. Briefly,
humoral antitumor immune responses were evaluated
using the reactivity of the tumor cell lysate and sera from
the patients. Autolagous RCC and NRC were extracted in
lysis buffer containing 20 mM Tris-HCl at pH 7.6, 1% NP-
40, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride,
and 500 units/ml aprotinin (Calbiochem, La Jolla, CA,
USA). A fibroblast cell line of human lip origin, which
was established in our laboratory, and a small-cell lung
carcinoma cell line, H69, were used as irrelevant control
cells. Cell lysates were denatured, reduced in SDS sample
buffer with 2-mercaptoethanol, and then electrophoresed
on 7.5% polyacrylamide minigels (Bio-Rad Laboratories,
Hercules, CA, USA). The proteins were transferred onto
Immobilon membranes (Millipore, Bedford, MA, USA)
and the blots were stained with Ponceau S solution
(Sigma) for visualization. After destaining with TBST
(0.1% Tween 20-Tris-buffered saline) and blocking with
5% nonfat dried milk in TBST overnight, the blots were
probed with diluted (1:300) patient sera for 2 h. Horse-
radish peroxidase-conjugated rabbit F(ab’' )2 anti-IgG Ab
(DAKO, 1:3000 dilution) was added for 1 h, and the blots
were developed with an ECL kit (Amersham Biosciences,
Piscataway, NJ, USA).
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DNA HYPOMETHYLATION ON PERICENTROMERIC SATELLITE

REGIONS SIGNIFICANTLY CORRELATES WITH LOSS OF
HETEROZYGOSITY ON CHROMOSOME 9 IN UROTHELIAL
CARCINOMAS

TOHRU NAKAGAWA, YAE KANAL* SAORI USHIJIMA, TADAICHI KITAMURA, TADAO KAKIZOE

AND SETSUO HIROHASHI
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ABSTRACT

Purpose: DNA methylation has important roles in genomic stability. Accordingly DNA hypom-
ethylation on pericentromeric satellite regions may induce chromosomal instability through
heterochromatin decondensation and chromosomal recombination enhancement. We elucidated
the significance of aberrant DNA methylation on pericentromeric satellite regions during urothe-
lial carcinogenesis.

Materials and Methods: We examined DNA methylation status on satellites 2 and 3 by
Southern blotting and determined the allelic status of chromosome 9 using 6 microsatellite
markers (D98775, D95925, D9S304, D9S303, D9S283 and D9S747) in 27 transitional cell
carcinomas of the bladder, ureter or renal pelvis and corresponding noncancerous tissues.

Results: DNA hypomethylation on satellites 2 and 3 was detected in 2 (7%} and no (0%)
noncancerous tissues, and in 11 (41%) and 12 (44%) urothelial carcinomas, respectively. DNA
hypomethylation in urothelial carcinomas significantly correlated with histological grade
(p = 0.0012 and 0.0043), invasion depth {p == 0.0055 and 0.0228) and morphological structure
(papillary vs nodular, p = 0.0161 and 0.0297) for satellites 2 and 3, respectively. Loss of
heterozygosity on at least 1 locus of chromosome 9 was detected in 14 urothelial carcinomas
(52%). DNA hypomethylation on satellites 2 (p = 0.0098) and 3 (p = 0.0034) significantly
correlated with loss of heterozygosity on chromosome 9. ‘

Conclusions: DNA hypomethylation on pericentromeric satellite regions may participate in the
development and progression of urothelial carcinomas by inducing loss of heterozygosity on

chromosome 9.

Key WoRDS: urothelium; earcinoma, transitional cell; DNA methylation; chromosomal instability; loss of heterozy-
gosity ’

DNA methylation has important roles in transeriptional regu-
lation, chromatin remedeling and genomic stability.! Satellites 2
and 3, which are related families containing a frequent 5 bp re-
peat, are abundant in pericentromeric heterochromatin regions on
chromosomes 1, 9 and 16, and heavily methylated in normal so-
matic cells.? DNA hypomethylation on such pericentromeric sat-
ellite regions may induce chromosomal instability through hetero-
chromatin  decondensation and chromosomal recombination
enhancement ®* DNA hypomethylation on satellites 2 and 3 has
been reported to cause chromosomal instability, such as the for-
mation of multiradiate chromosomes composed of chromosomes 1,
9 and 16, in ICF (immunodeficiency-chromosomal instability-
facial anomalies) syndrome.?

In human cancers overall DNA hypomethylation accompa-
nied by region specific hypermethylation iz generally ob-
served.! Aberrant DNA methylation may be involved in car-
cinogenesis by at least three possible mechanisms: induction
of genomic instability as a result of decreased methylation
level,>~7 increased gene mutagenicity caused by deamination
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of 5-methyleytosine to thymine and repression of gene tran-
scription through CpG island methylation in specific gene
regulatory regions, including tumor suppressor genes.! For
example, frequent chromosomal 1g copy gain with a pericen-
tromeric break point has been reported in hepatocellular
carcinomas showing DNA hypomethylation on satellite 2.5

The role of DNA hypomethylation in urothelial carcinomas
is not fully understood, although aberrant hypermethylation
on CpG islands around the promoter region and decreased
expreasion of tumor suppressor genes, such as the p16 and
E-cadherin genes, have been reported.®? In addition, loss of
heterozygosity (LOH) on chromosome 9 is the most common
genetic abnormality in urothelial carcinomas.!® Conse-
quently we focused on the clinicopathaological significance of
DNA hypomethylation on pericentromeric satellite regions in
urothelial carcinomas and examined whether this hypom-
ethylation is the underlying mechanism for LOH on chromo-
some 9 during human urothelial carcinogenesis. -

MATERIALS AND METHODS

Patients and tissue samples. Paired specimens of primary
urothelial carcinoma and corresponding noncancerous tissue
were obtained from surgically resected specimens from 27
patients (U1 to U27) treated at National Cancer Center Hos-
pital, Tokyo, Japan. The patients were 22 men and 5 women
with a mean age * SD of 67.6 *+ 10.5 years (range 50 to 85).
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The primary tumor sites were the bladder, ureter and renal
pelvis in 13, 5 and 9 patients, respectively. Based on histo-
logical examination 5 (19%), 10 (37%) and 12 (44%) tumors
were classified as G1, G2 and G3—4 transitional ¢ell carci-
noma, while 11 (41%) and 16 (59%) were superficial (pTa and
pT1) and invasive (pT2 to pT4), respectively.'> Morphologi-
cally 21 tumors (78%) were papillary carcinoma and 6 (22%)
were nodular carcinoma. Noncancerous specimens were ob-
tained from the urothelium distant from the carcinoma.!® In
cases of widely spreading carcinomas in situ, as diagnosed

" histopatholegically in preoperative biopsy specimens, the
muscle layer of the bladder or the renal parenchyma was
collected as noncancerous specimens since macroscopic ex-
amination cannot necessarily disecriminate noncancerous
urothelium from carcinoma in situ.

Southern blotting for pericentromeric satellite regions. High
molecular weight DNA was isolated from fresh tissue samples
by phenol-chloroform extraction and dialysis. DNA methylation
statns was assessed by digesting DNA with Msp I and Hpa 11,
which cut at the sequence CCGG. Hpa I does not cut when the
internal cytosine is methylated. High molecular weight DNA (5
ng) was digested for 24 hours with 10 U Msp I or Hpa Il/ug
DNA. DNA fragments were separated by electrophoresis, trans-
ferred to nitrocellulose membranes and hybridized with 32P
labeled DNA probes. Previously described oligonucleotides were
used as probes for satellites 2 and 3.1* .

Analysis of LOH on chromosome 9. Genomic DNA was
amplified by polymerase chain reaction (PCR} using oligonu-
cleotide primers for 6 microsatellite loci on chromo-
some 9, namely D9S775, D95925, D9S304, D9S303, D9S283
and D9S747, Primer sequences were D9S775 (9p23)
5'-AAAGTAGCCATCCGTGTGT-3' and 5-GCTTTCTTTGA-
TGGTTTACAG-3', D9S925 (9p21-22) 5'-GTCTGGGTTCT-
CCAAAGAAA-3' and 5-TGTGAGCCAAGGCCTTATAG-3,
D95304 (9p21) 5'-GTGCACCTCTACACCCAGAC-3' and 5'-
TGTGCCCACACACATCTATC-3’, D9S303 (9q21) 5'-CAAC-
AAAGCAAGATCCCTTC-3' and 5'-TAGGTACTTGGAAACT-
CTTGGC-3', D9S5283 (9q22) 5-TGCTGGATTTCAGGTA-
GGG-3' and 5-ATGGTTATGCGGGTGTATTTCTC-3’, and
DOS747 (9q32) 5'-GCCATTATTGACTCTGGAAAAGAC-3'
and 5'-CAGGCTCTCAAAATATGAACAAAAT-3'. The 5' ends
of forward primers were labeled with 6-carboxyfluorescein and
PCR amplifications were performed with 20 ng genomic DNA,
Subsequently PCR products were fractionated by electrophore-
sis (ABI 3100 sequencer, Applied Biosystems, Foster City, Cal-
ifornia) according to the manufacturer protocol. Data were an-
alyzed with the GeneScan, version 3.7 computer program
(Applied Biosystems). When 2 amplified bands per locus were
detected in the noncancerous tissue specimen, the case wag

considered informative for LOH analysis. LOH was recorded

when signal intensity for a tumor allele was decreased by more
than 50% relative to the matched normal allele in informative
cases, a8 described previously.!~17 Replication error was iden-
tified by the presence of band shifts or the presence of novel
bands in PCR products,

Statistics. Correlations between any 2 of DNA methylation
status, allelic status and clinicopathological parameters were
analyzed by the chi-square test with p <0.05 considered signif-
icant.

RESULTS

DNA methylation status on pericentromeric satellite re-
gions and its correlation with clinicopathological parameters.
Figure 1 shows examples of Southern blotting. In 25 (93%)
and all 27 (100%) noncancerous tissue specimens examined
significantly larger DNA fragments were detected in Hpa I1
digests compared with Msp I digests at satellites 2 and 3,
respectively, indicating that these regions were heavily
methylated. In 11 {41%) and 12 (44%) urothelial carcinomas
smaller fragments were detected in Hpa II digest compared
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Fig. 1. Examples of Southern blotting for satallites 2 (4) and 3 (B)
in cases of urnthelial carcinoma. Methylation status was assessed b
digesting DNA with Msp I (Lane M} and Hpa II (Lane H). DN.
fragments were separated b electrophoresis, transferred to nitro-
cellulose membranes and ]:iv ridized with 32P labeled DNA probes.

Larger bands were detected in lane H compared with lane M in all
noncancerous tissue (N), and in U22T and U24T, indicating that
satellite 2 region was heavily methylated (A). In UAT lane H showed
same hybridization pattern as lane M, indicating that this region
was hypomethylated. (B} In all noncancerous tissues, and U22T and
UZ24T satellite 3 region was heavily methylated, whereas this region
was hypomethylated in UAT, T, cancerous tissue.

with corresponding normal tissues or Hpa II digest showed
almost the same hybridization pattern as the Msp I digest of
the same sample and the corresponding normal tissue, indi-
cating that these regions were hypomethylated. In almost all
carcinoma samples in which DNA hypomethylation was de-
tected hypomethylation occurred on satellites 2 and 3.

DNA hypomethylation on pericentromerie satellite regions
significantly correlated with histological grade (chi-square
test p = 0.0012 and 0.0043), invasion depth (chi-square test
p = 0.0055 and 0.0228) and morphological structure (papil-
lary vs nodular chi-square test p = 0.0161 and 0.0297) for
satellites 2 and 3, respectively (table 1), but not with age or
gender (data not shown).

Allelic status of chromosome 9 and its correlation with
elinicopathological parameters. Figure 2 shows examples of
electropherograms of PCR products. Figure 3 shows the re-
sults of LOH analysis. Table 2 lists the incidence of LOH on
each locus, LOH for at least 1 marker was found in 14 of the
27 informative cases (52%) (table 2).

The presence of LOH on at least 1 locus on chromosome 9
significantly correlated with histological grade (chi-square
test p = 0.0313, table 3). LOH on at least 1 locus was detected
in all 6 nodular carcinomas and its incidence (100%) was
significantly higher than in papillary carcinomas (chi-square
test p = 0.0074, table 3).

Correlation between DNA methylation status on pericentro-
meric satellite regions and allelic status of chromosome 9. DNA
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Fi6. 2. Examples of results of allelic status analyses in cases of
urothelial carcinoma. U8 and Ul3 DNA samples were amplified for
D95747 (A), while Ul and U10 gamples were amplified for D3S775 (B).
Genotypes derived from noncancerdus USN, U13N, UIN and U10N

tissues, and corresponding UST, U13T, UIT and Ul0T cancerous tis-
sues are shown. Allele size in bp is indicated on top of horizontal axis.
In all 4 noncancerous samples PCR products showed polymorphism,
indicating that these cases were informative. UST for D9S747 and
U10T for D9S775 were classified as retention of alleles because signal
intensgg for tumor alleles was not changed significantly relative to
matched normal alleles. LOH was identified when signal intensity for
tumor allele was decreased by more than 50% relative to matched
normal allele, that is in U13T for D9S747 and U1T for D9S775 (arrows).

hypomethylation on pericentromeric satellite regions signifi-
cantly correlated with the presence of LOH on at least 1 locus on
chromosome 9 in urothelial carcinomas (chi-square test p =
0.0098 and 0.0034 for satellites 2 and 3, respectively, table 4).

DISCUSSION

DNA hypomethylation on satellites 2 and 3 was observed
frequently in urothelial carcinomas but it was extremely rare
in noncancerous tissues, suggesting that DNA hypomethyla-
tion on satellites 2 and 3 is associated with urothelial carci-
nogenesis. We have previously reported that DNA hypom-
ethylation on satellites 2 and 3 is a frequent and early event
during hepatocarcinogenesis,'® whereas it is rare in coloree-
tal and stomach cancers.'® These and the current findings

DNA hypomethylation on satellite 2

) {+}
Chromosome 8 DNA hypomethylation on satelilte 3
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Fig. 3. Allelic status of each locus in urothelial carcinomas. Ver-
tical lines indicate each carcinoma. Open circles indicate retention of
2 alleles. Filled circle indicate LOH. Bar indicates uninformative
case, Asterisk indicates replication error. —, negative. +, positive,

.suggest that DNA hypomethylation on pericentromeric sat-

ellite regions is organ specific during human earcinogenesis.
In the current study DNA hypomethylation correlated with
tumor aggressiveness (eg histological grade and invasion
depth), indicating that it may participate in the malignant
progression of urothelial car¢inomas. In addition, DNA hy-



pomethylation was associated more frequently with nodular
invasive carcinomas showing an aggressive clinical outcome
than with papillary carcinomas. Nodular invasive carcino-
mas arise from their precursor lesions, that is widely spread-
ing flat carcinoma in site, and rapidly invading suburothelial
tissues, whereas papillary carcinomas usually remain nonin-
vasive for a long period, even after recurrence in the bladder
following cystoscopic resection.!?

LOH on chromosome 9 was detected in more than half of
the cases and in these cases rather large regions of 9p and/or
9q were lost, consistent with other reports that loss of an
entire chromosome arm is frequent (fig. 3).'! The observed
high incidence of LOH on chromosome 9 in urothelial carci-
nomas may indicate the existence of tumor suppressor genes
important for urothelial carcinogenesis on this chromo-
some.!! DNA hypomethylation on satellites 2 and 3 signifi-
cantly correlated with LOH on chromosome 9 in urothelial
carcinomas. ‘After the induction of DNA hypomethylation in
cultured cells by treatment with 5-azacytidine, a DNA meth-
yltransferase inhibitor, chromosomal recombination oc-
curred between satellite regions.? In patients with ICF syn-
drome DNA hypomethylation on satellites 2 and 3, and
multiradiate chromosomes composed of chromosomes 1, 9
and 16 are characteristic.? During hepatocarcinogenesis
DNA hypomethylation on satellite 2 significantly correlates
with chromosome 1 g-arm copy gain with pericentromeric
break points.® By analogy with these findings DNA hypom-
ethylation on satellites 2 and 3 could be the underlying
molecular background for the frequently observed LOH on
chromosome 9 in urothelial carcinomas.

DNMT3b has been identified as a DNA methyltransferase
specifically targeting satellites 2 and 3 during mouse develop-
ment.?’ In human hepatocarcinogenesis over expression of
DNMT3b4, a splice variant of DNMT3b that lacks methyltrans-
ferase activity and competes with the major variant in normal
liver tissues, DNMT3b3, for targeting to pericentromeric satel-
lite regions, results in DNA hypomethylation on these re-
gions.2! Although further studies are needed to understand the
molecular mechanism causing DNA hypomethylation on satel-
lites 2 and 3 during urothelial carcinogenesis, this hypomethy-
lation may have a role in the development and progression of
urothelial carcinomas by inducing chromosomal instability.
These data highlight the practical significance of correction of

10.
1L
12.

13,

14.

15,

16.

i7.

18,

19,

20,

21

DNA HYPOMETHYLATION IN UROTHELIAL CANCER

DNA methylation status for the prevention andfor therapy of
urothelial carcinomas.
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